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The main types of fullerene dimers synthesized so far,
including the early all-carbon fullerene dimers, other new
carbon allotropes containing two fullerene units and the
specially interesting fullerene dimers bridged through
electroactive spacers, are reviewed. The different synthetic
strategies employed have been divided into two main types,
namely: (i) dimerization of Cgpitself or some Cgp derivatives
and (ii) bifunctional cycloaddition reactions to Cgp.

These new systems are of interest since they can find
applicationsin areas such asartificial photosynthesis, novel
molecular electronic devices and in supramolecular chem-
istry.

1 Introduction

Connecting fullerene cages has been a subject of interest since
the observations of fullerene coalescence upon laser irradiation
of Cg films® The experimental evidence for molecular
coalescence of Cgp molecules, that is, formation of stable higher
fullerenes which are multiples of the initial masses, is clearly
manifested by measurements of the mass spectrawhere Cyxg is
the most abundant product. However, the shapes of the products
from the coalescence reactions are not clearly known and it is
not clear whether they are formed as large clusters or as
dumbell-shaped (Cep) dimers.t While the coal escence products

are too complex to be analyzed, the seemingly simple addition
polymers have not been well characterized either. Thus, as
dimeric fullerenes have been proposed as essentia subunits of
the al-carbon fullerene polymers, it has been of great
importance to clarify their detailed structure as well as their
physical and chemical properties for a better understanding of
the nature of fullerene polymers.2 Whereas early efforts were
mainly directed at the obtention of all-carbon fullerene dimers
inthe search for new carbon allotropes, with the development of
fullerene chemistry it has been possible to obtain properly
functionalized carbon spheresin order to synthesize avariety of
the so called dumbbell type dimeric materials with different
spacers between the fullerene units. In this article we present an
overview of the main types of [60]fullerene dimers synthesized
so far, putting particular emphasis on the different synthetic
strategies followed for their obtention. These strategies will be
divided into two main classes: (i) dimerization of either
fullerene itself or a suitably functionalized fullerene and (ii)
bifunctional cycloadditions to [60]fullerene.

On the other hand, the design of novel organofullerenes
containing electroactive moieties constitutes a promising field
due to the interesting optical and electronic properties they can
display. Another approach to this field has been the study of
fullerene dimers in which two fullerene spheres are attached
either directly or are covalently connected through a molecular
electroactive bridge. The electronic interactions between the
Ceo units themselves as well as between the Cgo units and the
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electroactive spacer have been the subject of different studies
and we will look especially at the electrochemical and
photophysical properties of these redox active compounds.

2 Dimerization reactions of [60]fullerene and
derivatives

C120 isthe most abundant product present in the mass spectra of
coalescence experimentsaswell asin different polymerizations.
Therefore, theoretical and experimental studies have been
carried out in order to determine its ground-state configuration.
These studies reveal that, in the neutral state, the energetically
most favourable bonding between the two Cgo molecules is
accomplished through a [2 + 2] cycloaddition, where the (6,6)
short bonds between two hexagons on adjacent molecules are
broken and converted into a four membered ring (1, Fig. 1)3
with Doy, sSymmetry.

Fig. 1 Structure of Ci2 (1).

Therefore, 1 has been proposed as the smallest subunit of the
all-carbon fullerene polymers produced by coalescence reac-
tions on [60]fullerene. In contrast to the many theoretical
studies carried out on this compound, only recently have
efficient methodsfor its synthesis been reported.2 Thus, the bulk
synthesis of 1 was achieved by the solid state mechanochemical
reaction of Cgo with KCN by using a high speed vibration
milling (HSVM) technique (Scheme 1). Two different mecha-
nisms have been proposed for this reaction: (i) dimerization via
nucleophilic addition and (ii) dimerization via coupling through
an electron-transfer step.3
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Scheme 1 Synthesisof C150 (1) by reaction with KCN under the * high-speed
vibration milling’ conditions.

