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General introduction

Metal porphyrinoid

A large number of important physiological events are performed by tetrapyrrole compounds, including
porphyrins and their structural analogues called porphyrinoids. Porphyrin, an 18w-conjugated tetrapyrrole compound,
works as a dianionic ligand for a metal center (Fig. 1a). Heme, iron protoporphyrin IX, is an abundant and well-
known porphyrin metal complex in nature, widely involved in ranging from oxygen transfer, storage, and activation
to electron transfer.! Corrin and hydrocorphine, representative examples of porphyrinoid found in nature, have highly
saturated tetrapyrrole frameworks which act as monoanionic ligands for metal centers. The corrin framework which
has a directly connected structure at the C1- and C19-positions provides a cobalt complex, cobalamin, performing
transmethylation and radical rearrangement reaction (Fig. 1b).2 F430, a nickel hydrocorphine complex, is responsible
for biological methane generation and degradation (Fig. 1¢).> Thus, metal porphyrinoids play key roles of active

centers showing unique properties and reactivities to achieve important physiological events.
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Figure 1. Chemical structures of (a) heme having a porphyrin framework, (b) cobalamin having a corrin framework,

and (c) F430 having a hydrocorphine framework.

Metalloprotein containing metal porphyrinoid
A metal porphyrinoid is incorporated into an appropriate cofactor binding site in a protein matrix to form
a metalloprotein, performing physiological events (Fig. 2a). Representative metalloproteins containing metal

porphyrinoids are shown in Fig. 2b-d.
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Figure 2. (a) Schematic representation of components of metalloprotein and their roles. Crystal structures and
functions of (b) cytochrome bss> (PDB ID: 1QPU), (¢) myoglobin (PDB ID: 1MBN), and (d) cofactor binding domain
of methionine synthase (PDB ID: 1BMT). Black dashed line shows hydrogen bonding interaction.

Cytochrome bse> (Cyt bss2), one of the hemoproteins responsible for electron transfer in E. coli, contains a
heme cofactor and 106 amino acid residues, forming a four-helix bundle structure (Fig. 2b). Iron center of heme has
a hexa-coordinated structure with His102 and Met7, resulting in a high binding affinity (ca. 108 M") and stability
against heating, pH shift, and chemical treatment.* The relationship between redox property for the Fe''/Fe!! process
and amino acid residues surrounding active center has been investigated using mutagenesis technique. For instance,
the bis-methionine ligating Cyt bss> mutant including the substitution of His102 with Met102 was found to show a
positively shifted redox potential at 0.24 V vs. the normal hydrogen electrode (NHE) compared to that of native Cyt
bse2 at 0.17 V, whereas the bis-histidine ligating Cyt bss> mutant including the substitution of Met7 with His7 showed
a negatively shifted potential at —0.07 V.> In addition, mutations in peripherally existing and non-coordinating
residues can adjust the redox potentials ranging from 0 V to 0.17 V.° These results indicate properly surrounding
environment of the active center is essential for determination of the redox potential and the efficient electron transfer.

Myoglobin (Mb), a hemoprotein responsible for oxygen binding in muscle tissue, is composed with a heme



cofactor and 153 amino acid residues to form a globular structure with eight a-helices (Fig. 2¢).” Binding affinity of
heme for apoMb is ca. 10'* M! in the case of sperm whale Mb contributed by coordination, hydrophobic interaction,
and salt bridge between heme and the protein matrix.® In general, Mb reversibly takes a penta-coordinated structure
with proximal His93 in deoxy-form and a hexa-coordinated structure with dioxygen and proximal His93 in oxy-form
upon binding of dioxygen with binding affinity of ca. 10° M. The bound dioxygen in oxy-form is stabilized by
hydrogen bonding interaction with distal His64 as supported with the fact that substitution of His64 with other apolar
amino acid residues dramatically decrease affinity.” Moreover, proximal His93 also contributes to decreasing
dissociation rate of dioxygen because electron-donating histidine ligation stabilizes the Fe(IlI)-O,™" state, charge
separation species, according to model studies.’

Methionine synthase, one of the cobalamin-dependent enzymes, is composed of four distinct domains and
it catalyzes transmethylation from N-methyltetrahydrofolate to homocysteine producing methionine and
tetrahydrofolate in Prokaryota and Eukaryota (Fig. 2d). Each domain has specific binding site for cobalamin, N-
methyltetrahydrofolate, and homocysteine, respectively. Cobalt center of the cobalamin has a penta-coordinated
structure with His759 in the resting state containing a Co(II) species. In this mode, 6,7-dimethoxybenzimidazole
moiety, peripherally-attached substituent at the C17-position, is bound in an extended conformation by salt bridge
and multiple hydrogen bonding interactions. Investigation of the reaction mechanism revealed the two-step reaction.
At first, a highly nucleophilic Co(I) species is methylated by the reaction with N-methyltetrahydrofolate to produce
methylcobalamin, a methylated Co(Ill) species, and tetrahydrofolate. Then, methylcobalamin transfers the methyl
group to homocysteine to afford a Co(I) species and methionine. The first and second steps proceed 35-million-fold
and 6-million-fold faster, respectively, than those with model reactions using the cobalamin complex without the
protein matrix.! Moreover, the catalytic cycle is supposed to be assisted by three conserved amino acid residues,
His759, Ser810, and Asp757 by modulating the protonation of His759, resulting in control of the histidine ligation
to cobalt center.!!

In all cases, cofactors have specifically coordinated structures with axial amino acid residues. Additionally,
amino acid residues surrounding cofactors are interacted with external substrate and/or cofactor by noncovalent
fashions to keep each component at precise arrangement and modulate physicochemical properties and reactivities
for sophisticated functions. In other words, protein matrices provide axial ligands and specific secondary coordination
spheres as “reaction scaffolds” to active centers, resulting in regulation and expansion of functions expressed by

metal porphyrinoids.

Synthetic and biological approaches for construction of reaction scaffolds

In order to reproduce a reaction scaffold provided by a protein matrix and to apply various functions of
metalloproteins to artificial systems, synthetic and biological approaches have been investigated. In principle, a three-
dimensional substituent has been introduced to a metal porphyrinoid to generate a reaction scaffold on a porphyrinoid
plane in synthetic approach. The property of reaction scaffold can be finely tuned by changing the functional group
of substituent. For instance, noncovalent interactions such as ionic, hydrogen bonding, and hydrophobic interactions

between a substituent and a substrate provide an appropriate access of substrate. At the beginning of investigation,



Collman and coworkers reported dioxygen binding property of picket-fence iron porphyrin as a synthetic model of
myoglobin and hemoglobin (Fig. 3a).!> Moreover, effects of substituents, capable of hydrogen bonding interactions,
for dioxygen binding affinity and stability of oxygenated-state were evaluated.'* Subsequently, a series of picket-
fence metal porphyrins have been investigated as hemoprotein models and demonstrated binding of CO,'?®
NO/NOx,'* and HS™ !5 with an iron center as seen in native hemoproteins. Metal porphyrins have also been found to
catalyze widely important chemical transformations as well: direct C—H or C=C bond functionalization with
metalloporphyrin-catalyzing carbene-, nitren-, and oxene-insertion reactions to synthesize natural product
intermediates and pharmaceuticals. However, these purposes require high stereoselective reactions.'® A metal
porphyrin having three-dimensional substituent is a promising catalyst to achieve an asymmetric reaction because
their substituent can regulate the orientation of substrates. In this context, various researchers have attempted
metalloporphyrinoids-catalyzing asymmetric cyclopropanation of an olefin molecule with a diazoacetate reagent, a
carbene source, to evaluate the reaction stereoselectivity because the product has two stereocenters.!’-!” Especially,
highly diastereo- and enantioselective cyclopropanation of styrene with ethyl diazoacetate was achieved by Zhang
and coworkers by introduction of a substituent having a chiral moiety to cobalt porphyrin (Fig. 3b).?° In contrast to
synthetic approach, biological approach has been investigated to directly employ a specific environment in a protein
matrix as a reaction scaffold. Several groups have investigated conjugates of metal porphyrinoids with protein
matrices as artificial metalloproteins and artificial metalloenzymes to achieve both of enhanced biological functions
and abiological reactivities.?'">> In particular, hemeproteins such as cytochrome P450 and myoglobin have been
engineered by conjugation with abiological metal porphyrinoid as an artificial cofactor instead of natural cofactor
heme?® or modification of a protein matrices providing appropriate reaction scaffolds by site directed mutagenesis,?’
directed evolution,”® and introduction of unnatural amino acid residue.” For instance, Hayashi, Hisaeda, and
coworkers reported 1,400-fold higher oxygen affinity of myoglobin reconstituted with iron porphycene than that of
native myoglobin (Fig. 3¢).?° Hartwig and coworkers demonstrated significantly high activity for an abiological
cyclopropanation of styrene with ethyl diazoacetate using reconstituted myoglobin or cytochrome P450 with iridium
protoporphyrin IX (Fig. 3d).3° They performed gradual increase of stereoselectivity by introduction of mutations.
Several other groups also reported the cyclopropanation reactions using modified metal porphyrinoids or mutated
protein matrices.!-** Taken together, construction of an artificial reaction scaffold for metal porphyrinoid by synthetic

and biological approaches is expected to be a promising method to expand functions of metal porphyrinoids.
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Figure 3. Chemical structures of modified metal porphyrinoids and functions achieved by (a), (b) the metal
porphyrinoids and (c), (b) myoglobin reconstituted with the metal porphyrinoids.

Methyl-coenzyme M reductase

Methane is the simplest hydrocarbon and it has been investigated as a greenhouse gas and alternative fuel.
Most of the methane in nature is produced from H»/CO,, acetate, methylamines, and methanol by methanogens under
anaerobic conditions.** Generated methane is biologically oxidized by methanotrophs. Aerobic bacteria containing
two different types of methane monooxygenase (MMO), the iron enzyme sMMO and the copper enzyme pMMO,
convert methane with dioxygen to carbon dioxide under aerobic conditions.’® Methanotrophic archaea proceed
anaerobic methane oxidation, also called reverse methanogenesis, under anaerobic conditions because the conversion
of methane to carbon dioxide appears to follow the opposite enzymatic pathway of methane generation in
methanogens.3¢

Methyl-coenzyme M reductase (MCR), which is composed of three different subunits McrA (ca. 65 kDa),
McrB (ca. 45 kDa), and McrG (ca. 35 kDa) in an (ay)2 heterohexamer, is the key enzyme in an anaerobic methane
formation by methanogens and anaerobic methane oxidation by methanotrophs.’3’- MCR was discovered in
Methanothermobacter thermoautotrophicus by Wolfe and coworkers in 1970s.4* Two F430 molecules as cofactors
are involved in active centers of MCR and catalyze the reaction of methyl-coenzyme M (CH3S—CoM) with coenzyme

B (HS—CoB) to produce methane and heterodisulfide (CoM—S—S—CoB) (Fig. 4). The first MCR structure was



obtained from M. Marburgensis containing an inactivated state of MCR and shows that F430 is located at the bottom
of a funnel-shaped and substrate binding channel. F430 is also coordinated by side chain oxygen atom of GIln147 and
thiolate moiety of coenzyme M in the proximal and distal sides of the hydrophobic binding cavity, respectively.*!
Subsequent crystal structures were found to show inactivated states containing product or substrate analogues.*>#4
Moreover, Shima and coworkers reported the crystal structure showing the methyl—Ni(IIl) state upon addition of
methyl iodide to the conjugate of an active state of MCR and substrate analogues.*> Furthermore, it is known that
five post-translationally modified amino acids such as 1-N-methhylhistidine (a257), 5-methylarginine (a271), 2-
methylglutamine (0400), S-methylcysteine (a452), and thioglycine (a445) are contained within the substrate binding

channel.*! In all crystal structures, F430 and substrates or products are precisely located within the protein matrix by

noncovalent interactions (e.g. hydrogen bonding and hydrophobic interactions and salt bridge).
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Figure 4. (a) Structure of methyl-coenzyme M reductase (PDB ID: 1MRO). (b) Chemical structure of F430. (c)

Methane generation catalyzed by methyl-coenzyme M reductase in methanogenic archaea.

F430 was isolated as a nickel-containing and non-fluorescent compound in 1980.4647 Pentamethylester of
F430, F430M, has often been employed to evaluate physicochemical properties and reactivities because of the
solubility and stability. The Ni(IT) form without protein matrix shows yellow color with absorption maxima at 274
nm and 430 nm, whereas the Ni(I) state shows green color with absorption maxima at 383 nm and 759 nm. The
structure of F430 was revealed using NMR and X-ray crystal structural analysis in 1991.4¥ Now, F430 is only known
as a natural metal porphyrinoid that binds nickel ion and has the most reduced tetrapyrrole framework called
hydrocorphine. This highly saturated framework represents the yellow color compared to the red color of porphyrin.
The redox potential corresponding to the Ni'l/Ni! process of F430M was determined to be —0.65 V vs. NHE in a basic
buffer*” and —0.50 V in dimethylformamide,>® whereas the redox potential due to the Ni"/Ni!! process was determined
to be 1.45 V in acetonitrile.>' The redox potentials of F430 bound in MCR have not been determined and expected
to have lower potentials compared to those of the free F430 cofactor. Oxidation state of nickel in F430M is analyzed

particularly by EPR spectroscopic measurements: EPR-active Ni(I) and Ni(Ill) states and EPR-silent Ni(II) state.



Ni(I) species of F430M generated by the electrochemical>? or chemical reduction by NaHg in tetrahydrofuran®® and
Ti(I1I) citrate in a buffer under a basic condition*” show axial EPR spectra (g, = 2.065, 2.074 and g = 2.25) with
superhyperfine splitting due to the coupling with nitrogen atoms of tetrapyrrole.’? The spectra with g, < g indicates
d&° metal complexes (S = 1/2) with a predominant dx’>_,?> configulation of the nickel ion orbital. Ni(IIT) state of F430M
was also electrochemically prepared to give axial EPR spectrum (g, =2.211 and gj= 2.020), showing a predominant
d;* configulation of the nickel ion.>! Because EPR spectrum reflects not only the electronic state of metal center but
also the geometry of metal complex, MCR is divided into several states, resulting in active MCRq1 and active
MCRreq> with Ni(I) species, inactive MCRgitens and MCRoxisitene With Ni(II) species, and MCRox1 with Ni(III)

species.’*

Reaction mechanisms of MCR

According to the mechanistic studies, representative mechanisms including three different intermediates of
methyl—Ni(IIl) species (mechanism I), methyl radical (mechanism II), and methyl anion (mechanism III) are shown
in Fig. 5. Mechanism I proposes that nucleophilic attack of Ni(I) species to the methyl group of methyl-coenzyme M
in an Sn2-type manner generates methyl—Ni(Ill) intermediate at first step (Fig. 5a). Electron transfer from coenzyme
M to the methyl—Ni(Ill) yields the methyl-Ni(II) and coenzyme M radical species, followed by the formation of
methane. Finally, disulfide anion radical generated by the reaction of coenzyme B thiolate and coenzyme M thiyl
radical provides one electron to the Ni(Il) species to yield the original Ni(I) species and disulfide compound. This

356 and mechanistic and

mechanism is based on the mechanistic studies using F430 model complexes
crystallographic studies on the active Ni(I) enzyme with activated alkyl reagents including alkyl halides that show
generation of alkyl—-Ni(III) species.*!43:433337-61 [n mechanism II, Ni(I) species promotes the homolytic cleavage of
the C—S bond of methyl-coenzyme M to form transient methyl radical and Ni(Il)—thiolate intermediate (Fig. 5b).
Then, methyl radical abstracts the hydrogen atom from coenzyme B, followed by the generation of methane and
coenzyme B thiyl radical. Finally, the coenzyme B thiyl radical reacts with the Ni(II)-thiolate intermediate to
generate the Ni(II)—disulfide anion radical intermediate, transferring one electron to form the original Ni(I) species
and disulfide compound. This mechanism is based on the calculation studies using density functional theory®? and
mechanistic studies using single turnover reaction of the active Ni(I) enzyme with natural substrate analogues.®3
Mechanism III is similar to the mechanism II: Ni(I) species attacks to the sulfur atom of methyl-coenzyme M to
directly generate methyl anion as a transient intermediate and Ni(IlI)—thiolate intermediate (Fig. 5¢). Then, methyl
anion accepts the proton from coenzyme B to accomplish the generation of methane. Electron transfer from coenzyme
B thiolate to the Ni(Ill)—thiolate intermediate generates the Ni(I[)—disulfide anion radical intermediate in two steps.
Transferring one electron to the Ni(II) center affords the original Ni(I) species and disulfide compound. However,
generation of important intermediates, methyl—Ni(IIl) species (mechanism I), methyl radical (mechanism II), and
methyl anion (mechanism III), are predominantly expected based on spectroscopic analyses under specific conditions.

Therefore, the details of the active center and the reaction mechanism have not been completely elucidated.
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Figure 5. Representative reaction mechanisms of methane generation through (a) methyl-nickel intermediate, (b)

methyl radical intermediate, and (c) methyl anion intermediate.

