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Abstract

A series of mononuclear and binuclear ruthenium(ll) heteroleptic complexes as potential sensitizers for DNA photocleavage has been
synthesized and characterized. This series based on 1,10-phenanthroline (phen) ligands is of thg(men)R(L)]2** (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 particul3KH@T 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 ydars3].
The complex [Ru(pheg)?t (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(ll) complexes, in particular
[Ru(phen}]?t and [Ru(bpy}]?t (bpy = 2, 2'-bipyridine),
is their ability to photosensitize the DNA cleavage, despite
the weak affinity of [Ru(bpyg]>* for the DNA helix. Most
of the studies on binding of metal complexes to DNA have
investigated mononuclear compleX&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

* Corresponding authors.
E-mail addresses: bouskilaa@hotmail.com (A. Bouskila),
sasaki@Icc-toulouse.fr (I. Sasaki).

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- 2. Materials and methods
plexes of the type [Rubpyk.(L)]%** (x = 1 or 2)[14]
where L was dmbpy (dmbpy= 4, 4 -dimethyl-2,2-bypyri- 2.1. Synthesis
dine) or a linked bis-bpy by a polycarbon or polyamine
chain (seeFig. 1). The two metal sites were connected  Preparation of the complexes of the phenanthrolyl series
either by a polymethylene bridge or by a chain includ- was similar to that of the complexes of the bipyridyl series
ing two or three amine functions in order to increase the previously reported14], with 3 days of reflux and addi-
affinity of binding of such compounds for DNA by elec- tion of phosphate buffefL7]. As an example, the synthesis
trostatic interaction. The structure of the amino bridges is of [Ru(phen)(bpyC10)E+ (for abbreviations, seBig. 1) is
similar to that of natural polyamindd5] like spermidine described: to 0.25mM of Ru(pher§l, in 15ml of 95%
known for their affinities for DNA[16]. As [Ru(phenj]>* ethanol were added 0.25 mM of ligand and 1.15ml of 0.2 M
has a better affinity for DNA than [Ru(bpyff* [9], we phosphate buffer. After reflux for 3 days under argon, the
have developed a new series of analogous complexes ofsolvent was evaporated and the crude product was chro-
the type [Ry(phenk.(L)]?** (x = 1 or 2) similar to the  matographed twice on LH20 Sephadex, using 95% ethanol

bpy seriesKig. 1). The complexes [Ru(phes(imbpy)fT, as the eluent. The complex was eluted first and was recov-
[Ru(phen}]>" and [Ru(bpy}]*t were taken as refer- ered pure as an orange-brown compound. The same proce-
ences. dure was followed for the binuclear complexes using only

In this report, steady-state spectroscopy and emission life-half the amount of ligand. All compounds gave satisfactory
time measurements and, in some cases, laser flash photolysiglemental analyse$H NMR (Table ), and UV-Vis spectra.
techniques have been used to evaluate the importance of the|asma desorption mass spectra of the complexes were ob-
nature of the coordinating ligand. The photophysical prop- tained using a time-of-flight mass spectrometer fitted with a
erties of these complexes, at room or at low temperature,252Cf source and have been already repoftes].
have been carried out, combined with electrochemical data.

These investigations show a similarity between the mono- e [Ru(phen)(bpyC10)E+t—Anal. calculated for GsHaeNg
and binuclear complexes indicating that there is no interac- RuCh-7H,0: C, 55.30 (calc. 55.78); H, 6.06 (calc. 6.20);
tion between the metallic sites of the binuclear complexes. N, 8.76 (calc. 8.68).

