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Abstract 

Herein, I present a computational study approach to gain insight of the various chemical 

and physical properties of peroxidases and haloperoxidases activity in enzymes and 

biomimetic model complexes. 

Heme enzymes are one of versatile enzyme existing in nature. In Chapter 3 and Chapter 4, 

we did a detailed study on two types of heme enzymes namely Chloroperoxidase and 

Cytochrome P450, respectively. Chloroperoxidase is a unique enzyme that are able to 

neutralize hydrogen peroxide into water and at same time convert halides into 

hypohalide. While, Cytochrome P450 utilizes O2 and NO on the active site of the enzyme 

and converts L-tryptophan to 4-nitrotryptophan. Even, both enzymes have similar 

structure of heme arrangement, however, the arrangement of amino acid residue in their 

active site is a key factor to determine their type of reaction and capability to react with 

various substrate. Thus, the understanding of their respective processes by 

environmentally utilize oxidants might lead for future applications in various fields. 

The attempt to mimic the structural features of the coordination environment of the 

natural enzyme always give good result for us to remodel desired reaction. Hence, in 

Chapter 5, Chapter 6 and Chapter 7 we did a detailed study on biomimetic complexes 

containing vanadium and iron. Overall, vanadium-oxo form is sluggish oxidants and 

reacts slowly with their respective substrate. However, the conversion of vanadium-oxo to 

vanadium-peroxo intermediate by using any peroxide is an important step to make it as 

better oxidant. In Chapter 7, we did collaboration work with the experimentalist group to 

demonstrate the incorporation of a dialkylamine group into the second coordination 

sphere of a FeII complex allows the formation of FeIV-oxo intermediate which is unusual 

phenomena. In this work, we are able to prevent the formation of FeIII species and 

hydroxyl radicals where this species prone to engage in uncontrolled radical chemistry. 

In the biomimetic model complexes study, several factors had been studied that give a 

significant effect to the rate reaction such as ligand architecture, type of equatorial ligand 

and second-coordination effect. 

In Chapter 8 and Chapter 9, we did work to identify how the metal substituent affects the 

chemical reactivity of biomimetic complexes. We did replaced iron by ruthenium and 

manganese, and performed a detailed computational study for their respective systems 

and observe the reactivity of the system. Then we did thermochemical cycles and valence 

bond patterns analysis to explain the differences in chemical properties and identify how 

the metal substituent affect the chemical reactivity of complexes with substrates. 
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Preface  

There is so much we can learn from nature which human have been doing for decades. A 

lot of invention to date were inspired by nature ranging from mathematical formula until 

great machine. This including the mechanism of chemical transformations occur in nature 

which then can be used for our own benefit in various fields. The conversion of hydrogen 

peroxide and halide to water and hypohalous acid is one of the Holy Grails reaction in 

nature. To date, haloperoxidase group enzymes is the only enzymes known to perform this 

simultaneous reaction which can lead to future application in various fields. Thus, the aim 

of this studies to gain insights of peroxidase and haloperoxidase activity in enzymes and 

biomimetic model complexes by using computational approaches which will further our 

understanding into the future development.  

My thesis consists of nine chapters. The first chapter is a general overview of the topics 

covered in the thesis. Second chapter is a section devoted to computational methods which 

fundamental topics of theoretical chemical calculations are discussed. The other seven 

chapters are selected projects undertaken, during the course of the postgraduate research 

training. Each reference to the published article is given on first page of each project 

chapter. All of the projects presented form a coherent and continuous part of the thesis 

with the subjects relating to one another. I hope the findings contained in this thesis will 

further expand the understanding of the chemistry and applications of peroxidase and 

haloperoxidase activity in enzymes and biomemitic model complexes.  

 

M. Qadri E. Mubarak 

Manchester, United Kingdom 
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Chapter 1  

INTRODUCTION 
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1.1 Introduction 

Humans have try to understand nature for decades and learned a lot from it. Many 

inventions have been inspired by nature ranging from mathematical formula to 

sophisticated machines. This includes the mechanism of chemical transformations which 

then can be utilized and improved to suit human needs in various fields. Metalloenzymes 

exist naturally and contain at least one metal element in its active site where the 

conversion of substrates takes place (Zampella et al., 2006; Khaled Cheaib et al., 2019). 