Model studies of MCR

To elucidate the reaction mechanism of MCR, various F430 model complexes have been investigated. -
35,64-66 Stolzenberg and coworkers reported nickel(Il) octaethylisobacteriochlorin as a model complex of F430 and
stoichiometric methane generation from methyl iodide in organic solvent upon reduction of Ni(Il) species with NaHg

(Fig. 6a).>® They also examined various reduction and dehalogenation of alkyl or aryl halides using the model



complex.’* Meyerstein and coworkers employed nickel(I) tetramethylcyclam or F430M and demonstrated the
formation and isolation of methyl—Ni(II) products which show the specific peaks of methyl group in NMR spectra
upon addition of dimethylmagnesium in organic solvent (Fig. 6b).>> Moreover, they firstly performed methane
generation (~10% yield) from methyl-coenzyme M in an aqueous solution upon reduction of nickel(Il)
decamethylcyclam or nickel(I) 1,3,6,10,12,15-hexaazatricyclo[13.3.1.1]eicosane by radiolysis (Fig. 6¢).%°
Meanwhile, the reaction mechanism containing the activation of the C—S bond in methyl-coenzyme M by the reaction
with a thiyl radical and formation of a sulfuranyl intermediate followed by methyl transfer to give a methyl-Ni(1l) or
a Ni(Ill) intermediate was suggested in an early mechanistic studies.’!67-%8 Pfaltz and coworkers examined the
reaction  mechanism  using  Ni(I) complex with a  thiolate-thioether  ligand,  bis{1-[2-
(methylthio)ethyl]cyclohexanethiolato}nickel, and demonstrated the methane formation (~50% yield) upon
photoirradiation in the presence of a thiol-thioether substrate, 1-[2-(methylthio)ethyl]cyclohexanethiol, showing the
formation of a sulfuranyl intermediate and cleavage of the C—S bond. However, Ni(I) species could not be identified
and the reaction mechanism is unclear (Fig.6d).%* Recently, Tatsumi and coworkers have reported series of F430
model complexes using azacyclam ligands having H;C—S moieties. They revealed crystal structures of Ni(I) species
and demonstrated methane generation via intramolecular cleavage of the C—S bond (Fig. 6¢).%° Moreover, Zelder and
coworkers achieved the synthesis of a cobalamin-based F430 model complex which has a modified and reduced

corrin framework, showing similar physicochemical properties to F430 (Fig. 6f).%
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Figure 6. Chemical structures of F430 model complexes reported by (a) Stolzenberg,>-* (b) and (c) Meyerstein,>>-°
(d) Pfaltz,% (e) Tatsumi,® and (f) Zelder.%



Although various model complexes have achieved methane generation from external methyl donor or via
the C—S bond cleavage of the ligands and provide essential insights into understanding the enzymatic reaction
mechanism, reaction conditions are completely different compared to that for the native enzyme. Moreover, there is
no functional model featuring the protein matrix of the enzyme. In this context, a functional model which combines
a model complex and an important factor of the protein matrix of the enzyme should be promising for elucidation of

the reaction mechanism and the effect of the protein matrix in the enzymatic reaction.

Active metal template method for mechanically interlocked compound

Interlocked molecules such as catenanes and rotaxanes having mechanical bond have been synthesized on
the investigation toward the construction of complexed architectures.®® The first example of catenane was obtained
by Wasserman and coworkers in 1960 with the statistical synthesis (~ 1% yield).”® After that, Schill, Luttringhaus,
and coworkers employed a covalently templated precursor to synthesize a catenane in high yield through 22-step
synthesis in total.”! Although these results suffered from low yield or multi-step synthesis, they have been bases for
construction of mechanically interlocked molecules. An efficient synthetic approach “metal template method” was
reported by Sauvage and coworkers in 1983. They employed Cu(I) ion as a template to assemble simple molecular
units followed by the reaction with other molecules to complete an interlocked structure.’? Introduction of a transition
metal ion for orienting and forming a molecular assembly demonstrates applicability to employ noncovalent
interactions for the formation of interlocked molecules. Subsequently, efficient synthesis of an interlocked molecule
employing noncovalent interaction was reported by Stoddart and coworkers using electron deficient and electron rich
n-1 interaction.” The same strategy was shown by Leigh and coworkers using hydrogen bonding interaction.” These
efficient syntheses of interlocked molecules opened the door for wide range of applications including “molecular
machine”.

Rotaxane synthesis based on the metal template method is classified in two different approaches
“Stoppering” and “Clipping” (Fig. 7a). The former utilizes the reaction of an assembly including a metal ion, a
macrocyclic molecule, and a thread molecule with stoppering molecules to produce a rotaxane structure. The latter
employs the reaction of an assembly including a metal ion, a dumbbell molecule, and a part of macrocyclic molecule
with the other part of a macrocyclic molecule to generate a rotaxane structure. In 2006, Leigh and coworkers reported
“Active metal template method” based on the metal template method to fully utilize ability of metal ion including
catalytic performance.” They used a macrocyclic molecule containing a pyridine moiety and achieved efficient
rotaxane synthesis through formation of a molecular assembly with Cu(l) ion, alkyne, and azide units followed by
azide—alkyne Huisgen cycloaddition, so called copper-catalysed azide—alkyne cycloaddition or click reaction.
Goldup and coworkers also demonstrated rotaxane synthesis in extremely high yield using a macrocycle containing
a bipyridine ligand for click reaction system.’® Thus, a metal ion promotes not only an assembly of molecular units
but also efficient formation of mechanical bond in the active template method (Fig. 7b). This new concept overcomes
synthetic difficulties of interlocked molecules as seen with original metal template method and provides rapid access

to highly complexed architectures.
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Figure 7. Schematic representation of (a) the metal template method by stoppering or clipping approaches and (b)

the active metal template method for synthesis of rotaxane.

Strapped porphyrin

Metal porphyrins bearing three-dimensional substituents such as strap,”’ cap,’® and basket-handle’® which
cover one or both faces of porphyrin plane have been investigated as model systems of hemoproteins, because their
metal porphyrin planes and substituents construct specifically covered reaction scaffolds. In particular, a metal
porphyrin derivative with a metal-coordinative substituent®*3! is suitable for modeling cytochrome ¢ oxidase (CcO),%
which is a mitochondrial membrane protein and contains a heme/copper hetero-dinuclear active site catalyzing
oxygen reduction reaction. In this context, phenanthroline-strapped porphyrin (Fig. 8), which can bind metal ions at
the phenanthroline and porphyrin moieties to form a hetero-dinuclear reaction scaffold, has been investigated as a
model of CcO by Weiss and coworkers. They have prepared a series of phenanthroline-strapped porphyrins
containing iron atom in the porphyrin moieties and evaluated their electrocatalytic properties for oxygen reduction
reaction in the presence and absence of copper ion and axial ligands.®* Moreover, they also reported that an imidazole
molecule perfectly fits to the cavity of the phenanthroline-strapped zinc porphyrin by coordination of the imidazole
nitrogen atom (N?) to the zinc center and hydrogen bonding interaction between the nitrogen atom (N') and the
phenanthroline.®* This specific coordination structure has been applied to the construction of self-assembled
structures forming organized nano-objects and showing energy transfer properties.®* Thus, a metal-coordinated cavity
in the phenanthroline-strapped porphyrin is a powerful tool to realize a bimetallic system which expresses both of

the catalytic ability and molecular recognition ability.
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Figure 8. Chemical structure of phenanthroline-strapped porphyrin and its expected functions.

System designs of metal porphyrinoids having reaction scaffolds in this thesis

Construction of an artificial reaction scaffold to a metal porphyrinoid should contribute to expanding its
function. In this context, the author focused on the construction of two-type reaction scaffolds surrounding metal
porphyrinoids toward modeling an enzymatic system and construction of a mechanically complexed architecture (Fig.
9). At first, regarding an investigation of a natural enzyme, a functional model featuring the protein matrix of the
natural enzyme should be promising for elucidation of the reaction mechanism and the effect of the protein matrix in
the enzymatic reaction. To this end, the author prepared hemoprotein-based MCR functional models containing active
centers and reaction scaffolds by reconstitution method?® in which a natural heme cofactor of hemoprotein is replaced
with an artificial cofactor. Furthermore, the functional models demonstrated catalytic methane generation from an
external methyl donor (Chapter 1) and methane generation via intraprotein C—S bond cleavage (Chapter 2). On the
other hand, a metal-coordinated cavity in a phenanthroline-strapped porphyrin, having catalytic ability and molecular
recognition ability, is attractive for construction of a mechanically complexed architecture. In this context, the author
employed the complex in which Cu(I) ion and Zn(II) ion are bound to the phenanthroline and porphyrin moieties,

respectively, as a platform for rotaxane synthesis based on the active metal template method (Chapter 3).

Metal porphyrinoid Surrounding environment

Merging

“Reaction scaffold”

“Active center”

Toward... Modeling enzymatic reaction (Chapters 1 and 2)
Construction of mechanically interlocked molecule (Chapter 3)

Figure 9. Schematic representation of system designs in this thesis.
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Outline of this thesis

The author constructed an appropriate reaction scaffold which gives primary and second coordination
spheres to metal porphyrinoids by synthetic and biological approaches to employ complexes as protein-based
functional models of MCR (Chapters 1 and 2) and platform for rotaxane synthesis based on the active metal template

method (Chapter 3).

Chapter 1: Methane generation from an external methyl donor using reconstituted myoglobin

with nickel tetradehydrocorrin

Reconstituted myoglobin (reconstituted Mb) with nickel(I) tetradehydrocorrin (Ni'(TDHC)) was investigated as a
protein-based functional model of MCR. Ni'(TDHC), which has a monoanionic tetrapyrrole ligand to stabilize a low
valent nickel species, was synthesized as a model complex of F430 and successfully reduced by dithionite in a buffer
solution. Then, reconstituted Mb produced by conjugation of Nil(TDHC) with apomyoglobin showed catalytic
methane generation from methyl iodide, whereas Ni'(TDHC) does not generate methane. Furthermore, the effect of

the protein matrix in the catalytic reaction was elucidated by spectroscopic measurements for the Ni'/Ni! process.

Chapter 2: Methane generation via intraprotein C—S bond cleavage in reconstituted cytochrome

bseé2 with nickel didehydrocorrin

Cytochrome bse2 (Cyt bsez) reconstituted with nickel(IT) didehydrocorrin (Ni''(DDHC)) as a protein-based functional
model of MCR was investigated to demonstrate methane generation via intraprotein C—S bond cleavage. Ni'(DDHC),
which has more saturated ligand than Ni'(TDHC), was synthesized to enhance the reactivity of Ni(I) species.
Photoirradiation of reconstituted Cyt bss>» reduced the nickel center, followed by methane generation from the H;C—S
group of the methionine residue in the presence of tris(2,2'-bipyridine)ruthenium(II) chloride as a photosensitizer and
sodium ascorbate as a sacrificial reagent. Further experiment using mutated Cyt bse> suggested the importance of

precise arrangement of the active center and substrates in the protein matrix for the reaction.

Chapter 3: Synthesis of rotaxane using the ditopic strapped porphyrin based on the active metal
template method

Synthesis of rotaxane employing molecular recognition and catalytic ability of a metal complex of strapped porphyrin
having a ditopic ligand was investigated. The successful covalent bond formation yielding rotaxane by copper-
catalyzed azide—alkyne cycloaddition was observed in the presence of a Cu(I) ion bound to the phenanthroline moiety
and a coordinatively unsaturated metal ion in the porphyrin moiety. Moreover, structural control of a rotaxane by

introduction of a metal ion to the porphyrin moiety was achieved.
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Chapter 1
Methane generation from an external methyl donor
using reconstituted myoglobin with nickel tetradehydrocorrin

Reproduced in part with permission from [Angew. Chem. Int. Ed. 2019, 58, 13813—13817.]
DOI: 10.1002/anie.201907584
License number: 4733440350443
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1-1. Introduction

Methyl-coenzyme M reductase (MCR), which contains F430 as a cofactor, is the key enzyme for methane
generation in the final step of methanogenesis in methanogenic archaea.'* The cofactor, a Ni complex with a reduced
tetrapyrrole ligand with monoanionic character, converts methyl-coenzyme M (CH3S—CoM) and coenzyme B (HS—
CoB) to methane and a heterodisulfide (CoM—S—S—CoB) compound via a reactive Ni(I) intermediate in the protein.
Although, the enzymatic reaction has been investigated in experimental and theoretical studies,>!® the large and
complex structure of MCR complicates the elucidation of the reaction mechanism. Two different plausible pathways
through a methyl-Ni(Ill) intermediate or a transient methyl radical species and Ni(Il) intermediate have been
proposed.® Acceptable evidence for the latter mechanism has been provided by recent single turnover experiments.3
Although methane generation by the F430 and its model complexes were demonstrated,'*!” much stronger reductants,
such as Ti(Ill) citrate and NaHg were found to be required relative to the thiol-based reductant employed by native
MCR." In this context, the author has designed and prepared Ni(TDHC) (TDHC = 8,12-dicarboxyethyl-
1,2,3,7,13,17,18,19-octamethyltetradehydrocorrin; Fig. 1-1a), because the low valent nickel species was expected to
be stabilized by the monoanionic TDHC ligand as seen in the Co(TDHC) complex.!*?° In support of my strategy, a
nickel-substituted vitamin B12 derivative having a monoanionic ligand has been recently reported as a model with
spectroscopic characteristics similar to those of F430.2! Furthermore, the author have focused on the effect of the
protein matrix on physicochemical property and reactivity of the nickel model complex. For example, myoglobin
(Mb), an oxygen-binding hemoprotein, is found to provide a simple and useful scaffold for a hydrophobic cofactor-
binding cavity.??>* The study given in this chapter demonstrates methane generation from an external methyl donor

by the Ni(TDHC) complex within a Mb matrix using a mild reductant (Fig. 1-1b).
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Figure 1-1. Molecular structures of F430, Ni(TDHC), and heme. (b) Schematic representation of Mb reconstitution
with Ni(TDHC).

1-2. Results and discussion

Synthesis and characterization of Ni"(TDHC)

Ni'' TDHC) was synthesized by cyclization of the corresponding biladiene-a,c dihydrobromide derivative
in the presence of Ni(OAc),.2> Two methyl substituents at the C1- and C19-positions are on opposite faces of the
corrinoid ring and the compound was obtained as two enantiomers, (1R,19R)-TDHC and (1S,195)-TDHC. Two
propionate side chains are introduced at the C8- and C12-positions, as in native heme. According to the previous
work using Co(TDHC)," the side chains support fixation of the cofactor in a suitable orientation via a hydrogen
bonding network with polar amino acid residues. Following synthesis, the Ni'(TDHC) was characterized by 'H and
13C NMR spectroscopy, ESI-TOF mass spectrometry (found: 611.2161, calcd: 611.2163 as C33H37N404Ni) and X-
ray crystal structural analysis. The NMR spectra indicate that the compound is the diamagnetic Ni(II) species. The
UV-vis spectrum (Fig. 1-2a) has characteristic peaks at 272, 350, and 551 nm in aqueous solution, which are identical
to the peaks of the reported nickel complex without propionate side chains.?® Furthermore, the crystal structure of
[Ni"'(TDHC)]CIOs4 in Fig. 1-3 indicates two enantiomers, (1R,19R)-TDHC and (15,195)-TDHC, in a 0.55:0.45 ratio.
The reported pentamethyl ester of F430, F430M, has a more ruffled crystal structure than the present structure of
Ni'(TDHC).2¢ However, the averaged bond length between nickel and nitrogen atoms in Ni''(TDHC) is shortened
only by approximately 0.1 A relative to the F430 derivative, indicating that Ni(TDHC) is a potent model complex of
F430.
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Figure 1-2. UV-vis absorption spectral changes of Ni'(TDHC) (black line) upon addition of dithionite (blue line) in
(a) 100 mM potassium phosphate buffer (pH 7.0) and (b) THF/buffer (v/v = 1:1) solutions.

Figure 1-3. ORTEP representation of the crystal structure of [Ni'(TDHC)]C1Os (thermal ellipsoids shown at 50%)).

(a) Top view and (b) side view. Hydrogen atoms, counter anion, and solvent molecules are omitted for clarity.

