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CuTf,
0-DCB, Reflux
(2a-d) Rj= Ry= Aryl HIGH THERMAL STABILITY (LOW YIELD)
(2e,f) R=Alkyl Ry;=Aryl RETRO-CYCLOADDITION REACTION (HIGH YIELD)

2-Pyrazolino[4,5:1,2][60]fullerenes undergo a thermally induced retro-cycloaddition process whose
efficiency is influenced by the nature of th&substituent.C-Aryl- N-Aryl-2-pyrazolino[60]fullerenes
(2a—d) poorly undergo a thermal retro-cycloaddition reaction even in the presence of a strong dipolarophile
or a metal Lewis acid which, in contrast to other fullerene derivatives, shows their remarkable thermal
stability. C-Alkyl- N-Aryl-2-pyrazolino[60]fullerenes Ze—f) show a different behavior, being more
vulnerable to the presence of copper triflate and leading to the retro-cycloaddition product (prigtine C

in good yield.

Introduction hedral reactions developed on the fullerene sphere, 1,3-dipolar

cycloadditions have played a prominent foldth applications

Since the discovery of fullerenesind other nanoforms of  in fields such as medicinal chemistrgnd materials science.
carbor? an enormous effort has been dedicated to their chemical Although pyrrolidino[3,4:1,2][60]fullerenes have been by far

functionalizatior? However, despite the belief that the chemistry the most studied derivatives obtained from 1,3-dipolar cyclo-
of fullerenes is well established, their singular electronic and
geometrical fea.tures W'th reaCt'V? dO.Uble. bonds fo.rmmg. a (3) (a) Hirsch A.The Chemistry of Fullereng®Viley-VCH: Weinheim,
convex surface is a unique scenario still being tested in a wide Germany, 2005. (bfullerenes: From Synthesis to Optoelectronic Proper-
Variety of new reactionéAmong the many well-known exo- ties Guldi, D. M., Marfn, N., Eds.; Kluwer Academic Publishers:
Dordrecht, The Netherlands, 2002. (c) Taylor|Bcture Notes on Fullerene
Chemistry: A Handbook for Chemistisnperial College Press: London,
1999. (d) Langa, F., Nierengarten, J.-F., EBsllerenes. Principles and
Applications RSC: Cambridge, U.K., 2007.

(4) (a) Martn, N. Chem. Commur2006 2093. (b) Martn, N.; Altable,
M.; Filippone, S.; Martn-Domenech, A.Synlett2007, 3077.

(5) Hirsch, A.Synthesis995 895.

(6) (a) Jensen, A. W.; Wilson, S. R.; Schuster, Biborg. Med. Chem
1996 4, 767. (b) Cassell, A. M.; Scrivens, W. A.; Tour, J. Magew. Chem.,
Int. Ed.1998 37, 1528. (c) Nakamura, E.; Isobe, H.; Tomita, N.; Sawamura,

T Universidad Complutense de Madrid.
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(1) Kroto, H. W.; Heath, J. R.; O'Brien, S. C.; Curl, R. F.; Smalley, R.
E. Nature 1985 318 162.

(2) (a) For arecent review, see: Delgado, J. L.; Herranz, M. A.; Mart
N. J. Mater. Chem2008 DOI: 10.1039/b717218d. (i}arbon Nanotubes
and Related Structures: New Materials for the Twenty-First Centdayris,

P., Ed.; Cambridge University Press: Cambridge, 2001. (c) Reich, S,
Thomsen, C.; Maultzsch, Jarbon Nanotubes: Basic Concepts and
Physical PropertiesVCH: Weinheim, Germany, 2004. (djcc. Chem.
Res.2002 35 (Special Issue) 1997. (e) Akasaka, T.; Nagase, S., Eds.
Endofullerenes: A New Family of Carbon Clusteiluver Academic
Publishers: Dordrecht, The Netherlands, 2002.
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M.; Jinno, S.; Okayama, HAngew. Chem., Int. EQ00Q 39, 4254. (d) Da
Ros, T.; Prato, MChem. Communl999 663. (e) Bosi, S.; Da Ros, T.;
Spalluto, G.; Prato, MEur. J. Med. Chem2003 38, 913.

