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General Introduction 

 

CO2 utilization 

The rapid increase in global energy demand caused by the rising world population and 

economic development has drastically accelerated the use of fossil fuels. Uncontrolled 

combustion of these fuels has resulted in the rapid depletion of fossil fuels and emission 

of large amount of greenhouse gasses such as carbon dioxide (CO2) which causes global 

warming. To solve these issues, effective utilization of earth-abundant CO2 is extremely 

important. In this context, the development of catalysts that can convert CO2 into 

chemical feedstocks and fuels has attracted much attentions.1-4 As shown in Figure 1, CO2 

can be converted into various kinds of chemicals such as carbon monoxide (CO) and 

formic acid (HCOOH) via multi-electron reduction process. Among the products of CO2 

reduction reactions, CO is a useful resource for the production of various hydrocarbons 

via the Fischer-Tropsch process5,6 and C1 source for organic synthesis.7,8 HCOOH is 

considered a promising hydrogen carrier and clean alternative to conventional fossil fuels. 

This is because hydrogen gas (H2) is released via the dehydrogenation reaction of 

HCOOH. For the efficient utilization of CO2, efficient catalysts for the production of CO 

(Figure 1b, (i)) and HCOOH (Figure 1b, (ii)) from CO2 and the dehydrogenation of 

HCOOH (Figure 1b, (iii)) are strongly demanded. In the following sections, the details 

on these reactions will be described. 

  



6 

 

 

Figure 1. (a) Reactions for CO2 utilization. (b) Reaction schemes of the CO2 reduction (i 

and ii) and the HCOOH dehydrogenation (iii). 
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Metal-complex-based catalysts for CO2 reduction 

As mentioned in the previous section, the development of catalysts for two-electron 

reduction of CO2, which yields CO (CO2 + 2H+ + 2e− → CO + H2O) and HCOOH (CO2 

+ 2H+ + 2e− → HCOOH), is highly desired in recent years. Thus far, various kinds of 

metal-complex-based catalysts for two-electron reduction of CO2 have been developed. 

CO2 reduction mediated by metal complexes is generally initiated by the reduction of a 

catalyst. There are a couple of ways to supply electrons to the catalyst; (1) electrochemical 

and (2) photochemical methods. 

In the electrochemical system, electrons are injected directly into the catalysts from the 

working electrode and form active species for CO2 reduction. The injected speeds of the 

electrons are generally fast and the potentials applied to the electrode can be controlled. 

Although electrochemical CO2 reduction is an intriguing reaction, the photochemical CO2 

reduction is preferable for the efficient utilization of renewable energy. 

Most of the reported photocatalytic systems for CO2 reduction using metal complexes 

consist of a photosensitizer (PS) and a catalyst (Cat). In these systems, the reduced 

catalytic species are generated by accepting electrons from PSs. In principle, the 

excitation of a PS with a single photon can induce only one-electron transfer. Thus, 

another electron source, such as another PS is required for the CO2 reduction. Therefore, 

Cat need to accept the electron from the PS, storage two electrons, and introduce the 

stored electrons into CO2 in photochemical CO2 reduction reactions. Due to the fact that 

the second electron injection in photochemical process should be much slower compared 

to the electrochemical system, the catalyst with high electron-storage ability is required 

for photochemical CO2 reduction. 

Table 1 summarizes the representative examples of metal-complex-based catalysts for 

electro- and photochemical CO2 reduction.9-46 The first example of a metal-complex-

based for CO2 reduction was rhenium-based mononuclear complex, Re(bpy)(CO)3(X) (X 

= Cl or Br, Table 1(i)), developed by Lehn et al., which drives photochemical CO2 

reduction.9 Soon after this discovery, Tanaka et al., reported the electrochemical CO2 

reduction mediated by a mononuclear ruthenium complex, [Ru(bpy)2(CO)2]
2+.11 Since 

then, various kinds of mononuclear complexes including noble metal ions such as 

rhenium and ruthenium have extensively studied as catalysts for electro- and 

photochemical CO2 reduction.10,12-19 Although these catalysts are efficient, there is 

considerably interest in the use of cheap and abundant first-row transition metals (e.g., 

Mn, Fe, Co, Ni, Cu) as a substitute for noble metal-based catalysts in CO2 reduction 

studies (Table 1(ii)). A remarkable example of such catalysts is iron-porphyrin complexes, 

of which catalytic activity was firstly revealed by Savéant et al.20 The catalytic activity 
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of iron-porphyrin derivatives has extensively been studied both for electro-21-24 and 

photo-chemical25-28 CO2 reduction. More recently, the catalytic activity of first-row 

transition metal complexes bearing a multidentate ligand is also studied.29-34 

Another important class of compounds dinuclear metal complexes (Table 1(iii)). 

Dinuclear metal porphyrin complexes of Fe or Co have been reported as electrocatalysts 

for CO2 reduction.35-41 Several dinuclear metal complexes of Co or Ni work as catalysts 

for photochemical CO2 reduction.42,43 Lu and co-workers reported that a dinuclear 

heterometallic complex composed of Co and Zn works as an efficient photocatalyst for 

CO2 reduction.44 This dinuclear Co-Zn molecular scaffold plays an important role in C-

O bond cleavage. Although reported copper-based molecular catalysts are limited, these 

molecular catalysts are mainly dinuclear complexes and electrochemically reduce CO2 to 

CO or oxalate.45 These reports indicate that dinuclear metal complexes work as efficient 

catalysts for electro- and photochemical CO2 reduction.  

Although many kinds of metal-complex-based catalysts for CO2 reduction have been 

reported, the development of a catalysts with higher performance is still desired. 
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Table 1. Molecular metal-based catalysts for electro- and photochemical CO2 reduction. 

(i) Noble metal complexes 

 

 

 

 

 

 

 

      M = Ru, Re           M = Ru, Rh 

 

(ii) Non-noble metal complexes 

         

 

 

 

 

 

    M = Fe, Co, Cu         M = Co, Ni              M = Fe, Co, Cu 

 

(iii) Multinuclear metal complexes 

 



10 

 

Metal-complex-based catalysts for formic acid dehydrogenation 

The decomposition of HCOOH can proceed by two pathways: dehydrogenation to H2 

and CO2, and dehydration to H2O and CO (HCOOH → H2O + CO), which should be 

suppressed. Since the yield of each reaction pathway is affected by several parameters 

such as temperature, pressure, and solvent47, the control over the reactions using suitable 

catalysts are required.  

In 1967, the first report on homogeneous HCOOH dehydrogenation catalysts was 

published by Coffey, who tested several transition-metal complexes with phosphine 

ligands in refluxing acetic acid (118 °C) as the solvent.48 Initial HCOOH dehydrogenation 

efficiency of up to TOF (turnover frequency) = 8900 h−1 was achieved with [IrH3(PPh3)3] 

catalyst. Subsequently, Rh-, Ir-, and Ru-based catalysts have been tested for the 

reaction.49-55 In 2010, the first Fe-based catalyst with nitrogen and phosphine ligands was 

presented by Beller and co-workers.56 From initial screening studies, [Fe3(CO)12] in the 

presence of PPh3 and 2,2’:6’,2”-terpyridine work as the most active catalyst for HCOOH 

dehydrogenation at temperatures above 100 °C. Interestingly, under visible light 

irradiation, the in situ generated catalyst was found to be active even at ambient 

temperature. Subsequently, several catalysts based on transition metals such as Mn, Fe, 

Co, Ni, Cu, Ru, and Ir have been tested for the reaction (some of them are summarized in 

Table 2).57-70 

Important feature of HCOOH is that a carbon-neutral H2 storage/release couple 

involving CO2 and HCOOH (CO2/HCOOH cycle) can be realized by recycling the 

formed CO2 back into HCOOH. To date, several catalysts that allow for reversible CO2 

hydrogenation (CO2 + H2 → HCOOH)/ HCOOH dehydrogenation have been 

reported.58,59,63,64,67 

In recent years, it has also been reported that the synergistic effects between the distinct 

metal ions play an important role in the C-H elimination for the HCOOH dehydrogenation 

(Table 2(iii)).71-73 However, examples of these multinuclear catalysts are limited, and 

further improvement in the activity is crucial for future practical applications. 
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Table 2. Molecular metal-based catalysts for HCOOH dehydrogenation. 

(i) Noble metal complexes 

      

(ii) Non-noble metal complexes 

 

(iii) Multinuclear metal complexes 

                 

 

 

 

 

 

 

 

 

  



12 

 

Multinuclear structures for small-molecular conversion 

As mentioned earlier, the development of efficient catalysts for CO2 reduction and 

HCOOH dehydrogenation is highly desired. These reactions are generally recognized as 

small-molecule conversion reactions. In nature, small-molecule conversion reactions 

efficiently proceed under ambient conditions using metalloenzymes as catalysts (Figure 

2-4). Therefore, the extraction of important features of these metalloenzymes should be 

essential for obtaining keys to construct highly active artificial catalysts for small-

molecule conversion reactions. 

Oxygen evolving complex (OEC, Figure 2) in photosystem II catalyzes the light-driven 

water oxidation reaction (2H2O → O2 + 4H+ + 4e−). The structure of OEC has been 

clarified by X-ray crystallographic and spectroscopic studies.74,75 OEC has a multinuclear 

structure, a Mn4CaO4 cluster.  

Nitrogenase catalyzes the nitrogen reduction (N2 + 6H+ + 6e− → 2NH3) during the 

process of nitrogen fixation. Nitrogenase is a two-component system composed of the 

MoFe protein and the electron-transfer Fe protein76-78. MoFe protein contains two metal 

clusters: the MoFe cofactor (MoFe7S9 cluster, Figure 3), which provides the active site 

for substrate binding and reaction, and P-cluster (Fe8S7 cluster), involved in electron 

transfer. The alternative V- and Fe-type nitrogenases, where the Mo of MoFe cofactor is 

replaced by V and Fe, have also been discovered.79 

Carbon monoxide dehydrogenase (CODH, Figure 4) catalyzes the reversible 

interconversion between CO2 and CO (CO2 + 2H+ + 2e− ⇄ CO + H2O) with high 

efficiency.80,81 The active center of CODH is a multinuclear NiFe4S4 cluster (cluster C). 

In CODH, the CO2 reduction reaction is initiated by a two-electron reduction of NiII to 

Ni0 in cluster C. Then, CO2 can be activated by the Ni center coordinating to the carbon 

atom of CO2 as a Lewis base and one of the Fe centers binding to the oxygen atom of 

CO2 as a Lewis acid. Such a dinuclear metal push-pull mechanism promotes C-O bond 

cleavage (Figure 5). 

The specific feature of these enzymes is that their catalytically active centers are 

multinuclear metal complexes for promoting multi-electron transfer reactions. In addition, 

there exist sites for formation/cleavage of coordination bond(s). Due to these two key 

intrinsic features of the catalytic centers, the afore mentioned metalloenzymes can serve 

as highly active catalysts for small-molecule conversion reactions involving the transfer 

of multi-electron and the formation/cleavage of covalent bond(s). Therefore, artificial 

multinuclear metal complexes with these features are expected to be promising candidates 

for developing efficient artificial catalysts for small-molecule conversion reactions. 

However, a rational strategy to design and construct multinuclear metal complexes that 
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catalyze small-molecule conversion reactions has not been well established. 