The enzymes play a vital role by catalyzing a variety of chemical transformations in 

biological systems. Enzymes are selective as to what reaction they catalyze and which 

chemical compounds they accept as substrates. Hence, there is a great interest in 

understanding the reaction mechanisms of enzymatic reactions to be used as biocatalysts 

for a variety applications (McKenna, Benemann and Traylor, 1970; Hoffman et al., 2013; 

Timmins and De Visser, 2015; Eady, Antonyuk and Hasnain, 2016). Thus, in biocatalysis 

we aim to gain important insights into chemical reaction mechanisms in order for us to 

understand better how enzymes work in nature but also try to find applications for 

commercial exploitation of these system. As experimental work is often challenging to 

reveal the information of intermediate and transition state structure of enzymes due to the 

fact they are short-lived, computational studies seems to be one of the most suitable 

approaches.  

Haloperoxidase enzymes efficiently catalyze the oxidation of higher halides X‒ (Cl‒, Br‒) 

to the corresponding hypohalous acids (HOX) by using hydrogen peroxide (H2O2) as the 

oxygen source. The controlled partial oxidation of such substrates to well-defined 

products is potentially very useful for humankind. Halogenated compounds 

(organohalogens) display various functions and applications, including growth 

reproduction and defence (Weichold, Milbredt and van Pée, 2016). Additionally, 

organohalogens have been showns to have many biological properties; for example, 
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antibacterial, antifungal, antiviral, anti-inflammatory, anti-proliferative, anti-fouling, 

anti-feedant, cytotoxic and insecticidal activity (Blunt et al., 2011). As a result, many of 

the current bestselling herbicides, pesticides and insecticides contain a halogen atom 

(Jeschke, 2010).  

Vanadium is one of the most abundant transition metal elements on Earth, but despite this, 

there are only few examples of natural systems known that utilize vanadium ions, which is 

surprising (Vilter, 1984). Vanadium Haloperoxidas (VHPO) abundantly exists in the 

marine environment and is thought to be responsible for the biosynthesis of halogenated 

natural products. In addition, vanadium can be found as vanadium-porphyrin complexes 

especially in crude oil. Recent work characterized vanadium-porphyrin complexes by 

using various spectroscopy technique, although their function and origin remain unknown 

(Gupta et al., 2015). Finally, the natural product amavidin is a vanadium(IV) containing 

compound found in fungi that showed catalase and peroxidase type activity (Wever and 

Van Der Horst, 2013; Rehder, 2015). 

Furthermore, evidence has emerged of useful pharmaceutical properties of vanadium 

containing compounds, for instance, vanadium-porphyrins are used as anti-HIV agents, 

and diaminotris(phenolato) vanadium(V) complexes as anticancer drugs (Thompson, 

2001). In biomimetic chemistry, many reports have appeared in the literature that discuss 

the coordination environment and reactivity of vanadium complexes (Ligtenbarg, Hage 

and Feringa, 2003; Wever and Van Der Horst, 2013; Rehder, 2015). For instance, 

vanadium(IV) and vanadium(V) complexes have been shown to react with olefins through 

epoxidation, (Conte et al., 2011) but also react with aliphatic groups such as cyclohexane 

by hydroxylation and desaturation reactions. Previous report observed that vanadium 

complexes able to react with olefins through substitution of a C–H bond with C–X (X = 

Cl, Br, I) (Ten Brink et al., 2000). Therefore, vanadium based enzymes are highly 

versatile as oxidation catalysts.  
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Despite the remarkable importance of oxidation reaction of haloperoxidase, a detailed 

study on vanadium haloperoxidase and choloroperoxidase to the best of our knowledge 

has never been reported. In this thesis, a detailed series of work had done to gain insight 

into the mechanism of peroxidase and haloproxidase in enzymes and biomemitic model 

complexes.   

1.2 Classification of Haloperoxidase  

Over the past 60 years, three different types of haloperoxidases have been discovered. 

These are grouped according to the nature of their active halogenating agent, nature of 

their mechanism, co-factor and substrate. We can classify haloperodise enzymes to three 

group consists of vanadium-containing haloperoxidases (Lowell P. Hager et al., 1966; 

Rehder, 2015), heme-containing haloperoxidases (Lowell P Hager et al., 1966; Lowell P. 

