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Abstract

A simple synthetic route for a water-soluble cyclodextrin–fullerene conjugate based on the Diels–

Alder reaction between anthryl-cyclodextrin and fullerene has been presented. Aided by the

fascinating biochemical functions of fullerene, the resultant cyclodextrin-C 60 conjugate displays a

satisfactory DNA-cleavage ability under the visible-light irradiation.

______________________________________________________________________________

Fullerene is generally considered as a powerful building block in material sciences and medicinal

chemistry owing to the combination of its several unique properties, particularly with respect to its

electron donor or acceptor capability as well as its photophysical and photochemical behavior. 1–10

For example, C60 and its derivatives are reported to be able to exhibit satisfactory enzyme-

inhibiting,11–13 radical-quenching,14 and DNA-cleavage abilities.15–17 Notably among them, cyclodextrin

(CD)-C60 conjugates have attracted extensive interest of chemists and biologists. 18–23 Compared

with other C60 derivatives, CD-C60 conjugates possess an inherent advantage in the field of

biochemistry due to the capability of the CD cavity to recognize various model substrates. Upon

being associated with a biological guest molecule, the CD cavity can selectively bind with certain

fragments of the guest, thus enabling the site-specific interaction between C 60 and the model

substrate.18–20 To combine the drug binding ability of CD and photodriven DNA-cleavage properties

of fullerene,21 we prepare a water-soluble CD-ߚ derivative possessing a [60]fullerene tether. Herein we

report a very simple method for synthesizing CD-C 60 conjugate by the Diels–Alder reaction of C60



with anthryl-ߚ -CD. Although [4+2] cycloaddition has been proved to be one of the most

expeditious methods for selective functionalization of [60]fullerene at the 6,6-ring junctions, 3,4,24-

32 its application to the synthesis of CD-fullerene conjugates has never been reported, to the best of

our knowledge. Our current work in this direction presents a new avenue for the design and

preparation of water-soluble fullerene derivative. Moreover, benefiting from the good biological

property of C60, the obtained water-soluble CD-C60 conjugate shows an efficient DNA-

cleavage ability under the visible-light irradiation attributing to the sensitized singlet oxygen ( 1O2)

by the photoexcitation of C60 moiety.

CD-C60 233 is prepared by the Diels–Alder reaction of C 60 with mono[6-(9-

anthrylformamido)ethyleneamino-6-deoxy]-ߚ-CD 134 in DMF/toluene solution under nitrogen

according to the procedure shown in Scheme 1. Owing to the introduction of ߚ -CD as a

solubilizer, CD-C60 2 exhibits a moderate water-solubility up to 2.5 g L -1 at 25 °C and can

remain stable for several weeks when stored in a freezer ( -10 °C). Notably, since both 1 and 2 are

readily soluble in water, the unconsumed C 60 can be easily reclaimed by filtration after the

reaction.

The structure of 2 is confirmed by elemental analysis, UV–vis, FT-IR, and NMR spectra. The UV–

vis absorbance (Fig. 1) observed for 1 ((ߝlog)/maxߣ) in water are 384.0 (4.04), 364.5 (4.07), 346.5

(3.90), and 330.0 (3.62) nm, while 2 only exhibits two clear absorbances at 253.5 (5.15) and 329.5

(4.43) nm under the same conditions. The disappearance of the corresponding characteristic bands of

anthracene above 330 nm indicates that the conjugated system of anthracene is broken. In addition,

a characteristic vibration band at 801 cm -1 assigned to the C60 unit is also observed in the FT-IR

spectrum of 2 (see Supplementary data). Moreover, we observe that the 1H NMR spectrum of 2 is

significantly different from that of 1. Seen from Figure 2, the 1H NMR spectrum of 2 shows three

sets of signals centered at 7.92, 7.59, and 5.98 ppm, respectively, assigned to the Ha, Hb, and Hc

protons of the dihydroanthracene group in 2, while the corresponding H1(8)/H4(5),

H2(7)/H3(6), and H9 protons of the anthracene moiety in 1 are centered at 8.05, 7.46, and 8.40

ppm.

From the 13C NMR data of 2 (Fig. 3), we observe that, apart from the signals assigned to the

methylene carbons (47.1 and 45.9 ppm), the ߚ -CD skeleton carbons (60.6, 68.8, 72.5, 73.1, 73.8,

81.9, 82.3, and 102.7 ppm), the carbonyl carbon (172.3 ppm), the aromatic carbons of

dihydroanthracene (127.5 and 128.6 ppm), and the unsaturated sp 2 carbons of C60 (140–150 ppm),

there appears a new signal at 70.7 ppm assigned to the saturated sp 3 carbons. This signal indicates a



closed conformation of the C60 unit in 2, since the newly generated saturated carbons in the closed

structures will resonate at a higher field than normal unsaturated sp 2 carbons of C60 that usually

appear in the range of ߜ 130–160 ppm.24,25,35

The above information strongly supports the anticipated structure of 2.

