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Abstract: Ab initio calculations and continuum dielectric methods have been employed to map out the lowest
activation free-energy profiles for the alkaline hydrolysis of a five-membered cyclic phosphate, methyl ethylene
phosphate (MEP), its acyclic analog, trimethyl phosphate (TMP), and its six-membered ring counterpart, methyl
propylene phosphate (MPP). The rate-limiting step for the three reactions was found to be hydroxyl ion attack
at the phosphorus atom of the triester. By performing constrained optimization along the reaction coordinate,
defined as the phosphorus to incoming hydroxyl oxygen distance, and computing the solvation free energies
of the resulting stationary points, the rate-limiting transition states have been relocated in solution. Dihedral
ring constraints in the five-membered ring leading to a more solvent-exposed hydroxyl group and, thus, better
solvation of the cyclic transition state compared to its acyclic counter-part was found to be the dominant
factor governing the rate enhancement of cyclic MEP relative to acyclic TMP alkaline hydrolysis. However,
both ground-state destabilization of MEP relative to MPP, due to ring strain, and transition-state stabilization
of the five-membered cyclic phosphate transition state relative to its six-membered ring analog, due to the
differential location of the transition states in solution, were found to contribute to the enhanced rates of
alkaline hydrolysis of five-membered ring MEP compared to six-membered ring MPP.

Introduction bipyramidal pentacovalent (TBP) intermediate under certain
i iti 4,13 i i
Phosphate esters are ubiquitous in living systems and havereactlon condition$'3which was subsequently confirmed by

b . . ; theoretical studie¥1®

een selected by evolution for biochemical transformatiens. )

Due to the important biological roles of phosphatéisere have Aksnes and Bergesénhave obtained the rate constants for
been numerous studies of phosphate esters both in sdition the alkaline hydrolysis of cyclic and open chain phosphinates,
as well as in the gas pha%d. The pioneering studies by ~ Phosphonates, and phosphates as well as their temperature
Westheimer and co-workéré®11 have shown that the hy- dependence. The activation energy and entropy for the alkaline
drolyses in acid or base of five-membered cyclic esters of hydrolysis of ethyl propylphostonate (ethylene phosphate with
phosphoric or phosphonic acids proceed much faster than the®n€ fing oxygen) are 11.% 1 kcal/mol and—17 cal mot*
hydrolyses of their acyclic analogs. For example, the rate of deg™*, respectively, whereas those for its acyclic analogue,
alkaline hydrolysis of methyl ethylene phosphate (MEP) at 298 diethyl ethyl phosphonate, are 144 0.5 kcal/mol and—34

K exceeds that of trimethyl phosphate (TMP) by 471CP, cal mof* deg'.1® From these activation parameters, they
corresponding to an activation free-energy difference of 7.8 kcal/ concluded that the different rates of hydrolysis of the various
mol312 In sharp contrast, the rates of hydrolysis of six- and Phosphoryl esters were chiefly due to different entropies of
seven-membered cyclic phosphates are comparable to those octivation. Kluger and Tayldt have determined the temper-
acyclic phosphates. The experimental studies have also ature dependence of the rates of alkaline hydrolysis of ethyl

provided indirect evidence for the formation of a trigonal and methyl esters of ethylene phosphate and propylphostonate.
The differences in activation enthalpies of the cyclic esters and

nggggﬂigss'?rg'cgua University. the corresponding acyclic esters weregBkcal/mol, whereas
(1) Stryer, L.Biochemistry W. H. Freeman: New York, 1995. differences in activation entropies were less than 1 caltnol
(2) Westheimer, F. HScience1987, 235, 1173-1178. deg! for the methyl esters and about 8 cal matleg™ for the
(i) %eitmeimg. E- JHA|C<C| ChengegﬁfiS (1)1 70&8-%989 o5 99 ethyl esters. In particular, they obtained an activation entropy
() Tatcher, 5. 3 Kluger, . Prys, Org ChemtoBa 29 9% for ethyl propylphostonate of-27 cal mof* deg-t and an

99, 7707-7708. activation enthalpy of 7.6 kcal/mol, in contrast to the values

(6) Hodges, R. V.; Sullivan, S. A.; Beauchamp, JJLAm. Chem. Soc.  reported by Aksnes and BergensénThey concluded that the

195(3% i?)%n gg5_cg?>%rabowski 3. 3. Am. Chem. S0d992 114 8619~ rate acceleration of cyclic phosphate esters was due to enthalpic

8627. factors and not to entropic effects.

115 Haake, P. C.; Westheimer, F. H.Am. Chem. S04961, 83, 1102- Several factors have been put forth to explain the large rate
(9) Cox, J. R., Jr.; Ramsay, Ehem. Re. 1964 64, 317. difference between five-membered cyclic phosphates and their
(20) Kluger, R.; Covitz, F.; Dennis, E.; Williams, L. D.; Westheimer, F.

H. J. Am. Chem. S0d.969 91, 6066-6072 (13) Kluger, R.; Thatcher, G. R. J. Org. Chem1986 51, 207—212.

(11) Kluger, R.; Taylor, S. DJ. Am. Chem. S0d.99], 113 5714. (14) Lim, C.; Tole, PJ. Phys. Chem1992 96, 5217-5219.
(12) Kluger, R.; Taylor, S. DJ. Am. Chem. Sod99Q 112 6669 (15) Tole, P.; Lim, CJ. Phys. Chem1993 97, 6212-6219.
6671. (16) Aksnes, G.; Bergesen, Kcta Chem. Scand966 20, 2508-2514.
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acyclic and six-membered ring counterparts. Ring strain,
resulting in destabilization of the five-membered cyclic phos-
phate relative to the TBP rate-limiting transition state of the
hydrolysis reaction, was originally and commonly assumed to
be the chief driving force for the enhanced rates of ring
cleavagé:’” Inherent in the ring strain hypothesis is the

assumption that (i) the transition states for hydrolysis of both

the five-membered cyclic and acyclic species are free of strain;

J. Am. Chem. Soc., Vol. 120, No. 9, 192857

Karplus and co-workers have carried out theoretical studies
comparing the rates of hydrolysis of five-membered cyclic
ethylene phosphate, (ER)relative to its acyclic counterpart,
dimethyl phosphate, (DMP)* The energy profile for (OH)
attack of (DMP)Y was determined by ab initio methods, and
the solvation free energies of the reactants and transition states
were calculated with the finite-difference linearized Poisson
Boltzmann equation method. They showed that although there

(i) the rate acceleration arises from ground-state destabilizationis ring strain in the ground state of the cyclic reactant, it does

(as opposed to transition-state stabilization) of the five-

not contribute to the rate acceleration. Furthermore, they

membered cyclic phosphate compared to its acyclic analog; andshowed that most of the rate acceleration observed in solution