However, some photophysical changes are observed whers [Ru(phen)(bpyC8N)ft—Anal. calculated for GaH43N7
the polymethylene chain was substituted with the polyamine  RuCh-4H,0: C, 57.10 (calc. 57.23); H, 5.15 (calc. 5.65);
linkers. N, 18.38 (calc. 18.87).
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Table 1

Chemical shifts ofH NMR and yields (%) of the ruthenium complexes

Complex IH NMR chemical shifts Yield (%)
[Ru(phen)(bpyC10)F* 0.92 (m, 3H), 1.41 (m, 14H), 1.76 (m, 2H), 2.65 (s, 3H), 2.91)(& 5Hz, 2H), 7.30 (m, 2H), 7.63 52

(dd, J = 7 and 4Hz, 2H), 7.74 (dd] = 7 and 4Hz, 2H), 7.97 (dd] = 7 and 4Hz, 2H), 8.06 (m, 2H),
8.39 (m, 6H), 8.71 (ddJ = 5 and 1Hz, 3H), 8.76 (s, 1H), 8.82 (dd,= 6 and 1Hz, 2H)
[Ru(phen)(bpy>C8N)J2+ 0.92 (m, 3H), 1.34 (m, 10H), 1.71 (m, 2H), 2.62 (s, 3H), 2.94)(& 5Hz, 2H), 4.24 (s, 2H), 7.27 (d] 62
= 6Hz, 2H), 7.45 (dJ = 6 Hz, 1H), 7.59 (dJ = 6 Hz, 1H), 7.70 (m, 2H), 7.77 (d] = 6 Hz, 1H), 7.92
(m, 2H), 8.02 (m, 2H), 8.35 (m, 6H), 8.69 (m, 3H), 8.78 (d= 8Hz, 2H), 8.92 (s, 1H)
[Ruz(phen)(bpy2C10)/+ 1.37 (m, 12H), 1.74 (m, 4H), 2.62 (s, 6H), 2.87 Jt= 8 Hz, 4H), 7.28 (m, 4H), 7.60 (d] =7 Hz, 2H), 55
7.63 (d,d = 7Hz, 2H), 7.67 (dJ = 5Hz, 2H), 7.71 (dJ = 5Hz, 2H), 7.91 (dJ =8Hz, 2H), 7.95 (d,
J =8Hz, 2H), 8.02 (m, 4H), 8.34 (m, 12H), 8.68 (@= 7 Hz, 8H), 8.78 (dJ = 8Hz, 4H)
[Rup(phen)(bpy.C10N2)f+ 1.37 (m, 8H), 1.62 (m, 4H), 2.58 (s, 6H), 2.72 Jt= 7 Hz, 4H), 4.06 (s, 4H), 7.26 (dl = 6Hz, 4H), 64
7.41 (d,J = 6 Hz, 2H), 7.59 (dJ = 6 Hz, 2H), 7.71 (m, 4H), 7.91 (dd] = 6 Hz and 1Hz, 2H), 7.95
(dd,J =7 and 1Hz, 2H), 8.03 (m, 4H), 8.35 (m, 12H), 8.69 (dd= 8 Hz and 1 Hz, 6H), 8.80 (dd]
=8 and 1Hz, 4H), 8.86 (s, 2H)
[Ruz(phen)(bpy.C8N3Me)f+  1.86 (m, 4H), 2.47 (s, 3H), 2.62 (s, 6H), 2.72 {t= 7 Hz, 8H), 4.03 (s, 4H), 7.27 (dl = 6Hz, 4H), 19
7.42 (dd,J =6 and 1Hz, 2H), 7.60 (dJ = 6Hz, 2H), 7.71 (m, 4H), 7.95 (m, 4H), 8.04 (m, 4H), 8.37
(m, 12H), 8.70 (ddJ = 8 and 1Hz, 6H), 8.80 (dd] = 8 and 1Hz, 4H), 8.84 (s, 2H)

Chemical shifts were measured in DD, relative to the resonance of the solvent which occurs at 3.34 ppm fromySiMe

e [Rux(phen)(bpy>C10)I"*—Anal. calculated for goH7g 2.3. Cyclic voltammetry
N12RWCly-8H20: C, 56.73 (calc. 56.90); H, 5.35 (calc.
5.09); N, 9.62 (calc. 9.96). Cyclic voltammograms were recorded in acetonitrile with

e [Rux(phen)(bpy>C10N2)Ft—Anal. calculated for @ Wenking system (model 81 potentiostat) using vitreous
CgoH72N14RWCls-10H,O: C, 54.40 (calc. 54.79); H, carbon (Solea Tacussel EDI 101T) as the working electrode,
5.21 (calc. 5.25); N, 11.06 (calc. 11.19). and a platinum wire of 1. mm diameter as a counter-electrode.

