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ABSTRACT

This review is focused on the electrochemical properties of fullerene complexes of transition metals. In
the first part of the review, the coordination properties of fullerenes are briefly overviewed. Metal com-
plexes (polypyridyl complexes of transition metals, metallocenes, metalloporphyrins) that are covalently
attached to the fullerene cage through the linkers are also briefly described. The 1?-Cgo complexes of
transition metals exhibit electrochemical activity related to the fullerene cage reduction and metal center
oxidation. Upon reduction and oxidation, n?-Cgo complexes of transition metals are usually unstable and
the metal-fullerene bond is cleaved. More stable electrochemical behavior was reported for n2-Cgo com-
plexes of transition metal clusters. Fullerene moieties bonded into dimers through metal clusters can
communicate electronically between themselves. The 12-Cg coordination is also responsible for the for-
mation of electrochemically active fullerene coordination polymers. These macromolecular systems
show electrochemical activity at negative potentials and a n-doped properties. The metal-fullerene bond
in polymers is much more stable under electroreduction conditions in comparison to the n2-Cgo com-
plexes. The 1°-Cgo complexes with a half-sandwich or sandwich structure also exhibit electrochemical
activity in negative potential range related to the ferrocene cage reduction and in positive potentials
due to the metal center oxidation. In contrast to n2-fullerene complexes, the m>-fullerene complexes
of transition metals are much more robust under electrochemical conditions. The electrochemical prop-
erties of transition metal complexes in which the metal center is coordinated to the chelating ligand
covalently linked to the fullerene moiety are important for understanding the photochemical perfor-
mance of these systems. The electrochemical behavior of these complexes are usually combination of
electrochemical properties of formed dyads and triads. The electronic communication between redox
sites in the ground state depends on the complex geometry, distance between electrochemically active
centers, and the nature of the linker.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

The chemical functionalization of fullerenes is a key factor in
developing new compounds for potential application in different
fields of science and technology. The preparation of first fullerene
complexes of Pt(0) [1] and Ir(I) [2], triggered intensive exploration
of exohedral transition metal coordination to the outer surfaces of
fullerenes, particularly the abundant Cgg and C;¢ [3-7]. In the reac-
tion with transition metals, the fullerene cage can be considered as
a two-electron donor, but one with a strong mt-back bonding com-
ponent that resembles electron-deficient alkene ligands [1].

Progress in the organic functionalization of fullerenes allows
the production of a variety of organometallic fullerene derivatives
with different structures and physicochemical properties. Also, the
polyhedral structure of fullerenes contains a large number of coor-
dination sites and provides a wide diversity of coordination modes
to metal centers. Early work was focused on the metallofullerenes
in which fullerene moieties were coordinated to the metal center
in n?-fashion. Different metals and metal clusters were bonded
to the Cgo and C7o to form a variety of organometallic derivatives
of fullerenes [2,3] and this work has continued as outlined in the
next section. Additional research focused on the formation of coor-
dination polymers in which fullerene moieties were incorporated
into a polymeric network by coordination to metal centers in 1?-
fashion [8,9].

Fullerenes are also ideal molecular platform suited for the for-
mation of complexes in which different organometallic moieties,
(metalloporphyrins, metallocenes, polypyridyl metal complexes,
and others) are bonded to the metal centers through different link-
ers [4,10]. The physicochemical properties of such structures can
be controlled by the nature of organometallic moiety and the nat-
ure of the linker. Fullerenes multifunctionalized with organometal-
lic centers can also form a variety of macromolecular systems [11].

Research focused on fullerene organometallic complexes is an
important area within fullerene chemistry due to potential appli-
cations in bioanalysis, electronics, energy storage and optical
devices, catalysis, and other fields of technology [12-14]. These
practical applications are very often related to the electrochemical
properties of organometallic complexes. Cgo, the most abundant
fullerene, is an electron-deficient spherical polyolefin that exhibits
excellent electron-accepting properties. Cgo is able to accumulate
up to six electrons [15]. Its electrochemical properties can be tuned
by the chemical modification of the carbon sphere [16]. The
improvement of the electron-accepting features of fullerenes may
result in the improvement of the intra- and intermolecular charge
transfer processes [17,18]. Coordination of electron-rich metal

fragments to a fullerene results in electronic modification of fuller-
ene cluster and, consequently, its electrochemical properties.
Bonding of electron-accepting fullerenes to metal complex units
that exhibit electron-donating properties is another approach to
form very interesting structures from a photophysical point of
view in transmitting and processing solar energy [18-20]. The
intramolecular electron transfer expected for these systems can
be controlled by the structure and the distance of the linkers sep-
arating the electron-accepting and electron-donating parts of the
macromolecular system and by the electrochemical properties of
these two centers.

The review is focused on the electrochemical properties of com-
plex fullerene-transition metal systems. In the first part, a short
introduction to the coordination chemistry of fullerenes and tran-
sition metals is presented. Next, the electrochemical behavior of
fullerenes and complexes in which transition metals are directly
bonded to ferrocene moiety are described. At the end of this sec-
tion of the review, the electrochemistry of coordination fullerene
polymers is presented. Finally, the electrochemical properties of
fullerenes with covalently bonded transition metal complexes’
redox centers will be summarized. Special attention will be
focused on the metalloporphyrin, metallocenes, and polypyridyl
complexes containing fullerene derivatives.

2. Brief introduction to the coordination chemistry of fullerenes
2.1. Fullerenes as ligands

Many transition metal complexes coordinate to Cgo and other
larger fullerenes in an n?-fashion, using a relatively localized dou-
ble bond at a 6:6 ring junction of the fullerene as a two-electron
donor. The structures of three complexes of this type, (n2-Cso)Pt
(PPhs); (1) [1]; (n?-C70)Ir(CO)CI(PPhs); (2) [2]; and (n*-D24(23)-
Cg4)Ir(CO)CI(PPh3), (3) [21] are shown in Fig. 1. For Cgp, the situa-
tion is rather simple, addition of a Pt(PPhs), unit occurs at a 6:6
ring junction to form a mono-addition product. With C;q the situ-
ation is more complex, since there are four different 6:6 ring junc-
tions. In this case, the addition of Ir(CO)CI(PPhs), occurs at the pole
of the oblong C¢ cage to the ring junction with the highest pyrami-
dalization of the carbon atoms. For addition to an even larger full-
erene, Cgq, additional issues come into play. There are 24 isomers of
the Cg4 cage that obey the isolated pentagon rule (IPR), whereas for
Cso and C; there is only one isomer that obeys the IPR [22]. The IPR
requires that each of the 12 pentagons on a fullerene surface be
surrounded by five hexagons. All known empty cage fullerenes
obey the IPR. The material produced in the usual arc generation



A.L. Balch and K. Winkler

Coordination Chemistry Reviews 438 (2021) 213623

(2)

(3)

Fig. 1. The crystallographically determined structures of three n2-complexes. (n2-Cgo)Pt(PPhs), (1). Reproduced with permission from Ref. [1]. Copyright@1991, American
Association for the Advancement of Science. (12-Cyo)Ir(CO)CI(PPhs), (2). Reproduced with permission from Ref. [2]. Copyright@1991, American Chemical Society. (n>-
D54(23)-Cg4)Ir(CO)CI(PPh3), (3) Reproduced with permission from Ref. [21]. Copyright © 1994, American Chemical Society.

Fig. 2. The graphic representation of n?-Cgo — metal bond formation.

of fullerenes contains a mixture of several Cg4 isomers of which
two with D, (22) and D4 (23) symmetry are the most abundant
and most stable [23]. The adduct isolated from a mixture of iso-
mers of Cgy, (12-D2g(23)-Cg4)Ir(CO)CI(PPh3),, involved the Cgy iso-
mer with the highest localization of the mw-bonding [21].

The n?-type coordination of fullerene moiety to the metallic
center is the most common form of fullerene-metal bonding. This

type of fullerene-metal coordination is similar to the bonding of
olefins to the metal center (Fig. 2). However, the electron-
deficient properties of fullerene reduces the possibility of coordi-
nation of higher-valent metal ions. The 12-Cgo complexes of tran-
sition metal are largely limited to low oxidation states of metal
center (O or + I). The bonding of fullerene to the transition metal
center can be described using the Dewar-Chatt-Duncanson back-
donation model [24,25]. The donor bonding orbital is mainly gen-
erated from the HOMO of fullerene cage. The shift of the electron
density from the fullerene to the metal center during the o-bond
formation may favor reduction of the fullerene moiety. In the back
bonding donation, electron density is transferred from the HOMO
of metal center to the LUMO of fullerene moiety. The relatively
high electron affinity of the fullerene cage is responsible for strong
back-donation bonding. This type of metal-fullerene interaction
results in increase of negative charge on the fullerene cage and
may disfavor reduction of fullerene moiety. This effect can be addi-
tionally enhanced by surface distortion of the fullerene cage and a
lowered degree of m-electron conjugation. In general, the reduction
potentials of ?>-Cgo complexes of transition metals are determined
by these two factors, which are not easy to separate.

More than one transition metal complex can bind to a single Cgg
or C;o molecule. Such multiple additions can readily result in the
formation of isomers. For the addition of two similar groups to
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Fig. 3. The crystallographically determined structures of left Cgo{Pt(PEt3),}s (4) with the ethyl groups omitted. Reproduced with permission from Ref. [28]. Copyright@1991,
American Chemical Society, and right C;o{Pt(PPhs),}4 (5) with the phenyl groups omitted. Reproduced with permission from Ref. [26]. Copyright © 1996, Wiley-VCH Verlag.

Cgo there are eight possible regioisomers, and the complexity
increases if more groups are added to the fullerene. A double addi-
tion product of Cgg with two Ir(CO)CI(PPhMe,),) groups at opposite
ends of the fullerene in trans-1 position has been crystallographi-
cally characterized, as has a double addition product of Cyg
[26,27]. In the case of addition of Pt(PRs), to fullerenes, the reac-
tion is reversible and some rather symmetrical multiple addition
products of Cgo and C;o have been crystallized as seen in Fig. 3.
Coo{ Pt(PEt3),2}6 (4) has six platinum atoms arranged in a nearly
octahedral fashion about a Cgg molecule [28]. The addition of four
Pt(PPh3), groups to C;o produced the adduct C;o{Pt(PPhs),}s (5)
with G, symmetry [29]. Further developments in placing multiple
metal ions about a Cgp core have led to the creation of a series of
copper(I) complexes that involve groups of six, twelve and twenty
four copper(I) ions surrounding the fullerene [30]. Fig. 4 shows the

structure of one member of the series with two (C3F;CO,Cu);(pt-
H,0)Cu0,CC3F;); (6) units coordinated to the fullerene. As the
drawing shows, each copper(l) ion is attached to the fullerene in
an n?-fashion.

Metal clusters can also be affixed to Cgg and C7¢ [31]. The hexag-
onal face capped cluster, Rus(CO)s(ps-12%,n%M2-Ceo) (7), shown in
Fig. 5 is a prime example [32,33]. The compound was obtained
by heating Ru3(CO);, with Cgp and resulted in the replacement of
three carbonyl groups by three olefinic units within a hexagonal
face of the fullerene. Although the overall structure is rather com-
plicated, each attachment of a ruthenium atom to the fullerene can
be viewed simply as an 1? coordination of an olefinic unit at a 6:6
ring junction of the fullerene to the ruthenium.

Fullerenes that utilize a pentagonal face as an equivalent for a
cyclopentadienide ligand have been obtained by the organocuprate

(6)

Fig. 4. Twelve copper(l) ions surrounding Cgo. The crystallographically determined structure of Cgo@{(C3F;CO,Cu)3(p-H,0)Cu0,CC5F;)3}, (6). Atom colors: copper, red;
carbon, black, fluorine, green; oxygen, blue. Reproduced with permission from Ref. [30]. Copyright © 2020, American Chemical Society.
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Fig. 5. The structure of face-capped Rus(CO)o(us-n%n2%n>-Ceo) (7) as determined
by single crystal X-ray diffraction. Reproduced with permission from Ref. [32].
Copyright © 1996, American Chemical Society.

addition shown in Scheme 1 [34]. The reaction adds five alkyl or
aryl groups to the fullerene in such a fashion that a pentagon is
electronically isolated from the rest of the cage but available for
n°-coordination to a metal. Using this strategy, Nakamura and
coworkers prepared the buckyferrocene hybrid (n>-CgoMes)Fe
(Nn°-CsHs) (8) seen in Fig. 6 [35] along with other °>-bonded com-
plexes such as (n*-CgoMes)Ru(n>-CsHs) and (n°-CsoMes)Fe(n?’-
C5H5).

In contrast to the high frequency of formation of n>-complexes
of fullerenes, n1—C60 complexes with a metal bound to only one
carbon atom of the fullerene are relatively rare. The photolysis of
the metal-metal bound dimers, {Re(CO)s}, or {(n>-CsHs)Ru
(CO),}, in the presence of Cgo forms the m'-Cgo adducts, n’-
Ceo{Re{(CO)s}, [36] and m'-Ceo{Ruf(n>-CsHs)(CO)), [37,38],
respectively. While n'-Cgo{Re{(CO)s}, was too unstable in solution
to crystallize, n'-Cgo{Ru{(n>-CsH5)(CO),}, could be obtained in
crystalline form [37]. The structure of m'-Cgo{Ru{(n>-CsHs)
(CO)2}> (9) is shown in Fig. 7. The two organo-ruthenium units
are attached to opposite ends of a hexagonal face of the fullerene
but are still quite close to one another as the space filling diagram
shows. Encapsulation of Cgg by silver(l) nitrate produces Cgo{Ag
(NO3)}s with a network of silver(I) and nitrate ions that surround
the carbon cage. The silver(I) ions engage in 1'-bonding to the full-
erene carbon atoms [39].

The substituted fullerene Cgo in Scheme 1 can also function as
an n'-ligand with an appropriate metal. Thus, reaction of K[(p-
tolyl)sCeo] with ClAu(PPhs) produced (m'-Cgo(p-tols)Au(PPhs)

Coordination Chemistry Reviews 438 (2021) 213623

(8)

Fig. 6. The structure of the buckyferrocene hybrid (1>-CgoMes)Fe(n>-CsHs) (8) as
determined by single crystal X-ray diffraction from data in Ref. [35]. Copyright ©
2002, American Chemical Society.

(10) whose structure is shown in Fig. 8 [40,41]. Interestingly, the
copper(I) analog, (M°-Ceo(p-tols)Cu(PPhs),  exhibits  m°-
coordination with the copper ion centered above the pentagonal
face of the fulleride.

Endohedral metallofullerenes are molecules comprised of a
closed fullerene cage that encapsulates one or more metal atoms
[42-44]. Additionally, clusters of metal atoms and main groups
atoms can be found inside suitably sized carbon cages such as in
Sc3N@IL-Cgo [45], Sc40,@I,-Cgo [46], and SC2S@C2(]0528)-C72 [47]
Endohedral metallofullerenes have a rich electrochemical behavior
but are formed in relatively low yield. As a consequence, major
efforts are needed to isolate and purify these novel molecules. Exo-
hedral transition metal adducts of endohedral fullerenes are rarely
studied, probably because the endohedral fullerenes are available
in such small amounts. But there are a few exceptions.

Treatment of [Li@Cgo](PFg) with Ir(CO)CI(PPhs), produced the
n2-adduct, [12-Li@Cg]lr(CO)CI(PPhs3),(PFg) (11), whose structure
is shown in Fig. 9 [48,49]. In this adduct, the iridium-fullerene
interaction is stronger than in the corresponding empty cage
adduct, 1%-(Cgo)Ir(CO)CI(PPhs), [50]. [Li@Cg](PFs) also reacts with
platinum(0) complexes to form adducts such as [1?-Li@Cgo]Pt{1,1’
-bis(diphenylphosphino)ferrocene}” (12), whose structure is also
shown in Fig. 9. Notice that in both structures shown in Fig. 9,

R = alkyl or aryl group

Scheme 1. The organocuprate addition to attach five alkyl or aryl groups to Cgp.
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Fig. 7. The structure of n'-Cgo{Ru{(n>-CsHs)(CO),}, (9) as determined by single crystal X-ray diffraction. The drawing on the right shows space filling contours that
emphasize the close proximity of the two organo-ruthenium groups. Reproduced with permission from Ref. [37]. Copyright © 2014, American Chemical Society.

(10)

Fig. 8. The structure of (1'-Cgop-tols)Au(PPhs) (10) as determined by single crystal
X-ray diffraction reproduced with permission from Ref. [40]. Copyright © 2011,
American Chemical Society.

the Li* ion is localized in a single position near the site of bonding
to the external metal. In [Li@Cgq]", the lithium ion is freely moving
within the cage [51].

The photochemical reaction between W(CO),(Ph,PC,H4PPh,)
and ScsN@I,-Cgo produces the adduct, (12-ScsN@I;,-Cgo)W(CO)5(-
Ph,PC,H4PPh,) (13), whose structure is shown in Fig. 10 [52].
The tungsten atom is bonded to carbon atoms at a 6:6 ring junction
of the endohedral fullerene.

Under appropriate conditions, endohedral metallofullerenes
can also form M'-bound complexes with transition metals. Photol-
ysis of {Re(CO)s}, in the presence of the paramagnetic endohedral
fullerene Y@C,,(9)-Cs, produces the n'-bonded, diamagnetic com-
plex, N'-(Y@C,,(9)-Cs2)Re(CO)s. Two views, (14) and (15), of its
structure are shown in Fig. 11 [53].

Endohedral metallofullerenes can also bind metal clusters. The
reaction of Sc,C,@C5,(8)-Cs, with (p-H)sRe3(CO);1(NCMe) pro-
duced [(?N%N?-Sc2C,@Cs,(8)-Ca)(1-H)sRes(CO)] (16), whose
structure is given in Fig. 12 [54]. In an interesting development,
reactions of the cluster (p-H)sRe3(CO);1(NCMe) with mixtures of
fullerenes including Sc,@C3,(8)-Cg,, Sc2Co@C5,(5)-Cgo, Sc,0@C(6)-
Cgo, C5(17)-Cgg, and C4(16)-Cgg have been shown to yield adducts
and to be useful in the separation of these molecules [55]. Further
crystallographic characterization of these adducts would be a wel-
come addition to the field.

Fig. 9. Drawings of the cations: [(1n?-Li@Cg)Ir(CO)CI(PPhs),]* (11) and [1?-Li@Ceo]Pt{1,1’ -bis(diphenylphosphino)ferrocene}* (12). Hydrogen atoms and the anions are not
shown for simplicity. Reproduced with permission from Ref. [48]. Copyright © 2013, American Chemical Society.
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Fig. 10. Drawing of (12-ScsN@I,-Cgo)W(CO)s(Ph,PC,H4PPh,) (13) reproduced with
permission from Ref. [52]. Copyright © 2016, Royal Society of Chemistry.

2.2. Metal-coordinating ligands attached to fullerene

In addition to direct coordination of transition metals to fullere-
nes and endohedral metallofullerenes, ligating groups can be
appended to the surfaces of these fullerenes that allow attachment
of metals to specifically designed external sites with control over
the distance of the metal to the fullerene. This topic has been
reviewed [56]. Fig. 13 shows a few examples of such ligands where
specific sites for metal bonding have been covalently attached to
the fullerene. Further examples will be discussed in the context
of their electrochemical behavior later in this article.

It is also possible to have a hybrid situation in which a coordi-
nating group covalently appended to a fullerene binds a metal that
is also bound to the fullerene surface. Fig. 14 shows two examples
of such a situations [57,58].

3. Electrochemistry of pristine fullerenes.

The fullerenes, Cgo and Cyq, are strong electron acceptors but
weak electron donors. A partial molecular orbital diagram for the

(14)

Coordination Chemistry Reviews 438 (2021) 213623

Fig. 12. The structure of {(N2%nN2%MN2-Sc2Co@C5,(8)-Cgy)(1-H)sRe3(CO)o} (16) as
determined by X-ray crystallography reproduced with permission from Ref. [54].
Copyright © 2012, Wiley-VCH Verlag.

frontier orbitals for Cgo is shown in Fig. 15 [59]. The HOMO is a
five-fold degenerate h, orbital, while the LUMO is a three-fold
degenerate ty, orbital that can accommodate up to six added elec-
trons. Fig. 16 shows cyclic voltammograms and differential pulse
voltammetry for Cgo and for C5o in a toluene/acetonitrile mixture
with tetra(n-butyl)ammonium hexafluorophosphate as supporting
electrolyte at 10° C [60]. Six one-electron, reversible reduction
waves are seen for both fullerenes. These reductive processes pro-
duce stable anions. These anions have been isolated in various
solid forms. The properties of these anionic fulleride salts have
been reviewed [61,62]. In particular, the alkali metal fullerides
such as K3Cgo have remarkable conducting and superconducting
properties [62-65]. Recently, hydrocarbon soluble magnesium
salts of the fulleride ions (Cgo)" (n- = 2-, 4-, and 6-) have been iso-
lated and crystallographically characterized [66].

