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VISIBLE LIGHT GENERATION OF HIGH-VALENT CORROLE-MANGANESE(V)-

OXO INTERMEDIATES AND BIOMIMETIC STUDIES OF THE OXIDATION OF 

ORGANIC SULFIDES CATALYZED BY MANGANESE CORROLES WITH 

IODOBENZENE DIACETATE 

         64 Pages Davis Ranburger      August 2018 

Directed by: Dr. Rui Zhang, Dr. Darwin Dahl, and Dr. Mathew Nee 
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High-valent transition metal-oxo intermediates play essential roles as active 

oxidizing species in enzymatic and biomimetic catalytic systems. Extensive research has 

been conducted on a variety of transition metal catalysts being studied as models for the 

ubiquitous cytochrome P450 enzymes. In doing so, the production of enzyme-like 

oxidation catalysts and probing studies on the sophisticated oxygen atom transfer 

mechanism are taking place. 

In this work, visible-light irradiation of highly-photo-labile corrole-manganese(IV) 

bromates and chlorates was studied in two corrole systems with differing electronic 

environments, i.e. 5,10,15-trisphenylcorrole (H3TPC) and 5,10,15-

tris(pentafluorophenyl)corrole (H3TPFC). In both systems, homolytic cleavage of the O-

Br and O-Cl bonds in the ligands was observed to result in one-electron photo-oxidation to 

afford the corrole-manganese(V)-oxo species as determined by their distinct UV-vis 

spectra. Kinetics of oxygen atom transfer (OAT) reactions by each photo-generated 

[MnV(Cor)O] species with various substrates were conducted in two solvents, CH3CN and 

CH2Cl2. It was found that [MnV(Cor)O] exhibits noteworthy solvent and ligand effects on 

its reactivity and spectroscopic behavior. In the more electron-withdrawing TPFC species 
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in polar CH3CN solvent, MnV-oxo corrole returned to MnIII corrole following oxidation of 

substrate. However, the TPFC species in the less polar CH2Cl2 solvent, and in both solvents 

for the TPC system, MnIV product was formed instead of MnIII. An inverted reactivity 

pattern, i.e. TPC > TPFC, for the MnV-oxo corroles was observed. These spectral and 

kinetic results were rationalized by a multiple oxidation pathway model, where either a 

two-electron oxidation for oxygen atom transfer reactions takes place or a 

disproportionation reactive takes place forming the elusive manganese(VI)-oxo as the true 

oxidant. The preferred pathway is highly dependent on the nature of the corrole ligand and 

the solvent. 

Furthermore, a variety of [MnIV(Cor)Cl] complexes were investigated as 

biomimetic catalysts for the selective catalytic oxidation of the organic sulfide with mild 

sacrificial oxidant PhI(OAc)2. It was found that catalytic activity was affected by the 

oxidation state and electron environment of the catalyst. It was also found that in the same 

TPC system, [MnIV(TPC)Cl] was more reactive than [MnIII(TPC)], presumably due to the 

MnIV-corrole having easier access to the active metal-oxo intermediates than MnIII-corrole. 

In the same oxidation state, catalytic sulfoxidation of thioanisole resulted in a slower 

reaction rate for corrole species with more electron withdrawing ligands. In addition to 

thioanisole, [MnIV(TPC)Cl] was tested for its reactivity under catalytic conditions for eight 

other substrates. In most cases, quantitative conversions and excellent selectivity for 

sulfoxide were achieved. 
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CHAPTER 1 

INTRODUCTION 

1.1 Overview of Cytochrome P450 Enzymes 

Cytochrome P450 enzymes (CYP450s) were first discovered nearly 60 years ago 

by a group of biochemists and pharmacologists, who together studied drug metabolism.1 It 

has been found that the CYP450s play an integral role in oxidative transformation of 

endogenous and/or exogenous molecules in many lifeforms including plants, bacteria, and 

mammals.2,3 CYP450s are named for their characteristic Soret band at 450 nm when 

reduced and complexed with carbon monoxide.4 These enzymes have two main functional 

roles in biological systems; one is for the metabolism of xenobiotics and the other is to aid 

in the biosynthesis of critical signaling molecules by acting as a catalyst.5 In general, 

molecular oxygen is used by CYP450s for oxidation reactions, transferring one oxygen to 

the substrate while reducing the second to water with natural reducing agents like 

nicotinamide adenine dinucleotide (NADH).6 Reactions mediated by CYP450s are 

extremely important to study in view of their characteristically high chemoselectivity, 

regioselectivity, and stereoselectivity. 

The enzyme-catalyzed oxidation of camphor by CPY450cam is one of the most 

distinct examples for a stereospecific, chemospecific, and regiospecific oxidation.7 

CYP450cam was found by Gunsulas and colleagues in Pseudomonas putida, a species of 

bacterium that is known for its ability to metabolize certain substrates including camphor, 

caffeine, and benzene.8 The X-ray crystallography structure and figure of its iron-

protoporphyrin-IX active site of CYP450cam can be found in Fig. 1-1.  Its ability to 
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metabolize substrates is typically attributed to its CYP450 monooxygenases.8 CYP450cam 

hydroxylates camphor specifically to 5-exo-hydroxycamphor as outlined in Scheme 1-1. 

 

 

Figure 1-1. (A) X-ray structure of CYP450cam.7 (B) Iron protoporphyrin-IX (heme b) 

structure.  

 

 

Scheme 1-1. Hydroxylation of camphor via catalysis by CYP50cam with molecular oxygen 

showing efficient selectivity of the C—H bond at position 5. 

  

A B A 
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1.2 Biomimetic Oxidations 

 In biomimetic oxidation, a high-valent metal-oxo species is formed via oxidation 

of a transition metal catalyst by a sacrificial oxidant. Then, the metal-oxo intermediate 

oxidizes available substrates.9,10 To study this sophisticated oxidation mechanism, many 

transition metal catalysts have been synthesized as models that resemble CYP450 

enzymes.11 The most extensively studied biomimetic catalysts are metalloporphyrins, 

which closely resemble the active site of CYP450 enzymes for a variety of oxidation 

reactions (Table 1-1). 

 

Table 1-1. Typical biomimetic oxidation reactions mediated by metalloporphyrin 

catalysts. 

 

  

Closely related to porphyrins are corroles and corrins (Fig. 1-2). One main 

difference between the three is the number of available ionizable protons in their N4 

coordination core. As seen in Fig. 1-2, corrins have one internal proton, porphyrins have 



   

4 

 

two (dianionic), and corroles have three (trianionic).12 Corroles have a similar backbone to 

that of corrins, the core structure of vitamin B12, but the difference between porphyrins and 

corroles is extremely important for their role in transition-metal-oxo chemistry because 

having three internal ionizable protons in corroles allows for the coordination of higher 

oxidation-state transition metals.  

 

 

 Figure 1-2. Structure of corrin, porphyrin, and corrole with each of their internal protons 

highlighted in red.  

 

 Recently, interest has grown in the catalytic properties of the 19-membered corroles 

due to their capacity to access and stabilize higher oxidation state metal-oxo species.13-16 

Corrole synthesis was first reported in 1965 by Johnson and coworkers.17 It was not until 

1999 that Gross and colleagues reported a new synthetic technique for the solvent-free 

condensation of pyrrole and aldehydes.18 Furthermore, Gross went on to report the first 

application of metallocorroles for the catalytic cyclopropanation, epoxidation, and 

hydroxylation in the presence of iodosylbenzene and carbenoid oxidants. In comparison to 

porphyrin systems, the π-electron-system of corroles is far more electron rich than that of 
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porphyrins, allowing for these unusually high oxidation state transition metals.19 Thus, 

when complexed with manganese, for example, the corrole systems have a natural 

tendency to support manganese(V)-oxo species while porphyrins favor the 

manganese(IV)-oxo state.  

