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High-valent iron(IV)-oxo porphyrins are the central oxidizing species in heme-
containing enzymes and synthetic oxidation catalysts. Many transition metal complexes
have been extensively studied as models of the ubiquitous cytochrome P450 enzymes to
probe the sophisticated oxygen atom transfer (OAT) mechanism as well as to invent
enzyme-like oxidation catalysts. In this work, two metalloporphyrin complexes have been
successfully synthesized, and spectroscopically characterized. A new photochemical
entry to porphyrin-iron(IV)-oxo derivatives, commonly referred to as compound Il
models, was also investigated in two porphyrin ligands that differ in electronic and steric
environments. As determined by their distinct UV-vis spectra and kinetic behaviors,
iron(IV)-oxo porphyrins [Fe'V(Por)O] were successfully produced by visible light
irradiation of highly photo-liable porphyrin-iron(l1l) bromates. The iron(IV)-oxo
porphyrins investigated in this study include 5,10,15,20-
tetra(pentafluorophenyl)porphyrin-iron(IV)-oxo  (4a), and  5,10,15,20-tetra(2,6-

difluorophenyl)porphyrin-iron(1V)-oxo (4b).

xi



As observed in both systems, the photochemical reactions may undergo a
heterolytic cleavage of the O-Br bond in the ligands to form a putative iron(V)-oxo
intermediate which undergoes a rapid comproportionation reaction with residual iron(lI11)
to give the compound Il species. The kinetics of OAT reactions with a variety of organic
substrates performed by these photo-generated [Fe'V(Por)O] compounds were studied in
CH3CN solutions. Apparent second-order rate constants determined under pseudo-first-
order conditions for sulfide oxidation reactions are (2.0 + 0.2) x 10% - (2.6 +0.5) x
101 M~1s~1, which are 3 to 4 orders of magnitude greater in comparison to those of
alkene epoxidations and activated C-H bond oxidations by the same oxo species.
Conventional Hammett analyses gave a non-linear correlation, indicating no significant
charge developed at the sulfur during the oxidation process. For a given substrate, the
reactivity order for the iron(I1V)-oxo species was 4a < 4b, which is inverted with respect
to expectation based on the electron-withdrawing properties of the porphyrin
macrocycles. The absolute rate constants from the Kinetic studies provided insight into
the transient oxidants in catalytic reactions under turnover conditions where actual
reactive oxidants are not observable. The Kinetic results strongly suggest that neutral
iron(IV)-oxo porphyrin (4) may undergo a disproportionation reaction to form higher

oxidized iron(1V)-oxo porphyrin radical cations as the true oxidant.

xii



CHAPTER 1

INTRODUCTION

11 General Overview of Cytochrome P450 Enzymes

In synthetic organic chemistry, catalytic oxidation of organic substrate is known
to be of great importance for the production of chemicals and pharmaceuticals. Catalytic
oxidation is also the key to understanding fundamental transformations in Nature.! So far
many chemicals, such as alcohols, carbonyl compounds, and epoxides have been
produced by catalytic oxidations. However, most of the oxidations were performed with
stoichiometric amounts of undesirable solvents that generate large amounts of toxic
waste.? Therefore with an increasing environmental concern, the development of new
processes employing transition metals as substrate-selective catalysts with utilization of
mild and clean environmentally friendly oxidants for selective oxidations are becoming
one of the most significant goals in oxidation chemistry.?® ® Particularly, molecular
oxygen and hydrogen peroxide are atom efficient and produce water as the only by-

product, hence becoming more important in chemical manufacturing.?

In biological systems, catalytic oxidations facilitated by oxidation enzymes are
fundamental in many biosynthesis and biodegradation processes.* Most of the biological
oxidations are mediated by heme-containing oxygenases notably the ubiquitoius
cytochrome P450 monooxygenase (CYP450), and transition metal catalysts have been
synthesized to mimic the metalloenzymes in Nature. CYP450s were discovered over six
decades ago by Axelrod and Brodie, et al., who identified an enzyme system in the

endoplasmic reticulum of the liver which was able to oxidize xenobiotic compounds.®
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These monooxygenases are a ubiquitous family of metabolizing heme-proteins that play a
key role in oxidative transformations of endogenous and/or exogenous molecules, and
have been found in a wide range of life species including plants, fungi, bacteria, insects,
and mammals.® The CYP450 enzymes activate molecular oxygen, inserts one oxygen
atom into a substrate, and reduces the second oxygen to a water molecule utilizing two
electrons from reducing agents such as NADH or NADPH via a reductase protein
(Scheme 1-1).” The CYP450 enzymes are termed as monooxygenases because only one
of the two oxygen atoms from the molecular oxygen is incorporated into the organic

substrate.

CYP450

[ R-H + O, + NADPH + H" » R-OH + H,0 + NADP" ]

Scheme 1-1: Monooxygenase reaction.

In 1958, Klingenberg and Garfinkel established that the rat liver microsomes
contained an unknown carbon monoxide binding pigment which has an absorption at 450
nm.® This was later demonstrated to be a b-type class heme-protein having a strong
absorption peak at 450 nm, therefore the pigment was named as CYP450.° CYP450 is a
heme-thiolate enzyme that catalyzes many biological oxidation processes,'® including
many biosynthesis and biodegradation processes.* Since its discovery, 60 CYP450 genes
and 58 pseudogenes have been isolated from numerous mammalian tissues such as liver,
kidney, lungs, and intestine.” The most common heme prosthetic group (active site)

found in heme-containing enzymes is the iron protoporphyrin 1X complex, covalently



linked to protein by the sulfur atom of a proximal cysteine ligand, and reported to leave a

coordination site open to bind and activate molecular oxygen (Figure 1-1).%7

COOH COOH

Figure 1-1. Iron(l11) protoporphyrin IX linked with a proximal cysteine ligand.

The CYP450 enzymes are one of the most studied metalloenzymes due to their
significant role in the metabolism of xenobiotics as a protective role of degradation for
excretion and in catalyzing biosynthesis of critical signaling molecules for control of
development and homeostasis.!! The CYP450 enzymes have unique ability to accomplish
a wide variety of difficult enzymatic steps, which include substrate binding, electron
transfer, oxygen binding and substrate oxidation, many of which are characterized by
high degrees of chemo-, regio, and enantioselectivities (Scheme 1-2).” 2 In 1970,
CYP450s involvement in steroid biosynthesis along with its central function in drug

metabolism led to its extensive investigation in biochemical systems.® 13
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Scheme 1-2: Oxidations catalyzed by CYP450 enzymes.

Primarily, CYP450s have been classified as electron-transfer proteins that provide
electrons from NADH or NADPH to the oxygenase protein.}* CYP450s are also
classified into two Classes in drug metabolism, i.e., Class | corresponds to mammalian
mitochondrial enzymes involved in steroid synthesis and Class Il corresponds to
mammalian enzymes located in the endoplasmic reticulum of liver cells.®® A specific
group of isoforms are expressed in the liver with the role of metabolizing xenobiotic
compounds, particularly six of these CYP450 isoforms are important in drug metabolism

as they comprise approximately 90% of the metabolism of pharmaceutical drugs.'® The



interactions with warfarin, antidepressants, antiepileptic drugs, and statins often involve
the CYP450s. Since then, the study of CYP450s have focused on minimizing the
possibility of adversative drug reactions and interactions.!’

