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Biologically active derivatives of fullerene C60.
Current state and development prospects

The article presents literature review on the physicochemical and biological properties of fullerene C60, as
well as the authors' own experimental data on the synthesis of fullerene derivatives of amines and natural
alkaloids. It is shown that the presence of a fullerene fragment in the structure of the compound provides a
significant improvement or the appearance of qualitatively new mechanical, chemical, physical, biological
and other properties associated with the manifestation of nanoscale factors. The issues of the relationship of
the structure, water solubility and biological activity of fullerene C60 derivatives are considered. Many
biologically active effects of various modified derivatives of fullerene C60 are described, which have mem-
brane-active, antibacterial, antiviral, immunomodulating, HIV inhibitory enzymes and other properties. It was
noted that preparations containing a fullerene fragment are effective against hepatitis C virus, and are also
able to efficiently trap free radicals. Derivatives of fullerenes can also be used as antioxidant, neuroprotective
and other agents. Particular attention is paid to the authors' own results on the synthesis of amino derivatives
of fullerenes.
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Introduction

At present, in organic chemistry, fullerene bioorganic chemistry has acquired particular promise and is
developing, turning abroad into an independent branch of organic chemistry. The presence of a fullerene
fragment in the structure of the compound provides a significant improvement or the appearance of qualita-
tively new mechanical, chemical, physical, biological and other properties associated with the manifestation
of nanoscale factors [1-3]. From a chemical point of view, the behavior of fullerenes defines the presence in
the molecules of conjugated, and also strained, bonds. The spherical fullerene molecule is highly stressed,
since usually flat six-membered aromatic (benzene) rings must be bent to build a sphere (voltage energy
dH;=10.16 kcal/mol per carbon atom), which causes less thermodynamic stability of fullerene compared to
graphite (dHy= 0 kcal/mol) [2—4]. Therefore, the driving force of the reactions of addition to fullerene C60 is
the reduction of voltage in the fullerene framework. Consequently, the reactions leading to the formation of
saturated sp’-hybridized carbon atoms relieve such stress.

The range of possible applications of fullerene compounds includes: a) new classes of superconductors,
semiconductors, magnets, ferroelectrics, nonlinear optical materials [4]; b) new technologies for the synthe-
sis of diamonds and diamond-like compounds of ultrahard hardness [5]; ¢) new classes of polymers with
specified mechanical, optical, electrical, magnetic properties for recording and storing information [6];
d) new types of catalysts and sensors for determining the composition of liquid and gaseous media [6];
e) new classes of antifriction coatings and lubricants, including those based on fluorine-containing fullerene
compounds [7].

Main part

One of the most interesting areas of research is the study of the biological activity of fullerene deriva-
tives. The literature describes many biologically active effects of various modified derivatives of fullerene
C60, which have antibacterial [7], antiviral [1], immunomodulating and HIV inhibitory enzymes [6, 7].
Drags containing a fullerene fragment have been shown to be effective against hepatitis C virus [8], and are
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also able to efficiently trap free radicals and can be used as neuroprotective [9] and other agents [10]. Cur-
rently, the volume of work on the biological activity of fullerenes has reached thousands of articles per year.
At this time available scientific data demonstrate the significant potential of fullerene C60 in biomedicine
and the pharmacodynamics of various biological environments.

The biological effects of fullerene C60 are based on its complementary interaction with the protein,
which was first expressed in [1, 3, 10]. The fullerene molecule has been shown to purely sterically block the
lipophilic channel of the HIV-1 virus protease. The size and shape of the carbon skeleton in the C60 mole-
cule exactly matches the size and shape of the active center of a number of enzymes. Therefore, some fuller-
ene compounds allosterically inhibit HIV enzymes (HIV protease and reverse transcriptase), which makes
them promising for the development of AIDS drugs [3—11]. The high electron deficiency of these molecules
explains the ability of fullerenes to attach free radicals that form in living systems. For this property, fuller-
ene was given the name «radical sponge» [7].

