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Towards Sixfold Functionalization of
Buckminsterfullerene (C60) at Fully
Addressable Octahedral Sites**
Wenyuan Qian and Yves Rubin*

In the context of our fullerene opening strategies,[1] a
relatively efficient method of functionalizing the opposite
double bonds of C60 (trans-1 positions) by a twofold Diels ±
Alder reaction was required as a way to access the bis-cobalt
complex [Cp2Co2(C68H8)]. Within a broader context we have
been interested in the development of selective C60-functiona-
lization reactions that provide access to unusual multifunc-
tional molecules with spatially defined addends.[1±5] Most
current methods are confronted with the formation of
regioisomeric by-products, coupled with the difficulty of
maintaining stereochemical control throughout the addition
steps. Hence, methods providing complete control of the
degree and regiochemistry of additions on C60, as well as the
type of addends, are still needed for the construction of highly
organized three-dimensional scaffolds (for example, I, where
X, X', Y, Y', Z, Z' are all different groups). The method
reported here gives rapid access to a variety of multiple
adducts in high yields from a tethered trans-1 bisadduct 3 a
(see Scheme 1). Bisadduct 3 a has temporary directing moi-

eties that address reactants to only three sequential sites of an
octahedral scaffold by exploiting steric and electronic effects
(II, addends X, Z, X'). The trisadducts 5 a, b and 13, and the
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mixed hexaadducts 7 a,b with unique and
otherwise inaccessible addition patterns
can thus be obtained (Schemes 1, 3, and 4).

The selective formation of trans-1 bisad-
ducts such as compounds 3 a,b has been
challenging because this regioisomer is the
least likely to form on statistical and
electronic grounds.[3b, 4] A remarkable topo-
chemically controlled solid-state dispro-
portionation of the C60 monoanthracene
adduct to the trans-1 bisadduct has allowed
selective placement of four malonate moi-
eties around the equator of C60.[5] How-
ever, the generality of this method is
limited by the anthracene addends and
their relatively facile loss under thermal
conditions. Recently, a bisaddition with a
dibenzocrown ether bismalonate tether
has provided access to trans-1 bisad-
ducts,[6a] while a similar porphyrin bismal-
onate gives exclusive trans-2 addition.[6b]

The approach reported herein provides
trans-1 Diels ± Alder bisadducts 3 a,b with
relatively good selectivity by using the
designed tethered bisdiene 1 a (Scheme 1).
For successful formation of these bisad-
ducts, the tether in intermediates 2 a,b has
to favor the second intramolecular [4�2]
cycloaddition at the trans-1 position over
attack at any nearby double bonds, includ-
ing the four closely positioned trans-2
hydrogen bonds. Under the high temper-
ature conditions necessary for these
Diels ± Alder reactions (�100 8C) one has
to expect a large number of unproductive rotamers to be
significantly populated, which requires a substantial energy
difference between the desired and undesired transition states
(T.S.).[7]

The tether in 1 a, b was designed by computational model-
ing at the AM1 semi-empirical level taking into account its
synthetic accessibility.[8] Our initial choice was made by
considering approximated T.S. geometries,[9] which favored
the trans-1 bisadduct by 2.1 kcal molÿ1. The fact that the tether
is longer than it needs to be to reach the trans-1 site was
deemed beneficial to avoid those C�C bonds on the ªupperº
hemisphere of C60 that are positioned closer to the first
addition site (e, trans-3, trans-4). However, as can be seen
from the T.S. geometries in Table 1, this tether lengthening has
the effect of significantly bending the alkyne and aromatic
moieties for both trans-1 and trans-2 approaches. The fact that
the latter is somewhat less strained constitutes a likely source
of lower selectivity by favoring the trans-2 approach.

