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ABSTRACT: o-lodosobenzoate anotiodoxybenzoate ion (IBA and IBX, respectively) are turnover catalysts of
hydrolyses of phosphonofluoridates and non-toxic simulants. Reactions of IBA with phosphonothioates are
stoichiometric because sulfides (e.g. 4-methoxybenzenethiol) reduce IBAodobenzoate ion. Oxidants, e.g.
HSG;, as OXONE, and magnesium peroxyphthalate, MPPA, regenerate IBA and gradually oxidize it to IBX, which
eventually decomposes. The procedure was tested on hydrolygestadphenyl diphenylphosphatpNPDPP) and
4-nitrobenzenesulfonyl fluoride, 1, catalyzed by IBA, and the catalyzed hydrolysis of 1 was examined. Some of the
oxidation products of 4-methoxybenzene thiol were identifiedHb)MR spectroscopy and oxidative decomposition

of IBX was monitored. Periodate ion slowly oxidizedodobenzoate ion to IBA and IBX. Copyright 1999 John

Wiley & Sons, Ltd.
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INTRODUCTION react as nucleophiles and oxidants, e.g. hypochlorite ion
and N-chloroamine$,but they are aggressive reagents.

Nerve agents, both phosphonofluoridates, e.g. GB (Sarin)Peroxy acids, e.g. HSQ are good oxidants at sulfdr,

and phosphonothioates, e.g. VX, react readily with and peroxycarboxylate ions are effective nucleophiles
towards phosphoryl centefdyut these reactions occur at

i-PO_ F EO_ O different pH values. The combination of a turnover
Py P . nucleophile, e.g. IBA, and a peroxy acid may therefore
M~ N0 Me” “SCH,CH,N(i -Pr) - , -
S z provide a system which oxidizes at sulfur, and reacts
GB vX nucleophilically at phosphorus. The requirements are that

the oxidant be effective towards sulfur compounds and
capable of re-oxidizing-iodobenzoate ion, IB, to IBA
and/or IBX. Peroxy acids are obvious candidates for this
purpose, but periodate ion oxidizes sulfilasd might
also oxidize IB.

nucleophiles. o-lodoso- and o-iodoxybenzoate, IBA
and IBX respectively, are effective nucleophiles towards
toxic phosphonofluoridates and nontoxic model com-
pounds, e.g. triarylphosphate3.The reactions of IBA
and IBX are catalytic, whereas many nucleophiles react
stoichiometrically. However, the reaction of IBA with o
phosphonothioate simulants of VX is not catalytic I (0] I 0]
because IBA is reduced by thiols and their derivatites. @i — @ 0 — Qi\o
The chlorosulfide blister agents, e.g. HD and Mustard coy < o
Gas, do not react bimolecularly with nucleophiles or
bases except in forcing conditions, but, like VX, they are B IBA IBX
readily decontaminated by oxidatidm few compounds

VAR

o%
04

We planned to use HSO as OXONE (2KHS@

(CICH,CH;,),S KHSO, K,SO,),°> or magnesium peroxyphthalate,
MPPA, as oxidants, the latter is convenient because its
HD peroxy anion is an effective dephosphorylating adamnt.

Nitrophenyl diphenylphosphate@NPDPP) is often used

as a model for the toxic fluoridates in reactions with

nucleophil its low solubility in media i
*Correspondence to:C. A. Bunton, Department of Chemistry, d.uc SOD ©s, bL\J/;[/ tSr(]) Sfo ubility .aqléezus. ebda sa
University of California, Santa Barbara, CA 93106, USA. E-mail: ISa Vantage_- e therefore examine -nitrobenzene-
bunton@chem.ucsb.edu sulfonyl fluoride,1, as a model substrate towards IBA.
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REDUCTION OF 0-IODOSOBENZOATE

Table 1. "H NMR chemical shifts.?

