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Abstract: Functionalization of endohedral metallofullerenes (EMFs) plays an important role in ex-
ploring the reactivity of EMFs and stabilizing missing EMFs, thus conferring tunable properties
and turning EMFs into applicable materials. In this review, we present exhaustive progress on the
functionalization of EMFs since 2019. Classic functionalization reactions include Prato reactions,
Bingel-Hirsch reactions, radical addition reactions, carbene addition reactions, and so on are summa-
rized. And new complicated multi-component reactions and other creative reactions are presented
as well. We also discuss the structural features of derivatives of EMFs and the corresponding reac-
tion mechanisms to understand the reactivity and regioselectivity of EMFs. In the end, we make
conclusions and put forward an outlook on the prospect of the functionalization of EMFs.

Keywords: endohedral metallofullerenes; functionalization; reactivity; regioselectivity; derivatives;
DFT calculation

1. Introduction

Endohedral metallofullerenes (EMFs) with the metallic atom(s) or cluster encapsulated
inside the carbon cages exhibit unique molecular structure and physicochemical proper-
ties, conferring EMFs great potential application in biomedicine, optoelectronic, and spin
devices [1,2].

Until now, hundreds of EMFs have been reported and it is found that metals from IA,
IIA, IIIB, IVB, and VB groups can be entrapped in the carbon cage [1-3], especially Sc, Y,
and lanthanides, and form various EMFs including conventional EMFs and cluster EMFs.
In the past five years, Th- or U-based actinide EMFs become new family members, showing
novel molecular structures [4-6].

Based on the entrapped metallic species, EMFs are usually divided into conven-
tional EMFs including mono-metallofullerenes (e.g., La@Cg;) [7], di-metallofullerenes (e.g.,
La,@Cg) [7], tri-metallofullerenes (e.g., Sm3@Cg) [8] and cluster metallofullerenes [2].
In 1999, ScsN@Cg, the first cluster metallofullerenes, was reported and also represented
trimetallic nitride template (TNT) EMFs [9]. Later on, various cluster metallofullerenes such
as carbides (e.g., ScoCr@Cgy [10], TiLupyC@Cgp) [11], methano (e.g., ScsCH@Cgy) [12], car-
bonitride (e.g., ScCN@Cgy) [13], oxide (e.g., ScaO,@Cgp) [14], sulfide (e.g., ScoS@Cqg)) [15]
and cyano-clusters (e.g., YCN@Cg;) [16] metallofullerenes have been successively reported.
In particular, the embedded metallic species donates electrons (up to 6e) to the carbon
cages [17,18], which significantly stabilizes EMFs and changes their electronic structures
compared to that of pristine empty fullerenes.
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EMFs show distinctive chemical properties compared to empty fullerenes due to
the doping of embedded metallic species [1-3,19-21]. In 1995, Akasaka first reported the
chemical reaction of La@Cg, [22], which starts to tune the properties of EMFs. Up to now,
various kinds of methods have been developed for the functionalization of EMFs including
photochemical reactions [23,24], Diels—Alder reactions [25,26], Prato reactions [27,28],
Bingel-Hirsch reactions [29,30], radical addition reactions [31,32] and so on [1-3]. The
inherent properties of EMFs are investigated via functionalization, which is essential
access to the application of EMFs. In addition, the functionalization of EMFs is beneficial
to acquiring high-quality crystals of EMFs and characterizing the structures of EMFs by
forming derivatives that reduce the symmetry of EMFs [33,34]. Hence, the functionalization
of EMFs is a popular direction and lots of reviews on the functionalization of EMFs have
been published [1-3,19,35].

In this review, we focus on recent progress in the functionalization of EMFs from 2019.
Classic functionalization reactions of EMFs with variable endohedral specials, different
cage sizes, and isomers are summarized. And new complicated multi-component reactions
and other creative reactions are also presented. The structural features of derivatives of
EMFs and the corresponding reaction mechanisms are mainly discussed to understand
the reactivity and regioselectivity of EMFs. Finally, we make conclusions and put forward
an outlook.

2. Functionalization Reactions

The functionalization of EMFs since 2019 was summarized in Table 1.

2.1. Silylation and Germylation

The first exohedral functionalization of EMFs started from the organosilicon reaction
of La@C5,(9)-Cgp in 1995 [22]. Later on, the digermirane reaction of the La@C,,(9)-Cag
was also introduced and showed high reactivity [36]. So far, silylation and germylation
reactions of mono-EMFs [37], di-EMFs [38,39], and nitride cluster-fullerenes (NCFs) [40,41]
have been realized and exhaustively summarized in Kako’s and Jin’s reviews [35,42].

Very recently, a novel method for the exclusive separation of I, and D5, isomers of
ScsN@Cgy was proposed based on the different reactivity of photoreactions of ScsN@I,-
Cgp and ScsN@Dy5;,-Cg with disilirane, silirane, and digermirane [43]. Specifically, under
the same condition, ScsN@I;,-Cg reacted readily with them to afford the corresponding
1:1 adducts, whereas ScsN@D;),-Cgy was recovered without any adducts [43]. Accord-
ing to these results, the separation solution was put forward and involved three steps:
selective derivatization of ScsN@I,-Cgy with disilirane, silirane, and digermirane, facile
high performance liquid chromatography (HPLC) separation of pristine ScsN@I;,-Cgp and
ScsN@Dyj;,-Cg derivatives, and thermolysis of corresponding derivatives to recovery pris-
tine ScaN@I;,-Cgg [43]. Furthermore, the reaction mechanism has been studied by laser
flash photolysis experiments [43]. Decay of the transient absorption of 38c;N@I,-Cgo* was
observed to be enhanced in the presence of disilirane, indicating the quenching process;
however, the transient absorption of 3Sc3N@D;;,-Cgo* was much less intensive, which
could not confirm the quenching of 3Sc3N@D5;,-Cgo* by disilirane [43]. Finally, based on
the time-dependent density functional theory (TD-DFT) calculations, the poor electron
acceptor property of >ScsN@Dj;,-Cgo* might decrease the photochemical reactivity toward
disilirane, silirane, and digermirane compared to 3ScsN@I;,-Cgp* [43].

