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ABSTRACT: Dicationic dicarbonyl [Ru(bpy)2(CO)2]
2+ (bpy = 2,2′-

bipyridyl) exists as equilibrium mixtures with [Ru(bpy)2(CO)(COOH)]
+

and [Ru(bpy)2(CO)(CO2)]
0 depending on the pH in H2O. Those three

complexes work as the precursors to CO, HCOOH production, and CO2
carrier, respectively, in electro- and photochemical CO2 reduction in aqueous
solutions. However, [Ru(bpy)2(CO)2]

2+ loses the catalytic activity toward
CO2 reduction under aprotic conditions because [Ru(bpy)2(CO)2]

2+ is not
regenerated from [Ru(bpy)2(CO)(CO2)]

0 in the absence of proton sources.
Analogous monocarbonylruthenium complexes such as [Ru(tpy)(bpy)-
(CO)]2+ and [Ru(bpy)2(qu)(CO)]

2+ catalyze CO2 reduction in the absence
and presence of proton sources. Both complexes are reproduced through
oxide transfer from the corresponding Ru−CO2 to CO2 in CO2 reduction and produce the same amount of CO and CO3

2− in
the absence of proton donors. The reduction of CO2 catalyzed by polypyridylrhenium complexes in the presence of proton
sources takes place via essentially the similar mechanism as that in the case of ruthenium complexes. On the other hand, CO
evolution in CO2 reduction under aprotic conditions is ascribed to the dissociation of CO from a dimeric Re−C(O)OC(O)O−
Re scaffold. Visible-light irradiation to a catalytic system composed of [Ru(bpy)2(CO)2]

2+/[Ru(bpy)3]
2+/Me2NH2

+/Me2NH as
the catalyst, photosensitizer, proton donor, and nucleophile in addition to the electron donor, respectively, in CO2-saturated
CH3CN selectively produces N,N-dimethylformamide without concomitant CO and HCOOH formation. Structurally robust μ3-
S of reduced metal−sulfur clusters provides a suitable site for reductive activation of CO2 with retention of the framework.
Indeed, CO2 activated on μ3-S of [Fe6Mo2S8(SEt)3]

5− is fixed at the carbonyl carbon of thioesters trapped on a neighboring iron
of the cluster, and α-keto acids are produced catalytically. Furthermore, two-electron reduction of [(CpMen)3M3S3]

2+ (n = 1, M =
Co; n = 5, M = Rh, Ir) creates the catalytic ability to produce oxalate through the coupling of two CO2 molecules possibly
activated on μ3-S and a metal ion.

■ INTRODUCTION

Utilization of CO2 as a C1 source would help mitigate global
problems such as environmental degradation, energy shortage,
and resource depletion caused by steady increases in fossil fuel
and other natural resource consumption. Electrophilic attack of
CO2 toward amines and epoxy groups produces urea and
carbonate derivatives.1−4 Alkynes, alkenes, dienes, and benzene
derivatives activated on transition metals react with CO2 to
produce a variety of pyrones, lactones, esters, and carboxylic
acids.5 Electrocarboxylation is a practicable methodology for
CO2 fixation.6,7 Direct electrochemical reduction of CO2
generates a CO2

•− radical, which reacts with olefins and dienes,
yielding carboxylate compounds. However, quite negative
electrode potentials (<−2.10 V vs SCE) are required to reduce
CO2, so that reactive substrates such as organic halides and aryl
compounds preferentially are reduced under CO2. The
resulting carbanions undergo an electrophilic attack of CO2

to produce carboxylate compounds.6−9 Alternatively, the
reduction of nickel(II) and palladium(II) complexes proceeds
at more positive potentials compared with the direct reduction
of CO2 and organic substrates. Electrophilic attack of CO2 to
organometallic complexes that are produced by the oxidative
addition of organic halides to electrochemically generated
nickel(0) and palladium(0) complexes also affords correspond-

ing carboxylates.10−14 Thus, electrocarboxylation through the
reaction of reductively activated organic molecules with CO2
has been well studied. On the other hand, useful organic
compounds have hardly been obtained by the reaction of
nonactivated organic molecules with CO2 activated on metal
complexes except for CO2

•−. Elucidation of the reactivity of
CO2 reductively activated on metal complexes would greatly
serve for the utilization of CO2 as a C1 building block under
low energy consumption processes.
Most of the reduction products from photo- and electro-

chemical CO2 reduction catalyzed by metal complexes have
been limited to HCOOH and/or CO. Reaction mechanisms
can be explained by the participation of two types of reaction
intermediates in the catalytic cycle. The first is a metal−η1-CO2
complex formed by electrophilic attack of CO2 on low
oxidation states of metal centers (eq 1). The second is a
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metal−H species formed by proton attack on reduced metal
complexes or by hydrogen attack on metal centers (eq
2).Stepwise protonation of an oxygen of metal−η1-CO2

resulted in M−COOH and M−CO formation as precursors
to HCOOH and CO. In the absence of a proton source, oxide
transfer from metal−η1-CO2 to CO2 also affords M−CO with
generation of CO3

2−. Insertion of CO2 in M−H produces M−
OC(O)H, which serves as a precursor to HCOO−. It is worth
noting that the reaction of nucleophiles with M−CO has
significant importance in the incorporation of CO to organic
substrates. However, M−CO bonds derived from reductive
activation of CO2 on metal complexes exclusively are cleaved
without undergoing attack of nucleophiles on the bonds. In
biological reactions, CO2 is fixed to stable organic molecules
with C−C bond formation. It still remains unclear whether
CO2 fixation in biological reactions proceeds via activation of
either CO2 or substrates or both. In contrast to reductive
activation of CO2 on transition-metal centers, structurally
robust basic sites linked to redox centers of metal complexes
may provide reasonable sites for not only condensation but also
reductive activation of CO2 with retention of the framework.
This review focuses on the reactivity of CO2 activated on

ruthenium and rhenium complexes and μ3-S of metal−sulfur
clusters with the goal of CO2 reduction accompanied by C−C
and C−N bond formation without the use of reactive
substrates.

