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Addition of carbene transfer reagents such as daizo com-
pounds to C60 often generates the [6,5] open fulleroid,1, as the
kinetically controlled product while the thermodynamically
controlled product is the [6,6] closed methanofullerene,2.1When
the [6,5] open isomers are isolated, they have been reported to
rearrange to [6,6] methanofullerene thermally,2 photochemi-
cally,3 electrochemically,4 or under acid catalysis.5 The thermal
conversion of1 to 2 has been postulated to involve first an

electrocyclization to the closed [6,5] fullerene,3, followed by
a [1,5] shift to generate2.6 Semiempirical PM3 calculations,
which indicate that3 is energetically accessible, support such
a mechanism.6 However, measurements of the kinetics of the
rearrangement of1 to 2 reveal that this is a zero-order reaction,2,7

implicating a more complex mechanism.8

We now report a study of the rearrangement of the conve-
niently prepared and purified cyclopentylidenefulleroid49 to
the corresponding spiro[2.4]methanofullerene,5, in which we
demonstrate that a photochemical step in the thermal rearrange-
ment is responsible for the zero-order behavior.

Heating a dichlorobenzene-d4 solution of 4 at 153°C and
following the rearrangement to5 by NMR result in a zero-order
decay,K0 ) 9.07× 10-5 M h-1, of 4with 5 as the only product
(Figure 1a). However, when this experiment is repeated in an
NMR tube which has been degassed, sealed, and rigorously
protected from ambient light, there is virtually no change in
the concentration of4 after heating for 24 h at 153°C (Figure
1b). When this same sample is exposed to ambient light, a
clean zero-order rearrangement of4 to 5 is observed in 8 h at
153 °C (k0 ) 7.78× 10-4 M h-1, Figure 1c). It thus appears
that exposure to light is required for the rearrangement to
proceed at an appreciable rate.
A photochemical rearrangement of a [6,5] fulleroid to a [6,6]

methanofullerene has been reported by Janssen, Hummelen, and
Wudl.3 These workers photolyzed (488 nm, Ar ion laser for 1
h) a [6,5] fulleroid with phenyl and methyl butyrate substituents
and observed quantitative conversion to the [6,6] methano-
fullerene. A mechanism involving a di-π-methane rearrange-
ment was invoked. Since intersystem crossing is efficient in
C60

10 and the reaction is strongly inhibited by O2, a triplet
biradical intermediate was proposed.
We have photolyzed a degassed solution of4 with filtered

light (λ > 500 nm, 200 W Hanovia lamp) and observed
quantitative conversion to5 in 16 h. In this case, the increased
light intensity is sufficient to cause the reaction to proceed at
room temperature. There is also an inhibitory effect of O2. For
example, the light-promoted thermal rearrangement of4 to 5
in a degassed dichlorobenzene solution (Figure 1c) proceeds
with a zero-order rate constant which is 11.6 times greater than
that of the oxygen-containing solution at the same temperature
(Figure 1a).
On the basis of the above facts and in analogy with the

mechanism proposed by Janssen, Hummelen, and Wudl,3 we
propose that the light-promoted thermal rearrangement of4 to
5 proceeds as shown in eq 1. The first step is photochemical

conversion of4 to an electronically excited state,14*, which
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Figure 1. Rearrangement of4 to 5 at 153°C in o-dichlorobenzene-d4
under various conditions: (a) (2) nondegassed solution in ambient light;
(b) (b) degassed solution in the dark; (c) (9) degassed solution in
ambient light.
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undergoes intersystem crossing to a triplet (34*). The step
requiring thermal activation is postulated to be rearrangement
of 34* to biradical6, which then collapses to5. Assuming that
kisc . K-1 and using the steady state approximation for14*,
34*, and 6, in the absence of O2, we obtain the expression for
[4] as a function of time in eq 2, whereIabs is the intensity of
the absorbed light. Thus a zero-order reaction withkobs) krIabs/
(kd + kr) is predicted.

As expected for a reaction requiring thermal activation, the
ambient light-promoted rearrangement of4 to 5 is accelerated
as temperature is increased over the range 111°C (k0 ) 2.78×
10-4 M h-1) to 180°C (k0 ) 2.08× 10-3 M h-1). The NMR
spectrum of a solution of4 at 180°C (Figure 2), which shows
only 8% loss of4 over 24 h in the dark followed by complete
rearrangement in 3 h after exposure to ambient light, exemplifies
this effect in a particularly dramatic fashion. If it is assumed
that Iabsis independent of temperature andkd . kr, a four-point
Arrhenius plot of ln(kobs) vs 1/T yields a∆Hr

† - ∆Hd
† ) 9.9(

1.4 kcal/mol and a∆Sr† - ∆Sd† ) 9.4 ( 3.4 eu. These
assumptions lead to the conclusion that the barrier to rearrange-
ment of 34* to 6 has an upper limit of 9.9 kcal11 and is
entropically favored over decay of34* to 4.
We have been able to use the fact that the rearrangement of

fulleroids to cyclopentylidenefullerenes is light promoted and
inhibited by O2 to increase the ratio of fulleroid to fullerene in
our additions of tosylhydrazone salts to C60.9 For example,
addition of the lithium salt of cyclopentanone tosylhydrazone
to C60 under conditions previously described gives a fulleroid:

fullerene ratio of 3:1.9 However, when the reaction is carried
out in the dark in an oxygenated solution, this ratio is 32:1.
These results indicate that the thermal first-order rearrange-

ment of 4 to 5 has a sufficiently high barrier that it cannot
compete with the photoassisted process even at temperatures
as high as 180°C. This is not surprising when one considers
the two steps which would be involved in this process. The
first is simply an example of the cycloheptatriene-norcaradiene
tautomerism which would be expected to be facile.13 As has
been pointed out by Wudl,5 the second step may be thought of
as a Berson-Wilcott rearrangement, and this is the probable
source of the high barrier. The original example of this
rearrangement14 (eq 3) requires temperatures in excess of 300
°C, while a closer analogy to the present process reported by
Vogel15 (eq 4) requires FVP conditions at 500°C. A qualitative

rationalization of our results is provided by the PM316 semiem-
pirical heats of formation in eq 5 which predict that the closure
of the [6,5] cyclopentylidenemethanofulleroid,7, to the [6,5]
cyclopentylidenefullerene,8, is endothermic by 16.2 kcal/mol
while rearrangement of8 to [6,6] cyclopentylidenemethano-
fullerene,9, is exothermic by 21.2 kcal/mol but must traverse
a barrier of 30.3 kcal/mol. Although computational difficulties
have prevented us from locating the transition state for the
rearrangement of7 to 8, these calculations indicate that a barrier
of at least 46.5 kcal/mol must be traversed in going from7 to
9.

Although we have not investigated other fulleroid-fullerene
rearrangements, it is expected that this light-assisted process
may be a general alternative to direct first-order thermal
rearrangement in systems where the corresponding Berson-
Wilcott rearrangement is a high-energy process. Conversely,
analogues in which this rearrangement is facile such as
dicyanofulleroids should rearrange thermally.
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Figure 2. NMR spectra of a solution of4 (6.7 mM) in
1,2-dichlorobenzene-d4: (A) before heating; (B) after heating at 180
°C in the absence of light for 24 h; (C) after heating at 180°C in room
light for an additional 3 h. Peaks atδ ) 3.49 and 3.20 ppm are for the
protonsR to the carbethoxy group in4. Peaks atδ ) 3.69 ppm are for
the corresponding protons in5. Peaks atδ ) 3.39 and 3.06 ppm are
for the protonsâ to the carbethoxy group in5.
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