MICROREVIEW

Electrochemically Induced Retro-Cyclopropanation Reactions
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The efficient removal of methano addends from fullerenes us-
ing reductive electrochemistry is a versatile and useful reac-
tion, which was initially called the retro-Bingel reaction since
it was observed for the first time on bis(alkoxycarbonyl)me-
thano adducts, commonly known as Bingel adducts. Since its
initial discovery, this reaction has been successfully employed
in the separation of enantiomers and constitutional isomers of
fullerenes, which in some cases were otherwise not accessible.
Even more interesting than the retro-Bingel reaction was the
electrochemically induced isomerization that bis-methano ad-
ducts of Cgy exhibit, and which was referred to as the
“shuffle”. The combination of both reactions gave interesting
results during the electrolysis of tetrakis-, pentakis-, and hexa-
kis-Bingel adducts of Cgo. The selective removal of Bingel-
type addends, while leaving other addends undisturbed, was
also investigated. More recently, it was observed that in addi-
tion to bis(alkoxycarbonyl)methano adducts, electrochemical

reduction of other methano adducts, such as spiromethanofull-
erenes, could also result in removal of the methano addends,
thus the reaction was more generally denoted as retro-cyclo-
propanation. In some of the spiromethanofullerenes investig-
ated, and depending on the solvent used, an electrochemically
induced intermolecular addend transfer was observed, which
provided a regioisomeric distribution that differed signific-
antly from that obtained by a synthetic route. We have re-
cently shown that singly bonded dimers are formed as inter-
mediates during retro-cyclopropanation reactions. In this mic-
roreview, we describe the general observations that led to the
initiation of these exciting electrochemical investigations, re-
view the differences between the chemical and electrochem-
ical methodologies in retro-cyclopropanation reactions and
explore the mechanisms involved during addend removal.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)
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Among the various methods used for the functionaliz-
ation of Cg, cyclopropanations have been found to be very
efficient for the preparation of fullerene derivatives.[!! Of
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these cyclopropanations, the Bingel reaction probably pro-
vides the highest yields of the corresponding methanofuller-
enes under relatively mild conditions.”l The Bingel reaction
can be carried out starting directly from malonates. In this
case, an a-halomalonate is generated in situ, and direct
treatment of Cg, with malonates in the presence of iodine,™!
or CBr4, and a base results in the formation of a cyclopro-
pane ring fused to the fullerene core at a [6,6]-junction
(Scheme 1). Direct treatment of Cgy with diethyl malonate
gives a 57% yield of the corresponding monoadduct, and
when diethyl bromomalonate is used instead a 45% yield
is obtained.™

Scheme 1. The Bingel reaction

A second malonate addition provides a mixture of seven
bis-adducts, and although the equatorial (e) (15.5% yield)
and trans-3 bis-adducts (12% yield) are favored, the high-
yield synthesis of fullerene multi-adducts is hampered by
poor regioselectivity.’l In order to have regioisomeric con-
trol of bis- and tris-adduct formation, the group of Dieder-
ich et al. introduced the concept of tether-directed remote
functionalization (Figure 1).[%7] Bis-malonates that are con-
nected by a spacer of predetermined length and rigidity en-
force a particular regioisomeric bis-addition pattern on the
surface of the fullerene. Using this approach, a variety of
bis(cyclopropanated) [60]fullerene derivatives have been
prepared. For example, employing a dibenzo-18-crown-6
tether, the trans-1 bis-adduct 1 was prepared in relatively
high yields (30% vs. the 0.8—2% obtained from a stepwise
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Figure 1. Tether-directed remote functionalization
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Bingel reaction with diethyl 2-bromomalonate),®°) and the
complex regiochemistry of bis-additions to C;, can be con-
trolled as demonstrated in recent contributions.[1®~ 12!

The number of possible regio- and stereoisomers in-
creases to forty six in the case of tris-adducts in which three
of the thirty [6,6]-bonds are cyclopropanated;!'¥ examples
of tether-directed syntheses of tris-adducts directly from Cgq
are still very rare. The first reported example employed a
cyclotriveratrylene (CTV) tether, which allowed the syn-
thesis of an approximately 1:1 mixture of (trans-3, trans-
3, trans-3)-(2) and (e,ee) tris-adducts (overall yield about
20%).'" More recently, several cyclo-[n]-alkylmalonates
were synthesized and allowed to react with Cgy with high
regioselectivity by the Hirsch group.['”) The macrocycles
containing identical alkyl spacers selectively form bis- and
tris-adducts of Cg, with rotational symmetry. In contrast,
when macrocycles with two different alkyl spacer lengths
are used, the reaction exclusively yields C,-symmetric bis-
adducts.[*]

The electrochemical properties of all of these bis- and
tris-adducts have been studied in reasonable detail.['6:17]
One surprising observation was made with bis(methano)-
fullerenes with a cis-2 addition pattern, that exhibited a
chemically irreversible, second one-electron reduction: they
were found to lose their methano substituent during con-
trolled-potential electrolysis. This particular observation,
together with the reported electrochemical instability of the
monoanion of 1,2-methano[60]fullerene-61,61-dinitrile
(3)1'%al and diethyl 1,2-methano-[60]fullerene-61,61-dicar-
boxylate (5)!'8! (Figure 2) led to the initiation of the work
summarized here.

Figure 2. Some methanofullerenes reported to be unstable under
CV and Osteryoung Square-Wave Voltammetry (OSWYV) con-
ditions

Wudl and co-workers studied the cyclic voltammetric
(CV) behavior of derivatives 3—6 (Figure 2) at room and
low temperatures, and they clearly observed that 3, 4 and 6
were converted, even at —72 °C, to Cgy, upon addition of
one electron. Compound 5 showed, on the cyclic voltam-
metric timescale, evidence of a chemical reaction following
the fourth reduction wave.

Here we have compiled all of the results obtained from
these initial observations, from the discovery of a new elec-
trochemically induced reaction, to its useful applications in
fullerene chemistry, including mechanistic details and
analysis of the intermediates involved in the course of the
reaction.
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2. The Discovery of the Retro-Bingel Reaction

2.1. The Methano-Addends can Move on the Surface: “The
Shuffle”

As briefly mentioned in the Introduction, a surprising
observation during the analysis of the electrochemical be-
havior of the cis-2 bis-methanofullerene 7 (Figure 3)
marked the beginning of this work. During the course of
that investigation, it was discovered that upon controlled-
potential electrolysis (CPE) of 7 with one electron per mol-
ecule, followed by re-oxidation, the cis-2 isomer disap-
peared completely, and a mixture of other bis-isomers was
formed.[*]

7: cis-2 cis-1

8: cis-3 cis-2

9:e cis-3

10: trans-4 e

11: trans-3 trans-4

12: trans-2 trans-3
trans-2

trans-1

Figure 3. Cgy bis-adducts 7—12 subjected to CPE at the first and
second reduction potentials

The initial CV of compound 7 is shown in Figure 4,
where the irreversibility of the second reduction process is
evident from the voltammogram. However, after CPE at the
first reduction potential, the second reduction appeared to
be more chemically reversible than in the original CV, and
appeared similar to those of the other bis-adducts such as
8 and 9 (Figure 4). Undoubtedly, a chemical reaction occurs
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Figure 4. CVs of cis-2, cis-3, and e bis-adducts 7—9 in CH,Cl, (0.1
M BuyNPF) at a scan rate of 100 mV-s™!