Dimer 1 is adark brown powder which is barely soluble in
most organic solvents. The solubility depends greatly on the
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purity: the purer the sample, the less soluble it is. It was found
to dissociate quantitatively into Ceo When heated at 175 °C for
15 min and aso to undergo slow photochemical dissociation
into Cgo Under exposure to room light. 0.8% of Cgg is produced
when apowdery sampleof 1issubjected to ahydraulic pressure
of 100 kg cm—2 for 30 min. The cyclic voltammogram of 1
exhibits three reversible reduction waves which are amost
identical to those of Cgg Observed under the same conditions. A
dlight shoulder on the first reduction peak of 1 is the only
remarkable difference to Cep, thus indicating that dimer 1
readily dissociates into two Cgp units immediately after Cioo
acquires extra negative charge.3 The structure of 1 has been
determined by X-ray crystallography for asingle crystal grown
in an o-dichlorobenzene (ODCB) solution.2 The dimer is
composed of two Cgp cages sharing a cyclobutane ring with the
Ci120 molecules arrayed in highly ordered layers, different from
the face-centered cubic arrangement of Cgo. The relative
elongation of the inter-cage bonds (1.575(7) A) compared with
the ordinary C(sp3)—C(sp3) single bond may be responsible for
the above mentioned ready thermal cleavage of 1.

The close similarity between the FT-IR spectrum of all-
carbon poly[60]fullerenes and 1 has been used as evidence for
the proposed [2 + 2] cycloaddition linking pattern in poly-
fullerenes.

Other extensively studied fullerene dimers are fullerene
oxides such as C1500. The synthesis of this type of compounds
was stimulated by the discovery of the odd-numbered fullerene
clusters* and Taylor’s proposed mechanism for the generation
of Cy19 Viathermal decarbonylation of CgO and addition of the
resultant Cso tO C50.5

In 1995 it was amost simultaneously reported by two
independent groupsé” that thermolysis of CgoO with a [6,6]
epoxide structure (2) in the presence of Cgo affords the
corresponding oxygen-bridged Cgo dimer (4). By using the
same experimental conditions, the methylene-bridged Cgo
dimer (5) was a so obtained by thermolysis of the[6,6] fullerene
cyclopropane 3 and Cg, (Scheme 2).
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Scheme 2 Syntheses of C;,00 (4) and the methylene bridged Ceo dimer (5)
by thermolyses of CgO (2) and [6,6]fullerene cyclopropane (3) re-
spectively.

Very recently, Taylor and co-workers have shown that at
ambient temperature and in the solid state Cgo degrades to
C1200 (4) which is present in up to 1% concentration in the
samples examined and they have been ableto extract multimilli-



gram quantities of Ci00 (which crystallizes from carbon
disulfide as black needles) from commercial Cgo.8 The authors
claim that Cgp undergoes oxidation to CeoO (2) on exposure to
air, but given that the mono-oxide is strained and is predicted to
be unstable relative to Ci1500, it is captured by a further Cgo
molecule in a[2 + 2] reaction to produce Cy500 (4).

In the electrochemical study of dimer 4 formed by two Cgg
cages connected by a tetrahydrofuran ring, two reversible
asymmetric peaks along with a resolved set of two reversible
peaks can be observed. Each asymmetric peak corresponds to
two closely spaced waves resulting from the superposition of
two processes with very close reduction potentials. This
electrochemical behaviour indicates that the two cages are not
reduced simultaneoudly, thus suggesting that the two Cgo
moieties are communicating, in contrast to what is observed for
dimer 1 where thetwo Cgp units are connected by a cyclobutane
ring.

Following thermal reactions of the Cgo/CeoO/CgpO2 System
in the solid state, various other dimeric fullerene derivatives
such as Ci500, (6) and Cii9 (7) have been isolated and
characterized. In C,500; thelinks are composed of two furanoid
rings sharing a C-C bond interconnecting with a central
4-membered ring.° Here, in contrast to C;500, the four-
membered ring isthought to connect between single (6,5) bonds
of the origina Cego's (Fig. 2).

Fig. 2 Possible structures of Cy500, (6) with C,, symmetry: furan-ring
linkage via (&) 6,6 junctions or via (b) 6,5 junctions. The oxygens are black,
and the on-plane carbon pairs are hatched for clarity (Reprinted with
permission from ref. 9. Copyright 1997 The Roya Society of Chemistry).

