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C-0INR,],0: The First C,, Intramolecular Ethers Bearing Two Amine Groups
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Photochemical reactions between [70]fullerene and N-substi-
tuted piperazines yield C;3[NR,],O, the first isolated and
characterized C;p-based aminofullerenes. Spectroscopic
characterization revealed the presence of intramolecular
ether moieties in the structures of these compounds.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Reactions between [60]fullerene and secondary amines
have been studied quite extensively and the syntheses of a
number of specific aminofullerene derivatives have been re-
ported.l'l Our recent investigation of photoadditions of N-
substituted piperazines to [60]fullerene resulted in the prep-

aration of several new di- and tetraaminofullerenes; a com-
prehensive mechanism explaining the formation of these
compounds was suggested.l’! Since some samples of the
starting [60]fullerene used in that work contained 4-5% of
C5 as an impurity, we also observed the formation of very
small quantities of aminated derivatives of C;, along with

Figure 1. Molecular structures of the isolated ethers 1 and 2 and Schlegel diagram illustrating positions of the addends, see ref.l*! for the

numbering scheme recommended for C;, by I[UPAC.

[a] Institute of Problems of Chemical Physics of the Russian Acad-
emy of Sciences,
Semenov Prospect 5, Chernogolovka, Moscow region, 142432,
Fax: +7-496-522-18-52
E-mail: troshin@cat.icp.ac.ru

[b] Institute of Organoelement Compounds,
1 Vavylova St. 28, B-334, Moscow, 119991, Russia
E-mail: asp@ineos.ac.ru

[c] Institute for Energy Problems of Chemical Physics, Russian
Academy of Science (Branch),
Semenov Prospect 1/10, Chernogolovka, Moscow region,
142432, Russia
E-mail: kozlovsk@binep.ac.ru

Supporting information for this article is available on the
WWW under http://www.eurjoc.org or from the author.

Eur. J. Org. Chem. 2006, 5243-5248

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the desired Cgy-based aminofullerenes and thus succeeded
for the first time in isolating and spectroscopically charac-
terizing two unusual C;p-containing compounds 1 and 2
(Figure 1), which we report in this work. To the best of
our knowledge, 1 and 2 represent the first characterized
C,o-based aminofullerenes.

Results and Discussion

Compounds 1 and 2 were also synthesized by starting
from pure [70]fullerene, through photochemical reactions
with the corresponding piperazines. In a typical procedure,
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Cy0 (150 mg, 0.179 mmol) was dissolved in 1,2-dichloroben-
zene (100 mL), and either N-(2-pyridyl)piperazine or 2-(pip-
erazinyl)pyrimidine (416 mg, 2.57 mmol) was then added.
The reaction mixture was stirred in an open flask and irra-
diated from above with a 60 W incandescent light bulb for
48 h. The course of the reaction was monitored by TLC,
and the synthesis was stopped when the degree of C;, con-
version was about 50%. Chromatographic separation
yielded compounds 1 and 2 (26-30% based on consumed
C0), followed by single fractions representing inseparable
mixtures of polyamino[70]fullerenes as revealed by chemical
analysis and NMR spectroscopy.

Irradiation of Cy, in the presence of N-substituted piper-
azines under vigorously deoxygenated argon over 1 week
gave just traces of aminofullerenes (C,, consumption below
0.5%); their attempted separation by column chromatog-
raphy resulted in numerous badly resolved and unidentified
fractions. The presence of oxygen is therefore very impor-
tant for initiation of the reactions between C,, and second-
ary amines; the same had previously been observed for sim-
ilar reactions of [60]fullerene.!!]

The compositions of compounds 1 and 2 were initially
deduced from the chemical analysis data, which revealed
the presence of two piperazine addends on the fullerene
cage. At the same time, the ESI mass spectrum of 1 (see
Supporting Information) exhibited peaks at m/z = 1181.22
and 1018.11 amu, corresponding to [C;o[4-(2-pyridyl)piper-
azin-1-yl,O + H]* and C,([4-(2-pyridyl)piperazin-1-yl]O*,

b

respectively. A number of solvent systems were tested in
order to obtain this spectrum but only dichloromethane
with ca. 0.01% of formic acid gave a satisfactory result.

