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Abstract: The first derivatives of YsN@Cgo have been synthesized and fully characterized. 1,3-Dipolar
cycloaddition of N-ethylazomethine ylide yielded mainly the pyrrolidine monoadduct of the icosahedral (/5)
symmetry cage exclusively at a [6,6] double bond. The same regioselectivity on a [6,6] double bond was
observed when the endohedral compound was cyclopropanated with diethyl bromomalonate. These results
are in pronounced contrast to those observed for icosahedral symmetry ScsN@Cso, for which all reported
derivatives add completely regioselectively to [5,6] double bonds. 'H NMR, ¥C NMR, and HMQC
spectroscopy revealed that the addition pattern on YsN@Csgo resulted in a pyrrolidinofullerene derivative
with unsymmetric pyrrolidine carbons and symmetric geminal protons. The cyclopropanated monoadduct
exhibited symmetric ethyl groups on the malonate, consistent with regioselective addition at a [6,6] double
bond. Attempts to perform the same cyclopropanation reaction on (/,) ScsN@Csgo failed to yield any
identifiable products. These observations clearly indicate that the reactivity of trimetallic nitride endohedral
metallofullerenes toward exohedral chemical functionalization is profoundly affected and effectively controlled
by the nature of the endohedral metal cluster.

Introduction Over the past decade, the difficulty in preparing and isolating
Since the beginning of fullerene research and discovery, macr_oscopic qugntities_ of_ en_dohedr._al metgllofullerenes_has

people envisioned the insertion of atoms and molecules into restricted further investigation into their physical and chemical

the carbon cages and wondered how these modifications woulgProperties and has limited exohedral functionalization of the

affect their chemical and physical propertieSince then, ~ carbon cages. Derivatization of these fullerene species is crucial
endofullerenes containing metals, noble gases, or other atomdn the development of new materials with potential applications
have been discoveréd. in future technologies, and in the investigation of the role that

The study of fullerenes containing metals, endohedral met- (3) (a) Aihara, JJ. Phys. Chem. £002 106, 1137+11374. (b) Wang, C.-

P ; i P ; R.; Kai, T.; Tomiyama, T.; Yoshida, T.; Kobayashi, Y.; Nishibori, E.;
allofullerenes, is q_u|c_kly becc_:mlng one of the most interesting Takata, M.: Sakata, M : Shinohara. Naiure 2000 408 426-427. (&)
research areas within the field of carbon-based compounds Stevens%n,s.;Foévlﬁr, P.Wb;l Heine, T.; Duchamps, J. C.; Rice, G.; Glass,

P T.; Harich, K.; Hajdull, E.; Bible, R.; Dorn, H. Q\Nature200Q 408 427—
because they present.some 'anUIng prOPEﬁMS“Y of them 428. (d) Olmstead, M. M.; Lee, T. M.; Duchamp, J. C.; Stevenson, S.;
are stable under ambient conditions even though in some cases g/loegc_:i;é3D.(; ?Ic;rn, E CF BA%IIch,hA. FléAg%ew. (F:)i;]egbcl)rllt.l Efgggezlzg,
. . (e urche, F.; ricns, =. em. V! 3
the empty cages or the encapsulated moieties have never been 10367. () Ma, J.; Jiang, J.; Yuan, R.-E. Phys. D1997, 42, 389-292.
isolated independently; their electronic structures differ greatly (9) Fujita, M.; Kurita, N.; Nakao, KSynth. Met1995 70, 1509-1510.

