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Abstract: In this paper we report enhanced reactivity of the Ds, isomers in comparison with the more

common /,isomers of ScsN@Cgo and LusN@Cso toward Diels—Alder and 1,3-dipolar tritylazomethine ylide
cycloaddition reactions. Also, the structure of the Ds, isomer of ScsN@Cgo has been determined through
single-crystal X-ray diffraction on Dss-ScsN@Cgo*Ni(OEP)-2benzene (OEP = octaethylporphyrin). The ScsN
portion of Dsy;-ScsN@Csg is strictly planar, but the plane of these four atoms is tipped out of the
noncrystallographic, horizontal mirror plane of the fullerene by 30°. The combination of short bond length
and high degree of pyramidization for the central carbon atoms of the pyracylene sites situated along a
belt that is perpendicular to the Cs axis suggests that these are the sites of greatest reactivity in the Dsy
isomer of ScsN@Cgo. Consistent with the observation of higher reactivity observed for the Ds, isomers,
cyclic voltammetry and molecular orbital (MO) calculations demonstrate that the Ds, isomers have slightly
smaller energy gaps than those of the I, isomers. The first mono- and bis-adducts of Ds, ScsN@Cgo have
been synthesized via 1,3-dipolar cycloaddition of tritylazomethine ylide. The NMR spectrum for the
monoadduct 2b is consistent with reaction at the 6,6-ring juncture in the pyracylene unit of the Ds, ScsN@Cso
cage and is the thermodynamically stable isomer. On the other hand, monoadduct 2a undergoes thermal

conversion to other isomeric monoadducts, and three possible structures are proposed.

Introduction

Endohedral metallofullerenes (EMF) have attracted increasing
attention during past decades for their potential applications in

electronic structure, i.e., (9d)6Cg®~.# Long-time molecular
dynamics simulations followed by quantitative DFT-NMR
calculations of thé3C NMR chemical shifts of the SN@Cgo
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Figure 1. (Left) SGN@GCgo I isomer. (Right) S&N@Cgo D5, isomer.

Figure 2. A schematic diagram of the carbon cage of By Cgo isomer
showing the six bands of different types of carbon atoms.

In isomer reproduced the two-line experimental spectriiwo
other SgN EMF family members, theDs, symmetrical
SaN@GCr¢® and theDs symmetrical non-IPR (isolated-pentagon
rule) SeN@GCsg” were also discovered. Thus far the family of
TNT-EMFs has been expanded to other metaisl@C,, (A
=Y, Gd, Th, Dy, Ho, Er, Tm, and Lu; 3& n < 49)4d8

In an earlier study, we proposed that a relatively small
amount of theDsy, isomer of SeN@GCg existed in samples
dominated by théy, isomer based on high performance liquid
chromatography (HPLC) anldC NMR. The structures of these
two isomers are compared in Figure 1. Figure 2 shows a
schematic diagram of thBs, isomer of the @ cage with its
six different types of carbon atoms arranged into six colored
layers.
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Dunsch and co-workers used HPLC to sepatgtend D,
isomers for various trimetallic nitride endohedral metallo-
fullerenes, including SAN@ Cgo, .0 TmaN @ Cgo,2¢and DysN @ Cgo.°
Since the retention times of the two isomers are similar, to
achieve better separation, a linear combination of two HPLC
columns and multiple injections were applied to afford pure
isomers. Compared with thk, isomer, a relatively smaller
optical energy gap, i.e., a longer onset wavelerigtlx value,
was reported for thés, isomers by visible-NIR spectro-
scopy8¢€190n the basis of different oxidation potentials for
SaN@GCy | and Ds, isomers, Echegoyen and co-workers
reported an electrochemical method to oxidize Eigisomer
selectively!! The unoxidized isomer could then be purified
by removing the radical cation of thi&s, isomer from the silica
column. Based on density functional theoretical (DFT) methods
and Gibbs energy calculations, Slanina and Nagase recently
calculated the observed populations of 10% and 17% for the
Dsp SGN@GCgp isomer at temperatures of 2100 and 2340 K,
respectivelyt? Very recently, Yang and Dunsch reported the
third stable trimetallic nitride encapsulatedgoCcage; the
DysN@ Cgo isomer with a propose®sy symmetrical structure
was isolated and characterized by optical and vibrational
spectroscopy?

In this paper, we explore the Dielg\lder cycloaddition
reactions of AN@Ggo (A = Sc, Lu) with cyclopentadiene-
functionalized resin as a method for purification of mixtures of
Ih and Dsy, TNT-EMFs. BothDs, SGN@Cso and LuN@ Cso
exhibit higher reactivity than those of the respectiyssomers.
Cyclic voltammetry and theoretical molecular orbital (MO)
calculations have also been carried out fosNR@Cgp and
LusN@GCg in order to understand the relative stabilities and
reactivities of theéDs, andly, isomers. Although several exohedral
derivatives of TNT-EMH}, isomers have been synthesized and
characterized?*®no derivatives of thé®s, isomers have been
previously reported. Herein, for the first time we report the
synthesis and characterizationMritylpyrrolidino mono- and
bis-adducts of th®s, isomer of SeN@GCgo through the Prato
reactiont® The possible cycloaddition reaction sites for the two
monoadducts of thBs, isomer are discussed basedBhNMR
evidence and other data deduced from DFT calculations,
electrochemistry, and X-ray crystallography.

