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Abstract: The first reactions of trimetallic nitride templated endohedral metallofullerenes (TNT EMFs) with
carbon radicals generated from diethyl malonate catalyzed by manganese(lll) acetate are reported. Two
methano monoadducts, ScsN@Cgo-A and ScsN@Cgo-B, were isolated and characterized. ScsN@Cgo-A
contains two ester moieties, whereas ScsN@Cgo-B contains only one ester group and a hydrogen atom on
the central carbon of the addend. NMR spectroscopy of the two monoadducts suggests that the addition
occurs regioselectively at a 6,6-ring juncture on the surface of the icosahedrally (/) symmetric ScsN@ Cso,
forming the first 6,6-ring-bridged methano I, ScsN@Csgo derivatives. The measured *Jcny = 147 Hz for the
methano carbon with its hydrogen in monoadduct ScsN@Cso-B nearly perfectly matches the data for
m-homoaromatic systems, indicating an open [6,6]-methano structure. Geometry optimization also found
that the “closed” [6,6]-methano structures were energetically unstable and always led to the open forms.
Thus, an “open” [6,6]-methanofulleride structure is proposed, which was induced by the norcaradiene
rearrangement, resulting in the cleavage of the cyclopropane ring and the formation of energetically stable
open cage fullerene derivatives. These are the first examples of thermodynamically stable adducts of the
“open” type at the 6,6-ring juncture of I, ScsN@Cso, differing greatly from the “closed” 5,6-ring juncture
adducts reported previously. In addition, bis-, tri-, and up to octaadducts of ScsN@Cg were detected by
matrix-assisted laser desorption ionization time-of-flight mass spectrometry; this synthetic method was also
applied to LusN@Cs, producing adducts with up to 10 substituents on the carbon cage. These are the
highest levels of substitution of TNT metallofullerenes reported so far.

Introduction ing results for nanomaterials and biomedical applicatfoi%.

However, only a limited number of reactions of EMFs to alter
Endohedral metallofullerenes (EMFsare constructed by the exohedral character and physical properties have been

encapsulating one or more metal atoms in fullerene Cages'investigated so far, such as#.2] cycloadditions®2t Bingel
Generally, EMFs can be classified as classical metalIofullerenesre‘,icti onds 22292 + 2’] cycloaddition4[3+ 2] cycl oaéldition§5‘32
(various mono- and di-metallofullerenés), metal carbide ' ' '
endohedral fullerene’st and trimetallic nitride templated (TNT) (9) Kobayashi, S.; Mori, S.; lida, S.; Ando, H.; Takenobu, T.; Taguchi, Y

metallofullerene$. Since the incarcerated metal atoms imbue ggg‘é"""lrga/glfgné’ff;a A.; Shinohara, H.; Iwasa, X.Am. Chem. Soc.
EMFs with unusual properties, greatly different from empty (10) Mlka\a/a l\él Kato, H.; Okumura, rl\]/l Narazaki, M.; Kanazawa, Y.; Miwa,
N.; Shinohara, HBloconjugate Chen2001, 12, 510-514.
fullerenes, the study of EMFs quickly became an active research(ll) Kato, H.: Kanazawa, Y.. Okumura, M. Taninaka, A. Yokawa, T.:
area® 8 Recent research on functionalized EMFs shows promis- Shinohara, HJ. Am. Chem. S02003 125 4391-4397.
(12) Fatouros, P. P.; Corwin, F. D.; Chen, Z. J.; Broaddus, W. C.; Tatum, J. L.;
Kettenmann, B.; Ge, Z.; Gibson, H. W.; Russ, J. L.; Leonard, A. P.;

(1) Chai, Y.; Guo, T.; Jin, C. M.; Haufler, R. E.; Chibante, L. P. F.; Fure, J.; Duchamp, J. C.; Dorn, H. (Radiology2006 240, 756-764.
Wang, L. H.; Alford, J. M.; Smalley, R. El. Phys. Chenil991, 95, 7564 (13) Wilson, L. J.; Cagle, D. W.; Thrash, T. P.; Kennel, S. J.; Mirzadeh, S.;
7568. Alford, J. M.; Ehrhardt, G. JCoord. Chem. Re 1999 192 199-207.

) Kobayashl K.; Nagase, S.; AkasakaChem. Phys. Letl.996 261, 502— (14) Thrash, T. P.; Cagle, D. W.; Alford, J. M.; Wright, K.; Ehrhardt, G. J.;

?3) Wang C. R.;Kai, T.; Tomiyama, T.; Yoshida, T.; Kobayashi, Y.; Nishibori, (15) Cagle, D. W.; Kennel, S. J.; Mirzadeh, S.; Alford, J. M.; Wilson, L. J.

)
) T .
Mirzadeh, S.; Wilson, L. JChem. Phys. Lett1l999 308 329-336.
)
E.; Takata, M Sakata M.; Shlnohara Hngew Chem., Int. EdZOOl Proc. Natl. Acad. Sci. U.S.A.999 96, 5182-5187.

