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The cyclohexadiene derivative of C60 rearranges photochemically to bis(fulleroid) (two [6,5] open
structure) and bis(methano)fullerene (two [6,6] closed structure). During this process, a [6,5] open/
[6,6] closed intermediate is observed. The isolated intermediate undergoes photochemical rear-
rangement to bis(fulleroid) and bis(methano)fullerene. On the other side, it undergoes retrorear-
rangement to the starting material in the dark. The structure and energetics of these C60 derivatives
have been studied at the AM1, PM3, RHF, and B3LYP levels of theory. It is found that bis(fulleroid)
bearing four tert-butoxycarbonyl substituents is 5.8 kcal/mol (B3LYP) more stable than the
corresponding bis(methano)fullerene. The isolated intermediate having the [6,5] open/[6,6] closed
structure is 6.7 kcal/mol more favorable than the previously proposed two [6,5] closed intermediate,
and the formation of this compound is well explained by the di-π-methane rearrangement. 13C
NMR calculation at the B3LYP level reproduced the experimental chemical shifts with very good
accuracy for each molecular system. Theoretical studies mainly at the unrestricted B3LYP level
on singlet and triplet state potential energy surfaces on fullerene derivatives support the di-π-
methane rearrangement mechanism. The previously proposed symmetrical [4+4]/[2+2+2] and the
novel proposed unsymmetrical di-π-methane pathways may coexist during the reaction.

Introduction

Fulleroid, a homologue of C60 with a [6,5] open struc-
ture, has received much attention since the early discov-
ery by Wudl et al., because it is the only derivative that
retains the entire 60π-electron configuration of C60.1-4 It
isomerizes to the methanofullerene ([6,6] closed struc-
ture) under a variety of reaction conditions with the one
exception of the unsubstituted C61H2 (this can be done

by light/thermal, electrochemically, or under acidic condi-
tions) (Scheme 1).2,3 Generally, fulleroid is a kinetically
controlled product, whereas methanofullerene is a ther-
modynamic product. It is believed that the isomerization
proceeds via the [6,5] closed isomer whose cyclopropane
ring is produced on the five-membered ring.2,3 Recently,
a detailed kinetic study of the fulleroid-methano-
fullerene rearrangement reaction was reported by Shev-
lin et al., and it revealed that the reaction proceeded
thermally and photochemically according to the first- and
zeroth-order kinetics law, respectively.3d

A novel fulleroid derivative bis(fulleroid) (4a), contain-
ing two [6,5] open structures connected by an ethylene
linker, was first produced by Rubin et al. using photo-
chemical rearrangement of the cyclohexadiene derivative
of C60.5 The mechanism of this reaction was explained
as follows: in the first step the photochemically allowed
[4+4] reaction yielded two [6,5] closed cyclopropane rings
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(2a), and in the second step the thermally allowed
[2+2+2] pericyclic reaction afforded 4a (Scheme 2). The
initial [4+4] photocyclization process has precedent in
the classic work of Ginsburg and Masamune on deriva-
tives of 9,10-dihydronaphthalene.6 Thus, photoisomer-
ization of the cyclohexadiene derivatives has been con-
sidered as a general preparation method for bis(fulleroid),
and several derivatives synthesized with this method
were reported.7-9 In these papers, neither the formation
of other products nor the possibility of other reaction
pathways has been mentioned.

Very recently, on the other hand, we found that a
photochemical isomerization of the cyclohexadiene de-
rivative 1c bearing sterically bulky tert-butyl esters
afforded the desired bis(fulleroid) (4c) together with a
significant amount of bis(methano)fullerene (5c) in which
two [6,6] closed units are connected by an ethylene linker
(Scheme 3).9b In addition, during the reaction, the
unexpected formation of a photolabile intermediate 3c
with unsymmetrical [6,5] open/[6,6] closed structure on

a six-membered ring was recognized. Further we found
that the rearrangement of 1b to 4b also proceeded
thermally.9c

These experimental results suggest that there exists
another pathway in addition to the [4+4]/[2+2+2] mech-
anism proposed by Rubin et al.5a To clarify the reaction
mechanism and the geometrical and electronic features
of the products, we carried out theoretical calculations,
the results of which will be reported here. Although the
size of these large, substituted fullerene derivatives
restricts the use of very accurate ab initio and density
functional theory techniques, geometry optimizations at
the AM1, PM3, RHF, and B3LYP levels were done with
Hyper Chem and Gaussian 98.