Results and Discussion

I. Crystallographic Determination of the Structure of the
Dsp Isomer of SgN@Cgo. Since we have repeatedly demon-
strated that cocrystallization with metallo-octaethylporphyrins,
M"(OEP) (M= Ni, Co), produces samples with sufficient order

(10) Krause, M.; Dunsch, LChemPhysCher004 5, 1445-1450.

(11) Elliott, B.; Yu, L.; Echegoyen, LJ. Am. Chem. So@005 127, 10885~
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524-525. (b) Lee, H. M.; Olmstead, M. M.; lezzi, E.; Duchamp, J. C;
Dorn, H. C.; Balch, A. LJ. Am. Chem. So2002 124, 3494-3495. (c)
Stevenson, S.; Stephen, R. R.; Amos, T. M.; Cadorette, V. R.; Reid, J. E.;
Phillips, J. P.J. Am. Chem. SoQ005 127, 12776-12777.

(15) (a) Cardona, C. M.; Kitaygorodskiy, A.; Ortiz, A.; Herranz, M. A.;
Echegoyen, LJ. Org. Chem2005 70, 5092-5097. (b) Cardona, C. M.;
Kitaygorodskiy, A.; Echegoyen, L1. Am. Chem. So@005 127, 10448~
10453. (c) Cal, T.; Ge, Z.; lezzi, E. B.; Glass, T. E.; Harich, K.; Gibson,
H. W.; Dorn, H. C.Chem. Commur2005 3594-3596.

(16) (a) Prato, M.; Maggini, MAcc. Chem. Res1998 31, 519-526. (b)
Maggini, M.; Scorrano, G.; Prato, M. Am. Chem. Sod993 115 9798-
9799.
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Figure 3. A view of the contents of the asymmetric unit in the, isomer
of SGN@CgorNi(OEP)Y2benzene with 50% thermal ellipsoids.

to allow structure determinaticifi67217benzene solutions of
the Ds, isomer of SeN@GCgo and Ni'(OEP) were allowed to
slowly diffuse together. Black papallelepipeds of the product
were obtained and utilized in the crystal structure determination.

Figure 3 shows a drawing of the four molecules present in
the asymmetric unit of the compound. None of these has any
crystallographically imposed symmetry. As usual, all eight ethyl
groups of the porphyrin surround the fullerene. The closest
contact between the porphyrin and the endohedral is the 2.812(3)
A separation between Ni and C46. Remarkably, both the carbon
cage and its contents are fully ordered.

Figure 4 shows two drawings of the fullerene itself. Part A
shows a view down the noncrystallographic, five-fold axis of
the cage, while part B shows a view perpendicular to that five-
fold axis. As these drawings show, thesSqortion is strictly
planar (the sum of the three Sbl—Sc angles is 359.9% but
the plane of these four atoms is tipped out of the noncrystal-
lographic horizontal mirror plane of the fullerene by*30he
geometry of the SN portion is rather irregular with a variety B
of Sc—N distances (SciN, 2.014(2), Sc2N, 2.031(2); Sc3- Figure 4. Two views of the endohedral fullerene in tiky, isomer of
N, 2.041(2) A) and N-Sc—N angles (ScEN—Sc2, 121.12(11); SaN@CeoNi(OEP)2benzene. (Upper) Looking down the fullerene five-
Scl-N—Sc3, 107.21(10); Se2N—Sc3, 131.61(1F). Each folq a>§is. (L(_)wer_) Lo_okipg perpendiqular to the fuIIe_rgne five-fold axis
scandium ion is in c_Iose proximity to a pair of_ carbqn atoms of g?élcgs'zf\'ﬁ:i'f%%nsfgs gé%vghg%cﬁgx' ;mt?yn;gos't'ons are shown as
the fullerene. Scl is located over ad bond involving C64
and C44, Sc2 sits over an-e bond involving C24 and C57,  bonds (average distance, 1.396 A) are in pyracylene sites where
and Sc3 is situated near a-d bond involving C31 and C32. two hexagons abut with pentagons at either end, while the long