To gain further insight into the selectivity of this reaction
fully optimized transition states of the most favorable regio/
stereoisomers were obtained. As seen in Table 1 the trans-1
product has now a T.S. energy 1.3 kcal molÿ1 higher than that
of the trans-2 product. Interestingly, the crude experimental
mixture contains a 1:1.5 ± 2 ratio of the trans-1 to trans-2
regioisomeric diastereomers as found by HPLC,[10] which is in

line with these calculations. The trans-3, trans-4, and e
regioisomers are not detected experimentally and are found
to be 3 ± 10 kcal molÿ1 higher in energy. Interestingly also is
that the relative product energies give similar trends as the
T.S. energies and appear to be good predictors of selectivity.[4b]

The tethered biscyclobutene precursors 1 a and 1 b were
prepared from the corresponding cyclobutenols and the
tethered dicarboxylic acid.[10] The twofold Diels ± Alder cyclo-
addition of 1 a to C60 was carried out in toluene under high
dilution conditions. Analysis[10] of the crude cyclization
mixture by HPLC (hexane/toluene, 30/70) allowed assign-
ments of addition patterns, which showed that the first two
main bands contain the expected rac and meso diastereomers
of the bisadduct 3 a in a 1:1 ratio, with both having UV/Vis
absorption spectra characteristic of the trans-1 bisaddition
pattern.[2a, 4c, 10] Four other diastereomers with the trans-2
pattern are also present but with no other detectable
regioisomers. The least polar trans-1 bisadduct mixture 3 a
was isolated in 25 % yield (up to 0.5 g scale) from the trans-2
diastereomeric mixture (�40 %) by flash chromatography
(SiO2, hexane/toluene, 1/4).

To fully confirm the trans-1 regiochemistry of fraction 3 a
the two stereocenters were eliminated (Scheme 2). Depro-
tection with diisobutylaluminum hydride (DIBAL) gave the
inseparable diastereomeric diols very cleanly, which were

Scheme 1. Formation of the tris- and hexaadducts 5 a,b and 7 a,b. DMAD� dimethyl acetylene-
dicarboxylate.
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Scheme 2. Increasing the symmetry of the tethered bisadducts 3a and 3b
by enone formation (8a, b).

oxidized to the poorly soluble C2v-symmetric bisenone 8 a. For
the latter reason the more soluble tert-butyl-substituted
bisenone 8 b was also prepared by using the above procedures.
Its C2v symmetry was confirmed by the presence of 22 signals
for sp2 carbons and 5 for sp3 carbons in the 13C NMR
spectrum, while there are 5 sets of protons in the 1H NMR
spectrum.[10]

The trans-1 bisadduct 3 a represents a strategically protect-
ed octahedral building block (II). Not only are the two
opposite poles of C60 blocked covalently by the cyclohexene
addends, but several double bonds around its longitude,
including one of the reactive equatorial edge positions (e-
edge), are noncovalently masked by the tether that spans the
two poles. The remaining three e-positions are strongly
activated toward subsequent nucleophilic additions thanks

to the additive directing effects of both trans-1 addends.[3±5]

However, as will be seen below, each of these three e-positions
can be addressed exclusively in a sequential manner (e-face, e-
edge, and finally e'-face), which primes this system for fully
directed hexasubstitutions.

Sequential bromomalonate additions on 3 a allowed a
demonstration of the potential of this approach; the full
scope of compatible reagents needs to be studied (see
Schemes 1, 3, and 4). Both methyl and ethyl esters were used,
the former for crucial simplification of the 1H NMR spectra to
allow unequivocal structural assignments,[10] and the latter to
give products of much higher solubility. The reaction of 3 a
with either malonate under in situ bromination conditions
(CBr4, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), toluene,
25 8C)[11] smoothly afforded the mixed pentakisadducts 4 a
and 4 b as orange solids (Scheme 1). The trisadducts 5 a and 5 b
were obtained by the one-pot elimination/Diels ± Alder/retro-
Diels ± Alder procedure developed in our group
(MeO2CÿC�CÿCO2Me, H3CC6H4SO3 (TsOH), toluene, re-
flux)[12] to remove the ªmaskingº moiety on 4 a and 4 b. The
C2v symmetry of these two unknown trisadducts (5 a,b) was
confirmed by their simple 1H NMR spectra, which displayed
three sets of alkyl signals in a 1:1:1 ratio. It is interesting to
note that this set of trismalonate regioisomers has a different
topology (e-face, e-edge, trans-1) over that obtained by
Diederich et al. (9, e-edge, e-face, trans-1; Scheme 3).[4b] Both

Scheme 3. Topological isomerism between the trisadducts 5a, b and 9.

products (5 a, b and 9) result from trisaddition by the same
addends onto three out of the four e-positions along the
equatorial belt of C60, and neither of them can be obtained by
trivial methods.

