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Introduction

Fullerene chemistry is an amazing new branch of sci-
ence. Fullerenes were discovered in 1985 ! but the history
of fullerene chemistry began in 1990 after the discovery of
a method for production of gram amounts of fullerene
mixtures containing mostly carbon clusters Cy, and Cy
by combustion of graphite rods in an electric arc in inert
atmosphere.2 A short time later, installations for produc-
tion of fullerene soot were also built in Russia. Pioneering
communications on fullerene chemistry were reported in
1992. The prehistory of fullerenes dates back to theo-
retical prediction of stability of icosahedral Cg, mol-
ecule by researches from Japan (1970)3 and from the
USSR (1973).4 The A. N. Nesmeyanov Institute of
Organoelement Compounds (INEOS), Russian Academy
of Sciences, was the first research organization in Russia
involved in theoretical and experimental studies of ful-
lerenes.

Historically, the scientific importance of fullerenes is
not limited to their own contribution to science. The
discovery of fullerenes gave an impetus to self-identifica-
tion of a new research avenue, namely, nanochemistry
and, in a broad sense, nanoscience. The starting point of
nanoscience was passage from the Cg, and C;, fullerenes
to other carbon clusters, viz., higher fullerenes and
"nanotubes”, which is responsible for the appearance of
the prefix "nano".

Fullerenes form a family of structurally similar mol-
ecules. They represent the exclusive molecular form of
carbon, being different from all other forms of carbon
that have polymeric structures. However, the possibility
of mutual transformations between different structures
makes fullerenes a part of an infinite family of carbon

* Devoted to fiftieth anniversary of the A. N. Nesmeyanov Insti-
tute of Organoelement Compounds, Russian Academy of
Sciences.

polymorphs, which cannot be studied without using meth-
ods of solid state physics, crystallography, and other non-
chemical disciplines.

In this review we will not dwell on the basics of
fullerene science because various aspects of research in
this scientific area and especially those related to fullerene
chemistry have been reviewed in domestic scientific jour-
nals.5—9 A review of extensive literature on fullerene chem-
istry published worldwide is the subject of monographs.
Here, the emphasis is placed on the advances in experi-
mental and theoretical fullerene chemistry made by Rus-
sian researchers and first of all by those working at the
INEOS.

The chemical nature of fullerenes representing a fam-
ily of highly unsaturated polyhedral carbon clusters allows
them to enter addition reactions only. The molecular
structure of fullerenes is such that substitution or abstrac-
tion reactions cannot proceed without loss of molecular
identity, except for the loss of an electron followed by
generation of a radical cation and retention of the poly-
hedral cage.

Electron-acceptor character of fullerenes governs the
nature of reactants that can be added. These are mainly
electron-releasing species including anions, electrons, and
free radicals. The formation of intermolecular complexes
is also to a great extent depends upon donor-acceptor
interactions with partial charge transfer.

A vital problem of fullerene chemistry is research on
the reactivity of strained double bonds, which is compli-
cated by the formation of a system of electrons delocal-
ized over a spheroidal surface. The available information
suggests that the members of the fullerene family behave
in a similar way in spite of the fact that most studies were
carried out with Cq, and C,, fullerenes, the latter being
somewhat less accessible and more expensive.

Distinctions between these compounds are associated
with molecular symmetry reduction from /, to Ds;, on
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going from Cg, to C,,, with replacement of spheroidal
shape by ellipsoidal shape, with steric factors, and with
the increase in the number of hexagonal faces. On going
to higher fullerenes the number of hexagonal faces in-
creases progressively, whereas the number of pentagonal
faces always equals twelve, which has a pronounced effect
on the shape of a certain molecule. Chemistry of higher
fullerenes has virtually not been studied as yet because
these compounds are hard to access, except for a few
studies on C;¢ and Cgy. The main difficulty in synthetic
fullerene chemistry is the presence of a large number of
reactive sites with identical reactivities; because of this,
mixtures of products are usually obtained. The synthesis
of monoaddition product is a rather complicated task while
double and higher addition products are formed as mix-
tures of isomers possessing nearly identical properties. As
a consequence, separation of mixtures of organic fullerene
derivatives often requires HPLC.

The inner cavities of ellipsoidal fullerene molecules
are large enough to encapsulate one or more atoms, e.g.,
atoms of inert gases or metals or small molecules. This
specific subclass of fullerene derivatives with unique to-
pology is called endohedral fullerene derivatives and de-
noted as M@C,.. The first representative of this class is
La@Cg, discovered by mass spectrometry.1?

Because fullerene chemistry emerged less than two
decades ago, the first problem of paramount importance
is to study the chemical properties and reactivity of the
molecules belonging to this new unusual class in every
respect including interdisciplinary areas which are also
the subject of physics and biology.

The discovery of interesting non-chemical properties
(superconductivity, ferromagnetism, photoreactivity,
electroluminescence, participation in biochemically ac-
tive conjugates, efc.) of particular fullerene derivatives has
initiated interest in the synthesis of related structures. In
this connection it is of importance to develop methods of
targeted synthesis of fullerene derivatives. As a conse-
quence, methods of separation and analysis of structur-
ally similar compounds, in particular, isomers are much
needed.

Fullerenes possess strong acceptor properties. Because
of this, an important problem in fullerene chemistry is
either intramolecular or intermolecular electron density

transfer from appropriate donors to fabricate "molecular
wires" and "molecular switches"; here, suitable polymeric
partners also play an important role. Such fullerene-poly-
mer composites were reported as light-emitting diodes
(white light sources).!! Fullerene complexes with transi-
tion metals can exhibit catalytic properties.

Endohedral fullerene derivatives are of paramount in-
terest. These are hard-to-access compounds containing
one or more metal (or inert gas) atoms encapsulated in
the inner cavity. The hard-to-access and expensive mag-
netic isotope 3He has found an application in the NMR
characterization of fullerene derivatives.

In Russia, the greatest advantages in fullerene chem-
istry have been achieved in research on the synthesis of
fullerene complexes with metals, which is efficiently com-
bined with quantum-chemical and ESR studies; in inves-
tigations of intermolecular complexes with electron do-
nors; in development of a new method of isolation of
endohedral metallofullerenes; in application of mass spec-
trometry methods to studies of ion-molecule exchange in
the gas phase and to fluorine addition; and in high-pre-
dictive-power quantum-chemical studies of fullerene de-
rivatives and heterofullerenes.

Organic fullerene derivatives

Characteristic of fullerenes are [#+2]-cycloaddition re-
actions (see a review?). At n > 1, conventional [n+2]-rings
are formed, whereas at n = 1 a specific behavior typical of
the fullerene system only is observed. These products are
usually formed from diazo compounds or azides with
elimination of a dinitrogen molecule likely via two suc-

Isomeric fulleroids
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cessive reactions, the first reaction being a [3+2]-cycload-
dition. The overall reaction can result in not only a prod-
uct of addition to the double bond connecting two hexa-
gons ((6,6)-bond) but also a product of addition to
the ordinary bond between the hexagon and pentagon
((6,5)-bond). The former route leads to the desired three-
membered ring (these compounds are called methano-
fullerenes) while the latter one involves cleavage of the
(6,5)-bond with the formation of a monatomic bridge in
the nine-membered carbon ring. These structures are
called fulleroids;!? the monatomic bridge in them can be
formed by the fragments R"'RC or RN (azafulleroids). Yet
another synthetic route to methanofullerenes is provided
by the Bingel reaction resulting in formal addition of the
C(COOR), fragment originated from a malonate.!3

Using an essential modification of the Bingel reaction
(replacement of one or both carboxyl groups in the mal-
onic acid molecule by phosphoryl group), a method was
developed!4:15 of synthesis of compounds containing
one or two phosphoryl groups in the three-membered
methanofullerene ring, which can be of interest for bio-
chemical applications. The Wudl reaction involving diazo
compounds or azides (Scheme 1) and the Prato reaction
(Scheme 2) represent two cycloaddition reactions that are
most characteristic of fullerenes.

