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The hydrolysis of six representative alkyl esters in agueous solution were evaluated by performing ab initio
molecular orbital calculations using five different self-consistent reaction field (SCRF) procedures. Energy
barriers were obtained for hydrolysis by bimolecular base-catalyzed acyl-oxygen cleava@ &ad
bimolecular base-catalyzed alkyl-oxygen cleavage 2B Despite strong solutesolvent hydrogen bonding,

the calculated solvent shifts of the energy barriers are dominated by electrostatic interactions between solute
and solvent, and nonelectrostatic interactions largely cancel out. SCRF calculations that ignore volume
polarization or use a charge renormalization scheme usually overestimate the solvent shifts of the energy
barriers. A recently developed surface and volume polarization for electrostatic interaction (SVPE) procedure
yields results comparable to experimental data when the solute cavity surface is defined as the 0.002 au
electron charge isodensity contour. The differences between values from the SVPE calculations with this
contour and the corresponding average experimental values for the examined esters are smaller than the
range of experimental values reported by different laboratories. The SVPE calculations fag2heyBrolysis
predicted the lowest energy barrier for methyl formate and the highetgrtdsutyl acetate, and the remaining

four esters grouped closely. These results are consistent with the substituent shifts of the experimental activation
energies. The energy barriers predicted farBhydrolysis are always considerably higher than those predicted

for the Bac2, consistent with the observation that in aqueous solutjg2 Bydrolysis is negligible compared

to Bac2 for alkyl esters.

Introduction of hydrolysis has been designated agB(base-catalyzed, acyl-
oxygen cleavage, bimolecul&and is believed to occur by a
two-step mechanisfHowever, a concerted pathway can arise
in the case of esters containing very good leaving groups

i 8
on ester hydrolysis have provided critical insights into the (corresponding to a lowlx value for ROH).® The generally

fundamental reaction mechanisms. Besides extensive interesttéiceﬁtzd ':v_vot-step dm?ch?nltsn: COﬂfSIﬁ'[S 01; ttP:e dformatlon_tc_)f a
within chemistry, the mechanism of base-catalyzed hydrolysis etrahedral intermediate (first step), followed by decomposition

of esters figures prominently in many biological proceséés, of the (tjetrahedrarll mft_ermedlat_e to prcl)lducts IECO@ R'.OH f
such as the metabolism of the neurotransmitter atcetylcholine(Secon Ste!ﬂ‘? The first SteP IS “S‘,Jg g/grate- etermining for
and the degradation of cocaine. Applications include the design (€ hydrolysis of alkyl esters in solutiGh?whereas the second

of transition-state analogues that inhibit acetylcholinestétase S'€P can be rate-determining in gas phase. Finally, a less
and that elicit anti-cocaine catalytic antibodiés. common mode of ester hydrolysis, g2 (base-catalyzed, alkyl-

As is well-known, ester hydrolysis (RCOOR- H,O — oxygen cleavage, bimoleculéﬁ)competes with the B2 mode.
RCOOH+ R'OH) involves cleavage of either the acyl-oxygen 1h€ Ba.2 mode, which leads to the same products as 2B
or alkyl-oxygen bond¢ The mode of cleavage may be deter- Process, is essentially any& substitution with a carboxylate
mined by isotopic labeling and by stereochemical studies. Both !€aving group (see Scheme ).
types of cleavage are observed with acid or base catalysis and Reaction pathways and energy barriers for both the2Band
the result is a rich array of possible reaction mechanisms. We Ba.2 modes of hydrolysis of representative alkyl esters have
will focus only on the most common mechanisms involving been studied theoretically in the gas ph&sEhe highest energy
specific base-catalyzed hydrolysis, i.e., hydroxide ion-catalyzed barrier calculated for the &2 process is always lower than
hydrolysis (RCOOR+ HO™ — RCOO™ + R'OH followed by the barrier for the B 2 process. The difference between the
RCOO + H,0 — RCOOH + HO").%¢ The base-catalyzed barrier for the B2 process and the highest barrier for the B
hydrolysis of the majority of common alkyl esters occurs by process is only about-13 kcal/mol for the methyl esters, but
the attack of hydroxide ion at the carbonyl carbon. This mode becomes much larger for the others. The calculated results are
all in good agreement with available experimental data in the

