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Chlorinated Derivatives of C,s-Fullerene Isomers with Unusually Short
Intermolecular Halogen—-Halogen Contacts

Kalin S. Simeonov, Konstantin Yu. Amsharov, and Martin Jansen*!*

Abstract: The chlorinated fullerenes C4(2)Clyg and Cy5(3)Clis were synthesized by
highly selective chlorination of the individual isomers. They were crystallized as

C5(2)ClBr,-TiCl, and solvent free Cy;(3)Clis. The carbon connectivities of both
isomers have been confirmed through X-ray single-crystal analysis. Studious inves-
tigation of both crystal packings together with the crystal structure of Cy(4)Clyg
has revealed the presence of unusually short intermolecular halogen—halogen con-
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tacts, which provide evidence for attractive intermolecular interactions, the nature

of which is discussed.

Introduction

The existence of several structural isomers drastically com-
plicates the investigation, as well as the structure determina-
tion of higher fullerenes. Although combining some re-
straints, such as the isolated pentagon rule (IPR), together
with the presence of only five- and six-membered rings in
the molecule, with NMR spectroscopic studies usually pro-
vides a confirmation of the constitution of fullerene species,
a direct method of structure determination, such as X-ray
crystallography, is envisaged to solve the query of a single-
isomer recognition. The virtually spherical shape of all ful-
lerenes and their rotational mobility in the crystal lattice
define the poor quality of fullerene crystals. Up to date,
except for Cy and C,y, no other ordered crystal structures of
pristine fullerenes have been reported. Derivatization is an
efficient approach to solving this problem.!l In particular,
halogenation has emerged as a powerful tool for obtaining
well-crystallized Cg and Cy, fullerene derivatives.”! It was
found that a mixture of Br, and TiCl, acts as a selective
agent for the chlorination of Cy, fullerene.”®! Recently, we
have successfully employed this mixture in an attempt to
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chlorinate C; yielding C;,Clyg, the first fully ordered crystal
structure of a chiral fullerene.’! The next recoverable from
soot fullerene, Cys, has five TPR isomers.*! Although separa-
tion techniques applicable to the soluble Cs isomers (Cys(1),
Cy5(2), and Cy(3)) are commonly available,>® only two
crystal structures including soluble Cy; isomers as halogenat-
ed derivatives were reported thus far."! However, in these
cases, different structural isomers occupy the fullerene site,
which are presumably C(2) and Cyg(3). The carbon connec-
tivities of the nonsoluble Cy(5) fullerene were crystallografi-
cally confirmed through analysis of Cu5(5)(CF;),,."! The last
elusive isomer Cy(4) was recently discovered and character-
ized by our group.”’ Herein, we report the synthesis and
single-crystal X-ray determination of Cu4(3)Cl;g (structure I)
and Cy(2)Clg (structure II), as well as the analysis of the
fully ordered crystal of C,(4)Clyg (structure I).T A de-
tailed analysis of the crystal structures has clearly demon-
strated the presence of numerous short CI---Cl intermolecu-
lar contacts, the nature of which has long been a matter of
interest and debate.['*"

The assumption that attractive interactions between halo-
gen atoms should be considered was based on thorough
analyses of crystal structures of halogenated hydrocar-
bons.!'" In this context, the halogen-halogen contacts in the
crystal structures occurred preferably in two definite geome-
tries, type I (6,=6,) and type II (6, =180, 6,=90°), in which
6, and 0, are the two C—Hal-~-Hal angles.'! Type I contacts
can be explained by the nonspherical shape of covalently
bonded halogen atoms, which occupy a rather ellipsoidal
volume in space.”? As a consequence, the effective atomic
radius of halogens along the extended C—Hal bond axis is
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smaller than the radius perpendicular to this axis. Previous
analyses of high-quality crystal structures (excluding struc-
tures containing further heteroatoms, which can independ-
ently play a major role in determining the packing) have
shown that short Cl-~Cl distances of about 3.5 A or even
less in the case of head-to-head contacts (6, =6,=180°) can
be explained by close packing of anisotropic atoms.* In
type II contacts, one halogen atom acts as a donor while the
other acts as an acceptor. Such kinds of interaction between
electronegative atoms (N, O, and S), which act as Lewis
bases, and halogen atoms is well known as halogen bonding,
by analogy with hydrogen bonding.'! However, it was
noted that “preferred orientations” are more typical for
iodine atoms and are not obviously present to establish spe-
cific Cl--Cl interactions.!"® Moreover, quantum-chemical cal-
culations have shown that Cl--Cl interactions can be classi-
fied as “nonbonding”.