The structurally and biochemically best-characterized CYP450 is a soluble
bacterial monooxygenase (CYP450cm) discovered in Pseudomonas putida by Pouluos
and co-workers in 1985.1 The enigma of the cytochrome P450s was deciphered when

Poulos, et al., provided the first three-dimensional structure in 1986 (Figure 1-2).1°

Figure 1-2: X-ray structure of cytochrome P450cam.

CYP450cam of Pseudomonas putida catalyzes the regio- and stereospecific
hydroxylation of the bicyclic camphor molecule with molecular oxygen to form 5-exo-

hydroxycamphor (Scheme 1-3).8



o CYP450 o
+ NADH + 2H* + O, Al - on * NAD* + H,O
exo

endo

Scheme 1-3. Stereospecific hydroxylation of the C-H bond at position 5 of camphor

catalyzed by CYP450cam.

Numerous metalloporphyrin complexes have been synthesized as models of
CYP450 enzymes and biomimetic catalysts for selective oxidations, solely because of the
instability and difficulty in the purification of the CYP450s.%° This interest was
stimulated by a desire for better understanding of the intricate mechanisms of the
biochemical pathways and the expectation that relatively simple model systems could

emulate the selective oxidations of hydrocarbons catalyzed by CYP450 enzymes.

1.2 Biomimetic Oxidations by Metalloporphyrins

Effective catalytic systems for hydrocarbon oxidations based on metalloporphyrin
catalysts with iron, manganese, and ruthenium porphyrins have received considerable
attention for decades.’® Numerous cytochrome P450 models have been developed and
applied to hydrocarbon oxidations with the aim of both developing useful catalysts and
probing the mechanisms of the processes.? Most biological oxidations mediated by
CYP450 enzymes are highly, often completely, stereo-selective and ecologically
sustainable. Metalloporphyrins have been widely used as biomimetic models of
cytochrome P450 enzymes to catalyze a variety of oxidation reactions (Scheme 1-4). The

first metalloporphyrin oxidation system reported was iron porphyrin in 1979, with



iodosylbenzene as the oxygen source and Fe(TPP)CI (TPP = meso-
tetraphenylporphyrin) as the catalyst that catalyzed effective stereospecific alkene

epoxidation and alkane hydroxylation reactions.? 22

,,,"'C—H Hydroxylation /’I"C—OH
/7 /7
\ _ / Epoxidation \ /o\ /
C—C > c—C
/ 0\ /N
R R
\C:C/ Cyclopropanation> \ /
/ 0\ VN
¥
\C:C/ Aziridination \/N\/
/ \ C—C
1, °° Sulfoxidation 1, * "

'S : > 'S—0
”~ ”~
//'/"'CHz Amidation "~ NHR

Phosphine
Ry Oxidation . R;—P=0
Hydroxylation of a
i, nitrogen atom o,

N—N > N—OH

- v

Scheme 1-4. Typical metalloporphyrin-mediated reactions.

Most often in biomimetic catalytic oxidation, a transition metal catalyst is
oxidized to a high-valent metal-oxo species by a sacrificial oxidant, then the activated

transition metal-oxo intermediate oxidizes the substrate.’ ! Many transition metal
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catalysts, with a core structure closely resembling that of the iron porphyrin core of
CYP450 enzymes, have been synthesized as models to produce enzyme-like oxidation
catalysts as well as to probe the sophisticated mechanism of molecular oxygen
activation.’ Among the most extensively studied systems are the epoxidation of alkenes
and hydroxylation of alkenes catalyzed by transition metals in macrocyclic porphyrin

ligands.?

Studies using the synthetic metalloporphyrins as biomimetic models of
cytochrome P450s have presented scientists with important tools useful to probe the
nature of the enzymatic process.?l 2* The sacrificial oxidants compatible with
meralloporphyrins were mostly restricted to PhlO, NaOCI, H;0,, 'BUOOH (tert-
butylhydroperoxide), KHSOs and oxaziridines.?! However, molecular oxygen can be also
used in the presence of an electron source.?® The use of H2O; often results in oxidative
degradation of the catalyst due to the potency of this oxidant.?® Synthetic manganese
porphyrin complexes have shown catalytic promise as CYP450 enzyme models in

oxidation reaction in the past decades.?" %’

High-valent transition metal-oxo transients with high reactivity have been
invoked as the active oxidizing species in many metal-catalyzed oxidations.® However,
in most catalytic reactions, the concentration of active metal-oxo oxidants do not build up
to detectable amounts. For example, highly reactive porphyrin-manganese(V)-oxo
derivatives were proposed as the key intermediates in catalytic processes for decades, but
they eluded detection until the year 1997 when Groves and co-workers reported the first
manganese(V)-oxo porphyrin complex.?® Ruthenium porphyrin complexes have been

developed as enzyme-like catalysts for selective oxidation methods due to its close

8



periodic relationship to iron.!** In addition, high-valent ruthenium-oxo porphyrin
intermediates have been extensively studied as OAT agents, which exhibit significant

reactivity towards organic substrates such as alcohols and hydrocarbons.?® 2

1.3 Compound I and Compound Il Species

In enzymatic and synthetic oxidations, high-valent iron-oxo species have been
identified as the key oxidizing intermediates in the catalytic cycles of oxygen activating
iron enzymes, as well as synthetic biomimetic catalysts.”® 30 Hence, iron-oxo complexes
have received significant attention because of their synthetic utility in various oxidation
reactions and relevance to a variety of oxidative enzymes in nature.” 3% 3! In heme-
containing enzymes, an iron(lIV)-oxo porphyrin radical cation species, biologically
termed as Compound I, has been characterized in the catalytic cycles of peroxidase and
catalase enzymes.®? In general, these heme-containing enzymes consist of the same iron
protoporphyrin IX complex, but different heme-proximal ligands.®®* Compound |
transients are also thought to be the oxidizing transient in the cytochrome P450
enzymes.'? The recent advanced spectroscopic characterization and kinetic studies

suggest that compound | transients are involved in cytochrome P450 enzymes.®*

Non-heme iron(V)-oxo intermediates have been reported to be the reactive
intermediates in the Rieske dioxygenase enzymes and their synthetic functional models.®
True iron(V)-oxo complexes are usually rare and elusive, and are considered to be more
reactive than the iron(IV)-oxo ligand radical cations, compound | species.® For example,
Collins et al. reported an iron(V)-oxo complex supported by a tetraanionic ligand that

displayed truly unprecedented reactivity.>® The putative porphyrin-iron(V)-oxo transients



produced by laser flash photolysis (LFP) methods displayed an appropriate high level of

reactivity.%’

The fast mixing studies of CYP450s with an external oxidant produced transient
compound | species within milliseconds by the freeze-quench technique.®® Therefore,
synthetic iron porphyrin complexes have been widely used as models of heme-containing
enzymes with the sole purpose of gaining an understanding of the enzymatic reaction
mechanism. Numerous studies have shown that compound | species were formed from
the reactions of iron(lll) porphyrin complexes and various oxidants, such as m-
chloroperoxybenzoic acid, iodosobenzene, and ozone.®” 3 In 1981 Groves and co-
workers reported the first preparative generation and characterization of a compound |
like model species.*® The oxidation of iron-porphyrin chloride complex [Fe'''(TMP)CI]
(TMP = 5,10,15,20-tetramesitylporphyrin) with 1.5 equivalents of mCPBA at -78 °C

generated an iron(1V)-oxo porphyrin radical cation species (Compound I).

