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The advent of a method for the preparation of macroscopic 
amounts of C^1 by Kratschmer and Huffman2 has led to a large 
body of literature describing the wide range of chemical 
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reactivity of fullerenes.3 In an initial foray into the relatively 
unexplored area of photochemical functionahzation of fullerenes, 
we reported the facile [2 •+• 2] photocycloadditon of cyclic 
enones to C6o4 and the isolation of enantiomeric pairs of the 
diastereomeric cis- and frans-fused photoadducts.5 We now 
report the formation of C^ radical cations by photosensitized 
electron transfer and the capture of the cation by nucleophiles 
such as alcohols to yield alkoxy-substituted fullerenes. In 
addition, we report selective trapping of the radical cation by 
reactive hydrogen donors to produce alkyl-substituted fullerenes. 
In these studies, we have utilized the crown ether—me thano-
fullerene I,6,7 which enables us to monitor the course of reaction 
directly by electrospray ionization mass spectrometry (ESI-MS).8 

Electrospray analysis of functionalized 1 complexed to metal 
cations such as Na+ or K+ allows for the direct detection of 
fullerene products. 

Direct laser photolysis at 425 nm9 of a solution of metha-
nofullerene 1 and the sensitizer 9,10-dicyanoanthracene (DCA) 
in toluene—acetonitrile (1:1) in the presence of excess metha­
nol,10 under conditions where the predominant light-absorbing 

(1) Kroto, H. W.; Heath, J. R.; O'Brien, S. C; Curl, R. F.; Smalley, R. 
E. Nature 1985, 318, 162. 

(2) Kratschmer, W.; Lamb, L. D.; Fostiropoulous, K.; Huffman, D. R. 
Nature 1990, 347, 354. 

(3) (a) Schwartz, H. Angew. Chem., Int. Ed. Engl. 1992, 31, 293. (b) 
Wudl, F.; Hirsch, A.; Khemani, K. C ; Suzuki, T.; Allemand, P.-M.; Koch, 
A.; Srdanov, G. Fullerenes—Synthesis, Properties, and Chemistry of Large 
Carbon Clusters; ACS Symposium Series 481; American Chemical 
Society: Washington, DC, 1992; pp 161-175. (c) Wudl, F. In Buckmin-
sterfullerenes; Billups, W. E.; Ciufolini, M. A., Eds.; VCH: New York, 
1993; Chapter 13, pp 317-333. (d) Taylor, R.; Walton, D. R. M. Nature 
1993, 363, 685 and references cited therein. 

(4) Wilson, S. R.; Kaprinidis, N. A.; Wu, Y.; Schuster, D. I. J. Am. Chem. 
Soc. 1993, 115, 8495. 

(5) Wilson, S. R.; Wu, Y.; Kaprinidis, N. A.; Schuster, D. I.; Welch, C. 
J. J. Org. Chem. 1993, 58, 6548. 

(6) Although compound 1 is depicted as a [6,6]methanofullerene, the 
actual sample utilized in these experiments was a 1:1 mixture of the [5,6]-
expanded fulleroid and [6,6]methanofullerene. 

(7) (a) Wilson, S. R.; Wu, Y. J. Chem. Soc, Chem. Commun. 1993, 
784. (b) Arias, F.; Xie, Q.; Wu, Y.; Lu, Q.; Wilson, S. R.; Echegoyen, L. 
J. Am. Chem. Soc. 1994, 116, 6388. 

(8) (a) Fenn, J. B.; Mann, M.; Meng, C. K.; Wong, S. F.; Whitehouse, 
C. M. Science 1989, 246, 64. (b) Fenn, J. B.; Mann, M.; Meng, C. K.; 
Wong, S. F.; Whitehouse, C. M. Mass Spectrom. Rev. 1990, 9, 37. (c) Smith, 
R. D.; Loo, J. A.; Edmonds, C. G.; Barinage, C. J.; Udseth, H. R. Anal. 
Chem. 1990, 62, 882. (d) McEwen, C. N.; Larsen, B. S. J. Am. Soc. Mass. 
Spectrom. 1991, 2, 205. (e) Loo, J. A.; Loo, R. R. O.; Light, K. J.; Edmonds, 
C. G.; Smith, R. D. Anal. Chem. 1992, 64, 81. 

