
Synthesis and characterization of two ruthenium(II) heteroleptic
complexes of annelated derivatives of 2,2º-bipyridine

Edmond Amouyal,*,a Florence Penaud-Berruyer,a Driss Azhari,a Hassan A•� t-Haddou,¤,b

Christophe Fontenas,b Elena Bejan,b Jean-Claude Daranb and Gilbert G. A. Balavoineb

a L aboratoire de Physico-Chimie des Rayonnements (CNRS URA 75), Paris-Sud,Universite�
350, 91405 Orsay, FranceBaü t.

b L aboratoire de Chimie de Coordination (CNRS UPR 8241), 205 Route de Narbonne,
31077 T oulouse Francece� dex,

The synthesis and characterization of two annelated 2,2@-bipyridine molecules (L) and of the corresponding
ruthenium(II) heteroleptic complexes, are described. The ligands L bear a terbutoxypropyl[Ru(bpy)2(L)][PF6]2
chain substituent at position 2. We discovered that under basic conditions condensation between an enolisable
ketone and an a,b-unsaturated ketone gives exclusively the 1,2-addition isomers with good yields. In contrast to
2,2@-bipyridine, the annelated ligands L show Ñuorescence emission, probably due to the rigidity of the
molecules. Spectroscopic and photophysical results of the heteroleptic complexes at room temperature and at 77
K are similar to the reference complex, except for less intense emission quantum yields and[Ru(bpy)3]2`,
lifetimes at room temperature. This behaviour is due to the presence of a substituent and its position adjacent to
the nitrogen of the annelated ligands engaged in the coordination, rather than to the rigidity of these ligands. As
shown by the crystallographic data, this substituent induces a lengthening of the adjacent RuwN bond (2.16 Ó
as compared to 2.05 for the other RuwN bonds). As a result, the octahedral structure of the heterolepticÓ
complexes is distorted and the probability of nonradiative processes is thus favoured.

Synthèse et caracte� risation de deux complexes he� te� roleptiques de ruthe� nium(II) de de� rive� s annele� s de la
2,2º-bipyridine. Nous pre� sentons ici la synthèse et la caracte� risation de deux nouveaux ligands annele� s (L) de� rive� s
de la 2,2Ï-bipyridine, ainsi que de deux complexes he� te� roleptiques de ruthe� nium(II) correspondants,

Les ligands L comportent comme substituant en position 2 une chaiü ne terbutoxypropyle.[Ru(bpy)2(L)][PF6]2 .
Nous avons de� couvert que la condensation en milieu basique entre une ce� tone e� nolisable et une ce� tone a,b
insature� e donne exclusivement les isomères de lÏaddition 1,2 avec de bons rendements. Contrairement à la 2,2@-
bipyridine, les ligands annele� s e� tudie� s ici pre� sentent une e� mission de Ñuorescence probablement due à la rigidite�
des mole� cules. Les re� sultats spectroscopiques et photophysiques des complexes he� te� roleptiques à tempe� rature
ambiante et à 77 K sont similaires à ceux du complexe de re� fe� rence, avec toutefois un rendement[Ru(bpy)3]2`,
quantique et une dure� e de vie de luminescence beaucoup plus faibles que ce dernier à tempe� rature ambiante. Ce
comportement est plus duü à lÏexistence dÏun substituant et à sa position adjacente à un azote des ligands annele� s
engage� s dans la coordination, quÏà la rigidite� de ces ligands. Comme le montrent les donne� es cristallographiques,
ce substituant provoque lÏallongement de la liaison RuwN adjacente (2,16 contre 2,05 pour les autresÓ Ó
liaisons RuwN). De ce fait, la structure octae� drique des complexes he� te� roleptiques est distordue, ce qui favorise
les processus de de� sactivation non-radiatifs.

There is a considerable interest in the synthesis and photo-
physics of new transition metal complexes in view of their
potential utilization as photosensitizers in the design of solar
energy conversion systems1 and as components of molecular
electronic devices.2 One of the most useful ligands available to
coordination chemists is 2,2@-bipyridine (bpy). Over the past
two decades there has been a signiÐcant e†ort to develop ana-
logues to bpy wherein di†erences in electronic and steric
properties would lead to modiÐcation of the metal complex
chemistry.3 A large number of syntheses of annelated bis- and
polypyridines4 have been described in the literature. At the
same time, few ruthenium(II) complexes prepared from these
ligands have been studied.5 In the framework of designing
new constrained and heterogeneous systems, in particular for
the photochemical conversion of solar energy,1 we have syn-
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thesized new water-soluble ruthenium(II) polypyridine com-
plexes. In these heteroleptic complexes, one of the ligands is
annelated to permit a better control of its geometry. In addi-
tion, it bears a terbutoxypropyl group, which increases the
solubility of the complex in water and facilitates its binding to
an inorganic support. A simple synthetic approach for the
construction of a central 4-aryl substituted pyridine unit was
described by Thummel.4b A double condensation of the
enamine of 6,7-dihydro-5H-quinolinone 1 with an aromatic
aldehyde gives the 1,5-diketone precursor in the Ðrst step ;
then the diketone is condensed with ammonium acetate to
give the desired polypyridine in reasonable yield. Ternary
iminium perchlorates have been used by Risch and co-
workers6 as synthetic equivalents for aliphatic and aromatic
aldehydes in a one-pot reaction, providing access to terpyri-
dines with peripheral substituents. This procedure gives 1,4-
addition and 1,2-addition isomers. The distribution of the
isomeric products seems to be inÑuenced by the nature of the
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Scheme 1

substituent in the starting iminium compound. The RuII com-
plexes with 1,2-addition isomers have been prepared and spec-
troscopically characterized by 1H NMR, IR and mass
spectrometry and cyclic voltammetry.6c

To prepare new annelated polypyridines, we explored the
condensation of enolisable ketones with a,b-unsaturated
ketones7 (Scheme 1) in the presence of a nitrogen donor to
obtain a highly soluble annelated polypyridine through a
formal 1,4-addition reaction. We discovered that under basic
conditions this condensation gives exclusively the 1,2-addition
isomers with good yields. In this paper, we describe the syn-
thesis of two annelated bipyridines, 4 and 5 (Scheme 2), and
their heteroleptic complexes with ruthenium(II) of the type

The spectroscopic, electrochemical and[Ru(bpy)2(L)][PF6]2 .
photophysical properties of these ligands and complexes have
also been investigated in order to examine the consequences
of rigid annelated ligands on the properties of the correspond-
ing heteroleptic complexes. We have chosen as[Ru(bpy)3]2`a reference.

