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On the Reactivity of Phosphate Monoester Dianions initio calculations of the kinetic substituent effects for the
in Aqueous Solution: Brgnsted Linear Free-Energy phosphoryl transfer reaction involving the 5-coordinated transition
Relationships Do Not Have an Unique Mechanistic state. This study is a continuation of our effort to compare the
Interpretation energetics of the associative and dissociative pathways of

phosphate monoester hydrolysis and to scrutinize the interpretation
Jan Floria, Johan °A1vist,* and Arieh Warshel* of experimental data on this important reacttdf.

In the first part of our study we evaluated a section of the free
Department of Chemistry, Umersity of Southern California energy surface for the nucleophilic attack of methanol on phenyl
Los Angeles, California 90089-1062 phosphate dianion in aqueous solution. These calculations
Department of Molecular Biology, Uppsala Usirsity involved the HF/6-31G* partial geometry optimizations, in which
Biomedical Center, Box 590, S-75124 Uppsala, Sweden the P-OMe and P-OPh bond lengths were varied by 0.1 A
. increments in the 2:31.7 A and 2.5-1.7 A range, respectively.
. . Receied July 30, 1998 | this free energy region, the proton was found to be fully
Revised Manuscript Receed September 16, 1998 41 sferred to the equatorial phosphate oxygen and oriented toward

Phosphoryl transfer plays a fundamental role in many important the methoxide group. For each of the resulting 63 structures, we
functions of the cell. For this reaction to occur, the ® bond evaluated the MP2/6-31G** gas-phase energyAFg.y and
of the leaving group has to be broken, and a newOPbond solvation free energyXAGso,) The solvation calculations were

must be formed between the phosphorus and the attacking qrourf@fried out using polarized continuum (PCM/HF/6-318%9nd
. W phosphoru "9 g Upﬁerative Langevin dipoles (LB} models (for details of the

R'OH + R"OPQ2‘~——~ R’OPO32_ + R'OH 1) computat@onal protocol see refs 5_and 14). The two different

computational methods were applied to reveal possible errors
related to the approximative nature of these solvation models (for
example, neither of these models treats rigorously the first
solvation-shell effects). The free energy profile (potential of mean
force) was calculated as

Depending on the order of the bond-breaking and bond-forming
events, actual reaction mechanisms should, in principle, fall
between two limiting cases of the associative and dissociative
mechanismg&:®

Several experimental techniques are available to probe the _
character of the transition state involvedAmong them, the Ag= AEga5+ aASgas+ AAGgqy )
observed linear free-energy relationships (LFER) between the
activation and equilibrium free energies have been frequently used.
In particular, the rate constark)(for the uncatalyzed reaction 1
in aqueous solution has been found by Kirby, Varvoglis, and
Jencks to be highly sensitive to the dissociation constant of the
leaving group (ROH),’

where the H-bonded complexes, in which the ®nuc) and
P—0O(lg) distances were fixed at 3.0 and 1.75 A, were used as
the reference states. Note that the distance of 1.75 A was found
by us to correspond to the equilibrium-®(lg) bond length for
phosphate monoester dianions in aqueous solution (Figures 1S
and 2S). Consistent with our previous studi¢&the coefficient
— _ " o in eq 4 was chosen as z€fo.

log(k) = 0.86— 1.23(K(R"OH) @) The calculated relative free energidg (Figure 1) indicate
that there is a minimum on the free energy surface, which
corresponds to the dianionic pentacovalent intermediate (phos-

— , phorane). Previously, the existence of the dianionic phosphorane
Alog(k) = 0. 1ApK(ROH) 3) intermediate has been the subject of several theoretical stiidies.
The first of these studies established the nonexistence of this

ntermediate in the gas phaSe.Later, it was pointed out that

were interpreted as the evidence that reaction 1 proceeds via 4he dianionic phosphorane becomes marainally stable upon
dissociative mechanism, in which the anion of monomeric . . pnosp e ginally X P
inclusion of one or more explicit water molecules in the

metaphosphate (RO is formed?”® However, this interpretation . o -

was based on an assumption that the associative mechanism‘fsal(;]ul""‘t'onl'&19 Clearly,fth;: Stfab'"t}’]Of ”;]e phh%sph_orane m|n|nrf1um

characterized by the formation of the 5-coordinated intermediate > (€ consequence of the fact that the hydration energy favors

or transition state, is inconsistent with the experimental LFER. smaller ions. Here, the size-dependence of the solvation free

