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Abstract 

 The goal of this doctoral work was to establish a system of CO2 utilization 

with visible light energy using biocatalysts. Although many groups have reported 

visible-light-driven CO2 utilization systems, most of these involve CO2 reduction 

to CO, formate, and methanol by using a metal, complex, and biocatalyst. Several 

studies on carbon–carbon (C–C) bond formation from CO2 and organic compounds 

were reported. However, there are few studies on C–H bond activation and C–C 

bond formation from CO2. Furthermore, for biocatalytic CO2 utilization, most 

researchers used ferredoxin-NAD(P)+ reductase and rhodium (Rh) complexes for 

NADH regeneration and focused on the development of photosensitizers to 

improve NAD+ reduction activity. To address this issue, two approaches for CO2 

utilization with visible light energy are proposed in this thesis. First, a novel system 

not based on the NAD+/NADH redox system is suggested. In addition, a novel type 

of catalyst for NADH regeneration, a Rh colloidal catalyst, is reported. 

 This dissertation consists of five chapter. Chapter 1 introduces CO2 

utilization, the conventional CO2 utilization system using visible light energy, and 

the scope and outline of this study. In chapter 2, a photoredox system for enzymatic 

CO2 fixation using a viologen derivative (PV) as an artificial coenzyme was 

developed. A novel and simple coenzyme for malic enzyme (ME) was designed 

and developed. By using this coenzyme, a visible-light-driven C–C bond formation 

system with ME was developed. In addition, the function of multi-electron-reduced 

viologen (PV0) in C–C bond formation was clarified. PV0 derivatives act as a base 

and were involved in oxaloacetate production via C–H bond activation and 

carboxylation of pyruvate by CO2. In addition, the kinetic parameters of 

oxaloacetate production based on forming a C–C bond of a coupling pyruvate and 

CO2 with PV0 and ME were determined upon analysis of the enzymatic kinetics.  

 In Chapter 3, the regioselective NAD+ reduction to enzymatically active 

NADH was accomplished using a system comprising photosensitizer and 

homogeneously polymer-dispersed Rh nanoparticles. The catalytic activity of 

homogeneous Rh nanoparticles for NADH regeneration was demonstrated for the 
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first time. The reduction product of NAD+ was solely 1,4-NADH, which was 

validated using HPLC and an enzymatic assay. NADH regeneration mechanisms 

were also proposed.  

 In Chapter 4, by using the proposed visible-light-driven NADH 

regeneration system, photochemical conversion using visible light was successfully 

achieved. As models of enantioselective synthesis, L-lactate-dehydrogenase-

catalyzed pyruvate reduction to L-lactate and 3-hydroxybutyrate-dehydrogenase-

catalyzed acetoacetate reduction to D-3-hydroxybutyrate were attempted. As a 

model of C–C bond formation with CO2 based on C–H bond activation, NAD+-

dependent ME catalyzed pyruvate carboxylation with CO2, and subsequent 

reduction to L-malate was performed using visible light energy. This work provides 

a platform for using Rh nanoparticles as highly efficient homogeneous catalysts for 

regioselective NADH regeneration, which is central to biological solar energy 

conversion, energy storage, and artificial photosynthesis. 

 In Chapter 5, the research carried out during my doctoral studies is 

summarized. In addition, the prospects of the proposed visible-light-driven 

molecular conversion system are discussed.



  iii 

Table of contents 

Abstract .................................................................................................................... i 

Table of contents .................................................................................................. iii 

List of Abbreviations........................................................................................... vii 

List of Figures, Tables and Schemes .................................................................... ix 

Chapter 1 General introduction ........................................................................... 1 

1.1 CO2 utilization ................................................................................................ 2 

1.1.1 Social background .................................................................................... 2 

1.1.2 Concept for CO2 utilization with visible light energy ............................. 2 

1.1.3 Biocatalysts for CO2 utilization ............................................................... 4 

1.2 Visible-light-driven CO2 utilization system based on C-H bond activation and 

C–C bond formation ............................................................................................. 8 

1.2.1 Photocatalytic dye and molecular catalyst hybrid system ....................... 8 

1.2.2 Photocatalytic dye and biocatalyst hybrid system ................................... 9 

1.3 Scope and outline of the dissertation ............................................................ 12 

1.4 References .................................................................................................... 14 

Chapter 2 Photoredox system for enzymatic CO2 fixation using a viologen 

derivative as an artificial coenzyme ................................................................... 23 

2.1 Introduction .................................................................................................. 24 

2.2 Experimental ................................................................................................ 27 

2.2.1 Materials ................................................................................................ 27 

2.2.2 Preparation of water-soluble diphenylviologen derivaives .................... 28 

2.2.3 Fluorescence quenching behavior of ZnTPPS by PV derivatives ......... 29 

2.2.4 Reduction potential measurement of PV derivatives ............................. 29 

2.2.5 Spectroscopic properties of the reduced form of water-soluble PV 



  iv 

derivatives ....................................................................................................... 30 

2.2.6 Photoreduction of PV derivatives by photosensitization of ZnTPPS .... 30 

2.2.7 Photoinduced malate production from CO2 and pyruvate with ME and PV 

derivatives ....................................................................................................... 31 

2.2.8 Function of PV derivative for the malate oxidation with ME ............... 32 

2.2.9 Function of multi-electron reduced PV derivative for the oxaloacetate 

production with ME in the presence of pyruvate and bicarbonate ................. 32 

2.2.10 Oxaloacetate production using 1-methyl-4,4-bipyridiniumu salt with 

ME in the presence of pyruvate and bicarbonate ............................................ 33 

2.3 Results and Discussion ................................................................................. 34 

2.3.1 Synthesis of 1,1’-bis(p-carboxyphenyl)-4,4’-bipyridinium dichloride 

(PCV) and ZnTPPS ......................................................................................... 34 

2.3.2 Fluorescence quenching behavior of ZnTPPS by PV derivatives ......... 35 

2.3.3 Reduction potentials for PV derivatives ................................................ 39 

2.3.4 Spectroscopic properties of the reduced form of water-soluble PV 

derivatives ....................................................................................................... 40 

2.3.5 Photoreduction of PV derivatives with visible-light sensitization of 

ZnTPPS ........................................................................................................... 42 

2.3.6 Visible-light-induced malate production from CO2 and pyruvate with 

ZnTPPS, PV derivatives, and ME................................................................... 46 

2.3.7 Function of the PV derivative for the malate oxidation with ME.......... 50 

2.3.8 Function of multi-electron reduced PV derivative for the oxaloacetate 

production with ME in the presence of pyruvate and bicarbonate ................. 51 

2.3.9 Oxaloacetate production using 1-methyl-4,4-bipyridiniumu salt with ME 

in the presence of pyruvate and bicarbonate ................................................... 55 

2.4 Conclusion .................................................................................................... 57 

2.5 References .................................................................................................... 58 

Chapter 3 Visible-light-driven selective NADH regeneration  using a system 

of photosensitizer and  homogeneously polymer-dispersed metal 



  v 

nanoparticles ........................................................................................................ 66 

3.1 Introduction .................................................................................................. 67 

3.2 Experimental ................................................................................................ 70 

3.2.1 Materials ................................................................................................ 70 

3.2.2 Transmission electron microscopy (TEM) measurement ...................... 70 

3.2.3 Visible-light-driven NAD+ reduction ..................................................... 71 

3.2.4 Determination of the regenerated NADH by HPLC .............................. 71 

3.2.5 Bioactivity assay of reduction product of NAD+ ................................... 71 

3.2.6 Fluorescence quenching behavior of ZnTPPS by Rh-PVP and NAD+ .. 72 

3.2.7 Measurement of H2 production with Rh-PVP ....................................... 72 

3.2.8 Visible-light-driven pyruvate reduction through NADH regeneration .. 72 

3.3 Results and Discussion ................................................................................. 74 

3.3.1 Characterization of Rh-PVP .................................................................. 74 

3.3.2 Visible-light-driven NAD+ reduction using a ZnTPPS in the presence and 

absence of Rh-PVP ......................................................................................... 75 

3.3.3 Determination of the reduction product of NAD+ using HPLC ............ 78 

3.3.4 Bioactivity assay of reduction product of NAD+ ................................... 80 

3.3.5 The analysis of quenching behavior of ZnTPPS.................................... 83 

3.3.6 Visible-light-driven pyruvate reduction through NADH regeneration .. 86 

3.3.7 Proposed mechanism for regioselective NAD+ reduction with Rh-PVP

 ........................................................................................................................ 90 

3.4 Conclusion .................................................................................................... 92 

3.5 References .................................................................................................... 93 

Chapter 4 Application of visible-ight-driven NADH regeneration system to 

enzymatic reactions .............................................................................................. 99 

4.1 Introduction ................................................................................................ 100 

4.2 Experimental .............................................................................................. 102 

4.2.1 Materials .............................................................................................. 102 



  vi 

4.2.2 Synthesis of [Cp*Rh(bpy)(H2O)]2+...................................................... 103 

4.2.3 Visible-light-driven NAD+ reduction ................................................... 103 

4.2.4 Photochemical NAD+ reduction using TiO2 as a photosensitizer ........ 104 

4.2.5 Irradiation wavelength dependence of NADH regeneration ............... 104 

4.2.6 Photochemical conversion using the NADH regeneration system and 

enzyme .......................................................................................................... 105 

4.2.7 Effect of the divalent or trivalent metal ion on MDH .......................... 107 

4.3 Results and discussion ................................................................................ 108 

4.3.1 Optimization of a NADH regeneration system consisting of an electron 

donor, ZnTPPS, and Rh-PVP ........................................................................ 108 

4.3.2 Comparison of Rh-PVP and [Cp*Rh(bpy)(H2O)]2+ in photochemical 

NADH regeneration ...................................................................................... 114 

4.3.3 Irradiation wavelength dependence of NADH regeneration ............... 117 

4.3.4 Photochemical conversion using the combined NADH regeneration 

system and enzyme ....................................................................................... 118 

4.3.5 Effect of the divalent or trivalent metal ion on ME ............................. 123 

4.4 Conclusion .................................................................................................. 128 

4.5 References .................................................................................................. 129 

Chapter 5 Conclusion ........................................................................................ 131 

5.1 Summary .................................................................................................... 132 

5.2 Prospects ..................................................................................................... 133 

5.3 References .................................................................................................. 135 

Acknowledgements ............................................................................................ 136 

List of the author’s works ................................................................................. 139 



  vii 

List of Abbreviations 

 

Materials  

MV : methylviologen, 1,1’-dimethyl-4,4’bipyridinium salt 

MVred : single-electron reduced MV 

PV : diphenylviologen, 1,1'-diphenyl-4,4'-bipyridinium salt 

PV•+ : single-electron reduced PV 

PV0 :  double-electron reduced PV 

PSV : 1,1’-bis(p-sulfonatophenyl)-4,4’-bipyridinium salt  

PSV•+ : single-electron reduced PSV 

PSV0 : double-electron reduced PSV 

PCV : 1,1’-bis(p-carboxyphenyl)-4,4’-bipyridinium salt 

PCV•+ : single-electron reduced PCV 

PSV0 : double-electron reduced PCV 

DNP : 1,1’-bis(2,4-dinitrophenyl)-4,4’-bipyridinium salt 

TEOA : Triethanolamine 

H2TPPS : Tetraphenylporphine tetrasulfonate 

ZnTPPS : Zinc tetraphenylporphine tetrasulfonate 

Bis-tris : bis(2-hydroxyethyl)iminotris(hydroxymethyl)methane 

HEPES : 2-[4-(2-hydroxyethyl)-1-piperazinyl] ethanesulfonic acid 

NAD+ : nicotinamide adenine dinucleotide (Oxidized form) 

NADH : nicotinamide adenine dinucleotide (Reduced form) 

NADP+ : nicotinamide adenine dinucleotide phosphate (Oxidized form) 

NADPH : nicotinamide adenine dinucleotide phosphate (Reduced form) 

PVP : polyvinylpyrrolidone 

[Cp*RhCl2]2 : (pentamethylcyclopentadienyl)rhodium(III) dichloride dimer 

[Cp*Rh(bpy)(H2O)]2+ : pentamethylcyclopentadienyl rhodium bipyridine  

 

Enzymes 

CODH : carbon monoxide dehydrogenase 



  viii 

FDH : formate dehydrogenase 

AldDH : aldehyde dehydrogenase  

ADH : alcohol dehydrogenase 

ME : malate dehydrogenase (oxaloacetate-decarboxylating) (NADP+) 

MDH : malate dehydrogenase (oxaloacetate-decarboxylating) (NAD+) 

HBDH : 3-hydroxybutyrate dehydrogenase 

LDH : L-lactate dehydrogenase 

6-PGDH : 6-Phosphogluconate dehydrogenase 

 

Measuring Equipment 

TEM : transmission electron microscope 

HPLC : high-performance liquid chromatography 

UV–Vis : ultraviolet–visible 

CV : cyclic voltammetry 

NMR : nuclear magnetic resonance 

 

Others 

EC number : Enzyme Commission number 

 
 
 



  ix 

List of Figures, Tables and Schemes 

  

Fig. 1-1. The concept of the light-driven carboxylation of organic molecule with 

CO2 using the system of a photofunctional dye, an electron mediator, and a catalyst. 

Fig. 1-2. Reaction mechanism for the carboxylation of pyruvate with CO2 to 

produce malate with ME 

Fig. 1-3. Light-driven the carboxylation of benzylic C(sp3)-H with CO2 using the 

system without base. 

Fig. 1-4. Visible-light-driven carboxylation at remote C(sp3)-H sites by merging 

[Ni(Me- phen)]2+ and photoredox catalysis. 

Fig. 1-5. Visible-light-driven carboxylation of benzylic C(sp3)-H bonds with CO2 

using benzonitrile derivative 4-CzIPN as a catalyst. 

Scheme 1-1. Visible-light-driven malate production system consisted of 2-

mercaptoethanol, [Ru(bpy)3]2+, MV, FNR, NADP+, ME, HCO3– and pyruvic acid. 

Scheme 1-2. Visible-light-driven isocitrate production system consisted of DL- 

dithiothreitol, [Ru(bpy)3]2+, MV, FNR, NADP+, IDH, HCO3– and α-oxoglutarate. 

Fig. 2-1. Malate production from CO2 and pyruvate via oxaloacetate as an 

intermediate. 

Fig. 2-2. Chemical structures of 4,4’-bipyridinium derivatives. 

Scheme 2-1. Visible-light-induced malate production from pyruvate and CO2 via 

oxaloacetate with the system consisted of an electron donor (ED), a photosensitizer 

(PS), MV, ferredoxin-NADP+ reductase (FNR), NADP+ and ME (System 1), and 

the simplified system using an electron mediator PV (System 2). 

Scheme 2-2. Synthesis root of zinc tetraphenylporphyrin tetrasulfonate (ZnTPPS). 

Scheme 2-3. Synthesis scheme of 1,1’-bis(p-sulfonatophenyl)-4,4’-bipyridinium 

dichloride (PSV).  

Scheme 2-4. Synthesis scheme of 1,1’-bis(p-carboxyphenyl)-4,4’-bipyridinium 

dichloride (PCV). 

Fig. 2-3. Outline of steady state irradiation system. 
Fig. 2-4. The chemical structure of 1-methyl-4,4’-bipyridinium iodide. 



  x 

Fig. 2-5. 1H-NMR spectrum of PCV in D2O.  

Fig. 2-6. Absorption spectra of H2TPPS and ZnTPPS in 10 mM Bis-tris buffer (pH 

7.4). H2TPPS (―, orange), ZnTPPS (―, blue). 

Fig. 2-7. Fluorescence spectral changes of ZnTPPS with addition of PV. The 

sample solution contained ZnTPPS (0.5 µM) and PV in Bis-tris buffer (pH 7.4). 

The excitation wavelength was 422 nm. 

Fig. 2-8. Fluorescence spectral changes of ZnTPPS with addition of PSV. The 

sample solution contained ZnTPPS (0.5 µM) and PSV in Bis-tris buffer (pH 7.4). 

The excitation wavelength was 422 nm.  

Fig. 2-9. Fluorescence spectral changes of ZnTPPS with addition of MV. The 

sample solution contained ZnTPPS (0.5 μM) and MV in Bis-tris buffer (pH 7.4). 

The excitation wavelength was 422 nm. 

Fig. 2-10. Stern-Volmer plot for the fluorescence quenching of ZnTPPS by PV2+ 

(●), MV2+ (■). The excitation and fluorescence wavelengths were 422 and 606 nm, 

respectively. 

Table 2-1. Reduction potentials of 4,4’-BPs. (vs Ag/AgCl, 0.2 M KCl) 

Fig. :-;;. UV-Vis absorption spectra of single-electron reduced PSV (PSV•+, 

orange) and double-electron reduced PSV (PSV', green). 

Fig. 2-12. UV-Vis absorption spectra of single-electron reduced PCV (PCV• +, 

orange) and double-electron reduced PCV (PCV0, green). 

Fig. 2-13. Difference UV-Vis absorption spectral changes of the sample solution 

containing TEOA, ZnTPPS, and PV in Bis-tris buffer (pH 7.4) with visible-light 

irradiation time at 30 ℃. 

Fig. 2-14. Difference UV-Vis absorption spectral changes of the sample solution 

containing TEOA, ZnTPPS, and PSV in Bis-tris buffer (pH 7.4) with visible-light 

irradiation time at 30 ºC. 
Fig. 2-15. Difference UV-Vis absorption spectral changes of the sample solution 
containing TEOA, ZnTPPS, and PCV in Bis-tris buffer (pH 7.4) with visible-light  
irradiation time at 30 ºC. 
Fig. 2-16. The potential diagram of ZnTPPS and PV derivatives. 



  xi 

Fig. 2-17. Time dependence of visible-light-induced oxaloacetate (■) and malate 

(●) production in the solution containing TEOA, H2TPPS, PV2+, ME, pyruvate, and 

Mg2+ in a CO2 saturated Bis-tris buffer (pH 7.4).  

Fig. 2-18. Time dependence of visible-light-induced oxaloacetate (■) and malate 

(●) production in the solution containing TEOA, H2TPPS, PSV2+, ME, pyruvate, 

and Mg2+ in a CO2 saturated Bis-tris buffer (pH 7.4).  

Fig. :-;<. Proposed mechanism for malate production from pyruvate and CO* with 

ME and multi-electron reduced PSV. 
Fig. 2-20. The time dependence of the PCV·+ (◆), PCV0 (×) and NADPH (●) 
production. The sample solution including PCV2+ or NADP+, malate and malic 
enzyme (0.95 μM; 4 U) in HEPES-NaOH buffer (pH 7.4). 
Fig. 2-21. Relationship between the concentration of PCV0 and the initial rate (v0) 

of oxaloacetate production. 

Table 2-2. Kinetic parameters for the reaction of introducing CO2 to pyruvate with 

PCV0 and ME. 
Fig. 2-22. Proposed reaction mechanism for oxaloacetate production from pyruvate 
and CO2 in ME. 
Fig. 2-23. Time dependence of oxaloacetate in the solution containing 1-methyl-

4,4’-bipyridinium salt, ME, pyruvate and Mg2+ in HEPES-NaOH buffer (pH 7.4). 

Fig. 3-1. Plausible intermediates and ‘enzymatically active/inactive’ NAD(P)H 

isomers to be formed during the reduction of NAD+. 

Scheme 3-1. The diagram of visible-light-driven NADH regeneration with the 

system consisted of TEOA an electron donor, ZnTPPS as a photosensitizer, Rh-

PVP as a catalyst and NAD+. 

Fig. 3-2. Transmission electron microscopy (TEM) images of Rh-PVP.  

Fig. 3-3. UV-Vis absorption spectra of Rh-PVP in HEPES-NaOH (pH 7.4) buffer. 

Fig. 3-4. UV-Vis absorption spectral changes during the reduction process with 

UV-Vis spectroscopy and enzymatic assay. (a) Different UV-Vis absorption 

spectral changes of sample solution including TEOA, ZnTPPS, Rh-PVP, and NAD+ 

with visible-light irradiation time. Baseline is HEPES-NaOH buffer. (b) Baseline 

was recorded befor irradiation. (c) Different UV-Vis absorption spectral changes of 



  xii 

after enzymatic assay. A sample solution contained TEOA (0.1 M), ZnTPPS (9.5 

μM), Rh-PVP (125 μM), LDH (2 U), and pyruvate (2 mM). 

Fig. 3-5. UV-Vis absorption spectral changes during the reduction process with 

UV-Vis spectroscopy and enzymatic assay. (a) Different UV-Vis absorption 

spectral changes of sample solution including TEOA, ZnTPPS, and NAD+ with 

visible-light irradiation time. Baseline is HEPES-NaOH buffer. (b) Baseline was 

recorded before irradiation. (c) Different UV-Vis absorption spectral changes of 

after enzymatic assay. A sample solution contained TEOA (0.1 M), ZnTPPS (9.5 

μM), LDH (2 U), and pyruvate (2 mM). 

Fig. 3-6. The gas chromatogram of H2 gas and Air (a), and analysis of the gas phase 

in the system of TEOA, ZnTPPS, and Rh-PVP after 3 h irradiation (b). 

Fig. 3-7. Analytical HPLC chromatograms. (a) After the reduction of NAD+ with 

sodium borohydride. (b) Visible-light-driven NAD+ reduction with the system 

including TEOA, ZnTPPS, Rh-PVP, and NAD+. (c) Enzymatic assay for visible-

light-driven NAD+ reduction after 300 min irradiation. A sample solution contained 

TEOA (0.1 M), ZnTPPS (9.5 μM), Rh-PVP (125 μM), pyruvate (2 mM) and LDH 

(2 U, ― or 0 U, ―). 

Fig. 3-8. Difference UV-Vis absorption spectral changes of before and after 

enzymatic assay. A sample solution contained TEOA (0.1 M), ZnTPPS (9.5 μM), 

Rh-PVP (125 μM), LDH (2 U), and pyruvate (2 mM). (a) 30 min irradiation, (b) 60 

min irradiation, (c) 180 min irradiation, (d) 300 min irradiation. 

Fig. 3-9. Time course of 1,4-NADH production with the system of TEOA, ZnTPPS, 

Rh-PVP, and NAD+ in HEPES-NaOH buffer under continuous irradiation. 

Fig. 3-10. Fluorescence spectral changes of ZnTPPS with Rh-PVP. 

Fig. 3-11. Modified Stern-Volmer plot for the fluorescence quenching of ZnTPPS 

by Rh-PVP. The excitation and fluorescence wavelength were 422 and 606 nm, 

respectively. 

Fig. 3-12. UV-Vis absorption spectral changes of ZnTPPS with addition of Rh-PVP. 

The sample solution contained ZnTPPS (1.0 µM) and Rh-PVP in HEPES-NaOH 

buffer (pH 7.4). 



  xiii 

Fig. 3-13. Fluorescence spectra of ZnTPPS (1.0 uM) in the presence and absence 

of NAD+ (250μM, ―red) in HEPES-NaOH buffer (pH 7.4). The excitation 

wavelength is 422 nm.  