Calculation Methods

AM1 and PM3 semiempirical methods are the two most
popular methods used for the theoretical studies of big
molecular systems. Several previous works have showed that
the AM1 method is superior to the PM3 method especially for
the treatment of fullerene-based systems.10 In the present
work, to arrive at a reasonably good conformation of the
heavily substituted reactant and product systems as well as
to justify the accuracy of AM1 and PM3 methods, the confor-
mational analysis of smaller systems (basically the substituent
units) such as tert-butyl formate (6), tert-butyl acrylate (7),11

di-tert-butyl maleate (8),11 and 1,2,3,4-tetra-tert-butoxycarbo-
nylcyclohexa-1,3-diene (9) is initially carried out with AM1 and
PM3 methods (Scheme 4). Several different conformations of
6, 7, 8, and 9 are optimized at these levels of theory. The
accuracy of the results is further judged by RHF level
optimized geometries of 6, 7, and 8. For the RHF level
calculations, the 6-31G* basis set is used. It was found that
the most stable geometry optimized at the AM1 level was
always in better agreement with the RHF results than the
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SCHEME 2. Rearrangement Mechanism Proposed
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most stable geometry obtained at the PM3 level. Therefore,
the AM1 method is chosen as the semiempirical method for
the optimization of 9 as well as the heavily substituted
fullerene systems. The relevant results of this study on 6, 7,
8, and 9 including the discussion are incorporated in the
Supplementary Material.

The different conformations obtained at the AM1 level for
9 are used for the modeling of the butadiene linker of the
fullerene system 1c. The most stable geometry of 1c is then
used for obtaining the geometries of 2c-5c at the AM1 level.
These geometries were further optimized by using PM3, RHF/
6-31G*, and B3LYP/6-31G* levels. Because of the large size
of the molecules, we could not carry out vibrational frequency
calculations at the B3LYP/6-31G* level to confirm the nature
of stationary points. In the cases of transition states, we
performed geometry optimization starting with the structures
near the transition state to confirm the connectivity of the
transition states. The restricted Slater determinant at the
structures of some transition states as well as the intermedi-
ates was unstable with respect to becoming the unrestricted
determinant. For such structures, we used the unrestricted
B3LYP method. Because as shown in the Supporting Informa-
tion spin contamination is not negligible, we performed spin
projection to obtain better energetics. The Hyper Chem 6.0
and GAUSSIAN 98 (Revision A.11) programs were employed
for the calculations.12,13

Results and Discussion

(a) Tetra-tert-butoxycarbonyl-Substituted Cyclo-
hexadiene Derivative of C60 (1c). In 1c, the cyclo-
hexadiene part is similar to the small model compound
9 mentioned in the Calculation Methods section. One
major difference is that the saturated C-C linkage is a
part of the fullerene system in 1c. As a result, this C-C
linkage that was somewhat flexible in 9 would act as a
rigid linkage. This would restrict the conformational
space of the substituents of the cyclohexadiene moiety.
To obtain the most preferred structure of 1c, 11 different
structures for 1c were generated from the optimized
structures of C60 and the 11 conformers of 9 at the AM1
level. Chem3D software was used for this purpose. Using
this software, the CH2-CH2 linkage of 9 was replaced

with the fullerene carbon atoms at the fusion of the two
hexagonal rings so that the cyclohexadiene part was
somewhat perpendicular to the fullerene surface.

In Figure 1a, the most stable AM1 structure of 1c is
given. In this structure, the CdO groups are positioned
in such a way that any two adjacent ones are located
above and below the hexadiene CdC-CdC plane. Fur-
ther, they are twisted inward toward the CdC region.
We call this conformation an all-trans conformation. In
Figure 1b, the optimized geometry of 1c at the B3LYP/
6-31G* level is also depicted. As we can see, this geometry
is very similar to the AM1 geometry. However, in the
B3LYP geometry, the substituents at the 2 and 3 posi-
tions of the butadiene linker were twisted more toward
the butadiene plane as compared to that of the AM1
geometry. In both geometries, the bond length between
the two sp3 carbons of C60 (AM1, 1.589 Å; B3LYP, 1.629
Å) was longer than a normal Csp3-Csp3 single bond, which
is in good agreement with the reported values obtained
from crystallographic data for the related Diels-Alder
adducts of C60.14 Because of the steric bulkiness of ester
substituents, the cyclohexadiene ring is somewhat
strained. The torsion angle of the CdC-CdC plane is
6.1° at the B3LYP level (Table 1). Both levels of theory
predict that the shortest CdC bond (1.368 and 1.374 Å
at AM1 and B3LYP, respectively) on the fullerene cage
is the one nearest to the Csp3-Csp3 bond (Figure 1),
showing that the Csp3 atoms break conjugation to enhance
bond alternation.