)

40, 397—399. (16) Bolskar, R. D.; Benedetto, A. F.; Husebo, L. O.; Price, R. E.; Jackson, E.
(4) Liduka, Y.; Wakahara, T.; Nakahodo, T.; Tsuchiya, T.; Sakuraba, A.; F.; Wallace, S.; Wilson, L. J.; Alford, J. Ml. Am. Chem. So@003 125,
Maeda, Y.; Akasaka, T.; Yoza, K.; Horn, E.; Kato, T.; Liu, M. T. H.; 5471-5478.
Mizorogi, N.; Kobayashi, K.; Nagase, 3. Am. Chem. SoQ005 127, (17) Chen, C.Y.; Xing, G. M.; Wang, J. X.; Zhao, Y. L.; Li, B.; Tang, J.; Jia,
12500-12501. G.; Wang, T. C.; Sun, J.; Xing, L.; Yuan, H.; Gao, Y. X.; Meng, H.; Chen,
(5) Stevenson, S.; Rice, G.; Glass, T.; Harich, K.; Cromer, F.; Jordan, M. R; Z.; Zhao, F.; Chai, Z. F.; Fang, X. HNano Lett.2005 5, 2050-2057.
Craft, J.; Hadju, E.; Bible, R.; Olmstead, M. M.; Maitra, K.; Fisher, A. J.;  (18) Shu, C. Y.; Gan, L. H.; Wang, C. R.; Pei, X. L.; Han, H.®arbon2006
Balch, A. L.; Dorn, H. C.Nature 1999 401, 55-57. 44, 496-500.
(6) Akasaka, T., Nagase, T., Edsndofullerenes: A New Family of Carbon (19) Suzuki, T.; Maruyama, Y.; Kato, T.; Akasaka, T.; Kobayashi, K.; Nagase,
Clusters Kluwer Academic Publishers: Dordrecht, The Netherlands, 2002. S.; Yamamoto, K.; Funasaka, H.; TakahashiJTAm. Chem. S0d.995
(7) Shinohara, HRep. Prog. Phys200Q 63, 843-892. 117, 9606-9607.
(8) Fullerenes: Chemistry, Physics, and Technoldgsdish, K. M., Ruoff, (20) Feng, L.; Zhang, X. M.; Yu, Z. P.; Wang, J. B.; Gu, Z. Ghem. Mater.
R. S., Eds.; John Wiley and Sons: New York, 2000. 2002 14, 4021-4022.
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Prato reaction3?33-39 [4 + 2] Diels—Alder type cycloaddi-
tions?%-43 and some noncycloadducs:#® Notably, the TNT
metallofullerenes$,formed in relatively high yields, lower only
than Go and Go in the electric-arc Kreschmer-Huffman

generator, possess a closed-shell electronic structure and hence
are less reactive than classical EMFs. Thus, some methods

effective for functionalization of fullerenes and classical met-
allofullerenes do not work on TNT EMFs, e.g., the normal
Bingel reaction fails witH, SaN@ Cgo.22 Only a few types of

reactions effective on the TNT EMFs have been reported so

far22.23.:34.37.4050Thjs greatly restricts the range of potential
applications for these novel materials. Exploring new ways to
functionalize TNT metallofullerenes, especially the formation
of highly substituted derivatives, is crucial for expanding their
potential applications.

Free radicals are effective intermediates for fullerene func-
tionalization®* Manganese(lll) acetate is capable of abstracting
a hydrogen radical from active methylene compounds to form
carbon radicals that can add to alkenes and alk§$é%s By
this reaction, many useful compounds have been syntheé§i#éd.

(21) Maeda, Y.; Matsunaga, Y.; Wakahara, T.; Takahashi, S.; Tsuchlya T
Ishltsuka M. o, Hasegawa T, Akasaka T Liu, M. T H.; Kokura, K
Horn, E.; Yoza, K.; Kato, T.; Okubo S, Kobayashl K.; Nagase, S
Yamamoto, K.J. Am. Chem. So<2004 126 6858-6859.

(22) Cardona, C. M.; Kitaygorodskiy, A.; Echegoyen, L.Am. Chem. Soc.
2005 127, 10448-10453.

(23) Lukoyanova, O.; Cardona, C. M.; Rivera, J.; Lugo-Morales, L. Z;
Chancellor, C. J.; Olmstead, M. M.; Rodriguez-Fortea, A.; Poblet, J. M.;
Balch, A. L.; Echegoyen, LJ. Am. Chem. So@007, 129, 10423-10430.

(24) Lu, X.; Xu, J. X.; He, X. R.; Shi, Z. J.; Gu, Z. Chem. Mater2004 16,
953-955.

(25) Akasaka, T.; Kato, T.; Kobayashi, K.; Nagase, S.; Yamamoto, K.; Funasaka,
H.; Takahashi, TNature 1995 374, 600-601.

(26) Akasaka, T.; Nagase, S.; Kobayashi, K.; Suzuki, T.; Kato, T.; Kikuchi,
K.; Achiba, Y.; Yamamoto, K.; Funasaka, H.; TakahashiAfigew. Chem.,

Int. Ed. Engl.1995 34, 2139-2141.

(27) Wakahara, T.; Kobayashi, J.; Yamada, M.; Maeda, Y.; Tsuchiya, T.;
Okamura, M.; Akasaka, T.; Waelchli, M.; Kobayashi, K.; Nagase, S.; Kato,
T.; Kako, M.; Yamamoto, K.; Kadish, K. MJ. Am. Chem. So2004
126, 4883-4887.

(28) Yamada, M.; Feng, L.; Wakahara, T.; Tsuchiya, T.; Maeda, Y.; Lian, Y.
F.; Kako, M.; Akasaka, T.; Kato, T.; Kobayashi, K.; Nagase,JSPhys.
Chem. B2005 109, 6049-6051.

(29) Akasaka, T.; Kato, T.; Nagase, S.; Kobayashi, K.; Yamamoto, K.; Funasaka,
H.; Takahashi, TTetrahedron1996 52, 5015-5020.

