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a b s t r a c t

New Ru(II)–Re(I) binuclear complexes [{Ru(dmb)2}-LL-{Re(CO)3Cl}]2+(dmb = 4,4′-dimethyl-2,2′-bipyri-
dine) with 1,2-bis(4′-methyl-[2,2′]bipyridinyl-4-yl)-ethane (MebpyC2H4Mebpy), 1,4-bis(4′-methyl-
[2,2′]bipyridinyl-4-yl)-butane (MebpyC4H8Mebpy), and 1,6-bis(4′-methyl-[2,2′]bipyridinyl-4-yl)-hexane
(MebpyC6H12Mebpy) as bridge ligands (LL) have been synthesized, and their photocatalytic activ-
eywords:
hotocatalyst
O2 reduction
upramolecule
etal complex

ity for CO2 reduction has been investigated. The most efficient photocatalyst had MebpyC2H4Mebpy
as the bridge ligand, but no difference in photocatalysis was observed between the diads with
MebpyC4H8Mebpy and MebpyC6H12Mebpy. Weak interaction between the Ru and Re sites was observed
only through the MebpyC2H4Mebpy ligand but not through the other bridge ligands. This interac-
tion induces a higher reductive quenching efficiency of the 3MLCT excited state of the diad with
MebpyC2H4Mebpy by the reductant, BNAH, and consequently the quantum yield of CO2 reduction is

higher.

. Introduction

The photochemical utilization of CO2 with solar energy is a
romising candidate for addressing both the shortage of fossil fuels
nd the global warming problem. Rhenium(I) bipyridine tricarbonyl
omplexes can function as both photocatalysts and electrocatalysts
or CO2 reduction [1–6]. Although their efficiencies and product
electivities are quite high, in order to achieve the efficient use
f solar light, a photosensitizer, which effectively drives photo-
hemical electron transfer with visible light, must cooperate with
rhenium complex catalyst, which cannot absorb a wide range of

isible light.
We have reported that a novel type of supramolecular

hotocatalysts with both ruthenium(II) and rhenium(I) com-
lexes linked by 1,3-bis(4′-methyl-[2,2′]bipyridinyl-4-yl)-propan-

-ol (bpyC3(OH)bpy), such as RuC3(OH)Re (Scheme 1), work well
s photocatalysts for CO2 reduction [7,8]. The photocatalytic activ-
ties of these diads are much higher than the corresponding mixed
ystems with mononuclear Ru and Re complexes. One of the most

∗ Corresponding author at: Department of Chemistry, Graduate School of Science
nd Engineering, Tokyo Institute of Technology, O-okayama 2-12-1, E1-9, Meguro-ku,
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important findings is that the two diimine regions of the bridge
ligand, which each coordinate to Ru(II) or Re(I), should not be con-
jugated because the conjugation lowers the energy level of the �*

orbital of the diimine, which lower the reduction ability of the Re(I)
complex [7].

It is reasonable to expect that the distance between the Ru(II)
and Re(I) units is another important factor affecting photocatalysis,
because electron transfer must occur between these units during
CO2 reduction. We now report syntheses of new Ru(II)-Re(I) diads
RuCnRe with different lengths of a alkyl chains as bridging ligands,
as shown in Scheme 1, and the effects of chain length on the photo-
physical and electrochemical properties of the diads. Additionally,
we report the photocatalytic competencies of the diads.

2. Results and discussion

2.1. Photophysical properties

Fig. 1 shows the UV–vis absorption spectra of RuC2Re with those
of the corresponding Ru(II) and Re(I) mononuclear complexes. All

spectra of the diads were very similar to each other and were almost
consistent with the 1:1 summation spectrum of the mononuclear
complexes. These results clearly indicate that there is no strong
interaction between the Ru(II) and Re(I). Because of this, the absorp-
tion bands at 320–450 and 400–500 nm can be assigned to MLCT

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:ishitani@chem.titech.ac.jp
dx.doi.org/10.1016/j.jphotochem.2008.12.014
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Scheme 1.