Scheme 1

R\’ R’
C=N=N +C —
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R R

Functionalized 1,3,5-triazine derivatives containing
azide group in the side chain react with Cg to give some
products including azafulleroids and fullerenoaziridines
(Scheme 3) and, in particular, an individual bis-aza-

Scheme 2
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fulleroid isomer with a twelve-membered ring in the
cage.16—18 Particular attention in these studies was paid to
the synthesis of fullerene derivatives with higher electron
affinities compared to that of the starting Cgq,. This can be
controlled electrochemically by the decrease in the re-
duction potential. Some model compounds containing
an isocyanurate group with three acceptor carbonyls were
obtained.!® At the same time an electrochemical method
is also developed, which is suitable for the synthesis of
fullerene derivatives, in particular, metal complexes via
nucleophilic reactions of Cg or C;, dianions with metal
halides or malonate structures.20:21
Diazoacetylmetallocenes were used to synthesize
methanofullerenes containing organometallic substituents
and characterized by intramolecular electron density
transfer. It was found that the reaction with diazoacetyl-
ferrocene results in a mixture of the desired methano-
fullerene with fulleroids (Scheme 4) while the reaction
with diazoacetylcymantrene affords a mixture of methano-
fullerene with the dihydrofuran ring condensed with
fullerene.2:23 The reaction involving 1,1 -bis-diazoacetyl-
ferrocene leads to a product which, based on the 'H and
13C NMR spectra, was ascribed the structure of an
ansa-derivative with the ferrocene unit attached to ful-

Scheme 3
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lerene simultaneously at the (6:6) and (6:5) bonds?4
(Scheme 5).

Scheme 5

Monocycloaddition and biscycloaddition of nitrile
oxides and nitrile imines were studied by researchers from
several groups.25 The formation of a fulleroid structure as
a result of unusual cleavage of an ordinary (6:5)-bond in
the course of [3+2]-cycloaddition was reported.26

Cycloaddition of N-substituted glycines and aldehydes
to Cg fullerene (Prato reaction?’) was employed to syn-
thesize fullerenopyrrolidines containing bioactive groups8
and fullerenopyrrolidines containing various metallocenyl
groups in position 2 or the ferrocenylmethyl group
in position 3 at the nitrogen atom?® as substituents
(Scheme 6).

The same reaction was used to obtain a fullerene de-
rivative containing a sterically hindered phenol in the side
chain. A feature of the compound is that phenol retained
its ability to generate a phenoxyl radical on oxidation.3?

Double bonds of Cgy molecules can enter a zircono-
cene dichloride catalyzed cycloalumination reaction,
which was discovered earlier for olefins.3! In the pres-

Scheme 6

FCCH,NHCH,COOK + (CH,0), + Cq,

— Oas N—CH
R

ence of an excess of triethylaluminum it is possible to add
up to twelve Et—AI—CH,—CH, units to Cq, in high
yields. To establish the structure using NMR spectro-
scopy and mass spectrometry32 or chemical reactions with
aldehydes, nitriles, efc., fused ethylalumacyclopentanes
were hydrolyzed (deuterolyzed) to 1-ethyl-2-hydro-
fullerenes.

Catalytic hydrogenation of fullerenes with molecular
hydrogen usually results in hydrofullerenes with different
degrees of saturation with hydrogen. Because of this, in-
direct methods are employed to obtain hydrofullerenes
via successive reactions. Conventionally, proton transfer
from such donors as dihydroanthracene is used; the major
and most stable reaction product is CgyHj36.3334 Hydro-
gen and deuterium were introduced by hydrogenation of
polymer metal complexes CgoPd, or CyyPt, at a low pres-
sure (20 atm) and on heating to at most 400 °C. All
reactions gave mixtures of products with different degrees
of hydrogenation (from two to twenty-six atoms33). The
available data on the methods of synthesis and on investi-
gations of the structure and reactivity of exohedral
fullerene hydrides are summarized in a review.36 The same
study also concerns possible fields of practical applica-
tions of fullerene hydrides, e.g., hydrogen accumulators,
use in catalysis, as components of chemical current
sources, efc.

Fluorination of fullerenes was studied in detail in
close relation to physicochemical (mass spectrometric)
studies. Preparative-scale studies succeeded in isolating a
few polyfluorinated buckminsterfullerene derivatives; the
crystal structures of CgyF 3 and CgyF4g in the form of
solvates with arene hydrocarbons were thoroughly inves-
tigated.3’

The addition of primary and secondary amines
(N—H bonds) to the double bond of Cg, 38 was used to
add amino acid molecules to fullerene to obtain bioactive
derivatives.3%4? Further studies failed to establish the
chemical structures of the reaction products but acquired
a biomedical specialization and allowed not only the
physicochemical but also the immunogenic and allergenic
properties of these fullerene-amino acid and fullerene-
protein conjugates and their interactions with biological
objects to be studied4! and possible applications in medi-
cine to be outlined.
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Organometallic exo-derivatives of fullerenes

A large number of formally conjugated double bonds
in the fullerene structure permits the formation of t-com-
plexes with metals. Fullerenes can act as ligands with
different hapticities (from 1 to 6).42

R
b &

n3[6:6, 6:5]

n3[6:5, 6:5] n4[6:6, 6:6]

M
n® n®

However, transition metal complexes are usually char-
acterized by a hapticity of 2, i.e., these are conventional
n2-complexes (or m-olefin complexes). A review#? con-
cerned with organometallic fullerene complexes sum-
marizes the available data on the methods of synthesis
and structure and reactivity investigations of exohedral
complexes of Cgqy, Cy9, efc., fullerenes with transition
metal atoms. It was theoretically established*4 that stable
n>-complexes of fullerenes or their bowl-shaped hydro-
carbon precursors can be obtained by isolating a pentagon
by attaching five groups to it. This complex, which can be
called (pentamethylfullereno)ferrocene, was synthesized
recently.45 In the case of C5, fullerene three groups are
enough to form a m-complex similar to an indenyl
complex.43

A short time after the synthesis of first fullerene com-
plexes with platinum,40 a less stable palladium complex
(n?-Cgp)Pd(PPh;), was synthesized and its molecular
structure determined (Fig. 1).47 The equilibrium in solu-
tions (metal—ligand exchange) was studied by electro-
chemistry and electronic spectroscopy.48 Two new proce-
dures for the synthesis of complex (n2-C,)Pt(PR;),
starting from compounds R—Hg—Pt(PR;3),—R" con-

Fig. 1. Structure of complex (n2-Cgy)Pd(PPhs),.