On the other hand, the one-electron reduced form of porphyrin-iron(IV)-oxo
intermediates, commonly called compound 11, act as reactive species®® 4! particularly in
one electron-transfer oxidations reactions such as C-H activation and hydride-transfer
reactions.*? The preparation and characterization of the iron(IV)-oxo neutral porphyrins
compound Il have been known for nearly two decades now.* Iron(IV)-oxo neutral
porphyrin are generally more stable, hence, less reactive in OAT reactions as comparison
to compound I species.** Groves and co-workers also reported the oxidation reaction with

1 equiv. of PhlO at -78 °C in CH2Cl gave an iron(1V)-oxo compound II species.*°

10



Typically the iron(V)-oxo species would be generated directly from the
heterolytic peroxy bond cleavage after the second protonation on the distal O-H atom.
Depending on the energy barrier for internal electron transfer (ET), the first-formed
iron(V)-oxo transient could serve as either an intermediate or a transition state in the

oxidation process (Scheme 1-5).412

0
o/O—C—R 0 _ ot
Heterolytic ET
[ ot
X X X

+ RCOy’ Compound |

X
\ O,o c R

Compound Il

Scheme 1-5. Chemical generation of compound | and compound Il species.

Our research group has recently discovered a photochemical approach to access
compound | and compound I1 species.*® Controlled by the electronic nature of porphyrin
ligands, iron(1V)-oxo porphyrin radical cations (compound | models) and iron(IV)-oxo
porphyrin derivatives (compound Il models) were produced, by visible light irradiation of

the corresponding iron(111) bromate complexes.

1.4 Photochemical Generation of High-Valent Metal-Oxo Species
In metal-oxo chemistry, the photochemical reactions are intriguing and

intrinsically advantageous because the activation is obtained through absorption of a
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photon, hence leaving no residue.*® In contrast, most chemical methods involved use
toxic or polluting reagents that are not environmentally friendly. Therefore, using visible
light to induce reversible redox processes of the metal center could avoid all the
disadvantages deriving from the use of chemical reagents.®® Notable, photochemical
activation of transition metal complexes to produce reactive oxidants has been known for
decades.*” The photochemical approach produces metal-oxo species essentially instantly,
permitting direct detection and allowing access to time scales that are much shorter than

the fastest mixing experiments.

More importantly, the kinetics of oxidation reactions by photo-generated metal-
0x0 species are not convoluted with the rate constants for formation of the reactive
transients by reaction of the excess sacrificial oxidant with the low-valent metal species.*®
Newcomb and co-worker have developed a photo-induced ligand cleavage reactions for
production of high-valent transition metal-oxo derivatives.3: 3% 4° Notably, the use of
laser flash photolysis methods to generate a variety of high-valent transition metal-oxo
species supported by porphyrin and corrole ligands have been well developed.3” 3% 49
The concept of photo-induced ligand cleavage reaction is illustrated in Scheme 1-6. The
precursor complexes have metal in the “n” oxidation state and an oxygen-containing
ligand. Photolysis resulted in homolytic cleavage of the O-X bond in the ligand to give an

“n + 1” oxidation state metal-0Xx0 species; it may also proceed by heterolytic cleavage of

the O-X bond in the ligand to give an “n + 2” oxidation state metal-0X0 Species.
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Scheme 1-6. Photo-induced ligand cleavage reactions for generation of high-valent

transition metal-oxo species.

The photochemical methods for formation of high-valent metal-oxo species
require considerable development of requisite photochemical methods and especially
photo-labile precursors. Photo-induced ligand cleavage reactions were used to produce
trans-dioxoruthenium(VI) porphyrins, as well as a putative ruthenium(V)-oxo species.*
This photochemical method can efficiently generate the high-valent metal-oxo complexes

without the limitation of porphyrin ligands as observed in chemical methods.

Our recent kinetic and spectral studies also illustrated that the photo-generated
manganese(V)-oxo corroles may oxidize the substrate through different oxidation
pathways, depending on the nature of corrole ligand and the reaction medium.>® Very
recently, we communicated a visible light-induced formation of iron(I\V)-oxo porphyrin
radical cations (compound I models) and iron(IV)-oxo porphyrin (compound Il models),

which was controlled by the electronic nature of porphyrin ligands.* In this work, visible
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light induced-ligand cleavage reactions have been extended for the generation and study

of the high-valent iron(1VV)-oxo intermediates supported by porphyrin ligands.
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CHAPTER 2

EXPERIMENTAL SECTION

2.1  Materials

All commercial reagents were of the best available purity and were used as
supplied unless otherwise specified. All organic solvents used for synthesis and
purification were purchased from Sigma-Aldrich Chemical Co., including acetone,
acetonitrile, benzene, chloroform, cyclohexene, dichloromethane, ethanol, ethyl benzene,
methanol, and N,N-dimethylformamide (DMF). HPLC grade acetonitrile (99.93%) was
distilled over P2Os prior to use. All organic substrates for kinetic and catalytic oxidation
studies were purified by passing through a flash chromatography column of active
alumina (Grade 1) before use, including styrene, 4-fluorostyrene, 4-chlorostyrene, 4-
methylstyrene, 4-vinylanisole, cis-stilbene, cyclohexene, cis-cyclooctene,
diphenylmethane, diphenylmethanol, phenylethanol, ethylbenzene, ethylbenzene-dio,
thioanisole,  4-fluorothioanisole,  4-chlorothioanisole,  4-methylthioanisole,  4-
methoxythioanisole. The pyrrole for porphyrin synthesis was freshly distilled before use.
2,6-Difluorobenzaldehyde, 2,6-dichlorobenzaldehyde, hydrochloric acid (HCI), boron
trifluoride diethyl etherate (BFs-OEt), 2,3-dichloro-5,6-dicyano-p-benzequinone (DDQ),
(diacetoxyiodo)benzene [PhI(OAc).], meta-chloroperoxybenzoic acid (m-CPBA),
5,10,15,20-tetrakis(pentafluorophenyl)porphyrin, Hx(TPFPP)(1a), iron(ll) chloride,
propanoic acid, and chloroform-d were obtained from Sigma-Aldrich Chemical Co. and
used as such. All bromate or chlorate salts of metalloporphyrin complexes were prepared
in situ by stirring excess amounts of silver bromate (AgBrOs) or silver chlorate (AgCIlO3)
with [Fe"'(Por)CI]. 5,10,15,20-Tetrakis(2,6-difluorophenyl)porphyrin, abbreviated as
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H2(TDFPP)(1b), was prepared according to known methods.®* All iron(lIl) chloride
complexes Fe'''(Por)CI (2, Por = a-b) used in this work were prepared by the literature
reported method®? and characterized by H-NMR and UV-vis, matching the reported

spectra.

