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GENERAL INTRODUCTION
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Metal ions are common natural constituents of proteins and play crucial roles in
life processes. Iron ions are the metal ions of choice for many biological processes
because of their abundance in the geosphere, there inherent electronic properties, and
their accessible redox potentials." The active site structures of iron proteins can be
classified as either heme proteins or nonheme iron proteins. In heme proteins, the iron
ion is bound to a porphyrin, which consists of a tetrapyrrole macrocycle, and is linked
to a protein backbone via an amino acid residue (axial ligand).> On the other hand,
nonheme iron proteins generally form a mono-nuclear or multi-nuclear iron center with
direct coordinations of amino acid residues.” The functions of iron proteins are
controlled by the structures of metal active sites which includes geometry and nature of
the ligands attached to the iron ions, and the environment of the active site — the polarity
and steric constraints of proteins in the immediate vicinity of the iron ions. The
elucidation of the structural and functional relationships of iron proteins is a
long-standing theme in bioinorganic chemistry.

Heme proteins display a diversity of biological functions. These functions
include simple electron transfer reactions, such as those catalyzed by b- and c-type
cytochromes, oxygen transport and storage via hemoglobin and myoglobin, oxygen
reduction to the level of water by cytochrome oxidase, oxygenations of organic
substrates as facilitated by cytochromes P450, and the reduction of peroxides by
catalases and peroxidases." Heme proteins that perform a catalytic function are called
heme enzymes: cytochromes P450, peroxidases, and catalases. The diversity of
functions for the heme proteins results entirely from the influence of the axial ligand
and protein environment around heme, since these heme proteins share a common the

same iron protoporphyrin IX prosthetic group.
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Scheme 1.1. Schematic catalytic cycle of peroxidases.
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In heme enzymes, peroxidases are a ubiquitous class of enzymes that catalyze the
oxidation of a wide variety of organic and inorganic substrate molecules with hydrogen
peroxide.* Most peroxidases contain an iron protoporphyrin IX (protoheme IX) as
their prosthetic group and share common reaction intermediates, compound I and II, as
described above.*” The initial step in the catalytic mechanism is heterolysis of the
O-O bond of hydrogen peroxide, resulting in the two-electron deficient compound I
(Fe*'=0, R*) and water, where R is the organic moiety of the heme or an amino acid
residue. Then, compound I is reduced to the resting state by sequential one-electron
oxidation of two substrates, SH, via the intermediate compound II (Fe*=0).
Interestingly, compound I is also believed to be the common intermediate in the
catalytic cycles of cytochrome P450, chloroperoxidase (CPO), and catalase.™”®
Although these enzymes share a common reactive intermediate, the reactivity of
compound I differs from enzyme to enzyme. Compound I in cytochrome P450
directly transfers a single oxygen atom to a variety of substrates, while those in

peroxidase and catalase carry out one-electron oxidation of organic substrates, such as



PART I 4

amines and phenols, and oxidation of hydrogen peroxide to water and oxygen gas,

*47 Tt is generally accepted that the diverse functions of compound I are

respectively.
controlled by heme environmental structures. One significant structural difference in
these heme enzymes is the heme axial ligand.*”® As shown in Figure 1, histidine and
tyrosine residues (imidazole and phenolate) are coordinated to the heme iron as axial
ligands in peroxidases other than CPO and catalases, respectively. In cytochrome
P450 and CPO, a cysteine residue (thiolate) is the heme axial ligand. The amino acids

that serve as the axial ligands are highly conserved in these heme enzymes, which

suggestes a functional role.

Table 1.1. Reactions of heme-containing enzymes.

Enzyme Reaction
Horseradish peroxidase A-H, + H,0, — A+2H,0
Cytochrome ¢ peroxidase ROOH + 2H* +2¢ — ROH + H,0
Chloroperoxidase A-H, + X"+ 2H" + H,0,— A-X +2H,0
Catalase 2H,0, — 2H,0 + 0O,
Cytochrome P450 R-H+ O, + 2H" + 2¢- — ROH + H,0
= s g — e I B —
= Eay R E
e I N
'y ? oS eo™
o -© Cys
o o His w Tyr
Peroxidase Catalase Cytochrome P450

Figure 1.1. Active site structures of peroxidase, catalase, and cytochrome P450.
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Scheme 1.2.
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Many synthetic model studies have been performed to investigate the functional

I 10-15

role of the axial ligand in the reactivity of compound Catalytic oxygenation

reactions with synthetic iron and manganese porphyrin complexes have demonstrated a
significant axial ligand effect on their catalytic activity, yield, and selectivity.'""
However, these studies have not directly shown the axial ligand effect on the electronic
structure and reactivity of compound I because these catalytic reactions contain many

d 13a-d,16,17

simple reaction steps that are affected by the axial ligan The axial ligand

effect on compound I has recently been studied on compound I model complexes and

theoretical calculations based on density functional theory. '**'

For example, Gross et
al. reported a pronounced axial ligand effect on the reaction rate for the epoxidation of
styrene with Fe""O(TMP*")(L), where TMP = tetramesitylporphyrin and L = F, CI',
AcO", CF,SO;, CIO,, and CH,OH (see Scheme 1.2)."* While the rates of styrene

epoxidation by Fe"VO(TMP*)(L) complexes were increased in the order of F >>

CH,OH > CI" > AcO™ >> CF;S0O;, a cogent explanation could not be given. While,
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numerous attempts have been directed at elucidating the axial ligand effect on the
electronic structure and reactivity of compound I, the answer to that question has been

remained open to further study.'*"*"

In particular, the following two questions are
unresolved: (1) the difference between enzyme axial ligands, such as imidazole,
phenolate, thiolate, and other inorganic anion ligands, such as F~, CI", and AcO™: and,
(2) how the axial ligand regulates the reactivity of compound I.

The objective of this thesis is to answer the above-mentioned questions using
synthetic compound I model complexes. Part II focuses on the effect of axial ligand
on the reactivity of compound 1. In chapter 1, the author attempted to synthesize
compound I model complexes with imidazole and phenolate axial ligands, which were
the first legitimate model complexes of compound I for peroxidases and catalases,
respectively. In chapters 2 and 3, the author investigated the thermodynamic stability
of compound I model complexes, as well as ferric heme complexes, to reveal how the
axial ligand regulates the reactivity of compound I. Part III deals with the

chemoselectivity and the electronic structure of compound I model complexes to reveal

the axial ligand effect on the electronic structure and reactivity of compound I.
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Abstract

To study the effect of axial ligands on the electronic structure and reactivity of
compound I of peroxidases and catalases, oxoiron(IV) porphyrin m-cation radical
complexes with imidazole, 2-methylimidazole, 5-methylimidazole, and
3-fluoro-4-nitrophenolate as the axial ligands were prepared by ozone oxidation of
iron(IIT) complexes of 5, 10, 15, 20-tetramesitylporphyrin (TMP) and 2, 7, 12, 17-tetra-
methyl-3, 8, 13, 18-tetramesitylporphyrin (TMTMP). These complexes were fully
characterized by absorption, 'H, *H, and "F NMR, EPR, and ESI-MS spectroscopy.
The characteristic absorption peak of compound I at approximately 650 nm was found
to be a good marker for estimation of the electron donor effect from the axial ligand.
The axial ligand effect did not change the porphyrin m-cation radical state, the a,, state
of the TMP complexes, or the a,, radical state of both the TMTMP complexes and
compound I. The ferryl iron and porphyrin ;-cation radical spins were effectively
transferred into the axial ligands for the a,, complexes, but not for the a,, complexes.
Most importantly, the reactivity of the oxoiron(IV) porphyrin m-cation radical complex
was drastically increased by the imidazole and phenolate axial ligands. The reaction
rate for cyclooctene epoxidation was increased 100 ~ 400-fold with axial coordination
of imidazoles and phenolate. A similar increase was also observed for oxidation of
1,4-cyclohexadiene, N,N-dimethyl-p-nitroaniline, and hydrogen peroxide. These
results suggest extreme enhancement of the reactivity of compound I by the axial ligand
in heme enzymes. The functional role of axial ligands on the compound I in heme

enzymes is discussed.
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Abbreviation

TMP : 5, 10, 15, 20-tetramesitylporphyrin
TMTMP: 2,7, 12, 17-tetramethyl-3, 8, 13, 18-tetramesitylporphyrin
Im : imidazole

2-Melm : 2-methylimidazole

5-Melm : 5-methylimidazole

1,2-DiMelm : 1,2-dimethylimidazole

1,5-DiMelm : 1,5-dimethylimidazole

4-NO,-PhO : 4-nitrophenolate

3-F-4-NO,-PhO : 3-fluoro-4-nitrophenolate

HRP : horseradish peroxidase

ASP: ascorbate peroxidase

LiP : lignin peroxidase

MnP : manganese peroxidase

CIP : Coprinus cinereus peroxidase

CPO : chloroperoxidase

BL-CAT : bovine liver catalase

Eo-CAT : Exiguobacterium oxidotolerans catalase
Pm-CAT : Proteus mirabilis catalase

MI-CAT : Micrococcus luteus catalase

compound I : oxoiron(IV) porphyrin st-cation radical
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Introduction

Oxoiron(IV) porphyrin ;t-cation radical species in peroxidases and catalases, called
compound I, is known as a reactive intermediate of these enzymes.” It is also
believed that compound I is formed as a reactive intermediate in the catalytic cycles of
cytochromes P450.° Although these enzymes share a common reactive intermediate,
the reactivity of compound I differs from enzyme to enzyme. The compound I in
cytochromes P450 directly transfers a single oxygen atom to a variety of substrates,
while those in peroxidases and catalases carry out one-electron oxidation of organic
substrates, such as amines and phenols, and oxidation of hydrogen peroxide to water
and oxygen gas, respectively.'” It is generally accepted that the diverse functions of
compound [ are controlled by heme environmental structures, such as porphyrin

peripheral structures, heme axial ligands, and protein structures around heme.

Tyr
Arg
Q'( Asp

(a) (b) (c)

Figure 2.1.1. Active site structures of (a) peroxidase (HRP, PDB file 1DZ9), (b)
catalase (BL-CAT, PDB file 2A9E), and (c) cytochrome P450 (Cytochrome P450
PDB file IHCH).

cam?

One significant structural difference in these heme enzymes is the heme axial
ligand."> As shown in Figure 2.1.1, histidine and tyrosine residues (imidazole and
phenolate) are coordinated to the heme iron as axial ligands in peroxidases other than

CPO and catalases, respectively. In cytochromes P450 and CPO, a cysteine residue
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(thiolate) is the heme axial ligand. The amino acids that serve as the axial ligands are
highly conserved in these heme enzymes, suggesting some functional roles in these
enzyme functions. In the reaction cycles of these enzymes, the axial ligand can affect
both the formation of compound I and the reaction of compound I with the substrate.
The effect of the axial ligand on the rate of compound I formation has been studied by
mutation of the aspartic acids that interact with the proximal histidine residues in
peroxidases; the mutations weakened the electron donor effect of the proximal
histidines, drastically decreasing in the rates of compound I formation."* A similar
axial ligand effect was also observed for synthetic heme enzyme model complexes.
The rate of heterolytic cleavage of the O-O bond of iron bound m-chloroperbenzoate,
which leads to formation of the compound I model complex, increased as the electron
donor effect of the axial imidazole ligand increased.’” These mutation and synthetic
enzyme model studies demonstrate that an increase in the electron donor effect of the
axial ligand enhances the rate of compound I formation.

The axial ligand effect also affects the electronic structure and reactivity of
compound I. The EPR spectra of compound I in peroxidases and catalases indicated a
change in intramolecular spin coupling between the ferryl ion and radical spins,

probably due to differences in the axial ligand effect.®"

Catalytic oxidation reactions
with synthetic iron porphyrin complexes having imidazoles, phenolates, and thiolates as
axial ligands revealed significant effect of the axial ligand on product yield and

selectivity.'>"”

For example, the imidazole and chloride axial ligands had greater
product yields than the thiolate axial ligand in catalytic competitive oxidation of
cyclooctane/cyclooctene. However, the thiolate axial ligand favored hydroxylation,

whereas the imidazole and chloride axial ligands preferentially yielded epoxidation.'’

Moreover, the axial ligand effect on styrene epoxidation was reported using compound I
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model complexes with chloride, fluoride, trifluoromethylsulfonate, methanol, and
perchlorate axial ligands." More recently, the axial ligand effect was also studied in
detail with other synthetic iron porphyrin systems and DFT calculations."*  Although
these results clearly show the axial ligand effect on the electronic structure and
reactivity of compound I, it is still unknown how the enzyme axial ligands (imidazole,
phenolate, and thiolate) change the electronic state and reactivity of compound I.  This
is due to the difficulty of direct comparison of the reactivity of compound I in heme
enzymes because of different protein structures, and due to the absence of stable
compound I model complexes with imidazole, phenolate, and thiolate axial ligands

because of rapid reduction of compound I model complexes by these axial ligands.

CH, R

(TMP*)Fe!YO(L) (TMTMP*)FelVO(L)

L = Im, 2-Melm, 5-Melm, 3-F-4-NO,-PhO
R = 2,4,6-trimethylphenyl

Figure 2.1.2. Structures of compound I model complexes prepared in this study.

In previous studies, we reported the first preparation of oxoiron(IV) porphyrin

m-cation radical complexes with imidazole and 4-nitrophenolate as models for

21,22

compound I of peroxidases and catalases. Although the imidazole complex could

be characterized with absorption, '"H NMR, and resonance Raman spectroscopy, the
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4-nitrophenolate complex was too unstable to characterize, except for its absorption
spectrum. To fully characterize and compare reactivities, we comprehensively
prepared oxoiron(IV) porphyrin m-cation radical complexes with imidazole,
2-methylimidazole, 5-methylimidazole, and 3-fluoro-4-nitrophenolate as axial ligands
by ozone oxidation of iron(Ill) complexes of 5, 10, 15, 20-tetramesitylporphyrin (TMP)
and 2, 7, 12, 17-tetramethyl-3, 8, 13, 18-tetramesitylporphyrin (TMTMP), as shown in
Figure 2.1.2. A stable catalase compound I model complex was synthesized with the
3-fluoro-4-nitrophenolate axial ligand. These imidazole and phenolate complexes
were fully characterized using UV-visible absorption, 'H, °H, and ""F NMR, EPR, and
ESI-MS spectroscopy. Because of the structural similarity between TMTMP and
protoporphyrin IX in heme enzymes, the TMTMP complexes more closely mimic the
spectroscopic properties of compound I in peroxidases and catalases than the TMP
complexes. The most important findings in this study were: 1) that the porphyrin
mt-cation radical spin was significantly transferred in the axial imidazole (phenolate) and
oxo ligands for the a,, radical complex, but not for the a,, radical complex, and 2) that
the oxidation reactivity of oxoiron(IV) porphyrin m-cation radical complex was
drastically increased, more than 400 times in the most significant case, with the
coordination of imidazole and phenolate axial ligands, suggesting extremely reactive
compound I in heme enzymes. Based on the present spectroscopic and kinetic studies,
the functional roles of axial ligands on compound I in heme enzymes and catalytic

oxidation reactions are discussed in the final section.
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Experimental Section

Instrumentation. UV-visible absorption spectra were recorded on an Agilent
8453 (Agilent Technologies) equipped with a USP-203 low-temperature chamber
(UNISOKU). 'H,’H, "C and "F NMR were measured on a Lambda-500 spectrometer
(JEOL). 'H, °H, and "C NMR Chemical shifts were reported versus tetramethylsilane
(TMS) and referenced to residual solvent peaks (dichloromethane: 5.32 ppm). "“F
chemical shift values were referenced to external hexafluorobenzene (C.F,) at O ppm.
The concentrations of NMR samples were ~5 mM. EPR spectra were recorded at 4 K
on Bruker ES00 X-band spectrometer with an Oxford Instruments EPR910 helium-flow
cryostat (Bruker). The concentrations of EPR samples were 1-3 mM. ESI-MS
spectra were obtained with a LCT time-of—flight mass spectrometer equipped with an
elecrospray ionization interface (Micromass). For oxoiron(IV) porphyrin s-cation
radical complexes, desolvation and nebulizer gases were cooled with liquid nitrogen.
The ESI-MS samples were prepared by oxidation with ozone in acetonitrile or
dichloromethane at 233 K, followed by dilution with the same solvent, and injected into
the ESI-MS with a gastight syringe cooled with dry ice. The sample solution was then
transferred to the inlet of the mass spectrometer through pre-cooled capillary tube.
Gas chromatography-mass spectroscopy (GC-MS) analysis was performed on a
QP-5000 GC-MS system (Shimadzu) equipped with a capillary gas chromatograph
(GC-17A, CBP5-M25-025 capillary column). Ozone gas was generated by UV
irradiation of oxygen gas (99.9%) with an ozone generator PR-1300 (Clear Water) and

used without further purification.
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Materials.  Imidazole-d, (98 atom % D) was purchased from Aldrich.
2-Methylimidazole-d, (98.1 atom % D) was purchased from CDN ISOTOPES (Canada).
4-Methylimidazole-d, was prepared from 4-methylimidazole by activated 10% Pd/C in
D,0, according to the literature.”” Deuterium incorporation into 4-methylimidazole, as
analyzed by 'H and "C NMR, was 2-H (95%), 5-H (95%) and 4-methyl group (50%).
Dichloromethane was purchased from a commercial company as the anhydrous solvent
and was stored in the presence of 4A molecular sieves. Other chemicals were
purchased from commercial companies, and used without further purification.
meso-Tetramesitylporphyrin (TMPH,) and 2,7,12,17-teramethyl-3,8,13,18-tetramesityl-
porphyrin (TMTMPH,) were prepared according to the literature.** (TMP)Fe"Cl and
(TMTMP)Fe"'Cl were prepared by the insertion of iron into TMPH, and TMTMPH,
with FeCl, and sodium acetate in acetic acid, respectively, and purified by silica gel
column using CH,C1,/CH,OH as an eluent. (TMP)Fe"'OH and (TMTMP)Fe"OH were
obtained from (TMP)Fe"Cl and (TMTMP)Fe"'Cl, respectively, by passing through a
basic alumina (10% water) column with dichloromethane as an eluent.”
(TMP)Fe"'CIO, and (TMTMP)Fe"'ClO, were prepared by the reaction of (TMP)Fe"Cl
and (TMTMP)Fe"'Cl, respectively, with silver(I) perchlorate in dichloromethane
solution, and purified by re-crystallization from dichloromethane/n-hexane.*
(TMP)Fe""NO, and (TMTMP)Fe"NO, were obtained by mixing (TMP)Fe"OH and
(TMTMP)Fe"'OH in toluene with 1 M nitric acid, and purified by re-crystallization
from ether/n-hexane.”” (TMP)Fe"(NO,) ; 'H NMR (CD,Cl,, 25°C), 4.0 and 6.2
(ortho-Me), 15.3 and 16.5 (meta-H), 4.3 (para-Me), 74.0 (pyrrole-H). UV-vis.
(CH,Cl,, 25°C), 412, 514, 580, 647, and 691 nm. (TMTMP)Fe"(NO,) ; 'H NMR
(CD,Cl,, 25°C), —49.6 (meso-H), 5.1 and 8.4 (ortho-Me), 12.9 and 13.3 (meta-H), 6.3

