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Abstract: The recent finding that isomer 2 of ThsN@Css uses one of the 51 568 possible nonisolated
pentagon rule (non-IPR) structures for the Cgs cage rather than one of the 24 cage isomers that do obey
the IPR suggests that further experimental work on the structure of larger endohedrals is needed to observe
the utility of the IPR rule in this uncharted territory. The structures of the newly synthesized endohedral
fullerenes—ThsN@Cgs, ThsN@Cgs, and the I, and Dsj isomers of ThsN@Csgo— have been determined by
single-crystal X-ray diffraction on samples cocrystallized with Ni"(octaethylporphyrin). In contrast to the
situation for isomer 2 of ThsN@Csgs, the structures of ThsN@Csgs and ThaN@Cgs do conform to the IPR.
Both ThsN@Css and ThsN@Cgs have chiral structures with D, symmetry for ThsN@Css and D; symmetry
for ThsN@Cges. Within this group of endohedrals, the size of the carbon cage affects the Tbo—N and Th—C
distances, the orientations of the carbon cage with respect to the porphyrin plane, the locations of the
metal ions and their orientations relative to the porphyrin plane, and the degree of pyramidalization of the
ThsN unit.

Introduction SaN@GCsq, is formed as one member of a family of endohedrals

Endohedral full b ith . that includes theDs, isomer of SeN@Cgg* 6 along with the
ndohedral fullerenes, a carbon cage with an atom or atomic ;.- molecules SN@G¢’ and SeN@Css®® When larger

cluster trappeql insizde, have been known since the dawn Ofmetal ions are employed in the TNT process, families of
fullerene chemistry:2 However, the devglopment of the chem- endohedrals are produced that include carbon cages larger than
istry o_f these novel m(_)lecules has been impeded by the relatlvelyC80 but in significantly lower abundance. For example, Yang
low yields produced in the Ktachmer-Huffman arc process and Dunch have reported the formation of a family of

used for their preparation. The discovery that the inclusion of dysprosium endohedrals that includes two isomers gNECs,
dinitrogen gas into the helium atmosphere used in the three isomers of DIN@Cso, DysN@Css two isomers of
Kratschmer-Huffman generator could produce high yields of DysN@GCaz, DysN@GCas, DysN@Cas, DysN@Coo, DYsN@Co
fullerenes containing the M unit has made this class of DygN@Cg4: DyaN@Cgs,,and D)éN@,Cbg.lO'nSimillarly, Krausé,
endohedral fullerenes available in sufficient quantities to explore Wong, and Dunsch found that thulium produced a somewhat

their structures, chemical reactivity, and potential utifity. less extensive set of endohedral fullerenes including @Cys,
Considerable effort has been devoted to the examination of v isomers of TrIN@Cso, TMN@Csy, two isomers of

molecules of the type MM5-N@GCgo (N = 1~3), with a carbon TmsN@Gss, and TmN@ Gse.22 However, definitive structural
cage ofly symmetry, which are formed in particularly high

abundance in what has been termed the trimetallic nitride (4) Duchamp, J. C.; Demortier, A.; Fletcher, K. R.; Dorn, D.; lezzi, E. B.;

template (TNT) process. The prototypical molecule of this class, (s Elgf,ZéT',{,,PODrUh?éhCEgﬁ?mEﬁg,’jchgt,gggf 275 8557659,

(6) Cai, T.; Xu, L.; Anderson, M. R.; Ge, Z.; Zuo, T.; Wang, X.; Olmstead,
M. M.; Balch, A. L.; Gibson, H. W.; Dorn, H. CJ. Am. Chem. So2006

T University of California. 128 8581.
*Virginia Polytechnic Institute and State University. (7) Olmstead, M. M.; de Bettencourt-Dias, A.; Duchamp, J. C.; Stevenson, S.;
§ Emory and Henry College. Marciu, D.; Dorn, H. C.; Balch, A. LAngew. Chem., Int. EQ001, 40,
(1) Heath, J. R.; O'Brien, S. C.; Zhang, Q.; Liu, Y.; Curl, R. F.; Kroto, H. W.; 1223.
Tittel, F. K.; Smalley, R. EJ. Am. Chem. Sod.985 107, 7779. (8) Stevenson, S.; Fowler, P. W.; Heine, T.; Duchamp, J. C.; Rice, G.; Glass,
(2) Akasaka, T., Nagase, S. Edsndofullerenes: A New Family of Carbon T.; Harich, K.; Hajdu, E.; Bible, R.; Dorn, H. QNature 200Q 408, 427.
Clusters Kluwer Academic Publishers: Dordrecht, The Netherlands, 2002.  (9) Olmstead, M. M.; Lee, H. M.; Duchamp, J. C.; Stevenson, S.; Marciu, D.;
(3) Stevenson, S.; Rice, G.; Glass, T.; Harich, K.; Cromer, F.; Jordan, M. R; Dorn, H. C.; Balch, A. L.Angew. Chem., Int. EC003 42, 900.
Craft, J.; Hadju, E.; Bible, R.; Olmstead, M. M.; Maitra, K.; Fisher, A. J.;  (10) Yang, S.; Dunsch, LJ. Phys. Chem. B005 109, 12320.
Balch, A. L.; Dorn, H. C.Nature 1999 401, 55. (11) Yang, S.; Dunsch, LChem—Eur. J.2006 12, 413.

10.1021/ja066437+ CCC: $37.00 © 2007 American Chemical Society J. AM. CHEM. SOC. 2007, 129, 2035—2043 = 2035



ARTICLES Zuo et al.

characterization of most of the members of these families of
larger endohedral fullerenes is lacking.

