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CYP450s Cytochrome P450 enzymes 
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1H-NMR  Proton nuclear magnetic resonance  
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H2TPP meso-Tetraphenylporphyrin 

H2TPFPP  meso-Tetrakis(5,10,15,20-pentafluorophenyl)porphyrin  

H3TPFC  5,10,15-Tri(pentafluorophenyl)corrole  

k0  Background rate constant 

kobs  Observed pseudo-first-order rate constant  

kox  Second-order rate constant  

LFP Laser flash photolysis 

m-CPBA  meta-Chloroperoxybenzoic acid  

MnIII(TMP)Cl  5,10,15,20-Tetramesitylporphyrinatomanganese(III) chloride  

MnIII(TPP)Cl  5,10,15,20-Phenylporphyrinatomanganese(III) chloride 

MnIII(TPFPP)Cl  5,10,15,20-Pentafluorophenylporphyrinatomanganese(III) chloride  

MnIII(TPFC)(OEt)2 Manganese(III) 5,10,15-tri(pentafluorophenyl)corrole 
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MS  Mass spectroscopy  

PhIO  Iodosylbenzene  

PhI(OAc)2  Iodobenzene diacetate  

RuII(TPP)(CO)  Ruthenium(II) carbonyl (5,10,15,20-phenylporphyrinato)  

[RuIV(TPP)(OH)]2O bis-Porphyrin-ruthenium(IV) μ-oxo dimers 

TBHP  tert-Butyl hydroperoxide  

UV-vis  Ultraviolet-visible  
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SYNTHETIC INVESTIGATION ON THE BIOMIMETIC METAL-CATALYZED 

SULFOXIDATIONS AND PHOTOCHEMICAL GENERATION OF A HIGHLY 

REACTIVE RUTHENIUM(V)-OXO PORPHYRIN 

Wei Long Luo  August 2016    Pages 65 

Directed By: Dr. Rui Zhang, Dr. Eric Conte, Dr. Kevin Williams 

Department of Chemistry Western Kentucky University 

Catalytic oxidation plays a crucial role in current chemical and pharmaceutical 

industries which is also a leading technology for green chemical processes. In Nature, the 

ubiquitous cytochrome P450 enzymes can catalyze a wide variety of oxidation reactions 

with high efficiency and selectivity. Many transition metal catalysts are designed as the 

biomimetic model of cytochrome P450 enzymes. In this work, series of 

metalloporphyrins and metallocorroles have been successfully synthesized to investigate 

and develop catalytic selective oxidation of sulfides to sulfoxides. 

Manganese(III) porphyrin complexes (2) and manganese(III) corrole complexes 

(6) with iodobenzene diacetate [PhI(OAc)2] as a mild oxygen source exhibited 

remarkable catalytic activity toward selective oxidation of sulfides to sulfoxides under 

mild conditions. Conspicuous is the fact that readily soluble PhI(OAc)2 in the presence of 

a small amount of water is more efficient than the commonly used PhIO and other 

oxygen sources under identical conditions. It was found that the reactivity of 

manganese(III) porphyrin catalysts was greatly affected by axial ligand and the weakly 

binding chlorate gave the highest catalytic activity in the oxidation of sulfide. Both 



xv 

porphyrin-manganese and corrole-manganese catalysts catalyzed the highly selective 

oxidation of para-substituted thioanisoles with PhI(OAc)2 in the presence of a small 

amount of water. Complete conversion and of sulfide and excellent selectivities for 

sulfoxide were achieved within 120 min. 

We discovered that photo-disproportionation of a bis-porphyrin-diruthenium(IV)-

μ-oxo dimer gave a porphyrin-ruthenium(III) species and a putative poprhyrin-

ruthenium(V)-oxo species that can be detected and studied in real time using laser flash 

photolysis methods. As determined by its spectral and kinetic behavior, the same oxo 

transient was also formed by photolysis of a porphyrin-ruthenium(III) N-oxide adduct. 

Second-order rate constants for reactions with several substrates at 22 °C were 

determined; representative values of rate constants were kox = 6.6 × 103 M-1 s-1 for 

diphenylmethanol, kox = 2.5 × 103 M-1 s-1 for styrene, and kox = 1.8 × 103 M-1 s-1 for 

cyclohexene. 
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1. INTRODUCTION 

1.1 Catalytic oxidation mediated by cytochrome P450 enzymes 

 Catalytic oxidation acts as a leading technology in the transformation of 

petroleum-based materials to high value chemicals such as alcohols, carbonyl compounds 

or epoxides.1 The worldwide synthetic application of many useful chemicals ranging 

from pharmaceutical to large-scale commodities are produced by oxidation reactions.2 

 However, conventional oxidation methodologies have still met with limited success due 

to the low chemo- and/or regio-selectivity as well as low conversion and low turnover 

number. Some of those are unfavorable in both economical and environmental aspects. 

Not only the catalyst is costly, an abundance of hazardous waste was also generated.3 

Foremost in oxidation chemistry is the development of new processes that employ 

transition metals as substrate-selective catalysts and stoichiometric environmentally 

friendly oxidants such as molecular oxygen or hydrogen peroxide.4-5 Catalytic oxidation 

mediated by oxidative enzymes are important in many biosynthesis and biodegradation 

mechanisms within living systems.6 Heme-containing oxygenases are involved in many 

of these biological oxidations. The most common example of these oxygenases is the 

cytochrome P450 monooxygenase. Largely, this research has been motivated by a family 

of heme-containing enzymes, namely Cytochrome P450 enzymes (CYP450s). This 
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family of enzymes is considered categorically as monooxygenases that play a number of 

crucial biological roles.  

 CYP450 enzymes are ubiquitous heme-thiolate enzymes which can transfer one 

oxygen atom from molecular oxygen to a given substrate and subsequently reduce the 

second oxygen to water, utilizing NADH (nicotinamide adenine dinucleotide) or NADPH 

(nicotinamide adenine dinucleotide phosphate) as electron donors via electron transport 

systems (Scheme 1).7 CYP450s are present in a broad range of highly chemo-, regio-, 

and enantioselective oxidation reactions such as alkene epoxidation and alkane 

hydroxylation.6-8 These heme-thiolate enzymes possess a core structure of iron(III)  

protoporphyrin IX which covalently linked to the protein by the sulfur atom of a proximal 

cysteine ligand (Figure 1).7 The function of the unique axial cysteine thiolate ligand to 

the heme iron is thought to control the oxidative reactivity of CYP450s.9 However, it has 

been a challenge to modulate the property of CYP450s as electron donor without 

alternating the conservative heme environment of this enzyme.10 For instance,  mutating 

the proximal cysteine to histidine which is a residue often found in the corresponding 

position of non-P450-type heme proteins results in inactivation of CYP450s.11 Attempts 

to better understand CYP450s has initiated many research efforts on mechanistic 

investigations in past decades. 

 

 

Scheme 1. Monooxygenase reaction. 
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Figure 1.  Iron(III) protoporphyrin IX linked with a proximal cysteine ligand. 

 

The name of CYP450s comes from the reduced form of the enzyme which 

efficiently binds carbon monoxide that gives a strong absorption at 450 nm.12 CYP450s 

are typically membrane-bound to the endoplasmic reticulum of microsomal membranes 

and the inner mitochondrial membrane.7 New CYP450s are continuously being 

discovered. Thus far, there are approximately 8,100 distinct CYP450s genomes that have 

been identified. CYP450s are ubiquitously found in human beings, bacteria, insects, fungi 

and many other living systems. They may be isolated from intestine, kidney, lung, and 

liver tissues.13 One of the most characterized CYP450s is the camphor P450 

monooxygenase found within Pseudomonas putida by Gunsalous and co-workers 

(Figure 2).7 The three-dimensional structure of P450cam was provided by Poulos et al. in 

1986. CYP450cam catalyzes the stereospecific hydroxylation of the exo C-H bond at 

position 5 of camphor (Scheme 2).12 Significant efforts have been made toward the 

creation of artificial versions of this impressive enzyme.  
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     Figure 2. X-ray structure of cytochrome P450cam. 

