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Abstract: A chemical model is proposed for the transition-state structure for the neutral, water-catalyzed hydrolysis of ethyl 
trifluorothiolacetate. The transition-state model is consistent with the proton inventory which suggests three transition-state 
contributions to the observed solvent isotope effect. 

Introduction 
Several detailed studies of water-catalyzed hydrolyses 

of esters and related compounds have been recently re
ported. '_4 The important role of water in the reactions of hy-
drolytic enzymes is well-known. Hence, an understanding of 
the detailed mechanism of the water-promoted hydrolysis (i.e., 
the neutral hydrolysis) of model reactions for these processes 
is extremely important. The importance of transition-state 
stabilization in enzymic catalysis further emphasizes the need 
to establish detailed transition-state structures for "simple" 
model reactions.5 

We wish to report the results of proton inventory studies of 
the water-catalyzed hydrolysis of ethyl trifluorothiolacetate 
at two different temperatures. Possible transition-state 
structures consistent with the observed proton inventories are 
considered. The factors which led us to favor one structure for 
the transition state over the others will be discussed in detail. 
This discussion will illustrate the potential of the proton in
ventory technique for allowing certain mechanisms to be re
moved from consideration while providing confirmatory evi
dence for transition-state structures suggested by other ex
periments. As is true with most mechanistic probes, no single 
investigation allows one to pin down a mechanism. The cu
mulative information gained from numerous studies is required 
for mechanism verification. The proton inventory technique 
is shown to provide unique information about the transition 
state which when used in conjunction with other mechanistic 
information is of paramount importance in mechanistic studies. 
Fedor and Bruice presented a detailed kinetic study of ethyl 
trifluorothiolacetate hydrolysis which spurred the present in
vestigation.6 

Results 
The hydrolysis of ethyl trifluorothiolacetate is pH-inde-

pendent between pH 2.5 and 7.6 In the present study the rate 
constants for hydrolysis were obtained in two different ways. 
In one set of experiments the rate constants were obtained 
using potassium acetate-acetic acid buffers. Extrapolation of 
the observed rate constants to zero buffer concentration yielded 
the rate constant for the neutral hydrolysis. Alternatively, the 
rate constants were obtained directly using 1O-3 M HCl (DCl) 
solutions. The agreement between the two methods was ex
cellent. The rate constants obtained in H2O using the two 
methods were 0.301 and 0.299 min-1, respectively, at 25 0C. 
In D2O the two methods yielded the identical value of 0.112 
min-1 at 25 0C. Table I lists the rate constants for the water-
catalyzed hydrolysis at 25 and 30 0C as a function of the atom 
fraction of deuterium in the solvent. Figures 1 and 2 are plots 
of the observed rate constant, kn, vs. the atom fraction of 
deuterium, n, in the solvent at 25 and 30 0C, respectively. The 
observed rate constants in the "pure" isotopic solvents at 25 
and 30 0C are in good agreement with those reported in the 

literature.6 The solvent-isotope effects, ^H2O/^D2O. measured 
in our study were 2.67 and 2.72 at 25 and 30 0C, respectively. 
The single solvent-isotope effect measured by Bruice and 
Fedor was 2.74 at 30 0C. 

Discussion 
The proton inventory technique, which involves the mea

surement of rate constants in protium oxide, deuterium oxide, 
and mixtures of the two, has been applied recently to probe the 
transition-state structure of both enzymic and nonenzymic 
reactions.3-4'7 Details of the theory and method of application 
have been presented several times in recent years.3,4'7'8 Our 
discussion will be brief in this respect for this reason. The ob
served rate constant, k„, in a mixture of H2O and D2O of the 
atom fraction of deuterium, n, is related to the rate constant, 
ko, in pure H2O by eq 1. All exchangeable transition-state 

TS 

kn = k0ll(\ n + n4>i*) 
i RS 

II (1 -n + ntj) 
j 

(D 

protons,;', that contribute to the observed solvent-isotope effect 
contribute a term of the form shown in parentheses in the nu
merator of eq 1. Exchangeable reactant-state protons, j , that 
contribute to the observed solvent-isotope effect give rise to 
a like term in the denominator of eq 1. Each exchangeable 
proton is associated with an isotopic fractionation factor de
fined as in eq 2. These factors express the equilibrium deute-

0k=[(D)/(H)]*/[(D)/(H)] !Olvem (2) 

rium preference of the exchangeable site in question relative 
to the deuterium preference of an average solvent site.9 Frac
tionation factors less than unity indicate a greater preference 
for protium than deuterium relative to the solvent. 

