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epoc ABSTRACT: The P—S bond cleavage process in the hydroperoxidolysis of a model system for the nerve agent VX
was studied usingb initio and semiempirical molecular orbital methods. Aqueous solvation effects were included
through single-point calculations using the semiempirical SM5.2PD/A continuum solvation model and geometries
optimized at the HF/MIDI! level of theory. The predominant pathway for P—S bond cleavage involves
pseudorotation of a low-energy trigonal bipyramidal intermediate followed by apical ligand ejection. In aqueous
solution, the free energy barriers for these processes are found to be 14.3 and 4.6 kalespkctively, with
electronic energies calculated at the MP2/cc-pVDZ//HF/MIDI! level of theory. By comparison with another
continuum model of solvation (PCM), it is concluded that the SM5.2PD/A model performs well even for hypervalent
phosphorus species, in spite of not having included any such molecules in the model’'s parameterizatia9$@t.
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INTRODUCTION atom?>3>~%° Elimination from trigonal bipyramidal
species is typically most facile from apical positions,
Most chemical nerve agents are phosphorus(V) speciesand hence apicophilic ligands tend to be good leaving
which act as acetylcholinesterase inhibitbr®resent  groups®™ Since fluorine is the most electronegative
military doctrine calls for bulk field decontamination of element, it is strongly apicophilic, and it is the preferred
nerve agents via hydrolysis in organic or agueous media,leaving group in the reaction of G-series nerve agents
and this goal has been the focus of considerable with hydroxide.
attention®* Many of these agents, belonging to the VX [O-ethyl S-(2-diisopropylamino)ethyl methylpho-
so-called G-series, contain only P—O, P—C and P—F sphonothioate] differs from the G-agents in that it
bonds. These G-series agents are readily detoxified bycontains a P—S bond, which makes this exceedingly
aqueous hydroxide ion, at least on a small scale. Duringtoxic, non-volatile, viscous material resistant to decon-
detoxification, the P—F bond is hydrolyzed, leaving tamination by aqueous hydroxide i6ri:*®-2>2*Thus, the
behind a non-toxic phosphonic acid. The mechanism for fluoride ligand of the G-series agents has been replaced
this detoxification has been generally assumed to proceedy a -N,N-dialkylaminothiolate in VX.

through a trigonal bipryramidal phosphorus speéres? This thiolate is expected to be less apicophilic than
although direct nucleophilic displacement of fluoride by either the ethoxide or hydroxide ligands, the latter two of
hydroxide is also possible. which are expected to have similar apicophilicities. As a

If a stable trigonal bipyramidal species is formed, result, no single ligand dominates for elimination, and
several pseudorotamers are possiBi& The stability of  two products are formed when VX reacts with hydroxide
a particular pseudorotamer depends upon many factorsjon (Scheme 1). The thioester resulting from ethoxide
including the apicophilicity of the various loss is less toxic than VX, but is still a significant
ligands (correlated with electronegativity) and a ligand’s biohazard, and is moreover resistant to further hydrolysis.
ability to hyperconjugate with the central phosphorus
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Nucleophilesother than hydroxide have shown greater
promise for the complete detoxification of VX, and
functioneitherby compartmentalizinghe nerveagentin
a micelle (or other medium) for convenientreagent
delivery and disposal,or by shifting the equilibrium to
afford complete P—S bond cleavage. An effective
reagent in the first regard is o-iodosobenzoic
acid#1419.2250yhile aqueousperhydroxideion has
shownpromisefor the latter?*

Yangetal.?* havedemonstratethataqueougperhydr-
oxide ion reactswith VX 40 times fasterthan agueous
hydroxide ion. More importantly, perhydrolysisselec-
tively cleavesthe P—S bond, leading to a non-toxic
phosphonates the sole observableproduct. The short
half-life of this reaction(42sec,comparedwith 31 min
for VX reactingwith hydroxide)andthe non-toxicity of
the final productsmake perhydrolysisa candidatefor
battlefield decontaminatiorof VX. However,there are
unansweredquestions concerning the mechanism of
neutralization.