Reduction of Ni''(TDHC)

The reduction of Ni''(TDHC) with dithionite under anaerobic conditions leads to UV-vis spectral changes
via several isosbestic points and the appearance of new peaks at 436 nm and 526 nm as well as a shoulder at 493 nm
(Fig. 1-2a). Furthermore, the Ni'/Ni' redox potential in 100 mM potassium phosphate buffer at pH 7.0 was determined
to be —0.54 V vs. Ag|AgCl by spectroelectrochemical measurements (Fig. 1-4). The slope of the Nernst plot is 55 mV,
indicating that one-electron transfer occurs in this redox event. Thus, the product obtained from the reaction with
dithionite was identified as a one-electron reduced species. However, the EPR spectrum of the one-electron reduced
species is silent although the Ni(I) paramagnetic species (d°) or ligand radical should be generated. To clarify the
conflicting results, the same species was evaluated in other solvents. The UV-vis spectrum of Nil(TDHC) in
THF/buffer (v/v = 1:1) has different peaks at 416 nm, 461 nm, and 653 nm which are not observed in the phosphate
buffer solution in the absence of THF (Fig. 1-2b). Furthermore, the EPR spectrum of one-electron reduced species in

THEF/buffer (Fig. 1-5) has peaks at g, =2.02 and gy= 1.96, indicating the Ni(I) species. This EPR spectrum is different

20



from that observed for native F430. In contrast to a predominant dy>_,> configuration of the nickel ion of F430,>!® the

EPR signals with g, > g observed in this work indicate a predominant d.> configuration of the nickel ion, according

to the previous data.?”-?® This result is also supported by the data from the Evans method, indicating the presence of

one unpaired electron (Fig. 1-6). These findings suggest an antiferromagnetic interaction due to the hydrophobicity-

induced stacking of two Ni/(TDHC) molecules in the buffer solution. Thus, the Ni'( TDHC) complex can be reduced
with dithionite, a mild reductant, to form the Ni(I) species. The Ni'/Ni! redox potential of Ni(TDHC) at —0.54 V vs.

Ag|AgCl is remarkably higher than the reported redox potentials of F430 derivatives (—0.70 V in dimethyl formamide

and —0.85 V in a basic buffer),”’ showing that the TDHC ligand provides the thermodynamically stable Ni(I) species.
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Figure 1-4. Nernst plots of the redox reaction of Ni(TDHC) based on AAbs(500 nm) values. (a) Plots with Nernst

curves assuming one-electron redox process with Eyn = —0.54 V vs. Ag|AgCl. (b) Plots of £ values against

log([Ni"(TDHC)}/[Ni'(TDHC)]). The line drawn by a least-squares fit to the plots gives a slope of 55 mV.
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Figure 1-5. EPR spectrum of Ni'(TDHC) in THF/buffer (v/v = 1:1) solution at 100 K and the simulated spectrum.
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Figure 1-6. 'H NMR (600 MHz) spectra of #-butanol in a mixture of THF/buffer (v/v = 1:1) containing 10 % D-O:
(a) with and (b) without Ni/(TDHC). Conditions: Temperature = 25 °C, [Ni'(TDHC)] = 1.0 mM, [#-butanol] = 320
mM.

Preparation and characterization of rMb(Ni'(TDHC))

The binding of Ni(TDHC) to an apo-form of Mb matrix (apoMb), which was prepared by removal of heme
from Mb, was investigated (Fig. 1-1b). First, the addition of the Ni''( TDHC) complex into an apoMb aqueous solution
does not produce significant changes in UV-vis and CD spectra under conventional conditions, indicating that the
difficulty of binding. These results are possibly due to unfavorable charge repulsion and/or steric hindrance. In
contrast, the addition of the Ni'(TDHC) complex to an aqueous solution of apoMb provides the obvious spectral
changes (Fig. 1-7a) under anaerobic conditions, showing formation of the reconstituted protein, rMb(Ni/(TDHC)).
The UV-vis titration experiment of apoMb into the Ni'(TDHC) solution indicates the dissociation constant (K4) of
11 uM (Fig. 1-7b). In the far-UV region of the CD spectrum, the characteristic negative Cotton effects were observed
at 208 nm and 222 nm derived from the a-helices of the reconstituted protein (Fig. 1-8a). Moreover, the Cotton
effects corresponding to the absorption peaks derived from Ni'(TDHC) are observed in the visible region of the CD
spectrum (Fig. 1-8b). This result clearly shows the incorporation of the nickel complex into the chiral environment
of the protein matrix and successful binding of the complex to the heme pocket of Mb. Furthermore, ESI-TOF mass
spectrum gives a peak at m/z = 2194.2, which is consistent with the expected value of the reconstituted protein (m/z
=2194.4 (z=8-)). The UV-vis spectrum of rMb(Ni/(TDHC)) is similar to that observed for Ni'{(TDHC) in THF/buffer
containing 10% pyridine (Fig. 1-9), suggesting that His93, the intrinsic residue coordinating to heme in native Mb,
works as an axial ligand in the protein matrix. Furthermore, maintenance of the Ni(I) species in the protein matrix is
confirmed by the EPR spectrum and the Evans method (Fig. 1-10 and 11). Especially, the EPR spectrum of
rMb(Ni(TDHC)) shows the predominant > configuration of the nickel ion in a similar manner to Ni'(TDHC) in
THF/buffer (v/v = 1:1).2728 Taken together, the results indicate that Ni'(TDHC) is bound into the heme pocket of
apoMb and stabilized by the protein matrix.
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Figure 1-7. (a) UV-vis absorption spectral changes of Ni'{(TDHC) (blue line) upon addition of apoMb (green line) in
100 mM potassium phosphate buffer (pH 7.0) at 25 °C under an N> atmosphere. (b) Plots of absorbance at 600 nm

against apoMb concentration.
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Figure 1-8. (a) CD spectral changes of apoMb (black line) in the ultraviolet region upon addition of Nil(TDHC)
(green color) in 100 mM potassium phosphate buffer (pH 7.0) at 25 °C under an N» atmosphere. (b) CD spectrum of
rMb(Ni'(TDHC)) in the visible region.
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Figure 1-9. UV-vis spectra of rMb(Ni/(TDHC)) in 100 mM potassium phosphate buffer (pH 7.0) (green color) and

Ni'(TDHC) in a mixture of THE/buffer (v/v = 1:1) containing 10% pyridine (red color).
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Figure 1-10. EPR spectrum of rMb(Ni'(TDHC)) in 100 mM potassium phosphate buffer (pH 7.0) at 20 K and the

simulated spectrum.
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Figure 1-11. '"H NMR (600 MHz) spectra of ¢-butanol in a 100 mM potassium phosphate buffer (pH 7.0) containing
10 % D,0: (a) with and (b) without rMb(Ni'(TDHC)). Conditions: Temperature = 25 °C, [rMb(Ni'(TDHC))] = 0.16
mM, [z-butanol] = 320 mM.

Methane generation from an external methyl donor

Methane generation from methyl iodide using rMb(Ni'(TDHC)) in the presence of dithionite as a terminal
reductant was carried out in buffer (pH 7.0) at 25 °C under an N, atmosphere. The GC traces and time-course plots
of generated methane in the gas phase of the sealed reaction vial are shown in Fig. 1-12. Interestingly,
rMb(Ni'(TDHC)) promotes generation of methane gas with an initial turnover frequency of 1.1 h™'. Methane
generation was mostly complete within 1 h and other gaseous products, such as ethane, were not detected in the
reaction. The protein matrix should play an important role in methane generation, because the bare Ni'(TDHC)
complex generates negligible amounts of methane gas under the same conditions, apparently as a result of the
significant difference in redox potentials of free Ni'(TDHC) and rMb(Ni(TDHC)). Spectroelectrochemical
measurement of rMb(Ni(TDHC)) shows the Nil/Ni! redox potential of —0.65 V vs. Ag|AgCl (Fig. 1-13), which is
negatively shifted by 0.11 V compared to that of Ni(TDHC) (Fig. 1-4). Furthermore, the author conducted the isotope-
labeling experiment of the methane generation using '*C-labeled methyl iodide with GC/MS (Fig. 1-14). The
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quantitative isotope shift was observed in the mass analysis compared to the result using normal methyl iodide,
showing the definitive evidence of the formation of the methane gas from methyl iodide. The turnover number
reached 1.6 after the optimization of pH and substrate concentration (Fig. 1-15 and Table 1-1).3! In the present study,
the author employed methyl iodide as a methyl-group donor, which promotes the formation of the methyl-Ni(III)
intermediate for ionic methane generation involving the protonation and reduction of the nickel center according to
previous investigations using MCR and methyl iodide.>®” Thus, methane generation via a methyl-Ni(IIT)
intermediate is also proposed in this study using rMb(Ni'(TDHC)) and methyl iodide. However, recent investigations
of MCR propose the catalytic cycle via methyl radical species in the presence of the native substrates having the
CH3-S group, while they clearly exclude the formation of the methyl-Ni(Ill) intermediate. Therefore, this work
replicates the reactivity of MCR for methyl iodide.?

(a) ) N
rMb(Ni(TDHC)), Dithionite

CHal > CH,
buffer (pH 7.0), 25°C
(b) (c)
rMb(Ni'(TDHC)) 16 | 1
§12
Ni'(TDHC) £
2 o
o) S 8 —e— Mb(Ni(TDHC))
- i
Authentic sample =
A “
—=— Ni(TDHC)
1 1 0 el -
2.0 3.0 4.0 5.0 0 0.5 1.0
Retention time (min) Time (h)

Figure 1-12. (a) Reaction leading to generation of methane. (b) GC traces of the reaction of methyl iodide with
dithionite in the presence of tMb(Ni/(TDHC)) (green line) and free (Ni'(TDHC) (blue line). Authentic methane gas
is shown with a black line. (c) Time course plots of methane generation. Conditions: total volume = 500 pL,
[rMb(Ni/(TDHC))] or [Nil(TDHC)] = 45 uM, [CH;I] = 64.4 mM, [dithionite] = 1.0 mM in 100 mM potassium
phosphate buffer (pH 7.0) at 25 °C under an N, atmosphere.
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Figure 1-13. Nernst plots of the redox reaction of rMb(Ni(TDHC)) based on AAbs(415 nm) values. (a) Plots with
Nernst curves assuming one-electron redox process with £, = —0.65 V vs. Ag|AgCl. (b) Plots of E values against

log([rMb(Ni''( TDHC))]/[rMb(Ni'(TDHC))]). The line drawn by a least-squares fit to the plots gives a slope of 65 mV.
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Figure 1-14. (a) GC/MS traces of the reaction using normal CHsI monitoring '?CHs (m/z = 16) (top), '3CH;l
monitoring '3CHy (m/z = 17) (middle), and authentic gas sample monitoring '>’CHy4 (m/z = 16) (bottom). (b) Mass
spectra of CHy4 generated from normal CHsl (top) or 3CH;3I (middle) and of authentic gas of CH4 (bottom).
Conditions: total volume = 1500 pL, [rMb(Ni/(TDHC))] = 45 uM, [normal CH3I] or ['3CH;I] = 64.4 mM, [dithionite]
= 1.0 mM in 100 mM potassium phosphate buffer (pH 7.0) for 12 h at 25 °C under an N, atmosphere.
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Figure 1-15. Time-course plots of methane generation. Conditions: total volume = 500 pL, [rMb(Ni'(TDHC))] or
[Ni'(TDHC)] = 45 uM, [CH3I] = 20.0 mM, [dithionite] = 1.0 mM in 100 mM potassium phosphate buffer (pH 8.0)

at 25 °C under an N> atmosphere.

Table 1-1. Turnover number (TON) in methane generation by rMb(Ni'(TDHC)) under various pH and substrate

concentration conditions®

Entry pH [CH3I] (mM) TON
1 6.0 64.4 0.22 +£0.01
2 7.0 64.4 0.50 £0.08
3 8.0 64.4 0.65+0.11
4 9.0 20.0 1.61 £0.04

[a] conditions: [rMb(Ni(TDHC))] = 45 uM, [dithionite] = 1.0 mM in 100 mM potassium phosphate buffer at 25 °C

under an N, atmosphere.

1-3. Summary

In conclusion, reconstituted Mb with nickel tetradehydrocorrin serves as a functional model of MCR,
generating methane with a relatively mild reductant. In contrast to F430 and previous model systems requiring strong
reductants, such as Ti(Ill) citrate and NaHg, the TDHC ligand provides a complex which permits reduction by
dithionite, a mild reductant.3? The protein matrix, which provides a hydrophobic cavity and/or histidine ligation,
appears to play an important role in shifting the redox potential, which activates the Ni(I) species to promote the
methane generation. To the best of my knowledge, the present system is the first example of a protein-based functional
model of MCR which generates methane using dithionite as a terminal reductant. The appreciable enhancement of
methane generation compared with the control experiments in this work is important as a first step in model studies
showing the essential insights into native enzymes.’*** The further improvement of the catalytic activity of the
functional model will be demonstrated by mutation of the protein matrix and optimization of the synthetic cofactor.
A suitable methyl group donor will be investigated to replicate the catalysis by MCR and to contribute to the

elucidation of the reaction mechanism as well as the development of MCR-inspired artificial metalloenzymes.
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1-4. Experimental section

Instruments

UV-vis spectral measurements were carried out with a UV-3150 or UV-2550 double-beam spectrophotometer
(Shimadzu), a BioSpec-nano spectrometer (Shimadzu) or a V-670 spectrophotometer (JASCO). CD spectra were
recorded at 25 °C on a J-820AC spectropolarimeter (JASCO). ESI-TOF MS analyses were performed with a
micrOTOF-IT mass spectrometer (Bruker). 'H and '*C NMR spectra were collected on an Avance IT1I HD (400 MHz)
spectrometer and an Avance I1I (600 MHz) spectrometer (Bruker). The 'H NMR chemical shift values are reported
in ppm relative to a residual solvent peak. EPR spectra were measured using an EMX Micro spectrophotometer
(Bruker). pH measurements were made with an F-52 or F-72 pH meter (Horiba). ICP-OES was performed on an
ICPS-7510 emission spectrometer (Shimadzu). Air-sensitive manipulations were performed in a UNILab glove box
(MBRAUN). Methane gas generation was quantified by gas chromatography, GC-2014 (Shimadzu) equipped with a
TCD detector or GC-2010 plus (Shimadzu) equipped with a BID detector. Methane gas generation using '*C-labeled
methyl iodide was evaluated by GCMS-QP2010 Ultra gas chromatograph mass spectrometer (Shimadzu).

Materials and methods

All reagents of the highest guaranteed grade available were obtained from commercial sources and were used as
received unless otherwise indicated. Distilled water was demineralized using a Millipore Integral 3 apparatus. 8,12-
bis(2’-methoxycarbonylethyl)-1,2,3,7,13,17,18,19-octamethylbiladience-a,¢ dihydrobromide 1 was synthesized
according to the procedures reported in the literature.!® A standard nickel solution for ICP-OES was purchased from
FUJIFILM Wako Pure Chemical Corporation. Authentic CH4 gas (0.408 % (v/v), balancer: argon) was purchased

from GL Sciences Inc. A '3C-labeled methyl iodide (99 atom % of '*C) was purchased from Isotec Inc.

Synthesis of Ni''(TDHC)

ClO4 Clo4
Ni(OAc),-4H,0
NaOAc Ca(OH),, LiCl
—_— e
MeOH THF / H,0
93% 93%
CO,CH3 CO,CHj4 CO,CH3 CO,CH3 CO;H CO,H
1 2 Ni'(TDHC)

Scheme 1-1. Synthesis of Ni''(TDHC).
8,12-bis(2’-methoxycarbonylethyl)-1,2,3,7,13,17,18,19-octamethyltetradehydrocorrinatonickel(IT)

perchlorate (2). 1,19-dimethylbiladiene-a,c dihydrobromide 1 (500 mg, 0.67 mmol), Ni(OAc),-4H,0 (500 mg, 2.0

mmol) and NaOAc (490 mg, 6.0 mmol) were dissolved in methanol (80 mL) and the solution was stirred for 1 h at
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room temperature. The precipitate which was obtained upon addition of 150 mL of aqueous solution of NaClO4-H20
(6.6 g, 47 mmol) was filtered off, washed with water, and dried overnight. The product of nickel corrin derivative 2
was obtained by re-precipitation in a n-hexane/dichloromethane solution as a dark violet powder (46 mg, 0.62 mmol,
93% yield). '"H NMR (400 MHz, CDCls): 6 7.68 (s, 1H), 7.47 (s, 2H), 3.67 (s, 6H), 3.37 (t, J= 7.3 Hz, 4H), 2.83 (t,
J=17.3 Hz, 4H), 2.64 (s, 6H), 2.52 (s, 6H), 2.50 (s, 6H), 0.61 (s, 6H). HRMS (ESI, positive mode, m/z): [M — ClO4]*
calcd. for C3sHa1N4O4Ni, 639.2476; found, 639.2478.

8,12-dicarboxyethyl-1,2,3,7,13,17,18,19-octamethyltetradehydrocorrinatonickel(IT) perchlorate (Ni''(TDHC)).
The dimethyl ester of the tetradehydrocorrin nickel complex 2 (400 mg, 0.54 mmol), Ca(OH), (23 mg, 3.1 mmol)
and LiClI (1.9 g, 44 mmol) were dissolved in THF (200 mL) and water (200 mL) and then stirred at 40 °C for 2 h
under an N, atmosphere. To the solution, citric acid (6.6 g, 34 mmol) was added and the solution was extracted with
dichloromethane. The organic layer was washed with brine and dried over anhydrous Na>SO,4 and the solvent was
evaporated under reduced pressure. The residue was re-precipitated from n-hexane/dichloromethane to yield
tetradehydrocorrin nickel complex, Ni''(TDHC), as a dark violet powder (380 mg, 0.53 mmol, 98% yield). 'H NMR
(600 MHz, CD>Cl): 6 = 7.96 (s, 1H), 7.36 (s, 2H), 3.34 (m, 4H), 2.84 (m, 4H), 2.59 (s, 6H), 2.47 (s, 6H), 2.45 (s,
6H), 0.58 (s, 6H). *C NMR (150 MHz, CD,Cl,): § 164.12, 159.98, 157.99, 155.97, 145.14, 141.34, 135.11, 124.84,
98.87, 98.21, 92.07, 36.00, 25.38, 20.78, 13.70, 10.41, 9.98. HRMS (ESI, positive mode, m/z): [M — ClO4]* caled.
for C33H37N404Ni, 611.2163; found, 611.2155. UV-vis (H20, (nm) & (M-cm™)): Amax = 271.5 (25300), 349.5 (27200),
452.5 (4590), 551.0 (11200).
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Figure 1-16. "H NMR spectrum (600 MHz, CD>Cl>) of Ni'(TDHC).
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Figure 1-17. 13C NMR spectrum (150 MHz, CD>Cl,) of Ni'(TDHC).