The hydrolysis of carboxylic acid esters is one of the most
thoroughly studied chemical reactions in chemistry and bio-
chemistry: 3 A variety of experimental and theoretical studié$
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SCHEME 1 ab initio theory on the supermolecular reaction systems associ-
2 - ated with large ester molecules, such as cocaine. Thus, it is
N\ \ interesting to explore the feasibility of other computational
o o strategies, such as those based on the pure dielectric continuum
RGO Reb—on T TS2 theory23 to predict the energy barriers for hydrolysis of large
N (', S esters in aqueous solution.
e B2 TS1 INT We attempt herein to quantitatively determine the energy
© % barriers for both the g2 and By 2 modes of hydrolysis of six
R—C + OH

I OH |~
o :
Reactant e o
eactants B2 - :
: — r—C

representative alkyl esters in aqueous solution by carrying out
a series of self-consistent reaction field (SCRF) calculations.

pH We are interested in both the solvent and substituent effects on
; + i\ the energy barriers. A variety of SCRF procedures were
o ) N performed to evaluate the solvent shifts of the energy barriers.
R=c Products Comparison of the results determined by different SCRF
o calculations can provide insight into the dominant factors
TS affecting solvent shifts, and comparison of the calculated energy

) _ _ ~ barriers with available experimental activation data would
solution, since most of the ester hydrolysis processes in yglidate different SCRF calculations.

chemistry and biochemistry take place in aqueous solution.
Obviously, reliable th_eo_retical prediction of the energy barriers cgjculation Methods
for the ester hydrolysis in solution should properly account for
solvent effects. Sherer, Turner and Shields é8 ahrried out Five different SCRF procedures were employed in the
semiempirical molecular orbital calculations on the first step solvation calculations on the reactants and transition states to
of the Bsc2 mode, i.e., the formation of the tetrahedral evaluate energy barriers for the ester hydrolysis in aqueous
intermediate. Employing Cramer and Truhlar's SM3 continuum solution. The first three SCRF procedures employed are the
solvation modét together with the PM3 molecular orbital ~standard polarizable continuum model (PC¥ixhe integral
method, they evaluated the energy barrier for the first step of equation formalism for the polarizable continuum model (IEF-
the base-catalyzed hydrolysis of methyl acetate in aqueousPCM)2> and the conductor-like screening solvation model
solution as 19.8 kcal/mol as compared to an experimental (COSMO¥®implemented recently in the Gaussian98 progfam.
activation energy of 10.45 kcal/mol in aqueous solufidim For these three SCRF procedures, the solute cavity surface is
addition, they found no significant difference between the defined as overlapped spheres centered at the solute nuclei, and
calculated transition-state structures in gas phase and in solutionthe contributions of short-range nonelectrostatic interactions,
Haeffner et ak! recently examined the solvent effects on the including cavitation, dispersion and Pauli repulsion, to the
Bac2 and By 2 modes of hydrolysis of methyl acetate at the energy are also empirically estimated. Besides, these methods
MP2/6-3H-G(d)//HF/6-3H-G(d) level of theory. However, their ~ employ one of four available charge renormalization schemes
transition-state structure for the first step (rate-determining step) for the surface polarization charge distribution to formally
of the Bac2 mode was simply determined by a partial optimiza- correct the deviation of the actually calculated total polarization
tion with the constraint of the distance between the carbonyl charge from the ideal total polarization charge expected from
carbon and the hydroxide oxygen, while the transition-state Gauss’ Law for the exact solution of Poisson’s equation.
structure for the B 2 mode was fully optimized. Thus, the Obviously, in addition to the employed number of surface nodes
relative magnitudes of the energy barriers for theBand By 2 (or tesserae) determining the accuracy of the numerical com-
mechanisms in aqueous solution still remain to be compared atputation, the final results obtained from using these methods
the same level of theory. depend on many other choices, including the employed radii
Most recently, we determined reaction pathways and energy of the spheres at solute nuclei, the employed charge renormal-
barriers for both steps of theaB2 hydrolysis of methyl acetate  ization scheme, and the employed parameters for the short-range
and methyl formate in aqueous solution using a hybrid super- nonelectrostatic interactions. All the PCM, IEFPCM and
molecule-polarizable continuutfln this approach a few solvent  COSMO calculations in this study were performed by using
water molecules with hydrogen bonds to solute are explicitly the default choices of the Gaussian98 program for the recom-
included and the remaining solvent water is modeled as a mended standard parameters.
polarizable dielectric continuum. It was found that the lowest A fourth SCRF procedure employed in this work determines
energy pathway involves a water-assisted proton transfer in theboth surface and volume polarizations and is called the surface
second step, i.e., the decomposition of the tetrahedral intermedi-and volume polarization for electrostatic interaction (SVPE)
ate. It is this direct participation of solvent water in the proton model?82°The final SCRF procedure used determines only the
transfer that significantly decreases the energy barrier for the commonly treated surface polarization for the purpose of com-
decomposition of the tetrahedral intermediate such that the firstparison, and may be called the surface polarization for electro-
step, i.e., the formation of the tetrahedral intermediate, becomesstatic interaction (SPE) modé&l.Because no charge renormal-
rate-determining in aqueous soluti$nCalculations at various  ization scheme was used in the SPE calculations, the differences
levels of theory also indicate that the energy barriers calculatedbetween the SVPE and SPE results quantitatively represent the
for the supermolecular reaction systems, which are weakly effects of volume polarization produced by the solute electron
interacting systems, are much more sensitive to the employedcharge distribution outside the solute cavity. Both the SVPE
basis set than those for the corresponding water-free sydtems. and SPE procedures were developed and implemented recently
The energy barrier calculated at the MP2/6-3#1G(3d, 2p) in the GAMESS prograif by one of us (together with Bentley
level of theory for the first step of the hydrolysis is in good and Chipman¥2a Since the solute cavity surface is defined as
agreement with the corresponding experimental activation a solute electron charge isodensity contour determined self-
energy. However, it is difficult to perform such a high level of consistently during the SCRF iteration proces8dabe SVPE
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results (converged to the exact solution of the Poisson’s equationTABLE 1. Energy Barriers (kcal/mol) Determined by