Hager et al., 1966; Morris and Hager, 1966) and flavin adenine dinucleotide dependant 

haloperoxidse enzymes (Nakano et al., 1995). All of these enzymes mentioned have 

important role in their respective biosystem. In the next few sections, I will give a brief 

overview of VHPO and heme haloperoxidase as the focus of this study. 

1.3 Vanadium Haloperoxidase 

Vanadium is one of the most abundant transition metal elements that exist in the ocean 

(Martinez et al., 2001; Wever, 2012) and is commonly found in the form of a vanadate 

oxyanion at pH 7 (Rehder, 1999; Martinez et al., 2001; Crans et al., 2004). VHPO was 

first discovered in seaweed about 35 years ago (Vilter, 1984) in seawater with the 

concentration around 30 to 35nM (Everett, Soedjak and Butler, 1990) and responsible for 

the biosynthesis of halogenated natural products. However there are only few examples of 

natural systems known that utilize a vanadium ion, which is surprising. Two types of 

enzymes that use vanadium are known so far, namely nitrogenases (Burns, Fuchsman and 

Hardy, 1971; Schweitzer et al., 2008; Butler and Sandy, 2009; Hu and Ribbe, 2011; 

Hoffman et al., 2013) and haloperoxidases (Winter and Moore, 2009). The latter being the 
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focus of this section. VHPO enzymes can be found seaweed (Wever, 2012) , fungi  

(Vollenbroek et al., 1995) and lichen (Plat, Krenn and Wever, 1987).  

All currently characterized VHPOs are eukaryotic in origin and have been isolated as 

either vanadium bromoperoxidase or chloroperoxidase (Weyand et al., 1999; Amadio et 

al., 2015). The haloperoxidases are named after the most electronegative halide they are 

able to oxidize, and thus a vanadium chloroperoxidase (VClPO) is able to oxidize 

chloride, bromide, and iodide, whereas, vanadium bromoperoxidases (VBrPO) reacts 

with bromide and iodide and iodioperoxidases (VIPO) react with iodide alone (De Boer, 

Boon and Wever, 1988; Schijndel et al., 1994; A Messerschmidt, Prade and Wever, 

1997).  

 

Figure 1.1. Crystal structure of the vanadium chloroperoxidase from C. inaequalis 

(1IDQ.pdb) (Albrecht Messerschmidt, Prade, and Wever 1997) highlighting the 

side-by-side four α-helix loops common to all vanadium haloperoxidases enzymes, with 

the vanadium cofactor (blue ball) anchored at the bottom of this channel. The structure is 

shown in the cartoon representation with the secondary structure highlighted; red are 

α-helixs, green are loops, and yellow are β-sheets. 
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1.3.1 Structure of VHPO and it’s Active Site 

In VHPO, the vanadium centre acts as a Lewis acid and does not change its oxidation state 

(+5) throughout the catalytic cycle; therefore, it is a stable compound (Ten Brink et al., 

2000; Crans et al., 2004; Vaillancourt et al., 2006; Butler and Sandy, 2009). According to 

various sources, only three VHPO’s have had their crystal structure resolved so far. 

VClPO from the fungus C. inaequalis (Albrecht Messerschmidt and Wever 1996; 

Albrecht Messerschmidt, Prade, and Wever 1997; Macedo-Ribeiro et al. 1999; 

McLauchlan et al. 2018b), VBrPO from the brown alga A. nodosum (Weyand et al., 1999) 

and VBrPO from the red alga C. officinalis (Isupov et al., 2000). All these VHPO 

structures less than a 30% sequence similarity. However, they each share a common 

active site structure consisting of two side-by-side four-α-helix bundles with the 

vanadium active site located at the bottom, as shown in Figure 1.1 (Albrecht 

Messerschmidt and Wever 1996; Albrecht Messerschmidt, Prade, and Wever 1997; 

Weyand et al. 1999; Isupov et al. 2000).  
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Figure 1.2. Active site structure of VHPO as taken from the A) VClPO (1IDQ.pdb) from 

the fungus C. inaequalis (Albrecht Messerschmidt, Prade, and Wever 1997) B) VBrPO 