X (h) Nakao, K.; Kurita, N.; Fujita, MPhys. Re. B 1994 49, 11415-11420.
when compared to those of the parent empty cages; and several  (i'kiein. b. J; Seitz, W. A.; Schmalz, T. Glature 1986 323 703-706.

species have been isolated encapsulating metals with magnetic () Hennrich, F. H.; Michel, R. H.; Fisher, A.; Richard-Schneider, S.; Gilb,
K . .. . S.; Kappes, M. M.; Fuchs, D.; Bk, M.; Kobayashi, K.; Nagase, 8ngew.
or radioactive characteristics. Therefore, they are already being  chem., Int. Ed. Engl1996 35, 1732-1734. (k) Wang, C.-R. Sugai, T.;

i i i i Kai, T.; Tomiyama, T.; Shinohara, Lhem. Commur200Q 557-558.
ConSIdered. in t.he future develOpment of biomedical and () Yeretzian, C.; Hansen, K.; Alvarez, M. M.; Min, K. S.; Gillan, E. G;
nanomaterial sciencés. Holczer, K.; Kaner, R. B.; Whetten, R. IChem. Phys. Lett1992 196,

337-342. (m) Cao, B.; Hasegawa, M.; Okada, K.; Tomiyama, T.; Okazaki,
(1) (a) Kroto, H. W.; Heath, J. R.; O'Brien, S. C.; Curl, R. F.; Smalley, R. E. T.; Suenaga, K.; Shinohara, Bl. Am. Chem. So@001, 123 9679-9680.

Nature1985 318 162-163. (b) Heath, J. R.; O'Brien, S. C.; Zhang, Q.;
Liu, Y.; Curl, R. F.; Kroto, H. W.; Tittel, F. K.; Smalley, R. EIl. Am.
Chem. Soc1985 107, 7779-7780. (c) Chai, Y.; Guo, T.; Jin, C.; Haufler,

(n) Duchamp, J. C.; Demortier, A.; Firtche, K. R.; Dorn, D.; lezzi, E. B.;
Glass, T.; Dorn, H. CChem. Phys. Let2003 375 655-659. (0) Krause,
M.; Dunsch, L.Chem. Phys. Chen2004 5, 1445-1449.

R. E.; Chibante, L. P. F.; Fure, J.; Wang, L.; Alford, M.; Smalley, RJE. (4) (a) Tah, E; Bolskar, R. D.; Borel, A.; GonZez, G.; Helm, L.; Merbach,

Phys. Chem1991, 95, 7564-7568.

(2) (a) Kobayashi, K.; Nagase, S.HEndofullerenes: A New Family of Carbon
Clusters Akasaka, T., Nagase, S., Eds.; Kluwer Academic Publishers:
Dordrecht, 2002; pp 99119. (b) Wakahara, T.; Akasaka, T.; Kobayashi,
K.; Nagase, S. IrEndofullerenes: A New Family of Carbon Clusters
Akasaka, T., Nagase, S., Eds.; Kluwer Academic Publishers: Dordrecht,
2002; pp 23%251. (c) Shinohara, H. IFullerenes: Chemistry, Physics,
and TechnologyKadish, K. M., Ruoff, R. S., Eds.; John Wiley and Sons:
New York, 2000; pp 357393. (d) Nagase, S.; Kobayashi, K.; Akasaka,
T.; Wakahara, T. InFullerenes: Chemistry, Physics, and Technology
Kadish, K. M., Ruoff, R. S., Eds.; John Wiley and Sons: New York, 2000;
pp 395-436. (d) Shinohara, HRep. Prog. Phys200Q 63, 843-892.

10448 = J. AM. CHEM. SOC. 2005, 127, 10448—10453

A. E.; Shitaraman, B.; Wilson, L. J. Am. Chem. So005 127, 799-
805. (b) Bolskar, R. D.; Benedetto, A. F.; Hudebo, L. O.; Price, R. E;
Jackson, E. F.; Wallace, S.; Wilson, L. J.; Alford, J. MAm. Chem. Soc.
2003 125 5471-5478. (c) Wilson, L. J.; Cagle, D. W.; Thrash, T. P;
Kennel, S. J.; Mirzadeh, S.; Alford, J. M.; Ehrhardt, G.Cbor. Chem.
Rev. 1999 190-192 199-207. (d) Cagle, D. W.; Kennel, S. J.; Mirzadeh,
S.; Alford, J. M.; Wilson, L. J.Proc. Natl. Acad. Sci. U.S.A.999 96,
5182-5187. (e) Thrash, T. P.; Cagle, D. W.; Alford, J. M.; Wright, K.;
Ehrhardt, G. J.; Mirzadeh, S.; Wilson, L.Ghem. Phys. Lett1999 308
329-336. (f) Bethune, D. SPhysica B2002 323 90-96. (g) Bethune,
D. S.; Johnson, R. D.; Salem, J. R.; de Vries, M. S.; Yannori, Gleé8ure
1993 366, 123-128.
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any modification of the cage plays in tuning their properties.
Just recently, many efforts have been reported to isolate pure
samples of endohedral metallofullerenes in larger quantities.
A breakthrough occurred in 1999 when Dorn and co-workers
first reported the family of encapsulated trimetallic nitride
clusters inside fullerenésTheir trimetallic nitride template
(TNT) method to produce endohedral metallofullerenes has
afforded macroscopic quantities of materials such asl &g,