(para-Me), 58.7 (pyrrole-Me). UV-vis. (CH,Cl,, 25°C), 388, 506, 532, and 637 nm.
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Synthesis. Iron(IIl) phenolate complexes.  Iron(Ill) phenolate complexes
were prepared by the published method.”* (TMP)Fe™OH and (TMTMP)Fe"'OH were
dissolved in toluene and 1 equiv of phenol derivative (4-nitrophenol, pentafluorophenol,
3,4,5-trifluorophenol, or 3-fluoro-4-nitrophenol) was added with stirring. The green or
red solution changed to brown as the phenol dissolved. The solution was evaporated
to dryness and the residue was purified by crystallization from ether/hexane.
Microcrystals of the iron(II) phenol complex were -collected by filtration.
(TMP)Fe"'(4-NO,-PhO) ; '"H NMR (CD,Cl,, 25°C), 3.0 and 5.2 (ortho-Me), 12.5 and
13.5 (meta-H), 3.7 (para-Me), 79.1 (pyrrole-H), —-91.4 (phenol ortho-H), 83.0 (phenol
meta-H). UV-vis. (CH,Cl,, 25°C), 420, 497, 559, 635 and 667 nm.
(TMP)Fe"(Fs-PhO) ; '"H NMR (CD,Cl,, 25°C), 2.9 and 5.2 (ortho-Me), 12.7 and 13.6
(meta-H), 3.8 (para-Me), 78.7 (pyrrole-H). UV-vis. (CH,Cl,, 298K), 415, 500, 566,
642 and 673nm. (TMP)Fe"(3,4,5-F,-PhO) ; 'H NMR (CD,Cl,, 25°C), 3.0 and 5.1
(ortho-Me), 12.3 and 13.3 (meta-H), 3.7 (para-Me), 79.8 (pyrrole-H), —101.0 (phenol
ortho-H). UV-vis. (CH,Cl,, 25°C), 420, 490, 557, 620 and 666 nm.
(TMP)Fe"(3-F-4-NO,-PhO) ; 'H NMR (CD,Cl,, 25°C), 3.1 and 5.2 (ortho-Me), 12.7
and 13.7 (meta-H), 3.8 (para-Me), 78.9 (pyrrole-H), —85.1 and —81.5 (phenol ortho-H),
72.4 (phenol meta-H). "F NMR (CD,Cl,, 25°C), 58.4 (meta-F). UV-vis. (CH,Cl,,
25°C), 419, 500, 560, 640 and 668 nm. (TMTMP)Fe"(4-NO,-PhO) ; 'H NMR
(CD,Cl,, 25°C), —40.5 (meso-H), 4.8 and 7.4 (ortho-Me), 11.9 and 12.0 (meta-H), 6.0
(para-Me), 47.7 (pyrrole-Me), —83.1 and —79.9 (phenol ortho-H), 67.9 (phenol meta-H).
UV-vis.  (CH)(ClL,, 25°C), 371, 398, 498, 526 and 619 nm.
(TMTMP)Fe"'(3-F-4-NO,-PhO) ; 'H NMR (CD,Cl,, 25°C), —47.0 (meso-H), 4.5 and 7.3
(ortho-Me), 11.9 and 12.0 (meta-H), 5.0 (para-Me), 47.0 (pyrrole-Me), —83.1 and —79.9

(phenol ortho-H), 67.9 (phenol meta-H). "F NMR (CD,Cl,, 25°C), 58.3 (meta-F).
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UV-vis. (CH,Cl,, 25°C), 370, 401, 496, 524 and 619 nm.

Iron(Ill) mono-imidazole complexes. Iron(IIl) porphyrin mono-imidazole
complex was generated in situ by adding 1.0 equiv of imidazole, 2-methylimidazole, or
4-methylimidazole to perchlorate iron(IIl) porphyrin in dichloromethane.”
[(TMP)Fe"(Im)]ClO, ; '"H NMR (CD,Cl,, 25°C), 3.1 and 5.3 (ortho-Me), 12.6 and 13.4
(meta-H), 4.3 (para-Me), 19.9 (pyrrole-H), —15.5 (Im 2-H), 30.1 (Im 4-H), 85.1 (Im
5-H), 100.4 (Im N-H). UV-vis. (CH,Cl, 25°C), 412, 510, 575 and 690 nm.
[(TMP)Fe"(2-MeIm)]ClO, ; 'H NMR (CD,Cl,, 298K), 2.7 and 5.7 (ortho-Me), 12.7 and
13.1 (meta-H), 4.1 (para-Me), 34.9 (pyrrole-H), 16.6 (2-Melm 2-Me), 31.8 (2-Melm
4-H), 65.8 (2-Melm 5-H), 109.0 (2-Melm N-H). UV-vis. (CH,CL,, 25°C), 412, 511,
572 and 692 nm. [(TMP)Fe"(5-MeIm)]CIO, ; 'H NMR (CD,Cl,, 25°C), 13.0 and 13.9
(meta-H), 4.4 (para-Me), 31.7 (pyrrole-H), —18.6 (5-Melm 2-Me), 31.7 (5-Melm 4-H),
22.0 (5-Melm 5-Me), 100.8 (5-Melm N-H). UV-vis. (CH,Cl,, 25°C), 412, 510, 572
and 692 nm. [(TMTMP)Fe"(Im)]CIO, ; 'H NMR (CD,Cl,, 25°C), -16.6 (meso-H),
4.8 and 8.0 (ortho-Me), 13.5 and 14.4 (meta-H), 5.5 (para-Me), 69.2 (pyrrole-Me),
—-16.1 (Im 2-H), 31.2 (Hm 4-H), 82.6 (Im 5-H), 98.5 (Im N-H). UV-vis. (CH,Cl,,
25°C), 385, 503 and 626 nm. [(TMTMP)Fe"(2-MeIm)]CIO, ; 'H NMR (CD,Cl,,
25°C), -31.9 (meso-H), 5.1 and 8.8 (ortho-Me), 13.8 and 14.5 (meta-H), 6.2 (para-Me),
70.0 (pyrrole-Me), 17.5 (2-Melm 2-Me), 35.9 (2-Melm 4-H), 66.6 (2-Melm 5-H), 110.0
(2-Melm N-H). UV-vis. (CH,Cl,, 298K), 385, 503 and 626 nm.
[((TMTMP)Fe"(5-MeIm)]CIO, ; 'H NMR (CD,Cl,, 298K), -20.1 (meso-H), 5.0 and 8.2
(ortho-Me), 13.7 and 14.5 (meta-H), 5.8 (para-Me), 70.3 (pyrrole-Me), -15.4 (5-Melm
2-H), 32.6 (5-Melm 4-H), 20.7 (5-Melm 5-H), 99.5 (5-Melm N-H).  UV-vis. (CH,Cl,,

25°C), 385, 503 and 626 nm.
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Oxoiron(IV) porphyrin complexes. Oxoiron(IV) porphyrin complexes were
prepared as previously described.”” (TMP)Fe"(ClO,), or (TMTMP)Fe"(Cl0,),, which
was prepared from the oxidation of (TMP)Fe"OH or (TMTMP)Fe™OH with solid ferric
perchlorate, in dichloromethane-d, was transferred through a short basic alumina (20%
water) column (0.5 x 1 cm) at ambient temperature, directly into a NMR tube in dry
ice-acetone bath. 1 equiv of 1-Melm or 1,2-DiMelm in dichloromethane-d, was

slowly added to the cooled solution in the NMR tube.

Ozone oxidation of iron(IIl) porphyrin. For NMR or EPR measurement,
iron(III) porphyrin complexes were dissolved in dichloromethane and placed in NMR or
EPR cell. The solution was cooled by a dry-ice acetone bath. Ozone gas was slowly
bubbled in the solution with a gastight syringe. With the formation of oxoiron(IV)
porphyrin m-cation radical complexes, the brown solution changed to green. The
oxidations were monitored by 'H NMR or EPR spectra. For UV-visible absorption
spectra, the oxidation was carried out in a 1 cm quartz cuvette in a low-temperature
chamber set with a UV-visible absorption spectrometer and monitored by absorption
spectral change. Finally, excess ozone gas was removed by bubbling argon gas with a

gastight syringe.

Kinetics and product analysis. Oxoiron(IV) porphyrin m-cation radical (100
uM) in dichloromethane was prepared in a 1 cm quartz cuvette in a low-temperature
chamber set with a UV-visible absorption spectrometer, as described above. An excess
of cyclooctene (20-1000 equiv) was then added to the solution with vigorous stirring,
and the reactions were monitored by the absorption spectral change at constant time

intervals. After confirming the completion of the reactions, 10 equiv of
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tetrabutylammonium iodide (nBu,N'I") was added to the solution at the same
temperature. After warming to room temperature, quantitative product analyses were
subsequently performed with GC-MS using undecane as an internal standard. The
reaction rate constants were determined by computer simulation of absorption versus

time for the reactions.

Scheme 1
X = C|O4_, NOS_
0 0]
3 o+
— G
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X X
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L L

Results

Synthesis of Compound I Models. The oxoiron(IV) porphyrin st-cation radical
complexes with imidazole and phenolate derivatives as axial ligands were prepared
using two alternative routes, as shown in Scheme 2.1.1. [(TMP*)Fe"VO(L)](ClO,) and
[((TMTMP")Fe"VO(L)](CIO,), where L is Im, 2-Melm, and 5-Melm, were prepared from
(TMP)Fe"(Cl0,) and (TMTMP)Fe"(ClO,) using route B, respectively. [(TMTMP*")-
Fe"VO(L)](CIO,) also was prepared from (TMTMP)Fe"(ClO,) using route A. However,
pure [(TMP*)FeYO(L)](Cl0O,) could not be prepared using route A, because oxidation
of (TMP)Fe"(ClO,) with ozone did not produce pure (TMP*)Fe'YO(ClO,). To explore
the effects of counter anions, we examined the preparation from nitrate iron(III)

porphyrin complexes. In contrast to the perchlorate complexes, [(TMP*)FeVO(L)]-
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(NO;) and [(TMTMP")Fe"O(L)](NO,) were prepared from (TMP)Fe"(NO,) and
(TMTMP)Fe"(NO,) using route A, respectively. On the other hand, route B was not
effective, except for the case of TMTMPFe"(NO,) and 2-methylimidazole, because the
addition of 1 equiv of the imidazole derivative to the nitrate complex did not afford its
mono-adduct complex, but rather a mixture of the parent and bis-adduct complexes.
The oxoiron(IV) porphyrin s-cation radical complexes with imidazole derivatives,
prepared from nitrate complexes using route A, were as stable as those prepared from
perchlorate complexes at temperatures below 233 K in dichloromethane.

The preparation of oxoiron(IV) porphyrin sm-cation radical complexes with
phenolate derivatives (4-nitrophenolate, pentafluorophenolate, 3,4,5-trifluorophenolate,
and 3-fluoro-4-nitrophenolate) as axial ligands was examined using route B for TMP
and TMTMP complexes. The oxoiron(IV) porphyrin st-cation radical complexes with
4-nitrophenolate, 3,4,5-trifluorophenolate, and pentafluorophenolate were very unstable
even at 183 K and quickly reduced to iron(IIl) porphyrin complexes with dissociation
and decomposition of the axial phenol. However, the oxoiron(IV) porphyrin st-cation
radical complex with 3-fluoro-4-nitrophenolate was stable enough for spectroscopic
characterization at temperatures below 213 K in dichloromethane. In route A, the
addition of 1 equiv of phenol derivatives to oxoiron(IV) porphyrin m-cation radical

complex resulted in rapid reduction of the complex.

Characterization of Peroxidase Compound I Models. Figure 2.1.3, shows
UV-visible absorption spectral changes for the formation of oxoiron(IV) porphyrin
m-cation radical complexes with imidazole from the route A in dichloromethane at
—-80°C. Oxidation of (TMP)Fe"(NO,) with ozone at —80 °C yielded (TMP*)Fe™O-

(NO,), which showed a Soret band with decreased intensity at 401 nm and an
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Figure 2.1.3. UV-visible absorption spectra of oxoiron(IV) porphyrin m-cation
radical complexes (10 mM) with imidazole in dichloromethane at —80 °C. Red
lines : (P)Fe"(NO;), black lines : (P™)Fe'YO(NO,), blue lines
[(P*)FeVO(Im)](NO;). (a) P=TMP, (b) P=TMTMP.

absorption peak near 666 nm, as shown in Figure 2.1.3 a). The careful addition of 1
equiv of imidazole to (TMP")Fe"'O(NO,) showed a small but significant spectral
change, indicating the formation of [(TMP*)Fe""O(Im)](NO,) without reduction of the
porphyrin m-cation radical. Similarly, Figure 2.1.3 b) shows the formation of
[((TMTMP")Fe"VO(Im)](NO,) using route A. With the coordination of imidazole, the
intensity of the Soret band decreased and the absorption at 630 nm shifted to 643 nm.
The absorption spectra of oxoiron(IV) porphyrin sm-cation radical complexes having
2-methylimidazole and 5-methylimidazole were also measured, and the results are
summarized in Table 2.1.1. The axial coordination of 2-methylimidazole and
5-methylimidazole did not change the peak positions for the TMP complexes, but did
change them for the TMTMP complexes. The absorption spectral features of
[((TMTMP")Fe""O(Im)](NO,;) more closely resembled those of compound 1 of
peroxidases than those of [(TMP*)Fe"O(Im)](NO,) (Table 2.1.2).*®  Similar
complexes with perchlorate anions were also prepared, and the peak positions were the

same as those observed with nitrate anions.
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Figure 2.1.4. 'H NMR spectra of [(TMP*)Fe"YO(L)](Cl0O,) in dichloromethane-d,
at—60 °C. a)L=1Im, b) L =5-Melm, ¢) L =2-Melm, d) L =2-Melm at —90 °C

Figure 2.1.4 shows 'H NMR spectra of [(TMP*)FeVO(L)](ClO,) and
[(TMTMP*)Fe"VO(L)](ClO,), where L is either Im, 2-Melm, or 5-Melm, in
dichloromethane-d,, The 'H NMR signals were assigned by deuterium-labeled
compounds, signal intensities, and comparison with those of previously characterized
(TMP™)Fe"VO(ClO,). The 'H NMR shifts of [(TMP*)Fe""O(L)](ClO,) are
summarized in Table 2.1.3. [(TMP*)Fe"O(Im)](ClO,) exhibits the pyrrole proton
signal at —10.4 ppm, the m-protons of the meso mesityl group at 63.9 and 65.4 ppm, the
o-methyl protons at 22.8 and 23.8 ppm, and the p-methyl protons at 10.3 ppm. The
separation of the o-methyl and m-proton signals was reasonable for the coordination of
two different axial ligands, oxo and imidazole. The large downfield shifts of the meso
mesityl protons indicate an unpaired electron in the a,, porphyrin m-orbital, a,,

porphyrin st-cation radical state. As shown in Figure 2.1.4, the 'H NMR shifts of
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[((TMP*)Fe"YO(5-MeIm)](ClO,) were almost identical to those of [(TMP*)Fe'VO-
(Im)](ClO,). The 'H NMR shifts of [(TMP")Fe'YO(2-Melm)](ClO,) were similar to
those of [(TMP*)Fe"O(Im)](ClO,) and [(TMP*)Fe"VO(5-Melm)](ClO,), but the 'H
NMR signals of [(TMP*)Fe" O(2-Melm)](ClO,) were broader. When the temperature
was lowered further, the '"H NMR signals of [(TMP*)Fe" O(2-Melm)](ClO,) became
much broader and split at —-90 °C as shown in Figure 2.1.4 d). This was because the
rotation of the axially bound 2-methylimidazole along the Fe-N(2-Melm) axis was
hindered by a steric interaction between the 2-methyl group of 2-methylimidazole and
the o-methyl group of the meso mesityl group. The 'H NMR spectra of

[(TMP*)Fe"VO(L)](NO,) were identical to those of [(TMP*)Fe'YO(L)](ClO,).

p-Me
o-Me

) m-H
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Figure 2.1.5. 'H NMR spectra of [(TMTMP*")Fe"VO(L)](ClO,) in dichloromethane
-d, at —80 °C. a) L =1Im,b) L =5-Melm, ¢) L =2-Melm.

Figure 2.1.5 shows the '"H NMR spectra of [(TMTMP*)Fe"VO(L)](ClO,), where
L is either Im, 2-Melm, or 5-Melm, in dichloromethane-d, at —-80 °C. The 'H NMR

signals of [(TMTMP*)Fe"VO(L)](ClO,) were also assigned using deuterium labeled
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compounds, signal intensities, and comparison with those of previously characterized
(TMTMP*)Fe"VO(Cl0,).*” The 'H NMR shifts of [(TMTMP")Fe"VO(L)](CIO,) are
summarized in Table 2.1.4. As reported, [(TMTMP*)Fe"YO(Im)](CIO,) showed a
large downfield shift of the pyrrole methyl signal at 113.2 ppm and small shift of the
meso proton signal at 0.0 ppm.* The 'H NMR spectra of [(TMTMP")Fe"“O-
(5-MeIm)](CIO,) and [(TMTMP*)Fe"VO(2-MeIm)](ClO,) were similar to that of
[((TMTMP")Fe"VO(Im)](CIO,), but paramagnetic shifts of [(TMTMP*)Fe" O(2-Melm)]-
(CIO,) were larger than those of the other two. The small paramagnetic shifts of the
meso proton signals for [(TMTMP™)Fe"VO(L)](CIO,) clearly indicate an unpaired
electron in the a,, porphyrin m-orbital, a,, porphyrin s-cation radical state. Unlike
[((TMP*)Fe"YO(2-Melm)](ClO,), the rotation of the 2-Melm in [(TMTMP*)Fe"VO-
(2-MeIm)](C10O,) was not hindered. In fact, even at —-90 °C, only a single pyrrole
methyl signal was observed. This is because the o-methyl group of the pyrrole
B-mesityl group in TMTMP is farther from the iron center than that of the meso mesityl
group in TMP, resulting in a smaller steric effect on the rotation of 2-methylimidazole in
TMTMP. The 'H NMR spectra of [(TMTMP™)Fe"VO(L)](NO,) were similar to those
of [(TMTMP*)Fe"VO(L)](ClO,). The temperature dependence of 'H NMR signals for
[((TMP*)Fe"YO(L)](C10,) and [(TMTMP*)Fe" O(L)](ClO,) showed normal Curie’s law
behavior.

