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A novel Ru(II) complex possessing two sequentially linked viologen
units, Ru−V1−V2

6+, was synthesized and characterized. Upon
excitation of the Ru(II) unit (λexc ) 532 nm, fwhm ∼ 10 ns), a
long-lived charge-separated (CS) state is observed (τ ) 1.7 µs)
by transient absorption spectroscopy. Unlike Ru(bpy)3

2+, which
cleaves DNA upon photolysis through the formation of reactive
oxygen species, such as 1O2 and O2

-, the photocleavage of
plasmid DNA by Ru−V1−V2

6+ is observed both in air and under
N2 atmosphere (λirr > 395 nm).

Electron transfer (ET) reactions utilizing molecules inter-
calated in duplex DNA have been investigated extensively
recently owing to the ability of the double helix to transport
electrons across long distances.1-8 Several molecules that

can undergo photoinduced electron transfer have also been
shown to result in oxidative DNA damage and have been
exploited as photonucleases.9 Following electron transfer
from photoproduced *Ru(bpy)3

2+, *Ru(phen)32+, and *Ru-
(phen)2(ddpz)2+ (bpy ) 2,2′-bipyridine, phen ) 1,10-
phenanthroline, dppz) dipyrido[3,2-a:2′,3′-c]phenazine) to
various electron acceptors, the resulting Ru(III) species (E1/2

∼ 1.4 V vs NHE) is able to oxidize guanine bases in solution
and in duplex DNA (E1/2 ) 1.29 V vs NHE).10,11 DNA
cleavage was also observed for intercalated ethidium bromide
with 4,4′-dimethylviologen (V2+) electron acceptor in solu-
tion, where the reduced acceptor was shown to participate
in oxygen-mediated single-strand breaks of the duplex.12 In
addition, molecules whose excited states are able to oxidize
guanines have been reported to result in DNA cleavage and
to covalently modify guanine nucleotides in duplex DNA.13,14

* To whom correspondence should be addressed. E-mail: turro.1@osu.edu.
† The Ohio State University.
‡ University of Karlsruhe.
§ University of Saarbru¨cken.

(1) (a) Odom, D. T.; Dill, E. A.; Barton, J. K.Nucleic Acids Res.2001,
29, 2026. (b) Wagenknecht, H.-A.; Rajski, S. R.; Pascaly, M.; Stemp,
E. D. A.; Barton, J. K.J. Am. Chem. Soc.2001, 123, 4400. (c) Rajski,
S. R.; Barton, J. K.Biochemistry2001, 40, 5556. (d) Williams, T. T.;
Odom, D. T.; Barton, J. K.J. Am. Chem. Soc.2000, 122, 9048. (e)
Wan, C.; Fiebig, T.; Schiemann, O.; Barton, J. K.; Zewail, A. H.Proc.
Natl. Acad. Sci. U.S.A.2000, 97, 14052. (f) Nunez, M. E.; Rajski, S.
R.; Barton, J. K.Methods Enzymol.2000, 319, 165. (g) Nunez, M.
E.; Noyes, K. T.; Gianolio, D. A.; McLaughlin, L. W.; Barton, J. K.
Biochemistry2000, 39, 6190.

(2) (a) Nakatani, K.; Dohno, C.; Saito, I.J. Am. Chem. Soc.2000, 122,
5893. (b) Saito, I.; Nakamura, T.; Nakatani, K.J. Am. Chem. Soc.
2000, 122, 3001. (c) Nakatani, K.; Sando, S.; Saito, I.J. Am. Chem.
Soc.2000, 122, 2172. (d) Nakatani, K.; Dohno, C.; Saito, I.J. Am.
Chem. Soc.1999, 121, 10854.

(3) (a) Berlin, Y. A.; Burin, A. L.; Ratner, M. A.J. Am. Chem. Soc. 2001,
123, 260. (b) Berlin, Y. A.; Burin, A. L.; Siebbeles, L. D. A.; Ratner,
M. A. J. Phys. Chem. A2001, 105, 5666. (c) Berlin, Y. A.; Burin, A.
L.; Ratner, M. A.Superlattices Microstruct.2000, 28, 241. (d) Berlin,
Y. A.; Burin, A. L.; Ratner, M. A.J. Phys. Chem. A2000, 104, 443.
(e) Ratner, M.Nature (London)1999, 397, 480.

