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General Introduction 

 

Porphyrin  

Many important reactions in biological systems are performed by metal complexes of tetrapyrrolic macrocycles. 

In particular, porphyrins (Chart 1a) and the corresponding metal complexes (metalloporphyrins) have attracted great 

interests because of the various functions in biological events. For example, an Fe(II) complex of protoporphyrin 

IX (Chart 1b) is widely found in proteins, such as hemoglobin,1 myoglobin,2 cytochrome P4503 and catalase4 (Figure 

1). The former two proteins function as an oxygen-binding/transporting protein, cytochrome P450 is responsible for 

hydroxylation of C−H bonds in a variety of hydrocarbons, and catalase promotes the disproportionation of hydrogen 

peroxide to water and dioxygen. As seen in these proteins, porphyrin is one of the most important pigments in 

biological processes and hence referred to as the “pigment of life”.5 These functions of proteins are derived from 

the excellent intrinsic properties of porphyrin framework.  

Porphyrin is an 18-conjugated macrocycle, leading to a small HOMO-LUMO gap and strong absorption in 

UV-vis region. In addition, porphyrin is capable of constructing complexes with a variety of metal ions owing to 

the large N4 core in the framework. Being inspired by the natural functions and these intrinsic properties, a huge 

number of researches have gone into employing porphyrins and metalloporphyrins as catalysts and 

electrochemical/photochemical materials.  

 

 

Chart 1. Chemical structure of (a) porphyrin and (b) Fe(II) complex of protoporphyrin IX. 

 

 

Figure 1. Crystal structures and functions of (a) myoglobin (PDB ID: 1MBN), (b) hemoglobin (PDB ID: 1HGA), 

(c) cytochrome P450 (PDB ID: 1W0E) and (d) catalase (PDB ID: 1DGB). 
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Modification of porphyrin 

To employ a porphyrin framework as a component of catalysts and materials, modification of macrocycle 

structure is a promising strategy (Figure 2a). Two common approaches are available: (i) insertion of metal ions into 

the macrocycle and (ii) introduction of substituents at meso-positions and -positions of pyrrole moieties. These 

synthetically simple and effective strategies are expected to achieve unique physicochemical properties and 

reactivities. Over the last few decades, porphyrins and metalloporphyrins have been employed in a wide variety of 

fields by appropriate modification. Figure 2b shows the recent representative examples of functionalized porphyrins 

as an oxidation catalyst, a reduction catalyst and a photosensitizer. Groves et al. reported that a site-selective 

oxidative fluorination reaction of various simple alkanes and substituted alkanes as well as larger natural-product 

molecules is achieved with catalytic amounts of a Mn(III) porphyrin complex.6 In the study, an electron-rich 

porphyrin ligand activates the high-valent manganese species to promote the oxidation reaction, and the bulky 

mesityl substituents at the meso-positions control the site-selectivity. As a reduction catalyst, Mayer et al. 

demonstrated that introduction of 2-pyridyl substituents to engineer an appropriate proton relay at each meso-

position of the Fe(III) porphyrin complex enhances the catalytic activity toward electrochemical oxygen reduction 

reaction.7 In the field of material chemistry, Nakamura et al. found that -extended porphyrin works as an excellent 

donor molecule in organic photovoltaic devices.8 Annulation of benzene molecules at each -position of pyrrole 

moieties induces the strong absorption in visible region, and increases the crystallinity of the molecule. Besides 

these efforts, a lot of examples have been reported as the applications including a C−H bond activation catalyst,9 a 

small molecule activation catalyst,10 a photosensitizer of solar cells11-12 and photodynamic therapy,13 as well as a 

cofactor of artificial metalloenzymes.14-16 

 

 

Figure 2. (a) Strategies for modification of the porphyrin framework and (b) representative examples of previous 

works that utilize functionalized porphyrins. 
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Porphyrin derivatives in nature 

“Porphyrinoids”, tetrapyrrolic macrocycles that structurally related to porphyrin, are also found in nature as 

the ligands of the metal complexes. For example, cobalamin consists of the Co(II) complex with a corrin framework 

(Figure 3a), which lacks one of the meso-position carbons as seen in the porphyrin framework and all -positions 

of pyrrole moieties are saturated. This natural cofactor acts as a catalyst for essential reactions in biological events, 

such as methyl group transfer, 1,2-rearrangement and dehalogenation.17-19 A low-valent cobalt species, a common 

key intermediate in the enzymatic reactions dependent on cobalamin, is stabilized by a monoanionic corrin 

framework, leading to regulation of the reactivity. Mg(II) complexes of chlorophylls, pigments in photosynthesis to 

absorb sunlight energy, contain a chlorin macrocycle in the structure (Figure 3b).20,21 One of the -positions of 

pyrrole moieties in the porphyrin framework is saturated in the macrocycle of chlorin. Owing to the partially 

saturated structure, chlorophylls show stronger absorption in longer wavelength region relative to porphyrin, which 

reaches absorption maximum in 800–900 nm. These natural systems demonstrate that modification of porphyrin 

backbone has a great potential to provide significant changes in physicochemical properties. These biological 

systems containing a series of porphyrinoid frameworks have encouraged researchers to synthesize artificial 

porphyrinoids, which are largely classified into two types: cobalamin-related porphyrinoids and constitutional 

isomers of porphyrin. To date, a number of efforts for syntheses, investigations of physicochemical property and 

reactivity of artificial porphyrinoids have been reported. 

 

 

 

Figure 3. (a) Chemical structure of cobalamin and deprotonated structure of corrin. (b) Chemical structure of 

chlorophyll a and deprotonated structure of chlorin. 
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Cobalamin-related porphyrinoids 

Corrole (Chart 2a) is one of the well-known porphyrinoids and possesses a similar structure to the corrin ring 

of cobalamin. Corrole lacks one carbon a tom at the meso-position compared to porphyrin and bears a direct pyrrole-

pyrrole linkage, resulting in a trianionic ligand character. This structural feature provides fundamentally different 

coordination behavior relative to dianionic porphyrin ligand. In particular, a high-valent metal species in the metal 

complex of corrole is effectively stabilized by the trianionic corrole ligand owing to the high electron-donating 

ability. The first synthesis of corrole was achieved by Kay et al. in 1964,22 and the growth of corrole chemistry has 

been accelerated since Gross et al.23,24 and Paolesse et al.25,26 reported efficient synthetic methods of meso-

substituted corrole derivatives from the pyrrole and benzaldehyde precursors. The pioneering works have largely 

prompted optimizations of the corrole synthesis, 27-29 and recently a various meso-substituted corrole derivatives are 

synthesized by nearly one-pot procedure (Scheme 1a). Owing to the efficient synthesis and the unique coordination 

chemistry, corroles and the corresponding metal complexes have been well-studied and widely utilized in a variety 

of fields such as catalysis, sensing, dye-sensitized solar cells, photoactive arrays, and medicinal applications.10,30-33 

According to SciFinder®, over 1700 publications about corrole chemistry are now available. 

 

 

Chart 2. Deprotonated structures of (a) corrole and (b) tetradehydrocorrin as cobalamin-related porphyrinoids. 

 

Another cobalamin-related porphyrinoid is 1,19-disubstituted tetradehydrocorrin (Chart 2b). Four -positions 

of pyrrolic moieties of the corrin ring are unsaturated in tetradehydrocorrin, and thus the structure of 

tetradehydrocorrin is closely related to that of corrin. Due to the structural relationship, the freebase structure of 

tetradehydrocorrin possesses only one pyrrole-type hydrogen, leading to the monoanionic ligand character as similar 

to corrin. Therefore, tetradehydrocorrin is capable of stabilizing a low-valent metal species and thus cobalt 

complexes of tetradehydrocorrin derivatives are of particular interest as an analogue of cobalamin. The first 

synthesis of cobalt tetradehydrocorrin complex was demonstrated by Dolphin et al.,34 and several studies focusing 

on the synthesis and physicochemical properties of cobalt and nickel tetradehydrocorrins have been reported.35-38 

Although interesting properties derived from the monoanionic ligand character are expected, the investigation of 

tetradehydrocorrin metal complexes toward its reactivity has been quite limited except for the artificial enzyme 

models reported by Hayashi et al.,39,40 because of the multistep synthesis (Scheme 1b) and difficulty in 

functionalization at the meso-positions.  
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Scheme 1. (a) Synthesis of meso-substituted corrole reported by Gryko et al.27 (b) Synthesis of tetradehydrocorrin 

cobalt complex reported by Dolphin et al.35 

 

Constitutional isomers of porphyrin 

Theoretically, porphyrin has seven constitutional isomers.41 Previously, porphycene,42 corrphycene,43 

hemiporphycene44 and isoporphycene45 have been successfully synthesized in contrast to other unstable three 

isomers (Figure 4).41 However, the preparation of isoporphycene is achieved only via nickel or palladium-templated 

cyclization with quite low yield, resulting in the bottleneck of investigations.46-48 Although several researches are 

available for corrphycene49-52 and hemiporphycene,48,52-55 porphycene and its derivatives are of particular interest 

among the porphyrin isomers owing to the attractive physicochemical properties, such as high stability, strong 

absorption in visible region, and coordination ability with various metal ions. The unique properties of porphycene 

have prompted preparation of a variety of porphycene derivatives,56 and investigations as a catalyst,57,58 precursor 

of materials,59 photosensitizer of photodynamic therapy,60,61 as well as a cofactor of enzymes.62-65 However, almost 

modifications of the porphycene framework in those works are performed at the -positions of the pyrrole moieties. 

Although introduction of functional groups at the ethylene-bridged positions (meso-positions) promises further 

regulation of the properties, those examples are quite rare because of the synthetic difficulty.66-68 

 

 

Figure 4. Chemical structures of (a) porphycene, (b) corrphycene (c) hemiporphycene and (d) isoporphycene as 

constitutional isomers of porphyrin with their energies relative to porphyrin (kcal·mol−1).41 
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Outline of this thesis 

According to the previous findings, the author has focused on tetradehydrocorrin and porphycene as potential 

candidates for unique characters by overcoming the synthetic difficulty in modification. Based on those frameworks, 

three molecules were designed and investigated. In Chapters 1 and 2, cobalt complexes of two types of monoanionic 

porphyrinoids were synthesized and employed as catalysts for small molecule activation. In Chapter 3, -extended 

porphycene was synthesized and the physicochemical properties were evaluated. 

 

Chapter 1: Synthesis of cobalt tetradehydrocorrin and evaluation of the reactivity of the low-

valent species69 

A meso-substituted cobalt(II) tetradehydrocorrin complex (Co(II)TDHC) has been synthesized and the 

reactivity of the low-valent species was investigated. Cyclic voltammetric measurements show that the E1/2 of CoII/I 

redox couple in Co(II)TDHC is positively shifted by 0.75 V compared to cobalt(II) complex of dianionic 

tetraphenylporphyrin (Co(II)TPP), indicating that Co(I) species in CoTDHC is significantly stabilized by the 

monoanionic tetradehydrocorrin ligand. Controlled-potential electrolysis experiments under CO2 in the presence of 

H2O reveal that significantly stabilized Co(I) species promotes thermodynamically favored H2 evolution rather than 

CO2 reduction. 

 

Chapter 2: Synthesis of cobalt bipyricorrole and electrochemical CO2 reduction with a small 

overpotential value70 

A cobalt(II) complex of a monoanionic bipyricorrole ligand (Co(II)BIPC) has been newly synthesized to 

improve the catalytic activity toward CO2 reduction. Electrochemical measurements of Co(II)BIPC demonstrates 

that Co(II)BIPC promotes a selective CO2-to-CO electroreduction owing to the reactive Co(I) species relative to 

Co(II)TDHC. Moreover, catalytic Tafel plots show that Co(II)BIPC catalyzes CO2 reduction reaction with 0.35 

V smaller overpotential than Co(II)TPP, indicating that the monoanionic ligand is useful as a component of CO2 

reduction catalyst. 

 

Chapter 3: Synthesis, structure and chemical properties of meso-dibenzoporphycene71 

meso-Dibenzoporphycene (mDBPc), possessing two benzene-fused meso-positions, has been synthesized and 

fully characterized. Electrochemical measurements indicate that mDBPc has significantly small HOMO-LUMO 

gap, resulting in 418 nm of bathochromic shift of Q-band compared to unsubstituted porphycene in UV-vis-NIR 

spectra. Furthermore, it is notable that X-ray photoelectron spectroscopic measurement and theoretical study support 

the presence of a cis tautomeric form in the ground state of mDBPc, despite the fact that all known porphycene 

derivatives adopt the trans tautomeric form.   
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Chapter 1 

Synthesis of cobalt tetradehydrocorrin  

and evaluation of the reactivity of the low-valent species 

 

Reproduced in part with permission from [Inorg. Chem. 2018, 57, 14644-14652.] Copyright [2018] American 

Chemical Society. 

 

1-1. Introduction 

Cobalamin plays important roles in biological systems as a cofactor of metalloenzymes which catalyze 

essential reactions such as methyl group transfer, 1,2-rearrangement and dehalogenation.1-5 A low-valent cobalt 

species, a common key intermediate in the enzymatic reactions with cobalamin, is stabilized by a monoanionic 

macrocyclic corrin framework (Chart 1-1b), which lacks one of the meso-position carbons as seen in the dianionic 

porphyrin framework (Chart 1-1a). Tuning the valency of a series of porphyrinoid frameworks is an essential 

strategy used in regulation of the reactivity of the metal center, resulting in catalysis of a broad range of reactions 

in biological systems. Thus, it is of particular interest to synthesize a porphyrinoid-type monoanionic ligand and to 

study the reactivity of its cobalt complex. Previously, Dolphin demonstrated the synthesis of 1,19-disubstituted 

tetradehydrocorrin (Chart 1-1c) as an analog of cobalamin,6 and several additional studies have been reported 

focusing on the synthesis and physicochemical properties of cobalt tetradehydrocorrin derivatives.7 However, 

investigations of the reactivity of cobalt tetradehydrocorrin derivatives have been quite limited, except for the 

artificial enzyme models reported by our group.8 In this context, the author attempted to evaluate the reactivity of 

the low-valent cobalt species using a structurally modified cobalt tetradehydrocorrin complex. 

 

 

 

Chart 1-1. Deprotonated structures of (a) porphyrin, (b) corrin and (c) tetradehydrocorrin. 

 

In order to evaluate the reactivity of the low-valent cobalt species, the author has focused on reductive catalytic 

conversions of small molecules such as carbon dioxide (CO2) reduction and hydrogen (H2) evolution. A variety of 

investigations into H2 evolution have been carried out using cobalt macrocyclic complexes consisting of cobalt 

cyclams, cobaloxymes and cobalt porphyrins, among others.9-13 It is known that cobalt complexes can function as 

useful and practical catalysts for CO2 reduction because they are relatively inexpensive.14-19 In particular, cobalt 

porphyrin complexes have been reported to function as CO2 reduction catalysts.20-22 Although cobalt complexes of 
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other porphyrinoids including phthalocyanine23 and corrole24 have also been evaluated as CO2 reduction catalysts, 

significantly negative potentials to generate a low-valent metal species are required, and low product selectivities 

were observed for these catalysts due to competition between CO2 and proton reductions. In contrast, a strategy to 

easily stabilize the low-valent metal species should provide important insights into achieving high catalytic activity 

and product selectivity. On this point, investigations of cobalamin and its derivatives as a homogeneous catalyst for 

CO2 photoreduction have been demonstrated.25 However, the catalytic reaction provides a mixture of H2, CO and 

formic acid, and the dependency of catalytic activity and the product selectivity on the ligand valency has not yet 

been defined. Therefore, the author has focused on a monoanionic tetradehydrocorrin framework, which is able to 

further promote efficient formation of the low-valent cobalt species for small molecule activation, compared to 

cobalt complexes with highly saturated corrin frameworks or well-known porphyrins providing a typical dianionic 

ligand framework. In the present study, the author have designed, synthesized and characterized the meso-aryl 

substituted cobalt tetradehydrocorrin complex shown in Chart 1-2 to evaluate the electrochemical behavior under a 

CO2 atmosphere. 

 

 

Chart 1-2. Chemical structure of Co(II)TDHC. 

