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Nitrogen Directs Multiple Radical Additions to the 9,9’-Bi-1-aza(C60-
Ih)[5,6]fullerene: X-ray Structure of 6,9,12,15,18-C59N(CF3)5**
Natalia B. Shustova, Igor V. Kuvychko, Alexey A. Popov,* Max von Delius, Lothar Dunsch,
Oren P. Anderson, Andreas Hirsch,* Steven H. Strauss,* and Olga V. Boltalina*

Azafullerenes, in which a cage carbon atom is replaced by a
nitrogen atom, are the only type of heterofullerenes that can
be made in practical amounts,[1,2] and this makes it possible to
probe the effects of cage-atom substitution on the physical
and chemical properties.[3, 4] Herein, we report a unique type
of isomerism in azafullerenes bearing trifluoromethyl groups,
which is attributed to the directing role of the nitrogen atom,
and the first X-ray structure of the C59N derivative prepared
directly from (C59N)2.

Figure 1 shows the negative-ion atmospheric-pressure
chemical ionization (NI APCI) mass spectra of the products
of the high-temperature trifluoromethylation of (C59N)2 with
CF3I obtained either in a sealed ampoule (top) or in a flow
tube (bottom). The thermolysis of (C59N)2 yields a radical
monomer C59NC which readily adds up to 15 (bottom
spectrum) or even 19 CF3 groups per cage (top spectrum) to
form closed-shell species C59N(CF3)n, where n is an odd
number. In these reactions, a nonsoluble dark-brown solid
dimer (C59N)2 is quantitatively converted into a volatile,
thermally stable orange crystalline material, which is highly
soluble in many organic and fluoroorganic solvents. When
trifluoromethyl groups were added to C60 under similar
conditions, the closed-shell species with even n values up to 22
were formed (see the Supporting Information). The product
in the flow tube was separated by chromatography into four
main fractions: I) C59N(CF3)11-15, II) C59N(CF3)9, III) C59N-
(CF3)7, and IV) C59N(CF3)5 (inset in Figure 1). This one-step

HPLC process yielded a 98 % compositionally pure sample of
C59N(CF3)5 as proven by NI APCI mass spectrometry, which
detects also a single isomer with Cs symmetry (see the
19F NMR spectrum in Figure 2, top). The absence of terminal
CF3 groups (seen as quartets in the 19F NMR spectra) implies
that five CF3 groups should be arranged in a para5 (or p5) loop
rather than as a ribbon of edge-sharing p-C6(CF3)2 hexagons
as most commonly observed in the C60(CF3)n compounds.[5]

The absorption spectrum (see the Supporting Information) is
similar to that of Cs-C60(CF3)6.

[6] The most probable addition
pattern that agrees with the spectroscopic data and was
previously observed for azafullerenes features an isolated
pyrrole moiety on the fullerene core (Figure 1).[7]

Interestingly, C60X6 compounds with a similar addition
pattern of skew-pentagonal pyramid (SPP) are formed
abundantly, if not regioselectively, in various room-temper-
ature reactions (see references in the Supporting Informa-
tion). However, SPP-Cs-C60(CF3)6 was found only as a minor
isomer in the high-temperature synthesis, whereas C1-C60-
(CF3)6 with a ribbon addition pattern (para3-meta-para ; p3mp)
was at least ten times more abundant.[5, 6] The Cs isomer is also
14.4 kJ mol�1 less stable than p3mp-C1-C60(CF3)6 at the DFT

Figure 1. Negative-ion APCI mass spectra of the C59N(CF3)n products
obtained in a sealed glass ampoule at 530 8C for 24 h (top) and a hot
flow tube at 500 8C for 3 h (bottom). The HPLC trace (inset) of the
crude product (100% toluene eluent).
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level of theory. The opposing effects of the steric strain,
caused by the unfavorable adjacent positions of two bulky
CF3 groups, and formation of the stabilizing fully isolated cis-
butadiene moiety may explain both the presence of SPP-Cs-
C60(CF3)6 and its lower abundance relative to p3mp-C1-
C60(CF3)6.