(7) (a) Prato, MTop. Curr. Chem1999 199, 734 (b) J. Mater. Chem.
(Special issue, Prato, M.; MamtiN., Eds.)2002 12 (7). (c) Giacalone, F.;
Martin, N. Chem. Re. 2006 106, 5136.
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additions? other fullerene-fused pentagonal heterocyclic rings,
like pyrazolino[60]fullerenes, also display interesting chemical,
electrochemical, and photophysical properfi®yrazolino[60]-
fullerenes have been obtained by addition of nitrile imines to
[60]fullerene in good yield$? Nitrile imines are efficiently

prepared by dehydrohalogenation of halohydrazones, obtained

in turn by chlorination or bromination of the corresponding

hydrazones. Despite the huge amount of work devoted to the

preparation of fullerene cycloadducts, much less is known
however on their chemical and thermal stability. The thermal
stability of chemically modified fullerenes is a fundamental
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1 R=Et or (CH,);CHj; 1-pyrazolino[60]fullerenes

FIGURE 1. 2-Pyrazolino[60]fullerenesl] and the isomer 1-pyrazolino-

aspect in order to determine the best candidates to preparg60]fullerenes.

functional Gg-based materials able to withstand the ambient
conditions to maintain their efficiency, thus preventing any

further chemical or thermal degradation. This issue is particu-
larly important in those photoelectronic devices, such us
photovoltaic cells, where oxygen, water, and extreme temper-

transition metal-catalyzed retro-cycloaddition reaction. Related
1-pyrazolino-fused fullerenes are known to decompose easily
in refluxing toluene, affording a mixture of methanofulleretes.
Recently, 2-pyrazolino[60]fullerenesl)( were obtained via

atures represent the main agents affecting the stability andisomerization of 1-pyrazolines which, in turn, were synthesized

performance of organic sollar cefisSome of us have recently
reported the thermally induced transition metal-catalyzed quan-
titative retro-cycloaddition reaction of pyrrolidino[3,4:1,2]-
fullerened? as well as isoxazolino[3,4:1,2]fullereriésand
proved its utility as a new and useful protection-deprotection
protocol?? In a very recent paper, this methodology has been
successfully applied to induce the retro-cycloaddition process
in pyrrolidino-SWCNTs (SWCNT: Single-wall Carbon Nano-
tube) derivatives, thus demonstrating the suitability of this
protocol to afford highly pure SWCNT<.Here, we report the
study carried out on the thermal stability of a series of 2-pyrazo-
lino[60]fullerenes bearing different substituents;gryl-N-aryl

or C-alkyl-N-aryl) under the same experimental conditions used
previously for fulleropyrrolidines, which afforded pristingC
quantitatively. The results indicates that C-substitution on the
pyrazole ring plays an important role in the course of this
reaction, being that |,3-diaryl-2-pyrazolino[60]fullerenes are
thermally stable compounds which are less susceptible to
undergo the retro-cycloaddition reaction under these conditions
and forming Go in very low yields. In contrast, 1-aryl-3-alkyl-
2-pyrazolino derivatives are more vulnerable to these experi-
mental conditions, undergoing an efficient thermally induced

(8) (@) Prato, M.; Maggini, M.Acc. Chem. Resl998 31, 519. (b)
Tagmatarchis, N.; Prato, Msynlett2003 768.

(9) Langa, F.; Oswald, FC. R. Chimie2006 9, 1058.

(10) (a) Delgado, J. L.; de la Cruz, P.; pez-Arza, V.; Langa, F.;
Kimball, D. B.; Haley, M. M.; Araki Y.; Ito, O.J. Org. Chem2004 69,
2661. (b) Langa, F.; de la Cruz, P.; Delgado, J. L.n@a-Escalonilla, M.

J.; GonZztez-Cortes, A.; de la Hoz, A.; Lpez-Arza, V.New J. Chen2002

26, 76—80. (c) Esfidora, E.; Delgado, J. L.; de la Cruz, P.; de la Hoz, A.;
Lopez-Arza, V.; Langa, FTetrahedror2002 58, 5821. (d) Delgado, J. L.;
de la Cruz, P.; Lopez-Arza, V.; Langa, F.; Gan, Z.; Araki, Y.; Ito,Bill.
Chem. Soc. Jpr2005 78, 1500. (e) Matsubara, Y.; Tada, H.; Nagase, S.;
Yoshida, Z.J. Org. Chem1995 60, 5372.

