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Abstract

A series of mononuclear and binuclear ruthenium(II) heteroleptic complexes as potential sensitizers for DNA photocleavage has been
synthesized and characterized. This series based on 1,10-phenanthroline (phen) ligands is of the type [Rux(phen)2x(L)]2x+ (x = 1 or 2).
L is dmbpy (dmbpy= 4, 4′-dimethyl-2,2′-bipyridine) or a bridging ligand of bis-bpy type linked by a polymethylene or polyamine chain
(see Scheme 1). The spectroscopic and photophysical properties determined in Tris buffer and ethanol as well as the redox potentials are
not affected by the complex nuclearity. Therefore, the two metallic sites of the binuclear complexes are not electronically coupled neither
in the ground state nor in the excited state. The results also show that the luminescence properties of the complexes in Tris buffer solution
are sensitive to the presence of amine functions in the linker chain. In particular, the3MLCT excited state is better stabilized in the case of
the binuclear complex including three amine groups. Improvement of binding with the possibility of a double-interaction of these systems
with DNA is discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The interaction of polypyridyl complexes with DNA
has been extensively studied in the last few years[1–8].
The complex [Ru(phen)3]2+ (phen= 1, 10-phenanthroline)
[5–8]shows two modes of binding: surface binding and “par-
tial intercalation” between the base pairs of DNA. Another
interesting property of these Ru(II) complexes, in particular
[Ru(phen)3]2+ and [Ru(bpy)3]2+ (bpy = 2, 2′-bipyridine),
is their ability to photosensitize the DNA cleavage, despite
the weak affinity of [Ru(bpy)3]2+ for the DNA helix. Most
of the studies on binding of metal complexes to DNA have
investigated mononuclear complexes[9,10]. Our approach
consists of examining systems having two independent
photosensitive metallic sites covalently linked by a suffi-
ciently long bridge in order to give rise to double-interaction
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with DNA and to increase the efficiency of DNA cleav-
age (each metallic center could induce one break on very
close positions and lead to double-strand breaks). Recently,
this new approach has also been considered by others
[11–13].
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Fig. 1. Molecular structure of the mononuclear and binuclear ruthenium complexes.

We had previously examined a series of bipyridine com-
plexes of the type [Rux(bpy)2x(L)]2x+ (x = 1 or 2) [14]
where L was dmbpy (dmbpy= 4, 4′-dimethyl-2,2′-bypyri-
dine) or a linked bis-bpy by a polycarbon or polyamine
chain (seeFig. 1). The two metal sites were connected
either by a polymethylene bridge or by a chain includ-
ing two or three amine functions in order to increase the
affinity of binding of such compounds for DNA by elec-
trostatic interaction. The structure of the amino bridges is
similar to that of natural polyamines[15] like spermidine
known for their affinities for DNA[16]. As [Ru(phen)3]2+
has a better affinity for DNA than [Ru(bpy)3]2+ [9], we
have developed a new series of analogous complexes of
the type [Rux(phen)2x(L)]2x+ (x = 1 or 2) similar to the
bpy series (Fig. 1). The complexes [Ru(phen)2(dmbpy)]2+,
[Ru(phen)3]2+ and [Ru(bpy)3]2+ were taken as refer-
ences.

In this report, steady-state spectroscopy and emission life-
time measurements and, in some cases, laser flash photolysis
techniques have been used to evaluate the importance of the
nature of the coordinating ligand. The photophysical prop-
erties of these complexes, at room or at low temperature,
have been carried out, combined with electrochemical data.
These investigations show a similarity between the mono-
and binuclear complexes indicating that there is no interac-
tion between the metallic sites of the binuclear complexes.
However, some photophysical changes are observed when
the polymethylene chain was substituted with the polyamine
linkers.

2. Materials and methods

2.1. Synthesis

Preparation of the complexes of the phenanthrolyl series
was similar to that of the complexes of the bipyridyl series
previously reported[14], with 3 days of reflux and addi-
tion of phosphate buffer[17]. As an example, the synthesis
of [Ru(phen)2(bpyC10)]2+ (for abbreviations, seeFig. 1) is
described: to 0.25 mM of Ru(phen)2Cl2 in 15 ml of 95%
ethanol were added 0.25 mM of ligand and 1.15 ml of 0.2 M
phosphate buffer. After reflux for 3 days under argon, the
solvent was evaporated and the crude product was chro-
matographed twice on LH20 Sephadex, using 95% ethanol
as the eluent. The complex was eluted first and was recov-
ered pure as an orange-brown compound. The same proce-
dure was followed for the binuclear complexes using only
half the amount of ligand. All compounds gave satisfactory
elemental analyses,1H NMR (Table 1), and UV-Vis spectra.
Plasma desorption mass spectra of the complexes were ob-
tained using a time-of-flight mass spectrometer fitted with a
252Cf source and have been already reported[18].