While Cg is readily reduced, it is difficult to oxidize, and the
resulting cations are highly reactive [67,68]. Cyclic voltammo-
grams of Cgo in carefully dried dichloromethane solution with
tetra(n-butyl)ammonium hexafluoroarsenate as supporting elec-
trolyte reveals three reversible, one-electron oxidation waves at
1.27, 1.74 and 2.14 V vs Fc*[Fc [69].

Fig. 11. Two drawings (14) and (15) of n'-(Y@C,,(9)-Cs,)Re(CO)s. Thermal contours are at 0.30 probability. The CS, solvate molecule and Y positional disorder are not shown
for simplicity. Reproduced with permission from Ref. [53]. Copyright © 2019, American Chemical Society.
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(7)

(18)

Fig. 14. Two examples of Cgo with ligating groups, which bind metal complexes that are also coordinated to the fullerene cage. Structure of (0s3(CO);0)2(p,1,N0>%N>-
(PPhy)2(H),Ce0) (17). Reproduced with permission from Ref. [57]. Copyright @ 2011, American Chemical Society. Structure of Ru(CO)s[1>-PPh,(0-CsH4)(0-CsH4N)(C2H3NCgo)]

(18). Reproduced with permission from Ref. [58]. Copyright © 2017, Elsevier.

LUMO +1 — — — Yy
ol— LUMO — — —
wowo - - 4f .
Energy

Fig. 15. The frontier molecular orbitals for I;-Cgo.

4. Electrochemistry of complexes with direct coordination of
fullerenes to transition metals

4.1. Complexes of n°- fullerene coordination to the metal center

4.1.1. ’*~fullerene complexes of group 10 metals

The m>-type fullerene complexes of zero-valent platinum(19),
palladium (20), and nickel (21) have been extensively investigated
[70,71]. The exemplary crystal structure of (1?-Cgo)Pt(PPhs), is
shown in Fig. 1. These are also historically very important studies.
Fagan and co-workers reported the electrochemical behavior of

these fullerene complexes for the first time. In the negative poten-
tial range, the fullerene cage involved reduction steps are observed
as seen in Scheme 2 and Fig. 17. The potentials of these redox pro-
cesses are shifted by ca. 300-350 mV toward more negative poten-
tials in comparison to the corresponding potentials for pristine
fullerene reduction (see Table 1). Such significant shifts of reduc-
tion potentials of these complexes result from the m-back electron
transfer from the metal to the fullerene cage and therefore a signif-
icant increase of electron density within the fullerene ligand. The
nature of the metal atoms and the organic groups bound to phos-
phorus do not influence the potentials for fullerene reduction. The
stability of the complex upon reduction depends on the negative
potential limit. In the time window of experiment (sweep rate
was 0.2 Vs™1), reversible electrochemical behavior was observed
for the exchange of the first electron. The second and third reduc-
tion processes were accompanied by the following chemical reac-
tion of complex decomposition. Scheme 2 describes the
electrochemical processes for m2-type fullerene complexes of
zero-valent metals (Ni, Pd, and Pt). The reduction potential of the
complex depends also on the number of metal centers bounded
to the fullerene cage (Table 1) [70,71]. The addition of each metal
unit results in a similar shift of the complex reduction potential
in the range of 30 to 40 mV. Such behavior indicates that each
metal unit transfers the same electron density to the fullerene cage
during complex formation.
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Fig. 16. Cyclic voltammetry (traces a and c) and differential pulse voltammetry
(traces b and d) for Cgp and Cyp in toluene/acetonitrile solution with [(n-Bu)4N]PFg
as supporting electrolyte at 10 °C reproduced with permission from Ref. [60].

Copyright © 1992, American Chemical Society.
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In the positive potential range, irreversible oxidation processes
for n?-fullerene complexes of Ni, Pd, and Pt are observed as seen in
Fig. 18 [71]. The number of oxidation steps depends on the number
of metal centers coordinated to the fullerene moiety. The addition
of each metal-containing group shifts the oxidation potential of the
complex toward less positive values [71]. The oxidation potential
also depends on the nature of metal indicating that HOMO orbitals
located on metal centers are involved in these oxidation processes.
Additionally, the oxidation potentials for the complexes correlate
with the standard potentials of M/M?2* (M = Ni, Pd, and Pt) redox
couples. The oxidation process, like the reduction process, results
in the complex decomposition. In the case of multimetallic com-
plexes, each two-electron oxidation process is followed by a cleav-
age of metal-fullerene bound (Scheme 3).

Similar voltammetric behavior was observed for n?- [60] fuller-
ene complexes of Pd(0) (22) and Pt(0) (23) that contain chiral 2,3-
0,0’-isopropylidene-2,3-dihydroxy-1,4-bis(diphenyl-phosphanyl)
butane (diop) [72]. For these complexes, it was reported that the
rate of fullerene-metal cleavage processes can be lowered at low
temperatures.

A| P1 Pz P3
-e te + +
PM#Cyy == PMCy = PMCyy == PMCy? o PMCyg
1
Kas : F1 |kc. F2 |kcz F3 l kea
N + +e te .
Ceo Cop =% Co == Ca* Ceo”
+ + + ¥
MP,2* MP, MP, MP, MP,

M = Pt, Pd and Ni

P= Et3P or Ph3p

Scheme 2. Electrode processes for n?-Cgo complexes of platinum, palladium and nickel.
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Fig. 17. Comparison of cyclic voltammograms of (a) (n2-Ceo)Pt(PPhs), and (12-Cg)Pt(PEts),, and (b) (n?-Cso)M(PEts3), (M = Ni, Pd, Pt) in tetrahydrofuran containing 0.2 M [(n-

Bu)4N]PFe, platinum disk working electrode, scan rate was 0.2 Vs~!

Society.

Table 1

, ambient temperature. Reproduced with permission from Ref. [70]. Copyright © 1992, American Chemical

Redox potentials of Cgg and 1?-Cgo complexes of platinum, palladium and nickel in tetrahydrofuran.

Compound Redox potential in V vs. Fc/Fc*

Eox’ R R, Rs Ref.
Ceo -0.86 ~1.44 -2.00 [70]
(12-Ce0)Pt(PPhs), ~1.21 -1.75 223 [70]
(N?-Ceo)Pt(PEts), +0.35 ~1.20 -1.73 227 [70,71]
(N?-Ce0)[Pt(PEt3);]5 +0.40 + 0.18 -1.51 [70,71]
(N?-Ceo)[Pt(PEt3)2]3 +0.40 + 0.21-0.06 ~1.93 [70,71]
(N*-Ceo)[Pt(PEt3)2]4 -2.31 [70]
(N?-Ce0)Pd(PEts), -1.18 —~1.69 -2.23 [70]
(N?-Ceo)Ni(PEt3 ), +0.09 -1.20 ~1.74 -2.32 [70]

2 peak potential of irreversible oxidation process.

The n2-fullerene palladium(0) and platinum(0) dimers (24)
(26) in which n?-fullerene-metal moieties were connected with
trans-1,1'-bis(diphenylphosphanyl)ethylene (dppet) linkers have
been used to examine possibility of electronic communication
between fullerene moieties [73]. The voltammetric behavior of
the homometallic complex (24) and the heterometallic complex
(26) are shown in Fig. 19. The voltammogram of complex (24)
exhibits four two-electron reduction peaks (Fig. 19a). The complex
does not show any electronic communication effects but is stable
upon reduction in the potential range for four fullerene cage reduc-
tion steps. The heterometallic dimer (26) exhibits more complex
behavior. Six one-electron reduction steps involve the reduction

10

of the fullerene cages. The potentials for three of them correspond
to the reduction potentials of complex (24) and are related to the
reduction of fullerene moiety bonded to the palladium center.
The second sequence of voltammetric peaks corresponds to the
reduction of fullerene cage coordinated to platinum center. The lar-
ger cathodic shift of fullerene moiety reduction potential indicates
the higher coordination ability of Pt with respect to Pd towards
fullerene. In contrast to the results reported for Fagan and co-
workers [70,71], electrochemical experiments performed for the
heterometallic dimer (26) [73] indicate that nature of the metal
atom influences the amount of electron density transferred to the
fullerene center during complexation.
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Fig. 18. (a) Cyclic voltammograms of 0.5 mM (12-Ceo)Pt(EtsP); (1), (n?-Cso)Pd(Et3P); (2), and (1?-Ceo)Ni(EtsP), (3). (b) Cyclic voltammograms of 0.5 mM (12-Cgo)Pt(EtsP), (1),
(N2-Ce0)[Pt(EtsP),] (2), and (M?-Cgp) [Pt(EtsP),]3 (3) in tetrahydrofuran containing 0.2 M [(n-Bu)4N]PFg, platinum disk working electrode, sweep rate was 0.20 V/s, ambient
temperature. Reproduced with permission from Ref. [71]. Copyright © 1995, American Chemical Society.
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Scheme 3. Oxidative electrode processes for n?-Cgo complexes of platinum, palladium and nickel.
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4.1.2. y?~fullerene complexes of group 9 metals

The electrochemical properties of variety of n2-fullerene com-
plexes of cobalt, rhodium and iridium were investigated. For exo-
hedral mono- (27) - (30) and bi-metallic (31) - (35) hydride
complexes of rhodium and iridium with Cgg and Cyo, the metal-
centered two-electron oxidation processes results in metal-Cgg
bond cleavage [74]. In the negative potential range, electrons were
transferred from electrode to the fullerene-located orbitals. Reduc-
tion of the fullerene cage coordinated to the metal center was more
difficult than the reduction of pristine fullerenes (Table 2). These
processes were also followed by loss of the metal unit. In the case
of complexes with two metal centers attached to the fullerene unit
(31) - (35), the first reduction processes were observed at poten-
tials more negative than the reduction potential of the monoad-
ucts. These reductions were accompanied by the stepwise metal
complex dissociation as shown in Scheme 4 [74]. Such unstable
electrochemical behavior was also reported for complexes contain-
13 }lA ing an NO ligand coordinated to the metallic center M(NO)

Current

(PPh3),(n2-Cg), where M = Co (36) and Rh (37) [75]. Interpretation
of voltammetric results obtained for these complexes was compli-
cated by the low stability of the starting complexes and their

| | | i | decomposition leading to the formation of fullerene and metal
20 1.0 0 complex components. Redox potentials reported for these com-

. plexes are shown in Table 2.
Potential (V vs. SCE)

Fig. 19. Cyclic voltammograms recorded at a platinum electrode in 1,2-Cl,CgH4
solution containing 0.2 M [(n-Bu)4N]|PFs of (a) complex (24) (1.1 mM) and (b)
complex (26) (1.1 mM). (c¢) Osteryoung square-wave voltammogram of (26)
(1.1 mM). Scan rates: (a, b) 0.2 V s~; (c) 0.1 V s~'. Reproduced with permission
from Ref. [73]. Copyright © 2006, Wiley-VCH Verlag.

M=Ir (27)
M=Rh (28)

M=Ir (29)
M=Rh (30)

M=Ir (31) M=Rh (32) M=IrandRh (33) M=Ir (34) M=Rh (35)

NO
/PP, M=Co (36)
AN PPN, M=Rh (37)
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Table 2

Redox potentials of fullerenes Cgo and C7 and selected 1n2-Cg complexes of iridium, rhodium, and osmium.

Coordination Chemistry Reviews 438 (2021) 213623

Compound Redox potential in V vs. Fc/Fc*
Eox RO Red " R ™ Ref.
Ceo” -0.70 -1.30 -1.90 [74]
Co” —-0.68 -1.25 -1.76 [74]
(N?-Ceo)IrtHCO(PPh3), (27)? +0.82 ~1.03 ~1.55 -2.14 [74]
(12-Ce0)RhHCO(PPhs); (28)° +0.73 -0.92 -1.30° -2.20 [74]
(N?-C70)RhHCO(PPhs), (30)° +0.73 —-0.90 -1.25¢ [74]
(1?-Ceo)[IrHCO(PPh3),]5(32)° +0.82 + 0.60 ~1.30 ~1.55 214 [74]
(12-Ce0)IrRh[HCO(PPh3 ), ]5(33)° +0.82 + 0.73 -1.25 -1.45 214 [74]
(N?-Ce0)0sCOCN(t-Bu)(PPhs),(42)° +0.55 -1.13 -1.69 -2.30 [78]
(1?-Cg0)0sH(CO)(DiOP) (43)* ~1.12 ~1.67 —2.24 (78]
Ceo” — —~0.86 ~1.48 -2.08 [75]
(12-Ce0)CONO(PPhs)," (36) -0.29 -1.17 -1.72 -2.25 [75]
(N?-Ce0)RhNO(PPhs)," (37) +0.35 -1.14 [75]
(12-Ce0)RUH(NO)(PPhs), (46) -1.12 -1.70 -2.29 [75]
(12-Ce0)RU(CO)4 (47) -1.13 -1.50 [75]
DiOP = (PPh,CH,CHO,),C(CHs),

¢ in tetrahydrofuran

b in dichloromethane

¢ overlapping peaks

+e

CeolM(CO)H(PPh3),l, == C,,[M(CO)H(PPh,),],

+THF | kq

L

Ceo + M(CO)H(PPhQJHFiCGO'[M(CO)H(PPhs)z] + M(CO)H(PPh,;),THF
+e ‘-e “ +e ‘-e

C‘GVOZ' + M(CO)H(PPhy),THF i 0602'[M(E)O)H(PPh3)2]
+e |- ’ +e | -e

y v

+THF
Ce>™ ¥ M(CO)H(PPh,),THF +——— C¢*[M(CO)H(PPh,),]
Ky

M =1Ir, Rh

Scheme 4. Electroreduction of bi-metallic hydride complexes of rhodium (31) and iridium (32) with Cgo,

Similar behavior was reported for complex containing
(N°-CoH)Ir(CO) bound to the Cgo in M?-fashion (38). The redox
properties of this complex were investigated by electrochemical
and spectro-(IR and UV-Vis)electrochemical techniques. Two
quasi-reversible reduction steps and irreversible two-electron oxi-
dation process were reported [76]. The IR spectra recorded during
reduction of the complex (particularly examination of CO stretch)
indicate that reduction process causes only minor changes in the
electron density at the metal center. However, the complex oxida-
tion process was accompanied by the irreversible loss of the carbon
monoxide ligand from the complex [76].

(38)
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Denisovich and co-workers reported electrochemical properties
of the variety of n?-Cgo complexes of iridium(l), rhodium(I), and
osmium(I) (39)-(45) [77,78]. All these metallofullerenes exhibited
stepwise reduction of the fullerene ligand followed by loss of the
metal complex. In all cases, the fullerene cage reduction was more
difficult in comparison to the reduction of pristine Cgo. At positive
potentials, metal-centered oxidation processes were also accompa-
nied by complex decomposition. Among the metallofullerenes
examined, the osmium complex (42) appeared to be the most
stable upon reduction [78].

M = Rh (39)
M=Ir (40)
(42)

3

0
ZI

=y

™~SNT
ZEOs:L O

(@
I
<
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4.1.3. y?~fullerene complexes of group 8 metals

The electrochemical properties of 1?>-Cgo complexes of ruthe-
nium, RuH(NO)(PPhs;),(13-Ceo) (46) and Ru(CO)4(n2-Csp) (47) were
investigated [75]. The instability of these complexes in solution,
particularly in the case of Ru(C0)4(n?-Cgo), complicated their elec-
trochemical analysis. RuH(NO)(PPhs),(1?-Cso) was more stable in
comparison to its cobalt and rhodium analogs [75]. The redox
potentials obtained for these complexes are collected in Table 2.
Surprisingly, the redox potentials of Ru(CO)4(n2-Cg), which con-
tains electron-withdrawing CO ligands coordinated to ruthenium,
are still more negative, particularly in the case of the first reduction
step, than those obtained for pristine Cgo.

Table 3

Comparison of redox potentials of Cg and selected 1?-Cgo complexes of rhenium, molybdenum, and tungsten.
Compound Redox potential in V vs. SCE

Eox RPLg" Reed " Reed ™ Reference

Coo® -058 -0.96 -1.42 [70]
Re,Hg(PMe3)4(n%n?-Ceo) (49) -0.07 -0.75 -1.26 [75]
(N?-Cs0)Mo(CO)5(diop) (53)° +0.88 -0.76 -1.11 -1.60 [72]
(N?-Ce0)W(CO)3(diop) (54)° +0.95 -0.78 -1.15 -1.65 [72]
(N?-Ce0)W(CO)5(dppb) (59)° -0.80 -1.14 -1.64 [80]
(N?-Cs0)W(CO)s3(dppe) (60)° -0.82 -1.17 -1.65 [80]
(N?-Ce0)W(CO),(dbm)(phen) (61)° -0.76 -1.17 -1.60 [81]
(N?-Cs0)Mo(CO),(dbm)(phen) (62) -0.77 -1.13 -1.60 [81]

¢ in dichloromethane

14
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Two irreversible reduction steps were observed in the voltam-
mograms recorded for the ruthenium complex, Ru(CO)s(n>-
PPh,(0-CgH4)(CH,NMeCH)Cgo) (48) [79]. It was postulated that
the first two-electron reduction process is associated with reduc-
tion of ruthenium metal center.

4.1.4. p’~fullerene complexes of group 7 metals

Much less attention has been focused on the electrochemical
behavior of ?-Cgo complexed of Group 7 metals. The voltammetric
behavior of bimetallic rhenium complexes Re,Hg(PMes)4(12n3-
Ceo) (49) [75], and (j-H)Re(CO)s(1-SSOH)(p,1°-PPhy(0-CoHa)
(CH,-NMeCH)Cgo) (50) [80], and monometallic HRe(CO),(13-

Current

-1.20
] ] ] ]

-0.9 -13 -1.7

Potential (V vs. Fc/Fc*)

Fig. 20. Cyclic voltammograms for (a) (0-CgH4) (CH,NMeCH)Cgo (1 mM) and N~
Cgo complexes of rhenium (b) (51) (1 mM), (c) (52) (1 mM) in carbon disulfide-
dichloromethane (3:2, v/v) containing 0.1 M [(n-Bu)4N]PFg as supporting electrolite.
The potential was scanned at 10 mV s™! at 27 °C, with arrows indicating the
direction of potential sweep. Reproduced with permission from Ref. [80]. Copyright
2013, Royal Society of Chemistry.
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(48)

PPh,-(0-CgH4)(CH,NMeCH)Cgo) (51) [80] were reported. The m?,
N?-Cgo birhenium (49) complex is very unstable. Its two first
reduction steps were observed at potentials more negative than
the corresponding potentials for Cgo reduction (Table 3). Stable
electrochemical behavior was reported for complexes (50) and
(51) as seen in Fig. 20. However, the voltammetric responses were
irreversible. Reduction potentials of the fullerene moieties bonded
to two metal atoms are more negative in comparison to the poten-
tials of the corresponding monometallic complexes. In dinuclear
complexes, the rhenium atoms were coordinated both directly to
the fullerene cage and to the phosphine moiety linked covalently
to the fullerene center. For comparison, the voltammetric proper-
ties of the bis-rhenium complex, (u-H)Re,(CO);(p,n>-PPh(o-
CsH4)2(CH,NMeCH)Cgo) (52), in which two rhenium atoms are
bounded to the fullerene through a phosphine linker were studied
[80]. In this case, the reduction potentials of the complex are sig-
nificantly lower in comparison to those reported for complexes
(50) and (51) that contain rhenium atoms directly coordinated to
the fullerene cage. Therefore, the increase of density of negative
charge on the fullerene cage and the distortion of the fullerene
m-electron conjugation due the metal coordination are major fac-
tors that influence the redox properties of these rhenium
complexes.

