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Electrochemical reduction of some methanofullerenes.
On the mechanism of the retro-Bingel reaction
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The reactions of electrochemical reduction of methanofutierenes bearing pnosphonate and
alkoxycarbonyl groups at the exo-carbon atom were studied. The mechanism of the retro-
Bingel reaction as the cleavage of two C—C bonds between the C(61) atom and the fullerene
shell accompamed by electrochemical electron transter was proposed.
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Recently, considerable attention has been focused
X A \ . : P(C)(OMe),

on the methods of preparation of new functionally
substituted derivatives of fullerenes!-2 due to a search ' COOR

S
for novel materials and biologically active compounds.3+ 'O"

In this connection methanofullerenes containing func-

tionally substituted cyclopropane fragments condensed "0
with the tullerene ring at the 6.6-bond>? assume a great Z 3
significance.
1 2: R = Me, 3: R = Et,

Different approaches to the synthesis of compounds
of this tvpe are known: addition of carbenes, nucleo-
philic addition of carbanions of halogen-containing com-
pounds foliowed by the elimination of a halide anion
and cvclization to methanofullerenes.”8 Bingel was the
first to describe the nucleophilic cycloaddition—elimi-
nation in the fulierene series to form methanofullerenes.®
More recently, this reaction has widely been used for
svntheses of various derivatives of methanofullerenes,
including preparation of biologically active com-
pounds. 1%l We have described the synthesis of phos- S
phorylated methanofullerenes by the general pattern of
the Bingel reaction from fullerene Cqo (1) and () M EyNBF,. The characteristics of the peaks are

4: R = Menthyl

alkoxyphosphoryl bromoacetates. 12 presented in Table 1.
It has been shown in several works that the ability to The successive transfer of three electrons is observed
accept readily electrons in both the electrochemical for Cqy (Scheme 1).

reactions!3 and the interaction with organic clectron
donors!? is a characteristic property of fullerene and its

derivatives. Scheme 1

In this work, we used the cyclic voltammetry (CV)
method to study the clectrochemical reduction of phos- 079V N 130y
phorylated methanofullerenes (2—4) and dicarbeth- Ceoo ¥ === Cyte ——=

oxymethanofullerene (5) synthesized by us, and their
behavior was compared to that of futlerene Cgp (1),
Three reduction peaks and. correspondingly, three
oxidation peaks are observed (Fig. 1) on the CV curves
of Cgy and methanofullerenes 2—3 obtained on the Pt Reduction of compounds 2—35 occurs virtually at the
electrode in a toluene—DMF (2 : 1) solution against same potentials, but it is somewhat more difficult than
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that of C¢qy. The characteristics ot the reversible transfer
of the first electron coincide for compounds 2—35. The
potentials of the second peak of these compounds are
constant; however, the number of clectrons consumed
in this step (n) ranges from 1.19 to 1.25. Some differ-
ence of the number of transferred electrons (2.72 to
2.82) and in the reduction potentials (—1.85 to —1.87 V)
is observed in the third step. The fractional value of »
per molecule of methanofullerenes 2—5 at the poten-
tials of the second and third peaks has engaged our
attention, whereas the total value of n in these steps is
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Fig. 1. Cyclic voltammograms of fullerene Cg, (a) and com-
pounds 2 (b). 3 (c). 4 (d). and § (e) on the Pt electrode in the
toluene—DMF (2 : D/0.1 M Et, NBF, mixture; ¥ = 100 mVs™!,
23°C, G =510 C5=1-10° mol L™\

always equal to four. The 2 value depends on the
potential sweep V. As ¥ decreases, n increases at poten-
tials of the second peak and decrcases at potentials of
the third peak. However, the total number of electrons
transferred in these steps remains to be four (Table 2).
The data obtained indicate the reduction of com-
pounds 2—5 at potentials of the second and third steps
via the mechanism with the switched-on chemical stage

Table 1. Parameters of peaks of reduction of fullerene Cyy (D
and compounds 2—35 on the Pt electrode in a toluene—DMF
(2.1, v/v) mixture against E(yNBF ¢

