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Abstract: Herein, we report the preparation, purification, and characterization of a mixed trimetallic nitride
endohedral metallofullerene, CeSc,N@Cso. Single-crystal X-ray diffraction shows that CeSc,N@Cgo consists
of a four-atom asymmetric top (CeSc:N) inside a Cgo (I5) carbon cage. Unlike the situation in most
endohedrals of the MsN@C;, type, the nitride ion is not located at the center of the carbon cage but is
offset by 0.36 A in order to accommodate the large Ce'" ion. The cage carbon atoms near the endohedral
Ce and Sc atoms exhibit significantly larger pyramidal angles than the other carbon atoms on the Cg
cage. Surprisingly, at ambient temperature, the 3C NMR spectrum exhibits isotropic motional averaging
yielding only two signals (3 to 1 intensity ratio) for the icosahedral Cgy cage carbons. At the same
temperature, the °Sc NMR exhibits a relatively narrow, symmetric signal (2700 Hz) with a small temperature-
dependent Curie shift. A rotation energy barrier (E, = 79 meV) was derived from the 4°Sc NMR line-width
analysis. Finally, the XPS spectrum for CeScoN@Cgo confirms a +3 oxidation state for cerium, Ce3*-
(4f'5d°).This oxidation state and the Curie shift are consistent with a weakly paramagnetic system with a
single buried f electron spin.

Introduction praseodymium, terbium, gadolinium, neodymium, lanthanum,

erbium, holmium, dysprosium, lutetium, thulium, samarium,
europium, and ytterbium have been encapsulated to yield a

mono- or dimetallofullerene species via the “tschmer-

Huffman electric-arc procegs%-18 In 1996, the cerium mono-

metallofullerene and di-metallofullerene, Ce@@énd Ce@ Cgo,

were synthesized by Yang and co-work&r§he UV—vis—

NIR absorption spectra and XPS patterns suggested that cerium
However, progress in exploring the structures and propertiesIn both Ce@, and Ce@Cso should be in the Ce oxidation

of endohedal metallofullerenes (EMFs) has been hampered by state, although earlieab initio calculation suggested that the

their low production yields and by purification difficulties. electr(imc stzrntl:';ure of Ce@eshould pe formaI.Iy described
Nevertheless, in the past two decades, scandium, cerium,as Cé* @G Recently, the magnetic properties of Ce@C

Since the beginning of fullerene chemistry, metal-containing
endohedral fullerenes have attracted particular interest since the
encapsulated metal atoms can impart unusual physical and
chemical propertiek.® Also, the metal can readily donate charge
to the cage which in certain cases stabilizes reactive empty cage
fullerenes, such as the IPR-obeying,C(IPR = isolated
pentagon rule) and the non-IPR obeying®fCand Gg cages’
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have been investigated by examining the magnetic field-induced Experimental Section

changes in the magnetic susceptibility of Ce@%€ The

Production of CeSeN@Cso. Graphite rods (0.25 in. diameter, 6

magnetic anisotropy of cerium endohedral metallofullerenes is in. length) were core-drilled and subsequently packed with a mixture
believed to be associated with the off-center geometry of the of graphite powder, $6s, CeQ, and FeN (x = 2 to 4). The weight

Cé*" ion in the cagé?®

In 1999, our laboratories reported the synthesis and charac
terization of novel trimetallic nitride template (TNT) endohedral
metallofullerenes in high yields, by introducing nitrogen gas
into the Kraschmer-Huffman generato#! Since this discovery,
many new members of this interesting family, e.gsN& Ggo
(A = Er21 Gd2223H0.24Tb,25 Dy,26 Tm 27 Lu,28 Y29 have been

ratio of the components in the mixture is C/8g/CeQ/FeN = 1.0:
0.33:0.41:0.40. K&l serves as a catalyst. These rods were then
vaporized in a Kitschmer-Huffman generator under a dynamic flow
of He and N (flow rate ratio of N/He = 3:100) with a total pressure
of ca. 300 Torr to obtain soot containing CeS@ Cso. The resulting
soot was then extracted with refluxing toluene for 20 h to obtain the
initial endohedral extract. A portion of the negative ion desorption

chemical ionization (NI-DCI) mass spectrum of the initial extract is

reported with the nitrogen atom located at the geometric centershown in the Supporting Information.

