Reductive electrolysis of [60]fullerene mono-methanoadductsin THF leads to
the formation of bis-adductsin high yields
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A new reaction, electrolytically induced adduct transfer
between [60]fullerene mono-adducts, leads to bis-adducts
with a unique regioisomer distribution.

Cyclopropanation of fullerenes by the addition of malonate
derivatives (the Bingel reaction) has been widely used for the
preparation of fullerene adducts.® The groups of Diederich and
Echegoyen reported the reverse of thisreaction, theretro-Bingel
reaction, an electrolytic reduction reaction performed in
dichloromethane, which efficiently removes di[akoxycarbo-
nyl]Jmethano (Bingel) adducts to yield the parent fullerene (see
Scheme 1).2 The ' Bingel-retro-Bingel’ strategy as a protection—
deprotection scheme has already found several usesin fullerene
chemistry, such as the isolation of enantiomerically pure C;¢22
and of a new C,,-C7g bis-adduct,20 and in the separation of
constitutional isomers of Cgs.2¢ The groups of Diederich and
Echegoyen also described a chemical retro-Bingel reaction
(using Mg/Hg, THF, heat) which aso efficiently removes the
Bingel addends.3

Very recently we reported that the range of fullerene adducts
that can be removed via electrolytic reduction is not limited to
di[akoxycarbonyl]methano adducts (see fullerene 3), but
includes those present in structures 1 and 2 (Scheme 1).
Controlled potential electrolysis (CPE) in dichloromethane
after the first (2) and third (1) electrochemical reduction wave
induces the efficient removal of the adducts, to form the parent
Ceo-4

While electrolytic reduction can lead to the efficient removal
of the adducts mentioned, it has been shown that methano-
adduct formation can aso result from the reaction between
electrolytically prepared fullerene anions and dihao-com-
pounds, even with dichloromethane.> Dichloromethane reacts
efficiently with the [60]fullerene trianion to form methano-
fullerenes of the type Cgo > (CH>),,5° and forms similar adducts
with Cgq [Cgs>(CHy),] during the reductive retro-Bingel
reaction of di[akoxycarbonyl]methano-adducts of Cgs.2¢ In
order to avoid these reactions and to further explore the
potential and mechanism of the electrolytic methods of
fullerene adduct removal, we decided to investigate the
electrolysis of compounds 1-3 in THF. In the process we found
an electrochemically induced intermolecular reaction that leads
to the formation of multiple fullerene adducts.®
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Scheme 1 Protective group system for fullerenes: synthesis of methano-
fullerenes 1-3 and subsequent adduct removal by reductive electro-
chemistry.
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The cyclic voltammograms of the methanofullerenes 1 and 2
in THF are shown in Fig. 1.7 These compounds exhibit
irreversible electrochemistry in THF, similar to that observed in
dichloromethane. Compound 1 exhibits, in addition to several
reversible electrochemical processes, an irreversible reduction
process between the first and third reduction potentials whilst 2
undergoes an initial two-electron reduction, followed by a one-
electron reduction. Theirreversible behavior presumably results
from the cleavage of one of the cyclopropane bonds connecting
the addend to Cg after reduction.8

Compounds 1 and 2 were subjected to CPE in 0.1 M
NBu4PFs—THF and the products were separated and analyzed.
CPE of 1 was performed at ca.100-150 mV more cathodic than
the third, reversible, reduction wave (Fig. 1, arrow a); 2.7
electrons per molecule were discharged and clear changesin the
CV and OSWV were observed, indicating that a chemical
reaction had taken place. Subsequent re-oxidation at 0 V and
purification of the product mixture by column chromatography
(eluent: toluene) yielded fullerene products in ca. 91% vyield.
Anaysis of this mixture by HPLC, UV-VIS spectroscopy, and
MALDI-TOF spectrometry clearly showed the formation of Cgg
as the main product (41%). Thus reductive electrochemistry
removes the addend in THF (as also observed in CH,Cl,),
leading to the formation of Ceo. A second fraction (39%)
containing the starting material 1 was also recovered. Inter-
estingly and unexpectedly, athird fraction (11%) with a higher
polarity was also isolated. Analysis showed this fraction to be
composed of the bis-adducts: fullerenes with two spiro-
anthraquinone groups attached (MALDI-TOF: m/z 1104).