2.2. Prato Reaction (1,3 Dipolar Cycloaddition)

The Prato reaction via 1,3-dipolar cycloaddition of azomethine ylides with alkene is
one of the most useful methods of fullerene functionalization due to its high selectivity
and feasibility [1,2], which means easily connecting a wide range of addends and func-
tional group to fullerenes. Prato reactions of mono-EMFs [44], di-EMFs [27,45], nitride
EMFs [28,46], and carbide EMFs [47] have been reviewed in Dunsch’s, Yang’s, and Jin’s
reviews [1,2,35]. Herein, recent progress is summarized and some results are inspiring.
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The pyrazole and the ring-fused pyrrole reaction of di-EMF Y,@C3,(8)-Cs, affords
highly regioselective and quantitative mono-adduct [48]. Only one [6,6]-adduct out of
the twenty-five different types of nonequivalent C-C bonds of Y,@Cj3,(8)-Cs, was got
and its molecular structure was identified by the single crystal X-ray diffraction [48].
Theoretical results suggested that both the anisotropic distribution of p-electron density on
the C3,(8)-Cgy cage and the local strain of the cage carbon atoms lead to the formation of
the highly regioselective and quantitative mono-adduct [48]. Additionally, electrochemical
studies revealed that the reversibility of the reductive processes of Y,@Cjz,(8)-Cgy was
significantly changed by exohedral functionalization, whereas the oxidative process was
less influenced [48]. The reason for this phenomenon is that the reduction processes depend
on the carbon cage, but the oxidation is mainly influenced by the endohedral Y; cluster [48].

In 2022, Chen et al. [49] reported the 1,3-dipolar cycloaddition photoreaction of
ScsN@Dj3;,-Cyg with carbonyl ylide affords two isomeric mono-adducts 1a and 1b un-
der light irradiation (see Figure 1a). The single crystal X-ray diffraction confirmed that both
mono-adducts 1a and 1b have the same addition sites at a closed [6,6] bond and possess
the same cis-conformation, namely, in which the hydrogen atoms of two methines situated
at the same side of the tetrahydrofuran ring with parallel orientation [49]. However, two
isomeric mono-adducts 3a and 3b were got when ScsN@Dy3,-Czg was replaced by Cgp
in a similar reaction under the same condition [49]. Surprisingly, the crystal structure
of 3b shows that the addition pattern is located at the closed [6,6]-bond and exhibits a
trans-conformation, in which the hydrogen atoms of the two methines within the tetrahy-
drofuran ring located at the opposite sides (see Figure 1b) [49]. In contrast, 3a has the
cis-conformation based on the 'H NMR spectrum which has been previously reported by
Wang and Yang [50,51]. Furthermore, the DFT calculation results indicated that the syner-
gistic contributions of thermodynamics of adducts, the most reactive C-C bond, and the
cis-dipole intermediate from trans 2, result in the high regioselectivity of cis-conformations
of 1a and 1b [49].
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Figure 1. The 1,3-dipolar cycloaddition of trans-phenyl-(3-phenyl-oxiranyl)-methanone (trans 2) with
(a) SczN@Dy3,-Cyg and (b) Cgp. Atom key: Sc (brown-yellow), N (blue), O (red). Reproduced from
Ref. [49] with permission. Copyright 2021 John Wiley and Sons.

Though the mono-adducts of Prato reaction of MsN@Cgy (M =M = Sc, Y, Gd, Dy, Ho,
Er, Lu) have been widely reported [1,2], the corresponding bis-adducts are rare. Aroua
et al. [52] synthesized the bis-adducts of the Prato reaction of GdsN@I;,-Cgy and Y3;N@I,-
Cgp in 2015. Later on, Cerén et al. [53] obtained 1,3-dipolar bis-additions of ScsN@I;,-Cgg
and LugN@I}-Cgy using the tether-controlled multi-functionalization method, but the
unambiguous crystal structure characterization of these reported Prato bis-adducts are
missing. Fortunately, Semivrazhskaya et al. [54] reported one precise crystal structure of
two bis-ethylpyrrolidinoadducts of Gd3N@I;,-Cg (4) obtained by regioselective 1,3-dipolar
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cycloadditions; see Figure 2a. The crystal structure of the minor-bis-adduct (7) shows
a Cy-symmetric carbon cage with [6,6][6,6]-addition sites, as shown in Figure 2b and a
strictly planar GdsN cluster, which is much less strained compared to a pyramidalized
cluster of the pristine Gdz;N@I;,-Cgy. Indeed, two interior Gd atoms coordinated to the
Cgo cage at two sp® addition sites, releasing the strain of the endohedral GdsN cluster
in the minor-bis-adduct. However, the structure of major-bis-adduct was presumably
asymmetric [6,6][6,6]-addition sites, because its visible - near infrared (vis-NIR) spectra are
almost identical to that of the major bis-adduct of Y3N@Cgy with an asymmetric [6,6][6,6]-
structure. Moreover, it is experimentally observed that the symmetrical minor-bis-adduct of
GdsNe@I;,-Cg isomerized to the asymmetrical major-adduct and based on the linear transit
calculations, a pathway of the isomerization is through the formation of the [6,6][6,6]-bis-
adduct, followed by [5,6][6,6]-bis-adduct [54].
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Figure 2. (a) Prato reactions of GdzN@I},-Cg (4) afford the mono-adducts (5) and bis-adducts (6) and
(7). (b) X-ray crystal structure of minor-bis- GdzsN@Cgy[C,HgN], 7 (side and top views) and the red
thick bonds in the Schlegel diagram represent the additional sites. The black dot in the center of the
Schlegel diagram indicates the C; axis. Reproduced from Ref. [54] with permission. Copyright 2019
American Chemical Society.