with yields that exceed those of the abundant empty-cage C
The latter is the third most abundant fullerene (next g dhd

C70) produced under normal conditiohdheir TNT method,
with subsequent modificatiorfshas resulted in the preparation
of many other members of this interesting family of com-
pounds’

Isolation of SgN@ Cgp in macroscopic quantities has facili-
tated the study of its physical structifeThere are seven
possible constitutional isomers ofggCsatisfying the isolated
pentagon rule (IPR), yet only the most stable empty cages with
D, andDsq symmetry have been isolated. In contrast, the two
least stable empty isomers withandDs, symmetries are the
ones that predominate overwhelmingly when they are filled with
metallic nitride clusters. Macroscopic quantities of this material
has also allowed the evaluation of its electronic properties, and
this research suggests a formal transfer of six electrons from
the SgN moiety to the fullerene cagé!In fact, an experimental
report using photoemission and X-ray absorption spectroscopy
determined an effective transfer of 6.3 electrd¥§snd molec-
ular orbital calculations predict that the HOMO is essentially a
fullerene-based orbital, while the sbtfragment represents the
LUMO of this endohedral metallofullererié? This electronic
transfer from the encapsulated cluster to the fullerene cage is
common feature in endohedral metallofullerenes. A negative

(5) (a) Tsuchiya, T.; Wakahara, T.; Shirakura, S.; Maeda, Y.; Akasaka, T.;
Kobayashi, K.; Nagase, S.; Kato, T.; Kadish, K. @hem. Mater2004
16, 4343-4346. (b) Lian, Y.; Shi, Z.; Zhou, X.; Gu, Zhem. Mater2004
16, 1704-1714. (c) Bubnov, V. P.; Laukhina, E. E.; Kareev, |. E.; Koltover,
V. K.; Prokhorova, T. G.; Yagubskii, E. B.; Kozmin, Y. Ehem. Mater.
2002 14, 1004-1008.

(6) Stevenson, S. et aNature1999 401, 55-57.

(7) Kréatschumer, W.; Lamb, L. D.; Fostiropoulus, K.; Huffman, D.Nature
199Q 347, 354.

(8) Krause, M.; Kuzmany, H.; Georgi, P.; Dunsch, L.; Vietze, K.; Seifert, G.
J. Chem. Phys2001, 115 6596-6605.

(9) (a) Krause, M.; Wong, J.; Dunsch, Chem. Eur. J2005 11, 706-711.

(b) Krause, M.; Dunsch, LAngew. Chem., Int. EQ005 44, 1557-1560.

(c) Stevenson, S.; Phillips, J. P.; Reid, J. E.; Olmstead, M. M.; Rath, S. P.;

Balch, A. L.Chem. Comm2004 2814-2815. (d) lezzi, E. B.; Duchamp,

J. C.; Fletcher, K. R.; Glass, T. E.; Dorn, H. Bano Lett.2002 2, 1187

1190. (e) Stevenson, S.; Lee, H. M.; Olmstead, M. M.; Kozikowski, C.;

Stevenson, P.; Balch, A. LChem. Eur. J.2002 8, 4528-4535. (f)

Macfarlane, R. M.; Bethune, D. S.; Stevenson, S.; Dorn, FCi@@m. Phys.