Two likely pathways diverging upon formation of a
trigonal bipyramidalintermediateby nucleophilicaddi-
tion, have beenproposedfor the perhydrolysisof VX.
Scheme?2 depicts these pathways (and an additional
pathwaynot consideredby Yang et al.'®) for a model
compoundhatretainsthekey featuresof VX butis more
tractablefor the computationaktudiesdescribecherein.
One possibility (path 1) is proposedto proceedvia a
pseudorotamerwhich places the perhydroxide and
ethoxide (here modeled by F) ligands in the apical

positions (assuming that electronegativity dominates
apicophilicity, pseudorotamefTBP1 will be favored
over alternative TBP2, as alkoxy groups are more
electronegativethan thiolate groups), and involves a
1,2-thiolateshift to createa sulfenatephosphonoanhy-
dride (a mechanism resembling a Baeyer—Villiger
oxidation), the latter being especially susceptibleto
further hydrolysis.

A definingfeatureof the overall reaction,however,is
that no experimentalevidencefor P—O cleavageis
found. Since ligand elimination generally occursmore
rapidly from apical rather than equatorial positionsin
pentacoordinat@hosphoruspeciesandsince TBP1 is
expectedto be the most stable pentacoordinatenter-
mediate,one might expectP—O cleavageto compete
with P—Scleavagen the perhydrolysis.Threepossible
explanationgor thelack of ethoxidelossmaybe offered.
First, the 1,2-thiolateshift may simply occurmuchmore
rapidly thanalkoxideelimination(apossibilitywith some
precedencein the non-aqueousoxidation of thiolate
pesticide derivatives*™3. Alternatively, loss of the
thiolateligand may befacile from anequatorialposition
of TBP1 (path2in Scheme?). Finally, apicalelimination
of thiolatefrom thealternativepseudorotamefFBP2 may
proceedwith a sufficiently low barrier that path 3 in
Scheme2 becomeghe preferredprocessgeventhoughin
the absenceof unusualhyperconjugativenteractions:®
one would expect TBP2 to be higher in energythan
TBP1.

In aneffort to clarify the detailsof the P—Scleavage

PATH 1
o | F o)
—pCHg o— F', WCHy I
I YSCH, ¥S—CHs F~ \/OSCHg
OOH % ® CH,
Q ° TBP1 1 5
N iSOH OOH
/ \ 3 —e - W PATH 2
OOH 0 O
eo__é.llF g —_—— e
\ 'y Pesy
CH N/CHj CHj
ScHs HOO™ ¢ F
TBP2 3 7
PATH 3
Scheme 2

0 1998JohnWiley & Sons,Ltd.

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 232—-240(1998)



234 E.V. PATTERSONAND C. J.CRAMER

SO0e0®-°

TBP9
(5.7)

w v nO O

TBP3 TS4
(14.6) (16.3)

TBP5
(11.9) (9.0)

TBP4

Figure 1. Free energies (kcalmol™') relative to TBP1 and connectivity for all stationary points located on the pseudorotational

potential energy surface in aqueous solution

stepin the perhydrolysisof VX, we employedab initio
molecular orbital calculations, taking into account
aqueoussolvation effects. Since VX is an unwieldy
moleculeby abinitio standardswe adopteda simplified
model.In this model,we reducedhe computationatost
by replacingthe S-diisopropylamnoethyl chain with a
simple thiomethyl group andthe ethoxideligand with a
fluoride. The removalof the amino chainis unlikely to
affect our results as they relate to pseudorotatiora
equilibriaandP—Sbondcleavagearriers.Thepresence
of a fluoride ligand in place of an alkoxy group may
influencethepseudorotationadquilibrium,butwe expect
this effectto beunimportanfor theissuesstudiedhere—
future work will focus on this point more closely. Our
goal,then,wasto clarify someof the mechanistiadetails
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of P—Sbondcleavageaduringthereactionof nerveagent
VX with aqueougperhydroxideion.

