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A General Buffer-Acid-Catalyzed C—O Cleavage Reaction in the Hydrolysis
of Phenyl N-(Phenoxycarbonyl)sulfamate Ester

Patrick Blans and Alain Vigroux*!?!

Abstract: Rate constants and products
are reported for the aqueous decompo-
sition (pH 0-14) of phenyl N-(phenoxy-
carbonyl)sulfamate  (pK,=1.18) at
50°C. The pH-rate profile indicates a
rate law that includes three terms: two
pH-independent terms, k, in acid and k,
around neutral pH, with k, >k, and a
hydroxide-ion-dependent term, koy.
The observation of non-first-order be-

by buffers, reveals that each of the
hydrolytic paths involves i) the anionic
form specifically and ii) carbon —oxygen
bond fission. Buffer catalysis is assumed
to be the result of the nonexistence of
the zwitterionic species PhAOSO,NCO -
O(H)Ph. Comparison with previously
studied phenyl N-(phenylsulfonyl)car-
bamatel” indicates that the Brgnsted a
value associated with such a mechanism

increases sharply as the C—O bond
which is cleaved becomes stronger (a
change in reactivity of ca. 2.3 kcalmol~!
gives rise to a change in a of about 0.3).
In contrast to C—O cleavage, S—O and
P—O fissions involved in related systems
such as N-(methoxycarbonyl)sulfamate
esters and phosphate and sulfate mono-
esters with good leaving groups do not
exhibit buffer-acid catalysis. It is con-

havior in the pH range between 1.6 and
4.1 points to the accumulation of a non-
steady-state intermediate that is con-
cluded to be phenyl sulfamate. The
latter result, coupled with the observa-
tion at low pH of general acid catalysis

drolyses -

mediates

Introduction

The [(carbonyl)amino]sulfonyl moiety, -SO,NHCO-, has
recently been introduced to biological and medicinal chem-
istry as a possible surrogate (bioisostere) for the diphosphate
group.l'4 Interestingly, the OSO,NHCOO isostere of uridine
5'-diphosphate glucose (UDP-Glc) was found to interfere
with protein glycosylation, inhibiting the glycosylation of viral
proteins to a greater extent than the glycosylation of cellular
proteins.!! Furthermore, studies of structurally related com-
pounds within this series showed that the nucleotide-like 5'-O-
sulfamoyluridine moiety is an important component for the
maintenance of antiviral activity, and it was suggested that this
moiety and/or its metabolites could be responsible for the
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cluded that unambiguous distinction
between inter- and intramolecular gen-
eral acid catalysis is not currently possi-
ble for those compounds.

observed inhibition of DNA synthesis and protein glycosyla-
tion.

More recently, lipophilic nucleotide mimics in which 2',3'-
dideoxynucleoside (ddN) residues were linked to a glucopyr-
anosyl moiety by the OSO,NHCOO group were shown to
exhibit anti-HIV-1 activity in MT-4 cells at concentrations
well below the toxicity threshold.’! In this case, it was
suggested that these compounds do not release the free
ddN’s, which are known to be potent and selective inhibitors
of HIV replication (by inhibiting HIV reverse transcriptase),
but may act in their own right.

In recent therapeutic strategies, the extended use of the -
SO,NHCO- moiety (as a replacement for the diphosphate or
sulfate group of a variety of critical biomolecules) proved
successful as well.l* 3 Finally, the ionized form of this spacer
was also used to design an unusual water-soluble ACAT
inhibitor that is well absorbed and thus exhibits improved
bioavailability.[!

The mechanisms of the aqueous reactions of N-(oxycarbo-
nyl)sulfamate esters OSO,NHCOO, although of interest to
both chemists and biochemists, have not yet been systemati-
cally investigated. Preliminary accounts of some of our work
into the chemistry of [(carbonyl)amino]sulfonyl-linked de-
rivatives suggest that the -SO,NHCO- group may be viewed
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as an attractive analogue of the phosphodiester link of nucleic
acid backbones.”¥ If this group can indeed be used in such a
way, it opens the door to novel approaches to putative
antisense agents.’l However, this would demand a fundamen-
tal understanding of the chemistry in aqueous media of the
OSO,NHCOOQO linkage. In the present paper, an investigation
of the hydrolysis of phenyl N-(phenoxycarbonyl)sulfamate
(pK,=1.18,11% Scheme 1) is reported.

Qve K, ?_9
PhO—S-N-C-OPh Z——= PnO—S-N-C-OPn
o o

Scheme 1.

This work sets out to study the mechanistic basis of the
aqueous decomposition pathway of the title compound,
hydrolysis of which is expected to proceed exclusively with
C—O bond cleavage. In fact, from literature precedent, C-O
cleavage is easier than S—O by a factor of ca. 10°.''1 However,
hydrolysis of N-(oxycarbonyl)sulfamate esters may occur with
S—O bond-breaking if the leaving group on sulfur is much
better than that on carbon, as previously observed with
certain aryl N-(methoxycarbonyl)sulfamates, ArOSO,NH-
CO,Me B! In the latter case, no buffer catalysis was detected
in acid for S—O cleavage, while the analogous C—O breaking
reaction previously reported for phenyl N-(phenylsulfonyl)-
carbamate anion (PhSO,NCO—OPh) was unambiguously
demonstrated to be general buffer-acid-catalyzed.! The