The formation of short Cl---Cl contacts is regarded as typi-
cal for chlorinated aromatic hydrocarbons that are charac-
terized by low C—Cl bond polarity (C—Cl distance of about
1.70-1.73 A) and rather rare in the case of highly polar C—
Cl bonds with C—Cl distances of 1.79-1.81 A. Taking into ac-
count the enormous extension of C—CI bond lengths in the
presented CxCliy molecules (1.84-1.87 A), which should
lead to localization of a significant negative charge on the
Cl atoms, the participation of these Cl atoms in short Cl---Cl
contacts is largely unexpected. However, analyses of the re-
spective crystal structures of halogenated Cj;3(2-4) ful-
lerenes, clearly point to the presence of attractive intermo-
lecular Cl--Cl interactions, the nature of which is presuma-
bly different from that of the halogen bonding described
previously.

Results and Discussion

C5(4)Clyg forms solvent-free crystals in the hexagonal space
group P6;/m. The quality of the crystals obtained has grant-
ed an accurate structure determination presenting all atoms
in ordered and fixed positions.”! C;(3)Cls is displaying the
same overall packing as C;5(4)Clys, but the fullerene mole-
cules are disordered between three orientations. C.4(2)Clyg
crystallizes in the hexagonal space group P6;/mmc and is as
well characterized by fullerene disorder around the three-
fold crystallographic axis. Despite the statistical disorder in
structures I and II, the connectivities of both isomers can be
reliably derived from X-ray data. Both isomers Cy(2)Clg
and Cx(3)Clyg, and the pristine Cig(2) and Cig(3), possess
C,, point-group symmetry and differ formally in the orienta-
tion of only one C—C bond. Virtually, both fullerene mole-
cules can be represented as a combination of two trimethyl-
trindane fragments, capping the cage from the top and
bottom, with three pyracylene fragments encircling it
(Figure 1). In the case of Cy4(2), two of the three pyracylene
fragments are disposed in such a manner that the central C—
C bond is perpendicular to the equatorial mirror plane,
whereas in the third one this bond is parallel to the same
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Figure 1. Stereoview of C(2) showing the partitioning of the fullerene
cage into two trimethyltrindane (methyl groups are omitted for clarity)
and three pyracylene fragments.

plane. For Cy(3), the situation is reversed. In both crystal
structures (I and II), the fullerene molecules are orientation-
ally disordered around the threefold axis. Since the symme-
try of both fullerene derivatives approaches Dy, the position
of all carbon atoms except those forming the central bond
in the pyracylene unit virtually superimpose under 120° ro-
tation. As a consequence, the obtained disorder does not
obstruct the reliable structure determination because the
isomer’s identity is unambiguously given by the relative site
occupancies of the carbon atoms constituting the central
bond in the pyracylene subunit.

Analysis of crystal structure I gives the site occupancies of
the carbon atoms constituting the parallel and perpendicu-
lar—relative to the equatorial mirror plane—central bonds
in the pyracylene subunits of 0.65:0.35, respectively, which
assigns the structure to the Cu(3) isomer (expected site oc-
cupancies of 0.67:0.33). The experimental site occupancies
of 0.36:0.64 in crystal structure II attribute it to the Cux(2)
isomer (theoretically 0.33:0.67).

By superimposing DFT-optimized Cj;Clyg structure
models, disorder around the threefold axis has been simulat-
ed. As can be seen from Figure 2, remarkable deviation
from D5, symmetry is observed only for the equatorial pyra-
cylene fragments. Comparing the superposition of three ori-
entations of the calculated structure with the results of X-
ray data refinement of Ci(3)Clj reveals that only the
carbon atoms constituting the pyracylene fragments display
some prolongation of the experimentally obtained thermal
ellipsoids (see Figure 2, right), whereas the rest of the
carbon as well as the chlorine atoms are more symmetrical
with respect to the shape of their displacement ellipsoids,
which is in a good agreement with the presented model. It is
worth mentioning that chlorine atoms follow the partition-
ing of the carbon cage into chlorine-substituted trimethyl-
trindane and pyracylene fragments, resulting in a tiny en-
largement of the displacement ellipsoids of chlorine atoms
attached to the pyracylene entity (for further reference see
Figure S1 in the Supporting Information). Thus, in the case
of C;5(2)Cly5 and Cy5(3)Clyg, not only the molecular structure
can be reliably determined, but also some bond distances in-
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Figure 2. Left: superposition of all three orientations of the pyracylene
(top) and trindane fragments (bottom) from the DFT-derived model of
C(3)Clyg. The blue bonding pattern represents the two coinciding frag-
ments, whereas the orange pattern depicts the third. Right: ORTEP plots
of corresponding fragments in the crystal structure of C;5(3)Cls. Chlorine
bearing carbon atoms are presented in green.

cluding intermolecular CI--Cl contacts can be assessed with
satisfying accuracy.