It is hard to get the Prato multi-additions of EMFs because of their huge isomers
theoretically. Unexpectedly, four tris- and one tetra-isomers for both Y;N@I;-Cgy and
Gdz;Ne@I;,-Cgy were obtained in a regioselective manner when M3N@I;,-Cgo(M =Y, Gd)
reacted with an excess of N-ethylglycine and formaldehyde [55]. Three of four tris-adducts
of YsN@I,-Cgg are [6,6][6,6][6,6] isomers and the remaining one is [6,6][6,6][5,6]-isomer
confirmed by the NMR whereas the tetra-adduct is all [6,6] isomer which is similar to that
of GdzN@I};-Cgp [55]. And, mutual interconversions among all [6,6] tris-adducts of both
Y3N@I;,-Cgg and GdsN@I;,-Cg are observed at room temperature. Density functional theory
(DFT) calculations show that the most stable structures corresponded to adding at the most
strained bonds by estimating the relative stabilities of tris- and tetra-adducts formed upon
Prato functionalization of the most pyramidalized regions of the fullerene structure [55].
Electron resonance (ESR) measurements of pristine, bis-, and tris-adducts of GdsN@I;,-Cgg
show that the rotation of the endohedral cluster slowed down as the addition numbers to
Cgp cage increased, which indicates the accommodating of Gd atoms of the relatively large



Inorganics 2023, 11, 346

50f 20

Gd;N cluster inner space at the sp® addition sites [55]. Therefore, the strain release of the
Gds;N@I;,-Cg leads to the high regioselectivity of the Prato multi-addition reaction.

2.3. Bingel-Hirsch Reaction

Bingel-Hirsch reaction is one of the most used methods to synthesize derivations of
EMFs [1,2]. The first Bingel-Hirsch reaction of Gd@Cgy affords multi-adducts
Gd@Cg[C(COOH)2In (n = 1-10) [56]. Surprisingly, the reaction of La@C,,(9)-Csy ob-
tains four singly bonded adducts as well as one conventional cyclopropane adduct [29,57].
Recently, a highly regioselective Bingel-Hirsch reaction of Y@C(6)-Cg, induced by the
metal encapsulation was reported by Shen et al. [58]. Three mono-adduct out of 44 possible
isomers for the C;(6)-Cg, cage have been thoroughly isolated, showing high regioselectiv-
ity [59]. The single-crystal X-ray diffraction crystallography analysis confirmed that the
bromomalonate group was singly bonded to the [5,6,6]-cage carbon of Y@C;(6)-Cgp in one
isomer [59]. Meanwhile, further experimental and theoretical results indicate that three
mono-adduct isomers may mutually be regioisomers with bromomalonate singly bonded
to different cage carbon atoms having high spin density values caused by the encapsulation
of a Y3* ion into the low symmetric C(6)-Cgp cage [58].

Despite differences in activity, NCFs such as M3N@I},(7)-Cgg (M = Sc, Y, Gd, Lu) [59]
and Gd3;N@C,,, (2n = 82, 84) [60], typically afford the methanofullerene adduct (via [2 + 1]
cycloaddition). The Bingel-Hirsch reaction of Y3N@I;,(7)-Cgg yields an unexpected [6,6]-
open mono-adduct confirmed by a crystallographic study [30]. In contrast, the Bingel—-
Hirsch reaction of TiY,N@I;,(7)-Cgp, a Y3* ion replaced by a Ti** ion compared to the
Y3N@I,(7)-Cgp, affords a singly bonded adduct, indicating that change the endohedral atom
or clusters can manipulate the regioselectivity of EMFs as well as the addition pattern [61].

Notably, a new route to synthesize the Bingel-Hirsch derivative of EMFs via the
cationic metallofullerenes was reported by Hu et al. recently, as shown in Figure 3 [62].
M;3N@I;,(7)-Cgp (M = Sc or Lu) cations were generated by both electrochemical and chem-
ical oxidation and then the cations successfully underwent the typical Bingel-Hirsch
reaction [62]. For ScsN@I,(7)-Cgp, both [5,6]-open (10) and [6,6]-open (11) adducts have
been obtained whereas the former has never been synthesized via the neutral NCFs [62].
However, only a [6,6]-open adduct (12) was generated for LusN@I,(7)-Cg [62]. DFT calcu-
lations implied that the cationic MsN@I},(7)-Cgy was much more reactive than the neutral
compound for the Bingel-Hirsch reaction [62]. Furthermore, a new unusual mechanism
for the Bingel-Hirsch reaction of the cationic NCFs is proposed, involving an outer-sphere
single-electron transfer (SET) process [62]. Namely, the diethyl bromomalonate anion not
only acts as a nucleophile, the same role in common Bingel-Hirsch reaction, but also as
an electron donor, a new role to stable intermediate [M3N@Cgy(C,H5COO),CBr]* [62].
Additionally, the energy profiles for the Bingel-Hirsch additions on M3gN@Cg,* cations for
M = Sc and Lu were drawn out to explain the distinguished regioselectivity of MsN@Cgy*
cations, in which M = Sc (with the [6,6] and [5,6] products) and M = Lu (with only the [6,6]
product) [62].

2.4. Carbene Addition

The carbene reactions are vital for the functionalization of EMFs as well as for deter-
mining the molecular structure of EMFs [3]. Up to now, photochemical carbene reactions of
mono-EMFs [24], di-EMFs [63], carbide clusterfullerenes [64], and NCFs [65] have been re-
ported and open fulleroid derivatives were usually achieved. Especially, the N-heterocyclic
carbene (NHC) reaction of ScsN@I},-Cgg afforded an abnormal carbene product with C5
as its active center singly connected to the inert [6,6,6] carbon atom of the Cgy cage [66].
In contrast, normal NHC products of MsN@I},-Cgy (M = Sc, Lu) were acquired by the
introduction of a little oxygen in the same reaction [67]. Recent results of NHC reaction
with LusN@I,(7)-Cgp, Lup@C3,(8)-Cga, and Lup,@Cy,(9)-Cgp indicated that the high regiose-
lectivity and preferential formation for mono-adducts mainly originated from the electronic
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effect including molecular orbitals and electrostatic interactions of the fullerene cages in
addition to the steric clash between the NHC and EMFs [68].

Route A: = S 6
electrochemical %
oxidation Et0”, >, OFt, DBU
” _— [5,6]-open (10) [6,6]-open (11)
ouis/B: 0-DCB, r.t.
chemical 0O 0
M,N@Cy, oxidation 10 -
M=Sc (8),
Lu(9) M=Lu

[6,6]-open (12)

Figure 3. Bingel-Hirsch reaction of M3N@I;-Cgy (M = Sc or Lu) radical mono-cation under conven-
tional conditions. Reproduced from Ref. [62] with permission. Copyright 2020 John Wiley and Sons.

