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Fullerene equatorial bis-adducts have been prepared with high regioselectivity by a double Bingel reac-
tion between [60]fullerene and di-t-butylsilylene-tethered bis-malonates. Macrocyclic bis-malonates
incorporating di-t-butylsilylene moieties have also been prepared and used to functionalize C60 in multi-
ple Bingel cyclopropanations. Fullerene bis-adducts with a cis-2 addition pattern and tris-adducts with an
e,e,e addition pattern have been thus obtained. Finally, the bridging di-t-butylsilylene is not only a direct-
ing group for the cyclization step, it is also a protecting group that can be readily cleaved to afford the
corresponding acyclic fullerene polyols.

� 2013 Elsevier Ltd. All rights reserved.
Fullerene chemistry has generated unprecedented stereochem-
ical problems1 and the regioselective polyfunctionalization of C60

through multiple addition reactions remains a major challenge.
Actually, mono-functionalized C60 derivatives possess nine differ-
ent 6–6 bonds (bonds at the junction between two six-membered
rings, see Fig. 1) and mixtures of regioisomers are obtained by
successive reactions at the C60 core.2,3 The synthesis of fullerene
tris-adducts is even more challenging as 46 isomers differing by
the relative position of the three addends on the carbon sphere
are theoretically possible. The first efficient methodologies allow-
ing the regioselective preparation of C60 multi-adducts have been
reported by Diederich and co-workers and are based on cyclization
reactions on the fullerene scaffold.4 These seminal contributions
have inspired most of the research efforts devoted toward the
preparation of fullerene multi-adducts with a well-defined stereo-
chemistry.5–8 As part of this research, we have recently developed
an expeditious synthesis of fullerene tris-adducts based on a three-
fold Bingel reaction between C60 and t-butyl(trialkoxy)silane
derivatives bearing three malonate substituents.8 The silane unit
is at the same time a directing group allowing the control of the
stereochemistry of the tris-addition on the C60 sphere during the
cyclization step and a protecting group that can be readily cleaved
to generate the corresponding acyclic fullerene derivatives. Based
on this finding, we became interested in using the di-t-butylsilyl-
ene protecting group as a bridging unit in linear and macrocyclic
bis-malonates for the regioselective bis-functionalization of C60.
Upon cyclization, a desilylation reaction provides the correspond-
ing acyclic polyol derivatives. The possibility to easily open the
bridging unit upon cyclization is a clear advantage to generate
new fullerene building blocks with a controlled distribution of
functional groups on their surfaces.

As shown in Scheme 1, the preparation of bis-malonates 2a–b
was first achieved from 1a–b8b to validate the possibility of using
di-t-butylsilylene bridged bis-malonates for the regioselective bis-
functionalization of C60. Treatment of compounds 1a–b (2 equiv)
with di-t-butylsilyl bis(trifluoromethanesulfonate) (tBu2Si(OTf)2, 1
equiv) in DMF in the presence of pyridine (pyr) gave the correspond-
ing bis-malonates 2a–b. Fullerene derivatives 3a–b were then pre-
pared by taking advantage of the versatile regioselective reaction
developed in the group of Diederich,5a which led to macrocyclic
bis-adducts of C60 by a cyclization reaction at the C sphere with
bis-malonate derivatives in a double Bingel9 cyclopropanation.
Reaction of 2a with C60, I2, and 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) in toluene afforded the corresponding cyclization product
3a in 23% yield. Similarly, compound 3b was obtained in 48% yield
from bis-malonate 2b and C60 under the same conditions.
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Figure 1. Addition of a second addend to a C2v-symmetrical C60 mono-adduct can
in principle lead to nine different regioisomeric bis-adducts. Relative to the first
addend, the second one can be located either in the same hemisphere (cis), in the
opposite hemisphere (trans) or on the equatorial belt (e). For identical addends, a
second attack onto the e-edge or e-face positions leads to identical products.
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Figure 2. Absorption spectra (CH2Cl2) of fullerene derivatives 3b, 20, 21, and 22
showing significant differences as a function of the number of addends. In the case
of bis-adducts 3b and 21, characteristic features of e (3b) and cis-2 (21) bis-addition
patterns are clearly observed.
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Fullerene bis-adducts 3a–b were characterized by 1H and 13C
NMR, UV–vis, and IR spectroscopies.10 In addition, their structure
was confirmed by MALDI-TOF mass spectrometry showing the ex-
pected pseudo-molecular ion peaks at m/z 1210.2 for 3a ([M+H]+,
calcd for C82H37O10Si: 1210.3) and 1237.3 for 3b ([M+H]+, calcd
for C84H41O10Si: 1237.3). For both 3a and 3b, the molecular sym-
metry (C1) deduced from the 1H and 13C NMR spectra suggests
an equatorial addition pattern. This is also consistent with molecu-
lar modeling studies (see ESI). For fullerene derivatives bearing two
malonate addends, the relative position of the two cyclopropane
rings on the C60 core suggested by the molecular symmetry is con-
veniently confirmed by UV/vis spectroscopy. Effectively, the
absorption spectra of C60 bis-adducts are highly dependent on
the addition pattern and characteristic for each of the regioisom-
ers.5 The absorption spectra of bis-adducts 3a and 3b are similar
thus showing that the relative position of the two cyclopropane
rings on the fullerene core is identical for both compounds. As
shown in Figure 2, the absorption spectrum recorded in CH2Cl2