Current

-0.5 0
Potential (V vs. SCE)

0.5 1.0

Fig. 21. Cyclic voltammogram on a platinum electrode of a dichloromethane
solution containing 0.4 mM (1?-Ceo)W(CO)s(diop) (54) and . Scan rate 0.2 V-s~',
T = -20 °C. Reproduced with permission from Ref. [72]. Copyright © 2006, Wiley-
VCH Verlag.
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4.1.5. ?-fullerene complexes of group 6 metals
The n2-complexes of molybdenum and tungsten, (n2-Cgo)M
(CO)s3(diop) where M = Mo (53) and W (54), and diop = 2,3-0-iso

propylidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)-butane

exhibit electrochemical activity both in the negative and positive
potential ranges [72]. In the negative potential range, the electrode
processes are related to reduction of the Cgo moiety. The reduction
waves are shifted toward more cathodic potentials in comparison
to the reduction of pristine Cgo due to the electron density increase
on the carbon cage. Reduction of fullerene moiety is followed by
the cleavage of metal-Cgo bonds and complex decomposition. The
rate of this reaction increases with the increase in the number of
electron transferred to the fullerene moiety. At positive potentials,
an irreversible metal-centered one-electron oxidation process was
observed. This process was also associated with complex decom-
position. The stability of both the electroreduction and electrooxi-
dation products is increased at low temperature. In Fig. 21, the
reversible voltammetric behavior of (1?-Cgo)W(CO)s(diop) (54) in
dichloromethane at —20 °C is shown for three successive [60]-
fullerene reduction steps and for oxidation of exohedral metal cen-
ter. A cathodic shift of redox potentials was also reported for the
tungsten complex, W(CO)4(1>-PPh;(0-CsH4)(CH,NMeCH)Cgp), in
which the metal center is coordinated through the phosphine

Coordination Chemistry Reviews 438 (2021) 213623

group linked covalently to Cgg and through one 6:6 ring junction of
fullerene, (55) [79]. The formal potentials for n2-Cgo complexes of
rhenium, molybdenum, and tungsten are collected in Table 3.

(55)

In the case of 12-Cgo complexes of molybdenum, tungsten, and
chromium with the metal center coordinated by five carbon
monoxide ligands (56) - (58), a positive shift of the fullerene cage
reduction potential in comparison to the Cgo reduction potential is
observed [81]. Such behavior is attributed to the strong electron-
accepting properties of carbonyl ligands and shifting the electron
density from the fullerene to the metal center.

CcO
OCa,, O
M= Mo (56)
M=W (57)
M=Cr (58)
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Replacing a carbon monoxide ligand with an electron-donating
1,2-bis(diphenylphosphno)benzene (dppb) ligand (59) or 1,2-
bis(diphenylphosphino)ethene (dppe) ligand (60) results in a
cathodic shift of the fullerene cage reduction potential by ca.
200 mV in comparison to pristine fullerene [82]. Stable reversible
electrochemical behavior was reported for (12-Cgo)W(CO)s(dppb)
without any evidence of chemical complications, even at the slow
scan rate of 0.02 Vs~

(59)

The electrochemical properties of (1)2-Cgo)M(CO),(dbm)(phen),
where M = W (61) and Mo (62), dbm = dibutylmaleate, and
phen = 1,10-phenanthroline, were also investigated [83]. In these
cases, significant cathodic shifts of the fullerene cage reduction
potentials were reported. Interestingly, the fullerene cage reduc-
tion potential is almost unaffected by the nature of metal center.
In the case of the molybdenum analog, the effect of the number

Coordination Chemistry Reviews 438 (2021) 213623
reduced [84]. This process was followed by the rapid and complete

decomposition of the complex. Similar voltammetric behavior was
reported for the C;¢ analogs of these Cgg complexes [84].

(60)

of metal fragments coordinated to the fullerene cage, (12-Cgo) M=W (61)

[Mo(CO),(dbm)(phen)],,, where n = 1-3, was examined [84]. The

negative shift of the fullerene cage reduction process increased M = Mo (62)

with the number of molybdenum atoms coordinated to the fuller-

ene cage. These complexes are not stable under electrochemical

reduction, and the partial decomplexation of molybdenum-

fragment was observed. The rate of the subsequent chemical reac-

tions increases with the number of molybdenum-fragments coor-

dinated to the Cgo. At negative potentials, the metal center is

Table 4

Comparison of redox potentials of Cgo and selected Cso complexes of metal clusters.
Compound Redox potential in V vs. Fc/Fc*

Ry Ry R3 R4 Ref.

Ceo” -1.05 -1.41 -1.87 -2.38 [85]
(N?-Ce0)0s3(CO)y; (63)° -1.08 -1.31 -1.61¢ [85]
(1?-Ce0)0s3(CO);0PPhs (64)° -1.16 ~1.44 -1.68¢ [85]
(12-Ce0)0s3(CO)o(PPh3), (65) -1.19 -1.25 -1.76° [85]
(13-n%:1%:n2-C0)0s3(CO)s (66)° -0.98 -1.33 -1.61 -1.74 [87]
(1*-m2%:M%:n2-Ce0)0s3(CO)g(PMes)(67)° -1.06 —1.42 -1.93 -1.95 [87]
(1*-m2:m%:n2-C0)0s3(CO)7(PMes), (68)° -1.13 —-1.48 —2.09 [87]
(13-n%:n2%:n2-Ceo)Res(1-H)3(CO)s (69) -0.95 -1.24 -1.34 -1.73 [90]
(1*-m2%:m%:n2-Ceo)Res(tH)3(CO)s(PPh)5( 70) -1.04 -1.35 -1.75 -1.77 [90]
(71)° -1.18 -1.53 —2.11 —2.11 [91]
(72)° -1.13 -1.46 ~1.54 -1.88 [91]
(1*-m2%:Mm%:n2-Ce0)Rhg(CO)o(dppm) (77)° -1.23 -1.58 -1.94¢ -2.57 [94]
(13-1%:12:12-Ceo)Rhg(CO);(dppm),(CNR)5( 78)° -1.35 -1.70 —2.25° —2.71 [94]
Ceo” -1.19 -1.59 -2.05 ~2.54 [92]
(13-1%:n%:12-Ce0)RusC(CO)11(PPh3) (74)° -1.16 -1.56 -1.93 -2.53 [92]
(13-1n%:12%:n2-Ce0)RusC(CO);o(dppf) (75)° -1.20 -1.47 -1.58 -1.97 [92]
(13-1%:M2%:n2-Ce0)PtRUsC(CO)y1(dppe) (76)° -1.19 -1.55 -1.92 -2.49 [92]

dichloromethane/toluene
1,2-dichlorobenzene
chlorobenzene

cathodic peak potential

o a n T o

17

two-electron proces dppf = 1,1’-bis(diphenylphosphino)ferrocene dppe = 1,2-bis(diphenylphosphino)ethane dppm = 1,2-bis(diphenylphosphino)methane
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In conclusion, the electrochemical properties of 1?-Cgo com-
plexes of transition metals are tuned by the o-m interaction
between metal center and fullerene moieties. The electrochemical
behavior of these complexes at positive potentials was related to
the oxidation of metal center. The potential of this process depends
on the formal potential of M/M*" redox couple. The shift of electron
density from the metal center to the fullerene cage in the m?-Cg
complexes usually favors this process. Upon oxidation of the metal
center, the n?-bonded transition metals tend to dissociate from the
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ligand with electron-donating phosphine ligands (Table 4). For
the second reduction step, a cathodic potential shift was observed
for (2-Cg0)0s3(CO)1oPPhs and (n2-Cgo)0s3(CO)g(PPh3), in compar-
ison to pristine Cgo. The magnitude of this shift depends on the
number of triphenylphosphine ligands coordinated to the osmium
atoms (Table 4). The transfer of the second and third electron onto
the 1%-Cgo complexes of osmium cluster was also followed by the
complex decomposition leading to the osmium cluster and fuller-
ene anion formation [86].

oc, ©© oc, P, co oc, %° co
%, | ,‘.\\‘CO ocC "'-«Os,«“‘ oc KN Os,»“ co
of s co P2 [/ doNS
Ao CH,cN—0€-CQ_bs—co 0c—0¢-C0 bs—NceH,
| | Mo | Nco
co co
(64) (65)

fullerene moiety. This effect is related to the decrease of the metal
d-orbital electron density and weakening of the m-back donation
effect. In the negative potential range, fullerene-centered reduction
processes occur. The negative shifts of reduction potentials of these
processes caused by appended metal centers are a common feature
of n?-fullerene electrochemistry. The degree of this shift depends
only slightly on the metal nature, which indicates that the charge
transferred to the fullerene moiety from the metal center is effec-
tively delocalized over the carbon cage. It is likely that disruption
of m-electron conjugation due to the coordination of fullerene moi-
ety by the metal complex is responsible for the cathodic shift of the
fullerene cage reduction. Anions of nz—CGO complexes of transition
metals are unstable and decompose to the pristine fullerene and
metal complexes. The rates of these reactions increase with an
increase in negative charge localized on the carbon cage.

4.2. Complexes of fullerenes and transition metal clusters

Metal clusters can be also coordinated to the fullerenes moi-
eties. Electrochemical properties of different triosmium cluster
complexes of Cgg were studied [85]. In these complexes, only one
osmium atom is bonded to the fullerene center in m2-fashion, as
seen in structures (63) - (65) [86]. In the negative potential range,
three fullerene moiety reduction waves were recorded. The first
reduction step is negatively shifted in comparison to the potentials
of pristine fullerene mono-anion formation, similar to the behavior
of n2-fullerene complexes with only one metal atom coordinated
to the carbon sphere. The formation of the doubly negatively
charged anion of the complex (63) is observed at a less negative
potential with respect to the second reduction step of pristine
Cso. The potential difference is equal to 100 mV. An even stronger
shift of the reduction potential in the same direction (ca. 250 mV)
was observed for the third fullerene cage reduction process. The
electron accepting nature of the carbon monoxide ligands is
responsible for such behavior. The m-back bonding interaction
between the d orbitals of the osmium atom and the ©* orbitals of
the carbon monoxide ligands results in a shift of the extra negative
charge from the fullerene moiety to the metal center. Therefore,
negatively charged fullerene moieties coordinated to the osmium
atom are more easily reduced in comparison to free fullerene
anions. This effect can be significantly reduced by replacing CO
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Similar electrochemical properties were reported for pi3-n2:n?:
N%-Cso complexes of the three-atom osmium cluster (66) — (68)
[87]. Similar to the n2-Cgo complexes of osmium cluster, the formal
potentials for the fullerene-centered reduction processes were
affected by electron transfer from the carbon cage to the metal
center during ¢ bond formation, electron m-back donation
between fullerene moiety and three osmium atoms, and the

C
e
N b
L
-
-
o
a
| | 1 1
-0.5 -1.0 -1.5 -2.0

Potential (V vs. Fc/Fc?)

Fig. 22. Cyclic voltammograms of (a) (p3-1%:1%:n2-Cep)0s3(CO);(PMes), (68), (b)
(H3-1%:N%M?-Ce0)0s5(CO)s.(PMes) (67), and (c) (3-n*:%:N-Ceo)0s5(CO)o (66) in
dry deoxygenated 1,2-dichlorobenzene containing 0.1 M [(n-Bu)4N]ClO4 at
50 mV s~! Reproduced with permission from Ref. [87]. Copyright © 1998, American
Chemical Society.



A.L. Balch and K. Winkler

Coordination Chemistry Reviews 438 (2021) 213623

Os,(CO), OsF1
3.00T
400

S L
,
& 500 |
Q
< a
wl
6.00 |-
7.00-L

LUMO

Fig. 23. Molecular orbital diagrams for (u3-n?n2mn2-Cs0)0s3(C0O)y and LUMO and LUMO + 1 for (p3-n%n2n?-Ce0)0s3(CO)o. Reproduced with permission from Ref. [88].

Copyright © 2004, American Chemical Society.

electron accepting properties of the ligands coordinated to the
metallic centers. The voltammetric behavior of ps-n%m2:n%-Ceo
complexes of the triosmium cluster is shown in Fig. 22 and redox
potential values are collected in Table 4. Bonding of the metallic
cluster to the fullerene moiety through three metal atoms signifi-
cantly influences complex stability upon reduction. The voltammo-
grams presented in Fig. 22 show that osmium-fullerene bonds are
not cleaved during electron transfer processes within the potential
range examined.

CO PMe,
ocC OC\ [/COCo ocC OC\ //COCO
\ _Os / (o)
OC—o0s— _0s—cCO
/ \

Theoretical calculations using density functional theory (DFT)
were used to explain the electrochemical properties of the is-
n%n%n?-Ce complexes of the triosmium cluster [88]. In
Fig. 23, the molecular orbital diagram, and LUMO and LUMO + 1
for (p3-n2:n%:n>?-Cep)0s3(CO)g are shown. The LUMO, which is
responsible for transfer of the first two electron, is localized on
the fullerene. However, the LUMO + 1 involved in the transfer
of the third electron is delocalized over both the Cgy cage and
the osmium cluster. Theoretical calculations show that geometry
of the complex is almost unaffected by the first and second
reduction process. However, the third reduction process is accom-
panied by significant changes in the structure due to the increas-
ing charge density on the triosmium cluster center. The
coordination of the one of osmium atoms changes from 1? to
1! mode and the (p3-1n':M?:N?-Cep)0s3(CO)3™ ion is formed as a
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product of the electrode reaction. There is also good agreement
between the experimentally obtained reduction potentials for
the ps-n%:n%n3-Cs complexes [86] of triosmium cluster and
those calculated from the theoretically predicted electronic struc-
ture [88]. In both cases, the sequence of reduction potential
changes with an increase in the number of electron exchanged
is the same. Solvation effects are responsible for the shift of the
theoretically calculated reduction potentials toward more nega-
tive values.

The p3-n%:n2:n>2-Cso complexes of triosmium cluster were also
covalently immobilized on indium doped tin oxide (ITO) or gold
electrodes [89]. The immobilization of ps-n2:1n%:n2-Ceo complexes
of triosmium cluster on ITO is schematically shown in Fig. 24a. The
films that are formed on the ITO electrode exhibited electrochem-
ical activity in the negative potential range. Voltammograms
revealed three, well-resolved reduction waves corresponding to
1:1:2 ratio of electron exchange. Similar electrochemical behavior
was reported for (p3-n2:n%:n?-Cgp) Os3(CO)s(PMes) in solution
[88]. The almost ideal electrochemical response is due to the struc-
tural homogeneity of the p5-n%:1?:n2-Cg triosmium cluster layer.
The redox potentials of the complex immobilized at the electrode
surface are slightly shifted to negative potentials in comparison
to those of the complex (66) in solution. Much less reversible
voltammetric behavior was observed for (p3-n2:n?%:n2-Ceo)O0s3(-
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Fig. 24. (a) Schematic illustration of the ps3-n%:n2%:n2-C complexes of triosmium cluster immobilization at the ITO electrode. Reagents and conditions: (i,) (EtO)sSi
(CH5)3(C0)s0s3(3-1%:n%:n2-Cep), chlorobenzene, RT, 3 days; (ii,) (Et0)sSi(CH,)sNH,, chlorobenzene, RT, 2 days; (iii) (CO)eOs3(1s-n2:n2:1?-Ceo), chlorobenzene, RT, 3 days.
(b) Cyclic voltammograms of ITO/03Si(CH,)3(C0)s0s3(p3-1%:n%:M2-Cep), and ITO/03Si(CH;)sNH(CO)90s3(p3-1%:n%:n2-Cep). () Cyclic voltammogram of (CO)g0s3(us-nm?:
N2-Ceo) in CH,Cl, with 0.1 M [(n-Bu)4N]PFs as an electrolyte. Scan rate = 0.5 V s~ '. Reproduced with permission from Ref. [89]. Copyright © 2002, Royal Society of Chemistry.
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Fig. 25. Cyclic voltammograms of triiridium cluster (a) (73) and its p3-n%:n%n?-
C60 complexes (b) (71) and (c) (72) in chlorobenzene containing 0.1 M [(n-Bu)4N]
ClO4. The concentrations of compounds were ca. 0.3 mM and scan rate was
50 mV s~ . Reproduced with permission from Ref. [91]. Copyright © 2006, American
Chemical Society.

(69)
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CO)y immobilized through the fullerene moiety to the electrode
surface as seen in Fig. 24b. Additionally, a significant cathodic shift
of the reduction potential was observed. This poorly defined elec-
trochemical response can be related to the bonding of the complex
through different reaction sites of fullerene cage and, therefore, the
resulting inhomogeneity of the layer [89].

A significant influence of the electron delocalization over the
metallic cluster was also reported for negatively charged ions of
the p3-n2:n%:n>-Cep trirhenium hydrido cluster complexes (69)
and (70) [90]. The potentials for reduction of the complexes are
shifted toward less negative potentials in comparison to the poten-
tials for pristine Cgp reduction. The magnitude of this shift
increases with an increase in the charge located on the complex
(Table 4). It was postulated [90] that for multi-charged anions,
excess negative charge is delocalized over fullerene cage and the
metal cluster. Trirhenium hydrido cluster complexes also exhibit
stable voltammetric behavior upon reduction. A comparison of
the results presented in Table 4 reveals that the trirhenium centers
display a more facile electronic communication between fullerene
and metal cluster moiety than the triosmium centers.
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The electrochemical properties of fullerene complexes of
tetrairidium clusters (71) and (72) were also examined [91]. The
redox behavior of complex (71) resembles the behavior observed
for the 13-n%:m?:n2-Cg trirhenium hydrido cluster complex (69)
[90]. In the potential range of the third voltammetric reduction
peak, two signals corresponding to the transfer of the third and
fourth electrons overlap (Fig. 25) due to the significant shift of the

fourth electron reduction potential toward less negative potential
values. Such behavior is related to the large contribution of metal
orbitals to the LUMO + 1 (Fig. 26a), which is responsible for transfer
of third and fourth electron. The third electron is highly delocalized
over the fullerene cage and metal cluster. Park and co-workers cal-
culated that for the —2/-3 redox step 63% of the charge is located on
the tetrairidium center within the complex [91]. The lower density
of charge located on the fullerene moiety makes further reduction
of the carbon cage easier and explains the large anodic shift for
the —3/-4 redox process. The contribution of metal cluster-based
orbitals in the reduction process is even more pronounced for the
diphosphine-coordinated Cgp-tetrairidium complex (Fig. 26b)
[91]. In this case, the third reduction peak is shifted by 370 mV
toward less negative potentials in comparison to the third step of
pristine fullerene reduction. Here, the orbitals of the metal cluster
contribute significantly to both to the LUMO and the LUMO + 1 as

Coordination Chemistry Reviews 438 (2021) 213623

seen in Fig. 26b. Additionally, the difference in the LUMO and
LUMO + 1 energies is relatively small. Therefore, the LUMO + 1 is
involved in second reduction step and excess of negative charge is
delocalized over the fullerene and the tetrairidium moieties.
As a consequence, the electron transfer processes occur at less neg-
ative potentials in comparison to the corresponding Cgo reduction
steps.

(73)

In the case of the carbidopentaruthenium ps-n2:n%:n-Ceo
complexes (74) - (76) (Fig. 27), the reduction of ruthenium clusters
occurs in the potential range of fullerene cage reduction [92,93]. In
the voltammograms presented in Fig. 28, irreversible two-electron,
metal-centered and quasi-reversible one-electron fullerene-
centered reduction peaks are observed. The formal potentials of
these processes are collected in Table 4. In the case of (us-n%:n%:
N-Ceo)Ru3C(CO)1(PPh3)  (74) and  (p*-n*mn?n?-Ceo)PtRusC
(CO)y1(p-n':m'-dppe) (75), the first reduction process is related
to the two-electron reduction of metal cluster. The potential of this
process is shifted toward less negative potentials with respect to
the reduction potentials of their Cgo-free analogs, RusC(CO);4(PPhs)
and PtRusC(CO)i4(p-n':n'-dppe). The negative charge of the
reduced complex causes a large shift of the fullerene cage reduc-
tion potential by ca. 350 mV toward more negative values as seen
in Table 4.

d
g
¥
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HOMO LUMOD+1 LUMO+2 LUMO + 3
b -
HOMO LUMO LUMO +1 LUMO +2 LUMO +3

Fig. 26. MO diagrams for p>-n?:12:m2-Cgo tetrairidium cluster complexes (a) (71) and (b) (72). Reproduced with permission from Ref. [91]. Copyright © 2006, American

Chemical Society.
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Fig. 27. Molecular geometry of (j13-1n*:n*:n?-Cgo)RusC(CO)11(PPhs) (74), (b) (3-1*:M?:N>-Ceo)RusC(CO)10(dppf) (75), and (c) (1*-1n*:M*M>-Ceo)PtRUsC(CO)yq(-n":m -
dppe) (76) where dppf = 1,1’-bis(diphenylphosphino)ferrocene and dppe = 1,2-bis(diphenylphosphino)ethane. Reproduced with permission from Ref. [93]. Copyright © 1998,

American Chemical Society.

