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Preface

The studies in this thesis were conducted under the guidance of Prof. Dr. Hiroshi Shinokubo
at Graduate School of Engineering, Nagoya University during the period from April 2017 to
March 2022.

This thesis mainly focuses on the synthesis and function of heteroatom-inserted porphyrin
with cationic charge. To date, neutral heteroporphyrins accumulated rich chemistry, such as
synthesis, physical properties, and applications. On the contrary, the examples of charged
heteroporphyrins were limited even though they were expected to exhibit novel properties. The
main aim of the study in this thesis is the development of the effective synthesis of various
heteroporphyrinium cations and the investigation of the functionalities based on the cationic

charge.
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Chapter 1

1-1. Porphyrins and charged porphyrins

Porphyrin is a square-planar macrocycle that consists of four pyrrole units and four inter-
connecting methine carbon atoms (meso-carbons). Owing to its intriguing physicochemical and
photophysical properties, porphyrin has been exploited as a key component for diverse practical
applications such as photodynamic therapy,' organic photovoltaics,” artificial photosynthesis,’
and supramolecular chemistry.* The creation of new porphyrin-based macrocyclic z-systems with
appropriately tuned electronic structures represents an attractive research topic in modern organic
chemistry.

The introduction of charges on the porphyrin skeleton is a promising approach to modify
the electronic structure of porphyrin. Three strategies to obtain charged porphyrins have been
developed:® 1) introduction of charged substituents at the periphery of porphyrins,® 2)
complexation with valence-mismatched metal into dianionic cavity,” and 3) insertion of
heteroatoms into the porphyrin skeleton (Figure 1-1).® Porphyrins with the charged substituents
exhibit solubility in water, enabling the construction of various nano architectures.®** For
example, assembly of Sn(IV)(OH). tetrakis(4-pyridyl)porphyrin tetracation and
tetrakis(sulfonatophenyl)porphyrin tetraanion constructed J-aggregated nanotubes.”” However,
the charge is not directly introduced on the macrocyclic core. Valence-mismatched
metalloporphyrins typically are not charged (e.g., M = Fe, Co, Mn, Al, Sn, Ga, Bi), because axial
ligands on the metal neutralize the charge.”*“** Without the axial ligand, such as lithium or
bismuth porphyrins, they are often too reactive to handle under inert gas and without moisture.”"
To isolate charged metalloporphyrins, bulky peripheral substituents are required to protect the
charged metal center kinetically. In this manner, an iron(III) porphyrinium cation with 2,6-
bis(triisopropylsiloxy)phenyl groups on the meso-positions was isolated.”® Consequently, the
insertion of heteroatoms into the porphyrin skeleton should be appropriate to clarify the effect of
the charge introduction into the porphyrin core because the charge is directly introduced into the

porphyrinic main skeleton in which the charge is not be neutralized by axial coordinating ligand.
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Heteroporphyrins have three positions in which a heteroatom is introduced: meso-
position,*® p-position,*® and inner position.*® In these three categories, meso-modified
heteroporphyrins are expected to induce the dramatic electronic modulation because the
heteroatom is directly embedded into the macrocyclic conjugation, whereas heteroatoms of f-

modified or core-modified porphyrins partially participate in the conjugated circuit (Figure 1-2).
charged substituents

Ar _| +/-

+
803_
valence-mismatched metal
introduction N
of charge
) or M(lll)
porphyrin insertion of heteroatoms

i

meso-position B-position inner position

Figure 1-1. Porphyrin and charged porphyrins.

Figure 1-2. Conjugated circuit of heteroporphyrins.
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1-2. Synthesis of heteroporphyrins with even-numbered meso-

heteroatoms

A variety of meso-heteroporphyrins have been previously synthesized. Among them,
porphyrins with even-numbered heteroatoms were relatively easily synthesized by taking
advantage of their high symmetry. Porphyrazines (tetraazaporphyrins)’ and phthalocyanines'®

were produced through classical condensation methods (Scheme 1-1).

Ph\Cr \Q«Ph | 0

CN v N N= : CuCl

Mg N ; CE:O + NHy —»

on 270 270°C | A
Ph—N ) Ph

Scheme 1-1. Classical synthesis of porphyrazine (left) and phthalocyanine (right).

X

In 2012, Shinokubo group and Matano group independently developed the preparation of
diazaporphyrins from the reaction of bis(a,o'-dibromodipyrrin) metal complexes with nitrogen
sources (Scheme 1-2)."" Later, dithia-'> and dioxaporphyrins'® were synthesized similarly by
Shinokubo group and Shimizu group. In respect to charged species, however, the precedented
examples have been limited to N-alkylated diazaporphyrin cations'® and N,N'-diarylated

diazaporphyrin dications (Scheme 1-3)."
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Scheme 1-2.  Synthesis of various diheteroporphyrins via bis(a,a'-dibromodipyrrin) metal

complexes.
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Scheme 1-3. N-Alkylated and N,N'-diarylated diazaporphyrins.
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1-3. Synthesis of heteroporphyrins with odd-numbered meso-

heteroatoms

The synthesis of meso-heteroporphyrins with odd-numbered heteroatoms is even more
difficult due to their lower symmetry. For example, mono- and triazaporphyrins were synthesized
through mixed condensation reactions (Scheme 1-4).'° However, this procedure afforded a
mixture of all the possible tetrabenzoazaporphyrin derivatives, among which the desired product

was isolated in a low yield after troublesome separation.

@CN MeMgBr  quinoline
CN

Scheme 1-4. Unselective synthesis of nitrogen incorporated porphyrin derivatives.

Selective synthesis of monoazaporphyrins is divided into two methodologies: one is the
cyclization of tetrapyrroles with a nitrogen source. The other is the conversion of an
oxaporphyrinium cation into a monoazaporphyrin. In 1966, Harris synthesized a
monoazaporphyrin ~ through  cyclization  of  1,19-dibromo-1,19-dideoxybiladiene-ac
dihydrobromide with sodium azide (Scheme 1-5).'” Note that Dolphin and co-workers improved
the cyclization reaction by adding dibenzo-18-crown-6 as a phase transfer agent.'"® The method
required multiple synthetic steps because of the use of unsymmetric building blocks. Fuhrhop and
co-workers developed the synthesis of a monoazaporphyrin from an oxaporphyrinium cation in
1977 (Scheme 1-6)." Although various methods for the synthesis of neutral monoazaporphyrins

were developed, charged meso-monoazaporphyrins have not been investigated.



Chapter 1

R= CHQCHQCOQMG

Scheme 1-5.  Synthesis of monoazaporphyrin via cyclization of tetrapyrrole.

R= CH2CHQCOQMG

Scheme 1-6. Synthesis of monoazaporphyrin via oxaporphyrinium cation.

Oxaporphyrin has been actively explored because it is a key intermediate in the catabolic
transformation of heme to biliverdin (Scheme 1-7).° In the 1990s, Balch and co-workers
developed a coupled-oxidation method to prepare metal oxaporphyrins (Scheme 1-8),%' which
was inspired by heme degradation. Oxidation of metal porphyrins by dioxygen in the presence of
reductant such as ascorbic acid afforded neutral or cationic metal oxaporphyrins. The existence

of the charge on the oxaporphyrins depended on the axial ligands.

72
HOOC COOH HOOC COOH HOOC COOH
heme verdoheme biliverdin

Scheme 1-7. Heme degradation catabolized by heme oxygenase.
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05
reductant M = Fe, Co, Cu
—— L =e.g. Cl, Br, CN, py
n=0,1,2

Scheme 1-8. Synthesis of metal oxaporphyrins through the coupled-oxidation method.

Mizutani and co-workers synthesized zinc oxaporphyrins through the complexation of
bilindione with a Zn(II) ion followed by acid-catalyzed dehydration condensation (Scheme 1-9).%
Bilindione is a tetrapyrrin analogue having carbonyl groups at the terminal a-positions. However,
unfortunately, the yield of the precursory bilindione, which was synthesized by coupled oxidation
and following hydrolysis, was low (4%).? Palladium complex of oxaporphyrin was synthesized

via palladium complexation of bilindione by Balch and co-workers (Scheme 1-10).%

Ph
O,
ascorbic acid
ridine HCI aq.
Ph Ph by
Ph
bilindione
4%
Zn(OAc),
Ac,0O TFA

Zn(ll) oxaporphyrin

Scheme 1-9.  Synthesis of Zn(II) oxaporphyrin from bilindione.
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bilindione

pyridine

Pd(Il) oxaporphyrin

Scheme 1-10. Synthesis of Pd(II) oxaporphyrin from bilindione.

The synthesis of monothiaporphyrins was reported around 1970. Harris synthesized a
cationic thiaporphyrin through condensation of dipyrrolyl monosulphidedialdehyde and
dipyrromethane diacid. However, the insolubility and instability hampered the characterization of
the thiaporphyrinium cation by '"H NMR and mass spectra (Scheme 1-11 top).”® Grigg group
conducted a similar reaction and obtained neutral thiaporphyrin and its oxidation by DDQ

(Scheme 1-11 bottom).?® Unfortunately, the oxidized form was too unstable to isolate.

11
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B =
\NH HN-{
OHC CHO HBr/AcOH air
HOOC COOH

insoluble and unstable

R = COOEt unstable

Scheme 1-11. Synthesis of monothiaporphyrins.

1-4. Overview of this thesis

As mentioned above, charged heteroporphyrins are expected to exhibit fascinating
electronic properties. However, their difficult synthesis hampered further investigation. The
author conceived the synthesis of mono-heteroporphyrinium cations to evaluate the effect of
charge-insertion into the porphyrin core. For the synthesis of heteroporphyrinium cations,
bilindione was adopted as a key precursor (Figure 1-3): Bilindione has two reactive carbonyl
groups, which should be cyclized to heteroporphyrinium cations upon treatment of heteroatom

nucleophiles.

bilindione heteroporphyrinium cation

Figure 1-3. Strategy for the synthesis of heteroporphyrinium cations.

12
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In this thesis, the author succeeded in synthesizing various heteroatom-containing
porphyrinium cations via bilindione and its derivatives (Figure 1-4). Moreover, the functions of
heteroporphyrinium cations exploiting the cationic charge were investigated (Figure 1-5). In
Chapter 2, the facile and practical synthesis of bilindione and oxaporphyrinium cations was
developed. Delocalization of the cationic charge stabilized cis-form of inner NH protons to exhibit
dual-emission derived from cis- and trans-NH tautomers. In Chapter 3, the author succeeded in
the synthesis of stable thiaporphyrinium cations. The compounds exhibited ultrafast quenching
of the excited state compared to the corresponding oxaporphyrinium cations. Theoretical
calculations clarified that the insertion of sulfur accelerated the rate of internal conversion, which
resulted in the low fluorescence quantum yield. In Chapter 4, the author synthesized
azaporphyrinium cations. The inner cavity of the azaporphyrinium cation was distorted into a
rectangle owing to the steric repulsion between the peripheral substituents. The rectangular inner

cavity affected the tautomerization behavior of inner-NH protons.

Chapter 3
thiaporphyrinium cation

Chapter 2
oxaporphyrinium cation

Chapter 4
azaporphyrinium cation

Figure 1-4. Synthesis of various heteroporphyrinium cations.
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Various heteroporphyrinium cations were prepared in hand. Because the synthesis of thia-
and azaporphyrinium cation was low yield and tedious purification was required for the
thiaporphyrinium cation, the author focused on the oxaporphyrinium cation to examine the effect
of charge introduction (Figure 1-5). The cationic charge into porphyrinic macrocycles causes
effective charge delocalization and enhances electron accepting nature. In Chapter 5, the author
investigated the assembling behavior of various metal oxaporphyrinium cations with planar z-
anion pentacyanocyclopentadienide utilizing charge delocalization. They took different packing
structure depending on the metal of oxaporphyrinium cations. In Chapter 6, the cobalt
oxaporphyrinium cation was inserted into the heme-acquisition protein HasA of Pseudomonas
aeruginosa. The reconstructed HasA exhibited strong growth-inhibition ability due to the cationic
charge of the incorporated porphyrin. The reconstructed HasA also inhibited the growth of

multidrug-resistant P. aeruginosa.

(0]
CN
" NCCN
NC CN
A 4
Chapter 5

ion-pairing assembly

Chapter 6
reconstruction into heme protein

Figure 1-5. Functions of oxaporphyrinium cations.
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Chapter 2

2-1. Introduction

As explained in Chapter 1, the 5-oxaporphyrin has been actively explored because it is the
main skeleton of verdoheme, a key intermediate in the catabolic transformation of heme to
biliverdin (Chapter 1, Scheme 1-7)." A variety of 5-oxaporphyrin metal complexes have been
prepared by several research groups, and systematic investigations® into their photophysical,
magnetic, and redox properties, as well as their reactivity toward nucleophiles® have been carried
out (Figure 2-1). Notably, the replacement of one meso-carbon of a typical porphyrin structure
with an oxygen decreases the structural and electronic symmetry, resulting in increased Q-like
absorption.”®

In this chapter, the author described the synthesis and properties of a free-base 5-
oxaporphyrinium cation (2-5%) (Figure 2-1 (b)), which was efficiently prepared by the treatment
of bilindione, a linear tetrapyrrole with terminal carbonyl groups, with trifluoromethanesulfonic
anhydride. Interestingly, 2-5" exhibited unique NH tautomerization behavior that is markedly
different from that of normal porphyrins: the two inner NH units in 2-5" are predominantly
arranged in a cis manner, while regular porphyrins usually prefer adopting a trans configuration.*
This anomalous NH tautomerism manifests in dual emission.” Although cis tautomers have been
recognized as key intermediates in the NH tautomerism of free-base porphyrins, examples of their
isolation and characterization remain scarce.®’ In this work, the author elucidated that the
introduction of charged heteroatoms at the meso-positions effectively stabilizes the cis form of

free-base porphyrinic macrocycles.

Previous work This work

M = Fe, Co, Cu, Zn, Pd free-base
L =e.g. Cl, Br, CN, py
n=0,1,2

Figure 2-1. 5-Oxaporphyrin derivatives.

20



Chapter 2

2-2. Synthesis of bilindione and oxaporphyrinium cations

For the preparation of bilindione 2-3, a modified ‘coupled oxidation’ protocol was
developed (Scheme 2-1). Saito and Itano have synthesized pyridine-coordinated iron(II)
oxaporphyrin 2-4 by a ligand-exchange reaction of iron(II) octaethylporphyrin 2-1 with pyridine®
and subsequent coupled oxidation using molecular oxygen and ascorbic acid.” Subsequent
hydrolysis of 2-4 with 1 M HCI aq. provided bilindione 2-3'° in 28% yield over three steps.
However, the isolation of 2-4 required a multi-step work-up and careful handling under anaerobic
conditions. The author thus focused on cyanoiron(Ill) oxaporphyrin 2-2 as a potential
intermediate,'’ as 2-2 is air-stable. The initial attempt to remove the iron(IIl) ion from 2-2 by
acidic hydrolysis afforded the desired bilindione 2-3 in a very low yield. However, the addition
of ascorbic acid significantly enhanced the efficiency of the hydrolysis of 2-2. After optimization,
2-3 was obtained in 51% yield over two steps through coupled oxidation of 2-1 in the presence
of potassium cyanide and hydrolysis in the presence of ascorbic acid. Caution: As these
procedures may generate hazardous hydrogen cyanide, all operations were conducted in a well-
ventilated hood.

air
KCN
(120 equiv)

ascorbic acid
(30 equiv)

—

MeOH
rt, 3 h

2-1

1 M HClI ag.
ascorbic acid
(2.0 equiv)

—_—
acetone

50°C,12h

J 51% (two steps)

Scheme 2-1. Synthesis of 2-3 by coupled oxidation and hydrolysis.
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Scheme 2-2 shows the syntheses of free-base 5-oxaporphyrinium cations 2-5(OTf) and 2-
5[BAr"y]. Treatment of 2-3 with trifluoromethanesulfonic anhydride (Tf£,0) provided 5-
oxaporphyrinium trifluoromethanesulfonate 2-5(0Tf) in 55% yield. The use of acetic anhydride
(Ac20) instead of T,0O did not generate the ring-closing product. A subsequent ion-exchange
reaction of 2-5(0Tf) with sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaBAr',)
afforded the corresponding borate salt 2-5[BAr"4] in 80% yield. When these two steps were
conducted consecutively, 2-5[BAr"y] was isolated in 82% yield from 2-3. While 2-5(OTf)
gradually underwent degradation on silica gel, 2-5[BAr"4] was sufficiently stable in both solution
and the solid state as well as on silica gel, enabling its purification via column chromatography.
The author attempted protonation of the inner nitrogen atoms of 2-5[BAr"4] with methanesulfonic
acid. However, protonated product was not detected. Instead, hydrolysis proceeded to afford the

ring-opening product.

T,0
(6.0 equiv)
CHyCl,
rt, 1.5 h
55%

2-5(0Tf)

NaBArf, (1.2 equiv)
CH,Cl,, rt, 5 min, 80%

_| BArF4

Tf,0 NaBArF,
(6.0 equiv) (1.2 equiv)

CH,Cl, CH,Cl,
rt,1.5h rt, 5 min
82% (two steps)

CF3

CF3
2-5[BArF,]

Scheme 2-2. Synthesis of oxaporphyrins 2-5(OTf) and 2-5[BAr"4].
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2-3. Structure analysis

The structure of 2-5[BArs] was unambiguously confirmed by single-crystal X-ray
diffraction analysis (Figure 2-2). The oxaporphyrinium skeleton is substantially removed from
the counter ion, suggesting negligible electronic interactions. The positions of the two inner NH
protons were determined based on the C-N—C bond angles.'? Importantly, these two NH units are
arranged in a cis configuration, while typical porphyrins prefer to adopt a frans form due to the
intramolecular steric repulsion.* The predominant formation of the cis form was supported by
theoretical calculations (vide infra). The four central nitrogen atoms are arranged in a rectangular
geometry (long side: 2.97-3.02 A; short side: 2.71 A), while octaethylporphyrin (OEP) contains
a square inner cavity (side length: 2.92 A)."* The rectangular structure of 2-5[BAr4] could be
due to the relaxation of the structural strain derived from the steric repulsion between the two NH
units. Consequently, 2-5[BAr"4] exhibits a highly planar structure with a mean plane deviation of
0.041 A. The lengths of the C—-O bonds (1.362(4) and 1.365(5) A) lie between that of typical C—
O single bonds (1.43 A) and C-O double bonds (1.15-1.28 A),"* suggesting that the oxygen atom

contributes to the overall conjugation.

(b)

Figure 2-2. X-ray crystal structure of 2-5[BAr*4] with ellipsoids set at 50 % probability; (a) top
view and (b) side view. Tetraarylborate anion and all hydrogen atoms except for those on the inner

nitrogen atoms are omitted for clarity.
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The 'H NMR spectra of 2-5(OTf) and 2-5[BAr"4] exhibited signals for the meso-protons
at 9.05-9.44 ppm, which are substantially downfield shifted relative to those of bilindione 2-3
(5.88 and 6.62 ppm)."”> This result indicates the presence of a diatropic ring current in the
macrocyclic conjugation. The aromatic nature of the 2-5" was supported by NICS calculations,
which afforded a NICS(1) value of § =—5.96 ppm at the center of the macrocycle. In addition, the
ACID plot clearly indicated the existence of a clockwise current stream.

The electrochemical properties of 2-5[BArfs] and OEP were studied using cyclic
voltammetry against the ferrocene/ferrocenium couple (Fc/Fc') as an external reference.
Oxaporphyrin 2-5[BAr",] exhibited one reversible oxidation wave and one reversible reduction
wave at 1.08 and —0.74 'V, respectively. These redox potentials are positively shifted relative to
those of OEP (0.38 and —1.91 V), highlighting its enhanced electron acceptability due to the
positive charge. The electrochemical HOMO-LUMO gap of 2-5[BAr*4] (1.82 V) is narrower
than that of OEP (2.29 V).

To clarify the reason for the preferential formation of the cis form in 2-5%, DFT calculations
at the CAM-B3LYP/6-311+G(2d,p) level of theory were conducted (Table 2-1). The solvent effect
was accounted for using the polarizable continuum model (PCM). In general, porphyrin adopts
the trans form 2-6A rather than the cis form 2-6B to avoid steric congestion between the inner
NH protons.* Indeed, the DFT calculations confirmed that 2-6A is by 6.9 kcal mol ™' energetically
more stable than 2-6B. In sharp contrast, the opposite trend was observed for the 5-
oxaporphyrinium cation, i.e., the cis form 2-7B is by 1.5 kcal mol™' more favorable than the trans
form 2-7A. The other possible tautomers, i.e., 2-7C and 2-7D are energetically unfavorable,
suggesting that their contribution is negligible. The charge distributions of the four tautomers 2-
7A-D are shown in Figure 2-3. Importantly, 2-7B shows the greatest delocalization of the positive
charge over the macrocycle among all tautomers. This observation can be rationalized by
considering the resonance contributors (Figure 2-4). In 2-7B, the positive charge can be
delocalized on the side opposite the meso-oxygen atom due to the presence of two electron-
donating amine-type nitrogen atoms. Furthermore, the relative stability of cis- and frans-
tautomers was also evaluated for 5-azaporphyrin 2-8 and its protonated form 2-9. Interestingly,
cationic 2-9 exhibited a cis—trans energy gap that is by 6.6 kcal mol™! smaller than that of neutral

compound 2-8. These results indicate the role of charge delocalization in the stabilization of the
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cis form. The author examined the tautomerism of 2-5[BAr"4] via variable-temperature '"H NMR
measurements. However, decreasing the temperature only resulted in broadening of the "H NMR
signal, indicating a fast equilibrium among the NH tautomers. This notion was also supported by

DFT calculations.

Table 2-1. Relative free energies of the tautomers A-D of porphyrin 2-6 and porphyrin
analogues 2-7-2-9, calculated at the CAM-B3LYP/6-311+G(2d,p) level of theory.”

2-6 (X = CH), 2-7 (X = 0%), 2-8 (X = N), 2-9 (X =N*H)

Compound X AP B’ c’ D’
2-6 CH 0 +6.91 ¢ ¢
2-7 o' 0 -149 +16.87 +5.81
2-8 N 0 +8.05 +8.70  +7.14

2-9 N'H 0 +1.45 +14.40 +6.02

“ To reduce calculation costs, ethyl substituents were replaced with hydrogen atoms in the model
compounds. The solvent effect was accounted for using the PCM method. ® All values in (kcal mol™).

¢ Same as 2-6B.

Figure 2-3. Electrostatic potential maps of 2-7A-D.
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Figure 2-4. Resonance contributors of tautomers of 2-7.

2-4. Optical properties and excited states dynamics

The UV/Vis absorption and fluorescence spectra of 2-5[BAr*] are shown in Figure 2-5 (a).
The absorption spectrum consisted of a slightly broad Soret-like band at 367 nm and sharp Q-like
bands at 565, 607, and 667 nm. The fluorescence spectra (lex = 550 nm) exhibited two bands at
616 and 677 nm. Importantly, the excitation spectra of 2-5(OTf) and 2-5[BAr"4] revealed that the
emission peaks at 616 and 677 nm originated from two different absorbing species (Figure 2-5
(b)). The effect of the counter ion on the electronic spectra of 2-5(OTf) and 2-5[BAr*4] was
negligible. In addition, when the temperature of the solution of 2-5[BAr*4] was lowered, the
absorption peak at 607 nm intensified, while that at 667 nm decreased (Figure 2-5 (c)). These

experimental results strongly suggest that oxaporphyrin 2-5[BAr"4] contains two tautomeric
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species in solution in the ground state: the cis form 2-7B and the trans form 2-7A.'° DFT and TD-
DFT calculations indicated a blue-shift in the absorption maxima of 2-7B relative to that of 2-7A

and thus support these results.