• [Ru(phen)2(bpyC10)]2+—Anal. calculated for C45H46N6
RuCl2·7H2O: C, 55.30 (calc. 55.78); H, 6.06 (calc. 6.20);
N, 8.76 (calc. 8.68).

• [Ru(phen)2(bpyC8N)]2+—Anal. calculated for C43H43N7
RuCl2·4H2O: C, 57.10 (calc. 57.23); H, 5.15 (calc. 5.65);
N, 18.38 (calc. 18.87).
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Table 1
Chemical shifts of1H NMR and yields (%) of the ruthenium complexes

Complex 1H NMR chemical shifts Yield (%)

[Ru(phen)2(bpyC10)]2+ 0.92 (m, 3H), 1.41 (m, 14H), 1.76 (m, 2H), 2.65 (s, 3H), 2.91 (t,J = 5 Hz, 2H), 7.30 (m, 2H), 7.63
(dd, J = 7 and 4 Hz, 2H), 7.74 (dd,J = 7 and 4 Hz, 2H), 7.97 (dd,J = 7 and 4 Hz, 2H), 8.06 (m, 2H),
8.39 (m, 6H), 8.71 (dd,J = 5 and 1 Hz, 3H), 8.76 (s, 1H), 8.82 (dd,J = 6 and 1 Hz, 2H)

52

[Ru(phen)2(bpy2C8N)]2+ 0.92 (m, 3H), 1.34 (m, 10H), 1.71 (m, 2H), 2.62 (s, 3H), 2.94 (t,J = 5 Hz, 2H), 4.24 (s, 2H), 7.27 (d,J
= 6 Hz, 2H), 7.45 (d,J = 6 Hz, 1H), 7.59 (d,J = 6 Hz, 1H), 7.70 (m, 2H), 7.77 (d,J = 6 Hz, 1H), 7.92
(m, 2H), 8.02 (m, 2H), 8.35 (m, 6H), 8.69 (m, 3H), 8.78 (d,J = 8 Hz, 2H), 8.92 (s, 1H)

62

[Ru2(phen)4(bpy2C10)]4+ 1.37 (m, 12H), 1.74 (m, 4H), 2.62 (s, 6H), 2.87 (t,J = 8 Hz, 4H), 7.28 (m, 4H), 7.60 (d,J =7 Hz, 2H),
7.63 (d,J = 7 Hz, 2H), 7.67 (d,J = 5 Hz, 2H), 7.71 (d,J = 5 Hz, 2H), 7.91 (d,J =8 Hz, 2H), 7.95 (d,
J =8 Hz, 2H), 8.02 (m, 4H), 8.34 (m, 12H), 8.68 (d,J = 7 Hz, 8H), 8.78 (d,J = 8 Hz, 4H)

55

[Ru2(phen)4(bpy2C10N2)]4+ 1.37 (m, 8H), 1.62 (m, 4H), 2.58 (s, 6H), 2.72 (t,J = 7 Hz, 4H), 4.06 (s, 4H), 7.26 (d,J = 6 Hz, 4H),
7.41 (d,J = 6 Hz, 2H), 7.59 (d,J = 6 Hz, 2H), 7.71 (m, 4H), 7.91 (dd,J = 6 Hz and 1 Hz, 2H), 7.95
(dd, J = 7 and 1 Hz, 2H), 8.03 (m, 4H), 8.35 (m, 12H), 8.69 (dd,J = 8 Hz and 1 Hz, 6H), 8.80 (dd,J
= 8 and 1 Hz, 4H), 8.86 (s, 2H)

64

[Ru2(phen)4(bpy2C8N3Me)]4+ 1.86 (m, 4H), 2.47 (s, 3H), 2.62 (s, 6H), 2.72 (t,J = 7 Hz, 8H), 4.03 (s, 4H), 7.27 (d,J = 6 Hz, 4H),
7.42 (dd,J = 6 and 1 Hz, 2H), 7.60 (d,J = 6 Hz, 2H), 7.71 (m, 4H), 7.95 (m, 4H), 8.04 (m, 4H), 8.37
(m, 12H), 8.70 (dd,J = 8 and 1 Hz, 6H), 8.80 (dd,J = 8 and 1 Hz, 4H), 8.84 (s, 2H)

19

Chemical shifts were measured in CD3OD, relative to the resonance of the solvent which occurs at 3.34 ppm from SiMe4.

• [Ru2(phen)4(bpy2C10)]4+—Anal. calculated for C80H70
N12Ru2Cl4·8H2O: C, 56.73 (calc. 56.90); H, 5.35 (calc.
5.09); N, 9.62 (calc. 9.96).

• [Ru2(phen)4(bpy2C10N2)]4+—Anal. calculated for
C80H72N14Ru2Cl4·10H2O: C, 54.40 (calc. 54.79); H,
5.21 (calc. 5.25); N, 11.06 (calc. 11.19).