Scheme 3-2. Visible-light-driven pyruvate reduction to lactate using a NADH 

regeneration system consisting of TEOA, ZnTPPS, Rh-PVP, NAD, LDH, and 

pyruvate. 

Fig. 3-14. Time course of lactate production with the system of TEOA, ZnTPPS, 

Rh-PVP, LDH, and pyruvate in HEPES-NaOH buffer under continuous irradiation. 

(●red) in the presence of NAD+, (●black) in the absence of NAD+. 

Fig. 3-15. The chromatogram for visible-light-driven pyruvate reduction with the 

system consisted of TEOA, ZnTPPS, Rh-PVP, NAD+, LDH and pyruvate.  

Fig. 3-16. The UV-Vis absorption spectral changes of the reaction mixture for 

visible-light-driven pyruvate reduction. The system consisted of TEOA, ZnTPPS, 

Rh-PVP, NAD+, LDH, and pyruvate. 

Fig. 3-17. The energy diagram for visible-light-driven pyruvate reduction with the 

system of TEOA, ZnTPPS. 

Fig. 3-18. Plausible mechanism of NADH regeneration using Rh-PVP by (a) 

hydride transfer or (b) adsorbed H/electron transfer.  

Fig. 4-1. Enzymatic reactions with the (a) L-lactate (LDH), (b) D-3-

hydroxybutyrate (HBDH), and (c) malate dehydrogenase (decarboxylating) (MDH). 

Scheme 4-1. Synthesis scheme of [Cp*Rh(bpy)(H2O)]2+. 

Fig. 4-2. Irradiance spectrum of halogen lamp.  

Fig. 4-3. The chemical structure of electron donors 

Fig. 4-4. The concentration of NADH after 300 min irradiation with different 

electron mediators. 

Fig. 4-5. Effect of the TEOA concentration on the NADH yield after 300 min 

irradiation 

Fig. 4-6. Effect on the ZnTPPS concentration on the NADH yield after 30 min 

irradiation. A sample solution consists of TEOA (200 mM), ZnTPPS, Rh-PVP (250 

μM), and NAD+ (1.0 mM) in pH 7.4 HEPES-NaOH buffer. 



  xiv 

Fig. 4-7. Effect on the Rh-PVP concentration on the NADH yield after 30 min 

irradiation. A sample solution contained TEOA (200 mM), ZnTPPS (19 μM), Rh-

PVP, and NAD+ (1.0 mM) in pH 7.4 HEPES-NaOH buffer. 

Fig. 4-8. Effect on the Rh-PVP concentration on the NADH yield after 180 min 

irradiation. A sample solution contained TEOA (200 mM), ZnTPPS (19 μM), Rh-

PVP, and NAD+ (1.0 mM) in pH 7.4 HEPES-NaOH buffer. 

Fig. 4-9. Effect on the ZnTPPS concentration on the NADH yield after 30 min 

irradiation. A sample solution contained TEOA (200 mM), ZnTPPS (2.3-37 μM), 

Rh-PVP (50 μM), and NAD+ (1.0 mM) in pH 7.4 HEPES-NaOH buffer. 

Fig. 4-10. Time dependence of concentration of NADH production with Rh-PVP 

or [Cp*Rh(bpy)(H2O)]2+. 

Fig. 4-11. The concentration of NADH or NAD dimer production and selectivity 

of NADH after 120 min irradiation with TiO2 as a photosensitizer under various 

catalysts. 

Fig. 4-12. Irradiation wavelength dependence of NADH regeneration. 

Scheme 4-2. Visible-light-driven pyruvate reduction to L-lactate using a NADH 

regeneration system including TEOA, ZnTPPS, Rh-PVP, NAD, LDH, and pyruvate. 

Fig. 4-13. Time course of L-lactate production with the system of TEOA, ZnTPPS, 

Rh-PVP, LDH, and pyruvate in HEPES-NaOH buffer (pH 7.4) under continuous 

irradiation. 

Fig. 4-14. (a) The chromatogram of HPLC of the sample solution including TEOA, 

ZnTPPS, Rh-PVP, NAD+, LDH, and pyruvate. (b) The chromatogram of standard 

sample of DL-lactate. 

Scheme 4-3. Visible-light-driven acetoacetate reduction to D-3-hydroxybutyrate 

using a NADH regeneration system including TEOA, ZnTPPS, Rh-PVP, NAD, 

HBDH, and acetoacetate. 

Fig. 4-15. Time course of D-3-hydroxybutyrate production with the system of 

TEOA, ZnTPPS, Rh-PVP, HBDH, and acetoacetate in HEPES-NaOH buffer (pH 

7.4) under continuous irradiation. 

Scheme 4-4. Visible-light-driven malate production using a NADH regeneration 

system including TEOA, ZnTPPS, Rh-PVP, NAD, MDH, pyruvate, and CO2. 



  xv 

Fig. 4-16. Time course of malate production with the system of TEOA, ZnTPPS, 

Rh-PVP, MDH, Mg2+, pyruvate, and CO2 in HEPES-NaOH buffer (pH 7.4) under 

continuous irradiation. 

Fig. 4-17. (a) The time dependence of NADP+ concentration in the ME-catalyzed 

carboxylation of pyruvate with CO2 to produce malate in the presence of NADPH 

under various metal ion addition. (b) The apparent rates for ME-catalyzed malate 

production with addition of various metal ions. 

Fig. 4-18. (a) The time dependence of NADPH concentration in the ME-catalyzed 

decarboxylation of malate into pyruvate and CO2 in the presence of NADP+ under 

various metal ion addition. (b) The initial apparent rates for ME-catalyzed malate 

production with addition of various metal ions.  

Fig. 4-19. The apparent rates for ME-catalyzed malate production (vmalate). The 

sample solution contained NADPH, pyruvate, bicarbonate, and ME in the presence 

of various concentrations of metal ions. 

Fig. 4-20. The relationship between the metal ion radius and the apparent intial rate 

for ME-catalyzed malate (vmalate) (a) and pyruvate (vpyruvate) (b) production. 

Fig. 5-1. Schematic representation for the approaches to recycling conversions of 

CO2 as alternatives to petrochemical methods 

 
 
 
 
 
 
 
 



 

 

 

 

 

 

Chapter 1  

 

General introduction 
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1.1 CO2 utilization 

1.1.1 Social background  

Greenhouse gases are chemical compounds that absorb and emit radiant 

energy within the thermal infrared range, thereby inducing the greenhouse effect on 

Earth. The rapid increase in atmospheric concentrations of the three main man-made 

greenhouse gases—CO2, methane, and nitrous oxide—is clear from the datasets for 

these gases over the last 400,000 years. Among these anthropogenic gases, CO2 is the 

most important and is primarily generated through the consumption of fossil fuels. 

Its concentration in the atmosphere has risen by more than 30% since the Industrial 

Revolution. Therefore, the development of technologies for drastic CO2 gas reduction 

is important for the future.1 With ambitious CO2 reduction targets set at the 21st 

Conference of the Parties to the Climate Change Convention (COP21) in 2015 (Paris 

Agreement),2 the CO2 utilization technologies including capture and conversion to 

resources and fuel are eagerly awaited for protection of the global environment. In 

2021, an emissions reduction plan to not exceed a temperature increase of 1.5 °C 

compared to pre-industrial levels was agreed upon at the United Nations Climate 

Change Conference (COP26) (Glasgow Climate Pact).3 CO2 is the most stable final 

oxide product from organic compounds. In order to reduce organic molecules or use 

CO2 as a feedstock for the synthesis of new organic molecules, it is necessary to input 

external energy such as electricity and sunlight in addition to the catalyst. Therefore, 

the production of hydrogen, low-carbon fuels, CO2-based alcohols, and so on using 

renewable energy such as solar energy is important to mitigate global warming.  

 

1.1.2 Concept for CO2 utilization with visible light energy 

As in natural photosynthesis, solar energy is used as external energy, and 

CO2 can be converted into fuel and resources.4-10 In natural photosynthesis, CO2 is 

reduced with solar energy, the number of carbon atoms is expanded, and finally, 

glucose with six carbon atoms is produced, as shown in Eq. 1-1. 

6H2O + 6CO2 à C6H12O6 + 6O2 (Eq. 1-1) 



  - 3 - 

However, many previous studies that mimicked natural photosynthesis used visible 

light energy to reduce CO2 to carbon monoxide, formate, formaldehyde, and 

methanol.11- 16 Many researchers are currently developing systems using organic dye 

molecules–catalysts, semiconductor photocatalysts, systems that directly use 

biomaterials, and hybrid catalyst systems that combine these systems. With its single 

carbon atom, CO2 can be multi-electron-reduced with multiple protons; only 

molecules with a single carbon atom are produced in these systems. On the other hand, 

natural photosynthesis can fix CO2, expand its carbon number, and produce glucose 

with six carbon atoms. In developing CO2 conversion into various valuable materials 

using solar energy as a practical technology, various organic-molecule syntheses that 

mimic natural photosynthesis are promising, especially those using CO2 as a resource.  

To establish this technology, an effective catalyst for the binding of CO2 to 

organic molecules is essential. In other words, a catalyst needs to be developed for 

activating the C–H bonds in organic molecules and promoting carbon–carbon (C–C) 

bond formation with CO2. The concept of light-driven C–H bond activation and 

building C–C bonds with CO2 using various catalysts is shown in Fig. 1-1. 

As shown in Fig. 1-1, an efficient electron-transfer process among 

photofunctional dyes (photocatalytic materials or molecular dyes), electron mediators 

(electron carrier or molecules coenzymes), and catalysts is an important factor in 

constructing the system for light-driven C–H bond activation and C–C bond 

formation with CO2. In the concept shown in Fig. 1-1, reduction of the electron 

mediator and radical formation by photosensitization of an organic dye, 

semiconductor photocatalyst, or coordination complex has been widely studied. 

Furthermore, research on light-driven hydrogen production and CO2 reduction by 

linking these photoredox systems with biocatalysts, molecular catalysts, or metal 

nanoparticles has been extensively reported. In order to construct the system shown 

in Fig. 1-1, it is important to choose a useful catalyst that can activate the C–H bond 

in organic molecules and promote C–C bond formation with CO2, which can be 

linked with the reduction of the electron mediator and radical formation utilizing the 

photosensitization of an organic dye, semiconductor photocatalyst, or coordination 

complex. In other words, by searching for and developing a catalyst for activating the 
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C–H bond in organic molecules and promoting C–C bond formation with CO2 that 

can be applied to the photoredox system, various light-driven CO2 utilization 

technologies using the system shown in Fig. 1-1 can be constructed. 

 

 

1.1.3 Biocatalysts for CO2 utilization  

Biocatalysts are biological systems or their parts used to catalyze chemical 

reactions. Natural catalysts, such as enzymes, perform chemical transformations of 

organic compounds in biocatalytic processes.�Enzymes have high catalytic activity 

and selectivity in ambient conditions. Therefore, they have been used in 

biodegradation reactions, pharmaceuticals, chemical syntheses, and so on.17 Enzymes 

are classified into six groups based on reaction specificity: oxidoreductases, 

transferases, hydrolases, lyases, isomerases, and ligases. Enzymes are known to 

catalyze more than 5000 types of biochemical reactions and have strict selectivity for 

substrates; they decrease the activation energy of a particular biochemical reaction, 

which is impossible to accomplish using molecular or solid catalysts. 

Biocatalysts for CO2 reduction and utilization are classified into two 

categories:  

 (i) CO2 reduction to CO or formate 

(ii) C–C bond formation from CO2 and an organic molecule to produce a 

carboxylic acid 

Biocatalysts with the function of CO2 reduction for light-driven redox systems 

include a set of enzymes that catalyze the oxidation of C1 materials such as formate 

and CO into CO2, donating the electrons to a second substrate, NAD(P)+. In addition, 

these biocatalysts, NAD(P)+-dependent dehydrogenases, catalyze the reverse 

e-Photofunctional dye
Visible light

Electron mediator Catalyst

Molecular dye 
Photocatalyst

Coenzyeme
Reductant

Electron carrier
Homogeneous catalyst

Biocatalyst

Molecular catalyst CO2

Product

Substrate

e-

Fig. 1-1. The concept of the light-driven carboxylation of organic molecule with 

CO2 using the system of a photofunctional dye, an electron mediator, and a catalyst. 
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reaction, donating the electrons to a second substrate, NAD(P)H. Carbon monoxide 

dehydrogenase (CODH)18-22 and formate dehydrogenase (FDH)23-25 catalyze CO2 

reduction to CO and formate, respectively. CO2 reduction to ethanol has been 

achieved by combining FDH, aldehyde dehydrogenase (AldDH),26–28 and alcohol 

dehydrogenase (ADH). 29–31  

Biocatalysts with the capability to utilize CO2 based on�C–H bond activation 

and C–C bond formation for light-driven redox systems are� classified into two 

categories: (i) an oxidoreductase used in the pentose–phosphate cycle,32–35 

tricarboxylic acid (TCA) cycle,36 and reductive TCA cycle37–39; and (ii) a carboxylase 

producing new C–C bonds by introducing HCO3– or CO2 into target organic 

molecules. The enzyme belonging to category (i) uses NAD(P)+ or NAD(P)H as a 

coenzyme and catalyzes the decarboxylation or carboxylation. A malic enzyme 

(ME)40–44 and isocitrate dehydrogenase (IDH)45–47 are typical biocatalysts for CO2 

utilization. 

The ME existing in mitochondria is also a useful enzyme that catalyzes the 

introduction of CO2 into an organic molecule. ME are classified into three types. 

(1) Malate dehydrogenase (oxaloacetate-decarboxylating) (MDH) (EC 

1.1.1.38)48,49 catalyzes the following reaction: 

(s)-malate + NAD+ ⇆ pyruvate + CO2 + NADH (Eq. 1-2) 

This enzyme belongs to the family of oxidoreductases and participates in pyruvate 

metabolism. 

(2) Malate dehydrogenase (decarboxylating) (EC 1.1.1.39)50–53 or NAD+-

malic enzyme (NAD+-ME) catalyzes the following reaction: 

(s)-malate + NAD+ � pyruvate + CO2 + NADH (Eq. 1-3) 

This enzyme participates in pyruvate metabolism and carbon fixation.  

(3) NADP+-malic enzyme (oxaloacetate-decarboxylating) (NADP+-ME) 

(EC 1.1.1.40)40–42,54,55 catalyzes the following reaction in the presence of a divalent 

metal ion: 

(s)-malate + NADP+ ⇆ pyruvate + CO2 + NADPH (Eq. 1-4) 

NADP+-ME, as with all other C4 decarboxylases, did not evolve de novo for CO2 

pooling to aid RuBisCO catalysis. Instead, NADP+-ME was directly transformed 
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from a C3 species during photosynthesis and can be traced to even earlier origins 

from an ancient cytosol. The typical reaction mechanism of ME involves catalysis of 

the carboxylation of pyruvate with CO2 to produce a malate in the presence of 

NAD(P)H, as shown in Fig. 1-2. 

IDH (NAD+, EC 1.1.1.41) and (NADP+, 1.1.1.42)56–63 catalyzes the 

oxidation of isocitrate to produce oxalosuccinate as an intermediate with reduction of 

NADP+ and decarboxylation of oxalosuccinate to produce 2-oxoglutarate (Eq. 1-5). 

Isocitrate + NAD(P)+ ⇆ 2-oxoglutarate + CO2 + NAD(P)H + H+ (Eq. 1-5) 

In the reverse reaction, an amino acid residue serving as a base in the IDH or an 

external base abstracts the hydrogen atom of 2-oxoglutarate, and then CO2 is bonded 

as a carboxyl group to form an intermediate oxalosuccinate, followed by reduction of 

the carbonyl group of oxalosuccinate by NADPH to produce an isocitrate. 

6-Phosphogluconate dehydrogenase (decarboxylating) (6-PGDH) (NAD+, 

EC 1.1.1.343) and NADP+ (EC 1.1.1.44) catalyzes the interconversion of 6-phospho-

D-gluconate and D-ribulose 5-phosphate with the NAD(P)+/NAD(P)H redox couple 

in the pentose phosphate pathway.64–68 6-PGDH catalyzes the carboxylation of D-

ribulose 5-phosphate with CO2 to produce a 6-phospho-D-gluconate-assisted 

NAD(P)+/NAD(P)H redox couple (Eq. 1-6). 

6-phospho-D-gluconate + NAD(P)+  

       � 6-phospho-2-dehydro-D-gluconate + NAD(P)H + H+ (eq. 1-6) 

Acetone carboxylase (EC 6.4.1.6) is an enzyme that catalyzes the reaction 

of CO2 with acetone to produce acetoacetate using ATP as a coenzyme.69 

Oxidoreductases have the potential to achieve the carboxylation of organic 

molecules with CO2 by using basic amino-acid residues in the enzyme or external 

bases and the redox couple NAD(P)+/NAD(P)H. Therefore, visible-light-driven CO2 

utilization based on C–C bond formation can be achieved by using the light-driven 

NAD(P)+ reduction system with these oxidoreductases.  
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Fig. 1-2. Reaction mechanism for the carboxylation of pyruvate with CO2 to produce 

malate with ME. 
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1.2 Visible-light-driven CO2 utilization system based on C-H bond 

activation and C–C bond formation 

1.2.1 Photocatalytic dye and molecular catalyst hybrid system 

Visible-light-driven C–C bond formation with CO2 and organic compounds 

using molecular catalysts have been described. Light-driven CO2 fixation was 

reported as early as 1975.70 The first example in a non-biological system was the 

conversion of phenanthrene to 9,10-dihydrophenanthrene-9-carboxylic acid using 

UV irradiation in the presence of various amines and CO2 in dimethylformamide 

(DMF) or dimethyl sulfoxide (DMSO) solution.70 Afterward, many efforts have been 

devoted to building C–C bonds with CO2 by using visible-light irradiation as a driving 

force.71,72 Although much progress has been made in the field of C(sp2)–H bond 

functionalization with CO2, the direct carboxylation of inactive C(sp3)–H remains a 

challenge. Therefore, C(sp3)–H bond activation and C–C bond formation with CO2 

using visible light energy is a popular research target.  

Recently, the first carboxylation based on C(sp3)–H bond activation and C–

C bond formation using o-alkylphenyl ketones and CO2 with UV light or sunlight to 

generate the corresponding o-acylphenylacetic acids was reported (Fig. 1-3).73 

Site-selective and remote C(sp3)-H carboxylation enabled by the merging of 

photoredox and nickel (Ni) catalysis has been reported.74 The visible-light-driven 

carboxylation of alkyl halides with CO2 at remote C(sp3)-H sites using photoredox 

and Ni catalysts is shown in Fig. 1-4.�A protocol based on a Ni–phenanthroline 

complex, organic photocatalyst (1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene; 

4-CzIPN), K2CO3, and dimethyl 1,4-dihydro-2,6-dimethyl-3,5-pyridine-

dicarboxylate (or Hantzsch ester; HEH) as the terminal reductant provided good 

results.75  

Very recently, a breakthrough for visible-light-driven C–H bond activation 

and C–C bond formation with CO2 has been achieved.76 The visible-light-driven 

direct carboxylation of benzylic C(sp3)-H bonds with CO2 to prepare 2-arylpropionic 

acids by using a catalytic amount of photosensitizer and hydrogen-atom-transfer 
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catalyst was reported for the first time (Fig.1-5). 4-CzIPN is a catalyst for the direct 

carboxylation of the benzylic C(sp3)-H bond.77–80 

 

Fig. 1-3. Light-driven the carboxylation of benzylic C(sp3)-H with CO2 using the 

system without base. 

 

Fig. 1-4. Visible-light-driven carboxylation at remote C(sp3)-H sites by merging 

[Ni(Me- phen)]2+ and photoredox catalysis. 

 

Fig. 1-5. Visible-light-driven carboxylation of benzylic C(sp3)-H bonds with CO2 

using benzonitrile derivative 4-CzIPN as a catalyst. 

 

1.2.2 Photocatalytic dye and biocatalyst hybrid system 

As mentioned in Chapter 1.1.3, ME and IDH are attractive biocatalysts for 

C–H bond activation and C–C bond formation with CO2 and an organic molecule. 

For the C–C bond formation to proceed for ME or IDH, NAD(P)H is needed. 

Therefore, to construct the photoredox system with these biocatalysts, a redox cycle 
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of NAD(P)+ to NAD(P)H is necessary. In simple terms, NAD(P)+ is reduced directly 

with a photocatalytic dye such as a tris(bypyridine)ruthenium(II) ([Ru(bpy)3]2+) or 

water-soluble porphyrin. Then, a single-electron-reduced NAD(P)+ forms and can 

undergo dimerization to a biologically inactive reduction product (4,4’- or 4,6-NAD 

dimer). Therefore, to produce NAD(P)H from NAD(P)+, a photoredox system with 

ferredoxin-NAD(P)+ reductase (FNR; EC 1.18.1.2) is developed. FNR catalyzes a 

reduction of NAD(P)+ to NADPH by coupling with ferredoxin, as shown in Eq. 1-5. 

2 reduced ferredoxin + NAD(P)+ + H+  

               � 2 oxidized ferredoxin + NAD(P)H (Eq. 1-5) 

FNR also catalyzes the reduction of NADP+ to NADPH by coupling with a 1,1’-

dimethyl-4,4’bipyridinium salt (methylviologen, MV) and single-electron-reduced 

MV (MVred), as shown in Eq. 1-6.81   

MVred + NADP+ + H+ � MV + NADPH (Eq. 1-6) 

A visible-light-driven redox system with ME using the FNR-catalyzed 

NAD(P)+ reduction to NAD(P)H as the electron was reported.82,83 In this case, the 

use of [Ru(bpy)3]2+, MV, FNR, and 2-mercaptoethanol results in malate production 

from HCO3– and pyruvic acid, as shown in Scheme 1-1. In this system, MVred does 

not act as a coenzyme for ME in malate production from CO2 and pyruvate. Thus, an 

NAD(P)+/NAD(P)H redox system with FNR is necessary for the system. Several 

groups reported ME-catalyzed malate production systems comprising a TiO2 

semiconductor,84 CdS photocatalyst,84 Zn chlorin-e6 (ZnChl-e6),85,86 and 

polyethylene-glycol-modified chlorophyll-a (PEG-Chl-a) 87 as a photosensitizer with 

an FNR-catalyzed NADP+/NADPH redox cycle. 

A successful CO2 fixation system for preparing isocitrate using IDH and the 

NADP+/NADPH redox cycle is shown in Scheme 1-2.82,83 This visible-light-driven 

redox system consists of DL-dithiothreitol (DTT) as an electron donor, [Ru(bpy)3]2+, 

MV, FNR, NADP+, IDH, HCO3–, and α-oxoglutarate. 
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Scheme 1-1. Visible-light-driven malate production system consisted of 2-

mercaptoethanol, [Ru(bpy)3]2+, MV, FNR, NADP+, ME, HCO3–, and pyruvic acid. 