If all the isotopic reactants are solvent molecules, then, by 
definition, 4>j = 1 and the denominator of eq 1 becomes unity. 
Such is the case here. Furthermore, if only one proton in the 
transition state contributes to the overall solvent-isotope effect, 
a plot of k„ vs. n will be linear (i.e., one-proton catalysis) except 
under unlikely conditions.10 A nonlinear plot of k„ vs. n indi
cates that two or more protons are contributing to the solvent 
isotope effect (i.e., multiproton catalysis). 

The nonlinear dependence of k„ on n at both 25 and 30 0C 
for the hydrolysis of ethyl trifluorothiolacetate is apparent in 
Figures 1 and 2. Since there are no reactant-state contributions 
to the proton inventory (i.e., all exchangeable reactant-state 
sites are water sites), it is only necessary to formulate reason
able chemical models for the transition state and test them for 
consistency with the observed inventory and other available 
data. These interpretive models are usually based on other 
experimental data which suggest mechanistic features of the 
reaction. A general visual inspection of the shape of the ob
served inventory easily allows one to see whether multiple 
normal effects (downward bowing), inverse isotope-effect 
contributions (upward bowing), etc., are indicated. Polynomial 
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Table I. First-Order Rate Constants for the Hydrolysis of Ethyl Trifluorothiolacetate in Mixtures of 10~3 M HCl-H2O and 10-3 M 
DCKD2O of Atom Fraction of Deuterium n at 25.00 ± 0.05 and 30.00 ± 0.05 0 C 

atom fraction 
of deuterium 

(«) 

0.000 
0.246 
0.492 
0.739 
0.985e 

25 
no. of 
runs 103/t„/min_1 

5 299 ± 2d 

4 243 ±10 
5 192 ± 5 
4 146 ± 5 
5 112±1 

0C 
no. of 

103A:„/min_1 (calcd)* runs 

299 3 
242 4 
192 5 
148 5 
110 3 

300C 

103fc„/min-' l O ^ / m u r 1 (calcd)' 

416 416 
342 ± 3d 339 
267 ± 2 268 
208 ± 1 206 
153±2 151 

" Ionic strength was maintained at 1.0 M with KCl. * Calculated based on the model of eq 7.c Calculated based on the model of eq 9. d Error 
limits are standard deviations. e Atom fraction of deuterium in "100%" 10 -3 M DCl-D2O as determined by Mr. Josef Nemeth.15 

Figure 1. Plot of the rate constant for hydrolysis of ethyl trifluorothiol
acetate, k„, vs. the atom fraction of deuterium in the solvent at 25 0C. The 
solid line was calculated from eq 7. 

Figure 2. Plot of the rate constant for hydrolysis of ethyl trifluorothiol
acetate, k„, vs. the atom fraction of deuterium in the solvent at 30 0C. The 
solid line was calculated from eq 9. 

regression analysis should then be used to check the fit of the 
data to the models.8d'e Albery has recently suggested the use 
of the "gamma method" in data analysis.80 In the final analysis 
a combination of all these methods will probably be necessary 
(and prudent) to fit the data to models. One must certainly 
bear in mind that the models must be chemically reasonable 
as well as mathematically consistent with the data. Neither 
criterion should be ignored in formulating models. The utili
zation of these approaches in formulating models will be il
lustrated for the hydrolysis of ethyl trifluorothiolacetate. 

Fedor and Bruice have shown that the hydrolysis of ethyl 
trifluorothiolacetate is subject to general-base catalysis and 
that the water point lies on the Br^nsted line (/3 = 0.33).6 This 
suggests that a reasonable chemical model for the transition 
state might be that shown in eq 3. 

