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ABSTRACT: Peroxymonosulfate ion, HSO5ÿ, as Oxone in aqueous H2SO4, oxidizes sulfides [MeSC6H4X(p),
X = Me, H, NO2] to sulfoxides and converts aryl thiobenzoates [PhCOSC6H4X(p), X = Me, H] and thiol
phosphorus(V) esters [Ph2POSPh, (EtO)2POSPh, Ph2POSEt, Ph(EtO)POSEt] into the acids and sulfonate ions.
Second-order rate constants increase with increasing concentration of H2SO4 (10–53 wt%), owing to the high polarity
of the medium rather than to acid catalysis. The rate increases fit the Grunwald–Winstein equation based onYOTs

solvent parameters derived from rate effects onSN1 solvolyses. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Peroxymonosulfateion, HSO5
ÿ, in the form of Oxone

(2KHSO5, KHSO4, K2SO4), is a useful water-soluble
oxidant of sulfides to sulfoxides and eventually to
sulfones.1,2 It decomposes thiol phosphorus(V) esters
by initial oxidation at sulfur, followed by nucleophilic
attack of water at the phosphorus center,3,4 and rapidly
detoxifies the nerve agent VX.3b It is therefore a
potentially useful oxidant for the destruction of chemical
weapons, both nerve and blister agents.3

EtO(Me)POSCH2CH2CH2N�iPr�2
VX

It also reacts with aryl thiobenzoates by initial
oxidation at sulfur.2b The final products of the ester
reactions are the corresponding acids plus sulfonate ion
(Scheme 1).

We used model compounds that are non-toxic, but
chemically similar to the agents, and whose reactions can
be followed spectrophotometrically.2–5 Model com-
pounds used were as follows: sulfides, MeSC6H4X(p),
where X = Me, H, NO2 (1a, b and c respectively) and
Ph2S (2); aryl thiobenzoates, PhCOSC6H4X(p), where
X = Me, H (3a and b, respectively); and thiol phos-
phorus(V) esters, Ph2POSPh (4), (EtO)2POSPh (5),
Ph2POSEt (6) and Ph(EtO)POSEt (7).

Rates of these reactions (Scheme 1) are modestly
increased by electron-donating substituents in the phenyl
groups, based on fitting to the Hammett equation, but the
sulfides are much more reactive than the esters.2,4,6 The
activation enthalpies are low and activation entropies are
negative,2b,4 as seems to be general for oxygen
transfers.7,8

An increase in solvent polarity sharply increases
reaction rates, as also seems to be general for oxygen
transfers.2,4,8 For reactions in aqueous acetonitrile,
solvent effects fit the Grunwald–Winstein equation:9,10

log�k=k0� � mY �1�
where Y is an indicator of solvent polarity and was
originally based on the solvolysis oftert-butyl chloride
for whichm= 1, by definition.9 For oxidations by HSO5

ÿ

themvalues are in the range 0.9–1.4,2,4 i.e. some of these
reactions are more sensitive to solvent polarity than
typical SN1 reactions.9 Oxidations of sulfides by period-
ate ion are also speeded by polar, aqueous solvents, with
fits to the Grunwald–Winstein equation.2a,8

For many reactions, especially those involving dis-
placements at carbon centers, a high kinetic sensitivity to
solvent polarity or water content is associated with large
electronic effects, as inSN1 reactions. Mechanistic
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differencesbetweenthesereactionsandoxygentransfers,
which canbe regardedasnucleophilicdisplacementsat
oxygen,havebeendiscussed.2,6–8 It wassuggestedthat
electron transfer from sulfur to oxygen is involved in
transition-stateformation, and a mechanisticrationale
was given for the substituentand solvent effects on
reactionsin aqueousmedia.4

Addedsaltsandlimited pH changedo not affect rates
of reactionsof HSO5

ÿwith thesulfidesandthiol esters.2,4

However, in preliminary work we saw modest rate
increaseson addition of mineral acid. Reactivity could
increasein more concentratedacid for severalreasons.
ProtonationcouldgenerateH2SO5, a betteroxidantthan
HSO5

ÿ. There is also the possibility of initial acid-
catalyzedhydrolysis of the esters,followed by rapid
oxidationof thethiol. Weseethispathin thereactionof 8
with HSO5

ÿ, without addedacid, but it is unimportant
with otheresters,2b,4andwouldnotapplyto oxidationsof
thesulfides.

