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ABSTRACT: Barrier heights for P—C bond homolysis inP-hydroxy-P-methyl-P,P-dioxophosphoranyl andP,P,P-
trihydroxy-P-methylphosphoranyl were calculated using well correlated levels of electronic structure theory. The best
estimate for the difference in barriers between the two indicates that homolysis is more facile forP,P,P-trihydroxy-P-
methylphosphoranyl by roughly 9 kcal molÿ1. This result suggests that bacterial pathways leading to P—C bond
cleavage in organophosphonate derivatives will preferentially proceed via initial one-electron reduction of substrates
rather than oxidation. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Organophosphonate derivatives, which find use as
agricultural chemicals and chemical warfare agents, can
exhibit high neurotoxicity; they typically act as acetyl-
cholinesterase inhibitors.1 Current technology for the
detoxification of these compounds focuses primarily on
the hydrolysis of phosphorus–heteroatom bonds, either
with hydroxide ion or with another nucleophile that
ultimately exchanges with hydroxide in water.2–20Some-
times, however, this hydrolysis does not proceed to afford
exclusively less toxic products, as in the case of the nerve
agent VX.17 An alternative approach to detoxification is
‘hydrolysis’ of the P—C bond [i.e. converting the
phosphonate derivative into a (less toxic) phosphate
derivative]. Although the P—C bond in organophos-
phonates is not labile under acidic or basic conditions, it
has been observed thatEscherichia colican grow under
conditions where organophosphonates serve as the sole
source of phosphorus,21–24 implying that the organism
enzymatically cleaves the P—C bond. Similar P—C
bond-cleaving activity has been observed forPseudomo-
nas fluorescenseven under non-phosphate-starvation
conditions.25 Based on the observation of organic
products derived from the radical of the organic ligand

(e.g. alkyl dimers, alkenes), this P—C lyase activity
presumably derives from a one-electron oxidation or
reduction of the phosphonate derivative followed by P—
C bond homolysis (see Figure 1).21–24

Phosphorus-containing radicals with four substituents
on phosphorus are known as phosphoranyl radicals.26

These inorganic species are typically metastable and
many examples have been characterized by electron spin
resonance.27–39Phosphoranyl radicals can be produced in
biological systems upon radiation damage of the
phosphate backbone of cellular genetic material,26,40

and they have seen extensive theoretical study aimed at
understanding their electronic structures and overall
geometries as a function of substituents.37,41–57

An interesting question with respect to biological P—
C lyase activity has to do with the intrinsic P—C bond
strengths in the phosphoranyl radicals derived from either
one-electron oxidation or reduction of a given substrate.
As they are chemically distinct species, one might expect
there to be a non-trivial difference. Also, since the
organism presumably has no means of lowering the
intrinsic barrier to bond homolysis, if there is a naturally
more labile species, one might expect the enzymatic
system to evolve so as to produce it exclusively. In this
work, we calculated the gas-phase barriers to P—C bond
homolysis forP-hydroxy-P-methyl-P,P-dioxophosphor-
anyl andP,P,P-trihydroxy-P-methylphosphoranyl; these
two molecules are produced, respectively, by oxidation
or reduction of methanephosphonic acid followed by
neutralization of charge by deprotonation or protonation
(Figure 1). We expect this comparison to be a reasonable

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 149–154 (1998)

*Correspondence to:C. J. Cramer, Department of Chemistry and
Supercomputer Institute, University of Minnesota, 207 Pleasant St, SE,
Minneapolis, Minnesota, 55455-0431, USA. E-mail: cramerchem.um-
n.edu
Contract/grant sponsor:United States Army Research Office.
Contract/grant sponsor:Alfred P. Sloan Foundation.

 1998 John Wiley & Sons, Ltd. CCC 0894–3230/98/020149–06 $17.50



modelfor thebiologicalsystemsincemediumeffectson
thenon-polarhomolyticprocessareexpectedto besmall.
One caveat,however,is that the biological P—C lyase
activity mayprecedethehydrolysisof anyheteroatomic
substituents on phosphorus, in which case charge
neutralizationof a phosphoranylradicalcationby proton
elimination might not be possible.Moreover, the pKa

valuesof the phosphoranylradicalsstudiedherearenot
known, and it is conceivablethat they are chargedin
neutral aqueoussolution. However, one would not
necessarily expect the P—C bond strengths to be
significantly different in the correspondingconjugate
acidsand basesof thesemolecules,and we emphasize
thattheintentof this studyis to gainaqualitativeinsight
into the likelihood of biological P—C bond cleavage
proceeding preferentially by either an oxidative or

reductive path, not to provide quantitativedifferences
for anyparticularsubstrate.

