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Retro-Bingel reaction in the electrochemical reduction
of bis(dialkoxyphosphoryl)methanofullerenes
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Four steps of reduction were detected for bis(diethoxyphosphoryl)- and bis(diisopropoxy-
phosphoryl)methano[60]fullerenes (1, 2) and bis(diethoxyphosphoryl)methano[70]fullerene
(3) by cyclic voltammetry in the o-dichlorobenzene—DMF (3: 1, v/v)/BuyNBF, (0.1 mol L—1)
system on a glass-carbon electrode. At the first step the reversible transfer of one electron
affords stable radical anions 1 and 2 (g = 1.9999, AH = 1.9 G). When two electrons per
molecule are transferred, the methano fragment is rapidly eliminated (retro-Bingel reaction).
This process involves the step-by-step cleavage of two C—C bonds of exo-carbon with the
fullerene shell in combination with the stepwise transfer of other two electrons and a proton to
form finally the carbanion of the methano fragment and fullerene dianion. For all studied
compounds, the elimination rate is much higher than that for bis(alkoxycarbonyl)- and dialkoxy-
phosphoryl(alkoxycarbonyl)methano[60]fullerenes, which makes it possible to propose bis-
phosphorylmethane groups as protective in synthesis of new fullerene derivatives.
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The characteristic feature of methanofullerenes with
substituents capable of negative charge delocalization is
the elimination of the methano fragment accompanied by
the transfer of one, two, and more electrons per mol-
ecule. Its elimination has first been observed by research-
ers,! who noticed that the radical anions of dicyano- and
cyano(ethoxycarbonyl)methano[60]fullerenes undergo
fast subsequent transformations and found [60]fullerene
in the preparative reduction products. Somewhat later,?
similar opening of the cyclopropane ring was found for
radical anions of spiroannelated methano[60]fullerenes
with addends of the quinoid type. However, it seems that
the list of compounds in which the methano fragment is
eliminated during one-electron reduction is likely re-
stricted by the above examples. Radical anions of other
studied methanofullerenes are stable and do not enter
into fragmentation reactions. For methanofullerenes ob-
tained in the Bingel reaction,? the methano fragment
(Bingel addend) is eliminated by the transfer of two and
three electrons per molecule.4—12

The elimination of the addend from the dianion has
first been detected for monosubstituted bis(ethoxycarbo-
nyl)methano[60]fullerene,4 and the reduction of this ad-
duct at potentials of the second peak followed by oxida-
tion gave [60]fullerene in 60% yield. Although the mecha-
nism of methano fragment elimination from fullerene was

not clarified, this process was named the retro-Bingel
reaction? because the overall interaction gives [60]ful-
lerene. Later methano fragment elimination was observed
for the two-electron reduction of the Bingel monoadducts
for Cgp, C79, C7¢, and Cyg, the bis- and tris-adducts,5—8
and in the case of dimethoxyphosphoryl(alkoxycarbo-
nyl)methano[60]fullerenes.®~1! On going from lowest to
highest fullerenes stabilities of the dianions increase and
the elimination rates decrease.” The chemical variant of
the retro-Bingel reaction has recently!? been performed:
elimination of the bis(alkoxycarbonyl)methane addend
from Cgq, and C;, by magnesium amalgam.

It has been found!3 that the electrochemical reduction
of monomethanofullerenes in THF in strictly aprotic
media affords bismethanofullerenes, i.e., the methano
fragment is transferred from one fullerene shell to an-
other. Dianions of bis- and tris-adducts of Cg, exhibit,
along with the retro-Bingel reaction, intramolecular
isomerization via addend migration over the fullerene
sphere ("walk-on-the-sphere").%8 In mixed bis-adducts
of C4y and C;, with the Bingel addend and second ad-
dend, which is not prone to anionoid elimination (diaryl-
methano, [1,2]benzeno fragments, and others), electroly-
sis at potentials of the second reduction step results in the
selective elimination of the Bingel addend to form the
monoadduct.”
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Detailed studies by cyclic voltammetry?—!! allowed
understanding of the mechanism of methano fragment
elimination and measurements of the rate constant of this
process. According to these data, the elimination of the
methano fragment is accompanied by the transfer of two
additional electrons and a proton, so that the [60]fullerene
dianion and carbanion of the methano fragment are the
resulting products. The rate constants for methano frag-
ment elimination are virtually the same for bis(ethoxy-
carbonyl)- and dimethoxyphosphoryl(alkoxycarbo-
nyl)methano[60]fullerenes. The elimination rate increases
substantially for transfer of three electrons per molecule.
In this case, diffusion of methanofullerenes to the elec-
trode surface is the limiting stage.