Of course, mechanismsother than those discussed
abovemay also be envisioned.For instance,hydrogen
peroxidehomolysiscould initiate free radical reactions,
butthis seemaunlikely in abasicaqueousnedium.In the
caseof reactionwith peroxyacids,theinitial stepin VX
detoxificationappeargo be oxidationat sulfur followed
by hydrolytic P—S cleavage’* but we expect the
hydroperoxideanionto be more potentasa nucleophile
under the relevantexperimentalconditionsthan as an
oxidant. Finally, an §y2 attack of the hydroperoxide
nucleophileon the carbonof thethiomethylligand might
beaconcernwerethecomputationamodelcompoundo
be subjectedto the experimentalconditions;since this
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Figure 2. Free energies (kcalmol~") relative to TBP1 for competing P—S cleavage pathways in aqueous solution

carbon is significantly more crowded in VX and no
experimentalevidencesupportssuch reactivity, we do
not examinesucha pathwayhere.

COMPUTATIONAL METHODS

Ideally, for a reactiontaking placein aqueoussolution,
solvationeffectsshouldbe includedduring all phaseof
the calculation. However, the current state-of-the-art
makesabinitio geometryoptimizationsin the condensed
phaseprohibitively expensivefor systemsof the size
studiedhere.We thereforerelied on a hybrid methodof
gas-phaseptimizationsfollowed by single-pointcalcu-
lations of the free energyof aqueoussolvationto obtain
final free energiesn solution.

All geometriesn this studywerefully optimizedusing
ab initio molecular orbital theory employing Hartree—
Fock theory and the MIDI! basisset (HF/MIDI!). The
MIDI! basissef*is anextensiorof the MIDI basissef®
designedo provide geometriesand partial chargeg(the
latter critical for the calculation of solvation free
energies)that comparewell with resultsobtainedfrom
higherlevelsof theory(e.g.MP2/cc-pVDZ)butatgreatly
reduced cost for, inter alia, molecules containing
phosphorusAnalytical frequenciesonfirmedthe nature
of all stationarypoints as either minima or transition
states. Intrinsic reaction coordinate (IRC) calcula-
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tions>®>’ were carried out to establishthe two minima
connectediy everytransitionstate.Single-pointenergy
calculationsatthe HF/MIDI! optimizedgeometrieavere
performedusing second-ordeMgller—Plesseperturba-
tion theory’® (MP2) andthe larger cc-pVDZ basissef®
(MP2/cc-pVDZ//H-IMIDIY). Including thermal correc-
tionsfrom theHF/MIDI! frequencycalculationspurbest
gas-phaseenergy is describedas MP2/cc-pVDZ//HF/
MIDI! + G?%%,,s All gas-phasecalculationswere per-
formed using the Gaussian94°° suite of electronic
structureprograms.

Aqueoussolvationwasaccountedor by two different
approachesiVe useda versionof HONDO 7% including
thepolarizedcontinuummodel(PCM) of Tomasiandco-
worker§?%364 1o perform single-point solvation free
energy calculationson the HF/MIDI!-optimized struc-
turesat both the HF/MIDI! and MP2/MIDI! levels.We
also performed single-point aqueous solvation free
energy calculations using the SM5.2PD/A agueous
solvationmodelin alocally modifiedversionof AMSOL
5.4.1%° All solvationcalculationswere performedfor a
temperatureof 298 K.