(30) liduka, Y.; Ikenaga, O.; Sakuraba, A.; Wakahara, T.; Tsuchiya, T.; Maeda,
Y.; Nakahodo, T.; Akasaka, T.; Kako, M.; Mizorogi, N.; Nagase,JS.
Am. Chem. SoQ005 127, 9956-9957.

(31) Yamada, M.; Nakahodo, T.; Wakahara, T.; Tsuchiya, T.; Maeda, Y.;
Akasaka, T.; Kako, M.; Yoza, K.; Horn, E.; Mizorogi, N.; Kobayashi, K
Nagase, SJ. Am. Chem. So@005 127, 14570-14571.

(32) Maeda, Y.; Miyashita, J.; Hasegawa, T.; Wakahara, T.; Tsuchiya, T.; Feng,
L.; Lian, Y. F.; Akasaka, T.; Kobayashi, K.; Nagase, S.; Kako, M.;
Yamamoto, K.; Kadish, K. MJ. Am. Chem. So@005 127, 2143-2146.

(33) Yamada, M.; Wakahara, T.; Nakahodo, T.; Tsuchiya, T.; Maeda, Y.;
Akasaka, T.; Yoza, K.; Horn, E.; Mizorogi, N.; Nagase,JSAm. Chem.
Soc.2006 128 1402-1403.

(34) Cai, T.; Xu, L.; Anderson, M. R.; Ge, Z.; Zuo, T.; Wang, X.; Olmstead,
M. M.; Balch, A. L.; Gibson, H. W.; Dorn, H. C. CJ. Am. Chem. Soc.
2006 128 8581-8589.

(35) Cao, B. P.; Wakahara, T.; Maeda, Y.; Han, A. H.; Akasaka, T.; Kato, T.;
Kobayashi, K.; Nagase, £hem. Eur. 32004 10, 716-720.

(36) Lu, X.; He, X. R.; Feng, L.; Shi, Z. J.; Gu, Z. Netrahedron2004 60,
3713-3716.

(37) Cardona, C. M.; Kitaygorodskiy, A.; Ortiz, A.; Herranz, M. A.; Echegoyen,
L. J. Org. Chem2005 70, 5092-5097.

(38) Cai, T.; Ge, Z.; lezzi, E. B.; Glass, T. E.; Harich, K.; Gibson, H. W.; Dorn,
H. C. Chem. Commur2005 3594-3596.

(39) Chen, N.; Zhang, E. Y.; Tan, K.; Wang, C. R.; Lu, &rg. Lett.2007, 9,
2011-2013.

(40) 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. So@002 124, 524-525.

(41) Lee, H. M.; Olmstead, M. M.; lezzi, E.; Duchamp, J. C.; Dorn, H. C;
Balch, A. L.J. Am. Chem. SoQ002 124, 3494-3495.

(42) Stevenson, S.; Stephen, R. R.; Amos, T. M.; Cadorette, V. R.; Reid, J. E.;
Phillips, J. P.J. Am. Chem. So@005 127, 12776-12777.

(43) Maeda, Y.; Miyashita, J.; Hasegawa, T.; Wakahara, T.; Tsuchiya, T;
Nakahodo, T.; Akasaka, T.; Mizorogi, N.; Kobayashi, K.; Nagase, S.; Kato,
T.; Ban, N.; Nakajima, H.; Watanabe, ¥. Am. Chem. So®005 127,
12190-12191.

Scheme 1. Synthesis of Mono- and Multiadducts of ScsN@Csgg
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Notably, Wang and co-workers reported the synthesis gf C
dimers in toluene and 1,4-adducts in chlorobenzene using this
methodé162Methanofullerenes were obtained only with cyano-
substituted malonatés.

In the present paper, methanosS@GCgso derivatives were
for the first time synthesized via malonate free radicals catalyzed
by manganese(lll) acetate; these products are completely
different from those obtained via thermal addition of diazo
compound$3-65 addition of free carbenéd,and Bingel reac-
tions 8 Herein, two monoadducts, bis-, tri-, and up to octaad-
ducts of SeN@GCgo Were obtained. This free radical reaction
also was applied to functionalization of 4NI@ Cgo, producing
up to decaadducts.

Results and Discussion

Synthesis of Diethyl Malonate Derivatives of S§N@ Cgo.
To investigate the reaction site and the symmetry of the products,

(44) 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.

(45) Tagmatarchis, N.; Taninaka, A.; Shinohara,Ghem. Phys. Lett2002
355 226-232.

(46) Nikawa, H.; Kikuchi, T.; Wakahara, T.; Nakahodo, T.; Tsuchiya, T.;
Rahman, G. M. A.; Akasaka, T.; Maeda, Y.; Yoza, K.; Horn, E.; Yamamoto,
K.; Mizorogi, N.; Nagase, SJ. Am. Chem. So@005 127, 9684-9685.

(47) Feng, L.; Nakahodo, T.; Wakahara, T.; Tsuchiya, T.; Maeda, Y.; Akasaka,
T.; Kato, T.; Horn, E.; Yoza, K.; Mizorogi, N.; Nagase, &.Am. Chem.
S0c.2005 127, 17136-17137.

(48) Feng, L.; Wakahara, T.; Nakahodo, T.; Tsuchiya, T.; Piao, Q.; Maeda, Y.;
Lian, Y.; Akasaka, T.; Horn, E.; Yoza, K.; Kato, T.; Mizorogi, N.; Nagase,
S. Chem. Eur. J2006 12, 5578-5586.

(49) Feng, L.; Tsuchiya, T.; Wakahara, T.; Nakahodo, T.; Piao, Q.; Maeda, Y.;
Akasaka, T.; Kato, T.; Yoza, K.; Horn, E.; Mizorogi, N.; Nagase,JS.
Am. Chem. So006 128 5990-5991.