Recently, the carbene reaction was extended to the actinide EMFs, Th@C3,(8)-Cgy and
U@C,,(9)-Cgp, and the former afforded three mono-adducts, named Th@Cj,(8)-Cgo Ad(, I,
III) (Ad = adamantylidene), while four mono-adducts were acquired for the latter, named
U@C,,(9)-CrAd(], 11, 111, 1V), presenting remarkably higher reactivity than lanthanide
EMFs [69], as shown in Figure 4a. Both Th@Cj3,(8)-Cgy Ad(I) and U@C,,(9)-CgpAd(I) are
[6,6]-0pen cage structures, which are unambiguously confirmed by single crystal X-ray
crystallography [69]. Moreover, isomerization of Th@C3,(8)-Cgy Ad(Il) and Th@Cs3,(8)-
CgpAd(III) and U@C5,(9)-Cgp Ad(I) and U@C,,(9)-Cgr Ad(1I) was observed at room temper-
ature; however, Th@C3,(8)-Csp Ad(l) and U@C,,(9)-Cgr Ad(I) showed high stability under
the same condition [69]. DFT calculations suggested that carbon atoms with the largest
negative charge density and POAV(p-orbital axis vector) values are the best sites toward
the Ad addition [69]. Furthermore, compared to the lanthanide analogs, the unusually
high reactivity of Th@C3,(8)-Cg; and U@C,,(9)-Cg, steamed from much closer metal-cage
distance, increased metal-to-cage charge transfer, and strong metal-cage interactions, which
is due to the significant contribution of extending Th-5f and U-5f orbitals to the occupied
molecular orbitals [69].

Very recently, the first carbene reaction of Dy, TiC@I;-Cgy, the ps-carbido cluster-
fullerene (p3-CCF) bearing central p3-C and Ti(IV) atoms forming a Ti = C double bond,
with 2-adamantane-2,3-[3H]-diazirine(AdN,) was reported [70], see Figure 4b. Note-
worthily, the photochemical carbene reaction of Dy, TiC@I,-Cgy with AdN, affords only
one mono-adduct with a [6,6]-open addition pattern, which is unambiguously confirmed
by single-crystal X-ray diffraction [70]. Meanwhile, the Ad moiety selectively attacks
the [6,6]-bond which is adjacent to the Ti** ion instead of the two Dy3+ ions, thus the
encapsulated Ti atom within Dy, TiC@I;,-Cgy-Ad is fully ordered while the two Dy atoms
are still disordered [70]. Theoretical calculations indicate that the [6,6]-open adduct is
thermodynamic and the Ti(IV) ion plays a decisive role in the high regioselectivity [70]. In
contrast, a different type of adduct with the additional sites adjacent to the Y3* ion instead
of the Ti®* ion is predicted to be got when a similar reaction of Y,TiN@I;,-Cg containing a
Ti(IIT) ion with AdNj is carried out [70]. Hence, the non-rare-earth metal Ti bearing a high
oxidation state within the p3-CCF determines the peculiarity of the chemical properties of
the u3-CCF [70].
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Figure 4. (a) Reaction of AN, (AdN; = 2-adamantane-2,30-[3H]-diazirine) (15) with Th@C3,(8)-Csg;
(13) or U@C,,(9)-Cs; (14). Reproduced from Ref. [69] with permission from the Royal Society of
Chemistry. (b) Synthetic route of Dy, TiC@I},-Cgp-Ad (24) through the photochemical reaction of
Dy, TiC@I;,-Cg (23) with AdN,; (15). Reproduced from Ref. [70] with permission from the Chinese
Chemical Society (CCS), Peking University (PKU), and the Royal Society of Chemistry.

2.5. Radical Addition Reaction

Radical addition reactions of EMFs can generate a wide range of derivatives and
especially capture the unstable EMFs to form stable derivatives with a closed-shell electronic
configuration. Radical groups such as benzyl or trifluoromethyl were reacted with EMFs
including mono-EMFs [71], di-EMFs [31], NFC [72], CCF [32], and cyano-clusters [73]
EMFs.

Liu et al. reported that an array of air-stable dimetallofullerene Ln,@Cgo(CH,Ph) (Lny
=Y5, Gdy, Tby, Dyy, Hoy, Ery, TbY, TbGd) (25) was acquired by reacting metallofullerene
anions with benzyl-bromide in DMF (N,N-Dimethylformamide) solution [74]. Single-
crystal X-ray diffraction of Lny@Cgo(CH,Ph) shows that the benzyl is attached to the cage
via a single bond, see Figure 5a [74]. Moreover, there is a covalent lanthanide-lanthanide
bond in Ln,@Cgy(CH,Ph) and a single electron residing on the metal-metal bonding
orbital [74]. Thanks to very strong exchange interactions between 4f moments and the
residing single electron, Tb,@Cgy(CH,Ph) is a robust nanomagnet and shows a gigantic
coercivity of 8.2 Tesla at 5 K and a high 100 s blocking temperature of magnetization of
252 K [74].

Recently, a long-sought dysprosium-based EMF Dy@C,,(5)-Cgp was captured in the form
of Dy@Cy,(5)-Cgo(CH,Ph)(Ph =-C¢Hs) (26) from carbon soot with various fullerenes [75].
On the basis of the single crystal X-ray diffraction, the carbon cage is confirmed as a rare
C2(5)-Cgo, which is the first case of an EMF composed of a mono-metal rare earth ion
encapsulated within this Cgy cage, as shown in Figure 5b [75]. And, the benzyl group
is grafted onto the [5,6,6]-carbon atom via a single bond, which verifies that Dy@C,,(5)-
Cgo(CH,Ph) has an open-shell electron configuration and its electron configuration is
Dy3+@C20(5)—C803'[75]. Meanwhile, the encapsulated Dy3+ ion is sited underneath the
[6,6]-bond and deviated from the symmetry plan of C5,(5)-Cgg [75]. Furthermore, based on
theoretical calculations, the bandgap is enlarged from 1.11 eV to 1.86 eV and the LUMO
energy level is obviously elevated to about 0.87 eV due to a benzyl radical addition to
Dy@C,,(5)-Cg, thus synergistically stabilizing the missing Dy@C,,(5)-Cgp [75].
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CH,Ph

(a) Lny@1I,-Cgo(CH,Ph) (25) (b) Dy@C,,(5)-Csy(CH,Ph (26)
Figure 5. (a) Molecular structure of Lny@Cgy(CH,Ph). Single-occupied Ln-Ln bonding molecular
orbital (left; carbons are gray, hydrogens are white, lanthanides are green), and schematic depiction
of the molecule (right; the arrow represents an unpaired electron residing on the Ln-Ln bonding
orbital). (b) Drawing of Dy@C,,(5)-Cgo(CH,Ph).

