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Grossi and Strazzari have reported (J. Org. Chem. 2000, 65,
2748-2754) that the ceric ammonium nitrate modulated
photooxidation of triphenylmethanol and 1,1-diphenylethanol
yielded ESR spectra of the putative spiro-cyclohexadienyl
intermediates in theO-neophyl rearrangements of the cor-
responding alkoxyl radicals, Ph2(R)CO• (R ) Ph, CH3), to
the phenoxymethyl radicals, Ph(R)C•OPh. Both ESR spectra
are reassigned to the phenoxyl radical, C6H5O•, and the
probable mechanism by which phenoxyl is formed in these
systems is presented.

Almost a century ago, Wieland1 reported the first free-radical
rearrangement. He discovered that the thermal decomposition
of bis(triphenylmethyl) peroxide yielded 60-70% of 1,2-
diphenoxy-1,1,2,2-tetraphenylethane, reaction 1, and interpreted
this result in terms of an initial formation of triphenylmethoxyl
radicals, reaction 2, and their isomerization to diphenylphe-
noxymethyl followed by coupling of two of these carbon-
centered radicals, reactions 3 and 4.

Roughly half a century later, one of us reported2 that the 1,1-
diphenylethoxyl radical, generated at 30°C by various proce-
dures, underwent an analogous 1,2-phenyl group migration,
reaction 5.

This isomerization was much faster than the anticipated
â-scission, reaction 6,

a result that was later used3 to estimate that the rate constant
for reaction 5,k5, must be greater than 106 s-1.

Reactions 3 and 5 must proceed through a spiro-cyclohexa-
dienyl radical,1. A hotly debated question has been whether1,
for R ) Ph and Me, is a discrete intermediate or is simply a
representation of the transition state for a concerted phenyl group
migration.4 Schuster and co-workers7 pioneered the use of

picosecond laser flash photolysis (LFP) to address this question
for both radical isomerizations. LFP of Ph3COOCMe3 in
acetonitrile at room temperature was found to yield a transient
absorbance (λmax ) 545 nm) “instantaneously”, i.e., within the
rise time of the laser pulse (17 ps) that persisted for several
hundred microseconds. This absorbance was assigned to the
Ph2C•OPh radical by analogy with the known spectrum of the
structurally related Ph2C•OH radical, andk3 was estimated to
be>5 × 1010 s-1.8 LFP of Ph2C(Me)OOCMe3 under the same
conditions “instantaneously” gave a transient absorbance (λmax

) 535 nm) that decayed with first-order kinetics and, in the
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Ph3COOCPh3 f Ph2C(OPh)C(OPh)Ph2 (1)

Ph3COOCPh3 f 2Ph3CO• (2)

Ph3CO• f Ph2C
•OPh (3)

2Ph2C
•OPhf Ph2C(OPh)C(OPh)Ph2 (4)

Ph2C(Me)O• f PhC•(Me)OPh (5)

Ph2C(Me)O• f Ph2CO + Me• (6)
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absence of good hydrogen atom donors, gave rise to a second
species (λmax ) 410 nm) that also persisted for several hundred
microseconds. This second transient absorption was assigned
to the PhC•(Me)OPh radical by analogy with the known
spectrum of the PhC•(Me)OH radical.7 The first transient (λmax

) 535 nm) was quenched, i.e., decayed more rapidly following
(pseudo)-first-order kinetics, by the fairly good H-atom donor,
1,3-dioxolane. In the absence of H-atom donors, decay occurred
with a rate constant of 3.2× 106 s-1. This first transient was
assigned to the cyclohexadienyl intermediate,1 (R ) Me), that
had to be assumed to be in equilibrium with its precursor alkoxyl
radical to account for the above-mentioned quenching. This
assignment was made by analogy with an all-carbon analogue
of 14,6 and because “no known alkoxy(l) radicals possess
absorptions in the visible region of the spectrum.”7 However,
it was later found that ArC(R,R′)O• radicals as a class absorb
in the 530-590 nm region.9

The unequivocal identification of Schuster’s 535 nm transient
as the Ph2C(Me)O• radical is due to Banks and Scaiano,10 who
used nanosecond LFP with the same precursor, Ph2C(Me)-
OOCMe3. In acetonitrile at 22°C, these workers obtainedk5 )
2.5× 106 s-1, in good agreement with Schuster’s rate constant
(3.2 × 106 s-1)7 and with the earlier estimate (>106 s-1).2,3