 

1.3 High-Valent Transition Metal-Oxo Species in Catalytic Oxidations 

 The study of the catalytic oxidations of high-valent metal-oxo species has grown in 

significant interest due to their involvement in the catalytic cycle of CYP450s. These high-

valent metal-oxo species are typically thought to be the active oxidizing species for 

metallo-porphyrin mediated catalysis.20 Prior to 1980, when Groves et al. reported the first 

high-valent metal-oxo species, only iron had been used due to its relation to the 

protoporphyrin-IX heme active site of CYP450s.21 This opened the door for the 

development of metalloporphyrins with a variety of transition metals other than iron. This 

same concept has been applied in corrole systems.  

 Photochemistry has proven to be particularly fascinating in the exploration of 

metal-oxo chemistry.22 Photochemical catalysis is also essential to develop greener 

methods because the activation of the catalyst is obtained through absorption of a photon, 

leaving no residue. This is principally important because most chemical methods involve 

the use of toxic or polluting reagents.23 Thus, the use of visible light to activate reversible 

redox processes of the metal centers in catalysts could avoid the disadvantages that arise 

when using chemical reagents.24 Newcomb and coworker were the first to develop photo-

induced ligand cleavage reactions to photochemically generate a variety of high-valent 

transition metal-oxo derivatives supported by porphyrin and corrole ligands.25-27 As shown 
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in Scheme 1-2, the precursor complexes are coordinated with a metal of n oxidation state 

that is bound to an oxygen containing ligand. Photolysis proceeds in one of two pathways: 

homolytic cleavage of the O-X bond in the ligand resulting in an n + 1 oxidation state 

metal-oxo species or through heterolytic cleavage of the same bond resulting in an n + 2 

oxidation state metal-oxo species.  

 

Scheme 1-2. Photo-induced ligand cleavage reactions for the production of high-valent 

transition metal-oxo species.  

 The photochemical approach produces metal-oxo species basically instantaneously. 

This allows for their detection and kinetic studies of their oxidations to be analyzed on 

much shorter timescales than the fastest mixing experiments. Of the many species tested, 

those containing manganese as the metal are among the more reactive transition metal-oxo 

derivatives. In Chapter 3, it is shown that visible-light irradiation of photo-labile bromate 

and chlorate manganese(IV)-corrole precursors gave the corresponding high-valent 

manganese(V)-oxo corroles. Meanwhile, the kinetic studies of these photo-generated 
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metal-oxo species also provide insights into high-valent species to propose their 

mechanism of oxidation. 

 

1.4 Oxidations Catalyzed by Manganese Corroles 

 In the pharmaceutical industry, selective oxidation of sulfides to sulfoxides, without 

over-oxidation to sulfones, is extremely important.28 Currently, sulfoxides are in use for 

the formulation of both antibacterial and antifungal compounds.29 Orthodox and outdated 

methods of sulfoxidation involve strong oxidizing agents including peroxyacids and toxic 

heavy metal catalyst that have proven to be detrimental for the environment.30,31 Therefore, 

the need for greener, environmentally-conscience sulfoxidation catalysts is exceedingly 

apparent for the future.32  

 As previously reported, manganese porphyrins and corroles act as efficient 

catalysts for sulfoxidation reactions.33 While manganese porphyrin complexes exhibit high 

conversion rates, they lack selectivity, allowing for the over-oxidation of substrate.34 

Conversely, manganese corroles have an enhanced ability to selectively oxidize substrate 

with minimal over-oxidative product formation coupled with a slower rate of conversion.35 

There is room for improvement, in both cases, which is the driving force behind catalytic 

sulfoxidation testing in this work. Throughout the pharmaceutical industry, there exists a 

high demand for efficiently selective, versatile catalysts for the sulfoxidation of substrates 

with high product selectivity at an effective conversion rate under mild oxidative 

conditions.  



   

8 

 

 The 19-carbon, fully conjugated, and aromatic corroles differ in their stability 

compared to porphyrins due to their susceptibility to thermal degradation.36 However, their 

high-valent metal complexes show considerably higher stability than those of porphyrin, 

due to the trianionic nature of the corrole ligands.37 Metallocorroles have been used for 

many biochemical applications including anticancer agents38-43, antioxidant therapy44,45, 

and in diabetic therapy.46 The first report for the utilization of metallocorroles in catalysis 

was in 2000 where iron(III) corrole was employed as the catalyst for cyclopropanation and 

epoxidation reactions with iodosylbenzene as an oxygen source.47 In Chapter 4, an 

emphasis on the sulfoxidation of various sulfides is investigated under catalytic conditions 

with manganese(IV)-chloride 5, 10, 15-trisphenylcorrole [MnIV(TPC)Cl] and iodobenzene 

diacetate as a mild oxidant (Scheme 1-3).  

 

Scheme 1-3. Sulfoxidation of sulfides using MnIV(TPC)Cl as the catalyst with PhI(OAc)2 

as the sacrificial oxidant. 
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CHAPTER 2 

EXPERIMENTAL SECTION 

2.1 Materials 

  All commercial reagents were of the best available purity and used as supplied 

unless otherwise specified. All organic solvents used for synthesis and purification, 

including acetone, acetonitrile, benzene, chloroform, dichloromethane, diethyl ether, 

ethanol, methanol, hexane, and N,N-dimethylformamide (DMF) were purchased from 

Sigma-Aldrich Chemical Company. Pyrrole was freshly distilled for use in synthesis. 

Benzaldehyde, hydrochloric acid (HCl), boron trifluoride diethyl etherate (BF3·Et2O), 

tetrachloro-1,4-benzoquinone (p-chloranil), 2,3-dichloro-5,6-dicyano-p-benzoquinone 

(DDQ), basic alumina [Al2O3] with an activity of one manganese(II) acetate tetrahydrate, 

chloroform-d, iodobenzene diacetate [PhI(OAc)2], tris-(4-bromophenyl)ammoniumyl 

hexachloroantimonate [(4-BrC5H4)3N]SbCl6, 5,10,15-tris(pentafluorophenyl)corrole 

[H3TPFC], and 5,10,15-tris(4-nitrophenyl)corrole [H3(4-NO2)TPC] were purchased from 

Sigma-Aldrich Chemical Company and used as such. Substrates used for kinetic studies 

were purified by silica gel column prior to use including cyclohexene, cis-cyclooctene, 

ethyl benzene, styrene, thioanisole, 4-fluorothioanisole, 4-chlorothioanisole, 4-

methylthioanisole, and 4-methoxythioanisole. Substrates for catalytic oxidations were 

purchased and used as such, including the prior listed thioanisole substrates, 4-

nitrothioanisole, diphenyl sulfide, ethyl propyl sulfide, and 1,4-oxathiane. All bromate, and 

chlorate precursors of metallocorrole complexes were prepared in situ by stirring with 

excess silver bromate Ag(BrO3) and silver chlorate Ag(ClO3) with [MnIII(Cor)] as 

described later in Chapter 2. 
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2.2 Physical Measurements and Equipment 

 1H-NMR analysis was performed on a JEOL ECA-500 MHz spectrometer (Fig. 2-

1 A) at 298K with tetramethylsilane (TMS) as the internal standard with deuterated 

chloroform (CDCl3) as the solvent. Chemical shifts (ppm) were reported relative to the 

standard TMS peak. UV-Vis spectra were conducted on an Agilent 8454 diode array 

spectrometer (Fig. 2-1 B) using standard 1.0-cm quartz cuvettes. Visible light was 

produced by a SOLA SE II light engine (by Lumencor) fitted with a liquid light guide and 

output power that could be adjusted from 6-120 W (Fig. 2-1 C). Gas chromatography-mass 

spectrometry (GC-MS) analysis were performed on an Agilent GC7820A/MS5977B (Fig. 