X-ray crystal structural analysis of Ni''(TDHC)

Crystals of Ni'y(TDHC) suitable for x-ray crystallography were grown by vapor diffusion of benzene into a saturated
acetone solution. The crystals were mounted on the CryoLoop (Hampton Research Corp.) with a light mineral oil
and placed in an N stream at 113 K. All measurements were carried out on a Rigaku XtaLAB P200 diffractometer,
which is equipped with a rotating anode X-ray source (Mo Ko radiation) and a hybrid photon counting detector
(PILATUS 200K). The cell refinements were performed with a CrystalClear software package (Data Collection and
Processing Software Package, Rigaku Corp.). All of the crystallographic calculations were performed using the
CrystalStructure software package (Crystal Structure Analysis Software Package, Version 4.2.4, Rigaku Corp.). The
structures were solved by direct method (SIR92).3 Non-hydrogen atoms were refined anisotropically by full-matrix
least-squares on F? using SHELXL Version 2016/6.3° The structure in the final stage of the refinement showed no
movement in the atom position. Hydrogen atoms were attached at idealized positions on carbon atoms and not refined.
Crystal data and structural refinement parameters were listed below (Table 1-2). The CCDC number is 1912367. This

data can be obtained from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Table 1-2. Crystal data and date collection parameters

Compounds Ni''(TDHC)
CCDC Number 1912367
Empirical formula C45H49CINgNiOg
Formula weight 868.06
Temperature (K) 113(1)
Wavelength (A) 0.71075
Crystal system monoclinic
Space group P2/c (#13)
a(A) 12.121(2)
b(A) 16.582(2)
c(A) 10.8113(19)
o (deg.) 90.0000
B (deg.) 102.320(4)
v (deg.) 90.0000
Volume (A3) 2123.0(6)
Z 2
Density (calculated) (g/cm?) 1.358
p[Mo-Ka], (/em) 5.778
Crystal size (mm) 0.200 x 0.170 x 0.020
Theta range for data collection 3.099- 25.242
No. of reflections measured 26732
Unique data (Rint) 4875 (0.0795)
Data/restraints/parameters 4875/4/287
R1? (I>2.06())) 0.0649
WR2® (I>2.05(1)) 0.1895
R1? (all data) 0.0912
wR2P (all data) 0.2047
GOF on F? 1.011
Ap, e/A3 1.00, -0.81

[a] R1 = (Z||Fol-FelD/E[Fo])), [b] wR2 = [{Zw(Fo*-F)*}{Zw(Fo*)}]"
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Preparation of rMb(Ni'(TDHC))

Horse heart Mb was purchased from Sigma-Aldrich and purified by CM-Cellulose cation exchange column
(FUJIFILM Wako Pure Chemical Corp.). Removal of heme from Mb was performed along with the reported
procedure.’” To a solution of Ni''( TDHC) (500 pL in total, final conc. 50 uM) and dithionite (final conc. 1.0 mM) in
100 mM potassium phosphate buffer (pH 7.0), an apoMb solution (final conc. 150 uM) in 100 mM potassium
phosphate buffer (pH 7.0) was added under an N, atmosphere at 25 °C. The obtained rMb(Ni/(TDHC)) aqueous

solution (final conc. 45 pM) was used for experiments without purification unless otherwise indicated.

Determination of the dissociation constant of rMb(Ni'(TDHC))

Titration experiments were conducted by addition of an apoMb solution (final conc. 0 to 90 uM) in 100 mM
potassium phosphate buffer (pH 7.0) to a solution (500 pL in total) of Ni"(TDHC) (final conc. 30 uM) and dithionite
(final conc. 600 uM) in 100 mM potassium phosphate buffer (pH 7.0) at 25 °C under an N, atmosphere. After standing
for 5 min at 25 °C under an N> atmosphere, UV-vis spectra were measured using an optical cell with a 1-cm path
length (Figure 1-7a). The absorbance at 600 nm was plotted against the concentration of apoMb and fitted by non-
linear least squares equation (1-1) (Figure 1-7b). According to the calculation, the dissociation constant of

rMb(Ni(TDHC)) was determined to be 11 uM.

Mops = 2251+ K - [apoMb] + K - [Ni(TDHC)]o — {(1 + K - [apoMb] + K - [Ni(TDHC)])? —
4-K? - [apoMb] - [Ni(TDHC)]o}:] (1-1)
Ka= % (1-2)

where Adobs is the differential absorbance generated by subtraction of the absorbance of free Ni{(TDHC) at 600 nm,
b is the optical path length (cm), A¢ is the difference of absorption coefficient between rMb(Nil(TDHC)) and free
Ni'(TDHC), X is the binding constant (uM™"), K4 is the dissociation constant (uM), [apoMb] is the concentration of
apoMb (uM), and [Nil(TDHC)] is the initial concentration of Ni'(TDHC) (uM).

Determination of the concentration of rMb(Ni'(TDHC))
The concentration of rMb(Ni'(TDHC)) in an aqueous solution was calculated with equation (1-3) using the
determined dissociation constant and the concentration of Ni'(TDHC) and apoMb.

([Ni'(TDHC)], + [apoMb], + K,)

[rMb (NiI(TDHC))] = .

J(INi'(TDHC)], + [apoMb], + K;)% — 4 - [Ni'(TDHC)], - [apoMb],
2

(1-3)
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where [rMb(Ni/(TDHC))] is the concentration of rMb(Ni'(TDHC)) (uM), [Ni'(TDHC)]o is the initial concentration
of Ni'(TDHC) (uM), [apoMb]o is the initial concentration of apoMb (uM), and Ky is the dissociation constant (uM).

Spectroelectrochemistry

Spectroelectrochemical measurements were carried out at 25 °C using an optically transparent thin-layer electrode
cell (optical path length of 1 mm) under an Ar atmosphere. A Pt mesh working electrode and a Pt wire counter
electrode were used along with an Ag|AgCl reference electrode (3 M NaCl,q, from ALS Co., Ltd.). The potentials of
these electrodes were controlled and measured with a potentiostat (CompactStat, Ivium Technologies). A solution of
Ni(TDHC) (0.50 mM) and rtMb(Ni(TDHC)) (0.19 mM) with methyl viologen (0.40 mM) as an electron mediator was
prepared in 100 mM potassium phosphate buffer (pH 7.0). At each applied potential, the electronic absorption spectra
were monitored until no further spectral changes were detected. The data were fitted to the Nernst equation and the

number of electrons included in the reaction was determined through its fitting curve.

EPR measurements

EPR spectroscopic measurements were performed with an EMXmicro spectrometer (Bruker) at the X-band (9.44
GHz) microwave frequency. A solution of Nil(TDHC) (1.0 mM) was prepared in a mixture of THF/100 mM
potassium phosphate buffer (pH 7.0) (v/v = 1:1) and its EPR spectrum was recorded with 4.0 mW microwave power
and 10 G modulation amplitude at 100 K using liquid N> vapor. A solution of tMb(Ni(TDHC)) (0.52 mM) was
prepared in 100 mM potassium phosphate buffer (pH 7.0) and its EPR spectrum was measured with 0.013 mW
microwave power and 10 G of modulation amplitude at 20 K using liquid He vapor. The prepared sample was
quickly frozen in a cold pentane bath chilled with liquid Na. Processing and simulation were conducted with WinEPR

software package (Bruker).

Evans method

The effective magnetic moments and the number of unpaired electrons of Ni'{(TDHC) and rMb(Ni/(TDHC)) were
determined using the Evans method.3®4° '"H NMR spectra of 3% t-butanol were measured in a mixture of THF/100
mM potassium phosphate buffer (pH 7.0) (v/v = 1:1) containing 10 % D0 in the presence and absence of Ni'(TDHC)
(1.0 mM). '"H NMR spectra of 3% t-butanol were measured in 100 mM potassium phosphate buffer (pH 7.0)
containing 10% D,0 in the presence and absence of rMb(Ni'(TDHC)) (0.16 mM). A sealed capillary filled with 1,4-
dioxane as a reference was placed in each NMR tube containing sample solution. The difference of chemical shifts
of the ¢-butanol protons between the samples in the presence and absence of nickel species was used to calculate the

effective magnetic moment and the number of unpaired electrons. The equations below were used in the analysis.
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where xlz\’,,am is molar susceptibility, Ad is difference of chemical shift of #-butanol in ppm in the presence and
absence of nickel species, M is concentration of nickel species in mol/L, sz is the effective magnetic moment, £ is
the Boltzmann constant (1.38 x 1023 J-K™"), T'is temperature in K, N is the Avogadro constant (6.02 x 10?3 mol"),
Ly is the magnetic permeability of a vacuum (4 x © x 107 T2-m3-J1), up is the Bohr magneton (9.27 x 10 J-T-!), g

is the g value for electron spin (2.002), S is the spin state, and n shows the number of unpaired electron.

Methane generation reaction

In a 2.0 mL vial sealed with a silicon septum, a solution of tMb(Ni'(TDHC)) (final conc. 45 uM) or Ni'(TDHC) (final
conc. 45 uM), dithionite (final conc. 1.0 mM), and methyl iodide (final conc. 20.0 mM or 64.4 mM) dissolved in 100
mM potassium phosphate buffer (pH 6.0 — 9.0) (500 pL in total) was prepared. After stirring at 25 °C for 10 min —
24 h, the headspace-gas was analyzed by GC. The product was identified by a comparison of its retention time with
that of the authentic standard sample. The amount of methane gas was determined from the area of the corresponding
eluted peak using the calibration curve. Two following analytic procedures depending on GC apparatuses were used
and confirmed to produce the same results.

(1) The gas sample (1000 pL) was carefully taken from the headspace of the vial by a gastight syringe while the same
volume of water was compensated to prevent the pressure change. The gas sample was injected into a GC-2014
(Shimadzu) equipped with a TCD detector, a Chromatopac Integrator C-R8A (Shimadzu) and a 2.0 m % 3.0 mm ID
packed column ACTIVATED CHARCOAL 60-80 mesh using argon as a carrier gas. Measurement conditions:
injector temperature = 120 °C, detector temperature = 120 °C, column temperature = 60 °C, flow rate 50 mL/min.
(2) The gas sample (100 pL) was carefully taken from the headspace of the vial by a gastight syringe. Because of the
small volume against the headspace (1.5 mL), the pressure change was ignored relative to the other experimental
errors. The gas sample was injected into a GC-2010 plus (Shimadzu) equipped with a BID detector anda2.0 m x 1.0
mm ID micropacked column SHINCARBON-ST 80-100 mesh using helium as a carrier gas. Measurement
conditions: injector temperature = 200 °C, split ratio 5:1, detector temperature = 250 °C, column temperature = 60 °C

(1 min hold) — 18 °C/min — 220 °C (2 min hold), flow rate 55.8 mL/min.
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Chapter 2
Methane generation via intraprotein C—S bond cleavage
in reconstituted cytochrome bss> with nickel didehydrocorrin

Reproduced in part with permission from [J. Organomet. Chem. 2019, 901, 120945.]
DOI: 10.1016/j.jorganchem.2019.120945

Reconstituted Cyt bsg, with nickel didehydrocorrin as a model of
methyl-coenzyme M reductase
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v Methane generation via intraprotein C-S bond cleavage

2-1. Introduction

Methane has been investigated both as an alternative fuel and a greenhouse gas. Most of the methane gas
in nature is generated as a metabolite of organic compounds by archaea under anaerobic conditions.> Methanogenic
archaea are known to have the enzyme, methyl-coenzyme M reductase (MCR), which catalyzes the rate-limiting and
final step of biological methane generation.?> This reaction is promoted by a nickel hydrocorphinoid cofactor, well
known as F430, in the active site. Methyl-coenzyme M (CH3S—CoM) and coenzyme B (HS—CoB) are converted to
methane and the heterodisulfide compound (CoM—-S—S—CoB) by the active Ni(I) intermediate in the enzymatic
reaction (Fig. 2-1).

In spite of various experimental and theoretical studies, the reaction mechanism of MCR has not yet been
completely elucidated because of the complicated structures of F430 and MCR.%%7 At this moment, two plausible
reaction mechanisms have been proposed and they include formation of an organometallic methyl-Ni(III)
intermediate or a transient methyl radical intermediate.’ In the former case, the stable methyl-Ni(IIT) intermediate is
observed in a reaction of the active MCR containing the Ni(I) species of F430 with methyl iodide.'>!'” The latter
mechanism is more plausible according to a recent study which included a detailed analysis of single turnover reaction
of MCR with substrates having the CH3—S group, which are similar to native substrates.?? In this context, an
appropriate model complex of F430 has been required to properly evaluate the physicochemical property and
reactivity of F430.2832 Although some model complexes achieved methane gas generation from activated methyl
donors, examples of methane gas generation via C—S bond cleavage have been quite limited. Jaun and coworkers
demonstrated that photoirradiation of a Ni(Il) complex with a thiolate-thioether ligand, bis{1-[2-
(methylthio)ethyl]cyclohexanethiolato}nickel, in the presence of the corresponding thiol-thioether substrate, 1-[2-
(methylthio)ethyl]cyclohexanethiol, generated methane gas and the disulfide 1,2-dithiaspiro[4.5]decane via cleavage
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of the C—S bond.** Tatsumi and coworkers also reported that chemical reduction of Ni(IT) complexes using azacyclam
ligands having thioether group, such as 1,8-dimethyl-4,11-bis{(2-methylthio)ethyl}-1,4,8,11-tetraaza-1,4,8,11-
cyclotetradecane and 1,8-{bis(2-methylthio)ethyl}-1,4,8,11-tetraaza-1,4,8,11-cyclotetradecane, generated methane
and ethane gases via intramolecular C—S bond cleavage. The larger amount of methane gas was generated upon
addition of a thiol compound, 2,6-dimesitylbenzenethiol.*! These model complexes mimicking the enzymatic system

have provided important insights into the understanding of the reaction mechanism of MCR.

(b) 0O COy
'035/\/S‘CH3 + HS/\/\/\)LN)\(OPOi
H  CH,
Methyl-coenzyme M Coenzyme B
(CH;S—CoM) (HS—CoB)
Methyl-coenzyme M reductase
(MGR)
v 0 CcOy
CH, + -OSS/\/S\S/\/\/\)'LN/J\/OPOB_
H' CH,
Cofactor: F430 Methane Heterodisulfide
(CoM-S-S—-CoB)

Figure 2-1. (a) Molecular structure of cofactor F430. (b) Methane generation catalyzed by MCR in methanogenic

archaea.

In Chapter 1, the author described a protein-based functional MCR model which is prepared by myoglobin
(Mb) reconstituted with nickel tetradehydrocorrin (Ni(TDHC)) as a model complex of F430.33 The active Ni(I)
species was identified in the presence and absence of the protein matrix of Mb. The protein-based functional model
was found to promote methane gas generation from methyl iodide, whereas the bare Ni'(TDHC) complex does not
generate any significant amounts of methane gas under the same condition, indicating the importance of a protein
matrix. However, even the Ni(I) species in the protein matrix of Mb appears to be insufficient to activate a substrate
having a CH3—S group as seen in enzymatic reaction by MCR. Thus, the author constructed a different type of
protein-based functional model of MCR by conjugation of nickel didehydrocorrin (Ni(DDHC)) and the apo-form of
cytochrome bss2 (Cyt bse2) in order to enhance the reactivity of the Ni(I) species and replicate methane generation
via C-S bond cleavage (Fig. 2-2). This is because the Ni(I) species of Ni(DDHC) is expected to be a more reactive
than that of Ni(TDHC). Previous investigations have found that the nucleophilicity of the Co(I) species of cobalt
didehydrocorrin (Co(DDHC)) is enhanced relative to the Co(I) species of cobalt tetradehydrocorrin (Co(TDHC)).3+33
In addition, Cyt bse> should be a suitable protein matrix because the CH3—S group of the methionine residue, Met7,
is located close to the metal center in the heme pocket. In Chapter 2, methane gas generation via intraprotein C—S

bond cleavage of Met7 is demonstrated using reconstituted Cyt bss> upon photoreduction of the nickel center.
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Figure 2-2. (a) Structure of Cyt bss> (PDB ID: 1QPU). (b) Schematic representation of the reconstitution of Cyt bse>
with Ni(DDHC).