taining platinum and mercury*® or from diarylplatinum
complexes R,Pt(PR3), 3% were proposed (Scheme 7). The
first optically active organometallic fullerene derivatives
were synthesized, namely, palladium and platinum com-
plexes with enantiomerically pure ligand (+)-DIOP
(n2-Cg)Pd[(+)-DIOP] 51 and (n2-Cg)Pt[(+)-DIOP],52
and their circular dichroism spectra were recorded.53 The
platinum complex was structurally characterized by X-ray
analysis (Fig. 2).52

Scheme 7

Ar—Hg—Pt(PPh,),—Hal + C, —>  (n2-C,)Pt(PPhy),

ArPt(PPh,), + C, —

n

(n2-C,)Pt(PPhy,),

~\ N\
(n3-C,)Pt(PPh;), + P P —> (n2-C,)Pt(P P)

Pdy(dba); + C, +2L —= (n2-C,)PdL,

Palladium complexes of Cgqy with bidentate ligands
containing metallocene fragments, namely, 1,1 -di(di-
phenylphosphino)ferrocene and diphenylphosphino-
cymantrene, were synthesized and thoroughly studied.34
It was shown that n2-palladation of C5, proceeds at two
positions, a—b and c—c, in a 84 : 16 ratio. n2-Complexes
of Cgy and C;( with rthodium and iridium obtained by the
fullerene reactions with HM(CO)(PPh;); (M = Rh, Ir)
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Fig. 2. Structure of complex (n2-Cg)Pt[(+)-DIOP].

Bond d/A
Pt(1)—C(1) 2.09
Pt(1)—C(2) 2.12
Pt(1)—P(1) 2.28
Pt(1)—P(2) 2.26
C(1H)—C(2) 1.51
C(1)—C(6) 1.44

Angle w/deg
C(1)—Pt(1)—C(2) 42.0
C(1)—Pt(1)—P(1) 104.2
C(2)—Pt(1)—P(2) 104.4
P(1)—Pt(1)—P(2) 109.5

followed by loss of one phosphine ligand were studied.55
A cyclooctadiene complex of iridium similarly reacts with
Cyp to give (n2-Cgo)IrH(CgH{,)(PPh;). It should be em-
phasized that the M—H bond is not involved in these
reactions with fullerenes in contrast to reactions of con-
ventional olefins. Recently, optically active rhodium and
iridium complexes with the (+)-DIOP ligand were also
synthesized. The metal atoms in these complexes are in
octahedral environment in contrast to the platinum and
palladium complexes. These rhodium and iridium com-
plexes can exist as two isomers, which were observed by
3Ip NMR spectroscopy. Structurally similar bis-deriva-
tives including a mixed rhoduim-iridium complex were
also obtained.5% It is possible to insert a dioxygen mol-
ecule into the metal—fullerene bond of an iridium com-
plex of Cg fullerene containing also a chelate carborane
ligand to give a five-membered ring fused with the
fullerene cage; the structures of this compound (Fig. 3)
and of compounds listed below were established by X-ray
analysis.>” A m2-Cg,-complex of platinum with 1-di-
phenylphosphino-2-isopropenylcarborane (Scheme 8)
and an unusual dimeric platinum complex with bis(di-

Fig. 3. Structure of iridium complex of C¢, with inserted dioxygen
molecule.

phenylphosphino)methane ligand (Fig. 4) were obtained.
Here, the dimeric structure is formed to avoid a high
strain in the four-membered ring of the monomeric com-
plex. A titanocene-fullerene complex szTi(nz-Cw)
(Fig. 5) was also first synthesized by the reaction between
Cgo and bis(trimethylsilyl)acetylene complex of titanocene
and structurally characterized.38

Scheme 8

Pt(Ph,PCHPPh,) + BH, - NMe, + Cq,

A procedure for the synthesis of stable different-ligand
osmium complexes® by introduction of isonitrile ligand
instead of one phosphine ligand with simultaneous loss of
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Fig. 4. Dimeric platinum complex of Cgq, with bis(diphenyl-
phosphino)methane ligand.

a hydrogen molecule from the initial Os!! dihydride com-
plex (Scheme 9) was developed.

Fullerene molecular complexes and fullerene salts

Donor-acceptor fullerene complexes in which the
fullerene molecules usually act as acceptors have been the
subject of intensive research as potential materials pos-
sessing unusual optical, conducting, and magnetic prop-

C(68)

Fig. 5. Titanocene-fullerene complex.

Scheme 9
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erties. The spectrum of possible donor partners is very
broad and includes, e.g., so strong donors as tetrathio-
fulvalenes, aromatic hydrocarbons and their hetero-ana-
logs, (metal)porphyrins, efc. (see a review8). Charge trans-
fer was indicated by a band in the region 600—1300 nm in
the electronic absorption spectra in solution and in the
solid phase and by other spectra obtained. The molecular
structures and crystal packing of many charge-transfer
complexes were studied. An example is provided by
the synthesis of, e.g., two molecular complexes with
1,3,5-triphenylbenzene (TPB), namely, TPB-C¢, and
2TPB- Cg,- PhCl. The former has a layered structure while
in the latter the fullerene molecules form columns along




Advances in fullerene chemistry

Russ.Chem.Bull., Int.Ed., Vol. 53, No. 9, September, 2004 1831

the a axis with a shortened distance (10.09 A) between
the centers of the Cg, molecules. One of the most
stable complexes is a complex with anthracene dimer
(9,10,97,10"-"dianthracene") because its concavity geo-
metrically matches the spheroidal shape of the Cg, (but
not C,,) molecule and many shortened contacts are thus
formed.0

Molecular complexes of Cg, with tetraarylporphyrins
and metal porphyrins including dimeric ones (e.g.,
Cqo (FeTPP),0) were obtained, their molecular struc-
tures determined, and ESR spectra studied. New molecu-
lar complexes of Cgq and C,, fullerenes with various
amines were synthesized. Studies on the supramolecular
structures and molecular packing in crystals revealed
close-packed double layers, hexagonal layers or quasi-
three-dimensional structures. It was shown that structural
voids between fullerene molecules in the complexes can
be filled with molecules of various size, which stabilizes
rotation of the fullerene molecules in the crystal. Inclu-
sion of various donor molecules into voids of the Cg
crystal lattice allows one to obtain multicomponent com-
pounds containing two donor molecules.®! An example is
provided by a honeycomb structure of a complex of Cg
fullerene with zinc tetraporphyrinate and pyrazine (Fig. 6).
The dependence of the intensity of photo-induced ESR
signal on the photon energy was studied taking complexes
with tertiary amines as examples. It was found that in
most cases direct intermolecular electron transfer from
amine to fullerene occurs. Fullerenes also form rather
stable crystalline complexes with weaker donors, e.g., het-
erocyclic molecules Sg 62 and S,N,.63

Complete electron transfer results in the formation of
salts, transfer of an odd number of electrons leading to
radical-ion salts. These salts can also obtained by electro-
chemical reduction of fullerenes in the presence of an
appropriate anion; this approach is exemplified by crys-
talline salts (Ph,P),C¢,Hal and (PhyAs),Cq,Cl.64

Particularly interesting reversible dimerization of
fullerene radical anions was found in bis(arene)chromium
fullerides.%5 It was found that cooling of these radical-ion
salts results in the formation of a 6-bond between two Cg
units. Noteworthy is that the phenomenon was observed
earlier for alkali metal fullerides.%6 However, it was dis-
cussed® only from the crystallography and inorganic
chemistry viewpoints and no attention was paid to ex-
plicit analogy with reversible dimerization of free-radical
spin adducts RCg 97 (see below) or information on this
process was unavailable. Comparing these facts, it seems
undoubtful that the driving force of the process is a trend
toward formation of a diamagnetic species and that the
role of the charge is insignificant. A C;, radical anion in
similar bis(arene)chromium salts forms a dimer at room
temperature.