e [Rux(phen)(bpy>C8N3Me)f*—Anal. calculated for  Acetonitrile (spectrophotometric grade, 99.5%; Aldrich) was
C79H71N15RWCl4-10H,O: C, 53.35 (calc. 53.53); H, Used as solvent and tetrabutylammonium tetrafluoroborate
5.27 (calc. 5.14); N, 12.22 (calc. 11.86). 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).
2.2. Spectroscopic methods

Electronic absorption spectra were recorded on a Perking Reqilts
Elmer Lambda 9 spectrophotometer. The experiments
were carried out in tris(hydroxymethyl)aminomethane 3.1. Synthesis
(Tris) 10mM, pH 7.4 buffer or ethanol solutions. The
corrected emission and excitation spectra were obtained The different bridging ligands L and the substituted
with a Jobin Yvon JY9CI spectrofluorimeter or on a Jobin dmbpy were prepared as already descriffiet]. The syn-
Yvon Spex Fluorolog FL111 spectrofluorimeter. Emis- thesis of the complexes of the phenanthroline series is much
sion quantum vyields of the complexes were determined slower (3 days) than for the bipyridine series and needed
relative to an aqueous solution of [Ru(bglp)" (Strem addition of a small quantity of phosphate buffer as ob-
Chemicals) usingpem = 0.042 [19] at room temperature.  served by Nakamar[i7]. The structures of all compounds
Emission and luminescence excitation spectra were car-were confirmed byH NMR (Table 3, microanalysis and
ried out at 77K using cylindrical cells. For spectroscopic molecular weight determination by plasma desorption mass
measurements, the optical density of the deoxygenated so-spectrometry{18]. Additional PDMS data concerning the
lutions was adjusted to 0.1 at the excitation wavelength of environment around the metal demonstrate unambiguously
450 nm. the nature of the ligands chelating the mefa8]. Mi-

The laser flash photolysis spectrometers used for thesecroanalyses show that the complexes crystallize with few
investigations have been described in detail elsewherewater molecules, as it is often the case for complexes.
[20]. The excitation source is an excimer laser (Lambda Some attempts to eliminate them by lyophilisation led to
Physik EMG100, 308nm pulses of 10ns duration and products with only partial loss of water molecules (30%
150mJ energy). For measurements of emission lifetimes, less). Moreover, it must be pointed out that the different
we used solutions with optical densities close to 0.8 at diastereoisomersAA, A2 and its enantiomen?) have not
308 nm. Solutions were deoxygenated by bubbling with been separated and that the results discussed in this paper
argon. correspond to their statistic mixtures.
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Table 2
Absorption data for the ruthenium complexes in Tris and ethanol at room temperature (erfet8%f for the extinction coefficients)
Complex Amax (NM) (¢ (10*Imol~1 cm1))

Tris Ethanol
[Ru(bpyk]®* 453 (1.46) 286 (8.87) 243 (2.91) 450 (1.26) 287 (7.58) 244 (2.28)
[Ru(phen}]>* 447 (1.43) 262 (8.57) 223 (6.64) 446 (1.16) 263 (7.18) 223 (5.34)
[Ru(phen)(dmbpy)f+ 451 (1.06) 281 (3.01) 263 (5.80) 449 (1.14) 282 (3.20) 265 (6.13)
[Ru(phen)(bpyC10)f* 450 (1.59) 282 (4.18) 263 (7.70) 449 (1.41) 282 (3.75) 264 (7.15)
[Ru(phen)(bpyC8N)F* 452 (1.22) 286 (2.81) 263 (6.14) 449 (1.39) 283 (3.33) 265 (6.88)
[Ruz(phen)(bpy,C10)1+ 450 (2.67) 283 (6.79) 263 (11.70) 449 (2.62) 283 (6.94) 265 (10.30)
[Ruz(phen)(bpy2C10N2)f+ 451 (2.23) 286 (5.19) 263 (10.73) 450 (3.02) 282 (7.43) 265 (11.99)
[Ruz(phen)(bpy,C8N3Me)f+ 452 (3.08) 285 (6.93) 262 (14.81) 451 (3.17) 283 (7.39) 265 (12.70)
3.2. Ground-state absorption ment with Nakamaru’s studj17]. The excitation of the