RESULTS AND DISCUSSION

Figures1 and 2 depictall minima and transition states
studiedon the potentialenergysurfacedor pseudorota-
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Table 1. Free energies of solvation (kcalmol~") at 298 K for all species considered in this study at HF/MIDI! geometries

PCM-HF/MIDI! PCM-MP2/MIDI! SM5.2PD/A
Species AGeR? G AGSE AGgR? G AGSE AGg? Gepd AGE
1 ~111 17.3 6.2 -85 17.3 8.8 18 —49 6.7
2 -90.9 6.7 -81.2 -91.8 6.7 -85.2 -87.6 -8.2 -95.9
3 ~12.8 14.4 1.6 ~-10.3 14.4 4.0 -20 -78 938
4 —66.9 10.4 -56.6 —66.6 10.4 —-56.3 -70.0 5.1 ~75.1
5 115 18.6 7.2 9.2 18.6 9.4 —23 5.3 -76
6 -99.9 4.8 -95.1 —-99.9 4.8 -95.1 -100.3 -9.2 -109.5
7 —-69.9 12.6 -57.2 —67.4 12.6 —54.7 -71.0 -86 ~79.6
8 -7.3 11.6 4.3 ~6.6 11.6 5.0 ~1.2 6.4 7.7
9 -59.3 22.7 -36.6 575 22.7 —34.7 —-62.6 -105 ~73.1
10 -59.5 22.2 -37.3 -57.7 22.2 -355 —62.4 -99 -72.3
TBP1 -63.3 19.5 —43.8 —-60.7 19.5 —41.2 —-60.7 -6.5 —67.1
TBP2 -60.2 19.9 —40.3 -58.2 19.9 -38.3 -58.9 -6.8 —65.7
TBP3 —-60.0 19.8 —40.2 -58.2 19.8 -38.3 -60.3 -6.2 —66.4
TBP4 —61.7 19.7 —42.0 -59.8 19.7 —40.2 -58.3 59 —64.2
TBP5 -61.3 19.8 —415 -59.1 19.8 -39.3 -58.3 -6.0 —64.3
TBP6 ~-63.6 20.2 —43.4 —61.5 20.2 413 575 -86 ~66.2
TBP7 —67.2 19.8 —47.4 —64.3 19.8 —44.5 -58.9 -6.7 —65.6
TBPS8 -63.9 19.8 —44.2 ~61.8 19.8 —42.0 -57.3 9.1 ~66.4
TBP9 —62.6 19.9 —42.8 —60.4 19.9 —40.6 -57.6 -7.8 —65.4
TS1 ~59.9 21.2 -38.7 ~57.6 21.2 ~36.4 ~61.9 7.2 ~69.0
TS2 -59.6 215 -38.2 ~57.6 215 -36.1 —62.4 -78 -70.2
TS3 -62.1 19.8 —42.3 —-59.9 19.8 —40.1 —60.5 -5.8 —-66.3
TS4 —-59.7 19.8 —-39.9 -58.0 19.8 -38.2 —~59.9 -5.9 —65.8

& Electostaticpolarizationcontribution.
P Cavitationcontribution.
¢ Total free energyof solvation,i.e. sumof AGgp andG¢ or Geps

d Contributionfrom cavitation,dispersiorandsolventstructuralreorganization.

tion of thetrigonal bipyramidalintermediatesndlossof

the methanethiolatefragment, respectively. Cartesian
coordinates for HF/MIDI!-optimized geometries are
providedas supplementarynaterialon the EPOCweb-
site at http://www.wiley.com/epoc Aqueousfree ener-
giesof solvationascalculatedat threedifferentlevels of

theory (seebelow) are listed for all stationarypointsin

Table 1. Relativefree energiedor eachstationarypoint

along the completepotential energysurface,in the gas
phaseand aqueoussolution, are presentedn Table 2.

Where necessarysums of individual fragmentswere
usedin Table?2 to ensurebalanceccomparisonse.g.the
free energiesof VX model 1 andthe hydroperoxideion

(2) have beensummedfor direct comparisonwith the

trigonal bipyramidalintermediates.

This section continueswith a discussionof three
issues,one technicaland the othertwo chemical.First,
we examine the relative utility of the PCM and
SM5.2PD/A solvation models for the calculation of
agueous solvation effects. Next, we consider the
implications of our calculationsfor the mechanismof
perhydrolysisof VX, focusingfirst on the pseudorota-
tional equilibrium of the pentacoordinatgophosphorus
intermediatesand secondon P—Sbondcleavage.

0 1998JohnWiley & Sons,Ltd.