Fig. 1. UV–vis absorption spectra of RuC2Re, [Ru(dmb)3]2+ ([Ru]), fac-
Re(dmb)(CO)3Cl ([Re]), and the 1:1 summation spectrum of [Ru] and [Re]
(dotted line). The solvent was MeCN.

F
l

a
s
a

o

Table 1
Photophysical properties of the diads.

Complex �abs (ε)a (nm, 103 mol−1 cm−1) �em
b (nm) ˚em

b �b (ns)

RuC2Re 287 (98.1), 459 (14.9) 640 0.057 916
RuC4Re 287 (98.8), 459 (15.0) 638 0.058 915
RuC6Re 287 (96.8), 459 (14.9) 638 0.059 910
[Ru(dmb)3]2+ 287 (84.0), 459 (14.9) 638 0.058 881

a Measured in MeCN.
b Mesured in DMF.

T
R

C

R
R
R
[
f

ig. 2. Emission spectra of the diads measured at 25 ◦C in DMF. The excitation wave-
ength was 480 nm.
bsorption of the Re(I) site and the Ru(II) site, respectively. The
trong absorption band at around 290 nm is attributed to the �–�*

bsorption of the diimine ligands on both Re(I) and Ru(II).
On the other hand, a small difference in emission spectra was

bserved between RuC2Re and the other diads. As shown in Fig. 2,

able 2
edox potentials of the diads and their model complexes.

omplex E(�E)a (V) vs. Ag/AgNO3 (mV)

ReI/II RuII/III

uC2Re 1.05 0.82 (70)
uC4Re 1.04 0.80 (75)
uC6Re 1.04 0.80 (75)

Ru(dmb)3]2+ – 0.80 (70)
ac-Re(dmb)(CO)3Cl 0.99 –

a Measured in MeCN solutions containing Et4NBF4 (0.1 M) with the scan rate of 200 mV
Fig. 3. Cyclic voltammograms of RuC2Re and RuC4Re measured in MeCN containing
Et4NBF4 as a supporting electrolyte.

all the diads emitted from the 3MLCT excited state of the Ru(II)
site at around 640 nm. Although both the shape and quantum
yield (Table 1) of the emission were similar, the emission spectrum
of RuC2Re was 2-nm red-shifted when compared with those of
RuC4Re and RuC6Re (Fig. 2). The lifetimes of emission of the Ru(II)
sites were almost identical for all of the diads (Table 1).

2.2. Electrochemical properties

Fig. 3 illustrates the cyclic voltammograms (CV) of the diads
measured in MeCN containing Et NBF as a supporting electrolyte.
4 4
The first reversible and second irreversible oxidation waves are
attributable to Ru(II/III) and Re(I/II) in the diads, respectively,
because of the similarity with those of the corresponding mononu-
clear complexes as summarized in Table 2. In the reduction site,

Re(L/L•−) Ru(L/L•−)

−1.72 (64) −1.72 (64), −1.93 (109), −2.18 (77)
−1.75 (65) −1.75 (65), −1.93 (124), −2.17 (86)
−1.75 (83) −1.75 (83), −1.94 (119), −2.18 (82)

– −1.77 (60), −1.96 (60), −2.22 (70)
−1.77 (65) –

s−1.
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Fig. 4. Turnover number for CO formation from CO2 as a function of irradiation
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ime. Solutions were irradiated using a high-pressure Hg lamp with filters produc-
ng <500-nm light. The concentration of the diads was 0.05 mM in a CO2-saturated
MF-TEOA (5:1) solution containing 0.1 M of BNAH. Data for RuC3(OH)Re are from

eference [8].

he first reversible wave at Ered
1/2 =∼ −1.75 V corresponds to two-

lectron reduction and is attributed to the reduction of both the
ridge ligand on the Re site and one of the diimine ligands on the
u site. The corresponding Re(I) and Ru(II) mononuclear complexes
ere also reduced at very similar potentials (Table 2). The other

eduction waves observed at more negative potentials are assigned
o reduction of the other diimine ligands on Ru and Re (0/+), which
verlapped at Ered

p = −1.95 V.
Although the electrochemical behaviors of the diads were

lmost identical to the combination of those of the corresponding
u(II) and Re(I) mononuclear complexes, we detected small differ-
nces between RuC2Re and the other diads; both the first oxidation

nd the first reduction waves of RuC2Re were observed at more pos-
tive potentials by 20–30 mV (Fig. 3; Table 2). This result indicates

hat there is a very weak interaction between the Ru(II) and Re(I)
ites in RuC2Re, but not in RuC4Re and RuC6Re. This intramolecular
nteraction should be the origin of the difference of emission max-
ma between RuC2Re and the other diads, as described in Section
.1.
obiology A: Chemistry 207 (2009) 109–114 111