of the molecule. For example, the most common trimetallic
nitride, SGN@GCgo, can be formally viewed as a positively

charged planar tetra-atom cluster inside a negatively charged

icosahedral Ig) carbon cage, [SB]T8@[Cgg] ©.30¢31 Each
scandium atom transfers one electron to the nitrogen atom an
two electrons to the carbon cage which forms a stabilized closed
shell electronic structure fg ~©.3%In an earlied3C NMR study,
the existence of a second isomer ofsIS@Cgy (Dsn)32 was

d

Separation of CeSeN@Cso. The extract was applied to a glass
column (28 cmx 22 mm,h x d) packed with approximately 20 g of
cyclopentadiene-functionized Merrifield resin in toluene. Toluene was
flushed through by gravity feed (around 20 mL/h). The eluent was
further separated using two-stage HPLC approaches. First, the pent-

abromobenzyloxypropyl silica, 5PBB, column (25 cr 4.6 mm,

“Alltech Associates) was employed with toluene as the mobile phase.

The peak of CeS8@ Cgo from this 5PBB column was collected and
further separated with a 2-(1-pyrenyl)ethyl silica, 5SPYE column (25

established, and its structure was confirmed in a recent X-ray cm x 10 mm, Nacalai Tesque) using toluene as a mobile phase to

crystallographic stud§?® Also, other examples dDs, isomers
have been reported for Y@ Cgo,26 TMN@ Cgo,2” and a third
isomer of DgN@Cgo has been reported.Until now no X-ray
crystallographic structures have been reported for these case
In contrast to the homonuclearsM cluster, there is a paucity
of mixed metal cluster cases (AB) reported to date. A notable
exception is ErS&N@Cgp which has been characterized by a
single-crystal X-ray diffraction stud$?. Another series of mixed-
metal species of TNT-EMFs, Lu,AWNN@GCgo (x =1, 2; A=

Ho, Gd), were prepared in 2062 but these have not been

obtain the purified CeSbl@GCso sample. From five packed graphite
rods, approximately 3.0 mg of purified CeSi@Cso was obtained.
The NI-DCI mass spectrum and final HPLC trace are shown in Figure
la.

S UV —vis Spectrum of CeSeN@Cso. The spectra of CeSN@Cso

and SeN@GCs (Ir) dissolved in toluene were recorded on a Cary 50
UV —vis spectrophotometer (Varian, USA).

XPS of CeSeN@ Cgo. A CeSeN@ Cgo film was prepared on a gold
foil. To clean the gold surface, a small piece of gold foil was dipped
in acetone and dried inf\yas. Several drops of a concentrated solution
of CeSeN@GCg in carbon disulfide were transferred to the cleaned

isolated and characterized. With the exceptions noted above,gold foil, and the evaporation of the solvent left a uniform film of

most mixed-metal (ABN) based TNT-EMFs have not been
isolated in pure form because of difficulties in the separation
and purification process. We now report the first synthesis,
structure, and characterization of CelS@ Cgo.
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CeSeN@GCgo. The gold foil with the film on was heated at ca. 18D
in a vacuum line for 20 min. The XPS spectrum was recorded on a
Perkin-Elmer physical electronics model 5400 spectrometer.

NMR of CeSeN@Cg. The 125 MHz'3C NMR spectrum of
CeSeN@GCgoin CS/acetoneds (v/v 9:1) was recorded on a JEOL 500
MHz instrument. Chromium(lll) acetylacetonate (10 mg) was added
as a relaxation agent. The 121.5 MHZSc NMR spectrum of
CeSeN@GCyoin 1,2-dichlorobenzene at room temperature was recorded
on a JEOL 500 MHz instrument, and the 97.2 M#3c NMR spectra
at various temperatures were recorded on a Unity 400 MHz instrument.