2.2  Methods
2.2.1 Physical Measurements

'H-NMR was performed on a JEOL ECA-500 MHz spectrometer at 298K with
tetramethylsilane (TMS) as internal standard. Chemical shifts (ppm) are reported relative
to TMS. Visible light was produced from a SOLA SE Il light engine (Lumencor)
configured with a liquid light guide (6-120 W) or from a tungsten lamp (60-300 W).
Kinetic measurements were performed with an Agilent 8453/4 diode array UV-vis
spectrophotometer (Figure 2-1A). Gas chromatographic analysis was performed using an
Agilent GC7820A/MS5975 with a flame ionization detector (FID) using a J&W
Scientific Cyclodex-B capillary column (Figure 2-1B), coupled with an auto sample

injector.
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Figure 2-1. (A) Agilent 8454 diode array UV-visible spectrophotometer. (B) Agilent

GC-MS system.

2.2.2 General Procedure for Photolysis of Iron(l11) Porphyrin Bromates
[Fe'"'(Por)(BroOs)]

Facile exchange of the porphyrin complexes [Fe"'(Por)CI] (2) with excess
amounts of Ag(BrOz) in anaerobic CH3CN (2 mL) gave the corresponding photo-liable
bromate complexes [Fe"'(Por)(BrOs)] (3) that were used for photochemical reactions.
(Caution! Bromate salts of metal complexes are potentially explosive and should be
handled with care.) The prepared solution of 3 with a concentration of 1.0 x 10° M was
irradiated under visible light from a SOLA engine (120 W) at ambient temperature, and
formation of the iron(IVV)-oxo compound Il species (4) was complete in a period of 5-20

min, as monitored by UV-vis spectroscopy.

2.2.3 Direct Kinetic Studies of High-Valent Metal-Oxo Intermediates
Reactions of high-valent metal-oxo compounds with excess amounts of organic

substrates were conducted in 2 mL solutions at 23 + 2 °C. The rates of the reactions,
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which represented the rates of oxo group transfer from high-valent iron(IV)-oxo (4) to
substrate, were monitored by the decay of the Soret band of the high-valent metal-oxo
species. Kinetics were measured under single-turnover conditions using a large excess of
substrate to achieve pseudo-first-order Kinetic conditions. Rate constants for reactions
with substrates were determined from kinetic measurements with varied concentrations of
substrate. The kinetic traces at imax Of the Soret band displayed good pseudo-first-order
behavior for at least four half-lives, and the data was solved to give pseudo-first-order
observed rate constants, kons. The plots of these values against concentration of substrate

were linear in all cases.

The second-order rate constants for reaction of the oxo species with the organic
substrates were solved according to Eq. 1, where ko is a background rate constant found
in the absence of substrate, kox is the second-order rate constant for reaction with the
substrate, and [Sub] is the concentration of substrate. All second-order rate constants are
averages of 2-3 determinations consisting of independent kinetic measurements. Errors in

the rate constants were reported at 2c.

kobs = kO + kox[SUb] (Eq 1)
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2.3 Synthesis and Characterization
2.3.1 Synthesis of 5,10,15,20-tetrakis(2,6-Difluorophenyl)porphyrin, H2(TDFPP)

(1b)

o) (1) BF4.OEt,, EtOH
. L) OPRORe e

H N CHCl3,3h

Ar

Ar Ar
(2) DDQ, reflux 1h
Ar ————— Ar
Ar A
F F '

E
laand 1b
D

F F F
[H,(TPFPP)] (1a)  [Hy(TDEPP)] (1b)

Scheme 2-1. Two-step synthesis of [H2(Por)] (1a-b).

The sterically hindered porphyrin ligands (1b) were synthesized based on the
well-known method.>* To a 1L three-neck round-bottomed flask fitted with a septum,
reflux condenser, and nitrogen inlet port was charged with 500 mL of chloroform,
difluorobenzaldehyde (710 «L, 5 mmol), pyrrole (350 xL, 5 mmol) and ethyl alcohol
(3.47 mL; 0.5% v/v) as a co-catalyst. The solution was then purged with argon for 5 min,
followed by dropwise addition of boron trifluoride diethyl etherate (BFs-OEt2) (660 uL,
1.65 mmol). The solution changed from colorless to dark greenish brown gradually and
was stirred at room temperature for 3 h. This reaction was monitored by UV-vis to
confirm that porphyrinogen had been formed. At the end of 1st-step reaction, 2, 3-
dichloro-5, 6-dicyano-p-benzequinone (DDQ) (966 mg) was added in powder form and
the reaction mixture was gently refluxed for 1 h. The reaction mixture was then cooled to
room temperature, and triethylamine (230 x«L, 1.65 mmol) was added to neutralize the
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reaction mixture. The solution was evaporated to dryness. The dry solid crude product
was scraped from the flask, placed on a filter, and washed with methanol until the filtrate
was clear. After that, the product (b) was placed into a wet column (silica gel) and eluted

with dichloromethane.

5, 10, 15, 20-tetrakis(2,6-Difluorophenyl)porphyrin [H2(TDFPP)] (1b)
Yield = 184 mg (18.6%).

UV-vis (CH2Cl,) Amax/nm: 413 (Soret), 507. (Figure 2-2A)

IH-NMR (500MHz, CDCl3): §, ppm: -2.78 (s, 2H, NH), 7.78 (m, 12H, m-ArH and p

ArH), 8.87 (s, 8H, p-pyrrolic-H). (Figure 2-2B)

1.2 7.0
413
5.6
0.9 A
2 42 -
3
S 0.6 -
2 2.8 A TMS
2 Pyrrolic-H
Py 8.87
0.3 A 1.4 A CDCl,
507 Inner-H
-2.7
0.0 T T T T T T T T T
300 400 500 600 700 10 8 6 4 2 0 2 -4
Wavelength (nm) Chemical Shift (ppm)

Figure 2-2. (A) The UV-vis spectrum of [Hz(TDFPP)] (1b) in CH2Cl,; (B) The *H-NMR

spectrum of [Ho(TDFPP)] (1b) in CDCls.
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2.3.2 Synthesis of Iron(111) Porphyrin Chloride [Fe'"'(Por)CI] (2b)

Ar Ar

Fe!lCl 3M HCI

Ar Ar r —3= Ar Ar
DMF, 150 °C, 1h CH,Cl,, 30 min
Ar F F F Ar
(2a and 2b)
Ar = % F §
F F F
[Fe''(TPFPP)CI] (2a)  [Fe(TDFPP)CI] (2b)

Scheme 2-2. Synthesis of [Fe'''(Por)CI] (2a and 2b).

The porphyrin free ligands employed in this study included [H2(TPFPP)] (1a),

and [H2(TDFPP)] (1b). The iron(111) porphyrin complexes (2) were prepared as shown in

Scheme 2-2.%2 In a typical procedure, to a 100 mL round-bottomed flask fitted to a reflux

condenser, DMF (30 mL) was added and purged under argon for 5 min, then followed by

addition of the porphyrin free ligand (1) (100 mg, 0.132 mmol) and iron(ll) chloride (500

mg). The mixture was then refluxed for 1-2 h. This reaction was monitored by TLC

analysis. The DMF solvent was then evaporated to dryness under vacuum, and the crude

product was dissolved in dichloromethane. 3 M hydrochloric acid was added to the

mixture, which was stirred for 15-30 min, to exchange the axial ligand from OAc to CI.

Extraction was performed with dichloromethane, then followed by deionized water.

