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Abstract: Metallofullerenes are interesting molecules with unique structures and physicochemical
properties. After they are formed in the arc-discharge process, they are first buried in the carbon soot,
which requires solvent extraction to fish them out, normally followed by HPLC separation. In this
minireview, we summarize the main procedures developed to obtain pure metallofullerenes, includ-
ing well-established extraction with conventional fullerene solvents followed by HPLC (procedure (I)
as well as several methods developed for isolation and purification of unstable fullerenes insoluble
in conventional fullerene solvents, including chemical modification followed by dissolution (II.1),
chemical functionalization during extraction followed by HPLC (II.2), and chemical functionalization
of ionic EMFs after redox-extraction followed by HPLC (procedure II.3). The main focus here is on
procedure II.3, for which the current status and future perspective are discussed.

Keywords: endohedral metallofullerenes; extraction; open-shell electronic structure; electrophilic
trifluoromethylation; benzylation

1. Introduction

Endohedral metallofullerenes (EMFs) are molecules with metal ions encapsulated in a
fullerene cage, which are interesting because of their unique coordination between metal
ions and the fullerene cage, resulting in fascinating physicochemical properties [1–52]. The
pursuit of novel EMF structures has been a strong impetus in the field, not only for the
discovery of a bizarre interplay between metal ions and fullerene cages, but also for their
appealing application potentials endowed by this unique interaction. Metallofullerenes are
usually prepared by direct current arc discharge of graphite rods embedded with a metal
source. However, this process simultaneously produces EMFs, empty fullerenes, as well as
other carbonaceous species, and the EMFs are then fished out of the carbon soot. The general
procedure uses extraction with some organic solvents to dissolve metallofullerenes from
the carbon soot, followed by separation procedures to obtain pure compounds (Procedure I,
Figure 1). CS2 is the most commonly used solvent during the extraction, although toluene,
chlorobenzene and other aromatic solvents are also applied occasionally; we will refer to
this group of solvents as fullerene solvents in the following discussion. Separation of the
dissolved fullerenes is usually performed by high-performance liquid chromatography
(HPLC), but may also include some non-HPLC steps.

Procedure I prevails in the EMF research because many fullerenes/metallofullerenes
are well soluble in these solvents, and the extraction procedure is relatively straightfor-
ward. However, there is a certain fraction of fullerenes that show moderate to negligible
solubility in fullerene solvents. These fullerenes therefore remain in the soot after extrac-
tion with fullerene solvents, but their formation in the arc-discharge synthesis could be
demonstrated by extraction with other solvents or chemical functionalization, as will be
discussed further in this review. In the following, we define stable fullerenes as those
fullerenes that can be routinely obtained by Procedure I, while unstable fullerenes are
those that cannot be obtained by this procedure due to poor solubility in fullerene sol-
vents at the extraction and separation stages. The boundary between stable and unstable
fullerenes is not clearly defined. Fullerenes are usually considered stable if their solution in
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fullerene solvents remains intact for months, i.e., long enough to complete the separation
and characterization procedures.
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Figure 1. Schematic description of fullerene separation procedures discussed in this minireview.

2. Unstable Fullerenes

It should be emphasized that the stability discussed here is not stability in the thermo-
dynamic sense. The unstable fullerenes, which are the focus of this review, are formed
during synthesis, and if we assume that the yield of fullerenes in the arc-discharge process
is controlled by thermodynamic factors, we should also assume thermodynamic stability
of these unstable fullerenes. In other words, the relative energies of these structures with re-
spect to different cage isomers should be low, and calculations of equilibrium concentration
at the temperature of the synthesis will likely predict considerable concentration for these
fullerenes. Therefore, it is their low kinetic stability or, equivalently, high reactivity, that
poses the problem for their isolation and characterization. The high reactivity is usually
related to the electronic structure and can be by deduced from the analysis of the frontier
orbital levels. Examples of frontier orbital situations in three types of fullerenes, which
often have unstable structures among them, are shown in Figure 2:

(1) Empty fullerenes. Soluble empty fullerenes have a large HOMO-LUMO gap and a
closed-shell electronic structure with the singlet ground state. However, if the HOMO-
LUMO gap is small, the triplet (biradical) state may be accessible or even become
lower in energy than the singlet (Figure 2a). The molecule thus has an open-shell
electronic structure, which is usually synonymous with enhanced reactivity. A typical
example of an insoluble empty fullerene with a triplet ground state is D3h-C74 [53].