2.3. Photocatalytic reactions

In a typical run, a 5:1 dimethylformamide (DMF)–triethanol-
amine (TEOA) solution containing a diad (0.05 × 10−3 M) and 1-
benzyl-1,4-dihydronicotinamide (BNAH, 0.1 M) as the reductant,
was irradiated under a CO2 atmosphere using >500-nm light. The
photocatalytic formation of CO, along with very small amounts of
H2, was observed using all of the diads. Formic acid was not detected
in any of the cases. Fig. 4 shows the turnover numbers (TNCO, mol
of CO produced/mol of the complex used) as a function of irradia-
tion time, when RuC3(OH)Re is also added [8]. The most efficient
photocatalyst is RuC2Re, for which a quantum yield (˚CO) of 0.13
was determined using 546-nm monochromic light (light intensity:
4.916 × 10−6 einstein min−1) and for which the TNCO was about 180.
On the other hand, the photocatalyses of RuC4Re and RuC6Re were
almost identical to each other (˚CO = 0.11, TNCO = 115), and they
were both of lower when compared to RuC2Re. It is noteworthy
that the photocatalysis by RuC4Re and RuC6Re was similar to that
of RuC3(OH)Re.

The UV–vis absorption spectra of the diads and the correspond-
ing mononuclear complexes in Fig. 1 clearly indicate that the 3MLCT
excited state of the Ru site on all of the diad is selectively produced
in the first stage of the photocatalytic reaction by irradiation using
> 500-nm light. This is also supported by the fact that the shape and
strength of the emission from the diad were very similar to those
from [Ru(dmb)3]2+ (Fig. 2; Table 1).

Emission from the excited state of the Ru site was selectively
quenched by BNAH, but not by TEOA, which functions as a base.
Fig. 5 shows the Stern–Volmer plots for the quenching of emis-
sion from the diads with BNAH, all of which demonstrated good
linearities.

This should be reductive quenching; e.g., the photocatalytic
reactions should be initiated by electron transfer from BNAH to the
3MLCT excited state of the Ru site in the diads (Eq. (1)) because of
the similarity of the photophysical and electrochemical properties
of RuC3(OH)Re and the diads reported here [7,8].

(1)

Fig. 5 clearly indicates that the quenching for the 3MLCT excited
state of RuC2Re is obviously more efficient than those for RuC4Re
and RuC6Re, which were very similar to each other. The quench-

ing rate constants are summarized in Table 3. Emission from two
mononuclear Ru(II) complexes, [Ru(dmb)3]2+ and [Ru(dmb)2(�2-
MebpyC2H4Mebpy)]2+ where a diimine function on one side of
the (Mebpy)C2H4(Mebpy) ligand coordinates to Ru(II) and another
diimine function on the other side is free for coordination, was
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Fig. 5. Stern–Volmer plots the quenching of emission from the diads with BNAH.
Excitation and detection wavelength were 530 and 640 nm, respectively. The solvent
was DMF-TEOA (5:1, v/v).

Table 3
Photocatalytic reactions using RuCnRe.