(b) Molecular Structures of 2c, 3c, 4c, and 5c. The
all-trans arrangement of the substituents which was
most favored in 1c was assumed in all these structures.
At first, AM1 optimized geometries were found for all of
them. These geometries were subjected to RHF and
followed by B3LYP optimizations. Being more accurate
the B3LYP geometries are described in detail (Figure 2
and Table 2).

In the proposed intermediate 2c (not experimentally
observed), the average transannular bond length of the
two [6,5] closed cyclopropane rings is 1.629 Å. This long
bond distance happens to be the same as the Csp3-Csp3

bond distance of 1c. This is similar to the reported value
for the [6,5] closed isomer (1.62 Å) and is 0.05-0.07 Å
longer than that of the [6,6] closed isomer.2d The observed
intermediate 3c has one [6,5] open unit and one [6,6]
closed unit. The transannular length of the [6,5] open
unit is 2.351 Å, which is slightly longer than that of the
fulleroids (calculated structures for C60 fulleroids, 2.20-
2.25 Å; crystal structure of the C70 fulleroid, 2.14 Å).2d,15

The bridge angle at the sp3 carbon in the [6,5] open unit
is 102.4°. On the other hand, the transannular bond
length of the [6,6] closed cyclopropane ring in 3c is 1.579
Å, which is in good agreement with that of the [6,6] closed
isomers (crystal structures of methanofullerene deriva-
tives of C60: 1.57-1.61 Å).16 As shown in Figure 3, the
carbon atom shared by both the [6,5] open and the [6,6]
closed units is significantly strained; thus this might be
one of the factors in the instability of 3c.

(12) HyperChem; Hypercube, Inc.: 1115 NW 4th Street, Gainesville,
FL 32601.
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121, 7971.

SCHEME 4

Suresh et al.

3524 J. Org. Chem., Vol. 68, No. 9, 2003



In the major product 4c, the average transannular
lengths of the two [6,5] open units is 2.293 Å, which is
shorter than the corresponding bond length in 3c, and
the average bridge angle of the sp3 carbons in [6,5] open
units is 97.9°. Meanwhile, in the minor product 5c, the
average transannular bond length of the two [6,6] closed

units is 1.582 Å, which coincides with the reported value
as well as 3c. Thus, the DFT approach with the B3LYP
method and 6-31G* basis set is a reliable procedure to
understand structural features of these systems.

(c) Comparison of the C-C Bonds of the Fullerene
Cages of 1c-5c to That of Fullerene. The bond
lengths of the [6,6] and [6,5] ring fusions of C60 are 1.395
and 1.454 Å, respectively, at the B3LYP/6-31G* level.17

Compared to C60, in the case of 1c-5c, the shortest [6,6]
bonds as well as the longest [6,5] bonds are always found
in the Csp2-Csp2 bonds in the modified six- and five-
membered rings (Table 3).

Here the “modified rings” stand for the opened rings
or those which have undergone a hybridization change
due to addition of the butadiene moiety. For instance, in
1c, two six-membered and two five-membered rings are
modified, and the shortest [6,6] Csp2-Csp2 bond of 1.374
Å and the longest [6,5] Csp2-Csp2 bond of 1.479 Å are
found in these modified rings (Figure 1b). On the other
hand, in the remaining rings there is only a small change

(16) (a) Vogel, E. Pure Appl. Chem. 1993, 65, 143. (b) Anderson, H.
L.; Boudon, C.; Diederich, F.; Gisselbrecht, J.-P.; Gross, M.; Seiler, P.
Angew. Chem., Int. Ed. Engl. 1994, 33, 1628. (c) Osterodt, J.; Nieger,
M.; Vögtle, F. J. J. Chem. Soc., Chem. Commun. 1994, 1607. (d)
Timmerman, P.; Anderson, H. L.; Faust, R.; Nierengarten, J.-F.;
Habicher, T.; Seiler, P.; Diederich, F. Tetrahedron 1996, 52, 4925.