2-1 D), coupled with an auto sample injector using an Agilent DB-5 capillary column. 

Electrospray ionization-mass spectroscopy (ESI-MS) data was collected using an Agilent 

500 LCMS Ion Trap System (Fig. 2-1 E). 
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Figure 2-1. (A) JEOL ECA-500 MHz spectrometer. (B) Agilent 8454 diode array 

spectrometer. (C) SOLA SE II light engine, by Lumencor. (D) Agilent 

GC7820A/MS5977B. (E) Agilent 500 LCMS Ion Trap System. 
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2.3  Methods 

2.3.1 General Procedure for Photolysis of Corrole-Manganese(IV) Bromates 

[MnIV(Cor)(BrO3)] and Corrole-Manganese(IV) Chlorates [MnIV(Cor)(ClO3)] 

 Manganese(IV) corrole complexes [MnIV(Cor)Cl] were stirred in anaerobic 

CH3CN with an excess of a silver salts [Ag(BrO3), Ag(ClO3)] used for the facile exchange 

of the chloride counter ions in the corrole complexes, resulting in the formation of the 

photo-labile bromate [MnIV(Cor)(BrO3)] or chlorate [MnIV(Cor)(ClO3)] products. The 

expected AgCl precipitate formed as a result of the exchange. The exchange reactions were 

monitored respectively by UV-vis spectroscopy. Immediately following this conversion, 

the complexes were used for photochemical studies. 

   

2.3.2 Direct Kinetic Studies of High-Valet Metal-Oxo Intermediates 

 Following the formation of the high-valent metal-oxo species with an excess 

amount of organic substrate (> 100 equiv.) were conducted in multiple solvents (2 mL) at 

23 ± 2 ⁰C. The photo-generated [MnV(Cor)O] approximate concentrations were estimated 

assuming the 100% conversion of from the manganese(IV) precursors prior to 

photochemical reactions. The rates of reaction, representing the rate at which the oxo group 

transfers from the [MnV(Cor)O] to the available substrate were monitored via the decay of 

the Soret absorption band of the manganese(V)-oxo species. The data resulted in pseudo-

first-order observed rate constants, i.e. kobs. Plots of these values against the concentrations 

of substrates were linear in all cases. 
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The second-order rate constants for the reaction of the manganese(V)-oxo species 

with substrates, were then solved according to  

𝑘obs = 𝑘o + 𝑘ox[𝑆𝑢𝑏]                                               Eq. 1, 

where kobs is the observed rate constant, ko is the background decay rate constant 

determined without substrate, kox is the second-order rate constant for the reaction with 

substrate, and [Sub] is the concentration of substrate. By plotting kobs versus the 

concentration of substrate, the slope of the line-of-best-fit will be the second-order rate 

constant value.  

 

2.3.3 General Procedure for Catalytic Oxidations 

 The corrole-manganese complexes were investigated as catalysts for oxidation of a 

variety of organic sulfides, including six para-substituted thioanisoles along with three 

other sulfide compounds. Reactions were conducted in methanol solution (2 mL) which 

contains catalyst (1 µmol), a small amount of water (4.5 µL), organic substrate (0.5 mmol), 

and 1.5 equiv. of PhI(OAc)2 (0.75 mmol) as the sacrificial oxidant. Aliquots of the 

reactions were analyzed by GC-MS and/or 1H NMR to determine the conversion of 

substrates and product selectivity. Studies of the effects of catalyst, oxidant concentrations, 

and catalytic competition studies were conducted in a similar fashion.  

 

2.3.4 General Procedure for Catalytic Competition Studies 

In competition studies, a methanol solution was made containing manganese(IV) 

corrole catalyst (1 μmol), a small amount of water (4.5 μL), PhI(OAc)2 (0.1 mmol) as the 
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limiting reagent, and equal amounts of two substrates, e.g. thioanisole (0.25 mmol) and a 

para-substituted thioanisole (0.25 mmol). Relative rate ratios for catalytic oxidation were 

determined by GC based on the relative amounts of each sulfoxide product formed. The 

ratio of product formation should directly reflect the relative sulfide reactivity toward 

corrole-manganese-catalyzed oxidation.  

 

2.4 Synthesis and Characterization 

2.4.1 Synthesis of 5,10,15-Trisphenylcorrole [H3TPC] (1a) 

 

Scheme 2-1. Synthesis of 5,10,15-trisphenylcorrole [H3TPC] (1a) 

The synthesis of 5,10,15-triphenylcorrole (1a) was conducted based on reported 

methods (Scheme 2-1).22 The first step allows for an acidic environment to aid in the 

nucleophilic addition between pyrrole and benzaldehyde. The second step results in the 

corrole ring closure via a one-step oxidation with p-chloranil. Freshly distilled pyrrole (10 

mmol) and benzaldehyde (5 mmol) were joined in a solution consisting of a water/methanol 

mixture (1:1). Hydrochloric acid (HCl, 0.12 M) was added as the acid catalyst for the 

condensation to occur and the resulting solution was stirred at room temperature for 3 h. 

The product of the first step was then extracted using chloroform (CHCl3) and washed with 
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water twice. The resulting mixture was dried with anhydrous sodium sulfate. The filtered 

solution was diluted with CHCl3 (300 mL) and refluxed for 1 h with excess p-chloranil. 

Column chromatography (silica gel) was then conducted with dichloromethane/hexane 

solution as the eluent, which afforded pure corrole product. The structure of the product 

was confirmed by UV-vis spectroscopy (Fig. 2-2 A), 1H-NMR (Fig. 2-2 B) and ESI-MS. 

Yield = 220 mg (25%) 

UV-vis (CH2Cl2) λmax/nm: 415 (Soret), 570, 615, 647 

1H-NMR (500 MHz, CDCl3): δ, ppm: 7.73-7.83 (m, 9H), 8.17 (d, 2H), 8.38 (d, 4H), 8.55 

(2 2H), 8.60 (d, 2H), 8.87 (d, 2H), 8.95 (d, 2H) 

ESI-MS: m/z: 527.3 [M]+ 
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Figure 2-2. (A)The UV-vis spectrum of [H3TPC] (1a) in CH2Cl2; (B) The 1H-NMR 

spectrum of [H3TPC] (1a) in CDCl3 
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2.4.2 Synthesis of 5,10,15- Tris(pentafluorophenyl)corrole [H3TPFC] (1b) 

 

Scheme 2-2. Synthesis of 5,10,15-tris(pentafluorophenyl)corrole [H3TPFC] (1b)  

5,10,15-Tris(pentafluorophenyl)corrole (1b) was synthesized using the methods 

(Scheme 2-2) reported by Gross and colleagues.18 First, a one-to-one molar ratio of 

pentafluorobenzaldehyde and freshly distilled pyrrole (15 mmol) was dissolved in CH2Cl2. 

This solvent-free step of the reaction was conducted on a solid support of alumina (Al2O3, 

3 g) and heated to 100 °C for 4 h. The expected condensation reaction then takes place 

once all of the solvent is evaporated. Then, 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) 

was added to the tarry mixture as an oxidant. TLC was used to monitor reaction progress. 

