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Nearly all of the reported studies of reactions of sulfate diesters are for dialkyl or alkyl aryl diesters,
which undergo reaction by carbon-oxygen bond fission. Sulfuryl transfer reactions of sulfate diesters
(RO-SO2-OR′) proceeding by attack at sulfur have been little explored. When both ester groups
are aryl groups the hydrolysis reaction (sulfuryl transfer to water) occurs by way of attack at sulfur.
The alkaline hydrolysis of diaryl sulfate diesters was shown to obey first-order kinetics with respect
to [-OH] and proceed through S-O bond fission, in a mechanism that is most likely concerted.
Activation parameters for 4-chloro-3-nitrophenyl phenyl sulfate and 4-nitrophenyl phenyl sulfate
gave the following respective values: ∆Hq ) 88.0 ( 0.1 and 84.83 ( 0.06 kJ mol-1 and ∆Sq ) -37
( 1 and -50.2 ( 0.5 J mol-1 deg-1. The dependence of the second-order rate constant for hydrolysis
on leaving group pKa was analyzed giving a âlg slope of -0.7 ( 0.2 and a Leffler R parameter value
of 0.36. A 15k kinetic isotope effect (KIE) for the hydroxide attack on 4-nitrophenyl phenyl sulfate
of 1.0000 (0.0005 and an 18klg KIE value of 1.003(0.002 were obtained.

Introduction

Sulfate monoesters, like phosphate esters, are of inter-
est due to their biological importance, and in the labora-
tory, sulfate diesters have found considerable utility as
alkylating agents. Mechanistic studies incorporating
linear free energy relationships (LFERs), activation
parameters, and kinetic isotope effects (KIE) data have
been reported for sulfate monoesters, for aryl sulfuryl
chlorides, and for alkyl aryl sulfate diesters, but little is
known about the reactions of diaryl sulfate diesters.1
Activation parameters, 18O-tracer studies, LFER, and
KIEs of diaryl sulfate diesters were measured in this
work in order to shed light on the mechanism of the
alkaline hydrolysis reactions of these sulfate diesters.

Previous studies of the alkaline hydrolysis of sulfate
monoesters in the pH-independent range of 4-122-6 have
shown the following: alkyl sulfate monoesters undergo
C-O bond fission;7 the 4-nitrophenyl sulfate monoester
anion undergoes hydrolysis by S-O bond fission, except
at pH > 12, where competitive attack of hydroxide on

the aromatic ring with aryl-O bond fission also occurs;3,8

aryl sulfuryl chlorides undergo both S-O and S-Cl bond
fission;9,10 alkyl aryl sulfate diesters undergo alkyl-O
bond fission.11,12 It has also been shown that the alkaline
hydrolysis of diphenyl sulfate leads to the formation of
phenol and the phenyl sulfate monoester.1 To our knowl-
edge, no further mechanistic studies of diaryl sulfate
diesters have been reported.

For the hydrolysis of aryl sulfate monoesters, a con-
certed mechanism with a loose transition state and little
nucleophilic participation is supported by both LFER2,3,13-15

and KIEs.6,16 Sulfuryl transfer of phenyl [(R)16O,17O,18O]-
sulfate to a secondary alcohol proceeds with inversion of
configuration,17 ruling out SO3 as a freely diffusible
intermediate. These conclusions are similar to those for
the hydrolysis of phosphate monoesters. If the effect of a
second alkylation on the mechanism of sulfuryl transfer
is similar to that for phosphoryl transfer, then the
transition state for sulfuryl transfer in a diester is
expected to become tighter (more associative). LFER
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studies on sulfonyl group transfer between compounds
of the form R-SO2-OAr and aryl oxide nucleophiles
support synchronous, concerted reactions for nucleophiles
and leaving groups with pKa values in the range 7-10.18

Since sulfate diesters with an alkyl group undergo
reaction by alkyl-O bond fission, the study here affords
the first examination of the mechanism of sulfuryl
transfer in diesters (RO-SO2-OR′) proceeding by attack
at sulfur.