• [Ru2(phen)4(bpy2C8N3Me)]4+—Anal. calculated for
C79H71N15Ru2Cl4·10H2O: C, 53.35 (calc. 53.53); H,
5.27 (calc. 5.14); N, 12.22 (calc. 11.86).

2.2. Spectroscopic methods

Electronic absorption spectra were recorded on a Perkin
Elmer Lambda 9 spectrophotometer. The experiments
were carried out in tris(hydroxymethyl)aminomethane
(Tris) 10 mM, pH 7.4 buffer or ethanol solutions. The
corrected emission and excitation spectra were obtained
with a Jobin Yvon JY9CI spectrofluorimeter or on a Jobin
Yvon Spex Fluorolog FL111 spectrofluorimeter. Emis-
sion quantum yields of the complexes were determined
relative to an aqueous solution of [Ru(bpy)3]2+ (Strem
Chemicals) usingφem = 0.042 [19] at room temperature.
Emission and luminescence excitation spectra were car-
ried out at 77 K using cylindrical cells. For spectroscopic
measurements, the optical density of the deoxygenated so-
lutions was adjusted to 0.1 at the excitation wavelength of
450 nm.

The laser flash photolysis spectrometers used for these
investigations have been described in detail elsewhere
[20]. The excitation source is an excimer laser (Lambda
Physik EMG100, 308 nm pulses of 10 ns duration and
150 mJ energy). For measurements of emission lifetimes,
we used solutions with optical densities close to 0.8 at
308 nm. Solutions were deoxygenated by bubbling with
argon.

2.3. Cyclic voltammetry

Cyclic voltammograms were recorded in acetonitrile with
a Wenking system (model 81 potentiostat) using vitreous
carbon (Solea Tacussel EDI 101T) as the working electrode,
and a platinum wire of 1 mm diameter as a counter-electrode.
Acetonitrile (spectrophotometric grade, 99.5%; Aldrich) was
used as solvent and tetrabutylammonium tetrafluoroborate
0.1 M (99%; Janssen) as supporting electrolyte. These chem-
icals were used as received. Potentials were measured with
respect to the saturated calomel electrode (SCE).

3. Results

3.1. Synthesis

The different bridging ligands L and the substituted
dmbpy were prepared as already described[14]. The syn-
thesis of the complexes of the phenanthroline series is much
slower (3 days) than for the bipyridine series and needed
addition of a small quantity of phosphate buffer as ob-
served by Nakamaru[17]. The structures of all compounds
were confirmed by1H NMR (Table 1), microanalysis and
molecular weight determination by plasma desorption mass
spectrometry[18]. Additional PDMS data concerning the
environment around the metal demonstrate unambiguously
the nature of the ligands chelating the metal[18]. Mi-
croanalyses show that the complexes crystallize with few
water molecules, as it is often the case for complexes.
Some attempts to eliminate them by lyophilisation led to
products with only partial loss of water molecules (30%
less). Moreover, it must be pointed out that the different
diastereoisomers (Λ∆, ∆2 and its enantiomerΛ2) have not
been separated and that the results discussed in this paper
correspond to their statistic mixtures.
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Table 2
Absorption data for the ruthenium complexes in Tris and ethanol at room temperature (errors of±15% for the extinction coefficientsε)

Complex λmax (nm) (ε (104 l mol−1 cm−1))

Tris Ethanol

[Ru(bpy)3]2+ 453 (1.46) 286 (8.87) 243 (2.91) 450 (1.26) 287 (7.58) 244 (2.28)
[Ru(phen)3]2+ 447 (1.43) 262 (8.57) 223 (6.64) 446 (1.16) 263 (7.18) 223 (5.34)
[Ru(phen)2(dmbpy)]2+ 451 (1.06) 281 (3.01) 263 (5.80) 449 (1.14) 282 (3.20) 265 (6.13)
[Ru(phen)2(bpyC10)]2+ 450 (1.59) 282 (4.18) 263 (7.70) 449 (1.41) 282 (3.75) 264 (7.15)
[Ru(phen)2(bpyC8N)]2+ 452 (1.22) 286 (2.81) 263 (6.14) 449 (1.39) 283 (3.33) 265 (6.88)
[Ru2(phen)4(bpy2C10)]4+ 450 (2.67) 283 (6.79) 263 (11.70) 449 (2.62) 283 (6.94) 265 (10.30)
[Ru2(phen)4(bpy2C10N2)]4+ 451 (2.23) 286 (5.19) 263 (10.73) 450 (3.02) 282 (7.43) 265 (11.99)
[Ru2(phen)4(bpy2C8N3Me)]4+ 452 (3.08) 285 (6.93) 262 (14.81) 451 (3.17) 283 (7.39) 265 (12.70)

3.2. Ground-state absorption

We have carried out the experiments in Tris buffer, which
is mostly used for the studies implying DNA. The further
studies of the complexes in the presence of DNA[21] are
done in this medium. We have also chosen ethanol in order
to compare the spectroscopic and photophysical properties
of the complexes at room temperature and at low tem-
perature (77 K). Absorption maxima and molar extinction
coefficientsε for the various Ru(II) complexes of the series
based on phen ligands are presented inTable 2with those of
[Ru(bpy)3]2+, [Ru(phen)3]2+ and [Ru(phen)2(dmbpy)]2+.