[6] It is therefore not surprising that the Cs-C59N-
(CF3)5 isomer with the pyrrole moiety, which lacks a sixth CF3

group in the unfavorable ortho position, is more than
50 kJ mol�1 more stable than the structures with other
addition patterns including ribbon structures similar to C1-
C60(CF3)6 (see the Supporting Information). Consequently,
the Cs-C59N(CF3)5 isomer is formed highly regioselectively in
the high-temperature trifluoromethylation of (C59N)2; not
even trace amounts of other isomers of C59N(CF3)5 were
found in the crude product.

The X-ray structure of Cs-C59N(CF3)5 confirmed the
proposed addition pattern (see Figure 3).[8] The Cs-C59N-
(CF3)5 molecule is disordered by the overlap of five molecules
rotated by 728 relative to each other, and as a result, the
nitrogen atom is disordered among five positions in the
N1···C4 pentagon. The molecules are arranged in nearly close-
packed layers and stacked in register, 10.179 � apart (cent-
roid–centroid distance of the cage), giving rise to a very
unusual non-close-packed stacking arrangement AAA…
(Figure 3). No structure composed of only one type of
atoms exhibits such packing, and it is rarely found for

binary interstitial compounds (e.g., WC[9]). In contrast, in the
SPP structures of C60Br6

[10] and C60Cl6,
[11] close-packed layers

of molecules are stacked in ABAB… and ABAC… sequen-
ces, respectively. (For comparison, C60 crystallizes with a
cubic-close-packed (ccp) structure.[12]) It is likely that the
unique shape of the C59N(CF3)5 molecules with the concave
region formed by the loop of five CF3 groups (and in the
absence of the sixth addend, which is present in all C60X6

structures) allows the molecules to pack very closely and
directly above one another. In the C60X5H (X = CH3,

[13] p-
tBuC6H4,

[14] C12H9
[15]) structures, molecules are also packed in

columns. However, the packing in C60(p-tBuC6H4)5H·3C5H12

is a distorted ccp structure (ABC…) with interlayer distances
of 13.593 and 13.753 �. In the C60(C12H9)5H structure, the
large size of the added C12H9 groups and the presence of a
hydrogen atom in the SPP fragment as well as solvent
molecules in the lattice, result in a large distortion of the
hexagonal layers and a longer stacking period (11.093 A). The
packing in the C60(CH3)5H structure is a distorted hexagonal-
close-packed (hcp) array (ABAB…, see the Supporting
Information) with a stacking period within the zigzag columns
of 10.153 �. It has been hypothesized (and in some cases
experimentally tested[14, 16]) that fullerene acceptors packed in
the active layer of an organic photovoltaic cell may play an

Figure 2. Fluorine-19 NMR spectra (367.48 MHz, CDCl3) and the
Schlegel diagrams of the most probable addition patterns (from top to
bottom) of Cs-C59N(CF3)5, C59N(CF3)7, C59N(CF3)9, and two isomers of
C59N(CF3)11 (C6F6 internal standard, d =�164.9). The numbered posi-
tions on the outer pentagon of the Schlegel diagrams designate the N
atoms in the five possible isomers in each Schlegel diagram. The inset
in the NMR spectrum of C59N(CF3)7 shows the resolution of over-
lapped multiplets in C6D6.

Figure 3. X-ray structure of C59N(CF3)5 (50% probability ellipsoids).
The C59N(CF3)5 molecules form columns with head-to-tail orientation.
The layers of the C59N(CF3)5 molecules are stacked in an AAA sequence
and form primitive hexagonal arrays with an interlayer distance of
10.179 �. The dots are centroids of the azafullerene molecules.
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important role in providing a more controlled morphology
and better mobility. The formation of the unusual columnar
stacking of the C59N(CF3)5 molecules with one of the closest
cage-to-cage distances observed for this class of fullerene
derivatives may be of interest for the design of organic
electronic devices.

