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Highly reactive iron-oxo intermediates play important roles as active oxidants in

enzymatic and synthetic catalytic oxidation. Many transition metal catalysts are designed

for biomimetic studies of the predominant oxidation catalysts in Nature, namely

cytochrome P450 enzymes. In this work, a series of iron(IV)-oxo porphyrins [FeIV(Por)O]

and manganese(IV)-oxo porphyrins [MnIV(Por)O] have been successfully produced in

two electron-deficient ligands by photochemical and chemical methods, and

spectroscopically characterized by UV-vis, and 1H-NMR.

With iodobenzene diacetate [PhI(OAc)2] as the oxygen source, iron(III) porphyrin

and manganese(III) porphyrin complexes converted to the corresponding metal(IV)-oxo

species as oxygen atom transfer (OAT) agents. In addition, a new photochemical method

was developed to generate the same species by visible light irradiation of highly 

photo-labile porphyrin-iron(III) bromate or porphyrin-manganese(III) chlorate precursors.

Furthermore, the kinetics of oxygen transfer atom reactions with alkene, active

hydrocarbons and aryl sulfides by photo-generated and chemical-generated [FeIV(Por)O]



xvi

were studied in CH3CN solutions. Apparent second-order rate constants determined

under pseudo-first-order conditions for sulfide oxidation reactions are (9.8 ± 0.1) × 102 −

(3.7 ± 0.3) × 101 M-1s-1, which are 3 to 4 orders of magnitude greater in comparison with

those of alkene epoxidations and activated C-H bond oxidations by the same oxo species.
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CHAPTER 1

INTRODUCTION

1.1 General introduction of cytochrome P450 enzymes

An important technology in synthetic organic chemistry is catalytic oxidation.

This process is the key to many fundamental transformations in Nature.1 Oxidation

reactions are applied worldwide to produce oxygenated chemical.2 Unfortunately,

traditional oxidation reactions are performed with prodigious amounts of expensive

and/or toxic heavy metals, generate large amounts of waste and give low selectivity.3

Therefore, there is an increasing demand for catalytic oxidations that employ transition

metal catalysts with environmentally friendly oxygen sources. Logically, a significant

goal in oxidation chemistry and industry involves oxygen sources such as hydrogen

peroxide or molecular oxygen for selective oxidations.3b, 4 Many transition metal catalysts

have been synthesized to mimic the metalloenzymes found in Nature, notably the

cytochrome P450 enzymes.

Cytochrome P450 is an enzyme super family, which has been found in all types of

life forms, including plants, bacteria and mammals.1 It consists of two protein

components : Cytochrome P450 and a flavoprotein, NADPH. Until now, over 12,000

CYP450s geno isomers have been identified. CYP450 enzymes are heme-containing

proteins that often hydrolyze many organic molecules in animals, and play key roles in
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catalytic oxidation and biotransformation.5 Biochemical systems involve oxidative

enzymes accelerating catalytic oxidation processes, which are fundamental in many

biosynthesis and biodegradation processes.6 A large majority of these biological

oxidations are mediated by heme-containing oxygenates. The most prominent of these

oxygenates is the ubiquitous cytochrome P450 monooxygenase (CYP450s) discovered

more than 60 years ago. The CYP450s activate molecular oxygen, transferring one

oxygen atom into a substrate. This activation reduces the second oxygen to a water

molecule, utilizing two electrons provided by electron donors. The donors include NADH

or NADPH, via an electron transport protein (Scheme 1). Since only one of the two

oxygen atoms from the molecular oxygen has been used and remains in the oxidized

substrate, the CYP450s are also termed as monooxygenase.

S + O2 + 2e- + 2H+ cytochrome P450s
SO + H2O

Scheme 1. Cytochrome P450s monooxygenase reaction (S = substrate).

It is well known that heme-contain iron may act as a source of electrons for

reduction or oxidation reactions. All cytochrome P450 enzymes contain an active site

consisting of the iron protoporphyrin IX complex, which is linked to protein via a sulfur
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atom of a proximal cysteine ligand (Figure 1). The CYP450s are known to catalyze a

large number of oxidations, including epoxidation, hydroxylation, dealkylation,

sulfoxidation, dehydrogenation and others oxidations (Scheme 2).7

N

N N

N

Fe

CH3

H3C

CH3

H3C

COOH COOH

S
Cys

III

Figure 1. Iron(III) protoporphyrin IX linked with a proximal cysteine ligand.
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C H C

C C
O

Epoxidation

S S O C C

N

N-oxidation

N+ O-

OH

CYP 450s

Hydroxylation

Sulfoxidation

O
HO

O

+
R

Defotmylation

N

H
N
+

HCHO

N-dealkylation

O

OH

+
HCHO

O-dealkylation

OH

Aromatic hydroxylation

R

Scheme 2. Oxidations catalyzed by cytochrome P450 enzymes.

In 1986, the X-ray structure of CYP450cam was determined by Poulos and

co-workers, which contains a single ferric protoporphyrin-IX complex and a cysteine as

an axial ligand (Figure 2).8 The catalytic hydroxylation by CYP450cam from

Pseudomonas Putida, with the substrate camphor is shown in Scheme 3. CYP450cam

catalyzes the regio-, chemo, and stereospecific hydroxylation of camphor with

atmospheric molecular oxygen to yield 5-exo-hydroxycamphor.
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Figure 2. X-ray structure of CYP450cam.

O
+ NADH + O22H++

CYP450cam
O

OH

H

+ NAD+ + H2O

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

camphor by CYP450cam.
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Cytochrome P450 enzymes are aptly named as a result of the observation that

reduced protein efficiently binds carbon monoxide yielding a complex with a strong

absorption at 450 nm.9 As a result of both the efficiency of cytochrome P450 enzymes to

catalyze a variety of difficult biotransformation and its unique spectral properties,

creating artificial mimics of these remarkable enzymes has become a logical and intense

research focus.3b, 10 An iron(IV)-oxo porphyrin radial cation, termed as compound I, is

widely believed to be the active oxidant in CYP450s enzymes.11 In this regard, iron,

manganese and ruthenium transition metals have been employed as substrate-selective

catalysts as biomimetic models of the cytochrome P450 enzymes.3b, 12 Stimulated by the

desire to create the better understanding of the intricate mechanisms of biochemical

oxidation using simple biomimetic models, many synthetic metalloporphyrin complexes

have been reported as model compounds of heme-containing enzymes and catalysts for a

variety of selective oxidation reactions.13

1.2 Compound I and compound II species

Key oxidizing intermediates in the catalytic cycles of oxygen activating iron

enzymes as well as synthetic oxidation catalysts have been identified as high-valent

iron-oxo species.7, 14 With the intention of gaining a better understanding of the enzymatic

reaction mechanisms, synthetic iron porphyrin complexes have been widely used as

models of heme-containing enzymes. Various oxidants, such as iodobenzene diacetate,
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m-chloroperoxybenzoic acid, iodosobenzene, and ozone, in reaction with iron(III)

porphyrin complexes, have been shown to form iron(IV)-oxo porphyrin radial cations

(termed as compound I models) and neutral iron(IV)-oxo porphyrin (termed as compound

II models) (Scheme 4).2, 13b

The fast mixing studies of CYP450s with external oxidants gave only protein

radical and ferryl species within 8 ms by the freeze-quench technique.15 Based on the

physical characterization data presently available for the CYP450s oxidant, the

compound I state (as well as the peroxo and hydroperoxy states of the enzyme) have been

proposed to be the active species in oxygenation events.16

It is important to note that the iron(V)-oxo species would be formed directly

from heterolytic peroxy bond cleavage after the second protonation on the distal O-H

atom. This perferryl iron-oxo transient could serve as either an intermediate or a

transition state in the CYP450s oxidation process, depending upon the energy barrier for

internal electron transfer (ET). Based upon the calculations of Ghosh and co-workers, the

perferryl iron-oxo species should have a higher energy than the corresponding ferryl-oxo

porphyrin radical cation. These calculations imply a possible higher reactivity for this

species compared to the compound I species.17
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N

N
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O
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V
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IVFe

N

N

N

N

O O C R

O

X

IIIFe

III

X

X

RCO3
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Scheme 4. Chemical generation of compound I and compound II species.