Lett 2001, 343 229-234. (g) Olmstead, M. M.; de Bettencourt-Dias, A.;

Duchamp, J. C.; Stevenson, S.; Dorn, HJCAm. Chem. So@00Q 122,

12220-12226.

Furche, F.; Ahlrichs, Rl. Chem. Phys2001, 114, 10362-10367. (b) Ma,

J.; Jiang, J.; Yuan, R.-KZ. Phys. D1997, 42, 289-292. (c) Fujita, M.;

Kurita, N.; Nakao, K.Synth. Met1995 70, 1509-1510. (d) Nakao, K.;

Kurita, N.; Fujita, M. Phys. Re. B 1994 49, 11415-11420. (e) Klin, D.

J.; Seitz, W. A.; Schmalz, T. Qature1986 323 703-706. (f) Hennrich,

F. H.; Michel, R. H.; Fisher, A.; Richard-Schneider, S.; Gilb, S.; Kappes,

M. M.; Fuchs, D.; Buk, M.; Kobayashi, K.; Nagase, &ingew. Chem.,

Int. Ed. Engl.1996 35, 1732-1734. (g) Wang, C.-R.; Sugai, T.; Kai, T.;

Tomiyama, T.; Shinohara, HChem. Commun200Q 557-558. (h)

Yeretzian, C.; Hansen, K.; Alvarez, M. M.; Min, K. S.; Gillan, E. G.;

Holczer, K.; Kaner, R. B.; Whetten, R. IChem. Phys. Lettl992 196,

337-342. (i) Cao, B.; Hasegawa, M.; Okada, K.; Tomiyama, T.; Okazaki,

T.; Suenaga, K.; Shinohara, Bl. Am. Chem. So@001, 123 9679-9680.

() Duchamp, J. C.; Demortier, A.; Firtche, K. R.; Dorn, D.; lezzi, E. B.;

Glass, T.; Dorn, H. CChem. Phys. Let2003 375 655-659. (k) Krause,

M.; Dunsch, L.ChemPhysChen2004 5, 1445-1449.

(11) (a) Alvarez, L. et alPhys. Re. B 2002 66, 035107-1-035107-7. (b)
Campanera, J. M.; Bo, C.; Olmstead, M. M.; Balch, A. L.; Poblet, JJM.
Phys. Chem. A2002 106 12356-12364. (c) Gluch, K.; Feil, S;
Mattleubner, S.; Echt, O.; Scheier, P.;AT. D. J. Phys. Chem. 2004
108 6990-6995.

(10

Figure 1. Two types of double bonds dp Cge: (Top) Double bond at a
[5,6] ring junction abutted by two hexagons (a corannulene-type site).
(Bottom) Double bond at a [6,6] ring junction abutted by a hexagon and a

%entagon (a pyrene-type site).

surface charge brings into question the reactivity of the carbon
sphere and thus the feasibility of performing chemical deriva-
tizations on endohedral metallofullerenes.

However, since the first exohedral derivative of an endohedral
metallofullerene was reported, La@@MesSi),CH,,22 all
results seem to indicate that metallofullerenes are very reactive
toward organic functionalization, giving rise to multiple adducts
or regioisomers of the monoadduéts?2 Surprisingly, remark-
able selectivity for specific regioisomeric monoadducts has been
observed in three cassln one case, La@43 reacted photo-
chemically with an adamantine-diazirine reagent to form a single
isomer!3a The other two cases involved $8@Cgo. The first
derivative reported for this endohedral metallofullerene was a
Diels—Alder monoadduct prepared by Dorn and co-workers,

(12) (a) Akasaka, T.; Kato, T.; Kobayashi, K.; Nagase, S.; Yamamoto, K.;
Funasaka, H.; Takahashi, Nature 1995 374, 600-601. (b) Cao, B;
Wakahara, T.; Maeda, Y.; Han, A.; Akasaka, T.; Kato, T.; Kobayashi, K.;
Nagase, SChem. Eur. J2004 10, 716-720. (c) Akasaka, T.; Nagase, S.;
Kobayashi, K.; Suzuki, T.; Kato, T.; Kikuchi, K.; Achiba, Y.; Yamamoto,
K.; Funasaka, H.; Takahashi, Angew. Chem., Int. Ed. Ingl995 34,
2139-2141. (d) Kobayashi, K.; Nagase, S.; Maeda, Y.; Wakahara, T.;
Akasaka, TChem. Phys. LetR003 374, 562-566. (e) lezzi, E. B.; Cromer,

