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Abstract: The ErRSG-nN@GCso (n = 0—3) family of four endohedral fullerenes has been prepared by
vaporization of graphite rods packed with 2%Gg3% ErO3/95% graphite powder in a Kischmer-Huffman
fullerene generator under dynamic flow of helium and dinitrogen. B@&Cso has been isolated in pure form

via three stages of high-pressure liquid chromatography and characterized by mass spectrometry. The first
structure of a mixed metal endohedral, EA$@ Cso, has been determined by single-crystal X-ray diffraction

at 90 K on ErSeN@GCgoCo'(OEP)1.5GHg-0.3CHCB, which was obtained by diffusion of a solution of
ErSeN@GCgp in benzene into a solution of @@EP) (OEP is the dianion of octaethylporphyrin) in chloroform.
The structure of ErSN@GCgo consists of a planar Er@dé unit surrounded by an icosahedralp@age. The
nominal EFN distance is 2.089(9) A and the SN distance is, as expected, shorter, 1.968(6) A. Despite its
location within the Gy cage, the ErS&N unit displays a remarkable degree of order within the solid-state
structure. The metal ions make close contact with individual carbon atoms of the cage with shori€st Sc
distances, in the range of 2:62.12 A, and shortest EiC distances of 2.20 and 2.22 A. Two different, but
equally populated, orientations of theQso cage were required to describe the fullerene portion of the structure.
Although these g cages are located on a crystallographic mirror plane, that plane does not coincide with a
mirror plane of the cages themselves. Consequently, the cage is disordered over four superimposed sites.

Introduction Recently the preparation of the novel endohedralN&2Cgo,
. . . o which contains the planar tetra-atomiczScunit within the

The original recognitiohof the unique stability of @ was fierene cage has been reporfédThis novel endohedral is
rapidly followed by news that metal ions could be incorporated ¢4 by conducting the normal KezhmerHuffman arc

'TO tZe r::e;tr?lf plcl)rtlon of fullﬁrenechgj to produce a family f,erene preparation with scandium oxide-doped graphite rods
of endonedral Tullerénes such as Laf@irlowever, progress - i, 5 gynamic atmosphere that contains dinitrogen in addition

in_exploring the chemical and physical properties of the to helium. This process, the trimetallic nitride template (TNT)

er\dohgdral fullerenes has been slowed by three factors: the IOWmethod, produces S@Gso in an abundance which exceeds
yields in which most endohedrals are produced, the frequent

. - o that of Gss, the most prevalent of the fullerenes with masses
low solubility of the endohedrals, and the air sensitivity of some reater than &, and makes macroscopic quantities of\6@Ceo
of these species. Nevertheless, many endohedrals have _t_)ee Vailable for chemical and physical characterizationNg&®Gao
detected with one, two, or three atoms, generally electropositive h

metal atoms, incorporated within the carbon cages, which range as been characterized B , N , and*Sc NMR speciros-
N ’ ’ , UVvi I , an ingle-cr | X-r
in size from U@Gg® to Lag@Cy0s and beyond. Two recent copy, UVIVis spectroscopy, and by a single-crysta &y

: - ; diffraction study of the cocrystallized solid, $6@CgorC0'-
reviews of the field are availabfe (OEP)0.5GHg+1.5CHCE (OEP is the dianion of octaethylpor-
phyrin)210.11 Although the crystallographic work revealed the
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Characterization of ErSIN@ Go

location of the SgN unit within the fullerene cage, residual

electron density in the vicinity of the cage indicated that one or
more alternative cage orientations were present, but this aspect

of disorder was unresolved.
The empty-cage fullerenesggalong with G4 and G, have

been considered as “missing fullerenes” because of their low

abundances in raw fullerenes soot and/or in raw soot ex{fact.
Seven isomeric structures of thgg€age [with symmetrieb,,
Dsd, Cz., Co,' (two distinct isomers)Ds, Dsh, andly)] fulfill the
isolated pentagon rufé.Theoretical calculations indicate that

these idealized structures have open shell structures and are

subject to JahnTeller effects, which lower their symmetriés.
The empty cage & isomersD, andDsq4 (Ds) are nearly equal

in energy and are the most stable isomers. The stability of the

entire range of g isomers decreases in the following order:
D, andDsgy (D5) > Cyy > Cyy (Cs) > Ds (CS) > Dsn (CS) > In
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Figure 1. Mass spectrum of the raw G8xtract that was utilized to
obtain ErSeN@GCgo. The intense mass clusters due i &nd Go are

1150

(D2), where the lowered symmetry of the affected cages is given N0t shown.