2-2. Results and discussion

Synthesis and characterization of Ni''(DDHC)

The author designed a Ni(DDHC) cofactor having a monoanionic tetrapyrrole ligand and two propionate
side chains at the C8- and C12-positions for the purpose of fixing the cofactor in the proper position via a hydrogen
bonding network with polar amino acid residues in the heme binding pocket. Hydrogenation of Ni''(TDHC) with
Pd/C and H; produced Ni'"(DDHC). The ESI-TOF mass spectrum of Ni''(DDHC) provides a peak at m/z = 615.2478
with a characteristic isotope pattern of a compound containing nickel ion, which is consistent with the calculated
exact mass number for [M—ClO4]" (calcd.: m/z = 615.2476). The UV-vis spectrum shows characteristic peaks at 264,
295, 321, and 453 nm in an aqueous solution (Fig. 2-3). The CV measurements revealed two reversible redox peaks
at—0.61 and 0.44 V vs. Ag|AgCl in acetonitrile as shown in Fig. 2-4. The former redox peak is assigned to the Ni'/Ni!
process, which is negatively shifted by 0.16 V compared to that of Ni'(TDHC) (Fig. 2-5), indicating the enhanced
reactivity of the Ni(I) species. The latter redox peak appears to be attributed to the Ni/Ni'" process, which is not
observed in Ni''(TDHC). The range of redox potentials corresponding to the Ni'"/Ni! process at —0.61 V vs. Ag|AgCl
and the Ni'/Ni' process at 0.44 V vs. Ag|AgCl are narrower compared to the reported potential data of the
pentamethyl ester of F430 (Ni'"/Ni': =0.70 V in dimethylformamide, Ni"/Ni': 1.25 V in acetonitrile).®®
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Figure 2-3. UV-vis spectrum of Ni'(DDHC) in 100 mM potassium phosphate buffer (pH 7.0) at 25 °C.

(a) (b)
1.0 1.5
ol 1.0
—_ 05}
S0} <
—_ - 0 -
-2.0 | 0.5
-3.0 1 L 1 1.0 1 1
-1.0 -0.5 0 0 0.5 1.0
E (V vs Ag|AgCl) E (V vs Ag|AgCl)

Figure 2-4. Cyclic voltammograms of Ni''(DDHC) in anhydrous acetonitrile with 100 mM TBAPF, with a scan rate
of 100 mV/s under an N atmosphere. Sweeping range: (a) —1.0 to 0V, (b) 0 to 0.8 V.
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Figure 2-5. Cyclic voltammogram of Ni'(TDHC) in anhydrous acetonitrile with 100 mM TBAPFs with a scan rate
of 100 mV/s under an N, atmosphere. Sweeping range: —1.0 to 0 V.
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Preparation and characterization of reconstituted Cyt bse>

Cyt bse> has the hydrophobic cofactor-binding cavity which provides a hexa-coordinated structure of the
native heme with two axial ligands, His102 and Met7 (Fig. 2-2),3¢ and the CH3—S group of Met7 side chain is
expected to work as an intraprotein methyl donor. The insertion of Ni'(DDHC) into the apo-form of Cyt bs¢> (apoCyt
bse2) provided reconstituted Cyt bse, rCyt bse2(Ni'(DDHC)), as a protein-based model of MCR. The UV-vis spectra
do not show significant changes upon addition of apoCyt bss> to a Ni''(DDHC) aqueous solution (Fig. 2-6a). In
contrast, the addition of Ni''(DDHC) to an apoCyt bss> aqueous solution exhibits stronger CD signals at 208 and 222
nm derived from a-helices compared to those of apoCyt bss2, supporting the formation of the reconstituted protein
(Fig. 2-6b). In fact, according to previous investigations of hemoprotein reconstitutions, the insertion of metal
complexes into the binding pocket of the apoprotein promotes re-folding of the protein matrices, involving stronger
Cotton effects in the ultraviolet region.>”3® However, the binding affinity of Ni"(DDHC) to apoCyt bse> appears to
be relatively low because the increase of CD spectral intensity in the ultraviolet region is less than the increase of CD
spectral intensity caused by binding of hemin. Assuming complete refolding of the a-helices upon addition of the
metal complex, 27% of Cyt bse; is reconstituted with Ni''(DDHC) compared to Cyt bse, fully reconstituted with hemin,
which is estimated by the intensity at 222 nm under conventional conditions. Furthermore, ESI-TOF mass spectrum
gives a peak at m/z = 2497.5, which is consistent with the calculated mass number of rCyt bse(Ni''(DDHC)) (m/z =
2497.3 (z=5+)) (Fig. 2-7).*>  The conjugation of Ni'(TDHC) and apoCyt bss> also produces rCyt bse(Ni''(TDHC)),
which is confirmed by UV-vis and CD spectral measurements (Fig. 2-8).

(a) (b)
0.6 0.8
"\ﬂ — Ni'(DDHC) + ApoCyt bsg, (0 eq) — ApoCyt bsg,
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Figure 2-6. (a) UV-vis spectral changes of Ni''(DDHC) (purple line) upon addition of 5.0 eq of apoCyt bse> (cyan
line) in 100 mM potassium phosphate buffer (pH 7.0) at 25 °C. (b) CD spectral changes of apoCyt bss> (black line)
upon addition of 5.0 eq of Ni''(DDHC) (cyan line) or hemin (brown line) in 100 mM potassium phosphate buffer (pH
7.0) at 25 °C.
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Figure 2-7. ESI-TOF MS for the characterization of rCyt bse(Ni'(DDHC)). The sample in 50 mM ammonium
acetate buffer was analyzed. Inset: the peak consistent with rCyt bse2(Ni"'(DDHC)).
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Figure 2-8. (a) UV-vis spectral changes of Ni''(TDHC) (blue line) upon addition of 5.0 eq of apoCyt bse> (green line)
in 100 mM potassium phosphate buffer (pH 7.0) at 25 °C. (b) CD spectral changes of apoCyt bse> (black line) upon
addition of 5.0 eq of Ni''(TDHC) (green line) in 100 mM potassium phosphate buffer (pH 7.0) at 25 °C.

Photo-induced methane generation from reconstituted Cyt bse2

Methane gas generation from reconstituted Cyt bse; was then demonstrated in 100 mM potassium
phosphate buffer (pH 7.0) at 25 °C under an N, atmosphere. First, the author used dithionite or Ti(Ill) citrate to reduce
Ni''(DDHC) in the protein matrix, but methane gas generation was not observed. Therefore, the author tried to reduce
the Ni'"(DDHC) complex with photoirradiation in the presence of tris(2,2'-bipyridine)ruthenium(Il) chloride as a
photosensitizer and sodium ascorbate as a sacrificial reagent. A solution of Ni'(DDHC) or Ni''(TDHC) (final conc.:
50 uM), apoCyt bse> (final conc.: 150 pM), tris(2,2"-bipyridine)ruthenium(Il) chloride (final conc.: 100 uM), and
sodium ascorbate (final conc.: 100 mM) dissolved in 100 mM potassium phosphate buffer (pH 7.0) (100 pL in total)
was prepared. After 2 h of photoirradiation with a Xe-lamp, gaseous products were analyzed and quantified by gas

chromatography (GC). The GC traces for evaluation of the amounts of methane gas are shown in Fig. 2-9 and the
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retention time of observed peaks for methane gases which are generated from the reconstituted proteins are consistent
with the retention time of authentic methane gas. Other gaseous products such as ethane were not detected in the
reaction. Fig. 2-10 summarizes the methane generation results produced by Ni''(DDHC), the apoprotein, and
reconstituted Cyt bsq> variants. Although control experiments with Ni''(DDHC) itself or apoCyt bss> generated
negligible amounts of methane gas, a small amount of methane gas (24 pmol, yield: 0.16% based on apoCyt bss» and
turnover number (TON): 0.0049 based on Ni(TDHC)) was observed from rCyt bse(Ni''(TDHC)). Interestingly, a 12-
fold greater amount of methane gas (290 pmol, yield: 1.9% base on apoCyt bss2 and TON: 0.057 based on Ni(DDHC))
was generated from rCyt bse(Ni'(DDHC)) compared to the amount of methane gas generated from rCyt
bsex(Ni'(TDHC)). The efficient methane gas generation from rCyt bsex(Ni''{(DDHC)) is likely due to the difference
in the reactivity of the Ni(I) species as expected by the CV measurements. As shown in Fig. 2-4 and 5, the redox
potential of Ni''(DDHC) for the Ni'"/Ni! process is more negative than that of Ni''( TDHC), indicating higher reactivity
of the Ni(I) species of Ni(DDHC). Furthermore, the redox potential of rCyt bsex(Ni''(DDHC)) in a buffer solution
appears to be more negative than that of rCyt bse(Ni''(TDHC)), as seen in the negatively shifted redox potential of
Co(DDHC) compared to Co(TDHC) regardless of the presence and absence of the protein matrix.>

rCyt bsgo(Ni'(TDHC))

rCyt bsg(Ni'(DDHC))

/\ Authentic sample

25 3.0 3.5 4.0 4.5
Retention time (min)

Figure 2-9. GC traces of the reaction with rCyt bsex(Ni'(TDHC)) (green line) and rCyt bsex(Ni"'(DDHC)) (cyan line)

in the presence of tris(2,2'-bipyridine)ruthenium(II) chloride and sodium ascorbate in 100 mM potassium phosphate

Intensity
——
>

buffer (pH 7.0) at 25 °C under an N, atmosphere. Authentic methane gas is shown with a black line.

43



400

300

200

Methane (pmol)

100

— o B

ok

RO N

R
& & & @

2 oy
A Y

o 0 3 e
&
0y ot 0 A
< < o y

<

Figure 2-10. Generated amounts of methane from Ni'(DDHC), apoCyt bse2, rCyt bsex(Ni"(TDHC)), rCyt
bsex(Ni"(DDHC)), rCyt bsexM*(Ni''(DDHC)), and rCyt bseM*“(Ni''(DDHC)) after 2 h of photoirradiation.
Conditions: Total volume 100 pL, [Ni"(DDHC)] = 50 uM, [ApoCyt bse; variant] = 150 uM, [[Ru(bpy);]Cl.] = 100
uM, [Sodium ascorbate] = 100 mM in 100 mM potassium phosphate buffer (pH 7.0) for 2 h at 25 °C under an N,

atmosphere.

In nature, cofactor and substrates are precisely arranged within the protein matrix of MCR.!112:27.28
According to the crystal structure of MCR, methyl-coenzyme M binds to the hydrophobic pocket above F430 with a
predominant electrostatic interaction between the protein matrix and its sulfonate tail, showing that the CH3—S group
of methyl-coenzyme M is located close to and oriented towards the cofactor.!'>17:25 On the other hand, the thiol
group of coenzyme B is found to be placed at a proper distance from methyl-coenzyme M and F430 within the funnel-
shaped and substrate binding channel of MCR. These suitable arrangements of substrates and active cofactor are
required to cleave the C—S bond and generate methane gas. Generally, the proximity effect promotes a reaction
between an amino acid residue and an active cofactor in the protein matrix. For example, Watanabe and coworkers
reported the hydroxylation of the Trp43 residue which is located close to high-valent iron(IV)—oxo complex of heme
within the binding pocket of the F43W/H64L mutant of Mb.**4! Hayashi and coworkers also reported
transmethylation from methylated Co(TDHC) to His64 which is located above the cofactor within Mb reconstituted
with Co(TDHC).*?> According to these examples, the author proposes that the Ni(I) species of Ni(DDHC) activates
the CH3—S group of Met7 close to the metal center within the heme-binding pocket of Cyt bs¢> to produce methane
gas in the present study although the detailed reaction mechanism is currently under investigation. To confirm the
possibility of the CH3—S group of Met7 as an intraprotein substrate, the author employed a mutated protein matrix,
Cyt bsexM’t, in which Met7 was substituted with Leu7. The significant decrease of methane gas generation was
observed from rCyt bse;M"“(Ni"'(DDHC)) (60 pmol, yield: 0.40% based on apoCyt bsexM’" and TON: 0.012 based on
Ni(DDHC)) (Fig. 2-10). This is because the protein matrix lacks the suitable intraprotein methyl donor, the CH3—S

group of Met7, in the active site. To evaluate the demethylation of the protein matrices, mass spectral analyses were
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conducted after isolation and concentration of protein matrices of rCyt bse(Ni"(DDHC)) and rCyt
bsexMY(Ni''(DDHC)). The ESI-TOF mass spectrum of rCyt bsex(Ni''(DDHC)) after the reaction has characteristic
peaks at m/z = 1964.42 (z = 6+) and 1961.59 (z = 6+) as shown in Fig. 2-11a. The former peak is assigned to the
protein matrix of apoCyt bse> (caled.: m/z = 1964.18 (z = 6+)), whereas the latter is consistent with the calculated m/z
for demethylated apoCyt bss2 where one methyl group is absent from the protein matrix (caled.: m/z = 1961.84 (z =
6+)). In contrast, the ESI-TOF mass spectrum of rCyt bse;M’“(Ni"'(DDHC)) after the reaction has a single peak at m/z
=1961.34 (z = 6+) as shown in Fig. 2-11b. This peak is attributed to the protein matrix of apoCyt bsexM’" (calcd.: m/z
=1961.18 (z = 6+)) suggesting that the demethylation of any residues in rCyt bsexM"“(Ni"'(DDHC)) is excluded. Thus,
the protein matrix of rCyt bsexM"“(Ni''(DDHC)) retains its molecular weight after the reaction. The present findings
indicate that methane is clearly derived from Met7 via C—S bond cleavage by the active Ni(I) species of Ni(DDHC).

Cyt bse2™C, a Cyt bse> mutant in which Leu3 is substituted with Cys3, was also prepared in order to provide
and fix a thiol group mimicking another native substrate, coenzyme B, close to the reaction center (Fig. 2-2a).
Interestingly, the Cys3 residue clearly increases the amount of methane gas generation (360 pmol, yield: 2.4% based
on apoCyt bss3¢ and TON: 0.072 based on Ni(DDHC)) by 24% compared to rCyt bse(Ni'(DDHC)) as shown in
Fig. 2-10. This finding suggests that the thiol group of Cys3 promotes a hydrogen transfer to produce methane as

seen in the thiol group of coenzyme B in the reaction scaffold of MCR.

(a) (b)

Found (Before reaction) 1064.34 (6+) Found (Before reaction) 1961.34 (6+)
* %* *
.. | Found (After reaction) 1964.42 (6+) .. |Found (After reaction) 1961.34 (6+)
[ > 1961.59 (6+) [
Calculation with GHa: 1964.18 (6+) Calculation with CHy: 1961.18 (6+)
H H without CHa: 1961.84 (6+) f\ \ without CH,: 1958.85 (6+)
1 1 1 1 L L L L
1950 1960 1970 1980 1990 2000 1950 1960 1970 1980 1990 2000
mlz mlz

Figure 2-11. ESI-TOF mass spectra of protein matrices of (a) rCyt bse2(N"'(DDHC)) and (b) rCyt bsexM"“(N'(DDHC)).
Upper and middle spectra show the results obtained before and after the reaction, respectively. Bottom profiles
represent the calculated spectra showing protein matrices retaining the CH3 group (blue line) and losing one CHj3
group (red line). The asterisks in (a) and (b) indicate potassium and sodium adducts of the protein matrices,

respectively.

2-3. Summary
Ni''(DDHC) is an appropriate model complex of F430 compared to Ni''(TDHC), because the more negative

Ni'"/Ni' redox potential of Ni(DDHC) is expected to provide a highly reactive Ni(I) species compared to that of
Ni(TDHC). Therefore, in the present investigation, methane gas generation was initiated with Ni'(DDHC) in the Cyt

bss> matrix which has a thioether group derived from the methionine residue in the cofactor binding cavity.
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Photoirradiation of rCyt bse(Ni"'(DDHC)) in the presence of a photosensitizer and a sacrificial reagent resulted in
efficient methane generation. Furthermore, comparison of the results of methane generation and mass changes of
protein matrices between rCyt bse(Ni'(DDHC)) and rCyt bsexM"“(Ni"'(DDHC)) provides evidence that methane is
derived from the CH3—S group of Met7 via C—S bond cleavage by the reactive Ni(I) species in the protein matrix. In
addition, the generation of methane gas from rCyt bse"*¢(Ni''(DDHC)) is found to be enhanced compared to methane
generated from rCyt bse2(Ni'"(DDHC)). These results clearly indicate that precise arrangements of the thioether, the
thiol, and the nickel center provide efficient methane generation via C—S bond cleavage in the protein matrix.
Therefore, methane generation by the reconstituted protein is promoted not only by having an appropriate nickel
complex but also by the precise arrangements of thiol and thioether moieties in the second coordination sphere. Two
key residues, Met7 and Cys3, are regarded as substrate models of methyl-coenzyme M and coenzyme B, respectively.
To the best of my knowledge, this study is the first example of methane gas generation via intraprotein C—S bond
cleavage using a protein-based functional model of MCR. Further studies on methane gas generation via C—S bond
cleavage within a protein matrix will contribute to the elucidation of the reaction mechanism of MCR as well as the

development of artificial metalloenzymes inspired by MCR.

