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Highly oxygenated fullerenes by catalytic epoxidation of C60 and single
walled carbon nanotubes with methyltrioxorhenium–hydrogen peroxide
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Abstract

Highly oxygenated fullerenes, C60On with 3≤ n ≤ 9, have been prepared by the Lewis base enhanced catalytic oxidation of C60 with
ReMeO3/H2O2. Pyridine, pyrazole, and 2,2′-bipyridine decrease the activity of the catalyst, while 3-cyanopyridine or 4-bromopyrazole show sig-
nificant enhancements even at low base:MTO ratios. Increasing the catalyst:C60 ratio increases the yield as well as shifting the product distribution
to higher oxygenated products, in contrast, increasing the H2O2 concentration or increasing the reaction temperature shifts the product distribution
in the opposite manner. Epoxidation of single walled carbon nanotubes (SWNTs) is accomplished with ReMeO3/H2O2/4-bromopyrazole.
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. Introduction

The oxidation of fullerenes, such as C60, has been of increas-
ng interest with regard to applications in photoelectric devices,
iological systems, and possible remediation of fullerenes[1,2].

t has also been shown that C60O will undergo a thermal poly-
erization[3,4], in an analogous manner to that of organic
poxides. The oxidation of C60 to C60On (n = 1, 2) may be
ccomplished by a range of methods, including, photooxidation

5,6], ozonolysis[7–10], and epoxidation[11,12]. With each
f these methods, there is a limit to the isolable oxygenated
roduct, C60On with n < 3. The only exception involves passing
60 through a corona discharge ionizer in the presence of oxy-
en allows for the detection of species formulated as [C60On]−
n ≤ 30), however, the products were only observed in the MS
13]. It has been postulated that the reason for the limited oxi-
ation of C60 may be due to the formation of an electron rich

ullerene and subsequent lowering of the reactivity of each sub-
equent olefinic CC bond[14,15]. In this regard, it would be
xpected that a suitable catalyst would offer a route to the syn-
hesis of highly oxygenated fullerenes, C60On (wheren > 3).

To date reports of the catalytic oxidation of C60 are lim-
ited, however, Murray and Iyanar reported[12] that C60O
might be formed in modest yields (up to 35% after 24 h
room temperature) by the catalytic oxidation of C60 with the
methyltrioxorhenium (MTO) hydrogen peroxide system.
MTO/H2O2 system had been previously shown to be an a
catalyst for the epoxidation of olefins[16,17]. Although C60O2
and C60O3 could also be prepared (in up to 18% yield) w
MTO/H2O2, a 20-fold excess of the MTO “catalyst” w
required, as well as the use of urea–hydrogen peroxide
additional oxidant. It would be desirable to have a catalyst
tem that allows for the synthesis of highly oxygenated fullere
that does not require a large excess of catalyst or multi
reactions.

It has previously been reported that for the epoxidatio
olefins with MTO ring hydrolytic opening of the epoxide a
the formation of diols is a detrimental side reaction that ma
limited by the addition of nitrogen bases, e.g., pyridine[16,17].
However, the addition of bases also appeared to lower th
alytic activity significantly. Sharpless and co-workers[18] found
that increasing the amount of pyridine (with a py:MTO ra
∗ Corresponding author. Tel.: +1 713 348 5610; fax: +1 713 348 5619.
E-mail address: arb@rice.edu (A.R. Barron).

of 24 versus a ratio of 2 used previously) actually increased
the overall yield. Subsequently, pyrazole was found to offer
enhanced activation as compared to pyridine[19]. Other research
groups have since promoted their own particular additive for
increased activity and selectivity[20,21]. Given the potential of
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enhanced activity observed for epoxidation with the addition of
selected nitrogen Lewis bases, we have investigated the use of
nitrogen Lewis bases in order to promote the formation of C60On

with n > 3. The addition of a nitrogen base to MTO/H2O2 was
originally aimed at reducing hydrolytic opening of the epox-
ide [18]. In the case of the epoxidation of C60, hydrolytic ring
opening is not an issue since the SN2 reaction is precluded by
the fullerene cage structure; however, the effectiveness of var-
ious additives in changing the product yield and distribution is
significant.

