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C O N S P E C T U S

Fullerene, an allotropic form of carbon made up of spherical molecules formed
from pentagonal and hexagonal rings, was first discovered in 1985. Because

fullerenes have spacious inner cavities, atoms and clusters can be encapsulated
inside the fullerene cages to form endohedral fullerenes.

In particular, the unique structural and electronic properties of endohedral met-
allofullerenes (EMFs), where metal atoms are encapsulated within the fullerene,
have attracted wide interest from physicists and chemists as well as materials sci-
entists and biologists. The remarkable characteristics of these molecules origi-
nate in the electron transfer from the encapsulated metal atoms to the carbon
cage. The positions and movements of the encapsulated metal atoms are impor-
tant determinants of the chemical and physical properties of EMFs.

In this Account, we specifically describe the positions and dynamic behavior of the metal atoms encapsulated in pris-
tine and functionalized fullerene cages. First, we examined whether the metal atoms are attached rigidly to cage carbons
or move around. Our systematic investigations of EMFs, including M@C2v-C82, M2@D2(10611)-C72, M2@D3h(5)-C78,
M2@Ih-C80, and M2@D5h-C80, revealed that the metal positions and movements vary widely with different cage struc-
tures and numbers of metal atoms.

Second, we wanted to understand whether we could control the positions and movements of the untouchable metal atoms
in EMFs. One possible way to modulate this behavior was through attachment of a molecule to the outer surface of the cage.
We developed synthetic methods to modify EMFs and have examined the metal positions and movements in the function-
alized carbon cages. Remarkably, we could alter the dynamic behavior of the encaged metal atoms in M2@Ih-C80 drasti-
cally through chemical modification of the outer cage. We anticipate that the control of metal atom structures and dynamics
within a cage could be valuable for designing functional molecular devices with new electronic or magnetic properties.

1. Introduction

Fullerene, an allotropic form of carbon, was first

discovered serendipitously in 1985 during the

course of mass spectroscopic studies of pulsed

laser vaporization of graphite.1 Fullerenes are

spherical molecules made of pentagonal and hex-

agonal carbon rings. Because fullerenes have spa-

cious inner cavities, atoms and clusters can be

encapsulated inside the fullerene cages to form

endohedral fullerenes. In particular, encapsulation

of metal atoms offers a new class of hybrid mol-

ecules, so-called endohedral metallofullerenes

(EMFs).2 Since the first discovery of lanthanum-

containing EMFs in 1991,3 their use has been

extended into areas of chemistry and physics, in

addition to advanced materials4-7 and medicinal

sciences8,9 because of their unique properties. The

presence of the electron transfer from the metal

atoms to the carbon cage imparts remarkable

characteristics to EMFs. Recently, cage frameworks

have been verified using 13C nuclear magnetic res-

onance (NMR) spectroscopic studies. Even so,
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many potentially important and intriguing problems remain.

In this regard, the determination of the metal positions is a

matter of great importance because the metal positions

strongly affect the chemical and physical properties of EMFs.

It has been generally accepted that extractable EMFs take on

endohedral structures. However, definitive proof of the struc-

ture must be performed for each EMF. In particular, it is worth

clarifying whether metal atoms are attached rigidly to

fullerene cages or move around because the control of the

positions and movements of the metal atoms in EMFs would

help in designing functional devices for molecular electron-

ics. Moreover, organic functionalization of EMFs will be an

important direction for the synthesis of further novel materials.

This Account summarizes ongoing efforts to synthesize and

characterize various kinds of EMFs and functionalized EMFs

systematically and to explore dynamic behaviors of the metal

atoms inside carbon cages using single-crystal X-ray crystal-

lography, NMR spectroscopy, and theoretical calculations. We

have specifically examined lanthanum-, cerium-, and gado-

linium-containing EMFs because they can be considered as

prototypes among EMFs of many kinds. Throughout this

Account, guidelines for evaluating and controlling the posi-

tions and movements of untouchable metal atoms inside

fullerene cages will be provided.

2. Preparation of EMFs

EMFs are synthesized in a modified Krätschmer-Huffman

generator during the vaporization of graphite rods contain-

ing metal oxides in a helium atmosphere by arc-discharge. By

this way, complex mixtures of empty fullerenes and EMFs

mixed together in a carbonaceous soot matrix are obtained.