Endohedral metallofullerenes

Unique topological structure of endohedral fullerenes
and dependence of their properties on the atom encapsu-
lated in the inner cavity are of considerable interest
(Fig. 7). Endohedral metallofullerenes (EMFs) are con-
sidered candidates for modern technological applications

Fig. 6. Supramolecular structure of a Cg fullerene complex with zinc tetraphenylporphyrinate and pyrazine.
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Fig. 7. Schematic view of endohedral fullerene complex.

as molecular wires, organic ferromagnetics, ESR probes
for biomedical research, efc. The chemical and physical
properties of EMFs are still poorly studied. The main
reason is that these compounds are hard to access, which
is associated with difficulties in synthetic procedures and
isolation of necessary amounts. The synthesis and investi-
gation of endohedral complexes with atoms of inert gases®8
requires specific equipment. Modern methods of synthe-
sis of EMFs (laser-induced and electric arc evaporation
of graphite electrodes compounded with rare-earth met-
als compounds) and traditional methods of isolation of
these compounds from soot only allow extracts with very
low content of endometallofullerenes (usually, at most
1% of the weight of primary soot) to be obtained. The
initially proposed method of synthesis of EMFs % was
improved by elaborating an isolation technique based on
extraction with DMF, which makes the isolation proce-
dure simpler and permits reduction of the loss of EMF.70
The polar solvent is strongly retained by the compound
but it was found that pure EMFs obtained by sublimation
under high vacuum have high conductivities’! (Fig. 8).
Reactions of EMFs containing encapsulated yttrium and
lanthanum were studied by ESR spectroscopy (this tech-
nique uses rather small amounts of compounds) and it
was found that these EMFs are inert toward phosphoryl
radicals and Pt? but one of the two observed multiplets
disappears on treatment with CF;COOH;? this is the

1

Conductivity/Ohm~! cm~

10—2 B

1073 B

10—4 |

220 °C
® Extract

10—5 |

0 0.5 1.0 Nitrogen content (mass.%)

Fig. 8. Conductivity of pure La@Cg, obtained by sublimation.

first observation of different reactivities of two probable
EMF isomers.

Physicochemical studies of fullerene derivatives

Electrochemistry and mass spectrometry are impor-
tant methods of research into fullerenes. The importance
of the former is determined by the fact that in all fullerene
derivatives the fullerene cage retains its ability to add a
number of electrons but the reduction potentials vary de-
pending on the molecular structure, thus providing the
possibility of drawing conclusions about electronic ef-
fects. Oxidation of the fullerene cage in solution occurs
only at very high potentials; however, other (especially,
organometallic) groups in the molecule can be oxidized,
the magnitude of the potential being affected by the
fullerene unit.

Both positive ions (traditional mass spectrometry; de-
termination of ionization potentials) and negative ions
(more stable in the case of fullerenes; determination of
electron affinities) are formed in the gas phase. This al-
lows not only the weights of the carbon clusters forming
but also their thermodynamic characteristics, ionization
potentials, and electron affinities to be determined. Stud-
ies on the physicochemical properties of higher fullerenes
and fluoro derivatives of fullerenes and elaboration of
corresponding synthetic procedures have been well docu-
mented (see reviews’374).

The thermodynamic characteristics of fullerenes and
the most stable fullerene derivatives (fluorides and
metallofullerenes) were experimentally studied by mass
spectrometry and estimated theoretically. Gas-phase ex-
change reactions

C,+C,'=Cc,'+C,

between various neutral fullerene molecules and mono-
anions were investigated with the Cg, buckminsterfullerene
used as a reference. The equilibrium constants for these
reactions and the relative electron affinities and ioniza-
tion potentials of higher fullerenes C;;, Cy4, C7g, and Cgy
were determined; a gradual increase in the electron affin-



Advances in fullerene chemistry

Russ.Chem.Bull., Int.Ed., Vol. 53, No. 9, September, 2004 1833

ity and a decrease in the ionization potentials with an
increase in the size of the fullerene cage was revealed.”5:76

A method for generation of thermal negative ions of
lower fluoro derivatives of fullerenes was developed.”’
The technique is based on the use of transition metal
fluorides. Ion-molecule equilibria involving C,F,~,
C,F,7, and C,F~ were studied and the Gibbs energies of
the fluorine exchange reactions between these anions and
C,~ determined. Steady-state kinetics of a model solid-
phase fluorination reaction was investigated. A solution
to the system of kinetic equations for the relative concen-
trations of reaction products was obtained and used to
determine conditions for selective formation of com-
pounds with preset compositions.

The electron affinities of some C,, endohedral
metallofullerenes containing one or two encapsulated
metal atoms (Sc, Y, Gd) and Sc,Er;_ @Cg, compounds
were determined.’”® Most endohedral molecules were
shown to be stronger acceptors than "hollow" fullerenes.
These experimental results were complemented by the
results of density functional quantum-chemical calcula-
tions of the compounds under study. Formation of
endohedral complexes of higher fullerenes is governed by
the acceptor properties rather than the relative stabilities
of the carbon cages in the non-charged state. The mo-
lecular and electronic structures of higher fullerenes C,,,
C44, and Cg, and the possibility of their stabilization were
studied.”9-80

Methods of direct synthesis of alkali metal fullerides
in aromatic hydrocarbons by mechanical activation on
prolonged heating were developed. 13C and 23Na NMR
studies revealed that the technique leads to essentially the
same products (M;C¢y and M¢C¢yp; M = Na, K, Rb) as
does the vapor phase synthesis.8! The Gibbs energies of
the formation of various K,Cg¢, (x =1, 3, 4, 6) phases were
determined.8? The reaction of Cg, with metallic lithium
was also studied by IR and ESR spectroscopy and by
quantum-chemical methods.33

A method of synthesis of alkali metal fullerides based
on thermal decomposition of azides was elaborated. X-Ray
spectral and quantum-chemical studies of the electronic
structure of K,C¢, were carried out. Joint use of X-ray
spectroscopy and quantum-chemical simulation of pos-
sible structures of fullerene compounds allowed the main
structural motifs in the X-ray amorphous polymer (Cgy),,,
hydrofullerene CqyH34, and fluoride CgyF,4 to be deter-
mined.34.85

Compounds Pd,Cq, and Pt, C¢, were obtained. Analy-
sis of the C-Ko-spectra suggested that the chemical bonds
formed in these systems are characteristic of m-com-
plexes.86

