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Endohedral metallic nitride fullerenes (MNFs; a subset of NI-APCI MS
endohedral metallofullerenes, EMFs) have attracted increasing
attention since their discovetynot only because they possess cpms [N e
unique structures but also because exohedral derivatives of them miz 1178
may find use in important medical applications such as MRI or
X-ray contrast agentsRecently, some of us developed an efficient,
nonchromatographic purification that makes these compounds
available in larger quantities than any EMF reported to date.
Exohedral modifications of MNFs have been largely limited to 1100 1160 1220 1280 m/z
cycloadditions! Taken together, refs 3, 4 and references therein 198 NMR
have repeatedly shown that the;S@& (Cgo-1) isomer ismuchless -— Iy cage —
reactive than th®s, cage isomer. SeaN@Ceo(CFa)z -

We now report the preparation, isolation, and spectroscopic and
electrochemical characterization of the firsty@erivatives of both
isomers of SEIN@GCgo.> Hollow fullerene(CR), derivatives are P s 135 356 pom

sgfficientl_y volatile to sublime out of the hot zone during reaction Figure 1. Ton: Negative-ion APCI mass Spectrum of CE),.
with flowing CF3|;_6 EMF(CR), compounds are ndtand the Tr?e left insetr?s thegCID mass spectrum of t[;uz 1247 n?olg:gfg(r iga),zin
compounds described here were extracted from the crude produciyhich the dominant fragment is due to £Bss. The right inset shows the
mixture with organic solvents. The first washings (hexane and calculated and observed isotope distributions. BottdfR:NMR spectrum
toluene) contained SN@Ceo(CFs)n (8 < n < 12; these will be  Of @ mixture of SEN@(Ceo-Ih)(CFs)2 and SeN@(Ceo-Dsn)(CF3)2 (CDCl,
described in the full paper). The-dichlorobenzene washings 376'5 MHz, GFs internal standardX(~164.9)). The inset is théF NMR

. X " pectrum of pure SB@(Ceo-ln)(CFs)2.
contained predominantly two compositions, 3IS@GCsy and
SaN@Gso(CRs)2, (5:1 HPLC peak areas ratio), with small amounts ]
of SGN@GCgo(CFs)4,6 Mass and®F NMR spectra of HPLC-purified
SeN@GCg(CFs),® are shown in Figure 1. Theis-CF; derivative 1
prepared with purified SN@Cgo-ln exhibited ant%F singlet atd
—71.4, indicating either symmetry-related £2ffoups or CEgroups %
rendered chemical-shift equivalent by rapid reorientation of thN Sc £
cluster inside the cage. The derivative prepared with the 9:1 mixture _§
of cage isomers exhibited two singletsdat-71.4 (rel. int. 7) and ® \ /& AN
—73.3 (rel. int. 1). It is virtually certain that the compound with | 7 f\:ﬁé\[
—73.3 belongs to SN@(Cs-Dsp). Therefore, notwithstanding the QJ 1Y \T“
previously reported differences in reactivity ofs8@ (Cso-In) and . B i p ‘Z /
SeN@(Gso-Dsp), we conclude that these two compounds react with 400 600 800 1000 ) 1
CF; radicals at essentially the same rate at 5200 °C. wavelength, nm SesN@Ceo(CFa)2

If we avoid triple-hexagon junctions and assume para addition I’i'_r’;get)” ° rij :\r%;\:';;'\gf ss;ElGéagt(g (tIO')l(Jgfl‘:S) Ogns;st@@(ﬁ“@S’('&(C?ig%d
H H i 0~ I h, 2 0~L/5h, 2
of tv,v_o CF; groups to a Go-lh'hexagon, Wh_ICh IS J_[he m_OSt likely (dashed line). The inset shows an expansion of part of the spectrum. The
addition patterry, there are still many possible orientations of the asterisk denotes the band assigned to the lowest energy transitioN@Sc

SN cluster. DFT calculations (see ref 6 for details) were performed (Cgo-Dsn)(CFs),. Also shown are the most-stable DFT optimized isomers
for more than 20 isomers of $¢@(Co-1n)(CFs)2 in which different of SGN@(Geo-In)(CFs)2 and SeN@(Ceo-Dsn) (CFa)z.

cluster positions were chosen as starting points for geometry

optimization. The two most stable optimized structures each have hexagons have been reported foiG,'® C7aY 12,%° and GgY 1%
two of the three Sc atoms bonded to the cage C atom that is para(Y = CFs, all studied by X-ray diffraction). Metal atoms bonded
to each of the cage C(GFatoms, as shown in Figure 2. This re- t0 s cage C atoms that are para td spge C atoms have been
sults in a pararibbon of edge sharing hexagons with the sequence observed in cycloadducts 0EM@(Ceoln)** and SEN@(Ceorln). 4312