Eur. J. Org. Chem. 2004, 2299—-2316 wWWww.eurjoc.org

following a one-electron electrolysis, which “shuffles” the
addends on the fullerene surface. HPLC analysis of the elec-
trolyzed solution showed that the cis-2 isomer had com-
pletely disappeared and the e bis-adduct became the pre-
dominant isomer in the newly formed product mixture (e:
S57%; trans-3: 31%; trans-4: 8% cis-3: 4%). Surprisingly,
when similar experiments were conducted with other syn-
thetically available bis-adducts (7—12), electrolysis did not
produce any changes in the CVs and the starting materials
were recovered unaltered. Isomeric conversion upon le~
CPE occurred only for the cis-2 bis-methanofullerene 7.

These observations led to the investigation of the be-
havior of the bis-methanofullerenes 7—12 upon 2e~ CPE.
In most of the cases, a substantial amount of current re-
mained after two electrons had been transferred. Stopping
the electrolysis at this point, followed by re-oxidation and
HPLC analysis of the products, showed practically identical
relative product distributions, regardless of which isomer
was electrolyzed.l'” These distributions were different from
that obtained if a second Bingel addition is conducted on
the monoadduct.P! The product mixtures obtained by elec-
trolysis of the bis-adducts 7—12 did not contain any of the
cis-2 or cis-3 bis-adducts. The major isomer formed was
always the trans-2 derivative (40—50%), approximately 10%
of the trans-1 bis-adduct was produced in every case, and
the e-isomer was also formed in a high percentage (ca.
25%).29211 The preferred formation of both e- and trans-
isomers could be a consequence of their inherently higher
stability, as compared to the cis derivatives,’) and the fact
that the same product distribution was observed after 2e~
CPE of individual bis-adducts 7—12 seemed to indicate that
the isomerization occurred under thermodynamic control.

Proof that the isomerization occurred intra- and not
intermolecularly was obtained from the 2e~ CPE of a
solution containing a 1:1 ratio of the mixture of seven
isomers of (EtOOC),C<Cyz>C(COOELt), and seven of
(PrOOC),C<Cgy>C(COOPr),. Analysis of the final prod-
uct mixtures by HPLC, as well as by MALDI-TOF mass
spectrometry, failed to detect any crossover products.[!]

The other important observation made at that time was
that if the electrolysis of bis-adducts 7—12 was not stopped
after transferring two electrons, but allowed to proceed to
completion so that the currents reached background levels,
both addends were removed and pure Cy, was recovered in
75% yield (see Scheme 2).

2.2. Removal of the Methano-Addends: The Retro-Bingel
Reaction

As already mentioned in the previous section, reductive
electrolysis of bis(ethoxycarbonyl) methano fullerenes can
also result in the removal of the addends. Mono-adduct 5,
when analyzed by CV, exhibited two reversible one-electron
waves.[??l Chemical irreversibility of the second reduction
was only evident at very low scan rates. When 5 was sub-
jected by CPE to its monoanionic state (—1.2 V vs. Ag
wire), the charge transferred corresponded exactly to one
electron per molecule, and the resulting anion was very

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2301
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CPE, 4e-, CH,Cl,
retro-Bingel

100% any isomer

1) 6 CPE

retro-Bingel 2) reoxidation

Scheme 2. Retro-Bingel and isomerization reactions

stable, with no apparent decomposition after thirty minutes.
However, when CPE was conducted at approximately the
reduction potential for the formation of the dianion, the
current did not decrease to background level after four elec-
trons were added. Clear changes in the CV indicated that
some chemical reaction took place. Upon re-oxidation and
product analysis, an 82% yield of pure Cq, was obtained,
and the new electrochemically induced reaction which ef-
ficiently removed the cyclopropane ring adduct was called
the retro-Bingel reaction.?!-2?!

In order to test the generality of the new electrolytic reac-
tion, in addition to the experiments mentioned with bis-
adducts 7—12, a mono bis(ethoxycarbonyl)methano-C,,
was also investigated following the same electrolysis proto-
col. Purification of the solution after coulometric reduction
(which requires a net charge transfer of four electrons per
molecule) followed by oxidation, resulted in a 70% yield of
isolated C,y. This conversion occurred stepwise as new
waves between 0 and —0.5 V vs. Ag started to appear dur-
ing electrolysis, providing evidence for the formation of in-
termediates.[*?l The nature of these intermediates has been
recently determined and will be the subject of discussion in
section 6.3
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2.3. Systematic Application of the Electrochemical Retro-
Bingel Reaction to Multiple Malonate Adducts of Cg

Additional applications of the retro-Bingel reaction, act-
ing in concert with the isomerization reaction, started to
emerge immediately after the discovery of these electro-
chemical processes. CPE studies of seven different isolated
and characterized isomers of tris[bis(ethoxycarbonyl)me-
thano]-[60]fullerene demonstrated that after discharging
two electrons per molecule in CH,Cl,,[*4 a competition be-
tween retro-Bingel and isomerization reactions takes place,
with preferential loss of one or two addends. Figure 5 shows
a series of CVs for the (e,ee) isomer 14, as representatives
of typical voltammograms for these compounds at room
temperature. On the basis of the voltammetric information,
the retro-Bingel reaction was evident. Notice the appear-
ance of a small (irreversible) oxidation peak at —1.02 V
when the potential is reversed after the second reduction
wave. The voltammetric response of compound 14 was also
studied at a lower temperature (figure not shown), and im-
proved reversibility of the first and second reductions was
observed when the potential was scanned cathodically
throughout the potential window of the solvent.[>4]

WWW.eurjoc.org Eur. J. Org. Chem. 2004, 2299—-2316
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Figure 5. Cyclic voltammograms of (e,e,e) tris-adduct 14 in CH,Cl,
(+ 0.1 m BuyNPFy) at a scan rate of 200 mV-s~!, reversing the
scan rate after the (a) first, (b) second, (c¢) third, and (d) fourth
reduction waves

Calculations at the PM3 and AMI levels revealed that
upon two-electron reduction, these tris-adducts exhibit op-
posite reactivity to when they are in their neutral state. This
led to thermodynamic as opposed to kinetic control of
product distributions. In agreement with the CV data, it
was also observed that lowering the temperature during
electrolysis increased the degree of isomerization.[>¥]

Controlled-potential electrolysis of tetrakis-, pentakis-,
and hexakis-Bingel adducts of Cgy was performed in an at-
tempt to maximize the production of tris-adducts with well-
defined regiochemistry,>>! which still remains an important
goal in fullerene chemistry. Indeed, easy access to the
(e,e,e)-hexaacid derived from 1429271 was most desirable,
because it exhibits a high solubility in water and is a very
potent antioxidant.[>®!