(50) 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.

(51) Krusic, P. J.; Wasserman, E.; Keizer, P. N.; Morton, J. R.; Preston, K. F.
Sciencel991, 254, 1183-1185.

(52) Badanyan, S. O.; Melikyan, G. G.; Mkrtchyan, D. Bsp. Khim.1989
58, 475-495.

(53) Melikyan, G. G.Synthesisl993 833-850.
(54) Igbal, J.; Bhatia, B.; Nayyar, N. KChem. Re. 1994 94, 519-564.
55) Snider, B. BChem. Re. 1996 96, 339-363.

(56) Oumarmahamat, H.; Moustrou, C.; Surzur, J. M.; Bertrand, M. Prg.
Chem.1989 54, 5684-5688.

(57) Snider, B. B.; Wan, B. Y. F.; Buckman, B. O.; Foxman, B. 31.0rg.
Chem.1991, 56, 328-334.

(58) Jiang, M. C.; Chuang, C. B. Org. Chem200Q 65, 5409-5412.

(59) Chuang, C. P.; Wu, Y. L.; Jiang, M. Cetrahedron1999 55, 11229~

11236.

(60) Im, Y. J.; Lee, K. Y.; Kim, T. H.; Kim, J. NTetrahedron Lett2002 43,
4675-4678.

(61) zZhang, T. H.; Lu, P.; Wang, F.; Wang, G. \@rg. Biomol. Chem2003
1, 4403-4407.

(62) Wang, G. W.; Zhang, T. H.; Cheng, X.; Wang, ®tg. Biomol. Chem.
2004 2, 1160-1163.

(63) Suzuki, T.; Li, Q.; Khemani, K. C.; Wudl, F.; Aimarsson, 8ciencel991,
254, 1186-1188.
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(65) Diederich, F.; Isaacs, L.; Philp, D. Chem. Soc., Perkin Trans.1®94
391-394.

J. AM. CHEM. SOC. = VOL. 129, NO. 50, 2007 15711



ARTICLES Shu et al.

Se.N@C.-A unreacted
(a) . eN@Cap Se;N@Cqy
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Figure 1. HPLC profiles of reaction mixtures at feed ratios o§S@ Cgo/ T

diethyl malonate/Mn(OAg)2H,O of (a) 1:7:75 for 14 h; (b) 1:7:75 for
18 h; (c) 1:30:30 for 14 h. HPLC conditions: 10 mr 250 mm PYE,

flow rate 2 mL/min, toluene as eluent.

an excess of3C-labeled diethyl malonate (7-fold) and Mn- Te= 87min

(OAC)3+2H,0 (75-fold) were added to @ Cgp in chloroben-

zene (Scheme 1). The mixture was refluxed under the protection © Sc3N@Cso -multiadduct
of Ny for 14 h. After the reaction, the solvent was evaporated e e
and the residue was dissolved in toluene and analyzed by HPLC. 5 15 25 35 45
The HPLC profile of the reaction mixture (Figure 1a) shows Retention Time (min)

two major product peaks centered at retention times of 17.6 Figure 2. HPLC profiles of pure products (a) $¢@ Cso-monoadducB,

; ; ; ; (b) SgN@Cso-monoadduch, (c) SeN@Cge-bisadducts, (d) SB@Cso-
min (designated SN@Csr-A) and 31.0 min (designated triadducts, and (e) SN@ Cgo-multiadducts. HPLC conditions: 10 mm

SeN@GorB), together with some lower elution time products. 250 mm PYE at a flow rate of 2 mL/min with toluene as eluent.
SeN@Gs-A and SeN@GCso-B were easily separated from other

adducts and unreacted starting materials by HPLC (Figure 2,detected (Figure 3e) in a mixture of multiadducts with much
parts b and a). Positive-ion matrix-assisted laser desorptionlower retention time, 8.7 min (Figure 2e). We also tried the
ionization time-of-flight (MALDI-TOF) mass spectra of same conditions applied tos68t i.e., treating SEN@ Cgo With
SaN@GCgo-A and SgN@Cge-B exhibit strong molecular ion 2 equiv of diethyl malonate and 2 equiv of Mn(OA®H,0 in
peaks atm/z 1269 and 1197, respectively (Figure 3, parts b refluxing chlorobenzene for different reaction times. The results
and a), accounting for the production of two monoadducts indicated that reducing the dose of diethyl malonate and Mn-
SeN@Cg[13C(COOGH:Ss),] (A) and SeN@ Cgo[ *CHCOOGH;] (OAc)s:2H,0 and shortening reaction time not only did not lead
(B). The peak at/z 1110 is attributed to SB@Cgo formed to analogues of thedgproducts but also reduced the conversion
by loss of the exohedral functional grougSG(COOGHS:),] of SGN@ GCgo.

and [3CHCOOGH:Ss] from SeN@GCsrA and SeN@Cgo-B, Structure Determination of Diethyl Malonate Derivatives
respectively, under the laser desorpti@rNotably, a peak at of SgGN@Cgo. There are two reaction sites on theSaN@ Cgo
m/z 1125 was detected, which can be ascribed N®2Cso— cage. One is the corannulene-type site, a double bond at a 5,6-