with a given numerical tolerance) and the corresponding SPE\éarglgoigF?r']: E{?&CelgﬁgosnglJgg;hgfrﬁgre“g% ﬁ'ﬁ’?@;ﬁlgﬁlhee
i AC

rgsults _depend only on the vglue of the contour for a given Experimental Activation Energies

dielectric constant under a particular quantum chemical calcula-

tion level282dThis single parameter value has been calibrated solvation calculations barriers for ester hydrolysis viaJ82°

as~0.001 aw® by seeking the best overall agreement with methods a b c d e f

experimental conformational free energy differences (62 ex- AG(SVPE-HF)e 73 55 63 67 7.7 117
perimental observations) in various polar solutes existing in AG(SVPE-MP2) 72 54 63 66 75 116
various solvents. So, the 0.001 au contour was used in this study.iggggw?g ﬁg g'g ﬂ'i i%g ij‘z‘ ig'g
Additional SVPE calculations with the 0.002 au contour were AG(SVPE-HF.0.002)«b 106 81 99 98 109 152
also performed to test the contour dependence of the SVPE AG(SVPE-MP2,0.002)e¢ 104 7.9 97 96 107 149
results. AGnon-eled 05 07 11 06 07 08

. . - _ AG(SVPE-HF)ect AG 77 63 74 73 84 125
Regardless of the difference in the definitions of solute cavity AGESVPE-MP);ETec+Agr:§I—e;ec 77 61 74 72 82 124

surface, an advantage of the SVPE method compared to theAG(SPE-HF)ec+ AGnon-cec ~ 12.2 10.1 15.3 13.2 151 19.7
PCM, IEFPCM and COSMO methods is the accurate determi- AG(SPE-MP2)iec+ AGnon-eec  12.1  10.0 15.2 13.1 149 195
nation of the volume polarization effects. A disadvantage is that AG(SVPE-HF,0.002ec + 111 89 111104 116 160

non—elec

the contributions of the short-range nonelectrostatic interactions g(svPE-MP2,0.002)ec+ 109 86 109 10.2