Abstract in French: L’ctude de I’hydrolyse du N-(phenoxy-
carbonyl)sulfamate de phenyle (pK,=1,18) a ete realisee a
50°C entre pH 0 et 14. Le profil de vitesse k,,,—pH obtenu
comprend deux termes independants du pH, k, en milieu acide
et k, en milieu neutre, avec k, > k,,, et un terme dependant de la
concentration en ion hydroxyde, koy. Les cinetiques obtenues
entre pH 1,6 et 4,1 ne sont pas du premier ordre, ce qui indique
Paccumulation d’un intermédiaire reactionnel qui, par ailleurs,
a eté identifie au sulfamate de phenyle. Ce resultat, associe au
fait que I'on observe en milieu acide une catalyse acide generale
par les tampons, indique que la réaction d’hydrolyse s’effectue,
quel que soit le pH, uniquement sur la forme anionique du
substrat avec rupture de la liaison carbone-oxygene. La
catalyse generale observee est vraisemblablement la conse-
quence de la non-existence en, milieu aqueux de [l'espece
zwitterionique  PhOSO,NCO—O(H)Ph. Une comparaison
avec ’hydrolyse du N-(phenylsulfonyl)carbamate de phenyle
précédemment etudie’”! montre que la valeur a de Brgnsted
associée da ce type de réaction croit fortement avec [’energie de
la liaison C—O a rompre (une stabilisation da la liaison C—O
d’environ 2,3 kcalmol™ se traduit par une augmentation de a
d’environ 0,3). Contrairement a la rupture C—0, les coupures
des liaisons S—O et P—O mises en jeu dans des systemes
apparentes tels que les esters de N-(methoxycarbonyl)sulfa-
mate et les monoesters de phosphate et de sulfate avec de bons
groupes partants s’effectuent sans catalyse apparente des
tampons. En conclusion, la distinction sans equivoque entre
une catalyse acide generale inter- et intramoléculaire n’est pas
actuellement possible pour ces composes.
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different behaviors observed in acid between the C—O and
S—O cleavage reactions of N-(oxycarbonyl)sulfamate esters
are discussed.

Results and Discussion

Rate law: The pH -rate constant profile, log k., vs pH, for
hydrolysis at 50°C and ¢ =1.0M of phenyl N-(phenoxycarbo-
nyl)sulfamate is shown in Figure 1 (@). It is characterized by

log (ko, s1)

0 2 4 5] 8 10 i2 14

pH

Figure 1. Plot of log k, the buffer-independent rate constant for hydrolysis
of phenyl N-(phenoxycarbonyl)sulfamate (e) and phenyl sulfamate (o),
against pH in aqueous solutions, 50 °C, u = 1.0m (with KCl). The solid line is
fit to Equation (1) using constants k,, k,, kon, and K, given in the text.

pp>
four distinct regions: i) the appearance of a plateau below pH
1 (k,) followed by ii) a decrease of log k., With increasing pH,
then iii) a pH-independent region (k,) preceding iv) a
hydroxide-ion-catalyzed hydrolysis reaction (koy) at high
pH. The last reaction is characterized by a linear plot of
log kqsa Vs pH with a slope of +1.0.

The hydrolysis reaction of phenyl N-(phenoxycarbonyl)-
sulfamate was followed in the pH regions 0—3 and 12—-14 up
to at least 90 % completion by spectrophotometric monitoring
of either the formation of phenol at A =270 nm (pH < 3) or
the disappearance of the substrate at A =240 nm (pH > 12).
Excellent pseudo-first-order kinetics were obtained in those
pH ranges, except in the region extending about 1.5 units to
either side of pH 3, where two kinetic processes were
observed (see below). Between pH 4 and 11 the hydrolysis
reaction was followed at =270 nm (buffer concentration
0.05M) to only ca. 10% completion owing to the very slow
hydrolysis of the title compound in this pH region. The
pseudo-first-order rate constants k., were determined in this
pH portion by the method of initial rates [Eq. (5) in the
Experimental Section]. The experimental data points (Fig-
ure 1, @) were fit to Equation (1), where ay is the hydrogen-

kolud = (kaa%—{ + kamppaH + kOHKWKmpp)/(a%i + KmppaH) (1)

ion activity measured at 50°C, Ky, is the autoprotolysis
constant of water at 50°C, and K,,, the apparent acid
dissociation constant of the substrate at the same temper-
ature. The values of the constants k,, k,, Koy, and K,
required to fit the experimental rate constants Kk, to

Equation (1) are: k,=(8.23+£04)x10*s™, k,=(9.36 %
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0.4) x 10757, koy=(8.02+0.4) x10°m's™!, and K,,,=
(2.73+0.2) x 1072M. The second-order rate constant value
for hydroxide ion determined at 50 °C from the linear plot of
kopsa VS [OHT] in the alkaline pH-dependent region (pH=
11-13) is koy=(8.42+0.3) x 10°M~'s™. The value of K,
determined spectrophotometrically at 25°C and u=1.0M
(with KCl) is K, =(6.614+0.2) x 1072m.

Mechanisms: The overall mechanistic pathway for hydrolysis
(pH range 0-14) of phenyl N-(phenoxycarbonyl)sulfamate is
depicted in Scheme 2. Each of the hydrolytic paths of
Scheme 2 involves i) the anionic form specifically and ii)
carbon —oxygen bond fission.

C-O cleavage products

[kOH[OH‘]
ofto Ka e_9
PhO-S—N-C-OPh Z——> PhO-S—-N-C-OPh ——— =  C-O cleavage
'c‘) I uncatalyzed ~ products
o
{ kit [

C-O cleavage products

Scheme 2. Overall mechanistic pathway for hydrolysis of phenyl N-
(phenoxycarbonyl) sulfamate ester in the entire pH range 0—14.

a) pH-Independent hydrolysis (k,): From the dissociation
constant K,, simple calculation shows that, at pH > 3.2, more
than 99% of the title compound is present as the anion. In
agreement with our expectation, namely, that anion break-
down is much more likely to take place through the carbonyl
group (C—O cleavage) than through the sulfonyl group (S—O
cleavage) when there are two possible oxy leaving groups of
identical pK, attached one on each side of the -SO,NCO-
moiety,'!! we found that the spontaneous hydrolysis reaction
in the pH range 5-11 (k, in Scheme 2) occurs like that of
previously studied aryl N-(phenylsulfonyl)carbamate esters,[’!
that is, by way of a dissociative E1cB mechanism with C-O
bond cleavage leading to phenyloxysulfonyl isocyanate as
intermediate (Scheme 3).