 

 

 

Figure 2. The structure of Mn4CaO5 cluster and its ligand environment in the OEC. Mn, 

purple; Ca, yellow; O, red; oxygen atoms in water molecules, orange; N, blue. Copyright 

2011 Springer Nature. 

 

 

Figure 3. The structure of MoFe7S9 cluster and its ligand environment in the MoFe 

cofactor (nitrogenase). Mo, magenta; Fe, orange; S, yellow; C, gray; O, red; N, blue. 

Copyright 2014 American Chemical Society. 
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Figure 4. The structure of NiFe4S4 cluster and its ligand environment in the CODH. Ni, 

cyan; Fe, orange; S, yellow; O, red; N, blue. Copyright 2007 American Association for 

the Advancement of Science. 

 

 

 

Figure 5. The mechanism of NiFe4S4 cluster in CODH for the reversible activation and 

conversion between CO2 and CO. 
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Pentanuclear metal complexes 

Our group has found that a pentanuclear iron complex composed of five iron ions and 

six bpp− ligands ([Fe5O(bpp)6]
3+, Fe5, Hbpp = 3,5-bis(2-pyridyl)pyrazole) catalyzes the 

conversion of water molecules to dioxygen with an extremely high efficiency.82 Notable 

feature of Fe5 is that the complex has multinuclear structure suitable for multi-electron 

transfer and neighboring active sites suitable for a bond formation (Figure 6), which is 

conceptually identical to the catalytic center of metalloenzyme catalyzing small-molecule 

conversion reactions. It was also revealed by our group that these two features of Fe5 

were the origin of its high catalytic activity. These facts imply that the molecular scaffold 

composed of five metal ions and six Hbpp ligands can be an attractive platform to 

construct catalysts for small-molecule conversion. However, the catalytic activity of the 

scaffold is investigated only for a water oxidation reaction, and the applicability of the 

scaffold for other small-molecule conversion reactions has not been clarified. 

 

 

 

Figure 6. The structure of Fe5 and the key for its reactivity. 
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Aim of this thesis 

In this study, I aimed to construct the catalytic system for CO2 utilization that produces 

CO and HCOOH by CO2 reduction and H2 by HCOOH dehydrogenation. I focused on 

the pentanuclear scaffold composed of five metal ions and six bpp− organic ligands. 

Although the catalytic activity of the scaffold for an oxidation reaction, water oxidation, 

has been well-investigated, the catalytic activity for reduction reactions has not been 

explored. In addition, the effect of metal ion substitution in the pentanuclear scaffold on 

catalytic activity for small-molecule conversion reactions remained unclear. Based on the 

aforementioned considerations, I aimed to investigate the effect of metal ion substitution 

on the catalytic activity of the pentanuclear scaffold, and develop the new catalytic 

systems for CO2 utilization. 

 

Survey of this thesis 

In chapter 1, I substituted metal ions of Fe5 with cobalt ions and synthesized a novel 

pentanuclear cobalt complex (Co5). Electrochemical measurements indicate that Co5 has 

multielectron transfer ability and works as a catalyst for CO2 reduction. I also 

demonstrated that Co5 reduces CO2 to CO and HCOOH under electrochemical and 

photochemical conditions. 

 

In chapter 2, I investigated the catalytic activity of Co5 for photochemical HCOOH 

dehydrogenation reaction. As a result, the first catalytic cycle for hydrogen production 

based on the photochemical two-electron reduction of CO2 and the dehydrogenation of 

HCOOH at ambient temperature was demonstrated using Co5. A series of mechanistic 

studies were performed to elucidate the mechanism responsible for the promotion of the 

photocatalytic cycle by Co5. 

 

In chapter 3, I developed an efficient catalyst for a photocatalytic HCOOH/CO2 cycle 

by metal ion substitution in a pentanuclear scaffold. I synthesized and characterized a 

pentanuclear copper complex (Cu5). Cu5 served as a catalyst that drives both 

photochemical HCOOH production and dehydrogenation of HCOOH under ambient 

conditions with higher activity and selectivity than Co5. 
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Chapter 1 

 

Effect of metal ion substitution on the catalytic activity of a pentanuclear 

metal complex 

 

Introduction 

Multinuclear metal complexes are attractive materials due to not only their fascinating 

structure1-3 but also their unique redox,4-6 magnetic7,8 and photochemical9,10 properties 

and reactivity,11-14 which differ from those of mononuclear complexes. Multinuclear 

structures in metalloenzymes work as important catalysts for small-molecule conversion 

reactions involving multielectron transfer.15-21 Therefore, metal complexes with 

multinuclear structures are expected to be promising candidates for developing efficient 

artificial catalysts for such reactions. However, a rational strategy to design and construct 

multinuclear metal complexes that catalyze small-molecule conversion reactions has not 

been well established. 

Given that small-molecule conversion requires transfer of multiple electrons and 

cleavage/formation of covalent bond(s), catalysts to facilitate these two processes must 

be developed. Recently, our group found that a pentanuclear iron complex composed of 

five iron ions and six bpp− ligands ([Fe5O(bpp)6]
3+, Fe5, Hbpp = 3,5-bis(2-

pyridyl)pyrazole) catalyzes the conversion of water molecules to dioxygen (2H2O → O2 

+ 4H+ + 4e−) with high efficiency.22 It was also demonstrated that multinuclear structure 

and coordinatively unsaturated sites are the keys to achieving rapid multielectron transfer 

and smooth O-O bond formation, respectively. These results imply that the molecular 

scaffold constructed by five metal ions and six bpp− ligands is an attractive platform to 

construct catalysts for small-molecule conversion. 

In this chapter, I show the synthesis, characterization, and catalytic activity of a 

pentanuclear cobalt complex composed of five cobalt ions and six bpp− ligands (Co5). 

Although Fe5 exhibited multi-electron oxidation ability, the introduction of cobalt ions 

into the same molecular scaffold endowed the complex with multi-electron reduction 

ability. Electrochemical measurements of Co5 under a CO2 atmosphere indicated the 

catalytic activity of the complex for CO2 reduction. Furthermore, photoirradiation of a 

solution containing Co5 and a photosensitizer under CO2 resulted in the formation of CO, 

and the role of Co5 as a CO2 reduction catalyst was confirmed. Although there exist many 

examples of mononuclear23-44 or dinuclear45-47 metal complexes for CO2 reduction, there 

are a few reports on multinuclear-metal-complex based systems48,49. The present study 

offers a rare example of multinuclear-metal-complex catalyst for CO2 reduction. 
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Results and discussions 

Synthesis and characterizations 

A pentanuclear cobalt complex (Co5) was synthesized according to the procedure 

shown in Scheme 1. Aqueous solution of NaOH (1 M, 0.48 mL) was added to the 

methanol solution (4 mL) of Hbpp (0.48 mmol, 107 mg). Co(CH3COO)2·4H2O (40 mmol, 

100 mg) was then added to the reaction mixture and stirred at 40 °C for 10 minutes. A 

few drops of saturated aqueous NaBF4 solution was added to the reaction mixture, and a 

small portion of water was added to the solution. The solution was kept in a refrigerator 

for 1 h to generate a brown precipitate. The precipitate was collected by filtration, washed 

with water and dried under vacuum. The obtained precipitate was dissolved in acetonitrile 

and subjected to vapor diffusion in diethyl ether to afford brown crystals of 

[CoII
5OH(bpp)6](BF4)3·2H2O. The crystals were collected by filtration and dried under 

vacuum to afford the targeted complex in 52% yield. The complex was characterized by 

electrospray ionization time-of-flight mass spectroscopy (ESI-TOF-MS), elemental 

analysis, and single crystal X-ray structural analysis. ESI-TOF-MS: m/z: 546 

[Co5OH(bpp)6]
3+. Elemental analysis calcd. (%) for C78H59Co5F12N24O3B3: C,48.40; H, 

3.07; N, 17.37. Found: C, 48.35; H, 3.13; N, 17.32. 

 

Scheme 1. Synthetic scheme of Co5(BF4)3. 

1) Co(OAc)2·4H2O / MeOH

NaOH aq.
40 °C, 30 min

2) sat. NaBF4 aq.

Co5(BF4)3
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Figure 1 shows an ORTEP diagram of Co5 determined by single-crystal X-ray 

structural analysis. Co5 crystallizes in the P 21/n space group, and the asymmetric unit of 

the structure contains one Co5, three BF4 anions, one water, one MeCN and two diethyl 

ether molecules. Therefore, the total charge of Co5 was determined to be +3. Co5 exhibits 

quasi-D3 symmetry and consists of a triangle core wrapped by two [Co(μ-bpp)3] units. 

The two metal ions at the apical positions (Mapi) are hexa-coordinated structures with 

distorted octahedral geometries, whereas the three metal ions in the triangular core (Mcore) 

exhibit penta-coordinated structures with distorted trigonal bipyramidal geometries. The 

average bond distance between Mapi and the nitrogen atoms of the [M(µ-bpp)3] units of 

Co5 is 2.149(5) Å (Table 2), which is the typical value for hexacoordinated Co(II) ions.50 

The average bond distance between Mcore and the oxygen atom of the bridging moiety is 

2.009(4) Å, which is larger than that of Fe5(BF4)3 (1.961(3) Å). In IR spectrum of Co5, 

the peak at 3500 cm−1 assigned with O-H stretching mode was observed, whereas this 

peak was not observed in Fe5. (Figure 2) These observations indicate that the bridging 

ligand at the triangle core of Co5 is OH−, which is different from the core structure of 

Fe5, which has an oxo (O2−) bridging moiety. Based on these results, the structure of Co5 

has been determined to be [CoII
5OH(bpp)6]3+. 

 

 

Figure 1. ORTEP drawings of the cationic moiety (left) and core structure (right) of 

Co5(BF4)3. The atoms are represented by the following colors: Co, blue; O, red; N, 

purple; C, grey. Hydrogen atoms and crystal solvent molecules are omitted for clarity. 
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Table 1. Summary of crystallographic data for Co5(BF4)3. 

 

 [Co5OH(bpp)6](BF4)3 

formula C78H55B3Co5F12N24O 

crystal system monoclinic 

space group P 21/n 

a /Å 15.2146(6) 

b /Å 22.3484(8) 

c /Å 26.8017(12) 

β /° 102.122(4) 

V /Å3 8910.0(6) 

Z 4 

R1 0.0720 

wR2 0.2172 

GooF 1.027 
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Table 2. Selected bond lengths of Co5(BF4)3. 

 

 bond length /Å 

d(Mapi-N) 

Co1-N1 2.198(5) 

Co1-N2 2.108(5) 

Co1-N5 2.186(5) 

Co1-N6 2.103(4) 

Co1-N9 2.182(5) 

Co1-N10 2.104(4) 

Co2-N13 2.195(5) 

Co2-N14 2.100(5) 

Co2-N17 2.175(5) 

Co2-N18 2.118(5) 

Co2-N21 2.195(5) 

Co2-N22 2.120(5) 

average  2.149(5) 

d(Mcore-N) 

Co3-N3 2.054(5) 

Co3-N4 2.072(5) 

Co3-N15 2.055(5) 

Co3-N16 2.086(4) 

Co4-N7 2.049(4) 

Co4-N8 2.073(5) 

Co4-N19 2.073(5) 

Co4-N20 2.070(5) 

Co5-N11 2.055(4) 

Co5-N12 2.084(4) 

Co5-N23 2.056(4) 

Co5-N24 2.072(5) 

average  2.067(5) 

d(Mcore-O) 

Co3-O1 1.997(4) 

Co4-O1 2.017(4) 

Co5-O1 2.014(4) 

average  2.009(4) 
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Table 3. Selected angles of Co5(BF4)3. 

