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Abstract—It was shown for the first time that reactions of Ce halides with aliphatic amines provide a facile route for the synthesis of amino-
fullerenes, valuable precursors for water-soluble cationic fullerene derivatives. Particularly, chlorofullerene Cg(Clg and N-substituted piper-
azines were investigated in this work. It was shown that substitution of chlorine atoms in C¢oClg by amine groups is accompanied by partial
elimination of addends from the fullerene cage that yields mixtures of di-, tetra- and, hexaaminofullerenes as the final products. Separation of
these mixtures by column chromatography resulted in isolation of pure 1,4-diaminofullerenes; this procedure gives much higher and more
reproducible yields of these compounds than direct oxidative photoaddition of secondary amines to Cgy. ESI mass spectrometry and NMR
spectroscopy data showed that hexaaminofullerene isomers are major components in inseparable mixtures of polyaddition products. Poly-
aminofullerenes were found to be readily soluble in aqueous acids; these solutions are unstable because of a facile substitution of protonated
amine groups with hydroxyls. Nevertheless, the use of other amine substrates in the investigated reaction can potentially allow the preparation

of more stable water-soluble cationic fullerene derivatives for biological studies.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Halofullerenes are valuable substrates for preparation of
novel fullerene derivatives by substitution of halogen atoms
with appropriate organic groups. Chlorofullerene CgyClg is
one of the most available [60]fullerene halides.! The sym-
metrical molecular structure as well as the low number of
halogen addends allows for their selective substitution by
various nucleophiles with formation of one or several major
products. Thus, CgyClg undergoes Friedel-Crafts reaction
with aromatics under Lewis acid catalysis to yield mainly
CgoArsCl. Isolation of CggAr, and CgyAr, compounds as side
products points to the partial halogen elimination that com-
petes with substitution.? Treatment of Cg(Cle with sodium
alkoxides affords substitution products C¢o(OR)sCl (R=Me,
Et), while reactions with less nucleophilic alcohols give
mainly Cgy(OR), (R=Me, iPr) through elimination of four
chlorine atoms from the fullerene cage.® Reaction of the
chlorofullerene with MeLi shows poor selectivity and yields
mixtures of CgopMeg, CogMe;sCl, CoMesO,OH, CsoMesOOH,
etc.* Allyltrimethylsilane also reacts with CgClg in the
presence of TiCly as a catalyst to give predominantly

Keywords: Fullerene; Amines; Cgp; Ce0Clg; Nucleophilic substitution.
* Corresponding author. Fax: +7 496 522 18 52; e-mail: troshin@cat.icp.
ac.ru

0040-4020/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.033

C60(CH2CH:CH2)6 and Céo(CHQCH:CHz)SCI as a side
product.’

Organic fullerene derivatives prepared from CgnClg possess
all addends attached around one five-membered ring at the
fullerene cage; this addition pathway cannot be achieved
using commonly used cycloaddition reactions. Therefore,
we considered CgoClg as a particularly valuable substrate for
the preparation of water-soluble fullerene derivatives. There
is a limited number of known derivatives of [60]fullerene
that possess solubility in water above 1 mg/mL; most of them
are represented by compounds bearing multiple addends
(>5-6) that cover almost the whole fullerene surface.® Such
fullerene derivatives cannot be applied as inhibitors of HIV-1
protease since its active center has good attraction to the
hydrophobic [60]fullerene core.” Efficiencies of photosensi-
tized generation of singlet oxygen (potential for photo-
dynamic therapy of cancer) on the one hand, and quenching
of radical species on the other (neuroprotection activity)
also depend on the degree of distortion of the fullerene
m-system in Cg derivatives.® Therefore, only a few water-
soluble fullerene derivatives have potential to find some
medicinal applications. Their syntheses usually require
several steps and give relatively low overall product yields.’
Replacement of 4-5-6 chlorine atoms in CgyClg with
addends bearing masked ionic groups (-COO~, -SO;~,
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R4N™, etc.) can be considered as a superior approach to the
synthesis of water-soluble fullerene derivatives.

It has been reported recently that cationic fullerene deriva-
tives inhibit HIV and hepatitis C viruses quite efficiently
and possess good antiproliferative and antibacterial activi-
ties.'? Therefore, we address here the reaction of CgoClg
with amines as a promising route to polyaminofullerenes
and their water-soluble cationic derivatives.

2. Results and discussion

It was shown that CgoClg readily reacts with N-substituted
piperazines 1a—d with the formation of a mixture of products
(Scheme 1).