Independent confirmation of the product composition
came from analysis of the crude product formed in the pho-
tochemical reaction between C;y and N-methylpiperazine.
This material possesses quite basic amine groups on the ful-
lerene cage and undergoes very strong absorption on the
silica gel stationary phase, which prevented us from isolat-
ing and spectroscopically characterizing any specific com-
pounds. However, the ESI mass spectrum of the crude
product exhibited an intense signal at m/z = 955.1 amu,
along with a very weak signal at 1055 amu, corresponding
to the C;o(4-methylpiperazine-1-yl)O* and [C;(4-methyl-
piperazine-1-y1),O + H]* ions. The presence of the ether
moiety seems to be responsible for a facile fragmentation
with elimination of one piperazinyl group under relatively
mild ESI conditions, so these data constitute evidence of
the formation of C;(4-methylpiperazine-1-yl),O, similarly
to 1 and 2.

The structures of compounds 1 and 2 were deduced from
their 'H and '3C NMR spectra (Figures 2 and 3). The 'H
NMR spectra of the two compounds are quite similar and
each show signals from two nonequivalent piperazinyl
groups (Figure 2).

The '3C NMR spectra each contain 39-40 signals repre-
senting sp> carbons, including peaks of pyridyl and pyrimi-
dinyl groups that unambiguously establish either C, or C;
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Figure 2. "H NMR spectra of 1 (a) and 2 (b). Symbol “*” denotes CHCl; in CDCl;.
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Figure 3. *C NMR spectra of 1(a) and 2 (c) compared with the spectra of Cg, derivatives 3 (b) and 4 (d). Symbol “*” denotes sp?

T

fullerene cage carbons, “x

molecular symmetry for the title compounds (a few peaks
were coincidentally overlapped). It appears impossible to
draw any C, symmetry structure for C;[NR,],O com-
pounds because the amine groups are nonequivalent ('H
NMR spectroscopic data) and, as a consequence, must lie
on the Cs-axis, so the title compounds must each have a C;
symmetry structure with both amine groups lying in the
symmetry plane. The oxygen atom must also be positioned
in the plane and attached either as an epoxide or as an
intramolecular ether.[

The assignment of the sp® carbon signals in the '*C
NMR spectra becomes clearer if the spectra are compared
with those of the similar Cg, derivatives (1,4-Cgo[NR5],).2!
Figure 3 shows the spectra of C,4-derived compounds 1 and
2, together with the spectra of the corresponding Cg, deriv-
atives 3 and 4, respectively. The signals from the piperazine
ring carbons (CH,) thus appear at 43-48 ppm for 1 and 2,
in comparison with 44-51 ppm for 3 and 4, while the sig-
nals due to the two equal fullerene cage sp® carbons in 3
and 4 were observed at 73.5-73.6 ppm, which is comparable
with the 78.5 ppm observed for a tricyclic 1,2-diaminoful-
lerene formed in the reaction between Cg, and unsubsti-
tuted piperazine. The sp? fullerene cage carbons of various
methano- and pyrrolidinofullerenes derived from Cg, and
possessing no strongly electron-withdrawing groups typi-
cally appear in the 70-85 ppm range,[® which means that
addition of amine groups to the [60]fullerene cage does not
result in any significant downfield shifts of the sp? carbon
signals. The lower electron affinity of C;, seems to be re-
sponsible for the small upfield shift of the bridgehead sp?
carbons in the spectra of its derivatives; they typically ap-
pear at 60-66 ppm.[©]

Taking into account the considerations described above,
it is remarkable that there are no sp? carbon signals between
50 and 95 ppm in the '3C NMR spectra of compounds 1
and 2. Only two sp® carbon signals were observed in the
97-101 ppm range, downfield shifted by 25-30 ppm in rela-
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is for the piperazine ring carbons and “#” indicates the aromatic ring sp? carbons.

tion to the reference compounds 3 and 4, so a strongly elec-
tron-withdrawing moiety such as ether oxygen must there-
fore be bonded to the sp? carbons bearing amine groups.
For instance, in the '3C NMR spectrum of the epoxide
16,35-C7,0 (or 1,2-C;50O according to the previously used
nomenclaturel”)) the signals of the sp® cage carbons are lo-
cated at 6 = 90.7 and 92.2 ppm,*! which is comparable with
the values reported here for 1 and 2. This conjecture is also
consistent with the ESI MS data described above, which
revealed the presence of oxygen in the molecule of 1, and so
the spectroscopic data established the intramolecular ether
structures of compounds 1 and 2. Among several possible
isomers, only the annulene-like structure with the opened
16,35-bond (or 1,2-bond if following the numbering sug-
gested by Taylor!”) fits both the 'H and '3C NMR spectro-
scopic data obtained for C;[NR,],O. The cleavage of the
16,35-double bond in the cage is to be expected since it is
the most reactive site in the C;, molecule.[®]

