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The synthesis and characterization of a series of mono- and dinuclear ruthenium(ll) and osmium(ll) polypyridyl complexes
based on the heteroditopic bridging ligand PT are reported. This ligand incorporates bidentate phen (1,10-phenanthroline) and
terdentate tpy (2,2':6' 2 -terpyridine) units directly connected by their 3 and 5 positions, respectively. The dinuclear complexes
have been synthesized via a Pd(0) catalyzed cross-coupling reaction between a bromo-substituted Ru—phen complex and a
tpy derivative incorporating a boronate ester, followed by Ru(ll) or Os(Il) complexation. The compounds obtained are fully
characterized using spectroscopic and electrochemical measurements. The electrochemical studies do not yield any evidence
for interaction between the two metal centers in the dinuclear compounds. Emission studies indicate, however, energy transfer
from the phen moiety to the tpy center. For the ruthenium/osmium species, this process is relatively slow, resulting in a dual
emission. The emission of the mononuclear ruthenium compound is enhanced by the addition of Zn(ll).

Introduction

Polypyridyl ruthenium(II) complexes based on 2,2’-bipyr-
idine (bpy), 1,10-phenanthroline (phen), or 2,2":6',2"-terpyr-
idine (tpy) ligands possess interesting photophysical, photo-
chemical, and electrochemical characteristics' ~* which make
them appealing for the construction of luminescent sensors
and photoactive molecular-scale devices.” '' The covalent
linkage of various (polypyridine)metal complexes to generate
multimetallic assemblies has further expanded these possibi-
lities and has provided a unique framework for the funda-
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mental study of intramolecular energy and electron transfer
processes in the excited state.'>'> Tris-bidentate moieties
such as [Ru(bpy)s]** or [Os(bpy)s]* " are ideal models for the
construction of such assemblies, due to their excellent photo-
physical and photochemical properties compared to the bis-
terdentate complexes. However, from a synthetic viewpoint,
the use of bidentate ligands is less convenient, as they afford
chiral tris-bidentate complexes leading to mixtures of dia-
stereomers, which are often difficult to separate. In contrast,
symmetric terdentate ligands, such as a tpy substituted at the 4’
position, have provided a convenient way to incorporate bis-
terdentate complexes into linear achiral assemblies, and seve-
ral Ru(tpy),—M(tpy)> (M = Ru(II), Os(II)) diads and triads
have been reported.'®'® However, rigidly linked dinuclear
metal complexes, containing both bis-terdentate and tris-
bidentate chromophores, have received less attention.'?™?*
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Chart 1. Structures of Ligand PT and the Mono- and Dinuclear
Complexes

M=Ru(ll) RPTR
M=0s(ll) RPTO ty t t3 t

Recently, we described the synthesis of PT (Chart 1),>*%
an azaaromatic heteroditopic ligand containing a phen
bidentate unit and a tpy terdentate unit directly connected
via the 3 and 5 positions, respectively. This ligand was used as
a building block for the self-assembly of a metallosupra-
molecular hexamer based on Cu(II).? In this contribution, we
present two new dinuclear Ru(IT)—Ru(II) and Ru(IT)—Os(II)
complexes based on the use of PT as a bridging ligand. These
complexes have been synthesized using stepwise cross-
coupling and complexation reactions. In the first step, a
bromophenanthroline Ru(Il) tris-bidentate complex (RP)
was reacted with a boronic ester tpy derivative in the presence
of a catalytic amount of Pd(0) to yield the mononuclear
Ru complex RPT, which was subsequently reacted with
[Ru(tpy)Cls] or [Os(tpy)Cls] to give rise to the final Ru—
Ru and Ru—Os dinuclear complexes RPTR and RPTO
(Chart 1). The compounds obtained are fully characterized,
and their electrochemical and electronic properties are dis-
cussed.

(24) Gavina, P.; Tatay, S. Tetrahedron Lett. 2006, 47, 3471-3473.
(25) Coronado, E.; Galan-Mascaros, J. R.; Gavina, P.; Marti-Gastaldo,
C.; Romero, F. M; Tatay, S. Inorg. Chem. 2008, 47, 5197-5203.
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Experimental Section

Materials. All solvents used for absorption and emission
spectroscopy were of spectroscopic grade (Sigma-Aldrich). All
other reagents were of HPLC or analytic grade. cis-[Ru(bpy),Cl,]-
2H,0 was purchased from Aldrich and used with no further
purification. Ligands 1, 2, and PT>*% and complexes [Ru(tpy)-
CI15]% and [Os(tpy)Cls]*” were prepared as previously reported.
Thin-layer chromatography (TLC) was carried out on alumina
sheets coated with silica gel 60 F,s4 (Merck). The TLC plates
were eluted with acetonitrile/H,O/sat. aq. KNO3 (RPT and
RPTO) or acetone/H,O/sat. aq. KNO; (RPTR) and examined
under a UV lamp. Prior to the photophysical studies, all of the
complexes were recrystallized from isopropyl ether/CH3;CN by
vapor diffusion.