The percentage of fullerenes and EMFs in the raw soot is nor-

mally less than 10%. Among them, EMFs can be obtained by

the extraction with organic solvents, followed by multi-step

high-performance liquid chromatography (HPLC) procedures.

The total yield of purified EMFs is generally lower than 1%.

3. Monometallofullerene M@C2v-C82

Actually, M@C2v-C82 (M ) Group 3 metals and lanthanides)

have been known as representative monometallofullerenes.

The electron transfer of three valence electrons creates an

open-shell electronic structure, formally described as

M3+(C2v-C82)3-. Their paramagnetic nature has obstructed

NMR spectroscopic studies of them. In this context, electro-

chemical reduction of the paramagnetic EMFs10-14 has

enabled measurement of the 13C NMR spectra of their anions

to determine the cage framework. To verify the metal posi-

tion in M@C2v-C82, we specifically examined the paramag-

netic effects caused by a f electron on the Ce (4f15d16s2) atom

in Ce@C2v-C82, which provides information related to the

metal position, by analyzing 13C NMR shifts of its anion.

First, we described the mapping of the bond connectivity in

[Ce@C2v-C82]- and fully assigned the NMR lines by 2D INAD-

EQUATE NMR measurements.15 This complete assignment

enables us to analyze the following paramagnetic NMR shifts,

which are induced by the f electron on the Ce atom. All car-

bon chemical shifts (δ) show considerable temperature depen-

dence originating from the f-electron spin. The chemical shifts

of paramagnetic molecules in solution are generally expressed

as a sum of three contributions from diamagnetic (δdia), Fermi

contact (δfc), and pseudo-contact (δpc) shifts, where the para-

magnetic δfc and δpc are proportional to T-1 and T-2 (T )
absolute temperature), respectively.16 The δdia values corre-

spond to the chemical shifts of the diamagnetic [La@

C2v-C82]-.17 The δpc makes a much larger contribution than

δfc, as is apparent from the fact that no significant connec-

tion exists between the Ce atom and cage carbons. There-

fore, the chemical shifts of cerium metallofullerenes are

expressed briefly as eq 1, where r is the distance between Ce

and cage carbons, θ is the angle between the r vector and the

C2 axis of Ce@C2v-C82, and C is a common constant with a

negative value for all cage carbons.

It is noteworthy that δpc includes geometrical information

(r and θ) related to the encapsulated Ce atoms. To obtain the

optimal distance (x) between Ce and the center of the hexag-

onal ring along the C2 axis, full geometry optimization was

conducted for [Ce@C2v-C82]- using density functional the-

ory (DFT). The optimal x is 2.063 Å when the Ce atom is

located near the hexagonal ring (Figure 1). In addition, the

optimal x values are scarcely changed for neutral

Ce@C2v-C82. The x value was obtained experimentally as

2.1-2.8 Å using paramagnetic NMR shift analysis. Therefore,

we conclude that the Ce atom in Ce@C2v-C82 as well as

[Ce@C2v-C82]- is located at an off-center position adjacent to

a hexagonal ring along the C2 axis of the cage. This metal

position corresponds to the minima of the electrostatic poten-

tial of C2v-C82.3-18 This agreement underscores that the elec-

trostatic metal-cage interaction plays a dominant role in both

stabilizing the endohedral structure and determining the metal

position.

δ ) δdia +
C(3 cos2 θ - 1)

r3T2
(1)
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4. Functionalized Derivatives of M@C2v-C82

Because 24 non-equivalent carbons in M@C2v-C82 exist, an

addition reaction might take place at several sites to yield sev-

eral possible monoadduct isomers.19,20 In contrast, the addi-

tion reaction of La@C2v-C82 with adamantylidene (Ad)

carbene affords only one dominant isomer of La@C2v-C82(Ad)

(Scheme 1 and Figure 2a).21 The C-C bond on the addition

site was cleaved by adding the electrophilic carbene to form

the [6,6] open structure. The Mulliken charge densities and π
orbital axis vector (POAV) values are found to be large for the

carbons in the hexagonal ring nearest the La atom. We con-

sider that the carbene selectively attacks one of the six elec-

tron-rich strained carbons to form the [6,6] open adduct. The

La atom is changed slightly by the carbene addition and is

located at a single site nearest the addition site.