Na>SOs was added to remove any remaining traces of water. The product was then

purified on a wet silica column using CH.Cl; as eluent.
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Iron(l11) 5, 10, 15, 20-tetrakis(Pentafluorophenyl)porphyrin Chloride (2a)
UV-vis (CH2Cl2) Amaxnm: 407 (Soret), 352, 498, 562. (Figure 2-3A)

'H-NMR (500MHz, CDCls): §, ppm: 82.6 (s, 8H, B-pyrrolic-H). (Figure 2-3B)

407
1.4 1
0.8 A
1.2
2\ 1.0 A
;’ ' > 0.6 A
2 084 352 @
3 e
S 06 - £ 044
<
0.4 - 02
0.2 - 498 562 JL
0.0 i T T T O.O -jIL‘__——I_—-‘——I“—_——.T”-.‘ T
300 400 500 600 700 80 60 40 20 0
Wavelength (nm) Chemical shift (ppm)

Figure 2-3. (A) The UV-vis spectrum of [Fe'''(TPFPP)CI] (2a) in CH2Cly; (B) The 1H-

NMR spectrum of [Fe'"'(TPFPP)CI] (2a) in CDCls.
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Iron(l11) 5, 10, 15, 20-tetrakis(2,6-Difluorophenyl)porphyrin Chloride (2b)

Yield = 82 mg (82 %).

UV-vis (CH2Cl2) Amaxinm: 412 (Soret), 366, 505, 572. (Figure 2-3A)

!H-NMR (500MHz, CDCls): 8, ppm: 82.6 (s, 8H, B-pyrrolic-H). (Figure 2-3B)

1.6
412 0.9 -
5 1.2 4
S 366 261
8 =
5 0.8 - -
2 0.3 A
505
< 572
0.0 +
300 400 500 600 700 80 60 40 20 0
Wavelength (nm) Chemical shift (ppm)

Figure 2-4. (A) The UV-vis spectrum of [Fe!''(TDFPP)CI] (2b) in CH2Cl,; (B) The H-

NMR spectrum of [Fe''(TDFPP)CI] (2b) in CDCls.
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CHAPTER 3

PHOTOCHEMICAL GENERATION AND KINETIC STUDIES OF HIGH-

VALENT PORPHYRIN-IRON(1V)-OXO COMPOUND Il MODELS

3.1 Introduction

The photochemical activation of transition metal complexes to produce reactive
oxidants has been known for decades.*’® With the photochemical approach, reactive
metal-oxo species are produced instantly, permitting direct detection of the metal-oxo
species and providing one with access to time scales that are much shorter than the fastest
mixing experiments for kinetic studies of their oxidation reactions.*® In this regard, the
photo-induced ligand cleavage reactions with visible light have been established for the
formation of a variety of high-valent metal-oxo species supported by porphyrin and

corrole ligands.*> %3

It had been well documented that high-valent iron(IV)-oxo porphyrin radical
cations, biologically termed as compound | in heme-containing enzymes, act as the active
oxidizing intermediates in catalytic cycles.>?® The one-electron reduced form iron(IV)-
oxo neutral porphyrin intermediates, commonly called compound I, also function as
reactive species, particularly in one electron-transfer oxidations reactions such as C-H
activation and hydride-transfer reactions.*#? 54 The preparation and characterization of
iron(IV)-oxo radicals (compound | models) and iron(IVV)-oxo neutral porphyrins
(compound 11 models) have been known for decades now.*% 4 Our particular interest in
this area is to develop photochemical methods to generate and study reactive iron(IV)-

0X0 species in oxygen atom transfer (OAT) reactions.*®
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In this chapter, a new photochemical access to high-valent iron(IV)-oxo
compound Il models have been developed and studied.>® We report rate constants for the
OAT reactions of two porphyrin-iron(IVV)-oxo compound Il models with alkenes,
activated hydrocarbons and thioanisoles in acetonitrile solution. As shown in Scheme 2-
2, two tetraarylporphyrin-iron systems were studied in this work with two macrocyclic
ligands a-b, which are generally considered as sterically encumbered porphyrins due to
the presence of electron-withdrawing substituents on the ortho positions of the meso
phenyl groups. The different aromatic groups on the porphyrins also result in varying
electron demands, where the pentalfluorophenyl system (a) is more electron-deficient.
Iron(1V)-oxo species [Fe'V(Por)Q] (4) were produced by visible light irradiation of highly

photo-liable iron(111)-bromate complexes [Fe'''(Por)(BrOs)] in anaerobic CH3CN.
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3.2 Results and Discussion

3.2.1 Synthesis of Iron(111) Porphyrin Bromate Precursors

Ar
AgBrO;,
>
Ar Ar CH,CN
Ar = CgFs, a
Ar = 2,6-F2C6H3, b
(2a and 2b) (3a and 3b)

Scheme 3-1. Axial ligand exchange from 2a-b to 3a-b with Ag(BrOs).

As shown in Scheme 3-1, two iron(IV)-oxo porphyrins in different electronic
environments were comparatively studied in this work. Facile exchange of the
counterions in 2 (typically 5 mg) with excess of Ag(BrOs) in anaerobic CH3CN gave the
corresponding bromate complexes 3, and their formation was indicated by the UV-vis
spectra as shown in Figure 3-1. These species 3 were photo-labile and subsequently

prepared in situ and immediately used for photochemical reactions.
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Figure 3-1. (A) UV-vis spectra of [Fe'V(TPFPP)CI] (dashed line) and
[Fe'"'(TPFPP)(BrOs)] (solid line); (B) UV-vis spectra of [Fe!V(TDFPP)CI] (dashed line)

and [Fe""'(TDFPP)(BrOs)] (solid line).

3.2.2 Photo-Generation of High-Valent Iron(1V)-Oxo Porphyrins (Compound II
Models)

As shown in Scheme 3-2, irradiation of bromate complexes 3a-b in anaerobic
CH3CN with visible light from a SOLA engine (60 W) resulted in changes of the
absorption spectra accompanying formation of high-valent porphyrin-iron(1V)-oxo
species, i.e. compound Il models in two different electron deficient porphyrins systems
(4a and 4b). Considering the electrophilic nature of the porphyrin-iron(I\V)-oxo species,
the expected order of apparent stability is TPFPP<TDFPP. The photo transformation of
species 3 to 4 is characterized by a distinct color change from brown to red, accompanied
by well-anchored isosbestic points at 318 nm, 485 nm, and 525 nm for 4b (Figure 3-2 A).
Correspondingly, the same oxo species 4 were also generated by chemical oxidation of
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complex 2 with PhI(OAc)2, exhibiting identical spectral signature characteristic for

iron(IV)-oxo porphyrins accompanied by well-anchored isosbestic points at 318 nm, 485

nm, and 525 nm (Figure 3-2 B) for 4b.