for compound 3b is broad in the visible region with two shoulders
(398 and 410 nm) and a quite sharp band at ca. 420 nm. Indeed, the
UV/vis spectrum of 3b clearly reveals the diagnostic features
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Scheme 1. Reagents and conditions: (i) tBu2Si(OTf)2, DMF, pyr, rt, 12 h (2a: 43%;
2b: 52%); (ii) C60, DBU, I2, PhMe, �15 �C, 1 h (3a: 23%, 3b: 48%); (iii) BF3�Et2O,
CH2Cl2, CH3CN, rt 12 h (4a: 91%; 4b: 74%).
previously reported for analogous equatorial C60 bis-adducts.5

Therefore, in addition to the C1 symmetry deduced from their 1H
and 13C NMR spectra, the absorption spectra of 3a and 3b allowed
us to definitively elucidate their stereochemistry. It is worth noting
that the equatorial addition pattern is Cs symmetric but owing to the
macrocyclic structure of compounds 3a–b, the symmetry is reduced.

Finally, different reaction conditions for the cleavage of the con-
necting di-t-butylsilylene protecting group in 3a–b were tested
(Scheme 1). Reaction of 3a–b with HF-pyridine in THF gave diols
4a–b in good yields (80–90%). Desilylation conditions using an ex-
cess of BF3�Et2O (20 equiv) in CH2Cl2/CH3CN were also found to be
effective for the preparation of 4a–b from 3a–b.11 From a practical
point of view, the use of BF3�Et2O is by far more convenient as these
conditions do not require HF-resistant equipment. Furthermore,
traces of pyridine were particularly difficult to remove in samples
of 4a–b prepared by treatment of 3a–b with HF.pyridine.

Following the successful preparation of equatorial C60 bis-ad-
ducts from silylene-tethered bis-malonates, a similar synthetic
strategy was used for the preparation of an equatorial fullerene
bis-adducts substituted with two symmetrically substituted mal-
onate addends (Scheme 2). Compound 6 was obtained in an almost
quantitative yield by heating 3-chloro-1-propanol (5) at 120 �C in
the presence of 2,2-dimethyl-1,3-dioxane-4,6-dione (Meldrum’s
acid). Treatment of 6 (1 equiv) with an excess of 1,3-propanediol
(4 equiv) under esterification conditions using N-(3-dimethylami-
nopropyl)-N0-ethylcarbodiimide hydrochloride (EDC) and 4-dim-
ethylaminopyridinium tosylate (DPTS) afforded 7 in 50% yield.
Subsequent treatment with tBu2Si(OTf)2/pyr in DMF provided
bis-malonate 8 in 51% yield. The C1-symmetrical macrocyclic
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Scheme 2. Reagents and conditions: (i) Meldrum’s acid, 120 �C, 3 h (99%); (ii) 1,3-
propanediol, EDC, DPTS, CH2Cl2, 0 �C to rt, 12 h (50%); (iii) tBu2Si(OTf)2, DMF, pyr, rt,
4 h (51%); (iv) C60, DBU, I2, PhMe, �15 �C, 1 h (40%); (v) BF3.Et2O, CH2Cl2, CH3CN, rt
12 h (95%); (vi) TsCl, pyr, CH2Cl2, 0 �C to rt, 48 h (77%); (vii) nBu4NCl, THF, rt, 4 h
(95%).
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fullerene e-bis-adduct 9 was then obtained in 40% yield by reaction
of 8 with C60 in the presence of DBU and I2. Desilylation with BF3-