(iii) ring strain and its relief are enthalpic, not entropic,

arises from differential solvation of the transition states, which,

phenomena. Support for the ring strain hypothesis was providedin turn, is dominated by the electric polarization associated with

by the higher heats of hydrolysis of five-membered cyclic

the hydroxy oxygen. This has been confirmed by the PM3-

phosphate esters relative to their acyclic counterparts and theSM3 method?® which allows the solvent to polarize the gas-

observation that the ©P—0O angle of five-membered ring
phosphate triesters (98was significantly smaller than that
(102-108) observed for acyclic estet&. For MEP, the heat

of hydrolysis exceeded that of dimethyl hydroxyethyl phosphate
by 5.5-5.9 kcal/molt®29which is ca. 2 kcal/mol less than the
activation enthalpy difference of 7.8 kcal/mol between the
alkaline hydrolyses of MEP and TM#®. This discrepancy was
attributed to steric crowding in the acyclic TBP transition state
relative to that in the cyclic transition state, causing the former
to be higher in energy than the latter (see ref 20, Figure 2).
Thus, it was concluded that ring strain provided most, but not

phase charge distribution of the ground states and rate-limiting
transition states.

Note that solvation-effect calculations of dianionic species
such as the rate-limiting transition states formed during the
hydrolysis of ethylene phosphate and dimethyl phosphate are
subject to large uncertainties and may not yield quantitatively
reliable results. Furthermore, dianionic pentacovalent phos-
phorane intermediates that are unstable in the gas ffhasg
exist in solution. Although theoretical studies have been carried
out on five-membered ring phosphates and their acyclic
analogsi#152427there have been no detailed calculations (to

all, of the explanation for the rapid reaction of MEP. our knowledge) on six-membered ring phosphates. To elucidate
Gorenstein and co-workeéfs have performed molecular the driving forces behind the rate enhancement of cyclic five-
orbital calculations to examine stereoelectronic effects in the membered ring phosphate, we chose to study the gas-phase and
hydrolyses of five-membered ring phosphate esters. The solution reactions of neutral triesters: MEP, its acyclic analog
geometries of various conformational isomers of TBP neutral TMP, and its six-membered ring phosphate counterpart, methyl
and dianionic dimethoxy phosphoranes were partially optimized propylene phosphate (MPP). These triesters provide optimal
using semiempirical (CNDO/2) and ab initio (HF/STO-3G) models since there is a wealth of experimental solution ¥4,
methods. Although Gorenstein and co-workédid not carry especially for MEP and TMP, and the gas-phase reactions of
out calculations on cyclic compounds, they proposed that most several anions with TMP have been studietl. The availability
of the stabilization of the cyclic versus the acyclic transition of such experimental data is critical for calibrating the ab initio
states, which is not accounted for by strain energy, stems fromand solvation free-energy calculations. Furthermore, since
orbital stereoelectronic effects in the TBP transition state of the solvation free energies of monoanionic phosphates are much
cyclic species. Such effects would imply a rate differential due smaller than those of dianionic phosphates, errors in computing
to a smaller entropy of activation for the cyclic species, which the former will likewise be smaller than uncertainties in
would not be consistent with the negligible differences in the computing the latter.

activation entropies of cyclic five-membered phosphates relative  Ab initio calculations of the gas-phase activation free-energy
to their acyclic counterparts (see abo¥}? Furthermore,  profiles of the nucleophilic addition of (OH) (CHsO)~ and
stereoelectronic effects would disfavor exocyclic cleavage of F-to TMP have been calibrated against gas-phase experimental
MEP in a strong base relative to endocyclic cleavage; however, data?’ In this work, ab initio calculations at the same theory
significant amounts of exocyclic cleavage products were found |evel as those performed for the TMP (OH)~ reaction have

in the strong alkaline hydrolysis of MEP (pH 13)1%13 More been carried out to determine the activation free-energy profiles
recent ab initio calculations of TBP transition states and for the nucleophilic addition of hydroxide to the phosphorus
intermediates of phosphate and phosphoamidate esters havetom of MEP415 and MPP. Subsequently, two different
shown that stereoelectronic effects do not seem to play asolvation models have been employed to determine the effect
significant role in enhancing the reactivity of five-membered of solvent on the gas-phase activation free-energy profiles. In
cyclic esters relative to their six-membered or acyclic ana- particular, relocation of the rate-limiting transition state in
logs?223 solution for each of the three reactions studied has been
determined. Details of the calculations are described in the
Methods section. The reaction mechanisms and rate-limiting
transition states for the alkaline hydrolyses of TMP, MEP, and
MPP are presented in the Results. In the Discussion, the results
are first calibrated against available experimental data such as
product distribution and relative activation free energies. The

(17) Emsley, J.; Hall, DThe Chemistry of Phosphoru¥ohn Wiley and
Sons: New York, 1976.

(18) Gerlt, J. A.; Westheimer, F. H.; Sturtevant, J. 3.Biol. Chem.
1975 250, 5059.

(19) Kaiser, E. T.; Panar, M.; Westheimer, F.JJAm. Chem. So963
85, 63.

(20) Taylor, S. D.; Kluger, RJ. Am. Chem. Sod992 114, 3067
3071.

(21) Gorenstein, D. G.; Luxon, B. A.; Findlay, J. B.; Momii, R.Am.
Chem. Soc1977, 99, 4170.

(22) Tole, P.; Lim, C. InThe Anomeric Effect and Associated Stereo-
electronic EffectsThatcher, G. R., Ed.; ACS Symposium Series No. 539;
American Chemical Society: Washington, DC, 1993.

(23) Tole, P.; Lim, CJ. Am. Chem. Sod.994 116, 3922-3931.

(24) Dejaegere, A.; Liang, X.; Karplus, M. Chem. Soc., Faraday Trans.
1994 90, 1763-1770.

(25) Cramer, C. J.; Hawkins, G. D.; Truhlar, D. G. Chem. Soc.,
Faraday Trans.1994 90, 1802-1804.

(26) Lim, C.; Karplus, M.J. Am. Chem. S0d.99Q 112 572-5873.

(27) Chang, N. Y.; Lim, CJ. Phys. Chem1997, 101, 8706-8713.
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Table 1. Atomic Radii (A) Used in Solvation Free-Energy dielectric constant of 2 to account for the electronic polarizability of
Calculations the solute. The (highest level) ab initio geometries and CHElp&tial
atom atomic charges, which were assumed to be the same in vacuum and
solution, were employed. The difference between the electrostatic
P o c H H(O) potential calculated in solvent and vacuum, characterized by a dielectric
CDM 2.15 1.77 1.80 1.47 0.23 constant of 80 and 1, respectively, yielded the electrostatic solvation

PSGVB/DelPhi 2.07 1.60 1.90 1.15 1.15 free energy. The latter will be refered to as CDMBs.