Similarly, Gd@C2v-C82(Ad) was synthesized (Scheme 1 and

Figure 2b).22 It is notable that the Gd atom is located at an off-

center position near a hexagonal ring in the cage, as found for

La@C2v-C82(Ad). The Gd position in Gd@C2v-C82(Ad) is closer

to the carbon cage than that of the La atom in La@

C2v-C82(Ad). Because the carbene addition to La@C2v-C82

engenders a slight change of the La position, it is reasonable

to consider that the Gd atom in Gd@C2v-C82 is also located

at an off-center position near a hexagonal ring along the C2

axis, as are La@C2v-C82 and Ce@C2v-C82. This consideration

is supported by recent computational23-25 and X-ray absorp-

tion near-edge structure (XANES)26 studies, although these

results are not consistent with the MEM/Rietveld analysis.27

The Bingel-Hirsch reaction is a widely applied reaction in

fullerene chemistry. We applied the reaction to La@C2v-C82

with bromomalonate, in which a singly bonded monoadduct

La@C2v-C82CBr(COOC2H5)2 was yielded as the major prod-

uct (Scheme 1 and Figure 2c).28,29 The bromomalonate group

is singly bonded to the carbon atom on the cage, which is far

from the La atom. We assume that the carbanion attacked the

most positively charged and second strained carbon atom on

the cage, with subsequent oxidation to afford the diamagnetic

product. The metal position in La@C2v-C82CBr(COOC2H5)2 is

almost identical to that in La@C2v-C82. This finding is accept-

able because the addition site is distant from the metal atom,

which causes little change of circumstances near the metal

atom. When malonate was subjected to the reaction instead

of bromomalonate, bis-addition proceeded in a highly regi-

oselective way and engendered the dominant formation of a

single bis-adduct isomer, La@C2v-C82[CH(COOC2H5)2]2 (Scheme

1 and Figure 2d).30 The bis-adduct retains an open-shell elec-

tronic structure and crystallizes to form a dimer. The La posi-

tions are off the C2 axis and move slightly toward the

hemisphere that undergoes bis-addition.

The photoirradiation of La@C2v-C82 with R,R,2,4-tetrachlo-

rotoluene afforded two regioisomers of the radical coupling

products, La@C2v-C82CHClC6H3Cl2 (Scheme 1).31 The X-ray

crystallographic analysis was performed for one isomer to dis-

close its structure (Figure 2e). The La position in the isomer is

off the C2 axis and moves slightly against the hemisphere that

undergoes a coupling reaction. This trend contrasts with the

case of La@C2v-C82CBr(COOC2H5)2.

5. Dimetallofullerenes M2@Cn (n ) 72, 78,
and 80)
With regard to dimetallofullerenes, not only the electrostatic

metal-cage interaction but also the electrostatic metal-metal

interaction is crucial for the positions and movements of the

metal atoms. We synthesized a series of cerium-containing

dimetallofullerenes and performed paramagnetic NMR shift

analyses to elucidate the behavior of the metal atoms.

The smallest cerium-containing dimetallofullerene,

Ce2@D2(10611)-C72, was first isolated in 2001 by Dunsch

and co-workers.32 In 2008, we elucidated the cage frame-

works and the metal positions using NMR spectroscopy (Fig-

ure 3a).33 It is particularly interesting that Ce2@D2(10611)-
C72 does not obey the isolated-pentagon rule (IPR). It is

expected that the Ce atoms stabilize the non-IPR cage con-

taining two fused pentagons. In fact, the paramagnetic NMR

shift analysis clarified that the Ce atoms face the two fused

pentagons on the two poles of the D2(10611)-C72 cage.

Indeed, the 13C NMR signals of the fused pentagons are

strongly shifted with a decreasing temperature because of the

paramagnetic effects of the facing Ce atoms.

FIGURE 1. Optimized structure of [Ce@C2v-C82]-.

Endohedral Metal Atoms in Fullerene Cages Yamada et al.

