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Abstract

1,8-Naphthyridine (napy) and terpyridine-analogous (N,N,C) tridentate ligands coordinated ruthenium (II) complexes, [RuL-
(napy-j2N,N 0) (dmso)](PF6)2 (1: L=L1=N00-methyl-4 0-methylthio-2,2 0:6 0,400-terpyridinium, 2: L = L2 = N00-methyl-4 0-methylthio-
2,2 0:6 0,300-terpyridinium) were prepared and their chemical and electrochemical properties were characterized. The structure of
complex 1 was determined by X-ray crystallographic study, showing that it has a distorted octahedral coordination style. The cyclic
voltammogram of 1 in DMF exhibited two reversible ligand-localized redox couples. On the other hand, the CV of 2 shows two
irreversible cathodic peaks, due to the Ru–C bond of 2 containing the carbenic character. The IR spectra of 1 in CO2-saturated
CH3CN showed the formation of Ru-(g1-CO2) and Ru–CO complexes under the controlled potential electrolysis of the solution
at �1.44 V (vs. Fc/Fc+). The electrochemical reduction of CO2 catalyzed by 1 at �1.54 V (vs. Fc/Fc+) in DMF-0.1 M Me4NBF4

produced CO with a small amount of HCO2H.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Ruthenium complexes bearing polypyridyl ligand
(2,2 0-bipyridine (bpy), 2,2 0:6 0,200-terpyridine (terpy),
etc.) have attracted increasing attention as a catalyst
for the photo- and electrochemical reactions [1]. Some
of polypyridyl(carbonyl)ruthenium complexes work as
homogeneous catalysts in the electrochemical reduction
of carbon dioxide [2], where ligand localized redox
reactions work as electron receivers in the reactions.
Introduction of the metal–carbon r-bond in the Ru-
polypyridyl moiety would induce substantial changes
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of the electron density of the metal center and the redox
potential of the complexes compared with those of Ru-
polypyridyl ones [3–10]. Along the line, we have exam-
ined the redox behavior of ruthenium complexes bearing
terpy-analogous (N,N,C)–tridentate ligands containing
a quaternized framework [10]. To our knowledge, there
have not been investigated the electrochemical reduction
of CO2 by using the complexes containing these (N,N,C)
or (N,C,N) tridentate ligands. Scheme 1 shows the pro-
posed reduction mechanism of the electrochemical
reduction of carbon dioxide catalyzed by a ruthenium
carbonyl complex bearing polypyridyl ligands in aprotic
solvents. When the Ru–CO complex receives two elec-
trons, the Ru–CO bond becomes labile and penta-coor-
dinated-electron rich intermediate is produced. In the
presence of carbon dioxide, which is a kind of Lewis
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Scheme 1.
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acid, the empty coordination site is occupied by CO2 to
give an Ru-(g1-CO2) intermediate, followed by the dis-
proportionation with another CO2 molecule to repro-
duce the Ru–CO complex with production of CO2�

3 . If
Ru–(g1-CO2) and Ru–CO complexes (or their one- or
two electron reduced products) that are intermediates
of the electrochemical CO2 reduction can be observed
under the electrochemical reduction atmosphere, they
can become strong evidences for the above-mentioned
reaction mechanism correctness. However, there have
been few examples for observations of the coordination
process of CO2 to the metal center and the transforma-
tion process of CO2 to CO by spectroscopic methods
[11], in particular, to our knowledge, no report for
ruthenium complexes. In this study, we have prepared
ruthenium complexes bearing 1,8-naphthyridine (napy)
and a quaternized (N,N,C)-tridentate ligand to elucidate
the catalytic activity toward the reduction of carbon
dioxide. Napy gives rise to the exchange of coordination
mode between monodentate and bidentate easily, thus
the complex containing chelated napy could smoothly
provide the coordination site for CO2 when the complex
is reduced. We have succeeded the observation of the
Ru–(g1-CO2) and Ru–CO complexes as intermediates
of electrochemical CO2 reduction by infrared spectro-
scopic studies under controlled potential electrolysis
conditions in CO2-saturated MeCN, and have demon-
strated the electrochemical reduction of CO2 by using
the ruthenium complex as a catalyst precursor.
Scheme 2.
2. Experimental