Experimental

Synthesis

Ligand 4. Ketone 1 (0.41 g, 13.5 mmol) and 3.05 g (13.5
mmol) of the a,b-unsaturated ketone 2 in distilled pyridine
(100 mL) were heated at 90 ¡C in the presence of 5 equiv. of
ammonium acetate for 8 h. The mixture was cooled to room
temperature and the volatile components were evaporated
under reduced pressure. The resulting residue was dissolved in
100 mL of dichloromethane and washed with water (2] 50
mL). The organic phase was then dried with and theMgSO4solvent was removed under vacuum. The resulting dark oil
was puriÐed by column chromatography on deactivated

using 1 : 1 ethyl acetate : pentane as the eluant. Yield :Al2O365%. 1H NMR, d : 8.7 (1H, d), 7.4 (1H, d), 7.17 (1H,CDCl3 ,
dd), 3.46 (2H, t), 2.95 (4H, m), 2.87 (2H, m), 2.8 (2H, m), 2.68
(2H, t), 1.95 (2H, m), 1.81 (2H, t), 1.18 (9H, s). 13C NMR,

d : 158.5, 152.5, 148.5, 147.2, 143.0, 134.9, 132.5, 129.7,CDCl3 ,
122.2, 72.2, 61.2, 60.1, 32.1, 29.9, 27.4, 27.1, 26.4, 25.9, 22.4,
22.1. CI-MS: m/z\ 351 (MH`) Anal. Calcd for C23H30N2O:

C, 78.82 ; H, 8.63 ; N, 7.99 ; O, 4.56. Found: C, 78.68 ; H, 8.55 ;
N, 7.72 ; O, 4.44.

Ligand 5. Ligand 5 was obtained by the condensation of
ketone 1 with the a,b-unsaturated ketone 3 in the same
manner as ligand 4. The desired product was puriÐed by
column chromatography on using 3 : 1 ethylAl2O3acetate : pentane as the eluant. Yield : 70%. 1H NMR, CDCl3 ,
d : 8.74 (1H, d), 8.59 (1H, d), 7.62 (1H, dd), 7.57 (1H, dd), 7.21
(2H, m), 3.58 (2H, t), 3.5 (2H, t), 3.14 (2H, m), 2.92 (6H, m), 2.02
(2H, m), 1.21 (9H, s). 13C NMR, d : 157.5, 152.7, 150.6,CDCl3 ,
148.7, 146.9, 139.8, 135.0, 134.9, 133.8, 132.1, 129.9, 122.8,
122.7, 72.5, 61.3, 33.1, 30.5, 28.4, 27.9, 27.6, 25.8, 24.3. CI-MS:
m/z\ 400 (MH`) Anal. Calcd for C, 78.16 ; H,C26H29N3O:
7.32 ; N, 10.52 ; O, 4.00. Found: C, 78.15 ; H, 7.27 ; N, 10.35 ; O,
4.23.

cis-(bpy) (0.63 g, 1.2[Ru(bpy)
2
(4) ] [PF

6
]
2
. 2RuCl2 É 2H2Ommol) was suspended in absolute ethanol (100 mL) and

heated under argon for 30 min. Ligand 4 (0.6 g 1.44 mmol, 1.2
equiv.) was then added to the solution and the mixture was
reÑuxed for another 16 h. The resulting solution was cooled to
room temperature. After Ðltration, a saturated solution of
ammonium hexaÑuorophosphate was added dropwise to the
Ðltrate to complete precipitation. The formed precipitate was
collected by Ðltration and dried. TLC (alumina,
acetone : water : saturated aqueous potassium nitrate, 90 : 10 : 1)
showed the material to be pure. Yield : 85%. 1H NMR,

d : 8.5 (4H, m), 8.05 (5H, m), 7.8 (3H, m), 7.47 (3H, m),CD3CN,
7.3 (3H, m), 7.15 (1H, dd), 3.18 (4H, m), 2.88 (2H, t), 2.7 (2H,
m), 2.47 (2H, t,), 2.39 (2H, dd), 1.83 (4H, m), 1.2 (1H, m), 0.95
(9H, s), 0.58 (1H, m). 13C NMR, d : 164.8, 158.0,CD3CN,
157.8, 157.7, 157.4, 156.5, 153.5, 152.2, 151.9, 151.6, 149.9,
149.3, 148.3, 138.4, 138.2, 138.0, 137.8, 137.3, 137.0, 136.6,
135.0, 128.4, 128.0, 127.9, 127.7, 126.4, 125.0, 124.8, 124.7, 72.6,
60.1, 32.4, 30.0, 27.2, 25.9, 25.8, 23.3, 22.7, 22.0. FAB-MS
(NBA) : m/z\ 909 (100%, 764 (47%,MPF6`), M [ 2PF6`)

This complex was obtained using the[Ru(bpy)
2
(5) ] [PF

6
]
2
.

same method as for Yield : 88%. 1H NMR,[Ru(bpy)2(4)]2`.
d : 8.69 (1H, dd), 8.53 (5H, m), 8.13 (3H, m), 8.06 (2H,CD3CN,

t), 8.02 (2H, t), 7.84 (4H, m), 7.51 (3H, m), 7.43 (1H, dd), 7.35
(3H, m), 7.23 (1H, dd), 3.83 (2H, tt), 3.17 (2H, m), 2.87 (2H, m),
2.85 (2H, m), 2.63 (2H, m), 2.57 (2H, t), 1.3 (1H, m), 1.17 (9H,
s), 0.59 (1H, m). 13C NMR, d : 149.0, 158.0, 145.0,CD3CN,
144.9, 157.4, 144.8, 144.7, 144.0, 142.2, 141.0, 140.8, 140.4,
139.2, 138.2, 134.5, 131.9, 131.7, 131.6, 131.5, 130.8, 130.5,
130.1, 128.6, 125.0, 124.8, 124.6, 123.9, 122.7, 122.6, 122.5, 87.3,
78.8, 60.8, 58.5, 56.8, 56.6, 56.3, 55.6, 55.3. FAB-MS (NBA) :
m/z\ 958 (100%, 813 (61%,MPF6`), M [ 2PF6`)

Scheme 2
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X-Ray crystallography

For data were collected at room temperature[Ru(bpy)2(4)]2`,
on an Enraf-Nonius CAD4 di†ractometer equipped with an
oriented graphite monochromator utilizing MoKa radiation
(k \ 0.71073 The Ðnal unit cell parameters were obtainedÓ).
by the least-squares reÐnement of the setting angles of 25
reÑections that had been accurately centred on the di†racto-
meter. Only statistical Ñuctuations were observed in the inten-
sity monitors during the course of the data collection. For

data were collected at room temperature on[Ru(bpy)2(5)]2`,
a Stoe IPDS (imaging plate di†raction system) di†ractome-
ter equipped with an oriented graphite monochromator uti-
lizing MoKa radiation (k \ 0.71073 The Ðnal unit cellÓ).
parameters were derived from the least-squares reÐnement of
2000 selected reÑections.