Park and co-workers also investigated the electrochemical
properties of (3-1%:n?:n2-Cgo) hexarhodium cluster complexes,
(1>-n*:n?N*-Ce0)Rh6(CO),(dppm)y(CNR), (77) and (1>-n‘*n?*:
1?-Cs0)Rhg(CO)s(dppm),(CNR) (78) [94], where dppm is (1,2-bis(
diphenylphosphino)methane) and R = CH,CgHs. Crystal structures
of both (u*-n?:n%m>-Ce) hexarhodium cluster complexes are
shown in Fig. 29. These complexes reveal similar voltammetric
behavior as shown in Fig. 30. The voltammograms exhibit four
reversible reduction peaks within the potential window of the sol-
vent. In the third reduction process, two electrons are exchanged in
a single reduction step. In the third two-electron reduction step,
electrons are transferred to the metal cluster. Subsequently, they
are delocalized over entire complex with predominant occupation
of the fullerene cage. These conclusions are supported by the
results of DFT calculations. The LUMO and LUMO + 1 involved in
the exchange of four electrons are localized mainly on the fullerene
cage. Reduction processes for the (p3-n2:n%:1?-Csp) hexarhodium
cluster complex are shifted toward more negative potentials in
comparison to the corresponding potentials of pristine fullerene
reduction (Table 4) due to the presence of strongly electron-
donating dppm and CgHsCH,CN ligands. These complexes also
demonstrate considerable stability upon reduction Fig. 30.

The metal clusters can also act as bridging groups that connect
two fullerene moieties. Because of the involvement of metal clus-
ters in the charge delocalization, they provide electronic communi-
cation between the carbon cages in these fullerene dimers. The
electrochemical properties of bis-fullerene complexes of metal
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clusters are summarized in Table 5. For every complex, electronic
communication between the fullerenes and through the metal cen-
ters is observed. This effect is manifested by the sequence of pair-
wise voltammetric peaks corresponding to the one-electron
fullerene-centered reduction processes.

In the case of the tetrairidium cluster bis-fullerene complex,
Ir4(CO)3(p4-CH)(PMe,)(CNCH,CgHs)(1-1*n>-Ceo)(a-1 ' 1 ' 1% M-
Cso) (79), the two carbon cages are differently coordinated to the
metal cluster, [91,95]. The crystal structure of this fullerene dimer
is shown in Fig. 31. The cyclic voltammogram of this complex
exhibited six separated, reversible, one-electron peaks grouped
into three pairs in the available potential window (Fig. 32a). The
first redox peak in each pair is related to the electron transfer on
the fullerene cage bounded to the metal center in p-nZn?-
fashion. The next electron is transferred at more negative poten-
tials because of coulombic repulsion from the negative charge
located on the neighboring fullerene and the negative charge delo-
calization over fullerene and metal cluster. The second effect dom-
inates in the tuning of the electronic interaction between fullerene
moieties. The separation between potentials within the redox pair
increases with the increase number of transferred electrons. Theo-
retical studies of Ir4(CO)s(p4-CH)(PMe,)(CNCH,CeHs)(-12,n%-Ceo)
(1e-n' MM n3-Cgo) allowed an explanation of the electrochemi-
cal properties of this complex (Fig. 32b) [91]. The LUMO is domi-
nated by the Cgo moiety where the first electron is located during
the complex reduction process. The LUMO contributions from the
two Cgp units alternate from LUMO to LUMO + 3, which explains
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Fig. 28. Voltammograms of (a) (p13-1*M?N?-Ceo)RusC(CO)11(PPhs) (74), (b) (1*-1*M*M-Co0)PtRUsC(COM1(1-n "1 '-dppe) (76), and (c) (3-1n*M*M-Ceo)RusC(CO)1o(dppf)
(75) in 1,2-dichloroben-zene containing 0.1 M [(n-Bu),N]BF,. Bold line: cyclic voltammograms at scan rate = 100 mV s~ . Thin line: rotating disk electrode voltammograms at
scan rate = 50 mV s~ ! and rotation rate = 400 rpm. Arrow indicates initial scan direction. Reproduced with permission from Ref. [92]. Copyright © 2002, American Chemical

Society.

(77)

(78)

Fig. 29. Molecular geometry of (p>-n?:n%:m2-Cs)Rhg(CO);-(dppm),(CNR), (77) and (13-n%:12:12-Ceo)Rh6(CO)s(dppm),(CNR) (78). Phenyl groups except for the ipso
carbons are removed for clarity. Reproduced with permission from Ref. [94]. Copyright © 2004, American Chemical Society.

the alternating electron addition to the two fullerene cages in the
six successive reductions. The metal cluster contribution to the
LUMO is lower in comparison to the one reported for the
monofullerene complexes of these metal clusters [91] but it
cannot be neglected. This metal cluster contribution increases with
an increase of negative charge located on the fullerene moieties
leading to electronic communication between fullerene units
increasing and increase of potential separation within the redox
pairs.
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Extremely large splittings of the reduction potentials within the
first, second and third consecutive redox pairs were observed for
the bis-fullerene-hexarhodium sandwich complex, Rhg(CO)s(-
dppm),(CNCH,CeHs )(H3-1*M*N*-Ceo)2  (80) [94]. The crystal
structure of this complex and its electrochemical properties are
shown in Fig. 33 and the values of redox potential corresponding
to the electron transfer steps are collected in Table 5. Similar to
other bis-fullerene complexes, each reduction peak corresponds
to the transfer of one-electron onto a fullerene cage. All three pairs
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Fig. 30. Cyclic voltammograms of (a) Rhg(CO);5(dppm),, (b) (p3-12:n2:n2-Ceo)
Rhg(COY,-(dppm);(CNR); (77), and (c) (*-n*M*N-Ce0)Rhe(CO)s(dppm);(CNR)
(78) in chlorobenzene containing 0.1 M [(n-Bu),;N]ClO, at scan rate of 10 mV s .
The concentrations of compounds were ca. 0.3 mM. Reproduced with permission
from Ref. [94]. Copyright © 2004, American Chemical Society.

of redox peaks are shifted toward more negative potentials in com-
parison to the potentials of pristine fullerene reduction processes.
In contrast to the redox behavior of the monofullerene complex of
this hexarhodium cluster (Fig. 30), two-electron reduction pro-
cesses involving the rhodium cluster are not observed due the
coordination of the cluster to two Cgo centers, which reduces the
cluster electron affinity [94]. Theoretical calculations also show a
significant contribution of the metal center to the unoccupied
molecular orbitals that allows electronic communication between
the fullerene moieties.

In conclusion, the fullerene cages in the complexes of Cgy with
transition metal clusters retain their redox properties. In general,
these complexes are reduced at potentials more negative than
the potentials for the corresponding steps for Cgo reduction, partic-
ularly when the metal centers are additionally coordinated by
electron-donating groups. Upon reduction, the cluster complexes
of Cgo are more stable in comparison to the monoatomic complexes
of Cgo due to the multisite bonding of the metal clusters to the full-
erene. Metal clusters that bridge fullerene centers in bis-fullerene
complexes allow electronic communication between carbon cages
during reduction of the complexes. Coulombic repulsion from the
negative charge located on the neighboring fullerene units and
the negative charge delocalization over the fullerene and the metal
cluster are responsible for this effect. Similar behavior was
reported for fullerene dimers in which fullerene cages are bridged
with non-metallic linkers, such as CgqOCgp [96], (C59N), [97], Cgo-
SithCso [98], CGOGePh2C50 [99], and Cso(CHz)zCso []OO] However,
the redox potential separation between subsequent electron trans-
fers is much lower in these non-metal linked dimers in comparison
to the bis-fullerene complexes connected by metal clusters. There-
fore, stronger electronic communication between fullerene moi-

Table 5
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Fig. 31. (a) Molecular geometry for Iry(CO)s(js-CH)(PMe,)(CNCH,CeHs)(p-121>2-
Coo)(a-n "M "M% M>-Cso) (79) and (b) expanded view of ligated Cg rings of the two
Ceo ligands. Reproduced with permission from Ref. [91]. Copyright © 2006,
American Chemical Society.

eties and metal clusters enhances electronic interaction between
fullerene moieties.

4.3. Complexes with n°-fullerene coordination to the metal center

The transition metal n°-fullerene complexes of type (1>-CgoRs)
ML, where R is organic group, such as methyl, ethyl or phenyl, M
represents transition metal and L is ligand [101,102], belong to a
new class of organometallic compounds with a variety of interest-
ing physico-chemical properties, such as ability to form liquid crys-
talline materials [103] and light-induced charge separation [104].
These complexes are formed by the reaction of penta-alkylated
[60]fullerene anions that are prepared as shown in Scheme 1 with
transition metal complexes [105-107], metal-mediated C-H bond
activation of penta-alkylated [60]fullerene [108,109], hydrometa-
lation of [60]fullerene [110,111], and by reaction of fullerene
halides with anionic metal complexes or low-valent metal com-
plexes [112]. These reactions leading to the (1°-CgoRs)ML, forma-
tion are shown in Scheme 5 [112]. In these complexes, the penta-
alkylated [60]fullerene center exists as an negatively charged

Comparison of redox potentials of Cgp and bisfullerene complexes of metal clusters in chlorobenzene.

Compound Redox potential in V vs. Fc/Fc*

R Ry Rs R4 Rs Re Ref.
Ceo -1.06 -1.43 -1.91 [91]
(79) -1.25 -1.32 -1.66 -1.82 -2.35 -2.58 [91]
(80) -1.19 -1.38 -1.62 -1.86 -2.12 -2.41 [94]
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Fig. 32. (a) Cyclic voltammogram of 0.3 mM Ir4(CO)s(p4-CH)(PMe,)(CNCH,CsHs )(1-n2n2-Coo)(1a-1 N ', N2 N3-Coo) (79) in chlorobenzene containing [(n-Bu)s;N]ClO, as a

supporting electrolyte at scan rate of 10 mV s~!

Chemical Society.

ligand that contains a cyclopentadienyl moiety homoconjugated
with the 50 m-electrons of the fullerene cage.

The electrochemical properties of a variety of (1°-CgoRs)ML,
complexes have been investigated by Nakamura and co-workers
[112-115]. Fig. 34 shows the electrochemical behavior of
[M°-Ceo(CH3)s]Ir(CO), (81) in tetrahydrofuran (THF) [113]. At neg-
ative potentials, three reduction steps assigned to the reduction
of the fullerene are observed. Similar behavior was observed for
n°-type fullerene complexes of other transition metals, such as
[N°-Ceo(CH3)5]RN(CO), (82) [114], [1n°-Ceo(CHs3)s]RUCI(CO), (83),
[N°-Ceo(CH3)5]RuCI(CO)(t-BuNC) (84) [1>-Cgo(CH3)s]RuCH5(CO),
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and (b) MO diagrams for this fullerene dimer. Reproduced with permission from Ref. [91]. Copyright © 2006, American

(85) [115]. Values of the formal potentials reported for various
(N°-CeoRs)ML, complexes are summarized in Table 6. The
metal-dependent change of the complex redox behavior in the
fullerene moiety can be controlled by the nature of the metal
and the ligands coordinated to the metallic center. However,
the limited number of complexes studied does not allow more
detailed conclusions to be made. The negative range of complex
stability depends on the potential of metal ion reduction. For
example, [1>-Cgo(CH3)5]Ir(CO), is stable in the potential range
of first three reduction steps of fullerene moiety [113]. The Rh
(I) analog decomposed at potentials more negative than the
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Fig. 33. (a) Molecular geometry of Rhg(CO)s(dppm),(CNCH,CsHs)(13-1%,1%N>-Ceo)2 (80) and expanded view of the cluster core. Phenyl groups except ipso carbons are
removed for clarity. (b) Cyclic voltammogram of 0.3 mM Rhg(CO)s(dppm),(CNCH,CgHs)(13-1n%,M%n?-Ceo), in chlorobenzene containing 0.1 M (n-Bu)4;NClO, as a supporting
electrolyte at scan rate of 10 mV s~ Reproduced with permission from Ref. [94]. Copyright © 2004, American Chemical Society.

potentials of the second fullerene moiety reduction step at which
the metal center is irreversibly reduced [114]. A decrease of the
reduction currents recorded under square-wave voltammetry
conditions was also observed for (1°-CgoBn,PhH;)Re(CO); (86)
complex, where Bn is a benzyl group [116]. The authors of these
studies attributed the decrease of the current to the decrease of
the rate of heterogeneous electron exchange, rather than a chem-
ical reaction following reduction. However, similar width of the
peaks at the half of their height suggests that the complex
decomposition is responsible for the reported square-wave
voltammetric behavior. Nakamura and co-workers synthesized
(N>-CsoRs5)M(M3-CH,CHCH,) complexes, where M = Ni(ll) (87)
and (88), Pd(Il) (89) and (90), and Pt(ll) (91) and (92) and
R = Me and Ph [117]. Steric protection by the bulky CgoMes ligand
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allows the formation of heat-, water-, and air-stable m-alkyl com-
plexes of Group 8 transition metals. The electrochemical proper-
ties of the Pd(Il) and Pt(Il) complexes were investigated [117].
The results of voltammetric studies revealed that the electron
located on the fullerene moiety is delocalized over the carbon
cage and can be transferred to the metal center through the
cyclopentadienide moiety. As a consequence, the metal-CgoRs
bond is cleaved, leading to the formation of a free metal complex
and the CgoR3™ anion. The current corresponding to CgoR2™
oxidation can be detected on the voltammetric anodic scan
[117]. The stability of these complexes during reduction
depends on the organic group surrounding cyclopentadienide
ring. Thus, the (n°-CgoPhs)-Pd bound is more stable than the
(n>-CsoMes)-Pd [117].
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Fig. 35. Cyclic voltammogram of (n°-Cgo{CsH4-(OCO-CeHs-(OR),-3,4)-4})Fe(n°-
CsHs) (93) at 25 °C in a THF solution containing [(n-Bu)4N]ClO,4 as a supporting
electrolyte (scan rate 100 mV/s). Reproduced with permission from Ref. [118].

Copyright © 2006, American Chemical Society.
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Fig. 34. Cyclic voltammograms for (a) [1n°-Cgo(CH3)s]Ir(CO), (81) and (b) [1°-Ceo(CH3)s]Ir(CO)I, at 25 °C in a THF solution containing [(n-Bus)N]ClO4 as a supporting
electrolyte at scan rate of 100 mV s~'. Reproduced with permission from Ref. [113]. Copyright © 2005, American Chemical Society.

Table 6

Comparison of redox potentials of Cg and selected 1°-Cgo complexes of transition metals.

Compound Redox potential in V vs. Fc/Fc*

0, Ry R, R3 Ref.
Coo" -0.86 -1.44 -2.00 [70]
Ceo” —086 —-1.48 —2.08 [75]
[N>-Coo(CH3)5]I(CO), (81)° —0.34° -1.39 -2.01 —2.66 [113]
[N>-Co0(CH3)s]Ir(CO)I,* -0.81 -1.56 [113]
[N>-Cs0(CH3)5]Rh(CO), (82)° 0.58° -1.34 -1.94 [114]
[N°-Ce0(CH3)5]RUCI(PEL)5CO (83)* 0.85 -1.45 [115]
[N>-Cs0(CH3)5]RUCI(CO)(t-BuNC) (84)° —-1.53 [115]
[N>-Cs0(CH3)5]RUCH3(CO);, (85)° -1.34 -1.94 [115]
(n°-CsoBn,PhH,)Re(CO); (86)° -1.49 -1.92 [116]
(n°-CeoBn,PhH,)Re(CO); (86)° 1.10 —1.43 -1.89 [116]
[N3-Ce0(CH3)s5]Pd(13-C3Hs) (89)° -1.40 -1.99 [117]
(n°-CeoMes )Fe(1°-CsHs) (8)° 0.22 —~1.46 [35]
[(N°-Co0(RO),CsH3CO0CsH,]Fe(1°-CsHs) (93)° 0.50 -1.30 -1.88 —2.35 [118]
(n’-CsoPMes)Ru(n>-CsHs) (94)° 0.85 -1.43 -2.01 [119]
(M3-Co0Ars)COTTFCo(N>-CeoArs) (95)° 042 0.12 -1.07 -1.30 —~1.68¢ [121]

a
b

in tetrahydrofuran Bn = benzyl

in dichloromethane Ph = phenyl
¢ peak potential Ar = 4-n-BuCgH,4
4 two-electron process R = CygHs7
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M=Ir (81
M=Rh (82)
(85)
M=Ni (87)
M=Pd (89)
M=Pt (91)

At positive potentials, the low-valent 1’-type fullerene com-
plexes can undergo metal-centered oxidation processes. For exam-
ple, [N°-Cso(CHs)s]Ir(CO), exhibits a one-step, two-electron
irreversible oxidation, which corresponds to the Ir(I)/Ir(Ill) redox
process shown in Fig. 34 [113]. Similar behavior was observed
for [nS—CGO(CH3)5]Rh(CO)2 [1 ]4] [nS—CGO(CH3)5]Ir(CO)2 can be also
chemically oxidized with iodine to form [{n>-Cso(CH3)s]Ir(CO)I,
[113]. The voltammetric redox properties of this Ir(Ill) complex
are shown in Fig. 34b. A two-electron reduction step at —0.9 V
vs. Fc/Fc* is due to the Ir(1II)/Ir(1) metal center reduction. The rever-
sible behavior of this process indicates that reduction occurs with-
out structural changes to the complex. The coordination of the
iodide ligands with the metal center stabilizes the product of
reduction. The second process, which is observed at —1.56 V, cor-
responds to the reduction of the fullerene moiety. The potential
of this process is cathodically shifted by ca. 170 mV in comparison
to the potential for reduction of [1>-Cgo(CH3)5]Ir(CO), (Table 6).

o OR

R
RORO OROR
% L
RO O © @* OR
S QY
(0] (0]
R =CygHs;
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L=PEt; (83)

L = +-BuNC (84)

(86)
M=Ni (88)
M =Pd (90)
M=Pt (91)

Mixed fullerene-ferrocene mesogens (crystal structure of (n°-
CsoMes)Fe(n°-CsHs) (8) is shown in Fig. 6) show reversible
multi-electron redox behavior both in negative and positive poten-
tial ranges as seen in Fig. 35 [118]. At positive potentials oxidation
of the metal center is observed. Replacing of one cyclopentadienyl
ligands in Fe(Cp), with a *>-CgoPh5 anion results in stabilization of
the lower valence state of metal (Fe(Il)). The oxidation potential for
(nS—Cso{C5H4—(OCO—C6H3—(OR)2—3,4)—4})Fe(nS—C5H5), where R is
octadecyl group (93) is ca. 500 mV more anodic than the formal
potential of the Fe(n’-CsHs),/Fe(n°-CsHs); redox couple [119].
Generally, the anodic shift of the metal-centered oxidation process
is related to the electron-withdrawing nature of the fullerene
ligands. Therefore, the change of fullerene moiety electronic struc-
ture by introduction of electron withdrawing or electron donating
groups, or by modulation of m-conjugation in the fullerene moiety,
influences the potential for metal-centered oxidation [119]. Upon
reduction, (n>-CgoPhs)Fe(n>-CsHs) exhibits one-electron reduction
steps corresponding to the reduction of fullerene moiety [119].

(93)
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Fig. 36. Oxidation (a) and reduction (b) waves in the cyclic voltammograms of (1>-CgoArs)CoTTFCo(1>-CgoArs) (95) in CH,Cl, containing [(n-Bu)4;N]ClO,4 as supporting
electrolyte. Reproduced with permission from Ref. [121]. Copyright © 2009, American Chemical Society.

Similar electrochemical behavior was reported for (1°>-CgoMes)
Ru(n>-CsHs) (94) [120]. Two one-electron reduction steps at
potentials comparable to those of the parent CgoMesH indicated

that electrons were added on the fullerene moiety. The oxidation
process depends on the solvent. For example, a two-electron, irre-
versible oxidation is observed in benzonitrile. In dichloromethane,
(n°-C¢oMes)Ru(n>-CsHs) is oxidized in a reversible, one-electron
step at more anodic potential in comparison to the potential for
oxidation of the parent Ru(n>-CsHs); [120]. In contrast to bucky-
ferrocene (8), the ruthenium analog exhibits more reversible
behavior, particularly upon reduction.

Interesting electrochemical properties have been reported for a
complex in which two cobalt-n>-fullerene moieties were bridged
with tetrathiafulvalene (TTF) tetrathiolate, to form an acceptor-a
cceptor-donor-acceptor-acceptor array (95) [121]. The voltam-
metric behavior of this system is shown in Fig. 36. In the positive
range, two one-electron oxidation steps at 0.12 and 0.42 V vs. Fc/
Fc" are related to the processes centered at the TTF moiety and
result in formation a radical cation and a dication, respectively.
Two, one-electron reduction steps at —1.07 and —1.30 V vs. Fc/
Fc* are related to the metal-centered, Co(IIl)/Co(lIl), charge transfer
processes. The difference in reduction potentials of the Co(IIl) ions
indicates that electronic communication occurs between these two
redox centers. However, the processes of reduction of the two full-
erene moieties occur at the same potential. As a result, a single
two-electron reduction peak is observed at —1.68 V [121]. The
potential for reduction of the two fullerene cages in complex
(95), which results in formation of a doubly negatively charged
n°-fullerene ligand, is much more negative in comparison the
respective process of monometallic complexes reported in Table 6.
For the lowest oxidation potential (0.12 V) and the lowest reduc-
tion potential (-1.07 V), the remarkably small energy gap of
1.19 eV was calculated [121].
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Polynuclear complexes in which metal ions are bound to the
fullerene moiety in m°-fashion exhibit an extended d-m-d conju-
gated system in which the metal atoms interact with each other.