(17) Choi, C. H.; Kertesz, M.; Mihaly, L. J. Phys. Chem. A 2000,
104, 102.

FIGURE 1. (a) AM1 level optimized geometry (in Å) of the most stable conformation of 1c and (b) the same geometry optimized
at the B3LYP/6-31G* level. Partial structures viewed along the CdC-CdC plane are given at the bottom (carbon atoms of C60

are omitted for clarity).

TABLE 1. Selected Bond Lengths and Torsion Angles of
1c and 1a (Z ) H) at the B3LYP Level

bond length (Å) torsion angle (deg)

ethylene linker
system

Csp3-Csp3

on C60 CdC C-C
ethylene linker

CdC-CdC

1c 1.629 1.345a 1.467a 6.1
1a 1.617 1.337a 1.458a 0.0
a Average of the bond lengths which should be the same due to

the molecular symmetry.
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(<0.003 Å) in both the [6,6] and the [6,5] bonds compared
to those of fullerene.

(d) Stabilities of Bis(fulleroid) and Bis(methano)-
fullerene. The relative energies for compounds 1c-5c
at the AM1, PM3, RHF, and B3LYP levels are sum-
marized in Table 4. All these levels of theory agree that
the two [6,5] open system 4c is the most stable structure
and that the two [6,5] closed system 2c is the most
unstable structure, in good accordance with experimental
results.9b,18 One significant difference is that, at the AM1
level, 5c is 14.1 kcal/mol less stable than 1c, whereas at

the B3LYP level it is 3.7 kcal/mol more stable than 1c.
Compound 4c is 5.7 kcal/mol more stable than 5c at the
B3LYP level. It is important to note that the stability
order of bis(fulleroid) and bis(methano)fullerene is com-
pletely different from that of fulleroid and methano-
fullerene2,3 and is not dependent on substituents.

(e) Calculated NMR Spectra. Structural assign-
ments of compounds 1c-5c were mainly carried out by

(18) The AM1 level method is not sufficient for describing the
stability order of fulleroid and methanofullerene. See ref 2d.

FIGURE 2. B3LYP/6-31G*-optimized molecular structures (in Å) for 2c-5c.
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analyzing the molecular symmetry based on the number
of sp2 signals between 125 and 150 ppm and character-
istic sp3 carbons in the range of 20-85 ppm in the
experimental 13C NMR spectra. For 1c, one sp3 signal
was observed at 64.97 ppm with the C2v symmetric
number (17 - 1 + 2 ) 18) of sp2 carbon atoms. Cs

symmetric 4c and 5c could be distinguished by the
number of sp3 carbons. While one sp3 signal was observed
at 58.55 ppm for 4c, for 5c three sp3 carbon atoms
characteristic of the cyclopropane structure were ob-
served at 45.72, 54.08, and 67.63 ppm. In the 13C NMR
spectrum of 3c, four sp3 signals were observed at 49.53,
57.72, 66.10, and 71.37 ppm with C1 symmetry. 13C NMR
spectra of 3c and 5c prepared from 10 to 15% 13C-

enriched C60 showed that the intensity of the resonance
at 49.53 and 71.37 ppm (for 3c) and at 54.08 and 67.63
ppm (for 5c) increased significantly in comparison with
the other signals (shown by an asterisk in Figure 4).9b

These results suggest that the chemical shifts of the
cyclopropane rings in 3c and 5c are quite different, but
further characterization of 3c was rather difficult because
of its instability in addition to the unavailability of a
comparable compound. Thus we carried out the calcula-
tion of magnetic shielding tensors at the B3LYP/6-31G*
level using the GIAO method. Shielding constants were
converted to chemical shifts by taking the signal of
tetramethylsilane as a reference, and the results are
summarized in Figure 4.9b,19 Because the dynamic effect
due to the rotations of ester groups is not taken into
account in the calculations, the atoms which should be
equivalent according to the molecular symmetry have
slightly different chemical shifts. As shown in Figure 4,
the B3LYP/6-31G* calculation of the 13C NMR chemical
shifts for 1c and 3c-5c can grant an average misfit
between the calculated and experimental chemical shifts
as low as 7.0 ppm. Therefore, the DFT calculation could
be used with confidence to assign all sp3 carbons.