9 _’)9 m ;
PhO—S-N= Cl())Ph PhO—ﬁ—N:C:O + PhO
"
(0]
fastl H,O
PhOSO,NH, + CO3

/
f

PhOH
Scheme 3.

The observation of non-first-order behavior in the pH range
between 1.6 and 4.1 indicates the accumulation of a non-
steady-state intermediate that is concluded to be phenyl
sulfamate. The latter compound results from the rapid
addition of water on the electrophilic phenyloxysulfonyl
isocyanate intermediate followed by fast decarboxylation.

1528
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This conclusion is based on the coincidence of the pH-rate
profile for hydrolysis of phenyl sulfamate (Figure 1, o) with
part of the pH —rate profile for the title compound (Figure 1,
®). The non-first-order kinetic behavior between pH 1.5 and
4.5 is expected for a system such as that in Scheme 4 when

PhOSO,NHCOOPH PhOSO2NH,  + PhOH
PhOH
Scheme 4.

k=~ kg, and is quantitatively consistent with the interpreta-
tion in terms of Scheme 4. Kinetic expression for the
appearance of phenol is given in Equation (2), in which r=

A=A, +05(A,—AY[(r—1)te ™+ (1 -2r)(r—1)"te k] 2)

kglks, and where A,, A, and A, represent the observed
absorbance at time ¢, t=o00, and t=0, respectively, at 1=
270 nm. Values of k, for the hydrolysis of phenyl N-
(phenoxycarbonyl)sulfamate were computed from excellent
fit of the data to Equation (2) using the experimental values of
A, and A, as just defined, and kg, the rate constant for
hydrolysis of phenyl sulfamate (measured directly at A=
270 nm from an authentic sample of phenyl sulfamate under
the same conditions used in the hydrolysis of phenyl N-
(phenoxycarbonyl)sulfamatel!?).

The hydrolysis reaction at pH =4.60 in acetate buffer 0.5
fraction base (i.e. in the pH region where k.y~k,, see
Figure 1) is characterized by AH” =29.3 0.4 kcalmol~! and
AS*=+53+13 calK'mol L

It is of interest to note that phenolate expulsion from
phenyl N-(phenoxycarbonyl)sulfamate anion resulting from
the C-O cleavage reaction (k,, this work) occurs 35 times
more slowly than that from phenyl N-(phenylsulfonyl)carb-
amate anion (k,=3.27 x 10~> at 50°CI"). Thus, the presence
of an additional oxygen atom at the sulfonyl moiety has a
stabilizing effect of ca. 2.3 kcalmol~" at 50°C.

b) Hydroxide ion reaction (ko). As previously observed with
aryl N-(methoxycarbonyl)sulfamate esters,!'] the OH™ reac-
tion observed with phenyl N-(phenoxycarbonyl)sulfamate
very likely involves attack of OH™ at the carbonyl moiety of
the anion. The increased reactivity of the title compound
compared to phenyl N-(methoxycarbonyl)sulfamate,®! by a
factor of ca. 4 at 50°C, is as expected for a mechanism
involving a rate-limiting nucleophilic attack at the carbonyl
center with different leaving groups such as phenol and
methanol. It should be noted that in the case of aryl N-
(phenylsulfonyl)carbamates, no hydroxide ion reaction was
detected up to pH 13 at 50 °C."] This is consistent with the fact
that the negative charge of N-(sulfonyl)carbamate esters,
which is less extensively delocalized to the sulfonyl moiety
than in N-(oxycarbonyl)sulfamate esters, should provide
more electrostatic repulsion toward OH~ attack at the
carbonyl center.
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¢) Acid-catalyzed hydrolysis (k,): The mechanism shown in
Scheme 5 is consistent with the observed rate law in acid, and
is supported by the observation at low pH of general buffer-
acid catalysis.

£

? A% Qs 0
PhO—S~N=Cg OPh ——=|PhO=S-N=C---OPh | ——= PhOSO;N=C=0 + P
o H,0" © H
&+
H/O‘ H
Scheme 5.

The observation of buffer-acid catalysis at pH < 5 requires
that the anionic form of the substrate, S-, is the reactive
species in acid. In the pH region 0-5 one may then interpret
Equation (1) in terms of Equation (3), the explicit rate law for
the mechanism of the reaction in Scheme 5. According to
Equation (3), the observed pH-independent rate constant k,

Kopsa = kHaHKapp/(aH + Kapp) (3)

is equal to kyK,,, when ay > K, (i.e. at pH < 1, Figure 1, @);
ky in Equation (3) refers to the second-order rate constant for
hydronium ion (Scheme?2). As shown in Scheme5, the
catalytic role of hydronium ion is to assist departure of the
leaving group PhO~ during the course of the rate-limiting
C—O cleavage. Consistent with this picture is the relatively
large isotopic dependence measured in 1.0M LCI solutions at
50°C (ky,o/kp,0=1.53).