2.1. General, measurement, and materials

1H, 13C{1H}, and 1H–1H COSY NMR spectra were
recorded on a JEOL GX-500 spectrometer. IR spectra
were recorded on a Shimadzu-FTIR 8100 spectropho-
tometer. Electronic spectra were collected on a Shimadzu
UV-3100PC UV–Vis–NIR scanning spectrometer. ESI-
MS spectra were obtained on a Shimadzu LCMS-2010
spectrometer. Electrochemical measurements were per-
formed with ALS/chi Electrochemical Analyzer 660A.
A conventional three-electrode configuration was used,
with a glassy carbon working (BAS PFCE carbon elec-
trode) and a platinum wire auxiliary electrode (BAS spe-
cial order) and an Ag/Ag+ reference (BAS RE-5). Cyclic
voltammograms were recorded at a scan rate of 100 mV
s�1. Electrochemical reduction of CO2 was performed in
CO2-saturated DMF containing a ruthenium complex
(1.0 · 10�3 mol L�1), Me4NBF4 (0.1 mol L�1) as a sup-
porting electrolyte, and [Ru(bpy)3](PF6)2 (1.0 · 10�2

mol L�1) as an electron carrier under controlled poten-
tial electrolysis at �1.45 to �1.60 V (vs. Fc/Fc+). The
electrolysis cell consisted of a glassy carbon working elec-
trode, a magnesium ribbon auxiliary electrode, and an
Ag/AgNO3 0.1 M reference electrode. The electrolysis
was performed with a Hokuto Denko HA-501 potentio-
stat, and the electricity consumed was measured with a
Hokuto DenkoHF-201 Coulombmeter. Carbon dioxide
evolved in the gaseous phase was analyzed by a Shima-
dzu GC-8A gas chromatograph equipped with a 2 m col-
umn filled withMolecular Sieve 13X at 40 �C using He as
the carrier gas. The amount of HCO2H produced in the
reduction was measured by a Shimadzu IP-3A isotach-
ophoretic analyzer. Elemental analyses were carried out
by the Molecular Scale Nano-Science Center of IMS.
(L1H)(PF6) [10a], (L2H)(PF6) [10a], and RuCl2(napy-
j2N,N 0)(dmso)2[10b] were prepared according to the lit-
erature method. Solution IR spectra under electrolysis
conditions were obtained by using a KBr cell equipped
with a spacermade of Novix Films (purchased from Iwaki
Co. Ltd.), an Au mesh for a working electrode, a Pt wire
for an auxiliary electrode, and a luggin capillary to sep-
arate a reference electrode from the working electrode.
The thickness of the cell was 0.3 mm, and the total cell
volume was 0.1 cm3. A CH3CN or CD3CN solution con-
taining a metal complex (1 · 10�2 mol L�1) and
Me4NBF4 (5 · 10�2 mol L�1) in the IR cell was exposed
to an IR ray only on measuring to prevent the evapora-
tion of CO2 from the solution. The numbering of aro-
matic protons of 1 and 2 is shown in Scheme 2.

2.2. preparation of [RuL1(napy-j2N,N 0)(dmso)](PF6)2
(1)

To a CH3OCH2CH2OH solution (20 mL) of
RuCl2(napy-j

2N,N 0)(dmso)2 (100 mg, 0.218 mmol) was
added a CH3OCH2CH2OH solution (5 mL) of AgPF6



Table 1
Crystal data and details of the structure refinement of 1

Formula C27H27F12N5OP2RuS2
Molecular weight 892.66
Crystal system Triclinic
Space group P�1 (no. 2)
a (Å) 8.901(5)
b (Å) 12.039(7)
c (Å) 17.786(9)
a (�) 105.710(5)
b (�) 92.379(6)
c (�) 106.869(8)
V (Å3) 1814(1)
Z 2
l (cm�1) 7.27
F(000) 892.00
Dcalcd (g cm�1) 1.633
Number of unique reflections 7875
Number of reflections used 7781
Number of variables 451
R1 0.085
R 0.099
Rw 0.119

R1 =
P

||Fo| � |Fc||/
P

|Fo| for I > 2.0r(I) data, Rw ¼
P

½xðF 2
o � F 2

cÞ
2=

P
xðF 2

oÞ
2�1=2 weighting scheme [{

P
(Fo)}

2]1/2.