The complexes of the mixed-ligand present a MLCT
absorption band in the visible region at about 450 nm and
� → �∗ transitions centered on the ligands in the UV
range[22]. Table 2 shows that the absorption at 286 nm
is associated with the bipyridine whereas the absorption
band at 263 nm is associated with the phenanthroline
ligand. These results confirm those obtained by Bag-
gott et al. [23] on mixed-ligand complexes of the type
[Ru(phen)x(bpy)3−x(L)]2+ (x = 0, 3) and are also in agree-

Fig. 2. Luminescence excitation (1) and emission (2) spectra of [Ru(phen)2(bpyC8N)]2+ in Tris buffer at room temperature.

ment with Nakamaru’s study[17]. The excitation of the
luminescence spectra is similar to the absorption spectra
(Fig. 2).

Absorption data of the mononuclear and dinuclear com-
plexes are very similar to those of the reference complex
[Ru(phen)2(dmbpy)]2+ and do not show any side-chain ef-
fect.

3.3. Emission properties

The emission spectra of the various complexes, at room
temperature, in Tris buffer and in ethanol, present a broad
band similar to that of [Ru(phen)2(dmbpy)]2+. Emission
spectrum of [Ru(phen)2(bpyC8N)]2+ is given as example
(Fig. 2(2)). The binuclear complexes display emission max-
ima very similar to their corresponding mononuclear ana-
logues. We observe that, in Tris buffer, the emission max-
imum of the complexes having a polymethylene bridge is
located at 603 nm, whereas it is found at 615 nm for the
complexes including an amine chain (Table 3).
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Table 3
Photophysical data for the ruthenium complexes of the phen series in Tris and ethanol, at room temperature

Complex Solvent λem
max (nm) Φem τ (ns) kr (104 s−1) knr (104 s−1)

[Ru(bpy)3]2+ Tris 606 0.038 640 5.88 150
Ethanol 602 0.075 870 8.60 106

[Ru(phen)3]2+ Tris 590 0.052 770 9.87 188
Ethanol 587 0.023 340 6.78 288

[Ru(phen)2(dmbpy)]2+ Tris 603 0.058 1050 5.47 90
Ethanol 594 0.055 1005 5.47 94

[Ru(phen)2(bpyC10)]2+ Tris 602 0.055 1150 4.80 82
Ethanol 596 0.050 880 5.67 108

[Ru(phen)2(bpyC8N)]2+ Tris 615 0.039 900 4.30 107
Ethanol 596 0.057 850 6.68 111

[Ru2(phen)4(bpy2C10)]4+ Tris 603 0.061 1160 5.20 81
Ethanol 595 0.053 900 5.90 105

[Ru2(phen)4(bpy2C10N2)]4+ Tris 615 0.031 890 3.48 109
Ethanol 599 0.053 900 5.89 105

[Ru2(phen)4(bpy2C8N3Me)]4+ Tris 615 0.039 895 4.32 107
Ethanol 605 0.064 1025 6.24 91

λem
max: corrected emission maximum;Φem: emission quantum yield (error± 15%); τ: emission lifetimes (error± 5%); kr : radiative rate constant;knr:

non-radiative rate constant.

The excited state is stabilized in the presence of amine
groups by about 340 cm−1. The same phenomenon is ob-
served to a lesser extend in ethanol and in particular for
bimetallic compounds with two or three amine functions.
Moreover a very pronounced hypsochromic shift is observed
in ethanol compared to Tris buffer, indicating that the ex-
cited state of charge transfer nature, i.e. the3MLCT excited
state is stabilized in polar solvents (Scheme 1) [24,25].

The emission lifetimes for the phen series of com-
plexes are reported inTable 3. We observe for [Ru(phen)2
(dmbpy)]2+ and the complexes with a hydrocarbon chain,
that the emission lifetimes are relatively higher in Tris
buffer than in ethanol, whereas the complexes having an
amino chain have similar lifetimes in both solvents. These
results are in agreement with the literature[17,26].