The C-C bond distances in the carbon cag®gf SGN@ Cgo f—f bonds (average distance 1.462 A) are in pyrene sites. This
show greater variation than was observed in the correspondingis the first crystallographically characterized fullerene cage to
In isomer. Inl, SGN@GCg there are only two types of €C have such pyrene sites. The otherC bond lengths have the
bonds. Those at the junction of two hexagons have an averageollowing average values (A): -aa, 1.434; ab, 1.420; b-c,
distance of 1.421(18) A, while those at the junction of a 1.419;c-c, 1.438; e-d, 1.451; d-e, 1.434; &-f, 1.432. In all
pentagon and a hexagon have an average distance of 1.437(15)ases the €C bonds nearest the three scandium ions have been
A1 |n the Ds, isomer of SEN@GCgq, the £f bonds are the omitted in calculating these average distances. The proximities
longest C-C bonds, while the-ee bonds are the shortest. These of these pairs of carbon atoms closest to the scandium atoms
bonds alternate about the horizontal plane of the cage and lieappear to lengthen the-€C bonds between them.
in a direction parallel to the 5-fold axis. The shorte C—C The pyramidization angle$),,*® (6, for graphite= 0°; 6,
for Cgp = 11.6) for the individual fullerene carbons sy
(17) Lee, H. M.; Olmstead, M. M.; Suetsuna, T.; Shimotani, H.; Dragoe, N.; SeN@Cy also show some interesting variations. The average

Cross, R. J.; Kitazawa, K.; Balch, A. IChem. Commurn2002 1352- s X i
1353. pyramidization angles for the different types of carbon atoms
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are: a, 10.8 b, 8.9;c, 10.T; d, 10.2; e, 10.5; and f, 8.4. In mfz: 1109

averaging these values, those carbon atoms nearest the scandiul? e —— initial

ions have been omitted since the carbon atoms near scandiun | — 3days
have particularly high pyramidization as follows: C64, 3.0 > - ;:‘;::‘
C44, 12.9; C24, 13.9; C57, 11.3; C31, 12.58; C32, 13.8. £ Y\ 3 weeke
Similarly high pyramidization angles were seen for those carbon =

atoms nearest the scandium ions in a functionalized version of § | . . SeN@Cr
the I, isomer of Se(N@Cgo!** The carbon atom nearest the £ |7~ v wof, / =
porphyrin, C46, exhibits an unusually Id#y of 8.7 for a carbon = SeNEC, I, ]

atom of the d-type. Likewise C47 which is the next nearest isomar

carbon to the porphyrin has a lod of 7.6°, the lowestd, p—_—,—=-=qzj : - =]
value seen for any of the f-type carbon atoms. For the other L 75 0 85 80 %

Retention Time (min}

carbon atoms, the highest pyramidization is seen for the a-type

carbon atoms at the poles of the carbon cage and for the e-type ) NG | isomer
carbon atoms that surround the middle of the molecule. Notice e 140 N —— It
that there is a pronounced alternation about the middle of the .’j - \ - ?:i?k
fullerene with the e-type carbon atoms showing a high degree £ \4 — I e
of pyramidization and the f-type carbon atoms displaying the < Il 5 weeks
lowest degree of pyramidization seen anywhere in the molecule. % Ii|

The combination of short bond length and high degree of § _ % Lu,N@Cy, Dy,
pyramidization for the central carbon atoms of the pyracylene S T al fomer
sites at the center of the carbon cage suggest that these may b
the sites of greatest reactivity in tig, isomer of SeN@ Cgo. '
The two carbons atoms at the center of pyracylene sites are B'O 6'5 7'0 ?'5 8'0 3'5 9'0 9'5

generally the positions of highest chemical reactivity on empty
cage fullerenes, but thg isomer of SeN@Geo lacks such sites. Figure 5. HPLC (PYE column, toluene, 1 mL/min, detection at 390 nm)
The lack of this structural feature offers some insight into the traces. (a) The, andDsx SGN@Geo mixture after reaction with resifin

low degree of chemical reactivity of thgisomer of SeN@ Cgo. toluene at room temperature for 0 day, 3 days, 1 week, 2 weeks, and 3
In ontfas (e isomerof SN@Cots more reactive, and el ) T D . o et e
the NMR data for the monad\¢tritylpyrrolidino) derivative of : ’ ! ! ’ '
the Dsp isomer described below is consistent with the crystal- Zgﬁ,gtgﬁeteoki'eﬂ?@ Zi'r?fgsfo?f;fﬁifgi?ncﬁinae”ﬁ LN G peaks were
lographic work suggesting that the-e bonds at the middle of
this metallofullerene are the initial sites of addition.

1. Reactivity Comparisons. a. Kinetic Stability. Recently, )
using the cyclopentadiene-functionalized resirmacroscopic MQ AN@Co0 0, Dsr) ®—@—ﬁt\&"‘ &
quantities of high purity TNT-EMF were directly and expedi- Taluene f Room Temp g ,;;;Lo}
tiously obtained from crude soots or extrd@tby taking 1 o g
advantage of significantly different kinetic stabilities between ) .

