5454 J. Am. Chem. Soc. 1992, 114, 5454-5455

OH groups and to develop a new generation of sialyl Le* analogs
and mimetics which may have better and more desirable biological
activities.
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Since the discovery, isolation, and characterization of Cgy and
other fullerenes,"? it has become evident that these compounds
have a rich and multifaceted chemistry. There are already reports
of the alkylation,® halogenation,* and epoxidation® of Cgy and
reports of the addition of C(C4Hj); across its double bonds,® in
addition to the preparation of organometallic derivatives.” In
none of these studies, however, has there been any suggestion of
concatenation of fullerene molecules, i.e., “necklace” formation
of R(Cy),R. In the present communication we report the ex-
istence of the prototype of such derivatives: dimers of the alkyl-Cq
radical adducts, which were recently detected by electron spin
resonance spectroscopy (ESR).?

Alkyl radicals add rapidly and multiply to Cq, to give products
R,Cqo, which have been identified by mass spectrometry and, for
odd n, by ESR spectroscopy.>® With a few notable exceptions
(R = H, F, CH,), a number of monoalky! radical adducts have
been identified unequivocally by the proton and '*C hyperfine
structure of their ESR spectra.

A remarkable feature of the ESR spectra of the RCy adducts
was the dramatic increase in intensity of the spectrum with in-
creasing temperature, in contrast to the usual decrease in intensity
associated with the Curie law. With (CH;);CCy, in benzene, for
example, '*!? the spectral intensity increased by 1 order of
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Figure 1. Graphs of In (T X intensity) versus 1000/ T for the spectrum
of (a) isopropyl—Cgq, (b) tert-butyl-Cgq, (c) 1-adamantyl-Cgq, and (d)
CCl3~Cyq radicals.
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Figure 2. Intensity, in arbitrary units, of the ESR spectrum of tert-bu-

tyl-Cgo at 320 and 350 K as a function of relative concentration. The
curves are a least-squares fit based on an R, = 2R equilibrium.!

Table I. Isotropic g Factors, Proton Hyperfine Interactions (G), and
Enthalpies of Dimerization (kcal/mol) of RCg, Radicals

R g factor HFI -AH temp/K
(CH;),CH 2.00223 6H =0.15 35.5 420-450°
1H = 0.48
(CH,),C 200225 9H =017 221  300-400b¢
1-CigHy¢f 200224 6H =005 21.5  300-400¢
3H =0.26
CCl, 2.003 41 171 250-310°
CBr,4 2.00910 17.0 300-375

sUV photolysis of RBr in tert-butylbenzene.'! UV photolysis of
RBr in benzene. UV photolysis of di-ters-butyl peroxide + RH in
benzene. ?1-Adamantyl. ¢UV photolysis of CCl, containing dissolved
Ce. 7UV photolysis of CBr, dissolved in toluene/Cq.

magnitude as the temperature was raised from 300 to 350 K, and
it decreased again as the temperature was lowered, disappearing
at ca. 280 K. This cycle could be repeated several times without
significant radical decay, although prolonged heating at 400 K

(11) In a typical experiment, 10 uL of tert-butyl bromide was added to 175
uL of a saturated (ca. 0.002 M) solution of Cy in benzene or tert-butylbenzene
in a 4 mm i.d. Suprasil tube, using a glove box continuously flushed with dry
N, or Ar. The samples were then irradiated in the cavity of the ESR spec-
trometer with the focused light of a 1000-W high-pressure Hg/Xe lamp
(NRCC) or a 500-W Cermax xenon illuminator (Du Pont). The lamp outputs
were filtered through an aqueous CoSO,/NiSO, filter. The ESR spectrom-
eters were either a Varian Associates E~102 (NRCC) or a Bruker ESP-300
(Du Pont), both being equipped with the usual devices for readout of the
temperature, microwave frequency, and magnetic field.

(12) Excellent spectra were also obtained by irradiation of pivalaldehyde
(10 uL), pivalaldehyde (10 uL) and di-tert-butyl peroxide (10 uL), or di-
tert-butyl ketone (10 uL) in saturated benzene solutions of Cg (175 kL, ca.
0.002 M). Thermal methds consisted of heating at 330 K either tert-butyl
peroxypivalate (Lupersol 11) or azoisobutane and Cg in benzene in a 1:1
molar ratio.
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Figure 3. Molecular model of the dimer [rert-butyl-Cg],.

did eventually result in some reduction in signal intensity. Other
radical adducts exhibited similar behavior, but in markedly dif-
ferent temperature ranges (Figure 1). Temperature dependence
of this type is indicative of an equilibrium between a radical and
its dimer, as typified by the behavior of the classical Gomberg
radical (C¢H;),C."

