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Leaving Group Effects in Thiolester Hydrolysis. Part 2.t On the Possi-
bility of an Elimination—Addition (Keten) Mediated Pathway in S-Acetyl-
coenzyme A Basic Hydrolysis and Acetyl Transfer

By Kenneth T. Douglas,” Department of Chemistry, University of Essex, Colchester, Essex CO4 35Q
Norbert F. Yaggi and Cynthia M. Mervis, Department of Chemistry, Duquesne University, Pittsburgh,
Pennsylvania 15219, U.S.A.

Alkaline hydrolysis rates (kgo—) at 25 °C in aqueous solution for a series of S-alkyl and S-aryl thiolacetates, including
S-acetylcoenzyme A, were correlated (as their logarithms) with the pX, of the conjugate acid of the thiolate leaving
group to give a slope (B,,) of ~0.33. In comparison with the corresponding oxygen esters, thiolesters are, for the
basicity of a given leaving species, one to two orders of magnitude less reactive towards hydroxide ion and show
little dispersion into aryl and alky! leaving groups, ascribed to the lower steric sensitivity of thiolacetate esters com-

pared with the oxygen analogues. The small value of 3, , and the lower reactivity of S- than O-esters are offered as
evidence of a bimolecular associative (8,.2) mechanism for basic hydrolysis. The £2 route is excluded by the lack
of deuterium incorporation into the (acetate) product of hydrolysis. In spite of the accepted acidity of thiolacetates,
a kinetically insignificant amount of ester conjugate base is formed in aqueous solution even at high, non-physiolog-
ical pH and thus S-acetylcoenzyme A does not hydrolyse by an £1¢cB pathway.

S-ACETOACETYLCOENZYME A hydrolyses ! by means of an
ElcB mechanism [equation (1)] in which the rapidly
formed carbanion of this thiolester collapses in a uni-
molecular rate-determining step, a mechanism shared
with other thiolacetoacetates ! and aryl acetoacetates.?
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Two of the necessary (but not sufficient) criteria for such
a mechanistic possibility are a reasonably accessible con-
jugate base for a given substrate (a K, effect) and an
activated leaving group (a kein effect).

Whilst E1cB reactivity has been extensively studied 36
the amount of information available on leaving groups
other than those based on oxygen is minimal. However,
in spite of an inherently poorer leaving ability ! for RS~
than RO, if judged on a pKj 4 basis,t of between 10%- and
103-fold, S-acetoacetylcoenzyme A 1is still activated
towards hydrolysis by an ElcB rather than a By¢2
mechanism.! For this biologically important thiolester,
the accessibility of the conjugate base is no limitation in
basic or even neutral media as the pK, values of aceto-
acetate esters 12 are in the range 7—10.

No only does the ester pKj, influence the mechanism by
direct control of the amount of carbanion available in the

t Where pK, ;. is the pK, of the conjugate acid of the leaving
group (z.e. RSH and ROH in this case).

reaction medium, but it is reflected mechanistically in an
additional manner which is poorly understood cuarrently.
The rate of an Elci3 process is a function both of the
amount of anion present and of the intrinsic ability of
that anion, once formed, to undergo elimination.® ¢ IFor
a series of sulphonate esters, HXSO,0C¢H,NO,-p, the
rate of anion elimination (keim) depends markedly on the
nature of X [see (A)].%7 The elimination order is X ==
PhCH » MeN » O and obeys an interesting linear free-

“X-50,-OC4H,NO,-p
(A)

energy relationship [equation (2)]. Thus, the more basic
the ‘ internal nucleophile ’ (X~}, the more efficiently is

logyo(Retim/s™) = 0.9 phegier — 10.5 2)

the leaving group expelled.” This relationship is for a
very wide range of structural types and may simply
reflect the greater ‘internal nucleophilicity ’of a carb-
anion than of a nitrogen anion, efc. For a series of
carbamate esters (YNHCO-OCgH;) a similar trend has
been reported.® Such observations may only be ex-
pected in so far as the rate of elimination (with kinetic
formation of a =-bond) can parallel the equilibrium pro-
cess for protonation.?

While the pK, of acetoacetate esters is low 12 (ca. 7—
10), acetate esters, without the activating g-acyl moiety,
are considerably less acidic. However, the anion of a
thiolacetate (¢.g. S-acetylcoenzyme A) once formed would
be expected to eliminate more rapidly than an aceto-
acetate anion.