Crystal Growth for CeScoN@CgeNi" (OEP)-2CsHs. Crystals of
CeSeN@GCsoNi'"(OEP)Y2CsHg were obtained by layering a solution
of ca. 0.7 mg of CeSBl@GCso in 0.5 mL of benzene over a solution of
Ni"(OEP) in benzene. After the two solutions diffused together over a
14 day period, black crystals formed.

X-ray Crystallography and Data Collection. The crystals were
removed from the glass tube in which they were grown together with
a small amount of mother liquor and immediately coated with a
hydrocarbon oil on the microscope slide. A suitable crystal was mounted
on a glass fiber with silicone grease and placed on the goniometer head
in the cold dinitrogen stream from a CRYO Industries low-temperature
apparatus at 90(2) K. The diffractometer was Bruker SMART Apex
with an Apex Il CCD and utilized Mo k& radiation. No decay was
observed in 50 duplicate frames at the end of data collection. Crystal
data are given below. The structure was solved by direct methods and
refined using all data (based &%) with the software of SHELXTL
5.1. A semiempirical method utilizing equivalents was employed to
correct for absorptioff Hydrogen atoms were added geometrically and
refined with a riding model.
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Acta Crystallogr., Sect. A995 A51, 33.
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Figure 1. (a) The HPLC chromatogram for the purified sample of

CeSeN@GCgo (5PYE column 10 mmx 250 mm, toluene as eluent at a
flow rate of 1.0 mL/min, detector set at 390 nm) and the inset shows the
NI-DCI mass spectrum of this sample. (b) 121.5 M3c NMR spectrum

of CeSeN@GCq in 1,2-dichlorobenzene (25C, 140,000 scans) and 125
MHz 13C NMR spectrum of CeSbl@GCgo in CS/acetoneds (v/v 9:1) (25

°C, Cr(aca® added, 21,000 scans). (c) Comparison of the g

absorption spectra of Ce®b@Cgo (deep blue) and SB@Cso(ln) (pink)
in toluene.

Crystal Data for CeSGN@Cgo'Ni" (OEP)-2CeHe: Ci2gH56CENs-
NiSc,, fw, 1952.51; black parallelepiped; crystal size, 04®.07 x
0.04 mn¥; monoclinic; space groupG2/c; a = 25.3588(6) A,b =
14.9668(3) Ac = 39.4062(9) A = 95.315(23, V = 14891.9(6) &,
(Mo Ka), 0.71073 A;Z = 8, dcaica = 1.742 Mg/n¥; u(Mo Ka) =
1.096 mnTY; 20max= 30.5T; T, 90(2) K; 120 547 refl. collected, 22 723
[R(int) = 0.0906] included in the refinement; 1242 parameters, no
restraintswR, = 0.117 for all data; convention&, = 0.044 computed
for 13 837 observed data with> 2o().

Results and Discussion

Synthesis of the CgSa_xN@Csgp (x = 0, 1) Family and
Isolation of CeSeN@Csgo. The vaporization of graphite rods
packed with a mixture of $0s; CeQ, FeaN, and graphite
powder was conducted in a Ksghmer-Huffman fullerene
generator under a dynamic flow of helium and nitrogen gas,

producing a black soot as shown in Scheme 1 and described in

the Experimental Section. In contrast with the earlier reported
EnScG-xN@GCso (X 0—3) family,?* no significant peaks
corresponding to G&cN@Gp and CeN@GCgo were observed
in the NI-DCI mass spectrum. This is probably related to the

8886 J. AM. CHEM. SOC. = VOL. 128, NO. 27, 2006

Scheme 1

arc-discharge

CeO2 + Sc903 + Cyraphite
Ny / He

CeScaN@Cgq (Iy)

greater lanthanide ion contraction for an erbium ion relative to
a cerium ion (ionic radii: B, 103 pm vs C&", 115 pm)¥’
Recently, we reported a new purification protocol to obtain pure
TNT EMFs, AAN@GCgp (A = lanthanide atom) directly from
crude soots in a single, facile step based on the greater kinetic
stablility of the TNT-EMFs relative to empty-cage fullerenes
and classic EMFs, such as@GC,y (x = 1-3,y = 30—50)38
Utilizing this method, the CeSN@GCso sample was isolated
from the mixture. Final purification involved a two-stage, high-
performance liquid chromatographic (HPLC) separation with
the final HPLC trace and NI-DCI mass spectrum shown in
Figure 1a.