 

 bond angle /deg 

core angle 

Co3-O1-Co4 120.4(2) 

Co3-O1-Co5 120.3(2) 

Co4-O1-Co5 118.7(2) 

average  119.8(2) 

 

 

 

 

Figure 2. IR spectra of Fe5(BF4)3 (orange line) and Co5(BF4)3 (blue line).  
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Electrochemical measurements 

To explore the electron-transfer ability of Co5, cyclic voltammetry was performed. In 

a cyclic voltammogram (CV) of Co5 under an Ar atmosphere (Figure 3, blue line), the 

complex displayed two reversible oxidation waves at −0.30 and −0.11 V (vs. 

ferrocene/ferrocenium (Fc/Fc+)) and three reversible reduction waves at −1.72, −1.96, 

and −2.19 V. This redox behavior of Co5 is completely distinct from that of Fe5, which 

shows four reversible oxidation waves and one reversible reduction wave (Figure 3, 

orange line), indicating that Co5 has redox properties suitable for reductive reactions. 

It should be noted that the relevant complex composed of redox inactive metal ions, 

[ZnII
5OH(bpp)6]

3+ (Zn5), did not show any redox peaks in the potential region of 1.2 - 

−2.3 V (see Experimental section), indicating that ligand-based redox process does not 

occur both in Co5 and Zn5. The redox peaks of Co5 were assigned by comparing the CV 

of Co5 with those of heterometallic pentanuclear metal complexes,51 that composed of 

bpp−, ruthenium ions at apical positions, and first-raw transition metal ions at the 

triangular core. The heterometallic complex bearing ruthenium and zinc ions (Ru2Zn3, 

see Experimental section) exhibited two reversible redox waves at E1/2 = 0.35 and 0.51 V 

(vs. Fc/Fc+), and these waves were attributed to the sequential oxidation of the ruthenium 

ions at the apical positions because zinc ions are redox inactive. In the CVs of 

heterometallic complex bearing ruthenium and cobalt ions (Ru2Co3) and Co5 (see 

Experimental section), two reversible oxidation and three reversible reduction waves 

were observed. The E1/2 values of the oxidation waves of Ru2Co3 (0.36 and 0.52 V) are 

almost identical to those of Ru2Zn3, indicating that these can be attributed to the 

oxidation of the ruthenium ions. The redox potentials of the reduction waves of Ru2Co3 

and Co5 were also quite similar (E1/2 = −1.71, −1.98, and −2.24 V for Ru2Co3 and −1.72, 

−1.96, and −2.19 V for Co5), and thus, these waves are assignable to the reduction of the 

cobalt ions in the triangular core. Therefore, the oxidation waves are attributed to the 

oxidation of cobalt ions (CoIII/CoII) at the apical positions, and the reduction waves are 

assigned to the reduction of the cobalt ions (CoII/CoI) at the triangle core. 
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Figure 3. Cyclic voltammograms of 0.2 mM solutions of Co5 (blue line) and Fe5 (orange 

line) under Ar in MeCN containing 0.1 M TBAP. The CVs were measured using a GC 

electrode at a scan rate of 100 mVs−1. 
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Encouraged by the aforementioned results, the electrocatalytic activity of Co5 for CO2 

reduction was examined. As shown in Figure 4, the CV of Co5 measured under CO2 using 

anhydrous acetonitrile as a solvent exhibited a large irreversible current at approximately 

Epc = −2.2 V. Notably, the intensity of the irreversible current further increased in the 

presence of trifluoroethanol (TFE) as a proton source. These results indicate the 

electrocatalytic activity of the complex for CO2 reduction. 

 

 

 

Figure 4. Cyclic voltammograms of 0.2 mM solutions of Co5 under Ar (blue line), CO2 

(grey line) and CO2 in the presence of 10 % trifluoroethanol (red line) in MeCN 

containing 0.1 M TBAP. The CVs were measured using a GC electrode at a scan rate of 

50 mVs−1. 
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Electrocatalytic reaction 

To verify the electrocatalytic activity of Co5 for CO2 reduction, the controlled-potential 

electrolysis (CPE) was performed. In the CPE conducted at −2.5 V (vs. Fc/Fc+), 

approximately 0.98 C of charge passed during 1 h of electrolysis (Figure 5, red line, Table 

4, No. 1), and the formation of CO (0.09 µmol) and HCOOH (0.22 µmol) was confirmed. 

Added 5 % TFE as a proton source in the system, the amount of evolved CO (0.11 µmol) 

increased (Figure 5, blue line, Table 4, No. 2). In the absence of Co5, no CO2 reduction 

product was observed (Figure 5, black line, Table 4, No. 3). These results clearly indicate 

that Co5 can promote electrochemical CO2 reduction. 

 

Figure 5. The result of CPE of 0.2 mM Co5 (red line), Co5 in the presence of 5 % 

trifluoroethanol (blue line) or in the absence of Co5 (black line) in 0.1 M TBAP/MeCN 

under CO2 at −2.5 V (vs. Fc/Fc+) for 1 h. The CPE experiments were carried out using a 

GC plate as a working electrode. 

 

Table 4. Summary of CPE experiments.a 

No. Catalyst TFE (%) 
Charge 

(C) 

Product (µmol) 

CO H2 HCOOH 

1 Co5 - 0.98 0.09 0.05 0.22 

2 Co5 5 0.73 0.11 0.19 0.08 

3 - - 0.43 0 0.01 0 

[a] Conditions: 0.2 mM Co5, applied voltage: −2.5 V (vs. Fc/Fc+), duration: 1 h. 
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Photochemical CO2 reduction 

The catalytic activity of Co5 for photocatalytic CO2 reduction was investigated. A 

photocatalytic CO2 reduction experiment was conducted in 2 mL of a CO2-saturated N,N-

dimethylacetamide (DMA)/trifluoroethanol (TFE) (17:3, v/v) solution containing Co5 

(30 µM) as a catalyst, 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH, 

0.1 M) as a sacrificial electron donor (SD) and Ir(ppy)3 (Hppy = 2-phenylpyridine, 150 

µM) as a photosensitizer (PS) under visible-light irradiation (blue LED, wavelength λ = 

420 nm). As shown in Figure 6, the evolution of CO (0.27 µmol), HCOOH (0.14 µmol) 

and H2 (0.22 µmol) was observed after 3 h of photoirradiation. Hydrogen production 

ability was investigated in Chapter 2. 

 

 

Figure 6. Photocatalytic production of CO (red line), HCOOH (green line) and H2 (blue 

line) in a CO2-saturated DMA/TFE (17:3, v/v) solution containing 30 µM Co5, 150 µM 

Ir(ppy)3 and 0.1 M BIH. 
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To verify the role of each component in the photoreaction, a series of control 

experiments were carried out. No CO2 reduction product was observed when the reaction 

was performed under argon, in the dark, without Co5, without Ir(ppy)3, or without BIH 

(Table 5), showing that all components are required for the catalysis. The necessity of 

visible-light and Ir(ppy)3 indicates that Ir(ppy)3 functions as the photosensitizer because 

the complex has a strong absorption band in the visible region, and is frequently used as 

a photosensitizer in many photocatalytic systems.28,30-32,40 Co5 should serve as a catalyst 

to reduce CO2 as also evidenced by electrochemical measurements (vide supra). The role 

of BIH should be a sacrificial electron donor as evidenced in previous reports.33,39,40 These 

show that CO2 is the substrate, Co5 is the catalyst, Ir(ppy)3 is the photosensitizer, and 

BIH serves as a sacrificial electron donor in our system. 

 

 

Table 5. Control experiments for photocatalytic CO2 reduction by Co5 for 2h.a,b 

No. 
[Co5] 

(µM) 

[PS] 

(µM) 

[SD] 

(M) 

light 

(nm) 
gas 

CO 

(µmol) 

1 30 150 0.1 420 CO2 0.10 

2 - 150 0.1 420 CO2 0 

3 30 - 0.1 420 CO2 0 

4 30 150 - 420 CO2 0 

5 30 150 0.1 dark CO2 0 

6 30 150 0.1 420 Ar 0 

[a] PS = photosensitizer: Ir(ppy)3, SD = sacrificial electron donor: BIH. 

[b] All experiments were carried out in DMA/TFE (17:3, v/v) at 20 °C. 

 

  



33 

 

Isotopic labeling experiments were performed and peaks were observed at m/z = 28 

(12CO) and 29 (13CO) under 12CO2 and 13CO2 atmosphere respectively (Figure 7). It was 

also confirmed that the CO originated from CO2 reduction. 

 

 

 

Figure 7. Mass spectra of CO generated under (a) 12CO2 or (b) 13CO2 using a DMA/TFE 

(17:3, v/v) solution containing 30 µM Co5, 150 µM Ir(ppy)3 and 0.1 M BIH at 20 °C 

upon irradiation with a blue LED (420 nm) for 2h. 
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Mechanistic studies 

To elucidate the electron-transfer process to Co5, the role of the photosensitizer was 

investigated. 

In general, a PS can possibly transfer electrons from an electron donor to a catalyst in 

two different ways: oxidative quenching or reductive quenching for producing the 

reduced species (Figure 8). In oxidative quenching, the exited PS (PS*) is quenched by 

Cat and PS is regenerated by a sacrificial electron donor (SD). In reductive quenching, 

on the other hand, the PS* is quenched by SD to be one-electron-reduced species, which 

reduces Cat. The quenching rate constant (kq) is used as an indication of the 

photochemical electron transfer reactions. The value of kq can be estimated from Stern-

Volmer plots (Eq. 1), which is the plots of relative emission intensity versus the 

concentration of the quencher (Cat or SD):  

𝐼0

𝐼
= 1 + 𝑘𝑞𝜏0[𝑄]  (1) 

where I0 and I represent the emission intensities in the absence and presence of the 

quencher, 0 represents the lifetime of the excited state of the photosensitizer.  

 

 

Figure 8. Two photoinduced electron transfer pathways: (a) oxidative quenching and (b) 

reductive quenching. 
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There are two possible pathways for electron transfer to Co5. The first pathway is the 

reductive quenching of Ir(ppy)3 by BIH and the subsequent reduction of Co5 by formed 

one-electron reduced species of Ir(ppy)3. The second pathway is the oxidative quenching 

of Ir(ppy)3 by Co5, resulting in the one-electron reduced state of Co5. To elucidate the 

photoinduced electron transfer pathway during catalysis, I examined the rates of 

quenching of the excited-state photosensitizer Ir(ppy)3 by Co5 (oxidative quenching) and 

BIH (reductive quenching) using Stern–Volmer plots. Upon increasing the concentration 

of Co5/BIH in a solution of Ir(ppy)3, emission quenching was observed (Figure 9). The 

corresponding quenching rate constants for the oxidative and reductive quenching 

pathways were determined to be kq = 6.6 x 109 and 5.5 x 106 M−1 s−1, respectively. 

Considering that the concentration of BIH is approximately 103 times higher than that of 

Co5 in the proposed photocatalytic reaction, the rates of the two quenching pathways are 

comparable. 
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Figure 9. Ir(ppy)3 emission quenching after excitation at 420 nm. (a) Upon increasing 

concentration of Co5 in a 150 µM N,N-dimethylacetamide solution of Ir(ppy)3. (b) Upon 

increasing concentration of BIH in a 150 µM N,N-dimethylacetamide solution of Ir(ppy)3. 