Excluding attack at the aryl carbon, Figure 1 shows
three possible mechanisms for the hydrolysis of diaryl
sulfate diesters illustrated in a More-O’Ferrall-Jencks
diagram. The abscissa and ordinate axes indicate the
degree of leaving group bond fission and nucleophile bond
formation, respectively; the reactants are in the lower
left corner, products in the upper right. Mechanism A
represents a synchronous, concerted mechanism, desig-
nated ANDN in the IUPAC nomenclature,19 wherein
leaving group departure and nucleophilic attack progress
linearly (i.e., the sum of the bond order to nucleophile
and leaving group ) 1). Mechanism B is a two-step
mechanism (AN + DN) where a pentacoordinate interme-
diate is formed, followed by leaving group departure;
which step is rate-limiting will depend on the relative
pKa values of the entering and leaving groups. Mecha-
nism C (DN + AN) also involves two steps, with leaving
group dissociation proceeding first, with formation of an
intermediate, followed by nucleophile attack in a second
step. In this mechanism the first step should be rate-
limiting.

Results and Discussion

The following series of diaryl sulfate diesters were
synthesized from phenyl sulfuryl chloride (1) and the

appropriate phenol: 4-chloro-3-nitrophenyl phenyl sul-
fate (2), 4-nitrophenyl phenyl sulfate (3), 2,6-difluoro-
phenyl phenyl sulfate (4), 2-fluoro-4-nitrophenyl phenyl
sulfate (5), pentafluorophenyl phenyl sulfate (6), and
3-fluoro-4-nitrophenyl phenyl sulfate (7). Figure 2 shows
a representative diaryl sulfate diester, and Table 1 gives
the aryl leaving groups with their respective pKa values.

To determine the position of bond fission, the reaction
of 4 was carried out in water containing 32% H2

18O. GC-
MS analysis of recovered 2,6-difluorophenol showed no
18O incorporation (see the Supporting Information). FTIR
of the recovered barium phenyl sulfate showed the
presence of 18O incorporation (v1 [S16O3

18O sym] ) 964
cm-1, v1 ) [S16O4 sym] ) 984 cm-1, see the Supporting
Information). This result shows that within the limits of
detection, the alkaline hydrolysis reaction proceeds by
S-O bond fission. Compounds 3, 5, and 7 could not be
used in the 18O-tracer study due to the documented
oxygen exchange of the phenolic oxygen atom with
hydroxide under alkaline conditions of phenols substi-
tuted with either a 2- or a 4-nitro group.24

The hydrolysis of 3 was followed by HPLC to ascertain
whether 4-nitrophenolate and phenyl sulfate were the
only products. The hydrolysis of 3 at 1, 2, and 3 half-
lives yielded, as products, 88 (1, 85 (3, and 92 (1%
4-nitrophenol and 12 (1, 15 (3, and 9 (1% phenol,
respectively. Hydrolysis of phenyl sulfate under identical
conditions showed only trace amounts of phenol, indicat-
ing that the phenol found after the hydrolysis of 3 did
not result from subsequent hydrolysis of the phenyl
sulfate monoester product but, rather, from primary
hydrolysis of the diester. Thus, loss of the better leaving
group, 4-nitrophenolate, accounts for ∼90% of the reac-
tion pathway for 3. While an even larger preponderance
of this pathway might be expected on the basis of the
difference in pKa, this result echoes the chemistry of aryl
sulfuryl chlorides, where loss of the aryl group was found
to be competitive with loss of chloride.9,10

The hydrolysis of the diesters in Table 1 were followed
by monitoring a wavelength characteristic of the better
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FIGURE 1. More-O’Ferrall Jencks diagram outlining the
mechanistic possibilities for the alkaline hydrolysis of a diaryl
sulfate diester. The products shown would rapidly undergo
proton transfer to form PhOSO3

- and ArOH.

FIGURE 2. Representative diaryl sulfate; X ) variable
substituent as defined in Table 1.

TABLE 1. List of Diaryl Sulfate Diesters with Leaving
Groups and Their PKa Values

compd leaving group (phenol) leaving group pKa

2 4Cl-3-NO2 7.7520

3 4-NO2 7.1521

4 2,6-F2 7.1222

5 2-F-4-NO2 6.223

6 2,3,4,5,6-F5 5.3322

7 3-F-4-NO2 5.323
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leaving group (i.e., 400 nm for 3) to obtain the rates of
the predominant reaction pathway for each compound.
The hydrolyses of all compounds 2-7 were first-order in
hydroxide concentration (see the Supporting Informa-
tion). Therefore, the DN + AN mechanism C can be ruled
out, as the dissociation of the sulfate diester should be
rate limiting and the rate would be independent of
nucleophile concentration.