The biological activity of fullerenes is based on three properties of these molecules: lipophilicity, which
determines membranotropic properties, electron deficiency, which leads to the ability to interact with free
radicals, and the ability of their excited state to transfer energy to an ordinary oxygen molecule and turn it
into singlet oxygen [7]. A significant limitation for the practical use of fullerenes and many of its derivatives
in biological media is their low solubility in aqueous solutions, since the C60 molecule is hydrophobic and
its solubility in water is only 1.3:10""" [12]. Therefore, the preparation of water-soluble fullerenes is im-
portant for pharmacology. The study of the reactions of fullerenes in water is also of independent interest for
chemical science. Researchers consider two approaches to obtaining water-soluble forms of fullerene C60:

1) non-covalent interaction with water-soluble carriers, for example, polyvinylpyrrolidone,
cyclodextrins [3], proteins or liposomes [4];

2) covalent chemical modification by addition of polar groups, for example hydroxyl [4—14], carboxyl
or amino groups [3, 4, 15].

Non-covalent interaction with water-soluble carriers allows the introduction of fullerenes into a living
organism without changing their conjugation system, and hence the physicochemical properties. Surfactant
solutions can also conduct water-insoluble organic compounds into a colloidal state or solubilize. However,
due to hydrophobicity, the problem arises of their elimination from the body: fullerenes can accumulate in
the liver [16], lungs [17], bones [18].

The second approach allows one to obtain water-soluble fullerene derivatives by covalent modification
of the fullerene sphere with various functional groups (addends) — dienes and nucleophilic agents having
various hydrophilic components. Thus, various pharmacophore groups can be grafted onto fullerene C60 and
additional physiological activity can also be obtained. The result of this modification is molecules that can
conditionally be divided into two groups:

1) compounds in which addends uniformly cover the entire surface of the fullerene carcass, as a result
of which numerous addends attached over the entire surface change the electronic structure of the carbon
carcass and make it inaccessible for interaction with biological targets;

2) compounds having one or more addends grouped on a small part of the frame.

The latter option is most often used in the synthesis of potentially bioactive water-soluble fullerene
cycloadducts. Several examples of such water-soluble fullerene derivatives can be given. For example, com-
pound (1) allows reaching a maximum concentration of 1.5x10~° mol/l in a mixture of H,0-DMSO, 9:1
[4, 19]. Good solubility was achieved for the dendromer shown in the diagram (2): its solubility in water was
34 mg/ml at pH 7.4 and 254 mg/ml at pH 10 [4, 11]. As can be seen from the structure of compounds (1) and
(2), they contain a sufficient amount of solubilizing additions (NH, OH, COOH, C=0O-groups).

(o]

A
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OH

O.A. Troshina et al. [11] reported on the development of a universal method for the conversion of any
low-polar derivatives of C60 into water-soluble compounds. The solubility of all the compounds obtained in
water exceeds 100 mg/ml at pH = 7.0, which is a record for water-soluble derivatives of fullerenes. Thus, the
introduction of hydrophilic substituents into the C60 sphere allows for sufficient solubility in water.

The most promising results in this direction were obtained using chemically modified fullerene C60,
mainly containing ionic groups — amine, carboxyl and hydroxyl [7, 11].

Amino derivatives of fullerene. The reactions of addition of primary and secondary amines to C60 were
one of the first to be discovered in the chemistry of fullerene. Due to their high nucleophilicity, primary and
secondary aliphatic amines are attached to electron-deficient C60-fullerene.

When fullerene C60 is treated with a 40-fold excess of morpholine over a week, it is possible to isolate
dimorpholin-1,4-dihydro [C60] fullerene from the reaction medium (3). In contrast to the reaction with
morpholine, the reaction with an excess of secondary diamine (e.g., N,N'-dimethylethylenediamine) leads to
a stable six-membered adduct (4) due to the addition of a 6-6 double bond, which eliminates the formation
of undesired 5—6 double bonds in the molecule, violating the aromaticity of six-membered rings [11].