(4) (a) Lewis, F. D.; Letsinger, R. L.; Wasielewski, M. R.Acc. Chem.
Res.2001, 34, 159. (b) Lewis, F. D.; Liu, X.; Liu, J.; Miller, S. E.;
Hayes, R. T.; Wasielewski, M. R.Nature (London)2000, 406, 51. (c)
Lewis, F. D.; Kalgutkar, R. S.; Wu, Y.; Liu, X.; Liu, J.; Hayes, R. T.;
Miller, S. E.; Wasielewski, M. R.J. Am. Chem. Soc.2000, 122, 12346.
(d) Lewis, F. D.; Liu, X.; Liu, J.; Hayes, R. T.; Wasielewski, M. R.
J. Am. Chem. Soc. 2000, 122, 12037. (e) Lewis, F. D.; Wu, T.; Liu,
X.; Letsinger, R. L.; Greenfield, S. R.; Miller, S. E.; Wasielewski, M.
R. J. Am. Chem. Soc. 2000, 122, 2889.

(5) Tavernier, H. L.; Fayer, M. D.J. Phys. Chem. B2000, 104, 11541.
(6) (a) Abdou, I. M.; Sartor, V.; Cao, H.; Schuster, G. B.J. Am. Chem.

Soc. 2001, 123, 6696. (b) Sanii, L.; Schuster, G. B.J. Am. Chem.
Soc. 2000, 122, 11545. (c) Schuster, G. B.Acc. Chem. Res.2000, 33,
253. (d) Kan, Y.; Schuster, G. B.J. Am. Chem. Soc.1999, 121, 11607.
(e) Sartor, V.; Henderson, P. T.; Schuster, G. B.J. Am. Chem. Soc.
1999, 121, 11027. (f) Kan, Y.; Schuster, G. B.J. Am. Chem. Soc.
1999, 121, 10857. (g) Ly, D.; Sanii, L.; Schuster, G. B.J. Am. Chem.
Soc.1999, 121, 9400.

(7) (a) O’Neill, P.; Parker, A. W.; Plumb, M. A.; Siebbeles, L. D. A.J.
Phys. Chem. B2001, 105, 5283. (b) Grozema, F. C.; Berlin, Y. A.;
Siebbeles, L. D. A.J. Am. Chem. Soc.2000, 122, 10903.

(8) (a) Voityuk, A. A.; Jortner, J.; Bixon, M.; Rosch, N.J. Chem. Phys.
2001, 114, 5614. (b) Voityuk, A. A.; Roesch, N.; Bixon, M.; Jortner,
J. J. Phys. Chem. B2000, 104, 9740. (c) Voityuk, A. A.; Jortner, J.;
Bixon, M.; Rosch, N.Chem. Phys. Lett.2000, 324, 430. (d) Bixon,
M.; Giese, B.; Wessely, S.; Langenbacher, T.; Michel-Beyerle, M.
E.; Jortner, J.Proc. Natl. Acad. Sci. U.S.A.1999, 96, 11713. (e) Jortner,
J.; Bixon, M.; Langenbacher, T.; Michel-Beyerle, M. E.Proc. Natl.
Acad. Sci. U.S.A.1998, 95, 12759.

(9) Burrows, C. J.; Muller, J. G.Chem. ReV. 1998, 98, 1109.
(10) (a) Tossi, A. B.; Go¨rner, H.; Schulte-Frohlinde, D.Photochem.

Photobiol.1989, 50, 585. (b) Aboul-Enein, A.; Schulte-Frohlinde, D.
Photochem. Photobiol.1988, 48, 27. (c) Görner, H.; Strdowski, C.;
Schulte-Frohlinde, D.Photochem. Photobiol.1988, 47, 15.