 

 

 

Scheme 2. Stereospecific hydroxylation of the exo C-H bond at position 5 of camphor by 

cytochrome P450cam. 

 

Even fifty years after the discovery of CYP450s, the true oxidizing species is still 

elusive.12 The highly reactive oxidant CYP450s is thought to be an iron(IV)-oxo 

porphyrin radical cation termed as Compound I, which is by analogy to the intermediates 

formed in peroxidase and catalase enzymes.14 In this regard, many synthetic 

metalloporphyrin complexes have been implemented as model catalysts in a variety of 

selective oxidation reactions. (Scheme 3).12 Largely, this work has been devoted to 

mechanistic investigations on biomimetic CYP450s models. 
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Scheme 3. Typical metalloporphyrin-catalyzed oxidation reactions. 

 

1.2 Biomimetic models of metalloporphyrins 

 Metalloporphyrins containing manganese, ruthenium or iron are typically used as 

biomimetic models of cytochrome P450 enzymes in a variety of oxidation reactions 

which may act as viable catalysts. The first biomimetic oxidation catalyzed by an iron 

porphyrin was reported by Groves and co-workers in 1979, which implemented an iron 

porphyrin catalyst with an oxygen source of iodosylbenzene to mediate effective 

stereospecific alkene epoxidation and alkane hydroxylation (Scheme 4).15 Effective 

oxidation systems utilizing metalloporphyrins with numerous oxygen sources such as 

iodosylbenzene, sodium hypochlorite and 2,6-dichloropyridine N-oxide, have extensively 

been investigated and reported.16-17 
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Scheme 4. Alkene epoxidation and alkane hydroxylation catalyzed by FeIII(TPP)Cl. 

 

 Generally, oxidation of transition metal catalysts by sacrificial oxidants results in 

the formation of high-valent metal-oxo compounds. These high-valent metal-oxo species 

have the ability to oxidize various organic substrates. A high-valent iron-oxo species was 

characterized by the oxidation of FeIII(TMP)Cl with m-CPBA under low temperature.12 

According to the report by Groves et al. in 1997, a highly reactive manganese(V)-oxo 

porphyrin complexes were isolated and characterized in olefin epoxidation and alkane 

hydroxylation.18 

 

 Ruthenium porphyrin species have drawn much attention due to the periodic 

relationship to iron and their abilities to act as biomimetic catalysts for hydrocarbon 

oxidations. The ruthenium metal ion possesses a wide range of oxidation states from -2 to 

+8.19 Ruthenium complexes possess a variety of valuable attributes for oxidation 

chemistry such as rich coordination, low redox potential, high stability and high electron 

transfer ability.6 One distinct example is the carbonyl ruthenium(II) 

tetrapentafluorophenyl porphyrin efficiently catalyzes the hydroxylation of alkanes, the 
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cleavage of ethers, and the oxygenation of benzene with 2,6-dichloropyridine N-oxide 

(Scheme 5).19 

 

Scheme 5. Hydroxylation of hydrocarbons catalyzed by RuII(TPFPP)(CO). 

 

1.3 Biomimetic models of metallocorroles 

 The cobalt-chelating corrin in vitamin B12 (Figure 3) can be attributed to a 

tetrapyrrolic macrocycle ligand known as corrole which is structurally similar to a 

porphyrin compound.20 Corrole is a tri-anionic ligand characterized by three meso carbon 

positions with a pyrrole-pyrrole linkage, one imino group, and three amino groups 

(Figure 4). The more electron-rich system allows the tri-anionic corrole ligands to 

support higher metal oxidation states than the porphyrin counterpart.21 Corrole exhibits 

asymmetric intensity in the Soret band and a weak Q-band in the UV-vis spectroscopy 

and is considered to be more acidic to porphyrin.22 Many studies focused on meso-trairyl-

substituted corroles owing to the recent advance of corrole synthesis.23 
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Figure 3. Structure of vitamin B12. 

 

 

Figure 4. Structures of porphyrin, corrole, corrin and corrolazine. 

 

 The first corrole synthesis was reported by Johnson’s group in 1965.24 Until 

recently, most investigations into corrole focused on its synthesis and the coordination 

chemistry of metallocorrole complexes. The method of solvent-free condensation of 

pyrrole and aldehyde discovered by Gross and co-workers in 1999 allows for an efficient 

synthetic pathway to prepare corroles.23 Due to the innovative discovery of corrole 

synthesis, metallocorrole complexes including corrolazines have gained increased 

attention (Figure 4).  

 Catalytic oxidation using PhIO with iron(IV) complex of tris(pentafluoro)corrole 

was first reported in 1999 by Gross and co-workers.25 The same authors also studied 
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biomimetic oxidations with manganese (III) corrole , albumin-conjugated manganese and 

chromium corroles.26-27 Meanwhile, manganese and iron corrolazines as oxidation 

catalysts have also been investigated by Goldberg and co-workers.28 Metallocorroles 

exhibit a reduced stability compared to metalloporphyrins and are therefore susceptible to 

oxidative degradation. For this reason, the choice of oxygen source is critical in regard to 

the stability and reactivity in the metallocorrole mediated oxidations.  

 

1.4 Sulfoxidation reactions 

 The selective oxidation of sulfide to sulfoxide is of great importance in synthetic 

chemistry.29 Catalytic selective sulfoxidations are commonly used in the synthesis of a 

variety of chemically and biologically significant molecules. In addition, these reactions 

are important from green chemistry and industrial perspectives because organosulfur 

reagents are major pollutants.30 Sulfoxides are valuable in medicinal and pharmaceutical 

chemistry to generate various therapeutic agents such as antiulcer, antifungal, 

antibacterial, cardiotonic, anti-atherosclerotic and antihypertensive drugs.31 To develop 

highly selective sulfoxidation reactions, a variety of electrophilic reagents like peracids, 

hypochlorite, sodium periodate, iodosobenzene, peroxyacids and highly toxic metal 

oxidants have been employed for the oxidation of conventional sulfides.32 

 Since Marcker reported the sulfoxidation in 1865, many different reagents and 

methods have been developed for transformation of sulfide to the corresponding 

sulfoxide. Although many different reagents may be used in sulfoxidation reactions, most 

of them are not satisfactory, in view of their costliness, toxicity, or selectivity for 

sulfoxide formation.29,33 According to the application of sulfoxidation reactions by 
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Kowalski and co-workers, utilizing hydrogen peroxide as a green oxidant carried out a 

direct conversion of sulfide to sulfoxide without generating toxic by-products.29 However, 

many reported methods have still met with limited success due to long reaction times and 

over oxidation to sulfone.  

 Given that clean and safe oxidants such as hydrogen peroxide or molecular 

oxygen are viable, studies on catalytic epoxidations, hydroxylations and sulfoxidations by 

transition metal complexes with sacrificial oxygen sources have gained considerable 

attention is the search for new, green applications.34 Investigation of iodobenzene 

diacetate as a mild oxygen source has scarcely been studied in relation to catalytic 

sulfoxidations by manganese porphyrin and corrole complexes. In this work, we aim to 

explore the potential of manganese porphyrin and corrole complexes toward catalytic 

sulfoxidation reactions with iodobenzene diacetate as the oxygen source under mild 

catalytic conditions.  

 

1.5 High-valent metal-oxo oxidizing intermediates 

 High-valent transition metal-oxo transients are thought to be the active oxidizing 

species in synthetic and natural oxidation catalysts.12 In some cases, metal-oxo species 

can be observed through spectroscopic methods such as rapid mixing technique, or by 

production of lower-reactivity analogues.35 However, the reactive metal-oxo species 

typically does not accumulate to detectable quantities, and the actual oxidizing species 

remains speculative. 