F.; Stevenson, P.; Dorn, H. Synth. Met2002 128, 289-291. (f) Bolskar,

R. D.; Benedetto, A. F.; Husebo, L. O.; Price, R. E.; Jackson, E. F.; Wallace,
S.; Wilson, L. J.; Alford, J. MJ. Am. Chem. So2003 125, 5471-5478.

(9) Lu, X.; He, X.; Feng, L.; Shi, Z.; Gu, ZTetrahedror?004 60, 3713~

3716

(13) (a) Maeda, Y. et all. Am. Chem. So@004 126, 6858-6859. (b) lezzi,
E. B.; Duchamp, J. C.; Harich, K.; Glass, T. E.; Lee, H. M.; Olmstead, M.
M.; Balch, A. L.; Dorn, H. C.J. Am. Chem. So2002 124, 524-525. (c)
Lee, H. M.; Olmstead, M. M.; lezzi, E.; Duchamp, J. C.; Dorn, H. C.;
Balch, A. L.J. Am. Chem. So@002 124, 3494-3495. (d) Cardona, C.
M.; Kitaygorodskiy, A.; Ortiz, A.; Herranz, M. A Echegoyen, LJ. Org.
Chem 2005 70, 5092-5097.
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Scheme 1. Representation of the 1,3-Dipolar Cycloaddition of the 13C-Enriched N-Ethyl Azomethine Ylide to Y3N@Csgo

T
*)=0

+
N COOH

which was characterized by NMR spectroscopy and X-ray photochemically with empty cages such ag,Co, Crs, Crs,
crystallography as a single regioisoni&t¢ A more recent Cs2, Or Ggg, Which demonstrates that the reactivity depends on
example was reported by us after 1,3-dipolar cycloaddition of whether an endohedral metal species is present. However, there
anN-ethylazomethine ylide to the same compoungNg®D Cgo. seems to be no difference in reactivity by varying the nature of
An NMR study of this derivative showed that formation of the the metal inside the carbon cages.
pyrrolidine ring occurs also regioselectively at the same [5,6]  After observing the unusual shielding/deshielding effects on
double bond as in the DietsAlder case- the I1H NMR spectrum of theN-ethyl pyrrolidinofullerene
Here we report the first adduct derivatives of icosahedral derivative of SeN@Ggo,12? we decided to attach the same
Y 3sN@Gso. One of these is obtained via 1,3-dipolar cycloaddition pyrrolidine ring adduct to YN@Ggo to establish the effect of
reaction ofN-ethylazomethine ylide to yield mainly a pyrrolidine  the nature of the trimetallic cluster, if any, on the dramatic shifts
monoadduct® The other derivative is also a monoadduct, observed in théH NMR spectrum. It was also interesting to
obtained via cyclopropanation with bromomalonte Both see if changing the nature of the metal would have an effect on
of these cycloadditions occur regioselectively at a pyrene-type the reactivity observed toward the formation of the pyrrolidine
site, a double bond at a [6,6] ring junction abutted by a hexagon adduct. The yttrium-based compound was found to be as reactive
and a pentagon. These results are in marked contrast to additioras the scandium-based endohedral, and the pyrrolidinofullerene
at a corannulene-type site (a double bond at a [5,6] ring junction monoadduct was isolated in reasonable yields after 15 min of
abutted by two hexagons), which is observed to occur regiose-reaction at 120C in a solution of ¥N@ GCgo with an excess of
lectively for both a Diels-Alder and a pyrrolidine adduct on  N-ethyl glycine and paraformaldehydedrdichlorobenzene, as
SeN@GCy (Figure 1)10-d described recentlizd MALDI-MS of the main product is shown

Results and Discussion in Figure 2, with a base peak corresponding to the pyrrolidine