(11) (a) Nguyen, K. L.; Steryo, M.; Kurbanyan, K.; Nowitzki, K. M.;
Butterfield, S. M.; Ward, S. R.; Stemp, E. D. A.J. Am. Chem. Soc.
2000, 122, 3585. (b) Stemp, E. D. A.; Barton, J. K.Inorg. Chem.
2000, 39, 3868. (c) Stemp, E. D. A.; Arkin, M. R.; Barton, J. K.J.
Am. Chem. Soc.1997, 119, 2921.

(12) Dunn, D. A.; Lin, V. H.; Kochevar, I. E.Biochemistry1992, 31, 11625.
(13) Colmenarejo, G.; Ba´rcena, M.; Gutie´rrez-Alonso, M. C.; Montero, F.;

Orellana, G.FEBS Lett.1995, 374, 426.

Inorg. Chem. 2002, 41, 3808−3810

3808 Inorganic Chemistry, Vol. 41, No. 15, 2002 10.1021/ic020136t CCC: $22.00 © 2002 American Chemical Society
Published on Web 06/28/2002



Covalently tethered donor-acceptor systems have also
been shown to photodamage DNA; however, fast charge
recombination often competes with the reactions that result
in DNA cleavage.15-18 Therefore, long-lived charge-separated
(CS) states following the initial photoexcitation are necessary
for DNA damage to be observed. Such long-lived CS states
are usually attained by design of donor-acceptor systems
whose driving force (∆G) for the back ET lies in the Marcus
inverted region and/or through large spatial separation of the
photogenerated electron and hole. The latter is often achieved
by building chains of electron acceptors that result in
additional charge transfer steps following the initial ET
event.19-22

Many covalent donor-acceptor systems utilize Ru(II)
complexes as the photoactive unit and possess the long-lived
CS states desirable for DNA photocleavage.23-25 In the

present work, we explore the photophyscial properties and
photoinitiated DNA cleavage of the long-lived charge-
separated state of a Ru(II) complex covalently tethered to
an acceptor chain composed of two viologens, [Ru-V1-
V2]6+, whose structure is shown in Figure 1.26

The electronic absorption spectrum of [Ru-V1-V2]6+

exhibits the typical MLCT transition in the visible region
with maximum at 449 nm (ε ) 1.12× 104 M-1 cm-1), as
well as ligand-centered transitions at 281 nm (ε ) 1.05×
105 M-1 cm-1) and 256 nm (ε ) 1.02 × 105 M-1 cm-1).
The observed MLCT absorption peaks in [Ru-V1-V2]6+

are slightly red-shifted relative to those of the tris-homoleptic
complex that lacks the viologen unit. Weak emission is
observed for [Ru-V1-V2]6+ in H2O under N2 atmosphere
(λem ) 641 nm, Φ ) 0.0050 ( 0.0005);27 however, no
luminescence was detected in air. The emission maximum
is also red-shifted relative to the parent tris-homoleptic
complex (λem ) 633 nm,Φ ) 0.0164( 0.0004).28 The low
emission quantum yield for [Ru-V1-V2]6+ is consistent with
the presence of the covalently linked viologen electron
acceptors, which are expected to quench the excited state of
Ru(II) complexes.

The transient absorption spectrum of [Ru-V1-V2]6+ under
N2 atmosphere collected following 532 nm excitation (fwhm
∼ 10 ns, 5 mJ/pulse)29 exhibits peaks at 395 and 605 nm
typical of reduced viologens. The charge-separated state
decays monoexponentially with a lifetime of 1.7µs (ΦCS ∼
0.1). Although it is believed that the initially produced excited
state of [Ru-V1-V2]6+ is quenched by the proximal viologen
(V1), the long lifetime of the charge-separated state is
consistent with the transferred electron residing in the
terminal viologen (V2).