Xu et al. reported that using 1,2,4-trichlorobenzene or iodobenzene to extract the
Er-based fullerene soot, Er@C;,(C¢H3Cly) and Er@Cy4(C¢Hs) were obtained by free radical
addition [76]. In addition, a high-temperature trifluoromethylated reaction of Er@Cs,, and
AgCOOCEF; afforded several adducts, Er@Cy¢(CF3)s, Er@Cg,(CF3)3, and Er@Cgy (CF3)s(1,
II, III) [76]. Unexpectedly, all derivatives of Er@C,,(2n = 72, 76, 82) exhibit detectable
characteristic NIR photoluminescence at around 1520 nm, which stems from the emission
of Er®*, but pristine Er@Cy,(2n = 76, 82) show no photoluminescence [76]. Based on the
UV-vis-NIR absorption spectrum, HOMO-LUMO gaps of the derivatives are remarkably
enlarged compared to that of pristine Er@C,, [76]. And, odd-number addition groups
result in a closed-shell electronic structure for the derivatives [76]. Hence, the enlarged
HOMO-LUMO gap and the closed-shell electronic structure turn on the photoluminescence
activity of Er®* [76]. In addition, the photoluminescence mechanism study suggests that
the photoluminescence of the Er®* ion comes from the energy transfer from the fullerene
cage to the Er®* ion; however, the photoluminescence of pristine Er@Cy, was quenched by
energy transfer from the first excited state of Er>* to the fullerene cage [76].

Li et al. reported a novel radical reaction of Y@C,,(9)-Cg, with N-arylbezamidine
catalyzed by silver carbonate [77]. The reaction is highly regioselective and affords only one
mono-adduct with an imidazoline group. The theoretical calculation reveals the addition
group is attached to a specific [5,6]-bond near the Y atom [77].

2.6. Electrophilic Trifluoromethylation

The lack of selectivity of the radical addition reactions results in multi-adducts and
a complicated separation process. Unprecedentedly, the high selectivity of electrophilic
trifluoromethylation of metallofullerene anions was reported very recently [78]. Specifi-
cally, reacting metallofullerene anions extracted by DMF with Umemoto reagent II affords
M,@Cgy(CF3) (M = Tb, Y) mono-adducts as the major product, indicating higher selectivity
of electrophilic trifluoromethylation than that of benzyl bromide reaction (see Figure 6a) [78].
The single-crystal X-ray diffraction analysis shows that the CF3 group is attached to the
pentagon/hexagon/hexagon junction ([5,6,6] position) of the I;-Cgy cage via a single bond,
as shown in Figure 6b [78]. Similarly, a single electron remains between two Tb ions, form-
ing single-electron metal-metal bonds with the formal metal oxidation state of Tb>>* [78].
As expected, Tby@Cgy(CF3) is also a robust single-molecule magnet based on magnetic
characterizations, which is comparable to the benzyl mono-adduct Tb,@Cgy(CH,Ph) [78].
Therefore, electrophilic trifluoromethylation is a very excellent approach to stabilize met-
allofullerene anions M,@Cgp, which is a simple, fast room-temperature reaction with high
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selectivity and needs less time for required HPLC separation compared to the benzylation
reaction of M,@Cg [78].

- " E c CF,
) O O DMF, RT
@ @) + M r==® W
| CF,S0,
. 7
M,@Cs, " anion (27) Umemoto reagent IT (28) M,@Cy(CF;) (29)

Figure 6. (a) Scheme of the reaction between M,@Cgy~ anion and Umemoto reagent II with the
formation of Mp@Cg((CF3). (b) Tbp@Cgy(CF3) molecule from the single crystal showing the main
Tb sites Tb1A and Tb2A. Reproduced from Ref. [78] with permission. Copyright 2021 American
Chemical Society.

2.7. Coordination Reaction

The organometallic complexes of EMFs usually bear the n? coordination fashion [79],
and the n'-coordinated complexes of EMFs with only one metal-cage bond are very
desirable. Until 2019, Xie et al. [80] reported a coordination reaction of Re;(CO)yq (31) to
paramagnetic Y@C,,(9)-Csz (30) by an efficient radical coupling, and an unprecedented n1-
coordinated complex: Re(CO)5-n!-Y@C»,(9)-Cgy (32) was obtained, as shown in Figure 7a.
Crystallographic results confirmed that the Re(CO)s moiety coordinates to a [5,6,6]-carbon
atom of the Cgy cage via a single Re-C o bond [80]. Furthermore, Vis-NIR and ESR results
verified that the Re(CO)5 moiety transfers one electron to the EMF, resulting in a closed-shell
electronic structure similar to anionic (Y@Cg;)- species with high stability [80]. In contrast,
replacing with diamagnetic Sc;N@I;,(9)-Cgp and Luy@C5,(9)-Cg; in the same reaction, no
product is yielded, further confirming a radical coupling process [80].