1.3 Biomimetic oxidation by metalloporphyrins

Most biological oxidations involved sophisticated electron and proton transfer

steps to activate molecular oxygen, and are difficult to implement in practice.10 In this

regard, metalloporphyrins have been widely used as biomimetic models of CYP450

enzymes in many catalytic oxidations. Many transition metal catalysts, with a core

structure closely resembling that of the iron porphyrin core of CYP450 enzymes, have

been synthesized as models to invent enzyme-like oxidation catalysts as well as to probe

the sophisticated mechanism of molecular oxygen activation.2 Metalloporphyrin have
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been widely used as biomimetic models of cytochrome P450 enzymes to catalyze a

variety of oxidation reactions (Scheme 5).

C H Hydroxylation C

C C
OEpoxidation

Cyclopropanation
C C

Aziridination C C
N
R

S Sulfoxidation
S O CH2 C CHR

Amidation

C C

RR

R3P R3P

Phosphine
oxidation

O

NH

N

N OH

Hydroxylation of
nitrogen atom

Formation of 
N-oxide

N+ O-

NH2

       Amine
dehydrogenation

NH

NO

       Amine
dehydrogenation

NO2
Alkene hydration C C

HOH

OH

C C

C C

C C

Scheme 5. Typical metalloporphyrin-mediated reactions.

In 1981, Groves and co-workers reported the first synthesis and characterization

of a compound I-like model species.18 The oxidation of ferric porphyrin chloride complex

[FeIII(TMP)Cl] (TMP=5,10,15,20-tetramesitylphenylporphyrin) with 1.5 equivalents of

m-CPBA at room temperature generated a green iron(IV)-oxo porphyrin radical cation

species (compound I). This compound I analogue was further characterized with

UV-visible, NMR, and EPR spectroscopic methods.19 It has also been reported that
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reaction of the [ FeIII(TDCPP)(ClO4)] with m-CPBA in acetonitrile at -35oC gave a

compound I species.20

In the same report, Groves and co-workers presented the oxidation reaction of the

same ferric porphyrin [FeIII(TMP)Cl] by 1 equivalent of PhIO at -78oC in CH2Cl2,

affording an iron(IV)-oxo neutral species (compound II).18 Oxidation of[FeIII(TDCPP)OH]

with m-CPBA also generated porphyrin-iron(IV)-oxo compound II complexes.21 Another

preparation and characterization of compound II species found they are relatively more

stable than the iron (IV)-oxo porphyrin radical cation.21-22 Therefore, compound II

species are less reactive in oxo transfer reactions in comparison to compound I species.7,

23

In addition, over the past 20 years, considerable attention has been given to

high-valent ruthenium-oxo and manganese-oxo porphyrin complexes. In 1997, Groves

and his group reported the first manganese(V)-oxo porphyrin intermediates in aqueous

solution which show unusually high reactivity in olefin epoxidation and

alkanehydroxylation.13a, 24 Ruthenium porphyrins and related complexes have attracted

intense attention, as ruthenium complexes have a variety of useful characteristics

including rich coordination, low redox potentials, high electron transfer ability, and

stability of reactive metal species.6 Ruthenium porphyrin complexes have been developed

as enzyme-like catalysts for selective oxidation methods.6
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1.4 Photochemical generation of high-valent metal-oxo species

Photochemistry is of special interest in exploring metal-oxo chemistry25 as most

chemical synthetic methods involve the use of toxic or polluting reagents. Visible light

(sunlight) used to induce reversible redox processes of the metal center could avoid all of

disadvantages deriving from the use of chemical reagents.4b Laser flash photolysis

methods have been developed to generate a variety of high-valent transition metal-oxo

species supported by porphyrin and corrole ligands.26 Photochemical production of

reactive metal-oxo intermediates also has access to time scales that are much shorter than

the fastest mixing experiments.

In addition, a significant difference between photochemical and chemical

methods is that the kinetics of the photo-generated intermediates is not convoluted with

the rate constants for formation of the reactive transients by reaction of the sacrificial

oxidant with the low-valent metal species.27 To exploit this difference, Newcomb and

co-workers have developed photo-induced ligand cleavage reactions for production of

high-valent transition metal-oxo derivatives.28 The mechanism of the photo-induced

ligand cleavage reaction is illustrated in Scheme 6. The precursor complexes have metal

in the n oxidation state and an oxygen-containing ligand. Photolysis can result in

homolytic cleavage of the O-X bond in the ligand to give an (n+1) oxidation state

metal-oxo species or heterolytic cleavage in the ligand to give an (n+2) oxidation state

metal-oxo species.
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homolysisN
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N

N
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heterolysis
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N

O
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N
M

O
X
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N

N

O

Mn+2

n

n

Scheme 6. Photo–induced ligand cleavage reactions for production of high-valent

transition metal-oxo species.

This photochemical approach produces metal-oxo species instantly, permitting

direct detection of high-valent metal-oxo species and kinetic studies of their oxidations. It

is our goal to develop noteworthy new methods of using photochemical ligand cleavage

reactions in order to generate active high-valent macrocyclic metal-oxo species. In this

study, visible light induced-ligand cleavage reactions have been extended to generate and

study high-valent iron(IV)-oxo and manganese(IV)-oxo intermediates supported by two

porphyrin ligands.

In Chapter 3, a series of iron(IV)-oxo and manganese(IV)-oxo porphyrin species

were synthesized by photochemical and chemical methods. This study focuses on

synthetic, spectroscopic and kinetic studies of iron(IV)-oxo porphyrins.
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CHAPTER 2

EXPERIMENTAL SECTION

2.1 Materials

All the chemicals in this work were purified and used without further purification

unless otherwise specified. All the organic solvents for synthesis and purification were

analytical grade, including acetone, acetonitrile, chloroform, dichloromethane, ethanol,

ethyl acetate, hexane, methanol and N, N-dimethylformamide (DMF). All solvents were

purchased from Sigma-Aldrich Chemical Co. HPLC grade acetonitrile (99.93%) was

distilled over P2O5 prior to use. All reactive substrates for catalytic oxidations and kinetic

studies were purified by passing through a dry Al2O3 (Grade I, neutral) column before use,

including cyclohexene, cis-cyclooctene, cis-stilbene, ethylbenzene, ethylbenzene-d10,

styrene, 4-chlorostyrene, 4-fluorostyrene, 4-methystyrene, 4-methoxystyrene,

1-phenylethanol, diphenylmethane, thioanisole, 4-methoxythioanisole,

4-methylthioanisole, 4-chlorothioanisole, 4-fluorothioanisole, 2,6-dichlorobenzaldehyde,

2,6-difluorobenzaldehyde, boron trifluoride diethyl etherate (BF3·Et2O), pyrrole,

2,3-dichloro-5,6-dicyano-p-benequimone (DDQ), manganese(II) acetate tetrahydrate,

iron(II) chloride, chloroform-d, iodobenzene diacetate [PhI(OAc)2] was obtained from

Sigma-Aldrich Chemical Co. and used as such. All bromate and chlorate precursors of

the metalloporphyrin complexes were prepared by stirring with an excess of sliver
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bromate (AgBrO3) or silver chlorate (AgClO3) with [FeIII(Por)Cl] or [MnIII(Por)Cl]. The

resulting solutions were used for photolysis studies immediately after preparation.

2.2 Methods

2.2.1 Physical measurement

1H-NMR was measured using a JEOL ECA-500 MHz spectrometer at 298 K with

tetramethylsilane (TMS) as internal standard. Chemical shifts (ppm) were reported

relative to TMS. UV-vis spectra were measured using an Agilent 8453 diode array

spectrophotometer. Kinetic measurements were performed on the same

spectrophotometer by using standard 1.0-cm quartz cuvettes (Figure 3). Visible light was

produced from a SOLA SE II light engine (Lumencor) configured with a liquid light

guide (6-120W) or from a tungsten lamp (60-300W).