The effect of the buffer concentrations on the rate of
hydrolysis of phenyl N-(phenoxycarbonyl)sulfamate was
determined by varying the total buffer concentration over a
tenfold range at constant pH values (see Table S1 in the
Supporting Information). With the more acidic buffers of
pK, <5, that is, CCl;COOH, CCL,HCOOH, NCCH,COOH,
and CH;COOH, a significant buffer catalysis was observed.
Typically the values of &, changed, linearly, by ca. 40 % with
changes in buffer concentration that routinely ranged from
0.05 to 0.5m. The pseudo-first-order rate constants k,,q were
determined in trichloroacetic acid buffer (pH range 0.4—-1.1)
by means of complete kinetic runs, while Equation (2) had to
be used in dichloro- and cyanoacetic acid buffers owing to the
non-first-order behavior observed in the pH portion 1-3
(vide supra). In acetic acid buffer (pH 4 - 5), the rate constants
kopsa Were obtained from the method of initial rates by means
of Equation (5) (given in the Experimental Section). The data
were analyzed by least-squares fitting of Equation (4). The

Kona= ko + ko [buffer] “
rate constants k, were then obtained for the acidic pH region
(0-5) by extrapolation of k., values to zero buffer concen-
tration or else by direct measurements carried out in HCI
solutions at several concentrations (kg = ko).

In order to obtain a linear relationship between the buffer
catalytic coefficient, k., and the fraction of buffer present in
the acid form, f,, it is necessary to divide k., in Equation (4)
by a, the molar fraction of S~ present at a given pH value {a =
KJ/(ag+K,)} (the detailed kinetic analysis employed to
determine the catalytic coefficients k. is given in the

Chem. Eur. J. 1999, 5, No. 5
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Supporting Information). The k. values so obtained are
summarized in Table S1 (Supporting Information) and are
plotted against the molar fraction f, of the acid form of the
buffer; an example of such an analysis is shown in Figure 2.

1x10+4

0.8

0.6

Keat, M1 1

0.2

fa
Figure 2. Dependence of the second-order rate constant k., for buffer
catalysis of hydrolysis of phenyl N-(phenoxycarbonyl)sulfamate on the
fraction of cyanoacetic buffer present in the acid form, f,. The slope of the
line is kys = (1.14 £0.03) x 10~*m~!s7L

For all the buffers examined, the straight lines obtained are
characterized by a zero intercept at 0 % free acid and positive
slopes equal to ky,. When the spectrophotometrically deter-
mined pK, of phenyl N-(phenoxycarbonyl)sulfamate at 25°C
(pK,=1.18) is used to calculate the molar fraction a, the
resulting catalytic constants ky, (Table 1) plotted against the

Table 1. General acid catalytic coefficients for the hydrolysis of phenyl N-
(phenoxycarbonyl)sulfamate at 50°C (« = 1.0m with KCI).

catalyst HA pKiia, 50°CH (25°C)! kya [M s
H.O" 174 (—1.74) (3.01 £0.4) x 10214
Cl,CCO,H 0.69 (0.70) (221 +0.06) x 103
CLCHCO,H 145 (1.48) (7.43402) x 10
CNCH,CO,H 2.63 (2.65) (1.14+0.03) x 104
CH,CO,H 455 (4.75) (228 +0.02) x 106

[a] Apparent pK, values determined—except for H;O*—at ionic strength
1.0M and 50°C from either the pH of half-neutralized solutions or the
degree of neutralization and the pH. [b] pK, values at 25°C from D. R.
Lide, Handbook of Chemistry and Physics, 71 ed., CRC, 1990-1991.
[c] See text and Supporting Information for determination. [d] Calculated
from the rate constant value k, corresponding to the acidic plateau of the
pH -rate profile of Figure 1 (e) divided by K,, the ionization constant of
the title compound determined at 25°C (see text and ref. [14]).

pK, of the corresponding acids lead to an a Brgnsted
parameter of 0.78 4-0.04.14]

The Brgnsted plot for general acid catalysis by carboxylic
acid buffers is illustrated in Figure 3. The value of the slope
(a=0.78) is probably not directly comparable with that
previously obtained with phenyl N-(phenylsulfonyl)carba-
mate (a = 0.46) insofar as in the latter case the Brgnsted line
was established with different classes of catalysts including
hydronium ion. Nevertheless, allowing for H;O" in the
Brgnsted correlation!™ gives a smaller a value (a=0.67)
which still remains significantly larger than that of phenyl N-
(phenylsulfonyl)carbamate anion. This variation of a value

0947-6539/99/0505-1529 $ 17.50+.50/0 1529



FULL PAPER

P. Blans and A. Vigroux

4
2 M
.
H,0
=
< 37
I
x
o
S -
.5
-6 T l T I T ] T
-2 0 2 4 6

PKua + log (p/q)
Figure 3. Statistically corrected Brgnsted plot for the general acid-
catalyzed hydrolysis of phenyl N-(phenoxycarbonyl)sulfamate by carbox-
ylic acid buffers at 50°C. The linear regression equation is: log (kys/p) =
(—0.78 £0.04)(pKya +log(p/q)) — (2.26 £0.1). The position of hydronium
ion relative to the solid line obtained is indicated in the graph. Data are
from Table 1.

follows closely what would be predicted from the discussion of
More O’Ferrall.'! Indeed, inspection of a two-dimensional
reaction coordinate diagram!'”! for the general buffer acid-
catalyzed decomposition of phenyl N-(phenylsulfonyl)carb-
amate anion in which the transition state contains a reason-
able diagonal component (o = 0.46) indicates that the change
to the less reactive title compound should increase the value
of Brgnsted a.

General buffer acid-catalyzed E1cB reaction for C—O cleav-
age: As far as we are aware, the C—O bond fission involved in
the hydrolysis of both the title compound and phenyl N-
(phenylsulfonyl)carbamate ester provides the first example of
an (ElcB),., reaction that is general buffer acid-catalyzed.
Indeed, extensive studies!'s performed on dissociative mech-
anisms involving rate-limiting anion decomposition in aque-
ous media indicate that (ElcB),, mechanisms are not
typically general buffer acid-catalyzed.!'")