Rates were measured from 30 to 60 °C to obtain the
activation parameters for compounds 2 and 3, which are
given in Table 2. The values for ∆Hq and ∆Sq are as
expected for a bimolecular reaction in which a high
energy, ordered transition state is observed. These
parameters are consistent with either a concerted ANDN

mechanism or an associative AN + DN mechanism.
The second-order rate constant for the alkaline hy-

drolysis of each diester was determined from the slope
of the observed rate constant plotted as a dependent
function of hydroxide concentration. The correlation
between the second-order rate constants for hydroxide
attack on the sulfate diesters on the pKa of the leaving
group, yielding the Brønsted âlg value of -0.7 ( 0.2, is
shown in Table 3 and Figure 3.

To date, a value for the effective charge (ε) on the aryl
group in a sulfate diester has not been reported. The most
structurally similar compound for which an effective
charge has been reported is an aryl alkylsulfonate (R-
SO2-OAr), for which the effective charge on the aryl
group is +0.83 ( 0.07.25 While this compound has one
less atom with lone pairs bonded to the central sulfur, it
is the closest neutral analogue for which an effective

charge has been reported. For ionized aryl sulfate esters
(ArOSO3

-), which do share the characteristic of four
oxygen atoms bonded to sulfur, ε ) +0.7,13 a very similar
value. These values indicate that a reasonable estimate
for the effective charge on the incipient leaving group in
the reactant diesters is ∼+0.8. The difference between ε

and the absolute charge of the expelled leaving group,
-1, gives a change in effective charge for the full reaction
of ∼-1.8, which is defined as âeq (see Figure 4).18 The âlg

value of -0.7 for the hydrolysis of the compounds in Table
3 indicates that the effective charge on the leaving group
changes from +1.8 in the reactant to ∼+1.1 in the
transition state. The Leffler R parameter, indicating the
fractional change in the leaving group effective charge
in the transition state relative to the reactant, was
determined as described in Williams (âlg/âeq).18 This
Leffler constant of 0.36 indicates the leaving group has
lost about one-third of its effective charge in the transi-
tion state of the rate-limiting step.

To supplement the information from the linear free
energy relationship, KIEs were recorded at the positions
indicated in Figure 5. The corresponding isotope effects
have been measured for other group transfer reactions
with the same leaving group. These include a number of
reactions of 4-nitrophenyl acetate;26 the hydrolysis of
several phosphate esters, including 4-nitrophenyl phos-
phate monoester, and diesters, and triesters; and the
hydrolysis of 4-nitrophenyl sulfate monoester.27 The
primary isotope effect 18kbridge gives a measure of the
degree of bond fission to the leaving group in the
transition state. Its maximum value with the 4-nitro-
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FIGURE 3. Log of the second-order rate constant kOH (×104) for hydroxide attack on compounds 2-7 plotted as a dependent
function of the pKa of the leaving group, giving a slope (âlg) of -0.7 ( 0.2.

TABLE 2. Activation Parameters

∆Hq (kJ mol-1) ∆Sq (J mol-1 deg-1)

compd 2 88.0 ( 0.1 -37 ( 1
compd 3 84.83 ( 0.06 -50.2 ( 0.5

TABLE 3. Brønsted Data and Effective Charges

εreactant εproduct âeq âlg a

0.83 ( 0.07b,25 -1.00 ( 0.00 -1.83 ( 0.07 -0.7 ( 0.2 0.36
b Published value for an aryl alkylsulfonate.

FIGURE 4. Definition of âeq, the difference between the
product effective charge, -1, and the reactant effective charge,
estimated at +0.8.