4274 T.-a. Koizumi et al. / Journal of Organometallic Chemistry 690 (2005) 4272–4279
(110 mg, 0.436 mmol) and stirred at 60 �C for 1 h. The
resulting off-white solid was eliminated by celite filtra-
tion, and then the orange filtrate was added to a
CH3OCH2CH2OH solution (5 mL) of (L1H)(PF6) (96
mg, 0.218 mmol). The reaction mixture was stirred at
70 �C, the color turned immediately from orange to dark
brown. After 24 h, the solution was concentrated to ca. 1
mL, and poured into an aqueous NH4PF6 solution. The
resulting dark brown solid was collected by filtration
and dried in vacuo, and recrystallized from acetone–
ethanol to give 1 as brownish purple crystals (165 mg,
85%). ESI-MS: m/z = 301{M�2 PF6}

2+. Anal. Calcd
for C27H27F12N5OP2RuS2: C, 36.33; H, 3.05; N, 7.85.
Found C, 37.00; H, 3.50; N, 7.51. 1H NMR (500 MHz
in acetone-d6: d 9.64 (d, 1H, Ha0 , J(H–H) = 4.3 Hz),
8.81 (d, 1H, H3A, J(H–H) = 7.9 Hz), 8.78 (d, 1H, H6A,
J(H–H) = 7.9 Hz), 8.76 (d, 1H, Hc0 , J(H–H) = 10.4
Hz), 8.68 (d, 1H, Ha, J(H–H) = 8.5 Hz), 8.55 (d, 1H,
H5C, J(H–H) = 6.7 Hz), 8.55 (s, 1H, H2C), 8.53 (d, 1H,
H6C, J(H–H) = 6.7 Hz), 8.49 (s, 1H, H3B), 8.47 (s, 1H,
H5B), 8.46 (d, 1H, Hc, J(H–H) = 7.9 Hz), 8.28 (t, 1H,
H4A, J(H–H) = 7.3 Hz), 8.03 (dd, 1H, Hb0 , J(H–
H) = 8.6 and 4.9 Hz), 7.71 (t, 1H, H5A, J(H–H) = 6.7
Hz), 7.56 (dd, 1H, Hb, J(H–H) = 8.6 and 4.9 Hz), 4.21
(s, 3H, N–Me), 2.87 (s, 3H, S -Me), 2.62 (s, 3H, DMSO),
2.59 (s, 3H, DMSO). 13C{1H} NMR (125 MHz in ace-
tone-d6: d 179.3 (Ru–C), 165.0, 161.8, 158.4, 157.7,
157.2, 156.3, 154.1, 153.9, 152.9, 151.1, 139.8, 139.7,
138.5, 136.6, 129.0, 126.7, 125.8, 124.8, 120.8, 120.6,
119.8, 119.6, 47.8, 45.6, 45.0, 14.6. UV–Vis (acetone):
kmax/nm (e/dm3 mol�1 cm�1) 425.5 (8830).