The high polarity of moderatelyconcentratedmineral
acidsshouldlead to an increasein ratesof oxidationat
sulfur by a mediumeffect, in view of the sensitivity of
thesereactionsto solvent polarity.2,4,8 Bentley et al.11

foundmoderatelyconcentratedH2SO4 to beanexcellent
solvent for SN1 reactions,and they establisheda YOTs

polarity scale in up to 70 wt% H2SO4 (sulfonation
becomesaproblemathigheracidities).Thehighpolarity
of aqueousH2SO4 shouldmakeit aneffectivesolventfor
oxidationsby HSO5

ÿ, and in that event the YOTs scale
shouldfit the rateincreases.

RESULTS AND DISCUSSION

Wefollowed thesereactionsspectrophotometricallywith
dilute substrate [1–8� 10ÿ5 mol dmÿ3, except for
reaction of 5 where we used4� 10ÿ4 mol dmÿ3] in
aqueousH2SO4 containing0.4 vol.% MeCN. As found
earlier for reactions in the absenceof added acid
reactionsareoverall secondorder,i.e. first orderin each
reactant.2,3,4

Reactions of the sul®des

First-order rate constants, k , varied linearly with
[HSO5

ÿ] (Fig. 1), consistent with earlier results.2

Second-orderrate constantsof oxidations by HSO5
ÿ

increasemonotonically with increasing [H2SO4] and
logk2 increaseslinearly with YOTs

11 (Fig. 2). Basedon
second-orderrate constants,k2 (Table 1), substituent
effectsaresimilar to thosewithout addedacid.2b

Reactions of aryl thiobenzoates

Providedthat reactionsof 3a andb were followed in a
double-beamHP 8450 diode-arrayspectrophotometer,
the first-order rate constants,k , varied linearly with
[HSO5

ÿ] andtheplotshadzerointercepts(Figs3 and4),
ashadbeenfoundearlierfor reactionsin theabsenceof
addedacid.2b However,whenreactionswerefollowed in

Figure 1. Sul®de oxidations by HSO5
ÿ at the indicated wt%

H2SO4. ^1a; *, 1b; &, 1c; ~, 2
Figure 2. Dependence of second-order rate constants for
sul®de oxidations on solvent polarity. *, 1b; &, 1c; ~, 2
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asingle-beamHP8451spectrophotometer,plotsof k vs
[HSO5

ÿ] werelinearandtheslopesweresimilar to those
obtainedwith the HP 8450 spectrophotometer, but we
frequently saw non-zerointerceptswith erratic values.
We did nothavethis problemin theabsenceof H2SO4,

2b

so thereseemsto be photochemicalhydrolysis,or other
reactions,in aqueousH2SO4, if reactionis followed in a
single-beam,diode-arrayspectrophotometer. This pro-
blem is consideredin more detail in the Experimental
section. Second-orderrate constants,k2, are given in
Table2.

Reactions of thiol phosphorus(V) esters

Providedthatreactionsof 4–6werefollowedin adouble-
beamHP 8450 spectrophotometerfirst-order rate con-
stantsvariedlinearly with [HSO5

ÿ] with zerointercepts
(Figs 3 and 4), as found earlier for reactionsin the
absenceof addedacid.4 For reaction of 7 there was
agreementin the data from the two instrumentsand
second-orderrate constantsfor reactionsof 4–7 over a
rangeof [H2SO4] arealsogiven in Table2.

Role of sulfuric acid

Second-orderrate constants,k2, increasemonotonically
with increasingconcentrationof H2SO4 (Tables1 and2).
This increaseis probablynotdueto acidcatalysis.Except
in diluteacidratesof hydrogenion-catalyzedreactionsof
weakly basicsubstratestypically increasemore rapidly
than hydrogen ion concentration,largely becausea

decreasein hydration sharply increasesprotonating
power.This acidcatalysisis describedby variousacidity
functions12 or by anexcess-acidityscale.13 Thesensitiv-
ity of reactionratesto theseacidity scalesdependson
substratestructureandreactionmechanism.12,13

For our reactionsof HSO5
ÿ, plots of log k2 against

Hammett’sacidity function,12aH0', haveslopeslessthan
1, andthey arecurvedfor somereactions.Otheracidity
functions also failed to fit the data. This behavior is
atypicalof hydrogenion-catalyzedreactionsnot directly
involving water as a nucleophile in the transition
state,12,13 and it is improbablethat water is involved
nucleophilically in the rate-determiningstepsof these
oxidations.In addition,substituenteffectson ratedo not
change significantly with added H2SO4.