As the size of the fullerene cage increases, the possibilities
for the existence of multiple isomers also increases. Most Tb related
fullerenes and endohedral fullerenes obey the isolated pentagon endofullerenes
rule (IPR), which requires that each of the twelve pentagons in |

the carbon cage be surrounded by hexagons. Thusgfdhére L’U U\ f\_\/_\/\_/v\

are 9 isomeric structures that conform to the IPR, but fgy C

(a)
Ci4

[

there are 35 IPR structures and fogsQGhere are 19 IPR
structures? In the families of large fullerenes that can form
with larger lanthanide ions inside, will only a few selected
isomeric structures be formed or will complex mixtures of many
isomers be found that produce new challenges in their separa-
tion? To compound the issue of structural variety, endohedral
fullerenes exist that violate the IPR. No IPR structures exist
for cages containing 62, 64, 66, or 68 carbon atoms. Neverthe-
less, a non-IPR structure for @ Cee® was first reported
utilizing NMR and computational studies, and the structure
subsequently was confirmed by a single-crystal X-ray diffraction
study? It has also been reported thab@&Cset* and SeCo@ Ceg!®
adopt non-IPR structures on the basis of MEM powder X-ray
diffraction and NMR studies, respectively. In each, the metals
are contained within the pentalene units formed where pairs of
pentagons abut.

Recently, we have reported that two isomers ofN®@ Cg4
could be isolated using the TNT process with,Obdoped ]
graphie 10439 The structure of somer 2, the more abundant ZE47% L (5) "R Chematonran o e owene sxrac (o e ¢
isomer, has been determined by single-crystal X-ray diffraction. mm x 250 mm with4 = 390 nm detection; 2.0 mL/min of toluene) of the
Remarkably, the structure does not obey the IPR. There are 24eluent from the CPDE-MPR column.
IPR isomeric structures available for a;&age, but isomer 2
of ThsN@Gg4 adopts a non-IPR structure wig symmetry and arc-discharge process was conducted in a dynamic flow of
a single site where two pentagonal rings abut. Fogacage, helium and about 3% dinitrogen. The pressure was about 300
there are 51 568 isomeric structures that do not conform to the Torr at the start of the arc-discharge. The raw soot was extracted
IPR but have cages composed of only pentagons and hexkigons. using toluene as a solvent in a Soxhlet extractor for 20 h. The
The finding that isomer 2 of TIN@Cg, uses one of these 51 568 HPLC chromatogram of the extract is shown in Figure 1a.
non-IPR structures suggests that the structures of larger en- The primary purification process was carried out using a
dohedral fullerenes will be difficult to predict, since one can chemical separation method. The toluene extract was subject
no longer anticipate a priori that the IPR will pertain and limit to chemical separation on a cyclopentadiene functionalized
the isomers that can form (see Note Added in Proof). Clearly, Merrifield peptide resin (CPDE-MPR) colunif.The HPLC
single-crystal X-ray diffraction studies on these larger endohe- chromatogram for the recovered sample after the chemical

(b)
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drals are needed in order to ascertain their structures.

Results

Preparation and Isolation of the ThsN@Cy, (n = 40—44)
Family of Endohedrals. Raw soot containing the BH@ G,
(n = 40—44) family of endohedrals was synthesized in an arc-
discharge generator by vaporizing composite graphite rods
containing a mixture of Ty, graphite powder, and iron nitride
(FeN) with a weight ratio of 2.03:1.0:0.4, respectively. From

separation utilizing the CPDE-MPR column is shown in Figure
1b. This approach relies on the inherent chemical kinetic stability
of trimetallic nitride endohedral metallofullerenes (TNT EMFs)
relative to empty-cage fullerenes and non-TNT EMFs. Since
the TNT EMFs, AN@GC;, (78 < 2n < 88), are all large-gap
compounds (HOMGLUMO gap >1.0 eV)18-20 they are all
relatively kinetically stable species (although their individual
kinetic stabilities may differ). By comparison of Figure 1 parts
a and b, we know that the chemical separation process also

previous studies, it has been established that the presence ofoncentrated the TNT EMFs by getting rid of most of the

FeN enhances the yield of trimetallic nitride endohedral
metallofullerenes. Together with the graphite tube for packing
the above mixture, the molar ratio of Th:C is about 4%. The

(12) Krause, M.; Wong, J.; Dunsch, Chem=—Eur. J. 2005 11, 706.

(13) Fowler, P. W.; Manolopoulos, D. B&n Atlas of FullerenesClarendon
Press: Oxford, 1995.

(14) Wang, C.-R.; Kai, T.; Tomiyama, T.; Yoshida, T.; Kobayashi, Y.; Nishibori,
E.; Takata, M.; Sakata, M.; Shinohara, Nature 200Q 408, 426.

(15) Shi, Z.; Wu, X.; Wang, C.-R.; Lu, X.; Shinohara, Angew. Chem., Int.
Ed. 2006 45, 2107.

(16) Beavers, C. M.; Zuo, T.; Duchamp, J. C.; Harich, K.; Dorn, H. C.; Olmstead,
M. M.; Balch, A. L. J. Am. Chem. So@006 128 11352.
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reactive fullerenes. If the CPDE-MPR column approaches
saturation, peaks due tos€and Go appear in the subsequent
chromatogram of the eluent as shown in Figure 1b. The larger
cage TNT EMFs (8 > 80) also pass through the CPDE-MPR
column and were eluted. In Figure 1b, there are seven fractions
that are labeled Tbl to Tb7. Although the analysis of each

(17) Ge, Z.; Duchamps, J. C.; Cai, T.; Gibson, H. W.; Dorn, HI.GAm. Chem.
Soc.2005 127, 16292.