 Studies of transition metal oxidation catalysts remain complicated due to the lack of 

kinetic and mechanistic information. In many cases, the nature of the active oxidants was 
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inferred from product studies. Successful generation and characterization of the reactive 

metal-oxo species may provide insights into chemical models of the enzyme-like 

oxidants and should ultimately aid in catalyst design for selective oxidation of various 

organic substrates within industrial process.36  

 In this work, we attempt to produce high-valent ruthenium-oxo species by photo-

disproportionation and photo-induced ligand cleavage reactions. Through kinetic studies 

we attempt to characterize the reactivity of the ruthenium(V)-oxo transient toward 

various organic substrates.  
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2. EXPERIMENTAL SECTION 

2.1 Materials 

All organic solvents were purchased from Aldrich Chemical Co. for synthesis and 

purification. A comprehensive solvent list is as follows: acetone, acetonitrile, benzene, 

chloroform, decalin, dichloromethane, ethanol, ethyl acetate, methanol, hexane and N,N-

dimethylformamide (DMF). All substrates including thioanisole, 4-methoxy thioanisole, 

methyl p-tolyl sulfide, 4-fluorothioanisole, 4-chlorothioanisole, and 4-bromothioanisole 

were obtained from Aldrich Chemical Co., and further purified by a dry column 

chomatograph on alumina gel (neutral). The pyrrole was freshly distilled before use. 

Iodobenzene diacetate [PhI(OAc)2], hydrogen peroxide,iodosylbenzene (PhIO), tert-butyl 

hydroperoxide (TBHB), meta-choloroperoxybenzoic acid (m-CPBA), mesitaldehyde, 

boron trifluoride diethyl etherate (BF3·Et2O), 2,3-dichloro-5,6-dicyano-p-benequinone 

(DDQ), decahydronaphthalene (decalin), triruthenium dodecacarbonyl, 

tetra(pentafluorophenyl) porphyrin (H2TPFPP), 2,3,4,5,6-pentafluorobenzaldehyde, 

manganese (II) acetate tetrahydrate, and triruthenium dodecacarbonyl were used as 

received. The stock solutions of manganese (III) porphyrin complexes with different axial 

ligands was readily prepared by stirring with the corresponding silver salts, leading to the 

formation of MnIII(Por)(ClO4), MnIII(Por) (ClO3), MnIII(Por)(NO3) and MnIII(Por)(NO2). 
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2.2 Physical measurements 

 UV-vis spectra were recorded on an Agilent 8453 diode array spectrophotometer 

(Figure 5A). Gas chomatograph analyses were performed on Agilent GC7820A-MS5975 

equipped with a flame ionization detector (FID) and coupled with an auto sample injector 

(Figure 5B). Collection of the 1H-NMR spectra was conducted on a JEOL CA-500 MHz 

FT-NMR spectrometer at 298 K with tetramethylsilane (TMS) as internal standard.  

         

Figure 5. (A) Agilent 8453 diode array UV-visible spectrophotometer. (B) Agilent GC-

MS system. 

 

2.3 General procedure for catalytic sulfoxidations  

 The typical catalytic sulfoxidation reaction procedure was composed of 

manganese porphyrin or manganese corrole catalysts (1 µmol) in a solution (0.5 mL) 

consisting of a small amount of H2O, organic substrate (0.2 mmol) and PhI(OAc)2 (0.3 

mmol) as oxygen source. The solution was stirred at 23 oC ± 2 oC. Aliquots of the 

reaction solutions were analyzed by 1H-NMR or GC analysis with J&W Scientific 

cyclodex-B capillary column to determine the substrate conversions and product yields. 

 

 

A B 
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2.4 Synthesis and spectroscopic characterization 

2.4.1 meso-Tetramesitylporphyrin [H2TMP] (1a) 

As shown in Scheme 6, the porphyrin free ligand (1a) was synthesized according 

to the literature method described by Lindsey’s group.37 Freshly distilled pyrrole (347 μL, 

5 mmol) and mesitaldehyde (736 μL, 5 mmol) were first dissolved in the solvent (500 mL) 

chloroform in a round bottom flask with a fitted reflux condenser. Ethanol (3.2 mL), 

serving as a co-catalyst, was then added to the solution. Argon gas was used to purge the 

solution for about 5 min. Boron trifluoride diethyl etherate (660 μL, 1.65 mmol) was 

added into the solution in a dropwise manner. The solution was stirred for approximately 

3 h under room temperature. The reaction was monitored by UV-vis spectroscopy and 

TLC analyses. Following condensation of pyrrole and mesitaldehyde, DDQ (957 mg) 

was added to the flask and the solution was gently refluxed for 1 h. After the solution 

cooled to room temperature, excess triethylamine (230 μL, 1.65 mmol) was added to the 

solution to neutralize the remaining acid. The resulting solid crude product was washed 

using an excess amount of methanol under vacuum filtration until the filtrate was 

colorless. The product was further purified by wet column chomatography on silica gel 

with dichloromethane as eluent. A purple powdery product of meso-tetramesitylporphyrin 

(1a) (179 mg) was obtained after removing the solvent and characterized by UV-vis 

(Figure 6) and 1H-NMR (Figure 7).  

[H2TMP] (1a) Yield = 18.3%. 1H-NMR (500 MHz, CDCl3): δ, ppm: -2.50 (s, 2H, NH), 

1.81 (s, 24H, ortho-CH3), 2.62 (s, 12H, p-CH3), 7.26 (s, 8H, m-ArH), 8.61 (s, 8H, β-

pyrrole).  

[H2TMP] (1a) UV-vis (CH2Cl2) λmax/nm: 418 (Soret), 513, 593 
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Scheme 6. Two-step synthesis of H2TMP (1a). 
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Figure 6. The UV-vis spectrum of H2TMP (1a) in CH2Cl2. 
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Figure 7. The 1H-NMR spectrum of H2TMP (1a) in CDCl3. 

 

2.4.2 meso-Tetraphenylporphyrin [H2TPP] (1b) 

 According to the literature method described by Adler as shown in Scheme 7,38 

freshly distilled pyrrole (5 mL, 7.2 mmol) and benzaldehyde (7 mL, 7.2 mmol) were 

added to propionic acid (350 mL) in a round-bottom flask and gently refluxed for 30 min 

under continuous stirring. The mixture was then cooled to room temperature, and 

followed by vacuum filtration. The crude product was washed with an excess amount of 

methanol. The resulting product was dried under vacuum and a purple crystalline powder 

was obtained with an 18.5% yield. The free porphyrin ligand (1b) was characterized by 

UV-vis (Figure 8) and 1H-NMR (Figure 9) 
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[H2TPP] (1b) 1H-NMR (500MHz, CDCl3): δ, ppm: 8.85 (pyrrolic H, 8H), 8.21 (s, 16 H), 

7.76 (s 4H), -2.81(s, 2H)  

[H2TPP] (1b) UV-Vis (CH2Cl2) λmax/nm: 415 (Soret), 513, 545, 590, 646.  

 

 

Scheme 7. Synthesis of H2TPP (1b). 
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Figure 8. The UV-vis spectrum of H2TPP (1b) in CH2Cl2. 
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Figure 9. The 1H-NMR spectrum of H2TPP (1b) in CDCl3. 