More recently, the thermolysis of C;,00 has been performed
in the presence of sulfur yielding the corresponding sulfur
analogue C100S (8).10 This is the first sulfur containing
dimeric [60]fullerene derivative to be synthesized and charac-
terized by spectroscopic methods. The data obtained are
consistent with the lowest-energy modeled structure in which
two fullerene cages are linked via furan and thiophene bridging
rings with a cis configuration of the 6,6 junctions (Fig. 3).10

After early mass spectroscopic work proved that odd-
numbered dimer-related species can be formed out of fullerene
epoxides, it has proven possible to isolate Cq19 (7). The ‘clas-
sical’ fullerenes contain only an even number of quasi-sp?
carbon atoms in a closed-cage structure in which pentagons are
completely surrounded by hexagons. However, McElvany et al.
discovered the presence of odd-number clusters C;19, C109 and
Cia0? inthethermal desorption mass spectraof atoluene extract
of comercial soot and in the spectra of the products of ozone-
fullerene reactions. These species can be obtained by thermal
decomposition of Cy200y (X < 3). Cy19 iS OXygen sensitive and
decomposes within hours under ambient conditions athough
under argon is stable in arefrigerator for weeks. Cy19 isthought
to consist of two partially opened cages connected by three sp3
carbons and two seven-membered rings (Fig. 4). Consequently,

Fig. 3 Stereo pair for the lowest-energy structure of C150,0S (8) with Cg
symmetry: furan, cyclobutane and thiophene bridges are attached to the 6,6,
5,6 and 6,6 junctions, respectively (Reprinted from ref. 10. Copyright 1999
The Royal Society of Chemistry).

although it retains a high degree of topological analogy to the
title dimers, the structural integrity of the individual cagesis no
longer maintained in Cq1g.

As was previoudly stated, in the neutral case, the energet-
ically most favourable bonding between the two Cgo molecules
is accomplished through a [2 + 2] cycloaddition. Thus, the
energy calculated for asingle bonded (SB) isomer (9) formed by
direct covalent bonding between two Cgo molecules is higher
than that obtained for 1. With the addition of one electron to
each Cgo molecule, however, different calculations!! indicate
that the relative energy ordering between the [2 + 2] and SB
structure reverts. As a result, the SB dimer is predicted to be
more stable than the [2 + 2] isomer in mono-anionic fullerides.
Recently, X-ray results show that quenching the high-tem-
perature face-centered cubic (fcc) phase of A1Ceo (A = K, Rb)
below 280 K produces a metastable orthorhombic structure in
which the molecules exist as dimer pairs. The experimentally
observed 9.34 A center-of-mass distancein the charged dimer is
in good agreement with the calculated value of 9.30 A for the
SB configuration with a Con, symmetry (the two ballsbeing in a
trans position, Fig. 5a).1 Interestingly, these dimers resulting
from the monodoped fulleride structures (Ci502~) are iso-
electronic with the azafullerene dimer (CsgN), (10) which has
been shown to be bonded by a single C—C intermolecular bond
(Fig. 5h).12

Some of the best studied fullerene dumbbell-shaped dimers
are those with the general structure RCgoCsoR (11 R = H, halo,
alkyl, fluoroalkyl) which are formed by the recombination of
RCeo: radicals, which in turn can be prepared in situ by addition
of R: to Cgo.1314 (Fig. 6).

An important aspect of the chemistry of Cg isits reactivity
towards free radicals. Radicals add rapidly and multiply to the
double bonds of Cgy to give products R,Ceo. A remarkable
feature of the EPR spectra of the RCgo adducts is the dramatic
increase in intensity of the spectrum with increasing tem-
perature, in contrast to the usual decreasein intensity associated
with the Curielaw. Temperature dependence of thistype may be
indicative of an equilibrium between a radical and its dimer.
Thus, the dependence of signa intensity on temperature and
dilution at a fixed temperature established that the radica
adducts of Cgg exist in equilibriumwith their dimersand that the
dimer bond strength depends on the size of the group R.13

RCGOCGOR —_— 2RC60

Substituents R are considered to be attached at ortho or para
positions relative to the intercage bond, based on the EPR
spectra of monomeric species RCgo- showing the unpaired
electron localized within the six membered ring bearing the R
group.13 C—C single bonds bearing large cage fragments at both
ends provide interesting targets for studies of internal rotation
and rotational isomerism. Thus, Osawa and coworkers have

Chem. Soc. Rev., 2000, 29, 13-25 15
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Fig. 4 Stereo view of four possible Cy39 (7) structural isomers with structures consistent with the spectroscopic data (Reprinted from A. Gromov, S.
Ballenweg, S. Giesa, S. Lebedkin, W. E. Hull and W. Krétschmer, Chem. Phys. Lett., 1997, 267, 460. Copyright 1997 Elsevier Science B.V.).