Complex ˚CO TN kq (107 M−1 s−1) 100�p (%) ˚CO/�p

RuC2Re 0.13 180 1.53 58 0.22
RuC4Re 0.11 120 1.09 50 0.22
RuC6Re 0.11 120 1.10 50 0.22
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lso quenched with kq� = 12.0 and 12.1 M−1, respectively. These
alues are smaller than that for RuC2Re (kq� = 14.3), but larger
han those for RuC4Re and RuC6Re (kq� = 10.3, 10.5 M−1). These
esults also indicate an interaction between Ru and Re through the
Mebpy)C2H4(Mebpy) ligand; i.e., in RuC2Re, it is weak but obvi-
usly exists. On the other hand, the other bridge ligands cannot
ive any through-bond interaction between the two metal centers.
ince the lifetime of emission from RuC2Re was almost identical
ith the other diads (Table 1), the more efficient quenching for

he 3MLCT of RuC2Re compared with the others should mainly
ttributed to the higher oxidation power of the Ru site caused by
he weak interaction with the Re site (see Section 2.2).1

We can calculate quenching fractions (�q) of emission from the
iads with BNAH (0.1 M) under photocatalytic condition using the

alues kq�[BNAH] and Eq. (2) (Table 3).

q = kq�[BNAH]
1 + kq�[BNAH]

(2)

1 The slower quenching in the cases of RuC4Re and RuC6Re compared with
ononuclear Ru(II) complexes possibly caused by the steric hindrance by the Re

ite.
Fig. 6. UV–vis absorption spectral changes of the photocatalytic reaction solution
using RuC2Re.

The quenching fraction should affect the efficiency of the photo-
catalysis of the diad because the reductive quenching is the first pro-
cess of the photocatalytic reaction (Eq. (1)). Table 3 also shows the
values of ˚CO/�q. The similarity of ˚CO/�q among the three diads
clearly indicates that the higher photocatalytic ability of RuC2Re is
mainly caused by the faster quenching rate of its 3MLCT with BNAH.
The electron transfer rate from the Ru site to the Re site (Eq. (3))
might be another factor, but it could play only a minor role because
it is not a rate-determining process in the photocatalytic reaction.

(3)

Fig. 6 shows the UV–vis absorption spectral change of the
photocatalytic reaction solution using RuC2Re. In the first stage
of the photocatalytic reaction, new absorption peaks appear
at 480–550 nm with vibrational structure, which is a typical
absorption for one-electron reduced (OER) species of Re diimine
complexes, such as [ReI(dmb−)(CO)3{P(OEt)3}] [2c,8]. Therefore,
electron transfer from the Ru site to the Re site should efficiently
occur (Eq. (3)). Further irradiation causes a decrease of the absorp-
tion, but CO continues to be produced. Similar phenomena have
been reported in cases using not only Ru–Re diad systems [7,8] but
also mononuclear Re complexes [1b,5]. This is attributed to loss
of the Cl− ligand from the OER species to produce a coordinately
unsaturated species that should react with CO2 to furnish a CO2
adduct. Some free Cl− may recoordinate to the Re (I) in the diad
after CO2 reduction occurs, but other diad molecules should have
DMF or TEOA as ligands instead of Cl−, which can also function as a

photocatalyst for CO2 reduction [5,8]. Although we cannot identify
the structure of the CO2 adduct or the source of the second electron
transferred to it, there are two possible mechanisms: (1) the Ru site
in the CO2 adduct again functions as a photosensitizer and/or (2)
another OER species [5] or coordinately unsaturated complex reacts
with the CO2 adduct [9].
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. Experimental

.1. General procedures

UV–vis absorption spectra were measured with a JASCO V-
65 spectrophotometer. Proton-NMR spectra were measured in
n acetone-d6 solution using a JEOL AL300 (300 MHz) or AL400
400 MHz) system. The residual protons of acetone-d6 were
sed as an internal standard for the measurements. Electrospray

onization time-of-flight mass spectroscopy (ESI-TOFMS) was per-
ormed with a Waters LCT Premier with methanol as the mobile
hase.

Emission spectra were recorded with a JASCO FP-6500 spec-
rofluorometer, and were corrected for detection sensitivity using
orrection data supplied from JASCO. Emission quantum yields
ere evaluated with Ru(bpy)3

2+ (˚em = 0.062) in degassed acetoni-
rile as the standard [10]. Emission lifetimes of the metal complexes
ere measured with a Horiba NAES-1100 time-correlated single-
hoton counting system (the excitation source was an NFL-111
anosecond H2 lamp, and the instrument response was less
han 1 ns). The samples were degassed by the freeze-pump-thaw

ethod before the measurements. Emission quenching experi-
ents were made on Ar-saturated solutions containing 5 different

oncentrations of the quencher BNAH. Values of kq were calculated
rom linear Stern–Volmer plots for the luminescence of the 3MLCT
xcited state of the Ru site and knowledge of its lifetime.