COMPUTATIONAL METHODS

Thegeometriesof all specieswerefully optimizedat the
unrestricted Hartree–Fock, second-orderperturbation
theory (MP2), and density functional levels of theory
employingthe correlation-consistentpolarizedvalence-
double-z basisset (cc-pVDZ) of Dunning.58,59 Density
functionalcalculationsemployedthelocal exchangeand
correlationfunctionalsof Slater60 andof Voskoet al.,61

respectively.All transitionstateswereverifiedashaving
asingleimaginaryfrequencyandcalculationsof intrinsic
reaction coordinates(IRC) were carried out at lower

Figure 1. Possible pathways for biodegradation of organophosphonate derivatives, shown here for an alkylphosphonic acid.
The products of biodegradation include inorganic phosphate and organic materials derived from the alkyl radical

Figure 2. Stationary points for 1 and 2 as calculated at the UHF/cc-pVDZ level of theory; heavy atom bond lengths (AÊ ) are
indicated
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levels of theory to determinewhat two minima were
connectedby different transitionstatestructures.Single-
point energycalculationswere carriedout with the cc-
pVDZ basis set at the configuration interaction level
includingall singleanddoublesubstitutions(CISD) and
completeupto fourthorderin perturbationtheory(MP4).
ComputationsemployedtheGaussian94suiteof electro-
nic structureprograms.62

P,P,P-Trihydroxy-P-methylphosphoranyl(1) exhibits
<S2> valuesbetween0.75 and 0.80 for all stationary
points. However, symmetric stationary points of P-
hydroxy-P-methyl-P,P-dioxophosphoranyl(2) are char-
acterizedby largerspin contaminations(typically about
0.82)andHartree–Fockdoubletinstability. As discussed
in moredetail below,variousmethodsof accountingfor
electron correlation alleviate this instability to some
extent, and density functional ‘wavefunctions’ do not
exhibit any instability (the tendencyof DFT to provide
wavefunctionsfree from spin contaminationhas been
noted elsewhere,63–65 and is correlatedwith freedom
from doubletinstability).

RESULTS AND DISCUSSION

Figure 2 depicts the structuresof different stationary
pointsfor 1 and2, andFigure3 depictsthetransitionstate
structuresfor homolysis of the P—C bond in these
species.Radical 1 is a standardphosphoranylradical
insofaras it adoptstrigonal bipyramidal(TBP) minima
wherethe unpairedelectronis viewedasoccupyingone
ligand position in the TBP. However,even thoughthe
unpairedelectronis usuallyobservedby ESRto localize
in an equatorialposition,thereis a local minimum (1b)
which localizestheelectronaxially. Suchstructureshave
occasionallybeenassignedfrom interpretationof phos-
phoranylradicalESRspectra,35 andhavefoundprevious
computationalsupport—inthis instancethe ‘apicopho-
bicity’ of theunpairedelectronis overcomeby favorable
hyperconjugativeinteractions between the equatorial
hydroxyl groups as describedpreviously for closely
relatedsystems(e.g. trihydroxyphosphoranyl).51,55 Four

TBP minima all exhibiting equatoriallocalizationof the
unpairedelectronarealsofound,andtheseminimadiffer
either by the axial/equatorialsubstitutionpatternof the
ligands—1a hasthemethylgroupequatorialwhereas1c,
1d and1eplaceit axial—or ashydroxyl grouprotamers
amongst the latter three. The hydrogen bonding and
hyperconjugativeinteractionsthat control the hydroxyl
group orientationshavebeenextensivelydiscussedfor
other hydroxy-substituted phosphoranyl radi-
cals,48,51,52,55 and we find similar results here; in
particular, the greaterapicophilicity of hydroxyl com-
paredwith methyl66 is offset by favorablehyperconju-
gative interactions between two equatorial hydroxyl
groups, making the energies of the lowest energy
conformers,1a and 1c, very similar at all levels of
theory. Relative energies for all five structures as
calculatedat different levelsof theoryaregivenin Table
1.Thereis generallygoodagreementbetweenUHF,MP2
andDFT for therelativeenergiesof all speciesexcept1b.
We have noted elsewherethe tendencyfor correlation
effects to preferentially stabilize TBPs with axially
localizedunpairedelectrons,52,55but havenotedthatthis
effectis overestimatedat theMP2level,52suggestingthat
the DFT and UHF results are probably reasonably
accurate.