(18) Krause, M.; Dunsch, LAngew. Chem., Int. EQ005 44, 1557.

(19) Krause, M.; Wong, J.; Dunsch, Chem=—Eur. J. 2005 11, 706.

(20) Yang, S.-F.; Dunsch, L1. Phys. Chem. B005 109, 12320.
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1451 @ | 1398 ®) | 1422 (© Table 1. Selected Interatomic Distances and Angles
ThsN@Ces* ThsN@Ceg* ThsN@Ces* ThsN@Ces*
Th3N@Cgg Th2Cgg Th2Cg2 Ni'(OEP)- Ni'(OEP)- Ni'(OEP)- Ni'(OEP)-
2.5C6H6 2.5CeHs 3CeHs 3CeHs
Th3sN@C ThaN@C site site 1 site 2 site 1 site 2
3N@Css & occupancy 0.43 0.40 0.60(2) 0.40(2)
1523 1547 distances (A)
\ Tb1-N1 2.207(3) 2.175(3) 2.158(6) 2.165(7)
o s Jo1 L , Th2-N1 2.171(3) 2.209(3) 2.159(3) 2.148(7)
pelteee B i Tb3—-N1 2.180(3) 2.175(3) 2.159(3) 2.151(7)
1450 1500 | 1400 1450 1500 1450 1500 1550 Th1.C 2333(10) 2.418(9) 2.454(13) 2.36(2)
Figure 2. Negative ion DCI MS spectra of (a) fraction Tb2, (b) fraction = Th2-C 2.430(9) 2.337(10) 2.398(19) 2.383(19)
Tb4, and (c) fraction Th6é from the chromatogram in Figure 1b. Tb3I-C (deq) 2.328(8) 2.382(9) 2.398(19)  2.373(17)
angles (deg

. - . Tb1-N1-Th2  117.26(12) 116.46(13) 119.53(14) 119.1(3)
fraction has not been completed, the tentative identities of the Tp1-N1-Tbh3 117.40(13) 125.22(14) 119.53(14) 118.8(3)

components in each fraction are indicated in Figure 1b. For Tb2-N1-Tbh3  125.23(13) 118.23(13) 120.3(3) 121.7(3)

example, fraction Th2 contains W@ Cgo (I andDsp, isomers); 2(Tb=N-Tb)  359.89 359.91 359.36 359.6
fraction Tb5 contains TIN@GCss and ThCqyg; and fraction Th6 Dsyisomerof Iy isomer of lyisomer of  isomer 2 of
contains TEN@Ggg and ThCg,. The mass spectra of material ThN@Cyp: TbsN@Coor TbN@Ceo' TbN@Cse:
present in fractions Th2, Tb5, and Th6 are shown in Figure 2. N';(COEHP)' N';(CO';P)' N';(gip)' N'ZH(COEF?'

The fractions labeled Th2, Th5, and Th6 were purified further —; pa— — —— -

. . . site site 1 site 1, N1IA  site 2, N1B sitel
using a 5PYE column. In this fashion, pure samples oflthe occupancy 0.341(2) 0.60 0.40 0.512(3)
andDs, isomers of TBN@ Cgo, ThsN@Css, and TRN@ Cgs were cT!it')s;anﬁs A 2008(8)  2.056() 20386)  2.1824)
obtalned._'l_'he HPLC chromatogra_ms, YVis, and_MS spectra_ Th2-N1 2.026(6) 2.089(4) 2.085(6) 2.130(4)
of the purified samples are shown in the Supporting Information Th3-N1 2.130(6) 2.077(4) 2.089(4) 2.120(4)
as Figures SI-1, SI-2, and SI-3, respectively. Tb1-C 2.287(17)  2.423(3) 2.483(6)

) Th2-C 2.315(15)  2.434(3) 2.406(6)

Structural Studies. Each of these new endohedrals has been Tbh3-c 2.18(2) 2.404(3) 2.333(6)

crystallized in the presence of NDEP) (OEP is the dianion ?B%'f;ﬁe%z 195.003 116.78(18)  117.8(3 124,500
of octaethylporphyrin) to produce samples suitable for single- 1p1-NT1-Tb3 110}3%3% 11735219; 118:823% 114:6223

crystal X-ray diffraction studies. Table 1 contains comparative Tbh2—N1-Th3  111.9(4) 111.63(18) 112.1(3) 120.7(2)
interatomic distance and angle information for theN'tunits 2(Tb-N-Tb) 3477 346.06 348.7 359.8
inside the cages. C!’ystal_ data are_ cqntalned in Table 2. The aData from ref 16 This distance is long because of the position of
endohedrals crystallize with the stoichiometry of one molecule Tb1 in the nose of the elongated portion of the fullerene.

of the fullerene, one molecule of NiOEP) and two molecules
of benzene, except in the cases ogNI@Cgs where there are

two and a half molecules of benzene present ansN@Cs o . . -
b N ° The cage is disordered with the two enantiomers residing at

which has three molecules of benzene. Figures 3, 4, 5, and 6a common site. Although there is only one nitrogen atom site
are drawings that show each endohedral and its spatial relation-. ) Y y 9

ship to the porphyrin. In every case the porphyrin portion adopts inside the cage, the positions of the terbium atoms are also

. . S disordered. There are two major sets of three Thb atoms. One
a nearly planar structure like that observed in the triclinic form . -
of Ni''(OEPY: rather than thes, distorted structure found in involves Th1, Th2, and Tb3 and has 0.43 fractional occupancy.
the tetragonal polymorph of pristine NDEP)?2 Notice that This is the set shown in Figure 3. The other involves Tb4, Th5,
the orientations of the bl groups inside the éages vary from and Th6 with 0.40 fractional occupancy. Additionally, there are

one compound to another. Each of the structures displays som four minor sets of three Tb positions with 0.07, 0.04, 0.03, and

degree of disorder (vide infra), and only the major orientation %.grigc'l?t:ﬁagﬁ:?ssére lanar in each orientation. The sum of
of the fullerene and its contents is shown in Figure$3 P .