 

 

1-2. Results and discussion 

Molecular design and synthesis of Co(II)TDHC 

For achieving effective CO2 reduction, it is necessary to design a finely tuned catalyst considering access of 

substrate,26 facilitation of proton transfer,27,28 and inhibition of catalyst dimerization.29  To address these structural 

requirements, the author took advantage of the properties of the proximal methoxy group, employing it as a pendant 

Lewis base, because a similar pendant Lewis base is known to promote cleavage of a C–OH bond of protonated 

CO2 in a reaction intermediate via engineering of a hydrogen bond between metallocarboxylic acid (M–CO2H) and 

the methoxy group of the peripheral ligand substituent.30 Based on this work, our group has recently designed a 

cobalt(II) tetradehydrocorrin (Co(II)TDHC) complex modified with 1,3-dimethoxybenzene moieties at the meso-

positions (Chart 1-2). The synthesis of Co(II)TDHC is depicted in Scheme 1-1. The target molecule was achieved 

via 6 steps. First, commercially available 1,3-dimethoxybenzene was formylated and the subsequent reaction with 
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pyrrole in the presence of trifluoroacetic acid afforded dipyrromethane 2. A Vilsmeier-Haack reaction of compound 

2 gave mono-formylated compound 3. Compound 4 was then obtained via a Wolf-Kishner reaction of compound 3, 

and subsequent acid-catalyzed coupling with compound 1 afforded tetrapyrrole 5. Finally, cobalt-templated 

oxidative cyclization of tetrapyrrole 5 produced Co(II)TDHC in an 18% yield. Typically, meso-unsubstituted or 

meso-methyl substituted tetradehydrocorrin derivatives have been synthesized through acid-catalyzed 

intermolecular coupling of the corresponding 2,2-dicarboxybipyrromethane and 2-formylpyrrole followed by 

metal-templated cyclization.6,7a In the case of meso-aryl substituted tetradehydrocorrin, however, this method could 

not be applied to prepare the corresponding biladiene because of severe steric hindrance around the carbonyl group 

in the pyrrole precursor.31 The author is unaware of any reports of synthesis of meso-aryl substituted 

tetradehydrocorrin derivatives despite the broad versatility available for functionalization of the tetradehydrocorrin 

framework. To the best of our knowledge, this is the first example of synthesis of a meso-aryl substituted 

tetradehydrocorrin. The author also attempted to prepare meso-phenyl substituted tetradehydrocorrin and meso-

mesityl substituted tetradehydrocorrin as reference compounds, but was not successful because of their low stability 

to promote the spontaneous demetallation. Thus, the effect of proximal methoxy groups toward electrochemical 

reaction is not evaluated in this paper. However, 1,3-dimethoxybenzene moiety at meso-positions seems to be 

important to maintain the macrocyclic structure of meso-aryl substituted cobalt tetradehydrocorrins. 

 

 

Scheme 1-1. Synthesis of Co(II)TDHC. (a) TMEDA, nBuLi, DMF, THF, 88%; (b) pyrrole, TFA, 71%; (c) POCl3, 

DMF, 69%; (d) H2NNH2·H2O, KOH, ethylene glycol, 84%; (e) 1, HCl, CH3OH, H2O, 47%; (f) Co(OAc)2·4H2O, 

p-chloranil, CH2Cl2, CH3OH; (g) HClO4, H2O, CH2Cl2, 18% in 2 steps.  TMEDA = N,N,N,N-

tetramethylethylenediamine, TFA = trifluoroacetic acid. 
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X-ray crystal structure 

A single crystal of Co(II)TDHC was successfully obtained from a solution of hexane/CH2Cl2 (v/v = 1/1) by 

vapor diffusion. The structure of Co(II)TDHC was unambiguously revealed by single crystal X-ray analysis as 

depicted in Figure 1-1. The cobalt center has a pentacoordinated structure ligated by an oxygen atom of ethyl acetate 

as a neutral axial ligand and four nitrogen atoms from the tetradehydrocorrin ligand. Since Co(II)TDHC possesses 

two chiral sp3 carbon atoms at the 1 and 19 positions, Co(II)TDHC is a mixture of (1R, 19R) and (1S, 19S) 

enantiomers with a relative population of approximately 0.8 and 0.2, respectively, in the crystal. This ratio is similar 

to previously reported ratio of a cobalt tetradehydrocorrin derivative.7a Furthermore, the aryl groups at the meso-

positions are nearly perpendicular to the tetradehydrocorrin macrocycle, indicating that the methoxy substituents in 

the aryl groups are capable of interacting with an external substrate bound to the cobalt atom in the framework. 

 

 

Figure 1-1. X-ray crystal structure of Co(II)TDHC with 50% thermal ellipsoid probability. (a) Top view and (b) 

side view. Hydrogen atoms and the nonbonding counteranion (ClO4
−) are omitted for clarity and only the (1R,19R) 

enantiomer is shown as the major configuration of the disordered groups. Ethyl acetate as a neutral axial ligand in 

the top view and an aryl group at the 10-position in the side view are also omitted. 

 

Electrochemical/spectroscopic characterization 

The redox behaviors of Co(II)TDHC under an N2 atmosphere were evaluated by cyclic voltammetry (CV) 

using a glassy carbon electrode as the working electrode. All potentials in this paper are reported relative to the 

Fe(III)/Fe(II) couple at 0.0 V using ferrocene (Fc). In a DMF solution of Co(II)TDHC, two reversible peaks were 

found with E1/2 of −0.53 V and −1.70 V (Figure 1-2a). The redox couples are confirmed to be diffusion-controlled 

process by the CV measurements under the various scan rate conditions (Figures 1-2b – 1-2d). The first redox 

potential has a slightly positive shift compared to that of meso-unsubstituted cobalt tetradehydrocorrin (E1/2 ~ −0.65 

V).7b This result indicates that introduction of an aryl group at each meso-position stabilizes the -electrons of the 

tetradehydrocorrin macrocycle, resulting in lower electron density, as previously reported for meso-

tetraphenylporphyrin derivatives.32-34 
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Figure 1-2. (a) CV of Co(II)TDHC (0.5 mM) in anhydrous DMF with 0.1 M TBAPF6 at a scan rate of 100 mV·s−1 

under an N2 atmosphere. (b) CVs of Co(II)TDHC (0.5 mM) in anhydrous DMF with 0.1 M TBAPF6 under an N2 

atmosphere upon increasing a scan rate from 100 to 2000 mV·s−1. Plots of (c) first and (d) second redox peak 

currents against v1/2 in the cyclic voltammograms in anhydrous DMF with 0.1 M TBAPF6 under an N2 atmosphere. 

 

In order to characterize the species generated by one-electron reduction at −0.53 V, the titration experiment 

with cobaltocene was performed under anaerobic conditions. Cobaltocene is a one-electron reductant with a 

reduction potential of −1.3 V, which is between the first and second redox potentials of Co(II)TDHC.35 It is known 

that cobalt tetradehydrocorrin derivatives display significant absorption changes depending on the valency of the 

cobalt ion.7a The UV-vis spectrum of Co(II)TDHC shows characteristic absorption peaks at 510 and 615 nm (Figure 

1-3a, black dotted line), whereas a new absorption peak at 573 nm appears upon addition of cobaltocene with a 

concomitant decrease of absorption peaks at 510 and 615 nm via several isosbestic points (Figure 1-3a, black solid 

line). These changes are similar to those observed in the reduction of the previously reported Co(II) 

tetradehydrocorrin to Co(I) tetradehydrocorrin.7a The reduction of Co(II)TDHC using NaBH4 as a reductant was 

also monitored with the same spectral changes (Figure 1-3b). 

EPR spectra of Co(II)TDHC were measured at 100 K. Eight hyperfine lines were observed due to the 

interaction with the Co nucleus (I = 7/2) with g// = 1.99, supporting the presence of a Co(II) species with the unpaired 

electron of the Co atom in a low-spin d7 configuration (Figure 1-3c).7c,7d Upon addition of excess NaBH4, the signals 
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derived from the Co(II) species completely disappear, indicating formation of the Co(I) species (Figure 1-3d).7d 

These results suggest that NaBH4 is capable of reducing Co(II)TDHC to Co(I)TDHC. The chemical reductions of 

Co(II)TDHC monitored by UV-vis and EPR spectra indicate that the reduction event observed at −0.53 V is 

attributed to the [CoII]+/[CoI] couple ([CoII] = Co(II)TDHC). Compared to the cobalt complex formed by dianionic 

tetraphenylporphyrin (CoTPP), the redox potential of Co(II)TDHC is positively shifted by 750 mV (E1/2(CoII/I) of 

CoTPP is −1.28 V) due to the monoanionic ligand. Co(I)TDHC is highly stable and can be maintained for a few 

days even under aerobic conditions. Next, the redox peak at −1.70 V is considered to be attributed not to reduction 

of the Co(I) species to form the Co(0) species but to reduction of the tetradehydrocorrin ligand to generate [CoI]•−, 

and/or [CoII]− after the one-electron transfer from Co(I) to the ligand, according to a previous report.7d 

 

Figure 1-3. (a) Changes in UV-vis absorption spectra of Co(II)TDHC (50 µM in CH2Cl2) upon addition of 

cobaltocene ranging from 0 mM (black dashed line) to 0.84 mM (black solid line). Asterisk (*) shows an absorption 

peak of cobaltocene and cobaltocenium. The absorption peak of cobaltocene at 365 nm was negligible because of 

the strong absorptions of Co(II)TDHC and Co(I)TDHC.35 (b) UV-vis absorption spectra of Co(II)TDHC in the 

absence (dashed line) and presence (solid line) of NaBH4 in THF. (c) EPR spectrum of Co(II)TDHC in THF at 100 

K. (d) EPR spectrum of Co(I)TDHC in THF at 100 K with an excess amount of NaBH4. 
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Electrochemistry under a CO2 atmosphere 

To investigate the activity of Co(II)TDHC for CO2
 reduction, CV measurements were conducted in dry and 

wet CO2-saturated DMF ([CO2] ~ 0.23 M) containing 0.1 M TBAPF6 under a CO2 atmosphere. As shown in Figure 

1-4a, only a small increase of current was observed in an electrochemical solution saturated by CO2. Under a CO2 

atmosphere, the addition of H2O to the solution clearly enhances the current after the second reduction process. This 

result indicates that reductive catalysis occurs in the presence of CO2 and H2O after the two-electron reduction of 

Co(II)TDHC. Further addition of H2O, however, does not cause an increase in current, indicating that the reaction 

rate of reductive electrolysis does not depend on the concentration of H2O in the presence of > 5 M H2O (Figure 1-

4b). As a proton source, 2,2,2-trifluoroethanol (TFE) or CH3OH was also employed. In the case of TFE, a large 

enhancement of the current was observed in the CV experiment even under an N2 atmosphere, indicating the H2 

evolution (Figure 1-5). In contrast, addition of CH3OH under a CO2 atmosphere also enhanced the current in the 

CV experiment, whereas negligible increase in the current was observed upon addition of CH3OH under an N2 

atmosphere (Figure 1-6).36 

 

Figure 1-4. (a) CVs of Co(II)TDHC (0.5 mM) in dry DMF with 0.1 M TBAPF6 at a scan rate of 100 mV·s−1 under 

an N2 atmosphere (black dashed line) and upon addition of H2O under a CO2 atmosphere: [H2O] = 0, 1, 2, 3, 4, 5, 

6, 7 and 8 M. (b) Relationship between the concentration of H2O and current at −2.57 V in cyclic voltammetry. 
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Figure 1-5. CVs of Co(II)TDHC (0.5 mM) in DMF with 0.1 M TBAPF6 at a scan rate of 100 mV·s−1 under (a) an 

N2 atmosphere and (b) a CO2 atmosphere upon addition of 2,2,2-trifluoroethanol (TFE) ranging from 0 M (black 

dashed line) to 8 M (black solid line). 

 

Figure 1-6. CVs of Co(II)TDHC (0.5 mM) in DMF with 0.1 M TBAPF6 at a scan rate of 100 mV·s−1 under (a) an 

N2 atmosphere and (b) a CO2 atmosphere upon addition of CH3OH ranging from 0 M (black dashed line) to 8 M 

(black solid line). 

 

To evaluate the product(s) generated by the electrocatalysis, controlled-potential electrolysis (CPE) 

experiments were carried out at a potential of −2.11 V for 1 h in a CO2-saturated DMF solution in the presence of 

various amounts of H2O, and the Faradaic efficiencies were determined from the quantification of gaseous and 

liquid products by gas chromatography and ion chromatography analyses, respectively (Figure 1-7). In the CO2-

saturated dry DMF solution, small amounts of CO and H2 were detected in the gas phase and the formation of formic 

acid was not observed in the liquid phase. Upon addition of H2O, H2 was dominantly generated and only a small 

amount of CO was produced. Under each set of conditions, no formic acid was detected in the liquid phase. In 

particular, in the presence of 2 M H2O, the Faradaic efficiency of H2 generation reached 70%, while the Faradaic 

efficiency of CO production as a CO2 reduction product was only 5%. The CPE results suggest that enhancement 

of current in CV measurements is caused by H2 generation catalyzed by two-electron reduced species of 

Co(II)TDHC rather than CO2 reduction. 
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Further addition of H2O results in decomposition of Co(II)TDHC during electrolysis. To ensure that the 

catalytic activity was not derived from electrodeposition on the electrode surface, a rinse test was performed after 

the CPE experiments. In the presence of less than 2 M H2O, a negligible increase in current was observed, suggesting 

that the catalyst remains homogeneous during the electrolysis (Figure 1-8a). In contrast, the largely increased current 

in the presence of 3 M H2O compared to a fresh working electrode suggests the formation of active and adsorbable 

decomposed materials (Figure 1-8b). CPE experiments were also carried out at more negative (−2.34 V) and at more 

positive (−2.00 V) potentials in the presence of 2 M H2O. Electrolysis at −2.34 V resulted in H2 and CO generation 

with the Faradaic efficiencies of 39.2% and 7.8%, respectively. However, CPE under this condition led to the 

formation of decomposed materials of the catalyst to adsorb on the working electrode as confirmed by the rinse test. 

In contrast, CPE at −2.00 V gave only a trace amount of H2 with the Faradaic efficiency of 0.5% and no CO 

generation was detected. Thus, the electrolysis potential of −2.11 V is found to be appropriate in our system. 

 

 

Figure 1-7. Faradaic efficiencies of CO and H2 generations in the presence of various concentrations of H2O after 

1 h of electrolysis at −2.11 V under CO2-saturated conditions. 

 

 

Figure 1-8. CVs of the glassy carbon plate electrode (5.8 cm2 surface area) without catalyst before (dashed line) 

and after (solid line) a controlled-potential electrolysis with (a) 2 M H2O and (b) 3 M H2O in wet DMF + 0.1 M 

TBAPF6 solution at a scan rate of 100 mV·s−1 under a CO2 atmosphere.  
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Electrochemistry under an N2 atmosphere in the presence of buffer solution 

To determine whether the H2 evolution reaction is caused by acidification of DMF/H2O co-solvent under CO2-

saturated conditions, a buffer solution was used to regulate a pseudo-pH value of the electrochemical solution. The 

buffer solution is a mixture containing 15 mM each of 2-(N-morpholino)ethanesulfonic acid (MES), N-

tris(hydroxymethyl)methyl-3-aminopropanesulfonic acid (TAPS), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES) and N-cyclohexyl-2-aminoethanesulfonic acid (CHES).37 The author has employed the buffer 

solution for our experiments, and the pseudo-pH values of N2-saturated DMF/buffer solutions were found to be 

similar to those of CO2-saturated DMF/H2O solutions.38 Figure 1-9 shows the effect of addition of the buffer solution 

on the CV profiles under an N2 atmosphere. Using the buffer solution, a comparable catalytic current to H2O 

containing the CO2-saturated solution was observed after generation of the two-electron reduced species. Further 

addition of the buffer solution did not show any effect on the enhancement of current (Figure 1-9b), which is 

consistent with the results obtained from addition of H2O under a CO2 atmosphere (vide supra). As a control 

experiment, the electrochemical behavior upon addition of H2O under an N2 atmosphere was also evaluated and no 

enhancement of current was observed, suggesting that moderate acidification of the electrochemical solution is 

essential for the reductive catalysis (Figure 1-10). 

To obtain further evidence, the CPE experiments with the buffer solution under an N2 atmosphere were 

conducted. H2 generation was observed and the Faradaic efficiencies were found to be generally consistent with the 

Faradaic efficiencies measured in CO2-saturated DMF solution containing H2O (Figure 1-11). These results suggest 

that acidification of the bulk solution by the saturation of CO2 generates a sufficient amount of protons to promote 

electrocatalytic H2 generation by Co(II)TDHC. 

