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Chemistry of fullerenes, novel allotropic modifications of carbon* 
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The currently available data on the structure and reactivity of fullerenes, including the 
fornmtion of metal complexes (including optically active ones) with futlerenes as ligands, arc 
briefly surveyed. The properties and reactions of fl~llerenyl radicals and endohedral com- 
plexes arc considered. 
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This work covers  only the chemical  aspects of  the 
many-sided problem of  fullerenes. The main concepts  of  
reactivity and some topical lines of  development  are 
demonstrated.  Since the results of  studies of  fullercnes 
have been descr ibed in detail in the literature (see 
reviews2-6),  a br ief  selective review of recent resutts is 
given here; a t tent ion  is focused on the results obtained 
at the Insti tute of  Organoe lement  Compounds  of  the 
RAS. 

Fullerenes represent  a family of  individual polyhe- 
dial molecules  consisting only of  carbon atoms. In this 
respect, the closed fulterene structure differs basically 
from other  forms of  carbon,  which are infinitely ex- 
lended systems (d iamond,  graphite,  carbyne, nanotubes, 
helical nets, etc.). The fiJllerene family can be consid- 
ered as an a l lot ropic  modif icat ion of  e lemental  carbon.  

Several years after the stability of  C60, the first mem-  
ber of  the fullerene lSmily, had been predicted theorcti- 

cally, 7,~ it was actually discovered* (together with C70) in 
carbon vapor obtained by laser-induced vaporization of  
graphite. 9 This method allowed the preparation of  only 
very small amounts  of  the material,  which sufficed most 
of  all for spectroscopic studies. Later, a method for pre- 
parative-scale synthesis of  large amounts of  fullerenes 
based on vaporization of  graphite electrodes in an electric 
arc in a helium atmosphere was p roposed)  ~ 

Fullerenes const i tute  an object presenting interest for 
various fields of  science: chemistry ,  physics, materials 
science,  geology, as t ronomy,  and biology. All the fields 
of  science except for as t ronomy and some branches of  
physics require substantial  amoun t s  of  both initial 
fullerenes and their  derivatives. It was not until the 
preparative method  for the synthesis of  fullerenes was 
discovered Io that deve lopment  o f  the studies of  fullerenes 
in the above-ment ioned  fields, including the prospects 
for their practical use, became possible. 

�9 The review is based on the report of the sanle 11anle deliv- 
ewcd at the XVI Men(tclee~ Congress (May 28, 1998. SI. 
Petersburg). I 

* Eleven years after the discovery of fnllerenes, R. F. Curl, 
tl. W. Kroto, ~md R E. Smalley were awarded the Nobel 
Prize in Chcmisn3' of l q %  
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Bclow, tile ma in  l andmarks  of  the chernical  history 
of  ful lerenes are p resen ted ,  as the a t t lhor  sees them 
(pr imary  a t t en t ion  is paid to s t e reochemis t ry  and  orga- 
uometa l l i c  chemis t ry) :  

,,1970 - prediction of the stability of the truncated icosa- 
hedron C~0 7 

,,1973 -- the same, based on Huckel calculationsS. 

,,1985 -- discovery, of Coo and C; 0 molecules in thc mass 
spectra of graphite vapor; 9 the discovery of tile 
cndohedra l  complex La@C6~ I by the same 
met h,xl I I; 

�9 1990 -- discovery, of the preparative method for the syn- 
thesis of large amo~.mlS of fulterenes by vaporiza- 
tion of graphite electrodes in an electric arcl0; 

�9 1991 -- Ihe first X-ray diffraction proof of the icosahe- 
dral structure of Coo in relation to its derivative 
(osmatc ester)lZ; 

�9 199t -- preparation of the first organometallic (plati- 
num) complex of fidletene (x-olefinic type)13: 

,,1992 -- discovery of fulleroids in a study of the reaction 
of C60 with diazo compoundsl 't;  

,,1992 -- preparation of the first optically active o~ganic 
derivative of fullerenetS; 

ol 993 -- preparation of the first optically activc organome- 
tallic derivative of fullerencl6: 

