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Modification of fullerene C, by phosphorylated diazo compounds
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New representatives of phosphorylated methanofullerenes were prepared by the reactions
of [60]fullerene with O,0-diethyl a-diazoethyl- and O,0-diethyl a-diazobenzylphosphonates.
Electrochemical reduction of the above-mentioned products proceeded stepwise and reversibly.
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The modification of fullerenes by diazo compounds is
one of procedures most widely used for fixing various
organic fragments at the carbon skeleton of fullerenes.! It
is assumed that a combination of hydrophilic phospho-
rus-containing groups and hydrophobic fullerene frag-
ments in one molecule can lead to the construction of
new phospholipid substances.? It should be noted that all
known phosphorylated derivatives of fullerene Cg,, are
6,6-closed adducts regardless of the procedure for their
preparation.2—12 In the reaction of C¢ with O,0-dimethyl
diazomethylphosphonate,3 an adduct was detected, which
is, most probably, a 5,6-open adduct (or homofullerene).
However, this adduct was not isolated in individual form.
We studied the reaction of Cg, with O,0-diethyl o-di-
azoethyl- (1) and 0,0-diethyl o-diazobenzylphospho-
nates (2). It was of interest to reveal the influence of the
substituent at the o-carbon atom of phosphonate on the
structures of the resulting adducts.

Several HPLC peaks (C;g reversed-phase column)
were observed in the mixture prepared by the reaction of
C¢o With a-diazoethylphosphonate 1 in toluene (110 °C,
4—5 h). Based on the retention times, the main peak in
the chromatogram (5.2 min) can be assigned to the
monoadduct and the remaining low-intensity peaks are
attributable to unconsumed [60]fullerene (6.3 min) and
polyadducts (3.8, 4.2, 5.8, and 6.7 min). The unconsumed
fullerene was separated by column chromatography to
give a fraction containing three products, as demonstrated
by HPLC (normal-phase column) and NMR spectro-
scopy. The 3'P—{'H} NMR spectra (CDCl;) have three
signals (8 26.00, 20.62, and 20.04) in the region charac-
teristic of phosphonates. The 'H and !3C NMR spectra of
this fraction also show three sets of signals for the hydro-
gen atoms of the methyl groups and ethoxy substituents at
the phosphorus atom. The 3C—{!H} NMR spectrum has
three broadened singlets at & 15.93, 16.14, and 16.96,

three doublets at 6 17.02 (3JP’C = 5.1 Hz), 16.88 (3JP’C =
3.3 Hz), and 17.27 (3JP’C = 2.0 Hz) and also at § 63.63
(ZJPqC =6.0 Hz), 63.46 (ZJP,C =4.6 Hz), and 63.97 (ZJP,C =
7.9 Hz). In addition, the spectra have signals at 8 138—148
corresponding to the carbon atoms of the fullerene sphere,
which indicates that the fraction under study consists of a
mixture of three fullerene-containing adducts. Since we
failed to separate these adducts by column chromato-
graphy, their mixture was heated in o-dichlorobenzene
(0-DCB) at 140 °C until only one signal at & 19.65 per-
sisted in the 3P NMR spectrum (o-DCB) and only one
peak was observed in the HPLC chromatogram (normal-
phase column). o-Dichlorobenzene was removed in vacuo
and the resulting dark-brown powdered compound was
identified by physicochemical methods. The laser-des-
orption mass spectrum of this compound has peaks at
m/z 884, 907, and 923. The first peak corresponds to the
monoadduct of fullerene with diazo compound 1 with a
loss of the dinitrogen molecule and the remaining two
peaks correspond to the sodium and potassium salts of
this monoadduct, respectively. The elemental analysis data
are also indicative of this monoadduct. The 3P NMR
spectrum of this compound (in CDCl;) has a signal at
6 20.00, whose chemical shift is identical with that of the
most intense signal in the initially isolated mixture of
adducts (5 20.04). The IR spectrum shows a high-inten-
sity band at 526 cm~! characteristic of [60]fullerene
monoadducts. The UV spectrum has a band at 424 nm
indicative of the formation of the 6,6-closed monoadduct.
All the above data provide evidence that the compound
synthesized is an individual monoadduct 3 with the
methano[1,2][60]fullerene structure. The NMR spectro-
scopic studies completely confirmed this conclusion.
Theoretically,!3 based on the C; symmetry of the mol-
ecule (the symmetry plane is perpendicular to the bond
between two sp3-hybridized carbon atoms), the fullerene
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sphere in adduct 3 should be characterized by 31 13C NMR
signals (4 signals with an intensity of 1C each and 27 signals
with an intensity of 2C each) for the sp2-hybridized car-
bon atoms and one 13C NMR signal (with an intensity
of 2C) for the sp3-hybridized carbon atoms of the cyclo-
propane fragment. The latter signal is generally observed
at & 60—80 and the signals for the sp2-hybridized carbon
atoms are observed at § 134—148.10,11