in parentheses. Two forms of the empty cagg Eave been
isolated and identified as tH®, and Dsq isomers on the basis
of their 13C NMR spectrd?>16

Despite the low intrinsic abundance ofgCin fullerene

troscopic and crystallographic data orslS@ G are consistent

with the presence of a carbon cage witsymmetry for which

the (SEM)a(N3")@(Csc®™) electronic distribution is probable.
Here we report the preparation of the,&i-\N@Cgo (n =

extracts, the formation of endohedral fullerenes by the standard0—3) family of endohedrals, the isolation of EESIE Cgp, and
Kratschmer-Huffman technique has provided access to several its detailed structural characterization by single-crystal X-ray

other Go-based endohedrals including A@Cgo, P@Cgo,'”
Ce@GCs,'® and M@Go (M = Ca, Sr, Ba)® Sufficient
guantities of La@Cgp have been purified and isolated so that
a number of spectroscopi® electrochemicad! and chemical

propertied? of this endohedral fullerene have been explored.

diffraction.

Results and Discussion

Synthesis of the ERSG-nN@Cgo (N = 0—3) Family and
Isolation and Characterization of ErS;N@Cg. Vaporization

Electronic structure calculations have shown that the stability ¢ graphite rods packed with 2% $2/3% ErOy/95% graphite

of thely, of isomer of Ggincreases markedly when six electrons

powder (with cobalt oxide as a catalyst) in a Kischmer-

are added to the cage to provide a closed-shell electronicytfman fullerene generator under dynamic flow of helium and

structurez®2*As a result, they, isomer becomes the most stable
structure for (Go)~6.2° For La@GCgo, calculations reveal that
thely, structure is favored with a formal (E8),(Cgo)®~ electron
distribution within the molecule. THEC and™¥9.a NMR spectra
of solutions of La@GCgo have been interpreted in terms oflgn
structure for the gy, with the metal atoms undergoing rapid
circular motion within the carbon cage Similarly, the spec-
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Engl. 1997, 36, 1643.
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1094.
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Kikuchi, K.; Achiba, Y.; Yamamoto, K.; Funasaka, H.; Takahashijiigew.
Chem., Int. Ed. Engl1995 34, 2139.
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dinitrogen produces a black soot. Extraction of this raw soot
with cold carbon disulfide produces a reddish-orange solution
of soluble empty cage and metal encapsulated fullerenes. A
portion of the mass spectrum obtained from the material in the
carbon disulfide extract is shown in Figure 1. Mass clusters
arising from the presence of the B \N@GCg family are
present in the following order of decreasing abundance: Er-
SeN@Ggo > ERSCN@Go > SaN@GCgo > ErRN@GCg. In
addition, the customary peaks due t@,(7s, and G4 are seen
along with those of EX@Cs». The intense features coming from
the more abundantggand Gg molecules are not shown.

ErSeN@Gso was isolated from the raw soot and purified via
three stages of high-pressure liquid chromatography (HPLC).
The first stage utilized a pentabromobenzyl column with carbon
disulfide as eluant and an automated HPLC procedure that has
been outlined previouskf The Gs—Cgg fraction from the
pentabromobenzyl column was then collected and further
separated using a Buckyclutcher column with a toluene mobile
phase. To remove coeluting impurities in this fraction, a third
round of HPLC utilized a Buckyprep column with toluene as
eluant. The final HPLC trace is shown in Figure 2, along with
the mass spectrum obtained from this sample. Et®&2Cso
forms reddish-brown solutions in carbon disulfide and benzene
which are stable to air. Although the overall yield of EASECgo
represents 35% of the total soluble extract (see Figure 1), it
is very difficult to remove the TNT endohedral metallofullerenes
(ErsN@GCgp and ScEs@GCgp) impurities because of chromato-
graphic coelution with very similar elution times on the
Buckyprep column. Nevertheless, from 10 packed graphite rods,
150 mg of soluble extract was obtained are2Img of purified
ErSeN@GCgo was recovered.