94 ACCOUNTS OF CHEMICAL RESEARCH 92-102 January 2010 Vol. 43, No. 1



A D3h(5)-C78 cage also encapsulates two Ce atoms inside

to form Ce2@D3h(5)-C78.34 All carbon chemical shifts show

considerable temperature dependence originating from the

f-electron spins remaining on the Ce atoms. The paramag-

netic NMR shift analysis disclosed that the Ce atoms in

Ce2@D3h(5)-C78 are localized on the C3 axis of the ellipsoi-

dal cage. This result agrees well with the optimized structure

of La2@D3h(5)-C78 calculated using the DFT method (Figure

3b).

Particularly remarkable is the case of M2@Ih-C80, in which

the metal atoms circulate three-dimensionally. The circuit of

two La3+ cations produces a magnetic field at the positions of

La. In the 139La NMR study, this should be reflected in the

nuclear magnetic relaxation rate and, therefore, the line width.

Ordinarily, the interaction between nuclear spins and the

induced magnetic field (a spin-rotation interaction) does not

contribute significantly to the relaxation time in solution

because the molecular rotation is dominantly quenched by

neighbors. For La2@Ih-C80, however, the rotation of the La

atoms can be preserved because of the unique cage protec-

tion, so that the spin-rotation interaction has a drastic effect

on the relaxation process. The relaxation caused by the

spin-rotation interaction engenders an increase in line width

with increasing temperature. This is quite unlike relaxation of

other types. Actually, we observed large broadening of the
139La NMR line width with an increasing temperature from

305 to 363 K.35 That constituted the first experimental evi-

dence for the circular motion of metal atoms in a fullerene

cage. In addition, the 13C NMR spectrum of La2@Ih-C80

showed only two carbon signals with an intensity ratio of 3:1,

indicating delocalization of the two La atoms.36 The circula-

tion is also supported by theoretical studies. The electrostatic

potential map of Ih-C80
6- shows almost concentric circles with

no clear minima, reflecting the round cage structure.37 The

rotational barrier of the La atoms is calculated as 4.9 kcal/

mol. However, the detailed trajectory remains controversial.38,39

Similar circulation of metal atoms is also apparent in

Ce2@Ih-C80 (Figure 3c). The presence of only two signals with

a 3:1 intensity ratio in the 13C NMR spectrum of Ce2@Ih-C80

indicates that the Ce atoms circulate randomly, as La does in

SCHEME 1

Endohedral Metal Atoms in Fullerene Cages Yamada et al.

Vol. 43, No. 1 January 2010 92-102 ACCOUNTS OF CHEMICAL RESEARCH 95



La2@Ih-C80.40 The 13C NMR signals show very slight temper-

ature dependence compared to those of Ce2@D2(10611)-C72

and Ce2@D3h(5)-C78, despite the fact that two Ce atoms hav-

ing f electrons are inside as well. This observation results from

the three-dimensional circulation of the Ce atoms, which

causes delocalization of the f electrons, thereby reducing the

paramagnetic effects.

Very recently, we synthesized Ce2@D5h-C80, which is an

isomer of Ce2@Ih-C80 (Figure 3d).41 Paramagnetic NMR shift

analysis, together with theoretical calculations, revealed that

the Ce atoms circulate two-dimensionally along a band of 10

contiguous hexagons inside a D5h-C80 cage, which contrasts

sharply to the three-dimensional circulation of the Ce atoms

inside an Ih-C80 cage.

6. Functionalized Derivatives of
La2@D2(10611)-C72 and M2@D3h(5)-C78

A non-IPR fullerene La2@D2(10611)-C72 was modified using

a photolytic reaction with diazirine (Scheme 2).42 The addi-

tion of adamantylidene carbene to La2@D2(10611)-C72

occurred at the fused pentagons. Six isomers of La2@

D2(10611)-C72(Ad) were isolated and characterized, among

which the structures of the three most abundant isomers (des-

ignated as isomer B, isomer C, and isomer D) were elucidated

using X-ray crystallography (panels a-c of Figure 4). The

FIGURE 2. X-ray structures of functionalized derivatives of M@C2v-C82.