In order to determine the ideal conditions for tris-adduct
production, penta-adduct 15 was subjected to CPE trans-
ferring 1, 4, 6, and 11.5¢7, respectively, at room temperature
(Figure 6). The retro-Bingel reaction was observed to occur
partially, even after the transfer of only le™, producing pre-
dominantly tetrakis adducts. The cyclic voltammograms of
15 after 4e~ CPE (see ¢ in Figure 6) showed a positive shift
of the first reduction wave and at least two quasi-reversible
waves. Product analyses evidenced the presence of tris-
(25%), tetrakis- (49%), pentakis- (21%), and in a small per-
cent (4%), bis-adducts. After 6e~ CPE, the cyclic voltam-
mogram (e in Figure 6) resembled the one after 4e~ CPE
and product analyses provided a slightly different adduct
distribution (mono: 7%, bis: 12%, tris: 30%, tetrakis: 35%,
pentakis: 6%). Finally, the cyclic voltammogram of 15 after
11.5¢~ CPE (d in Figure 6) exhibited three reversible waves
characteristic of the parent Cg,, which was isolated in a 48%
yield after column chromatography.

In general, typical isolated yields of tris-adducts were
around 30%, and (trans-4, trans-2, e) and (trans-3, trans-4, e)

Eur. J. Org. Chem. 2004, 2299—-2316 wWWww.eurjoc.org
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Figure 6. Cyclic voltammograms in CH,Cl, (0.1 m BuyNPFy) under
vacuum and at room temperature, scan rate 100 mV-s~!: (a) penta-
kis adduct 15; (b) 15 after le~ CPE; (c) after 4e~ CPE; (d) after
6e~ CPE; (e) after 11.5¢~ CPE

were the predominant regioisomers. Interestingly, the de-
sired (e,e,e) isomer was detected, but only in very small
amounts.”

2.4. Selective Electrolytic Removal of
Bis(ethoxycarbonyl)methano Addends from Cg, Bis-Adducts

One of the most important considerations in order to test
the utility of these reactions was to show that electrochemi-
cal reduction could selectively remove Bingel-type adducts
while leaving other adducts unaffected.!?%-3%

Regioselective multiple functionalization of fullerenes
usually requires the temporary introduction of an addend
that can subsequently be removed. In order to achieve this,
several protocols have been applied in the past, such as
Diels—Alder additions of 9,10-dimethylanthracenes,*!1
Diels— Alder addition with buta-1,3-dienes,!'”-3>33 or dipolar
cycloadditions with formation of isoxazoline rings.** The
possibility of a chemoselective electrochemical removal of a
Bingel addend from the fullerene core in the presence of a dif-
ferent addend was then comprehensively investigated.*]

A variety of well-characterized mixed bis-adducts of C,
were prepared, where one of the addends was always a bis-
(ethoxycarbonyl)methano group (Figure 7). All of the cases
showed that CPE led to the selective removal of the Bingel
addend, while the other one was retained. The isolated
yields of the corresponding mono-adducts were over 60%,
making them synthetically useful in the preparation,
through a protective-deprotective protocol, of fullerene de-
rivatives with the desired functionalization scheme.[*”]
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21 (67 %)
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24 (60 %)

25 (61 %)

Figure 7. Selective removal of bis(ethoxycarbonyl)methano addends in mixed Cg, bis-adducts

3. The Scope of the Retro-Cyclopropanation
Reaction

The design of novel fullerene derivatives exhibiting better
electron-acceptor properties than Cg is still a major objec-
tive within the context of developing optically and electro-
chemically active systems for different applications.*> Wudl
and Martin described the electrochemical properties of the

29 30 31

Figure 8. Spiromethanofullerenes that exhibit retro-cyclopropan-
ation reactions under reductive electrochemistry

2304 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

methanofullerenes 26 and 30, which bear quinone-type ad-
dends (Figure 8).13% These compounds exhibit irreversible
electrochemistry, most probably resulting from the cleavage
of one of the cyclopropane bonds connecting the addend to
Cgo upon reduction.37-381 These observations, coupled with
those of the retro-Bingel reaction, motivated the study of
the CPE behavior of compounds 26—31 (Figure 8).

Experiments with these fullerene adducts were first car-
ried out in dichloromethane solutions (see some of the CVs
obtained in Figure 9). The indandione derivative 28 yielded
58% and the anthraquinone compound 30 65% of recovered
Cqo after 3.7 and 2.3e™ CPE, respectively, followed by reoxi-
dation.[39-401

These observations clearly showed that the retro-Bingel
reaction was more general than originally believed and was
redefined as a retro-cyclopropanation reaction.

These retro-cyclopropanation reactions were demon-
strated to be mechanistically complex processes. The qui-
noid spiromethanofullerene 26 did not cleave with forma-
tion of Cgy, nor was the starting material recovered, when
subjected to the same electrochemical protocol. Addition-
ally, methanofullerene 31 led to the formation of insoluble
products after 2.8¢~ CPE. As mentioned earlier, all retro-
cyclopropanation reactions described thus far were per-
formed in CH,Cl,, a convenient solvent for fullerene deriva-
tive electrochemistry due to solubility considerations. How-
ever, the observation of methano adduct formation with
C3, in this solvent, to yield Cg,>(CH,),,,[*!1led to the study
of the reactivity between C%; and CH,CL,.*?! It was deter-
mined that the mono- and dianions of Cgy are stable in
CH,Cl,, but the trianion resulted in the addition of up to
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Figure 9. Cyclic voltammograms of spiromethanofullerenes 26, 28,
30 and 31 in CHzclz

three methano bridges to Cg, as clearly observed by mass
spectrometry.[*?l It was consequently decided to change the
solvent to THF to test the generality of the retro-cyclopro-
panation reaction and to avoid unwanted reactions with the
solvent. These experiments led to some very interesting re-
sults,[43:44]

