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Further work will be needed to establish whether 2¢ owes its
persistence to a thermal barrier against S — T intersystem crossing
or cyclization of the singlet diradical.

It is our contention that by delocalization of the radical sites
and by introduction of appropriate molecular constraints still more
persistent triplet diradicals can be taylor-made.
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The current increased interest in polyoxometalates' is fueled
to a large extent by potential and realized applications as acid~base
or redox catalysts and photocatalysts.> Hitherto, polyanion redox
chemistry has been dominated by electron-transfer processes, either
centered at the heteroatom (see, for example, the use of
Col"W,0,,° as an oxidant in organic chemistry?®) or at the
addenda Mo or W atoms in the heteropoly blues.* Atom transfer
chemistry involving polyanions is much less common, although
we have recently shown that lacunary polyanion fragments can
mimic macrocyclic ligands and support oxygen transfer from
iodosylbenzene in the conversion of SiMo,,0;,Cr'''(OH,)*" to
SiMo;,04,Cr¥0°",° and Hill has reported oxygen transfer from
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oxygen donors to alkenes and alkanes that is catalyzed by
PW,;(M)O3°~ (M = divalent Mn, Fe, Co, Cu).?™ We now
report the first general oxygen atom abstraction reactivity of
reduced heteropolytungstates in nonaqueous solutions and inci-
dentally the first examples of oxygen atom transfer to tungsten-
(IV). This reactivity suggests that new applications for unsub-
stituted heteropolyanions in synthetic and catalytic chemistry
might be found.

The reduced anions in question are the heteropoly “browns”
that were recently shown to contain trigonal groups of edge-shared
WlVOS(OHz) Octahedra, XWV19037W1V3(0H2)3R— (X = H2 (I),
B (II), Si (III); n = 6, 5, 4, respectively,’ see Figure 1. Natural
abundance 7O NMR spectra of these anions in aqueous solution
show clearly resolved lines for most of the 11 different types of
oxygen atoms in the Cy, structure.? Resonances for the terminal
water molecules occur at chemical shifts of =12 (I) and ~10 ppm
(IT and III). Addition of 17O-enriched water to these solutions
results in a slow enhancement of these resonances® thereby dem-
onstrating ligand exchange on W'V, Approximate half-lives for
exchange at ambient temperature range from 4.5 to 30 days, i.e.;
3.6 X 10°s (I); 1.1 X 108 s (II); 3.0 X 10% s (III). These rates
are comparable with that for the corresponding water molecules
in the structurally related cation, WIV,;0,(OH,),**.10

Anions I-III are readily transferred into toluene or benzene
solution by the phase transfer method that we have described
earlier.!' Excess noncoordinated water is removed by solvent-
stripping, and the resulting salts are redissolved in fresh dry toluene
or acetonitrile.!> Treatment of such solutions with appropriate
oxidants, XO, leads to regeneration of the oxidized heteropolyanion
(identified by "W, 'H, and 70 NMR, and by isolation of the
tetrapropylammonium salt) and the formation of X or a successor
species (*H, 1*C NMR, isolation). Yields of the oxidized het-
eropolyanion are quantitative based upon NMR.!* Representative
yields of the organic products, based on NMR integration of
unreacted substrate and product signals, are given in Table .
These yields, which are not optimized, demonstrate that on average
more than one oxygen atom has been transferred per hetero-
polyanion.'* The overall rates of the reactions summarized in
Table I are not inconsistent with the water exchange rates, except
for the case of nitrosobenzene.!> That the reaction proceeds by
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Figure 1. Polyhedral representation of the a-Keggin structure adopted
by the heteropoly browns I, I1, and III. The tungsten(IV) ions occupy
the three octahedra shaded. Letters indicate positions of terminal water
molecules (a) and oxygen atoms (b~i). A ninth type of oxygen atom
occupies the corners of the central tetrahedron.