 

2.4.3 Manganese (III) chloride porphyrin [MnIII(Por)Cl] (2) 

 According to the literature procedure shown in  Scheme 8,39 free ligand (1a) (100 

mg) or a commercially available porphyrin free ligand of 5,10,15,20-

tetrakis(pentafluorophenyl) porphyrin (H2TPFPP) (1c) and an excess amount of 

manganese(III) acetate tetrahydrate (300 mg) were dissolved in DMF (30 mL). The 

mixture was purged with argon for 5 min and gently heated to reflux with stirring for 30 

min. Both complexes were successfully synthesized in the same manner except that the 

complex (2a) requires a longer refluxing time. The Soret band of the metalated porphyrin 

complex was monitored by UV-vis spectroscopy and TLC analyses. The DMF solvent 

was removed by vacuum distillation and the crude product was then dissolved in 
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dichloromethane. The axial ligand was readily replaced by chloride ion when 

hydrochloric acid (6M) was added to the solution and stirred for 30 min. After removing 

HCl though extraction, the residual solution was evaporated to dryness and further 

purified by a wet column chomatograph on silica gel. The metalated porphyrin 

complexes were characterized by UV-vis as shown in Figure 10 and 11, matching the 

reported values.39  

 

[MnIII(TMP)Cl] (2a) Yield = 78% (78 mg) UV-vis (CH2Cl2) λmax/nm: 480 (Soret), 377, 584, 619 

[MnIII(TPPFPP)Cl] (2c) Yield = 85% (85 mg) UV-vis (CH2Cl2) λmax/nm: 474 (Soret), 364, 573 

 

 

Scheme 8. Synthesis of MnIII(Por)Cl (2). 
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Figure 10. The UV-vis spectrum of MnIII(TMP)Cl (2a) in CH2Cl2. 
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Figure 11. The UV-vis spectrum of MnIII(TPFPP)Cl (2c) in CH2Cl2. 



    

21 

 

2.4.4 Axial ligand exchange reactions 

The stock solution of MnIII(TPFPP)(ClO3) (2d) was readily prepared by ligand 

exchange with corresponding silver salts. MnIII(TPFPP)(Cl) (2c) (1 mg) was added to a 

solution of CHCl3 (0.1 mL). An excess amount of AgClO3 (1 mg) was dissolved in a 

small amount (few drops) of CH3CN then added into the porphyrin solution. Immediately, 

a color change was noticed and AgCl precipitate was formed that was then filtered off. 

The clean filtrate gave the MnIII(TPFPFF)(ClO3). The entire transformation was 

monitored by UV-vis spectroscopy (Figure 12). 

The preparation of MnIII(TPFPFF)(ClO4), MnIII(TPFPFF)(NO3), and 

MnIII(TPFPFF)(NO2) as shown in Scheme 9, are similar to the procedure described for 

MnIII(TPFPFF)(ClO3). The products with corresponding axial ligands were characterized 

by UV-vis (Figure 13).  

 

 

Scheme 9. Synthesis of MnIII(TPFPP)X 

 

 



    

22 

 

Wavelength (nm)

350 420 490 560 630

A
b
s
o
rb

a
n
c
e
 (

A
U

)

0.0

0.3

0.6

0.9

1.2

Mn
III
TPFPP(Cl)

Mn
III
TPFPP(ClO3)

474

573

364

 

Figure 12. UV-vis spectrum of MnIII(TPFPP)Cl (2c) (black line) and MnIII(TPFPP)(ClO3) 

(2d) (red line) 
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Figure 13. UV-vis spectrum of MnIII(TPFPP)(NO3) (black line), MnIII(TPFPP)(NO2) 

(blue line), and MnIII(TPFPP)(ClO4) (red line). 
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2.4.5 Ruthenium(II) carbonyl porphyrin [RuII(TPP)(CO)] (3) 

The preparation of ruthenium(II) carbonyl porphyrin complex proceeded according 

to the reported method described by Che and coworkers (Scheme 10).40 Free porphyrin 

ligand (H2TPP) (1b) (100 mg) was dissolved in decalin (50 mL) in a round-bottom flask 

and gently heated with stirring to ca. 100 oC. An excess amount of triruthenium 

dodecacarbonyl [Ru3(CO)12] (100 mg) was added and the solution was refluxed at 180 oC 

for 1.5 h. UV-vis was used to monitor the process with the Soret band at 411 nm of the 

metal complex according to the reported values. The mixture was cooled to room 

temperature and wet column chomatography (Al2O3, basic) was used for product 

purification. A large excess amount of hexane was first used to remove decalin followed 

by the removal of unreacted free ligand using dichloromethane. The eluent of 

acetone:dichloromethane (1:1, v/v) was then used to elute the desired product. A brick-

red solid of RuII(TPP)(CO) (3) was obtained (100 mg) with a 90% yield after the removal 

of solvent. The metalloporphyrin (3) was characterized by UV-vis (Figure 14), matching 

the literature values.40 

[RuII(TPP)(CO)] (3) UV-Vis (CH2Cl2) λmax/nm: 409 (Soret), 527  
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Scheme 10. Synthesis of RuII(TPP)(CO) (3). 
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Figure 14. UV-vis spectrum of RuII(TPP)(CO) (3). 
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2.4.5 bis-Porphyrin-ruthenium(IV) μ-oxo dimers [RuIV(TPP)(OH)]2O (4) 

 The bisporphyrin-ruthenium(IV) μ-oxo dimer was prepared according to the well-

known method decribed by Sugimoto and others,41 as shown in Scheme 11. A mixture of 

RuII(Por)(CO) (3) (50 mg) in benzene (50 mL) with 70% aqueous tert-butyl 

hydroperoxide (0.5 mL) was stirred at room temperature until the reaction underwent a 

color change from orange red to dark brown. After the removal of solvent under reduced 

pressure, wet column chomatography on alumina gel was used to purify the product with 

dichloromethane as eluent. A purple greed solid (45 mg) with a 90% yield was obtained 

after removing the solvent via rotary evaporation. The characterization data of desired 

product [RuIV(TPP)(OH)]2O (4) was consistent with the reported values.41 

[RuIV(TPP)(OH)]2O (4) 1H-NMR (500MHz, CDCl3): δ, ppm: 8.9 (d, H0), 8.6 (s, pyrrolic 

H), 7.9, 7.4 (d, Hm, p), -3.9 (axial ligand, OH)  

[RuIV(TPP)(OH)]2O (4) UV-Vis (CH2Cl2) λmax/nm: 393 (Soret), 522  

 

 

Scheme 11. Synthesis of [RuIV(TPP)(OH)]2O (4) 
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2.4.6 5,10,15-Tri(pentafluorophenyl)corrole [H3TPFC] (5) 

 The corrole free ligand was synthesized according to the solvent-free 

condensation method described by Gross and coworkers,23 as shown in Scheme 12. 

Pentafluorobenzadehyde (1.85 mL, 15 mmol) and freshly distilled pyrrole (1.04 mL, 15 

mmol) were dissolved in dichloromethane (5 mL). The mixture was transferred to a 50 

mL round-bottom flask containing a solid support (Al2O3, 3 g) and heated to 60 oC with 

stirring in an open vessel. The reaction was maintained at 60 oC for 4 h after the 

dichloromethane was completely evaporated. A dark reddish-brown tarry product was 

formed. The tarry product was dissolved in dichloromethane and filtered under vacuum 

to remove excess Al2O3. The filtrate was stirred with DDQ for 1 h. TLC and UV-vis were 

used to monitor the reaction throughout the process. Further purification was performed 

by subsequent wet columns (silica gel) with hexane/dichloromethane (5:1, v/v) as the 

eluent. A dark purple solid product was obtained after the removal of solvent. The 

structure of H3TPFC (3) was confirmed by UV-vis (Figure 15) and 1H-NMR (Figure 16), 

matching the literature values.23 

[H3TPFC] (5) Yield = 7 %. 1H-NMR (500 MHz, CDCl3): δ, ppm: 2.25 (broad singlet, 

3H), 8.57 (d, 4H), 8.75 (d, 2H), 9.10 (d, 2H).  

[H3TPFC] (5) UV-vis (CH2Cl2) λmax/nm: 407 (Soret), 562, 603. 
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Scheme 12. Synthesis of H3TPFC (5) 
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Figure 15. The UV-vis spectrum of H3TPFC (5) in CH2Cl2. 
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Figure 16. The 1H-NMR spectrum of H3TPFC (5) in CDCl3. 