Buffer-acid catalysis observed for the above-mentioned
C—O cleavages is assumed to be the result of the nonexistence
of hypothetical zwitterionic species. In fact, extrapolation of
the Brgnsted plot logk, vs pKj, obtained for the uncatalyzed
decomposition of the anions of aryl N-(phenylsulfonyl)carba-
mates,”) as indicated in ref. [8], suggests that the zwitterionic
species PhSO,NCO—O(H)Ar (I) do not exist as discrete
species for leaving groups of pK, < ca.13.4 (at 50°C), that is,
for all leaving phenols.”! Similarly, taking into account the
stabilizing effect (ca. 2.3 kcalmol~') due to the presence of an
additional oxygen atom at the sulfonyl moiety (vide supra),
one may roughly estimate this pK, limit to be ca. 12.2 (at
50°C) for the corresponding zwitterionic species PhOS-
O,NCO—O(H)Ar (II). Thus, according to the notions devel-
oped by Jencks about enforced general acid-base cataly-
sis,?> 2! the concerted general acid catalysis of Scheme 5
appears to be enforced by the disappearance of the barrier for
leaving group expulsion from the zwitterionic species in
Scheme 6 (i.e., k, > 108 s71).

1530 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

0oy H k, ?
PhO—S-N-CZQPh ———= PhO—§-N=C=0O + PhOH
o} o]

Scheme 6.

Absence of buffer catalysis in related systems involving S—O
and P—O cleavages: The requirement for the involvement of
general buffer-acid catalysis for the above C—O cleavage
reactions is without precedent in the aqueous reaction
chemistry of any structurally related system. Indeed, the
aqueous decompositions of weakly basic anions proceeding
with C-O bond breaking are notable by comparison with
those proceeding with S—O (Schemes 7 and 9 below) or P—O
(Scheme 8) bond cleavage, in that where there is evidence for
an enforced general acid-base catalysis (because of the
nonexistence of a putative intermediate), these other bond-
breaking reactions (i.e., S—O and P—O cleavages) are not
buffer-catalyzed.

From our earlier study of aryl N-(methoxycarbonyl)sulfa-
mate esters!®! it was concluded that the zwitterionic species in
Scheme 7 probably do not exist as discrete species (i.e., k, >
108 s7) for leaving phenols of pK,<~9.4 (at 50°C) and,
therefore, that only a concerted mechanism is possible for the
observed acid-catalyzed S—O cleavage reaction. With the

H
14+ 9() (I? k; O\\ il
ArO—S=N-C-OCH; —= ArOH + S=N-C—OCH;
\/n o/
@]
Scheme 7.

objective of detecting buffer-acid catalysis, a number of
experiments were carefully conducted in various buffered
solutions. However, no buffer effect was detected at any pH
for this reaction. Analogously, scrutiny of the literature for the
aqueous decompositions of aryl phosphate?l and aryl sul-
fatel®] monoesters suggests that for those esters with good
leaving groups—that is, for leaving phenols of pK, <~ 10 in
the case of phosphates and of pK,<~8 in the case of
sulfates?l—the zwitterionic species in Schemes 8 and 9 no

}"{+ /foi k O\\ /o
ArO—ﬁ\o» —»  ArOH + PI
Scheme 8.
H O k
N 0
Aroiﬁfa‘ ArOH  + s
Scheme 9.

longer have an energy barrier to decomposition (k, > 103 s71)
so that the acidic hydrolysis reactions presumably proceed
through enforced concerted mechanisms.””) However, as in
the case of aryl N-(methoxycarbonyl)sulfamate esters, no
buffer catalysis was reported for those reactions.

Thus, because of the absence of observed buffer effects in
acid for S—O and P—O cleavages, an unequivocal choice
between two paths, a and b in Scheme 10, is not presently
possible. Paths a and b represent the two types of enforced
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E J
EHr Ks 'T'+
RO—Y—XH == RO—Y—X

7(0)

RO—Y—X"

kH[HN or (b)L k

ROH +* Y=X

Y = PO(O"), X = O: Phosphate monoesters

Y = SOy, X = O: Sulfate monoesters

Y = S0O,, X = N-CO,CHj3: N-(Methoxycarbonyl)sulfamate esters
Scheme 10. Schematic view of the mechanisms that may be involved in the
acidic hydrolysis reactions of phosphate and sulfate monoesters and aryl N-
(methoxycarbonyl)sulfamate esters. Paths a and b represent the two types
of enforced inter- and intramolecular general acid catalyses, respectively,
that may be considered when k, (path ¢) approaches the upper limit of
10 s~ The rate constant k; (path b) refers to the cyclic intramolecular
proton transfer with the transition state III or IV.

general acid catalysis that may be considered when k, in
Scheme 10 (path ¢) approaches the upper limit of 103 s~121
While the observation of buffer catalysis would unambigu-
ously support intermolecular acid catalysis (path a) with a
transition state such as that shown in Scheme 5 for C-O
breaking, the absence of buffer effect cannot be taken as
proof of intramolecular acid catalysis (i.e. path b) with a
transition state III or I'V.

I
O
A H
RO X :
RO. =X
Y/ ~
111 18%

Indeed, it is possible that buffer catalysis which, in principle,
should be associated with the mechanism of path a becomes
unobservable merely because the a Brgnsted values for S—O
and P—O fissions are close to unity.?”) One way of regarding
the change in the a value observed for C—O fission (a change
in reactivity of ca. 2.3 kcalmol~! gives rise to a change in a of
about 0.3, vide supra) is to say that the less easily the C—O
bond is broken the more proton transfer there is in the
transition state. This trend presumably also holds for S—O or
P—O bond cleavage reactions. Given that the S—O and P—O
bonds are much stronger than the C—O bond, it is then
possible that the oxygen leaving groups of the anions of
Scheme 10 have to be almost completely protonated to lead to
the commencement of S—O and P—O fissions (complete
protonation cannot occur without triggering fission of the
S—O and P—O bonds when k, in Scheme 10 is assumed to be
on the order of a bond vibration frequency, i.e. ca. 108 s71).
Therefore, it is not unlikely that for N-(methoxycarbonyl)-
sulfamate esters and phosphate and sulfate monoesters with
good leaving groups the Brgnsted a value associated with the
mechanism of path a approaches a value of 0.9-1, and hence,
that buffer catalysis becomes unobservable.