studied the rotation about the intercage bond of singly bonded

RCes0Ces0R (R = H, Me, and t-Bu attached at the ortho or para

positions from pivot carbon atoms).14 They observed that

rotamers with R groups situated close to each other as in the

gauche form are predicted to be more stable than those with

9 maximally separated R groups (trans) and rationalized the
unexpected stability of the gauche-like conformation in terms of
a lever effect peculiar to the dumbell shape of the molecule.24
An interesting example of an RCgoCgoR dimer, inwhich Ris
amorpholinegroup (11, R = morpholine) has been reported by
Hirsch and co-workers.s This first aminated fullerene dimer
with a single inter-fullerene connection was isolated, together
with dehydrogenated amino adducts with a preferred 1,4-addi-

10 tion pattern, in the reaction of [60]fullerene with an excess of
Fig. 5 (a) trans Conformation of the single bonded (Ceo),2~ dimer (9)and ~ Morpholine in benzene in the presence of oxygen. The authors
(b) [6,6]-closed structure of (CsoN)2 (10). claimed that the fact that only dehydrogenated products were

isolated shows that the initially formed intermediates such as
aminated fullerene carbanions R,NCgo— or zwitterions

R R R>HN+Cgo— are oxidized by oxygen to form aminated radicals
RoNCgo- which may recombine through a dimerization process
(Fig. 6).

A different approach towards the obtention of a new kind of
carbon alotrope involves the combination of fullerene and
acetylene unitsinthe so called all carbon chemistry. Among the
attractive intermediates on the route towards these new carbon

1: @ =Cw allotropes are the cyclic polyynes (12, 13) depicted in Fig. 7 in
which macrocyclic polyynes are ‘end-capped’ with methano-
Fig. 6 Dumbbell-shaped dimers of the general formula RCgoCgoR. fullerenes.16

16 Chem. Soc. Rev., 2000, 29, 13-25



13

Fig. 7 Cyclic polyynes 12 and 13 with periphera Ceo.

With this aim, Diederich and co-workers developed new
synthetic routes to symmetrically and unsymmetrically substi-
tuted diethynylmethanofullerenes which have been used in the
preparation of dimeric fullerene derivatives. Thus, mono-
protected diethynylmethanofullerene (14) was homocoupled
under Hay coupling conditionsto the corresponding butadiyny!-
linked dimeric methanofullerene (15, Scheme 3) which was
isolated in 37% yield asblack shiny crystals, reasonably soluble
in cyclohexane, toluene and CS,.

In the cyclic voltammetry measurements performed on 15, a
single reduction potential value (—0.99 V, in CH,Cl, vs. Fc/
Fc*) assigned to the transfer of one electron to each of the two
Cgo moieties and two very similar potentials (—1.43 and —1.56
V) for their second reduction steps were observed. These values
are similar to those observed for the monomeric analogs, thus
suggesting that both through-bond and through-space el ectronic
interactions between the two fullerene moieties in 15 are not
very efficient. Thisfact isin agreement with the UV/Vis datal®
aswell aswith the X-ray structural datal” and indicates that the
C(spd) atoms in the two butadiynediyl-linked methano bridges
of 15 act as insulators.

Alternatively, dimeric fullerene derivatives in which the
acetylene spacersare directly attached to the fullerene core have
been prepared. Diederich and co-workers have recently synthe-
sized buta-1,3-diynediyl-linked bis(fullerenes) (17, 18) and
have made attempts at their conversion into the corresponding
dianion 19.18 Syntheses of these compounds were carried out by
homocoupling of ethynylfullerenes 16, bearing base-stable
substituents at their 2-position. In situ preparation of the Hay
catalyst [CuClI-TMEDA-O,;] (TMEDA = N,N,N N-tetra-
methylenediamine) in PhCI in the presence of 16 followed by
stirring for 24 h in dry ar at room temperature afforded
bisfullerenes 17. Removal of the tetrahydropyran-2-yl (THP)

CuCl, TMEDA
PhCI, O, 20 °C, 8h

Scheme 3 Synthesis of the butadiynyl-linked dimeric methanofullerene 15
by homocoupling of monoprotected diethynylmethanofullerene 14.

protecting groupsin 17b givesthe highly insoluble dumbbell 18
with hydroxymethylene groups on the 2,2’-positions of the buta-

Chem. Soc. Rev., 2000, 29, 13-25 17



16a: A = CH,Ph
16b: R = CH,OThp

CuCl, TMEDA

PhCI, Oy, 20 °C, 24h
dry air

17a: R = CH,Ph (52%)
17b: R = CH,OThp (82%)

PPTS,
PhCIEtOH,
60 °C, 65 h

Scheme 4 Oxidative homocoupling to give dumbbell-shaped bisfullerenes
17 and 18.