2-4. Experimental section

Instruments

UV-vis spectral measurements were carried out with a BioSpec-nano spectrophotometer (Shimadzu) or a V-670
spectrophotometer (JASCO). CD spectra were recorded on a J-820AC spectropolarimeter (JASCO). ESI-TOF MS
analyses were performed with a micrOTOF-II mass spectrometer (Bruker). '"H NMR spectrum was collected on an
Avance III (600 MHz) spectrometer (Bruker). The "H NMR chemical shift values are reported in ppm relative to a
residual solvent peak. ICP-OES was performed on an ICPS-7510 emission spectrometer (Shimadzu).
Electrochemical studies were performed using a potentiostat (CompactStat, Ivium Technologies). A single-
compartment cell was used for all cyclic voltammetry (CV) experiments with a polished Pt working electrode, a Pt
wire counter electrode and an Ag|AgCl (3 M NaClyg, from ALS Co., Ltd.) reference electrode. All electrochemical
experiments were performed with 100 mM tetrabutylammonium hexafluorophosphate (TBAPF¢) as a supporting
electrolyte. All solutions were purged with N2 before CV measurements. Air-sensitive manipulations were performed
in a UNILab glove box (MBRAUN). Purification by HPLC was conducted with a HPLC Prominence System
(Shimadzu). Size exclusion chromatographic (SEC) purification was performed using an AKTApurifier system (GE
Healthcare). The pH measurements were made with an F-72 pH meter (Horiba). Photoirradiation reaction was
conducted using an Optical Modulex (USHIO Inc.) equipped with a 500 W Xe arc lamp, a cold filter (Asahi Spectra
Co., Ltd.), and a 420 nm sharp cut filter (SIGMAKOKI Co., Ltd.) to produce light in the range of 420 <A <750 nm
for 2 h at 25 °C in a cryostat (CoolSpeK, UNISOKU Co., Ltd.) under an N, atmosphere. Methane gas was quantified
by gas chromatography, GC-2010 plus (Shimadzu) equipped with a BID detector.
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Materials and methods

All reagents of the highest guaranteed grade available were obtained from commercial sources and were used as
received unless otherwise indicated. A standard nickel solution for ICP-OES was purchased from FUJIFILM Wako
Pure Chemical Corporation. TBAPFs (>98% purity) was purchased from Tokyo Chemical Industry Co., Ltd., and
recrystallized from heated ethanol and dried under vacuum before use. Authentic methane gas (0.408 % (v/v),
balancer: Ar) was purchased from GL Sciences Inc. Distilled water was demineralized using a Millipore Integral 3
apparatus. Nickel tetradehydrocorrin (Ni(TDHC)) was prepared according to the procedures explained in Chapter
1.33 Apo-forms of Cyt bss> and Cyt bsexM’" were prepared by acidification followed by extraction of heme with 2-
butanone (Teale’s conventional method).*? Apo-form of Cyt bse>3¢ was prepared by dialysis against 50 mM
potassium phosphate buffer (pH 7.0) containing 0.1 % sodium dodecyl sulfate and 1% 2-mercaptoethanol at 30 °C
for 20 h followed by further dialysis against 100 mM potassium phosphate buffer (pH 7.0) as reported in the

literature.*?

Synthesis of Ni''(DDHC)
Clo,
Pd/C
H;
19 ACOH inMeOH
88%
CO,H CO,H CO,H CO,H
Ni'(TDHC) Ni'(DDHC)

Scheme 2-1. Synthesis of Ni''(DDHC).

In a two-necked flask, 10% palladium on carbon (24 mg) was added into a solution of Ni''(TDHC) (20 mg, 28 umol)
in methanol (8 mL) containing 1% (v/v) acetic acid and hydrogenation was performed under 0.1 MPa of H;
atmosphere at 65 °C for 3.5 h. The reaction solution was filtered and evaporated under reduced pressure. After the
residue was dissolved in dichloromethane (50 mL), the solution was washed with brine (30 mL) and water (30 mL)
for three times and dried with Na>SOy4. This crude product was purified by reverse phase HPLC (acetonitrile/H,O
eluent, C18 column). The desired fraction was collected and evaporated under reduced pressure. After evaporation,
Ni'(DDHC) (18 mg, 25 umol, 88% yield) was obtained as yellow powder. Although the "H NMR spectrum of purified
Ni''(ODDHC) in CD,Cl, was measured, each peak is difficult to be assigned because of the existence of two
diastereomers and their conformers (Fig. 2-12 and 13). HRMS (ESI, positive mode, m/z): [M — ClO4]* calcd. for
C33H41N4O4Ni, 615.2476; found, 615.2478. UV-Vis (H20, (nm) & (M-""cm™)): Amax = 264 (20800), 295 (22800), 321
(21500), 453 (11400).
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enantiomer

<> [

R = CH,CH,CO,H

enantiomer R H

<> CH; CH,

\_ W, \_ W,
\ J

Figure 2-12. (a) Molecular structure of Ni''(DDHC). (b) The expected stereoisomers of Ni''(DDHC). Methyl groups

at C2-, C3-, C17-, and C18-positions are omitted for clarity. Ni'(TDHC) is exist as a mixture of two enantiomers due
to the methyl groups at C1- and C19-positions. Hydrogenation of two pyrroles of Ni''(TDHC) with Pd/C and H»
occurs with syn-stereoselectivity. Moreover, steric repulsion caused by substituents at “C7- and C8-" and “C12- and
C13-" positions of Ni"'(DDHC) will induce sterically distorted structures. Thus, Ni''(DDHC) is obtained as a mixture

of diastereomers, enantiomers, and conformers.
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Figure 2-13. 'H NMR spectrum (600 MHz, CD>Cl,) of Ni'(DDHC).

Protein sequence of Cyt bss; and its mutants

Cyt bse2
ADLEDNMETLNDNLKVIEKADNAAQVKDALTKMRAAALDAQKATPPKLEDKSPDSPEMKDFRHGFDILV
GQIDDALKLANEGKVKEAQAAAEQLKTTRNAYHQKYR

Cyt bseM"
ADLEDNLETLNDNLKVIEKADNAAQVKDALTKMRAAALDAQKATPPKLEDKSPDSPEMKDFRHGFDILV
GQIDDALKLANEGKVKEAQAAAEQLKTTRNAYHQKYR

Cyt b 5 62L3C
ADCEDNMETLNDNLKVIEKADNAAQVKDALTKMRAAALDAQKATPPKLEDKSPDSPEMKDFRHGFDILV
GQIDDALKLANEGKVKEAQAAAEQLKTTRNAYHQKYR

Expression and purification of Cyt bss; and its mutants

The gene expression systems used to obtain wild type Cyt bse; was reported in previous paper.** Site-directed
mutagenesis was performed by the polymerase chain reaction (PCR) using the KOD-Plus-Neo kit (Toyobo Life
Science) according to the protocol of the manufacturer. The wild type Cyt bss> gene cloned into pUC118 was used as

a template to introduce M7L and L3C single mutation into the Cyt bss> matrix. The primer sequences used to generate

each mutant were:
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M7L: (5’-CGTTTGCCGCTGATCTTGAAGACAATCTGGAAACCCTCAACGAC-3’) and the complementary

primer;

L3C: (5’-CTGCGTCGTTTGCCGCTGATTGCGAAGACAATATGGAAACCCTC-3’) and the complementary

primer.

After PCR, the template DNA plasmids were digested with Dpn I (Thermo Fisher Scientific). E. coli DH5a competent
cells were transformed with the PCR products. After the cultivation, the plasmids were purified using the NucleoSpin
Plasmid EasyPure (Takara). DNA sequencing was performed to verify each correct mutation in the gene sequence.
The resulting expression plasmid was used to transform E. coli strain TG1. YT medium (6 L) containing ampicillin
(600 mg) was inoculated with 150 mL of the culture (OD = 0.5) of the transformed cells. After the cells were grown
aerobically with vigorous shaking at 37 °C for 12 h, the cells were harvested by centrifugation. The harvested cells
from 6 L of culture were re-suspended in ca. 100 mL of a 10 mM Tris—HCI buffer (pH 8.0) and lysed by the addition
of chloroform (ca. 2 mL). After stirring for 1 h at 4 °C, 10 mM Tris-HCI (pH 8.0) (ca. 200 mL) was added to the
lysate. Then, the lysate was stirred for 1 h at 4 °C again and centrifuged to collect supernatant. The pH value of the
supernatant was adjusted to 4.5 by the addition of 1 M HCI. After stirring for 1 h at 4 °C, the precipitate was removed
by centrifugation. In the case of the M7L mutant, excess amount of hemin (final conc.: ca. 30 uM) was added before
acidification by 1 M HCI to convert the apo-form to the holo-form. The supernatant was loaded onto a CM-52
cellulose (FUJIFILM Wako Pure Chemical Corporation) cation-exchange column pre-equilibrated with 50 mM
KH>PO4 containing 0.1 mM EDTA (pH 4.5). The fraction of the target protein was collected by an eluent gradiented
with (A) 50 mM KH>POs containing 0.1 mM EDTA and 50 mM KCI (pH 4.5) and (B) 50 mM KH>POj4 containing
0.1 mM EDTA and 150 mM KCI (pH 4.5). The obtained solution was concentrated using an Amicon stirred cell
equipped with a 5 kDa molecular weight cut-off ultrafiltration membrane (Millipore). The concentrated solution was
passed through a HiPrep 16/60 Sephacryl S-200 HR column equilibrated with 100 mM potassium phosphate buffer
(pH 7.0) using an AKTApurifier system (GE Healthcare). The fractions with R. > 5 (R- is a ratio of absorbance values
at 418 nm and 280 nm) were collected and concentrated. The obtained Cyt bss; mutants were characterized by SDS-

PAGE and ESI-TOF MS, and stored at —80 °C.

Preparation of reconstituted Cyt bss; with Ni"'(DDHC) or Ni''(TDHC)

To a solution of Ni''(DDHC) or Ni'Y(TDHC) (final conc.: 50 uM) in 100 mM potassium phosphate buffer (pH 7.0),
an apoCyt bsez solution (final conc.: 150 uM) in 100 mM potassium phosphate buffer (pH 7.0) was added under an
N, atmosphere at 25 °C. The obtained reconstituted Cyt bse2 (rCyt bse2(Ni'"(DDHC)) and rCyt bse(Ni''(TDHC)))

aqueous solution was used for experiments without purification.

Photo-induced methane generation from reconstituted Cyt bse2

In an optical cell (pathlength: 1 mm, volume: 1000 uL) sealed with a silicon septum, a solution of Ni'(DDHC) or
Ni''(TDHC) (final conc.: 50 uM), apoCyt bse> (final conc.: 150 uM), tris(2,2'-bipyridine) ruthenium(IT) chloride (final
conc.: 100 uM), sodium ascorbate (final conc.: 100 mM) dissolved in 100 mM potassium phosphate buffer (pH 7.0)

50



(100 pL in total volume) was prepared. The solution was then irradiated using an Optical Modulex (USHIO Inc.)
equipped with a Xe lamp and optical filters to produce visible light for 2 h at 25 °C under an N> atmosphere. After
photoirradiation, the gas sample (100 uL) was carefully taken from the headspace of the vial by a gastight syringe
and injected into a GC-2010 plus (Shimadzu) equipped with a BID detector and a 2.0 m x 1.0 mm ID micropacked
column SHINCARBON-ST 80-100 mesh using He as a carrier gas. Measurement conditions: injector temperature =
200 °C, split ratio 5:1, detector temperature = 250 °C, column temperature = 60 °C (1 min hold) — 18 °C/min — 220
°C (2 min hold), column flow rate 55.8 mL/min. The product was identified by a comparison of its retention time
with that of the authentic standard sample. The amount of methane gas was determined from the area of the

corresponding eluted peak using the calibration curve.

Mass spectral analysis of the protein matrix after the photoirradiation reaction

Protein matrices in reaction solutions (200 uL) were purified using a HiTrap Desalting column (5 mL, GE Healthcare)
with 50 mM ammonium acetate buffer under aerobic conditions. The obtained protein solutions were concentrated
using an Amicon Ultra 0.5 mL Centrifugal Filter with a 3-kDa molecular weight cut-off membrane (Millipore). The
concentrated protein solutions (50 pL) were mixed with 0.1 % formic acid in methanol (50 pL) and analyzed by a

micrOTOF-II mass spectrometer (Bruker).
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Chapter 3
Synthesis of rotaxane using the ditopic strapped porphyrin
based on the active metal template method

Reproduced in part with permission from [Chem. Eur. J. 2017, 23, 13579-13582.]
DOI:10.1002/chem.201702553
License number: 4733440608972

3-1. Introduction

In modern supramolecular chemistry, the copper-catalysed alkyne—azide cycloaddition (CuAAC),! better
known as the click reaction, has provided access to a large variety of elaborate, but otherwise difficult to prepare
molecular structures.>> According to several investigations of the role of copper ion in the mechanism of the
cycloaddition, two metal ions are expected to be involved in the cycloaddition step.”-! Experimental evidences for
the cooperative process have been recently reported.>*!! The exact role of the second metal ion is not completely
elucidated and it can range from m-activation, due to Lewis acidic character, to coordination of the zwitterionic form
of the azide reagent. The cooperative and simultaneous activation of both the azide and alkyne by two distinct metal
centers is compatible with both a catalytic or stoichiometric use of copper in click reactions.® Several groups have
developed rotaxane synthesis using copper-catalysed click reaction based on the active metal template approach.'?-13
In such the approach, the participation of two metal centers in the mechanism of the click reaction was also indicated
by the use of copper-copper'? or copper-nickel'? in the formation of rotaxanes. In this context, the author demonstrates
that the use of a ditopic ligand able to bind both an active copper ion and a coordinatively unsaturated metal ion
induces both active and organising template effects, providing access to mechanically interlocked porphyrin
architectures.

Phenanthroline (phen)-strapped porphyrin 1(Hz), which is a ditopic ligand, has been employed for the
construction of supramolecular architectures by Weiss group. This ditopic ligand has led to several species in which
the phen binds and stabilizes a Cu(I) ion,'®!” whereas the porphyrin binds various coordinatively unsaturated metal
ions, thus offering the possibility of coordinating an exogenic substrate on either the open face, opposite to the strap,

or within the phen pocket.'®!° For instance, imidazole derivatives perfectly fit and are included within the cavity of
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the zinc porphyrin 1(Zn) by coordination and hydrogen bonding interaction with zinc center and phen moiety,
respectively, which were confirmed by both NMR and X-ray studies.!® Thus, the possible occurrence of a click
reaction within the phen strap of 1(Zn) is anticipated due to the isomorphic character of 1,2,3-triazole and imidazole,

and an assistance by the coordination of an azide reagent to the zinc of the porphyrin is also expected.
3-2. Results and discussion

Synthesis of strapped porphyrin [2]rotaxane

Addition of a slightly sub-stoichiometric amount of Cu(MeCN)4PFs to 1(Zn) provided the zinc-copper
complex in situ. As shown in Scheme 3-1, reaction in basic medium of the alkyne 2 '** and azide 3,?° bearing bulky
stoppers commonly used in mechanically interlocked structures,?! yielded mixtures of rotaxane structures still
containing either copper, zinc or both metals. A part of the copper ion is extruded from binding moieties due to
sterically demanding scaffoldings after the formation of triazole ring according to previous works for rotaxane
synthesis based on the active metal template method.'?!> To fully remove the copper ion, treatment with
ethylenediaminetetraacetate (EDTA) was performed. Because this treatment initiated a partial demetallation of the
zinc, complete removal of zinc was carried out upon trifluoroacetic acid (TFA) treatment. Finally, only the free base
rotaxane species 4(Hz) was isolated in various yields and characterized (Entries 1-7). The corresponding nickel and

zinc rotaxanes 4(Ni) and 4(Zn) were later obtained by metalation of 4(Hz) with nickel and zinc salts, respectively.

1(M)
M =Zn, Cu, Ni

Cu(MeCN)4PFg
Base

THF (reflux), 21 h

1) EDTA 4(M)

27 L 4ty
Scheme 3-1. Synthesis of 4(Hz). Reactions were performed in the presence of 0.96 eq of Cu(l) and subsequently
treated with EDTA and TFA.
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Table 3-1. Yields of rotaxane 4(Hz) obtained by click-reaction of 2 and 3 in the presence of 1(M) and 0.96 eq of
Cu(MeCN)4PFs.

Entry M Basel®! Yield (%)®]
1 Zn None n.d.
2 Zn 4-picoline 11
3 Zn 2,6-lutidine 18
4 Zn DIPEA (0.5 eq) 23
5 Zn DIPEA (1 eq) 50
6 Zn DIPEA (5 eq) 20
7 Zn DBU (1 eq), DIPEA (0.5 eq) 45
8 Cu DIPEA (1 eq) 16
9 Ni 4-picoline n.d.
10 Ni 2,6-lutidine n.d.
11 Ni DIPEA (1 eq) n.d.