�9 1993 -- preparation of an optically active fullercne. C76. 
with a chiral skeletonlr; 

�9 19q3 -- preparation ofendohedra l  helium complexes by 
direct insertion of a helium atom into the carbon 
cageltl; 

�9 1995 -- synthesis of dlmcric azafullcrenelg; 

�9 1996 - -  preparation of an qS-complcx of a pa~ially salt~- 
raled fullcrene20; 

�9 1 9 9 8 -  extraction of tile stable "small" tullcfcne C>, 
from fullcrene soot. 11 

Al though  f ld lerene  molecules  consist  o~ly of  ca rbon  
a toms  and,  the re fo re ,  they seeming ly  should  be subjects  
of  inorganic  chemis t ry ,  never the less ,  the  presence  of a 
system of  con juga ted  and s t ra ined  double  bonds  is the 
crucial  factor g o v e n m l g  tile chemica l  behav io r  of  these 
species .  F u l l e r e n e s  behave  as e l e c t r o n - w i t h d r a w i n g  
polyalkcnes  and  main ly  comply  with the parad igms of  
organic  chemis t ry  Thus ,  the na ture  of  the chemica l  
b o n d s  appears  to be more  s ignif icant  in a cer ta in  sense  
t han  the  mater ia l  of  which tile molecu le  is built.  

Each carbon a tom of  ful lerene (i.e., each vertex of  
tile po lyhedron)  is l inked to three  ne ighbor ing  vertices. 
This  means  that  it forms two single bonds  and  one  
double  bond.  A C60 molecule  has two types o f  bonds ,  
via., a (6,6) bond  shared  by two hexagons  (behaves  as a 
double  bond)  and  a (6.5) bond  shared  by a hexagon and 
a pen tagon  (behaves  as a single bond) .  Thus ,  the  whole  
surface of  any ful lerene i.', coa led  by a system of  con ju-  
gated double  botlds,  which are s t ra ined  because  tile 
surface is not planar .  In ful lcrenes of  lower symmetry '  
t han  C~0 (group I~.). the double  bonds  differ, depend ing  
on  the i r  posi t ions,  in tile degree o f s l r a i l l  alld ill reactiv- 

ity. By now. only the c h e m i s t r y  of  the next fu l le rene ,  
C70 (group Dsh), has been s t u d i e d  to some  extent .  
Higher  f idlerenes are still re la t ive ly  t, navai lable  in a pure 
state. A ful lercne with a c h i r a l  ske le ton  (g roup  Dz), 
which ,  by the way, was ob ta ined  in an  e n a n t i o m e r i c a l l y  
pure state,  i7 appeared  for the  first  t ime  a m o n g  the  C76 

isomers.  In a r e c e n t  s t u d y ,  2t p r e p a r a t i o n  o f  a fairly 
stable lower ful lerene,  C~ 6, h a s  been  reported.  It is 
remarkable  that  tile i somer  with D6h s y m m e t w  actual ly  
proved to be the most stable,  as was  p red ic ted  in 1992 by 
E. G a l ' p e r l l ,  I. S tankevich ,  et al. zx 

Ful lerenes  are unique  in tha t  t h e y  represent  a soluble  
form of  c a r b o n  This  provides,  fo r  example ,  the  o p p o f  
t lmity to prepare ca rbon  films ill s o l u t i o n s  Being hydro-  
phobic ,  ful lerenes are soluble in  hyd roca rbons ,  espe-  
cially ill a romat i c  ones,  and  iu c a r b o n  disulfide.  The  
m a x i m u m  solubil i ty of  C60 ill m o s t  hyd roca rbon  sol- 
vents z3 is observed at -315  K. It is wor th  no t ing ,  how- 
ever, that  stable colloid s o l u t i o n s  of  C60 in wate r  can 
a l s o  be obta ined.  2"s'z5 