Bao et al. [81] reported that reacting mono-metallofullerenes, Eu@C,(5)-Cg, (33) and
Eu@C,(13)-Cgy) (34), with a tungsten complex W(CO)4(Ph,PC,H4PPhy) (35) afford the
highly regioselective product; alternatively, only one product was acquired for each reaction.
Single crystal X-ray crystallography shows that in both products (36, 37), the tungsten
moiety coordinates to a [6,6]-bond of the cage with an n?-fashion, as shown in Figure 7b [81].
And, after the coordination of the tungsten moiety, the motion of the internal Eu ion in
both adducts is restricted to a certain extent, which is due to changing the electrostatic
potentials inside the cage supported by theoretical calculations [81]. Moreover, the observed
high regioselectivity is explained by electron transfer from the endohedral Eu to the cage,
which significantly changed the LUMO distribution on C;(5)-Cgy/C5(13)-Cgs based on
theoretical calculations [81]. Therefore, the interplay between the endohedral and the
exohedral metallic moiety is achieved in a single molecule system via intramolecular
charge transfer [81].
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EMF=Eu@(,,(5)-Cs, (33) 35 EMF=Eu@C,(5)-Cs,W(CO),(Ph,PC,H,PPh,) (36)
EMF=Eu@C,(13)-Cy, (34) ©3) EMF:Eu@C_,(13)-ctW(Coij(thPézﬁJPPﬁz) 37

Figure 7. (a) Reaction scheme of Y@C,,(9)-Cg, with Rey(CO)1g9. Reproduced from Ref. [80] with
permission from the Royal Society of Chemistry. (b) Reaction of W(CO)4(Ph,PCoH,PPh;) with
Eu@C,(5)-Cgy or Eu@C,(13)-Cgy. Reproduced from Ref. [81] with permission. Copyright 2019
American Chemical Society.

2.8. Methoxide Reaction

Unexpected bis-methoxyl adducts of ScsN@I;,-Cgy were got for the first time when
ScsN@I,-Cgg reacted with/without PhyC=0, PhC=CPh or PhC=N in the presence of
tetrabutylammonium hydroxide (TBAOH) stored in CH3OH [82]. However, it was fur-
ther observed that bis-methoxyl adducts of ScaN@I,-Cg form irrespective of the presence
of other reagents, since TBAOH in CH30H efficiently boosts the -CH3O addition [82].
Furthermore, single crystal X-ray diffraction analysis unambiguously determines the
molecular structures of the products as 1,4- and 1,2-bis-methoxyl adducts, and the confor-
mations of the two -OCHj3 groups in both bis-methoxyl adducts are obviously different
bis-methoxyl, as shown in Figure 8a,b [82]. And, the planar Sc3N cluster in 1,4-bis-methoxyl
adducts (38) is orthogonal with the plane crossing the addition sites, whereas the metal
cluster in 1,2-bis-methoxyl adducts (39) is nearly parallel to the plane crossing the ad-
dition site, which indicates that exohedral modification is practical to control the orien-
tation of the embedded cluster bis-methoxyl [82]. In addition, a possible mechanism
related to an anion addition and a radical reaction was put forward (see Figure 8c), which
opened up new horizons to the highly selective reactions between the methoxyl anion
and EMFs [82]. Specifically, CH3O- generated by deprotonates CH3;OH via TBAOH pre-
vailed over OH- (from TBAOH) in the 0-DCB (o-dichlorobenzene) solution and attached
to ScsN@Cgg to form the mono-anion [ScaN@Cgy(OCHsz)] ™ firstly [82]. Then, the mono-
anion was oxidized to [ScsN@Cgy(OCH)eradical by I, and the dimethoxyfullerene anion
[ScsN@Cgy(OCH3),]~ formed by accepting another CH3;O~ [82]. Finally, the ultimate
1,2- or 1,4-addition dimethoxyfullerene products were yielded through the oxidation of
dimethoxyfullerene anion by I, [82].
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Figure 8. Single crystal X-ray structures of co-crystals 1,4-ScaN@Cgy(OCH3),2DPC (a) and (b) 1,4-
ScsN@Cgy(OCHj3),02DPC with thermal ellipsoids at the 10% probability level. (c) Plausible mecha-
nism of the reaction between ScsN@I;,-Cgy and TBAOH/CH3OH in 0-DCB. Reproduced from Ref. [82]
with permission from the Royal Society of Chemistry.

2.9. Multicomponent Reactions

Very recently, pyrazoline-fused metallofullerene derivative (41) as shown in Figure 9
was generated from a four-component cascade reaction of ScsN@I;,-Cgy with 3,6-di(pyridin-
2-y1)-1,2,4,5-tetrazines (40), H,O, and O, [83]. The [5,6] pyrazoline-fused structure is
remarkably different from the reaction of a 1,2,4,5-tetrazine with Sc3C,@I;,-Cgyp which
provided a bis-fulleroid derivative [84]. Moreover, the reaction was extended to 3,6-bis(6-
methylpyridin-2-yl)-1,2,4,5-tetrazine, and a similar [5,6] pyrazoline-fused derivative (42)
was achieved [83]. Furthermore, a plausible formation mechanism of pyrazoline-fused
metallofullerenes is proposed, which involved a complicated sequence of Diels—Alder
reaction, retro Diels—Alder reaction with N, extrusion, hydration reaction, rearrangement
reaction, and oxidative dehydrogenation reaction [83].

N—R
. L

|
N A~

N~ SN

+ |l |
NN  1,2-CgH,Cl,

—_—

air, 180 °C, 36 h

N ’
Sc: @; N:O & A |
4 R=H (41)
®) “0) R=CH; (42)

