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Endohedral metallofullerenes (fullerenes encapsulating metal atoms inside the hollow spherical cages)
have long attracted wide interest because of the promising material, catalytic, and biomedical applications. The
electronic properties and reactivities of endohedral metallofullerenes have been extensively investigated both

 theoretically and experimentally. It is currently the focus of interest to determine the cage structures and metal
positions, since these are fundamental in the investigation and application of endohedral metallofullerenes.

In this thesis, she has disclosed (1) the cage structures df the representative trimetallofullerene Sc3Cg, and
dimetallofullerene Sc,Cg, (2) the metal positions for Ce@Cg,, Eu@Cs, and Gd@Cs,, (3) how the
encapsulation of La, and ScsN inside Cgy tunes the reactivities of the Cgg cage, and (4) how the rotational
motion of La, and Sc3N inside Cg is controllable by exohedral chemical functionalization, by using density
functional calculations in collaboration with experiment.

(1) It is widely accepted that the maximum entropy method (MEM)/Rietveld analysis of synchrotron X-ray
powder diffraction data is powerful for structural determination of endohedral metallofullerenes. Since the first
application to Y@Csg,, the structures of many representative metallofullerenes have been determined and
feported by the MEM/Rietveld method. For example, the MEM/Rietveld analysis of Sc;Cg, shows that three
Sc atoms are encapsulated inside a C3y isomer of Cg, as a trimer. However, this Sc;@Cs, structure does not
correspond to an energy minimum. From density functional calculations and 3C NMR data, it has been
disclosed that the cage structure of Sc;Cs; originates from the 4, isomer of Cgy (not from the Cs, isomer of Cgy)
and two C atoms as well as three Sc atoms are encaged inside the Cg, fullerene, the Sc;C@Cey structure being

. much more stable than the Sc;@Cs; structure determined by the MEM/Rietveld analysis. This noticeable
finding has been corroborated by the single-crystal X-ray diffraction analysis of a carbene derivative of
Sc3Co@Cso. The carbide metallofullerene, Sc;C,@Csy, is noteworthy since the number of encapsulated atoms
is the largest known up to now. As another interesting example, it has been disclosed that Sc,Cgq takes the form
of S¢,C,@Cg, though Sc,Cgq has been believed to have the form of Sc,@Cs4 from the MEM/Rietveld ahalysis.
These results suggest that the structures of endohedral metallofullerenes determined by the MEM/Rietveld

“analysis are not always reliable enough, though the determined structurés have been widely employed to
explain the electronic properties and reactivities as well as spectroscopic data.

(2) Since the first successful extraction of La@Cg, M@Cs, (M = Sc, Y, and La) has been known as a
typical monometallofullerene. The M atom is mostly encapsulated inside the C,, cage of Cg; and located at an
off-centered position near a hexagonal ring along the C, axis. From the MEM/Rietveld analysis, however, it
has been very recently claimed that Eu@Csg, and Gd@Cs; have exceptionally an anomalous endohedral
structure since the metal atom having felectrons is located near the C-C double bond on the opposite side of the
C2-Cg, cage along the C, axis. To provide theoretical insight to this exception, density functional calculations
were performed for Eu@Cs, and Gd@Cs, as well as Ce@Cyg. For all these metallofullerenes, it was found that



the metal positions near the C-C double bond on the opposite side are highly unstable and do not correspond to
energy minima, as also supported from the analysis of electrostatic potentials. The Eu, Gd, and Ce atoms move
without any barrier to the positions near the hexagonal ring. The metal positions near the hexagonal ring are 30,
52, and 50 keal/mol more stable for Eu@Cs,, Gd@Cs,, and Ce@C, respectively, than those near the C-C
double bond. ‘These results suggeét that Eu@Cg, Gd@Cs,, and Ce@Csg, have a normal endohedral s&uctllre,
as found for M@Cs, (M =Sc, Y, and La). In collaboration with experiment, the normal structure of Ce@Cs,
has been verified from the paramagnetic NMR spectral analysis of the anion.