Consequently, we have investigated the alkaline
hydrolytic behaviour of thiolacetates, primarily to define
mechanistic possibilities for and limitations on S-
acetylcoenzyme A itself, which undergoes innumerable
condensation reactions (at least formally involving the
conjugate base) and acetyl transfer reactions in wvivo.?
Added impetus for such an investigation came from the
common occurrence of thiolester intermediates in enzyme
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mechanisms and the recent interest in the transition-
states involved in thiolester transfer reactions.1®

EXPERIMENTAL

Materials —Deuterium oxide (99.8 atom 9%, D) and [2H,]}-
acetonitrile (99 atom %, D) were from Aldrich. S-Phenyl
thiolacetate, obtained from Aldrich, was used without further
purification as was S-acetylcoenzyme A, which was pur-
chased as the sodium salt (909, assay) from Sigma. S-
Acetylthiolcholine bromide was from Sigma. Other thiol-
acetate esters werce synthesized from the appropriate thiot
and acetic anhydride, under the catalytic influence of sul-
phuric acid, by the method of Bohme and Schran.!! Esters
were characterized by means of their physical properties,
n.n.r. spectra and, for the new compounds, by elemental
analysis.  S-4-Methylphienyl thiolacetate showed b.p. 70°
at 0.7 Torr (lit.,!* 240—243° at 760 Torr). S-4-Methoxy-
phenyl thiolacetate showed b.p. 92—95° at 0.63 Torr (lit.,13
163—166° at 12 Torr. S-4-Chlorophenyl thiolacetate
showed m.p. 37-—387 (lit.,"* 39-—40°). S-4-Nitrophenyl
thiolacetatz showed m.p. 81.5-—83.5° (lit.,!® 81—82°). S-3-
Nitrophenyl thiolacetate showed m.p. 61—63° (Found: C,
48.3: H, 3.5; N, 7.0, CgH;NO,S requires C, 58.7; H, 3.6;
N, 7.19%).

Acetonitrile (IFisher Pesticide Grade) was further purified
by molecular sieve (Linde 4A) treatment followed by dis-
titlation from a small quantity of phosphorus pentaoxide
and finally by distillation froin calcium hydride. All water
used in kinetic studies was glass-distilled and degassed before
stock solution preparations. Kinetics were studied in the
presence of 107M-disodium ethylenediaminetetra-acetate to
minimize interference by metal ions. The ionic strength
was held at 0.1 using sodium chloride as the support electro-
lIyte unless otherwise stated.

Methods.—Rate measurements were performed either by
spectrophotometric or pH-stat recording procedures. U.v.—
visible spectrophotometry was carried out using a GCA-
McPlherson 707-K double-beam spectrophotometer, whose
reaction chamber was thermostatted to 25.00 4 0.02 *C
by means of water circulating from a Haake E52 thermo-
regulator pump. Substrate (10-50 ul stock solution) was
added on the flattened tip of a Teflon stirring rod to the
appropriate medium (3.0 ml) equilibrated to 25 °C in a 10
mm path-length cuvette. The correct temperature equili-
bration was readily ascertained as the instrument was equip-
ped with a thermocouple for immersion in the cuvette.

The Radiometer recording pH stat and titration system
used consisted of a PHM 64 pH meter (-4:9.001 pH unit)
with a TTT 60 titrator and REC 61 chart recorder. A
calomel electrode was used in conjunction with a type G-
222213 glass electrode in more basic media. The glass
reaction vessel was kept at 25.00 &+ 0.02 °C by means of a
Thermomix model 1420 instrument. A type ABU 12
autoburette of 0.25 ml (for kinetic studies) or 2.50 ml (for
measurement of dissociation constants) capacity was used to
deliver titrant. All reactions were carried out under a
stream of scrubbed, carbon dioxide-free, dry nitrogen. The
pH meter was standardized against Fisher standard buffers:
the titrant normality was checked against standard acid.
Measured pH values were corrected, when necessary, for the
sodium ion error.

Stock solutions of esters were prepared in acetonitrile
except for S-acetylcoenzyme A, which was dissolved in
water. Such solutions were prepared immediately before
use.
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Kinetics were studied by means of the pH-stat technique
(under N,) except for the 4-nitrothiophenyl (409 nm) ester
and S-acetylcoenzyme A (232 nm) for which spectrophoto-
metry was used.