13CH;, indicating that the methano carbon attached on the carbonring junction abutted by two hexagons (Schemd 2r B); the
cage can endure the laser desorption process. With increasedather is the pyrene-type site, a double bond at a 6,6-ring junction
reaction time, the yield of SBl@GCso-B increased relative to  abutted by a hexagon and a pentagon (Schem@é ar D).
SaN@GCgo-A (Figure 1b), suggesting that $5&@ Cgo-A evolves Interestingly, cycloaddition reactions oh, Y3N@GCg are

into SGN@GCso-B and SgN@ Cso—CHo via transesterification regioselective for a pyrene-type sffawhereas with SIN@ Cg

and decarboxylation reactions (see below). When the feed ratiosimilar reactions have always occurred regioselectively at a
of SGN@GCg,, diethyl malonate, and Mn(OAgPH,O was corannulene-type sit&3” except for a kinetically favored 6,6-
changed to 1:30:30, the yield of multiadducts at shorter elution juncture adduct?

times increased relative to $0@Cso-A and SeN@ Cso-B NMR and X-ray crystallography are effective tools for
(Figure 1c). Bisadducts and triadducts o&IS@ Cg at retention structural characterization of EME%47-50Herein, we use NMR
times of 11.5 min and 10.0 min were also isolated (Figure 2, to characterize the first methano-TNT derivatives obtained via
parts ¢ and d) and confirmed by MALDI-TOF MS (Figure 3, free radical reactions. Scheme 2 demonstrates that addition at
parts ¢ and d). In addition, octaadducts of$@Cgp Were the 5,6-ring junction will cause the two ethyl groups be

15712 J. AM. CHEM. SOC. = VOL. 129, NO. 50, 2007
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Figure 3. Positive-ion mode MALDI-TOF mass spectra of (a3S@ Gso-
B, (b) SGN@GCsr-A, (c) SGN@ Cgo-bisadducts, (d) SBl@Cge-triadducts,
and (e) up to SIN@GCgg-octaadducts using a 9-nitroanthracene mathix;
and B represent exohedral functional groupgdC(COOGHs);] and [3-
CHCOOGH;S], respectively.
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nonequivalent (Scheme 2 andB), but addition at the 6,6-

ol N . ;
é""A"“é""é""%'pp'm

Figure 4. 500 MHz'H NMR spectra of SIN@GCgo-A in (a) chloroform-
d/CS; (v/iv = 30/70) and (b) benzengs; SGN@GCgo-B in (c) acetoneds/
CS (v/iv = 10/90).x denotes impurity from the solvent.

(b) 1
S orirmppsompsmraohmbipssson
60 55 50 45 40 ppm

Figure 5. 13C NMR (125 MHz, acetonéls/CS, = 10/90) spectra: (a),
@), (b), and (b are decoupled and coupled spectra 8€-labeled
SeN@GCs-A and SeN@GCso-B, respectively.

obvious and the ethyl protons are shifted upfield due to the ring
current effect of @De.

Likewise, the!H NMR spectrum of SgN@ Cgo-B in acetone-
ds/CS; (viv = 10/90) (Figure 4c) exhibits one set of signals at
similar positions, 4.51 and 1.50 ppm, respectively, for its ethyl
groups, suggesting that addition also occurs at the 6,6-ring
junction (Scheme 2C or D). Notably, the signal for the
methylene protons consists of a more complex pattern, typical
of overlapping peaks from diastereotopic methylene hydrogens.
Besides the signals of the ethyl groupsS@GCso-B displays
two proton peaks with the same intensity centered at 5.77 and
5.48 ppm. Considering the possible composition of the-
labeled derivatives, the two signals must be derived from
coupling of a hydrogen bonded witH#C-labeled carbontJc—
= 147 Hz). To confirm this, decoupled and coup/é@ NMR
spectra along with heteronuclear multiple quantum coherence
(HMQC) spectroscopic experiments were conducted on the two

ring junction will produce equivalent ethyl moieties (Scheme ¢ompounds.

2, C or D).22 In the IH NMR spectrum of SIN@GCgo-A in

chloroformd/CS; (v/v = 30/70) (Figure 4a), one set of signals

As parts a and'af Figure 5 show, both the decoupled and
coupled’3C NMR spectra of SIN@Cgo-A exhibit a singlet at

at4.55 and 1.47 ppm was observed, accounting for the presenc&7.3 ppm, indicating a quarternary carbon with no proton
of equivalent ethyl groups. Thus, addition at a 5,6-ring junction attached. Moreover, the HMQC spectrum oI$@ Csy-A does

(Scheme 2,A or B) in SGN@GCg-A was ruled ou#?>0
Interestingly, though théH NMR spectrum of SIN@ Cgg-A

not exhibit any correlation between th€ carbon and protons,
further confirming that no proton is linked to tHéC-labeled

in CsDg (Figure 4b) exhibits one set of signals at 4.10 and 0.94 carbon of SIN@GCgo-A. In contrast, the decoupleédC NMR
ppm, the multiplet for the diastereotopic methylene protons is spectrum of S{N@Cso-B (Figure 5b) exhibits one signal at 43.2
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Scheme 2. Possible Cycloaddition Products of /5 ScsN@Cso, Reading from Left to Right: [5,6]-Closed Adduct (A), [5,6]-Open Adduct (B),
[6,6]-Closed Adduct (C), and [6,6]-Open Adduct (D)@

R R R R

N\ N\

—_— —_—

/ /
[5,6]-closed [5,6]-open [6,6]-closed [6,6]-open

aBecause of symmetry differences, the ethyl moieties (R) are nonequivalénaim B, but equivalent inC andD.