2.3. Preparation of [RuL2(napy-j2N,N 0)(dmso)](PF6)2
(2)

To a CH3OCH2CH2OH solution (20 mL) of
RuCl2(napy-j

2N,N 0)(dmso)2 (100 mg, 0.218 mmol) was
added a CH3OCH2CH2OH solution (5 mL) of AgPF6

(110 mg, 0.436 mmol) and stirred at 60 �C for 1 h.
The resulting off-white solid was eliminated by celite fil-
tration, and then the orange filtrate was added to a
CH3OCH2CH2OH solution (5 mL) of (L2H)(PF6) (96
mg, 0.218 mmol). The reaction mixture was stirred at
70 �C, the color turned immediately from orange to dark
brown. After 24 h, the solution was concentrated to ca. 1
mL, and poured into an aqueous NH4PF6 solution. The
resulting reddish brown solid was collected by filtration
and dried in vacuo, and recrystallized from acetone–eth-
anol to give 2 as reddish brown crystals (156 mg, 80%).
ESI-MS: m/z = 301{M � 2PF6}

2+. Anal. Calc. for
C27H27F12N5OP2RuS2: C, 36.33; H, 3.05; N, 7.85.
Found C, 36.08; H, 3.27; N, 7.70%. 1H NMR (270
MHz in acetone-d6: d 9.66 (dd, 1H, Ha, J(H–H) = 4.9
and 1.2 Hz), 9.09 (s, 1H, H2C), 8.90 (dd, 1H, H3A,
J(H–H) = 4.9 and 1.2 Hz), 8.81 (d, 1H, H6A, J(H–
H) = 9.2 Hz), 8.79 (dd, 1H, Hc, J(H–H) = 8.5 and 1.2
Hz), 8.71 (dd, 1H, Hc0 , J(H–H) = 8.5 and 1.2 Hz), 8.47
(dd, 1H, Ha0 , J(H–H) = 4.3 and 1.8 Hz), 8.44 (d, 1H,
H3B, J(H–H) = 1.8 Hz), 8.30 (d, 1H, H5B, J(H–
H) = 1.2 Hz), 8.29 (dt, 1H, H4A, J(H–H) = 7.9 and 1.8
Hz), 8.07 (dd, 1H, Hb, J(H–H) = 8.5 and 4.9 Hz), 8.00
(dd, 1H, H6C, J(H–H) = 6.1 and 1.2 Hz), 7.93 (d,
1H, H5C, J(H–H) = 6.1 Hz), 7.72 (ddd, 1H, H5A, J(H–
H) = 7.3, 5.5, and 1.2 Hz), 7.59 (dd, 1H, Hb0 , J(H–
H) = 8.5 and 4.9 Hz), 4.27 (s, 3H, N–Me), 2.84 (s, 3H,
S-Me), 2.63 (s, 3H, DMSO), 2.59 (s, 3H, DMSO).
13C1H NMR (125 MHz in acetone-d6: d219.8 (Ru–C),
160.2, 157.1, 155.6, 155.5, 154.7, 152.8, 152.7, 151.9,
149.1, 138.9, 137.5, 137.1, 136.3, 135.6, 133.2, 127.6,
125.5, 124.6, 123.4, 119.6, 117.5, 115.5, 46.2, 44.3, 44.2
13.8. UV–Vis (acetone): kmax/nm (e/dm3 mol�1 cm�1)
395.0 (7600).

2.4. Crystal structure determination

Crystals for X-ray analyses were obtained as de-
scribed in the preparations. Suitable crystals were
mounted on sealed in thin-walled glass capillaries. Data
collection for 1 was performed at �100 �C on a Rigaku/
MSC Mercury CCD diffractometer with graphite mono-
chromated Mo Ka radiation (k = 0.7107 Å). The struc-
ture was solved by using the teXsan software package.
Atomic scattering factors were obtained from the litera-
ture [12]. Refinements were performed anisotropically
for all non-hydrogen atoms by the full-matrix least-
squares method. Hydrogen atoms were placed at the
calculated positions and were included in the structure
calculation without further refinement of the parame-
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ters. The residual electron densities were of no chemical
significance. Crystal data and processing parameters are
summarized in Table 1.
Fig. 1. ORTEP drawing of the cationic part of 1. Hydrogen atoms are
omitted for clarity. Selected bond distances (Å) and angles (�): Ru1–
N1, 2.149(6); Ru1–N2, 2.002(5); Ru1–N4, 2.138(5); Ru1–N5, 2.138(6);
Ru1–C13, 2.071(6); Ru1–S2, 2.221(2); N3–C17, 1.45(1); N1–Ru1–N2,
78.8(2); N1–Ru1–C13, 158.1(2); N1–Ru1–N4, 89.6(2); N1–Ru1–N5,
100.2(2); N1–Ru1–S2, 93.9(2); N2–Ru1–C13, 79.7(2); N2–Ru1–N4,
102.0(2); N2–Ru1–N5, 165.0(2); N2–Ru1–S2, 90.2(2); N4–Ru1–C13,
90.5(2); N4–Ru1–N5 62.9(2), N4–Ru1–S2, 167.7(2); N5–Ru1–C13,
99.5(2); N5–Ru1–S2, 104.8(2); C13–Ru1–S2, 90.7(2); C8–S1–C11,
104.8(4).
3. Results and discussion