Figure 9. The reaction of ScsN@I;,-Cgy with tetrazines (40). Reproduced from Ref. [83] with permis-
sion. Copyright 2022 American Chemical Society.
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Table 1. An exhaustive list of functionalizations of EMFs reported from 2019 to date.
Reaction Endohedral Reactants Product Addition Position Number of Isomers Ref.
Metallofullerene
Disilirane ScsN@CgySipMesy [1,2], [14] 2 [40,43]
Silylation and Sc;N@I,-Cg Silirane ScesN@CgSi(Dep), CH,CHtBp [5,6]diastereomers,[6,6] 3 [43]
germylation Digermirane ScsN@CgyGe(Dep)a [1,4] 1 [43]
Disilirane, silirane, .
ScsN@Dyg;,-Cg digermirane No product non-reactive 0 [43]
Diphenylnitrilimine
e Y2@CN5(CoHs)s [6,6] 1 [48]
¥2@C30(8)-Ce2 N-benzylazomethin
Y e Y>@CgyNCH;(CoHs) [6,6] 1 [48]
ylide
Prato reaction
) Trans-phenyl-(3-phenyl- .
1,3 dlp(.)].ar ScsN@Dj3;,-Cyg oxiranyl)—methanone SczN@Crg(CeHs) CHOCHCO(CgHs) cis-[6,6] 2 [49]
cycloaddition)
Gd3N@C80((CH2)2NEt)2 [6,6] [6,6]-bis adduct 2 [54]
GdaN@I, -C N-ethylglycine, Gd3;N@Cg(((CHy),NEt); [6,6] [6,6] [6,6] tris-adduct 3 [55]
T80 paraformaldehyde Gd3N@Cgo((CH,),NEb)3 [6,6] [6,6] [5,6] tris-adduct 1 [55]
Gd3N@Cg(((CH3),NEt), all [6,6] tera-adduct 1 [55]
Y@C,(6)-Cgy Diethyl erog‘Smal"“ate' Y@Cg,CBr(CCOOCH,CHs), [5,6,6]-single bond 3 58]
Diethyl bromomalonate,
Bingel-Hirsch reaction SesN@I,(7)-Cgo DBU ScsN@Cgy CBr(CCOOCH,CHjs), [5,6]-open, [6,6]-open 2 [62]
LusN@I, (7)-Cs Diethyl br]gglgmalo“ate' LusN@Cgy CBr(CCOOCH,CHj), [6,6]-open 1 [62]
2-adamantane-2,30-[3H]-
Th@Cs,(8)-Cgy diazirine(AdN)) Th@Cg, Ad [6,6]-open, et al. 3 [69]
2-adamantane-2,30-[3H]-
Carbene addition U@sz(9)-ng diazirine(Aszg ] U@ngAd [6,6]-0pen, etal. 4 [69]
2-adamantane-2,3-[3H]-
Dy, TiC@I},-Cg diazirine Dy, TiC@Cgy-Ad [6,6]-open 1 [70]

(AdNy)




Inorganics 2023, 11, 346

13 of 20

Table 1. Cont.

Reaction Me]i:lﬁg?:ltine Reactants Product Addition Position Number of Isomers Ref.

Ln,@Cgy(Lny = Yy, Gdy,
Tb,, Dy,, Hoy, Ery, TbY, BrCH,Ph Ln2@C80(CH2Ph) 156,61 1 [74]

TbGd)

Dy@C,,(5)-Cso BrCH,Ph Dy@C80(CH2Ph) [5,6,6] 1 [75]
) . . Er@Cy, 1,2,4-trichlorobenzene Er@Cy,(CgH3Cly) Unknown 1 [76]
Radical addition reaction Iodobenzene Er@Cy(CeHs) Unknown 1 [76]
Er@Cre AgCOOCF; Er@C76(CF3)5 Unknown 1 [76]
Er@C82(CF3)3 Unknown 1 [76]
Er@Ce AgCOOCE; Er@C82(CF3)5 Unknown 3 [76]
Y@C,,(9)-Cgp N-arylbezamidine Y@Cg, NPhCNPh [5,6] 1 [77]
Electrophilic Tb,@Cgy ™ Umemoto reagent II Tb,@Cgy(CF3) [5,6,6] 1 [78]
trifluoromethylation Y,@Cgy~ Umemoto reagent II Tb,@Cgy(CF3) [5,6,6] 1 [78]
Y@C5,(9)-Cs2 Re>(CO)10 Re(CO)5-n'-Y@Cy, (9)-Csa [5,6,6] 1 [80]
Coordination reaction Eu@C;(5)-Cs2 W(CO)4(PhoPC,HyPPhy) Eu@Cgy W(CO)3(Ph PC,H4PPhy) n2-[6,6]-bond 1 [81]
Eu@C,(13)-Cgy W(CO)4(PhyPC,H4PPhy) Eu@Cgy) W(CO)3(Phy PCoH4PPhy) n2-[6,6]-bond 1 [81]
Methoxide reaction ScsNe@I;,-Cgg TBAOH, CH3OH ScsN@Cgy(OCH3), [1,2],[1,4] 2 [82]
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Table 1. Cont.
Reaction Endohedral Reactants Product Addition Position Number of Isomers Ref.
Metallofullerene
3,6-di(pyridin-2-yl)-
1,2,4,5-tetrazines, water, ScsN@CgyCN=NCO(C5NHy), [5,6]-closed 1 [83]
and oxygen
SesN@I;-Cs X T
3,6-bis(6-methylpyridin-
2-yl)-1,2,4,5-tetrazine, ScsN@CgyCN=NCO(C5NCH3), [5,6]-closed 1 [83]
Multicomponent water, and oxygen
reactions tBuNC and
EWG-bearing LuzN@CgyCCR'CONHtBuCOR? [6,6]-open 1 [85]
terminalalkynes
LusNe@I;-Cg X
tBuNC and dimethyl
acetylenedicarboxylate ~ LuzgN@CgyC(COOMe)C(COOMe)CNtBu [6,6]-open 1 [85]
(DMAD)
Diﬂuoromethylenation SC3N@Ih-C80 CF2C1COONa SC3N@C80(CF2) [6,6]-0p81’1 1 [86]
reaction ScsN@Crg CF,CICOONa ScsN@Crg(CFy) [6,6] 1 [87]
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Unexpected formation of metallofulleroids with [6,6]-0open structure from the isocyanide-
based multicomponent reactions of an isocyanide (e.g., tBuNC), various alkynes, and
LusN@I},-Cgp have been reported recently [85]. A major product was obtained by using
EWG (electron-withdrawing group)-bearing terminal alkynes, whereas no products were
obtained by using disubstituted internal alkynes [85]; see Figure 10a. Notably, when
LusN@Ih-Cgy was replaced by Cgp, there were no isolated products under any condi-
tions [85]. Surprisingly, unlike internal alkynes, dimethyl acetylenedicarboxylate (DMAD)
yielded a ketenimine metallofulleroid 45, as shown in Figure 10b, while the addition pat-
tern is greatly different from that of C¢) reacting with the same reactants [85]. Strikingly, a
variable temperature single-crystal study of metallofulleroid 46 showed that the motion
of the embedded cluster is significantly hindered by the close interaction with the exohe-
dral organic appendant of a neighboring molecule [85]. Furthermore, DFT calculations
suggested that the reaction mechanism involved three main steps including a barrierless
anionic attack of the dipole, 3-exo-trig ring closure, and final hydration [85].