11.3 15.7
to the solvent shift have not yet been evaluated. It follows that ~ AGnon-elec
the best estimate of the solvent shift obtained from these AG(PCM-HFy 118 124 163169 172 219
standard reaction field calculations should be the sum of the 2g(PCM'MPZ) 107 11.0 145 154 153 19.9
; ! . (IEFPCM-HFy 125 109 16.0 157 16.2 20.3
solvent shift, AG(SVPE) including only the long-range elec-  Ag(EFPCM-MP2) 11.0 95 142 141 143 183
trostatic interaction contribution, calculated by the SVPE AG(COSMO-HF)P 174 156 205212 21.4 257
method, and the total nonelectrostatic interaction contribution, AG((COS'\/lot-'\/l)F’Z) 1156745 338-% 18.4 19.4 193 234
; exp(pure water . .
AGhon-elee determined by the PCM, IEFPCM or COSMO exp(20.00% acetone in watér) 10.95
method. Actually, the PCM, IEFPCM and COSMO methods  gy(33 759 acetone in watbr) 10.38
implemented in Gaussian98 employ the same procedure andexp(51.00% acetone in water) 10.22
the same set of parameters in the determination of the nonelec-exp(62% acetone in watér) 9.80
trostatic interactions, and therefore lead to the same results forexP(62% acetone inwater) ~ 12.20 12.00 12.20 14.30

AGnon-elec Nevertheless, the contributions of the nonelectrostatic 2 All calculations were carried out with the 6-3#G(d,p) basis set
interactions to the energy changes during the reaction processy employing geometries optimized at the B3LYP/6+32G(d,p) level

are expected to be largely canceled out, for the same reasorn gas phase. ZPVE corrections determined by the B3LYP calculations
that the contributions of the nonelectrostatic interactions to the !N 9as phase are included for all the energy barriéiie SCRF

nformational fr. ner differen Id xamined calculations were performed with HF method. The energy barrier is
coniormational free energy erence could, as examined ,yen as the sum of the energy difference evaluated in gas phase at the

previously?8® This expectation can be examined quantitatively MP2/6-3H-+G(d,p) level and the corresponding solvent shift deter-
by evaluating the changes &fGnon-elec mined by the SCRF calculations at the HF/6+31G(d,p) level.c The

All the SCRF calculations in this study were performed at SVPE calculations used the 0.002 au contour, instead of the 0.001 au
the level of second-order M@lleiPlesset (MP2) theory with contour used in the others SVPE and SPE calculatibfibe total

. . . L contribution of nonelectrostatic interactions to the energy barrier
the 6-31+G(d,p) basis set by using the geometries optimized yetermined by the PCM calculations. Actually, the corresponding

at the B3LYP/6-3%+G(d,p) level of theor§* in gas phase.  |EFPCM and COSMO calculations gave exactly the SaX@on-elec
The energy barriers calculated previously for the base-catalyzedvalues.c The esters:a CH;COOCH;; b HCOOCH;; ¢ CeHsCOOCH;;
hydrolysis of alkyl esters in gas pha3adicate that the MP2/  d CH;COOCHCHjz; e CH;COOCH(CH),; f CH;COOC(CH)s. f Ex-
6-31++G(d,p)//B3LYP/6-31+G(d,p) results are almost iden- per_ime_ntal activation energy from ref 292_Experimental enthalpy of
tical to the corresponding MP2/6-34-G(d,p)//MP2/6-3%+G- activation from ref 33" Experimental activation energy from ref 34

. (The temperature range: 15:826.10°C).' Experimental activation
(d,p) results, and that the energy calculations at the MP2/6- energy from ref 35! Experimental activation energy from ref 36The

31+-+G(d,p) level of theory are adequate for studying the energy enthalpy of activation (calculated by including the thermal correction
profile of the hydrolysis. Replacing the MP2 method with the to enthalpy instead of the ZPVE correction to energy)&.1 kcal/
QCISD(T) method, while holding constant the basis set, did mol smaller than the corresponding energy barrier.

not significantly change the results. For the energy barriers, the

largest difference between the MP2/643tG(d,p)//B3LYP/ the computations in this work were performed on Silicon
6-31++G(d,p) and the MP2/6-3%+G(d,p)//MP2/6-3%+G- Graphics, Inc. Origin 200 multiprocessor computers.