(@) (b)
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08 367 3
- -2
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Figure 2-5. (a) UV/Vis absorption (black solid line) and fluorescence (blue dashed line; Aex =
550 nm) spectra of 2-5[BAr*4] in dichloromethane. (b) Excitation spectra of 2-5[BAr*4] detected
at Aem = 616 nm (blue line) and 677 nm (black line) in dichloromethane. (c) Temperature-

dependent UV/Vis absorption spectra of 2-5[BAr*,] in dichloromethane.
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To obtain detailed insight into the excited-state dynamics, femtosecond transient absorption
(fs-TA) and time-correlated single photon counting (TCSPC) measurements of 2-5[BAr*4] were
conducted in dichloromethane.'” First, upon a selective excitation at 670 nm, fs-TA spectra
corresponding to the excited state of 2-7A (2-7A*) were observed, from which two components
were obtained in the global analysis (evolution-associative species: EAS). As shown in Figure 2-
6, EAS; and EAS; can be assigned to the singlet-state lifetime (1000 ps) and the generation of the
long-lived triplet states (infinite) in 2-7A*, respectively. Additionally, upon excitation at 600 nm,
three EASs were obtained, corresponding to the singlet-state lifetime (EAS;, 20 ps) and the long-
lived triplet state (EAS3, infinite) of the excited state of 2-7B (2-7B*) and the singlet-state lifetime
(EAS;, 1000 ps) of 2-7A*. These results are consistent with the temperature-dependent 'H NMR
analysis of 2-5[BAr"4], corroborating the equilibrium of the NH tautomers in the ground state.
Moreover, the time-resolved fluorescence decay profiles of 2-5[BAr"4], probed at 615 and 680
nm, can be fitted by a single exponential function in two regions with time constants of <30 ps
and 1000 ps, respectively. These time-resolved spectroscopic results demonstrate the absence of
a 2-7B* to 2-7A* tautomerization process in the singlet excited state, because no spectral
evolution is observed in the fs-TA under excitation at 600 nm and no rising fluorescence decay
profiles are detected in the TCSPC upon probing at 680 nm. TD-DFT calculations at the CAM-
B3LYP/6-311+G(2d,p) level of theory corroborated these spectroscopic observations (Figure 2-
7), indicating that the 2-7B* to 2-7A* tautomerization is impeded by a high activation barrier

(10.05 kcal mol ") in the excited state.

S5 5
8 8
(%] [}
Q Q
3 3
C C
3] [9)
£ £
© B ©
5 ——EAS, =20 ps 5
2 EAS,=1000 ps| ¥ | EAS, = 1000 ps
—— EAS; = infinite —— EAS, = infinite
450 560 SéO 660 650 7C|)0 75|0 450 560 550 660 650 7C|)0 75|0
Wavelength / nm Wavelength / nm

Figure 2-6. Evolution-associative spectra (EAS) of 2-5[BAr*4] in dichloromethane. Aex = 600

nm (left) and 670 nm (right).
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TS1*
+10.05
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. . 2-7B*
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Figure 2-7. Energy diagram of tautomerization between 2-7A and 2-7B in the ground and
excited states, calculated at the CAM-B3LYP/6-311+G(2d,p) level of theory (unit: kcal mol ™).
The solvent effect was accounted for using the PCM method. Absorption and emission

wavelengths (unit: nm) are also shown.

2-5. Summary of Chapter 2

The author succeeded in the synthesis and properties of free-base 5-oxaporphyrinium
cation 2-5" via bilindione 2-3. Importantly, the two inner NH units of 2-5" were arranged in a cis
configuration. The photophysical analysis of 2-5" revealed an equilibrium between two tautomers
in the ground state, leading to characteristic dual emission. Furthermore, DFT calculations
revealed that the driving force for the stabilization of the inherently unstable cis form is the
effective delocalization of the positive charge over the low-symmetry z-conjugation system. The
present research demonstrated the profound effect of heteroatoms at the meso-position of
porphyrinoids on their photophysical property. These results provide a new concept for the design
of dual-emissive porphyrinic chromophores through the manipulation of charge delocalization to

control the NH tautomerism.
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Chapter 3

3-1. Introduction

Sulfur-containing z-conjugated molecules have rich chemistry. Various applications have
been explored to utilize attractive properties from the electronic structures of chalcogens.' Sulfur
atoms are often embedded in aromatic z-systems in five-membered rings such as thiophene
derivatives. Thiophene is a 6z aromatic system, which substitutes for a benzene ring structure
without inducing charges. In contrast, introducing sulfur in a six-membered ring without
disrupting the aromaticity generates a positive charge in a thiopyrylium cation structure. The
incorporation of positive charges into heteroatom-containing z-conjugated molecules drastically
changes the electronic structure. However, their inherent high reactivity often results in difficult
isolation. Consequently, thionium ion-embedded z-conjugated molecules have been less explored
than the thiophene embedded counterparts.

The sulfur substitution strategy is also valid for porphyrin derivatives. Various sulfur-
embedded porphyrins have been synthesized” such as core-modified porphyrins, dithiaporphyrins,
and thiacorroles (Figure 3-1). Those sulfur embedded porphyrins are electrically neutral.’®
Thionium ion incorporated porphyrins, 5-thiaporphyrinium cations, were synthesized around
1970.* Unfortunately, their instability hampered complete characterization and further

investigation.

+
N
|

=

thiopyrylium cation

5-thiaporphyrinium cation

AN ‘\
\NH N
\

N HN
P \\

core-modified dithiaporphyrin thiacorrole
porphyrin

Figure 3-1. Sulfur-containing porphyrin derivatives.
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Macrocyclic conjugation depends on the types of sulfur insertion. The sulfur atom in the
core-modified porphyrins does not directly participate in the macrocyclic conjugation.
Dithiaporphyrins and thiacorroles are porphyrinoids with sulfur at the meso-position. However,
their conjugation patterns are different from regular porphyrins. 5-Thiaporphyrinium cations
retain the porphyrin skeleton, in which the sulfur atom directly participates in the macrocyclic
conjugation.

In this chapter, the author synthesized stable 5-thiaporphyrinium cations, which are
regarded as w-expanded thiopyrylium cations. The author discloses the aromaticity and excited
state dynamics of the 5-thiaporphyrinium cations to compare with those of the corresponding 5-
oxaporphyrinium cations. The findings shed light on the effect of sulfur insertion into the

porphyrin skeleton.

3-2. Synthesis of thiaporphyrinium cations

The synthetic route for thiaporphyrinium cations is shown in Scheme 3-1. Treatment of 2-
5[BAr*4] with zinc salt afforded the corresponding metal 5-octaethyloxaporphyrinium cation 3-1
in 98% yield. Nucleophilic addition of 3-1 by sodium sulfide and demetallation with aqueous
hydrochloric acid provided 19-oxo-1-thioxo-bilin 3-2. Among various metal complexes (zinc,
nickel, cobalt, and silver), the use of zinc complex 3-1 afforded 3-2 in the highest yield (98%).
Dehydration condensation of 3-2 with trifluoromethanesulfonic anhydride and the subsequent
anion exchange afforded free-base 5-thiaporphyrinium cation 3-3 containing ca. 1% of free-base
5-oxaporphynrinium cation 2-5[BAr*s]. This result indicates that the cyclization reaction
proceeded through selective nucleophilic attack of the terminal sulfur atom on the carbonyl group.
The trace amount of 2-5[BAr"4] in the crude product was removed by column chromatography
with amino-functionalized silica gel. Treatment of 3-3 with zinc acetylacetonate furnished zinc(Il)
5-thiaporphyrinium cation 3-4. Thiaporphyrinium cations 3-3 and 3-4 were stable in the solution
and solid states under ambient conditions. On the contrary, free-base 5-thiaporphyrinium bromide
salt was reported to be unstable and insoluble, hampering their complete characterization.** The
stability of the present 5-thiaporphyrinium cations 3-3 and 3-4 is likely due to the bulky and soft

tetraarylborate anion.
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T |BAr,

Zn(acac), Na,S

(5.0 equiv) (3.0 equiv) 1M HCl aq.
THF THF
1h,rt 0.5h,rt

CF3
Arf =
2-5[BAI‘F4] CF3 3-1 (98%)

Tf,O NaBArF,

(2.0 equiv) (1.2 equiv)

CH,Cl, CH,Cl,
0.5h, rt 5 min, rt

3-3 (30%)
+ 2-5[BArF,] (<1%)

Zn(acac),
amino-column pure 3-3 (5.0 equiv)
(21% from 3-2) THE
1hrt

3-4 (96%)

Scheme 3-1.  Synthesis of thiaporphyrinium cations.

3-3. Structure analysis

Single crystal X-ray analysis revealed the structures of 3-2, 3-3, and 3-4 (Figure 3-2). The
overall structure of 3-2 was helical to avoid steric hindrance between carbonyl and thiocarbonyl
groups. The positions of three inner NH protons were assigned on the basis of C-N—C bond angles.
Thiaporphyrinium cations 3-3 and 3-4 exhibited a planar structure, suggesting sulfur substantially
contributed to the macrocycle conjugation. The position of sulfur was disordered at the four meso-

positions.
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11.1(2)°
110.5(2)° &

109.4(2)°§

Figure 3-2. X-ray crystal structures with thermal ellipsoids drawn at 50% probability.
Hydrogen atoms except those on the inner nitrogen atoms, and tetraarylborate anions are omitted
for clarity. (a) Overall and side views of 3-2, (b) top and side views of 3-3, and (c) top and side

views of 3-4.
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The meso protons in thiaporphyrinium cation 3-3 appear at 10.26 and 10.24 ppm, which
are downfield-shifted compared with those of oxaporphyrinium cation 2-5[BAr*4] (9.41 and 9.05
ppm). In contrast, the inner-NH protons of 3-3 (—1.05 ppm) were upfield shifted compared with
those of 2-5[BAr*4] (3.28 ppm). A similar trend was also observed between thiopyrylium cation
and pyrylium cation.’ These shifts imply thiaporphyrinium cation 3-3 possesses a stronger ring
current effect than oxaporphyrinium cation 2-5[BAr*s]. The NICS values and ACID plot support
the stronger diatropicity of 3-3.

Electrochemical potentials of 3-2, 3-3, and 3-4 were measured using cyclic
voltammograms. Free-base thiaporphyrinium cation 3-3 exhibited one reversible oxidation wave
at 1.23 V and two reversible waves at —0.65 V and —1.21 V, which were positively shifted
compared with those of free-base oxaporphyrinium cation 2-5[BAr*,] (oxidation potential: 1.08
V, reduction potential: —0.74 V). The difference would be derived from the larger electron affinity
of sulfur than oxygen. The oxidation and reduction potentials of zinc thiaporphyrinium cation 3-
4 at 0.79 V and —0.98 V, respectively, were negatively shifted in comparison to free-base 3-3.

The optical spectra of 3-2, 3-3, and 3-4 exhibited the effect of sulfur insertion. The
UV/Vis/NIR absorption spectrum of 3-2 was red-shifted to ca. 860 nm as compared to that of 2-
3 (Figure 3-3 (a)). Time-dependent density-functional theory (TD-DFT) calculations suggested
that the bathochromic shift in 3-2 is derived from narrower z—z* transition owing to stabilized
LUMO and LUMO+1 by the sulfur atom. Whereas oxaporphyrinium cation 2-5[BAr*,] showed
complex Q-like bands due to the presence of cis- and frans-NH tautomers, the UV/Vis/NIR
absorption spectrum of 3-3 exhibited a simple Q-band (671 nm) (Figure 3-3 (b)). DFT calculations
supported that the trans-NH tautomer of 3-3 is dominant, unlike free-base oxaporphyrinium
cation 2-5[BAr"], in which the cis-NH tautomer is more energetically stable. The spectral feature
of 3-4 resembles 3-3. TD-DFT calculations indicate that the excited state of 3-Zn is derived from
m—7* transition without the contribution of orbitals on zinc. The situation is similar to 3-3 (Figure

3-4, Figure 3-5 and Table 3-1, Table 3-2).
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Figure 3-3. UV/Vis/NIR absorption spectra in dichloromethane. (a) 3-2 (green) and 2-3 (grey).
(b) 3-3 (blue), 3-4 (red), and 2-5[BAr*4] (grey).
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Figure 3-4. Kohn—Sham MOs and energy diagrams of 3-3 (left) and 3-4 (right).
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Figure 3-5. Simulated electronic absorption spectra of 3-3 (top) and 3-4 (bottom).

Table 3-1.

Table 3-2.

40

Summary of simulated excited states of 3-3.
wavelength/nm  oscillator strength transition
577.94 0.2487 HOMO-1 — LUMO+1 (12.5%)
HOMO — LUMO (87.5%)
462.00 0.0035 HOMO-1 — LUMO (47.2%)
HOMO — LUMO+1 (52.8%)
Summary of simulated excited states of 3-4.
wavelength/nm oscillator strength transition
1175.82 0.0000 HOMO — LUMO (100%)
731.96 0.0000 HOMO — LUMO+1 (100%)
584.08 0.2357 HOMO-2 — LUMO+1 (11.2%)
HOMO-1 — LUMO (88.8%)
467.98 0.0229 HOMO-2 — LUMO (37.4%)

HOMO-1 — LUMO+1 (62.6%)
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3-4. Excited states dynamics and rate constant calculations

Next, the author focused on the effect of sulfur on the excited states. Thiaporphyrinium
cations 3-3 and 3-4 emitted very weak fluorescence. Both quantum yields were lower than 1%,
whereas those of oxaporphyrinium cations 2-5[BAr*4] and 3-1 were 1.7% and 27%, respectively.
The fluorescence peaks of thiaporphyrinium cations exhibited almost no enhancement at 77 K
without detection of phosphorescence, while those of oxaporphyrinium cations were significantly
increased (Table 3-3). These results suggest that low quantum yields of thiaporphyrinium cations

were not explained due to phosphorescence.

Table 3-3. Quantum yields of thiaporphyrinium cations and oxaporphyrinium cations.

rt* 77 Kb
3-3 <1% n.d.
3-4 <1% <5%
2-5[BAr",] 1.7% 40%
3-1 27% 56%

@ solvent: dichloromethane. ® solvent: 2-methyltetrahydrofuran. ¢ Absolute fluorescence quantum yields

determined by a calibrated integrating sphere system within +3% error.

The time-resolved fluorescence measurements using the time-correlated single photon
counting (TCSPC) technique for 3-1, 3-3, and 3-4 in dichloromethane were conducted to
investigate the effect of sulfur incorporation into porphyrin skeleton. An excitation pump at 400
nm was employed. 3-1 showed decay profiles with a fluorescence lifetime of a few nanoseconds,
which is a relatively long-lived component to that of 2-5[BAr*s] (see Chapter 2). On the other
hand, 3-4 showed biexponential decay involving fast fluorescence quenching process with the
lifetime of tens of picoseconds, which is followed by a long-lived fluorescence similar to that of
3-1. In the case of 3-3, the fluorescence lifetime is too short to observe within the IRF time (30
ps) window of the apparatus. These results imply that the structural rigidification due to zinc

metalation in oxa- and thiaporphyrinium cations disrupts the nonradiative decay process.
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To get deep insights into the excited-state population dynamics of these porphyrins, the
femtosecond transient absorption (fs-TA) spectroscopy was used where the excitation pump at
660 nm is employed to probe the TA spectra in the visible region (Figure 3-6). In all compounds,
the TA spectra showed similar ground-state bleaching (GSB) band near 660 nm, which
corresponds to the steady-state absorption spectra. The excited-state absorption (ESA) bands were
observed below 590 nm with relatively weak band intensities compared with GSB intensities.
Compared with the singlet state lifetime of 2-5[BAr*4] with the time constant of 1 ns (see Chapter
2), the TA decay profiles of 3-1 showed a longer singlet state lifetime over a few nanoseconds.
This result is well-matched with the fluorescence lifetime obtained by the TCSPC measurements.
However, the excited-state dynamics in thiaporphyrinium cations displayed much faster decay
profiles than those of oxaporphyrinium cations. Double exponential decay components were
obtained in both 3-3 and 3-4, where initial decay components for 3-3 and 3-4 were fitted in the

time constant of 12.6 ps and 37 ps, respectively, followed by the long-lived minor components.
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Figure 3-6. Femtosecond transient absorption spectra and decay profiles of (a) 3-1, (b) 3-3, and
(c) 3-4 in dichloromethane probed at the visible region. The excitation wavelength of 660 nm is

employed.
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To gain another insight into much faster nonradiative decay in photoexcited
thiaporphyrinium cations than oxaporphyrinium cations, theoretical analysis was performed on
3-4 and 3-1 to simulate their decay rate constants for the electronic- and spin-vibronic transitions
from the photoexcited S; state (Table 3-4). The components of the predicted rates suggested that
the major decay pathway of photoexcited 3-1 should be the intersystem crossing to the T, state

with a rate constant of 4.7 x 10% s

, which is consistent with the previous experimental
observation (see Chapter 2). Meanwhile, the rate constant of the internal conversion to the Sy state
in 3-4 was predicted to be 2.1 x 10° s™', suggesting that the photoexcited 3-4 mainly decays
through the internal conversion. Further detailed analysis revealed that the remarkable
enhancement of the internal conversion decay rate in 3-4 is mediated by the lowest-lying
vibrational mode associated with the out-of-plane motion of the sulfur atom with a notably low

frequency (22.4 cm™"), which is not present in 3-1 (Figure 3-7). This largely-enhanced internal

conversion should underlie the small lifetime of the photoexcited thiaporphyrinium cations.

Table 3-4. Summary of transition rate constants of 3-4 and 3-1.

34 31
S4——— Radiative transition
\iﬂsc(Tz) ke (S1—S0) 926 x107s' 1.03x10%s™
\ —T Nonradiative transition
K ki \ kisc(TH) kisc (S1—Th) 3.55x 10°s! 4.51 x 107!
— Ty kisc (S1—T2) 9.59 x 108s! 4.68 x 10%s!
So kic (S1—So) 2.06x10°s" 1.95x10°s™

No. 1,22.4 cm™! No. 2,51.1 cm™! No. 1, 58.2 cm™! No. 2, 59.2 cm™!

Figure 3-7. The displacement vectors of the two lowest-lying vibration modes in the S; state

for (a) 3-4 and (b) 3-1.
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3-5. Summary of Chapter 3

In summary, the author synthesized 19-oxo-1-thioxo-bilin 3-2 as a precursor of 5-

thiaporphyrinium cation. The author also synthesized free-base 5-thiaporphyrinium cation 3-3,

which was stable under ambient conditions. Complexation of 3-3 with zinc acetylacetonate

afforded zinc(Il) 5-thiaporphyrinium cation 3-4. These thiaporphyrinium cations exhibited

distinct macrocyclic conjugation from NMR and UV/Vis/NIR spectra. Moreover, detailed optical

measurements and theoretical calculations clarified that sulfur insertion into the porphyrinic

skeleton accelerated the internal conversion, resulting in low fluorescence quantum yields. The

findings would help design bio-active materials based on heteroporphyrins.
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Chapter 4

4-1. Introduction

The replacement of meso-carbon with nitrogen is a versatile method to modulate the
electronic property of porphyrins.! The insertion of sp’-hybridized nitrogen atoms into the
porphyrin skeleton enhances the electron accepting nature and lowers the symmetry. The Matano
group’ and Shinokubo group® independently developed further functionalization of 5,15-
diazaporphyrins by introducing substituents on the meso-nitrogen atoms. On the other hand, N-
substituted cationic monoazaporphyrins have not been explored due to the synthetic difficulty of
monoazaporphyrins associated with the lower symmetry (see Chapter 1).** In this chapter, the
author synthesized 5-azaporphyrinium cations to reveal the effect of the substituent on the

nitrogen atom (Figure 4-1).

+
200 SN o o N
N N N N N
'’ N 7 A\ / N\ 7 A\ '’ N 7 A\
N /M\ N N /M\ NtR R-N /M\ N:R
N N= / N N= N N=
AN P L &% AN

porphyrin

azaporphyrin N-functionalized azaporphyrin

Figure 4-1. Functionalization of meso-nitrogen atoms embedded in the porphyrin skeleton.

4-2. Synthesis of azaporphyrinium cations

Ring-opening of oxaporphyrinium cation 2-5[BAr*4] via nucleophilic addition with aniline
afforded 1-ox0-19-(phenylamino)-bilin 4-1 in 72% yield (Scheme 4-1). Ring-closure with T,0
and Zn(acac), provided azaporphyrinium trifluoromethanesulfonate 4-2 in 34% yield. No ring-
closure reaction proceeded in the absence of Zn(acac),. Zinc complex of 4-1 was detected by mass
spectrometry in the reaction mixture. Zinc chelation with four pyrrolic nitrogen atoms results in
the close proximity of the amino and carbonyl groups to facilitate the ring-closure reaction.

Trifluoromethanesulfonic acid, generated in the reaction mixture, demetalated the zinc. After ion-
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exchange reaction with NaBAr"4, the corresponding tetraarylborate salt 4-3 was obtained. Both
azaporphyrinium cations 4-2 and 4-3 were stable and isolable on the silica-gel column
chromatography unlike the free-base oxaporphyrinium cation (2-5(OTf)). All products were
characterized by NMR, HRMS, and UV/Vis/NIR absorption spectroscopy.

~]BAr,

aniline
(3.6 equiv)

—_—

THF
rt, 0.5 h

2-5[BArF,]
2%
Tf,0 ~|OTf
(10 equiv)
Zn(acac), NaBArF,
(3.0 equiv) (1.2 equiv)
CH,Cl, CH,Cl,
rt, 0.5h rt, 5 min
CF5
Arf = %
4-3
CFs3 73%

Scheme 4-1. Synthesis of 5-azaporphyrinium cations and the plausible intermediate in the

dashed box.

4-3. Structure analysis

The structure of 4-1, 4-2, and 4-3 were unambiguously confirmed by X-ray crystallography.
The structure of 4-1 was helical to avoid the steric hindrance between the phenyl group and
pyrrolone (Figure 4-2). The position of two inner-NH protons in the cavity was assigned on the
basis of C-N-C bond angles of pyrrole rings, while the other was located at the outer nitrogen.
The 'H NMR spectrum of 4-1 supported this assignment: Two protons were observed in the lower
magnetic field region (13.8 and 10.5 ppm), while the other was observed in the higher magnetic

field region (6.1 ppm). In the crystal, M- and P-forms of 4-1 were detected in a 1:1 ratio. The
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NMR spectrum of 4-1 exhibited several minor peaks even after exhaustive purification. The minor
peaks could be originated from the imine-form tautomer.® As the solution of 4-1 was heated, the
intensity of the minor peaks increased, while that of the major component decreased.
Unfortunately, the low solubility of 4-1 in organic solvents except halogenated solvents hampered

further investigation on the solvent dependent tautomerism.

Figure 4-2. (a) Top view and (b) side view of the X-ray crystal structure of 4-1 with ellipsoids

at 50%. Carbon-bonded hydrogens were omitted for clarity.

Two azaporphyrinium cations 4-2 and 4-3 exhibited different crystal structures (Figure 4-
3). The phenyl group of 4-2 was tilted at 8.52° with respect to the porphyrin plane. Moreover, the
azaporphyrinium skeleton of 4-2 was warped, while that of 4-3 is rather planar: The mean plane
deviation of 4-2 and 4-3 were 0.113 A and 0.036 A, respectively. The structure optimization of
the crystal structure geometries afforded planar conformation, revealing that the distortion was
induced by the crystal packing force. Focusing on the packing mode, 4-2 exhibited a face-to-face
dimeric packing. The distance between the two azaporphyrinium cations was 3.415 A. In contrast,
azaporphyrinium cations of 4-3 were aligned in a columnar manner. The plane distances of 3.348
A and 4.929 A alternated, suggesting that 4-3 also formed a dimeric structure in crystal. The
difference in the packing structure of 4-2 and 4-3 could be derived from the different sizes of the
anions.” Tetraarylborate, a larger anion than triflate, would extrude the azaporphyrinium cation to
form the columnar alignment. The positions of the inner-NH protons in both azaporphyrinium

cations were assigned to trans-form based on the bond angles of the pyrrolic C-N—C linkages.