Compounds 26—30 were subjected to CPE in (+ 0.1 m
BuyNPF¢) THF and the products were separated and ana-
lyzed.[*344 CPE of 28, as a representative example, was per-
formed at a more cathodic potential (ca. 100—150 mV)
than the first two-electron reduction wave (the CV in THF
is very similar to the one of 28 in Figure 9), and 1.8e™ per
molecule were discharged. Reoxidation and purification
yielded 81% of a mixture of fullerene products, consisting
of 40% Cgg, 27% recovered 28, and a third fraction (14%)
with higher polarity. Product analysis showed this fraction
to be composed of the bis-adducts: fullerenes with two in-
dandione groups attached (MALDI-TOF: m/z = 1009).
The formation of bis-adducts from the electrolysis of 28 was
further proven by comparison with the independently pre-
pared mixture of bis-adducts 29 (Figure 10). The mixture of
regioisomeric bis-adducts 29 was separated by preparative
HPLC chromatography, and the fractions assigned by 'H
NMR and UV/Vis spectroscopy: trans-2 14%, trans-3 16%,
e 41%, cis-3 5%, cis-2, 19%.1431 The regioisomeric bis-ad-
ducts obtained by electrolysis were then assigned using
HPLC. The regioisomer distribution obtained was clearly
different from that obtained from the regular synthetic
route (trans-2 6%, trans-3 11%, e 43%, cis-3 37%). The sig-
nificant formation of the cis-3 regioisomer was, and still is,
unprecedented in covalent fullerene chemistry, except when
it is selectively targeted using the tether-directed remote
functionalization method.!!”!

Based on these results, the proposed mechanism for the
formation of bis-adducts during the CPE timescale involves
the existence of two distinct pathways. When the reductive

Eur. J. Org. Chem. 2004, 2299—-2316 wWWww.eurjoc.org
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Figure 10. HPLC chromatograms of the regioisomers of bis-adduct
29 obtained electrochemically vs. chemically

electrochemistry leads to the cleavage of one of the two
cyclopropane-bridging bonds, the intermediate is capable of
either losing the addend from the fullerene cage or of re-
acting with another molecule. This could lead to the forma-
tion of dimers in which the two fullerene cages share one
or two addends.[*3!

Additionally, CPE of the regioisomeric mixture 29 after
the first reduction wave discharged a total of 2e™ per mol-
ecule. Reoxidation and purification yielded 14% of Cg,
33% of monoadduct 28, as well as 33% of bis-adducts 29.
No tris-adducts were isolated. The regioisomeric distri-
bution of the recovered bis-adducts changed when com-
pared with the starting material, from 5% to 13% of cis-3.
These derivatives also appear to experience the isomeriz-
ation reaction previously observed in bis(ethoxycarbonyl)-
methano fullerenes, but the regioisomeric distributions
seem to indicate profound mechanistic differences between
the behavior of 29 and 7—12.

In order to investigate the mechanisms and to charac-
terize the electroreduced intermediates in these retro-cyclo-
propanation reactions, compounds 32 and 33 were studied
as part of a series of compounds incorporating nitrophenyl
groups, which, when reduced, exhibit a strong and easily
recognizable ESR signal.[*’)

The electrochemistry of 32 and 33 was studied by CV
(Figure 11) and Osteryoung square-wave voltammetry
(OSWYV). Compound 32 exhibits three reversible fullerene
reductions® and one reversible nitrobenzene reduction.
Derivative 33 exhibits a higher degree of chemical irreversi-
bility. The electronic differences between the compounds
were reflected by the different extent of the retro-cyclopro-
panation reaction. CPE of 32, after the third reduction
wave, resulted in the formation of 23% Cg,, while electroly-
sis of 33 (more “Bingel-like”), after the fourth reduction
wave, gave a 52% yield of Cgy. Furthermore, the formation
of bis-adducts was observed in 18% and 11%, respectively.

ESR spectra were recorded after exhaustive electrolysis
at the different potentials corresponding to the various
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Figure 11. Retro-cyclopropanation reactions of nitrophenyl-me-
thanofullerene derivatives

anionic states. The ESR analysis of compound 33 provided
the most complete picture of the series studied, and the
spectra, after reductions at 1, 3, and 4e~ CPE, are shown
in Figure 12. The ESR spectrum recorded at the first re-

a

b) s

SIM

SIM

Figure 12. ESR spectra for the reduction of 33 in THE. (a) after
one-electron coulometric reduction, (b) after three electrons, (c)
four electrons, (d) computer simulation of the p-nitrophenyl-based
signal after three-electron reduction, the parameters used for this
simulation are: ay = 7.35 G, a, = 2.96 G and a,, = 0.81 G, line-
width = 0.30 G, and (e) computer simulation of the p-nitrophenyl-
based signal after four-electron reduction; the parameters used for
this simulation are: ax = 9.18 G, a, = 3.26 G, a,, = 1.02 G and
ag = 0.40 G, linewidth = 0.20 G.
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duction shows a fullerene-based signal, with a g value of
2.00008.147=41 After a three-electron reduction, the ESR
spectrum shows the presence of both nitrophenyl and fuller-
enyl radicals, with g factors of 2.00471 and 2.00105, respec-
tively. The estimated coupling constants in the p-nitrophe-
nyl-based radical are ay = 7.35 G, a, = 2.96 G, and a,,, =
0.81 G. The simulated spectrum is shown in Figure 12 (d)
and it reproduces exactly the ESR behavior of this p-nitro-
phenyl-based radical.[*] When the electrolysis was con-
tinued for a total of four electrons transferred per molecule,
a modified nitrophenyl-based radical dominated the spec-
trum. It showed four coupling constants, with any = 9.18 G,
a, = 3.26 G, a,, = 1.02 G, and an additional doublet split-
ting of 0.40 G. Why the ay values change from 7.02 G to
9.18 G is still not understood, but it has been amply docu-
mented that this hyperfine coupling constant is very sensi-
tive to solvent and counterion effects.’%>!) The simulated
spectrum using these coupling constants is shown in Fig-
ure 12 (e), which clearly shows that the radical generated
contains a single spin 1/2 nucleus, most probably a proton,
which exhibits a hyperfine coupling constant of 0.40 G.

A proposed structure for the radical intermediate was the
dicarbonylic radical derivative (with only one proton be-
tween both ketone groups) that results from cleavage of the
cyclopropane ring. This seemed like a reasonable intermedi-
ate based on the previously reported value of ap. = 0.66 G
for 4-nitroacetophenone,”® and was in agreement with the
organic intermediates characterized subsequently in retro-
cyclopropanation reactions.[>?