(d,p) results is 0.2 kcal/mol, and the largest difference between

the MP2/6-3%+G(d,p)//B3LYP/6-3%+G(d,p) and the QCISD- ~ Results and Discussion

(T)/6-31++G(d,p)//MP2/6-31+G(d,p) results is 0.3 kcal/ Bac2 Mode of Hydrolysis. Summarized in Table 1 are the
mol.*> Hence, in this study, the geometries optimized at the energy barriers determined by the MP2/6+31G(d,p) calcula-
B3LYP/6-31++G(d,p) level in gas phase were employed to tions with various SCRF procedures for thedg hydrolysis of
carry out various SCRF solvation calculations at the MP2/ sjy representative alkyl esters in aqueous solution compared with
6-31++G(d,p) level. For all the SCRF calculations at the MP2/  ayajlable experimental activation energies. The energy barrier

6-31++G(d,p) level, the MP2 perturbation procedure was for the Bac2 hydrolysis is the energy change from the individual
performed for electron correlation correction after the converged golvated reactants, RCOOR- HO-, to the solvated first

Hartree-Fock (HF) wave function of solute in reaction field is  transition state, since the first step is rate-determining. The
obtained. The dielectric constant of water used in this StUdy IS energy barrier for the B2 process is the energy Change from
78.5. the individual solvated reactants, RCOOR HO™, to the
Unless indicated otherwise, the Gaussidd%®hd Gaussi- solvated transition state. To examine the electron correlation
an98’ programs were used to obtain the present results. All effects on the solvent shifts, the energy barriers based on the
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solvent shifts determined by the corresponding HF calculations should be slightly shorter than that without the hydrogen
are also listed in Table 1 for comparison. The results listed in bonding. Therefore, the solute cavity sizes used in the SCRF
Table 1 indicate that electron correlation effects on the solvent calculations on the systems involving solat®lvent hydrogen
shifts determined by the SVPE and SPE calculations are all verybonding should be slightly smaller, and should be associated
small. The largest difference between the solvent shifts calcu- with a slightly larger contour value. For this reason, the 0.002
lated at the HF/6-3t+G(d,p) level and those at the MP2/6- au contour was also tested in the SVPE calculations. As seen
31++G(d,p) level is 0.3 kcal/mol. The differences between in Table 1, the energy barriers determined by the SVPE
solvent shifts evaluated at the HF/6-31G(d,p) level and those  calculations with the 0.002 au contour are in good agreement
at the MP2/6-3%+G(d,p) level are 1.22.0 kcal/mol for the with the available experimental activation energies. Further
PCM calculations, 142.0 kcal/mol for the IEFPCM calcula-  adding the contributions of the nonelectrostatic interactions to
tions, and 1.72.3 kcal/mol for the COSMO calculations. the solvent shifts determined by the SVPE calculations with
We sought to compare the calculated results with available the 0.002 au contour, the calculated results become slightly
experimental data. The experimental activation data in pure closer to the corresponding experimental activation data. The
water are available only to methyl acetate and methyl formate energy barriers calculated for methyl acetate and ethyl acetate
(Table 1). For ethyl acetate, three laboratories reported experi-are all between the corresponding experimental activation
mental activation energies in various aqueous acetone solutions€nergies reported by different laboratories. The average deviation
The values 9.80 and 12.00 kcal/mol reported for ethyl acetate Of the calculated results from the corresponding experimental
with the same solvent (62% acetone in water) by different activation data reported for other three esters1s2 kcal/mol.
laboratorie®3¢illustrate the possible systematic deviations for The largest deviation is~1.4 kcal/mol. Thus, the SVPE
experimental data. The values for ethyl acetate in different calculations at 0.002 au contour are sufficient based on absolute
solutions from a same laboratdfysuggest that the activation ~comparability to experimental values for a given ester.
energy decreases with increasing the concentration of acetone Concerning the relative magnitudes of the calculated energy
in water. Clearly, plausible substituent shifts of the activation barriers, the lowest energy barrier is associated with methyl
energy must be derived from the experimental data in the sameformate, and the highest energy barrier is associatedtetith
kind of agueous solution reported by the same laborafory. butyl acetate. The energy barriers associated with the other four
Compared to available experimenta| activation energies esters are bunched ClOSEly. So, the trend for the substituent shifts
collected in Table 1, the SVPE calculations with the previously Of the experimental activation energiésnentioned above is
calibrated 0.001 au contour (default) systematically underesti- Well reproduced in the predicted energy barriers derived from
mate the energy barriers, although the calculated energy barrierdhe SVPE calculations with the 0.002 au contour.
adequately reflect an important trend for the substituent shifts We considered the energy barriers determined by other SCRF
of the experimental activation energies. According to the calculations. For each of the six esters examined in this study,
experimental activation energies determined in the same labora-the energy barrier determined by the COSMO calculations is
tory36 for the four alkyl acetates considered here, changing the always larger than those determined by the other SCRF