IBA 8.19,d,d; 7.98,t, d; 7.89,d; 7.75,t
1B 7.87,d; 7.42,t; 7.40,d; 7.10,t, d
4-O,NCgH,SO,F 8.60,d; 8.37,d

4-O,NCgH4SO; 7.80,d; 7.08,d

4-MeOGH,SH 7.30,d; 6.79,d

(4-MeOGsH,S) 7.37,d;6.91,d

MPPA 7.68,m, 3H; 7.55,t, 1H
Phthalatdon 7.59,m; 7.47,m

CgHsl 7.69,d; 2H; 7.41,t, 1H; 7.17,t, 2H

2 In H,0-t-BUOH 7:3 v/v with TSP in D,O as externalreference.
Vicinal coupling constantsare 7-8Hz, and long-range coupling
constantswhereobservedareca. 1 Hz.

Thisreactioncanbefollowed spectrophotometricallgnd
productscanbe monitoredby usingNMR spectroscopy.
Someof theresultsof this work werepresentedat the
ERDEC Scientific Conferenceon Chemical and Bio-
logical Defense Research,November 19988 where
ProfessomMosstold one of us of his new work in this
area’ This work materially extendsunderstandingof
reactions of IBA and IBX with thioates and their
hydrolysisproductsin cationic micelles?

RESULTS AND DISCUSSION
Hydrolysis of 4-nitrobenzenesulfonyl fluoride, 1

The IBA catalyzedhydrolysisof 1 was followed at pH
8.5 over a rangeof [IBA] (Fig. 1). The first-orderrate
constant,kons With respectto 1 varied linearly with
[IBA]. Thedatapointwith 1in excessverIBA fit onthe
plot (Fig. 1), indicating that IBA is a turnovercatalyst.
There was a small contribution from a spontaneous
hydrolysis. With [IBA] >10 3m we saw an induction
period(<7 s)beforetheintermediate3 (Schemel) came
into steadystate.

The overall reaction (Schemel) is shown with a
mechanismsimilar to that observedin dephosphoryla-
tion, where breakdown of the intermediate involves
nucleophilicattackontheiodosoresidue®*? Thesecond-
orderrateconstanis 20.4+ 0.5M ' s~ at 25.0°C (Fig.
1,r=0.998).The pK, of o-iodosobenzoi@cidis 7.35in
water andanapparenvalueof 7.25wasestimatedrom
kinetics of reactionsin cationic micelles™*
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Figure 1. Hydrolysis of 4-nitrobenzenesulfonyl fluoride
catalyzed by IBA in water, pH 8.5, and 25.0°C

Reduction of IBA and its regeneration by HSO5™~

We used'H NMR spectroscopyo monitor reductionof
IBA (5 x 103 m) by 4-methoxybenzenthiol, 4, andthe
subsequentxidation of o-iodobenzoatéon, IB. Unless
specifiedall NMR reactionswere carriedout in H,O-t-
BUuOH 7:3 viv, 0.1M NaHCQ;, nominal pH=7.5. This
solventwasusedto solubilizethe sulfideandsomeof its
oxidation products.We use protio solventswith signal
suppressiorand only monitoredsignalsin the aromatic
region.Thereis overlapbetweenH NMR signalsof the
iodine compoundshut in orderof decreasing:hemical
shift the multiplicities are:for IBA, d, t, d, t, andfor IBX,
d, d, t, t. The*H NMR signalsof the sulfur compounds
are all doublets,which assistadentificationof products
andintermediates.

The 'H NMR signalsof IBA disappeareavithin the
time of sighal measuremen{8—10 min); on addition of
5 x 103 M thiol, 4, signalsof IB appeare@ndthoseof 4
werereplaceduy signalsof thedisulfide,5 (Tablel), and
signalsof an intermediate 6a, at 7.31 and 6.44ppm, d
[Fig. 2 (A)]. Therewassignaloverlap,butsignalshadthe
expectednultiplicity. We thenadded).025m HSG; and
signalsof IBA reappearedvith signalsof 4-methoxy-
benzenesulfonatd, at 7.79and7.04ppm, d. Signalsof
intermediatefa, correspondinglydecreasedFig. 2), but
thoseof a secondntermediatepb, appearedt 7.54and

SO,.Ar

H0
LA @i O + ArSO;
fast

o)
/
\
/

Scheme 1. Hydrolysis of 4-nitrobenzenesulfonyl fluoride catalyzed by IBA in water, pH 8.5, and 25.0°C

Copyright0 1999JohnWiley & Sons,Ltd.
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Figure 2. Reduction of IBA (5 x 1073m) by 4-methoxybenzene thiol (5 x 1073M) at 21 °C. (A) Initial reduction. (B) After addition
of HSO;. Chemical shifts of the identified compounds are indicated and * indicates signals of intermediates, 6a,b

Ar = 4—MeOCgH,

7.01[Fig. 2 (B)]. Within thetime requiredfor runningthe
spectrum(ca. 10 min) we sawno signalsof IBX, butIB
wasnotcompletelyoxidizedbackto IBA [Fig. 2 (B)] and
therewasoverlapwith a signalof 4.