N.m.r. exchange studies with 4-methoxyplenyl thiol-
acetate were carried out at 60 MHz in D,0-CD,CN (1: 2) on
an EM 360 spectrometer. Integrations of acetyl protons in
substrate and base hydrolysis product were performed using
the 4-inethoxy-protons as internal reference standard.

M.p.s (uncorrected) were determined on an Electrother-
mal capillary melting point apparatus. ILinear and ex-
ponential regression analyses were performed on a pro-
grammable Wang 720C calculator; we are grateful to the
Department of Pharmacy at Duquesne University for use of
the calculator and n.m.r. facilities.

RESULTS

Kinetics.—Alkaline hydrolysis of thiolacetate esters fol-
lows equation (3) with acyl-sulphur fission 1 18 although, in
acidic media, alkyl-sulphur cleavage has been reported for
trityl esters.1%18 At high pH, therefore, the kinetics can be
followed readily by titration of liberated protons or, in

HO~
CH,COSR - H,O0 ——3= CH,CO,H -+ RSH (3}

suitable cases, by means of spectral changes associated with
the reaction. Hydrolysis of the 4-nitrophenyl ester was
followed by both methods (Axipetic 409 nm) with consistent
resuits. Ior this ester 98.6 { 3.09 of the theoretical
amount of 4-nitrothiophenolate ion was produced, based
on an gy of 13 930 for this species.’® Reactions were fol-
lowed under pseudo-first-order conditions and plots of in-
(Aw — A,) versus time were linear to greater than 909, of
reacticn for the spectrophctometric studies; in pH-stat
work analogous plots were linear to >859%, of reaction.

The influence of small levels of acetonitrile co-solvent was
small. At 0.0Im hydroxide ion concentration the following
rate constants were obtained for the 4-nitrothiophenyl ester
(volume percentages of acetonitrile are in parentheses).
0.045 (6.23), 0.046 (3.54) and 9.048 s (0.33). At 0.509,
acetonitrile, the rate constant differs negligibly from the
value (0.048 s7!) obtained by computer-extrapolation to zero
percent acetonitrile (» 0.999, linear regression analysis of %4
versus percent acetonitrile). Rates were measured therefore
in the presence of 0.5%, (v/v) acetonitrile, except for S-
acetylcoenzyme A for which no co-solvent was necessary.

The dependence of k,,s on hydroxide ion concentration
was first-order for all esters up to the highest concentrations
studied, which was 0.10M-HO™ for the 4-nitrophenyl ester
using stopped-flow spectrophotometry. The linear depen-
dence of kg,s on [HO™] for 4-nitrothiophenyl acetate, which
is most activated towards carbanion formation, indicates
that no significant concentration of the ester anion is
kinetically detectable even in 0.10M-NaOH,; conjugate base
formation would be expressed as downward curvature in
such a plot.?™8

In the Table are collected the values of the second-order
rate constants (kyo- = kq,/[HO™]) for hydroxide ion cata-
lysed hydrolyses of the thiolacetates along with the pK,
(in water) of the conjugate acid of the corresponding thiclate
leaving group. These data are compared in the Figure with
analogous data from the literature 2 (at 25 °C and ionic
strength 1.0) for the oxygen esters, CH,COOR, in the form
of a Brensted plot for leaving group change i.e. logy, 2110~ is
plotted against pK, (conjugate acid of leaving group). The
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Bronsted-type leaving group plot for the dependence of the
second-order rate constants (in 1 mol™? s™) for hydroxide-ion
attack (log,y Auo—) on pKy,. (the pK, of the conjugate acid of
the leaving group) for leaving-group substituted acetate esters,
CH,COXR: a, data for X = O from ref. 20; b, data for X =
S from the Table. Lines are by least-squares linear regression
analysis of the experimental data

thiolacetates, both aryl and alkyl, obey a linear frec-energy
relationship [equation (4) wherein pK) is the pK, of the
conjugate acid of the leaving group in water. The regres-
sion analysis was performed using all the points in the Table

Sccond-order rate constants (kpo-) for alkaline hydrolysis
of thiolacetates, CH;COSR in aqueous solution at
25 °C and ionic strength 0.1 in the presence of 0.5%, v/v
acetonitrile (except for S-acetylcoenzyme A which was
studied in fully aqueous solution)