On the other hand, the absence of intermolecular proton
transfer, as suggested by the absence of general buffer-acid
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catalysis, may be a function of the geometry of tetrahedral
phosphorus and sulfur centers. Indeed, it is possible that the
tetrahedral geometry of -PO(O")- and -SO,- groups is the key
to rendering the intramolecular proton transfer of path b (via
III or IV) energetically more favorable than the intermolec-
ular one of path a. Accordingly, the planar geometry of the
carbonyl group would explain why intermolecular acid
catalysis of weakly basic anions is only observed for C-O
bond cleavage reactions.

Conclusions

The present study shows that, in the entire pH range, phenyl
N-(phenoxycarbonyl)sulfamate (pK,=1.18) hydrolyzes by
way of its anionic form with 100% C—O bond cleavage
(Scheme 2). This result confirms the prediction that the two
possible decomposition fates, C—O versus S—O cleavage, for
the nitrogen anion of N-(oxycarbonyl)sulfamate esters be-
come completely unbalanced—in favor of C-O cleavage—
when the leaving groups on S and C sites are identical or, at
least, do not differ too much in terms of their pK, value.

In addition, it is confirmed that weakly basic nitrogen
anions whose acidic decomposition occurs through C—O bond
cleavage exhibit an unusually general buffer-acid catalysis for
leaving group expulsion (Scheme 5) which is assumed to be
the result of the nonexistence of the zwitterionic species I and
II. Comparison with the previously studied compound phenyl
N-(phenylsulfonyl)carbamatel” indicates that the Brgnsted a
value associated with such a mechanism increases sharply as
the C—O bond which undergoes fission becomes stronger (a
change in reactivity of ca. 2.3 kcalmol~! gives rise to a change
in a of about 0.3).

In contrast to C-O cleavage, S—O and P—O fissions
involved in such related systems as N-(methoxycarbonyl)sul-
famate esters and phosphate and sulfate monoesters with
good leaving groups (Scheme 10) are not buffer-acid-cata-
lyzed. The lack of any observed buffer effect could result from
the large value (>0.9) of Brgnsted « associated with S—O and
P—O bond fissions by path a. On the other hand, the absence
of buffer catalysis might suggest that a concerted cyclic
mechanism is energetically preferred (path b) because of
some geometric characteristics of tetrahedral phosphorus and
sulfur centers. Hence, an unequivocal choice between inter-
(path a) and intramolecular (path b) general acid catalysis is
not presently possible for those compounds. Unambiguous
distinction between paths a and b in Scheme 10 may have
some important implications with conclusions that can be
reached for the aqueous decompositions of phosphate and
sulfate monoesters in acid.

Experimental Section

Materials: In general, chemicals were purchased as the best available
commercial grade. Organic chemicals were purified by distillation or
recrystallization prior to use. Inorganic chemicals were generally used
without further purification. Water for analytical procedures was distilled
and deionized on a Milli-Q water purification system (Millipore). Melting
points were measured on a Kofler hot-stage apparatus and are uncorrected.
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Elemental analysis was performed by the Analytical Service of the
University Paul Sabatier. IR spectra were recorded with a Perkin—Elmer
883 spectrometer. *C NMR spectra were obtained with a Bruker AC-250
spectrometer (50.32 MHz).

Synthesis: Phenyl N-(phenoxycarbonyl)sulfamate was synthesized in 56 %
yield by treating phenoxysulfonyl isocyanate, prepared from chlorosulfonyl
isocyanate and phenol,”! with phenol according to the method described
by G. Lohaus.*!

Phenyl N-(phenoxycarbonyl)sulfamate: M.p. 85°C; *C NMR (50.32 MHz,
CDCly, 25°C, TMS): 6 = 121.09-130.32 (aryl C'), 148.23 —149.86 (aryl C'V
and C=0); IR (CHCL,): 7=3382 cm~' (N-H), 1785 (C=0), 1592 and 1489
(aryl C=C), 1439 (SO,NCO), 1386 and 1148 (SO,); C3H;NOsS (293.3):
caled C 53.24, H 3.78, N 4.78; found C 52.96, H 3.63, N 4.76.

Kinetics: The decomposition reaction of phenyl N-(phenoxycarbonyl)sulf-
amate in aqueous media was monitored at 50°C by UV/vis spectropho-
tometry. The solutions employed were HCI (pH 0-2.0),1*! trichloroacetate
(pH 0.5-1.1), difluoroacetate (pH 0.9-1.5), dichloroacetate (pH 1-1.5),
cyanoacetate (pH 2.1-3.2), acetate (pH 4-5.3), phosphate (pH 5.9-7.2),
borate (pH 8.3-9.6), at 0.5M, and NaOH (pH 11-14). The strongest acid
buffers used here gave solutions whose pHs varied significantly with
concentration that spanned from 0.0625 to 0.5M. For the diluted solutions
0.0625, 0.125, and 0.250 M, pH values were fit to the pH value measured for
the highest buffer concentration (0.5M) by addition of negligible volumes
of concentrated HCI solution. The pH of the reaction mixtures was
measured upon initiation and after completion of the runs by means of a
Tacussel pH meter (TT processor 2) with XC 111 or U402-M3-S7/60 Ingold
combination electrodes calibrated with commercially available standards at
50°C. Kinetic runs exhibiting pH drift greater than +0.02 unit were
discarded. The kinetic runs in D,O were carried out under the same
conditions as described for H,O.