Hydrolysis of Sulfate Diesters
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phenyl leaving group is in the range 1.02-1.03 in a late
transition state with significant bond fission, such as the
hydrolysis of 4-nitrophenyl sulfate and 4-nitrophenyl
phosphate.27 In hydrolysis reactions of phosphodiesters,
which are concerted with tighter transition states and
less bond fission to the leaving group, 18kbridge ranges from
1.004 to 1.006.27 The isotope effect in the nitrogen atom,
15k, is a measure of the degree of negative charge
delocalized into the nitro group.27 This isotope effect
arises from contributions from a quinonoid resonance
form in the nitrophenolate anion, and differences in
stiffness of N-O bonds and N-C bonds. Because N-O
bonds are stiffer, the nitrogen atom is more tightly
bonded in neutral 4-nitrophenol than in the phenolate
anion. The 15K EIE for deprotonation of 4-nitrophenol is
thus normal, 1.0023 ( 0.0002.28

The small 18kbridge of 1.003 for the hydrolysis of 4-ni-
trophenyl phenyl sulfate suggests a small degree (∼10%)
of bond fission in the transition state. Consistent with
this, the unity value for 15k indicates no significant
negative charge development. Yet, the Brønsted âlg value
of -0.7 indicates that the leaving group experiences a
significant change in “effective” charge in the transition
state. An event other than bond fission that could result
in such a change is progress toward formation of a
pentacoordinate intermediate as a result of nucleophilic
attack. In such a species, the sulfuryl group will be less
electrophilic and impart a reduced “effective” charge on
the leaving group. Analogous effects are well-known in
carbonyl chemistry, where the hyperconjugation of R-hy-
drogen atoms is reduced or abolished upon partial
(transition state) or full (equilibrium) conversion of a
carbonyl to a tetrahedral species. Similarly, significant
negative values for âacyl (-2.0 to -2.5) have been reported
for reactions of substituted 4-nitrophenyl benzoates (4-
X-C6H4C(O)-OC6H4-4-NO2) with various nucleophiles.29

A fully formed, pentacoordinate sulfur intermediate
need not form in the present reaction, and there is no
evidence for such a species in the present study. If a true
intermediate were to form, its formation should be rate-
limiting, since expulsion of the leaving group (pKa 7.15
in the case of 2) is much more favorable than expulsion
of hydroxide (pKa 15.7) to revert to the reactants. Such a
mechanism would exhibit KIEs for formation of the
intermediate; this should give rise to a small inverse
value for 18kbridge due to the compression of bending modes

in the pentacoordinate intermediate. Precedence for this
has been observed in the amide-15N isotope effect for the
alkaline hydrolysis of 4-nitroanilide.30 Under conditions
where formation of a tetrahedral intermediate is rate-
limiting, 15k ) 0.995, in contrast to 15k ) 1.035 when
breakdown of the tetrahedral intermediate is rate-
limiting.30 Knowledge of the ânuc value in order to cross-
correlate ânuc with âlg would have shed further insights
into this reaction; however, an attempt to measure ânuc

for a series of phenoxide nucleophiles was not successful,
as these nucleophiles showed no measurable reaction
toward 4-nitrophenyl phenyl sulfate at 40 °C.

Conclusions

The combination of the KIE and LFER data are most
easily explained by a concerted mechanism with a tight
transition state, in the upper left region of the More-
O’Ferrall-Jencks diagram (Figure 6). In such a transi-
tion state, nucleophilic bond formation is more advanced
than leaving group bond fission. Nucleophilic attack must
have proceeded to a greater extent than leaving group
departure in the transition state to give the combination
of a significant Leffler R and small 18kbridge and 15k values.
The fact that 18kbridge is not inverse argues against
nucleophilic attack in a step preceding leaving group
departure, which would form a pentacoordinate inter-
mediate in the rate-limiting step. The disparity between
the very small isotope effects in the leaving group and
the Leffler R constant most likely arises from a change
in effective charge resulting from the sulfuryl group
accepting, to a degree, the donated nucleophile electrons
before totally transferring the resultant charge to the
leaving group. This interpretation is in agreement with
the ability of the neutral sulfate reactant to accept
electron density, especially in comparison with the(28) Hengge, A. C.; Cleland, W. W. J. Am. Chem. Soc. 1990, 112,

7421-7422.
(29) Um, I.-H.; Jeon, J.-S.; Kwon, D.-S. Bull. Korean. Chem. Soc.

1991, 12, 406-410. (30) Hengge, A. C.; Stein, R. L. Biochemistry 2004, 43, 742-7.