(95)

Ar = 4-”-BUCGH4

Double-decker buckyferrocenes of Cgo (96) and (97) [122] and
double- (98), and triple-decker (99) buckyruthenocenes of Cyq
[123] have been synthesized. Metal-centered oxidation steps are
observed during the anodic scans. The number of these steps
depends on the number of metal centers bonded to the fullerene
as shown in Fig. 37. Strong conjugation between the metal d elec-
trons and the m electrons of the fullerene allows effective elec-
tronic communication between metallocene moieties and is
responsible for the large potential separation between their oxida-
tion steps. As one can expect, reduction of the fullerene cage is
observed in the negative potential range (Fig. 37). Due to the
increase of negative charge on the fullerene cage produced by
the attachment of metal centers, the potential for reduction of
the fullerene cage shifts toward more negative values as the
number of attached metallocene units increases as seen in
Table 7.

4.4. Complexes with endohedral metallfulerenes coordinated to the
transition metals

Since there are only a few examples of transition metal com-
plexes that have been attached to endohedral fullerenes, there is
also a very limited number of studies of the electrochemical behav-
ior of these compounds. A study of (12-ScsN@I;,-Cgo)W(CO);(Ph,-
PC,H4PPh;) (13), whose structure is shown in Fig. 10, reveals that
attachment of the tungsten center to the cage results in three
reductions at —1.50, —1.80 and —2.41 V (vs. Fc/Fc"), in dichloroben-
zene, whereas the pristine ScsN@I,-Cgq exhibits these three reduc-
tions at —1.26, —1.62 and —2.37 V [52]. Thus, as with empty cage
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Fig. 37. Oxidation (a and c) and reduction (b and d) waves on the cyclic voltammogram of [1*:1)*>-C0(Bns),][Ru(1>-CsHs)], (98¢) (a and b) and [1*:1°:1>-C70(Bns)3][Ru(n®-
CsMes)]s (99b) (c and d) in CH,Cl, containing 0.1 M [(n-Bu)4N][B{CsH3-(CF5)>-3,5}4] (a and c) and in tetrahydrofuran containing 0.1 M [(n-Bu)4N]ClO,4 as supporting
electrolyte (b and d). Reproduced with permission from Ref. [123]. Copyright © 2009, Wiley-VCH Verlag.

fullerenes, the reduction of this endohedral fullerene is made more
difficult by the attachment of an external metal complex. In solu-
tion (N2-ScsN@I,-Cgo)W(CO)3(Ph,PC,H4PPh,) undergoes four oxi-
dations at —0.13, +0.22, + 0.56 and + 1.07 V [52]. The adduct is
much more easily oxidized than the parent ScsN@I,-Cgo, which
undergoes two, one-electron oxidation processes at + 0.59
and + 1.09 V [52].

A cyclic voltammetric study of the n'-bound complex, n'-
(Y@(C,,(9)-Cg)Re(CO)s, shows that attachment of the rhenium
complex produces only minor alterations in the electrochemical
behavior of this endohedral fullerene. Thus, n'-(Y@C,,(9)-Cs2)Re
(CO)s undergoes reversible reduction at —-0.42, —1.42, and
—2.29 V, whereas n'-(Y@(,,(9)-Cg,) is reduced at —0.36, —1.36
and —2.23 V [53]. Reversible oxidation for n'-(Y@C,,(9)-Cgz)Re
(CO)s occurs at + 0.05 V, while n'-(Y@C,,(9)-Cg,) is oxidized
at+0.11 V [53].

Table 7
Redox potentials of Cgo and 1°-Cgo and 1°-C;o polynuclear complexes of iron.

5. Electrochemistry of fullerene-based coordination polymers

The metal fullerene bonding in m>2-fashion allows formation of
pearl necklace-like polymeric structures. These materials have
been recently reviewed [9]. Therefore, this part of the review will
be mainly focused on the basic electrochemical aspects of these
polymers. In these macromolecular systems, the fullerene moieties
are linked through metal atoms (Pd and Pt) or low valent metal
complexes -[Rh(0,CCF3)4]-, -[Ni(PPhs),]-. The suggested structures
of the 1-D polymeric chains are shown in Fig. 38. Coordination
polymers of fullerenes and transition metal complexes can be
chemically synthesized in solution [124-127] or through the elec-
trochemical deposition at the electrode surface [128-131].

In the chemical synthesis, the low-valent transition metal com-
plexes react with fullerenes to form coordination polymers. The
most intensively studied poly-CgoPd3 polymer is precipitated from

Compound Redox potential in V vs. Fc/Fc*

Eox RO! Rieif 2 Ref.
Ceo ~0.86° ~1.44° [70]
[M3:M3- Ceo(Mes)2][Fe(1>-CsHs)l» (96) +0.06 + 0.17° ~1.46° [122]
[Nn°:1°- CsoMesPhs][Fe(n>-CsHs)], (97) +0.08 + 0.36° —2.24¢ —2.63¢ [122]
[M3:1>- C7o(Bns)2][Ru(n-CsHs)], (98¢) +0.88 + 0.54° ~1.50° ~2.06° [123]
[n°: n°:n>- C70(Bns)s][Ru(n’-CsMes)]s (99b) +0.85 + 0.65" -1.77¢ —2.19¢ [123]

a
b

c

in benzonitrile
in dichloromethane
in tetrahydrofuran
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Fig. 38. Suggested1-D structures of selected n?-fullerene coordination polymers.
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the solution in form of large particles composed of small spherical
nano- or micro particles (Fig. 39) [126]. The size of these spherical
particles depends on the synthesis conditions (time of reaction,
concentration of polymerization precursors, stirring conditions).
The large polymeric particles can by decomposed to the stable col-
loidal solution of nanoparticles with ultra-waves [126].

In the electrochemical synthesis, a solution containing a transi-
tion metal complex, a fullerene, and supporting electrolyte is elec-
trolyzed. The electrodeposition process of the coordination
fullerene polymer can be described by reactions presented in
Scheme 6 [132]. The intermediate [M—Cgo] metal low-valent com-
plex, which is formed at the electrode surface during metal com-
plex reduction, initiates the growth of polymeric phase. The
formation of nanoparticles of metallic phase can be also observed
as a competitive process. The contribution of both reactions to
the overall deposition process depends on the concentrations of
polymerization precursors in the solution. Multicyclic voltammo-
grams of poly-CeoPd3 and poly-C;oPd3 deposition are shown in
Fig. 40 [130]. Similar voltammograms have been reported for
other fullerene coordination polymers.

Fullerene coordination polymers are electrochemically active in
negative potential range due to reduction of the fullerene moiety.
The electrochemical properties of the coordination fullerene poly-
mers depend on the structure of polymeric layer, which is deter-
mined by the polymerization conditions, particularly the ratio of
polymerization precursors in solution [133]. The voltammetric
properties of selected electrochemically formed coordination full-
erene polymers are shown in Fig. 41. Two poorly separated reduc-
tion peaks are observed within the potential window studied. The
polymer reduction process is accompanied by the transport of
counter-ions of the supporting electrolyte from the solution into
the polymeric phase. Therefore, the voltammetric response of the
polymer is affected by the nature of cation of supporting elec-
trolyte [134]. Additionally, during the reduction process, the poly-
meric chains are charged and the electrical double layer is formed
at the polymer/solution interphase. The current corresponding to
the charging of this double layer significantly contributes to the
overall reduction current. Large polymer charging current (Fara-
daic and double layer charging current) makes these polymers use-
ful as electroactive materials in charge storage devices
[126,130,135]. Additional enhancement of the charge storage
properties of the fullerene coordination polymers can be achieved
by incorporation of these polymers into structure of carbon nanos-

Coordination Chemistry Reviews 438 (2021) 213623

tructures, such as carbon nanotubes, carbon nano-onions or gra-
phene [136-140].

The oxidation state of the fullerene conducting-polymer influ-
ences its electronic conductivity. The neutral polymer exhibits high
resistance. The conductivity of the polymer increases upon reduc-
tion [141]. Theoretical calculation have shown [142] that isolated
negative polarons are the preferred state for the reduced polymer
and the polymer conductivity can be described by the electron
hoping model [141].

Fullerene derivatives can be also incorporated into polymeric
structure via m>-type coordination with transition metal atoms
or complexes [143-147]. Examples of coordination polymers of
fullerene derivatives are shown below (100) - (106). Due to the
presence of two different redox active centers, they can act as a
multifunctional materials. Polymers of fullerenes with covalently
attached ferrocene centers, (100) - (102), are electrochemically
active and electronically conductive, both in negative and positive
potential ranges (Fig. 42a) [143,144]. The reduction of the fullerene
moieties is responsible for the conductivity at negative potentials.
In the positive potential range, the conductivity of this polymer is
related to the electron transfer between ferrocene moieties with
different redox states (Fig. 42b). Materials with two different
potential windows of conductivity are called as “double cables”.
Similar electrochemical behavior was reported for poly-CgoPd3
with zinc porphyrin redox center covalently attached to the fuller-

/ M, + nL
MIL, —22— MoL
Ceo
Molrm(Ceo)n + mL
M= Pd and Pt
Ceo(-M-Cgp-)Mg  +  (n-m) L

Scheme 6. Electrode processes in solution containing fullerene Cgo and Pd(II) or Pt
(I1) complexes which results in formation coordination fullerene polymers.

Fig. 39. Morphology of three-dimensional polymeric structure of poly-CsoPds.). Reproduced with permission from Ref. [126]. Copyright © 2013, Elsevier.
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Fig. 40. Multicyclic voltammograms for (a) 0.25 mM Cg and 0.85 mM Pd(acetate),
and (b) 0.25 mM C7o and 0.85 mM Pd(acetate), in acetonitrile/toluene (1:4, v/v)
containing 0.1 M [(n-Bu)4N]ClO,4 recorded at gold disk electrode. Sweep rate was
100 mV s~!. Reproduced with permission from Ref. [130]. Copyright © 2007,
Springer-Verlag.
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Fig. 41. Cyclic voltammograms of (a) poly-Pds;Ceso and (b and c) poly-Pds;C, films in
acetonitrile containing 0.10 M [(n-Bu)4N]ClO4 (a and b) and 0.10 M [(Et)4N]ClO4 (c)
recorded at Au (1.5 mm). Sweep rate was 100 mV s~ . Poly-Pd;Cgo and poly-PdsC7o
films were grown under cyclic voltammetry conditions in acetonitrile/toluene (1:4,
v:v) containing 0.10 [(n-Bu)4N]ClO4, 0.25 mM Cgp or Cyp, and 0.85 mM Pd(ac),.
Reproduced with permission from Ref. [130]. Copyright © 2008 Springer-Verlag.
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Fig. 42. (a) Cyclic voltammograms of (1) poly-Pd;Cgo-Fc (100) and (b) poly-Pd3;Ceo-bis-Fc (101) in acetonitrile containing 0.1 M [(n-Bu)4N]ClO4 recorded at Au electrode.
Sweep rate was 100 mV s~ . Reproduced with permission from Ref. [144]. Copyright © 2011, Elsevier. (b) Schematic representation of electron transfer processes during poly-

Pd3Cgo-Fc oxidation and reduction.
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ene moieties (103) [145]. The coordination polymer of Cgg with
covalently attached crown ether units (104) can be used as sensors
for alkali metal cations [146].

Recently, a new single layer graphene oxide hybrid polymeric
material was fabricated [148]. In this system, the fullerene moi-
eties covalently attached to the surface of graphene oxide layer
were coordinated to palladium atoms in an n2-fashion, similar to
the fullerene coordination polymer, poly-CgoPds. This material
exhibits electrochemical activity in the negative potential region
due to the fullerene cage reduction, with an overall electrochemi-
cal behavior resembling that of typical organic conducting poly-
mers. The electronic interaction between the graphene oxide
sheets and the covalently bonded fullerene cages facilitates the
reduction of the fullerene moiety. Therefore, the potential for
reduction of the graphene oxide hybrid polymeric material is
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shifted toward less negative potentials in comparison to poly-
CsoPds. The electron transfer between single-layer graphite oxide
sheets through —Cgo-Pd-Cgo- units is also promoted [148].

6. Fullerenes with a metal complex redox couple covalently
attached through a linker

Photoactive systems containing electron-donor and electron-
acceptor centers were extensively studied due to their application
in devices converting light into electronic current [11-13]. High
electron capacity and low reorganization energy of fullerenes make
these molecules particularly attractive as electron acceptors in
photoactive systems. Structure of fullerenes offers possibility of
multiple modification and macromolecular structure formation.
On the other hand, transition metal complexes, such as porphyrin
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and polypyridyl complexes as well as metallocenes, are commonly
used as electron donating moieties. The electronic interaction
between the electron-donating and electron-accepting centers of
the dyad also depends on the nature of linker between the two
electroactive units. In this section, the electrochemical properties
of photoactive systems composed of fullerenes and transition
metal complexes will be summarized. Special attention will be
focused the structural effects in the electrochemical properties of
both electroactive systems.

6.1. Transition metal complexes of fullerenes with covalently attached
polypyridy! units

The complexes of transition metal and fullerene derivatives
with pyridine and polypyridine units are particularly interesting
from both the electrochemical and photophysical point of view.
Modulation of the electronic coupling between Cgo electron-
acceptor and metallopolypyridine units that exhibit electron-
donating properties can result in more efficient charge-transfer
processes. The attachment of fullerenes to the metal-binding
domains of polypyridine groups can also leads to the formation
of macromolecular multifunctional assembly.

Several polypyridine ligands, such as 2,2’-bipyridine (bpy)
[149-152], 2,2":6/,6"-terpyridine (tpy) [153,154], 1,10-ortho-
phenanthroline (phen) [155-157], 3-(2-pyridyl)pyrazoline [158],
3,6-di(2-pyridyl)pyridazine [159], and others [160] have been
attached to the fullerene units through different spacers. For exam-
ple, bipyridyl and terpyridyl units can be directly attached to the
nitrogen atoms of the fulleropyrolidines (107) and (108). These
compounds can serve as bidenate and tridenate ligands to coordi-
nate transition metals. The electrochemical behavior [Ru(bpy),(-
bpy-Ceo)](PFs)2 (107), the ligand alone, and the [Ru(bpy)s]Cl,
complex are shown in Fig. 43 [152]. In the potential range exam-
ined, three reduction steps assigned to the reduction of fullerene
moiety and two reduction steps associated with Ru-based reduc-
tion process are observed. The Cgp-centered, one-electron reversi-
ble reduction processes are shifted positively by 30-50 mV in
comparison to the values obtained for free ligand. On the other
hand, a significant shift of the Ru-based reduction process toward
more negative values was observed for the [Ru(bpy).(bpy-Ceo)]**
complex in comparison to the [Ru(bpy)s]?*. Similar behavior has
been reported for [Ru(tpy)(tpy-Cso)](PFe)> (108) [152]. The elec-
trochemical properties of both ruthenium complexes are summa-
rized in Table 8. These results indicate electronic coupling
between the metal center and the fullerene cage.

Table 8
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Fig. 43. Cyclic Voltammograms of [Ru(bpy)3]Cl, (black), bpy-Cs (red) and [Ru
(bpy)a2(bpy-Ceo)](PFg)2 (blue) in CH,Cl, containing 0.1 M [(n-Bu)4N]PFe. Reproduced
with permission from Ref. [152]. Copyright © 2009, Wiley-VCH Verlag.

Polypyridine moieties were also connected to fullerene cages
through various rigid or flexible spacers. Such architectures pro-
vide opportunities to modulate the redox properties of the
assembly. The dyads and triads in which oligopyridine (bpy
and tpy) metal-binding domains are separated from the fuller-
ene moiety by the polyethyleneoxy spacers (110 and 111) were
synthesized [153]. The anodic shift in the range of 30 to 80 mV
was observed for fullerene-based reduction processes in com-
parison to the corresponding free ligands (Table 8). However,
the presence of the fullerene units shows almost no influence
on the Ru(II)/Ru(lll) oxidation process even when two fullerene
centers are bound to the bipyridyl units as seen in compound
(112).

Electrochemical properties of the ruthenium(Il) complex (113)
and rhenium(I) complex (114) with a crown-linked methanofuller-
ene ligands were also intensively investigated [161]. The complex
votammetric behavior of these compounds shown in Fig. 44 is due
to the presence of three electroactive centers: the metal ion, the
bpy ligand, and the fullerenopyrolidine moiety. A comparison of
voltammograms obtained for these complexes with the voltam-
metric response of reference compounds allowed the assignment

Redox potentials of Cgo-bipyridine and Cgo-terpyridine complexes of Ru(lIl) in dichloromethane.

Compound Redox potential in V vs. Fc/Fc*
Eox’ R," R," Rs¢ Ry* Rs" Ref.

bpy-Cso ~1.06 ~1.44 - ~1.96 [152]
Ru(bpy)3* 0.94 -1.73 -1.98 [152]
[Ru(bpy)a(bpyCeo)]** 0.69 -1.03 -1.39 -1.78 -1.92 -2.05 [152]
tpy-Ceo -1.07 ~1.46 ~1.99 [152]
Ru(tpy)3* 0.86 ~1.66 ~1.96 [152]
[Ru(tpy)(tpyCeo)]** (108) 0.59 ~1.04 -1.43 -1.76 -2.02 [152]
(109) 0.95 ~1.00 ~1.40 -1.83 [153]
(110) 0.80 ~1.02 ~1.43 -1.91 [153]
(111) 0.82 -1.03 ~1.42 ~1.80 [153]
(112) 0.93 ~1.10 -1.48 -1.92 [153]

2 metal-centered redox process

b fullerene moiety reduction processes
¢ ligand-involved redox processes
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of the redox processes to the voltammetric signals presented in
Fig. 44. These processes are summarized in Table 9 for both
(113) and (114) [161]. For compound (113) the energy for the Ru'!-
Cso charge-separation process is close to 1.8 eV. This is a very

(107)
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promising value for the possibility of light-induced formation of
a charge separated state. For the Re(I) complex (114), the band
gap energy is much higher (2.3 eV) because of the significant ano-
dic potential shift of Re(I) oxidation process.

(108)
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Fig. 44. CV curves of a 0.5 mM (113) (a and b), and 0.3 mM (114) (c and d) in THF containing 0.05 M [(n-Bu)4N]|PFs THF; scan rate: (a and c) 0.1 Vs~!; T = 250C; (b and d)
0.5V s !'; T= — 550C. Working electrode: platinum wire. Reproduced with permission from Ref. [161]. Copyright © 2006, Royal Society of Chemistry.
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Crown-like linkers were also used to form pseudo-octahedral Ru
(1), Ir(11I), and Fe(II) complexes of terpyridine-fullerene (115) [162].
Metal-centered oxidation processes have been reported for the
octahedral, six-fold fullerene complexes of Ru(Il) and Fe(Il) at
potentials very close to the potentials for oxidation of [Ru(tpy).]**
and [Fe(tpy),]**, respectively. Oxidation of Ir(Ill) to Ir(IV) in the Ir
(1) analog (115) has not been observed. For all complexes, two
tpy- centered reduction potentials have been reported. Surprisingly,
no electrochemical processes related to the [60]fullerene-involved
charge transfer processes have been observed [162].

The electrochemical properties of mono (116) and bimetallic

(117) ruthenium complexes with bipyridine units bonded
through androstane skeleton to the fulleropyrrolidine have been
also reported as seen in Fig. 45 [163]. The redox behavior of

Table 9
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the biruthenium complex (117) is particularly interesting. In
the positive potential range, two one-electron oxidation pro-
cesses of Ru(ll) redox center are observed at 1.52 and 1.70 V
vs. saturated calomel electrode (SCE). The large potential shift
demonstrates a strong interaction between the two metal cen-
ters. The electrochemical activity of the 2,3-bipyridyn-2-yl-
quinoxaline bridging ligand, the four bpy units, and fullerene
cage are responsible for the complex voltammetric behavior at
negative potentials.

n=0(110)
n=1II)
(112)

In order to investigate the influence of the linker structure and
its length on the communication between the electron-donating
ruthenium bis-(terpyridine) and the electron-accepting fullerene
unit, a series of terpyridine methanofullerene and pyrrolidino-

Redox potentials of Ru(Il) (113) and Re(I) (114) complexes with a crown-linked methanofullerene ligands in tetrahydrofuran[161].