[Ru(bpy),(1)][PFg), (RP). 3-Bromo-8-(p-anisyl)-1,10-phenan-
throline (1) (0.37 g, 1.0 mmol), cis-[Ru(bpy),Cl,]-2H,0 (0.48 g,
1.0 mmol), and ethylene glycol (25 mL) were heated under Ar at
150 °C overnight. After cooling to room temperature, 50 mL of
aqueous KPF4 was added. The resulting precipitate was filtered
under suction and used without further purification (orange solid;
0.99 g,90%). "H NMR (CD5CN, 300 MHz): 8.82 (d, J=1.8 Hz,
1H, Py), 8.77(d, J=1.8 Hz, 1H, P), 8.55—8.45 (m, 4H, 4b3), 8.28
(d, J=8.9 Hz, IH, Ps/P¢), 8.16 (d, /=8.9 Hz, IH, Ps/P¢), 8.14—
7.97 (m, 6H, P, Py, 4b,), 7.85—7.80 (m, 2H, 2by), 7.65—7.60 (m,
2H, 2bg), 7.52—7.42 (m, 4H, 2H,, 2bs), 7.28—7.20 (m, 2H, 2bs),
7.03 (d, /=28.9 Hz, 2H, 2H,,,), 3.83(s, 3H, CH3;0). HRMS(ES):
mjz 923.03 (M — PF4]"; caled, 923.35), 389.05 (M — 2PF4]*";
caled, 389.30).

[Ru(bpy)(PT)][PF¢l, (RPT). A deaerated mixture of RP (1.1
g, 1.0 mmol), 5-neopentyl glycolatoboryl-5"-methyl-2,2":6/,2"-
terpyridine (2) (0.37 g, 1.0 mmol), Pd(PPhs), (0.092 g, 0.080
mmol), K,CO;5 (0.69 g, 5.0 mmol), DMF (30 mL), and water
(1.2 mL) was heated under Ar at 80 °C for 18 h. The mixture was
cooled down to room temperature, and aqueous KPFy was
added (150 mL). The resulting solid was filtered and purified by
column chromatography on silica gel (eluent CH,Cl,/MeOH,
gradient elution from 99:1 to 90:10) to obtain the desired pro-
duct as an orange solid (0.62 g, 50% yield). "H NMR (CD;CN,
300 MHz): 6 8.97 (d, J= 1.8 Hz, 1H, P,), 8.86 (d, /= 2.0 Hz,
1H, Ty), 8.81 (d, J= 1.8 Hz, 1H, P5), 8.77 (d, /=8.3 Hz, 1H,
T3), 8.59—8.42 (rn, 8H, 4b3, T3f, TS’, T3N, TG”)a 8.31 (S, 2H, P5,
Py), 8.27 (d, /= 1.8 Hz, 1H, Py), 8.16—7.97 (m, 7H, 4b,, Py,
T4, Ty), 7.91 (bt, J = 5.2 Hz, 2H, 2by), 7.79 (dd, J = 8.3 and
1.5 Hz, 1H, Ty»), 7.75 (d, J= 5.7 Hz, 1H, bg), 7.71 (d, J=5.1
Hz, 1H, bg), 7.52 (d, J = 8.8 Hz, 2H, 2H,), 7.50—7.45 (m,
2H, 2bs), 7.29—7.24 (m, 2H, 2bs), 7.04 (d, /=8.8 Hz, 2H, 2H,,,),
3.84 (s, 3H, CH30), 2.42 (s, 3H, CH3). HRMS(ES): m/z 1090.08
(IM — PF¢]™; caled, 1090.22), 473.65 (M + H — 2PF¢]**; calcd,
473.63),315.70 (M + H — 2PF¢]**; caled, 316,09). TLC, R=0.2
in MeCN/H,0/aq. KNO5; =9:1:0.3.

[Ru(bpy),(PT)Ru(tpy)][PFels (RPTR). A solution of RPT
(0.37 g, 0.30 mmol) and [Ru(tpy)Cls] (0.13 g, 0.30 mmol) in
ethylene glycol (8 mL) was heated under Ar at 150 °C overnight.
The mixture was cooled to room temperature, and aqueous
KPFg4 was added (50 mL). The resulting precipitate was filtered
and purified by column chromatography (silica gel, acetone/
H,O/sat. ag. KNO3, 9:1:0.5 as eluent) followed by anion
exchange with KPFg to yield RPTR as an orange-red powder
(0.26 g, 47%). "H NMR (CD;CN, 300 MHz): 6 8.79—8.66 (m,
5H, P7, 2t3,2T),8.56 (d, J=8.4 Hz, |H, T3), 8.53—8.38 (m, 9H,
P», 4bs, 2t3, ty, Ty), 8.36 (d, J=8.0 Hz, 1H, 1T), 8.26 (d, /=8.9
Hz, 1H, Ps/Py), 8.15 (d, /= 8.9 Hz, 1H, Ps/P¢), 8.14—8.07 (m,
2H, 2b,), 8.06 (d, /=1.8 Hz, 1H, Py), 8.04—7.97 (m, 3H, 2by, 1T),
7.95—7.90 (m, 3H, 2t4, T¢), 7.77 (dd, J=5.6,0.8 Hz, 1H, bg), 7.72