Figure 3. Agilent 8454 diode array UV-vis spectrophotometer (right) and SOLA

light engine with the Light (left).
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2.2.2 Pyrrole purification

The commercially available pyrrole was purified by distillation. Pyrrole was

added into a 50-mL round-bottom flask which contained a magnetic spin vane. The flask

was connected to a short-path distillation apparatus from ChemGlass. Since the boiling

point of the pyrrole is 129 oC, all the distillate was collected at this temperature and the

distillate below or above that temperature was abandoned. The freshly distilled pyrrole

was directly used for the synthesis of the free porphyrin ligand.

2.2.3 General procedure for photolysis of porphyrin iron(III) bromate [FeIII(Por)(BrO3)]

(4a - 4b)

Iron(III) porphyrin complexes [FeIII(Por)Cl] (2a-b) were mixed and stirred with excess

amounts of Ag(BrO3) in anaerobic acetonitrile, which produced the corresponding

bromate salts. The formation of the precursors [FeIII(Por)(BrO3)] was confirmed by a

change of the UV-vis absorption spectrum. (Caution! Bromate salts of metal complexes

are potentially explosive and should be handle with care.) The resulting solutions of

[FeIII(Por)(BrO3)] were photo-labile and used for photochemical studies immediately

after preparation. A solution with a concentration of 1 × 10-5 M was irradiated under

visible light (60-300W) at ambient temperature. The high-valent iron-oxo intermediates

were completely formed over a 20 - 30 min period as monitored by UV-vis spectroscopy.
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2.2.4 General procedure for photolysis of porphyrin manganese(III) chlorates

[MnIII(Por)(ClO3)] (5a - 5b)

Exchange of the axial ligand in [MnIII(Por)Cl] (3a-b) with excess of silver

chlorate gave the corresponding chlorate complexes [MnIII(Por)(ClO3)] (5a-b). The

process of formation of the chlorate complexes was further characterized by the UV-vis

spectra. These species (5a-b) were highly photo-labile and were used for photochemical

studies immediately after preparation. A solution with concentration of 5 × 10-6 M was

irradiated under visible light at ambient temperature, and formation of high-valent

manganese-oxo intermediates was complete within 8 s as monitored by UV-vis

spectroscopy.

2.2.5 Direct kinetic study of high-valent iron-oxo intermediates

Reactions of high-valent metal-oxo species with a large excess of organic

substrates were carried out in 2 mL solutions at 23 ± 2 oC. It is assumed that [FeIV(Por)O]

complexes (6a-b) were quantitatively converted from iron(III) bromate precursors (4a-b)

in the photochemical or chemical reactions. The rates of the reactions were measured by

the decay of Soret and Q bands characteristic of the oxo-species, which represent the

rates of oxo-transfer from [FeIV(Por)O] (6a-b) to the organic substrates. Kinetics were
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measured with single-turnover experiments using excess reductants to achieve

pseudo-first-order kinetic conditions. Rate constants for decay reactions were determined

by kinetic measurements with varied concentrations of substrates. Kinetic traces at λmax

of the Soret band displayed good pseudo-first-order behavior, and the pseudo-first-order

observed rate constants (kobs) were obtained after the data was processed. The

second-order rate constants for reactions of the oxo species with organic substrates were

determined according to Eq. 1, where ko is a background rate constant found in the

absence of organic 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 three independent kinetic measurements.

Errors in the rate constants were weighted and are at the 2σ level.

kobs = ko + kox[Sub] (1)

2.2.6 General procedure for catalytic competition studies

A CH3CN solution containing equal amounts of two substrates, e.g. thioanisole

(0.2 mmol) and substituted thioanisole (0.2 mmol), iron(III) porphyrin catalyst (1 μmol)

and 5 µL H2O was prepared (final volume = 0.7 mL). PhI(OAc)2 (0.1 mmol) was added

as the limiting reagent, and the mixture was stirred under an inert atmosphere at ambient

temperature until the reaction was complete (Ca. 10 min). Relative rate ratios for catalytic

oxidations were determined by GC (FID) based on the amounts of sulfoxide products as

measured against an internal standard. With limited PhI(OAc)2 (0.25 equivalent of
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substrates), all the catalytic oxidation reactions proceeded with good yields (>99%), mass

balance (> 95%), and only traces of sulfones were detected (< 1% by GC). Thus, the ratio

of product formation should reasonably reflect the relative sulfide reactivity toward the

porphyrin-iron-catalyzed oxidations. The values reported in Table 3 are the averages of

2–3 runs with a minor error (< 5%). Control experiments demonstrated that PhI(OAc)2

gave no detectable amount of sulfoxide product (< 1%) in the absence of iron(III)

catalysts.

2.3 Synthesis and characterization

2.3.1 Synthesis of 5,10,15,20-tetrakis(2,6-dichlorophenyl) porphyrin [H2(TDCPP)] (1a)

and 5,10,15,20-tetrakis(2,6-difluorophenyl) porphyrin [H2(TDFPP)] (1b)
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Scheme 7. Two-step synthesis of [H2(TDCPP)] (1a) and [H2(TDFPP)] (1b).

As shown in Scheme 7, the sterically encumbered free porphyrin ligands (1a-b)

were synthesized according to the known method.29 Freshly distilled pyrrole (347 µL, 5

mmol), 2,6-dichlorobenzaldehyde (5 mmol, 875 mg) and chloroform (500 mL) were

added in a 1 L three-neck round-bottomed flask fitted with a septum and reflux condenser.

Ethyl alcohol (3.2 mL, 0.5% v/v) was added as a co-catalyst. The solution was purged

with Argon for 5 min. Boron trifluoride diethyl etherate (BF3.OEt2) (660 µL, 1.65 mmol)

was injected into the solution in a dropwise manner, and the reaction mixture was stirred

for about 3 h at room temperature. The co-catalyst of BF3.OEt2 and ethanol generates the

Brønsted acid (BF3-EtOH) which catalyzes the pyrrole-aldehyde condensation to form

the porphyrinogen intermediate.

The reaction was monitored by UV-vis spectroscopy to confirm the formation

of porphyrinogen intermediate. After stirring, 2,3-dichloro-5,6-dicyano-p-benequimone

(DDQ) (957 mg) was added into the mixed solution. The mixture was gently refluxed for

1 h, and cooled down to room temperature. Triethylamine (920 µL, 6.6 mmol) was added

to neutralize the mixture, and the solution was evaporated to dryness. The crude solid

product was washed with a large excess of methanol under vacuum until the filtrate was

clear. Further purification was performed by column chromatography (silica gel). After

loading the product into the column, dichloromethane was used to elute the desired
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product. The [H2(TDCPP)] (1a) was obtained as purple solid and characterized by

UV-vis (Figure 4A) and 1H-NMR (Figure 4B). Another sterically hindered system

[H2(TDFPP)] (1b), was successfully synthesized using the same procedure and the

spectroscopic characterization data were shown in Figure 5A and 5B.

5,10,15,20-tetrakis(2,6-dichlorophenyl) porphyrin [H2(TDCPP)] (1a)

Yield = 205 mg (24 %)

UV-vis (CH2Cl2) λmax/nm: 418 (Soret), 512, 590. (Figure 4A)

1H-NMR (500 MHz, CDCl3): δ, ppm: -2.70 (s, 2H, NH), 7.75 (m, 12H, m-Ar-H and

P-Ar-H), 8.83 (s, 8H, β-pyrrolic-H). (Figure 4B)

5,10,15,20-tetrakis(2,6-difluorophenyl) porphyrin [H2(TDFPP)] (1b)

Yield = 203 mg (20.5 %)

UV-vis (CH2Cl2) λmax/nm: 411 (Soret), 507, 580. (Figure 5A)

1H-NMR (500 MHz, CDCl3): δ, ppm: -2.78 (s, 2H, NH), 7.78 (m, 12H, m-Ar-H and

P-Ar-H), 8.87 (s, 8H, β-pyrrolic-H). (Figure 5B)
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Figure 4. (A) The UV-vis spectrum of [H2(TDCPP)] (1a) in CH2Cl2; (B) The 1H-NMR

spectrum of [H2(TDCPP)] (1a) in CDCl3.
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Figure 5. (A) The UV-vis spectrum of [H2(TDFPP)] (1b) in CH2Cl2; (B) The 1H-NMR

spectrum of [H2(TDFPP)] (1b) in CDCl3.