Electronic Structure of CeSeN@Cgy. A. UV-—visible
Spectroscopy.A comparison of the UVvisible absorption
spectra for CeSN@GCso and SeN@ Cgp metallofullerenes is
illustrated in Figure 1c. Both molecules show similar absorption
spectra. The Ceah@GCgp UV—vis spectrum is similar to
Cex@Cgo,1%? which also exhibits a monotonically decreasing
absorption coefficient with increasing wavelength without well-
defined sharp spectral features. Generally, the-Wig spectrum
of a metallofullerene depends on the cage structure (size and
symmetry) as well as the charge on the cage. The similarities
of these U\~vis spectra suggest that S&@CGs and
CeSeN@GCg possess the same cluster charge transferl@and
cage structure. These results, together with!8@=NMR and
XPS data described below, suggest that GR82Cso can be
formally represented by [Ce@d]"6@[Cgg] ~° which is similar
to the formal charges found for $¢@ Cge?! and Ce@ Cgol®P

B. XPS.The XPS binding energies for the Ce 3d core levels
of CeSeN@GCgp are shown in Figure 2. The Ce region of the
spectrum is quite similar to those of Ce@@nd Ce@ Cgp with
the two prominent features for the dand 3d, levels. The
binding energy of these two peaks (884.0 eV foy3anhd 902.6
eV for 3dyp) indicates the absence of €ein CeSeN@ Cgo,
since Cé" has a characteristic 3d peak at a binding energy of
approximately 914 eV arising from a transition from the initial
state 3d%f° to the final state 340,160 Furthermore, the location
and shape of the Ce (3d) peaks in the XPS spectrum of
CeSeN@Cgo are quite similar to those of cerium trihalidés,
suggesting that the Ce atom encaged égi€in the form of a
Ce*" ion. The carbon, scandium, and nitrogen binding energies
are also consistent with those found forslS@Cs?* and are
illustrated in the Supporting Information.

NMR Studies of CeSeN@Cgo. A. 13C NMR. The ambient
temperaturé®Sc and'3C NMR spectra are shown in Figure 1b
and related data are given in Table 1. & NMR spectrum
of CeSeN@ Gy consists of two sharp signals in a 3/1 intensity
ratio and is similar to those of d@Cgo (In isomer)?!
LusN@GCgo (In isomer)28 and Ce@Cgo.° It is surprising that

(37) Enghag, P.Encyclopedia of the Elements: Technical Data, History,
Processing, ApplicationdViley-VCH: Weinheim, 2004; pp 386, 418.

(38) Ge, Z.; Duchamp, J. C.; Cai, T.; Gibson, H. W.; Dorn, HICAm. Chem.
Soc.2005 127, 16292-16298.

(39) Suzuki, S.; Ishii, T.; Sagawa, Physica Fennical974 9, 310-312.
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Figure 2. XPS spectrum of CeSN@Cgo 0n a gold foil in the core level 120 ' 260 ' 100ippm

region of Ce (3d). The colored lines are fitting curves of the spectral peaks.