luminescence spectra is similar to the absorption spectra

We have carried out the experiments in Tris buffer, which (Fig. 2).
is mostly used for the studies implying DNA. The further  Absorption data of the mononuclear and dinuclear com-
studies of the complexes in the presence of D[24] are plexes are very similar to those of the reference complex
done in this medium. We have also chosen ethanol in order[Ru(phen)(dmbpy)f+ and do not show any side-chain ef-
to compare the spectroscopic and photophysical propertiesfect.
of the complexes at room temperature and at low tem-
perature (77 K). Absorption maxima and molar extinction o )
coefficientse for the various Ru(ll) complexes of the series 3-3. Emission properties
based on phen ligands are presentethible 2with those of
[Ru(bpyk]?t, [Ru(phen}]?t and [Ru(phenydmbpy)Et. The emission spectra of the various complexes, at room

The complexes of the mixed-ligand present a MLCT temperature, in Tris buffer and in ethanol, present a broad
absorption band in the visible region at about 450 nm and band similar to that of [Ru(phes(dmbpy)f+. Emission
m — * transitions centered on the ligands in the UV spectrum of [Ru(phenjbpyC8N)E* is given as example
range[22]. Table 2 shows that the absorption at 286 nm (Fig. 2(2)). The binuclear complexes display emission max-
is associated with the bipyridine whereas the absorptionima very similar to their corresponding mononuclear ana-
band at 263nm is associated with the phenanthroline logues. We observe that, in Tris buffer, the emission max-
ligand. These results confirm those obtained by Bag- imum of the complexes having a polymethylene bridge is
gott et al.[23] on mixed-ligand complexes of the type located at 603 nm, whereas it is found at 615nm for the
[Ru(phen . (bpy)s_(L)]?" (x = 0, 3) and are also in agree- complexes including an amine chaifaple 3.
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Fig. 2. Luminescence excitation (1) and emission (2) spectra of [Ru(plgyC8N)E* in Tris buffer at room temperature.
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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 Agm (nm) Dem 7 (ns) k (10*s™) knr (10%s71)
[Ru(bpy)k]®* Tris 606 0.038 640 5.88 150
Ethanol 602 0.075 870 8.60 106
[Ru(phen}]>* Tris 590 0.052 770 9.87 188
Ethanol 587 0.023 340 6.78 288
[Ru(phen)(dmbpy)f+ Tris 603 0.058 1050 5.47 90
Ethanol 594 0.055 1005 5.47 94
[Ru(phen}(bpyC10)F* Tris 602 0.055 1150 4.80 82
Ethanol 596 0.050 880 5.67 108
[Ru(phen)(bpyC8N)F+ Tris 615 0.039 900 4.30 107
Ethanol 596 0.057 850 6.68 111
[Ruz(phen)(bpy,C10)1+ Tris 603 0.061 1160 5.20 81
Ethanol 595 0.053 900 5.90 105
[Ruz(phen)(bpy,C10N2)f+ Tris 615 0.031 890 3.48 109
Ethanol 599 0.053 900 5.89 105
[Rux(phen)(bpy.C8N3Me)f+ Tris 615 0.039 895 4.32 107
Ethanol 605 0.064 1025 6.24 91

AgD corrected emission maximun®em: emission quantum yield (errér 15%); t: emission lifetimes (errot 5%); k;: radiative rate constanky,:
non-radiative rate constant.

The excited state is stabilized in the presence of amine These rate constants determined at room temperature
groups by about 340 cnt. The same phenomenon is ob- (Table 3 are very comparable with those of [Ru(phgn)
served to a lesser extend in ethanol and in particular for (dmbpy)f+.
bimetallic compounds with two or three amine functions.