The cyclic voltammogram of Cs-C59N(CF3)5 shows two
reversible reduction steps at �0.05 and �0.54 V versus the
C60

0/� redox pair (at a scan rate of 20 mVs�1), which is very
similar to the redox behavior of Cs-C60(CF3)6 (�0.07 and
�0.53 V, Figure 4); this finding is in harmony with our prior

observations of a predominant role of the fullerene addition
pattern on the redox properties in fullerene (RF)n.

[5] A
solution of Cs-C59N(CF3)5 is ESR-silent, but a broad feature-
less ESR signal (width of ca. 40 G, g = 2.0006) superimposed
by a narrow peak (width 2.1 G, g = 2.0019) was observed after
reduction with roughly one equivalent of cobaltocene. The
narrow ESR line corresponds to less than 2 % of the spin
concentration and is assigned to an unidentified impurity
having a different electronic structure, while the broad signal
is safely attributed to the radical anion Cs-C59N(CF3)5C

� . The
spectrum resembles the ESR spectrum of the C60 monoanion,
which also exhibits a broad ESR signal and is often
accompanied by a narrow line (spike) as a result of fullerene
derivative impurities.[17] The signal of the C60 anion is broad
because the lowest unoccupied molecular orbital (LUMO) of
C60 is threefold degenerate and split in the anion as a result of
Jahn–Teller distortion. The gap between the split components
is very small, and hopping of the electron between these
orbitals results in the broadening of the ESR signal. The same

holds for the broad ESR signal of the C59N(CF3)5C
� anion

radical. The C60(CF3)5
� monoanion, which is isoelectronic to

C59N(CF3)5, has C5v symmetry and its twofold degenerate
LUMO has E1 symmetry. Therefore, Jahn–Teller distortion
and broadening of the ESR signal is also expected for the
C60(CF3)5

2� dianion (which is isoelectronic to C59N(CF3)5
�).

Although C59N(CF3)5 has only approximately Cs symmetry
(DFT optimization gives rigorous C1 symmetry because of the
twisted CF3 groups), its LUMO and LUMO + 1 states are
quasidegenerate (the PBE/TZ2P-predicted gap is only
0.002 eV) and resemble closely the components of the
twofold degenerate LUMO of C60(CF3)5

� (see Figure 4 and
the Supporting Information). The lack of p-electronic com-
munication between the fullerene core and the p system of
the pyrrole fragment results in effective C5v symmetry for the
former, and hence all arguments about the degenerate
LUMO and Jahn–Teller distortion also apply to C59N(CF3)5

� .
DFT calculations show that the bond lengths of the fullerene
part in C59N(CF3)5 are indeed almost equal to those of the C5v-
C60(CF3)5

� anion with deviations of only 0.001–0.002 � (see
the Supporting Information). In the Jahn–Teller-distorted
C60(CF3)5

2� dianion the symmetry is reduced to Cs and very
similar changes are found in the DFT-optimized structure of
C59N(CF3)5

� .
The isolation of the products with more CF3 groups,

C59N(CF3)n>5, turned out to be more difficult than that of the
C60(CF3)n>6 products. Even after separating fractions I–III by
multistage HPLC (Figure 1, inset) we were able to isolate
only four pure isomers of the many that were present:
C59N(CF3)7, C59N(CF3)9, and two isomers of C59N(CF3)11 (see
Figure 2 and the Supporting Information). Other fractions
contained two or more practically inseparable isomers with
supposedly very similar structures as evidenced by the
similarity of their 19F NMR spectra and HPLC retention
times (see the Supporting Information). DFT calculations
revealed that all stable isomers of C59N(CF3)n>5 are based on
the addition motif of Cs-C59N(CF3)5 with the additional CF3

