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Abstract: New physical evidence to support a ketyl radical-
anion mechanism for the [3,3]-sigmatropic rearrangement
is presented. With use of EPR spectroscopy, spectra are
observed that can be attributed to 8, an acyl radical-anion
species resulting from a [3,3]-rearrangement; this also
functions as a key intermediate in the process. The spectrum
of an additional paramagnetic species resulting from further
addition of tin-centered radicals to the reaction product was
also observed.

The [3,3]-sigmatropic shift is a versatile rearrangement
used extensively in organic synthesis.1 It is also well-
established that an anionic or cationic charge can ac-
celerate the rate of this reaction.2 Acceleration due to a
radical-anion, however, has only recently been proposed
via a metal-associated ketyl species.3 In the presence of
a radical initiator, enone 1 and tributyltin hydride form
the intermediate radical 2 T 3 that, because of the
polarization of the O-Sn bond, can also be viewed as the
radical ion pair 2′ T 3′, where formal negative and
positive charges are localized on the oxygen and the
Group 14 metal, respectively (see Scheme 1). The allylic
O-stannyl ketyl is a resonance-stabilized radical that can
independently undergo both radical and anionic reac-
tions.3

In particular, these intermediates can be used to
“trigger” a Claisen-type [3,3]-sigmatropic shift. When 4
is treated with tin hydride under standard thermal
radical conditions, radical-anion 5 is initially formed,
which subsequently rearranges to alcohol 6, the driving
force of the latter process being the formation of the
strong sp2 ketone bond in 6 (see Scheme 1). As outlined
in Scheme 2, two mechanistic scenarios, differing mostly
for the timing of events, can be envisioned for this
reaction. Both mechanisms involve the initial formation
of the allylic O-stannyl ketyl intermediate 5. Once this
species has been formed, the two paths bifurcate follow-
ing either an anionic mechanism going through species
5 f 7 f 9 f 64 or a radical-anion mechanism going

through species 5 f 8 f 9 f 6.3 In the former mecha-
nism, a hydrogen atom transfer occurs first in 5 f 7,
followed by the [3,3]-rearrangement of 7 f 9. On the
other hand, in the radical-anion mechanism, the [3,3]-
rearrangement 5 f 8 occurs first, being subsequently
followed by the hydrogen atom transfer. We now favor
the latter pathway, which represents an entirely new
mechanistic path for the [3,3] rearrangement, based on
new EPR evidence (vide infra).

With the aim to ascertain the actual pathway followed
by the reaction, we decided to try and observe 8 by
spectroscopic means. Since this radical intermediate is
not a possibility in the anionic mechanism, its detection
would strongly support the radical-anion pathway. We
therefore repeated the reaction between 4 and tin hy-
drides inside the cavity of an EPR spectrometer5 to
intercept and identify any intervening radical species. In
this manner, an argon-purged tert-butylbenzene solution
of compound 4 was heated inside the cavity of an EPR
spectrometer in the presence of either Ph3SnH or n-Bu3-
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SnH and a small amount of AIBN. In both cases the
observed spectra were very similar and exhibited a
marked temperature dependence. At high temperature
(T g 353 K) the spectrum (see Figure 1a) was dominated
by a triplet of doublets [a(1HR) ) 1.059 mT, a(2Hâ) )
1.367 mT, a(217/219Sn) ) 0.76 mT, g ) 2.00405], the central
lines of the triplets being somewhat broader and less
intense than expected. A weak additional quintet [a(4H)
) 1.228 mT, g ) 2.00426] could also be observed, which
we tentatively attribute to the radical anion of 1,2-
cyclohexanedione6 as its corresponding O-stannyl ketyl
radical-anion.

On the basis of the spectral parameters,7 we assign this
spectrum to radical 8, where the conformational inter-
change of the six-member ring is “nearly” fast enough to

render equivalent the two hydrogen atoms adjacent to
the allylic carbon in position 4. Consistent with this
assignment, as the temperature is lowered, the triplet
approximates a doublet of doublets [a(1HR) ) 0.901 mT,
a(1Hâ) ) 0.472 mT, and a(1Hâ) ) 2.332 mT] indicating
that, although the conformational interchange of the six-
membered ring is not completely frozen out, the two
hydrogen atoms in position 4 are magnetically non-
equivalent. The presence of paramagnetic impurities
combined with the rather low intensity of the spectra did
not allow an accurate kinetic study of the conformational
motion of the six-member ring.

The values of the splittings measured for 8 were
compared to those reported for structurally related
radicals8 and our somewhat narrower hfs constants can
be supported by two lines of reasoning. First, a consid-
eration of the three resonance forms 8a, 8b, and 8c
unique to radical 8 can be envisioned, as shown in Figure
2. Thus, the resonance contribution of structure 8c, with
little spin density on the ring carbons, leads to splittings
readily in line with our observations. Second, the split-
tings for model compound 8c (R ) H) were briefly
checked by means of calculation studies by using the DFT
method at the B3LYP/6-311G*/UHF/6-31G* level, using
the Gausssion 98 system of programs.9 For the Sn atom
the LANL2DZ pseudopotential was used along with a d
polarization function. The corresponding hfs constants
for radical 8c were computed to be very small, i.e., 0.13,
0.11, and 0.24 mT, respectively, since in this species the
unpaired electron is mostly localized on the oxygen atom.
Though this resonance contributor was evaluated sepa-
rately here, collectively, the three species as resonance
contributors should indeed lead to hfs constant values
in agreement with the present experiments. The contri-
bution of resonance structure 8b to the system would also
nicely account for the ca. 0.76 mT hyperfine splitting
measured for the tin atom, a small value when consider-
ing that the A0 for tin exceeds 1.5 T.10 It should be
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FIGURE 1. EPR spectra observed after thermal reaction of
4 with Ph3SnH in the presence of AIBN at (a) 353 K and (b)
after cooling to 273 K: O, radical 8; 4, tin satellites of radical
8; 2, 1,2-cyclohexanedione radical anion; and b, radical 10.

FIGURE 2. Resonance forms of 8: experiment, R ) n-butyl;
DFT calculations, R ) H.
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mentioned that DFT calculations predict radical 8a to
be more stable than 8c by ca. 15 kcal mol-1, although
the actual energy difference might be somewhat smaller
because DFT methods favor π-delocalized vs σ-delocalized
radicals.11

Besides these interesting features of this spectral
pattern, as the temperature was lowered, an additional
doublet of doublets originating from a different species
could also be clearly identified [a(1H) ) 1.212 mT, a(1H)
) 1.555 mT, g ) 2.00400]. We assign these signals to
radical 10,7 most likely resulting from addition of tin-
centered radicals to the reaction product 9 (see Scheme
3).9 This radical species is not observed at higher tem-
peratures presumably due to the reversibility depicted
(Scheme 3) or to decomposition.6

In conclusion, the observation and identification of
radical 8, along with the previously mentioned pieces of

chemical evidence,3 lends convincing support to the
radical anion mechanism, proceeding through species 5
f 8 f 9 f 6. The ketyl radical anion mechanism
proposed above for a new type of [3,3]-sigmatropic
rearrangement is supported by EPR spectroscopy with
the spectra observed clearly attributed to radical-anion
species 8, a key intermediate in the process.
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