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Abstract: Acyl, phosphoryl, and sulfuryl transfer reactions involving esters and amides are ubiquitous in the
biochemical world, and these reactions are found throughout the biochemical pathways involving proteins, nucleic
acids, and other compounds essential for life. Such compounds are also common in commercial chemical processes.
The use of isotopes has contributed greatly to our understanding of the chemistry of these compounds. There is an
enormous body of literature on the use of isotopes in such studies, and this review does not do justice to this great
body of knowledge. We cover a selection of reactions for which multiple experimental applications using isotopes
have been used in the advancement of mechanistic studies. Copyright © 2007 John Wiley & Sons, Ltd.
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Introduction

Esters and amides, including phosphate and sulfate
esters, are abundant and critical in a host of biological
pathways. A broad array of techniques has been used
to elucidate the mechanisms by which such com-
pounds are formed and reacted, and these efforts
continue, particularly in biological systems.'™ The
use of isotopes has played a key role in this effort.
This has included the use of isotopes as tracers, in
order to follow paths of bond making and breaking, as
well as isotope effects, which yield information about
the sequence of steps and the nature of transition
states. Secondary deuterium isotope effects, and
primary and secondary heavy-atom isotope effects,
have been crucial to investigations of mechanism and
of transition state structure.

Deuterium solvent isotope effects (DSKIEs) have
yielded important information in the hydrolysis (and
other solvolysis) reactions of esters. A normal solvent
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deuterium isotope effect that is larger than about 1.5 is
usually interpreted to indicate a proton in flight in the
transition state of the rate-limiting step, often the result
of a general base mechanism. If this isotope effect is
smaller, or slightly inverse, a nucleophilic mechanism
is implicated. A particular type of solvent isotope effect
experiment, called the proton inventory method, allows
for a count of the number of protons contributing to the
solvent isotope effect.®

There are four heavy atom positions that undergo
important bonding changes during reactions of esters.
These are central atom (which is carbon, phosphorus,
or sulfur in the reactions discussed in this review), the
pi-bonded oxygen atom(s), the scissile oxygen atom,
and, less often but to a great effect, the nucleophilic
atom. The pi-bonded oxygen atoms are also referred to
as nonbridging oxygens, and the scissile oxygen will be
referred to as the bridging oxygen. The central atom
kinetic isotope effect (KIE) has proven to be of limited
use in assessing acyl group transfers, and this may
prove to be the case also for phosphoryl and sulfuryl
group transfers, although there is less data available in
the latter two cases. Since both an addition and an
elimination step in a mechanism involve considerable
reaction coordinate motion on the part of the central
atom, a large normal KIE is expected regardless of the
step that is rate determining. The collected data for
carbonyl-C KIEs for acyl group transfer reactions all
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fall in the same narrow range (1.02-1.04).° Because
this KIE seems to be insensitive to differences in the
mechanism or identity of the rate-limiting step, it is
omitted from the discussions that follow. However,
isotope effects at the other positions have proven to be
highly informative, particularly when multiple isotope
effects have been measured on the same reaction. The
discussions that follow are limited to reactions for
which multiple isotope effects have been obtained.

Isotope effect terminology

Isotope effects are classified as primary if a bond to the
labeled atom is made or broken during the reaction.
Isotope effects measured in other positions are second-
ary isotope effects. A KIE is the ratio of the rate
constant of the light isotope to that of the heavy
isotope. Similarly, an equilibrium isotope effect (EIE)
is a ratio of equilibrium constants. A common notation
for isotope effects is to use a leading superscript of the
heavier isotope to indicate the isotope effect on the
following kinetic quantity; for example, '®k denotes k.,
/ k15, the nitrogen- 15 isotope effect on the rate constant
k.” An isotope effect is termed normal if it is greater
than 1, i.e. if the lighter isotopically labeled compound
reacts at a faster rate. The isotope effect is inverse if
this ratio is less than 1. Thus, an isotope effect of unity
implies the absence of an isotope effect.

A KIE reflects differences in bonding to the labeled
atom in the ground state compared with the transition
state of the rate-limiting step. Succinct descriptions of
the contributions to isotope effects can be found
elsewhere.®® The essential points are: a primary KIE
at an atom undergoing bond cleavage will be normal,
due to the preference of the heavier isotope for the lower
energy (more tightly bonded) position; secondary KIEs
are inverse if the labeled atom becomes more tightly
bonded in the transition state, and normal if bonding
becomes looser. Similarly, EIEs are determined by
differences in ground state bonding, and both inverse
and normal EIEs are common.®

KIEs can be measured by either the direct or the
competitive method. In the direct method, the indivi-
dual rate constants for the two isotopically labeled
species are measured. This approach works well for
deuterium isotope effects since these are usually large.
However, the rate difference resulting from isotopic
substitution at carbon, nitrogen, or oxygen is never
more than about 8%. Hence, the competitive method is
usually the method of choice for the measurement of
heavy-atom (atoms heavier than hydrogen) isotope
effects. In this method, a mixture of the light and heavy
isotopic isomers is allowed to react competitively, and
the isotope effect is measured from the change in

Copyright © 2007 John Wiley & Sons, Ltd.

isotopic composition over the course of the reaction. A
high degree of precision is desirable in the isotope ratio
measurements. Several methods have been utilized.'°
An isotope ratio mass spectrometer (IRMS) is the most
precise way of obtaining these ratios, but has the
drawback of requiring that the atom of interest be
amenable to quantitative transformation into one of the
small molecule gases (CO or CO, for carbon or oxygen,
N, SO, for sulfur) that these instruments are designed
to analyze. The remote label method considerably
expands the ability to use the IRMS technology to
measure isotope effects.!!'!? In this method, an atom
that is easily isolated is incorporated as a reporter into
the molecule under study. Two isotopic isomers
of the compound are prepared, one with the light
isomer in the position of interest and in the reporter
position, and the other with the corresponding heavy
isotopes. These are then mixed, usually in a ratio that
reconstitutes close to the natural abundance of the
reporter atom. The isotope ratios in the product and
residual substrate after partial reaction are then
measured in the reporter atom, and after correction
for any isotope effect from the isotopic substitution in
the reporter position itself, and for levels of isotopic
incorporation, the isotope effect at the position of
interest is obtained.

