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Friedel-Crafts type fullerenation of benzene catalyzed by alu-
minum trichloride (or related catalysts). In addition to phenyl
substitution, benzene (C¢H,) addition (i.e., C¢Hs and H) was also
observed (see accompanying communication!?).

In conclusion, we have found that fullerenes readily undergo
chlorination and bromination. The halogenated fullerenes can
be thermally dehalogenated. Polychlorinated fullerenes undergo
nucleophilic methoxylation and Friedel-Crafts type reactions with
benzene and toluene. Further studies are underway for selective
functionalization of fullerenes.

Acknowledgment. Support of the work at USC by the National
Institutes of Health and the National Science Foundation is
gratefully acknowledged.

(19) Olah, G. A.; Bucsi, I.; Lambert, C.; Aniszfeld, R.; Trivedi, N. J.;
Sensharma, D. K.; Prakash, G. K. S. J. Am. Chem. Soc., following paper in
this issue.

Polyarenefullerenes, C¢o(H—-Ar),, Obtained by
Acid-Catalyzed Fullerenation of Aromatics

George A. Olah,* Imre Bucsi, Christian Lambert,
Robert Aniszfeld, Nirupam J. Trivedi, Dilip K. Sensharma,!®
and G. K. Surya Prakash*

Donald P. and Katherine B. Loker Hydrocarbon
Research Institute and Department of Chemistry
University of Southern California

Los Angeles, California 90089-1661

Received September 11, 1991

Compared to the redox chemistry,2? the functionalization
chemistry® of fullerenes has received relatively little attention,!1-!3
We have reported the polymethylation as well as trimethylsilylation
of diamagnetic fullerene anions.® Reports on hydrogenation,
oxygenation, metalation, methylenation, and fluorination have also

(1) (a) Considered Polycarbon Supercage Chemistry. 3. Part 2: Refer-
ence 16a. (b) Department of Chemistry and Biochemistry, University of
California, Los Angeles, CA 90024-1569.

(2) Haufler, R. E.; Conceicao, J.; Chibante, L. P. F.; Chai, Y.; Byrne, N.
E.; Flanagan, S.; Haley, M. M.; O'Brien, S. 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.

2(3%910;1nson. R. D.; Meijer, G.; Bethune, D. S. J. Am. Chem. Soc. 1990,
112, 8983,

(4) (a) Allemand, P. M.; Koch, A.; Wud}, F.; Rubin, Y.; Diederich, F,;
Alvarez, M. M.; Anz, S. J.; Whetten, R. L. J. Am. Chem. Soc. 1991, 113,
1050. (b) Pénicaud, A.; Hsu, J.; Reed, C. A.; Koch, A.; Khemani, K. C,;
Allemand, P.-M.; Wud\, F. J. Am. Chem. Soc. 1991, 113, 6698.

(5) Jehoulet, C.; Bard, A. J. J. Am. Chem. Soc. 1991, 113, 5456.

(6) Bausch, J. W,; Prakash, G. K. S.; Olah, G. A.; Tse, D. S.; Lorents, D.
C.; Bae, Y. K.; Malhotra, R. J. Am. Chem. Soc. 1991, 113, 3205.

(7) Haddon, R. C.; Hebard, A. F.; Rosseinsky, M. J.; Murphy, D. W.;
Duclos, S. J.; Lyons, K. B.; Miller, B.; Rosamilia, J. M.; Fleming, R. M.;
Kortan, A. R,; Glarum, S. H.; Makhija, A. V.; Muller, A. J,; Elick, R. H.;
Zahurak, S. M.; Tycko, R.; Dabbagh, G.; Teiel, F. A. Nature 1991, 350, 320.

(8) Hebard, A. F; Rosseinsky, M. J.; Haddon, R. C.; Murphy, D. W ;
gislarum. S. H; Palstra, T. T. M.; Remirez, A. P.; Kortan, A. R. Nature 1991,

0, 600.

(9) Poirier, D. M.; Ohno, T. R.; Kroll, G. H.; Chen, Y.; Benning, P. J;
Weaver, J. H.; Chibante, L. P. F.; Smalley, R. E. Science 1991, 253, 646 and
references therein.

(10) (a) Kratschmer, W.; Lamb, L. D.; Fostiropoulos, K.; Huffman, D.
R. Nature 1990, 347, 354. (b) Taylor, R.; Hare, J. P.; Abdul-Sada, A. K.;
Kroto, H. W, J. Chem. Soc., Chem. Commun. 1990, 1423,

(11) (a) Hawkins, J. M,; Lewis, T. A,; Loren, S, D.; Meyer, A.; Heath,
J. R,; Shibato, Y.; Saykally, R. J. J. Org. Chem. 1990, 55, 6250. (b) Hawkins,
;5245 }\geyer. A.; Lewis, T. A.; Loren, S. D.; Hollander, F. J. Science 1991,

(12) Fagan, P. J.; Calabrese, J. C.; Malone, B. Science 1991, 252, 1160.

(13) Selig, H.; Lifshitz, C.; Peres, T.; Fischer, J. E.; McGhie, A. R.;
Romanow, J. W.; McCauley, J. P., Jr.; Smith, A. B, III. J. Am. Chem. Soc.
1991, 113, 5475.