(insets) Results of Stern-Volmer analyses, where I0/I is the emission intensity without 

quencher (I0) divided by the emission intensity with a known concentration of quencher 

(I). Luminescence spectra was recorded on Shimadzu RF5300PC 

spectrofluorophotometer. 
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Based on the results described above as well as those of previous reports on the CO2 

reduction, a possible mechanism for the described catalytic system based on Co5 is 

proposed (Scheme 2). First, in the oxidative quenching pathway, Co5 is reduced by exited 

Ir(ppy)3 (Ir
III*). On the other hand, reduced Ir(ppy)3 (Ir

II) is formed by the one-electron 

donation of BIH, and IrII reduces Co5. The one-electron reduced Co5 (Co5−) further 

receives an electron from the photosensitizer and reduces CO2 to HCOOH or CO. 

 

Scheme 2. Proposed mechanism of the CO2 reduction mediated by Co5. (left) Oxidative 

quenching pathway and (right) reductive quenching pathway. 
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Optimization 

Reaction conditions were also optimized, and the maximum turnover numbers of CO 

and HCOOH production reached 58.4 and 55.7 (Figure 10, red line and green line), 

respectively, when the Co5 concentration was decreased to 1 µM and light source was 

changed into a xenon lamp equipped with 420 nm long pass filter and CM-1 cold mirror 

(wavelength 420 ≤  ≤ 750 nm). In this optimized condition, the formation of H2 (TON 

= 61.8, Figure 10, blue line) was also detected. 

 

 

 

Figure 10. Photocatalytic production of CO (red line), HCOOH (green line), and H2 (blue 

line) in a CO2 saturated DMA/TFE (17:3, v/v) solution containing 1 µM Co5, 150 µM 

Ir(ppy)3 and 0.1 M BIH under visible-light irradiation (225W Xe lamp equipped with 420 

nm long pass filter and CM-1 cold mirror, wavelength 420 ≤ λ ≤ 750 nm). 
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Conclusion 

I have investigated the effect of metal ion substitution on the catalytic activity of 

multinuclear metal complexes. I have developed a novel pentanuclear metal complex that 

consists of five cobalt ions and six bpp− ligands (Co5). Co5 was easily synthesized by 

mixing a cobalt source and Hbpp ligand and was crystallographically characterized. 

Electrochemical measurements revealed that Co5 exhibits multielectron reduction ability, 

making it completely distinct from Fe5, which shows multielectron oxidation ability. 

Moreover, the cyclic voltammetry of Co5 under CO2 indicates the catalytic activity of the 

complex for CO2 reduction. Encouraged by these results, a photochemical reaction was 

conducted under CO2 in a DMA/TFE solution containing Co5 (catalyst), Ir(ppy)3 

(photosensitizer), and BIH (sacrificial electron donor) with visible light irradiation. As a 

result, the photochemical CO2 reduction proceeded successfully, and CO and HCOOH, 

which are two-electron reduced products of CO2, were generated. The present results 

demonstrate that the use of multinuclear metal complexes is one of the strategies to 

develop novel catalysts for multielectron CO2 reduction. Such insight should facilitate the 

development of a variety of multinuclear-metal-complex-based catalysts for small-

molecule conversion. 
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Experimental section 

Materials 

Co(CH3COO)2·4H2O, NaBF4, NaOH, Ir(ppy)3, aqueous solutions of NaOH and HCl, 

and all the solvents except for N,N-dimethylacetamide (DMA) were purchased from 

FUJIFILM Wako Pure Chemical Corporation. 3,5-Bis(2-pyridyl)pyrazole, 2-

phenylbenzimidazole, tetra-n-butylammonium perchlorate (TBAP), methyl iodide and 

DMA were purchased from Tokyo Chemical Industry Co., Ltd. NaBH4 was purchased 

from Aldrich. Zn(CH3COO)2·2H2O was purchased from Kanto Chemical Co., Inc. All 

the reagents were of highest quality available and were used as received except for TBAP. 

TBAP was recrystallized from absolute ethanol. H2O was purified using a Millipore 

MilliQ purifier. 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH) was 

synthesized using the slightly modified procedure reported in the literature.39 

 

X-ray crystallography 

Data collection for Co5 was performed at 123 K on a ROD, Synergy Custom system 

(Rigaku Oxford Diffraction) equipped with confocal monochromated Mo-Kα radiation, 

and data were processed using CrysAlisPro 1.171.39.43c (Rigaku Oxford Diffraction). 

The structure was solved by direct methods using SIR-97 and refined by the full-matrix 

least squares techniques on F2 (SHELXL-2014/3). All nonhydrogen atoms were refined 

anisotropically and refined with a riding model with Uiso constrained to be 1.2 times Ueq 

of the carrier atom. Crystallographic data have been deposited with Cambridge 

Crystallographic Data Centre: CCDC deposition number; 1949862 for Co5(BF4)3. Copies 

of the data can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif. 

 

Electrochemical studies 

Cyclic voltammetry was performed with a Bio-Logic-Science Instruments potentiostat 

interfaced to a computer with SP-50 software, at room temperature under Ar or CO2 using 

one compartment cell with a standard three-electrode configuration, which consisted of a 

glassy carbon disk (diameter 3 mm, from BAS Inc.), a Ag/Ag+ couple, and a platinum 

wire as the working, reference, and auxiliary electrodes, respectively. The working 

electrode was treated between scans by means of polishing with 0.05 µm alumina paste 

(from BAS Inc.) and washing with purified H2O. Ferrocene was used as an internal 

standard, and all potentials reported within this work are referenced to the 

ferrocenium/ferrocene couple at 0 V. 
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Assignment of redox peaks of Co5 

Synthesis of [ZnII
5OH(bpp)6](BF4)3 (Zn5(BF4)3) was performed by modifying the 

procedure reported in the literatures.52,53 Figure 11 was a cyclic voltammogram of Zn5. 

Zn5 did not show any redox peaks in the potential region of 1.2 - −2.3 V. 

The CVs of Co5 and heterometallic pentanuclear metal complexes are shown in Figure 

11.51 

 

 

Figure 11. Cyclic voltammograms of a series of heterometallic (solid lines) and 

homometallic (dashed lines) pentanuclear metal complexes (0.2 mM) in acetonitrile 

solutions containing TBAP (0.1 M) at a scan rate of 100 mV/s; (a) Ru2Zn3 and Zn5 and 

(b) Ru2Co3 and Co5. 
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Controlled-potential electrolysis (CPE) 

CPE was performed in a gas-tight two-compartment electrochemical cell as in Figure 

12. In the first compartment, the carbon plate working electrode and a leakless Ag/AgCl 

reference electrode (Innovative Instrument, Inc.) were immersed in 0.1 M TBAP/MeCN 

(5mL) containing 0.2 mM of Co5 and 5 % trifluoroethanol. In the second compartment, 

the Pt auxiliary electrode was immersed in 0.1 M TBAP/MeCN (5 mL) containing 

ferrocene (40 mM) as a sacrificial reductant. The two compartments were separated by 

an anion exchange membrane (Selemion DSV). The solution was purged with CO2 for 30 

min prior to electrolysis. The electrolysis was performed for 1 h with constant stirring. 

 

 

Figure12. General setup for controlled-potential electrolysis performed in this work. 
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Photochemical reaction 

For a typical run, a mixed solution of DMA/TFE (17:3, v/v) (2.0 mL) containing 30 

µM Co5, 150 µM Ir(ppy)3 and 0.10 M BIH was purged with CO2 for 15 minutes unless 

otherwise stated. The solution was then irradiated with a blue LED (wavelength  = 420 

nm) or xenon lamp (225W Xe lamp equipped with 420 nm long pass filter (Edmund 

Industrial Optics) and CM-1 cold mirror, wavelength 420 ≤  ≤ 750 nm) at 20 °C in a 

custom made aluminium box with cooling system (Figure 13, 14). The amount of CO, H2 

and HCOOH produced in the reaction was quantified by GC and LC. 

 

Figure 13. General setup for photochemical CO2 reduction using blue LED carried out 

in this work. 
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Figure 14. General setup for photochemical CO2 reduction using xenon lamp and optical 

filter carried out in this work. 
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Product detection 

The amount of CO and H2 produced at the headspace of the cell was quantified by a 

Shimadzu GC-8A with a TCD detector equipped with a packed column with Molecular 

Sieve 13X-S 60/80 (He carrier gas, 40 °C) and a Shimadzu GC-2014 with a TCD detector 

equipped with a packed column with Molecular Sieve 5A (Ar carrier gas, 40 °C). 

Additionally, the liquid product was quantified by using a Shimadzu LC-20AD with SPD-

20A and RID-10A detectors equipped with a Shim-pack SCR 102H column. Calibration 

curves were obtained by sampling known amounts of H2, CO, and HCOOH. 

 

13CO2 labeling experiment 

A mixed solution of DMA/TFE (17:3, v/v) (2.0 mL) containing 30 µM Co5, 150 µM 

Ir(ppy)3, and 0.10 M BIH was purged with Ar for 15 min, followed by 13CO2 bubbling for 

15 min. The 13CO2 gas was produced by adding aqueous solution of HCl (2.0 M) to solid 

Ba13CO3 (98 atom % 13C, Sigma Aldrich) (Figure 15). The evolved CO was detected by 

a GCMS-QP2020 (Rt-Msieve 5A (30 m, 0.53 mm ID, 50 µm df) He carrier gas, 40 °C). 

 

Figure 15. General setup for 13CO2 labeling experiment. 
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Absorption spectrum of Ir(ppy)3 

The UV-Vis absorption spectrum of 30 µM Ir(ppy)3 in acetonitrile was shown in Figure 

16. Ir(ppy)3 has a strong absorption band in the visible region. 

 

Figure 16. The absorption spectrum 30 µM Ir(ppy)3 in acetonitrile. The spectrum was 

recorded on a UV-Vis Agilent Cary8454 spectrophotometer. 
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Chapter 2 

 

Photochemical hydrogen production based on CO2/HCOOH cycle 

promoted by pentanuclear cobalt complex 

 

Introduction 

With the increasing demand for energy and the rapid depletion of fossil fuels, the 

development of renewable and environmentally friendly energy sources has become 

essential. In this respect, hydrogen gas is a promising energy carrier and a clean 

alternative to conventional fossil fuels. However, its gaseous nature and low volumetric 

energy density make it difficult to store and transport. Given this background, significant 

research efforts have focused on the liquid organic hydrogen carrier HCOOH, which is a 

low-toxicity liquid under ambient conditions.1-3 Its ease of storage and transportation and 

high volumetric energy density make it a viable hydrogen carrier. Therefore, efficient 

catalysts for the production of HCOOH and its conversion into hydrogen are required for 

the utilization of HCOOH as a hydrogen carrier. 

Catalysts that promote the release of hydrogen via the dehydrogenation of HCOOH 

have been studied extensively.1-18 In this catalytic reaction, HCOOH is converted into 

molecular hydrogen and CO2 (HCOOH → H2 + CO2). By recycling the formed CO2 back 

into HCOOH, a carbon-neutral cycle can be realized (Figure 1). To date, several catalysts 

that allow for reversible dehydrogenation/hydrogenation (CO2 + H2 → HCOOH) between 

HCOOH and CO2 (Figure 1(a)) have been reported.1,19-23 Nevertheless, this cycling 

process involves the utilization of gaseous hydrogen and generally harsh reaction 

conditions (high pressure and/or heating)19-25 for storing the hydrogen in the form of 

HCOOH (hydrogenation process). Another method for obtaining HCOOH from CO2 is 

the two-electron reduction of CO2 in the presence of protons (CO2 + 2H+ + 2e− → 

HCOOH). There have been a number of reports on catalysts that promote the photo- and 

electrochemical reduction of CO2 into HCOOH under ambient conditions.26-29 However, 

there are no reports on catalysts that can promote both the reduction of CO2 and the 

dehydrogenation of HCOOH (Figure 1(b)). 