Compound Redox potential in V vs. SCE

Ru-centrated oxidation Ligand-centered reduction Fullerene-centered reduction
(113) 1.45 —0.90-1.32-1.46-1.83. —2.05-2.67 —0.38-0.95-1.62-2.28
(114) 1.90 —0.88-1.34-1.55-1.96 —0.36-0.92-1.61-2.20
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fullerene dyads linked via short p-phenylene or longer p-
phenyleneethynylenephenylene units (118) — (121) was studied
[164]. The rigid structure and 7 conjugation of these linkers pro-
vide pathways for efficient charge transfer. However, voltammetric
experiments do not provided any evidence that both redox centers
electronically communicate in the ground state [164].

In addition to the Ru(Il) complexes, which have been the most
extensively studied, the electrochemical properties of Cu(l)

38

complexes bounded to the fullerene cages through phenanthroline
units (122) have been reported [165]. For such structures, excellent
photostability, long-lived luminescent excited states and energy
adsorption throughout the wide UV/Vis spectral range can be
expected, making them particularly useful for solar cell devices
[166,167]. In the positive potential range, a Cu-centered oxidation
process is observed. Surprisingly, a significant positive potential
shift of 0.865 V (vs. SCE) for the Cu(l)/Cu(Il) redox process is

(115)
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observed for the fullerene containing complex (122) in comparison
to the reference complex (123). The potential for oxidation of (123)
is 0.565 V [165]. At negative potentials, redox processes related to
the reduction of the fullerene moieties have been observed. These
processes appear at potentials typical for potentials of Cgo mono-
adduct reduction.

Copper(I) ions have been also used to form a new class of [2]
catenanes containing Zn(II)-porphyrin and [60]fullerene triads
(124) [168]. The electrochemical properties of these complexes
and reference compounds (125) - (127) have been investigated
[168]. The values of the redox potentials of these complexes are

Coordination Chemistry Reviews 438 (2021) 213623

summarized in Table 10. The presence of fullerene units in the
complexes does not influence electrochemical properties of the
Cu(I)/Cu(Il) oxidation process in contrast to the data reported by
Armaroli and co-workers [165] for complexes bounded to the full-
erene cages through phenanthroline units (122). A small shift of
about 60 mV to more positive potentials for the one-electron oxi-
dation process of the Zn(II)-porphyrin moiety is observed in com-
parison to the reference compound. At negative potentials, the
processes related to the fullerene cage oxidation are almost unaf-
fected by the presence of both Cu(l)-phenantoline and Zn(II)-
porphyrin redox centers.

‘\
“ X
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n=1 (118a)
n=2 (118b)

(119) n=2 (120

(121)
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Fig. 45. Cyclic voltammogram recorded at Pt electrode of (a) 0.5 mM (117) (a) in CH3CN containing 0.05 M [(n-Bu)4N]PFs and (b) < 0.2 mM (117) in THF 0.05 M [(n-Bu)4N]PFs.
T=25°C,v=05V s~ Reproduced with permission from Ref. [163]. Copyright © 2001, Wiley-VCH Verlag.

Silver(I) ions were used as a bonding center to form dimeric
complexes of Cgo-phenanthroline derivatives (128) [156]. The pres-
ence of the phenanthroline moiety shifts the reduction potential of
the fullerene cage toward more negative values in comparison to
the pristine [60]fullerene. This effect is additionally enhanced by
the presence of silver ions. The fullerene dimeric complex is stable

upon reduction within the first three reduction steps. Surprisingly,
no reduction of silver(I) has been observed within studied poten-
tial range.

Fullerene moieties have been connected through linkers con-
taining Ru(Il)-bpy (129) and Re(I)-bpy (130) units to form Cgg
dimers. The cyclic voltammograms of these complexes exhibit

Table 10
Redox potentials of Zn(II)-porphyrin and [60]fullerene triad (124) and reference compounds (125) - (127) in o-dichlorobenzene [168]
Compound Redox potential in V vs. Fc/Fc*
Oxidation Reduction
Cu*/Cu®* ZnP/ZnP* c% Cab?~ %3 Gl ZnP/ZnP~ Cu*/Cu
(124) 0.18 0.18 -1.12 -1.48 -1.96 -1.92 -2.30
(125) 0.16 -2.30
(126) 0.20 0.20 -1.92 -2.30
(127) 0.16 -1.12 -1.48 -1.96 -2.54 -2.30
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quasi-reversible, likely bpy-centered oxidation process and com-
plex electrochemical behavior in the negative potential range
[169]. These long linkers connecting fullerene moieties do not allow
for effective electronic interaction between the two Cgq cages.

Donor-chromophore-acceptor triads containing Pt(II)-bipyridyl
moiety (chromphore) separating fullerene-acceptor part and N-
(4-ethynylphenyl)cabazole (131) and N-(4-ethynylphenyl)3,7-di-
tert-butylcabazole (132) [170], phenothiazine (133) [171] and

'K Orp\ol_\°‘<

3,7-di-tert-butylphenothiazine (134) [171] units as electron donors
have been synthesized. A comparison of the redox properties of
these triads and reference compounds are shown in Table 11.

1 PF,

(126)
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The HOMO and LUMO of complex (131) are shown in Fig. 46a.
The HOMO orbitals, which are located on the phenothiazine moi-
eties, are involved in two-electron reversible oxidation process as
shown in Fig. 46b [171]. The potential of this process is unaffected
by the presence of the fullerene units. The first and second reduc-
tion processes are related to reduction of the fullerene cage. The
formal redox potential of this process is shifted toward less catho-
dic potentials in comparison to reduction potentials of reference
compound (Table 11). The LUMO is entirely located on the fuller-

ene moiety. At more negative potentials, reduction of bipyridine
ligand occurs, followed by the transfer of the forth electron onto
the fullerene moiety. In contrast to the fullerene-involved reduc-

(128)

(129)

(130)
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tion processes, the reduction of the bipyridine ligand is shifted
cathodically in comparison to the reference compound (see
Table 11). The free energies for charge separation and charge
recombination were determined on the base of electrochemical
data. In dichloromethane, both triads undergo very fast, photo-
induced, charge separation process within few hundreds femtosec-
onds leading to the formation of (Cbz)5-Pt(bpy)-Cso charge separa-
tion state which recombine to Cgo* excited triplet state, and finally
decays to ground state in 22-28 microseconds [170].

Complexation of Cu(l) ions with 1,10-phenanthroline units
bounded to the [60]fullerene cage through alkane chain were used
to form dendrimers with a bis(1,10-phenanhroline)coper(I) core

Table 11
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and peripheral fullerene cages (135-137) [157]. In these systems,
the fullerene-functionalized dendrimeric branches surround and
isolate the central [Cu(phen),]" core. The electrochemical proper-
ties of dendrimers with different numbers of surrounding [60]full-
erene moieties and reference compounds are summarized in
Table 12. The first fullerene-centered reduction step is electro-
chemically reversible. The presence of the Cu(I) ion does not influ-
ence the potential of this process. Transfer of the second electron
on the fullerene moiety is irreversible and followed by the chemi-
cal reaction [157]. The peripheral [60]fullerene units behave as
independent redox centers in dendrimers. The dendrimer oxida-
tion process related to the Cu(I)/Cu(ll) redox couple is observed
only for dendrimer containing four [60]fullerene units surrounding

Redox properties of triads composed of fullerene-carbazole and fullerene-phenothiazine separated by Pt(II)-bipirydyl moiety in dichloromethane.

Compound Electron donor Redox potentials in V vs. Fc/Fc* Ref.
Oxidation Reduction
Donor/Donor®* [« Cso Pt(bpy)®~
(131) N-(4-ethynylphenyl) carbazole 0.88 -1.07 -1.46 -1.80 [170]
(132) N-(4-ethynylphenyl)-3,6-di-tert-butyl-carbazole 0.88 -1.07 —1.46 -1.80 [170]
(133) N-(4-ethynylphenyl) phenothiazine 0.31 -1.07 -1,45 -1.80 [171]
(139) N-(4-ethynylphenyl)-3,6-di-tert-butyl-phenothiazine 0.13 -1.07-1.45 -1.80 [171]
: 99 b
,l\_,‘\' 'L'
A S
- N
s 5
i SN
gl o
- L d
=
g 10 1A
LUMO -
(9]
i 1
W2 4 ,
\ 4_‘_ 1! J ’ A
‘k o4 A,y A
P \ e \
{HL"" = X L'l:'":ﬁ:ﬂty -~ X ] | 1 | - I | - | L | -
Lo \&:\_ X5 2 i i . 45 20 25
A \\ | L 1.0 0.5 0 0.5 1.0 ; J .
N Potential (V vs. Fc/Fc*)
HOMO-1 HOMO

Fig. 46. (a) Spatial plots (isovalue = 0.03) of selected molecular orbitals of (PTZ),-Pt(bpy)-Cso (131) obtained from PBEO/CPCM calculation. (b) Cyclic voltammograms of (t-
BuPTZ),-Pt(bpy) (top) and(t-BuPTZ),-Pt(bpy)-Ceo (132) (bottom) in CH,Cl, containing 0.10 M [(n-Bu)4N]PFs at 298 K. Reproduced with permission from Ref. [171]. Copyright

© 2014, American Chemical Society.

Table 12

Redox properties of bis(1,10-phenanhroline)coper(I) core with peripheral fullerene cages dendrimers and reference compounds in dichloromethane [157].

Compound Redox potentials in V vs. Fc/Fc*
Reduction Oxidation
b el Cu*jcu2*
G1CO,'Bu -1.07 -1.45° +1.2
G2C0,'Bu -1.07 —1.45° +1.1
G3C0,'Bu -1.08 —-1.45° +1.1
CuGO -2.20 +0.60
CuG1 -1.08 -1.39° +0.60
CuG2 -1.08 -1.43° not observed
CuG3 -1.07 —-1.40° not observed

2 peak potential of voltammetric irreversible process at 0.1 Vs,
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metal center (135). This process is irreversible and the current den-
sity is much smaller than the theoretical value predicted from the
ratio of Cgp to Cu(l) redox center. Such behavior indicates that the
large peripheral fullerene units inhibit the redox processes involv-
ing the copper(I) center. The metal centers in dendrimers with lar-
ger numbers of bulky [60]fullerene units, compounds (136) and
(137), are so effectively isolated that Cu(I) redox center is totally
inaccessible for electrons from the electrode, thus preventing den-
drimer electrooxidation [157].

The electrochemical properties of well-defined fullerene and
tris(bipyridine)ruthenium(Il) dual end terminated macromolecular

M=H
M

M =H
M
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(131)
= tBt (132)

(133)
= tBt (134)

systems (138) were also investigated [172]. Because of the long
distance between the two electroactive centers, no electronic
interaction occurs between them in this system. The peak related
to the metal-centered Ru(Il)/Ru(IIl) oxidation process is observed
at positive potentials (1.34 V vs. Ag/Ag"). The pattern of the
voltammogram in the cathodic region is more complex. Four
reduction steps corresponding to reduction of the fullerene moiety
were observed, but these waves were shifted toward more catho-
dic potentials when compared to that of pristine Cgo. Additionally,
two reduction peaks attributed to the first and second steps of Ru
(bpy)3* unit were reported [172].
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CuGn (n=1-3)

(136)
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6.2. Fullerene with covalently attached metallocene units

Metalloocenes exhibit relatively good electron-donating prop-
erties. They can be also reversibly oxidized with only minimal
structural changes when an electron is released from them. The
ferrocenyl-Cgo dyads are usual formed by covalent attachment of
ferrocenyl groups to a fulleropyrolidine [144,173-178]. The satura-
tion of a double bound in the Cgo portion of these compounds
results in the shift of the redox potential toward more negative
potentials. The ferrocenyl moiety acts as electron-donor. This effect
is very weak and only a small shift in ferrocene moiety is observed.
A separation of fullerene cage from the ferrocene center reduces
this interaction. Table 13 summarizes the electrochemical proper-
ties of selected fullerpyrrolidines with ferrocene covalently

Table 13
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attached to the pyrrolidine ring through linkers with different
length (139) - (142) [173]. The formal redox potentials are com-
pared to these obtained for [60]fulleropyrolidine. All fullerene-
centered redox processes are cathodically shifted in respect to
the redox processes of the pristine fullerene. The potential shift
changes from ca. 110 mV for the first fullerene moiety reduction
process up to 380 mV for the fifth electron transfer step. Weak
electronic interactions between the fullerene and the ferrocene
redox centers are observed only for Cgo derivatives in which the
ferrocenyl groups are directly bonded to the pyrrolidine ring. How-
ever, even in this case this effect is very weak. The presence of an
electron-attracting carbonyl group in (140) derivatives prevents
any electronic communication between fullerene and ferrocene
unit centers [173].

Redox properties of ferrocenlpyrrolodino[Cgolfullerene dyads in 3:1 toluene-acetonitrile solutions 0.1 M [(n-Bu)4N]ClO4 at —45 °C [173].

Compound Redox potentials in V vs. ferrocene/ferrocene*
Reduction Oxidation
& Ceb™ G ~? Ce'™ Ce' ™ Fc/Fc*
N-metylpyrrolidino-Cgo -1.05 -1.44 —2.01 —2.42 -3.12
(139) -1.08 -1.47 -2.03 —2.44 -3.14 +0.05
(140) —-1.00 -1.38 -1.95 -2.36 -3.05 +0.16
(141) -0.99 -1.40 -1.91 —2.32 —-3.00 0.0
(142) —1.00 -1.39 -1.97 -2.37 -3.05 0.0
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Fig. 47. (a) Cyclic voltammograms of Cgp-diFc (145) and Cgo-ph-diFc (144). Reproduced with permission from Ref. [177]. Copyright © 2017, Elsevier. (b) HOMO and LUMO of
Cso-ph-diFc (144). Reproduced with permission from Ref. [178]. Copyright © 2017, CSIRO Publishing.
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(139)

Biferrocenes formed by two ferrocene units bridged by different
linkers show significant delocalization of electron density, which
depends of the structure of linkers. Biferrocene derivatives exhibit
neutral, mono-cationic and di-cationic redox states. The mono-
cationic state can show mixed valence character [179]. These com-
plexes can be bonded to the fullerene cages to form Cgg-biferrocene
triads (143) [144,174], (144) and 145 [177,178] and (146) [176].
During oxidation of biferrocene derivatives (143) and (146) one
two-electron step is observed. The observation that both ferrocene
moieties are oxidized at the same potential indicates the absence
of coupling of the two ferrocene centers through the bridging units.
The electronic interaction between ferrocenyl centers were
reported for N-methyl-2-(ferrocenyl)(phenyl)full-eropyrrolidine
(144) and N-methyl-2-(diferrocenylpropane)fulleropyrrolidine
(145) [177,178]. Cyclic voltammograms of these compounds are
shown in Fig. 47. Two poorly separated oxidation steps correspond
to the one-electron ferrocene-centered redox processes. In the neg-
ative potential range, reduction of fullerene moiety is observed.
These experimental results are confirmed by the theoretical calcu-
lations. The HOMO is located at ferrocenyl units and Cgo moiety
mainly contribute to LUMO [178]. It was also reported that the

Table 14

Coordination Chemistry Reviews 438 (2021) 213623

(140)

Is 1A
\/_

PR T T I T T Y T I T Y Y O I IO I Y
+1.0 +0.5 0 -0.5 -1.0 -1.5 -2.0
Potential (V vs. Fc/Fc*)

Current

Fig. 48. Cyclic voltammogram recorded at a platinum electrode for a CH,Cl,
solution containing 0.2 M [(n-Bu)4N]PFs and 0.7 mM and (146). Scan rate =0.2 Vs,
T = -10 °C. Reproduced with permission from Ref. [179]. Copyright © 1999,
American Chemical Society.

Redox properties of selected bi-ferrocene derivatives of [Cgp]fullerene in 3:1 toluene-acetonitrile solutions containing 0.1 M [(n-Bu)4N]PFs.

Compound Redox potentials in V vs. ferrocene/ferrocene*
Reduction Oxidation Ref.
(e Cd2 (i Fc[Fc*
(143)° -1.086 -1.516 -1.672 +0.103" [144]
(144) —1.245 -1.671 -1.872 —0.042 +0.114 [177]
(145) -1.250 -1.692 —2.088 —0.030 +0.150 [178]

2 4:1 toluene-acetonitrile solutions containing 0.1 M (n-Bu)4;NClO,.
b two-electron oxidation of two ferrocene redox centers
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energy of the HOMO is slightly lower and the energy of the LUMO
is higher for triad (144) in comparison to the compound that con-
tains a bi-ferrocene moiety bonded directly to the pyrrolidine ring
(145) [177]. The oxidation peaks of the ferrocenyl group are shifted
toward less positive potentials with respect to the ferrocene/fer-
rocene’ redox couple. However, this potential shift is lower than
that observed for 2,2-biferrocenylpropane indicating that grafting
of Cgp onto the bi-ferrocene leads to a reduction in the electron
density on the ferrocene units and, consequently, in weaker elec-
tronic communication between the two ferrocene units. On the
other hand, the fullerene-centered reduction processes, which are
observed at negative potentials, are shifted toward more negative
potentials with respect to the redox potentials of pristine Cg.
The electrochemical properties of bi-ferrocene derivatives of Cgg
are summarized in Table 14. The interaction between the bi-
ferrocene moiety and the fullerene cage is slightly weaker in com-
pound (144) due to the partial delocalization of electron density
over the phenyl ring.

A complex electrochemical behavior was reported for dyad
composed of tetraferrocenyl[5]cumulene unit and Cgo fullerene
(146) [179]. The voltammetric behavior of this compound is shown
in Fig. 48. There are three electroactive moieties within this com-
pound. The cumulene chain is oxidized at ca. 0.82 V vs. SCE and
reduced at ca. —1.56 V vs. SCE. In both processes, two electrons
are exchanged. The three fullerene reduction steps are shifted
toward more negative potentials with respect to the redox poten-
tials for pristine Cgo. The voltammetric currents recorded in poten-
tial range from 0.1 to 0.7 V vs. SCE are probably related electron
exchange processes of the bi-ferrocene moiety. According to the
authors of these studies, only the two-electron oxidation peak at
ca. 0.25 Vis responsible for oxidation of one ferrocenyl unit of each
bi-ferrocene moiety [179]. However, two other oxidation steps,
which are observed at more positive potentials, can be related to
the stepwise one-electron oxidation of the remaining ferrocenyl
units.

Separation of the ferrocene units by longer carbon chains limits
their electronic communication. Therefore, the voltammogram
recorded for the bi-ferrocene derivative of Cgo (146) exhibits only
one, two-electron oxidation step for both ferrocene redox centers
[176]. In the case of bi-ferrocene derivative of fulleropyrolidine
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(143), two ferrocene units are also oxidized independently in
one, two-electron oxidation step [144].

(146)

10

10 |

Current (1A)

20 |-

30 1 | 1 ! 1 |
1.0 0 -1.0 -2.0 -3.0

Potential (V vs. Fc/Fc*)

Fig. 49. Electrochemical properties of (147) in THF solution containing 0.1 M [(n-
Bu)4N]ClO4 as supporting electrolyte. Reproduced with permission from Ref. [180].
Copyright © 2010, American Chemical Society.
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An interesting ferrocene derivative of Cgo (147) was synthesized
by Matsuo and co-workers [180]. The ten aryl groups bonded to the
opposite sites of the fullerene moiety create a large, rigid, hand-
drum-shaped dendritic structure. This conjugated system consists
of five ferrocenyl groups covalently attached to the top of the Cgq to
act as an electron donor along with a hoop-shaped benzoic accep-
tor. The voltammogram of this compound exhibited a reversible
five-electron oxidation peak (Fig. 49) indicating the absence of
interaction between the ferrocenyl groups through the space. The
potential of this peak is slightly shifted by ca. 80 mV toward posi-
tive potentials against the ferrocene/ferrocenium redox couple. At

DNB2/4-
DNBY/2-

Current

-0.5 -1.0 -1.5
Potential (V vs. Fc/Fc?)

Fig. 50. Cyclic voltammograms of (a) 2-(ferrocenyl)fulleropyrrolidine and (b) N-
(3',5'-dinitrobenzoyl)-2-(ferrocenyl)fulleropyrrolidine (152) at Pt disc electrode in
o-dichlorobenzene containing 0.1 M [(n-Bu)4N]ClO,. Scan rate = 100 mV~". Repro-
duced with permission from Ref. [175]. Copyright © 2002, American Chemical
Society.
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negative potentials, two, one-electron reduction peaks of the 40 7-
electron cyclophenancene system is observed at less negative
potentials in comparison to the reduction potentials of reference
dendrimer which does not contain electron-withdrawing ferrocene
moieties [180].