Comparison of solvation models

Typical molecular orbital calculationsare for isolated
moleculesin the gas phaseat 0 K. Resultsfrom such
calculationsmay sometimeshe comparedsemiquantita-
tively with those of condensed-phasexperiments,
provided that solvent effects are minimal (which is
almost never true for charged systems). Since the
perhydrolysisof VX involvesanionicspeciesn aqueous
solution,the effectsof solvationareexpectedo belarge
(as noted previously for the hydrolysis of phosphate
ester£°®%for instance).Indeed, the resultsin Table 1
confirm this to be the case.Regardlessof solvation
model, the electrostaticcontribution to the total free
energyof solvationis fairly largefor all anionicspecies
(2, 4, 6, 7, all of thetrigonal bipyramidalintermediates
(TBPs)andall of the transitionstates) For the smallest
anions,the free energyof solvationrangesas high as
100kcalmol™* (1 kcal = 4.184kJ). For thelargeranionic
speciesthe chargedelocalizesover a largervolume, so
the free energiesof solvationarereducedin magnitude,
but still rangeashigh as70kcalmol. The free energy
of solvation is similarly large in the ion—dipole
complexes9 and 10 (discussedurther below), where
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Table 2. Relative free energies (kcalmol™") of points along
the potential energy surface (298 K)

AAGg,, (aqueoussolution)

Species Gasphasé PCM-MPZ2  SM5.2PD/A
1+2 49.3 24.1 23.8
3+4 20.5 9.4 2.7
5+6 33.6 —-10.1 -15.6
7+8 -59.1 —67.6 -79.3
9 10.9 18.2 5.7
10 11.6 18.1 7.2
TBP1 0.0° 0.0 0.0
TBP2 5.9 8.8 7.3
TBP3 13.9 16.8 14.6
TBP4 9.0 10.0 11.9
TBP5 6.2 8.1 9.0
TBP6 18.3 18.2 19.2
TBP7 26.1 22.8 27.6
TBPS8 9.2 8.4 9.9
TBP9 4.0 4.6 5.7
TS1 18.6 23.4 16.7
TS2 15.0 20.1 11.9
TS3 13.5 14.6 14.3
TS4 15.0 18.0 16.3

& MP2/cc-pVDZ/HF/MIDI! electronicenergy+ 298K thermalcorrec-
tions.

b Gas-plaseAAG + indicatedsolvationfree energycorrection.

¢ Absoluteenergy(au) HF/MIDI!, —1136.22148; MP2/cc-pVDZ//HF/
MIDI!, —1143.41A43; thermal correction (298K HF/MIDI!),
0.07631.

significant charge polarization has developedin the
separatingragmentsTheremainingspeciesall neutral,
have much smaller free energies of solvation, as
expected.

Although Table2 indicatesthe shapeof the gas-phase
potential energy surface to be qualitatively correct,
solvationeffectsdifferentially impactneutralandanionic
specieqthe latter being stabilizedmuch more strongly).
Solvation effects further discriminate compactanions
[e.g. perhydroxide (2) and hydroxide (6)] from less
compactanions(e.g.the TBPs). The setof relative free
energiesin aqueoussolution shouldbe more consistent
with experimentabbservations.

Ideally, agueoussolvation effectswould be included
during the geometry optimization process,since it is
possiblethat the solvatedequilibrium geometrieswill
vary significantly from their correspondinggas-phase
minima.”®""*However variousconsiderationsenderthis
impractical here. Condensed-phaseptimizationsusing
the PCM modelin HONDO 7 aredonenumerically,and
tendto be cumbersoméanoptimizationof hydroxideion
in water requiredmore than 30min of CPU time on a
modernworkstation).SM5.2PD/Aoptimizations,on the
otherhand,arefastbut arecontraindicatedcherebecause
theAM1 Hamiltoniar’>~">onwhichthemodelis baseds
inappropriatefor evaluatingthe geometriesof hyperva-
lent phosphoruspeciesThis is not, however,expected
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to impact adversely the quality of the SM5.2PD/A
solvationfree energieswhich employ the AM1 Hamil-
tonianonly for generatinga chargedistribution, not for
molecularenergiesindeed,the SM5.2PD/Aandthe ab
initio PCM electrostatidree energiesof solvation(AGgp
columnsin Table 1) agreewell with each other for
identical HF/MIDI! geometries.