(1QHB.pdb) from the brown alga A. nodosum (Weyand et al., 1999) C) 

VBrPO(5AA6.pdb) from the red alga C. officinalis (Isupov et al., 2000). All structure 

taken protein databank file with key polar residues highlighted.  
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Among all the VHPO ezymes mentioned, we can see they all have a similar arrangement 

of amino acid residues in the active site as shown in Figure 1.2. Figure 1.2 reveals that all 

VHPO structures are bound in a trigonal bipyramidal form linked to the protein via one 

histidine ligand, whereas the other four ligands are oxygen-based (Hemrika et al., 1997) 

(Wever and Hemrika, 2006). The vanadate oxyanion cofactor is ligated to a histidine 

residue for all VHPOs at the bottom of a four-α-helix bundle, serving as its anchor 

(Albrecht Messerschmidt, Prade, and Wever 1997; Weyand et al. 1999; Isupov et al. 

2000). Meanwhile, the negative charge of the oxygen of vanadate group is compensated 

by hydrogen bonds to three positively charged residue around the centre which are Arg360, 

Arg490 and Lys353. While, the Arg490 forms a salt bridge with residue of Asp292 (Wever and 

Hemrika, 2006). Furthermore, mutational studies that replaced histidine with an alanine 

prevented the cofactor from binding, thus solidifying its role as an “anchor” (Renirie, 

Hemrika & Wever, 2000).  

If we look closely to the structure, the vanadate binding pocket seems to form a very rigid 

frame stabilising oxyanion. Due to large number of hydrogen bonding interactions around 

the active site the protein environment is important stabilizing the enzyme. The vanadate 

binding pocket is at the end of a channel that supplies access and release to the small 

substrate and products of the reaction (Wever and Hemrika, 2006). One half of the surface 

of the channel is mainly hydrophobic and lined with Pro47, Pro221, Tyr350, Phe393 and 

Pro395 as contribution side chain. The other half of the channel is predominantly polar with 

several carbonyl oxygens and the ion pair Arg490-Asp292 (Wever and Hemrika, 2006). In 

addition, the vanadate oxyanion contains several negative charges which the VHPO active 

site has to compensate for to facilitate binding. It compensates for these negative charges 

by providing an extensive hydrogen bonding network with several protonated amino acid 

residues in the conserved active site such as Lys355, Arg360 and Arg490 as shown in Figure 

1.2(A).  Furthermore, computational studies identified a key role of a Lys353 residue in 
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the substrate-binding pocket that polarizes the peroxo cofactor and assists with charge 

redistribution in the reaction with substrates. 

Clearly, the VHPO structure is bound to one nitrogen atom of a histidine linkage and the 

other four ligands are oxygen-based. However, experimental studies unable to establish 

whether the oxygen ligands are either oxo, hydroxo, or water as monodentate ligands or 

peroxo as bidentate ligand. Numerous sources suggested the apical oxygen ligand to form 

hydroxyl bond due to the bond length approximately around 1.93 Å in the crystal structure 

while the other three oxygen atoms form a plane. Computational work reveal possible 

isomers of resting state of VHPO (Zampella et al., 2005, 2006; Schneider et al., 2007; 

Sanna et al., 2012). It was concluded that the most stable resting-state structure of VHPO 

is vanadium (V)-dioxo-dihydroxo structure with one oxo group equatorial and one 

hydroxo group axial which hydrogen bonds to a protonated His404 (Zampella et al., 2005, 

2006; Schneider et al., 2007; Sanna et al., 2012).    