■ REDUCTIVE CONVERSION OF CO2 ON
RUTHENIUM COMPLEXES

The mechanism for conversion of CO2 to CO using ruthenium
carbonyl complexes bearing polypyridyl ligands as ancillary
ligands has been well studied (Scheme 2).15−18 Dicationic
dicarbonyl [Ru(bpy)2(CO)2]

2+ (bpy = 2,2′- bipyridyl) has a
unique function in the reversible conversion among CO2,
COOH, and CO via acid−base equilibrium.15,19−22 Protonation
of the low-valent Ru0−η1-CO2 complex formed a RuII−COOH
complex, which generated RuII−CO through protonation of the
OH group (eq 3). The structures of [Ru(bpy)2(CO)X]

n+ (X =

CO2, COOH, CO; n = 0, 1, 2) were determined by X-ray
crystal structural analysis.23−25 The pKa value of Ru−COOH
was 9.6. Distributions of the three species in aqueous solutions
were calculated based on the equilibrium constants15 because
the population of the three complexes was regulated by the pH
(Figure 1).
Cyclic voltammetry (CV) of [Ru(bpy)2(CO)2]

2+ in 1:9 (v/
v) N,N-dimethylformamide (DMF)/H2O showed one irrever-
sible broad cathodic wave at −0.95 V vs SCE under N2,
resulting from a two-electron redox reaction.15 Bubbling CO2
into the solution caused strong catalytic currents at potentials
more negative than −1.4 V. Controlled potential electrolysis of
[Ru(bpy)2(CO)2]

2+ in CO2-saturated 9:1 (v/v) H2O/DMF
produced CO or HCOOH as CO2 reduction products. The
product selectivity depended on the pH; CO was produced

with 32% current efficiency, along with H2 evolution, without
HCOOH formation in 9:1 (v/v) H2O/DMF (pH 6; Figure
2a). In contrast, nearly the same amounts of HCOOH and CO
were produced together with H2 (Figure 2b) at pH 9.5.
Variation in the reduction products dependent on the pH
(Figure 1) was attributed to the participation of Ru−CO and
Ru−COOH species as precursors to CO and HCOOH in the
catalytic cycle. The catalytic ability of [Ru(bpy)2(CO)2]

2+

toward CO2 reduction decreased upon increasing alkalinity in
1:9 (v/v) DMF/H2O solutions due to complete conversion of
CO2 to CO3

2−. Electrochemical reduction of [Ru-
(bpy)2(CO)2]

2+ in the presence of Me2NH2Cl in CO2-
saturated CH3CN selectively produced HCOOH (Figure
2c).26 Differences in the reduction products (shown in Figure
2a−c) were associated with the distribution of the three
ruthenium complexes, depending on the proton concentration
(Scheme 1). Two-electron reduction of [Ru(bpy)2(CO)2]

2+

resulted in CO dissociation, and subsequent electrophilic attack
of CO2 on [Ru(bpy)2(CO)]

0 produced [Ru(bpy)2(CO)-
(CO2)]

0, which existed as an equilibrium mixture with
[Ru(bpy)2(CO)(COOH)]

+ and [Ru(bpy)2(CO)2]
2+, depend-

ing on the proton concentration. The latter two acted as
precursors to HCOOH and CO.
Ziessel et al. reported that electrodeposition of trans(Cl)-

[Ru(bpy)(CO)2(Cl)2] in a CH3CN solution formed a
polymeric [Ru(bpy)(CO)2]n

0
film on the electrode, which

also catalyzed electrochemical CO2 reduction.
27,28 A polymeric

[Ru(bpy)(CO)2]n
0
film was also formed in electrolysis of

[Ru(bpy)2(CO)2]
2+ in CH3CN.

29 The most remarkable
difference between discrete [Ru(bpy)2(CO)2]

2+ and the
[Ru(bpy)(CO)2]n

0
film was the pH dependence in electro-

chemical CO2 reduction.
30 As described above, electrolysis of

[Ru(bpy)2(CO)2]
2+ under CO2 afforded CO and HCOOH

depending on the pH. On the contrary, the [Ru(bpy)(CO)2]n
0

film produced almost a single product in both acidic and basic
conditions; the selectivity for the products between CO and
HCOOH depended on the substituents of the bpy ligand
involved in the polymeric ruthenium film.30 Fabrication of the
[Ru(bpy)(CO)2]n

0
film in the supramolecular complex

composed of [Ru(bpy)2(CO)2]n and [Ru(bpy)3]m scaffolds as
the catalyst and photosensitizer, respectively, resulted in a
substantial decrease in the catalytic activity toward photo-
chemical CO2 reduction.31 Photochemical CO2 reduction

Figure 1. Distribution of the ruthenium species in H2O at various pH
values at 25 °C.

Inorganic Chemistry Forum Article

DOI: 10.1021/ic502745u
Inorg. Chem. 2015, 54, 5085−5095

5086

http://dx.doi.org/10.1021/ic502745u


catalyzed by the supramolecular complexes showed the
tendency for bpy dissociation from the catalyst framework
with a decrease of the number of photosensitizers, indicating
that the decrement of electron supply from the photosensitizer

to the catalyst induces dissociation of bpy in CO2 reduction.
Release of bpy from the catalyst framework, forming polymeric
[Ru(bpy)(CO)2]n

0 in the supramolecular complexes, resulted
in a drastic decrease of the catalytic activity in photochemical
CO2 reduction.
Colorless [Ru(bpy)2(CO)2]

2+ cannot catalyze photochemical
CO2 reduction under visible-light irradiation. The catalytic
system composed of [Ru(bpy)2(CO)2]

2+/[Ru(bpy)3]
2+/trie-

thanolamine (TEOA) as the catalyst, photosensitizer, and
sacrificial electron donor, respectively, produced HCOOH in
CO2-saturated DMF under visible-light irradiation.32 A similar
photocatalytic system using 1-benzyl-1,4-dihydronicotinamide
instead of TEOA under the same reaction conditions did not
afford any reduction products, whereas the addition of H2O to
the reaction mixture caused photochemical CO2 reduction to
generate CO and HCOO−.32,33 In addition, the CO/HCOO−

ratio increased with an increase of H2O concentrations.32 Thus,
the proton source was the essential component in electro- and
photochemical CO2 reduction catalyzed by [Ru(bpy)2(CO)2]