 

2.4.7 Manganese(III) corroles [MnIII(TPFC)(OEt2)2] (6) 

 Following the metalation method described by Gross and others,42 manganese 

corrole complex was successfully synthesized (Scheme 13). H3TPFC (5) (100 mg) was 

dissolved in DMF (30 mL) in a 50 mL round-bottom flask fitted with a reflux condenser. 

The mixture was purged with argon for 5 min. Manganese (II) acetate tetrahydrate (300 

mg) was added to the solution, which was gentle heated to reflux for 20 min. UV-vis was 

used to monitor this process. After the evaporation of DMF though vacuum distillation, 

the crude product was then dissolved in diethyl ether and purified by wet column 

chomatography on silica gel with diethyl ether as eluent. A shiny, dark green solid (83 

mg) was obtained. UV-vis was used to identify the final product (Figure 17). 

[MnIII(TPFC)·(OEt2)2] (6) Yield = 83% UV-vis (CH2Cl2) λmax/nm: 395, 414, 481, 600 
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Scheme 13. Synthesis of MnIII(TPFC)(OEt2)2 (6). 

 

 

Wavelength (nm)

300 400 500 600 700

A
b

s
o

rb
a

n
c
e

 (
A

U
)

0.0

0.4

0.8

1.2

1.6

395

414

481

600

 

Figure 17. The UV-vis spectrum of MnIII(TPFC)(OEt2)2 (6) in CH2Cl2. 
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3. SELECTIVE SULFOXIDATION CATALYZED BY 

MANGANESE PORPHYRIN AND MANGANESE 

CORROLE CATALYSTS 

3.1 Introduction 

 Synthetic manganese(III) porphyrins have been extensively studied as the 

biomimetic model of P450 enzymes in oxidation reactions.12,21 In recent decades, there 

have been a large number of reports on the catalytic behavior of manganese(III) 

porphyrins with emphasis on alkane oxidation. In general, catalytic applications involve 

the oxidation of organic substrates through a single oxygen transfer mechanism in the 

presence of sacrificial oxygen sources such as meta-chloroperoxybenzoic acid (m-CPBA), 

PhIO, hydrogen peroxide, and organic peroxide. In our previous work, manganese(III) 

porphyrin complexes exhibited remarkable catalytic activity towards the selective 

oxidation of alkenes and activated hydrocarbons with iodobenzene diacetate [PhI(OAc)2] 

as the oxygen source.43 However, the oxidation of sulfide catalyzed by manganese(III) 

porphyrins or corroles with PhI(OAc)2 remains unattempted. 

Due to advances in the synthesis of 19-membered macrocyclic triarylcorroles, 

metallocorrole species have drawn increased attention due to their similar structural and 

catalytic properties to metalloporphyrins.44-45 In this work, we aim to investigate both 

manganese(III) corrole and porphyrin species as promising catalytic candidates in various 

sulfoxidation reactions using iodobenzene diacetate PhI(OAc)2 as a mild oxygen source. 
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PhI(OAc)2 is commercially available, readily soluble in organic media and easy to handle. 

Notably, it does not show appreciable reactivity towards organic substrates nor does it 

damage the porphyrin/corrole catalyst under the typical catalytic conditions. In this 

section, we discover efficient oxidation of sulfide with PhI(OAc)2 catalyzed by 

manganese(III) porphyrin and corrole complexes. In most cases, para-substituted 

thioanisoles have been successfully oxidized to corresponding sulfoxides with 

quantitative conversion and excellent selectivity. 

 

3.2 Results and discussions 

3.2.1 Screening studies 

 Despite the common use of PhI(OAc)2 as a mild oxygen source for past decades, 

only few studies have been reported thus far on metalloporphyrin and/or metallocorrole-

mediated sulfoxidation reactions by PhI(OAc)2. Therefore, we first investigated the 

usefulness of PhI(OAc)2 as oxygen source in the catalytic oxidation of thioanisole (7) 

with different manganese (III) porphyrin and corrole complexes (2a, 2c, and 6) to 

identify the optimal conditions through screening studies.  

 Under homogenous conditions, sulfoxidation reactions were carried out with 

catalyst (0.5 mol%) and a ratio (1:1.5) of thioanisole and PhI(OAc)2 at room temperature 

and followed by product analysis through 1H-NMR and/or gas chromatography (GC). In 

previous studies, we found that the addition of a small amount of water to the 

manganese(III) porphyrin-catalyzed epoxidations with PhI(OAc)2 was crucial to 

accelerate reactions.43 The time courses of sulfoxidation reactions by MnIII(TPFPP)(ClO3) 
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were depicted in the presence and absence of water in Figure 18. This plot shows an 

elevated reaction rate with the addition of water, consistent with previous studies.43 A 

similar acceleration of reaction rate due to water was observed in the previously reported 

iron(III) porphyrin/corrole-catalyzed oxidations.46 The increased rate was rationalized in 

terms of the formation of the more oxidizing PhIO. Water is a dissociating solvent and 

helps remove the axial ligand to efficiently bind the oxygen source. These findings 

indicate that accessibility of the oxygen source to the metal center might be crucial to 

reactivity.  
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Figure 18. Time course of sulfoxidation of sulfide (7) (0.2 mmol) with PhI(OAc)2 (0.3 

mmol) in CHCl3 (0.5 mL) catalyzed at room temperature by MnIII(TPFPP)(ClO3) (2d) 

(0.1 µmol) in the presence (triangle) or absence (circle) of water (3 µL). Aliquots were 

taken at selected time intervals for product analyses by GC. 

 

According to the results collected in Table 1, the oxidation of 7 catalyzed by 

MnIII(TPFPP)Cl (2c) was relatively slow in the absence of water, and an 11% conversion 
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of sulfide was obtained over 60 min (entry 1, Table 1). Remarkably, the same reaction 

proceeded more rapidly with the addition of water (5 µL), and 64% conversion was 

obtained after 60 min (entry 2, Table 1). Utilizing a less electron-deficient porphyrin 

system, i.e. MnIII(TMP)Cl (2a) resulted in lower conversions (Table 1, entries 4 and 5). 

To further explore the potential of PhI(OAc)2, a corrole catalyst MnIII(TPFC) (6) 

was also employed. With the addition of water, 91% conversion was observed (Table 1, 

entry 7), as compared to 40% conversion in the absence of water (Table 1, entry 6). The 

use of CH3CN, CH2Cl2 or CHCl3 as a solvent instead of CH3OH resulted in reduced 

activity, presumably due to the low solubility of PhI(OAc)2 in those solvents (Table 1, 

entries 7, 9 and 10). Surprisingly, a rapid reaction in the solvent of CH3OH was obtained 

with 100% conversion of sulfide within 20 min. albeit with a reduced selectivity, 88% of 

sulfoxide and 12% of sulfone were observed (Table 1, entry 8). The cause of a reduced 

selectivity may result from the enhanced reactivity of the reaction. 
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Table 1. Catalytic oxidation of thioanisole by manganese porphyrin and corrole with 

PhI(OAc)2 
a 

 

Entry Catalyst Solvent Time 

(min) 

Conversion 

(%)b 

Selectivity 

(7a:7b)b 

1 MnIII(TPFPP)Cl (2c) CHCl3 60 11 90:10 

2c   60 64 82:10 

3  CH3CN 60 12 100:0 

4 MnIII(TMP)Cl (2a) CH3CN 60 2.6 100:0 

5  CHCl3 60 5 100:0 

6 MnIII(TPFC) (6) CH3CN 60 40 97:3 

7c   60 91 86:14 

8c  CH3OH 20 100 84:16 

9c  CH2Cl2 90 100 88:12 

10c  CHCl3 90 100 92:8 

a All reactions were performed under catalyst (1.0 µmol), PhI(OAc)2 (0.3 mmol), 

thioanisole (0.2 mmol), solvent (0.5 mL), water (5µL), 25 oC. b Conversions and product 

selectivity were determined by GC-MS analysis with an internal standard (1,2,4-

trichlorobenzene) in the crude reaction mixture. c Reaction with 5 µL H2O.  