 

 
Scheme 1-2. Visible-light-driven isocitrate production system consisted of DL- 

dithiothreitol, [Ru(bpy)3]2+, MV, FNR, NADP+, IDH, HCO3–, and α-oxoglutarate. 

 

 Light-driven C–H bond activation and C–C bond formation with CO2 using 

molecular catalysts is limited to unsaturated hydrocarbons, alkenes, alkynes, and 

aromatics as substrates. To date, several studies on the carboxylation of saturated 

hydrocarbons using a photoredox system with molecular catalysts have been reported, 

although these systems are limited to organic solvents. On the other hand, for 

photoredox systems with molecular catalysts, a high yield and selective carboxylation 

can be achieved using reaction-inert CO2 as a raw material.  

 In contrast, light-driven C–H bond activation and C–C bond formation with 

CO2 using biocatalysts has limited variety in terms of reaction substrates. However, 

the reaction can be accomplished in aqueous solvents. It is expected that the strict 

selectivity of biocatalytic reactions will be diversified depending on the structures 

and functions of various electron mediators as the coenzyme in light-driven C–H 

bond activation and C–C bond formation with CO2. 
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1.3 Scope and outline of the dissertation 

The goal of this doctoral work is to establish a system of CO2 utilization with 

visible light energy using biocatalysts.  

As mentioned earlier in this chapter, many groups have reported visible-

light-driven CO2 utilization systems. Most of these systems involve CO2 reduction to 

CO, formate, and methanol by using a metal, complex, and biocatalyst. Although 

some researchers have investigated C–C bond formation from CO2 and organic 

compounds, the number of studies exploring C–H bond activation and C–C bond 

formation is still low. For biocatalytic CO2 utilization, most researchers employed 

FNR and a Rh complex for NADH regeneration; however, their main focus was to 

develop a photosensitizer to improve NAD+ reduction activity. Here, a novel system 

that omits the NAD+/NADH redox system is suggested. In addition, a novel type of 

catalyst for NADH regeneration—an Rh colloidal catalyst—is reported. 

The dissertation is composed of five chapters. Chapter 1 introduces the 

concept of CO2 utilization, the conventional CO2 utilization system using visible light 

energy, and the scope and outline of this study. 

Chapter 2 describes the photoredox system for enzymatic CO2 fixation using 

a viologen derivative as an artificial coenzyme. A novel and simple coenzyme for 

ME was designed, developed and used in the visible-light-driven C–C bond 

formation system with ME. In addition, the function of viologen derivatives in the 

C–C formation mechanism was clarified. 

Chapter 3 describes the regioselective NAD+ reduction to NADH using a 

system composed of photosensitizer and homogeneously polymer-dispersed metal 

nanoparticles. The catalytic activity of homogeneous Rh nanoparticles for NADH 

regeneration was studied. 

Chapter 4 describes the photochemical conversion using a visible-light-

driven NADH regeneration system described in Section 3. By using this system, the 

enantioselective synthesis of L-lactate from pyruvate with lactate dehydrogenase and 

C–C bond formation from CO2 and pyruvate to produce L-malate with MDH, were 

successfully achieved. 
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In Chapter 5, my doctoral research is summarized, and the potential 

applications of the visible-light-driven molecular conversion system are discussed. 
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2.1 Introduction 

 Recently, several global environmental and resource issues such as global 

warming and depletion of fossil-fuel resources have come to the forefront.1 To solve 

these problems, technologies for solar-energy-based CO2 utilization, including 

artificial photosynthesis, have attracted considerable attention. As one of these 

technologies, a system of light-driven CO2 photoreduction to CO, formate, or 

methanol using a photosensitizer, electron mediator, and biocatalyst was 

developed.2–
 
26 In this system, the products were mainly C1 compounds. On the other 

hand, light-driven CO2 conversion to organic molecules has been actively 

investigated in green, sustainable chemistry. For example, upon C–H bond activation 

and C–C bond formation, CO2 bound to an organic molecule as a carboxy group 

produces carboxylic acid.27–35 In order to utilize CO2 as a carbon feedstock for the 

synthesis of organic molecules, effective catalysts for building C–C bonds are 

required. Of the various catalysts, biocatalysts are useful owing to their favorable 

catalytic activity in aqueous media at room temperature and pressure. Among the 

biocatalysts, malate dehydrogenase (oxaloacetate-decarboxylating, EC 1.1.1.40), 

commonly called malic enzyme (ME), is a talented catalyst for forming C–C bonds 

using CO2. ME catalyzes the incorporation of CO2 into pyruvate (C3 compound) as 

a carboxy group to produce malate (C4 compound) via the intermediate oxaloacetate 

(C4 compound) with the coenzyme NADPH, as shown in Fig. 2-1.36–38 

Several studies of visible-light-driven malate production from pyruvate and 

CO2 using a system composed of an electron donor (ED), photosensitizer (PS), 

methylviologen (MV, Fig. 2-2) as an electron mediator, ferredoxin-NADP+ reductase 

Pyruvate Oxaloacetate L-Malate

O

O

O

O O

O

O OH

O O

O

OO

+ 2H+ + 2e-+ CO2

Fig. 2-1. Malate production from CO2 and pyruvate via oxaloacetate as an 

intermediate. 
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(FNR), NADP+, and ME, as shown in Scheme 2-1, have been reported.39–41 Although 

MV has been widely used as an electron mediator for formate (FDH), aldehyde 

(AldDH), and alcohol dehydrogenase (ADH), a single-electron-reduced MV (MV•) 

does not directly act as a coenzyme for ME. Therefore, to produce malate from 

pyruvate and CO2 with ME, NADPH (the reduced form of NADP+) is needed. This 

system is highly complex, necessitating simplification by using a simple electron 

mediator in place of NADP+ reduction with FNR. Even if reduction of NADP+ to 

NADPH with the photoredox system could be achieved, expensive biological 

reagents NADP+ and FNR are needed. Thus, it is necessary to ameliorate their usage 

and of NADP+/NADPH redox coupling. As long as redox coupling of 

NADP+/NADPH takes place, no change in the affinity between NADP+ or NADPH 

and ME is accomplished; thus, the catalytic activity of ME cannot be controlled in 

the photoredox system. Moreover, as NADPH acts as an electron donor and is 

consumed, the redox coupling of NADP+/NADPH is unsuitable for use in the 

photoredox system. More recently, we reported the potential of 1,1'-diphenyl-4,4'-

bipyridinium (diphenylviologen, PV), as shown Fig. 2-2 (b), to act as an electron 

mediator for ME, instead of NADPH.42 

In this chapter, the construction of a photoredox system for enzymatic CO2 

fixation using a viologen derivative as an artificial coenzyme is described. First, 

water-soluble PV derivatives, 1,1'-bis(p-sulfonatophenyl)-4,4'-bipyridinium salt 

(PSV; Fig. 2-2 (c)) and 1,1'-bis(p-carboxyphenyl)-4,4'-bipyridinium salt (PCV; Fig. 

2-2 (d)), were synthesized. Next, their chemical and photoredox properties were 

investigated. In addition, PV and PSV were applied to visible-light-induced malate 

production from CO2 and pyruvate by using the system with ME (Scheme 2-1). 

Elucidation of the carboxylation process is essential for developing novel processes 

of the light-driven formation of C–C bonds from CO2 as a chemical feedstock. 

Kinetic analyses can assist in achieving this goal by revealing the kinetic parameters 

of enzymatic pyruvate carboxylation by CO2 with ME and PV. The kinetic 

parameters of the reaction of CO2 with pyruvate using the double-electron-reduced 

water-soluble PV derivative PCV (PCV0) along with ME were determined by 

enzymatic kinetic analysis. 
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Fig. 2-2. Chemical structures of 4,4’-bipyridinium derivatives. 

H3C N N CH3

N N

N N COOHHOOC

N N SO3
--O3S

1,1’-Dimethyl-4,4’-bipyridiniumu (MV)

1,1’-Diphenyl-4,4’-bipyridiniumu (PV)

1,1’-Bis(p-sulfonatophenyl)-4,4’-bipyridiniumu (PSV)

1,1’-Bis(p-carboxyphenyl)-4,4’-bipyridiniumu (PCV)

(a)

(b)

(c)

(d)

Scheme 2-1. Visible-light-induced malate production from pyruvate and CO2 via 

oxaloacetate with the system consisted of an electron donor (ED), a photosensitizer 

(PS), MV, ferredoxin-NADP+ reductase (FNR), NADP+ and ME (System 1), and 

the simplified system using an electron mediator PV (System 2).�  
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2.2 Experimental 

2.2.1 Materials 

Tetraphenylporphyrin tetrasulfonate (H2TPPS) was purchased from Dojindo 

Laboratories (Kumamoto, Japan). Triethanolamine (TEOA), zinc acetate dihydrate, 

and methanol, acetonitrile, sodium sulfanilate dihydrate, and sodium hydrosulfite 

were purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). 

4,4'-Bipyridyl, 1-chloro-2,4-dinitrobenzene, 1,1’-bis(2,4-dinitrophenyl)-4,4’-

bipyridinium dichloride, PV, and MV were obtained from Tokyo Chemical Industry 

Co., Ltd. (Tokyo, Japan). 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES) was purchased from NACALAI TESQUE, INC. (Kyoto, Japan). ME 

derived from chicken liver (EC 1.1.1.40) was obtained from Sigma-Aldrich Co. LLC. 

The oxidized form of β-nicotinamide adenine dinucleotide (NAD+) was purchased 

from Oriental Yeast Co., Ltd. (Tokyo, Japan). All other materials were of analytical 

grade or the highest grade available and used as received without further purification. 

Ar gas of ultrahigh purity (≧99.9999 %, Grade 1) was supplied by TAIYO NIPPON 

SANSO CORPORATION (Toyko, Japan). Water was purified using a Milli-Q 

purification system (18.2 M Ω cm @ 25 °C).  

Zinc tetraphenylporphyrin tetrasulfonate (ZnTPPS) was synthesized by 

refluxing H2TPPS with about three times the molar equivalent of zinc acetate 

dihydrate in 150 mL of methanol at 50 ℃ for 3 h according to the previously reported 

method, as shown in Scheme 2-2.43,44 

 

Scheme 2-2. Synthesis root of zinc tetraphenylporphyrin tetrasulfonate (ZnTPPS). 

in CH3OH, 
50 ºC for 3 h

(CH2COO)2Zn·2H2O
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2.2.2 Preparation of water-soluble diphenylviologen derivaives 

1,1,’-Bis(p-sulfonatophenyl)-4,4’-bipyridinium dichloride (PSV) 

The synthesis route of PSV is summarized in Scheme 2-3. First, 1,1’-bis(2,4-

dinitrophenyl)-4,4’-bipyridinium dichloride was synthesized according to a 

published procedure.45 4,4’-Bipyridyl (1.6 g, 10 mmol) and 1-chloro-2,4-

dinitrobenzene (7.1 g, 35 mmol) were dissolved in anhydrous acetonitrile (30 mL), 

and the solution was stirred at 90 °C for 72 h under reflux. After cooling to room 

temperature, the mixture was diluted with acetonitrile and filtered to obtain a yellow-

white solid, which was dried under vacuum overnight. Next, PSV was synthesized 

according to the previously reported method46,47 with modifications, as follows. 1,1’-

Bis(2,4-dinitrophenyl)-4,4’-bipyridinium dichloride (1.1 g, 2.0 mmol) was dissolved 

in distilled water (40 mL), and a solution of sodium sulfanilate dihydrate (2.1 g, 9.0 

mmol) in distilled water (50 mL) was added dropwise. The mixture was stirred at 

20 °C for 24 hours and refluxed at 80 °C for 48 h. The red solution was evaporated 

to obtain a dark red solid (PSV). 

 

 

1,1'-Bis(p-carboxyphenyl)-4,4'-bipyridinium dichloride (PCV) 

The synthesis route of PCV is summarized in Scheme 2-4. The following 

procedure was carried out.46-48 1,1’-Bis(2,4-dinitrophenyl)-4,4’-bipyridinium 

dichloride (1.1 g, 2.0 mmol) was dissolved in ethanol (40 mL), and a solution of 4-

Scheme 2-3. Synthesis scheme of 1,1’-bis(p-sulfonatophenyl)-4,4’-bipyridinium 

dichloride (PSV).  

1,1’-Bis(p-sulfonatophenyl)-4,4’-bipyridinium (PSV)

N N

Cl NO2

O2N
N NO2N

NO2

NO2

O2N

2Cl-

N N SO3--O3S

H2N SO3-Na+

2Cl- 2Na+

1,1’-Bis(2,4-dinitrophenyll)-4,4’-bipyridinium 4,4’-Bipyridyl

in H2O,
80 ℃ for 48 h

in CH3CN,
90 ℃ for 72 h
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aminobenzoic acid (2.3 g, 9.0 mmol) in ethanol (50 mL) was added dropwise. The 

mixture was refluxed at 80 °C and then cooled at room temperature. The red solution 

was evaporated to obtain PCV as a dark red solid.  

  

 

2.2.3 Fluorescence quenching behavior of ZnTPPS by PV 

derivatives 
Quenching of the photoexcited state of ZnTPPS by PV derivatives (PV and 

PSV) was investigated using steady-state fluorescence spectroscopy. The sample 

solution contained ZnTPPS (0.5 µM) and PV derivatives in 10 mM Bis-tris buffer 

(pH 7.4). The excitation wavelength was 422 nm owing to the Soret band of ZnTPPS. 

The fluorescence intensity of ZnTPPS in the presence of the PV derivative was 

measured using a fluorescence spectrophotometer (SHIMADZU, RF-5300PC). In 

addition, quenching of the photoexcited state of ZnTPPS by MV was analyzed as a 

reference.  

 

2.2.4 Reduction potential measurement of PV derivatives  

 To determine the electrochemical properties of the PV derivatives, their 

reduction potentials were measured using cyclic voltammetry (HOKUTO DENKO 

HZ-ãååå) with a glassy carbon electrode as the working electrode, platinum as the 

Scheme 2-4. Synthesis scheme of 1,1’-bis(p-carboxyphenyl)-4,4’-bipyridinium 

dichloride (PCV). 

1,1’-Bis(p-carboxyphenyl)-4,4’-bipyridinium (PCV)

in H2O,
80℃ for 48 h1,1’-Bis(2,4-dinitrophenyl)-4,4’-bipyridinium
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counter electrode, and Ag/AgCl as the reference electrode. The electrolyte solution 

was nitrogen-saturated å.ç M KCl solution. The scan rate was adjusted to éåå mV 

min–?. In addition, the reduction potentials of MV were also measured as a reference. 

 

2.2.5 Spectroscopic properties of the reduced form of water-

soluble PV derivatives 

The optical properties of single- and double-electron-reduced PSV (PSV•+ 

and PSV0) and PCV (PCV•+ and PCV0) were investigated by measuring the UV–Vis 

absorption spectra. The single- and double-electron-reduced form of the water-

soluble PV derivatives were prepared as follows. PSV or PCV solution was prepared 

using Bis-tris buffer (pH 7.4) in the cell, and 2 mM of sodium hydrosulfite was added 

to the sample solution. Then, double-electron-reduced PSV was produced and 

oxidized to single-electron-reduced PSV by oxygen. The single- and double-electron-

reduced forms of PSV and PCV were detected using UV–Vis absorption 

spectroscopy (SHIMADZU, MultiSpec-1500). 

 

2.2.6 Photoreduction of PV derivatives by photosensitization of 

ZnTPPS 
The sample solution contained TEOA (0.3 M), ZnTPPS (10 µM), and PV 

derivative (0.1 mM) in 5.0 mL of 10 mM Bis-tris buffer (pH 7.4). The sample solution 

was deaerated by repeating freeze–pump–thaw cycles six times and then irradiated 

with a 250 W halogen lamp (TOSHIBA) having a light intensity of 200 J m–2 s–1; 

wavelengths under 390 nm were blocked with a cut-off filter at 30 ℃. Production of 

the reduced form of the PV derivative was monitored using UV–Vis absorption 

spectroscopy. An outline of the steady-state irradiation system is shown in Fig. 2-3. 
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2.2.7 Photoinduced malate production from CO2 and pyruvate 

with ME and PV derivatives 
 Visible-light-induced malate production from CO2 and pyruvate with 

H2TPPS, PV, and ME in the presence of co-factor Mg2+ was carried out as follows. 

A sample solution containing TEOA (0.2 M), H2TPPS (40 μM), PV derivative (0.4 

mM), sodium pyruvate (12 mM), MgCl2 (10 mM), and ME (0.95 μM; 4.0 U) in 5 mL 

of 10 mM Bis-tris buffer (pH 7.4) was deaerated by repeating freeze–pump–thaw 

cycles six times and then flushing with CO2 gas for 10 min. The sample solution in 

the cell equipped with a magnetic stirrer was irradiated with visible light from a 250 

W halogen lamp with a light intensity of 200 J m–2 s–1 at 30 ºC. UV rays with 

wavelengths shorter than 390 nm were blocked with a cut-off filter. The 

concentrations of oxaloacetate and malate were detected using an ionic 

chromatography system (Thermo Fisher Scientific, Dionex IC-1100). Since zinc 

Thermo 
Controller

Magnetic Stirrer

Light Source

Cooling Fan

Fig. 2-3. Outline of steady state irradiation system. 
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acetate was added in excess for the ZnTPPS synthesis, traces of zinc ion remained in 

the visible-light-induced malate synthesis. Zinc ion is divalent, which affects the 

activity of the ME,49 so metal-free porphyrin (H2TPPS) with a similar 

photosensitization activity to that of ZnTPPS was used as a photosensitizer. UV–Vis 

absorption spectroscopy confirmed that Mg2+ in this condition is not coordinated to 

H2TPPS.  

 

2.2.8 Function of PV derivative for the malate oxidation with 

ME  

The function of the oxidized form of the PV derivative PCV for ME in the 

malate oxidation was investigated. The sample solution contained PCV (0.2 mM), 

MgCl2 (1.0 mM), and sodium malate (1.2 mM) in 10 mL of HEPES-NaOH buffer 

(pH 7.4). The solution was deaerated over six freeze–pump–thaw cycles and sealed 

with argon gas. Then, the reaction was initiated by injecting ME (0.95 μM; 4U). The 

concentration of PCV•+ or PCV0 produced was determined by the absorbance change. 

The malate oxidation using NADPH as a coenzyme of ME was also 

investigated. The amount of NADPH produced was estimated from the absorbance 

of NADPH at 340 nm and the absorption coefficient, ε340 = 6.2 × 103 M–1 cm–1.50,51 

 

2.2.9 Function of multi-electron reduced PV derivative for the 

oxaloacetate production with ME in the presence of 

pyruvate and bicarbonate  

The sample solution contained sodium pyruvate (1.2 mM), sodium 

bicarbonate (1.2 mM) as a CO2 source, MgCl2 (1.0 mM), ME (0.95 μM) from chicken 

liver, and PCV dissolved in a pH 7.4 solution of 10 mM HEPES-NaOH buffer. In 

this reaction, sodium dithionite (1.1 mM) was used as a reducing reagent for PCV, 

which was fully reduced to PCV0, as confirmed by the UV–Vis absorption spectrum. 

The solution was deaerated by performing six freeze–pump–thaw cycles and then 

sealed with argon gas. The reaction was initiated by injecting ME into the vessel. The 

oxaloacetate concentration was determined using an ionic chromatography system 
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(Thermo Fisher Scientific, Dionex IC-1100). Lowering of the pH by adding sodium 

dithionite was suppressed using a pH 7.4 HEPES-NaOH buffer solution, indicating 

that ME was stably maintained in the sodium-dithionite-saturated solution. As the 

concentration of oxaloacetate increased linearly over the 5 min incubation period, the 

initial rate was determined by the linear gradient in the relationship between 

incubation time and the concentration of the produced oxaloacetate.  

 

2.2.10 Oxaloacetate production using 1-methyl-4,4-

bipyridiniumu salt with ME in the presence of pyruvate and 

bicarbonate 

Oxaloacetate production using the 1-methyl-4,4'-bipyridinium salt (Fig. 2-

4) has a 4,4,'-bipyridine skeleton and retains the lone electron pair on the nitrogen 

atom was investigated. A sample solution containing sodium pyruvate (1.2 mM), 

sodium bicarbonate (1.2 mM), MgCl2 (1.0 mM), and 1-methyl-4,4'-bipyridinium 

iodide (0.2 mM) was prepared in 10 mM HEPES-NaOH buffer (pH 7.4). ME (0.95 

μM; 4 U) was added to the sample solution to initiate the conversion of CO2–pyruvate 

to oxaloacetate. The concentration of oxaloacetate produced was determined using 

an ionic chromatography system (Thermo Fisher Scientific, Dionex IC-1100). 

 

 

 

 

 

  

Fig. 2-4. The chemical structure of 1-methyl-4,4’-bipyridinium iodide. 
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2.3 Results and Discussion 

2.3.1 Synthesis of 1,1’-bis(p-carboxyphenyl)-4,4’-bipyridinium 

dichloride (PCV) and ZnTPPS 
 The purity of the prepared PCV was determined using proton nuclear 

magnetic resonance spectroscopy (1H-NMR; JEOL JNM-ECZ400S). 1H-NMR in 

D2O: δ (ppm) 7.83 (d, 4H), 8.20 (d, 4H), 8.71 (d, 4H), and 9.35 (d, 4H). The chemical 

shifts were referenced to the solvent peak calibrated against tetramethylsilane (TMS). 

 

 

The absorption spectra of H2TPPS and ZnTPPS are shown in Fig. 2-6. By 

coordination of zinc ion to H2TPPS, the absorption peak at 414 nm based on the Soret 

band of the porphyrin was shifted to 422 nm. In addition, the four absorption peaks 

based on the Q band of the porphyrin transformed into two absorption peaks because 

the porphyrin became more symmetrical by the coordination of zinc ions. 

Fig. 2-5. 1H-NMR spectrum of PCV in D2O.  
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2.3.2 Fluorescence quenching behavior of ZnTPPS by PV 

derivatives 
 The interactions between ZnTPPS and PV derivatives were studied by 

measuring the fluorescence of ZnTPPS in the presence of PV, PSV, or PCV. The 

fluorescence quenching behavior of the excited singlet state of ZnTPPS by PV 

derivatives was studied, and the spectral changes of ZnTPPS according to MV, PV, 

and PSV concentration are shown in Fig. 2-7, Fig. 2-8, and Fig. 2-9, respectively. The 

fluorescence maximum of the ZnTPPS at 606 and 656 nm decreased with increasing 

viologen concentration. The fluorescence from the excited singlet state of ZnTPPS 

was quenched by viologen.  