2+

because the selectivity for CO and HCOOH formation was
dependent on the acid−base equilibrium of [Ru(bpy)2(CO)-
(CO2)], [Ru(bpy)2(CO)(COOH)]

+, and [Ru(bpy)2(CO)2]
2+

in a solution (Scheme 1).
The IR spectra of [Ru(bpy)2(CO)(η

1-CO2)] in CH3CN and
dimethyl sulfoxide (DMSO) under N2 were not influenced by
bubbling CO2 into the solution.34 In contrast, the addition of
(NMe4)2CO3 to a DMSO solution of [Ru(bpy)2(CO)2]

2+

resulted in the slow formation of [Ru(bpy)2(CO)(η
1-CO2)],

although the latter slowly decomposed because of the relative
instability of the Ru−η1-CO2 scaffold without interaction with
Lewis acids.23,24,34,35 This result indicates the occurrence of
oxide transfer from CO3

2− to [Ru(bpy)2(CO)2]
2+ (eq 4). Such

an unusual oxide transfer from CO3
2− to a metal−CO complex

also has been reported in the reaction of a dinuclear iridium
complex with CO3

2− via another mechanism.36

η

+

⥂ ‐ +

+ −[Ru(bpy) (CO) ] CO

[Ru(bpy) (CO)( CO )] CO
2 2

2
3

2

2
1

2
0

2 (4)

The 13C NMR spectra revealed 1:1 adduct formation
between [Ru(bpy)2(

12CO)(13CO)]2+ and (NMe4)2CO3 in
DMSO-d6 (eq 5, center).34 The structure of the adduct of
CO3

2− and [Ru(bpy)2(CO)2]
2+ was essentially the same as that

of [Ru(bpy)2(CO)(η
1-CO2)] stabilized with a Lewis acid

because the chemical shift of the Ru−13COOCO2 signal was
very close to that of [Ru(bpy)2(CO)(η1-13CO2)]

0. The
direction of the oxide from Ru−CO2 to CO and back,
therefore, is regulated by cleavage of either the RuC(O)O−

Figure 2. Plots of the amounts of products versus coulombs consumed in the electrolysis (−1.50 V vs SCE) of [Ru(bpy)2(CO)2]
2+ in CO2-saturated

(a) 9:1 (v/v) H2O (pH 6.0)/DMF, (b) 9:1 (v/v) H2O (pH 9.5)/DMF, and (c) dry CH3CN containing 0.1 M Me2NH2Cl.

Scheme 1. CO2 Reduction Catalyzed by [Ru(bpy)2(CO)2]
2+

in Aqueous Solutions

Scheme 2. Proposed Reaction Mechanism for CO2
Reduction by a Ruthenium Carbonyl Polymer
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CO2 or RuCO−CO3 bond of the 1:1 adduct (eq 5). The pKa
values of the conjugated acid [Ru(bpy)2(CO)(C(O)OH)]

+

(9.6)15 and HOCO2 (10.3) indicated that [Ru(bpy)2(CO)(η
1-

CO2)] was less basic than CO3
2−. Therefore, when the 1:1

adduct formed between [Ru(bpy)2(CO)2] and CO3
2− and

between [Ru(bpy)2(CO)(η
1-CO2)] and CO2, RuC(O)O−CO2

bond cleavage was favored over RuC(O)−OCO2 bond fission.
In contrast to [Ru(bpy)2(CO)2]

2+, monocarbonyl [Ru(tpy)-
(bpy)(CO)]2+ (tpy = 2,2′:6′,2″-terpyridyl) and [Ru(bpy)2(qu)-
(CO)]2+ (qu = quinoline) have the ability to catalyze
electrochemical CO2 reduction in the presence and absence
of a proton source.37 The product of CO2 reduction catalyzed
by those complexes was CO due to oxide transfer from the
electron-rich M−CO2 scaffold to CO2 (reductive disproportio-
nation of CO2) in the absence of a proton source.36,38−41 Thus,
the inability for oxide transfer from [Ru(bpy)2(CO)(CO2)]

0 to
CO2 eliminates the catalytic ability of [Ru(bpy)2(CO)2]]

2+

toward CO2 reduction in the absence of a proton source.

■ ACTIVATION OF CO2 ON RHENIUM COMPLEXES
Since the discovery that fac-Re(bpy)(CO)3Cl functions as the
catalyst and photosensitizer in photochemical CO2 reduction,

42

a large number of CO2 reductions using fac-Re(bpy-R)(CO)3X
(bpy-R, 4,4′-disubstituted-2,2′-bipyridyl; X = anionic ligand or
solvent) have been reported.42−46 For CO evolution, two types
of reductive conversion of CO2 to CO on rhenium have been
proposed:43 one is an acid−base equilibrium, and the other is
disproportionation of Re−CO2 under CO2.

47,48 The two-
electron-reduced form of [Re(bpy-R)(CO)3X] (X = anionic
ligand or solvent) released a monodentate ligand X. Electro-
philic attack of CO2 on the resulting [Re(bpy-R)(CO)3]

−

produced [Re(bpy-R)(CO)3(CO2)]
−. The acid−base equili-

brium of the Re−CO2 scaffold promoted conversion from CO2

to CO similar to that of Ru−CO, as shown in Scheme 1.48,49

The rate of CO2 reduction followed second-order kinetics with
regard to the H+ concentration. On the basis of the H/D
kinetic isotope effect in CO2 reduction, protonation of Re−
CO2 and the subsequent dehydroxylation of Re−C(O)OH is
involved in the rate-determining step.49 Recently, the process
for protonation of the Re−CO2 group was detected by IR
spectroelectrochemistry50,51 and cold-spray ionization spec-
trometry.52

Direct oxide transfer from electron-rich Ru−CO2 to CO2

induced reductive conversion of CO2 to CO in the absence of
proton sources (reverse reaction of eq 4). In contrast, reductive
disproportionation of CO2 on rhenium complexes proceeded
through the association of two rhenium complexes in the cycle
(Scheme 3).47,51,53 CO2 reacted successively with two [Re(bpy-
R)(CO)3]