 

 

Figure 1-9. (a) CVs of Co(II)TDHC (0.5 mM) in DMF with 0.1 M TBAPF6 at a scan rate of 100 mV·s−1 upon 

addition of buffer solution under an N2 atmosphere ranging from 0% v/v (black dashed line) to 14.4% v/v (black 

solid line). (b) Relationship between the percentage of buffer solution and current at −2.57 V in cyclic voltammetry. 
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Figure 1-10. CVs of Co(II)TDHC (0.5 mM) in dry DMF with 0.1 M TBAPF6 at a scan rate of 100 mV·s−1 under 

an N2 atmosphere upon addition of H2O ranging from 0 M (black dashed line) to 8 M (black solid line). 

 

 

Figure 1-11. Faradaic efficiencies of CO and H2 generations with 1.8 and 3.6% v/v of buffer solution after 1 h of 

electrolysis at −2.11 V under an N2-saturation conditions. CO generated in the presence of 3.6% v/v buffer solution 

is derived from the decomposition of the catalyst or degradation of DMF/buffer components. 

 

A plausible mechanism for electrocatalysis promoted by Co(II)TDHC toward H2 evolution and CO2 reduction 

is as follows: The one-electron reduction species of Co(II)TDHC, Co(I)TDHC, is inert toward both CO2 reduction 

and H2 evolution, which was confirmed by UV-vis absorption spectroscopic measurements where exposure of a 

THF solution of Co(I)TDHC to CO2 and H2O did not show any change in absorption spectra (Figure 1-12). This 

behavior is distinctly different from behavior exhibited by a series of Co(I) species of normal porphyrin which 

promote H2 evolution via a Co(III)–H species.10,11 In fact, no CO and H2 evolution was observed in the CPE 

experiment conducted at –1.3 V. These findings suggest that the Co(I)TDHC seems to be stabilized by the 

monoanionic tetradehydrocorrin framework to the extent that it cannot overcome the activation energy of the 

reaction with CO2. The E1/2(Co(II)/Co(I)) of Co(II)TDHC is −0.53 V, which is 750 mV more positive than that of 

CoTPP.  In contrast, under the two-electron reduction conditions carried out at –2.11 V, two-electron reduced 

species of Co(II)TDHC works as a catalyst toward H2 evolution and CO2 reduction. In particular, the plausible 
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intermediate [Co(I)]•− and/or [Co(II)]− then may easily form thermodynamically favored Co–H species resulting in 

H2 evolution. Even though Co(II)TDHC has poor activity toward CO2, the author has found that Co(II)TDHC 

catalyzes H2 generation under relatively mild conditions (pH ~ 8) compared to the previously reported porphyrinoid-

type H2 generating catalysts which require the addition of a strong Brønsted acid.9-11 

 

 

Figure 1-12. UV-vis absorption spectra of Co(I)TDHC generated by NaBH4 reduction under an N2 atmosphere 

(black dashed line), under a CO2 atmosphere (gray solid line) and with 1 M H2O under a CO2 atmosphere (black 

solid line) in THF. 

 

 

1-3. Summary 

This work is the first example of introduction of an aryl group into the meso-positions of the tetradehydrocorrin 

framework to functionalize the corresponding cobalt complex. In contrast to unstable meso-phenyl and meso-

mesityl substituted cobalt tetradehydrocorrins, it was figured out that 1,3-dimethoxybenzene moiety at meso-

positions is essential to maintain the structure of meso-aryl substituted cobalt tetradehydrocorrins. Co(II)TDHC 

shows an enhancement of current in CV measurements under a CO2 atmosphere upon addition of H2O as a proton 

source. In CPE experiments conducted at –2.11 V for Co(II)TDHC, however, the author found that Co(II)TDHC 

dominantly catalyzes H2 evolution rather than CO2 reduction. CPE with buffer solution under an N2 atmosphere 

offers evidence that H2 evolution is promoted by moderate acidification of the electrochemical solution. In the 

present study, the author has demonstrated that the highly stabilized Co(I) species is inert for the reactions, whereas 

one more reduced species [Co(I)]•– and/or [Co(II)]− promotes thermodynamically favored H2 evolution, since 

Co(II)TDHC works as a catalyst under relatively mild conditions (pH ~ 8) with nearly 100% Faradaic efficiency. 

Moreover, the author has succeeded in demonstrating that the monoanionic ligand is useful for generating an 

electrocatalytically active low-valent metal species at much more positive potentials than dianionic porphyrinoid 

ligands. Efforts to design new catalysts to achieve CO2-selective reduction with low overpotential are now underway 

in our laboratory. 
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1-4. Experimental section 

Materials and methods 

NMR spectra were recorded on a Bruker DPX 400 (400 MHz) and Bruker Avance III HD (400 MHz) 

spectrometers at 298 K. Chemical shifts are reported in ppm relative to the residual solvent resonances. ESI-TOF 

MS analyses were performed on a Bruker micrOTOF-II mass spectrometer. UV-vis spectral measurements were 

carried out with a Shimadzu UV-3600 Plus double-beam spectrophotometer with a thermostated cell holder. EPR 

spectroscopy was performed with a Bruker EMXmicro spectrometer at the X-band (9.66 GHz) microwave 

frequency with 151.7 mW microwave power and 5.00 G of modulation amplitude. During EPR measurements, the 

sample temperature was maintained at 100 K using liquid N2 vapor. Tetrabutylammonium hexafluorophosphate 

(TBAPF6, >98%) was purchased from Tokyo Chemical Industry Co., Ltd. and recrystallized from heated ethanol 

and dried under vacuum before use. Distilled water was demineralized using a Millipore Integral 3 apparatus. All 

other reagents of the highest guaranteed grade available were obtained from commercial sources and were used as 

received unless otherwise indicated. 

 

2,6-Dimethoxybenzaldehyde (1)   

To a flame dried flask was added 2,6-dimethoxybenzene (5.1 mL, 39.0 mmol), N,N,N,N-

tetramethylethylenediamine (6.6 mL, 44.3 mmol) and THF (60 mL). The solution was cooled to 0 oC and then 1.6 

M nBuLi hexane solution (29.3 mL, 46.9 mmol) was added dropwise. After stirring for 1 h at 0 oC, DMF (4.5 mL, 

58.0 mmol) was added and the mixture was further stirred for 1 h at 0 oC. The solution was allowed to warm up to 

room temperature and the reaction was quenched by addition of 4 N HClaq. (12 mL). The reaction mixture was 

extracted with ethyl acetate, washed with sat. NaClaq., dried over Na2SO4, and the solvent was evaporated. The 

target compound 1 was obtained by re-precipitation in a hexane/CH2Cl2 solution as a white powder (5.69 g, 88%). 

1H NMR (400 MHz, CDCl3) : 3.87 (s, 6H, OCH3); 6.55 (d, J = 8.4 Hz, 2H, Ar-H); 7.43 (t, J = 8.4 Hz, 1H, Ar-H); 

10.49 (s, 1H, CHO). 13C NMR (100 MHz, CDCl3) :56.14, 103.92, 114.34, 136.05, 162.27, 189.53. ESI-TOF MS: 

m/z = 189.0521 [M + Na]+, calculated for C9H10O3Na 189.0522. 

 

2,2-((Dimethoxyphenyl)methylene)bis(1H-pyrrole) (2)   

The mixture of compound 1 (1.00 g, 6.02 mmol) and pyrrole (10.5 mL, 0.151 mol) was treated with 

trifluoroacetic acid (50 µL, 0.65 mmol) and stirred for 5 min at room temperature. After stirring, the mixture was 

quenched by 0.1 M NaOHaq. (100 mL) and the organic layer was separated with ethyl acetate, washed with sat. 

NaClaq., dried over Na2SO4, and the solvent was evaporated. Purification was carried out by SiO2 column 

chromatography (hexane/ethyl acetate = 4/1) followed by recrystallization with hexane to yield compound 2 as a 

white powder (1.21 g, 71%). 1H NMR (400 MHz, CDCl3) : 3.76 (s, 6 H, OCH3); 5.96 (m, 2H, pyrrole H); 6.14 

(m, 2H, pyrrole H); 6.22 (s, 1H, meso-H); 6.65 (m, 2H, pyrrole H); 6.66 (d, J = 8.4 Hz, 2H, Ar-H); 7.23 (t, J = 

8.4 Hz, 1H, Ar-H); 8.54 (s, 2H, NH). 13C NMR (100 MHz, CDCl3) : 32.66, 56.51, 105.91, 107.78, 116.19, 119.64, 
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128.24, 133.06, 158.26. ESI-TOF MS: m/z = 305.1250 [M + Na]+, calculated for C17H18N2O2Na 305.1260. 

 

5-((2,6-Dimethoxyphenyl)(1H-pyrrol-2-yl)methyl)-1H-pyrrole-2-carbaldehyde (3)   

DMF (4.5 mL, 58.1 mmol) was treated with POCl3 (0.67 mL, 7.38 mmol) at 0 ºC and the resulting solution 

was stirred for 1 h to give the Vilsmeier reagent. To a solution of compound 2 (0.96 g, 3.41 mmol) in DMF (11.3 

mL) at 0 ºC, the freshly prepared Vilsmeier reagent (2.5 mL) was added dropwise and stirred for 2 h at 0 oC. Then 

the reaction mixture was treated with sat. CH3COONaaq. (36 mL) for 4 h at room temperature and the mixture was 

extracted with ethyl acetate, washed with sat. NaClaq., dried over Na2SO4, and the solvent was evaporated. 

Purification was carried out by SiO2 column chromatography (hexane/ethyl acetate = 3/2) to afford compound 3 

(0.74 g, 69%). 1H NMR (400 MHz, CDCl3) : 3.75 (s, 6H, OCH3); 5.92 (m, 1H, pyrrole H); 6.10-6.13 (m, 2H, 

pyrrole H, H); 6.16 (s, 1H, meso-H); 6.62 (d, J = 8.4 Hz, 2H, Ar-H); 6.69 (m, 1H, pyrrole H); 6.85 (m, 1H, 

pyrrole H); 7.22 (t, J = 8.4 Hz, 1H, Ar-H); 8.83 (s, 1H, NH); 9.08 (s, 1H, NH); 9.33 (s, 1H, CHO). 13C NMR (100 

MHz, CDCl3) : 33.02, 56.46, 105.77, 107.69, 108.09, 109.45, 117.59, 117.78, 129.09, 130.25, 131.51, 144.66, 

158.03, 178.12. ESI-TOF MS: m/z = 333.1221 [M + Na]+, calculated for C18H18N2O3Na 333.1210. 

 

2-((2,6-Dimethoxyphenyl)(1H-pyrrol-2-yl)methyl)-5-methyl-1H-pyrrole (4)   

The mixture of compound 3 (735 mg, 2.37 mmol), KOH (456 mg, 8.13 mmol) in ethylene glycol (3.5 mL) was 

treated with hydrazine hydrate (0.48 mL, 9.71 mmol) and refluxed for 1 h. After cooling to room temperature, ethyl 

acetate was added and the mixture was washed with sat. NaClaq., dried over Na2SO4, and the solvent was evaporated. 

Purification was carried out with SiO2 column chromatography (hexane/ethyl acetate = 3/2) to yield compound 4 

(590 mg, 84%). 1H NMR (400 MHz, CDCl3) : 2.20 (s, 3H, CH3); 3.75 (s, 6H, OCH3); 5.74 (m, 1H, pyrrole H); 

5.79 (m, 1H, pyrrole H); 5.90 (m, 1H, pyrrole H); 6.10 (m, 1H, pyrrole H); 6.13 (s, 1H, meso-H); 6.63 (d, J = 

8.4 Hz, 2H, Ar-H); 6.64 (m, 1H, pyrrole H); 7.19 (t, J = 8.4 Hz, 1H, Ar-H); 8.21 (s, 1H, NH); 8.51 (s, 1H, NH). 

13C NMR (100 MHz, CDCl3) : 13.23, 32.71, 56.48, 105.27, 105.61, 106.11, 107.73, 115.98, 119.74, 126.18, 128.09, 

131.29, 133.38, 158.30. ESI-TOF MS: m/z = 319.1418 [M + Na]+, calculated for C18H20N2O2Na 319.1417. 

 

5,5'-((2,6-Dimethoxyphenyl)methylene)bis(2-((2,6-dimethoxyphenyl)(5-methyl-1H-pyrrol-2-

yl)methyl)-1H-pyrrole) (5)   

To a mixture of compound 4 (483 mg, 1.63 mmol), compound 1 (135 mg, 0.81 mmol) and 

methanol (82 mL), HCl (4.0 mL) in H2O (82 mL) was added and stirred for 12 h at room temperature 

with light protection. The reaction mixture was extracted with CH2Cl2, washed with sat. NaClaq., dried 

over Na2SO4, and the solvent was evaporated. Purification was carried out by Al2O3 (neutral, grade 

III) column chromatography (CH2Cl2) followed by re-precipitation (CH2Cl2/CH3OH) to give 

compound 5 as a pale yellow powder (283 mg, 47%). ESI-TOF MS: m/z = 763.3465 [M + Na]+, 

calculated for C45H58N4O6Na 763.3466.  
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5,10,15-Tri(2,6-dimethoxyphenyl)-1,19-dimethyltetradehydrocorrinato cobalt(II) perchlorate 

(Co(II)TDHC)   

A mixture of compound 5 (50.0 mg, 67.5 µmol) and Co(OAc)2·4H2O (50.4 mg, 0.202 mmol) in CH2Cl2 (17 

mL) and methanol (17 mL) was treated with p-chloranil (8.3 mg, 33.8 µmol) for 2 h at room temperature. After 

stirring, solvents were evaporated and crude product was re-dissolved in CH2Cl2. To this mixture was added 0.7% 

HClO4aq. and the mixture was stirred for 30 min at room temperature. The reaction mixture was extracted with ethyl 

acetate, washed with H2O, dried over Na2SO4 and the solvent was evaporated. The crude product was purified by 

SiO2 column chromatography (CH2Cl2/acetone = 4/1) followed by further purification by Al2O3 (basic, grade IV) 

column chromatography (CH2Cl2/acetone = 4/1) and the blue fraction was collected. Evaporation of the solvent 

afforded a black solid of Co(II)TDHC as a racemic mixture of (1R,19R) and (1S,19S) enantiomers (11 mg, 18%). 

ESI-TOF MS: m/z = 792.2357 [M]+, calculated for C45H41CoN4O6 792.2353. Elemental analysis: C 60.51, H 4.85, 

N 5.30. Calcd. for C49H49ClCoN4O12 C 60.03, H 5.04, N 5.72. 

 

X-ray crystallography  

The single crystal X-ray diffraction studies were carried out with Rigaku XtaLAB synergy. The structure was 

refined on F2 by full-matrix least-squares method, using SHELXL-2016/6. Hydrogen atoms were included in the 

refinement on calculated positions riding on their carrier atoms. 

 

Electrochemistry  

Electrochemical studies were performed using a potentiostat (CompactStat, Ivium Technologies). A single-

compartment cell was used for all cyclic voltammetry (CV) experiments with a polished glassy carbon working 

electrode (3 mm in diameter from ALS Co., Ltd. was used unless otherwise indicated.), a Pt wire counter electrode, 

and an Ag|AgCl reference electrode (3 M NaClaq., from ALS Co., Ltd.). All experiments were referenced relative to 

the FeIII/II couple at 0.00 V using ferrocene (Fc) as an internal standard. All electrochemical experiments were 

performed with 0.1 M TBAPF6 as a supporting electrolyte. All solutions were purged with N2 or CO2 before CVs 

were measured. Pseudo-pH values were measured with an F-72 Horiba pH meter equipped with a 9615-10D Horiba 

electrode. 

 

Controlled-potential electrolysis  

Controlled-potential electrolysis (CPE) experiments were carried out in a custom-made single compartment 

cell designed in our laboratory with a custom silicon top to hold each electrode and a joint for sealing with septa 

and gas sampling. This apparatus included a glassy carbon plate (5.8 cm2 surface area, from ALS Co., Ltd.) as a 

working electrode, a Pt wire counter electrode separated from the bulk solution by a porous glass frit (from EC 

FRONTIER Co., Ltd.), and an Ag|AgCl reference electrode (3 M NaClaq) separated from the solution by a Vycor 

tip (from ALS Co., Ltd.). A potentiostat (CompactStat, Ivium Technologies) was used to apply potentials and record 
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current. The CPE experiments were performed in DMF with various amounts of proton source and 0.1 M TBAPF6. 