In this paper, we address the validity of this assumption by ab energy was fc_)und to be more pronounced for the PCM than for

the LD solvation model.
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Table 1. Substituent Effects on the Relative Energy and Relative
Solvation Free Energy of the TS2 Structure

AEgag b AAGsolvic
nucleophile leaving grodp HF MP2 LD PCM
CH3OH CH:OH 45.6 39.9 30 —-38
CHsOH Ph 25.5 23.3 8.8 4.6
CH3zOH o-CIPh 20.1 18.6 11.7 7.4
CH3OH o,p-CIPh 17.4 171 11.2 9.4
CHsOH o-Cl, p-NOzPh 8.6 8.7 135 12.1
CRCH,OH Ph 25.1 23.1 9.2 7.3
o iy 28 2052 aPhenol is abbreviated as Ph. Prefixesndp denote substitions in
T rsa the positions ortho and para with respect to the bridging oxygen.
eS8 o TS1 b Activation energy (kcal/mol) calculated as the difference in the total

energies of TS2 and the corresponding reference state (see the text).
HF denotes the HF/6-31G* method. MP2 denotes the MP2/6c31//
HF/6-31G* method® The difference in the solvation free energies (kcal/
mol) of TS2 and the corresponding reference state. LD denotes the
iterative Langevin dipoles calculatidf. ¢ PCM denotes PCM/HF/6-
31G* calculation using Pauling’s atomic radii scaled by the factor 1.2.
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Figure 1. Section of the free-energy surface for the methanolysis of
phenyl phosphate dianion calculated using approximation 4. Age
values for the phosphorane intermediate obtained at thetNIP2and
MP2+PCM levels amount to 31.3 and 22.9 kcal/mol, respectively. The
isoenergetic levels are drawn with the resolution of 0.7 kcal/mol. Top:
MP2/6-3H-G** + LD results. Bottom: MP2/6-3tG** + PCM results. 151
atom bonded to the equatorial oxygen was found to be oriented
toward the nucleophilic oxygen. Because the stabilizing elec- P R R o
trostatic effect of this hydrogen on the TS1 structure is balanced 6 8 oK 19 leavin;gfoup 4 on,
by the larger stability of the leaving PhQgroup in the TS2 a
structure, the energies of TS1 and TS2 are nearly the same.  Figure 2. Comparison of the experimental (eq 2) and calculated LFER.
To examine the LFER that could be expected if reaching TS2 The experimental LFER was observed in the pH-independent region above
was the rate-limiting step in the associative reaction mechanism,PH 77 The Bransted slopeg) fitted to the calculated rate constants
we examined the effects of the chemical modification of the amount to—1.38 and —1.01 for MP2+LD and MP2+PCM data,
attacking and leaving group on the relative energy of the TS2 respectively. Values off, constants were taken from ref 24.
structure in aqueous solution. Here, the®nuc) and P-O(lg)
distances were kept at 1.8 and 2.2%respectively, and the
remaining degrees of freedom were relaxed at the HF/6-31G*
level. However, this relaxation did not change the position of
the equatorial H, which remained oriented toward the nucleophile.
We found that the gas-phase activation energies decrease fo

logk (s)

In conclusion, the results presented in this paper do not support
the generally accepted view that the LFERs (eqs 2, 3) observed
by Kirby and Varvoglig represent conclusive evidence for the
dissociative mechanism of the hydrolysis of phosphate ester
dianions?*” This does not mean that the observed LFER should
: . . be interpreted as evidence for the associative mechanism but rather
larger and more polarizable leaving groups (Table 1). This trend that the interpretation of this relationship is not unique. In fact,

occurs at both HF f°‘.”d MP2 Ievelg of theory. Also, It SCemMS 10 o | FER appear to correspond to a late TS in the associative
be somewhat sensitive to the basis set extension. Although themechanisr?? as well as to an early transition state in the
overall solute size becomes smaller upon going from.the.hydmgendissociative mechanism, since both mechanisms involve a largely
bonded complex to the TS2 structure, solvation contributions were broken bond between ’the phosphorus and the leaving group
found to increase the activation barrier. This is because the chargeoxygen
of the solute becomes more delocalized in the transition state. '
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