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General Introduction

Background and challenges for CO:; reduction

Currently, our society consumes fossil resources as chemical raw materials and energy
sources and emits COz into the atmosphere. As a result, we encounter serious problems
such as energy shortage and global warming. As a solution to these problems, technology
to efficiently convert carbon dioxide (CO2) into chemical resources has attracted
considerable attention in recent years because the technology can produce chemical
resources in clean manner and reduce the amount of CO; emitted into the atmosphere.! If
the technology to efficiently convert CO> into resources is established, it can potentially
lead to the construction of the ideal carbon recycle system that uses CO, as a carbon
source to produce energy and chemical raw materials (Scheme 1).

In this context, electrochemical CO» reduction is a fascinating reaction because
the reaction can convert CO> into energy-rich and useful chemicals. As shown in Scheme
2, CO; can be reduced to various kind of chemical fuels such as carbon monoxide (CO),
formic acid (HCOOH), formaldehyde, methanol, and methane by electrochemical
reduction.>* Among them, CO is greatly useful carbon source because it is utilized in the
synthesis of saturated hydrocarbons by the Fischer-Tropsch process.>’ Therefore, the
development of the catalytic system that can convert CO; into CO is an important research
target.

However, there are two problems with electrochemical CO; reduction. The first
problem is that CO> is chemically stable. One electron reduction of CO; to form CO>
radical anion requires largely negative potential (Scheme 2, Eq. (1)). In this regard, the
reactions involving multiproton coupled electron transfers to CO; (Scheme 2, Eq. (2) ~
(6)) are attractive because the standard redox potentials for these reactions are only about
—0.3 V ~ —0.5 V vs. NHE at pH = 7.0 (Scheme 2).>* However, the electrochemical
reduction of CO; using metal electrodes is much more difficult than expected from the
standard redox potential®, and thus the development of catalysts that facilitates CO
reduction is strongly demanded. Another problem is the existence of the competing
hydrogen evolution reaction. As the hydrogen evolution reaction is more
thermodynamically favorable (the standard redox potential of the hydrogen evolution

reaction is —0.41 V vs. NHE, Scheme 2, Eq. (7)), hydrogen evolution can proceed
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simultaneously when a sufficient potential is applied for the CO, reduction system.*
Therefore, the catalyst for CO2 reduction should have higher selectivity for the targeted

reaction rather than the competing hydrogen evolution reaction.
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Scheme 1. Conceptual diagram of the carbon recycle system.
(vs. NHE)
CO,+e —  CO,- E=-190V (1)
CO,+2H*+2e —— CO+H,0 E=-05V (2
CO,+2H*+2e- — HCOOH E°c=-061V (3)

CO,+4H*+4e —— HCHO+H,0 FE=-048V (4

CO,+6H*+6e- ———— CH,OH+H,0 £°=-038V (5

CO,+8H*+8e ——— CH,+2H,0 E°=-0.24V (6)
s

2H*+2e H, E=-041V (7)

Scheme 2. Standard redox potentials for CO» reduction and H»> evolution reaction in pH

7 in aqueous solution (vs. NHE).



Catalytic system for small molecule conversion in nature
There exist several catalysts that promote small molecule conversion in nature. Figures 1
and 2 illustrate the structures of representative examples of such catalysts.

First example is oxygen evolving complex (OEC, Figure 1) embedded in
photosystem II, which catalyzes water oxidation reaction (2HO — O, + 4H" + 4¢).%?
X-ray crystallographic and spectroscopic studies revealed that OEC has a cubane-like
Mn4CaOs cluster (Figure 1).!%!! In other words, the active center for water oxidation
reaction consists of a metal complex. In addition, Mn4CaOjs cluster is surrounded by water
and amino acid residues. They contribute to maintain the structure of MnsCaOs cluster.
Furthermore, the electrons extracted by the water oxidation reaction are transferred to
P680 via D1-Tyr 161 (Yz) and the protons are transferred to D1-His 190 (Figure 3a—3c¢)
10-12 " and these transfer of electrons and protons play critical roles for achieving efficient
catalysis. This fact clearly demonstrates the environment in the vicinity of active center
(reaction field) plays important roles in water oxidation reaction.

Second example is carbon monoxide dehydrogenase (CODH, Figure 2), which
is a biological system for CO; redox catalysis. CODH -catalyzes the reversible
interconversion of CO2 and CO (CO + H,O 2 CO, + 2H" + 2¢").!*!* The active center
of CODH is NiFe4S4 cluster (cluster C), where the nickel center, four iron atoms, and four
sulfur atoms are assembled into a distorted cubane structure (Figure 2a and 2b)."* In
CODH, amino acid residues are precisely positioned around the NiFe4S4 cluster, which
contribute to stabilize a CO; adduct intermediate and assist in C-O bond cleavage (Figure
4a and 4b).'* Similar to OEC, the active center of CODH consists of metal complex, and
the reaction field constructed by amino acid residues plays important roles in efficient

catalysis.
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Figure 1. The structure of the MnsCaOg4 cluster and its ligand environment in the OEC.
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Figure 2. (a) The structure of the NiFesS4 cluster and its ligand environment in the CODH.
Fe = red, Ni = light blue, S = yellow. Copyright 2001 American Association for the
Advancement of Science. (b) Schematic representation of NiFesS4 cluster and its ligand
environment in the CODH. Copyright 2001 American Association for the Advancement

of Science.



(a) (b)

P680
ET \
D1-H190
D1-Y161 & ‘/;T

ET

o

OEC

Figure 3. (a) A diagram of charge and proton transfer reactions in photosystem II. (b)
Hydrogen bonds around Yz (D1-Tyr 161). The bonds between metal atoms and water
ligands are depicted as solid lines, and the hydrogen bonds are depicted as dashed lines.
Distances are expressed in angstroms. Copyright 2011 Springer Nature. (¢) Hydrogen-
bond network from the MnsCaOs cluster through Yz to the lumenal bulk phase. Water
molecules participating in the hydrogen-bond network are depicted in orange, whereas
those not participating are depicted in grey. The area in green in the upper left corner

represents the lumenal bulk surface. Copyright 2011 Springer Nature.
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Figure 4. (a) The structure of CO2 adduct of NiFe4S4 cluster and its ligand environment
in the CODH. Fe = orange, Ni = light blue, C = green, O = red, S = yellow. Copyright
2007 American Association for the Advancement of Science. (b) Schematic

representation of CO» adduct of NiFesS4 cluster and its ligand environment in the CODH.
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Approaches to develop artificial catalytic system for CO: reduction

As shown in the previous section, both OEC and CODH, which are catalytic systems for
small molecule conversion in nature, satisfy the following two factors; (i) bearing a metal
complex as the active center, and (ii) bearing active centers surrounded by precisely
positioned water molecules and/or amino acid residues, which contribute for the creation
of the reaction field. Inspired by these natural catalytic systems, I anticipated that these
two factors, the used of a metal complex as a catalytic center and the creation of reaction
field, should be important to construct efficient artificial catalysts for CO» reduction. In
particular, I focus on the effect of the reaction field on the metal-complex-based molecular
catalyst in this Ph.D. thesis. In the following, I describe my strategy to develop the

efficient artificial catalytic system for CO2 reduction.

Iron porphyrin complexes for electrochemical CO2 reduction

To date, extensive efforts have been made to develop efficient metal-complex-based
molecular catalysts for electrochemical CO. reduction.>*!>3” Among them, iron
porphyrin complexes have played crucial roles in the history of the development of
catalysts for electrochemical CO; reduction. The advantages of iron porphyrin complexes
are (1) high activity, (ii) high selectivity for CO> reduction, and (iii) robustness during
catalysis (Scheme 3).!°2> The electrochemical CO. reduction by iron porphyrin
complexes (COz + 2¢” + 2H" —» CO + H,0) was first discovered by Savéant ef al. in
1988.2* This work revealed that the multielectron transfer ability of iron porphyrin
complexes is highly advantageous for electrochemical CO: reduction reactions. In 1994,
Savéant et al. also demonstrated that the addition of trifluoroethanol as a proton source
largely enhanced the electrochemical CO> reduction activity by iron porphyrin
complexes.?® This strategy is now being applied not only to iron porphyrin complexes but
also to various metal-complex-based molecular catalysts for CO» reduction.?* In addition,
the structure, electronic state, and physical properties of porphyrins can be easily tuned
by introducing various substituents at the meso positions (Scheme 3).%!¢2? Therefore,
iron porphyrin complexes are one of the best scaffolds to develop efficient metal-

complex-based molecular catalysts for electrochemical CO: reduction.
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Scheme 3. Features of iron porphyrin complexes for electrochemical CO> reduction.
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Modification of the secondary coordination sphere

Chemical modification of the secondary coordination sphere is one of the most powerful
strategies to control the reaction field. Actually, in recent years, highly active CO»
reduction catalysts based on iron porphyrin complexes have been achieved by controlling
the environment in the vicinity of active center, iron ion.'®1%21:22 In the following, I
describe the representative examples of this class of compounds.

A major breakthrough in the development of CO; reduction catalysts based on
the modification of the secondary coordination sphere was reported in 2012 by Savéant
et al. They introduced local proton sources at the meso position of iron porphyrin complex,
Fel (Figure 5).!%2! The local proton source introduced into the complex contributes to
assist proton transfer in the CO: reduction reaction and stabilizes the CO2 adduct through
hydrogen bonding. The turnover frequency (TOF) of the complex was determined to be
6.3 x 10° s at an overpotential of 0.56 V by cyclic voltammetry measurements, and
this value of the TOF was the highest in the world at that time.

Fe2 is the iron porphyrin complex bearing positive charges (trimethylammonio
groups) at the secondary coordination sphere (Figure 5).!® The TOF value of Fe2 was 1.0
x 10° s at an overpotential of 0.22 V. Although the detailed mechanism has not been
investigated, the positive charge in the secondary coordination sphere is considered to
significantly stabilize the CO> adduct formed during the catalysis, leading to the decrease
in overpotential and the enhancement of catalytic activity.

Fe3 is the iron porphyrin complex bearing amide at the secondary coordination
sphere, which mimics the environment in CODH (Figure 5).!7 In the electrochemical CO»
reduction, Fe3 exhibited a very high TOF value, 5.5 x 10°s!.

These examples demonstrate that the modification of the secondary coordination
sphere is a very useful strategy for improving the catalytic activity of iron porphyrin

complexes.
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Figure 5. Chemical structures and turnover frequencies of iron porphyrin complexes.
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Solvent effect

Solvent is one of the most important reaction fields that influences the selectivity and
reactivity in solution.** In particular, solvation effect is prominent when charged
intermediates are produced during the reaction. Menshutkin reaction (NH3 + CH;Cl —
NH3CH;3" + CI) is one of the representative reactions that is known to exhibit significantly
enhanced rates in polar solvents due to strong electrostatic stabilization of the products.
As shown in Figure 6, the activation barriers and the stability of the products largely
depend on the solvent.*! In the electrochemical CO; reduction, a negatively charged
intermediate is produced, which should be influenced by the electrostatic field produced
by solvent (Figure 7).%*

Solubility of CO2 depends on the solvent, which affects the CO> reduction ability.
The solubility of COz in various solvents at 298 K is summarized in Table 1.2>* CO; has
higher solubility in organic solvents (0.136 — 0.282 M) than in aqueous medium (0.040
M).

In the electrochemistry, the dielectronic constants of the solvent is also an
important factor that affects the reactivity. Based on the Coulomb's law, the dissociation
of electrolyte is facilitated in the solvent with large dielectronic constant, which leads
large electroconductivity. On the other hand, in the solvent with low dielectronic constant,
the electroconductivity is low.

As described above, the effect of solvent is essential in chemical reactions in
solution. However, there has been no example that investigates the effect of the solvent

on the electrochemical CO; reduction reaction in detail.
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Figure 6. Free energy profile of the Menshutkin reaction (NH3 + CH3Cl —» NH3CH3" +

CI) in various solvents calculated with the mean-field QM/MM method. All the solvents

are described with the polarizable charge response kernel model. The QM calculation is
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of mean-field QM/MM calculations are taken from ref. 41.
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Figure 7. Reaction intermediates in electrochemical CO; reduction. M represents the

metal center.
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Table 1. Solubility of CO; in the various solvents.

Solvent Solubility/mol L™ Reference
H20 0.040 25
1,4-Dioxane 0.255 + 0.010 42
THF! 0.210 + 0.010 42
MeCNM! 0.282 4+ 0.008 42
DMEF! 0.196 + 0.010 42
DMSOM 0.136 £+ 0.006 42

[a] THF = tetrahydrofuran [b] MeCN = acetonitrile [c] DMF = N, N-dimethylformamide [d] DMSO =

dimethyl sulfoxide
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Aim and survey of this thesis

In this Ph.D. thesis, I aimed to develop highly active electrochemical CO> reduction
systems catalyzed by metal porphyrin complexes based on a control of the reaction field.
I focused on the effect of the reaction field on the catalytic activity, and the reaction field
was controlled by a modification of the secondary coordination sphere and reaction
medium (solvent). In particular, this thesis provides the first example that investigate
effects of the reaction medium on the electrochemical CO; reduction activity in detail.

In chapter 1, I focused on a modification of the secondary coordination sphere
to control the reaction field of the iron porphyrin complex (Figure 8a). An iron porphyrin
complex bearing a hydroquinone moiety at the meso position was newly designed and
synthesized. Electrochemical analysis revealed that it catalyzes CO> reduction at a lower
overpotential compared with an iron complex without a hydroquinone moiety.
Experimental and theoretical investigations suggested that a hydroquinone moiety at the
meso position stabilizes the coordination bond between the metal center and CO» via a
hydrogen bonding interaction with the latter in the secondary coordination sphere.

In chapter 2, I investigated effects of the reaction medium on the electrochemical
COs reduction activity catalyzed by an iron porphyrin complex (Figure 8b). A one-step
counter anion exchange reaction increased the solubility of a commercially available
catalyst, iron(IIl) tetraphenylporphyrin chloride, in a variety of solvents, allowing the
investigation of its catalytic performance under various conditions. Surprisingly, the
turnover frequency for CO evolution in MeCN reached 7,300,000 s~!, which is the highest
among those of current best-in-class molecular catalysts. It was also revealed that this
excellent catalytic activity originates from the unique reaction between the generated
Fe(I) species and CO2 in MeCN during catalysis.