The two structures were solved by direct methods (SIR92)8
and reÐned by least-squares procedures on H atomsFo .
were introduced in the calculation in idealized positions
[d(CH)\ 0.96 and their atomic coordinates were recalcu-Ó]
lated after each cycle. They were given isotropic thermal
parameters 20% higher than those of the carbon to which
they are attached. In the ethanol solvent[Ru(bpy)2(4)]2`,
molecule presents a disordered distribution of the O atom on
two sites roughly symmetrical with respect to the CwC bond of
the ethyl group. In the 2-terbutoxypropyl[Ru(bpy)2(5)]2`,
chain is partially disordered with the C(42), C(43), C(45), C(46)
and C(47) atoms distributed on two sites related through a
pseudo mirror plane containing C(38), C(41), O(1) and C(46).
In both cases, it was assumed in a Ðrst step that the thermal
parameters of the corresponding oxygen or carbon atoms in
the disordered positions were equal and the occupancies were
allowed to vary with the constraint that the sum of the
occupancies equals unity. Additional distance and angle
restraints (mean CwO, CwC and CwOwC or CwCwC

values) were used during this procedure. When the occupancy
factors were well deÐned, they were Ðxed to the observed
values and the disordered atoms were allowed to reÐne iso-
tropically for the ethanol solvent molecule ([Ru(bpy)2(4)]2`)
and anisotropically for the 2-terbutoxypropyl chain

No hydrogen placing was done for the C([Ru(bpy)2(5)]2`).
atoms of these disordered groups. Least-squares reÐnements
were carried out by minimizing the function &w(oFo o [ oFc o)2,
where and are the observed and calculated structureFo Fcfactors. The weighting scheme used in the last reÐnement
cycles was wherew\ w@[1 [ (*F/6r(Fo)2]2, w@\ 1/&1nArTr(x)
with three coefficients for the Chebyshev polynomialArand x is Models reached convergenceAr T r(x) Fc/Fc(max).9
with andR\ &(pFo o [ oFcp)/oFo o) Rw \ &w(oFo o

having the values listed in Table 1. The[ oFc o)2&w(Fo)2]1@2criteria for a satisfactory complete analysis were ratios of rms
shift to standard deviation less than 0.1 and no signiÐcant fea-
tures in the Ðnal di†erence maps. Details of data collection
and reÐnement are given in Table 1.

The calculations were carried out with the CRYSTALS
program package10 running on a PC. The molecules were
drawn with CAMERON.10b

CCDC reference number 440/019.

Spectroscopy and photophysics

Electronic absoption spectra were recorded on a Perkin Elmer
Lambda 9 spectrophotometer. The molar extinction coeffi-
cients e were estimated using a concentration of 5] 10~5 mol
l~1 in ethanol for the ligands and a concentration of 9] 10~5
mol l~1 and 8 ] 10~5 mol l~1 in aqueous solutions for

and respectively.[Ru(bpy)2(4)]2` [Ru(bpy)2(5)]2` complexes,
In nonbu†ered solutions, 5 and are not[Ru(bpy)2(5)]2`
protonated. The emission spectra, corrected from the lamp
spectrum, were obtained on Jobin Yvon JY9CI or Jobin Yvon

Table 1 Crystal data for the compounds and[Ru(bpy)2(4)][PF6]2 ÉC2H5OH [Ru(bpy)2(5)][PF6]2 É (CH3)2CO

Compound [Ru(bpy)2(4)][PF6]2 ÉC2H5OH [Ru(bpy)2(5)][PF6]2 É (CH3)2CO

M/g 1099.9 1161
Shape (color) box (orange) plate (orange)
Size/mm 0.54] 0.42] 0.24 0.48] 0.36] 0.10
Crystal system monoclinic monoclinic
Space group P21/c P21/na/Ó 19.851(5) 17.797(4)
b/Ó 9.799(3) 15.299(2)
c/Ó 25.558(6) 19.885(3)
b/¡ 96.091(2) 107.21(2)
U/Ó3 4943(2) 5172(2)
Z 4 4
F(000) 2220 2280
q (calcd)/g cm~3 1.483 1.491
l (Moka)/cm~1 4.607 4.890

Di†ractometer CAD4F Enraf-Nonius IPDS Stoe
Monochromator graphite graphite
Radiation MoKa (k \ 0.71073) MoKa (k \ 0.71073)
Detector distance/mm 80
Scan mode x/2h z
z range/deg 0 \ z\ 200
z incr./deg 1
Scan range h/deg 0.8 ] 0.345tanh
Exposure time/min 3
2h range/deg 3.0\ 2h \ 40 7.8\ 2h \ 48.2
No. of rÑns collected 5095 32249
No. of independent rÑns (Rm) 4586 (0.011) 8123 (0.062)
ReÑections used, [I[ 2r(I)] 3060 5571

R 0.0554 0.0605
Rw 0.0645 0.0795
Weighting scheme Chebyshev Chebyshev
CoefÐcient Ar 5.67, 0.553, 4.14 1.79, 0.914, 0.937, [0.348
GOF 1.09 0.92
LS parameters 599 684
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Spex Fluorolog FL 111 spectroÑuorimeters. Emission
quantum yields for the two ligands 4 and 5 were determined
in argon-degassed ethanol solutions with respect to the refer-
ence 1,3,5-triphenylbenzene (Aldrich, 97%), the quantum yield
of which in cyclohexane is 0.27.11a 2-2@-Bipyridine (bpy) and
2,2@ : 6@,2A-terpyridine (tpy) are Aldrich commercial products
with purities of 99.5% and 98%, respectively. Emission
quantum yields for argon-degassed aqueous solutions of the
complexes were determined relative to an aqueous solution of