48



Chapter 4

Figure 4-3. X-ray crystal structures of (a) 4-2 and (b) 4-3. Packing structures of (c) 4-2 and (d)
4-3. Solvent molecules (cyclohexane) were omitted in the packing structure of 4-3. Thermal
ellipsoids were drawn at 50% probability. All hydrogen atoms except for those on the inner

nitrogen atoms are omitted for clarity.

4-4. Rectangular inner-cavity

The 'H NMR peaks of inner-NH protons of azaporphyrinium cations 4-2 and 4-3 were
broad and split. The variable temperature NMR analysis clarified that the two inner-NH proton
signals coalesced at 45 °C (Figure 4-4). The activation energy of the inner proton exchange of 4-
2 was determined to be 14.6 kcal mol ™' from the Eyring equation.® In contrast, the 'H NMR peaks

of the inner-NH protons of oxaporphyrinium cations (2-5(OTf) and 2-5[BAr's]) and
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thiaporphyrinium cation (3-3) were sharp at room temperature. Coalescence of the NH signals of

2-5[BAr",] was not observed upon decreasing the temperatures until —90 °C.

55 °C A ALY

50 °C

45°C M %
40°C MWM

\
_20°C| ; J‘L JL

T T
02 04 06 08 -10 -12 -14 -16 ppm

Figure 4-4. Variable temperature '"H NMR spectra of 4-2 in CDCl;.

To clarify the origin of the coalescence of inner NH protons, theoretical calculations on the
tautomerization behavior of 4-2 were conducted at the CAM-B3LYP/6-311+G(2d,p) level (Figure
4-5). DFT calculations clarify the effect of f-alkyl substituents on the tautomerization behavior
(Figure 4-5 (a) and (b)). The structures of TS3 and TS4 are stabilized in the octamethyl-
substituted azaporphyrinium cation compared to those in the azaporphyrinium cation without
methyl groups. Comparison of the inner cavity sizes suggests that steric repulsion between the N-
phenyl and S-ethyl substituents results in deformation of the inner-cavity to a rectangle (Figure
4-6). Accordingly, the distance of two nitrogen atoms in a horizontal direction is shortened by the
distortion, which lowers the activation barriers of tautomerization via TS3 and TS4. Owing to the
small activation energies, coalescence or peak splitting due to the horizontal proton transfer
cannot be observed. Consequently, the coalescence detected by the '"H NMR analysis should be
assigned as tautomerization via vertical protons transfer. The activation energy of TS1 (14.18 kcal
mol '; Figure 4-5 (b)) are in line with the experimental value. In comparison with a neutral regular
porphyrin (Figure 4-5 (c)), TS1 and cisC were stabilized in the case of azaporphyrinium cations

owing to the cationic charge (see Chapter 2). Moreover, the signals of inner NH protons in the 'H
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NMR spectrum of neutral octaethylporphyrin are split at room temperature, highlighting the effect

of the cationic charge to lower the activation NH barrier of proton migration.’
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Figure 4-5. Energy diagram of the tautomerization process of (a) azaporphyrinium cation, (b)
octamethylazaporphyrinium cation, and (c) octamethylporphyrin. Unit: kcal mol"'. The

calculations were conducted at the CAM-B3LYP/6-311+G(2d,p) level.

51



Chapter 4

a (b) (©

rxé 2.749A )\ r\G 2.682 A }\1 rxé 2.6982)A |

b NS N N\

| 89.06° 92.95° | 89.24° 92.46° 1 189.55(7)°91.70(7)° ,
o LN o | oo o
0 © < o o N
Yol ~N © 100N ' W
28 g o O )

190.95(7)°87.79(6)% >

DY T S N T T

Figure 4-6. Bond length and angles of (a) azaporphyrinium cation, (b)
octamethylazaporphyrinium cation, and (c) octaethylazaporphyrinium cation (crystal structure of

4-3). The values of (a) and (b) are taken from the optimized structures at the CAM-B3LYP/6-

311+G(2d,p) level.

4-5. Summary of Chapter 4

The author synthesized N-phenylazaporphyrinium cations. The inner cavity was distorted
due to the steric hindrance between N-phenyl and fS-ethyl groups. The distorted cavity affected

the tautomerism of inner-NH protons.
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Chapter 5

5-1. Introduction

Crystal engineering is the discipline to understand the structure—property relationship
between one specific molecule and its crystalline assembly." The assembly mode of the molecular
component is governed by noncovalent interactions such as hydrogen bonding, coordination
bonding, and halogen bonding. In particular, ion-pairing assembly is an attractive target of crystal
engineering because various charged components afford multiple cation—anion pairs, which
provide diverse packing structures and physical properties.

Among various ion-pair assemblies, the Maeda group has focused on charged 7-systems.?
As well as neutral z-systems, a crystalline assembly constituted from charged z-systems is a
fascinating target for optical and electronic materials. Recently, the group has proposed that the
interplay of charged z-systems, which are named as ‘z—'z interaction, mainly is originated from
dispersion force, not only electrostatic force (Figure 5-1).

In this chaptor, the author discovered ion-pairing assemblies of oxaporphyrinium cations
with pentacyanocyclopentadienide (PCCp~). The positive charge of an oxaporphyrinium cation is
delocalized in the whole porphyrinic core (see Chapter 2). PCCp™ is a stable 7-anion with electron-
withdrawing cyano groups.> Metal oxaporphyrinium cations adopt various crystal packing
structures in the solid state. Energy decomposition analysis (EDA) revealed the origin of the

different packing structures, in which ‘7'z interaction played an essential role.

| _

\/ in-im interaction

- dispersion force
- electrostatic force

r

Figure 5-1. lon-pairing assembly of charged z-systems.

5-2. Synthesis and characterization

The author attempted to prepare an ion pair with PCCp™ and zinc oxaporphyrinium cation

(5-3Zn) by treatment of zinc oxaporphyrinium tetrakis|3,5-bis(trifluoromethyl)phenyl]borate (3-
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1) with sodium pentacyanocyclopentadienide (NaPCCp).* Unfortunately, ion-metathesis reaction
did not proceed, suggesting that harder counter anions are required for efficient ion exchange.
The author then prepared oxaporphyrinium cations with triflate or chloride as the counter ion
(Scheme 5-1). Treatment of 2-5(OTf) with nickel acetylacetonate furnished corresponding nickel
complex 5-1. The reaction of 2-5(OTf) with zinc acetylacetonate and work-up with 1 M HCl aq.
afforded zinc oxaporphyrinium chloride 5-2. Then, anion exchange of oxaporphyrinium cations
with hard anions by NaPCCp was conducted in acetonitrile. After silica-gel column
chromatography and recrystallization afforded corresponding metal oxaporphyrinium
pentacyanocyclopentadienides 5-3Ms (M = 2H, Ni, Zn). All products were characterized by NMR,

HRMS, UV/Vis absorption spectroscopy, and X-ray analysis.

NaPCCp
(3.0 equiv)
—_—

CHsCN
rt, 40 min

2-5(0Tf)
Ni(acac),-nH>,O
5.0 equiv (3.0 equiv)
CH,ClI,/THF CH5CN
rt,4.5h rt, 1h
Zn(acac),
(5.0 equiv)
THF, rt, 3 h
NaPCCp
1 M HCI aq. (3.0 equiv)
CH,Cl, CHsCN
rt, 15 min rt,1h

90%
Scheme 5-1.  Synthesis of 5-3Ms.
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In C NMR spectra of 5-3Ms, two additional peaks appeared at around 100115 ppm in
comparison to the precursors, indicating the presence of PCCp.*** In addition, the inner-NH
proton signal of 5-3FB (2.78 ppm) was up-field shifted than those of 2-5(OTf) (3.13 ppm) and 2-
5[BAr*,] (3.28 ppm). This implies the free-base oxaporphyrinium cation and the PCCp interact
mutually in solution to shift the inner-NH proton signal due to the ring-current effect of the PCCp™.

In UV/Vis absorption spectra of 5-3Ms (Figure 5-2), peaks at 248 and 257 nm suggest the
presence of PCCp.*° The spectral shape of 5-3Ms from 300 to 800 nm resembled those of their
precursors, indicating that the absorption bands are originated from the oxaporphyrinium cations.
5-3FB exhibited dual emission due to cis- and frans-tautomers of inner-NH protons, as is the case

of FB-BAr", (see Chapter 2).
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Figure 5-2. UV/Vis absorption (solid line) and fluorescence (dashed line, 1ex = 550 nm) spectra
of 5-3FB (blue), 5-3Ni (green), and 5-3Zn (magenta) in dichloromethane.

5-3. Crystal structure analysis

Crystals for X-ray diffraction analysis were prepared by the slow vapor diffusion method.
Structures of 5-3Ms and precursors were unambiguously confirmed, in which 5-3FB, 5-3Zn, and
5-3Ni exhibited different packing structures. All solid-state structures of 5-3Ms included no

solvent molecules in the crystals. The packing structure of 5-3FB consisted of two independent
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FB's (FB-a and FB-b) and three independent PCCp's (PCCp-a, PCCp-b, and PCCp-c). These
ionic species were repeated in the order of PCCp-c, FB-a, PCCp-a, FB-a, PCCp-c, FB-b, PCCp-
b, and FB-b (Figure 5-3). The PCCp™ unit in 5-3FB aligned in parallel to the oxaporphyrinium
cation. The oxaporphyrinium cation and PCCp~ were closely packed at distances of 3.34-3.54 A.
In contrast, the PCCp anion in 5-3Zn was tilted and coordinated to the zinc center with the
nitrogen atom (Figure 5-4). The distance between zinc and nitrogen atoms was 2.60 A, which was
shorter than the distance between the FB-a plane and the nitrogen atom of PCCp-c (2.88 A).
Interestingly, S5-3Ni exhibited face-to-face dimeric stacking of positively charged
oxaporphyrinium cations (Figure 5-5), while positively and negatively charged species were
stacked together alternately in 5-3FB and 5-3Zn. The plane distance of oxaporphyrinium cations
was 3.31 A and that of PCCp~ was 3.28 A. The oxaporphyrinium unit in 5-3Ni was distorted with
a mean plane deviation (MPD) of 0.086 A as compared with 5-1 (MPD = 0.026 A), 5-3Zn (MPD
=0.015 A), and 5-3FB (MPD = 0.028 and 0.049 A). The distortion could be caused by the small

ionic size of nickel(Il), which is not matched with the inner cavity size.

PCCp-c o ""i"%—.

FB-a 2
JNI 2 9 o
3.34 o
PCCp-a : A S Ad "J FB-b
3.34A v @ )
FB-a % 4 I ? e SgNg@®B® rCCpb
PCCp-c O-M LR e et
) A
3.54 A 1288 ¢ 3 ® 25

) RSPS9 S Nrelogy o ¢ RS9 2BBI9
N o9 oy Pooee 12_90A13.44A
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Figure 5-3. X-ray crystal structure of 5-3FB. Carbons of oxaporphyrinium cations and PCCp~
are colored in cyan and magenta, respectively. Black arrows and values mean the distances
between planes. Blue arrows and values mean the distances between the nitrogen atom of PCCp~

and oxaporphyrinium cation plane.
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Figure 5-4. X-ray crystal structure of 5-3Zn. Carbons of oxaporphyrinium cations and PCCp~

are colored in cyan and magenta, respectively. Black arrow and value mean the distance between

planes. Blue arrows and values mean bond length of axial coordination.

Q 9 o 3 v o o
Figure 5-5. X-ray crystal structure of 5-3Ni. Carbons of oxaporphyrinium cations and PCCp~

are colored in cyan and magenta, respectively. Black arrows and values mean the distances

between planes.
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To elucidate the origin of different packings of 5-3Ms, the author conducted the energy
decomposition analysis (EDA)’ based on the fragment molecular orbital (FMO) method FMO2-
MP2 using the mixed basis sets including NOSeC-V-TZP with model core potential (MCP) for
Ni and Zn and NOSeC-V-DZP with MCP for the other atoms.® The EDA calculations using the
FMO vyielded the resulting outputs of electrostatic (Ecs), dispersion (Eaisp), charge transfer (Ec),
and exchange-repulsion (E.x) interaction energies along with the total interaction energy (Eior).
The induction energy is taken into account as that by polarization effects. In FMO calculations,
the wave functions of the fragment monomers are optimized in the presence of the classical
electrostatic potentials of the other fragment monomers so that the converged fragment monomers
are polarized. Consequently, the induction interaction energy is distributed in the energy values
obtained using EDA. In 5-3FB, the Ei values of the stacking pairs (—152.92 and —130.24 kcal
mol ' for c5-a2 and c5-a5, respectively) were larger than that of the lateral pair (-21.26 kcal mol
! for ¢5-a6) (Figure 5-6). Eqisp has the largest contribution for E of the stacking pair, which would
be derived from the proximity of PCCp~ and ethyl substituents or z-plane of FB". Therefore, Ejisp

decreased and E.; became the predominant contributor in the lateral pairs.

100 c5-a2 c5-a5 c5-ab c5-a9 c2-c5 a2-a5 c5-c6

R L

50 |

-100 |

-150 | Eiot: Ep
||

-200 | E, w== FE_:

interaction energy (kcal mol-)

'250 —- Edisp: —

Figure 5-6. Decomposition of the total intermolecular interaction energy of 5-3FB, derived

from EDA based on the FMO2-MP2 method using the basis set NOSeC-V-DZP with MCP.
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The EDA of 5-3Zn exhibited the E\ value was more stabilized than that of 5-3FB (Figure
5-7). The Ees value and the Egis, value for c3-al were destabilized to —61.03 kcal mol ™' and —
138.32 kcal mol ', respectively. Compared with the electrostatic potential maps, the cationic
charge of 5-3Zn was delocalized on the zinc atom (Figure 5-8), suggesting the effect of
coordination of cyano groups to zinc. The E¢s and Egisp of the stacking ion pairs in 5-3FB and 5-

3Zn were favored, suggesting a contribution from the ‘z—'r interaction.

100 - c3-al c3-a2 c3-c4 c1-c3 al-a3
g oL I " II.__ ll = ol i
S sl |
g -100 - |
-‘% -150 | Eior: == Ey v
& -200 |- Epe: mmm E,:
= -250 L Edisp:_

Figure 5-7. Decomposition of the total intermolecular interaction energy of 5-3Zn, derived
from EDA based on the FMO2-MP2 method using the mixed basis set including NOSeC-V-TZP
with MCP for Zn and NOSeC-V-DZP with MCP for the other atoms.

8 O
-

Figure 5-8. Electrostatic potential maps for cationic part of (a) 5-3FB, (b) 5-3Zn, and (c) 5-

3Ni. Ethyl substituents were replaced with methyl substituents to reduce the calculation cost.
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The Ei: values of the two-by-two charge-by-charge assembly of nickel oxaporphyrinium
cations c1-c2 and PCCp anions al-a2 were —180.62 and —1.40 kcal mol ', respectively (Figure 5-
9). The difference would be derived from the size of the contact area. The large overlapping of
the cationic z-planes effectively stabilized the Egisp. The energetically favorable Egis, between the
identically charged species (—230.44 and —59.97 kcal/mol for cl-c2 and al-a2, respectively)
exceeded the corresponding energetically unfavorable E. (20.40 and 47.99 kcal/mol,
respectively) and Eec (51.15 and 15.68 kcal/mol, respectively), resulting in the formation of the
unique packing structure.

c1-c2 al-a2 cl-ai c1-a2
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Figure 5-9. Decomposition of the total intermolecular interaction energy of 5-3Ni, derived
from EDA based on the FMO2-MP2 method using the mixed basis set including NOSeC-V-TZP
with MCP for Ni and NOSeC-V-DZP with MCP for the other atoms.

5-4. Summary of Chapter S

The author synthesized ion pairs of PCCp™ and various metal oxaporphyrinium cations.
They exhibited different packing structures, in which electrostatic and dispersion forces played a
vital role in determining their packing mode, revealed by the EDA analysis. These findings are

helpful for designing electronic materials.
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Chapter 6

6-1. Introduction

Heme proteins fulfill essential roles in biological organisms, involving metabolism
(cytochrome P450)," oxygen transport (myoglobin),” and heme degradation (heme oxygenase).’
These functions are essentially derived from iron protoporphyrin IX (heme) as a cofactor of heme
proteins. Substitution of native heme with artificial hemes has attracted much attention with
respect to improving the biological activity of heme proteins.* In this area, research has mainly
focused on two types of artificial hemes: Heme derivatives and core-modulated porphyrin
analogues (Figure 6-1). The reconstruction of heme proteins with heme derivatives has been
investigated given the ease of access to the latter through exchange of the central metals® and
modification of peripheral substituents.® On the other hand, accommodation of core-modulated
porphyrins such as heteroporphyrins’ and isomeric porphyrins® should lead to enhanced
functionality due to their substantial electronic perturbations. For example, myoglobin
reconstructed by monoazaporphyrin exhibited an oxygen affinity that is 50 times higher than that
of native myoglobin.” However, incorporation of porphyrin analogues into heme proteins remains
limited, because lengthy de novo synthesis is required to introduce heme-like peripheral
substituents, which interact with heme proteins.

Recently, Shoji and co-workers have discovered that the heme-acquisition protein (HasA)
accommodates artificial hemes without heme-like structures.” The author thus anticipated that the
use of HasA could potentially enable the inclusion of various types of heteroporphyrins to provide
reconstructed heme proteins with superior functionality. In this chapter, the author clarified that
HasA effectively accommodates a cobalt 5-oxaporphyrinium cation, which leads to strong
growth-inhibition activity against Pseudomonas aeruginosa and multidrug-resistant P

aeruginosa.
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artificial hemes
heme derivatives

o

HOOC  COOH FOOE - el

metal exchange substituent
modification

core-modulated porphyrin analogues

HOOC  COOH HOOC  COOH
heteroporphyrin porphyrin isomer

Figure 6-1. Reconstructed heme protein and artificial hemes.

6-2. Synthesis of metal oxaporphyrinium cations and reconstruction
into HasA

Oxaporphyrin is observed as an intermediate in the heme degradation mediated by heme
oxygenase.’ As described in Chapter 2, the author established the synthesis of a free-base 5-
octaethyloxaporphyrinium cation (2-5[BAr*4]). Treatment of 2-5[BAr*4] with nickel, zinc, cobalt,
and silver salts afforded the corresponding metal 5-octaethyloxaporphyrinium cations
(MOEOQOPs) in good yields (Scheme 6-1). Unfortunately, iron complexation was unsuccessful
because the intrinsically reactive oxaporphyrin skeleton was not durable against the iron-
complexation condition. The characterization of MOEQOPs was accomplished by NMR and
UV/Vis absorption spectroscopy, high-resolution mass spectrometry, single-crystal X-ray
diffraction analysis, and cyclic voltammetry. Although several metal 5-oxaporphyrinium cations

have already been reported, previously established synthetic methodologies remain limited to
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autoxidation'® and the metalation of bilindione."" The present procedure via the metalation of 2-

5[BAr"*4] offers direct and efficient access to a variety of metal 5-oxaporphyrinium cations.

—IBAr, —IBAr,

metal source

(5.0 equiv)
THF
time, rt
2-5[BArf,] MOEOP
metal source time M yield

Ni(acac),-nH,O 0.5h Ni 99%
Zn(acac), 1.0h Zn 98% (3-1)
Co(OAc), 1.0h Co 100%

AgOAc 20h Ag 82%

Scheme 6-1. Synthesis of MOEOPs.

Next, the reconstruction of HasA with these metal oxaporphyrins was attempted. For that
purpose, a solution of metal oxaporphyrin in DMSO was added to the heme-free open-form HasA
(apo-HasA). After the removal of DMSO by dialysis, followed by purification via anion-exchange
chromatography, the corresponding reconstructed HasAs were obtained. The complexation
behavior differed depending on the central metal of the oxaporphyrins. For example, HasA did
not accommodate NiIOEOP and AgOEQP, and although ZnOEOP was slightly incorporated,
purification of the reconstructed protein from apo-HasA failed. In contrast, the use of CoOOEOP
successfully afforded reconstructed HasA, which was separated from apo-HasA and purified. The
difference in the incorporation behavior could be caused by the axial-coordination ability of the
central metals. An ESI-TOF MS analysis of reconstructed HasA exhibited a peak at 19624.0 Da,
which corresponds to the CoOEOP-HasA complex (Figure 6-2 (a)). The UV/Vis absorption
spectrum of CoOEOP-HasA exhibited the characteristic change from that of CoOEOP after
reconstruction (vide infra) (Figure 6-2 (b)). Additionally, HasA reconstituted with cobalt

octaethylporphyrin (CoOEP) was also prepared in the same manner for comparison (Figure 6-2

(c)).
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Figure 6-2. (a) ESI-TOF mass spectrum of CoOOEOP-HasA. (b) UV/Vis absorption spectra of
CoOEOP in dichloromethane (gray) and CoOEOP-HasA in phosphate-buffered saline (pH = 7.4;
green). (¢) UV/Vis absorption spectra of CoOEP in dichloromethane (gray) and CoOEP-HasA in

phosphate-buffered saline (pH = 7.4; magenta).

70



Chapter 6

6-3. Structure of reconstructed HasA

To acquire insight into reconstructed HasAs, the single-crystal X-ray diffraction structures
of CoOOEOP-HasA and CoOEP-HasA were both obtained at 1.35 A resolutions. These structures
are comparable to those of heme-bound HasA (holo-HasA) (Figure 6-3 (a), (b), and (c)). The root-
mean-square deviations (RMSD) over 1-183 amino acid residues for Ca atoms against holo-HasA
(PDB 3ELL) were 0.648 and 0.616 respectively. The positions and angles of CoOEOP and
CoOEP were almost identical with those of heme. The position of oxygen in CoOOEOP was
determined on the basis of the electron density (Figure 6-3 (c)). His32 and Tyr75 are ligated to
the cobalt center of CoOOEOP and CoOEP.

Figure 6-3. Single-crystal X-ray diffraction structures of CoOOEOP-HasA (green, PDB 7VFS),
CoOEP-HasA (magenta, PDB 7VF7), and holo-HasA (gray, PDB 3ELL). (a) Overall structures
of CoOEOP-HasA. His32 and Tyr75 are shown as stick models. (b) Superimposed image of
CoOEOP-HasA (green), CoOEP-HasA (magenta), and holo-HasA (gray). (c) Enlarged view of

the complex-binding domain.
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The UV/Vis absorption spectra of CoOOEOP and CoOEOP-HasA differ substantially. In
particular, the intense absorption band of CoOEOP at 627 nm was bathochromically shifted to
687 nm in CoOOEOP-HasA (Figure 6-2 (b)). The absorption feature is similar to that of the Co(I1I)
OEOP complex.'® To determine the valence of the cobalt center in HasA, ESR spectra of these
cobalt complexes were measured. COOEOP-HasA and CoOEP-HasA exhibited no ESR signals
(Figure 6-4 (a) and (b)), supporting a +3 valence state of the cobalt center with a d® electron
configuration in HasA, while COOEOP and CoOEP were ESR active (Figure 6-4 (c) and (d)).
Moreover, treatment of CoOEOP-HasA with dithionite resulted in hypsochromic shift in the
absorption spectrum, suggesting the reduction of cobalt center. These results indicate that the
Co(1) centers in CoOOEQP and CoOEP are oxidized during the insertion into HasA. Probably,
the axial coordination of the protein residues, especially that of axial tyrosinate ligands, stabilizes

the high valence state of the cobalt center.