H1, 
CF3 

\ 
0 . . . F V - O - C ^ O 

H b Hc ^ 

(3) 

C2H5 

In this transit ion-state model one water molecule functions 
as a general base to remove a proton from the at tacking water 

molecule. This model has four protons which could contr ibute 
to the overall solvent- isotope effect. The proton H c will be 
expected to have a fractionation factor of unity and thus should 
not cont r ibute to the observed solvent- isotope effect. The "in 
fl ight" proton H 3 will cont r ibute a pr imary solvent- isotope 
effect and the two Hb protons will contr ibute secondary sol
vent- i so tope effects. The Hb protons should exhibit fraction
ation factors between tha t for a simple - O H group (<£* = 1) 
and that for a full hydronium ion proton ( 0 * = 0.69) depending 
upon the extent of proton transfer . An es t imate for the frac
t ionation factor for each Hb proton can be made using the 
Br^nsted /3 value and eq 4.9 Subs t i tu t ing unity for the reac-

*bTS=(4>bRS)1-'Ws)<3 (4) 

tant-state fractionation factor for Hb ($bRS), 0.69 for the 
product state (i.e., a full hydronium ion) fractionation factor 
for Hb (4>b

ps), and the observed Brytnsted /3 of 0.33 into eq 4, 
we calculate a transition-state fractionation factor (<£bTS) of 
0.88 for the two Hb protons. This value and the experimentally 
observed values of the rate constant in protium oxide and 
deuterium oxide, coupled with the value of n for "pure" deu
te r ium oxide, can be subst i tuted into eq 5 to de te rmine a 4>a* 
consistent with the observed isotope effect. This gives a value 
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of 0.48 for 0a* which corresponds to a primary solvent-isotope 
effect contribution of 2.08 for the "in flight" proton Ha. A 
proton inventory for this transition-state 

k„ = Zc0(I - « + n0a*)(l - n + n0b*)2 (5) 

k„ = 0.299(1 - n + 0.48/0(1 - n + OMn)2 (6) 

model would then obey eq 6. Substitution of values of n into 
eq 6 allows the calculation of a theoretical proton inventory 
based on the model. Visual inspection of the inventory gener
ated in this manner indicated a satisfactory fit to the experi
mental data. However, a nonlinear least-squares fitting of the 
experimental data to eq 5 using kn/ko and n as experimental 
variables and <$>&* and 0b* as disposable parameters gave 
best-fit values of 0.57 ± 0.05 and 0.80 ± 0.03 for 0a* and V , 
respectively. These values are not significantly different from 
the original estimates for these fractionation factors which 
were based on a Br^nsted /3 value measured at a different 
temperature (30 0C). Thus, the expression for the dependence 
of kn on « at 25 0C determined by polynomial regression for 
the three-proton model of eq 3 is given in eq 7. The fit of the 
data to eq 7 and, hence, the transition-state model will be dis
cussed shortly. 

kn = 0.299(1 - n + 0.57«)(1 - n + 0.8On)2 (7) 

A similar analysis for the data obtained at 30 0C yields eq 
8 based merely on the Br^nsted /3 value. Nonlinear least-

k„ = 0.416(1 - n + 0.47n)(l - n + OMn)2 (8) 

squares fitting to the three-proton model of eq 3 yields eq 9 as 

k„ = 0.416(1 - n + 0.48/0(1 - n + OMn)2 (9) 

the best model. The agreement between eq 8 and 9 is remark
ably good. The error limits on 0a* and <&,* of eq 9 were ±0.03 
and ±0.02, respectively. 

The solid lines of Figures 1 and 2 were drawn based upon 
eq 7 and 9 for the data at 25 and 30 0C, respectively. The fit 
of the data is very good, as demonstrated by the sum of the 
squares after regression (0.79 X 1O-4 and 0.96 X 10-4 for the 
25 and 30 0C data, respectively). Thus the transition-state 
model of eq 3 is consistent with the proton inventory and is 
chemically reasonable. The differences in the transition states 
at 25 and 30 0C are probably not significant in terms of the 
available data. 