The chlorination patterns of Cx(2)Clys, Ci(3)Clyg, and
C5(4)Cly5 are presented in Figure 3. The difference between
these structures is formally in the position of the equatorial

Figure 3. Schlegel diagram of C(2)Clig (left), Cx(3)Clyg (center), and
C.5(4)Clyg (right). The aromatic zones are double-marked and the chlor-
ine atoms are depicted by spheres. The difference between the structures
lies in the orientation of the equatorial C—C bonds (selected).

double bonds. The stabilizing factor of the localization of
chlorine atoms is the formation of nine close-to-planar aro-
matic C—C rings and the absence of double bonds in the
pentagons, which is typical for halogenated fullerenes.”!

It has generally been assumed that the elongation of a C—
Cl covalent bond leads to localization of negative charge on
the Cl atom. The C—CI bonds in all C4Cl;s molecules are
strongly elongated (1.84-1.88 A). According to an empirical
approach to the estimation of bond orders,'® the order of
C—CI bonds with lengths of about 1.87 A is only 0.65, which
should lead to a very high degree of polarity of these bonds
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and consequently to localization of significant negative
charge on the Cl atom. However, within the crystal packing
of Cy4(3)Clyg and Cy4(4)Clyg, the chlorine atoms form an ex-
tensive 3D Cl--Cl network with short intermolecular Cl---Cl
separations, which challenge the concept of “high polarity”
of C—Cl bonds. Since within the crystal of Cx(3)Cljy and
C55(4)Clyg all 18 chlorine atoms are engaged in the forma-
tion of Cl--Cl contacts, and all of these are short, the re-
sponsible forces have to be inevitably attributed to some at-
tractive interactions between chlorine atoms. It is important
to mention that there are no other intermolecular contacts
besides Cl---Cl, which could “squeeze” the atoms together,
thus influencing the molecular packing. Thus, both crystal
structures appear to provide unambiguous evidence for the
attractive nature of these intermolecular interactions, and
challenge at the same time all explanations given so far, dis-
cussing this kind of “bonding”.

A closer look at the structure in Figure 4 reveals the pres-
ence of two- as well as three-centered contacts between the
chlorine atoms. The existence of such three-centered con-
tacts prompts each C,;Cl;3 molecule to form 24 short Cl---Cl
separations, all of about 3.34-3.45 A. Thus, even if the dis-
tance of 3.45 A in the two-centered contacts (structure III)
could be attributed to the close packing of anisotropic chlor-
ine atoms, the distances of 3.38 (structure I) and 3.34 A
(structure III) in the three-centered contacts are inexplica-
ble in terms of this model. Additional confirmation of the
attractive nature of Cl--Cl interactions can be obtained con-
sidering two- and three-centered Cl-+-Cl contacts in
Cx5(4)Clyg. In this case, structurally equal C—Cl bonds (ac-
cording to the inherent Dj, point-group symmetry of
C,5(4)Clyg) are involved in both types of interactions. It was
found that in the case of the three-centered Cl---Cl contacts,
the respective C—Cl bonds are elongated (1.862(11) A) in

Figure 4. ORTEP projection of C(3)Cl;s showing short two- and three-
centered Cl---Cl contacts (represented by se«- ).
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comparison to those in which two-centered contacts are
formed (1.829(11) A). Moreover, the intermolecular Cl--Cl
distances of 3.34 A in the three-centered contacts are short-
er than those in the two-centered (3.45 A). Such elongation
of the C—Cl bonds involved in the shorter Cl---Cl separa-
tions, regions in which negative charge accumulation would
have generated a strong repulsive force, can only be ex-
plained by the attractive nature of the interactions between
chlorine atoms.