 

3.2.2 Axial ligand effect 

 It is well-documented in literature that the axial ligand has a significant effect on 

the reactivity of high-valent metal-oxo porphyrin intermediates toward organic 

substrates.47-48  It has been shown that axial ligands of iron(III) porphyrin complexes play 

an important role in the catalytic oxidation of hydrocarbons with various terminal 
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oxidations, in which the yields of oxidized products were markedly dependent on the 

axial ligands of the iron(III) porphyrin catalyst.49-50 In this regard, we carried out a series 

of sulfoxidation reactions catalyzed by MnIII(TPFPP)X with different axial ligands (X = 

Cl-, ClO4
-, ClO3

-, NO3
-, and NO2

-) and investigated their efficacy in the sulfoxidation of 

thioanisole (Table 2). Reactions of the manganese(III) porphyrin chloride with the 

following silver salts (X): AgClO4, AgClO3, AgNO3, and AgNO2 gave solutions of the 

corresponding MnIII(TPFPP)(X) salts. Formation of these species were confirmed by the 

UV-vis spectra, and were consistent with the reported values.50 

Under identical conditions, the results in Table 2 show that axial ligands of 

manganese porphyrin catalysts have a marked influence on the formation rate of 

sulfoxide (7a). It was found that MnIII(TPFPP)(ClO3) was the most efficient catalyst, 

yielding a complete conversion of thioanisole within 30 min (Table 2, entry 5). Lower 

conversion of sulfide was observed when MnIII(TPFPP)X (X=ClO4, NO3, NO2) were 

used under identical conditions. The lowest conversion was obtained with Cl- as the axial 

ligand, which has the strongest coordinating ability to the metal center in contrast with 

the axial ligand of ClO3
- (Table 2, entry 1). The comparison of different meso-substituted 

groups on the porphyrin structure shows that a highly electron-deficient porphyrin 

(TPFPP > TPP > TMP) gave the highest product conversion (Table 2, entries 5-7). 

Hence, the axial ligand effect on the oxidation of sulfide is possibly attributed to rapid 

reaction of MnIII(TPFPP)(ClO3) with PhI(OAc)2 to generate the active oxidizing species. 
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Table 2. Axial ligand effect on the manganese(III) porphyrin-catalyzed sulfoxidation 

reaction with PhI(OAc)2.a 

Entry Catalyst Axial 

ligand 

Time 

(min) 

Conversion 

(%)b 

Selectivity 

(7a:7b)b 

1 MnIII(TPFPP)X Cl 60 64 82:18 

2  NO3 60 97 90:10 

3  NO2 60 73 90:10 

4  ClO4 60 81 88:12 

5  ClO3 30 100 96:4 

6 MnIII(TMP)X ClO3 30 69 99:1 

7 MnIII(TPP)X ClO3 30 82 99:1 

a All reactions were performed with catalyst (1.0 µmol), PhI(OAc)2 (0.3 mmol), 

thioanisole (0.2 mmol), chloroform (0.5 mL), water (5µL), 25 oC. b Conversions and 

product selectivity were determined by GC-MS analysis with an internal standard (1,2,4-

trichlorobenzene) on the crude reaction mixture.  

 

3.2.3 Comparison of various oxygen sources 

 The promising results with PhI(OAc)2 in Table 1 prompted us to evaluate other 

common oxygen sources in the manganese(III) corrole-catalyzed sulfoxidation of 

thioanisole. A screening of diverse oxygen sources under identical experimental 

conditions disclosed that the mild oxygen source, PhI(OAc)2, was especially effective and 

selective for oxidation of sulfide to sulfoxide as representative results show in Table 3. 

Although iodosobenzene (PhIO) is a more common oxygen source used for 

metalloporphyrin-mediated oxidations, it was found that the use of the more soluble 
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PhI(OAc)2 for sulfoxide reactions under the same conditions gave sulfoxide selectiviely 

with a higher substrate conversion (Table 3, entry 1 and 3).  

Lowering the amount of PhI(OAc)2 in this oxidation resulted in reduced activity 

(Table 3, entry 2). The use of a stronger oxidizing oxygen source (m-CPBA) gave 

complete conversion albeit with undesirable sulfone formation (Table 3, entry 4). It is 

possible that use of stronger oxygen sources may lead to increased reactivity of the 

manganese(III) corrole catalysts and subsequently result in the over oxidation of 

sulfoxide to sulfone. The application of hydrogen peroxide (H2O2) and tert-butyl 

hydroperoxide (TBHP) resulted in the lowest catalytic activity under the established 

conditions, giving less than 5% conversion (Table 3, entries 5 and 6). The most likely 

explanation is that the catalyst was bleached during the reaction by these powerful 

oxygen sources. These results conclude that the choice of oxygen source is critical in 

regards to catalyst stability and reactivity in these metallocorrole catalyzed oxidations. In 

comparison to the other oxidants, PhI(OAc)2 not only exhibited high chemoselectivity but 

also showed enhanced stability of the catalyst in this particular sulfoxidation. 
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Table 3. Catalytic oxidation of thioanisole by the MnIII(TPFC) (6) with various oxygen 

sources. 

 

Entry Oxygen source 

(OS) 

Conversion 

(%)b 

Selectivity 

(7a:7b)b 

1 PhI(OAc)2 100 84:16 

2c  85 95:5 

3 PhIO 91 77:23 

4 m-CPBA 100 40:60 

5 TBHP 5 100:0 

6 H2O2 3 100:0 

a All reactions were performed with MnIII(TPFC) (6) (1.0 µmol), OS (0.3 mmol), 

thioanisole (0.2 mmol), methanol (0.5 mL), water (5µL), reaction time (20 min), 25 oC. b 

Conversions and product selectivity were determined by GC-MS analysis with an internal 

standard (1,2,4-trichlorobenzene) in the crude reaction mixture. c Reaction with 1 

equivalent of PhI(OAc)2 (0.2 mmol).  

 

3.2.4 Substrate scope 

 Further exploration into the substrate scope of the catalytic sulfoxidations by both 

manganese corrole and porphyrin catalysts were investigated under optimized conditions. 

The oxidized products and corresponding selectivities utilizing MnIII(TPFPP)(ClO3) (2d) 

and MnIII(TPFC) (6) catalysts are listed in Table 4. In all cases, complete conversion of 

substituted thioanioles, high selectivity, and relatively short reaction times (<120 min) 

were achieved. 
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Various electron-donating or electron-withdrawing substituents in the aryl ring of 

thioanioles have a significant effect. As is evident in the results, the introduction of both 

electron-donating and electron-withdrawing groups resulted in reduced reactivity 

compared to thioanisole. In parallel to the porphyrin system, F-, a substituent with 

stronger electron-withdrawing capabilities, gave higher reactivity than a Br- substituent 

(Table 4, entries 2 and 3). A prolonged reaction time was required to achieve 100% 

conversion of the substrate with a methyl substituent as compared to a methoxy group 

(Table 4, entries 4 and 5). It is possible that the methoxy substituent is a stronger 

electron-donating group than the methyl substituent. Reduced reactivities were also 

observed in the corrole-manganese(III)-mediated sulfoxidation with para-substituted 

thioanisoles; a reaction time (20 min) was observed of the oxidations of p-

fluorothioanisole and thioanisole (Table 4, entries 6 and 7). In the presence of chloro, 

bromo, and methyl substituted substrates, the reactions were slightly slower compared to 

thioanisole and the reactions resulted in complete conversion of sulfide within 30 min 

(Table 4, entries 8-10).  
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Table 4. Catalytic oxidation of substituted thioanisoles by manganese porphyrin (2d) and 

manganese corrole (6) with PhI(OAc)2 
a 

 

a All reactions were performed with MnIII(TPFPP)(ClO3) (2d) and MnIIITPFC (6) (1.0 

µmol), oxygen source (0.3 mmol), thioanisole (0.2 mmol), methanol (0.5 mL), water 

(5µL), , 25 oC. b Based on conversions of substrate and determined by quantitative GC-
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MS analysis with an internal standard (1,2,4-trichlorobenzene) on the crude reaction 

mixture.   