In this chapter, I report the first example of a catalyst that shows catalytic activity for 

both the reduction of CO2 and the dehydrogenation of HCOOH. A pentanuclear cobalt 

complex Co5 can catalyze the photochemical reduction of CO2 to produce HCOOH, was 

found to also catalyze the photoinduced dehydrogenation of HCOOH at ambient 

temperature. Under the optimized conditions, the turnover frequency (TOF) of Co5 for 

the dehydrogenation reaction of HCOOH was higher (229 h–1) than those reported for 
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other molecular catalysts that operate under photoirradiation at ambient temperature. In 

addition, mechanistic studies were performed to elucidate the underlying mechanism of 

the catalytic cycle, and the critical role of the CoI species of Co5 both in the HCOOH 

dehydrogenation reaction and the CO2 reduction process was clarified. The results of this 

study should aid the development of new carbon-neutral energy cycles that use HCOOH 

as a hydrogen carrier. 

Our study begins with a serendipitous finding upon examining the photocatalytic 

activity of Co5 for CO2 reduction. During this experiment, the photoirradiation of a 

solution containing Co5, a photosensitizer, a proton source, and a sacrificial electron 

donor in a CO2 atmosphere resulted in the formation of HCOOH, CO, and H2 (Chapter 

1). Surprisingly, the evolution of hydrogen was completely suppressed in an Ar 

atmosphere, indicating that CO2 is required for the generation of hydrogen. Given this 

observation, I assumed that the evolution of hydrogen originates from the 

dehydrogenation of HCOOH and not proton reduction. 

 

 

 

Figure 1. Two distinct CO2/HCOOH cycles that use HCOOH as hydrogen carrier. (a) 

CO2 hydrogenation and HCOOH dehydrogenation couple. (b) CO2 reduction and 

HCOOH dehydrogenation couple. 
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Results and discussions 

Photochemical formic acid dehydrogenation 

Encouraged by the aforementioned result, I investigated the suitability of Co5 as a 

catalyst for the dehydrogenation of HCOOH under photoirradiation. The initial reaction 

was performed in 2 mL of an DMA solution containing Co5 (30 µM) as the catalyst, 

Ir(ppy)3 (150 µM) as the photosensitizer, BIH (0.1 M) as the sacrificial electron donor, 

and HCOOH (500 eq. versus Co5) as the substrate in an Ar atmosphere under irradiation 

with visible light (blue LED, wavelength  = 420 nm) at 20 C. As shown in Figure 2, 

the evolution of hydrogen gas was observed after 3 h of photoirradiation. This result 

implies that Co5 can catalyze the photoinduced dehydrogenation of HCOOH at ambient 

temperature. 

A series of control experiments were performed to further investigate the catalytic 

reaction. First, a reaction was performed using trifluoroacetic acid (TFA) instead of 

HCOOH as a substrate. Only a small amount of hydrogen was detected (Table 1, No. 2), 

confirming that proton reduction cannot proceed under these conditions. In addition, 

reactions in the absence of Co5, Ir(ppy)3, BIH, or light irradiation yielded hydrogen in 

trace amounts (Figure 2 and Table 1). Therefore, all the above-mentioned components are 

required to promote the dehydrogenation of HCOOH. These facts confirmed that Co5 is 

suitable for use as a catalyst for the photochemical dehydrogenation of HCOOH at 

ambient temperature. Note that this is one of the few instances of the dehydrogenation of 

HCOOH under photoirradiation.11-17 
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Figure 2. Photochemical production of H2 in the presence of 30 µM Co5 (red line) and 

in the absence of Co5 (blue line) in Ar-saturated DMA solution containing 150 µM 

Ir(ppy)3, 100 mM BIH, and 13 mM HCOOH at 20 °C. 

 

 

Table 1. Control experiments for photocatalytic formic acid dehydrogenation reaction by 

Co5.a 

No. 
[Co5] 

(µM) 

[Ir(ppy)3] 

(µM) 

[BIH] 

(M) 
substrate 

Light 

(nm) 
TONH2 

1 30 150 0.1 HCOOH 420 22 

2 30 150 0.1 TFAb 420 0.03 

3 - 150 0.1 HCOOH 420 trace 

4 30 - 0.1 HCOOH 420 0 

5 30 150 - HCOOH 420 0 

6 30 150 0.1 HCOOH dark trace 

a All experiments were carried out in DMA solution at 20 °C. 
b TFA = trifluoroacetic acid. 
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The effect of photosensitizers on the catalytic performance 

The dehydrogenation reactions were performed using different photosensitizers 

(Figure 3, 4), namely, Ir(ppy)3, [Ir(dtbbpy)(ppy)2](PF6) (Ir-2, dtbbpy = 4,4’-di-t-butyl-

2,2’-bipyridine), and [Ir(dF(CF3)ppy)2(dtbbpy)](PF6) (Ir-3, dF(CF3)ppy = 2-(2,4-

difluorophenyl)-5-(trifluoromethyl) pyridine). The reactions that used Ir(ppy)3 and Ir-2 

as the photosensitizer resulted in the formation of hydrogen, whereas no hydrogen was 

detected when Ir-3 was used (Figure 4). Of the three photosensitizers tested, Ir(ppy)3 

exhibited the highest efficiency for the dehydrogenation of HCOOH. Thus, I employed 

the complex as the photosensitizer for the subsequent investigations. 

Based on these results, I was able to gain additional insights into the reaction 

mechanism. The choice of the photosensitizer greatly affects the efficiency of the system. 

This result can be explained based on the reduction potentials. The first reduction 

potentials, E1/2(Ir
III/IrII), of the investigated photosensitizers are −2.64 (Ir(ppy)3), −1.87 

(Ir-2), and −1.74 V (Ir-3) (vs. Fc/Fc+, Table 2). As examined in Chapter 1, Co5 exhibits 

a one-electron reduction wave at E1/2(CoII
5/CoII

4CoI) = −1.72 V (vs. Fc/Fc+), which is 

attributable to the reduction of the cobalt center at the triangular core (details of the 

assignment of redox peaks are also described in Chapter 1). A comparison of the redox 

potentials of the investigated photosensitizers and Co5 revealed that Ir(ppy)3 and Ir-2 

were able to reduce Co5 during the photocatalytic reaction while Ir-3 was difficult to 

reduce. As mentioned earlier, the reactions involving Ir(ppy)3 and Ir-2 resulted in 

hydrogen production, whereas that that used Ir-3 as the photosensitizer did not. These 

results indicate that the one-electron-reduced species of Co5 was involved in the reaction. 

To confirm this hypothesis, CV was performed in the presence of Co5 and HCOOH. 

The current at the first reduction peak of Co5 was slightly higher compared with that in 

the absence of HCOOH (Figure 5). It should also be noted that this current enhancement 

was not observed when TFA was added to the solution (Figure 6). Thus, the cyclic 

voltammograms indicated that specific interactions occur between the one-electron 

reduced species of Co5 and HCOOH. Therefore, the CoI present at the triangular core 

plays a critical role in the reaction. This conclusion is consistent with the fact that all the 

previous examples of HCOOH dehydrogenation reactions mediated by cobalt complexes 

were triggered by the CoI species.9-11 
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Ir(ppy)3             [Ir(dtbbpy)(ppy)2](PF6)   [Ir(dF(CF3)ppy)2(dtbbpy)](PF6) 

                   Ir-2                         Ir-3 

Figure 3. Structures of Ir photosensitizers. 

 

 

Figure 4. Photochemical HCOOH dehydrogenation activities of different 

photosensitizers: Ir(ppy)3, Ir-2, and Ir-3. Reactions were performed in DMA solution 

containing 30 µM Co5, 150 µM photosensitizer, 100 mM BIH, and 13 mM HCOOH. 

 

 

Table 2. First reduction potentials of Ir(ppy)3, Ir-2, and Ir-3. 

Photosensitizer Ir(ppy)3 Ir-2 Ir-3 

E1/2(Ir
III/IrII) 

(V vs. Fc/Fc+)a 
−2.64 −1.87 −1.74 

aE1/2(Ir
III/IrII) was determined from the results of cyclic voltammetry (CV). Standard 

conditions: 0.2 mM solutions of Ir complex under Ar in MeCN containing 0.1 M TBAP. 
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Figure 5. Cyclic voltammograms of 0.2 mM solution of Co5 in the presence (red line) 

and in the absence (blue line) of 0.5 eq. HCOOH in acetonitrile containing 0.1 M TBAP. 

The CVs were measured using a GC electrode at a scan rate of 10 mV s−1. 

 

 

 

Figure 6. Cyclic voltammograms of 0.2 mM solution of Co5 in the presence (red line) 

and in the absence (blue line) of 0.5 eq. TFA in acetonitrile containing 0.1 M TBAP. The 

CVs were measured using a GC electrode at a scan rate of 10 mV s−1. 
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Next, the effect of the concentration of the photosensitizer, that is, Ir(ppy)3, was 

investigated. The evolution of hydrogen accelerated with an increase in the concentration 

of Ir(ppy)3 (Figure 7), suggesting that the dehydrogenation of HCOOH in the proposed 

system occurred readily at higher Ir(ppy)3 concentrations. 

As mentioned before, the formation of CoI at the triangular core via the photoinduced 

one-electron reduction of Co5 is essential for the reaction. Therefore, it was expected that 

an increase in the concentration of Ir(ppy)3 would increase the rate of photoinduced 

electron transfer. In other words, the concentration of Ir(ppy)3 has a determining effect on 

the frequency of the photoinduced electron transfer events. Note that the concentrations 

of Ir(ppy)3 employed in our photocatalytic investigations are low enough that all the 

incident photons were not absorbed; the fraction of light absorbed during the 

photocatalytic experiment is in the range from 53 % to 98%. 

That CO2 is also formed during the catalysis process was confirmed using gas 

chromatography (Figure 7). 

 

 

Figure 7. Effect of Ir(ppy)3 concentration on H2 (blue bar) and CO2 (red bar) production 

by HCOOH dehydrogenation. Reactions were performed in DMA solution containing 30 

µM Co5, 30-150 µM Ir(ppy)3, 100 mM BIH, and 13 mM HCOOH. 
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The effect of BIH on the catalytic performance 

Finally, the effect of the concentration of the sacrificial electron donor (BIH) was 

investigated. As shown in Figure 8, as the concentration of BIH was increased, the amount 

of hydrogen generated decreased dramatically, indicating that the presence of BIH in a 

higher concentration hindered the dehydrogenation reaction. 

The effect of the concentration of BIH on the catalysis process can be understood based 

on the photoinduced electron transfer pathway for the formation of the key intermediate, 

namely, the one-electron reduced species of Co5 with CoI at the triangular core. As 

described in Chapter 1, there are two possible pathways: the oxidative quenching and 

reductive quenching for accessing this species. I have revealed that emission quenching 

was observed upon increasing the concentration of Co5/BIH in a solution of Ir(ppy)3. The 

corresponding quenching rate constants for the oxidative and reductive quenching 

pathways were determined to be kq = 6.6 x 109 and 5.5 x 106 M−1 s−1, respectively. 