(26) Sullivan, B. P.; Calvert, J. M.; Meyer, T. J. Inorg. Chem. 1980, 19,
1404-1407.

(27) Buckingham, D.; Dwyer, F.; Sargeson, A. Aust. J. Chem. 1964, 17,
622-631.
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(dd, /= 8.0 and 1.7 Hz, 1H, 1T), 7.67 (dd, J= 5.6, 0.7 Hz,
IH, bg), 7.56—7.50 (m, 2H, 2be), 7.48 (d, J = 8.9 Hz, 2H,
2H,), 7.46—7.39 (m, 2H, 2bs), 7.37—7.31 (m, 3H, 2ts, T¢),
7.25—7.19 (m, 2H, 2bs), 7.20—7.09 (m, 2H, 2ts), 7.02 (d, /=8.9
Hz, 2H, 2H,,,), 6.99 (br. s, 1H, P,), 3.83 (s, 3H, CH30), 2.02 (s,
3H, CHj3). HRMS(ES): m/z 1715.64 (M — PFg]"; calcd,
1715.15), 785.59 (M — 2PF¢]*"; calcd, 786.09), 475.16 (M —
3PFe*"; caled, 475.74), 320.12 (IM — 4PF4]*"; calced, 320,82).
TLC, R;=0.25 in acetone/H,0/aq. KNO5; =9:1:0.5.

[Ru(bpy)(PT)Os(tpy)|[PF¢ls (RPTO). A solution of RPT
(0.37 g, 0.30 mmol) and [Os(tpy)Cls] (0.16 g, 0.30 mmol) in
ethylene glycol (8 mL) was heated under Ar at 200 °C over-
night. The mixture was allowed to reach room temperature,
and aqueous KPFg (50 mL) was added. The resulting precipitate
was filtered and purified by column chromatography (silica gel,
CH,Cl,/MeOH gradient elution from 98:2 to 80:20) to afford
RPTO (0.26 g, 40%) as a red-brown solid. '"H NMR (CD-CN,
300 MHz): 6 8.79—8.65 (m, 5H, P7, 2t5, 2T), 8,55—8.38 (m, 8H,
P», 4bs, 2t5, T3), 8.34 (d, /=8.4 Hz, 1H, 1T), 8.25(d, /=9.0 Hz,
1H, Ps/P¢), 8.14 (d, /=9.0 Hz, 1H, Ps/P;), 8.15—7.75 (m, 12H,
Py, 4by, 1bg, 2t4, ty, T4, 2T), 7.67(d, J=5.4 Hz, |H, be), 7.62 (br.
d, J = 8.4 Hz, 1H, IT), 7.55—7.50 (m, 2H, 2bs), 7.48 (d, J =
8.9 Hz, 2H, 2H,), 7.46—7.41 (m, 2bs), 7.25—7.18 (m, 5H, 2bs,
2tg, Tgr), 7.10—7.05 (m, 2H, 2ts), 7.02 (d, J=8.9 Hz, 2H, 2H,,,),
6.86 (s, 1H, Py), 3.83 (s, 3H, CH;0), 2.05 (s, 3H, CH3). HRMS-
(ES): m/z 1804.7 (M — PF¢]*; caled, 1805.2), 830.7 (M —
2PF¢]*"; caled, 831.1), 504.9 (M — 3PF¢]*"; caled, 505.4). TLC,
R¢=0.25in MeCN/H,0/aq. KNO; =9:1:0.3.