Table I. Reactions of Heteropoly Browns with Oxygen Donors, XO¢

anion solvent temp/°C time X0 product (yield®)

I CH,CN 95 90 m Me,SO  Me,S (75)

IT  toluene 110 400 m Ph,SO  Ph,S (75)

I toluene 110 10 m Ph;AsO Ph;As (>33)

CH;CN 95 90 m Ph;AsO Ph;As (60)

toluene 25 10 m PhNO  PhN(O)=NPh (~50)
CH,CN 25 <ls PhNO PhN(O)=NPh (70°)

“Molar ratio polyanion:XO = 1:3, ?Percent conversion of starting
material to product. Yields have not been optimized. °No starting
material remained, and a second unidentified product accounted for
the material balance.

ottt

a true oxygen atom transfer is supported in one case by isotopic
labeling. Reaction of 70-labeled Me,SO with unenriched III in
toluene leads to SiW,,0,* with the label appearing at the
chemical shift of the terminal oxygen (765 £ 5 ppm).!® In his
recent comprehensive and masterly review of oxygen atom transfer
reactions in inorganic and bioinorganic chemistry, Holm!7 has
proposed a scale of reactivity based upon the enthalpy of the
reaction XO — X + !/,0,. The results shown in Table I are
broadly consistent with that scale, that is Me,SO (AH = ~27 kcal)
and Ph;AsO (>~35 kcal) are reduced by I, but (MeO),SO, (—49),
Me,SO, (~52), PANCO (~50), and Ph;PO (~67) are not affected,
even after prolonged reaction times.!®

The facile generation of heteropoly browns by electrochemical
and photochemical® processes, their high thermal stabilities, and
further potentialities for multiatom transfer per polyanion!® suggest
numerous possibilities for stoichiometric and perhaps catalytic
reactions. We are currently exploring these and other atom- and
group-transfer reactions.
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The acidities of carbon acids in aprotic solvents are of funda-
mental importance in physical-organic chemistry and have been
the subject of extensive research.2 Bordwell and his colleagues®
developed a titration method to determine such pK, values in
dimethyl sulfoxide as solvent that made use of colored organic
anions as indicators. However, the method was unsuitable for
very weak acids such as toluene. Breslow and his co-workers® took
a different approach and calculated pX, values relative to that
for triphenylmethane by combining homolytic bond dissociation
energies with the oxidation potentials of carbanions in a ther-
mochemical cycle. Again, many weak acids were beyond the scope
of this method because it was difficult to obtain stable solutions
of the necessary carbanions for the electrochemical measurements.

In this work, we have quantified the pK, values in acetonitrile
for substituted toluenes by using the thermochemical cycle shown
in eq 1-5. This approach is unique since the pX, values are

X-C¢H,CH, — X-C(H,CH, + H* (1)
X-C,H,CH, — X-C¢H,CH," (2)
H* — ,H, 3)

/H, — H* 4)
X-C¢H,CH; — X-C¢H,CH,” + H* (5)

calculated directly and do not rely upon relative measurements.
The necessary reduction potentials were obtained by direct
electrochemical measurements on the benzyl radicals by using the
technique of photomodulation voltammetry (PMV) that we have
described in detail elsewhere.*

In this approach radicals are generated by modulated photolysis,
eq 6 and 7 or 8, so that the radical concentration oscillates at a

1-BuO-OBu-1 — 2-BuO* (6)
t-BuO* + X-C,H,CH, — t-BuOH + X-CH,CH, (7)

X-C4H,CH,C(0)CH, — X-C,H,CH, + CH;CO  (8)

fixed frequency. Phase-sensitive detection at that frequency is
then used to detect the electrochemical behavior of the radicals.
This discrimination in favor of the radicals allows the reduction
potential to be measured even when radical concentrations are
ca. 1077-10% M and lifetimes are 1 ms.

The reduction potentials of several substituted benzyl radicals
(gold minigrid working electrode in acetonitrile/di-tert-butyl-
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