�Et2O followed by reaction of the resulting 10 with p-toluenesulfo-
nyl chloride (TsCl) in the presence of pyridine gave 11. Finally,
treatment of bis-tosylate 11 with an excess of tetra-n-butylammo-
nium chloride (nBu4NCl) in THF yielded 12 in 95% yield.
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Figure 3. 13C NMR spectrum (CDCl3, 100 MHz) of compound 12. Inset: detailed views sho
and the fullerene sp3 C atoms (right); ⁄ indicates the two sp2 fullerene C atoms showing
The equatorial addition pattern of fullerene bis-adducts 9–12
was confirmed by both their absorption spectra and their symme-
try deduced from their 1H and 13C NMR spectra. Whereas deriva-
tives 9, 10, and 11 bearing unsymmetrically substituted
malonate addends are all C1-symmetrical compounds, bis-adduct
12 with its two C(CO2(CH2)3Cl)2 subunits is Cs symmetric as de-
duced from a careful analysis of its 13C NMR spectrum (Fig. 3).
Out of the 32 expected fullerene resonances, three are observed
at d = 70.1, 71.3, and 71.4 ppm (sp3 C atoms) and 28 between d =
138.7 and 147.4 ppm (sp2 C atoms). It is also worth noting that
two of the resonances seen in the sp2 region show half intensity
as well as two of the three resonances observed for the fullerene
sp3 C atoms. Actually, the latter observations are unambiguous
proofs for the Cs symmetry of compound 12. Effectively, for such
a fullerene derivative, there are 28 pairs of equivalent C atoms
and four unique ones. Furthermore, out of the three possible Cs-
symmetrical addition patterns (cis-2, e and trans-4), the only one
for which 3 resonances are expected for the sp3 fullerene C atoms
is the equatorial bis-adduct. This is further confirmed by the obser-
vation of three resonances for the carbonyl C atoms (d = 163.4,
163.35 and 163.25 ppm). Therefore, the preparation of compound
12 provided definitive and non-ambiguous conclusions about the
stereochemistry of fullerene derivatives 9, 10, and 11. With their
e fullerene addition pattern, these compounds are ideally suited
for the preparation of fullerene hexa-adducts with an octahedral
addition pattern.12 This new methodology will be therefore very
useful to produce new fullerene scaffolds bearing different malon-
ate addends in a 4:2 ratio.

The concept of using cleavable di-t-butylsilylene-tethered bis-
malonates for the regioselective functionalization of C60 was then
extended to cyclo-oligomalonates (Scheme 3). The selective
mono-protection of 1,3-propanediol (13) was carried out by treat-
ment with Ag2O and p-methoxybenzyl chloride (PMBCl) according
to the conditions reported by Bouzide and Sauvé.13 Treatment of
the resulting mono-protected derivative 14 with tBu2Si(OTf)2 and
imidazole in DMF provided 15 in 68% yield. The PMB protecting
groups in 15 were conveniently removed by treatment with
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2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) in CH2Cl2 containing
a small amount of water. The di-t-butylsilylene remained un-
changed and key building block 16 was thus obtained in good
yields (86%). Reaction of diol 16 with malonyl chloride in the pres-
ence of 4-dimethylaminopyridine (DMAP) under pseudo high dilu-
tion conditions afforded a mixture of cyclooligomers and polymers.
Macrocycles 17, 18, and 19 were isolated in a pure form in 24%,
15%, and 3% yield, respectively, by repeated chromatographic sep-
arations.14 While the 1H and 13C NMR spectra of 17, 18, and 19
were in full agreement with their cyclooligomeric structures, it
was not possible to conclude about their ring-size based on the
NMR data. In the case of 18 and 19, the proposed structures were
confirmed by MALDI-TOF mass spectrometry. For the smallest
member, high level of fragmentation prevented the detection of
the molecular ion peak. However, based on the elution order of
the compounds and on their relative yields, compound 17 is likely
the cyclomonomeric derivative. To gain further evidence about the
proposed structure for 17, a Bingel reaction was performed to gen-
erate the C2v symmetrical fullerene mono-adduct 20. The structure
of 20 was confirmed by MALDI-TOF mass spectrometry as well as by
1H and 13C NMR, IR, and UV/vis (Fig. 2) spectroscopies thus showing
that compound 17 was effectively the cyclomonomalonate.

Reaction of the 28-membered ring macrocyclic bis-malonate 18
with C60 in the presence of iodine and DBU gave the cis-2 C60
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Scheme 3. Reagents and conditions: (i) PMBCl, Ag2O, CH2Cl2, 48 h (80%); (ii) tBu2Si(OTf
chloride, DMAP, CH2Cl2, rt, 48 h (17: 24%; 18: 15%; 19: 3%); (v) C60, DBU, I2, PhMe, rt, 1
bis-adduct 21 with an excellent regioselectivity.15 Indeed, the only
isolable by-product was a bis-fullerene derivative resulting from
the reaction of 18 with two molecules of C60 but no regioisomeric
bis-adducts of 21 could be isolated from the reaction mixture. The
13C NMR spectrum of compound 21 is shown in Figure 4. As dis-
cussed in the case of 12, the presence of half intensity signals for
some of the resonances of the fullerene C atoms seen in the sp2 re-
gion is an unambiguous signature for a Cs symmetrical structure. In
addition, the presence of only two resonances for the fullerene sp3

C atoms suggests that this bis-adduct 21 could be either a cis-2 or a
trans-4 regioisomer. The UV–vis spectrum of 21 is indeed fully con-
sistent with a cis-2 C60 bis-adduct (Fig. 2). The stereochemistry of
compound 21 was thus elucidated. To further support this struc-
tural assignment, computational studies were also performed.
The molecular geometry of the various regioisomers (cis-2, cis-3,
e, trans-3 and trans-4) was optimized with Spartan’10 Macintosh
Parallel Edition (Wavefunction Inc., USA) at the AM1 semi-empiri-
cal level. The cis-2 isomer was effectively found to be noticeably
lower in energy when compared to all the other regioisomers
(DE >75 kJ/mol).