To allow for the change in molecular charge distribution in going
from the gas phase to solution, solvation free energies were also
individual factors governing the rate acceleration of five- estimated using the PSGVB prograff®which combines high-level
membered cyclic MEP relative to its acyclic analog, TMP, and ab initio quantum mechanical calculations with a continuum description
six-membered ring counterpart, MPP, are identified. The key of the solvent. First, a gas-phase quantum mechanical calculation was

results are summarized in the Conclusions. performed using PSGVB. Next, a set of atomic point charges was
obtained by fitting the long-range Coulombic field from the wave
Methods function using a least-squares criterion. These charges were then

employed by the program DelPhto solve the Poisson equation. The
Gas-Phase Free EnergiesThe gas-phase reaction profiles were  DelPhi calculations employed the same finite difference formulation
initially explored using the Gaussian 94 progférat the Hartree described above except that the internal dielectric constant was set equal
Fock (HF) level with a 6-3+G* basis set, unless stated otherwise. to 1, as molecular polarizability was treated explicitly in the quantum
The nature of each transition state was verified by a single imaginary mechanical calculations. Furthermore, the DelPhi calculations used a

frequency and an intrinsic reaction coordirfété* calculation leading different set of atomic radii parameters (see Table 1). The reaction
to the expected ground state and products. The correlation energy wasield in a continuum solvent model, defined as the difference field
estimated with second-order MaltePlesset theory and the 6-3G* between a uniform dielectric Poisson calculation and a two-dielectric

basis set using fully optimized HF/6-31* geometries. To assess  Poisson calculation, can be exactly represented as due to a set of charges
the reliability of the MP2/6-3+G*//HF/6-31+G* calculations, certain  at the dielectric boundary, calculated as the divergence of the field at
transition states were reoptimized at the MP2/6-G level and the  the surface. This set of point charges was calculated in DelPhi and
correlation energy was computed using increasing basis sets and levelgubsequently employed in PSGVB to solve the wave function in the
of theory (see Results and Discussion). The frozen-core approximationpresence of the electrostatic field of the point charges. The PSGVB
(rather than all electrons) was employed in all MP2 correlation and DelPhi calculations were iterated until the total energy of two
calculations. iterations agreed to within a preset tolerance. The electrostatic solvation
To determine the thermodynamic parameters, vibrational frequencies free energy was then obtained as the difference between the gas-phase
were computed for the fully optimized structures of the stationary points and solution-phase quantum chemical energies. This is referred to as
along the reaction profile. The HF/6-3G* frequencies were scaled PSGVBAG:,
by an empirical factor of 0.8929 to correct for any errors that may  Solution Free Energy Barrier. The solution free-energy barrier,
arise from anharmonicity in the potential energy surface, inadequate AG*,, from A to B can be calculated from the thermodynamic cycle
basis sets, and the neglect of electron correlafiohhe entropy &),

zero-point energy (ZPE), and vibrational energy) were calculated AG *gas

from the frequencies and geometries according to standard statistical A(gas) —  B(gas)
mechanical formula® The rotational E;) and translationalByang

energies and the work terrRY) were treated classically. Addition of 1 AGs(A) 1 AGs(B)
the energetic and entropic corrections to the MP2/6-G1/HF/6-

314+G* activation energies gave the gas-phase free energy barriers, A(sln) —  B(sln)
AG¥gas AGH,

Solvation Free Energies. Solvation free energies of the stationary
points were estimated by solving the Poisson equation using finite whereAG¥sis the gas-phase free-energy barrier andAkB values
difference methods. The calculations employed & 721 x 71 lattice are solvation free energies. Thus, the solution free energy bAG&r,
centered on the phosphorus with a grid spacing of 0.2 &. The (A — B) is given by
low-dielectric region of the solute was defined as the region inaccessible
to contact by a 1.4 A sphere rolling over a surface defined by the AG'y,= AG*gaS—F AG(B) — AG(A) 1)
effective solute radii, which were taken from the CHARNM\Version
22) van der Waals radii (see Table 1). This region was assigned a Resylts

5 r(128) FrisBché M’-?Jt.);bT'r\ch;\s, gﬁ W, Schle?ek H'.D Ei-; Gill, PT. IVIK- Vt\f] o Tables 2-4 summarize the gas-phase thermodynamic pa-
onnson, b. G.; RODD, AL eeseman, J. R.; Petersson, [.; Kelth, G. : H H

A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, ramgters an.d SOl\_/atlon free energies _compute_:d using the
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; the relative MP2/6-31G*//HF/6-31+G* activation free-energy

Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L,; rofil nd their chan n solvation for the r ions of
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head profiles and their changes upon solvation for the reactions o

Gordon, M.; Gonzalez, C.; Pople, J. Aaussian 94 Gaussian Inc.: (OH) _at the phosphorus atom of TMP, MEP and MPP,
Pittsburgh, PA, 1995. respectively. The zero of energy corresponds to the reactants
ggg gukuh |K'A€';C' ghﬁm- Fzﬂgefﬂé #4, 36;;33?889 90, 2154.2161 at infinite separation in the gas phase.
onzalez, C.; Schegel, H. B. Chem. Phy , - . : : :
(31) Gonzalez, C.. Schegel. H. B. Phys. Chen.99Q 94, 5523-5527. 1. The Reaction of (OH)" with TMP. The possible
(32) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JAInitio reaction pathways for the gas-phase reaction of (O&t)the
Molecular Orbital Theory John Wiley and Sons: New York, 1986. phosphorus and carbon sites of TMP have been presented in
(33) McQuarrie, D. A.Statistical MechanicsHarper and Row: New
York, 1976. (38) Chirlian, L. E.; Francl, M. MJ. Comput. Cheml987, 8, 894.
(34) Warwicker, J.; Watson, H. d. Mol. Biol. 1982 157, 671-679. (39) Friesner, RANn. Re. Phys. Chem1991 42, 34—-1362.
(35) Gilson, M. K.; Honig, B. HProteins: Struct., Funct., Genet988 (40) Ringnalda, M.; Langlois, J. M.; Murphy, R. B.; Greeley, B. H.;
4, 7-18. Cortis, C.; Russo, T. V.; Marten, B., Jr.; Donnelly, R. E.; Pollard, W. T;
(36) Lim, C.; Bashford, D.; Karplus, Ml. Phys. Cheml991, 95, 5610~ Cao, Y.; Muller, R. P.; Mainz, D. T.; Wright, J. R.; Miller, G. H., llI;
5620. Goddard, W. A.; Friesner, R. A2SGVB Schrodinger Inc.: New York,