AgBrO
Ar Ar £
CH;CN
Ar Ar = CgFs, a
=2,6-F,CgH3, b
(2a and 2b) (3a and 3b) (4a and 4b)

Absorbance (AU)

Scheme 3-2. Photochemical generation of iron(1V)-oxo compound Il models

1.6
B
Fe'V=0 ¢
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2
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<
0.4 A \L 4\
0.0 T T T 0.0 T T .
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Wavelength (nm) Wavelength (nm)

Figure 3-2. (A) Time-resolved spectra of 4b following the irradiation of 3b with visible
light (120 W) in anaerobic CH3CN solution at 23 + 2 °C over 20-30 min. (B) Time-

resolved spectra of 4b following chemical oxidation of 2b with PhI(OAc)2 (5 equiv.) over

5 min.
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Control experiments showed that no oxo-species 4 were formed in the absence of
light. These photo-generated compound Il species are relatively stable and can be isolated
for further characterization.®® In both cases, the formed species 4 displayed a sharper,
stronger, red-shifted Soret and weaker blue-shifted Q bands that are characteristic for the
corresponding  porphyrin-iron(IVV)-oxo derivatives. The observed photochemical
formation of 4 can be simply rationalized by a homolytic cleavage of O-Br bond in the
counterions of the precursor 3 (Scheme 3-3), similar to the previous work where the
photochemical cleavages of porphyrin-manganese(lll) chlorates gave neutral porphyrin-
manganese(lIVV)-oxo derivatives by homolytic cleavage of the O-Cl bonds in the

chlorates.®’

Literature suggests that porphyrin-iron(V)-oxo species has been proposed as an
alternative reactive intermediate of some heme enzymes and model systems for
decades.®!? In view of the decay spectra and kinetic studies of photo-generated species 4,
we propose that the photochemical formation of porphyrin-iron(IV)-0xo species may
proceed via multiple pathways (Scheme 3-3). A collective body of evidence accumulated
from recent reports, suggest that putative iron(V)-oxo intermediates can be involved in
photochemical oxy-ligand fragmentation reactions.®” *® As thermodynamically favored,
the high-valent porphyrin-iron(V)-oxo species might relax to porphyrin-iron(IV)-oxo
radical cations (compound | models) by internal electron transfer (ET) from the porphyrin
to the iron. However, the ET from the highly electron-deficient porphyrin to the iron
sequence is apparently not favored as a result of a high redox potential or energy barrier.

In view of the relatively slow formation of the iron(\V)-oxo species 5 in electron-deficient
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porphyrin systems, the fast comproportionation reaction of 5 with residual iron(lll)
complexes could result in the formation of iron(IVV)-oxo derivatives, compound II.
Previous studies with manganese-oxo species found that porphyrin-manganese(V)-oxo
species comproportionate rapidly with manganese(Ill) species®’, and corrole-
manganese(V)-oxo species reacted with corrole manganese(lll) species to give

manganese(lV) species.*

Ar =CgFs, a
=2,6-F,CgH3, b

Homolytic Cleavage (3a and 3b)

Heterolytic Cleavage

Compound Il Compound |

Comproportionation
-
Fe'(Por)X

Electron Transfer

Ar

(4a and 4b) (5)

Scheme 3-3. Mechanistic considerations on photochemical formation of iron(1V)-oxo
neutral porphyrin (compound I1) and iron(IV)-oxo porphyrin radical cations (compound

I) controlled by the electronic nature of porphyrin ligands.

30



Apart from the direct homolysis of the O-Br bond, iron(IV)-oxo porphyrins can
also be formed through an alternative pathway. Our previous studies showed that visible
light photolysis of porphyrin-iron(l1l) bromates containing non-electron deficient
porphyrin ligands gave porphyrin-iron(IV)-oxo radical cations (compound I models)
apparently through the heterolytic cleavage of the O-Br bond in the ligand that resulted in
a two-electron photo-oxidation of the iron metal.>™? In contrast, the photolysis of
porphyrin-iron(111) bromates with electron-deficient and sterically encumbered ligands
produced compound Il models. The above photolysis can be ascribed to a two-electron
photo-oxidation of iron(l11) precursors through heterolytic cleavages of O-Br bonds in the
counterions of 3 that initially could form a putative iron(V)-oxo intermediate. Thus, the
high-energy iron(V)-oxo species could quickly reduce to iron(IV)-oxo products by
reacting with the solvent CH3CN. Certainly, detection and spectroscopic characterization
of the initially formed intermediates at low temperature may provide more mechanistic
insights into these photochemical processes. In addition, these photochemical
observations can be interpreted as indicating that the electron-releasing porpyhrins may
favor a heterolysis of O-Br bond in the counterion, while electron-withdrawing ligands

favor a homolytic reaction.

It is known that the compound Il models (4) act as oxo-transfer agents toward
various organic reductants such as alkenes and activated alkanes.®® As expected, the
photo-generated complexes 4 react as competent oxo-transfer agents with various sulfides
such as thioanisole. In a preparative reaction, 4a was prepared by mixing 2a with ca. 1.5

equivalents of Ag(BrOs) in anaerobic CH3CN under visible light irradiation; the
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estimated yield of 4a determined by UV-visible spectroscopy was > 95%. A large excess
of thioanisole was added, and the mixture was stirred for 5 min at ambient conditions.
Following product workup, quantitative GC analysis showed the presence of a mixture of
oxidized products (sulfoxide:sufone = 90:10) in > 90% yield, which was calculated based
on a stoichiometry of 2 equiv of 3a reacting with 1 equiv of the organic sulfide. Similar
results were also obtained with 3b and 3c prepared in a same fashion. The absorption
spectrum of the final complex product is consistent with that of the known porphyrin-

iron(111)-hydroxo complex.®

3.2.4 Kinetic Studies of Oxidations by Photo-Generated Compound 11 Species

Oxidation kinetics of photo-generated iron(IV)-oxo species 4 with sulfides,
alkenes, and activated hydrocarbons were investigated in this work. It is well documented
that compound Il models (4) are oxo-transfer agents with various organic reductants such
as alkenes and activated alkenes.®® % For kinetic studies, solutions containing the
iron(IV)-oxo species 4 were mixed with solutions containing organic substrate at varying
high concentrations, and pseudo-first-order rate constants for decay of the iron(IV)-oxo
species were measured spectroscopically. Consistent with the previous studies,®® we
noticed that the stabilities of the porphyrin-iron(IV)-oxo species were dependent on their
concentration. Therefore to circumvent uncertainties resulting from concentration effect,
transients 4 with a similar concentration of approximately 1.0 x 10~> M were used for

all kinetic studies.®®
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At the low concentrations used in these kinetic studies, we found that the photo-
generated species 4 were stable for hours in CH3CN solutions. The pseudo-first order
decay rate constant in the absence of substrate was defined as background rate constant
(ko). The background reaction is likely due to reaction of 4 with the solvent (CH3CN) or
organic impurities. It is noteworthy that the relative rate of background decay of the oxo
species 4 in CH3CN was 4b<4a. In the presence of organic substrates including sulfides,
alkenes, and activated hydrocarbons, the pseudo-first-order decay rate constants

increased linearly with the increase of substrate concentration.