22

2.3.2 Synthesis of iron(III) porphyrin chloride [FeIII(Por)Cl] and manganese(III)

porphyrin chloride [MnIII(Por)Cl]

Iron(III) and manganese(III) porphyrin complexes (2 and 3) were prepared by

metalation of the free porphyrin ligand [H2(TDCPP)] (1a) or [H2(TDFPP)] (1b) with

FeCl2 or Mn(OAc)2 in dimethylformamide (DMF) as described in Scheme 8 and 9.30 FeIII

and MnIII species were characterized by UV-vis and 1HNMR, matching those reported.

N
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F
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Scheme 8. Synthesis of [FeIII(Por)Cl] (2a-b).
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Scheme 9. Synthesis of [MnIII(Por)Cl] (3a-b).

Following the typical procedure,30 porphyrin free ligand (1a or 1b) (100 mg) was

dissolved in DMF(30 mL) in a two-neck round-bottom flask fitted with reflux condenser.

The solution was degassed with argon for 5 min. A large excess of manganese(II) acetate

tetrahydrate (300 mg) or iron(II) chloride (500 mg) was added. The mixture was heated

gently and refluxed for 30-60 min. UV-vis spectroscopy and TLC analysis were used to

monitor the reaction process. The DMF solvent was evaporated to dryness under vacuum.

The crude product was collected and dissolved in CH2Cl2. HCl (3 M 50 mL) was added

and the resulting solution was stirred for 30 min. The original axial ligand was substituted

by Cl- in this process. The solution was extracted with dichloromethane and washed with

distilled water. Na2SO4 was then added to remove any remaining water. The product was
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further purified by column chromatography (silica gel) using CH2Cl2 as eluent. The

desired metalloporphyrin complexes [FeIII(Por)Cl] (2a-b) and [MnIII(Por)Cl] (3a-b) were

characterized by UV-vis and 1H-NMR (Figures 6-9).

Iron(III) 5, 10, 15, 20-tetrakis(2,6-dichlorophenyl) porphyrin chloride

[FeIII(TDCPP)Cl] (2a) Yield = 70 mg (70%).

UV-vis (CH2Cl2) λmax/nm: 414 (Soret), 381, 510. (Figure 6A)

1H-NMR (500MHz, CDCl3): δ, ppm: 82.3 (s, 8H, β-pyrrolic-H). (Figure 6B)

Iron(III) 5, 10, 15, 20-tetrakis(2,6-difluorophenyl) porphyrin chloride

[FeIII(TDFPP)Cl] (2b) (Figure 8) Yield = 82 mg (82 %).

UV-vis (CH2Cl2) λmax/nm: 411 (Soret), 366, 508. (Figure 7A)

1H-NMR (500MHz, CDCl3): δ, ppm: 82.6 (s, 8H, β-pyrrolic-H). (Figure 7B)

Manganese(III) 5, 10, 15, 20-tetrakis(2,6-dichlorophenyl) porphyrin chloride

[MnIII(TDCPP)Cl] (3a)

Yield = 88 mg (88 %).

UV-vis (CH2Cl2) λmax/nm: 476 (Soret), 371, 581. （Figure 8A)

1H-NMR (500MHz, CDCl3): δ, ppm: -21.1 (s, 8H, β-pyrrolic-H). (Figure 8B)
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Manganese(III) 5, 10, 15, 20-tetrakis(2,6-dichlorophenyl) porphyrin chloride

[MnIII(TDFPP)Cl] (3b) Yield = 80mg (80%).

UV-vis (CH2Cl2) λmax/nm: 472 (Soret), 368, 570, 628. (Figure 9A)

1H-NMR (500MHz, CDCl3): δ, ppm: -22.0 (s, 8H, β-pyrrolic-H). (Figure 9B)
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Figure 6. (A) The UV-vis spectrum of [FeIII(TDCPP)Cl] (2a) in CH2Cl2; (B) The

1H-NMR spectrum of [FeIII(TDCPP)Cl] (2a) in CDCl3.
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CHAPTER 3

IRON(IV)-OXO AND MANGANESE(IV)-OXO PORPHYRIN SPECIES

GENERATED BY PHOTOCHEMICAL AND CHEMICAL METHODS

3.1 Introduction

In enzymatic and synthetic oxidations, high-valent transition metal-oxo species

have often been identified as the oxygen atom transfer (OAT) agents.13a In this regard,

metal-oxo complexes have received considerable attention because of their synthetic

utility in various oxidation reactions and relevance to a variety of oxidative enzymes in

Nature.7, 14c, 31 In this chapter, porphyrin-iron(IV)-oxo complexes (6a-b) (compound II

models) and porphyrin-manganese(IV)-oxo species (7a-b) were produced and studied by

photochemical and chemical methods. With iodobenzene diacetate [PhI(OAc)2] as the

oxygen source, iron(III) and manganese(III) porphyrin complexes converted to the

corresponding metal(IV)-oxo species which function as OAT agents. As an alternative to

chemical oxidation, a new photochemical method was developed to generate the same

oxo species. In the two electron-deficient systems, iron(IV)-oxo porphyrin derivatives

(6a-b) were produced by visible light irradiation of the corresponding iron(III) bromate

complexes. In a similar fashion manganese(IV)-oxo porphyrin (7a-b) were obtained by

photolysis of corresponding manganese(III) chlorate precursors.
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3.2 Generation of porphyrin-iron(IV)-oxo species

3.2.1 Chemical generation of porphyrin-iron(IV)-oxo complexes

N
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Scheme 10. Chemical generation of iron(IV)-oxo species (6a-b).

The chemical-generated systems32 studied in this chapter are shown in Scheme 10.

Ferric porphyrin chloride complexes (2a-b) (10 μM) with excess PhI(OAc)2 in 2 mL

acetonitrile solution gave the iron(IV)-oxo complexes (6a-b), The process was indicated

qualitatively by a color change from light red to dark red. The UV-vis spectra of each

iron(IV)-oxo complexes (6a-b) (Figure 10A and B) displayed Soret bands that were

sharper, more intense and red-shifted from the iron(III) species, and the Q-bands were

distinct, indicating a transformation from ferric chloride (2a-b) to ferryl-oxo complexes
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(6a-b). Figure 10A shows the time -resolved spectra in which [FeIII(TDCPP)Cl] (2a) was

oxidized to an iron(IV)-oxo species (6a) over a 20-min period. The peaks at λ = 417 and

560 nm were identical to the [FeIV(TDCPP)O] (6a). The chloride complex 2a was fully

converted to species 6a with approximately 5 equiv. of PhI(OAc)2. In dilute solutions,

complex 6a was stable for hours at ambient temperature. A similar time-resolved

spectrum for formation of [FeIV(TDFPP)O] (6b) is shown in Figure 10B.
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Figure 10. (A) Time-resolved spectra for formation of [FeIV(TDCPP)O] (6a) by

oxidation of [FeIII(TDCPP)Cl] (2a) with 5 equiv. of PhI(OAc)2 in CH3CN; (B)

Time-resolved spectra for formation of [FeIV(TDFPP)O] (6b) by oxidation of

[FeIII(TDFPP)Cl] (2b) with 5 equiv. of PhI(OAc)2 in CH3CN.
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3.2.2 Photochemical generation of iron(IV)-oxo porphyrins