Chemicals, 99%) using as a[Ru(bpy)3]2` (Strem zE \ 0.042
reference.11b Excitation spectra are corrected from the lamp
spectrum by using a program supplied with the instrument.
Emission spectra and luminescence excitation spectra have
been obtained at room temperature for ligands and complexes
and at 77 K for complexes. At 77 K, we used cylindrical cells
and the solutions were cooled in a quartz dewar containing
liquid nitrogen. For spectroscopic measurements, the optical
density of the solutions has been adjusted to 0.1 at the excita-
tion wavelength. The two laser Ñash photolysis spectrometers
used for these investigations have been described in detail else-
where.12 In the Ðrst one, the excitation source is an excimer
laser (Lambda Physik EMG100, 308 nm pulses of 10 ns dura-
tion and 150 mJ energy). The second one uses a Nd : YAG
laser (Quantel, 353 nm, pulses of 3 ns duration and 100 mJ
energy).12 For the measurements of emission lifetimes, we
used solutions with absorption optical densities close to 0.8 at
308 nm.

Cyclic voltammetry

Cyclic voltammetry curves were recorded with a Wenking
system (Model 81 potentiostat) using a Pt button (Solea
Tacussel EDI 101T) as the working electrode and a platinum
wire of 1 mm diameter as the counter-electrode. The working
electrode was carefully polished with diamond sprays (Struers)
and rinsed with ethanol before each potential run. Acetonitrile
(Aldrich, spectrophotometric grade, 99.5%) was used as the
solvent and 0.1 mol l~1 tetrabutylammonium tetra-
Ñuoroborate (Janssen, 99%) as the supporting(But4NBF4)electrolyte. These chemicals were used as received. Potentials
were measured with respect to the saturated calomel electrode
(SCE) and the scan rate was 0.2 V s~1.

Results and Discussion
Ligands

Synthesis of 4 and 5. The synthesis of ligands 4 and 5 is
outlined in Scheme 2. The condensation of ketone 113 with
the appropriate a,b-unsaturated ketones 2 or 3, in a 1 : 1 ratio,
results in the diene derivatives, which ring-closed in situ with
ammonium acetate to give the desired ligand with good yields
(see Experimental). The a,b-unsaturated ketones are prepared
by the alkylation of the corresponding enaminones with 3-(2,
2-dimethylethoxy)propylmagnesium chloride under the pre-
viously described conditions.14 It is important to point out
that the condensation of 1 with 3 in the presence of ammon-

Fig. 1 Absorption spectra of 4 (upper) and 5 (lower) in ethanol
(5] 10~5 mol l~1)

ium acetate in a solvent such as tetramethylurea (TMU) at
90 ¡C gives a mixture of 5 with the 1,4-addition isomers in a
55 : 1 ratio in 55% yield. However, if this condensation is
carried out under the conditions recently described by Bell et
al.,15 the yield is only 25% with a 25 : 15 ratio for 5 to the
1,4-addition isomers.

Absorption. The electronic absorption spectra of 4 and 5 are
shown in Fig. 1. The corresponding absorption maxima, as
well as those of bpy and tpy, are presented in Table 2. The
bpy molecule may exist in two distinct conformations : cis and
trans.16 In solution, bpy is preferentially in its trans conforma-
tion. In ethanol, the trans conformer spectrum presents two
absorption bands with maxima at 237 and 283 nm. In the cis
conformer, the absorption maxima are shifted to the red and
the band of highest wavenumber is split.16 In the case of 4,
only the cis conformation is possible. Its absorption spectrum
[Fig. 1 (upper)] is similar to that of cis-bpy with maxima at
259 and 310 nm and a shoulder at 318 nm (Table 2).

The free ligand 5 may be described as a bipyridine with a
third pyridine at the 4 position, or as a terpyridine in a locked
cisÈtrans conformation. Indeed, tpy presents three conforma-
tions : cisÈcis, cisÈtrans and transÈtrans. In solution the transÈ
trans conformation is favoured and its absorption spectrum
presents maxima at 234 and 280 nm. A third band, at 325 or
320 nm, may be attributed to the existence of small amounts
of the cisÈcis and cisÈtrans conformers, respectively.16 The
absorption spectrum of 5 (Fig. 1) presents four main bands

Table 2 Absorption and emission data for organic ligands in ethanol at room temperature

Absorption Emission
Ligand k'/nm (e'/l mol~1 cm~1) k'/nm zF E1@2/V vs. SCEa

bpy 283 (10200), 237 (7700)b È È [2.20
tpy 280 (17620), 248sh (14950), 334 0.003 [2.15c

234 (18510)
4 318sh (13990), 310 (14990), 350 0.013 [2.30

259 (7160)
5 333 (4800), 324 (4750), 291 (8730), 367 0.006 [2.05

240 (7130)

a Redox potentials were measured in acetonitrile vs. SCE (saturated calomel electrode) at room temperature with 0.1 mol l~1 [CH3(CH2)3]4NBF4as the supporting electrolyte and a scanning rate of 200 mV s~1. b Ref. 16. c Irreversible, ref. 23.
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Fig. 2 Fluorescence spectrum of 4 (full line) and 5 (dotted line) in
ethanol

with maxima at 333, 324, 291 and 240 nm. It is di†erent from
that of 2,2@-bipyridine, but similar to that of the cisÈtrans con-
former of tpy. It should be noted that for these N-heterocyclic
ligands, one can expect an absorption band above 300 nm due
to the nÈp* transitions. However in ligands 4 and 5, the
related extinction coefficients are too high for such nÈp* tran-
sitions. Consequently and by analogy with bpy and tpy, we
have attributed the absorption bands to p ] p* transitions.

Electrochemistry. Peak potentials of the organic ligands are
given in Table 2. The free ligands 4 and 5 showed a reduction
wave at [2.30 and [2.05 V vs. SCE, respectively. No oxida-
tion wave could be observed out to a potential as positive as
]1.5 V vs. SCE for either ligand. The reduction potential of 5
is less negative than that of tpy, bpy and 4. This means that 5
is easier to reduce than the other ligands, contrary to what is
expected from its electron-rich structure.