groups forming either isolated p-C6(CF3)2 hexagon(s) or
ribbons of edge-sharing p-C6(CF3)2 hexagons on the opposite
pole. This is a new type of isomerism of heterofullerene
derivatives with a much higher number of isomers compared
to C60(CF3)n, since each CF3 addition pattern yields up to five
isomers because of the different positions of N in the pyrrole
fragment. Such isomers are often almost isoenergetic but in
some cases the energy difference can be up to 10 kJmol�1 (see
the Supporting Information). For example, the most stable
addition patterns of C1-C59N(CF3)7 and C1-C59N(CF3)9, con-
sistent with the 19F NMR spectra, have five different locations
of the N atom within the pyrrole moiety, and the relative
energies of such isomers are within 2 kJ mol�1 (Figure 2). In
C1-C59N(CF3)7, two CF3 groups form an isolated p-C6(CF3)2

hexagon, while in C1-C59N(CF3)9 four CF3 groups are
arranged in a pmp ribbon as in the most abundant isomer of
C1-C60(CF3)4.

[5] From the combined analysis of the spectro-
scopic data and the DFT-calculated relative stabilities, we
proposed that both isolated isomers of C59N(CF3)11 have a
pyrrole moiety as part of their addition patterns, while the
remaining six CF3 groups are arranged either in pmpmp-
(isomer 1) or SPP- (isomer 2) addition pattern (Figure 2). It

Figure 4. a) Cyclic voltammograms of Cs-C60(CF3)6 and C59N(CF3)5 in
TBABF4/CH2Cl2; b) ESR spectrum of C59N(CF3)5

� (an asterisk marks
the impurity line); c) The highest occupied molecular orbital (HOMO)
and two components of the quasitwofold degenerate LUMO of C59N-
(CF3)5.
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should be noted that an analogous isomer of C60(CF3)12 with
two SPP motifs was isolated as a minor product, and it is
32 kJ mol�1 less stable than the most stable C60(CF3)12

isomer.[18] The close resemblance of the UV/Vis spectrum of
C59N(CF3)11-2 (isomer 2) and the double-SPP isomer C60-
(CF3)12 supports the proposed addition pattern (see the
Supporting Information).

In conclusion, the synthesis and characterization of five
members of azafullerenes bearing trifluoromethyl groups
show a profound effect of the cage nitrogen atom on the
addition patterns.

Received: February 18, 2011
Published online: April 29, 2011

.Keywords: cyclic voltammetry · EPR spectroscopy · fullerenes ·
structure elucidation

[1] J. C. Hummelen, B. Knight, J. Pavlovich, R. Gonzalez, F. Wudl,
Science 1995, 269, 1554 – 1556.

[2] B. Nuber, A. Hirsch, Chem. Commun. 1996, 1421 – 1422.
[3] O. Vostrowsky, A. Hirsch, Chem. Rev. 2006, 106, 5191 – 5207.
[4] M. M. Roubelakis, G. C. Vougioukalakis, L. C. Nye, T. Drewello,

M. Orfanopoulos, Tetrahedron 2010, 66, 9363 – 9369.
[5] A. A. Popov, I. E. Kareev, N. B. Shustova, E. B. Stukalin, S. F.

Lebedkin, K. Seppelt, S. H. Strauss, O. V. Boltalina, L. Dunsch,
J. Am. Chem. Soc. 2007, 129, 11551 – 11568.

[6] I. E. Kareev, N. B. Shustova, I. V. Kuvychko, S. F. Lebedkin,
S. M. Miller, O. P. Anderson, A. A. Popov, S. H. Strauss, O. V.
Boltalina, J. Am. Chem. Soc. 2006, 128, 12268 – 12280.

[7] U. Reuther, A. Hirsch, Chem. Commun. 1998, 1401 – 1402.
[8] Crystal data for C59N(CF3)5: Mr = 1067.65 gmol�1, orthorhom-

bic, Pbca, a = 20.0148(5), b = 17.3007(5), c = 20.3568(5) �, V =

7048.9(3) �, Z = 8, T= 100(2) K, 50 290 reflections, 10 755 inde-
pendent reflections, 726 parameters, R1(I>2s(I)) = 0.0505,
wR2 = 0.1492, Bruker KappaAPEX II CCD diffractometer
(MoKa = 0.71073 �; graphite monochromator). A semiempiri-
cal absorption correction was applied using SADABS. The
structure was refined using SHELTXL (see also the Supporting
Information). CCDC 794474 contains the supplementary crys-
tallographic data for C59N(CF3)5. These data can be obtained
free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

[9] A. F. Wells, Structural Inorganic Chemistry, Clarendon Press /
Oxford University Press, Oxford, 1984.