(26) Stevenson, S.; Dorn, H. C.; Burbank, P.; Harich, &nal. Chem.
1994 66, 2675.
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superimposed upon one another. Because of this disorder in the
cage, it was necessary to refine it as a rigid group using idealized
coordinates. In this model, the<€C bond distances at 6:6 ring
junctions are held at 1.4263 A, while the-C bond distances

at 6:5 ring junctions are 1.4276 A. This model produces@ C
cage with an 8.19-A diameter between carbon atoms at the

. iz junction of two six-membered rings and one five-membered ring

90108010 TRk 1 e e and an 8.133-A diameter between carbon atoms that join three
six-membered rings. Because thg Cage was disordered and
treated as a rigid group, it was not possible to determine whether

the incorporation and localization of the EpSaunit within the
\\\J cage produced any distortion of the cage.
Figure 6 presents information about the Ei$group and

SECRRENERI It R L N R e e R R iy Its rela-tionShip to the Cage around It- Part a ShOWS theﬂsc
10 20 30 40 50 60 70 80 90 group alone. The N and Er atoms lie on a crystallographic mirror
min plane. The nominal E¢N distance is 2.089(9) A and the Shbl
Figure 2. The HPLC trace for the purified sample of EpS@ Cso distance is, as expected, shorter, 1.968(6) A. TheNErSc
utilized in this work. The insert shows the mass spectrum of this sample. angle is 119.1(3)and the SeN—Sc angle is 121.3(6) The

74.40

ErSeN unit is planar within experimental error, with the sum
Cl2 of the two E-N—Sc angles and the SAN—Sc angle equal to
359.6. The Er and Sc thermal ellipsoids are elongated in
ci3 directions which are indicative of motion of the EpSlcgroup
ﬁ\? along the walls of the § cage. RMS analysis of the thermal
i motion compensates for this distortion and indicates that the

range for the E+N bond length is 2.092.20 A, and the range
for the Se-N bond length is 1.972.06 A2° The nominal
nonbonded Se-Sc and Se-Er distances are 3.50 and 3.43 A,
respectively.

Parts b and c of Figure 6 show the relationships between the
ErSeN group and the g cage surrounding it. Because there
are two orientations of the §g cage within the crystal, there
are also two slightly different molecules of EeSI@Cgo
produced by coupling these cage orientations with the ;'Sc
portion. These molecules differ in regard to the interactions of
the metal ions with the cage. Figures 7 and 8 show projections
Figure 3. Perspective view of the independent molecules and their of the.m.etal ions onto the lnngr surfac.e of the Chgeg of the
relative orientations within crystalline Er$6@Cay Co'(OEP)1.5CHe: two d|§t|nct molecules. As it is seen in these drawings, each
0.3CHCh with 50% thermal contours for all non-hydrogen atoms. Only Metal ion resides close to a single carbon atom of the cage,
one orientation of the & cage is shown. The site on the leftis partially With Sc—C distances in the range 2.63.12 A and E+C
occupied by chloroform and benzene, which are shown superimposed.distances of 2.20 and 2.22 A. In molecule 1, shown in Figure

7, all of the metal atoms reside near carbon atoms that are

Crystallization and Structural Analysis of ErSc,N@ Cgc* located at the intersection of two hexagons and one pentagon.
Co" (OEP)-1.5CsH¢+0.3CHCIs. Because the sample of EiSc In molecule 2, as shown in Figure 8, the Er atom and one of
N@GCg itself did not appear to form X-ray diffraction quality —the Sc atoms also lie over carbon atoms that are located at the
crystals, cocrystallization with (¢OEPP1°was attempted and  intersection of two hexagons and one pentagon, but the other
found to yield a suitable material: Er$@ CGgorCo'(OEP) Sc atom lies over a carbon atom that resides at the intersection
1.5GsHg+0.3CHCE. Figure 3 shows the individual molecular — of three hexagons. Thus, the arrangement of scandium ions over
components of the solid and their relative orientations. The solid carbon atoms is statistical. Within the icosahedgaldage, there
consists of five independent molecules that occupy four sites. are 60 carbon atoms that reside at the intersection of two
One site, which is shown in the upper left of Figure 3, is hexagons and one pentagon, but there are only 20 carbon atoms
fractionally occupied by a molecule of benzene and a molecule that reside at the intersection of three hexagons.
of chloroform. Figure 4 shows a stereo diagram that illustrates  In addition to the major site for the Er@¢ group discussed
the molecular packing within the solid. above, examination of difference electron density maps during

ErScoN@Csgo. The ErSeN@GCso molecule sits at a site of  refinement indicated that there were other, less populated sites
crystallographic mirror symmetry. However, thgy€age itself for the ErSgN group within the @y cage. The ErS&N group
is orientationally disordered, and none of the 15 mirror planes shown in Figure 6 has a fractional occupancy of 0.80. In addition
of any one of the icosahedral cages coincides with the there are three sites of electron density, one on the crystal-
crystallographic mirror plan€-28 Figure 5 presents a stereo lographic mirror plane, the others in general positions, which
drawing which shows the two orientations of the cages have been assigned to erbium atoms. Three other sites of lesser