In chapter 3, I developed a highly active copper-based catalyst for
electrochemical CO; reduction (Figure 8c). Based on the knowledge obtained in the
former chapters, I chose a copper porphyrin complex bearing strong electron withdrawing
substituents as a catalyst. Electrochemical analysis revealed that the TOF of the catalyst
for COz to CO conversion was 1,460,000 s™' at an overpotential of 0.85 V. Surprisingly,
this value is more than 1,000,000 times higher than those of the other reported copper-
based molecular catalysts (TOF < 1.15s1).%7

18
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Chapter 1

Synthesis and Electrocatalytic CO: Reduction Activity of an
Iron Porphyrin Complex Bearing a Hydroquinone Moiety

Introduction

The development of catalysts for CO> reduction is of great significance for constructing
a sustainable energy cycle.! To date, there are numerous reports on metal-complex-based
catalysts for CO, reduction.>'® Iron porphyrin complexes are an attractive class of
catalysts for the reduction of CO> to CO that exhibit high activity, selectivity, and
robustness.>” Another important feature of these complexes is that their molecular
structure can easily be modified by introducing substituent(s) at the meso position(s).
Such chemical modification allows (i) fine-tuning of the electronic structure® and/or (ii)
introduction of functional moieties at the secondary coordination sphere of the iron
center,”® leading to enhanced catalytic performance. In this context, hydroquinone is a
fascinating module to be introduced into the iron porphyrin framework because it
functions as both an electron and proton reservoir.!” Its electron-transporting nature can
affect the electronic structure of the porphyrin, and its proton-donating nature can
influence the environment of the secondary coordination sphere. In other words,
hydroquinone is expected to modify both the electronic structure and secondary
coordination sphere of an iron porphyrin complex. Thus, the introduction of a
hydroquinone group(s) to the iron porphyrin scaffold is an intriguing strategy for
obtaining an efficient catalyst for CO» reduction. However, to the best of my knowledge,
there are no reports on an iron porphyrin complex with a hydroquinone moiety directly
connected at the meso position.

In this chapter, I report the synthesis, characterization, and electrocatalytic CO:
reduction activity of a novel iron porphyrin complex bearing a hydroquinone moiety at
the meso position. Electrochemical analysis revealed that the introduction of a
hydroquinone moiety enhances the catalytic activity for CO> reduction and lowers the

overpotential for the catalytic reaction. Furthermore, quantum chemical calculations
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clarified the crucial effect of the hydroquinone moiety on CO» reduction.
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Results and discussions

Synthesis of complex Fel

Scheme 1 (left, bottom) illustrates the molecular structure of the novel iron porphyrin
complex developed in this study, 5,10,15-triphenyl-20-(2,5-
dihydroxyphenyl)porphyrinato iron(IIl) chloride (Fel). Fel has an iron porphyrin
framework with a hydroquinone moiety at the meso position. Fel was synthesized
according to the procedure shown in Scheme 2. A free base porphyrin, 5,10,15-triphenyl-
20-(2,5-dihydroxyphenyl)porphyrin (1) was prepared using a modification of the
previously reported method.!® Compound 1 was characterized by 'H-NMR spectroscopy,
elemental analysis, and single-crystal X-ray crystallography (Figure 1 and Table 1).
Figure 1a shows the ORTEP drawing of the structure 1. Although the ORTEP drawings
of the structure 1 shows eight oxygen atoms due to the disorder, the total occupancy of
oxygen atom is constrained to be two. The occupancy of oxygen atom is reasonable
because 'H-NMR of 1 shows two OH protons (Figure 1b). The crystallographic
parameters of 1 are summarized in Table 1. Subsequently, metal insertion to the free base
porphyrin was performed by heating 1 with iron(III) chloride (20 equiv) as the metal
source in N, N-dimethylformamide at 200 °C for 10 min using a microwave reactor. After
the reaction, water was added to the reaction mixture to form a precipitate. The precipitate
was collected by filtration, and the target compound, Fel, was obtained in 72% yield. Fel
was characterized by elemental analysis and UV-visible absorption spectroscopy. Here,
UV-vis absorption spectra of 1 and Fel were measured in y-butyrolactone (GBL). In the
spectrum of 1 (Figure 2a), a strong absorption band, the so-called Soret band, and four
weaker bands, the so-called Q-bands, were observed at 417 nm and at 514, 549, 591, and
647 nm, respectively. These absorption bands in the visible region are characteristic of
porphyrin derivatives.!” As shown in Figure 2b, Fel exhibited Soret band associated with
the porphyrin moiety at 414 nm. The position of this band is similar to that of 1. In contrast,
Fel exhibited a smaller number of Q-bands (Amax = 509 and 573 nm) than 1. This

observation supports that an iron ion is inserted into the porphyrin ring of Fel.
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Figure 1. (a) ORTEP drawing of the structure of 1. Non-coordinated solvent molecules
and hydrogen atoms have been omitted for clarity. Thermal ellipsoids are shown at the
50% level. C = grey, N = blue and O = red. Note that the total number of occupancies of
oxygen is constrained to be 2. (b) 'H-NMR spectrum of 1 (400 MHz, acetone-ds).
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Table 1. Summary of crystallographic data for 1.

1
Formula C44H30N4O2
Fw 646.72
Crystal color, habit Dark orange, plate
Crystal size / mm? 0.021 x 0.064 x 0.149
Crystal system Monoclinic
Space group P2i/c
alA 12.5640(5)
bl A 11.6204(4)
c/A 11.4629(5)
al’ 90
Ble 98.713(4)
y/° 90
VA3 1654.25
VA 2
F(000) 676.0
dearle / g cm™ 1.298
u(MoKa) / mm™! 0.081
T/K 123(2)
R 0.0491
WR» 0.1211
GooF 1.030
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Figure 2. UV-vis absorption spectra of (a) 1 and (b) Fel in GBL. The insets exhibit the
enlarged UV-vis absorption spectra at Q-band region.
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Cyclic voltammetry measurements

The cyclic voltammograms (CVs) and square wave voltammograms of the porphyrins
were measured in a 0.1 M tetra-n-butylammonium perchlorate (TBAP)/GBL solution
under Ar atmosphere. Compound 1 exhibited two reversible redox waves at —1.49 and —
1.90 V [vs. ferrocene/ferrocenium (Fc/Fc')], as shown in Figure 3a and 3b (red line).
These redox waves were assigned to the reduction processes of the porphyrin moiety
because a free base porphyrin without a hydroquinone moiety, tetraphenylporphyrin (2),
also exhibited two reversible waves at a similar potential region (-1.46 and —2.02 V), as
shown in Figure 3a and 3b (blue line). In the CV of Fel, two reversible redox waves were
observed at—1.48 and —2.02 V (Figure 3c, red line). In addition, two irreversible reduction
peaks were observed at —0.62 and —0.99 V. For comparison, the CV of an iron porphyrin
complex without a hydroquinone moiety, 5,10,15,20-tetrakis(phenyl)porphyrinato
iron(IIT) chloride (Fe2), was also measured (Figure 3¢, blue line). In the CV of Fe2, three
reversible redox peaks were observed at —0.68, —1.44, and —2.07 V. On the basis of
comparison between the CVs of Fel and Fe2, the reversible peaks at —1.48 and —2.02 V
of Fel were assigned to the reduction of the iron porphyrin scaffold. To investigate the
origin of irreversible reduction peaks of Fel, the CV of Fe2 was then measured in the
presence of hydroquinone. Two irreversible reduction peaks were observed at almost the
same potentials (—0.66 and —0.94 V) as those of Fel (Figure 3c, purple line), suggesting
that these peaks are due to the interaction between the iron porphyrin complex and a
hydroquinone moiety. Note that in the UV-visible absorption spectra of Fel at various
concentrations, the intensities of the peaks at 414 and 509 nm increased linearly upon
increasing the concentration of Fel (Figure 4a and 4b). This result indicates that Fel
satisfies Beers’ law and does not form dimer in the range of the investigated
concentrations. Therefore, the details of the interactions between the iron complex and a
hydroquinone moiety are not clear at this stage. Subsequently, the CVs of the iron
porphyrin complexes in a 0.1 M TBAP/GBL solution were measured under CO; in the
presence of 2.0 M H>O as the proton source. As shown in Figure 3d, both Fel and Fe2
exhibited an irreversible current, which indicates their electrocatalytic activity for CO»
reduction. The intensity of the irreversible reduction wave of Fel was more than twice as

large as that of Fe2. The enhancement of the intensity of the irreversible catalytic current
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was also observed in the CV of Fe2 in the presence of 0.5 M hydroquinone (Figure 5a).
Furthermore, in this experimental condition, the irreversible peak was also observed at
—1.56 V(Figure 5b). This peak is assignable to the oxidative Fe-CO reassociation®
(Fe'TPP- + CO — Fe'TPP-CO + ¢), and thus indicating that Fe2 can promote the
reduction of CO; to CO in the presence of hydroquinone. These results indicate that
interaction between an iron porphyrin and hydroquinone is essential to efficiently catalyze
COz reduction. These results also suggest that the introduction of a hydroquinone moiety
enhances the catalytic activity of Fel. Notably, this also lowers the overpotential of the
catalytic wave; the onset potential of Fel was —1.89 V, which is 0.06 V higher than that
of Fe2 (-1.95 V, Figure 3d inset).
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Figure 3. (a) Cyclic voltammograms of 1 (0.20 mM) and 2 in y-butyrolactone (GBL) with
tetra-n-butylammonium perchlorate (TBAP, 0.1 M) under Ar (scan rate: 100 mV s™). (b)
Square wave voltammograms of 1 (0.20 mM) and 2 in GBL with TBAP (0.1 M) under
Ar. Note that the measurement of 2 was performed using a saturated solution (less than
0.2 mM) due to its low solubility in the electrolyte solution. (¢) Cyclic voltammograms
of Fel (0.20 mM), Fe2 (0.20 mM) with hydroquinone (1.0 mM), and Fe2 (0.20 mM) in
GBL with TBAP (0.1 M) under Ar (scan rate: 100 mV s!). (d) Cyclic voltammograms of
Fel (0.20 mM) and Fe2 (0.20 mM) in GBL with TBAP (0.1 M) in the presence of H,O
(2.0 M) under CO, (scan rate: 100 mV s'). The inset shows enlarged cyclic

voltammograms focusing on the catalytic wave.
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Figure 4. (a) UV-vis absorption spectra of Fel (0.10, 0.15, 0.20, 0.25 and 0.30 mM) in

GBL. Cell length is 1 mm. (d) Lambert-Beer plot for Fel focusing on 414 nm and 509
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Figure 5. (a) Cyclic voltammograms of Fe2 (0.20 mM) in a GBL solution with TBAP

(0.1 M) in the presence of hydroquinone (0.5 M) under CO: (scan rate: 100 mV s). (b)

Enlarged cyclic voltammogram focusing on the oxidation peak at —1.56 V.
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Controlled potential electrolysis experiments

To gain further insight into the catalytic activity of Fel, controlled potential electrolysis
(CPE) experiments were subsequently performed. CPE was conducted in a 0.1 M
TBAP/acetonitrile (MeCN) solution containing 20 uM of the catalyst in the presence of
0.5 M phenol under CO; at —1.80 V vs. Fc/F¢' (Figure 6). MeCN was employed as the
solvent for these experiments because, as shown in chapter 2 in details, it is one of the
best solvents for efficient electrochemical CO> reduction by an iron porphyrin complex.’
Phenol was used as a proton source because phenol is known to lower the overpotential
in the electrochemical COx reduction system catalyzed by iron porphyrin complexes.?! In
the CPE of Fel, the total amount of charge was 5.0 C, and the formation of CO (Faradaic
efficiency (FE): 53.2%) and H» (FE: 16.2%) was detected by gas chromatography (Figure
7 and Table 2, entry 1). Note that high-performance liquid chromatography analysis of
the liquid phase did not detect the formation of HCOOH. For comparison, the CPE of the
iron complex without a hydroquinone moiety was also performed. A perchlorate salt of
Fe2, Fe3,%? was used in the CPE experiment because Fe2 does not dissolve in MeCN. In
the CPE of Fe3, the total amount of charge passed over a period of 60 min was 1.8 C
(Figure 7a and Table 1, entry 2), and the formation of H> with a FE of 7.1% was confirmed.
However, CO and HCOOH were not detected, indicating that Fe3 cannot catalyze CO>
reduction under the employed experimental condition. These results clearly demonstrate
that Fel can catalyze CO; reduction to form CO at a lower overpotential compared with
Fe3. In other words, the catalytic performance of the iron porphyrin complex can be
improved by introducing a hydroquinone moiety. Note that CO reduction products were
not detected in the absence of catalyst (Figure 7a and Table 2, entry 3). I also performed
CPE experiments of Fel and Fe3 at —2.00 V. In the CPE of Fel, the total amount of
charge passed during 1 h electrolysis was 7.1 C and the formation of CO was observed
with a FE of 92% (Figure 7b and Table 2, entry 4). In the CPE of Fe3, the total amount
of charge passed was 7.1 C and the FE of CO was 72.0% (Figure 7b and Table 2, entry
5). Although the total amounts of charge passed during the CPE experiments are almost
identical between Fel and Fe3, the selectivity for CO production is higher in Fel than
that in Fe3.
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Figure 7. The results of CPE experiments of Fel (20 uM) and Fe3 (20 uM) at —-1.80 V

(vs. F¢/Fc") for 1 h. Details of the experimental condition and products are summarized
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Table 2. Summary of the CPE experiments.

Potential Faradaic efficiency/%
Entry Catalyst  Solvent [cat]/uM Charge/C
/V vs. Fe/Fc¢' CcO H, HCOOH Total
1 Fel 0.1 M TBAP/MeCN, 20 -1.80 5.0 53.2 162  nd. 69.4
0.5 M PhOH
2 Fe3 0.1 M TBAP/MeCN, 20 -1.80 1.8 n.d. 7.1 n.d. 7.1
0.5 M PhOH
3 blank 0.1 M TBAP/MeCN, - -1.80 1.2 n.d. 11.0  nd. 11.0
0.5 M PhOH
4 Fel 0.1 M TBAP/MeCN, 20 —2.00 7.1 920 74 n.d. 99.4
0.5 M PhOH
5 Fe3 0.1 M TBAP/MeCN, 20 —2.00 7.1 71.9 170 5.6 94.5

0.5 M PhOH
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The effect of a hydroquinone moiety

Finally, I investigated the effect of a hydroquinone moiety on catalysis. First, cyclic
voltammetry measurements of Fel and Fe2 were performed under both Ar and CO; in
the absence of a proton source. As Figure 8a shows, the third reduction wave of Fe2 under
Ar and CO; appeared exactly at the same potential (—2.01 V). On the contrary, the
reduction wave of Fel under COz shifted to a more positive potential (—1.92 V) compared
with that under Ar (—1.98 V, Figure 8b). These results suggest that the interaction between
the iron porphyrin complex and CO; is strengthened by introducing a hydroquinone
moiety. To clarify the origin of this phenomenon, I also performed quantum chemical
calculations on the CO> adducts of the three electron reduced species of Fel and Fe2.
B3LYP-D3%-% were used as a functional. Here, LANL2DZ (with core potential) basis set
was used on iron, and 6-31G(d) basis set was used on the rest of the atoms (C, H, N and
0). Solvation effects were included implicitly by the Continuum Polarized Conductor
Model (CPCM), with a dielectric constant mimicking MeCN.?® All calculations were
performed with the Gaussian 16 program package.?” The optimized structure of the CO,
adduct of Fel indicates that the CO» coordinated to the iron center is hydrogen bonded to
a hydroxy group of the hydroquinone moiety, while that in the CO, adduct of Fe2 does
not interact with the phenyl group of Fe2 (Figure 9). In other words, hydroquinone
stabilizes the COz-coordinated state of the iron porphyrin complex via hydrogen bond
interaction, which would contribute to the lowering of the overpotential for CO» reduction.
It should also be noted that this behavior is consistent with previous reports on iron

porphyrin complexes bearing a local proton source.>®

37



(a) (b)