Ful lerenes  can undergo  only  add i t i on  reac t ions  but 
not  subs t i tu t ion ,  because there  is n o t h i n g  to be subst i -  
tu ted in the initial ful lerenes.  S ince  they  are s t rong 
e lect ron accepters ,  they add nuc leoph i l e s ,  inc luding elec- 
t rons,  and homely ' t ic  reagents  ( h a l o g e n s ) ,  inc lud ing  free 
radicals,  to give ra ther  s table ( o n  the  ESR t ime  scate) 
spin adducts.  Ful lerenes  tend  t o  form complexes  with 
incomple te  charge  transfer ,  in w h i c h  they  usually func-  
t ion as the accepters .  16 

It is well known that  f id lerencs  readily accept  elec- 
Irons but release them with difficulty.  The  radical an ions  
and  anions  derived from ful lereues  have been studied iu 
detail. However,  by t rea t ing fu l le rene  with relatively 
s trong oxidants,  it is also possible to genera te  the Cr 0' ~ 
radical cation. Recently,  it was fot, nd a7 that  oxidat ion of  
C60 with oleum under  cer ta in  c o n d i t i o n s  can  lead not 
only to the format ion of  C60  + bu t  also to partial d imer -  
izat ion to give CI20  ~. As a f u r t he r  deve lopmen t  of  this 
work. oxidat ion of tile p re l iminar i ly  prepared  Ct20 and  
"dimer  ether" CD2oO by the same reagent  was carr ied out;  
th is  gave two E S R - a c t i v e  spec i e s ,  a ca t ion  and  a 
dication,  z8 The  C60 + radical ca t ion  has also been  de-  
tected ill the react ion of  f ldlerene wi th  ch lor ine  dioxide. :'9 

The  organic  chemis t ry  of  fu l l e renes  is largely based 
on  In+21 cyc loaddi t ion  reac t ions ;  some  examples  of  this  
type of  react ions  are p resen ted  below.  W h e n  n = 4, this 
is the  Die l s - -Alder  react ion,  3 ~  w h e n  n = 3, these  are 
react ions  with h e t e r o a t o m i c  d ipo les  (see,  for example ,  
Refs. 33--35) ,  and  for n = 2, r e ac t i ons  with doub le  or 
triple bonds  have been  repor ted.  36-37 The  fo rma t ion  of  
the osmate  estcr  t-~ is also an e x a m p l e  o f  [3+2[  cyc le-  
addi t ion.  The  Die l s - -Atder  r eac t ion  has  been  repeatedly  
used in recent years to constr t ,  ct fairly complex  systems 
incorpor 'at iug the ful lerene f r agment .  38 

The  react ion with diazo c o m p o u n d s  is fairly impor -  
tant ill ful lerene chemistf3,. 14 It is du r ing  tile s tudy of  
this react ion that it was found ( to  revise the initial 
collclllsi,c~n'~ 3q thai a (~3,6't doub le  b o n d  adds a ca rbene  
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fragment to, gi;'c nlcthauofullerenr con/aJnm 8 a fused 
three-n,embered ring, whereas a (6,5) bOlld cleaves to 
gi,,e a new ~tructtlre with a bridging carbOll atolll, wIHch 
v,as culled Jul/eront. ( Methanoannulenes ,  previously stud- 
ied by Vogel, '(~ represent a structural prototype of  the 
fulleroid f r agmen t )  The mechanism of this reaction has 
iiot been definitively r al though it was sho',),ll 
for unsubstituted diazomethane that tile first step of the 
reaction affords pyrazoline, "~l ~.e.. 13+21 cycloaddit ion 
takes place. The subsequent decomposition of the pri- 
mary product yields methanofullercne and ful leroid 
The major product,-<, o f  the reaction of C6o with azides 
are azafulleroids4Z; no intermediates  were detected The 
researchers were able to cunvert  azafulleroid with a 
specially selected substiluent into azafullerene (C~gN),.  
which is stabilized by dmlerlzauon because the corre- 
sponding monomer is a free radical, t~ 

"File problem of  selective preparation of monosubsti- 
ruled derivatives ~s an important general challenge i)~ 
fullerene chcnnstD'. S i , I c e  the molecule contains a large 
,tu)'r',ber of sites with approximately equal reactivitie>, 
the reactions often ~ivc product mixtures that are diffi- 
cult to separate. An mleresting and promising study in 
lids respect '|3 describes a method for the addition of 
cyanide anion to one double bond in Coo followed by the 
addition of all electrophil ic partner 