 Fig. 2-10 shows the relative fluorescence intensity change according to MV 

and PV derivative concentration (Stern-Volmer plot52,53), where   

Fig. 2-6. Absorption spectra of H2TPPS and ZnTPPS in 10 mM Bis-tris buffer (pH 

7.4). H2TPPS (―, orange), ZnTPPS (―, blue). 
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I!
I = 1 + '"#[)] 

In this equation, I0 and I are the fluorescence intensities in the absence and presence 

of Q, respectively; KSV is the Stern–Volmer quenching constant (M–1); and [Q] is the 

quencher concentration (M–1). The KSV value is obtained from the slope of the line 

for the plot of I0/I vs. [Q]. The KSV values of MV, PV, and PSV toward ZnTPPS were 

determined to be 12 × 104, 8.3 × 104, and 4.9 × 103 L mol–1, respectively. Since the 

KSV values of PV and MV are close, it can be inferred that the interaction between 

ZnTPPS and PV is similar to that between ZnTPPS and MV. In general, when a linear 

correlation with a positive KSV value is observed in the Stern–Volmer plot, 

intermolecular quenching is occurring, indicating energy transfer from the excited 

state of ZnTPPS to PV.54 Kaneko et al.55 reported that the electron transfer from the 

photoexcited state of ZnTPPS to MV proceeded by a static mechanism owing to the 

electrostatic effect between ZnTPPS and MV. The fluorescence intensity of ZnTPPS 

Fig. 2-7. Fluorescence spectral changes of ZnTPPS with addition of PV. The sample 

solution contained ZnTPPS (0.5 µM) and PV in Bis-tris buffer (pH 7.4). The 

excitation wavelength was 422 nm. 
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was decreased by the MV, but the lifetime of the photoexcited singlet state of ZnTPPS 

(1ZnTPPS*) was not changed by MV. This indicates that the electron transfer from 

the photoexcited single state of ZnTPPS (1ZnTPPS*) to MV did not occur. In addition, 

Amao et al.56 found that electron transfer occurred from the photoexcited triplet state 

of ZnTPPS (3ZnTPPS*) to MV by measuring the lifetime of the photoexcited triplet 

state of ZnTPPS (3ZnTPPS*). Therefore, it can be considered that electron transfer 

from the excited triplet state of ZnTPPS (3ZnTPPS*) to PV also occurred. 

 The KSV value of PSV was smaller than that of PV. As an anion containing 

sulfonato groups, PSV is electrostatically repelled by the sulfonato groups of ZnTPPS. 

This interaction between ZnTPPS and PSV was smaller than that between ZnTPPS 

and PV. 
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Fig. 2-8. Fluorescence spectral changes of ZnTPPS with addition of PSV. The 

sample solution contained ZnTPPS (0.5 µM) and PSV in Bis-tris buffer (pH 7.4). 

The excitation wavelength was 422 nm.  
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Fig. 2-9. Fluorescence spectral changes of ZnTPPS with addition of MV. The sample 

solution cintained of ZnTPPS (0.5 μM) and MV in Bis-tris buffer (pH 7.4). The 

excitation wavelength was 422 nm. 
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2.3.3 Reduction potentials for PV derivatives 
 The reduction potentials of MV and PV derivatives are listed in Table 2-1. 

The first and second reduction potentials were determined using cyclic voltammetry 

with Ag/AgCl as a reference electrode. The first and second reduction potentials of 

MV, widely used as an electron mediator, were estimated to be –0.65 and –1.08 V, 

respectively. On the other hand, the first and second reduction potentials of PV were 

estimated to be –0.39 and –0.74 V, respectively. The reduction potentials of PV were 

shifted in the positive direction compared with those of MV. This is because phenyl, 

an electron-withdrawing group, affected the redox potentials of 4,4’-bipyridinium 

salts (4,4’-BPs) owing to a decrease in the electron density of the bipyridine portion. 

On the other hand, the first and second reduction potentials of PSV were estimated to 

be –0.38 and –0.72 V, respectively. Compared to the reduction potential differences 

Fig. 2-10. Stern-Volmer plot for the fluorescence quenching of ZnTPPS by PV2+ 

(●), PSV2+ (■), and MV2+ (◆). The excitation and fluorescence wavelengths were 
422 and 606 nm, respectively. 
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between PV and MV, there is little difference between those of PV and PSV. The 

results indicate that the sulfonato group has little effect on the reduction potential in 

PV. Similarly, the first and second reduction potentials of PCV were estimated to be 

–0.38 and –0.70 V, respectively. Therefore, it is considered that the carboxy group 

bonded to the phenyl group also has a minor effect on the reduction potential in 4,4-

BP. The effect of the phenyl group on the reduction potential is dominant. 

In addition, the reduction efficiency of 4,4’-BPs with photosensitization of 

ZnTPPS depends on the reduction potential of 4,4’-BPs.57 The redox potential of 
3ZnTPPS*, E(ZnTPPS+/3ZnTPPS*), was reported to be –0.75 (vs. Ag/AgCl).58 

Therefore, PV derivatives are reduced more readily by ZnTPPS than MV and are 

converted to their double-electron-reduced form (i.e., PV0s).  

PV•+, PSV•+, and PCV•+ were also expected to be able to reduce the carbonyl 

group in oxaloacetate to malate.  

 

Table 2-1. Reduction potentials of 4,4’-BPs. (vs Ag/AgCl, 0.2 M KCl) 

The reduction potentials of 4,4’-BPs were measured by cyclic voltammetry with 
glassy carbon (GC) as a working electrode, Pt as a counter electrode, and Ag/AgCl 
as a reference electrode in 0.2 M KCl aqueous solution. The scan rate was adjusted 
to 100 mV min-1. 
 

2.3.4 Spectroscopic properties of the reduced form of water-

soluble PV derivatives 
 The UV–Vis absorption spectra of single- and double-electron-reduced 

PSV (PSV•+ and PSV0, respectively) are shown in Fig. 2-11. The absorbance baseline 

was the oxidized form of PSV, which produced a yellow solution. The chemical 

Ered1 (V) Ered2 (V)
MV -0.65 -1.08
PV -0.39 -0.72
PSV -0.38 -0.72
PCV -0.42 -0.70
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structures of PSV•+ and PSV0 are also shown in Fig. 2-11. When the PSV•+ was 

formed, the color of the solution changed to dark orange and gave rise to an 

absorption band with a maximum of 490 nm. When PSV0 was produced, the solution 

color changed to green, which led to absorption bands with maxima of 590, 640, and 

710 nm. 

 

 

In addition, the UV–Vis absorption spectra of single- and double-electron-

reduced PCV (PCV•+ and PCV0, respectively) are shown in Fig. 2-12. The absorbance 

baseline was a solution of the oxidized form of PCV. The chemical structures of 

PCV•+ and PCV0 are also shown in Fig. 2-12. The spectra show an absorption 

maximum for PCV•+ at 490 nm, and the maxima of of PCV0 are located at 600, 650, 

and 710 nm. The colors of PCV•+ and PCV0 in solution were orange and green, 

respectively; thus, PCV•+ and PCV0 differed significantly in their optical properties.  

0

0.2

0.4

0.6

0.8

1

1.2

400 450 500 550 600 650 700 750 800

R
el

at
iv

e 
ab

so
rb

an
ce

 (a
.u

.)

Wavelength (nm)

PSV0
640 710

PSV·+

490

Double-electron reduced PSV

Single-electron reduced PSV

Fig. ç-éé. UV-Vis absorption spectra of single-electron reduced PSV (PSV•+, orange) 

and double-electron reduced PSV (PSV', green). 
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2.3.5 Photoreduction of PV derivatives with visible-light 

sensitization of ZnTPPS 
 The difference UV–Vis absorption spectra upon visible-light irradiation 

in a reaction system consisting of TEOA, ZnTPPS and, PV are shown in Fig. 2-13. 

The absorption bands at 610 and 710 nm based on the double-electron-reduced form 

of PV increased with irradiation time. The spectrum increased overall because part 

of the single- or double-electron-reduced form of PV was insoluble in aqueous media. 

The color of the sample solution changed to pale green in response to the formation 

of the double-electron-reduced form of PV. In this system, the photoinduced electron 

transfer from 3ZnTPPS* to PV proceeded. The redox potentials of 3ZnTPPS*, 

E(ZnTPPS+/3ZnTPPS*), and E(3ZnTPPS*/ZnTPPS-) were reported to be –0.75 and 

0.45 V (vs. Ag/AgCl), respectively.58 The first and second reduction potentials of PV 
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were estimated to be –0.39 and –0.74 V, respectively. The redox potential diagram 

of ZnTPPS and PV derivatives is shown in Fig. 2-16. The Gibbs free energy for the 

photoinduced electron transfer from 3ZnTPPS* to PV to produce the double-electron-

reduced form of PV was estimated to be –2.0 kJ mol–1; thus, this is a 

thermodynamically feasible reaction. The oxidation potential of TEOA was reported 

to be 0.87 V (vs. Ag/AgCl).59 Therefore, the single- and double-electron-reduced 

forms of PV were produced by photosensitization with ZnTPPS via the reductive-

quenching process. 

 

 
 Fig. 2-14 shows the difference UV–Vis spectral upon visible-light 

irradiation in a reaction system consisting of TEOA, ZnTPPS, and PSV. The 

absorption bands at 650 and 710 nm based on PSV0 increased with irradiation time. 

The color of the sample solution changed to pale green owing to PSV0 production. In 

Fig. 2-13. Difference UV-Vis absorption spectral changes of the sample solution 

containing TEOA, ZnTPPS, and PV in Bis-tris buffer (pH 7.4) with visible-light 

irradiation time at 30 ℃. 
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addition, no precipitation was observed, which is in contrast with the photoreduction 

of PV. This was due to the incorporation of the water-soluble sulfonato group from 

PV, which improved the solubility of PSV. The first and second reduction potentials 

of PSV were estimated to be –0.38 and –0.72 V, respectively. Thus, double-electron 

reduction of PSV to PSV0 proceeded with visible-light sensitization of ZnTPPS in 

this system. The Gibbs free energy for the photoinduced electron transfer from 
3ZnTPPS* to PSV to produce the PSV0 was estimated to be –5.8 kJ mol–1; thus, this 

reaction is thermodynamically feasible. Therefore, PSV·+ and PSV0 were produced 

by photosensitization with ZnTPPS via the reductive-quenching process. PSV is 

expected to function as an efficient electron mediator in aqueous solution. 
 

 
 
 

Fig. ç-éë. Difference UV-Vis absorption spectral changes of the sample solution 

containing TEOA, ZnTPPS, and PSV in Bis-tris buffer (pH í.ë) with visible-light 

irradiation time at ãå ºC. 
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The difference UV–Vis absorption spectra after visible-light irradiation in a reaction 

system consisting of TEOA, ZnTPPS, and PCV are shown in Fig. 2-15. Similar to 

PV and PSV, PCV showed an increase in absorption for the PCV0 species. This 

indicates that PCV was also reduced to double electrons by the photosensitization of 

ZnTPPS.  
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Fig. 2-15. Difference UV-Vis absorption spectral changes of the sample solution 
containing TEOA, ZnTPPS, and PCV in Bis-tris buffer (pH 7.4) with visible-light  
irradiation time at 30 ºC. 

Fig. 2-16. The potential diagram of ZnTPPS and PV derivatives. 
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2.3.6 Visible-light-induced malate production from CO2 and 

pyruvate with ZnTPPS, PV derivatives, and ME 
When the sample solution containing TEOA, H2TPPS, PV, pyruvate, ME, 

and Mg2+ in 5 mL of CO2-saturated Bis-tris buffer (pH 7.4) was irradiated with a 250 

W halogen lamp, oxaloacetate (■) and malate (●) were produced, as shown in Fig. 2-

17. The concentrations of malate and oxaloacetate increased with irradiation time, 

where the former was estimated to be 565 μM after 3 h of irradiation. The conversion 

yield of pyruvate to malate was 4.7 %. In this system, the H2TPPS, PSV, and ME 

turnover numbers (TONs) were estimated to be 4.7, 0.47, and 198 h–
 

1, respectively.  

 Fig. ç-éì shows the time dependence of oxaloacetate (■) and malate (●) 

production with the system consisting of CO* and pyruvate with TEOA, H*TPPS, 

PSV, Mg*+, and ME. When a sample solution containing TEOA, ZnTPPS, PSV, 

pyruvate, ME, and Mg*+ in CO*-saturated Bis-tris buffer (pH í.ë) was irradiated, 

oxaloacetate and malate were produced, as shown in Fig. ç-éì. In this system, the 

concentration of oxaloacetate increased during the first hour of irradiation, and then 

decreased. On the other hand, the concentration of malate increased with decreasing 

concentration of oxaloacetate. Oxaloacetate is formed as an intermediate, and malate 

is produced owing to oxaloacetate reduction. The malate concentration after ã h of 

irradiation was estimated to be îåë μM. The conversion yield of pyruvate to malate 

was ï.å %. In this system, the TONs of H*TPPS, PSV, and ME were estimated to be 

ï.å, å.ïå, and çéî h–?, respectively. Significantly, the TON of ME was higher than 

those of H*TPPS and PSV. Thus, catalytic production of malate from CO* and 

pyruvate proceeded. 

The different shapes of the graph of oxaloacetate produced using PV vs. PSV 

are thought to be due to the difference in ionicity of the phenyl group of the side chain 

of the PV derivatives. The reaction to produce oxaloacetate from pyruvate and CO2 

is likely to involve the double-electron-reduced PV derivative. In other words, when 

PSV was used, the formation of oxaloacetate proceeded faster within the first hour 

than when PV was used owing to the presence of more double-electron-reduced PV 

derivatives. 
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In the absence of TEOA, ZnTPPS, PV or PSV, oxaloacetate, and malate 

were not observed with the system containing pyruvate, Mg2+, and ME in CO2-

saturated Bis-tris buffer (pH 7.4) under visible-light irradiation. When the reaction 

mixture containing TEOA, ZnTPPS, PV or PSV, pyruvate, Mg2+, and ME in CO2-

saturated Bis-tris (pH 7.4) buffer was reacted under dark conditions, neither 

oxaloacetate nor malate was produced. Thus, the single- and double-electron-reduced 

forms of PV and PSV are necessary to form oxaloacetate and malate. 

 It is presumed that the reduction of oxaloacetate to malate with ME 

proceeded with a couple of single-electron-reduced PV derivatives. This is because 

the double-electron-reduced viologen derivatives were less likely to release electrons, 

while the single-electron-reduced form of these was more likely to release an electron. 

The reduction potential of oxaloacetate/malate is –0.166 (vs. NHE). The Gibbs free 

energy for the oxaloacetate reduction with PSV•+ oxidation was estimated to be –79 

kJ mol–1, thus this process is thermodynamically feasible. 

 

 

On the other hand, in the system using MV, oxaloacetate and malate were 

not produced. By the photosensitization of ZnTPPS and H2TPPS, only the single-

electron reduced form of MV was produced. 

 From these results, it is presumed that CO* was introduced as a carboxy 

group into pyruvate to form oxaloacetate and then reduced to malate with single- or 

double-electron-reduced PV (PV•+ and PV', respectively) derivatives. Thus, it is 

presumed that single-electron-reduced ë,ë’-BP is not involved in C–C bond 

formation. It is considered that C–C bond formation was promoted by the double-

electron-reduced PV derivatives. The enol of pyruvate is needed for C–C bond 

formation based on introducing CO* with ME in the presence of natural coenzyme 

NADPH.B',B? It is presumed that the double-electron-reduced form of PV is involved 
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in the keto–enol tautomerism of pyruvate. PSV' seems to act like a base and promotes 

the enolization of pyruvate with ME, while Mg*+ stabilizes the enolate intermediate. 

In addition, it is assumed that PSV' activates the C–H bond of pyruvate or CO* 

activation occurs to form oxaloacetate with ME.  

 From these results, a model for the reaction mechanism of ME is proposed 

in Fig. ç-éñ. It is considered that CO* was introduced as a carboxy group into pyruvate 

to form oxaloacetate with PSV' and was then reduced to malate with PSV•+. By using 

PSV, visible light efficiently induced C–C bond formation using CO* as a feedstock. 

Therefore, for the visible-light-induced oxaloacetate and malate production system 

from CO* and pyruvate, the reduced form of PV (PV•+, PV') is essential.  
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Fig. 2-18. Time dependence of visible-light-induced oxaloacetate (■) and malate (●) 

production in the solution containing TEOA, H2TPPS, PSV2+, ME, pyruvate, and 

Mg2+ in a CO2 saturated Bis-tris buffer (pH 7.4).  
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2.3.7 Function of the PV derivative for the malate oxidation 

with ME  

Malate oxidation to oxaloacetate with ME and PCV2+ as an oxidized form 

of the PV derivative was studied. The time dependence of the reduced form of PCV 

and NADPH production is shown in Fig. 2-20. In the malate oxidation reaction using 

PCV2+, the formation of the reduced forms of PCV (PCV•+ and PCV0) was not 

observed owing to the reaction progress. 

 On the other hand, when NADP+ was used as a coenzyme for ME, NADPH, 

the reduced form of NADP+, was produced owing to the reaction progress. These 

results indicate that the oxidized form of PCV does not function as a cofactor for ME 

during malate oxidation. 
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2.3.8 Function of multi-electron reduced PV derivative for the 

oxaloacetate production with ME in the presence of 

pyruvate and bicarbonate 
An enzyme kinetic analysis of the conversion of pyruvate and CO2 to 

oxaloacetate was performed according to the following procedure. The sample 

solution contained pyruvate, bicarbonate as a CO2 resource, and Mg2+ as a cofactor 

for ME and PCV in a solution of HEPES-NaOH buffer (pH 7.4). The Michaelis 

constant Km of sodium bicarbonate for ME in the reaction system of pyruvate and 

NADPH was estimated to be 420 μM. When the concentration of pyruvate was 

increased in the reaction system, it was difficult to systematically detect the 

oxaloacetate using ion chromatography, so the concentration of pyruvate was 

adjusted to be 1.2 mM. Moreover, the parameters obtained from this analysis were 

all apparent constants. The kinetic parameters of oxaloacetate production with PCV0 

and ME in the presence of pyruvate and bicarbonate were determined using the 

Michaelis–Menten equation. 

 The relationship between the PCV0 concentration and the initial rate of 

oxaloacetate produced (v0) is shown in Fig. 2-21. The v0 increased in a PCV0 

concentration-dependent manner up to 100 μM. The reaction wherein CO2 was 

introduced into pyruvate using PCV0 (until 100 μM) and ME followed Michaelis–

Menten kinetics. In contrast, the v0 was drastically reduced under the concentration 

of [PCV0] > 150 µM in the solution. From these results, it is presumed that the 

substrate inhibition by PCV0 (>150 µM) occurred in the oxaloacetate production with 

ME. Substrate inhibition occurs when the substrate concentration itself inhibits to the 

reaction. Inhibition models have been suggested by various researchers.62–65 Among 

the inhibition models, the best-fitting curve was obtained by using Eq. 2-2, as 

reported by Haldane.62 

!! = "!"#[$%&$]
[$%&$]()!([&'(
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+,

		 (Eq. 2-2) 

The kinetic parameter Km, inhibitory constant Ki, maximum velocity (Vmax), kcat, and 

kcat/Km were determined using non-linear regression analysis with characterized 
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substrate inhibition using Eq. 2-2 of the v0 and [PCV0]. The obtained kinetic 

parameters are listed in Table 2-2. In general, the Km value of NADPH for ME is 

reported to be 1.8 to 60 μM.66,67 There was little difference in the Km values of PCV0 

and NADPH for ME. Thus, it was suggested that PCV0 plays the role of coenzyme 

for ME in the introduction of CO2 to pyruvate to produce oxaloacetate. Ikeyama et al. 

previously reported that higher concentrations of the single-electron-reduced 4,4’-

bipyridinium salt derivative inhibits biocatalytic activity.68 There is a possibility that 

the deactivation of the catalytic activity of ME occurs with >150 µM of PCV0 in 

oxaloacetate production. The carboxyl group of PCV0 is in close proximity to the CO2 

or pyruvate binding site of ME. Therefore, it is predicted that the approach of CO2 or 

pyruvate to the binding site in ME was hindered by the carboxyl group of PCV0 under 

the higher PCV0 concentrations. 

 From the oxaloacetate production with ME and PCV0 at 100 μM before 

inhibition, the reduction in pyruvate and bicarbonate concentrations in the reaction 

was estimated to be 200 μM (1.2 to 1.0 mM). In addition, from the result of 
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Fig. 2-21. Relationship between the concentration of PCV0 and the initial rate (v0) 

of oxaloacetate production. 
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bicarbonate concentration dependency in malate production with ME and NADPH, 

the reaction rate in the presence of 1.0 mM bicarbonate was only 5% lower compared 

with that of 1.2 mM bicarbonate, indicating that the reduction of bicarbonate 

concentration of this study had little effect on the reaction rate.  

 

 

In the absence of ME, no oxaloacetate production was observed, and by 

using PCV0, no malate production was observed in this reaction system. In other 

words, the reduction of oxaloacetate to malate, attributed to two-electron and two-

proton coupling reduction, did not proceed in the presence of PCV0 only. The 

following two processes describe the mechanism for oxaloacetate production owing 

to the coupling of pyruvate and CO2 with ME. 

1) Tautomerization of the keto-form to the enolate intermediate of pyruvate 

2) CO2 bonded to the enolate intermediate of pyruvate to produce oxaloacetate 

As these two processes are unrelated to the reductive reaction, oxaloacetate 

production should rely only on the catalytic activity of ME in the absence of NADPH. 

However, no oxaloacetate production with ME was observed in the absence of 

NADPH. When using PCV0, no oxaloacetate production with ME was observed 

without using PCV0 or PCV·+. From these results, PCV0 acts as the catalyst for 

oxaloacetate production from pyruvate and CO2. It was reported that 2,2’-bipyridine 

acts as a catalyst in the carboxylation process using CO2, although a metal ion such 

as Ni or Mn is required.69 Moreover, the visible-light-driven carboxylation of aryl 

Vmax
(μM min-1)

Km
(μM)

Ki
(μM)

kcat
(min-1)

kcat/Km
(M-1 min-1)

PCV0 108 38 65 113 3.0�106

Table 2-2. Kinetic parameters for the reaction of introducing CO2 to pyruvate with 

PCV0 and ME 

Km : Micahelis constant, Vmax : Maximum velocity, kcat : Turnover number, 
kcat/Km : Catalytic efficiency. The kinetic parameters Vmax, Km and kcat were 
determined by fitting to inhibition model by Haldane. The molecular weight of ME 
from chicken liver was estimated to be 5.6×104.49  
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halides using a system including a Pd catalyst and Ir-complex-based photoredox 

catalyst has also been reported.70  In this reaction, the activated electron mediator 

produced via the photoredox system acts as a substrate for the catalyst in the 

carboxylation process. The proposed mechanism for oxaloacetate production from 

pyruvate and CO2 is shown in Fig. 2-22. For tautomerization of the keto form to the 

enolate intermediate of pyruvate to proceed, a base abstraction of the hydrogen-

bonded α-carbon of the keto form of pyruvate is necessary. If the amino acid residue 

as a base in ME can abstract the hydrogen-bonded α-carbon of the enol-form of 

pyruvate, oxaloacetate will be produced without NADPH. However, no oxaloacetate 

production was observed. Thus, a coenzyme is needed as a base for this process. 