0 to form a CO2-bridged rhenium dimer (Scheme
3C). Insertion of a second CO2 molecule into the CO2-bridged

Scheme 3. Proposed Mechanism for Reductive Disproportionation of CO2 Catalyzed by a Rhenium Carbonyl Compound
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dimer,54 which resulted in CO emission with formation of a
carbonate-bridged dimer (Scheme 3D). Subsequent reduction
of the carbonate-bridged dimer regenerated the pentacoordi-
nated rhenium complex and CO3

2−. Recently, Kubiak et al.
reported that a noncovalently associated rhenium dimer
complex effectively enhanced CO2 reduction through reductive
disproportionation.51 Also, the rate of CO2 reduction was not
significantly improved by the addition of a proton source.
The three componentscatalyst, photosensitizer, and

electron donorgreatly influence the efficiency of photo-
chemical CO2 reduction. Recent developments have enabled
substantial improvements in photochemical CO2 reduc-
tion.55−60 A quantum yield of CO of up to 82% was achieved
under visible-light irradiation,61 using 1,3-dimethyl-2-phenyl-
2,3-dihydro-1H-benzo[d]imidazole62 and supramolecular cata-
lysts linked with photosensitizers. In addition, a new role for
TEOA in photochemical CO2 reduction was elucidated.
Substitution of a solvated molecule by TEOA with an oxygen
atom on rhenium and subsequent CO2 insertion into the Re−
O bond afforded the Re−OCO2 scaffold, which effectively
acted as the CO2 carrier in photochemical reduction (Figure
3).63

■ NUCLEOPHILIC REACTION TO M−CO
COMPOUNDS

Reactions of nucleophiles with oxidatively activated M−CO are
widely used to incorporate CO to organic substrates. For
example, [Ru(bpy)2(CO)2]

2+ reacted with NaBH4 to produce
[Ru(bpy ) 2 (CO)(CHO)] + and [Ru(bpy ) 2 (CO) -
(CH2OH)]

+.64−68 Hydrolysis of the latter afforded MeOH.
Therefore, reductive conversion of CO2 to CO on metals,
followed by attack of a nucleophile on the resultant M−CO
scaffold prior to CO evolution, is a feasible pathway for
preparing valuable molecules using CO2 as a C1 building block.
However, reduction of [Ru(bpy)2(CO)2]

2+ using strong
hydride donors was problematic in the utilization of CO2
because CO2 was reduced to HCOO− by NaBH4. Thus,
strong nucleophiles are not useful substrates in the utilization of
CO2 as a C1 source by considering the Lewis acidity of CO2.
Amines interacted weakly with CO2 to form a 1:1 CO2

adduct. Primary amine attacks on a carbonyl carbon of
[(C5H5)W(CO)4]PF6 and [(C5H5)Mo(CO)4]PF6 afforded
[(C5H5)W(CO)3(C(O)NHR)] and [(C5H5)Mo(CO)3(C(O)-
NHR)], respectively.69 The second attack of a primary amine
on the carbamoyl groups generated urea derivatives. A carbonyl
carbon of [Ru(bpy)2(CO)2]

2+ also smoothly underwent an
attack of Me2NH to form [Ru(bpy)2(CO)(C(O)NMe2)]

+ (eq
6), which smoothly regenerated [Ru(bpy)2(CO)2]

2+ with
dissociation of Me2NH under reduced pressure.70,71

+

⇄ +

+

+ +

[Ru(bpy) (CO) ] 2Me NH

[Ru(bpy) (CO)(C(O)NMe )] Me NH
2 2

2
2

2 2 2 2 (6)

The controlled potential electrolysis of [Ru(bpy)2(CO)2]
2+

in CO2-saturated CH3CN containing nBu4NClO4, Me2NH,

Me2NH2Cl, and Na2SO4 as a dehydration agent at −1.30 vs
SCE produced DMF in addition to HCOOH, CO, and H2,
with current efficiencies of 21.4, 75.7, 1.0, and 0.7%,
respectively (Figure 4).70 Note that Me2NH2

+ acted as the
proton source in the reduction of CO2 and that [Ru-
(bpy)2(CO)(C(O)NMe2)]

+ (eq 6) acted as the precursor to
DMF.

■ DIALKYLFORMAMIDE PRODUCTION BY
PHOTOCHEMICAL REDUCTION

Electrochemical reduction conducted at −1.30 vs SCE was
easily applied to photochemical reduction using [Ru(bpy)3]

2+

as a photosensitizer because [Ru(bpy)3]
+ (E1/2 = −1.37 V vs

SCE) was generated through reductive quenching of [Ru-
(bpy)3]

2+* by reagents that provided electrons to the catalyst.
Photochemical reduction in the presence of [Ru(bpy)3]

2+,
without the use of an electrolyte (nBu4NClO4) under the same
conditions of electrochemical CO2 reduction, produced 131
μmol of DMF and a trace amount of HCOOH upon 12 h
irradiation of visible light (300 W xenon lamp; 385−750 nm).71
The results of dialkylformamide formation by photochemical
CO2 reduction using various dialkylamines (R2NH, where R =
Et, nPr, iPr, and nBu) and their ammonium salts are
summarized in Table 1. Dialkylformamide derivatives from

Figure 3. CO2 capture on the rhenium complex assisted by TEOA.

Figure 4. Plots of the amounts of products versus coulombs consumed
in the electrolysis (−1.30 V vs SCE) of [Ru(bpy)2(CO)2]

2+ in CO2-
saturated dry CH3CN containing Me2NH2Cl and Me2NH.