TNT-EMFs and other fullerenes (empty cage fullerenes and 2/izéd resinl (Scheme 1). In Figure 5a, tHBs, SGN@Ceo
classical endohedral metallofullerenéj! To explore the eluted later than tha_’ isomer and aPpeafed asa shoulder on
reactivity differences betwedpandDsy, isomers of TNT-EMFs, .the|h chroma_tograph@ pea}k. Th.e rzf:ltlo!tafto Dsp, isomer peaks
mixtures of AN@Gso (A = Sc or Lu)l andDs, were treated increased with react|on.t|me, |pd|c§t|ng that t@@h |som§r
with large excesses of the cyclopentadiene-functionalized resin’€acted faster than thig isomer in this competitive reaction.
1 (finely ground) under vigorous stirring at room temperature. 1€ Dsh SGN@Ceo was almost completely removed from the
The Diels-Alder cycloaddition reactions of TNT-EMFs with original mixture after two wee_ks. A similar reacnwty_pattern
resinl were assumed to be under pseudo-first-order conditions. was also .observed fér andDs, isomers of LyN@ Geo (Figure
The concentration of i;N@Cao was monitored by HPLC. 5b). The isomers of LIN@GCgo were better res'ollved than those

Aihara’s minimum bond resonance energy (min BRE) of S_Q*N.@CBO under the same HPLg conditions. The short
calculationd®@and the calculated HOMELUMO energy gaps elution time peak was thig LusN@Cao,” and the later one was
for the Gue®~ isomer&®a22suggested that thigs, Cgo cage with the Ds, isomer. These assignments were confirmed by both mass

six negative charges is slightly more reactive than the spectrometry and®C NMR spectroscopy.

1 .
analogue. Figure 5 illustrates the different reactivities between Sulrr)]ptgﬁir?g IﬁxrRmsaFis)ﬁ)rumeot::]:mwicajI@sﬁ??tgiglstﬂgirif;:aks
TNT-EMF I, and Ds, isomers with cyclopentadiene-function- ’ ;

h 5 yclop (135.5, 138.1, 138.2, 143.2, 144.7, and 149.0 ppm), representing

Retention time (Min)

Scheme 1. Reaction of TNT-EMFs with
Cyclopentadiene-Functionalized Resin 1, A = Sc or Lu

(18) Haddon, R. C.; Raghavachari, K. BuckminsterfullerenesBillups, W. the six different types of carbon atoms on thg, Cgo cage,
E., Ciufolini, M. A., Eds.; VCH: New York, 1993; Chapter 7. i i i iti i i
(19) Ge, 7. Duchamps. J. G- Cai, T.. Gibson. H. W+ Dorn. HJGAm. Chem. and.the|r relative intensities are very consistent with the reported
S0c.2005 127, 16292-16298. assignment for thé3C NMR spectrum of the SBl@ Cgo Dspy
(20) (a) Aihara, JPhys. Chem., Chem. PhyX)01, 3, 1427-1431. (b) Aihara, i 9 i i
3 Chem. Phys. Let2001 343 465-469. (c) Alhara. JJ. Phys. Chem. A isomer? After normalizing thd, chromatographic peaks to the
2002 106, 1137+11374. same height, the peaks for tigy, LusN@Cgp were found to
(21) Camparera, J. M.; Bo, C.; Poblet, J. Ahgew. Chem., Int. E00S 44, decrease with increasing reaction time, again indicating the
(22) Nakao, K.; Kurita, N.; Fujita, MPhys. Re. B 1994 49, 11415-11420. higher reactivity of theDs,, isomer. As a result of the distinctly
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Figure 6. Cyclic voltammogram of thé, andDs, isomers of (a) SIN@Cgo
and (b) LuN@GCgo in o-dichlorobenzene, 0.1 M TBAB{500 mV/s scan
rate.

different reactivities fol, and Ds, TNT-EMFs toward resirl
and the thermal reversibility of DielsAlder cycloadditiont®23

it is feasible to establish a nonchromatographic strategy to

separate botly, and Ds, isomers; the resin produced after the
Dsh isomer is consumed can be subjected to retro-Bidlger
conditions to free this isomer (see Supporting Information for
preliminary results). However, the purifi€k, samples utilized
in the current studyvide infra were purified by repetitive
chromatographic methods.

b. Electrochemistry. The electrochemical behaviors of the
Inh and Dsp isomers of SeIN@GCgo and LuN@GCgo were deter-
mined by cyclic voltammetry (Figure 6), and the results are

peak were observed for each sample. The first reduction
potentials €9E;) for the Ds, isomers of SEN@ Cgo (—1.333 V)

and LuN@Ggo (—1.409 V) are slightly more negative than those
of the I, isomers of SIN@GCgo (—1.274 V) and LUN@GCgo
(—1.402 V), respectively. The oxidation potentig;) of both
SaN@GCgp and LuN@GCgo Ds, isomers, however, are ap-
proximately 0.2 V less positive than those of theisomers.
The resulting electrochemical gap¥H;—"9E;) for the Dy,
isomers of SIN@GCgo (1.675 V) and LUN@Cgp (1.855 V) are
approximately 0.18 V smaller than the electrochemical gaps for
the I, isomers of SIN@Cgp (1.842 V) and LYN@GCgo (2.044

V). The observation of less positive first oxidation potentials
for the Ds, isomers is consistent with the assignments made by
Echegoyen and co-workers from the cyclic voltammogram of
the isomeric mixture of SN@ Cgo.™?