In addition to chemical oxidation of iron(III) porphyrins, the photo-induced ligand

cleavage reactions have been successfully developed to generate the same iron(IV)-oxo

species.33 Visible light irradiation of bromate complexes (4a-b) [FeIV(Por)(BrO3)] in

anaerobic CH3CN gave compound II models (6a-b) for two electron-deficient porphyrin

systems.33a

2a-b

Ar =

Cl

Cl

[FeIV(TDCPP)O] (6a)

Ar =

[FeIV(TDFPP)O] (6b)
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Scheme 11. Photochemical formation of porphyrin-iron(IV)-oxo complexes (6a-b)

Iron(III) porphyrin bromate precursors (4a-b) were prepared as shown in Scheme

11. Facile exchange of the porphyrin complexes [FeIII(Por)Cl] (2a-b) with excess

Ag(BrO)3 in anaerobic CH3CN gave the corresponding bromate salts (4a-b), which were
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photo-labile and immediately used for photochemical reactions. The solution of 2a with a

concentration of 1.0 × 10-5 M was irradiated with visible light from a SOLA engine

(output power 120W) at ambient temperature. The formation of iron(IV)-oxo compound

II (6a) was complete in a period of 20 to 30 min, as monitored by UV-vis spectroscopy

(Figure 11A). The photo transformation is characterized by a distinct color change from

brown to red, accompanied by the well-anchored isosbestic points. In each case, the

resulting species 6a display a sharper, stronger, red-shifted Soret and a weaker

blue-shifted Q bands, with λmax peak at approximately 417 and 565 nm, that were

identical to the corresponding porphyrin-iron(IV)-oxo derivatives. Another

electron-deficient system [FeIII(TDFPP)(BrO3)] (4b) was used with the same reaction

scheme to generate [FeIV(TDFTPP)(O)] (6b) (Figure 11B).
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Figure 11. (A) Time-resolved spectra of [FeIV(TDCPP)O] (6a) following irradiation of

2a with visible light (120 W) in anaerobic CH3CN solution at 23 ± 2oC over 20 min; (B)

Time-resolved spectra of [FeIV(TDFPP)O] (6b) following irradiation of 2b with visible

light (120 W) in anaerobic CH3CN solution at 23 ± 2oC over 25 min.

Control experiments showed that no oxo species 6 were formed in the absence of

light. Photo-generated compound II complexes (6a-b) are relatively stable23b, c and can be

isolated for further characterization, their identities were further confirmed by 1H-NMR

spectra.32a The same oxo species 6 were produced by chemical and photochemical

methods, exhibiting the same spectral signature characteristic for iron(IV)-oxo

porphyrins . The observed photochemical formation of 6 can be easily rationalized by a

homolytic cleavage of O-Br bond in the counterions of precursor 4.
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As observed in our group’s previous studies,33a porphyrin-iron(III) bromates

which contain non-electron deficient porphyrin ligands, gave porphyrin-iron(IV)-oxo

radical cations (compound I models) upon photolysis by a two-electron photo-oxidation

of the metal. In contrast, the porphyrin–iron(III) bromates with electron-deficient and

sterically encumbered ligands produced iron(IV)-oxo porphyrins via a one-electron

photo-oxidation of the metal. The formation of any iron(III) porphyrin radical cations

from compound II transients was not observed, suggesting that the internal

electron-transfer of ligand to metal ion is not favored in these electron-deficient systems.

Thus, the alternative pathway can be ascribed to a two-electron photo oxidation of

iron(III) precursors by heterolytic cleavages of O-Br bonds in the counterions of 4, which

initially form a putative iron(V)-oxo intermediate. Apparently, the higher-energy

iron(V)-oxo species could quickly reduce to iron(IV)-oxo products by reacting with

solvent CH3CN. Detection and spectroscopic characterization of any initially formed

intermediates at low temperature may provide more mechanistic insights into these

photochemical processes.
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3.3 Generation of porphyrin-manganese(IV)-oxo species

3.3.1 Chemical generation of porphyrin-manganese(IV)-oxo species
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Scheme 12. Chemical generation of manganese(IV)-oxo species (7a-b).

The chemical-generated process of porphyrin-manganese (IV)-oxo intermediate

formation is shown in Scheme 12. Manganese(III) porphyrin chloride complexes (3a-b)

(10 μM) with excess PhI(OAc)2 in 2 mL acetonitrile solution gave the

manganese(IV)-oxo complexes (7a-b). UV-vis spectra of each complexes (7a-b)

displayed the Soret band red-shifted from the manganese(III) species, with isosbestic

points indicating a clean transformation of manganese(III) chloride (3) to the

manganese(IV)-oxo complexes (7). Figure 12A shows the time-resolved spectra of 3a as
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it is oxidized to 7a over 6 min. The peaks at λ = 427 and 560 nm are identical to reported

data for [MnIV(TDCPP)O] (7a). The chloride complex (3a) was fully converted to species

7a with approximately 30 equivalents of PhI(OAc)2. Time-resolved spectra of

[MnIV(TDFPP)O] (7b) are shown in Figure 12B, in which MnIII species reacted with 30

equivalents PhI(OAc)2 and fully converted to MnIV-oxo 7b. Complexes (7a-b) aren’t

stable at ambient temperature and decayed back to the MnIII precursors within 8 s.
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Figure 12. (A) Time-resolved spectra of forming [MnIV(TDCPP)O] (7a) by reacting

[MnIII(TDCPP)Cl] (3a) with 30 equiv. of PhI(OAc)2 in CH3CN; (B) Time-resolved

spectra of forming [MnIV(TDFPP)O] (7b) by reacting [MnIII(TDFPP)Cl] (3b) with 30

equiv. of PhI(OAc)2 in CH3CN.
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3.3.2 Photochemical generation of porphyrin-manganese(IV)-oxo species
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Cl
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Scheme 13. Photochemical formation of porphyrin-manganese(IV)-oxo complexes by

visible light irradiation of manganese chlorate precursors.

The same manganese(IV)-porphyrin-oxo (7a-b) produced by photochemical

methods58 were comparatively studied in this chapter. Facile exchange of the counterions

in [MnIII(Por)Cl] (3a-b) with excess of AgClO3 gave the corresponding chlorate salts

(5a-b) (Scheme 13 and Figure 13A and 13B), their formations were detected by use of a

UV-vis spectrometer.
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Figure 13. (A) Axial ligand exchange of [MnIII(TDCPP)Cl] (3a) with AgClO3 monitored

by UV-vis spectroscopy: [MnIII(TDCPP)Cl] (3a) (dashed) and [MnIII(TDCPP)ClO3] (5a)

(solid); (B) Axial ligand exchange of [MnIII(TDFPP)Cl] (3b) with AgClO3 monitored by

UV-vis spectroscopy: [MnIII(TDFPP)Cl] (dashed) and [MnIII(TDFPP)ClO3] (5b) (solid).

Like the photochemical cleavage of porphyrin-iron(III) bromates, which give

neutral porphyrin-iron(IV)-oxo derivatives by homolytic cleavage of the O-Br bonds in

the bromates, photolysis of chlorate complexes (5a-b) with visible light from a SOLA

engine (120W) resulted in homolytic cleavage of an O-Cl bond to give [MnIV(Por)(O)]

derivatives (7a-b) (Scheme 13), that were characterized by their UV-vis spectra. Figure

14A shows a representative time-resolved formation of spectra of [MnIV(TDCPP)O] (7a)

in CH3CN over 8 s. The peaks at λ = 427 nm and 565 nm were identical to those reported
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for [MnIV(TDCPP)O]. In a same procedure, [MnIV(TDFPP)(O)] (7b) was also generated

as shown in Figure 14B.
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Figure 14. (A) Time-resolved spectra for formation of photo-generated [MnIV(TDCPP)O]

(7a); (B) Time-resolved spectra for formation of photo-generated [MnIV(TDFPP)O] (7b).