The emission quantum yields follow the same variations
as the emission lifetimes. In ethanol, these values are sim-
ilar whereas in Tris buffer, they are slightly lower for the
complexes having an amino chain than for their homolo-
gous complexes with a polymethylene chain or for the ref-
erence complex and remain close to that of [Ru(bpy)3]2+.
Regardless of the solvent, we do not observe any significant
difference between the quantum yields and lifetimes for the
mononuclear complexes and the corresponding binuclear
ones. Assuming that the intersystem crossing quantum yield
(φT) for the formation of the3MLCT triplet state of our
system is unity as for polypyridyl Ru(II) complexesφT = 1
[27] and knowing the lifetimes (τ) and emission quantum
yields (φem), the radiative (kr) and non-radiative (knr) rate
constants for the phen series of complexes can be calculated
using the following expressions:

kr = φem

(φTτ)
, knr = τ−1 − kr

These rate constants determined at room temperature
(Table 3) are very comparable with those of [Ru(phen)2
(dmbpy)]2+.

3.4. Excited-state absorption

The absorption spectra of the complexes in the excited
state have been determined by laser flash spectroscopy
(Figs. 3 and 4).

Fig. 4shows that the differential transient absorption spec-
tra of the mononuclear and binuclear complexes are similar
to that of the reference complex [Ru(phen)2(dmbpy)]2+ in
Fig. 3. They display a maximum at 340 nm, a minimum at
450 nm corresponding to the bleaching of the ground-state
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Fig. 3. Differential excited-state absorption spectrum of [Ru(phen)2

(dmbpy)]2+ (2.9×10−5 M) in deaerated Tris buffer, observed at different
times after the laser pulse.
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Fig. 4. Differential excited-state absorption spectra of (a) [Ru(phen)2

(bpyC8N)]2+ (9.5 × 10−5 M), (b) [Ru2(phen)4(bpy2C10N2)]4+ (5 ×
10−5 M) and (c) [Ru2(phen)4(bpy2C8N3Me)]4+ (5 × 10−5 M) in deaer-
ated Tris buffer, observed immediately after the laser pulse.

absorption, and another maximum at about 560 nm. The
analysis of the spectra as a function of time shows a mo-
noexponential decay and the existence of only one species.
We observe the recovery of the ground state on all spectra
with a similar lifetime independent of wavelength. This re-
sult also shows that the complexes did not degrade during
laser photolysis. In addition, the decay lifetime of the ab-
sorption signal is equal to the luminescence lifetime. The
transient absorption and luminescence involve the same ex-

Table 4
Photophysical parameters at 77 K for ruthenium complexes in ethanol

Complex λem
max (nm) �νmax (cm−1) τ (�s) λexc

max (nm) ET (eV) Es (eV) knr (104 s−1)

[Ru(bpy)3]2+ 580 628 680 sh 1320 5.2 455 2.14 2.72 10.6
[Ru(phen)3]2+ 560 606 648 sh 1360 10.3 451 2.21 2.75 2.93
[Ru(phen)2(dmbpy)]2+ 572 619 662 sh 1330 9.2 452 2.17 2.74 5.40
[Ru(phen)2(bpyC8N)]2+ 570 614 660 sh 1260 7.8 453 2.18 2.74 6.14
[Ru2(phen)4(bpy2C10N2)]4+ 572 614 663 sh 1200 8.5 457 2.17 2.71 5.80
[Ru2(phen)4(bpy2C8N3Me)]4+ 578 609 656 sh 880 8.1 455 2.15 2.72 6.10

λem
max is the corrected emission maxima,�ν̄max is the vibrational progression,ET is the energy of the lowest triplet state3MLCT, τ is the emission

lifetime (error± 5%), λexc
max is the corrected luminescence excitation maximum,ES is the energy of the first-excited singlet state1MLCT, knr is the

non-radiative rate constant estimated by assumingkr identical at 77 and 298 K.

cited state. Like emission, transient absorption is deactivated
efficiently in the presence of oxygen. In addition, the sig-
nificant Stokes shift (about 5600–5900 cm−1) between the
maxima of absorption and emission suggests that the excited
state is of triplet character. Consequently, we have attributed
all the transient spectra to the3MLCT excited state.

3.5. Photophysical properties at 77 K

The photophysical results determined at low tempera-
ture for the complexes bearing an amino chain are given in
Table 4. These results allow us to estimate the energy level
for the lowest triplet state and consequently to calculate its
redox potential, which is useful for the study of the photoac-
tivity of these complexes in the presence of DNA[28].

It has been shown that the emission of mixed-ligand com-
plexes of phen and bpy at 77 K arises from a3MLCT triplet
state[22]. The emission spectra of mono and binuclear com-
plexes are all similar to that of [Ru(phen)2(dmbpy)]2+. How-
ever, we notice a slight bathochromic shift (about 180 cm−1)
of the main band of [Ru2(phen)4(bpy2C8N3Me)]4+
(Table 4). The spectra display three bands with a vibration
progression of about 1200 cm−1. The3MLCT energy levels
ET estimated from the maxima of the first emission band
are approximately 2.17 eV (50 kcal mol−1). TheseET values
as well as the excited-state lifetimes and the non-radiative
rate constantsknr (Table 4) are similar and intermediate be-
tween those of [Ru(bpy)3]2+ and [Ru(phen)3]2+. We have
estimatedknr at 77 K for the complexes of the phen series
by assuming thatkr at 77 K is identical to the value ofkr
determined at room temperature.