The presence of double bonds is the prerequbite for 
the formation of  x-complexes with transition metals. 
The structure of  fullerenes permits them to ftmctlon as 
ligands with haptic numbers "(4 of  I to O; nevertheless,  of 
the whole theorct,caIly possible set, only tradit ional 
olefiuic q2-complexes :ire known to date The addition 
of outer metal fragments generally decreases the sym- 
metry of the init ial  fidlercne core; the chiral isomer~ of 
the bis-osmatc derivatives of the duubte bonds of Coo 
~,ere obtained in an optical ly active state. (s Analysi~ o l  
tile point groups of syrnmetD, of the hypothetical deriva- 
tives that ~hould be formed upon consecutive q~'- and/or 
q~-coordination revealed '~~ one chiral combination for 
bis-(q6,q6)-C60 and several chiral combinations for van- 
ous h is -complexes  of  C?0 (Fig. 1). Recently,  prepara- 
tion of rlS-metal complexes  was repol-ted2~ hov,ever, for 
this purpose, it was necessary to destroy the c o m m o n  
rt-electron ~,s tem of Co(; by "fencing" one pentagon by 
fivc aryl groups, which brought it closer in character t,') 
all isolated cyclopentadienyl." 

Among the problems of organometall ic chemistD' of 
fullerenes, tile fol lowing aspects should be noted (a) 
~yltthesis _and study of  propertJes of. ,-c-complexes of. C0r 
and C~n with plat inum group metals, especially ','+tell 
palladium, plat inum, rhc)dium, ir idium; (b) synthesis of 
optically active organometa l l ic  dcrivatP, e~, of fullerenes: 
(c) preparation of  compound~ containing metallocene 
and ftJllerene fragments within one molecule: td) ~ttldy 
of fullerene Spll, adduct~, relatively stable ft, l lerell)l 

�9 plevlOll'+]+~ II ',~,;I\ fotlrld bv C;I ICl l I , l l lOl l  <`~'I~' ,h, l ,  I IH\  ~l[t l t_l l;IL' 
In~)dIl ' Ic,Hi,~ll ",hm'hld b,: l-,IV~)r;~blc fo r  ,15-bending 
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Fig. I, Point groups of symmct~' for mono- and dimctal 
complexe~ of fiullerencs coordinated in the qS. and/or 
if-fashion ta) C,,, 0` (b) C? 0 ChLral combinahons are marked 
by ckcles. The d~gn in parentheses meam, the number of edges 
corfcspo[;di~g to the shortest route b(ttwecn ,he coordln3ted 
faces 

radicals wKh a magnetic nucleus in tile addend, by ESR 
~pectroscc)p~ ; tel  study of the reactivity of the cndohedral  
metallofullerenes.  Some results ',),,ere briefly, considered 
in previous reviews. 47,48 

After it had beell fcumd 4') that C60 is able to add free 
alkyl and thiyl radical.~ to give spin adducts,  which can 
he studied by ESR spectroscopy,  it seemed expedient  to 
study heteroorganic radicals with a magnetic nucleus in 
a key position. This automat ical ly  provides an additional 
charnctefist ic of  fullerenyl spin adduces, namely,  the 
hyperfine splitting ( H F S )  constant;  the same reforma-  
tion COllCerlling alkyl C-radicals could be obtained ol l ly 
by using s~ high enrichment with the 13C isotope. 