Considering that the concentration of BIH is approximately 103 times higher than that of 

Co5 in the proposed photocatalytic reaction, the rates of the two quenching pathways are 

comparable. At a BIH concentration of 50 mM, the calculated oxidative and reductive 

quenching rates are almost identical. In addition, the experimental results showed clearly 

that the catalysis reaction is deaccelerated when BIH is added in a higher concentration 

(Figure 8). Oxidative quenching was dominant at lower BIH concentrations whereas 

reductive quenching was dominant at higher concentrations. Therefore, it can be 

concluded that the photochemical dehydrogenation of HCOOH using the proposed 

system occurs readily when oxidative quenching is dominant. It should be noted that the 

formation of HBIH cation via the reaction between BIH and HCOOH can also 

deaccelerate the catalysis as the concentration of protons to react with the postulated 

hydride intermediate (vide infra) decreases to some extent. 

  



59 

 

 

Figure 8. Effect of BIH concentration for HCOOH dehydrogenation. Reactions were 

performed in DMA solution containing 30 µM Co5, 150 µM Ir(ppy)3, 25-150 mM BIH, 

and 13 mM HCOOH. 
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Possible mechanism 

Based on the results described above as well as those of previous reports on the 

dehydrogenation of HCOOH, a possible mechanism for the described catalytic system 

based on Co5 is proposed (Scheme 1). First, a single cobalt ion in the triangular core of 

Co5, which exhibits a pentacoordinated structure, is reduced by Ir(ppy)3 through 

oxidative quenching. Based on the experimental results, including the dependence of the 

catalytic performance of Co5 on the choice of the photosensitizer (Figure 4) and the CV 

measurements of Co5 performed in the presence of HCOOH (Figure 5), it can be 

concluded that the one-electron reduced species of Co5 is the key active species in the 

reaction. This one-electron reduced species reacts with HCOOH and releases hydrogen 

and CO2 (HCOOH dehydrogenation). That CO2 is formed during the catalysis process 

was confirmed using gas chromatography (Figure 7). In this process, it is assumed that 

CoI promotes the elimination of the C-H bond, like other cobalt complexes that catalyze 

HCOOH dehydrogenation reactions.9-11 Moreover, it has been reported that the 

synergistic effects between the distinct metal ions play an important role in the 

dehydrogenation reaction.17,18,30 Thus, the multinuclear metal structure of Co5 is an 

effective one for catalysis. 

In addition to participating in the HCOOH dehydrogenation reaction, the one-electron 

reduced species of Co5 also reacts with the CO2 generated during the dehydrogenation 

reaction. The species receives a single electron from the photosensitizer and reduces CO2 

to HCOOH or CO (CO2 reduction process). This CO2 reduction process requires the 

injection of one more electron into the catalyst. To be able to access this two-electron-

reduced species, electron transfer from the photosensitizer to Co5 is necessary. Therefore, 

it can be assumed that the CO2 reduction reaction will be accelerated under conditions 

where photoinduced electron transfer events occur frequently. As mentioned above, the 

concentration of Ir(ppy)3 can be used to control the frequency of the photoinduced 

electron transfer events. Indeed, the amount of CO2 detected depended primarily on the 

concentration of Ir(ppy)3. On increasing the concentration of Ir(ppy)3, the amount of CO2 

detected decreased (Figure 7), even though the amount of hydrogen generated by the 

dehydrogenation of HCOOH increased. This might indicate that the CO2 formed by the 

dehydrogenation of HCOOH was consumed by the CO2 reduction process. Thus, the dual 

catalysis mechanism explains both the dehydrogenation of HCOOH and the two-electron 

reduction of CO2 mediated by Co5. This demonstrates the construction of an 

unconventional CO2/HCOOH cycle. 
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Scheme 1. Proposed mechanism of the dual catalysis process mediated by Co5. 

Dehydrogenation of HCOOH (right) and two-electron reduction of CO2 (left). 
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Optimization 

Finally, I optimized the reaction conditions for the HCOOH dehydrogenation reaction. 

By decreasing the concentration of BIH to 25 mM and increasing that of HCOOH to 25 

mM and performing photoirradiation with an Xe lamp (420 <  < 750 nm), the maximum 

turnover number for the reaction could be increased to 229 after 1 h (Table 3). The 

turnover frequency (TOF, 229 h–1) under this condition is the highest observed for 

molecular catalysts that operate under photoirradiation at ambient temperature (Table 3 

and Figure 9). 

 

Table 3. Comparison of catalytic activity of the relevant catalysts for photochemical 

formic acid dehydrogenation. 

a The turnover frequency (TOF, h−1) was calculated by dividing the turnover number 

(TON) with duration of photoirradiation. 

 

 

                4                                     5 

Figure 9. Molecular structures of photocatalysts for formic acid dehydrogenation (4 and 

5) shown in Table 3. 

 

  

catalyst Concentration Temp. (°C) TON (time) TOF (h−1)a Ref. 

Co5 0.03 mM r.t. 229 (1 h) 229 This work 

[CoH{PPh(OEt)2}4] 20 mM 30 3.06 (6 h) 0.51 11 

Fe3(CO)12/PPh3/tpy 3 mM 25 8.1 (3h) 2.7 14 

Fe3(CO)12/PPh3/phen 3 mM 60 126 (24h) 5.2 14 

Ir2H5(xylBINAP)2(BF4) (4) 3 mol% r.t. 280 (24 h) 12 17 

[Cp*Ir(bpy-OMe)(Cl)](Cl) (5) 0.37 mM r.t. ~500 (30 h) ~17 15 
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Conclusion 

I have revealed the catalytic activity of a pentanuclear cobalt complex (Co5) for the 

photoinduced dehydrogenation of HCOOH. The dehydrogenation reactions were 

performed under photoirradiation in the presence of Co5, a suitable photosensitizer, and 

sacrificial electron donor at ambient temperature and resulted in the generation of H2 and 

CO2. This is a rare example of the photoinduced dehydrogenation of HCOOH under 

ambient conditions. In addition, it was determined that the activity of Co5 is higher than 

those of similar previously reported molecular catalysts. Mechanistic investigations 

indicated that the one-electron-reduced species of Co5 plays an essential role in the 

catalytic cycle. Given that Co5 also catalyzes the photochemical two-electron reduction 

of CO2 into HCOOH, this study is the first example of a hydrogen storage/release cycle 

based on the photochemical reduction of CO2 and dehydrogenation of HCOOH. 
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Experimental section 

Materials 

Ir(ppy)3, formic acid, trifluoroacetic acid, and all the solvents except for N,N-

dimethylacetamide (DMA) were purchased from FUJIFILM Wako Pure Chemical 

Corporation. Tetra-n-butylammonium perchlorate (TBAP), and DMA were purchased 

from Tokyo Chemical Industry Co., Ltd. [Ir(dtbbpy)(ppy)2](PF6) and 

[Ir(dF(CF3)ppy)2(dtbbpy)](PF6) was purchased from Aldrich. All the reagents were of 

highest quality available and were used as received except for TBAP. TBAP was 

recrystallised from absolute ethanol. H2O was purified using a Millipore MilliQ purifier. 

 

Electrochemical studies 

Cyclic voltammetry was performed with a Bio-Logic-Science Instruments potentiostat 

interfaced to a computer with SP-50 software, at room temperature under Ar using one 

compartment cell with a standard three-electrode configuration, which consisted of a 

glassy carbon disk (diameter 3 mm, from BAS Inc.), a Ag/Ag+ couple, and a platinum 

wire as the working, reference, and auxiliary electrodes, respectively. The working 

electrode was treated between scans by means of polishing with 0.05 µm alumina paste 

(from BAS Inc.) and washing with purified H2O. Ferrocene was used as an internal 

standard, and all potentials reported within this work are referenced to the 

ferrocenium/ferrocene couple at 0 V. 

 

Photochemical reaction 

For a typical run, a mixed solution of DMA (2.0 mL) containing 30 µM Co5, 150 µM 

Ir(ppy)3 and 0.10 M BIH, and HCOOH (13 mM, 500 eq. vs. Co5) was purged with Ar for 

15 minutes unless otherwise stated. The solution was then irradiated with a blue LED 

(wavelength  = 420 nm) or xenon lamp (225W Xe lamp equipped with 420 nm long pass 

filter (Edmund Industrial Optics) and CM-1 cold mirror, wavelength 420 ≤  ≤ 750 nm) 

at 20 °C in a custom made aluminum box with cooling system. The amount of H2 and 

CO2 produced in the reaction was quantified by GC. 

 

Product detection 

The amount of H2 and CO2 produced at the headspace of the cell was quantified by a 

Shimadzu GC-2014 with a TCD detector equipped with a packed column with Molecular 

Sieve 5A (Ar carrier gas, 40 °C) and a packed column with Active Carbon 60/80 (He 

carrier gas, 80 °C), respectively. Calibration curves were obtained by sampling known 

amounts of H2 and CO2. 
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Properties of photosensitizers 

The electrochemical and photochemical properties of photosensitizers Ir(ppy)3, Ir-2, 

and Ir-3 are summarized in Table 4.31-33 

 

Table 4. The electrochemical and photochemical properties of photosensitizers.31-33 

Photosensitizer Ir(ppy)3 Ir-2 Ir-3 

E1/2(Ir
III/IrII) 

(V vs. SCE) 
−2.20 −1.51 −1.37 

E1/2(Ir
IV/IrIII*) 

(V vs. SCE) 
−1.73 −0.96 −0.89 

E1/2(Ir
IV/IrIII) 

(V vs. SCE) 
0.78 1.21 1.69 

Egap 

(eV) 
2.75 n/a 2.20 

τ (ns) 1900 557 2300 
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Chapter 3 

 

Metal ion substitution in a pentanuclear scaffold provides an efficient 

catalyst for a CO2/HCOOH cycle 

 

Introduction 

The growing demand for energy and the ongoing depletion of fossil fuels have 

prompted much effort to develop renewable and environmentally friendly energy sources. 

Hydrogen gas is known as an energy carrier and a clean alternative to conventional fossil 

fuels. However, the gaseous nature of hydrogen makes storage and transport difficult. 

Given this background, the liquid organic hydrogen carrier HCOOH has been recognised 

as a promising candidate because of its high H2 content and low toxicity.1 However, for 

the utilization of HCOOH as a hydrogen carrier, it is crucial to develop efficient catalysts 

for the production of HCOOH and its conversion into hydrogen. 

Conventionally, the production of HCOOH2-8 and its conversion into hydrogen9-19 have 

been achieved via a reversible hydrogenation/dehydrogenation cycle between CO2 and 

HCOOH.15-19 However, this cycling process requires the utilization of gaseous hydrogen 

as well as high pressure and temperature conditions for the production of HCOOH. In 

Chapter 2, I reported a novel cycle for the production of HCOOH and its conversion into 

hydrogen, which involves the two-electron reduction of CO2 and the dehydrogenation of 

HCOOH. This cycle enables both the formation of HCOOH from CO2 and protons and 

the dehydrogenation of HCOOH under visible-light irradiation at ambient pressure and 

temperature. Notably, the maximum TOF of the system for the photochemical 

dehydrogenation reaction was the highest (229 h−1) among the relevant catalytic 

systems.20-23 These results indicate that our newly proposed cycle can be an attractive 

alternative for achieving efficient utilization of HCOOH. However, further improvement 

in the activity and selectivity is crucial for future practical applications. 