1,3-diynediyl-bridged carbon spheres. Attempted conversion of
18 to the al-carbon dianion 19 (C;242~) via base-induced
elimination was not successful18 (Scheme 4).

As observed for the parent dumbbell fullerenes 15, the cyclic
voltammetry measurements performed for 17 clearly indicate
that the two Cgo moieties behave as two electrochemically
independent units.18

Komatsu and co-workers have synthesized, in a very low
yield, afullerene dimer with an acetylene spacer (20), instead of
the butadiyne linker present in 17, by reaction of dilithioacety-
lene with Cgg in toluene, followed by addition of dodecy! iodide
at reflux temperature (Scheme 5).19

As in the preceeding examples, there is no evidence for
electronic interaction between both Cg, cages observable in the
electronic spectra of 20. Cyclic voltammetry measurements

18 Chem. Soc. Rev., 2000, 29, 13-25
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Li——Li
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CiaHosl
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Scheme 5 Synthesis of fullerene dimer 20 with an acetylenic spacer by
reaction of Cgo with dilithioacetylene followed by addition of dodecyl
iodide.

performed on 20 show that fullerene moieties are simultane-
ously reduced, thus confirming the absence of electronic
interaction between them.19

A recent and outstanding study on the dimerization of
methanofullerenecarbene, CgoC: (24) and its addition to Cgg has
led to the new carbon allotropes Ci»; (25) and Ciz, (26)
(Scheme 6).20

Carbene intermediate 24, produced from the methanofuller-
ene 21, was proposed as a precursor of Cy»; and Cio, during
pioneering studies by Osterodt and V 6gtle, which were detected
by mass spectrometry.2l In 1998, Strongin and co-workers
reported the first isolation and characterization of Cy,, via the
reaction of [60]fullerene with the atomic carbon precursor
diazotetrazole 23.22 It was isolated as a black solid that formed
a golden-yellow solution in toluene. It showed two intense
characteristic fullerene absorptions at 210 and 260 nm, while no
clear absorptions in the region from 400 to 700 nm were
observed. Spectroscopic studies are consistent with a dimeric
Donr-symmetric structure. Dragoe and co-workers have aso
succeeded very recently in the syntheses of both Ci»; and
C122.20 When a mixture of CgoCBTr, (21) and Cep Was heated at
450 °C in an argon atmosphere at arate of 5 K min—1 and then
cooled to room temperature, ablack powder, solublein CS, and
o-dichlorobenzene was obtained (the same product could be
obtained by using CeocCHCO,Et 22 instead of CsoCBr, 21 and
a higher temperature, i.e. 550 °C). The mixture was chromato-
graphed (GPC, toluene) and both C;»; and Ciz, could be
isolated. Theamount of C;,, decreaseswhen increasing the Cgo/
CsoCBrr;, rétio; the formation of Cy2, may be suppressed when
using more than a ten-fold excess of Cgo. Spectroscopic data



2 450 °C

Cio1, 25

N
N—N » PhH or PhMe, -3N,
23

Cioo, 26

Scheme 6 Syntheses of dimers C;»; and C;5, via a CgoC: carbene.

obtained for C;,; arein agreement with a C,, symmetry for the
molecule. Scanning tunneling microscopy (STM) measure-
ments on samples of both C;»; and C12, show similar images
corresponding to dumbbell-like structures.20

3 Bifunctional cycloadditions to [60]fullerene

A largevariety of cycloadditions have been carried out with Cgg
and the complete characterization of both monoadducts and
multiple adducts greatly increased the knowledge of fullerene
chemistry. [60]Fullerene is an excellent dienophile in cycload-
dition reactions which reacts by a [6,6] double bond, thus
avoiding the unfavourable [5,6] double bonds within the
fullerene skeleton. Cycloadditions to Cg, have been well-
studied, running from[2 + 1], [2+ 2], [3+ 2], [4+ 2] t0[8 + 2],
yielding the respective monocycloadducts which are easily
isolated in moderate to good yields. In contrast, bisaddition
leads to the formation of regioisomeric mixtures of bis-adducts
which are usually very difficult to separate. Derivatization of
Ceo With bifunctionalized molecules has been used as an
aternative and efficient method for the preparation of fullerene
dimeric materials.