2b,4 Such a
changewould be expectedif the oxidant was H2SO5

ratherthanHSO5
ÿ. We thereforeconcludethatH2SO4 is

exertinga kinetic solventeffect11 ratherthanproviding
acid catalysis,basedon the known sensitivity of these
oxidationsto solventpolarity.2,3,8

The YOTs scalesare typically basedon solvolysesof
sulfonates11,14 but there is uncertaintyin the value of
YOTs in water. It is in the range3.9–4.1,and seemsto
dependon extrapolationsandon thesubstrateusedto set
the scale.10,11,14Plotsof log k2 againstYOTs arereason-
ably linearin aqueousH2SO4 (Figs2, 5 and6) andfit the
datapointsfor reactionin water2b,4 within theuncertain-
ties in YOTs. The spreadof reportedvaluesof YOTs for
water is indicated.The high valuesof m (Table 3) are
typical of reactionswhose rates are very sensitiveto
solventpolarity,9,11andaresimilar to, butslightly higher
than, thosefor reactionsin H2O–MeCN without added
H2SO4.

2b,4 There are similar variations of m in SN1

Table 1. Sul®de oxidations in aqueous H2SO4
a

Substrate H2SO4 (wt%) 14.0 14.6 23.2 29.6 31.3 36.3 42.5 52.5
YOTs

b 4.27 4.28 4.40 4.52 4.55 4.63 4.74 4.90

1a, MeSC6H4OMe(p) 1250
1b, MeSC6H5 875 1777 4109
1c, MeSC6H4NO2(p) 170 429 799 1103
2, Ph2S 137 254 413 489

a Valuesof k2, dm3 molÿ1sÿ1 at 25.0°C.
b Ref. 11.

Table 2. Reactions of esters in aqueous H2SO4
a

Substrate H2SO4 (wt%) 11.9 13.9 19.5 25.3 30.3 36.1 42.2 52.5
YOTs

b 4.24 4.27 4.37 4.46 4.53 4.63 4.73 4.90

3a, PhCOSC6H4Me(p) 0.121 0.183 0.327 0.650 1.46
3b, PhCOSC6H5 0.118 0.253 0.490 0.980
4, Ph2POSPh 0.0240 0.044 0.0824 0.158
5, (EtO)2POSPh 0.0119 0.0316 0.0925
6, Ph2POSEt 0.0925 0.185 0.308 0.650
7, Ph(EtO)POSEt 0.236 0.347 0.720 1.05

a Valuesof k2, dm3 molÿ1sÿ1 at 25.0°C.
b Ref. 11.
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reactionswhich follow theGrunwald–Winsteinequation
or extensionsof it.9,11It hadbeenassumedthatoxidation
at sulfur is the rate-limiting step for reactions with
HSO5

ÿ andthat,for theesters,subsequentattackof water
is fast.2b,3b,4As aresultthelow nucleophilicityof H2O in
moderately concentrated H2SO4

11 does not inhibit
reaction,becauseester hydrolysis is kinetically unim-
portant.2,4

Sulfuric acid has a higher dielectric constantthan
waterandthevaluein 100%H2SO4 is ca100,with some
dependenceon the methodof measurement.12b,15 This
highdielectricconstantfavorsreactionswith highcharge
developmentin thetransitionstate,e.g.SN1 solvolysesof
non-ionic substrates,as does hydrogen bonding to
anionoid leaving groups.11,14,16 These factors also
influence oxidations by HSO5

ÿ, which are highly
sensitive to solvent polarity, although electronic sub-
stituenteffectsaresmall,e.g.r�ÿ0.4 to 0.6, basedon
m and sp parameters,2b,4 whereasfor SN1 reactions
�ÿ4 basedon s� parameters.17,18