According to the kinetic study of (salen)manganese(III)-catalyzed oxidation of 

aryl phenyl sulfides by Chellamani et al., electron-donating substituents accelerate the 

reaction rate, while electron-withdrawing substituents slow down the rate.34 However, the 

substituent effect was not observed for these reactions; both electron-donating and 

electron-withdrawing substituents moderately slow down the reactions, as seen in Table 

4. It is noteworthy that monitoring catalytic reactions by UV-vis spectroscopy indicated 

no appreciable catalyst bleaching in the end of reactions. Control experiments 

demonstrated that no sulfoxide was formed in the absence of either the catalyst or 

PhI(OAc)2. 
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4. PHOTOCHEMICAL GENERATION AND KINETIC 

STUDIES OF A PUTATIVE PORPHYRIN-

RUTHENIUM(V)-OXO SPECIES 

4.1 Introduction 

 In biomimetic catalytic oxidations, a transition metal catalyst is oxidized to a 

high-valent metal-oxo species by a sacrificial oxidant, and the activated transition metal-

oxo intermediate then oxidizes the substrate.12,51 However, high-valent metal-oxo species, 

such as metal(V)-oxo complexes, are extremely rare and difficult to detect because they 

are highly reactive. Detection and kinetic study of high-valent transition metal-oxo 

derivatives via a photochemical approach using laser flash photolysis (LFP) is of great 

interest because this method has greater access to the short-lived transients than the 

conventional rapid mixing methods. In this regard, we aim to explore the LFP 

photochemical approach targeting the direct detection and kinetic study of high-valent 

transition metal-oxo derivatives. 

 Among the high-valent metal-oxo species, porphyrin-ruthenium(V)-oxo transients 

have drawn much attention owing to their very efficient catalytic properties in oxidation 

reactions. In our previous studies, the ruthenium(IV)-μ-oxo bisporphyrins catalyzed 

efficient aerobic oxidation of alkenes and activated hydrocarbons using visible light and 

atmospheric oxygen.52 In this section, we describe our findings on the photochemical 

formation of a highly reactive porphyrin-ruthenium(V)-oxo transient using LFP methods 
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and taking direct measurements of the rate constants for oxidation reactions. The same 

poprhyrin-ruthenium(V)-oxo species can also be produced using photo-induced ligand 

cleavage reactions achieved by its spectral and kinetic characteristics. Furthermore, the 

porphyrin-ruthenium(V)-oxo species showed excellent reactivity toward various organic 

substrates through kinetic studies.  

 

4.2 Photo-disproportionation reaction 

 According to our previous studies, photolysis of a bis-corrole diiron(IV)-μ-oxo 

dimer proceeded via a disproportionation pathway that gave a corrole-iron(III) species 

and a corrole-iron(V)-oxo species.53 Given the periodic relationship between ruthenium 

and iron and the nature of the similar macrocyclic system, it is possible that a 

ruthenium(V)-oxo intermediate and a ruthenium(III) porphyrin may be formed through a 

photo-disportionation reaction of a bis-porphyrin-diruthenium(IV)-μ-oxo dimer (Scheme 

14). LFP method was employed to induce photolysis of the bis-porphyrin-

diruthenium(IV)-μ-oxo dimer similar to those previously described for the diiron(IV)-μ-

oxo-biscorrole complex.53-54 Photolysis of the ruthenium dimer gave a transient species 

that decayed on a 50 ms scale followed by a slow growth on an 1 s scale (Figure 19A). 

The time-resolved difference spectrum (Figure 19B) is defined as spectrum (t) – 

spectrum (final) as is conventional in LFP studies. In this representation, positive 

absorbances are from the species decaying with time, whereas growing peaks have 

negative absorbances from the species forming with time. Irradiation of the complex 

[RuIV(TPP)(OH)]2O (4) with 355 nm laser light at ambient temperature in CH3CN 
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solution generated a homolytic cleavage through the Ru-O bond which instantly 

produced a highly reactive transient (10) displaying a strong Soret band at 390 nm, which 

rapidly decayed to form [RuIII(TPP)(OH)] (11) with Soret band at 410 nm and Q band at 

530 nm (Figure 19B). The spectrum of the photo-product (11) was identical to that of 

RuIII(TPP)(OH), which was independently prepared from the reported method.55 In a 

slower subsequent phase of the reaction (Figure 19C), we believe that exposing the 

photo-product of 11 to oxygen led to regeneration of the diruthenium(IV)- μ-oxo complex 

through an auto-oxidation pathway.56 

 

 

Scheme 14. Photo-disproportionation approach to form the putative porphyrin-

ruthenium(V)-oxo species. 
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Figure 19. (A) Kinetic trace at λmax (390 nm) showing a rapid decay over 50 ms followed 

by a slow growing process over 1 s after laser pulse; (B) Time-resolved difference spectra 

following 355 nm irradiation of 4 in the presence of benzophenone (10 mM) in CH3CN at 

22 oC. (C) Time-resolved difference spectra over 1 s following 355 nm irradiation of 11 

in the presence of benzophenone (10 mM) in oxygen-saturated CH3CN. In this period, 

the species 11 is converting to μ-oxo ruthenium(IV) dimer.  

 

In this investigation, we have also discovered that the choice of axial ligand on the 

metal of the dimer gave different effects. The activity of the dimer with a chloride axial 

(4a) ligand was significantly lower than that of a dimer with a hydroxyl ligand (4). In 

LFP reactions when a dimer with a chloride ligand (4a) was employed under identical 

conditions as those described for 4, there was no evidence of a transient species at 390 

nm or 410 nm being formed; instead, only a rapid reformation process of the starting 

precursor (4a) was observed (Figure 20). The LFP results suggest that the photolysis of 

4a mainly occurs at the Ru-Cl bond which gave ruthenium(IV) and chlorine radical 

followed by a rapid recombination reaction. 
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Figure 20. Time-resolved difference spectrum following 355 nm irradiation of 

[RuIV(TPP)Cl]2O (4a) in the presence of benzophenone (10 mM) in CH3CN at 22 oC; 

difference spectrum =spectrum(t) - spectrum (final= 20 ms). 

 

4.3 Photo-induced ligand cleavage reaction 

 In addition, we have discovered an alternate route to produce the same 

ruthenium(V)-oxo species through a photosynthetic pathway. In our previous work, we 

reported a new photosynthetic entry to the well-known trans-dioxo-ruthenium(VI) 

porphyrins as a result of the simultaneous cleavage of the two X-O bonds from 

ruthenium(IV) dichlorates or dibromates.52, 57 In this work, we have also extended the so 

called photo-induced cleavage reaction54 for the generation of ruthenium(V)-oxo species. 

Instead of the homolysis of the Cl-O in ruthenium(IV) dichlorates that gave an one-

electron oxidation, we expected a two-electron oxidation through heterolysis of the O-X 

bond in the oxygen-containing ligands to produce the ruthenium(V)-oxo species (Scheme 

15).  
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Scheme 15. Generation of the porphyrin-ruthenium(V)-oxo species (10) via a photo-

induced ligand cleavage reaction. 

 

Based on Groves and coworkers’ early study, it is generally accepted that the 

pyridine N-oxide/RuIII complex is the precursor in the catalytic cycle that eliminates 

pyridine on heterolytic fragmentation to form the ruthenium(V)-oxo species as the active 

oxidant.19, 55 Following the literature reported procedure, the ruthenium(II) porphyrin 

radical cation (13) (Figure 21, dashed line) was generated by the oxidation the carbonyl 

precursor (14) (Figure 21, dotted line) with ferric perchlorate with in CH2Cl2 at room 

temperature. Addition of excess pyridine N-oxide or 2,6-dicholoropyridine N-oxide led to 

the formation of a ruthenium(III) N-oxide adduct (12) which showed a distinct UV-vis 

absorption that consistent with the reported value (Figure 21, solid line).55 As expected, 

species (13) shows the EPR signal (g = 2.000) in agreement with the proposed structure 

(Figure 21, inset). 
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Figure 21. Superimposed UV-visible spectra of ruthenium(III) N-oxide adduct (12) (solid 

lines), ruthenium (II) porphyrin radical cation (13) (dashed line) and carbonyl precursor 

(14) (dotted lines) at room temperature in CH2Cl2. Inset: X-band EPR of 13 at 298 K. 