) ) ) the Tb—N—Tb angles for the major site is 359:8%imilarly,
The Structure of TbsN@Cgs. Figure 3 shows the relationship ¢4, the site involving Th4, Th5, and Tb6, the sum of the three

between the endohedral and the porphyrin, while Figure 7 showsp,_ n—1h angles is 359.91 At the major sites the TbN

a stereoscopic drawing of the carbon skeleton of the cage. Theyisiances fall in a narrow range: 2.17142.207(3) A for the
carbon cage itself has an IPR structure visymmetry. The  gjie ith 0.43 occupancy and 2.175(2).209(3) at the site with
thirty-five possible IPR isomers for a cage of 88 carbons have 40 gccupancy. Complete specification of the orientation of
the following symmetries:Cy, 11 different isomersCs, 11 the TN unit with respect to the carbon cage is not possible,
isomers;Cy, 7 isomersCz,, 3 isomersD;, 2 isomers; andy, since there are two cage orientations that combine with two
1 isomer. The isomer found in FN@Cgs is number 35 in the major and four minor TEN locations.

list of Fowler and Manopolou¥ The Gg cage is the largest ThaN@Ces. Like ThsN@ Css, ThsN@Ce has a flattened cage
fullerene to date to have its structure determined crystallo- yhat is chiral. Figure 4 shows a drawing of the endohedral and
graphically. As the stereoview in Figure 7 shows, the carbon s rejationship to the porphyrin in the crystal. The fullerene is
cage of TAN@Geg has a rather flattened shape. This flattening  riented with its flat side facing the porphyrin. Figure 8 shows
is indicated by the rather short GC distance (7.245 A) along 5 stereoscopic drawing of the cage itself, which s

: symmetry. This cage does obey the IPR and is number 17 on
1) ey | D Scheidt, W. R.; Shelnutt, J. A.Am. Chem. Sod98§ the list of 17 IPR isomers computed by Fowler and Manopolous
(22) Meyer, E. F., JrActa Crystallogr., Sect. B972 28, 2162. for Cge.l3

one of theC, axes and longer distances (8.839 and 8.531 A)
along the other twdC, axes.

J. AM. CHEM. SOC. = VOL. 129, NO. 7, 2007 2037
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Table 2. Crystallographic Data

Iy isomer of Dsp, isomer of
ThsN@Ceg* ThsN@Cgs* ThsN@Cgo* ThsN@Cgo
Ni'(OEP)- Ni'(OEP)- Ni'(OEP)- Ni'(OEP)-
2.5C¢Hs 3CeHs 2CHs 2CeHs
color/habit black parallelepiped black parallelepiped black parallelepiped black parallelepiped
formula di"sgNsNin;; C134]'|56N5Nin3 C]_zd"seNsNing C12d‘|56N5Nin3
fw 2334.38 2271.31 2199.25 2199.25
cryst syst triclinic monoclinic monoclinic monoclinic
space group P1 C2/m C2/c C2/m
a, 14.990(3) 25.2024(8) 25.3036(8) 25.2505(7)
b, A 16.795(3) 15.4733(5) 15.0584(5) 15.1262(4)
c, A 18.408(3) 19.9878(7) 39.3947(13) 19.7335(5)
o, deg 77.940(3) 20 90 90
p, deg 76.268(3) 92.5450(10) 95.2030(10) 95.438(3)
y, deg 65.161(3) 90 90 90
vV, A3 4053.9(13) 7786.8(4) 14948.8(9) 7503.2(3)
z 2 4 8 4
T, K 90(2) 90(2) 90(2) 90(2)
1A 0.71073 0.71073 0.71073 0.71073
o, glcm® 1.912 1.937 1.954 1.947
w, mmt 2.886 3.002 3.124 3.112
R1 (obsd dat&) 0.056 0.054 0.035 0.079
wR2 (all datay 0.122 0.141 0.083 0.234

afor data withl > 20l: R1= 3 ||Fo| — |F¢||/3|Fol. ° For all data: WR2= [3[W(Fo? - FA)?)/ S [W(Fe2)?]] Y2

Figure 4. A perspective view of the fullerene and'\\OEP) molecules in
Figure 3. A perspective view of the fullerene and'{DEP) molecules in ThsN@CeeNi(OEPY2CsHs showing 50% thermal contours. Only one
ThsN@ CegrNi(OEP)Y2.5GHs showing 50% thermal contours. Only one  Position of the carbon cage and the majosNisite are shown.
position of the carbon cage and the majosNIsite are shown.

at 0.50 fractional occupancy is produced by combining the
mirror image of the first quarter ggunit with the other quarter

Cse Unit. Inside the cage, there is one nitrogen atom site, which
is located on a mirror plane, and several sites for the terbium
atoms. The principle site for the Thnit has 0.60(2) occupancy
and involves Th1, which is situated on a mirror plane, and Th2,
which sits in a general position. Th3, Tb4, and Th5, which all
reside in general positions, provide a second site that has 0.40-
(2) total occupancy when it and its mirror image produced by
reflection are considered.

The dimensions of the cage give a measure of its flattened
nature. The surface-to-surface distance along the cage’s 3-fold
axis is 7.353 A, while along the three 2-fold axes that are
perpendicular to the principal axis, the corresponding distances
are 8.516, 8.555, and 8.553 A.