4. The Retro-Cyclopropanation Reaction as a
Synthetic Tool in the Preparation of Higher
Fullerene Isomers

4.1. The Retro-Cyclopropanation Reaction to Prepare
Optically Active C;; Enantiomers

The first reported useful application of the retro-cyclo-
propanation reaction was the separation of the enantiomers
of Cy, using an optically active malonate as a chiral auxili-
ary.”?! Prior to that work, Hawkins and Meyer performed
the kinetic optical resolution of the inherently chiral fuller-
ene D,-Cy4 by employing the asymmetric Sharpless osmyl-
ation reaction.[>3l A comparison of the circular dichroism
(CD) spectra reported by Hawkins and Meyer for the Cy¢
enantiomers3 with those of a variety of optically active,
covalent derivatives of C;¢4 prepared by Herrmann and Di-
ederich,P4 revealed a large, unexpected difference in the
magnitude of the Cotton effects. Whereas Diederich’s coval-
ent C;4 derivatives displayed bands reaching Ag values up
to 250 M~ '~cm !, the enantiomerically pure fullerenes re-
ported by Hawkins and Meyer displayed bands with Ag val-
ues up to only 32 M~ '-cm 1153331 In order to reinvestigate
the chiroptical properties of C;4 and to test the power and
generality of the retro-cyclopropanation reaction, the pure
diastereomeric Bingel-type adducts with (S, S,”4) and (S, S,
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Figure 13. Electrochemically induced retro-cyclopropanation reac-
tion in the preparation of enantiomerically pure C;

7C) configurations (Figure 13) were prepared as previously
reported.’®! The general idea was to use a chiral Bingel ad-
dend as an auxiliary, to allow separation of the dia-
stereomers followed by removal of the addend via the retro-
cyclopropanation reaction, to yield the pure enantiomers
of Cy.

Both diastereoisomers (Figure 13) were independently
submitted to CPE and subsequent purification by HPLC.
The two enantiomers of C;¢ were obtained in low yields
(between 5—10%). So far, it has been impossible to opti-

CZV'C78
Tris-Adduct
C,-symmetric

retro-cyclopropanation

Scheme 3. Preparation of C,,-Csg by retro-cyclopropanation
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mize these yields due to the limited availability of the start-
ing diastereoisomers.[>°]

The CD spectra of the enantiomers of C;4 exhibited the
expected mirror-image relationship with band positions that
were in full agreement with those reported by Hawkins and
Meyer.[>351 In contrast with their results, however, the Cot-
ton effects observed in these spectra were almost a full or-
der of magnitude larger than those previously reported. The
Ac values reached 210 M~ '~cm™~! and were therefore much
more in agreement with the values measured previously for
optically pure C;¢ derivatives.[>

4.2. The Retro-Cyclopropanation Reaction to Isolate Pure
C5,-C73 and a New C,-Symmetric Bis-Adduct

The retro-cyclopropanation reaction was also applied to
a tris-methano adduct of C,,-C75 (Scheme 3). During CPE,
the tris-adduct was converted cleanly, in 55% yield, to a bis-
adduct with C, symmetry. Interestingly, this bis-adduct was
different from any of the C,5 bis-adducts that had pre-
viously been isolated from the Bingel reaction. Thus, the
retro-cyclopropanation reaction was able to afford methano-
fullerene derivatives that are otherwise not accessible.
Continued electrolysis of the C,g derivative resulted in the
complete removal of the three adducts and the consequent
formation of pure C,,-Cy5 in a 31% yield.[?!]

Partial electrolysis of other bis-adducts of Cs, such as
D5-Cog, led to CVs very similar to the ones obtained for the
C,,-Cqg tris-adduct, and to intermediate CVs similar to the
ones obtained during its electrolytic reduction. This is prob-
ably the result of “shuffling” or isomerization of the ad-
dends on the surface of Cqg.[1%

sz'c7s
31% Yield

CCr
Bis-Adduct
C,-symmetric

55% Yield

o 0
+ /\OJJ\/U\O/\
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4.3. The Retro-Cyclopropanation Reaction in the Optical
Resolution of D,-Cg,

The typical methods used for separating pure consti-
tutional isomers of fullerenes, including those of Cgy, in-
volve tedious chromatographic separations.’”) Using such
methods, a total of nine isomers of Cg, have been isolated
and characterized.®”! By far the most complete electro-
chemical characterization of Cg4 isomers was provided by
Pénicaud and co-workers, who reported electrochemical re-
sults for D,(IV), D, (11), D> (1), D>(II), C5(IV), and for one
of the C; isomers of Cg4, tentatively assigned by them as
C4(V).’81 An alternative purification method was possible
using the electrochemically induced retro-cyclopropanation
reaction, which made use of chiral functionalization of the
isomer mixture, followed by HPLC separation and final re-
moval of the functional groups.*!! Since the functional
group is chiral, this method offered the advantage of not
only providing pure constitutional isomers but also enanti-
omers after removal of the chiral auxiliary.*' A concep-
tually similar approach was recently described by Saunders
and co-workers using dimethylanthracene as a reversible de-
rivatization agent to separate seven constitutional isomers
of Cg, in a single stage.’”) Regardless of which separation
method was used, electrochemical characterization of the
isomers has proven to be revealing.[*!-38]

In our approach, a Cg, fraction of soot enriched in higher
fullerenes was treated in o-dichlorobenzene at 20 °C with
bis[(S)-1-phenylbutyl]-2-bromomalonate in the presence of
DBU. Subsequent purification by column chromatography
yielded four fractions containing (according to mass spec-
trometry) pure Cgy, mono-adducts, bis-adducts, and tris-ad-
ducts, respectively. The mono-adduct and bis-adduct frac-
tions were further separated by HPLC. The bis-adduct frac-
tion led to six main products. The fourth and fifth fractions
corresponded to C,-symmetrical bis-adducts that gave mir-
ror-image CD spectra with large Cotton effects. With the
enantiomerically pure malonate addends, such spectra are
characteristic of a pair of diastereoisomeric Cg4 adducts, the
CD spectra of which are dominated by the contributions of
the enantiomeric m-chromophores of the inherently chiral

20

As(M1em™)

550 650
A (nm)

350 450 750

Figure 14. Circular dichroism of D,-Cg4 enantiomers
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fullerene cores. The UV/Vis spectra of the two diastereoiso-
mers differed considerably from those of the isolated achiral
D, Cg, bis-adduct,*'T which suggested that they are deriva-
tives of the chiral fullerene D,-Cg4. This was clearly con-
firmed after the retro-Bingel reaction and the electrochemi-
cal investigations on the parent fullerene enantiomers. CPE
of the separated diastereoisomers afforded the pure enantio-
mers of D,-Cgy, and their mirror image CD spectra (Fig-
ure 14) corresponded nicely to those reported by Hawkins
et al. for samples obtained by kinetic resolution by asym-
metric osmylation.[6%!