An attempt to fit the proton inventories to a linear equation 
gave, for both 25 and 300C, a <j>* value of 0.33 with the sum 
of the squares after regression being 0.28 X 1O-2 and 0.18 X 
1O-2, respectively. This one-proton linear model (eq 10) ob-

k„ = M l - « + 0.33«) (10) 

viously does a poor job of duplicating the experimental data 
and was not considered further. Simple visual inspection of the 
downward bowing in the inventories leads to the same con
clusion. 

Another model which does generate theoretical proton in
ventories consistent with the data is a two-proton model. 
Equations 11 and 12 were generated by requiring the data to 

25 0C: kn = 0.299(1 - n + 0.6On)(I - n + 0.60«) 
(H) 

30 0C: k„ = 0.416(1 - n + 0.52/0(1 - « + 0.69n) 
(12) 

be fit to the best possible two-term model. The sum of the 
squares after regression was 0.12 X 10~3 and 0.91 X 10_4for 
eq 11 and 12, respectively. Although these equations represent 
the data less satisfactorily than the three-proton model, they 
are good enough to warrant further consideration. A possible 
two-proton transition state is that shown in the cyclic transition 

state of eq 13. If the two protons Ha are being transferred in 
concert, then one could argue that these should be the only 
protons contributing to the isotope effect since both Hb should 
retain fractionation factors of unity. Thus, eq 11 and 12 could 
be consistent with this transition state and, hence, explain the 
proton inventories observed. A space-filling model of the cyclic 
transition shown in eq 13 involving two water molecules proved 

Il I 
—Ck / H a (13) 

1 I 
H1, 

to be unsuitable for the linear proton transfers thought to be 
important in such processes." Several additional water mol
ecules would be required to allow such linear proton trans
fers. 

Another problem arises with the cyclic mechanism if one 
considers the implications of eq 12. Only if the two H a protons 
are transferred in concert would the two Hb protons fail to 
contribute to the observed solvent-isotope effect. Therefore, 
unequal fractionation factors for the two Ha protons implies 
a different two-proton mechanism which cannot easily be 
imagined. Bruice and Benkovic have considered such cyclic 
transition states and come to the conclusion that "A choice 
between the cyclic and noncyclic mechanisms in ester solvolysis 
appears to be, at present, one of personal preference." ' 2 Based 
on the fact that water falls on the Br^nsted line, the consistency 
of the proton inventory data with the noncyclic mechanism of 
eq 3, and the problems just mentioned, we strongly favor the 
transition state of eq 3.13 

Conclusion 

The observed proton inventories at 25 and 30 0 C for the 
neutral hydrolysis of ethyl trifluorothiolacetate can be ade
quately described by a transition-state model based, in large 
part, on the experimental Br^nsted /3 value. This transition-
state model (eq 3) is chemically reasonable in view of the 
known general-base catalysis of hydrolysis. This study and 
earlier ones from this laboratory clearly indicate the impor
tance of a catalytic proton bridge in the water-catalyzed hy
drolysis of esters and amides. The potential of the proton in
ventory technique for providing supporting evidence, in terms 
of original data, for proposed mechanisms is amply illus
trated. 

Experimental Section 

Materials. Ethyl trifluorothiolacetate (Aldrich) was purified by 
distillation before use. Potassium acetate was dried in the oven at 110 
0C and stored in a desiccator until used. Glacial acetic acid (Fisher) 
was used as purchased. Water was glass distilled before use. Deute
rium oxide (99.8 atom % deuterium, Aldrich) was purified by distil
lation before use. 

Kinetics. Concentrated hydrochloric acid was used to prepare 10-3 

M HCl and DCl solutions with H2O and D2O. The ionic strength was 
maintained at 1.0 M with potassium chloride. The amount of protium 
introduced in the 10-3 M DCl in this manner was very small. An 
analysis of the DCl solution by Mr. Josef Nemeth15 showed that the 
deuterium content was 98.5%. Reactions in H2O-D2O mixtures were 
done using appropriate volumes of the HCl and DCl stock solutions. 
The experiments conducted using potassium acetate-acetic acid 
buffers (n = 1.0; KCl) utilized separate stock solutions aho. 