Careful scrutiny of the chemical structure of PCV0 reveals that there are lone pairs on 

the two nitrogen atoms of PCV0. Since PCV0 acts as a base, the hydrogen bonded to 

the α-carbon of the keto form of pyruvate will be abstracted by PCV0. No oxaloacetate 

production with ME was observed when using the oxidized form of PCV. Thus, the 

lone pairs on the four oxygen atoms of the two carboxy groups of PCV did not act as 

a base for abstraction of the hydrogen bonded to the α-carbon of the keto form of 

pyruvate.  

 

 As shown in the below, the reduction of oxaloacetate by several one-

electron-reduced forms of PCV is a thermodynamically feasible reaction because the 

Gibbs free energy change (ΔG0) is –87 kJ mol-1. 

carboxylationenolization

PV0

PV0

Fig. 2-22. Proposed reaction mechanism for oxaloacetate production from pyruvate 
and CO2 in ME. 
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2.3.9 Oxaloacetate production using 1-methyl-4,4-

bipyridiniumu salt with ME in the presence of pyruvate and 

bicarbonate 

Oxaloacetate production with ME was investigated in terms of the lone pairs 

on the nitrogen atom of 1-methyl-4,4’-bipyridinium iodide. The reaction solution 

contained pyruvate, bicarbonate, Mg2+, ME, and 1-methyl-4,4’-bipyridinium in a pH 

7.4 solution of HEPES-NaOH buffer. The time dependence of oxaloacetate 

production is shown in Fig. 2-23. The lone electron pair on the nitrogen atom is 

assumed to act as a base, abstracting the α-hydrogen of the keto form of pyruvate. 

The enolization of the pyruvate is promoted, and then CO2 is introduced as a carboxy 

group into the enolate intermediate of pyruvate.  

Furthermore, it is unclear whether CO271 or bicarbonate (HCO3–)72 directly 

contributes to the carboxylation of pyruvate with ME. Kuo et al. proposed that basic 

amino-acid lysine residue in ME obtained from the other species abstracts hydrogen 

bonded to the α-carbon of the keto form of pyruvate during the tautomerization to the 

enolate intermediate. 

61 This report also suggested that a base is needed for this 

process.  
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Fig. 2-23. Time dependence of oxaloacetate in the solution containing 1-methyl-4,4’-
bipyridinium salt, ME, pyruvate and Mg2+ in HEPES-NaOH buffer (pH 7.4).�  

0

5

10

15

20

25

0 30 60 90 120 150

[O
xa

lo
ac

et
at

e]
 (μ

M
)

Incubation time (min)



  - 57 - 

2.4 Conclusion  
 In this chapter, the chemical and visible-light-induced reduction properties 

of PV derivatives with water-soluble Zn porphyrin were investigated. The reduction 

potentials of the PV derivative are sufficiently negative to reduce two electrons by 

photosensitization of the water-soluble Zn porphyrin. The electron transfer to PV 

derivatives from 3ZnTPPS* proceeded. In the PV derivative photoreduction 

accompanied by the visible-light sensitization of ZnTPPS, double-electron reduction 

proceeded. Visible-light-induced malate production from pyruvate and CO2 using 

ME in the presence of Mg2+ as a cofactor for ME, H2TPPS, PV derivatives, and 

TEOA was successfully achieved. PSV is an efficient electron mediator in the visible-

light-induced photoredox system for C–C bond formation using CO2 as a feedstock. 

In addition, the kinetic parameters of oxaloacetate production based on C–C 

bond formation between a coupling pyruvate and CO2 using a water-soluble PV 

derivative, double-electron-reduced PCV0, and ME were determined with the 

analysis of enzymatic kinetics. PCV0 acts as a base and is involved in oxaloacetate 

production via C–H bond activation and carboxylation of pyruvate by CO2. 
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3.1 Introduction 

Enzymes have high catalytic activity and selectivity under ambient 

conditions and have thus been used in biodegradation reactions, pharmaceuticals, 

chemical syntheses, and so on.1 Oxidoreductase is a type of enzyme that accounts for 

25% of all known enzymes.2,3 It mainly depends on a nicotinamide adenine 

dinucleotide (NAD+) or its phosphate (NADP+). The oxidized and reduced forms are 

NAD(P)+ and NAD(P)H, respectively.4 NAD(P)H is used as a coenzyme for 

oxidoreductase in various biological reactions. Since NAD(P)H is very expensive and 

has low stability, an efficient NAD(P)H regeneration system from NAD(P)+ is 

desired.5,6 Therefore, NAD(P)H regeneration using biocatalytic, photochemical,7-9 

electrochemical,10-12 heterogeneous,5 and homogeneous13 catalytic methods has been 

investigated. As examples of catalysts for NADH regeneration, organometallic 

complexes of rhodium, ruthenium, and iridium have been reported. In particular, 

rhodium catalyst [Cp*Rh(bpy)(H)]+ (Cp* = pentamethylcyclopentadienyl, bpy = 

2,2’-bipyridyl) has been widely used and studied for the regioselective reduction of 

NAD(P)+ to NAD(P)H owing to its versatile range of application and regiospecific 

activity.14-22  

Compared with these methods, photochemical NADH regeneration from 

NAD+ has attracted much attention because solar energy is clean, inexpensive, 

abundant, and renewable. Using light energy, NAD(P)+ can be reduced simply and 

directly with a photosensitizer such as a tris(bipyridine)ruthenium(II) complex 

([Ru(bpy)3]2+) or a water-soluble porphyrin. However, a single-electron-reduced 

NAD(P)+ (NAD(P) radical) is formed and immediately undergoes dimerization to a 

biologically inactive reduction product (4,4’-NAD(P) dimer or 4,6-NAD(P) dimer), 

as shown in Fig. 3-1. In the non-enzymatic NAD(P)H regeneration, it has been 

frequently reported that enzymatically inactive NAD(P)H isomers (1,2- and 1,6-

NADH) can be formed.23 A photoredox system for NAD(P)H regeneration typically 

consists of three main components: a photosensitizer, an electron mediator, and a 

catalyst.25-27 An example of the enzymatic reduction of NAD(P)+ to NAD(P)H is the 

photoredox system with ferredoxin-NADP+ reductase (FNR, EC 1.18.1.2). FNR 
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catalyzes a reduction of NAD(P)+ to NAD(P)H by coupling with ferredoxin in natural 

photosynthesis.28,29 FNR also catalyzes a reduction of NADP+ to NADPH by 

coupling with 1,1’-dimethyl-4,4’bipyridinium salt (methylviologen, MV) and single-

electron-reduced MV (MVred).30 By using MV as an electron mediator between the 

photosensitizer and FNR as a catalyst,30 a light-driven NAD(P)H regeneration system 

was developed.25 Although this system shows high selectivity owing to using 

enzymes, it has drawbacks in terms of durability, cost, and scalability. In addition, 

MV is highly toxic and is not suitable for green chemistry. As examples of non-

enzymatic regioselective photoreduction of NAD(P)+, Rh complexes were used as 

catalysts for electron and hydride transfer in the presence of a photosensitizer.31-33 In 

this way, Rh catalysts are useful for hydride production. One of the Rh catalysts 

studied, Rh nanoparticles dispersed in polyvinylpyrrolidone (Rh-PVP), has attracted 

considerable attention owing to its simple preparation method by the reduction of 

Rh3+ ion in alcohol solvent with the polyvinylpyrrolidone.35-39 The nanoparticles 

require a dispersant such as a hydrophilic polymer or surfactant for maintaining their 

small particle sizes. Rh-PVP has catalyzed various reactions, such as the 

hydrogenation of nitriles and benzoic acid.40,41 

Fig. 3-1. Plausible intermediates and ‘enzymatically active/inactive’ NAD(P)H 

isomers to be formed during the reduction of NAD+. 
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 In this study, focusing on the unique catalytic function of Rh catalysts, the 

regioselective photoreduction of NAD+ to enzymatically active 1,4-NADH using Rh-

PVP in a photoredox system without producing byproducts was investigated. A novel 

and simple system using homogeneously polymer-dispersed Rh nanoparticles for 

selective 1,4-NADH regeneration with visible light energy was developed. It is first 

demonstrated that Rh nanoparticles dispersed in polyvinylpyrrolidone (Rh-PVP) can 

be used in the visible-light-driven selective NADH regeneration in the presence of an 

electron donor, a photosensitizer in the aqueous media, as shown in Scheme 3-1. The 

reduced product of NAD+ was validated using HPLC analysis and an enzymatic assay. 

In addition, we explored NAD+-dependent enzyme-catalyzed pyruvate reduction 

through visible-light-driven NADH regeneration. Rh-PVP was purchased from 

Renaissance Energy Research (Osaka, Japan). As a photosensitizer, we used ZnTPPS, 

which has often been reported as a photosensitizer in the photoredox system and is 

expected to have a sufficiently high potential for NAD+ reduction.42 By using 

homogeneously dispersed metal particles, the system is expected to be both durable 

and inexpensive.   

 

TEOA

TEOAOX ZnTPPS

ZnTPPS+

ZnTPPS* NAD+

Rh-PVP

NADH

hν

Scheme 3-1. The diagram of visible light-driven NADH regeneration with the 

system consisted of TEOA an electron donor, ZnTPPS as a photosensitizer, Rh-PVP 

as a catalyst and NAD+. 
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3.2 Experimental 

3.2.1 Materials 
β-Nicotinamide adenine dinucleotide oxidized form (NAD+) and L-lactate 

dehydrogenase from pig heart (LDH, EC 1.1.1.27) were purchased from Oriental 

Yeast Co., Ltd. (Tokyo, Japan). Tetraphenylporphyrin tetrasulfonic acid (H2TPPS) 

was purchased from Dojindo Laboratories (Kumamoto, Japan). Triethanolamine 

(TEOA), zinc acetate dihydrate, and sodium pyruvate were obtained from FUJIFILM 

Wako Pure Chemical Corporation (Osaka, Japan). 4-(2-Hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) was purchased from NACALAI TESQUE, 

INC. Sodium borohydride was purchased from Tokyo Chemical Industry Co., Ltd. 

(Tokyo, Japan). Rh nanoparticles dispersed in polyvinylpyrrolidone (Rh-PVP) were 

purchased from Renaissance Energy Research (Osaka, Japan). All the materials were 

of analytical grade or the highest grade available and were used as received, without 

further purification. Ar gas of ultrahigh purity (≧99.9999 %, Grade 1) was supplied 

by TAIYO NIPPON SANSO CORPORATION (Toyko, Japan). Water was purified 

using a Milli-Q purification system. Zinc tetraphenylporphyrin tetrasulfonate 

(ZnTPPS) was synthesized by refluxing H2TPPS with an approximately 5-fold molar 

equivalent of zinc acetate dihydrate in 50 mL methanol at 50 °C for 3 h, according to 

a previously reported method.43,44 

 

3.2.2 Transmission electron microscopy (TEM) measurement 

Transmission electron microscopy (TEM) was conducted to acquire 

morphological information about the Rh nanoparticles in the catalyst. The particle 

size of Rh-PVP was estimated using the TEM Image. For the transmission electron 

microscopy (TEM) measurements, a drop of the sample solutions was mounted on a 

carbon-covered copper mesh. The TEM images of Rh-PVP were recorded with a 

JEM-2100F (JEOL) electron microscope operated at 200 kV.  
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3.2.3 Visible-light-driven NAD+ reduction 

The visible-light-driven NADH regeneration was carried out as follows. A 

sample solution containing TEOA (0.20 M), ZnTPPS, Rh-PVP, and NAD+ in 5 mL 

of 50 mM HEPES-NaOH buffer (pH 7.4) was deaerated by performing six 

consecutive freeze–pump–thaw cycles and then flushed with Ar gas for 10 min. The 

sample solution in the cell equipped with a magnetic stirrer was irradiated with a 250 

W halogen lamp (TOSHIBA) with a light intensity of 200 J m–2 s–1 at 30 °C. The 

production of 1,4-NADH was determined by the absorption change at 340 nm (ε = 

6.3 × 103 cm–1 M–1)45 using a UV–Vis absorption spectrometer (SHIMADZU, 

MultiSpec-1500 spectrophotometer). 

 

3.2.4 Determination of the regenerated NADH by HPLC 
The reduced products of NAD+ were analyzed using an HPLC system 

equipped with a TOSHO ODS column (4.6 × 250 mm, 5 μm particle size; 

temperature: 30 °C)), a Shimadzu LC-20AD SP pump, and a Shimadzu SPD-20A 

UV–Vis detector (detected wavelength; 260 nm). Mixed solutions of 

methanol/100mM potassium phosphate buffer pH 7.1 (1:9 v/v) were used as the 

eluent.  

1,2- and 1,6-NADH were prepared by the reduction of NAD+ by sodium 

borohydride. Initially, a 25 mM sodium borohydride solution was prepared in 100 

mM potassium phosphate buffer (pH 10.9). A 100 μL of this solution was then added 

to a freshly prepared volume (2 mL) of 0.5 mM NAD+ solution in 100 mM potassium 

phosphate buffer (pH 7.1). The assignments of 1,2- and 1,6-NADH were referenced 

from a previous report.43 

 

3.2.5 Bioactivity assay of reduction product of NAD+ 
The enzymatic activity of regenerated NADH was tested as follows. First, a 

sample containing pyruvate (4.0 mM) and LDH (4.0 U) in 0.4 mL of 50 mM HEPES-

NaOH buffer (pH 7.4) was added to a 0.4 mL solution of regenerated NADH in a 
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quartz UV cell. The absorbance of the solution was monitored using UV–Vis 

spectroscopy (SHIMADZU, MultiSpec-1500 spectrometer). 

 

3.2.6 Fluorescence quenching behavior of ZnTPPS by Rh-PVP 

and NAD+ 
The quenching of the photoexcited state of ZnTPPS by Rh-PVP was 

investigated using steady-state fluorescence spectroscopy. The sample solution 

contained ZnTPPS (1.0 μM) and Rh-PVP in 50 mM HEPES-NaOH buffer (pH 7.4). 

The concentration of Rh-PVP was varied from 0 to 100 μM. The excitation 

wavelength was 422 nm owing to the Soret band of ZnTPPS. The fluorescence 

emission spectrum of ZnTPPS was measured using a fluorescence spectrophotometer 

(SHIMADZU, RF-5300PC) with a 150 W Xenon lamp as a visible-excitation light 

source. Excitation and emission band-passes were 5.0 nm. In addition, the quenching 

of photoexcited state of ZnTPPS by NAD+ was studied. 

 

3.2.7 Measurement of H2 production with Rh-PVP 
H2 production was determined using a gas chromatograph (GC-2014, 

SHIMADZU Corporation) equipped with a TCD detector. An activated charcoal 

column (column length: 3 mm I.D. × 2 m) was used for detecting the gas. The 

temperatures of injection, column, and detector were 100.0, 70.0 and 100.0 C, 

respectively. Ar gas was used as the carrier gas, and the flow rate was 30.0 mL min–
 

1. 

 

3.2.8 Visible-light-driven pyruvate reduction through NADH 

regeneration 
Visible-light-driven pyruvate reduction to malate with TEOA, ZnTPPS, Rh-

PVP, NAD+, and LDH was carried out as follows. A sample solution containing 

TEOA (0.20 M), ZnTPPS (19 μM), Rh-PVP (0.25 mM), NAD+ (1.0 mM), sodium 

pyruvate (2.0 mM), and LDH (20 units) in 5 mL of 50 mM HEPES-NaOH buffer (pH 

7.4) was deaerated by repeating freeze–pump–thaw cycles six times and then flushing 

with Ar gas for 10 min. The sample solution in the cell equipped with a magnetic 
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stirrer was irradiated with a 250 W halogen lamp (TOSHIBA) with a light intensity 

of 200 J m–2 s–1 at 30 °C. UV rays with a wavelength of shorter than 390 nm were 

blocked with a cut-off filter. The concentration of lactate production in the sample 

cell was analyzed using an ionic chromatograph system (Metrohm Eco IC; electrical 

conductivity detector) possessing an ion-exclusion column (Metrohm Metrosep 

Organic Acid - 250/7.8; column length: 250 × 7.8 mm; composed of a 

polystyrene/divinylbenzene copolymer with sulfonic acid groups; temperature: 

35 °C). Perchloric acid (1.0 mM) and lithium chloride (50 mM ) were used as an 

eluent and regenerant, respectively. The absorption spectrum of the sample solution 

was also monitored using UV–Vis absorption spectroscopy (SHIMADZU, 

MultiSpec-1500 spectrophotometer).  
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3.3 Results and Discussion 

3.3.1 Characterization of Rh-PVP  

 Rh-PVP was purchased from Renaissance Energy Research, and 

transmission electron microscopy (TEM) was conducted to obtain morphological 

information about the Rh nanoparticles in the catalyst. The particle size of Rh was 

well-controlled, as can be seen from the TEM images of Rh-PVP in Fig. 3-2. The 

average particle size of the Rh nanoparticles was estimated to be ca. 4 nm. The 

particle size of Rh-PVP was almost identical to that reported by Wako.46,47 

 

20 nm20 nm

20 nm 20 nm

Fig. 3-2. Transmission electron microscopy (TEM) images of Rh-PVP.  
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 The UV–Vis absorption spectra of Rh-PVP in HEPES-NaOH (pH 7.4) 

buffer are shown in Fig. 3-3. The color of the Rh-PVP solution was dark brown. Rh 

nanoparticles are known to absorb light in the UV–Vis region with no characteristic 

band. 48 

 

 

3.3.2 Visible-light-driven NAD+ reduction using a ZnTPPS in 

the presence and absence of Rh-PVP  
The reduction of NAD+ to NADH using a system containing triethanolamine 

(TEOA) as an electron donor, ZnTPPS as a photosensitizer, Rh-PVP as a catalyst, 

and NAD+ was investigated in HEPES-NaOH buffer (pH 7.4). When the system was 

irradiated with visible light, the absorption band at 300–380 nm increased with 

irradiation time, as shown in Fig. 3-4(a). Different UV–Vis absorption spectra of the 

sample solution before irradiation are also shown in Fig. 3-4 (b). The absorption 

maximum at 340 nm increased and that at 395 nm attributed to 1,2-NADH was not 
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Fig. 3-3. UV-Vis absorption spectra of Rh-PVP in HEPES-NaOH (pH 7.4) buffer.  
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observed. These observations indicated that NAD+ was reduced to 1,4-, 1,6- NADH 

or NAD dimer, which give rise to absorption maxima at ≈340 nm. As a control 

experiment, the visible-light-driven reduction of NAD+ was performed in the absence 

of ZnTPPS. Although Rh-PVP has an absorbance band in the visible region, as shown 

in Fig. 3-5, the absorbance at 300–400 nm did not increase. Therefore, ZnTPPS is 

essential in the visible-light-driven NADH regeneration system. The photochemical 

reduction of NAD+ was also examined in the absence of Rh-PVP and an increase of 
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Fig. 3-4. UV-Vis absorption spectral changes during the reduction process with UV-

Vis spectroscopy and enzymatic assay. (a) Different UV-Vis absorption spectral 

changes of sample solution including TEOA, ZnTPPS, Rh-PVP, and NAD+ with 

visible-light irradiation time. Baseline is HEPES-NaOH buffer. (b) Baseline was 

recorded befor irradiation. (c) Different UV-Vis absorption spectral changes of after 

enzymatic assay. A sample solution including TEOA (0.1 M), ZnTPPS (9.5 μM), 

Rh-PVP (125 μM), LDH (2 U), and pyruvate (2 mM). 
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absorption around 340 nm was observed, as shown in Fig. 3-5(a). Even in this case, 

an absorption maximum at 395 nm based on 1,2-NADH was not observed (Fig. 3-

5(b)). Therefore, it was confirmed that hydrogen gas was not produced using the 

TEOA, ZnTPPS, and Rh-PVP system with visible-light irradiation (Fig. 3-6) and 

NAD+ hydrogenation did not proceed. These results indicate that NAD+ was reduced 

to 1,4-, 1,6-NADH or NAD dimer when the system included ZnTPPS and Rh-PVP 

or only ZnTPPS.  
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Fig. 3-5. UV-Vis absorption spectral changes during the reduction process with UV-

Vis spectroscopy and enzymatic assay. (a) Different UV-Vis absorption spectral 

changes of sample solution including TEOA, ZnTPPS, and NAD+ with visible-light 

irradiation time. Baseline is HEPES-NaOH buffer. (b) Baseline was recorded before 

irradiation. (c) Different UV-Vis absorption spectral changes of after enzymatic 

assay. A sample solution consisted of TEOA (0.1 M), ZnTPPS (9.5 μM), LDH (2 

U), and pyruvate (2 mM). 
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In addition, the reaction was also performed without deaeration in the 

presence of Rh-PVP. The absorption band with the maximum at ≈340 nm also 

increased in the presence of oxygen. 

 

3.3.3 Determination of the reduction product of NAD+ using 

HPLC 
To determine whether the NAD+ reduction product is 1,4-NADH, 1,6-

NADH, or NAD dimer, the reduction product of NAD+ was validated by carried out 

an HPLC assay. The NAD+ reduction products were analyzed using HPLC to 

determine the 1,2-, 1,4-, and 1,6-NADH contents. Fig. 3-7 shows the analytical HPLC 

chromatograms for these NADH isomers. 

Fig. 3-7(a) illustrates the chromatographic separation of the products 

obtained when NAD+ is reduced by sodium borohydride. The reduction of NAD+ by 

Fig. 3-6. The gas chromatogram of H2 gas and Air (a), and analysis of the gas phase 

in the system of TEOA, ZnTPPS, and Rh-PVP after 3 h irradiation (b). 

H2

AirSystem peak
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Fig. 3-7. Analytical HPLC chromatograms. (a) After the reduction of NAD+ with 

sodium borohydride. (b) Visible-light-driven NAD+ reduction with the system 

including TEOA, ZnTPPS, Rh-PVP, and NAD+. (c) Enzymatic assay for visible-

light-driven NAD+ reduction after 300 min irradiation. A sample solution including 

TEOA (0.1 M), ZnTPPS (9.5 μM), Rh-PVP (125 μM), pyruvate (2 mM) and LDH 

(2 U, ― or 0 U, ―). 
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borohydride (E° = –1.24 V vs. SHE) yields three products: 1,6-, 1,4-, and 1,2-NADH. 