Physical Measurements. '"H NMR spectra were recorded on
a Bruker DPX300 (300 MHz) or a Bruker AV400 (400 MHz)
NMR spectrometer. All measurements were carried out in
CD;CN, using the residual solvent peak as the internal refer-
ence. ES-mass spectra were obtained with a Waters Micromass
ZQ spectrometer in the positive ion mode. The extraction cone
voltage was set to 10 V to avoid fragmentations. In all of the
cases, a well-resolved isotopic pattern consisting of monoisoto-
pic peaks separated by 1/z Da was obtained. Optically dilute
solutions were used thorough all of the photophysical measure-
ments. UV/vis absorption spectra were recorded on a JASCO
570 UV/vis—NIR or a JASCO 630 UV/vis spectrophotometer
with 1-cm-path-length quartz cells. Absorption maxima are
+2 nm; molar absorption coefficients are £10%. Emission
spectra were recorded using a JASCO-7200 spectrofluorimeter
equipped with a red-sensitive Hamamatsu R928 detector.
Luminescence quantum yields of the complexes were measured
according to literature procedures using [Ru(bpy);]Cl, as the
standard;”® estimated uncertainties are +15% or better. For
ligand PT, the quantum yield was measured using the “absolute
PL quantum yield measurement system” from Hamamatsu,
model C9920—02. Emission lifetime measurements were carried
out using time correlated single photon counting (Edinburgh
Analytical Instruments) in a T setting, consisting of an nF900
(N, filled) flashlamp, J-yA monochromators, and a single
photon photomultiplier detection system, model S 300 detector,
with a Norland N5000 MCA card. The F900 Program (version
5.13) is used for data processes, with the quality of fits deter-
mined by examination of the * and residual plots of the fitted
functions. Lifetimes were recorded in acetonitrile deaerated by
continuous N, bubbling and are £10 ns. Cyclic voltammetry
and differential pulse experiments were performed on an Auto-
lab PGSTATI2 potentiostat/galvanostat instrument at room
temperature, under nitrogen, in a single compartment electro-
chemical cell. A three-electrode configuration was used con-
taining 0.1 M tetrabutylammonium hexafluorophosphate as
the supporting electrolyte (electrochemical grade) and anhy-
drous acetonitrile as the solvent. As a reference, a 0.1 M AgNO3
CH;3CN Ag/Ag™ electrode was used. The counterelectrode was

(28) Eaton, D. F. Pure Appl. Chem. 1988, 60, 1107-1114.
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a platinum wire, and as a working electrode, platinum or glassy
carbon @ 2 mm electrodes were used. All solutions were
degassed thoroughly for at least 15 min with argon, and an inert
gas blanket was maintained over the solution during the mea-
surements. Analyte concentrations of typically 1 mM were used.

Titration Experiments. For the titration experiments, the
absorption and luminescence spectra of a 10> M solution of
the Ru(IT) complex RPT in CH3;CN/H,>O (1:1) were recorded.
Then, aliquots (1 x 10°to 1 x 1073 M) of aqueous ZnCl,,
Cu(NO3),, Mg(SOy), NiCl,, FeSOy4, CoCl,, CrCly, and AgNO;
solutions or trifluoroacetic acid were added, and the absorbance
and fluorescence spectra were recorded again. The change in the
total volume of the solution was kept below 10% in all of the
experiments.

Results and Discussion

Synthesis. The synthesis of the target dinuclear Ru(II)/
Os(II) metal complexes RPTR and RPTO was first
attempted starting from the multitopic bridging ligand
PT by stepwise metal complexation of its phen and
tpy binding units. However, reaction of PT with either
cis-[Ru(bpy),Cl,] or [Ru(tpy)Cls] to obtain a mononuc-
lear Ru complex led in all cases to mixtures of different
metal complexes, which were difficult to separate.

To avoid these problems, we decided to follow a
“building block” a@aroach for the synthesis of the bimetal-
lic assemblies.'®>*?3° Thus, the key bromo-substituted
tris-bidentate ruthenium complex RP (Scheme 1) was
prepared by reacting bromophenanthroline 1 with
cis-[Ru(bpy)->Cl,]-2H,0 in ethylene glycol at 150 °C over-
night. The boronate ester tpy derivative 2 was obtained
from the reaction of 5-bromo-5"-methyl-2,2":6',2"-ter-
pyridine with bis(neopentyl glycolato)diboron in the
presence of a catalytic amount of PdCl,(dppf).>**° The
mononuclear Ru(Il) complex RP was then cross-coupled
with ligand 2 under standard Suzuki coupling conditions
(Pd(0), Na,CO; as the base, DMF/water as solvent).?!
In this case, RPT was isolated in 50% yield after ion
exchange with aqueous KPFg and purification through a
silica column. In a second metalation step, this complex
was reacted with [M(tpy)Cl3] (M = Ru(II) or Os(II)) in
ethylene glycol at 150 or 200 °C overnight, followed by
anion exchange with aqueous KPF¢ and purification by
column chromatography, to yield the pure dinuclear
compounds RPTR and RPTO with 47% and 40% yield,
respectively (Scheme 1). All of the complexes were char-
acterized by "H NMR spectroscopy and ES-MS. The
proton chemical shifts were assigned with the aid of
standard COSY experiments and by comparison with
those of similar compounds.?’*®

Encouraged by the successful modular approach for
the synthesis of the mononuclear Ru—phen complex
RPT, we decided to attempt the synthesis of the equiva-
lent mononuclear Ru—tpy complex PTR, starting from
appropriate bis-terdentate ruthenium complex precur-
sors. Thus, we synthesized a bromo-substituted Ru(tpy),
complex (RT) from 5-bromo-5"-methylterpyridine*> and

(29) Cassidy, L.; Horn, S.; Cleary, L.; Halpin, Y.; Browne, W. R.; Vos,
J. G. Dalton Trans. 2009, 3923-3928.