Table 1. Comparison of Chemical Shifts in’3C NMR Spectra of
Several Endohedral Metallofullerenes

metallofullerene 3C NMR chemical shifts (ppm)

SeN@Ceo(In)?! 144.57 137.24
LusN@ Cao(1n)28 144.0 137.4
CeSeN@Cso 142.85 135.90
Ce@Cg*® 148.6 124.7

at ambient temperature thegdCcage carbon atoms are still
isotropically motionally averaged yielding only two unique
resonances even with the CeSacentric top inside. These data
and the**Sc NMR data below suggest a relatively small energy
barrier for rotation of the CeSN cluster inside the carbon cage.
The buried f electron spin of the E&4f'5d°) ion produces only
relatively minor effects on thEC NMR spectrum. For example,
the only chemical shift difference between Cd$@ Cg and
SaN@GCy is a subtle upfield shift of approximately 1.5 ppm
for both of the13C signals of CeSIN@GCgo. In contrast, a
somewhat larger'3C NMR shift range was reported for
Cex@GCgg*® which utilizes the same icosahedral cageo(C but
contains two encapsulated €dons.

B. 4°Sc NMR. The dynamic behavior of the Sc atoms
encapsulated in carbon cages is conveniently monitoré@duy
NMR. In a fashion similar to that of the data reported for the
Se@GCg4 isomer (I and SeN@GCgo (I1),2t the 45Sc NMR
spectrum for CeSON@GCso (Figure 1b) exhibits a single,

Figure 3. 97.2 MHZSc solution NMR spectra of Ce@¢@GCgo in 1,2-
dichlorobenzene (bf) at various temperatures ands8@ Cgo (In) in 1,2-
dichlorobenzene (a) at 313 K.

that probably originates from the buried f electron spin
remaining on the Ce(4f15d0) ion. As illustrated in Figure 3, a
temperature increase from 313 K to 383 K yields an upfield
shift in the resonance frequency of tH&Sc signal from
approximately 257.3 to 235.7 ppm (relative to external gcCl
As shown in the equation below, the chemical shifts of
paramagnetic molecules in solution are generally composed of
three contributions from diamagnetidq(z), Fermi contactdc),

and pseudocontacdyy) shifts??

0 = Ogig T Og + Ope

The paramagnetic termy; is proportional toT—* while dpc

is proportional toT~2 (T = absolute temperature). Since the
diamagnetic model molecule, [CeSkd G| ", was not avail-
able, the chemical shift of @ Cgp was employed as the value
of dgia in this case. The line-fitting plots o vs T-1 (see
Supporting Information) showed the extrapolated valugat
=0, 134.6 ppm, is quite different from the observed scandium
chemical shift of 196.4 ppm for SN@Cgo,2* while the value
extrapolated by the line-fitting plot witfi=2 (see Supporting
Information) atT-2 = 0, 189.9 ppm, is in reasonable agreement
with the observed scandium shift of 8@ Cgo. Assuming our

symmetric peak at room temperature. Furthermore, when thediamagnetic reference is appropriate, these results suggest that

temperature is raised from 313 K to 383 K, tif€c NMR line
width decreases from¥2700 Hz to~1370 Hz (Figure 3). These

the pseudocontacd) term dominates the chemical shift in a
fashion similar to the situation reported for Ce@€ A

results suggest that the internal motion provides the samedominant Fermi contact interaction is also less likely, because
average electronic environment for the two Sc atoms in the it would only be possible via spin polarization transfer from

CeSeN cluster. With the assumption that the correlation time
can be expressed lig = &, expEL/KT),* wherely is a constant

Ce to the Sc nucleus through the-€é and N-Sc bonds.
Structure of CeSeN@Cgp as Determined by Single Crystal

and E, represents a rotation energy barrier, the line widths at X-ray Diffraction. As previously showid}22:354447 cocrystal-
different temperatures can be plotted to yield activation energy, lization of endohedral fullerenes with' NOEP) (M= Ni, Co;

Ea= 79+ 6 meV for the rotation energy barrier of CeN@ Cgso

OEP is the dianion of octaethylporphyrin) is a useful method

in 1,2-dichlorobenzene. This energy barrier is the same as thatto obtain diffraction quality crystals, since most endohedral

of SGN@GCgo I isomer (75+ 8 meV in 1,2-dichlorobenzene;
see Supporting Information) within the experimental error.