The retention times of 1,6-, 1,4-, and 1,2-NADH were 6.8, 8.3, and 9.8 min, 

respectively. The attributions of 1,2- and 1,6-NADH were made according to a 

previous report.45  

Fig. 3-7(b) shows the analytical HPLC chromatograph for each irradiation 

time of the sample solution of the visible-light-driven NAD+ reduction using the 

system constituting TEOA, ZnTPPS, and Rh-PVP. The intensity of the 1,4-NADH 

peak noticeably increased with irradiation time. By adding LDH and pyruvate to the 

solution after light irradiation, the intensity of the 1,4-NADH signal decreased, as 

shown in Fig.3-7(c). On the other hand, changes to the intensities of the 1,2- or 1,6-

NADH peaks were not detected.  

  

3.3.4 Bioactivity assay of reduction product of NAD+ 
To determine whether the NAD+ reduction product is 1,4-NADH or NAD 

dimer, an enzymatic assay was carried out. The enzymatic activity of the reduction 

product of NAD+ was validated using an NAD+-dependent enzyme, lactate 

dehydrogenase (LDH, EC 1.1.1.27), which catalyzes the reaction given in Eq. 3-1.  

Pyruvate + 1,4-NADH à L-Lactate + NAD+ (Eq. 3-1) 

LDH catalyzes the pyruvate reduction to L-lactate with 1,4-NADH oxidation to 

NAD+. By adding pyruvate as a substrate along with LDH in 0.4 mL of HEPES-

NaOH buffer (pH 7.4) to a 0.4 mL NAD+ photoreduction solution, the final 

concentration was adjusted to 2.0 mM of pyruvate and 2 U of LDH. When a system 

composed of TEOA, ZnTPPS, and Rh-PVP was irradiated with visible light, the 

absorption maximum at 340 nm of the NAD reduction solution decreased after adding 

LDH and pyruvate, as shown in Fig. 3-8. The figure shows the different UV–Vis 

absorption spectral changes of the NAD+ photoreduction solution in the presence and 

absence of LDH and pyruvate after different irradiation periods. The difference in the 

decrease in absorbance at 340 nm indicated the amount of 1,4-NADH production. By 

measuring the enzymatic-assay solution using ionic chromatography, the 

concentration of L-lactate production approximately corresponded to the change in 

absorbance owing to 1,4-NADH consumption. As shown in Fig. 3-4 (c), the 
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absorption spectra for each irradiation time nearly overlaps the absorption spectra 

acquired before irradiation. This implied that the reduction product of NAD+ with 

Rh-PVP has comparable bioactivity to 1,4-NADH and is competent in assisting the 

enzymatic synthesis of L-lactate from pyruvate.  

On the other hand, in the system consisting of TEOA and ZnTPPS in the 

absence of Rh-PVP, the absorption at 300–380 nm remained nearly unchanged before 
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enzymatic assay. A sample solution contained TEOA (0.1 M), ZnTPPS (9.5 μM), 
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adding LDH and pyruvate, as shown in Fig. 3-5 (c). When the enzymatic assay 

solution without Rh-PVP was measured using ionic chromatography, no L-lactate 

production was detected, indicating that the most reduced product of NAD+ with 

ZnTPPS was NAD dimer. By photosensitization of ZnTPPS, NAD+ received one 

electron and was reduced to NAD radical. NAD radical immediately coupled with 

another NAD radical to form the NAD dimer with an absorption coefficient of 6650 

M–1 cm–1 at 340 nm. The concentration of NAD dimer after 5 h of irradiation was 41 

μM. 

 When the reaction was performed without being deaerated in the presence 

of Rh-PVP, the absorption at 300–380 nm was nearly unchanged before adding LDH 

and pyruvate.�By photosensitization of ZnTPPS, NAD+ was reduced to NAD radical, 

which immediately coupled with another to form the NAD dimer. Thus, NADH 

regeneration did not proceed in the presence of oxygen, and deaeration is essential 

for the system.  
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The results of HPLC and enzymatic assay indicated that the reduction 

product of NAD+ with the system of TEOA, ZnTPPS, and Rh-PVP was only 1,4-

NADH. On this basis, the concentration of the reduction product of NAD+ with 

visible-light irradiation was determined. The time course of product concentration in 

the NAD+ reduction is shown in Fig. 3-9. The concentration of regenerated 1,4-

NADH after 5 h of irradiation was 56 μM, and the conversion yield was estimated to 

be 5.6 %.  

 

3.3.5 The analysis of quenching behavior of ZnTPPS  
The electron transfer from the photoexcited state of ZnTPPS (1.0 µM) to Rh-

PVP (0–500 µM) was investigated by measuring the fluorescence intensity at 606 

and 656 nm by exciting the ZnTPPS signal at 422 nm. The fluorescence spectral 

changes of ZnTPPS with various concentrations of Rh-PVP is shown in Fig. 3-10. 

The fluorescence maximum of the ZnTPPS at 606 nm and 656 nm decreased by 

adding Rh-PVP and with increasing Rh-PVP concentration. The fluorescence of 
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ZnTPPS was quenched by Rh-PVP. The relative fluorescence intensity (I0/I, where 

I0 is the intensity in the absence of Rh-PVP) plotted against Rh-PVP concentration 

shows a non-linear relationship (Fig. 3-1), which was rationalized in terms of the 

existence of multiple quenching sites. These multiple populations were analyzed 

using a modified form of the Stern–Volmer equation following Eq. 3-2,49  

*$
* = $∑ +-

,().(/[-]
&
.,

 (Eq. 3-2) 

where fn is the fractional contributions to each quencher accessible site, KSVn is the 

quenching constant for each site, and Q is the quencher. The best-fit curve obtained 

when n = 2 is shown in Fig. 3-11. Using a modified form of the Stern–Volmer 

equation, the KSV1 and KSV2 values were estimated to be 1.3 × 10–3 and 8.7 × 10–4 

µM–1, respectively, and the f1 and f2 values were estimated to be 0.898 and 0.102, 

respectively. The KSV value of MV, widely used as an electron mediator, is 0.12 μM, 

Fig. 3-11. Modified Stern-Volmer plot for the fluorescence quenching of ZnTPPS by 

Rh-PVP. The excitation and fluorescence wavelength were 422 and 606 nm, 

respectively. 
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as estimated in Chapter 2. The KSV values of Rh-PVP are much lower than those of 

MV. Thus, the Rh-PVP interacts more weakly with ZnTPPS than MV does.   

 The UV–Vis absorption spectral changes of ZnTPPS (1.0 μM) with addition 

of Rh-PVP (0-50 μM) is also shown in Fig. 3-12. The absorbance maximum of the 

ZnTPPS at 422 nm decreased and shifted to the longer wavelength side by adding 

Rh-PVP, as shown in Fig. 3-12, indicating that ZnTPPS interacted with Rh-PVP and 

formed a complex.  

 These results signified static quenching owing to the interaction between 

ZnTPPS and Rh-PVP without energy transfer. Therefore, the electron transfer from 

the photoexcited singlet state of ZnTPPS (1ZnTPPS*) to Rh-PVP did not occur, and 

the photoexcited triplet state of ZnTPPS (3ZnTPPS*) to Rh-PVP proceeded. 

On the other hand, no fluorescence quenching by NAD+ was observed, as 

shown in Fig. 3-13. Thus, we presumed that the electron transfer from the 

photoexcited triplet state of ZnTPPS (3ZnTPPS*) to Rh-PVP or NAD+ occurred. 

Fig. 3-12. UV-Vis absorption spectral changes of ZnTPPS with addition of Rh-PVP. 

The sample solution contained ZnTPPS (1.0 µM) and Rh-PVP in HEPES-NaOH 

buffer (pH 7.4). 
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3.3.6 Visible-light-driven pyruvate reduction through NADH 

regeneration 
Scheme 3-2 shows the visible-light-driven pyruvate reduction to lactate with 

LDH using an NADH regeneration system consisting of TEOA, ZnTPPS, Rh-PVP, 

NAD+, and pyruvate. When the sample solution consisting of TEOA, ZnTPPS, Rh-

PVP, NAD+, LDH, and pyruvate in 50 mM HEPES-NaOH buffer (pH 7.4) was 

irradiated with visible light at 30 °C, lactate was produced, as shown in Fig. 3-14 

(●red). The signal intensity of lactate increased with the irradiation time and that of 

pyruvate decreased (Fig. 3-15). The concentration of lactate produced was estimated 

to be 305 mM after 5 h of irradiation, and the conversion yield of pyruvate at this 

time was 15 %. At this point, the absorption band centered at 300–380 nm did not 

change, as shown Fig. 3-15. This indicated that NAD+ was reduced to 1,4-NADH 
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Fig. 3-13. Fluorescence spectra of ZnTPPS (1.0 uM) in the presence and absence of 

NAD+ (250μM, ―red) in HEPES-NaOH buffer (pH 7.4). The excitation wavelength 

is 422 nm.  
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selectively, and the generated 1,4-NADH from NAD+ was immediately used for 

pyruvate reduction as a coenzyme for LDH. Hence, the amount of lactate production 

was expected to correspond to the amount of NADH production. Thus, we estimated 

the TON and turnover frequency (TOF) of Rh-PVP from the amount of lactate 

production. In this system, the TOFs of ZnTPPS and Rh-PVP after 1 h of irradiation 

were estimated to be 5.4 and 0.41 h–1, respectively. The TONs of ZnTPPS and Rh-

PVP after 5 h of irradiation were estimated to be 16 and 1.2, respectively. Thus, the 

catalytic production of NADH proceeded in the system of TEOA, ZnTPPS, Rh-PVP, 

and NAD+.  

A control experiment performed in the absence of NAD+ and LDH showed 

little formation of lactate. The oxidation potential of TEOA was estimated to be 0.87 

V (vs. Ag/AgCl),50 and the redox potential of 3ZnTPPS* (E (ZnTPPS+/3ZnTPPS*)) 

was reported to be –0.75 V (vs. Ag/AgCl).51 The oxidation potential of ZnTPPS was 

estimated to be 1.08 V (vs. Ag/AgCl).51 The reduction potential of pyruvate to lactate 

was –0.38 V (vs. Ag/ AgCl). The energy diagram for the visible-light-driven pyruvate 

reduction is shown in Fig. 3-17. Therefore, the direct pyruvate reduction to lactate 

with the system in the absence of NAD+ also proceeded. In addition, a visible-light-

driven pyruvate reduction system consisting of TEOA, ZnTPPS, MV as an electron 

mediator, and Pt-PVP was previously reported.52 In this system, the PVP-dispersed 

metal nanoparticles catalyzed pyruvate reduction to lactate in the presence of MV. 

Thus, it is considered that a similar process occurred for the Rh nanoparticles. The 

TEOA

TEOAOX ZnTPPS

ZnTPPS+

ZnTPPS*

NAD+
������

NADH
���

Lactate

Pyruvate

hν

Scheme 3-2. Visible-light-driven pyruvate reduction to lactate using a NADH 

regeneration system consisting of TEOA, ZnTPPS, Rh-PVP, NAD, LDH, and 

pyruvate. 
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concentration of L-lactate with LDH was at least 10-fold the concentration of L-

lactate without LDH. Thus, L-lactate production using a system of NAD+ and LDH 

proceeded owing to enzymatically pyruvate reduction.  
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Fig. 3-14. Time course of lactate production with the system of TEOA, ZnTPPS, Rh-

PVP, LDH, and pyruvate in HEPES-NaOH buffer under continuous irradiation. 
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As a control experiment, the sample solution containing TEOA, Rh-PVP, 

NAD+, LDH, and pyruvate in the absence of ZnTPPS was irradiated; no L-lactate 

was produced. Therefore, the enzymatic reaction proceeded with ZnTPPS and Rh-

PVP under visible-light irradiation. In the system without Rh-PVP, while the UV–

Vis absorption band at 300–380 nm increased, lactate was not produced. This means 

that NAD+ was not reduced to the enzyme-active 1,4-NADH but to a NAD dimer 

(NAD2) by photosensitization of ZnTPPS. When the reaction mixture containing 

TEOA, ZnTPPS, Rh-PVP, NAD+, LDH, and pyruvate in the HEPES-NaOH buffer 

(pH 7.4) was allowed to react in the dark, the intensity of the absorption band at 300–

380 nm did not increase, and L-lactate was not produced. These results support the 

hypothesis that Rh-PVP catalyzed the reaction of selective NAD+ reduction to 

enzyme-active 1,4-NADH with the photosensitization of ZnTPPS.  
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3.3.7 Proposed mechanism for regioselective NAD+ reduction 

with Rh-PVP 
Two possible mechanisms for NADH regeneration are proposed in Fig. 3-

18. The reduced proton (hydride or H atom) from the aqueous solution at the surface 

of Rh-PVP can interact with NAD+. First, NAD+ is adsorbed onto the surface of Rh-

PVP by the carbonyl of the amide, similar to the Rh complex.11-13,53 The first possible 

mechanism is shown in Fig. 3-18 (a). A proton in the aqueous solution received an 

electron from the photoexcited state of ZnTPPS and adsorbed onto the surface of Rh-

PVP as a H atom. Furthermore, a H atom received an electron from the photoexcited 

state of ZnTPPS and could attack the C4 position of nicotinamide as a hydride species, 

forming 1,4-NADH directly. The hydride transfer step is the key to avoiding 

formation of the NAD radical intermediate and NAD dimer. This mechanism is 

similar to the reduction of NAD+ using sodium borohydride in the sense that the 

hydride transfer is also the key to avoiding the radical intermediate. The induced 

electronic effect of the bound carbonyl group at the surface of Rh-PVP may also 

render the C4 position of nicotinamide more electrophilic toward hydride transfer. In 

the system using the Rh complex for NADH regeneration, the role of the amide 

carbonyl at the 3-position of nicotinamide may prevent the occurrence of other 
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Fig. 3-17. The energy diagram for visible-light-driven pyruvate reduction with the 

system of TEOA, ZnTPPS.  
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regioselective transition-metal-hydride reactions that afford 1,4-NADH.51 This 

selective hydride transfer process is further affected by the induced electron-

withdrawing effect of the bound amide group on C4.  

Another possible mechanism is shown in Fig. 3-18 (b). A proton in the 

aqueous solution received an electron from the photoexcited state of ZnTPPS and 

adsorbed onto the surface of Rh-PVP as a H atom. The interaction of NAD+ with an 

absorbed H atom on the surface of Rh-PVP coupled with an electron transferred from 

ZnTPPS in the photoexcited state. In the previous reports of electrochemical NAD+ 

reduction, the adsorbed H atom played a critical role in NADH regeneration.55-57 The 

absence of 1,2-, 1,6-NADH and NAD dimer rules out a simple uncoupled sequence 

of electron and proton transfer.  

In the two possible mechanisms, the key step is the adsorption of NAD+ by 

the carbonyl of the amide. The adsorption with carbonyl on the surface of Rh-PVP 

arranges the C4 position of nicotinamide closer to the adsorbed hydrogen (hydride or 

H atom) on the Rh-PVP surface owing to steric hindrance with the side chain of 

NAD+ and PVP. This may help prevent the formation 1,2- or 1,4-NADH. 
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3.4 Conclusion 

Enzymes have high catalytic activities and selectivities in ambient 

conditions. NADH is widely used as a cofactor in enzymatic redox reactions. In 

general, the supply of NADH is a major challenge owing to its high cost and low 

stability. Recently, photochemical NADH regeneration has attracted much attention 

because solar energy is clean, inexpensive, abundant, and renewable. However, it has 

been frequently reported that enzymatically inactive byproducts (i.e., 1,2- or 1,6-

NADH, and NAD dimer) can be formed in the direct NAD photoreduction. 

In this section, the catalytic activity of Rh-PVP for NADH regeneration was 

investigated. The regioselective reduction of NAD+ to enzymatically active NADH, 

(i.e., 1,4-NADH) has been successfully achieved using a system consisting of TEOA 

as an electron donor, ZnTPPS as a photosensitizer, and Rh-PVP as a catalyst. The 

reduction product of NAD+ was solely 1,4-NADH, which validated the enzymatic 

assay and HPLC analysis.  

The fluorescence quenching by Rh-PVP or NAD+ was also investigated. The 

fluorescence maximum of ZnTPPS at 606 and 656 nm decreased with the increase in 

Rh-PVP concentration. The quenching behavior was analyzed using a modified form 

of the Stern–Volmer equation. From the analysis, we concluded that static quenching 

proceeded without electron transfer, and an electron transfer from the photoexcited 

triplet state of ZnTPPS occurred. 

In addition, the photochemical conversion system comprising the NADH 

regeneration system and NAD+-dependent lactate dehydrogenase was constructed. 

By using this photoredox system, up to 15 % reduction conversion of pyruvate was 

achieved after irradiation for 5 h. In this system, the TOFs of ZnTPPS and Rh-PVP 

after 1 h of irradiation were estimated to be 5.4 and 0.41 h–1, respectively. The TONs 

of ZnTPPS and Rh-PVP after 5 h of irradiation were estimated to be 16 and 1.2, 

respectively. NADH regeneration mechanisms were also proposed.  

This work provides a platform for using rhodium nanoparticles as highly 

efficient homogeneous catalysts for regioselective NADH regeneration, which is a 

key technology in the design of biological solar energy conversion and energy storage 

devices as well as in artificial photosynthesis.� �
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Application of visible-light-driven NADH 

regeneration system to enzymatic reactions 
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4.1 Introduction 

In Chapter 2, a visible-light-driven C–C bond formation system for CO2 and 

pyruvate with ME was designed using PV derivatives as an artificial coenzyme. 

Although PV derivatives were useful coenzymes for ME, the application of PV 

derivatives to other enzymes was limited. Therefore, the natural coenzyme NADH 

and NAD+ reduction to NADH was focused upon. In general, in visible-light-driven 

enzymatic redox reactions, the NAD+/NADH redox cycles with FNR or metal 

complexes as catalysts are widely used.1,2 As a novel and simple photoredox system, 

a system that could accomplish regioselective NAD+ reduction to NADH with Rh-

PVP was constructed for use in various enzymatic reactions by harnessing visible-

light energy (Chapter 3).  

This chapter explores visible-light-driven enzymatic reactions using the 

NADH regeneration system. In particular, biocatalytic C–C bond formation with CO2 

was attempted. First, the effect of the electron donor on NADH regeneration, and the 

optimal concentrations of an electron donor and ZnTPPS, Rh-PVP were determined. 

Next, the catalytic activity of Rh-PVP was compared with that of 

[Cp*Rh(bpy)(H2O)]2+, a widely used catalyst for NADH regeneration. 

Photochemical NAD+ reduction was also tested in the presence of TiO2 as a 

photosensitizer.� In addition, the dependence of NADH regeneration on the 

wavelength of photo-irradiation was studied. 

By using the optimized NADH regeneration system, enzymatic reactions 

using visible-light energy were performed. The various enzymatic reactions with 

NAD+-dependent dehydrogenases are shown in Fig. 4-1. As models of 

enantioselective synthesis, the NADH regeneration system with visible-light energy 

was applied in the enzymatic reduction of pyruvate to L-lactate using LDH as well as 

the acetoacetate reduction to D-3-hydroxybutyrate using D-3-hydroxybutyrate 

dehydrogenase (HBDH). As a model of C–C bond formation from CO2, a 

regioselective NAD+ reduction system was applied to pyruvate carboxylation with 

CO2 to L-malate with malate dehydrogenase (decarboxylating; MDH). 

In addition, to improve the catalytic activity of ME in the pyruvate 

carboxylation with CO2, the effect of metal ions on the ME was studied. In general, 
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ME requires the divalent metal ion.3-7 Therefore, the catalytic activity of ME was 

studied using various metal ions, including trivalent metal ions.  
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Fig. 4-1. Enzymatic reactions with the (a) L-lactate (LDH), (b) D-3-hydroxybutyrate 

(HBDH), and (c) malate dehydrogenase (decarboxylating) (MDH). 
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4.2 Experimental  

4.2.1 Materials 
β-Nicotinamide adenine dinucleotide oxidized form (NAD+), β-

nicotinamide adenine dinucleotide phosphate oxidized form (NADP+), β-

nicotinamide adenine dinucleotide phosphate reduced form (NADPH), and L-lactate 

dehydrogenase from pig heart (LDH, EC 1.1.1.27) were purchased from Oriental 

Yeast Co., Ltd. (Tokyo, Japan). Triethanolamine (TEOA), sodium pyruvate, sodium 

hydrogen carbonate, methanol,� diethyl ether,� copper(II) sulfate pentahydrate, 

MgCl2•6H2O, MnCl2, ZnCl2, CoCl2•6H2O, CaCl2•2H2O, AlCl3•6H2O, and 

FeCl3•6H2O were obtained from FUJIFILM Wako Pure Chemical Corporation 

(Osaka, Japan). 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) was 

purchased from NACALAI TESQUE, INC. (Pentamethylcyclopentadienyl) 

rhodium(III) dichloride dimer ([Cp*RhCl2]2) and 2,2’-bipyridyl, D-3-

hydroxybutyrate dehydrogenase from Pseudomonas sp. (HBDH, EC 1.1.1.30) and 

lithium acetoacetate were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, 

Japan). Zn(II) meso-tetra(4-sulfonatophenyl) porphine tetrasodium salt (ZnTPPS) 

was purchased from Frontier Scientific, Inc. Thermostable malate dehydrogenase 

(Decarboxylating) (MDH, EC 1.1.1.38) was obtained from Thermostable Enzyme 

Laboratory Co., Ltd. (Kobe, Japan). Malic dehydrogenase (oxalacetate-

decarboxylating) from chicken liver (ME, EC 1.1.1.40) was obtained from Sigma-

Aldrich. Rh nanoparticles dispersed in polyvinylpyrrolidone (Rh-PVP) was 

purchased from Renaissance Energy Research (Osaka, Japan). TiO2 nanoparticle 

powder (P25) was purchased from Degussa Co., Ltd. All the materials were of 

analytical grade or the highest grade available and were used as received, without 

further purification. Ar gas of ultrahigh purity (≧99.9999 %, Grade 1) was supplied 

by TAIYO NIPPON SANSO CORPORATION (Toyko, Japan). Water was purified 

using a Milli-Q purification system.  
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4.2.2 Synthesis of [Cp*Rh(bpy)(H2O)]2+ 

The synthesis route of pentamethylcyclopentadienyl(2,2′-bipyridyl) rhodium(III) 

chloride ([Cp*Rh(bpy)Cl]Cl) is summarized in Scheme 4-1. [Cp*Rh(bpy)Cl]Cl was 

synthesized according to the published procedure.8-10 First, [Cp*RhCl2]2 (61.8 mg, 

0.1 mmol) was added to methanol (4 mL). Second, 2,2′-bipyridine (31.2 mg, 0.2 

mmol) was introduced into the above suspension, and an orange homogeneous 

solution immediately formed. Third, diethyl ether was added dropwise into the 

solution at 4 °C until orange [Cp*Rh(bpy)Cl]Cl particles precipitated, which were 

subsequently filtered and dried in a vacuum oven for 3 h at room temperature. Finally, 

[Cp*Rh(bpy)Cl]Cl was added to HEPES-NaOH buffer and readily hydrolyzed to 

[Cp*Rh(bpy)(H2O)]2+. 