(11) Kim, J. Y.; Lee, K,; Coates, N. E.; Moses, D.; Nguyen, T. Q.; Dante,
M.; Heeger, A. JScience2007, 317, 222.

(12) (a) Martn, N.; Altable, M.; Filippone, S.; Mam+Domeech, A;
Echegoyen, L.; Cardona, C. Mingew. Chem., Int. EQ006 45, 110. (b)
Lukoyanova, O.; Cardona, C. M.; Echegoyen, L.; Altable, M.; Filippone,
S.; Marfn Domeech, A; Martin, N. Angew. Chem., Int. EQ2006 45,
7430.

(13) (a) Martn, N.; Altable, M.; Filippone, S.; Mam-Domeech, A,;
Martinez-Alvarez, R.; Suarez, M.; Plonska-Brzezinska, M. E.; Lukoyanova,
O.; Echegoyen, LJ. Org. Chem2007, 72, 3840. (b) Da Ros, T.; Prato,
M.; Novello, F.; Maggini, M.; De Amici, M.; De Micheli, C.Chem.
Commun1997 59. (c) Da Ros, T.; Prato, M.; Lucchini, \J. Org. Chem
200Q 65, 4289.

(14) Bruneti, F. G.; Herrero, M. A.; Mlog, J. M.; Giordani, S.; Diaz-
Ortiz, A.; Filippone, S.; Ruaro, G.; Meneghetti, M.; Prato, M.;2daez,

E. J. Am. Chem. So2007, 129 14580.

by 1,3-dipolar cycloadditions from alkyl diazoacetates (Figure
1).16 Thermal stability studies of these nitrogen-unsubstituted
2-pyrazolino[60]fullerenes showed decomposition in refluxing
o-dichlorobenzene, affording a mixture of methanofullerenes
through the loss of N However, no evidence of retro-cyclo-
addition reaction was reported under these conditions.

Herein we describe the unprecedented retro-cycloaddition
reaction ofN-substitued 2-pyrazolino[60]fullerenes under ther-
mal or microwave assisted conditions to yield the parent [60]-
fullerene.

Results and Discussion

In order to determine if the experimental conditions previously
used for the retro-cycloaddition reaction of fulleropyrrolidifés,
and fulleroisoxazolinéd were suitable for 2-pyrazolino[60]-
fullerenes, we have followed the same protocol: excess of
dipolarophile (maleic anhydride) as well as the use of copper
triflate (CuTf,) to coordinate the metal to the nitrogen atoms
and, therefore, facilitate the retro-cycloaddition process. For
this purpose, we have synthesized a series of 2-pyrazolino[60]-
fullerenes bearing different substituents (Figure 2). Compounds
23,17 2b,10c 2¢,10d and 2etPahave previously been described by
some of us and were prepared according to the procedure
described in their respective literature.

2-Pyrazolino[60]fullerene derivativexl and2f had not been
previously reported and were synthesized by 1,3-dipolar cyclo-
addition of the corresponding nitrile imines, which were
generated in situ from the corresponding hydrazones (see
experimental section).

The compounds to study were first heated at reflus-DCB
for 48 h, and small amounts (0.5 mL) of each reaction were
collected every 24 h, diluted, and submitted to HPLC analysis
(Table 1,0-DCB-24h ando-DCB-48 h). The results of these
experiments showed that pristingo@vas obtained in different
amounts, although the efficiency of the proces<CiAryl-N-
Aryl-2-pyrazolino[60]fullerenes was not very high-{23%).

The same experiments perfomerd d2-Alkyl- N-Aryl-2-

(15) Suzuki, T.; Li, Q.; Khemani, K. C.; Wudl, . Am. Chem. Soc
1992 114 7301.

(16) Wang, G. W.; Li, Y. J., Peng, R. F.; Liang, Z. H.; Liu, Y. C.
Tetrahedron2004 60, 3921.

(17) Delgado, J. L.; de la Cruz, P.; pez-Arza, V.; Langa, F.
Tetrahedron Lett2004 45, 1651.
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FIGURE 2. 2-Pyrazolino[60]fullerenes investigated for the thermal retro-cycloaddition reaction.