Caremustbe exercisedn further comparingthe two
solvation models. Currently available ab initio conti-
nuumsolvationmodelstypically treatonly the effectsof
electrostaticpolarization on the energy of the system
(AGgp) However,for a solvationmodelto be quantita-
tively accurate,non-electrostaticterms must also be
accountedor. Thesetermsinclude cavitation (the cost
for makingaholein thesolventfor thesolute) dispersion
(attractiveLondonforces)andsolventstructuralrearran-
gement(e.g.the hydrophobiceffect); thesesumto G¢ps
The PCM model in HONDO 7 includes terms for
cavitation’® and dispersion’, but the latter requires
Caillet-ClaverigparameterS for eachatomin thesolute,
sowe employedonly the cavitationcorrection.Thefinal
AGq, arrived at by adding AGgp and G thus neglects
dispersionand solvent structural rearrangementsand,
while unlikely to comparewell with experimentalfree
energiesof solvation, is still perhapsappropriatefor
computingrelative free energies.

The SMx family of aqueoussolvationmodels’®8on
the otherhand,parametricallyincludesall of the above-
discusseceffectsin calculatingthe total solvation free
energy.Thesemodelsusuallyarein goodagreementvith
experimental free energies of solvation for organic
solutesand numerousexamplesof the predictive power
of the SMx modelsexistin the literaturefor conforma-
tionaP?>®* and tautomeri€®>°°" equilibria. The
SM5.2PD/Amodef! employedfor this work hasamean
unsignederror of 0.5kcalmol™ for a set of over 200
organicsolutesExaminationof Tablel indicateshatthe
AGgp terms obtained from SM5.2PD/A and PCM
comparewell in mostcasesparticularly for the anions.
The PCM G¢ terms,on the other hand,are necessarily
always positive, but still correlatereasonablywith the
SM5.2PD/AGcps terms.Hence,while the absolutefree
energiesfrom SM5.2PD/A are expectedto the more
accurate the relative solvationfree energiesfrom both
models are overall comparable(in part becausethe
electrostaticpolarization effect dominatesfor charged
speciesso differencesin CDS are lessimportant). This
agreemenbetweentwo different continuumapproaches
inspiresconfidencen thefinal results(Table 2).

We note a few more technicalpointsin closing this
section. First, the generally good agreementbetween
SM5.2PD/Aand PCM on AGgp for hypervalentphos-
phorus species suggeststhat the former model is
applicable to these systemsin spite of not having
included any in its parameterizatiorset. This resultis
in line with previouswork®® showingthegoodagreement
between another SMx model (SM3.2°®) and finite
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differencePoissorcalculation§® of the electrostatidree
energieof solvationfor pentacoordinatmtermediatesn
phosphatéydrolysis.Secondthe computationaktostof
the SM5.2PD/Asingle pointsis roughly four ordersof
magnitudelessthanfor PCM. Finally, we notethat the
similarity betweerPCM-HFandPCM-MP2calculations
suggeststhat there is no special synergism between
solvation effects and electron correlation. All further
discussionof relative energieswill be for aqueous
solutionandwill focusonthe SM5.2PD/Aresultswhich
we considerto be both the mostaccurateand the most
economical.

Trigonal bipyramids

The first step in the overall mechanismis attack at
phosphorusy hydroperoxideion. We find this stepto
proceedwithout barrierto any of a numberof TBPs.To
understandhe mechanismit is vital to understandhe
relationshipsamongthe various TBPs. With five unique
ligands, 10 enantiomeric pairs of TBPs may be
envisioned(neglectingpossibleconformationalisomer-
ism associatedwith the ligands themselves);it is, of
course,not requiredthat all 10 be stableintermediates.
Thosewhich are stablecanin principle interconvertvia
pseudorotatior>3* Stationary points correspondingto
all 10 possible pseudorotamersvere located. One of
these 10, with oxide and methyl groups apical, is a
transition state (TS3), presumablydue to the lack of
electronegativeatomsin the apical positions.

