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Poly(p-xylylene) exhibits three resonances at 37.85, 128.92, and
137.9 ppm. In place of the single sharp peak observed for Cq,
an overlapping collection of resonances ranging from 129 to 150
ppm was observed for the C¢o—p-xylylene copolymer (Figure lc).
Resonances due to the xylylene monomer unit in the copolymer
lay at 38.0, 129.1, and 139.0 ppm. The remaining resonances are
attributed to the functionalized C¢y monomer unit. Identification
of the peak at 57.8 ppm as arising from the benzylated Cg, carbons
was accomplished using interrupted decoupling experiments’ and
13C-labeling NMR experiments in which a copolymer prepared
by reacting Cq, with a,a’-'3C-labeled xylylene? displayed only
benzylic methylene and methyl resonances at 37 and 23 ppm,
respectively.

Thermal gravimetric analysis of the C4—xylylene copolymer
under nitrogen suggests that the material is cross-linked.®
Whereas pure Cq, decomposes between 650 and 700 °C'? and
poly(p-xylylene) depolymerizes at 475 °C,!! the Cq—xylylene
copolymer begins to slowly lose mass at 380 °C and continues
to lose mass until 1000 °C where 66% of the original mass remains
as a black powder.!? At 475 °C, there is 2 minor mass loss (3%)
attributed to depolymerization of poly(p-xylylene) existing either
as a contaminant or as blocks of oligomeric poly(p-xylylene)
incorporated into the copolymer. Elemental analysis'® was used
to calculate the composition of the copolymer. On the basis of
the carbon:hydrogen ratio, the ratio of xylylene to Cgq in the
copolymer was determined to be 3.4:1.0.'4

The infrared spectrum of the C¢—xylylene copolymer's® re-
sembled that of neither the poly(p-xylylene)'® nor pure Cq.'6
Both aromatic and aliphatic C-H stretching bands and aromatic
C-C stretching bands confirm the NMR data that xylylene
monomer units are incorporated within the material. A slight band
at 1780 cm™! indicates that some oxidation to ketone has occurred
in the copolymer. After exposure of the material to air for 4 weeks,
the infrared spectrum revealed a much stronger and broader
carbonyl absorption and a strong new C-O stretching band at 1098
cm™!, indicating that the material is not air stable.!”

In conclusion, we have discovered that free radical polymeri-
zation of C4 and p-xylylene leads to polymeric materials. The
Ceo—p-xylylene copolymer is insoluble, due to cross-linking through
multiple benzylations on the C¢y molecules. Solid-state '3C CP
MAS NMR revealed both xylylene and Cg, components. Simple
free radical chemistry can, therefore, be used to generate polymeric
materials from fullerene compounds. The real challenge in such
chemistry will be to limit the extent to which the radical additions
take place so as to allow soluble polymeric derivatives of C¢, to
be prepared. A complete description of the chemical and physical

(7) In interrupted decoupling experiments, delays of 60-90 us were inserted
between cross polarization and acquisition. Because dipolar coupling depends
on the inverse cube of the C—-H distance, carbons with hydrogen substituents
are typically more attenuated.

(8) a,a’-1*C-labeled xylylene was prepared by the flash thermolysis of
a,a’-3C-labeled p-xylene, 99 atom %, at 1000 °C.

(9) It is also possible, as pointed out by one of the referees, that branching
in conjugation with the buckyball’s intermolecular attractive forces could yield
the same thermal stability.

(10) Milliken, J.; Keller, T. M.; Baronavsky, A. P.; McElvany, S. W ;
Callanhan, J. H.; Nelson, H. H. Chem. Mater. 1991, 3, 386-387.

(11) Joesten, B. L. J. Appl. Polym. Sci. 1974, 18, 439.

(12) Infrared analysis of the residue reveals loss of the majority of the
absorption bands from the copolymer.

(13) Elemental analyses for carbon and hydrogen were carried out in
duplicate on a Perkin-Elmer CHN elemental analyzer. The copolymer is
relatively resistant to combustion, and care must be taken to insure that the
sample is completely combusted.

(14) The xylylene:Cg ratio was calculated from the ratio of carbon to
hydrogen (C, 96.6%; H, 3.4%) with the assumptions that all of the hydrogen
in the material originated from xylylene monomers and that the comtribution
from terminal xylylene monomers was negligible.