Current / yA

Current / pA

ISpA

L L L
-2.5 -2.0 -1.5 -1.0 -2.5 -2.0
Potential / V vs. Fc/Fc*

L
-1.5 -1.0
Potential / V vs. Fc/Fc*

Figure 8. (a) Enlarged cyclic voltammograms of Fe2 (0.20 mM) in GBL with TBAP (0.1
M) under Ar and CO; (scan rate: 100 mV s™). (b) Enlarged cyclic voltammograms of Fel
(0.20 mM) in GBL with TBAP (0.1 M) under Ar and CO> (scan rate: 100 mV s™).
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Figure 9. Optimized structures of CO2 adduct of the three electron reduced species of

Fel and Fe2. (a) Side view of Fel. (b) Side view of Fe2. (¢) Top view of Fel. (d) Top
view of Fe2. C = green, H = white, N = blue and O =red, Fe = brown.
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Conclusion

In conclusion, I have successfully synthesized and characterized a new iron porphyrin
complex, Fel, which bears a hydroquinone moiety at the meso position. Electrochemical
analysis of the iron porphyrin complex, as well as the relevant complexes (Fe2 and Fe3)
under CO», indicated that the catalytic activity is improved by introducing a hydroquinone
moiety. I also performed quantum chemical calculations on the CO; adducts of the iron
porphyrin complexes and revealed that the affinity for CO» is increased by hydroquinone.
This study clarifies that modification of the secondary coordination sphere with
hydroquinone is an effective strategy for improving the catalytic activity of an iron

porphyrin complex for CO> reduction.
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Experimental section

General procedures

Pyrrole was purchased from Sigma-Aldrich Co., LLC. Benzaldehyde and ferrocene were
purchased from Wako Pure Chemical Industries, Ltd. Propanoic acid was purchased from
Kishida Chemical Co., LLC. Methanol, chloroform (CHCI3), N, N-dimethylformamide
(DMF), hexane, acetonitrile (MeCN), y-butyrolactone (GBL), dichloromethane (DCM),
ethyl acetate, methanol, ethanol, phenol, and iron(IIl) chloride were purchased from
Kanto Chemical Co., Inc. Tetra-n-butylammonium perchlorate (TBAP), tetra-n-
butylammonium acetate (TBAA), and 2,5-dimethoxybenzaldehyde were purchased from
Tokyo Chemical Industry Co., Ltd. Acetone-ds and dichloromethane-d> were purchased
from Cambridge Isotopes, Inc. Boron tribromide (BBr3) was purchased from Sigma-
Aldrich Co., LLC. All solvents and reagents are of the highest quality available and used
as received except for TBAP. TBAP was recrystallized from absolute ethanol. 'H-NMR
spectra were collected at room temperature on a JEOL JNM-ECS400 spectrometer.
Elemental analysis was performed on a J-SCIENCE LAB MICRO CORDER JMI10
elemental analyzer. UV-visible absorption spectra were recorded on a UV-Vis Agilent
Cary8454 spectrophotometer. MALDI-MS data were collected using a Bruker Autoflex

III instrument.

Synthesis

Synthesis of 5,10,15-triphenyl-20-(2,5-dimethoxyphenyl)porphyrin (1°)

1’ was prepared by the modification of the previous report.'® Pyrrole (0.65 mL, 9.18
mmol), 2,5-dimethoxybenzaldehyde (500.4 mg, 3.01 mmol) and benzaldehyde (0.62 mL,
6.08 mmol) were dissolved in propanoic acid (25 mL), then refluxed for 45 minutes and
cooled to room temperature. Propanoic acid was then removed under reduced pressure.
The resulting mixture was purified by silica gel column chromatography (CHCL) to
afford a dark purple solution. Here, the second purple band includes 1°. Recrystallization
from DCM/ethanol gave a purple solid (83.2 mg, yield 6%). 'H-NMR (400 MHz,
dichloromethane-d>): & = 8.85 (s, 8H), 8.19-8.27 (m, 6H), 7.74-7.83 (m, 9H), 7.28-7.61
(d, d, s, 3H), 3.90 (s, 3H), 3.56 (s, 3H), —2.83 (s, 2H) ppm.
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Synthesis of 5,10,15-triphenyl-20-(2,5-dihydroxyphenyl)porphyrin (1)

1’ (20.0 mg, 0.03 mmol) was dissolved in DCM (5 mL), then BBr3 (0.03 mL) was dropped
slowly at —78 °C. The solution was maintained at —78 °C for 30 minutes. This mixture
was then allowed to attain room temperature and was stirred for another 24 hours. At the
end of this 24 hours period, water (10 mL) was added to quench the reaction and stirred
for 30 minutes. After evaporating DCM, the resulting mixture was extracted with ethyl
acetate. The extract was dried over anhydrous Na>SO4, and concentrated under reduced
pressure. The resulting mixture was purified by silica gel column chromatography (ethyl
acetate:hexane = 1:1) to afford the desired product. Recrystallization from DCM/hexane
gave a purple solid (18.0 mg, yield 94%). MALDI-MS: m/z (17): 646.22. 'TH-NMR (400
MHz, acetone-ds): 6 = 8.82-9.01 (m, 8H), 8.26 (m, 6H), 8.19 (s, 1H), 7.80-7.89 (m, 9H),
7.66 (s, 1H), 7.50 (s, 1H), 7.20 (d, 2H), —2.75 (s, 2H) ppm. Elemental analysis Calcd. for
C44H32N40;5 (1-1.0 H20): C, 79.50%; H, 4.85%:; N, 8.43%. Found: C, 79.49%; H, 4.78%);
N, 8.16%.

Synthesis of 5,10,15-triphenyl-20-(2,5-dihydroxyphenyl)porphyrinato iron(III)
chloride (Fel)

1 (40.0 mg, 0.03 mmol) and FeCls (209 mg, 0.65 mmol) was dissolved in DMF (10 mL)
at room temperature. The mixture was heated at 200 °C for 10 minutes by a microwave
reactor. Diluted HCI (1 M, 50 mL) was added to the resulting solution. Precipitate was
collected by filtration and washed with 1 M HCI. The precipitate was purified by silica
gel chromatography (ethyl acetate:methanol = 1:1) to afford a desired product (34.6 mg,
yield 72%). MALDI-MS: m/z (Fel"): 733.12. Elemental analysis Calcd. for
CasH29ClFeN4O2 5 (Fel-0.5 H20): C, 70.93%; H, 3.92%; N, 7.52%. Found: C, 70.86%;
H, 4.17%; N, 7.71%. m/z is two smaller than that of calculated, suggesting the oxidation
of a hydroquinone moiety to produce a benzoquinone moiety during the MALDI-MS
measurement. Note that the elemental analysis of Fel is consistent with the desired

product.

Synthesis of tetraphenylporphyrin (2)

2 was prepared as previously described.?® Pyrrole (1.7 mL, 25 mmol) and benzaldehyde
(2.6 mL, 25 mmol) were dissolved in propanoic acid (50 mL), then refluxed for 45
minutes and cooled to room temperature. The resulting mixture was filtered and washed
with methanol. Recrystallization from CHCls/methanol gave a purple solid (785 mg, yield
20%). MALDI-MS: m/z (2*): 614.24. '"H-NMR (400 MHz, CDCls): & = 8.82 (s, 8H),
8.19-8.21 (m, 8H), 7.71-7.78 (m, 12H), —2.80 (s, 2H) ppm. Elemental analysis Calcd. for
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C44H30.5N400.25 (2:0.25 H20): C, 85.34%; H, 4.96%; N, 9.05%. Found: C, 85.24%; H,
4.68%; N, 9.08%.

Synthesis of 5,10,15,20-tetrakis(phenyl)porphyrinato iron(III) chloride (Fe2)

Fe2 was prepared by the modification of a previous report.>’ To a solution of 2 (200 mg,
0.32 mmol) in DMF (10 mL), a DMF 10 mL solution of FeCl; (519 mg, 3.2 mmol) was
added at room temperature. The mixture was heated at 200 °C for 1 hour by a microwave
reactor. Diluted HCI (1 M, 50 mL) was added to the resulting solution. Precipitate was
collected by filtration and washed with 1 M HCI. Recrystallization from CHCls/hexane
gave a purple solid (191 mg, yield 85%). MALDI-MS: m/z (Fe2"): 703.15. Elemental
analysis Calcd. for C44H2sCIFeNs (Fe2): C, 75.06%; H, 4.01%; N, 7.96%. Found: C,
74.98%; H, 4.08%:; N, 8.01%.

Synthesis of 5,10,15,20-tetrakis(phenyl)porphyrinato iron(III) perchlorate (Fe3)

To a solution of Fe2 (50 mg, 0.071 mmol) in tetrahydrofuran THF (14 mL), an MeCN (1

mL) solution of AgClO4-H>O (14.7 mg, 0.071 mmol) was added at room temperature.

The mixture was stirred at room temperature for 1 hour. Precipitate (AgCl) was removed
and the residual THF solution was collected. Recrystallization from THF/heptane gave a
purple solid (42 mg, yield 77%). Elemental analysis Calcd. for CioH3gCIFeN4Os.2s
(Fe3-1.25 THF): C, 68.58%; H, 4.46%; N, 6.53%. Found: C, 68.30%; H, 4.63%; N, 6.72%.

Electrochemistry

Electrochemical experiments were performed at room temperature on a BAS ALS Model
650DKMP electrochemical analyzer or a Bio-Logic-Science Instruments potentiostat.
Cyclic voltammetry (CV) measurements were performed by using a one-compartment
cell with a three-electrode configuration, which consisted of a glassy carbon disk
(diameter 3 mm, BAS Inc.), platinum wire, and Ag/Ag" electrode (Ag/0.01 M AgNOs) as
the working, auxiliary, and reference electrodes, respectively. The glassy carbon disc
working electrode was polished using 0.05 um alumina paste (BAS Inc.) and washing
with purified H2O prior to each measurement. Ferrocene was used as an internal standard

and all potentials are referenced to the ferrocenium/ferrocene (Fc/Fc') couple at 0 V.
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Controlled potential electrolysis (CPE)

CPE was performed in a gas-tight two-compartment electrochemical cell, where the first
compartment held the carbon plate working electrode (1.2 cm? surface area) and Ag/Ag"
reference electrode (Ag/0.01 M AgNO3) in 5 ml of 0.1 M TBAP/MeCN with catalyst and
proton source, while the second compartment held the Pt auxiliary electrode in 5 ml of
0.1 M TBAP/MeCN containing TBAA (40 mM) as sacrificial oxidant. The two
compartments were separated by a Nafion® membrane. The solution was purged
vigorously with CO» for 30 mins prior to electrolysis. The electrolysis experiment was
performed for 1 h under constant stirring. The amount of CO and H> produced was
quantified from an analysis of the headspace with a Shimadzu GC-8A with TCD detector
equipped with a capillary column with Molecular Sieve 13X-S 60/80. Calibration curves

were made by sampling known amounts of H, and CO.

X-ray crystallography

Single crystal X-ray diffraction data were collected on a Synergy Custom system CCD
Plate equipped with confocal monochromated Mo-Ka radiation (4 =0.71069 A) coated
with Paratone-N (Hampton Research Corp., Aliso Viejo, CA, USA). Data was processed
using CrysAlisPro system software.>’ The structure was solved by dual-space algorithm
using SHELXT program?! through the Olex2 interface.*?> All non-hydrogen atoms were
refined anisotropically using a least-squares method, and hydrogen atoms were fixed at
calculated positions and refined using a riding model. SHELXL—-2014/7 was used for
structure refinement.®® Full-matrix least-squares refinements on F? based on unique
reflections with unweighted and weighted agreement factors of R = X||Fo| — |Fe||/Z|Fo| (I
> 2.00 o(7)) and wR = [Ew(Fo* — F)*/Zw(F,?)*]"? were performed. Mercury 4.0.0 was
used for visualization and analysis of the structure. Crystallographic data have been
deposited with Cambridge Crystallographic Data Centre: Deposition numbers CCDC
2121769 for 1. Copies of the data can be obtained free of charge via

www.ccdc.cam.ac.uk/data_request/cif.
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Chapter 2

Quick and Easy Method to Dramatically Improve the
Electrochemical CO2 Reduction Activity of an Iron Porphyrin

Complex

Introduction

The catalytic reduction of CO» into fuels or useful chemicals has attracted much attention
because this technology can potentially solve both energy and environmental problems.
Therefore, in the past few decades, extensive efforts have been made to develop efficient
molecular catalysts for the reduction of CO,.2! In general, the catalytic activity of this
class of compounds can be improved by chemical modifications in the vicinity of the
catalytic center. Among these compounds, iron(IIl) porphyrin complexes are one of the
best catalytic centers because of their (i) high turnover frequency (TOF), (ii) high
selectivity for CO2 to CO conversion, and (iii) robustness (Figure 1a). Their catalytic
activity can be further improved by introducing various substituents, such as acid/base
groups, electron-donating/withdrawing moieties, and a pendant amide at meso positions,
that accelerate the CO, binding step (Figure 1b).”%!%!2 However, the introduction of
functional substituents often requires complicated synthetic procedures and is expensive.
Therefore, a more facile and low-cost method for improving the catalytic activity of
iron(IIT) porphyrin complexes is required.

In this chapter, I report a “quick and easy” method for the dramatic enhancement
of the electrochemical CO: reduction activity of iron porphyrin complexes. The simple
one-pot counter anion exchange reaction of a commercially available catalyst, iron(III)
tetraphenylporphyrin chloride (FeTPP-Cl), afforded a complex with improved solubility,
iron (III) tetraphenylporphyrin (FeTPP). FeTPP exhibited the highest TOF for CO:
reduction among the best-in-class molecular catalysts in appropriate reaction medium
(Figure 1c). I have also clarified the effect of changing the reaction medium on the

reaction mechanism.
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(a) Features of iron porphyrin catalysts for CO, reduction

v High turnover frequency (TOF)
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(c) This work
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Figure 1. (a) Features of iron porphyrin catalysts for CO; reduction. (b) Previous

approaches for improving catalytic activity. (¢) Summary of this work.
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Results and discussions

Cyclic voltammetry measurements

I began by reinvestigating CO> reduction by FeTPP-Cl in DMF, a common solvent for
iron porphyrin systems, as DMF can dissolve both the complex and CO; at high
concentration.*”!! The cyclic voltammogram of FeTPP-Cl was measured in a 0.1 M tetra-
n-butyl ammonium perchlorate (TBAP)/DMF solution in the presence of 0.5 M
trifluoroethanol (TFE) as a proton source. FeTPP-Cl indeed exhibited a large irreversible
current approximately at —2.06 V [vs. ferrocene/ferrocenium (Fc/Fc*)] under COo,
corresponding to the electrocatalytic reduction of CO» (Figure 2a, red line). Unexpectedly,
the intensity of the irreversible current increased when acetonitrile (MeCN) was added
(Figure 2a, dashed lines). This observation prompted us to explore the influence of MeCN
on catalysis. However, FeTPP-Cl does not dissolve in pure MeCN, which would hamper
further investigation.