Emission. Ligands 4 and 5 present a Ñuorescence emission
with maxima at 350 and 367 nm, respectively (Table 2, Fig. 2).
We have also determined the luminescence excitation spectra
of these ligands and they are in good agreement with the cor-
responding absorption spectra. This result shows that the
ligand emissions are not due to an impurity. In Table 2, the
corresponding quantum yields (0.013 and 0.006) are alsozFgiven ; 4 is two times more Ñuorescent than 5. These emissions
are more intense than that of tpy. The existence of a Ñuores-
cence emission is a priori surprising, as long as simple hetero-
cyclic compounds such as pyridine and bpy are considered to
be nonÑuorescent or to exhibit a very weak Ñuorescence.17
Such a Ñuorescence has also been observed recently by
Thummel and collaborators4a for ligands based on
benzo[g]quinoline, the structure of which is similar to that of
4 and 5. A possible explanation could be related to the rigidity
of the molecule. In fact, it is well known that internal conver-
sion is not favoured in rigid molecular structures.18 Thus, the
conversion to the ground state via a radiative deactivation
process should be enhanced.

Complexes

Synthesis. Ligands 4 and 5 were further used to prepare the
complexes and[Ru(bpy)2(4)][PF6]2 [Ru(bpy)2(5)][PF6]2 .
These mixed-ligand complexes synthe-[Ru(bpy)2(L)]2`were
sized in the normal fashion by reacting cis-(bpy)2RuCl2 with
ligand L in absolute ethanol and precipitating the complex by
the addition of ammonium hexaÑuorophosphate.19

X-Ray structure. The molecular structures and atom num-
bering schemes for and are[Ru(bpy)2(4)]2` [Ru(bpy)2(5)]2`
shown in Fig. 3. Selected bond lengths and angles can be
found in Tables 3 and 4. Of the six RuwN bond lengths, Ðve
are in good agreement with the value of 2.056 found forÓ

but the last one, Ru(1)wN(3), is much longer[Ru(bpy)3]2`,20

with values of 2.160(6) and 2.165(4) forÓ Ó [Ru(bpy)2(4)]2`
and respectively. This lengthening may be[Ru(bpy)2(5)]2`,
related to the steric inÑuence of the bulky 2-terbutoxypropyl
chain. It is worthwhile to note that this longer RuwN bond is
associated with the largest N(1)wRu(1)wN(3) angle, 106.8(2)¡
and 103.5(2)¡, respectively. However, the bite angles (78.3¡,
mean value) are identical within experimental error and
compare well with the values (78.7¡, mean value) observed in
other related Ru complexes such as [Ru(bpy)2(C14H14)N2].21

Absorption. The absorption spectral data for
are sum-[Ru(bpy)2(4)]2`, [Ru(bpy)2(5)]2` and [Ru(bpy)3]2`marized in Table 5. The absorption spectra of the heteroleptic

complexes (Fig. 4) determined in aqueous solution at room
temperature are similar to that of Accordingly,[Ru(bpy)3]2`.
they exhibit a broad absorption band in the visible region and
two bands in the UV region. The Ðrst band appears at about
450 nm and the molar extinction coefficients e (Table 5) for

and complexes are slightly[Ru(bpy)2(4)]2` [Ru(bpy)2(5)]2`
lower than that of the reference complex This[Ru(bpy)3]2`.
hypochromic e†ect may be attributed to a steric constraint of
the ligands 4 and 5. The most intense UV absorption band is
located at 290 nm for the heteroleptic complexes and presents
a slight bathochromic shift with respect to the reference
complex. The second UV band appears at 238 nm as a shoul-

Fig. 3 Molecular view of (upper) and[Ru(bpy)2(4)]2`
(lower) with 30% probability thermal ellipsoids[Ru(bpy)2(5)]2`

depicted
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Table 3 Bond lengths E.s.d.s in parentheses refer to the last sig-(Ó).
niÐcant digit

[Ru(bpy)2(4)][PF6]2
Ru(1)wN(1) 2.075(7) C(25)wC(26) 1.42(2)
Ru(1)wN(2) 2.074(7) C(26)wC(27) 1.50(1)
Ru(1)wN(3) 2.160(6) C(27)wC(28) 1.37(1)
Ru(1)wN(4) 2.058(7) C(27)wC(35) 1.38(1)
Ru(1)wN(5) 2.069(7) C(28)wC(29) 1.51(1)
Ru(1)wN(6) 2.048(7) C(28)wC(33) 1.39(1)
N(3)wC(34) 1.35(1) C(29)wC(30) 1.55(2)
N(3)wC(35) 1.36(1) C(30)wC(31) 1.46(2)
N(4)wC(21) 1.34(1) C(31)wC(32) 1.53(1)
N(4)wC(36) 1.34(1) C(32)wC(33) 1.52(1)
O(1)wC(39) 1.43(1) C(33)wC(34) 1.40(1)
O(1)wC(40) 1.44(1) C(34)wC(37) 1.49(1)
C(5)wC(6) 1.46(1) C(35)wC(36) 1.45(1)

C(21)wC(22) 1.40(1) C(37)wC(38) 1.51(1)
C(22)wC(23) 1.35(1) C(38)wC(39) 1.51(1)
C(23)wC(24) 1.37(1) C(40)wC(41) 1.45(2)
C(24)wC(25) 1.47(2) C(40)wC(42) 1.52(2)
C(24)wC(36) 1.38(1) C(40)wC(43) 1.43(2)

[Ru(bpy)2(5)][PF6]2
Ru(1)wN(1) 2.058(5) C28)wC(39) 1.401(7)
Ru(1)wN(2) 2.057(5) C(29)wC(30) 1.496(7)
Ru(1)wN(3) 2.165(4) C(29)wC(37) 1.393(7)
Ru(1)wN(4) 2.047(5) C(30)wC(34) 1.412(9)
Ru(1)wN(5) 2.055(4) C(31)wC(32) 1.37(1)
Ru(1)wN(6) 2.051(4) C(32)wC(33) 1.37(1)
N(3)wC(38) 1.364(6) C(33)wC(34) 1.393(9)
N(3)wC(39) 1.347(6) C(34)wC(35) 1.471(9)
N(4)wC(22) 1.364(7) C(35)wC(36) 1.52(1)
N(4)wC(40) 1.356(7) C(36)wC(37) 1.520(8)
N(7)wC(30) 1.332(8) C(37)wC(38) 1.394(8)
N(7)wC(31) 1.341(8) C(38)wC(41) 1.499(8)