Itis worth noting that both oxidation and reduction potentials
for I, and Ds,, isomers were shifted by changing the internal
trimetallic nitride cluster. The electrochemical gap fosN@ Cgo
In (2.044 V) andDs, isomers (1.855 V) are approximately 0.2
V larger than SeN@GCgo |1 (1.842 V) andDsy, (1.675 V) isomers,
respectively. However, the differences in the electrochemical
gaps between the lanthanide TNT-EMFs are relatively small.
For example, the electrochemical gapleLusN@GCso (2.044
V) is comparable to that of, TmsN@GCgo (1.99 V)24

c. Theoretical Calculations.DFT calculations have provided
the molecular orbital energy level diagrams of the isomers of
SaN@Cgo and LN@GCgo (Figure 7). The LUMOSs of th®s,
isomers (SIN@GCgp = —3.01 eV, LuN@Cgo = —2.94 eV) are
comparable to those of thgisomers (SIN@Cgp = —2.91 eV,
LusN@GCgp = —2.89 eV). However, the HOMOs of thBsy,
isomers (SIN@GCgp = —5.29 eV, LuN@Cgo = —5.24 eV) are
higher than those of thk, isomers (SEN@Cgp = —5.45 eV,
LusN@GCgp = —5.44 eV). Therefore, the HOMEOLUMO gaps
for the Ds, isomers are about 0.25 eV smaller than those of the
In isomers. These are still relatively small differences and are
perhaps in fortuitous agreement with the electrochemically
determined potential differences (Table 1). They also agree well
with the observation of the higher reactivity fDg, isomers in
the competition reactions with isomers toward the cyclopen-
tadiene-functionalized resin by Diet&\lder cycloaddition
(Figure 5).

Interestingly, thd, isomer of La@GCgo has almost the same
HOMO level but a significantly different LUMO level compared
with the I, isomer of SeN@Cg.2° In contrast, for the same
TNT cluster but different g cage symmetryl, vs Dsp, the
changes of the HOMO levels are more obvious than those of
the LUMO levels. Therefore, in general the LUMO energies of
EMFs are more sensitive to the internal metallic cluster, while
the HOMO levels are more sensitive to the structure and
symmetry of the outside carbon cage, as expected on the basis
of the (AgN)®"Cg®~ formulation?® Figure 7 shows that the

summarized in Table 1. Two reduction peaks and one oxidation HOMO levels of thel,, isomers are very different from those

Table 1. Electrochemical Redox Potentials (V versus Fc/Fc' in o-Dichlorobenzene, 0.1 M TBABF,) and HOMO/LUMO Levels (eV) for the I,
and Dsp Isomers of ScaN@Cgo and LusN@Cgo
compound *Ey = E ey HOMO LUMO HOMO-LUMO
SeN@Cso (In) 0.568 —1.274 1.842 —5.44 —291 2.53
SGN@GCso (Dsh) 0.342 —1.333 1.675 —5.29 —3.01 2.28
LusN@GCgo (In) 0.642 —1.402 2.044 —5.44 —2.89 2.55
LusN@Cso (Dsn) 0.446 —1.409 1.855 —5.23 —2.94 2.29

J. AM. CHEM. SOC. = VOL. 128, NO. 26, 2006 8585



ARTICLES Cai et al.
ev . _ . ‘ ev
o] I, isomer D, isomer I, isomer D, isomer |
-2.40 ey
- -248ev agEer
- -257 av 2T ev 7 -
—_— S277ev — e i;;w —t
3 3 -281ev :%:3? & R Co2ev |3
4| LUMO LUMO 4
2.58 ev 298 ev 255ev 2.29 ey
HOMO
HOMO HOMO
5 ] _ L -5
-5 ‘! v ~ 523 ev
L { v -544 ev -53Gev - ¥ -544 v -5.32ev
—t— ;ﬂ_-s_ESev H— sase 4 II _1| -EEBev -SdBey
:E _574ey -568ev
—u— _ET5ev :‘t Che —11— 576 ey L85 ey
6 - _‘l_ -593ev -59sev | g
_ﬂ_ _1"_-6.0? av 1| 1| -3.1T ev
Sc;N@Cy Lu;N@Csy,
Figure 7. Molecular orbital (MO) diagrams of SN@Cgo and LuN@GCgo (In and Dsy isomers).
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e }'”mer that the addition of th&\-tritylazomethine ylide occurs at both
the 5,6- and 6,6-ring junctions of the 8@ Gy I, cage, yielding
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Figure 8. HPLC chromatograms: (a) mixture of $&@Cgo I, and Dz,
isomers, (b) pure Shl@GCgo |1 isomer, (c) reaction mixture of the $6@ Cgo
I, isomer withN-triphenylmethyl-5-oxazolidinone at132°C for 4 h, (d)
pure SeN@ Cgp Dsp isomer, and (e) reaction mixture of thesS@ Cgo Dsh
isomer withN-triphenylmethyl-5-oxazolidinone at132°C for 4 h. HPLC
conditions: 10 mmx 250 mm PYE at 1.0 mL mint flow rate with toluene,
390 nm detection. (Traces (b) and (c) are reproduced from ref 26.)

of the Ds, isomers, which are locally distributed onto one
hemisphere. Similar to the localized LUMO for 1@ GCg that
results in high reactivity® the higher reactivity of th®s, isomer
relative to thd, isomer is presumably due to its more localized
HOMO orbital.

