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Selective DNA photocleavage is a very active field of research,
and a number of artificial photonucleases have been reported.1-3

Fullerenes and dihydrofullerenes are electron-poor photosensi-
tizers, and DNA photocleavage (selective for G) mediated by these
compounds has been reported by several groups.4-7 Two mech-
anisms are possible, type I, involving electron transfer from G to
fullerene, and type II, in which singlet oxygen (1O2) generated
by the fullerene is the active oxidant (Scheme 1).

The photophysical and electrochemical properties of fullerenes
and dihydrofullerenes make both type I and type II pathways
possible. The reduction potential of the excited triplet state of
C60, E0(3C60/C60

•-), is +1.14 V vs SCE in benzonitrile,8 whereas
that of Guo in DMF, E0(Guo•+/Guo), is +1.26 V.9 Therefore,
slightly endergonic electronic transfer could occur from Guo to
3C60. C60 is also an excellent singlet oxygen sensitizer (φ∆ ) 1),10

and its triplet state reacts with oxygen rapidly (kq ) 1.9 × 109

M-1 s-1).11 Singlet oxygen is quenched by Guo with a rate
constant of∼6 × 106 M-1 s-1 in water and polar solvents, but
the chemical reaction rate constant is only∼1 × 105 M-1 s-1.9,12

The type II mechanism has been assumed by a majority of authors.
However, a report by Anet al. showed that, in at least one case,
the mechanism of G oxidation in an oligonucleotide bound to a
complementary strand bearing a dihydrofullerene sensitizer was
probably type I.5

Two additional features of DNA oxidation further complicate
the situation. First, guanosine stacks are more prone to oxidation
than Guo itself.13 Calculations suggest that a GG stack in a
B-DNA conformation can be as much as 0.4 V (equivalent to
9.2 kcal/mol) more easily oxidized than an isolated Guo, and that
the 5′ G should be preferentially attacked.14,15 Therefore, DNA
strands containing GG stacks might well favor type I oxidation
over strands without this particular arrangement.

Second, the role of 8-Oxo-guanine (8G) is important in DNA
oxidation. Both type I and type II oxidations transform G into
8G and other oxygenated products.16-18 Type I mechanisms should
favor oxidation of the G in the 5′ position in GG stacks, at least
in double-stranded DNA. The type II mechanism should generate
8G randomly along the strand.19 However, 8G is easily oxidized
by both electron-transfer and singlet-oxygen mechanisms (kq(1O2)
) 5.5 × 107 M-1 s-1 in acetone, E0(8Guo•+/8Guo)) +0.85 V
vs AgCl in DMF).9,20 Further oxidation of 8G will generate an
alkali-labile site, which can lead to strand breaks.20-22 Direct γ
radiation of 8G-containing oligomers also leads to strand breaks
at the 8G position after piperidine treatment.23 This modified base
is the most likely intermediate in a wide variety of oxidations.

In this paper, we report detection of electron transfer from a
guanosine derivative to C60 for the first time and show that an
8-oxo-guanosine derivative is far more reactive under the same
conditions. All experiments were dont in argon-saturated ben-
zonitrile, the only polar solvent in which C60 is modestly
soluble.8,24 Since Guo and 8Guo are not soluble in this solvent,
the 2′,3′,5′-tri-TBDMS (t-butyldimethylsilyl) derivatives of both
compounds (t-Guo andt-8Guo) were synthesized as previously
described.9 Transient species following irradiation by 9-ns laser
pulses at 532 nm were detected in the near-IR region by laser
flash photolysis using a sensitive liquid nitrogen-cooled germa-
nium photodiode.9

The electron-transfer reaction between the redox pairst-Guo/
C60 andt-8Guo/C60 were monitored by the characteristic near-IR
band of C60

•- at 1070 nm8,25 (Figure 1). Recombination was slow
(on the order of milliseconds) in both cases. Identification of
t-Guo•+ absorption was attempted without success.

The quenching rate constants of3C60 by t-Guo andt-8Guo were
determined from the decay kinetics of transient3C60 triplet-triplet
absorption at 720 nm. The plot ofkobsd vs [Q] yielded values of
kq ) 3.3 × 106 M-1 s-1 for t-Guo and 1.1× 108 M-1 s-1 for
t-8Guo. Similar values were obtained from measurements of the
appearance of C60

•-.
In our study of DNA cutting of a hybridized deoxynucleotide,

a dihydrofullerene, (DHF, a fullerene with two sp3 carbons) was
necessarily used. For this reason, the reactivity of a DHF was
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also studied. For a typical DHF, the singlet oxygen quantum yield
decreases by ca. 10-25%, and the reduction potential is∼0.24
V lower than that for C60.26 Electron transfer fromt-Guo to DHF
was not observed by transient absorption spectroscopy (k < 5
×104 M-1 s-1), but t-8Guo reacted at a rate ofk ) 1.1 × 107