In reality, the fullerene sphere of adduct 3 is charac-
terized (Table 1) by 27 13C NMR signals at § 138—148
(25 signals with an intensity of 2C each and 2 signals with
an intensity of 4 C each), which is attributed to the ran-
dom superposition of the signals, and also by a doublet at
574.41 with Jp ¢ = 2.1 Hz. The presence of the phospho-
rus atom made it possible to identify signals for some
carbon atoms of the fullerene sphere. Thus, the signals at
8 147.21 and 147.66 have Jp ¢ = 5.3 and Jp ¢ = 4.2 Hz,
respectively, and these signals, most likely, belong to
the sp2-hybridized carbon atoms directly bound to the
sp3-hybridized carbon atoms of the sphere. The signal for
the exohedral carbon atom of the cyclopropane fragment
(C(61)) is observed at 8 35.90 (Jpc = 180 Hz). In the
proton-decoupled 3C NMR spectrum, two equivalent
ethoxy fragments at the phosphorus atom are character-
ized by two doublets at § 63.41 (Jp ¢ = 7 Hz) and 16.80
(Jp.c = 5.3 Hz). Since the '3C NMR spectrum of the
starting diazophosphonate 1 (see Table 1) has a signal of
the methyl group at the a-carbon atom as a doublet with

Jp c = 8.3 Hz, the signal of the methyl group at C(61) in
the spectrum of adduct 3 should also be characterized by
a doublet. However, the 13C—{'H} NMR spectrum has a
singlet at 8 15.68 rather than a doublet due, apparently, to
a small constant of spin-spin coupling between the car-
bon atom of the methyl group and the phosphorus atom.

The 'H NMR spectrum of adduct 3 (Table 2) con-
firms the equivalence of two ethoxy groups at the phos-
phorus atom and the presence of the methyl substituent at
the C(61) atom.

Therefore, the results of physicochemical studies in-
dicate that O0,0-diethyl o-methyl(methano[1,2][60]ful-
lerenyl)phosphonate (3) is the most thermally stable prod-
uct of the reaction of Cgq, with diazophosphonate 1. The
reaction proceeds through the formation of two interme-
diates, which are transformed into adduct 3 upon heating.

According to the data from HPLC and 3'P NMR spec-
troscopy, the reaction of Cg, with diazophosphonate 1 in
0-DCB at 140 °C for 3 h afforded the same mixture of
adducts as that prepared by the reaction in toluene at
110 °C. An increase in the temperature of heating to
180 °C (3 h) also led to the formation of adduct 3.

According to the scheme of dipolar cycloaddition of
diazo compounds to Cg,'4 the reaction under consider-
ation can proceed through the intermediate formation
of fullerenopyrazoline 4 or homofullerenes 5 and 6
(Scheme 1). Taking into account the reaction tempera-
ture (higher than 60 °C), homofullerenes 5 and 6, which

Table 1. 3C NMR spectra (CDCls, §, J/Hz) of compounds 1—3 and 7

C atom 1 2 3 7
CH;—C—P 9.06 — 15.68

(@, Yoy = 1325, (@ ey =130.5,

d, 2']P,C = 83) d, ZJP,C = 00)
CH;CH,0 16.30 16.33 16.80 16.83

(@ Yoy =1269,  (q Wey=1272, (a4, Uy =1255, (@, ey =127.2,

d, 3JP,C = 62, d, 3JP,C = 69) d, BJP,C = 53) d, 3JP,C = 58,

t, ey =28) t, U p =2.9)
CH;CH,0 62.45 63.10 63.41 64.12

(t, Uey=1474, (1t Uey=1475  (t, Yoy =149.0, (t, ey = 1482,

d, 2']P,C = 55, d, 2']P,C = 56) d, ZJP,C = 63) d, 2']P,C = 65,

q, Mo =42) q, %o =4.4)
C, or C(61) 21.42 50.77 35.89 49.02

(A, Upe=136.0) (d, Upc=226.1) (d, Jpc=180.0) (d, Up.c=179.5)
Ceo - B 2C: 7441 (d, 2pc = 2.11), 2C: 7365 (d, 2p.c = 2.18),

138.63, 140.96, 141.10, 141.46,
142.43, 142.51, 143.05, 143.26,
143.29, 143.37, 143.69, 143.98,
144.30, 144.48, 144.86, 144.93,
144.98, 145.04, 145.29, 145.38,
145.45, 145.59, 145.67,

147.21 (d, 3p c = 5.2),

147.66 (d, 3Jp.c = 4.2)

4C: 142.06, 145.51

138.53, 140.97, 141.01, 141.89,
142.02, 142.11, 142.44, 142.51,
142.97, 143.23, 143.25, 143.41,
143.50, 144.08, 144.41, 144.67,
144.80, 144.96, 145.04, 145.12,
145.13, 145.39, 145.48, 145.53,
145.57, 146.03,

146.87 (d, 3Jp ¢ = 5.8),

148.30 (d, 3Jp ¢ = 3.6),

1C: 144.76, 145.26
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Table 2. "H NMR spectra (CDCI;) of compounds 1—3 and 7

Com- 8, J/Hz
pound
CH; (3 H) Ph (5 H) OCH,CH; (6 H) OCH,CH; (4 H)

1 1.77(d, 3Jp 13 = 9.8) — 1.26 (t, 3y iy = 7.0) 4.03 (dq, 3Jpo,c = 7.0, 3y i = 7.0)
2 — 6.97 (t, Hy, 3Ty p =7.3); 1.03 (t, 3y iy =7.3) 3.86, 4.00 (both dq, *Jpg cyy = 10.2,

718 (t, H,, 3y u =7.7); M =17-3)