Carboxylic and phosphorus(V)estersare much less
reactivetowardsHSO5

ÿ thanthesulfidesin bothaqueous
media2,4 andin moderatelyconcentratedH2SO4 (Tables
1 and 2),2,4 and rate differencesare much larger than
expectedbasedon inductive effectsof acyl groups,for

example.18 Reactivitiescorrelatewith ionization poten-
tials,andinitial electrontransferfrom sulfur to oxygenis
postulated.2b,4 Correlationsof nucleophilicitywith ioni-
zation potential19 are understandablein terms of the
valence-bond,avoided-crossing,model of nucleophilic
substitutions.20

Theseoxygentransferscanberegardedasnucleophilic
displacements,2,4,7,8e.g.by sulfur on peroxyoxygenand
the build-up of negativechargeon oxygen should be
favoredby stronghydrogen-bondingdonors,asareSN1
solvolyses.11,14,16 However, despite similar solvent
effects, SN1 solvolysesand HSO5

ÿ oxidations differ
markedlyin othermechanisticaspectsasmanifestedby
activation parametersand electronic substituent ef-
fects.2,4,8 For example,activation enthalpiesare con-
siderably lower and entropiesmore negativefor these
oxygentransfersthanfor SN1 reactions.

Although we concludethat the rateenhancementsby
H2SO4 aremediumeffectsandnot dueto acidcatalysis,
basedon correlationof log k2 andYOTs (Figs2, 5 and6)
andevidenceagainstintroductionof a new oxidant,we
note that over limited rangesof acidities YOTs varies
linearly with H0, and plots of YOTs (or H0) againstlog
aH2O are approximatelylinear.11 Theserelationscause
major problemsin interpretingrate data in moderately
concentratedacids becauseacidity functions, medium
polarity andwateractivity arenot independentvariables.
Nonetheless,thevariationsof k2 with acidconcentration
arenot consistentwith acidcatalysis.

Hydrolyses of the esters

Thezerointerceptsin plotsof k against[HSO5
ÿ] (Figs3

and 4 and Refs 2 and 4) showthat acid-catalyzed(and
spontaneous)hydrolysesarerelativelyslow,eventhough
thiol estersof carboxylic and phosphorus(V)estersare
more reactive towards anionic nucleophilesthan the

Table 3. Values of m for reactions of sul®des and esters with
HSO5

ÿa

Substrate m Substrate m

1b, MeSC6H5 1.3 4, Ph2POSPh 1.5
1c, MeSC6H4NO2(p) 1.3 5, (EtO)2POSPh 1.6
2, Ph2S 1.4 6, Ph2POSEt 1.3
3a, PhCOSC6H4Me(p) 1.6 7, Ph(EtO)POSEt 1.1
3b, PhCOSC6H5 1.5

a In aqueousH2SO4 at 25.0°C with valuesof YOTs from Ref. 11.

Figure 3. Oxidations of esters by HSO5
ÿ in 19.5 wt% H2SO4.

^ 3a; *, 3b; !, 4; &, 5

Figure 4. Oxidations of esters by HSO5
ÿ in 52.2 wt% H2SO4.

^, 3a; *, 3b; !, 4; &, 5; ~, 6; !, 7
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correspondingalkoxy or aryloxy derivatives.21,22 The
differencesarisebecauseRSÿ is a betterleaving group
than ROÿ, and there are differences in conjugative
electron releaseby sulfur and oxygen. Theseleaving-
group effects are partially offset for reactions at
phosphorus(V)by the higher apicophilicity of RO over
RS in transitionstateswith bipyramidalcharacter.23

Acid hydrolysisrequiresprotontransfer,usuallyin an
equilibriumstep,12,13andit is disfavoredwhenoxygenis
replaced by sulfur.21 Therefore, although carboxylic
estersarereadilyhydrolyzedin moderatelyconcentrated
H2SO4,

12,13thiobenzoatesaremuchlessreactivein these
conditions,unlessa photochemicalreaction intervenes
(see Experimentalsection). Trialkyl and triaryl phos-
phatesare not readily hydrolyzedin aqueousacid,24 so
acid hydrolysis of the phosphorus(V)estersshould be
unimportantin our dark reactionconditions.

EXPERIMENTAL

Materials. Thepreparationandpurificationof thesulfides
and esters has been described previously.2,4,22 The
HSO5

ÿ content of Oxone solutions was determined
iodimetrically and freshly made-upsolutionswereused
to avoidhydrolysisof HSO5

ÿ.