CPE solutions were purged with N2 or CO2 for 20 min prior to electrolysis. The potential drift during the electrolysis 

experiments was negligible, which was confirmed by measuring the redox potential of ferrocene before and after 

the electrolysis. Gaseous products after CPE experiments were analyzed using 50 µL sample aliquots taken from 

the headspace of the electrochemical cell and injected on a Shimadzu BID-2010 plus series gas chromatograph with 

a 250 m×0.5 mm ID micropacked column with helium as a carrier gas at a flow rate of 3.0 mL/min. For the liquid 

products, a 1 mL sample solution was diluted twice with H2O, filtered and analyzed with a Shimadzu ion 

chromatography system equipped with a Shodex IC SI-35 4D column equilibrated with a 1.8 mM Na2CO3 aqueous 

solution as eluent at a flow rate of 0.3 mL/min. Faradaic efficiencies were determined by dividing the measured 

amount of H2 and CO by the expected amount of H2 and CO calculated based on the charge passed during the CPE 

experiments. The CPE experiments were performed at least twice, and the reported Faradaic efficiencies are average 

values. As a rinse test, the glassy carbon electrode was removed from the bulk solution after CPE and washed 

carefully with DMF. Then the working electrode was immersed in a catalyst-free CO2-saturated DMF/H2O co-

solution with 0.1 M TBAPF6 and CV measurements were obtained. 
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Chapter 2 

Synthesis of cobalt bipyricorrole and electrochemical CO2 reduction  

with a small overpotential value 

 

Reproduced in part with permission from [Chem. Commun. 2019, 55, 493-496.] 

 

2-1. Introduction 

Provision of effective conversion of carbon dioxide (CO2) into various compounds including fuels and 

chemical materials by electrocatalysis has been recognized as one of the most important objectives for realization 

of an environmentally sustainable society.1 Over the last three decades, a wide variety of homogenous metal 

complexes based on first-row transition metals such as Mn,2 Fe,3 Co4 and Ni5 have been reported as useful and 

practical CO2 reduction electrocatalysts because they are relatively inexpensive and abundant. Porphyrin (Chart 2-

1a) is a promising catalyst ligand because it has intrinsically high durability and excellent photochemical and 

electrochemical properties. Iron porphyrin complexes have been extensively studied and are highly effective in 

converting CO2 into carbon monoxide (CO).6 In contrast, investigations of cobalt porphyrin complexes have been 

quite limited despite their potential as CO2 reduction catalysts.7 Although cobalt complexes formed by other 

porphyrinoids such as phthalocyanine8 and corrole9 have been investigated as CO2 reduction catalysts, a 

significantly negative electrochemical potential to generate an active low-valent intermediate is required. In this 

context, it is important to promote the generation of the low-valent species by tuning the ligand structure. Corrin 

(Chart 2-1b), a monoanionic porphyrinoid ligand, is the natural cofactor of cobalamin. This ligand stabilizes the 

low-valent species to induce formation of the Co(I) species, which serves as a key intermediate for a broad range 

of reactions in biological systems.10 The tetradehydrocorrin derivatives shown in Chart 2-1c have been synthesized 

as simple analogs of cobalamin and physicochemical properties of their cobalt complexes have been previously 

investigated.11 Our recent study, however, has demonstrated that a stabilized Co(I) species with a tetradehydrocorrin 

framework as a ligand promotes selective H2 evolution rather than CO2 reduction.12 Thus, the author hypothesizes 

that suitable stabilization of the Co(I) species will be required to promote a selective CO2 reduction reaction with a 

low overpotential value. Here, the author employs a bipyricorrole framework (Chart 2-1d),13 because the stronger 

Lewis basicity of the nitrogen atoms in a bipyridine moiety of bipyricorrole relative to the corresponding imine-like 

nitrogen atoms in the bipyrrolic moiety of tetradehydrocorrin promises a more reactive Co(I) species in this metal 

complex. Therefore, the author has designed and investigated a Co(II) bipyricorrole (Co(II)BIPC) functionalized 

with a 2,6-dimethoxyphenyl group at a meso-position of the bipyrricorrole framework (Scheme 2-1).14 
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Chart 2-1. Deprotonated structures of (a) porphyrin, (b) corrin, (c) tetradehydrocorrin and (d) bipyricorrole 

frameworks. 

 

2-2. Results and discussion 

Synthesis of Co(II)BIPC 

Co(II)BIPC was successfully synthesized according to Scheme 2-1. The target complex was achieved via 

acid-catalyzed intermolecular coupling of corresponding 5,5’-dicarboxydipyrromethane and 6,6’-diformyl-2,2’-

bipyridine followed by cobalt insertion in a 25% yield. The zinc analog (Zn(II)BIPC) was also synthesized as a 

reference compound via the same procedure with Co(II)BIPC using Zn(OAc)2 instead of Co(OAc)2·4H2O (see 

experimental section for details). Zn(II)BIPC was fully characterized by NMR spectroscopy (Figure 2-16 and 

Figure 2-17), in contrast to Co(II)BIPC which shows paramagnetic Co(II) behavior (vide infra). 

 

 

 

Scheme 2-1. Synthesis of Co(II)BIPC. (a) 2,6-dimethoxybenzaldehyde, HCl, H2O, ethanol, 51%; (b) NaOH, 

ethanol, 81%; (c) nBuLi, CuCl2, diethyl ether, 24%; (d) nBuLi, DMF, THF, 41%; (e) trifluoroacetic acid, THF; (f) 

Co(OAc)2·4H2O, CH3OH, CH2Cl2, then NaClO4·H2O, H2O, CH3OH, 25% in 2 steps. 
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X-ray crystal structure 

The structure of Co(II)BIPC was determined by X-ray crystallographic analysis. In the crystal, the macrocycle 

of bipyricorrole is nearly planar and the coordination site of the cobalt ion is open to allow entry of external 

substrates as shown in Figure 2-1. An aryl moiety linked to the C11 atom is close to being perpendicular to the 

macrocycle, indicating that the methoxy substituents in the aryl group are positioned to interact with the external 

substrate bound to the cobalt ion in the framework, in an arrangement which is similar to a Mn-based complex 

described in a previous report by Rochford.15 

 

Figure 2-1. X-ray crystal structure of Co(II)BIPC with 50% thermal ellipsoid probability. (a) top view and (b) side 

view. Hydrogen atoms and the nonbonding counteranion (ClO4
−) are omitted for clarity. Only the major 

configuration of the disordered groups is shown. Methanol as a neutral axial ligand in the top view and an aryl group 

in the side view are also omitted for clarity. 

 

Electrochemical/spectroscopic characterization 

Cyclic voltammetry (CV) of Co(II)BIPC in a DMF solution under an N2 atmosphere displays two reversible 

peaks with E1/2 of −0.87 V and −1.75 V (Figure 2-2a).16 These redox couples are confirmed to be diffusion-

controlled process by the CV measurements under the various scan rate conditions (Figures 2-2b – 2-2d). The first 

reduction event at −0.87 V was confirmed by EPR experiments to represent cobalt-based reduction of Co(II)BIPC 

to form Co(I)BIPC (Figure 2-3). Eight hyperfine peaks can be seen in Figure 2-3a due to the interaction with the 

Co nucleus (I = 7/2) with g// = 1.99, supporting the presence of a Co(II) species with the unpaired electron of the Co 

atom in a low-spin d7 configuration. Upon addition of an excess amount of NaBH4
 as a one-electron reductant, the 

signals derived from the Co(II) species completely disappear (Figure 2-3b), suggesting the formation of the Co(I) 

species. The absorption change corresponding to [Co(II)BIPC]/[Co(I)BIPC] was also monitored using cobaltocene 

as a one-electron reductant, which has a reduction potential of −1.3 V (Figure 2-4). Furthermore, the absence of the 

redox peak at –0.87 V in the CV measurement of Zn(II)BIPC rules out a ligand-based reduction at the first 

reduction of Co(II)BIPC, whereas the presence of the redox peak at −1.75 V of Zn(II)BIPC indicates that the 
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second reduction of Co(II)BIPC is attributed to the ligand-based reduction (Figure 2-5). Compared to a Co(II) 

complex of dianionic tetraphenylporphyrin (Co(II)TPP, E1/2(CoII/I) = −1.28 V), the first redox potential of 

Co(II)BIPC is positively shifted by 0.41 V because of the significant stabilization of the Co(I) species by the 

monoanionic bipyricorrole ligand. 

 

Figure 2-2. (a) CV of Co(II)BIPC (0.5 mM) in anhydrous DMF with 0.1 M TBAPF6 at a scan rate of 100 mV·s−1 

under an N2 atmosphere. (b) CVs of Co(II)BIPC (0.5 mM) in anhydrous DMF with 0.1 M TBAPF6 under an N2 

atmosphere upon increasing a scan rate from 100 to 2000 mV·s−1. Plots of (c) first and (d) second redox peak 

currents against v1/2 in the CV profiles in anhydrous DMF with 0.1 M TBAPF6 under an N2 atmosphere. 

 

Figure 2-3. (a) EPR spectrum of Co(II)BIPC in THF at 100 K. (b) EPR spectrum of Co(II)BIPC in THF at 100 K 

with an excess amount of NaBH4. 
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Figure 2-4. (a) UV-vis spectral changes of Co(II)BIPC (50 µM in CH2Cl2) upon addition of cobaltocene (from 

dashed line to solid line). Asterisk (*) shows an absorption peak of cobaltocene. (b) Absorbance changes of 

Co(II)BIPC upon addition of cobaltocene. 

 

 

 

Figure 2-5. (a) CVs of Co(II)BIPC (0.5 mM, solid line) and Zn(II)BIPC (0.5 mM, dashed line) in anhydrous DMF 

with 0.1 M TBAPF6 at a scan rate of 100 mV·s−1 under an N2 atmosphere. Since Zn(II) is redox-innocent due to its 

fully occupied d orbitals, two reversible peaks of Zn(II)BIPC at −1.24 V and −1.75 V in the CV are both attributed 

to ligand-based reductions. The enhanced Coulomb repulsion between the additional electron and the neutral 

Co(I)BIPC complex relative to that between the electron and cationic Zn(II)BIPC seems to induce the negative 

shift of the first reduction potential of the macrocycle. The value of the potential shift is 0.51 V, which is similar to 

the previously reported value of 0.56 V observed in Zn(II) and Co(II) tetraphenylporphyrins.17 
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Electrochemical studies under a CO2 atmosphere 

The CV trace of Co(II)BIPC measured under a CO2 atmosphere exhibits a significant current enhancement 

after the second reduction process (Figure 2-6). Addition of H2O as a proton source results in a continuous increase 

in current at −2.17 V and the catalytic current reaches saturation with 5 M H2O. The catalytic current was not 

observed upon addition of H2O under an N2 atmosphere (Figure 2-7). To determine the reaction corresponding to 

the current enhancement in the CV measurements, controlled-potential electrolysis (CPE) experiments for 

Co(II)BIPC were conducted at a potential of −2.17 V for 1 h in a CO2-saturated DMF solution containing 5 M H2O. 

Analysis of the gas phase by gas chromatography revealed selective CO production with Faradaic efficiency (FE) 

of 75%, whereas FE of a competing H2 evolution was found to be 6% (Table 2-1, Entry 1). Formic acid in the liquid 

phase was not detected by ion chromatography. A rinse test performed after the CPE demonstrated negligible 

enhancement of the current compared to a fresh working electrode (Figure 2-8a). This indicates that the catalytic 

performance is not derived from an electrodeposition on the electrode. The UV-vis spectra of an aliquot of the 

electrochemical solution before and after the CPE experiments show that nearly 90% of the complex is maintained 

after 1 h of CPE, indicating that Co(II)BIPC has high durability in electrocatalysis (Figure 2-8b). The alternative 

proton source 2,2,2-trifluoroethanol (TFE) was also investigated. Upon addition of TFE under a CO2 atmosphere, 

current enhancement was observed in the CV measurement, which reached a maximum when 5 M TFE was added 

(Figure 2-9). The CPE experiment conducted at −2.28 V in CO2-saturated DMF with 5 M TFE revealed that the 

enhanced current in the CV measurement corresponds to a CO2-to-CO reduction with FE of 77% along with the 

competing H2 evolution with FE of 6% (Table 2-1, Entry 2). 
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Figure 2-6. (a) CVs of Co(II)BIPC (0.5 mM) in dry DMF with 0.1 M TBAPF6 at a scan rate of 100 mV·s−1 under 

an N2 atmosphere (black dashed line) and upon addition of H2O under a CO2 atmosphere: [H2O] = 0, 1, 2, 3, 4, 5, 

6, 7 and 8 M. (b) Relationship between the concentration of H2O and current at −2.17 V in CV measurements. 

 

 

Figure 2-7. CVs of Co(II)BIPC (0.5 mM) in dry DMF with 0.1 M TBAPF6 at a scan rate of 100 mV·s−1 under an 

N2 atmosphere upon addition of H2O ranging from 0 M (black dashed line) to 8 M (black solid line). 

 

Table 2-1. Electrochemical data for Co(II)BIPC. 

Entry Atmosphere Additive FE(CO)/FE(H2)
a icat/ip

b kobs (s−1)c 

1 CO2 5 M H2O 75/6 6.3 7.8 

2 CO2 5 M TFE 77/6 - - 

3 N2 9.0% v/v buffer 0/84 3.9 3.0 

aCPE experiments in Entry 1 and 3 were performed at −2.17 V and CPE in Entry 2 was conducted at −2.28 V. 

bCalculated at −2.17 V cDetermined as an apparent rate constant at −2.17 V at a scan rate of 100 mV·s−1 using the 

equation in ref 3a (see experimental section for details). 
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Figure 2-8. (a) CVs of a fresh glassy carbon plate electrode (dashed line) and the glassy carbon plate electrode after 

a controlled-potential electrolysis with 5 M H2O (solid line) without catalyst in DMF with 0.1 M TBAPF6 and 5 M 

H2O at a scan rate of 100 mV·s−1 under a CO2 atmosphere. (b) Normalized UV-vis absorption spectra of an aliquot 

of the electrochemical solution of Co(II)BIPC before (dashed line) and after (solid line) a controlled-potential 

electrolysis with 5 M H2O in DMF. 

 

 

Figure 2-9. (a) CVs of Co(II)BIPC (0.5 mM) in DMF with 0.1 M TBAPF6 at a scan rate of 100 mV·s−1 upon 

addition of 2,2,2-trifluoroethanol (TFE) under a CO2 atmosphere (from black dashed line to black solid line): [TFE] 

= 0, 1, 2, 3, 4 and 5 M. (b) Relationship between the concentration of TFE and current at −2.28 V in CV 

measurements. 
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A proposed reaction mechanism based on the electrochemical results is shown in Figure 2-10. In the first step, 

(i) one-electron reduction of [Co(II)BIPC]+ proceeds to generate [Co(I)BIPC] followed by (ii) further one-electron 

reduction to afford [Co(I)BIPC]−. Next, (iii) CO2 is bound to [Co(I)BIPC]− to form [Co(II)BIPC(CO2H)] coupled 

with protonation, which is supported by the slight increase in current at the second reduction process of Co(II)BIPC 

under a CO2 atmosphere relative to the current under an N2 atmosphere. At the potential of ca. –1.98 V, which is 

consistent with the observed onset potential of the catalytic current, (iv) one-electron reduction occurs to produce 

[Co(I)BIPC(CO2H)]− and (v) the subsequent C−OH bond cleavage by protonation affords [Co(I)BIPC(CO)]. (vi) 

Spontaneous dissociation of CO regenerates the starting complex [Co(I)BIPC] in the catalytic cycle. The proposed 

mechanism by Co(II)BIPC is slightly different from that performed by Co(II)TPP,7b whereas it is similar to that 

performed by a Mn complex reported by Kubiak.2c 

 

 

 

Figure 2-10. A proposed reaction mechanism of the catalytic CO2 reduction by Co(II)BIPC. 
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Investigation of catalytic activity toward H2 evolution by Co(II)BIPC 

To investigate the competing H2 evolution catalyzed by Co(II)BIPC in the presence of H2O under a CO2 

atmosphere, pseudo-pH regulation experiments were conducted under CO2-free conditions using a buffer solution 

containing a mixture of 15 mM each of MES, TAPS, HEPES and CHES.18 The pseudo-pH values of N2-saturated 

DMF/buffer solutions were found to be similar to those of CO2-saturated DMF/H2O solutions.19 Addition of the 

buffer solution under N2 resulted in a continuous increase of current in the CV measurements (Figure 2-11a). The 

CPE experiment with a 9.0% v/v buffer solution under an N2 atmosphere, where the pseudo-pH value of the bulk 

solution is similar to that of a CO2-saturated DMF solution containing 5 M H2O, revealed selective H2 evolution 

with FE of 84% (Table 2-1, Entry 3). These findings indicate that Co(II)BIPC is able to function both as a CO2 

reduction catalyst and an H2 evolution catalyst under the same pseudo-pH conditions. However, the apparent 

catalytic rate constants (kobs) of CO2 reduction and H2 evolution suggest that the reaction rates of CO2 reduction are 

clearly faster than those of H2 evolution in the range of pseudo-pH from 7.44 to 8.53 (Figure 2-11b).20 In particular, 

the rate constant under CO2 in the presence of 5 M H2O is 2.6 times greater than the rate constant measured under 

N2 in the presence of 9.0% v/v buffer solution (Table 2-1, Figure 2-11b). The difference in the reaction rates between 

CO2 reduction and H2 evolution supports the results of the selective CO2 reduction by Co(II)BIPC. 