The redox potentials of the complexes were measured in an
cetonitrile solution containing tetraethylammonium tetrafluorob-
rate (0.1 M) as a supporting electrolyte by cyclic voltammetric
echniques, using an ALS/CHI CHI-620 electrochemical analyzer
ith a glassy-carbon disk working electrode (3 mm diameter), a
g/AgNO3 (0.01 M) reference electrode, and a Pt counter electrode.
he supporting electrolyte was dried in a vacuum at 100 ◦C for 1
ay prior to use. The scan rate was 200 mV s−1.

.2. Photocatalytic reactions

Photocatalytic reactions were performed in 11.4 × 10−3 dm3 test
ubes (i.d. = 8 mm) containing a 4 × 10−3 dm3 DMF/TEOA (5:1, v/v)
olution of the metal complexes (0.05 × 10−3 mol dm−3) and BNAH
0.1 mol dm−3), following purging with CO2 for 20 min. For selec-
ive excitation of the ruthenium moiety, the solution was irradiated
n a merry-go-round irradiation apparatus at � ≥ 500 nm using

high-pressure Hg lamp combined with a uranyl glass and a
2CrO4 (30%, w/w, d = 1 cm) solution filter. During irradiation, the

ube was cooled with tap water. For the quantum yield mea-
urements, we used a quartz cubic cell with an Ushio Optical
odulex high-pressure Hg lamp BA-H500 combined with a 546-nm

FWHM = 10 nm) band pass filter, purchased from Asahi Spectra Co.,
nd a 5-cm long CuSO4 solution (250 g/L) filter. The temperatures
f the solutions were controlled at 25 ± 0.2 ◦C using a TAITEC Lab-
ath LB-21JR cooling thermo pump during irradiation. The incident

ight intensity was determined using a K3Fe(C2O4)3 actinometer
11]. The gaseous reaction products, i.e., CO and H2, were analyzed
y GC-TCD (GL science GC323).

.3. Materials

Acetonitrile was distilled over P2O5 and then over CaH2. DMF
as dried over molecular sieves (4A) and distilled under reduced
ressure (2.6 kPa). Triethanolamine (TEOA) was distilled under

educed pressure (4.0 × 10−2 kPa). All of the purified solvents were
ept under Ar until use. Hydrated ruthenium trichloride was pur-
hased from Kojima Chemical Co. and was used as received. All
ther reagents were reagent-grade quality and were used without
urther purification.
obiology A: Chemistry 207 (2009) 109–114 113

3.4. Synthesis

1-Benzyl-1,4-dihydronicotineamide (BNAH) [12], the
bridge ligands Mebpy(CH2)nMebpy [13], and Ru(Me2bpy)2Cl2
(Me2bpy = 4,4′-dimethyl-2,2′-bipyridine) [14] were prepared as
according to the literature.

[(Me2bpy)2Ru(MebpyC2H4Mebpy)](PF6)2: To a solution of
MebpyC2H4Mebpy (190 mg, 0.519 mmol) in 10 mL of MeOH was
added (Me2bpy)2RuCl2 (100 mg, 0.173 mmol), and the mixture was
heated at reflux for 12 h under N2 in the dark. The solvent was evap-
orated, the residue was dissolved in water, and MebpyC2Mebpy was
precipitated as a white solids and was filtered out. After the water
was evaporated, the complex was isolated by column chromatogra-
phy on alumina using a mixture of MeCN, methylenechloride, and
methanol as eluents, followed by the addition of a saturated aque-
ous NH4PF6 solution. The product was precipitated as the PF6