A UV lamp was used to identify the formation of product on the TLC plates due to the 

fluorescent properties of the ligand. A silica gel column was then performed with 

dichloromethane/hexane solutions as the eluent. The pure corrole was characterized by 

UV-vis spectroscopy (Fig. 2-3 A), 1H-NMR spectra (Fig. 2-3 B), and ESI-MS (Fig. 2-3 C). 

Yield = 145 mg (5%) 

UV-vis (CH2Cl2) λmax/nm: 407 (Soret), 561, 604 

1H-NMR (500 MHz, CDCl3): δ, ppm: 8.57 (d, 4H), 8.75 (d, 2H), 9.10 (d, 2H) 

ESI-MS: m/z: 797.27 [M]+ 
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Figure 2-3. (A) The UV-vis spectrum of [H3TPFC] (1b) in CH2Cl2; (B) The 1H-NMR 

spectrum of [H3TPFC] (1b) in CDCl3; (C) ESI-MS spectrum of [H3TPFC] (1b). 
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2.4.3 Synthesis of Corrole-Manganese(III) [MnIII(Cor)] 

 

Scheme 2-3. Synthesis of Corrole-Manganese(III) [MnIII(Cor)] (2) 

Metalation of corrole complexes was performed based on the methods defined by 

Simikhovich et al.47 Each corrole ligand (100 mg) was dissolved in DMF (30 mL) in a 

round bottom flask. The mixture was degassed with argon for approximately 5 min. A large 

excess of manganese(II) acetate tetrahydrate (~300 mg) was added and the mixture was 

refluxed for 30-60 min (Scheme 2-3). The conversion was monitored by TLC analysis. 

DMF was then evaporated via rotary evaporation under vacuum. The crude solid was 

dissolved in diethyl ether and purified on a silica gel column with diethyl ether to afford 

the expected manganese corrole complexes. The purified products were characterized by 

UV-vis (Fig. 2-4 A, 2-4 B, 2-4 C), and ESI-MS, represented by the spectrum for [MnIII(4-

NO2TPC)] (Fig. 2-4 D).  
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MnIII(TPC) [2a] 

Yield = 81 mg (70%) 

UV-vis (CH2Cl2) λmax/nm: 403, 431, 651 

ESI-MS: m/z: 578.21 [M]+ 

MnIII(TPFC) [2b] 

Yield = 97 mg (87%) 

UV-vis (CH2Cl2) λmax/nm: 400, 415, 469, 598 

ESI-MS: m/z: 848.19 [M]+ 

MnIII(4-NO2TPC) [2c] 

Yield = 33 mg (31%) 

UV-vis (CH3CN) λmax/nm: 428, 480, 658 

ESI-MS: m/z: 713.1 [M]+ 
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Figure 2-4. (A) The UV-vis spectrum of [MnIII(TPC)] (2a) in CH2Cl2; (B) The UV-vis 

spectrum of [MnIII(TPFC)] (2b) in CH2Cl2; (C) The UV-vis spectrum of [MnIII(4-

NO2TPC)] (2c) in CH2Cl2. (D) ESI-MS spectrum of [MnIII(4-NO2TPC)] (2c). 

 

A B

C D



   

21 

 

2.4.4 Synthesis of Corrole-Manganese(IV) Chloride [MnIV(Cor)Cl]   

 

Scheme 2-4. Synthesis of Corrole-Manganese(IV) Chloride [MnIV(Cor)Cl] (3) 

 According to previous studies, the treatment of the corrole-manganese(III) 

complexes, 2, with tris(4-bromophenyl)ammoniumyl hexachloroantimonate (1:1 ratio by 

mass) that functions as a one-electron oxidant and as the counter anion donor in CH2Cl2 

(Scheme 2-4), affords the respective corrole-manganese(IV) chloride species, 3.14 The 

resulting compound was then purified by silica gel column chromatography with CH2Cl2 

as the eluent to give the expected product. UV-vis spectroscopy (Fig. 2-5 A, 2-5 B, 2-5 C) 

and ESI-MS, represented by the spectrum for [MnIV(4-NO2TPC)Cl] (Fig. 2-5 D), were 

used to confirm the manganese(IV) corrole product.   
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MnIV(TPC)Cl [3a] 

Yield = 73 mg (90%) 

UV-vis (CH2Cl2) λmax/nm: 430, 603 

ESI-MS: m/z: 578.11 [M]+, 613.05 [M – Cl]+ 

MnIV(TPFC)Cl [3b] 

Yield = 75 mg (89%) 

UV-vis (CH2Cl2) λmax/nm: 361, 416, 593 

ESI-MS: m/z: 848.19 [M]+, 884.05 [M – Cl]+ 

MnIV(4-NO2TPC)Cl [3c] 

Yield = 5.7 mg (36%) 

UV-vis (CH2Cl2) λmax/nm: 363, 424, 602 

ESI-MS: m/z: 746.99 [M]+, 713.15 [M – Cl]+ 
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Figure 2-5. (A) The UV-vis spectrum of [MnIV(TPC)Cl] (3a) in CH2Cl2; (B) The UV-vis 

spectrum of [MnIV(TPFC)Cl] (3b) in CH2Cl2; (C) The UV-vis spectrum of [MnIV(4-

NO2TPC)Cl] (3c) in CH2Cl2. (D) ESI-MS spectrum of [MnIV(4-NO2TPC)Cl] (3c). 

  

A B

C D



   

24 

 

CHAPTER 3 

VISIBLE LIGHT-INDUCED FORMATION AND KINETIC STUDIES OF HIGH-

VALENT CORROLE-MANGANESE-OXO DERIVATIVES 

3.1 Introduction 

 Photochemical induced activation of transition metal complexes to yield reactive 

oxidants has been known for decades.48 Photochemical production of these reactive metal-

oxo species has proven to be much faster when compared to even the fastest mixing 

chemical reactions. In addition, oxidation kinetics of the photo-generated metal-oxo 

species produced under single-turnover conditions are not convoluted.49 As a result, 

extensive investigations are underway into the formation of high-valent metal-oxo corrole 

species from photo-induced ligand cleavage reactions with visible light.50 This advantage 

allows for the direct kinetic study of their oxygen atom transfer (OAT) reactions with 

organic substrates. In addition, metal-catalyzed oxidation reactions can be studied and 

understood using the stable and well-characterized corrole-manganese(V)-oxo species as 

an important mechanistic probe.51 

 In this chapter, a new photochemical approach to obtaining corrole-manganese(V)-

oxo complexes [MnV(Cor)O] has been developed. One important factor involving the 

reactivity of [MnV(Cor)O] is to investigate the electronic effect of the oxidizing species. 

Thus, three manganese(V)-oxo corroles 6 were produced by visible light irradiation of 

highly photo-labile manganese(IV)-bromate corrole 4 and manganese(IV)-chlorate corrole 

5 precursors, respectively. Additionally, spectral and kinetic results demonstrated that the 

different photo-generated manganese(V)-oxo corroles 6 oxidized substrates through 

different reaction pathways depending on the nature of the corrole ligands and the solvents.  
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3.2 Results and Discussion 

3.2.1 Generation of Corrole-Manganese(IV) Bromate Precursors 

[MnIV(Cor)(BrO3)] 

 

Scheme 3-1. Axial ligand exchange from 3 to 4 with Ag(BrO3). 