(37) Brooks, B. R.; Bruccoleri, R. D.; Olafson, B. O.; States, D. J.; 1996.
Swaminathan, S.; Karplus, M. Comput. Chenl983 4, 187-217. (41) Nicholls, A.; Honig, B.J. Comput. Cheml991, 12, 435-445.
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Scheme 1.Schematic Diagram Depicting Fully Optimized HF/643&* Structures for the Reaction of (OH@t the Phosphorus
of TMP (TMP(P)) (Not All Transition States and Intermediates along the Pathways Are Depicted for the Sake of Clarity.)
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Figure 1. Relative MP2/6-3*G*//HF/6-31+G* activation free-energy profile for the gas-phase reaction of (Qkl)h TMP (top) and the change
in profile upon solvation (bottom). The zero of energy corresponds to the reactants at infinite separation. The numbers correspond to the free-

energy differences of subsequent points. The free energy of thedipole complex, (CHO) --*HDMP, which was not computed, was assumed
to be similar to that of-1.
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Table 2. Relative Energies, Entropies, and Free Energies for
Reaction 1 at 298 K with Respect to the Reactants Separated at
Infinity in the Gas Phase (All Energies Are Reported to 1 Decimal
Place in kcal/mol)

Chang and Lim

Table 4. Relative Energies, Entropies, and Free Energies for
Reaction 3 at 298 K with Respect to the Reactants Separated at
Infinity in the Gas Phase (All Energies Are Reported to 1 Decimal
Place in kcal/moB

species AE* AZPEP AErr/® TASR AGgd AGE  AGgd species AE AZPE AErry TASrrv AGgas AGs  AGgn
TMP + 0.0 0.0 0.0 0.0 0.0-105.0 0.0 MPP+ 0.0 0.0 0.0 0.0 0.0 —105.9 0.0

OH~ OH~
I- —26.0 1.2 14 —-8.3 —15.6 —-68.9 20.5 -7 —-151 0.7 1.3 -68 —-69 -—-774 216
I-2 —-37.3 33 23 -—-116 -—20.7 -583 26.0 1-8 —447 33 24 -116 -28.0 -—589 19.0
I-3 —43.7 3.6 25 -119 -263 -576 211 1-9 —46.4 3.6 26 —-119 —-290 -593 176
TS-1 —-20.1 18 11 -109 -69 -614 36.7 TS-9 —-134 12 0.7 -10.7 -13 -70.3 34.3
TS-2 -21.2 13 06 —-106 —9.2 -58.0 379 TS-10 —426 26 15 -119 -273 -575 211
TS-3 —37.6 3.3 17 —-133 -199 -59.0 26.2 TS-11 —33.7 22 12 -11.8 —-19.2 -619 24.8
TS-4 —385 25 14 -115 -236 -559 256 TS-12 —-36.3 1.9 10 -—-111 -23.0 -58.2 24.7
(DMP)- + —-57.6 15 0.7 15 -56.9 -70.2 —22.0 (MHPP)- —-78.1 34 3.1 —95 -628 -59.0 —-16.0

MeoH PP+ —-61.5 1.7 0.8 05 —-59.6 —-70.6 —24.3

MeOH

aFrom single-point MP2/6-31G*//HF/6-31+G* calculations? Zero-
point energy contributiort. Both AErry and ASrry include the
translational, rotational, and vibrational contributioh&AGg.s = AE
+ AZPE + AErry + APV — TASky. ¢ Solvation free energies
computed using MP2/6-31G* CHelpG charges and HF/6-31G*
geometry. Solution free energies computed using eq 1.

Table 3. Relative Energies, Entropies, and Free Energies for
Reaction 2 at 298 K with Respect to the Reactants Separated at
Infinity in the Gas Phase (All Energies Are Reported to 1 Decimal
Place in kcal/moB

species AE AZPE AEtry TASrrv AGgas AGs AGgn
MEP + 0.0 0.0 0.0 0.0 0.0 —106.2 0.0
OH~
-4 —-15.2 0.0 0.4 —6.9 -86 —81.2 16.4
-5 —516 34 25 —-11.3 —-351 -61.5 9.6
1-6 —-528 35 25 -—-116 —-359 —61.6 8.7
TS-5 —-152 1.0 0.8 —-96 —-45 -726 291
TS-6 —484 2.6 15 -115 -334 -59.6 13.2
TS-7 —-42.3 3.4 04 —-11.3 -—-279 -66.5 11.8
TS-8 -39.7 16 08 -—-105 -274 -60.1 18.8
(MHEP)- -814 35 3.1 -9.6 —-65.8 —60.0 —19.6
(EPy + -59.7 1.4 0.7 19 —-59.6 -722 -256
MeOH

a See the footnotes of Table 2.

our previous work? Here, only the lowest gas-phase activation
free-energy pathway for the nucleophilic addition of (OHQ

a See the footnotes of Table 2.

gas phase; in particular, the rate-limiting transition state in the
gas phase and solution TSS-1.

2. The Reaction of (OH) with MEP. The lowest gas-
phase activation free energy pathway for the reaction of (OH)
at the phosphorus atom of MEP (denoted by MEP(P)) is
illustrated in Scheme 2, and the effect of solvation is shown in
Figure 2. The key difference between (OHpttack at
MEP(P) and TMP(P) is that the former does not yield a stable
TBP intermediate with the hydroxyl group axidi*> Hydroxyl
attack of MEP(P) is concerted with pseudorotation to yield a
TBP intermediate with the hydroxyl group equatorial. Another
significant difference is that the pathway leading to the
production of methanol is not the lowest activation free-energy
pathway for the reaction of (OH)at MEP(P), in contrast to
that at TMP(P). Both in the gas phase and in solution,
endocyclic cleavage of the5 intermediate is kinetically more
favorable than exocyclic cleavage of thé intermediate,
yielding the ring-cleavage product, methyl hydroxyethyl phos-
phate (MHEP).

3. The Reaction of (OH) with MPP. Scheme 3 depicts
the lowest gas-phase activation free-energy pathway for the
reaction of (OHY at the phosphorus atom of MPP (denoted by

the phosphorus atom of TMP (denoted by TMP(P)) is depicted MPP(P)), while Figure 3 shows the effect of solvation. In the

in Scheme 1 and Figure 1. When (OHppproaches the
phosphorus atom of TMP, an iemipole minimum (-1) is
initially formed. As the P-OM distance decreases, the two
equatorial methoxy groups ikl rotate toward the incoming
(OH)~ to minimize the electrostatic repulsion among the

gas phase, the six-membered ring of MPP exists in three distinct
conformations: chair, boat, and twist forms. Only the most
stable chair form was considered here. As shown in Scheme 3
and Figure 3, the gas-phase and solution activation free-energy
profiles for the alkaline hydrolysis of MPP are similar to those

negatively charged hydroxyl oxygen and methoxy oxygens, obtained for the (OH)+ MEP reaction. No TBP intermediate

forming a long-range distorted TBP transition stai&{1) at a
hydroxyl O—P distance of 2.56 A. As the-fO" distance

with the hydroxyl group axial was found as for the (OH)
MEP reactiont* but in contrast to the (OH)+ TMP reaction.