− salt
from the concentrate by the addition of water and then filtered
and recrystallized from methanol. Yield: 55%. 1H NMR (400 MHz;
(CD3)2CO): ı 8.78 (s, 1H, �-py-3), 8.64 (s, 5H, �-py-3, dmb-3,3′),
8.50 (d, 1H, J = 5.2, �-py-6), 8.44 (d, 1H, J = 5.2, �-py-6), 8.30 (s, 1H,
�-py-3), 8.29 (s, 1H, �-py-3), 7.86 (d, 1H, J = 6.0, �-py-6), 7.82–7.79
(m, 4H, dmb-6,6′), 7.67 (d, 1H, J = 5.6, �-py-6), 7.46 (m, 1H, �-py-
5), 7.34–7.37 (m, 4H, dmb-5,5′), 7.21–7.27 (m, 3H, �-py-5, �-py-5,
�-py-5), 3.15–3.30 (m, 4H, –CH2CH2–), 2.53 (m, 15H, �-py-CH3,
dmb-CH3), 2.43 (s, 3H, �-py-CH3) ppm. ESI-MS (MeOH): m/z = 418
(M2+).

The other mononuclear complexes with a bridge ligands
were obtained in a similar manner to [(Me2bpy)2Ru(MebpyC2H4
Mebpy)](PF6)2, using MebpyC4H8Mebpy or MebpyC6H12Mebpy
instead of MebpyC2H4Mebpy.

[(Me2bpy)2Ru(MebpyC4H8Mebpy)](PF6)2: Yield: 35%. 1H NMR
(400 MHz; (CD3)2CO): ı 8.69 (s, 1H, �-py-3), 8.65 (s, 5H, �-py-3,
dmb-3,3′), 8.50 (d, 1H, J = 4.9, �-py-6), 8.44 (d, 1H, J = 5.1, �-py-6),
8.29 (s, 1H, �-py-3), 8.26 (s, 1H, �-py-3), 7.86–7.77 (m, 6H, �-py-6,
�-py-6, dmb-6,6′), 7.42 (d, 1H, J = 5.7, �-py-5), 7.37 (d, 4H, J = 5.7,
dmb-5,5′), 7.32 (d, 1H, J = 6.5, �-py-5), 7.22 (m, 2H, �-py-5, �-py-
5), 2.8 (m, 4H, �-py-CH2-, �-py-CH2-, overlapped with the peak of
water contained in the solvent), 2.54 (s, 3H, �-py-CH3), 2.53 (s, 12H,
dmb-CH3), 2.43 (s, 3H, �-py-CH3), 1.79 (m, 4H, –CH2CH2–) ppm.
ESI-MS (MeOH): m/z = 432 (M2+).

[(Me2bpy)2Ru(MebpyC6H12Mebpy)](PF6)2: Yield: 40%. 1H
NMR (400 MHz; (CD3)2CO): ı 8.69 (s, 1H, �-py-3), 8.65 (s, 5H, �-py-
3, dmb-3,3′), 8.51 (d, 1H, J = 4.9, �-py-6), 8.47 (d, 1H, J = 5.0, �-py-6),
8.30 (s, 1H, �-py-3), 8.25 (s, 1H, �-py-3), 7.88–7.78 (m, 6H, �-py-
6, �-py-6, dmb-6,6′), 7.42 (d, 1H, J = 5.9, �-py-5) 7.37–7.32 (m, 5H,
�-py-5, dmb-5,5′), 7.23–7.20 (m, 2H, �-py-5, �-py-5), 2.7 (m, 4H, �-
py-CH2-, �-py-CH2-, overlapped with the peak of water contained
in the solvent), 2.54–2.53 (m, 15H, �-py-CH3, dmb-CH3), 2.43 (s,
3H, �-py-CH3), 1.70 (m, 4H, –CH2–, –CH2–), 1.43 (m, 4H, –CH2CH2–)
ppm. ESI-MS (MeOH): m/z = 446 (M2+).