The dependence of signal intensity on temperature and dilution
at a fixed temperature (Figure 2) clearly established that the
radical adducts of Cg exist in equilibrium with their dimers and
that the dimer bond strength depends strongly on the size of the
alkyl group R.

RCwa R-——'2RCw

Upon dilution, the ESR signal strength decrease was less than
expected for an inert radical and followed the curve (Figure 2)
anticipated'* for the dissociation of a dimer. On the assumption
of a small degree of dissociation, the enthalpy change for the above
equilibrium, and therefore the dimer bond strength, can be ob-
tained from the slope of the van’t Hoff plot in which In (T X
intensity) is plotted against 1000/ T (Figure 1)."

The estimated bond strengths (Table I) of the dimers show a
correlation with the size of R, which suggests that bonding in the
dimer is greatly influenced by steric effects. This, in turn, strongly
suggests that the constituents of the dimer bind at a carbon close
to that bearing the substituent R, i.e., head-to-head, rather than
head-to-tail as in the Gomberg radical dimer.'* In such an ar-
rangement, the near equality of the bond strengths for the tert-
butyl and 1-adamantyl dimers would be expected from the similar
steric constraints near the point of attachment. These observations
support our conclusion® that the unpaired electron in RCy, radicals
is essentially confined to the three carbon atoms ortho and the
two carbon atoms para to the point of attachment of R, namely,
Cl, C3, C¥, C5, and C5’. The resulting radical structure, having
C, symmetry, closely resembles two fused cyclohexadienyls:
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Molecular graphics calculations'® show that steric hindrance
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radical and undissociated dimer concentrations, respectively, and K is the
equilibrium constant. ESR signal intensities were adjusted to give the required
slope of 2 at zero concentration.

(15) Plotting In (intensity X T) instead of simply In (intensity) corrects
for loss of signal due to the change in the Boltzmann distribution. “Intensity”
means (AB)*¢, where AB is the maximum-slope line width and ¢ is the
amplitude of the first-derivative presentation of the signal.

(16) Insight I1 Molecular Modelling Software, Biosym Technologies Inc.,
San Diego, CA 92121.

prevents the dimerization of tert-butyl-Cg, at C1, CS5, or C5', but
indicate that dimerization at C3 or C3’ is feasible (Figure 3).

Our failure to detect ESR spectra from the reaction of small
radicals (R = H, F, CH;) with Cg, is presumably due to the
unhindered access of secondary radicals to the spin—bearing
carbons of the adduct. It could also be argued that the dimers
of such radicals are so thermally stable that the equilibrium is
overwhelmingly in favor of the dimer in the accessible temperature
range.
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The past 18 months have seen extraordinary interest in the
chemical and physical properties of Cy, and the higher fullerenes.'?
Samples of the fullerenes suitable for X-ray diffraction studies
have been difficult to obtain due to poor crystal quality and
orientational disorder.”® However, organometallic derivatives
in which a metal complex is bonded to the outer surface of the
fullerenes have produced crystalline samples of good quality.” !
These have demonstrated preferential reactivity of the 6:6 ring
fusions in both Cgo " and Cy,.!° Not unexpectedly, the packing
of these fullerenes and their derivatives produces cavities within
the solid that can be occupied by occluded molecules. Cocrys-
tallization of Cgy or C; with pentane causes a modification of
their crystal structures in order to accommodate solvent occlu-
sion.'? Additionally, (7°-Cg)Ir(CO)CI(PPh;), crystallizes with
five molecules of benzene,” (7°-C;)Ir(CO)CI(PPh,), with 2.5
molecules of benzene,'? C40,0s0,(4-tert-butylpyridine) with 2.5
molecules of toluene,” and (n>-C4,)Pt(PPh,), with a molecule of
tetrahydrofuran.® In those structures, both intra- and intermo-
lecular interactions of aromatic rings with the fullerenes occur.
These are provided by one pair of phenyl rings bonded to the
phosphines and, for example, by a benzene of the (?-Cqg)Ir-
(CO)CI(PPh,), structure which is squeezed between the sides of
two adjacent C;, moieties.

These observations suggest that it might be possible to construct
molecules that provide a host (a molecular egg crate) into which
Cqo (and other fullerenes) might nest. To explore this idea we
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