FIGURE 3. Optimized structures of (a) Ce2@D2(10611)-C72, (b)
La2@D3h(5)-C78, (c) Ce2@Ih-C80, and (d) Ce2@D5h-C80.
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hemisphere on which Ad is not attached seems to remain

unchanged in the three isomers, indicating that the addition

to a bond far from the [5,5]-bond junction has little effect on

the strong interaction between the metal atom and the fused

pentagon bond. It is particularly interesting that the La atoms

close to the Ad moieties in these isomers move from posi-

tions on the [5,5] bonds to the cavities of the broken penta-

gons. These results suggest that the breaking of a bond close

to the [5,5] junction affects the position of the adjacent metal

atoms.

By modifying the reaction condition, seven isomers of bis-

carbene adducts, La2@D2(10611)-C72(Ad)2, were synthesized

(Scheme 2). Among these, the structure of the most abundant

isomer was clarified using X-ray crystallography (Figure 4d).43

The La atoms are situated close to the cavities of the broken

pentagons. The La-La distance of 4.300 Å is longer than

those for the monoadducts (4.171-4.178 Å), which indicates

that the two open parts help to relieve the strong repulsion

between the two La cations.

Bis-silylation reaction of Ce2@D3h(5)-C78 proceeded smoothly

to form a single isomer of Ce2@D3h(5)-C78(Mes2Si)2CH2

(Scheme 2 and Figure 4e).34 The bis-silylated adduct results

from the 1,4-addition of the disilirane to the cage. The Ce

atoms are located at two positions directed toward the hex-

agonal ring at the C3 axis of the ellipsoidal cage, reflecting that

these positions are energetically the most stable. The consider-

SCHEME 2

FIGURE 4. X-ray structures of functionalized derivatives of La2@D2(10611)-C72 and M2@D3h(5)-C78.
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ably long Ce-Ce distance of 4.036 Å in Ce2@D3h(5)-
C78(Mes2Si)2CH2 results from the electrostatic repulsion

between the Ce atoms at the C3 axis, where the repulsion is

minimized. For the bis-silylated adduct, the observed carbon

signals show large temperature dependence, as compared to

the pristine Ce2@D3h(5)-C78 case, which indicates that the two

Ce atoms are more tightly localized in the bis-silylated adduct

than in pristine Ce2@D3h(5)-C78.

The addition reaction of La2@D3h(5)-C78 with adamantyl-

idene carbene afforded four isomers of the monoadduct

La2@D3h(5)-C78(Ad) (Scheme 2).44 The X-ray study shows that

one monoadduct has a [5,6] open structure with two La atoms

on the C3 axis of the cage with the La-La distance of 4.081

Å (Figure 4f). The metal positions are almost identical to those

in pristine La2@D3h(5)-C78,45 although the C-C bond on the

cage is cleaved by the reaction. In this respect, the C-C bond

cleavage far from the metal atoms has little effect on the

metal position.

7. Positional Control of the Metal Atoms in
M2@Ih-C80 by Exohedral Chemical
Functionalization
More drastic changes of the movements of the metal atoms

are observed in functionalized derivatives of M2@Ih-C80. The

bis-silylation of Ce2@Ih-C80 with disilirane took place quanti-

tatively to afford a single isomer of Ce2@Ih-C80(Mes2Si)2CH2,

which results from the 1,4-addition of the disilirane (Scheme

3).40 It is particularly interesting that the X-ray crystallographic

analysis of Ce2@Ih-C80(Mes2Si)2CH2 showed that the two Ce

atoms are localized at two positions directing the hexagonal

ring at the equator (Figure 5a). Additionally, six 13C signals are

highly shifted by decreasing temperatures from 303 to 253 K

in the 13C NMR measurements. This result is explainable by

the fact that each Ce atom is directed toward a hexagonal ring

at the equator of the cage, as revealed in the X-ray crystal

structure. The 13C signals of the sp3 carbon atoms on the cage

are not shifted considerably by the paramagnetic effects. This

report constitutes the first experimental evidence for control of

the motion of encapsulated atoms inside a fullerene cage. The

Ce-Ce distance of 3.829 Å in Ce2@Ih-C80(Mes2Si)2CH2 is

shorter than that in Ce2@D3h(5)-C78(Mes2Si)2CH2. However,

the average distance of 2.521 Å between the Ce atoms and

the nearest carbon atoms in Ce2@Ih-C80(Mes2Si)2CH2 differs

little from that of 2.510 Å in Ce2@D3h(5)-C78(Mes2Si)2CH2.