In addition, the energy levels of HOMO and HOMO minus
orbitals for SgN@GCgo and LuN@GCgp are similar, and the

electron density distributions around both endohedral metallo-
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the thermodynamic and kinetic products, respectively. In the
present work, however, we have found that By isomer of
SaN@GCg exhibits significantly higher reactivity with the 1,3-
dipolar tritylazomethine ylide (Scheme 2) in comparison with
thel, isomer. The HPLC chromatogram of the original sample
of SGN@ Gy (Figure 8a) consisted mainly of thgisomer with

a small amount oDz, isomer, which appears as a shoulder at
91.0 min under slow flow rate conditions utilizing a PYE
column. The purified SIN@ Cgp Dsn isomer (Figure 8d) was
allowed to react withN-triphenylmethyl-5-oxazolidinone under

(23) (a) Guhr, K. I.; Greaves, M. D.; Rotello, V. M. Am. Chem. So0d.994
116 5997-5598. (b) Nie, B.; Rotello, V. MJ. Org. Chem1996 61, 1870~
1871.

(24) Krause, M.; Liu, X. J.; Wong, J.; Pichler, T.; Knupfer, M.; Dunsch,JL.
Phys. Chem. 2005 109, 7088-7093.

(25) liduka, Y.; Ikenaga, O.; Sakkuraba, A.; Wakahara, T.; Tsuchiya, T.; Maeda,
Y.; Nakahodo, T.; Akasaka, T.; Kako, M.; Mizorogi, N.; Nagase,JS.
Am. Chem. So005 127,9956-9957.

(26) Cai, T.; Slebodnick, C.; Xu, L.; Harich, K.; Glass, T. E.; Chancellor, C.;
Fettinger, J. C.; Olmstead, M. M.; Balch, A. L.; Gibson, H. W.; Dorn, H.
C.J. Am. Chem. So@006 128 6486-6492.
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Figure 9. MALDI-TOF mass spectra using a 9-nitroanthracene matrix and negative ionization: (a) mona2aldibytmonoadducgb, (c) bisadduc®c,
(d) bisadduc®d. Calculated for monoadductsm/z 1394; calculated for bisadductswz 1679.
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Figure 10. 500 MHz COSY spectra of the $¢@GCgso Dsn isomer monoadduct®a (a) and2b (b) ([Solvent: 1,2-dichlorobenzerd}, 55 °C).

the same conditions as thg isomer?6 After 4 h two strong
peaks for monoadducta (40.0 min) and2b (43.0 min) were

TheH NMR spectrum ofa exhibits four doublets (K Hp,
Hc, and Hy) for the methylene protons of the pyrrolidine ring.

observed (Figure 8e) in contrast with the much weaker peaks Moreover, the'H COSY spectrum ofa (Figure 10a) demon-

observed for thé, isomer (Figure 8c). In addition, tHgisomer
exhibited only one small peak for a bisadduct after 12 h of
reaction time?® whereas two peaks were identified as the
bisadductsZc, 2d) of the Ds, isomer after jus4 h of reaction
time (Figure 8e). These data clearly indicate that theN82Cgo

Dshn isomer is more reactive than theisomer. The mono- and
bis-tritylpyrrolidino Ds, derivatives were characterized by
MALDI-TOF mass spectra (Figure 9) and exhibited mass
distribution patterns similar to those reported for the corre-
spondingly derivatives?®

strates that k-H, and H—Hg are coupled with each other;
this implies that H—H, and H—Hg are on the two different
methylene carbons, respectively. Unlike the spectrur@epfn
which the four methylene protons are in different chemical
environments, the COSY spectrumzif exhibits a broad singlet
at 3.19 ppm (Figure 10b, Table 2), which indicates four
equivalent methylene protons of the pyrrolidine ring.

There are a total of nine different types of-C bonds on
the Dsp Cgo cage as shown in Figure 2; the statistical numbers
of bonds of each type, ring junction, addition patterns, and bond
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Table 2. NMR Chemical_ Sh‘ifts of Methylene Protons for In a previous study we found that upon heating the 6,6-ring
SCeaN@Coo Iy Isomer Derivatives 1a and 1b: Dsy Isomer junction adduct of thdy, isomer converted into the 5,6-ring
: — junction adduct, and we proposed a single bond migration
N'"gy'py"o"d'”o . N mechanism based on the concept of microscopic reversiBility.
CN@Cgo rings addition . )
derivative SH (ppm) junction pattern? After 3 h in asolution of 1,2-chlorobenzerer at 160 °C
Iy 1P 2.53(d), 56 symmetric purifi_e_d isomer 2b wasf unchanged, whereas, un_der _these
3.95(d) conditions, 2a was partially converted to other unidentified
Ih 1bP 2.82(s), 6,6 asymmetic monoadduct isomers. As expected, these results also indicate
3.11(s) ) that 2b is the thermodynamically stable product. There is
Dsn 22 g'iiggg‘ 6.6 asymmetic remarkable similarity in the cycloaddition reactions of fheg
3.13(d), and k isomers of SgN@GCgo in providing only two monoad-
2.95(d) ducts. However, a key difference is the presence of the
Dsh 2b 3.19(s) 6,6 symmetric pyracylene motif in theDs, isomer, which undoubtedly leads