As a solution to this problem, I performed the counteranion exchange reaction
of FeTPP-C1'7 and prepared the perchlorate salt of FeTPP (FeTPP-ClO4). FeTPP-ClO4
was characterized by elemental and single-crystal X-ray structural analyses (Figure 3 and
Table 1). FeTPP-Cl04 was well soluble in various solvents, which enabled us to perform
electrochemical measurements of the complex in MeCN.

Initially, the cyclic voltammogram of FeTPP-ClO4 was measured in a 0.1 M
TBAP/MeCN solution. Under Ar, FeTPP-ClO4 in MeCN exhibited three redox waves.
The potential of the first redox wave (—0.26 V, Figure 2b and Table 2), which is attributed
to the Fe(I1I)/Fe(II) redox couple,*® was shifted to more positive potential compared with
that of FeTPP-Cl (-0.63 V). Note that the first reduction of FeTPP-CI involves the
dissociation of the coordinated chloride ligand;'® thus, the observed difference between
the first redox potentials of FeTPP-ClO4 in MeCN and FeTPP-Cl in DMF can be
attributed to the difference in anion. The second [Fe(Il)/Fe(I) redox couple] and third
[Fe(I)/Fe(0) redox couple] redox waves were reversible for both FeTPP-ClO4 in MeCN
and FeTPP-Cl in DMF (Figure 4). Moreover, the two catalysts have similar potentials
for these redox waves. A CV of FeTPP-ClO4 in a 0.1 M TBAP/DMF solution under Ar
also exhibited three reversible redox waves (Figure 2b, purple line, and Table 2), which

is similar to FeTPP-Cl in DMF except for the first reduction wave. These results indicate
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that electronic structure of the porphyrin scaffold is not affected by counter anions.
The diffusion constants of the complexes were also evaluated by the slope of

Figure 4 and Randles-Sevcik equation

P
I, = 0.4463nFAC",, %\/Dm, (1)

where 7 is the number of electrons (n = 1), F is the Faradaic constant (96485 C mol™!), A
is the electrode surface area (0.071 cm?), Cea is the concentration of the catalyst (mol
cm™), R is the gas constant (8.31 J K mol™), v is the scan rate (V s™!), Deat is the diffusion
coefficient of the catalyst (cm? s!) and T is the temperature (298.15 K). Resemble results
were obtained in DMF and MeCN, and they are summarized in Table 3.

On the other hand, under CO; with 0.5 M TFE, there was a significant difference
between the cyclic voltammograms in MeCN and DMF. The intensity of the irreversible
reduction wave increased dramatically, and the onset potential shifted to more positive
potential (ca. —1.91 V) in MeCN compared with that in DMF (Figure 2a, blue line). These
results suggest that the catalytic activity is enhanced in MeCN.
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Figure 2. (a) Cyclic voltammograms of FeTPP-CI (0.50 mM) in DMF/MeCN (10:0, 7:3,
5:5, and 3:7) and FeTPP-ClO4 (0.50 mM) in MeCN with TBAP (0.1 M) in the presence
of TFE (0.5 M) under CO (scan rate: 100 mV s™'). (b) Cyclic voltammograms of FeTPP-
Cl0O4 (0.50 mM) in MeCN (blue line) and DMF (purple line) and FeTPP-Cl (0.50 mM)
in DMF (red line) with TBAP (0.1 M) under Ar (scan rate: 100 mV s™').

Figure 3. ORTEP drawing of the structure of FeTPP-ClO4. Non-coordinated solvent
molecules and hydrogen atoms have been omitted for clarity. Thermal ellipsoids are

shown at the 50% level. O =red, C = grey, N = blue, CI = green and Fe = orange.
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Table 1. Summary of crystallographic data for FeTPP-ClOx.

FeTPP-ClO4
Formula Cs2H4aN4O2Fe-2.0 C4HsO
Fw 1056.42
Crystal color, habit Clear dark brown, plate
Crystal size / nm® 0.177 x 0.486 X 0.535
Crystal system Triclinic
Space group P1
alA 10.6138(2)
b/ A 13.3714(2)
c/A 18.5626(3)
al® 78.5360(10)
p/° 86.6710(10)
y/° 83.2290(10)
ViIA3 2562.24
Z 2
F(000) 1110
deate / g cm™ 1.369
u(MoKa) / mm™! 0.409
T/K 123(2)
R 0.0593
WR> 0.1731
GooF 1.088
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Figure 4. Variation of peak current of (a) FeTPP-ClO4 (0.5 mM) in 0.1 M TBAP/MeCN
at the second redox wave (b) FeTPP-CI (0.5 mM) in 0.1 M TBAP/DMF at the second
redox wave (¢) FeTPP-ClO4 (0.5 mM) in 0.1 M TBAP/MeCN at the third redox wave,
and (d) FeTPP-Cl (0.5 mM) in 0.1 M TBAP/DMF at the third redox wave versus square

root of scan rate.

Table 2. Redox potentials (E12/V vs. F¢/Fc¢") of FeTPP-Cl (0.5 mM) in 0.1 M
TBAP/DMF, FeTPP-ClO4 (0.5 mM) in 0.1 M TBAP/DMF and FeTPP-ClO4 (0.5 mM)

in 0.1 M TBAP/MeCN under Ar.

Catalyst Solvent En(1) En(2) En(3)
FeTPP-CI DMF —0.63 —-1.51 -2.14
FeTPP-C104 DMF —0.53 -1.51 -2.15
FeTPP-C104  MeCN -0.26 -1.43 -2.06

52



Table 3. Summary of the diffusion constant.

Catalyst Solvent D/em?s! (2" peak)  D/cm? s (3 peak)
FeTPP-ClO4 0.1 M TBAP/MeCN 6.11x10° 1.07x107
FeTPP-Cl 0.1 M TBAP/DMF 2.52x10° 5.60x10°
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Controlled potential electrolysis experiments

To quantify the catalytic product, controlled potential electrolysis (CPE) experiments
were then performed both in DMF and MeCN with 1.0 M TFE and 0.1 M TBAP under
COz at —2.35 V vs. Fc/Fc'. In CPE experiments, tetra-n-butylammonium acetate (TBAA)
was added in the anodic chamber (Figure 5) to scavenge holes generated on the Pt counter
electrode. TBAA reacts at anode to consume the holes and to produce CO; and ethane via
Kolbe reaction.'” In the CPE of FeTPP-Cl in DMF, the total amount of charge passed
over a period of 60 min was 3.9 C when 0.01 mM of catalyst was used (Figure 6, red line),
and CO (4.5 umol) was formed with a Faradaic efficiency (FE) of 23%. The similar
catalytic performance was also obtained in the CPE of FeTPP-ClO4 in DMF; 2.6 C of
charge has passed, and the formation of CO (FE: 21.9%), H> (FE: 17.4%) was detected,
indicating that catalytic performance is not affected by counter anions. Upon increasing
the catalyst concentration to 0.50 mM, CO (27.0 umol) was formed with a total charge
and FE of 5.7 C and 92%, respectively. On the other hand, in the CPE of FeTPP-ClO4 in
MeCN, the total amount of charge was 33.3 C and the FE was 98% (170.0 umol), even at
a low catalyst concentration (0.01 mM). These results clearly demonstrate that the

electrocatalytic activity of FeTPP for CO» reduction is significantly enhanced in MeCN.
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Figure 6. Electrolysis data of FeTPP-ClO4 (0.01 mM) in MeCN and FeTPP-Cl (0.50

and 0.01 mM) in DMF with TBAP (0.1 M) in the presence of 1.0 M TFE under CO; at a
potential of —2.35 V vs. Fc¢/Fc™.
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Reaction mechanism

To further verify the effect of MeCN, the reaction mechanism of CO; reduction was
investigated. Initially, the cyclic voltammograms of FeTPP-Cl in DMF and FeTPP-ClO4
in MeCN were measured in the absence of a proton source under both Ar and CO». As
shown in Figure 7a, the cyclic voltammograms of FeTPP-Cl in DMF displayed almost
identical redox peaks at —1.51 V for the Fe(II)/Fe(I) redox couple, indicating the lack of
reaction between the Fe(I) species and CO; in DMF. In contrast, the cyclic
voltammograms of FeTPP-ClO4 in MeCN exhibited distinct features when measured
under different conditions: under Ar, there was a reversible redox wave at —1.43 V
attributed to the Fe(II)/Fe(I) redox couple (Figure 7b, red line ), while under CO», there
was an increase in the cathodic current (Figure 7b, blue line). The same phenomenon was
also observed in the cyclic voltammograms measured in the MeCN-DMF mixed solvent
system (Figure 7¢). These results suggest that FeTPP reacts with CO» as Fe(I) in MeCN.
As reported previously,*® in DMF, FeTPP undergoes one-electron reduction thrice to
form the three-electron-reduced species, Fe(0)TPP, which reacts with CO> (Scheme 1a,
EEEC mechanism). In contrast, my results indicate that the two-electron-reduced species,
Fe(I)TPP, reacts with CO2 in MeCN (Scheme 1b, EEC mechanism). The binding
constant of CO; to Fe(I)TPP in MeCN (Kco2) was calculated from the redox potential®®
attributed to Fe(II)/Fe(I) using

o 2

where f'= F/RT, AE = E12(CO2) — E12(Ar) = 0.014 V and [CO2] = 0.28 M, and the Kco2

value was determined to be 2.58 M.
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Figure 7. Cyclic voltammograms of (a) FeTPP-CI (0.50 mM) in DMF (b) FeTPP-ClO4
(0.50 mM) in MeCN (c) FeTPP-Cl1 (0.50 mM) in MeCN/DMF (7:3) with TBAP (0.1 M)
under Ar and CO; (working electrode: glassy carbon, counter electrode: Pt wire, reference

electrode Ag/Ag", scan rate 100 mV s™).

(a)

(b)

Ph

— 95,
Ph
+CO, l
{ ,N
Ph Ph NFe'
_C07 -\
Ph

g g

Ph

{ N N { N
F wN —pPh ell”
Ph—( N //N Ph—(
S

Ph

OscH o
+CO. } %
) S
o F N/ Ph E: Electron transfer
h—( Ph—( C: Chemical reaction

Scheme 1. Proposed mechanism for the formation of the metallocarboxylate intermediate

of FeTPP (a) in DMF via the EEEC mechanism (b) in MeCN via the EEC mechanism.
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Subsequently, UV-visible absorption spectroelectrochemistry  (SEC)
measurements were performed to further clarify the reaction of Fe(I)TPP with CO; in
the presence of MeCN. Figure 8a shows the UV-visible absorption spectra of the
Fe(ITPP species generated in DMF by applying a potential at £ =—1.20 V. The spectra
measured under Ar and CO; were almost identical, and two Q-bands were observed at
569 and 609 nm. A scan to the negative potential region showed changes in the UV-visible
absorption spectra with the occurrence of isosbestic points, and three Q-bands (538, 569,
and 609 nm) were observed when £ = —1.70 V. Notably, the features of the reduction-
induced spectral change measured under Ar and CO; were identical (Figures 9a and 9b).
These results indicate that Fe(I)TPP does not react with CO, in DMF, which is consistent
with the result of CV. Similarly, Fe(II)TPP was also generated by applying a potential at

= —1.20 V in the presence of MeCN,?! and UV-visible absorption spectra with two Q-
bands (569 and 609 nm) were obtained under both Ar and CO; (Figure 8b). However, the
changes in the UV-visible spectra under Ar and CO:2 upon scanning the potential to the
negative potential region were quite different (Figures 8c, 8d, 9c and 9d). While two Q-
bands (569 and 609 nm) were observed at £ =—1.70 V under Ar, only one Q-band (538
nm) was observed under CO». These results strongly indicate that in the presence of
MeCN, Fe(I)TPP rapidly reacts with CO; to form Fe(II)TPP-CO:. It should be also
noted that the comparison of the CVs of FeTPP-ClO4 in MeCN and FeTPP-Cl in DMF
also indicate the interaction of Fe(I) TPP with CO; in MeCN. Under Ar, the difference in
redox potentials attributed to Fe(I)/Fe(0) process is 0.08 V (Figure 10a). On the other
hand, under CO; in the presence of TFE, the difference in the onset potentials for catalytic
current is 0.15 V (Figure 10b), which is significantly larger than that observed under Ar.
These results support my proposed catalytic cycle that the reduction of Fe(II)TPP-CO2z~
triggers the catalysis in MeCN whereas the reduction of Fe(I)TPP triggers the catalysis
in DMF.

Based on the aforementioned results, a plausible catalytic cycle in MeCN was
proposed, as shown in Scheme 2. First, two successive electron transfer from electrode to
FeTPP, affording Fe(I)TPP. Next, CO> interacts with Fe(I)TPP, which is supported by
CV and UV-vis absorption SEC measurements. Then, one electron reduction of the

carboxylate intermediate occurs and the reduced carboxylate intermediate takes two
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protons.® The existence of the resulting iron carbonyl complex is apparent in the backward

trace of the catalytic current.® Finally, CO is released and the cycle is closed. These

processes can be reduced to CECE mechanism.
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Figure 8. The results of UV-visible absorption SEC measurements of FeTPP-CI (0.50
mM) in DMF with TBAP (0.1 M) under Ar and CO; at a potential of (a) —1.20 V and (b)
—1.70 V and in DMF/MeCN (3:7) with TBAP (0.1 M) under Ar and CO; at a potential of
(¢) —1.20 V and (d) —1.70 V (working electrode: Pt mesh, counter electrode: Pt wire,

reference electrode: Ag/Ag”. Potential is corrected by Fc/Fc*).

60



_
Q
~—

Absorbance
o o =
()] (0¢] o

o
N

o
[N

0 L L L L .
450 500 550 600 650 700
Wavelength/nm

_
(2]
~—

S o o =
N o o o

Absorbance

o
N

0 . S
450 500 550 600 650 700
Wavelength/nm

(b)

Absorbance

o o o -
N (o)) oo o
T T

o
(N
T

0 L L L
450 500 550 600 650 700
Wavelength/nm

(d)

o

Absorbance
=

0
450 500 550 600 650 700
Wavelength/nm

Figure 9. UV-visible absorption SEC measurements of FeTPP-Cl (0.50 mM) in DMF
with TBAP (0.1 M) under (a) Ar and (b) CO2 and in DMF/MeCN (3:7) with TBAP (0.1
M) under (c) Ar and (d) CO,. Working electrode: Pt mesh, counter electrode: Pt wire,

reference electrode: Ag/Ag". Potential is corrected by Fc/Fc™.
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Figure 10. (a) Enlarged cyclic voltammograms focusing on Fe(I)/Fe(0) redox wave of
FeTPP-Cl (0.50 mM) in DMF and FeTPP-ClO4 (0.50 mM) in MeCN with TBAP (0.1
M) under Ar (scan rate: 100 mV s™). (b) Enlarged cyclic voltammograms focusing on the
catalytic wave of FeTPP-CI (0.50 mM) in DMF and FeTPP-ClO4 (0.50 mM) in MeCN
with TBAP (0.1 M) in the presence of TFE (0.5 M) under CO> (scan rate: 100 mV s™!).