Subsequently, we synthesized bis-silylated derivatives of

La2@Ih-C80, La2@Ih-C80(Ar2Si)2CH2 (Ar ) Mes and Dep, Dep

) 2,6-diethylphenyl) (Scheme 3).36 The metal positions in

La2@Ih-C80(Dep2Si)2CH2 closely resemble those in

Ce2@Ih-C80(Mes2Si)2CH2 with the La-La distance of 3.792 Å,

despite the fact that substituents and metals mutually differ

(Figure 5b). The 139La NMR measurements taken at various

temperatures revealed the dynamic behavior of the encaged

La atoms inside the bis-silylated cage. We observed large

broadening of the 139La NMR line width with increasing tem-

perature from 183 to 308 K, as derived from the spin-
rotation relaxation. This observation indicates that the two La

atoms do not stand still but instead hop inside the bis-sily-

lated cage in solution. Because two Ce atoms in

Ce2@Ih-C80(Mes2Si)2CH2 have restricted movement, we con-

clude that the two La atoms in La2@Ih-C80(Ar2Si)2CH2 hop

two-dimensionally along the equator of the bis-silylated cage.

This hopping motion is supported by results of theoretical

studies that preceded the experimental observations.46 The

strong electron-donating character of the silyl group gives ca.

0.9 electron to the cage, where the electrostatic potential is

transformed.

The 1,3-dipolar cycloaddition of M2@Ih-C80 afforded [6,6]

and [5,6] adducts of endohedral pyrrolidinodimetallofullerene

M2@Ih-C80(CH2)2NTrt (M ) La and Ce) (Scheme 3).47,48 In par-

ticular, the structures of the [6,6]-La2@Ih-C80(CH2)2NTrt and

[6,6]-Ce2@Ih-C80(CH2)2NTrt were elucidated unambiguously

using X-ray crystallography (panels c and d of Figure 5). The

metal positions in the pyrrolidinodimetallofullerenes were

determined using paramagnetic NMR shift analyses. The two

metal atoms are fixed at slantwise positions on the mirror

plane in the [6,6]-pyrrolidinodimetallofullerenes, whereas the

metal atoms are collinear with the pyrrolidine ring in the [5,6]-

pyrrolidinodimetallofullerenes. The metal positions in [6,6]

and [5,6] adducts are explainable by the electrostatic poten-

tial maps inside the corresponding pyrrolidino cages. This find-

ing indicates that the metal positions can be controlled by the

SCHEME 3
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addition positions of the addends. The metal distance in [6,6]-

La2@Ih-C80(CH2)2NTrt (La-La ) 3.823 Å) is shorter than that

in [6,6]-Ce2@Ih-C80(CH2)2NTrt (Ce-Ce ) 3.900 Å).

Selective addition of the adamantylidene carbene to

M2@Ih-C80 occurs at the [6,6] bond junction with the bond

cleavage to afford the formation of the [6,6] open adduct,

M2@Ih-C80(Ad) (Scheme 3).49 Crystallographic data for

La2@Ih-C80(Ad) reveals that the two La atoms are collinear

with the spiro carbon of the adduct, unlike the three-dimen-

sional random motion in La2@Ih-C80 (Figure 5e). Furthermore,

the La-La distance is highly elongated to 4.031 Å, where-

as the calculated La-La distance in La2@Ih-C80 is 3.828 Å.39

The remarkable La-La elongation in La2@Ih-C80(Ad) results

from the expansion of the inner space of the cage caused by

the bond cleavage, which reduces the electrostatic repulsion

between the positively charged La atoms. The elongation

engenders the regulation of metal atoms from three-dimen-

sional movement to the restricted behavior. The unique La

positions were confirmed using DFT calculations. Paramag-

netic 13C NMR spectral analysis of Ce2@Ih-C80(Ad) indicates

that the Ce positions are also regulated at room temperature

in solution, as found for La2@Ih-C80(Ad).

We expect that controlling the movement of the atom in

the cage would be applicable for molecular electronic or mag-

netic devices, because the restricted movement of the posi-

tively charged metal atoms enhances anisotropic properties in

terms of the molecular electronic conductance and magnetic

moments. It is also noteworthy that these compounds are

potential photovoltaic materials, where the orientation of

metal atoms may contribute to the efficiencies of the carrier

transport.