(30) Halpin, Y.; Cleary, L.; Cassidy, L.; Horne, S.; Dini, D.; Browne,
W. R.; Vos, J. G. Dalton Trans. 2009, 4146-4153.

(31) Barigelletti, F.; Flamigni, L.; Balzani, V.; Collin, J.-P.; Sauvage,
J.-P.; Sour, A.; Constable, E. C.; Thompson, A. M. W. C. J. Am. Chem. Soc.
1994, 116, 7692-7699.
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Scheme 1. Synthetic Scheme for Preparation of the Mononuclear and
Dinuclear Metal Complexes®

Meo /\B,
—N

N—
N,
Ru(bpy)z

M=Ru(l) RPTR
M=0s(ll) RPTO

“ (i) [Ru(bpy)-Cly] ethylene glycol 150 °C, 90%. (ii) [Pd(PPh;),], K,COs,
DMF/H,0 150 °C, 50%. (iii) RPTR: [Ru(tpy)Cls] ethylene glycol 150 °C,
47%. RPTO: [Os(tpy)Cls] ethylene glycol, 200 °C, 40%.

[Ru(tpy)Cls]. However, we failed to obtain the corre-
sponding boronic ester derivative of the phen ligand 1,%*
as well as to transform RT into a boronic ester derivative
for Suzuki coupling. In all attempts, mainly starting
materials and different amounts of the corresponding
protiodehalogenated derivatives were recovered. Conse-
quently, we decided to abandon this route.
Spectroscopic properties. The UV—vis absorption spec-
tra of ligand PT in deoxygenated CHCI; and complexes
RP, RPT, RPTR, and RPTO in deoxygenated acetonitrile
atroom temperature are shown in Figure 1. PT exhibits two
absorption maxima in the UV region, at 283 and 341 nm. In
the metal complexes, as observed for other ruthenium and
osmium polypyridyl complexes and by comparison with
the spectrum of PT, peaks and shoulders between 200 and
400 nm are assigned to ligand-centered transitions.>*?*>3

Coronado et al.

——PT
% 1 e RP-Br
——RPT
55 ———RPTO
——RPTR

€ [(M-em)™]/10"
R o O W

B
i 1

4] a4 T T T T v
250 300 350 400 450 500 550 600
Wavelength [nm]

Figure 1. UV/vis absorption spectra of PT (deoxygenated CHCl;) and
RP, RPT, RPTO, and RPTR (deoxygenated acetonitrile) at room
temperature.

A broad absorption centered around 450 nm, is assigned
to a metal-to-ligand charge-transfer (MLCT) transition
(Table 1) as observed in related ruthenium and osmium
oligopyridine complexes.'* On going from RP and RPT
to the dinuclear complexes RPTR and RPTO, the MLCT
band is slightly red-shifted. In RPTO, there is also a low-
intensity tail extending up to 760 nm, not shown in Figure 3,
that can be assigned to the spin-forbidden MLCT transi-
tions associated with the Os—tpy unit.*>

Luminescence spectra (Figure 2) at room temperature
were obtained in deoxygenated acetonitrile. In the experi-
ments, the excitation wavelength was varied according to
the absorption properties of the complexes. By comparison
with other polypyridine ruthenium(II) complexes, —* this
luminescence was assigned to emission from the *MLCT
state.

For the mononuclear compounds RP and RPT, emis-
sion maxima (4. ), quantum yields (®), and lifetimes (7)
are well described by a monoexponential fit. They are
similar to those previously reported in other mononuclear
tris-bidentate ruthenium complexes formed from bpy and
phen ligands. In the case of the dinuclear RPTO complex,
we recorded emission spectra at two different excitation
wavelengths: 454 and 525 nm. At 525 nm, the difference
between molar absorption coefficients of RPT and RPTO
is maximized (Figure 1), and the absorption is mainly due
to the Os—tpy chromophore. On the other hand, absorp-
tion at 454 nm is due to the superposition of both Ru—bpy
and Os—tpy chromophores. The excitation of RPTO into
the peak at 525 nm resulted in the appearance of a lumine-
scence band centered around 756 nm (P =0.0071), which
is reminiscent of that found for the related [Os(tpy),]*"
mononuclear complex. However, when we excited the
band at 454 nm, we observed two bands centered around
636 and 756 nm. The new band at 636 nm was assigned to
emission from the Ru—bpy unit in RPTO. The lower
emission intensity at 636 nm in RPTO compared with
that of RPT (Table 1 and Figure 2) suggests an efficient
energy transfer from Ru—bpy to the Os—tpy center
occurring with ca. 95% quenching of the emission from
the Ru—bpy chromophore. The big separation between

(32) Kumaresan, D.; Shankar, K.; Vaidya, S.; Schmehl, R. Top. Curr.
Chem. 2007, 281, 101-142.