Acyl transfer reactions
Esters

Acyl transfer reactions involve nucleophilic attack on
the carboxylic acid functional group and its major
derivatives (acid halides, anhydrides, esters, and
amides). Their biochemical relevance has made this
one of the most studied classes of reactions in
chemistry.! One of the best known use of isotopes
was the use of 80 as a tracer in hydrolysis reactions to
identify the location of bond fission'® and to provide the
first direct evidence for the existence of tetrahedral
intermediates.'* The exchange of '®0 between water
and the oxygen atom of the carbonyl group in
unhydrolyzed ester (a positional isotope exchange, or
PIX, experiment) implied the existence of a tetrahedral
intermediate, which at the time was only a subject of
conjecture. Recent physical organic investigations
suggest that esters with good (i.e. aryloxy) leaving
groups undergo acyl transfer by a concerted mechan-
ism with no intermediate, which will be described
below. Still a third pathway, the acylium ion mechan-
ism followed by acyl halides, is well known, giving a
rich variety of mechanisms available to acyl transfer
chemistry.!®
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The PIX experiment described above provides the
partition ratio of the tetrahedral intermediate (defined
as the ratio of the forward, or hydrolysis, pathway
relative to proton equilibration and reversion to the
reactant ester, or Knyarolysis/ Kexchange)» assuming that
the protonic equilibration of the intermediate is rapid.
In Scheme 1A, this means that equilibration of the
proton between the oxygen atoms in -OH and -O™ must
be much faster than in either k_; or ks. A direct test of
this assumption was carried out for the base-catalyzed
hydrolysis of ethyl and isopropyl toluate. If rapid
proton equilibration does not occur, then the proton
transfer should be at least partially rate limiting on the
exchange, resulting in a significant DSKIE on the
exchange rate. The DSKIEs for kexchange during the
base hydrolysis of ethyl and isopropyl toluate were
found to be 0.97 and 0.86, respectively, consistent with
rapid protonic equilibration.!®

Multiple KIEs have been measured for the alkaline
hydrolysis of methyl benzoate'? and methyl formate,'”
and all data point to a stepwise mechanism involving
tetrahedral intermediates. PIX experiments give parti-
tion ratios of ~ 18 to 30. These results indicate that the
attack of hydroxide is largely rate determining. The
nature of the transition state has been studied by a
number of primary and secondary KIE investigations.
The alpha-secondary KIE (Dkformyl) for methyl formate
(where R=H/D in Scheme 1) is small and inverse
(0.95).'8 This secondary KIE is sensitive to hybridiza-
tion changes at the carbonyl carbon. An inverse KIE
results when the carbon atom is transformed from an
sp>-hybridized ground state toward tetrahedral sp®-
hybridization in the transition state. The magnitude of
the KIE reflects the degree of hybridization change,
with a maximum inverse KIE expected to be near
0.75."°

The conclusions of the PIX experiments (i.e. rate-
determining first step), together with the small
Dkformyl, point to an early sp2-like transition state. The
lskbﬁdge KIEs are small (1.009 for methyl formate!” and
1.006 for methyl benzoate'?), consistent with a mostly

Kk ["OH] o

rate-determining first step. The small normal KIEs
were attributed to a small contribution from step 2 of
the mechanism, and from the weakening of the bond to
leaving oxygen resulting from the tetrahedral inter-
mediate formation. The measurement of the nucleo-
phile '®0 KIE was particularly revealing and indicated
that the most likely nucleophile is not hydroxide
directly, but rather one of the water molecules solvating
the hydroxide ion.?° Jencks reached a similar conclu-
sion from the observation of general base catalysis in
the hydrolysis of formate esters.?!

The acid hydrolysis of esters involves protonation of
the carbonyl oxygen atom, followed by addition of water
and breakdown of the tetrahedral intermediate to
product (Scheme 1B). The partition ratio for methyl
formate'” from PIX experiments is smaller than for the
alkaline hydrolysis but still favors hydrolysis
(kn/ke = 11.4), consistent with the rate-determining
formation of T™.

The Dkf[,rmyl for the acid-catalyzed hydrolysis of
methyl formate is more inverse (0.81)'® indicating
considerable sp® character in the transition state. The
lskbﬁdge values are small for both methyl formate
(1.0009)'7 and methyl benzoate (1.002),22 indicating
rate-limiting formation of the tetrahedral intermediate.
The '®lcarbony1 for the acid-catalyzed hydrolysis of
methyl benzoate (0.995)%2 is inverse, whereas the
corresponding lskcarbonyl for the alkaline hydrolysis is
normal (1.005). The net inverse value probably reflects
the inverse effect from protonation offsetting the
normal effect from the partial loss of the pi bond.