Complexes 1 and 2 with (N,N,C)-tridentate ligand L1

or L2 were prepared as shown in Scheme 3. Treatment of
RuCl2(napy-j

2N,N 0)(dmso)2 with 2 equiv. of AgPF6 in
2-methoxyethanol resulted in the formation of an or-
ange solution with AgCl precipitation. The Ag salt
was removed by filtration, and then (L1H)(PF6) was
added to the filtrate to give a dark brown solution.
The resulting solution was concentrated, and poured
into an aqueous NH4PF6 solution to give 1 in 85% yield.
Similarly, an addition of (L2H)(PF6) to the orange solu-
tion, instead of (L1H)(PF6), gave the complex 2 in 80%
yield. In each case, the cyclometalation took place
smoothly. ESI-MS spectra of 1 and 2 showed the parent
peak of [RuL(napy-j2N,N 0)(dmso)]2+ at m/z = 301. On
the other hand, treatment of terpy in place of
(L1H)(PF6) and (L2H)(PF6) with the orange solution
predominantly induced ligand disproportionation reac-
tions. Because the ESI-MS spectrum showed that the
product contained several complexes such as [Ru(ter-
py)2]

2+, [Ru(terpy)(napy)2]
2+ and so on, and the isola-

tion of [Ru(terpy)(napy)(dmso)]2+ was not succeed.
This result indicated that (N,N,C)-tridentate ligands for-
bid the ligand disproportionation or redistribution of
complexes due to the strong ligand field based on the
metal–carbon bond.

Fig. 1 shows the molecular structure of 1 determined
by X-ray crystallographic study. Complex 1 adopts a
monomeric, distorted octahedral coordination around
the Ru(II) center with one S-coordinated dimethylsulf-
oxide, one chelating napy and the (N,N,C)-tridentate li-
gand. The bond distances between ruthenium and the
(N,N,C) ligand (Ru1–N1, 2.149(6) Å; Ru1–N2,
Scheme 3
2.002(5) Å; Ru1–C13, 2.071(6) Å) are in good accor-
dance with previously reported Ru-(N,N,C) complexes
[4b,10a]. The bond distances between ruthenium and
two N atoms in the napy ligand are 2.138(5) Å (Ru1–
N4) and 2.138(6) Å (Ru1–N5), respectively, indicating
that the napy ligand coordinates symmetrically. The
coordination state is different from previously reported
chelated napy ligand in the (N,C,N) tridentate ligand-
coordinating [RuL3(napy-j2N,N 0)L 0]2+ (L3 = N-methyl-
3,5-di(2-pyridyl)-4-pyridyl, 3: L 0 = DMSO; 4: L 0 = CO),
which have an unsymmetrical coordination fashion
[10b]. In addition, the average of the Ru–N bond lengths
is similar to that of previously reported [Ru(napy-
j2N,N 0)(bpy)2]

2+, which has symmetrically coordinated
napy (2.11(1) Å) [13], and shorter than those of 3

(2.215 Å) and 4 (2.200 Å) [10b].
1H NMR spectra of 1 and 2 recorded in acetone-d6 at

room temperature display 15 resonances in aromatic re-
gion, which are assigned to one unsymmetrical napy and
.