62



+ -
Ph ] e Ph +e Ph T

H,O
-e +e
i -
H . 0s..0
‘ Ph
sl = N
< =
Ph—( '\/‘Fe'/N/ Ph
-H* NN
e PH
\—//
+ H*

Scheme 2. Proposed catalytic mechanism for electrochemical CO; reduction by FeTPP
in MeCN. In this mechanism, the first step of the catalysis involves the reaction of
Fe(I)TPP, which is formed by the two-electron reduction of FeTPP-Cl04, with CO> to
form Fe(I)TPP-CO2- (C process). Fe(IDTPP-CO2~ is subsequently reduced to
Fe(I)TPP-CO2~ (E process). The formed Fe(I)TPP-CO2 species is then protonated to
Fe()TPP-CO:2H', and further reaction with proton forms Fe(I)TPP-CO (C process).
Finally, the reduction of Fe(II)TPP-CO generates CO and recover the resting Fe()TPP
(E process). Therefore, I have described this catalysis proceeds as CECE mechanism.
However, this process can also be described as ECEC mechanism when the reduction of

Fe(I)TPP-CO:~ is regarded as the first step of the catalysis.
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Turnover frequency calculation

Finally, the kinetic parameters of the catalysts were evaluated to determine the effect of
MeCN on the catalytic performance of FeTPP. In this study, the TOF values were
extracted from the results of both the CV and CPE experiments. Both methods of TOF
calculation were established by Savéant et al.>>?* and are frequently used to evaluate the
catalytic performance of molecular electrocatalysts for CO> reduction.’!® Note that I
modified the previously reported methods?>?* (see Appendix A) because the reaction
mechanism of my system is distinct from that of conventional catalytic systems (vide
supra). The TOFnax of FeTPP-ClO4 in MeCN, calculated from the CV data shown in
Appendix A, was 650,000 s, This value is significantly higher than that of FeTPP-Cl in
DMF (3,200 s7!), demonstrating the positive effect of the MeCN medium on catalytic
activity. Then, TOF was extracted directly from the results of my CPE experiments, where
the products (CO and H») were detected and quantified by gas chromatography. The
results and conditions are presented in Table 4. For FeTPP-CI in DMF in the presence of
1.0 M TFE, the estimated TOF was 112 s™' at—2.35 V (Table 4, No. 1). On the other hand,
for FeTPP-ClO4 in MeCN in the presence of 1.0 M TFE, the estimated TOF was
1,400,000 s~! (Table 4, No. 2). Furthermore, under the optimized conditions (Table 4, No.
3, and details are described in Appendix B), the TOF reached 7,300,000 s~!, which is
approximately 66,300 times higher than that in DMF. The performance of FeTPP-ClO4
in MeCN 1is superior to those of current best-in-class molecular catalysts for
electrochemical CO: reduction®!'® (Figure 11 and Table 5). The catalytic Tafel plot
(Figure 12) also indicates the enhancement of catalytic perforemance in MeCN. It is also
worth noting that in most previous works,* 31915 the TOFmax values predicted from CV
data were very high (10°-10° s7!), while the actual TOF determined from CPE data was
relatively low (~10% s7!). In this work, the TOFmax predicted from the CV data is consistent
with the TOF determined from the CPE data (Table 4), which reflects the excellent

performance of my system.
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Table 4. Calculated turnover frequencies (TOFs) of iron porphyrin catalysts.

No. Catalyst Medium [cat]/mM TOF iy (CV)/5-11 TOF 1 (CPE)/s-1
1 FeTPP-Cl 0.1 M TBAP/DMF, 1.0 M TFE 0.50 3,200 112

2 FeTPP-ClO, 0.1 M TBAP/MeCN, 1.0 M TFE 0.01 6,50,00 1,400,000

3 FeTPP-ClO, 0.1 M TBAP/MeCN, 1.0 M TFE 0.01 7,300,0001!

[a] calculated from CV data. [b] calculated from CPE data. [c] using 0.04 M tetra-n-butylammonium acetate (TBAA) in the second

compartment. [d] using 0.40 M TBAA in the second compartment.

FeTPP Fe1 Fe2 Fe3

B
Z
__OH, _ 2+
) S S
\_N N—? I
= N = N”
QN—CO—NT) | Br
| N \//N
Co
OH, \|
Br N
H
Fed4 Co1 Co2

Figure 11. Structures of the catalyst in Table 5.
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Table 5. TOF of the recent efficient molecular catalyst for electrochemical CO; reduction.

No. Catalyst Solvent [cat)/mM TOFmax (CV)/s™ 18 TOF (CPE)/s™! )} Ref.

1 FeTPP-Cl 0.1 M TBAP/DMF, 0.50 3,200 112(cklel This work
1.0 M TFE (-2.35 V vs. Fe/Fch)

2 FeTPP-ClO4 0.1 M TBAP/MeCN, 0.01 650,000 1,400,000} (1 This work
1.0 M TFE 7,300,0001} [&]

(-2.35 V vs. Fe/Fe?)

3 Fel 0.1 M TBAPF¢/DMF, 1.00 6,300 170 7
3.0 M PhOH (-1.16 V vs. NHE)
4 Fe2 0.1 M TBAPF¢/DMF, 0.50 1,000,000 - 10

0.1 M H20 + 3.0 M PhOH

5 Fe3 0.1 M TBAPF¢/DMF, 0.50 5,500,000 - 8
0.5 M PhOH

6 Fe4 0.1 M TBAPF¢/MeCN, 1.00 - 900,000 16
3.5 M PhOH (-1.98 V vs. Fc/Fc™)

7 Col 0.1 M TBAPF¢/MeCN, 0.50 33,000 533 15
3.0 M PhOH (-1.25 Vvs. SCE)

8 Co2 0.1 M TBAPF¢/MeCN, 0.30 41,000 160 14
11.0 M H.0 (-1.95 V vs. Fc/Fc™)

[a] calcurated from CV data. [b] calculated from CPE data. [c] using 0.04 M TBAA in the second compartment. [d] using 0.40 M
TBAA in the second compartment. [e] TON (TOF X time, 1h)=4.03 X 10°, TON (mol(CO)/mol(catalyst) , 1h) = 11. [f] TON (TOF
X time, 1h) = 5.04 X 10°, TON (mol(CO)/mol(catalyst) , 1h) = 3,396. [g] TON (TOF X time, 1h) = 2.63 x 10'°, TON

(mol(CO)/mol(catalyst) , 1h) = 7,866.
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Figure 12. Catalytic Tafel plots for FeTPP-C1O4 in MeCN (blue) and FeTPP-Cl in DMF
(red) under COz in the presence of 1.0 M TFE. Overpotential 7 = E — Ecoz/co. Ecozco =
—1.54 V vs. Fc/Fc' for MeCN and —1.40 V vs. Fc/Fc' for DMF. 2%
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Conclusion

In conclusion, I have shown a dramatic improvement in the electrochemical CO>
reduction activity of FeTPP simply by changing the reaction medium. The simple
counteranion exchange reaction of FeTPP-Cl successfully provided a well-soluble
complex, FeTPP-ClOQ4. Importantly, the use of MeCN as the solvent significantly
enhanced the catalytic activity. The results of the CV and UV-visible absorption SEC
measurements suggested that this reaction medium changes the reaction mechanism: in
MeCN, CO; and FeTPP react at the redox potential of Fe(I)/Fe(II), while in DMF, they
react at the redox potential of Fe(0)/Fe(I). It should be noted that although there are a few
reports on the high CO; reduction activity of several specific iron porphyrin complexes
in MeCN,'?!3 the influence of this solvent on the reaction mechanism has not been
clarified. Thus, the present study is the first to disclose the origin of the positive effect of
MeCN on the catalytic activity of iron porphyrin complexes. Furthermore, under the
optimized conditions, FeTPP-ClO4 in MeCN exhibited the highest TOF (7,300,000 s )
among the current best-in-class molecular catalysts. The “quick and easy” method
presented in this chapter is a new approach for improving the electrochemical CO>

reduction activity of iron porphyrin complexes.
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Experimental section

General procedures

Pyrrole was purchased from Sigma-Aldrich Co., LLC. Benzaldehyde, hydrochloric acid,
silver perchlorate monohydrate (AgCl104-H>0), and ferrocene were purchased from Wako
Pure Chemical Industries, Ltd. Propanoic acid and iron(III) chloride were purchased from
Kishida Chemical Co., LLC. Methanol, chloroform (CHCI3), N, N-dimethylformamide
(DMF), hexane, tetrahydrofuran (THF), and acetonitrile (MeCN) were purchased from
Kanto Chemical Co., Inc. Tetra-n-butylammonium perchlorate (TBAP), tetra-n-
butylammonium acetate (TBAA), and 2,2,2-trifluoroethanol were purchased from Tokyo
Chemical Industry Co., Ltd. Chloroform-d; was purchased from Cambridge Isotopes, Inc.
All solvents and reagents are of the highest quality available and used as received except
for TBAP. TBAP was recrystallized from absolute ethanol. 'H-NMR spectra were
collected at room temperature on a JEOL JNM-ECS400 spectrometer. Elemental analysis
was performed on a J-SCIENCE LAB MICRO CORDER JM10 elemental analyzer. UV-
visible absorption spectra were recorded on a UV-Vis Agilent Cary8454

spectrophotometer.

Synthesis

Synthesis of meso-tetraphenylporphyrin (H2TPP)

H:TPP was prepared as previously described.”> Pyrrole (1.7 mL, 25 mmol) and
benzaldehyde (2.6 mL, 25 mmol) were dissolved in propanoic acid (50 mL), then refluxed
for 45 minutes and cooled to room temperature. The resulting mixture was filtered and
washed with methanol. Recrystallization from CHClz/methanol gave a purple solid (785
mg, yield 20%). 'H-NMR (400 MHz, CDCl3): d = 8.82 (s, 8H), 8.19-8.21 (m, 8H), 7.71-
7.78 (m, 12H), —2.80 (s, 2H) ppm. Elemental analysis Calcd. for C44H30.5N4O0.25 (H2TPP-
0.25 H20): C, 85.34%; H, 4.96%; N, 9.05%. Found: C, 85.24%, H, 4.68%; N, 9.08%.

Synthesis of meso-tetraphenylporphyrin iron(III) chloride (FeTPP-Cl)

FeTPP-Cl was prepared by the modification of a previous report.?® To a solution of
H2TPP (200 mg, 0.32 mmol) in DMF (10 mL), a 10 mL DMF solution of FeCl; (519 mg,
3.2 mmol) was added at room temperature. The mixture was heated at 200 “C for 1 hour
by a microwave reactor. Diluted HCI (1 M, 50 mL) was added to the resulting solution.

Precipitate was collected by filtration and washed with 1 M HCI. Recrystallization from
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CHCls/hexane gave a purple solid (191 mg, yield 85%). Elemental analysis Calcd. for
C44H23CIFeNs (FeTPP-Cl): C, 75.06%; H, 4.01%; N, 7.96%. Found: C, 74.98%; H,
4.08%; N, 8.01%.

Synthesis of meso-tetraphenylporphyrin iron(III) perchlorate (FeTPP-ClO4)
FeTPP-ClO4 was prepared by the modification of a previous report.!” To a solution of
FeTPP-Cl (50 mg, 0.071 mmol) in tetrahydrofuran THF (14 mL), an MeCN (1 mL)
solution of AgClO4-H20 (14.7 mg, 0.071 mmol) was added at room temperature. The
mixture was stirred at room temperature for 1 hour. Precipitate (AgCl) was removed and
the residual THF solution was collected. Recrystallization from THF/heptane gave a
purple solid (42 mg, yield 77%). Elemental analysis Calcd. for CsoH3gCIFeN4Os.2s
(FeTPP-Cl0O4:1.25 THF): C, 68.58%; H, 4.46%; N, 6.53%. Found: C, 68.30%; H, 4.63%;
N, 6.72%.

Electrochemistry

Electrochemical experiments were performed at room temperature on a BAS ALS Model
650DKMP electrochemical analyzer or a Bio-Logic-Science Instruments potentiostat.
Cyclic voltammetry (CV) measurements were performed by using a one-compartment
cell with a three-electrode configuration, which consisted of a glassy carbon disk
(diameter 3 mm, BAS Inc.), platinum wire, and Ag/Ag" electrode (Ag/0.01 M AgNOs) as
the working, auxiliary, and reference electrodes, respectively. The glassy carbon disc
working electrode was polished using 0.05 pm alumina paste (BAS Inc.) and washing
with purified H>O prior to each measurement. Ferrocene was used as an internal standard

and all potentials are referenced to the ferrocenium/ferrocene (Fc/Fc') couple at 0 V.

UV-visible spectroelectrochemistry (UV-SEC)

Spectroelectrolysis  was performed using a BAS Inc. spectroelectrochemical quartz
glass cell (light path length 1 mm). A piece of 80 mesh platinum gauze, platinum wire,
and Ag/Ag" electrode (Ag/0.01 M AgNOs) were used as the working, auxiliary, and
reference electrodes respectively. All solution were purged with Ar or saturated with CO»
before UV spectra were taken. The temperature during the measurement is controlled at
25 °C. Ferrocene was used as an internal standard and all potentials are referenced to the
Fc/F¢' couple at 0 V.
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Controlled potential electrolysis (CPE)

CPE was performed in a gas-tight two-compartment electrochemical cell, where the first
compartment held the carbon plate working electrode (1.2 cm? surface area) and Ag/Ag"
reference electrode (Ag/0.01 M AgNO3) in 5 ml of 0.1 M TBAP/MeCN with catalyst and
proton source, while the second compartment held the Pt auxiliary electrode in 5 ml of
0.1 M TBAP/MeCN containing TBAA (0.2 M) as sacrificial oxidant. The two
compartments were separated by a Nafion® membrane. The solution was purged
vigorously with CO» for 30 mins prior to electrolysis. The electrolysis experiment was
performed for 1 h under constant stirring. The amount of CO and H> produced was
quantified from an analysis of the headspace with a Shimadzu GC-8A with TCD detector
equipped with a capillary column with Molecular Sieve 13X-S 60/80. Calibration curves

were made by sampling known amounts of H, and CO.