The hydrazinolysis of esters exhibits a break in the
logk vs pH profile, indicating a change in the rate-
determining step with pH. This was proposed?® to
result from a change in the rate-determining step from
breakdown of an anionic tetrahedral intermediate at
low pH, to the general base-catalyzed formation of this
intermediate at high pH. Isotope effects have been
measured for the hydrazinolysis of both methyl benzo-
ate and methyl formate.'?'7-18-24 The methyl formate
KIE data are the most revealing, since they have been

1" 1 k2 11 -
A R-C-OR —/— R—CI:—OR' —— R-C-O + HOR'
kq OH
-
+ + -HY
- H 9H ki [H20] (I)H 2 0
B R-C-OR" —= R-C-OR" —= R-C-OR' —2 . R-GC-OH + HOR'
k.4 *OH,
T+

Scheme 1
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obtained at both low and high pH. At pH 8, a small
Plttormy1 (0.98)'® indicates a transition state with nearly
the same hybridization as the ground state. The large
"lpriage (1.062)'7 indicates considerable C-O bond
fission in the transition state of the rate-determining
breakdown of the tetrahedral intermediate. Evidently
this transition state is late, with the carbonyl carbon
returned nearly to sp? hybridization and the pi bond
largely re-formed. The observation of an inverse
nucleophile KIE (*®lgue = 0.990)%* indicates that the
bond to the nucleophile has formed before the rate-
determining step, since bond formation during the
rate-determining step should result in a normal *%k,,.
If breakdown of the tetrahedral intermediate is rate
limiting, this KIE will have no imaginary frequency
factor and will essentially be an EIE.

At pH 10, Pkformy1 is more inverse (0.76)'® and
consistent with a more sp>-like transition state. The
magnitude of 18kbn-dge is reduced to 1.005,'” suggesting
that the formation of the tetrahedral intermediate is
rate determining. These results are consistent with a
change in the rate-determining step at pH 10.

For esters with good (aryloxy) leaving groups, linear
free energy relationships®® and calculations?%27 offer
evidence for a concerted acyl transfer mechanism with
no intermediate. This proposal is not universally
accepted, and structure-activity data obtained using
other approaches have been offered as indicative of the
usual tetrahedral mechanism for such esters.?® KIEs
have been measured for the alkaline hydrolysis reac-
tion of p-nitrophenyl acetate (pNPA), and for the acyl
transfer with a number of nucleophiles having a pK,
from 9.3 to 9.9. The leaving group p-nitrophenol has a
PKa, of 7.14, and as a result, if a tetrahedral inter-
mediate forms it should partition forward a majority of
the time (ko> k_; in Scheme 1A). In other words,
formation of the intermediate will be rate limiting. The
most diagnostic isotope effects are the f-deuterium and
the "®leyyiage KIEs. The f-deuterium KIE, measured with
three deuterium atoms in the acetyl methyl group, is a
secondary one; it arises from changes in hyperconjuga-
tion, which arise from hybridization changes at the
carbonyl carbon atom.2® With oxyanion or sulfur anion
nucleophiles, a small inverse ﬂ—Dk is observed (from
0.95 to 0.98); the expected maximum for a fully sp>-
hybridized transition state is about p-Pk = 0.89.°
Therefore, no significant rehybridization occurs in the
transition states for these reactions, consistent with
either a concerted mechanism or a very early transition
state for the formation of a tetrahedral intermediate.
The lskbridge provides strong evidence for the concerted
pathway. The significant magnitude of these KIEs
(1.0135-1.0219; the maximum value is ~1.0339)
indicates significant C-O bond fission to the leaving

Copyright © 2007 John Wiley & Sons, Ltd.

group in the transition state. These values are much
larger than the lskbﬁdge KIEs in the alkaline hydrolysis
of methyl formate (1.009) and methyl benzoate (1.006),
where the formation of T  is rate determining. A
stepwise mechanism with pNPA should show leaving
group KIEs even smaller than these, since the superior
leaving group in pNPA should make tetrahedral inter-
mediate formation even more rate limiting. Thus, the
large observed '®kpnage KIEs strongly support the
concerted mechanism for most reactions of pNPA. A
recent computational study of the alkaline hydrolysis
of pNPA using density functional theory found that the
solvent plays a crucial role in affecting the concerted-
ness of the reaction and yielded calculated KIEs in good
agreement with the experimental ones.?’

The aminolysis of pNPA was also examined and is the
only exception. A large ISkbﬁdge (1.033) indicates near
complete fission of this bond in the transition state.
This is consistent with either a concerted mechanism
or a rate-limiting breakdown of a tetrahedral inter-
mediate; such a partitioning pathway was ruled out for
the other nucleophiles used. However, in the amino-
lysis reaction, the initially formed tetrahedral inter-
mediate is zwitterionic, with a positively charged
nitrogen, which is an even better leaving group than
p-nitrophenolate. The large ®liyiqge in the aminolysis
of pNPA recalls those observed for hydrazinolysis of
methyl formate and methyl benzoate at pH 8, where
breakdown of T~ is rate determining. The small -k
(0.968) indicates close to sp2 hybridization in the
transition state. The KIEs for pNPA aminolysis are
consistent with either the concerted mechanism seen
with anionic nucleophiles or a very late transition state
for breakdown of an intermediate.

The enzymatic reactions of pNPA with chymotrypsin,
carbonic anhydrase, papain, and acid protease were
also examined.?! The KIEs were similar to those
measured for the uncatalyzed aqueous reactions, but
with less inverse values for -Pk. This is attributed to
greater hydrogen bonding or other electrostatic inter-
action with the ester carbonyl oxygen atom in the
transition state. Such an interaction would maintain
more of the hyperconjugation present in the ground
state that would normally be lost by partial hybridiza-
tion changes upon nucleophilic attack.3!