[RuC2Re](PF6)2: A methylenechloride solution containing
100 mg of [(Me2bpy)2Ru(MebpyC2H4Mebpy)](PF6)2 (0.089 mmol)
and 35.4 mg of Re(CO)5Cl (0.098 mmol) was refluxed under an Ar
atmosphere for 3 h, and then the solvent was evaporated under
reduced pressure. The residue was dissolved in methylenechloride,
and diethylether was added to precipitate unreacted Re(CO)5Cl,
which was removed by filtration. After the solvent was removed, the
residual solid was recrystallized from a mixed solution of methanol,
acetone, and methylenechloride. Yield: 90%. 1H NMR (400 MHz;
(CD3)2CO): ı 8.92–8.83 (m, 2H, �-py-6, �-py-6), 8.69–8.47 (m, 8H,
�-py-3, �-py-3, �-py-3, �-py-3, dmb-3,3′), 7.85–7.24 (m, 14H, �-

py-6, �-py-6, dmb-6,6′, �-py-5, �-py-5, �-py-5, �-py-5, dmb-5,5′),
3.42–3.31 (m, 4H, -CH2CH2-), 2.61–2.47 (m, 18H, dmb-CH3, �-py-
CH3, �-py-CH3) ppm. IR (in MeCN): �CO (cm−1) 2022, 1915, 1897.
ESI-TOFMS (m/z, eluent:MeOH): calcd for C51H46ClF12N8O3P2ReRu
(M2+) 571.0992; found 571.0980.
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The other dinuclear complexes were obtained in a similar
anner to [RuC2Re](PF6)2, using the corresponding mononuclear

omplex.
[RuC4Re](PF6)2: Yield: 60%. 1H NMR (400 MHz; (CD3)2CO): ı

.91 (m, 2H, �-py-6, �-py-6), 8.67 (m, 2H, �-py-3, �-py-3), 8.64
s, 4H, dmb-3,3′), 8.57–8.52 (m, 2H, �-py-3, �-py-3), 7.83–7.75
m, 6H, dmb-6,6′, �-py-6, �-py-6), 7.60–7.55 (m, 2H, �-py-5, �-
y-5), 7.37–7.32 (m, 6H, �-py-5, �-py-5, dmb-5,5′), 2.82 (m, 4H,
-py-CH2-, �-py-CH2-), 2.53–2.58 (m, 18H, dmb-CH3, �-py-CH3,
-bpy-CH3), 1.85 (m, 4H, –CH2CH2–) ppm. IR (in MeCN): �CO
cm−1) 2022, 1915, 1897. ESI-TOFMS (m/z, eluent:MeOH): calcd for
53H50ClF12N8O3P2ReRu (M2+) 585.1149; found 585.1141.

[RuC6Re](PF6)2: Yield: 75%. 1H NMR (400 MHz; (CD3)2CO): ı
.90 (m, 2H, �-py-6, �-py-6), 8.67 (m, 2H, �-py-3, �-py-3), 8.64 (s,
H, dmb-3,3′), 8.55 (m, 2H, �-py-3, �-py-3), 7.84–7.75 (m, 6H, dmb-
,6′, �-py-6, �-py-6), 7.60–7.54 (m, 2H, �-py-5, �-py-5), 7.39–7.35
m, 6H, �-py-5, �-py-5, dmb-5,5′), 2.82 (m, 4H, �-py-CH2-, �-py-
H2-), 2.53–2.59 (m, 18H, dmb-CH3, �-py-CH3, �-py-CH3), 1.77 (m,
H, –CH2–, –CH2–), 1.43 (m, 4H, –CH2CH2–) ppm. IR (in MeCN): �CO
cm−1) 2021, 1915, 1897. ESI-TOFMS (m/z, eluent:MeOH): calcd for
55H54ClF12N8O3P2ReRu (M2+) 599.1306; found 599.1296.

. Conclusion

We synthesized new Ru(II)-Re(I) diads to serve as CO2 reduction
hotocatalysts, where two diimine ligands coordinating to Ru(II)
nd Re(I) metals are connected with different length of alkyl chains.

he most efficient photocatalyst has the –C2H4– chain (RuC2Re),
ut no difference in photocatalysis was observed between the diads
ith –C4H8– (RuC4Re) and –C6H12– chains (RuC6Re), which were

lso close to the diad with a –CH2CH(OH)CH2– chain (RuC3(OH)Re),
hich was previously reported. Weak interaction between the Ru

[
[
[
[
[

tobiology A: Chemistry 207 (2009) 109–114

and Re sites was observed only in RuC2Re, but not in the other diads.
This causes a higher reductive quenching efficiency of the 3MLCT
excited state of RuC2Re by the BNAH which leads to an increased
quantum yield of CO2 reduction.
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