@ (b)

— "\

1000 2000 3000 4000 5000 6000 7000 O 1000 2000 3000 4000 5000 6000 7000

magnetic field/G magnetic field/G
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2500 3000 3500 4000 2500 3000 3500 4000
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Figure 6-4. ESR spectra of (a) CoOEOP-HasA, (b) CoOEP-HasA, (c) CoOEOP, and (d)
CoOEP. Measurement conditions of (a) and (b): 200 uM, PBS solution, 4 K. Measurement
conditions of (c) and (d): 200 pM, 2-methyltetrahydrofuran, 77 K.
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6-4. Growth-inhibition activity toward Pseudomonas aeruginosa

To investigate the potentially changed bioactivity of metal-5-oxaporphyrinium-cation-
accommodating HasA, their growth-inhibition activities against P. aeruginosa were examined.
Previously, Shoji and co-workers have reported that HasA coordinated with synthetic porphyrins
inhibits the growth of P. aeruginosa even in the presence of holo-HasA as a heme source.’ In
order to examine the growth inhibition ability of CoOEOP-HasA and CoOEP-HasA, P
aeruginosa was firstly cultured in M9-based medium containing EDTA as a free iron scavenger.
Subsequent culturing was carried out in the presence of 1 uM of CoOOEOP-HasA or CoOEP-HasA
and 1 uM holo-HasA as the iron source. The growth of P. aeruginosa was monitored by checking
the optical density at 600 nm (ODsno) of the bacterial cultures. Notably, COOEOP-HasA inhibits
the growth of P. aeruginosa more strongly than CoOEP-HasA (Figure 6-5). Half maximal
inhibitory concentrations of CoOEOP-HasA and CoOEP-HasA were 0.090 uM and 0.52 uM,
respectively. In addition, COOEOP-HasA inhibited the growth even with an excess amount of
holo-HasA. Reconstructed HasAs exhibited no toxicity against P. aeruginosa and HasA-free

porphyrins (CoOEOP and CoOEP) did not affect the growth curve.

0.254 — -®- Holo-HasA
0.207 —& Holo-HasA
_ 0.151 + CoOEP-HasA
S 0.10- - Holo-HasA
+ CoOEOP-HasA
0.05-

0
0 12 24 36 48 60 72 84 96
time/h

Figure 6-5. Growth curves of P. aeruginosa.
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This inhibition is rationalized in terms of the tight binding of synthetic porphyrins to the
HasA-specific outer-membrane receptor HasR, i.e., the receptor of heme delivered by HasA
(Figure 6-6).” HasR from Serratia marcescens forms a ternary complex of HasA-HasR-heme
(PDB 3CSL), in which heme is bound by two histidine ligands of HasR.'* Although the crystal
structure of HasR from P. aeruginosa has not been obtained, the predicted structure by
AlphaFold2" exhibited the similar structure to that from Serratia marcescens. Consequently,
HasR from P. aeruginosa probably forms the similar HasA-HasR-heme complex. The bound of
synthetic porphyrins to HasR would prevent the subsequent acquisition of heme, thus inhibiting
the growth of P. aeruginosa. The author speculates that the higher growth-inhibition activity of
CoOEOP-HasA arises from the stronger binding of CoOEQOP to the heme binding site of HasR
with two histidine ligands (His221 and His624) than CoOEP on account of the enhanced ligand
binding to the Co(III) center given the cationic charge of the OEOP ligand. The growth inhibition
of multidrug-resistant P. aeruginosa was also examined. Importantly, COOEOP-HasA effectively
inhibited the growth of multidrug-resistant P. aeruginosa (MDRP0043)"* (Figure 6-7 (b)), which
has been declared a hazardous bacterium by the WHO.'® Thus, the use of reconstructed proteins

with heteroporphyrins shows promising potential to combat multidrug-resistant P. aeruginosa.

~

HasA
outer membrane His His —_— His  His
periplasm
HasR

tighter binding to HasR

Figure 6-6. Proposed mechanism of growth inhibition of P. aeruginosa by reconstructed

CoOEP-HasA and CoOEOP-HasA.
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Figure 6-7. Growth curves of multidrug-resistant P. aeruginosa.

6-5. Summary of Chapter 6

In conclusion, a robust method for the synthesis of various metal oxaporphyrins has been
established. Moreover, the author succeeded in the incorporation of CoOOEQOP into HasA. HasA
accommodates artificial porphyrins that possess a cationic charge on the porphyrin core.
Interestingly, CoOOEOP-HasA exhibited a higher growth-inhibition ability against P. aeruginosa
than CoOEP-HasA. The intense growth-inhibition activity of CoOOEOP-HasA could be due to the
enhanced ligand binding to the Co(Ill) center as a consequence of the cationic oxaporphyrin
skeleton. The author thus proposes that the growth-inhibition ability is correlated to the porphyrin
structure. The strong growth inhibition by CoOEOP-HasA was also effective for multidrug-

resistant P. aeruginosa.
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Chapter 7

Summary of This Thesis

This thesis described the synthesis and functions of heteroporphyrinium cations. The author
explored their functions by focusing on the effect of the cationic charge.

From Chapter 2 to Chapter 4, the author synthesized oxa-, thia-, and azaporphyrinium
cations to reveal their properties. In Chapter 2, the synthesis of oxaporphyrinium cations was
described. The author adopted bilindione as a key precursor and synthesized oxaporphyrinium
cations via dehydration condensation by trifluoromethanesulfonic anhydride. The delocalized
cationic charge stabilized the cis-form of inner-NH protons; meanwhile, regular porphyrins
generally prefer trans-form to avoid the steric hindrance in the inner cavity. The oxaporphyrinium
cation exhibited the dual-emission derived from cis- and trans-tautomers. Chapter 3 disclosed the
synthesis of thiaporphyrinium cations and the excited state dynamics in comparison with
oxaporphyrinium cations. Detailed photophysical measurements of the thiaporphyrinium cations
elucidated their ultrafast nonradiative deactivation. The rate constant calculations disclosed the
major decay pathway of thiaporphyrinium cations was the internal conversion, while that of
oxaporphyrinium cations was the intersystem crossing to the T, state and the radiative
deactivation. The insertion of sulfur caused out-of-plane vibrational motion, resulting in the short
lifetime of the excited states. In Chapter 4, the synthesis and unique tautomerization of the
azaporphyrinium cation was demonstrated. The azaporphyrinium cation was synthesized by
cyclization of 1-oxo-19-(phenylamino)-bilin. Single-crystal X-ray analysis revealed the inner
cavity of the azaporphyrinium cation was strained to a rectangle due to the steric repulsion
between the N-phenyl substituent and S-ethyl substituents. The rectangular inner cavity lowered
the activation barrier of proton migration in the short axis direction.

Chapters 5 and 6 focused on the utilization of the cationic charge of oxaporphyrinium
cations. The introduction of the cationic charge into the porphyrinic skeleton induced charge

delocalization and enhanced the electron acceptability. In Chapter 5, ion-pairing assembly of
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various metal oxaporphyrinium cations with pentacyanocyclopentadienide was investigated. X-
ray crystallography visualized various packing structures depending on the inner metals of the
oxaporphyrinium cations. The energy decomposition analysis clarified that the different
morphology originated from electrostatic and dispersion forces. The charge delocalization played
an essential role in the interactions. Chapter 6 described the heme-acquisition protein HasA
reconstructed with the cobalt oxaporphyrinium cation. The biological activity was investigated to
demonstrate that the reconstructed HasA exhibited strong growth-inhibition ability against P
aeruginosa owing to the cationic charge incorporated into the porphyrin, which intensified the
binding to the HasA-specific receptor HasR. The growth-inhibition activity was also valid for
multidrug-resistant P. aeruginosa.

Through this thesis, the author shed light on the profound chemistry of heteroporphyrinium
cations and elicited novel functions that stemmed from the cationic charge. These findings
manifest the potentials of heteroatom-embedded charged porphyrins. Furthermore, the author
expects the present results to promote the development of functional materials or bio-active

molecules with electronic modulations induced by heteroatoms.
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A1l-1. Introduction

Dihydrophenazine is a reduced form of phenazine. The electron rich nature of
dihydrophenazines has been applied to charge-transporting layers in solar-cells and semi-
conducting materials."* Recently, N,N'-diaryldihydrophenazines have regained the spotlight due
to their intriguing stimuli-responsive properties.* However, their limited synthesis has hampered
further investigations of their fundamental characteristics.® The conventional synthesis of
dihydrophenazines often requires strongly basic conditions using organolithium reagents or high
temperature process, both of which do not allow the incorporation of most of functional dye units.’
Shinokubo group has discovered that oxidation of N-aryl substituted aminoanthracenes produced
N,N’-diaryl substituted dihydropyrazine-fused anthracene dimers Al-1 in a one-step operation
(Figure A1-1).% In addition, their reversible conformational change upon electrochemical and
chemical redox processes has been disclosed. Because this oxidative fusion reaction proceeds
under neutral conditions at room temperature, the author expected that the methodology should
be applied to the synthesis of z-extended dihydrophenazines containing functional dyes motifs.
In this chapter, the author has succeeded in the synthesis of z-extended dihydrophenazines A1-2

with two porphyrin units.
O
iN)

N,N'-diphenyldihydrophenazine A1-1

Figure Al-1. N,N’-Diphenyldihydrophenazines and z-extended dihydrophenazines.

&3



Appendix 1

A1l-2. Synthesis

The synthesis started from preparation of amino-substituted porphyrin derivatives (Scheme
Al-1). First, 2-(N-phenyl)amino-5,10,15-tris(3,5-di-tert-butylphenyl)porphyrin Ni(I[) (A1-4a)
was prepared as a precursor. Aminoporphyrin Al-4a was synthesized by palladium-catalyzed
cross-coupling of A1-3a with aniline in 66% yield. Then, A1-4a was subjected to the oxidation
reaction with DDQ (2.0 equiv), producing the corresponding dimer Al-2a in 90% yield. Its
dimeric structure was confirmed by its high-resolution mass spectrum at m/z = 2039.0440. The
'H NMR spectrum of Al-2a at room temperature contained several broadened peaks, which
became sharp to be assignable as the temperature decreased. The spectrum appeared C;
symmetrical feature, showing six kinds of S-protons and one meso-proton in the aromatic region.
Disappearance of the singlet peak due to the f-proton adjacent to the amino group observed in
Al-4a indicates the successful formations of intermolecular C-N bonds at these positions. The
presence of more than three kinds of ortho protons due to meso-aryl groups suggests the non-
planar structure of Al-2a. In addition, one of these signals shifted to the upper field (7.37 ppm)

than others (7.84-8.38 ppm), indicating the presence of shielding effect from adjacent porphyrin

unit.
PhNH, (1.2 equiv) R
Pd,(dba)3-CHCI5 (10 mol% Pd) H
| Xantphos (10 mol%) N
Cs,CO3 (2.2 equiv
Ar Gt ( quiv) Ar @
1,4-dioxane
90 °C, 24 h
A1-3a: R = 3,5-di-tert-butylphenyl A1-4a (66%)
A1-3b: R = triisopropylsilylethynyl A1-4b (72%)
Ar R © R
t-Bu
DDQ (2.0 equiv) N A
CHCl, for A1-2a N B
PhCF; for A1-2b t-Bu
rt, 3 h R @ R Ar

A1-2a (90%)
A1-2b (76%)

Scheme A1-1. Synthesis of dihydropyrazine-fused porphyrin dimers A1-2.
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The author also synthesized another diporphyrin A1-2b with triisopropylsilylethynyl
substituents at meso-positions. In this case, the oxidative dimerization under the same conditions
as Al-2a resulted in 44% yield. However, the use of a,a,0,-trifluorotoluene as a solvent improved

the yield of A1-2b to 76% yield.”

A1-3. Structure analysis

The structure of Al1-2a was unambiguously elucidated by single crystal X-ray diffraction
analysis. Figure Al-2 displays the crystal structure of Al-2a. As analyzed by the NMR
spectroscopy, Al-2a exhibited a non-planar, saddle-shaped conformation in crystal.® The dihedral
angle consisted of two pyrrole units proximal to the dihydropyrazine unit was 145°. The smaller
angle sum around the central nitrogen atoms (344°/350°) than 360° indicates sp® configuration of
the nitrogen atoms of the dihydropyrazine ring. The central dihydropyrazine unit adopts a boat-
like conformation. The average bond length of C—N bonds in the central dihydropyrazine unit
was 1.42 A, which is slightly shorter than the standard C(sp*)-N(sp®) bond. Each porphyrin unit
forms a ruffle conformation as observed in common Ni(Il) porphyrin complexes. The deviations
from a mean plane consisted of carbon and nitrogen atoms of the main skeleton without aryl

substituents were 0.311 and 0.336 A.

Figure A1-2. (a) Top and (b) side views of X-ray crystal structure of Al-2a. The thermal
ellipsoids are scaled at 50% probability level. Hydrogen atoms and meso-aryl substituents are

omitted for clarity.
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A1-4. Electronic structure

Figure A1-3 shows UV/Vis absorption spectra of Al-2a, A1-2b, Al-4a, and Al-4b in
dichloromethane. The Soret-band of A1-2a and A1-2b is split due to exciton coupling as often
observed in closely arranged porphyrin dimers. Compared to Al-4a, the lowest energy band of
Al-2a was slightly blue-shifted. The similar tendency was observed for A1-2b and A1-4b. To
gain further insight on electronic structures of the dimers, electrochemical measurements were
performed. The redox potentials were measured by CV and DPV. The results are summarized in
Table Al-1. Both oxidation and reduction waves for the dimers were irreversible. The
irreversibility suggests their dynamic motion under electrochemical conditions as anthracene-
based dihydrophenazine reported previously.”” The first oxidation potential of A1-2b was higher
than that of A1-2a, reflecting the electron-withdrawing nature of ethynyl substituents. The gaps
between the first oxidation and reduction potentials of the dimers were almost equal or smaller
than those for the corresponding monomers. For A1-2b, the shift of the first reduction potential
from A1-4b was relatively larger than that of the oxidation potentials, indicating the effect of
electron-donating ability of the dihydrophenazine nitrogen atoms to the porphyrin units became

weak upon dimerization.
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Figure A1-3. UV/Vis absorption spectra of Al-4a (red, dashed), A1-4b (black, dashed), A1-2a

(red, solid), and A1-2b (black, solid). All spectra were recorded in dichloromethane.
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Table A1-1. Summarized redox potentials of A1-2a, A1-2b, A1-4a, and A1-4b.

Eo' Ered' AE AEqo
Al-4a | 0.247 -1.80 2.05 2.18
Al-4b | 0.362 -1.56 1.92 1.98
Al-2a | 0.257 -1.80 2.02 2.19
Al1-2b | 0324 ~1.47 1.79 2.06

@ Potentials versus ferrocene/ferrocenium cation couple. * AE = Eox'—Ered'. ¢ Calculated from electronic

absorption spectral analysis.

Theoretical calculations by the DFT method were performed. The optimized geometry of
Al-2a at the B3LYP/6-31G(d) level was almost identical to the experimental structure obtained
by the X-ray analysis. LUMO of A1-2a was delocalized over the entire porphyrin units, while
HOMO existed mainly on the central dihydropyrazine unit and the N-phenyl substituents. This
result indicates the nitrogen atoms in Al-2a serve as an electron-acceptor due to their more
electron negative nature than carbon atoms. This situation is in contrast with that of Al-4a, in
which the nitrogen atom at the S-position works as an electron-donor due to its positive
mesomeric effect. The simulated electronic absorption spectrum of Al-2a by the TD-DFT
calculation revealed that the lowest energy transition is mainly contributed from HOMO-LUMO
transition. This analysis is in good agreement with the experimental results: the lowest energy
band of Al-2a or Al-2b appeared in the blue-shifted region compared to the corresponding

monomers Al-4a or A1-4b.

A1-5. Summary of Appendix 1

In summary, the synthesis of dihydropyrazine-fused porphyrin dimers was achieved
through oxidation of f-amino-substituted porphyrins. The saddle-like structure of the dimer was
revealed by X-ray diffraction analysis. Optical measurements and theoretical calculations
indicated the electronic effect of nitrogen atoms was switched from electron-donor to electron-
withdrawer upon dimerization. The electrochemical study suggested that the dimers showed
conformational change upon redox process. The present study demonstrated that the oxidative

fusion reaction to construct z-extended dihydrophenazines is promising for the effective
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extension of other z-conjugated functional molecules.
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A2-1. Introduction

Studies on oxidation of meso-hydroxyporphyrins have been encouraged by their biological
importance because heme catabolism proceeds through meso-hydroxylation of its porphyrin
skeleton.! Degradation of hemes in biological systems yields various oligopyrrolic endogenous
pigments such as verdoheme, biliverdin, and bilirubin. The synthetic procedures to provide these
pigments have been well-established.”* Furthermore, recent studies demonstrated that porphyrin
meso-oxy radicals generated by hydrogen abstraction of meso-hydroxyporphyrins were
remarkably stable under ambient conditions in spite of their open-shell character.>*

In 1997, Smith et al. examined the stability of meso-oxy radical A2-1 in light of the steric
effect at the 15-position (Figure A2-1)."® They reported that the radical A2-1 was fairly stable
under ambient conditions but slowly underwent oxidative degradation after storage for 2 weeks
in solution to form 15-hydroxy-15-iso-5-oxophlorin A2-2. Oxophlorin is a keto-form of
hydroxyporphyrin and isooxophlorin is a tautomer of oxophlorin (Figure A2-2). Recently, Osuka
and co-workers reported that 5-hydroxy-10,15,20-triarylporphyrins A2-3 were oxidized with
PbO, to generate the corresponding meso-oxy radicals A2-4 as stable species.’® They also
conducted further oxidation of A2-4 with tris(4-bromophenyl)aminium hexachloroantimonate to
obtain the single-electron oxidized species, oxophlorin cations A2-5. However, the reactivity of
oxophlorin cations A2-5 has been scarcely examined. In this chapter, the author describes that
oxidation of free-base meso-hydroxyporphyrin A2-3a with phenyliodine(III) bis(trifluoroacetate)
(PIFA) in the presence of H,O provided 15-hydroxy-15-iso-5-oxophlorin A2-7a and its
regioisomer A2-6a. The mechanistic study suggested that oxophlorin cation A2-10a was a
plausible intermediate. Furthermore, the metal complexation, acid-mediated isomerization of A2-

6a to A2-7a, and physical properties of thus obtained hydroxyisooxophlorins were also examined.
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. HO
t-Bu o .o o
A2-1 A2-2
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Ar OH Ar =0 |Ar =0

Ar Ar L Ar )
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Figure A2-1. Structures of meso-hydroxyporphyrin and oxidized species A2-1-A2-5.

OH = 0‘——>: (o)

hydroxyporphyrin oxophlorin isooxophlorin

Figure A2-2. Tautomerization of meso-hydroxyporphyrin.

A2-2. Oxidation of meso-hydroxyporphyrins with PIFA

5-Hydroxy-10,15,20-triarylporphyrins 3°*¢ were treated with PIFA (1.0 equiv) and an

excess amount of H>O in dichloromethane at room temperature (Table A2-1). In entry 1, the

reaction of free-base porphyrin A2-3a for 30 min afforded 10-hydroxy-10-iso-5-oxophlorin A2-

6a and 15-hydroxy-15-iso-5-oxophlorin A2-7a in 43% and 22% yields, respectively. Extension

of the reaction time to 4 h increased the amount of A2-7a along with the decrease of A2-6a (entry

2). These results imply that A2-6a gradually isomerized to A2-7a during the reaction. The author

realized that this isomerization was promoted by in situ generated TFA (vide infra). Then, the

reactions in the presence of KoCOj3; were conducted (entries 3 and 4). The isomerization was fully
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suppressed to afford A2-6a and A2-7a in the ratio of ca. 2:1. The reaction of meso-
hydroxyporphyrin nickel(Il) complex A2-3b generated the corresponding nickel(II) complex A2-

7b in a relatively low yield as a sole isolable product (entry 5).

Table A2-1. Oxidation of 5-hydroxyporphyrins A2-3 with PIFA in the presence of H,O.”

Ar Ar Ar
Ar OH g» Ar o + HO (0]
Ar
Ar Ar OH Ar
A2-3a (M = 2H) A2-6a (M = 2H) A2-7a (M = 2H)
A2-3b (M = Ni) A2-6b (M = Ni) A2-7b (M = Ni)
Ar = 3,5-di-tert-butylphenyl
yield (%)
entry A2-3 K,COs (equiv) time (h) A2-6 A2-7
1 A2-3a - 0.5 43 (47) 22 (27)
2 A2-3a - 4 36 (36) 29 (35)
3 A2-3a 5.0 0.5 55 (50) 27 (25)
4  A2-3a 5.0 4 48 (43) 26 (19)
5 A2-3b 5.0 0.5 - 16 (11)

¢ Conditions: 1) PIFA (1.0 equiv), K2COs, H20 (11 equiv), dichloromethane, rt; 2) sat. NaHCO:s aq.
b Isolated yields. Yields determined by '"H NMR spectroscopy from the crude reaction mixture are shown

in parentheses.

A2-3. Mechanistic study

The author examined the effect of TFA on the isomerization of 10-hydroxy-10-iso-5-
oxophlorin A2-6a to 15-hydroxy-15-iso-5-oxophlorin A2-7a (Scheme A2-1). TFA was gradually
added to a CDCls solution of A2-6a with monitoring the 'H NMR spectral change. Upon addition
of 3.0 equiv of TFA, the spectral change was completed. The resulting 'H NMR spectrum
exhibited a low-symmetric spectral pattern with characteristic signals due to the inner NH protons
in the range of 12-16 ppm.” These downfield-shifted signals correspond to inner NH protons,

indicating that protonation proceeded at the inner imine-type nitrogen atoms to produce
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diprotonated species A2-8. Generation of an oxophlorin cation was not observed. The addition of
TFA to a CDCl; solution of A2-7a also caused a similar spectral change, supporting the generation
of diprotonated species A2-9. Importantly, the 'H NMR spectrum of A2-8 gradually changed to
that of A2-9 at room temperature. Such a spectral change was not observed in the absence of TFA.
These results demonstrate that TFA induced the isomerization of kinetic product A2-6a to
thermodynamically more stable product A2-7a. The total energies of diprotonated species A2-8
and A2-9 were calculated by the DFT method using the Gaussian 09 software package at the
CAM-B3LYP/6-31G(d,p) level. The calculations predict that A2-9 is thermodynamically more
stable than A2-8 by 7.6 kcal/mol, which is in good agreement with the experimental results.

Ar B Ar 12+

TFA (3.0 equiv)

Ar (o] = |Ar (o]
CDCly
Ar OH L Ar OH _
A2-6a 2[CF3CO0]
Ar = 3,5-di-tert-butylphenyl A2-8
Ar B Ar 12+
TFA (3.0 equiv
HO o ( quiv)  [HO o
Ar CDClj Ar
Ar L Ar _
A2-7a 2[CF3;COO0]~
A2-9

Scheme A2-1. Protonation of A2-6a and A2-7a with TFA.

To find a clue on the mechanism, meso-oxy radical A2-4a was subjected to the oxidation
with PIFA (0.5 equiv) in the presence of H,O and K,COs (Scheme A2-2). The reaction provided
A2-6a and A2-7a in 52% and 33% yields, respectively, as is the case of oxidation of meso-
hydroxyporphyrins A2-3a. This result implies that oxy radical A2-4a is a plausible intermediate.
Accordingly, the author proposes the following mechanism. PIFA oxidizes A2-3a by one electron

to produce its radical cation, which undergoes deprotonation to form meso-oxy radical A2-4a
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along with TFA.® The second single-electron oxidation of A2-4a produces the corresponding
oxophlorin cation A2-10a, which is hydrated to afford A2-6a and A2-7a. The author also
examined the oxidation of A2-3a with PIFA in the absence of H>O. However, the reaction afforded
a complex mixture of unidentifiable species probably because of the degradation of oxophlorin
cation A2-10a. A similar result was reported by Osuka and co-workers on oxidation of A2-3a

with tris(4-bromophenyl)aminium hexachloroantimonate.>®

Ar Ar
PIFA (0.50 equiv)
K2C03 (50 equiv)
H,0 (11 equiv)
A2-4a —> Ar o + N9 0
CH,Cl, Ar
rt, 30 min
Ar OH Ar
A2-6a: 52% A2-7a: 33%
B Ar 1+
-~ HQO
—— |[Ar (0]
Ar _
[CF5CO0]~
A2-10a Ar = 3,5-di-tert-butylphenyl

Scheme A2-2. Oxidation of free-base porphyrin meso-oxy radical A2-4a with PIFA in the

presence of H>O.