The luminescence excitation spectra of the complexes de-
termined in ethanol at 77 K are similar to the absorption
spectra observed in ethanol at room temperature, but they
show better resolution. The spectra exhibit maxima in the
visible at approximately 455 and 425 nm, and a shoulder at
about 410 nm, with a vibration progression of 1440 cm−1 for
the binuclear complexes and [Ru(bpy)3]2+, and 1520 cm−1

for the other complexes. These visible bands are attributed to
MLCT charge transfer transitions. Hence, we can estimate
the energy of the corresponding singlet statesES (1MLCT)
from the long-wavelength absorption band which is assigned
to the 0–0 transition (Table 4). As for the other photophys-
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Table 5
Electrochemical data

Complex Eox Ered (V/SCE) E∗
ox E∗

red

[Ru(bpy)3]2+ 1.33 −1.33 −1.52 −1.78 −0.80 +0.81
[Ru(phen)3]2+ 1.35 −1.36 −1.46 −1.80 −0.86 +0.86
[Ru(bpy)2(dmbpy)]2+ 1.31 −1.37 −1.58 −1.83 – –
[Ru(phen)2(dmbpy)]2+ 1.33 −1.36 −1.53 −1.63 −0.84 +0.80
[Ru(phen)2(bpyC10)]2+ 1.25 −1.40 −1.54 – – –
[Ru(phen)2(bpyC8N)]2+ 1.29 −1.42 −1.54 – −0.89 +0.76
[Ru2(phen)4(bpy2C10N2)]4+ 1.29 −1.37 −1.55 – −0.88 +0.80
[Ru2(phen)4(bpy2C8N3Me)]4+ 1.40 −1.32 −1.50 −1.87 −0.75 +0.83

Redox potentials are obtained by cyclic voltammetry (error±20 mV) in acetonitrile vs. SCE at room temperature with 0.1 M (n-Bu)4N(PF6) as supporting
electrolyte.Eox and Ered are respectively the oxidation and reduction potentials in the ground state of the complexes.E∗

ox and E∗
red are respectively the

oxidation and reduction potentials of the excited state, estimated by using the emission maximum as the 0–0 transition energy (see text).

ical data, theES values are similar and intermediate be-
tween those of the model compounds (2.72 and 2.75 eV for
[Ru(bpy)3]2+ and [Ru(phen)3]2+, respectively).

3.6. Redox potentials

The redox potentials of the phen complexes, determined
by cyclic voltammetry, are given inTable 5.

In this study, the potential difference between the cathodic
and anodic peak potential ranges between 60 and 85 mV with
a scanning rate between 50 and 400 mV/s. Cyclic voltam-
metry of the complexes shows the existence of a reversible
oxidation wave and 2–3 reversible reduction waves at poten-
tials between−2.0 and+1.5 V. For the different complexes,
mononuclear or binuclear, the redox potentials show similar
values, as it is also observed for the emission lifetimes, and
the quantum yields.

The redox potentials in the excited state are calculated
from the redox potentials determined in acetonitrile at room
temperature and using the energyET of the first band of the
emission spectrum observed at 77 K in ethanol as the 0–0
transition energy. Whatever the complex is, mononuclear
or binuclear, the values of the redox potentials are similar.
In the excited state,Table 5shows that the binuclear com-
plex [Ru2(phen)4(bpy2C8N3Me)]4+ is clearly less reducing
(−0.75 V) than the other complexes of the phen series and
than [Ru(phen)3]2+ and [Ru(bpy)3]2+, whereas it is a better
oxidant (+0.83 V) than the other complexes with an amino
chain.

4. Discussion

The study of the electrochemical, spectroscopic and pho-
tophysical properties of the complexes of the phen series
shows a great similarity between the mononuclear and binu-
clear complexes. The absorption spectra of the mononuclear
and binuclear complexes are very similar and as already
observed for the binuclear complexes of the bpy series[14],
the molar absorption coefficients of the binuclear com-
plexes are approximately twice those of the corresponding