We studied the addit ion of phosphoryl P-radicals 
and B-radicals using an original method for tile ~enera- 
tion of these radicals, namely, photolysis o f  mercury 
derivatives, st The addit ion of  one Pt-centered radical to 
(--'~0 was also sttidied5 During ellis slud~', we discover<:d 
and described sz ( independent ly of  other  researcher~ deal- 
il'Ug with alkylful lerenyl radicals sa) reversible dimeriza- 
t)un of phosphorylful lerenyl r:adicals, determined the 
euergy of dimerization, and used for the first time 
fullcrene dimer~ for synthetic purpo,:es .s4 

I t  iS O'~Vlllg tO tile highly inR)rmatlve content of  this 
approach, which provides an HFS cons/lint <J for each 
ESR si,'u;,l m addil iou to a g-lactor, that we were able to 
ob,.el~.,c >evcral i~olllerlc 31~ll,. l lS, c,,)rre'-,pondlng Io the 
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addition of free radicals to various types of vertices, in 
the [SR  spectra of  spin adducts of  phosphoryl radicals 
with C70 s5 alld to Sltldy f i l l lerenyl adducls with B- or 
Pt-radicals. Boron-centered radicals were prepared by 
photolysis o f  9-boron-mercury derivatives of  m-car- 
borane 56 or by e l in l inat io i l  o f  a hydrogeil atom from the 
Me3N �9 BH 3 complex. 57 Tile spectra of the correspond- 
ing spin adducts with fullerene exhibit two hyperfine 
splitting constants, one of the t~ isotope (15%, s = 3, 
7 lines, a 8 = 6.25 G) and one of the liB isotope 
(85%, s = 3/2, 4 lines, a B = 18.25 G). The platinum- 
centered radical, prepared by photolysis of a mercury-- 
platinum bond 58 (see below), adds to C ~  with retention 
of the cis-arrangement of phosphine ligands around tile 
metal, which is indicated by the presence of two differ- 
cut HFS constants ap = 30.5 and 3.5 G; the greater 
value, apt = 52,0, corresponds to the direct binding of 
the platinum atom to tile fltllerene nucleus. 

When passing to the organometallic part of the in- 
vestigation, it should be mentioned first of all that there 
are two fundamentally different fashions of combination 
of fullerene and organometallic fragments within one 
molecule. One is the traditional and well-known fashion 
according to which the metal is bound directly to the 
carbon polyhedron, being coordinated to one or several 
of its atoms. The other way of combination has not yet 
received adequate attention; this is insertion of an orga- 
uometallic fragment into an organic addend (see below). 

The organometaltic chemistry of fullerenes was initi- 
ated by the synthesis 13 of the first mono-q2-platinum 
complex of C60; later, a similar complex with six plati- 
num fragments was described. 59 Soon alter a crystalline 
palladium mono-q'~-complex, (Ph3P)2Pd(q'~-C60), was 
prepared in a pure state; according to X-ray diffraction 
analysis, 60 the bond lengths and bond angles in this 
complex are close to those in the platinum complex but 
tile carbon polyhedron is much less distorted. A typical 
feature of both complexes is that all four atoms in the 
ligand sphere of the metal are arranged in one plane, 
unlike those in the ethylene complex (Ph3P);~Pt(C2H,) 
but like those in the complex of electron-withdrawing 
tetrafluoroethylene (Ph3P)!Pt(C2F4)- Due to this fact, 
the geometries of complexes L2M(rI?-C60) and methauo- 
fullerenes are different; however, both belong to the 
same point group of symmetry, C~.,, which does not 
adequately reflect the situation, in the course of analysis 
of the structures of fullerene derivatives, a procedure for 
unambiguous assignment of indices was proposed61; it is 
based ~iz on a more detailed definitiou of groups of 
symmet~' (Framework Group Approach), which pro- 
vides description of the symmetry of each molecule by 
its own individual index. 

Electrochemical  study of the behavior of 
(Ph3P)~Pd(q2-C60) ill tlte presence of an excess of a 
zerovalent palladium complex or triphelaylphosphine 63 
evidences in thvor of the following equilibrium: 

2(Ph3P)2Pd(q2-Cci ~) ~ {(Ph3P)?PdI2('!2-Cao) + Cao- 

The fidlerene palladium complex (Ph3P)~Pd(C60) 
supported on activated carbon exhibits catalytic activity 
in the selective hydrogenation of a triple bond to a 
double bond, exceeding the activity of palladium metal 
supported on carbon. 64 We found a new method for the 
synthesis of platinum complexes of fullerenes based on 
platinum-mercury compounds, 5s whose synthesis was 
developed in our previous studies. 65,66 