decreases further, a metastable pentacovalent TBP intermediat&eometry optimization at the HF/6-3G* level with analytic

(I-2) was found, with an axial hydroxyl ©P bond length of
1.72 A. Pseudorotation &2, which requires an activation free

force constants computed at each point failed to locate a TBP
intermediate with an axial hydroxyl group and resulted in the

energy of only 0.9 kcal/mol, produces a more stable TBP pseudorotated TBP intermediat® with the hydroxyl group

intermediate I¢3) with the hydroxyl group equatorial. The latter
undergoes cleavage of the axiat® bond that is cis to the
O—H bond with simultaneous proton transfer \ig-4to yield
CH30OH and (DMPY.

equatorial. In both MEP and MPP hydrolysis reactions,
pseudorotation was found to be concurrent with (OHitack,

implying that pseudorotation in these two cases is a fast
proces¥® rather than a slow one, as assumed by previous

Figure 1 shows how the gas-phase activation free-energyworkers#1° Another feature common to both (OH}¥ MEP

profile is changed in solution. Solvation leads to the disap-

pearance of the ioAdipole minimum, thus inducing an activa-
tion free-energy barrier of 37 kcal/mol (at the MP2/6+33*
/IHF/6-31+-G* level, see Table 2) for reactants @S-1 in

and (OH) + MPP reactions is that endocyclic cleavage of the
pseudorotated intermediate is kinetically more favorable than
exocyclic cleavage, and the rate-limting step is formation of
the long-range transition state. Note that as for the (OH)

solution. The lowest free-energy pathway for the reaction of MEP reactiont? (OH)™~ attack opposite a ring oxygen vizS-9

(OH)~ with TMP(P) in solution is similar to that found in the

is favored over (OH) attack opposite a methoxy oxygen via
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Scheme 2.Schematic Diagram Depicting Fully Optimized HF/643&* Structures for the Reaction of (OH@at Phosphorus of
MEP (MEP(P)) (Not All Transition States and Intermediates along the Pathways Are Depicted for the Sake of Clarity.)

HO™ + MEP

I-4
MEP + OH Free-energy Profile

gas
3
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o
'8

solution

T M T i

MEP+(‘)H' 14 TS-5 15 TS.-7 1-6 Ts'_s CH 3(I)H+EP -
TS'6 MHEP'
Figure 2. Relative MP2/6-3%G*//HF/6-31+G* activation free-energy profile for the gas-phase reaction of (Oid)h MEP (top) and the change

in profile upon solvation (bottom). The zero of energy corresponds to the reactants at infinite separation. The numbers correspond to the free-
energy differences of subsequent points.
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Table 5. Relative Energies and Free Energies of the Rate-Limiting Transition States Located in the Gas Phase and in Solution Using CDM
and PSGVB Solvation Free Energies for Reaction8 ht 298 K with Respect to the Reactants Separated at Infinity in the Gas Phase (All
Energies Are Reported to 1 Decimal Place in kcal/mol)

kcal/mol
reaction P-O" (A) AE* AOEF(T)° TAS® AGFgd AG(TS) AGH(GS) AGFg
TMP + (OH)~ 2.76 —20.8 2.3 -10.9 -7.6 —-61.4¢ —105.0¢ 36.0
2.48 —-21.7 2.3 -10.9 -85 —58.3 —105.0¢ 38.2
2.30 —24.6 2.3 -10.9 -11.4 —60.9 —108.5 36.2
MEP + (OH)~ 3.12 —15.0 1.2 —9.6 —4.3 -72.58 —106.2 29.6
2.6 —18.0 1.2 —9.6 7.2 —69.00 —106.2 30.1
2548 —20.3 1.2 —9.6 —-9.6 —-77.4 —111.0 24.0
MPP+ (OH)~ 3.27 —-12.8 1.4 -10.7 -0.6 —73.7F —105.9 31.6
252 —-16.2 1.4 —-10.7 —4.1 —65.9 —105.9 36.0
2.43 —-17.9 1.4 -10.7 -5.8 —73.9 —110.3 30.6

aMP2/6-3H-G* energy relative to reactants separated at infinity in the gas pRZ$E + Eyans+ Erot + Evib + PV of MP2/6-3H-G*-optimized
gas-phase transition state relative to react&fs(Srans + Sot + Siib) relative to reactants. AG¥g.s = AEF + AOE¥(T) — TAS. ¢ Solution free
energies computed using eq' MP2/6-3H-G*-optimized transition state located in the gas ph&#4P2/6-31G*-optimized transition state located

in solution." CDM solvation free energiesPSGVB solvation free energies.

Table 6. Energy Dependence of the Rate-Limiting Transition State
for Reactions +3 on Geometry Optimization Level, Basis Set Size,
and Treatment of Electron Correlation

results, summarized in Table 6, show that the MP2/6-G1//
HF/6-31+G*, MP2/6-31+G*, MP2/6-311+G(3df,3pd), and
MP4(SDQ)/6-3%G* energies of the rate-limiting transition

theory level MP2  MP2 MP2 MP4(SDQ} state relative to the reactants differ by less than 1 kcal/mol.
basis set 6-31+G* 6-314+G* 6-311++G(3df,3pd) 6-314+G* . o " . .

" - Relocation of Rate-Limiting Transition States in Solution.
AE,F(TS_l) -201  -208 —19.8 —20.1 The effect of solvent may alter the location of the rate-limiting
AEXTS-5)¢ —152  —150 —14.6 —-14.8 " : luti . h \vation f )
AEHTS-9¢ —134 128 _130 d transition state in solution since the solvation free energy is

aGeometries optimized at the HF/6-8G* level. ® Geometries
optimized at the MP2/6-3tG* level. ¢ Energy relative to reactants
separated at infinityd Energy did not converge even when 500 MB of
memory was allocated for the MP4 calculation.