mononuclear complexes. If we consider the luminescence
properties at room temperature, it should be pointed out
that the binuclear complexes with a flexible chain may
adopt a conformation which can favor the formation of an
intramolecular excimer, but we do not observe any emission
spectrum which can be ascribed to such a species. Moreover,
the emission lifetimes of the complexes are very similar for
the mononuclear complexes and their corresponding binu-
clear complexes. For instance, the excited state lifetimes of
[Ru(phen)2(bpyC10)]2+ and [Ru2(phen)4(bpy2C10)]4+ in
Tris buffer (Table 3) are 1150 and 1160 ns, respectively. In
addition, either in Tris buffer or ethanol, we do not observe
any significant difference between the quantum yields for
the mononuclear complexes and the corresponding binuclear
complexes. In the same way, we notice that the oxidation
potentials of mononuclear and binuclear complexes also
show great similarity. All these data demonstrate clearly
that the nuclearity has no effect on these spectroscopic, pho-
tophysical and redox properties, including the excited-state
absorption spectra. We can infer that, as for the complexes of
the bpy series previously studied[14], there is no electronic
interaction between the Ru–Ru sites in a binuclear complex,
neither in the ground state nor in the excited state and that
these systems behave as a dimer of [Ru(phen)2(dmbpy)]2+.
Because of the electrostatic repulsion between the two Ru
sites and the geometry around the metal center (octahe-
dral), they probably adopt extended conformations, which
make them interesting candidates for a double-interaction
with the DNA helix. Furthermore, we can hope to obtain
double-break for the reason that each metal site in the bin-
uclear species is independent and can act as a photocleaver
(on the same strand or on both strands) on DNA. Amine
functions of the linker were chosen to further increase
the affinity for DNA, by electrostatic interactions with the
phosphate groups, especially in the case of bifunctional
compounds.

In conclusion, because of their solubility in water, the
presence of an intense absorption band in the visible, and a
longer excited-state lifetime at room temperature than that
of the corresponding complexes of the bpy series, complexes
of the phen series may give rise to interesting properties as
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photosensitizers. In addition, knowing that [Ru(phen)3]2+
displays a better affinity for DNA than [Ru(bpy)3]2+ [9],
we suppose that these systems may be good candidates as
hydrosoluble photonucleases, better than [Ru(bpy)3]2+ and
the complexes of the bpy series[12,14]. Indeed, preliminary
results show that the luminescence quenching of the com-
plexes of the phen series are highly sensitive to O2 [25], and
that a better efficiency of DNA photocleavage by the com-
plexes containing amino linker especially the binuclear with
three amine functions is expected. The detailed study of the
phen series of complexes in the presence of DNA[28] is
submitted.

References

[1] B. Nordén, P. Lincoln, B. Akerman, E. Tuite, DNA interactions
substitution-inert transition metal ions complexes, in: A. Sigel, H.
Sigel (Eds.), Metal Ions in Biological Systems, vol. 33, Marcel
Dekker, New York, 1996, Chapter 7, pp. 177–252.

[2] J.K. Barton, Tris(phenanthroline) metal complexes: probes for DNA
helicity, J. Biomol. Struct. Dyn. 1 (1983) 621–632.

[3] A.B. Tossi, J.M. Kelly, A study of some polypyridyl ruthenium(II)
complexes as DNA binders and photocleavage reagents, Photochem.
Photobiol. 49 (1989) 545–556.

[4] K. Naing, M. Takahashi, M. Taniguchi, A. Yamagishi, Interactions
of enantiomeric ruthenium(II) complexes with polynucleotides as
studied by circular dichroism, electric dichroism measurements and
photolysis, Inorg. Chem. 34 (1995) 350–356.

[5] S. Satyanarayana, J.C. Dabrowiak, J.B. Chaires, Tris(phenanthroline)
ruthenium(II) enantiomer interactions with DNA: mode and
specificity of binding, Biochemistry 32 (1993) 2573–2584.

[6] S.-D. Choi, M.-S. Kim, S.K. Kim, P. Lincoln, E. Tuite, B.
Nordén, Binding mode of [ruthenium(II)-(1,10-phenanthroline)2L]2+
with poly(dT∗dA-dT) triplex. Ligand size effect on third-strand
stabilization, Biochemistry 36 (1997) 214–223.

[7] A.M. Pyle, J.P. Rehmann, R. Meshoyrer, C.V. Kumar, N.J. Turro,
J.K. Barton, Mixed-ligand complexes of Ru(II): factors governing
binding to DNA, J. Am. Chem. Soc. 111 (1989) 3051–3058.

[8] A.M. Pyle, M.Y. Chiang, J.K. Barton, Synthesis and
characterization of physical, electronic, and photochemical aspects of
9,10-phenanthrenequinone diimine complexes of Ru(II) and Rh(III),
Inorg. Chem. 29 (1990) 4487–4495.

[9] J.M. Kelly, A.B. Tossi, D.J. McConnell, C. OhUigin, A study
of the interactions of some polypyridyl Ru(II) complexes with
DNA using fluorescence spectroscopy, topoisomerisation and thermal
denaturation, Nucleic Acids Res. 13 (1985) 6017–6034.

[10] J.M. Kelly, D.J. McConnell, C. OhUigin, A.B. Tossi, A. Kirsch-De
Mesmaeker, A. Masschelein, J. Nasielski, Ru(II) polypyridyl
complexes; their interaction with DNA and their role as sensitizers
for its photocleavage, J. Chem. Soc., Chem. Commun. 24 (1987)
1821–1823.