 

 

Figure 2-11. (a) CVs of Co(II)BIPC (0.5 mM) in DMF with 0.1 M TBAPF6 under an N2 atmosphere at a scan rate 

of 100 mV·s−1 upon addition of buffer solution ranging from 0% v/v (black dashed line) to 14.4% v/v (black solid 

line). (b) Reaction rate dependence upon addition of H2O under a CO2 atmosphere (circle) and upon addition of 

buffer solution under an N2 atmosphere (triangle) determined at −2.17 V in the CV results with a scan rate of 100 

mV·s−1. 
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Evaluation of the advantage of the monoanionic porphyrinoid ligand 

The catalytic Tafel plots of Co(II)BIPC and Co(II)TPP clarify the electrochemical properties and give 

insights into the advantages of the monoanionic bipyricorrole ligand over the dianionic porphyrin ligand (Figure 2-

12).21 Each plot was obtained by determining the apparent catalytic rate constant values (kcat) of Co(II)BIPC with 

5 M H2O, Co(II)BIPC with 5 M TFE22 and Co(II)TPP23 from the catalytic currents in the CV measurements, which 

gave kcat of 7.8, 19.8 and 30.4 s−1, respectively (Figures 2-13 – 2-16). Figure 2-12 reveals that Co(II)BIPC is capable 

of working as a CO2 reduction catalyst with much smaller overpotential () than Co(II)TPP formed by the dianionic 

ligand, whereas the reaction rate of Co(II)BIPC is similar to that of Co(II)TPP. In particular, the maximum TOF 

(TOFmax) is achieved with  of 0.68 V by Co(II)BIPC with 5 M H2O, which is 0.35 V more positive than Co(II)TPP 

in which the  for TOFmax is 1.03 V. This result unambiguously demonstrates the advantage of the monoanionic 

ligand as a component of a CO2 reduction catalyst to decrease the overpotential in the electrochemical reaction. 

 

 

Figure 2-12. Catalytic Tafel plots of Co(II)TPP (gray solid line), Co(II)BIPC with 5 M H2O (black solid line) and 

Co(II)BIPC with 5 M TFE (black dashed line). 
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Figure 2-13. (a) CVs of Co(II)BIPC in CO2-saturated DMF with 0.1 M TBAPF6 and 5 M H2O upon increasing a 

scan rate from 100 to 2000 mV·s−1. (b) Plots of (icat/ip)2 values against 1/v. The apparent catalytic rate constant of 

Co(II)BIPC with 5 M H2O was calculated from the slope using eq (4) (see experimental section for details). 

 

 

 

Figure 2-14. (a) CVs of Co(II)BIPC in CO2-saturated DMF with 0.1 M TBAPF6 and 5 M TFE upon increasing a 

scan rate from 100 to 2000 mV·s−1. The catalytic current was independent of the scan rates in the range of 400 

mV·s−1 to 2000 mV·s−1. (b) Plots of (icat/ip)2 values against 1/v with the scan rates ranging from 400 to 2000 mV·s−1. 

The apparent catalytic rate constant of Co(II)BIPC with 5 M TFE was calculated from the slope using eq (4) (see 

experimental section for details). 
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Figure 2-15. (a) CVs of Co(II)TPP in dry DMF with 0.1 M TBAPF6 under an N2 atmosphere upon increasing a 

scan rate from 100 to 800 mV·s−1. Plots of (b) first and (c) second redox peak current against v1/2. The proportional 

dependence of the current on the square root of the scan rates indicates that the redox event is diffusion-controlled 

process. (d) CVs of Co(II)TPP in dry CO2-saturated DMF with 0.1 M TBAPF6 upon increasing a scan rate from 

100 to 800 mV·s−1. The apparent catalytic rate constant of Co(II)TPP under CO2-saturated conditions was 

calculated using the plateau current at a scan rate of 800 mV·s−1 using eq (3) (see experimental section for details). 
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2-3 Summary 

In Chapter 2, Co(II)BIPC, which consists of the Co(II) complex with a monoanionic bipyricorrole ligand 

possessing a 2,6-dimethoxyphenyl group at the meso-position, catalyzes a selective CO2 reduction reaction in the 

presence of proton sources, as confirmed by CPE experiments.24 Although Co(II)BIPC was found to function both 

as a CO2 reduction catalyst and an H2 evolution catalyst under the same pseudo-pH conditions, the difference in 

reaction rates between CO2 reduction and H2 evolution leads to a selective CO2-to-CO reduction under a CO2 

atmosphere. Furthermore, the author has demonstrated using catalytic Tafel plots that the monoanionic ligand is 

useful for generating an electrocatalytically active low-valent species at much more positive potentials than a 

dianionic porphyrinoid ligand.  Compared to our previous work using a Co(II) complex of tetradehydrocorrin 

(E1/2(CoII/I) = −0.53 V) that promotes the selective H2 evolution rather than CO2 reduction, Co(II)BIPC exhibits a 

negatively shifted E1/2(CoII/I) at −0.87 V and catalyzes selective CO2-to-CO reduction, indicating that the moderate 

stabilization of the Co(I) species is favorable to promote the selective CO2 reduction reaction. The author believes 

that the present findings will contribute to the development of efficient CO2 reduction catalysts with low 

overpotential. 

 

 

2-4. Experimental section 

Materials and methods 

NMR spectra of compounds 6-9 and Zn(II) bipyricorrole (Zn(II)BIPC) were recorded on a Bruker Avance III 

HD (400 MHz) spectrometer at 298 K and Bruker Avance III (600 MHz) spectrometer at 305 K, respectively. 

Chemical shifts are reported in ppm relative to the residual solvent resonances. ESI-TOF MS analyses were 

performed on a Bruker micrOTOF-II mass spectrometer. UV-vis spectral measurements were carried out with a 

Shimadzu UV-3600 Plus double-beam spectrophotometer with a thermostated cell holder. EPR spectra were 

measured with a Bruker EMXmicro spectrometer at the X-band (9.61 GHz) microwave frequency with 20.0 mW 

microwave power and 10.0 G of modulation amplitude. During EPR measurements, the sample temperature was 

maintained at 100 K using liquid N2 vapor. Co(II) tetraphenylporphyrin (Co(II)TPP) was prepared from the 

freebase tetraphenylporphyrin according to our previous method.25 As buffer components, 2-(N-

morpholino)ethanesulfonic acid (MES), N-tris(hydroxymethyl)methyl-3-aminopropanesulfonic acid (HEPES) and 

N-cyclohexyl-2-aminoethanesulfonic acid (CHES) were obtained from Dojindo Molecular Technologies, Inc. and 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (TAPS) was purchased from Nacalai Tesque, Inc. 

Tetrabutylammonium hexafluorophosphate (TBAPF6, >98%) from Tokyo Chemical Industry Co., Ltd. was 

recrystallized in heated ethanol and dried in vacuo before use. Distilled water was demineralized using a Merck 

Millipore Integral 3 apparatus. All other reagents of the highest guaranteed grade available were obtained from 

commercial sources and used as received unless otherwise indicated. 
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X-ray crystallography, electrochemistry and controlled-potential electrolysis  

X-ray crystallographic data and electrochemical results were obtained with same methods as Chapter 1. 

 

Calculation of catalytic rate constant from the results of cyclic voltammetry3a  

The catalytic current icat is given by eq (1) when the catalysis proceeds via a two-electron transfer pathway:  

 

      (1) 

 

where F is Faraday’s constant, A is the surface area of the electrode, [cat]0 is the concentration of catalyst, and D is 

the diffusion coefficient of the catalyst. The one-electron diffusion current of the catalyst ip is determined from eq 

(2),  

 

      (2) 

 

where v is the scan rate in the cyclic voltammetry measurements, R is the universal gas constant, and T is temperature. 

Dividing eq (1) by eq (2) avoids determining A and D, and leads to eq (3).   

 

     (3) 

 

Eq (3) is converted to eq (4),  

 

     (4) 

 

where (icat/ip)2 is obtained as a function of 1/v. 

The kcat values in this work were determined as apparent catalytic rate constants using eq (3) with the plateau 

current in Figure 2-15d, and eq (4) with the plots in Figure 2-13d and Figure 2-14b.  
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According to ref 3a, Tafel plots that relate the turnover frequency (TOF) toward the overpotential η applied at 

the electrode were obtained using the following eq (5). In this equation,  

 

   (5) 

 

where, E0
CO2/CO is the standard potential for the conversion of CO2 to CO (−0.69 V vs NHE),6a E1/2 is the half-

plateau wave potential in the CV measurement, where the potential measured in our conditions is converted to the 

NHE referenced value by adding 0.22 V for catalytic Tafel plots. 

 

 

Synthesis of Co(II)BIPC and Zn(II)BIPC 

 

The targets Co(II)BIPC and Zn(II)BIPC were synthesized through Scheme 2-2. Ethyl 3,4-diethyl-1H-

pyrrole-2-carboxylate was prepared according to our previous report.26  

 

 

Scheme 2-2. Synthesis of Co(II)BIPC and Zn(II)BIPC. 
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Diethyl 5,5'-((2,6-dimethoxyphenyl)methylene)bis(3,4-diethyl-1H-pyrrole-2-carboxylate) (6)   

To a stirred solution of ethyl 3,4-diethyl-1H-pyrrole-2-carboxylate (2.55 g, 15.4 mmol) and 2,6-

dimethoxybenzaldehyde (6.00 g, 30.7 mmol) in ethanol (76.5 mL), conc. HClaq. (1.3 mL) was added and the mixture 

was refluxed for 1.5 h. After cooling to 0 ºC, precipitant was filtered and washed with cold methanol to give 

compound 6 as a white solid (4.24 g, 51%). 1H NMR (400 MHz, CDCl3) : 9.17 (s, 2H, NH); 7.19 (t, J = 8.4 Hz, 

1H, p-C6H3(OMe)2); 6.61 (d, J = 8.0 Hz, 2H, m-C6H3(OMe)2); 6.25 (s, 1H, meso-H); 4.27 (q, J = 6.0 Hz, 4H, -

CO2CH2CH3); 3.80 (s, 6H, -OCH3); 2.68 (q, J = 7.2 Hz, 4H, -CH2CH3); 2.31 (q, J = 7.6 Hz, 4H, -CH2CH3); 1.33 (t, 

J = 7.2 Hz, 6H, -CO2CH2CH3); 1.12 (t, J = 7.2 Hz, 6H, -CH2CH3); 0.88 (t, J = 7.2 Hz, 6H, -CH2CH3). 13C NMR 

(100 MHz, CDCl3) : 161.58, 157.87, 133.35, 132.50, 128.77, 123.34, 118.14, 116.63, 105.74, 59.62, 56.30, 29.16, 

18.49, 17.20, 16.02, 15.81, 14.61. ESI-TOF MS: m/z = 561.2955 [M + Na]+, calculated for C31H42N2O6Na 561.2935. 

 

5,5'-((2,6-Dimethoxyphenyl)methylene)bis(3,4-diethyl-1H-pyrrole-2-carboxylic acid) (7)   

A mixture of compound 6 (2.00 g, 3.72 mmol) and NaOH (1.25 g, 31.4 mmol) in ethanol (40 mL) was refluxed 

for 1 h. After cooling to room temperature, glacial acetic acid (20 mL) was added and the mixture was extracted 

with CH2Cl2, washed with sat. NaClaq., dried over Na2SO4 and the solvent was evaporated. The target compound 7 

was obtained by re-precipitation in a hexane/CH2Cl2 solution as a white powder (1.45 g, 81%). 1H NMR (400 MHz, 

DMSO-d6) : 12.09 (s, 2H, -COOH); 9.48 (s, 2H, NH); 7.25 (t, J = 8.4 Hz, 1H, p-C6H3(OMe)2); 6.76 (d, J = 8.4 Hz, 

2H, m-C6H3(OMe)2); 6.18 (s, 1H, meso-H); 3.77 (s, 6H, -OCH3); 2.60 (q, J = 7.2 Hz, 4H, -CH2CH3); 2.27 (q, J = 

7.2 Hz, 4H, -CH2CH3); 1.04 (t, J = 7.2 Hz, 6H, -CH2CH3); 0.84 (t, J = 7.2 Hz, 6H, -CH2CH3). 13C NMR (100 MHz, 

DMSO-d6) : 161.86, 157.20, 131.68, 131.57, 128.88, 122.33, 117.42, 116.66, 105.94, 56.33, 28.24, 17.67, 16.60, 

16.07, 15.76. ESI-TOF MS: m/z = 505.2300 [M + Na]+, calculated for C27H34N2O4Na 505.2309. 

 

6,6'-Dibromo-2,2'-bipyridine (8)   

A solution of 2,6-dibromopyridine (10.0 g, 50.6 mmol) in diethyl ether (39 mL) was cooled to −78 oC and 1.6 

M nBuLi hexane solution (29.0 mL, 55.8 mmol) was added dropwise. After stirring for 1 h at −78 oC, CuCl2 (2.84 

g, 25.4 mmol) was added and the mixture was further stirred for 1 h at −78 oC. The equipment was then substituted 

and the mixture was stirred for 2 h under an O2 atmosphere. After the reaction, the flask was substituted with N2, 

and the reaction was quenched with 6 M HClaq. (33 mL). The organic layer was separated with CH2Cl2, washed 

with sat. citric acidaq., dried over Na2SO4 and the solvent was evaporated. The resulting precipitant was washed with 

CH3OH and subsequent filtration afforded compound 8 as a white powder (3.85 g, 24%). 1H NMR (400 MHz, 

CDCl3) : 8.40 (dd, J = 0.8 Hz, 7.6 Hz, 2H, m-NC5H3); 7.69 (t, J = 7.4 Hz, 2H, p-NC5H3); 7.53 (dd, J = 0.4 Hz, 7.8 

Hz, 2H, m-NC5H3). 13C NMR (100 MHz, CDCl3): 155.75, 141.74, 139.45, 128.74, 120.30. ESI-TOF MS: m/z = 

334.8798 [M + Na]+, calculated for C10H6Br2N2Na 334.8790. 
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6,6'-Diformyl-2,2'-bipyridine (9)   

To a THF solution of nBuLi (9.60 mmol, 66 mL) at −78 oC was added compound 8 (500 mg, 1.59 mmol) in 

THF (50 mL) and stirred for 45 min at −78 oC. The mixture was then treated with DMF (0.8 mL, 9.55 mmol) and 

allowed to warm to room temperature. After stirring for 3 h, the reaction was quenched with 4 M HClaq. (20 mL) 

and the organic layer was separated with ethyl acetate. The water layer was treated with K2CO3 to increase the pH 

to 10 and then extracted with ethyl acetate. The organic layers were combined and dried over Na2SO4. After removal 

of solvent, cold CH3OH was added and the precipitant was filtered to yield compound 9 as a white powder (140 mg, 

41%). 1H NMR (400 MHz, CDCl3): 10.19 (s, 2H, -CHO); 8.83 (d, J =7.2 Hz, 2H, m-NC5H3); 8.03-8.09 (m, 4H, 

m-NC5H3, p-NC5H3). 13C NMR (100 MHz, CDCl3) : 193.41, 155.52, 152.42, 138.21, 125.34, 122.03. ESI-TOF 

MS: m/z = 235.0472 [M + Na]+, calculated for C12H8N2O2Na 235.0478. 