[10] S. I. Troyanov, A. A. Popov, N. I. Denisenko, O. V. Boltalina,
L. N. Sidorov, E. Kemnitz, Fullerenes Nanotubes Carbon Nano-
struct. 2003, 11, 61 – 77.

[11] I. V. Kuvychko, A. A. Streletskii, N. B. Shustova, K. Seppelt, T.
Drewello, A. A. Popov, S. H. Strauss, O. V. Boltalina, J. Am.
Chem. Soc. 2010, 132, 6443 – 6462.

[12] H.-B. B�rgi, E. Blanc, D. Schwarzenbach, S. Liu, Y. Lu, M. M.
Kappes, J. A. Ibers, Angew. Chem. 1992, 104, 667 – 669; Angew.
Chem. Int. Ed. Engl. 1992, 31, 640 – 643.

[13] F. M. Bashilov, B. L. Tumanskii, P. V. Petrovskii, V. I. Sokolov,
Tetrahedron 2008, 64, 11291 – 11293.

[14] R. D. Kennedy, A. L. Ayzner, D. D. Wanger, C. T. Day, M.
Halim, S. I. Khan, S. H. Tolbert, B. J. Schwartz, Y. Rubin, J. Am.
Chem. Soc. 2008, 130, 17290 – 17291.

[15] M. Sawamura, K. Kawai, Y. Matsuo, K. Kanie, T. Kato, E.
Nakamura, Nature 2002, 419, 702 – 705.

[16] C.-Z. Li, Y. Matsuo, T. Niinomi, Y. Sato, E. Nakamura, Chem.
Commun. 2010, 46, 8582 – 8584.

[17] R. Rapta, A. Bartl, A. Gromov, A. Stasko, L. Dunsch,
ChemPhysChem 2002, 3, 351 – 356.

[18] N. A. Omelyanyuk, A. A. Goryunkov, N. B. Tamm, S. M.
Avdoshenko, I. N. Ioffe, L. N. Sidorov, E. Kemnitz, S. Troyanov,
Chem. Commun. 2007, 4794 – 4796.

Communications

5540 www.angewandte.org � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2011, 50, 5537 –5540

http://dx.doi.org/10.1126/science.269.5230.1554
http://dx.doi.org/10.1039/cc9960001421
http://dx.doi.org/10.1021/cr050561e
http://dx.doi.org/10.1016/j.tet.2010.10.006
http://dx.doi.org/10.1021/ja073181e
http://dx.doi.org/10.1021/ja063907r
http://dx.doi.org/10.1039/a803112f
http://dx.doi.org/10.1081/FST-120018665
http://dx.doi.org/10.1081/FST-120018665
http://dx.doi.org/10.1081/FST-120018665
http://dx.doi.org/10.1021/ja1005256
http://dx.doi.org/10.1021/ja1005256
http://dx.doi.org/10.1002/ange.19921040544
http://dx.doi.org/10.1002/anie.199206401
http://dx.doi.org/10.1002/anie.199206401
http://dx.doi.org/10.1016/j.tet.2008.09.071
http://dx.doi.org/10.1021/ja807627u
http://dx.doi.org/10.1021/ja807627u
http://dx.doi.org/10.1038/nature01110
http://dx.doi.org/10.1039/c0cc03028g
http://dx.doi.org/10.1039/c0cc03028g
http://dx.doi.org/10.1002/1439-7641(20020415)3:4%3C351::AID-CPHC351%3E3.0.CO;2-W
http://dx.doi.org/10.1039/b709684d
http://www.angewandte.org