metallofullerenes themselves do not readily crystallize in an
ordered fashion. Suitable crystals were obtained by diffusion

However, it should be noted that this energy barrier is modulated of a benzene solution of NIOEP) into a solution of CeaN@ Cgo

by not only the internal motion of the endohedral cluster but
also the overall rotational motion of the carbon cage.
The*Sc NMR chemical shift§) of CeSeN@ Cgo exhibits a

temperature-dependent Curie upfield chemical shift temperature

(40) Yamada, M. et al. Am. Chem. So@005 127, 14570-14571.
(41) Miyake, Y.; Suzuki, S.; Kojima, Y.; Kikuchi, K.; Kobayashi, K.; Maniwa,
Y.; Fischer, K.J. Phys. Chem1996 100, 9579-9581.

in benzene owea 2 week period. Black crystals with the
composition CeSIN@ Cgo*Ni'' (OEP)2C¢Hg were obtained and
characterized by X-ray diffraction. Figure 4 shows a drawing

(42) Bleaney, BJ. Magn. Reson1972 8, 91-100

(43) Yamada, M.; Wakahara, T.; Lian, Y.; Tsuchiya, T.; Akasaka, T.; Waelchli,
M.; Mizorogi, M.; Nagase, S.; Kadish, K. Ml. Am. Chem. Soc2006
128 1400-1401
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(3) in SGN@GCss.® Note that the cage size is reduced in the
latter two endohedrals and yet the-S9¢ distances are still
longer than those in Ce@¢@ Cgo Where the large cerium ion
acts to compress the two SbBl bonds. Also notice that in
ErSeN@GCso the Se-N distance, 1.968(6) A, is longer than the
Sc—N distances in CeSh@GCso, While the E-N distance,
2.089(9) A, is shorter than the €&\ distance. The large size
of the cerium ion also pushes N1 0.36 A away from the center
of the Ggo cage and toward the two scandium ions.

Figure 5 shows the locations of the metal ions relative to the
cage. The figure consists of projections of the metal ions onto
the least squares planes of the carbon atoms as viewed from
the inside of the cage. The cerium ion is positioned above the
center of a hexagon. In contrast the scandium ions are located
near 6:5 ring junctions with a displacement toward the hexagon.
The metal ion placement differs from that seen in ERN&@ Cgo
o where all the metal ions lie over carbon atoms at the intersection
Figure 4. A perspective view of the relative orientations of C&$@ Cgo of two hexagons and one pentagbn.
and NI'(OEP) within crystalline CeSb@CeoNi''(OEP)2CeH. Thermal Consideration of the pyramidalization of the carbon atoms
ellipsoids are shown at the 50% level. . .

in the Gyo cage as measured Igy** (0, for graphite= 0°; 6,
for Cgo = 11.€) reveals that the adjacent metal ions inside and
outside the cage exert a measurable effect on the cage structure
of CeSeN@ Cgo. Figure 6 shows a plot df, for all of the cage
carbon atoms in CegN@ Cgy*Ni''(OEP)Y2CsHs. In thel, Cgo

of the endohedral and its relationship to the porphyrin. Both of
these molecules reside in general positions and have no
crystallographically imposed symmetry. In addition there is a

molecule of benzene in a general position and two others at
cage, there are two types of carbon atoms: 60 (show as squares

half occupancy, each located on a two-fold axis. - 6 ¢ of i hile 20 oth h
Endohedrals that are cocrystallized with metalloporphyrins In Figure ) are part of pentagons, whtie 20 others (shown as
circles) do not reside in pentagons but are located at the

can show some degree of disorder in either the cage orientation,
inthe location ofthe metal ionsinside the cage, or Bb#280.35.46.47 confluence of three hexagons. The carbon atoms that are part

However, in CeSN@ CGgorNi'' (OEP)2CeHs, the fullerene cage of pﬁntagonsfklﬁve aﬂ avera@ﬁorf] 9.92(6), while thcgs:zatzthe
and the CeSN unit are bothfully ordered The Gy unit has confluence of three hexagons have an averigef 8.82(2].