As of today, very little is known about the effect that the 1313
trimetallic nitride clusters have on the chemical and physical
properties of endohedral metallofullerenes, and even less is
known about the effect that this type of cluster has in the
exohedral functionalization of such fullerenes. To the best of
our knowledge, this is the first comparative study on the 1241
chemical reactivity of MN@ Cgp upon changing the nature of ]L
the metal M (Sc, Y) in the endohedral metal nitride.
The groups of Nagase and Akasaka have investigated m/z
extensively the functionalization of endohedral metallofullerenes Figure 2. MALDI-MS of Y sN@Gso pyrrolidinofullerene monoadduct.
with disiliranes!?2¢41They have shown the strong electron-  Fragmentation of the parent metallofullereneN@Ce, is observed at 1241
accepting character of monometallofullerenes (La@Gd@ Gy, m/z under laser desorption.
Pr@Gy) and dimetallofullerenes (L& Cgo, SG@Css) Which
facilitates their thermal addition to disiliranes. Such exohedral monoadduct. Traces of the bis-adduct were also observed by
derivatizations also occur photochemically with these species. MALDI-MS. Since both monoaddition products reported for
They have also shown that such functionalization only occurs S&GN@Cgo (Diels—Alder and pyrrolidine) had reacted at [5,6]
double bonds, we assumed that the same was truesfd@Cso,

il "

r T T M T T T T T T T T 1
1200 1250 1300 1350 1400 1450 1500

(14) (a) Maggini, M.; Scorrano, G.; Prato, M. Am. Chem. Sod993 115 i i mi H H
9798-9799. (b) Bingel. CChen. Ber1993 126 19571959, (c) Camps, since the_ reaction behaved very similarly. Detailed analysis
X.; Hirsch, A.J. Chem. Soc., Perkin Trans.1997, 1595-1596. proved this to be wrong.

(15) (a) Yamada, M. et all. Phys. Chem. B005 109 6049-6051. (b) Maeda, . P . .
Y. etal.J. Am. Chem. So@005 127, 2143-2146. (c) Wakahara, T . Kako, The ylide addition reaction was also carried qut Wit -
M.; Maeda, Y.; Akasaka, T.; Kobayashi, K.; NagaseC8rr. Org. Chem. enriched (99%) paraformaldehyde, as was done withl @Cgo,

2003 7, 927-943. (d) Akasaka, T. et al. Am. Chem. So@00Q 122, . . . .
9316-9317. (e) Akasaka, T. Okubo, S.; Kondo, M.; Maeda, Y.; Wakahara, 0 investigate the site of reaction and the symmetry of the

T.; Kato, T.; Suzuki, T.; Yamamoto, K.; Kobayashi, K.; NagaseCBem. product. A derivative witi3C-labels at the methylene carbons
Phys. Lett200Q 319, 153-156. (f) Kato, T.; Akasaka, T.; Kobayashi, K.; f th lidi . Sch 1 h btained

Nagase, S.; Kikuchi, K.; Achiba, Y.; Suzuki, T.; Yamamoto, X.Phys. of the pyrrolidine ring (Scheme 1) was thus obtained.

Chem. Solid4997, 58, 1779-1783. (g) Akasaka, T.; Nagase, S.; Kobayashi, _ ;

K.; Suzuki, T.; Kato, T.; Yamamoto, K.; Funasaka, H.; Takahashi].T. uneXpeCteql_)I’ thé3c N_MR spectrum of theéC-enriched
Chem. Soc., Chem. Commur295 1343-1344. yttrium pyrrolidine derivative showed two resonances of equal
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95 90 85 80 75 70 65 60 55 ppm

A rer

95 9 85 80 75 70 65 60 55 ppm
Figure 3. 13C NMR spectra (125 MHz) of th&C-enrichedN-ethyl pyrrolidinofullerene derivatives of @ Cgo (top) and SeN@ Cgo (bottom).