Amides

Although much less reactive than esters, amides
undergo hydrolysis at acidic, basic, or neutral pH.
The kinetics of the alkaline hydrolysis for most amides
is generally first order in hydroxide at low base
concentrations; for more highly reactive amides, the
reaction is second order in hydroxide under strongly
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alkaline conditions.®® The proposed mechanism in-
volves the formation of two tetrahedral intermediates
(Scheme 2). The first, T, is formed upon attack of
hydroxide; its subsequent deprotonation by a second
molecule of hydroxide results in the formation of the
second, T%".

In PIX experiments with formamide, ky/k. was
shown to be dependent on hydroxide concentration.33
Under dilute alkaline conditions, hydrolysis and ex-
change occur at similar rates (k,/ke = 1.05). At higher
pH, more of the intermediate is trapped as T2, which
reduces exchange and favors hydrolysis. PIX experi-
ments show that the exchange does not accompany the
water reactions of two amides with more activated
leaving groups, p-nitrotrifluoroacetanilide, and tri-
fluoroacetanilide.®* Proton inventory data imply the
involvement of at least two water molecules in the
transition state. The data support a water reaction
involving the rate-limiting formation of a neutral
tetrahedral intermediate, which preferentially under-
goes C-N fission in preference to reversion to amide
with exchange.

The alkaline hydrolysis of formamide®® has been the
subject to a number of isotope effect studies. Kirsch
found the magnitude of Dkformyl (R =H or D in Scheme
2) to be dependent on the concentration of hydroxide,
consistent with a pH-dependent mechanism. The
lskbﬁdge (1.004) seems smaller than that expected
under conditions where C-N bond fission should be
rate limiting; however, C-N bond fission probably
requires the nitrogen to be protonated, which will
contribute an inverse effect to the overall observed
"kiriage- Marlier's measured nucleophile, ke, of
1.022 indicated that, as in the case of ester hydrolysis,
the nucleophile is one of the water molecules solvating
the hydroxide ion.?° In a subsequent investigation of
whether hydroxide acts as a nucleophile or a general
base, Brown measured the solvent deuterium KIEs and
proton inventory.3®> An inverse solvent DSKIE of 0.77
was found, and proton inventory data were consistent

o} Kk ["OH] o

1
R-C-NH, <——= R-C-NH,

5 on

T

'OHl [
Q_
R-C-NH,
O
T
Scheme 2

Copyright © 2007 John Wiley & Sons, Ltd.

with either mechanism. In order to accommodate the
inverse DSKIE, which rules out a proton transfer in the
rate-limiting step, and the 18)c e, @ mechanism was
proposed involving an encounter complex between
formamide and solvated hydroxide in which the
carbonyl carbon is exposed to a lone pair of electrons
in one of the solvating waters. Proton transfer, exposing
the carbonyl to a ‘hot hydroxide’ molecule that im-
mediately attacks, then follows. The major difference
between this mechanism and that proposed by Marlier
is in the timing of the proton transfer.

The variation in f-deuterium isotope effects with pH
on the alkaline hydrolysis of p-nitroacetanilide (pNAA)
led to the conclusion that at 0.002N [HO™] (f-
Djc = 0.967), decomposition of a tetrahedral adduct
formed by the addition of hydroxide to pNAA is rate
determining, while at 2N [HO ] (8-Pk = 0.933), nucleo-
philic attack by hydroxide is rate determining.>®
Similar conclusions resulted from measurements of
the DSKIE on the hydrolysis of formamide at 0.075N
[LOT] (DSKIE=1.15) and at 147N [LO]
(DSKIE = 0.77). The inverse value under the more
basic conditions was interpreted to imply the rate-
limiting nucleophilic attack.>”

Subsequently, the !°N-isotope effects were mea-
sured; at 0.002N [HO™], ®lmigo = 1.035, whereas at
2N [HO7], 5k = 0.995.%% The large normal effect of
1.035 at [HO ]=0.002N reflects the rate-limiting
decomposition of the tetrahedral intermediate and
results primarily from C-N bond fission. The value is
close to the theoretical maximum of 1.044 that has
been calculated for breaking a C-N bond.>® The '°N
and p-Pk KIEs indicate a late transition state in which
the hybridization of the carbonyl carbon atom has
returned to nearly sp? and the pi bond is largely re-
formed. In contrast, at 2N [HO ] the small inverse
151c mido Teflects the rate-limiting intermediate forma-
tion. This KIE most likely results from the hybridization
change of the carbonyl carbon from sp? toward sp®. For
this step, 18 ido IS a secondary KIE adjacent to the

K> 1 _
— R-C-O + NH,
5 pdo “OH
— -C- + +
H,O NHq
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carbon atom undergoing a change in hybridization and
is predicted to be inverse due to the compression of
bending modes.*® Apparently, this effect is more
pronounced than the reduction in C-N bond order
from loss of amide resonance, since the latter would
result in a normal isotope effect.

Phosphoryl transfer reactions

Substitution reactions of tetrahedral phosphate esters
can occur by three limiting mechanisms: a dissociative
Sn1-type mechanism, designated Dy + Ay in the IUPAC
nomenclature; an addition-elimination mechanism
(Ax + Dn); and a concerted mechanism (AyDy) with no
intermediate (Figure 1). In the Dy + Ay mechanism, a
metaphosphate-like intermediate is formed, whereas in
the Ay + Dy mechanism a pentacoordinate phosphor-
ane is formed. In the concerted mechanism, there is

An+Dy
Addition > Products
Intermediate
k4
nucleophilic
bond X
formation .~ A\Dy
Dy+AyN
Reactants »  Decomposition
leaving group Intermediate
bond fission

Figure 1 A More-O'Ferrall-Jencks diagram illustrating the
mechanistic possibilities open to carboxyl, phosphoryl, and
sulfuryl esters. Stepwise mechanisms follow one of the path-
ways around the perimeter, whereas a concerted mechanism
will have a transition state that may lie anywhere in the
interior.

a }
- M. [~ >
O*I"-'*O a
Ob ------------ >
°NO, - -

simultaneous bond formation to the nucleophile and
fission of the bond to the leaving group. This transition
state could have a range of associative or dissociative
character depending on the synchronicity between
bond fission and bond formation.