The thermodynamic properties of solid solvates and
solubilities of C¢y and Cs fullerenes in aromatic solvents
and in water were studied.87—89 In particular, a number of
crystal solvates of Cq, and C fullerenes and solvates of a

piperazine monoadduct Cg,[N,(C,H,),] with aromatic
solvents were investigated. Their compositions, enthalp-
ies, and incongruent melting temperatures were deter-
mined by differential scanning calorimetry. The struc-
tures of crystal solvates Cgy-2C¢HyMe, Cg,-2CqH;Br,
Cqo* 2(m-CgHyBr,), and Cgy-3(0-CcHyBr,) were estab-
lished by X-ray diffraction analysis. To correctly interpret
the structural data obtained for some compounds, their
crystal structures were calculated by the atom-atom po-
tential method. Using a continuum model, qualitative
predictions were made of changes in the Gibbs energy of
solvation of fullerene molecules depending on the size of
the carbon clusters (C,;—Cg4). An explanation for anoma-
lous temperature dependence of the solubility of Cgy was
proposed and then confirmed experimentally. Thermal
decomposition of fullerene hydride CgyH;4 and fullerene
bromide Cg,Br,, was studied. High-temperature mass
spectrometry was employed to investigate sublimation and
decomposition of Cg, fullerene hydrides and deuterides.
The temperature dependences of the vapor pressure and
enthalpies of sublimation of hydrides CgyHz and CgoH g
were measured. The average Cq—X bond dissociation
energies in compounds CgoHj3¢, Cg(Cl,, and CqoBr,, were
also determined.?0—?

Selective synthesis of fluorinated fullerenes by direct
fluorination with F, was reported.?® The role of transition
metal fluorides in the course of selective synthesis was
revealed (see also a review’3).

Numerous studies on the synthesis, chemical struc-
ture, and reactivity of paramagnetic fullerene derivatives
were carried out by ESR spectroscopy and quantum-
chemical methods (see also the Section "Quantum-chemi-
cal studies of fullerenes and their derivatives"). Major
advances in chemistry of fullerene radicals have been well
documented;?%97 because of this, we will briefly outline
some recent results obtained in this field.

ESR spectroscopy was used?® to study radical ad-
ducts of radicals P(O)(OPrl,), (R!) with fullerene deriva-
tives Cgo{ C[P(O)(OEt),],},. It was established that the
number of stable regioisomers of the phosphorylfulle-
renyl radicals formed in the addition of phosphoryls to
CeoiC[P(O)(OEt),],}, isomers depends on the mutual ar-
rangement of organophosphorus groups and decreases in
the order frans-2 > trans-4 = trans-3 > e. The rate con-
stant for addition of the R! radicals to the trans-3
regioisomer was determined. Notations of isomers of Cg
fullerene derivatives are given in Fig. 9.

The addition of radicals P(O)Pri, and Bu' (R!) to
pyrrolidinofullerenes  Cg[CH,NMeCHX] (X =
C¢H;(CH,CH,Cl),; 2,6-But,C¢H,OH; PhC¢H,; indol-
3-yl) was studied by ESR spectroscopy.?® The rate con-
stants for addition of the R! radicals to these compounds
and the rate constants for dimerization of the spin-ad-
ducts of the R! radicals with these molecules were deter-
mined. Pyrrolidinofullerenes were found to be much
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Fig. 9. Notations of cis- amd frans-isomers of Cg, fullerene
derivatives.

more reactive toward the R! radicals than Cg fullerene
and methanofullerenes CgCX'X? (X! = X2 = CO,Et;
X! = CO,Me, X? = OP(OMe),; X' = X2 = OP(OE),).

Exposure of a toluene solution of Cq,PhsCl to UV
radiation leads to the formation of a stable cyclo-
pentadienyl-type fullerenyl radical *Cg,Phs.1% The for-
mation of three isomers of adducts of phosphoryl
radicals with Cg( PhsCl was detected on UV irradition
of a toluene solution of CgPhsCl containing
Hg[P(O)(OPri),],. Density functional (B3LYP) quantum-
chemical calculations of all possible radical adducts of
phosphoryl radicals with C¢(PhsCl were carried out. The
results obtained were used to evaluate the enthalpies
of formation and the hyperfine coupling constants.
A " CgPhsC[P(O)(OPri),]— " CgPhsC[P(O)(OPri),]
biradical with a 10.5 A separation between radical centers
was also detected.

Y@Cg, and La@Cyg, solutions and powders were oXi-
dized with oleum and the ESR spectra of oxidation prod-
ucts were studied.!®! In accord with the oxidation condi-
tions and the order of appearance the spectra were as-
cribed to radical cations M@Cyg,"* (n = 2, 4), dimers
M3*,@C,44", and poly(endometallofullerenes).

The rate constants for addition of radicals Me, " CCN
(3.0-10% L mol~! s~1), Me, CPh (8.1-10° L mol~! s 1),
and CCI;CH,"CHPh (8.5-10° L mol~! s~!) to Cg,
fullerene at 20 °C were determined!2 by ESR spectro-
scopy (spin trap technique). The rate constants for addi-
tion of radicals O*P(OPr;), “But, and Me(CH,);"CH,
to methano[60]fullerenes CgyCX'X? (X! = X2 = CO,Ef;
X! = CO,Me, X2 = OP(OMe),; X' = X2 = OP(OEt),)
were also determined.193 Methano[60]fullerenes were
shown to be somewhat more reactive toward these radi-
cals compared to Cg fullerene. This can be explained by
an increase in the degree of pyramidality of the carbon
atoms participating in the cis-2 and cis-3 bonds in
methano[60]fullerenes compared to Cg, fullerene.

Destruction of a (Cg),, polymer and C,q and C,,,0
dimers was studied by ESR and IR spectroscopy at differ-
ent temperatures. The formation of Cg fullerene was re-
vealed. The polymer was found to be more stable than the
dimers. Spectral features of three-dimensional, hyper-

cross-linked polymers obtained by liquid-phase polymer-
ization were discussed.!04

Quantum-chemical studies of fullerenes
and their derivatives

Modern quantum chemistry methods are widely used
in solving various chemical problems in order to not only
interpret the experimental data but also estimate the pos-
sibility of existence of new chemical compounds and pre-
dict their physicochemical properties. Solution to these
problems is of particular importance for fullerene chemis-
try because it allows one to a priori evaluate the stability of
fullerene isomers or derivatives and to choose those com-
pounds that seem to be best candidates for synthetic ap-
plications.

To analyze quantum-chemical studies on the theory
of chemical structure of fullerenes and their derivatives, it
is convenient to divide the polyhedral structures formed
by these species into four groups:

(1) pure polyhedral carbon clusters;

(2) heteroatomic fullerenes (i.e., fullerenes contain-
ing heteroatoms in the polyhedral cage);

(3) fullerene exo-derivatives (they contain a number
of radicals or functional groups attached to carbon atoms
from the outside of the polyhedral cage); and

(4) endofullerenes (they contain one or more atoms
or other species with more complex structure and com-
position encapsulated into the polyhedral cage).

In turn, fullerene exo-derivatives can be divided into
six classes depending on the type of chemical bonding
between the species attached and the corresponding car-
bon atoms of the fullerene cage.

1. Carbon clusters. Pioneering quantum-chemical cal-
culations of polyhedral carbon clusters (fullerenes C,,
Cy4, and Cgy) were carried out in the late 1960s and early
1970s at the INEOS.4105 These studies and the discovery
of a linear form of carbon, carbyne, 196 should be consid-
ered as a basis for formulation of a more general problem
of existence of crystalline forms of carbon different from
graphite, diamond, and carbyne (see a review107).