[a] DIPEA: N,N-diisopropylethylamine, DBU: diazabicycloundecene.
[b] n.d.: not detected.

Investigation of effects of metal ions and bases on rotaxane synthesis

To demonstrate the essential role played by the metal ion in the porphyrin core, the nature of the metal in
the porphyrin was investigated (Table 3-1). Due to the previously reported fast disproportionation of a Cu(I) phen-
strapped porphyrin and its rapid conversion to the Cu(Il) porphyrin, synthetic attempts involving the free base
porphyrin 1(Hz) and the Cu(I) phen strap complex were precluded.'” Although Zn(Il) salts have been reported to
catalyze azide—alkyne cycloadditions,?? the use of 1(Zn) alone in the absence of Cu(MeCN)sPFs did not afford
rotaxane or the free dumbbell under the same reaction conditions, emphasising the expected role of Cu(l) ion as the
active metal template.

The use of 1(Cu), which weakly binds an axial ligand, resulted in a significantly lower yield of rotaxane
(Entry 8) compared to that obtained with 1(Zn). This result shows that the coordination on the metalloporphyrin is
the most important for a productive dual template effect. Indeed, the 16% yield obtained in the presence of 1(Cu) is
representative of the oxophilic nature of hard porphyrin-Cu(Il) complexes,?®> whereas the soft porphyrin-Zn(II)
complex has a clearly enhanced affinity for nitrogen-containing axial ligands and affords up to 50% yield of rotaxane
(Entry 5). Finally, when the nickel porphyrin 1(Ni), which is inert towards the axial binding of exogenic ligands, was
employed, no rotaxane was detected (Entries 9-11). Therefore, the presence of a second, coordinatively unsaturated
metal in the porphyrin core is necessary for the success of the click reaction.

The coordination of the azide on the zinc center in the porphyrin core of 1(Zn) is in agreement with the
observed influence of the base on the efficacy of the CuAAC reaction (Entries 1-7). Thus, the nature of the base used
in the click reaction was also studied. The yield of the rotaxane increased with increasing basicity, from picoline to

2,6-lutidine and DIPEA, emphasizing the role of the base in the deprotonation of the terminal alkyne and stressing
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the necessary weak binding of a nitrogen ligand on the open face of the porphyrin (Entries 1-7). The azide group
coordinates to zinc center and forms the zwitterionic intermediate on the open face (Fig. 3-1A) or on the strapped-
side (Figure 1 C or D). An assistance of the click reaction by coordination of the azide to a second metal requires
binding of the azide on the strapped-side of the porphyrin, as proposed in Fig. 3-1C or D. Azide binding can be
oriented to the strapped-side if a fifth ligand, in fast exchange, is already present on the open face of the zinc porphyrin.
Picoline strongly binds to zinc but only on the open face of the porphyrin due to steric hinderance; therefore, this
base is in slow exchange and clearly competes with the binding of azide on the strapped-side (Entry 2). With DIPEA,
which is a stronger yet non-nucleophilic base that weakly binds to zinc, the temporary binding of this base on the
open face of the zinc porphyrin favours the insertion of the azide on the strapped-side (Entry 5). In the case of 2,6-
lutidine, the steric hindrance in the vicinity of the nitrogen atom prevents binding on either side of the porphyrin,
thus resulting in the productive binding of the azide on the strapped-side and the non-productive binding on the open
face (Entry 3). Although stoichiometric amounts of both diazabicycloundecene (DBU) and DIPEA were employed
to try to take advantage of the reactivity of a strong base and the weak binding of a bulky base on the open face, the
yield was slightly lower than when using only DIPEA (Entry 7).

To rule out geometric effects influencing the efficacy of the cycloaddition, the dimensions of the strapped
porphyrin scaffolds of [1(Zn-Cu)],'® 1(Ni), 4(Ni), and 4(H;) were compared in their respective crystal structures (Fig.
3-2). The dimensions of the hollow pyramidal space between the porphyrin plane and the phen strap are nearly
identical in all four structures; therefore, geometric effects cannot explain the difference observed in the reactivity of
1(Zn) and 1(Ni) in the presence of Cu(I) for the templated 1,3-cycloaddition of the azide and alkyne stoppers. Thus,
only the nature of the metal in the porphyrin and its ability to assist the templated process via azide binding are
responsible for the formation of the rotaxane. In this regard, the classical Sauvage macrocycle, derived from 2,9-
diphenylphenanthroline pentaethylene-glycol, did not produce a rotaxane !?* by the active metal template method,
confirming the essential assistance of the metal in the porphyrin core observed in this work.

Thus, two distinct and complementary roles are played by each metal. Copper is the active metal template,
as previously described in works by Leigh '>!3 and Goldup.'* Zinc plays the role of an organising template according
to Sauvage’s definition ?* and is responsible for a productive positioning of the azide in the cavity defined by the
phen strap, probably as shown in Fig. 3-1D. At this stage, the competing and temporary binding of a base on the open
face of the porphyrin, which favours the productive binding of the azide in the strap side, restricts the efficiency of
the zinc organising template effect, resulting in moderate yield of rotaxane synthesis (~50%). Current work is in
progress to explore variation of the base or the ditopic nature of the macrocycle to enhance the productive binding of

the azide in the strap.
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Figure 3-1. Proposed tandem actions of a Zn organizing template and a Cu active metal template: The competitive
binding of the azide on the metallic porphyrin core and the axial base is ruled by their respective affinities for the

central metal.

Figure 3-2. Overlay of the solid state
structures of [1(Zn-Cu)]* (blue), 1(Ni)
(grey), 4(Ni) (green), and 4(H3) (red). Other
colors (purple and brown) denote major

overlaps between several structures.

Structural investigation of strapped porphyrin rotaxanes

Single crystals of 4(Hz) and 4(Ni) suitable for X-ray diffraction analyses were obtained by vapour diffusion
of acetonitrile into a saturated solution of 4(Hz) in dichloroethane/acetonitrile (v/v = 1:1) and vapour diffusion of
acetonitrile into a saturated CH>Cl, solution of 4(Ni). In the solid state structure of 4(Hz) the propyl chain's carbon
atoms and the porphyrin plane are separated by distances ranging from 3.3 to 3.6 A, which are close to van der Waals
distances (Fig. 3-3a). Weaker C—H/n interactions probably contribute to the additional stabilization of the propylene
chain threaded through the phen strap. The triazole develops m-m stacking interactions with the porphyrin ring at a
distance of approximately 3.7 A and the dumbbell’s phenyl group on the left-hand side in Fig. 3-3a is stacked above
the edge of the porphyrin ring at a distance of approximately 3.3 A. The latter stabilizing interaction was previously

observed for an inclusion complex of 2-phenylimidazole in 1(Zn).>
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In the crystal structure of 4(Ni) in Fig. 3-3b, the weak oxophilic interaction, denoted by the 3.0 A distance
between the nickel center and the phenol ether, is assisted by two additional noncovalent interactions. The stacking
of the left-hand phenyl group and the porphyrin edge occurs again, with distances ranging from 3.6 to 3.9 A, in spite
of the slight distortion of the porphyrin macrocycle. Furthermore, the protons located on the first and third carbons
of the propylene chain are at rather short distances (2.3 and 2.7 A) from the phen’s nitrogen atoms.

These structural features are preserved in solution, as confirmed by 2D 'H NMR experiments. In all three
rotaxanes, displacements of chemical shifts observed for different segments of the dumbbell's signals indicated the
location of each dumbbell segment in the phen-strapped porphyrin (Fig. 3-4). In 4(Zn), the triazole was clearly
located in the phenanthroline-porphyrin pocket, as shown by the deshielding of the triazole proton that is hydrogen
bonded to the phenanthroline.'#¢ The binding of the triazole to zinc was also detected in the UV-vis spectrum of 4(Zn)
where the Soret and Q bands appeared at 428 and 559 nm compared to those of 1(Zn) at 418 and 546 nm (Fig. 3-5).

The red-shifted absorptions of 4(Zn) are consistent with reported observations of triazole coordinated to a zinc

porphyrin.2®

Figure 3-3. Solid state structures of rotaxanes (a) 4(H2) and (b) 4(Ni). Hydrogen atoms and solvent molecules are

omitted for clarity. Significant distances are discussed in the text.

59



10 8.0 6.0 4.0 2.0 0 2.0 -4.0
d (ppm)

Figure 3-4. 'H NMR comparison of the dumbbell protons’ chemical shifts in (a) the absence of strapped porphyrin,
(b) 4(Zn), (c) the free base rotaxane 4(Hz), and (d) 4(Ni). All spectra were recorded in CD>Cl, (298 K) at 600 MHz.
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Figure 3-5. UV-vis spectra of (a) 1(Hz) (blue line) and 4(H3) (red line) in CH,Cl,, (b) 1(Ni) (blue line) and 4(Ni)
(red line) in CH2Cly, (c) 1(Zn) (blue line) and 4(Zn) (red line) in CH,Cl,. All measurements were carried out at 25
°C. Enlarged spectra are employed in Q-band region.

3-3. Summary

In conclusion, this work confirms the role played by a second metal ion, Zn(Il), in the copper-catalysed
alkyne—azide cycloaddition mechanism and opens the way to a “tandem active metal template” approach to rotaxanes
that cannot be obtained by a “single active metal template” method. Although this example uses a ditopic porphyrin
ligand, the approach could be extended to a wide range of ditopic ligands. In the particular case of easily accessible
phenanthroline-strapped porphyrins, this strategy is currently being explored for the straightforward preparation of

mechanically interlocked multi-porphyrin scaffolds such as photochemical dyads and triads.
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3-4. Experimental section

Instruments

UV-vis spectral measurements were carried out with a JASCO V-670 spectrophotometer. ESI-TOF MS analyses were
performed with a Bruker Daltonics microTOF II mass spectrometer. 'H NMR spectra were collected on a Bruker
BioSpin Avance IIT HD (400 MHz) spectrometer or an Avance III (600 MHz) spectrometer. The 'H chemical shift
values are reported in ppm relative to a residual solvent peak. Coupling constants (J) are reported in Hertz (Hz).
Standard abbreviations indicating multiplicity were used as follows: m = multiplet, t = triplet, d = doublet, dd =
double doublet, s = singlet, br = broad. Signal assignments were carried out using 2D NMR methods (COSY, NOESY,
HSQC, HMBC) where necessary

Materials and methods

Unless otherwise stated, all reagents were purchased from commercial sources and used without further purification.
Saturated EDTA,q and 1 M NaOH,q were prepared before the experiment. 0.10 M solutions of base in THF were
prepared under inert atmosphere before the experiment. The following compounds were synthesized according to
literature procedures: free base strapped porphyrin 1(Hz),?” Zn(Il) strapped porphyrin 1(Zn),?® 1-(prop-3-ynoxy)-4-
(tris-(4-tert-butyl-phenyl)methyl)-benzene 2,12 and 1-(3-azido-propoxy)-4-(tris-(4-tert-butyl-
phenyl)methyl)benzene 3.2

Synthesis of nickel(Il) strapped porphyrin (1(Ni))

Ni(acac),

1(H2) >

Chlorobenzene

1(Ni)

Scheme 3-2. Synthesis of 1(Ni).

To a solution of strapped porphyrin 1(Hz) (150 mg, 190 pumol) in chlorobenzene (30 mL) was added nickel
acetylacetonate (490 mg, 1.9 mmol, 10eq). The solution was refluxed for 2 h. After cooling, the solution was passed
through an AL,Os (neutral, grade 1) column (eluent: THF) and the collected fraction was dried over Na,SO4. After
removal of solvents, the product was re-precipitated from n-hexane/CH,Cl; to yield purple crystalline needles (150
mg, 180 umol) of 1(Ni) in 95% yield. "H NMR (600 MHz, THF-ds, 298 K) J: 9.88 (s, 2H, Hy), 9.14 (d, 4H, J= 4.7
Hz, H,), 8.84 (d, 4H, J=4.7 Hz, H3), 8.57 (d, 2H, J= 7.2 Hz, Hy), 8.07 (d, 2H, J = 8.6 Hz, H11), 7.96-7.91 (m, 4H,
He¢, H7), 7.83 (dd, 2H, J= 7.2 Hz, J= 7.2 Hz, Hs), 7.71 (d, 2H, J = 8.6 Hz, Hi), 7.56 (s, 2H, H12), 7.12 (d, 4H, J =
8.5 Hz, Hy), 6.63 (d, 4H, J= 8.5 Hz, Hg). HRMS (ESI, positive mode, m/z): [M+H]" caled. for CscH33N6Ni, 847.2115;
found, 847.2114. UV-vis (CH2Cl,, (nm) ¢ (M':cm™)): Amax = 407.5 (154000), 520 (13400), 553 (6450).
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Synthesis of copper(Il) strapped porphyrin (1(Cu))

Cu(OAc),
1(Hy) >
CH30H, CH3CI

1(Cu)

Scheme 3-3. Synthesis of 1(Cu).

A solution of strapped porphyrin 1(Hz) (34 mg, 63 umol) in CHCI3 (8 mL) was added to a solution of copper acetate
(34 mg, 190 pmol, 3.0 eq) in CH30H (8 mL). The solution was warmed to reflux and stirred for 20 h. After cooling
down to room temperature, the solution was washed with water and dried over Na>SOs. After removal of solvents,
1(Cu) was obtained as a red solid (45 mg, 53 pmol, 84% yield). MS (ESI, positive mode, m/z): [M+H]" calcd. for
Cs¢H33CuNg, 852.21; found, 852.20.

Synthesis of dumbbell molecule (5)

Cu(MeCN),PFq
N'Pr,Et

THF

Scheme 3-4. Synthesis of 5.

To a solution of Cu(MeCN)4PFs (21 mg, 56 umol, 0.96 eq) in THF (5.9 mL) were added the azide 2 (41 mg, 70 umol,
1.2 eq), alkyne 3 (32 mg, 59 umol, 1.0 eq), and diisopropylethylamine (0.10 M in THF, 0.59 mL, 59 umol, 1.0 eq).
The reaction solution was stirred at 65 °C for 3 h under an N, atmosphere. After confirmation of consumption of the
alkyne by '"H NMR spectroscopy, the reaction solution was diluted with CH>Cl, (20 mL), washed with saturated
EDTA.q and saturated NaCl,q and dried over Na>SO4. After removal of the solvents under reduced pressure, the
product was purified by SiO> column chromatography (eluent: n-hexane then a gradient from 20 to 50% AcOEt in n-
hexane) to yield the dumbbell molecule 5 as a white solid (61 mg, 54 pmol, 92% yield). '"HNMR data were identical

to those previously reported for 5.2
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General procedure for the click reaction with 1(Zn) (general procedure A)

To a solution of Zn(II) strapped porphyrin 1(Zn) (50 mg, 59 pumol) in THF (5.9 mL) was added Cu(MeCN)4PF¢ (21
mg, 56 umol, 0.96 eq) and the solution was stirred at room temperature for 30 min under inert atmosphere. The azide
2 (41 mg, 70 umol, 1.2 eq), alkyne 3 (32 mg, 59 umol, 1.0 eq), and base (0.10 M in THF, 0.59 mL, 59 pumol, 1.0 eq)
were added and the solution was stirred at 65 °C for 21 h. After confirmation of consumption of the alkyne by 'H
NMR spectroscopy, the reaction solution was diluted with CH>Cl, (5.0 mL) and washed with saturated EDTA,q. To
the organic layer was added trifluoroacetic acid (2.0 mL) and the solution was stirred at room temperature for 1 h.
The solution was washed with 1 M NaOH,q and then with saturated NaCl,q and dried over Na;SO4. After removal of
the solvents under reduced pressure, the product was purified by SiO> column chromatography (eluent: CH>Cl, then

a gradient from 0.1 to 10% MeOH in CH>Cl,) to yield the freebase rotaxane 4(Hz).

General procedure for the click reaction with 1(Ni) (general procedure B)

To a solution of Ni(II) strapped porphyrin 1(Ni) (50 mg, 59 umol) in THF (5.9 mL) was added Cu(MeCN)4PFs (21
mg, 56 umol, 0.96 eq) and the solution was stirred at room temperature for 30 min under inert atmosphere. The azide
2 (41 mg, 70 umol, 1.2 eq), alkyne 3 (32 mg, 59 umol, 1.0 eq), and base (0.10 M in THF, 0.59 mL, 59 pumol, 1.0 eq)
were added and the solution was stirred at 65 °C for 21 h. After confirmation of consumption of the alkyne by 'H
NMR spectroscopy, the solution was diluted with CH>Cl, (50 mL), washed with saturated EDTA,.q and dried over
NaySOs. After removal of the solvents under reduced pressure, the crude product was analyzed for the formation of

rotaxane by "H NMR spectrometry.

Synthesis of free base rotaxane (4(Hz))

Cu(MeCN),PFg

1) NPr,Et
THF
1Zn) + 2 + 3 -
2) EDTA

3) CF3;CO0OH

Scheme 3-5. Synthesis of 4(H>).