In this chapter, porphyrin-iron(IV)-oxo and porphyrin-manganese(IV)-oxo

complexes in two electron-deficient systems were successfully synthesized by

photochemical and chemical methods. Of note, a new photochemical approach provides

an additional path to produce iron(IV)-oxo and manganese(IV)-oxo species, which permit

direct detection and kinetic studies of catalytic oxidation. In dilute concentration (10 µM),

compound II 6 are stable for hours at ambient temperature. On the contrary, Mn(IV)-oxo

7 are much less stable and decayed back to the MnIII precursors.
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CHAPTER 4

KINETIC STUIES OF IRON(IV)-OXO COMPOUND II SPECIES

4.1 Introduction

Studies of the kinetics of oxidation reactions of porphyrin-iron(IV)-oxo

complexes generated by two methods with organic substrates are described in this chapter.

According to recent experimental reports, most of mechanistic investigations of oxygen

atom transfer (OAT) reactions by high valent iron-oxo complexes focused on alkene

epoxidation and activate alkane hydroxylation in compound I systems.34 However,

kinetic studies of the reactivity of compound II models are rather limited,23b, 32a

particularly the oxidation of aryl sulfides by iron(IV)-oxo compound II models. In this

chapter, we describe kinetic studies of oxidation of alkene, active hydrocarbon and a

series of aryl sulfides by compound II models generated by photochemical and chemical

methods. We reported rate constants for the OAT reactions of two

porphyrin-iron(IV)-oxo compound II models with different organic substrates in

acetonitrile solution. A fundamental data set for the kinetics of reactions of P450

compound II models was established. The absolute rate constants for hydroxylation,

epoxidation and sulfoxidations by chemical and photochemical generated compound II

models in two systems were compared. The comprehensive kinetic data provide

mechanistic insights into the identities and reactivities of the active oxidant in the

catalytic oxidations.
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4.2 Kinetic studies of epoxidation and hydroxylation by iron(IV)-oxo (6a-b) generated

by photochemical and chemical methods.

It is known that the compound II models 6 act as oxo-transfer agents toward

various organic reductants such as alkenes and activated alkenes. Thus, oxidation kinetics

of compound II (6a-b) generated by two methods with several alkenes and active

hydrocarbons were measured. In kinetic studies, 2 mL solutions containing the oxo 6

were mixed with excesses of the organic substrates, and the pseudo-first order rate

constants for decay of the compound II species were measured spectroscopically. As

reported early, the stabilities of porphyrin-iron(IV)-oxo species were dependent on their

concentration.32a To avoid uncertainties as result of this concentration effect, we prepared

oxo 6 in a similar concentration of approximate 10 µM for all kinetic studies.

The photo-generated [FeIV(TDCPP)O] (6a) decayed in the presence of the organic

substrates. The representative time-resolved spectra for reaction of 6a with substrate is

shown in Figure 15A. In the presence of cis-stilbene (0.07 M), the oxo 6a was completely

converted into the iron(III) product with hydroxide as the axial ligand.35 The absorbance

in the Soret band region was monitored at 417 nm, which decreased over the process of

the reaction. The formation rates for the ferric porphyrin products were measured at λmax

= 565 nm for the Q-band signals, and second-order rate constants were determined by

Eq.1 as described in the experimental section. Figure 15B shows the decay reaction for

chemical-generated 6a with same concentrations of cis-stilbene. The similar
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time-resolved spectra for reaction of the photo- and the chemical-generated

[FeIV(TDFPP)O] with cis-cyclooctene (0.4 M) are shown in Figure 16A and 16B.
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Figure 15. (A) Time-resolved spectra of the oxidation reaction of photo-generated

[FeIV(TDCPP)O] (6a) with cis-stilbene (70 mM) over 650 s; (B) Time-resolved spectra of

the oxidation reaction of chemical-generated [FeIV(TDCPP)O] (6a) with cis-stilbene (70

mM) over 800 s.
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Figure 16. (A) Time-resolved spectra for the reaction of photo-generated [FeIV(TDFPP)O]

(6b) with cis-cyclooctene (0.4 M) over 400 s; (B) Time-resolved spectra for the reaction

of chemical-generated [FeIV(TDFPP)O] (6b) with cis-cyclooctene (0.4 M) over 600 s.

The kinetic plots of kobs versus concentration of substrate typically gave straight

lines with near-zero intercepts, examples are shown in Figure 18A and 18B. The kinetic

plots from reactions of photo-generated 6a with cis-stilbene (0.07 M, 0.14 M, 0.21 M,

0.28 M), 4-methylstyrene (0.15 M, 0.18M, 0.22 M, 0.3 M), diphenylmethane (0.03 M,

0.06 M, 0.075 M, 0.09 M) are shown graphically in Figure 17A, chemical-generated 6a

react with the same three organic substrates are shown in Figure 17B, where plots of kobs

versus the concentration of the three substrates are observed to increase linearly.

Apparent second-order rate constants for the reaction of 6a and 6b generated by the two

methods with organic substrates are listed in Table 1.
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Figure 17. (A) Kinetic plots of the observed rate constants for the reaction of

photo-generated 6a versus the concentration of cis-stilbene, 4-methylstyrene and

diphenylmethane; (B) Kinetic plots of the observed rate constants for the reaction of

chemical-generated 6a versus the concentration of cis-stilbene, 4-methylstyrene and

diphenylmethane.
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Table 1. Second-order rate constants for reactions of porphyrin-iron(IV)-oxo species 6a.

a In

CH3

CN

at

23±2

oC.

The

value

s are

the

avera

ge of 2-3 runs with 2σ.

b Photo-generated from this work.

c Chemical-generated by PhI(OAc)2.

The photo-generated compound II (6a) in CH3CN solution reacted with

diphenylmethane and a second-order rate constant kox of (6.2 ± 0.5) × 10-2 M-1s-1 was

obtained. A smaller kox of (2.8 ± 0.4) × 10-2 M-1s-1 was found in the reaction of

chemical-generated 6a with the same substrate. Other substrates used in the same system

gave similar results comparing the photochemical and chemical methods. Another

electron-deficient system (6b) was also used in a similar kinetic study, and the obtained

Substrate

10-2 × kox (M-1s-1)

O=FeIV(TDCPP) O=FeIV(TDFPP)

6ab 6ac 6bb 6bc

cis-cyclooctene 2.6 ± 0.2 1.5 ± 0.7 2.2 ± 0.2 1.9 ± 0.1

styrene 1.9 ± 0.2 1.0 ± 0.1.4 1.5 ± 0.1 -

4-methylstyrene 3.1 ± 0.3 2.0 ± 0.2 2.4 ± 0.001 -

diphenylmethane 6.2 ± 0.5 2.8 ± 0.4 4.7 ± 0.1 -

cyclohexene 12 ± 2 11 ± 1 8.3 ± 0.5 -

ethylbenzene-d10 0.84 ± 0.1 - 0.75 ± 0.4 0.71 ± 0.1
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second-order rate constant gave similar kinetic results. The kox values shown in Table 2

provide a quantitative comparison of the kinetics of the same iron(IV)-oxo porphyrins

generated by photochemical and chemical methods. As reported previously, laser flash

photolysis techniques have been successfully developed for generation of a variety of

high-valent transition metal-oxo species supported by porphyrinoid macrocycles.

Furthermore, the kinetics of oxidation reactions of the photo-generated transients of

interest are not convoluted with the kinetics of the reactions that form the transients by

chemical methods.31c The photochemical method permit direct measurement of kinetics

under single-turnover conditions.

4.3 Kinetic studies of sulfoxidation by photo-generated compound II models

[FeIV(Por)O] (6a - 6b)

In addition, the kinetics of oxidation of a series of thioanisoles by photo-generated

6a and 6b were also investigated in this study. The oxo (6a) (10 µM) species decayed

much more rapidly in the presence of thioanisoles, reacting as fast as 30 seconds in a

stopped-flow mixing unit. In kinetic measurements of 6a, we monitored the decay of the

Soret-band λmax at 417 nm over the course of the reaction because the absorbance for the

oxo (6a) species are stronger than the iron(III) product. As shown in Figure 18A, the

time-resolved spectra show the clean conversion of 6a to regenerate the iron(III) product.