7 O i e Tul J Cuiize al electron density in general positions within the cage have been
Iog(rap)hic sﬁé g}?;enieltrr]yvgrécknovfn. LljioerrgQ:mpcl)g,séﬁr"g‘A;(ll\lléi) thg Cigys : assigned as scandium atoms' All of these sites are roughty 1.9
cage resides at a site of mm symmetry but is disordered over four 2.1 A from the central nitrogen atom and are close to the

orientations.
(28) OImstead, M. M.; Maitra, K.; Balch, A. LAngew. Chem., Int. Ed. (29) Johnson, C. KCrystallographic ComputingMunksgaard: Copen-
Engl. 1999 38, 231. hagen, 1970; p. 220.
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Figure 4. View of unit cell of ErSeN@ GgoCa'(OEP)1.5GH6°0.3CHCE which shows crystallographic packing of the components. Only one
orientation of the @ cage is shown, and the disordered chloroform is not shown.

Figure 5. Drawing which shows a superposition of the two orientations of tiec@ge in ErSeN@ G Co'(OEP)1.5GH6-0.3CHC}. One cage
is shown with a solid line connecting the carbon atoms (small circles); the other cage orientation has open lines connecting the carbon atoms.

fullerene cage. All can be assembled into planar EXSmits distance, 2.63 A) in [Fe(TTP)@)]* has been described as

that resemble the Ergd unit shown in Figure 6, but each of  having a covalent FeC interaction that is somewhat different

these has a different orientation within the cage (see supportingfrom symmetricaly?>-bonding3®

information). In addition to these fullerengporphyrin interactions, there
Co' (OEP) and lts Interaction with ErSc,N@Cso and are significant porphyrifporphyrin contacts with pairwise,

ltself. The Cd(OEP) molecule resides on a crystallographic face-to-face contact. As is the case witly-@Cd'(OEPYCHCly

mirror plane which coincides with a molecular mirror plane that and with Go'Cd'(OEP)CeHe*CHCls, the face-to-face porphy-

bisects the cobalt atom, N(1), and N(3). The geometry of the rin—porphyrin contact is greater in the fullerene cocrystals than

CO0'(OEP) molecule is entirely normal. The €bl distances itis in pristine CY(OEP) itself. Thus, the lateral shift (LS, 1.534

[Co—N(1), 1.969(8); Ce-N(2), 1.985(6); and CoN(3), 1.976-  A), mean plane separation (MPS, 2.994 A), and the-Cwm

(7) Al in ErSeN@GsrCa'(OEP)1.5GHs-0.3CHC} are similar separation (3.364 A) in ErsN@GCseC0'(OEP)1.5CHe:

to those in CB(OEP) [Co-N, 1.967(3), 1.975(2) A} in Csor 0.3CHCE are shorter than the corresponding distances ih Co

2Cd'(OEP)YCHCl; [Co—N, 1.954(5)-1.985(6) A], and in Gy (OEP) (LS, 3.38 A; MPS, 3.33 A, GoCo separation, 4.742

C0'(OEP)CgHg'CHCIz [Co—N, 1.964(5)-1.967(5) AJ10 A) but are similar to those in @-Cd'(OEP)QeHG-CHCI3 (with
The Cd(OEP) molecule is positioned so that the ethyl groups LS, 1.67 A; MPS, 3.19 A, Ce-Co separation, 3.392 A). This

of the porphyrin form an octapoidal embrace about the fullerene close face-to-face arrangement in EAS@ CeoCo'(OEP)

and the porphyrin plane is adjacent to thg €ge. The fullerene 1.5GH6:0.3CHCk is facmtalted py the positioning Qf all of the

is too far from the cobalt atoms for any normal covalent bonding €thyl groups on the opposite side of the porphyrin plane from

between them. The closest approaches of the cobalt atom tothe adjacent C{OEP) molecule. In contrast, &DEP) alone

the Gy cage involves C(9B), which is 2.706 A from the cobalt has four ethyl groups on one side of the porphyrin plane and

atom, and C(78A), which is 2.746 A from the cobalt atom. four on the opposite sid€.

Although these distances are too long to represent #fde

I Discussion
coordinatior! they are shorter than the normal van der Waals 3
contact seen between graphite layers (3.4%bgtween adjacent The TNT approach has been successfully utilized to prepare
porphyrins (3.2 A and largef} and between neighboring the set of four endohedrals, J5-n\N@Cgo (n = 0—3). In the
fullerenes £3.2 A)3435 The shorter FeCgo contact (Fe-C process described here, the raw soot that was obtained is
particularly rich in the mixed metal species, E#S@ Cgo, which

(30) Scheidt, W. R.; Turowska-Tyrk, Inorg. Chem.1994 33, 1314. has been separated and isolated in pure form.