C(22)wC(23) 1.371(9) C(39)wC(40) 1.461(7)
C(23)wC(24) 1.362(9) O(1)wC(43) 1.50(1)
C(24)wC(25) 1.381(8) O(1)wC(44) 1.37(1)
C(25)wC(26) 1.480(9) C(41)wC(42) 1.44(1)
C(25)wC(40) 1.393(7) C(42)wC(43) 1.54(1)
C(26)wC(27) 1.530(9) C(44)wC(45) 1.517(9)
C(27)wC(28) 1.515(8) C(44)wC(46) 1.475(8)
C(28)wC(29) 1.390(7) C(44)wC(47) 1.548(9)

der for and at 242 nm for[Ru(bpy)2(4)]2` [Ru(bpy)2(5)]2`.
Both UV absorption bands present an hypochromic e†ect
with respect to By analogy with[Ru(bpy)3]2`. [Ru(bpy)3]2`,
the absorption band at about 450 nm is attributed to a metal-
to-ligand charge transfer (MLCT) transition,3,22 the UV band
at about 290 nm is attributed to a p ] p* ligand-centred (LC)
transition, whereas the band at 240 nm is attributed to a
superposition of LC and LMCT (ligand-to-metal charge
transfer) transitions.21

Electrochemistry. The redox potentials of [Ru(bpy)2(4)]2`
and as determined by cyclic voltammetry are[Ru(bpy)2(5)]2`
also reported in Table 5. Their voltammograms are compara-
ble to that of the reference complex The inten-[Ru(bpy)3]2`.
sity of the anodic current of the redox couple of each
mononuclear complex varies linearly with the square root of
the potential scanning rate. This behaviour shows that the
heteroleptic complexes exhibit characteristics close to that of
the theoretical model. This demonstrates a rapid and
reversible monoelectronic charge transfer.23 A wave is
observed at 1.27 V vs. SCE in the oxidation mode. This wave
corresponds to an oxidation centred on the metal
(RuII] RuIII] e). In the reduction mode, three reversible
waves are observed at [1.30, [1.54 and [1.90 V vs. SCE for

and at [1.30, [1.51 and [1.75 V vs. SCE[Ru(bpy)2(4)]2`
for These reductions occur on the orbitals[Ru(bpy)2(5)]2`.
centred on the ligands.24 Although the free ligand 5 is easier
to reduce than bpy, according to their reduction potential
(Table 2), the similarities of the Ðrst two reduction potentials

Table 4 Important bond angles (¡). E.s.d.s in parentheses refer to the
last signiÐcant digit

[Ru(bpy)2(4)][PF6]2
N(1)wRu(1)wN(2) 78.0(3) C(26)wC(27)wC(35) 119.2(10)
N(1)wRu(1)wN(3) 106.8(2) C(28)wC(27)wC(35) 118.3(8)
N(2)wRu(1)wN(3) 90.9(2) C(27)wC(28)wC(29) 119.4(10)
N(1)wRu(1)wN(4) 171.4(3) C(27)wC(28)wC(33) 120.3(8)
N(2)wRu(1)wN(4) 95.0(3) C(29)wC(28)wC(33) 120.3(10)
N(3)wRu(1)wN(4) 78.2(3) C(28)wC(29)wC(30) 114.3(11)
N(1)wRu(1)wN(5) 96.7(3) C(29)wC(30)wC(31) 110.4(11)
N(2)wRu(1)wN(5) 173.3(3) C(30)wC(31)wC(32) 112.5(11)
N(3)wRu(1)wN(5) 94.7(3) C(31)wC(32)wC(33) 111.8(10)
N(4)wRu(1)wN(5) 89.8(3) C(28)wC(33)wC(32) 122.9(9)
N(1)wRu(1)wN(6) 82.9(3) C(28)wC(33)wC(34) 117.8(8)
N(2)wRu(1)wN(6) 96.2(3) C(32)wC(33)wC(34) 119.1(9)
N(3)wRu(1)wN(6) 169.1(3) N(3)wC(34)wC(33) 123.5(8)
N(4)wRu(1)wN(6) 92.9(3) N(3)wC(34)wC(37) 116.9(8)
N(5)wRu(1)wN(6) 78.8(3) C(33)wC(34)wC(37) 119.5(8)
Ru(1)wN(3)wC(34) 131.7(6) N(3)wC(35)wC(27) 123.9(8)
Ru(1)wN(3)wC(35) 112.3(5) N(3)wC(35)wC(36) 116.5(7)
C(34)wN(3)wC(35) 116.0(7) C(27)wC(35)wC(36) 119.6(8)
Ru(1)wN(4)wC(21) 124.5(7) N(4)wC(36)wC(24) 122.4(9)
Ru(1)wN(4)wC(36) 116.4(6) N(4)wC(36)wC(35) 116.7(7)
C(21)wN(4)wC(36) 119.0(8) C(24)wC(36)wC(35) 121.0(9)
C(39)wO(1)wC(40) 118.2(8) C(34)wC(37)wC(38) 114.2(7)
N(4)wC(21)wC(22) 120.3(10) C(37)wC(38)wC(39) 113.4(8)
C(21)wC(22)wC(23) 120.7(10) O(1)wC(39)wC(38) 106.7(7)
C(22)wC(23)wC(24) 119.2(10) O(1)wC(40)wC(41) 108.5(10)
C(23)wC(24)wC(25) 121.1(11) O(1)wC(40)wC(42) 102.3(10)
C(23)wC(24)wC(36) 118.5(10) C(41)wC(40)wC(42) 112.8(15)
C(25)wC(24)wC(36) 120.3(10) O(1)wC(40)wC(43) 113.0(9)
C(24)wC(25)wC(26) 116.7(11) C(41)wC(40)wC(43) 110.6(16)
C(25)wC(26)w(C27) 118.1(10) C(42)wC(40)wC(43) 109.4(15)
C(26)wC(27)wC(28) 122.3(10)