The development of substrates that are chiral at the
phosphorus atom provided a useful tool in the study of
phosphoryl transfer. This has been accomplished by
the use of oxygen isotopes*! and through the use of one
sulfur atom and two oxygen isotopes.*? A free metapho-
sphate (or thiometaphosphate) intermediate from a
chiral substrate reveals itself by the formation of
racemized product. In enzymatic reactions, a direct
in-line transfer will result in inversion; a phosphoen-
zyme intermediate results in a product with retention of
stereochemistry. The stereochemical outcomes of a
number of enzyme-catalyzed reactions have been
determined using these methods.?

Monoesters

Phosphate monoesters at physiologically relevant pH
exist as either the monoanionic or dianionic species. A
large body of evidence indicates that both of these
species undergo phosphoryl transfer via a dissociative
pathway characterized by a metaphosphate-like trans-
ferring phosphoryl group.® The near complete bond
cleavage to the leaving group is supported by large
values of fiz, the modest participation of the nucleo-
phile by small Brensted f,,. values, and the dissocia-
tive character by the near zero entropies of activation.*>
In spite of the highly dissociative nature of the
transition state, free metaphosphate is not formed in
protic solvents.** The monoanionic species generally
react at higher rates than the dianions. The i, is
reduced compared with that of the dianion, evidence of
a proton transfer to the leaving group more or less
synchronized with bond cleavage.

Measurements of KIEs on phosphoryl transfer from
monoesters are in agreement with conclusions from
LFER experiments. Most of the KIEs on phosphoryl
transfer have been obtained using p-nitrophenyl phos-
phate (pNPP), with KIEs measured at the positions

a) Nonbridge oxygen atoms (lgknonbﬁdge)

b) Bridge oxygen atom, at the scissile bond (lgkbridge)

¢) Nitrogen atom in the leaving group ('°k).

Figure 2 The locations of KIE measurements for reactions of pNPP.

Copyright © 2007 John Wiley & Sons, Ltd.
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1032 R. H. HOFF AND A. C. HENGGE

shown in Figure 2. The '®lyqge is a primary isotope
effect and measures bond fission to the leaving group,
while 18knonbridge and 'k are secondary. The nonbridge
KIE is normal for the formation of phosphorane
intermediates due to loss of the P-O pi bond and is
very small and inverse in a metaphosphate-like transi-
tion state. Delocalization of negative charge in the
leaving group results in small normal values of 5k, up
to a maximum of about 1.003.%°

The 'Sk KIE is much larger in the hydrolysis of the
PpNPP dianion (1.0034) than in the monoanion (1.0005).
This is consistent with the synchronous protonation of
the leaving group in the latter reaction. The lskbridge isa
primary isotope effect; hence, it should be the most
pronounced. For aqueous hydrolysis a large (1.023)
normal effect was found, indicating advanced fission of
the bond to the leaving group in the transition state.*64”
The lsknonbﬁdge KIE in the pNPP dianion hydrolysis is
small and inverse (0.9993), indicating little change in
bond order to the phosphorus. During hydrolysis of the
monoanion, this KIE becomes large and normal (1.022),
which is attributed to deprotonation.*”

Diesters

The reaction rates of diesters are sensitive to both the
leaving group and the nucleophile, which is a qualita-
tive evidence of a concerted mechanism. The fj is
lower than that for the monoester, while the f,,. is
higher.*84° Together, compared with monoester reac-
tions, these data indicate a tighter transition state, with
the bond to the nucleophile more developed and less
cleavage of the bond to the leaving group.

The KIE data for diester hydrolysis reactions are
consistent with the concerted mechanism implied by
the LFER studies. The '®kpqge for several diesters
with p-nitrophenol as the leaving group are in the
range of 1.004-1.006.%° In addition, the nucleophile
180 KIE for the attack of hydroxide on thymidine-
5'-pNPP was found to be 1.027.%! This large normal
isotope effect is evidence for direct attack by hydroxide
in the rate-limiting step and significant bond formation
in the transition state. These two isotope effects,
combined with the earlier studies, suggest a tighter
transition state than in the monoesters, with greater

CI)Ar Lg

— OMe |
/04770
MeO

A B

MeO 75272
X

nucleophile participation and less bond fission to the
leaving group.

Triesters

The kinetic stability of monoesters and diesters is
largely based on their negative charge, which repels
nucleophiles. Thus, it is not surprising that the neutral
triesters are the most reactive of the series. A number of
mechanistic studies including stereochemical analyses
have been carried out on 6-member ring cyclic triesters
(Figure 3). An LFER study measured f; values between
—0.4 and —-0.88 depending on the basicity of the
nucleophile.*® As the nucleophile strength increased,
the leaving group dependency decreased. The favored
interpretation of this was that the mechanism involves
a two-step process and a phosphorane intermediate.
However, the stereochemistry of the reaction was found
to vary between inversion and retention based on many
factors including solvent, counterions, and substitu-
tion.’2> This could result from pseudo-rotation of
phosphorane intermediates, or from competing con-
certed and Ay + Dy mechanisms.