(2) Monometallofullerenes with trivalent metals, MIII@C2n (Figure 2b). Since endohedral
metal atoms transfer their electrons to the fullerene cage, the MIII state implies that the
fullerene cage accepts three electrons and thus has a radical nature with one unpaired
electron. Interestingly, some monometallofullerenes, such as MIII@C2v(9)-C82, behave
as stable fullerenes and can be obtained in pure form by procedure I, while the others,
such as MIII@C60 or MIII@C2v(5)-C80, are insoluble in fullerene solvents and require
special procedures for extraction and isolation. MIII@Cs(6)-C82 is a good example of a
dual behavior as it shows reasonable solubility and can be obtained by conventional
procedure I, but tends to form dimers upon crystallization [54,55]. The boundary
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between the two types is blurred, indicating that the peculiarities of the π-system
distribution for a given carbon cage also play an important role.

(3) Dimetallofullerenes of trivalent metals (Figure 2c). Their situation in some way
resembles that of empty fullerenes since the transfer of six electrons from the metal
dimer to the host fullerene should result in a closed-shell electronic structure. Indeed,
dimetallofullerenes of early lanthanides, such as La2@C2n and Ce2@C2n, are soluble in
fullerene solvents and can be purified using procedure I. The difference from empty
fullerenes is that the LUMO of dimetallofullerenes is usually a metal–metal bonding
orbital, and its energy depends on the metal. For heavier lanthanides, starting with
Nd, the energy of the metal-based LUMO becomes so low that the triplet state, in
which one unpaired electron occupies the metal-based MO and one occupies the
fullerene MO, becomes more stable than the closed-shell singlet [56,57].

(4) Clusterfullerenes, i.e., metallofullerenes with endohedral clusters such as M3N, M2C2,
M2O, M2S, etc., usually have a closed-shell electronic structure of the carbon cage, and
the vast majority of them can be obtained from the soot and separated by procedure
I. It is certainly possible that some of them are unstable due to the small HOMO-
LUMO gap of the carbon cage, similarly to insoluble empty fullerenes, but we are not
aware of any experimentally characterized examples of clusterfullerenes that are not
soluble in fullerene solvents but could be extracted and separated by other approaches.
Clusterfullerenes are therefore not discussed further in this review.
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Figure 2. Major types of unstable fullerenes: (a) empty fullerenes, (b) monometallofullerenes with
trivalent metals, (c) dimetallofullerenes with trivalent metals. For each type, the figure shows an
example of a molecular structure (left), population of the frontier MOs (middle; fullerene MO levels
are gray, metal-based MO levels are green), formal charge of the metal species and the cage (b,c) and
stabilization of the open-shell electronic structure of the carbon cage by addition of radical groups
(right). Vertical arrows denote unpaired electrons.

The low solubility of unstable fullerenes is likely caused by the tendency of fullerene
cages to stabilize their open-shell structure by forming covalent bonds between fullerene
molecules (dimerization/polymerization) or by forming bonds with other unidentified
components of the soot. Either way, polymerization or binding to soot particles renders
unstable fullerenes poorly soluble and causes them to remain in the soot during extraction
with fullerene solvents. Importantly, it is the open-shell structure of the carbon cage
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that is critical for kinetic stability and separation of EMFs. Endohedral species can also
have an open-shell electronic structure, but it does not affect the kinetic stability if the
fullerene cage has closed-shell electronic structure. For instance, dimetallo-azafullerenes
M2@C79N (M = Y, Gd, Tb) [58,59], trimetal-carbide clusterfullerenes M3C2@C80 (M = Sc, Dy,
Er) [60–62] or dimetallofullerenes derivatives M2@C80(R) (M = rare earth elements) [63–67]
have unpaired electrons localized on their endohedral species, but this does not hinder
their solubility in fullerene solvents and their overall kinetic stability.