2. Experimental

2.1. Materials and characterization

All reagents and solvents were ACS reagent grade or better
and used as received. C60(C-Sixty Inc.), pyridine, pyrazole, 2,2′-
bipyridine, 3-cyanopyridine, 4-bromopyrazole, (Aldrich), and
MeReO3 (MTO) (Strem Chemical) were used as received. Triph-
enylphosphine (Aldrich) was recrystallized from EtOH[22]. The
Smalley Lab at Rice University donated SWNTs.

High-performance liquid chromatography was obtained
using a Waters Alliance 2690 chromatographic system. A pho-
todiode array (model 996) detector was used to gather chro-
matograms and ultra-violet visible spectra (UV–vis). Chromato-
g pec
t
5 ile
p ions
C a
w
s d an
e Car
5 ol as
a o
N uene
s ere
r ama
M ma
s e su
p

2

ol)
w )
w zole
( l)
d reac
t for
2 que-
o rde
T h
N . IR
( 950
( ge).

2.3. Epoxidation of SWNTs

MTO (75 mg, 0.301 mmol) was dissolved in CH2Cl2
(10 mL). H2O2 (30% aqueous, 10 mL) was added, and the solu-
tion turned yellow. 4-Bromopyrazole (200 mg, 0.681 mmol) was
then added. SWNTs (67.7 mg) suspended in CH2Cl2 (50 mL)
were then added to start the reaction. The reaction was stirred
at room temperature, overnight. When the reaction was com-
pleted, the solid tubes were filtered over a PTFE membrane
(0.2�m), centrifuged at 4000 rpm for 15 min., and washed with
fresh CH2Cl2 (3× 35 mL).

3. Results and discussion

We have investigated the relative catalyst activity using
pyridine, pyrazole, 2,2′-bipyridine, 3-cyanopyridine and 4-
bromopyrazole. The effect of the appropriate nitrogen bases was
investigated using a base:MTO ratio of 2 and 10. The results are
summarized inTable 1.

The epoxide reaction products, C60On, have been charac-
terized by MS, FT-IR, and UV–vis spectroscopy, while the
product distributions were determined by HPLC and MS. The
FT-IR spectra of samples of C60On show bands 1260, 950, and
796 cm−1, consistent with previous studies[5]. The UV–vis
spectrum of a sample of C60On exhibits a new band at 423 nm
and the loss of the characteristic Cband at 408 nm. There
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raphic and UV–vis resolutions were 1.0 s and 1.2 nm, res
ively. Typical injection volumes were 100�L. A Cosmosil®

PBB (4.6 i.d.× 250 mm) column with toluene as the mob
hase at a flow rate of 1 mL/min was used for all separat
olumn temperature was held constant at 30◦C. Mass spectr
ere recorded on a Bruker BIFLEXTM III MALDI-TOF (matrix
ulfur) mass spectrometer operating with positive polarity an
lectron beam of 19 kV. UV–vis spectra were recorded on a
000 UV–vis-NIR spectrophotometer using water or ethan
blank. IR spectra (4000–400 cm−1) were recorded on a Therm
icolet Nexus 670 FTIR spectrometer by evaporating a tol
olution onto a KBr plate to form a thin film. Raman spectra w
ecorded on a Renishaw Ramanscope with a Renishaw R
icroscope using 633 nm HeNe laser operating at 50 W. Ra

amples were prepared by evaporating a methylene chlorid
ension of dried deoxygenated SWNTs on a glass slide.

