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Carbon-Carbon Bond Formation in Multi-electron Reduction of Carbon Dioxide Catalyzed by

[Ru(bpy)(trpy) (CO)]12+ (bpy = 2,2'-bipyridine; trpy = 2,2":6',2"-terpyridine)

Hirotaka NAGAOQ, Tetsunori MIZUKAWA, and Koji TANAKA*

Institute for Molecular Science, Myodaiji, Okazaki 444

Controlled potential electrolysis of [Ru(bpy)(trpy)(CO)]2+ (bpy=2,2"-
bipyridine; trpy = 2,2":6',2"-terpyridine) at -1.70 V vs. Ag|Ag* in CO2-saturated
C2H50H/H20 (8:2 v/v) at -20 °C produced not only HCOOH and CO but also
HC(O)H, CH30H, H(O)CCOOH, and HOCH2COOH.

Much attention has been paid to electro- and photochemical CO2 reduction catalyzed by
transition metal complexes.1) The reduction products in those homogeneous reactions, however,
have been limited to CO and HCOOH so far, and four- and six-electron reduction products have not
been obtained. The direct conversion of CO2 to organic molecules other than HCOOH, therefore,
is highly desired in the viewpoint of the utilization of CO2 as C1 resources. We have reported that
[Ru(bpy)2(C0)2]2+(1), [Ru(bpy)2(CO)(C(O)OH)]*+, and [Ru(bpy)2(CO)(m1-CO2)] existas equilibrium
mixtures in agueous conditions.2) Those complexes function as the precursors for the CO and
HCOOH formation and the CO2 adduct, respectively, in the catalytic cycle of the electro- and
photochemical CO2 reductions.3) The difficulty in the multi-electron reduction of CO2 by 1 may be
ascribed to the dissociation of CO upon the reduction of 1. Suppression of such dissociation of CO
from metal-carbonyl complexes playing the role in the precursor of CO may, therefore, lead to

reduction of the carbonyl ligand. This paper reports the multi-electron reduction of CO2 catalyzed
by [Ru(bpy)(trpy) (CO)I2+ (2).

The cyclic voltammogram (CV) of 1 shows an irreversible two-electron cathodic wave (Ecp=
-1.29 V vs, Ag|Ag+)3) (a solid line in Fig. 1a), and that of 2 displays stepwise one-electron

reversible couple (Ecp and Eap=-1.36 and -1.29 V) and an irreversible cathodic wave (Ecp=
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-1.68 V) in CH3CN at 20 "C(a solid line in
Fig. 1b).4) The redox behavior of 1 was not
changed even at -40 °C.  On the other
hahd, the CV of 2 at -20 °C clearly showed
the anodic wave (Egp=-1 .57 V).coupled with
the -1.68 V cathodic one in addition to the
reversible redox couple at E{/2=-1.33 V.
These results indicate that electrochemical
reduction of 1 is followed by decomposition
due to the liberation of CO3) even at -40 °C,
while the two-electron reduced form of 2,
[Ru(bpy)(trpy)(C0O)]0, is fairly stable at -20
°C. As similar to 1, 2 also has an ability to
catalyze the electrochemical reduction of
COg2, since both 1 and 2 show similar
catalytic cathodic currents at potentials more
negative than -1.6 V in CH3CN under CO2
atmosphere at 20°C (dotted lines in Fig. 1a
and b).

The controlled potential electrolysis of
2 in CoH50H/H20 (8:2 v/v) at-1.70 V under
CO2 atmosphere produced a trace amount
of CH30H with current efficiency (n) of 0.3%
together with CO, HCOOH, and H2 (35, 20
and 20%, respectively) at 20 °C.5)  The

latter three were also produced in the
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Fig. 1. Cyclic voltammograms of 1(a) and 2(b) in
CH3CN containing BugNBF4 (0.1 mol dm-3) as a
supporting electrolyte under N2 (solid line) and

CO2 (dotted line). dE/dt=100 mV/s.