expected to vary along the reaction coordinate, defined as the
P—O" distance. To account for this effect, a series of
constrained optimizations at the MP2/643&* level were
carried out for P-OH distances, ranging from 3.6 to 2.1 A, in
decrements of 0.1 A; that is, the reaction coordinate was fixed

diequatorial ring transition states since the latter pathway yields at the specified value while the remaining degrees of freedom

thermodynamically unfavorable products, (§~ and hydro-
gen propylene phosphate, compared to the former.
Rate-Limiting Transition States. Effect of Electron Cor-
relation. As shown in Figures 43, the rate-limiting transition
states for the reaction of (OHRgt the phosphorus atoms of TMP,
MEP and MPP in the gas phase and solution&®el, TS-5,

were fully optimized. Since a constrained optimized structure
is not a “true” saddle point, vibrational frequencies cannot be
determined; thus, the gas-phase free energy was computed
assuming the zero-point energy, vibrational energy, and vibra-
tional entropy of the fully optimized gas-phase rate-limiting
transition state. The solvation free energy of each constrained

andTS-9, respectively. Thus, the rate-limiting step in the three optimized structure was computed using either the continuum

reactions studied here is (OHattack at the phosphorus atom,
i.e., the nucleophilic addition step. For the HF/6433* fully
optimized TS-1, TS-5, and TS-9 transition states, the-FOM

dielectric method or PSGVB/DelPhi programs (see Methods).
(For the constrained optimized acyclic structures, the CDM
solvation free energies were computed using two different radii

distances are 2.56, 2.91, and 2.76 A, respectively, and thefor the hydroxyl hydrogen: the default value in Table 1 and a
corresponding formation free energies in solution are 37, 29, radius of 1.468 A; the two sets of solvation free energies differ
and 34 kcal/mol. To include the effect of electron correlation PY 1€ss than 1 kcal/mol.) The gas-phase MP2/6-Gt energies

in bond formation, the rate-limiting transition states were
reoptimized at the MP2/6-31G* level; the resulting energies
and solvation free energies computed using the MP2/6631

and solvation free energies of the constrained optimized
structures were fitted to a ninth/tenth-order polynomial func-
tion,*2 and the fitted gas-phase energies and solvation free

geometries and charges are listed in Table 5. The MP2/6- €nergies were subsequently used to compute the solution free

31+G* P—O" distances foiTS-1, TS-5, and TS-9 located in

energies. The variations in the gas-phase free energies, solvation

the gas-phase are 2.76, 3.12, and 3.27 A, respectively, and thdrée energies, and solution free energies along the reaction
solution activation free energies for the alkaline hydrolyses of coordinate for the reactions of (OHwith TMP, MEP, and
TMP, MEP, and MPP are 36, 30, and 32 kcal/mol, respectively. MPP are depicted in Figures, respectively (the actual values

Thus, inclusion of electron correlation has a significant effect &€ supplied in the Supporting Information). The maximum of

on the geometry of the rate-limiting transition state, favoring

AGgin as a function of the reaction coordinate gave the location

an “earlier” transition state for all three reactions. This effect Of the transition state in solution (see Table 5).

is most evident for the six-membered ring phosphorane transition

Figure 4 shows a distinct difference between the gas-phase

state TS-9, where inclusion of electron correlation increased free-energy profiles of the cyclic and acyclic molecules: the
the P-OH distance by 0.5 A and, consequently, the solvation latter exhibits a weaker dependence on theédP distance than

free energy became more favorable (by about 3 kcal/mol).
To assess the sensitivity of the MP2/643%* results to the

the cyclic molecules because, relative to the reactant state, the
pseudorotated cyclic intermediatés and|-8, are more stable

size of the basis sets and the level of theory used to estimatethan the acyclic intermediate? (see Tables24). For a fixed

electron correlation, two single-point calculations were carried

out at the MP2/6-31t+G(3df,3pd) and MP4(SDQ)/6-31G*
levels using the MP2/6-31G*-optimized geometries. The

(42) Press, W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, W. T.
Numerical RecipesThe Art of Scientific Computin@ambridge University
Press: Cambridge, 1986.
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Scheme 3.Schematic Diagram Depicting Fully Optimized HF/643&* Structures for the Reaction of (OH@at Phosphorus of
MPP (MPP(P)) (Not All Transition States and Intermediates along the Pathways Are Depicted for the Sake of Clarity)

HO™

MPP + OH" Free-energy Profile

gas

Free Energy (Kcal/mol)

solution

T T T T T 4 i !

MPP+OH- I-I7 TS-9 I8 TS-11 19 TS-12  CH;0H+PP-
TS-10 MHPP

Figure 3. Relative MP2/6-3%G*//HF/6-31+G* activation free-energy profile for the gas-phase reaction of (Q#)h MPP (top) and the change

in profile upon solvation (bottom). The zero of energy corresponds to the reactants at infinite separation. The numbers correspond to the free-
energy differences of subsequent points.
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Figure 5. A comparison of CDMAG:; (left) and PSGVBAG: (right) as a function of the PO" distance for the reactions of (OHWwith TMP
(dashed line), MEP (solid line), and MPP (dotted line).
P—OH distance, the gas-phase free energy of MEPH)" is electrostatic solvation of the extra hydrophobic methylene group
more favorable than that of the corresponding six-membered in the six-membered ring. Figure 6 shows that, at a give@®
ring molecule, and as the-fOM distance decreases, the gas- distance, the solution free energy of the acyclic molecule is
phase free energy of MEf(OH)~ drops more rapidly than that  greater than that of the cyclic molecules. This is mainly because
of MPP-+-(OH)~. Figure 5 shows that at a given—®H the solvation free energy of the former is significantly less
distance, the cyclic molecules are better solvated than the acyclicfavorable than that of the latter, especially at a longeOP
counterpart; this is probably due to dihedral ring constraints distance (see Figure 5). On the other hand, the greater solution
yielding a more solvent-exposed hydroxyl group (compare the free energy of the six-membered cyclic molecule compared to
geometry ofTS-5 or TS-9 with TS-1). Both five-membered its five-membered ring counterpart at a giver®" distance
and six-membered ring molecules exhibit a similar dependenceis largely due to the consistently higher gas-phase free energy
of the solvation free energy on the reaction coordinate; however, of MPP---(OH)~ relative to that of MEP-(OH)~ (see Figures
for a fixed P-O" distance, the solvation free energy of 4—6).
MPP--+(OH)" is slightly more positive (by £2 kcal/mol) than In each of the three reactions, the rate-limiting transition state
that of the five-membered ring analog, reflecting the unfavorable in solution is located at a shorter®" distance relative to the
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Figure 6. A comparison ofAGgn as a function of the POH distance based on CDMG; (left) and PSGVBAG; (right) for the reactions of (OH)

with TMP (dashed line), MEP (solid line), and MPP (dotted line).

gas-phase transition state: the ® distances foilS-1, TS-

Table 7. Experimental Activation Parameters (kcal/mol) for the
Alkaline Hydrolyses of Acyclic TMP, Five-Membered Ring MEP,

5, and TS-9 relocated using CDM solvation free energies ang 6-Membered Ring EPP at 298.15 K

decreased by 0.28, 0.45, and 0.75 A, respectively, relative to
the corresponding “gas-phase” distances. In contrast to the

effect of electron correlation on the location of the rate-limiting
transition states, the effect of solvent is to favor a “late”
transition state because the magnitude of the solvation free
energy increases as the-PH distance increases (see Figure
5). Consequently, the relocated rate-limiting transition states

molecule AH* TAS AGF
TMP2 15.604+ 0.2 —6.86+ 0.3 22.46+ 0.3
MEP? 7.80+ 0.2 —6.86+ 0.3 14.66+ 0.3
EPP 13.21 —8.74 21.94
TMP—MEP 7.8+ 0.4 0.00+ 0.6 7.80+ 0.6
EPP-MEP 54+ 04 —1.884+ 0.6 7.29+ 0.6

in solution are less well solvated and, hence, have higher
solution activation free-energy barriers relative to the free

energies corresponding to the “gas-phase” transition state (see

Table 5). Figures46 clearly show that the differential location
of the five- and six-membered ring transition states stems from
the different dependence &Gy, (rather thanAGs) on the
reaction coordinate.