In KIE studies of a series of acyclic diethyl phosphate
triesters with different leaving groups, the most strik-
ing results are the nonbridge 20 isotope effects. While
" lhonbriage Showed little change in the bond order
of the nonbridge oxygens in mono and diesters,
lskmnbﬁdge values on triester reactions vary from a
low of 1.006 with the p-nitrophenyl leaving group to a
high of 1.033 for the choline iodide leaving group.®® For
perspective, the calculated isotope effect is 1.040 for
the change in bond order from double to single bond
for the phosphoryl oxygen.®® While this points to
an increasingly associative transition state as
leaving group basicity increases, it does not rule out a
two-step mechanism. Unexpectedly, the primary
isotope effect also increases, from 1.006 when
the leaving group is p-nitrophenyl to 1.052 for m-
nitrobenzyl. This cannot be explained without involving
the imaginary frequency factor contribution to the
isotope effect.?®

In summary, the transition states for the series of
phosphate monoester, diester, and triester phosphoryl
transfer reactions show signs of concerted nucleophilic
attack and leaving group bond fission. The looseness

@)

Ar (0]
| Il
~-P=0 -P-OAr
L[5 [y

C D

Figure 3 Some of the 6-membered cyclic phosphotriesters used for mechanistic studies cited in the text. In structure B, Lg

designates the leaving group, Z was oxygen or sulfur, and X and Y were either oxygen, sulfur, or N-methy
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of the transition state in the monoester lies closest to
the free metaphosphate extreme (the lower right corner
of Figure 1), whereas the transition state for triester
hydrolysis resembles a pentacoordinate phosphorane.
All three phosphate esters feature an emerging single
negative charge on the transition state; the monoester
dianion by shedding a negative ion in the leaving group,
the diester by maintaining a relatively synchronous
transition state with a unit charge, and the triester by
shifting the negative charge from the nucleophile to the

phosphoryl oxygen.
Enzymatic phosphoryl transfer
Alkaline phosphatase

Alkaline phosphatase (AP) is one of the most exten-
sively studied phosphatases and is a two-metal cata-
lyst. The catalyzed reaction proceeds via an
intermediate in which a serine residue is phosphory-
lated, which is subsequently hydrolyzed. The active site
of the enzyme contains two zinc ions directly involved
in catalysis (Figure 4). While a nonbridge oxygen
coordinates with both zinc ions, one (Znl) stabilizes
the negative charge on the ester oxygen of the leaving
group while the other (Zn2) coordinates with the serine
oxygen to facilitate its deprotonation. Once the inter-
mediate is formed, Znl then coordinates with a water
molecule, creating a hydroxyl nucleophile that dis-
places the phosphate from serine.

Attempts to study this reaction were restricted
because a nonchemical step, such as binding or a
conformational change, is rate limiting on k.,t/ K, with
aryloxy ester substrates. A recent series of experiments
used a sulfate monoester substrate with wild-type AP
and a phosphate monoester with a mutant R166S AP to
overcome this limitation.®* The kinetic data and KIEs
indicate a key role in catalysis for the interaction of a
charged nonbridge oxygen with the metal ions. The
comparison of '"®(V/K)prigge With the ®layigge for the

- R
°,
___9 |I|
\ s
2 0---H—N,,
0—p'0 @_‘/.('C— Arg-166
N
A H

@

N
CH,
Ser-102

Figure 4 A schematic diagram of the bonding changes in the
transition state of the reaction catalyzed by alkaline phospha-
tase, based on X-ray structures, LFER, and KIE data.

Copyright © 2007 John Wiley & Sons, Ltd.

uncatalyzed hydrolysis shows a decrease in the isotope
effect to 1.01 from roughly 1.02, respectively. This
decrease is similar to the decrease caused by protona-
tion of the leaving group and is attributed to a strong
transition state interaction of the leaving group with
Znl. The nonbridge isotope effects are significantly
more inverse for the AP-catalyzed reaction: 0.994 for
18 enonbridge VS 0.909 "¥(V/K)ponbridge in the AP-reaction.
This suggests a strong interaction between the
negatively charged oxygen and the metals, such
that vibrational modes are stiffened. When these
experiments were repeated with the sulfate substrate,
p-nitrophenyl sulfate (pNPS), the 18(y/ K)priage Showed
the same reduction compared with the value in the
uncatalyzed hydrolysis, but the '*(V/K)nonbridge Was
identical to the uncatalyzed result. The enzyme is a
much better catalyst (by a factor of 10°) for phosphate
monoesters over sulfate monoesters. The KIE data
support the idea that the catalytic proficiency of AP is
based on the interaction with negative charge on the
substrate, and that the active site has evolved to
preferentially recognize the phosphoryl group over the
sulfuryl group.

Protein tyrosine phosphatases

The protein tyrosine phosphatases (PTPases) share a
common signature motif with essential cysteine and
arginine residues in the active site and share the ability
to dephosphorylate peptides containing a phosphotyr-
osine, and small molecule aryloxy phosphate esters, via
a phosphocysteine intermediate.®® These enzymes have
been subjected to intense study and the functions of

Figure 5 The transition state for the native PTPase-catalyzed
phosphoryl transfer from substrate to enzyme. P-O bond
fission and protonation of the leaving group are both far
advanced, and nucleophilic participation is small in the loose
transition state.
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the individual residues are well understood. The
cysteine must be deprotonated for catalysis, and the
neighboring residues assist in lowering its pK,, main-
taining it in the thiolate form. A conserved aspartic acid
serves as a general acid to protonate the leaving group
in the first step, then as a general base to promote
attack by water in the hydrolysis of the phosphocys-
teine intermediate. This residue resides on a flexible
loop that closes on the active site when triggered by
oxyanion binding.>®