Wudl and co-workers reported in 1992 the first syntheses of
dimers by reaction of bis(diazoderivatives).23 Since then,
different dumbbell-like fullerene dimers have been synthesized
by using bisdienes in Diels-Alder cycloadditions. In 1993,

Millen and co-workers reported that bis-o-quinodimethane 29
(R = H), generated in situ from 1,2,4,5-tetrakis(bromome-
thyl)benzene (28 R = H), indeed captures two fullerene
moleculesto provide ahighly insoluble bisadduct (30, n = 0, R
= H, Scheme 7).24 When flexible, solubilizing substituents
were introduced in the bis-0-quinodimethane moiety (29 R =
OHex) different oligomeric materials 30 (n = 0-5) could be
detected by using MALDI-TOF mass spectrometry.2> The
dumbbell compound 30 (n = 0, R = OHex) was found to be
soluble in halogenated benzenes and exists as a single
regioisomer so that it was possible to characterize it by NMR
spectroscopy.

Paquette and co-workers have also used bisdienes to prepare
dumbbell-like systems 32 in which apair of Cgo unitsarelinked
through cyclohexa-1,4-dienyl ladders of different length
(Scheme 8).26 With control of the spacing of the spheres, it is
expected to gain some knowledge of the possible operation of
intramolecular communication between the fullerene cages.
However, arestriction of exploitation of these systemsis their
striking insolubility.

Morerecently, asolid state[4 + 2] cycloaddition of pentacene
to Cgo Using a high-speed vibration milling (HSV M) technique
afforded anovel Cgo dimer (33) with the two Cgo cages assumed
to be in the less sterically hindered anti-face arrangement.2”

Other selected fullerene dimers obtained from bifunctional
cycloadditions are given in Fig. 9. Dimer 34 was obtained from
the double 1,3-dipolar cycloaddition of [60]fullerene to cyano-
gen di-N-oxide (Fig. 9).28 The solubility of 34 in a mixture of

Chem. Soc. Rev., 2000, 29, 13-25 19
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31 n=135

32n=123

Scheme 8 Syntheses of dumbbell-like systems 32 with different spacer
requirements via Diels-Alder cycloadditions of Cg With bisdienes 31.

1-chloronaphthal ene—2-chloronaphthalene 9: 1 (v/v) allowed its syn
characterization by recording 13C-NMR spectra. The cycloaddi-
tion occurs at the [6,6] ring junction of the fullerene and the
number of signals clearly indicate a Cs symmetry of the
molecule.

33
Fig. 8 syn and anti isomers of dimer 33.

1,3-Dipolar cycloadditions of azomethine ylides to Cg is a
suitable and quite general procedure for the functionalization of
[60]fullerene.2® In 1996, we reported the first synthesis of the
dimeric [60]fullerene 35 (Fig. 9) by using this type of

20 Chem. Soc. Rev., 2000, 29, 13-25

cycloaddition reaction.3° Thus, by reacting Cgo With sarcosine
and the appropriate dialdehyde in refluxing toluene, 35 was
isolated as a black solid showing an extremely low solubility in
most organic solvents. I1ts UV-Vis spectrum shows the presence



36

Fig. 9 Structures of fullerene dimers 34 and 35 obtained from bifunctional
cycloadditions to Cgo together with the parent dyad 36.

of a band at around 410 nm, in addition to the typical weak
absorption band at 430 nm of dihydrofullerenes, thus confirm-
ing the [6,6]-closed character of the dimer. The cyclic
voltammetry measurements indicate that there is no significant
interaction between both fullerene cages of the dimer in the
ground state, as has been previously observed for dyad 36.30

4 Fullerene dimers connected through molecular
electroactive bridges

As stated in the Introduction, the design of dyads bearing
covaently linked electron donor moieties in close proximity to
the Cgo surface is a valuable approach to artificial photo-
synthesis and novel molecular electronics. We have recently
reviewed the wide variety of Cgo donor dyads in which the Cgo
core is covaently attached to an electron donor unit as
promising candidates for the search of electron-transfer proper-
ties31 An intriguing and less studied approach consists of the
synthesis of fullerene dimersin which the two fullerene spheres
are connected through a molecular electroactive bridge. The
electronic interactions between both Cgp unitsaswell asthe Cgg
units and the electroactive spacer have been the subjects of
different studies.

Intramolecular processes such as electron and energy transfer
have been observed in different Cso—porphyrin dyads. Very

recently, triads Ceg—porphyrin—Cgp 37, 38, and 39 (Fig. 10) have
been synthesized, and their electronic properties studied.