The structures 1 and 2 deduced from the 1D 'H and '3*C
NMR spectra were also confirmed by 2D NMR; HH-
COSY and HC-HSQC data were obtained for compound
281 The COSY spectrum allowed the attribution of the pyr-
idyl ring proton signals, while the HSQC experiment unam-
biguously confirmed the assignment of the '3C NMR sig-
nals from the N-(2-pyridyl)piperazine residues. As was to
be expected, the carbon signals observed at 97-101 ppm in
the '3C NMR spectrum of 1 (marked with symbol “*”)
showed no correlations with protons (Figure 4), which
corroborates their assignment to the bridgehead sp? car-
bons of the C;, cage.

It is notable that compounds 1 and 2 have the same 68-
electron m-system as other C;, derivatives formed through
addition across the 1,2-bond in the carbon cage, so the UV/
Vis spectrum of 1 (Figure 5) fits very well with the pre-
viously reported spectra of 16,35-C;oH, and other substi-
tuted 1,2-dihydro[70]fullerenes.”:!% At the same time, the
absorption spectrum of 1 is quite different from the spectra
5245

WWW.eurjoc.org



FULL PAPER

O. A. Troshina, P. A. Troshin et al.

Lo

RS

L&

73

4 o

:o

R

'3

e e o
r3

:°

e

80 75 70 5,ppm

Figure 4. The part of the HC-HSQC 2D NMR spectrum of 1 demonstrating absence of C-H correlations for 98.03 and 100.20 ppm '3C
NMR signals ascribed to the sp® carbons of the fullerene cage. Symbol “*” denotes sp? fullerene cage carbons, and “#” indicates the

pyridine ring sp? carbons.

of 14,15-dihydro[70]fullerenes (or 5,6-dihydro[70]fullerenes
according to the old numbering schemel”) that are usually
formed together with the corresponding 16,35-isomers.-!0

A very similar structural moiety was recently suggested
by Taylor et al. for the compound C;4(CH3),O0.''1 The C
symmetry of the molecule revealed by its 'H NMR spec-
trum also excluded other possible arrangements of oxygen
and two methyl groups. It should also be noted that the
structure of the oxohomofullerene with a 6—-6 opened bond
[in the -C(F)-O-C(F)- moiety] was determined unambigu-
ously by single-crystal X-ray structure analysis for
CeoF150.1

The formation of compounds 1 and 2 from C-, correlates
with a mechanism suggested for similar reactions of
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Ceo.>131 The first stage of the reaction is the addition of
amine to C;, with the formation of the zwitterion I, a pro-
cess known to occur in such systems (Scheme 1).'Y1 The
amine most probably attacks the C16 carbon in the [70]-
fullerene cage, according to the previously reported data.l!™!
Quenching of anion I with oxygen can give II, which may
undergo hydrogen transfer to yield hydroperoxide III. Sim-
ilar hydroperoxides were observed by ESI MS when
Ceo(CN),” anions were allowed to come into contact with
air.l'®l Possibly, the steric strain in the Cy, cage is responsi-
ble for the domination of the formal 1,2-addition of OOH
and R,N groups, which contrasts with the 1,4-addition ob-
served in the case of Cg.!! Photoinduced reduction of III
by another amine molecule may effect the elimination of

T T T T T T
300 350 400 450

T v T T T T
500 550 600 650

Wavelength, nm

Figure 5. The UV/Vis spectrum of compound 1.
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Scheme 1.

hydroxide anion and the formation of IV; both events are
known from the literature.['”-!8] Subsequent rearrangement
of IV leads to a rupture of the C16-C35 single bond and
the release of some strain in the C,y-cage, giving rise to the
intramolecular ether moiety in V. Recombination of radical
V with RoNH™" and elimination of a proton yields the final
product C;o(NR»),0.