Table 1. Products of Photochemical CO2 Reduction
Catalyzed by [Ru(bpy)2(CO)2]

2+ (0.5 mM) in the Presence
of Dialkylamines and Their Ammonium Saltsa

products/μmol

amine ammonium CO HCOOH R2NCHO

Me2NH Me2NH2Cl ND trace 131
Et2NH Et2NH2PF6 4.6 14 29
nPr2NH nPr2NH2PF6 2.6 45 14
iPr2NH iPr2NH2PF6 ND 21 ND
nBu2NH nBu2NH2PF6 2.9 73 25

aThe concentrations of dialkylamines and their ammonium salts were
0.5 and 0.2 M, respectively. 5 mM [Ru(bpy)3]

2+.
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Et2NH, nPr2NH, and nBu2NH were accompanied by HCOOH
formation. The main products resulting from the transition of
dialkylformamide to HCOOH depended on the steric
hindrance of the dialkyl groups. When iPr2NH was used, no
iPr2NCHO was produced possibly because of the steric
hindrance of the two iPr groups on the nucleophilic attack at
the carbonyl carbon of [Ru(bpy)2(CO)2]

2+. The product ratio
of R2NCHO to HCOOH depended on the dialkylamine; DMF
was selectively produced upon the addition of Me2NH. The
rates of adduct formation between [Ru(bpy)2(CO)2]

2+ and
R2NH determined by spectral changes after mixing in CH3CN
followed first-order kinetics with respect to R2NH concen-
trations (Table 2). The reaction rate between [Ru-

(bpy)2(CO)2]
2+ and Me2NH was approximately 2 orders of

magnitude compared with that obtained with Et2NH, nPr2NH,
or nBu2NH. On the basis of the results shown in Tables 1 and
2, the selectivity for dialkylformamide formation is regulated by
the reaction rate of the nucleophilic attack of the dialkylamine
on [Ru(bpy)2(CO)2]

2+.71

Relative rate differences between the nucleophilic attack of
Me2NH and electron injection to [Ru(bpy)2(CO)2]

2+ in
electro- and photochemical CO2 reduction greatly influence
DMF formation. In electrochemical reduction, electrodes
rapidly and continuously provide electrons to the complex
existing near the electrode, while most of the ruthenium
complexes existing far from the electrode are inert to CO2
reduction. In contrast, photochemically generated [Ru(bpy)3]

+

provided electrons to all ruthenium complexes in homogeneous
solutions, but the electron supply was a stepwise and slow
process. When the rate of electron flow to the Ru−COOH
complex is much faster than the rate of conversion to Ru−CO
through acid−base equilibrium, HCOOH becomes the main
product, as observed in electrochemical CO2 reduction.
However, a limited electron supply to ruthenium complexes
in photochemical reduction gives rise to adequate time for
conversion from Ru−COOH to Ru−CO. Selective Me2NCHO
generation in photochemical CO2 reduction indicates that the
rate of attack of Me2NH to Ru−CO is much faster than that of
reductive Ru−CO bond cleavage caused by electron injection
to the complex.
The oxo affinity of Li+ also influenced DMF generation.

Photochemical CO2 reduction in the presence of 0.1 M LiBF4
along with Me2NH and Me2NH2

+ resulted in a substantial
decrease in DMF production (9.5 μmol) and the production of
a small amount of HCOOH (15 μmol).71 This result clearly
indicates that conversion from Ru−CO2 to Ru−CO (eq 3) was
depressed significantly by stabilization of the Ru−η1-CO2
scaffold with Li+. Thus, generation of Ru−C(O)NMe2 as the
precursor to DMF was blocked by Li+. The proposed
mechanism for catalytic dialkylformamide formation is shown
in Scheme 4. The selectivity of HCOOH, CO, and R2NCHO
generation during CO2 reduction correlated with the relative
rates of the following three reactions: (1) CO2, COOH, and
CO conversion on ruthenium (eq 3), (2) reductive Ru−
COOH and R−CO bond cleavage induced by electron

injection to those frameworks, and (3) attack of R2NH on
the Ru−CO scaffold (eq 6). Li+ apparently suppressed
conversion from Ru−CO2 to Ru−CO. Because conversion
from Ru−CO2 to Ru−C(O)NR2 through Ru−CO is regulated
by the concentrations of both the protons and alkyl group of
R2NH, rapid electron injection to Ru−COOH and Ru−CO
was not necessary to improve the selectivity for R2NC(O)H
generation. Thus, photochemical CO2 reduction is superior to
electrochemical reduction with respect to the formation of Ru−
C(O)NMe2 as the precursor to DMF. Reductive CO2
activation on metals followed by oxidative activation of the
resultant M−CO combines established CO2 and CO chemistry
and can lead to new a technology for organic synthesis using
CO2 as a C1 building block.

■ CO2 FIXATION TO CARBONYL CARBON OF
THIOESTERS

In biological CO2 fixation, CO2 is introduced to an organic
moiety with C−C bond formation. Photosynthetic bacteria fix
four CO2 molecules in one turn of the reductive carboxylic acid
cycle.72−78 Two of the molecules are fixed to the carbonyl
carbon of acetyl coenzyme A and succinyl coenzyme A to
generate pyruvate and α-keto glutarate, respectively (eq 7),
where reduced ferredoxins provide electrons required in the
reaction.

+ + → +− − −RC(O)SCoA CO 2e RC(O)COO CoAS2
(7)

= =(R CH , HOOCCH CH ; CoA coenzyme A)3 2 2

In 1975, Tabushi et al. reported that C6H5CH2C(O)SC8H17
reacted with CO2 in the presence of [Fe(S2C2Ph2)2]2, Na2S2O4,
NaHCO3, and NH3 to form C6H5CH2CH(NH2)COO

− (0.3%
yield) through C6H5CH2C(O)COO

−, where [Fe(S2C2Ph2)2]2
was used as the electron donor in place of ferredoxins (eq
8).79−81

+ +

→

⎯ →⎯⎯⎯⎯

−

−

+ −

C H CH C(O)SC H CO 2e

C H CH C(O)COO

C H CH CH(NH )COO

6 5 2 8 17 2

6 5 2
NH

6 5 2 2
3

(8)

However, it is still not clear whether CO2, the substrate, or
both is activated in CO2 fixation to the positively polarized
carbonyl carbon (eq 8). Synthetic 4Fe4S clusters as ferredoxin
models displayed stable [Fe4S4(SR)4]

2−/3− redox couples in
organic solvents. H2O-soluble 4Fe4S clusters are subject to
hydrolysis in aqueous solution. Solubilization of 4Fe4S clusters
having long alkyl RS groups in aqueous micellar solutions