Direct evidence for the coordination of imidazole derivatives to oxoiron(IV)
porphyrin s-cation radical complexes was obtained by ‘H NMR spectra of iron-bound
deuterium-labeled imidazole derivatives (Figure 2.1.6). The “H NMR shifts are
summarized in Table 2.1.5, together with the NMR shifts of iron-bound imidazole
signals of oxoiron(IV) and iron(IIl) porphyrin complexes. The *H NMR signals were

assigned by their relative intensity and by substitution of each imidazole position with a
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Figure 2.1.6. °H NMR spectra of a) [(TMP")Fe""O(Im-d,)](ClO,), b)
[((TMP*)Fe"VO(2-Melm-d,)](Cl1O,), c¢) [(TMP*)Fe"YO(5-Melm-d,)](ClO,), d)
[(TMTMP*")FeO(Im-d,)|(CIO,), ¢) [(TMTMP*)FeYO(2-Melm-d,)](CIO,), and f)
[(TMTMP*")Fe" O(5-Melm-d,)](C10,) in dichloromethane. Temperature; a) — c)
at —60 °C and d) — f) at —80 °C.

methyl group, which resulted in the disappearance of the signal for the substituted
position and the appearance of a new signal for the introduced methyl group. The
paramagnetic shifts of the *H NMR signals of the deuterium-labeled imidazole
derivatives clearly showed their coordination to the ferryl iron site as axial ligands.
The temperature dependence of these ’H NMR signals showed normal Curie’s law
behavior. The *H NMR signals for the 2- and 4-positions of the iron-bound imidazole
derivative showed upfield shifts, while those for the 5-position showed downfield shifts.
With substitutions of the 2-positions with methyl groups, the ’H NMR signals of the
methyl groups were observed downfield. The *H NMR paramagnetic shifts of
iron-bound imidazole signals for [(TMP")Fe"VO(L)](ClO,) were larger than those of

[(TMTMP*)Fe"YO(L)](CIO,).
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Figure 2.1.7. EPR spectra of (a) [(P*")Fe"O(2-MeIm)](CIO,) at 4K. (a) P = TMP,
in dichloromethane-toluene (5:1), (b) P = TMTMP, in dichloromethane-propionitrile
(5:1). Signals denoted by asterisks are due to [(TMP)Fe"(2-Melm)](ClO,) and
[(TMTMP)Fe"(2-MeIm)](CIO,).

Figure 2.1.7 shows the EPR spectra of [(TMP*)Fe"YO(2-Melm)](ClO,) and
[(TMTMP*)FeO(2-Melm)|(CIO,) at 4 K. [(TMP*)FeO(2-Melm)](CIO,) showed
the EPR signals at g = 4.47, 3.45, and 1.97, which were similar to those of
(TMP")Fe"“O(ClO,).* The EPR spectra of [(TMP*)Fe" O(2-Melm)](ClO,) were
typical of those of S = 3/2 systems, indicating strong ferromagnetic interactions
between ferryl iron (S = 1) and the porphyrin m-cation radical (S = 1/2). The EPR
spectra of [(TMP*)Fe"VO(Im)](ClO,) and [(TMP*)Fe"YO(5-Melm)](ClO,) were very
close to that of [(TMP*)Fe"YO(2-Melm)](ClO,), suggesting similar spin interactions
(Table 2.1.3). The g values for the TMP complexes were hardly changed by the axial
ligand effect. As shown in Figure 2.1.7 b), the EPR spectrum of
[(TMTMP*)FeYO(2-Melm)](C10,) differed from that of [(TMP*)Fe' O(2-Melm)]-
(ClO,), but was similar to that of [(TMTMP")Fe"O(MeOH)](CIO,) reported
previously.” As observed for [(TMTMP*)Fe" " O(MeOH)](ClO,),” the EPR spectrum
of [(TMTMP")Fe"VO(2-Melm)](CIO,) was interpreted as a weak ferromagnetic

interaction between ferryl iron (S = 1) and the porphyrin p-cation radical (S = 1/2).
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The EPR spectra of [(TMTMP*)Fe"VO(Im)](ClO,) and [(TMTMP*)Fe"YO(5-Melm)]-
(ClO,) were similar to that of [(TMTMP")Fe"VO(2-Melm)](CIO,), but the g, values
were changed by the axial imidazole ligand (Table 2.1.4). This result suggests that the
spin interaction was altered by the axial imidazole for the TMTMP complex. The EPR
spectra of [(TMP™)Fe"VO(L)](NO,) and [(TMTMP*)Fe""O(L)](NO;) were almost
identical to those of [(TMP")Fe"YO(L)|(ClIO,) and [(TMTMP*)Fe"YO(L)](ClO,),
respectively.

The structural characterization of oxoiron(IV) porphyrin m-cation radical
complexes having imidazole derivatives was examined using ESI-MS spectroscopy.
ESI-MS peaks corresponding to [(TMP*)Fe'VO(L)]* and [(TMTMP*)Fe'YO(L)]" cations,
where L = Im, 2-Melm, and 5-Melm, were detected (Table 2.1.6). The isotope
distribution patterns of the observed ESI-MS peaks were almost identical to those
calculated from [(TMP*)Fe'YO(L)]* and [(TMTMP*)FeVO(L)]* structures. All of the

ESI-MS data supported the binding of imidazole derivatives as an axial ligand.
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Figure 2.1.8. UV-visible absorption spectra of (P)Fe"(3-F-4-NO,-PhO) and
(P*)Fe"VO(3-F-4-NO,-PhO) in dichloromethane (concentration 1.0 x 10° M, lcm
path length cell) at -80°C: a) P=TMP, b) P=TMTMP.
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Characterization of Catalase Compound I Models. Figure 2.1.8 shows
UV-visible absorption spectra of (TMP*)Fe' O(3-F-4-NO,-PhO) and (TMTMP*")Fe" O-
(3-F-4-NO,-PhO) prepared from route B. The absorption maxima of the spectra are
listed in Table 2.1.1. The absorption spectra of (TMP*)Fe'YO(3-F-4-NO,-PhO) and
(TMTMP*)Fe"YO(3-F-4-NO,-PhO) were very close to those of [(TMP*)Fe"YO(Im)]-
(NO,) and [(TMTMP")Fe""O(Im)](NO,), respectively, shown in Figure 2.1.3. The
binding of the phenolate anion did not affect their absorption spectral features. The
absorption spectral features of (TMTMP*)Fe' O(3-F-4-NO,-PhO) were close to those
of compound I of catalases.'””'”> While (TMP*)Fe"YO(3-F-4-NO,-PhO) slowly
decomposed to (TMP)Fe'(3-F-4-NO,-PhO) in dichloromethane at =80 °C (k,c,,,, = 3.3
x 107 s, (TMTMP*)Fe"VO(3-F-4-NO,-PhO) was stable for a few hours under the
same conditions.

Figure 2.1.9 shows 'H NMR spectra of (TMP*)Fe' O(3-F-4-NO,-PhO) and
(TMTMP*)Fe"YO(3-F-4-NO,-PhO) in dichloromethane-d, at —-80 °C. The 'H NMR
signals were assigned with deuterium-labeled compounds, signal intensities, and
comparison with those of previously characterized oxoiron(IV) porphyrin s-cation
radical complexes.” The NMR shifts are summarized in Table 2.1.3 and 2.1.4. The
'H NMR shifts of (TMP*)Fe"VO(3-F-4-NO,-PhO) and (TMTMP")Fe""O-
(3-F-4-NO,-PhO) were close to those of (TMP*)Fe"YO(Im) and (TMTMP*)Fe'YO(Im),
respectively. Coordination of the phenolate axial ligand did not drastically change
their electronic structure. Direct evidence for the phenolate binding to oxoiron(IV)
porphyrin st-cation radical complexes was obtained from their ’F NMR spectroscopy.
YF NMR spectra of (TMP™)Fe"O(3-F-4-NO,-PhO) and (TMTMP")Fe""O-
(3-F-4-NO,-PhO) exhibited "F NMR signals of the 3-F signals in the axial

3-F-4-NO,-PhO at 48.4 and 70.6 ppm from CF,, respectively. Compared with the "°F
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NMR shifts of (TMP)Fe"(3-F-4-NO,-PhO) and (TMTMP)Fe!"(3-F-4-NO,-PhO), the °F
NMR  signals of (TMP")Fe"VO(3-F-4-NO,-PhO) and (TMTMP")Fe"“O-
(3-F-4-NO,-PhO) showed upfield and downfield shifts, respectively. The "F NMR
signals for the 3-F signals of (TMP*)Fe"YO(3-F-4-NO,-PhO) and (TMTMP*)Fe" O-
(3-F-4-NO,-PhO) showed normal Curie law behavior and had intercepts at 1/7 = 0 near

55.8 and 42.0 ppm, respectively, which were close to that of 3-fluoro-4-nitrophenol

(49.7 ppm).
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Figure 2.1.9. 'H NMR spectra of iron porphyrin phenolate complexes in
dichloromethane-d, at —80°C: a) (TMP)Fe"(3-F-4-NO,-PhO), b) (TMP*")Fe O-
(3-F-4-NO,-Ph0O), c¢) (TMTMP)Fe"(3-F-4-NO,-PhO), d) (TMTMP*)Fe"O-
(3-F-4-NO,-PhO).
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Figure 2.1.10. EPR spectra of a) (TMP*)Fe"VO(3-F-4-NO,-PhO) and b)
(TMTMP*")Fe"VO(3-F-4-NO,-PhO) in dichloromethane-toluene (5:1) at 4 K. The
signals denoted by asterisks exhibit signals for (TMP)Fe"(3-F-4-NO,-PhO) and
(TMTMP)Fe"(3-F-4-NO,-PhO).

Figure 2.1.10 shows the EPR spectra of (TMP*)Fe" O(3-F-4-NO,-PhO) and
(TMTMP*)FeYO(3-F-4-NO,-PhO) in dichloromethane-toluene (5:1) at 4 K. The EPR
spectrum of (TMP*)Fe"VO(3-F-4-NO,-PhO) was close to that of [(TMP*)Fe"O-
(Im)](ClO,) and exhibited EPR signals at g = 4.59, 3.40, and 1.95, which were typical
for S = 3/2 systems resulting from the ferromagnetic interaction, as observed for
[((TMP*)Fe""O(Im)]*. The E/D value (0.100) of (TMP*)Fe'YO(3-F-4-NO,-PhO) was
larger than that (0.065) of [(TMP*)Fe"YO(Im)]*. On the other hand, the EPR spectrum
of (TMTMP")Fe"VO(3-F-4-NO,-PhO)  was  different  from  that  of
[((TMTMP")Fe"VO(Im)]" and exhibited an EPR signal at around g ~ 2.0. The EPR
spectrum of (TMTMP*)Fe'YO(3-F-4-NO,-PhO) was close to that of compound I of
Pm-CAT," which was attributed to very weak magnetic interaction between iron(IV)
and porphyrin radical spins. This indicates that the magnetic interaction between
ferryl iron and the porphyrin ;-radical became much weaker for TMTMP when the

axial ligand was changed from imidazole to phenolate.
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The structural characterization of (TMP*)Fe'YO(3-F-4-NO,-PhO) and (TMTMP*)-
Fe"VO(3-F-4-NO,-PhO) was further examined using ESI-MS spectroscopy. However,
ESI-MS spectrometry at low temperature did not give any ion peaks corresponding to
(TMP*)Fe"VO(3-F-4-NO,-PhO) and (TMTMP*)Fe" O(3-F-4-NO,-PhO) because of their

neutral character.
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Figure 2.1.11. UV-visible absorption spectral change for the reactions of a)
[((TMP*)Fe"O(Im)](NO;), b) [(TMTMP")Fe""O(Im)](NO,), ¢) (TMP")Fe"O-
(3-F-4-NO,-PhO) and d) (TMTMP*")Fe"VO(3-F-4-NO,-PhO) with cyclooctene (2.5 x
10~ M) in dichloromethane at —80°C. Sample concentration = 1.0 x 10™* M in lcm
path length cell. Insets; time dependence of the absorptions at (a) 667 nm, (b) 639
nm, (¢) 667 nm and (d) 643 nm.

Reactivity of Compound I Models. To study the effect of axial ligands on
reactivity, we examined reactions of oxoiron(IV) porphyrin m-cation radical complexes
having various axial ligands with cyclooctene. Figure 2.1.11 a) and b) shows the

absorption spectral changes for the epoxidation reactions of [(TMP*)Fe"YO(Im)](NO,)
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and [(TMTMP*)Fe"YO(Im)](NO,) with cyclohexene at —80 °C, respectively. Upon the
addition of cyclooctene, the absorption spectra of [(TMP™)Fe"O(Im)](NO,) and
[((TMTMP")Fe"O(Im)](NO;) changed to those of (TMP)Fe"(NO,) and
(TMTMP)Fe"(NO,) containing 1.0 equiv of imidazole, respectively. 'H NMR
measurements of the final reaction solutions clearly showed that the final product was a
1:1 mixture of nitrate and bis-imidazole iron(IIl) porphyrin complexes. The
absorption spectral changes for the reactions showed a slight shift in isosbestic points
because the reaction product changed from the mono-imidazole complex to a mixture of
nitrate and bis-imidazole complexes, as the reaction product increased (Scheme 2.1.2).
Similar absorption spectral changes were observed for cyclooctene epoxidation
reactions when 2-methylimidazole and 5-methylimidazole were used as axial ligands.
In spite of a slight shift in the isosbestic points, the time courses of the absorptions for
the epoxidation reactions in the presence of large excess of cyclooctene could be fitted
well with a single exponential function.”” The apparent rate constants linearly depend
on the concentration of cyclooctene, giving the second-order rate constants for
cyclooctene epoxidation reactions (Table 2.1.7). To confirm the formation of the
epoxidation product, GC-MS analysis was applied to each reaction solution used in
these kinetic experiments, which showed the formation of cyclooctene oxide in more

than 80% yield (see Table 2.1.7).

Scheme 2.1.2

O (O
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We further examined the reactions of oxoiron(IV) porphyrin m-cation radical
complexes with 3-fluoro4-nitrophenolate as an axial ligand. Figure 2.1.11 ¢) and d)
show absorption spectral changes for the reactions of (TMP*)Fe"'O(3-F-4-NO,-PhO)
and (TMTMP*")Fe"VO(3-F-4-NO,-PhO), respectively, with cyclooctene at 193 K.
Upon the addition of  cyclooctene, the  absorption  spectra  of
(TMP*)Fe"VO(3-F-4-NO,-PhO) and (TMTMP")Fe"YO(3-F-4-NO,-PhO) changed to
those of (TMP)Fe"(3-F-4-NO,-PhO) and (TMTMP)Fe"(3-F-4-NO,-PhO) with clear
isosbestic  points. The formation of (TMP)Fe"(3-F-4-NO,-PhO) and
(TMTMP)Fe"(3-F-4-NO,-PhO) was further confirmed by 'H NMR measurements.
Kinetic analysis showed the second-order rate constants at 0.126 M™'s™" and 0.134
M™'s™ for the cyclooctene epoxidation with (TMP*)FeYO(3-F-4-NO,-PhO) and
(TMTMP*)Fe'YO(3-F-4-NO,-PhO), respectively.  Analysis of the product using
GC-MS showed that only cyclooctene oxide was detected, in 32 and 80 % yield for
(TMP")Fe"VO(3-F-4-NO,-PhO) and (TMTMP*)FeYO(3-F-4-NO,-PhO), respectively.
The low yield of cyclooctene oxide for (TMP*)Fe' O(3-F-4-NO,-PhO) may be due to
its instability, as described in the section above.

The reaction rates of oxoiron(IV) porphyrin st-cation radical complexes with nitrate
and chloride axial anions were also determined at 193 K. The second-order rate
constants and the yields of cyclooctene oxide are summarized in Table 2.1.7. The
reaction of (TMTMP*)Fe"VO(Cl) could not be examined because the ozone oxidation of
(TMTMP)Fe"Cl at —80°C did not form (TMTMP*)FeVO(Cl). The reaction rate
constants and reaction yields for imidazole and phenolate complexes were much larger
than those for nitrate and chloride. In the most extreme case, the reaction rate was
~400 times larger with the coordination of 2-mehtylimidazole to

(TMTMP*)Fe"O(NO,).
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To study the axial ligand effect on oxidation reactions other than epoxidation, we
examined the reactions of oxoiron(IV) porphyrin s-cation radical complexes with
N,N-dimethyl-p-nitroaniline and 1,4-cyclohexadiene (Table 2.1.7). Previous studies
reported that oxoiron(IV) porphyrin m-cation radical complexes oxidize
N,N-dimethyl-p-nitroaniline to N-methyl-p-nitroaniline via an electron transfer
mechanism and 1,4-cyclohexadiene to benzene via a hydrogen abstraction
mechanism.”**  The second-order rate constants of [(TMTMP*")Fe""O(Im)](NO,) and
(TMTMP*)Fe"YO(3-F-4-NO,-PhO) for N,N-dimethyl-p-nitroaniline were 70 times
higher than that of (TMTMP")Fe""O(NO,), and those for 1,4-dihydrocyclohexadiene
were 10 times higher. Coordination of imidazole and phenolate axial ligands enhanced
the reactivity of oxoiron(IV) porphyrin m-cation radical complex not only for the
epoxidation reaction, but also for the aniline N-demethylation and hydrogen abstraction
reactions.