The asymmetric unit consists of two quarter-molecules of the
fullerene, one-half of the nickel porphyrin, and one and one-
half molecules of benzene. The nickel porphyrin resides on a
mirror plane that bisects N2, Ni, and N4. One of the benzene
molecules resides in a general position while the other resides
on a mirror plane. These units are all ordered. However, there In each Th site the TBN unit is planar. For the major site
is disorder in the positioning of the endohedral. A complete the sum of the T&N—Tb angles is 359.36 Similarly, the sum
Cgs Cage is generated by combining one of the quartgiu@its of the three Tb-N—Tb angles is 359.60for the minor site.
with the mirror image of the other quartegddinit to produce The Tb—N distances in the major site are 2.158(6) and 2.159-
a chiral fullerene with 0.50 fractional occupancy. A second cage (3) A. At the minor site the TN distances are similar, 2.165-

2038 J. AM. CHEM. SOC. = VOL. 129, NO. 7, 2007
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Ni''(OEP)2CsHe consists of the fullerene cage at half oc-
cupancy, one-half of the nickel porphyrin, two half molecules
of benzene, one-half of the nitrogen atom, and various disordered
terbium atoms. The nickel porphyrin resides on a mirror plane
that bisects N2, Ni, and N4. One of the benzene molecules
resides on a horizontal mirror plane in a general position, while
the other resides on a vertical mirror plane. The fullerene and
its contents are disordered. The fullerene packs around a mirror
plane that does not coincide with a mirror plane of g
structure. Consequently, the entire cage was located and refined
at 0.50 occupancy for all carbon sites. The crystallographic
mirror symmetry produces a second cage that occupies the same
site with a second orientation.

The terbium atoms are distributed over twelve individual
positions that can be divided into four sites based in part upon
their populations. Site 1 (Tb1, Th2, Tbh3) is the predominant
site and has refined fractional occupancy of 0.682(2). Site 2
Figure 5. A perspective view of the fullerene and'\\{OEP) molecules in (Th4, Tb5, Th6) has the lowest occupancy, 0.070(1). Sites 3
the Ds, isomer of TBN@CsoNi(OEPy2CsH; showing 50% thermal (157 Thg Th9) and 4 (Th10, Tbll, Th12) have the same
contours. Only one position of the carbon cage and the majg ke are . .
shown. occupancy, 0.124(2), and are distinguished by the angular
disposition of the individual terbium atom&he ThN portions
are pyramidal in each of these four sitdhe sum of the three
Tb—N-—Tb angles at the individual sites are 347{8r site 1,
358.9 for site 2, 350.8 for site 3, and 3495for site 4.

Figure 11 shows the relationships between the centrgM Th
group and the cage that surrounds it. TheN'init is oriented
so that the plane of the Flmatoms makes an angle of 6&ith
the horizontal mirror plane that runs perpendicular to the 5-fold
axis of the fullerene. This contrasts with the situatiorDig-
SaN@Cgp Where the SgN group is planar and this group is
tipped by 30 from the horizontal mirror plane. The closest con-
tacts between the terbium ions and the cage carbon atoms
involve the interactions with pairs of carbon atoms located at
6:6 ring junctions that are positioned between a hexagon and a
pentagon.

The (1) Isomer of ThsN@Cgp. Crystals of () ThsN@ Cgor
Ni'(OEP)2CsHs show much less disorder than any of the other
three compounds considered here. Figure 6 shows a drawing
of the overall structure, while Figure 12 shows the relationship
between the T4N group and the carbon cage.

The asymmetric unit consists of the endohedral, a molecule
of nickel porphyrin, and two molecules of benzene, all in general
Figure 6. A perspective view of the fullerene and'NDEP) molecules in positions. The geometry of the carbon cage shows the expected
thely, isomer of TBN@ Cao'Ni(OEP)Y2CsHg showing 50% thermal confours.  jgagjizedl, symmetry. Inside the cage, the predominant terbium
Only one position of the carbon cage and the majosNTIsite are shown. . . .

ions sites have 0.97 occupancy. There are two sites for the

(7), 2.148(7), and 2.151(7) A. Notice that the-TiH distances nitrogen atoms with occupancy of 0.60 for N1A and 0.40 for
in ThsN@GCgs are all shorter than the TN distances found in ~ N1B. Thus, there are two prevalent sites for theN'init. In
ThsN@ Ces. each position the TN unit is pyramidalized The sum of the

Figure 9 shows the location of the major sRbsite within three Tb-N—Tb angles is 346.06for the site involving N1A
the Ggs cage. The TEN unit is positioned to coincide with the ~ and 348.7 for the site involving N1B.
3-fold symmetry of theDs symmetry of the carbon cage with As the data in Table 1 show, the bl distances inlf)-
the nitrogen atom located midway between C1 and C86. Figure ThsN@GCgo are shorter than those in 4@ Cgg and TBN@ Cgs
10 shows the locations of the nearest carbon atoms in gpe C but are similar to those seen iD4;) TbsN@Cgo. The Th-C
cage and the terbium ions for the major site. Each terbium ion distances are also similar to those foundDenj ThsN@ Cgo and
is situated over a pair of carbon atoms at a 6:6 ring junction. longer than those in the two larger endohedrals.