TABLE 1. Experimental Conditions Used for the
Retro-Cycloaddition Reaction of 2-pyrazolino[60]Fullerened and
Formation of Pristine Cgo (%) Determined by HPLC

experiment 2a 2b 2c 2d 2e 2f
0-DCB-24h. 11 4 1 12 10 26
0-DCB-48 h. 23 8 2 17 14 29
MA-24h. 15 6 0 13 7 33
MA-48 h. 15 16 1 22 15 44
CuTf-24 h. 10 b 2 8 48 28
CuTf,-48 h. 10 b 3 11 48 c
MA-CuTf,-24 h. 6 b 1 7 54 18
MA-CuTf,-48 h. 7 b 4 11 72 c

a All the reactions were performed ;:DCB at reflux; MA = 30 equiv
of maleic anhydride; Cuf= 1 equiv of copper triflate? These reactions
formed an insoluble precipitate; therefore, analysis of % of conversion could
not be performed: Reactions were completed after 24 h.

pyrazolino[60]fullerenes showed a better performance, agd C
was obtained from low to moderate yields {129%).

In order to increase the efficiency of the retrocycloaddition
process, we carried out the same experiments in the presenc
of a big excess (30 equiv) of maleic anhydride as a strong
dipolarophile (Table 1, MA-24h, and MA-48 h). Analysis of
each reaction by HPLC showed that pristing @as obtained
in small amounts fo€-Aryl-N-Aryl-2-pyrazolino[60]fullerenes
(0—22%). Therefore the presence of a strong dipolarofile like
maleic anhydride does not produce an important improvement

over the retrocycloaddition process in these compounds. Con-

cerningC-Alkyl- N-Aryl-2-pyrazolino[60]fullerenes, the results
were moderately better {44%), but this improvement is not
remarkable compared to the yields obtained by thermally
induced retrocycloadition; therefore, maleic anhydride does not
play an important role in the retro-cycloaddition reaction,
contrary to trends previously observed for other fullerene-fused
derivatives like pyrrolidinofullerenésind isoxazolinofullerenés.
Considering the scarce influence of the presence of an exces
of dipolarophile on the reaction outcome, we decided to
introduce in our scheme a metal Lewis acid, in order to
determine if a possible coordination with the nitrogen atoms
could activate the retro-cycloaddition reaction. For this purpose,

S

undergo a retro-cycloaddition under these experimental condi-
tions. C-Alkyl- N-Aryl-2-pyrazolino[60]fullerenes derivatives
(2ef) showed, in contrast, a remarkable improvement-(28%)

of retro-cycloaddition reaction, thus pointing out that copper
triflate plays an important role in the process. Essays performed
both in the presence of maleic anhydride (30 equiv) and copper
triflate (1 equiv) gave the best results fGrAlkyl- N-Aryl-2-
pyrazolino[60]fulleren&e (72%), demonstrating the suitability
and broad scope of the methodology previously developed for
pyrrolidinofullerene® and isoxazolinofullerenés.Interestingly,

and in contrast to that observed for compo@sithe amount

of pristine Gy resulting from the retro-cycloaddition process
from 2f was relatively low (18%), being completed after 24 h.
Careful investigation of chromatograms for compougdand

2f in the presence of copper triflate or copper triflate and maleic
anhydride revealed the formation of additional extra peaks (16.5
min), thus accounting for the obtained low yield of pristing C
(Figure 3). U\-vis spectroscopy, used as a detection system
(ian our HPLC experiments, allowed us to record the this
Spectra of these new compounds which showed the typical
absorption spectrum of a fullerene-based compd@rairther
investigations are currently underway in order to determine the
nature of these unexpected products which will shed light on
and improve the understanding of these retro-cycloaddition
reactions.

Microwave irradiation is a means of rapidly introducing
energy into a chemical reaction and has shown to be particularly
useful in those reactions requiring harsh conditions as high
temperatures and long reaction tint€garticularly interesting
is the application of this source of energy in cycloaddition
reactiong® as well as in fullerene chemist?y.In order to test
the chemical and thermal stability 6fAryl-N-Aryl-2- pyrazolino-
[60]fullerenes Ra—d), we carried out assays under microwave
irradiation as the energy source instead of classical heating. For

(18) Preliminary results foRf reveal the presence of a new fullerene
derivative with loss of mass (M.S.: 911), this finding indicates the existence
of an additional chemical process, thus completing the retro-cycloaddition
reaction in a shorter time than that observed for 1,3-diaril-2-pyrazolines.