Presently, the methano fragment is considered” in the
chemistry of fullerenes as a protective group, the intro-
duction of which followed by removal after fullerene
functionalization provide some prospects for synthesis of
new interesting fullerene derivatives. Successful use of
protective groups needs their easy introduction and re-
moval. The nature of substituents at methanocarbon gains
a great significance. We have recently* shown that the
diphosphorylmethano fragment can much more easily
been introduced into the [60]fullerene molecule than the
bis(ethoxycarbonyl)methano fragment. In this connec-
tion, it is of interest to eliminate this fragment during
electrochemical reduction of diphosphorylmethano-
fullerenes. In this work, we present the results of study-
ing the electrochemical reduction of bis(dialkoxyphos-
phoryl)methano[60]fullerenes 1, 2 and bis(diethoxyphos-
phoryl)methano[70]fullerene (3).

*The results will be published in Russian Chemical Bulletin,
Int. Ed., 2002, No. 2.

Results and Discussion

The cyclic voltammograms for compounds 1—3, as
well as for unsubstituted fullerenes Cgy and Cqq, in
the o-dichlorobenzene—DMF (3 : 1, v/v)/BuyNBF,
(0.1 mol L—1) medium on a glass-carbon electrode ex-
hibit four reduction peaks Epfed, and the reverse branch
contain the corresponding four oxidation peaks E°x
(Fig. 1), whose potentials are presented in Table 1. The
ESR spectra are shown in Fig. 2.

1 1 1 1 1

—0.5 —1.0 —1.5 E/V (vs. Fc/Fc™)

Fig. 1. Cyclic voltammograms for fullerenes Cg, (a), C;, (b) and
compounds 1 (¢), 2 (d), and 3 (e) obtained on a glassy-carbon
electrode in the o-dichlorobenzene—DMF (3 : 1, v/v)/BuyNBF,
(0.1 mol L'y medium. Conditions: v= 100 mVs~!, T=295K,
C=1+10"3mol L.
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Table 1. Data of cyclic voltammetry for the reduction of diphosphorylmethanofullerenes 1—3, Cg
and Cy; in o-dichlorobenzene—DMF (3 : 1, v/v)/BuysNBF, (0.1 mol L~') on a glass-carbon electrode

Com- Eplred Eplox Epzred Ep3red Ep3°X Ep4red Ep4ox

pound v

Ceo —0.96 —0.90 —1.40 —1.33 —1.90 —1.84 —2.39 —-2.32

C —0.97 —-0.91 —1.39 —1.32 —1.84 —1.78 —-2.29 —-2.22

1 —1.04 —0.98 —1.49 —1.34 —-1.91 —1.84 —2.40 —-2.33
(—0.90)

2 —1.07 —1.01 —1.50 —1.34 —1.90 —1.84 —-2.39 -2.33
(—0.90)

3 —1.07 —1.01 —1.49 —1.33 —1.83 —1.78 —-2.29 -2.22
(—0.91)

Note. The potentials (E) were measured vs. standard potential of the Fc/Fc* system using Ag/AgNO;
(0.01 mol L1y in MeCN as the reference electrode at the potential sweep v = 100 mV s~!. The
potentials of oxidation peaks appeared for potential reverse of the limiting currents of the second,
third, and fourth steps of reduction are presented in parentheses.

For fullerenes Cg, and Cy all four steps are reversible
and correspond to the stage-by-stage transfer of four elec-
trons per molecule to form tetraanions Cg*~ and C,y*~.
The first two reduction peaks of these fullerenes were
detected at almost equal potentials, and the third and
fourth peaks for C,, were observed at less negative poten-
tials, which agrees with published data.l4

For diphosphorylmethanofullerenes 1—3, the first two
waves are shifted by 80—110 mV toward negative poten-
tials, and the third and fourth steps coincide completely

A

Fig. 2. ESR spectra of paramagnetic intermediates generated by
the electrochemical reduction of 10~3 M solutions of diphos-
phorylmethanofullerenes 1 (/) and 2 (2) on a platinum helical
electrode in the resonator of the ESR spectrometer at po-
tentials of the first peak in the o-dichlorobenzene—DMF
(3:1,v/v)/BuyNBF, (0.1 mol L'y system.

with the potentials of fullerenes Cgy and C,, respectively.
The currents of the first, third, and fourth peaks are equal
and correspond to the transfer of one electron per mol-
ecule. The height of the second peak depends on the
nature of compound and potential sweep but, in all cases,
it is higher than the one-electron and lower than the
three-electron level (Table 2). The potentials of the sec-
ond, third, and fourth oxidation peaks also exactly cor-
respond to the oxidation potentials of unsubstituted
fullerenes.