leaving group ORfrom R = CH3to R = CH,CHz and to R calculations. Compared to available experimental activation
= CH(CHzs), does not significantly change the first energy energies, the COSMO calculations significantly overestimate
barrier. However, changing ORom R = CH(CHg),to R = the energy barriers for the five alkyl esters, especially for

C(CHg)s increases the first energy barrier by 2.1 kcal/mol. The CH3;COOC(CH)s. Chipman has recently demonstrated that the
systematic deviation of the calculated energy barriers from the COSMO and IEFPCM procedures are equivalent for infinite
experimental activation energies may be attributed to the effectsdielectric constant when they are all performed without charge
of the solute-solvent hydrogen bondin§,because this interac-  renormalizatior?3' Since water is a very high dielectric constant
tion is not explicitly included in the SCRF calculations. For solvent, the significant differences between the COSMO results
systems with strong hydrogen bonding between solute andand IEFPCM results may be mainly attributed to the use of the
solvent molecules, the contributions of the short-range non- different (default) charge renormalization schemes. For the
electrostatic interactions to the energy barriers might be more COSMO calculations the calculated polarization charges on each
important, or/and the electrostatic interactions might become tessera is scaled by a constant factor, whereas for the PCM and
stronger than those expected for the systems without selute IEFPCM calculations the effect of outlying charge is accounted
solvent hydrogen bonding. for by means of an additional charge distributed according to
To evaluate the solutesolvent hydrogen bonding effects, we the solute electronic density.
first examined the nonelectrostatic interactions not considered Comparing the results determined by the SPE calculations
in the SVPE calculations. As listed in Table 1, the total with the corresponding SVPE results, one can see that the
contributions of the nonelectrostatic interactioA&non-eles t0 volume polarization effects on the energy barriers for the
the energy barriers determined by the PCM calculations are 0.5 examined systems are 3:8.1 kcal/mol when the 0.001 au
1.1 kcal/mol. Adding thé\Gnon-elecValues to the corresponding  contour is used. The recently developed IEFPCM procedure may
SVPE results, the calculated energy barriers are slightly closerbe regarded as a slightly improved version the PCM procedure
to the experimental data. It follows that the total contributions by the same laboratory at Pisa. So, the energy barriers
of the nonelectrostatic interactions to the energy barriers are determined by the two kinds of SCRF calculations are very close
largely canceled out, and this neglect is not a major factor in to each other, and the IEFPCM results are slightly closer to the
deviations of the calculated energy barriers from the corre- experimental activation energies and the results of the SVPE
sponding experimental data. The dominant factor might be that calculations with the 0.002 au contour than the corresponding
the SVPE calculations with the 0.001 au contour significantly PCM results. Regardless of the differences in technical details,
underestimate the solutsolvent electrostatic interactions inthe the major differences of the SPE calculations from the PCM
base-catalyzed hydrolysis systems involving strong selute and IEFPCM calculations carried out in this study include (1)
solvent hydrogen bonds. With solutsolvent hydrogen bonding,  the solute cavity surface is defined as an electron charge
the average distance between solute and solvent moleculessodensity contour, rather than overlapped spheres; (2) the charge
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renormalization, which may be regarded as an approximate TABLE 2: Energy Barriers (kcal/mol) Determined by
consideration of the volume polarization, is not performed; and Various SCRF Calculations for the Ester Hydrolysis via