(31) Balch, A. L.; Olmstead, M. MChem. Re. 1998 98, 2123.

(32) Pauling, L.The Nature of the Chemical Bon8rd ed.; Cornell (35) Balch, A. L.; Lee, J. W.; Noll, B. C.; Olmstead, M. M. Chem.
University Press: Ithaca, NY, 1960; p 260. Soc., Chem. Commuf993 56.

(33) Scheidt, W. R.; Lee, Y. Btruct. Bonding (Berlin}L987, 64, 1. (36) Evans, D. R.; Fackler, N. L. P.; Xie, Z.; Rickard, C. E. F.; Oliver,

(34) Burgi, H. B.; Restori, R.; Schwarzenbach, D.; Balch, A. L.; Lee, J. A. G.; Chaker, L.; Brothers, P. J.; Bolskar, R. D.; Boyd, P. D. W.; Reed,
W.; Noll, B. C.; Olmstead, M. MChem. Mater1994 6, 1325. C. A. J. Am. Chem. So0d 999 121, 8466.
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2.09 - 2.20 A

1.97-2.06 A

Sci

Figure 6. Drawings which show (a) the Er@¢ unit alone with thermal
elipsoids, and b and c, the two molecules of ENE@Cyo (Without

thermal elipsoids) which arise due to the cage disorder. In b and c, the

dashed lines connect the metal ions to the nearest carbon atoms.

The crystallographic data indicate that the BEf$anit is
tightly packed within the g cage, because the Skl and EF-N
distances, along with the shortest-82 and Er-C distances,

Olmstead et al.

are all shorter than the shortest comparable bond lengths in othefigure 7. Projections which show the positions of the metal ions with

compounds that these metal ions form. Moreover, these distance
are (>0.25 A) shorter than comparable mean bond lengths given

in the Cambridge Structural Data Base (CSDYhe nominal
Sc—N distance in ErS;N@GCgo is 1.968(6) A, but a search of
the CSD reveals that the mean-9¢ distance is 2.251 A in 82
observed examples and that the previous shortesNStistance
was 2.039 A (for dichloro-bis(tetrahydrofuran)-bis(trimethyl-
silyl)amido-scandiumy® Other relevant comparisons include
tris(bis(dimethylsilyl)amido)(tetrahydrofuran)-scandium with
Sc—N distances of 2.063(2), 2.064(2), and 2.079(2% And
(n°-cyclopentadienyl)(octaethylporphyrin)scandium with an av-
erage SeN distance of 2.190(2) A° Similarly, the nominal
Er—N distance in ErSN@GCgo is 2.089(9) A, but the mean

Er—N distance in the CSD is 2.411 A in 128 observed examples,

and the previous shortestEN distance was 2.151 A (for bis-
(u2-triphenylphosphineiminato)-trig¢-cyclopentadienyh-(tri-

Lespect to the adjacent walls of thgs€age for one orientation of the

cage (molecule 1).

phenylphosphineiminato)-di-erbiurfi)In a particularly relevant
comparison, the average-BN distance in [tetrakis(tetrahydro-
furan)lithium]-[tetrakis(diphenylamido)erbium] is 2.26 4A.
Similar considerations pertain to the shortest-Scand Er-C
distances inside the cage. Thus, the shortestCSdistances in
ErSeN@GCgo range from 2.029 to 2.121 A, but the mean-$&
distance is 2.430 A in 73 examples in the CSD, and the shortest
Sc—C distance in the CSD is 2.204 A for theSc—C bond in
bis(trimethylsilylmethyl-)N,N-bis(di-isopropylphosphinomethyl-
dimethylsilylamido)-scandiurf® In other relevant examples, the
average SeC distance in®-cyclopentadienyl)(octaethylpor-
phyrin)scandium is 2.494(4) R and the average S« distance
in di-(u-chloro)-bis(di-¢°-cyclopentadienyl)scandium) is 2.46
A.44 Similarly, the shortest ErC distances in ErSbl@GCgo are

(37) Allen, F. H.; Davies, J. E.; Johnson, O. J.; Kennard, O.; Macrae, C.
F.; Mitchell, E. M.; Mitchell, G. F.; Smith, J. M.; Watson, D. Chem. Inf.
Comput. Sci1991 31, 187.

(38) Karl, K.; Sybert, G.; Massa, W.; Dehnicke, K.Anorg. Allg. Chem
1999 625 375.