ppm, whereas the coupledC NMR spectrum (Figure 3p will lead to methanoannulenehomoaromaticity, and thus the
shows a doublet at 43.2 ppm withc—y = 147 Hz, indicating coupling constant)c v at the methano bridge C-atom is smaller
a hydrogen attached to tHéC carbon of SeN@Ceo-B. The than that of the [6,6]-closed isomer, since the methanoannulene
HMQC spectrum of SIN@Cgo-B confirms thel3C—'H cor- is o-homoaromatic; e.g., for the [5,6]-open methanofulleride,
relation, further verifying the existence of a hydrogen attached Cgo[CHCO,CH,CHjg), the *J.c ry at the methano bridge C-atom
to the methano carbon. These results are completely consistenis 143.6 or 143.0 Hz, whereas that of the [6,6]-closed metha-
with the diastereotopic nature of the methylene protons in nofullerene is 166.1 H% In the present study, 4@ Cgo-B
SaN@GCgo-B. Thus, methano-bridged $¢@GCgo derivatives as an analogue of gfCHCO,CH,CH3] exhibits a similar
rather than noncycloadduéisvere obtained. coupling constant at the methano bridge C-atéig, ) = 147
Recently, Echegoyen’s group reported a 6,6-juncture methanoHz, indicative of an open structure. Likewise, tH€ NMR
derivative ofly Y3N@Gg via a classical Bingel reaction, but  data are in agreement with an open transannular bond, since
the same reaction failed with, SGN@Cg0.22 The 1H NMR the apex carbon signals are shifted downfield (57.3 ppm for
spectrum of the “cyclopropanation” product IgfY sN@ Cgg in SaN@GCgo-A and 43.2 ppm for SN@ Cgo-B) relative to those
CsDs exhibits signals at 1.05 ppm (t, GH2H,J = 7.1 Hz) and of cyclopropyl derivative§? Akasaka’'s group reported an
4.22 ppm (q, CH, 2H,J = 7.1 Hz)22 Similarly, in the present  aniorf® of La@G,C(COOGHSs), with chemical shift of the
work SeN@GCgo-A produces sharp and symmetric signals at methano carbon atom at 65.74 ppm and designated its structure
1.47 ppm (t, CH, 3H,J = 7.0 Hz) and 4.55 ppm (q, GHJ = to be the [6,6]-open methano derivative. Very recently, Eche-
7.0 Hz) in CDCH/CS,. The downfield shifts in the Sc compound  goyen'’s group reported a Bingel adducN@ Cgo—C(CO,CH,-
versus the Y compound could be caused by the different Ph) with chemical shift of the methano carbon at 61.46 ppm,
encapsulated metals. For 8@ Cgo-B, which presumably and the X-ray analysis clearly revealed an [6,6]-open struéture.
results from loss of a carboxylate group fromzS@GCs-A, Our results are similar to these reported resonances, and thus
the methylene signal at 4.51 ppm and the methyl signal at 1.49the products can be considered to be methanofulleroid deriva-
ppm (t, CH;, J = 7.2 Hz) are shifted only a little (0.620.04 tives.

ppm) relative to those of SN@GCge-A. Thus, the two monoad- The electronic absorption spectra of the [5,6]-open structure
ducts based on gN@GCg are [6,6]-ring-bridged methano  with z-homoaromaticity and the [6,6]-closed isomer with
products as shown in SchemeQor D. o-homoaromaticity are different, since the spherical chro-

Notably, these are the first examples of thermodynamically mophore of the former is less perturbed than that of the E&t&r.
stable 6,6-juncture adducts lpfSeN@Cgp. Campanera et &F. The UV—vis spectra of SIN@GCsrA and SeN@GCso-B are
reported that the planar endohedragi$cluster of SeN@ Cgo similar to their precursor, SN@GCgo, as shown in Figure 6,
causes a local outward pyramidalization of theCcage bonds indicating that the two monoadducts are fulleroids. Notably, the
closest to the scandium nuclei and the coroannulene 5,6-doubledetection of the SIN@Cgo— CH, fragment in the mass spectra
bonds next to Sc have the highest strain of all the bonds in the (Figure 3, parts a and b) is also consistent with the conclusion
In Cgo cage, which makes them the most reactive toward that the adducts have “open” structures, since according to our
exohedral cycloaddition. Therefore, reaction at a 5,6-double calculations the unsubstituted, “closed” cyclopropyl! derivative
bond can relieve part of the bond strain and produce the of SGN@GCg is also unstable due to the ring strain.
thermodynamically more stable adduct, which was corroborated  Furthermore, the “closed” [6,6]-methano structures also
by both Diels-Alder*® and pyrrolidine adducté¥of SGN@Ceo. proved to be energetically unstable by geometry optimization
However, from our experimental results, 6,6'jUnCtUre adducts and a|WayS led to the open form. Figure 7 shows the geo-
of methano-bridged $h@Cgo seem to be thermodynamically  metrically optimized, thermodynamically stable structure of
stable species, since they endure reflux at 4GGor 14 h. “open” [6,6]-methanofulleroids Sh@Cse-A and SeN@ Cso-

It is well-known that difficulties frequently arise in the B. The C2-C10 distances of SN@GCso-A and SegN@ Cso-B
characterization of fullerene derivatives, especially for the are 2.19(9) and 2.18(9) A, respectively, whereas the average
differentiation of isomers. The differentiation of cyclopropane C—C bond length at a [6,6]-ring junction in $E@Cee-ln is
and [5,6]-open isomers of fullerenes are typical examt#€5.  1.421(18) A% indicating an elongation of G2C10 separation
Fortunately, scientists have found that the [5,6]-open structure in these products. Lukoyanova et al. reported an open malonate
methane-fullerene derivative, YN@ Cgo—C(CO,CH,Ph).23 In

(66) Campanera, J. M.; Bo, C.; Poblet, J. 84.0rg. Chem2006 71, 46—54.