Typically, hexachlorofullerene was dissolved in dry toluene
at 80 °C, then rigorously dried potassium carbonate and the
corresponding amine were added. The resulting mixture was
stirred for 20 h at 80 °C and afterwards cooled down to room
temperature.” All insoluble products were filtered off, while
the filtrate was concentrated in vacuum to give brown solids
that were washed with hexane and dried in air.

Mixtures of aminofullerenes were obtained in all syntheses
asrevealed by TLC and NMR spectroscopy. A crude product
formed in the reaction of Cg(Cle with 1-methylpiperazine
possesses an average composition of Cgo(1-methylpipera-
zinyl)4_s; this mixture could not be separated by column
chromatography on silica because of almost irreversible
absorption of the material at the stationary phase (due to
strongly basic properties of amine residues). Addition of ter-
tiary amines (triethylamine, pyridine) or acids (CF;COOH,
CH;COOH) to the eluent (CHCls—methanol 2:1) resulted
in elution of inseparable mixtures of partially hydrolyzed
compounds with composition Ce(piperazinyl),(OH),. Elec-
trospray mass spectrometry analysis (ESIMS) of a crude
product with an average composition of Cgo(1-methylpiper-
azinyl),_s revealed intensive signals at m/z=819 (Cgo(l-
methylpiperazinyl);*), 919 (Cgo(1-methylpiperazinyl), - H*),
1017 (Cgp(1-methylpiperazinyl);*), and 1133 (Cgo(1-methyl-
piperazinyl),O-H"). Less intensive peaks were observed at
m/z=837 and 1035 due to Cgo(1-methylpiperazinyl)OH-H*
and Cgo(1-methylpiperazinyl);OH-H™*, respectively. The

T If the reaction is conducted at room temperature, the result is essentially
the same except for lower yields of 2b-d.

3b-c d

N
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later appeared most likely because of a partial hydrolysis of
aminofullerenes (Fig. 1).

Application of the less basic piperazines 1b—d bearing elec-
tron withdrawing groups allowed for separation of the crude
reaction products using column chromatography on silica. In
the course of separation, diaminofullerenes 2b—d (toluene—
methanol 125:1) were followed by distinct fraction that
represented a mixture of polyaminofullerenes 3b—d. Varia-
tion of the eluent composition and repeatable column chro-
matography did not result even in partial separation of
components of 3b—d presumably because of the strong
similarity in their properties.

The composition and structure of 2b—d was confirmed by
chemical analysis data, 'H and '3C NMR spectrometry. The
'H NMR spectrum of 2b consists of two doublets and two
triplets corresponding to pyridyl protons and a multiplet at
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Figure 1. The ESIMS of the crude product formed in the reaction of Cg,Clg
with N-methylpiperazine.
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3.8—4.0 ppm from the CH, protons of piperazine ring (Fig. 2).
The '3C NMR spectrum exhibited a signal at 73.5 ppm
corresponding to the fullerene cage sp> carbon; 34 peaks of
fullerene and pyridyl sp? carbons were detected in low field
region (100-160 ppm) that prove unambiguously the C; sym-
metry of the product corresponding to structure 2b. Both 'H
and '3C NMR spectra of 2C and 2d also correspond to the
suggested structures. The UV—vis spectrum of 2b exhibited
a broad band at 445 nm typical for fullerene derivatives
with 1,4-addition pathway.'! Similar spectroscopic data
were reported previously for 1,4-dimorpholinofullerene.!!

It should be noted that although oxidative photochemical
addition of secondary amines to parent Cgo also yields
1,4-diaminofullerenes as minor products, their yields are
lower than in our method based on Cg,Clg (0-8%).'":!?
Reactions of [60]fullerene with active amines such as piper-
azines 1a and 1b give mostly oxygen-containing tetraamino-
fullerenes Cgo[NR,]4O and other polyaddition products,
while the corresponding 1,4-Cgo[NR;], are not formed or
form in very low yields (1-3%). Application of CgoClg as
a substrate for preparation of 1,4-diaminofullerenes is also
advantageous in the case of amines possessing labile func-
tional groups. In particular, it is illustrated by the preparation
of diaminofullerene 2¢ reported here. This compound cannot
be obtained directly in the reaction of [60]fullerene with
N-(tert-butoxycarbonyl)piperazine because of degradation
of this reagent even under mild photochemical conditions
(irradiation from conventional 50 W incandescent light
bulb) and formation of unsubstituted piperazine monoaddi-
tion product (CgoN,C4Hg).'? Therefore, reaction of CgoClg
with secondary amines can find useful application for prep-
aration of some specific 1,4-diaminofullerenes under mild
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Figure 2. The 'Hand "*C NMR spectra of 2b. Symbol “*’ denotes signals of
residual CHCl; in CDClj and 1,2-dichlorobenzene solvent impurities.

conditions. Compounds obtained here 2b and 2c¢ possess
chelating groups and can be used for construction of non-
covalently linked donor—acceptor assembles with metallo-
porphyrins and formation of complexes with transition
metals.