KIE studies have been conducted using pNPP to
probe the transition state of the first phosphoryl
transfer step, the formation of the phosphoserine
intermediate, with the Yersinia PTP and PTP1,%
VHR,%® and Stpl1.%° For each of these PTPases, the
'3(V/K)nonbridge i negligible (0.9998-1.0003), mirroring
the results for uncatalyzed monoesters and suggesting
that the transition state is loose (Figure 5). The values
for '3(V/K) are near unity for all PTPases except Stpl.
This implies that the protonation of the leaving group is
synchronous with P-O bond fission. With Stpl, a
small normal S(V/K) of 1.0007 indicates partial
charge on the leaving group in the transition state.
The range of 18(y/ K)priage values for all four enzymes
(1.0118-1.0171) is consistent with a late transition
state, with fission of the P-O bond well advanced
accompanying the protonation of the leaving group.
When the general acid Asp is mutated to Asn, the
isotope effects in all of the PTPases show a shift to more
nucleophilic participation, and essentially a full nega-
tive charge on the leaving group which now departs as
the unprotonated anion: !®(V/K)= 1.0024-1.0030,
¥(V/K)prigge = 1.0275-1.0295, and '*(V/K)nonbriage =
1.0019-1.0024).

Calcineurin

Calcineurin (PP2B) is a member of the serine/threonine
phosphatase family.° Members of this family utilize a
binuclear metal center to hydrolyze phosphate monoe-
sters (Figure 6). KIEs were studied using pNPP as a
substrate.®! Calcineurin poses a problem in that a
nonchemical step is partially rate limiting at the pH
optimum; by noting isotope effects at both this pH and
at a pH which reduces the commitment factor, the
intrinsic isotope effect can be estimated. From the '3(V/
K) of 1.0014 at nonoptimum pH, it is implied that the
leaving group has a partial negative charge in the
transition state, consistent with the Brensted f; of
—0.3.%2 Calcineurin has a histidine residue in a
position that might allow it to function as a general
acid to protonate the leaving group. Taken together, it
appears that the putative proton transfer lags P-O
bond fission in the transition state. The '8V /Kbridge

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 6 Two possible binding modes and mechanisms for
catalysis by the metal centers in calcineurin and lambda
phosphatases, and by related bimetallophosphatases. In
calcineurin, the metals in vivo are believed to be Fe®* and
Zn?*. In lambda, the metals in vivo are uncertain, and Mn?* is
used in most kinetic studies.

goes from 1.007 at optimum pH to 1.015 off optimum,
implying an intrinsic value which approaches that of
the wuncatalyzed hydrolysis. The 18y K) nonbridge
(0.9942) is small but more inverse than for uncatalyzed
hydrolysis, possibly due to interaction with the metal
ions at the active site, recalling the change noted with
AP described above. The overall picture that emerges is
of a loose transition state with significant bond fission
to the leaving group.

Lambda protein phosphatase

KIEs have also been measured for the hydrolysis of
PNPP catalyzed by the related lambda protein phos-
phatase (/PP).°® Experiments confirmed that the che-
mical step of phosphoryl transfer was fully rate limiting
with this enzyme and the intrinsic isotope effects were
observed. A '*(V/K) of 1.0006-1.0007 with the native
enzyme shows very small negative charge on the
leaving group. This increases to 1.0016 when the
putative general acid histidine is mutated to aspar-
agine. This increase is less than that expected if the
leaving group is fully negatively charged, implying that
some other electrophilic entity stabilizes the leaving
group, either a metal-coordinated water or one of the
metal ions. The ¥V /Kbriage Tesults (1.013-1.014) are
close to those of the PTPases, where there is a
significant bond fission in the transition state. The
18[\/'/K]bridge (0.9976-0.9992) is consistent with the
values observed for the uncatalyzed dianion substrate,
which has a loose transition state.
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Phosphotriesterase

Phosphotriesterases are much less common in the
biosphere, as there are no known naturally occurring
phosphotriesters. These enzymes have apparently
evolved in response to the human introduction of such
compounds into the environment.®* The phosphotries-
terase from the soil bacterium Pseudomonas diminuta,
the best characterized member of this family, has two
zinc ions in the active site, with a bridging hydroxyl
between the ions postulated as the nucleophile
(Figure 7).55 An X-ray structure obtained with a bound
nonhydrolyzable substrate analogue, and modeling
studies, suggests a binding mode with the bridging
hydroxide positioned opposite the leaving group. The
stereochemistry of the reaction results in inversion of
configuration at phosphorus.®® An LFER study found
that the f,,. was high (—1.8) for poor leaving groups
(pKa > 7) indicating rate-limiting phosphoryl transfer,
but low for good leaving groups.®” The KIEs measured
with the substrates paraoxon (*8(V/K)yqg = 1.0020
and "8(V/K)onbriage = 1.0021) and diethyl 4-carbamoyl-
phenyl  phosphate  (*¥(V/K)pgqe = 1.036  and
8V /K)ponbriage = 1.0181) reflected the less rate-limiting
chemistry with paraoxon.®®

The solvent isotope effects were measured to examine
the kinetic significance of the proton transfer steps in
the mechanism. The small isotope effect (<2.0) sug-
gests that proton transfer is not involved in the rate-
limiting step and probably follows P-O bond fission.
The overall conclusion from the LFER and KIE data
indicates a concerted mechanism with nucleophilic
attack by the bridging hydroxide to produce a transi-
tion state with leaving group bond fission nearly
complete. The leaving group bears a nearly complete

. OEt
His-55 F’//OEt
/ NH \\O
O /) \ NH
N ! V]
Asp-301 | H ' N
i \ N His-230
o ' -0 L
~y "o o7 Tn=
NN N
_ NH
- A
+
His-57 hH _
Lys-169 His-201

Figure 7 The structure of the active site of the phospho-
triesterase from Pseudomonas diminuta, with a bound sub-
strate analogue.®®

Copyright © 2007 John Wiley & Sons, Ltd.

negative charge, without stabilization by enzymatic
interactions.