(67) Smith, A. B.; Strongin, R. M.; Brard, L.; Furst, G. T.; Romanow, W. J;
Owens, K. G.; Goldschmidt, R. J.; King, R. @. Am. Chem. S0d.995 (68) Isaacs, L.; Wehrsig, A.; Diederich, Relv. Chim. Actal993 76, 1231~
117, 5492-5502. 1250.
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Figure 6. UV —vis spectra of SIN@GCgo-A (red line) and SEN@Cso-B
(blue line) together with SN@GCgo (In) (gray line) in toluene.

this material, the crystallographically characterized structure
revealed an open [6,6]-ring junction adduct with -639
distances of 2.30(3) A for one orientation of the cage and 2.28- S ]

@A iq j[he other orientat.i(.)n. In addition, Maedg etal. reported g ;gf(’)’sez;, [gZ?_mzttrr']‘;?]'zu‘;lgtr'irg'ezse?é’l)tg%rg&?;’2"";?}'33('3 Zt@a,\tl"@e) é;_“g.t“res

a modified carbene addition of an adamantylidene moiety t0 o, the left and right are top and edge-on views relative to thél Sait,

form La@Gy-(Ad),2! in which the opened €C separation on respectively.

the [6,6]-ring junction is 2.097 A. All of the evidence indicates

that SgN@Gs-A and SeN@GCge-B are open [6,6] regioisomers. DFT calculations revealed higher LUMOs for the [6,6]-open
Notably, in the minimized structures Sc1 atoms iBN@ Cgo-A isomers than the corresponding [5,6]-open isomers, leading to
and SeN@Cg-B are positioned near the sites of the cleaved larger HOMO-LUMO gaps than their [5,6]-open regioisomers,
bond formerly between C2 and C10 with contact distances of as shown in Table 1. In addition, the [6,6]-open isomers are
2.42(9) and 2.51(6) A for SB@GCs-A, and 2.43(2) and 2.52-  highly favored thermodynamically relative to the [5,6]-open
(4) A for SGN@Gso-B, respectively, very similar to those of isomers for both SN@GCs-A and SeN@GCse-B, further
Y3N@Cgo— C(CO.CH,Ph) (2.47-2.57 A)2 The distances  confirming that the [6,6]-open methano structures are able to
between the Scl atoms and methano carbons are 3.21(8) andelieve the ring strain present in the closed analogues (Scheme
3.23(4) A for SeN@GCsr-A and SgN@Cso-B, respectively. 2,D).

Scheme 3. (a) Suggested Mechanism for Free Radical Reaction of Diethyl Malonate with ScsN@Cgp Using Mn(OAc)s as Catalyst, Leading
to Product A and (b) Proposed Mechanism for Conversion of Product A into Product B via Transesterification and Decarboxylation
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Table 1. HOMO/LUMO Levels (eV) for [5,6]-Open and [6,6]-Open , 16
Regioisomers of ScsN@Cgo-A and ScsN@Cgo-B and Energy [Lu; N@Cso]
Differences between the Two Isomers 1500
HOMO LUMO  (HUMO-LUMO)  AEs¢-s¢ [Lu;N@Cso-A
compd (eV) (eV) (ev) (kcal/mol)

[5,6]-open —5.824 —3.509 2.315
SGN@CarA  [5'6l.open —5.742 —3.297 2.445

[5,6]-open —5.779 —3.638 2.141
[6,6]-open —5.818 —3.348 2.470

11.588

SeN@GCs0-B 14.523
1478

(a) [ $sve

H H H A .' Al
According to the experimental observations and the reported 0 ee T Tme 190 290 2100 2200

function of manganese(lIF25° a reaction mechanism is Mass/Charge
proposed in Scheme 3. First, Mn(lll) abstracts a hydrogen radical
from the active methylene moiety of diethyl malonate to 1587

generate a radical, which subsequently attackdl@&Cgo at a
6,6-juncture to form an intermediate containing a free radical
on the carbon cage. The excess Mn(lll) can abstract another
hydrogen radical from the active methylene unit; thus, the
resultant diradicals combine to form an unstable intermediate,
the cyclopropy! derivative of SB@GCso, which will tend to
rearrange, resulting in a thermodynamically stable [6,6]-open 54
methanofulleroid (SIN@GCso-A). Interestingly, the proportion

of SGN@Gso-B increases with increasing reaction time (Figure (b)

[Lu; N@Caol*
1500
[Lu, N@Cso- B]*

1b), and thus the formation of $¢@GCso-B is believed to be et *‘m:ol- " 1;‘30 ‘mo 0
derived from SEN@GCso-A as follows. First, transesterification 1400 Mass/Charge
between SIN@GCso-A and acetate ion from the catalyst leads 1503

to formation of the carboxylate derivative of BE@Cgo-A.
Second, the water present in the reaction system (again from

. . . ) 2 [Lu; N@Cgol*
the catalyst) gives rise to the carboxylic acid derivative of "
SaN@GCgo-A. Third, the unstable carboxylic acid decarboxy- s
lates, leading to the formation of $¢@ Cgo-B. Repetition of
these three steps will produce 38i@ Cgo—CHo. feze Lo, N@Cso- An ' =9