Not surprisingly thelowestenergyTBP is TBP1, with
the fluoride and hydroperoxideligands in the apical
positions(Figurel). This TBP is analogougo oneof the
two importantTBP intermediatesuggesteqScheme?)
by Yang et al.?* and we shall definethe energiesof all
other speciesrelative to it as zero (Table 2). Although
TBP1 is the moststableTBP, it doeslie 79.3kcalmol™*
above the final products (7 and 8). TBP2, with
perhydroxideandmethanethiolatén the apicalpositions,
is analogousto the other important TBP intermediate
suggestedy Yangetal. TBP2 lies 7.3kcalmol* above
TBP1. We locatedthetransitionstatefor interconversion
of thesetwo pseudorotamersTS3. Interestingly, the
transitionstatecorrespondso the one TBP thatis notan
energyminimumasnotedabove.Therefore jnterconver-
sion of TBP1 and TBP2 occursvia a double Berry
pseudorotatiorf>** the first half of the pseudorotation
takesTBP1 to TS3 andthe secondhalf transformsTS3
into TBP2. The barrierto pseudorotatiofirom TBP1 to
TBP2 is foundto be 14.3kcalmol.”*

We locatedthe sevenremainingTBPsandfound that
all are higherin energythan TBP2, althoughmostare
clusteredless than 20kcalmol™ above TBP1. Only
TBP7 lies significantly higher than the others, being
nearly30kcalmol~* higherin energythanTBP1. Again,
standard electronegativity argumentscan be used to
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explainsatisfactorilythe relative stabilitiesof eachTBP,

althoughthe importanceof hyperconjugatiorvs apico-
philicity has not beeninvestigatedin this case’® and
cannot be ruled out. We also located one additional
transitionstate(TS4), for theinterconversiorof TBP3 to

TBP4. This transition state is the standard square
pyramidalstructureexpectedor a single Berry pseudor-
otation,andresultsin a modestbarrierof 1.7kcalmol™*

from TBP3 to TBP4.

An examinationof the potential energy surfacefor
pseudorotatioffFigurel) showsthatthe doublepseudor-
otationfrom TBP1to TBP2is thelowestenergypathway
to interconvert the two TBPs of greatestinterest.
Althoughcompletecharacterizatiormf all transitionstate
structureson the pseudorotationapotential energysur-
facehasnotbeencarriedout, it is clearthatthe othertwo
possiblepathwaysshownin Figure 1 will both require
higher activation energies than the 14.3kcalmol™
requiredto take TBP1 throughTS3 to TBP2. We note
that we have not madeany effort hereto accountfor
possibledynamiceffectsandtheir potentialinfluenceon
reaction trajectories; however, given the complex
motionsinvolved herein traversingthe potentialenergy
surfacefrom one TBP to another,we do not expect
dynamic effectsto play as significanta role as barrier
heights in determining the reaction path. We next
examinethe energeticof P—Sbondcleavagefrom the
low-energyTBPsTBP1 and TBP2.

P—S bond cleavage

By conventionalogic, cleavageof the P—Sbondis most
likely to occurwhenthe methanethiolatéigandis in an
apical position®® TBP2 is the lowest energy TBP with
the thiolate so disposed.The transition state(TS1) for
apical loss of methanethiolate(4) lies 4.6kcalmol™*
aboveTBP2 (Figure2), andconnectst to anion—dipole
complex (9) in which the methanethiolategroup is
loosely associatedwith the phosphonateester. This
contactintermediate which is nearly isoenergetiowith
TBP2, may be an artifact of gas-phas@ptimization,as
the electrostatidorceswhich hold this structuretogether
are expectedto be weak in an agueousenvironment.
From intermediate 9, the reaction proceedswithout
significantbarrierto fully separatedntermediates3 and
4, which lie 4.6kcalmol™* below TBP2. Thesespecies
then presumably undergo reduction and oxidation,
respectivelyto generate7 and 8 (andindeed,the final
fate of the methanethiolateinderthe reactionconditions
is likely to be conversionto methanesulfoni@acid).