In the early 1990s Russian researchers continued their
studies on prediction of novel polyhedral forms of carbon.
In particular, the topological structure of a family of flat-
tened polyhedral carbon clusters C, (n = 72—96) was
simulated.1%8 The electronic structure of all the clusters
considered was studied in the n-electron approximation.
The geometries of the (Dgj,)-Cog and (Dg,)-Cqg clusters
were calculated by the MNDO, AM1, and PM3 semi-
empirical quantum-chemical methods.!% A new struc-
ture of a Cg, fullerene isomer was proposed in 1992.110
A number of structures of giant dumb-bell-shaped and
toroidal carbon clusters were reported; the one-electron
energy levels of C,, clusters (n = 432, 450, 480, 490, 500)
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Fig. 10. Tentative structures of Cs; fullerene (a) and (Csg); linear trimer (b).

were calculated in the m-electron approximation.111,112
Dumb-bell-shaped clusters were considered as models
for fragments of bamboo-shaped graphite.

The possibility for a (Dg;,)-Cs¢ polyhedral carbon clus-
ter (Fig. 10) to exist was considered and it was shown that
this fullerene must be a stable species.!!3 Recently, the
synthesis of this compound was reported.114

Cluster (Dgj,)-Csq is the first member of a homologous
series of Csg4 1, fullerenes (n =0, 1, 2, ...). At n > 2, such
fullerenes have a barrel shape and are therefore called
barrelenes; they can be considered as precursors of tubu-
lar forms of graphite.!15 The structures of five barrelenes
(n=20,1, 2, 3, 4) were calculated by the PM3 method.
The results of these studies and of calculations using ex-
tended Hiickel theory suggested that barrelenes can form
né-rn-complexes with MCp (M = Fe, Ru, Os) species
coordinated to the upper and lower hexagonal faces. It
was also shown that the (Dg;,)-Cs¢ cluster is prone to form
oligomers and that the crystal structures based on this
cluster must possess a semiconductor-type conductivity.116

PM3 quantum-chemical calculations of Cg oligomers
of different structure were reported. The main structural
motifs in the samples studied were determined by joint
use of the results of X-ray spectral studies of amorphous
(Cgp),, polymer and the results of quantum-chemical cal-
culations of various Cg oligomers.117

Among carbon clusters, of great interest are the so-
called onion structures. They comprise a number of nested
fullerenes of different size.!18 The topological classifica-
tion of such systems!!? is based on generalization of the
concept of molecular topological form introduced ear-

lier.120 PM3 calculations of a two-layer endohedral clus-
ter C,y@Cy, were also carried out.

The existence of methanofullerenes (compounds
CgoCR; in which the CR, group is attached to atoms of a
double bond of Cg, fullerene to give a three-membered
ring) suggests the possibility for novel forms of molecular
carbon (fullerene—carbyne hybrids) to exist. Such carbon
clusters comprise linear carbon chains C, with a cumu-
lated system of double bonds and Cg, fullerenes n>-bonded
to the terminal chain atoms. Ab initio Hartree—Fock cal-
culations of some structurally similar model systems
showed that they (e.g., C¢(C,Cq, clusters, Fig. 11) must
be rather stable.12! Up to six cumulene-type carbon chains
oriented along the directions of the Cartesian coordinates
passing through the midpoints of six double bonds form-
ing an octahedral configuration can be bonded to Cg
fullerene. This permits the existence of quasi-linear, quasi-
two-dimensional, and three-dimensional structures in-
cluding dendrimers built of covalently bonded alternating
fullerenes and linear carbon chains.

Another type of stable carbon structures can be com-
prised of, e.g., dodecahedral C,, and cubic Cg fullerenes.

A polyhedral cluster C,, is the smallest among the
5,6-fullerenes. It has a strained structure, being a highly
reactive species. Recently, theoretical proofs of the possi-
bility for a crystalline form of carbon (CFC) with a simple
cubic lattice (1) comprising covalently bonded C,,
fullerenes!?2 and for more dense CFC phases, ortho-
rhombic (2) and tetragonal (3),123 to exist were reported.
The unit cell of the crystal of 1 contains eight sp2-hybrid-
ized C atoms while the other carbon atoms are sp>-hybrid-
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Fig. 11. Tentative structures of carbon clusters comprised of two
fullerenes linked by linear chains of carbon atoms C, with cu-
mulated type of bonds: n = 2 (a) and 3 ().

ized. In more stable structures 2 and 3 only four atoms in
the unit cell are sp?-hybridized. Voids in the structure of
CFC-1124 are large enough to be filled with cubic Cg
clusters, thus resulting in a new crystalline form of car-
bon, [C,,Cql, (CFC-4) with a cubic lattice built of
sp3-hybridized atoms in contrast to the CFC 1—3. The
geometric parameters of the repeating unit of CFC-4 were
determined using the results of DFT-PBE calculations of
C3@(Cyy)g cluster (Fig. 12) and C3g@(C,oH3)g molecule
in which the C,, (or C,yH,3) monomers occupy vertices
of a cube and each of them is linked to three adjacent
monomers by four-membered rings that are formed as a
result of [2+2] cycloaddition to two double bonds of adja-

Fig. 12. DFT/PBE calculated structure of C4@(C,); cluster.

cent fullerene molecules. Each atom in the Cg cluster is
bound to one of the eight C,, (CyoH;3) clusters.

Fullerenes are unsaturated systems comprising atoms
located on curved surfaces. This causes some deviation
from sp2-hybridization and an increase in contributions
of p-orbitals. As a result, these systems can be weak radi-
cals in character. A corresponding quantum-chemical
study was carried out in the AM1 approximation in the
framework of spin-polarized Hartree—Fock method tak-
ing Cq and Sig fullerenes as examples.!25 Based on the
results of calculations, Cg fullerene was found to be a
much weaker polyradical compared to Sig,. This was
thought to be the reason for difficulties in the synthesis of
silicon fullerene analogs.125

2. Heterofullerenes. Pioneering quantum-chemical cal-
culations of heterofullerenes were carried out in the early
1970s at the INEOS. The stability of dodecahedral iso-
mers B,C,g was studied using extended Hiickel theory and
CNDO/2 method.126 Recently, 27 ab initio Hartree—Fock
calculations of all possible dodecahedral isomers B,Cg
were carried out. It was found that replacement of two
carbon atoms in the C, cluster by boron atoms leads to
stable closed-shell polyhedral molecules.

The synthesis of polyhedral carbon clusters gave an
impetus to theoretical studies of the possibility for poly-
hedral structures comprised of atoms of other Group IV
elements of the periodic table or for binary clusters built
of atoms of Group III and V elements to exist. For in-
stance, the synthesis of the so-called metal-carbohedrenes
M;C,, (M =Ti, V) was reported in 1992 (see a review!128).
The problem of existence of heterofullerenes and possible
properties of these compounds have been the subject of
many theoretical studies reported by the Russian and for-
eign researchers. Here, we will discuss the results of some
studies carried out by Russian researchers working in the
field, which were not reported earlier (see, e.g., Ref. 5).

The topological approach using group representation
theory was employed!?? in a qualitative study of the elec-
tronic structure of dodecahedral clusters XgY;,. Analyti-
cal expressions for one-electron energy levels were derived.