(3) the nonelectrostatic interactions are ignored. The results listed®A-2 Route in Aqueous Solution

in Table 1 indicate that these differences do not dramatically  methods for solvation esters for hydrolysis via g 2¢
affect the results calculated at the MP2/6+32G(d,p) level, calculationd a b c d e f
because the energy barriers determined by the SPE calculationsaG(SvPE-HF,0.002e¢  21.7 19.2 22.9 261 29.3 375
(with the 0.001 au contour) are close to the corresponding AG(SVPE-MP2,0.002)e¢ 220 194 229 262 296 37.8
barriers determined by the PCM and IEFPCM calculations, AGnon-ekec 01 02 02 04-04 -03
especially by the IEFPCM calculations. It implies that the AG(%YFEZF'O'OO?‘QWJF 218 194 231 265 289 372
significant differences between the SVPE results and the AG(SVPE-MP2,0.002)ec+ 22.1 19.6 23.1 26.6 29.2 375
corresponding SPE, PCM and IEFPCM results are dominated =~ AGnon-elec

by the different treatments of th'e vplume poIarjzation propluced ﬁgggmiﬂ% 2276.79 222154 2221'_% 22%% i“é‘% %42'.‘;
by the solute electron charge distribution outside the cavity. As AG(IEFPCM-HFy 250 211 214 283 426 518
seen in Table 1, for methyl acetate the energy barriers AG(IEFPCM-MP2) 242 201 205 27.4 411 502
determined by the SPE, PCM and IEFPCM calculations are all AG(COSMO-HF)° 30.1 26.1 231 333 484 577
in good agreement with the energy barrier determined by the AG(COSMO-MP2) 290 248 250 322 466 558

SVPE calculations using the 0.002 au contour and with the 2All calculations were carried out with the 6-3%-G(d,p) basis set
available experimental values of the activation energy, 10.45 by employing geometries optimized at the B3LYP/6+34G(d,p) level |
and 12.20 kcal/madi236This means that the volume polarization " 93S p?f‘se' ZPVE fo(;r%‘:?o”s"determ'”sd t?g_t;e BS%;E callcullatlons
. In gas ase are inciudea ror all ener arriersne calcula-
and'the solutesolvent hydrogen bonding effects on the energy tiogs w?are performed with HF methodquhe energy barrier is taken as
barrier for methyl acetate are nearly canceled out. However, ihe sum of the energy difference evaluated in gas phase at the MP2/
for other larger alkyl acetates the two kinds of effects cannot 6-31++G(d,p) level and the corresponding solvent shift determined
cancel out. This is because the volume polarization effects for by the SCRF calculations at the HF/6-8+G(d,p) level.c The SVPE
a larger solute are usually stronger since the larger solute usuallycalculations used the 0.002 au contdlifhe total contribution of
has greater charge outside the cavity, while the selstdvent nonelectrostatic interactions to energy barrier determined by the PCM

. I calculations. Actually, the corresponding IEFPCM and COSMO
hydrogen bonding effects do not significantly change for the calculations gave exactly the Sam@on_ee. values.® The esters:a