Radical 2, in contrastto 1, is roughly tetrahedralin
geometry(Figure2).Experimentalevidencesupportsthis
geometryin otherP,P-dioxophosphoranylradicals.53 In
this instance,two Cs minima are found, both having a
staggeredarrangmentabout the P—C bond, with 2a

Figure 3. Transition state structures for PÐC bond homolysis in 1 and 2 as calculated at the UHF/cc-pVDZ level of theory; heavy
atom bond lengths (AÊ ) are indicated (see text for PÐC bond lengths)

Table 1. Relative energies (kcal molÿ1) for stationary points
of 1 at UHF, MP2 and DFT levels

Relativeenergy

Structure UHF/cc-pVDZ MP2/cc-pVDZ SVWN/cc-pVDZ

1a 0.0 ÿ0.2 0.3
1b 6.5 2.4 4.2
1c 0.0 0.0 0.0
1d 8.9 9.6 9.9
1e 3.0 3.3 3.9
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being lower in energythan 2c by virtue of having the
P—Ohydroxyl torsionanti to the P—Cbondinsteadof
eclipsingit. The rotationaltransitionstatestructures2b
and2d areeachabout2 kcal molÿ1 (1 kcal= 4.184KJ)
higher in energythan their correspondingminima, with
someslight variation dependingon the level of theory.
Relative energies for these speciesas calculated at
differentlevelsof theoryaregivenin Table2. Frequency
calculations for minima 2a and 2c, however, show
extremelylarge imaginary frequencies(of the order of
20000i). Suchanon-physicalresultis oftendiagnosticof
so-calledHartree–Fockdoublet instability—a phenom-
enon where the UHF wavefunction is unstable to
breaking symmetry. Such symmetry breaking is an
artifact introducedby the degreeto which symmetry
breaking can provide electron correlation energy not
otherwisecapturedattheUHF levelof theory.Indeed,we

find thatif wepermitstructure2a to breakelectronicstate
symmetry,the energyof the systemdecreasesby about
14kcalmolÿ1 at theUHF levelof theory.Wehavefound
a numberof otherdioxophosphoranylradicalwavefunc-
tions that suffer from doublet instability,53,67 so this
behavioris not unusual.Calculationsat the UMP2 level
of theoryalmostcompletelyremovethe instability—the
energy lowering on symmetry breaking is reducedto
0.4kcal molÿ1—andDFT calculationswith the SVWN
functionaldo not exhibit any instability, a phenomenon
presumablyassociatedwith thewell knowntendencyfor
DFT wavefunctionsto be resistantto spin contamina-
tion63–65(a problemoccasionallyfoundfor UHF theory,
wherethewavefunctionsarecontaminatedwith character
from higherspinstates).Interestingly,in spiteof theUHF
doublet instability, when Cs symmetryis enforced,the
relative energiesof structures2a–2d agreereasonably
well acrossall three levels of theory, lending some
confidencein thesevalues.

For the P—Cbondhomolysisreaction,two transition
stateswerelocatedat theHartree–Focklevel connecting
minimaof 1 to separatedmethylradicalandphosphorous
acid(thelatterpresumablyreadilyoxidizedto phosphoric
acid under biological conditions).When the IRCs for
thesestructuresarefollowed, theycorresponddirectly to
lengtheningof the P—C bond in 1c (2.299 Å) and 1e
(2.251Å) andarehencereferredto as1c-TSand1e-TS.
The IRC for 1c-TS is shownin Figure4. Both of these
cases,then,representthelossof anapicalligandfrom the
phosphorusTBP; thissituationis typically preferredover

Table 2. Relative energies (kcal molÿ1) for stationary points
of 2 at UHF, MP2 and DFT levels

Relativeenergy

Structure UHF/cc-pVDZ MP2/cc-pVDZ SVWN/cc-pVDZ

2a 0.0 0.0 0.0
2ba 1.4 1.5 1.1
2c 5.7 5.8 5.1
2da 7.6 8.0 7.0

a Transitionstatestructurefor P—Cbondrotation.