 

By subjecting the complex to a 355 nm laser light, we observed the creation of a 

highly reactive ruthenium(V) transient which was monitored by UV-visible spectroscopy. 

In a time-resolved difference spectrum (Figure 22A), this ruthenium transient was 

characterized by a Soret band absorbance at λmax 390 nm. The formed intermediate 

decayed to a ruthenium(III) species with an absorbance of 410 nm with a 45 ms half-life 

in the absence of organic reductants in CH2Cl2 (Figure 22A). When organic substrate 

such as cyclohexene was present, the decay of the photochemically-generated species 

accelerated linearly with the substrate concentration (Figure 22B), indicating a second-

order reaction. From the linear plot, the second-order rate constant of 740 M-1 s-1 was 

calculated. According to the spectral and kinetic behavior, we further confirmed that the 

transient generated by this path was identical to the intermediate formed by the photo-

disproportionation reaction.  
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Figure 22. (A) Time-resolved difference spectrum following 355 nm irradiation of meta-

stable intermediate (12) over 100 ms in CH2Cl2 at 22 oC. (B) Observed rate constants for 

reactions with cyclohexene in CH2Cl2 at 22 oC, monitored at 390 nm. 

 

 

4.4 Kinetic studies 

 Kinetic studies were accomplished by generating ruthenium(V)-oxo species (10) 

using photo-disproportionation reactions in the presence of organic substrates at varying 

high concentrations under pseudo-first-order conditions. In all kinetic measurements, we 

monitored decay of the Soret band for the ruthenium(V)-oxo species at 390 nm. The 

background rate constant (k0) was formulated by the pseudo first order decay rate 

constant of the absence of the substrate when the species (10) reacted rapidly in CH3CN 

solution. Presumably, the background reaction is due to reaction of 10 with the solvent or 

organic impurities. In the presence of organic substrates, the pseudo-first-order decay rate 

constants increased linearly with substrate concentration. The kinetics are described by 
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Eq. 1, where kobs is the observed pseudo first order rate constant and kox was the second 

order rate constant which is affected by the substrate concentration [substrate].  

kobs = k0 + kox[substrate]        (Eq. 1) 

The kinetic plots from reactions of 10 formed by photolysis of 4 with representative 

organic substrates are shown graphically in Figure 23, where plots of kobs versus the 

concentrations of different substrates were linear, and the second-order rate constants for 

reactions of 10 with other substrates are collected in Table 5.  

Organic substrates such as alkenes and benzylic alcohols with the reactions of 

species 10 were investigated in the kinetic study. The rate constants listed in Table 5 

demonstrate that oxidation of benzylic alcohols is faster than oxidation of alkenes, 

possibly owing to a more energetically favorable mechanism. We noticed by the addition 

of small amount of CH3OH (5% v/v) that the reaction of cyclohexene with ruthenium(V)-

oxo transient slowed down compared to the reaction under identical conditions in the 

absence of CH3OH (Table 1, entry 2 and 3). In contrast, the reaction was three times 

faster when performed in CH3CN (kox = 1.8 × 103, entry 2, Table 5) compared to CH2Cl2 

(kox = 7.4 × 102, entry 4, Table 5). This phenomena can be explained by the ligation of 

the solvent to the ruthenium(V) center thus affecting the transients’ reactivity toward 

oxidation of cyclohexene.  
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Figure 23. Representative plots of observed pseudo-first-order rate constants for reaction 

of species 10 versus concentrations of diphenylmethanol (square), cyclohexene (circles) 

and cis-cyclooctene (triangles) in CH3CN. 
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Table 5.  Second-order rate constants for reactions of porphyrin-ruthenium(V)-oxo 

intermediate a. 

 Entry Substrate   kox (M-1 s-1)    

 1 noneb      340 s-1 

 2 cycloohexene   (1.8 ± 0.2) × 103  

 3c      (1.2 ± 0.2) × 103  

 4d       (7.4 ± 0.6) × 102 

 5   cis-cyclooctene  (1.3 ± 0.3) × 103 

 6   styrene    (2.5 ± 0.3) × 103 

 7   -methylstyrene  (1.8 ± 0.1) × 103  

 8  diphenylmethanol  (6.6 ± 0.6) × 103 

  9 1-phenylethanol  (8.6 ± 0.7) × 103 

 

a Reactions at 22 ± 2 oC under single-turnover conditions in CH3CN except otherwise 

specified. Standard deviations are 2. b Pseudo-first-order decay rate constant in the 

absence of substrate, defined as background rate constant (k0). c CH3CN:CH3OH (v/v = 

20:1). d in CH2Cl2 

 

The kox values determined in this work provide a quantitative comparison of the 

kinetics of reactions of the porphyrin-ruthenium(V)-oxo species (10) to those of related 

porphyrin/corrole-metal-oxo complexes. In the alkene epoxidations by the well-

characterized trans-dioxoruthenium(VI) porphyrins, the second order rate constants 

obtained under similar conditions are in the ranges of 4.0 × 10-3 to 4.1 × 10-2 M-1 s-1.58 

Remarkably, the observed rate constants for reactions of 10 with cyclohexene and other 

organic substrates (Table 5) are 5-6 orders of magnitude greater than those for similar 

reactions of the trans-dioxoruthenium(VI) complexes including much more electron-

demanding porphyrin system.58 
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5. CONCLUSION 

Manganese(III) porphyrins and manganese(III) corroles catalyze the highly efficient 

oxidation of sulfides to sulfoxides with PhI(OAc)2 in presence of small amount of water. 

Various thioanisoles could be successfully oxidized with complete conversion of sulfide 

and excellent selectivity. The effect of axial ligand on the reactivity of MnIII(TPFPP)X in 

oxidation reactions was observed and the weakly binding perchlorate gave the highest 

catalytic activity in the oxidation of sulfide. The remarkably enhanced catalytic activity 

and stability against degradation is ascribed to the slow and steady-state formation of 

PhIO from well soluble PhI(OAc)2 in presence of small amount of water. Although 

metalloporphyrin catalysts exhibit lower reactivity compared to metallocorrole catalysts 

under identical conditions, no bleaching of the metalloporphyrin catalysts in the end of 

the oxidation reactions was obtained. Thus, metalloporphyrin catalysts show a better 

stability compared to metallocorroles in sulfide oxidations.  

We have demonstrated the generation of the ruthenium(V)-oxo and a ruthenium(III) 

porphyrin species that occurred in a homolytic cleavage through a photo-disportionation 

reaction of a bis-porphyrin-ruthenium(IV) μ-oxo dimer. Laser flash photolysis production 

of poprhyrin-ruthenium(V)-oxo species has permitted the detection of the highly reactive 

intermediates in organic solvents and direct kinetic studies of their reactions with typical 

organic substrates. More importantly, the photo-cleavage of a ruthenium(III) N-oxide 

adduct proceeds by heterolysis of Ru-O bond to give an oxo transient that is 
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spectroscopically and kinetically indistinguishable from the species formed by photolysis 

of the corresponding bisporphyrin-ruthenium(IV) μ-oxo dimer, confirming that the same 

oxidizing ruthenium(V)-oxo species was produced from both methods. Second-order rate 

constants for reactions with several substrates were obtained. Further studies to 

characterize the observed transients more fully and to define synthetic applications are 

ongoing in our laboratory. 
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