(15) (a) Infrared spectral data of the Cgy—p-xylylene copolymer (KBr):
3018, 2921, 2854, 1780, 1607, 1512, 1438, 1418, 1186, 1021, 820.4, 765.1,
727.8, 674.8, 543.2, 525.4 cm™'. (b) Joesten, B. L. Polym. Prepr. (Am. Chem.
Soc., Div. Polym. Chem.) 1972, 13, 1948.

(16) Vassallo, A. M.; Pang, L. S. K.; Cole-Clarke, P. A.; Wilson, M. A.
J. Am. Chem. Soc. 1991, 113, 7820.

(17) Hebard, A. F.; Rosseinsky, M. J.; Haddon, R. C.; Murphy, D. W ;
Glarum, S. H.; Palstra, T. T. M.; Ramirez, A, P.; Kortan, A. R. Nature 1991,
350, 600.
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properties of the copolymers will be forthcoming.
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Although theory predicts that the LUMO of Cq, should be able
to accept at least six electrons to form diamagnetic Cg%,'~ the
latter species has so far eluded direct characterization in solution.®
The existence of the hexaanionic molecule in the solid state is
inferred from the formation of species such as KCgo, Which have
been well characterized by a variety of techniques, including
solid-state '*C NMR spectroscopy.!? Part of the impetus behind
the present work stemmed from the desire to generate and detect
Ceo® in a relatively stable environment in order to confirm the
theoretical predictions.!”> The development of a general method
capable of generating stable Cq™ species, where n = 1-6, was
another important driving force behind the present work.

There have been several reports concerning the electrochemical
properties of Cgg (and C0).4® One recent report by Wudl et al.
described the reversible, three-electron electrochemical reduction
leading to C¢o*™.* After this communication, Dubois and Kadish
reported the observation of an additional reduction wave for Cg,
and the electrochemical formation and detection of Cyo*.** The
most recent and, to our knowledge, the only report of five reversible
reduction processes for Cgq, leading to Cg>, was also reported
recently by Kadish et al.5 These authors also studied the elec-
trochemical properties of Cy, but no voltammetric data were
presented for this compound.® They pointed out that several new
peaks appeared after the fourth reduction of C,,, but that none
could be unambiguously assigned to Cq>".

A wider expansion of the available potential window down to
-3.3 V vs Fc/Fc* is reported in this communication. This was
accomplished by the use of a mixed solvent system and low tem-
perature. On the basis of supporting electrolyte and fullerene
solubility considerations, the optimal solvent composition was
between 15 and 20% by volume of acetonitrile in toluene. These
new conditions have allowed the first observation of the sixth

(1) Haddon, R. C,; Brus, L. E.; Raghavachari, K. Chem. Phys. Lett. 1986,
125, 459.

(2) (a) Haymet, A. D. Chem. Phys. Lett. 1988, 122, 421, (b) Disch, R.
L.; Schulman, J. N, Chem. Phys. Lett. 1986, 125, 465.

(3) Scuseria, G. E. Chem. Phys. Lett. 1991, 176, 423.

(4) Allemand, P.-M.; Koch, A.; Wudl, F.; Rubin, Y.; Diederich, F.; Al-
varez, M. M; Anz, S. J.; Whetten, R. L. J. Am. Chem. Soc. 1991, 113, 1050.

(5) Dubois, D.; Kadish, K. M.; Flanagan, S.; Haufler, R. E.; Chibante, L.
P. F.; Wilson, L. J. J. Am. Chem. Soc. 1991, 113, 4364,

(6) Dubois, D.; Kadish, K. M.; Flanagan, S.; Wilson, L. J. J. Am. Chem.
Soc. 1991, 113, 7773.

(7) Haufler, R. E.; Conceicao, J.; Chibante, L. P. F.; Chai, Y.; Byrne, N.
E.; Flanagan, S.; Haley, M. M.; O’Brien, S. C,; Pan, C.; Xiao, Z.; Billups,
W. E,; Ciufolini, M. A.; Hauge, R. H.; Margrave, J. L.; Wilson, L. J.; Curl,
R. F.; Smalley, R. E. J. Phys. Chem. 1990, 94, 8634,

(8) Allemand, P.-M.; Srdanov, G.; Koch, A.; Khemani, K.; Wudl, F;
Rubin, Y.; Diederich, F.; Alvarez, M. M,; Anz, S. J.; Whetten, R. L. J. Am.
Chem. Soc. 1991, 113, 2780.