 

11-(2,6-Dimethoxyphenyl)bipyricorrole (BIPC)   

To a mixture of compound 7 (1.36 g, 2.83 mmol) and compound 9 (600 mg, 2.83 mmol) in THF (960 mL), 

trifluoroacetic acid (65 mL) was added and the mixture was stirred for 14 h at room temperature. After removal of 

solvent, toluene was added and residual trifluoroacetic acid was removed by evaporation. After addition of 

triethylamine (6 mL) to a CH2Cl2 (20 mL) solution of the crude product, the mixture was washed with sat. NaClaq., 

dried over Na2SO4 and the solvent was evaporated. Re-precipitation in a solution of hexane/CH2Cl2 afforded BIPC 

as a red powder and the crude product was used in the next step without further purification. ESI-TOF MS: m/z = 

571.3042 [M + H]+, calculated for C37H39N4O2 571.3068. 

 

11-(2,6-Dimethoxyphenyl)bipyricorrolatocobalt(II) perchlorate (Co(II)BIPC)   

A solution of BIPC (500 mg) in CH2Cl2 (150 mL) and CH3OH (150 mL) was treated with Co(OAc)2·4H2O 

(1.09 g, 4.38 mmol) for 5 h at room temperature. After stirring, the mixture was washed with sat. NaClaq., dried over 

Na2SO4 and the solvent was evaporated. To a solution of the crude product in CH3OH (10 mL), NaClO4·H2O (1.23 

g, 8.76 mmol) in H2O (30 mL) was added and stirred for 30 min at room temperature. The organic layer was 

separated with CH2Cl2, washed with H2O, dried over Na2SO4 and the solvent was evaporated. Purification was 

carried out by SiO2 column chromatography (CH2Cl2/acetone = 3/2) followed by re-precipitation in a diethyl 

ether/CH2Cl2 solution to give Co(II)BIPC as a green solid (49 mg, 25% from compound 7). ESI-TOF MS: m/z = 

628.2249 [M]+, calculated for C37H37CoN4O2 628.2243. UV-vis (CH3OH) max/nm (absorbance) = 367 (0.481), 639 

(0.138). Elemental analysis: C 59.21, H 5.06, N 7.31, calculated for C37H39ClCoN4O7 C 59.56, H 5.27, N 7.51. 

  



46 

 

11-(2,6-Dimethoxyphenyl)bipyricorrolatozinc(II) perchlorate (Zn(II)BIPC)   

To a stirred solution of BIPC (200 mg) in CH2Cl2 (50 mL) and CH3OH (50 mL) was added Zn(OAc)2 (0.32 

g, 1.74 mmol) and the mixture was then stirred for 30 min at room temperature. After stirring, the solution was 

washed with sat. NaClaq., dried over Na2SO4 and the solvent was evaporated. To a solution of crude product in 

CH3OH (10 mL), NaClO4·H2O (0.49 g, 3.49 mmol) in H2O (20 mL) was added and the mixture was further stirred 

for 30 min at room temperature. The organic layer was separated with CH2Cl2, washed with H2O, dried over Na2SO4 

and the solvent was evaporated. The crude product was purified by SiO2 column chromatography (CH2Cl2/acetone 

= 3/2) followed by further purification by SiO2 column chromatography (CH2Cl2/CH3OH = 5/1) and the blue 

fraction was collected. Zn(II)BIPC was obtained by re-precipitation in a diethyl ether/CH3OH solution as a green 

powder (10 mg, 5% from compound 7). 1H NMR (600 MHz, DMSO-d6, 305 K) : 9.20 (d, J = 7.8 Hz, 2H, m-

NC5H3); 8.79 (d, J = 7.8 Hz, 2H, m-NC5H3); 8.72 (t, J = 7.8 Hz, 2H, p-NC5H3); 7.66 (s, 2H, meso-H); 7.61 (t, J = 

9.0 Hz, 1H, p-C6H3(OMe)2); 6.87 (d, J = 9.0 Hz, 2H, m-C6H3(OMe)2); 3.64 (s, 6H, -OCH3); 2.93 (q, J = 7.2 Hz, 4H, 

-CH2CH3); 1.99 (q, J = 7.8 Hz, 4H, -CH2CH3); 1.36 (t, J = 7.8 Hz, 6H, -CH2CH3); 0.76 (t, J = 7.8 Hz, 6H, -CH2CH3).  

13C NMR (150 MHz, DMSO-d6, 305 K) : 164.08, 160.04, 153.55, 150.98, 148.54, 144.85, 144.69, 138.47, 130.77, 

130.44, 119.28, 115.43, 106.26, 104.15, 55.33, 19.03, 17.62, 16.91, 15.20. ESI-TOF MS: m/z = 633.2188 [M]+, 

calculated for C37H37N4O2Zn 633.2202. UV-vis (CH3OH) max/nm (absorbance) = 367 (0.911), 635 (0.138), 690 

(0.383). Elemental analysis: C 58.49, H 5.35, N 7.51, calculated for C37H39ClN4O7Zn C 59.05, H 5.22, N 7.44. 

 

 

Figure 2-16. 1H NMR spectrum (600 MHz, DMSO-d6) of Zn(II)BIPC. 
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Figure 2-17. 13C NMR spectrum (150 MHz, DMSO-d6) of Zn(II)BIPC. 

 

 

Figure 2-18. UV-vis absorption spectra of (a) Co(II)BIPC and (b) Zn(II)BIPC in CH3OH. 
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11-(2,6-Dihydroxyphenyl)bipyricorrolatocobalt(II) perchlorate (demethylated Co(II)BIPC: 

Figure 2-19a)  

To a solution of Co(II)BIPC (16 mg, 22.0 µmol) in CH2Cl2 (4.2 mL), 1 M BBr3/CH2Cl2 solution (1.12 mL, 

1.12 mmol) was added at room temperature, and the mixture was refluxed for 24 h. After quenching with sat. 

NaHCO3aq., the organic layer was washed with H2O, dried over Na2SO4 and the solvent was evaporated. Purification 

was carried out by SiO2 column chromatography (CH2Cl2/acetone/CH3OH = 20/20/3) to afford demethylated 

Co(II)BIPC as a green solid (8 mg, 52%). ESI-TOF MS: m/z = 600.1914 [M]+, calculated for C35H33CoN4O2 

600.1930. 

 

 

Figure 2-19. (a) CV of demethylated Co(II)BIPC (0.5 mM) in dry DMF with 0.1 M TBAPF6 under an N2 

atmosphere. (b) Normalized CVs of Co(II)BIPC (0.5 mM, dashed line) and demethylated Co(II)BIPC (0.5 mM, 

solid line) in DMF containing 0.1 M TBAPF6 with 5 M H2O under a CO2 atmosphere. Scan rate: 100 mV·s−1. 
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Chapter 3 

Synthesis, structure and chemical properties of meso-dibenzoporphycene 

 

Reproduced in part with permission from [Angew. Chem. Int. Ed. 2015, 54, 6227-6230.] 

 

3-1. Introduction 

Porphycene is a constitutional isomer of porphyrin,1 in which the symmetrically reduced porphyrinoid structure 

demonstrates notable physicochemical properties such as stronger absorption in the visible region2 and 

tautomerization of the inner hydrogen atoms.3 Investigation of porphycene derivatives indicates that they have 

potential for use as photosensitizers for photodynamic therapy4 and as metal ligands in unique catalysts.5 This has 

motivated us to prepare new porphycene derivatives with enlarged -electron peripheries to regulate the electronic 

and structural features of porphycene. To this end, direct annulation of aromatic units to the porphycene framework 

is expected to be a useful strategy for extending the -system, as seen in a series of benzene-fused porphyrins.6 

However, only a few reports for benzene-fused porphycene have been presented,7 in spite of their expected unique 

features. Previous examples of annulated dibenzoporphycene and dinaphthoporphycene have been prepared by 

fusing two benzene and naphthalene moieties to the 3,4,5,6- and 13,14,15,16-positions of the porphycene 

framework.8-10 In addition, tetrabenzoporphycene has four benzene-fused moieties at the 2,3-, 6,7-, 12,13-, and 

16,17-postions of unsubstituted porphycene (Pc) as shown in Chart 3-1a.11 These benzene-fused porphycenes show 

characteristic bathochromic shifts. In efforts focused on the 9,10- and 19,20-positions (meso positions: i and s 

positions in Chart 3-1a) of Pc as benzene fusion sites, only the monobenzene-fused derivative has been reported.7,12 

In this case, the low yield of meso-monobenzoporphycene prevents detailed evaluation of its physicochemical 

properties. Moreover, a meso-dibenzene-fused derivative has never been prepared and has only been investigated 

theoretically.13 Our research group has recently prepared benzo[i]porphycene (meso-monobenzoporphycene; 

mMBPc, Chart 3-1b) and dibenzo[i,s]porphycene (meso-dibenzoporphycene; mDBPc, Chart 3-1c) in good yield 

by using Suzuki–Miyaura coupling and intramolecular McMurry coupling reactions. In this paper, the author report 

the preparation and characterization of the physicochemical properties of these porphycene derivatives. 

 

 

 

Chart 3-1. Molecular structures of (a) Pc, (b) mMBPc and (c) mDBPc. The trans tautmeric forms are represented. 
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3-2. Results and discussion 

Synthesis of mMBPc and mDBPc 

The synthesis of mMBPc and mDBPc is presented in Scheme 3-1. Although a series of porphycene derivatives 

have been synthesized by the intermolecular double McMurry coupling of two 5,5’-diformyl-2,2’-bipyrrole 

molecules, mMBPc and mDBPc were obtained through intramolecular single coupling14 of diformylated ortho-

bis-dipyrrolylbenzene derivatives 12 and 13, respectively. The precursor 11 was prepared from borylated N,N’-

diBoc-2,2’-bipyrrole 10 with o-diiodobenzene by Suzuki–Miyaura coupling. A Vilsmeier–Haack reaction of 11 and 

subsequent Boc deprotection upon heating at 140 °C under vacuum gave the dialdehyde 12. The intramolecular 

McMurry coupling of 12 gave mMBPc in a 48% yield without oxidation, although the synthesis of porphycene 

derivatives generally requires the oxidation of the nonaromatic intermediate after cyclization.7 For the synthesis of 

mDBPc, 3-dimethylaminoacrolein was used as a reagent in the Vilsmeier–Haack reaction to yield the precursor 

13.15 After deprotection of 11, the acrolein moiety was introduced into each -position of the two bipyrrole units. 

The intramolecular McMurry coupling of 13 provided a mixture of the cyclized products. Further oxidation of the 

reaction mixture by using p-chloranil provided mDBPc in a 20% yield based on 13. Both mMBPc and mDBPc 

were fully characterized by 1H and 13C NMR spectroscopy and mass spectrometry (see experimental section for 

details). 

 

 

 

Scheme 3-1. Synthesis of mMBPc and mDBPc. (a) LTMP, CuCl2, THF, 65%; (b) LTMP, B(OEt)3, THF, 94%; (c) 

o-diiodobenzene, Pd(PPh3)4, K2CO3, H2O, DMF, 82%; (d) POCl3, DMF, 93%; (e) 140 °C, quant.; (f) Zn, CuCl, 

TiCl4, THF, 48%; (g) 180 °C, ethylene glycol, 80%; (h) POCl3, 3-dimethylaminoacrolein, CH2Cl2, quant.; (i) Zn, 

CuCl, TiCl4, THF; (j) p-chloranil, CH2Cl2, 20% in 2 steps. LTMP=lithium 2,2,6,6-tetramethylpiperidide. 
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UV-vis-NIR absorption spectroscopic and cyclic voltammetric measurements 

The UV-Vis-NIR absorption spectra of Pc, mMBPc and mDBPc in CH2Cl2 are shown in Figure 3-1. The max 

values of the Q-bands for mMBPc appear at 613, 659, and 721 nm in CH2Cl2. These bands are red-shifted relative 

to those of Pc (558, 596, and 629 nm). It is significant that the Q-band absorptions of mDBPc are located in the 

NIR region at 648, 884, and 1047 nm. The 418 nm deviation of the lowest-energy Q-band of mDBPc from that of 

Pc is much larger than those of previously reported benzene-fused porphycenes (41-135 nm).8-11 The Soret bands 

of mMBPc and mDBPc are also found to be red-shifted relative to that of Pc as a result of the benzene fusion. 

These bathochromic shifts are generally consistent with the theoretical estimations obtained by using DFT-

optimized structures (see below and Table 3-3 in experimental section). The redox potentials of mMBPc and 

mDBPc were measured by cyclic voltammetry (CV) in CH2Cl2 (Table 3-1). The fused benzene moieties of the 

porphycene framework provide remarkably negative shifts in the oxidation potentials, while the reduction potentials 

are positively shifted. Considering the symmetry of the molecular orbitals, the HOMO of a butadiene unit, which is 

regarded as a substituent in each fused benzene moiety, interacts with the HOMO of porphycene to generate a new 

destabilized HOMO in both of the meso-benzoporphycenes (Figure 3-2 and Table 3-4 in experimental section).13 

By contrast, the interaction between the LUMOs of the butadiene unit and porphycene gives a new stabilized LUMO. 

 

 

Figure 3-1. UV-vis-NIR absorption spectra for Pc (gray solid line), mMBPc (black dashed line) and mDBPc (black 

solid line) in CH2Cl2 at 25 °C. The absorption spectra in Q-band region (500-1200 nm) are enlarged. 

 

Table 3-1. Comparative oxidation and reduction potentials (V vs Ag|AgCl)a 

 Oxidation Reduction 

Pcb +1.03 −0.70 

mMBPcc +0.68 −0.56 

mDBPcc +0.41 −0.40 

aPotential values were measured through cyclic voltammetry in CH2Cl2 containing 0.1 M TBAPF6. [porphycene] = 

0.1 mM. bScan rate: 100 mV·s−1. bScan rate: 10 mV·s−1. 
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Figure 3-2. Molecular orbitals of Pc, mMBPc, and mDBPc (cis form, see below) and their energy levels. The 

diagram shows the interaction between Pc and butadiene units in mMBPc and mDBPc. Dashed lines indicate the 

corresponding molecular orbitals for butadiene and the three porphycene molecules. 

 

X-ray crystal structure 

The structures of mMBPc and mDBPc were determined by X-ray crystallography (Figure 3-3). The molecular 

structures in the crystals display generally planar geometries including the fused benzene moieties. Planar structures 

in the crystals could be formed by crystal packing, whereas the DFT calculations for mMBPc and mDBPc 

demonstrate saddled structures with very small vibrational frequency. This suggests that the frameworks are 

distorted in solution (Figure 3-4). The bond lengths at the meso-positions (C8−C9, C9−C10, and C10−C11 in 

mMBPc; C8−C9, C9−C10, C10−C11, C18−C19, C19−C20, and C20−C1 in mDBPc) are longer (>1.43 Å) than 

those in Pc (<1.40 Å)1 and the bond lengths in each benzene moiety are clearly different, thus indicating electronic 

interactions between Pc and the benzene moieties. The shorter distances between the inner nitrogen atoms (N1−N4 

or N2−N3) of Pc, mMBPc and mDBPc are 2.61, 2.59, and 2.54 Å, respectively. The angles C8-C9-C10 and C9-

C10-C11 in mMBPc and the angles C8-C9-C10, C9-C10- C11, C18-C19-C20, and C19-C20-C1 in mDBPc are 

about 129°, whereas the corresponding angles in Pc are about 132°. The shorter N1−N4 and N2−N3 distances and 

these angles are typical for meso substitution in porphycene derivatives.12a 
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Figure 3-3. Crystal structures of (a) mMBPc and (b) mDBPc with several important bond lengths shown in ORTEP 

representation with 50% thermal ellipsoid probability. Top: macrocycle plane view. Bottom: perspective view. For 

clarity, only selected C and N atoms are numbered and hydrogen atoms are omitted.  

 

 

Figure 3-4. DFT(B3LYP/6-311G**)-optimized structures of (a) mMBPc (trans form) and (b) mDBPc (cis form). 

Top: macrocycle plane view. Bottom: perspective view. For clarity, hydrogen atoms have been omitted. 