The facile accessibility of trisadducts 5 a and 5 b offered an
opportunity to generate unprecedented heterohexaadducts by
attaching different sets of addends to the remaining three e-
positions of the carbon cage (Scheme 1). The rigid addends
4,5-diazafluorene (6 a) and 2,7-dinitrofluorene (6 b) were of
interest either for their metal complexing ability,[13] poten-
tially leading to 3-dimensional nanostructures,[14] or their
electron-withdrawing homoconjugative effect on the fuller-
ene p system.[15] Both compounds added surprisingly fast and
with exquisite selectivity under the in situ bromination/
nucleophilic addition conditions used for the malonates.[11]

Indeed, the mixed hexaadducts 7 a or 7 b were formed almost
instantaneously at 25 8C when trisadducts 5 a or 5 b were
treated with 3.3 equivalents of 4,5-diazafluorene (6 a) or 2,7-
dinitrofluorene (6 b) in the presence of CBr4 (3.3 equiv) and
DBU (6.7 equiv) in toluene. Both 4,5-diazafluorene and 2,7-
dinitrofluorene offer higher versatility than the corresponding

Table 1. Constrained or fully optimized AM1 geometries and energies for
the transition states and products of the second Diels ± Alder step (2c and
3c).

trans-1 trans-2 trans-3 trans-4 e (edge)

T.S. 961.2[a,b] 959.9[a,b] 968.8[b] 964.1[b] 970.8[b]

(rel. 0) (ÿ1.3) (�7.6) (�2.9) (�9.6)
product 902.7 902.1 911.1 903.9 913.8

(rel. 0) (ÿ0.6) (�8.4) (�1.2) (�11.1)

[a] Fully optimized T.S. structures. [b] Constrained bond distances of
2.50 � (proximal diene C atom) and 1.95 � (distal C atom); these
constrains are based on distances obtained from the fully optimized
transition state of the 1-formyloxybutadiene monoadduct, and gave
practically identical energies in the trans-1 and trans-2 approaches relative
to the fully optimized T.S. energies.
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diazomethanes[15] and follow the characteristic selectivity of
malonate additions. Furthermore, as addends, they confer
unusually bright visible fluorescence (orange-red) to the
fullerene core, a property recently found for two hexapyrro-
lidines.[2a]

In the formation of trisadducts 4 a or 4 b it was initially
observed that each addition step proceeds in a very clean,
sequential manner (spot-to-spot conversion by TLC and
1H NMR spectroscopy on the crude products). Increasing the
proportions of reagents gave only the next higher adduct up to
the trisadducts 4 a or 4 b without any other regioisomers.
Forcing conditions did not give a tetramalonate product,
which shows that the tether bridge is held rigidly in place by
the two cyclohexene rings and does not allow reaction at the
fourth equatorial or any other position. The reactions can be
carried out with less than one equivalent of malonate to
minimize the formation of the next higher adduct, and allows
the easy recovery of the starting materials. Application of
these observations enabled the formation of a fully differ-
entiated trisadduct (13), which was obtained by stepwise
additions of diethyl, dimethyl, and finally bis(p-nitrobenzyl)-
malonates to the bridged bisadduct 3 a (Scheme 4).

Scheme 4. Sequential formation of the trisadduct 13.