(9) Cox, D. M,; Behal, S.; Disko, M.; Gorun, S. M.; Greaney, M.; Hsu,
C. S.; Kollin, E. B.; Millar, J.; Robbins, J.; Robbins, W.; Sherwood, R. D.;
Tindall, P. J. Am. Chem. Soc. 1991, 113, 2940.

(10) Tycko, R.; Dabbagh, G.; Rosseinsky, M. J.; Murphy, D. W.; Fleming,
R. M,; Ramirez, A. P.; Tully, J. C. Science 1991, 253, 884.
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Figure 1. Reduction of Cgy and Cyg in CH,CN/toluene at —10 °C using
(a and ¢) cyclic voltammetry at a 100 mV/s scan rate and (b and d)
differential pulse voltammetry (50-mV pulse, 50-ms pulse width, 300-ms
period, 25 mV /s scan rate).

electron reduction for Cg and of the fifth and sixth electron
reductions for Cyq, leading to the formation of Cg® and C,*.
None of these had been previously observed. The highest tem-
perature allowing resolution of the sixth reduction of Cq is ap-
proximately 5 °C. For Cy it is possible to observe the fifth and
sixth reductions even at 25 °C. An added advantage of the present
protocol is that these multiple reductions are all reversible and
observed at very slow potential scan rates (100 mV/s) as opposed
to those required in ref 6, ~20 V/s.!!

(11) Samples of Cg and Cyo were obtained by following the general pro-
cedures reported by Ajie et al.'”> The Cyo sample was further purified by
double recrystallization from benzene. The electrochemical cell used was
designed and constructed in-house and was very similar to that described in
ref 12, Typically, a 7-8 X 10~ M solution of Cg, or 4-5 X 107 M Cyp, was
placed in only the working compartment of the high-vacuum cell. TBAPF;,
0.1 M, was used as supporting electrolyte. Highly purified acetonitrile and
toluene from Aldrich were dried over 13305, deaerated by repeated freeze—
pump-thaw cycles, pumped to 10~*-10¢ mmHg, and vapor transferred di-
rectly into the electrochemical cell.'? The ratio of acetonitrile to toluene was
1:5.4 by volume. Voltammograms (cyclic and differential pulse) were recorded
using a BAS-100 electrochemical analyzer interfaced with a Houston In-
struments HIPLOT DMP-40 apparatus. Ohmic resistance was compensated
100% in all cases. A conventional three-electrode configuration was used, with
a 3-mm-diameter glassy carbon electrode as the working electrode, a platinum
counter electrode, and a silver wire as a pseudoreference. All measurements
were recorded under high vacuum. Low-temperature experiments were per-
formed by immersion of the cell in an external bath whose temperature was
monitored.
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Figure 2. (a) Differential pulse voltammetry (80-mV pulse, 50-ms width,
200-ms pulse period, 10 mV /s scan rate) and (b) cyclic voltammetry at

100 mV/s of Cg in CH;CN/toluene at 25 °C. Note that the sixth
reduction is almost evident in the DPV.

Parts a and b of Figure | show the cyclic and differential pulse
voltammograms of Cgy at =10 °C, respectively. Chemical and
electrochemical reversibilities are evident from this figure. The
potentials measured, E|,, relative to Fc/ Fc* were —0.98, -1.37,
-1.87,-2.35, -2.85,and —3.26 V. In all cases successive potential
values are closer than the corresponding ones measured by Kadish
et al.’ The significance of this observation must be related to the
solvent composition.*

Parts c and d of Figure | show the ~10 °C voltammograms,
cyclic and differential pulse, for C,y. This C;y sample contained
some Cq; as an impurity, as judged by its mass spectrum. This
is also evident from the voltammograms shown in Figure 1. The
waves corresponding to Cg, are observed as small shoulders to the
right of the C;, waves. These diverge from the C,; ones as the
potential becomes more negative. What is important to note from
the voltammograms in Figure lc,d is the fact that six reversible
reduction waves are observed for C, for the first time. The E|
values for these six reduction processes, relative to Fc/Fc*, are
—0.97, -1.34, -1.78, -2.21, -2.70, and -3.07 V. There is only one
wave which does not seem to correspond well to any of either Cg,
or Cyg, at ~2.94 V. It is 90 mV more negative than the closest
Cqo wave, which appears at —2.85 V. All other observed waves,
including the —3.26-V wave, can be accounted for rather une-
quivocally by Cgy and Cy.