5. The Chemical Retro-Cyclopropanation
Reaction

The potential of using cyclopropane addends as general
protecting-deprotecting groups for fullerene derivative syn-
thesis prompted the investigation of this reaction under
chemical reducing conditions.[®!] Bis(alkoxycarbonyl)me-
thano addends were removed reasonably efficiently by treat-
ment with amalgamated magnesium powder (10% mercuric
bromide) in THF, under reflux for three days. Cg, was iso-
lated in 73% yield while unchanged starting material was
recovered in 23% yield.

The selective removal of the bis(alkoxycarbonyl)methano
addend in Cg, derivatives vs. other addends was also investi-
gated.!'l When 18 (Scheme 4) was allowed to react for three
days with amalgamated magnesium (50 equiv.), fulleropyr-
rolidine 23[%%71 was isolated in 64% yield, and the heterocycle
was stable under the conditions of the chemical retro-cyclo-
propanation reaction.

Mg /Hg

23 (64%)

Scheme 4. Chemical retro-cyclopropanation reaction

Another reductive chemical retro-cyclopropanation pro-
cess was recently reported by Keller, Pyne, et al. They
achieved the ring-opening of tethered bis-imino esters of
Ceo upon treatment with five equivalents of boron trifluor-
ide-diethyl ether and 10 equivalents of sodium
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cyanoborohydride.[371  Besides Cg, these reactions

yielded a new class of 1,2-dihydro[60]fullerenylglycine de-
rivatives, which resulted from the reductive ring-opening of
one methanoimino ester moiety and a retro-cyclopropan-
ation reaction of the other.[®!

More recently, these chemical retro-cyclopropanation re-
actions were carried out in the presence of 18-crown-6 in
order to see if there was any effect due to the interactions
between the alkaline earth metal cation and the crown
macro-ring. The 18-crown-6 was added in a large molar ex-
cess (50 mmol) with respect to the fullerene derivative
(1 mmol) and this considerably improved the yields ob-
tained and the reproducibility of the reactions.[67-681

The use of a twofold excess of the highly toxic agent
HgBr, is the main disadvantage of this method when it
comes to the development of a large-scale procedure to use
methanofullerenes as protective groups in fullerene chemis-
try. Due to the promising results obtained with the combi-
nation Mg/HgBr,/18-crown-6 as the reducing agent, the
chemical retro-cyclopropanation reactions were tried for a
series of spiromethanofullerenes in the absence of HgBr,
(Figure 15). After the usual workup of the reaction and
purification, analysis of the reaction mixture by HPLC and
MALDI-TOF showed the formation of the parent Cg, in
27—52% yield 18]

THF / Ar, 80°C '§
18-crown-6

Figure 15. Chemical retro-cyclopropanation reaction in the pres-
ence of 18-crown-6

One of the most interesting examples that illustrates the
difference between the chemical and electrochemical meth-
odologies involves the frans-1 conjugate 1. In this derivative,
which possesses a dibenzo-18-crown-6 ether in its structure,
the chemical retro-cyclopropanation did not work at all.
Interestingly, but not totally unexpectedly, 1 was efficiently
converted into Cgq using the electrochemical retro-cyclopro-
panation protocol.[6”]

The trans-1 bis-adduct 1 was converted via CPE to its
monoanionic state, ca. 100—150 mV cathodically from the
first reduction wave. The charge transferred corresponded
to one electron per molecule and no changes were observed
in the CV. When the CPE was carried out after the second
reduction wave, changes in the CV indicated that a chemical
transformation had taken place. After 30 minutes of elec-
trolysis, reoxidation of the solution at 0 V (vs. Ag) led to
the voltammogram shown in Figure 16 (dashed line) with
an anodically shifted first (172 mV) and second reduction
(166 mV), compared to the starting fullerenocrown. Purifi-
cation and analysis of the recovered solution by column

Eur. J. Org. Chem. 2004, 2299—-2316 wWWww.eurjoc.org

chromatography yielded pure Cg in 70% yield. In addition,
to determine the potential effect of cation complexation on
the electroreductive reaction, the CPE of 1 was also carried
out in the presence of KPFs CPE after the second re-
duction wave showed a 2e~/molecule transfer that was fully
reversible; no changes in the cyclic or OSWV voltammo-
grams were observed. The compound was recovered in high
yield following reoxidation to its neutral state. Com-
plexation of the DB18-C-6 moiety in 1 by a metal ion
seemed to result in pronounced stabilization of the overall
structure and inhibition of the retro-cyclopropanation reac-
tion.[67]

Current (nA)

T T T T v T T T T T N T T T
0 -200 -400 -600 -800 -1000 -1200 -1400
Potential (mV)

Figure 16. Cyclic voltammograms in CH,Cl, (+ 0.1 M BuyNPFy)
at 100 mV-s~! for: (a) (—) trans-I-fullerene-dibenzo-18-crown-6
(1); (b) (—-—-) same derivative after 2e~ CPE and reoxidation

6. Mechanistic Studies on Electrochemically
Induced Retro-Cyclopropanation Reactions

While the Cgq resulting from retro-cyclopropanation re-
actions was easily identified and purified from the reaction
mixtures, it was only recently that other products derived
from these reactions were characterized.>?

Despite several attempts to isolate the intermediates in-
volved in retro-cyclopropanation reactions, the fate of the
cyclopropane group was unknown until fluorescent pyrene
malonates were prepared and their electrochemical retro-
cyclopropanation reactions and corresponding product
analyses were performed. Methanofullerenes 36 and 37
were prepared using a synthetic procedure that involves two
steps: an esterification reaction of 1-pyrenemethanol with
one or two equivalents of ethoxycarbonylacetic acid chlo-
ride or malonic acid dichloride to form 34 or 35, respec-
tively, and Bingel reaction of derivatives 34 and 35, by direct
treatment with Cgy and CBr4/DBU in toluene (Scheme 5).

