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Characterization of Ru(bpy)2(CO)(COO)
prepared by CO2 addition to Ru(bpy)2(CO) in
acetonitrile²
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A carboxylate complex, [Ru(bpy)2(CO)(COO)],
was prepared by the addition of CO2 to the
doubly reduced species, [RuI(bpy)(bpyÿ.)(CO)],
in CH3CN. The IR and UV–vis spectra of
[Ru(bpy)2(CO)(COO)] show a marked cation
and solvent dependence. Copyright# 2000 John
Wiley & Sons, Ltd.
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INTRODUCTION

Artificial photochemical CO2 fixation has been
extensively studied in the past two decades using
various metal complexes.1,2 Photochemical reduc-
tion of CO2 has been achieved by using TEOA in
DMF or the NADH model compound, 1-benzyl-
1,4-dihydronicotinamide (BNAH), in H2O–DMF as
quenchers in the presence of Ru(bpy)3

2� and
Ru(bpy)2(CO)2

2� under illumination at� > 400
nm.3–5 The system containing TEOA produces
formate with a quantum yield of 0.14, whereas the
system containing BNAH gives formate and CO
with quantum yields of 0.03 and 0.15 respectively.
Similar experiments with Ru(bpy)2(CO)(X)n�

(X = Cl, H, n = 1, or X = CO, n = 2) in TEOA–
DMF are also reported to form formate from CO2
with a maximum quantum yield of 15% with
Ru(bpy)2(CO)(H)�.6 The CO2 reduction systems
seem to involve a photochemical cycle for Ru-

(bpy)3
2� and a thermal cycle for [Ru(bpy)2-

(CO)X]n�. As shown in Eqns [1]–[5], the proposed
mechanism involves reductive quenching of the
Ru(bpy)3

2� excited state by TEOA to form
Ru(bpy)3

�, and reduction of [Ru(bpy)2(CO)X]n�

by two Ru(bpy)3
� molecules to produce Ru(bpy)2-

(CO). The latter was assumed to react with CO2 to
form Ru(bpy)2(CO)(COO) as a common inter-
mediate for formate (Eqns [6] and [7] and CO (Eqns
[4], [8], and [9]).

Ru(bpy)3
2� � h� ! �Ru(bpy)3

2� �1�
�Ru(bpy)3

2� � TEOA! Ru(bpy)3
� � TEOA� �2�

TEOA� � TEOA! TEOAH��
�HOCH2CH2�2NC�HCH2OH �3�

Ru(bpy)2�CO�22� � 2eÿ !
Ru(bpy)2�CO� � CO �4�

eÿ � Ru(bpy)3
�

or �HOCH2CH2�NC�HCH2OH

Ru(bpy)2�CO�X� � 2eÿ !
Ru(bpy)2�CO� � Xÿ �5�

Ru(bpy)2�CO� � CO2!
Ru(bpy)2�CO��COO� �6�

Ru(bpy)2�CO��COO� � H� � 2eÿ !
Ru(bpy)2�CO� � HCOOÿ �7�

Ru(bpy)2(CO)(COO) and [Ru(bpy)2(CO)-
(COOH)]� have been previously prepared by the
addition of two and one equivalent of OHÿ

respectively to [Ru(bpy)2(CO)2]
2� (Eqns. [8] and

[9]) in aqueous solutions.7 For the photochemical
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CO production, it is proposedthat the reverse
reactionsare taking place to produceRu(bpy)2-
(CO)2

2� from Ru(bpy)2(CO)(COO), followed by
the reduction of Ru(bpy)2(CO)2

2� to form Ru-
(bpy)2(CO) and CO (Eqns. [6], [8], [9] and [4]).
However, the electrochemicalreduction of [Ru-
(bpy)(CO)2Cl2] or [Ru(bpy)2(CO)2]

2� in CH3CN
results in the formation of a polymeric film,
[Ru(bpy)(CO)2]n, on the electrodesurfaceinstead
of yielding the doubly reducedspecies,Ru(bpy)2-
(CO).8,9

Ru(bpy)2�CO�22� �OHÿ !
Ru(bpy)2(CO)(COOH)� �8�

Ru(bpy)2(CO)(COOH)� �OHÿ !
Ru(bpy)2(CO)(COO)� H2O �9�

These air-stable species, [Ru(bpy)2(CO)2]-
(PF6)2, [Ru(bpy)2(CO)(COO)]�3H2O and [Ru-
(bpy)2(CO)(COOH)](CF3SO3)(H2O) have been
characterizedby X-ray diffraction and various
types of spectroscopy.10–12 In order to elucidate
the mechanismof photochemicalCO2 reduction
in thesesystems,we have investigatedthe CO2
binding to Ru(bpy)2(CO). Here we present an
alternative preparation of Ru(bpy)2(CO)(COO)
from Ru(bpy)2(CO), a doubly reduced species
generatedfrom [Ru(bpy)2(CO)Cl]� in acetonitrile,
and mechanisticaspectsof CO2 reduction in the
photochemicalsystem.