.2. Typical preparation of C60(O)n

In a typical oxidation reaction, MTO (52.0 mg, 0.209 mm
as dissolved in toluene (10 mL). H2O2 (30% aqueous, 14 mL
as added, and the solution turned yellow. 4-Bromopyra

61 mg, 0.415 mmol) was then added. C60 (100 mg, 0.139 mmo
issolved in toluene (40 mL) was then added to start the

ion. The reaction was allowed to stir at room temperature
4 h. After 24 h, the solution was red–brown in color. The a
us layer was separated from the toluene layer and disca
he organic layer was treated with MnO2, filtered, treated wit
aSO4, and filtered again. UV–vis: 423, 486, and 592 nm

cm−1): 1261 (s, ring breathing), 1182 (m, fullerene cage),
s, asymmetrical ring stretch), 796 (s), 527 (s, fullerene ca
-
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s also the increased absorbance at 486 nm and dec
bsorbance at 592 nm. These observations are consisten

hose of previous reported UV–vis spectra of C60O [5]. A repre-
entative HPLC chromatogram and the MS for the same sa
re shown inFig. 1. A plot of the fraction of each C60On deter-
ined by HPLC as compared to the relative MS peak inte

or the same species (Fig. 2), suggests that at the product distri
ion observed from the MALDI-TOF-MS is due to the format
f specific C60On species rather than fragmentation prod

rom higher oxides.
For baseline comparison, the addition of aqueous H2O2 to a

oluene solution of C60 results in essentially unreacted C60 with
races of C60O, C60O2, and C60O2 being detected by MS onl
nder our conditions, although unreacted C60 is observed with

he addition of 5% MTO, there is significant formation of C60O
nd C60O2, with decreasing amounts of C60O3 through C60O6
eing detected by HPLC and MS, seeTable 1. These yields ar

dentical to those reported by Murray and Iyanar for the rea
arried out in benzene over 24 h.

The addition of 2,2′-bipyridine essentially shuts down t
atalytic activity of the MTO (Table 1). Increasing the 2,2′-
ipyridine:MTO ratio further decreases the activity of the
lyst. This is in contrast to prior studies that suggest′-
ipyridine to be a suitable additive[23]. Prior reports[16,17]
uggest that a pyridine:MTO ratio of 2 should lower the ep
ation yield as compared to no Lewis base additive, this is
bserved in the present system (Table 1). However, unlike th
esults reported by Sharpless and co-workers[10] the use o
n excess of pyridine does not increase product yield, bu

her reduces the conversion of C60 to C60On. The overall yield
ppears insensitive to the concentration of pyrazole, but a
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Table 1
Product distribution from the oxidation of C60 with MTO/H2O2/Lewis basea

Lewis base (mmol) C60 C60O C60O2 C60O3 C60O4 C60O5 C60O6 C60O7 C60O8 C60O9 CnOy Yield (%)

– 100 0 0 0 0 0 0 0 0 0 0 0
– 47.2 34.8 12.6 3.5 0.9 0.5 0.1 0 0 0 0 52.8
Pyridine (0.497) 60.1 22.8 12.1 3.5 1.3 0 0 0 0 0 0 39.9
Pyridine (0.993) 71.3 14.1 9.4 3.8 1.2 0 0 0 0 0 0 28.6
2,2′-Bipyridine (0.416) 94.4 5.5 0 0 0 0 0 0 0 0 0 5.0
2,2′-Bipyridine (0.896) 86.1 0 0 0 0 0 0 0 0 0 13.8 0
Pyrazole (0.411) 50.6 28.8 13.2 5.1 1.6 0.4 0 0 0 0 0 49.3
Pyrazole (0.881) 51.6 22.2 1.2 6.3 3.7 1.92 1.8 0 0 0 0 48.3
4-Bromopyrazole (0.386) 2.2 6.3 6.8 21.6 22.8 17.1 10.2 5.5 3.3 2.2 1.6 96.1
4-Bromopyrazole (0.386)b 0.2 0.6 1.4 6.1 14.6 20.6 21.9 15.1 6.5 4.5 8.2 91.5
4-Bromopyrazole (0.386)c 12.2 28.2 20.5 19.6 11.6 4. 2.1 1.1 0 0 0 87.7
4-Bromopyrazole (0.392)d 2.5 8.4 2.6 24.2 14.1 10.2 6.1 2.9 2.1 0 2.2 95.1
4-Bromopyrazole (0.386)e 5.4 10.1 13.6 22.4 16.1 9.6 7.6 4.1 1.9 1.4 7.5 86.9
3-Cyanopyridine (0.413) 0.8 4.2 17.2 30.5 23.9 11.3 5.2 2.7 1.3 0 2.4 96.6

a [MTO] = 0.209 mmol, [H2O2] = 173 mmol, in toluene at room temperature.
b [MTO] = 0.418 mmol.
c [H2O2] = 350 mmol.
d No light.
e At 75◦C.

higher pyrazole:MTO ratios the yield of C60O5 and C60O6 are
increased.