X-ray crystallography

Single crystal X-ray diffraction data were collected on a Synergy Custom system CCD
Plate equipped with confocal monochromated Mo-Ka radiation (4 =0.71069 A) coated
with Paratone-N (Hampton Research Corp., Aliso Viejo, CA, USA). Data was processed
using CrysAlisPro system software.?’ The structure was solved by dual-space algorithm
using SHELXT program?® through the Olex2 interface.?’ All non-hydrogen atoms were
refined anisotropically using a least-squares method, and hydrogen atoms were fixed at
calculated positions and refined using a riding model. SHELXL—-2014/7 was used for
structure refinement.>® Full-matrix least-squares refinements on F? based on unique
reflections with unweighted and weighted agreement factors of R = X||Fo| — |Fe||/Z|Fo| (I
> 2.00 o(7)) and wR = [Ew(Fo* — F)*/Zw(F,?)*]"? were performed. Mercury 4.0.0 was
used for visualization and analysis of the structure. Crystallographic data have been
deposited with Cambridge Crystallographic Data Centre: Deposition numbers CCDC
2110898 for CuTPFP. Copies of the data can be obtained free of charge via

www.ccdc.cam.ac.uk/data_request/cif.
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Appendix A: TOF calculation

The TOF values of my catalyst were evaluated based on following Eq.(5) and Eq.(17) for
CV measurement, and Eq.(18) and Eq.(20) for CPE experiments, respectively. This is
because in electrochemical condition, only small quantity of the catalyst close to the
surface of the working electrode is catalytically active. These types of equations are often
used for the evaluation of TOF values for molecule-based catalysts for CO, reduction,
which reflects the inherent activity of the catalysts. In the following, definition and

derivation of the equations for TOF calculation are described.

Al. TOFmax calculation by CV measuremensts
In general, TOFmax value of the electrochemical CO> reduction is predicted by CV

measurements using

% — 2.24p "if—z (3)
or
I, 2.24 ks
I, “Trewf(BE-EL\ fo @
and

TOFmax = kobs <5>

where Ipr is the limiting catalytic current, Ip (A) is the peak current at £ = Ec® in the
absence of substrate (see Eq.(1) in the maintext), kobs (s7) is the observed rate constant,
n’ is the number of electrons transferred per CO; per catalyst (n” = 2), f= F/RT (V), v
(V s!) is the scan rate, Icat (A) is the catalytic current in the Nernstian behavior at £ (V),
and Eca’ (V) is the redox potential of the catalyst in the absence of substrate. In particular,
prediction of TOFmax by Eq.(4) is known as foot of the wave analysis (FOWA).%??
Although these equations are very useful, they are applicable only when the catalytic
cycle is EC mechanism or reasonable approximations are satisfied.?> As shown in Scheme
2, the catalytic cycle for electrochemical CO> reduction by FeTPP in MeCN is reduced
to CECE mechanism. Therefore, neither Eq.(3) nor Eq.(4) can be applied to my system.
Here, I derived an analytical representation of the catalytic current /coc for CECE
mechanism and predicted TOFmax using FOWA for CECE mechanism with some

reasonable approximations. The reaction mechanism shown in Scheme 1 is simplified as
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I[+S—J, ky, (6)
J+e =K, E) k. kgr1, kgro, (7)
K+Z—=L+P, ks, (8)
L+e ﬁl“‘Q»EE/IvkET&kETm (9)

where [ = Fe(I)TPP, J = Fe(II)TPP-CO>, K = Fe(I)TPP-CO;, L = Fe(II)TPP-CO, S =
CO», Z=2H",P=H,0 and Q = CO, respectively. ki and k; are rate constants for chemical
reaction and keri, ket2, ker3 and kers are rate constants for redox reaction and they are
represented by Butler-Volmer equation. Eyx° and Evi” are formal potentials. In Nernstian
behavior, all terms containing ket; (i = 1 ~4) vanish and /. for CECE mechanism is given
by

QFAC(Tat Dcat
Icat = 1 0 1 0 ’ (10)
m{l‘f‘eXp[f(E_EJ/K)]}"‘ \/m{l +eXp[f(E_EL/I>]}

where Cs” and Cz" are the bulk concentration of CO» and proton source, respectively, and
they are constant.

When £ <« Ejx’and E < Ev° the limiting current Ipy is represented as

~ QFAC:at V Dcat (11)
- 1 1 '
_|_
NCXC RN Ner

PL

t.23 Therefore,

According to the literature, the second electron transfer is easier than the firs
Eyx’ < Eun® is satisfied and at sufficient negative potential, exp[f(E — EY ;)] =~ 0,

which leads to

I
I, =~ L , 12
T esp[f(B — B ) (12)
where
1 k,C*
By = ES g —|—?ln (1 + k;—CS> : (13)
7

Although Eq.(12) is derived for CECE mechanism, it is the same form as /. for ECEC
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mechanism.?
I can further introduce reasonable approximation to Eq.(13). When CO: binding
is the rate determining step (k&1Cs~ < k2C7"), Eq.(12) is simplified as

2FAC:&1} \/ kl C§DCat (14)

“t T 1+ exp[f(E — EY )]

On the other hand, when proton transfer is the rate determining step (k2Cz < kiCs"),
Eq.(12) is simplified as

Icat = 2FAC:at V k2CEDcat' (15>

Here, I performed CV measurements of FeTPP-ClO4 in 0.1 M TBAP/MeCN under CO>
in the presence of 1.0 M TFE or 1.0 M TFE-d; and determined whether proton transfer
involves the rate determining step or not. As shown in Figure A1, the voltammogram in
the presence of TFE-d3 is almost the same as that in the presence of TFE. These results
suggest that the reaction does not influenced by H/D isotopic effect and proton transfer is
not the rate determining step. Therefore, I chose Eq.(14) as i for my system.
Combination of Eq.(1) and Eq.(14) leads to

I _ 4.48 k,C3 (16)
I Treal(E—ELl\ fo
and
TOF . = k1 CS. (17)

FOWA of FeTPP in MeCN using Eq.(16) is shown in Figure A2a. Here, in order to obtain
an accurate redox potential of J/K (Fe(I)TPP-CO»/Fe(I)TPP-CO) and avoid an over
estimation of TOFmax, Eyx° is determined by square wave voltammetry measurement (—
2.032 V) under CO; (Figure A3, vertical dashed line), which is higher than that
determined under Ar (—2.062 V). FOWA of FeTPP in DMF using Eq.(4) is also shown in
Figure A2b.

Although TOFmax was rigorously defined and appropriate approximations were
applied, FOWA in Figure A2a underestimates TOFmax. In Figure A2a, the linear region of
the FOW is small (Zca/l, is less than 1), which makes difficult to determine the accurate
TOFmax by this method. Therefore, I show the TOFnax of FeTPP-ClO4 in MeCN as a
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reference value (Table 5). In order to determine TOF more accurately, I directly extracted
kinetic data from CPE experiments (see the next section).

Current

— TFE
I 200 pA —— TFE-d, |

24 20 -16 -12 -08 -04 0
Potential/V vs. Fc/Fc?t

Figure A1l. Cyclic voltammograms of FeTPP-ClO4. Measurements were performed in
MeCN solution of FeTPP-ClOs (0.50 mM) with TBAP (0.1 M) as a supporting
electrolyte under CO; atmosphere in the presence of 1.0 M TFE (blue) and 1.0 M TFE-d;
(red). Electrodes: working, GC; auxiliary, Pt; reference, Ag/Ag". Scan rate: 100 mV/s.
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1/1 + exp[ f(E-E%) ] 1/1 + exp[ E-E%)]

Figure A2. A plot of the ratio of It to /p as a function of the inverse of potential.
Measurements were performed in (a) MeCN solution of FeTPP-ClQ4 (0.50 mM) and (b)
DMF solution of FeTPP-CI (0.50 mM) with TBAP (0.1 M) as the supporting electrolyte
under Ar atmosphere (for /p) or under CO; atmosphere in the presence of 1.0 M TFE (for
Lcat) (working electrodes: glassy carbon, counter electrode: Pt wire, reference electrode:
Ag/Ag’, scan rate: 100 mV s™).

Current

24 20 -16 -12 -08 -04 0
Potential/V vs. Fc/Fc*

Figure A3. Square wave voltammograms of FeTPP-ClO4 (0.50 mM) in MeCN with

TBAP (0.1 M) as a supporting electrolyte under CO> atmosphere. Electrodes: working,
GC; auxiliary, Pt; reference, Ag/Ag".
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A2. TOF calculation by CPE experiments
TOF value of the electrochemical CO; reduction by FeTPP in MeCN is determined by

CPE experiment using

ky
1+ exp[f(E— Ej )]

TOF = (18)

Eq.(18) is derived by introducing reasonable approximations described in Appendix Al.
kiCs™ is evaluated by Eq.(14), where Iea is the average catalytic current during electrolysis
and it is estimated from the charge-time profile shown in Figure B1 in the Appendix B.
Here, 4 = 1.2 cm?, Deat = 1.07x 10 cm® s and Eyx” =—2.032 V.

TOF value of the electrochemical CO: reduction by FeTPP in DMF is also

determined by CPE experiment using

FAC:at kobsDcat (19)

<t "1 fexp[f(E—E,)]

and

k
TOF = obs , 20
1+ exp[f(E — EY )] (20)

where 4 = 1.2 cm?, Deat = 5.60x 107 cm? 57! and Eca® = —2.140 V.
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Appendix B: CPE experiments in various conditions

80 | ! | ! | ! | ! | ! |
[ No.1 — No.7 ]
0F _ No2 No.8 ;
 — No.3 — No.9 ]
60F — No.4 — No.10 .
t — No.5 — No.M ]
o 50F — No.6 :
g [
5 40F
c [
O 30F
20 | i
10f
O : T n . | L
0 10 20 30 40 50 60

Time/min

Figure B1. The results of CPE experiments of FeTPP-ClO4 and FeTPP-Cl at -2.35V
(vs. Fe/Fc") for 1 h. Details of the experimental condition are summarized in Table S4.
Working electrode, glassy carbon (1.2 cm?); counter electrode, Pt wire; reference
electrode, Ag/Ag".

78



Table B1. Summary of the CPE experiments.

Faradaic efficiency/%

No. Catalyst Solvent [cat]/mM Total charge/C
CcO H, Total

1 FeTPP-Cl 0.1 M TBAP/DMF, 0.01 3.9 22.6 2.5 25.1
1.0 M TFE™

2 FeTPP-Cl 0.1 M TBAP/DMEF, 0.50 10.5 96.1 trace 96.1
0.5 M TFE®!

3 FeTPP-Cl 0.1 M TBAP/DMF, 0.50 5.7 91.5 trace 91.5
1.0 M TFE™

4 FeTPP-ClO,4 0.1 M TBAP/MeCN, 0.01 18.8 97.0 1.0 98.0
0.5 M TFE®!

5 FeTPP-ClO,4 0.1 M TBAP/MeCN, 0.01 333 98.4 1.5 99.9
1.0 M TFE™

6 FeTPP-ClO,4 0.1 M TBAP/MeCN, 0.01 75.9 97.3 1.7 99.0
1.0 M TFE®!

7 FeTPP-ClO,4 0.1 M TBAP/MeCN, 0.01 40.4 83.7 13.6 97.3
2.0 M TFE®!

8 FeTPP-ClO, 0.1 M TBAP/MeCN, 0.01 34.6 86.7 8.8 95.5
0.5 M PhOH™

9 FeTPP-ClO, 0.1 M TBAP/MeCN, 0.01 441 3.9 50.5 54.4
3.0 M PhOH™

10 FeTPP-ClO, 0.1 M TBAP/MeCN, 0.50 30.4 98.7 0.1 98.8
0.5 M TFE®!

11 FeTPP-ClO, 0.1 M TBAP/DMF, 0.01 2.6 21.9 17.4 39.3

1.0 M TFE™

[a] using 0.04 M TBAA in the second compartment. [b] using 0.40 M TBAA in the second compartment.
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Chapter 3

Highly Active Copper-based Molecular Catalyst for

Electrochemical CO; Reduction

Introduction
The catalytic reduction of CO; in fuels or commodity chemicals is one of the most
important technologies for constructing a renewable energy system.! For this purpose,
extensive efforts have been made to develop catalytic systems for the reduction of CO».%
27 Among them, homogeneous molecular catalysts have an advantage in catalyst design
at the molecular level based on the detailed mechanistic study. To date, many examples
of metal-complex-based homogeneous catalysts have been reported.?2° In particular,
earth-abundant first-row transition metals have attracted attention as a constituent element
of the catalyst.*17-20-26

In this context, copper has attracted significant attention because it is earth-
abundant, inexpensive and non-toxic. In addition, it facilitates CO> capture and
activation.?’”? Actually, it has been reported that highly pure copper electrodes can
efficiently catalyze electrochemical CO> reduction in aqueous media, and afford highly
reduced species such as methane, ethane, and ethanol.?’ Inspired by this pioneering work,
heterogeneous copper-based catalysts have intensively been studied in recent years.*
However, reports on copper-based homogeneous molecular catalyst for CO; reduction
have been limited.?>?® Moreover, the catalytic activities of copper complexes for CO
reduction are much lower (turnover frequency (TOF) < 1.15 s7')?* than those of the
reported molecular catalysts based on manganese (5,011 s),!¢ iron (7,300,000 s™),!?
cobalt (33,000 s™),!* and nickel (190 s!).!” These limitations associated with the copper-
based CO; reduction catalysts have prompted us to explore a new copper-based molecular
catalyst with high performance.

In this chapter, I report a copper-based molecular catalyst that exhibits highly
active electrochemical CO; reduction. Electrochemical analysis revealed that the TOF

value for CO2 to CO conversion was the highest among the copper-based molecular
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catalysts. The catalytic Tafel plot*!-

also indicated that the TOF value was high even at
a very low overpotential, which is superior to that of most molecular catalysts reported

so far.
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Results and discussions

I assumed that the following three factors are crucial for constructing an efficient catalytic
system for electrochemical CO; reduction. First, the copper porphyrin complex is used as
a scaffold; metal porphyrin complexes are considered as efficient scaffolds for catalysis
owing to their flexible redox properties and robustness during the catalysis.>!? Second, a
strong electron-withdrawing substituent is introduced at the meso positions of the
porphyrin framework; generally, strong electron-withdrawing groups are preferred in the
electrochemical reduction reaction to lower the overpotential.>® Finally, acetonitrile
(MeCN) was used as the reaction medium; as described in chapter II, the catalytic activity
of the iron(III) porphyrin complex is improved dramatically in MeCN than those in other
solvents, and thus, I used MeCN herein.

As a candidate that satisfies all the aforementioned factors, I employed
copper(Il) tetrakis(pentafluorophenyl)porphyrin (CuTPFP) shown in Scheme 1.
CuTPFP contains a copper porphyrin framework with pentafluorophenyl groups at the
meso positions. Pentafluorophenyl groups act as strong electron-withdrawing substituents.
In addition, CuTPFP is well soluble in MeCN because of these groups. The synthesis of
CuTPFP was performed by modifying a previously reported method.>* CuTPFP was
characterized by elemental and single-crystal X-ray structural analysis (Figure 1 and

Table 1).
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Copper porphyrin

v/ Flexible redox properties
v'Robustness during catalysis

Pentafluorophenyl group

e

v Electron withdrawing effect

to lower the overpotential
CuTPFP v Increased solubility in
acetonitrile

Scheme 1. Chemical structure and characteristics of CaTPFP.

Figure 1. ORTEP drawings of the structure of CuTPFP. Non-coordinated solvent
molecules and hydrogen atoms have been omitted for clarity. Thermal ellipsoids are

shown at the 50% level. C = grey, N = blue, F = light green and Cu = orange.
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Table 1. Summary of crystallographic data for CaTPFP.