Subsequently, Bietti and co-workers obtainedk5 ) 2.8 × 106

s-1 in acetonitrile at 22°C and showed that rate constants were
influenced to a small extent by ring substituents11 and solvent.12

The kinetic picture painted by LFP for the isomerization of
Ph3CO• and Ph2C(Me)O• are internally consistent and indicate
that conversion to the corresponding carbon-centered radicals
are very fast with no intermediate,1, being detectable. The only
electron spin resonance (ESR) study of these two reactions
caused conclusions to be drawn that stand in stark contrast to
the conclusions drawn from the LFP work. In 2000, Grossi and
Strazzari14 reported ESR spectra obtained during the photooxi-
dation by ceric ammonium nitrate (CAN) of triphenylmethanol
and 1,1-diphenylethanol in acetonitrile at 230 K that were very
similar. Both radicals had hyperfine splittings (hfs) produced
by five hydrogen atoms: a single H, and two pairs of equivalent
H’s, and had g values of 2.0053.14 These hfs were attributed to
the five hydrogen atoms on the cyclohexadienyl ring moiety of
1. Their magnitudes (in mT) and assignments were as follows:
for the Ph3COH system,a(H4) ) 1.008, a(H3,H5) ) 0.19,
a(H2,H6) ) 0.671; and for the Ph2C(Me)OH system,a(H4) )
1.005,a(H3,H5) ) 0.195,a(H2,H6) ) 0.675.15 The spectrum
obtained from Ph2C(CD3)OH was the same as that from Ph2C-
(Me)OH, while that from (C6D5)2C(Me)OH was characterized

by deuterium hfs each of ca. 1/6.5 those of the corresponding
protons in the spectra from Ph2C(Me)OH and Ph2C(CD3)OH.
There can therefore be no doubt that the observed ESR spectra16

arise from the interaction of the unpaired electron with one of
the phenyl rings from the starting alcohol.

Grossi and Strazzari14 were aware of the earlier LFP work7,10

where there was no sign of the1 intermediates to which they
assigned their ESR spectra. The ESR time scale is milliseconds
to microseconds, and ESR is, therefore, much less capable of
detecting very short-lived intermediates than are nano- and
picosecond LFP. Moreover, Grossi and Strazzari failed to detect
1 (R ) Me) when Ph2C(Me)OOC(Me)Ph2 was photolyzed in
acetonitrile at 230 K in the ESR cavity. These workers were
therefore forced to propose that “an important role is played by
CAN in the formation and in the stabilization of this intermedi-
ate” (i.e.,1). They went on to suggest that1 was stabilized inside
the coordination sphere of the cerium ion. This would be an
unprecedented stabilization of a radical against a unimolecular
ring-opening rearrangement. Surprisingly, although this paper14

has been cited roughly a dozen times it has received only one
mildly critical comment, viz., Grossi and Strazzari’s report
“raises some doubt on the involvement of free alkoxyl radicals
in the CAN-induced photooxidation of arylcarbinols”.11

The contrast between the conclusions drawn from LFP and
ESR studies of theseO-neophyl rearrangements induced us to
re-examine the published work. We quickly focused on Grossi
and Strazzari’s assignments of their ESR spectra to the cyclo-
hexadienyl radicals,1 (R ) Ph, Me). The relevant hydrogen
hfs (mT) for the parent cyclohexadienyl radical, C6H7

•, are:17

a(H4) ∼ 1.3,a(H3,H5) ∼ 0.27, anda(H2,H6) ∼ 0.9. These values
are only roughly similar to those reported14 for 1 (R ) Ph and
Me), see above, and they change little upon ring substitution
by nonconjugating substituents.17 Thus, the hfs by themselves
should be enough to raise doubts about the ESR spectra
attributed14 to 1 actually arising from such radicals. Certainty
that this assignment is incorrect comes from an examination of
g values. All cyclohexadienyl radicals having only hydrogen,
deuterium, carbon, or oxygen atom attached to the 6-membered
ring’s carbon atoms and for whichg values have been reported
(ca. 78 species)17 haveg values in the range 2.00223-2.0039
(mean 2.00293). Radicals with the much higherg values of
2.0053 simply cannot be cyclohexadienyls, and therefore, their
assignment to1 (R ) Ph and Me) is incorrect. Fortunately, their
high g values indicate that the unpaired electron resides largely
on one (or more) heteroatoms, not mainly on carbon atoms.
With this clue, it is straightforward to identifyboth radicals
purported to have structure1 as phenoxyl, C6H5O•, for which18