The spectrumchangedwith time and after 1 day at
21°C signalsof IBA had decreasedand thoseof IBX
appearedat 8.26, d, 8.06, t and 7.91, t, ppm, each
correspondingo 'H, althoughthereis overlapwith the
signal of IBA at 8.18ppm. The signals of the inter-
mediatesulfur compounds5 and6a,b, disappearednd
werereplacedy thoseof the sulfonate,7. The signal-to-
noiseratio deterioratedvith respectto IBA andIBX as
they gradually decomposedput the spectrumdid not
changewithin a further 3 days,probablybecauséHSO;
hadbeenusedup. We thenadded0.25m HSG; andall
signalsof aromaticiodine compoundgdisappearedbut
thoseof 4-methoxybenzeneBanate, 7, remained.

Copyright0 1999JohnWiley & Sons,Ltd.

Theoxidationof IB by HSQ; is illustratedby the data
in Table2 andFig. 3 (A) with no sulfur compoundsand
within 10min of mixing. Within this time there was
formationof IBA andIBX, dependingon [HSG; |, butno
loss of aromaticiodo compoundsin a separateexperi-
mentwith 0.01m IB and 0.102v HSQ; the IB signal
disappearedithin 65min at21°C andthereweresignals

Table 2. Oxidation of IB by HSO5~®

[HSOs7], M [HSOs 1/[1B] LB LIBA 11BX
0.0104 0.51 0.82 0.18 —

0.0174 0.85 0.24 0.63 0.13
0.0338 1.65 — 0.78 0.22
0.0846 413 — 0.71 0.29

#1n H,O~+-BuOH 7:3 v/v, pH 8.6,0.1M NaHCQ;.

J. Phys.Org. Chem.12, 758-764(1999)
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Figure 3. (A) Reaction of IB (0.021 M) with 0.017 M HSO; after 20 min at 21°C. (B) Reaction of IBA (0.02 M) with equimolar

MPPA after 41 min at 21°C

of IBA and IBX in the ratio 1:1.8. On the basis of
comparisorof signalareaswith thatof mesitoatdon the
combinedconcentration®f IBA-+IBX were53% of the
original [IB], showingthatIBX wasdecomposindpefore
its complete formation from IBA. Even with modest
concentratiorof HSGy (ca.0.1Mm) the decompositiorof
IBX (andIBA) is inconvenientlyrapid.

We establishedegenerationf IBA asacatalystof the
hydrolysis of 4-nitrobenzenesulfonyl fluoride. We
reduced 0.01m IBA with 0.01m 4-methoxybenzene
thiol, 4, then added0.05m HSG; followed by 0.01m
sulfonyl fluoride. Within thetime requiredto collectthe
9F NMR spectrum(8-10min), the signalof the sulfonyl
fluoride had disappearedand we saw only that of F.
Control experimentsconfirmed that the spontaneous

Copyright0 1999JohnWiley & Sons,Ltd.

hydrolysis is relatively slow in solutionsof OXONE.
Qualitative observationson the hydrolysis of pNPDPP
aredescribedn the Experimentalsection.