The shape and potential of the first oxidation peak
depend on the reverse potential and potential sweep. If
reverse sweep is performed from potentials of the limiting
current of the first peak, then one oxidation peak is ob-
served for compounds 1—3 at all potential sweeps in the
interval v = 20—200 mV s, The difference between the
potential of this peak and that of the corresponding re-
duction peak (AE,; = E,** — Eplred = 60 mV) is equal to

Table 2. Number of transferred electrons (n) per
molecule of methanofullerenes 1—4 at potentials of
the second reduction peak in the o-dichloroben-
zene—DMF (3 : 1, v/v)/BuyNBF, (0.1 mol L~') sys-
tem and effective rate constants (k) for elimination
of the methano fragment from dianions 1—4

Com- natv/mvs~! keg/s™!
pound 50 100 200

1 223 210 182 170 0.74
2 211 190 175 165  0.62
3 188 183 170 1.58  0.53
4 132 129 125 119 031

* Published data.’
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the theoretical value characteristic of reversible processes
of one-electron transfer.!5 If the reverse potential sweep
is performed from potentials of the limiting current of the
second, third, and fourth reduction steps, then the oxida-
tion peak bifurcates, which is especially pronounced at
the sweep v = 100 mV s~! (see Fig. 1). One of the appeared
peaks corresponds to the oxidation of the radical anions of
diphosphorylmethanofullerenes 1—3 (E,°*=—-0.98 V (1),
—1.01 V (2, 3)) and another corresponds to the oxidation
of the radical anions of fullerenes Cgy and Cyy (£, =
—0.90 V vs. Fc/Fc™).

Radical anions of diphosphorylmethano[60]fullerenes
1, 2 and that of [60]fullerene were detected by ESR. Elec-
trolysis at potentials of the first peak directly in the reso-
nator of the ESR spectrometer allowed us to obtain the
spectra of the radical anions of diphosphorylmetha-
no[60]fullerenes 1 and 2 consisting of one line with the
g factor 1.9999 and line width AH = 1.9 G at 295 K (see
Fig. 2, curve 1) and AH = 1.1 G at 220 K. Electrolysis of
compound 1 is accompanied by the formation of second-
ary paramagnetic products with g = 2.0004, AH=0.5 G
and g = 2.0006, AH = 0.3 G (see Fig. 2, curve 2), which
are usually obtained by the reduction of fullerenes, their
derivatives and dimeric fullerene derivatives assigned16:17
to radical anions. For compound 2, this product is ob-
tained only after some time of electrolysis. For both
diphosphorylmethanofullerenes 1 and 2, the formation of
the radical anion of unsubstituted [60]fullerene was not
observed for at least 30 min of electrolysis. The totality of
obtained data suggests stability of the radical anions
formed by the transfer of one electron to molecules of
compounds 1 and 2.

Electrolysis at potentials of the second reduction peak
is accompanied by a decrease in the intensity and the
almost complete disappearance of lines of the radical an-
ions and secondary paramagnetic products from the ESR
spectra. For the reverse potential sweep, after the oxida-
tion potentials of the dianions are achieved, a broad line
of the radical anion of [60]fullerene (g=1.999, AH=70 G)
appears and its intensity increases, whereas reverse at the
oxidation potentials of the radical anions results in a de-
crease in the intensity and entire disappearance of this line.

Thus, the data obtained by two methods show that the
radical anions of diphosphorylmethanofullerenes 1 and 2
generated by electrochemical reduction at potentials of
the first wave are stable in o-dichlorobenzene—DMF
(3 : 1, v/v), enter into reversible coupling reactions with
the initial molecule but do not eliminate the methano
fragment for at least 30 min. Based on the complete anal-
ogy of the cyclic voltammograms of compounds 1 and 2,
on the one hand, and compound 3, on the other hand, we
can assume high stability and similar transformations of
radical anions of diphosphorylmethano[70]fullerene 3.