R--Hg--PtL2--X + C n ~ R---Hg--X + L2Pt(n2-Cn) 

These bimetallic compounds proved to be a convenient 
source of a platinum carbenoid; in particular, they were 
used n7 to prepare (Ph3P)2Pt(q?-Cyo). Moreover, it was 
found that even bis(ar3'l)platinum complexes react with 
C60 with transfer of L~Pt to fulterene and with tile 
formation of diaryl; the latter points apparently to a 
homolytic mechanism of the process. On heating, the 
reaction is completed over a period of several minutes. 68 

L2PIAr 2 + C n ~ Ar--Ar -i- L2Pt(q2-Cn) 

An interesting atypical behavior of a bimetallic com- 
pound in the presence of C60 is observed when tile 
mercury atom carries a polyfluoroalkyl group. Ill this 
case, photolysis involves hemolytic cleavage of only the 
metal--metal bond and the resulting Pt-centered radical 
adds to fullerene. 58 This new platinum-fidlerenyl radi- 
cal, which is relatively stable in solution, was compre- 
hensively described by ESR spectroscopy (see above). 
It is of interest that it still remains the only representa- 
tive of metal-containing fidlercne derivatives ill which 
the metal is bound to the fullerenyl nucleus in the 
nl-(,~)- fashion. 

Since tile symmetry of C70 is lower than that of C60, 
this molecule contains eight types of nonequivalent 
double bonds. The most strained (6,6) bond at tile 
"sharp ~ end of the ellipsoid, which is conventionally 
designated as a-b, is the most reactive toward addition 
reactions, including the addition of q2-metal-containing 
fragments, ny According to the cu rrenlly available data, 7e 
the maximum number of metal atoms that can be added 
to C70 is four rather than six as in the case of C60. 

We studied the process of formation and properties 
of the palladium complex (Ph3P)2Pd(rl!-C,0) in de- 
tail. 71 It was shown by 31p N M R  spectroscopy that this 
compound was formed as two regioisomers present in a 
ratio of 86 : 14. As was to be expected, the predominant 
compound is the a-b i:~otner, m wllich two phosphorus 
atoms are nonequivalent and account for an AB-system 
in the NMR spectrum. However, simultaneously, a sin- 
glet due to equivalent phosp|~ortts atoms in the minor 
c-c isomer was observed for the first time (Fig. 2). 

The addition of rhodium and iridium hydride deriva- 
tives HM(CO)(PPh3) 3 and HIr(CsHI2)(PPh3)~ to C60 
and C70 fidlerenes occurs highly regio- and stereo- 
specifically to give only the corresponding ~12-metal 
complexes forn]ed at ttte (6,6) bond 72,73 upon replace- 
merit of one triphenylphosphine ligand rather that] upon 
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Fig. 2. 31p NMR spectrum of a mixture of two isomers of012-C70)Pd(P13P)?, ( a - b ) / ( c - c )  = 86/14. 
ppm 

the migrational addition of the M--I t  bond to the 
polyene system of the fllllerene, as occurs when these 
complexes react with conventional electron-withdraw- 
ing olefins like tetrafluoroethylcne. The structure, con- 
figuration, and site of attachment of a transition metal 
to the fldlereqe nttcleus fur the resulting complexes were 
proved unambiguously, retying on the data of IR-, 
1H NMR, and 31p NMR spectroscopy. The electro- 
chemical behavior of these fullerene complexes was 
studied74; the procedure for direct generation of these 
species in an electrochemical cell made it possible to 
study nut only mono- but also dimetal derivatives of 
both C60 and C70. The structures of similar iridit, m 
complexes were determined by o~her researchers. 69 The 
addition of phosphowI radicals was also performed and 
studied using the above-described ESR strategy for 
complexes of  C~,o W ith platinum, palladium, 54'vs and 
iridium, v6 