C(Sc)+*C(CFRy)-+-C(CRy)++-C(Sc). Para only sequences o{CF), The two lowest energy isomers differ only in the position of the
third Sc atom, and the DFT-calculated energy difference between

ScaN@Ceso(CFa)z

1249 1249
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Iﬁ%‘;’ég\‘,’vosst;‘i‘éeuﬂ?\i/‘gfg&" them is less than 2 kJ mdl Both isomers are slightly distorted
§ University of Southern Mississippi. from idealC, symmetry in that the Sc atom farthest from thesCF
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-3.883

also shown in Figure 3. For comparison, Bg values for reduction
and oxidation of parent SN@(Cso-ln) measured under the same
conditions are-1.26 and 0.59 V, respectively (these are similar to

-3.889:
-4.04-3.907

-4.184
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MO energy, eV
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potential, V vs. Fe(Cp),*/°
Figure 3. Top: DFT HOMO and LUMO energies df, and Ds, isomers
of SEN@GCgo and SeN@ Cgo(CFs)2. The arrows depict HOMOGLUMO
gaps. Bottom: Cyclic voltammogram of 6@ (Cso-ln)(CFs)2 (0.1 M
TBABF,, o-dichlorobenzene, 2%C, scan rate of 20 mVv-3). Arrows show
reduction (0+) (Ec= —1.24 V, E;= —1.08 V) and oxidation +{/0) Ei/»

the literature valué41d. The 0.22 V decrease iAE;;, for the
transformation SIN@ (Cgo-l1) — SGN@ (Cao-11h)(CFs)2 is in rough
agreement with the 0.34 eV optical-gap decrease that occurs when
two CF; groups are added.

Our results demonstrate for the first time that the MNFs\NgD

(Cgorly) and SeN@(Ceo-Dsy) can be readily transformed into
fluoroalkylated derivatives by using high-temperatieradical
addition methodologies previously developed for fullereivaalith

the recent breakthrough in the large-scale production/purification
of MNFs by nonchromatographic methods, it should be possible
05 to prepare and utilize a new family of thermally stable, highly
soluble materials with tunable electron-accepting properties.

Acknowledgment. We thank CRDF (Grant RUC22830-MO-

06), NSF (Grants CHE-0547988 and DBI-0619455), and DOE
(Grant P200A060323) for support.

(Es= 0.54 V, E; = 0.40 V) values. The vertical lines depict the-Oand
+/0 Ey/, values for SeN@(Gso-ln) measured under the same conditions.

groups is displaced from the center of its closest hexagon toward
one of the®/s junctions. Thus, on the NMR time scale, this Sc atom
would undergo rapid reorientation with respect to the C atoms of
its hexagon, resulting in apparent moleculdgy symmetry and
chemical-shift equivalent GFgroups.

Other DFT-optimized structures in which only one Sc atom is
bonded to a cage C atom para to as@Foup are 13-21 kJ moi?
less stable than the first two; all other isomers are @6 kJ mot?
higher in energy. These results reveal a significant difference
between SIN@(Cso-In)(CFs3)2 and SeN@(Cgo-lpy). Variable-tem-
perature’®*Sc NMR spectroscopy and DFT calculations have shown
that the SgN cluster effectively undergoes free rotation iniS@
(Ceorln). 13 Therefore, either 1,2 additions (i.e., cycloadditions to a
cage C-C bond) or 1,4 additions (i.e., para addition of{&ffoups
to a hexagon) can substantially affect the dynamics of the cluster.

There is only one way to add two @Eroups to para positions
of a SGN@(Cgo-Dsn) hexagon so that the G§roups are symmetry
related. By analogy to the DFT results for thecage isomer, we
suggest that two of the three Sc atoms are coordinated to cage
carbon atoms that are para to the® §CF) atoms in SgN@
(Cso-Dsn)(CFR3)2, as shown in Figure 2. Figure 2 also shows the
UV —vis—NIR absorption spectra of pure s86@ (Cso-I1)(CFs), and
the mixture of SN@ (Ceo-ln)(CFs)2 and SeN@(Cgo-Dsn)(CF)2.
The lowest-energy transition of $¢@(Cso-In)(CFs)2 occurs at 920
nm (1.35 eV), a significantly longer wavelength than the 735 nm
(1.69 eV) value for the parent $¢@(Cgorlp).1* A shoulder at

772 nm (1.62 eV) is assigned to the lowest-energy transition of (10)

SGN@(Cgo-Dsp)(CFs)2, which almost coincides with the 780 nm
(1.59 eV) value for the parent §¢@(Cgo-Dsr).24 Therefore, the
addition of two Ck groups results in a 0.34 eV decrease in the
SaN@(Cgo-lhy) optical gap and a small increase of 0.03 eV in the
SaN@(Cgo-Dsp) optical gap. The spectroscopic results support our

structural assignments because they match the DFT-predicted (14)
(15) Elliott, B.; Yu, L.; Echegoyen, LJ. Am. Chem. Soc2005 127,

frontier orbital energies, as shown in Figure 3.
SaN@(Gso-ln)(CFs), exhibited both a quasi-reversible reduction
(E1e = —1.16 V vs Fc(Cpy©) and oxidation €y, = 0.47 V), as

References

(1) Stevenson, S.; Rice, G.; Glass, T.; Harich, K.; Cromer, F.; Jordan, M. R;
Craft, J.; Hadju, E.; Bible, R.; Olmstead, M. M.; Maitra, K.; Fisher, A.
J.; Balch, A. L.; Dorn, H. CNature 1999 401, 55-57.