For several years, we have been working at the Institute of Organic Synthesis and Coal Chemistry of
the Republic of Kazakhstan on the functionalization of the C60 molecule with the participation of molecules
of various amines, including natural compounds (alkaloids) and their derivatives. This is an interesting direc-
tion that can lead to important results in terms of creating new therapeutic drugs.

We carried out the amination of fullerene C60 with 2-(aminomethyl)pyridine in middle chlorobenzene
with heating (80-100 °C) and stirring for 18-24 hours. The yield of obtained aminofullerene (5) was 19 %
[12-14]. UV spectrum of compound (5) contains a maximum at A = 875 nm, characteristic of 1,4-di[2-
(aminomethyl)pyridine]fullerene C60.

Similar syntheses were carried out with alkaloid cytisine and salsolin. The reactions were carried out in
toluene at 100 °C for 28—-30 hours. However, the isolation of C60 amination products with alkaloids was un-
successful.
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Céo + H,N—CH. F
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Among the most convenient methodologies for the functionalization of C60 by the amines described in
recent years, the 1,3-dipolar azomethynilide cycloaddition is widely used, leading to the formation of
fulleropyrrolidines. This method is based on the generation of azomethinilides during decarboxylation of the
ammonium salts obtained by condensation of a-amino acids with aldehydes. This method is called in the lit-
erature the Prato reaction [4, 8]. Following this technique, the synthesis of new fullerenepyrrolidines (6—12)
was carried out, by the interaction of C60 fullerene with sarcosine and substituted aromatic aldehydes
(4-fluorobenzaldehyde, 2-chlorobenzaldehyde, 2-hydroxy-5-bromobenzaldehyde, 4-morpholino-benz-
aldehyde, 4-piperidinediethylaminobenzaldehyde, 4-diethylamino-2-hydroxybenzaldehyde) in boiling tolu-
ene in argon atmosphere according to the following scheme [15-17]:

C//O toluene, t
CGO + CH‘;NHCHzCOOH + R ~ —_—
H
R,

R=F. R;=H (6); R=CI, R,;=H (7);

R=Br, R;=OH (8).

__ \
R= —N O R=H@®); R=—N . R=H (10);

R=-N(C,Hs), Ry=H (11); R=-N(C,Hs), R=OH (12);

Unreacted starting materials and reaction products (6—12) after the reaction were separated by column
chromatography on SiO,, eluting with toluene and then with pyridine. At the same time, at the beginning, the
initial unreacted fullerene C60 is released, and then the target fulleropyrrolidines (4—10). The structure of the
obtained compounds (6-12) was established by the data of IR, NMR'H, and H-'H NOESY spectroscopy and
mass spectrometry.

The Prato method considered above was used by us in the synthesis of new derivatives of fullerene C60
with alkaloids. To involve the alkaloid molecule in the reaction, we obtained 4-cytisinobenzaldehyde, which
was then used in the Prato reaction in boiling toluene according to the following scheme [15, 16]:

H / \ toluene,
C¢ + CH3;NHCH,COOH N

t,4h
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In order to expand the arsenal of new fulleropyrrolidines, we carried out a three-component condensa-
tion of fullerene C60, N-methylglycine (sarcosine) and new substituted benzaldehydes: [4-(oxiran-2-
ylmethoxy)benzaldehyde, 4-(2-hydroxy-3-morpholinopropoxy)benzaldehyde and 4-(2-hydroxy-3-cytisino-
propoxy)benzaldehyde] under the conditions of the Prato reaction in toluene [15-17].

The synthesized fulleropyrrolidines (14—16) are of interest as acceptor materials for organic solar cells.
A signal (2.67-2.80 ppm) of the methyl group is observed in the 'H NMR spectrum of compounds (14-16)
in the high-field region. Signals at 2.59 and 3.77 ppm correspond to the protons of the methylene and
methine groups of the nitrogenous heterocycle. The protons of the ethylene oxide (oxirane) link in (14) reso-
nate at 2.87 and 3.5 ppm. In the high frequency region (6.95-7.85 ppm), the symmetric protons of the aro-
matic system resonate. In addition to the indicated resonance lines, the signals of impurity substances are
also observed in the 'H NMR spectra.