[Ru(bpy)2(5)][PF6]2
N(1)wRu(1)wN(2) 78.2(2) C(39)wC(29)wC(37) 118.4(5)
N(1)wRu(1)wN(3) 103.5(2) N(7)wC(30)wC(29) 118.6(5)
N(2)wRu(1)wN(3) 86.9(2) N(7)wC(30)wC(34) 124.1(5)
N(1)wRu(1)wN(4) 175.9(2) C(29)wC(30)wC(30) 117.3(5)
N(2)wRu(1)wN(4) 97.8(2) N(7)wC(31)wC(32) 123.3(7)
N(3)wRu(1)wN(4) 78.4(2) C(31)wC(32)wC(33) 119.6(6)
N(1)wRu(1)wN(5) 96.8(2) C(32)wC(33)wC(34) 119.3(7)
N(2)wRu(1)wN(5) 173.2(2) C(30)wC(34)wC(33) 116.6(6)
N(3)wRu(1)wN(5) 99.3(2) C(30)wC(34)wC(35) 118.6(5)
N(4)wRu(1)wN(5) 86.5(2) C(33)wC(34)wC(35) 124.8(6)
N(1)wRu(1)wN(6) 83.9(2) C(34)wC(35)wC(36) 111.0(6)
N(2)wRu(1)wN(6) 95.5(2) C(35)wC(36)wC(37) 109.6(5)
N(3)wRu(1)wN(6) 172.6(2) C(29)wC(37)wC(36) 119.0(5)
N(4)wRu(1)wN(6) 94.3(2) C(29)wC(37)wC(38) 120.2(5)
N(5)wRu(1)wN(6) 78.8(2) C(36)wC(37)wC(38) 120.8(5)
Ru(1)wN(3)wC(38) 131.2(3) N(3)wC(38)wC(37) 121.2(5)
Ru(1)wN(3)wC(39) 111.3(3) N(3)wC(38)wC(41) 119.4(5)
C(38)wN(3)wC(39) 117.1(4) C(37)wC(38)wC(41) 119.4(5)
Ru(1)wN(4)wC(22) 127.0(4) N(3)wC(39)wC(28) 124.5(5)
Ru(1)wN(4)wC(40) 116.1(3) N(3)wC(39)wC(40) 116.4(4)
C(22)wN(4)wC(40) 116.6(5) C(28)wC(39)wC(40) 119.1(5)
N(4)wC(22)wC(23) 122.2(5) N(4)wC(40)wC(25) 123.3(5)
C(22)wC(23)wC(24) 120.5(5) N(4)wC(40)wC(39) 115.6(4)
C(23)wC(24)wC(25) 119.2(5) C(25)wC(40)wC(39) 121.0(5)
C(24)wC(25)wC(26) 123.2(5) C(43)wO(1)wC(44) 116.1(7)
C(24)wC(25)wC(40) 118.1(5) C(38)wC(41)wC(42) 116.3(7)
C(26)wC(25)wC(40) 118.7(5) C(41)wC(42)wC(43) 114.6(10)
C(25)wC(26)wC(27) 111.4(5) O(1)wC(43)wC(42) 104.8(8)
C(26)wC(27)wC(28) 111.4(5) O(1)wC(44)wC(45) 109.1(8)
C(27)wC(28)wC(29) 124.9(5) O(1)wC(44)wC(46) 114.0(8)
C(27)wC(28)wC(39) 117.9(5) C(45)wC(44)wC(46) 111.5(8)
C(29)wC(28)wC(39) 117.2(5) O(1)wC(44)wC(47) 106.7(8)
C(28)wC(29)wC(30) 123.0(5) C(45)wC(44)wC(47) 105.5(8)
C(28)wC(29)wC(37) 118.6(5) C(46)wC(44)wC(47) 109.6(9)

of both complexes to that of indicate that the[Ru(bpy)3]2`Ðrst reductions take place on the nonsubstituted bpy of the
complexes and according to :[Ru(bpy)2(4)]2` [Ru(bpy)2(5)]2`

[RuII(bpy)2(L)]2` ] e] [RuII(bpy~~)(bpy)(L)]`

[RuII(bpy~~)(bpy)(L)]`] e] [RuII(bpy~~)(bpy~~)(L)]
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Fig. 4 Absorption spectrum of (9 ] 10~6 mol l~1)[Ru(bpy)2(4)]2`
(upper) and (8] 10~6 mol l~1) (lower) in water[Ru(bpy)2(5)]2`

Consequently, the third reduction potential for both hetero-
leptic complexes probably involves ligands 4 and 5 according
to :

[RuII(bpy~~)(bpy~~)(L)]] e] [RuII(bpy~~)(bpy~~)(L~)]~

Emission. The emission data determined at room tem-
perature and at 77 K for and[Ru(bpy)2(4)]2`

as well as for are collected in[Ru(bpy)2(5)]2`, [Ru(bpy)3]2`,
Table 6. The emission spectra of and[Ru(bpy)2(4)]2`

in aqueous solution (Table 6) are similar to[Ru(bpy)2(5)]2`
that of the reference complex but with a much[Ru(bpy)3]2`lower intensity. Both spectra present a large emission band
centred at about 614 nm (16290 cm~1). This value corre-

sponds to a bathochromic shift (160 cm~1 in water) with
respect to This shift is similar to that obtained[Ru(bpy)3]2`.
for the absorption spectra. By analogy with the reference
complex we assign the luminescence of com-[Ru(bpy)3]2`,
plexes and to triplet MLCT[Ru(bpy)2(4)]2` [Ru(bpy)2(5)]2`
states.

The emission quantum yields of the heteroleptic com-zEplexes and in aqueous solu-[Ru(bpy)2(4)]2` [Ru(bpy)2(5)]2`
tion at room temperature are 100 and 50 times less intense
than that of respectively (Table 6). Moreover,[Ru(bpy)3]2`,
and as expected from the emission data, the emission lifetimes
of the excited states s measured by laser Ñash photolysis are
only equal to 10 ns, whereas that of the complex

is 800 ns (Table 6). We have also observed for[Ru(bpy)3]2`the complexes and a weak[Ru(bpy)2(4)]2` [Ru(bpy)2(5)]2`
contribution from a long emission, which is probably due to
an impurity. The decrease of s is probably related to azE and
steric hindrance induced by the 2-terbutoxypropyl chain of 4
or 5 substituted in the position adjacent to N(3), which is the
closest nitrogen atom of 4 or 5 to the substituent.25 As shown
by crystal studies, this e†ect is probably responsible for the
lengthening of the metalwN(3) bond (Fig. 3). Indeed,
the X-ray crystallographic data demonstrate that the Ruw
N(3) distance is 2.16 whereas the length of the Ðve otherÓ
RuwN bonds is 2.05 similar to the 2.056 found inÓ, Ó

Consequently, the octahedral geometry of the[Ru(bpy)3]2`.26
complexes is distorted. This distortion reduces the ligand Ðeld
strength and probably lowers the energy of the triplet 3dd
excited state, thus allowing a more efficient quenching of the
3MLCT excited state by this 3dd state. In other words, besides
the radiative and direct nonradiative processes, the lowest
excited MLCT state may be deactivated via a thermal popu-
lation of a higher excited ligand-Ðeld state, which undergoes
very efficient radiationless decay to the ground state.