Moreover a very pronounced hypsochromic shift is observed 3.4, Excited-state absorption
in ethanol compared to Tris buffer, indicating that the ex-

Cited .State OT 'Chal’ge transfer nature, IG%NELCT eXCited The absorption spectra Of the Complexes in the excited

state is stabilized in polar solventSagheme }1[24,25] state have been determined by laser flash spectroscopy
The emission lifetimes for the phen series of com- (Figs. 3 and 3

plexes are reported ifiable 3 We observe for [Ru(phep) Fig. 4shows that the differential transient absorption spec-

(dmbpy)F* and the complexes with a hydrocarbon chain, tra of the mononuclear and binuclear complexes are similar
that the emission lifetimes are relatively higher in Tris o that of the reference complex [Ru(phg@mbpy)f+ in
buffer than in ethanol, whereas the complexes having anfig. 3 They display a maximum at 340 nm, a minimum at

amino chain have similar lifetimes in both solvents. These 450 nm corresponding to the bleaching of the ground-state
results are in agreement with the literat(it&,26]

The emission quantum vyields follow the same variations

—©- 100 ns
as the emission lifetimes. In ethanol, these values are sim- € o - —&— 500ns
ilar whereas in Tris buffer, they are slightly lower for the 3 : i {288 o
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(bly). 0.00 7T
Regardless of the solvent, we do not observe any significant
difference between the quantum yields and lifetimes for the 005
mononuclear complexes and the corresponding binuclear
ones. Assuming that the intersystem crossing quantum yield
(¢7) for the formation of the’MLCT triplet state of our 0107
system is unity as for polypyridyl Ru(ll) complexe¢s = 1
[27] and knowing the lifetimest) and emission quantum 015 | |
yields @em), the radiative ;) and non-radiativelg,) rate 550 600
constants for the phen series of complexes can be calculated A (nm)
using the following expressions:
Fig. 3. Differential excited-state absorption spectrum of [Ru(phen)
_ Pem (dmbpy)F+ (2.9 x 10-5M) in deaerated Tris buffer, observed at different

knr = 7—'_1 — kr

r times after the laser pulse.

" (¢70)’
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(bpyC8N)Et (9.5 x 10°5M), (b) [Rux(phenk(bpy2C10N2)It (5 x

10-5M) and (c) [Ry(phen)(bpy2C8N3Me)[+ (5 x 10->M) in deaer-

ated Tris buffer, observed immediately after the laser pulse.

cited state. Like emission, transient absorption is deactivated
efficiently in the presence of oxygen. In addition, the sig-
nificant Stokes shift (about 5600-5900ch 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 tRMLCT excited state.

3.5. Photophysical properties at 77K

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 DIN2S].

It has been shown that the emission of mixed-ligand com-
plexes of phen and bpy at 77 K arises frorfMLCT triplet
state]22]. The emission spectra of mono and binuclear com-
plexes are all similar to that of [Ru(phe@mbpy)F*. How-
ever, we notice a slight bathochromic shift (about 180 &m
of the main band of [Raphen)(bpy.C8N3Me)f+
(Table 4. The spectra display three bands with a vibration
progression of about 1200 crh The3MLCT energy levels
Et estimated from the maxima of the first emission band
are approximately 2.17 eV (50 kcal md). TheseET values
as well as the excited-state lifetimes and the non-radiative
rate constantky, (Table 4 are similar and intermediate be-
tween those of [Ru(bpy)?* and [Ru(phemy]®*. We have
estimatedk,, at 77 K for the complexes of the phen series
by assuming thak; at 77K is identical to the value d
determined at room temperature.

The luminescence excitation spectra of the complexes de-
termined in ethanol at 77K are similar to the absorption
spectra observed in ethanol at room temperature, but they

absorption, and another maximum at about 560 nm. The show better resolution. The spectra exhibit maxima in the
analysis of the spectra as a function of time shows a mo- visible at approximately 455 and 425 nm, and a shoulder at
noexponential decay and the existence of only one speciesabout 410 nm, with a vibration progression of 1440¢for

We observe the recovery of the ground state on all spectrathe binuclear complexes and [Ru(bgld", and 1520 cm?

with a similar lifetime independent of wavelength. This re- for the other complexes. These visible bands are attributed to
sult also shows that the complexes did not degrade duringMLCT charge transfer transitions. Hence, we can estimate
laser photolysis. In addition, the decay lifetime of the ab- the energy of the corresponding singlet stdeg*MLCT)
sorption signal is equal to the luminescence lifetime. The from the long-wavelength absorption band which is assigned
transient absorption and luminescence involve the same ex-to the 0-0 transitionTable 4. As for the other photophys-