(19) Microwaves in Organic Synthesi@nd ed.; Loupy, A., Ed.; Wiley-

we carried out the same reactions in the presence of 1 equiv ofycH: 2004.

copper triflate (Table 1, Cu}f24 h, and CuT£48 h). The
observed trend foC-Aryl-N-Aryl-2-pyrazolino[60]fullerenes
(2a—d) was similar to that previously obtained with maleic
anhydride, indicating the low reactivity of these compounds to

3186 J. Org. Chem.Vol. 73, No. 8, 2008

(20) De la Hoz, A.; Daz-Ortiz, A.; Moreno, A.; Langa, FEur. J. Org.
Chem.200Q 3659.

(21) (a) De la Cruz, P.; de la Hoz, A.; Langa, F.; lllescas, B.; aii.
Tetrahedron1997, 53, 2599. (b) Langa, F., de la Cruz, P.; Hdpra, E.;
Garcam, J. J.; Perez, M. C.; de la Hoz, Barbon200Q 38, 1641.
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FIGURE 3. (A) Chromatogram of the thermal retrocycloaddition Zifin the presence of maleic anhydride (48 h). (B) Chromatogram of the
reaction of2f with copper triflate (24 h).
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FIGURE 4. Chromatogram of the reaction &t with MA and CuT#, in trichlorobenzene under pressure, after 12 h of microwave irradiation.

this purpose, we decided to uge which resulted in being the In summary, we have studied the thermal retro-cycloaddi-
less susceptible molecule to undergo the retro-cycloaddition tion reaction in a series of 2-pyrazolino[60]fullerene derivatives
process by classical heating. Copper(ll) triflate (1 equiv), maleic (2a—f). According to the experimental findingS;Aryl- N-Aryl-
anhydride (30 equiv), angcin o-DCB (20 mL) were irradiated 2-pyrazolino[60]fullerenes2a—d) do not undergo an efficient
during 12 h (4 cycles of 3 h) at 150 W under pressure (6 psi) retro-cycloaddition process under a variety of experimental
with a temperature profile of 196C. A small amount of the conditions, which reveals that these compounds are thermally
solution was diluted and submitted to HPLC analysis. The results stable fullerene derivatives. In contrast, the presence of an alkyl
showed that the rate of retro-cycloaddition reaction is very chain in the carbon atom of the pyrazole ring results in an easier
similar (1.4%) to that observed by classical heating (1%). In an cleavage of the 1,3 dipole, leading to pristing @ good yield
attempt to increase the strength of the conditions, we decided(72%). However, in this case a new and additional reaction takes
to use a higher boiling point solvent, 1,2,4-tricholorobenzene place affording unexpected fullerene derivatives. Work is
(temperature profile of 204C, pressure 7 psi). The chromato- currently in progress to determine the nature of these com-
gram of this reaction (Figure 4) showed that, even after 12 h of pounds. These results show the importance of the thermal
irradiation at 200 W, only 5% of [60]fullerene was formed, stability in order to prepare newsgbased materials as well as
indicating that thes€-Aryl-N-Aryl-2-pyrazolino[60]fullerenes the strong impact that the nature of the substituents (alkyl or
are highly stable fullerene derivatives under thermal conditions. aryl) has on the thermal stability of the prepared cycloadducts,

J. Org. ChemVol. 73, No. 8, 2008 3187
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in particular in those devices such as photovolaic cells, where  Compound 2f.50 mg (0.18 mmol) of)-1-(p-nitrophenyl)-
longer periods of time under sun light exposure results in a 2-(3,5,5-trimethylhexylidene)hydrazciievere mixed with 48.2
temperature increase of the photo- and electroactive materialsmg (0.36 mmol) ofN-chlorosuccinimide and 16L of pyridine
(9.8 mg, 0.12 mmol). Chloroform was evaporated under reduced
Experimental Section pressure, the residue disolved in toluene, and triethylamine in
. . . excess (2 mL, 14 mmol) andg6(129 mg, 0.18 mmol) were
Chemical shifts in the NMR spectra are reported in ppm q4eq. The reaction was then stirred for 30 min, toluene was