7.30 (d, H,, 3y 1y = 8.1)
3 244 (d,3py=124) — 1.55 (t, gy =7.3) 4.47 (dq, 3po.cy = 7.7, 3y u =17.3)
7 — 7.49—7.55 (m); 1.45 (t, 3y iy = 7.0) 4.29 (dq, 3Jpo.c = 7.0, 3y iy = 7.0)

7.96 (ddd, H,, 3/ iy = 7.8,

4JH,H = 2.0, 4']P,H = 16)

Scheme 1
I\l/le
Coo + OO L. .
% N=N"P(0)(OEt), -N,
1
4
Me (OEt),(O)P.
P(O)(OEt),
OQ( >
— ao s

Reagents and conditions: i. toluene, 110 °C, 4—5 h or 0-DCB, 140 °C, 3 h; ii. o-DCB, 180 °C, 4 h.

differ in the arrangement of the phosphonate fragment
above the five- or six-membered rings, are the most prob-
able intermediates.

With the aim of preparing thermally less stable ad-
ducts 4, 5, and 6, we changed the conditions of the reac-
tion of C¢( with diazophosphonate 1. Taking into account
that the dipolar cycloaddition to olefins proceeds more
efficiently in polar solvents, we used 0-DCB instead of
toluene and the reaction temperature was decreased
to 25 °C. However, according to the HPLC data, the
target adducts were not produced even after stirring of the
reagents for four weeks. An increase in the reaction tem-
perature to 50—60 °C also did not afford adducts.

The reaction of Cqy with 0,0-diethyl o-diazobenzyl-
phosphonate (2) was carried out in a toluene solution
both at room temperature (one month) and at the boiling
point of the solvent (110 °C, 2—3 h) (Scheme 2). The
reaction mixture prepared at 110 °C was chromatographed
on a column of silica gel to give unconsumed fullerene,
polyadducts, and a fraction, which, unlike the fraction

Scheme 2
Th
Co, + o_c9 .
" N=N"P(0)(OEY),
2
P(O)(OEt),

i. toluene, 110 °C, 2—3 h or 25 °C, 1 month.

formed in the reaction of Cgy with phosphonate 1, con-
tained (according to the data from HPLC and 3'P NMR
spectroscopy) only product 7. This product was also pre-
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pared by the reaction of Cg, with phosphonate 2 at room
temperature. It should be noted that no polyadducts were
detected by HPLC in the reaction mixture obtained at
room temperature. Dry adduct 7 was prepared as a dark-
brown powder. Its structure was established by 3P, 13C,
and 'H NMR, IR, and UV spectroscopy and mass spec-
trometry.

According to the mass-spectrometric data, com-
pound 7 is the fullerene monoadduct with diazo com-
pound 2 whose formation was accompanied by liberation
of the dinitrogen molecule. The 3!P NMR spectrum of 7
has one signal at 8 15 characteristic of phosphonates. The
IR spectrum of 7 contains a band at 1198 cm~! character-
istic of the P=0 group of the phosphonate fragment and a
band at 526 cm~! assigned to the fullerene sphere of the
monoadduct. The UV spectrum of adduct 7, like that of
adduct 3, has a band with A,,, = 426 cm~! characteristic
of 6,6-closed adducts. The '3C NMR spectrum of ad-
duct 7 (see Table 1) has two doublets at § 73.68 (2JC’p =
2.2 Hz) and 49.02 (lJC,P = 178 Hz) belonging to the
sp3-hybridized carbon atoms of the fullerene sphere and
the exocyclic C(61) atom of the cyclopropane fragment,
respectively. These data as well as the results of UV spec-
troscopy are indicative of the methanofullerene structure
of adduct 7. In addition, the 13C NMR spectrum of ad-
duct 7 has a set of signals at 6 from 138 to 148 (28 signals
with an intensity of 2C each and 2 signals with an inten-
sity of 1C each) for the sp?-hybridized carbon atoms of
the fullerene sphere. According to the C; symmetry of the
molecule, the fullerene sphere of adduct 7 should be char-
acterized by 31 13C signals for the sp2-hybridized carbon
atoms (27 signals with an intensity of 2C each and 4 signals
with an intensity of 1C each). Apparently, the chemical
shifts of two signals with an intensity of 1C each, like
those in the spectrum of adduct 3, have close values to an
extent that these signals overlap. To refine this question,
we carried out quantum-chemical calculations of the
chemical shifts of the 13C NMR signals for the carbon
atoms of the fullerene sphere in adduct 7. The results of
these calculations are given in Table 3. The calculations
demonstrated that the signals for the individual sp-hybrid-
ized carbon atoms should be observed at & 144—145
and ~142. The experimental chemical shifts of the signals
for the C(27) and C(18) atoms are in good agreement
with the calculated data. It should be noted that the real
spectrum of adduct 7 has only signals with an intensity of
2C each at 6 141—142, which confirms the assumption
that the signals for the C(45) and C(36) atoms overlap.
Two signals in the real spectrum of adduct 7 at 5 148.03
and 146.59 have J¢ p of 3.6 and 5.8 Hz, respectively, and,
hence, they can be assigned to the C(3), C(6) and C(9),
C(12) atoms, which are directly bound to the sp3-hybrid-
ized carbon atoms of the fullerene sphere. However, it
should be noted that the calculated chemical shifts of the
signals for these carbon atoms differ substantially from