CPE of 36 and 37 performed after the second reduction
caused important changes in the voltammograms. After ap-
proximately 2.2e~ per molecule were transferred, a stable
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Scheme 5. Synthesis of the fluorescent methanofullerene derivatives 36 and 37

intermediate was observed (see below for other details).
Analysis of the products obtained after electrolysis of 37
showed a 48% yield of Cg, with traces of a compound with
similar polarity to that of Cgy, and a 50% yield of another
highly fluorescent product. The major fluorescent fraction
was identified after detailed NMR, MALDI-TOF, and
UV/Vis studies, as malonate 35. This was the first time that
detailed product analysis after a retro-cyclopropanation re-
action showed the presence of the original malonates 34
and 35, along with Cg.5%

Nuretdinov et al.l’®~72 have published several papers in
which they studied bis(ethoxycarbonyl)- or bis(ethoxyphos-
phoryl)fullerene derivatives electrochemically and by ESR
spectroscopy. They observed that retro-cyclopropanation
occurs, and on the basis of cyclic voltammetry and the
number of exchanged electrons, calculated following
Nicholson’s treatment,”*! they reported rate constants for
the chemical processes involved in the retro-cyclopropan-
ation reaction. However, the proposed mechanism, which
involves the possibility of a dimerization process, was not
supported by simulations or product characterizations.

Digital simulation of the cyclic voltammetric results of
some methanofullerenes has also afforded a better under-
standing of the mechanistic details involved in these electro-
reductive reactions.[” The study was conducted with differ-
ent Cg, derivatives in which the addends result in different
electrochemical responses. They range from the non-elec-
troactive addend in 5 to the electroactive and highly inter-
acting unit in spiromethanofullerene 28. Electrochemical
data obtained at different scan rates for a given potential
window were fit with the BAS digital simulation program
Digisim. All CV scans were limited to the first three re-
duction processes in order to focus the attention on the first
stages of the electrochemically induced retro-cyclopropan-
ation reaction, which generally occurs after the second re-
duction process. The proposed mechanism was similar for

2310 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

all the compounds and involved two main chemical reac-
tions in a reversible-square scheme.[]

Figure 17 (a) shows the CV for a 0.1 mm THF solution
of 5. Three main reduction processes were observed, the
first two being reversible and the third one chemically
irreversible, in agreement with previous results obtained
using other solvents.??l The small peak between the second
and third Cgp-based reductions was designated IT*. This
peak became more evident if the scan rate was decreased,
indicating that this process was due to some unstable spec-
ies, arising from chemical reaction. According to these ex-
perimental observations, the reaction mechanism proposed
and tested by digital simulations was that shown at the top
of Figure 17. This scheme accounts for the main features
of the recorded CVs. A slow initial chemical reaction was
responsible for the smooth peak (IT*.) observed in the for-
ward scan (b in Figure 17) and another fast reaction ac-
counted for the irreversibility of the third reduction. Peaks
I and II were reversible for all the scan rates recorded. This
was in agreement with a reversible chemical reaction, such
as the opening of the cyclopropane ring.

Compound 28 showed a more complicated CV behavior,
having undergone an initial two-electron reduction followed
by another process which was 700 mV more cathodic (see
a in Figure 18, solid line). Interestingly, an intermediate
irreversible peak was found (IT) whose intensity increased
with the scan rate relative to the other two peaks. At V' =
3 V-s~ !, the current-function ratios between peaks I, II, and
IIT were evidently different (a in Figure 18, dotted line)
from those at 0.5 V-s~! (a in Figure 18, solid line). This
feature, and the general shape of the curve, was reminiscent
of a bi-electronic slow electron-transfer process.[®74 The
simulation shown in Figure 18 (b) was made using the
mechanism shown on top of the figure. This diagram was
proposed based on the new experiments and the data pre-
viously reported.’?*~43 The mechanism for 28 involved the
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cleavage of the cyclopropane ring after the first electron re-
duction. At slower rates, a second electron was transferred
at the same potential as the first one. Increasing the scan
rate allowed the observation of the increase of the height of
the intermediate peak (II), which was due to the original
species.

We have considered in this last section the characteri-
zation of the products resulting from the electrochemically
induced retro-cyclopropanation reactions, as well as the

Eur. J. Org. Chem. 2004, 2299—-2316 wWWww.eurjoc.org

mechanistic evaluation of these processes by means of cyclic
voltammetry. However, the ultimate goal in the study of
retro-cyclopropanation reactions has been the recent iso-
lation and electrochemical and ESR characterization of the
intermediates involved in these processes. The four phos-
phonate or sulfone methanofullerene derivatives 38—41
(Figure 19) were synthesized to probe their stability upon
electrolytic reductions. Derivatives 38 and 39 were fairly
stable upon electroreduction and did not exhibit retro-
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cyclopropanation reactions until more than three electrons
per Cg derivative were transferred. Monoadduct 40 gener-
ated Cgo quantitatively after a 2.8e~ CPE, and 41 showed
evidence for the formation of a very stable intermediate that
was oxidized at a potential 500 mV more positive than the
first fullerene-based reduction of the parent compound.??!

40

Figure 19. Phosphonate or sulfone methanofullerenes studied by
reductive electrochemistry

Controlled-potential electrolyses performed after each re-
duction step of 41 showed that a chemical reaction occurred

when more than 2e /molecule were transferred, and unex-
pected changes in the cyclic voltammogram were observed.
In Figure 20, the evolution of the electrochemical behavior
of the solution was shown as the electrolysis proceeded. The
original CV is shown as the solid line in Figure 20 (a) and
the CV obtained after the addition of 2.7¢e~/molecule as the
dotted line. Surprisingly and interestingly, the appearance
of a new and reversible redox couple (see section marked
with a circle), approximately 0.5 V more positive than the
first fullerene-based reduction, was clearly observed in the
voltammogram. After reoxidation at this stage, the cyclic
voltammogram depicted in Figure 20 (see b, solid line) was
observed, which corresponded to that of Cg,. Purification
and analysis of the products showed a 57% yield of Cgy and
33% of recovered starting material. Conversely, if reductive
electrochemistry of the intermediate was continued beyond
3e~/Cgo monoadduct, efficient removal of the cyclopropane
ring and formation of C3; occurred, which immediately re-
acted with the solvent. Methanofullerenes Cgy>(CH>),
(n = 1—3) were recovered after reoxidation.!?’!

Komatsu et al.[’] recently reported the isolation of a di-
mer formed by coupling of monomer radicals with di-
ethoxyphosphorylmethyl groups, and were able to obtain
an X-ray crystal structure of it. Other dimeric fullerene de-
rivatives have been generated in different ways!’~ 821 and
similar observations to the ones obtained for 41 — oxi-
dation of a fullerene derivative monoanion followed by a
rapid recombination reaction to a neutral singly bonded di-
mer with 1-octynyl groups on each Cg, cage — have been
reported.!®3]

41
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starting CV ] --- afterreduction (2.75 ¢)
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Figure 20. Controlled-potential electrolysis results of 41; cyclic voltammetric curves for a 0.1 mm CH,Cl, solution of 41 at 100 mV-s™!,

Potential (mV vs Ag Wire )

1

GC as working electrode, Pt-mesh counter electrode, and an Ag wire as a quasi-reference electrode
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During the study of these derivatives, a relevant article
was published by Konarev et al. where a singly bonded C,
dimer was characterized by X-ray crystallography.® Based
on these results, and previous observations that pointed to
the formation of intermediates during the electrolysis of a
Co-Bingel monoadduct,??! the electrochemistry of the C,
derivative 42 was reinvestigated, paying particular attention
to the potential formation of dimeric species.