alkyl acetates examined. Changing the leaving group @R CHy;COOCH;, b HCOOCH; ¢ CsHsCOOCH;: d CH;COOCHCH;: e
the alkyl acetates, CGI€OOR, from R = CH; to R = CH3;COOCH(CH)z; f CHsCOOC(CHy)a.
CH,CHj3, R = CH(CH),, and R = C(CHg)3, the energy barriers
determined by the SPE calculations become gradually larger.~10, ~9, ~8, ~13, ~17 and~26 kcal/mol, respectively. So,
The PCM and IEFPCM results are also similar to the SPE the solvent shifts of the energy barriers for the B process
results, except for ethyl acetate. Thus, the SPE, PCM andare in the range of 115 kcal/mol.
IEFPCM calculations overestimate the energy barriers for other  The energy barriers predicted for the B process in aqueous
alkyl esters, while accidentally producing energy barriers close solution are always considerably higher than the corresponding
to the experimental activation energy for methyl acetate and energy barriers predicted for the & process. The difference
methyl formate. Therefore, the SCRF calculations without accu- jn energy barrier between the two hydrolysis processes-is 11
rate determination of the volume polarization cannot satisfac- 12 kcal/mol for the three methyl esters;16 kcal/mol for
torily reproduce the experimental trends regarding the substituentcH;COOCHCHs, ~18 kcal/mol for CHCOOCH(CH;), and
effects on the energy barriers for thed2 hydrolysis of the 22 kcal/mol for CHCOOC(CHy)s. This is different from what
alkyl acetates. is found for hydrolysis in gas phaseFor the hydrolysis in
BaL2 Mode of Hydrolysis. Because the energy barriers gas phase, the energy barriers calculated fgr2Borocess are
determined for Rc2 hydrolyses were adequately modeled by only ~1—3 kcal/mol higher than those for the corresponding
the SVPE with 0.002 au contour, the corresponding B Bac2 process. These results indicate the basis for the observation
hydrolyses were similarly calculated (Table 2). The correspond- that the By 2 process in agueous solution is negligible compared
ing results calculated by the PCM, IEFPCM and COSMO to the corresponding &2 process, although both the& and
methods are included for comparison. As seen in Table 2, theBaL2 processes are competitive in gas phase.
total contributions of the nonelectrostatic interactio®Snon-eleo The differences between the energy barriers determined by
to the energy barriers are within0.4 kcal/mol. Concerning  the SVPE calculations and those by the PCM, IEFPCM and
the relative magnitudes of the energy barriers, the lowest energyCOSMO calculations for the 82 process are similar to the
barrier for the B2 mode of hydrolysis is also associated with  differences found for the &2 process. For example, the energy
methyl formate, as is for the 82 mode of hydrolysis. The  barriers determined by the PCM, IEFPCM and COSMO
energy barriers for the other two methyl esters are close to eachcalculations are significantly larger than the corresponding SVPE
other, although the barrier forg8sCOOCH; is ~1 kcal/mol results for all the esters, except fogllgCOOCH;; the differ-
higher than that for ClECOOCH;. When R= CHs and when ences are usually smaller for the methyl esters, and become
R = CHs, CH,CHs, CH(CHs), and C(CHY)s, the predicted much larger for CHCOOCH(CH), and CHCOOC(CHy)s; the
energy barriers are~22, ~27, ~29 and ~38 kcal/mol, IEFPCM results are slightly closer to the corresponding SVPE
respectively. It follows that substitution of the hydrogen in results than the PCM results; and the energy barriers determined
OR' with a methyl group considerably increases the energy by the COSMO calculations are always larger than the corre-
barrier for the B 2 process in agueous solution. The similar sponding barriers determined by the other SCRF calculations.
trend was also found in the substituent shifts of the energy Nevertheless, regarding the relative importance of the2Bnd
barrier predicted for the 82 process in gas phaseThe energy BaL2 processes, all these SCRF calculations still lead to a
barriers predicted for the 82 mode of hydrolysis of qualitatively consistent conclusion that the energy barrier for
CH3COOCH;, HCOOCH;, CsHsCOOCH;, CHsCOOCHCHg, the Ba 2 process is always considerably higher than that for
CH3COOCH(CH), and CHCOOC(CHy); in gas phase are the corresponding &2 process in aqueous solution.
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Conclusion CH3COOC(CH)s. The calculated results indicate the basis for
the observation that in aqueous solution the Bprocess is
negligible compared to the correspondingcB process, al-
though both the B2 and By 2 hydrolyses of methyl esters
are competitive in gas phase.

Five different SCRF procedures were employed to evaluate
the energy barriers for both thea8 and B2 modes of
hydrolysis of six representative alkyl esters in aqueous solution.
The calculated results reveal that electron correlation effects
on the solvent shifts of the energy barriers determined by the
SVPE and SPE calculations are all very small. The differences
between the solvent shifts calculated at the HF/6-3G(d,p)
level and those at the MP2/6-3%+G(d,p) level are only 0.6
0.3 kcal/mol. The differences become slightly larger for the
solvent shifts of the energy barriers determined by the other
SCREF calculations in which the cavity surface is defined as the (1) (a) Bender, M. L.Chem. Re. 196Q 60, 53. (b) Johnson, S. L.
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