(147)

Heteronuclear transition metal fullerene complexes, mer-M
(CO)s(dppf)(M?-Ceo) Where dppf = 1,1’-bis(diphenylphosphino)fer
rocene and M = Mo (148) and W (149) were synthesized and their
electrochemical properties investigated [181]. The 1?-Cyo analog
was also investigated [181]. Three fullerene-centered reduction
steps at potentials of ca. 200 mV more negative with respect of cor-
responding processes of Cgo were reported for these compounds.
The reduction potentials of ferrocene-containing bimetallic com-
plexes were comparable to the reduction potentials of reference
complexes that do not contain ferrocene moiety. Similar to these
complexes, the bimetallic compounds also decompose during
reduction. The rate of this following chemical reaction is much
higher for W(CO);(dppf)(n2-Cgo) (149) than for molybdenum ana-
log. The two-electron oxidation process that involves the metal
center coordinated, which is observed at positive potentials, is also

5uHA

Current

Current

S HA

25 20 45 10 05 0 05
Potential (V vs. Fc/Fc?)

25 20 15 10 05 0 0.5
Potential (V vs. Fc/Fc?)

Fig. 51. Cyclic voltammogram of 0.2 mM solution of (a) Et-(153) and (b) Et-(154) in o-dichlorobenzene containing 0.2 M [(n-Bu)4N]|BF, at 293 K. Reproduced with permission

from Ref. [184]. Copyright © 2013, Royal Society of Chemistry.
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followed by cleavage of the metal-ferrocene bond. Similar electro-
chemical behavior was reported for the Pd/Fe bimetallic 12-Cg
complex, Pd(dppf)(n2-Ceo) (150) [182].

The electrochemical properties of Cgo-coper(l) phenanthroline/-
ferrocene hybrid (151) were also studied [183]. The electronic
properties of the fullerene moiety are not affected by the presence
of copper(I) phenanthroline/ferrocene redox centers. A small elec-
tronic interaction between copper(l) phenanthroline center and
the fullerene moiety results in a shift of the oxidation potential
of the ferrocene portion toward more positive values by ca.
110 mV. This compound may adopt folded conformation in which
fullerene and ferrocene moieties approach each other more closely
[183].

A triad (152) with a ferrocenyl group and an dinitrobenzene
redox center attached covalently to the pyrrolidine ring of
[60]fulleropyrolidine exhibits multiple redox processes involving
the three redox active entities [175]. The HOMO responsible for
the oxidation process is localized on the ferrocene unit. The elec-
trode processes observed in the negative potential range corre-
spond to the one-electron reduction of the fullerene portion and
two dinitrobenzene-involved two-electron reduction processes as

(151)

50
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M=Mo (I48)
M=W (149)
(150)

seen in Fig. 50. The sequence of these processes corresponds to the
energy diagram of LUMOs [175]. However, there is not any signif-
icant electronic interaction between the different redox entities.

Ferrocene and ruthencene units were used to bridge fulleropy-
rolidine moieties to form the dimeric compounds (153) and (154)
[184]. Reversible one-electron oxidation occurred for the ferrocene
compound while irreversible one-electron oxidation was observed
for the ruthenocene compound as seen in Fig. 51. At negative
potentials, only one peak (corresponding to the exchange of two
electrons) for each step of reduction of the fullerene moiety was
recorded. Therefore, both Cgp units in triads (153) and (154) are
reduced simultaneously indicating no electronic communication
between the carbon cages through the metallocene bridging center
or through space [184].



A.L. Balch and K. Winkler

A weak

communication between fullerene cages was
observed for the dimer composed of the tetrairon cluster,
(CsHs),Fey(CO)4(CsH4CHO), , which bridged two fullerene units
(155) [185]. In Fig. 52, the electrochemical properties of this
compound are compared to the electrochemical behavior of
monofullerene-tetrairon cluster adduct (156) and (CsHs),Fey4
(CO)4(CsH4CHO) as a reference compound. In the case of com-
pound (156), the first and second fullerene-involved reduction

=4
77

-0.670 -1.470 -2.270

Current

c
d

Potential (V vs. Fc/Fc?)
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M=Fe (153)
M=Ru (154)

steps are shifted toward less cathodic potentials with respect
to that reported for pristine Cgo. This compound is a rare exam-
ple of a ferrocene derivative of Cgo that exhibits an anodic shift
of the reduction potential of the fullerene cage. The third reduc-
tion step, which corresponds to reduction of the Fe,4 cluster, as
well as following fullerene cage reduction process proceed more
difficultly than these observed for (CsHs),Fe4(C0O)4(CsH4CHO) and
Cso, respectively. This behavior is due to the negative charge

DPV

a
b

)

c

Q

=

=

Q
C
d

| | I
-0.670 -1.470 -2.270
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Fig. 52. Cyclic voltammograms and differential pulse voltammograms in o-dichlorobenzene-benzonitrile (5:1, v/v) containing 1 mM CpsFe4(CO)4(CsH4CHO (a), Cgo (b), (155)
(c) and (156) (d), and 0.2 M [(n-Bu)4N]PFs as supporting electrolyte. Reproduced with permission from Ref. [185]. Copyright © 2013, Royal Society of Chemistry.
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accumulated on the neighboring moieties. In the case of triad tion occurs between the fullerene moieties. Due to the large neg-
(155), the first two fullerene-centered reduction steps are spit ative charge of the reduced fullerene units, a large shift of ca.
into two voltammetric signals indicating electronic communica- 0.55 V is observed for the process of Fe, cluster reduction.

(155) (156)

(157)

(158) (159)
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Electrochemical studies were performed to establish the energy
levels in ferrocene-DSBDP-Cgq (DSBDP = distyryl boron-
dipyrromethene) triads (157) [186] and bisferrocene-ADP-Cgq
(ADP = BF,-chelated-azadipyrromethane) tetrads (158) and (159)
[187]. The formal potentials of the redox processes observed for
these donor-acceptor systems are collected in Table 15. These
results indicate the electron-donating properties of the ferrocene
units and the electron-accepting nature of Cgo, DSBDP and ADP
moieties. Generally, there is not strong electronic communication
between redox centers of these compounds. A weak influence of
fullerene electron density on the electrochemical properties of
the ferrocenyl groups in tetrad (159) was observed. The potential
for reduction of the ferrocene moieties in this compound is ca.
50 mV less anodic in comparison to the reduction potential of fer-
rocenyl groups in tetrad (158).

6.3. Fullerene - Porphyrin and fullerene-phthalocyanine system

Fullerene-metalloporphyrin mixed systems have recently
become an active area of research due to their ability for the pho-
tocurrent generation [18-20,188-190]. There are a large variety of
fullerene-porphyrin systems including large dendrimer architec-
tures. In these systems, the porphyrin core acts as a light-
harvesting antenna and electron donor, while the fullerene plays
the part of an electron acceptor to form a charge-separated state.
Supramolecular systems composed of fullerenes covalently bonded
to metalloporphyrins have been also investigated to mimic photo-
synthetic systems [191-194]. For all these applications, knowledge
about electrochemical properties of the fullerene-metallopor
phyrin dyad is essential.

6.3.1. Fullerene-metalloporphyrin complexes with an axial ligation of
the metal center

Pyridine exhibits coordination properties toward a wide variety
of metal porphyrins via axial ligation [195,196]. The electrochem-
ical properties of two basic pyridine derivatives of [60]fullerene, in
which pyridine is covalently bonded to the fulleropyrolidine moi-
ety through the nitrogen atom of the pyrrolidine ring (160) and
via insulating sp carbon atom of this ring (161) are summarized
in Table 16 [197]. The values of the formal potentials of first three

Table 15

Coordination Chemistry Reviews 438 (2021) 213623

one-electron reduction steps of the fullerene moiety are compared
to the electrochemical properties of reference compounds, N-
methylfulleropyrolidine and pristine Cgo. As can be expected, the
electron-withdrawing properties of pyridine result in a small shift
of the reduction potentials for both compounds toward less nega-
tive values in comparison to the redox potential of the reference
compound, N-methylfulleropyrolidine. The axial ligation of the
zinc tetraphenylporphyrin to the fullerene center results in forma-
tion of dyads (162) and (163), which exhibit additional electro-
chemical activity both in positive and negative potential ranges
(Table 16). The location of the complexing pyridine center with
respect to the fullerene cage affects the electrochemical behavior
of zinc porphyrin moiety. The potential of the first one-electron
oxidation of zinc tetraphenylporphyrin shifts cathodically by 120
and 80 mV after complexation with (160) and (161), respectively
[197]. Additionally, a positive shift by 40 mV for the first Cgo cage
reduction potential was observed for dyad (162). These results
indicate weak electronic communication between the metal center
of the porphyrin and the fullerene cage in compound (162).

A variety of metalloporphyrin-fullerene donor-acceptor dyads
was investigated by D’Souza and co-workers [198-200]. The effects
of the linker nature and the metalloporphyrin structure on the
photochemical and electrochemical properties of dyads were par-
ticularly extensively examined. The structures of some of the met-
alloporphyrin complexes and fullerene Cgo derivatives used for
dyad formation via axial coordination are shown below. In all these
cases, the HOMO is located on the metalloporphyrin and the nitro-
gen containing center of the fullerene derivative coordinated to the
metal ion, while the fullerene cage is involved in the LUMO as
shown in Fig. 53a. Consequently, the first dyad reduction process
is always related to reduction of the fullerene cage, while the por-
phyrin portion is involved in the oxidation process. In Fig. 53b, the
voltammetric behavior of a series of zinc tetraphenylporphyrins
(164)- (168) coordinated to the imidazole-appended fulleropyro-
lidine (169) is shown [199]. For comparison, the electrochemical
properties of uncoordinated zinc tetraphenylporphyrin and the
fulleropyrolidine derivative (161) are presented. The increase of
the number of electronegative halogen atoms on the meso-aryl
substituents makes oxidation of the porphyrin moiety more
difficult, while the reduction process becomes easier. There are

Redox potentials of bisferrocene-ADP-Cgo complexes in benzonitrile containing 0.1 M [(n-Bu)4N]ClO4.

Compound Redox potential in V vs. Ag/AgCl
ADP*/ADP Fc*/Fc DSBDP/DSPDP~ Co0/Cso Co0/Cso Ref.
ADP/ADP~ ADP~/ADP?~
(157) 0.50 —-1.00 -0.58 [186]
(158) 1.14 0.49 -0.37 -0.63 -1.02 [187]
(159) 1.12 0.44 -0.36 —-0.64 -1.04 [187]
Table 16

Redox properties of pyridine derivatives of [60]fullerene and their complexes with zinc tetraphenylporphyrin (ZnTPP) in CH,Cl, solution containing 0.1 M [(n-Bu)4N]PFg [197].

Compound Redox potentials in V vs. Fc/Fc*

Reduction Oxidation

c% Ceb2 Cgal—3 ZnTPPY—2 ZnTPP—2/—* ZnTPPY* ZnTPP3* ZnTPP3*/>*
(160) -1.06 -1.44 -1.96
(161) -1.07 ~1.45 -1.98
ZnTPP -1.78 -2.16 +0.02 +0.37 +0.68
(162) -1.03 -1.39 -1.95 -1.84 +0.03 +0.27 +0.69
(163) -1.07 —1.44 -1.98 —1.81 —-2.18 +0.04 +0.30 +0.71
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substantial differences in the electrochemical properties of zinc
tetraphenylporphyrins in negative potential rang due to the axial
coordination. A significant cathodic shift of the reduction potential
of the metalloporphyrin portion is observed. A weak effect, a shift
of up to 50 mV toward more anodic potentials, of axial coordina-
tion on the redox potential of the imidazole-centered oxidation
process was also recorded. A larger anodic shift of the porphyrin
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Ph

Ph

Ph

oxidation potential of 100 mV was reported for the dyad composed
of magnesium tetraphenylporphyrin and fulleropyrolidine
appended with an imidazole coordinating ligand [201]. The first
reduction of the fullerene does not reveal any significant changes.
In general, the absence of any significant electronic interaction
between fullerene and the metalloporphyrin moiety in the ground
state was reported for other studied dyads [199,200].
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Fig. 53. The frontier HOMO (a) and LUMO (b) of (F20TPP)Zn « CgoPy. Differential pulse voltammograms corresponding to both oxidation and reduction processes of pristine
(P)Zn (black line) and (P)Zn «+ ImCgo dyads (red line) in dichloromethane containing 0.1 M [(n-Bu)4N]ClOy, (P)Zn = (F5oTPP)Zn, ((CF3)4TPP)Zn, (F4TPP)Zn, (CI4TPP)Zn, or (TPP)
Zn). DPV of Cgolm is shown on the top (blue line) for comparison. Scan rate, 5 mV/s; pulse width, 0.25 s; pulse height, 0.025 V. Potential versus Ag/Ag’. The * represents
oxidation of ferrocene, which was used as an internal standard. Reproduced with permission from Ref. [199]. Copyright © 2014, American Chemical Society.
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(FTPP)Zn  (164) [(CF,),TPP]Zn  (165) (CI,TPP)Zn  (166)

(F,TPP)Zn  (167) (TPP)Zn  (168)

In order to increase the electron-donor ability of the porphyrin
moiety and to increase the charge-separated state lifetime, a triad b
composed of fulleropyrrolidine appended with an imidazole coor-
dinated axially to zinc center of a subphthalocyanine-triphenyla
mine-zinc porphyrin was synthesized (170) [202]. In Fig. 54,
voltammograms obtained for the triad (170) and free
subphthalocyanine-triphenylamine-zinc porphyrin ((171) are
compared. As is expected, the first oxidation process of the
penta-coordinated zinc porphyrin occurs at potentials less positive
by 88 mV in comparison to unsubstituted {[5,11,16,21]-tetrakis(p
entyl)-21H,23H-porphyrinato}zinc.

Current

6.3.2. Fullerene-metalloporphyrin complexes with a fullerene moiety
covalently linked to the porphyrin ring

Covalent binding of a metalloporphyrin moiety to the fullerene
cage allows the production of variety of porphyrin-fullerene dyads,
triads, tetrads, etc. with different distances and orientations of the | | | | | | |
electron-donor and electron-acceptor centers along with a variety
of different linkers. Examples of relatively simple porphyrin- 1.5 1.0 0.5 0 -0.5 -1.0 -1.5
fullerene dyads are shown .belolw as.corppounds (172) - (178) Potential (v VvSs. SCE)
[203-208]. The electrochemical investigation of these dyads was

mainly focused on the search for possible intramolecular electronic Fig. 54. Cyclic voltammograms of (170) and self-assembled (171) in CH,Cl,
containing 0.1 M [(n-Bu)4N]CIO4 a scan rate of 100 mVs~'. Reproduced with
permission from Ref. [201]. Copyright © 2010, Wiley-VCH Verlag.
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M=Mg (172) (174) M=Pd (175)
M=2zn (173) M=Pt (176)

(177)
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interaction between fullerene cage and the porphyrin moiety and
on the determination of the band gap in the ground state.
The electrochemical behavior of these dyads is a combination of
the electrochemical properties of both components. In the
negative potential range, reduction of fullerene moieties is
observed. The LUMO is located on the fullerene center (Fig. 55a)
and the first reduction steps correspond to the reduction fullerene
moiety. The porphyrin-involved charge transfer processes occurs
at more negative potentials. The HOMO is located on the porphyrin
moiety. Therefore, the porphyrin center is involved in the dyad oxi-
dation processes at positive potentials. In Fig. 55b, the voltammo-
grams of porphyrin-fullerene dyads (172) an (173) are shown. For
both dyads, the first porphyrin oxidation differs from the corre-
sponding oxidation potentials of the pristine metal porphyrins by
ca. 30 mV, indicating a weak intramolecular interaction between
porphyrin and fullerene redox centers. This interaction and, conse-
quently, the electrochemical properties of the metalloporphyrin
derivatives of fullerenes can be changed by axial coordination of
ligands (for example pyridine) to the metal center. Such
modification results in increase of the distance between metallo-
porphyrin and fullerene moieties [203]. Similar electrochemical
behavior was reported for other fullerene dyads, such as (177)
and (178) [208].

RO
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Oligoporphyrins arrays, in which individual porphyrin units are
linked together to form extended planar structures, can be cova-
lently bonded to the fullerenes to form the multicomponent arrays
(179)- (182) [209,210]. The fullerene moieties interact relatively
strongly (ca. 12 k] mol~!) with the porphyrin rings leading to the
distinct conformation of the multicomponent arrays. Oligopor-
phyrin arrays exhibit electronic communication due to m-electron
conjugation. The voltammetric behavior of dimer (182) is shown
in Fig. 56 [209]. Both porphyrin units are oxidized separately in
one-electron steps. Additionally, peaks related to the fullerene
units are recorded in the negative potential range. Formal poten-
tials of all porphyrin-involved redox processes are shifted to more
positive potentials with respect to the redox potentials of a corre-
sponding diporphyrin that is not bonded to the fullerene center
due to the interaction between the redox centers. Similar effects
were observed for other fullerene-polyporphyrin dyads [210]. In
Table 17, the redox potentials of fullerene-polyporphyrin dyads
are compared to those obtained for reference compounds. The dif-
ferences in redox potentials for both fullerene-centered reduction
processes and porphyrin-involved reduction and oxidation pro-
cesses indicate electronic interaction between redox centers. These
polyporphyrin-fullerene conjugates exhibit high electron capacity.
Thus, twelve electrons can be transferred during electrode

HOMO

Current

,\(“'

Ceo?/>ZnP/*

LUMO

-1.0 -1.5

Potential (V vs. Fc/Fc?)

Fig. 55. (a) HOMO and LUMO of dyad (173). (b) Cyclic voltammograms of (173) and (174) (ca. 0.05 mM) in o-dichlorobenzene containing 0.1 M [(n-Bu)4N]ClO4. Scan
rate = 100 mV s~ ', The site of electron transfer corresponding to each redox couple is indicated on the top of the voltammograms. Reproduced with permission from Ref.

[203]. Copyright © 2005, Royal Society of Chemistry.
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processes for compound (180) within the potential window of the
solvent. Dyad (182) can exchange up to eighteen electrons during
oxidation and reduction [210].

Metal clusters coordinated to the fullerene moiety were also
used as a platform to covalently bond metalloporphyrin rings
(185) - (188) [211-213]. The voltammetric behavior of the triad
composed of the face-capped Os3(C0O);[CN(CH,);Si(OEt)s](n3-n2:
N%:M?-Ceop), zinc tetraphenylporphyrin and boron dipyrrin moiety
(185) is shown in Fig. 57 [213]. Similar results were reported for
the triad containing ferrocene redox center instead of the boron
dipyrrin moiety (187) and (188) [211]. In Fig. 57, the voltammetric
properties of the triad components are shown for comparison. The
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general cyclic voltammetry feature of the triad (185) is a sum of
the voltammetric responses of the individual components. The
HOMO responsible for the first oxidation step is located on the zinc

n=0 (179)
n=1 (180)
n=2 (181)

porphyrin. As can be expected, the LUMO is located on the fuller-
ene cage. Comparison of the voltammetric response of the triad
and reference compounds allows assignment of the voltammetric
peaks of the triad to individual electrochemical processes as seen
in Fig. 57. The values of the redox potentials obtained on the bases
of voltammetric measurements for triads (185) and (187) are sum-
marized in Table 18. In general, the data indicate that there is no
significant interaction between the redox-active components of
the triad.
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A covalent modification of the triosmium center with 3-
(triethoxysilyl)ethyl [211-213] allows the dyad to be anchored to
the surface of ITO to form an electrochemically-active and
photochemically-active, highly-ordered layer ) (see Fig. 58). The
additional stabilization of the layer was achieved by axial coordi-
nation of zinc porphyrin units with diazabicyclooctane. The esti-
mated surface coverage was close to the value corresponding to
monolayer and confirms the highly ordered structure of the diad
at the ITO surface. The voltammetric response of the dyad
anchored to the surface of ITO electrode resembles the voltammo-
gram of (185) in solution. Three well-resolved redox peaks are
observed. First and second peak corresponds to the one-electron
reduction localized on Cg. The third peak corresponds to the over-
lapping of triosmium-ferrocene moiety two-electron reduction and
the one-electron reduction of porphyrin ring. Three oxidation
peaks corresponding to ferrocene and porphyrin moiety oxidation
were observed in positive potential range. Such a well-defined
response of the fullerene-triosmium-zinc porphyrin dyad
covalently anchored on the ITO surface indicates that the elec-
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(185)

(186)

(187)

(188)

tronic structure of the triad is not perturbed during the monolayer
formation.

A zinc porphyrin-fullerene dyad was also incorporated into a
tetra-octylammonium bromide film at a glassy carbon electrode
to form an electrochemical sensor for hydrogen peroxide and
nitrite ions [214,215]. In this water-insoluble film, the porphyrin-
fullerene conjugate retrains its electrochemical properties. The
zinc porphyrin redox centers mediate electron exchange between
analytes and the glassy carbon electrode allowing for precise and
selective determination of hydrogen peroxide and nitrite ions
[214,215].