The (Dsh) Isomer of ThsN@Cgo. The structure of the Figure 12 shows the location of the JRbunit with regard to
fullerene cage in thB®s, isomer of TBN@ Cgo is similar to that the carbon atoms of the cage. It is noteworthy that the metal
previously reported for th®s, isomer SeN@GCso. Figure 5 atoms are located near the centers of hexagons on the fullerene.
shows a drawing of the structure and its relationship to the For comparison, in the DietsAlder cycloadduct SIN@ Cgo—
adjacent porphyrin. The asymmetric unit of tig{) ThsN@ Cso* Ci10H1202, which displays a similar degree of order in regard to
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Figure 7. A stereoscopic drawing of one enantiomer of thg €rbon cage in TIN@GCgg'Ni'' (OEP)2.5GHs. One of the 2-fold axes is aligned vertically.
The distance along the verticab axis (from the center of the GiC2 bond to the center of the C8T88 bond) is 7.245 A. In contrast, the distances along
the other twoC, axes are greater; 8.839 A for the distance from the center of the-C48 bond to the center of the C5856 bond and 8.531 A from the
center of the hexagon containing C26 and C27 and the center of the hexagon containing C37 and C38.

Figure 8. A stereoscopic drawing of one enantiomer of thg €@rbon cage in TIN@GCseNi'' (OEP)Y3CsHs. The Cs axis is aligned vertically. The distance
along theCs axis between C1 and C82 is 7.353 A. In contrast, the distances from one side of the cage to the other along the three 2-fold axes (8.516, 8.555,
and 8.552 A) average 8.541 A.

Figure 10. A drawing of TkN@GCss showing the interactions between
the major site for the terbium ions and the closest carbon atoms within the
cage.

with the structure of unfunctionalizedhJSaN@ Gso would be
more appropriate, but the available data are limited to disordered
structures where there are multiple metal sites to consider.

In order to see the effects of metal atom placement on the
structure of the carbon cages in endohedrals, it is useful to
the SgN unit and the carbon cage, the scandium ions are located€xamine the pyramidalization angle,?* (6, for graphite=
near pairs of carbon atoms, not over hexag?émgcomparison 0°; 9p for Cgp = 11.6%), for the individual fullerene carbons of

/29
Figure 9. A view down the 3-fold axis of T¥N@ Cgs Showing the location
of the major (0.60 occupancy) site for thesRbgroup inside the cage.

(23) Lee, H. M.; Olmstead, M. M.; lezzi, E.; Duchamp, J. C.; Dorn, H. C.;  (24) Haddon, R. C.; Raghavachari, K. BuckminsterfullerenesBillups, W.
Balch, A. L.J. Am. Chem. So2002 124, 3494. E., Ciufolini, M. A, Eds.; VCH: New York, 1993; Chapter 7.
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Figure 12. The location of the Tb atoms with regard to the two positions
for the nitrogen atom and carbon atoms of the cagen) iisN@ CgoNi''-
(OEP)2CsHs.

the type 3hC, which fall in the range 10-591.59. Similar
effects of metal atoms producing greater pyramidalization for
neighboring carbon atoms have been observed in other endohe-
drals, Dsn)SGN@Ce® and (h)CeSe@Cs0,%° and in some
functionalized endohedrals that crystallize with sufficient order
to make it possible to determine the pyramidalizati#hi.is
interesting to note that larger pyramidalizations (ca 14ede
found in the Diels-Alder cycloadduct, SIN@ Cgo—C10H120,,23
despite the fact that the ionic radius of scandium is less than
that of terbium. However, in that case the scandium ions reside
close to pairs of carbons atoms, which are the carbon atoms
showing the high degree of pyramidalization, wheready (
ThsN@ Gso, the terbium atoms sit over hexagons and push the
adjacent six carbon atoms away from the fullerene surface.

The carbor-carbon bond distances i ThsN@GCso also
show the effects of the proximity of interior metal atoms. If
those bonds closest to the terbium ions are omitted, the average
C—C bond length at the 6:5 ring junctions (1.440(1) A) is
slightly longer than the average—C bond length at the 6:6
ring junctions (1.427(1) A). A similar situation pertains in the
Diels—Alder cycloadduct, SIN@ Cgo—C10H120,, where the
average 6:5 €C bond distance, (excluding those in the vicinity
of the addend) is 1.437(15) A, while average 6:6C bond

Figure 11. Two orthogonal views offsn) ThsN@ Cgo in (Dsh) ThsN@ Ceo*

Ni(OEP)2CsHs showing the location of the major site of I unit within distances !S 1.421(18) A. Note that ifIhe average .6:5 anq
the carbon cage. In graphic A the 5-fold axis of the carbon cage is vertical, 6:6 bond distances (1.453(5) and 1.383(4) A, respectively) differ
while in graphic B the view is directed down the 5-fold axis. by a larger amour?’ In (INTbsN@GCso the terbium atoms

. ) lengthen the adjacent-&C bonds. For the 18 carbon atoms
the cage. Figure 13 shows a ploté@ffor the carbon atoms in - ¢jpsest to terbium ions, the average-C bond length at the
(I ThsN@Ceo. Within an isocahedral £ cage there are two  g:5 ring junctions (1.477(1) A) and the average-C bond
types of carbon atoms, those at the intersection of three hexagongength at the 6:6 ring junctions (1.458(1) A) are longer than

(3hC) and those at the intersection of two hexagons and athe average bond lengths for the carbon atoms further from the
pentagon (2hC). As seen in Figure 13 the 2hC carbons atomsigrpium atoms.

generally are more pyramidalized than the 3hC carbon atoms

when those carbon atoms lying closest to the terbium ions areDPiscussion

omitted from consideration. The 3hC carbon atoms have Five members of the THI@GC, family of endohedrals have

pyramidalizations that fall in a rather narrow range, 8:9113, been crystallographically characterized, which makes this the

the pyramidalizations of the 2hC atoms span a larger range,
i (25) Wang, X.; Zuo, T.; Olmstead, M. M.; Duchamp, J. C.; Glass, T. E.; Cromer,