(9) Photons at 425 nm were generated with a XeCl excimer laser 
operating at 308 nm, pumping a stilbene-3 dye laser. The dye laser output 
was typically at 50—75 mW. 
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Figure 1. ESI mass spectrum of the products from the reaction of 1 
with methanol sensitized by DCA in toluene/acetonitrile (1:1): M+ 

1160 (1-K + ) ; M+ 1192 (1-K+)(CH3OH); M+ 1224 (1-K+)(CH3OH)2; 
M + 1256 (1-K+)(CH3OH)3; M + 1288 (1-K+)(CH3OH)4. 
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Figure 2. ESI mass spectrum of the products from the reaction of 1 
with toluene sensitized by DCA in toluene/acetonitrile (1:1): M+ 1160 
(1-K+); M+ 1252 (1-K+)(C6H5CH3); M

+ 1344 (1-K+)(C6H5CH3)Z. 

species is the sensitizer,11 yields photoproducts with a major 
peak at M+ 1192, corresponding to monomethoxylation of 1, 
and minor peaks at M+ 1224, 1256, and 1288 (Figure 1), 
representing the di-, tri-, and tetramethoxy adducts of 1. A 
similar ESI mass spectrum of a low conversion photolysate of 
1 and ethanol in the presence of DCA demonstrates that ethanol 
also adds to compound 1, as evidenced by major product peaks 
at M+ 1206 and 1252, representing mono- and diethoxy adducts 
of 1. Benzyl alcohol adds in the same manner to 1 in toluene— 
acetonitrile. In addition to the peak at M+ 1268, corresponding 
to the alcohol—fullerene adduct, a small peak at M+ 1252 is 
also observed, suggesting the formation of benzylated fullerene. 
The alkoxyfullerene photoadducts are all stable at room 
temperature under a deaerated atmosphere for at least 5 days. 
However, when the samples are exposed to air, the photoadducts 
revert back to the parent fullerene. 

Similar laser irradiation at 425 nm of a mixture of 1 and DCA 
in toluene—acetonitrile in the absence of alcohol yields major 
peaks at M+ 1252 and 1344 in the ESI mass spectrum, 
representing mono- and dibenzylation of 1 (Figure 2). Under 

(10) In a typical experiment, an equimolar solution of fulleroid 1 and 
DCA (445 /J.M) in toluene—acetonitrile (1:1) or benzene—acetonitrile (1:1) 
in the presence of excess alcohol in a total sample volume of 0.5 mL was 
deaerated by freeze—thawing under high vacuum and irradiated with the 
laser at 425 nm for 10—30 min. In the alkylation experiments, the solvent 
was benzene—acetonitrile and the alcohol was replaced by a similar volume 
of hydrocarbon. 

(11) At equimolar concentrations of DCA and fullerene 1 at 425 nm, 
the absorption of DCA is approximately 2.5 times greater than the baseline 
absorption of fullerene. Typically, a solution containing DCA and fullerene 
1 is brown, but upon laser photolysis the sample immediately begins to 
glow brightly with a light bluish hue. In the absence of DCA, most of the 
incident light appeared to pass directly through the sample. 
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similar conditions, photolysates from irradiation of 1 and DCA 
in the presence of cyclohexane and cyclohexene in benzene— 
acetonitrile solution show ESI-MS peaks at M+ 1244 and 1242, 
respectively, corresponding to addition of cyclohexane and 
cyclohexene to 1. 

The proposed mechanism for the photosensitized addition of 
alcohols to fullerenes, based on the classic studies by Arnold,12 

is outlined in Scheme 1. 

Scheme 1 

DCA*+ 1— DCA*--I (2) 

DCA*- • -1 — [1],+- • -[DCA]'" (3) 

[IV+- • -[DCA]- ̂ - [l]£lv + [DCA];0-lv (4) 

[l]£lv + ROH -[1-OR]- + H+ (5a) 

[l];;v + RH-[l-H]+ l v + R- (5b) 

[1-OR]- + [DCA];;iv - [ l - O R ] ^ + DCA (6a) 

[l-H]s
+

olv + [DCA];0-lv - [1-H]- + DCA (6b) 

[1-OR]^1;' + ROH — H-I-OR + RO" (7a) 

[1-H]-+ R--H-I-R (7b) 

It involves (1) initial excitation of DCA, (2) formation of an 
encounter complex between excited sensitizer and ground state 
1, (3) electron transfer to form a radical ion pair, (4) solvent 
separation of the fullerene radical cation and the DCA radical 
anion, (5a) attack of the alcohol on the fullerene radical cation 
to generate the fullerene alkoxy radical, (6a) back electron 
transfer from DCA radical anion to the alkoxyfullerene radical 
to give the alkoxyfullerene anion and neutral sensitizer, and 
finally (7a) protonation of the anion by alcohol to yield the 
neutral alkoxyfullerene. An alternative mechanism for forma­
tion of alcohol—fullerene adducts, involving initial hydrogen 
abstraction from the solvent (toluene) by the fullerene radical 
cation, followed by nucleophilic attack of the alcohol on the 
fullerene cation to give the alkoxylated product, can be 
discounted by the observation that methanol adducts of 1 are 
also formed on DCA photosensitization in benzene—acetonitrile 
solutions. 