(39) Anwander, R.; Runte, O.; Eppinger, J.; Gerstberger, G.; Herdtweck,

E.; Spiegler, MJ. Chem. Soc., Dalton Tran&998 847.
(40) Arnold, J.; Hoffman, C. GJ. Am. Chem. Sod99Q 112, 8620.

(41) Anfang, S.; Harms, K.; Weller, F.; Borgmeier, O.; Lueken, H.;
Schilder, H.; Dehnicke, KZ. Anorg. Allg. Chem1998 624, 159.

(42) Wong, W.-K.; Zhang, L.; Xue, F.; Mak, T. C. VRPolyhedron 1997,
16, 2013.

(43) Fryzuk, M. D.; Giesbrecht, G.; Rettig, S.Qrganometallics1996
15, 3329.

(44) Atwood, J. L.; Smith, K. DJ. Chem. Soc., Dalton Tran973
2487.
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Figure 8. Projections which show the positions of the metal ions with
respect to the adjacent walls of thgo€age for the other orientation
of the cage (molecule 2).

2.195 and 2.215 A, but the mean-BE distance in the CSD is
2.769 A, and the shortest EC distance is 2.412 A (in triphenyl-
tris(tetrahydrofuran)-erbiunff,and for comparison, the average
Er—C distance in dj-chloro-bis(di-°-cyclopentadienyl)er-
bium) is 2.59 A% In considering the comparison of these-@
distances, it is important to realize that the orientation of the
M—C unit in ErSeN@Ggo differs significantly from that in
conventionalz-bonded ligands, such ag-cyclopentadienyl
groups. In ErSgN@Ggo, the metals reside near single carbon
atoms, whereas inf-CsHs) complexes, which are particularly

numerous in the CSD, the metal is centered over the cyclopen-

tadienide ring, and consequently for such compounds th€M

J. Am. Chem. Soc., Vol. 122, No. 49, 2002225

complexes. Ab initio molecular orbital and density functional
calculations have placed the Sc atoms 2.358 A from the nearest
carbon atoms in S@Cs4 47 and 2.322 A from the closest carbon
atoms in Se@Cgo.*® These are longer distances than those
observed in ErStN@Cgo. However, fewer atoms are present
in the interior of Se@Cs4 and Se@ Cgp than in ErSeN@ Cao.
Room temperature X-ray powder diffraction data have been
analyzed for Sg@GCs, by a combination of Rietveld and
maximum entropy method (MEM) metho#fs.The results
produced a model in which an equilateral triangle of scandium
atoms with a Se-Sc distance of 2.3(3) A resides within a,C
cage havingCs, symmetry and with the Sc atom 2.52(2) A from
the closest carbon atom of thg tage. A similar analysis of
X-ray powder diffraction data for S@Cgs indicated that the
Sc--Sc distance is 3.9(1) A and that the shortest&ccontact

is 2.4(2) A50 Again the Se-C contacts observed in Es$t@ Gso

are shorter.

Bonding within ErSeN@GCgp can be considered to consist
of four components. First, there is the covalenrt@bonding
that forms the cage itself. This cage then mechanically entraps
the ErSeN unit. In addition to the mechanochemical encapsula-
tion, there is a strong ionic component to the bonding in the
endohedral. The Ergd@ Cgp molecule can be thought in formal
terms to consist of three concentric rings of charge starting with
the core nitride (), which is surrounded by threeWlions,
which are then encapsulated by thedf€ cage. This formal
charge distribution utilizes the characteristiéMxidation state
for both scandium and erbium and places-a ¢éharge on the
Cso cage. These added electrons on the fullerene uniquely
stabilize the, symmetry cage structure relative to the six other
isomeric Go cage geometries, as noted earfiet! Given the
close contacts inside the cage, there is no doubt significant
orbital overlap that leads to covalent interactions among the
components and to sharing of electron density so that the
effective charges on the individual components are reduced
below those given by the formal ionic model.

Although the ErSgN unit is firmly ensconced within the
fullerene cage, it is also likely to be able to ratchet around inside
the cage. The nature of the thermal ellipsoids shown in part A
of Figure 7 is suggestive of such motion. The observation of
additional, less populated sites of electron density within the
cage also indicates that there are alternative locations for the
group and again suggests that this group is able to move within
the fullerene cage. The mobility of atoms within fullerenes cages
has been suggested previously from NMR studies o@lGyg,2°
SeN@GCso,” Se@GCss,>t and from EPR studies on §@ Ggp.22°354

Crystals of ErSIN@ CgorCo'(OEP)1.5GHg+0.3CHCE and
SeN@CgeCo'(OEP)0.5GHg+1.5CHCE are isomorphic. Al-
though they differ in the content of cocrystallized solvent
molecules, they have very similar arrangements of the fullerene
and cobalt porphyrin components. It is remarkable that the

(47) Kobayashi, K.; Nagase, S.; Akasaka,dhem. Phys. Lett1996
261, 502.