Between pH 4 and 11 the hydrolysis reaction of phenyl N-(phenoxycarbo-
nyl)sulfamate (at 50°C) was so slow that it was followed to only ca. 10%
completion by following the formation of phenol at =270 nm. The
pseudo-first-order rate constants k,,, were determined by the method of
initial rates using Equation (5), in which s is the slope of absorbance versus
time, [S] the concentration of substrate, and &, the molar extinction
coefficient of product phenol and its anion measured at 270 nm at a
given pH value between 4 and 11. The values employed for ¢, are: 1500
between

Kapsa=0.5s/([S]e,) ®)

pH 4 and 7, and 1450 at pH 7.7. Those values were obtained from curves of
optical density versus concentration for a standard solution of phenol
diluted within reaction mixture. The coefficient 0.5 in Equation (5) arises
from the fact that phenol is formed both by k, (1 equiv) and kg (1 equiv)
(see Scheme 4 in Results and Discussion) and from the fact that the
intermediate phenyl sulfamate (see explanations in Results and Discus-
sion) is a steady state intermediate (i.e. kg>>k,) at pH >4.2. The latter
statement was checked by conducting complete kinetic runs at higher
temperature (75 °C) in acetate buffer at pH >4.2: good pseudo-first-order
kinetics were obtained in each case. The hydrolysis of phenyl N-
(phenoxycarbonyl)sulfamate (1 equiv) gave, after completion of the first-
order kinetic runs performed at 75°C and pH>4.2, 2equiv phenol,
whereas only 1 equiv was formed immediately after completion of the first-
order kinetic runs carried out at 50°C and pH < 1.5.

Supporting information: Supporting information for this article is available
on the WWW under http://www.wiley-vch.de/home/chemistry/ or from the
authors; it comprises details of the kinetic analysis employed to determine
the catalytic coefficients ki, and Table S1, containing kinetic data for the
general acid-catalyzed hydrolysis reaction.

[1] M. J. Camarasa, P. Fernandez-Resa, M. T. Garcia-Lopez, F. G. de la-
s Heras, P. P. Mendez-Castrillon, B. Alarcon, L. Carrasco, J. Med.
Chem. 1985, 28, 40.

[2] B. Alarcon, M. E. Gonzalez, L. Carrasco, P. P. Mendez-Castrillon,
M. T. Garcia-Lopez, F. G. de las Heras, Antimicrob. Agents Chemo-
ther. 1988, 32, 1257.

1532 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

[3] M. J. Pérez-Pérez, J. Balzarini, E. de Clercq, M. J. Camarasa, Bioorg.
Med. Chem. 1993, 1, 279.

[4] P. Paul, T. M. Lutz, C. Osborn, S. Kyosseva, A. D. Elbein, H. Towbin,
A. Radominska, R. R. Drake, J. Biol. Chem. 1993, 268, 12933; A.
Radominska, P. Paul, S. Treat, H. Towbin, C. Pratt, J. Little, J.
Magdalou, R. Lester, R. R. Drake, Biochim. Biophys. Acta 1994, 1205,
336; B. C. R. Zhu, R. R. Drake, H. Schweingruber, R. A. Laine, Arch.
Biochem. Biophys. 1995, 319, 355.

[5] L. W.L. Woo, A. Purohit, M. J. Reed, V.L. Potter, Bioorg. Med.
Chem. Lett. 1997, 7, 3075.

[6] D.R. Sliskovic, B.R. Krause, J. A. Picard, M. Anderson, R.F.
Bousley, K. L. Hamelehle, R. Homan, T. N. Julian, Z. A. Rashidbaigi,
R. L. Stanfield, J. Med. Chem. 1994, 37, 560; J. A. Picard, P. M.
O’Brien, D. R. Sliskovic, M. Anderson, R. F. Bousley, K. L. Hame-
lehle, B. R. Krause, R. L. Stanfield, J. Med. Chem. 1996, 39, 1243; H. T.
Lee, D. R. Sliskovic, J. A. Picard, B. D. Roth, W. Wierenga, J. L. Hicks,
R. F. Bousley, K. L. Hamelehle, R. Homan, C. Speyer, R. L. Stanfield,
B. R. Krause, J. Med. Chem. 1996, 39, 5031.

[7] A.Vigroux, M. Bergon, C. Bergonzi, P. Tisnés, J. Am. Chem. Soc. 1994,
116, 11787.

[8] P. Blans, A. Vigroux, J. Am. Chem. Soc. 1998, 120, 9574.

[9] For recent reviews on antisense oligonucleotides see: E. Uhlmann, A.
Peyman, Chem. Rev. 1990, 90, 543 and A. de Mesmaeker, R. Héner, P.
Martin, H. E. Moser, Acc. Chem. Res. 1995, 28, 366.

[10] Substrates with a NH moiety between carbonyl and sulfonyl groups
are very acidic; their pK, values are close to the first pK,’s of
phosphoric acid and phosphate mono- and diesters, i.e., pK,~2.

[11] The rate constants ratio, kco/kso,, for the C-O and S—O cleavage
reactions of the corresponding conjugate bases of CH;NHCO—OAr
(kco, C—O cleavage) and CH;NHSO,—OAr (kso,, S—O cleavage), was
estimated from the literature data to be about 10° when the leaving
group is p-nitrophenol. See: H. Al-Rawi, A. Williams, J. Am. Chem.
Soc. 1977, 99, 2671; A. Williams, K. T. Douglas, J. Chem. Soc. Perkin
Trans. 2 1974, 1727.