Scheme 4.

Table 2
Electrochemical data for 1 and 2

Species E1/2 V (vs. Fc/Fc+)

Ru(II)/Ru(III) [Ru]2+/[Ru]+ [Ru]+/[Ru]0

1 n.d. �1.28 �1.46
2 n.d. �1.36 (Epc, irr) �1.76 (Epc, irr)

Electrolyte, 0.1 M Me4NBF4.
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an (N,N,C)-ligand. Previously, we have reported the
fluxional behavior of the napy ligand in Ru-(N,C,N)-
complexes 4 and 5 ([RuL4(napy-j2N,N 0)(CO)]+,
L4 = 2,6-di(2-pyridyl)phenyl) detected by 1H NMR irra-
diation experiments [10b]. Those napy ligands rotates in
the NMR time scale (Scheme 4). In constrast with those
cases, the napy ligands in 1 and 2 did not show such
fluxionality. The difference in fluxional behavior of these
complexes would originate in the trans influence caused
by the sort of ligands situated at trans positions of two
N atoms of napy. This result indicates that the chelated
napy ligand in 1 coordinates to ruthenium stronger than
those of 4 and 5, and is accordance with the result of X-
ray determination as mentioned above [14].

In 13C{1H} NMR spectra, the signals for carbon of 1
and 2 which coordinate to the ruthenium center directly
are observed at d 179.3 and 219.8, respectively, being
accordance with those of [RuL1(terpy)](PF6)2 and
[RuL2(terpy)](PF6)2 [10a]. These results indicate that
the quaternized pyridine unit in 1 has a pyridinium struc-
ture, and that in 2 has a pyridinylidene one (Scheme 5).

Electrochemical studies of 1 and 2 were performed
in a DMF solution, and the results are collected in
Table 2. Complex 1 exhibited two stepwise reversible
couples based on the napy and (N,N,C)-tridentate
ligand-localized reductions at E1/2 = �1.28 V and
�1.46 V (vs. Fc/Fc+) under N2, respectively
(Fig. 2(a)). On the other hand, 2 showed two irrevers-
ible ligand-localized reduction waves at Epc = �1.36 V
and �1.76 V (vs. Fc/Fc+, Fig. 2(b)). The quaternized
Scheme 5.
position in the (N,N,C)-ligand also has a great effect
on the redox potential of the complex [10a]. In a
CO2-saturated DMF solution, strong catalytic currents
at ca. �1.5 V for 1 and ca. �1.7 V for 2 were observed,
respectively (Figs. 2(c) and (d)). These results strongly
suggest that both 1 and 2 have an ability to reduce
CO2, and 1 is expected to work as a CO2-reduction cat-
alyst at potentials more positive than 2. Therefore, we
tried to detect the transformation of CO2 to reduced
products by in situ infrared monitoring using a thin-
layer cell by using complex 1. Fig. 3 shows in situ mon-
itoring of spectroelectrochemical phenomena of 1 in
CO2-saturated acetonitrile as the potential of working
electrode changes. Before starting the reduction, there
are no peaks assigned to m(C„O) in the range of
1850–2050 cm�1. When the potential of the working
electrode shifted to negative direction, the first reduc-
tion took place at ca. �1.20 V, and the second one oc-
curred at ca. �1.35 V (vs. Fc/Fc+). At �1.44 V, new
bands grew into the spectrum at 1281, 1873, and
1942 cm�1 (Fig. 3(a)). The former one is assigned to
masym(CO2) band of the g1-CO2-coordinated complex,
and latter two are considered to m(C„O) bands of
Ru–CO complex (vide infra). The m(C„O) bands are
observed at lower wavenumber than those of general
Ru–CO complexes because of the reduced atmosphere.
Next, the potential was changed to �0.95 V, the peak
at 1280 cm�1 decreased, and the peaks at 1873 and
1942 cm�1 shifted to 1956 and 2027 cm�1, respectively



Fig. 2. Cyclic voltammograms of 1 and 2: (a) 1 in DMF-N2; (b) 2 in DMF-N2; (c) 1 in DMF-CO2, (d) 2 in DMF-CO2.