Kinetics. Reactionsolutions were preparedby adding
weighedamountsof pre-analyzedaqueousOxone and
H2SO4 to a volumetricflaskandmakingthe solutionup
to themarkwith aweighedamountof watersothatmolar
or weight % concentrationscould be calculated.The
solution was kept cool during mixing to reducehydro-
lysis of HSO5

ÿ. Reproducible data were obtained
provided that solutionswere not left for severalhours
beforeuse.

Oxone absorbsup to ca 250nm, dependingon its
concentration,and its solutionswere usually usedas a
reference,but these rate constantsagreedwith those
measuredwith water as reference. Reactions were
followed at 25.0°C at the following wavelengths:1a
andb, 250–265nm; 1c, 340and360nm; and2, 270and
280nm. We saw isosbestic points at the following
wavelengths:1a, 253; 1b, 240; 1c, 310; and2, 244nm.
Reactionsof thethiobenzoates3aandb werefollowedat
290and300nm andthoseof thephosphorus(V)estersat
(5 and7) 240and245nm, (4) 240–260nm and(6) 230–
245nm.All reactionswerefollowedin 1 cmcuvettesand
becauseof the absorbanceby Oxonewe sawisosbestic
pointsonly with reactionsof thesulfidesin diluteOxone.
First-order rate constantswere unaffected by small
changes in wavelength. Substrateswere added as
solutionsin MeCN so that reactionsolutionscontained
0.4 vol.% MeCN.

We obtainedagreementbetweenrate data obtained
with eitherasingle-or adouble-beamspectrophotometer
for the sulfidesand for Ph(EtO)POSEt(7). Agreement
waspoor for reactionsof theothersubstratesin aqueous
H2SO4, althoughwe hadno problemswith reactionsof
thearyl thiobenzoatesfollowed,withoutaddedH2SO4, in
thesingle-beamspectrophotometer.2b

For reactionsof the aryl thiobenzoatesfollowed in
aqueousH2SO4 on an HP 8451 single-beamspectro-
photometer,plotsof k vs [HSO5

ÿ] gavefinite intercepts
whosevaluesdepended,irreproducibly,on [H2SO4]. The
problem was reduced,but not eliminated, by using a
MellesGriot WG 280glassfilter. Weconcludethatthere
was an acid-mediatedphotochemicalreaction in the
single-beamspectrophotometer,eventhoughwe usedas
few as20 datapoints.The problemwasnot reducedby
aspiratingthereactionsolutionwith N2. This instrument
usesa deuteriumlamp to irradiate the sampleover the
whole wavelengthrangewith intermittentopeningof a
shutter.In theHP 8450double-beamspectrophotometer,

Figure 5. Dependence of second-order rate constants for
reactions of the aryl thiobenzoates on solvent polarity. ^,
3a; *, 3b

Figure 6. Dependence of second-order rate constants for
reactions of phosphorus(V) esters on solvent polarity. !, 4;
&, 5; ~, 6; !, 7
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a swinging mirror directs the beam over sampleand
referencecells.

Our aim was to eliminate,ratherthan to explain, the
irreproduciblityof theresults,but it appearsthatthehigh
light flux in the single-beaminstrument was giving
photochemicalhydrolysisof someof theestersin acidic
solutions.

Hydrolysis of HSO5
ÿ. Values of k in 65 wt% H2SO4

decreasedwhensolutionsof OxoneandH2SO4 wereleft
standingbeforeaddition of the substrate.They became
constantafter a time, probablybecauseequilibrium was
reachedbetweenHSO5

ÿ and H2O2. We did not have
theseproblemswith up to 52 wt% H2SO4, but in all
conditionsreactionswerestartedassoonaspossibleafter
solutionsweremadeup. Sufficienttime wasallowedfor
temperatureequilibriation.Thehigh viscosityof 65 wt%
H2SO4 causedmixing problems,so it was difficult to
obtaingooddatain theseconditions,evenwhensolutions
wereusedpromptly after beingmadeup. In H2SO4 the
substratesreactwith H2O2, but underthe conditionsof
our experimentsthesereactionsareslowerthanthoseof
HSO5

ÿ.
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