To obtain water-soluble forms of the fullerene-containing pyrrolidines synthesized above, N-methyl-1-
[(4-diethylaminophenyl]-fullerene-C60-[ 1,9c]-pyrrolidine (11) and N-methyl-1-[(4-diethylamino-2-hydroxy-
phenyl]-fullerene-C60-[ 1.9¢]-pyrrolidine (12) carried out reactions with tartaric acid to form the correspond-
ing pyrrolidinium tartrates (17, 18). The resulting fulleropyrrolidinium tartrates (17, 18) are soluble in water-
dimethyl sulfoxide (3:1) in contrast to the starting fulleropyrrolidines [15-17].

COOH

©
@/N\ OOCCHOH
il cn,

IS /‘\
N
’ /
+ H—T—OH toluene ’ TH OH
H_T_OH COOH
R COOH R

R=H(11,17); R=H (12, 18)

An interesting reaction for the preparation of a water-soluble cyclodextrin derivative of triazolino full-
erene is described in [18, 19]. The formation of supramolecular complexes based on fullerenes (19) with
therapeutic agents can improve the bioavailability and pharmacokinetics of the latter, which opens the way to
the creation of targeted drug delivery systems.

AN ¢O
N—/™N 60

+ ITIH-CHZCOOH

CH
(OH)14 3
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(OH), N=N

(OH),, 19

Fullerenols. An important group of water-soluble derivatives of fullerene C60 are fullerenols. By this

term «fullerenoly («fullerol») is meant derivatives of fullerene C60 of composition C60(OH),.
Hydroxylatedfullerenols are also of great interest in the search for possible applications in medicine. There
are several methods for the synthesis of fullerenols with a different number of hydroxyl groups [7].

For example, hydrolysis of the ether functional groups of polyorganocarboxylated fullerene derivatives
yielded water-soluble fullerenols C60(OH),, with 18-20 hydroxyl groups [13].

They have antioxidant properties, anticancer and antiviral activity, are able
to prevent ischemia, which is caused by a sharp increase in ROS with energy de-
pletion of organs and tissues [14]. Fullerenol C60(OH),4 has antiproliferative
properties (prevents cell division) and, due to its ability to attach free radicals,
prevents the cytotoxic effects of the use of doxorubicin used in cancer chemother-
apy [18-20].

Fullerenols C60(OH)44 possess antibacterial and antifungal activity [19]. The
antifungal activity of fullerenols is quite high. It seems that fullerenols are capable
of interacting with carbohydrate components of fungal cell walls, such as B-glucan
and chitin, to a greater extent than with peptidoglycans of bacterial cell membranes. Among fullerenols, sub-
stances with anti-allergic properties have also been found [20].

Carboxylated derivatives of fullerenes. Another important group of fullerenes with important biological
properties is its carboxylated derivatives. For example, they can suppress neuronal apoptosis caused by glu-
tamate receptor agonists NMDA and AMPA, and neutralize the action of the amyloid peptide responsible for
the occurrence of Alzheimer's disease [7, 21-23].

They delay the development of functional impairment and death of the rats having the mutant human
SOD gene. Also, these compounds are able to bind superoxide anion and H,0O,, are effective inhibitors of
lipid peroxidation. It was found that when introduced into the lateral ventricles of the brain, carboxyfullerene
can eliminate the effects of oxidative damage caused by reperfusion ischemia [7, 18].

Aminacid derivatives of fullerenes. The synthesis of water-soluble derivatives of C60 fullerene with so-
dium salts of aminobutyric and g-aminocaproic acids, as well as hybrid structures based on the fullerene de-
rivative with proline and carnosine (B-alanyl-L-histidine) are described [19-23, 24]. The considered deriva-
tives possessed antioxidant activity. For the first time, the authors found a relationship between the suppres-
sion of the development of cytomegalovirus infection (CMVI) and the activation of peroxidation of lipid.
Moreover, an effective inhibitor of CMVI from the class of amino acid derivatives of fullerene was obtained
[23, 25-28]. Antiviral activity was also found in fullerene — (#ris-aminocaproic acid) hydrate in non-toxic
concentrations (up to 100 pug/ml) with respect to the respiratory syncytial virus. The antiviral agent is offered
as a 1 % ointment of fullerene hydropolyaminocaproic acid as an active substance.