Table 3. Theoretical (3.,) and experimental (3.y,) chemical
shifts of the signals for the carbon atoms in the 3C NMR spec-
trum of methanofullerene 7

Catom 4 exp Catom 9§y, Bexp
1C 1C
45 142.72 142.97 27 144.36 144.76
36 142.98 9 18 145.22 145.26
2C 2C
21,15 138.32 138.53 57,58 14434  144.67
24,30  138.37 140.97 53,52 14444  144.80
10,11 139.26 141.01 20,16  144.49 144.96
26,28  140.86 141.89 25,29  144.68 145.04
42,48  140.95 142.02 55,60 14522 145.12
23,31  141.05 142.11 8,13 14524 145.13
39,33 141.12 142.44 54,51 14540 145.39
19,17  141.16 142.51 7,14 145.56 145.48
22,32 14191 143.23 56,59  145.62 145.53
41,49  142.24 143.25 44,46  145.70 145.57
40,50  142.29 143.41 37,35 145.75 146.03
43,47  143.36 143.50 3,6 152.08 146.874
38,34  143.98 144.08 9,12 153.33 148.30%
5,4 144.28 144.41

a d, BJP,C = 5.8 Hz.
b d, 3JP,C = 3.6 Hz.

the experimental values. In all other cases, there is a satis-
factory agreement between the calculated and experimen-
tal data, which made it possible to identify the signals in
the experimental 13C NMR spectrum of adduct 7.

The 13C and 'H NMR spectra of adduct 7 (see Tables 1
and 2) also confirm the presence of the phenyl fragment
and two equivalent ethoxy groups at the phosphorus atom.

Therefore, the reaction of Cg, with diazophospho-
nate 2, like the reaction with diazophosphonate 1, af-
forded the 6,6-closed adduct, viz., O,0-diethyl a-phe-
nyl(methano[1,2][60]fullerenyl)benzylphosphonate (7).
However, it should be emphasized that other homofulle-
renes were not detected in this reaction at all. In addition,
it should be noted that compounds 3 and 7 are thermally
very stable. Thus, after refluxing of these compounds in
0-DCB for 20 h, even traces of Cg, were not detected by
HPLC and TLC.
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Fig. 1. Cyclic voltammogram of adduct 7.

To reveal the influence of the phosphonate fragment
on the electronic structure of the fullerene sphere in
methanofullerenes 3 and 7, we studied electrochemical
reduction of these compounds by cyclic voltammetry.

Four one-electron reversible reduction peaks were ob-
served in the cyclic voltammograms of methanofullerenes
3 and 7 (Fig. 1, an example for adduct 7). Each peak
corresponds to the transfer of one electron to the fullerene
sphere giving rise finally to the tetraanion. Compared to
the positions of the peaks of unmodified Cg, all reduc-
tion peaks of adducts 3 and 7 were observed in the higher
cathodic region (Table 4). The electron affinities (EA) of
adducts 3 and 7 calculated from the experimental poten-
tials of the first reduction peaks are in good agreement
with the corresponding values calculated by the PM3 and
DFT methods. The potentials of the reduction peaks of
adducts 3 and 7 are consistent with the results of elec-
trochemical reduction of tetraethyl and tetraisopropyl
(methano[1,2][60]fullerenyl)diphosphonates reported ear-

Table 4. Potentials (E,™%) and peak currents (1) in cyclic
voltammograms,® the experimental electron affinities (EA,)
for C4q and compounds 3 and 7, and the corresponding electron
affinities calculated (EA4,.) by the PM3 and DFT methods

Com- Eprzd/\/ EA/eV
pound (1,7°¢/uA)
P EAepr EAcalc
PM3 DFT
Ceg —0.83 —-124 —-1.70 —=2.16 2.65 2.65 2.65
4.2) (3.8) (3.9) (4.6)
3 -091 -1.30 —-1.81 —=2.25 2.57 2.54 2.53
9.2) (8.3) 9.0) (10.7)
7 -093 —-1.32 —-1.84 230 255 251 251
9.2) (7.3) (8.3) (11.7)

%1In a3 : 1 o-dichlorobenzene—acetonitrile mixture at 25 °C.
b Calculated from E,red,

lier.15> However, unlike the latter compounds, which un-
dergo the retro-Bingel reaction in the second step of re-
duction, reduction of methanofullerenes 3 and 7 was un-
expectedly completely reversible. Generally, methano-
fullerenes undergo opening of the cyclopropane ring,
which takes place in different steps of their electrochemi-
cal reduction depending on the nature of substituents.16:17

One possible explanation of the electrochemical and
thermal stabilities of methanofullerenes 3 and 7 is the
presence of intramolecular interactions between the or-
ganic fragments at the bridging C(61) atom and the
fullerene sphere in the molecules of these compounds.
Interactions of this type should, most likely, influence the
spectroscopic characteristics of the adducts. In this con-
nection, we compared the chemical shifts of the signals for
the carbon and hydrogen atoms in the 'H and '3*C NMR
spectra of methanofullerenes 3 and 7, phosphonates 1
and 2, and 0,0-diethyl benzylphosphonate 8.