MNDO calculations of the molecular and electronic
structures of X;,Y}, and X;4Y; (X = B, Al; Y = N, P)
polyhedral clusters were reported.130%:131 ]t was assumed
that the o-skeletons of these molecules comprise only
four-membered and six-membered rings and each atom
X (Y) is adjacent to atom Y (X) only.

The molecular and electronic structures of hetero-
fullerenes C,_; X, (X=B, N, O; n =60, 70; k = 1, 2) were
studied using extended Hiickel theory with allowance for
corrections to the m-electron energy due to the inclusion
of steric interactions (see a review!32).

Recently, a variety of polyhedral and tubular struc-
tures containing carbon, boron, and nitrogen atoms si-
multaneously or comprised of boron and nitrogen atoms
only were synthesized (see Ref. 133). It should be noted
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that boron carbonitrides are of considerable interest for
molecular electronics. The conducting properties of these
systems are strongly dependent on the mutual arrange-
ment of carbon atoms and pairs of B, N atoms.134—137

Fullerenes in which a few pairs of C—C bonds are
replaced by B—N bonds can form stable dimers and oli-
gomers linked by donor-acceptor B—N bonds. Analysis
of the results of quantum-chemical calculations of vari-
ous conjugated hydrocarbon molecules, polyhedral car-
bon clusters, and their C—B—N-analogs in which some
(possibly, all) C—C bonds are replaced by B—N bonds
showed that the total energies of the last-mentioned sys-
tems usually are much lower than those of the initial
hydrocarbon molecules or carbon clusters. A theoreti-
cal explanation for this fact was reported.13® Using the
variational principle, an inequality was derived relat-
ing the total energies of the carbon cluster and its
B—N—C-analog, from which it follows that the energy of
the C—B—N-system containing no B—B and B—N bonds
is lower than the energy of the corresponding homoatomic
cluster.

3. Fullerene exo-derivatives. Fullerene exo-derivatives
can have a very large number of isomers (e.g., 21330558
for C¢yXg isomers’3). Usually, isolation of such isomers
(most of them are unstable) and description of their mo-
lecular and electronic structures by experimental meth-
ods is a very complicated task. If the number of isomers is
small, this problem can be solved using modern high-
level quantum-chemical methods. Otherwise, the ap-
proach is of low efficiency because of great computational
difficulties. In this case simplified (semiempirical) schemes
of structure simulation and stability evaluation of isomers
are often appropriate. This can be exemplified by a scheme
developed (see Ref. 132 and references cited therein) and
employed to evaluate the stability of different isomers
of Cqy and C,, fullerene derivatives (fulleroids with
simple and coordinated addends). In particular, C¢yX,
and C,(X, derivatives with different species X (X =
(ButCsH4N),0s0,, (R3P),M, M = Pt, Pd, efc.) and
heterofullerenes C,_; X, (X = B, N, O) were studied. The
method is based on joint use of the n-electron approxima-
tion and the inclusion of steric interaction energy.

Cq fullerene fluorides have been the subject of nu-
merous quantum-chemical studies,” most of which were
closely related to certain experiments. For instance, quan-
tum-chemical PM3 calculations of some isomers of CgF,4
fluoride were used to simulate X-ray spectra, which were
then compared with experimental spectra. This enabled
the determination of the most preferable structure of the
major isomer containing in the sample studied.139:140

The synthesis of fullerene derivatives containing tran-
sition metal atoms bonded to the carbon cage atoms was
first reported in 1991.46 However, it should be noted that
the metal atoms in both the (Ph;P),Pt(n2-Cg,) complex
described in the study40 and its analogs synthesized more

recently were only n2-bonded to the fullerene carbon cage.
Naturally, this brought up another point: what are the
reasons precluding formation of n”-complexes of fullerene
with transition metals at # > 2. This problem was analyzed
by quantum chemistry methods taking various model com-
pounds as examples. These were hydrocarbon bowl-shaped
precursors (corannulene C,yH;y, a C;,H;, molecule
whose carbon core matches the hemisphere of Cg, ful-
lerene, and some other compounds) and small clusters.
The results obtained showed that the main reasons pre-
cluding the formation of n”-complexes of "naked" ful-
lerene with transition metal atoms at n» > 2 are a too
extended conjugated system of fullerene and a low polar-
izability of the fullerene fragments comprising three and
more atoms under the action of the attacking species. It
was shown that violation of the fullerene conjugated sys-
tem by, e.g., modifying it by either adding radicals to
some carbon atoms or replacing certain carbon atoms by
heteroatoms can change the local structure of the frontier
orbitals and cause a substantial stabilization of complexes
with the transition metal atoms coordinated to three or
more carbon atoms. The most pronounced effect is at-
tained when the conjugated system can be divided into
two or more independent fragments (Fig. 13).

For instance, the addition of five radicals to carbon
atoms in the a-positions relative to the same pentagon
results in a cyclopentadienyl-type radical. This makes the
formation of n>-complexes of fullerene with MCp spe-
cies (Fig. 14) possible.44:142,143 A5 mentioned above,
these systems and, in particular, the so-called fer-
rocene—fullerene hybrid45:144 were obtained very recently.
It was also theoretically shown that the addition of four or
three radicals to carbon atoms in the o-positions relative
to the same five-membered or six-membered ring can
favor the formation of n*- or n3-complexes of fullerene
with transition metals.145—147

Now we briefly outline similar results obtained for
both C¢,and C,, fullerenes and some bowl-shaped hydro-
carbon fullerene precursors, which appeared to be conve-
nient models for analyzing the nature of chemical bond-
ing between fullerenes and transition metal atoms.

MNDO/PM3 or ab initio MO LCAO SCF methods
were employed!48—150 o evaluate the stabilities and to
calculate the molecular and electronic structures of
half-sandwich and sandwich species based on the C,oH 5"
and Cg Hs" derivatives of the corannulene C,yH,
and fullerene (/,)-C4q molecules containing one or two
cyclopentadiene fragments, respectively. These were
N-n-MCpCyoH 5,0 -n-MCpCpoH 5", n°-n-MCpCy Hs,
n-n-MCpCqoHs", 2n°-n-M(CyHjs),, 2n°-n-M(CgoHs),
(M = Si, Ge, Sn, Pb; MNDO/PM3) and
n°-n-CgoHsXC+p, 1°-1-C¢oXCp™ (X = Fe, Si; ab initio,
HF, with STO-3G and STO-3-21G basis sets). In these
complexes the M and X atoms are n°-n-coordinated to
the five-membered rings (pent*) of the cyclopentadienyl
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Fig. 13. Three ways of stabilization of n>-complexes of polyhedral structures with XCp (X = Si, Ge, Sn, Fe, Ru, etc.) species (full
circles denote the XCp groups): addition of five radicals R to the atoms in o-positions relative to the five-membered ring (a);
replacement of the atoms in o.-positions relative to the five-membered ring (light circles) by heteroatoms (B, N, Si, Ge, efc.) (b); and
an increase in the number of groups XCp (greater extent of involvement of the five-membered rings in the conjugated system of the

carbon cage in bonding with XCp species) (¢).