(14) Holloway, J. H.; Hope, E. G.; Taylor, R.; Langley, G. J.; Avent, A.
G.; Dennis, T. J.; Hare, J. P.; Kroto, H. W.; Walton, D. R. M. J. Chem. Soc.,
Chem. Commun. 1991, 966.

(15) (a) Wudl, F., private communication. (b) Wood, J. M.; Kahr, B,;
Hoke, S. H., II; Dejarme, L.; Cooks, R. G.; Ben-Amotz, D. J. Am. Chem. Soc.
1991, 113, 5907.

LA et B S e 2o e e o B A S B S A AL e N e A S o et e e e

E] 8 7 6 5 4 3 2 1 ppm

Figure 1. 'H NMR spectrum (300 MHz) of fullerenated toluene (Cgo-
(Cs¢Hs—CH3),,) in CDCl, solution at ambient temperature. The asterisks
denote peaks due to unidentified impurities.

appeared.>!!"15 In the preceding communication!* we reported
polychlorination and polybromination of fullerene Cyy and Cqo/Cyo
mixtures. Polychlorofullerenes undergo facile nucleophilic po-
lymethoxylation. Furthermore, we found that polychlorinated Cgo
undergoes remarkable polyphenylation to polyphenylfullerene with
benzene and aluminum trichloride under typical Friedel-Crafts
reaction conditions.

We report now that both pure Cgy and Cgo/C,, mixtures un-
dergo AICl;-catalyzed reaction (as well as reaction catalyzed by
other strong acids) with aromatics such as benzene and toluene
to polyarenefullerenes. Since Ar and H are added across fullerene
double bonds, the reaction can be characterized as fullerenation
of aromatics.

H-Ar (excess)

AICl

Ceo Ceo(H-Ar),

Reaction of 30 mg of the Cqy/Cso mixture!®® with 30 mg of
aluminum trichloride in 20 mL of benzene at room temperature
for 2 h gave a dark reddish-brown homogeneous solution.
Quenching the solution with water and the usual workup (using
chloroform) gave upon evaporation of solvent a brown colored
solid. The FT-IR spectrum showed aromatic C~-H stretching at
3056 and 3022 cm™!. The 300-MHz 'H NMR spectrum (in
CDCl,) indicated not only broad aromatic absorption centered
at 8('H) 7.4 but also a broad C-H absorption at §('H) 4.5.
Integration of the peaks shows roughly 5:1 relative intensities
(implying monosubstitution on the phenyl ring). The 75-MHz
13C NMR spectrum showed a broad absorption centered around
3('3C) 128, with extremely broad absorptions centered at 8(!3C)
146 and 3(**C) 54. The most useful information was obtained
from FAB (fast atom bombardment) mass spectrometry.!” The
FAB mass spectrum of the product indicated a strong mass peak
at M* 1656, supporting the formation of Cg(C¢Hg);,. Some
evidence for the formation of Cg(C¢Hg),¢ Was also obtained in
the mass spectrum (M*, 1968, weak absorption). Other mass
peaks corresponding to various species containing varying amounts
of benzene adducts were also detected all the way down to Cgo-
(C¢Hg)s. These peaks could be due to constant neutral C¢Hg loss
from higher species. These results support direct fullerenation
of benzene by initial protonation of fullerene to the corresponding
fullerene cation and subsequent Friedel-Crafts alkylation (vide
infra). The addition of H-C¢Hj is also supported by the obser-
vation of the C~H fullerene skeletal hydrogens at 5('H) 4.5. The
Friedel—-Crafts type fullerenation was also confirmed by carrying
out the reaction with C¢D¢. Analysis of the product by FAB
showed M* at 1728, which corresponds to C(C¢Dg),2, and peaks
due to progressive loss of mass 84 (C4Ds). The FT-IR spectrum
showed a characteristic C-D stretching frequency at 2271 cm™.
In all deuterated and nondeuterated samples, peaks corresponding
to Cgo were also observed. However, we could not obtain any
evidence for the phenylation of C; in the fullerene mixture.
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Similar results were also obtained with pure Cg.!®® Similar
reaction with toluene gave toluene addition products. The FAB
mass spectrum showed M* at 1824, indicating the formation of
Cso(CsHs~CH3)y,. In this case, too, consecutive loss of toluene
(m/e 92) was observed all the way to C4(CsHs~CH3),. In the
300-MHz 'H NMR spectrum (Figure 1) (CDCls), absorptions
at 3('H) 7.2 (broad), 8(*H) 4.5 (extremely broad), and 8('H) 2.35
(broad) are observed. The spectrum is in accord with poly-
toluenefullerenes. Relative integration of the proton signals at
3(*H) 7.2 and 4.5 gave a ratio of 4:1, indicating only monosub-
stitution of toluene (in all probability in the para position).
The reaction takes place only under relatively strong Frie-
del-Crafts acid catalysis. Weak Lewis acids such as stannic
chloride or titanium tetrachloride did not catalyze the reaction.
The reaction can be rationalized by initial protonation (by the
residual protons in AICl,) of fullerene to fullerene cation followed
by electrophilic fullerenation of the aromatic. The sequence
repeats till on the average 12 Ar—H units are added. The reaction
is similar to alkylation by alkenes (polyenes) under acidic catalysis.
We are in the process of investigating this interesting mechanism
more thoroughly. Redox processes, particularly with more easily
reducible Lewis acid halide (FeCl;, SbFs, etc.) catalyzed reactions,
can also be operative, involving single electron transfer (SET).
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Ceo(H-CeHs)p =——— =«——— Cgo({H-CgHs)