Figure 4. Intrinsic reaction coordinate (in mass scaled internal coordinates) for transition state structure 1c-TS
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equatorialloss.68 WhenonelengthenstheP—Cbondin
1a, themoleculeundergoesa pseudorotationto a 1e-like
structure(with abarrierof 3.5kcal molÿ1 at theMP2/cc-
pVDZ level), and bond homolysis can then proceed
directly through1e-TS(or, or course,1ecanconvertinto
1c by hydroxyl rotation and homolyze via the lower
energy1c-TS structure).Similarly, if one stretchesthe
P—Cbondin 1b, oneinducespseudorotationto 1awith a
barrier of 2.3kcal molÿ1) rather than proceedingto
homolysis,and1a cango on to reactas just described.
Finally, if one stretchesthe P—C bond in 1d, it too
ultimately connectsto 1e-TS, suggestingthat the IRC
path down from this transition state structure may
bifurcateto both1d and1e. Suchbifurcationshavebeen
describedby Windus and Gordon69 for isoelectronic
siliconateanions.

Thebarrierheightscorrespondingto 1c-TSand1e-TS
athighly correlatedlevelsof theoryareprovidedin Table
3. Thelowerenergybarrier1c-TSis about11kcalmolÿ1

abovethe lowestenergyprecursor1c, while the otheris
14kcal molÿ1 above1c. We note that thesehomolyses
areisogyric processes[i.e. the total numberof unpaired
electrons (one) is conserved] and as such single-
configurationlevels of theory are expectedto provide
adequatereferencewavefunctionsfor the calculationof
barrier heights. The corresponding transition state
structureslocatedat theMP2 level showsomelengthen-
ing of the P—C bond(2.479and2.406Å in 1c-TS and
1e-TS, respectively),but are otherwisesimilar. Corre-
spondingDFT transition state structures,on the other
hand,showedvery long P—Cbondlengths(in excessof
2.8 Å). We havenotedelsewhere56 that DFT appearsto
be unreliable for predicting the structuresof certain
phosphoranyl radicals (for instance, many modern
functionalspredicttheknownradicalPCl4 to beunstable
to dissociationinto PCl3 andCl

*

!) andthisflaw appearsto
extendhereto the locationof bondhomolysistransition
states.As aresult,wedonotconsiderDFT to beareliable
level of theoryfor thepredictionof homolyticbarriersin
thesespecies.

Thelocationof a transitionstatestructurefor theP—C
bond homolysis in 2 proves to be considerablymore

problematicthanfor 1. This difficulty arisesbecauseof
the Hartree–Fockdoubletinstability. Sincethe products
of homolysislack the Cs symmetryplanepresentin the
reactants,thereactioncoordinatemustbreaksymmetryat
some point and, since this potentially gives rise to a
discontinuity in the wavefunction becauseof doublet
instability, it is hard to assign a saddle point with
confidence.Table3 reportsthe barrierheightcalculated
at well correlatedlevels of theory for a UHF structure
havinga P—Cbondlengthof 2.183Å andcharacterized
by exactly one imaginaryfrequency(it is unfortunately
impractical to searchthe reactioncoordinateusing the
correlatedlevels,which probablysuffer muchlessfrom
any instability). Theenergyof this speciesrelativeto 2a
is between16 and 19kcal molÿ1 higher,dependingon
levelof theory(the3 kcalmolÿ1 spreadis amanifestation
of some remaining spin contamination—when spin
contaminationis projectedout of the MP4 wavefunc-
tions,thatbarrieris 17kcalmolÿ1). Giventheuncertainty
in positionof this transitionstatestructure,17kcalmolÿ1

shouldbe regardedasonly a lower boundto the barrier
height (which is the local maximum on the reaction
coordinate). To provide additional information, we
calculatedthe relativeenergyof the infinitely separated
productsmethyl radical and metaphosphoricacid [the
latter presumablyhydrating to phosphoric acid in a
biosystem(andconvertingto an equilibrium mixture of
phosphateanions at neutral pH)]. Theseproductsare
20kcal molÿ1 abovethe reactant.It is thuspossiblethat
the UHF transitionstatestructureis an artifact of spin
contaminationandthehomolysisis barrierlessout to this
asymptote.

Hencewe calculatethe intrinsic barrierto P—Cbond
homolysis to be roughly 9 kcal molÿ1 higher for P-
hydroxy-P-methyl-P,P-dioxophosphoranyl than for
P,P,P-trihydroxy-P-methylphosphoranyl. Given this
substantialdifference, it seemsreasonableto assume
that biological P—C lyaseactivity will be initiated by
one-electronreductionof organophosphonate derivates.
Of course,the biological systemsareconsiderablymore
complex,and it is conceivablethat other factorsmight
significantly influence the gas-phaseresults discussed
here.However, to the extent that bond homolysisis a
non-polarprocess,medium effects are expectedto be
minimal and,giventhelargedifferencein barrierheights
calculated,it seemslikely thatthequalitativeorderingof
barrierheightswill bemaintainedin vivo.
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