3. Redox Extraction

Extensive studies of metallofullerene synthesis in the late 1990s revealed that while the
solubility of some metallofullerenes in fullerene solvents is low, it can be greatly enhanced
if extraction is performed using polar nitrogen-containing solvents such as pyridine, N,N-
dimethylformamide (DMF), or aniline [68–79]. Subsequent studies found that EMFs in these
solvents adopt the negative charge sate [80,81], suggesting that stabilization of insoluble
EMFs, which allows their extraction, occurs via the electron transfer from the solvent.
Indeed, since unstable metallofullerenes have an open-shell electronic structure in their
pristine neutral form, the addition or removal of an electron can change the fullerene
structure to the closed-shell, while endohedral metal species can still retain their spin
structure. The process by which fullerenes are reduced or oxidized during extraction
with a polar solvent is hereafter referred to as redox extraction. Redox extraction requires
the presence of either reducing agents (amines [74–79], which can simultaneously be a
solvent), or oxidizing agent (magic blue (BrC6H4)3NSbCl6, AgSbF6) [82–85], or the use of
electrolysis [70,86]. Ionic fullerenes are not soluble in most fullerene solvents and instead
require the use of highly polar solvents, whereas uncharged fullerenes are conversely
poorly soluble in many polar solvents. Therefore, redox extraction can be used not only
for extraction of unstable fullerenes, but also for a partial separation of fullerenes based on
their redox properties.

One of the most popular forms of redox extraction in EMF synthesis applies
DMF [72,73,81,87–90], which undergoes partial thermal decomposition during extraction
with the formation of amines. Hereby, amines act as mild reducing agents, facilitating the
formation of EMF anions that are well soluble in DMF. Meanwhile, fullerenes with large
HOMO-LUMO gap, including the majority of empty fullerenes, remain in the uncharged
state. Since the solubility of neutral fullerenes in DMF is rather modest, extraction with hot
DMF is quite efficient for dissolving of mono- and dimetallofullerenes and separating them
from empty fullerenes [91,92].

Redox extraction helps to obtain unstable fullerenes from a soot as charged species,
but their further separation is less straightforward. To date, Li@C60 is the only unstable
fullerene that has been isolated in a pure cationic form by redox methods [84,85]. HPLC
procedures and column materials used for fullerene separation have been developed for
uncharged fullerenes, and their efficiency for ionic species is not guaranteed. In addition,
polar solvents normally used for unstable fullerenes, such as DMF or aniline, have high
boiling points and are toxic, which adds obstacles for further separation by multi-step HPLC.
Therefore, the separation of fullerenes extracted with DMF usually involves non-HPLC
methods, such as electrochemical or chemical redox reactions, which change the charge
state of the dissolved fullerenes and thus strongly affect their solubility [70,86,90,92,93].
The disadvantage of this strategy is that the redox reaction is not only controlled by the
intrinsic redox potentials of the fullerenes, but also strongly affected by their concentrations.
This means that very high purity separations can hardly be achieved by this method, and
HPLC is still required in the final step. If dissolved anionic EMFs are also stable in the
pristine form, they can be oxidized to the neutral form and then separated by HPLC [90].
However, if neutral EMFs are unstable, the oxidation of their anions will obviously produce
open-shell species with ensuing low kinetic stability and solubility problems. For instance,
attempts in our laboratory to obtain dimetallofullerenes of heavy lanthanides by oxidation
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of their DMF-soluble anions immediately formed insoluble precipitates that could not be
further processed.