Note that the two solvation models produce similar trends.
The key difference between the two approaches is that the
PSGVB AG;s are more negative than the CDMG; probably
because the PSGVRG; includes the contribution to solvation
free energy due to the polarization of the solute charge
distribution by the surrounding water molecules (represented
by a high dielectric continuum). Furthermore, for each of the
relocated transition state in solution, the ®" distance based
on the PSGVBAG: is about 1-2 A shorter than that based on
the CDM AGs.

Discussion

Product Distribution and Reaction Mechanism. Barnard
and co-worker¥ demonstrated that in the reaction of TMP with
180-labeled hydroxide, one and only one labeled oxygen is
incorporated into the product and exclusive® bond cleavage
occurs. They proposed that @2%P) mechanism best fitted their
observations, i.e., a concerted nucleophilic attack of the hydroxyl
ion on the phosphorus with concomitant displacement of the
methoxide. In contrast, Scheme 1 and Figure 1 show that
alkaline hydrolysis of TMP does not proceed via g2@)

(43) Barnard, P. W. C.; Bunton, C. A,; Llewellyn, D. R.; Vernon, C.
A.; Welch, V. A.J. Chem. Socl961 2670-2676.

aValues are taken from ref 12 Values are taken from ref 16. No
errors were reported for the activation parameters obtained.

mechanism but is a multistep process in which the breakdown
of the intermediate is much faster than its formation. If the
breakdown of the intermediate is too rapid to allow exchange
between the PO bond and water, the multistep reaction in
Scheme 1 would be indistinguishable from the one-stgi{i®
mechanism. Thus, the calculations have suggested an alternative
mechanism that is consistent with the experimental observations.

Kluger and co-worke#8 found negligible exocyclic cleavage
in the alkaline hydrolysis of MEP (pH-811). To account for
this, they assumed that the TBP MEH)™ intermediate with
the hydroxyl group axial is stable and undergoes ring-opening
much faster than pseudorotationlt6. In contrast, Scheme 2
and Figure 2 show that pseudorotation is not rate limiting and
the TBP MEP-(OH)~ intermediate with the hydroxyl group
axial is unstable as it spontaneously pseudorotates to lykeld
Since the free-energy barrier for exocyclic cleavage is greater
(by 6.5 kcal/mol) than that for endocyclic cleavage, negligible
amounts of exocyclic cleavage products are predicted, in accord
with the experimental observations. In analogy to that of MEP,
the alkaline hydrolysis of MPP is predicted to yield mainly the
ring-cleavage product, methyl hydroxy propyl phosphate, with
retention of configuration. Unfortunately, the products for the
hydrolysis of MPP reaction in dilute alkali have not been
reported, to our knowledge.

Free Energy Barriers and Reaction Rates. The experi-
mentally-derived activation free energies (Table 7) for the
reactions of (OH) with TMP (22.5 kcal/mol)? MEP (14.7 kcal/
mol),12 and six-membered ring ethyl propylene phosphate, EPP
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Table 8. Intra- and Intermolecular Contributions to the Rate relative to its acyclic and six-membered ring analogs. The
Acceleration of Five-Membered Ring MEP Relative to Its Acyclic negativeAE difference for the gas-phase reaction of (Omjith
and Six-Membered Ring Analogs (All Energies Are Reported to 1 1y1p(py relative to that with MEP(P) indicates that the activation
Decimal Place in kcal/mol) S

energy for the (OH) + TMP(P) reaction is less than that for

TMP—MEP MPP-MEP the (OH) + MEP(P) reaction. Ab initio ring strain energy
a b,d c,d ce b,d c,d ce calculation$* suggest that this is because the five-membered
AAEF 58 -38 —42 23 1.8 25 ring has strain in the ground state as well as in the rate-limiting
AASEF(T) 1.1 1.1 1.1 0.2 0.2 0.2 transition state, but the strain energy in the five-membered cyclic
A(TAS) -3 -13 -13 -11 -11 -11 transition state is greater than that in the five-membered ring
AAGgas —33 -13 -18 36 31 38 ground state. In other words, the destabilization of the five-

ﬁﬁgsgss)) 11% 1?'% 15? _1'023 3'013 3'057 membered ring transition state relative to its acyclic counterpart
X . . : : .

AAGH g, 65 81 122 21 59 6.6 is greater than that of MEP relative to TMP. The negathie
— — . difference is partially offset by a greater entropy loss in forming
® Ground state to rate-limiting transition statdnergies and free  1he acyclic transition staf€S-1 relative to the five-membered
energies corresponding to gas-phase rate-limiting transition state. _ - P . .
¢ Energies and free energies corresponding to relocated rate-limiting cyclic oneTS-5. The netAG gasdlffer_en(_:e remains negative
transition state in solutiort.Solvation free energies computed using but small (about-1 to —2 kcal/mol), indicating that reaction
the continuum dielectric metho@Solvation free energies computed  of (OH)~ at TMP(P) is competitive with that at MEP(P) in the
using combined PSGVB/DelPhi programs. gas phase. Both PSGVB and CDMGs values in Table 8 show
that MEP and TMP have similar solvation free energies
(21.9 kcal/molj® are significantly less than the computed values (differing only by 1.3-2.5 kcal/mol), but the five-membered
in Table 5 after relocation of the rate-limiting transition state ring transition state is much better solvated (by-16 kcal/
in solution. This is mainly because the solvation free energies mol) compared to its acyclic counterpart. As shown in previous
of (OH)™ ion, the monoanionic rate-limiting transition states, york 2425 this is because the hydroxyl oxygen in the acyclic
and the neutral reactants differ by an order of magnitude and transition stater'S-1 s less solvent-exposed than the hydroxyl
the nonelectrostatic contributions to the solvation free energy oxygen in the cyclic transition stalS-5. (Note that the MP2/
have been neglected; thus, the errors involved in calculating 6-31+G* CHelpG charge on the hydroxyl oxygen for the acyclic
the absolute solvation free energies are probably different andang cyclic relocated transition states;1.06e and -1.1%,
do not cancel when evaluating the solution activation free respectively, are similar.) The differential solvation of the rate-
energies. In contrast, the error in the activation free-energy jimiting transition states reverses the order of reactivity in the
difference between the alkaline hydrolyses of two similar gas phase such that the free-energy barrier for the alkaline
phosphoesters is expected to be smaller than the error in thenygrolysis of MEP is significantly smaller than that of TMP.
individual activation free energy. This is because in taking the Thus, the origin of the million-fold enhanced rate of alkaline
free-engrgy difference betv\./ee.n two s_imilar neutral ground SIat?Shydrolysis of five-membered ring MEP relative to TMP is
or two similar TBP monoanionic transition states, any systematic so\ent stabilization of the cyclic rate-limiting transition state
errors in the relative gas-phase free energies (arising from the gasive to its acyclic counterpart. This is in accord with the
basis set employed and treatment of electron correlation) or in 1 usions arrived by Karplus and co-workéisee Introduc-
the relative solvation free energies (due to approximations tion). The present work and ring strain calculatindo not
inherent in the continuum treatment of water and the sets of support the hypothesis that the rate acceleration of five-
partial charges and radii employed as well3 as the neglect of empered cyclic phosphate esters is due to relief of ring strain
nonpolar contributions) are likely to cancéf: , in the rate-limiting transition state. The calculations also do
'I'*able 8 summarizes thf activation free energy differences, not support the hypothesis that part of the rate enhancement of
AG'sr(TMP—MEP) andAG's(MPP—-MEP), based on the “gas- fiye.membered cyclic phosphorus esters is due to steric crowd-
phase” rate-limiting transition states, and "solution-phase” ing in the acyclic transition state compared to the cyclic #he.
transition states located using CDM and PSGXBs. The This assumes that the orientations of the two methyl groups in
activation free-energy difference between the alkaline hydrolyseshe acyclic and cyclic transition states are similar (see Figure 3
of TMP and MEP AG*i(TMP—MEP), computed using CDM i, ref 20), an assumption that is not found to be valid as evident
AGs, is 6.5 kcal/mol for the “gas-phase” transition state and from the methyl and methylene group orientationd 81 and
8.1 kcal/mol for the relocated transition state in solution; the tg.g respectively.