In a related work, we synthesized a bis-silylated cluster-

fullerene, Sc3N@Ih-C80(Mes2Si)2CH2.50,51 The circular motion

of the Sc3N cluster is restricted by the exohedral addition. The

X-ray structure shows that the cluster is perpendicular to the

equatorial plane of the bis-silylated cage (Figure 5f), which is

in sharp contrast to the metal positions in bis-silylated

M2@Ih-C80. Restricted movements of encapsulated clusters

were also found for the carbene derivatives of Sc3C2@Ih-C80
52

and Sc2C2@C3v-C82.53 Dorn and co-workers reported X-ray

structures of [6,6] and [5,6] regioisomers of Sc3N@Ih-
C80(CH2)2NTrt.54 It is particularly interesting that the presence

of 15 sites for scandium atoms is observed in [6,6]-

Sc3N@Ih-C80(CH2)2NTrt. On the other hand, only two sets of

the cluster are observed in [5,6]-Sc3N@Ih-C80(CH2)2NTrt. The

cluster movement is not always consistent with that of metal

atoms in the corresponding functionalized dimetallofullerenes.

That inconsistency results from the difference in the electronic

structures and charge distributions of whole molecules

between clusterfullerenes and dimetallofullerenes.50 In addi-

FIGURE 5. X-ray structures of functionalized M2@Ih-C80 and Sc3N@Ih-C80.
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tion, the electrostatic interactions inside the cages differ. With

regard to dimetallofullerenes, two metal cations are not

bonded and are repulsive of each other. In contrast, clusters

have a complicated charge distribution. For that reason, it is

difficult to explain the positions of the clusters in cluster-

fullerenes using the electrostatic potential maps inside the

anionic cage.

8. Conclusions

Cationic metal atoms are localized at specific positions where

these atoms are stabilized. The metal positions can be pre-

dicted by calculating the electrostatic potential maps inside the

anionic cages because the metal-cage interaction is consid-

erably ionic. Paramagnetic NMR shift analysis is a powerful

method to identify the metal positions in EMFs experimen-

tally. Theoretical predictions are consistent with the experi-

mental results, even when the metal atom has additional f

electrons. With regard to dimetallofullerenes, electrostatic

repulsion between the metal atoms must be considered. The

metal atoms in dimetallofullerenes are located with the long-

est metal-metal distance, where the electrostatic repulsion is

minimized. A peculiar example is M2@Ih-C80, which has the

highest symmetry, where the metal atoms rotate three-dimen-

sionally. The electrostatic potential map of Ih-C80
6- shows

almost concentric circles with no clear minimum. Accordingly,

the nonstabilized metal atoms can execute dynamic move-

ment.

Chemical functionalization of EMFs can regulate metal posi-

tions and movements of the metal atoms. The metal positions

are affected by the addition of addends because the electronic

structure of the cage is altered. The positional change is con-

spicuous when the C-C bond on the cage is cleaved by the

reaction. In this case, the metal atoms tend to move to the

cleaved site, although in general, the positional change is not

extensive. A unique exception is the case of M2@Ih-C80.

Chemical functionalization of M2@Ih-C80 leads metal atoms

with three-dimensional movement into localization at spe-

cific positions. The metal positions in the functionalized

M2@Ih-C80 depend upon the addends, addition positions, and

addition forms. Calculation of the electrostatic potential map

is useful to predict the metal positions in the functionalized

cages. In addition, the electrostatic repulsion between the

metal atoms plays an important role in the metal positions.

Distances between the metal atoms in functionalized fullerene

cages depend upon not only the cage sizes and symmetries

but also the addends. The metal distance between the metal

atoms in the functionalized Ih-C80 cages is shorter than those

in the functionalized D3h(5)-C78 and D2(10611)-C72 cages.

Carbene addition strongly leads to elongation of the metal dis-

tance. The 1,3-dipolar cycloaddition also causes some elon-

gation effect. On the other hand, bis-silylation gives little

change of the metal distance. We believe that these system-

atic studies of the metal atoms in pristine and functionalized

EMFs will contribute to a comprehensive understanding of

EMFs and future fruitful applications.
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