The first example of an unusually short intermolecular
Cl--Cl contact (3.21 A) between two “highly polar” Cl
atoms was reported more than 20 years ago in the crystal
structure of triphenylmethane chloride."” To our knowledge,
no other crystal structures of chlorinated hydrocarbons with
such short CI--Cl separations between chlorine atoms in-
volved in highly elongated C—Cl bonds (above 1.85 A) have
ever been reported. Recently, we have found that the chlor-
ine atoms in the structure of C;,Cl;3 form a number of ex-
tremely short Cl--Cl contacts of about 3.14-3.21 A Pl which
are about 0.45 A shorter than the sum of the van der Waals
radii. As a very interesting and important fact, all four elon-
gated C—Cl bonds (1.821(1)-1.850(1) A) are involved in
such contacts, whereas ten “usual” C—Cl bonds with lengths
of 1.777(1)-1.797(1) A do not form any short Cl--Cl con-
tacts. Some chlorinated Cg fullerenes—CyClg?! and
CCly@—also form short Cl--Cl contacts, although the C—
Cl bonds in these structures are not strongly elongated
(1.78-1.80 A). The structural similarity of the chlorine-bear-
ing fragments in triphenylmethane chloride,'”! C,Cl,5,P! and
the present C;Cl;z molecules leads toward the assumption
that the tendency of forming short Cl---Cl contacts is due to
the unique bonding characteristics of carbon rather than the
nature of the chlorine atom itself. In all mentioned cases,
the corresponding chlorine atoms are connected to sp’-hy-
bridized carbon atoms, which in turn are directly connected
to three phenyl rings. The angular symmetry at the sp’
carbon atom is considerably distorted from tetrahedral. Ob-
viously, such geometry results in a partial rehybridization of
the corresponding carbon atom that assumes additional sp?
character. The three neighboring aromatic rings additionally
stabilize this configuration since the molecule adopts a more
extended aromatic state. As a result of the reduced overlap
efficiency between chlorine and carbon atom orbitals, the
corresponding C—Cl bonds are significantly elongated. Con-
sequently, the short intermolecular distances between these
chlorine atoms indicate that C—Cl bonds cannot be regarded
as highly polar, and significant localization of negative
charge on the chlorine atom is less probable. Thus, the elon-
gation of the C—Cl bonds and the absence of strong negative
charge on the Cl atoms leads to the assumption that the cor-
responding covalent bonds are partially homolytically disso-
ciated. This model would consistently explain all the fea-
tures discussed. The partial homolytic cleavage of C—Cl
bonds will impart a partial radical character to the chlorine
atoms, which breaks up the closed-shell character of chlor-
ine and enables it to undergo some weak intermolecular
bonding.
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Within the crystal packing of C(2)Cly;, each molecule
forms 12 Cl--Cl contacts with distances of about 3.39 A
(Figure 5). Such an orientation in the crystal leads to the for-

Figure 5. ORTEP projection of Cy(2)Clig:Br,*TiCl, in the crystal. TiCl, is
omitted for clarity. Only one orientation of the Br, molecule is presented.
Short contacts are depicted by s««--. X

mation of two dissimilarly sized voids: the larger ones con-
tain disordered TiCl, molecules, whereas the smaller ones
are occupied by Br, molecules. The bromine molecule is dis-
ordered between six equivalent positions, each oriented
along the axis connecting two chlorine atoms as shown in
Figure 6. As can be concluded from the electron-density
map (see the Supporting Information), the bromine mole-
cule is fixed between two chlorine atoms (Figure 6). The
Cl-Br distance of 3.21 A is enormously short (the sum of
the van der Waals radii is 3.6-3.7 A). The fact that the Br,
molecule is oriented between two chlorine atoms rather
than avoiding any short interhalogen contacts, regardless of
the abundant space available (see Figure 6, right), as well as
the rigidity of the “molecular box” in which it is imprisoned,

Figure 6. Left: Br, in the “molecular box” Right: the orientation and rel-
ative distances between chlorine atoms and the bromine molecule ac-
cording to the X-ray experiment (depicted in black) and the orientation
of Br, representing minimized interhalogen repulsions (depicted in gray).
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thus diminishing the influence of crystal-packing forces, con-
firms the attractive nature of halogen-halogen interactions
in the given system. The angle C-Cl---Br is close to 120°,
which represents an energetically unfavorable geometry for
a close-contact formation according to quantum-chemical
calculations.™® In the case of Cl-+-Cl contacts, such an orien-
tation results in an exchange-repulsion energy of about
5 kcalmol ' and is expected to be even higher in the case
of Cl---Br contacts. It is easy to assume that the attractive
forces should be higher than 5 kcalmol™!, and notwithstand-
ing that such halogen-halogen “bonding” can be classified
as weak, the cumulative effect can constitute significant
values of energy. For example, in the case of Cy;(3)Cl;3 and
Cy;5(4)Clyg, the formation of 24 such “bonds” can provide an
amount of energy equal to about 120 kcalmol™, which is
higher than the energy of a single C—C bond.