Table 2. Reaction Rate Constants between
[Ru(bpy)2(CO)2]

2+ (0.5 mM) and Various Dialkylamines
(0.5 M)

amine Me2NH Et2NH nPr2NH nBu2NH

kobs/s
−1 165 4.4 2.7 4.2

Scheme 4. Proposed Reaction Mechanism for
Dialkylformamide and HCOOH Generation in
Photochemical CO2 Reduction
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permitted determination of the redox potentials in aqueous
solution without the addition of an excess of free RS ligands to
depress the hydrolysis reactions.82 The redox potential of the
[Fe4S4(SR)4]

2−/3− couple (R = C6H5C4H9, C6H5C8H17) in
micellar solutions shifted by −60 mV/pH at pH values of less
than ca. 9 because of participation of one proton in the redox
reaction.83 A comparison of the redox behavior among the
series of [Fe4X4(YR)4]

2−/3− couples (XY = SS, SSe, SeS, and
SeSe) in aqueous micellar solutions revealed the occurrence of
reversible protonation of the core S of [Fe4S4(SR)4]

3− and the
terminal RS of [Fe4S4(SR)4]

2− with pKa values of 8.8 and 5.85,
respectively (Figure 5).84,85 CO2 is readily trapped on strongly

basic sites. Accordingly, basic ligands linked to redox centers
can provide suitable sites for reductive activation of CO2 aimed
at incorporation to organic groups with holding of the scaffold
because M−η1-CO2 complexes easily undergo reductive C−O
bond cleavage under CO2. The basicity of the core and terminal
sulfur atoms of [Fe4S4(SR)4]

3− and [Fe4S4(SR)4]
2− was not

sufficient to accept an electrophilic attack of CO2. Indeed, the
CV plots of [Fe4S4(SR)4]

2− in CH3CN under CO2 and N2 were
cons i s t en t w i th each o the r . A doub l e cubane
[Fe6Mo2S8(SR)9]

3− with two MoFe3S4 cores and three μ2-SR
bridges displayed a stable (3−/4−/5−) redox couple in
CH3CN and DMF.86 Plots of the redox potentials of FeMoS
clusters having long alkyl chains versus the pH in an aqueous
micellar solution shifted by −30 mV/pH at a pH lower than 11,
indicating the participation of one proton in the
[Fe6Mo2S8(SR)9]

3−/5− redox reactions.87 Despite the difference
in the bridging ligand between μ2-SEt and μ2-OMe, similar pKa
values of [Mo2Fe6(μ3-X)3(SC6H4C8H17)6]

5− were ascribed to
reversible protonation on one of the core sulfur atoms of the
Fe3MoS4 scaffolds.87 The basicity of the core sulfur of
[Fe6Mo2S8(SR)9]

5− (pKa 11; Figure 5) was strong enough to
form a CO2 adduct in dry CH3CN. Because the cathodic peak
current of the [Fe6Mo2S8(SR)9]

4‑/5‑ redox couple (E1/2 = −1.46
V) increased after CO2 bubbling in the solution at 5 mV/s in
CH3CN (Figure 6),88 an increase in the cathodic current of the
(4−/5−) redox couple was not observed at a sweep rate of 100
mV/s possibly because of slow adduct formation. The removal
of CO2 from the solution by N2 bubbling completely
regenerated the original CV under N2. Taking into account
the coordinatively saturated hexacoordinated molybdenum and
the formal oxidat ion states of FeI I or FeI I I in
[Fe6Mo2S8(SR)9]

5−, the possibility of CO2 attack on those
metal ions can be ruled out. The addition of an excess of
MeC(O)SEt to the CH3CN solution of [Fe6Mo2S8(SEt)9]

3−

under CO2 caused strong catalytic currents at potentials more
negative than −1.4 V. Alternatively, the addition of MeC(O)-
SEt to [Fe6Mo2S8(SEt)9]

3− under N2 did not influence the CV.
The strong catalytic currents that flowed only when CO2 and
MeC(O)SEt coexisted indicates that [Fe6Mo2S8(SEt)9]

5−

catalyzed the reaction of CO2 with MeC(O)SEt. The

controlled potential electrolysis of [Fe6Mo2S8(SEt)9]
3− in the

presence of EtC(O)SEt and a 3 Å molecular sieve as a
dehydration agent in CH3CN at −1.65 V (vs SCE) catalytically
produced EtC(O)COO− (eq 9).

+ + → +− − −RC(O)SEt CO 2e RC(O)COO EtS2 (9)

=(R CH , C H , C H )3 2 5 6 5

Electrolysis, however, completely stopped after generation of
about 600% EtC(O)COO− because the accumulation of EtS−

generated as a byproduct in the reaction strongly disrupted α-
keto acid formation (eq 9). Note that [Mo2Fe6S8(SPh)9]

5− also
interacted with CO2 in the CV plot similar to
[Mo2Fe6S8(SEt)9]

5−. However, [Fe6Mo2S8(SPh)9]
5− could

not catalyze CO2 fixation (eq 9). Such a distinct difference
between [Mo2Fe6S8(SEt)9]

5− and [Mo2Fe6S8(SPh)9]
5− toward

CO2 fixation was due to the lability of terminal EtS of the
former to substitution with other thiolate molecules and the
complete inertness of PhS of the latter to substitution reactions.
The catalytic formation of RC(O)COO− through CO2 fixation
on the carbonyl carbon of RC(O)SEt (R = CH3, C2H5, and
C6H5) was ascribed to the coupling of CO2 bonded on μ3-S and
RC(O)SEt ligated on iron of [Mo2Fe6S8(SEt)9]

5− with
regeneration of [Mo2Fe6S8(SEt)9]

3− and free EtS− (Scheme 5).