FIGURE 5. Compound (3) with sites of KIE determination
indicated.

FIGURE 6. More-O’Ferrall Jencks diagram showing the
proposed mechanism for diaryl sulfate hydrolysis (blue curved
arrow). Although the reaction is most likely concerted, nu-
cleophilic addition is more advanced than leaving group bond
fission.

Younker and Hengge
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charged phosphate diester, accounting for the low sulfate
diester 18kbridge that is at the lower end of the 18kbridge

values seen for concerted phosphate diester reactions.
The related aryl sulfonates have been shown to react

by attack at sulfur in a concerted mechanism;14,15,25 for
the present compounds, the significant negative value of
âlg, KIEs, activation parameters, and first-order depen-
dence on [-OH] indicate that both nucleophilic attack and
leaving group departure occur in the rate-determining
step, consistent with a concerted ANDN mechanism. The
degree of bond formation to the nucleophile in the
transition state is not given by the data collected in this
study. The identity of the nucleophile is important,
however, as seen from the dependence of the rate of
hydrolysis on hydroxide concentration and the lack of an
observable rate with the weaker nucleophile phenoxide.

Experimental Section

All chemicals and solvents were purchased from commercial
sources and used without purification, unless otherwise noted.
1H NMR spectra were recorded at 400 MHz in CDCl3 relative
to TMS (0.00 ppm). 13C NMR spectra were recorded at 101
MHz (proton decoupled) in CDCl3 relative to CDCl3 (77.2 ppm).
GC-MS parameters: column length, 30 m; ID number, 0.25;
carrier gas, He; detector volts, 0.85 eV; electron impact volts;
0.70 eV. FTIR data were obtained from KBr pellets at 2.0 cm-1

resolution. HPLC column parameters: HASIL 100 C 18 5 µm
250 × 4.6 mm.

Phenyl Sulfuryl Chloride (1). A modification of a litera-
ture method was used.31 A slurry of potassium phenoxide
(9.7778 g, 0.074 mol) was added to a solution of distilled SO2-
Cl2 (6.022 mL, 0.074 mol) in benzene at 0 °C under N2 over 30
min; a yellow solution and precipitate resulted. The solution
was allowed to come to rt, filtered, and washed with water.
The benzene layer was dried with MgSO4 and the solvent
removed under reduced pressure; a brown oil resulted. The
oil was separated on silica gel (32-63 µm), eluting with
hexane; a clear oil resulted. The oil was finally distilled at 19
mmHg, with collection done at 69-70 °C; a clear oil resulted
(2.4162 g, 0.013 mol, 17% yield): C6H5ClO3S MW 192.62, d
1.39; 1H NMR δ 5.88-6.01 (m).

4-Chloro-3-nitrophenyl Phenyl Sulfate (2). Compound
1 (0.67 mL, 0.005 mol) was added dropwise over 30 min to a
solution of 4-chloro-3-nitrophenol (0.7701 g, 0.005 mol) and
DBU (0.83 mL, 0.007 mol) in THF at rt under N2 and left for
24 h. The solution was filtered and the solvent removed under
reduced pressure. The resulting oil was suspended in CHCl3

and precipitated with hexane; maroon crystals resulted. The
crystals were filtered and washed with cold hexane and
recrystallized (0.3361 g, 0.001 mol, 23% yield): C12H8ClNO6S
MW 329.71; mp 81-83 °C; 1H NMR δ 7.19 (s), 7.26 (d, 2H, J
) 8.1 Hz), 7.33 (t, 1H, J ) 7.3 Hz), 7.38-7.45 (m, 3H), 7.56 (d,
1H, J ) 8.9 Hz), 7.75 (d, 1H, J ) 2.4 Hz); 13C NMR δ 119.2
(s), 121.1 (s), 126.3 (s), 128.4 (s), 130.6 (s), 133.6 (s); GCMS
m/z (rel intensity) 329 (M+, 11), 183 (1), 172 (3), 155 (1) 142
(1), 128 (3), 126 (7), 107 (8), 100 (2), 98 (7), 93 (100), 65 (67);
FTIR ν 1541 (vs), 1474 (s), 1424 (vs), 1356 (m), 1220 (s), 1186
(s), 1137 (s), 950 (m), 881 (vs), 846 (vs), 791 (s), 691 (m), 562
(s) cm-1. Anal. Calcd for C12H8ClNO6S: C, 43.71; H, 2.45; N,
4.25. Found: C, 43.80; H, 2.44; N, 4.34.