(f) Mechanism of the Photochemical Rearrange-
ment. It is difficult to explain the formation of the [6,5]
open/[6,6] closed structure 3c and the two [6,6] closed
structure 5c by the previously proposed [4+4]/[2+2+2]
mechanism. Is it possible to offer a chemically more
intuitive and simple mechanism for this process? The sp3

carbons in hexadiene 1c carrying vinyl groups represent
the basic structural moiety required for a photochemical
di-π-methane rearrangement described in Scheme 5a.20,21

The primary photoprocess is vinyl-vinyl bridging leading
to the formation of the cyclopropyldicarbinyl diradical (I),
which proceeds to the dihomoallylic 1,3-diradical (II), the
precursor of the vinylcyclopropane product. According to
this equation, the formation of 3c can be explained as
shown in Scheme 5b. First, the C(2)-C(4) bond formation
by the di-π-methane rearrangement affords an allylic
biradical species bearing one [6,5] closed structure (10),
which corresponds to I in Scheme 5a. Bond cleavage of
C(3)-C(4) (formation of 11, which corresponds to II in
Scheme 5a) followed by the bond formation of C(2′)-C(3)
then affords 3c.

For 5c, we confirmed that the photochemical rear-
rangement of 3c afforded a 1:1 mixture of 4c and 5c.9b

Because it is well-known for fulleroids that the [6,5] open
unit rearranges to the [6,6] closed structure on photoir-
radiation, formation of 5c can be explained by the
rearrangement of the [6,5] open unit in 3c to the [6,6]
closed cyclopropane ring. On the other hand, the forma-

(19) Calculated chemical shifts for 3c cited in ref 9b were incorrect.
We applied the reported value for TMS (Cheeseman, J. R.; Trucks, G.
W.; Keith, T. A.; Frisch, M. J. J. Chem. Phys. 1996, 104, 5497), but
this did not correspond to the fully optimized structure. See: http://
www.Gaussian.com/errata.htm.

(20) (a) Zimmerman, H. E.; Grunewald, G. L. J. Am. Chem. Soc.
1966, 88, 183. (b) Zimmerman, H. E.; Wu, G.-S. Can. J. Chem. 1983,
61, 866. (c) Zimmerman, H. E.; Armesto, D. Chem. Rev. 1996, 96, 3065.
(d) Zimmerman, H. E.; Cı́rkva, V. J. Org. Chem. 2001, 66, 1839.

(21) (a) Quenemoen, K.; Borden, W. T.; Davidson, E. R.; Feller, D.
J. Am. Chem. Soc. 1985, 107, 5054. (b) Reguero, M.; Bernardi, F.;
Jones, H.; Olivucci, M.; Ragazos, I. N.; Robb, M. A. J. Am. Chem. Soc.
1993, 115, 2073. (c) Wilsey, S. J. Org. Chem. 2000, 65, 7878. (d) Lewis,
F. D.; Zuo, X.; Kalgutkar, R. S.; Wagner-Brennan, J. M.; Miranda, M.
A.; Font-Sanchis, E.; Perez-Prieto, J. J. Am. Chem. Soc. 2001, 123,
11883.

TABLE 2. Selected Bond Lengths and Angles for 2c-5c
and 3a (Z ) H)

transannular
bond length (Å)

bridgehead
bridge

angle (deg) ethylene linker
bond length (Å)

system
[6,5]

closed
[6,6]

closed
[6,5]
open

[6,5]
open CdC C-C

2c 1.629a 1.344 1.507a

3c 1.571 2.351 102.4 1.344 1.502, 1.520
3a 1.572 2.357 103.1 1.336 1.492, 1.506
4c 2.293a 97.9a 1.336 1.520a

5c 1.582a 1.345 1.508a

a Average bond lengths and angles of the equivalent moieties
due to the molecular symmetry.

FIGURE 3. Enlarged partial structure of 3c.

TABLE 3. Bond Lengths of [6,6] and [6,5] Ring Fusions
in the Modified Rings of 1c-5c

[6,6] bond (Å) [6,5] bond (Å)

system longest shortest longest shortest

1c 1.374a 1.374a 1.479 1.436
2c 1.384 1.379 1.476 1.387
3c 1.403 1.379 1.504 1.428
4c 1.407 1.378 1.522 1.444
5c 1.386 1.382 1.472 1.439

a All bond lengths (4 bonds) are equal.