downfield from tetramethylsilane (TMS). FT-IR spectra were o qved under reduced pressure, and the residue was purified
recorded as KBr pellets. Mass spectrometry experiments werey,, oc (toluene/hexane 1:1), while further purification of the

rgalized using a MALDI-TOF technique,_using dithranol [1.8-  gpjig was accomplished by washing and centrifugation with
dihydroxy-9(10H)-anthracenone] as matrix. MeOH and pentane
Microwave irradiations were performed with a CEM Discover - o
microwave oven, under pressure when indicated, equipped with(OI \G'e_ld'g g3H§ r;%)(zg(ﬁ)g '(;JNYIE §4|(-)|(z) '\g:)z??fgag%?’g
a temperaure detection system through a optic fiber device andan’d 1_6 Hz 1|_i) 302 kddl - 8_and 16 Hz 1i_|)' 255 (m_lH)
control of the irradiation power. ' e = ! $ ) ’
1.66 (dd,J = 3.6 and 14 Hz, 1H), 1.40 (dd,= 6.6 and 14 Hz,
Compound 2d.152 mg (0.21 mmol) of fullerene ggwere 1H) (136 (d.J = 6.4 Hz, 3H) )1 02 (s( 9H)13C NMR (100
dissolved in 150 mL of toluene and stirred during 30 min at MH’z C.DCI3)’6 150 '3 14é 9 1'47'7 147’ 5 146 5 146.4 1463
room temperature. B)-1-(4-Methoxyphenyl)-2-(4-nitroben- 146'2 146.1 145'9’145 '4’ 145'4’ 145' 3’ 145'2’ 145’1 14'4’7
zylidene)hydrazone was then added to the solution (143 mg,l44'7’ 144'4’ 144'1’ 144'1’ 143.6’ 143'2’ 142'9’ 142.8, 142'4’
0.53 mmol). lodine (768 mg, 3.15 mmol) and, after 1 min, 0.16 142'4’ 142 4 ’142 237 142'3’ 142 05 142' O’O 14'1 7 14i(’) 140'9’
mL (160 mg, 1.05 mmol) of DBU were then added. The reaction 139'3’ 139'2' 136. 98' 136 9’5 13.6 0 135' 9 '129 O ,128 '2’125 '5’
mixture was stirred overnight at room temperature, then filtrated 125'3’ 118.5, 88 6'5 :534 0 '51’3 3é 1 31 3 ’30 2' 2’8 4 23 1 l\/iS’

over SiQ (filter was washed thoroughly with GEl,), and )
evaporated. The residue was purified over column chromatog- Mz 995.1922 (M). Calculated for GsH21N30,: 995.1634.

raphy (SiQ, eluent hexane/toluene 9/1 to eliminate the remain- .
ing Ceo, then toluene). Acknowledgment. Juan Luis Delgado thanks the MEC of

Yield: 81 mg were obtained, 39%. Mp 200°C. H NMR Spain for a “Juan de la Cierva” research contract. Financial
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8.4 Hz. 2H) ’3 87 &s '3H)13C NMR ('100 IV,|HZ éDé&) 5158.3 solider-Ingenio 2010C-07-25200 and 2007-00007 and the CAM

147.6, 147.4, 147.3, 146.4, 146.3, 146.0, 145.9, 145.8, 145.7,(Froject P-PPQ-000225-0505).
1455, 145.3, 145.2, 145.1, 144.9, 144.8, 144.3, 144.2, 143.2,
143.1,142.9,142.8, 142.4, 142.3, 142.2, 142.1, 141.8, 140'3’the new compounds described in this paper and a typical profile
140.1, 140.0, 139.1, 136.7, 136.1, 129.0, 128.7, 128.2, 126'9’f0r microwave reaction. This material is available free of charge
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2359, 1594, 1540, 1504, 1461, 1332, 1242, 1105, 1031, 960,

904, 880, 849, 829, 728, 689, 647 tmUV—vis 1 () 321 JO702741N

(68 200), 256 (235 200). M&Vz 989.0489 (M). Calculated
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