4-Nitrophenyl Phenyl Sulfate (3). Same procedure as for
2. 1 (0.70 mL, 0.005 mol), 4-nitrophenol (0.6930 g, 0.005 mol),
C12H9NO6S colorless crystals (0.2240 g, 0.001 mol, 15%
yield): MW 295.27; mp 72-73 °C; 1H NMR δ 7.19 (s), 7.25 (d,
2H, J ) 7.8 Hz), 7.32 (t, 1H, J ) 7.3 Hz), 7.41 (q, 4H, J ) 7.7
Hz), 8.26 (d, 2H, J ) 9.0 Hz); 13C NMR δ 121.2 (s), 122.1 (s),

126.0 (s), 128.3 (s), 130.5 (s); GC-MS m/z (rel intensity) 295
(M+, 22), 215 (2), 187 (2), 129 (1), 108 (1), 93 (100), 65 (70);
FTIR ν 1529 (s), 1483 (m), 1429 (s), 1348 (s), 1218 (m), 1177
(m), 1136 (s), 922 (m), 887 (vs), 785 (s), 690 (m), 554 (m) cm-1.
Anal. Calcd for C12H9NO6S: C, 48.81; H, 3.07; N, 4.74.
Found: C, 48.91; H, 3.08; N, 4.75.

2,6-Difluorophenyl Phenyl Sulfate (4). Same procedure
as for 2. 1 (0.60 mL, 0.004 mol), 2,6-difluorophenol (0.5403 g,
0.004 mol), C12H8F2O4S colorless crystals (0.1070 g, 0.0004 mol,
9% yield): MW 286.25; mp 54-55 °C; 1H NMR δ 5.52 (t, 2H,
J ) 8.1 Hz), 5.73-5.78 (m, 1H), 5.83-5.87 (m, 1H), 5.91-5.96
(m, 4H); 13C NMR δ 112.8 (m), 113.1 (m), 128.0 (s), 128.6 (t, J
) 9 Hz), 130.2 (s); GC-MS m/z (rel intensity) 286 (M+, 15),
206 (4), 194 (6), 178 (2), 165 (1), 146 (2), 129 (42), 93 (100), 65
(79); FTIR v 1609 (w), 1497 (m), 1481 (m), 1421 (vs), 1250 (w),
1219 (m), 1182 (m) 1139 (m), 1015 (m), 880 (s), 786 (m), 769
(m), 691 (w), 552 (m), 531 (w) cm-1. Anal. Calcd for C12H8F2-
O4S: C, 50.35; H, 2.82. Found: C, 50.58; H, 2.79.

2-Fluoro-4-nitrophenyl Phenyl Sulfate (5). Same pro-
cedure as for 2. 1 (0.90 mL, 0.006 mol), 2-fluoro-4-nitrophenol
(1.0068 g, 0.006 mol), C12H8FNO6S colorless crystals (0.1284
g, 0.0004 mol, 6.4% yield): MW 313.26; mp 49-50 °C; 1H NMR
δ 7.01 (s), 7.12-7.25 (m, 5H), 7.37 (t, 1H, J ) 8.3 Hz), 7.86-
7.89 (m, 2H); 13C NMR δ 113.9 (d, J ) 23 Hz), 120.6 (s), 121.2
(s), 124.2 (s), 128.4 (s), 130.5; GC-MS m/z (rel intensity) 313
(M+, 17), 233 (2), 221 (1), 205 (2), 133 (1), 126 (1), 110 (1), 93
(100), 65 (77); FTIR ν 1533 (s), 1487 (m), 1423 (vs), 1356 (m),
1263 (m), 1213 (m), 1167 (m), 1142 (m), 923 (m), 903 (m), 867
(m), 807 (vs), 786 (m), 703 (m), 687 (m), 579 (m), 557 (m) cm-1.
Anal. Calcd for C12H8FNO6S: C, 46.01; H, 2.57; N, 4.47.
Found: C, 46.00; H, 2.49; N, 4.47.