to the enhanced reactivity of th®;, SGN@ Cgp isomer. This is
consistent with reactivity patterns for empty-cage fullerenes. We
are currently investigating the regioselectivityldf, Cgo cages

a Addition pattern symmetry is based on the methylene carbons of the
pyrrolidine ring on the derivative$.Reference 26.

Table 3. Dsp ScsN@Cgo: Comparison of X-ray and Computational i ; - i
Structural Parameters (Average Bond Lengths) with other metal clusters (e.g., yttrium, holmium, thulium, etc.).
theor Conclusions
expmtl calcd h f th . n h
bond  bond  A-titylpyrroldino The structure of theDs, isomer of SgN@Cso has been
bond rings addition length  length SeN@Ca determined crystallographically. The planarslScportion is

bond  numbers  junction pattern? A & Dsy, derivative tipped out of the noncrystallographic, horizontal mirror plane
a-a 10 56  symmetric  1.434 1.438 of the carbon cage by 30The short C-C bond length and
a—b 10 6,6  asymmetric 1420 1427 = 2& high degree of pyramidization for the central carbon atoms of
b—c 20 6,6 asymmetric 1419 1430 2 the pyracylene sites of thBs, isomer of SeN@Cgo Suggest
c—C 10 5,6 symmetric  1.438 1.436 .
c—d 20 56  asymmetric 1451 1.451 that. Fhese eg: bonds are the ones most likely to undergo
d—e 20 56  asymmetric 1.434 1.438 addition reactions.
d-f 20 6,6  asymmetric 1432 1437 2 TheDs, isomers of SN@ Cgo and LusN@ Cgo exhibit higher
e—e 5 6,6 symmetric  1.396 1.413 2b tivity than thes i t d | tadi f i
ff 5 6,6 symmetric 1462 1.472 reactivity than thd;, isomers toward cyclopentadiene-function-

alized resinl under Diels-Alder cycloaddition. Both cyclic
aSymmetry is discussed based on the methylene carbons of the voltammetry and theoretical molecular orbital (MO) calculations
pyrrolidine ring on the derivative$.Possible reaction sites for isomeric demonstrate that tHas, isomers have smaller energy gaps than
monoadducRa. . L. . . .
those of thdy, isomers, which is consistent with the observation
of higher reactivity for thdsy isomers. The differences between
the first oxidation potentials and HOMO levels for theand
Dsy isomers are larger than those of the reduction potentials
and LUMO levels; these results show that, as expected on the
basis of the transfer of six electrons from the cluster to the C
carbon cage, the isomeric nature of the cage structure plays a
more important role in determining the HOMO level than the
f internal metallic cluster.
The Ds, SaN@GCgo isomer also proves to be more reactive
toward 1,3-dipolar cycloaddition df-tritylazomethine ylide
than thely isomer under same reaction conditions. Tivg,

lengths are summarized in Table 3. It is clear, from previous
studies with thel, pyrrolidino derivatives®2%27 that the
symmetric 5,6-ring junction adduct exhibits large chemical shift
differences (1.21.4 ppm) for the diastereotopic methylene
protons of the pyrrolidine ring, which are due to differential
shielding effects from carbon cage ring currents and the nitrogen
atom of the pyrrolidine ring. Since th#d NMR spectrum of
2b exhibits only one singlet peak for the methylene protons o
the pyrrolidine ring, the asymmetric 5,6-ring-{d, d—e), the
asymmetric 6,6-ring (ab, b—c, d—f), and the symmetric 5,6-

ring (a—a, c—e) junction adducts can be excluded as possible i -
sites for cycloaddition addu@b. As illustrated in Figure 2, SeN@ Gy monoadducts and two bisadducts were isolated and

only the e-e and f-f bonds can produce the symmetric 6,6- cha_lracterized by MALDI-TOF M_S spectroscopies. Mpnoadduct
fing junction adducb. Furthermore, both experimental and 2218 assigned as an asymmetric product based diitSMR
theoretical calculated bond lengths demonstrate thatis the ~ &nd COSY spectra. Il/lonoaddlmj exhibits a single methylene
shortest bond and should be more reactive compared with theProton signal in its'H NMR spectrum, which indicates a
other bonds. Therefore, the pyracylene typeeebond is the syr_nmetrlc_al addlt!on_at the 6,6-r|ng_Junct|on in the pyrgcylene
most likely addition site for th@b monoadduct (Table 3) as unit, consistent with its highly reactive character. Preliminary