(2) (a) Qian, M.; Ong, S. V.; Khanna, S. N.; Knickelbein, M. Bhys. Re.

B 2007, 75, 104424-1104424-6. (b) Miyamoto, A.; Okimoto, H.;
Shinohara, H.; Shibamoto, Eur. Radiol.2006 16, 1050-1053.

(3) (a) Stevenson, S.; Harich, K.; Yu, H.; Stephen, R. R.; Heaps, D.; Coumbe,
C.; Phillips, J. PJ. Am. Chem. So2006 128 8829-8835. (b) Stevenson,

S.; Mackey, M. A.; Coumbe, C.; Phillips, J. P.; Elliott, B.; Echegoyen, L.
J. Am. Chem. So@007, 129 6072-6073.

(4) (a) 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. SoQ006 128 6486-6492. (b) Cardona, C. M,;

Elliott, B.; Echegoyen, LJ. Am. Chem. So2006 128, 6480-6485. (c)

Wakahara, T.; liduka, Y.; Ikenaga, O.; Nakahodo, T.; Sakuraba, A.;

Tsuchiya, T.; Maeda, Y.; Kako, M.; Akasaka, T.; Yoza, K.; Horn, E.;

Mizorogi, N.; Nagase, SJ. Am. Chem. So2006 128 9919-9925.

A 7-mg mixture ofl, andDs, isomers (9:1, HPLC data) or pure ScCAN@

(Cso-lh) (5 mg) was loaded in a quartz reactor and treated with a stream

of CRsl gas at 510 or 530C for 4 hours. (For more details see ref 7).

After the reaction was stopped and iodine removed from the system, the

product was removed from the reactor by washing with hexane, then with

toluene, and finally witto-dichlorobenzene. Isolated products were also
soluble in CHC}, C¢Hg, and fluorocarbons.

(6) (a) Shustova, N. B.; Kuvychko, I. V.; Bolskar, R. D.; Seppelt, K.; Strauss,
S. H.; Popov, A. A;; Boltalina, O. VJ. Am. Chem. So2006 128 15793~
15798. (b) Shustova, N. B.; Popov, A. A.; Newell, B. S.; Miller, S. M.;
Anderson, O. P.; Seppelt, K.; Bolskar, R. D.; Boltalina, O. V.; Strauss, S.
H. Angew. Chem., Int. EQR007, 46, 4111-4114.

(7) Kareev, I. E.; Lebedkin, S. F.; Bubnov, V. P.; Yagubskii, E. B.; loffe, I.
N.; Khavrel, P. A.; Kuvychko, I. V.; Strauss, S. H.; Boltalina, O.Ahgew.
Chem., Int. Ed2005 44, 1846-1849.

(8) This fraction eluted at 17 min and starting material eluted at 25 min on
the Cosmosil Buckyprep column (10 mm i..250 mm) 100% toluene,

7 ml/min flow rate.

(9) Kareev, I. E.; Kuvychko, I. V.; Lebedkin, S. F.; Miller, S. M.; Anderson,

O. P.; Seppelt, K.; Strauss, S. H.; Boltalina, O.)/.Am. Chem. Soc.

2005 127, 8362-8375.

Goryunkov, A. A.; Dorozhkin, E. I.; Ignat'eva, D. V.; Sidorov, L. N.;

Kemnitz, E.; Sheldrick, G. M.; Troyanov, S.NMendelee Commun2005

225-227.

®)

(11) Echegoyen, L.; Chancellor, C. J.; Cardona, C. M.; Elliott, B.; Rivera, J.;

Olmstead, M. M.; Balch, A. LChem. Commur2006 2653-2655.

(12) Lee, H. M.; Olmstead, M. M.; lezzi, E.; Duchamp, J. C.; Dorn, H. C;

Balch, A. L.J. Am. Chem. So2002 124, 3494-3495.

(13) Campanera, J. M.; Bo, C.; Olmstead, M. M.; Balch, A. L.; Poblet, J. M.

J. Phys. Chem. 2002 106, 12356-12364.
Krause, M.; Dunsch, LChemPhysCherR004 5, 1445-1449.

10885-10888.
JAQ074332G

J. AM. CHEM. SOC. = VOL. 129, NO. 38, 2007 11677