More recent QM/MM studies (Waller et al., 2007)  focused on characterizing 

intermediates of the catalytic cycle of VHPO and compared the work with experimental 

51V nuclear magnetic resonance (NMR) studies. The resting-state and peroxo-bound 

structures were investigated specstroscopically by using 51V-NMR methods and 

established isotropic chemical shifts of  931 ppm and 1135 ppm, respectively (Časný and 

Rehder, 2001). Based on both studies, it was established that most likely the peroxo form 

of VHPO is unprotonated or can alternatively contain a hydroxo group in the equatorial 

position which is similar for VClPO and VBrPO (Hemrika et al., 1997; Pacios and 

Gálvez, 2010). 
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1.3.2 Advantages of VHPO 

Vanadium is special in many aspects such as the tetrahedral anion vanadate(V) is 

structrurally and chemically similar to the phosphate anion. Comparative analysis of the 

sequences and active site of amino acids of VHPOs show high structural conservation and 

an overlap with several classes of acid phosphatases. The structure similarity between 

both reported having the volume of the circumscribing spheres of 125 Å and 102 Å, 

respectively (Hemrika et al., 1997; Rehder, 2015). Thus, vanadate can be one of the 

alternative elements for substitution of phosphate in enzymes (Hemrika et al., 1997; 

Rehder, 2015). 

Furthermore, vanadium does not change its redox state through catalytic cycle (Arber et 

al., 1989) compared to iron and therefore it is not possible for VHPO to suffer from 

oxidative inactivation (Vilter, 1984; Vaillancourt et al., 2006; Butler and Sandy, 2009). 

Thus, makes VHPO possess a high stability in extreme environments (Schijndel et al., 

1994; Vollenbroek et al., 1995). As a result, VHPOs are receiving attention from the 

pharmaceutical industry as potential sources of halogenating enzymes due to their 

resistant in high concentration of hydrogen peroxide substrate, hypohalous acid  (Liu et 

al., 1987; Schijndel et al., 1994) and  various organic solvents such as methanol, ethanol, 

1-propanol, acetone,  dioxane and sodium dodecyl sulphate  (de Boer et al., 1986; 

Tromp, Van and Wever, 1991). In addition, VHPO also has tolerance with high 

temperature (de Boer et al., 1986; Coupe et al., 2007) and has the ability to oxidise 

organic sulphides in the absence of halides (Ten Brink et al., 2000). Furthermore, VHPO 

was thought to be similar to chloroperoxidase with regards to their low regioselectivity 

and stereoselectiviy.  

In marine algae, VHPO enzymes could be involved in anti-oxidant protection and in 

chemical defence and are likely to have a key role in the biochemical part of the iodine and 

bromine recycling in marine environments (Tromp, Van and Wever, 1991). Some of  



 

33 

 

VBrPOs found predominantly in marine algae have demonstrated a preference for indole 

derivatives even in the presence of other substrates (Martinez et al., 2001) which 

implicates that they have a certain degree of substrate specificity and may have a function 

related to marine natural products biosynthesis (Carter-Franklin and Butler, 2004). In 

addition, VBrPO were involved in natural defence mechanisms of biosystems by reducing 

the colonization of bacteria at the surface of algae through the disruption of quorum 

sensing (Borchardt et al., 2001). While, VClPO are found predominantly in terrestrial 

fungi and, they have been associated with the degradation of plant cell walls, thereby 

facilitating the penetration of fungal hyphae into the host (Wever and Hemrika, 2006; 

Rehder, 2013, 2015).  

As the catalytic turnover of VHPO far exceeds any synthetic catalyst for halide oxidation 

known to date, this family of proteins has attracted interest for bio-inspired catalyst design 

(Butler, 1999; Ligtenbarg, Hage and Feringa, 2003). Pharmaceutical applications have 

emerged based upon structural analogues of the active site of VHPO and has prompted 

further research into the structure and function of the VHPO (Martinez et al., 2001; 

Thompson, 2001; Carter-Franklin and Butler, 2004).  

1.3.3 Mechanism of VHPO 

The catalytic cycle of VHPO is currently still under debate although more information is 

being obtained from ongoing studied that have led to increased mechanistic understanding 

of halogenase biochemistry. Until now, there is limited knowledge of the nature of the 

resting state, its possible intermediates and how the co-factor is regenerated. Little is 

known on the oxygen-bound intermediates as none have been trapped and characterized 

experimentally. Figure 1.3 shows the general mechanistic cycle proposed by several 

studies of computational and experimental method, e.g., mutational and steady state 

kinetics, on the VClPO from C. inaequalis (Macedo-Ribeiro & Hemrika et al., 1999; 

Isupov & Dalby et al., 2000; Renirie, Hemrika & Wever, 2000; Hemrika & Renirie et al., 

1999; Zampella & Fantucci et al., 2005; Zampella & Fantucci et al., 2006; Schneider & 
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Zampella et al., 2008; Waller & Buhl et al., 2007; Waller & Geethalakshmi et al., 2008; 

Geethalakshmi & Waller et al., 2009; Rehder & Casney et al., 2004; Pacios & Gálvez, 

2010; Conte & Coletti et al., 2011; Butler, 1999; Conte & Coletti et al., 2011).  