Echegoyen and co-workers studied the electrochemical proper-
ties of [60]fullerene-zinc phthalocyanine dyad (189) [216]. The
voltammetric behavior of this dyad is almost the sum of the
voltammetric behavior of both components, zinc phthalocyanine
and the modified fullerene. However, the redox potentials of zinc
phthalocyanine and fullerene portions are significantly different
from those observed for model compounds. The phthalocyanine-
based oxidation and reduction potentials are anodically shifted
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while the Cgp-based reduction processes are cathodically shifted in
the dyad. These results indicate some degree in charge transfer
from the donating zinc phthalocyanine to the accepting fullerene
moiety. Detailed studies of these voltammetric results revealed
that both inter- and intra-molecular electronic interactions
between both redox-active centers contribute to the changes in
redox potentials. The intra-molecular effect dominates for lower
charge of the dyad. Conversely, the inter-molecular effect is much
more pronounced as the dyad is sequentially reduced [216].

'Bu Bu

(189)

‘Bu

Zinc porphyrin-Csg dyad was also used for formation of electro-
and photoelectron-active polymeric films [217]. The polymer is
formed during oxidation of the monomer (190) as shown in
Scheme 7. Polymerization occurs by the coupling of two carbazole
radical cations. Voltammogram of the polymerization at the elec-
trode surface and the electrochemical response of the polymer film
in monomer-free solution are shown in Fig. 59. Dyads incorporated
into the polymeric structure retained their electrochemical proper-
ties and light harvesting capacity. The possibility of hole- and
electron-transport within this polymer with a “double cable”
structure was suggested for the newly synthesized material [217].

6.3.3. Endohedral metallofullerenes covalently linked to
metalloporphyrins.

A few cases where a metalloporphyrin is linked with an
endohedral fullerene have been synthesized and examined
electrochemically. Scheme 8 shows one example in which a func-
tionalized version of ScsN@I,-Cg is coordinated to a zinc phthalo-
cyanine through at pyridyl nitrogen [218]. In o-dichlorobenzene
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Fig. 56. Cyclic and differential pulse voltammograms of compound (182) in CH,Cl,
containing [(n-Bu)4N]|PFs at 293 K. Glassy carbon electrode. Reproduced with
permission from Ref. [209]. Copyright © 2005, Helvetica Chimica Acta Verlag.

solution, the functionalized ScsN@I,-Cgo shows four reversible
reduction waves at — 1.04, —1.43, —2.15, and — 2.58 V, whereas
ScsN@I,-Cgg itself has three reversible reduction processes occur-
ring at —1.26, —1.62 and —2.37 V. The functionalized ScsN@I,-Cgo
exhibits two nearly reversible oxidation processes at + 0.29
and + 0.94 V, while ScsN@I,-Cgy alone displays oxidation waves
at 0.59 and 1.09 V. Unfortunately, the redox properties of the dyad
itself with the functionalized ScsN@I,-Cgo appended to the zinc
phthalocyanine were not reported.

The dyad (191) utilizes a complex chain to connect a zinc por-
phyrin on the left to the endohedral fullerene ScsN@I,-Cgo on the
right [219]. This dyad exhibits three, one-electron oxidation waves
at + 0.28, +0.40 and + 0.55 V versus Fc/Fc* in o-dichlorobenzene
solution. The first and third waves correspond to the first and sec-
ond oxidations of the zinc porphyrin, while the second wave for
the dyad corresponds to the first oxidation of the ScsN@I,-Cgo unit.
The dyad (191) displays four, one-electron reduction waves at
—1.18, —1.56, —1.98, and —2.27 V. The wave at —1.98 corresponds
to reduction of the zinc porphyrin, while the other three reductions
occur at potentials near those of the ScsN@I;,-Cgo moiety.

Table 17
Redox properties of selected oligoporphyrins derivatives of [Cgo]fullerene and reference compounds 161 and 162 in 3:1 toluene-acetonitrile solutions containing 0.1 M [(n-Bu)4N]
PF.
Compound Redox potentials in V vs. Fc/Fc*
Reduction Oxidation of ZnP moiety Ref.
R, Ry Rs 0, 0O,
(183) ~1.06 ~141 ~1.84 +0.36 +0.74 [209]
(184) ~0.98 141 ~1.84 +0.37 + 0.50 +0.73 + 0.84 [209]
(179) —0.99-1.07 -1.40 -1.85 +0.35 + 0.49 +0.85 [209]
(180) -1.06 —-1.42 -1.85 +0.35 + 0.44 + 0.57 +0.83 [209]
(181) ~1.04 ~1,40 ~1.85 +0.33 + 0.47 + 0.61 +0.84 [209]
(182) ~0.99-1.09 ~1.40 ~1,87 +0.03 + 0.34 +0.82 [210]

R, first step of fullerene moiety reduction C%~

R, first step of fullerene moiety reduction Cg?~

Rs 3e-reduction process for (184) C25-(ZnP),/C35-(ZnP)3~

4e-reduction process for (179) and (182) C4;-(ZnP),-C%5/Ce5-(ZnP)3-C3y
5e-reduction process for (180) C35-(ZnP);-CZ5/Ce5-(ZnP)3~-C35
6e-reduction process for (181) CZ-(ZnP),-C35/C2o-(ZnP)i—-Ce

0, first oxidation step of zinc porphyrin unit

0, second oxidation step of zinc porphyrin unit
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Fig. 57. Cyclic voltammograms of triad (185) at the bottom and various reference
compounds in dry deoxygenated chlorobenzene containing 0.1 M [(n-Bu)4N]ClOg4;
scan rate 10 mV s~'. Reproduced with permission from Ref. [213]. Copyright ©
2010, Wiley-VCH Verlag.
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Concluding this chapter of the review, linking porphyrin units
to fullerene units through either axial ligation or covalent bonding
allows the formation of a variety of structures, from relatively sim-
ple dyads to complex, multi-component systems. The electrochem-
ical properties of such structures are generally the sum of the
electrochemical properties of individual components. The interac-
tion between fullerene and porphyrin redox centers depends on
the distance between these two moieties and their relative orien-
tation. A proper adjustment of both redox components allows
intra-molecular electronic interaction and control of electrochem-
ical properties.

6.4. Electrochemistry of other fullerene donor-acceptor systems
containing transition metal complexes

A series of iron sulfide derivatives of [60]fullerene,
Cso[SoFex(CO)s]ln, where n = 1-6 (192), and [70]fullerene,
C70[S2Fex(CO)sln where n = 1-3 (193), has been synthesized and
crystallographically characterized [220]. The iron dimer center,
S,Fe,(CO)g, is not electroactive in the negative potential range of
fullerene reduction. Reduction of the fullerene cage is anodically
shifted in comparison to pristine Cgo or C; because of the electron
withdrawing properties of iron dimer center.

The effect of cis and trans configuration on the electrochemical
properties of dyads (194trans) and (194cis) composed of a Cgo
acceptor and a triphenylamine electron-donor bridged by a plat-
inum(Il) acetylide spacer has been investigated by Echegoyen
and co-workers [221]. For both compounds the LUMOs are largely
localized on the fullerene moiety. They are involved in the
reduction processes, which are observed in the negative potential
range) (Fig. 60). The fullerene cage reduction potentials depend
slightly on the complex geometry. In the case of the trans isomer
(194trans), they are shifted by about 50 - 100 mV toward less neg-
ative potentials. The triphenylamine moiety is involved in the first
oxidation step, since the HOMO is located on this part of the com-
plex. The LUMO + 1 is largely localized on the platinum center.
Therefore, the second, irreversible oxidation process is related to
the oxidation of platinum bridge) (Fig. 60). The bonding of the
triphenylamine center to the platinum significantly shifts the
potential of the oxidation process to less positive values, thus low-
ering the band gap energy of the dyad. There also a weak electronic
communication between the donor and acceptor centers in the
ground state [221].
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Table 18
Redox properties of triad composed of 0s3(CO);[CN(CH,)3Si(OEt)s](u3-1n%:m%:n2-Cep), zinc tetraphenylporphyrin and boron (185) or ferrocene (187) moieties in dry
chlorobenzene.

Compound Redox potentials in V vs. Fc/Fc*
Reduction Oxidation Ref.
ce Ceb 2 Csgl 3 B/~ ZnP°~ ZnpP~/2- Fc/Fc* ZnpP%* Znp?
(185) ~1.09 ~1.43 ~1.82 ~1.69 ~1.90 ~2.12 - +0.34 +0.51 [213]
(187) ~1.10 ~1.45 -1.84 - -1.94 232 0 +0.12 +0.29 [211]

Ph

Current

-06 08 -10 -12 -14 -16 -18 -20 22
Potential (V vs. Fo/Fch)

Fig. 58. (a) Schematic molecular structure of the layer of compound fullerene-triosmium-zinc porphyrin dyad at the ITO surface. (b) Cyclic voltammograms of the dyad in
chlorobenzene (...) and at the surface of ITO (solid) in CH,Cl, with 0.1 M [(n-Bu)4N]PFs as an electrolyte at a scan rate of 0.5 V s~'. Reproduced with permission from Ref.
[212]. Copyright © 2005, American Chemical Society.
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Fig. 59. (a) Ten cyclic successive voltammograms obtained at a scan rate of 100 mV/s in solution containing (190). (b) Cyclic voltammograms a (poly-190) film in solution
containing only a support electrolyte. (b-inset) Relation between the oxidation peak currents and the scan rate. All the cyclic voltammogram scans were obtained in o-
dichlorobenzene containing [(n-Bu)4N]ClO,4. Pt working electrode. Reproduced with permission from Ref. [217] Copyright © 2013, Elsevier.
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radicals

Electrochemical generation
of ethylcarbazol unit cation

(poly-190)

Scheme 7. Electrochemical formation of zinc porphyrin-Cgo dyad polymer (poly-190).
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Tri- and hexa-platinum clusters were also used to bind fuller-
ene units by means of a 4-ethynyl-benzylpirolidine bridge to
form {Ptg}CC—(l,4)C6H4—C2H3N(C8H17)C60 (195) and {Pts}(CC—
(1,4)CgH4-CoH3N(CgH7)Cg0)2 (196) [222]. The electrochemical
properties of these compounds were investigated with cyclic
voltammetry and a variety of spectroelectrochemical techniques
(UV-Vis, IR and NIR). Experimental results indicated a lack of
any electronic communication between the metal clusters and
the fullerene moieties. In negative potentials, two reduction steps

63

(194cis)

involving the fullerene cage were observed at potentials more
negative than potentials for fullerene reduction. This cathodic
potential shift is similar to this one observed for fulleropyrro-
lidine derivatives of Cgyp due to saturation of the double bond
and an increase in the energy of the LUMO. Such behavior indi-
cates a lack of electronic communication between the fullerene
cage and the triplatinum cluster. At positive potentials, two,
one-electron oxidation processes involving the platinum cluster
were observed.
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Table 19
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Redox properties of salen-Cgo metal complexes (199) in o-dichlorobenzene containing 0.1 M [(n-Bu)4N]ClO,4 [224].

Compound Redox potentials in V vs. decamethylferrocene
Reduction Oxidation
c% Cs? Cgdl3 M(salen)reduction Metal oxidation M(salen) oxidation
salen-Cgo metal receptor -0.75 -1.13 -1.66 - - +1.03
(199a) -0.73 -1.12 -1.67 -1.55 -1.78 +0.45 -
(199b) -0.71 -1.09 -1.63 - - +0.95 +1.01
(199c) —0.68 -1.05 -1.59 -0.32 - +1.11 +1.34
(199d) -0.71 -1.10 -1.62 —0.63 - +1.21
(199e) -0.72 -1.10 —1.66 -1.40 +0.63 +1.19
(199f) -0.73 -1.11 —1.65 -1.71 +0.87 +1.30
(199g) -0.74 -1.12 -1.67 —1.48 +0.91 +1.17
(199i) —0.68 -1.08 -1.59 -1.63 +0.99
But /?u‘
\ co
N P~ ;
|/Pt\ /BU
=Pt | P
ey “SBut
N
/\ Co
o By (195)

Transition metal ions were also bound to the fullerene moieties
through quinolin-8-ol units to form dimeric structures, compounds
(197) and (198) [223]. These complexes are electrochemically
active at negative potentials due to reduction of the fullerene
moiety. In the positive potential range, the electrochemically irre-
versible process corresponds to the oxidation of hydroxyquinoline
entity. Both, reduction and oxidation of the fullerene derivatives
bonded to the metal ions occurs easier in comparison to the free
ligands.

(197)

M= Al n=3; Ay
M=2Zn{lljn=2; Znl,

64

A covalently linked salen-[60]fullerene (199) binds variety of
transition metal cations [224]. The complexes that form exhibit
complex electrochemical activity. The electrochemical properties
of these systems depend on the binding metal-center and its oxida-
tion state (see Table 19). In addition to the processes of fullerene-
based reduction, the metal centers and the salen ligand contribute
to the electrode processes. In general, the electronic interaction
between fullerene and metal center is not observed in ground state
due to the relatively long distance between these redox sites. The

M= A n=3; Al2g
M=2Zn(ll) n=2; Zn2;
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Fig. 60. Cyclic voltammograms of trans (a) and cis (b) triphenylamine-platinum(II)
acetylide [60]fullerene triads (193) and (194) and their corresponding reference
compounds in CH,Cl, containing [(n-Bu);N] PFs at a scan rate of 100 mVs™'
Reproduced with permission from Ref. [221]. Copyright © 2014, Wiley-VCH Verlag.
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Fig. 61. The cyclic voltammogram of Cu(ll)-salen-Csop complex (199g) in o-
dichlorobenzene with 0.2 M [(n-Bu)4N]|BF, as supporting electrolyte at a scan rate
of 0.1 Vs~!. Reproduced with permission from Ref. [224]. Copyright © 2013, Wiley-
VCH Verlag.

M= VVO
X= SO,
n= 2
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exemplary voltammogram obtained for the Cu(Il) complex coordi-
nated by salen-[60]fullerene chelating ligand (199) is shown
Fig. 61 in [224].

7. Conclusions

Complexes of fullerenes and transition metals are the subject of
intensive research from the point of view of basic knowledge and
practical applications. For variety of practical applications, the
knowledge about their electrochemical properties is required.
Therefore significant effort has been paid to the investigation of
electrochemical properties of transition metal/fullerene
complexes.

Transition metals can be directly coordinated to the C = C bond
of the exterior of the fullerene cage in an n?-fashion. The range of
metals that can be coordinated to the fullerene moiety include
third, fourth and fifth row of periodic table. The distance of the
metal atom to the fullerene cage is limited by the nature of the
fullerene-metal bonding. Therefore, the electrochemical perfor-
mance of these complexes depends on the nature of the metal
and the properties of the ligands coordinated to the metal center.
Both of these factors influence the contribution of ¢ and m-back
bonding interaction in metal-fullerene bond formation. In n2-Cgo
complexes of transition metals, the basic electrochemical proper-
ties of the fullerene portion remains largely unaltered. Thus, the
fullerene cage can be reduced in one-electron steps in the negative
potential range. However, the reduction potentials of these pro-
cesses are shifted in comparison to reduction potentials of pristine
Cso depending on the nature of coordinated metal and the
electron-donating properties of other ligands coordinated to the
metal center. In positive potential range, electro-oxidation of metal
center is observed. Both electron-transfer processes, oxidation and
reduction of n?-Cgo complexes are followed by the cleavage of
metal-fullerene bond. More stable electrochemical behavior is
observed for complexes of metal cluster where multiple bonds to
the fullerene can occur. Delocalization of the negative charge
located at the fullerene unit onto the fullerene cage and the metal-
lic cluster provides higher stability of these systems during the
reduction process. This effect is particularly pronounced in the case
of complexes in which fullerene moieties are linked by metal clus-
ter into dimeric structures. In such systems, very effective elec-
tronic communication between fullerene units has been reported.
The o-n bonding interaction between metal atoms and fullerene
moieties is also responsible for formation of coordination fullerene
polymers. These polymers are electrochemically active and con-
ducting in the negative potential range. The electrochemical activ-
ity of conducting fullerene polymers determines the potential
practical applications of these materials for electrical energy stor-
age, solar energy conversion, chemical and biochemical sensors.

A modification of a fullerene moiety with alkyl or aryl groups as
shown in Scheme 1 produces a negatively charged ligand that can

(199a) (199b) (199¢) (199d) (199¢) (199f) (199g) (199h)

Crlll Mnll Fe” Ni” CU” anl Pdll
Cl OAc Cl OAc OAc OAc OAc
3 2 3 2 2 2 2
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be coordinated to the variety of metal ions in 1°-fashion. These
complexes exhibit a half-sandwich structure with penta-
alkylated fullerene anions acting as cyclopentadienide anion. These
complexes exhibit electrochemical activity in the negative poten-
tial range related to the fullerene cage reduction and in positive
potentials due to oxidation of the metal center. The strong elec-
tronic interaction between 50 m-electrons fullerene moiety and
the metal cyclopentadienide unit significantly influences the redox
potentials of electrochemical processes. In contrast to n2-fullerene
complexes, which are unstable during electrochemical reduction
and oxidation, the n°-fullerene metal complexes are much more
robust under electrochemical conditions. There is an analogy
between electrochemical stability of transition metal olefin com-
plexes and metal cyclopentadienide complexes. The stable redox
behavior also allows chemical oxidation of these n°-fullerene com-
plexes resulting in the formation stable complexes of metals in
higher oxidation states. For di- and trinuclear n>-fullerene com-
plexes of ferrocene and ruthenocene, called as double- or triple-
decker buckyocenes, strong electronic communication between
metal centers through the Cgo or C;9 moieties is observed. Also in
this case, the complexes are stable under electrochemical
conditions.

Using a ligand covalently attached to the fullerene center to
bind a metal is much more versatile approach to the formation
of fullerene - transition metal complexes. Transition metal com-
plexes and fullerenes are also excellent building blocks for
supramolecular systems Research in this area has been mainly
focused on metal complexes of polypyridyl, porphyrin, and
cyclopentadienyl derivatives of fullerenes because of their ability
to observe photo-induced electron transfer and charge separation
in these molecules. The electrochemical behavior of these com-
plexes is usually a combination of the electrochemical properties
of the individual components within these dyads and triads. These
dyads and triads can be tuned in a controlled manner by changing
the architectures of the complexes: the geometry of the complex,
the distance of the metal center from the fullerene moiety, the nat-
ure of the metal ion, and the solvent. Generally in ground state the
electronic interaction between redox active sites is rather weak.
Electronic communication between them increases during redox
processes and increasing of negative charge on the fullerene moi-
ety. Electrochemical measurements also provide much useful
information about energy of the electronic states and allows calcu-
lation of the energy of the band gap.

Despite of the large number of experimental results focused on
the electrochemical properties of complexes of fullerenes and tran-
sition metals, there are still many unresolved issues related to the
electrochemical behavior of these compounds. So far, studies have
been limited to the electrochemical behavior of fullerene-
transition metal complexes in liquid solvents. Recently, some effort
has been put into synthesis of dendrimeric and macromolecular
structures, which can be applied in solar energy converting sys-
tems. A thorough understanding of the electrochemical properties
of such systems is very important from the point of view of their
practical applications.

Special attention should be also focused on the coordination
fullerene polymers in which Cgo moieties are bonded into macro-
molecular structures with transition metals in n?-fashion. Well-
ordered, multicomponent systems should provide better capaci-
tance performance. Although progress in his area of studies has
occurred, production of novel charge accumulation materials based
on transition metal-fullerene polymers and their electrochemical
properties is still needed.

Studies of the electrochemical properties of transition metal
complexes of endohedral metallofullerenes are in their initial state.
Progress in this important both basic and applied field of research,
and requires extensive studies in the large-scale production of
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endohedral metallofullerenes and in transition metals coordina-
tion chemistry of these compounds.

More attention should be also focused on the research devoted
to the electrochemical properties of n'-bunded fullerene com-
plexes of transition metals. This area of study is almost completely
unexplored.

In most of cases, the electrochemical properties of transition
metal-fullerene complexes were limited to qualitative voltammet-
ric experiments and to the assignment of voltammetric signals to
the electrochemical processes and their redox potentials determi-
nation. More detailed quantitative studies focused on the kinetic
studies of the electron transfer processes and chemical reactions
associated with electron exchange processes should be also per-
formed. Such studies can provide useful information about the
influence of complex structure and the environmental on the elec-
trochemical properties of fullerene complexes of transition metals.

In summary, electrochemical properties of the variety of differ-
ent fullerene complexes have been investigated. The information
gained plays a leading role in both basic and applied areas of
research of these compounds. Despite of the progress made in
these studies, research on this topic is still an area of active study.
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