(3) Both Lay@Csg and ScsN@Cgp have the same carbon cage that originates from the J, isomer of Cg; and
the electronic structures are formally described as (Laz)“CsQG' and (Sc;N) (’*Cm‘s" as a result of six-electron
transfer to the Cyg cage. .However,. ScsN@Ceo has a much higher LUMO level than Lay@Cgy. The LUMO of
ScaN@Chg is delocalized not only on the ScsN cation but also on the Cgg anion, while the LUMO of Lay@Cg is
localized on the La cation and more suitable as an electron accommodation. These suggest that La,@Cs is _
rﬁore feactive toward nucleophiles than ScsN@Cg. In fact, the different reactivities of La,@Cgand
ScsN@Cso have been verified for the reactions with disilirane. As this example shows, it is interesting that the
reactivities of metallofullerenes are tunable by encapsulated species.

(4) For Lay@Cg and ScsN@Csy, it is known that the two La atoms and the Sc;N cluster rotate freely inside
the round /;-Cgy cage at room temperature. By density functional calculations, however, it was found that the
two La atoms stand still at a specific position upon the exohedral chemical functionalization of Lay@Cgy by
azomethine ylides, while the three-dimensional random motion of the Sc;N cluster in Sc;N@Cp is fixed in the
plane perpendicular to the equator by attaching electron-donating molecules such as disilirane. These
theoretical findings have been recently confirmed by experiment. Control of motion of encapsulated species
within a hollow cage is expected to be helpful in designing molecular devices with unique electronic or
magnetic properties.
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MERZHREARB LIV I v I/FIRY L LTOERERCEE~OFARESFE»
LEHEENTBY., R RHEXERCEBEA TS, L2L, 4BREYS-VUHED
EML 2 FHECHETIORREERBERTAREREDR+HTHE, £k, HFF
RAZEOERBCHEEEHIC L OBELAEETHY . NAShELBRTOME L EEE
BoOHBSFICHEL 2, AHEZER. 2RNATS— LU ONTHELLEESIC L 5H
B SOWTEERBERBCIZ2ERHAECIVENNCHREL, ERINV—-TF L O*RAFE
TCEOEHIZEIL TV, BHENWERIRE AL 200KERF—vIKOVWTHLL Bk
EhTwa,

(1) @BRATS— L OfE, SBREATS—L Uik, ARERSARVEDIC, BATY
FEE—EE Y — bR KERZHA DR R X BEERTRBARFHRYE LTEL S
ANDOENTNDS, TOHEN YCu, DIEERRIT~F D CHEA SN TLLME, ScCy. LaCsy. EuCs,,
GdCqgy. ScyCesv Sc3Cssn LayCgoy Sc3Csay Sc2C2Css. Y2CoCo R EDODREFEHNREBNEB S — 1L
VOMERBRESN TV D, Bl%IF Sc,Cy PNEMBEIX3EO Sc HFX C7F—LVicA
BEINT Sc;@C(@IX Sc: DREVERT)ITHEEBEEISNTBY . FoOMBECE S By
KT —FRHERBRENTE, LHAL, FHEHFIX, ScsCar X 3BDO ScRFET TR 2
BOCETH Co 75— L icia (ABbETEELNA) SN Se;C@Ce ThB L2 HE
BREE LD BV Ui, & & 12 B3R X SARAT 2 NMRAZHT CHE R E STV B ScyCy EuC
GdCy, PRABEDELL RV L2 ERHICAVELE, ThbDERTFRHOELVLE & %
ERS N~ T L DERABETRIICEEL &, |
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DEBFCL>THHTELIZLZHALMIRLE, B2 Lay@Cso & ScsN@Cso 1XR U R FE 7 —
URELEMOA((La)’TCo® & (SN FCe® ) 2 b oM, MIFRELEFLIVLE DD THEN
REMERTIL2BRAOCTAL, ERIIV—FLERALTETELE, S50, La,@Cho®
Se;N@Coo PHALRITZET Cou NHZMEZRTNCHABEEL TWER [LRESHICDL S
WESTFOETHEMHLEFRAEBICHNMABORVWC LT, NEALERBEDMEK
HLEESEEY, BRO_REEGBICHBCTE I L2 AHEERRVELE,
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