A2-4. Metalation and physical properties

With a synthetic protocol for A2-6a in hand (Table A2-1, entry 3), the conversions of 6a
were examined (Scheme A2-3). Treatment of A2-6a with Ni(OAc):4H,O provided the
corresponding nickel(Il) complex A2-6b in 95% yield. It is worth noting that A2-6b was not
directly produced from meso-hydroxyporphyrin nickel(Il) complex A2-3b (Table A2-1, entry 5).
Furthermore, treatment of A2-6a with TFA followed by neutralization afforded A2-7a in 84%
yield. The metal complexation of A2-7a with Ni(OAc),-4H,O also furnished A2-7b in 94%.
Nickel(II)-metalation of A2-6a and A2-7a was monitored by TLC analysis, respectively,

indicating that the former proceeded more facile than the latter. DFT calculations suggested that
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the structure of A2-6a is more distorted than that of A2-7a. The structural distortion would
facilitate metalation of the central cavity of A2-6a. The stepwise route from A2-6a to A2-7b is
more efficient than the direct oxidation of nickel(Il) complex A2-3b to A2-7b. Although the
complexation of A2-7a with Zn(OAc).-2H,O afforded the corresponding zinc(Il) complex, the

product underwent decomposition during the work-up processes.
Ar Ar

Ni(OAc)»-4H50 (5 equiv)
Ar (0] - Ar (o)
CH,Cl,/MeOH, rt, 5 min

Ar OH Ar OH
A2-6a A2-6b: 95%

1. TFA (3.0 equiv)
CH,Cl,, 40 °C, 68 h

2. NaHCOg ag.
Ar Ar
HO Ni(OAC),-4H,50 (5 equiv) HO o
Ar CH,Cly/MeOH, rt, 80 min Ar
Ar Ar
A2-7a: 84% A2-7b: 94%

Ar = 3,5-di-tert-butylphenyl

Scheme A2-3. Conversions of free-base 10-hydroxy-10-iso-5-oxophlorin A2-6a.

The properties of 10-hydroxy-10-iso-5-oxophlorins A2-6 and 15-hydroxy-15-iso-5-
oxophlorins A2-7 were examined by NMR and UV/Vis/NIR absorption spectroscopies as well as
DFT calculations. The 'H NMR spectra of free-bases A2-6a and A2-7a exhibited the signals due
to the S-protons around 6—7 ppm, which are apparently downfield-shifted from those of porphyrin
(89 ppm). In addition, the signals due to the inner NH protons were observed in the significantly
upfield-shifted region (12—14 ppm). These results suggest the disruption of the aromatic
macrocyclic conjugation circuit of the original porphyrin skeleton.” Figure A2-3 shows the
UV/Vis/NIR absorption spectra of A2-6a, A2-6b, A2-7a, and A2-7b. Free-base 10-hydroxy-10-
iso-5-oxophlorin A2-6a displayed a relatively sharp absorption at 387 nm and broad absorption

bands around 600 nm. This spectral feature resembles that of tripyrrin.'® Consequently, we

96



Appendix 2

understand that the electronic structure of A2-6a is dominated by the tripyrrin unit. This
assumption has been supported by the DFT calculation of A2-6a, in which the frontier orbitals
are mainly delocalized on the tripyrrin unit. On the other hand, 15-hydroxy-15-iso-5-oxophlorin
A2-7a exhibited intense absorption bands at 418 nm and weak absorption bands around 580 nm.
The latter weak absorption bands were not observed for simple dipyrrins.'' The DFT calculation
of A2-7a suggested that the two dipyrrin units of A2-7a were electronically interacted with each
other through the carbonyl linker, which explains the observed low-energy absorption. The
UV/Vis/NIR absorption spectra of nickel(Il) complexes A2-6b and A2-7b are significantly red-
shifted from those of A2-6a and A2-7a. This feature shows their potential utility as functional

dyes such as NIR-absorbing dyes and metal ion sensors.
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Figure A2-3. UV/Vis/NIR absorption spectra of A2-6a (green), A2-6b (blue), A2-7a (black), and
A2-7b (red) in dichloromethane.

A2-5. Summary of Appendix 2

In summary, oxidation of free-base meso-hydroxyporphyrin A2-3a with PIFA in the
presence of H,O afforded 10-hydroxy-10-iso-5-oxophlorin A2-6a and 15-hydroxy-15-iso-5-
oxophlorin A2-7a as major and minor products, respectively. The mechanistic studies suggested
that PIFA serves as a single-electron oxidant toward A2-3a to afford oxophlorin cation A2-10a,

which is hydrated to A2-6a and A2-7a. The author revealed acid-mediated isomerization of A2-
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6a to A2-7a and metalation of A2-6a and A2-7a to their nickel(II) complexes. The properties of

10-hydroxy-10-iso-5-oxophlorins A2-6 and 15-hydroxy-15-iso-5-oxophlorins A2-7 were

examined by NMR and UV/Vis/NIR absorption spectroscopies as well as DFT calculations. The

electronic structures of A2-6 were dominated by its tripyrrin unit, while the two dipyrrin units of

A2-7 were conjugated with each other through the carbonyl linkage.

A2-6. References

1.

98

(a) Oritz de Montellano, P. R. Acc. Chem. Res. 1998, 31, 543-549. (b) Yoshida, T.; Migita,
C. T. J. Inorg. Biochem. 2000, 82, 33—41. (c¢) Oritz de Montellano, P. R.; Wilks, A. A. Adv.
Inorg. Chem. 2000, 51, 359-407.

Reviews on oxidative degradation of meso-hydroxyporphyrins: (a) Balch, A. L. Coord.
Chem. Rev. 2000, 200-202, 349-377. (b) Matano, Y. Chem. Rev. 2017, 117, 3138-3191.

(a) Jackson, A. H.; Kenner, G. W.; Smith, K. M. J. Chem. Soc. C 1968, 302-310. (b) Fuhrhop,
J.-H.; Besecke, S.; Subramanian, J.; Mengersen, C.; Riesner, D. J. Am. Chem. Soc. 1975, 97,
7141-7152. (c) Balch, A. L.; Noll, B. C.; Zovinka, E. P. J. Am. Chem. Soc. 1992, 114, 3380—
3385. (d) Balch, A. L.; Noll, B. C.; Phillips, S. L.; Reid, S. M.; Zovinka, E. P. Inorg. Chem.
1993, 32, 4730—4736. () Balch, A. L.; Mazzanti, M.; Olmstead, M. M. Inorg. Chem. 1993,
32, 4737-4744. (f) Balch, A. L.; Latos-Grazynski, L.; Noll, B. C.; Olmstead, M. M.;
Szterenberg, L.; Safari, N. J. Am. Chem. Soc. 1993, 115, 1422-1429. (g) Balch, A. L.; Latos-
Grazynski, L.; Noll, B. C.; Olmstead, M. M.; Safari, N. J. Am. Chem. Soc. 1993, 115, 9056—
9061. (h) Khoury, R. G.; Jaquinod, L.; Nurco, D. J.; Smith, K. M. Chem. Commun. 1996,
1143-1144. (i) Balch, A. L.; Koerner, R.; Latos-Grazynski, L.; Lewis, J. E.; St. Claire, T. N.;
Zovinka, E. P. Inorg. Chem. 1997, 36, 3892-3897. (j) Yamashita, K.-i.; Hirano, D.; Asano,
M. S.; Sugiura, K.-i. Chem. Lett. 2014, 43, 1049-1051.

Review on porphyrin-based stable organic radicals: Shimizu, D.; Osuka, A. Chem. Sci. 2018,
9, 1408-1423.

(a) Bonnett, R.; Dimsdale, M. J.; Sales, K. D. Chem. Commun. 1970, 962-963. (b) Khoury,
R. G.; Jaquinod, L.; Shachter, A. M.; Nelson, N. Y.; Smith, K. M. Chem. Commun. 1997,
215-216. (¢) Khoury, R. G.; Jaquinod, L.; Paolesse, R.; Smith, K. M. Tetrahedron, 1999, 55,



10.

11.

Appendix 2

6713-6732. (d) Shimizu, D.; Oh, J.; Furukawa, K.; Kim, D.; Osuka, A. J. Am. Chem. Soc.
2015, 137, 15584-15594. (e) Esdaile, L. J.; Rintoul, L.; Goh, M. S.; Merahi, K.; Parizel, N.;
Wellard, R. M.; Choua, S.; Arnold, D. P. Chem. Eur. J. 2016, 22, 3430-3446.

Esdaile, L. J.; Senge, M. O.; Arnold, D. P. Chem. Commun. 2006, 41924194,

The chemical shifts of "H NMR signals due to the inner NH protons are comparable to those
of protonated meso-aryl dipyrromethanes: Urieta, J.; Maroto, B. L.; Moreno, F.; Agarrabeitia,
A.R.; Ortiz, M. J.; de la Moya, S. RSC Adv. 2015, 5, 68676—68680.

Kita and co-workers reported that PIFA worked as a single-electron oxidant: Kita, Y.; Tohma,
H.; Hatanaka, K.; Takada, T.; Fujita, S.; Mitoh, S.; Sakurai, H.; Oka, S. J. Am. Chem. Soc.
1994, 116, 3684-3691.

(a) Johnson, A. W. Pure Appl. Chem. 1971, 28, 195-217. (b) Vogel, E. Pure Appl. Chem.
1993, 65, 143-152. (c) Vogel, E. Pure Appl. Chem. 1996, 68, 1355-1360. (d) Lash, T. D.
Chem. Rev. 2017, 117, 2313-2446.

(a) Sessler, J. L.; Gebauer, A.; Kral, V.; Lynch, V. Inorg. Chem. 1996, 35, 6636—6637. (b)
Broring, M.; Prikhodovski, S.; Brandt, C. D.; Tejero, E. C. Chem. Eur. J. 2007, 13, 396. (¢)
Broring, M.; Prikhodovski, S.; Brandt, C. D.; Tejero, E. C.; Kdhler, S. Dalton Trans. 2007,
200-208. (d) Hung, C.-H.; Chang, G.-F.; Kumar, A.; Lin, G.-F.; Luo, L.-Y.; Ching, W.-M.;
Diau, W.-G. Chem. Commun. 2008, 978-980. (e) Gatgzowski, M.; Jazwinski, J.; Lewtak, J.
P.; Gryko, D. T. J. Org. Chem. 2009, 74, 5610-5613. (f) Wang, J.-F.; Yao, Y.; Ning, Y.; Meng,
Y.-S.; Hou, C.-L.; Zhang, J.; Zhang, J.-L. Org. Chem. Front. 2018, 5, 1877-1885. (g)
Umetani, M.; Tanaka, T.; Osuka, A. Chem. Sci. 2018, 9, 6853—6859.

(a) Stork, J. R.; Thoi, V. S.; Cohen, S. M. Inorg. Chem. 2007, 46, 11213-11223. (b) Shin, J.-
Y.; Patrick, B. O.; Dolphin, D. Org. Biomol. Chem. 2009, 7, 2032-2035. (¢) Yu, L,;
Muthukumaran, K.; Sazanovich, 1. V.; Kirmaier, C.; Hindin, E.; Diers, J. R.; Boyle, P. D.;
Bocian, D. F.; Holten, D.; Lindsey, J. S. Inorg. Chem. 2003, 42, 6629—6647.

99



Experimental Section

Experimental Section

Contents

E-1.  Instruction and materialS...........ccccoeeririiniiniinienieeceeeee e 100
E-2.  Synthetic procedures and compounds data............c.ceeeueerieiiiieniiniiienieieee 101
E-3.  Crystallographic data ...........ccoceeiiiiiieniiiiiieieeie et 118
E-4.  REfEICICES...c..eitiiiiiieieceee et 125

E-1. Instruction and materials

'H NMR (500 MHz), *C NMR (126 MHz), and '"F NMR (471 MHz) spectra were
recorded on a Bruker AVANCE III HD 500 spectrometer. Chemical shifts were reported as the
delta scale in ppm relative to CHCl; (6 = 7.26 ppm) for 'H NMR, CDCl; (6 = 77.16 ppm) for *C
NMR, and benzotrifluoride (§ = —62.61 ppm) and hexafluorobenzene (6 = —161.64 ppm) for '°F
NMR. UV/Vis/NIR absorption spectra were recorded on a Shimadzu UV-2550 spectrometer, UV-
2600 PC spectrophotometer (Shimadzu), and U-3310 spectrophotometer (Hitachi). Emission
spectra were recorded on a JASCO FP-6500 spectrometer or JASCO FP-8500 spectrometer.
Absolute fluorescence quantum yields were measured by the photon-counting method using an
integration sphere. Absolute fluorescence quantum yields at 77 K were determined with a
Hamamatsu Photonics C9920-03G calibrated integrating sphere system with A11238-01. Melting
points were measured on a Stanford Research Systems OptiMelt MPA100. High-resolution
atmospheric pressure chemical ionization time-of-flight (APCI-TOF) and electrospray ionization
time-of-flight (ESI-TOF) mass spectra were taken on a Bruker micrOTOF instrument using a
positive ionization mode and a negative ionization mode. The ESI-TOF mass spectrum of
CoOEOP-HasA was recorded on a micrOTOF II (Bruker) using positive mode ESI-TOF method
for protein solutions in 5 mM ammonium acetate buffer. X-ray data for oxaporphyrins were
obtained using a Rigaku CCD diffractometer (Saturn 724 with MicroMax-007) with Varimax Mo
optics and Bruker D8 QUEST X-ray diffractometer with an IuS microfocus X-ray source and a
PHOTON 1I detector. ESR spectra were recorded using an X-band (~9.6 GHz) spectrometer
Bruker E500 spectrometer equipped with a gas-flow-type cryostat (Oxford-900) with 2.6¢ quartz
sample tube. A TEo: cylindrical cavity with a high quality factor was adopted for highly sensitive
measurements. Cyclic voltammograms were recorded using an ALS electrochemical analyzer
612C. Measurements were performed in freshly distilled dichloromethane with

tetrabutylammonium hexafluorophosphate (0.1 M) as the electrolyte. A three-electrode system
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was used. The system consisted of a glassy carbon working electrode, a platinum wire, and
Ag/AgClOy as the reference electrode. The scan rate was 100 mVs™'. The measurement was
performed under nitrogen atmosphere. All potentials are referenced to the potential of
ferrocene/ferrocenium cation couple. All calculations except for the transition state structure at
the excited state were carried out using the Gaussian 09 software package.' Initial geometries for
the calculations were obtained from the X-ray crystal structures. The ethyl substituents were
replaced with hydrogen atoms or methyl substituents and the counter ion was not included to
reduce the calculation cost. The calculations were performed using the density functional theory
(DFT) method with restricted B3LYP? or CAM-B3LYP? level, employing basis sets 6-31G(d), 6-
31G(d,p), or 6-311+G(2d,p) for C, H, N, O, and S and SDD for Ni and Zn. The solvent effect
(dichloromethane) was considered using the polarizable continuum model (PCM) method. The
transition state structure at the ground states was obtained by the TS or QST2 method. For the
calculation of the tautomerization process at the excited state, a rough transition state geometry
was obtained using the Reaction plus Pro software package,’ based on the nudged elastic band
(NEB) method.” Then the transition state geometry was fully optimized using the Gaussian 16
program.® Zero-point energy and thermal energy corrections were conducted at the CAM-
B3LYP/6-311+G(2d,p) level, and the sums of electronic and thermal free energies were obtained.
The zero-point energies were not scaled, and the enthalpic corrections were made at 298.15 K.
Preparative separations were performed by silica-gel column chromatography (Wakogel® C-300)
and amino-functionalized silica-gel column chromatography (Fuji Silysia Chemical NH-
DM1020). Dry dichloromethane was prepared by distillation from CaH,. For reactions that
require heating, the oil bath was used as the heat source. Unless otherwise noted, materials

obtained from commercial suppliers were used without further purification.

E-2. Synthetic procedures and compounds data

Synthesis of 2,3,7,8,12,13,17,18-octaethyl-21H,23H,24H-bilin-1,19-dione 2-3

A round-bottomed flask containing 2-17 (1.3 g, 2.0 mmol), potassium cyanide (16 g, 0.24
mol), ascorbic acid (11 g, 60 mmol) was charged with methanol (1.0 L). The mixture was
vigorously stirred at room temperature for 3 h. After evaporation, the resulting mixture was
redissolved in dichloromethane, washed with water four times, and dried over anhydrous sodium
sulfate. After removing dichloromethane in vacuo, ascorbic acid (0.70 g, 4.0 mmol), 1 M aqueous
hydrochloric acid (80 mL), and acetone (400 mL) were added to the residue. The solution was
stirred for 12 h at 50 °C. After removing acetone in vacuo, the resulting mixture was redissolved
in dichloromethane, washed with water, sat. sodium hydrogen carbonate aq., and brine. The

resulting solution was dried over anhydrous sodium sulfate and evaporated. The mixture was
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purified by silica-gel column chromatography (dichloromethane/methanol = 100/3 as an eluent).
The blue band was collected and further purified by silica-gel column chromatography
(dichloromethane/acetonitrile = 10/1 as an eluent. After removal of the solvent in vacuo,
recrystallization from dichloromethane/hexane afforded 2-3 (0.57 g, 1.0 mmol) in 51% yield as a
blue solid. Compound data of 2-3 have been reported.®

Synthesis of free-base 2,3,7,8,12,13,17,18-octaethyl-5-oxaporphyrinium
trifluoromethanesulfonate 2-5(OTf)

A Schlenk tube containing 2-3 (55 mg, 0.10 mmol) was evacuated and then refilled with
nitrogen gas. To the tube, dry and degassed dichloromethane (20 mL) and
trifluoromethanesulfonic anhydride (98 pL, 0.60 mmol) were added. The mixture was stirred at
room temperature for 1.5 h. The reaction was quenched with 0.1 M aqueous hydrochloric acid,
and the mixture was extracted with dichloromethane. The combined organic layers were washed
with water and dried over anhydrous sodium sulfate. After removing the solvent, the mixture was
purified by silica-gel column chromatography (dichloromethane/methanol = 25/2 as an eluent).
The first blue band was 2-3. The second blue band was collected. After removal of the solvent in
vacuo, recrystallization from dichloromethane/hexane provided 2-5(0Tf) (38 mg, 55 pumol) in
55% yield as a purple solid. M.p. 178 °C (decomposed); '"H NMR (500 MHz, CDCl;, 25 °C): § =
9.44 (s, 1H, meso), 9.08 (s, 2H, meso), 3.71 (q, J = 7.7 Hz, 4H, ethyl), 3.61 (q, J = 7.8 Hz, 4H,
ethyl) 3.52 (q, J= 7.7 Hz, 4H, ethyl), 3.45 (q, J = 7.7 Hz, 4H, ethyl) 3.13 (br-s, 2H, NH), 1.71—
1.64 (m, 24H, ethyl) ppm; *C NMR (126 MHz, CDCls, 25 °C): 6 = 164.2, 151.2, 149.9, 148.4,
145.8, 140.3, 135.7, 135.6, 121.1 (q, J = 322 Hz, CF3), 111.4, 109.2, 19.4, 19.1, 18.7, 18.6, 18.3,
17.8,17.4,15.6 ppm; "’F NMR (471 MHz, CDCls, 25 °C): 6 =—78.0 (3F) ppm; UV/Vis (CH>Cl,):
Jmax (€ [M em™]) = 367 (7.4 x 10%), 565 (1.4 x 10%), 607 (8.0 x 10%), 667 (1.9 x 10*) nm; HRMS
(APCI-TOF, positive mode): [OEOP]" Calcd for C3sHasN4O 537.3588; Found 537.3585.

Counter ion exchange of 2-5(0Tf) to free-base 2,3,7,8,12,13,17,18-octaethyl-5-
oxaporphyrinium tetrakis[3,5-bis(trifluoromethyl)phenyl|borate 2-5[BAr",]

A round-bottomed flask containing 2-5(OTf) (14 mg, 20 umol) and sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (18 mg, 20 umol) was charged with dichloromethane (5.0 mL).
The mixture was stirred at room temperature for 5 min. The resulting mixture was washed with
water three times, and dried over anhydrous sodium sulfate. After removing the solvent, the
residue was purified by silica-gel column chromatography (dichloromethane/hexane = 1/1 as an
cluent) to afford 2-5[BAr*4] (22 mg, 16 umol) in 80% yield as a purple solid. M.p. 190 °C
(decomposed); '"H NMR (500 MHz, CDCls, 25 °C): 6 = 9.41 (s, 1H, meso), 9.05 (s, 2H, meso),
7.69 (s, 8H, Ar-0), 7.47 (s, 4H, Ar-p), 3.65 (q, J = 7.7 Hz, 4H, ethyl), 3.57 (q, J = 7.7 Hz, 4H,
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ethyl), 3.48 (q, J = 7.8 Hz, 4H, ethyl), 3.45 (q, J = 7.7 Hz, 4H, ethyl), 3.28 (br-s, 2H, NH), 1.71—
1.62 (m, 24H, ethyl) ppm; *C NMR (126 MHz, CDCl;, 25 °C): § = 164.4, 161.8 (q, sep, Ji = 50
Hz, J> = 167 Hz, Ar-ipso), 151.4, 149.7, 148.2, 145.9, 140.2, 136.0, 135.6, 134.9 (s, Ar-0), 129.0
(qq, /1 =32 Hz, J» = 2.7 Hz, Ar-m), 124.7 (q, J = 273 Hz, CF5), 117.5 (t,J = 3.8 Hz, Ar-p), 111.0,
108.9, 19.3, 19.0, 18.7, 18.5, 18.1, 17.6, 17.2, 15.5 ppm; ’F NMR (471 MHz, CDCl;, 25 °C): §
= —62.4 (24F) ppm; UV/Vis (CH>CL): Amax (¢ [M™' em™]) = 367 (7.6 x 10%), 565 (1.5 x 10%), 607
(8.4 x 10%, 667 (2.0 x 10*) nm; HRMS (APCI-TOF, positive mode): [OEOP]" Calcd for
C3sH4sN4O 537.3588; Found 537.3601; HRMS (APCI-TOF, negative mode): [BAr's]™ Caled for
C3:H12''BF24 863.0643; Found 863.0654.

Direct synthesis of 2-5[BAr",]

A Schlenk tube containing 2-3 (0.17 g, 0.30 mmol) was evacuated and then refilled with
nitrogen gas. To the tube, dry and degassed dichloromethane (60 mL) and
trifluoromethanesulfonic anhydride (0.30 mL, 1.8 mmol) were added. The mixture was stirred at
room temperature for 1.5 h. The reaction was quenched with 0.1 M aqueous hydrochloric acid,
and the mixture was extracted with dichloromethane. The combined organic layers were washed
with water and dried over anhydrous sodium sulfate. After removing the solvent, sodium
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (0.32 g, 0.36 mmol) and dichloromethane (20 mL)
were added to the residue. The mixture was stirred at room temperature for 5 min. The resulting
mixture was washed with water three times and dried over anhydrous sodium sulfate. After
removing the solvent, the residue was purified by silica-gel column chromatography
(dichloromethane/hexane = 7/5 as an eluent) to afford 2-5[BAr*4] (0.35 g, 0.25 mmol) in 82%
yield as a purple solid.