TABLE 4. Relative Energies (in kcal/mol) for 1c-5ca

system AM1 PM3 RHF B3LYP

1c 0.0 (0.0)a 0.0 0.0 0.0 (0.0)a

2c +30.9 (+27.5)a +27.9 +15.9 (+18.9)a

3c +22.3 (+21.0)a +21.9 +12.6 +9.2 (+15.2)a

4c -14.1 (-24.1)a -4.3 -9.4 (-10.8)a

5c +14.1 (+11.2)a +7.8 -3.7 (+0.4)a

a The relative stability of the corresponding unsubstituted
systems 1a-5a.
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tion of 4c from 3c is rather difficult to explain. At first,
we suspected the formation of 5c from 4c by doubly
fulleroid-methanofullerene rearrangements, but there
is no interconversion between 4c and 5c under thermal,
photochemical, and acidic conditions.9b This means that
the photochemical rearrangements of 3c to 4c and 3c to
5c correspond to two independent mechanisms. We
confirmed that the formation of 3c was reversible and it
gradually went back to 1c in the dark. On the basis of
this feature, we suggest that the retrorearrangement
might proceed via an intermediate similar to 11, which
may rearrange to 4c through 12 (vide infra).

As reported before,9b the product ratio of 4c:5c was
76:24 in the photochemical rearrangement of 1c. On the
other side, photochemical rearrangement of 3c gave a 1:1
mixture of 4c and 5c under the identical condition. These
experimental results suggests that the di-π-methane
rearrangement pathway given in this section and the
previously proposed [4+4]/[2+2+2] pathway are competi-
tive during the reaction.

(g) Computational Study of the Reaction Mech-
anism with Model Compounds: Singlet State Cal-
culations. To obtain detailed information on the reaction
mechanisms, we performed theoretical calculations on
the model reactions. The facts that thermal retrorear-
rangement from 3c to 1c is possible and that the
rearrangement of 1b to 4b proceeds not only photochemi-
cally but also thermally9c suggest that there are reaction

paths on the singlet potential energy surface. Therefore,
we carried out the theoretical calculations for the singlet
state rearrangement as well as the triplet state rear-
rangement. The results for the latter will be discussed
in the next section.

Because the size of the systems involved in the reaction
prohibits accurate theoretical modeling of the reaction
mechanism, we used small model compounds at first. The
compound m-1a given in Figure 5 is considered the
starting material, which represents the model system of
unsubstituted 1a. In this compound, only 28 atoms of the
fullerene cage are retained. Moreover, instead of tert-
butyl ester substituents, hydrogen atoms are used. Start-
ing from m-1a, a reaction profile that gives the asym-
metric product (m-3a) and the two [6,5] open product
(m-4a) is calculated at the unrestricted AM1 (UAM1)
level. Here, m-3a and m-4a can be considered as model
systems for 3a and 4a, respectively. In the calculation,
the singlet states of the systems are always used. As
shown in Figure 5, TS1 and TS2 correspond to the TSs
for the formation of the intermediates one [6,5] closed
(13) and one [6,5] open (14) structures, respectively. The
intermediate 14 can go to either m-3a or m-4a via TS4
and TS3, respectively. At the UAM1 level, the transfor-
mation of m-1a to both m-3a and m-4a takes place in 3
steps with the highest activation energy of 33.7 kcal/mol
required for the first [6,5] ring closing step. However,
single-point energy calculations at the UB3LYP/6-31G*

FIGURE 4. Observed and calculated 13C NMR chemical shifts (ppm) for 1c and 3c-5c. Observed chemical shifts (in C6D6) are
shown in italics. The signals indicating asterisks are assigned as carbons on the C60 cage by using 13C-enriched (10-15%) C60 as
a starting material. Calculated chemical shifts at the B3LYP/6-31G* level are shown in regular fonts.
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level for the UAM1 structures show that the relative
stabilities of these systems gradually decrease in the
following order: m-1a, TS1, 13, TS2, 14, TS3. This
suggests that elementary reactions are combined to result
in only one TS; for the path leading to m-4a it is similar
to TS3 and for m-3a it is 14 or TS2.