Regarding the catalase reactions, we examined the reactions of
(TMTMP*)Fe"VO(NO;), [(TMTMP*)Fe""O(Im)](NO,), and (TMTMP*)Fe"O-
(3-F-4-NO,-PhO) with hydrogen peroxide in dichloromethane at —80 °C. Whereas
(TMTMP*)Fe"VO(NO,) reacted in a few minutes with the addition of 10 equiv of

hydrogen peroxide in methanol (k,,, = 2.0 x 107 s™ for 1 mM hydrogen peroxide),

app
[((TMTMP*)Fe"O(Im)](NO,), and (TMTMP")Fe""O(3-F-4-NO,-PhO)  reacted
immediately to form iron(IIl) porphyrin complexes. Because these reactions occurred
so rapidly, the reaction rate constants could not be determined. While a drastic axial

ligand effect was found for the hydrogen peroxide oxidation, predominance of the

phenolate axial ligand over the imidazole axial ligand was not observed.
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Figure 2.1.12. Correlation of pK, value of the axial ligand (L) of (TMTMP™)-
FeVO(L) with its absorption peak position. Red square; anion liagnd, L from left;
ClO, , NO;, benzoate, 3-F-4-NO,-PhO", 4-NO,-PhO", red circle; neutral ligand, L
from left; Im, 5-Melm, 2-Melm. The solid red line was a correlation curve based
on the anion ligands (red square). Black circle; compound-I of heme enzymes listed
in Table 1. The pK, values for peroxidases other than CPO, catalases, and CPO are
used those for histidine (6.1), tyrosine (10.1), and cysteine (8.3) residues,
respectively.”  Circle; CPO compound-I for the pK, (10.6) of ethanethiol.”

Discussion

Effect of Axial Ligand on Electronic Structure. All oxoiron(IV) porphyrin
m-cation radical complexes characterized in this study showed the Soret band with
decreased intensity around 400 nm and a characteristic absorption around 650 nm.
The peak positions for TMP complexes were hardly changed by the axial ligand effect;
however, those for TMTMP complexes were sensitive to the axial ligand effect (Table

2.1.1). In particular, the absorption peak at around 650 nm for TMTMP complexes
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showed ~ 35 nm shift due to the axial ligand. It is worth noting that the peak position
of (TMTMP*")Fe" O(L) shifted to lower energy as the pK, value of the axial ligand (L)
increased (Figure 2.1.12).* The axial anion ligands showed a good correlation line,
while the axial neutral ligands, L = Im, 2-Melm, 5-Melm, exhibited slight shifts from
the correlation line for the axial anion ligands. The absorption peak at around 650 nm
may be a good marker for estimation of the electron donor ability of the axial ligand.
Because of the structural similarity of protoporphyrin IX with TMTMP, a similar
correlation was also observed for peak positions of compound I of peroxidases and
catalases (Table 2.1.1 and 2.1.2). The peak positions of the compound I of peroxidases
and catalases also shifted from 650 to 688 nm, and were correlated with the pK, values
of the proximal ligands (Figure 2.1.12). Although other factors, such as the steric and
electrostatic environment around heme must be considered, the peak position observed
for compound I can be explained by the donor effect of the proximal ligand in these
heme enzymes. For peroxidases other than CPO, the observed peak positions (650 ~
658 nm) were close to the correlation line and were reasonable for the character of the
imidazolate anion, resulting from hydrogen bonding interactions of the proximal
histidines with the aspartate residues (see Figure 2.1.1). The peak positions (655 ~ 657
nm) for catalases can be explained by hydrogen bonding between the proximal tyrosine
ligand (phenolate) and a nearby arginine residue, which shifted the phenolate character
of the proximal ligand to a phenol and weakens the electron donor effect of the
proximal tyrosine ligand. The absorption peak (688 nm) for CPO compound I
indicates extremely strong electron donor effect of the proximal cysteine ligand. The
donor effect was much stronger than that expected from the pK, value (8.3) of cysteine,

but comparable to that expected from alkylthiol (pK, 10 ~ 11).%
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Figure 2.1.13. Electron spin density distribution of the a,, and a,, porphyrin
rt-cation radical orbitals. Red and blue colors represent signs of wave functions.

Previously, we showed that the porphyrin m-cation radical (a,, or a,,) state depends

on the porphyrin substitution pattern (Figure 2.1.13).”*

Meso-substituted porphyrins,
such as TMP, form the a,, radical state, which shifts to the a,, state with an increase in
the electron-withdrawing effect of the meso-substituent.  Pyrrole [-substituted
porphyrins, like TMTMP, form the a,, radical state, which is not changed even with an
increase in the electron-withdrawing effect of the pyrrole 3-substituent. On the other
hand, the present 'H NMR results clearly show that the axial ligand effect does not
change the porphyrin m-cation radical state. Even if the electron donating axial ligand,
such as imidazole and phenolate, were coordinated to the ferryl iron, TMTMP and TMP
complexes remained in the a,, and a,, radical states, respectively. These results
indicate that compound I in all peroxidases and catalases with pyrrole B-substituted
porphyrin, like protoporphyrin IX, would be in the a,, radical state, because
one-electron oxidation of protoporphyrin IX usually yields the a,, radical state.

The paramagnetic shifts of the iron-bound axial ligands allow the estimation of

spin transfer from ferryl iron and porphyrin mt-cation radical spins to the iron-bound oxo

and axial ligand. The radical character of the oxo ligand has been discussed in relation
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to the oxygenation reactivity of oxoiron(IV) porphyrin 7t-cation radical complex,” but
the spin transfer from the porphyrin m-cation radical to the axial ligand has not been
studied in detail. As summarized in Figure 2.1.6 and Table 2.1.5, the iron-bound
imidazole signals showed paramagnetic shifts, induced by ferryl iron and porphyrin
mt-cation radical spins. We assume here that the dipolar contribution of oxoiron(IV)
porphyrin st-cation radical complex is close to that of oxoiron(IV) porphyrin complex.™
As previously analyzed for oxoiron(IV) porphyrin complexes, two unpaired electrons in
the ferryl iron d, (d,, and d,,) orbitals delocalize into the imidazole m-orbital (the highest
occupied m-molecular orbital), leading to up-field shifts of all protons belonging to the
iron-bound imidazoles.”® On the other hand, porphyrin f-cation radical spin would be
transferred to the axial imidazole s-orbital via the unoccupied ferryl iron d,. orbital,
resulting in downfield shifts of the imidazole signals, especially the imidazole 1-H and
5-H signals, as observed for high spin iron(III) porphyrin complexes (see Table 2.1.5).”
Therefore, the up-field shifts of the imidazole 2-H and 4-H signals for oxoiron(IV)
porphyrin mt-cation radical complexes were mainly induced by the spin delocalization of
the ferryl iron d, spins. This result was further confirmed by the large downfield shifts
with the 2-methyl substitutions. Compared with the NMR shifts of the iron-bound
imidazole signals of oxoiron(IV) porphyrin complexes, the upfield shifts of the
imidazole 2-H and 4-H signals for TMTMP complexes become smaller with the
formation of porphyrin rt-cation radicals, while those for TMP complexes hardly change.
Since the NMR shifts of the iron-bound imidazole signals of oxoiron(1IV) TMP
complexes were similar to those of TMTMP complexes (Table 2.1.5), the observed
change suggests that spin transfer of the ferryl iron spins to the axial ligands is
weakened with the formation of the a,, radical complex (TMTMP), but unchanged with

the formation of the a,, radical complex (TMP). On the other hand, with the formation
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of the porphyrin m-cation radical, the imidazole 5-H(D) signals showed large downfield
shifts for the TMP complexes, but small shifts for the TMTMP complexes. Large
downfield shifts of the 5-H(D) signals for TMP complexes indicate effective spin
transfer from the a,, porphyrin radical, but the small shifts for TMTMP complexes
indicate ineffective transfer from the a,, porphyrin radical. Overall, the ferryl iron and
porphyrin m-cation radical spins were effectively transferred to the axial imidazole for
the a,, radical complex, but not for the a,, radical complex. This is consistent with a
previous EPR study of zinc(Il) porphyrin m-cation radical complexes.”  With
molecular vibration of the propyhrin plane, e.g. doming, the a,, orbital is allowed to
overlap with the ferryl iron d,> orbital, but the a,, orbital is not. Moreover, the 7-spin
density of the pyrrole nitrogen is large in the a,, orbital, but not in the a,, orbital (see
Figure 2.1.13). These differences should result in differing spin transfer between the
a,, and a,, complexes. This argument is applicable to the axial oxo ligand of
oxoiron(IV) porphyrin sm-cation radical complex, suggesting different spin density on
the oxo ligand in the a,, and a,, radical complexes.

The effect of the axial ligand on spin interaction between the ferryl iron and
porphyrin 7t-cation radical spins of oxoiron(IV) porphyrin m-cation radical complex is
manifested in its EPR spectrum. The difference in spin interaction between the TMP
and TMTMP complexes might result from differences in both the st-spin density on the
pyrrole nitrogen atom between the a,, and a,, radical states (see Figure 2.1.13), and the
flexibility of the porphyrin plane of TMTMP due to less steric hindrance than in TMP.
The EPR spectra of compound I in heme enzymes more closely resemble those of
TMTMP complexes, confirming the a,, radical state. The similarity of the EPR spectra
of the compound I of heme enzymes with those of model complexes with similar axial

ligands suggests that the axial ligand effect is an important determinant of the
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intramolecular spin interaction of the compound I, as well as the steric effect of amino

acid residues around the heme.

Effect of the Axial Ligand on Reactivity. Previously, the axial ligand effect on
styrene oxidation was studied using (TMP*)Fe'VO(X), where X is either chloride,
fluoride, acetate, methanol, or trifluoromethylsulfonate.”® The second-order rate
constant for the styrene oxidation was increased about 15 times when the axial ligand
was changed from the least reactive trifluoromethylsulfonate to the most reactive
fluoride. In this study, we also found similar increments when the axial ligand was
changed from nitrate to chloride (~15-fold). More importantly, this study showed a
significant effect of axial ligands of imidazole and phenolate derivatives on the
reactivity of oxoiron(IV) porphyrin m-cation radical complex. As clearly shown in
Figure 2.1.14, the effect of the axial imidazole and phenolate was much more prominent
than that of the axial chloride. For the 3-fluoro-4-nitrophenolate axial ligand, the
second-order rate constants for the TMP and TMTMP complexes were comparable.
However, for the imidazole and 5-methylimidazole axial ligands, the second-order rate
constants for the TMP complexes were about twice those of the TMTMP complexes.
For the 2-methylimidazole axial ligand, the TMTMP complex was much more reactive
than the TMP complex. The low reactivity of (TMP*)Fe'YO(2-Melm) may be due to
steric interaction between the methyl groups of TMP and 2-methylimidazole, which was
detected in its '"H NMR spectra.  As reported for 1,2-dimethylimidazole complexes of
ferric TMP,"' the steric interaction might induce ruffling of the porphyrin plane of

(TMP*")Fe" O(2-Melm), leading to a drastic decrease in epoxidation reactivity.
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Figure 2.1.14. Comparison of second-order rate constants for the cyclooctene
epoxidation of oxoiron(IV) TMP (brown bar) and TMTMP (blue bar) m-cation
radical complexes with various axial ligands. The numbers in parentheses are
yields of cyclooctene oxide.

A drastic axial ligand effect of imidazole and phenolate derivatives was also found
in the reactions with 1,4-cyclohexadiene, N,N-dimethyl-p-nitroaniline, and hydrogen
peroxide. However, the axial ligand effect (~10-fold) for 1,4-cyclohexadiene is not so
significant than those (~100-fold) for N,N-dimethyl-p-nitroaniline and cyclooctene
(Table 2.1.7). Although we attempted to correlate these reactivities with the present
spectroscopic results of oxiron(IV) porphyrin m-cation radical complexes, we could not
find any clear correlation. Therefore, the explanation for the dramatic axial ligand
effect on the reactivity must be effects other than the electronic state of the oxiron(IV)
porphyrin m-cation radical complex. For example, differences in the reaction

mechanism, such as hydrogen abstraction and electron transfer, would form different
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transition states, which might result in different axial ligand effects. The axial ligand
effect on oxoiron(IV) porphyrin mt-cation radical complex would be different from that
on iron(Ill) porphyrin complex as a reaction product. Moreover, the thermodynamic
parameters for substrate oxidation must also be considered. For example, the change
in an enthalpy (AH) for conversion of 1,4-cyclohexadine to benzene and water is ~ —260
kJ/mol, while that of cyclohexene to cyclohexene oxide is ~ —120 kJ/mol.** The large
enthalpy contribution from the substrate oxidation would weaken the enthalpy

contribution from the axial ligand effect.

Conclusion

Previously, the axial ligand effect of imidazole and phenolate has been reported in
catalytic oxygenation reactions with iron and manganese porphyrin complexes.'>"’
Previously, Watanabe et al. studied the axial ligand effect on the former process, in
which the coordination of the axial imidazole ligand increased the rate of the O-O bond
cleavage of iron bound m-chloroperbenzoate and the rate correlated with the donor
effect of the axial imidazole ligand.” On the other hand, this study clearly showed that
the axial imidazole and phenolate ligands drastically increased the reaction rates of
oxoiron(IV) porphyrin sm-cation radical complexes with substrates. In the catalytic

system, the axial ligand works to accelerate not only the formation of the high-valent

oxo complex, but also the oxo-transfer to substrate.
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Table 2.1.1. UV-visible Spectral Data of [(P*")Fe'VO(L)]X, in CH,Cl, at —80°C.

Porphyrin L X A/nm ref
TMP ClO, 403, 660
NO;” 401, 666
Im ClO,, NO;~ 403, 667
2-Melm ClO,, NO;~ 403, 667
5-Melm ClO,, NO;~ 404, 667
3-F-4-NO,-PhO 406, 666
TMTMP Clo,” 387, 621
NO;” 391, 630
C.H,CO," 396, 645
Im ClO,, NO;~ 394, 643
2-Melm ClO,, NO;~ 389, 646
5-Melm ClO,, NO;~ 394, 643
3-F-4-NO,-PhO 388, 644
4-NO,-PhO 392, 655 21
Table 2.1.2. UV-vis and EPR data for compound I of peroxidases and catalases.
Enzyme Axial ligand A/nm EPR ref
HRP His 400, 651 ~2 6,23
ASP His 404, 650 3.27,1.99 9,24
LiP His 408, 650 3.42,2.00 11,25
MnP His 406, 650 26
CIP His 402, 658 27
CPO Cys 367, 688 2.00, 1.73, 1.64 7,28
BL-CAT Tyr 400, 656 1.96 (1.98) 10, 31
Eo-CAT Tyr 402, 657 32
Pm-CAT Tyr 655 ~2 10
MI-CAT Tyr 3.32,~2 8
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Table 2.1.5. NMR Chemical Shifts (ppm) of iron-bound imidazole signals of iron
porphyrin complexes in dichloromethane.

Complex 2-H(D) 4-H(D) 5-H(D) T/°C ref
(TMP*")Fe""O(Im-d,)“ -30.2 ~17.4 19.1 -80
(TMP*")Fe"VO(2-MeIm-d,) 29.4° ~15.0 12.4 -80
(TMP*")Fe"VO(5-MeIm-d,) -34.3 ~17.4 6.1° -80
(TMTMP*")Fe""O(Im-d,)“ -14.5 -3.7 5.9 -80
(TMTMP*")Fe"VO(2-MeIm-d,) 23.9°¢ 2.7 n.d.f -80
(TMTMP*")Fe"VO(5-MeIm-d,) -17.3 2.5 6.1° -80
(TMP)Fe"VO(1-MeIm) -28.5 -21.6 -3.6 -80
(TMP)FeVO(1,2-DiMelm) n.d.? -20.7 —4.1 -80
(TMTMP)Fe"VO(1-MeIm) -29.1 —22.7 4.2 -80
(TMTMP)Fe"VO(1,2-DiMelm) n.d.? n.d.? -3.8 -80
(TmTP)Fe"VO(1-MeIm-d,)® 225 -17.5 -2.8 -50 38
(TmTP)Fe™O(1,2-DiMelm-d,)” n.d.? -13.7 -1.7 -50 38
(TmTP)Fe"O(1,5-DiMelm-d,) " 235 -15.8 ~1.3¢ -50 38
(TMP)Fe"(Im-d,) “* -28.6 33.6 111.7 -60
(TMP)Fe"(2-Melm-d,) “ 18.4¢ 42.3 89 -60
(TMP)Fe"(5-Melm-d,) “* -36.3 33.8 24.6¢ -60
(TMTMP)Fe"(Im-d,) “ —45.2 30.1 115.3 -80
(TMTMP)Fe"(2-MeIm-d,) “* 20.3¢ 45.9 91.3 -80
(TMTMP)Fe"(5-MelIm-d,) “* —49.4 31.2 22.9°¢ -80

“ Counter anion is perchlorate ion (ClO,7). " TmTP; Tetra-m-tolylporphyrin, in toluene-ds. ¢ Methyl
signal. ¢ Not determined. ¢ Assignments of the signals are based on the methyl substitutions.

Table 2.1.6. The parent peak values of [(P*)Fe'YO(L)](ClO,) determined by ESI-MS.

Por = TMP TMTMP
Ligand Observed Calculated Observed Calculated
None 852.35 852.36 908.11 908.12
Im 920.44 920.38 976.06 976.45
2-Melm 934.36 934.40 990.96 990.46

5-Melm 934.49 934.40 990.19 990.46




Table 2.1.3. 'H NMR Chemical Shifts (ppm) and EPR data for (TMP*")Fe"VO(L).

L= T,°C pyrrole-H ortho-CH, meta-H para-CH; g-values E/D
Im* -60 -10.4 22.8,23.8 63.9,65.4 10.3 4.41,3.55,1.98 0.070
-80 -11.3 26.4,27.5 73.1,74.8 11.7
2-Melm* -60 -8.8 25.6 70.6,72.2 10.8 4.47,3.45,1.97 0.085
-80 -9.8 broad broad 11.3
5-Melm* -60 -9.8 22.8,24.0 64.4, 65.8 10.4 4.42,3.57,1.98 0.070
-80 -11.1 24.2,25.8 73.2,74.9 11.2
3-F-4-NO,-PhO -80 -13.7 25.4,26.9 71.7 11.3 4.59, 3.40, 1.95 0.100
ClO4 -80 -27.4 26.4,23.9 66.4 11.3 4.42,3.55,1.98 0.075
NO;~ -80 -19.4 25.3,27.8 72.5 10.2 4.45,3.45,1.96 0.090
“ Counter ion is perchlorate ion (C1O,). NMR; in dichloromethane-d,. EPR; in dichloromethane-toluene (5:1) at 4 K.
Table 2.1.4. 'H NMR Chemical Shifts (ppm) and EPR data for (TMTMP*")Fe"VO(L).
L= pyrrole-CH; meso-H ortho-CH, meta-H para-CH; g-values J/D
Im*“ 113.2 0.0 7.5,8.7 12.6,13.4 3.2 2.97,2.00 0.3
2-Melm 123.7 -14.8 8.0,9.3 14.2,15.0 2.9 3.67,2.00 0.7
5-Melm ¢ 111.8 -4.0 7.4, 8.6 12.6,13.4 3.1 3.84,2.00 0.9
3-F-4-NO,-PhO 101.9 -1.0 6.6, 7.7 13.3,13.7 3.2 2.0 0
ClO, 135.5 55.6 7.6,9.6 14.2,15.0 3.6 3.23,2.00 0.4
NO;~ 127.7 34.7 74,83 13.8, 14.6 3.3 3.69, 2.00 0.7
132.1 45.8 8.3,9.6 13.7, 14.6 34

“ Counter ion is perchlorate ion (C10,).