Conclusions

Thus, an analysis of the literature on the study of C60 fullerene derivatives allows us to draw the fol-
lowing conclusions about the current state of research in this area:

a) The uniqueness of fullerenes as a class of chemical compounds is determined by the peculiarities of
their structure. They attract the attention of researchers for their practical applications in science, biology and
medicine, in semiconductor technology and nanoelectronics.

b) Fullerenes have an unusually large number of equivalent reaction centers (in terms of the number of
double bonds), which leads to the possibility of the formation of a large number of reaction products during
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the functionalization of their structure. Thus, most chemical reactions with fullerenes are not selective, which
complicates the synthesis of individual compounds.

¢) Most of the syntheses of derivatives of fullerenes described in the literature relate to the modification
of fullerene C60. The data on the biological activity of fullerene derivatives presented in the literature are
incomplete and fragmentary. In many works, the molecular mechanism of its manifestation has not been reli-
ably established.

d) The most important properties of the structure of C60, affecting the spectrum of its biological action,
are lipophilicity, membranotropicity and water solubility of its derivatives. The size, shape and high
lipophilicity of fullerene allow its molecule to quite easily penetrate into cells of a living organism.

e) The formation of supramolecular complexes and therapeutic agents can improve the bioavailability
and pharmacokinetics of the latter, which opens the way to the creation of targeted drug delivery systems.
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®yanepen C60 OmonorusijibIK 0esiceH1i TYbIHABLIAPDI.
Kasipri 3amanrsl xxariaiibl MeH 1aMy 0oJ1alIarbl

Makanana C60 ¢ynnepeHHIH FBUIBIMH ofeOueTTepleri (QU3MKAIBIK-XUMUSUIBIK JKOHE OHOJIOTHSIIBIK
KacheTTepi Typaibl, COHbIMEH Oipre Maxana aBTOPJIAPBIHBIH aMHHICP MEH TaOMFU alIKaJOMATAPHIHBIH
¢dymaepeHni TYBIHIBUIAPBIH CHHTE3[CY pPEaKIMsUIApBIH 3epTTEy HOTIDKENepli KelTipinreH. 3arTapibly
KYpPBUIBICBIHIA QyiuiepeHal (parMeHTTIH OOJIybl oJlapFa J>KaHa carajbl MEXaHUKAbIK, (H3HKAIBIK,
XUMUSUTBIK, OWMOJIOTHSUIBIK oHE Oacka Ja KacHeTTep OKeJeTiHI HAaHOMAcIITaOTHIK (haKTOpIapiAblH maiina
6omysiMeH kepcerireH. CO0 dymrepeHai TYBIHABUIAPABIH OHOJIOTHSIIBIK, KaCHETTEPiHIH, KYPHUIBICHIHBIH
JKOHE CyZa epirillTiriHiH apachiHIarbl OaiimaHbic cypakTapbl Kapactoippuirad. ®Dysepen C60 kenrereH
MEeMOpPaHOTPONTHI, GAKTEPHSUIIBIK, BUPYCTapFa Kapchl, MUMMYH/IbI TYpaenaipyurinik, AKTK rexeyminik xxoHe
Tarpl Ja Oacka Kacuerrepi Oap KeNTereH TYPJCHIIPUITeH TYbIHIABUIAPBIHBIH OHONOTHSJIBIK OeJICeHIiTiK
acepiepi 3eprrenred. Kypambinaa ¢ymiepeni 6ap npenaparrapasiy renatut C BEUpYChIHA KapChl, COHBIMEH
Gipre omapislH 60C paauKanAapAbl YCTal aly Kacuerrepi eTe xkorapbl. DymiepeHnepAiH TybIHIbUIAPBIHBIH
COHJal-aK HEHpPOTPONTHUIBIK II€H AaHTHOKCHAAHTTBUIBIK JoHEe Oacka ma THIMIlI ocepiepi Oap ekeHi
KepceTureH. Makaia aBTOpNApPBIHBIH ~ (QYIUIEPEHHIH aMHHOTYBIHIBUIAPBIH —CHHTE3JIEY SKYMBICTaphl
HOTIKEIIepiHe Je aca Kol KOHLI OeTiHTeH.