First, monoaddition of a diethyl bromomalonate moiety to
3 a gave exclusively one regioisomer (10). The latter consisted
of the three possible diastereomers 10 a ± c, which were in this
instance easily separated by column chromatography
(CH2Cl2, SiO2). The 1H and 13C NMR spectra of 10 a ± c[10]

indicate that they have Cs (10 a), C1 (10 b), and Cs (10 c)
symmetry. The two Cs-symmetric meso isomers (10 a, anti/
anti ; 10 c, syn/syn) elute first and last, respectively, and are
compatible only with the monoaddition pattern shown in
Scheme 4. Their tentative relative stereochemical assignment

is based on the fact that 10 a should have the lowest polarity
since it has its tethered ester carbonyl groups pointing away
from the malonate units (AM1). The C1 symmetry of 10 b
precludes its unequivocal regiochemical assignment at this
stage, but as will be seen below it gives compound 13 as the
only possible final structure and the addition pattern follows
that of 10 a and 10 c. Additionally, the AM1 calculated frontier
orbitals of 3 a have the highest LUMO coefficients at the
position being attacked in the malonate additions.[10]

The second malonate addition to the main isomer 10 b also
proceeded very cleanly to give only the tetrakisadduct 11
besides starting material and a small amount of the next
higher adduct. Final addition of the benzylic bromomalonate
to 11 gave the pentaadduct 12, from which removal of the
tether afforded the trisadduct 13 as a single isomer in good
overall yield. The structure of compound 13 can be deduced
directly from its 1H NMR spectrum: with two sets of ethoxy
signals, one for the methoxy groups, and two sets of benzylic
signals, only structure 13 is possible since the addition pattern
is the same as that of 5 a (their UV/Vis spectra are
identical).[10]

Preliminary results from the addition of dimethyl malonate
indicate (1H NMR) that the fourth most reactive octahedral
position of 13 is that indicated by the symmetrically disposed
addends X or Z (X or Z�C(CO2Me)2) in compound 14, as is
expected from the high yield obtained for 11 and other
reactivity studies.[3±5, 16] The fifth and sixth additions (X/Y or
Y/Z) are unlikely to be regioselective,[3±5] unless steric
hindrance or tether-directed additions are used. Following
this precept the preparation of isomers having three pairwise
addends with topologies similar to those of octahedral
metal complexes bearing bidentate ligands (for example,
[Ru(bpy)3], bpy� bipyridine) is currently under way. The
potential of such work lies in the construction of various
nanosized 3-D superstructures (boxes, cubes, etc.) based
on metal complexation of the diazafluorenyl or similar
moieties.[13, 14]
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Formation of an Effective Opening within the
Fullerene Core of C60 by an Unusual Reaction
Sequence**
Georg Schick, Thibaut Jarrosson, and Yves Rubin*

With the formation of a large orifice in the fullerene shell,
the potential arises to introduce practically any atom inside
these hollow structures. This constitutes a critical step for the
development of a powerful method to produce endohedral
fullerene complexes.[1] Thus far, the task of opening an
effective aperture on the surface of fullerenes has proven very

challenging.[1, 2] Although up to three bonds[2f] are cleaved in
current ring-opening reactions, the relative positions of the
fullerene carbon atoms are maintained by bridging addends,
whose steric requirement can further hinder accessibility of
the cavity.

These restrictions can be eliminated by placing three adding
groups within a relatively rigid, preorganized reactant such as
a macrocycle.[1b] Threefold addition of the reactive moieties to
three endocyclic C�C bonds of C60 ([6,6] junctions) results in a
fully saturated, strained planar cyclohexane moiety (Scheme 1).

2 1

4
3

5
6

2 1

4
3

5
6

a)

2 1

4

3

5

6

b)

Scheme 1. a) Addition of six saturating groups. b) [2�2�2] ring-opening
reaction.

This arrangement promotes a facile [2�2�2] ring-opening
reaction following a mechanism similar to that of all presently
known fullerene ring scission reactions, for example, those
leading to [5,6] ring-opened methanofullerenes (fulleroids).[3]

The system chosen for this initial study is based on the
relatively rigid diazidobutadiene system 1 a (Scheme 2).
Azide and Diels ± Alder cycloadditions to C60 have been
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Scheme 2. Conceptual set of reactions at the origin of this work with
calculated (AM1) heats of formation [kcal molÿ1] (the relative energies at
each step are given in parentheses).

studied extensively.[3±5] Possible side reactions of the fragile
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formation of [5,6]-iminofullerenes and/or [6,6]-aziridinoful-
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