Lys353

Arg360 His496

Ser402

His404

Asp292

Arg490

 

Figure 1.3. Active site structure of VHPO as taken from the 1IDQ protein databank file 

with key polar residues highlighted. The right-hand-side depicts the proposed catalytic 

cycle of VHPO enzymes from the literature with Sub-H representing a substrate. 

 

However, VHPO still poorly understood in the context of biosynthesis mechanism 

(Winter and Moore, 2009). Thus there is urgency to reveal and understand the mechanistic 

cycle of the VHPO. From all the information we gathered so far, all studies agree that the 

VHPO enzymes utilizes hydrogen peroxide and a covalently bound vanadate cofactor to 

oxidize halides, X- (Cl-,Br-, and I-) into hypohalous acid, HOX. Colpas (Colpas et al., 

1996), suggested the first stage of the catalytic cycle is proton transfer to one of the 

oxygen atoms directly bound to the vanadium. Previous studies suggest, that as hydrogen 

peroxide binds, a series of proton transfers occur involving histidine residue, resulting in 

the release of water and the generation of vanadium(V)-peroxo(oxo)-hydroxo 

intermediate (van Schijndel, Vollenbroek & Wever, 1993). Once the peroxide binds 
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side-on, the vanadium site is distorted from a trigonal bipyramidal to a tetragonal 

bipyramidal structure (Macedo-Ribeiro & Hemrika et al., 1999), and His404 no longer 

make hydrogen bonds to any of the oxygen atoms of the cofactor, instead Lys153 makes 

direct contact with one of the peroxide oxygen atoms, activating the bound peroxide 

further through charge separation. The vanadium(V)-peroxo(oxo)-hydroxo intermediate 

then reacts with a halide to form a vanadium(V)-hypohalide-dioxo(hydroxo) complex 

which reacts with substrates containing functional groups such as hydrocarbons, sulphides 

and olefins. Finally, restoration of the cofactor to its initial resting state is thought to occur 

again after a series of protonation steps, enabling the hypohalide to leave the active site as 

hypohalous acid (Hemrika et al., 1999).  

Scheme 1.1 shows the catalytic cycle as proposed by Butler et al. and Conte et al. (Butler, 

1999; Conte et al., 2011). The mechanism starts from a vanadium (V)-dioxo-dihydroxo 

with all three oxo groups in the equatorial positions. The axial oxo group of vanadium is 

the imidazole group of His404 that links it to the protein. Thereafter, the H2O2 attacks the 

vanadium centre and reduces reduces the hydroxo group to an oxo group with the 

assistance of the distal His404 group. Proton relay has occurred at this stage. After the 

formation of a vanadium(V)-peroxo group a reaction with halide (X
-
) to form hypohalide 

takes place  which then reacts with substrates to form halogenated products. The 

peroxo-bound vanadium (V)-oxo intermediate has been shown to react with aliphatic 

hydrocarbons, sulfides, and olefins to generate alcohols, sulfoxides, and epoxides as the 

product, respectively (Conte et al., 2011). However, the mechanism proposed does not 

take the protein into consideration. For instance, many possibilities of protein relays can 

be happen inside the active site area as VHPO itself surrounded by various polar amino 

acid residues. From this study, the protein relay seem to be one of important factor that 

needs to be considered.  
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Scheme 1.1. Mechanistic consideration for studying haloperoxidase enzymes proposed 

(Butler, 1999; Conte et al., 2011). 