R p[(RSH at 25 °C kno*/l mol ls!
CeH,NO,-p 4,724 6.97
CeH,NOg-m 5.24 ¢ 2.95
CeH,Cl-p 6.14 ¢ 1.63

o 6.62 ¢ 1.40¢
CeH,OCH-p 6.78 ¢ 0.717
CeH,CHy-p 6.824 0.677
CH,CH,*NMc, 7.80 ¢ 1.10¢
CH,CH,NHAc 9.50 ¢ 0.152 ¢
CH(CO,")NHAc 9.5271 0.123¢
coenzyme A 9.6% 0.132
CH(CO,~)CH,CO, 10.09 ¢ 0.0147¢
CH,CO,~ 10.254 0.0495 ¢
CH,CH, 10.50 * 0.0467 ¢
CH,CH,CH,CH, 10.66 ™ 0.0798 ¢

¢ P. DeMaria, A. Fini, and F. M. Hall, /.C.S. Perkin I1, 1973,
1969. ¢ A value of Ago— of 1.31 I mo:™t s}, has been reported by
H. Bohme and H. Schran, Chem. Ber., 1949, 82, 453, for this
ester. ¢ Ya. L. Kostinkovski, Yu. A. Brook, L. V. Pavlova,
N. M. Slavacheskaya, Y. V. Kokushkina, B. S. Mirkin, and
I. A. Belenkaya, Zhur. obschei Khim., 1972, 42, 662. ¢ E.
Heilbronn, Acta Chem. Scand., 1958, 12, 1497. ¢ G. E. Lien-
hard and W. P. Jencks, J. Awmer. Chem. Soc., 1965, 87, 3863.
S M. Friedman, J. F. Cavins, and J. S. Wall, J. Amer. Chem..
Soc., 1965, 87, 3672. ¢ L. H. Noda, S. A. Kuby, and H. A,
Lardy, J. Amer. Chem. Soc., 1953, 75, 913. *» H. Beinert,
R. W. von Korff, D. E. Green, D. A. Buyske, R. E. Hand-
schuhmaker, H. Higgins, and IF. M. Strong, J. Biol. Chem.,
1953, 200, 385. ¢ Determined in the present study. 7 W. P.
Jencks and K. Salvesen, J. Amer. Chem. Soc., 1971, 93, 4433.
kJ. P. Danely and C. J. Noel, J. Amer. Chem. Soc., 1960, 82,
2511. ! H. Béhme and H. Schran, Chem. Ber., 1949, 82. 453.
= M. M. Kreevoy, E. T. Harper, R. E. Duvall, H. S. Wilgus, 11T,
and L. T. Ditsch, J. Amer. Chem. Soc., 1960, 82, 4899.
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save those for the thiocholine and thiomalate esters, which
were twice as reactive and 6.5-fold less reactive than
Bronsted prediction, respectively.

log oko- =
2.26 (4 0.15) — 0.33 (£ 0.02) pKz (v 0.989) (&)

A Hammett analysis of log,krro- versus 6~ constants
yields equation (5).

log ko~ = 0.64 (+ 0.04) 6= 4 0.04 (4 0.04) (5)

N.m.v. Exchange Results.—Alkaline hydrolytic cleavage of
4-methoxythiophenyl acetate in 339, D,0-67% CD,CN
medium at 0.125m-lyoxide ion concentration as studied by
n.m.r. indicated that the acetate ion product had, within
experimental error, incorporated no deuterium: the pre-
cision of the integration was such that incorporation of even
a single deuterium atom per methyl group would readily
have been detected.?t

Dissociation Constant.—The pK, of thiomalic acid was
deterinined to be 10.09 4 0.08 at 0.10M ionic strength in
the presence of 10°M-EDTA at 25.0°C (by Radioineter
electrometric titration).

DISCUSSION

Possible elimination-addition (EA) mechanisms for
the basic hydrolyses of thiolacetate esters analogous to
S-acetylcoenzyme A, are given in equation (6).