The conformation of the CD-C60 conjugate 2 is investigated by circular dichroism spectroscopy,

since it has been amply demonstrated that the inclusion of a chromophoric achiral guest in a chiral

host such as CDs produces induced circular dichroism (ICD) signals at the absorbance wavelengths

of the guest chromophore.36,37 From a comparative analysis based on the circular dichroism

spectra of hosts 1 and 2 (see Supplementary data), we observe that the host 2 displays relatively weak

ICD signals in the examined wavelength range, which indicates that the C 60 unit in 2 is not

included in the CD cavity. This is expected, because ߚ -CD is known to be too small to

accommodate the fullerene sphere. The observed conformation will provide a C 60-capped CD

cavity to selectively bind with certain biologic guests and thus enable the interaction between C 60

and a model substrate. It is noteworthy that the water-soluble CD-C 60 conjugate 2 shows a satisfactory

DNA-cleavage ability under the visible-light irradiation at 298 K .38,39 As shown in Figure 4, both 1

and 2 show no DNA-cleavage ability in the absence of light (Fig. 4, lanes b and c, respectively).

However, under the visible-light irradiation, CD-C 60 conjugate 2 can effectively cleave

pGEX5X2 DNA (form I) into nicked DNA (form II) and linear DNA (Fig. 4, lane e, form III),

and about 70% of supercoiled DNA is converted to nicked and linear DNA, which is close to the

reported values (about 50–90%) by Yamakoshi et al.17c In order to explore the DNA cleavage

mechanism, the EPR spectrum40 of 2 with 2,2,6,6-tetramethyl-4-piperidone (TEMP) is performed under

the visible-light irradiation at 298 K. It is well documented that, when the singlet oxygen ( 1O2) is

sensitized by the photoexcitation of fullerene, it can be detected by the EPR spin-trapping using a

1O2-trapping agent such as TEMP,17b,21,41 because TEMP can react with 1O2 to give a 1O2-adduct,

TEMPO. In the present case, three characteristic EPR signals assigned to TEMPO are observed

from a phosphate buffer aqueous solution (pH 7.4, containing 5% DMF) of 2/O2 system under

the visible-light irradiation as shown in Figure 5, which indicates that 1O2 is generated. In the

control experiments, neither 2 nor TEMP exhibits the appreciable EPR signals in the same condition.

Moreover, CD-C60 conjugate 2 shows no DNA cleavage ability in the absence of O 2. Therefore, we

deduce that a singlet oxygen mechanism should be responsible for the DNA cleavage reaction. That

is, the C60 moiety in 2 may be located close to the guanosine position of DNA. 16a Under the visible-light

irradiation, the singlet oxygen (1O2) is sensitized by the photoexcitation of C60. Then, the sensitized

singlet oxygen reacts with the guanosines of DNA by either [4+2] or [2+2] cycloaddition to the



five-membered imidazole ring of the purine base and thus cleaves the DNA. 42 Herein, the function

of CD is to enhance the water-solubility of fullerene and thus enables the DNA cleavage reaction in

aqueous solution. In conclusion, we have presented the preparation of a

water-soluble CD-C60 conjugate 2 using a simple synthetic route, which will be useful for the

design of functional fullerene derivatives. Furthermore, the results obtained also show that the above

water-soluble CD-C60 conjugate can act as an efficient photodriven DNA-cleavage reagent, which

may serve as a potential photo-active medicine precursor in the biochemical field. Further

endeavors to explore the effect of the tether 's length of the CD-C60 conjugate are

currently in progress.
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Scheme 1. Synthetic route of CD-C60 conjugate 2.
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Listof Figures

Figure 1. The UV–vis spectra of 1 (1.4 x 10-5 M) and 2 (1.2 x 10-5 M) in aqueous solution at 25

°C.

Figure 2. 1H NMR spectra of 1 (4.2 x 10-3 M) and 2 (4.4 x 10-3 M) in DMSO-d6 at 25 °C.

Figure 3. The 13C NMR spectrum of 2 (2.1 x 10-3 M) in DMSO-d6 at 25 °C.

Figure 4. The DNA-cleavage ability of 2 in phosphate buffer (50 mM, pH 7.4) after the visible-

light irradiation with a 300 W reflector lamp for 1 h at 298 K. (-: absence, +: presence)

[1] = 4.2 x 10-5 M; [2] = 4.4 x 10-5 M; [DNA] = 0.004 gߤ .1-ߤ

Figure 5. The EPR spectrum of a mixture of 2 (1.5 x 10-4 M) with TEMP (9.2 x 10-3 M) after the

visible-light irradiation in an aqueous phosphate buffer solution (pH 7.4, containing 5%

DMF) at 298 K.
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