CuTPFP

Formula

Fw

Crystal color, habit

Crystal size / nm?
Crystal system
Space group
alA

b/A

c/A

al®

pre

y/°

viA3

VA

F(000)

deale | g cm
u(MoKa) / mm!
T/K

R

wR»>

GooF

C44HgCuF20N4-2.0 CoH3N
1182.0
Red, plate
0.105 x 0.308 x 1.043
Monoclinic
P 2i/n
13.9205(7)
11.2461(5)
15.0429(6)
90
115.758(5)
90
2120.99(18)
2

1106.0
1.751
0.605
123(2)
0.0954
0.2428
1.160
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Cyclic voltammetry measurements

Initially, the cyclic voltammetry of CuTPFP was measured in a 0.1 M tetra-n-
butylammonium perchlorate (TBAP)/MeCN solution. Under Ar atmosphere, CuTPFP
exhibited two redox waves at —1.32 V and —1.77 V [vs. ferrocene/ferrocenium (Fc/Fc*)]
(Figure. 2a and Table 2). Due to the electron-withdrawing effect of the pentafluorophenyl
group, the redox potentials of CuTPFP shifted to more positive potential than those of
copper(Il) tetraphenyl porphyrin, CuTPP (-1.64 and —2.16 V, Figure 2a and Table 2).
Here, redox potentials were compared in a 0.1 M TBAP/N, N-dimethylfolmamide (DMF)
solution because CuTPP does not dissolve in MeCN. The peak currents corresponding
to these redox potentials of CuTPFP have a linear relationship with the square root of

the scan rate and follow the Randles—Sevcik equation,

P
I, = 0.4463nFAC",, %\/Dm, (1)

indicating that CuTPFP can facilitate rapid electron transfer reactions (Figure 2b and 2c¢).
Here, n is the number of electrons (n = 1), F is the Faradaic constant (96485 C mol™), 4
is the electrode surface area (0.071 cm?), Cea is the concentration of the catalyst (mol
cm™), R is the gas constant (8.31 J K mol™), v is the scan rate (V s!), Deat is the diffusion
coefficient of the catalyst (cm? s!) and 7 is the temperature (298.15 K). Under CO,
atmosphere in the presence of 1.0 M trifluoroethanol (TFE) as a proton source, CuTPFP
exhibited a large irreversible current at —1.67 V, suggesting the electrocatalytic activity of

the complex for CO> reduction (Figure 2d, blue line).
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Figure 2. (a) Cyclic voltammograms of CuTPFP (0.20 mM) in MeCN (blue line) and
DMF (red line) and of CuTPP in DMF (dashed line) with TBAP (0.1 M) under Ar (scan
rate: 100 mV s™). (b) Variation of peak current of CuTPFP (0.20 mM) in 0.1 M
TBAP/MeCN at the first redox wave. (c) Variation of peak current of CaTPFP (0.20
mM) in 0.1 M TBAP/MeCN at the second redox wave. (d) Cyclic voltammograms of
CuTPFP (0.20 mM) in MeCN with TBAP (0.1 M) in the presence of TFE (1.0 M) under
CO» (scan rate: 100 mV s™).

Table 2. Redox potentials (E12/V vs. Fc/F¢") of CuTPFP in 0.1 M TBAP/MeCN,
CuTPFP in 0.1 M TBAP/DMF and CuTPP in 0.1 M TBAP/DMF.

Catalyst Solvent Ein(1) Ein(2)
CuTPFP MeCN -1.32 -1.77
CuTPFP DMF -1.32 -1.82
CuTPP DMF -1.64 -2.16
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Controlled potential electrolysis experiments

To quantify the catalytic product, a controlled potential electrolysis (CPE) experiment of
CuTPFP was performed in MeCN with 0.1 M TBAP, in the presence of 1.0 M TFE,
under CO; at—2.39 V vs. F¢/Fc¢'. In the CPE experiment, tetra-n-butyl ammonium acetate
(TBAA) was added to the anodic chamber (Figure 3) to promote the oxidation process on
the Pt counter electrode. TBAA reacts at the anode to consume the holes and produce CO>
and ethane via the Kolbe reaction.!? As a result, the total amount of charge passed over a
period of 60 min was 72.4 C (Figure 4). The products of the reaction were also quantified
by gas chromatography and high-performance liquid chromatography, and the formation
of CO, HCOOH, and H> was confirmed with a Faradaic efficiency (FE) of 76.6% (287.4
umol), 19.6% (73.5 umol) and 1.7% (6.4 umol), respectively. I also note the almost linear
evolution of the charge during electrolysis, indicating no noticeable sign of catalyst

degradation.

Cathode Anode

JL L
/

WE: Glassy carbon =—p
RE: Ag/Agt ————% — CE: Pt wire
CuTPFP in 0.1 M

<
<+—— TBAAin 0.1 M TBAP/MeCN
TBAP/MeCN — 1

with 1.0 M TFE
\ Nafion membrane

Figure 3. Schematic representation of the custom-designed two compartment cell used

in the controlled potential electrolysis experiments.
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Figure 4. Electrolysis data of CaTPFP (20 uM) in MeCN with TBAP (0.1 M) in the
presence of TFE (1.0 M) under CO: at a potential of —2.39 V vs. Fc¢/Fc". Working

electrode: glassy carbon, counter electrode: Pt wire, reference electrode: Ag/Ag".
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After the CPE experiment, I confirmed the structure of molecular catalyst by the
following several analyzes. First, I performed a dynamic light scattering measurement of
the solution after the CPE experiment and confirmed that there was no particle formation
in the solution, which is evidence of the homogeneous nature of CuTPFP (Figure 5).
Second, the UV-absorption spectra of CuTPFP measured before and after the CPE
experiment. As shown in Figure 6, both spectra are almost identical, which indicate that
the electronic structure of CuTPFP was maintained after the electrolysis for 1h. Finally,
I examined the catalytic ability of the electrode after the CPE experiment. The glassy
carbon working electrode used in the electrolysis with catalyst (Figure 7, blue line) was
gently rinsed with small amount of MeCN, and then, a second round of electrolysis was
performed using the solution without the catalyst (Figure 7, black line). A small current
was observed in the second electrolysis compared to the first electrolysis, and CO>
reduction products were not observed (Table 3), which indicate that the homogeneous
species dissolved in the solution is a catalytic active species. These results clearly

demonstrate that CaTPFP can function as a robust homogeneous CO; reduction catalyst.

20 v I v I v I v I

1.0k

Correlation function

0.5

O I L l L l L l L l L
0 0.2 0.4 0.6 0.8 1.0

Time/s

Figure 5. Dynamic light scattering measurement of CuTPFP (20 uM) after CPE

experiment.

91



15 ! | ! | ! I ! I ! I

—— Before CPE
— After CPE

° 1.0 -

(&)

[

®

2

o

(7p]

<

0.5 F .
0 L\/l\jl L B0 |

200 300 400 500 600 700 800
Wavelength/nm

Figure 6. UV-visible absorption spectra of CuTPFP in MeCN with 0.1 M TBAP in the
presence of 1.0 M TFE under CO; before (blue line) and after (red line) the controlled
potential electrolysis at —2.40 V vs. F¢/Fc™ for 1h.
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Figure 7. The result of the first electrolysis using fresh glassy carbon electrode in 0.20

mM of CuTPFP (blue line) and that of second round of electrolysis using grassy carbon

electrode after first electrolysis in electrolyte solution without CuTPFP (black line).
Condition: MeCN solution with TBAP (0.1 M) under CO: in the presence of 1.0 M TFE
at a potential of —2.40 V vs. Fc/Fc¢'.

Table 3. Summary of the CPE experiments in Figure 7.

Catalyst/mM Potential/ Faradaic efficiency/%
Media Total charge/C
V vs. Fc/Fe* CcO HCOOH H, Total
0.1 M TBAP/MeCN,  0.20 —2.40 67.7 72.6 24.7 2.6 99.9
1.0 M TFE
0.1 M TBAP/MeCN,  blank -2.40 8.3 n.d. trace 0.7 0.7

1.0 M TFE
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Turnover frequency calculation

To evaluate the catalytic activity of CuTPFP, a catalytic Tafel plot for CO production
was then constructed.?!*? In the electrochemical condition, only small quantity of the
catalyst close to the surface of the working electrode is catalytically active. Therefore, the

TOF value of the electrochemical CO; reduction is defined as

kcat (2)

TOF - )
1+ exp[f(E — Egy)]

where ket is the observed rate constant, /= F/RT, E is the applied potential, and E% is
the redox potential of the catalyst. Here, kcat values were extracted directly from the results
of CPE experiments at varying applied potentials (Figure 8 and Table 4) using

nFAC? \/k... D

cat cat™~ cat (3)

<t "1 fexp[f(E—EY,)]

where /.. 1s the average catalytic current during electrolysis, 7 is the number of electrons
(n=2), 4 is the electrode area (1.2 cm?), F is the Faradaic constant (96485 C mol™!), Ceat"
is the concentration of the catalyst (mol cm™), and D, is the diffusion coefficient of the
catalyst (cm? s7'). E%u and Cea are —1.77 V vs. Fc/Fc' and 2.00 x 10 mol cm?,
respectively (Table 2). Deat = 7.58 x 10 cm? s7! is determined using Eq.(1) and the slope
of Figure 1c. It is useful to benchmark the performance of a catalyst as a function of the
overpotential (77); therefore, I converted the applied potentials into overpotentials (7= E
— Ecoxico, Ecorco =—1.54 V vs. Fc/Fc™!13%) and TOF is given by

k
OF = cat .
TOF 1+ exp [f(ECOZ/CO - E((:)at>] eXP(_fn) (4)

As shown in Figure 9, TOF increased as the overpotential increased and reached a plateau
at 7= 0.66 V. Detailes are summarized in Table 5 and the maximum TOF value (TOFmax)
was 1,460,000 s at 77 = 0.85 V. Surprisingly, this value is more than 1,000,000 times
greater than those of other reported copper-based catalysts (Figure 10 and Table 6). I also

calculated the turnover number (TON) of the catalytic reaction, and the value was reached

94



to 5.26 x 10° (for the details of the determination of the TON, see the footnote of the Table
8).
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Figure 8. The results of CPE experiments of CuTPFP (20 uM) at various applied
potential (vs. Fc¢/Fc") for 1 h. Details of the experimental condition are summarized in
Table 4. Working electrode: glassy carbon (1.2 cm?), counter electrode: Pt wire, reference

electrode: Ag/Ag”.

Table 4. Summary of the CPE experiments of CaTPFP (20 uM).

Potential/ Faradaic efficiency/%
Entry Media Total charge/C
V vs. Fe/Fc* CcO HCOOH H, Total
1 0.1 M TBAP/MeCN, —2.39 72.4 76.6 19.6 1.7 98.2
1.0 M TFE
2 0.1 M TBAP/MeCN, —2.20 70.5 75.9 16.6 4.1 95.8
1.0 M TFE
3 0.1 M TBAP/MeCN, —2.03 332 56.3 22.1 7.6 90.2
1.0 M TFE
4 0.1 M TBAP/MeCN, —-1.71 3.1 18.7 43 13.5 63.0
1.0 M TFE
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Figure 9. Catalytic Tafel plot of CuTPFP in MeCN with TBAP (0.1 M) for CO» to CO

conversion obtained from CPE experiments at varying overpotentials. Working electrode:

glassy carbon, counter electrode: Pt wire, reference electrode: Ag/Ag”.

Table 5. TOF values of CuTPFP for electrochemical CO; reduction. The kinetic data

was determined from the average of 1 h variable potential CPE experiments with direct

product detections.

Entry  Media Potential/V vs. Fe/Fc' A% TOF/s™ log TOF/s™
1 0.1 M TBAP/MeCN, 1.0 M TFE -2.39 0.85 1.46 x 10° 6.16
2 0.1 M TBAP/MeCN, 1.0 M TFE -2.20 0.66 1.36 x 10° 6.13
3 0.1 M TBAP/MeCN, 1.0 M TFE -2.03 0.49 1.66 x 10° 5.22
4 0.1 M TBAP/MeCN, 1.0 M TFE -1.71 0.17 1.77 x 10° 3.25
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Table 6. TOFs of the copper-based molecular catalyst for CO> reduction.

Catalystl® Media Reductant TOF/s'! Reference

1.46 x 100
CuTPFP 0.1 M TBAP/MeCN, 1.0 M TFE Electrochemical This work
(-2.39 V vs. Fc/Fe')

Cul THF pinBl! 1.39 x 10721 20

Cu2 THF pinB 2.78 x 107 20
5.56 x 1074cHf

Cu3 0.1 M TBAP/MeCN Electrochemical 21

(-1.7 V vs. Ag/AgCl)

MeCN/H,0 (v/v=97:3), Photochemical
Cud 1.15 24
0.1 M BIHE/TEOAM (15% v/v) (4> 420 nm)

MeCN/H,0 (v/v=4:1), Photochemical

Cu5 2.75 x 107'11 25
0.3 M TEOA (A=450 nm)
MeCN/H,0 (v/iv=4:1), Photochemical

Cu6 8.40 x 107'MM 26
0.3 M TEOA (4=400 nm)

[a] The chemical structures of Cul—Cu6 are shown in Figure 10. [b] The TOF value cannot be directly compared without recognizing
that reaction conditions such as solvent, reductant, and applied potential differ. [c] Calculated from CPE data. [d] THF =
tetrahydrofuran [e] pinB = 4,4,5,5-Tetramethyl-1,3,2-dioxaborolane. [f] TOF was calculated by dividing the turnover number by the

time during catalysis. [g] BIH = 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole. [h] TEOA = triethanolamine.
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Figure 10. Chemical structure of copper-based molecular catalysts for CO; reduction.

98



It should be noted that the TOF values of CaTPFP are significantly larger than
that of a copper porphyrin without pentafluorophenyl functional groups, CuTPP (18,200
s!). The TOF value of CuTPP was determined as follows. First, I performed cyclic
voltammetry measurement of CuTPP. As CuTPP did not dissolve in pure MeCN, the
CPE was performed in MeCN-DMF [1:1 (v/v)] mixed solvent system. Under Ar, CuTPP
exhibited two redox potentials at —1.65 and —2.13 V (Figure 1la, red line). The peak
currents corresponding to these redox potentials of CuTPP have a linear relationship with
the square root of the scan rate and follow the Randles—Sevcik equation, indicating that
CuTPP can facilitate rapid electron transfer reactions (Figure 11b). Using Eq.(1) and the
slope of Figure 11b, Dcat of CuTPP was 9.24 x 10 cm? s”!. Under CO in the presence
of TFE, CuTPP exhibited an irreversible current, suggesting the electrocatalytic activity
of the complex for CO> reduction (Figure 11a, blue line). Subsequently. I performed CPE
experiment of CuTPP at —2.39 V. As a result, the total amount of charge passed over a
period of 60 min was 8.4 C (Figure 12 and Table 7). The products of the reaction were
quantified and the formation of CO, HCOOH, and H; was confirmed with a Faradaic
efficiency of 81.5%, 17.1% and 1.0%, respectively. Based on the result of CPE
experiment and Eq.(2), | evaluated TOF of CuTPP (vide supra).