[11] F.M. O’Reilly, J.M. Kelly, Binding of bimetallic 1,10-phenanthroline
ruthenium(II) complexes to DNA, New J. Chem. 3 (1998) 215–217.

[12] F.M. O’Reilly, J.M. Kelly, A. Kirsch-De Mesmaeker, Interaction of a
series of bimetallic Ru(II) bipyridyl complexes with DNA, J. Chem.
Soc., Chem. Commun. 9 (1996) 1013–1014.

[13] P. Lincoln, B. Nordén, Binuclear Ru(II) phenanthroline compounds
with extreme binding affinity for DNA, J. Chem. Soc., Chem.
Commun. 18 (1996) 2145–2146.

[14] I. Sasaki, M. Imberdis, A. Gaudemer, B. Drahi, D. Azhari, E.
Amouyal, Synthesis and spectroscopic characterization of covalently-
linked dinuclear ruthenium bipyridyl complexes, New J. Chem. 18
(1994) 759–764.

[15] I.S. Blagbrough, S. Taylor, M.L. Carpenter, V. Novoselskiy, T.
Shamma, I.S. Haworth, Asymmetric intercalation of N1-(acridin-
9-ylcarbonyl)spermine at homopurine sites of duplex DNA, J. Chem.
Soc., Chem. Commun. 8 (1998) 929–930.

[16] D. Esposito, P. Del Vecchio, G. Barone, Interactions with polyamines
and thermal stability of DNA. A DSC study and theoretical
reconsideration, J. Am. Chem. Soc. 119 (1997) 2606–2613.

[17] K. Nakamaru, Synthesis, luminescence quantum yields and
lifetimes of Tris chelated Ru(II) mixed-ligand complexes including
3,3’-dimethyl-2,2’-bipyridyl, Bull. Chem. Soc. Jpn. 55 (1982) 2697–
2705.

[18] J.B. Le Pecq, M. Le Bret, J. Barbet, B. Roques, DNA
polyintercalating drugs: DNA binding of diacridine derivatives, Proc.
Natl. Acad. Sci. U.S.A. 72 (1975) 2915–2919.

[19] J. Van Houten, R.J. Watts, Temperature dependence of the
photophysical and photochemical properties of the Tris(2,2′-
bipyridyl) Ru(II) ion in aqueous solution, J. Am. Chem. Soc. 98
(1976) 4853–4858.

[20] E. Amouyal, M. Mouallem-Bahout, Photophysical study of
tolylterpyridine complexes. Intramolecular electron transfer in an
Os(II) dyad, J. Chem. Soc., Dalton Trans. 3 (1992) 509–513.

[21] A. Bouskila, Ph.D. Thesis, Université Paris-Sud, Orsay, 1997.
[22] G.D. Hager, G.A. Crosby, Charge-transfer excited states of Ru(II)

complexes. Quantum yield and decay measurements, J. Am. Chem.
Soc. 97 (1975) 7031–7037.

[23] J.E. Baggott, G.K. Gregory, M.J. Pilling, S. Andreson, K.R. Seddon,
J.E. Turp, Excite state of mixed-ligand chelate complexes of Ru(II),
J. Chem. Soc., Faraday Trans. 2 79 (1983) 195–210.

[24] E.M. Kober, B.P. Sullivan, T.J. Meyer, Solvent dependence of
metal-to-ligand charge-transfer transitions. Evidence for initial
electron localization in MLCT excited states of 2,2’-bipyridine
complexes of Ru(II) and Os(II), Inorg. Chem. 23 (1984) 2098–2104.

[25] D. Garcia-Fresnadillo, Y. Georgiadou, G. Orellana, A.M. Braun,
E. Oliveros, Singlet oxygen production by ruthenium(II) complexes
containing polyazaheterocyclic ligands in methanol and in water,
Helv. Chim. Acta 79 (1996) 1222–1238.

[26] Y. Kawanishi, N. Kitamura, Y. Kim, S. Tazuke, Ligand Design of
Ru(II) complexes aiming at efficient electron transport sensitization,
Sci. Pap. Inst. Phys. Chem. Res. (Jpn) 78 (1984) 212–219.

[27] K. Kalyanasundaram, Photochemistry of Polypyridine and Porphyrin
Complexes, Academic Press, London,1992.

[28] A. Bouskila, E. Amouyal, C. Verchère-Béaur, I. Sasaki, A. Gaudemer,
Part II, Photochem. Photobiol. B, submitted for publication.


	Mononuclear and binuclear ruthenium(II) heteroleptic complexes based on 1,10-phenanthroline ligandsPart I: synthesis, spectroscopic and photophysical study
	Introduction
	Materials and methods
	Synthesis
	Spectroscopic methods
	Cyclic voltammetry

	Results
	Synthesis
	Ground-state absorption
	Emission properties
	Excited-state absorption
	Photophysical properties at 77K
	Redox potentials

	Discussion
	References