CPE of 2 in THF was performed after the first two-electron
reduction wave (Fig. 1, arrow b), and 1.8 electrons per molecule
were discharged. Re-oxidation and purification yielded 81% of
fullerene products, consisting of 40% Ceo, 27% recovered 2,
and 14% of bis-adducts. Adduct removal is also the main
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Fig. 1 Cyclic voltammograms of 1 and 2 in THF.
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reaction pathway but again a significant amount of re-
gioisomeric bis-adductswasisolated (MALDI-TOF: m/z 1010).
A separate CPE experiment conducted after the second
reduction wave (Fig. 1, arrow c) discharged 3.0 electrons and
led to similar results (Cgo: 2: bis-adducts 7 = 35:30:19%).

As stated in the introduction, Bingel-adduct removal from
fullerenes like 3 by electrochemical (CH,Cl,) or chemical
reduction (THF) yields Ceo and starting material (Scheme 1).2
However, no bis-adduct formation was observed using either of
these reductive methods. In view of the results already
described for 1 and 2 in THF, we decided to electrolyze 3 in the
same solvent. CPE after the second reduction wave of 3
discharged 2.6 electrons, considerably less than the typical
value obtained in CH,Cl, (4.0 electrons). Re-oxidation and
purification gave fullerene productsin aquantitative yield, with
62% Cgo and 38% 3. Interestingly, no bis-adducts were
detected. Thus profound mechanistic differences exist between
the behavior of 1 and 2 and that of 3 under electrolytic
conditions.

Our electrochemical experiments show that in THF (but not
in CH,CI,) there is a second reaction pathway, besides simple
addend removal, that leads to bis-adduct formation. The
regioisomer distribution of these bis-adductsis of great interest,
as this could provide information on the mechanism of this
intermolecular adduct crossover reaction. The unambiguous
assignment of regioisomers of several fullerene bis-adducts has
been described in detail by Hirsch et al.® The quantities of bis-
adducts that are isolated from the electrolysis experiments in
THF are small (typicaly ca. 0.5 mg), thus for characterization
purposes we prepared a large amount of the bis-adduct
regioisomer mixture (defined as 7) using the same synthetic
procedures used to prepare the original compound, 2.10 We
separated the regioisomeric bis-adducts 7 on a preparative
HPLC column (eluent: toluene). The structures of the different
fractions were assigned by *H NMR spectroscopy and UV-VIS
spectroscopy: trans-2 14%, trans-3 16%, e 41%, cis-3 5%, cis-2
19%. The regioisomers of the bis-adducts obtained by elec-
trolysis were then assigned using HPLC. The two CPE-
experiments performed with 2 at different reductive potentias
yield similar regioisomer distributions, which are clearly
different from that obtained by the regular synthetic route (CPE-
b: trans-2 3%, trans-3 7%, e 37%, cis-3 49%; CPE-c: trans-2
6%, trans-3 11%, e 43%, cis-3 37%).11 The electrochemical
formation of the cis-3 bis-adduct as one of the predominant
regioisomersis particularly remarkable. Such arelatively large
percentage of the cis-3 bis-adduct regioisomer had never been
seen before during the preparation of bis-Bingel-adducts® or
bis-methanofullerenes 7, nor during bis-adduct formation
obtained via ‘ shuffle-isomerization’ of bis-Bingel adducts'2 or
by retro-Bingel of tris-adducts.23 This offers a possible clue
about the mechanism of the reaction in THF.

A possible mechanism to explain these observationsis shown
in Scheme 2 for 2. Reductive electrochemistry heterolytically
opens the cyclopropanering, leading to charge formation in the
addend as well asin the fullerene core.8 Two pathways are then
possible: (1) the addend can be removed from the fullerene,
leading to Cgo formation, or (2) the anionic addend can add to
another fullerene via the depicted intermediate 6, leading to the
corresponding bis-adducts.14 One possible explanation for the
favored formation of the cis-3 and e isomersis the existence of
anintermediate like 5, where both addends interact with the two
fullerene cores. Molecular mechanics modeling!s shows that 5
ishighly unfavored for the transisomerswhilethe resulting cis-
1 and cis-2 bis-adducts products have higher energy than the
cis3ande.

In conclusion, we have shown an electrolytically induced
adduct transfer between fullerenes. The unique bis-adduct
regioisomer distribution found deviates significantly from that
obtained by the direct synthetic route. These observations are
potentially useful for the preparation of specific regioisomer
bis-adducts. Mechanistic studies are underway to understand
these reaction pathways.
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Scheme 2 Possible mechanism for the formation of bis-adducts from
electroreduced 2.
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