In this chapter, I constructed an efficient photocatalytic cycle for the CO2 

reduction/dehydrogenation of HCOOH based on the pentanuclear copper complex 

[Cu5OH(bpp)6]
3+ (Cu5). Cu5 can catalyze the dehydrogenation of HCOOH with higher 

activity than Co5. Under the optimal conditions, the TOF of Cu5 for the dehydrogenation 

of HCOOH reached 323 h−1, which was significantly higher than that of my previous best 

catalyst Co5 (229 h−1). 

There are two important keys to our success: the employment of (1) a pentanuclear 

scaffold and (2) appropriate metal ions. The pentanuclear scaffold ([M5OH(bpp)6]
n+) can 

serve as a catalyst for small molecule conversions because of its excellent electron 
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transfer ability owing to its five metal ions and substrate-activation ability owing to the 

presence of coordinatively unsaturated sites.24-27 Indeed, Co5 can serve as a dual-catalyst 

for the photoinduced two-electron reduction of CO2 and dehydrogenation of HCOOH. 

The previous study also revealed that the one-electron-reduced species of the scaffold and 

the multinuclear metal center play important roles in the catalysis. Therefore, the facile 

formation of one-electron-reduced species and the presence of a highly active 

multinuclear metal center are crucial. In this regard, the use of copper ions can be an 

excellent strategy because (i) copper ions can be easily reduced, and (ii) copper-based 

multinuclear centers can facilitate decarboxylation to form hydride species.28 
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Results and discussions 

Synthesis and characterization 

A pentanuclear copper complex (Cu5) was synthesised according to previously 

reported procedures29: a methanol solution of Hbpp ligand and copper acetate 

monohydrate (1.3 eq.) was refluxed for 30 min. After the reaction, a few drops of saturated 

aqueous solution of NaClO4 were added. The obtained precipitate was dissolved in a 

mixture of acetonitrile and water, and the slow evaporation of acetonitrile afforded the 

target compound as green crystals in 30% yield. The compound was characterised using 

ESI-TOF MS and elemental analysis. ESI-TOF-MS: m/z: 553.4 [Cu5OH(bpp)6]
3+. 

Elemental analysis calcd. (%) for C78H59Cl3Cu5N24O15: C,46.92; H, 2.98; N, 16.84. 

Found: C, 47.05; H, 3.04; N, 16.55. The structure of the complex was determined using 

single-crystal X-ray structural analysis (Figure 1 and Table 1), confirming the formation 

of a pentanuclear structure. In IR spectrum of Cu5, the peak at 3500 cm−1 assigned with 

O-H stretching mode indicate µ3-OH bridging moiety (Figure 2). 

 

 

Figure 1. ORTEP drawing of the cationic moiety of Cu5(ClO4)3. The atoms are 

represented by the following colors: Cu, orange; O, red; N, purple; C, gray. Hydrogen 

atoms, counter anions and crystal solvent molecules are omitted for clarity. 
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Table 1. Summary of crystallographic data for Cu5. 

 

 [Cu5OH(bpp)6](ClO4)3 

formula C78H55Cl3Cu5N24O13 

crystal system monoclinic 

space group C2/c 

a /Å 16.3591(3) 

b /Å 25.4257(5) 

c /Å 22.6532(4) 

 /° 98.634(2) 

V /Å
3
 9315.6(3) 

Z 4 

R
1
 0.0460 

wR
2
 0.1202 

GooF 1.053 

 

  

 

Figure 2. IR spectra of Fe5(BF4)3 (orange line), Co5(BF4)3 (blue line), and Cu5(BF4)3 

(green line). 
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Electrochemical measurement 

Subsequently, cyclic voltammetry was performed to investigate the redox properties of 

Cu5 (Figure 3). In the CV of Cu5 under Ar atmosphere (Figure 3, green line), the complex 

displayed two reduction waves at E1/2 = −0.78 and −0.94 V (vs. Fc/Fc+). These redox 

waves can be attributed to the one-electron reduction of the copper ions. The redox 

potentials of Cu5 and the relevant pentanuclear complex Co5, are summarized in Table 

2. As I showed in Chapter 1, Co5 exhibits three reversible reduction waves at E1/2 = −1.72, 

−1.96, and −2.19 V (vs. Fc/Fc+; Figure 3, blue line), which are attributable to the reduction 

of the cobalt center at the triangular core. The first reduction wave of Cu5 was located at 

a more positive potential than that of Co5. As expected (vide supra), Cu5 can generate 

one-electron-reduced species, which are expected to function as key intermediates for the 

dehydrogenation of HCOOH, more easily than Co5. 

 

 

Figure 3. Cyclic voltammograms of 0.2 mM solutions of Co5 (blue line) and Cu5 (green 

line) under Ar in MeCN containing 0.1 M TBAP. The CVs were measured using a GC 

electrode at a scan rate of 100 mVs−1. 

 

Table 2. Electrochemical properties of penta-nuclear metal complexes (Co5 and Cu5). 

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

MII/I MIII/II 

Co5 −2.19 −1.96 −1.72 −0.30 −0.11 

Cu5 - −0.94 −0.78 - - 

-2.5 -2.0 -1.5 -1.0 -0.5

C
u

rr
e

n
t 

(µ
A

)

Potential (V vs. Fc/Fc+)

10 µA
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Photochemical formic acid dehydrogenation 

I then investigated the photocatalytic activity of Cu5 for the dehydrogenation of 

HCOOH. The reaction was performed in 2 mL of DMA solution containing Cu5 (30 µM) 

as the catalyst, Ir(ppy)3 (150 µM) as the photosensitizer, BIH (25 mM) as the sacrificial 

electron donor, and HCOOH (500 eq. vs. Cu5) as the substrate in an Ar atmosphere under 

visible-light irradiation (blue LED, wavelength  = 420 nm) at 20 °C. As shown in Figure 

4, evolution of hydrogen gas was observed after 3 h of photoirradiation (TON = 142). As 

a control experiment, the reaction was performed using TFA instead of HCOOH as the 

substrate. In this case, only a trace amount of hydrogen was detected, confirming that 

hydrogen was produced not by proton reduction but by the dehydrogenation of HCOOH. 

The hydrogen production activity of Cu5 via dehydrogenation of HCOOH was higher 

than that of Co5 (TON = 106) under identical conditions. These results demonstrate that 

Cu5 can catalyze the photoinduced dehydrogenation of HCOOH with better performance 

than Co5. 

 

 

Figure 4. Photochemical HCOOH dehydrogenation activities in the presence of Co5 (left 

bar) or Cu5 (right bar). Reactions were performed in Ar saturated DMA solution 

containing 30 µM catalyst, 150 µM Ir(ppy)3 and 25 mM BIH under irradiation of visible 

light (blue LED, wavelength  = 420 nm). 
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To gain further insight into the Cu5-mediated dehydrogenation of HCOOH, the 

photosensitizer was investigated. In this experiment, [Ir(dF(CF3)ppy)2(dtbbpy)](PF6) (Ir-

3) was used as the photosensitizer. The reaction between Cu5 and Ir-3 resulted in 

hydrogen production (Figure 5). By contrast, the reaction using Co5 as the catalyst and 

Ir-2 as the photosensitiser did not produce hydrogen. These results can be interpreted 

considering the redox potentials of Ir-3, Cu5 and Co5. The redox potential of Ir-3 locates 

at E1/2(Ir
III/IrII) = −1.74 V (vs. Fc/Fc+), and the first reduction potentials of Cu5 and Co5 

locate at −0.78 and −1.72 V, respectively. Therefore, although Ir-3 can reduce Cu5, it is 

difficult to reduce Co5. As demonstrated in Chapter 2, the formation of a one-electron-

reduced species with CoI at the triangular core of Co5 is essential for the reaction. The 

aforementioned results indicate that, similar to Co5, the one-electron-reduced species of 

Cu5 were involved in the reaction. CV measurements in the presence of Cu5 and 

HCOOH also supported this hypothesis (Figure 6). The current at the first reduction peak 

of Cu5 is slightly higher than that in the absence of HCOOH, indicating specific 

interactions between the one-electron-reduced species of Cu5 and HCOOH. These results 

indicate that Cu5 catalyzes the dehydrogenation of HCOOH via the formation of one-

electron-reduced species, while the decrease in the first reduction potential affords a 

catalytic system that operates under milder conditions (i.e., with the use of a 

photosensitizer with lower reducing ability) than that of Co5. 
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Figure 5. Photochemical formic acid dehydrogenation activities by a combinations of 

catalysts (Co5 or Cu5) and photosensitisers (Ir(ppy)3 or Ir-2). Reactions were performed 

in Ar saturated DMA solution containing 30 µM catalyst, 150 µM Ir(ppy)3 and 100 mM 

BIH under irradiation of visible light (blue LED, wavelength  = 420 nm). 

 

 

Figure 6. Cyclic voltammograms of 0.2 mM solution of Cu5 in the presence (red line) 

and in the absence (blue line) of 0.5 eq. formic acid (0.1 mM) in MeCN containing 0.1 M 

TBAP. The CVs were measured using a GC electrode at a scan rate of 10 mVs−1. 
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Photochemical CO2 reduction 

The catalytic activity of Cu5 for CO2 reduction was investigated. Photochemical 

reactions were conducted under CO2 in a DMA/trifluoroethanol (17:3, v/v) solution 

containing Cu5 (30 µM) as the catalyst, Ir(ppy)3 (150 µM) as the photosensitizer, and 

BIH (100 mM) as the sacrificial electron donor under visible-light irradiation (blue LED, 

 = 420 nm). The photoinduced CO2 reduction proceeded successfully, and the formation 

of CO, HCOOH, and hydrogen, which appears to be a product of HCOOH 

dehydrogenation, was confirmed (Figure 7). Similar to the catalytic system of Co5, this 

is a rare example of a hydrogen storage/release cycle based on the photochemical 

reduction of CO2 and the dehydrogenation of HCOOH. Although the TON for CO 

production of Cu5 (TONCO = 3.1) is lower than that of Co5 (TONCO = 3.4), those for 

HCOOH and hydrogen production were higher in Cu5 (TONHCOOH = 4.2 (Cu5) and 1.8 

(Co5), and TONH2 = 6.5 (Cu5) and 2.8 (Co5)). Given that the evolved hydrogen 

originated from HCOOH dehydrogenation, the total TON of Cu5 and Co5 for HCOOH 

production was calculated to be 10.7 and 4.6, respectively. Therefore, the selectivity for 

HCOOH production was significantly enhanced in the Cu5-based catalytic system (78% 

for Cu5 and 57% for Co5). These results clearly demonstrate that the incorporation of 

copper ions into the pentanuclear scaffold greatly enhanced the activity and selectivity 

for HCOOH formation via CO2 reduction. 
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Figure 7. Photocatalytic production of CO (red), HCOOH (green) and H2 (blue). 

Reactions were performed in CO2 saturated DMA solution containing 30 µM catalyst, 

150 µM Ir(ppy)3 and 100 mM BIH and trifluoroethanol under irradiation of visible light 

(blue LED, wavelength  = 420 nm). 
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Possible mechanism 

A possible catalytic mechanism for photochemical dehydrogenation of HCOOH by 

Cu5 is shown in Scheme 1. First, the copper ion of Cu5 is reduced by a photosensitizer. 