The signals for the hydrogen atoms of the ethoxy groups
at the phosphorus atom and the signals of the Me or Ph
groups in the 'H NMR spectra of methanofullerenes 3
and 7 are observed at lower field compared to the signals
for the corresponding hydrogen atoms in the spectra of
phosphonates 1 and 2 (see Table 2). However, the 13C
NMR signals for the carbon atoms of the EtO groups in
methanofullerenes 3 and 7 (see Table 1) differ only slightly
from the signals of these groups in the spectra of phos-
phonates 1 and 2. At the same time, the signal for the
carbon atom of the Me group in the spectrum of phos-
phonate 3 is substantially shifted downfield relative to the
signal of this group in the spectrum of phosphonate 1. The
signals for the carbon atoms of the phenyl ring in the
spectrum of methanofullerene 7 are shifted to a different
extent compared to the positions of the corresponding
signals in the spectrum of phosphonate 2 (Table 5). The
largest shift is observed for the signal of the C, atom, the
signal being shifted compared to the corresponding sig-
nals in the !3C NMR spectra of both phosphonate 2 and
phosphonate 8. Noteworthy are the large constants of
spin-spin coupling of this carbon atom with the ortho- and
para-protons.

However, taking into account the difference in the
environment about the groups of atoms under consider-
ation in methanofullerenes 3 and 7 and phosphonates 1
and 2, we additionally carried out quantum-chemical cal-
culations of the chemical shifts of the 13C NMR signals
for the carbon atoms of the phenyl ring in methano-
fullerene 7 (see Table 5). To estimate the contribution
of the fullerene core to the shielding of the carbon
atoms, we examined the cyclopropane derivative
C;H,4(Ph)P(O)(OMe), (9). A comparison of the chemi-
cal shifts of the signals for the carbon atoms of the phenyl
ring in methanofullerene 7 and compound 9 demonstrated
that the fullerene sphere substantially shields the C;

ipso
atom and deshields the ortho-C, atom. The mutual effect
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Table 5. Parameters of the 1>C NMR spectra of the phenyl fragments in compounds 2 and 7—9
Atom 3, "J1p_iacy "sc_1my/Hz
2 7 8 9
(experiment) Experiment Calculation® (experiment) (calculation)
C, 122.8 (d, ‘JC’H =160.9, 134.4 (d, ‘JC’H =162.0, 134.88 128.7 (d, IJC,H = 158.8, 132.75
d, 3JP,C = 42, d, 4JP,C = 34, d’3JP,C = 67, d, BJC,H = 57,
d, 3JC’H =5.5) t, 3JC,H =17.6) t, 3/ =6.0)
C, 129.4 (d, 1JC’H =160.9, 127.8 (d, 1JC’H =160.9, 127.71 127.2 (d, 1JC’H =159.7, 127.52
d, 4']P,C = 28, dd, 2JC,H = 3.5, d, 3']P,C = 22, d, 4']P,C = 30, dd, 2JC,H = 33,
2JC,H = 34) d, BJC,H = 73) 2JC,H = 33)
C, 125.3 (d, 1JC’H =158.1, 128.6 (d, ‘JC’H =163.5, 128.61 125.6 (d, ‘JC’H =159.7,d, 126.66
t, 2JC,H = 69) d, SJP,C = 29, t, BJC,H = 73) SJP,C = 38, t, BJC,H = 6.0)
Cipso 126.9 (d, 2JP,C =38.3, 132.8 (t, 3JC,H =17.6, 136.00 130.8 (d, 2Jp,c =9.1,d, 142.41
t, 2JC,H = 13) 2']P,C = O) 2']C,H = 62, d, 2JC,H = 5‘7)

* Calculated by the GIAO—DFT/PBE/TZ2P method with the exchange-correlation potential.

of the addends is transferred predominantly through the
bonds. At the same time, according to the results of cal-
culations, the oxygen atom of the phosphoryl group in the
thermodynamically most stable conformation of methano-
fullerene 7 (Fig. 2) can approach the C(3)—C(4) bond to
a distance of 2.99 A and the hydrogen atom of the phenyl
ring at C,, can approach the C(11)—C(12) bond to a dis-
tance of 2.89 A. The distance between the C, atom and
the C(11)—C(12) bond is 3.20 A. As a result, the P=0
dipole can shift the electron density from the C(3)—C(4)
bond thus shortening it to 1.3877 A, while the
C(11)—C(12) bond is elongated to 1.3897 A. Therefore,
the spectroscopic characteristics and calculated data for
adduct 7 demonstrate that the intramolecular interac-
tions between the organic fragments and the fullerene
sphere in molecule 7 are quite possible, and it is not
inconceivable that these interactions make a contribution
to thermal stability of methanofullerenes 7 and 3 and also
stabilize the anions generated in the course of electro-
chemical reduction of these adducts. We did not exclude

Fig. 2. Most thermodynamically stable conformation of
methanofullerene 7.

the contributions of other factors as well. The question
about stability of the exocyclic cyclopropane fragments in
organofullerenes will be discussed for a broader spectrum
of methanofullerenes in the future.

To summarize, we prepared new thermally stable phos-
phorylated methanofullerenes whose electrochemical re-
duction proceeds reversibly.