The isosbestic points at 407, 440, 532, 566 and 656 nm, demonstrate that the FeIV-oxo

(6a) species were fully converted to the final FeIII species without accumulation of any

other intermediates. The Q-band absorbance at 570 nm of the regenerated iron(III)
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product differs from 510 nm of 2a. It indicates that the iron(III) porphyrin species contain

hydroxide as the axial ligand, which has a distinct UV-vis spectra.35 This may be taken as

evidence that adventitious water in CH3CN under the conditions that we employed was

involved in the oxidation of 6a and formation of iron(III)-containing product.
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Figure 18. (A) Time-resolved spectra of photo-generated 6a reacting in CH3CN with

thianisole (0.4 M) over 60 s. (B) Kinetic plot of the observed rate constants for the

reaction of 6a versus the concentration of thioanisole.

Photo-generated species 6a at low concentrations were stable for hours in CH3CN

solutions. The pseudo-first-order decay rate constant is taken as a background rate

constant (k0) in the absence of substrate, presumable due to the reaction of 6a with the

solvent (CH3CN) or organic impurities. After the thioanisole was added, the

pseudo-first-order decay rate constants increased linearly with substrate concentration

(Figure 18B). The kinetic plot for the reactions of 6a with thioanisole is shown
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graphically in Figure 18B, where a plot of kobs versus the concentration of thioanisole

increases linearly. The apparent second-order rate constants (kox) for oxidation with a

series of thioanisoles and other representative substrates are collected in Table 2 for

comparison.

Table 2. Second-order rate constants (kox) for reactions of porphyrin-iron-oxo species 6a.

a In CH3CN at 23 ± 2 oC. The values are the average of 2-3 runs with 2σ.

b Photo-generated from this work.

Substrate

Rate constant (M-1s-1)

O=FeIV(TDCPP) O=FeIV(TDFPP)

6ab 6bb

thioanisole (3.3 ± 0.2) × 102 (8.6 ± 1.8) × 101

4-fluorothioanisole (1.9 ± 0.2) × 102 (5.0 ± 0.3) × 101

4-chlorothioanisole (9.1 ± 0.4) × 102 (8.7 ± 0.4) × 101

4-methylthioanisole (9.3 ± 0.1) × 102 (1.1 ± 0.1) × 102

4-methoxythioanisole (9.8 ± 0.1) × 102 (2.0 ± 0.2) × 102

cis-stilbene (6.1 ± 0.1) × 10-2 (4.0 ± 0.1) × 10-2

ethylbenzene (1.7 ± 0.1) × 10-1 (1.5 ± 0.1) × 10-1
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The second-order rate constants (kox) values determined from kobs versus the

concentration of substrate provide a quantitative measure of the remarkable rate

acceleration of sulfide oxidation by compound II models. From the kinetic data shown in

Table 2, the kox of alkene epoxidations in the ranges from (6.1± 0.1) × 10-2 to (6.1 ± 0.4) ×

10-3 and the hydrocarbon hydroxylation rates in the ranges of (4.4 ± 0.3) × 10-1 to (3.7 ±

0.2) × 10-3 M-1s-1 (hydroxylation), are 3 to 4 orders of magnitude smaller than the kox

determined for sulfoxidation reactions which are in the range from (9.8 ± 0.1) × 102 to

(3.7 ± 0.3) × 101 M-1s-1. Such rate acceleration for sulfoxiations by 6a-b clearly reflects

the enhanced nucleophilicity and ease of oxidation of sulfur versus hydrocarbons.

In addition, the kinetic data in Table 1 and 2 show an inverted reactivity order for

iron(IV)-oxo porphyrins (6) with all substrates. In general, one can observe that more

electron-withdrawing ligands give more reactive metal-oxo derivatives in view of the

electrophilic nature of high-valent metal-oxo complexes.36 In the two porphyrin systems

studied here, however, the reactivity order is inverted with the system of least electron

demand, i.e. the TDCPP complex 6a apparently reacting faster with any given substrate

than the more electron-deficient 6b. In consideration of their similar structure,

photochemical and spectral behaviors, the different reactivities of 6a and 6b do not result

from different mechanisms for their oxidation reactions. These kinetic results strongly

support the previously proposed mechanistic model involving disproportionation of 6 to

give the FeIII product and a more reactive porphyrin-iron(IV)-oxo radical cationic species
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(8) as the predominant oxidants in these systems (Scheme 11).23b, 32a In practice, the

concentration of 8 might be too small to be observed, and the oxo 6 species are the major

species which are observed . If complexes 8 are the true oxidants in the formation of

these species, the equilibrium constants (k dis) should be more favorable for the system

with the least electron demand. The observed kinetic data indicate that the

disproportionation equilibrium constant (k dis) should be larger for the less

electron-demanding TDCPP ligand; therefore, the populations of species 8 are controlled

by the disproportionation equilibrium. Furthermore, a higher valence state of (+5) than

the species 6 state of (+4), also provides a convenient “two-electron” oxo transfer reagent

to oxidize substrate to regenerate iron(III) product instead of iron(II).
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Scheme 14. A disproportionation pathway for reactions of species 6.



51

The mechanistic model in Scheme 14 is similar to that proposed for reactions of

neutral porphyrin–manganese(IV)-oxo26d and corrole-manganese(V)-oxo species,28a, 37

where the actual oxidants in those systems apparently are cationic

porphyrin–manganese(V)-oxo and corrole-manganese(VI)-oxo species, respectively,

formed via a disproportionation mechanism. Importantly, direct conversion of 6a to the

compound I species 8a in an acid-catalyzed reaction was reported.38 This

disproportionation mechanism also explains previous research that compound II species

were more stable in alkaline solutions than in neutral or acidic solutions, owing to slow

formation of reactive compound I in the absence of an acid catalyst.

4.4 Competition studies of sulfide oxidation reactions

In the catalytic oxidation for alkenes, activated hydrocarbons and organic sulfides

with iron(III)porphyrin complexes, iodobenzene diacetate [PhI(OAc)2] has been

employed as the efficient oxygen source.39 In the presence of a small amount of water,

PhI(OAc)2 is more efficient than the commonly used PhIO and other oxygen sources. In

this study, we also found that iron(III) porphyrins catalyzed highly efficient oxidation of

sulfides. Under optimized conditions, thioanisoles can be efficiently oxidized into

sulfoxides, or sulfones by additional oxidation. The selectivity is simply determined by

the amount of PhI(OAc)2 (Scheme 15). Under usual catalytic conditions, PhI(OAc)2 does

not show appreciable reactivity towards organic sulfides nor damage the metal catalysts.
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Scheme 15. Iron(III) porphyrin-catalyzed sulfide oxidations with PhI(OAc)2.

PhI(OAc)2 served as an efficient oxidant to oxidize the iron(III) complexes 2 to

produce porphyrin-iron(IV)-oxo 6. In the presence of substrate, oxo 6 decayed back to

FeIII product. The directly observed iron(IV)-oxo species 6 in the above kinetic studies

are not necessarily the active oxidant under catalytic turnover conditions. The typical

method to evaluate the activity of the same species in the two sets of conditions, is to

compare the ratios of products formed under catalytic turnover conditions to the ratios of

rate constants measured in direct kinetic studies.27 If the same oxidant is present in the

two cases, the ratios of absolute rate constants from direct measurements and relative rate

constants from the competition studies should be similar. However, a coincident

similarity for two different oxidants cannot be excluded. When the ratios are not similar,

the active oxidants under the two sets of conditions should be different.

