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ABSTRACT

The reaction pathway for the alkaline hydrolysis of p-nitrophenyl acetate is investigated using density functional theory. It is shown that
solvent plays an indispensable role in shaping the concerted transition state. The concertedness of this transition state is supported by good
agreement with the measured kinetic isotope effects.

Ester hydrolysis is an important and prevalent reaction in  Detailed knowledge of the putative transition state is not
both organi¢ and biological chemistry. The classical only important for mechanistic understanding of the hy-
mechanism for hydrolysis of esters (and for more general drolysis reaction but also essential for designing effective
acyl transfer reactions) involves stepwise nucleophilic ad- transition-state analogues (haptens) to elicit catalytic antibod-
dition and elimination via a tetrahedral intermediate (TI). ies® As pointed out recentl{the Brgnsted linear free-energy
However, it has been argued that for good leaving groups relationship may not be unique in determining the reaction
such as aryloxides the hydrolysis may be concerted via amechanism, and a high-level theoretical understanding is thus
tetrahedral transition staté=xperimental evidence in support  necessary. In this Letter, we report a density functional theory
of the concerted mechanism ranges from the Brgnsted(DFT) investigation of the alkaline hydrolysis pathway of
correlation of the rate constant with th&gpof the nucleo- p-nitrophenyl acetate (PNPA), which has long been a
phile* to heavy atom kinetic isotope effects (KIEs). prototypical substrate for studying hydrolysis/acyl transfer
reactions in solution phasgand in enzyme§.
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Table 1. Calculated and Measured Kinetic Isotope Effects

KIE 16180(0OH ") 16/180(PhO) 1213C(C=0) 16/180(C=0) W15N(NOg) 3H/D(Me)
caled® 1.0006 1.0079 1.0004 0.9505
caled® 1.0147 0.9982 1.0120 1.0036 1.0001 0.8597
caled® 1.0249 1.0099 1.0404 1.0056 1.0002 0.9711
exptl? 1.0135 1.0342 1.0039 1.0002 0.9562

aReference 92 Model |, this study Model Il, this study.? Reference 8.

Thanks to the electron-withdrawing nitro (NQyroup in
theparaposition, thep-nitrophenoxide is known to be a good
leaving group (K. = 7.14). Despite strong experimental

confirmed by additional frequency calculations. The intrinsic
reaction coordinate (IRC) for the transition state was also
characterized* The 6-31++G** basis set was employed

evidence, however, theoretical studies have not yet been abldor model | and for the hydroxide, solvent waters, and acyl

to identify a truly concerted transition state in the alkaline
hydrolysis of this and other aryl esters. In the recent work
of Tantillo and Houlk® for example, a transition state for
addition was located in vacuo by geometry optimization at
the HF/6-31+G* level. A later DFT study by Kollman
group? reached the same conclusion. Both attributed the
failure in finding the elimination transition state and Tl to a
concerted mechanism. Although a valid conclusion, it is
apparent that a transition state for nucleophilic addition is

moiety of PNPA in model Il, whereas the smaller 6-31G*
basis set was used for other atoms of PNPA in model II.
The inclusion of diffuse functions is essential for anionic
species. The KIEs were computed using the Bigeleisen
Mayer theory:® and the results are listed in Table 1. The
solvent effects for the solution phase reaction were estimated
for the stationary points using the polarized continuum model
(PCM)é with no further geometric optimization, which has
been showh to be appropriate for treating the hydrolysis

no substitution for a concerted one, as evidenced by its poorof a small system. The energetics of the stationary points is

agreement with the measured leaving gro@pfo KIE
(1.0006 vs. 1.0135).As shown below, a more accurate

listed in Table 2.

theoretical characterization of the reaction pathway in such_

systems requires a proper treatment of solvent effects.

In this work, two models were investigated for the alkaline
hydrolysis of PNPA. The first model (l) includes only the
OH™ nucleophile and PNPA, as shown in Figure 1, whereas

Figure 1. Model for alkaline hydrolysis of PNPA.