Triads 37 and 38 have been synthesized by using Bingel
macrocyclization of porphyrin tethered bismal onates32 while 39
has been obtained by 1,3-dipolar cycloaddition from the
corresponding formylporphyrins, N-methylglycine and Cgp in
toluene.33 38 is obtained as amixture of two conformersin slow
equilibrium, as shown by a variable temperature NMR study
and represents the first example of a bis(meta-substituted
phenyl)porphyrin for which the barrier to free rotation is high
enough at room temperature to be abl e to distinguish the cisand
transisomers. On the other hand, because of the unsymmetrical
carbon of the pyrrolidine units, two stereoisomers correspond-
ing to the meso and racemic isomers could be isolated for 39. A
strong quenching of the flurescence emission of porphyrin is
observed for the three triads (37-39). From the electrochemical
measurements, it can be stated that the mutual electronic effects
exerted by the fullerene on the porphyrin and vice versa in 39
are relatively small and, thus, the ground-state donor—acceptor
interactions are hardly measurable by electrochemical proce-
dures.32

Other electroactive bridges used to connect fullerene moie-
ties are bipyridine (bpy) ligands and the strong electron donor
tetrathiafulvalene (Fig. 11). Very recently, the synthesis of the
bis-Ceo—bpy derivative 40 has been reported.34 Functionaliza-
tion of Cgo by using the Bingel reaction was followed by a
multistep synthetic pathway to yield the fullerene dimer 40 as a
soluble material in which the methanofullerene moieties are
separated from the bipyridine ligand by polyethoxy spacers.
The subsequent reaction of 40 with [Ru(bpy).Cl,] yields the
ruthenium(i1) complex [Ru(40)bpy.][PFg]2 (41). The electronic
absorption spectrum of this triad displays absorptions assigned
to the ruthenium complex subunit and the fullerene moieties.
The observed data suggest the absence of charge transfer
between both units.

Fullerenes covalently attached to the strong electron donor
tetrathiafulvalene (TTF) moieties are very attractive systemsfor
the preparation of photovoltaic devices. The TTF moiety forms,
upon oxidation, thermodynamically very stable radical-cation
and dication species due to the aromatic character of the
1,3-dithiolium cations. This gain in aromaticity represents a
new concept in stabilization of the charge-separated state in
electroactive dyads. Although different attempts have been
made to synthesize Cgo—TTF—Cgo triads, to the best of our
knowlege, only one example is reported in the literature.3s
Delhaés and co-workers have prepared three molecular assem-
bliesin which a TTF derivativeis covalently linked to two (42,
Fig. 11) or even four Cgo moleculesthrough flexible rings. UV-
Vis spectroscopy as well as cyclic voltammetry measurements
indicate that no interaction between the different donor and
acceptor systems of the supermolecules can be detected in the
ground state. Nevertheless, these systems are promising
candidates for further photophysical studies in the search for
improved optoel ectronic devices.

The photoinduced electron transfer from conducting poly-
mers derived from polyphenylenevinylenes as well as poly-
thiophenes to Ceg has been used to prepare improved polymeric
photovoltaic cells with high efficiency. These polymer—Cgo
systems represent an outstanding and redlistic application of
fullerenes. While the forward electron transfer reaction occurs
in a subpicosecond time scale, the recombination of the
photogenerated electrons on fullerenes and the holes in the
polymer is slow (us). The study of photoinduced electron
transfer in molecular dyads and triads of conjugated oligomers
covaently linked to fullerenes has been proposed in order to
investigate whether this large difference in electron transfer
rates is an intrisic property of the structures involved. To the
best of our knowledge, only two examples of conjugated
oligomers end-capped with two Cgg moieties (43, 44, Fig. 12)
have been reported and both have been prepared by 1,3-dipolar
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37: M=2H, Zn

38: M =2H, Zn; R = Cy,Hps

39: Ar = 3,5(£Bu),CgHa

Fig. 10 Structures of triads Ceg—porphyrin—Cgo 37, 38 and 39.