Experimental

The IR spectra were measured on a Bruker Vector-22 Fou-
rier spectrometer in KBr pellets for fullerene derivatives and in
Nujol mulls for phosphorylated hydrazones and diazo com-
pounds. The 3'P, 'H, and '3C NMR spectra were recorded
on a Bruker WM-250 instrument at v, 250 MHz ('H) and
101.2 MHz (*'P) and on a Bruker MSL-400 instrument at v,
400.13 MHz (‘H), 100.62 MHz (}3C), and 161.92 MHz (*'P) in
CDCl;. The chemical shifts 8 were calculated with respect to
CDCls, Me,Si, and 85% H3;PO,. The UV spectra were recorded
on a Specord UV-VIS instrument. The mass spectra were ob-
tained on a MALDI TOF MS instrument (Dynamo) with the
use of a p-nitroaniline matrix. The HPLC analysis was carried
out on a Gilson chromatograph (UV detector; normal-phase
and C;g reversed-phase columns (Partisil-5 ODS-3); tolu-
ene—MeCN, 1 : 1 (v/v) as the eluent, 2 mL min—!; UV-VIS
Detector Holochrome detector; A 328 nm). Elemental analysis
for the phosphorus content of the fullerene adducts was carried
out by pyrolysis of weighed samples in a quartz tube under a
stream of oxygen according to a known procedure.!8

Cyclic voltammetry (CV) studies were carried out with the
use of a stationary disk glassy-carbon electrode as a working
electrode with a working surface area of 3.14 mm?2. Cyclic
voltammograms (CV curves) were measured with the use of a
PI-50-1 potentiostat equipped with a PR-8 programmator and
an electrochemical cell according to a three-electrode scheme.
The CV curves were recorded with the use of a two-coordinate
recorder at a potential scan rate of 50 mV s~! using a 3 : 1
0-DCB—MeCN mixture with BuyNBF, (0.1 mol L") as the
background electrolyte. An Ag/0.01 M AgNO; system in MeCN
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served as the reference electrode and a 1-mm diameter platinum
wire was used as the auxiliary electrode. The measurements
were carried out in a temperature-controlled (25 °C) cell under
an argon atmosphere. The concentrations of solutions of
fullerene and adducts were 1+ 1073 and 2—10~3 mol L~!, respec-
tively. The experimental electron affinities (EAy,) were cal-
culated by the approximation formula Ep“"“l = 1.0- EAyy, +
+ constEA.,, = 3.48 + Epred for the Ag/0/01 M AgNOj system
in MeCN.

The theoretical electron affinities were estimated by the PM 3
method from the LUMO energies and by the DFT method as
the differences between the total energies of the molecules and
the corresponding radical anions and were scaled against Cg.
The chemical shifts of the carbon atoms in the 13C NMR spectra
and the thermodynamically stable conformation of adduct 7
were calculated by the GIAO method. The wavefunctions and
geometric parameters were calculated by the density functional
theory (DFT/PBE/TZ2P method) with the exchange-cor-
relation potential!® and a three-component basis using the
PRIRODA 2.10 program.20-21 The shielding constants (c,,,) were
inverted into the theoretical chemical shifts with respect to Me,Si
(3,,) according to the equation &, = 8(Cgg) + 5(Cgg) — Opy-

Anhydrous toluene was prepared by prolonged heating
over sodium followed by distillation over LiAlH4. Anhydrous
o-dichlorobenzene was prepared by distillation over P,Os.
[60]Fullerene was synthesized at the G. A. Razuvaev Institute of
Organometallic Chemistry of the Russian Academy of Sciences
(Nizhny Novgorod).

The starting phosphonates 1 and 2 were synthesized accord-
ing to procedures analogous to the methods developed for
the synthesis of known diazoorganylphosphonates.22:23 Model
0,0-diethyl benzylphosphonate 8 was prepared according to a
procedure described earlier.24

0,0-Diethyl a-diazoethylphosphonate (1). O,0-diethyl
acetylphosphonate (5.3 g, 0.029 mol) was rapidly added to
p-toluenesulfonhydrazide (4.82 g, 0.026 mol) dissolved in an-
hydrous methanol (100 mL). The reaction mixture was stirred
for one day, the solvent was removed in vacuo, and the residue
was recrystallized from diethyl ether. The crystals were filtered
off and washed with diethyl ether. N’-[1-(Diethoxyphos-
phoryl)ethylidene]-p-toluenesulfonhydrazide was prepared in a
yield of 5.19 g (58%), m.p. 100 °C. IR (Nujol mulls), v/cm™!:
2976 (NH), 1228 (P=0). 3P NMR (CDCl;), &: 7.69, 9.92.
The resulting phosphonate was treated with Na,CO; (2.0 g,
0.019 mol) in water (30 mL). The reaction mixture was stirred
for 12 h and extracted for 3 days with portions of Et,O (20 mL),
which were separated and changed for new portions every 4 h.
To achieve complete decoloration, the aqueous layer was treated
with CH,Cl,. The combined organic fractions were dried over
MgSO,, the solvent was distilled off, and the residue was dis-
tilled in vacuo. Phosphonate 1 was prepared in a yield of 0.9 g
(25%), b.p. 49 °C (0.1 Torr). IR (Nujol mulls), v/ecm~!: 2082
(N=N), 1254 (P=0). 3P NMR (CDCls), &: 22.65. Purification
of phosphonate 1 by column chromatography on SiO, (hex-
ane—Et,0, 3 : 1, as the eluent) led to partial decomposition of
the product due to which satisfactory data of elemental analysis
for this compound were not obtained.