Synthesis of zinc  2,3,7,8,12,13,17,18-octaethyl-5-oxaporphyrinium tetrakis|3,5-
bis(trifluoromethyl)phenyl]borate 3-1

A round-bottomed flask containing 2-5[BAr"y (0.14 g, 0.10 mmol) and bis(2,4-
pentanedionato)zinc(Il) (0.13 g, 0.50 mmol) was charged with tetrahydrofuran (20 mL). The
mixture was stirred at room temperature for 1 h. After evaporation, the residue was purified by
silica-gel column chromatography (dichloromethane as an eluent). After recrystallization from
dichloromethane/hexane, 3-1 (0.14 g, 98 umol, 98% yield) was obtained as purple crystals. M.p.
161 °C (decomposed); "H NMR (500 MHz, CDCls, 25 °C): § = 9.45 (s, 1H, meso), 9.38 (s, 2H,
meso), 7.62 (s, 8H, Ar-0), 7.43 (s, 4H, Ar-p), 3.65-3.54 (m, 16H, ethyl), 1.75—1.65 (m, 24H, ethyl)
ppm; *C NMR (126 MHz, CDCl;, 25 °C): 6 = 163.5, 161.7 (q, J = 50 Hz, Ar-ipso), 151.4, 150.6,
147.8, 147.2, 143.5, 142.8, 134.9 (s, Ar-0), 131.7, 128.9 (q, J = 31 Hz, Ar-m), 124.6 (q, J =273
Hz, CF3), 117.5 (t, /= 3.9 Hz, Ar-p), 114.8, 112.8, 19.3, 19.2, 19.0, 18.4, 18.3, 18.1, 17.7, 15.7
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ppm; ’F NMR (471 MHz, CDCls, 25 °C): § = —62.4 (24F) ppm; UV/Vis (CH2Clb): Jimax (¢ [M ™'
em ') =337 (3.3 x 10%), 396 (5.5 x 10, 513 (6.7 x 10°), 549 (1.0 x 10%), 659 (6.6 x 10*) nm; FL
(Aex = 590 nm, CH2CL): Amax (nm) = 670 (27%); HRMS (APCI-TOF, positive mode): [ZnOEOP]"
Calcd for CssH4N4OZn 599.2723; Found 599.2702; HRMS (APCI-TOF, negative mode):
[BAr*4]” Caled for C3Hi2''BF24 863.0649; Found 863.0653.

Synthesis of 2,3,7,8,12,13,17,18-octaethyl-21H,23H,24 H-19-0x0-1-thioxo-bilin 3-2

A Schlenk tube of containing 3-1 (0.14 g, 98 umol) and anhydrous sodium sulfide (23 mg,
0.30 mmol) was evacuated and then refilled with N». To the tube, 20 mL of the dry tetrahydrofuran
was added and stirred at room temperature for 0.5 h. After evaporation, the resulting mixture was
redissolved in dichloromethane, washed with 1 M hydrochloric acid and water for two times. The
combined organic layers were dried over anhydrous sodium sulfate. After evaporation, the residue
was purified by amino-functionalized silica-gel column chromatography (dichloromethane as an
eluent) and silica-gel column chromatography (dichloromethane as an eluent). After
recrystallization from dichloromethane/hexane, 3-2 (55 mg, 96 umol, 98% yield) was obtained as
dark purple crystals. M.p. 196 °C (decomposed); 'H NMR (500 MHz, CDCl;, 25 °C): 6 = 9.09
(br-s, 1H, NH), 7.62 (br-s, 2H, NH), 6.85 (s, 1H, meso), 6.22 (s, 1H, meso), 6.13 (s, 1H, meso),
2.70-2.49 (m, 14H, ethyl), 2.18 (q, /= 7.6 Hz, 2H, ethyl), 1.34 (t,J= 7.7 Hz, 3H, ethyl), 1.29 (t,
J=17.7 Hz, 3H, ethyl), 1.25-1.17 (m, 12 H, ethyl), 1.11 (t, /= 7.6 Hz, 3H, ethyl), 1.02 (t, /= 7.6
Hz, 3H, ethyl) ppm; *C NMR (126 MHz, CDCl;, 25 °C): § = 191.8, 172.1, 150.6, 148.7, 147.0,
144.2,142.5,142.4, 142.0, 141.9, 141.1, 140.5, 138.9, 135.6, 134.6, 133.0, 113.4,97.8, 96.6, 18 .4,
18.4, 18.1, 18.0, 17.9, 17.8, 17.2, 17.1, 17.0, 16.4, 16.1, 16.0, 15.8, 14.8, 13.4 ppm; UV/Vis
(CH2CL): Amax (¢ [M™' em™]) = 320 (3.0 x 10%), 410 (5.2 x 10%), 708 (1.2 x 10*) nm; HRMS
(APCI-TOF, positive mode): [M+H]" Caled for C3sHasN4OS 571.3465; Found 571.3422.

Synthesis of free-base 2,3,7,8,12,13,17,18-octaethyl-5-thiaporphyrinium tetrakis|3,5-
bis(trifluoromethyl)phenyl]borate 3-3

A Schlenk tube containing 3-2 (29 mg, 50 pmol) was evacuated and then refilled with
nitrogen gas. To the tube, dry and degassed dichloromethane (10 mL) and
trifluoromethanesulfonic anhydride (16 pL, 0.10 mmol) were added. The mixture was stirred at
room temperature for 0.5 h. The mixture was washed with water and dried over anhydrous sodium
sulfate. After removing the solvent, sodium tetrakis|[3,5-bis(trifluoromethyl)phenyl]borate (54 mg,
61 pmol) and dichloromethane (10 mL) were added to the residue. The mixture was stirred at
room temperature for 5 min. The resulting mixture was washed with water three times and dried
over anhydrous sodium sulfate. After removing the solvent, the residue was purified by silica-gel

column chromatography (dichloromethane/hexane = 1/1 as an eluent) to afford 3-3 (22 mg, ca.
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15 umol) along with ca. 1% of 2-5[BAr*4] in 30% yield as a dark purple solid. After short column
chromatography with amino-functionalized silica-gel (dichloromethane as an eluent), 2-5[BAr"4]
was completely removed from the residue and 3-3 was obtained in 21% yield (15 mg, 10 umol).
M.p. 186 °C (decomposed); 'H NMR (500 MHz, CDCls, 25 °C): 6 = 10.26 (s, 1H, meso), 10.24
(s, 2H, meso), 7.70 (s, 8H, Ar-0), 7.47 (s, 4H, Ar-p), 4.03-3.93 (m, 16H, ethyl), 1.90-1.84 (m,
24H, ethyl), —1.05 (s, 2H, NH) ppm; *C NMR (126 MHz, CDCls, 25 °C): 6 = 161.8 (q, J = 50
Hz, Ar-ipso), 149.6, 148.6, 148.4, 147.5, 147.4, 145.6, 144.3, 142.1, 134.9 (s, Ar-0), 129.0 (q, J
=32 Hz, Ar-m), 124.7 (q, J = 273 Hz, CF3), 117.5 (t, /= 3.7 Hz, Ar-p), 111.4, 108.9, 19.9, 19.7,
19.5,19.4,18.5,18.3,18.2, 17.7 ppm; '°F NMR (471 MHz, CDCl;, 25 °C): 6 =—62.4 (24F) ppm;
UV/Vis (CH2CL): Amax (¢ [M™' em™]) = 310 (3.0 x 10%), 392 (1.1 x 10°), 671 (5.6 x 10*) nm; FL
(Aex = 550 nm, CHxCL): Amax (nm) = 686 (<1%); HRMS (APCI-TOF, positive mode):
[thiaporphyrin]” Calcd for C3sHasN4S 553.3359; Found 553.3354; HRMS (APCI-TOF, negative
mode): [BAr'4]” Caled for C32Hi2"'BF24 863.0649; Found 863.0661.

Synthesis of zinc  2,3,7,8,12,13,17,18-octaethyl-5-thiaporphyrinium tetrakis|3,5-
bis(trifluoromethyl)phenyl]borate 3-4

A round-bottomed flask containing 3-3 (14 mg, 10 pmol) and bis(2,4-
pentanedionato)zinc(Il) (13 mg, 50 umol) was charged with tetrahydrofuran (5 mL). The mixture
was stirred at room temperature for 1 h. After evaporation, the residue was purified by silica-gel
column chromatography (dichloromethane as an eluent). After recrystallization from
dichloromethane/hexane, 3-4 (14 mg, 9.6 umol, 96% yield) was obtained as dark purple crystals.
M.p. 144 °C (decomposed); 'H NMR (500 MHz, CDCls, 25 °C): 6 = 10.19 (s, 1H, meso), 10.15
(s, 2H, meso), 7.62 (s, 8H, Ar-0), 7.43 (s, 4H, Ar-p), 4.00-3.90 (m, 16H, ethyl), 1.89—-1.82 (m,
24H, ethyl) ppm; *C NMR (126 MHz, CDCls, 25 °C): § = 161.8 (q, J = 50 Hz, Ar-ipso), 153.9,
151.9,150.2, 148.6, 148.1, 147.5, 145.7, 142.6, 134.9 (s, Ar-0), 128.9 (q, /=32 Hz, Ar-m), 124.6
(q, /=273 Hz, CF3), 117.5 (t, /= 3.9 Hz, Ar-p), 111.3, 109.0, 19.8, 19.7, 19.5, 19.3, 18.6, 18.5,
18.3, 17.9 ppm; "F NMR (471 MHz, CDCls, 25 °C): 6 = —62.4 (24F) ppm; UV/Vis (CH>Cl):
Jmax (6 [M'em™]) =312 (3.2 x 10%), 359 (3.5 x 10%), 405 (9.9 x 10%), 531 (5.2 x 10%), 568 (5.9 x
10%), 661 (4.5 x 10*) nm; FL (Jex = 550 nm, CH>CL>): Amax (nm) = 675 (<1%); HRMS (APCI-TOF,
positive mode): [thiaporphyrin]” Caled for C3sH43NsSZn 615.2494; Found 615.2495; HRMS
(APCI-TOF, negative mode): [BAr*4]” Caled for C3Hi2''BF24 863.0649; Found 863.0668.

Synthesis of 2,3,7,8,12,13,17,18-octaethyl-21H,23 H-1-0x0-19-(phenylamino)-bilin 4-1
A Schlenk tube of containing 2-5[BAr"4] (42 mg, 30 umol) was evacuated and then refilled
with N». To the tube, 20 mL of the dry tetrahydrofuran and aniline (10 pL, 0.11 mmol) were added

and stirred at room temperature for 0.5 h. After evaporation, the residue was purified by silica-
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gel column chromatography (dichloromethane as an eluent) and amino-functionalized silica-gel
column chromatography (dichloromethane as an eluent). After recrystallization from
dichloromethane/hexane, 4-1 (14 mg, 22 umol, 72% yield) was obtained as dark green crystals.
M.p. 231 °C (decomposed); '"H NMR (500 MHz, CDCl;, 25 °C): § = 13.81 (br-s, 1H, NH), 10.51
(br-s, 2H, NH), 7.98 (d, 2H, J= 7.8 Hz, Ph-0), 7.07 (t, 2H, J=7.9 Hz, Ph-m), 6.78 (t, 1H,J=7.3
Hz, Ph-p), 6.45 (s, 1H, meso), 6.09 (s, 1H, meso), 6.07 (br-s, 1H, NH), 5.07 (s, 1H, meso), 2.56—
2.46 (m, 8H, ethyl), 2.31-2.23 (m, 4H, ethyl), 2.19 (q, 2H, J= 7.5 Hz, ethyl), 2.11 (q, 2H, J=7.7
Hz, ethyl), 1.20-1.02 (m, 21 H, ethyl), 0.90 (t, 3H, J = 7.7 Hz, ethyl) ppm; *C NMR (126 MHz,
CDCls, 25 °C): 6 = 171.7, 165.6, 164.8, 152.8, 151.1, 146.0, 145.1, 144.6, 142.5, 140.2, 137 .4,
137.3,135.0, 133.3, 132.1, 131.5, 130.6, 129.1, 122.1, 118.4, 115.0, 106.3,97.5, 17.9, 17.7, 17.6,
17.4,17.3,17.3,17.2,17.1, 16.8, 16.8, 16.5, 15.1, 15.0, 14.2, 14.0 ppm; UV/Vis (CH2Cl2): Amax =
314 (3.1 x 10%), 407 (4.0 x 10*), 709 (1.0 x 10*) nm; HRMS (APCI-TOF, positive mode): [M+H]"
Calcd for C41Hs51NsO 629.4088; Found 629.4100.

Synthesis of  free-base  N-phenyl-2,3,7,8,12,13,17,18-octaethyl-5-axaporphyrinium
trifluoromethanesulfonate 4-2

A Schlenk tube containing 4-1 (18 mg, 29 umol) and zinc(Il) acetylacetonate (24 mg, 89
umol) were evacuated and then refilled with nitrogen gas. To the tube, dry and degassed
dichloromethane (6.0 mL) and trifluoromethanesulfonic anhydride (50 pL, 0.30 mmol) were
added. The mixture was stirred at room temperature for 0.5 h. The mixture was extracted with
dichloromethane. The combined organic layers were washed with water and dried over anhydrous
sodium sulfate. After removing the solvent, the mixture was purified by silica-gel column
chromatography (dichloromethane/methanol = 20/1 as an eluent). The second blue was collected.
After removal of the solvent in vacuo, recrystallization from dichloromethane/hexane provided
4-2 (7.5 mg, 9.8 umol) in 34% yield as a purple solid. Due to the low solubility, decoupled peaks
of CF; in *C NMR spectrum were detected as a doublet. M.p. 188 °C (decomposed); 'H NMR
(500 MHz, CDCls, 25 °C): 6 = 10.19 (s, 2H, meso), 10.06 (s, 1H, meso), 8.23 (d, J= 7.5 Hz, 2H,
Ph-0), 8.14 (t, J= 7.7 Hz, 1H, Ph-p), 7.98 (t, J = 7.8 Hz, 2H, Ph-m), 3.96-3.88 (m, 12H, ethyl),
2.39 (q, J = 7.5 Hz, 4H, ethyl), 1.87—-1.84 (m, 12H, ethyl), 1.81 (t, J= 7.7 Hz, 6H, ethyl), 1.09 (t,
J =17.5 Hz, 6H, ethyl), —-0.59 (br-s, 1H, NH), —1.09 (br-s, 1H, NH) ppm; *C NMR (126 MHz,
CDCls, 25 °C): 6 = 152.4, 148.5, 146.8, 146.7, 145.6, 144.3, 140.4, 140.2, 135.6, 133.1, 131.4,
129.8,121.0 (d, /=321 Hz, CF3), 108.7, 107.3, 20.6, 20.0, 19.6, 19.6, 18.6, 18.5, 18.4, 17.6 ppm;
F NMR (471 MHz, CDCls, 25 °C): 6 = —78.2 (3F) ppm; UV/Vis (CH2CL): Amax = 305 (2.2 %
10%), 387 (1.1 x 10%), 520 (6.6 x 10°), 554 (7.8 x 10°), 580 (9.4 x 10°), 634 (6.8 x 10*) nm; FL
(Aex = 550 nm, CHxCL): Amax (nm) = 644 (<1%); HRMS (APCI-TOF, positive mode):
[azaporphyrin]” Calcd for C41HsoNs 612.4061; Found 612.4069.
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Synthesis of  free-base  /N-phenyl-2,3,7,8,12,13,17,18-octaethyl-5-azaporphyrinium
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate 4-3

A round-bottomed flask containing 4-2 (7.1 mg, 9.3 pumol) and sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (9.9 mg, 11 umol) was charged with dichloromethane (5.0 mL).
The mixture was stirred at room temperature for 5 min. The resulting mixture was washed with
water three times, and dried over anhydrous sodium sulfate. After removing the solvent, the
residue was purified by silica-gel column chromatography (dichloromethane/hexane = 2/1 as an
eluent) to afford 4-3 (10 mg, 6.7 umol) in 73% yield as a purple solid. M.p. 184 °C (decomposed);
'HNMR (500 MHz, CDCls, 25 °C): 6 = 10.21 (s, 2H, meso), 10.09 (s, 1H, meso), 8.14 (d, J=7.2
Hz, 2H, Ph-0), 8.08 (t, J = 7.7 Hz, 1H, Ph-p), 7.90 (t, J= 7.9 Hz, 2H, Ph-m), 7.68 (s, 8H, Ar-0),
7.46 (s, 4H, Ar-p), 3.95-3.86 (m, 12H, ethyl), 2.36 (q, /= 7.5 Hz, 4H, ethyl), 1.86—1.82 (m, 12H,
ethyl), 1.79 (t, J = 7.7 Hz, 6H, ethyl), 1.07 (t, J = 7.7 Hz, 6H, ethyl), —0.61 (br-s, 2H, NH), —1.12
(br-s, 2H, NH) ppm; *C NMR (126 MHz, CDCls, 25 °C): 6 = 161.8 (q, J = 50 Hz, Ar-ipso), 152.4,
148.3, 147.1, 146.8, 145.9, 144.5, 140.5, 140.1, 135.3, 134.9 (s, Ar-0), 133.1, 131.1, 129.6, 129.0
(q, J =32 Hz, Ar-m), 124.7 (q, J = 273 Hz, CF3), 117.5 (t, J = 3.6 Hz, Ar-p), 109.0, 107.3, 20.5,
20.0,19.6, 19.5, 18.5, 18.4, 18.3, 17.6 ppm; "°F NMR (471 MHz, CDCls, 25 °C): 6 = —62.4 (24F)
ppm; UV/Vis (CH2Cla): Amax = 305 (2.2 x 10%), 387 (1.1 x 10°), 519 (6.5 x 10°), 554 (7.7 x 10%),
581 (9.3 x 10%), 635 (6.8 x 10*) nm; FL (Jex = 550 nm, CH2CL): Amax (nm) = 644 (<1%); HRMS
(APCI-TOF, positive mode): [azaporphyrin]™ Calcd for C4HsoNs 612.4061; Found 612.4045;
HRMS (APCI-TOF, negative mode): [BAr"4]” Calcd for C3,H12''BF24 863.0643; Found 863.0668.

Synthesis of nickel 2,3,7,8,12,13,17,18-octaethyl-5-oxaporphyrinium
trifluoromethanesulfonate 5-1

A round-bottomed flask containing 2-5(OTf) (27 mg, 40 pmol) and nickel(Il)
acetylacetonate hydrate (51 mg, ca. 0.20 mmol) was charged with tetrahydrofuran (10 mL) and
dichloromethane (5 mL). The mixture was stirred at room temperature for 4.5 h. After evaporation,
the residue was purified by silica-gel column chromatography (dichloromethane/methanol = 25/2
as an eluent). After recrystallization from dichloromethane/hexane at 10 °C, 5-1 (23 mg, 30 umol,
76% yield) was obtained as dark purple crystals. Due to the low solubility, decoupled peaks of
CF3 in 13C NMR spectrum were not detected. M.p. 291 °C (decomposed); 'H NMR (500 MHz,
CDCl;, 25 °C): 6 = 9.46 (s, 2H, meso), 9.34 (s, 1H, meso), 3.70 (q, J = 7.7 Hz, 4H, ethyl), 3.66—
3.57 (m, 12H ethyl), 1.74-1.63 (m, 24H, ethyl) ppm; *C NMR (126 MHz, CDCls, 25 °C): § =
156.0, 153.1, 149.1, 146.9, 145.7, 142.8, 136.8, 133.4, 112.3, 111.0, 19.7, 19.5, 19.2, 18.5, 18.4,
18.0,17.8, 15.7 ppm; "’F NMR (471 MHz, CDCls, 25 °C): 6 =—78.1 (3F) ppm; UV/Vis (CH>Cl):
Jmax (e [M7' em™]) = 305 (2.0 x 10%), 341 (3.3 x 10%), 400 (4.5 x 10*), 513 (8.3 x 10%), 544 (1.4 x
10%), 695 (2.2 x 10*) nm; HRMS (APCI-TOF, positive mode): [NiIOEOP]" Calcd for C35sH3NsNiO
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593.2785; Found 593.2767.

Synthesis of zinc 2,3,7,8,12,13,17,18-octaethyl-5-oxaporphyrinium chloride 5-2

A round-bottomed flask containing 2-5(0Tf) (27 mg, 40 pmol) and zinc(II) acetylacetonate
(53 mg, 0.20 mmol) was charged with tetrahydrofuran (10 mL). The mixture was stirred at room
temperature for 3 h. After evaporation, the residue was purified by silica-gel column
chromatography (dichloromethane/methanol = 20/1 as an eluent). After removing the solvent,
dichloromethane (10 mL) and 1 M hydrochloric acid (10 mL) was added to the residue. The
mixture was stirred at room temperature for 15 min. The resulting mixture was washed with water
three times and dried over anhydrous sodium sulfate. After removing the solvent, recrystallization
from dichloromethane/hexane afforded 5-2 (23 mg, 36 pmol, 90% yield) as dark purple crystals.
M.p. 261 °C (decomposed); "H NMR (500 MHz, CDCl;, 25 °C): 6 =9.29 (s, 1H, meso), 9.20 (s,
2H, meso), 3.61-3.42 (m, 16H ethyl), 1.73-1.64 (m, 24H, ethyl) ppm; *C NMR (126 MHz,
CDCls, 25 °C): 6 = 163.2, 151.3, 148.8, 147.7, 145.5, 142.8, 141.9, 130.7, 115.1, 112.8, 19.3,
19.2, 19.0, 18.4, 18.4, 18.1, 17.7, 15.8 ppm; UV/Vis (CH>Cl): Jmax (¢ [M™' cm™]) = 274 (1.3 x
10%), 304 (3.1 x 10%), 335 (2.9 x 10%), 393 (5.0 x 10%), 514 (6.5 x 10%), 549 (9.1 x 10%), 659 (6.2
x 10%) nm; FL (Aex = 550 nm, CH2CL): Amax (nm) = 677 (5.6%); HRMS (APCI-TOF, positive
mode): [ZnOEOP]" Caled for C3sH43N4OZn 599.2723; Found 599.2729.