 

 

4.2.3 Visible-light-driven NAD+ reduction 
The visible-light-driven NADH regeneration was carried out as follows. A 

sample solution containing TEOA (0.20 M), ZnTPPS, Rh-PVP, and NAD+ in 5 mL 

of 50 mM HEPES-NaOH buffer (pH 7.4) was deaerated by performing six 

consecutive freeze–pump–thaw cycles and then flushed with Ar gas for 10 min. The 

sample solution in the cell equipped with a magnetic stirrer was irradiated with a 250 

W halogen lamp (TOSHIBA) with a light intensity of 200 J m–2 s-1 at 30 °C. The 

outline of the experimental setup for NAD+ reduction is shown in Fig. 2-3. The 

production of 1,4-NADH was determined based on the absorption change at 340 nm 

(ε = 6.22 × 103 cm–1 M–1)11,12 using UV–Vis absorption spectroscopy (SHIMADZU, 

MultiSpec-1500 spectrophotometer). 

Scheme 4-1. Synthesis scheme of [Cp*Rh(bpy)(H2O)]2+. 
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The enzymatic activity of regenerated NADH was tested as follows. First, a sample 

containing pyruvate (4.0 mM) and LDH (4.0 U) in 0.4 mL of 50 mM HEPES-NaOH 

buffer (pH 7.4) was added to 0.4 mL of regenerated NADH in a UV cell. The 

absorbance of the solution was monitored using UV–Vis absorption spectroscopy. 

 

4.2.4 Photochemical NAD+ reduction using TiO2 as a 

photosensitizer 
The photochemical NAD+ reduction with TiO2 as a photosensitizer was 

carried out as follows. First, 7.5 mg of TiO2 powder was added to 50 mM HEPES-

NaOH buffer (pH 7.4) including TEOA in a cell, and then the solution was 

magnetically stirred for 10 min followed by sonication for 10 min. Next, NAD+ and 

Rh-PVP were added. The sample solution containing TEOA (0.20 M), TiO2 (1.5 mg 

mL–1), Rh-PVP (50 μM), and NAD+ (1.0 mM) in 5 mL of 50 mM HEPES-NaOH 

buffer (pH 7.4) was deaerated over six consecutive freeze–pump–thaw cycles and 

flushed with Ar gas for 10 min. The sample solution in the cell was stirred and 

irradiated continuously by a 400 W Xe lamp (SX-UI500XQ, USHIO) at ambient 

temperature. The light intensity on the surface of the test cell was 80 mW cm–2, 

measured with a laser power meter (model AN/2; Ophir Optronics, Inc).  

The cell solution was periodically sampled and centrifuged for 15 min 

(KURABO, FR-200). Then, 0.4 mL of supernatant was added to 1.2 mL of HEPES-

NaOH buffer (pH 7.4). The absorbance of the solution was measured using UV–Vis 

absorption spectroscopy (SHIMADZU, MultiSpec-1500 spectrometer). The 

enzymatic activity of the reduction product of NAD+ was also tested. The production 

of 1,4-NADH was determined by the absorption change at 340 nm (ε = 6.22 × 103 

cm–1 M–1).11,12  

 

4.2.5 Irradiation wavelength dependence of NADH 

regeneration    

The apparent quantum yield was calculated using the following equation: 

Φ [%] = Amount of NADH production (μmol) × 2 / Irradiated photon (μmol) 
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Measurements to determine the irradiation wavelength dependence of NADH 

regeneration were performed under monochromatic irradiation emitted from a Xe 

lamp (Asahi Spectra Co. Ltd., MAX-303) equipped with bandpass filters (central 

wavelength: 400, 420, 500, 560, 600, and 700 nm; full-width at half maximum: 10 

nm) and a variable neutral density filter. Monochromatic photon fluxes at each 

wavelength were measured using a photo power meter (Hioki E. E. Co., 3664) 

equipped with a Si photodiode sensor (Hioki E. E. Co., 9742). The sample solution 

contained TEOA (200 mM), ZnTPPS (4.6 μM), Rh-PVP (50 μM), and NAD+ (1.0 

mM). 

 

4.2.6 Photochemical conversion using the NADH regeneration 

system and enzyme 
Visible-light-driven conversion was carried out by combining the NADH 

regeneration system with the enzymes lactate (LDH), 3-hydroxybutyrate (HBDH), 

and malate (decarboxylating; MDH). The sample solution in the cell equipped with a 

magnetic stirrer was irradiated with a 250 W halogen lamp (TOSHIBA) with a light 

intensity of 200 J m–2 s–1 at 30 °C. The irradiance spectrum of the halogen lamp is 

shown in Fig. 4-2. UV rays with wavelengths shorter than 390 nm were blocked with 

a cut-off filter. The concentration of lactate produced in the sample cell was analyzed 

using an ionic chromatograph (Metrohm Eco IC; electrical conductivity detector) 

equipped with an ion-exclusion column (Metrohm Metrosep Organic Acid - 250/7.8; 

column length: 250 × 7.8 mm; composed of a polystyrene/divinylbenzene copolymer 

with sulfonic acid groups; temperature: 35 °C). Perchloric acid (1.0 mM) and lithium 

chloride (50 mM) were used as an eluent and regenerant, respectively. 

Pyruvate reduction to L-lactate with LDH  

Visible-light-driven pyruvate reduction to L-lactate using TEOA, ZnTPPS, 

Rh-PVP, NAD+ and LDH was carried out as follows. A sample solution containing 

TEOA (0.20 M), ZnTPPS (4.9 μM), Rh-PVP (50 μM), NAD+ (1.0 mM), sodium 

pyruvate (2.0 mM), and LDH (20 U) in 5 mL of 50 mM HEPES-NaOH buffer (pH 

7.4) was deaerated over six freeze–pump–thaw cycles and flushed with Ar gas for 10 

min.  
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D- or L-lactate synthesis was determined using high-performance liquid 

chromatography (HPLC). The products were analyzed using an HPLC system 

containing a Shodex ORpak CRX-853 column (8.0 × 50 mm, 6.0 mm particle size), 

Shimadzu LC-20AD SP pump, and a Shimadzu SPD-20A UV–Vis detector 

(detection wavelength: 230 nm). An aqueous solution of 4.0 mM CuSO4 was used as 

the eluent. 

Acetoacetate reduction to 3-hydroxybutyrate with HBDH 

Visible-light-driven pyruvate reduction to malate with TEOA, ZnTPPS, Rh-

PVP, NAD+, and LDH was carried out as follows. A sample solution containing 

TEOA (0.20 M), ZnTPPS (4.6 μM), Rh-PVP (50 μM), NAD+ (1.0 mM), lithium 

acetate (100 μM), and HBDH (8.5 U) in 5 mL of 50 mM HEPES-NaOH buffer (pH 

7.4) was deaerated by performing six freeze–pump–thaw cycles and then flushed with 

Ar gas for 10 min.  

Malate production from pyruvate and CO2 with MDH 

 Visible-light-driven pyruvate reduction to malate with TEOA, ZnTPPS, 

Rh-PVP, NAD+, and LDH was carried out as follows. A sample solution containing 
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Fig. 4-2. Irradiance spectrum of halogen lamp.  
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TEOA (0.20 M), ZnTPPS (4.6 μM), Rh-PVP (50 μM), NAD+ (1.0 mM), sodium 

pyruvate (10 mM), NaHCO3 (100 mM), MgCl2 (10 mM), and MDH (0.7 U) in 5 mL 

of 500 mM HEPES-NaOH buffer (pH 7.4) was deaerated over the course of six 

freeze–pump–thaw cycles and then flushed with Ar gas for 10 min.  

 

4.2.7 Effect of the divalent or trivalent metal ion on MDH 

The ME-catalyzed carboxylation of pyruvate with CO2 to produce malate 

was investigated under the addition of various metal ions. A sample solution 

containing NADPH (160 mM), ME (0.95 μM; 2U), sodium pyruvate (10 mM), 

sodium bicarbonate (10 mM), and metal (Mg2+, Mn2+, Zn2+, Co2+, Ca2+, Fe3+ or Al3+) 

chloride (10 μM) in HEPES-NaOH buffer (pH 7.4) was reacted for 10 min at 30 °C. 

The apparent malate concentration, as the equivalent of the reduced concentration of 

NADPH during the reaction, was estimated from the absorbance change at 340 nm 

in the UV–Vis spectra (SHIMADZU, MultiSpec-1500). The molar absorption 

coefficient of NADPH was ε340 = 6200 M–1 cm–1.11,12 The initial apparent rate of 

malate production (vmalate) was estimated from the gradient of the NADPH 

consumption up to 10 min of incubation. 

 In addition, the ME-catalyzed pyruvate production from malate was 

investigated under the addition of various metal ions. A sample solution consisting 

of NADP+ (320 μM), sodium L-malate (2 mM), ME (0.95 μM; 2 U),�and metal (Mg2+, 

Mn2+, Zn2+, Co2+, Ca2+, Fe3+ or Al3+) chloride (10 μM) in HEPES-NaOH buffer (pH 

7.4) was reacted for 10 min at 30 °C. The apparent pyruvate concentration, as the 

equivalent of the concentration of NADPH produced during the reaction, was also 

estimated from the absorbance change at 340 nm using UV–Vis absorption 

spectroscopy. The molar absorption coefficient of NADPH was ε340 = 6200 M–1 

cm–
 

1,12 The initial apparent rate of pyruvate production (vpyruvatee) was estimated from 

the gradient of the NADPH production up to 10 min of incubation. 
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4.3 Results and discussion 

4.3.1 Optimization of a NADH regeneration system consisting 

of an electron donor, ZnTPPS, and Rh-PVP 

Effect of the electron donor on NADH regeneration 

 Electron donors are necessary for the stability of many photosensitizers in 

common photoredox systems.13 Hydrogen is an attractive electron donor owing to its 

strong reducibility. Although hydrogen is clean and abundant, it is easily leaked.14 2-

Mercaptoethanol also has strong reducibility, but it is toxic and expensive. 

Considering facile handling, environmental compatibility, and low cost, several types 

of electron donor were selected, including EDTA, TEOA, DEOA, NTA, TEA, and 

L-ascorbate. Their chemical structures are shown in Fig. 4-3. NADH production after 

300 min of irradiation with different electron donors is shown in Fig. 4-4. A sample 

solution consisted of an electron donor (200 mM), ZnTPPS (4.6 μM), Rh-PVP (50 

μM), and NAD+ (1.0 mM) in the pH 7.4 HEPS-NaOH buffer. When using either 

EDTA or TEOA, the NADH production after 300 min irradiation was estimated to 

be 51 and 49 μM, respectively. Using DEOA, NTA, and TEA, NADH production 

Fig. 4-3. The chemical structure of electron donors. 
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was lower than by using EFTA and TEOA. On the other hand, by using L-ascorbate, 

a low amount of NADH was measured. The nitrogen atom of these electron donors 

might easily coordinate with water-soluble porphyrin through non-covalent 

interactions to achieve intramolecular transfer of electrons.15 Although the NADH 

yield when EDTA was used was slightly higher than that for TEOA, ZnTPPS 

decomposed with increasing irradiation time in the case of EDTA. In addition, EDTA 

is expected to chelate, forming a metal-ion complex, which is a cofactor for enzymes. 

Thus, TEOA was selected as the electron donor for the visible-light-driven NADH 

regeneration. 

 

 

Effect of the concentration of TEOA as an electron donor 

 Fig. 4-5 shows the effect of the concentration of TEOA on NADH reduction. 

A sample solution consisted of TEOA (0-400 mM), ZnTPPS (4.6 μM), Rh-PVP (50 

μM), and NAD+ (1.0 mM). Fig. 4-5 shows the NADH concentration after 300 min 
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irradiation with visible light. When the concentration TEOA was increased to 200 

mM, the NADH concentration after 300 min irradiation reached 49 μM. When the 

TEOA concentration was further increased (>200 mM), NADH production decreased. 

The role of the electron donor is to transfer the electrons to the ground-state acceptor 

and prevent the recombination of charges. Thus, the efficiency of photo-generated 

electron utilization is low when the concentration of an electron donor is low. 

Therefore, NADH production was low at a lower TEOA concentration. On the other 

hand, a large amount of photo-generated electrons associated with a higher TEOA 

concentration will cause the reoxidation of NADH.16,17 Thus, the optimal 

concentration of TEOA for NADH regeneration was estimated to be 200 mM. 
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Effects of the concentration of ZnTPPS as a photosensitizer and of the Rh-PVP 

as a catalyst 

Fig. 4-6 shows the effect of the ZnTPPS concentration on the NADH yield 

after 30 min of irradiation with visible light. The sample solution contained TEOA 

(200 mM), ZnTPPS (0-19 μM), Rh-PVP (250 μM), and NAD+ (1.0 mM) in pH 7.4 

HEPES-NaOH buffer. When the concentration of ZnTPPS was increased to 10 μM, 

that of NADH reached 17 μM after 30 min of irradiation. When the concentration of 

ZnTPPS was further increased from 10 to 19 μM, the concentration of NADH 

production after 30 min of irradiation remained almost unchanged. The TONs 

corresponding to 4.6, 9.2, and 19 μM ZnTPPS for NADH production were estimated 

as 2.9, 1.8, and 0.93, respectively. Considering the concentration of NADH 

production and the TONs of ZnTPPS, a ZnTPPS concentration of 4.6 μM was used. 
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Fig. 4-7 shows the effect of the ZnTPPS concentration on the NADH yield 

after 30 min of irradiation with visible light. The sample solution contained TEOA 

(200 mM), ZnTPPS (19 μM), Rh-PVP (0-250 μM), and NAD+ (1 mM) in pH 7.4 

HEPES-NaOH buffer. When the Rh-PVP concentration was 20 μM, the 

concentration of NADH was 17 μM after 30 min of irradiation. When the Rh-PVP 

concentration was further increased (>50 μM), NADH production decreased. This is 

because there is an excess of Rh-PVP relative to ZnTPPS, which reduces the ratio of 

two electron transfers to Rh-PVP. 

 

 

The� effect of the Rh-PVP concentration on the NADH yield was 

reinvestigated when the ZnTPPS concentration was 4.6 μM (Fig. 4-8). When the Rh-

PVP concentration was low (<50 μM), that of NADH remained almost unchanged. 

On the other hand, when the Rh-PVP concentration was increased (>50 μM), NADH 
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production decreased. At higher concentrations of photosensitizer, the electron could 

potentially be transferred to NAD+ directly rather than to the catalysts.  

  

 Next, the effect of ZnTPPS concentration on NADH yield was 

reinvestigated when the Rh-PVP concentration was 50 μM (Fig. 4-9). When the 

concentration of ZnTPPS was increased to 19 μM, that of NADH after 180 min of 

irradiation reached 38 μM. When the concentration of ZnTPPS was further increased, 

that of NADH remained almost unchanged. The TONs of ZnTPPS for NADH 

production were 2.0, 5.2, 2.4, 2.0 and 0.95 at 2.3, 4.6, 9.2, 19, and 37 μM ZnTPPS, 

respectively. The TON of ZnTPPS for NADH production was highest when the 

ZnTPPS concentration was 4.6 μM.  

Fig. 4-8. Effect on the Rh-PVP concentration on the NADH yield after 180 min 

irradiation. A sample solution contained TEOA (200 mM), ZnTPPS (19 μM), Rh-

PVP, and NAD+ (1.0 mM) in pH 7.4 HEPES-NaOH buffer. 
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For the photochemical conversion system, considering the concentration of 

NADH production and TONs of ZnTPPS and Rh-PVP, concentrations of 4.6 and 50 

μM were used for ZnTPPS and Rh-PVP, respectively. 

 

 

4.3.2 Comparison of Rh-PVP and [Cp*Rh(bpy)(H2O)]2+ in 

photochemical NADH regeneration 

Here, the catalytic activity for NADH regeneration using visible light was 

compared between Rh-PVP and [Cp*Rh(bpy)(H2O)]2+, where the latter is a widely 

used catalyst for NAD+ reduction. The sample solution contained TEOA (200 mM), 

ZnTPPS (4.6 μM), Rh-PVP or [Cp*Rh(bpy)(H2O)]2+ (50 μM), and NAD+ (1.0 mM) 

in HEPES-NaOH buffer (pH 7.4) and was irradiated with visible light. Fig. 4-10 

Fig. 4-9. Effect on the ZnTPPS concentration on the NADH yield after 30 min 

irradiation. A sample solution contained TEOA (200 mM), ZnTPPS (2.3-37 μM), Rh-

PVP (50 μM), and NAD+ (1.0 mM) in pH 7.4 HEPES-NaOH buffer. 
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shows the time dependence of the concentration of NADH with Rh-PVP or 

[Cp*Rh(bpy)(H2O)]2+. When either Rh-PVP or [Cp*Rh(bpy)(H2O)]2+ was used, the 

concentration of NADH increased with irradiation time. For Rh-PVP and 

[Cp*Rh(bpy)(H2O)]2+, the NADH concentrations after 300 min of irradiation were 

estimated to be 49 and 79 μM, respectively. The TONs of Rh-PVP and 

[Cp*Rh(bpy)(H2O)]2+ after 300 min of irradiation were estimated to be 0.99 and 1.6, 

respectively, and their TOFs were estimated to be 0.48 and 0.41, respectively. Based 

on these results, Rh-PVP possesses ≈85 % of the catalytic activity of 

[Cp*Rh(bpy)(H2O)]2+ under the current conditions.  

 

 

 In addition, the catalytic activity of Rh-PVP was also tested with TiO2 as a 

photosensitizer in place of ZnTPPS. The sample solution, consisting of TEOA, TiO2, 

Rh-PVP, and NAD+, was irradiated with a Xe lamp. The absorbance of the sample 

solution at 340 nm increased with irradiation time; thus, NADH production also 

Fig. 4-10. Time dependence of concentration of NADH production with Rh-PVP or 

[Cp*Rh(bpy)(H2O)]2+. 
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proceeded with TiO2 instead of ZnTPPS. The concentrations of NADH after 120 min 

of irradiation were estimated to be 74 μM without Rh catalyst, 131 μM with Rh-PVP, 

and 200 μM with [Cp*Rh(bpy)(H2O)]2+, as shown in Fig. 4-11. On the other hand, 

the NAD dimer was also produced; the concentrations of NAD dimer were estimated 

to be 81 μM without Rh catalyst, 31 μM with Rh-PVP, and 200 μM with 

[Cp*Rh(bpy)(H2O)]2+. Thus, the selectivities for NADH production were estimated 

to be 48% without Rh catalyst, 81% with Rh-PVP, and 86% with 

[Cp*Rh(bpy)(H2O)]2+. NADH production using Rh-PVP was higher than without 

Rh-PVP, and NAD dimer production was suppressed using Rh-PVP. Rh-PVP also 

acted as a catalyst for regioselective NAD+ reduction to NADH in the presence of 

TiO2. In addition, the selectivity of NADH in the presence of Rh-PVP was also higher 

than in the absence of Rh-PVP. Compared with the results of Rh-PVP and 
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[Cp*Rh(bpy)(H2O)]2+, no significant difference was observed in the regioselectivity 

of the NAD+ reduction.  

From these results, Rh-PVP can be considered a highly efficient 

homogeneous catalyst for selective NADH regeneration.  
 

4.3.3 Irradiation wavelength dependence of NADH 

regeneration 

 The irradiation wavelength dependence of NADH regeneration was 

measured under monochromatic irradiation at 400, 420, 500, 560, 600, and 700 nm. 

The sample solution consisted of TEOA (200 mM), ZnTPPS (4.6 μM), Rh-PVP (50 

μM), and NAD+ (1.0 mM). NADH regeneration was proceeded by irradiation at 400, 

420, 560, and 600 nm, as shown in Fig. 4-12. The amount of NADH production 

depended on the wavelength of the irradiated light. The apparent quantum 

efficiencies for NADH regeneration at 400, 420, 560, and 600 nm were 0.00016, 

0.0012, 0.00016, and 0.00017 %, respectively. On the other hand, no NADH 
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Fig. 4-12. Irradiation wavelength dependence of NADH regeneration. 
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regeneration was detected after irradiation at 500 and 700 nm, indicating that ZnTPPS 

absorbs photons with a Soret band and Q band.  

 

4.3.4 Photochemical conversion using the combined NADH 

regeneration system and enzyme 

Pyruvate reduction to L-lactate with LDH 

As a model of an enantioselective synthesis, L-lactate production from 

pyruvate was attempted using the NADH regeneration system. Scheme 4-2 shows the 

visible-light-driven pyruvate reduction to L-lactate with LDH using an NADH 

regeneration system including TEOA, ZnTPPS, Rh-PVP, NAD+, and pyruvate. The 

sample solution including TEOA, ZnTPPS, Rh-PVP, NAD+, LDH, and pyruvate in 

HEPES-NaOH buffer (pH 7.4) was irradiated with visible light at 30 °C, producing 

L-lactate (Fig. 4-13). The concentration of L-lactate produced was estimated to be 94 

μM after 7 h of irradiation, and the conversion yield of pyruvate after 7 h of irradiation 

was 4.7%. In this system, the TOF and TON of Rh-PVP after 7 h of irradiation were 

estimated to be 0.38 h–1 and 1.9, respectively. The TOF and TON of ZnTPPS after 7 

h of irradiation were estimated to be 4.1 h–1 and 20, respectively. Thus, the catalytic 

production of L-lactate proceeded using the NADH regeneration system combined 

with visible-light energy. A control experiment performed in the absence of NAD+ 

and LDH showed no production of L-lactate. As a control experiment, the sample 

solution including TEOA, Rh-PVP, NAD+, LDH, and pyruvate was irradiated 

TEOA

TEOAOX ZnTPPS

ZnTPPS+

ZnTPPS*

NAD+

Rh-PVP
NADH

LDH

L-Lactate

Pyruvate

hν

Scheme 4-2. Visible-light-driven pyruvate reduction to L-lactate using a NADH 

regeneration system including TEOA, ZnTPPS, Rh-PVP, NAD, LDH, and 

pyruvate. 
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without ZnTPPS, and no L-lactate was produced. In the system without Rh-PVP, 

while the UV–Vis absorption band at 300-380 nm increased, lactate was not produced. 

When the reaction mixture containing TEOA, ZnTPPS, Rh-PVP, NAD+, LDH, and 

pyruvate in the HEPES-NaOH buffer (pH 7.4) was allowed to react in the dark, the 

intensity of the absorption band at 300–380 nm did not increase, and L-lactate was 

not produced.  