 

Evaluation of inner NH protons 

The inner NH signals of mMBPc in the 1H NMR spectrum (CDCl3, 25 °C) appear downshifted at 7.84 ppm 

and 7.47 ppm, compared with that of Pc (3.15 ppm). Interestingly, the corresponding NH signal of mDBPc was 

observed at 8.95 ppm. The remarkable downfield shifts suggest the occurrence of strong intramolecular NH−N 

hydrogen bonding.11b,16 The results correlate with the shorter N1−N4 distances in mMBPc and mDBPc compared 

to previous reported porphycenes in the crystal structures (Figure 3-5). 9,10,11b,12a,12b,16,17 For further evaluation of the 

strength of the inner NH–N hydrogen bonds, an X-ray photoelectron spectroscopic (XPS) study was carried out 

(Figure 3-6, Table 3-2). In the region of the N1s ionization potentials (IP), two well-resolved peaks were observed 

for each derivative. The peak with the highest IP value is assigned as the “protonated” nitrogen atoms and the other 

peak is assigned as the “unprotonated” nitrogen atoms according to the previous report.17,18 The differences between 

the IP values of the protonated and unprotonated nitrogen atoms (IN1s) are 1.40 eV (Pc), 1.30 eV (mMBPc), and 

1.15 eV (mDBPc). These values show a clear correlation with the N1−N4 distances of the compounds and are 
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similar to the values from the previously reported data (Figure 3-7). This indicates that the smaller IN1s value is an 

indication of stronger intramolecular hydrogen bonding.17 The IP values of trans and cis forms (Chart 3-2) 

optimized by DFT calculations and the calculated IN1s values are shown in Table 3-2. In the case of mDBPc, the 

difference between the calculated IN1s values for the two tautomeric forms is relatively large (>0.1 eV) and the 

experimental IN1s value is mostly consistent with the calculated value for the cis form. The present findings support 

the existence of the cis form in mDBPc. 

 

 

 

Figure 3-5. Relationship between NH chemical shifts in CDCl3 and the N1−N4 distances of crystal structures in 

porphycene derivatives. 

 

 

Figure 3-6. XPS spectra for (a) Pc, (b) mMBPc, and (c) mDBPc. Upper spectra: raw spectra and fitted profiles 

with baselines. Lower spectra: deconvoluted profiles produced by Gaussian fitting. The peak marked with the 

asterisk is derived from an unassigned impurity. 
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Table 3-2. XPS peak maxima (eV).a,b 

 IP Experimental IN1s Calculated IN1s 

   trans and cis forms 

Pc 397.70, 399.10 1.40 1.38,d 1.46e 

mMBPc 397.60, 398.90 1.30 1.31,d 1.35e 

mDBPcc 397.80, 398.95 1.15 1.28,d 1.14e 

a180 W of monochromatized AlK radiation. bDetailed data are summarized in Table 3-6 in experimental section. 

cThe unassigned impurity at 400.0 eV was ignored. dtrans form. ecis form. 

 

 

Figure 3-7. Relationship between the ΔIN1s values XPS experiments and the N1−N4 distances of crystal structures 

in porphycene derivatives. 

 

Generally, porphycene derivatives adopt the stable trans form,2,19,20 as confirmed by experimental and 

theoretical investigations.21 As determined for the usual porphycene derivatives, DFT calculations indicate that the 

trans form of mMBPc is 1.6 kcal·mol−1 more stable than the cis form (see Table 3-5 in experimental section). By 

contrast, Waluk and co-workers reported the tautomerization of meso-alkylated porphycenes and demonstrated the 

existence of two forms (cis and trans forms) in the gound state by using supersonic jet techniques, although the 

trans form is predominant according to DFT calculations.2,3a,3b,22 Interestingly, in the case of mDBPc, the DFT 

calculations suggests that the cis form is slightly more stable than the trans form (0.1 kcal·mol−1 in B3LYP/6-

311G**, 5.1 kcal·mol−1 in B97XD/6-311G**). These theoretical data for the tautomeric forms are consistent with 

the XPS results. 

 

Chart 3-2. Possible tautomeric structures of mDBPc. 
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3-3 Summary 

In Chapter 3, mDBPc provides very unique characteristics as a result of the simple insertion of two benzene 

moieties at the ethylene bridges of the porphycene framework. First, the HOMO–LUMO gap is dramatically 

reduced as a result of electronic interaction between the fused benzene and porphycene moieties. Second, the 

theoretical and experimental results indicate that mDBPc exists in the cis tautomeric form. This is unusual for a 

series of porphycene derivatives. To the best of our knowledge, this is the first example of the cis form of porphycene 

being more stable than the trans form at the ground state. Further spectroscopic studies will contribute to the 

evaluation of the tautomeric form. 

 

 

3-4. Experimental section 

Materials and methods 

UV-vis spectral measurements were carried out with a Shimadzu UV-3700 or UV-3150 double-beam 

spectrophotometer with a thermostated cell holder. ESI-TOF MS analyses were performed on a Bruker micrOTOF-

II mass spectrometer and MALDI-TOF MS analyses were performed on a Bruker autoflex III mass spectrometer. 

FAB-MS data were measured using a JEOL JMS-700 spectrometer. 1H and 13C NMR spectra were recorded on a 

Bruker DPX 400 (400 MHz) or Avance III (600 MHz) spectrometer. Chemical shifts were reported in ppm relative 

to the residual solvent resonances. NMR measurements were carried out at 298 K unless otherwise indicated. XPS 

spectra were recorded on a Shimadzu KRATOS AXIS-165x spectrometer. Electrochemical studies were carried out 

using potentiostat (CompactStat, Ivium Technologies) with a platinum wire as a counter electrode, an Ag|AgCl (3 

M NaClaq.) electrode obtained from BAS as a reference electrode and a polished platinum disk as a working 

electrode under anaerobic conditions. Distilled water was demineralized using a Millipore Integral 3 apparatus. 

Other all reagents of the highest guaranteed grade available were obtained from commercial sources and were used 

as received unless otherwise indicated. 

 

X-ray Crystallography  

A single crystal of mMBPc was mounted on a loop. Data from X-ray diffraction were collected at 20 °C by a 

Rigaku XtaLAB mini imaging plate area detector using graphite monochromated Mo-Kα radiation (0.71075 Å). A 

single crystal of mDBPc was mounted on a loop. Data from X-ray diffraction were collected at −170 °C by a 

RAXIS RAPID imaging plate area detector using graphite monochromated Mo-Kα radiation (0.71075 Å). All of 

the crystallographic calculations were performed using the Crystal Structure software package of Molecular 

Structure Corp. [Crystal Structure, Crystal Structure Analysis Package, version 3.8.1, Molecular Structure Corp. 

and Rigaku Corp.]. Structures were solved by SIR 2008 and expanded using Fourier techniques. Non-hydrogen 

atoms were refined anisotropically by full-matrix least-squares on F2. All structures in the final stages of refinement 

showed no movement in the atom positions. Hydrogen atoms were attached at idealized positions on carbon atoms 
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and not refined. Crystallographic parameters are summarized in Table 3-7. CCDC 1046868 (mMBPc) and CCDC 

1046869 (mDBPc) contain the supplementary crystallographic data for this paper.  

 

XPS measurements 

Sample powder was dried in vacuo overnight before transfer to a carbon tape on a sample holder. For the XPS 

measurement, monochromatic AlKα X-ray radiation was used. The power level of the X-ray was 180 W for the 

narrow scan. The pass energy was 10 eV. Neutralization by the low-energy flood gun with suitable conditions was 

performed to diminish sample charging during the XPS measurement. The binding energies were calibrated by 

setting the lowest binding energy component of the C1s electron band to 284.5 eV. This peak was assumed to 

originate from the C−C component of porphycenes and the 6 surface of carbon tape. The spectra were analyzed by 

a Multi-Peak Fit package in WaveMetrics Igor Pro 6.22. 

 

DFT calculations 

Molecular structures were optimized at the B3LYP23a/6-311G** level. Normal mode analysis was performed 

for the stationary points on the potential energy surface. Concerning the relative stability between trans and cis 

forms, structure optimization at the B97XD23b/6-311G** level was also carried out. The MO diagram in Figure 

3-7, excitation energies in Table 3-3, orbital energy levels in Table 3-4, and N1s ionization potentials (IPs) were 

calculated using the ground-state optimized structure. The N1s IP was calculated using the Koopmans theorem (KT) 

at the B3LYP/6-311G**//B3LYP/6- 311G** level. Relative IPs with KT were in good agreement with the 

experimental data. We also checked the basis-set dependence and relativistic effect, but no significant improvement 

was obtained. A constant shift of Δ=8.65 eV was included, so that the calculated IP for the higher peak of mMBPc 

corresponds exactly to the experimental data. All of the computations were performed with the Gaussian09 

program.24 
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Table 3-3. The first and second excited states of Pc, mMBPc and mDBPca 

   Eex (calcd.)b Eex (exptl.)c Main configuration (|C|≥0.3)d Osc.e 

Pc trans 11Bu 2.24 1.97 0.61 (nH→L) 0.13 

  21Bu 2.35 2.22 0.62 (H→L) 0.20 

 cis 11A1 2.24  0.65 (H→L) 0.14 

  11B2 2.35  0.64 (nH→L)−0.30(H→nL) 0.17 

mMBPc trans 11A 1.88 1.72 0.69 (H→L) 0.16 

  21A 2.27 2.02 0.62 (nH→L)−0.32(nH→nL) 0.15 

 cis 11A 1.87  0.69 (H→L) 0.16 

  21A 2.32  0.62 (nH→L)−0.33(nH→nL) 0.14 

mDBPc trans 11B 1.52  0.72 (H→L) 0.15 

  21B 2.18  0.61 (nH→L)−0.35(nH→nL) 0.14 

 cis 11A’ 1.50 1.40 0.71 (H→L) 0.14 

  11A” 2.26 1.91 0.61 (nH→L)−0.35(nH→nL) 0.14 

aCalculated at B3LYP/6-311G** level. bExcitation energy (eV). cExperimental excitation energy was derived from 

absorption spectra. dMain configuration with coefficient larger than 0.3. “H”, “L”, “nH” and “nL” denote HOMO, 

LUMO, next HOMO and next LUMO, respectively. eOscillator strength in atomic unit.  

 

 

Table 3-4. Molecular orbital energy levels of Pc, mMBPc and mDBPca 

 HOMO LUMO HOMOb LUMOb Eox
c Ered

c 

Pc −5.51 −3.06 0 0 0 0 

mMBPc −5.17 −3.19 0.34 −0.13 −0.35 0.14 

mDBPc −4.90 −3.36 0.61 −0.30 −0.62 0.30 

aOrbital energy (eV) calculated at B3LYP/6-311G** level. bDifferential value of HOMO or LUMO orbital energy 

from that of Pc. cDifferential value of experimental redox potential (V) measured by CV from that of Pc. 
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Table 3-5. Relative potential energy (kcal·mol−1) of trans- and cis-tautomeric forms of Pc, mMBPc and mDBPca 

  trans TSb cis 

  saddle planar  saddle planar 

Pc B3LYP none 0.0 (61.4) 4.5 (1229.3i) none 2.4 (61.0) 

 B97XD none 0.0 (59.4) 4.4 (1243.9i) none 1.9 (59.7) 

mMBPc B3LYP 0.0 (25.9) 0.1 (22.1i) 3.7 (1199.4i)c 1.6 (20.5) 1.7 (17.7i) 

    3.4 (1177.3i)d   

 B97XD 0.0 (36.2) 0.4 (42.6i) 4.5 (1243.3i)c 1.3 (36.5) 1.7 (38.5i) 

    3.7 (1207.4i)d   

mDBPc B3LYP 0.1 (25.2) 0.5 (18.6i) 2.6 (1181.8i) 0.0 (27.3) 0.6 (25.6i) 

 B97XD 5.1 (30.1) 5.8 (28.7i) 7.2 (1183.1i) 0.0 (31.4) 2.7 (35.8i) 

aPotential energy of the minimum energy structure was used as reference and 6-311G** basis sets were used. 

Number in parenthesis is the smallest frequency (in cm−1) obtained with normal mode analysis. bTransition state 

connecting trans- and cis-forms. cProton transfer between N1 and N4 atoms. dProton transfer between N2 and N3 

atoms. 

 

 

Table 3-6. Calculated N1s ionization potential (IP) values (eV) in porphycenes for XPS experiments 

  IP IN1s 

  KT+a experimental KTb experimental 

Pc trans 397.52, 398.90 397.70, 399.10 1.38 1.40 

 cis 397.47, 398.93  1.46  

mMBPc trans 397.55, 397.62 397.60, 398.90 1.31, 1.34 1.30 

  398.86, 398.89  (1.31)c  

 cis 397.52, 397.60  1.34, 1.38  

  398.87, 398.91  (1.35)c  

mDBPc trans 397.62, 398.90  1.28  

 cis 397.71, 398.84 397.80, 398.95 1.14 1.15 

aIP by Koopmans theorem. “Δ” denotes that the IP values were shifted by 8.65 eV. bIP relative to a band with the 

lowest energy. cDifference between averaged IP values of unprotonated and protonated nitrogen atoms. 
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Table 3-7. Crystallographic data for mMBPc and mDBPc. 

parameters mMBPc mDBPc 

emphirical formula C24H16N4 C42H27N6 

formula weight 360.42 615.72 

crystal system orthorhombic monoclinic 

a, Å 4.5787(9) 10.9714(11) 

b, Å 17.863(4) 13.8807(14) 

c, Å 20.594(4) 18.7322(17) 

, deg 90.0000 90.0000 

, deg 90.0000 100.113(3) 

, deg 90.0000 90.0000 

V, Å3 1684.4(6) 2808.4(5) 

space group P212121 P21/c 

Z 4 4 

calc, g·cm−1 1.421 1.456 

µ(MoK), cm−1 0.71075 0.71075 

temp, K 293 103 

data 3849 27289 

unique data 2269 6419 

R1
a 0.0663 0.0622 

wR2
b 0.1780 0.1741 

GOF 0.939 1.010 

aR1 = Σ(|Fo| – |Fc)/ Σ|Fo|. 
bwR2 = [Σ(w(Fo

2 – Fc
2)2)/Σw(Fo

2)2]1/2. 
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Synthesis of mMBPc and mDBPc 

 

 

Scheme 3-2. Synthesis of mMBPc and mDBPc. 

 

N,N'-Di-tert-butoxycarbonyl-2,2'-bipyrrole (14)   

A hexane solution (22.4 mL) of nBuLi (35.9 mmol) was added dropwise to a solution of 2,2,6,6-

tetramethylpiperidine (5.1 g, 35.9 mmol) in dry THF (20 mL) at –78 °C under an N2 atmosphere. After stirring for 

30 min at –78 °C, N-Boc-pyrrole (5.0 g, 29.9 mmol) in dry THF (50 mL) was added dropwise to this solution. The 

resulting solution was stirred for 3 h at –78 °C. To this solution, CuCl2 (8.04 g, 59.8 mmol) was added and the 

solution was then stirred for 2 h at –78 °C and then for 18 h at room temperature. The reaction was quenched with 

sat. NH4Claq. (30 mL). The mixture was extracted with ethyl acetate, and the organic layer was washed with sat. 

glycineaq. and sat. NaClaq., and dried over Na2SO4. After removal of the solvents under reduced pressure, the product 

was purified by SiO2 column chromatography (hexane/ ethyl acetate = 9/1, hexane/CH2Cl2 = 3/2) to yield compound 

14 as a brown oil (3.2 g, 65%). 1H NMR (400 MHz, CDCl3) δ: 1.37 (s, 18 H, C(CH3)3), 6.18 (d, J = 2.4 Hz, 4H, 

pyrrole βH), 7.38 (t, J = 2.4 Hz, 2H, pyrrole αH). 13C NMR (100 MHz, CDCl3) δ: 27.94, 83.27, 110.30, 115.50, 

122.12, 126.16, 149.27. HR MS (FAB, positive): m/z = 332.1732 [M]+, calculated for C18H24N2O4 332.1736. 

 

(N,N'-Di-tert-butoxycarbonyl-2,2'-bipyrrol-5-yl)boronic acid (10)   

A hexane solution (15.1 mL) of nBuLi (24.1 mmol) was added dropwise to 2,2,6,6-tetramethylpiperidine (3.4 

g, 24.1 mmol) dissolved in dry THF (22 mL) at –78 °C under an N2 atmosphere. After stirring for 30 min at –78 °C, 

compound 14 (7.13 g, 21.5 mmol) in dry THF (84 mL) was added dropwise to this solution. The resulting solution 

was then stirred for 3 h at –78 °C. To the solution, triethyl borate (6.39 g, 44.0 mmol) was added slowly and stirred 

for 30 min at –78 °C and then for 18 h at room temperature. The reaction was quenched with sat. NH4Claq. (20 mL). 