 Two manganese(IV) corroles were used for the axial ligand exchange from a 

chloride ligand to a bromate ligand (Scheme 3-1), each differing in their electron 

environments. The facile exchange was executed by introducing 3 to an excess amount of 

Ag(BrO3), which was monitored by UV-vis spectroscopy (Fig. 3-1). Species 4 was unable 

to be isolated for a full spectrophotometric characterization due to their highly photo-labile 

nature. Therefore, they were immediately used for photochemical reactions following in 

situ formation.  
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Figure 3-1. (A) UV-vis spectra of [MnIV(TPC)Cl] (dashed line) and [MnIV(TPC)(BrO3)] 

(solid line); (B) UV-vis spectra of [MnIV(TPFC)Cl] (dashed line) and 

[MnIV(TPFC)(BrO3)] (solid line).  

 

3.2.3 Generation of Corrole-Manganese(IV) Chlorate Precursors 

[MnIV(Cor)(ClO3)] 

 

Scheme 3-2. Axial ligand exchange from 3 to 5 with Ag(ClO3). 

Similarly, a second photo-labile species was studied alongside the manganese(IV) 

bromate species.  Manganese(IV) chlorate species were formed via a facile exchange of 

A B 



   

27 

 

the chloride counterion of 3 with excess Ag(ClO3). Although Ag(BrO3) has proven to be 

more photoreactive than Ag(ClO3), it has a low solubility in CH3CN. Ag(ClO3), however, 

is far more soluble in CH3CN, making it capable for the facile exchange of the chloride 

counterion to be completed without being added in extreme excess. This exchange resulted 

in the corresponding chlorate compounds with the observation of AgCl precipitate. In the 

same fashion as the bromate species, the chlorate species were also prepared in situ and 

used immediately for photochemical reactions.  
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Figure 3-2. (A) UV-vis spectra of [MnIV(TPC)Cl] (dashed line) and [MnIV(TPC)(ClO3)] 

(solid line); (B) UV-vis spectra of [MnIV(TPFC)Cl] (dashed line), and 

[MnIV(TPFC)(ClO3)] (solid line).  

 

A B

 



   

28 

 

3.2.4 Visible Light Generation of Manganese(V)-Oxo Corroles 

 

Scheme 3-3. Photochemical and chemical formation of manganese(V)-oxo corroles 6. 

 Generation of corrole-manganese(V)-oxo species 6 from complexes 4a and 4b 

were conducted in anaerobic CH3CN with visible light from a SOLA engine (60W). This 

resulted in changes in the absorption spectra showing formation of 6 indicated by a blue 

shift in the Soret band. The non-electron-deficient 6a spectrum was similar to that of 6b, 

however, exhibited a far weaker blue-shifted Soret band and was instead shown as a 

shoulder (Fig. 3-3 A). The formation of the electron-deficient 6b was far more evident, as 

shown in Fig. 3-3 B by the growth in the Soret peak at 346 nm. Species 6b displayed split 

Soret bands that are distinct with a strong blue-shifted band. It is important to note that the 

formation of both 6a and 6b via visible light generation matched the spectra for their 

formation from previous chemical oxidations of the corresponding manganese(III) 

precursors with ozone or PhIO.47,52 Based on the electrophilic nature of the corrole-

manganese(V)-oxo species, it is expected that the TPC complex (6a) will be more stable 

(less reactive) than the TPFC complex (6b).  

Photochemical oxidative formation of 6a was observed to be faster than that of the 

formation for 6b. Aryl groups on the TPC system are less electron-withdrawing than in the 
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case of TPFC systems. In view of lower oxidation potentials of TPC systems, the 

thermodynamically favored 4a undergoes photo-oxidation more readily to form 6a.  
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Figure 3-3. (A) Time resolved formation spectra of 6a (red line) following visible light 

irradiation of 4a (8.0 × 10-6 M) over 30 s in anaerobic CH3CN solution at 23 °C. (B) 

Time resolved formation spectra of 6b (red line) following visible light irradiation of 4b 

(7.0 × 10-6) over 80 s in anaerobic CH3CN solution at 23 °C. 

 

In addition to the bromate precursors, chlorate precursors (5) were also generated 

and oxidatively converted to 6. Formation of 6a from 5a (Fig. 3-4 A) and of 6b from 5b 

(Fig. 3-4 B) were monitored via time-resolved UV-vis spectra. 
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Figure 3-4. (A) Time resolved formation spectra of 6a (red line) following visible light 

irradiation of 5a (8.0 × 10-6) over 200 s in anaerobic CH3CN solution at 23 °C. (B) Time 

resolved formation spectra of 6b (red line) following visible light irradiation of 5b (8.0 × 

10-6 M) over 300 s in anaerobic CH3CN solution at 23 °C. 

 

 Visible light irradiation of bromate (4) and chlorate (5) precursors to form corrole 

manganese(V)-oxo species, 6, is attributed to the homolytic cleavage of the O-Br and O-

Cl bonds which results in a one-electron photo-oxidation. We found that the photochemical 

cleavage of the bromate species was far more efficient and faster than that of the chlorate 

ligands. Control experiments were conducted and showed that species 6 was not formed in 

the absence of light. As expected, using a more intense light source (SOLA, 120 W) 

significantly decreased the time of formation of 6b. However, photo-degradation was 

observed for 6a when using the more intense light.  

A B 
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 Prior to testing for the visible-light generation of 6, 3a and 3b were chemically 

oxidized with PhI(OAc)2 to provide a standard for the formation of 6. The representative 

formation of 6b from 3b is shown below in Fig. 3-5. The characteristic UV-vis spectra 

obtained from the photochemical generation of 6a and 6b were matching those from 

previously reported chemical oxidation methods.47,52  
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Figure 3-5. Chemical formation of 6b from reaction between [MnIV(TPFC)Cl] (3b) and 

PhI(OAc)2 (2 equiv.) in CH3CN over 40 s. 

 

3.2.5 Kinetic Studies of High-Valent Corrole-Manganese-Oxo Species  

 Following the formation of species 6, oxidation reaction kinetics experiments were 

conducted with alkanes, activated hydrocarbon, and thioanisoles at similar concentrations 

of approximately 5.0 × 10-6 M in both CH2Cl2 and CH3CN. Earlier reports demonstrated a 

dependency on catalyst concentration for oxidation reactions.25 For kinetic studies, the 

pseudo-first-order rate constants were measured spectroscopically following the addition 
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of excess amount of substrate to the manganese(V)-oxo species that was formed in situ. 

For species 6a it was observed that the MnIV was regenerated in both solvents, identified 

by the transition of the Soret peak from the λmax for MnV species at 348 nm to the known 

λmax for MnIV species at 430 nm (Fig. 3-6). This transformation does not implicate a one-

electron oxidation reaction from MnV(O) to MnIV species in view of the relatively slow 

reaction rate.  
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Figure 3-6. Time-resolved spectra of 6a in CH3CN reacting with thioanisole (6 mM) 

over 40 s.  

 

In contrast, with the more electron-deficient system 6b the Soret band decayed to 

two different products depending on the choice of solvent. In CH3CN, 6b regenerates a 

MnIII species characterized by its known λmax at 465 nm (Fig. 3-7 A). This reaction 

sequence is consistent with a direct two-electron oxidation from MnV to MnIII. In CH2Cl2, 

the MnIV species is regenerated from 6b (Fig. 3-7 B), as it was with the 6a species. This 
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solvent effect can be attributed to a variety or combination of effects including but not 

limited to polarity differences and electron environment effects.   
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Figure 3-7. (A) Time-resolved spectra of 6b in CH3CN reacting with cyclohexene (0.5 

M) over 1000 s. (B) Time-resolved spectra of 6b in CH2Cl2 with cyclohexene (0.5 M) 

over 300 s. 