In conclusion, this work presents the first reversible generation
of Cg®. More importantly, this was accomplished under the
condition of very slow scan rates. It also presents the first ob-
servation of C,® and C;c%. All of these fulleride species appear
to be stable in solution, especially at =10 °C, under high vacuum,
and in the time scale of the voltammetric experiments. Even at
room temperature, C¢o>~ appears to be stable, but spectroscopic
confirmation is still necessary. Figure 2 shows the voltammograms
of Cgo under conditions identical with those used for Figure 1,
except that the temperature was 25 °C. It seems evident from
Figure 2 that it will be possible to generate Cq* at room tem-
perature in order to study its properties in solution. The unusual
stabilities and clean voltammetric data indicate that it will probably

(12) Echegoyen, L.; DeCian, A.; Fischer, J.; Lehn, J.-M. Angew. Chem.,
Int. Ed. Engl. 1991, 30, 838.

(13) Ajie, H.; Alvarez, M. M.; Anz, S. J; Beck, R. D.; Diederich, F.;
Fostiropoulos, K.; Huffman, D. R.; Kratschmer, W.; Rubin, Y.; Schriver, K.
E.; Sensharma, D.; Whetten, R. L. J. Phys. Chem. 1990, 94, 8630.
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be possible to use these electrosynthetic methods to generate
fullerides for ion-pairing studies by ESR spectroscopy. Such work
is currently underway.
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The simplest strained-cage molecule, bicyclo[1.1.1]pentane and
its derivatives, e.g., [1.1.1]propellane, have received significant
attention the last few years.! The shortest (1.83-1.91 i) C-C,;
nonbonding distance ever reported, found in the bicyclo[1.1.1]-
pentanes,? leads to unusual chemical reactivity as well as unusual
spectral properties for these compounds.

Recently it was proposed that the bicyclo[1.1.1]pentane
framework may be used for the preparation of nanotechnology-
important substrates® due to its unique through-cage electron-
transfer ability.* For this purpose, however, the C,~C; interatomic
distance is critical, so that the task of finding 1,3-disubstituted
bicyclo[1.1.1]pentanes with the shortest C,~C; contacts is im-
portant.

With this goal in mind, we investigated pyridine salts containing
the 3-iodobicyclo[1.1.1]pentane moiety which have recently been
prepared by way of an unusually fast quaternization of tertiary
amines and azoles with 1,3-diiodobicyclo[1.1.1]pentane:’

Nu 3« Se - Ny .
1 1 — Nu--=1-- 1 _— 1 W
1

Nu = EL,N %ﬁb M._N//\\//O @N N@—@N

Considering the fact that in these salts the bicyclo[1.1.1]pentane
moiety is substituted by a strong electron-withdrawing group (e.g.,
1-pyridyl) with a full positive charge, these molecules could have
very short C,~C; distances. According to Wiberg,® the addition
of strong electron-withdrawing groups attached to C, or C; would
decrease the interatomic distance, whereas electron-donating
substituents would increase this distance. Known X-ray data? are

(1) For reviews, see: (a) Meinwald, J.; Meinwald, Y. C. Advances in
Alicyclic Chemistry, Academic Press: New York, 1966; Vol. 1, pp 1-51. (b)
Wiberg, K. B. Chem. Rev. 1989, 89, 975.

(2) (a) Potekhin, K. A.; Maleev, A. V.; Kosnikov, A. Yu.; Kurkutova, E.
N.; Struchkov, Yu. T.; Surmina, L. S.; Sadovaya, N. K.; Koz’min, A. S.;
Zefirov, N. S. Dokl. Akad. Nauk SSSR 1989, 304, 367. (b) Potekhin, K.
A.; Maleev, A. V.; Kurkutova, E. N.; Struchkov, Yu. T.; Surmina, L. S,;
Koz'min, A. S.; Zefirov, N. S. Dokl. Akad. Nauk SSSR 1987, 297, 1390. (c)
Friedli, A. C.; Lynch, V. M.; Kaszynski, P.; Michl, J. Acta Crystallogr. 1990,
B46,377. (d) Padwa, A.; Shefter, E.; Alexander, E. J. Am. Chem. Soc. 1968,
90, 3717. (e) Irngartinger, H.; Reimann, W.; Garner, P.; Dowd, P. J. Org.
Chem. 1988, 53, 3046. (f) Potekhin, K. A.; Maleev, A. V.; Struchkov, Yu.
T.; Surmina, L. S.; Koz’min, A. S.; Zefirov, N. S. Dokl. Akad. Nauk SSSR
1988, 298, 123.