We have also undertaken measurements at 77 K for the two
complexes and in ethanol[Ru(bpy)2(4)]2` [Ru(bpy)2(5)]2`
solutions (Fig. 5). Results are quoted in Table 6. As expected,
the emission spectra are better resolved than at room tem-
perature. Two maxima are observed at 588 and 634 nm, with
a shoulder at 685 nm, for Similarly, in the[Ru(bpy)2(4)]2`.
case of two emission bands appear at 582[Ru(bpy)2(5)]2`,
and 630 nm, with a shoulder at 685 nm. These results are
similar to that observed for It should be[Ru(bpy)3]2`.

Table 5 Absorption parameters in aqueous solution and electrochemical data in acetonitrile for ruthenium(II) complexes

E1@2/V vs. SCEa

Complex k'/nm (e'/l mol~1 cm~1) Oxidation Reduction

[Ru(bpy)3]2` 450 (13800), 286 (98000), 244 (27000) 1.30 [1.29, [1.48, [1.72
[Ru(bpy)2(4)]2` 451 (8750), 290 (53180), 238sh (17870) 1.27 [1.30, [1.54, [1.90
[Ru(bpy)2(5)]2` 453 (12530), 289 (55880), 242 (23820) 1.26 [1.30, [1.51, [1.75

a Redox potentials were measured in acetonitrile vs. SCE at room temperature with 0.1 M as the supporting electrolyte and[CH3(CH2)3]4NBF4a scanning rate of 200 mV s~1.

Table 6 Emission parameters for ruthenium(II) complexes at room temperature and at 77 K

Room temperature 77 K

Complex Solvent k'/nm m6 '/cm~1 zE s/ns k'/nm ET/cm~1 s/ls

[Ru(bpy)3]2` Water 608 16450 0.042a 800
Ethanol 601 16640 580, 628, 685sh 15850 5.2b

[Ru(bpy)2(4)]2` Water 615 16260 0.00070 10
Ethanol 615 16260 588, 634, 685sh 15730 5.4

[Ru(bpy)2(5)]2` Water 613 16310 0.00035 9
Ethanol 605 16530 582, 630, 685sh 15810 5.5

a Ref. 11. b Ref. 28.
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Fig. 5 Luminescence spectrum of at 77 K in ethanol[Ru(bpy)2(5)]2`

pointed out that these emissions correspond to a constant
vibrational progression of 1250 cm~1, similar to that deter-
mined for the reference. We also note that the maximum emis-
sion is shifted to the red when the temperature is decreased.
The shift corresponds to an energy di†erence of 750 cm~1 for

(from 615 nm at 298 K to 588 nm at 77 K)[Ru(bpy)2(4)]2`
and 650 cm~1 for (from 605 nm at 298 K to[Ru(bpy)2(5)]2`
582 nm at 77 K). This e†ect is due to the change from a Ñuid
to a solid medium.27 In Table 6 are also given the triplet state
energies of the complexes. These values have been esti-ETmated by considering that the short-wavelength vibrational
band of the emission spectra at 77 K corresponds to the 0È0
transition. The triplet state energies of the heteroleptic com-
plexes are similar to that of [Ru(bpy)3]2`.

Concerning the emission lifetime, it may be recalled that the
nonradiative deactivation processes are unfavoured at low
temperature, thus increasing considerably the lifetime of the
excited state at 77 K. For the two heteroleptic complexes, this
lifetime is 5.5 ls, a value close to that of the excited state of
the reference complex (5.2 ls).28 All these results show that, as
for the reference complex the luminescence of[Ru(bpy)3]2`,

and is clearly due to the[Ru(bpy)2(4)]2` [Ru(bpy)2(5)]2`
triplet 3MLCT state and that the orbital involved in the light-
induced charge transfer lies on the bipyridine ligands (and not
on 4 or 5), as was the case for the orbital involved in the Ðrst
electrochemical reduction step. In other words, the optical and
redox orbitals are of a similar nature and the MLCT excited
state of the heteroleptic complexes corre-[Ru(bpy)2(L)]2`
sponds to the Ru ] bpy transition.

Conclusion

In this work, we have prepared, characterized and studied the
photophysical properties of two new ligands 4 and 5, which
are annelated derivatives of 2,2@-bipyridine. We also report the
results concerning two ruthenium(II) heteroleptic complexes

and involving these ligands.[Ru(bpy)2(4)]2` [Ru(bpy)2(5)]2`
Contrary to 2,2-bipyridine, we observed for the free ligands 4
and 5 a Ñuorescence emission probably due to the rigidity of
their molecular structures. The heteroleptic complexes

and present an emission[Ru(bpy)2(4)]2` [Ru(bpy)2(5)]2`
similar to that of the reference complex Mean-[Ru(bpy)3]2`.
while, the emission quantum yield and the emission lifetimes
of the excited states are weaker than that of We[Ru(bpy)3]2`.
have attributed these e†ects to the steric hindrance by the 2-
terbutoxypropyl chain and not to the rigidity of the ligands.
In fact, the adjacent position of the 2-terbutoxypropyl substit-
uent with respect to the nitrogen of 4 or 5 engaged in the
coordination, disturbed the octahedral structure with a
stretching of the RuwN(3) bond. This explanation is sup-
ported by the reported crystallographic data, which clearly
show the lengthening of the RuwN(3) distance (2.16 asÓ

compare to 2.05 for the other RuwN bonds). As a conse-Ó
quence, the ligand-Ðeld strength is decreased and the prob-
ability of nonradiative processes is increased.
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