NMR; in dichloromethane-d,.

EPR; in dichloromethane-toluene (5:1) at 4 K.



Table 2.1.7. The second-order rate constants for the reaction of (P*)Fe'YO(L) with the various substrates in CH,Cl, at —80 °C

Porphyrin Ligand ko M
Cyclooctene” 1,4-Cyclohexadiene N,N-Dimethyl-p-nitroaniline
TMP Im 0.216 +£0.003 (87 + 3)
2-Melm 0.030 £0.002 (72 + 4)
5-Melm® 0.240 +0.003 (71 + 3)
3-F-4-NO,-PhO 0.126 £0.001 (32 £ 8)
Cr 0.011 £0.001 (62 +2)
NO;” 8.21 £0.31 x 107 (64 +2)
TMTMP Im 0.095 £0.001 (82 £ 2) 0.868 +0.005 3.470 +0.225
2-Melm 0.306 +0.002 (89 + 3)
5-Melm 0.126 £ 0.001 (67 +5)
3-F-4-NO,-PhO 0.134 £ 0.001 (80 + 3) 1.043 £0.016 3.383 +0.050
NO;” 7.13£0.25x 10" (48 £ 1) 0.082 +0.005 0.048 +0.002

“ Numbers in parentheses are yield (%) of cyclooctene oxide.

b Rate for the second slow reaction was 0.020 = 0.001 M's™".

-1 33
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Thermodynamic Factor Determining the Reactivity of Oxoiron(IV)
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of Reaction
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Abstract

Effect of axial anion ligand on reactivity of oxoiron(IV) porphyrin st-cation radical
complex was investigated by the reactions of Fe'"O(TMP*')(L), where TMP =
tetramesitylporphyrin and L. = F, CI, BnO, AcO, HcO, TFA", and NO; ,with
cyclooctene, 1,4-cyclohexadiene, and N,N-dimethyl-p-nirtoaniline. The second-order
rate constants for cyclooctene epoxidation reactions increased in the order of F > BnO~
> HcO™ > CI" > AcO” > TFA™ > NO;. The same order was also observed for the
oxidations of 1,4-cyclohexadiene and N,N-dimethyl-p-nirtoaniline. To explain this
reactivity order, electronic states of Fe""O(TMP*")(L) complexes were investigated by
various physical methods. Although resonance Raman shift of v, band, 'H NMR
chemical shifts of the TMP proton signals, and EPR g-values for Fe'"O(TMP*")(L)
complexes did not correlate to the second-order rate constants for the reactions of
Fe"VO(TMP*")(L), the redox potentials (E,,, values) for Fe""" couple linearly correlated.
To further confirm these results, the effects of the axial anion ligands on thermodynamic

111

stability of O=Fe"“por*" and Fe"'por was investigated by ligand-exchange reactions with

tetra(n-butyl)ammonium salts nBu,N*(L"). The axial anion ligand changed

"'por complex more drastically than that of O=Fe' por*’

thermodynamic stability of Fe
complex. Moreover, as observed for the correlation with redox potential, the
second-order rate constants correlate to the difference of thermodynamic stability
between O=Fe" por*" and Fe"'por complexes, which is mainly determined by that of
Fe""'por complex. All of these results clearly indicate the idea that the reactivity of

111

O=Fe"por** complex is controlled by the thermodynamic stability of Fe"'por complex,

not but by that of O=Fe" por** complex.
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Abbreviations
Fe"VO(TMP*") : oxoiron(IV) meso-tetramesitylporphyrin rt-cation radical complex
BnO : benzoate ion
HcO : hydrocinnamate ion
AcO : acetate ion
ImH : imidazole
cpd I (O=Fe"por*") : compound I (oxoiron(IV) porphyrin st-cation radical)
cpd II : compound II (oxoiron(IV) porphyrin)

TBAP : tetra(n-butyl)ammonium perchlorate

Introduction

High-valent metal oxo species (e.g., Fe''=0, Mn"=0, Mo"'=0 etc) participate in
the biological processes of metal enzymes.' In particular, the roles of iron-oxo, Fe=0,
species are important in chemical and biological oxidation systems.”* In biological
systems, the Fe=0 species have been implicated as a key reaction intermediate, which is
involved in hydrogen abstraction of C-H bond from alkane and insertion an oxygen
atom into C=C bond of alkene. For instance, the Fe=O species in cytochromes P450
has been proposed to react with the most difficult C-H bond in a wide variety of organic
compounds in biological systems.”” The Fe=0O species in cytochromes P450 is an
oxoiron(IV) porphyrin m-cation radical, so-called compound I, with a thiolate axial
ligand from protein cysteine.*” Compounds I are also characterized as reactive
intermediates in catalytic cycles of peroxidases and catalases, in which imidazole axial
ligand from histidine and phenolate axial ligand form tyrosine are coordinated to the

5,10

heme iron, respectively. In heme enzymes, proximal ligand, such as cystein
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(cytochromes P450), histidine (peroxidases), and tyrosine (catalases) are believed to
play crucial roles in generating and tuning reactivities of compound I state.*"
In order to study the axial ligand effects in heme enzymes, many systematic studies

1220 Gross et al.

have been reported with synthetic biomimetic model complexes.
showed that reaction rate of epoxidation of styrene by O=Fe' por*" complexes was
changed by the axial anion ligands.” However, mechanisms how to control the
reactivity with the axial ligand effect have been still poorly understood. Despite many
efforts to reveal the axial ligand effect on O=Fe"“por*’, conclusive evidence for
correlations between the reactivity and electronic properties of O=Fe' por™’, e.g., the
Fe=0 bond strength or the spin density at oxo-group (=0), has not yet been obtained.
71821 To reveal the axial anion ligand effect reported by Gross et al, the effects of the
axial anion ligands on thermodynamic stability of O=Fe“por” and Fe"'por was
investigated by ligand-exchange reactions with tetra(n-butyl)ammonium salts
nBu,N*(L"). The results in this study clearly indicate the idea that the reactivity of

O=Fe"'por*” complex is controlled by the thermodynamic stability of Fe"'por complex,

not but by that of O=Fe" por** complex.

Experimental Section

Instrumentation. UV-visible absorption spectra were recorded on an Agilent
8453 (Agilent Technologies) equipped with a USP-203 low-temperature chamber
(UNISOKU). 'H NMR spectra were measured on a Lambda-500 spectrometer (JEOL).
Chemical shifts were referenced to the residual peak of dichloromethane-d,, (5.32 ppm).
The concentration of samples for NMR spectra were 1-3 mM. Gas

chromatography-mass spectroscopy (GC/MS) analysis was performed on a QP-5000
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GC-MS system (Shimadzu) equipped with a capillary gas chromatograph (GC-17A,
CBP5-M25-025 capillary column). Cyclic voltammograms were measured with an
ALS612A electrochemical analyzer in degassed dichloromethane containing 0.1M
nBu,N"ClO,” (TBAP) as a supporting electrolyte. The working electrode was a glassy
carbon. The counter electrode was a platinium-wire. The potentials were recorded
with respect to a saturated calomel electrode (S.C.E) as a referenced electrode.
Resonance Raman scattering was excited at 406.7nm from a Kr* laser (Spectra Physics,
Beam Lok 2060), dispersed by a single polychromator (Chromex, S00IS) and detected
with a liquid-nitrogen cooled CCD detector (Roper Scientific, Spex10 400B/LN).
Sample concentration was 1 mM. Laser power at the sample was 20 mW. Mechanical
slit width was 50 mm. The resonance Raman measurements were carried out using a
rotating NMR tube (outer diameter = 5 mm) thermostated at —80 °C by flashing cold

nitrogen gas. A 135° back-scattering geometry was used.

UV-vis Measurements upon Controlled-Potential Electrochemical Oxidation.
Controlled-potential electrochemical oxidation was conducted in a thin layer quartz cell
(0.5 mm) using a gold-mesh working electrode, a platinium-wire counter electrode, and
Ag reference electrode, which are connected to a HA-151 potentiostat-galvanostant
(Hokuto Denko). Fe"VO(TMP) complex was prepared according to the procedure
shown in the chapter 1. The dichloromethane solution containing Fe"'(TMP**)(ClO,),
was passed through a short basic alumina column (0.5 x 2 cm) at ambient temperature,
and the elute was poured into a thin layer quartz cell cooling at —60°C, and then the
constant potential was applied at the voltage which was higher by 100 mV than the
one-electron oxidation potential. UV-vis spectral changes were monitored during

electrochemical oxidation
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Materials. Dichloromethane was purchased from commercial company as
anhydrous solvent and was stored in the presence of 4A molecular sieves.
Cyclooctene and 1,4-cyclohexadiene were purchased from commercial company. To
remove trace of impurity, cyclooctene and 1,4-cyclohexadiene were passed through
activated alumina just before use. Other chemicals were purchased from commercial
company, and used without further purification. meso-Tetramesitylporphyrin (TMPH,)
was prepared according to the literature.” Insertion of iron was carried out in acetic
acid using FeCl, and sodium acetate. Chloride iron(III) porphyrin Fe"'(TMP)(Cl) was
purified by silica gel column using by dichloromethane/methanol as an eluting agent,
which was recrystallized from dichloromethane/n-hexane.” Iron(Ill) tetramesityl-
porphyrins with different axial ligands Fe"(TMP)(L) were obtained from
Fe"(TMP)(OH) by the ligand conversion from hydroxide ion to the other anion
(fluoride ion ; F, acetate ion ; AcO™, benzoate ion ; BnO", trifluoroacetate ion ; TFA™,
hydrocinnamate ion ; HcO™, and nitrate ion ; NO;) in toluene solution, and these

complexes were re-crystallized from ether/n-hexane.

Kinetics. The dichloromethane solution of oxoiron(IV) meso-tetramesityl-
porphyrin st-cation radical Fe""O(TMP*")(L), where L = F-, CI', BnO", AcO,” HcO", and
NO;, (100 uM) were prepared in a 1-cm quartz cuvette by bubbling O, through the
solution of iron(IIl) porphyrin at -60°C.  After generation of Fe''O(TMP*")(L), excess
O, was removed by bubbling with Ar gas in dichloromethane solution before addition of
substrate (cyclooctene, 1,4-cyclohexadiene, and N,N-dimethyl-p-nitroaniline). Then,
excess of substrate (20-1000x) was added to the solution with vigorous stirring, and the
reaction rates were determined by monitoring the decay of near 500nm and 667nm

optical absorption bands of Fe'"O(TMP™)(L). FeYO(TMP*')(L) disappeared within
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1~2 h, and changed to that of Fe"'(TMP)(L) with clear isosbestic point. The observed

rate constants (k

obs.

) were linearly dependent on the concentration of cyclooctene with
near-zero intercepts. Thereafter the reaction mixture was quenched by addition of 10
equiv of tetrabutylammonium iodide (nBu,N*T") at —-60°C. The reaction rate constants

were determined by computer simulation of absorption versus time for the reactions.

Thermochemical analysis. The relative energies for Fe'O(TMP*™)(L) and
Fe"(TMP)(L) were estimated through the ligand-exchange  reactions.
Ligand-exchange reactions of Fe"'O(TMP*)(L") or Fe"(TMP)(L') with nBu,N*(L?)
were monitored by using 'H NMR spectra. Samples of Fe"O(TMP*)(L') for
ligand-exchange reactions were prepared by ozone oxidations in NMR tubes. To
remove a trace of HCI, CD,Cl, was passed through activated alumina just before use.
nBu,N*(L*) were slowly added to the iron porphyrin solution in NMR tubes. The
addition of nBu,N*(L?) showed a spectral change, indicating the progression of
ligand-exchange reaction without reduction of porphyrin ;-cation radical.

Equilibrium constants, K;,,, for the ligand-exchange reactions, Fe""O(TMP*")(L")
+nBu,N*(L*) 2 Fe""O(TMP*")(L*) + nBu,N*(L"), is given as:

Koy, = ([Fe"O(TMP")(L?)] [nBu,N*(L)]) / ([Fe"O(TMP*")(L")] [nBu,N*(L*)])

=o'/ {(1-a) (n -}
where the term o denotes the molar fraction of Fe'YO(TMP*")(L?), which can be
obtained by the ratio of the peak areas for m-H, 0-Me, p-Me and pyrrole-H resonance
signals, and n is the molar ratio [nBu,N*(L*)], / the total heme. Kp.,, were determined
by least squares fit for the plot of o against n. Free energies AGyg,, for

ligand-exchange reactions were obtained from the equilibrium constants K., with the



PART I1. Chapter 2. 64

relation AGg,,, = —RT In K;,,. The zero of the relative scale is arbitrarily chosen by
setting the value for Fe"O(TMP*')(NO,) and Fe"(TMP)(NO,), 0.0 kJ mol™.

Equilibrium constants K.;, and free energies AG ., for the ligand-exchange reactions,
Fe"(TMP)(L") + nBu,N*(L*) == Fe"(TMP)(L?) + nBu,N*(L"), were also estimated by

the same method.

Result and Discussion

Preparation and Characterization of Various Oxoiron(IV) Porphyrin #Cation
Radical complexes. Oxoiron(IV) meso-tetramesitylporphyrin m-cation radical
complexes bearing different axial ligands, Fe""O(TMP*")(L), where L is F-, CI', BnO",
AcO7, HcO, TFA", and NO;, were prepared in dichloromethane solution by oxidations
of Fe"(TMP)(L) with O, gas at low temperature.'”*** O, gas appeared to be an ideal
oxidant for this study, since neither O; nor O, gas was potential ligand for
Fe"VO(TMP*)(L) complex. Fe"YO(TMP*)(L) complexes were characterized by
various spectroscopic techniques including UV-visible, hyperfine-shifted 'H NMR,
electron paramagnetic resonance (EPR), and resonance Raman (RR) spectroscopy.
The solution color changed to brilliant green upon oxidation of Fe"'(TMP)(L) (reduced
soret-band intensity; ~410nm, and characteristic visible band; 665nm), suggesting the
formation of porphyrin mt-cation radical.”* The EPR spectra of the oxidized green
complexes showed two signals around g = 4 and one signal at about g = 2 at 4 K,

indicating strong ferromagnetic coupling (S, = 3/2) between the two unpaired

total

electrons of ferryl iron spins Fe' (S = 1) and single electron of the porphyrin radical (S

=1/2).””*® The UV-visible and EPR spectra of Fe""O(TMP*")(L) were hardly changed

by axial ligand, L, suggesting similar electronic structure of all complexes.'’*"*
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Table 2.2.1. Selected resonance Raman, NMR, and EPR spectra for the various
oxoiron(IV) porphyrin 7t-cation radical complexes, Fe""O(TMP**)(L).

L= F- Cl- BnO-  HcO- AcO- TFA~  NO;
Viezo (cm™1) 2 801 801 804 802 800 816 821
py-H (ppm)®  —11.5 -5.8 -8.6 -7.6 -7.1  -135 -17.3
meta-H (ppm) ®  63.4,63.9 548 59.4,60.8 61.9,62.7 656 58.7,59.7 64.0,64.4
Ag(gy-8g0° 0.92 0.50 0.90 0.96 0.94 0.93 1.06

4In CH,Cl, at -60°C. ® In CD,Cl, at —60°C. < In CH,Cl, / toluene (5/1) at 4K.

'H NMR spectra of Fe"'O(TMP*")(L) were similar, but '"H chemical shifts were slightly
changed by the axial ligand."™ These 'H NMR change indicated binding of the axial
ligand in Fe"YO(TMP*)(L) (see Table 2.2.1). RR spectra of Fe'"O(TMP*")(L) were
recorded with an exitation wavelength of 407nm, and the bands are summarized in

Table 2.2.1. The frequency of Fe=O stretching bands (v;._) of Fe"'O(TMP*")(L) were

pyrrole-H / ppm at 213K

800 820 840
v (Fe=0) / cm’!

Figure 2.2.1. Plot of pyrrole 'H chemical shift and v;_, for Fe""O(TMP*")(L).
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sensitive to the axial ligand."® The v;._, of Fe""O(TMP*")(L) was observed near 800
cm™ for F, CI, AcO", BnO", HcO™ complexes, and 816 and 821 cm™ for TFA™ and
NO;™ complexes, respectively. It is well known that the v;._, is sensitive to electron
donating ability of axial ligand. Interestingly, the v, band and the '"H NMR shift of
pyrrole-H signal showed a linear relationship, as shown in Figure 2.2.1. This
correlation means that the pyrrole-H NMR signal shifts more upfield with an increase in
the RR shift of the v, band. With an increase in the donor effect of the axial ligand,
deviation of the ferryl iron position from the porphyrin plane decreases, leading to

effective spin transfer to the porphyrin ligand.

Reactivity of Various Oxoiron(IV) Porphyrin m&Cation Radical Complexes.
Reactivity of Fe""O(TMP*")(L) complexes, where L = F~, CI', BnO", AcO", HcO™, TFA",
and NO;, was investigated with oxo transfer reaction to cyclooctene, hydrogen
abstraction reaction from 1,4-cyclohexadiene, and electron transfer reaction from
N,N-dimethyl-p-nirtoaniline. The detailed reaction mechanisms of these reactions

231 The reaction rate constants for the

were reported over the past two decades.
reaction of Fe'""O(TMP*")(L) complexes with these substrates in dichloromethane at
—60°C were determined by UV-vis spectral changes. The second-order rate constants
k, for these reactions were obtained from the linear dependence of the pseudo-order rate
constants on the concentrations of these substrates. The results, which are collected in
Table 2.2.2, revealed a pronounced axial ligand effect on the reactivity of
(TMP™)Fe"VO(L). The reactivity is increased in the order of F~ > BnO™ > HcO > CI >

AcO™ >TFA™ > NOj; for all of these substrates.

It is well known that the push (electron donation) effect of the axial ligand
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Table 2.2.2. Rate constant (k,, M™'s™ in CH,Cl, at —-60°C) for the reaction of the
various oxoirn(IV) porphyrin mt-cation radical complexes with substrates.