Compound  £,°9'VE  n¢ E N VE AE/mVY /s
-0.79 1.00 -0.73 60

Coo (1) “130 100 =123 70
—1.83 1.00 —-1.76 70
~0.85 1.00 -0.79 60

2 —1.34 1.24 —-1.27 70 0.32
—1.85 2.72 —-1.75 100
~0.85 1.00 -0.79 60

3 —1.34 1.19 -1.27 70 0.29
—1.86 2.81 —1.75 110
~0.83 1.00 0.79 60

4 —-1.34 119 —-1.27 70 .24
-1.87 2382 ~1.73 120
-0.85 1.00 0.79 60

5 =1.34 1.25 —=1.2¢ 60 0.3}
—1.85 2.79 —-1.75 160

2 Conditions: C, = 1+ 1073 molL™!, 25 °C. V= 100 mV s™!.
5 The potentials were measured versus Ag/0.01 M AgNO; in
MeCN (Ep“'d are the reduction potentials. and £,°% are the
oxidation potentials of the reduction products obtained by the
CV method).

¢ The number of electrons determined by comparison with the
one-electron peaks of Cg.

4 The difference of potentials between the cathodic and anodic
peaks.

Table 2. Number of electrons (#) transferred per molecule of
compounds 2—S5 at potentials of the first (n,). second (#). and
third (n1;) reduction peaks

Compound ¥/mVs™! n 7> ny nm ot ons
2 20 1.00 1.41 2.59 4.00
30 1.00 1.33 2.07 4.00
100 1.00 1.24 272 3.96
200 1.00 .18 1.82 4.00
3 20 1.00 1.32 2.68 4.00
S50 1.00 1.34 2.66 4.00
100 1.00 1.19 2.81 4.00
200 1.00 1.19 2.81 4.00
4 20 1.00 1.24 276 4.00
50 1.00 1.22 2.73 3.95
100 1.00 1.19 2.82 4.01
200 1.00 117 2.83 4.00
5 20 1.00 1.32 268 4.00
50 1.00 1.2 2.76 4.05
100 1.00 1.25 2.79 4.04
200 1.00 1.19 2.74 4.03
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(ECE process). At potentials of the second peak. the
chemical stage is stow, i.e.. its raie is lower than the rate
of diffusion of molecules 2—5 to the electrode surface,
whereas it is fast at potentials of the third peak (the rate
of the chemical stage is higher than the diffusion rate of
molecules of the substance to the electrode surface).
The oxidation potential of the products of reduction of
compounds 2—35 at potentials of the third peak (E,%% =
—1.75 V) virtually coincides with the oxidation potential
of the radical trianion of fullerene Cgy,. which implies
fast elimination of substituents from the radical trianions
of compounds 2—5. The radical trianion of Cyy and the
corresponding esters of phosphonoacetic or malonic
acids or their carbanions are formed due to these trans-
formations. It is known from the literature!® that the
reduction of compound 35 at potentials of the second
peak and subsequent oxidation of the reduction prod-
ucts result in fullerene C,y. The authors’> did not
explain the mechanism of the observed reaction, al-
though they named this electrochemical transformation
as the “retro-Bingel reaction.” It is most likely that a
slow step-by-step cleavage of two C—C bonds of the
fullerene shell with the bridging fragment and elimina-
tion of the corresponding esters to form the Ceo®™
dianion (Scheme 2} occur in dianions of compounds
2—5 in u toluene—DMF system and in CH,Cls.

Scheme 2
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Using the empirical Nicholson corrclation!® for ECE
processes, we estimated the rate constant k, of this stage
(Table 1). As can be seen in Table 1. the rate constants
of cleavage of two carbon—fullerene bonds are approxi-
mately equal for compounds 2—5. In our opinion. this
is an additional proof that the transition from di-
(alkoxycarbonyl)methanofullerene 5 to alkoxycarbon-
yltalkoxyphosphoryl)ymethanofullerenes 2—d4 does not
substantially change the character of binding of the
methane fragment to the fullerene shell.