Kinm cesdep: dymnepen C60, dhymaeponnpporuuaaep, HAaHOMACIITa0Th! (akTopiap, aMHHII QyIUIepeHsep,
IIparo peakuuscsl.

C.[. ®azbuios, O.A. Hypkenos, 3.M. MynnaxmeroB, A.M. ['azanues,
A.E. Apunosa, M.K. M6paes, JI.M. Brnacosa, A.C. ®a3buion

buoJsiornyeckun akTuBHbIE Ipou3BoaAHbIE Pysiepena C60.
CoBpeMeHHOe COCTOSIHUE U MePCIHEeKTHBbI PA3BUTHSA

B craTbe npezncraBieH 0030p JMTEPATyphl O HU3MKO-XUMUUYECKUX M OMOJIOTMYECKUX CBOWCTBAX (yJuiepeHa
C60, a Taroke 1aHbl COOCTBEHHBIC IKCIIEPUMEHTAIBHbIC JaHHbIC aBTOPOB M0 CUHTE3Y (YIIIEPEHOBBIX MPOU3-
BOJIHBIX aMMHOB M NPHPOJHBIX ayikaaounoB. ITokaszaHo, uTo Hamuuue QparmeHra QysiepeHa B CTPYKType
COeIMHEHUs oOecreunBaeT 3HAUUTEIbHOE YIIyUIeHHEe WX TOSBICHHE KaueCTBEHHO HOBBIX MEXAaHHYECKHX,
XUMHYECKUX, PU3NIECKUX, OHOIOTHIECKUX M APYTUX CBOMCTB, CBS3aHHBIX C IPOSBICHUEM HaHOPa3MEpPHBIX
(axTopoB. PaccMOTpPEHBI BOIIPOCHI B3aMMOCBSI3U CTPYKTYpPBI, pACTBOPHMOCTH B BOJIE M OHOJIOTMYECKO aK-
THUBHOCTH NPON3BOAHEIX (ymiepeHa C60. OnucaHo MHOKECTBO OHOJIOTHYECKH aKTHBHBIX 3()()EKTOB pas3iimd-
HBIX MOIU(HLUPOBAHHBIX NMPOU3BOAHBIX (ysuiepeHa C60, koTopsle 00Iafal0T MEMOPAHOTPOITHBIMH, aHTH-
OaKTepHaILHBIMH, NIPOTHBOBHUPYCHBIMH, HIMMYHOMOIYJIMPYIOIMMH, HHTHOUpytomumu BUY depmenTHBIMU
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U IPYTMMH CBOWCTBaMH. BbliIo 0TMeueHo, 4To npenapatsl, coaepxaniue pparMeHT dymiepena, 3hGeKTHBHbI
npoTuB Bupyca remnatura C, a Takxe criocoOHBI yJIaBIUBaTh CBOOOIHbIE panukaisl. [IpousBoansie ¢ysiepe-
HOB TaK)XX€ MOTYT HCIIOJIb30BAThCS B KAYECTBE aHTUOKCHUIAHTHBIX, HEHPOIIPOTEKTOPHBIX U JPYTUX CPEICTB.
Oco6oe BHUMaHHE y/IeJICHO COOCTBCHHBIM pe3yJIbTaTaM aBTOPOB 10 CHHTE3Y aMUHOIIPOM3BOAHBIX (yIiepe-
HOB.

Kniouesvie crosa: ¢ymiepen C60, dymneponuppoluauHbl, HaHOpa3MepHbIe (aKkTOphl, aMUHOIIPOH3BOIHEIE
¢ymnepenos, peaxuus [Ipato.
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