On the basis of the catalytic activity of Cu5 with Ir-3 (Figure 5) and CV measurements 

of Cu5 in the presence of HCOOH (Figure 6), it was found that active species could be 

formed more easily than in the case of Co5. This reduced species reacts with HCOOH to 

release hydrogen and CO2. Our system is similar to that reported by Meyer et al., who 

elucidated the formation of a hexacopper(I) dihydride cluster from the reduction-induced 

decarboxylation of a dicopper(II) formate complex.28 Other copper complexes that work 

as catalysts for the dehydrogenation of HCOOH contain CuI as a reaction intermediate.30-

33 Based on these examples, CuI is assumed to promote the reaction with HCOOH. 

Moreover, it has been reported that the synergistic effect between distinct metal ions plays 

an important role in the dehydrogenation reaction.31,34 Thus, the multinuclear metal 

structures of Co5 and Cu5 are effective for catalysis. In addition to participating in the 

HCOOH dehydrogenation reaction, Cu5 also reacts with the CO2 generated during the 

dehydrogenation reaction; the electron-reduced species of Cu5 reduces CO2 to HCOOH 

or CO (CO2 reduction process). Therefore, the dual-catalysis mechanism explains both 

the dehydrogenation of HCOOH as well as the two-electron reduction of CO2 mediated 

by Cu5. 

 

Scheme 1. Proposed mechanism of the dual catalysis process mediated by Cu5. 

Dehydrogenation of formic acid (right) and two-electron reduction of CO2 (left). 
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Optimization 

Finally, the reaction conditions for HCOOH dehydrogenation were optimized. Upon 

increasing the concentration of HCOOH to 25 mM (1000 eq. versus Cu5) and under 

photoirradiation with a Xe lamp (420 <  < 750 nm), the maximum TON for the reaction 

increased to 323 after 1 h. In Chapter 2, I demonstrated that the TOF of Co5 for the 

HCOOH dehydrogenation reaction (229 h−1) was the highest observed to date for 

molecular catalysts that operate under photoirradiation at ambient temperatures. The 

current study demonstrates that the TOF (323 h−1) of Cu5 is higher than that of Co5, and 

is the highest among those reported for the relevant catalysts (Table 3). 

 

 

Table 3. Comparison of catalytic activity of the pentanuclear catalysts for photochemical 

HCOOH dehydrogenation. 

 

catalyst Concentration Temp. (°C) TON (time) TOF (h−1)a 

Cu5 0.03 mM r.t. 323 (1 h) 323 

Co5 0.03 mM r.t. 229 (1 h) 229 

a The turnover frequency (TOF, h−1) was calculated by dividing the turnover number 

(TON) with duration of photoirradiation. 
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Conclusion 

I successfully demonstrated that metal ion substitution in a pentanuclear metal complex 

can afford a highly efficient photocatalytic cycle for CO2 reduction/HCOOH 

dehydrogenation (CO2/HCOOH cycle). I synthesized a pentanuclear copper complex 

(Cu5) and investigated its photocatalytic activity for HCOOH dehydrogenation. The 

reactions proceeded under photoirradiation in the presence of Cu5, a photosensitizer, and 

a sacrificial electron donor at ambient temperature and pressure. Cu5 catalyzed both the 

HCOOH dehydrogenation reaction and CO2 reduction with higher activity than 

previously synthesized Co5. This study offers a novel strategy for the efficient utilization 

of HCOOH as a hydrogen carrier. 
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Experimental Section 

Materials 

Ir(ppy)3, formic acid, trifluoroacetic acid, and all the solvents except for N,N-

dimethylacetamide (DMA) were purchased from FUJIFILM Wako Pure Chemical 

Corporation. Tetra-n-butylammonium perchlorate (TBAP), and DMA were purchased 

from Tokyo Chemical Industry Co., Ltd. [Ir(dF(CF3)ppy)2(dtbbpy)](PF6) was purchased 

from Aldrich. All the reagents were of highest quality available and were used as received 

except for TBAP. TBAP was recrystallized from absolute ethanol. H2O was purified using 

a Millipore MilliQ purifier. 

 

Synthesis of a pentanuclear cupper complex (Cu5) 

A pentanuclear copper complex (Cu5) was prepared according to our previously 

reported procedures.29 Aqueous solution of NaOH (1 M, 0.6 mL) was added to the 

methanol solution (5 mL) of 3,5-bis(2-pyridyl)pyrazole (Hbpp, 0.60 mmol, 133 mg). 

Cu(CH3COO)2·H2O (0.80 mmol, 160 mg) was then added to the reaction mixture and 

refluxed for 30 minutes. A few drops of saturated aqueous NaClO4 solution was added to 

the reaction mixture, and a small portion of water was added to the solution. The solution 

was kept in a refrigerator for 30 minutes to generate a green precipitate. The precipitate 

was collected by filtration, washed with water and dried under vacuum. The obtained 

precipitate was dissolved in acetonitrile/water (4:3 v/v) and slow evaporation of 

acetonitrile at ambient temperature gave green crystals of [CuII
5OH(bpp)6](ClO4)3·2H2O. 

The crystals were collected by filtration and dried under vacuum. Yield 59.9 mg (30%). 

Elemental analysis calcd. (%) for C78H59Cl3Cu5N24O15: C, 46.92; H, 2.98; N, 16.84. 

Found C, 46.86; H, 3.13; N, 16.69. 
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X-ray crystallography 

Crystals were obtained by slow vapor diffusion of tert-butyl methyl ether into 

acetonitrile solution of Cu5. The crystal of Cu5 was mounted in a loop. Data collection 

for Cu5 was performed at 293 K on a ROD, Synergy Custom system (Rigaku Oxford 

Diffraction) equipped with confocal monochromated Mo-Ka radiation, and data was 

processed using CrysAlisPro 1.171.39.43c (Rigaku) system software. The structure was 

solved by direct methods using SHELXT program35 through the Olex2 interface.36 All-

non-hydrogen atoms were refined anisotropically by a least-squares method, and 

hydrogen atoms were fixed at calculated positions and refined using a riding model. 

SHELXL-2014/737 was used for structural refinement. Full-matrix least-squares 

refinements on F2 based on unique reflections with unweighted and weighted agreement 

factor of R = Σ||Fo| − |Fc||/Σ|Fo| (I > 2.00 σ(I)) and wR = [Σw(Fo
2 – Fc

2)2/Σw(Fo
2)2]1/2 were 

performed. The diffused electron densities resulting from residual solvent molecules were 

removed from the data set using the SQUEEZE routine and refined further using the data 

generated. Crystallographic data have been deposited with Cambridge Crystallographic 

Data Centre: CCDC deposition number; 2219980 for Cu5(ClO4)3. Copies of the data can 

be obtained free of charge vis www.ccdc.cam.ac.uk/data_request/cif. 

 

Electrochemical studies 

Cyclic voltammetry was performed with a Bio-Logic-Science Instruments potentiostat 

interfaced to a computer with SP-50 software, at room temperature under Ar using one-

compartment cell with a standard three-electrode configuration, which consisted of a 

glassy carbon disk (diameter 3 mm, from BAS Inc.), a Ag/Ag+ couple, and a platinum 

wire as the working, reference, and auxiliary electrodes, respectively. The working 

electrode was treated between scans by means of polishing with 0.05 μm alumina paste 

(from BAS Inc.) and washing with purified H2O. Ferrocene was used as an internal 

standard, and all potentials reported within this work are referenced to the 

ferrocenium/ferrocene couple at 0 V. 
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Photochemical HCOOH dehydrogenation reaction 

For a typical run, a mixed solution of DMA (2.0 mL) containing 30 µM catalyst, 150 

µM Ir(ppy)3 and 25 mM BIH, and HCOOH (13 mM, 500 eq. vs. Cu5) was purged with 

Ar for 15 minutes unless otherwise stated. The solution was then irradiated with a blue 

LED (wavelength  = 420 nm) or xenon lamp (225W Xe lamp equipped with 420 nm 

long pass filter (Edmund Industrial Optics) and CM-1 cold mirror, wavelength 420 ≤  ≤ 

750 nm) at 20 °C in a custom made aluminum box with cooling system. The amount of 

H2 and CO2 produced in the reaction was quantified by GC. 

 

Photochemical CO2 reduction reaction 

For a typical run, a mixed solution of DMA/TFE (17:3, v/v) (2.0 mL) containing 30 

µM Cu5, 150 µM Ir(ppy)3 and 0.10 M BIH was purged with CO2 for 15 minutes unless 

otherwise stated. The solution was then irradiated with a blue LED (wavelength  = 420 

nm) at 20 °C in a custom made aluminium box with cooling system. The amount of CO, 

H2 and HCOOH produced in the reaction was quantified by GC and LC. 

 

Product detection 

The amount of CO and H2 produced at the headspace of the cell was quantified by a 

Shimadzu GC-2014 with a TCD detector equipped with a packed column with Molecular 

Sieve 13X-S 60/80 (He carrier gas, 40 °C) and Molecular Sieve 5A (Ar carrier gas, 40 °C), 

respectively. Additionally, the liquid product was quantified by using a Shimadzu LC-

20AD with SPD-20A and RID-10A detectors equipped with a Shim-pack SCR 102H 

column. Calibration curves were obtained by sampling known amounts of CO, H2, and 

HCOOH. 
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Concluding Remarks 

 

The research reported in this thesis has developed pentanuclear metal complex-based 

catalysts for a novel CO2/HCOOH cycle constructed with the two-electron reduction of 

CO2 and the dehydrogenation of HCOOH. 

 

In chapter 1, I substituted metal ions of Fe5 with cobalt ions and synthesized a novel 

pentanuclear cobalt complex (Co5). Electrochemical measurements revealed that Co5 

exhibits multielectron reduction ability, making it completely distinct from Fe5, which 

shows multielectron oxidation ability. Moreover, the cyclic voltammetry of Co5 under 

CO2 indicates the catalytic activity of the complex for CO2 reduction. I demonstrated that 

Co5 reduces CO2 to CO and HCOOH under electrochemical and photochemical 

conditions. 

In chapter 2, I investigated the catalytic activity of Co5 for photochemical HCOOH 

dehydrogenation reaction. The dehydrogenation reactions were performed under 

photoirradiation in the presence of Co5, a suitable photosensitizer, and sacrificial electron 

donor at ambient temperature and resulted in the generation of H2 and CO2, and its activity 

is higher than those of similar previously reported molecular catalysts. Given that Co5 

also catalyzes the photochemical two-electron reduction of CO2 into HCOOH, this study 

is the first example of a CO2/HCOOH cycle based on the photochemical reduction of CO2 

and dehydrogenation of HCOOH. 

In chapter 3, I developed an efficient catalyst for a photocatalytic HCOOH/CO2 cycle 

by metal ion substitution in a pentanuclear scaffold. I synthesized a pentanuclear copper 

complex (Cu5) and investigated its photocatalytic activity for HCOOH dehydrogenation 

and CO2 reduction. I demonstrated that Cu5 catalyzes both the HCOOH dehydrogenation 

reaction and CO2 reduction with higher activity than Co5. 

 

Collectively, the results in this thesis have shown that pentanuclear metal complex 

based catalysts construct an unconventional CO2/HCOOH cycle composed of two-

electron CO2 reduction and HCOOH dehydrogenation. The use of multinuclear metal 

complexes with multielectron transfer and bond formation/cleavage ability is one of the 

strategies to develop catalysts for CO2 utilization. Metal ion substitution in a multinuclear 

metal scaffold is also a significant strategy to develop catalysts. I believe that these results 

should facilitate the development of a variety of multinuclear-metal-based catalysts for 

sustainable CO2 utilization. 
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