“CH,COSR

/;/ Yliminaiion
b,0

CH,COSR CH,=C=0 —%» CH,DCO,D (6)

gz S

The postulate of an EA mechanism for base-catalysed
cleavage of thiolacetates has several pieces of evidence
weighing against it. First, the £1c¢B mechanisminvolves
a pre-equilibrium formation of carbanion and con-
sequently when a protio-ester is solvolysed in D,0O one
would observe rapid and essentially complete exchange of
deuterium into the acetate product. Such rapid ex-
change for bona fide ElcB ester solvolyses has been
reported.3® However, we found no deuterium incor-
poration into the acetate product from the hydrolysis of
4-methoxythiophenyl acetate.?® This observation also
precludes the E2 mechanism, by means of which a single
deuterium atom would be expected in the product.
The value of 8; ¢, for the thiolacetates is low (—0.33) and
close to that of the oxygen esters (Figure), a powerful
counter-indication of an FElcB route for the base-
catalysed hydrolysis of thiolacetates. ElcB Reactions
of esters exhibit very high values of g, (usually of the
order of —1.2 to —2),3 ¢.g. for aryl acetoacetates 2 .
is —1.29, for S-aryl thiolacetoacetates! By, is —1.13
and for the thiolcarbamate series PANHCOSR we have
found 2 B4 ca. —1.3.

The lower reactivity of S- than O-esters, on the basis of
pK . as the linear free energy parameter, further weighs
against incorporation of a special ‘* keten route * for the
thiol esters. It is most likely that a bimolecular mech-
anism, analogous to that adopted by the oxygen esters is

+ RSD
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followed by the thiolacetates, ¢.e. rate-determining attack
of hydroxide ion on the ester carbonyl group. We must
conclude that a kinetically significant amount of the
enolate ion of the thiolacetate does not build up in
aqueous solution. Even in 0.1M-NaOH there is no
evidence of carbanion formation (Results) for the most
activated of the thiolacetates. As elimination from ester
carbanions has been shown to be considerably more rapid
than from nitrogen-anionic conjugate bases of esters,%7
it is clear that the pK of the thiolester is considerably
greater than that of the carbamate, under comparable
aqueous conditions. »

Although thiolesters are hydrolysed in basic solution
with a considerably more negative free energy of hydro-
lysis than are oxygen esters,® it is believed gencrally
that their rates of alkaline hydrolysis are comparable,
¢f. kno- for ethyl acetate and ethyl thiolacetate which are
1.75 and 1.54 1 mol'l min™ respectively at 20 °C in 629,
acetone solution.2* However, a significant difference
exists between the members of this isostructural pair;
mercaptans are more acidic than the structurally ana-
logous oxygen counterparts. I‘or any given basicity of
leaving group, thiol esters are between one and two orders
of magnitude less susceptible to hydroxide on attack
than are oxygen esters (Figure). The source of this
difference may lie in a real element effect or be an
artefact in the sense that the pK), may not be the most
appropriate parameter to use for such a linear free-
energy relationship (especially as the rate-determining
step is undoubtedly attack of hydroxide ion on neutral
ester). Itis also notable that, although there is a major
dispersion of oxygen esters into aryl and other leaving
groups, no such marked dispersion is apparent for the
thiolesters. The dispersion for O-alkyl and O-aryl esters
has been ascribed to steric effects 2 and support for this
hypothesis lies in our results®® as O-esters are markedly
more sensitive to steric effects in the leaving group than
are S-esters,? e.g. for acetate esters, CH;COXR, the
ratio of kgo- for the methyl and t-butyl esters is 141
when X = O, but only 11 when X = S.#

The exceilent fit of S-acetylcoenzyme A to the Bregn-
sted plot indicates a bimolecular rather than a keten
mechanism for its non-enzymic hydrolysis.

Lienhard and Jencks ? have reported the rate of
hydrolysis (5.9 1 mol™ min at 25 °C) and the rate of
deprotonation (%,) of S-ethyl thiclacetate [equation (7)].
From the value of %,, and the autoprotolysis constant or

CHLCOSEt + HO™ <= “CH,COSEt + H,0  (7)

water one can estimate the pK, of this thiolester if the
k_, step is assumed %26 to be diffusion-controlled (K, =
kyKwlky). This leads to a pK, of ca. 26.4 for S-ethyl
thiolacetate. From this the pK, of S-acetylcoenzyme
A can be estimated as ca. 26 if the dependence of ester pK,
shows a dependence on pKig similar to that for the
thiolacetoacetates ! (Bg, ca. 0.25-—0.30). The work of
Lienhard and Jencks also provides evidence against the
operation of an EA route for S-ethyl thiolacetate as the

J.C.S. Perkin II

observed raie of alkaline cleavage of the CO-S bond
(Riro- 5.9 1 mel™ min™) is considerably faster than the
rate of cleavage by hydroxide ion of the C-H bond (0.4
1 mol™ minY).
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