 

 Substrate concentrations were varied allowing for the comparison of each pseudo-

first-order decay rate constant (kobs) for 6 resulting in a linear increase with substrate 

concentrations (Fig. 3-8 A). Apparent second-order rate constants (kox) for various 

substrates (Table 3-1) were calculated. Table 3-1 shows the trends in the kox for the various 

substrates; i.e. organic sulfides are approximately 3 to 4 orders of magnitude more reactive 

when comparing them to alkanes or ethylbenzene for the same oxo corrole.  

  

B

 

A
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Table 3-1. Second-order rate constants for reactions with various substrates.a 

Oxo species Substrates kox(M
-1s-1) 

CH3CN CH2Cl2 

6a Cyclohexene (10.0 ± 1.0) × 10-2  

 Cis-Cyclooctene (5.0 ± 0.6) × 10-2  

 PhEt (2.1 ± 0.3) × 10-3  

 PhSMe 6.0 ± 0.8  

 p-MeO-PhSMe 85.5 ± 2.4  

 p-F-PhSMe 24.8 ± 1.5  

 p-Cl-PhSMe 5.3 ± 0.3  

6b Cyclohexene (3.4 ± 0.2) × 10-3 (1.6 ± 0.2) × 10-2 

 Cyclohexeneb (3.9 ± 0.4) × 10-3 (1.5 ± 0.1) × 10-2 

 cis-Cyclooctene (2.9 ± 0.2) × 10-3 (0.1 ± 0.1) × 10-2 

 PhEt (1.4 ± 0.1) × 10-4 (2.7 ± 0.3) × 10-4 

 Styrene (3.0 ± 0.1) × 10-3  

 PhSMe 4.9 ± 0.4  

 p-MeO-PhSMe 62.0 ± 0.7  

 p-Me-PhSMe 22.0 ± 0.6  

 p-F-PhSMe 6.7 ± 0.5  

 p-Cl-PhSMe 3.6 ± 0.3  

a     For both CH3CN and CH2Cl2, the values collected were at average of three runs 

with 2σ standard deviation at 2.0 × 10-5 M concentration at 23 ± 2 °C. 

b     From 6b generated by chemical oxidation of 2a.52 
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In regards to the para-substituted thioanisoles (X-thioanisoles; X = 4-MeO, 4-Me, 

4-F, and 4-Cl), a significant substituent dependency was observed for the second-order rate 

constants, for reaction with 6b, as shown by the linear correlation (R = 0.99) of the 

Hammett plot below in Fig. 3-8 B. It was observed that the more electron-withdrawing 

para-substituted functional groups resulted in slower reactions. Thus, the plotting of 

log(krel), where krel was solved according to 

krel = k(para-X-thioanisole)/k(thioanisole)                           Eq. 2, 

versus the corresponding Hammett σ+ substituent constant53 resulted in a slope of – 1.34 ± 

0.18.  
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Figure 3-8. (A)  Kinetic plots of the observed rate constants (kobs) of 6b versus the 

concentration of various para-substituted thioanisoles. (B) Hammett plot for oxidations 

of para-substituted thioanisoles with 6b in CH3CN. 

 



   

36 

 

 Results in Table 3-1 show that there is an inverted reactivity pattern from expected, 

for the two systems studied, due to the reactions of 6a being faster with any given substrate 

than the more electron withdrawing 6b system. These kinetic results support previously 

proposed mechanistic models for the disproportionation of 6 to give MnIV corrole and a 

manganese(VI)-oxo corrole species as the predominant oxidant in these systems. 33,47,25  

 

3.2.6 A Proposed Mechanism 

 Photo-labile manganese(IV)-corrole species, i.e. [MnIV(Cor)(BrO3)] and 

[MnIV(Cor)(ClO3)], were found to form manganese(V)-oxo corrole species via visible light 

irradiation. This photochemical reaction is due to the homolytic cleavage of the photo labile 

ligands, resulting in a one-electron oxidation to generate manganese(V)-oxo species.  

Kinetic results support the mechanistic model for disproportionation of 6 to give 

the higher-valent [MnVI(Cor)O] 7 as a more reactive cationic species that functions as the 

dominant oxidant.33,47,25 In practice, the lack of observation of 7 spectroscopically is due 

to its low concentration in solution and its high reactivity. If 7 is the true oxidant, it should 

be noted that the disproportionation reaction for the formation of species 7 should be more 

favorable for ligands that have less electron-demand; i.e. that the TPC system would be 

more favorable than TPFC ligands. Thus, the observed kinetics for the formation of 7 

would be controlled by the equilibrium constant of disproportionation, which should be 

larger for the TPC ligand.25 When used for the oxidation of organic substrates, we propose 

that oxidation with [MnV(Cor)(O)] species may undergo two different pathways (Scheme 

3-4) based on observations of the decay spectra and kinetic studies.  
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Scheme 3-4. Two oxidation pathways for corrole-manganese(V)-oxo species, 6 controlled 

by the nature of the ligands and solvents. 

 The oxidation pathways were dependent on both the electron nature of the corrole 

ligand as well as a solvent effect. In the case of TPC, paired with the polar CH3CN or less 

polar CH2Cl2 solvents, the disproportionation reaction is favored to form MnVI-oxo 7 from 

6 as the active oxidant for oxidation (path b). Photo-disproportionation of 6a results in the 

formation of highly reactive 7a along with one molecule of a MnIV product; furthermore, 

oxidation of an organic reductant by 7a yields a second molecule of MnIV product. The 

proposed MnVI-oxo compound does not accumulate due to the rate of its reactivity being 

much greater than the rate of its formation. In contrast, the more electron-deficient corrole 

system of TPFC in CH3CN will result in a direct OAT reaction (path a) as the dominant 

pathway; thus, forming MnIII products following oxidation by MnV-oxo species. However, 

when in solution of CH2Cl2, the pathway of direct OAT becomes less favorable for the 

TPFC system. The resulting decay is to MnIV species due to the disproportionation reaction 

gaining dominance.   
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CHAPTER 4 

OXIDATION OF ORGANIC SULFIDES CATALYZED BY CORROLE-

MANGANESE COMPLEXES WITH IODOBENZENE DIACETATE 

4.1 Introduction 

 Organic sulfoxides are of great significance as valuable synthetic intermediates in 

biological systems for production of natural products and significant biological molecules. 

Thus, the selective oxidation of organic sulfides to sulfoxides is very important.54 To date, 

in almost all reported catalytic sulfoxidations, H2O2 is the most commonly used oxygen 

source for it being inexpensive, ecofriendly, and readily available.54,55 With H2O2, various 

catalysts have been used for catalytic sulfoxidation reactions. However, many of them lead 

to the unwanted over-oxidation to sulfones and most procedures rarely provide an ideal 

combination of high selectivity for sulfoxide formation, quick reactions, and high yields.  

 Metallocorroles have been used for a wide variety of catalytic oxidation 

reactions.56-58 The first reported example was conducted by Gross and coworkers in 1999 

by using iron(IV) tris(pentafluorophenyl)corrole [FeIV(TPFC)] with the sacrificial oxidant 

iodosobenzene (PhIO).59 Later, the same group conducted similar biomimetic oxidations 

with MnIII(TPFC).15 Nonetheless, the use of metallocorroles has proven to show limited 

success with poor selectivity and low efficiency.  

 One problem associated with metallocorrole catalysts is that most metallocorroles 

are prone to oxidative degradation. Commonly used sacrificial oxygen sources such as 

mCPBA and PhIO are too strong and can lead to catalyst degradation. In contrast, the less 

commonly used iodobenzene diacetate [PhI(OAc)2] does not damage the metal catalysts 
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nor show appreciable reactivity to the sulfide substrate under normal catalytic conditions. 