Synthesis of free-base 2,3,7,8,12,13,17,18-octaethyl-5-oxaporphyrinium
pentacyanocyclopentadienide 5-3FB

To a round-bottomed flask containing 2-5(OTf) (14 mg, 20 pmol) charged with acetonitrile
(6 mL), acetonitrile solution (6 mL) of NaPCCp’ (13 mg, 60 umol) was added. The mixture was
stirred at room temperature for 40 min. After evaporation, the residue was purified by silica-gel
column chromatography (dichloromethane/acetonitrile = 100/3 as an eluent). After
recrystallization from dichloromethane/hexane, 5-3FB (7.8 mg, 11 pumol, 54% yield) was
obtained as dark purple crystals. M.p. 260 °C (decomposed); '"H NMR (500 MHz, CDCl;, 25 °C):
0=9.43 (s, 1H, meso), 9.08 (s, 2H, meso), 3.70 (q, J = 7.8 Hz, 4H, ethyl), 3.61 (q, /= 7.7 Hz, 4H,
ethyl), 3.52 (q, /= 7.8 Hz, 4H, ethyl), 3.48 (q, J = 7.7 Hz, 4H, ethyl), 2.78 (br-s, 2H, NH), 1.76—
1.68 (m, 24H, ethyl) ppm; *C NMR (126 MHz, CDCls, 25 °C): 6 = 164.2, 150.9, 149.5, 147.9,
146.0, 140.3, 135.9, 135.8, 112.0, 111.2, 109.1, 100.5, 19.5, 19.2, 18.9, 18.7, 18.1, 17.6, 17.2,
15.5 ppm; UV/Vis (CH2CL): Amax (e [M™' em™]) = 248 (5.9 x 10%), 257 (9.6 x 10%), 292 (3.6 x
10%), 367 (7.3 x 10%), 565 (1.4 x 10%), 607 (8.0 x 10%), 668 (2.0 x 10*) nm; FL (Aex = 550 nm,
CH,CL): Amax (nm) = 677 (0.9%); HRMS (APCI-TOF, positive mode): [FBOEOP]" Calcd for
C35HasN4O 537.3588; Found 537.3596.
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Synthesis of nickel 2,3,7,8,12,13,17,18-octaethyl-5-oxaporphyrinium
pentacyanocyclopentadienide 5-3Ni

To a round-bottomed flask containing 5-1 (15 mg, 20 pmol) charged with acetonitrile (5
mL), acetonitrile solution (5 mL) of NaPCCp’ (13 mg, 60 umol) was added. The mixture was
stirred at room temperature for 1 h. After evaporation, the resulting mixture was washed with
water three times and dried over anhydrous sodium sulfate. After removing the solvent, the
residue was purified by silica-gel column chromatography (dichloromethane/methanol = 50/1 as
an eluent). After recrystallization from dichloromethane/hexane, 5-3Ni (13 mg, 17 pumol, 86%
yield) was obtained as dark purple crystals. M.p. 306 °C (decomposed); 'H NMR (500 MHz,
CDCls, 25 °C): 6 =9.45 (s, 2H, meso), 9.46 (s, 1H, meso), 3.72-3.59 (m, 16H ethyl), 1.78-1.69
(m, 24H, ethyl) ppm; *C NMR (126 MHz, CDCls, 25 °C): 6 = 155.8, 152.0, 148.6, 146.2, 145.0,
142.5,136.5, 132.9, 112.6, 111.7, 111.0, 100.5, 19.8, 19.5, 19.3, 18.5, 18.2, 17.8, 17.5, 15.6 ppm;
UV/Vis (CH2CL): Amax (e [M™ cm™']) =248 (2.0 x 10%), 257 (8.5 x 10%), 296 (2.3 x 10%), 341 (3.2
x 10%), 400 (4.4 x 10%), 514 (8.1 x 10%), 544 (1.4 x 10%), 695 (2.2 x 10*) nm; HRMS (APCI-TOF,
positive mode): [NiIOEOP]" Calcd for C3sH43sN4NiO 593.2785; Found 593.2799.

Synthesis of zinc 2,3,7,8,12,13,17,18-octaethyl-5-oxaporphyrinium
pentacyanocyclopentadienide 5-3Zn

To a round-bottomed flask containing 5-2 (9.6 mg, 15 pmol) charged with acetonitrile (5
mL), acetonitrile solution (5 mL) of NaPCCp’ (9.6 mg, 45 pmol) was added. The mixture was
stirred at room temperature for 1 h. After evaporation, the resulting mixture was washed with
water three times and dried over anhydrous sodium sulfate. After removing the solvent, the
residue was purified by silica-gel column chromatography (dichloromethane/methanol = 20/1 as
an eluent). After recrystallization from dichloromethane/hexane, 5-3Zn (10 mg, 13 pmol, 87%
yield) was obtained as dark purple crystals. M.p. 296 °C (decomposed); 'H NMR (500 MHz,
CDCls, 25 °C): 6 =9.45 (s, 1H, meso), 9.37 (s, 2H, meso), 3.65-3.57 (m, 16H ethyl), 1.79-1.68
(m, 24H, ethyl) ppm; *C NMR (126 MHz, CDCls, 25 °C): 6 = 163.3, 151.3, 150.2, 147.7, 146.9,
143.1, 142.6, 131.5, 115.2, 113.0, 111.9, 101.9 19.4, 19.3, 19.2, 18.4, 18.4, 18.1, 17.7, 15.8 ppm;
UV/Vis (CH2CL): Amax (e [M™! cm™']) =248 (5.4 x 10%), 258 (8.2 x 10%), 280 (2.3 x 10%), 304 (3.5
x 10%), 335 (3.4 x 10%), 394 (5.7 x 10, 513 (7.0 x 10°), 549 (1.0 x 10%*), 659 (7.0 x 10*) nm; FL
(Aex = 550 nm, CH2CL): Amax (nm) = 670 (20%); HRMS (APCI-TOF, positive mode): [ZnOEOP]"
Calcd for C3sH43N4OZn 599.2723; Found 599.2716.
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Synthesis of nickel 2,3,7,8,12,13,17,18-octaethyl-5-oxaporphyrinium tetrakis|[3,5-
bis(trifluoromethyl)phenyl]borate NiOEOP

A round-bottomed flask containing 2-5[BArs] (56 mg, 40 pmol) and bis(2,4-
pentanedionato)nickel(IT) hydrate (51 mg, ca. 0.20 mmol) was charged with tetrahydrofuran (10
mL). The mixture was stirred at room temperature for 30 min. After evaporation, the residue was
purified by silica-gel column chromatography (dichloromethane/hexane = 1/1 as an eluent). After
recrystallization from dichloromethane/hexane, NIOEOP (58 mg, 40 umol, 99% yield) was
obtained as purple crystals. M.p. 201 °C (decomposed); '"H NMR (500 MHz, CDCls, 25 °C): 6 =
9.46 (s, 2H, meso), 9.42 (s, 1H, meso), 7.67 (s, 8H, Ar-0), 7.46 (s, 4H, Ar-p), 3.66-3.54 (m, 16H,
ethyl), 1.72-1.62 (m, 24H, ethyl) ppm; *C NMR (126 MHz, CDCl;, 25 °C): § = 161.5 (q, J = 50
Hz, Ar-ipso), 155.7, 152.5, 148.9, 146.3, 145.2, 142.7, 136.4, 134.9 (s, Ar-0), 133.1, 129.0 (q, J
=31 Hz, Ar-m), 123.6 (q, J = 273 Hz, CF3), 117.5 (t, J = 3.8 Hz, Ar-p), 112.5, 110.9, 19.6, 19.4,
19.1,18.4,18.3,17.9, 17.6, 15.6 ppm; '°F NMR (471 MHz, CDCl;, 25 °C): 6 =—62.4 (24F) ppm;
UV/Vis (CH2CL): Amax (e [M™ cm™']) = 341 (3.4 x 10%), 400 (4.7 x 10, 511 (8.5 x 10%), 544 (1.5
x 10%, 695 (2.3 x 10*) nm; HRMS (APCI-TOF, positive mode): [NiOEOP]" Calcd for
C35H43N4NiO 593.2785; Found 593.2785; HRMS (APCI-TOF, negative mode): [BAr"4]” Calcd
for C3,Hi»''BF24 863.0649; Found 863.0665.

Synthesis of cobalt 2,3,7,8,12,13,17,18-octaethyl-5-oxaporphyrinium tetrakis|3,5-
bis(trifluoromethyl)phenyl]borate CoOEOP

A round-bottomed flask containing 2-5[BAr*4] (28 mg, 20 pmol) and Co(Il) acetate (25
mg, 0.10 mmol) was charged with tetrahydrofuran (10 mL). The mixture was stirred at room
temperature for 1 h. After evaporation, the residue was purified by silica-gel column
chromatography (dichloromethane/hexane = 1/1 as an eluent). After recrystallization from
dichloromethane/hexane, CoOOEOP (29 mg, 20 umol, 100% yield) was obtained as purple
crystals. M.p. 172 °C (decomposed); 'H NMR (500 MHz, CDCl;, 25 °C): 6 = 29.35 (br-s, 2H,
meso), 18.37 (br-s, 1H, meso), 8.26 (br-s, 4H, ethyl), 7.43 (br-s, 8H + 4H, Ar-o and ethyl), 7.09
(br-s, 4H, Ar-p), 5.90 (br-s, 6H, ethyl), 5.77 (br-s, 6H, ethyl), 5.38 (br-s, 4H, ethyl), 4.84 (br-s,
4H, ethyl), 3.45 (br-s, 6H, ethyl), 3.68 (br-s, 6H, ethyl) ppm; BCNMR (126 MHz, CDCls, 25 °C):
0=161.5 (q, J = 50 Hz, Ar-ipso), 134.7 (s, Ar-0), 128.7 (q, J = 31 Hz, Ar-m), 124.4 (q, J =273
Hz, CF3), 117.3 (s, Ar-p), 31.7, 28.9, 28.3,27.3,20.2, 16.1, 15.2, 12.5 ppm; '°F NMR (471 MHz,
CDCl;, 25 °C): 6 =—61.0 (24F) ppm; UV/Vis (CH2CL2): Aimax (6 [M™' cm™]) = 338 (3.4 x 10%), 399
(4.4 x 10%), 505 (6.4 x 10%), 541 (1.2 x 10%), 627 (3.2 x 10*) nm; HRMS (APCI-TOF, positive
mode): [CoOOEOP]" Calcd for C;sHisCoN4O 594.2763; Found 594.2745; HRMS (APCI-TOF,
negative mode): [BAr'4]” Caled for C3;H12''BF24 863.0649; Found 863.0663.
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Synthesis of silver 2,3,7,8,12,13,17,18-octaethyl-5-oxaporphyrinium tetrakis|3,5-
bis(trifluoromethyl)phenyl]borate AGOEOP

A round-bottomed flask containing 2-5[BAr"4] (84 mg, 60 umol) and silver(I) acetate (50
mg, 0.30 mmol) was charged with tetrahydrofuran (6.0 mL). The mixture was stirred at room
temperature for 2 h. After evaporation, the residue was purified by silica-gel column
chromatography (dichloromethane/hexane = 1/2 as an eluent). After recrystallization from
dichloromethane/hexane, AGOEOP (74 mg, 49 umol, 82% yield) was obtained as purple crystals.
M.p. 196 °C (decomposed); Some of NMR signals were not observed due to the paramagnetic
nature of AgOEOP. '"H NMR (500 MHz, CDCls, 25 °C): 6 = 7.67 (s, 8H, Ar-0), 7.47 (s, 4H, Ar-
p), 2.22 (br-s, 24H, ethyl) ppm; *C NMR (126 MHz, CDCl;, 25 °C): 6 = 161.8 (q, J = 50 Hz, Ar-
ipso), 134.9 (s, Ar-0), 129.0 (q, J=30 Hz, Ar-m), 124.6 (q, /=272 Hz, CF3), 117.5 (s, Ar-p) ppm;
F NMR (471 MHz, CDCl;, 25 °C): § = —62.4 (24F) ppm; UV/Vis (CH>Clo): max (¢ [M™' cm™'])
=338 (2.5 x 10%), 402 (5.1 x 10%), 511 (7.8 x 10%), 545 (8.7 x 10%), 672 (5.0 x 10*) nm; HRMS
(ESI-TOF, positive mode): [AgOEOP]" Calcd for C3sHssAgN4O 642.2482; Found 642.2512;
HRMS (APCI-TOF, negative mode): [BAr"4]” Calcd for C3,H 12" BF24 863.0649; Found 863.0639.

Expression and purification of apo-HasA

Expression and purification of truncated HasA derived from Pseudomonas aeruginosa
PAO1 were performed according to methods reported previously.'® The details of the purification
of HasA are given below. The concentration of protein was determined by the BCA assay.
Escherichia coli cells expressing HasA were suspended in an H buffer (20 mM sodium phosphate,
20 mM imidazole, 500 mM NaCl, pH 7.4) and broken using an ultrasonicator at 4 °C. After
removing cell debris by centrifugation, the supernatant containing HasA was loaded on Ni-affinity
column chromatography (cOmplete His-Tag Purification Resin; Roche). The weakly adsorbing
proteins to Ni-affinity column were washed out using H buffer, and specific binding proteins
including HasA were eluted with H buffer containing 200 mM imidazole. The resulting protein
solution was treated with thrombin to remove His-tag on HasA and dialyzed against a phosphate-
buffered saline (PBS; 140 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO4, 1.8 mM KH,PO4, pH 7.4)
solution overnight. This sample was further purified by the same Ni-affinity column
chromatography equilibrated with PBS solution. The purified HasA solution was denatured by
acetone including 0.2% (w/v) conc. HCI to remove heme. The precipitate of HasA was collected
by centrifugation and dissolved in a solution of 7 M urea including 100 mM Tris-HCI (pH 7.5).
The resulting solution was dialyzed against a PBS solution. After overnight dialysis, the solution
was concentrated using Amicon Ultra (Merck Millipore, 3 kDa cutoff) and purified by a gel
filtration column (HiPrep 16/60 Sephacryl S-200 HR; GE Healthcare) equilibrated with a PBS

solution to remove unfolded HasA. The concentration of apo-HasA was determined by UV
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absorption at 280 nm (g250 = 28.6 mM ™' cm™)."! The purified apo-HasA solution was frozen by

liquid nitrogen and stored at —80 °C until use.

Preparation of COOEOP-HasA and CoEOP-HasA

CoOEOP (2 equiv of apo-HasA) was dissolved in DMSO using a sonicator. This solution
was added to the same volume of 150 uM apo-HasA solution. The mixture was dialyzed in PBS
solution and filtrated to remove insoluble excess CoOOEOP. To remove CoOEOP-free HasA, the
filtrated solution was loaded on an anion exchange column (HiTrap capto DEAE; GE Healthcare)
equilibrated with buffer A (20 mM Tris-HCI, pH 7.5) and washed by 1 column volume of the
buffer A containing 10%(v/v) of buffer B (20 mM Tris-HCI, 1 M NaCl, pH 7.5). The binding
proteins to the anion exchange column were then eluted with over 25 column volumes of a linear
gradient from 10% to 80% as the ratio of buffer B, and sample fractions containing the complex
of HasA with CoOEQP were collected. After buffer exchange to PBS solution using desalting
column (PD-10; GE Healthcare), the CoOOEOP-HasA solution was frozen by liquid nitrogen and
stored at —80 °C until use. The concentration of CoOEOP-HasA was determined by a
bicinchoninic acid (BCA) method using apo-HasA as a standard. The molar extinction coefficient
of CoOOEOP-HasA at 687 nm was estimated to be 33.3 mM™' cm™. CoOEP-HasA was prepared
using a similar procedure to CoOOEOP-HasA. The molar extinction coefficient of CoOEP-HasA

at 419 nm was estimated to be 193.3 mM ™' cm™'.

Crystallization of COOEOP-HasA and CoOEP-HasA

The buffer of the purified HasA complexes was exchanged with 100 mM KPi (pH 7.0)
using the desalting column (PD-10; GE Healthcare). After the concentration using an Amicon
Ultra filter (Merck Millipore; 3 kDa cutoff), the concentration of each complex capturing HasA
was determined by UV/Vis spectroscopy. Initial Screening was performed using Wizard Classic
1 and 2 (Rigaku). A 1.0 pL aliquot of the concentrated CoOEOP-HasA solution (42 mg/mL) was
mixed with a 1.0 pL of the reservoir solution composed of 20% (w/v) PEG 1000, 100 mM sodium
phosphate dibasic/citric acid (pH 4.2), and 200 mM lithium sulfate. The drop was equilibrated
against 50 pL of the reservoir solution. CoOOEOP-HasA was crystalized by a sitting-drop vapor-
diffusion method at 20 °C for 3 days. A 1.0 pL aliquot of the concentrated CoOEP-HasA solution
(60 mg/mL) was mixed with a 1.0 puL of the reservoir solution composed of 30% (w/v) PEG 8000,
100 mM sodium acetate/acetic acid (pH 4.5) and 200 mM lithium sulfate. The drop was
equilibrated against 50 pL of the reservoir solution. CoOOEP-HasA was crystalized by a sitting-
drop vapor-diffusion method at 20 °C for 2 days.
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Data collection and refinement

Crystals were flash-cooled by liquid nitrogen. X-ray diffraction data sets were collected at
SPring-8 (Hyogo, Japan) on the BL45XU beamline equipped with a PILATUS3 6M detector at a
wavelength of 1.000 A at 100 K. Reflection data was automatically processed with XDS'"
implemented in KAMO softoware'® (https:/github.com/keitaroyam/yamtbx). Initial phases were
determined by the molecular replacement method using MOLREP.' The structure of HasA with
heme (PDB ID: 3ELL)" was used as a search model. Model building and refinement were
performed on Coot,'® Phenix,'” and REFMACS5."® The models were generated by eLBOW." All
protein figures were depicted by using PyMOL2.%°

Evaluating the inhibitory effect of reconstructed HasA on P. aeruginosa growth

Growth experiments were performed according to a previously reported procedure.?’

Synthesis of 2-(/N-phenyl)amino-5,10,15-tris(3,5-di-fers~butylphanyl)porphyrin Ni(II) A1-4a

A Schlenk tube containing 2-iodo-5,10,15-tris(3,5-di-tert-butylphenyl)porphyrin Ni(I1)*
Al1-3a (42.3 mg, 40.0 umol), Pdx(dba);-CHCl; (2.10 mg, 2.03 pmol), XantPhos (2.31 mg, 4.00
pumol), and Cs,COs3 (26.1 mg, 80.1 umol) was evacuated and then refilled with N,. To the tube,
3.5 mL of dry and deoxygenated 1,4-dioxane and aniline (4.3 pL, 47 umol) were added. The
mixture was stirred at 80 °C for 22 h. The resulting mixture was filtered over a pad of Celite
(dichloromethane as an eluent) and the solvent was evaporated in vacuo. The residue was purified
by silica-gel column chromatography (dichloromethane/hexane = 1/3 as an eluent) to afford Al-
4a (27.1 mg, 26.5 umol) in 66% yield as a red solid. 'H NMR (500 MHz, CDCl;, 25 °C): § = 9.69
(s, IH, meso), 9.05 (d, J=4.7 Hz, 1H, p), 8.90 (d, /= 4.7 Hz, 1H, p), 8.81-8.76 (m, 4H, p), 8.40
(s, 1H, B), 7.91 (d, J= 1.8 Hz, 2H, Ar-0), 7.90 (d, J = 1.8 Hz, 2H, Ar-0), 7.87 (d, J= 1.8 Hz, 2H,
Ar-0), 7.73 (t,J= 1.8 Hz, 1H, Ar-p), 7.70 (t, J= 1.8 Hz, 1H, Ar-p), 7.68 (t,J= 1.8 Hz, 1H, Ar-p),
7.60 (d, J= 7.6 Hz, 2H, Ph-0) 7.41 (s, 1H, NH), 7.42 (t, J = 7.5 Hz, 2H, Ph-m), 7.06 (t, J = 7.4
Hz, 1H, Ph-p), 1.49 (s, 18H, /Bu), 1.49 (s, 18H, /Bu), 1.46 (s, 18H, /Bu) ppm; *C NMR (126
MHz, CDClIs, 25 °C): 6 = 149.2, 149.1, 149.0, 144.6, 143.8, 143.8, 143.6, 142.8, 142.7, 142.5,
142.3, 142.0, 140.4, 140.2, 137.0, 132.7, 132.7, 131.9, 131.9, 131.7, 130.8, 129.3, 129.2, 128.9,
128.8, 121.3, 121.2, 121.2, 121.0, 120.9, 118.2, 116.9, 112.4, 98.35, 35.17, 35.16, 35.13, 31.86,
31.83 ppm; UV/Vis (CH2CL): Amax (6 [M™' ecm™']) = 412 (1.4 x 10°), 532 (1.1 x 10%), 567 (1.1 x
10*) nm; HRMS (ESI-TOF, positive mode): [M]" Caled for CesH77NsNi" = 1021.5527; Found
1021.5594.
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Synthesis of N,N'-diphenyldihydropyrazine-fused 5,10,15-tris(3,5-di-tert-
butylphenyl)porphyrin Ni(Il) dimer A1-2a

A Schlenk tube containing Al-4a (10.2 mg, 10.0 umol) was evacuated and then refilled
with N». To the tube, 1.8 mL of the dry chloroform (degassed by freeze-pump-thaw method) was
added. After a solution of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (4.54 mg, 20.0
umol) in the dry chloroform (1.8 mL) was added, the mixture was stirred at room temperature for
2 h. The reaction was quenched with aqueous Na,S;03, and the mixture was extracted with
dichloromethane. The combined organic layers were washed with water and brine, and dried over
anhydrous Na,SOs. After removing the solvent, the mixture was purified by silica-gel column
chromatography (dichloromethane/hexane=1/3 as an eluent) to afford Al1-2a (9.16 mg, 4.49
pmol) in 90% yield as a red solid. "H NMR (500 MHz, CDCls, —15 °C): 6 = 9.13 (s, 2H, meso),
9.07 (d,J=4.7 Hz, 2H, p), 8.97 (d, /= 4.7 Hz, 2H, p), 8.85-8.82 (m, 6H, ), 8.75 (d, J=4.8 Hz,
2H, p), 8.29 (s, 2H, Ar-0), 8.13 (s, 2H, Ar-0), 8.08 (s, 2H, Ar-0), 7.92 (t, 2H, J = 1.8 Hz, Ar-p),
7.86 (s, 2H, Ar-o), 7.83 (s, 2H, Ar-0), 7.76 (t, 2H, J = 1.8 Hz, Ar-p), 7.72 (t, 2H, J = 1.8 Hz, Ar-
p), 7.25 (s, 2H, Ar-0), 7.00 (d, J = 8.7 Hz, 4H, Ph-0), 6.64 (t, J = 8.5 Hz, 4H, Ph-m), 6.59 (t, J =
7.0 Hz, 2H, Ph-p), 1.56 (s, 18H, Bu), 1.53 (s, 18H, tBu), 1.50 (s, 18H, 7Bu), 1.50 (s, 18H, 7Bu),
1.45 (s, 18H, tBu), 0.44 (s, 18H, Bu) ppm; *C NMR (126 MHz, CDCls, 25 °C): 6 = 149.3, 149.2,
149.1, 149.0, 146.9, 144.8, 144.0, 143.8, 143.6, 143.4, 141.9, 140.2, 140.1, 139.6, 135.5, 135.2,
132.9, 132.2, 132.2, 129.1, 128.1, 121.5, 121.3, 121.3, 121.2, 120.4, 118.9, 116.1, 103.0, 35.24,
35.19,31.91, 31.87 ppm; UV/Vis (CH2CL): Amax (¢ [M ' em™']) = 415 (2.5 x 10%), 425 (2.6 x 10),
532 (3.1 x 10%, 565 (1.5 x 10* nm; HRMS (ESI-TOF, positive mode): [M]" Calcd for
Ci36H150N10Ni2 2039.0746; Found 2039.0440.

Synthesis of 2-(N-phenyl)amino-5,15-bis(3,5-di-tert-butylphenyl)-10-
triisopropylsilylethynylporphyrin Ni(II) A1-4b

A Schlenk tube containing A1-3b (37.5 mg, 36.0 pmol), Pdx(dba);-CHCI; (1.86 mg, 1.80
umol), XantPhos (2.09 mg, 3.62 pumol), and Cs>CO3 (26.0 mg, 79.8 umol) was evacuated and
then refilled with N,. To the Schlenk tube, 3.2 mL of dry and deoxygenated 1,4-dioxane and
aniline (4.0 pL, 44 pmol) were added. The mixture was stirred at 90 °C for 24.5 h. The resulting
mixture was filtered over a pad of Celite (dichloromethane as an eluent) and the solvent was
evaporated in vacuo. The residue was purified by silica-gel column chromatography
(dichloromethane/hexane = 1/5 as an eluent) to afford A1-4b (26.0 mg, 25.8 umol) in 72% yield
as a green solid. '"H NMR (500 MHz, CDCls, 25 °C): § =9.57 (d, J = 4.6 Hz, 1H, f), 9.54 (s, 1H,
meso), 9.50 (d, J=4.8 Hz, 1H, §), 9.45 (d, J=4.9 Hz, 1H, p), 9.07 (s, 1H, $), 8.99 (d, J=4.7 Hz,
2H, p), 8.75 (d,J=4.8 Hz, 1H, p), 8.73 (d,J=4.8 Hz, 1H, f), 7.32 (d, J= 1.8 Hz, 2H, Ar-0), 7.72
(t,J=1.8 Hz, 1H, Ar-p), 7.70 (d, J= 8.5 Hz, 2H, Ph-0), 7.56 (s, IH, NH), 7.52 (t,J= 7.4 Hz, 2H,
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Ph-m), 7.16 (t, J=7.4 Hz, 2H, Ph-p), 1.49 (s, 18H, /Bu), 1.40 (s, 18H, iPr), 1.39 (s, 3H, iPr), 1.38
(s, 18H, iPr), 1.37 (s, 3H, iPr) ppm; *C NMR (126 MHz, CDCls, 25 °C): 0 = 149.1, 147.2, 146.0,
145.9, 144.4, 144.1, 143.2, 143.1, 142.7, 142.5, 139.7, 137.1, 133.7, 132.6, 131.9, 131.4, 131.0,
131.0, 129.9, 128.6, 122.6, 122.1, 121.5, 117.6, 109.3, 107.5, 107.1, 101.4, 99.50, 99.44, 98.76,
98.15, 35.14, 31.84, 19.20, 11.92, 11.89 ppm; UV/Vis (CH2Cl): Aimax (¢ [M' em™']) =477 (1.4 x
10%), 635 (1.6 x 10%), 674 (1.1 x 10*) nm ; HRMS (ESI-TOF, positive mode): [M]" Calcd for
CssH77NsNi 1021.5527; Found 1021.5595.