predicted from the crystallographic results. Based on the aboveStudies show that monoaddu@b is thermally stable to
discussions, and the limitetH COSY spectrum fora, we isomerization, but2a is converted to other products upon
predict thaais the asymmetric 6,6-ring junction cycloaddition ~N€2ating:

adduct. The three most likely cycloaddition sites for addi&ct  Experimental Section

are at the ab, b—c, and d-f bonds as summarized in Table 3,

and further studies to elucidate this structure are in progress. Materials and Methods. The SgN@GCso and LN@ Cgo In andDsp,

isomer mixture was obtained by the chemical separation méttate
oy da M. Wakah T Nakahodo. T Tsuchiva. T Macda. Y - SeN@GCyo In andDs, isomers were isolated from the mixture by HPLC
(27) Yamada, M.; Wakahara, T.; Nakahodo, T.; Tsuchiya, T., Maeda, .; using a PYE column, with toluene @ 1.0 mL/min= 390 nm. Toluene

Akasaka, T.; Yoza, K.; Horn, E.; Mizorogi, N.; Nagase,JSAm. Chem. !
Soc.2006 128, 1402-1403. (HPLC Grade> 99.9%) andd-dichlorobenzene (99.9%) were used as
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obtained from Aldrich. A semipreparative PYRBZ-(1-pyrenyl)ethyl
silica] column (10 mmx 250 mm) and a guard PYE column (10 mm
x 20 mm) were used for both analysis and purification. HPLC
system: Acure series Il pump, 757 Absorbance Detector (Applied
Biosystems).

The3C NMR spectrum of the LIN@Cgo Dsn isomer was obtained
by using a Varian Inova 800 instrument (Georgia Institute of Technol-
ogy). The LuN@GCso Ds, isomer sample was dissolved in 13—

for all data; conventional R% 0.052 computed for 13 289 observed
data ( > 20(l)) with O restraints and 1235 parameters.

Computations. Full geometry optimizations were conducted at the
B3LYP leveP*-32 using the Gaussian 03 progr&hiThe effective core
potential and the corresponding basis set were used for Sc and Lu.
The basis sets employed were LanL2DZ for *$Stuttgart RSC
Segmented/ECfor Lu,%® and 6-31G* for C and N¢ For the computed
structure of SIN@ GCso, We referred to the crystallographic data. We

acetone (v/v: 10/1) and doped with chromium acetylacetonate. A JEOL have assumed that EN@GCso exhibits a structure similar to that of

ECP 500 MHz instrument was used for thel$@ Cg D5, derivatives’
IH NMR and COSY measurements.

SaN@GCy, for the computations. All the calculationk, @nd Dsy,) are
subject to frequency analyses, which are performed at the same level

Cyclic voltammetric measurements were conducted using a CH as that of the geometry optimization. As a result, no imaginary

Instruments model 600A potentiostat (Austin, TX) and a microelec-
trochemical cell described previougiThis cell allows measurement

frequencies are reported for optimized structures.
Synthesis ofN-Tritylpyrrolidino Derivatives of the Ds, Isomer

down to 50uL of sample solution. Measurements were conducted using of SGN@ Cgo. A solution of 0.4 mg (0.4¢imol) of SGN@ Cgo Dsn isomer

1,2-dichlorobenzene solutions containing 0.100 M tetastylammo-
nium tetrafluoroborate and an approximately 304 M concentration

and 6 mg (0.02 mmol) of-triphenylmethyl-5-oxazolidinone in 7 mL
of chlorobenzene was heated at reflux under nitrogen. The solvent was

of the TNT fullerene. Potentials are reported relative to the reversible removed by a rotary evaporator. The crude solid was dissolved in
ferrocene oxidation couple. Solution resistance was compensated 95%toluene and then injected into an HPLC for analy8is. 2b, 2c, and

for all measurements.

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 hea
in the cold dinitrogen stream from a CRYO Industries low-temperature

apparatus at 90(2) K. The diffractometer was a Bruker SMART Apex
with an Apex Il CCD and utilized Mo k& radiation. No decay was

2d were isolated by HPLC using a PYE column, with toluene @ 1.0
mL/min, A = 390 nm.
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observed in 50 duplicate frames at the end of data collection. Crystal for ref 33. X-ray crystallographic data for tHas, isomer of
data are given below. The structure was solved by direct methods a”dS%N@Q;O-Ni(OEO)-Zbenzene in CIF format. Scheme for

refined using all data (based &%) with the software of SHELXTL
5.1. A semiempirical method utilizing equivalents was employed to
correct for absorptiof? Hydrogen atoms were added geometrically and
refined with a riding model.

Crystal Data for C126Hs6NsNiScs. Black parallelepiped, triclinic,
space groufPl, a = 14.505(3) Ab = 14.878(3) Ac = 19.855(4) A,
a = 85.052(3), B = 86.758(3Y, y = 61.016(3), V = 3733.6(12) &,
Z=2,D.=1.652 Mg/nt, T = 90(2) K; R1= 0.112, wR2= 0.124
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