■ OXALATE FORMATION
Reactions of CO2 with two-electron-reduced forms of trinuclear
[(Cp′M)3(μ3-S)2]

2+ [Cp′ = CpMe (methylcyclopentadienyl),
CpMe5 (pentamethylcyclopentadienyl); M = Co, Rh, Ir] were
conducted along with elucidation of the reactivity of CO2
activated on μ3-S of [Mo2Fe6(SEt)9]

5− (eq 9).89,90 The crystal
structures of [(CpMeCo)3(μ3-S)2]

n+ ([Co3S2]
n+; n = 2, 1, 0; Cp

= cyclopentadienyl) revealed that one of the three Co−Co
bond lengths was elongated from 2.52 to 2.87 Å upon one-
electron reduction of [Co3S2]

2+ and cleaved in [Co2S2]
0

(Figure 7).89 The structural changes occurring as reduction of
the Co3S2 framework progressed resulted from the accumu-
lation of electrons into the Co−Co σ* bond of the lowest
unoccupied molecular orbital of [Co3S2]

2+. Analogous
[(CpMe5Rh)3(μ3-S)2]

2+ ([Rh3S2]
2+) and [(CpMe5Ir)3(μ3-

S)2]
2+ ([Ir3S2]

2+) complexes also displayed two reversible

Figure 5. Protonation sites of [Fe4S4(SR)4]
3− and [Fe6Mo2S8(SR)9]

5−.

Figure 6. CV plots of [Fe6Mo2S8(SEt)9]
3− in CH3CN under (a) N2

and (b) CO2 and (c) in the presence of MeC(O)SEt under CO2 (dE/
dt = 5 mV).
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[M3S2]
2+/1+/0 redox couples at E1/2 = −0.52 and −0.91 V

(Rh)91 and −0.83 and −0.98 V (Ir)92,93 in CH3CN under N2.
Controlled potential electrolysis of [Co3S2]

2+ at −0.70 V in
CH3CN containing Me4NBr under CO2 precipitated white
(Me4N)2C2O4 with a current efficiency of 80%, although
electrolysis stopped completely after 60 C passed because of
deposition of (Me4N)2C2O4 on the surface of a gas carbon
working electrode (eq 10).94

+ →− −CO 2e C O2 2 4
2

(10)

Similarly, electrolysis of [Rh3S2]
2+ at −1.50 V in CO2-

saturated CH3CN under the same conditions also catalytically
produced (Me4N)2C2O4 with a current efficiency of 60%.91

The rate of CO2 reduction by [Co3S2]
0 and [Rh3S2]

0 was too
slow to detect the current changes on the CV time scale. In
contrast, [Ir3S2]

0 prepared by electrolysis of [Ir3S2](BPh4)2 at
−1.30 V in the presence of Me4NBr rapidly reacted with CO2,
and orange [(IrCpMe5)2(IrCpMe5CH2CN)S2](BPh4)
([Ir3CH2CN]

+) was isolated together with (Me4N)2C2O4
precipitate (70% yield) from the electrolyte solution (eq
11).95 Electrolysis of [Ir3S2](BPh4)2 in the presence of
Me4NBF4 in CH3CN at −1.30 V under CO2 also produced
(Me4N)2C2O4 and [(Ir3CH2CN)]

+. The crystal structure of
[(Ir3CH2CN)(μ3-S)2]

+ clarified that two iridium atoms of the
Ir3S2 framework are surrounded by η5-CpMe5 and the
remaining iridium is coordinated with η4-CpMe5CH2CN,
possibly formed by an attack of CH2CN

− to the CpMe5 ring
(Figure 8).

μ

η μ

‐ + +

→ * − ‐ ‐

+ +

+

− +

[(IrCpMe ) ( S) ] CH CN 2CO

[(IrCp ) (Ir CpMe CH CN)( S) ]

C O H

5 3 3 2
0

3 2

2
4

5 2 3 2

2 4
2

(11)

The CV of [Ir3S2CH2CN](BPh4) showed one reversible
[Ir3S2CH2CN]

+/0 redox couple (E1/2 = −1.45 V; eq 12)
followed by one irreversible cathodic wave (Ecp = −1.83 V) in
the cathodic potential sweep under N2. In the reverse anodic
potential sweep, the [Ir3S2]

0/1+/2+ redox couples emerged at Eap
= −0.93 and −0.78 V in addition to the [Ir3S2CH2CN]

+/0

couple at E1/2 = −1.45 V (Figure 9a), indicating that two-

Scheme 5. Proposed Mechanism for α-Keto Acid Formation
through Fixation of CO2 to Carbonyl Carbon of Thioesters

Figure 7. Structural changes in [(CpMeCo)3(μ3-S)2]
n+ ([Co3S2]

n+; n = 2, 1, 0) occurring during redox reaction.

Figure 8. X-ray crystal structure of [(IrCpMe5)2(Ir-η
4-

CpMe5CH2CN)(μ3-S)2]
+ ([Ir3CH2CN]

+; hydrogen atoms omitted
for clarity).

Figure 9. CV plots of [(IrCpMe5)2(Ir-η
4-CpMe5CH2CN)(μ3-S)2]

+

under (a) N2 and (b) CO2 (dE/dt = 100 mV).
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electron reduction of [Ir3S2CH2CN]
+ resulted in dissociation of

CH2CN
− with regeneration of [Ir3S2]

2+ under N2 (eq 13).

+ ⇄+ −[Ir S CH CN] e [Ir S CH CN]3 2 2 3 2 2
0

(12)

+ → +− −[Ir S CH CN] e [Ir S CH CN] [CH CN]3 2 2
0

3 2 2
0

2
(13)

However, bubbling CO2 into the CH3CN solution caused
strong catalytic currents at potentials more negative than −1.65
V because of C2O4

2− generation (Figure 9b). At the same time,
the [Ir3S2]

2+/1+/0 redox couples did not appear in the CV plot.
Thus, the two electrons transferred to [Ir3S2CH2CN]

+ were
effectively consumed in the formation of C2O4

2− under CO2.
Treatment of [Ir3S2CH2CN]

+ with aqueous HCl also produced
[Ir3S2]

2+ in quantitative yield while liberating CH2CN in
CH2Cl2 under N2.
The IR spectra of [Ir3S2CH2CN](BPh4) in CD3CN under

12CO2 and 13CO2 exhibited a strong band at 1682 and 1632
cm−1, respectively. Evaporation of the solvent restored the
original IR spectra of [Ir3S2CH2CN]

+ (eq 14). Furthermore,
electrolysis of [Ir3S2CH2CN](BPh4) at −1.50 V in CD3CN
under 12CO2 and 13CO2 resulted in the appearance of new
bands at 1603 and 1561 cm−1, respectively, and the original
1682 cm−1 (12CO2) and 1632 cm−1 (13CO2) bands shifted
slightly to lower wavenumbers (Figure 10). Prolonged

electrolysis caused the appearance of strong ν(CO2) bands of
12C2O4

2− (1633 and 1397 cm−1) and 13C2O4
2− (1601 and 1366

cm−1), respectively (eq 15; Figure 10).