To clarify this feature with more reliable calculations,
we determined the structures of the stationary points for
the reaction of 1a at the UB3LYP/6-31G* level. Com-
pared to the m-1a model system, all the carbon atoms of
the fullerene cage are considered for 1a. In the calcula-
tions, only one TS5 is located as shown in Figure 6. The
structural features of this TS are somewhat similar to
those of TS2. Attempts to find TSs connecting 1a and
4a failed and they finally converged to TS5. These results
show that the 1a to 3a conversion in the singlet state
takes place in one step through TS5 with an activation
energy of 41.8 kcal/mol and that there is no reaction path
directly connecting 1a and 4a. TS3 for the smaller model
system is the least stable among the stationary points

at the UB3LYP level, suggesting that the reaction valley
connecting 1a and 4a on the potential energy surface does
not exist at the UB3LYP level. The structure of TS5
shows that during the reaction of 3a to 1a, first the C-C
bond of the [6,6] cyclopropane ring which consists of the
five-membered ring (1.522 Å in 3a) is almost broken
(2.457 Å in TS5), the C-C bond of the [6,5] ring fusion
is partially formed (1.952 Å), and the C-C bond in the
[6,5] open structure (1.528 Å) is then broken at a very
late stage of the reaction. These structural features are
consistent with those found on the UAM1 potential
energy surface. The energy barrier from 3a to 1a is 26.6
kcal/mol, which is 15.2 kcal/mol smaller than that from
1a to 3a. This points out that the retrorearrangement
from 3c to 1c is a more favorable thermal process than
the rearrangement of 1c to 3c.

(h) Computational Study of the Reaction Mech-
anism with Model Compounds: Triplet State Cal-
culations. The photochemical rearrangement of 1c to
4c and 5c is concluded to proceed competitively through
both the [4+4]/[2+2+2] and the di-π-methane rearrange-
ment mechanisms. Concerning the latter, the photo-
chemical rearrangement of fulleroids to methano-
fullerenes has also been explained by the di-π-methane
rearrangement,3b and Wudl et al. pointed out that, in the
case of fullerene derivatives, the rearrangement proceeds
via the triplet manifold because (i) rigid (bycyclic)-
molecules are known to react via the triplet state20b and
(ii) the intersystem crossing in C60 is very efficient.1 In
fact, the photochemical rearrangement of 1c, as well as
the fulleroid-methanofullerene rearrangement, was ex-
tremely retarded in atmospheric air.3b,d,9c Therefore, we
consider the triplet state of 1c and the possible reactions
starting from it on the triplet state potential energy
surface for understanding the photochemical rearrange-
ments, especially for estimation of the two possible
pathways of the biradical structure 11 (paths b and c in
Scheme 5b). Because of the size of the systems, hydrogen
atoms are used instead of tert-butyl ester substituents.
The unrestricted B3LYP/6-31G* level of theory is used
for the calculations.

In Figure 7, the triplet state potential energy profile
(solid lines) is depicted. At first, the excited state 1a in
the triple state passes through transition state TS6 for
the first [6,5] ring closing and one [6,5] closed structure
15 forms. The activation energy for this step is 8.1 kcal/
mol. In the next step, the cyclopropane ring of 15 opens
up at the [6,5] ring fusion with an activation energy of
5.5 kcal/mol. The TS corresponding to this step is TS7,
and the product is the one [6,5] open structure 16, which
corresponds to 11 in Scheme 5b. It is found that 16 can
give 4a and 3a if it passes through the transition states
TS8 and TS9, respectively. The formation of the former
(4a) is more preferred because of the small activation
energy of 7.8 kcal/mol required for it compared to the high
activation energy of 26.6 kcal/mol needed for the forma-
tion of the latter (3a). However, both activation energies
are slightly high, especially for the latter.