Fig. 3. IR spectra of [1](PF6)2 under the controlled potential electrol-
ysis in CH3CN ((a) and (b)) or CD3CN (a 0): (a) the potential was
sweeped from �0.95 to �1.45 V; (b) the potential was sweeped from
�1.45 to �0.95 V (vs. Fc/Fc+). *denotes CH3CN peaks.
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(Fig. 3(b)). Such the shifting of the m(C„O) bands by
electrochemical reduction-oxidation has been observed
at other Ru–CO complexes [15], suggesting that these
latter two absorption bands are assigned to m(C„O).
At �1.44 V, two relatively strong absorption bands
assignable to two m(CO) ones were observed. This re-
sult indicates that species E [16] or F shown in Scheme
6 would be generated at the potential. The complex A
receives two electrons to generate a 20 electron-species
at �1.44 V (vs. Fc/Fc+). To keep the 18 electronic
state, dechelation of chelated napy (B) or dissociation
of DMSO (B 0) would take place to give a penta-coor-
dinate intermediate. CO2 is a kind of Lewis acid, so it
can attack the electron-rich ruthenium center of B or
B 0 electrophilically, then the Ru-(g1-CO2) intermediate
C or C 0 would be generated. They can be converted
into the Ru–CO complex (D or D 0) with the formation
of CO2�

3 by disproportionation with another CO2 mol-
ecule as shown in Scheme 1. Further two-electron
reduction of D and D 0 would lead to the formation
of the dicarbonyl intermediate E through routes 1
and 2. The IR spectra shown in Fig. 3, therefore, are
reasonably explained by the generation of the reduced
form E in Scheme 6. The CV of 1 shows two reversible
ligand-localized redox couples as mentioned above,
indicating that dissociation of DMSO from Ru would
not take place at �2.0 V. Thus, Route 1 may take pri-
ority over Route 2.

The catalytic activity of 1 for the electrochemical
reduction of CO2 was investigated. In the presence of
CO2, the cathodic current of two reduction waves



Scheme 6.
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increased. The increase for the first reduction step is
small whereas a strong increase for the second step
can be observed, indicating that the two electron re-
duced species is the most active catalyst which trans-
forms the CO2. Controlled-potential electrolysis of 1

at �1.55 V (vs. Fc/Fc+) with a glassy carbon electrode
in CO2-saturated DMF in the presence of Me4NBF4

produced CO with current efficiencies of 35% and with
small amount of HCO2H (2%) was formed at room
temperature.
4. Conclusion

New ruthenium (II) complexes bearing chelated
napy and (N,N,C) tridentate ligands have been synthe-
sized and these electrochemical properties were investi-
gated. Because of the formation of a metal–carbon
bond, (N,N,C)-ligands do not cause the ligand-redistri-
bution which is often observed in the reaction by using
terpyridine-coordinated complexes. Cyclic voltammet-
ric studies showed that the two-electron reduction of
2 took place at ca. 300 mV more negative than that
of 1, due to the difference of the coordination mode
of the Ru–C bond. In the infrared spectroscopic study
under controlled potential electrolysis conditions, the
bands based on Ru-(g1-CO2) and Ru–CO complexes
appeared under the electrolysis at �1.44 V (vs. Fc/
Fc+), where the complex receives two-electron reduc-
tion. This is the first example of the direct observation
of the Ru–CO complex formation by the electrochem-
ical reduction of CO-free ruthenium complexes in CO2-
saturated solution. In addition, we have demonstrated
that complex 1 has an ability as a catalyst for CO2

reduction electrochemically.
5. Supplementary materials

Crystallographic data for the structural analysis of 1
in CIF format has been deposited with the Cambridge
Crystallographic Data Centre under CCDC No.
261152. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).
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