8.42.—10..86’. However, the 18 carpon. atoms Fha}t Ilelover the T E TBalch A L Dom. t Ca. A Chem: Sc@006 128 8834,

terbium ions are the most pyramidalized. Within this group, (26) Elchego3:jen, L Charrc;]enor, c.hJ.; Cardona, C. M.; Elliot, B.; Rivera, J.;

H H P : Olmstead, M. M.; Balch, A. LChem. Commur2006 2653.
the _atoms in the 2hC class show_ Iarger pyramidalizations that 27) Fedurco, M.: Olmstead, M. M.: Fawcett, W. Rorg. Chem.1995 34,
fall in the range 11.3213.00, which is larger than those of 390.
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Figure 13. Pyramidalization angles)p, for the fullerene carbon atoms ith(ThsN@Cso*Ni'' (OEP)2CsHs.

largest group of structurally characterized TNT endohedrals. Of is seen for the ¥N group in a functionalized derivative off§-

these five molecules, four (thgandDsp isomers of TEN@ Cgo,
ThsN@GCss, and TRN@GCgg) have IPR structures, while only
isomer 2 of TBN@GCgs has a non-IPR structufé Within this

Y3N@GCg0,?® an observation which is consistent with the
intermediate size of Y(Ill) (ionic radius, 1.040 A3.
The cage size is also correlated with length of the-TNoand

group it is clear that there is a correlation between the cage nearest Tb-C distances. As the data in Table 1 show, as the

size and the structure of the ¥ group on the inside. For the
three largest cages, isomer 2 of NG Cgs, ThsN@Cgs, and
ThsN@Gsg, the TN units are planar, while for the two smallest,
the I, and Dg, isomers of TBN@GCso, the TN units are
significantly pyramidalized. In this context it is interesting to
note that the SN unit retains its planar geometry through the
entire series of related TNT endohedrals (thendDs, isomers

of SGN@GCsg, SGN@GCr, and SeN@GCsg) that have been
crystallographically characterized. Of course, Sc(lll) has a
significantly smaller ionic radius than does Tb(lll), and seems
to readily fit in a planar fashion into all these cages including
the smallest g The small cage in SB@GCss as the larger
cages in TIN@Gss, and TBN@GCgg all have a flattened aspect
that provides added space for thesMAunit in the region
perpendicular to the direction of flattening. Thus, the flattened

cages get larger, the HiN and nearest TbC distances increase.
Additionally, the lengthening of the TN distances allows the
ThsN units to adopt planar structures in the larger cages.

In the crystals used in this study, the cage shape appears to
be correlated with the positioning of the internalsWNbgroup
with regard to the adjacent NIOEP) molecule. Thus in the
nearly spherical molecules the shbgroups lie in an orientation
that is roughly perpendicular to the porphyrin plane with two
of the terbium ions nearly equidistant from the nickel ion and
near the plane of the porphyrin. This arrangement of the internal
metal ions with regard to the porphyrin plane has also been
seen in other TNT endohedrals including EAS@ Cgo,3t
CeSeN@Cg0,2° and GAN@GCg0.2° In ThsN@GCge-Ni" (OEP)
3CsHes where the flattened side of the fullerene is aligned with
the planar surface of the porphyrin, thesRounit lies parallel

shapes of these fullerenes appear especially effective in accomto the porphyrin plane. In TN@CsgNi' (OEP)2.5GHs the

modating the internal MN groups and allowing them to assume
planar geometries.

The pyramidalization of N units within a Ggo cage depends
upon the size of the metal ions involved. Thus, small metal
ions such as Sc(lll) (ionic radius, 0.885 A) and Lu(lll) (ionic
radius, 1.001 A% form TNT endohedrals with planar structures
as found in thel, and Ds, isomers of SIN@GCg?® and in
LusN@GCgo.2° Larger metal ions, such as Gd(lll) (ionic radius,
1.078 A) and Th(lll) (ionic radius, 1.063 &$,exhibit pyramidal
structures in thé, andDsp isomers of TEBN@GCgp and in thelp,
isomer of GAN@Cgo.3° A smaller degree of pyramidalization

(28) Shannon, R. DActa Crystallogr., Sect. A976 32, 751.
(29) Stevenson, S.; Lee, H. M.; Olmstead, M. M.; Kozikowski, C.; Stevenson,
P.; Balch, A. L.Chem=—Eur. J.2002 8, 4528.
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fullerene cage appears to be too large to lie with its flat side
against the porphyrin. Consequently, the cage as well gld,Th
the unit within it, is canted with regard to the plane of the
porphyrin.

It is interesting to note that both of the large fullerenes
examined here, TN@Cs and ThN@GCgs, employ cage
structures that are chiral. These joinsS@& Css, Which hasD3
symmetry and a similar flattened shape, to form the only group
of unfunctionalized fullerenes with chiral structures to be
characterized crystallographically. In all cases, these endohedrals

(30) Stevenson, S.; Phillips, J. P.; Reid, J. E.; Olmstead, M. M.; Rath, S. P;
Balch, A. L. Chem. Commur2004 2814.