Another important feature of the investigated reaction is
high-yield formation of polyaminofullerenes (ca. 60—70%)
that most likely have all amine groups arranged at one hemi-
sphere of the fullerene cage (like chlorine atoms in the start-
ing CgoClg). Thus, a mixture of polyaminofullerenes 3b with
average composition Cgo(4-(2-pyridyl)piperazin-1-yl)4 5
as determined from chemical analysis was characterized
by ESI mass spectrometry. The most intensive peaks were
observed at m/z=1693 and 847 amu, these correspond to
molecular ions [Cgo(4-[2-pyridyl]piperazin-1-yl)s-H]* and
[Ceo(4-[2-pyridyl]piperazin-1-yl)s - 2H]?**, respectively. Sur-
prisingly, signals of the corresponding tetraaminofullerenes
were much less intensive. Both 'H and '*C NMR spectra of
3b consisted of numerous partially overlapped peaks thus
ruling out the possibility of high compositional and isomeric
purity of 3b.

As expected, polyaminofullerenes 3a—d were readily soluble
in organic and inorganic acids thus yielding the correspond-
ing salts. Isolation of these salts by precipitating it by addition
of acetone or acetonitrile or by concentration of these acidic
solutions at room temperature and reduced pressure was
challenged by competing solvolysis with exchange of amine
groups with —OH or RCOO-residues. Thus, in contrast to the
recently reported conversion of Cgolamine],O derivatives
into water-soluble salts,'? polyaminofullerenes 3a-d give
under the same conditions insoluble in water material. Never-
theless, we continue our investigations on CgyClg reactions
with less bulky secondary and primary amines in order to
obtain stable water-soluble cationic fullerene derivatives
that can exhibit promising biological activities.

3. Conclusions

A reaction of CgyClg with amines was investigated for the
first time. It was shown that it allows for superior preparation
of 1,4-diaminofullerenes; the compounds reported here
possess chelating pyridyl and pyrimidinyl groups and can
potentially be utilized for construction of supramolecular
assembles with metalloporphyrins and complexes with
transition metals.

Isolated mixtures of polyaminofullerenes were character-
ized by 'H and '*C NMR and ESIMS; a peak for hexa-
aminated species [Cgo(NRy)g-H]* strongly dominated in
the mass spectrum. The observed very high solubility of poly-
aminofullerenes in acidic media opens easy route for prepa-
ration of water-soluble fullerene derivatives, particularly,
ones that can exhibit promising biological properties.

4. Experimental
4.1. Reagents and solvents

Chlorofullerene CgoCls was prepared by chlorination of
Ceo with ICI in 1,2-dichlorobenzene as described before.!?
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The solid Cg(Clg was obtained as a 1:1 solvate with 1,2-di-
chlorobenzene. Surprisingly, this 1,2-dichlorobenzene was
observed as trace solvent impurity in the '"H NMR spectra
of some 1,4-diaminofullerenes (for instance, 2b). Toluene
for reactions of CgoClg with amines was distilled over metal
sodium—benzophenone. All other reagents and solvents were
purchased from Acros Organics and used as received.

4.2. General experimental procedure for reactions of
C0Clg with N-substituted piperazines

Hexachlorofullerene (200 mg, 0,278 mmol) was dissolved
in 100 mL of dry toluene under stirring at 80 °C within
3 h. Then vigorously dried potassium carbonate (5-10 g)
was added to the hot chlorofullerene solution that was fol-
lowed by dropwise addition of amine 1la-d (2 mmol) dis-
solved in 40 mL of toluene. Resulting mixture was stirred
for 20 h at 80 °C, afterwards cooled down to the room tem-
perature. All insoluble products were filtered off, while the
filtrate was concentrated in vacuum to give brown solids
that were washed with hexane and dried in air.