4. Chemical Functionalization of Unstable Fullerenes
4.1. General Remarks

An alternative approach to stabilize fullerenes with open-shell electronic structure is
their chemical derivatization by attachment of exohedral groups, which should quench
unpaired electrons of the carbon cage. Obviously, each unpaired cage electron can be
compensated by the addition of one radical group, and therefore, we will only consider
derivatization with groups that form single bonds to the fullerene surface. Cycloaddition
reactions, which usually introduce two bonds to a fullerene at once, are not suitable for
stabilization of EMFs with the open-shell electronic structure of the fullerene cage. Figure 2
sketches the minimum number of groups that are required to stabilize different types of
unstable fullerenes:

(1) Empty fullerenes with triplet ground state require the addition of at least two radical
groups to quench the cage biradical. However, it is not guaranteed that the bisadduct
C2n(R)2 will have a large HOMO-LUMO gap. Depending on the MO structure of the
molecule, the bisadduct may also have a small gap, thus requiring the addition of
another pair of radical groups. However, regardless of how many pairs of radical
groups are ultimately required to obtain a stable derivative, it is certain that the
number of groups will be even.

(2) Monometallofullerenes MIII@C2n have one unpaired electron, and therefore require
the addition of at least one radical group. In general, the number of groups in the
stable closed-shell MIII@C2n(R)x derivative should be odd.

(3) Open-shell dimetallofullerenes of trivalent metals are peculiar in that of the two
unpaired valence electrons, one is localized on the fullerene cage and one on the
metal dimer. The latter does not seem to be relevant for the kinetic stability, which
means that only the unpaired electron of the cage should be quenched. Therefore,
dimetallofullerenes require the addition of at least one and generally odd number of
groups, similarly to monometallofullerenes.

Once unstable fullerenes are stabilized by derivatization, they can be processed akin
to stable fullerenes, since derivatives are soluble in fullerene solvents and can be separated
by conventional HPLC to achieve high-purity separation. This strategy will be referred to
as Procedure II.

4.2. Derivatization Followed by Dissolution

Depending on the sequence of derivatization and extraction, three modifications of
Procedure II can be distinguished, as shown in Figure 1. In method II.1, chemical derivatiza-
tion is first applied to insoluble unstable fullerenes. A classic example is the thermal radical
trifluoromethylation of a mixture of insoluble empty fullerenes (left after pre-extraction
of stable fullerenes with o-dichlorobenzene) by CF3I gas [94]. This procedure resulted in a
series of C2n(CF3)12 derivatives that exhibited high HOMO-LUMO gaps and good solubility
in fullerene solvents. Separation of the mixture by HPLC and subsequent 19F NMR and/or
single-crystal X-ray diffraction studies of purified derivatives revealed the formation of
some previously unreported empty fullerenes, such as D3h-C74, Td-C76, D3h(5)-C78, C2v(5)-
C80, or C2(5)-C82 [94,95]. More recently, Shinohara et al. modified the method by adding
polytetrafluoroethylene into the arc-discharge generator, thus performing the reaction in
situ, before any extraction step [96]. Applying this procedure in the synthesis of Y, La,
and Gd EMFs, they were able to isolate CF3 derivatives of several elusive monometallo-
fullerenes, including M@C60, M@C70, M@C72, M@C74, etc., and determine their molecular
structures by single-crystal X-ray diffraction [96–99]. In situ chlorination [100–102] and
hydrogenation [103–105] during fullerene formation, which allowed the capture of many
unstable and nonclassical empty fullerenes in the form of chlorides and hydrides, can also
be considered as a version of Procedure II.1, but its application to metallofullerenes has not
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been very successful so far: halogenated EMF species have been detected in mass-spectra,
but not yet isolated in bulk form [106].