The chirality of the lactate synthesized from pyruvate using the system of 

TEOA, ZnTPPS, Rh-PVP, NAD+ and LDH with visible-light irradiation was 

confirmed. A chart showing the HPLC data acquired for the sample solution is shown 

in Fig. 4-14(a). The chromatogram of the standard sample of DL-lactate is also shown 

in Fig. 4-14(b). In the chromatogram, the signal peaks attributed to L- and D-lactate 

appear at retention times of 5.5 and 6.8 min, respectively. After irradiation, the peak 
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arising from L-lactate was detected and increased with irradiation time. On the other 

hand, the signal of D-lactate was not detected. 

Therefore, the enantioselective synthesis of L-lactate has been successfully 

achieved using the NADH regeneration system and visible-light energy. 

 

 

Acetoacetate reduction to 3-hydroxybutyrate with HBDH 

As a model of an enantioselective synthesis, 3-hydroxybutyrate production 

from acetoacetate was also attempted using the NADH regeneration system. Scheme 

4-3 shows the visible-light-driven acetoacetate reduction to 3-hydroxybutyrate with 

Fig. 4-14 .(a) The chromatogram of HPLC of the sample solution including TEOA, 

ZnTPPS, Rh-PVP, NAD+, LDH, and pyruvate. (b) The chromatogram of standard 

sample of DL-lactate. 
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Scheme 4-3. Visible-light-driven acetoacetate reduction to D-3-hydroxybutyrate 

using a NADH regeneration system including TEOA, ZnTPPS, Rh-PVP, NAD, 
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HBDH using an NADH regeneration system consisting of TEOA, ZnTPPS, Rh-PVP, 

NAD+, and acetoacetate. When the sample solution was irradiated with visible light 

at 30 °C, D-3-hydroxybutyrate was produced, as shown in Fig. 4-15. The 

concentration of D-3-hydroxybutyrate production was estimated to be 42 μM after 5 

h of irradiation, and the conversion yield of pyruvate after 4 h of irradiation was 42%. 

In this system, the TOF and TON of Rh-PVP after 5 of h irradiation were estimated 

to be 0.17 h–1 and 0.84, respectively. Each TOF and TON of ZnTPPS after 5 h of 

irradiation were estimated to be 1.8 h–1 and 9.1, respectively. A control experiment 

performed in the absence of NAD+ and HBDH showed no production of D-3-

hydroxybutyrate. No D-3-hydroxybutyrate was produced in the control experiment, 

which involved a sample solution including TEOA, Rh-PVP, NAD+, HBDH, and 

acetoacetate without ZnTPPS. In the system without Rh-PVP, while the UV–Vis 

absorption band at 300–380 nm increased, lactate was not produced. When the 

reaction mixture containing TEOA, ZnTPPS, Rh-PVP, NAD+, HBDH, and D-3-
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Fig. 4-15. Time course of D-3-hydroxybutyrate production with the system of 

TEOA, ZnTPPS, Rh-PVP, HBDH, and acetoacetate in HEPES-NaOH buffer (pH 

7.4) under continuous irradiation. 
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hydroxybutyrate in the HEPES-NaOH buffer (pH 7.4) was allowed to react in the 

dark, the intensity of the absorption band at 300–380 nm did not increase, and D-3-

hydroxybutyrate was not produced.  

Therefore, the enantioselective synthesis of D-3-hydroxybutyrate has been 

successfully achieved using the NADH regeneration system and visible-light energy. 

 

Malate production from pyruvate and CO2 with MDH 

 As a model of C–C bond formation from CO2 as a C1 feedstock, L-malate 

production from pyruvate and CO2 was attempted using the NADH regeneration 

system. Scheme 4-4 shows the visible-light-driven malate production from pyruvate 

and CO2 with LDH using an NADH regeneration system consisting of TEOA, 

ZnTPPS, Rh-PVP, NAD+, MDH, pyruvate, HCO3–, and Mg2+. When a sample 

solution of the regeneration system in HEPES-NaOH buffer (pH 7.4) was irradiated 

with visible light at 30 °C, malate was produced, as shown in Fig. 4-16. The 

concentration of malate was estimated to be 18 μM after 5 h of irradiation. In this 

system, the TOF and TON of Rh-PVP after 5 h of irradiation were estimated to be 

0.072 h–1 and 0.36, respectively, and those for ZnTPPS after 5 h of irradiation were 

estimated to be 0.78 h–1 and 3.6, respectively. A control experiment performed in the 

absence of NAD+ and MDH showed no formation of malate. As a control experiment, 

when the sample solution consisting of TEOA, Rh-PVP, NAD+, MDH, pyruvate, 

HCO3–, and Mg2+ was irradiated without ZnTPPS, no malate was produced. When 

the reaction mixture was allowed to react in the dark, the intensity of the absorption 

band at 300–380 nm did not increase, and malate was not produced.  

L-Malate

Pyruvate + CO2TEOA

TEOAOX ZnTPPS

ZnTPPS+

ZnTPPS*

NAD+

Rh-PVP
NADH

MDH

hν

Scheme 4-4. Visible-light-driven malate production using a NADH regeneration 

system including TEOA, ZnTPPS, Rh-PVP, NAD, MDH, pyruvate, and CO2. 
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 Therefore, C–C bond formation to produce malate from CO2 and pyruvate 

was successfully achieved using the NADH regeneration system and visible light 

energy. 

 

4.3.5 Effect of the divalent or trivalent metal ion on ME 

Effect of metal ions on the catalytic activity of ME in the malate production from 

pyruvate and CO2 

To improve the catalytic activity of ME in the pyruvate carboxylation with 

CO2, the effect of metal ions on the ME was studied. In general, ME requires a 

divalent metal ion.3-7 Therefore, the catalytic activity of ME combined with various 

metal ions, including trivalent metal ions, was studied.  

Fig. 4-17(a) shows the time dependence of the produced NADP+ 

concentration in the ME-catalyzed carboxylation of pyruvate with CO2 to produce 

Fig. 4-16. Time course of malate production with the system of TEOA, ZnTPPS, Rh-

PVP, MDH, Mg2+, pyruvate, and CO2 in HEPES-NaOH buffer (pH 7.4) under 

continuous irradiation. 
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malate in the presence of NADPH under the addition of various metal ions. The 

NADP+ concentration increased linearly with increasing incubation time for all in all 

cases (using metal-ion concentrations of 10 μM). Fig. 4-17(b) shows the initial rate 

of ME-catalyzed malate production (vmalate). The results show that the ME-catalyzed 

carboxylation was accelerated by adding Mn2+, Fe3+, or Al3+, in particular. On the 

contrary, the ME-catalyzed carboxylation was inhibited by adding Co2+, Zn2+, or Ca2+ 

compared to the absence of metal ions. 

  

 

Fig. 4-18(a) shows the time dependence of the NADPH concentration in the 

ME-catalyzed decarboxylation of malate into pyruvate and CO2 in the presence of 

NADP+ under the addition of various metal ions.� The NADPH concentration 

increased linearly with increasing incubation time for all metal-ion additions (10 μM). 

Fig. 4-18(b) shows the initial rate of ME-catalyzed pyruvate production (vpyruvate). 

However, no drastic acceleration of the ME-catalyzed decarboxylation was observed 
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upon adding any metal ions. The ME-catalyzed decarboxylation was also inhibited 

by adding Zn2+, Co2+, or Ca2+ compared to omitting the metal ions. 

 

 

These results indicated that both ME-catalyzed malate and pyruvate 

production were greatly inhibited by adding the divalent metal ions Co2+, Zn2+, and 

Ca2+. It was found that malate production was promoted by adding a trivalent metal 

ion such as Al3+ or Fe3+. The values of vmalate without divalent metal ions and with the 

addition of Al3+ and Fe3+ were estimated to be 25, 27, and 28 μM min–1, respectively. 

Fig. 4-19 shows vmalate under various concentrations of Fe3+, Al3+, and Mg2+. The 

vmalate increased as the Al3+ concentration increased in the reaction system. Al3+ 

concentrations of up to 1.0 mM were sufficiently dissolved in the reaction solution, 

and vmalate increased up to 31μM min–1.�By contrast, for the addition of Fe3+, vmalate 

acceleration was not observed with increasing Fe3+ concentration. As high 

concentrations of Fe3+ remain undissolved in the reaction solution, it was impossible 

to measure the absorption changes by spectroscopy after adding 1.0 mM of Fe3+. 
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Fig. 4-18. (a) The time dependence of NADPH concentration in the ME-catalyzed 
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As a control test, both malate and pyruvate production in the presence of 

NADPH or NADP+ were measured upon adding any metal ion in the absence of ME, 

and the reactions did not proceed. In other words, ME is essential for the 

carboxylation of pyruvate with CO2 or the decarboxylation of malate. In addition, no 

carboxylation of pyruvate with ME was observed in the absence of sodium 

bicarbonate. 

 

  

Relationship between the radius of the metal ion and the reaction rate 

The relationship between the metal-ion radius and the apparent initial rate of  

ME-catalyzed carboxylation of pyruvate with CO2 and decarboxylation of malate is 

shown in Fig. 4-20. At first glance, the relationship between the radius and vmalate or 

vpyruvate did not appear to affect the malate or pyruvate reactions, respectively. When 

0

5

10

15

20

25

30

35

0 μM 10 μM 100 μM 1.0 mM

v m
al
at
e

(μ
M

m
in
-1

)

Non
e
Fe3
+

�None
�Fe3+
�Al3+
�Mg2+

Fig. 4-19. The apparent rates for ME-catalyzed malate production (vmalate). The 

sample solution contained NADPH, pyruvate, bicarbonate, and ME in the presence 

of various concentrations of metal ions. 



  - 127 - 

the radius of the metal ion was increased, the ME-catalyzed carboxylation of pyruvate 

with CO2 and the decarboxylation of malate tended to be suppressed. 

The mechanism of oxaloacetate production from pyruvate and CO2 with ME 

was previously described.18,19 First, a base abstracts an α-hydrogen of pyruvate to 

form an enolate. The enolate intermediate or generated carbanion intermediate then 

interacts with CO2 to produce oxaloacetate. In this step, it is assumed that the metal 

ion stabilizes the intermediate in ME as a Lewis acid. Thus, it is assumed that the 

abstraction of α-hydrogen of keto-pyruvate to produce the enolate or carbanion 

intermediate is accelerated or decelerated by forming a complex of pyruvate with the 

metal ion.  
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4.4 Conclusion 

 This chapter described several visible-light-driven enzymatic reactions 

using the NADH regeneration system. In particular, biocatalytic C–C bond formation 

with CO2 was attempted. 

Choosing the optimal type and concentration of the electron donor, ZnTPPS, 

and Rh-PVP are vital to achieving a high regeneration rate.�Optimal ranges for the 

concentrations of TEOA and the ratio of ZnTPPS to Rh-PVP were determined. The 

irradiation wavelength dependence of NADH regeneration was studied. ZnTPPS 

absorbs photons with a Soret band and Q band, and the quantum efficiencies for 

NADH regeneration at 420 nm were 0.0012%. The catalytic activity of Rh-PVP was 

compared with [Cp*Rh(bpy)(H2O)]2+ for NADH regeneration, and Rh-PVP realized 

85% the performance of [Cp*Rh(bpy)(H2O)]2+ from the initial rate. The 

photochemical NAD+ reduction also proceeded in the presence of TiO2 as a 

photosensitizer. 

The photochemical NADH regeneration system was also applied to enzyme-

catalyzed redox reactions. By using the optimized NADH regeneration system, 

enzymatic reactions with visible-light energy were performed. The enantioselective 

synthesis of L-lactate with LDH and D-3-hydroxybutyrate with HBDH have been 

successfully achieved using visible-light energy. Moreover, C–C bond formation 

from CO2 to produce L-malate MDH was successfully achieved using visible-light 

energy. 

In addition, in order to improve the catalytic activity of ME in pyruvate 

carboxylation with CO2, the effect of metal ions on the ME was studied. Trivalent 

aluminum and iron ions were found to accelerate the reaction.  
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5.1 Summary 

 The goal of this doctoral work was to establish a CO2 utilization system that 

uses visible-light energy and biocatalysts. In this thesis, a novel system that does not 

incorporate the NAD+/NADH redox system was proposed. In addition, a novel type 

of catalyst for NADH regeneration, an Rh colloidal catalyst, was reported. 

In Chapter 2, a photoredox system for enzymatic CO2 fixation using a 

viologen derivative as a novel, artificial coenzyme for ME was developed. By using 

this coenzyme, a visible-light-driven C–C bond formation system with ME was 

developed. In addition, the function of viologen derivatives in the C–C bond 

formation mechanism was clarified. PV0 acts as a base and was involved in 

oxaloacetate production via C–H bond activation and carboxylation of pyruvate by 

CO2. In addition, the kinetic parameters of oxaloacetate production based on building 

a C–C bond of a coupling pyruvate and CO2 with PCV0 and ME were determined 

through the analysis of enzymatic kinetics.  

In Chapter 3, the regioselective NAD+ reduction to enzymatically active 

NADH using a system comprising a photosensitizer and homogeneously polymer-

dispersed metal nanoparticles was carried out. The catalytic activity of homogeneous 

Rh nanoparticles for NADH regeneration was demonstrated for the first time. The 

reduction product of NAD+ was solely 1,4-NADH, which validated the enzymatic 

assay and HPLC analysis. NADH regeneration mechanisms were also proposed.  

By using this system, photochemical conversion using visible light-energy 

has been successfully achieved, as described in Chapter 4. As models of 

enantioselective synthesis, LDH-catalyzed pyruvate reduction to L-lactate and 

HBDH-catalyzed acetoacetate reduction to D-3-hydroxybutyrate were attempted. As 

a model of C–C bond formation with CO2 owing to C–H bond activation, MDH 

catalyzed pyruvate carboxylation with CO2, and subsequent reduction to L-malate 

was performed using visible-light energy. This work provides a platform for using 

Rh nanoparticles as highly efficient homogeneous catalysts for regioselective NADH 

regeneration, which is central to the design of biological solar-energy conversion and 

energy storage devices as well as to advance artificial photosynthesis. 
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5.2 Prospects 

 In this work, visible-light-driven C–H bond activation and C–C bond 

formation with CO2 was developed for the carboxylation of organic molecules using 

a biocatalyst and photofunctional materials. The systems in this thesis incorporate 

CO2 into organic molecules by utilizing the base and reductant produced upon 

irradiation with visible-light energy. These systems can be expected to lead to new 

storage methods that fix CO2 to molecules and contribute to the field of green 

chemistry. Fig. 5-1 shows the approaches to recycling conversion of CO2 as an 

alternative to petrochemical methods.1 

 

 

 Until now, extensive research efforts have been devoted to CO2 reduction to 

CO, formate, formaldehyde, and methanol using electrochemical, photo-

electrochemical, and chemical methods including the photoredox systems mentioned 

in Chapter 1. In contrast, for CO2 functionalization, new C–C, C–O, and C–N bonds 

are formed with no formal reduction of the carbon center and thus do not require 
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Fig. 5-1. Schematic representation for the approaches to recycling conversions of 

CO2 as alternatives to petrochemical methods. 
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significant energy storage. Novel techniques for CO2 recycling that aim to compete 

with petrochemistry require new processes that combine both CO2 reduction and C–

C, C–O, and C–N bond formation in order to expand the range of compounds directly 

available from CO2.  

 Enzymes that catalyze CO2 utilization reactions have the advantage of high 

reaction-product selectivity. Therefore, in the future, not only will the conversion of 

CO2 to C1 fuels such as CO, methanol, and methane be accomplished by using 

visible-light energy but also chemical product synthesis and innovative CO2 capture, 

utilization and storage technology (CCUS). 

 In addition, most of reported photoredox systems for CO2 utilization use 

sacrificial reagents as electron sources. Therefore, there will be a need for 

photochemical systems that use water as an electron source. 
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4. td¹ h�, jB ��, �y ]F, 5@ ¢, “&��×�xÆÉ�­�r
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�×"XÌÇÕr�-r��'wQ×&�ÌÇÕ��Ăw��7�”, � 120

*�7�¡�, O8, 2017G 9^.  

5. td h�,  �y ]F, jB ��,  5@ ¢, “�­�r�¤o�ÏÉÒ

Ï�0P�9#Ðw��7×xÀÉ&��·�.r�Ăr��'wQ�”, 

� 47*�kÿ�k�;�¡�, ¸%, 2017G 11^.  

6. td h�, jB ��, 5@ ¢, “�­�r�¤o�f�×TÊúþã­¬

�Ì	E�¬�ÌÏ}��xÎ³ÇÕ��”, [`�;�� 98 \:G�, 

!�, 2018G 3^.  

7. td h�, jB ��, 5@ ¢, “�­�r�¤o�ÏÉÒÏúþã­¬�

ÌY�	E�¬�ÌÏ}��xÎ³ÇÕ§H¡{�=”, � 122*�7�¡

�,  n¨, 2018G 9^.  

8. td h�, jB ��, 5@ ¢, “�µ9ª�.æòÛîûñÝýĀâþ×

xÀÉúþã­¬�Ã�7ÇÕ�­�r�,<�$MÎÁÅÕ§H¡{�

b”, � 48*�kÿ�k�;�¡�, a�, 2018G 10^.  

9. td h�, jB ��, 5@ ¢, “	E�¬�æòÛîûñÝýĀâþ ?

�Ìúþã­¬�ÎÓÕ�­�r�×"XÌÆÉ_f�9ÏÞûóßå�”, 

[`�;�� 99\:G�, �I, 2019G 3^.  

10. td h�, jB ��, 5@ ¢, "w��7Ì	E�¬�æòÛîûñÝý

Āâþ ?�×xÀÉ�­�r�Ï,<�", � 124 *�7�¡�, °C, 

2019G 9^. 

11. td h�, jB ��, 5@ ¢, “úþã­¬�Ã�7ÇÕ�­�r�,<

$MÎÁÅÕ3µ9��æòÛîûñÝýĀâþ ?�Ïf�Î³ÇÕ�

�”, � 49*�kÿ�k�;�¡�, BJ, 2019G 10^. 

12. td h�, jB ��, 5@ ¢, “Effect of metal ion on the CO2 addition by 

malic enzyme with viologen derivative”, [`�;�� 100\:G�, !�, 

2020G 3^. 

13. td h�»5@ ¢, “úþã­¬�Ã�7ÇÕ�­�r�ÏÞûóßå�Î

>ÇÕ�+9ÏK¶”, � 128*�7�¡�, ÝþùÙþ±�, 2020G 9^. 

14. td h�»5@ ¢, “úþã­¬�Ã�7ÇÕ�­�r�,<$MÎ>Ç

Õ�+9Ï�c”,  � 50*�kÿ�k�;�¡�, s`, 2020G 11^.  



  - 149 - 

15. td h�, 5@ ¢, “úþã­¬�Ã�7ÇÕ�­�r�
�$MÎÁÅ
Õ®A�+9�c”, [`�;�� 101\:G�, ÝþùÙþ±�, 2021G 3
^.  

16. td h�, 5@ ¢, “ipN�¯ôûòØúþÁÓÐýæÚöL�9ÎÓÕ&
��·�. NADH �w�” � 128 *�7�¡�, ÝþùÙþ±�, 2021 G
9^.  

17. td h�, a g�, 5@ ¢, “ýæÚöL�9ÁÓÐipN�¯ôûòØú
þ×xÀÉ NADH �wÏÉÒÏ�­�ª��”, � 51 *�kÿ�k�;�
¡�,  n¨, 2021G 11^. 

18. td h�, a g�, 5@ ¢, [`�;�� 102\:G�, �I, 2022G

3^. 

 

�Poster Presentations� 

1. td h�, jB ��, �y ]F, 5@ ¢, “Dye/malic enzyme composite 

system for visible-light induced malic acid production from CO2 and pyruvic acid” 

�7;��[`W«� 8 *�7�;��z��, 4´, 2017G 6^.  

2. td h�ājB ��ā�y ]Fā5@ ¢, “&��×xÀÉ�­�r�

¤o�ÏÉÒÏ���úþã­¬��'�Î³ÇÕ��”, � 36*�ÃÂÂ

ÖÕ�7�;åþôæÚö, 4´, 2017G 6^.  

3. jB ��ātd h�ā5@ ¢, “Y�µ9
©�Ï±zÎÓÕ&��×·

��ÌÆËxÀÉw��7Ï CO2ª��7lN�xS�Ï)�”, � 36 *

�ÃÂÂÖÕ�7�;åþôæÚö, 4´, 2017G 6^. 

4. td h�, jB ��, 5@ ¢, “Evaluation of catalytic activity of malic 

enzyme for CO2 fixation by two-electron reduced form of diphenylviologen”, �

7;��[`W«� 9 *�7�;��z��, O~, 2018G 6^.  

5. td  h� , jB  �� , 5@  ¢ , "CO2 fixation with malic enzyme and 

diphenylviologen derivative as a co-enzyme", � 10 *�7�;��z��, 

¸%, 2019G 6^. 

6. td h�, jB ��, 5@ ¢, "w��7Ì�µ9ª�.æòÛîûñÝ

ýĀâþ ?�×xÀÉ�­�r�Ï_f�9ÑÏ,<�", � 8 *

JACI/GSCåþôæÚö, a�, 2019G 6^. 
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7. td h�, 5@ ¢, “úþã­¬�×�7ÌÆËxÀÉ&��×ÜïûàĀ

oÌÇÕ�­�r�¤o�”, � 9 * JACI/GSC åþôæÚö, ÝþùÙþ±

�, 2020G 6^.  

8. td h�, 5@ ¢, “ýæÚöíðL�9×�7ÌÆËxÀÉ NAD+�ª�

$M”, � 12 *�7�;��z��, ÝþùÙþ±�, 2021G 6^.¹   

 

¾Other Presentation¿ 

1. td h�, “&��×xÀÉ�­�r�Ï¤o�ÏÉÒÏY�ñÝýĀâþ

µ9
©�Ï�9��ÿ'Q#ÐÈÏvNÎÊÀËÏ��”, 2016 GH¼ä

õĀéøüþæ-ÔZe��½#Ð¼'(��z��½, �/, 2017G 3^.  

2. td h�, “&��×xÀÉ�­�r�¤o�ÏÉÒÏ���w��7

�”, � 38*�7;��R�¼2Ï���½, q£, 2017G 8^. 

3. td h�, “&��ÎÓÕ�­�r�¤o�×|UÆËă�0P�9�úþ

ã­¬��üìêáç�ă”, 2017 GH¼äõĀéøüþæ-ÔZe��½#Ð

¼'(��z��½, �/, 2018G 2^.  

4. td h�, “�µ9ª�.æòÛîûñÝýĀâþ ?�Ìúþã­¬�ÎÓ

Õ�­�r�×"XÌÆÉ_f�9ÏÞûóßå�Î³ÇÕ��”, 2018 G

H¼äõĀéøüþæ��²�m�½, �/, 2019G 2^. 

 