Reactions of peroxyphthalate ion

MagnesiumperoxyphthalateMPPA, behavessimilarly
to HSG; in its reactions.When 0.01m 4-methoxyben-
zenethiol, 4, wasmixed with equimolarMPPA, signals
of 4 disappearedndnew signals(doublets)of disulfide,
5, appearedat 7.37 and 6.91ppm, and those of the
sulfonate,7, appearedit 7.80and 7.08ppm. We did not
seesignalsat 7.31 and 6.44ppm of the intermediate 6,
which was formedin the reactionwith HSG; (Fig. 2),

J. Phys.Org. Chem.12, 758-764(1999)
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Table 3. Oxidations by MPPA?

Time __ Yield (mol %)°
[MPPAJ/[IB] [MPPAJ[IBA] (min) 1B  IBA IBX

1° 41 044 044 012
1.97 48 0.09 0.68 0.23
10° 31 — — 024

&In H,O~-BUOH 7:3 viv, pH 7.4,0.1M NaHCGQ;, 21°C;
Yields arecalculatedrom relativeareasof the *H NMR signalsand
that of mesitoateion;
€0.021m IB;
40.01m IBA.

Table 4. Oxidation of IB by 10,7

Time (h) 0 0.68 295 257 147
10°[IB] (M) 10.6 9.94 9.65 6.78(3)" 1.22(0.7f

@1n H,0, pH 6.1, 21.4°C with initially 0.1m NalO, and5 x 10 3m
mesitoatdon;
b Valuesin parentheseare[IBAJ/[IBX].

and some of the disulfide could have formed by air
oxidation.

o-lodobenzoatéon is oxidizedto IBA andthento IBX
by MPPA [Table 3, and Fig. 3 (B)]. As in other
experimentsextentsof thereactionwereestimatedrom
signal areasrelative to that of mesitoateion. In the
experimentillustrated in Fig. 3 (B) there was some
residualperoxyphthalatevith asignalatca.7.70,m, and
anothersignalunderthat of phthalateion.

With equimolareactantsherewasnolossof aromatic
iodine compoundsput the situation was different with
more concentratedMPPA and IBA (Table 3). With
0.01Mm IBA and0.1M MPPAwe sawno *H NMR signals
of IBA after31min at 21°C, andareasof signalsof IBX
were only 24% of thoseof the original IBA (Table 3).
Thedegradatiorof IBX by MPPA wasgreaterthanwith
HSQ; undersimilar conditions(Tables2 and3). Signals
in the aromaticregion disappeareand that of t-BuOH
was so large that we have no information on possible
structuresof the aliphatic products.Oxidation of ethane
thiol by IBA gavethedisulfide,ratherthanthe sulfonate,
asthefinal product?

Oxidation of 4-methoxybenzene thiol
Thefinal oxidationproduct,4-methoxybenzensulfonate

ion, 7, survivedoxidation® but we detectedntermedi-

2ArSH —
4, § = 7.30,6.79

ArSSAr —
5 6 =6.917.37

ArSO.SAr —
6a, 6 =7.31,6.44

atesin the courseof reaction. Initially thiol, 4, was
oxidized to disulfide, 5, by IBA, and intermediate 6a,
appeared,probably by oxidation of disulfide, 5. On
additionof HSQ; asecondntermediatefb, appearedt
theexpensef 6a. (Fig. 2), andsulfonate,7, wasformed.

A possiblereactionsequencés shownin Scheme2, in
which disulfideis oxidizedto thethiol arenesulfinatesa,
and HSQ; oxidizes 6a to the thiol arenesulfonategb.
The sulfonate,7, could be generatedoy hydrolysesof
6a,b, which would reform thiol, 4, and 4 would be
recycledoxidatively. Alternatively the esters6a,b could
be oxidized to anhydrideswhich would be rapidly
hydrolyzedto an arenesulfinateon (which would then
be rapidly oxidized),or to 7. Our hypothesighat6ais a
sulfinateand 6b a sulfonateis consistentwith the latter
havinghigherchemicalshifts (Fig. 2), but we recognize
thattheseassignmentare speculative.

We did not see®H NMR signalsof 6a,b in reactions
with MPPA (Fig. 3), consistentwith the formation of
sulfinateor sulfonateesters,which would reactrapidly
with a nucleophilic peroxyphthalatedianion to readily
give hydrolyzable mixed anhydrides.These reactions
wouldnotoccurwith HSG; whichis aweaknucleophile.

The postulatedeactionsequencés shownin Scheme
2, although the overall reactions probably include
hydrolysesof 6a,b. The schemeincludesthe observed
chemicalshifts,ppm, (Fig. 2).