Pentafluorophenyl Phenyl Sulfate (6). Same procedure
as for 2. 1 (0.41 mL, 0.003 mol), pentafluorophenol (0.5390 g,
0.003 mol), C12H5F5O4S colorless crystals (0.1511 g, 0.0004 mol,
15% yield): MW 340.22; mp 27-28 °C; 1H NMR δ 5.75 (s, 1H),
5.88-5.99 (m, 4H); 13C NMR δ 121.1 (s), 128.4 (s), 130.4 (s);
GC-MS m/z (rel intensity) 340 (M+, 5), 183 (8), 155 (18), 117
(3), 105 (3), 93 (100), 65 (94); FTIR ν 1520 (vs), 1488 (w), 1433
(s), 1216 (m), 1133 (m), 998 (s), 917 (w), 893 (s), 796 (m), 779
(w), 561 (w). Anal. Calcd for C12H5F5O4S: C, 42.36; H, 1.48.
Found: C, 42.41; H, 1.37.

3-Fluoro-4-nitrophenyl Phenyl Sulfate (7). Same pro-
cedure as for 2. 1 (0.93 mL, 0.007 mol), 3-fluoro-4-nitrophenol
(1.0340 g, 0.007 mol), C12H8FNO6S yellow crystals (0.4507 g,
0.001 mol, 22% yield): MW 313.26; mp 69-70 °C; 1H NMR δ
7.19-7.26 (m, 3H), 7.33 (t, 1H, J ) 7.3 Hz), 7.40 (t, 2H, J )
7.6 Hz), 8.10-8.13 (m, 2H); 13C NMR δ 112.0 (d, J ) 25 Hz),
117.4 (s), 121.1 (s), 128.1 (s), 128.5 (s), 130.6 (s); GC-MS m/z
(rel intensity) 313 (M+, 19), 126 (1), 110 (1), 97 (1), 93 (100),
65 (80); FTIR ν 1617 (m), 1600 (m), 1534 (s), 1488 (m), 1418
(s), 1349 (m), 1261 (m), 1124 (m), 1091 (m), 971 (s), 891 (s),
816 (s), 785 (m), 558 (m) cm-1. Anal. Calcd for C12H8FNO6S:
C, 46.01; H, 2.57; N, 4.47. Found: C, 46.08; H, 2.46; N, 4.45.

[15N]-4-nitrophen[18O]yl phenyl sulfate was prepared as
described for compound (3): [14N]-4-nitrophenol32 and [15N]-
4-nitrophen[18O]ol were prepared as previously described26 and
mixed to closely reconstitute natural abundance nitrogen (15N/
14N ) 0.365%). Mixed 4-nitrophenol (0.1579 g, 0.001 mol).
Compound 1 (0.16 mL, 0.001 mol): C12H9NO6S (0.0748 g,
0.0003 mol, 22% yield).

18O-Tracer Procedure. Compound 4 (10.6 mg, 0.037 mmol)
was hydrolyzed in 500 µL of 1,4-dioxane and 500 µL of 1.0 N
NaOH (32% H2

18O) at 80 °C for 4 h. The solution was
neutralized with 500 µL of 4.0 N HCl. 2,6-Difluorophenol was
extracted with 1.0 mL of diethyl ether (4×) and dried with
MgSO4. The ether layer was concentrated to 300 µL and the
incorporation of 18O determined by GC-MS (see the Support-
ing Information). Excess ether was evaporated from the
aqueous layer, and phenyl sulfate was precipitated as the

(31) Penney, C. L.; Perlin, A. S. Carbohydr. Res. 1981, 93, 241-
246.

(32) Hengge, A. C.; Cleland, W. W. J. Am. Chem. Soc. 1991, 113,
5835-5841.
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barium salt by addition of 200 µL of aqueous barium chloride
(satd). This was then centrifuged and washed with 2.0 mL of
the following: 4 N HCl (2×), water (3×), and ethanol (2×).
Finally, barium phenyl sulfate was dried under reduced
pressure at 100 °C for 1 day. Incorporation of 18O was
determined by FTIR (KBr pellet), and 18O incorporation was
assessed similar to the method of Spencer33 (see the Supporting
Information). A control experiment was done identically in
unlabeled H2O.