Figure 7 also depicts the relative spin-projected singlet
state energies corresponding to all the triplet state
geometries (broken lines).22 A comparison of this spin-
projected singlet state potential energy profile with the
triplet state potential energy profile leads to some
interesting conclusions. The singlet states of 1a and TS6

SCHEME 5. (a) Di-π-methane Rearrangementa

and (b) Possible Rearrangement Pathwayb

a A: Zimmerman mechanism. B: Bernardi, Rob mechanism.20c

bA, B: Di-π-methane rearrangement mechanism. C: [4+4]/
[2+2+2] mechanism proposed by Rubin.5a
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are more stable than the corresponding triplet states.
However, the intermediates 15 and 16, and TS7 are more
stable on the triplet state potential energy surface. On
the other hand, the reaction paths from 16 to 4a and 16
to 3a are more favored on the singlet state potential
energy surface. This strongly suggests the possibility of
the occurrence of the intersystem crossing in which 16
transforms toward TS8 or TS9. If that happens, the
formation of 3a from 16 is almost free of barriers, and

for the formation of 4a, approximately 4.4 kcal/mol of
energy is needed. These results suggest that rearrange-
ment proceeded initially through the triplet state to give
16 followed by the intersystem crossing to give 3a and
4a. On the basis of the results and discussion in this
section and the previous section, a reaction scheme that
will fit the experimental and theoretical studies is
proposed in Scheme 6.

(i) Difference between the Fulleroids and Bis-
(fulleroid)s. Among the C1 derivatives of fullerenes,
methanofullerene derivatives are generally more stable
than those of fulleroids. On the other hand, as shown in
the previous section, bis(fulleroid) is more stable than
the bis(methano)fullerene. It can be noted that three
main factors, viz., (1) retention of the 60π electron
spherical conjugation, (2) the presence of homoaroma-
ticity, and (3) the release of the ring strain due to the
opening of two pentagons, account for the higher stability
of bis(fulleroid). However, among these three factors, the
contribution from the first two factors may be the same
for mono(fulleroid) and bis(fulleroid). In the case of
fulleroid, the homoaromaticity, as well as homoconjuga-
tion, is quite appreciable as concluded by Haddon et al.4b

In the case of bis(fulleroid), the homoconjugation can
exist at two transannular bonds compared to one in
fulleroid. However, the transannular bonds in bis(ful-
leroid) are slightly longer than that of a typical fulleroid,
indicating a weaker homoconjugation in the former as
compared to the later. Therefore, the most important
factor that accounts for the stability of the bis(fulleroid)
might be the opening of the two pentagons. In this
process, the release of ring strain in the C60 cage may be
much higher than that achieved in the opening of one
pentagon in the case of fulleroid. For instance, the

(22) (a) Yamaguchi, K.; Jensen, F.; Dorigo, A.; Houk, K. N. Chem.
Phys. Lett. 1988, 149, 537. (b) Yamanaka, S.; Kawakami, T.; Nagao,
H.; Yamaguchi, K. Chem. Phys. Lett. 1994, 231, 25. (c) Goldstein, E.;
Beno, B.; Houk, K. N. J. Am. Chem. Soc. 1996, 118, 6036.

FIGURE 5. Singlet state reaction profile for the model compound at the UAM1 level. Relative energies at the UAM1 level are
shown in regular font. Relative energies for the UB3LYP/6-31G* single-point energy calculation with use of UAM1 geometries
are also shown in parentheses.

FIGURE 6. Structure of TS5 (in Å) and relative energies at
the UB3LYP/6-31G* level. Spin populations higher than (0.15
are shown in parentheses.
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elongation of the transannular bond lengths by ∼0.1 Å
and the widening of the bond angle at the bridge head
position by ∼5.0° in bis(fulleroid) compared to the ful-
leroid support this fact.

Conclusions

In the present paper, it has been shown that the DFT
approach using the B3LYP with the 6-31G* basis set is
a particularly reliable procedure to understand the struc-
ture and properties of these systems. At all levels of
theory, bis(fulleroid) was found to be more stable than
the corresponding bis(methano)fullerene. This is in sharp
contrast to the fulleroid-methanofullerene relationship.

The stability of bis(fulleroid) is mainly derived from its
two [6,5] open structure that releases a substantial
amount of strain energy of the fullerene cage. A labile
intermediate with the [6,5] closed/[6,6] closed structure
was more stable than the previously proposed two [6,5]
closed intermediate structure, and the formation of this
compound is well explained by using the di-π-methane
rearrangement. The two pathways, the symmetrical
[4+4]/[2+2+2] and the unsymmetrical di-π-methane
route, described in this paper are competitive during the
reaction.
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FIGURE 7. Triplet state potential energy profile (solid lines) and the corresponding projected singlet state potential energy
profile (broken lines) obtained from the triplet state geometries. The relative energies (in kcal/mol) are also depicted. The 0.0
point is taken as the singlet state of 1a.
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