working electrode; glassy carbon.

electrochemical CO2 reduction catalyzed by 1 under similar electrolysis conditions. The efficiency

for the multi-electron reduction of CO2 is greatly improved when the CO2 reduction by 2 was

conducted under the controlled potential electrolysis at -1.75 V in the same solvent at -20 °C. As

depicted in Fig. 2, not only CO, HCOOH, HC(O)H, and CH30H but also C2 compounds such as

HOCH2COOH and H(O)CCOOH are generated in the electrolysis.5:6) Furthermore, reoxidation of
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Fig. 2. Plots of the amounts of CO(a), HCOO-(O), HC(O)H
), CH30H(v), H(O)CCOO-(0), and HOCH2COO~(Q) vs.
the electricity consumed in the reduction of CO2 by 2
(2.5X10-5 mol) under the controlled potential electrolysis

at-1.75V vs. Ag]Ag* in CoH50H/H20(8:2 v/v) at -20 °C.5)
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the final solution (after 100 C was
passed) at -0.5 V almost regener-
ated the electronic absorption
spectrum of the initial solution.?)
This observation strongly suggests
that 2 exists stably during the
electrolysis. On the other hand, the
electrochemical reduction of CO2
by 1 under similar conditions at -20
°C produced only CO and HCOOH
as similar to the electrolysis at 20
°C, and neither CH30H, HOCHa-
COOH, H(O)CCOOH, nor 'HC(O)H
was formed at all. The precursors
forthe HCOOH and CO formation in
the reduction of CO2 by 2 may be
[Ru(bpy)(trpy)(C(O)OH)]* and [Ru-
(bpy)(trpy)(CO)] from analogy with
that by 13)  The multi-electron
reduction of CO2 by 2 at -20 °C

- may be caused by stability of the

two-electron reduced form and successive prbtonation of the carbonyl ligand affording [Ru(bpy)-

(trpy)(C(O)H)It and [Ru(bpy)(trpy)(CH20H)]+ as the precursors for the HC(O)H and CH30H

formation.  Alternatively, carboxylation of [Ru(bpy)(trpy)(C(O)H)I* and [Ru(bpy)(trpy)(CH20H)]*

under the electrolysis conditions is expected to give C2 compounds such as H(O)CCOOH and

HOCH2COOH in Fig. 2. Thus, formation of not only four-electron reduction products (HC(O)H and

H(O)CCOOH) but also six-electron products (CH30H and HOCH2COOH) may be reasonably

explained by the presence of [Ru(bpy)(trpy)(C(O)H)I* and [Ru(bpy)(trpy) (CH20H)]* in the catalytic

cycle of the electrochemical CO2 reduction by 2 at -20 °C.

It is, therefore, concluded that the

distinct difference in the ability of 1 and 2 toward the multi-electron reduction of CO2 at -20 °C

results from the stability of [Ru(bpy)2(C0O)2]0 and [Ru(bpy)(trpy) (CO)10 at that temperature.
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4) The oxidation wave at around -1.2 V presumabile resulted from decomposition of the two-
electron reduced form of 2 since this wave was not observed when the potential returned at -1.5
V.

5) The reaction products were analyzed by GC, GC-Mass, LC, and Isotachophoretic Analyzer.

The amounts of CO, H2, HCHO, and CH30H were determined by GC, and that of HCOO™ by
Isotachophoretic Analyzer. The analyses of H{O)CCOOH and HOCH2COOH by GC and GC-
Mass were conducted after conversion to H{O)CCOOCH3 and HOCH2COOCHS3 by treatment of
the crude products with CH2N2.

6) The controlled potential electrolysis at -1.75 V in the absence of 2 produced neither CO,

HCOOH, HCHO, CH30H, H(O)CCOOH nor HOCH2COOH at all under the similar conditions at
-20°C.

7) The regeneration of 2 after reoxidation of the final solution at -0.5 V was also confirmed by the IR

spectrum of the reaction residue obtained by evaporation of the solvent.
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