thely isomeric structure, which is generally the more abundant In calt(r:]ulatm? lthes? averagesthwe havet ?m'tted c?rbt())rt]hatoms
of the two cage isomerdy(and Dsh) so far observed in £ nearthe metal centers since these metal 1ons perturb the cage

containing endohedrals. Inside the cage, the two scandium ionsgeometry. Thus, the four carbon atoms (C17, C37, C44, and

are situated in close proximity to the metalloporphyrin, while C64) nearest to scandium gtoms W'th_@ d!sta.nces in the
the cerium ion is located on the far side of the cage. The-Sc2 range 2.342.39 A have the highest pyramidalization and appear

N—Sclangle is 116.87(12)and the Sc2N—Ce and ScN— as deep pink squares in Figure 6. The six carbon atoms that
Ce angles are 121.67(f1z)nd 121.45(1F) respectively. The surround the cerium ion also have elevated values: these are
CeSeN unit is planar, since the sum of these three angles about,[sﬁclwn 'nzblslfé glgsc/)&t?e four cart;otrk]] atomsé_deep_ pink C'I:(.:tlﬁs)
the central nitrogen is 359.99Previous studies have shown Ia a;red ’ | ) of _Ir_cr:m o?he 0 tte scaln "IJm lons ex th ¢
that the trimetallic nitride cluster is planar in the cases of elevated vajues ofip. 1hus, the patiern clearly eémerges tha

the carbon atoms near internal metal ions show enhanced
SeN@Cso 2t ErSeN@GCs0,*> SGN@Crg,*” SeN@Cee,*® and o
LusN@GCao2® although the cage sizes and geometries vary pyramidalization. In contrast, the carbon atom (C46) nearest

significantly in these TNT endohedral fullerenes. In contrast, the external nickel ion in the porphyrin shows a reduﬁgd
due to the large size of Gd(lll), the G unit in GN@ Cao, 22 value of 8.3 when compared to other carbon atoms like it that

is pyramidal with the nitrogen atom displaced by 0.522(8) A a_rte Fflrt of pentagorlﬁ. Thls"obzervzztlon d'ShC%nS:Stfm tW'th 't[Eet
from the plane of the three gadolinium ions. situation seen in another well-ordered endohedral structure, tha

As might be expected on the basis of ionic radii, the-Gle of the Dy isomer of SeN@ G Ni(OEP) 2benzene, where again

distance, 2.184(2) A, in CeS¥@GCeo is considerably longer the carbon atoms nearest the nickel ion are slightly flaited.
than the SctN and Sc2-N distances, 1.942(2) and 1.933(2) cgnclusions

A, respectively. For comparison the-Shl distances are longer

in related endohedrals: 1.9931(14), 2.0323(16), and 2.0526- In summary, CeSN@GCs, a TNT endohedral metallo-
(14) A in thel, isomer of SeN@Ggg;2t 1.988(7), 1.983(15), fullerene with a nitrogen atom offset from its center and buried
and 2.125(5) in SN@Cyg*” and 1.961(4), 1.974(4), and 2.022-  f electron spin, has been synthesized and isolated in high purity.
The purified CeSIN@GCso has been characterized by mass
(44) Haddon, R. C.; Raghavachari, K. BuckminsterfullerenesBillups, W. spectrometry,lSC and45Sc NMR spectroscopy, UVvis spec-

E.; Ciufolini, M. A., Eds.; VCH: New York, 1993; Chapter 7. K .
(45) Reich, A.; Panthofer, M.; Modrow, H.; Wedig, U.; JansenMAm. Chem. troscopy, XPS spectroscopy, and a single-crystal X-ray diffrac-

Soc 2004 126, 14428-14434. i i i ejBt@ <Ni
(46) Olmstead, M. M.; Lee, H. M.; Duchamp, J. C.; Stevenson, S.; Marciu, D.; tion StUdy Olf the cocrystalllzed SOIId’ C Ceo N,I(,OEP)
Dorn, H. C.; Balch, A. LAngew. Chem., Int. E©003 42, 900-902. 2CsHe. The13C NMR spectrum of CeSBl@ Ggo exhibits two