As shown in Figure 2, efficient cleavage of supercoiled
100µM (bases) plasmid DNA was observed in the presence
of 3 µM [Ru-V1-V2]6+ upon irradiation with visible light
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Figure 1. Molecular structure of Ru-V1-V2
6+.
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(λ > 395 nm) for 20 min both in air (lane 6) and under a N2

atmosphere (lane 7). Experiments with methyl viologen alone
under similar irradiation conditions did not result in any DNA
cleavage. For comparison, the photocleavage reactions were
also undertaken with Ru(bpy)3

2+ (Figure 2), where DNA
cleavage is observed in air (lane 3) but not under N2 (lane
4). These results are in agreement with those previously
reported, where upon excitation with visible light *Ru-
(bpy)32+ produces reactive oxygen species, such as1O2 via
energy transfer and O2•- via electron transfer. The DNA
photocleavage by Ru(bpy)3

2+ is known to arise from the
oxidative damage to the deoxyribose backbone by the
reactive oxygen species, consistent with the absence of DNA
cleavage products under N2.

The oxygen-independent DNA reactivity of Ru-V1-V2
6+

is likely to involve guanine oxidation by the photogenerated
Ru(III) center, which has been shown to take place upon
irradiation of various Ru(L)32+ complexes in the presence
of several electron acceptors in solution.10,11 The electron
transfer from guanine to the photooxidized Ru(III) center of
the supramolecular structure presented here is expected to
be favorable by∼0.1 V, and it is likely to take place
following the unimolecular electron transfer from photoex-
cited Ru(II) to the viologen chain. Unlike several covalently
linked donor-acceptor systems reported to date where charge
recombination is too fast to allow ET from a nearby guanine
to the photooxidized donor, the long lifetime of the CS state
of Ru-V1-V2

6+ should permit charge transfer from DNA
to Ru(III) to take place.

The one-electron oxidation of DNA and oligonucleotides
by Ru(III) complexes has been shown to result in guanine
oxidation, which lead to base-labile lesions (depurination)
that can be observed as strand breaks upon piperidine
treatment.9,30 Direct DNA cleavage is typically associated
with backbone sugar oxidation and has been reported for
two-electron oxidants, such as Ru(IV) oxo complexes, or
for systems that are able to effect hydrogen atom abstrac-

tion.9,30Although guanine oxidation does not typically result
in observable DNA cleavage without piperidine treatment,
it has been reported that plasmid cleavage monitored utilizing
agarose gel electrophoresis is very sensitive, and DNA breaks
are often observed even for known guanine oxidants.9 Studies
aimed at elucidating the sequence dependence and mecha-
nism of DNA cleavage by Ru-V1-V2

6+ will soon be
undertaken utilizing32P-labeled oligonucleotides and acry-
lamide gel electrophoresis.

In addition to the long-lived CS state arising from the large
distance between the Ru(III) center and the reduced terminal
viologen, V2

•+, other factors may also play a significant role
in the observed DNA cleavage. For example, it is likely that
the Ru-V1-V2

6+ molecule is tightly bound through elec-
trostatic interactions to the polyanionic backbone of the DNA
during the lifetime of charge-separated state, allowing a
unimolecular ET with a nearby guanine. Following guanine
oxidation, fast charge recombination between G•+ and V2

•+

would impede the DNA cleavage reaction. It is possible that,
in the Ru-V1-V2

6+ system, the distance between G•+ and
V2

•+ is large, thus making charge recombination slower than
the thermal reactions of oxidized guanine that result in DNA
cleavage. In addition, charge hopping along the DNA double
helix to GG and GGG sites which are thermodynamically
more stable may further increase the distance between the
reduced viologen and the oxidized DNA site,31-33 thus
decreasing the rate of charge recombination. All these factors
may contribute to the efficient DNA cleavage by Ru-V1-
V2

6+ observed both in air and under N2 atmosphere.
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Figure 2. Ethidium bromide stained agarose gel (1%) showing the DNA
photocleavage of 100µM pUC18 plasmid (λirr > 395 nm, 20 min) by 3
µM Ru(II) complex. Lane 1: plasmid only, dark. Lanes 2, 3, 4: Ru(bpy)3

2+

dark control, irradiated in air, irradiated under N2. Lanes 5, 6, 7: Ru-V1-
V2

6+ dark control, irradiated in air, irradiated under N2.
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