Conclusions

We have succeeded in the preparation and spectroscopic
characterization of the first aminated [70]fullerene deriva-
tives possessing oxygen integrated into the carbon cage. Fol-
lowing studies will be focused on isolation of other deriva-
tives of C,, bearing higher numbers of amine groups and
therefore potentially convertible into water-soluble salts,
similarly to their Cgy-based aminofullerene counterparts.

Experimental Section

General Synthetic Procedure: In a typical procedure, C;q (150 mg,
0.179 mmol) was dissolved in 1,2-dichlorobenzene (100 mL),
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and either N-(2-pyridyl)piperazine or 2-(piperazinyl)pyrimidine
(416 mg, 2.57 mmol) was then added. The reaction mixture was
stirred in an open flask and irradiated from above with a 60 W
incandescent light bulb for 48 h. The course of the reaction was
monitored by TLC; the synthesis was stopped when the degree of
C,o conversion was about 50 %.

The reaction mixture was diluted with toluene (300 mL) and hex-
ane (300 mL) and was then filtered and loaded onto a silica gel
column (30-75 p, 90 A). Unreacted [70]fullerene was washed out
with toluene; the recovery of C;, in the syntheses of 1 and 2 was
60 mg (40%) and 85 mg (57%), respectively. Elution with a toluene/
MeOH mixture resulted in single distinct fractions of 1 (61 mg,
29%) or 2 (55 mg, 26%), followed by badly resolved fractions of
other aminated derivatives of Cy,.

Compound 1: Eluent: toluene/MeOH 99.2:0.8 vv. 'H NMR
(400 MHz, CDCl3): 0 = 3.20-4.25 (broad m, 16 H), 6.65 (m, 3 H),
6.81 (d, 1 H), 7.47 (t, 1 H), 7.56 (t, 1 H), 8.18 (d, 1 H), 8.27 (d, 1
H) ppm. '3C NMR (100 MHz, CS,/C¢Dy, 10:1): 6 = 45.38 (CH.,),
45.68 (CH,), 46.51 (CH,), 47.9 (CH.), 97.77 (fullerene sp* C), 99.99
(fullerene sp?® C), 106.37 (sp?> C of pyridyl unit), 113.24 (sp> C of
pyridyl unit), 128.24, 130.86, 131.2, 131.86, 131.96, 133.8, 134.6,
136.5, 136.65, 136.75, 142.36, 142.5, 142.6, 143.73, 143.84, 143.91,
144.11, 144.62, 144.8, 146.44, 147.42, 147.89, 148.01, 148.25,
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148.62, 148.76, 149.28, 149.96, 150.05, 150.46, 150.64, 151.23,
153.18, 155.79, 158.63, 158.84, 164.08 ppm. CgsH,4NgO (1180.2):
caled. C 89.48, H 2.05, N 7.11; found C 89.73, H 2.19, N 7.85.

Compound 2: Eluent: toluene/MeOH 99:1 vv. '"H NMR (400 MHz,
CDCly): 6 = 3.33 (broad s, 4 H), 3.38-4.60 (broad m, 12 H), 6.49
(t, 1 H), 6.56 (t, 1 H), 8.32 (d, 2 H), 8.41 (d, 2 H) ppm. 3C NMR
(150 MHz, CS,/C¢Dy, 10:1): 6 = 43.71 (CH,), 44.04 (CH,), 46.52
(CH,), 47.91 (CH,), 97.83 (fullerene sp* C), 100.02 (fullerene sp?
C), 109.26 (sp? C of pyrimidinyl unit), 109.81 (sp? C of pyrimidinyl
unit), 128.17, 130.69, 130.76, 131.10, 131.77, 131.86, 133.69,
134.52, 136.41, 142.42, 143.64, 143.72, 143.80, 144.02, 144.52,
144.67, 144.71, 146.35, 147.31, 147.89, 147.92, 148.16, 148.50,
148.66, 149.18, 149.86, 149.94, 150.36, 150.53, 151.12, 151.16,
153.06, 155.64, 156.94, 157.04, 161.02, 161.24, 163.97 ppm.
CgeH2oNgO (1182.2): C 87.30, H 1.87, N 9.47; found C 87.54, H
2.11, N 9.58.

Supporting Information (see also the footnote on the first page of
this article): 'H and '3C NMR spectra of a mixture of polyaddition
products, HH-COSY and HC-HSQC 2D NMR spectra for com-
pound 1, high-resolution ESI MS spectra for 1 and crude C;o/N-
methylpiperazine reaction product.
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