— |

: 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 ppm

SC3N@C30
pyrrolidine

42 a1 40 39 38 37 36 35 34 33 32 31 30 29 28 27 ppm

M .l. Jk‘ dndmeds
42 41 4.0 39 38 37 36 35 34 33 32 31 3.0 29 28 2.7 ppm

Y;3N@Cso
pyrrolidine N

42 a1 40 39 38 37 36 35 34 33 32 31 30 29 28 27 ppm

N—

Figure 4. Comparison of the'H NMR spectra (500 MHz) of the pyrrolidine adducts obtained witg-labeled (top spectra) and with unlabeled
paraformaldehyde (bottom spectra). The arrows indicate the geminal proton resonances.

intensity at 70.05 and 63.85 ppm, while tHé&C-enriched carbons in the ring adduct are equivalent but different from those
SaN@GCg pyrrolidinofullerene analogue exhibited a single attached to the opposite carbon. Thus, these geminal hydrogen
signal at 70.09 ppm (Figure 3). The single signal of the scandium signals appear as singlets centered at 3.95 and 4.09 ppm. A
derivative indicates that both methylene carbons of the five- comparison of the spectra for the yttrium and scandium
membered ring are equivalent and, thus, that there is a plane ofpyrrolidinofullerenes is shown in Figure 4.
symmetry bisecting this ring, similar to what was observed for A heteronuclear multiple quantum coherence (HMQC) ex-
the Diels-Alder derivative of SQN@Cso.'3"The observation  periment clearly showed that each of the two nonequivalent
of two Signals for the yttrium pyrrolidinofullerene reveals the carbons in the pyrro]idine ring has two equiva|ent hydrogens
presence of nonequivalent pyrrolidine methylene carbons, attached (Figure 5). This symmetry is exactly the reverse of
indicating a different symmetry and suggesting that the cy- that found for the SIN@Ggo derivative, which has equivalent
cloadditon occurs at a different site of the icosahedral cage. carbons but nonequiva]ent gemina| hydrogens_ TEE@Cso

The 'H NMR spectrum of the yttrium pyrrolidinofullerene  derivative has nonequivalent carbons with equivalent geminal
shows that the geminal protons attached to each of the methylenéydrogens attached. Therefore, there is symmetry in the front

J. AM. CHEM. SOC. = VOL. 127, NO. 29, 2005 10451
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Scheme 2. Scheme of the Cyclopropanation Reaction of Y3sN@Cgo

o o O o
1 DBU =
/’“‘“ofkT)\‘o/\ » //“\o/ko ‘O’A\‘ YSN@CBD o
Br Br

and back of the ring where the geminal protons are found, but resonances in thtH NMR. If, on the other hand, the addition
the two methylene carbons are located in nonsymmetrical were to occur at a [5,6] double bond, the ethyl groups would
positions. This confirms that the cycloaddition does not occur be in nonsymmetrical environments and would appear as
at the [5,6] double bond of thiy isomer as in the case of the  nonequivalent triplets and quartets.

derivatives of SeN@GCgo, and indicates that the addition The diethyl malonate monoadduct o§N@ Cso was isolated

occurred regioselectively at the [6,6] bond shown in the bottom j, reasonable yield after 10 min of reaction at room temperature
of Figure 1. Exclusive addition of the pyrrolidine ring at the (Figure 6).

[6,6] bond results in the observed symmetry. . . o
Since the selectivity is totally different from that observed Traces of the b|s-adqluct were.alsg recovered "’“?d |dent.|f|ed
for SGN@Cao, We decided to explore a different reaction, one by MALDI-MS. As mentioned earlier, m our hands this reaction
that had repeatedly failed to yield any recoverable products with fall_s c_ompletely when_condugtgd \_N'th &@CBO’_ qnother
the scandium endohedral. The reaction is cyclopropanation with indication of the dramatlc reactivity difference exhibited by the
excess diethyl bromomalonate and 1,8-diazabicyclo[5.4.0Jundec-S@Mel Ceo cage dictated by the nature of the endohedral cluster
7-ene (DBU), as represented in Scheme 2. If the cycloaddition trapped inside the fullerene. THel NMR spectrum of the
were to occur at the same [6,6] site, the ethyl groups should be Y3N@Gec-diethyl malonate monoadduct showed a single triplet

in a symmetrical environments and appear as equivalentand a single quartet, indicating that both ethyl groups are
equivalent (Figure 7). Therefore, the cyclopropanation occurred

regioselectively on the [6,6] double bond of the icosahedral
Y3sN@Gso, as in the case of the 1,3-dipolar addition of

| N-ethylazomethine ylide.