The reaction of the cyclo-tris-malonate 19 with C60 was also car-
ried out. The reaction was highly regioselective and only the fuller-
ene tris-adduct with an e,e,e-addition pattern was thus obtained.
Compound 22 was isolated with a remarkable 61% yield. The relative
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h (20: 46%; 21: 27%; 22: 61%).
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Figure 4. (A) 13C NMR spectrum (CDCl3, 100 MHz) of compound 21 (�: cyclohexane); inset: detailed view showing the resonances of the fullerene sp2 C atoms; ⁄ indicates the
sp2 fullerene C atoms showing half intensity signals. (B) 13C NMR spectrum (CDCl3, 100 MHz) of compound 22 showing its threefold symmetry (�: cyclohexane); inset:
detailed view showing the resonances of the fullerene sp2 C atoms.
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position of the three cyclopropane rings on the C60 core were deter-
mined based on the symmetry (C3) deduced from the 1H and 13C
NMR spectra.16 As shown in Figure 4, the number of resonances ob-
served in the 13C NMR spectrum of 22 is fully consistent with a three-
fold symmetrical compound. The cherry-red color and the UV/vis
spectrum of 22 (Fig. 2) are also in complete agreement with the pro-
posed e,e,e-addition pattern for compound 22.8

As shown in Scheme 4, the preparation of macrocylic oligo-mal-
onates was also carried out from 1,4-butanediol (23) by following
the synthetic route developed for the preparation of compounds
17–19. Mono-protection of 23 by treatment with Ag2O/PMBCl
followed by silylation (tBu2Si(OTf)2/imidazole) and deprotection
(DDQ) afforded diol 26. Reaction of 26 with malonyl chloride in
the presence of DMAP gave the cyclomonomalonate 27 as the main
product. Its structure was confirmed by MALDI-TOF mass spec-
trometry. Higher cyclooligomers were also obtained but in very
low yields. This result prompted us to develop a stepwise synthetic
route that will prevent the formation of cyclomonomalonates
(Scheme 4). Treatment of 25 with 1 equiv of DDQ provided the
mono-protected derivative 28 in 47% yield. Subsequent reaction
with malonyl chloride in the presence of DMAP gave malonate
29. The choice of the appropriate protecting groups for the two ter-
minal alcohol functions of 29 was the key to this synthesis. The
deprotection conditions must not be acidic to preserve the bridging
di-t-butylsilylene groups and may not be basic to preserve the es-
ter functions.17 The PMB protecting groups being removed under
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neutral conditions by treatment with DDQ, both the ester functions
and the di-t-butylsilylene groups remained effectively intact and
diol 30 was obtained in a good yield (68%). Reaction of 30 with
malonyl chloride under pseudo high dilution conditions gave
cyclobismalonate 31 in 51% yield. Macrocycle 31, which has a ring
size of 32 atoms, was characterized by NMR spectroscopy and mass
spectrometry.

Reaction of C60 with macrocyclic bis-malonate 31, I2, and DBU
afforded 32 in 39% yield. As discussed for 21, the relative position
of the two cyclopropane rings on the fullerene core was deter-
mined based on the Cs molecular symmetry deduced from the
NMR spectra15 and on the diagnostic features of a cis-2 bis-addition
pattern seen in the absorption spectrum of 32. Finally, treatment of
compound 32 with an excess of BF3.Et2O gave the Cs-symmetrical
fullerene cis-2 bis-adduct 33 in 88% yield. With its four alcohol
functions, compound 33 is a valuable building block for further
chemical modifications.

In conclusion, the reaction of linear and macrocyclic di-t-butyl-
silylene-tethered bis-malonate with C60 gave access to fullerene
bis-adducts with an excellent regioselectivity. The bridging di-t-
butylsilylene is not only a directing group during the cyclization
step, it is also a protecting group that can be readily cleaved to af-
ford the corresponding acyclic fullerene polyols. By systematically
changing the length and the rigidity of the spacer units linking the
malonate subunits to the di-t-butylsilylene moieties, fullerene bis-
adducts with different addition patterns should become easily
accessible thus opening new perspectives in the chemistry of mul-
tifunctionalized fullerene derivatives.
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