0,0-Diethyl o-diazobenzylphosphonate (2). Concentrated
HCI (I mL) and 0,0-diethyl benzoylphosphonate (5.14 g,
0.02 mol) in THF (5 mL) were added with vigorous stirring to
p-toluenesulfonhydrazide (3.95 g, 0.02 mol) in THF (20 mL)

at 0 °C. The reaction mixture was stirred at 0 °C for 2 h and then
at ~20 °C for 12 h. The solvent was removed in vacuo, the
residue was treated with diethyl ether (20 mL), and the precipi-
tate that formed was filtered off. The large crystals, which pre-
cipitated from the filtrate upon cooling, were filtered off.
2-[2-(Diethoxyphosphoryl)-1-phenylmethylidene]-1-(p-tolu-
enesulfonyl)hydrazinium hydrochloride was prepared in a yield of
5.34 g (65%), m.p. 94—96 °C. IR (Nujol mulls), v/ecm~!: 2776
(NH"), 1244 (P=0). 3'P NMR (THF), &: 8.62, 7.78. The re-
sulting phosphonate was treated with a solution of Na,CO5 (2.5 g,
0.02 mol) in water (50 mL). The reaction mixture was stirred at
~20 °C for 2 days until the precipitate was completely dissolved
and an orange oil formed. The reaction mixture was extracted
with Et,O (3x20 mL) until the aqueous layer turned colorless.
The combined organic fractions were dried over Na,SO,, the
solvent was removed in vacuo, and the residue was cooled
to —70 °C. The crystals of compound 2 that formed were rapidly
filtered off and washed with cold diethyl ether. Attempts to
prepare an analytically pure sample of compound 2 by column
chromatography (hexane—Et,0, 6 : 1, as the eluent) failed. The
yield was 1.8 g (59%), m.p. 22—24 °C. IR (Nujol mulls), v/cm~!:
2080 (N=N), 1256 (P=0). 3'P NMR (C¢Dy), 5: 17.98.

0,0-Diethyl a-methyl(methano[1,2][60]fullerenyl)phos-
phonate (3). A mixture of Cg (0.119 g, 0.16 mmol) and O,0-di-
ethyl o-diazoethylphosphonate (1) (0.037 g, 0.19 mmol) was
heated in refluxing toluene (50 mL) for 4 h. The conversion of
Cgp was monitored by HPLC. The solvent was removed in vacuo
and the residue was chromatographed on a column of silica gel.
Unconsumed Cg (toluene as the eluent) was obtained in a yield
of 0.009 g and a mixture of adducts 3 (20 : 1 toluene—Et,0
mixture as the eluent; HPLC, normal-phase column, the reten-
tion time was 3.7 min), 5 (2.8), and 6 (2.4) was isolated in a yield
of 0.047 g. 3'P NMR, &, (I): 26.00 (0.74), 20.62 (2.45), 20.04
(1.00). "H NMR (CDCls), 8: CH;CH,0 — 1.36 (t, 3JH’H =
6.8 Hz), 1.43 (t, 3JH,H = 7.2 Hz), 1.57 (t, 3JH’H = 6.8 Hz);
CH;C — 2.35 (d, 2JP’H = 0.5 Hz), 2.44 (d, 2JP’H = 12.2 Hz),
3.33 (d, 2JP,H = 12.7 Hz); CH3;CH,0 — 4.16 (dq, BJPO,CH =
3.9 Hz, 3JH’H = 7.2 Hz), 4.41 (dq, 3JPO,CH = 2.4 Hz, 3JH’H =
6.8 Hz), 4.47 (dq, 3']PO,CH = 6.9 Hz, 3JH’H = 6.8 Hz).

A mixture of adducts 3, 5, and 6 was heated in 0-DCB
(5 mL) at 140 °C for 4 h. The solvent was removed in vacuo.
Adduct 3 was obtained in a yield of 0.053 g (42%). HPLC
(normal-phase column); the retention time was 3.7 min.
Found (%): C, 88.97; H, 1.43; P, 3.45 C¢H;50;P. Calcu-
lated (%): C, 89.59; H, 1.47; P, 3.51. MALDI-TOF MS (p-nitro-
aniline as the matrix), m/z: 884 [M]*, 907 [M + Na]*, 923
[M + K]*. UV, A, /nm: 260, 329, 424, 492, 683. IR (KBr),
v/em™1: 526 (fullerene sphere), 1252 (P=0), 1016, 1044
(P—0—C), 2855, 2925 (C—H). 3'P NMR (CDCl;), §: 20.00.

0,0-Diethyl o-phenyl(methano[1,2][60]fullerenyl)phos-
phonate (7). A mixture of Cqy (0.123 g, 0.17 mmol) and
phosphonate 2 (0.046 g, 0.18 mmol) was heated in boiling tolu-
ene (50 mL) for 3 h. The conversion of C¢, was monitored by
HPLC. The solvent was removed in vacuo and the residue was
chromatographed on a column of silica gel. Unconsumed Cg
(toluene as the eluent) was obtained in a yield of 0.0018 g and
adduct 7 (a 95 : 5 toluene—MeCN mixture as the eluent) was
prepared in a yield of 0.114 g (72%). Found (%): C, 89.42;
H, 1.49; P, 3.35. C;;H,50;P. Calculated (%): C, 90.06; H, 1.58;
P, 3.28. MALDI-TOF MS (p-nitroaniline as the matrix), m/z:
946 [M]", 969 [M + Na]*, 985 [M + K]*. UV, A,/nm: 260,
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326, 426, 496, 692. IR (KBr), v/cm~': 527, 1187 (P=0), 1399.
3IP NMR (CDCly), &: 15.42.