() (b)
LusN@Cgo
Rl—=— ‘BuNC
R2  oDCB, 120 °C
Air,1h
43
. o COOMe
43aR'=H, R*=OMe. 4 LusN@Cgo, 'BuNC
43b RI=H, R2=0CH, . Il
43¢ RI=H. R2=Me 90(59% brsm); oDCB, 80 °C, Air, 1 h
43d R‘*I\i 2=y} 44b 28%(53% brsm) COOMe 9 9
=Me, R?=OMe;, 2008 sm), 31% (60% brsm)
43e R!=Ph. R2=OMe: 44¢27%(46% brsm);
43fR!=CF,, R*=OMe, Hd-TNR

“3)

Cygp nstead of LuyN@Cy,, similar conditions
No isolable product from 44a-f.

Figure 10. (a) Preparation of 44a—c reacted from alkyl isocyanides and alkynes. Brsm = based on
recovered starting material; NR = No reaction. (b) Synthesis of a ketenimine metallofulleroid 46.
Reproduced from Ref. [85] with permission. Copyright 2021 John Wiley and Sons.

2.10. Difluoromethylenation Reaction

Recently, difluoromethylenation of ScsN@I;,-Cg reacting with CF,CICOONa affords
a sole Cs-symmetric ScsN@Cgo(CF,) adduct [86]. Based on the F, 13C, and #*Sc NMR
spectroscopic, ScsaN@Cgy(CF;) was identified as the [6,6]-open structure with 2.2-2.3 A
between the bridgehead atoms, which is consistent with the DFT-optimized structure
(see Figure 11) [86]. And the UV /vis spectra of ScsN@Cgy(CF,) are similar to that of
ScsN@I;,-Cgp, thus indicating the [6,6]-open structure with weakly perturbed m-electron
systems [86]. Furthermore, the electrochemical behavior of ScsN@Cgy(CF,) resembles that
of ScsN@I;,-Cgp, in which both the HOMO and LUMO level of ScsN@Cg((CF,) downshift
0.1 eV compared to the pristine ScsN@I;,-Cg, resulting in essentially unchanged HOMO-
LUMO gap [86]. It is worth noting that in the experiment the absence of the [5,6]-conformer,
the more energetically favorable one based on the theoretical analysis, suggests that the
adduct is kinetical rather than thermodynamical [86]. In addition, the nucleophilic route,
which involves nucleophilic addition of CF,Cl™ anion followed by cyclopropanation via
Cl~ displacement, is considered to be better than the route of [2 + 1]-cycloaddition of CF;
carbene [86].

Very recently, the difluoromethylenation reaction was extended to Sc;N@Cyg and it
showed higher reactivity than ScsN@Cgg, in which the reaction temperature is lower [87].
Mono-adduct ScsN@Cy5(CF;) was identified by the mass spectrum, but, unfortunately, the
ScsN@Cy5(CF,) degraded rapidly, which was different from ScsN@Cgy(CF;) and the CF;
adducts of empty fullerenes [87]. And, only the UV-Vis spectrum of the ScsN@C75(CF;) was
recorded and showed high similarity with the spectra of the Bingel-Hirsch mono-adduct
and that of the major Prato mono-adduct, indicating that ScsN@C7g(CF;) has the same bond
type, bond 66-6 [87]. Moreover, DFT results suggested that the open [6,6]-Sc;N@C75(CF,)
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is more stable and the regioselectivity is controlled kinetically as well as the CF, addition
mechanism resembles that of ScN@Cg [87].

(a) (b) SCSN@CSO
-102.07

Sc,N@C,,(CF,)

et ot r T T T T ‘M’l
-102.0 -102.1 400 300 200 100 O -100

S/ ppm 455/ PPM

R

-80 90 -100 -110 -120 -130 -140 -150
6./ ppm Sc;N@Cgy(CF,)(47)

Figure 11. (a) 19F NMR spectra of ScsN@Cgy(CF,). (b) Room temperature 455¢ NMR spectra of
ScsN@I, —Cgg (top) and SczN@Cgy(CF;) (bottom). (¢) DFT molecular dynamics trajectories for
ScsN@Cgy(CF;) (100 ps), C atoms are magenta, and N is blue. Reproduced from Ref. [86] with
permission from the Royal Society of Chemistry.

3. Conclusions and Outlook

In summary, EMFs exhibit active reactivities toward versatile functionalization re-
actions, which confer EMFs tunable properties. Prato reaction was extended to EMFs
with low symmetry, such as ScsN@Cyg and Y,@C3,(8)-Cg; furthermore, the complicated
bis-adducts and multi-adducts of Prato reaction were studied as well. Metal encapsulation
induces a highly regioselective Bingel-Hirsch adducts of Y@C;(6)-Cg; achieved and a new
cationic metallofullerene route was put forward for Bingel-Hirsch reaction. Carbene addi-
tions of actinide EMFs and Ti-based EMFs were developed. A new non-cycloaddition of
EMFs, methoxide reaction, was exploited. Furthermore, new complicated multi-component
reactions instead of simple transplantation from empty fullerenes arise and acquire un-
expected adducts, expanding new horizons in the functionalization of EMFs. Especially,
besides radical reactions, new electrophilic trifluoromethylation was exploited to stabilize
the missing EMFs.

High regioselectivity is frequently observed for EMFs due to strong metal-cage inter-
actions. The endohedral cluster plays an important role in determining the regioselectivity
and addition pattern. Furthermore, combined with calculated results, the regioselectivity of
the reactions was plausibly interpreted by POAV, HOMOs/LUMOs, and charges. However,
new credible, advanced, and reasonable theoretical calculation schemes are also expected.
In turn, the addition groups affect the location, motion, orientation, and electronic state
of the encapsulated clusters. As a result, the ultimate structures and properties of the
derivatives of EMFs are together regulated by the intramolecular interplay of the cluster,
carbon cage, and exohedral groups.

Recent functionalization reactions are mainly restricted to exploring the inherent chem-
ical activities of EMFs or stabilizing EMFs. However, using reaction groups to modulate the
magnetic, luminescence, or photovoltaic properties of EMFs is rarely reported. And it is not
much clear whether and how the type or amount of reaction groups affects those properties
of EMFs. Therefore, more efforts are needed to reveal the relationships between the reaction
groups and those properties of EMFs and make metallofullerenes truly applicable materials.
Functionalizations of EMFs are an attractive and popular area of fullerene research, which
still holds great promise.
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