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A new water-soluble, cationic homooxacalix[3]arene 1 was
synthesized: this homooxacalix[3]arene solubilized [60]full-
erene into water and the [60]fullerene–homooxacalix[3]ar-
ene complex acted as an efficient DNA photocleavage
reagent.

The ready availability of [60]fullerene and its homologues has
increasingly invited exploration of their outstanding new
physical and chemical properties. Among them, one of the most
important applications is medicial use: for example, they act as
a singlet oxygen (1O2) photosensitizer1,2 to cleave DNA3–8 and
as an inhibitor to suppress HIV protease activity.9,10 In spite of
their high potentials, however, applications have been very
limited because of their poor water solubility. Several lines of
effort have so far been devoted toward compensation for this
drawback, for example, by introduction of water-soluble
substituents,3–6 mixing with water-soluble polymers,7,11 and
solubilization in g-cyclodextrin (g-CD)12 and water-soluble
calix[8]arenes.13 We considered that among these methods, the
host–guest method should be superior to others because (i) one
can directly use ‘unmodified [60]fullerene’ which can generate
1O2 more efficiently than other [60]fullerene derivatives,14 (ii)
one can suppress undesired photo-dimerization of [60]fullerene
and (iii) dioxygen or substrates can collide with [60]fullerene
more efficiently. Recently, we found that homooxacalix[3]ar-
ene and its derivatives can include [60]fullerene in their
cavities.15–18 This finding suggests that if a cationic homoox-
acalix[3]arene can solubilize [60]fullerene into water via host–
guest interactions, the resultant [60]fullerene–homooxa[3]arene
complex should be readily bound to DNA and might act as a
DNA photocleavage reagent therein. With these objects in
mind, we designed a new water-soluble cationic homooxacalix-
[3]arene 1 with a cone conformation.

Water-soluble calixarene 1 was synthesized according to
Scheme 1 and identified by 1H NMR, FT-IR and ESI-TOF MS

spectroscopic evidence and elemental analysis.† The 1H NMR
data are consistent with a cone conformation.

Firstly, the critical aggregate concentration (CAC) of 1 was
estimated by surface tension (Wilhelmy method). As shown in
Fig. 1, the surface tension of 1 in pure water abruptly decreased
at ca. 3 mmol dm23. One can consider, therefore, that
compound 1 forms aggregates above this concentration. In the
subsequent experiments, we set the concentration of 1 to 0.50
mmol dm23, where 1 exists discretely in aqueous solution.

[60]Fullerene (solid) was extracted into water containing 1 by
sonication (10 min) followed by stirring (3 days).‡ After
centrifugation (10 000 rpm, 15 min, 20 °C), the solution was
characterized by UV–VIS absorption and 13C NMR spectro-
scopic methods. The UV–VIS absorption spectrum of the
1–[60]fullerene complex shows absorption maxima at 264, 341
and 438 nm assignable to solubilized [60]fullerene (Fig. 2). The

Scheme 1 Reagents and conditions: i, N,N-dimethylpropane-1,3-diamine,
DMAP, NaH, THF–EtOH; ii, Me2SO4, THF.

Fig. 1 Plot of surface tension vs. concentration of 1 at 25 °C.

Fig. 2 Absorption spectra of 1 and 1–[60]fullerene complex in water at
25 °C: [1] = 0.50 mmol dm23.
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13C NMR spectrum of the 1–[60]fullerene complex shows a
new peak (145.90 ppm) due to sp2 carbon atoms of [60]full-
erene. These results consistently support the view that [60]full-
erene is solubilized into water by inclusion in 1. We determined
the concentration of solubilized [60]fullerene by elemental
analysis of the dried sample obtained by evaporation of this
solution. The analytical result shows that the concentration of
[60]fullerene in the original aqueous solution was 0.24 mmol
dm23. This indicates the ratio between 1 and [60]fullerene to be
2+1.§ From a dynamic light-scattering measurement (DLS:
Otsuka Electronic DLS-7000), the particle size of the
1–[60]fullerene complex was estimated to be 1.4 nm, which was
comparable with the size of the 1–[60]fullerene 1+2 complex
(as simulated by a computational method). These results
strongly support the view that the complex does not form large
aggregates under the present experimental conditions.

The 1–[60]fullerene complex was applied to the photo-
cleavage of ColE1 supercoil plasmid. Under dark conditions,
DNA was not cleaved even in the presence of these reagents
(Fig. 3, lanes 4 and 5). Under visible light irradiation, the
1–[60]fullerene complex clearly showed DNA-cleaving activity
(lane 3). In lane 3, about 65% of supercoiled DNA (form I) was
converted to nicked DNA (form II). On the other hand,
compound 1 showed a weak DNA-cleaving activity by itself.
We consider that ‘cationic’ 1 is bound to ‘anionic’ DNA to
induce a conformational change in DNA, which facilitates the
DNA photocleavage. For comparison, we carried out a control
experiment using the poly(vinylpyrrolidone) (PVP)–[60]full-
erene system.7 The DNA-cleaving activity of the PVP–
[60]fullerene system (lane 7) was obviously much lower than
that of the 1–[60]fullerene complex (lane 6) under visible light
irradiation. Consequently, one can conclude that [60]fullerene
included in ‘cationic’ 1 is transported onto ‘anionic’ DNA with
the aid of electrostatic interactions and cleaves it with the aid of
photoirradiation.

How was DNA cleaved by transported [60]fullerene? Foote
et al.19 proposed that two mechanisms have to be taken into
consideration: type I is the photoinduced electron transfer from
the guanine unit to [60]fullerene and type II is the reaction with
1O2 photochemically generated by [60]fullerene. These two
mechanisms can be distinguished by comparison of the results
of the aerobic conditions with those of the anaerobic ones. We
found that there is no significant difference between these two
conditions: the yields of form II were 63% under the aerobic

conditions, 63% under the anaerobic (N2) conditions and 66%
under the dioxygen-saturated conditions. The results suggest
that the mechanism mainly operative in the present DNA
photocleavage system is type I, which is basically in line with
Foote’s results.19

In conclusion, the present paper demonstrated that ‘cationic’
1 can solubilize [60]fullerene into water and transport it to
DNA. Hence, photocleavage can be readily accomplished
therein using ‘unmodified’ [60]fullerene. To the best of our
knowledge, this is one of a few successful examples in which
‘unmodified’ [60]fullerene is directly supplied to DNA. These
findings imply, therefore, that the concepts cultivated in host–
guest chemistry of [60]fullerene and its homologues are more
fruitfully applied to medicinal chemistry.
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Fig. 3 Agarose gel electrophoretic patterns of DNA nicked by 1–[60]full-
erene complex. The reaction samples contained 93 mmol dm23 of ColE1
supercoiled plasmid. Lanes 1 and 8: no chemicals in distilled water. Lane 2
and 4: 25 mmol dm23 of 1. Lanes 3, 5 and 6: 25 mmol dm23 of 1 and 12 mmol
dm23 of [60]fullerene. Lane 7: 0.9 wt% PVP and 12 mmol dm23 of
[60]fullerene. Lanes 1–3 and 6–8: incubated under visible light irradiation
at a distance of 10 cm by a 140 W Xe lamp (Sumita LS-140UV) at 25 °C
for 6 h. Lanes 4 and 5: incubated in the dark for 6 h. After the addition of
10 mm3 of 10% SDS solution and loading buffer (Wako) in this order,
electrophoresis was performed using 0.9% agarose gel. The gel was stained
with 0.3 mg dm23 ethidium bromide and visualized on a UV transillumi-
nator.
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