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ABSTRACT

Crystal structures of the one-to-one co-crystals of C 60‚perchloroazatriquinacene and C 70‚perchloroazatriquinacene show that the rigid, chalice-
like azatriquinacene packs between completely ordered fullerene molecules with multiple, close Cl ‚‚‚fullerene contacts.

The supramolecular chemistry of fullerenes is replete with
examples of complexes involving conformationally mobile
macrocyclic hosts which can accommodate C60 and/or C70.
Such hosts include calix[5]-,1a [6]-,1b and -[8]arenes,1c

hexahomotrioxacalix[3]arenes,1d cyclodextrins,1e crown ethers,1f

and cyclotriveratrylenes.1g Complexation of fullerenes with
entirely rigid hemispherical molecules is unknown in the
crystallographic literature, although a number of structures
of C60 with planar porphyrins2a,b and rigid, saddle-shaped
dibenzotetraaza[14]annulenes2c have been described. Coran-
nulene (1, Chart 1), whose carbon framework represents a
fragment of the C60 cage, is an obvious candidate for true
“ball and socket” complementarity between a rigid concave

molecule and C60. Because the bowl depth of1 (0.87 Å)3 is
substantially less than that of the same fragment in the C60

sphere (1.5 Å), the radius of curvature for its inner surface
(r ) 4.8 Å) turns out to be a good match for that of the
exterior surface of C60 (r ) 5.0 Å). However, the low barrier
for bowl-to-bowl interconversion of corannulene in solution
(ca. 10 kcal mol-1) may complicate matters.4 Indeed, the
complexation of C60 by derivatives of1 has been studied,
and 1:1 association constants ofe500 M-1 in toluene were
observed.5

Our interest in the rigid, bowl-shaped, tricyclic 10-
azatriquinacene molecule (2)6 led us to consider possible
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Chart 1. Concave Molecules
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complex formation between the C60 and C70 fullerenes and
derivatives of2. Although the acute curvature of2 itself is
not a close match for the contour of C60, the perchloro
derivative 3 presents two opposing surfaces in a sort of
chalice arrangement: a “top” with six chlorine atoms in a
hexagonal plane and a “bottom” with three chlorine atoms
forming a tripod. Covalent chlorine forms weakn-donor
charge-transfer interactions with fullerenes,7 and this type
of association is implicated in the general increase in
solubility of C60 with degree of chlorination in aliphatic
solvents.8

The electrostatic potential map of3 was modeled at the
B3LYP/6-31G(d,p) level of theory.9 As seen in Figure 1,

the top surface of3 shows a ring of moderate electron density
in the Cl6 plane, while the lower Cl3 plane shows a somewhat
greater surface charge. This suggested that the interaction
of these chlorinated surfaces with the fullerenes should be
favorable.

Large black prisms of the one-to-one adduct, C60‚C9Cl9N,
were obtained by careful layering of a solution of3 in
chlorobenzene over a solution of C60 in carbon disulfide. A
view of the solid-state structure of C60‚C9Cl9N as determined
by X-ray crystallography is shown in Figure 2.10 The

asymmetric unit contains one fullerene and one molecule of
3. These units are arranged into columns with alternating
molecules of3 and C60. In these columns there are fullerenes
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Figure 1. Calculated B3LYP/6-31G(d,p) electrostatic potential
surfaces for3, with surface energy ranging from-18 (red) to+18
(blue) kcal mol-1.

Figure 2. View of the stacking motif between C60 and the
chlorinated surfaces of3 in crystalline C60‚C9Cl9N showing 50%
thermal contours for all atoms.
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in close contact with both chlorinated surfaces of3. No
solvent molecule is present in the structure. Unlike the
situation in many examples of C60 co-crystallized with
conformationally mobile macrocyclic hosts where the fullerene
is significantly disordered, the C60 molecule in C60‚C9Cl9N
is fully ordered.

The geometric relationship between the two surfaces of3
and the C60 sphere can be seen by considering views down
the C3 axis of 3 toward the two neighboring C60 molecules
(Figure 3). The molecule of3 is positioned such that itsC3

axis passes near the center of the adjacent six-membered ring
of the C60 molecule in the view shown in Figure 3a. For
this contact, the closest C‚‚‚Cl distance is 3.48 Å. On the
opposite surface of3, the 3-fold axis passes very nearly
through one of the carbon atoms of the neighboring C60

molecule as shown in Figure 3b. Here, the closest C‚‚‚Cl
approach is 3.36 Å.

In addition to the columnar stacking seen in Figure 2, each
molecule of3 in C60‚C9Cl9N is surrounded by six other C60

molecules. These C60 molecules describe a flattened, pseudo-
octrahedral array which is shown in the stereoview in Figure
4. This packing arrangement reveals that there are in fact
eight surfaces of3 which abut neighboring fullerene mol-
ecules. Two of these are the unique, polar Cl6 and Cl3 planes

which describe the “chalice” arrangement. The other six are
equatorial features and consist of three equivalent Cl4 facets
and three other equivalent Cl3 facets, which can be clearly
seen by examining Figure 4. Interestingly, the C‚‚‚Cl
distances here are the closest seen in the structure and range
from 3.36 to 3.28 Å, which is substantially less than the sum
of the van der Waals radii for aromatic carbon and chlorine
(3.50 Å).11

Figure 3. (a) Top: a view of the C60‚C9Cl9N co-crystal showing
contact between C60 and the Cl6 plane of3. (b) Bottom: a view of
the C60‚C9Cl9N co-crystal showing contact between C60 and the
Cl3 plane of3.

Figure 5. View of the stacking motif between C70 and the
chlorinated surfaces of3 in crystalline C70‚C9Cl9N showing 50%
thermal contours for all atoms.

Figure 4. Stereoview showing the packing of six C60 molecules
around the periphery of3 in crystalline C60‚C9Cl9N.
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There are in total 17 intermolecular C‚‚‚Cl contacts to C60

that are shorter than 3.5 Å in this structure. We speculate

that these close interactions are significantly responsible for
absence of fullerene disorder in C60‚C9Cl9N.

Large black prisms of a second, one-to-one adduct, C70‚C9-
Cl9N, were obtained by layering of a solution of3 in
chlorobenzene over a solution of C70 in carbon disulfide.
The structure of C70‚C9Cl9N, as determined by X-ray
diffraction,12 also contains columnar stacking of the two
components as shown in Figure 5. In this case, it is the flat
side of the oblong fullerene that makes contact with the top
and bottom surfaces of3. Nevertheless, the contacts between
these surfaces are analogous to those shown in Figure 3. For
example, the 3-fold axis of3 likewise passes through the
center of a hexagon of the adjacent fullerene molecule as
shown in Figure 6a. There are in total 20 intermolecular
C‚‚‚Cl contacts to C70 in this structure that are shorter than
3.5 Å, the closest being 3.24 Å. Furthermore, there are six
additional C70 molecules that pack around each molecule of
3 in C70‚C9Cl9N in a pattern very similar to that shown in
Figure 4 for C60‚C9Cl9N. Again, the interaction of the
fullerene with the chlorinated surfaces of3 leads to the
formation of a co-crystalline material in which the C70

molecule is fully ordered.
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Figure 6. (a) Top: a view of the C70‚C9Cl9N co-crystal showing
contact between C70 and the Cl6 plane of3. (b) Bottom: a view of
the C70‚C9Cl9N co-crystal showing contact between C70 and the
Cl3 plane of3.
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