Article

Table 1. Photophysical Properties for PT and the Metal Complexes”
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compound JMLCTmax[nm] eM em™] Jem [nm]° P’ 7 [ns] ref
PT 405 1
[Ru(bpy)3]22+ 450 11900 613 0.059% 1004
[Ru(tpy).]*" 474 14600 629 <5x10°° 0.257 33, 34a
[Os(tpy)o]** 475656 15400/4200 729 0.0144 269 33, 34b
RP 451 15500 618 0.059 1300
RPT 435 15100 624 0.062 1580
RPTO 454 15200 636/756 132/88
RPTR 458 23400 634 0.0014 <10

“[Ru(bpy)s]*", [Ru(tpy)-]*", and [Os(tpy)-]*" data have been added for comparison. Measured at room temperature in deoxygenated acetonitrile,
except for PT (deoxygenated CHC3). © Aoy = Am1cTmax €xcept for PT Ao =341 nm. ¢ Ay =337 nm. “In deaerated EtOH/MeOH.

~—RP-Br
——RPT

——RPTO
——RPTR

Norm. Em. Intensity [a.u.]

T 4 T
500 600 700 800
Wavelength [nm]

Figure 2. Luminescence spectra (lex = AMLcTmax) Of complexes RP,
RPT, RPTO, and RPTR in deoxygenated acetonitrile at room tempera-
ture. The areas under the curves have been scaled according to @ of the
emission. In the case of RPTO, both emissions have been considered for
the scaling.

Ru—bpy and Os—tpy emissions makes the calculation
of both emission lifetimes possible. The lifetime of the
Ru-based emission (trpro = 132 ns) is notably shorter
than that recorded for RPT (zgpr = 1580 ns) under the
same conditions. This supports the suggestion that emis-
sion from the Ru—bpy moiety in RPTO is quenched by
intramolecular energy transfer. The rate constant for
triplet energy transfer, krr = 6.9 x 10° 5!, was deter-
mined as the difference between the inverse of the two
triplet lifetimes for the Ru—tpy emission:

-1 -1
k1T = TRPT = — TRPTO

For the RPTR complex, a single emission centered
at 634 nm with a low quantum yield (® = 0.0014) and
short lifetime < 10 ns was detected. These data suggest a
Ru—tpy-centered emission, and this indicates that the
quenching of the Ru—bpy moiety is complete. That is
most likely caused by an energy transfer process from the
normally highly emissive, long-lived Ru—bpy unit toward
the short-lived Ru—tpy chromophore.

Electrochemistry. The electrochemical properties of the
complexes synthesized were studied using cyclic voltam-
metry (CV) and differential pulse voltammetry (DPV).
All oxidation and most of the reduction processes ob-
served are quasi-reversible and are presented in Table 2,
along with values obtained for appropriate model sys-
tems. An example of the electrochemical response is
illustrated in Figure 3 for the mononuclear RPT and the
dinuclear RPTO complexes.

For the RP and RPT mononuclear complexes, a single
cathodic process at ca. 1.30 V is observed that can be
assigned, by comparison with the model compounds, to a
Ru-based monoelectronic oxidation. For the dinuclear
RPTR complex, a single two-electron oxidation peak is
observed at 1.31 V, indicating that both ruthenium centers
are oxidized at the same potential. In the case of the
heterometallic RPTO complex, two single-electron peaks,
ascribed to the successive Os"/Os"" and Ru''/Ru'" oxida-
tions, are observed at 0.96 and 1.33 V, respectively. The
fact that oxidation in the dinuclear compounds occurred
with no significant shift of the peaks, compared to that of
the parent mononuclear complexes, suggests the absence
of significant electronic coupling between both metal
centers in the ground state.