The addition of 3-cyanopyridine or 4-bromopyrazole has a
significant effect on both the activity and product distribution
even at low base:MTO ratios. The effectiveness of both 3-
cyanopyridine and 4-bromopyrazole at the low base:MTO ratio
is surprising in light of prior results that suggest that they should
hinder catalysis[16,17]. We propose that in the present case the
ligands stabilize the catalyst allowing for a moderation in the
reaction with the highly reactive C60. Both 3-cyanopyridine and

F for
C f
4

4-bromopyrazole show a small amount (<8% total yield) of what
appears to be a cage-open oxidation product.

As would be expected, increasing the catalyst:C60 ratio
increases the yield as well as shifting the product distribution
to being centered about C60O6 rather than C60O4. By con-
trast, increasing the H2O2 concentration results in a significant
decrease in the overall yield and a shift in the product distri-
bution maximum from C60O4 to C60O. Increasing the reaction
temperature to 75◦C decreases both the product yield and shifts
the product distribution to be centered about C60O3, seeTable 1.
Increasing the temperature also has a detrimental effect on the
product yield by the formation of a greater amount of decompo-
sition products.

Creegan et al. have reported that the oxidation of C60 to C60O
may be accomplished by photooxidation[5]. In addition, it has
been reported that C60 is itself a source of singlet oxygen in
the presence of O2 under photolysis conditions[24]. In order to
determine if the MTO catalyzed oxidation is affected by light,

F s
c dation
ig. 1. Representative (a) HPLC chromatogram and (b) MALDI-TOF-MS

60On products from the oxidation of C60 by MTO/H2O2 in the presence o

-bromopyrazole. r
ig. 2. A plot of the mole fraction of each C60On determined by HPLC a
ompared to the relative MS peak intensity for a sample from the same oxi
eaction (R = 0.992).
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Fig. 3. Raman spectra of SWNTs before (a) and after (b) epoxidation with
MTO/H2O2/4-bromopyrazole showing the increase in the disorder (D) band
associated with sidewall functionalization.

the reaction in the presence of 4-bromopyrazole was studied
in both light and dark. Based upon both HPLC and MS anal-
ysis there is essentially no change in the yield although there
is a shift in the product distribution maximum from C60O4 to
C60O2. Thus, it would appear that photochemical oxidation is
not a component of the formation of C60On under the present
conditions. However, while the catalyst activity is unaffected by
light, the reactivity of C60On appears enhanced since oxidation
of C60On in preference to C60 can account for the shift in the
product distribution.

Since SWNTs are just “elongated” fullerenes, it is possible
that this reaction would occur when SWNTs were used as the
substrate. However, it should be noted that the reactivity of C60
would be expected to be significantly higher than that of a SWNT
since the majority of the latter (i.e., the side wall) is composed
of fused[6,6] rings, whereas the former contains more reactive
[5,6] ring junctions. Oxidation of a CH2Cl2 suspension of SF6
“cleaned” HiPCo SWNTs with MTO/H2O2/4-bromopyrazole
at 25◦C for 24 h results in an increase in the dispersion of the
SWNTs in EtOH. More importantly, the Raman spectrum of the
SWNTs after oxidation shows a significant increase in the dis-
order (D) mode (1350 cm−1) as compared to tangential G mode
(1500–1600 cm−1). The tangential mode (G mode) is associ-
ated with tangential displacement CC bond stretching motions
in the 1500–1600 cm−1 range (Fig. 3). The D, or disorder mode,
observed at 1290–1330 cm−1 depending on Raman excitation
l
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p ated
S n or
o

of 4
b of
h in-
i the
M o
o suc
a

Acknowledgements

Financial support for this work is provided by the Robert
A. Welch Foundation, the Defense Advanced Research Projects
Agency, and National Science Foundation. We gratefully
acknowledge Karl M. Krueger and Yunxuan Xiao for assistance
with HPLC and MS measurements, respectively.