Substrates F- Cl- BnO~ HcO~ AcO- TFA™  NOj5~
Cyclooctene 0.29 0.09 0.20 0.15 0.05 0.05 0.02
1,4-cyclohexadiene 24.0 12.6 19.8 16.4 11.9 6.0 3.6
N,N-Dimethyl-p-nitroaniline 30,0 6.4 14.9 12.6 6.5 3.2 1.6

accelerates the heterolytic cleavage of O-O bond of the iron bound dioxygen or peroxy

d 8a,11,16,32,33

aci In fact, the thiolate ligation in cytochrome P450 promotes the O-O

heterolysis more than the imidazole and chloride ligands.***

However, there was no
correlation between electron donating ability of axial ligand and the RR band of the
Vieeo band, '"H NMR shifts, and reaction rates of (TMP*")Fe'YO(L). This means that the

electron donating ability of axial ligand is not a critical factor on the reactivity of

O=Fe"por*".

Electrochemical Measuremenst. The cyclic voltammogram (CV) of
Fe"YO(TMP) has been recorded in dichloromethane solution containing 0.1 M
(nBu),N*CIO, as a supporting electrolyte as shown in Figure 2.2.2. At a scan rate 100
mV s, Fe"VO(TMP) complex exhibited a quasi-reversible one-electron potential at E,,
=+08 V(E,=+098V,E,,=+0.80V,E, and E,, denote the peak potentials for
oxidation and reduction, respectively). Consistent with the one reversible oxidation
wave, a controlled-potential electrochemical oxidation of Fe"'O(TMP) at —60°C lead to
UV-vis spectral change with clear isosbestic points, suggesting that the one-electron
oxidized species was generated (Figure 2.2.2). The thin layer of the cell enables a fast

oxidation of the contained solution. This one-electron oxidized species is generated
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through controlled-potential oxidation at 1.05 V versus S.C.E for 30 min. Upon the
one-electron oxidation, an intense absorption at 545 nm for Fe'YO(TMP) complex
completely disappeared, while a characteristic absorption around 660 nm grow. The
observed absorption band around 660 nm is a characteristic for oxoiron(IV) porhyrin
m-cation radical complex. Therefore, the redox potential E,, at + 0.89 V of
Fe"VO(TMP) complex can be assigned to the one-electron oxidation at porphyrin

macrocycle to yield Fe" O(TMP*")(CIO,), not the oxidation potential for Fe''-center.

a)
Ercd
5 uA -
—_—
-
E:OX
| | | |
1.1 1.0 0.9 0.8 0.7 0.6
E(V)vsSEE.C
g 545
b) \ — CpdII
104§ l 105V | _e
(vs S.C.E)
— Cpdl
2
0.5
0.0 -1— . — .

| =
800 1000
Wavelength / nm

|
600

Figure 2.2.2. a) Cyclic voltammogram of Fe""O(TMP) complex in 0.1 M TBAP /
dichloromethane solution at —60°C. b) Thin-layer spectra recorded during the
controlled-potential oxidation of Fe""O(TMP) complex at 1.05 V vs S.C.E.
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Table 2.2.3. Electrochemical parameters for various iron porphyrin complexes.

Eyp/V F- ClI- BnO~ HcO~ AcO- TFA~ NOj
Cpd-1/ Cpd-1II 095  0.94 .04 — 0.95 096 094
Fell /I -0.63 -045 051 048 046 032 -0.18

To investigate into the effect of axial ligand on the E,, value for Cpd-I/Cpd-II
couple, CVs of the Fe""O(TMP) solutions containing adequate amount of (nBu),N*(L),
where L = F, Cl, BnO, AcO, TFA, and NO,, were measured under the same condition.
Upon addition of (nBu),N*(F") to the solution, it is interestingly to note that the E,,
value is shifted cathodically by 70 mV in comparison to the corresponding potential of
Fe"VO(TMP) complex. Upon addition of other (nBu),N*(L), however, alternation of
the E,, values for Cpd-I/Cpd-II couple were scarcely observed as shown in Table 2.2.3.
It is worth noting that the reaction rate of Fe""O(TMP*")(F) with cyclooctene is almost
20 times faster than that of Fe'YO(TMP*)(NO,), but FeVO(TMP*)(F) and
Fe"VO(TMP*")(NO,) have an identical E,, value for Cpd-I/Cpd-II couple. Therefore,
the reactivity order of the Fe"'O(TMP*")(L) can not be explained by the E,, value for
Cpd-I/Cpd-II couple.

The E,, values for Fe"™" couple of the Fe"(TMP)(L) were also measured at the
same conditions. The E,,, values for Fe""" couple shifted negative in the order of NO,
(-0.18) < TFA (-0.32) < CI (-0.45) < AcO (-0.46) < HcO (-0.48) < BnO (-0.51) < F
(-0.63).  Surprisingly, this order is very similar to the reactivity order of the
Fe"YO(TMP*)(L) (F > BnO™ > HcO > CI" > AcO™ > TFA™ > NO,). As shown in

TI/1T

Figure 2.2.3, there is a linear correlation between the E,, values for Fe™" couple of the

Fe"(TMP)(L) and the reactivity order of the Fe"'O(TMP*")(L). It has been known that
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logk, / M's™" at 213K

| | | | | | |
-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1

E,, Fe"™ ™)/ V vs SCE at 213K

Figure 2.2.3. Plot of logk, and the E,,, values for Fe""" couple. (l; cyclooctene,
A 1 4-cyclohexadiene, @; N,N-dimethyl-p-nitroaniline)

TI/1T 1T

the E,, value for Fe™" couple is influenced by the relative stability of the Fe™-ligand
interaction.” An increases in the Fe™-ligand bond strength results in a negative shift

of E,,, value while a decreases in the Fe"-ligand bond strength shift the E,,, value to a

/1T

positive direction. Therefore, the E,, value for Fe™" couple reflects the relative

111

stability of Fe por complex. This result suggests that the reactivity order may be
controlled by the thermodynamic stability of reactant (O=Fe'“por™) and/or product

(Felllpor) 37,38

Thermodynamic stability of iron porphyrins. The thermodynamic stabilites of
Fe"VO(TMP*")(L) and Fe"(TMP)(L) were estimated by ligand-exchange reactions as
follows:

FeVO(TMP*')(L") + nBu,N*(L?) 2 FeVO(TMP*")(L?) + nBu,N*(L") AGy..,

Fe™(TMP)(L') + nBu,N*(L?>) = Fe™(TMP)(L?) + nBu,N*(L") AGys,
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Free energies (AGrg.,, AGg;,) were measured for seven iron porphyrins and six
nBu,N*(L*) salts, and the estimated values are summarized in Figure 2.2.4. The
relative stability of Fe'YO(TMP*)(L) and Fe"(TMP)(L) was estimated from free
energies obtained from the ligand-exchanges experiments.”* While the stability of
Fe"(TMP)(L) was consistent to the redox potential for Fe"" couple, the stability of
Fe"VO(TMP*")(L) was totally different from the redox potential of Fe"'(TMP)(L) series.

While Fe"(TMP)(F) complex, which was the most reactive in the series of complexes,

AL F
0~ NOy(00)——7 __ —10
F(22) —— 7 i
Cr33) — 7 % 4 Fe'TMP)L)
TFA™ (-8.4) —— L
-10 = i ——NO;(00) —0
T BcO™ (-15.7) A L
g AcO™ (-15.8) t ==/ &
= HcO™ (-16.1) -
= -
I 20 —-10 ¢
% O=Fe!V(TMP*)(L) °
S
% i ~
—— TFA" (-16.0)
30 —-20

CI- (-25.6)
—— 1 AcO~ (-26.9)

[ [ a: {HCO‘ (-34.0)

BnO~ (-35.6)
F- (=36.1)

Reaction coordinate

Figure 2.2.4. Energy level diagrams for Fe"YO(TMP**)(L) and Fe"'(TMP)(L).
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was the most stable in these complexes, Fe''O(TMP*")(F) complex was not the most
unstable. The highest oxidation power of Fe""O(TMP**)(F) may be derived from free
energy gap (AAG) between Fe'YO(TMP*")(F) and Fe"(TMP)(F), so the free energy gap

AAG was estimated as follows:

Fell TMP)(L!) + nBu/N*(L? =—== Fe(TMP)(L? + nBu,N*(L" AGgesy
_) FeVO(TMP™)(L") + nBuN*L? === FeVO(TMP*)(L?) + nBuN*(L" AGreq,
FelTMP)(L") + FeVO(TMP*)(L?) =—= FeTMP)L?) + FelVO(TMP™)L!)  AAG

The free energy AAG for the ligand-exchange reaction is defined as

AAG = RT In K, = RT In (Kg3, / Kpes,) = AGres, — AG gy

The free energy gap AAG for seven iron porphyrins were calculated, and summarized in
Table 2.2.4. These AAG values showed a very good correlation with logk,, as shown
in Figure 2.2.5. This correlation suggests that the reactivity of O=Fe"por* is
controlled by the thermodynamic stability of O=Fe"“por™ and Fe"'por. More
interestingly, the range of the free energy for the Fe"(TMP)(L) was two times larger
than that of the Fe"YO(TMP*)(L). In other words, the stability of Fe"'por is more
important factor to the reactivity than that of O=Fe'" por*".

Finally, correlations between the free energy gap AAG and second-order rate
constants for the oxidations of Fe"'O(TMP*)(L) complexes with various substrates
(cyclooctene, 1,4-cyclohexadiene, and N,N-dimethyl-p-nitroaniline) were also
exaimined. When the reaction rates logk, and AAG were plotted, the slopes of —3.72
(cyclooctene), —2.43 (1,4-cyclohexadiene), and —3.57 (N,N-dimethyl-p-nitroaniline)
were obtained. It is noteworthy that the slope for 1,4-cyclohexadiene was smaller than

those for other two substrates. The large enthalpic contribution from the substrate
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Table 2.2.4. Free energy gaps AAG (kJ mol™ at —60°C) values for the various iron
porphyrins.

L= F Cr BnO™ HcO™ AcO™ TFA™ NO;
AAG -33.9 -22.3 -19.9 -17.9 —-11.1 7.6 0.0

2 HcO~ AcO~

logk, / M''s™ at 213K

[ [ [ [
40 30 20 -10 0
AAG / kJ mol ™! at 213K

Figure 2.2.5. Plot of logk, and free energy gap AAG for the various iron porphyrins.
(M; cyclooctene, A; 1,4-cyclohexadiene, @; N,N-dimethyl-p-nitro- aniline)

oxidation would weaken enthalpy contribution from the effect of axial ligand, leading to
the small slope. Actually, change in an enthalpy (AH) from 1,4-cyclohexadine to
benzene and water would be ~ —260 kJ/mol while that from cyclohexene to cyclohexene

oxide would be ~ —120 kJ/mol.*'*
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Conclusion

Effect of axial anion ligand on reactivity of oxoiron(IV) porphyrin st-cation radical
complex was investigated by the reactions of Fe'"O(TMP*")(L) with cyclooctene,
1,4-cyclohexadiene, and N,N-dimethyl-p-nirtoaniline. The axial anion ligand changed

111

thermodynamic stability of Fe"'por complex more drastically than that of O=Fe" por*

complex. The second-order rate constants correlate to the difference of

thermodynamic stability between O=Fe" por** and Fe"

por complexes, which is mainly
determined by that of Fe"'por complex. All of these results clearly indicate the idea

that the reactivity of O=Fe' por*’ complex is controlled by the thermodynamic stability

of Fe"'por complex, not but by that of O=Fe' por*” complex.
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Functional Role of Neutral Axial Ligand on the Reactivity of
Oxoiron(IV) Porphyrin t-Cation Radical Complexes: Comparison

between Anionic and Neutral Axial Ligand Effects
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Abstract

To understand how the biomimetic axial ligands, phenolate and imidazole, control
the reactivity of compound I, the stability for Fe'""O(TMP*")(L) and Fe"(TMP)(L),
where L = 3-F-4-NO,-PhO", ImH, 2-Melm, and 5-Melm, was estimated from
equilibrium constants for ligand exchange reactions. The free energy gap (44G),
which was estimated from difference in stability between Fe'YO(TMP*)(L) and
Fe"(TMP)(L), for the phenolate complex was larger than those for the other anionic
ligands studied in the chapter 2. Therefore, higher reactivity of O=Fe" por*" complex
with the phenilate axial ligand, shown in the chapter 1, was due to large free energy gap
induced by stabilization of its Fe"-state. In contrast, the free energy gaps for the
neutral imidazole ligands were not similar to that for the phenolate complex. The
highest reactivity for the imidazole complexes observed in the chapter 1 could not be
explained by free energy gap, as the case for the anionic ligands. However, drastic
difference between the neutral and anionic ligands was observed for affinity to the
ferryl-oxo speices, O=Fe"por complex, which would be formed in the oxidation
reaction after one-electron transfer from substrate to Fe'"O(TMP*")(L). The higher
affinity of the neutral imidazole ligands than the anionic ligands may stabilize the

transition states, resulting in the highest reactivity of the imidazole complexes.
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Abbreviations
Fe"VO(TMP*") : oxoiron(IV) meso-tetramesitylporphyrin ri-cation radical complex
3-F-4-NO,-PhO™ : 3-fluoro-4-nitrophenolate
ImH : imidazole
2-Melm : 2-methylimidazole
5-Melm : 5-methylimidazole
MeCN : acetonitrile
BnO™ : benzoate
HcO™ : hydrocinnamate
AcO : acetate
O=Fe"por*" : oxoiron(IV) porphyrin st-cation radical
compound I : oxoiron(IV) porhyrin m-cation radical

compound II : oxoiron(IV) porphyrin

Introduction

” Heme consists of an

Heme is one of the most important coenzymes in biology."
iron ion bound to the four central nitrogen atoms of a porphyrin ring. One or two axial
ligands complete the octahedral coordination around the heme iron ion."? These are
various types of the axial ligands in heme proteins, and it is believed that the axial
ligand controls the properties of heme active centers.*''  Cytochromes P450,
chloroperoxidases, and nitric oxide synthases, have a thiolate (Cys) axial ligand,

whereas peroxidases have an imidazole (His) axial ligand and catalases have a

phenolate (Tyr) axial ligand. These enzymes have different functions in vivo:
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cytochromes P450 catalyze monooxygenation reactions, whereas catalases detoxify
hydrogen peroxide to water and oxygen gas.'” Despite the different reactivity, it is
well-known that the catalytic cycles of these enzymes proceed via an oxoiron(IV)
porphyrin m-cation radical species, so-called compound I, as a common reactive
intermediate.'” It has been proposed that a key element, which distinguishes enzyme
functions, is the axial ligand."” Previously, Gross et al. reported that there is a
pronounced axial ligand effect on the epoxidation of styrene by oxoiron(IV)
tetramesitylporhyrin s-cation radical complexes bearing different axial ligands,
Fe"VO(TMP*")(L), where TMP = tetramesitylporphyrin and L = F, CI", AcO", CF,SO;,
ClO,, and MeOH."”  Although the result clearly showed the axial ligand effect on the
reactivity of compound I, it has not been studied the axial ligand effect in heme enzyme.
This is due to the difficulty of direct comparison of the reactivity of compound I in
heme enzymes because of different protein structures, and due to the absence of stable
compound I model complexes with imidazole, phenolate, and thiolate axial ligands
because of rapid reduction of compound I model complexes by these axial ligands."
In the chapter 1, the author has clearly showed that the phenolate and imidazole ligands
activate O=Fe" por*" complexes more than anionic axial ligands, like ClI” and NOj;".
This means that the axial ligands in heme nezymes play an important role in activation
of the reaction intermediate. To further reveal the axial ligand effect in heme enzyme,
in this chapter, the author has evaluated the thermodynamic stability of
Fe"O(TMP*)(L) and Fe"(TMP)(L), where L = 3-fluoro-4-nitrophenolate
(3-F-4-NO,-PhO"), imidazole @ (ImH), 2-methylimidazole (2-Melm), and
5-methylimidazole (5-Melm). This study clearly showed unique activation

mechanisms of the axial ligands in heme enzymes.
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Experimental Section

Instrumentation. UV-vis absorption spectra were recorded on an Agilent 8453
(Agilent Technologies) equipped with a USP-203 low-temperature chamber
(UNISOKU). 'H NMR were measured on a Lambda-500 spectrometer (JEOL).
Chemical shifts were referenced to the residual peak of dichloromethane-d,, (5.32 ppm).
The concentrations of NMR samples were 1-3 mM. Cyclic voltammogram was
measured with an ALS612A electrochemical analyzer in degassed dichloromethane
containing 0.1M nBu,N*(ClO,") as a supporting electrolyte. The working electrode
was a glassy carbon. The counter electrode was a platinium-wire. The potentials
were recorded with respect to a saturated calomel electrode (SCE) as a referenced

electrode.

Materials. Dichloromethane-d, was purchased from commercial company. To
remove a trace of HCI, dichloromethane-d, was passed through activated alumina just
before use. Other chemicals were purchased from commercial company, and used
without further purification. Oxoiron(IV) meso-tetramesitylporhyrin m-cation radical
complexes with various axial ligands, Fe"O(TMP**)(L), where L = CI', NO;", BnO",
HcO", TFA", and 3-F-4-NO,-PhO", were prepared and purified by publish methods"",
and all spectroscopic data of these complexes were consistent with assigned

13,14b,16-20

structures. Oxoiron(IV) meso-tetramesitylporhyrin complex Fe"'O(TMP*")

was prepared according to the published procedure.”

Thermodynamic Analysis. Stability of the Fe'""O(TMP*")(L) and Fe"'(TMP)(L)

with 3-F-4-NO,-PhO™ was estimated according to the procedure shown in the chapter

2 22,23

Binding constants (K., Kg.s,) of neutral ligands, like ImH, 2-Melm, 5-Melm,
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and MeCN, to Fe'YO(TMP*)(NO;) and Fe"(TMP)(NO;) were examined in

dichloromethane at —80°C according to the published procedure.***

Free energies
(AG) for association reactions were obtained from the binding constants K., with the
relation AG = —RT In K. The free energy gap AAG (= AGyg;, —AGr.,,) is defined as
following:

FGIH(TMP)(NO3) + L [FeIH(TMP)(L)] (NO3) AGFC3+

|

) FelVO(TMP+)(NO;) + L [Fe'YO(TMP*)(L)](NO5) AGpess

Fe' TMP)(NO;) + [Fel'(TMP)(L)](NO5)
[Fe'YO(TMP*)(L)](NO5) + FelVO(TMP*)(NO;)

AAG

H

where L = ImH, 2-Melm, 5-Melm and MeCN. To compare the present result with the
results in the chapter 2, free energies of Fe'"O(TMP*)(NO,) and Fe"(TMP)(NO;")

were set as zero pOil’ltS.