4.3. In Situ Derivatization during Exraction

One notable breakthrough in the stabilization and isolation of unstable metallo-
fullerenes by their chemical derivatization was made by Akasaka and colleagues (Procedure
II.2 in Figure 1). They found that halogenated benzenes, such as 1,2,4-trichlorobenzene [25]
or iodobenzene [107], which act as good fullerene solvents for stable fullerenes, can also
be a source of aryl radicals that functionalize unstable fullerenes and make them soluble
in the form of aryl monoadducts. The solvent thus plays a dual role, as a reactant in the
addition reaction of unstable fullerenes and simultaneously as a solvent for stable fullerenes
and stable derivatives of unstable fullerenes. Conventional HPLC can then be used in
further separation steps. This in situ chemical functionalization during the extraction was
successful in fishing out a number of unstable metallofullerenes, such as La@C72 [108]
La@C74 [109,110], La@C80 [111], and minor isomers of La@C82 [112]. Since these EMFs
could not be isolated in their pristine form by Procedure I, they were dubbed as “missing
fullerenes” by the authors. A detailed review of this strategy can be found in Ref. [25]. The
success of procedure II.2 is limited by the reactivity of the applied solvent/reactant to the
targeted metallofullerenes. It has not been possible to identify a universal solvent/reactant
for all types of metallofullerenes, because the reactivity of metallofullerenes varies so much
based on the topology of the π-electron distribution and the energetics of the frontier
orbitals. For example, we have found that the derivatization and isolation of highly inter-
esting dimetallofullerenes with a single-electron metal–metal bond is not feasible via the in
situ chemical functionalization strategy.

4.4. Redox-Extraction and Derivatization of Anions

The stabilization/separation strategy that appeared to be successful for unstable
dimetallofullerenes is denoted in Figure 1 as Procedure II.3. In the first step, EMFs are redox-
extracted from the soot with hot DMF, resulting in a mixture of EMF anions. As discussed
above, the separation of the EMF anions is not straightforward. Instead, EMF anions can
be chemically functionalized to produce stable neutral derivatives. For instance, thermal
trifluoroalkylation of a dried Y-EMF mixture extracted with DMF gave a mixture of EMF-
CF3 derivatives, from which pure Y@C82(CF3)5 was isolated by HPLC and characterized
by NMR [113].

Recently, we have developed two versions of Procedure II.3, which involved the
functionalization of the metallofullerene anions with the formation of neutral compounds.
Hereby, the insoluble metallofullerenes are converted into derivatives that are soluble
in fullerene solvents and can be further separated by HPLC to obtain the derivatives of
desired metallofullerenes in high purity. In the first method, we successfully applied
benzyl bromide PhCH2Br to react with the metallofullerene anions in DMF [66]. The
reaction required mild heating and presumably proceeded as a nucleophilic substitution of
bromide with metallofullerene anions, producing benzyl monoadducts of metallofullerenes
(see Figure 3a for details). An alternative mechanism, proposed in Ref. [114], involves
the electron transfer from the EMF anion to benzyl bromide in the first step, followed
by the radical coupling reaction. The benzyl derivatives of metallofullerenes are well
soluble in fullerene solvents, allowing their subsequent HPLC separation to yield the
high-purity compounds. Using this strategy, we have synthesized and isolated a series
of dimetallofullerene derivatives M2@Ih-C80(CH2Ph) (M2 = Sc2, Y2, Gd2, Tb2, TbY, TbGd,
Dy2, Ho2, Er2), among which Tb2@C80(CH2Ph) and Dy2@C80(CH2Ph) show particularly
remarkable single-molecule magnetic properties [20,65–67].



Inorganics 2024, 12, 48 7 of 15
Inorganics 2024, 12, x FOR PEER REVIEW 7 of 15 
 

 

 
Figure 3. Two modifications of procedure II.3: (a) benzyl bromide route applied to stabilize M2@C80 
in the form of M2@C80(CH2Ph); (b) CF3 functionalization route leading to M2@C80(CF3). Also shown 
are molecular structures of Dy2@Ih-C80(CH2Ph) and Tb2@Ih-C80(CF3) determined by single-crystal X-
ray diffraction in Refs. [66,115]. Vertical arrows denotes unpaired electron localized on the metal-
metal bond 