We prepared the first optically active organometallic 
complexes of fullerenes by attaching an enantiomeric 
ligand, (+)- or (-)-3.4-bisl{diphenylphosphino)methyl]- 
2,2-dimethyl-1,3-dioxotane (diop), to a metal. This can 
be attained by either of the following two methods: 
ligand exchange in a triphenylphosphine complex or the 
reaction between fullerene, diop, and the complex 
M_Xdba) 3. The latter method is especially convement fur 
palh~dimn because it.,; dibenzylidcneacetone complex is 

readily available. First the complex [(+)-diop]Pd(n 2- 
C60 ) was synthesizedt7: after that, the platinum analog 
[(+)-dioplPt(rl?-C60) was prepared and its molecular 
structure was established by X-ray diffraction analysis of 
the monosotvate with c i s - c y c l o o c t e n e .  7~ Similar com- 
plexes of rl2-C70 have also been synthesized. The circu- 
lar dichroism spectra (Fig. 3) contain many extrema 
due to the Cotton effect, in particular, m the visible 

101 
9000 

l 

l i  - . . . .  2 

0 : .  ~ : ~. .. ~ . ~ , . . . / / .  

-i l i ! \ ~ . . . :  i / ~  ..--:" : ' ~ " -  �9 

280 4C~0 5(;0 600 ),/rim 
Fig. 3. Circular dichroism spectra of C60 enantiomcric COnl- 
plcxcs: (q2-C~,0)Ptl(+)-diop] in toluene (/); (,"12-C~0)Pd[(+) - 
diop[ in toluene 12): (q2-C~ti) Pd[ ( ~ )-diop] in 
({i rile t ]iyt ft)rrt/;ll/lidc (.]) 
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region, which correspond to electron transitions m both 
the fullerenc core itself and between fullereue and the 
metal; this was first reported in a lecture at the 32nd 
Congress on Coordination Chemistry.. 78 

In the case where the addend contains an organomc- 
tallic moiety, the organometaltic and fullerene moieties 
are linked by covalent bonds via a chain of atoms, at 
least, via one atom. The groups that connect or separate 
two particular moieties in a molecule are generally 
referred to m the chemical literature as spacers; here, we 
shall use this term in this particular sense. Apparently, a 
compound of this type was first prepared in 1994 in our 
study, 79 in which C60 was modified by the Wudl reac- 
tion using a diazo compound with an arene(tricarbouyl)- 
chront ium subst i tuent ,  Ph--C(N2)--[PhCr(CO)31.  
Organochromium reaction products comprised one 
methanofullerene and two fuIleroid isomers, which was 
similar to the products of reaction of diphenyl-  
diazomethanc itself with C60. Yet another reaction of 
this type was successfully performed with mono- and 
bis-diazoacetylferrocene (preliminary commmaicatiouS~ 

Combination of an electron-withdrawing fullerene 
moiety and an electro~>donating organometallic moiety 
within one molecule with a conducting spacer could 
result in the preparation of a "molecular wire," i.e., 
intramolecular charge transfer along the chain. This 
requires that at least two conditions be fulfilled. (1) The 
oxidation potential of the organometallic moiety should 
be close to the reduction potential of the fullerene 
moiety; (2) efficient charge transfer along the spacer 
should occur. For this purpose, the spacer has to contain 
apparently a system of conjugated bonds. If the spacer 
can be reversibly modified in such a way that a system of 
conjugation could be either formed or destroyed at 
request, we shall produce a "molecular switch key" 
( Fig. 4). It is noteworthy that in methalmft, llerenes, two 
atoms of the fullerene nucleus have passed into the 
sp3-hybridizatiou state and, therefore, a spacer contains 

Fig. 4. Scheme of the "molecular switch key" consisting of 
ftdlerene aud metallocene witll a spacer of a variable snucture 
b:l~,ed ol't reversible introdttc~ioll of a double bond. 

at least two atoms not involved ill the chain of conjuga- 
tion. 