e PP This remarkable difference in reactivity betweeg\NY@ Cgo
o and SgN@GCgp can only result from the encapsulated cluster,
which not only affects the reactivity but also changes the
10 cycloaddition position in a totally regioselective way.
Interestingly, both the cyclopropanation and the 1,3-dipolar
20 cycloaddition reactions were carried out with samples used as
B ™ received from Luna Innovations without further purification.
Thus, the impurities in the starting material do not seem to
Fa0 interfere in the production and isolation of the monoadduct
derivatives (Figure 8).
% Recently, it has been proposed that the Didd&der addition
= to icosahedral SN@ G takes place at a [5,6] rather than at a
-~ 0 [6,6] bond due to a lower pentagon angle strain resulting from
_ o 70 the addition to the coroannulene-type $fiéf this is true, the
Cso cage of SN@Cgp may be distorted so that addition to the
' ' - ' ' ' ' [6,6] double bond is preferred. A comparative Raman and
5.0 45 4.0 35 3.0 25 2.0 15  ppm

infrared spectroscopy study of sM@GCgy and SeN@ Cgo
revealed a more pronounced deviation from the ideal icosahedral
1399 symmetry for the yttrium cas€This study also found evidence

for the formation of intramolecular §4—Cgo bonds, specifically
between the scandium atoms and the face of the coroannulene
subunits of the g cage. Similar, yet different, intramolecular
effects in sN—Cgp may be responsible for the reactivity
differences observed in this study. Further studies with other
MsN@GCg species are currently underway in an effort to

Figure 5. HMQC spectrum of3C-labeled ¥N@ Cgo pyrrolidinofullerene.
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1200 1250 1300 1350 1400 1450 1500

m/z (16) Campanera, J. M.; Heggie, M. |.; Taylor, R.Phys. Chem. B005 109,
Figure 6. MALDI -MS of malonate monoadduct of 3@ Cgo. 4024-4031.
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Figure 7. *H NMR spectrum of the YN@GCgo diethyl malonate monoadduct)(denotes impurity due to solvent.
8.23 min Conclusions

The same conditions employed for the efficient 1,3-dipolar
Y,N@C,,-C.H,,0 cycloaddition reaction di-ethylazomethine ylide to SN@ Cso
3 80 704 to form a monoadduct derivative are successfully applied to
Y3sN@GCgo to produce the first exohedral derivative of this
metallofulerene. A second derivative of this material is also
prepared via cyclopropanation with diethyl bromomalonate.

f Both reactions are very selective and yield the same regioisomer
N — monoadduct as the major product. The regioselectivity of the
0 2 4 6 mins 10 12 14 cycloaddition reactions is controlled by the trimetallic nitride

cluster. The known exohedral derivatives oglS@ Cgp contain
adducts attached to a [5,6] double bond ring junction (a
corannulene-type site), while the cycloaddition reactions with
Y3N@GCgo occur at a pyrene-type site (a double bond at a [6,6]
ring junction) of the icosahedralggcage. ¥N@GCgp also proves
Y,N@C,, to be more reactive toward the Bingel reaction thagN&® Cgo,

which does not occur under any attempted reaction condi-
tions.
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Figure 8. HPLC traces of the diethyl malonate monoadduct product (top) . . . . . | detalil
and the ¥N@Gg starting material as received from Luna Innovations Supporting Information Available: Experimental details,

(bottom). COSY spectra of the IN@ Cgo-cyclopropanated derivative, as
well as complete references. This material is available free of
charge via the Internet at http://pubs.acs.org.

unravel the effects due to the endohedral clusters on the
properties and reactivities of these interesting compounds.  JA052153Y
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