+ ⇄+ +[Ir S CH CN] CO {[Ir S CH CN](CO )}3 2 2 2 3 2 2 2
(14)

+ +

⇄

+ −{[Ir S CH CN](CO )} CO e

[Ir S CH CN](CO )
3 2 2 2 2

3 2 2 2 2 (15)

These results were explained by the 1:1 and 1:2 adducts of
[Ir3S2CH2CN]

+ and [Ir3S2CH2CN]
0, respectively, with CO2

before production of C2O4
2−. The OCO angles of the 1:1 and

1:2 adducts were estimated using eq 16, with the assumption of
CO2 complex coordination in η1-CO2 mode.

ν
ν

α
α

=
+
+

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟
⎛
⎝⎜

⎞
⎠⎟

M
M

M M
M M

2 sin
2 sin

i 2
c

c
i

c
i

o
2

c o
2

(16)

Here, νi and ν represent the ν(13CO2) and ν(12CO2) bands
(cm−1) and Mc

i , Mc, and Mo are the mass numbers of
13C, 12C,

and 16O, respectively.96

The OCO angles of the first and second CO2 molecules
linked to [Ir3S2CH2CN]

+ and [Ir3S2CH2CN]
0 were calculated

as 157° and 132°, respectively. The latter is close to the OCO
angle of [Co(Pr-salen)(η1-CO2Na)]

+ (135°),97 although those
of RhCl(diars)(η1-CO2)

98 and [Ru(bpy)2(CO)(η
1-CO2)] were

126° and 120°, respectively. The binding site of CO2 was
assumed at μ3-S of [Ir3S2CH2CN]

+ because three iridium atoms
were coordinatively saturated. One-electron reduction of
{[Ir3S2CH2CN](CO2)}

+ would cleave one Ir−Ir bond, similar
to the behavior of [(CoCpMe)3(μ3-S)2]

0. The resulting
coordinatively unsaturated iridium probably formed binding
sites for the electrophilic attack of the second CO2. Further
one-electron reduction of the 1:2 adduct presumably facilitated
coupling of the two CO2 molecules activated on the cluster to
produce C2O4

2− with regeneration of [Ir3S2CH2CN]
+ (eq 17).

Note that reductive activation of CO2 on two-electron-reduced
metal complexes usually results in CO evolution through
metal−CO bond cleavage. In contrast, the electron density of
the two CO2 molecules activated on the two-electron-reduced
M3S2 scaffold is apparently not enough to produce oxide
transfer to CO2. The inability to produce CO during CO2
reduction catalyzed by the M3S2 clusters allowed the activation
of two CO2 molecules on the M3S2 core.

+

→ +

−

+ −

[Ir S CH CN] (CO ) e

[Ir S CH CN] C O
3 2 2

0
2 2

3 2 2 2 4
2

(17)

■ CONCLUSIONS
Reductive conversion from CO2 to CO on metal complexes is
caused by acid−base equilibrium or disproportionation of
metal−η1-CO2 under CO2. Successive protonation of M−η1-
CO2 under protic conditions results in M−COOH and M−CO
formation, which serve as precursors to HCOOH and CO
generation in photo- and electrochemical CO2 reduction.
Attacks of nucleophiles to M−CO have fundamental
importance for the incorporation of CO into organic molecules,
so that reductive cleavage of the M−CO bonds derived from
CO2 is the largest barrier for utilization of CO2 as a C1 building
block in organic synthesis. Visible-light irradiation to a catalytic
system composed of [Ru(bpy)2(CO)2]

2+/[Ru(bpy)3]
2+/

Me2NH/Me2NH2
+ as a catalyst, a photosensitizer, a proton

donor, and a nuceophile in addition to an electron source,
respectively, in CO2-saturated CH3CN catalytically produced
DMF in photochemical CO2 reduction. Smooth conversion
from [Ru(bpy)2(CO)(CO2)]

0 to [Ru(bpy)2(CO)2]
2+ in the

presence of Me2NH2
+ followed by rapid formation of

[Ru(bpy)2(CO)(CONMe2)]
+ through the attack of Me2NH

to [Ru(bpy)2(CO)2]
2+ permitted selective DMF generation in

the reduction of CO2 for the first time. Structurally robust μ3-S
of reduced metal−sulfur clusters provided a suitable site for
reductive activation of CO2 with retention of the framework.
Successful catalytic α-keto acid production via CO2 fixation to
the positively polarized carbonyl carbon of thioesters was
ascribed to the reaction of CO2 activated on μ3-S of
[Fe6Mo2S8(SEt)3]

5− with thioesters trapped on an adjacent

F i g u r e 1 0 . I R e l e c t r o s p e c t r o c h e m i s t r y o f
[(IrCMe5)2(IrCpMe5CH2CN)(μ3-S)2]

+ in the presence and absence
of 12CO2.
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iron of the cluster. Furthermore, two-electron reduction of
[(CpMen)3M3S2]

2+ (n = 1, M = Co; n = 5, M = Rh, Ir) resulted
in cleavage of one of the M−M bonds, which created a reaction
site (space) for the coupling reaction of two CO2 possibly
activated on μ3-S and a metal ion to produce oxalate
catalytically.
We have presented reduction of CO2 accompanied by C−N

and C−C bond formation aimed at utilization of CO2 as a C1
building block. The common character in those CO2 reductions
is reductive activation of CO2 with the η1 binding mode on
metals and/or bridging sulfur ligands, which would provide a
fundamental concept for utilization of CO2 as a C1 building
block in organic synthesis.
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