M-1 s-1.
Transient absorption spectra of a series of six amines with

various oxidation potentials were investigated. All amines reacted
with the triplet excited state of C60 by electron transfer to generate
the radical cation of the amine and the radical anion of C60. In
every case, the transient absorption spectrum in the visible range
matched the spectrum of the amine radical cation,8 whereas the
near-IR region showed the characteristic band of C60

•- at 1070
nm. The quenching rate constants were determined from the decay
kinetics of transient3C60 triplet-triplet absorption at 720 nm.

The free energy difference for electron transfer to3C60 (∆Get)
from the semiempirical Rehm-Weller equation27 (1) is:

whereE(D+/D) is the oxidation potential of the donor,28 E(A-/
A) is the reduction potential of the acceptor (-0.42 V for C60),8

∆E0,0 is the excitation energy of3C60 (1.56 eV)10 and e0
2/aε is

the energy gained in bringing the two radical ions to the encounter
distance (a) in a solvent of dielectric constantε, wheree0 is the
electronic charge (e0

2/aε ) 0.126 in benzonitrile).29

A plot of log kq vs ∆Get (Figure 2) shows an excellent
correlation with the rate constants calculated for electron transfer
by eq 1, using the diffusion rate in benzonitrile calculated from
the Stokes-Einstein equation (kdif ) 5.6 × 109 M-1 s-1).8 The
Rehm-Weller equation depends only on∆Get

q(0), the free energy
of activation for electron transfer at∆Get ) 0. A single-variable

fit gave a value of 4.3 kcal/mole for∆Get
q(0) in benzonitrile,

considerably higher than that for aromatic hydrocarbons in
acetonitrile (∆Get

q(0) ) 2.4 kcal/mol)27, but lower than the value
reported for GMP quenching of ruthenium complexes in water
solution (∆Get

q(0) ) 7.5 kcal/mol).30 The generation of the
fullerene radical anion, and the fact that botht-8Guo andt-Guo
rate constants fit the Rehm-Weller equation, allow the conclusion
that the reaction between excited fullerene and the modified
nucleobases in benzonitrile proceeds through a single electron
transfer. Electron transfer fort-Guo is slightly endergonic (∆Get

) 3.8 kcal/mol), while fort-8Guo it is substantially exergonic
(∆Get ) -6.1 kcal/mol).

The quenching rate constants of3C60 and1O2 by t-Guo are in
the range 106 M-1 s-1, but the chemical oxidation rate constant
of t-Guo by 1O2 is 105 M-1 s-1.9 For an isolated G in a DNA
strand, type II is the oxidation mechanism expected since the∆G
of the electron transfer is slightly endergonic to C60 and more so
to DHF. For GG stacks, which are ca. 0.4 V more easily
oxidizable than G, the electron transfer is exergonic (∆Get ) 3.8
- 9.2 kcal/mol) -5.3 kcal/mol), and the rate constant predicted
by the Rehm-Weller equation is ca. 4× 108 M-1 s-1. Thus, the
most likely mechanism is type I. Both mechanisms will primarily
yield 8G, along with other derivatized nucleobases. Once 8G is
formed, electron transfer to the excited state of C60 or DHF should
occur readily, since 8G quenches3C60 faster than1O2.9 These are
model studies of modified bases in benzonitrile. The behavior of
oligonucleotides in aqueous solution might differ. However, we
note that the interior of double helical DNA is not an aqueous
environment.

In the special case of the DHF-deoxynucleotide studied
previously,5 the results of this study support our suggestion that
the reaction occurs by a type I mechanism. The high local
concentration of the DHF bound near the GG stack provides a
driving force for even endergonic oxidation of G and should give
exergonic oxidation of the GG stack in this particular nucleotide.
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Figure 1. Transient absorption spectrum of C60
•- generated from an Ar-

saturated 1.4 mM benzonitrile solution oft-Guo (O) and from a 5.2 mM
solution of t-8Guo (0).

∆Get ) 23.06[E(D+D) - E(A-/A) - ∆E0,0 - e0
2/aε] (1)

Figure 2. Plot of log kq vs ∆Get for different amines (TMPD,
tetramethylphenylene diamine; DMA,N,N-dimethylaniline; DPA, di-
phenylamine; TPA, triphenylamine; DEA, diethylamine; DBA, dibutyl-
amine) and the two examined purines in benzonitrile. The solid line was
calculated from the Rehm-Weller equation.
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