Transfer of two electrons to molecules of compounds
1—3 to form the dianion results in the elimination of the

methano fragment. Coincidence of the third and fourth
reduction peaks, the second, third, and fourth oxidation
peaks with the corresponding peaks for C¢, and C,, and
the one-electron level of the third and fourth reduction
peaks unambiguously indicate that compounds 1—3 elimi-
nate the methano fragment with the diffusion rate in al-
most 100% yield at potentials of the second step. This
elimination is much slower in the case of bis(alkoxy-
carbonyl)- and dialkoxyphosphoryl(alkoxycarbonyl)me-
thano[60]fullerenes and is accompanied by the transfer of
additional two electrons and a proton to the methano
fragment.$9—11 Tt is most likely that the process occurs
similarly in the case of studied diphosphorylmethano-
fullerenes 1—3, whose reduction at potentials of the first
two waves can be described by Scheme 1.

Scheme 1
PO)OR), . P(O)(OR),
r red @’
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e
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(o _— CH
\ k, \
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| |l
2= PO)OR), [)+HD = P(O)(OR),
C e, (&)
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D F

Ris alkyl

Radical anion A, formed by heterogeneous reduction
on the electrode at the first wave potentials, is trans-
formed into dianion B at the second wave potentials. In
dianion B the C—C bond is cleaved and the cyclopropane
rings opens to form dianion C, which finally affords
dianions of fullerenes Cgy>~, C5,>~ and diphosphoryl-
methanocarbanion F through parallel processes of metha-
nocarbon protonation and reduction to radical trianion D
(see Scheme 1). The oxidation peak in the cyclic curves at
the potential near —0.20 V corresponds, most likely, to
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the oxidation of anion F (see Fig. 1). During the reduction
of bis(alkoxycarbonyl)- and dialkoxyphosphoryl(alkoxy-
carbonyl)methano[60]fullerenes,? ! dianions of fullere-
nes Cgy2~, C70>~, as well as radical trianion Cg*3~, can
participate in the homogeneous reduction of compounds
1—3 and their radical anions A (Scheme 2).

Scheme 2

CGO(C7O)2_ +1—-3=—= CGO(C7O)._ +A,

Cgo(C70)2~ + A === Cgy(C7)*~ + B.

As mentioned above, for all diphosphorylmethano-
fullerenes 1—3 the methano fragment is eliminated in
almost 100% yield at potentials of the second wave. This
implies that the rate of cyclopropane ring opening (k) is
equal to or higher than the diffusion rate of compounds
1—3 to the electrode surface. In the opposite case, i.e., if
the rate of this stage would be lower than the diffusion
rate, the height of the third peak should exceed the one-
electron level. If all subsequent stages in Scheme 1 occur
with the diffusion rate at potentials of the second peak or
at less negative potentials, the height of the second peak
would correspond to the three-electron level. The num-
ber of electrons, which really does not exceed three, de-
pends on the nature of diphosphorylmethanofullerene
1—3, and increases with a decrease in the potential sweep
(see Table 2). Evidently, one or several stages of Scheme 1
are delayed.

Using compound 3, we showed that the introduction
of a tenfold amount of the proton donor (phenol) in-
creases the heights of the second and third peaks and the
appearance of an additional cathodic peaks (Fig. 3). At
the same time, phenol additives have no effect on the first
two stages of reduction of unsubstituted fullerene C, (see
Fig. 3). This implies that the radical anion and dianion of
C, are not protonated within the time of recording cyclic
voltammograms. Only radical trianions are efficiently pro-
tonated to form hydrofullerenes, whose reduction is ob-
served as an additional wave. It is likely that radical an-
ions A and dianions B of diphosphorylmethano[70]ful-
lerene 3 are not either protonated by phenol under condi-
tions of cyclic voltammetry. In this case, the current in-
crease of the second peak in the presence of phenol is a
result of an increase in the contribution of the decelerated
stage of protonation of dianion C. Evidently, dianion C is
reduced at potentials of the second step, although some-
what less easily than anion E and radical anion A. Under
conditions of polarography or a rotating disk electrode,
this difference in reduction potentials would not reflect
the limiting current value and it would correspond
the three-electron level; however, under conditions of
cyclic voltammetry this results in a decrease in the peak
current.