The electroreduction of 42 was monitored by cyclic vol-
tammetry during controlled-potential electrolysis under
high-vacuum conditions using our established protocol.
Figure 21 (a) shows that the starting material was electro-
chemically reduced sequentially by four monoelectronic re-
duction waves. The reduction steps C;, C,, and C; were
assumed to be fullerene-based, and C4 was considered to be
adduct-based. When potentials were cathodically scanned
beyond C; and C4, an intermediate oxidation A, could be
observed at approximately 500 mV more positive than the
first fullerene-based reduction C; (see a in Figure 21). Inter-
estingly, this intermediate was also observed when con-
trolled-potential electrolysis was carried out around the first
reduction wave, when even fewer than le™/C,y-Bingel
monoadduct molecule were discharged. Electrochemical
oxidation of the solution led to recovery of the starting ma-
terial, whereas further reduction resulted in cyclopropane-
ring removal.

In order to obtain additional information about the inter-
mediates observed, the ESR spectrum (see b in Figure 21)
of the electrolysis mixture under vacuum, when less than
le=/Cyy adduct were transferred, was recorded. Two main
signals were observed: one apparently fullerene-based signal
with g = 1.99995, and another with g = 2.00103. These
values were in reasonable agreement with the reported ionic

complex of a singly bonded (C7y), dimer with cyclotrivera-
trylenel® and other solid structures previously reported.?’]
Additionally, the ESR spectra appeared to be dimer-con-
centration dependent. These observations were in agree-
ment with the existence of an equilibrium between two Cy
adduct radical anions, if the negative charge was localized
in the fullerene core or in the adduct. Therefore, we pro-
posed that during reductive electrolysis, a dimerization reac-
tion occurred through an ECpyE scheme, with pre-equili-
bration.

Several attempts to trap this intermediate for further
analysis led to inconclusive results, as the intercage bond
was too weak to resist analysis. However, controlled-poten-
tial electrolysis of 42 (0.79 e/molecule) followed by quench-
ing with an excess of CH;I yielded a clear m/z = 2081 peak
by MALDI mass spectrometry, consistent with dimer for-
mation, with the additional incorporation of two methyl
groups, molecular oxygen, and sodium. Multiple experi-
ments provided similar results with mass spectral peaks
with m/z ratios that evidenced the formation of dimeric
[70]fullerene structures (m/z > 1700).[23

On the basis of the results summarized in this section,
we proposed a mechanism for the retro-cyclopropanation
reaction that involves the heterolytic opening of the cyclo-
propane ring leading to charge formation either in the ful-
lerene core or in the addend, and that these interconvert
at equilibrium. Dimers can then form between fullerene-
based radicals.?’!

Summary and Outlook

The aim of this microreview was to consider the gener-
ality and practical utility of the electrochemical retro-cyclo-

Current (pA)

500  -1000 1500  -2000

Potential (mV vs Ag Wire)

0

Intensity (a.u.)

b

- (b)

30+

O.
=1.99995

-304 g

g =2.00103
3412 3414 3416 3418

gauss (G)

Figure 21. Reductive electrochemistry data for 42. (a) Solid line: starting CV under high vacuum conditions; dashed line: cyclic voltammo-
gram obtained after 1 e~ reduction of 42, (b) ESR spectrum obtained after 1 e~ reduction of 42
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propanation reaction. This process was observed for the
first time during controlled-potential electrolysis at the se-
cond reduction potential of diethyl 1,2-methano-[60]fuller-
ene-61,61-dicarboxylate (5) in CH,Cl,, which led to more
than 80% of recovered Cgj. Initially, this reaction was called
the retro-Bingel reaction, since it was the reverse of the well-
known Bingel addition of malonates to form cyclopropane
rings of fullerenes. The first reported useful application of
this reaction was in the separation of enantiomers of Cyq,
using an optically active malonate as a chiral auxiliary. As
described above, this Bingel/retro-Bingel sequence was also
used recently to separate constitutional isomers and enanti-
omers of Cgy4. Interestingly, partial electrolysis of bis- or
tris-Bingel adducts of Cg, led to isomerization of the ad-
ducts. One of the important developments which made
these reactions synthetically more useful, was to show that
electrochemical reduction could selectively remove Bingel-
type adducts while leaving other adducts undisturbed. A
variety of well-characterized mixed bis-adducts of Cg, were
prepared, where one of the adducts was always a bis-
(ethoxycarbonyl)methano group, and the other one ranged
from a pyrrolidine to a bis(p-methoxyphenyl)methano
group. In every case it was shown that controlled-potential
electrolysis led to the selective removal of the Bingel adduct,
while the other one was retained.

Spiromethanofullerenes were also subjected to CPE pro-
cesses based on the initial observation of Wudl and co-wor-
kers of irreversible electrochemical behavior for some of the
compounds, presumably resulting from the cleavage of one
of the cyclopropane bonds connecting the addend to Cgg
upon reduction. In fact, CPE in CH,Cl, resulted in the ef-
ficient removal of the addend to form the parent Cgg, con-
firming the electrochemical process as a retro-cyclopropan-
ation reaction. Exhaustive reductive electrolysis in THF led
also to efficient addend removal, but a new reaction path-
way was observed: electrochemically induced addend trans-
fer between Cgy-monoadducts led to bis-adduct formation.
This observation was later confirmed in several nitrophenyl-
spiromethanofullerenes with easily recognizable EPR sig-
nals.

The chemical version of the retro-cyclopropanation pro-
cess has also been considered briefly in this microreview.
The chemical reaction was initially carried out using a Mg/
Hg amalgam as reducing agent and, subsequently, the pres-
ence of 18-crown-6 in these reactions proved to increase the
efficiency and reproducibility, thus expanding the utility of
the cyclopropanation-retro-cyclopropanation strategy as
part of a protection-deprotection protocol in the synthesis
of non-Bingel type adducts.

More recently digital simulations have helped to elucidate
the mechanistic details involved in these reactions and the
formation of singly bonded dimers as intermediates during
retro-cyclopropanation reactions has been established ex-
perimentally.

Future applications in the preparation of unusual deriva-
tives with controlled regiochemistry, particularly for Cs
and higher fullerenes derivatives, remain unexplored.
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