Decomposition of IBX

We did not observe quantitative formation of IBX
startingfrom either IBA or IB and oxidant, becauseH
signalsin the aromaticregion decreasedvith time and
finally disappearedndicatingthatIBX reactswith both
HSQ; and MPPA. Reactionprobably involves further
oxidation at iodine, althoughsuchan intermediatemust
be short-lived,becauseve sawno new*H NMR signals.
We considereda reaction in which a hypervalent
iodine compounds hydrolyzedto salicylateion, but we
did not seeits *H NMR signalsat 7.88, d, 7.40,t, and
6.92, m, and there was no diminution of thesesignals
relative to those of mesitoate, when salicylate ion,
0.02m, wasleft with 0.2m HSGy for 1 day at 21.4°C
in H,O-+-BuOH 7:3 v/v, pH 7.4. lodobenzenewas
oxidizedby HSQy to iodoxybenzengFig. 3 (A)]. In the
reaction conditions used for salicylate ion, and with
mesitoateion as a quantitativemarker,there was 70%
reaction after 1h at 21°C, with no loss of aromatic
signalsand after 3.7h we saw only signalsof iodoxy-
benzenat8.04,d,2H 7.78,m, 3H. With 0.02m reactants

ArSO,.SAr  —
6b, § = 7.54,7.01

2ArSGy
7,6=17.797.04

Scheme 2

Copyright0 1999JohnWiley & Sons,Ltd.
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in theaboveconditionswe sawthesame'H NMR signals
and 3%, 13% and 13% reactionafter 0.1, 2 and 22h,
respectively,probablybecauseHSOi graduallydecom-
posed.Therewasno decreasén the “"H aromaticsignals
relativeto that of mesitoateon.

Theseobservationsindicate that the acyl residueis
involved in the decompositionof IBX. The carbonyl
groupin the cyclic form of IBX (andIBA) is conjugated
with the aromatic residue and a hypervalent iodo
compoundgeneratedy oxidationof IBX could loseits
aromaticcharacterPossiblereactionsshownin Scheme
3 would generatalieneswhich shouldreactwith peroxy
acidsto form aliphaticcompoundsWe couldnotidentify
'H NMR signalsof thesehypotheticalproductsbecause
of theverylargesignalof the CH; groupsof t-BuOH, and
we haveno evidenceonthestep-wiseor concertechature
of the hypotheticalreactionsshownin Schemes.

Reaction of periodate ion and IB

Periodateion oxidizesaryl sulfides’ althoughit is less
reactive than HSQ; in these reactions,>*® and we

examinedts reactionwith IB at21.4°C. The experiment
was madewith 0.1m NalOQ, and 0.011m IB in H50,

initial pH=6.4,and0.005m mesitoateion asreference.
ThesolutionwasunbufferedbecauséNaHCO; saltedout
thereactantsThereactionwasslow, t;/» ~ 4idays,but*H

NMR signalsof IB decreasedndthoseof IBA andIBX

appeared.With time there was some precipitation,
probably of o-iodosoand o-iodoxy benzoicacid. From
the relative peakareasof IB and mesitoateon kyps was
2x10°° s! and the reaction was too slow to be
practicallyuseful. Therewasslow oxidationby K104 but
reactantsverenot completelysoluble.

CONCLUSIONS

BothHSG; andperoxyphthalatéon allow IBA andIBX
to beusedasturnovercatalystof hydrolysisof activated

Copyright0 1999JohnWiley & Sons,Ltd.

phosphorugqV) estersand sulfonyl fluorides at mildly

alkaline pH in the presenceof sulfides. In these
conditions peroxyphthalateion is an effective depho-
sphorylatingagent.Periodateon oxidizeso-iodobenzo-
ate ion, but this reactionis too slow to be practically
useful. Thereis considerablelecompositiorof aromatic
iodine compoundswith [peroxyacid]>0.1Mm.

EXPERIMENTAL
Materials

MagnesiumperoxyphthalatgLancaster),OXONE (Al-
drich), IBA (ACROS), iodobenzengTCl), o-iodoben-
zoic acid (ACROS), and 4-methoxybenzenethiol
(ACROS), 4-nitrobenzenadfonyl fluoride (Aldrich)
were usedas receivedand pNPDPPhad beenusedin
earlier work® The peroxy contents of OXONE and
peroxyphthalatedeterminediodometrically were 80%
and 73% of theoretical respectively andconcentrations
werecorrectedaccordingly Solutionsweremadeup with
redistilled, deionizedwater in H,O-t-BuOH 7:3 v/v to
allow solubilization of the substratesand oxidation
productsof the sulfides.