(@) (b)
12
- 8 -
= <
S ©
g 1 o
3 .
© -
, 4 + =]
— under Ar E
20BA - nder CO, + TFE R? = 0.9969
L L L L L L L L L L L 0 Il L L L
-2.6 -2.2 -1.8 -1.4 -1.0 -0.6 -0.2 0 0.2 0.4 0.6 0.8 1.0
Potential/V vs. Fc/Fc* Vi [ \12 g-112

Figure 11. (a) Cyclic voltammograms of CuTPP (0.2 mM) in DMF/MeCN [1:1 (v/v)]
mixed solvent with TBAP (0.1 M) under Ar (red line) and under CO; in the presence of
0.5 M TFE (blue line). Scan rate: 100 mV s™!. (b) Variation of peak current of CuTPP
(0.2 mM) in DMF/MeCN [1:1 (v/v)] mixed solvent with TBAP (0.1 M) under Ar at the

second redox wave.
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Figure 12. The result of CPE experiment of CuTPP (0.02 mM) at —2.39 V for 1h.

Working electrode, glassy carbon (1.2 cm?); counter electrode, Pt wire; reference
electrode, Ag/Ag".

Table 7. Summary of the CPE experiment of CuTPP.

Potential/ Faradaic efficiency/%
Media Catalyst/mM Total charge/C
Vvs. Fc/F¢* CcO HCOOH H, Total
DMEF/MeCN [1:1 (v/v)],
0.02 -2.39 8.4 81.5 17.1 1.0 99.6
0.1 M TBAP, 1.0 M TFE
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I also compared the catalytic activity of CuTPFP with that of other metal-
complex-based molecular catalysts. Table 8 shows that the TOFmax value of CuTPFP is
comparable to that of current, high-performing metal-complex-based molecular catalysts
for electrochemical CO» reduction (Figure 13). The catalytic Tafel plots of several metal-
complex-based molecular catalysts also enabled the comparison of their TOFs, in terms
of overpotential. As shown in Figure 14, the TOF value of CaTPFP was 1,770 s at 5=
0.17 V. This performance is superior to those of most metal-complex-based molecular
catalysts, indicating that CuTPFP is an excellent catalyst, even at very low overpotentials.
In other words, CuTPFP is a highly active electrocatalyst for CO> reduction from low to

high overpotentials.
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Table 8. TOFs of the recent efficient molecular catalysts for electrochemical CO>

reduction.

Catalyst Solvent TOF o (CV)/s7! 18] TOF (CPE)/s' ! Ref.

CuTPFP 0.1 M TBAP/MeCN, - 1,460,000 This work
1.0 M TFE (-2.39 V vs. Fe/Fc")

Fel 0.1 M TBAP/MeCN, 650,0001! 7,300,000 12
1.0 M TFE (=2.35 V vs. Fe/Fe") (Chapter 2)

Fel 0.1 M TBAPF¢/DMF, 31,600 - 4
3.0 M PhOH

Fe2 0.1 M TBAPF¢/DMF, 5,500,000 - 6
0.5 M PhOH

Fe3 0.1 M TBAPF¢/DMF, 1,000,000 - 7
0.1 M H,O + 3.0 M PhOH

Fe4 0.1 M TBAPF¢/DMF, 15,800 - 7
0.1 M H,O + 3.0 M PhOH

FeS 0.1 M TBAPF¢/DMF, 10,000 240 10
3.0 M PhOH (—1.10 V vs. NHE)

Fe6 0.1 M TBAPF¢/DMF, 6,300 170 10
3.0 M PhOH (—1.16 V vs. NHE)

Fe7 0.1 M TBAPF¢/MeCN, - 900,000 15
3.5M PhOH (-1.98 V vs. Fc/Fc")

Col 0.1 M TBAPF¢/MeCN, 33,000 533 14
3.0 M PhOH (—1.25 V vs. SCE)

Mnl 0.1 M TBAPF¢/MeCN, 5,011 - 16
0.3 M TFE

Nil 0.1 M TBAPF¢/MeCN, - 190 17
25% H,O (—1.16 V vs. NHE)

[a] calculated from CV data. [b] calculated from CPE data. [c] TON (TOF X time, 1h)=5.26 x 10°, TON (mol(CO)/mol(catalyst),

1h)=2.87 x 10°. [d] TOFnax is calculated using the data where Ze.//, < 1.
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Figure 13. Chemical structures of the recent efficient molecular catalysts for

electrochemical CO» reduction.
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Figure 14. Benchimarking of the metal-complex-based molecular catalysts of the CO> to

CO electrochemical conversion by means of their catalytic Tafel plots.
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Conclusion

In conclusion, I have shown a copper-based homogeneous catalyst that exhibits highly
active electrochemical CO» reduction. Herein, I selected CuTPFP as a copper-based
molecular catalyst that satisfied the following three elements: (i) copper porphyrin as a
scaffold, (ii) introduction of strong electron-withdrawing substituents, and (ii1) soluble in
MeCN as a reaction medium. CPE experiments indicated that CaTPFP functioned as a
robust homogeneous CO; reduction catalyst. Furthermore, it exhibited a TOF value for
CO production of 1,460,000 s™!, which is more than 1,000,000 times higher than those of
other reported copper-based catalysts. The catalytic Tafel plot for CO production revealed
that the activity of CuTPFP was comparable to that of current best-in-class molecular
catalysts across a wide range of overpotentials. The TOF value of CuTPFP at a low
overpotential (1,770 s at 7 = 0.17 V) was superior than those of most catalysts,
demonstrating the advantages of CuTPFP.
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Experimental section

General procedures

Pyrrole was purchased from Sigma-Aldrich Co., LLC. Benzaldehyde and ferrocene were
purchased from Wako Pure Chemical Industries, Ltd. Propanoic acid was purchased from
Kishida Chemical Co., LLC. Methanol, chloroform (CHCI3), N, N-dimethylformamide
(DMF), hexane, acetonitrile (MeCN), and copper(Il) acetate monohydrate
(Cu(OAc)2>’H20) were purchased from Kanto Chemical Co., Inc. 5,10,15,20-
Tetrakis(pentafluorophenyl)porphyrin (H2TPFP), tetra-n-butylammonium perchlorate
(TBAP), tetra-n-butylammonium acetate (TBAA), and 2,2,2-trifluoroethanol were
purchased from Tokyo Chemical Industry Co., Ltd. Chloroform-d; was purchased from
Cambridge Isotopes, Inc. All solvents and reagents are of the highest quality available
and used as received except for TBAP. TBAP was recrystallized from absolute ethanol.
'"H-NMR spectra were collected at room temperature on a JEOL JNM-ECS400
spectrometer. Elemental analysis was performed on a J-SCIENCE LAB MICRO
CORDER JM10 elemental analyzer.

Synthesis

Synthesis of meso-tetraphenylporphyrin (H2TPP)

H:TPP was prepared as previously described.® Pyrrole (1.7 mL, 25 mmol) and
benzaldehyde (2.6 mL, 25 mmol) were dissolved in propanoic acid (50 mL), then refluxed
for 45 minutes and cooled to room temperature. The resulting mixture was filtered and
washed with methanol. Recrystallization from CHCls/methanol gave a purple solid (785
mg, yield 20%). 'H-NMR (400 MHz, CDCl3): d = 8.82 (s, 8H), 8.19-8.21 (m, 8H), 7.71-
7.78 (m, 12H), —2.80 (s, 2H) ppm. Elemental analysis Calcd. for C44H30.5N4O0.25 (HoTPP-
H>0): C, 85.34%; H, 4.96%; N, 9.05%. Found: C, 85.24%, H, 4.68%; N, 9.08%.

Synthesis of copper(Il) tetraphenylporphyrin (CuTPP)

CuTPP was prepared by the modification of the previous report.>* To a solution of
H2TPP (50 mg, 0.08 mmol) in DMF (5 mL), a 5 mL DMF solution of Cu(OAc)-H,O
(80.9 mg, 0.41 mmol) was added at room temperature. The mixture was heated at 200 °C

for 10 minutes by a microwave reactor. Water (50 mL) was added to the resulting solution.
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Precipitate was collected by filtration and washed with water. Recrystallization from
CHCls/hexane gave a red solid (37.5 mg, yield 68%). Elemental analysis Calcd. for
CasH30CuN4O (CuTPP-1.0 H20): C, 76.12%; H, 4.36%; N, 8.07%. Found: C, 75.98%;
H, 4.14%; N, 8.19%.

Synthesis of copper(Il) tetrakis(pentafluorophenyl)porphyrin (CuTPFP)

CuTPFP was prepared by the modification of the previous report.>* To a solution of
H2TPFP (50 mg, 0.08 mmol) in DMF (5 mL), a 5 mL DMF solution of Cu(OAc),-H20
(30.5 mg, 0.153 mmol) was added at room temperature. The mixture was heated at 200
°C for 10 minutes by microwave reactor. Water (50 mL) was added to the resulting
solution. Precipitate was collected by filtration and washed with water. Recrystallization
from CHCls/hexane gave a red solid (37.5 mg, yield 71%). Since this crystal was not
suitable for single crystal X-ray structure analysis, CuTPFP was also recrystallized from
MeCN/H20 to give a large red plate. Elemental analysis Calcd. for Ca7Hi4F20CuNy
(CuTPFP-0.5 hexane): C, 52.36%; H, 1.31%; N, 5.20%. Found: C, 52.51%; H, 1.54%;
N, 5.51%.

Electrochemistry

Electrochemical experiments were performed at room temperature on a BAS ALS Model
650DKMP electrochemical analyzer or Bio-Logic-Science Instruments potentiostat.
Cyclic voltammetry (CV) measurements were performed by using a one-compartment
cell with a three-electrode configuration, which consisted of a glassy carbon disk
(diameter 3 mm, from BAS Inc.), platinum wire, and Ag/Ag" electrode (Ag/0.01 M
AgNOs) as the working, auxiliary, and reference electrodes, respectively. The glassy
carbon disc working electrode was polished using 0.05 pm alumina paste (from BAS Inc.)
and washing with purified H>O prior to each measurement. Ferrocene was used as an
internal standard and all potentials are referenced to the ferrocenium/ferrocene (Fc/Fc™)

couple at 0 V.

Controlled potential electrolysis (CPE)

CPE was performed in a gas-tight two-compartment electrochemical cell, where the first
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compartment held the carbon plate working electrode (1.2 cm? surface area) and Ag/Ag"
reference electrode (Ag/0.01 M AgNO3) in 5 ml of 0.1 M TBAP/MeCN with catalyst and
proton source, while the second compartment held the Pt auxiliary electrode in 5 ml of
0.1 M TBAP/MeCN containing TBAA (0.2 M) as sacrificial oxidant. The two
compartments were separated by a Nafion® membrane. The solution was purged
vigorously with CO> for 30 mins prior to electrolysis. The electrolysis experiment was
performed for 1 h under constant stirring. The amount of CO and H: produced was
quantified from an analysis of the headspace with a Shimadzu GC-8A with TCD detector
equipped with a capillary column with Molecular Sieve 13X-S 60/80. Calibration curves

were made by sampling known amounts of H> and CO.

X-ray crystallography

Single crystal X-ray diffraction data were collected on a Synergy Custom system CCD
Plate equipped with confocal monochromated Mo-Ka. radiation (1=0.71069 A) coated
with Paratone-N (Hampton Research Corp., Aliso Viejo, CA, USA). Data was processed
using CrysAlisPro system software.’” The structure was solved by dual-space algorithm
using SHELXT program?® through the Olex2 interface.>* All non-hydrogen atoms were
refined anisotropically using a least-squares method, and hydrogen atoms were fixed at
calculated positions and refined using a riding model. SHELXL—-2014/7 was used for
structure refinement.*’ Full-matrix least-squares refinements on F? based on unique
reflections with unweighted and weighted agreement factors of R = Z||Fo| — |F¢||/Z|Fo| (
> 2.00 o(7)) and wR = [Ew(Fo* — F2)*/Zw(F.?)*]"? were performed. Mercury 4.0.0 was
used for visualization and analysis of the structure. Crystallographic data have been
deposited with Cambridge Crystallographic Data Centre: Deposition numbers CCDC
2110898 for CuTPFP. Copies of the data can be obtained free of charge via

www.ccdc.cam.ac.uk/data_request/cif.
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Concluding Remarks

The research described in this thesis has investigated the effect of the reaction field on the
electrochemical CO> reduction activity catalyzed by metal porphyrin complexes.

In chapter 1, I focused on the modification of the second coordination sphere of
the iron porphyrin complex to control the reaction field. I have successfully synthesized
and characterized a new iron porphyrin complex which bears a hydroquinone moiety at
the meso position. Electrochemical analysis of the iron porphyrin complex under CO>
indicated that the catalytic activity is improved by introducing a hydroquinone moiety.
This study clarifies that modification of the secondary coordination sphere with
hydroquinone is an effective strategy for improving the catalytic activity of an iron
porphyrin complex for CO; reduction.

In chapter 2, I investigated the effect of the reaction medium on the
electrochemical CO; reduction activity catalyzed by iron porphyrin complex. Although
reaction medium is important reaction field that influences the selectivity and reactivity,
so far, there has been no example that investigates the effect of the reaction medium on
the electrochemical CO; reduction reaction in detail. In this chapter, I have shown a
dramatic improvement in the electrochemical CO> reduction activity of iron(III)
tetraphenylporphyrin complex simply by changing the reaction medium. Importantly, the
use of MeCN as the solvent significantly enhanced the catalytic activity. Under the
optimized conditions, iron(III) tetraphenylporphyrin complex exhibited the highest TOF
(7,300,000 s™') among the current best-in-class molecular catalysts. The “quick and easy”
method presented in this thesis is a new approach for improving the electrochemical CO»
reduction activity of iron porphyrin complexes.

In chapter 3, I have shown a copper-based homogeneous catalyst that exhibits
highly active electrochemical CO» reduction. I selected copper porphyrin complex
bearing strong electron withdrawing substituent at the meso positions as a copper-based
molecular catalyst that satisfied the following three elements: (i) copper porphyrin as a
scaffold, (ii) introduction of strong electron-withdrawing substituents, and (iii) soluble in
MeCN as a reaction medium. The complex exhibited a TOF value for CO production of
1,460,000 s at 7= 0.85 V, which is more than 1,000,000 times higher than those of other
reported copper-based catalysts. Furthermore, the TOF value of the copper catalyst at a
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low overpotential (1,770 s' at 7 = 0.17 V) was superior than those of most catalysts,
demonstrating the advantages of my strategy. I believe that the present study will open a
new avenue for the development of efficient copper-based homogeneous catalysts for
COz reduction.

Collectively, the results in this thesis have shown that the catalytic activity of
electrochemical CO: reduction system is improved dramatically by the effect of reaction
field. Modification of the second coordination sphere is an attractive way to control the
reaction field because this strategy provides a virtually infinite number of molecular
designs. The method to control the reaction field focusing on the reaction medium may
be widely used because of its convenience. I believe that the appropriate combination of
the modification of the second coordination sphere and reaction medium may provide a

much more excellent electrochemical CO; reduction system in the future.
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