To isolate 2b—d, the crude product mixture was re-dissolved
in toluene and then diluted by hexane to give 1:1 v/v solvent
mixture. Resulting solution was filtered and poured at the
top of silica gel column (silica gel purchased from Acros
Organics, 30-75 p, 90 A). Very small amount of fullerene
Ceo (Iess than 1-2 mg, formed from CgyClg via loss of all
chlorine atoms) was washed out from the column in the
course of product deposition; following elution by toluene—
methanol mixtures (toluene-MeOH 99.2:0.8 v/v) resulted in
the fractions of diaminofullerenes 2b—d. Increase in the
methanol content in the solvent mixture (toluene-MeOH
98:2-97:3 v/v) resulted in elution of polyaminofullerenes
3b-d as single fractions. Repeatable separation of 3b—d on
silica and alumina stationary phases using different solvent
compositions did not result in any resolution of the compo-
nents. The solutions of 2b—d were concentrated at the rotary
evaporator to the volume 10-15 mL; then hexane was added
(40-50 mL) and the precipitate was collected by centrifuga-
tion and dried in air to afford compounds 2b-d as brown
solids in 5-20% yield.

4.2.1. Compound 2b. Found: C, 89.28; H, 2.77; N, 7.96.
C7sHy4Ng requires C, 89.64; H, 2.31; N, 8.04%; vpax
(KBr)=528, 729, 772, 940, 983, 1007, 1130, 1160, 1244,
1434, 1483, 1592, 2917 cm™'; 6y (400 MHz, CDCl5)
3.40—4.20 (16H, br m), 6.70 (2H, t, J 8.0 Hz), 6.81 (2H, d,
J 8.8 Hz), 7.56 (2H, t, J 9.2 Hz), 8.27 (2H, d, J 3.7 Hz); ¢
(100 MHz, CS,-Cg¢D;, 10:1) 45.8, 49.9, 73.5, 106.4,
113.3, 127.4, 128.2, 130.4, 136.8, 138.2, 139.8, 140.4,
141.1, 142.1, 142.3, 142.5, 143.0, 143.1, 143.2, 1434,
143.5, 144.1, 144.2, 144.2, 144.3, 144.4, 145.4, 145.6,
146.5,146.9, 147.0, 147.4, 148.0, 148.6, 149.8, 151.0, 158.7.

4.2.2. Compound 2¢. Found: C, 85.74; H, 3.16; N, 5.07.
C73H34N4O4 requires C, 85.86; H, 3.14; N, 5.13%; vax
(KBr)=528, 1001, 1126, 1167, 1251, 1286, 1365, 1421,
1458, 1698, 1743, 2851, 2921 cm™'; 6y (400 MHz,
CDCl;) 1.55 (18H, s), 3.60-3.90 (16H, br m); 6c
(150 MHz, CS,—C¢Dy, 10:1) 28.3, 30.1, 49.9, 73.4, 78.6,
138.2, 139.7, 140.4, 141.1, 142.1, 142.2, 142.5, 142.9,
143.0, 143.0, 143.1, 143.2, 143.4, 143.4, 143.6, 144.0,

144.1, 144.2, 1443, 145.3, 145.6, 146.1, 146.5, 146.6,
146.7, 146.9, 147.0, 147.2, 148.6, 149.5, 150.7, 153.1.

4.2.3. Compound 2d. Found: C, 86.83; H, 2.45; N, 10.81.
Cy6H,oNg requires C, 87.18; H, 2.12; N, 10.70%; oy
(400 MHz, CDCls) 3.72-4.07 (8H, br m), 4.22 (8H, br s),
6.56 2H, t, J 4.8, 1.3 Hz), 8.39 (4H, dd, J 4.8, 1.6 Hz); 0c
(100 MHz, CS,-Cg¢D;, 10:1) 44.3, 50.0, 73.6, 109.9,
138.2, 139.8, 140.4, 141.1, 142.1, 142.3, 142.5, 143.0,
143.1, 143.2, 143.4, 143.5, 143.7, 144.1, 144.2, 144.2,
144.3, 145.4, 145.6, 146.5, 146.9, 147.0, 147.3, 148.6,
149.8, 151.0, 157.1, 157.2, 157.3, 161.3.

4.2.4. Compound 3b. v,,,, (KBr)=525, 732, 773, 943, 980,
1007, 1097, 1126, 1160, 1246, 1280, 1313, 1437, 1482,
1594, 2851, 2925 cm™!; 6y (400 MHz, CDCls) 2.88-3.96
(br m, 16H), 6.50-6.70 (br m, 4H), 7.36-7.53 (br m, 2H),
8.09-8.33 (br m, 2H) ppm. 'H, '3C NMR, and ESIMS spec-
tra are shown in Supporting data.
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