(48) Kobayashi, K.; Nagase, &hem. Phys. Lettl996 262, 227.

(49) Takata, M.; Nishibori, E.; Sakata, M.; Inakuma, M.; Yamamoto,

distances are naturally longer than they would be if the metal E.; Shinohara, HPhys. Re. Lett. 1999 83, 2214.

were located directly over a single carbon atom.

The positions of the scandium atoms within the fullerene cage

in ErSeN@GCgp can also be compared to structural information
obtained from theoretical calculations and from the analysis o

(50) Nishibori, E.; Takata, M.; Sakata, M.; Shinohara JHSynchrotron
Radiat.1998 5, 977.

(51) Miyake, Y.; Suzuki, S.; Kojima, K.; Kikuchi, K.; Kobayashi, K.;
Nagase, S.; Kainosho, M.; Achiba, Y.; Maniwa, Y.; Fisher, X.Phys.

f Chem.1996 100, 9579.

(52) van Loosdrecht, P. H. M.; Johnson, R. D.; de Vries, M. S.; Kiang,

X-ray powder diffraction data on related scandium endohedral ¢ _ :'Bethune, D. S.; Dorn, H. C.: Burbank, P.: Stevensom!§s. Re.

(45) Bochkarov, L. N.; Stepantseva, T. A.; Zakharov, L. N.; Fukin, G.
K.; Yanovsky, A. |.; Struchkov, Yu. TOrganometallics1995 14, 2127.

(46) Lamberts, W.; Lueken, H.; Hessner, IBorg. Chem. Actal987,
134, 155.

Lett. 1994 73, 3415.

(53) Shinohara, H.; Inakuma, M.; Hayashi, N.; Sato, H.; Saito, Y.; Kato,
T.; Bandow, S.;J. Phys. Cheml1994 98, 8598.

(54) Kato, T.; Bandow, S.; Inakuma, M.; Shinohara,JPhys. Chem.
1995 99, 856.
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column was then collected and further separated with a Buckyclutcher

shows the high degree of order that it does with the erbium column (25 cmx 10 mm, Regis Chemical, Morton Grove, IL) using
atom localized largely on one site, a site on the crystallographic toluene as a mobile phase. Upon re-injection of the BM82Cso

mirror plane and furthest from the cobalt atom of the porphyrin.
A random distribution of the erbium ion over all three prominent
metal ion sites within the § cage seemed probable at the outset
of this project, but a much higher degree of localization is
observed. The most likely factor that contributes to ordering
the ErSeN unit within the fullerene with respect to the solid-

fraction, a single homogeneous peak was obtained. Due to coeluting
impurities of this ErSgN@Gg, fraction, a third column (Buckyprep,
25 cmx 10 mm, Phenomenex Co., Torrence, CA) had to be employed.
By using this Buckyprep column with toluene as the eluant, a final
sample of purified ErS®N@GCgo was obtained. Its negative-ion mass
spectrum and final HPLC trace are shown in Figure 2.

Crystal Growth for ErSc ;N@CgoC0" (OEP)-1.5CH¢-0.3CHCls:

state environment outside the fullerene is the dipole moment Crystals of ErSgN@GCsorCd'(OEP)1.5GHs:0.3CHCE were obtained

that is created by the asymmetric EzScunit itself. The
differences in electronegativity of scandium and erbium, the
differences in their sizes and in the-S4 and Er-N distances

all contribute to creating this dipole.

Resolution of the disorder in the location of thgs€age in
ErSeN@GgorCo'(OEP)1.5GHs+0.3CHC} is particularly sig-
nificant. The earlier structural work on $¢@ Cgo-Co'(OEP)
0.5GsHe+1.5CHCE noted that there was an unresolved issue of
residual electron density in the region of thg, Cage’ At the

by layering an orange-red solution of ca. 0.5 mg of EN@ Gy in
0.5 mL of benzene over a red solution of 2.5 mg of @EP) in 1.5
mL of chloroform. After we allowed the two solutions to diffuse
together over a five day period, black crystals formed.