For all compounds, only three reduction peaks are
clearly observed. The first two peaks correspond to quasi-
reversible one-electron processes. For RP and RPT also,
the third reduction peak is quasi-reversible. However, in
RPTR and RPTO complexes, the third reduction peaks,
centered around —1.5 V, appear in the CV and DPV as
sharp peaks, which are most likely due to the adsorption of
the highly reduced complexes on the electrode.®’

Generally, modification of an oligopyridine ligand by a
pyridine substituent, e.g., when going from [Ru(tpy),]*"
to [Ru(tpy-py)a]*" (tpy-py = 4'-(4-pyridyl)-tpy), results in
a shift of the ligand reduction potential to a less negative
potential.?! This trend is clearly observed on going from
RP (—1.35V) to RPT (—1.21 V), in which a pendant free
tpy unit is present and suggests that the first reduction in
RPT is centered on the PT ligand. In the case of RPTR
and RPTO, as a result of the capping of the free tpy unit in
RPT with Ru(II) and Os(II) metallo-fragments, the re-
duction potential was further displaced toward less nega-
tive potentials (from ca. —1.2 to —1.0 V). These observa-
tions suggest that the LUMO orbital of the dinuclear
complex is located on the bridging ligand and that con-
siderable delocalization of the LUMO over the tpy and
bpy moieties of the bridging ligand is taking place. A
similar observation is made for the related ruthenium and
osmium complexes containing the bis(bpy) type bridging

(33) Montaldi, M.; Credi, A.; Prodi, L.; Gandolfi, M. T. Handbook of
Photochemistry, 3rd ed.; Taylor and Francis: New York, 2006.

(34) (a) Maestri, M.; Armaroli, N.; Balzani, V.; Constable, E. C.;
Thompson, A. M. W. C. Inorg. Chem. 1995, 34, 2759-2767. (b) Constable,
E. C.; Thompson, A. M. W. C. J. Chem. Soc., Dalton Trans. 1994, 1409-1418.

(35) Harriman, A.; Mayeux, A.; Stroh, C.; Ziessel, R. Dalton Trans. 2005,
2925-2932.

(36) Caspar, J. V.; Meyer, T. J. Inorg. Chem. 1983, 22, 2444-2453.

(37) Bard, A. J.; Foster, L. R. Electrochemical Methods, Fundamentals
and Applications, 2nd ed.; John Wiley and Sons: New York, 2001.
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Table 2. Oxidation and Reduction Formal Potentials” for RP, RPT, RPTR, and RPTO Obtained from DPV Experiments

compound Ru"'—Ru"™ 0s"'—0s™
[Rll(bIDY)s]z2+ 1.29
[Ru(tpy)o]*™ 1.30
[Ru(bpy)(phen)]** 1.29
[Os(tpy)a]** 0.97
RP 1.31(81)
RPT 1.30(90)
RPTR 1.31(90)
RPTO 1.33(71) 0.96(71)

reduction potentials ref
—1.30 —1.54 -1.75 35
—1.24 —1.49 35
—1.36 36
—1.23 —1.52 31
—1.35(60) —1.56(111) —1.77(70)
—1.21(61) —1.34(150) —1.70
—1.03(71) —1.20(60) —1.48(s)
—1.00(70) —1.18(81) —1.45(s)

“Recorded in CH3CN containing 0.1 M NBusPFg; E, > in V vs SCE. The values in parentheses are the differences between the anodic and cathodic

peaks of the CV waves (mV), (s) = spiked-shaped peak.

—RPT

Intensity [A]

Intensity [A]

0
Voltage [V]

Figure 3. CV and DPV vs SCE in deoxygenated acetonitrile for RPT
and RPTO at 100 mV/s.

ligand.?® So the electrochemical data show that while co-
ordination of the bridging ligand produces a lowering of the
LUMO, the HOMO (represented by the first oxidation) is
insensitive to the coordination of the second metal.

Luminescent Sensing of Complex RPT with Respect to
Transition Metal Cations. The electronic properties of
polypyridyl Ru(II) complexes covalently linked to appro-
priate free binding units can vary upon coordination of a
metal ion. These changes have been applied in the devel-
opment of luminescent sensors.”® For the complex RPT,
the free tpy coordinating site connected to a tris-bidentate
Ru(II) unit may act as a potential binding site for transi-
tion metal ions. This capability was explored by titrating
acetonitrile—water (1:1 v/v) solutions containing RPT
with different metal salts and also with trifluoroacetic
acid (TFA), while monitoring the absorption and emis-
sion intensities. In all cases, the absorption spectrum
remains basically unaltered while changes are observed
in the emission spectrum. Thus, while the addition of
Mg(Il) and Ag(I) diamagnetic metals or TFA does not
affect the emission properties, the emission intensity sharply
decreases when paramagnetic Cu(II), Co(Il), Fe(II), and
Ni(IT) metals are added. Finally, a clear increase in intensity
and a red shift of the Anir.crmax Of the emission is observed
when Zn(II) is introduced in the solution.

The decrease in the emission intensities can be ac-
counted by the heavy atom effect and the paramagnetic
nature of the metal centers,®® most likely because of

Table 3. Luminescence Properties for RPT and RPT—Zn Complexes in CH;CN
and CH;CN:H,0 (1:1 v/v)

CH;CN CH;CN/H,O
complex Aem” [nm] [} 7 [ns] O* 7 [ns]
RPT 624 0.062 1580 0.050 294
RPT—Zn" 638 0.083 2096 0.056 430

“Jex = 435 nm. 10 equivalents of Zn (ZnOTf in CH;CN or ZnCl,
in water) were added to the solution.