Sulfate esters

While not as biochemically ubiquitous as phosphoryl
transfer reactions, sulfuryl (SO3) transfer is also a
frequently observed mechanism for signaling and
regulation.

Sulfate monoesters. Isotope tracer studies in '2O-
labeled water show that aryloxy sulfates undergo S-O
bond fission in the pH-independent region, whereas
both alkyl and aryloxy sulfates react by C-O fission
above pH 13.597° LFER studies of sulfate monoester
reactions in the pH-independent region found Brensted
Prg (-1.2)"! and Bauc (0.20)%° values very close to those
of phosphate monoesters. These values suggest a
transition state with advanced leaving group bond
fission and little nucleophilic participation, in which
the sulfuryl group resembles sulfur trioxide (Figure 8(A)).
The possibility of a completely dissociative two-step
mechanism was ruled out by a stereochemical study
using phenyl sulfate made chiral using oxygen iso-
topes, which found that the reaction proceeds by
inversion.”?

The KIEs for the hydrolysis of pNPS were measured
for the anionic form and under acidic conditions, where
the reactive species is the neutral molecule. For the
anion reaction, the '°k of 1.0026 and "®kyiage of 1.021
indicate that virtually a full negative charge resides on
the leaving group in the transition state, and that the
O-S bond is largely broken. The lsknonbﬁdge (0.9951) is
more inverse than seen with phosphomonoesters. This
clearly suggests an increase in the bond order between
the nonbridge oxygens and sulfur, supportive of the
sulfur trioxide-like transition state.

Even in 10N HCI, the sulfate monoester is less than
0.01% protonated (the estimated pK, is —5). Still,
under these conditions, the f; was reduced to
—0.227! and a solvent isotope effect of 2.43 in which
observed.”® This led to a proposal of a two-step
mechanism for the neutral sulfate monoester in which
proton transfer to the leaving group is followed by O-S
bond cleavage (Figure 8(B)). This was supported by KIE
studies which found ®k reduced to nearly unity under
these conditions.” The "®kpqge of 1.0067 is reduced
by the inverse effect from protonation, and "®knonbriage
(1.0069) moves in the normal direction as a result of
deprotonation at this site. In summary, the KIE results
support earlier proposals of similar transition states
between phosphate and sulfate monoester solvolysis.
The mechanism is concerted, but the transition state
is loose, with little nucleophilic participation, near
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Figure 8 Mechanisms for the hydrolysis of sulfate ester as the anion (A) and as the neutral species (B) and (C). Proton transfer to
the leaving group in the reaction of the neutral species may occur in a pre-equilibrium or concerted with leaving group departure.

complete fission of the leaving group bond, and a sulfur
trioxide-like center.

The 3'S KIE has been measured for the acid-
catalyzed hydrolysis reactions of pNPS (1.0154) and
p-acetyl sulfate (1.0172).”® Both values are close to
estimates for the upper limits of a sulfur isotope effect.
For reasons covered earlier in the discussion of central
carbon KIEs in acyl transfer reactions, this KIE may be
large regardless of mechanism, and only future results
will reveal how useful this sulfur isotope effect may be in
diagnosing associative from dissociative mechanisms.

KIEs have been measured for the estrogen sulfo-
transferase-catalyzed sulfuryl transfer from pNPS to
the 5 phosphoryl group of 3-phosphoadenosine
5'-phosphate (PAP).”” The '8(V/K)priqge of 1.028 is close
to the maximum value of this isotope effect and not
only indicates advanced bond fission but also demon-
strates that the chemistry of sulfuryl transfer is rate
limiting. The 15(v/K) of 1.0013 is consistent with only
half of a negative charge on the leaving group,
suggesting that a residue on the enzyme donates a
proton to facilitate leaving group cleavage, but that
proton transfer lags behind S-O bond fission. The small
normal '®(V/K)nonbriage (1.0016) is an evidence for a
slightly more associative transition state than in the
uncatalyzed hydrolysis. Comparison of data for enzy-
matic and uncatalyzed sulfuryl transfer reactions
suggest that the transition states of both are dominated
by leaving group bond fission with little to modest
nucleophilic involvement.

Sulfate diesters. When a sulfate diester is dialkyl, or
aryloxy-alkyl, hydrolysis typically proceeds via alkyl-O
bond fission. In the hydrolysis of diaryloxy diesters, an
S-0O bond cleaves, an assertion that was supported by
the incorporation of 80 from solvent exclusively in the

Copyright © 2007 John Wiley & Sons, Ltd.

sulfuryl group of the product and none in the phenolic
leaving group.”® An LFER study found a fig of —0.7, a
Leffler ogssion parameter value of 0.36, and a large
negative entropy of activation (—50Jmol 'deg™!).
While the fj; suggests substantial change in the
effective charge on the leaving group, the small lskbﬁdge
(1.003) does not support significant bond fission. This
seeming inconsistency between the ), and KIEs can be
explained by a highly associative transition state, in
which the sulfuryl group accepts electron density as
the nucleophile attacks. The loss of the sulfuryl group
pi bonding will render this group less electrophilic,
reducing the effective charge on the aryloxy groups.

Summary

The use of isotopes in many different types of experi-
ments has contributed in fundamental ways to our
understanding of the mechanism of reactions of acyl,
phosphoryl, and sulfuryl esters. This review cannot do
justice to the many scientists who have contributed to
such a wide field; it is certain that the use of isotopes
will continue to yield insights into the chemistry and
biochemistry of esters.
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