The competitive sulfoxidation reactions catalyzed by chloro-iron(III) porphyrin

complexes (2) with PhI(OAc)2 as a sacrificial oxygen source were also conducted. In this

study, a limiting amount of sacrificial oxidant [PhI(OAc)2] was used to keep the

conversion less than 20%. The amounts of oxidation products formed were determined



53

by GC analysis. Based on the oxidant consumed each sulfide substrate was oxidized to

give the corresponding sulfoxide with nearly quantitative yield without over-oxidation to

the product sulfone. The ratios of absolute rate constants gained from the direct kinetic

studies differed substantially from the oxidation ratios for competition oxidation reactions

of the two substrates in the two systems (Table 3). These very unusual results were

obtained from the oxidations of para-fluorothioanisole and ethylbenzene by iron(IV)-oxo

6. The absolute rate constant for oxidation of para-fluorothioanisole by 6 is smaller than

that for oxidation of thioaniolse by the same oxo species (Table 3), but

para-fluorothioanisole is oxidized faster than thioanisole in competition studies with

iron(III) porphyrins as the catalyst. One obvious explanation for this behavior is that a

compound II species is unlikely to serve as the sole active oxidant under turnover

conditions.
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Table 3. Relative rate constants from kinetic studies and competition catalytic oxidationa

Porphyrin Substrates Method krelb

TDFPP p-F-PhSMe/PhSMe Kinetic results

PhI(OAc)2

0.58

1.39

TDFPP p-Cl-PhSMe/PhSMe Kinetic results

PhI(OAc)2

1.0

1.10

TDFPP p-Me-PhSMe/PhSMe Kinetic results

PhI(OAc)2

1.29

1.87

TDFPP p-MeO-PhSMe/PhSMe Kinetic results

PhI(OAc)2

2.3

3.95

TDFPP cis-stilbene/styrene Kinetic results

PhI(OAc)2

3.27

1.98

TDFPP styrene/ethylbenzene Kinetic results

PhI(OAc)2

0.10

14.0

TDCPP p-Me-PhSMe/PhSMe Kinetic results

PhI(OAc)2

1.26

1.11

aA reaction solution containing equal amounts of two substrates, e.g., thioanisole (0.2

mmol) and substituted thioanisole (0.2 mmol), iron(III) porphyrin catalyst (1 µmol) and

an internal standard of 1,2,4-trichlorobenzene was prepared in CH3CN (0.5 mL).
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Iodobenzene diacetate PhI(OAc)2 (0.1 mmol) was added with 5 µL H2O, and the mixture

was stirred for ca. 5 to 10 min at 23 ± 2 oC.

bRelative ratios of absolute rate constants from kinetic results with iron(VI)-oxo

porphyrin complexes and for competitive oxidations with various iron(III) porphyrin

catalysts at ambient temperature. All competition ratios are averages of 2-3

determinations with standard deviations smaller than 10% of the reported values.

Further evidence that a different oxidant is involved in the catalytic oxidations

instead of the iron(IV)-oxo complex is seen in the linear Hammett plot for competitive

oxidations of the series of substituted thioanisoles (Y-thioanisole, Y = 4-MeO, 4-Me, 4-F,

4-Cl, and H). Figure 18 depicts a linear correlation (R = 0.98) of logkrel[krel =

k(Y-thioanisole)/k(thioanisole)] versus Hammett σ+ substituent constant. The slope (ρ+)

of the plot is –0.67, which indicates transition states for rate-limiting steps which involve

charge separation. Similarly, a linear Hammett plot with a larger slope (ρ+ = –1.9) was

observed for the reactivity of a porphyrin-iron(IV)-oxo radical cation with substituted

styrene.28b Apparently, the competitive product studies and Hammett correlation analysis

strongly suggest that the observed iron(IV)-oxo species is unlikely to be the oxidant.

Indeed, the more reactive porphyrin-iron(V)-oxo radical cation as the premier reactive

intermediate is plausible, even though it was not observed during the catalytic reactions.
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Figure 19. Hammett correlation studies (log krel vs σ+) for the FeIII(TDFPP)Cl-catalyzed

oxidation of substituted thioanisoles by PhI(OAc)2 in CH3CN at 23 ± 2 oC.
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CHAPTER 5

CONCLUSION

In conclusion, a serious of iron(III) porphyrin and manganese(III) porphyrin

complexes were successfully synthesized and spectroscopically characterized. By two

different approaches, porphyrin iron(IV)-oxo (6a and 6b) and porphyrin

manganese(IV)-oxo (7a and 7b) species were successfully generated in two

electron-deficient ligand systems by photochemical and chemical methods. With

PhI(OAc)2 as external sacrificial oxidant, both of oxo 6 and 7 were produced by

oxidation of FeIII/MnIII complexes. More importantly, the photochemical approach

provides a new entry to access iron(IV)-oxo and manganese(IV)-oxo species (6 and 7),

which permits direct detection and kinetic studies of the oxidations. In dilute solution, the

iron(IV)-oxo porphyrin species are more stable than the corresponding

manganese(IV)-oxo porphyrin species, which decayed quickly back to MnIII precursors.

The oxidation kinetics of active hydrocarbons, alkenes and sulfide by photo- and

chemical-generated porphyrin-iron(IV)-oxo complexes (6) were conducted in the two

electron-deficient systems. The kinetic data in this study reveals the sulfide oxidation

reactions are 3 to 4 orders of magnitude faster than alkene epoxidation and activated C-H

bond hydroxylation reactions. The order of reactivity for compound II (6a and 6b) in the

oxidation of hydrocarbonds, alkenes and sulfides, is inverted as expected for electrophilic
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metal-oxo oxidants. These observations indicate that hydroxylation, epoxidation and

sulfoxidation by these iron(IV)-oxo species presumably occurs through a

disproportionation mechanism to produce higher oxidized iron-oxo complexes as the true

oxidant. The competition product studies and Hammett correlation analysis confirmed

that the observed iron(IV)-oxo species are unlikely to be the oxidant for the catalytic

oxidations by iron(III) porphyrin catalysts and PhI(OAc)2. Indeed, the more reactive

iron(IV)-oxo-porphyrin radical cation was indicative as the premier reactive intermediate,

even though it was not observed during the catalytic reaction.
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ABBREVIATIONS AND SYMBOLS

Ar Aryl

BF3·OEt2 Boron trifluoride diethyl etherate

CYP450s Cytochrome P450 enzymes

DDQ 2,3-Dichloro-5,6-dicyano-p-benzequinone

DMF N, N-Dimethylformamide

FeIII(Por)Cl Iron(III) porphyrin chloride

MnIII(Por)Cl Manganese(III) porphyrin chloride

FeIII(TDCPP)Cl Iron(III) 5,10,15,20-tetrakis(2,6-dichlorophenyl)

porphyrin chloride

FeIII(TDFPP)Cl Iron(III) 5,10,15,20-tetrakis(2,6-difluorophenyl)

porphyrin chloride

MnIII(TDCPP)Cl Manganese(III)5,10,15,20-tetrakis(2,6-dichlorophenyl)

porphyrin chloride

MnIII(TDFPP)Cl Manganese(III)5,10,15,20-tetrakis(2,6-difluorophenyl)

porphyrin chloride
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FeIII(TMP)Cl Iron(III) 5,10,15,20-tetramesitylporphyrin chloride

1H-NMR Proton nuclear magnetic resonance

UV-vis Ultraviolet-visible

H2(TMP) 5,10,15,20-Tetramesitylporphyrin

H2(TDCPP) 5,10,15,20-Tetrakis(2,6-dichlorophenyl) porphyrin

H2(TDFPP) 5,10,15,20-Tetrakis(2,6-difluorophenyl) porphyrin

GC-MS Gas chromatography-mass spectrometry

TPP meso-Tetraphenylporphyrin

k0 Background rate constant

kobs Observed pseudo-first-order rate constant

kox Second-order rate constant

m-CPBA meta-Chloroperoxybenzoic acid

PhIO Iodosylbenzene

PhI(OAc)2 Iodobenzene diacetate
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