References

[1] S.C. Yang, T. Mineo, Jpn. J. Appl. Phys. 40 (2001) 1067.
[2] S.B. Chikkannanavar, D.E. Luzzi, S. Paulson, A.T. Johnson Jr., Nano

Lett. 5 (2005) 151.
[3] A.B. Smith III, H. Tokuyama, R.M. Strongin, G.T. Furst, W.J. Romanow,

B.T. Chait, U.A. Mizra, I. Haller, J. Am. Chem. Soc. 117 (1995) 9359.
[4] D.A. Britz, A.N. Khlobystov, K. Porfyrakis, A. Ardavan, G.A.D. Briggs,

J. Chem. Soc. Chem. Commun. (2005) 37.
[5] K.M. Creegan, J.L. Robbins, W.K. Robbins, J.M. Millar, R.D. Sherwood,

P.J. Tindall, D.M. Cox, A.B. Smith III, J.P. McCauley Jr., D.R. Jones,
R.T. Gallagher, J. Am. Chem. Soc. 114 (1992) 1103.

[6] J.O. Escobedo, A.E. Frey, R.M. Strongin, Tetrahedron Lett. 43 (2002)
6117.

[7] D. Heymann, L.P.F. Chibante, Recl. Trav. Chim. Pays-Bas 112 (1993)
639.

[8] R. Malhotra, S. Kumar, A. Satyam, J. Chem. Soc. Chem. Commun.
(1994) 1339.

[9] J.P. Deng, C.Y. Mou, C.C. Han, J. Phys Chem. 99 (1995) 14907.
[10] S. Lebedkin, S. Ballenweg, J. Gross, R. Taylor, W. Kratschmer, Tetra-

[ oc.

[
[ . 384

[ renes

[ l. A

[ .W.

[ . 689

[ . Soc.

[ J.

[ 65

[ l.

[ als,

[ atal.

[ da,

[ s, in:
nce,

[ Liu,
aser wavelength, represents conversion of C from sp2 to an sp3

ybridization state, which breaks the symmetry of the grap
lane[25]. Spectroscopic and TGA analysis of the oxygen
WNTs is identical to those formed from direct epoxidatio
zonolysis[26].

In conclusion, we have demonstrated that the addition
romopyrazole or 3-cyanopyridine allows for the formation
ighly oxygenated fullerenes in relatively high yield with m

mum side-product formation. Initial results indicate that
TO/4-bromopyrazole/H2O2 oxidation of SWNTs is equal t
r better than that of ozone or organic oxidation reagents,
s dimethyldioxarane.
-

h

hedron Lett. 36 (1995) 4971.
11] A.L. Balch, D.A. Costa, B.C. Noll, M.M. Olmstead, J. Am. Chem. S

117 (1995) 8926.
12] R.W. Murray, K. Iyanar, Tetrahedron Lett. 38 (1997) 335.
13] H. Tanaka, K. Takeuchi, Y. Negishi, T. Tsukuda, Chem. Phys. Lett

(2004) 283.
14] M.S. Dresselhaus, G. Dresselhaus, P.C. Eklund, Science of Fulle

and Carbon Nanotubes, Academic Press, San Diego, 1995.
15] J. Onoe, K. Takeuchi, K. Ohono, Y. Kawazoe, J. Vac. Sci. Techno

16 (1998) 385.
16] W.A. Herrmann, H. Ding, R.M. Kratzer, F.E. Kuhn, J.J. Haider, R

Fischer, J. Organomet. Chem. 549 (1997) 319.
17] F.E. Kuehn, A. Scherbaum, W.A. Herrmann, J. Organomet. Chem

(2004) 4149.
18] J. Rudolph, K.L. Reddy, J.P. Chiang, K.B. Sharpless, J. Am. Chem

119 (1997) 6189.
19] W.A. Herrmann, R.M. Kratzer, H. Ding, W.R. Thiel, H. Glas,

Organomet. Chem. 555 (1998) 293.
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