Recently, in two separate studies, it was revealed that an efficient oxidation of alkanes via 

PhI(OAc)2 catalyzed by electron deficient iron(III) corroles60 as well as a study involving 

PhI(OAc)2 as an oxidant for the efficient and chemoselective oxidation of sulfides with 

iron corrole catalyst.61 

 In an attempt to further explore the use of PhI(OAc)2 for the efficient and 

chemoselective oxidation of sulfides to sulfoxides, a new protocol for catalytic 

sulfoxidations with manganese corrole systems as the metal catalyst using PhI(OAc)2 as 

the sacrificial oxidant has been developed. In most cases, various substituted thioanisoles 

and sulfide compounds were successfully oxidized to their corresponding sulfoxides with 

excellent chemoselectivity and quantitative conversions (Scheme 4-1).  

 

Scheme 4-1.  Catalytic sulfoxidations by a variety of corrole-manganese catalysts in the 

presence of PhI(OAc)2 and water.  
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4.2 Results and Discussion 

4.2.1 Screening Studies in the Catalytic Oxidation of Thioanisole 

 Although PhI(OAc)2 has been used as a mild oxidizing agent previously, it has not 

been tested for manganese corrole-catalyzed sulfoxidation reactions. Therefore, PhI(OAc)2 

was first used with manganese corroles (2 and 3) with varying electronic environments to 

evaluate the catalytic oxidation of thioanisole (8a). At room temperature, catalytic 

reactions were performed in methanol with a 1:1.5 ratio of thioanisole (0.5 mmol) to 

PhI(OAc)2 (0.75 mmol), catalyst (1 μmol), and water (4.5 μL) were added to the reaction 

solution. Although the data are not shown here, these optimal conditions were found 

through multiple trials including solvent effect testing, where CH3OH was found to allow 

for faster reactions than CH3CN and CHCl3. Previously, studies on 

iron(III)porphyrin/corrole-catalyzed epoxidations50,60 and iron(III)corrole-catalyzed 

sulfoxidations61 reported that a small amount of water, along with the PhI(OAc)2 oxidant, 

resulted in accelerating the catalytic effects in the porphyrin and corrole systems. 

Presumably, the water gradually induces the formation of PhIO, a stronger oxidant, from 

PhI(OAc)2.
50 Furthermore, addition of water allows for the production of stable HOAc 

instead of anhydride Ac2O under anhydrous conditions.  It was extremely apparent through 

screening studies that the same water effects were consistent across all catalysts used for 

this study. As reported previously, methyl phenyl sulfoxide (9a) was produced as the only 

product by iron(III) corrole catalysts with only 4.5 μL of water. The addition of more water 

resulted in a faster reaction but a lower chemoselectivity, i.e., over-oxidation to methyl 

phenyl sulfone (10a) was found. The four manganese corroles used for catalytic oxidations 

in this study were all tested in CH3OH (2 mL) with only 4.5 μL of water in conjuncture 
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with the previous studies. The percent conversions and selectivity’s for each catalyst, 

depicted in Table 4-1, were analyzed by either GC-MS or 1H-NMR and calculated based 

on the ratios of peak area of the substrate and oxidized products. 

 

Table 4-1. Catalytic oxidation of thioanisole by 2 and 3 with PhI(OAc)2.
a 

 

Entry Catalyst Time (h) Conversion (%)b Selectivity (9:10)b 

1 2a MnIII(TPC) 1.3 > 99  95:05 

2 3a MnIV(TPC)Cl 1 > 99 97:03 

3 3b MnIV(TPFC)Cl 1 85 90:10 

4 3c MnIV(4-NO2TPC)Cl 1.5 > 99 94:06 

a     All reactions were performed in CH3OH (2 mL) with a 1:1.5 molar ratio of 

substrate to oxidant and 0.2 mol% catalyst with a substrate concentration of 0.25 M. 

b     Conversion percentages and selectivity were determined by 1H-NMR and 

quantitative GC-MS analysis on the crude reaction mixture diluted in CH3OH. 

 

Fig. 4-1 shows the reaction profiles for the catalytic sulfoxidation reactions of 8a 

based on the data depicted in Table 4-1. It is observed that there is an effect by the corrole 

ligands and oxidation states of the manganese metal. In general, MnIV catalysts showed 

faster reactions than MnIII catalysts (Table 4-1, entries 1 and 2). This indicates that MnIV 
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catalysts have a faster access to generate the oxidizing metal-oxo intermediates than the 

MnIII catalysts with the same oxygen source.  
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Figure 4-1. Reaction profiles for the catalytic oxidation of thioanisole with various 

catalyst.  

 

Furthermore, when comparing results between different catalysts of the same 

oxidation state (Table 4-1, entries 2-4), the catalysts with more electron-withdrawing 

corrole ligands led to a slower rate of reaction. This observation suggests that the formation 

of the metal-oxo intermediate from the catalyst reacting with PhI(OAc)2 is the rate-

determining step during the catalytic process. The oxygen transfer from the metal-oxo 

species to the organic substrate is the faster step as proposed in Scheme 4-2.  
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Scheme 4-2. Proposed mechanism for catalytic sulfoxidation by manganese corroles with 

PhI(OAc)2. 

 

4.2.2 Substrate Scope 

 Under optimal conditions, the substrate scope for catalytic oxidations of other 

substrates were further explored. In total, ten substrates were tested: thioanisole (8a), 4-

chlorothioanisole (8b), 4-fluorothioaniosle (8c), 4-methylthioanisole (8d), 4-

methoxythioanisole (8e), 4-nitrothioanisole (8f), diphenyl sulfide (8g), ethyl propyl sulfide 

(8h), and 1,4-oxathiane (8i). Each reaction was monitored by 1H-NMR and/or GC-MS at 

various time intervals to determine the percent conversion of substrate to product as well 

as the selectivity ratio of sulfoxide (9) to sulfone (10). Table 4-2 lists the expected product 

9 with their corresponding selectivity for the corrole-catalyzed sulfoxidation reactions 

using 3a as the catalyst. As evident in Table 4-2, high selectivities of sulfoxides over  
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Table 4-2. Corrole-catalyzed sulfoxidation for sulfide substrates by 3a. 

Entry  Substrate Time (h) Conv. % b Product Selectivity 

(9:10) b 

1  

 

1 99 

 

97:03 

2  

 

2 88 

 

99:01 

3  

 

2 76 

 

98:02 

4  

 

1 95 

 

97:03 

5  

 

1 99 

 

99:01 

6  

 

6 93 

 

99:01 

7  

 

4 95 

 

95:05 

8  

 

1 76 

 

99:01 

9  

 

1 99 

 

99:01 

a      Unless otherwise specified, all reactions were performed in CH3OH (2 mL), with 

PhI(OAc)2 (0.75 mmol), substrate (0.5 mmol), [MnIV(TPC)Cl], and H2O (4.5 μL). 

b      Based on the conversion from substrate to products. Analyzed by 1H-NMR and/or 

GC-MS analysis of crude products in CH3OH. 
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sulfones and good to quantitative conversions are observed in most cases. The relationship 

between time and conversion percentage is relevant because it indicates the selective and 

efficient nature of the catalyst. It is important to note that in reactions for 8f there was 

obvious catalyst degradation, which resulted in a slower reaction due to the bleaching of 

the catalyst (entry 6).  