cycloaddition from the corresponding diformyl oligomers, N-
methylglycine and Cg0.36:37 We have synthesized molecular
triads of oligo-2,6-naphthylenevinylenes end-capped with
[60]fullerene 4336 and observed that the strong fluorescence of
the conjugated oligomer is strongly quenched by the fullerene
moiety in the triad. Similarly to the porphyrin analogues, the
electrochemical study of 43 revedls that no interaction takes
place between the conjugated oligomer and the fullerene moi ety
in the ground state. It is important to note that oligomers are
well-defined molecules which enable a relationship to be
established between the structural effects and electronic
properties of the related polymers and, therefore, the Cgo-
oligomer-Cgo systems deserve to be studied in more depth.
Finaly, with the aim of incorporating fullerenes into
multicomponent molecular systemsin order to provide accessto
the construction of two-and three-dimensional supramolecular
architectures with defined geometries, some dimeric fullerenes
have been prepared. Thus, taking advantage of the Pt(n)-
directed self-assembly of multidentate ligands, a tetracationic

22 Chem. Soc. Rev., 2000, 29, 13-25

cyclophane 45 containing two fullerene moieties has been
recently synthesized as atetrakis-triflate salt (Fig. 13).38 The X-
ray analysis of this structure indicates the aimost quantitative
nature of the self-assembly process. The use of this strategy
paves the way for building up complex supramolecular
fullerene arrays.

On the other hand, a copper(1)-complexed rotaxane (46, Fig.
14) bearing two fullerene stoppers has been prepared in an
interesting extension of the use of electro- and/or photoactive
species in the preparation of multicomponent molecular
systems displaying electronic and photochemical properties.3®
Rotaxane 46 was prepared by using the above studied procedure
of oxidative coupling reaction of terminal alkynes.16 Electro-
chemica studies carried out on 46 indicate astrong effect of the
fullerene moiety |eading to asignificant anodic shift of the Cul/
redox potential (+0.865 V vs. SCE in CH,Cl,) as compared to
other related complexes (AE° = 0.2 V). In contrast, the metal
center does not seem to change the redox properties of the
fullerene units which show the first reduction potential at



Fig. 11 Structure of the bis-Cgo—bpy derivative 40, the complex [Ru(40)bpy,][PFe]2 (41) and the Ceo—T TF—Cgo triad 42.

around —0.6 V. Luminescence measurements show that
emission from the metal-to-ligand charge-transfer triplet state
of the copper(1) complex 46 is quenched by the two Cgg units as
stoppers.

5 Summary and conclusions

In this article, we have presented selected new classes of
dimeric fullerenesin which the carbon spheres are connected in
avariety of ways.

Early effortsin thisareawere mainly directed to the obtention
of al-carbon fullerene dimers and polymers in the search for
new carbon allotropes by using physical methods such as laser
irradiation or high pressure transformations. However, the

products obtai ned were too complex to be analyzed and many of
the isolated products could not be properly characterized.

With the development of covalent fullerene chemistry, new
molecular carbon allotropes containing two fullerene cages
such as Cy19, C120, C121 and C;2 could be prepared by means of
different synthetic procedures. Spectroscopic and crystallo-
graphic studies have allowed the identification of their struc-
tures which has been of great importance in understanding the
nature of all-carbon fullerene polymers.

The major advantage of the synthetic pathways toward
dimeric fullerenes is the possibility of introducing functional
groups which alows for the obtention of new types of soluble
dumbbell fullerene dimers with very different structures and
properties. The different synthetic strategies employed have
been divided into two main types, namely: (i) dimerization of
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Fig. 12 Structure of conjugated oligomers end-capped with two Ceo moieties 43 and 44.
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Fig. 13 Structure of fullerene dimers 45 with applications in the
construction of supramolecular architectures.

Ceo itself or some Cgo derivatives and (ii) bifunctiona
cycloaddition reactions to Cep.

Depending upon the spacer between the fullerene cages,
different degrees of interaction among them, either in the
ground or in the excited states, have been observed by using
different electrochemical and photophysical methods. Specially
interesting are fullerene dimers connected via molecular
electroactive bridges as they can find applicationsin areas such
as artificial photosynthesis and novel molecular electronic
devices.

Finaly, with the aim of incorporating fullerenes into
multicomponent molecular systemsin order to provide accessto
the construction of two- and three-dimensional supramolecular
architectures with defined geometries, some dimeric fullerenes
have been prepared.

In conclusion, Cgo dimers represent a new class of carbon
alotropes and new modified fullerenes whose spheres can be
either directly linked or connected through a functionalized
spacer. Both supermolecules are promising candidates for the
still demanding application of fullerenes.
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Fig. 14 Structure of the copper(1)-complexed rotaxane 46 with applications
in the construction of supramolecular architectures.
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