Experimental Section

Preparation of C3(2)Cly;, C3(3)Clyg, and C5(4)Clyg: The pristine Cyg full-
erene isomers—Cr;(2), Ci(3), and Cy5(4)—were produced by evaporation
of graphite along the RF-furnace route, details of which have been re-
ported elsewhere.'®! Collected soot was soxhlet extracted with CS, and
separated by three-step HPLC. Prior to separation, CS, was substituted
for toluene. For the first step of separation (fraction collection), a Bucky-
prep column 20x250 mm was used. The second step, recycling HPLC,
was executed with a Buckyprep column 10x250 mm aiming at the sepa-
ration of the two main subfractions: the first one containing a mixture of
Cy(1) and C(2) fullerenes and the second one pure Cy(3). Toluene was
used as a mobile phase for the first and second steps of separation with
flow rates of 20 and 5 mLmin™', respectively. The final step of isolation
was performed with a 5C;3-AR-II column 10 x250 mm rendering chroma-
tographically pure Cg(2) fullerene in five consecutive cycles. The compo-
sition of the mobile phase was adjusted to 45 v/v% acetonitrile in tolu-
ene, with a flow rate of 5 mLmin'. The isolation and chlorination of
C5(4) were reported previously.”’ The new fullerene halides were ob-
tained through chlorination of the pristine fullerenes (0.5 mg each) in a
mixture of Br,/TiCl, (1.5 mL, 1:100 v/v) in glass ampoules. The ampoules
were cooled with liquid nitrogen, evacuated, and sealed. Yellow crystals
in the case of Cy(3) and Cy(4), and red crystals in the case of Cy(2)
formed directly on the glass wall after keeping the mixture at 100°C for
one week. Subsequently, the ampoules were cut open and the excess sol-
vent decanted. The products were found to be stable in air for at least
one month.

Crystal data: X-ray diffraction data were obtained by using a Bruker
APEX II CCD difractometer (Moy, radiation (1=0.71073 A), graphite
monochromator). The crystal structures were solved and all atoms re-
fined in the anisotropic approximation by using SHELTXL.!

Crystal data for structure I, C(3)Cli: Yellow crystal, 0.04x0.02x
0.01 mm; hexagonal; space group=P6s/m; a=13.0202(16), c=
18.726(5) A; V=2749.3(8) A%; Z=2; 26,,,=42.0°; —13<h<13, —13<
k<13, —18 <1< 18; T=100(2) K; data/restraints/parameters = 1025/0/147;
#=0.953mm™" (transmission min/max=0.977/0.991); final R value=
0.0434 (R,,=0.1316).

Crystal data for structure II, C»5(2)Cl,¢BryTiCl,: Red crystal, 0.02x0.01 x
0.01 mm; hexagonal; space group=P6;/mmc; a=14.6910(13), c=
17.045(2) A; V=3186.0(6) A>; Z=2; 20,,,=450°; —15<h<15, —15<
k<15, —18<1<18; T=100(2) K; data/restraints/parameters =826/7/114;
#=2365mm™" (transmission min/max=0.954/0.976); final R value=
0.0711 (R,,=0.2234).

Crystal data for structure III, Cy(4)Clig: Yellow crystal, 0.02x0.02x
0.0l mm; hexagonal; space group=P6;/m; a=13.055(5), c=
18.762(14) A; V=2769(2) A%, Z=2; 20,,=41.74°; —13<h<13, —13<
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k<13, —18<l<18; T=100(2) K; data/restraints/parameters=1018/0/
118; ©=0.946 mm' (transmission min/max =0.964/0.988); final R value =
0.0601 (R, =0.1629).

CCDC-662360 (structure I, C;(3)Clyg), 653031 (structure I,
C5(2)CligBr, TiCly), and 686048 (structure III, Cy,(4)Clg) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif

Computations: Quantum-chemical calculations were performed by using
the density-functional method of B3LYP/6-31G with Gaussian 03.*!
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