(3) Kaszynski, P.; Friedli, A. C.; Michl, J. J. Am. Chem. Soc. 1992, 114,
601 and references therein. .

(4) Gleiter, R.; Pfeifer, K.-H.; Szeimies, G.; Bunz, U. Angew. Chem., Int.
Ed. Engl. 1990, 29, 413,

(5) Adcock, J. L.; Gakh, A. A. J. Org. Chem., submitted for publication.

(6) Wiberg, K. B. Tetrahedron Lett. 1988, 26, 599.
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Figure 1. Molecular structure and labeling scheme for 1 (50% thermal
ellipsoids): C(10)-C(6), 1.80 (2) A; I(1)-1(4), 3.745 (1) A; ZI(1a)-I-
(4a)-1(1b), 180°; N(1)-C(6), 1.47 (2) A; C(10)-C(7), 1.55 (2) A; C-
(10)-C(8), 1.56 (2) A; C(10)-C(9), 1.56 (1) A; £C(10)-1(1)-1(4),

172.1°.

Scheme 1
Ry Ry R, R, Rg Rg €, - C Ref.
ccl, ¢l H H H H 1.83(2) & 2a
CCly 1 H H H H 1.835(7)A 2a
CHy COOH H H H H 1.873(2)4 2b
COMe COMe H H H H 1.874(6)A 2c
H H H H Ph OCONHPh(Br1  1.89 A 24
H H COOMe  COOMe  -OCHyCH,0- 1.903(3)A% 2e
CH,y COOMe H H ¢l c1 1.903(3)A 2f

*
For one of the stereoisomers -{1.898(3);: 1.902(3); 1.903(3);
1.903(6); 1.907(3) A) for other.

in good agreement with these predictions (see Scheme I).

The crystallographic data’ obtained by us for one compound
of this type, 1-(1-pyridinio)-3-iodobicyclo[1.1.1]pentyl iodide/
triiodide (1), did confirm our expectations, but it also gave im-
portant information about the structure of this new class of
strained-cage salts (Figure 1).

The C,-C; [C6—C10 on Figure 1] distance in 1 is extremely
short (1.80 (2) A). To our knowledge, this is not only the shortest
nonbonding contact for bicyclo[1.1.1]pentanes but also for any
known organic compound.

Another intriguing feature of this salt is the nonequivalence
of two existing iodo anions in the crystal structure of 1. The I~
anion has the usual structural parameters.? The I~ anion, on the
other hand, occupies a very specific site in the crystal: it is located
exactly between two cationic units (Figure 1), so that the angle
I(1a)-I(4a)-I(1b) is 180° within experimental error. In addition,
the interatomic distance between these iodine atoms is shorter than
the sum of their van der Waals radii (3.745 vs 4.30 A9, indicating

(7) Crystals of 1 were obtained by slow evaporation of a diluted methanolic
solution of 1-(1-pyridyl)-3-iodobicyclo[1.1.1]pentane iodide, which contained
additional I: (CioH;,I5N),, triclinic, P1; a = 6.173 (1) A, b = 9.607 (2) A,
¢=13.067 (2) A; & = 74.50 (1)°, 8 = 76.86 (2)°, v = 72.03 (2)°; ¥ = 701.3
(2) A% Z=1,d, = 2.490 g/cm®, u(Mo Ka) = 6.586 mm™'. R = 5.44%
(Ry = 7.56%) for 1680 reflections at 173 K, 3.5 < 26 < 52°, F, = 4.00(F,),
on a Siemens R3m/v diffractometer with Mo K& (A = 0.71073 A) and a
graphite monochromator.

(8) For X-ray data on I," and related poly(iodine) anions, see: (a) Ha-
vinga, E. E.; Wiebenga, E. H. Acta Crystallogr. 1958, 11, 733 and references
therein. (b) Hach, R. G.; Rundle, R. E. J. Am. Chem. Soc. 1951, 73, 4321.
(c) Havinga, E. E.; Boswijk, K. H.; Wiebenga, E. H. Acta Crystallogr. 1954,
7, 487. (d) Hendrixson, T. L.; Horst, M. A.; Jacobson, R. A. Acta Crys-
tallogr. 1991, C47, 2141.

(9) Pauling, L. The Nature of the Chemical Bond, 3rd ed.; Cornell
University Press: Ithaca, NY, 1960; pp 257-264.

© 1992 American Chemical Society