Because of the relatively large concentrations of DCA relative 
to the fullerene required for these experiments, to ensure that 
light is absorbed almost entirely by the sensitizer, fluorescence 
quenching studies for mechanistic proof of the proposed reaction 
pathway are problematic. Nevertheless, we have reasonable 
confidence that this mechanism is operative in our reaction, since 
photolysis at 425 nm of 1 in the presence of methanol in the 
absence of DCA yields only the starting material, as observed 
by ESI-MS. Although C^ generally behaves chemically as a 
mild oxidizing agent,7b electron transfer from compound 1 to 
DCA singlet excited states should be energetically favorable13 

and ought to occur at a diffusion-controlled rate to produce 
fullerene radical cations, based on the finding that oxidation of 
COT in benzonitrile occurs at +1.76 V.14 

The formation of fullerene adducts of toluene, cyclohexane, 
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and cyclohexene when 1 and DCA are irradiated at 425 nm in 
the absence of a nucleophile indicates that under these conditions 
the fullerene radical cation (eqs 1—4 in Scheme 1) can behave 
as a typical free radical and abstract hydrogen from a suitable 
hydrogen donor, in contrast to reaction at the cationic center 
when alcohol is present. Nucleophilic addition is probably faster 
than the competitive hydrogen abstraction since only alkoxylated 
products are observed using methanol and ethanol in toluene— 
acetonitrile solvent. Hydrogen abstraction becomes competitive 
with nucleophilic attack on the radical cation in the case of 
benzyl alcohol, as evidenced by the formation of benzylated as 
well as alkoxylated fullerenes. The proposed mechanism for 
the alkylation of 1, as outlined by Scheme 1, is as follows: after 
formation and solvent separation of the radical ion pairs (eqs 
1—4), the fullerene radical cation abstracts a hydrogen from an 
appropriate donor to generate the hydrogenated fullerene cation 
(eq 5b), back electron transfer from DCA radical anion to the 
fullerene cation regenerates the fullerene radical and neutral 
DCA (eq 6b), and finally coupling of the fullerene radical and 
the alkyl radical furnishes the alkylated fullerene (eq 7b). 

Although formation of alkoxy15 and benzyl1516 fullerenes has 
been observed previously in processes which have utilized 
charged reagents such as NaOCH3 and radical initiators, 
respectively, the present novel photochemical method offers 
possible synthetic advantages in its ease, the relative mildness 
of the reaction conditions, and the predominance of a mono-
substituted fullerene as the major product. 

Conclusion. Generation of fullerene radical cations by 
photosensitized electron transfer from electronically excited 
DCA in toluene— and benzene—acetonitrile solutions, modeled 
on the photosensitized nucleophilic additions to alkenes origi­
nally reported by Arnold,12 results in addition of alcohols to 
fullerenes, giving principally monoalkoxy adducts. When the 
alcohol is replaced by an appropriate hydrogen donor, alkylated 
fullerene adducts are generated. Fullerene radical cations have 
not received much attention previously as reaction intermediates 
in solution. The finding that fullerene radical cations in the 
vapor phase are unreactive toward alcohols17 was rationalized 
in terms of resistance to formation of product in which the 
previously highly delocalized positive charge becomes strongly 
localized upon the oxygen atom of the nucleophile. This 
inhibition is not the case in solution, probably because of 
solvation effects. We expect to utilize these novel reactions of 
fullerenes to add other types of nucleophiles (such as cyanide) 
and hydrogen donors (such as thiols) to CM, thus opening a 
wider window for functionalization of fullerenes for synthetic 
purposes. These studies once again demonstrate the value of 
using the crown ether—methanofullerene 1 to conveniently 
follow the progress of new chemical reactions of C«) in solution 
by ESI-MS. 

Acknowledgment. This research was supported in part by Grant 
CHE-9400666 from the National Science Foundation. Support for the 
laser facility was provided by National Science Foundation award No. 
9011268 

JA943208R 

(14) For a review, see: Wilson, L. J.; Flanagan, S.; Chibante, L. P. F.; 
Alford, J. M. In Buckminsterfullerenes; Billups, W. E., Ciufolini, M. A., 
Eds.; VCH: New York, 1993; Chapter 11, pp 285-299. 

(15) Wilson, S. R.; Wu, Y. J. Am. Chem. Soc. 1993, 115, 10334. 
(16) Krusic, P. J.; Wasserman, E.; Keizer, P. N.; Morton, J. R.; Preston, 

K. F. Nature 1991, 254, 1183. 
(17) For formation and reactions of Ceo radical cations and higher 

oxidized species in the gas phase using a selected-ion flow tube technique, 
see: Javahery, G.; Petrie, S.; Wang, J.; Wincel, H.; Bohme, D. K. J. Am. 
Chem. Soc. 1993, 115, 9701. Javahery, G.; Petrie, S.; Wincel, H.; Wang, 
J.; Bohme, D. K. J. Am. Chem. Soc. 1993,115, 6295. 