i/UA

—0.5

i/UA
0.5

—0.5

—1.0 —2.0 E/V (vs. Fc/Fc*)

Fig. 3. Cyclic voltammograms for fullerene C;, (a) and com-
pound 3 (b) obtained on a glass-carbon electrode in o-dichlo-
robenzene—DMF (3 : 1, v/v)/BuyNBF, (0.1 mol L~!) in the
presence of phenol (0.01 mol L~1). Conditions: v =100 mVs~!,
T=295K,C=1+10"3mol L~

Previously,’—!! based on the height of the second re-
duction wave, we calculated the elimination rate constant
for the methano fragment from bis(diethoxycarbonyl)- and
dimethoxyphosphoryl(alkoxycarbonyl)methano[60]fulle-
renes. Similarly, using the Nicholson method,!8 we de-
termined the effective rate constant for addend elimina-
tion from the dianions of diphosphorylmethanofullerenes
1—3 (see Table 2). The corresponding values for bis(di-
ethoxycarbonyl)methano[60]fullerene 4 are presented for
comparison.? As can be seen, the effective elimination
rate constant (k) for the diphosphorylmethano addends
from Cgq, and C; is much higher than that for the classi-
cal Bingel addend. It is noteworthy that the diphosphoryl-
methano addends, as well as the Bingel addend,” elimi-
nate from Cg, more readily than from Cy.

Thus, the electrochemical reduction of diphosphoryl-
methanofullerenes 1—3 is similar to the reduction of other
previously studied bis(diethoxycarbonyl)- and dimethoxy-
phosphoryl(alkoxycarbonyl)methano[60]fullerenes4—11
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with the only distinction that, in this case, the processes
of methano fragment elimination occur with a high rate at
the stage of the dianion. In other words, the diphosphoryl-
methano fragment is the best leaving group in electron
transfer compared to the ethoxyphosphoryl(ethoxycarbo-
nyl)- and bis(ethoxycarbonyl)methane fragments. The
presence of two diethoxyphosphoryl groups enhances both
nucleophilicity and nucleophobicity of the methano frag-
ment. This group can easily be introduced into the reac-
tion and, therefore, the use of it as protective in fullerene
functionalization seems preferential.

Experimental

Cgo and C, with purity (HPLC data) 99.5 and 98%, respec-
tively, a Gilson chromatograph with a UV detector, and a col-
umn with the reverse C;g phase (Partisil-5 ODS-3) and tolu-
ene—MeCN, 1 : 1, v/v, as eluent were used. Organic solvents
were dried and distilled. Procedures for synthesis and physico-
chemical characteristics of diphosphorylmethanofullerenes 1—3
will be published elsewhere (see Footnote in p. 72). Electro-
chemical reduction of Cgy, C;y and diphosphorylmethano-
fullerenes 1—3 was conducted in the o-dichlorobenzene—DMF
(3: 1, v/v) medium. BuyNBF, (0.1 mol L~') purified by recrys-
tallization from acetonitrile was used as supporting electrolyte.
Cyclic voltammograms were detected with an PI-50-1 poten-
tiostat on an N-307/2 two-coordinate recorder. A glass-carbon
disk electrode (d = 2 mm) embedded into Teflon served as
working electrode. Before each measurement, electrodes were
mechanically polished. Potentials were measured vs. standard
potential of the ferrocene/ferrocenium ion (Fc/Fc*) redox sys-
tem using a silver reference electrode Ag/AgNO5 (0.01 mol L~1)
in MeCN. Dissolved oxygen was removed by bubbling argon or
nitrogen through a solution at 295 K.

The study by the electrolysis—ESR method was performed
on an installation combining an SE/X-2544 ESR spectrometer,
a PI-50-1 potentiostat, and an electrochemical cell. The instal-
lation allows one to carry out an electrochemical process di-
rectly in the resonator of the ESR spectrometer. A plati-
num coil served as working electrode, a platinum wire was
the auxiliary electrode, and a silver wire served as refer-
ence electrode. Solutions were degassed by the triply repeated
cycle of freezing—evacuation—thawing out. The temperature
was 295 K.

This work was financially supported by the Russian
Foundation for Basic Research (Project Nos. 99-03-32888
and 01-03-32181), State Scientific Technical Program
"Fullerenes and Atomic Clusters" (Project No. 98008
"Gemo-2"), and Academy of Sciences of Tatarstan.
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