The reaction profiles were plotted as the percent substrate conversion vs. time as 

shown in Fig. 4-2. Based on the reaction profiles, a reactivity trend was observed in terms 

of the electronic environments of the substrates used in this study. Generally, sulfides 

substrates with more electron-withdrawing substituents led to slower reactions. This was 

extremely apparent in the reactions of various para-substituted thioanisoles. For example, 

4-methoxythioanisole (8e) resulted in a much faster reaction than the thioanisole substrate 

(8a). On the contrary, 4-nitrothioanisole (8f) resulted in the slowest reaction. This can be 

explained by the reduced nucleophilicity of sulfide due to the electron-withdrawing 

substituents on the substrate. Although the substrates consistently followed this trend, one 

compound differed. Diphenyl sulfide, 8g, should have allowed for the reaction to proceed 

faster than 8a. However, sulfoxidation of 8g took four times as long as it did for 8a. This 

can be explained due to the steric effect of two bulky phenyl groups making 8g harder to 

access the oxidizing intermediate for the oxo transfer reaction.   
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Figure 4-2. Reaction profiles for the sulfoxidation of various para-substituted 

thioanisoles and sulfide substrates with 3a as the catalyst. 

 

4.2.3 Competition Studies 

Competition studies were performed in order to assess whether the high-valent 

manganese(V)-oxo species is the active oxidant under catalytic oxidation conditions. As 

previously reported, 2 can be oxidized to form a manganese(V)-oxo species that then 

decays to a manganese(IV) species.61 However, the observation of the manganese(V)-oxo 

species does not necessarily suggest it is the active oxidant under catalytic turnover 

conditions. By comparing the ratios of products formed under catalytic turnover conditions 

to the ratios of rate constants measured in direct kinetic studies, one can evaluate whether 

the same species is active under both sets of conditions. If the same oxidant is present in 

both cases, the relative rate constants from competitive studies would be similar to the 

ratios of absolute rate constants obtained from direct measurements. If the ratios were not 
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similar, it can be concluded that the active oxidant is different under the differing 

conditions. Toward this end, the competitive sulfoxidation reactions catalyzed by 

manganese corrole species 3a with PhI(OAc)2 as the sacrificial oxygen source were 

conducted as described in the experimental section. Table 4-3 contains the results from 

previously reported kinetic studies61 and catalytic competition results for two para-

substituted thioanisole substrates, 8b and 8e. These two were chosen because they 

represented different electron environments of substrates. 

 

Table 4-3.  Relative rate constants from kinetic studies and competitive catalytic studies.a 

Entry Catalyst Substrates Method krel 
b 

1 MnIV(TPC)Cl  

3a 

p-F-PhSMe/PhSMe Kinetic results c 4.13 

2   PhI(OAc)2 0.62 

3  p-MeO-PhSMe/PhSMe Kinetic results c 14.25 

4   PhI(OAc)2 4.55 

a Equal amounts of two substrates, e.g. thioanisole (0.25 mmol) and substituted 

thioanisole (0.25 mmol), 3a catalyst (1 μmol), H2O (4.5 μL), and PhI(OAc)2 (0.1 

mmol) in CH3OH (2 mL) was stirred for ca. 20 to 30 min at 23 ± 2 °C. 

b Relative ratios of absolute rate constants from kinetic results and competitive 

oxidations with 3a at ambient temperature.  

c Kinetic results were calculated based on data collected from previously reported 

data.61 
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 In this study, PhI(OAc)2 was added in a limiting amount to control the conversion 

to be < 20%. GC-MS was used to determine the amounts of oxidation products that were 

formed. Each sulfide substrate was oxidized in nearly quantitative yields based on the 

consumption of the oxidant and without the formation of the corresponding over-oxidation 

product sulfone. As evident in Table  4-3, the ratios of absolute rate constants found 

through competitive studies differed substantially from those previously obtained during 

kinetic testing. Unusual behavior is observed for the comparison of results for substrate 8b. 

In kinetic studies it was determined that 8b was more reactive than 8a, as reflected by the 

krel (Eq. 2) being greater than 1.0. However, in the competition study, 8b was shown to be 

less reactive than 8a with a krel of 0.62. One explanation for this observation is that the 

manganese(V)-oxo species is unlikely to serve as the sole active oxidant under catalytic 

conditions.  

 

4.2.4 Hammett Correlation Studies 

 The effect of the para substituents of each thioanisole have also been investigated 

for their effects on the manganese(IV)-corrole catalyzed sulfoxidation reactions to provide 

more insight into the mechanism. It was found that there is a significant dependence on the 

para substituent of substrates observed in Fig. 4-3. The Hammett correlation plot was based 

on the log(krel) from the competitive studies, versus the σ+ constants. Fig. 4-3 represents a 

linear correlation (R = 0.92) for the oxidation reactions by MnIV(TPC)Cl catalyst. 

Furthermore, the slope (ρ+ = -1.75) indicates a transition state involving charge separation 

in the rate-determining step because of its negative value. Together, discrepancies in the 
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data difference of kinetic and competitive studies, along with that of the Hammett 

correlation study, concludes that the manganese(V)-oxo species is not the sole active 

oxidant under catalytic conditions. 
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Figure 4-3. Hammett correlation studies (log(krel) vs σ+) for MnIV(TPC)Cl (3a) catalyzed 

sulfoxidation of substituted thioanisoles by PhI(OAc)2 in CH3OH at 23 ± 2 °C. 
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CHAPTER 5 

CONCLUSION 

 In summary, a variety of manganese(III) corroles and manganese(IV) corroles were 

successfully synthesized and characterized spectroscopically. A new photochemical 

approach was developed to generate and study high-valent manganese-oxo model 

derivatives through visible light irradiation of the photo-labile bromate and chlorate 

precursors. This photochemistry is attributed to the homolytic cleavage of the respective 

O-Br bond of the bromate ligand or O-Cl bond of the chlorate ligand. As a result, one-

electron oxidation of the manganese(IV) corroles generates the corresponding 

manganese(V)-oxo species as active oxygen atom transfer (OAT) agents. The phenomenal 

effect of the nature of the corrole ligand and solvent for the oxidation pathways was 

observed and discussed. Kinetic and spectral findings provided evidence to support the 

multiple oxidation pathways for the reactions of manganese(V)-oxo corroles with organic 

substrates.  

 Furthermore, [MnIV(TPC)Cl] has been used as an efficient catalyst for the 

quantitative and selective oxidation of organic sulfides to sulfoxides with the mild oxidant 

PhI(OAc)2 in the presence of a small amount of water. The corrole-manganese catalysts 

exhibit high reactivity, excellent chemoselectivity, and improved stability as attributed to 

the slow and steady-state formation of PhIO from PhI(OAc2). Kinetic and Hammett 

correlation studies have both suggested that the elusive manganese(V)-oxo corrole 

intermediate is not the active oxidant under catalytic conditions.  
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 Ultimately, the goals of this research were to develop greener methods for the 

mechanistic study of high-valent corrole-manganese-oxo intermediates and to improve 

methods for obtaining high-valent metal-oxo intermediates that can be used as highly 

efficient and selective catalyst for biomimetic oxidation reactions. Through photochemical 

studies, the use of visible-light for the generation of high-valent metal-oxo intermediates 

was found to be an environmentally conscience method due to not using terminal oxidants. 

Furthermore, catalytic studies, demonstrated the use of milder oxidants than previously 

reported in conjuncture with highly selective catalysts proved reliable in the efficient and 

selective biomimetic catalysis for the oxidation of organic sulfides. Resulting from these 

two studies, further investigations are underway in our laboratory to better define the 

mechanistic reaction pathways along with the application scope of manganese-corrole 

catalysts.   
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