Fig. 14. Structure of complex n3-FeCpCqyHs (fullerene—fer-
rocene hybrid).

fragments of the compounds under study. It was theoreti-
cally proved that complexes 2n°-n-M(C¢,H,(), and
2n5-n—M(C20H15)2 (M =Si, Ge, Sn, Pb) similar to classi-
cal sandwich complexes must be stable, the existence of
the complexes containing Si and Ge atoms being the most
probable. 151,152

The molecular and electronic structure of the C¢oHs"
and "HsCyoH;" derivatives of Cg fullerene was simu-
lated by the DFT-PBE method. The possibility of exist-
ence of a "coated” Cg fullerene 12n3-r-Cq((MCp),, con-
taining twelve MCp (M = Si, Fe, Ru) groups was theo-
retically proved. In these complexes each MCp species is
n3-n-coordinated to the atoms of a five-membered ring of
Cq fullerene (Fig. 15). The energies of the M—Cg, bonds
in these compounds are comparable with the energies of

Fig. 15. Structure of "coated" fullerene 12n3-n-Cgy(MCp);,
(M = Fe, Ru, Os).

the M—Cp bonds in the corresponding sandwich com-
plexes M(Cp),.153-154

The possibility of formation of n*-n-complexes of Cg)
with a Fe(CO); species was analyzed theoretically using
the DFT-PBE approach. It was found that attachment of
four (or six) hydrogen atoms to Cg to give "butadiene”- or
"fulvalene"-type derivatives of Cg, fullerene, respectively
(Fig. 16), favors stabilization of n*-n-complexes of this
type of Cg derivatives with Fe(CO)5 unit.15

DFT-PBE calculations of allyl-type derivatives of Cg
fullerene and their complexes were performed. It was
shown that complexes C4(R;Co(CO); (R=H, F, Cl, Br),
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Fig. 16. Tentative structure of complex n3-r-CgyFe(CO)5.

CgoH3NiCsHs, and CgyH;Fe(CO)CsH; (in which CgyR5
ligands are allyl-type derivatives of Cg, fullerene) must
be rather stable species. Here, the metal atoms are
n3-n-bonded to the fullerene carbon cage. At the same
time the metal atoms in the CqqH;Li and CygH;FeCsH;
complexes are n-bonded to the carbon atoms of Cy, 147-156
(Fig. 17) (see also Ref. 157).

The local geometry and electronic structure of n3-ful-
lerene complexes was simulated using not only cor-
annulenes but also other bowl-shaped hydrocarbon pre-
cursors of fullerene, e.g., C,;Hg and C3yH;, containing
one or more unsaturated five-membered rings. In par-
ticular, the effect of the size of the conjugated system on
the relative stability of complexes formed by successive
attachment of FeCp groups n’-n-bonded to the carbon
cage of the C,; Hg radical was studied taking complexes of
this radical as examples.158

Quantum-chemical calculations of n3-t-complexes of
cyclopentadienyl derivatives of corannulene C,qH 5 with
MCp species (M = Fe, Ni, Ru, Co, V) showed that the
bowl-shaped hydrocarbon fullerene precursors are con-
venient for simulation of the local geometry and for sta-
bility evaluation of various fullerene exo-derivatives.159:160

Note that the possibility of existence of (i) polyhapto-
bonded fullerene exo-complexes with the Fe atom and
(ii) exo- and endo-complexes of Cg, fullerene with Li
atoms was also studied. 161,162

Fullerenopyrrolidine is a product of a particular case
of the Prato reaction (see above). It was synthesized from
N-methylglycine, Cg, fullerene, and 3,5-di-fert-butyl-4-
hydroxybenzaldehyde. Quantum-chemical calculations of

Fig. 17. DFT/PBE calculated of complex n3-rn-C¢,NiCp.

this species were carried out3? and the effective charge
distribution, the HOMO and LUMO energies, and the
orbital structures determined. Based on analysis of the
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218-Fe@C 4oHy,

Fig. 18. Endohedral analogs of ferrocene molecule.

ESR data and on the results of quantum-chemical calcu-
lations, it was concluded that this compound must be
highly reactive in deactivation of various radical species.

The redox properties of mono-substituted N-me-
thyl[60]fullerenopyrrolidines were studied using cyclic
voltammetry and electrolysis combined with ESR spec-
troscopy and semiempirical PM3 quantum-chemical cal-
culations.

The polyhedral carbon cage structures of methano-
fullerenes C¢ X, (X = H, COOEt, and some other radi-
cals) were analyzed by the ab initio Hartree—Fock and
semiempirical PM3 methods.193 Particular attention
was paid to analysis of the character of changes in the
bond lengths depending on the electronegativities of
addends.

4. Endofullerenes. This class of compounds is of par-
ticular interest for the development of the theory of chemi-
cal bonding, because these are unique molecules with the
topological type of bonding: usually, the encapsulated
atom is not bonded to the cage. In addition, endofullerenes
can also be useful from the practical viewpoint as, e.g.,
potential magnetics.1%4 It should be noted that pioneering
quantum-chemical calculations of endohedral fullerene
complexes were carried out at the INEOS for M@C,,
(M = Li, Na) systems.165

Density functional PBE calculations were employed
to calculate’® a number of endohedral complexes of higher
fullerenes, namely, Sc@C,g, Y@Cg, Y,@Crg, efc. The
relative stability of endohedral derivatives of the C4, C74,
and C;, fullerenes was studied. Analysis of the results
obtained in calculations of neutral and charged forms
of some higher fullerenes and their endohedral com-
plexes suggested that the carbon cage makes the major
contribution to the electron affinity of endohedral com-
plexes.

The possibility of existence of endohedral analogs of
the ferrocene molecule in which the metal (iron) atom is
encapsulated into the carbon cage and chemically bonded
to it was studied.1%¢ Complexes (Dsq)-2n>-n-Fe@C, 4 Hj,

and (Dsq)-2n>-n-Fe@CyH,, were shown to be stable
(Fig. 18).

The possibility for endohedral polyhapto-complexes
of Cg fullerene with iron and chromium atoms to exist
was considered taking M, @Cg4, complexes and their exo-
analogs as examples.167:168 Conclusions about the relative
stability of this type of systems and the geometries of the
species under study were based on the results of the MM™
and modified INDO calculations.

The molecular and electronic structures of endohedral
fullerenes X@C,, (X = He, Ne, Ar; n = 20, 24, 30, 32, 40,
50, 60) were reported.!69:170 Based on the results of
B3LYP/6-3-11G* calculations, it was concluded that the
encapsulated atoms in these systems are located at the
centers of the carbon polyhedra and have a little effect on
the cage structures.

Conclusion

Russian researchers are involved in studies on most of
topical avenues in fullerene chemistry. However, the effi-
ciency of their investigations is markedly lowered by the
lack of modern equipment, especially, HPLC instruments.
This makes separation of chemically similar compounds,
to say nothing of isomers a hard to solve problem. An-
other type of precision equipment, e.g., MALDI TOF
and ESI mass spectrometers are also often unavailable.
Unfortunately, so important branch of synthetic chemis-
try as organic synthesis is developed inadequately. Re-
search on azafullerenes and high-hapticity metal com-
plexes (analogs of ferrocene and bis(benzene)chromium)
marks time. Only a few studies on fullerene-containing
polymers have been reported. The synthesis of endo-
metallofullerenes is still a stubborn problem. Finding fields
of practical application of fullerenes requires intensive
development of methods for the synthesis of fullerene
derivatives and effective interdisciplinary research col-
laboration, first of all with specialists in materials science,
electrochemistry, polymers, and medicine.
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