As described in the experimental section, Kinetic studies were accomplished by
mixing the photo-generated species 4 with organic substrates at varying high
concentrations under pseudo-first-order reactions. In the presence of organic substrates,
the time-resolved spectra showed a clean conversion of 4 in CH3CN to regenerate the
Fe'!' species (Figure 3-3). In the kinetic measurements of iron(I\V)-oxo porphyrins 4, we
monitored the decay of the Soret band Amax at 412 nm for 4a and 415 nm for 4b over the
course of the reaction as the absorbance of the oxo 4 is stronger than that of the formed
iron(l11) products. The isosbestic points at 407, 430, 525, 562, and 656 nm demonstrate
that the conversion of Fe'V-oxo (4a) to the final Fe" species does not involve the
accumulation of any intermediates. The Q-band absorbance at 570 nm of the final
iron(111) product is different from 505 nm of 2, suggesting that the iron(l11) porphyrin

product contains hydroxide as the axial ligand, which was reported in the literature.*®
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Figure 3-3. (A) Time resolved spectra 4a reacting in CH3CN with ethylbenzene (0.31 M)
over 140s. (B) Time resolved spectra 4b reacting in CH3zCN with ethylbenzene (0.24 M)

over 140s

The kinetic plots from the reactions of 4a and 4b with representative organic
substrates are shown graphically in Figure 3-4. Plots of kobs Versus the concentrations of
organic substrates are linear, and the apparent second-order rate constants for oxidations
with other substrates are given in Table 1. The results documented in Table 1 help one
understand the difference in reactivity between the two systems. It’s important to know
that oxo species 4 decayed rapidly upon addition of thioanisoles, reacting as fast as 30
seconds. In Figure 3-5, we see a similar time resolved spectra demonstrating the clean
conversion of 4 to iron(l11) species, along with kinetic plots from the reaction of 4b with
the corresponding organic substrates, where the plots of kons versus the concentrations of

thioanisoles are linear.
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Figure 3-4. Kinetic plots of the observed rate constants for the reactions of 4a (A) and 4b

(B) versus the concentrations of ethylbenzene.
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Figure 3-5. (A) Time resolved spectra of 4b reacting in CH3CN with thioanisole (0.6
mM) over 60 s. (B) Kinetic plot of the observed rate constants for the reaction of 4b

versus the concentrations of thioanisole.
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Table 3-1. Second-order rate constants (kox) for reactions of porphyrin-iron-
0XO0 species 4 @

Substrate kox (M1sh)

[Fe'V(TPFPP)O]

4a

[Fe'V(TDFPP)O]

4b

cis-cyclooctene
cyclohexene
cis-stilbene
ethylbenzene
ethylbenzene-dio
thioanisole
p-fluorothioanisole
p-chlorothioanisole
p-methylthioanisole
p-methoxythioanisole
styrene
p-chlorostyrene
p-fluorostyrene
p-methylstyrene
p-methoxystyrene
1-phenylethanol
diphenylmethane

diphenylmethanol

(1.6 +£0.2) x 102
(6.3+0.2) x 102
(6.1£0.4) x 107
(4.6 +0.3) x 102
(1.7+0.1) x 107
(4.6 +0.2) x 10
(2.6 £ 0.5) x 10"
(5.5+0.7) x 10
(6.9+1.1) x 10
(8.1 +1.5)x 10!
(7.7+0.1) x 107
(7.2+0.2) x 107
(8.4+0.1) x 107
(8.5+0.8) x 107
(5.3+0.3) x 102
(3.7+£0.1)x 10
(1.7+0.1) x 102

(4.9 +0.4) x 102

(22+0.2) x 102
(8.3+0.5) x 102
(4.9+0.6) x 102
(1.5+0.1) x 10!
(2.5+0.4) x 102
(8.6 +1.8) x 10
(5.0+0.3) x 10"
(8.7 +0.4) x 10
(1.1£0.1) x 10?
(2.0+0.2) x 10?
(1.5+0.1) x 102
(3.7+0.6) x 102
(1.6 £ 0.1) x 102
(24+0.1)x 102
(7.9 +0.4) x 102
(9.8+0.3) x 107
(4.7+0.1) x 102

(9.3 +0.9) x 10!

&In CH3CN at 23 + 2 °C. The values are average of 2-3 runs with 2¢ standard deviation.
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Of note, from the tabulated results one can conclude that the organic sulfides are
about 3 to 4 orders of magnitude more reactive than alkenes, ethylbenzene, para-
substituted styrenes, and benzyl alcohols with the same oxo species. The second-order
rate values determined in this study provide a quantitative measure of the rate
acceleration of sulfide oxidation by compound 1l models. The assessment of the available
kinetic data in Table 1 point out that organic sulfides are most reactive, with second-order
rate constants (kox) ranging from (2.0 + 0.2) x 102 to (2.6 + 0.5) x 10 M1s. In the well-
studied alkene epoxidations and activated C-H bond oxidations by the same oxo species,
the kox values obtained under identical conditions as these reactions are in the ranges of
(7.9 £ 0.4) x 102 to (6.1 + 0.4) x 10 (epoxidation) and (9.3 £ 0.9) x 10 to (3.7 £ 0.2) x
102 M1t (hydroxylation). Hence, the rate acceleration for sulfide oxidations by the oxo-
species 4 clearly reflects the enhanced nucleophilicity, and propensity of sulfur for
oxidation versus hydrocarbons. Furthermore, the oxidations of the para-substituted
thioanisoles provide insights into the electronic demands of the transition states of the
oxidation reactions. In both the systems studied here, we observe a relatively narrow
substitute dependence in the second-order rate constants for the para-substituted
thioanisoles. Figure 3-6(A) shows representative kinetic data from the reaction of para-
substituted thioanisoles with 4a, which results in a non-linear Hammett Correlation curve

with o substituent values, Figure 3-6(B).
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Figure 3-6. (A) Plots of the observed pseudo-first-order rate constants versus different

concentrations of thioanisole with 4a. (B) Linear free-energy relationship for rate

constants for reactions of 4a with thioanisoles with o™ values.

The Hammett analysis results suggest that no considerable charge develops on the

sulfur during the oxidation process with compound Il species. Similarly, non-linear

Hammett plots have also been observed for the reactions of para-substituted styrenes and

benzyl alcohols with compound Il species, which were ascribed to substantial

development of radical character on the benzylic carbon in the transition state.>® ¢ Upon

comparison of the second-order rate constants from Table 1 for the iron(IV)-oxo

porphyrin 4, we can see that an inverted reactivity pattern for iron(I\V)-oxo porphyrin 4

with all substrates is observed (see later discussion). The kox values reported in Table 1

for alkenes are in good agreement with the previously reported values for oxidant 4

produced by the chemical oxidation method.*® Specifically, it is known in the literature

that alkene epoxidation by the same compound Il oxidants typically proceeds via rate-
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limiting formation of an iron porphyrin-bound benzylic radical intermediate.®®
Interestingly, it is observed in Table 1 that the rate constants for the reactions of
ethylbenzene are unusually larger than those for the reactions of alkenes, presumably

reflecting the operation of a different mechanism worth investigating in the near future.

3.2.5 Mechanistic Consideration on the Reaction of Photo-Generation of
Compound 11

Owing to the electrophilic nature of high-valent metal-oxo species, one typically
observes that more electron-withdrawing ligands give more reactive metal-oxo
derivatives.®? For the two porphyrins systems studied here, however, the reactivity order
is inverted, with the system of less electron demand, i.e. the TDFPP complex 4b
apparently reacting faster with any given substrate than the more electron-deficient 4a
complex. In view of the similar structure and similar photochemical and spectral
behaviors for 4a and 4b, the different reactivities do not result from operation of different
mechanisms in their oxidation reactions. Certainly, these kinetic results strongly support
the previously proposed mechanistic model involving disproportionation of 4 to give Fe'"
and a more reactive porphyrin-iron(IV)-oxo radical cationic species 6 as the predominant

oxidants in these systems (Scheme 3-4).% ¢
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In practice, the concentration of 6 might be too small to permit detection, hence
the major species observed spectroscopically is still 4. The equilibrium reactions of
species 6 should be more favorable if they are the actual oxidants, especially for a less
electron demanding system. Accordingly, the observed kinetics could reflect the
populations of species 4 controlled by a disproportionation equilibrium constant (Kais),
which should be larger for the less electron-demanding TDFPP ligand. Furthermore,
oxidation by a higher valence state (+5) form than species 4 (+4) also provides a
convenient “two-electron” oxo transfer reagent that can oxidize substrate with the
formation of an iron(l11) product instead of iron(ll) (Scheme 3-4). It should be pointed
out that even if a direct OAT from the Fe(IV)=0 species to substrate did occur, it is
unlikely that sufficient Fe(Il) would accumulate to be observable under the reaction

conditions.

o *+ OH
I
L Iye
H,0 OH
6
Ar = C6F5, a
= 2,6-F206H3, b
(4a and 4b) Subs Subs-O
Compound Il

Scheme 3-4. A disproportionation pathway for reactions of species 4.