seven water molecules were added in the second model (II)
The latter supermolecule approach allows explicit solvation
of key moieties such as the anionic hydroxide nucleophile,

which has been shown to be essential for the accurate

determination of the reaction pathway in systems involving
charged speci€s.Geometries of stationary points (minima
and transition states) were obtained by optimization with the
B3LYP functional'? as implemented in Gaussian 5xand
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Table 2. Calculated Energetics (kcal/mol) for the Two Models

reactant transition product

model energetics complex state complex
AE g5 0.0 2.03 —44.77

AEg.s + ZPE 0.0 2.27 —42.82

AGgas 0.0 2.98 —45.20
AE;q(PCM) 0.0 0.46 —40.62

II AE g5 0.0 9.60 —27.32
AEg,s + ZPE 0.0 10.98 —24.17

AGgas 0.0 12.79 —22.75
AEs(PCM) 0.0 15.71 —20.52

A very loose transition state was found for the gas phase
alkaline hydrolysis of PNPA (model 1), in which the distance
between the nucleophile oxygen and the carbonyl cartdn (
is rather larger (2.59 A) while the bond length to the leaving
group (¢ = 1.41 A) is essentially unchanged from that of
the reactant complex. This transition state is clearly for the
nucleophilic addition step, similar to that obtained by Tantillo
and Houk? in which the corresponding distances are 2.28
and 1.37 A, respectively. A similar transition state was found
by Chong et al? at the B3LYP/6-3%G* level, indicating
that the electron correlations are not essential for the
transition state. As in previous wofR? efforts to locate the
Tl and the elimination transition state were unsuccessful,
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which underscores the instability of the potential Tl. As in Table 1, but the exact interpretation of tR8C and®'*¢0
shown in Table 1, the KIE for the leaving group oxygen is KIEs for the G=0 group is known to be difficu® On the
inverse (0.9982), in poor agreement with the experimental other hand, thé**N KIE is close to unity, signaling little
value of 1.0133° The small primary KIE reflects the involvement of the nitro group at the transition state. Finally,
negligible participation of the Ph€C bond in the reaction  the secondary KIE for th@-carbon hydrogens is inverse,
coordinate. Its small (2.98 kcal/mol) free energy barrier for also in agreement with experimental data. This KIE measures
nucleophlic addition is rendered negligible (0.46 kcal/mol) the change of the €H bond force constants due to the
by solvation. reduction of hyperconjugation during the nucleophilic atf#ck.
The inclusion of the seven water molecules provides a Comparison of the two models clearly shows that the
resonably complete solvent shell for the reaction region. inclusion of explicit waters alters not only the energy but
Except for the fact that neither Tl nor elimination transition also the geometry of the transition state. Consequently,
state was found, the picture that emerged from model Il with stationary points obtained from the unsolvated system may
seven explicit water molecules is very different. The transi- not be trusted for reactions involving ionic species. This
tion state geometry shown in Figure 2 features a more important conclusion is not entirely surprising given the

A

Figure 2. Transition state geometry for the alkaline hydrolysis of
PNPA with seven explicit water molecules.

elongated PhO—C bond{¢= 1.47 A) and a much shorter
distance between the nucleophilic O and carbonytC<
1.84 A) than in model I. The analysis of the intrinsic reaction
coordinate indicates unmistakenly the involvement of both
nucleophilic addition and elimination coordinates, although
the largerd; implies a somewhat early transition state. Indeed,
Table 1 shows that the prima®*®O KIE for the leaving

involvement of an anionic nucleophile and the loose nature
of the transition state. We note in passing that a similar
concerted transition state was found in the general base
(imidazole)-catalyzed hydrolysis of aryl esté?s.

The calculated barrier height for the alkaline hydrolysis
of PNPA in agueous solution (15.71 kcal/mol) is in excellent
agreement with the experimental activation energy (15.8 kcal/
mol).2° The reaction has a large exothermiciy@ = —20.52
kcal/mol). An interesting observation is that the product
complex consists of acetic acid and phenoxide (see Sup-
porting Information). The proton transfer from the former
to the latter, which is not considered in this work, is expected
to further increase the exothermicity.

In conclusion, our DFT results provide strong theoretical
evidence for the existence of a concerted transition state for
the alkaline hydrolysis of PNPA, as evidenced by both the
transition state geometry and the good agreement with
experimental KIEs. This conclusion has significant implica-
tions for acyl transfer reactions both in solution and in
enzymes. In addition, the results underscore the importance
of proper treatment of the solvent effects for reactions
involving charged species.
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The concerted transition state has a slightly elongate
carbonyl bondd, = 1.24 vs. 1.21 A in the reactant complex),
apparently as a result of the weakening of the double bon

Supporting Information Available: Coordinates, key

dbond lengths, and energies of the stationary points. This

material is available free of charge via the Internet at

d_http://pubs.acs.org.

This is corroborated by the fact that the negative charge onoL0502836

the carbonyl oxygen is increased frond.44e in the reactant
complex to—0.58eat the transition state. The involvement
of this bond in the reaction coordinate is reflected by the

substantial KIEs for the carbonyl oxygen and carbon shown
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