A fullerene C¢y/C,, mixture was also found to undergo reaction
with non-cross-linked polystyrene!® under aluminum trichloride
catalysis in CS, solvent to fullerenated polystyrene of a highly
cross-linked nature. We are continuing our investigations on
polyarenefullerenes and their intriguing reactions.
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Recently we have demonstrated a reversal of stereospecificity?
for the R44M (Arg-44 to Met) mutant enzyme of adenylate kinase
(AK, from chicken muscle, overproduced in Escherichia coli).>*
We now report an enhancement of stereospecificity in the con-
version of AMPS to ADPaS catalyzed by R97M (Arg-97 to Met)
mutant AK, entirely based upon rational prediction.
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Figure 1. Schemes showing the major and minor conformers of AMPS
at the active site of WT and the conversion of these conformers to
ADPaS. The equilibrium is shifted to conformer B upon R44M muta-
tion and to conformer A upon R97M mutation. It should be noted that
a third, nonproductive conformer (with sulfur positioned at the acceptor
position) could also be present in WT and both mutants,

The WT AK is known to convert AMPS to (S};)-ADPaS
specifically at the AMP site,%5 which is in turn converted to
(S,;)-ATPaS specifically at the MgATP site.» However, the
stereospecificity is not 100% in either case. Under various con-
ditions, we have detected 5-10% of (R;)-ADPaS and <5% of
(Rp)-ATPaS in the reaction mixture. Asshown in Figure 1, the
stereospecificity at the AMP site can be explained by a major
conformer A and a minor conformer B at the active site. For
R44M,? we predicted a possible change in stereospecificity at the
AMP site on the basis of the kinetic data (22-fold increase in the
K4 and 36-fold increase in the K, of AMP)” and the crystal
structures (the yeast AK-MgAP;A complex® and the AK3-AMP
complex®). However, we were unable to predict how it would
change (i.e., relaxation, reversal, or enhancement). The observed
dramatic reversal of stereospecificity suggested that Arg-44 plays
an important role in orienting the conformation of the phospho-
rothioate group of bound AMPS. The A to B equilibrium is
shifted to B in R44M, as shown in Figure 1.

The crystal structures, however, indicate that another arginine
(corresponding to Arg-97 in our system) can also interact with
the phosphoryl group of AMP,®? which prompted us to construct
the R97M mutant AK. Binding and kinetic analysis yielded 20-
and 30-fold increases in the K4 and K, of AMP, respectively, with
no significant perturbation in MgATP binding and a 30-fold
decrease in k. Structural characterization of this mutant by
NMR indicated no significant conformational perturbations.
These results established that Arg-97 interacts with AMP during
the catalysis by AK and led us to predict a change in the ste-
reospecificity of R97M. Since the side chains of Arg-97 and
Arg-44 point toward the phosphoryl group of AMP from opposite
sides, we also predicted that R97M and R44M should perturb
the stereospecificity in opposite directions, i.e., the stereospecificity
of R97M should be enhanced relative to WT.

To prove that a highly stereospecific reaction has been enhanced,
one must demonstrate formation of the minor isomer (R;) at the
early stage of reaction for WT, and lack of (or decreased) for-
mation of the R, isomer at a later stage of reaction for R97M.,

(5) Sheu, K.-F. R.; Frey, P. A. J. Biol. Chem. 1977, 252, 4445—4448,

(6) (a) Eckstein, F.; Goody, R. S. Biochemistry 1976, 15, 16851691, (b)
Eckstein, F.; Romaniuk, P. J.; Connolly, B. A. Methods Enzymol. 1982, 87,
197-212. (c) Tomasselli, A. G.; Noda, L. H. Fed. Proc. 1981, 40, 1864. (d)
Kalbitzer, H. R.; Marquetant, R.; Connolly, B. A,; Goody, R. S. Eur. J.
Biochem. 1983, 133, 221-227. (e) Tomasselli, A. G.; Noda, L. H. Eur. J.
Biochem. 1983, 132, 109-115.

(7) Yan, H.; Dahnke, T.; Zhou, B.; Nakazawa, A.; Tsai, M.-D. Biochem-
istry 1990, 29, 10956-10964.

(8) Egner, U.; Tomasselli, A. G.; Schulz, G. E. J. Mol. Biol. 1987, 195,
649-658.

(9) Diederichs, K.; Schulz, G. E. Biochemistry 1990, 29, 8138-8144.

(10) Jaffe, E. K.; Cohn, M. Biochemistry 1978, 17, 652-657.

© 1991 American Chemical Society