We thank V. P. Gubskaya for performing HPLC analy-
sis, valuable advice, and helpful discussion.

This study was financially supported by the Russian
Foundation for Basic Research (Project No. 02-03-32932)
and the Ministry of Industry, Science, and Technology of
the Russian Federation (State Agreement No. 4/2003
within the framework of the State Agreement No.
41.002.1.1.405).

References

1. R. Taylor, Lecture Notes on Fullerene Chemistry. A Handbook
for Chemists, Imperial College Press, London, 1999, 137.
2.S.-C. Chuang, D.-D. Lee, K. C. Santhosh, and C.-H.

Cheng, J. Org. Chem., 1999, 64, 8868.

3.B. L. Tumanskii, V. V. Bashilov, N. N. Bubnov, S. P.
Solodovnikov, and V. 1. Sokolov, Izv. Akad. Nauk, Ser.
Khim., 1992, 1936 [Bull. Russ. Acad. Sci., Div. Chem. Sci.,
1992, 41, (Engl. Transl.)].

4.S. Yamago, M. Yanagawa, H. Mukai, and E. Nakamura,
Tetrahedron, 1996, 52, 5091.

5.8S.-C. Chuang, D.-D. Lee, K. C. Santhosh, and C.-H.
Cheng, J. Org. Chem., 1999, 64, 6664.

6.1. P. Romanova, O. G. Sinyashin, G. G. Yusupova, V. I.
Kovalenko, Yu. Ya. Efremov, Yu. V. Badeev, I. I.
Vandyukova, and 1. A. Arakelyan, Izv. Akad. Nauk, Ser.
Khim., 1999, 2168 [Russ. Chem. Bull., 1999, 48, 2144 (Engl.
Transl.)].

7. F. Cheng, X. Yang, H. Zhu, and Y. Song, Tetrahedron Lett.,
2000, 41, 3947.

8. R. Pellicciari, B. Natalini, L. Amori, M. Marinozzi, and
R. Seraglia, Synlert, 2000, 1816.

9.1. A. Nuretdinov, V. V. Yanilkin, V. P. Gubskaya, N. I.
Maksimyuk, and L. Sh. Berezhnaya, Izv. Akad. Nauk, Ser.
Khim., 2000, 426 [Russ. Chem. Bull., Int. Ed., 2000, 49, 427].

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.
20.
21.
22.
23.

24.

I. A. Nuretdinov, V. P. Gubskaya, L. Sh. Berezhnaya, A. V.
II'yasov, and N. M. Azancheev, Izv. Akad. Nauk, Ser. Khim.,
2000, 2046 [Russ. Chem. Bull., Int. Ed., 2000, 49, 2048].

I. A. Nuretdinov, V. P. Gubskaya, N. I. Shishikina, G. M.
Fazleeva, L. Sh. Berezhnaya, I. P. Karaseva, F. G.
Sibgatullina, and V. V. Zverev, Izv. Akad. Nauk, Ser. Khim.,
2002, 317 [Russ. Chem. Bull., Int. Ed., 2002, 51, 318].

F. Cheng, Y. Murata, and K. Komatsu, Org. Lett., 2002,
4, 2541.

V. 1. Kovalenko, in Struktura i dinamika molekulyarnykh
sistem | Stuctures and Dynamics of Molecular Systems], Ch. 2,
Izd-vo MarGTU, loshkar-Ola, 1997, 91 (in Russian).

H. Irngartinger and T. Escher, Tetrahedron, 1999, 55, 10753.
V. V. Yanilkin, N. V. Nastapova, V. P. Gubskaya, V. I.
Morozov, L. Sh. Berezhnaya, and 1. A. Nuretdinov, Izv.
Akad. Nauk, Ser. Khim., 2002, 70 [Russ. Chem. Bull., Int.
Ed., 2002, 51, 72].

T. Ohno, N. Martin, B. Knight, F. Wudl, T. Suzuki, and
Y. Huinan, J. Org. Chem., 1996, 61, 1306.

M. W. J. Beulen, J. A. Rivera, M. A. Herranz, B. Illescas,
N. Martin, and L. Echegoyen, J. Org. Chem., 2001, 66, 4393.
V. A. Klimova, Osnovnye mikrometody analiza organicheskikh
soedinenii | Main Micromethods for Analysis of Organic Com-
pounds], Khimiya, Moscow, 1967, 66 (in Russian).

J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett.,
1996, 77, 3865.

D. N. Laikov, Chem. Phys. Lett., 1997, 281, 151.

D. N. Laikov, 2nd V. A. Fock All-Russian School (Confer-
ence) on Quantum and Computational Chemistry, Book of Ab-
stracts, Novgorod, 2000, p. 46.

R.S. Marmor and D. Seyeferth, J. Org. Chem., 1971, 36, 128.
D. Seyeferth, R. S. Marmor, and P. Hilbert, J. Org. Chem.,
1971, 36, 1379.

B. S. Saunders, G. Stacley, F. Wild, and J. G. E. Widing,
J. Chem. Soc., 1948, 5, 699.

Received March 28, 2003,
in revised form May 19, 2003