Result and Discussion

The stability (AGg.,,, AGg.,) of Fe"VO(TMP*")(L) and Fe"(TMP)(L) s, where L =
3-F-NO,-PhO", ImH, 2-Melm, 5-Melm, NCMe, were evaluated by the methods similar
to those used in the chapter 2, and summarized in Figure 2.3.1 and 2.3.4. Correlation
between the free energy gaps AAG and the second-order rate constants k, in log unit for
cyclooctene epoxidation by Fe'YO(TMP*')(L) is given in Figure 2.3.2. Data for
anionic ligands like CI, NO;, benzoate (BnO"), hydrocinnamate (HcO"), and
trifluoroacetate (TFA™) were used in the chapter 2. A good linear correlation could be
found for the anionic axial ligands including 3-F-4-NO,-PhO". Thus, higher reactivity
of the phenolate axial ligand, which is a model for compound I of catalases, can be

explained by large free energy gap AAG between Fe'YO(TMP*")(3-F-4-NO,-PhO) and
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Fe"(TMP)(3-F-4-NO,-PhO) complexes. As shown in Figure 2.3.1, Fe""O(TMP"")-
(3-F-4-NO,-PhO) was relatively unstable in Fe""O(TMP*")(L) complexes, Fe"(TMP)-
(3-F-NO,-PhO) was the most stable in Fe"(TMP)(L) complexes. The stability of

Fe"(TMP)(L) complexes was consistent to the redox potential E,, for Fe"™

couple
(NO;™: -0.18 < TFA™: —0.32 < 3-F-4-NO,-PhO™: -0.43 < CI": -0.45 < HcO™: -0.48 <
BnO™: -0.51 (V) vs SCE at —60°C). These results indicate that large free energy gap
AAG, induced by stabilization of Fe"(TMP)(3-F-4-NO,-PhO), renders high oxidation

activity in Fe"YO(TMP*")(3-F-4-NO,-PhO).

— T
0F NO;(00) — = 1o
Cl- (-3.3) — \\ “,‘\ FeIII(TMP)(L)
TFA- (-8.4) ——
-10 L —— NO; (0.0) — 0
ArO™ (-11.8) —— /1
- BcO™ (-15.7) —— " T
) HcO~ (-16.1) g
g -
= 20 - —-10
= O=FelY(TMP*)(L) 2
< R o
& {4 TFA" (-16.0) 2
< i
30 I —-20
i —— I (-25.6)
0  Sub Sub-O —-30
S G HcO™ (~34.0)
i i ! BnO~ (-35.6)
- A0 (410 |0
ArO™ : 3-F-4-NO,-PhO r (_ ' )

Reaction coordinate

Figure 2.3.1. Energy level diagrams for Fe""O(TMP**)(L) and Fe"'(TMP)(L).
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Table 2.3.1. The second-order rate constants for the reaction of Fe'"O(TMP*")(L)
with cyclooctene in dichloromethane at —80°C.

L= Cr BnO™ HcO™ TFA™ NO; MeCN

k,/M™'s™ (10%) 11 30 18 4 1 4

0+
(ag)
2
=
= 2
'\\é\l
en
=
4

| | |
230 20 -10 0
AAG / kJ mol’!

Figure 2.3.2. Plot of logk, for the reaction of Fe""O(TMP*")(L) with cyclooctene
and free energy gap AAG for iron porphyrins. k&, for the reaction of
Fe"VO(TMP*")(L), where L = ArO", ImH, 2-Melm, and 5-Melm, with cyclooctene
were used in the chapter 1.

On the other hand, the neutral axial ligands show a different correlation line.
Although the difference in AAG between ImH and HcO™ is not significantly large, the
ImH ligand renders higher oxidation ability to O=Fe" por** than the HcO™ ligand. To
investigate the role of the neutral ligand, the author examined the binding of the axial
ligand to ferryl-oxo species, Fe""O(TMP) complex, because it may be formed in the
27-32

oxidation reaction of Fe'YO(TMP*')(L) with substrate after one-electron transfer.

Imidazole ligands bound to Fe"YO(TMP) complex with high affinities. Upon addition
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of ~1.2 equiv ImH, the Soret peak of Fe"YO(TMP) shifted from 417 to 422 nm, and the
Q-band peak shifted from 543 nm to 569 and 603 nm with clear isosbestic points.**
The similar absorption spectral changes were observed for 2-Melm and 5-Melm ligands
(see Figure 2.3.3). The binding constants for these imidazole ligands could not be
determined numerically because of extremely high affinity. On the other hand, in the
case of anionic ligands, absorption spectral change could not be observed even when
large excess of anionic ligands was added. These spectral changes suggest that
oxoiron(IV) porphyrin complexes bearing imidazole ligands are more stable than that
without axial ligand or with anionic axial ligands. This can be explained by net charge
of the complex; a neutral character of Fe"'O(TMP) complex increases affinity to the
neutral axial ligand. The higher affinity of the neutral imidazole ligands than the

anionic ligands may stabilize the transition states, resulting in the highest reactivity of

the imidazole complexes.

1.5 |
1.0
P 1
<
0.0‘, T T T I
300 400 500 600 700
Wavelength / nm
Figure 2.3.3. Absorption spectral changes observed upon addition of

2-methylimidazole (0 — 1.2 equiv) to a solution of Fe"'O(TMP) in chlorobenzene at
—40°C.
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Figure 2.3.4. Energy level diagrams for Fe""O(TMP**)(L) and Fe"'(TMP)(L).

Conclusion

The author studied how the biomimetic axial ligands, like phenolate and imidazole,
control the reactivity of compound 1. The higher reactivity of O=Fe" por*" complex
with the phenilate axial ligand was due to large free energy gap induced by stabilization

of its Fe™"

-state. In contrast, the higher affinity of the neutral imidazole ligands than
the anionic ligands may stabilize the transition states, resulting in the highest reactivity

of the imidazole complexes.
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Abstract

Activation parameters for epoxidation and allylic hydroxylation reactions of
cyclohexene with FeYO(TMP*)(Cl) 1 were determined. Within the experimental
temperature range, the epoxidation reaction was enthalpy-controlled (i.e., AH™ > —TAS")
while the allylic hydroxylation reaction was entropy-controlled (i.e., —-TAS™ > AH").
Unexpectedly large contribution of entropy term for the allylic hydroxylation reaction
indicated that the free energy of activation, AG”, rather than the activation energy, E,,
should be used to discuss the reaction mechanism and chemoselectivity. The results of
this study bring caution to previous DFT studies, in which reaction mechanism and

chemoselectivity are evaluated from calculated E,.

Abbreviations
Fe"(TMP)(CI); chloro iron(IIl) meso-tetramesitylporphyrin

Fe"VO(TMP*")(Cl); chloro oxoiron(IV) meso-tetramesitylporphyrin rt-cation radical
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Introduction

Cytochromes P450 (P450) are very versatile catalysts, which activate molecular
oxygen and catalyze hydrocarbon hydroxylation or alkene epoxidation with high
stereoselectivity.”” Reaction of P450 with cyclohexene yields a mixture of two major
products: cyclohexene oxide (an epoxidation product) and 2-cyclohexen-1-ol (an allylic
hydroxylation product).” Interestingly, the ratio of epoxidation to allylic hydroxylation
products, i.e., the chemoselectivity, is changed by P450 isozymes and by mutation of a
single amino acid near the proximal or distal side.’ In addition, P450 model studies
using synthetic iron porphyrin complexes showed that the chemoselectivity depends on
various other factors, such as the nature of the porphyrin and axial ligands, solvents, and
reaction temperature.*” While these enzymatic and model studies suggest that
chemoselectivity is dependent on the electronic structure of the reactive intermediate,
oxoiron(IV) porphyrin m-cation radical species (compound I), it is not clear how
compound I controls chemoselectivity.  Recently, the reaction mechanism and
chemoselectivity of P450 have been studied by theoretical calculations based on density
functional theory (DFT).® In DFT studies, reaction mechanism and chemoselectivity
are predicted from calculated activation energy, E,, for epoxidation and allylic
hydroxylation reactions of oxoiron(IV) porphyrin m-cation radical species. These
studies are based on the assumption that the contribution of entropy of activation, AS”,
is much smaller than that of enthalpy of activation, AH”. However, the validity of this
assumption remains unproven because the activation parameters for epoxidation and
allylic hydroxylation reactions of compound I species are yet to be determined. To
better understand epoxidation and allylic hydroxylation reactions, the present study
ascertained the activation parameters for epoxidation and allylic hydroxylation reactions

of cyclohexene with compound I species, Fe""O(TMP*")(Cl) 1, (see Figure 3.1.1). This
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study demonstrated that epoxidation is an enthalpy-controlled reaction, while allylic
hydroxylation is an entropy-controlled reaction. The large contribution of the entropy
term, —TAS”, to the free energy of activation, AG”, indicated that AG?, rather than E,,

should be used to predict reaction mechanisms and chemoselectivity.

mesityl group

Figure 3.1.3. Epoxidation vs allylic C-H hydroxylation reactions of cyclohexene by
Fe""O(TMP™)CI 1.

Experimental Section

Instruments. UV-vis spectra were recorded on an Agilent 8453 (Agilent
Technologies) equipped with USP-203 low temperature chamber (UNISOKU). Gas
chromatography-mass spectroscopy (GC-MS) analysis was performed on a QP-5000
GC-MS system (Shimadzu) equipped with a capillary gas chromatograph (GC-17A,
CBP5-M25-025 capillary column).

Materials. Methylene chloride was purchased from Kanto as anhydrous solvent
and was stored in the presence of 4A molecular sieves. Cyclohexene was purchased
from Kanto. Cyclohexene-d,, was purchased from ISOTEC. To remove a trace of
impurity, cyclohexene and cyclohexene-d,, were passed through activated alumina just
before use. Undecane was purchased from Kanto. Fe"'(TMP)(CI) 1 was synthesized

according to the published procedure."
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Product Analysis. Fe" " O(TMP*)CI 1 was generated by 2 (0.5 umol) and O, gas
at 193 K in 500 ¢ L of anhydrous CH,Cl, solution. To remove excess O, gas, the

resulting solution was then frozen in liquid nitrogen, and thawed at 193 K under
vacuum. This freeze-thaw cycle was repeated five times. The solution of 1 was
stirred at 193, 203, 213, 223, and 233 K for 5 min, and then cyclohexene (50 wmol) was
added to the solution under the Ar atmosphere. 1 disappeared within 1-2 h, and
thereafter the reaction mixture was quenched by addition of tetrabutylammonium iodide
(5.0 umol) at the same temperature. Analysis of the reaction mixture with GC-MS
revealed that cyclohexene oxide, 2-cyclohexen-1-ol and 2-cyclohexen-1-one were
generated. Other possible oxidation products such as 2-cyclohexen-1-one oxide and
bicyclohexene were not detected. Quantitative analysis was performed with GC-MS
using undecane as an internal standard. Experiments were repeated three times, and
averaged yields relative to 1 were summarized in Table 3.1.1. The yield of each
product is not changed upon prolonged reaction time, indicating that isomerization
between cyclohexene oxide and 2-cyclohexen-1-ol does not occur under the

experimental conditions.

Kinetics. The CH,CI, solution of 1 (1.1 X 10~ M) was prepared in a 1-cm quartz
cuvette by bubbling O, through the solution of 2 at 193, 203, 213, 223, and 233 K.
Then, cyclohexene (1.1 X107 —1.1X10" M) was added to the solution with vigorous
stirring, and the time-dependent absorption spectral changes were recorded every 10—-60
s over 3600 s immediately after the addition of cyclohexene. The absorption spectrum
of 1 was changed to that of 2 with clear isosbestic points. In the absence of

cyclohexene, the decay of 1 was negligibly small in this temperature range.
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Plots of the absorbance at 418 and 667 nm vs time obeyed the pseudo-first-order
rate kinetics in the presence of excess cyclohexene. The pseudo-first-order rate
constants were linearly dependent on the concentration of cyclohexene with near-zero

intercepts. Thus, the second-order rate constants (k,) for the decay of 1 were

OX.

determined at each temperature from eq (1),

k

obs

=k, + k,[cyclohexene] (1)

where k

obs

is the pseudo-first-order rate constant for the decay of 1 in the presence of
excess cyclohexene, k, is the first-order rate constant for the decay in the absence of
cyclohexene.

The second-order rate constants for the formation of epoxidation product (k,,,,)
and allylic hydroxylation product (k,) were determined from k, and product

distributions using eq (2), which is typical for the parallel reaction.

Y
koxide = e ox
Yoxide + Yol
v (2)
kol = o ox
Yaxide + )/ul
where Y. is the yield of cyclohexene oxide, and Y, is the yield of 2-cyclohexen-1-ol

and 2-cyclohexen-1-one. Results are summarized in Table 3.1.1. Kinetics for the
reaction of 1 with cyclohexene-d,, at 213 K are summarized in Table 3.1.2.
Activation energies (AE,) were obtained from the Arrhenius plots for epoxidation

and allylic hydroxylation (Ink,

oxide>

Ink,, vs 1/T) by a linear least-squares fit to the data.
The enthalpy of activation (AH”) and the entropy of activation (AS™) were obtained from
the Eyring plots for epoxidation and allylic hydroxylation (In(k,,./ T), In(k,/T) vs 1/T)

by a linear least-squares fit to the data.
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Figure 3.1.2. Absorption spectral change upon addition of cyclohexene (1.0 x 10~
M) to the dichloromethane solution 1 (1.0 x 10 M) at 223K. Inset: time course for
the absorbance change at 417nm.

Result and Discussion

The absorption spectrum of 1, which was prepared by ozone oxidation of
Fe"(TMP)(CI) (2) in CH,Cl,,” was changed to that of 2 with clear isosbestic points upon
addition of cyclohexene as shown in Figure 3.1.2. The clear isosbestic points
indicated the absence of accumulation of any reaction intermediate; moreover,
formation of the first transition state was the rate-limiting step for both the epoxidation
and allylic hydroxylation reactions of cyclohexene oxygenation by 1. Therefore, the
activation parameters estimated in this study correspond to those of the rate-limiting
steps.

The E, values for the epoxidation and allylic hydroxylation reactions of
cyclohexene, estimated from an Arrhenius plot over temperatures ranging from 193 to

233 K, were found to be 35.4 + 1.7 and 20.9 + 2.4 kJ mol ™, respectively. Interestingly,
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the E, value for the epoxidation reaction was about two-fold greater than that for the
allylic hydroxylation reaction. This result is inconsistent with DFT calculations for
propene oxygenation, which predicted that E, for the epoxidation reaction was less than
that for the allylic hydroxylation reaction.® According to previous DFT studies using
E, values, the result of the present study, shown in Figure 3.1.3, leads to the conclusion
that allylic C-H hydroxylation is more favorable than epoxidation. However, this
conclusion is erroneous, as epoxidation is favored over allylic hydroxylation at room

temperature.*

A < Epoxidation pathway | [ Hydroxylation pathway >
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Figure 3.1.3. Diagram for cyclohexene oxygenation by 1. The black lines show
energy profiles with E, (AH”). The red and blue lines show energy profiles with
AG™ (AH” -TAS”) at 193 and 298 K, respectively.

To further analyze the cyclohexene oxygenation reaction, AH” and AS™ values were
estimated from an Eyring plot over temperatures ranging from 193 to 233 K. The AH”
values for epoxidation and allylic hydroxylation reactions were estimated to be 33.6 +

1.7 and 19.2 + 2.4 kJ mol™, and the AS” values were estimated to be —101.2 + 6.7 and



PART III. Chapter 1. 102

—-169.1 + 9.0 J K" mol™, respectively. As expected from the equation, AH* = E, —
RT," the AH” values were similar to the E, values. In contrast, the AS” values for both
the epoxidation and allylic hydroxylation reactions were large negative values, and the
AS” value for the allylic hydroxylation reaction was about two-fold greater than that of
the epoxidation reaction. The AS™ value for the epoxidation reaction was reasonable
for a typical bimolecular reaction. = However, the AS® value for the allylic
hydroxylation reaction was larger than that of a typical bimolecular reaction,
approaching AS™ values observed for bimolecular reactions with a high degree of order
in the transition state, such as the Diels-Alder reaction."

The contribution of the entropy term, —TAS”, to the epoxidation and allylic
hydroxylation reactions was unexpectedly large. —TAS™ became greater than AH™ at

temperatures exceeding 114 K for allylic hydroxylation and 334 K for epoxidation.
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Figure 3.1.4. Plot of AH” vs -TAS” at 298 K for epoxidation (red circle and allylic
C-H hydroxylation (blue circle) of cyclohexe oxygenation by 1 and for othor related
reactions. Black circle: Diels-Alder reactions.”” Black diamond: tert-butoxy

radical and triphenylmethane.” Black squares: thodium porphyrin and methane."
Black triangle: KMnO, or CrO,Cl, and toluene."
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Within the experimental temperature range, for the allylic hydroxylation reaction, —TAS™
was approximately two-fold greater than AH™ (entropy control). In contrast, the
epoxidation reaction was enthalpy-controlled, but —TAS”™ was comparable to AH™ at
room temperature (see Figure 3.1.4). Entropy-controlled reactions are uncommon, but
have been reported for hydrogen abstraction by #-butoxyl radical and rhodium(II)
porphyrin,'"*

In previous experimental and DFT studies, the reaction mechanism and
chemoselectivity were discussed based on E, values.”* These studies assume that, for
the epoxidation and allylic hydroxylation reactions, —TAS™ values are much smaller than
AH” values, indicating enthalpy control. However, the results of the current study
bring the result of these previous studies into question. The large contribution of the
entropy term to both the epoxidation and allylic hydroxylation reactions indicates that
free energy of activation, AG”, rather than E,, should be used to discuss reaction
mechanism and chemoselectivity. In fact, temperature affected chemoselectivity of
cyclohexene oxygenation: at 173 K, the major product of cyclohexene oxygenation by 1
was cyclohexene oxide, while at 233 K it was 2-cyclohexen-1-ol (see Table 3.1.1).
This temperature dependence of chemoselectivity cannot be explained by FE,, but only
by AG”, because E, is independent of temperature. The observed temperature effect on
chemoselectivity of cyclohexene can be seen with AG”, as shown in Figure 3.1.3.
Furthermore, reaction mechanisms also can be predicted by AG”, but not by E,. In
previous DFT studies, reaction mechanisms were predicted from E, values of possible
reaction pathways. However, due to the large contribution of —TAS”, the reaction
pathway having a higher E, value may be favored over a pathway with a lower E,.