Kinetics

The reactionof 10~*M 4-nitrobenzenesulfonyfluoride
(1) in water was followed in an HP 8451 diode array
spectrophotometeait 25.0°C at pH 8.5 (0.1M NaHCG;

buffer). The sulfonyl fluoride wasaddedin 30 ul MeCN

to 3ml of kinetic solution. The reactionwasfollowed at
240-280nm andin this rangevaluesof first-orderrate
constantskops varied by <2%, exceptfor the fastest
reactionswhere values were within 5%. There is an
isobestigointat258nm. Theturnovercatalysiss shown
by the valuesof 10° kops S %, at 240, 275 and 280nm,
respectively:1 x 100*M 1, 1x 10 %M IBA— 4.16,
4.24,and 4.25;and2x 10 *M 1, 1 x 10 *m IBA—

J. Phys.Org. Chem.12, 758-764(1999)
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4.44 (4.87), 4.32 (4.95), and 4.42 (4.95). Values in
parenthesewerewith 1.04x 10 %M IBA.

We attemptedo examinetheBA catalyzechydrolysis
of pNPDPPin the presenceof PhSHand HSQ; (as
OXONE). In MeCN-H,0O 3:7 v/v, pH 8.5 (nominal),
0.1M NaHCGQ, buffer and 2.4 x 10°M pNPDPP,the
second-orderrate constantfor reactionwith IBA was
0.56M ' st at25.0°C, which is similar to the value of
1.0t st at pH 7.0 in water® We could not obtain
goodkinetic dataspectrophotontecally in the presence
of OXONE and PhSH, becauseprecipitatesformed,
althoughabsorbancat 400nm increasedasexpected.

We madequalitativeobservation®n the deactivation
of IBA using thioanisole,2, and its regenerationon
additionof HSQ; in H,O-+-BuOH 7:3v/v, pH 8.5,0.1m
NaHCQ;. When10~*m pNPDPPwas addedto 103 m
IBA atca.21°C thesolutionbecameyellow within afew
minutes. Addition of 10 3m 2 stoppedcolor develop-
ment, but it immediately resumed on addition of
2x103Mm HSQ;. The color of p-nitrophenoxideion
was unaffectedby HSG; in theseconditions,provided
thatthe pH wasmaintained.

NMR spectroscopy

Spectrawere monitoredtypically in H,O—+-BuOH 7:3

v/v on a Varian Unity (INOVA) instrument,400MHz

for H, in isotopically normal solventswith a D,0O

insert, TSPasexternalreferenceandsuppressiomf the
'H signal of H,0. As a resultof signal suppressiorwe

sawsome'spikes’ in the spectrawhich appearedn the
absenceof reactantsand were easily identified. The
breaksin NMR spectrawere due to theseadventitious
‘spikes’. Therewasa largesignalof CH; of t-BuOH and
therefore we only monitored signalsin the aromatic
region.We usedmesitoatg2,4,6-trimethylbenaate)ion,

on = 6.86ppm, s, asa calibratingstandardor estimating
extentsof reaction** The °F signalof 4-O,NCgH,SOF

was at —68.5ppm and that of F~ wasat —112.4ppm,

relativeto CF;Cl 6 =0 ppm measuredvith CFCO,H as
an externalreferencep = 76.55ppm.

There was overlap of someH signalsof the iodo
compoundsand of the oxidation products,but in all
conditions there were sufficient *H signals to allow
quantificationof iodo compoundsbasedon comparison
of peakareaswith thatof mesitoateéon. Chemicalshifts

Copyright[ 1999JohnWiley & Sons,Ltd.

varied slightly with changesin the reaction medium
becausewe usedexternalreferencesput there was no
effect on signal multiplicities or relative peakareas.In
mostcompoundshatwe examinedhydrogensn agiven
moleculewerein 1:1ratios,which assisteddentification.
The'H NMR signalsof thestockcompoundsiregivenin
Tablel.
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