The unusual magnetic properties are the reason why, until recently, the main focus 
in the exploitation of the anion functionalization strategy II.3 has been on the 
dimetallofullerenes M2@Ih-C80. However, M2@Ih-C80 with a single-electron metal–metal 
bond is not the only unstable EMF that can be solubilized in the anionic form during DMF 
extraction. In fact, the DMF extract contains anions of many monometallofullerenes, and, 
similarly to M2@C80−, they also undergo mono-benzylation in the reaction with benzyl bro-
mide. This procedure can thus be used to fish out other unstable “missing” EMFs from 
the fullerene soot. Recently, Yang and colleagues used the benzyl bromide functionaliza-
tion route to successfully isolate and structurally characterize Dy@C80(CH2Ph) with the 
C2v(5) cage isomer [116]. Since Dy@C2v(5)-C80 is not soluble in fullerene solvents, it had 
never been properly characterized in the previous studies of Dy-EMFs. This example 
shows that the benzylation route can be very useful for the stabilization and structural 
elucidation of various unstable EMFs, and it is very likely that its exploration will help in 
the discovery of novel elusive fullerene structures. 

The versatility of the thermal reaction with benzyl bromide in its application to EMF 
anions, while being very useful for exploratory studies, becomes a drawback when tar-
geting a specific EMF derivative. The fact that the reaction works well with most of the 
known metallofullerene anions suggest that it has low selectivity to specific types of 
metallofullerenes. Furthermore, for EMFs with relatively low symmetry, benzylation does 
not show particularly high regioselectivity and can yield several isomers of adducts. 
Maeda et al. showed that the thermal reaction of La@C2v(9)-C82 anion with benzyl bromide 
produces two major and two minor isomers of La@C82(CH2Ph) [114]. Thus, the benzyla-
tion of an anionic EMF extract that already contains many EMFs produces an even greater 
variety of benzyl adducts. The complexity of the product mixture then complicates the 
HPLC separation. Figure 4 illustrates that the isolation of Tb2@C80(CH2Ph) after benzyla-
tion of the Tb-EMF anionic mixture is a rather tedious process, requiring three HPLC 
steps, including recycling HPLC [65]. 

Figure 3. Two modifications of procedure II.3: (a) benzyl bromide route applied to stabilize M2@C80

in the form of M2@C80(CH2Ph); (b) CF3 functionalization route leading to M2@C80(CF3). Also
shown are molecular structures of Dy2@Ih-C80(CH2Ph) and Tb2@Ih-C80(CF3) determined by single-
crystal X-ray diffraction in Refs. [66,115]. Vertical arrows denotes unpaired electron localized on the
metal-metal bond.
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in the exploitation of the anion functionalization strategy II.3 has been on the dimetallo-
fullerenes M2@Ih-C80. However, M2@Ih-C80 with a single-electron metal–metal bond is not
the only unstable EMF that can be solubilized in the anionic form during DMF extraction.
In fact, the DMF extract contains anions of many monometallofullerenes, and, similarly to
M2@C80

−, they also undergo mono-benzylation in the reaction with benzyl bromide. This
procedure can thus be used to fish out other unstable “missing” EMFs from the fullerene
soot. Recently, Yang and colleagues used the benzyl bromide functionalization route to
successfully isolate and structurally characterize Dy@C80(CH2Ph) with the C2v(5) cage
isomer [116]. Since Dy@C2v(5)-C80 is not soluble in fullerene solvents, it had never been
properly characterized in the previous studies of Dy-EMFs. This example shows that the
benzylation route can be very useful for the stabilization and structural elucidation of
various unstable EMFs, and it is very likely that its exploration will help in the discovery of
novel elusive fullerene structures.

The versatility of the thermal reaction with benzyl bromide in its application to EMF
anions, while being very useful for exploratory studies, becomes a drawback when tar-
geting a specific EMF derivative. The fact that the reaction works well with most of the
known metallofullerene anions suggest that it has low selectivity to specific types of met-
allofullerenes. Furthermore, for EMFs with relatively low symmetry, benzylation does not
show particularly high regioselectivity and can yield several isomers of adducts. Maeda
et al. showed that the thermal reaction of La@C2v(9)-C82 anion with benzyl bromide pro-
duces two major and two minor isomers of La@C82(CH2Ph) [114]. Thus, the benzylation of
an anionic EMF extract that already contains many EMFs produces an even greater variety
of benzyl adducts. The complexity of the product mixture then complicates the HPLC
separation. Figure 4 illustrates that the isolation of Tb2@C80(CH2Ph) after benzylation
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of the Tb-EMF anionic mixture is a rather tedious process, requiring three HPLC steps,
including recycling HPLC [65].