The difference in AS™ values between epoxidation and allylic hydroxylation was

reasonable because the reactions proceed via independent pathways with different
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transition states.” The large negative AS™ value for the allylic hydroxylation reaction
suggested a highly ordered transition state, indicating that allylic hydroxylation occurs
only when 1 and cyclohexene interact at a specific orientation. Allylic hydroxylation
demonstrated a drastic kinetic isotope effect (see Table 3.1.2), suggesting involvement
of C-H bond breakage in the transition state. Bond formation (orbital overlapping)
between the oxo ligand of 1 and the allylic hydrogen may result in a highly ordered
transition state for the allylic hydroxylation reaction, as indicated by the large negative
AS” value. In contrast, the AS™ value for the epoxidation reaction was typical for a
bimolecular reaction. Furthermore, the epoxidation reaction did not show kinetic
isotope effect (see Table 3.1.2). The epoxidation transition state does not involve
interaction of 1 with the C-H moiety of cyclohexene and a complex with weak

interactions, such as charge transfer complex, may form.

Conclusion

In summary, this study determined the activation parameters for cyclohexene
oxygenation by 1. Chemoselectivity of cyclohexene oxygenation by 1 was not
controlled by the E, value, but by the AS™ value, suggesting that previous DFT studies
should be interpreted with caution. Additional studies investigating the porphyrin and
axial ligand effects on activation parameters are being conducted using synthetic iron

porphyrin complexes and heme enzymes by this research group.
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Table 3.1.2. Product yields and rate constants for cyclohexene oxygenation by 1 at 193 — 233K.

Cyclohexene oxide Cyclohexanol  Cyclohexenone Total
Temp Yield Koxide Yield Yield ko Yield Kox ko x10°
(K) (%) (M's™) (%) (%) (M's™) (%) (M's™) (s
233 61+2 0.848+0.028 25+2 4+0 0.403+0.013 90+4 1.252+0.041  0.726+0.290
223 49+2 0.288+0.020 33+1 8+l 0.241+0.017 90+4 0.529+0.037  0.387+0.256
213 46+3 0.113+0.013 37+3 6+0 0.106+0.013 89+6 0.219+£0.026  0.262+0.193
203 37«1 0.048+0.003 461 3+0 0.063+0.004 86+2 0.111+0.007  0.020+0.229
193 28+1 0.018+0.001 66+1 6+0 0.047+0.001 100+2 0.065+0.001  0.172+0.032
Table 3.1.2. Product yields and rate constants for cyclohexene oxygenation by 1 at 193 — 233K.
Cyclohexene oxide Cyclohexanol Cyclohexenone Total
Yield K oxide Yield Yield ke, Yield kox k, x10°
(%) M's™ (%) (%) M's™) (%) (M's™) (s
Cyclohexene 46+3 0.113+0.013 37+1 6+0 0.106+0.013 89+6 0.219+£0.026  0.262+0.193
Cyclohexene-d,,, 74+10 0.092+0.001 N.D.* N.D.* 0 74+10 0.092+0.001  0.615+0.001

* Not determined.
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Abstract

Electron nuclear double resonance (ENDOR) spectroscopy of oxoiron(IV)
porphyrin st-cation radical complexes (1 — 4) with pyrrole f-substituted porphyrins is
reported. Hyperfine coupling constants (A") of the pyrrole B-methyl groups were
determined. Comparison of the A" values with those of compound I of peroxidases

and catalase indicated the a,, porphyrin st-cation radical states of these compound I.

Abbreviations
compound I : oxoiron(IV) porphyrin st-cation radical
HRP : horseradish peroxidase
MI-CAT : Micrococcus lysodeikticus Catalase
CPO : chloroperoxidase
ENDOR : electron nuclear double resonance

mCPBA : meta-chloroperbenzoic acid

1: R = 2,4,6-trimethylphenyl
2 : R = 2-chloro-6-methylphenyl
3 : R = 2,6-dichlorolphenyl

4 : R = 2,4,6-trichlorolphenyl

Figure 3.2.1. Structures of oxoiron(IV) porphyrin st-cation radical complexes (1 —4)
in this study.
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Introduction

Oxoiron(IV) porphyrin mt-cation radical species is a reaction intermediate in the
catalytic cycles of heme-containing peroxidases and catalases.' This intermediate,
formally two oxidation equivalents above the ferric porphyrin resting state, is
commonly known as compound I.' A similar compound I intermediate has been
proposed as an active oxygen atom donor in catalytic cycles of cytochromes P450.
For over a decade, because of the importance in biological functions, the electronic
states of compound I have been studied by several physicochemical methods, such as
electronic absorption, NMR, resonance Raman, EPR, MCD, Mdssbauer, and EXAFS
spectroscopy. However, our understanding of the relationship between electronic
structure and reactivity of compound I remains incomplete.

Electron nuclear double resonance (ENDOR) spectroscopy is a powerful tool to
determine the electronic state of compound I. Roberts et al. first reported 'H and "N
ENDOR spectra of compound I of horseradish peroxidase (HRP), which suggested the
a,, porphyrin s-cation radical state of HRP compound I.°  Moreover, the ’O ENDOR
signals of HRP compound I allow estimation of spin density on the iron-bound oxo
ligand.* Benecky et al. showed EPR and 'H ENDOR spectra of compound I of
Micrococcus lysodeikticus Catalase (MI-CAT),” which differ from those of HRP,
suggesting a different porphyrin st-cation radical state. Recently, ENDOR spectra of
compound I of chloroperoxidase (CPO) were reported.” Analysis of hyperfine
coupling constants indicated that spin delocalization to the axial thiolate ligand is not so
large; rg < 0.23. While these ENDOR studies clearly demonstrate that ENDOR
spectroscopy provides considerable insight into the relationship between the electronic
structure and reactivity, application of ENDOR spectroscopy to compound I has been

limited. This is due to absence of ENDOR spectral data of compound I model
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complexes, which are expected to provide a direct probe for the ENDOR assignment of
compound I. Here we report the first ENDOR spectroscopy of compound I model

complexes, oxoiron(IV) porphyrin st-cation radical complexes.

Experimental Section

Instruments. EPR spectra were recorded at 4 K on Bruker E500 X-band
spectrometer with an Oxford Instruments EPR910 helium-flow cryostat (Bruker).
ENDOR spectra were recorded at 4 K on Varian E1700 spectrometer with Oxford
Instruments EPR-9 helium cryostat.

Materials. Oxygen-17 gas (40% enriched) was purchased from Cambridge
Isotope Laboratories. Other chemicals were purchased commercial companies, and
without further purification. '’O labeled mCPBA was prepared from m-chlorobenzoyl
chloride and "O labeled potassium peroxide obtained from the reaction of O labeled
oxygen gas with benzydrol."  2-chloro-6-methylbenzaldehyde and 2,4,6-trichloro-
benzaldehyde were prepared by methods described in the literature.”"
2,7,12,17-Tetramethyl-3,8,13,18-tetraarylporphyrin, 1 — 4, were synthesized from the
previous method. Iron(II) Chloride porphyrin complexes of 1 - 4 were prepared by
refluxing in a chloroform-acetic acid mixture with ferrous chloride and sodium
acetate.” Iron(Ill) Perchlorate porphyrin complexes 1 — 4 were prepared by anion
exchange by silver perchlorate.”” The iron(III) Perchlorate porphyrin complexes, 1 — 4,
(10 mM) in a dichloromethane / toluene / methanol (1:3:1) mixture were placed in to a
sample tube, and these solutions were cooled to —80°C in a methanol-liquid nitrogen
bath. mCPBA (1.0 ~ 1.2 equiv) in methanol was slowly added to these solutions.

After the solution color changed to green, these solutions were immediately frozen to 77

K and were subject to ENDOR and EPR measurements.
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Result and Discussion

Because of similarity in the porphyrin structure to those of naturally occurring
compounds, we utilized oxoiron(IV) porphyrin sw-cation radical complexes with the
pyrrole p-substituted porphyrins, 1 — 4, shown in Figure 3.2.1. The electronic
structures of 1 — 4 were characterized by absorption, 'H NMR and EPR spectroscopy,
which showed the a,, porphyrin mt-cation radical state with weak ferromagnetic coupling
with the ferryl iron spins.” The EPR spectrum of 1 in dichloromethane / toluene /
methanol shows perpendicular and parallel components of the ESR signal at g = 3.6 and
2.0, which was identical to our previous result in dichloromethane-methanol (5:1).
Moreover, the EPR spectrum of 1 was close to those of compound I of ascorbate
peroxidase, lignin peroxidase, and MI-CAT.”® Figure 3.2.2 a) shows the ENDOR
spectrum of 1 with magnetic field set at 324.4 mT, where the peak of the parallel
component ESR signal is. The signals, located in the frequency range of 12 - 16 MHz,
result from 'H ENDOR signals, which exhibit a pair of ENDOR lines separated by a
hyperfine coupling constant, A", and mirrored about the proton Larmor frequency, ny
(13.9 MHz). We can identify at least two sets of magnetically distinguishable 'H
ENDOR resonances in Figure 3.2.2 b). To assign these ENDOR signals, we measured
the ENDOR spectrum of meso-d, labeled 1 (Figure 3.2.2 ¢). The ENDOR signals for
the meso proton were assigned at 13.7 and 14.1 MHz from a difference spectrum
between Figures 3.2.2 b) and c¢). A pair of signals around 12.5 and 15.3 MHz was
assigned to the pyrrole p-methyl proton and the other pyrrole $-mesityl signals were in
the peaks from 13.5 to 14.3 MHz. Therefore, hyperfine-coupling constants (A") of the
meso proton and the pyrrole B-methyl protons were estimated to be 0.4 MHz and 2.7
MHz, respectively, which are consistent with the a,, radical state as previously

assigned.’
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We examined 'H ENDOR measurements of 1 at different magnetic field sets, but
the ENDOR signal was not detected. Moreover, we could not observe "N ENDOR for
1. To examine 'O ENDOR spectroscopy, the oxo ligand of 1 was labeled with 40%
0O enriched mCPBA. However, we have not been able to observe 'O ENDOR.

These may be due to insufficient saturation of the EPR signal of 1 at 4 K.

@)
0 | 10 | 20
Frequency / MHz

Figure 3.2.2. 'H ENDOR spectra of 1 at 4 K; (a). (b); Expansion of 'H ENDOR
region of (a). (c); '"H ENDOR region of meso-d, labeled 1.

10 15
Frequency / MHz

Figure 3.2.3. 'H ENDOR spectra of (a) 1, (b), 2, (¢) 3, and (d) 4 at 4 K.
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To investigate the electron-withdrawing effect on the spin density, we measured
ENDOR spectra of 2 — 4 at 4K with magnetic field set at 324.4 mT (Figure 3.2.3) and
the hyperfine coupling constants for 1 — 4 are summarized in Table 3.2.1. Interestingly,
the A" value for the pyrrole PB-methyl proton increases with increasing electron
withdrawing effect of the pyrrole 3-substituent, 1 <2 <3 <4. This is consistent with a
previous 'H NMR study, in which paramagnetic down field shift of the pyrrole f-methyl
proton signal became larger as the electron withdrawing effect of the pyrrole

B-substituent was stronger.’

Table 1. Hyperfine coupling constants for the pyrrole 3-methyl
groups of 1 — 4 and compound I of heme proteins.

Compound A* o re
(MHz) (MHz)
1 2.67 3.45 0.049
2 3.16 3.78 0.054
3 3.58 4.11 0.059
4 3.37 4.16 0.059
HRP* ~4.4
MI-CAT"® ~ 6

a) ref 3. b) ref 5. ¢) calculated from 'H NMR shifts (ref 7).

The hyperfine coupling constant (A") of the pyrrole B-methyl proton can be
estimated by an equation, A" = A, + (B, + B,cos’q), where A, is an anisotropic
hyperfine coupling constant, r is a m-spin density on the pyrrole B-position, g is the

angle between the C, ,—C,,.,,—H plane and the pyrrole B-carbon 2P, axis, and B, =0

py-b

— 10 MHz and B, = 140 MHz for the methyl proton. Since rotation of the pyrrole
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B-methyl group is frozen at 4 K, the observed A" value would result from the methyl
proton(s) with one orientation. As expected from the above equation, the observed A"
values for 1 — 4 linearly correlated to the a;,, values calculated from their 'H NMR shifts

(Table 1),” indicating A”, ., ~ -2 MHz and g ~ 30°.° This is reasonable orientation to
avoid steric interaction with either the meso-proton or the pyrrole 3-phenyl group.

From the present '"H ENDOR results, we expect that the A" value of the pyrrole
B-methyl proton in '"H ENDOR of frozen solution is less than 10 MHz for compound I
with the a,, porphyrin ri-cation radical state.” On the other hand, 'H NMR shift of the
pyrrole proton for the meso-sunstituted porphyrin complex suggested r = 0.013 on the
pyrrole B-position for the a,, porphyrin st-cation radical state.” Thus, the A" value of
the pyrrole -methyl proton is expected to be less than 4 MHz for compound I with the
a,, porphyrin m-cation radical state. The hyperfine coupling constants of the pyrrole
B-methyl groups for compound I of HRP and MI-CAT are in the range of the a,,
porphyrin s-cation radical states, but larger than that of the a,, porphyrin s-cation
radical state. Therefore, this study clearly indicates that the compound I of both HRP

and MI-CAT are consistent with the a,, porphyrin ;-cation radical state, but not the a,,

porphyrin m-cation radical state.
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In the present thesis, the author investigated the effect of an axial ligand on the
electronic structure and reactivity of compound I using synthetic model complexes of
compound I.

Part II describes the effects of the axial ligand on the reactivity of O=Fe" por™. In
chapter 1, to investigate the effect of axial ligands on the electronic structure and
reactivity of compound I in peroxidases and catalases, O=Fe' por** complexes bearing a
series of imidazole and 3-fluoro-4-nitrophenolate ligands were prepared by ozone
oxidation of iron(IIl) porphyrins. Consequently, these axial ligands did not change the
electronic state either the porphyrin st-radical or the iron(IV)-oxo center. On the other
hand, the oxidation reactivity of O=Fe" por*" complexes was drastically increased by the
imidazole and phenolate axial ligands. The reaction rate for cyclooctene epoxidation
with O=Fe"por** complexes was increased 100 ~ 400-fold with axial coordination of
phenolate and imidazoles. A similar increment was observed for hydrogen abstraction
from 1,4-cyclohexadiene and for electron transfer from N,N-dimethyl-p-nitroaniline.
These results underscore the significance of histidine and tyrosinate ligands in the
oxidation activity of compound I in peroxidases and catalases.

In chapter 2, the author has investigated a key factor in regulating the reactivity of
O=Fe" (TMP**)(L) complexes bearing different axial anion ligands, where TMP = tetra-
mesitylporphyrin, and L = F, CI', BnO", AcO™, HcO™, TFA", and NO;". The reactivity
of O=Fe"(TMP*")(L) complexes was significantly affected by the nature of the axial
ligand, and the reactivity order of F > BnO™ > HcO™ > ClI" > AcO™ > TFA™ > NO;” was
invariable for various reactions (oxo transfer to cyclooctene, hydrogen abstraction from
1,4-cyclohexadiene, and electron transfer from N,N-dimethyl-p-nirtoaniline). The
author found a linear correlation between the reactivity of O=Fe" (TMP**)(L) complexes

and the redox potentials (E,,) for Fe"" couple of Fe"(TMP)(L) complexes.
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Spectroscopic titration showed that the axial ligand regulated the reactivity order of
O=Fe" (TMP*")(L) complexes by tuning the thermodynamic stabilities of the reactant,
O=Fe"(TMP*')(L), and the product, Fe"(TMP)(L). Notably, the axial ligand
modulated the stability of Fe"(TMP)(L) complexes more drastically than that of
O=Fe" (TMP*')(L) complexes. The fact that the reactivity of O=Fe"(TMP*)(L)
complexes is regulated primarily by the stability of the final product, Fe"(TMP)(L)
complexes, is a novel concept.

To further investigate the effect of axial ligands, chapter 3 deals with the axial
ligand effects of biomimetic axial ligands, such as imidazole and phenolate, which were
characterized in chapter 1. Phenolate ligand rendered high oxidation reactivity to the

O=Fe"por™ complex by stabilization of the Fe™

por complex. By contrast, neutral
ligands such as imidazole elicit a high oxidation power with O=Fe'" por** complexes by
causing a remarkable reduction in the energy of transition states, like compound II.
These results indicate that the axial ligand tunes the reactivity of O=Fe"por* by
controlling not only the energy states of the reactant (O=Fe“por*™) and the product
(Fe"por), but also the energy of the transition state.

Part III is devoted to understaning the chemoselectivity (chapter 1) and the
electronic structure (chapter 2) of oxoiron(IV) porphyrin m-cation radical complexes.
On the chemoselectivity of cyclohexene epoxidation versus hydroxylation by synthetic
O=Fe"por™ complexes, the author has shown that the C=C epoxidation reaction is
enthalpically controlled, whereas the allylic C-H hydroxylation is entropically
controlled. In chapter 2, hyperfine coupling constants (A") of O=Fe" por** complexes
were investigated using electron nuclear double resonance (ENDOR) spectroscopy.

By consequence, the author has proposed that the compound I for peroxidases and

catalases are consistent in the a,, radical state, but not in the a,, radical state.
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Finally, the author would like to comment on the functional roles of the axial ligands
in heme enzymes, based on the results demonstrated in this thesis. The proximal
histidine in peroxidases and the tyrosine residues in catalases would drastically increase
the reactivity of compound I, resulting in much more reactivity compound I in
peroxidases and catalases than in the synthetic model. A very reactive compound I
would greatly increase the catalytic activity of these heme enzymes. Although this
study can not show the effect of the thiolate axial ligand, the cysteine proximal ligands
in cytochrome P450 may also work to the enhancement the oxo-transfer reactivity.
The extremely high reactivity of compound I results from stabilization of the resting
(ferric) state of these heme enzymes and the transition state of the heme enzyme by the
axial ligands. The hydrogen bonding interactions between peptide backbone and the
axial ligands, which are different and highly conserved, in these heme enzymes is
another important factor in increasing the catalytic activity of these heme enzymes, as
the hydrogen bond would weaken the anionic character of the proximal ligand. In the
oxidation reactions of cyclooctene, 1,4-cyclohexadiene, N,N-dimethyl-p-nitroaniline,
and hydrogen peroxide, the author could find no significant difference between the
imidazole and phenolate axial ligands. While the axial ligand activates compound I in
a heme enzyme, it would not be an essential factor in discriminating the enzyme

function.
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