EXPERIMENTAL SECTION

The complexes[Ru(bpy)(CO)2](PF6)2, [Ru(bpy)2-
(CO)Cl]PF6 werepreparedaspreviouslydescribed
and characterizedby UV–vis and IR spectro-
scopies.7,13,14 Acetonitrile and triethylamine
(TEA) werepurifiedusingthepublishedprocedures
andstoredundervacuumoveractivatedmolecular
sieves (3A) and sodium–potassiumalloy (NaK)
respectively.15 Research-grade CO2 (CO2>
99.998%) was used without further purification.
UV–vis and FTIR spectrawere measuredon a
Hewlett-Packard8452A diode array spectrophot-
ometeranda MattsonPolarisFT-IR spectrometer
respectively. Cyclic voltammograms in CH3CN
were obtained on a BAS100 electrochemical
analyzer with scan rates ranging from 2 to
100mV sÿ1 usinga conventionalH-type cell with
solutionscontaining1 mM rutheniumcomplexand
0.1 M tetrapropylammoniumperchlorate in dry

CH3CN. Graphite,platinumandastandardcalomel
electrode(SCE)wereusedasworking,counterand
referenceelectrodesrespectively.Ferrocenewas
usedasan internalstandard.

RESULTS AND DISCUSSION

Although the two-electronreductionwave in the
cyclic voltammogram(CV) of [Ru(bpy)2(CO)2]

2�

in CH3CN at ÿ1.0 V (vs SCE) is not affectedby
CO2, the secondreduction wave of [Ru(bpy)2-
(CO)Cl]� at ÿ1.55 V indicates an increasein
current under CO2. A very intense blue color
developswith reductionof [Ru(bpy)2(CO)2]

2� by
Na–Hg, which is indicative of a metal center
reduction. The resulting solution does not react
with CO2. With or without CO2, a blackspeciesis
precipitated and the solution becomes almost
colorless. The speciesis [Ru(bpy)(CO)2]n, pro-
ducedby loss of a bpy ligand, as investigatedby
Ziesselandco-workersin theelectrochemicalCO2
reductionusing the rutheniummono-andbis-bpy
carbonylspecieson an electrodesurface.8,9 Inter-
estingly,bothTanaka’sandLehn’sgroupsreported
a decreaseof catalyticactivity with formationof a
black precipitateduringphotoreductionof CO2.

3–6

Therefore,theproposedmechanismof CO produc-
tion from [Ru(bpy)2(CO)2]

2� with two molecules
of Ru(bpy)3

� servingas the electronsourcemay
not be involved in photochemicalCO2 reduction.

Figure 1 CV of [Ru(bpy)2(CO)Cl]� in CH3CN. Solid line:
underAr; dottedline: underCO2; top: with Pr4NClO4; bottom:
with LiClO4.
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The CV of [Ru(bpy)2(CO)Cl]� indicatesthree
reduction waves betweenÿ1.3 and ÿ1.9V, as
shown in Fig. 1 by the solid line. The catalytic
currentobservedunderCO2, shownby the dotted
line, dependson the electrolytes present (top:
Pr4NClO4; bottom: LiClO4). The spectralchange
during two-electronreductionis shownin Fig. 2.
The first reductionseemsto be the bpy-centered
reduction.Within a few minutes,two tiny peaksat
395 and 510nm disappear,indicating that intra-
molecularelectrontransferis taking placeto form
[RuI(bpy)2(CO)] with loss of a Clÿ ligand. The
mono-reducedspeciesdoesnotreactwith CO2. The
secondreductionis theformationof aruthenium(I)
bpy radical. Upon addition of CO2, the color of
the solution changes from reddish purple to
brown with formation of the COO adduct ex-
hibiting IR stretching bands at 1966, 1935,
1252cmÿ1. These stretching frequenciesdo not
agree with published KBr data on [Ru(bpy)2-
(CO)(COO)]�3H2O. Although the carboxylate,
[Ru(bpy)2(CO)(COO)]�3H2O, is not soluble in
CH3CN, theadditionof saltscausesits dissolution.
In the presenceof Li� or Na� the carboxylateis
slowly convertedto thecarboxylicacid in CH3CN,
probablyfrom a traceamountof water.SinceNa–
Hg wasusedto reduce[Ru(bpy)2(CO)Cl]� in our
experiments,the resulting solution containsNa�

and the IR bands should correspondto those
obtainedwith Na�. In fact, two bandsat 1935and
1252cmÿ1 aredueto thecarboxylateandabandat
1966cmÿ1 is dueto thecarboxylicacid adduct.

IR and UV–vis spectraof Ru(bpy)2(CO)(COO)
show a marked cation and solvent dependence.

Upon the removalof water from the orangesolid
[Ru(bpy)2(CO)(COO)]�3H2O, the dark brown Ru-
(bpy)2(CO)(COO) forms and the C�O stretching
frequencyshifts from 1911 to 1957cmÿ1 (KBr).
However, this species seems fairly unstable.
Interactionbetweenthe cation(or solvent)andthe
bound CO2 must enhancecharge transfer from
rutheniumand bpy to CO2, and stabilizethe CO2
adduct as a stable ruthenium (II) carboxylate
complex at room temperatureand ambient pres-
sures.Investigationsof kineticsandmechanismsof
photochemicalreduction of CO2 continue with
[Ru(bpy)2(CO)(COO)]and[Ru(bpy)2(CO)H]�.
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