To obtain fullerene Cgy in the retro-Bingel reaction
under study, it 1s necessary that the reduction process
generating the Cgo?” dianion be followed by oxidation
of the latter occurring at a potential of —0.73 V. The
aforesaid is valid for the electrochemical transforma-
tions at potentials of the third peak rather than the
second peak.

The reduction of compounds 2—5 at potentials of
three waves can be described by the following scheme
{Scheme 3).
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Dianion A, whose formation is shown in Scheme 2.
undergoes a slow transformation into dianion B with
one cleaved carbon—fullerene ring bond. This dianion
B. being reduced in the presence of proton donors, is
transformed into the Cgy?~ dianion, which at a potential
of =0.73 V donates two electrons and is transformed
into free Cgo and phosphonoacetate C.

At the same time, dianion Cgy?™ can be reduced 1o
form radical trianion Cgy®~ ", which at a potential of
—0.73 V, donating three electrons, can give treec Cgy. As
mentioned above, at the step of the third reduction
peak. the contribution of chemical transformations is
much more pronounced than that at the step of the
second reduction peak. Radical trianion D formed at
this step is rapidly transformed into the trianion with the
open three-membered cycle E, which, withdrawing two
electrons in the presence of a proton donor, is trans-
formed into the radical trianion Cgy®™ . The routes of
transformation of this radical trianion into free Cyy are
shown above.

We do not discuss other routes of formation of the
retro-Bingel reaction products, but believe that it 1s
significant that our data indicate the possibility of both
heterogeneous (on the electrode) and homogeneous (in
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the solution) reactions of methanofullerene reduction.
Under homogeneous conditions, the radical trianion of
fullerene Cm?‘"‘, which 1s formed in the electrochemi-
cal reduction of methanofullerenes at potentials of the
third wave, can serve as a reducing agent. All conditions
necessary for this process are fulfilled: a high stabitity of
the radical trianion of fullerene Cgy. a low difference of
potentials of the transfer of the third efectron to mol-
ecules of Cy and methanofullerenes 2—-35, and a high
rate of the irreversible cleavage of the methanocarbon—
fullerene bond in radical trianions of compounds 2—5.
Although we did not verify experimentally the occur-
rence of homogencous electron transfer processes. based
on a high clectron affinity of fullerene Cgy and its
derivatives, we assume the parallel occurrence of hetero-
geneous (on the electrode) and homogeneous (by radical
trianions of Cy) reactions of electrochemical reduction
of methanofullerenes at potentiais of the third wave.

Cpd™ +12—87% === Cg? <1257

Probably, a similar scheme is valid for the electrochemi-
cal reduction of other methanofullerenes. Note that elec-
trochemical reduction of organic compounds is usually
characterized by C—C bond tormation processes (homo-
and cross-coupling).!? Cleavage of C~C bonds in re-
duction is a sufficiently rare phenomenon.!8 {1 is most
likelv that the driving force of the observed cleavage of
two C—C bonds in the methanofullerene reduction is the
tendency to "aromatization” of the fullerene fragment,
which 1s facilitated by two pronounced withdrawing groups
at methano carbon and thermodynamic stability of the
carbanion formed. This can somewhat be confirmed by a
slight increase in the reduction potential when electron-
withdrawing groups are added to fullerenc Cygy.

Experimental

Electrochemical reduction of fullerene Cgg and compounds
2—5 was studied by cyclic voltammetry in a toluene—DMF
(2 : 1) system against 0.1 M Et,;NBF,. Cyclic voltammograms
were recorded on 2 P1-30-1 potentiostat and a PDP-4 two-
coordinate recorder using a Pt electrode sealed into the glass.
The reference electrode was Ag/0.01 Y AgNO: in MeCN, and
a platinum wire served as an auxiliary electrode. The concen-
tration of the depolarizer was |+ 1073 mol L™! (fullerene Cyg,
3107 M), Working solutions were deaerated with nitrogen,
and the temperature was 23 °C. Fullerene Ceg used had 99.9%

purity taccording 10 the HPLC daw). The synthesis of com-
pounds 2—4 was described in Ref. 12, and compound § wus
prepared by the known procedure.? Solvents were purified by
standard procedures.
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