latter is in accord with the measured difference of Z.8.6 MEP versus MPP. In contrast to the reaction of (ORwith
kcal/mol. However, the free-energy difference computed using MEP versus TMP, bothE* andAG*gsare positive, indicating

PSGVB AGs, 12.2 kcal/mol, overestimates thﬁ: measuretil dif- that (OH)- reacts faster at MEP(P) than at MPP(P) in the gas
f.er_ef‘ce (by a_b_out4 kcal/mol). In contrast, the "gas-phase” rate- phase, similar to the behavior in solution. Ring strain calcula-
I|m|t|ng_ transmo? states for the b_ase hydrolyses of MPP and tions* suggest that the positiv&E results from greater strain
MEP yle_ld aAG.S!”(MPP_MEP) dl.fference of only 2.1 kcaI/. energy in the five-membered ring ground state compared to the
mol, which significantly underestimates the rate acceleration five-membered cyclic transition state, i.e., the destabilization
OflMEE bas](ce Eydrolys_is_, relative to thatl Of_ MPF;{ HOW(IAEiVﬁ%r’ UpoN 4t MEP relative to MPP is greater thar,1 tha’t'ltﬁ-S relative to
relocation of the transition states in solution, the resuligs, TS-9. Hydroxide attack at MPP(P) is also retarded by a greater
(MPP_MEP.) difference, 5.9.kc.aI/moI using CDMGs or 6.6 entropy yIoss, so that the negx(g*gas intramolecula); tgrm
kca_l/ mol using PSGVBAG, is in closer agreement W'th_the contributes to roughly half of the observed rate acceleration.
est|mate_d difference of 7.3 0.6 kcal/mol fqr the alkaline Table 8 shows that the remaining difference stems from the
hydrolysis of ethyl propylene phosphate relative to that of MEP more favorable solvation of the five-membered ring transition

(see Table 8). _ _ state relative to its six-membered ring analog due to the
MEP versus TMP. Table 8 gives the intramolecular solute-  ¢|ocation of the transition states in solution (see Results). In
solute and intermolecular solutgolvent contributions to the

enhanced alkaline hydrolysis rates of five-membered ring MEP  (44) Dudev, T.; Lim, C. Submitted for publication.
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other words, if the rate-limiting transition state in solution is (OH)~ attack at the phosphorus atom, i.e., formation of a long-
assumed to be the same as that found in the gas phase, the fiverange transition statef6-1, TS-5, and TS-9, respectively).
membered ring “gas-phase” transition state becomes less well (3) There is a significant change in the transition-state
solvated compared to its six-membered ring counterpart (by 1.2 geometry due to solvent effects. Such large changes have been
kcal/mol), and the computefiG*y, difference (2.05 kcal/mol) observed in the Menshutkin reaction,sNH + CHsCl —
is only 0.28 of the experimental estimate (7.29 kcal/mol). CHsNH; + CI-, where the transition state occurs much earlier
Note that it is the differential location of the five- and six- jn water than in the gas pha&e.In contrast, for the reactions
membered cyclic transition states in solution that contributes of hydroxide with TMP, MEP, and MPP, solvent effects favor
to part of the observed rate acceleration. If the six-membered g “|ate” transition state as the magnitude of the solvation free
ring transition state was located at the same2P distance (2.7 energy increases with increasing ©" distance (see Figure 5).
A) as the five-membered ring one, the solvation free energy of The trends seen here are expected for other nucleophilic
the six-membered TBP structure8.4 kcal/mol) is only 1 kcal/  substitution reactions involving a small, anionic nucleophile (like
mol less favorable than that of its five-membered counterpart hydroxide) and a neutral substrate.
(—69.4 kcal/mol), due presumably to the unfavorable solvation 4y The million-fold enhanced rate of alkaline hydrolysis of
of the additional small, nonpolar methylene group in the six- fiye-membered ring MEP relative to its acyclic TMP analog
membered ring. As shown in Figures-@ (see also Results),  results mainly from dihedral ring constraints yielding a more

the differential location of the five- and six-membered CyC“C Solvent_exposed hydroxy' group and thusl greater solvent
transition states in solution fotdue to the different dependence  stapilization of the cyclic transition state relative to its acyclic
of the solvation free energy as a function of the®" distance. counterpart.

Instead, it is due to the different dependence of the gas-phase (5) on the other hand, the enhanced rate of alkaline hydrolysis
free energies .alon.g the reaction coordinate for the two types of of five-membered ring MEP relative to its six-membered ring
reactions, which, in turn, results from the fact that, relative to \ pp counterpart results from both ground-state destabilization
the reactant state, the five-membered cyclic intermedi&®s, ot MEP relative to MPP due to ring strain and transition-state
andl-6, are more stable than their six-membered ring count(_ar- stabilization of five-membered ring’'S-5 relative to six-
parts,I-8 andl-9 (see Tables 3 and 4). Furthermore, ring strain  membered ringl'S-9 due to the differential location of the
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