Synthesis of N,N'-diphenyldihydropyrazine-fused 5,15-bis(triisopropylsilylethynyl)-10-(3,5-
di-fert-butylphenyl)porphyrin Ni(II) dimer A1-2b

A Schlenk tube of containing A1-4b (10.5 mg, 10.4 umol) was evacuated and then refilled
with N». To the Schlenk tube, 4.0 mL of the dry a,a,0-trifluorotoluene (degassed by freeze-pump-
thaw method) was added. To the solution, a solution of DDQ (4.54 mg, 20.0 umol) in dry
trifluorotoluene (4.0 mL) was added. The mixture was stirred at room temperature for 3 h. The
reaction was quenched with aqueous Na,S;0;3;, and the mixture was extracted with
dichloromethane. The combined organic layers were washed with water and brine, and dried over
anhydrous Na,SOs. After removing the solvent, the mixture was purified by silica-gel column
chromatography (dichloromethane/hexane = 1/4 as an eluent) to afford A1-2b (7.94 mg, 3.95
umol) in 76% yield as a green-purple solid. "H NMR (500 MHz, CDCls, 25 °C): 6 = 10.1 (s, 2H,
meso), 9.71 (d, J=4.9 Hz, 2H, p), 9.59 (d, /= 4.7 Hz, 2H, p), 9.48 (d, /= 4.9 Hz, 2H, p), 9.03
(d, /J=4.8 Hz, 2H, p), 8. 77 (d, /= 4.9 Hz, 2H, p), 8.76 (d, J= 5.0 Hz, 2H, ), 7.85 (br, 4H, Ar-
0), 1.75 (t, J = 1.8 Hz, 2H, Ar-p), 7.54 (d, /= 8.9 Hz, 4H, Ph-0), 6.91 (t, /= 7.25 Hz, 4H, Ph-m),
6.76 (t,J=17.3 Hz, 2H, Ph-p), 1.50 (s, 36H, iPr), 1.41 (s, 18H + 3H, iPr), 1.40 (s, 18H, /Bu), 1.29
(s, 18H + 3H, iPr), 1.27 (s, 18H, /Bu) ppm; *C NMR (126 MHz, CDCl;, 25 °C): § = 151.1, 150.1,
149.5, 149.3, 146.9, 145.5, 145.4, 143.0, 142.6, 142.4, 139.3, 136.4, 135.3, 133.5, 133.4, 133.1,
133.0, 132.6, 131.7, 128.6, 128.5, 123.0, 121.7, 121.6, 117.0, 106.9, 106.7, 106.4, 103.2, 100.3,
99.90, 99.04, 35.18, 31.85, 19.21, 12.44, 11.92 ppm; UV/Vis (CH2CL): Amax (¢ [M ™' cm™']) = 484
(3.0 x 10%), 612 (2.6 x 10%), 651 (4.2 x 10*) nm; HR-MS (ESI-TOF, positive mode): [M]" Calcd
for Ci24H150N10Ni2Si2 2006.9823; Found 2006.9346.

Ocxidation of A2-3a with PIFA in the presence of H,O

To a round-bottomed flask, A2-3a** (44.5 mg, 49.9 pmol), dichloromethane (10 mL), and
water (10 uL) were added. PIFA (21.6 mg, 50.2 pmol) was added to the mixture. The resulting
mixture was stirred at room temperature for 30 min. The reaction was quenched with sat. NaHCOs
aq., and the mixture was extracted with dichloromethane. The combined organic layers were

washed with water and brine, and dried over anhydrous Na,SOs. After removing the solvent, the
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mixture was purified by silica-gel column chromatography
(dichloromethane/hexane/triethylamine = 100/50/3 as an eluent). The first yellowish green band
was collected. After removal of the solvent in vacuo, recrystallization from dichloromethane
/acetonitrile afforded A2-7a (10.1 mg, 11.1 pmol) in 22% yield as a green solid. The second blue-
purple band was found to be a mixture of unidentifiable compounds. The third blue band was
collected. After removal of the solvent in vacuo, recrystallization from acetonitrile provided A2-
6a (19.4 mg, 21.4 pumol) in 43% yield as a blue solid. A2-7a: '"H NMR (500 MHz, CDCl;, 25 °C):
0=13.61 (br-s, 2H, NH), 7.74 (d, J= 1.8 Hz, 2H, Ar-0), 7.52 (t, /= 1.8 Hz, 2H, Ar-p), 7.39 (t, J
= 1.7 Hz, 1H, Ar-p), 7.25 (d, J= 1.7 Hz, 4H, Ar-0), 7.14 (d, J = 4.4 Hz, 2H, f), 6.68 (d, J = 4.4
Hz, 2H, p), 6.61 (d, J=4.4 Hz, 2H, p), 6.46 (d, J = 4.4 Hz, 2H, p), 3.30 (br-s, 1H, OH), 1.34 (s,
36H, 1Bu), and 1.29 (s, 18H, 7Bu) ppm; *C NMR (126 MHz, CDCl;, 25 °C): § = 177.46, 151.23,
150.11, 146.82, 142.23, 136.74, 131.54, 128.80, 125.95, 123.43, 122.37, 120.7, 118.09, 76.39,
35.23, 34.99, 31.56, and 31.52 ppm; UV/Vis (CH2CL): Amax (¢ [M™' ecm™']) =418 (4.4 x 10%), 471
(1.7 x 10%, and 570 (3.5 x 10*) nm; HRMS (APCI-TOF, positive mode): [M]" Calcd for
Cs2H74N402 906.5806; Found 906.5806. A2-6a: 'H NMR (500 MHz, CDCls, 25 °C): 6 = 13.66
(br-s, 1H, NH), 12.86 (br-s, 1H, NH), 7.51 (t,J = 1.8 Hz, 1H, Ar-p), 7.50-7.47 (m, 2H + 1H, Ar-
o+ Ar-p), 737 (t, J= 1.7 Hz, 1H, Ar-p), 7.27 (d, /= 1.7 Hz, 2H, Ar-0), 7.23-7.17 (m, 2H + 1H,
Ar-o+ f),7.11 (d,J=4.7 Hz, 1H, f), 6.96 (d, J=4.7 Hz, 1H, ), 6.80-6.75 (m, 2H, p), 6.48 (dd,
J1=4.0Hz, J,=2.4Hz, 1H, p), 6.24 (dd, J1 =4.3, . =23 Hz, 1H, ), 6.10 (dd, J1 =4.3, >, =2.3
Hz, 1H, p), 3.11 (br-s, 1H, OH), 1.35 (s, 18H, Bu), 1.33 (s, 18H, Bu), 1.27 (s, 18H, tBu) ppm;
BC NMR (126 MHz, CDCl;, 25 °C): 6 = 181.69, 176.04, 168.29, 153.02, 152.77, 150.98, 150.23,
146.27, 144.13, 143.41, 14183, 140.89, 139.35, 136.79, 136.69, 136.54, 132.67, 126.04, 125.83,
125.43, 125.38, 123.07, 123.04, 122.86, 122.28, 120.85, 116.77, 109.82, 76.51, 35.17, 35.03,
34.99,31.57,31.54, 31.53 ppm; UV/Vis (CH2CL): Amax (¢ [M ™' cm™']) = 387 (4.3 x 10%), 589 (1.2
x 10%), and 633 (1.3 x 10*) nm; HRMS (APCI-TOF, positive mode): [M+H]" Calcd for
Cs2H75sN402 907.5885; Found 907.5858.

Ocxidation of A2-3b with PIFA in the presence of H.O

To a round-bottomed flask, A2-3b* (47.4 mg, 50.0 umol), dichloromethane (10 mL), and
water (10 pL) were added. After sonicating the flask, PIFA (21.5 mg, 50.0 umol) was added to
the mixture. The resulting mixture was stirred at room temperature for 30 min. The reaction was
quenched with sat. NaHCO; aq., and the mixture was extracted with dichloromethane. The
combined organic layers were washed with water and brine, and dried over anhydrous Na,;SOs.
After removing the solvent, the mixture was purified by silica-gel column chromatography
(dichloromethane/hexane/triethylamine = 100/50/3 as an eluent). After removal of the solvent in

vacuo, recrystallization from dichloromethane/acetonitrile afforded A2-7b (6.69 mg, 6.94 umol)
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in 14% yield as a red solid. "H NMR (500 MHz, CDCls, 60 °C): 6 = 8.61 (d, J= 1.8 Hz, 2H, Ar-
0), 7.56 (t, J= 1.8 Hz, 1H, Ar-p), 7.51 (t, J = 1.9 Hz, 2H, Ar-p), 7.23 (br-s, 4H, Ar-0), 6.78 (d, J
=4.4 Hgz, 2H, p), 6.62 (d, J= 4.6 Hz, 2H, f), 6.60 (d, /= 4.7 Hz, 2H, f), 6.25 (d, /= 4.4 Hz, 2H,
p), 2.67 (br-s, 1H, OH), 1.46 (s, 18H, tBu), 1.35 (s, 36H, /Bu) ppm; *C NMR (126 MHz, CDCl;,
25 °C): 0 = 178.58, 167.744, 151.98, 150.22, 149.65, 148.90, 141.93, 139.89, 139.41, 135.88,
135.32,129.95, 124.88, 123.21, 122.94, 120.79, 119.65, 118.91, 77.99, 35.50, 35.01, 31.72,31.56
ppm; UV/Vis (CH2CL): Amax (6 [M™' em™]) = 331 (2.2 x 10%), 389 (1.7 x 10%), 443 (6.2 x 10%),
569 (7.0 x 10*), and 728 (2.0 x 10*) nm; HRMS (APCI-TOF, positive mode): [M]" Calcd for
Cs2H72N402Ni 962.5003; Found 962.4985.

Nickel(I) complexation of A2-6a

A round-bottomed flask containing A2-6a (13.6 mg, 15.0 umol) and Ni(OAc), -4H,O (18.7
mg, 75.1 pmol) was charged with dichloromethane (5.0 mL) and methanol (2.0 mL). The mixture
was stirred at room temperature for 5 min. After removing the solvent, the mixture was purified
by silica-gel column chromatography (dichloromethane/ethyl acetate/triethylamine = 100/5/3 as
an eluent) to afford A2-6b (13.7 mg, 14.2 umol) in 95% yield as a purple solid. "H NMR (500
MHz, CDCls, 25 °C): ¢ = 8.69 (br-s, 2H, Ar-0), 7.55 (t,J= 1.8 Hz, 1H, Ar-p), 7.50 (t, /= 1.8 Hz,
1H, Ar-p), 7.46 (t, J= 1.8 Hz, 1H, Ar-p), 7.16 (br-s, 2H, Ar-0), 7.11 (br-s, 2H, Ar-0), 7.06 (d, J =
4.0 Hz, 1H, p), 6.86 (d, /= 4.8 Hz, 1H, p), 6.84 (d, /= 4.8 Hz, 1H, p), 6.67 (d, /=4.9 Hz, 1H,
p), 6.66 (d, J=4.8 Hz, 1H, p), 6.32 (d, J=4.0 Hz, 1H, p), 6.11 (d, J=4.5 Hz, 1H, ), 5.94 (d, J
=4.6 Hz, 1H, p), 2.69 (br-s, 1H, OH), 1.47 (s, 18H, ¢Bu), 1.33 (s, 18H, /Bu), 1.30 (s, 18H, Bu)
ppm; *C NMR (126 MHz, CDCls, 25 °C): 6 = 176.61, 174.10, 162.06, 151.51, 150.58, 150.55,
149.86, 149.29, 145.87, 145.80, 145.14, 144.07, 142.67, 142.14, 138.93, 136.47, 135.14, 135.04,
134.49, 129.89, 127.45, 124.69, 124.49, 123.81, 123.46, 123.33, 122.85, 122.54, 121.09, 120.55,
111.37,77.78, 35.53, 35.04, 35.02, 31.79, 31.52 ppm; UV/Vis (CH2Cl): Amax (¢ [M ' cm™']) =336
(1.9 x 10%), 406 (3.2 x 10%), 554 (9.0 x 10*), and 819 (5.0 x 10*) nm; HRMS (APCI-TOF, positive
mode): [M]" Caled for Ce2H72N4O2Ni 962.5003; Found 962.4960.

Nickel(I) complexation of A2-7a

A round-bottomed flask containing A2-7a (13.6 mg, 15.0 umol) and Ni(OAc),-4H,O (18.6
mg, 74.8 pmol) was charged with dichloromethane (5.0 mL) and methanol (2.0 mL). The mixture
was stirred at room temperature for 80 min. The reaction was quenched with sat. NaHCOs aq.,
and the mixture was extracted with dichloromethane. The combined organic layers were washed
with water and brine, and dried over anhydrous Na,SOj. After removing the solvent, the mixture
was purified by silica-gel column chromatography (dichloromethane/hexane/triethylamine =
100/50/3 as an eluent) to afford A2-7b (13.6 mg, 14.0 umol) in 94% yield as a red solid.
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E-3. Crystallographic data

Chapter 2
compound 2-5(0TH)" 2-5[BAr"] 3-1
formula C3sHasN4O, CF;0sS7, C3sHasN4O", C3sH4sN4O2Zn",
0.5(CsHe) C2Hi2BF2q, CsHi2BFaq,
0.5(CsHi12) 0.5(CeH12), H.O
formula weight 725.87 1443.05 1584.51
crystal system triclinic triclinic monoclinic
space group P-1 (No. 2) P-1 (No. 2) P2i/c (No. 14)
crystal color purple purple purple
crystal description block plate block
a[A] 10.9921(2) 13.3760(3) 16.6389(5)
b[A] 11.6438(2) 14.6712(3) 16.7946(5)
c [A] 15.9803(3) 18.5644(4) 26.1992(8)
al°] 108.458(2) 108.129(2) 90
N 102.422(2) 99.319(2) 93.5900(10)
y[°] 97.426(2) 99.318(2) 90
VA% 1851.18(6) 3327.87(13) 7306.8(4)
VA 2 2 4
deaea [g cm™] 1.302 1.440 1.440
Ri (I>20(1)) 0.0637 0.0770 0.0494
WR, (all data) 0.1637 0.2122 0.1318
goodness-of-fit 1.031 1.018 1.028
temperature [K] 93(2) 93(2) 93(2)
solvent chloroform” chloroform” dichloroethane
benzene cyclohexane cyclohexane

“ The crystal was prepared in a glovebox to avoid hydrolysis.

b Chloroform stabilized with amylene was used to prevent ring-opening by ethanol added as a stabilizer.
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Chapter 3
compound 3-2 33 3-4
formula C35H4sN4OS C3sHasN4S”, C3sH43N4SZn",
C2Hi2BF2q, Cs2H12BFaq,
0.5(CeH12) 1.5(CsHs)
formula weight 570.82 1459.11 1597.55
crystal system monoclinic triclinic triclinic
space group P2i/n (No. 14) P-1 (No. 2) P-1 (No. 2)
crystal color purple purple purple
crystal description block block block
a[A] 11.9883(5) 13.4974(6) 15.2381(2)
b[A] 21.0001(7) 14.6725(7) 15.9224(3)
c [A] 12.8601(5) 18.5690(9) 16.4963(3)
al°] 90 107.949(2) 80.9350(10)
L 1°] 103.3000(10) 99.555(2) 63.946(2)
y[°] 90 99.629(2) 89.9040(10)
VA% 3150.8(2) 3355.1(3) 3540.51(12)
VA 4 2 2
deaea [g cm™] 1.203 1.444 1.499
Ri (I>20(1)) 0.0655 0.0683 0.0473
WR, (all data) 0.1270 0.1807 0.1289
goodness-of-fit 1.113 1.015 1.034
temperature [K] 93(2) 93(2) 93(2)
solvent chloroform dichloroethane chloroform
hexane cyclohexane benzene
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Chapter 4
compound 4-1 4-2 4-3
formula C41Hs1NsO C41HsoNs', CF303S” CaHsoNs",
Cs2H12BF24™ CeHiz
formula weight 629.86 761.93 1560.24
crystal system monoclinic triclinic triclinic
space group P2,/c (No. 14) P-1 (No. 2) P-1 (No. 2)
crystal color green purple purple
crystal description block plate plate
a[A] 19.9080(5) 10.4627(2) 12.7175(2)
b[A] 14.5343(4) 13.6823(2) 16.1660(3)
c[A] 12.1651(3) 14.6582(2) 19.4702(3)
al°] 90 80.1340(10) 72.649(2)
£1°] 97.937(2) 77.7650(10) 89.7130(10)
y[°] 90 76.2820(10) 85.2950(10)
VA% 3486.24(16) 1975.95(6) 3807.08(12)
VA 4 2 2
deaca [g cm™] 1.200 1.281 1.361
Ri (I>20(])) 0.0758 0.0414 0.0636
WR, (all data) 0.1779 0.1077 0.1779
goodness-of-fit 1.035 1.018 1.032
temperature [K] 93(2) 93(2) 93(2)
solvent chloroform dichloroethane dichloroethane
cyclohexane cyclohexane cyclohexane
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Chapter 5
compound 51 5-2 5-3FB
formula C3sHasN4NiO”, C35H43CIN4OZn, C3sHasN4O", C1oNs~
CF;03S7, 0.5(C¢He) CeHi2
formula weight 782.57 720.71 727.90
crystal system triclinic triclinic triclinic
space group P-1 (No. 2) P-1 (No. 2) P-1 (No. 2)
crystal color purple purple purple
crystal description block plate block
a[A] 11.0202(2) 10.4223(5) 13.1662(4)
b[A] 11.4897(2) 11.9901(7) 13.8960(3)
c[A] 15.8377(3) 15.5674(9) 23.5817(4)
al°] 107.966(2) 79.849(2) 82.864(2)
N 102.793(2) 82.714(2) 82.483(2)
y[°] 97.644(2) 79.855(2) 66.338(3)
VA% 1815.88(6) 1875.75(18) 3905.53(18)
VA 2 2 4
deaca [g cm™] 1.431 1.276 1.238
Ri (I>20(])) 0.0526 0.0439 0.1208
WR, (all data) 0.1455 0.0860 0.3805
goodness-of-fit 1.038 1.130 1.362
temperature [K] 93(2) 93(2) 93(2)
solvent dichloromethane dichloroethane dichloroethane
benzene cyclohexane benzene
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Chapter 5 & 6

compound

formula

formula weight
crystal system
space group
crystal color
crystal description
a[A]
b[A]
c[A]
a[°]
B
y[°]
VA
VA
dealea [g cm™]
R (I>20(1))
WR, (all data)
goodness-of-fit
temperature [K]

solvent

5-3Zn
C35H43N4OZH+,
CioNs~

791.25
monoclinic
C2/c (No. 15)
purple
block
11.8316(2)
15.0381(2)
21.3062(4)
90
91.680(2)
90
3789.27(11)
4
1.387
0.0318
0.0807
1.089
93(2)
dichloroethane

cyclohexane

5-3Ni
C3sHasN4NiO™,
CioNs~

784.59
orthorhombic
Cmca (No. 64)

purple

block
31.7189(9)
29.1124(8)
16.8723(4)
90
90
90
15580.1(7)
16
1.338
0.0629
0.1654
1.133
93(2)
chloroform

benzene

NiOEOP
C3sHasN4NiO",
CHiaBFaq,
0.5(CsH12)
1499.74
triclinic
P-1 (No. 2)
purple
block
13.5008(4)
14.5592(4)
18.5114(6)
108.0490(10)
99.8160(10)
99.8440(10)
3310.24(17)
2
1.505
0.0571
0.1397
1.036
93(2)
dichloroethane

cyclohexane
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Chapter 6 & Appendix 1
compound CoOEOP AgOEQOP Al-2a
formula C3sHa3sN4NiO™, C3sHasAgNLO", Ci36Hi50N10Ni2,
Cs:Hi12BFa4, CsHipBFo4, CHCl333,
1.5(CsHs), 0.5(CsH12) 1.853(CHCls)
0.5(C2H4ClL)
formula weight 1624.52 1548.90 2394.32
crystal system triclinic triclinic triclinic
space group P-1 (No. 2) P-1 (No. 2) P-1 (No. 2)
crystal color purple purple red
crystal description block plate prism
a[A] 15.5622(5) 13.3465(5) 16.1831(4)
b[A] 15.6847(5) 14.7153(5) 17.5405(4)
c[A] 16.3766(4) 18.5674(7) 24.2054(6)
al°] 64.8190(10) 108.1800(10) 103.795(2)
£1°] 87.9970(10) 99.2110(10) 98.948(2)
y[°] 85.0580(10) 99.4610(10) 102.536(2)
VA% 3604.01(19) 3329.4(2) 6356.0(3)
VA 2 2 2
deaca [g cm™] 1.497 1.545 1.251
Ri (I>20(])) 0.0402 0.0491 0.0998
WR, (all data) 0.1005 0.1372 0.3206
goodness-of-fit 1.014 1.194 1.011
temperature [K] 93(2) 93(2) 93(2)
solvent dichloroethane dichloroethane chloroform
benzene cyclohexane methanol
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Chapter 6

CoOEQOP-HasA CoOEP-HasA
PDB ID 7VFS8 7VF7
Data collection
Beamline (Spring-8) BL45XU BL45XU
Wavelength (A) 1.0000 1.0000
Space group Po6, P2,2,2,
Cell dimensions
a, b, c(A) 153.84, 153.84, 37.75 46.28, 76.12, 168.62
a, B, v (°) 90, 90, 120 90, 90, 90
Resolution (A) 44.45-1.35 45.26-1.35
(1.43-1.35)° (1.39-1.35)°
Total No. of reflections 2228601 3781691
No. of unique reflections 111120 131672
Riunerge (%) 12.2 (167.7) 11.1 (453.4)
Completeness (%) 98.5(97.0) 100.0 (100.0)
<llo (I)> 21.25(1.91) 15.59 (1.25)
CCia (%) 99.9 (74.5) 99.9 (50.4)
Multiplicity 20.1 (20.2) 28.7(27.3)
Wilson B factor (A?) 16.4 20.0
Refinement statistics
Resolution (A) 44.45-1.35 46.28—1.35
No. of monomers per asymmetric unit 2 3
Ryork/Riree (%0) 12.8/14.4 13.8/16.2
RMSD bond lengths (A) 0.007 0.008
RMSD bond angles (°) 1.42 1.42
No. of non-hydrogen atoms 3632 5083
Average B-factor (A?) 19.0 26.0

RMSD, root-mean-square deviations.

¢ Values in parentheses are for the highest-resolution shell.
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