The mixture was extracted with diethyl ether, washed with sat. NaClaq. and dried over Na2SO4. After removal of the 
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solvents under reduced pressure, compound 10 was obtained by re-precipitation with hexane/diethyl ether as a pale 

yellow solid (7.52 g, 94%). 1H NMR (400 MHz, CDCl3) δ: 1.29 (s, 9H, C(CH3)3), 1.34 (s, 9H, C(CH3)3), 6.15-6.16 

(m, 1H, pyrrole βH), 6.19-6.20 (m, 1H, pyrrole βH), 6.24 (m, 1H, pyrrole βH), 6.56 (br, 2H, OH), 7.07 (m,1H, 

pyrrole βH), 7.39 (m, 1H, pyrrole αH). 13C NMR (100 MHz, CDCl3) δ: 27.67, 27.89, 83.85, 85.20, 110.66, 115.30, 

116.67, 122.05, 126.58, 127.11, 132.67, 149.18, 153.05. (It is usually difficult to observe the carbon atom binding 

to a boron atom in a 13C NMR spectrum due to rapid quadrapole-induced relaxation.) 

 

1,2-Bis(N,N'-di-tert-butoxycarbonyl-2,2'-bipyrrol-5-yl)benzene (11)   

Compound 10 (1.07 g, 2.84 mmol), o-diiodebenzene (0.19 g, 0.57 mmol) and K2CO3 (1.58 g, 11.4 mmol) were 

dissolved in DMF (30 mL) and H2O (3.0 mL). To the N2-purged solution for 20 min was added Pd(PPh3)4 (132 mg, 

20 mol%). After N2-purging over 20 min, the solution was stirred at 80 °C for 20 h. The mixture was extracted with 

ethyl acetate, and the organic layer was washed with sat. NaClaq. and dried over Na2SO4. After removal of the 

solvents under reduced pressure, the product was purified by SiO2 column chromatography (hexane/ethyl acetate = 

9/1) to yield compound 11 as a pale yellow solid (347 mg, 82%).  1H NMR (400 MHz, CD2Cl2) δ: 1.13 (s, 18H, 

C(CH3)3), 1.43 (s, 18H, C(CH3)3), 6.00 (d, J = 3.2 Hz, 2H, pyrrole βH), 6.06 (d, J = 3.2 Hz, 2H, pyrrole βH), 6.17-

6.19 (m, 4H, pyrrole βH), 7.26-7.33 (m, 6H, pyrrole αH, Ar-H). 13C NMR (100 MHz, CD2Cl2) δ: 27.20, 27.66, 

82.60, 83.21, 110.00, 113.02, 113.85, 115.30, 121.56, 126.52, 126.81, 126.97, 130.19, 134.65, 134.80, 148.88, 

149.04. HR MS (FAB, positive): m/z = 738.3636 [M]+, calculated for C42H50N4O8 738.3629. 

 

1,2-Dis(N,N'-di-tert-butoxycarbonyl-5'-formyl-2,2'-bipyrrol-5-yl)benzene (15)   

To a DMF solution (1.2 mL) of compound 11 (275 mg, 0.37 mmol) was added phosphoryl chloride (285 mg, 

1.86 mmol) in 1.2 mL of DMF and the solution was stirred at 0 °C for 1.5 h. After further stirring at room 

temperature for 19 h, AcONaaq. (8 mL, 4.6 M) was added to the solution at 0 °C. The product was extracted by ethyl 

acetate and the solution was washed with sat. NaClaq., dried over Na2SO4 and the solvent was evaporated. The 

residue was passed through the SiO2 column (hexane/ethyl acetate = 4/1) to yield compound 15 as a brown solid 

(273 mg, 93%). 1H NMR (400 MHz, CD2Cl2) δ: 1.15 (s, 18 H, C(CH3)3), 1.45 (s, 18 H, C(CH3)3), 6.03 (d, J = 3.6 

Hz, 2H, pyrrole βH), 6.15 (d, J = 3.6 Hz, 2H, pyrrole βH), 6.23 (d, J = 3.6 Hz, 2H, pyrrole βH), 7.11 (d, J = 3.6 Hz, 

2H, pyrrole βH), 7.29-7.33 (m, 2H, Ar-H), 7.36-7.39 (m, 2H, Ar-H), 10.12 (s, 2H, CHO). 13C NMR (100 MHz, 

CD2Cl2) δ: 27.21, 27.50, 83.51, 85.46, 113.36, 114.76, 115.17, 119.62, 125.40, 126.98, 130.14, 133.68, 134.34, 

135.36, 135.47, 148.53, 148.69, 181.51. HR MS (FAB, positive): m/z = 794.3511 [M]+, calculated for C44H50N4O10 

794.3527. 
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1,2-Bis(5'-formyl-2,2'-bipyrrol-5-yl)benzene (12)   

In vacuo, compound 15 (201 mg, 0.25 mmol) was heated at 140 °C for 2.5 h to yield compound 12 as a black 

solid (106 mg, quant).  1H NMR (400 MHz, CD2Cl2/DMSO-d6) δ: 5.95 (dd, J = 3.6 Hz, 2.8 Hz, 2H, pyrrole βH), 

6.42 (dd, J = 4.0 Hz, 2.4 Hz, 2H, pyrrole βH), 6.53 (dd, J = 3.6 Hz, 2.8 Hz, 2H, pyrrole βH), 6.88 (dd, J = 4.0 Hz, 

2.4 Hz, 2H, pyrrole βH), 7.32 (dd, J = 6.0 Hz, 3.6 Hz, 2H, Ar-H), 7.53 (dd, J = 6.0 Hz, 3.6 Hz, 2H, Ar-H), 9.30 (s, 

2H, CHO), 10.92 (br, 2H, NH), 11.68 (br, 2H, NH). 13C NMR (100 MHz, CD2Cl2/DMSO-d6) δ: 106.84, 109.43, 

110.11, 122.90, 124.26, 127.08, 129.28, 130.97, 132.12, 132.73, 134.37, 177.12. HR MS (FAB, positive): m/z = 

394.1422 [M]+, calculated for C24H18N4O2 394.1430. 

 

Benzo[i]porphycene (mMBPc)   

To a dry THF (150 mL) solution of activated Zn powder (1.56 g, 23.8 mmol) and CuCl (235 mg, 2.37 mmol), 

TiCl4 (2.30 g, 11.9 mmol) was added dropwise at 0 °C under an N2 atmosphere. After the reaction mixture was 

refluxed for 3 h, compound 12 (234 mg, 0.590 mmol) in dry THF (200 mL) was added dropwise over 1.5 h. The 

solution was refluxed for 30 min. To the solution at 0 °C, 10% Na2CO3aq. (180 mL) was added dropwise over 1 h 

before celite filtration. The organic layer was extracted with CH2Cl2, washed with water, and dried over Na2SO4. 

After removal of the solvent, the residue was passed through an Al2O3 (neutral, grade III) column (CH2Cl2) and the 

collected fractions were recrystallized from hexane/CH2Cl2 to yield purple needle crystals (mMBPc, 103 mg, 48%). 

1H NMR (400 MHz, CDCl3) δ: 7.47 (br, 1H, NH), 7.85 (br, 1H, NH), 8.32 (dd, J = 6.4 Hz, 3.6 Hz, 2H, Ar-H), 8.71 

(d, J = 4.4 Hz, 2H, pyrrole βH), 8.95 (s, 2H, meso-H), 9.06 (d, J = 4.4 Hz, 2H, pyrrole βH), 9.15 (d, J = 4.4 Hz, 2H, 

pyrrole βH), 9.26 (d, J = 4.4 Hz, 2H, pyrrole βH), 10.21 (dd, J = 6.4 Hz, 3.6 Hz, 2H, Ar-H). 13C NMR (100 MHz, 

CDCl3) δ: 115.57, 122.58, 124.81, 124.95, 125.38, 126.62, 131.03, 131.74, 132.63, 142.45, 147.06, 148.20. HR MS 

(FAB, positive): m/z = 360.1362 [M]+, calculated for C24H16N4 360.1375. 

 

1,2-Bis(2,2'-bipyrrol-5-yl)benzene (16)   

Compound 11 (1.00 g, 1.35 mmol) in ethylene glycol (20 mL) was stirred for 1 h at 180 °C. To the solution, 

ethyl acetate was added at room temperature and the organic layer was washed with sat. NaClaq. and dried over 

Na2SO4. After removal of the solvents under reduced pressure, the residue was purified by SiO2 column 

chromatography (CH2Cl2) to yield compound 16 as a pale green solid (367 mg, 80%). 1H NMR (400 MHz, CDCl3) 

δ: 6.05 (m, 2H, pyrrole βH), 6.16 (m, 2H, pyrrole βH), 6.27 (m, 2H, pyrrole βH), 6.42 (m, 2H, pyrrole βH), 6.69 (m, 

2H, pyrrole αH) 7.30 (m, 1H, Ar-H), 7.53 (m, 1H, Ar-H), 8.04 (br, 1H, NH), 8.11 (br, 1H, NH). 13C NMR (100 

MHz, CDCl3) δ:104.38, 104.78, 109.45, 109.67, 118.06, 125.31, 126.81, 127.40, 129.51, 129.95, 130.95. HR MS 

(ESI, positive): m/z = 339.1602 [M + H]+, calculated for C22H19N4 339.1610. 
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1,2-Bis(5'-acroleinyl-2,2'-bipyrrol-5-yl)benzene (13)   

To a solution of compound 16 (174 mg, 0.514 mmol) and 3-dimethylaminoacrolein (198 mg, 8.73 mmol) in 

dry CH2Cl2 (5.2 mL), POCl3 (393 mg, 2.56 mmol) was added slowly and stirred for 1 h at 0 °C. After removal of 

the solvents under reduced pressure, the residue was dissolved in KOHaq. (5% w/v, 175 mL) and THF (175 mL). 

After stirring for 1 h at room temperature, the solution was neutralized with citric acid, and the mixture was extracted 

with ethyl acetate. The organic layer was dried over Na2SO4, and the solvent was removed under reduced pressure. 

The product was purified by re-precipitation in a diethyl ether/THF solution and compound 13 was obtained as a 

purple solid (223 mg, quant.). 1H NMR (400 MHz, THF-d8) δ: 6.06 (m, 2H, pyrrole βH), 6.28 (dd, J = 7.8, 15.6 Hz, 

2H, -CHCHCHO), 6.32 (m, 2H, pyrrole βH), 6.48 (m, 2H, pyrrole βH), 6.55 (m, 2H, pyrrole βH), 7.23 (d, J = 15.6 

Hz, 2H, -CHCHCHO), 7.28 (m, 2H, Ar-H), 7.51 (m, 2H, Ar-H), 9.47 (d, J = 7.6 Hz, 2H, CHO), 10.1 (s, 2H, NH), 

10.7 (s, 1H, NH). 13C NMR (100 MHz, THF-d8) δ: 107.36, 107.39, 110.50, 119.00, 121.73, 126.13, 127.46, 129.45, 

129.70, 131.93, 132.99, 133.20, 140.84, 191.57. HR MS (ESI, positive): m/z = 447.1818 [M + H]+, calculated for 

C28H23N4O2 447.1821. 

 

Dibenzo[i,s]porphycene (mDBPc)   

To a dry THF (120 mL) solution of activated Zn (1.19 g, 18.2 mmol) and CuCl (178 mg, 1.80 mmol) at 0 °C, 

TiCl4 (1.75 g, 9.23 mmol) was added dropwise under an N2 atmosphere. After the reaction mixture was refluxed for 

3 h, compound 13 (200 mg, 0.448 mmol) in dry THF (160 mL) was added dropwise over 3.5 h. The reaction mixture 

was refluxed for 30 min. To the solution at 0 °C, 10% Na2CO3aq. (272 mL) was added dropwise over 1 h before 

celite filtration. The organic layer was extracted with CH2Cl2, washed with water, and dried with Na2SO4. After 

removal of the solvents, the residue was passed through an SiO2 column (CH2Cl2). The collected fractions were 

evaporated and the solid was re-dissolved in CH2Cl2 (100 mL). To the solution, p-chloranil (100 mg, 0.409 mmol) 

in CH2Cl2 (50 mL) was added and then the reaction mixture was stirred for 10 min at room temperature. The residue 

was passed through an SiO2 column (CH2Cl2) and the green fraction was concentrated. After re-precipitation in a 

CH2Cl2/acetone solution, mDBPc was obtained as a dark blue solid (36 mg, 20%).1H NMR (600 MHz, DMSO-d6, 

333 K) δ: 8.34 (dd, J = 3.2, 6.4 Hz, 4H, Ar-H), 8.83 (s, 2H, NH), 9.48 (d, J = 4.8 Hz, 4H, pyrrole βH), 9.59 (d, J = 

4.4 Hz, 4H, pyrrole βH), 10.23 (dd, J = 3.2, 6.6 Hz, 4H, Ar-H). 13C NMR (150 MHz, DMSO-d6, 333 K) δ: 124.83, 

126.36, 126.51, 126.64, 131.27, 136.63, 149.28. HR MS (MALDI, positive): m/z = 410.1535 [M]+, calculated for 

C28H18N4 410.1531. 
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Figure 3-8. 1H NMR spectrum (400 MHz, CDCl3) of mMBPc. 

 

 

Figure 3-9. 13C NMR spectrum (100 MHz, CDCl3) of mMBPc. 
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Figure 3-10. 1H NMR spectrum (600 MHz, DMSO-d6, 333 K) of mDBPc. 

 

 

Figure 3-11. 1H NMR spectrum (150 MHz, DMSO-d6, 333 K) of mDBPc. Asterisk (*) is an impurity signal. 
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Conclusions 

 

Despite the expected attractive properties, the application of porphyrinoids has not been well-studied because 

of the synthetic difficulty in chemical modification of the structure. In this context, the author has employed three 

unique porphyrinoid frameworks as potential candidates: tetradehydrocorrin, bipyricorrole and porphycene. In this 

thesis, the porphyrinoid modifications were achieved by overcoming the synthetic problems to investigate the 

reactivity and physicochemical properties. 

In Chapter 1, the introduction of an aryl group into each meso-position of the tetradehydrocorrin framework 

was achieved and the corresponding cobalt(II) complex (Co(II)TDHC) was utilized as a catalyst for small molecule 

activation to decrease an overpotential value of the reaction. Electrochemical measurements revealed that a Co(I) 

species in the complex is significantly stabilized by the monoanionic tetradehydrocorrin ligand relative to that in a 

cobalt(II) complex of dianionic tetraphenylporphyrin. However, controlled-potential electrolysis experiments with 

Co(II)TDHC promoted a thermodynamically favorable H2 evolution rather than CO2 reduction. The present study 

suggests that large stabilization of the low-valent species is unfavorable for a selective CO2 reduction reaction, 

although the strategy to generate a low-valent species by a monoanionic porphyrinoid ligand is effective to produce 

an electrocatalytically active species with small overpotential. 

In Chapter 2, a relatively reactive Co(I) species was successfully generated by employing a monoanionic 

bipyricorrole ligand, where a bipyrrolic moiety in the tetradehydrocorrin framework is replaced with a bipyridine 

moiety. The cobalt(II) complex of the bipyricorrole, Co(II)BIPC, was found to catalyze a CO2-to-CO reduction 

along with negligible H2 evolution. The pseudo-pH regulation experiments indicate that the difference in the 

reaction rates between CO2 reduction and H2 evolution catalyzed by Co(II)BIPC leads to the reaction selectivity. 

Furthermore, catalytic Tafel plots revealed that the finely designed monoanionic porphyrinoid ligand is useful for 

decreasing an overpotential value of the electrochemical reaction compared to a dianionic porphyrinoid ligand. 

In Chapter 3, a benzene-fused porphycene, meso-dibenzoporphycene (mDBPc), was synthesized via Suzuki-

Miyaura coupling and intramolecular McMurry coupling reactions, which is completely different from the common 

synthesis of meso-unsubstituted porphycene derivatives. mDBPc shows significantly red-shifted Q-band compared 

to unsubstituted porphycene in UV-vis-NIR absorption spectroscopic measurement, which is attributed to a small 

HOMO-LUMO gap of mDBPc. Moreover, it is the first example in porphycene and its derivatives to reveal that 

the ground state of mDBPc adopts the cis tautomeric form as a stable isomer.  

In conclusion, the author has proved that the porphyrinoid frameworks with appropriate modifications are 

capable of effectively regulating the reactivity of the metal complex and physicochemical properties. The present 

findings in this thesis will contribute to the synthesis of an efficient catalyst for small molecule activation and a 

chromophore to efficiently absorb sunlight energy. Furthermore, the author believes that such progress in 

porphyrinoid chemistry will open a new way to develop catalysts and materials to address recent requirements 

especially for realization of an environmentally sustainable society. 
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