We also performeda searchfor a transition state
structure correspondingto equatorial elimination of
methanethiolatérom TBP1. Not surprisingly the barrier
for this processs significantly higher (16.7kcalmol ™)
than for apical elimination. In fact, a pseudorotation
occursduringligandejection,sothatthethiolateligandis
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in an apical position by the time TS2 is reachedAs in
direct apical loss, this pathway passesthrough an
electrostaticallypoundion—dipole complex (10) before
passingon to final products3 and 4, which lie slightly
higherin energythan TBP1.

It is importantandinformativeto comparethe barriers
for ligand lossto the barrierfor pseudorotatiotetween
TBP1 and TBP2. To pseudorotate, TBP1 needs
14.3kcalmol™ compared with the 16.7kcalmol™
neededfor P—S cleavage.Under thermodynamiccon-
trol, this differenceof 2.4kcalmol ™! is sufficientto favor
pseudorotatiomverligand ejectionby nearlytwo orders
of magnitudeat 298K. Therefore, TBP1 will pseudo-
rotateto TBP2 in preferenceo expelling 4. Moreover,
TBP2 requires7.0kcalmol™* to pseudorotateback to
TBP1 but only 4.6kcalmol™ to ejectligand 4. Again,
the energydifferenceis 2.4kcalmol,”* and TBP2 will
preferentiallycleavethe P—Sbondratherthan pseudo-
rotatebackto TBP1. Theseresultssuggesthat evenif
TBP1 s first formed,it caneasilypseudorotatéo TBP2
and eliminate methanethiolatg4). While the absolute
energeticsfor the above-discussegrocessess calcu-
latedby the PCM modelarequantitativelydifferent (asa
result of failing to include the energetic effects of
dispersionand solvent structural rearrangement)they
agreethat the lowest energy pathway for P—S bond
cleavagds via apicallossfrom TBP2 (Table 2).

We have been unable to locate a stationary point
correspondingo cyclic structurell in Scheme2. We
have located the minimum (5) resulting from loss of
hydroxide (6) and thiolate migration. We have been
unsuccessfulhowever,in locating any stationarypoints
connectings and6 to TBP1. We canmakeno definitive
statementson this processbut speculatebasedon our
resultssofar thatthis pathwayrequiressignificantlymore
energythan direct pathwaysfor P—S bond cleavage.
Attempts to locate connectingstationary points while
including the effectsof solvationareproceeding.

Futureefforts will alsoexaminecompetingP—O and
P—ScleavageTo addresshis issue we areconsidering
systemswhere the fluorine in our current model is
replacedwith analkoxide.

CONCLUSIONS

Molecularorbital calculationson the P—Scleavagestep
during the perhydrolysisof a VX nerve agentmodel
indicate that the most stable trigonal bipyramidal
intermediatehas the thiolate in an equatorialposition,
from which the barrier to P—S cleavage is
16.7kcalmol~. However,thattrigonal bipyramid pseu-
dorotatego a higherenergyconformerwith a barrier of
only 14.3kcalmol.”* Loss of methanethiolatérom the
latter is facile, with a barrier of only 4.6kcalmol.”*
Thesedetailshelp clarify certainaspectsof the experi-
mental results of Yang et al.'® Further work with an
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improved model systemwill be necessaryto address
competitiveP—O cleavageandto investigatealternative
mechanistic pathways. As a technical point, the

SM5.2PD/Acontinuumsolvationmodelhasbeenshown

to providereasonabl@queoudree energiesof solvation

for pentacoordinatphosphoruspecies.
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