Table 4

Photophysical parameters at 77 K for ruthenium complexes in ethanol

Complex Max (nm) Avmax (cm™?) T (ns) Mg (nm) Er (eV) Es (eV) kr (10*s7)
[Ru(bpy)]2* 580 628  680sh 1320 5.2 455 2.14 2.72 10.6
[Ru(phen}]>* 560 606 648 sh 1360 10.3 451 221 2.75 2.93
[Ru(phen)(dmbpy)R* 572 619  662sh 1330 9.2 452 2.17 2.74 5.40
[Ru(phen)(bpyC8N)F* 570 614 660 sh 1260 7.8 453 2.18 2.74 6.14
[Ruz(phen) (bpy,C1ON2)f+ 572 614 663 sh 1200 8.5 457 2.17 2.71 5.80
[Ruz(phen)(bpy2C8N3Me)f+ 578 609 656 sh 880 8.1 455 2.15 2.72 6.10

28M is the corrected emission maximajmayx is the vibrational progressiorEr is the energy of the lowest triplet stat®ILCT, t is the emission

max

lifetime (error+ 5%), ASX, is the corrected luminescence excitation maximuiy,is the energy of the first-excited singlet stddLCT, ki is the
non-radiative rate constant estimated by assurkjinglentical at 77 and 298 K.
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Table 5

Electrochemical data

Complex Eox Ered (V/SCE) E¥y Erg
[Ru(bpy)k]®* 1.33 -1.33 —-1.52 —-1.78 —-0.80 +0.81
[Ru(phen}]>* 1.35 —-1.36 —1.46 —1.80 —-0.86 +0.86
[Ru(bpy)(dmbpy)+ 1.31 -1.37 —1.58 -1.83 - -
[Ru(phen)(dmbpy)f+ 1.33 -1.36 —-1.53 —-1.63 -0.84 +0.80
[Ru(phen)(bpyC10)f* 1.25 —1.40 —-1.54 - - -
[Ru(phen)(bpyC8N)F* 1.29 —1.42 —1.54 - —-0.89 +0.76
[Rup(phen)(bpy>C10N2)f+ 1.29 —1.37 —1.55 - -0.88 +0.80
[Ruz(phen)(bpy.C8N3Me)f* 1.40 -1.32 —1.50 —-1.87 —-0.75 +0.83

Redox potentials are obtained by cyclic voltammetry (etr@0 mV) in acetonitrile vs. SCE at room temperature with 0.1r'MB(1)4N(PFs) as supporting
electrolyte.Eox and Ereq are respectively the oxidation and reduction potentials in the ground state of the complgxesd E;; 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- mononuclear complexes. If we consider the luminescence
tween those of the model compounds (2.72 and 2.75 eV for properties at room temperature, it should be pointed out

[Ru(bpy)]?* and [Ru(pherg]?t, respectively). that the binuclear complexes with a flexible chain may
adopt a conformation which can favor the formation of an
3.6. Redox potentials intramolecular excimer, but we do not observe any emission

spectrum which can be ascribed to such a species. Moreover,

The redox potentials of the phen complexes, determined the emission lifetimes of the complexes are very similar for
by cyclic voltammetry, are given ifiable 5 the mononuclear complexes and their corresponding binu-

In this study, the potential difference between the cathodic clear complexes. For instance, the excited state lifetimes of
and anodic peak potential ranges between 60 and 85 mV with[Ru(phen}(bpyC10)f™ and [Rip(phen)(bpy2C10)I" in
a scanning rate between 50 and 400 mV/s. Cyclic voltam- Tris buffer (Table 3 are 1150 and 1160 ns, respectively. In
metry of the complexes shows the existence of a reversibleaddition, either in Tris buffer or ethanol, we do not observe
oxidation wave and 2-3 reversible reduction waves at poten-any significant difference between the quantum yields for
tials between-2.0 and+1.5 V. For the different complexes, the mononuclear complexes and the corresponding binuclear
mononuclear or binuclear, the redox potentials show similar complexes. In the same way, we notice that the oxidation
values, as it is also observed for the emission lifetimes, and potentials of mononuclear and binuclear complexes also
the quantum yields. show great similarity. All these data demonstrate clearly