(31) OImstead, M. M.; de Bettencourt-Dias, A.; Duchamp, J. C.; Stevenson, S.;
Dorn, H. C.; Balch, A. LJ. Am. Chem. So00Q 122, 12220.
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form cocrystals with Ni(OEP) that form in centrosymmetric ~ wavelength was 390 nm. The fractions Tb2, Th5, and Tbh6 from this
space groups, and consequently each crystal is a racemate. Th@PBB column were collected and further separated with a 2-(1-pyrenyl)-
similar external shapes of these endohedral fullerenes allow eactfthy! silica, SPYE, column (10 mm by 250 mm, Nacalai Tesque) using
enantiomer to occupy a common site with a different orientation ©0luéne as a mobile phase (2.0 mL/minute) to obtain pure samples of
that is proscribed by crystallographic symmetry. ToN@Con )
In conclusion, it appears that the IPR rule is still a useful Crys;tal Growth for Terbium Endohedrals. Cocrystals of TIN@Gx

guide for our expectations for the structures of higher endohedral and NI'(OEP) were O.bta'ned by layering a brown color solution of ca.
fullerenes, but the non-IPR structure of isomer 2 ofN® G 0.5 mg of TBN@G,, in 0.5 mL benzene over a red benzene solution

A o . . of Ni"(OEP) in a glass tube. Over a 14 day period, the two solutions
reminds us that caution is needed in regard to our expectations ytsed together and black crystals formed.

On a positive note, it is \{ery gncouraglng to .f'nd that only a X-ray Crystallography and Data Collection. The crystals were
small number of cages with discrete geometries are found for ;emoved from the glass tubes in which they were grown together with
these higher endohedrals, despite the fact that many IPR cagey small amount of mother liquor and immediately coated with a
choices are available and an overwhelming variety of non-IPR hydrocarbon oil on the microscope slide. Suitable crystals were mounted
structures could be utilized for these large endohedrals. Obtain-on glass fibers with silicone grease and placed in the cold dinitrogen

ing pure samples of the enantiomers of sMi@Cgg and stream of a Bruker ApexlI diffractometer with graphite-monochromated
ThsN@GCgs presents a new challenge with these important new Mo Ka radiation at 90(2) K. Crystal data are given in Table 2. The
nanomaterials. structures were solved by direct methods and refined using all data
(based orf?) using the software of SHELXTL 5.1. A semiempirical
Experimental method utilizing equivalents was employed to correct for absorgtion.

Hydrogen atoms were located in a difference map, added geometrically,

Synthesis of TBN@C;,. Graphite rods (6.15 mm diameter by 152 and refined with a riding model.

mm length) were core-drilled and subsequently packed with a mixture
of Th4O;, graphite powder and k¢ with a weight ratio of 2.03:1.0:

- X e Acknowledgment. We thank the National Science Foundation
0.4, respectively. These rods were then vaporized in ‘askinaner-

) . [Grants CHE-0413857 (A.L.B.), CHE-0443850 (H.C.D.) and
Huffman generator under a dynamic flow of He angl(fbw rate ratio DMR-0507083 (H.C.D d the Nati | Institute of Health
of No/He = 3:100) with a total pressure of ca. 300 Torr before arc ) (H.C.D.)] an € Natonal Institute of Hea

discharge to obtain soot containingsN@ G, The resulting soot was [Grant 1R01-CA119371-01 (H.C.D.)] for support.
then extracted with refluxing toluene in a Soxhlet extractor for 20 h to
obtain the soluble extract that was used for purification.

Synthesis of CPDE-MPR To prepare CPDE-MPR, 25 g (30 mmol Poblet and co-workers (Campanera, J. M.; Bo, C.; Poblet, J.

1 ofMerrfield pepide resin was susended In 600 mL oftoluenein . Angew. Chem. Int. @005 44, 7230-7233) have predicted
2 asi. 1ne mpdure was cogied 1 and hed at tha (on the basis of electronic structure calculations on empty cage

temperature using a dry ice and ethyl alcohol bath. A 60 mL portion .
of a sodium cyclopentadienide solution (2 M in tetrahedrafuran) was anions) that no IPR fullerene cages betwegnahd G other

added dropwise to the stired suspension. After the addition was than Go, Dan-Crs, Dsn-Cao, and In-Cgo Will be capable of

complete, the suspension was stirree-80 °C for 2 h. The suspension ~ €ncapsulating an (MN)®* unit. That prediction was borne out

was collected by vacuum filtration on a Buchner funnel and washed for isomer 2 of SeN@GCss, Which has a non-IPR structure. No

with water until the filtrate was colorless. Then the filtration and predictions involving @s or Cgg were made at that time.

washing were repeated using toluene. The sample of CPDE-MPR was

dried under a Biflow in the hood and kept in a glove box. The product ~ Supporting Information Available: The HPLC chromato-

is a light-brown solid®? grams, UV+-vis, and MS spectra of the purified samples; X-ray
Separation of TN@Ca. The extract was applied to a glass column ~ crystallographic files in CIF format for @ Cgg:Ni" (OEP)

(22 mm diameter by 280 mm length) packed with approximately 20 g 2.5GHs, ThsN@ Cge'Ni''(OEP)Y3CsHe, (Dsp) ThsN@ CgorNi''-

of cyclopentadiene-functionized Merrifield resin (CPDE-MPR) in  (OEP)Y2CsHg, and (1) ThsN@ CsorNi'' (OEP)Y2CsHe. This ma-

toluene. Toluene was flushed through by gravity feed (about 20 ML/ tayial is available free of charge via the Internet at http://

h). The eluent was further separated using a two-stage HPLC approaChpubs.acs.org.

First, the pentabromobenzyloxypropyl! silica, 5PBB, column (4.6 mm
by 250 mm, Alltech Associates) was employed with toluene as the JA066437+
mobile phase. The flow rate was 2.0 mL/min and the detection

Note Added in Proof

(33) Sheldrick, G. MSADABSyersion 2.10; Bruker Analytical: Madison, WI,
(32) Guhr, K. I.; Greaves, M. D.; Rotello, V. M. Am. Chem. S0d994 116, 2002 (based on a method of Blessing, R.Atta Crystallogr., Sect. A.
5997. 1995 51, 33).
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