HPLC Procedure. Hydrolysis of compound 3 was followed
by HPLC at 285 nm. Solutions of 33 µM in 0.5 N NaOH in
10% 1,4-dioxane were heated at 60 °C for 1, 2, and 3 half-
lives. These were then neutralized with acid (pH < 2), the
phenols were extracted with diethyl ether and dried with
MgSO4, and the solvent was removed under reduced pressure.
The residue was dissolved in 300 µL of 1:1 (v/v) acetonitrile/
water (conc ≈3 mM), and then 10 µL was injected into the
HPLC, isocratic elution: 3.0 mL min-1 4 mM glacial acetic
acid/4 mM triethylamine buffer (pH 4.25) and 0.75 mL min-1

acetonitrile. 4-nitrophenol and phenol calibration standards
were done at a total concentration of 2.5 mM with 4-nitrophe-
nol/phenol ratios ranging from 95/5 to 80/20. Potassium phenyl
sulfate was hydrolyzed and analyzed under identical conditions
(except that of initial concentration; 100 µM) as a control.

Kinetics. The kinetics of compounds 2-7 at a concentration
of 33 µM in a 3 mL sealed quartz cuvette were monitored
spectrophotometrically (see the Supporting Information for
wavelengths and kinetic data) with concentrations of 0.25,
0.50, 0.75, and 1.0 N NaOH 10% 1,4-dioxane at 40 °C. Rate
constants were obtained by a first-order fit to the full time
courses for reaction. The second-order reaction rate constant
kOH for each diester was determined from the slope of the line
of the first-order rate constants plotted as a dependent function
of hydroxide concentration.

Activation Parameters. The kinetics of compounds 2 and
3 were monitored spectrophotometrically at 400 nm. Hydroly-
ses were done at a concentration of 33 µM in a 3 mL sealed
quartz cuvette from 30 °C (303.15 °K) to 60 °C (333.15 °K) in
0.5 N NaOH 10% 1,4-dioxane (see the Supporting Information
for kinetic data).

15k KIE Procedure. Natural abundance compound 3 was
partially hydrolyzed in 200 mL of 0.5 N NaOH 20% 1,4-dioxane
at 40 °C. The reaction was stopped by acidification to pH 2
with concentrated HCl, and the products were extracted with
150 mL of diethyl ether (3×). Before acidification, the percent-
age of reaction was monitored spectrophotometrically at 400
nm by measuring the absorbance of an aliquot of the mixture
and then subjecting the aliquot (100 µL in 3.0 mL of 1.0 N

NaOH) to full hydrolysis followed by another spectrophoto-
metric measurement at 400 nm. The organic layer of the main
reaction mixture was dried over MgSO4 and filtered and the
solvent removed under reduced pressure. The residue was
separated via preparative TLC (with a fluorescent indicator),
solvent 1:1; hexane/diethyl ether. Recovered 4-nitrophenol (Rf

≈ 0.4), following elution with diethyl ether and subsequent
removal under reduced pressure, was sublimed under vacuum
at 90 °C. Recovered unreacted 3 (Rf ≈ 0.7), following elution
with diethyl ether, was further purified on a Chromatron (1
mm plate of silica gel 60 PF-254, solvent 4:1; hexane/diethyl
ether); solvent was removed under reduced pressure. In a tin
capsule (6 × 4 mm), recovered 4-nitrophenol (∼1 mg) or
recovered compound 3 (∼2 mg) was placed and sealed for
isotopic ratio analysis using an ANCA-NT combustion system
in tandem with a Europa 20-20 isotope ratio mass spectrom-
eter. Each experiment was performed in triplicate, and each
measurement agreed to within experimental error. Three
samples of unreacted compound 3 (∼2 mg) were also analyzed.

18klg KIE Procedure. The 18klg isotope effect was measured
with a similar technique as described above for 15k, using the
mixture of [14N] 4-nitrophenyl phenyl sulfate and [15N]-4-
nitrophen[18O]yl phenyl sulfate. This method utilizes the
remote label method34 in which the isotope ratio of the nitrogen
atom serves as a reporter for oxygen isotope ratios. The
observed isotope effect was corrected for 15k and for incomplete
isotopic incorporation, as previously described.16
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