(47) Olmstead, M. M.; de Bettencourt-Dias, A.; Duchamp, J. C.; Stevenson, S.; |; ; -1 i i io indicati
Marciu. D.: Dorn. H. C.. Balch, A. LAngew. Chem. Int. E@OOL 40, lines with a 3:1 intensity ratio, indicating that thgsCage has

1223-1225. In symmetry. The similarities of U¥vis spectra between
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c25 C24

C63 c18

Figure 5. Drawings that show the positions of the metal ions with respect to the adjacent walls gf g€ in CeSIN@ Cso*Ni"' (OEP)2CsHs. The metal
ions are projected onto the least-squares planes of the sets of carbon atoms shown as seen from the inside of the cage.

20 - is nearly the same as that of B Cgo (75 meV) within the

] s’ experimental error range. Also, the temperature-deperié@ot
18'_ NMR study reveals the paramagnetic nature of GN&2Cso.
16 - The crystallographic characterization indicates the structure of
C 14l c17 C37 caq ce4 CeSeN@GCg consists of a planar Ce@¢ unit surrounded by
. . a an icosahedral § cage. The cerium ion within the cage is
£ 1?7 N ea positioned below the center of a hexagon, while the scandium
§ 10w i o™ R TR O "aal K "h =" ions are located near 6:5 ring junctions with displacements
© oo S O't; - 'O'O - .o Pololel ol toward the hexagons. Due to the large size of the Ce ion, the N
E 3" a2 A1 C46 atom is pushed 0.36 A away from the central position toward
E 61w A2 the two scandium ions, which makes the compressedNSc
E 4] ™ A3 bond lengths even shorter than those iRNG@ Css (1.942(2)
| e Bt and 1.933(2) in CeShl@GCgo vs 1.961(4), 1.974(4), and 2.022-
24 g gg , (3) in SeN@GCsg).
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Figure 6. Pyramidalization angle#, for the carbon atoms in CeS¢@ Ceo. DMR-0507083 to H.C.D. and CHE-0413857 to A.L.B.) for

The 60 carbon atoms that are part of pentagons are shown as squares, Wh”%upport. Also, we acknowledge support from National Institute
the 20 others that do not reside in pentagons are shown as circles. Carbon

atoms nearest internal metal atoms are colored (deep pink for the atomsOf Health [1R01-CA119371-01 (H.C.D.)].
near a scandium ion, blue for atoms near a cerium atom), and the remaining  Sypporting Information Available: Complete refs 21 and 40,

carbon atoms are represented by black symbols. A1 and B1, carbon atom . :
with no close contact with metal atoms inside the cage; A2, carbon atomsSHF)LC j[races of the extracts before and after chemical separation,
in pentagons near Ce; A3, carbon atoms in pentagons near Sc; B2, carbor® Portion of NI-DCI mass spectrum of the extracts, XPS

atoms not in pentagons near Ce; B3, carbon atoms not in pentagons neaspectrum of CeSN@GCyo in the core level regions of Sc, N,
Sc. and C, 121.5 MHZ°Sc NMR spectra of SN@Cg(lp) in 1,2-

CoSaNBGn SNGGn e Ca0C sugest tht e SETershenzeneat o eperatues, ine g pts o
CeSeN@GCgo can be formally represented by [C8c! ;N @ !

[Csd 8. The XPS pattern of the Ce 3d core level in C&8@ Gy lerlay crystallographl'c data fllg sin CIF'format for CeR@Gerr .
S - . . Ni'"(OEP)Y2CsHs. This material is available free of charge via
indicates at3 valence state of cerium. The internal motion of

the trimetallic nitride cluster was demonstrated*fgc NMR. the Intemnet at http://pubs.acs.org.
The rotation activation barrier is approximately 79 meV, which JA061434I
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