Inorganics 2024, 12, x FOR PEER REVIEW 8 of 15 
 

 

 
Figure 4. HPLC separation procedure of crude reaction products: (a) thermal benzylation of the Tb-
EMF anionic extract in DMF, the target compound—Tb2@C80(CH2Ph) [65]; (b) electrophilic trifluo-
romethylation of Tb-EMF anions in DMF at room temperature, the target compound—Tb2@C80(CF3) 
[115]. Shaded are the fractions containing the target compound and subjected to the next separation 
step. Note that Tb2@C80(CH2Ph) is only a small fraction of the crude product in (a), while 
Tb2@C80(CF3) is the main component of the crude product in (b). Adapted with permission from Ref. 
[65]. Copyright 2019, Springer Nature. Adapted with permission from Ref. [115]. Copyright 2021 
American Chemical Society. 

Another possible source of complication in benzylation is that EMF monoanions do 
not react with benzyl bromide at room temperature, and the reaction requires heating to 
proceed. However, we have observed that even slight overheating changes the reaction 
mechanism from controllable monoaddition to uncontrolled polyaddition of benzyl 
groups. Presumably, heating facilitates homolytic cleavage of the C–Br bond and for-
mation of benzyl radicals, which then react with fullerene anions by a radical addition 
mechanism. The latter appeared to be very unselective, and the resulting mixtures of 

Figure 4. HPLC separation procedure of crude reaction products: (a) thermal benzylation of the Tb-EMF
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Shaded are the fractions containing the target compound and subjected to the next separation step. Note
that Tb2@C80(CH2Ph) is only a small fraction of the crude product in (a), while Tb2@C80(CF3) is the
main component of the crude product in (b). Adapted with permission from Ref. [65]. Copyright 2019,
Springer Nature. Adapted with permission from Ref. [115]. Copyright 2021 American Chemical Society.
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Another possible source of complication in benzylation is that EMF monoanions do
not react with benzyl bromide at room temperature, and the reaction requires heating
to proceed. However, we have observed that even slight overheating changes the reac-
tion mechanism from controllable monoaddition to uncontrolled polyaddition of benzyl
groups. Presumably, heating facilitates homolytic cleavage of the C–Br bond and formation
of benzyl radicals, which then react with fullerene anions by a radical addition mecha-
nism. The latter appeared to be very unselective, and the resulting mixtures of benzyl
multiadducts could not be separated into individual compounds. Lowering the reaction
temperature requires an increase in the reactivity of EMF anions, which can be achieved by
the reduction beyond the monoanionic state. Li et al. showed that benzyl bromide reacts
with the Gd@C2v(9)-C82

3– trianion already at room temperature to give several isomers of
Gd@C82(CH2Ph) [117].

Seeking for a different functionalization reaction for EMF anions that would help to
circumvent the drawbacks of the benzyl bromide route, we found that the electrophilic CF3
addition can be particularly useful for the isolation of M2@Ih-C80 species [115]. Umemoto’s
Reagent II (Figure 3b), which can be formally described as a source of CF3

+, reacts with
anionic EMF extract in DMF instantaneously and at room temperature. DMF is then
removed under reduced pressure and the residue is extracted with toluene, in which
neutral CF3 derivatives are well soluble. The toluene solution can then be subjected to
further analysis and HPLC separation. When the CF3