The redox potentials in the excited state are calculated that the nuclearity has no effect on these spectroscopic, pho-
from the redox potentials determined in acetonitrile at room tophysical and redox properties, including the excited-state
temperature and using the enefjy of the first band of the ~ absorption spectra. We can infer that, as for the complexes of
emission spectrum observed at 77K in ethanol as the 0—0the bpy series previously studigté], there is no electronic
transition energy. Whatever the complex is, mononuclear interaction between the Ru—Ru sites in a binuclear complex,
or binuclear, the values of the redox potentials are similar. neither in the ground state nor in the excited state and that
In the excited stateTable 5shows that the binuclear com-  these systems behave as a dimer of [Ru(ptembpy)P+.
plex [Rw(phen)y(bpy>C8N3Me)['t is clearly less reducing ~ Because of the electrostatic repulsion between the two Ru
(—0.75V) than the other complexes of the phen series andsites and the geometry around the metal center (octahe-
than [Ru(phery]?t and [Ru(bpy}]?t, whereas it is a better ~ dral), they probably adopt extended conformations, which

oxidant ¢-0.83 V) than the other complexes with an amino make them interesting candidates for a double-interaction
chain. 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
4. Discussion (on the same strand or on both strands) on DNA. Amine

functions of the linker were chosen to further increase

The study of the electrochemical, spectroscopic and pho-the affinity for DNA, by electrostatic interactions with the

tophysical properties of the complexes of the phen seriesphosphate groups, especially in the case of bifunctional
shows a great similarity between the mononuclear and binu-compounds.
clear complexes. The absorption spectra of the mononuclear In conclusion, because of their solubility in water, the
and binuclear complexes are very similar and as alreadypresence of an intense absorption band in the visible, and a
observed for the binuclear complexes of the bpy séfidk longer excited-state lifetime at room temperature than that
the molar absorption coefficients of the binuclear com- of the corresponding complexes of the bpy series, complexes
plexes are approximately twice those of the corresponding of the phen series may give rise to interesting properties as
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photosensitizers. In addition, knowing that [Ru(phgfr) [11] F.M. O'Reilly, J.M. Kelly, Binding of bimetallic 1,10-phenanthroline
displays a better affinity for DNA than [Ru(bmﬁ+ [9], ruthenium_(ll) complexes to D.NA, New J. Chem. 3 (1998) ?15—217.
we suppose that these systems may be good candidates a{%Z] F.M. O'Reilly, J.M. Kelly, A. Kirsch-De Mesmaeker, Interaction of a

series of bimetallic Ru(ll) bipyridyl complexes with DNA, J. Chem.
hydrosoluble photonucleases, better than [Ru@jpy)and Soc., Chem. Commun. 9 (1996) 1013-1014.

the complexes of the bpy serifi2,14] Indeed, preliminary  [13] p. Lincoln, B. Nordén, Binuclear Ru(ll) phenanthroline compounds
results show that the luminescence quenching of the com-  with extreme binding affinity for DNA, J. Chem. Soc., Chem.

plexes of the phen series are highly sensitive 5], and Commun. 18 (1996) 2145-2146. _ _
that a better efficiency of DNA photocleavage by the com- [14] I. Sasaki, M. Imberdis, A. Gaudemer, B. Drahi, D. Azhari, E.

| taini ino link iallv the bi | ith Amouyal, Synthesis and spectroscopic characterization of covalently-
plexes containing amino finker especially the binuciear wi linked dinuclear ruthenium bipyridyl complexes, New J. Chem. 18

three amine functions is expected. The detailed study of the  (1904) 759-764.

phen series of complexes in the presence of DR8] is [15] I.S. Blagbrough, S. Taylor, M.L. Carpenter, V. Novoselskiy, T.

submitted. Shamma, 1.S. Haworth, Asymmetric intercalation of-dcridin-
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.
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