X-ray Data Collection for ErSc,N@CgyCa"(OEP)-1.5CH¢-
0.3CHCIz: The crystals were removed from the glass tube, 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 in the cold stream of
a Bruker SMART CCD with graphite monochromated Mo. Kadiation

time, this electron density suggested disorder in the orientationsat 90(2) K. No decay was observed in 50 duplicate frames at the end

of the Gy cage, but the disorder could not be effectively

of the data collection. Crystal data for EpS@ Gy Co'(OEP) 1.5GHs:

modeled. However, when the disordered model used in the 0-3CHCE, fw = 1976.34, black parallelepiped, 0.14 0.03 x 0.02

refinement of the ErStN@ CgorCd' (OEP)Y1.5GHe*0.3CHC}
structure is utilized in the refinement of the ;8@ CgoCo'-
(OEP)Y0.5GsHe*1.5CHC} structure, theR factor of the latter

structure drops by ca. 2%, which suggests that a similar form

of disorder is present in the location of thes;S& Cgp molecule
in that crystalline environment.
Thely, fullerene cage of g differs significantly from that of

mm, monoclinic, space group2/m, a = 25.180(2),b = 15.0633(13),

€ =19.650(2) A8 =94.791(2}, V= 7427.1(12) & 2 = 0.71073 A,
Z=4,D.=1.767 Mg m3; u(Mo Ka)) = 1.616 mm?; 20ma = 25.00;

T = 90(2) K; 34988 refl. collected; 6819 independeR(= 0.143)
included in the refinement; no absorption correction performed;
programs used for solution and refinement, SHELXS-97, Sheldrick,
1990; full-matrix least-squares based B SHELXL-97; Sheldrick,
1998; 455 parameters, 250 restraimss 0.1515, wR=0.263 for all

other fullerenes that have been subject to chemical and structurabtlata;R; = 0.087 computed for 3721 observed date2¢(1)).

characterization, because the icosahedral isomerggfaCks
any pyracylene region (Stor&Vales patcHp in which a 6:6
ring junction is abutted by two pentagons. In icosahedgg) C

the 6:6 ring junctions are abutted by a hexagon and a pentagon

As a consequence, thgisomer of Go lacks the sites that are
most chemically reactive in other fullerenes, and it is likely to
display distinctive chemical behavior. Similarly, the placement
of the metal atoms within thig cage of Go, as seen in Figures

7 and 8, may not be found in other endohedral fullerenes where

pyracylene patches are present.

Experimental Section
Production of ErSc,N@Cgo. Graphite rods (0.25 diameter, 6 in.

length) were core-drilled and subsequently packed with 180 mg cobalt

oxide in a mixture of 1.0 g of graphite powder, 0.49 g 0§G¢ 2.0 g
of Er,O5; per 3.2 g of hollowed graphite rod. These rods were then
vaporized in a Kitschmer-Huffman-type fullerene generator under
dynamic flow of He (1250 mL/min) and N(22 mL/min) to obtain
samples containing Erge¢@GCso. The resulting soot from this TNT
approach® was then cold-extracted using carbon disulfide to obtain
the initial endohedral extract. An NI-DCI mass spectrum of a typical
ErSc stock solution is shown in Figure 1.

Separation of ErSeN@Cgo. The ErSc stock solution was separated

The structure was solved by Patterson and difference Fourier
methods. Hydrogen atoms were added geometrically and refined using
a riding model. The major Ergd unit, the non-hydrogen atoms of
the Cd'(OEP) unit, and the carbon atoms of the benzene molecule with
0.50 occupancy were refined using anisotropic thermal parameters. The
carbon atoms of the &gcages were refined as a rigid group utilizing
ideal coordinates witl, symmetry and free isotropic thermal param-
eters.

Note Added in Proof. The structure of SN@C;s shows the Sc
atoms located at the midpoints of the two carbon atoms at the center
of pyracylene patches. Olmstead, M. M.; de Bettencourt-Dias, A,
Duchamp, J. C.; Stevenson, S.; Marciu, D.; Dorn, H. C.; Balch, A. L.
Angew. Chem. Int. Ed., Engin press.
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using a 3-stage HPLC approach. First, this initial extract was separated Supporting Information Available: X-ray crystallographic

on the pentabromobenzyl, PBB, column (25 gri0 mm, Phenomenex
Co., Torrance, CA) with CSas the mobile phase. For this stage, an
automated approach was utiliz&dhe Gs—Cagg fraction from this PBB

(55) Stone, A. J.; Wales, D. Chem. Phys. Lettl986 128 501.

files in CIF format for ErSeN@CgyC0'(OEP)1.5GHs"
0.3CHCE.This material is available free of charge via the
Internet at http://pubs.acs.org.
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