Thus SeN@Gsr-A, SGN@ Cso-B, and SeN@ Cgo—CH, pos-

sess the same [6,6]-open methanofulleride structures. In pro-
nounced contrast, the reported fullerene dimers and 1,4-
bisadducts of ! were proposed to form by another reaction
route, i.e., Gp as a good electron acceptor is easily attacked by
the radical-CH(COOGHs5), to form a fullerene radical at the )
4-position, which combines with itself o€CH(COOGHs), to (c)
form the dimer or the 1,4-bisadduct. Whereas the lack of M
formation of 1,2-adducts is due to strong steric interaction
between proximal bulky diethyl malonate moieties, the forma- L

Figure 8. Positive-ion mode MALDI-TOF mass spectra of (a)sN@ Cgo-

tion of cyclopropane-fused g from the cyano-substituted ™y "| N@GCyrB, and (c) up to LeN@Cardecaadducts using a
malonate may be due to its smaller steric effect. Therefore, the 9-nitroanthracene matrix.

chemistry of TNT metallofullerenes is distinctly different from
that of Gsp and needs further exploration in order to optimize higher reactivity of LUN@ Cgo relative to SeN@ Cgo.3* The
their properties for various applications. multiadducts have good solubility in polar solvents, such as
Synthesis of Derivatives of LUN@Cgo from Diethyl acetone and chloroform.
Malonate. Via the same method with IsM@ Cgo Wwe obtained
two monoadducts, which have HPLC retention times similar to
those of the analogous $6@Cs monoadductsA and B. In conclusion, two methano-bridged monoadducts Ipf
Positive-ion MALDI-TOF MS of the purified monoadducts SgN@GCg were synthesized for the first time via free radical
exhibit strong molecular ion peaks at’z 1658 and 1587, reactions, as proved by MALDI-TOF MS and NMR spectros-
respectively (Figure 8, parts a and b), corresponding to copy. The same conditions were successfully applied to
LusN@Ged3C(COOGH:S);] (A) and LuN@Ce *CHCOOGHEg] LusN@ GCgo to produce similar analogues. Multiadducts with up
(B). The peak ain/z 1514 can be ascribed to N@ Cgo—CHo, to 10 methano units were produced frdmSaN@GCsy and
indicating that the two functionalized monoadducts are “open” LusN@GCgo by controlled reaction conditions. Therefore, the
methanofullerides, probably [6,6]-juncture products. Unexpect- enhanced free radical reaction is destined to be very useful for
edly, up to decaadducts of M@ Cgo were detected by MALDI- production of functionalized metallofullerides for potential
TOF MS (m/z 3091, Figure 8c). This is most likely due to the applications in several areas of technology. This method

Conclusions
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provides a novel means for the synthesis of functionalized for Sc. The basis sets employed were LanL2B@r Sc and 3-21G®
methano-TNT EMFs with all kinds @-dicarbonyl compounds ~ for C, H, O, and N.

designed for various applications. NMR data and UV spectra  Synthesis of Diethyl Malonate Derivatives of SN@Cs. A
together with geometry optimization suggest that they are the Mixture of SeN@Cs (0.45 mg, 0.4:mol), **C-labeled diethyl malonate
most thermodynamically stable [6,6]-open methanofullerides. (0-48 M3, 3.umol), and Mn(OAc}-2H,0 (8.04 mg, 30.Qumol) in 5

. s . mL of chlorobenzene was refluxed under the protection pfdd 14
For detailed structural characterization, X-ray crystallographic .
L . h. The solvent was removed by a rotary evaporator. The residue was
analysis is ongoing.

dissolved in toluene and injected into an HPLC for analysisN&Cso

Experimental Section A, SeN@Gg-B, and a multiadduct mixture were isolated by HPLC
) ) ) using a PYE column, with toluene at 2.0 mL/mih= 390 nm.
Materials and Methods. A In andDsy isomer mixture of SN@Geo Synthesis of Diethyl Malonate Derivatives of LuN@Cgo. These

was obtained by the chemical separation method, as reported in detail,aactions and purifications were carried out analogously to the
earlier®® Purel, SN@GCso was isolated from the mixture by HPLC  rocedures outlined above for the derivatives ofN&@ Ceo.

using a semipreparative PYB-[1-pyrenyl)ethyl silica] column (10

mm x 250 mm) with toluene at 2.0 mL/mid,= 390 nm.*3C-labeled Acknowledgment. We are grateful for support of this work
diethyl malonate (99%, Cambridge Isotope Laboratory, Inc.) was used by the National Science Foundation [DMR-0507083] and the
to synthesize*C-enriched monoadducts. Toluene (HPLC grade, National Institutes of Health [1IR01-CA119371-01].

>99.9%), Mn(OAc)-2H,0, and chlorobenzene were used as received

from Aldrich. The same PYE column was also used for both analysis ~ Supporting Information Available: 500 MHz COSY spectra
and purification of products. The HPLC system was the following: 0f SGN@Cg-A and SeN@Cgo-B, HMQC NMR spectrum of
Acure series lll pump, 757 absorbance detector (Applied Biosystems). 13C-labeled SgN@ CGgo-B, HPLC profiles of pure LeN@Ggo-A

A JEOL ECP 500 MHz instrument was used for all NMR measure- and LuN@ Cgo-B, geometrically optimized, thermodynamically
ments. Mass spectrometry was conducted on a Kratos Analytical stable structures of “open”[6,6]-methanofullerides faf8@ Car-A
Kompact SEQ MALDI-TOF mass spectrometer. Geometry optimization gn SeN@Cso-B, together with optimizeKYZ coordination,

was explored at the BSLYP lev@lusing the Gaussian 03 progrdf. 2nd complete ref 71. This material is available free of charge
The effective core potential and the corresponding basis set were use Via the Internet at http://pubs.acs.org.
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