The mechanistic model in Scheme 3-4 is similar to that proposed for reactions of
neutral porphyrin-manganese(IV)-oxo and corrole-manganese(V)-oxo species®® 3

where the actual oxidants in those two systems are apparently cationic porphyrin—
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manganese(V)-oxo and corrole-manganese(V1)-oxo species, respectively, formed via a
disproportionation mechanism. Hence, we propose a disproportionation reaction where
the iron(1V)-oxo species disproportionates to give an iron(l11) species and a more reactive
oxoiron(lV) porphyrin radical cation that is the true oxidant.® ® This conclusion is
supported by the inverted reactivity pattern in regard to the electron demand of the

porphyrin ring.

Importantly, direct conversion of 4 to the compound | species 6 in an acid-
catalyzed reaction has been reported.%® This disproportionation mechanism provides a
clear explanation of previous research results in that compound Il species are more stable
in alkaline solutions than in neutral or acidic solutions, owing to slow formation of
reactive compound | in the absence of acid catalyst. Despite that, further support of the
mechanism proposed in Scheme 3-4 is the suppression of the rate of reaction of iron(I1V)-
oxo porphyrin species with thioanisole as a function of decrease in concentration of
iron(IV)-oxo porphyrin species 4. From a series of kinetic experiments conducted, on
decreasing the concentration of 4 by changing the concentration of the precursor 3, the
apparent pseudo-first-order rate constant for reaction of 3 in presence of 4.0 mM
thioanisole were measured. The observed rate constants decreased as the concentration of

4 decreased (Figure 3-7).
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Figure 3-7. Observed apparent pseudo-first-order rate constants for reaction of 4b in
CH3CN in the presence of 4.0 mM thioanisole. The concentrations of precursor 3b are
listed under the photochemical conditions used in this study; the conversion of 3b to 4b

was > 95%.

The observed concentration effects for reactions of 4 with substrates mirrored
those found for decreased life-time of 4 in NMR experiments. The disproportionation
reaction rate would increase significantly at higher concentration of 4 used in NMR
experiments (ca. 5 mM), thus the life-time of 4 decreased to a few minutes.*® In contrast,
the dilute samples of 4 in CH3CN used for the kinetic studies (ca. 10 uM) were stable for

hours.
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Although most experimental results in this work can be explained by the
disproportionation pathway, it does not provide the only explanation for the inverted
reactivity patterns found for the photo-generated iron(1V)-oxo porphyrin systems studied
here. In view of the much enhanced nucleophilicity of sulfide substrates, compound Il
could function as a direct OAT agent where the oxygen transfer occurs from iron to
sulfides with a possible radical intermediate. This premise is supported by a similar
pathway proposed for epoxidation of alkenes by compound I species.% In this way, an
iron(Il) porphyrin could be formed, and then rapidly undergo aerobic oxidation to
generate the observed iron(111) hydroxyl product through an iron(111)-(O2)" intermediate.®
The other explanation for the inverted order of reactivity towards oxygen transfer from
the iron(IV)-oxo species, results from the availability of the decreased electron density
for equatorial binding in more electron-withdrawing porphyrins with a possibility of a
tighter binding of axial ligands.®® The comprehensive kinetic studies provide mechanistic
insights as to the identity and reactivity of the active oxidant in the catalytic oxidations.
The results generate a fundamental data set for the kinetics of reactions of P450
compound Il models. This in turn permits comparisons of the absolute rate constants of
sulfoxidations with rate constants of well-known epoxidation and hydroxylation reactions

toward the same metal-oxo species.
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CHAPTER 4

CONCLUSION

In conclusion, the studies reported here have demonstrated that visible light
photolysis of the photo-labile iron(I11) bromate complexes efficiently produce high-valent
iron(IV)-oxo model derivatives, which exhibit a marked effect on the structure and
subsituents of porphyrin ligands. Iron(IV)-oxo neutral porphyrins compound Il models
are produced in sterically hindered and electron-deficient systems. These observations
implied that the above photolyses involve a heterolytic cleavage of O-Br in precursors 3
to generate a putative iron(V)-oxo intermediate, which might relax to compound |
through ET from porphyrin to the iron, or undergo the rapid comproportionation reaction
with residual iron(lll) to afford a compound Il derivative. The kinetics of alkene,
activated hydrocarbon and sulfide oxidation reactions by photo-generated porphyrin-
iron(IV)-oxo complexes was conducted in two electron-deficient systems. This study
reveals the sulfide oxidation reactions are 3 to 4 orders of magnitude faster than those of
the well-studied epoxidation and activated C-H bond hydroxylation reactions. The order
of reactivity for the iron(IV)-oxo porphyrins in the oxidation of all substrates are inverted
from those expected for electrophilic metal-oxo oxidants. These observations indicate the
oxidation reactions by these compound Il models presumably react through a
disproportionation mechanism to generate higher oxidized iron-oxo species as the true
oxidant, similar to those in reactions of alkenes and alcohols. Conventional Hammett
analyses with a ¢* values gave a non-linear correlation, indicating no significant charge

develops at the sulfur atoms. Indeed, the more reactive iron(IV)-oxo radical cation is
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indicated as the principal reactive intermediate, even though it was not observed during

the catalytic reaction.
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Ar
BFs-OEt
CYP450s
DDQ
DMF

Fe''l(Por)Cl

Fe''(TPP)CI

'H-NMR
H,TPFPP
H,TDFPP
HPLC

ko

Kox

Kobs

Krel

LFP
m-CPBA
NADH
NADPH
OAT

PhI(OAC);

ppm

Aryl

Boron trifluoride diethyl etherate
Cytochrome P450 enzymes
2,3-Dichloro-5,6-dicyano-p-benzequinone
N,N-Dimethylformamide

Iron(111) porphyrin complex

Iron(l11) 5,10,15,20-tetraphenylporphyrin chloride

Proton nuclear magnetic resonance

5,10,15,20-Tetrakis(pentafluorophenyl)porphyrin

5,10,15,20-Tetrakis(2,6-difluorophenyl)porphyrin

High-performance liquid chromatography
Background rate constant

Second-order rate constant

Observed pseudo-first-order rate constant
Relative rate constant

Laser flash phtolysis
meta-Chloroperoxybenzoic acid
Nicotinamide adenine dinucleotide
Nicotinamide adenine dinucleotide phosphate
Oxygen atom transfer

lodobenzene diacetate

Parts per million
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Sub Substrate

TLC Thin layer chromatography
TMS Tetramethylsilane
UV-vis Ultraviolet-visible
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