A unique structural feature of  fullereues is the pres- 
ence of an inner cavity, which is large enough for one or 
more atoms to fit into. The first example of this type of 
compounds, which were called endohedral complexes, 
was reported at the same time as fullerenes themselves 
were discoveredll; this was the lanthanum complex 
La@C60. Subsequently it was found that two sorts of 
endohedral complexes exist, namely (a) metallofullerenes 
M,~@C,,, which are prepared only by de novo synthesis 
based on vaporization of graphite electrodes filled with a 
compound of a corresponding metal, and (b) com- 
pounds of inert gases (from helium to xenon), 81 which 
can be prepared by insertion of  atoms of these gases 
within an existing carbon cage at high temperatures and 
pressures. The mechanism of this remarkable process (b) 
is unknown. A recent study aimed at the preparation of 
He@azaft, llerene s2 demonstrates that even when there is 
a relatively large "window" in the carbon cage, a helium 
atom inserted initially remains in the final product. The 
insertio,1 of the 3He isotope, which has a magnetic 
moment ,  made it possible to characterize various 
fullerenes and their derivatives by the chemical shift in 
the 3He NMR spectrum83; this characteristic proved to 
be highly sensitive to the structure of the fullcrene 
compound. The chemistry of fullerene endohedral com- 
plexes has scarcely been studied. 

Endohedral mctallofullerenes containing formally 
neutral lanthanide atoms inside are paramagnetic and 
can be studied by ESR spectroscopy. IN our study, 84 it 
was found* that La@Cs2 and Y@C82 (at least, those 
mixed with a larger amount of "empty" ft,llerenes) are 
inert toward a phosphoryl radical or a bis(triphenyl- 
phosphine)platinum fragment, but in a solution in 
CF3COOH, their ESR spectra change. More precisely, 
one of the two multiplets (whose presence is explained 
by isomerism of the carbon cage of C82 ) disappears and 
a doublet appears; this might imply protonation of the 
carbon cage (Fig. 5). This finding is consistent with the 
view that the surface is negatively charged due to the 
partial electron transfer from the metal. 86 

Endohedral complexes of ft, llerenes can be regarded 
as a subject for supramolecular chemistry, which consid- 
ers "host--guest" complexes, the fullerene molecule act- 
ing as a sort of host. However, fttllerenes can also form 
complexes in which they act as classical guests. Previ- 
ously an inclusion complex of C60 with y-cyclodextrin 
was identified in an aqueous solution and its existence 
was proved unambiguously by observing induced Cotton 
effects in circular dichroism spectra. 87 However, the size 
of the cyclodextrin cavity is rigidly fixed and somewhat 
too small for fullerenes. There exists a family of syn- 

* This work was carried out in collaboration with the group 
headed by E. B. Yagubskii (Institute of Problems of Chemical 
Physics, Chernogolovka), by v,hom endohedral metaltofltllerenes 
were first p~epared in Russia. ~s 
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Fig. 5. ESR spectra of the endolmdral metal complex La@Cs2 
dissolved in toluene (a) or CF3COOH (b). 

thetic host molecu les  (.although they are optically inac- 
tive, unlike natural  cyctodextrins) the size of  whose 
cavity can vary,, viz., calixarenes. Recently it was shown 
that [8]calixarenes successfully and selectively include 
C~,0 with the stoichiomet,'2,' I : I aad that they can even 
extract it from ful[erene soot. 8n,s9 A detailed review on 
this topic has been published. ~~ 

In recent years, methods  for exerting a strong energy 
impact  on a substance,  resulting m complete  loss of  its 
molecular  individuali ty,  have been developed. 

The discoverers, or better to say, creators of  t'ullerenes 
have done and are still doing quite the opposite t h ing  
They were the first to reveal to the fl~ll n]easure the 
ntolecular  individuali ty of e l e m e n t a l '  carbon, which had 
been shaded by involvement  in enormous  collect ions of 
a toms (graphite,  d iamond) .  They demonstrated that the 
capaci ty o f  carbon to form homoa tomic  molecules is not 
poorer  but r icher  and more diversified than those of  
nitrogen, oxygen,  fluorine, and silicon. Thus they con-  
firmed once again the validity of  the brilliant aphorism 
of  Berthelot  stating that chemis t~ '  is a science that 
creates its own subject. 

This work was financially supported by {he Russian 
Foundat ion for [3asic Research (Project No. 96-03- 
33055) and the Russian Science and Engineering Pro- 
gram "Ful lerenes and Atomic  Clus ters"  
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