Following the general procedure A, Zn(Il) strapped porphyrin 1(Zn) (50 mg, 59 umol) was reacted with azide 2,
alkyne 3, and diisopropylethylamine as a base to yield the crude reaction solution. Demetallation with saturated
EDTA,q and trifluoroacetic acid and purification by SiO> column chromatography gave the freebase rotaxane 4(Hz)
as a red solid (56 mg, 29 pumol, 50% yield). '"H NMR (600 MHz, CD:Cls, 298 K) ¢: 9.58 (s, 1H, Hy’), 9.03 (d, 2H, J
=4.5 Hz, Hy’), 8.96 (s, 1H, Hy), 8.92 (d, 2H, J=4.5 Hz, H>), 8.83 (d, 2H, J=4.5 Hz, H3), 8.73 (d, 2H, J= 4.5 Hz,
H3), 8.67 (d, 2H, J= 7.4 Hz, Hy), 7.95 (dd, 2H, J= 7.7 Hz, J = 7.7 Hz, He), 7.90-7.87 (m, 4H, Hs, H1), 7.77 (d, 2H,
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J=17.7Hz, Hy), 7.44 (s, 2H, H1»), 7.40 (d, 6H, J = 8.8 Hz, Hy), 7.36 (d, 6H, J = 8.8 Hz, H,), 7.33 (d, 2H, J= 8.4 Hz,
Hio), 7.29 (d, 6H, J = 8.8 Hz, H,), 7.23-7.22 (m, 8H, Hm, Hi), 6.99 (d, 4H, J = 8.5 Hz, Hy), 6.85 (d, 2H, J = 8.8 Hz,
Hy), 6.69 (d, 2H, J= 8.8 Hz, Hy), 6.59 (d, 4H, J= 8.5 Hz, Hy), 4.79 (s, 2H, Hj), 4.52 (s, 1H, H;), 4.14 (d, 2H, /= 8.8
Hz, He), 1.33 (s, 27H, Ha), 1.30 (s, 27H, H,), 0.50 (br, 2H, Hy), -1.23 (br, 2H, Hy), -3.18 (s, 2H, Hi3), -3.97 (br, 2H,
H,). HRMS (ESI, positive mode, m/z): [M+H]" calcd. for Ci3sHi30N9O2, 1922.0374; found, 1922.0375. UV-vis
(CH2Cl,, (nm) ¢ (M -em™)): Amax = 415 (229000), 507.5 (12900), 540.5 (4200), 578.5 (4750), 634.5 (1180).
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Figure 3-6. 'H NMR spectrum (CD,Clz, 600 MHz) of 4(H>).

Synthesis of zinc(I) rotaxane (4(Zn))

4(Hy) >

4(Zn)

Scheme 3-6. Synthesis of 4(Zn).
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To a solution of free base rotaxane 4(Hz) (8.6 mg, 4.5 umol) in DMF (1.5 mL) was added Zn(II) acetate dihydrate
(9.8 mg, 45 pumol, 10 eq). The solution was refluxed for 16 h under inert atmosphere. After cooling, the solution was
poured into water (20 mL). The red precipitate was collected by filtration, and washed with water and methanol. The
crude product was purified by SiO, column chromatography (eluent: CH>Cl,) to afford 4(Zn) as a red solid (6.3 mg,
3.2 umol, 71% yield). '"H NMR (600 MHz, CD:Cl>, 298 K) d: 9.90 (s, 1H, Hi), 9.16 (d, 2H, J = 4.2 Hz, H,), 9.12 (s,
1H, Hj), 9.03 (s, 1H, Hy’), 8.84-8.82 (m, 6H, H»’, H3, Hy), 8.74 (d, 2H, J=4.2 Hz, H3"), 7.99 (d, 2H, J= 8.5 Hz, H11),
7.85(dd, 2H, J="7.7Hz, J="17.7 Hz, Hs), 7.81 (dd, 2H, J= 7.7 Hz, J=7.7 Hz, He), 7.54 (s, 2H, H12), 7.48 (d, 2H, J
=7.7 Hz, Hy), 7.42 (d, 2H, J = 8.5 Hz, Hi¢), 7.34 (d, 6H, J = 8.7 Hz, H,), 7.31 (d, 6H, J = 8.7 Hz, Hw), 7.19 (d, 6H,
J= 8.7 Hz, Hy), 6.99-6.95 (m, 8H, Hc, Hi), 6.83 (d, 2H, J = 8.8 Hz, Hq), 6.29-6.26 (m, 8H, Hs, Ho), 6.12 (d, 2H, J =
8.8 Hz, H.), 5.27 (d, 2H, J = 8.8 Hz, Hy), 2.44 (t, 2H, J = 5.6 Hz, Hy), 1.81 (br, 2H, Hy), 1.34 (s, 27H, Ha.), 1.32 (s,
27H, H,), 0.58 (br, 2H, Hj), 0.45 (br, 2H, H). HRMS (ESI, positive mode, m/z): [M+H]" calcd. for Ci36H12sNoO2Zn,
1984.9538; found, 1984.9539. UV-vis (CH2Cl,, (nm) & (M :cm™)): Amax = 428.5 (242000), 521 (2610), 559 (11600),
596.5 (2580).
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Figure 3-7. '"H NMR spectrum (CD>Cl,, 600 MHz) of 4(Zn).
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Synthesis of Nickel(II) rotaxane (4(Ni))

Ni(acac),

4(Hy) - o
Chlorobenzene Z O

4(Ni)

Scheme 3-7. Synthesis of 4(Ni).

To a solution of freebase rotaxane 4(Hz) (8.6 mg, 4.5 pumol) in chlorobenzene (1.5 mL) was added Ni(Il)
acetylacetonate (23 mg, 90 umol, 20 eq). The solution was refluxed for 4 h under air. After cooling, the solution was
passed through an Al,O3 (neutral, grade 1) column (eluent: CH>Cl,) and the collected fraction was dried over Na;SOs.
The crude product was purified by SiO; column chromatography (eluent: CH>Cl, then a gradient from 0.1 to 10%
MeOH in CHCly). After removal of solvents, the product was re-precipitated from n-hexane/CH>Cl; to yield 4(Ni)
as a red solid (6.3 mg, 3.2 umol, 71% yield). '"H NMR (600 MHz, CD,Cl,, 298 K) J: 9.31-8.98 (m, 9H, Hy,1-, Hz, Ho,
Hs, Hz), 8.66 (s, 1H, Hir), 8.47 (d, 2H, J=7.7 Hz, H4), 7.92 (d, 2H, J = 8.5 Hz, Hn1), 7.89 (dd, 2H, J= 7.7 Hz, J =
7.7 Hz, He), 7.81 (dd, 2H, J= 7.7 Hz, J="7.7 Hz, Hs), 7.74 (d, 2H, J = 7.7 Hz, H7), 7.46 (s, 2H, H12), 7.42 (d, 2H, J
= 8.5 Hz, Hio), 7.37 (d, 6H, J= 8.8 Hz, H,), 7.30-7.27 (m, 12H, Hs, H.), 7.22 (d, 6H, J= 8.8 Hz, Hn), 7.16 (d, 2H, J
= 8.5 Hz, Hy), 7.07 (d, 4H, J = 7.9 Hz, Hy), 6.68 (d, 4H, J= 7.9 Hz, Hy), 6.60 (br, 2H, Hy), 6.42 (d, 2H, J = 8.6 Hz,
Ha), 5.57 (s, 1H, H;), 4.48 (s, 2H, H;), 3.81 (br, 2H, He), 1.33 (s, 27H, Ha), 1.30 (s, 27H, H,), 1.17 (br, 2H, Hy), 0.50
(br, 2H, Hy), -2.05 (br, 2H, Hg). HRMS (ESI, positive mode, m/z): [M+H]" calcd. for Ci36H128N9O2Ni, 1978.9599;
found, 1978.9588. UV-vis (CH2Cl,, (nm) &€ (M"‘cm™)): Amax = 409.5 (192000), 522 (16000), 555 (8320).

Note: The absolute assignment of some protons of 4(Ni) was not possible due to broadened peaks. Therefore

indicative "either/or" assignments (e.g. Hi/i> for H; or Hi») were provided.
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Figure 3-8. 'H NMR spectrum (CD,Clz, 600 MHz) of 4(Ni).

X-ray crystal structural analysis

1(Ni): Crystals of 1(Ni) suitable for x-ray crystallography were grown by vapor diffusion of n-hexane into a saturated
CH:Cl solution containing small amount of methanol. The crystals were mounted on the CryoLoop (Hampton
Research Corp.) with a light mineral oil and placed in a nitrogen stream at 160(1) K. All measurements were carried
out on a Rigaku XtaLAB P200 diffractometer, which is equipped with a rotating anode X-ray source (Mo Ko
radiation) and a hybrid photon counting detector (PILATUS 200K).

4(H»): Crystals of 4(Hz) suitable for x-ray crystallography were grown by vapor diffusion of acetonitrile into a
saturated dichloroethane/acetonitrile (v/v = 1:1) solution. X-ray diffraction data were collected at Rigaku Corp.
(Akishima, Japan). The crystals were mounted on the MicroMount (MiTeGen Corp.) with the Fomblin® Y (Sigma-
Aldrich Corp.) and placed in a nitrogen stream at 100(1) K. All measurements were carried out on a Rigaku XtaLAB
Synergy-S diffractometer, which is equipped with a microfocus sealed-tube source (Cu-Ko radiation) and a hybrid

photon counting detector (HyPix-6000HE).
4(Ni): Crystals of 4(Ni) suitable for x-ray crystallography were grown by vapor diffusion of acetonitrile into a

saturated CH>Cl, solution. The crystals were mounted on the MicroMount (MiTeGen Corp.) with the Fomblin® Y

(Sigma-Aldrich Corp.) and placed in a nitrogen stream at 100(1) K. All measurements were carried out on a Rigaku
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XtaLAB P200 diffractometer, which is equipped with a rotating anode X-ray source (Mo Ka radiation) and a hybrid
photon counting detector (PILATUS 200K).

The cell refinements were performed with a software CrystalClear and CrysAlisP™ 2°

software package (Data
Collection and Processing Software Package, Rigaku Corp.). All of the crystallographic calculations were performed
using the CrystalStructure software package (Crystal Structure Analysis Software Package, Version 4.1, 4.2.4 and
5.0rc2, Rigaku Corp.). The structures were solved by direct method (SIR92, SHELXT Version 2014/5).3° Non-
hydrogen atoms were refined anisotropically by full-matrix least-squares on F? using SHELXL.2013 and SHELXL
Version 2014/7.3! Refined models of 4(Hz) and 4(Ni) in which the solvent contribution was removed using SQUEEZE
32 procedure of PLATON.?3 The structure in the final stage of refinement showed no movement in the atom position.
Hydrogen atoms were attached at idealized positions on carbon atoms and not refined. Crystal data and structural
refinement parameters were listed below (Table 3-2). The CCDC numbers for strapped porphyrin and rotaxanes are

1526878 (1(Ni)), 1532039 (4(Hz)), and 1532040 (4(Ni)), respectively. This data can be obtained from The Cambridge

Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Table 3-2. Crystal data and date collection parameters

Compounds 1(Ni) 4(Hy) 4(Ni)
CCDC Number 1526878 1532039 1532040
Empirical formula CssH36ClaNgNi Ci38.33H132.98Cl0.9sN9.6004.41 Ci3sH130N10NiO2
Formula weight 1017.47 2035.49 2019.31
Temperature (K) 113(1) 100(1) 100(1)
Wavelength (A) 0.71075 1.54184 0.71073
Crystal system Triclinic Triclinic Triclinic
Space group P-1 (#2) P-1 (#2) P-1 #2)
a(A) 9.7748(5) 15.6262(2) 15.8666(5)
b (A) 15.0932(8) 16.5446(2) 19.9870(6)
c(A) 17.4610(8) 25.6864(2) 21.0229(6)
o (deg.) 96.0310(7) 85.7596(9) 89.677(3)
B (deg.) 106.6480(7) 89.8608(9) 75.072(3)
v (deg.) 109.7107(6) 77.9221(11) 84.870(2)
Volume (A?) 2264.6458(3) 6475.33(13) 6415.0(3)
4 2 2 2
Density (calculated)
(o) 1.492 1.044 1.045
7.141 6.635 2.026

u[Mo-Ka], (/cm)
Crystal size (mm)

Theta range for data

0.270x 0.190 x 0.080

0.450x0.310x 0.020

0.230x 0.160 x 0.030

collection 3.018-27.508 2.739-68.253 1.712-25.351
No. of reflections
easured 37264 75408 104820
Unique data (Rin) 9863 (0.0209) 23709 (0.0386) 23410 (0.1095)
Data/restraints/parameters 9863/0/622 23709/3072/1581 23410/2538/1438
R12 (I>2.06(D)) 0.0317 0.0770 0.0752
wR2° (I>2.05(1)) 0.0891 0.2208 0.1778
R1? (all data) 0.0366 0.0853 0.1671
wR2° (all data) 0.0911 0.2296 0.2149
GOF on F? 1.081 1.036 0.957
Ap, /A3 0.81, -0.63 1.28,-0.70 0.79,-0.34

[a] R1 = (Z||Fol-FelD/E[Fo])), [b] wR2 = [{Zw(Fo*-F)*}/{Zw(Fo*)}]"
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Conclusion

In natural systems in which metalloproteins regulate functions of metalloporphyrinoid cofactors, protein
matrices provide axial ligands and specific secondary coordination spheres as “reaction scaffolds” to active centers.
In this context, the author constructed reaction scaffolds to metal porphyrinoids by biological and synthetic
approaches to regulate and expand their functions.

In Chapter 1, myoglobin (Mb) reconstituted with nickel(I) tetradehydrocorrin (Ni'(TDHC)) was
investigated as a protein-based functional model of methyl-coenzyme M reductase, MCR. Nickel(Il)
tetradehydrocorrin (Ni''( TDHC)), which has a monoanionic tetrapyrrole ligand, was synthesized as a model complex
of F430. In contrast to previously reported model complexes and F430 requiring strong reductants such as Ti(III)
citrate and NaHg, Ni'(TDHC) was successfully reduced by dithionite, a mild reductant, because of the relatively
positive redox potential for the Ni'/Ni' process. Insertion of Ni'( TDHC) into apoMb provided reconstituted Mb which
catalyzes methane generation from methyl iodide, an external methyl donor, meanwhile the bare Ni'(TDHC) complex
does not show this activity. The protein matrix conferring the histidine ligation and the hydrophobic environment as
a specific reaction scaffold appears to play an important role in shifting the redox potential, resulting in increase of
the reactivity of the Ni(I) species to promote methane generation.

In Chapter 2, methane generation via intraprotein C—S bond cleavage using cytochrome bse> (Cyt bse2)
reconstituted with nickel(I) didehydrocorrin (Ni'(DDHC)) was demonstrated. Ni"'(DDHC), which has a reduced
tetrapyrrole framework, was synthesized as a model complex of F430 and found to provide a highly reactive Ni(I)
species because of the negative redox potential of the Ni'/Ni! couple. Photoirradiation of reconstituted Cyt bse
transiently reduced the nickel center in situ in the presence of a photosensitizer and a sacrificial reagent, followed by
activation of the H3C—S group of the methionine by the Ni(I) species to generate methane gas. The proximity effect
appears to promote the reaction between the cofactor and the closely located amino acid residue as expected from
the hexa-coordinated native heme in the protein matrix. Further experiment using a Cyt bss> mutant, which contains
a cysteine residue mimicking the native another substrate close to the reaction center, indicated enhanced methane
generation activity, suggesting the importance of precise and close arrangements of the active center and substrates
in the protein matrix for the MCR-catalyzing reaction.

In Chapter 3, synthesis of rotaxane was developed using a metal complex of strapped porphyrin as a
reaction platform to perform molecular recognition and mechanical bond formation based on the active metal
template method. The phenanthroline-strapped porphyrin, which functions as a ditopic ligand to form a bimetallic
complex, recognized alkyne and azide units via a Cu(l) ion in the phenanthroline moiety and a coordinatively
unsaturated metal ion, especially a Zn(Il) ion, in the porphyrin moiety, respectively. The following copper-catalyzed
azide—alkyne cycloaddition provided a porphyrin-based rotaxane structure. This result suggests the assistance of a
second metal ion in the porphyrin moiety for templating azide unit and following reaction because the phenanthroline
ligand does not support rotaxane synthesis in the original active template method using single metal ion according to
the previous report. Further structural investigation on the obtained rotaxane with metalation of the porphyrin moiety
showed the possibility of structural control depending on metal ions. This approach based on the bimetallic system

opens the way to prepare interlocked molecules including rotaxanes that cannot be obtained by the original active
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metal template method.

In conclusion, the author demonstrated significant expansion of physicochemical properties and reactivities
of metal porphyrinoids by construction of appropriate reaction scaffolds around metal porphyrinoids as seen in native
metalloproteins. The present findings in this thesis will facilitate the investigation of various physiological functions
of natural systems in biochemistry as well as the construction of highly complexed architectures in supramolecular
chemistry. Furthermore, the author believes that fusion of wide-range insights of porphyrinoids leads useful

molecular systems to realize sustainable development of the world.
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