+ reagent was taken in a large excess,
the reaction gave CF3 multiadducts. However, it showed remarkable selectivity toward
[Tb2@Ih-C80]−, and under an optimized reagent ratio, Tb2@Ih-C80(CF3) was obtained as the
main toluene-soluble product. As a result, the time required to isolate the pure monoadduct
was dramatically reduced compared to the isolation of Tb2@Ih-C80(CH2Ph), since the HPLC
isolation of Tb2@Ih-C80(CF3) required a much smaller number of injections and could be
accomplished in two simple steps (see Figure 4, right panel for details). Electrophilic
trifluoromethylation thus paves the way for further in-depth studies of the properties and
applications of dimetallofullerenes M2@Ih-C80 with metal–metal bonds. The method is less
efficient for EMFs with other carbon cages, as their trifluoromethylation is significantly less
selective, and the yield of their monoadducts is considerably lower. Nonetheless, since CF3
adducts crystallize easier than their benzyl analogs, the CF3 route should be more efficient
in the structural studies of unstable fullerenes.

In another recent work, we used electrophilic trifluoromethylation to elucidate the
stability and molecular structures of Nd dimetallofullerenes [56]. A comparison of the
extraction of arc-discharge soot containing Pr and Nd EMFs showed that while Pr2@C80
and other Pr dimetallofullerenes are soluble in CS2, Nd dimetallofullerenes could not
be extracted by CS2, but were soluble in hot DMF. Thus, the boundary between stable
and unstable lanthanide dimetallofullerenes was found to be between Pr and Nd. The
anionic Nd-EMF extract in DMF was then reacted with Umemoto’s Reagent II and showed
similar selectivity toward Nd2@Ih-C80 as in the earlier study of Tb-EMFs. At the same
time, analysis of minor HPLC fractions identified another isomer of Nd2@C80(CF3). Using
single-crystal X-ray diffraction, the molecular structures of two isolated isomers were
elucidated as Nd2@D5h(6)-C80(CF3) and Nd2@Ih(7)-C80(CF3). Figure 5 illustrates the tran-
sition from unstable to stable forms of Nd2@C80 isomers by plotting the evolution of the
spin density distribution from unstable Nd2@C80 to stable anion [Nd2@C80]− and stable
neutral Nd2@C80(CF3). The presence of the single-electron Nd–Nd bond in all three forms
is well evidenced by the spin density lobes localized between Nd atoms, while the spin
density on the fullerene cage is present only in Nd2@C80, but is absent in the anion and
CF3 monoadduct.
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Figure 5. (a) Schematic description of neutral Nd2@C80 in pseudo-triplet (pT) state (two unpaired
valence electrons), [Nd2@C80]− anion with unpaired electron on the Nd–Nd bonding orbital, and
Nd2@C80(CF3) with unpaired electron on the Nd–Nd bonding orbital. (b) DFT-computed valence
spin density distribution in Nd2@C80, [Nd2@C80]− anion and Nd2@C80(CF3) with Ih-C80 cage.
(c) DFT-computed valence spin density distribution in Nd2@C80, [Nd2@C80]− anion and
Nd2@C80(CF3) with D5h-C80 cage. Adapted with permission from Ref. [56]. Copyright 2023 The
Authors, published by Wiley-VCH GmbH.

5. Conclusions

In summary, we overviewed the general strategies to fish out metallofullerenes from
the carbon soot, with the emphasis on the recently developed anion functionalization strat-
egy (procedure II.3). The most appealing potential of this approach is that it specifically
targets the novel structures missing in conventional separation routine (procedure I). This
potential of the anion functionalization to stabilize and isolate “missing” metallofullerenes
is not deeply exploited yet, and it is expected that many more novel metallofullerenes will
be discovered with this strategy. The discovery of these novel structures will certainly
renew our understandings to the coordination structures and physicochemical properties of
metallofullerenes. It is worth noting that the chemical functionalization of metallofullerenes
is a burgeoning field with a large variety of reactions already studied towards improved
regioselectivity and physicochemical property modification [4,118–124]. In this regard, the
PhCH2 and CF3 addition reactions merely exemplify a proof of concept, with the vast pos-
sibilities in this direction using the currently available versatile chemical functionalization
methods yet to be explored.
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