g ) 2.0053,a(H4) ) 1.0013,a(H3,H5) ) 0.205,a(H2,H6) )
0.701.15,19

There are several possible mechanisms by which the phenoxyl
radical might be produced during the CAN-mediated photooxi-
dation of the two aryl carbinols, not all of which involve an
intermediate alkoxyl radical. However, the fact that the CAN-
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mediated photooxidation of cumyl alcohol in acetonitrile yielded
ESR spectra of the methyl radical and the NCCH2• radical14,22

provides strong evidence that PhC(R,R′)O• radicals are, indeed,
formed from PhC(R,R′)OH in these systems. That is, phenyl
migration to oxygen has never been observed in cumyloxyl
radical chemistry. Instead, this radical undergoesâ-scission and/
or H-atom abstraction from the solvent, reactions 8 and 9.

The mechanism by which alkoxyl radicals are formed in these
systems has not been elucidated, although it has been suggested23

that aryl carbinol/Ce(IV) 1:1 complexes24 are involved. Grossi
and Stazzari,14 employing a 3-fold excess of alcohol (20 mM)
over CAN (0.5 wt %, 7 mM), proposed that1 were formed by
an electron transfer from the alcoholic oxygen atom to the
photoexcited, complexed cerium ion. Since1 were not actually
detected, an alternative23 is that alkoxyl radicals are formed by
direct photolysis of the Ce-O bond, e.g., reaction 10.

A one-electron oxidation of the alcohol by the nitrate radical,
NO3

• (known to be produced upon photolysis of CAN),25 is
unlikely to yield the radical cation of the alcohol.23,26However,

it might yield the alkoxyl radical by a hydrogen atom transfer
(HAT) or proton-coupled electron-transfer (PCET) mechanism,
e.g.

At all events, for those alkoxyl radicals that undergo fast
phenyl group migration to oxygen, reaction 7, some fraction of
the resulting carbon-centered radicals are directly oxidized to a
carbocation by the 7 mM ceric ion present in the acetonitrile,
reaction 12,

while most, or all, of the remainder are trapped by residual
dioxygen to form the peroxyl radicals observed in these
systems,14,16,30reaction 13.

The acetonitrile was HPLC grade and would have contained
sufficient water to trap some or all of the carbocations, reaction
14,

and the phenol released in this process would have been oxidized
to phenoxyl by ceric ion, reaction 15, a process that is known
to be fast even in the absence of UV irradiation.21,31

In conclusion, there is no unequivocal experimental evidence
that the spiro-cyclohexadienyl radicals,1 (R ) Ph and Me),
are, or are not, genuine intermediates in these twoO-neophyl
rearrangements. These are questions that we plan to address
using computational chemistry.
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(19) Under standard experimental conditions, radicals could not be
detected using either 2-(1-naphthyl)propan-2-ol or 1-naphthyldiphenyl-
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PhCMe2O
• f PhCOMe+ Me• (8)

PhCMe2O
• + CH3CN f PhCMe2OH + •CH2CN (9)

PhCMe2OH + Ce(IV) h H+ + PhCMe2OCe(III)98
hν

PhCMe2O
• + Ce(III) (10)

PhCMe2OH + NO3
• f PhCMe2O

• + HNO3 h H+ + NO3
-

(11)

PhC•(R)OPh+ CeIV f PhC+(R)OPh+ CeIII (12)

PhC•(R)OPh+ O2 f PhC(OO•)(R)OPh (13)

PhC+(R)OPh+ H2O f

H+ + [PhC(R)(OH)OPh]f PhCOR+ PhOH (14)

PhOH+ CeIV f PhO• + CeIII (15)

9908 J. Org. Chem., Vol. 71, No. 26, 2006