The hydrolysis of ethyl trifluorothiolacetate was monitored by 
following the decrease in absorbance of the ester at 244 nm using a 
Cary 1ISC UV-vis spectrophotometer equipped with a constant 
temperature cell compartment and cell holder to control the tem
perature at 25.00 ± 0.05 or 30.00 ± 0.05 0C. Reactions were initiated 
by injecting 10 ML of a stock solution which was 5 X 10-3 M in ethyl 
trifluorothiolacetate in acetonitrile into 3.00 mL of the appropriate 
HCl (DCl) solution. Reactions were followed to greater than 80% 
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completion and infinity absorbances were taken at 10 half-lives. The 
pH(D) of the solutions was measured at the end of each run. First-
order rate constants were determined from plots of log (A1 — A„). 

Experimental values of k„, ko, and n were used with a nonlinear 
least-squares computer program to fit the data to the various models 
using the fractionation factors as variable parameters. 
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Gas-Phase Pathways for Ester Hydrolysis 
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Abstract: The gas-phase reaction, 18OH - + RCOOR' - • RCO18O- (or RCOO-) + neutrals, has been investigated by ion cy
clotron resonance techniques at pressures of 1O-5 Torr for R = H, (CH3)3C, CF3, C6H5, CH3O, and C2H5O. Analysis of the 
oxygen-18 content of the carboxylate anion reveals: (1) Methyl esters react preferentially by acyl-oxygen fission (BAC2), but 
the SN2 pathway is not negligible and amounts to 5-25% of the reaction. A notable exception is CF3COOCH3 for which the 
SN2 reaction amounts to 75%. (2) Ethyl esters yield lower 18O content in the ionic product. This observation is ascribed to an 
elimination-type reaction that results in water and ethylene as neutral products. The results are discussed in terms of a qualita
tive description of the potential energy hypersurface, recent theoretical calculations, and experimental observations of related 
reactions. It is argued that the efficiency of the gas-phase pathways is controlled by the ease with which the intermediates can 
evolve into the final products. A comparison is also made with some reactions OfNH2

-, alkoxides, and F - . 

The hydrolysis of esters constitutes one of the most thor
oughly studied reactions in the history of chemistry with regard 
to rates, mechanisms, and catalytic agents.1-4 A classical ex
periment using isotopically labeled water resulted in early 
evidence that alkaline saponification of amyl acetate proceeds 
exclusively by breakage of the acyl-oxygen bond,5 through 
what was later defined as a BAC2 mechanism.6 Further 18O 
experiments7,8 were necessary to resolve some of the mecha
nistic ambiguities, and in particular to establish that the re
action involves the initial formation of a tetrahedraf species 
by addition of the OH - to the carbonyl group. The alternate 
mechanism, an SN2 or BAI_2 process with alkyl-oxygen bond 
fission, is very rare. Such facts have contributed to the en
trenched idea that displacement reactions at carbonyl carbon 
are more facile than at saturated carbon. 

Recent experiments carried out by cyclotron resonance 
techniques have pointed out that several mechanisms may 
become competitive in the gas-phase reaction of nucleophiles 
with simple esters.913 For example, OH - in the gas phase has 
been shown to react with alkyl formates, HCOOC„H2«+i, to 
yield associated ions, CnH2n-H OHOH-, by a decarbonylation 

process, and HCOO - by a displacement reaction.12 More 
elaborate studies carried out with F - as the nucleophile probe 
show that (a) SN2 processes can become important with several 
esters; (b) esters with alkyl groups containing /3 hydrogens 
display drastic changes in the ionic product distribution.'2-'3 

This latter feature has been argued to originate from a pre
ferred elimination type reaction (reaction 1), a channel which 
becomes the dominant reactive pathway, for example, eq 1. In 

F" + CH3COOCH5 

"O-. O—CH, 
/ \ 

C CH, 

H1C F - H 

(1) —•* CE1COO" + HF + C1H4 

a related report, Comisarow14 has shown that the reaction of 
alkoxide ions with methyl benzoate and methyl trifluoroacetate 
in the gas phase proceeds only by the SN2 mechanism. 

The above results have prompted us to investigate the gas-
phase analogue of base hydrolysis to determine the pathways 
of this reaction under solvent-free conditions, and to assess the 
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