[12] The hydrolysis of phenyl sulfamate in aqueous buffers (at 50°C and
w=1.0Mm) displayed excellent first-order kinetics up to at least 90 % of
the total reaction. No buffer catalysis was detected in the pH range
between 0 and 3 (ku.=k,) Whereas in the presence of varying
concentrations (0.05-0.5M) of acetate, phosphate, tris, and borate
buffers, the first-order rate constant k., typically increased by less
than 30 % above the value of the buffer-independent rate constant, k.
Between pH 0 and 8, k; is constant (k,=1.80 x 107> s7!) so that kg is
taken to k,=1.80 x 107 s~! in Equation (2).

[13] Except for the 2,4-dinitrophenyl ester; see ref. [8].

[14] The same treatment made with use of the kinetically determined pK,
at 50°C (pK,,, =1.56) gave less satisfactory results in the sense that
the values of k. at 0% acid form of trichloro-, dichloro-, and
cyanoacetic acid buffers were 8, 15, and 5% of the value of the
corresponding slope ki, below zero intercept, respectively. A possible
explanation is that the values of the molar fraction a at 50°C
calculated from the kinetically determined (at 50°C) ionization
constant, K,,,, are less representative of the ionization state of the
substrate at 50°C than are the a values obtained from the spectro-
photometrically measured K, at 25°C. In acetic acid buffer (pH 4-5)
a is unity regardless of whether it was calculated with the K, or K,
value so that the general treatment described in the Supporting
Information is not affected (ke = ke = krafa), and the plot k ,/a vs
fa is characterized by a zero intercept at 0% free acid in both cases.

[15] The rate constant for catalysis by the proton falls ca. 0.7 log unit below
the line containing the carboxylic acids; see Figure 3.

[16] R. A. More O’Ferrall, J. Chem. Soc. B 1970, 274.

[17] W.P. Jencks, Chem. Rev. 1985, 85, 511.

[18] A. Williams, K. T. Douglas, Chem. Rev. 1975, 75, 627 and references
therein; J. March, Advanced Organic Chemistry, 3rd ed., Wiley
Interscience, New York, 1985, pp.873-896; T.H. Lowry, K.S.
Richardson, Mechanism and Theory in Organic Chemistry, Harper-
Collins, New York, 1987, pp. 591 -595.

[19] At first sight, this is not surprising if one considers that most of the
(E1cB),., reactions that have been studied so far involve anions under
conditions where buffers are not sufficiently acidic to protonate the
leaving group. According to Jencks’s rule,?” a concerted buffer acid -
base catalysis is not expected to show up when pH and pK, of the

0947-6539/99/0505-1532 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 5



Acid Catalysis by Buffers

1526-1533

catalyst AH are above pK, of the leaving (or attacking) group.
However, when the anions S— are weakly basic (i.e., when pK, of SH is
lower than ca. 3—5) and pK, of the leaving group (pK,) is above pK, [27]
of the catalyst (pKy,) and pH, then there should not be, in principle,
restrictions for the existence at low pH of a general/specific acid
catalysis for leaving-group expulsion from the anionic form of the
substrate.
[20] W. P. Jencks, Chem. Rev. 1972, 72, 705.
[21] An entity is not considered as an intermediate if the rate constant for
its decomposition is on the order of a bond vibration frequency, i.e.
ca. 6.2 x 10257 at 25°C.
[22] W.P. Jencks, Acc. Chem. Res. 1976, 9, 425. [28]
[23] W.P. Jencks, Acc. Chem. Res. 1980, 13, 161.
[24] A.J. Kirby, A. G. Varvoglis, J. Am. Chem. Soc. 1967, 89, 415.
[
[

25] E.J. Fendler, J. H. Fendler, J. Org. Chem. 1968, 33, 3852. [29]
26] From the linear Brgnsted relationships, log k;, vs pKro, obtained with
both the dianions and the monoanions of phosphatel® and sulfate(*’! [30]
monoesters, respectively, one may calculate pKrop,+ values for which [31]

k,>10% s, This calculation (see ref.[8] for limitation) gives
pKron,s <—7 (at 100°C) for phosphates and pKgon,<—9 (at
100°C) for sulfates. Assuming that for alcohols and phenols ApK, =
PKron — PKron,- =17 (see ref. [8]), the trends obtained in terms of

pKrom,+ for both ester types would then correspond to pKroy < ca. 10
for phosphates and pKyoy < ca. 8 for sulfates.

Though there has historically been some disagreement, it now appears
well established that the acidic hydrolysis of phosphate monoesters
with poor alcohol leaving groups proceeds through the zwitterionic
form of the monoanion from which neutral alcohol is expelled in a
rate-determining step (corresponding to k, in Scheme 8).1+ 2 Since
kinetic data indicate that sulfate esters hydrolyze by the same
mechanistic pathway as phosphates,? 2’ similar considerations then
apply to factors that govern changes in mechanism in hydrolysis of
sulfate monoesters in acid.

W. W. Butcher, F. H. Westheimer, J. Am. Chem. Soc. 1955, 77, 2420,
C. A. Bunton, D. R. Llewellyn, K. G. Oldham, C. A. Vernon, J. Chem.
Soc. 1958, 3574.

S. J. Benkovic, P. A. Benkovic, J. Am. Chem. Soc. 1966, 88, 5504; J. L.
Kice, J. M. Anderson, J. Am. Chem. Soc. 1966, 88, 5242.

G. Lohaus, Chem. Ber. 1972, 105, 2791.

No correction was applied for the small error incurred in reading pH
values between pH 0 and 1.

Received: October 7, 1998 [F1381]

Chem. Eur. J. 1999, 5, No. 5 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

0947-6539/99/0505-1533 $ 17.50+.50/0 — 1533