4eq.

M A

Intensity [a.u.]

_J_ AR 104
400 600 800 1000
m/z

Figure 4. MS(ES) of a solution of RPT (1 x 10> M) in CH;CN/H,O
(1:1 v/v) with different amounts of ZnCl,.

electron transfer from the triplet excited state of the
ruthenium moiety, while the increase upon addition of
Zn(IT) can be attributed to an increase in the delocalization
of the electronic density over the PT bridge in the RPT—Zn
complex and potentially to an increased rigidity of the
molecular system upon coordination. Others have already
reported similar effects.'”3>*%3% This delocalization results
in the stabilization of the lowest energy Ru—PT *MLCT
state in RPT—Zn complex when compared with RPT, in a
bathochromic shift of the emission, in an increase in the
quantum yield, and in a longer lifetime (Table 3).
Electrospray mass spectra of CH;CN—H,O solutions
of RPT containing 1 equiv and 4 equiv of ZnCl, (Figure 4)
only revealed the presence of the RPT—Zn complex with
1:1 stoichiometry (m/z 350 [Zn(RPT)CI]*" and 542 [Zn-
(RPT)CL,J*"). In view of Zn—tpy association constants of
the 1:1 and 1:2 complexes,*° the lack of peaks correspond-
ing to Zn(RPT), complexes could reflect an increased

(38) Barigelletti, F.; Flamigni, L.; Calogero, G.; Hammarstrom, L.;
Sauvage, J.-P.; Collin, J.-P. Chem. Commun. 1998, 2333-2334.

(39) Hu, Y. Z.; Xiang, Q.; Thummel, R. P. Inorg. Chem. 2002, 41, 3423~
3428.

(40) Benniston, A. C.; Harriman, A.; Lawrie, D. J.; Mayeux, A.; Rafferty,
K.; Russell, O. D. Dalton Trans. 2003, 4762-4769.
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Figure 5. Titration of a solution of RPT (I x 10> M) in CH5CN/H,O with different amounts of ZnCl,. Changes in the emission spectra (left) and
evolution of the area under the emission curve (right) as a function of the Zn(II) equivalents added: (O) experimental, (—) fitted according to eq 1.

steric hindrance around the tpy coordinating unitin RPT,
due to the presence of the bulky Ru—bpy center.

To determine the binding constant for the formation of
the 1:1 complex, we monitored the evolution in the
luminescence of a solution of RPT upon the addition of
different amounts of ZnCl,. These luminescence changes
(Figure 5) were analyzed according to eq 1 where Cy, is
the total Zn(II) concentration in solution and A4 and 4,
are the areas under the emission curve in the presence and
in the absence of Zn(II). A.. is the area at infinite Zn(II)
concentration, and K is the binding constant for the
formation of a 1:1 complex.*”

For RPT, this binding constant was estimated to be 1.5 x
10° M~'; this value is in the range of what is expected for a
[Zn(tpy)]*" complex.*

Conclusions

In this study, we have successfully used cross-coupling
Suzuki methodologies in a “building block” approach for the
synthesis of the RPT complex. The free tpy unit in RPT was
further capped with suitable metallo fragments to yield a
series of new Ru, Os, and Zn dinuclear complexes: RPTR,
RPTO, and RPT—Zn. In this way, we have increased the so
far rather limited number of dinuclear compounds where
metals are connected through heteroditopic oligopyridine li-
gands. In our case, metals are connected through a bridge
incorporating phen and tpy units directly connected to one

another. We have fully characterized the new complexes and
studied their spectroscopic and electrochemical properties.
We have shown that the metal centers bridged by the PT
ligand in the dinuclear complexes do not interact with each
other in the ground state and that the LUMO orbital of the
dinuclear complex is located on the bridging ligand. For
RPTR, the two ruthenium centers are of comparable energy,
both in terms of redox chemistry and excitation energies. The
emission lifetime data suggest that the lowest-energy triplet
excited state is based on the tpy moiety and that energy trans-
fer from the phen to the tpy unit is effective. The dinuclear
complex RPTO also displays intramolecular triplet energy
transfer. However, for this compound the process is con-
siderably slower, and as a result, a dual emission is observed
while the lowest-energy triplet is clearly localized on the
Os(tpy) unit. Analysis of the luminescent properties indicates
that in the RPT-Zn complex the triplet state is of MLCT
character but is more extensively delocalized than in RPT. At
present, detailed temperature-dependent emission measure-
ments are being undertaken to further investigate these
intercomponent interaction processes.
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