 

Scheme 1.2 shows a mechanistic cycle of VHPO enzymes proposed by Hemrika et. al, 

(Hemrika et al., 1999). This study divided the mechanism into two individual steps 

approach, namely the formation of vanadium-peroxo intermediate and the synthesis of 

hypohalide. The first reaction cycle, involves the formation of the vanadium peroxo 

intermediate illustrated by species A, B and C (Scheme 1.2). While for the second cycle 

involving involving the reaction of halide with the vanadium-peroxo intermediate is 

illustrated by species D, E and F (Scheme 1.2), respectively. The mechanism show the 

formation of the peroxo intermediate in which His404 activates the apical hydroxide to 

deprotonate the peroxide and lead to formation of the side-on bound peroxo group. Here, 

the vanadium acts as Lewis acid withdrawing electron density from the bound peroxide. 
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The two arginine residues present in the active site namely Arg490 and Arg360 assist with 

electron withdrawal and Lys353 by forming hydrogen bond to one of the peroxide oxygen 

atoms. The finding suggested the protonation of the bound peroxide might occur and 

make it more reactive. The next step is nucleophilic attack by halide as shown in D that 

will breaking the oxygen-oxygen bond and formation of the nucleophilic OX-group. 

Later, this group will take up a proton from water molecule to form HOCl as shown in E 

and completed the mechanism cycle.  

 

 

Scheme 1.2. Reaction scheme for VHPO mechanism (Hemrika et al., 1999).  
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Scheme 1.3 illustrated the mechanism involved in the catalytic cycle of VHPOs proposed 

by the Pecoraro group (Zampella et al., 2005; Schneider et al., 2007; Sanna et al., 2012). 

They had proposed that the mechanism of VHPOs involving the oxidation of halide by 

two electrons, and not with a one-electron or radical mechanism of oxidation (Amadio et 

al., 2015). Initially, the H2O2 will attack to form a stable peroxovanadate intermediate, 

which then reacts with halide. After halide oxidation takes place, the electron oxidized 

halogen intermediate “X+’’, which is a mixture of different halogen species such as OX−, 

X3− or X2, and then rapidly halogenates organic substrates in a non-enzymatic reaction. In 

the absence of organic substrate, a second equivalent of H2O2 is oxidized to form a single 

oxygen and X− is produced which can further react with electron-rich substrates to form 

halogenated organic compounds. Their group suggested vanadium remains in the +5 

oxidation state throughout the entire catalytic cycle and will become totally inactive when 

the oxidation state of vanadium reduced to +4.  
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Scheme 1.3. Proposed mechanism of VHPOs by Pecoraro’s group. 

Furthermore, recent studies on biomemitic complexes containing vanadium show that 

conversion of vanadium-oxo species to vanadium-peroxo species is important step to 

improve the rate of reaction of the enzymes (Kumar et al., 2015; Dar et al., 2019; Mubarak 

and De Visser, 2019a, 2019b). Thus, understanding the factors that determine the 

substrate selectivity for the cycle will be a key factor to any further application of VHPO.  

1.4 Heme Haloperoxidase  

The class of heme enzymes in chemical biology is very large and take part in important 

functions in biosystems related to oxygen transport, electron transfer, substrate 

detoxification and biosynthesis processes (Sono et al., 1996; Solomon et al., 2000; Costas 

et al., 2004; Meunier, De Visser and Shaik, 2004; Abu-Omar, Loaiza and Hontzeas, 2005; 

Denisov et al., 2005; Kryatov, Rybak-Akimova and Schindler, 2005; van Eldik, 2007; 

Bruijnincx, Van Koten and Gebbink, 2008; Ortiz De Montellano, 2010; SP De Visser, 

2011; McDonald and Que, 2013; Nam, Lee and Fukuzumi, 2014; Huang and Groves, 

2017). Many of heme enzymes utilize molecular oxygen and  react as monoxygenases or 

dioxygenases with substrates (Kadish, Smith and Guilard, 2013). The monoxygenases are 
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widespread among all forms of life and are highly versatile in their substrate scope and 

function. In particular, the cytochromes P450 are common in human physiology and are 

found in the liver. They initiate the metabolism and detoxification of xenobiotics such as 

drug molecules (Sono et al., 1996; Meunier, De Visser and Shaik, 2004; De Montellano, 

2005; Denisov et al., 2005; Huang and Groves, 2018).  

Among the heme enzymes that exist in nature, the heme haloperoxidases are a unique set 

of heme enzymes. The first heme-dependent haloperoxidase was discovered in 1966 from 

Caldariomyce fumago, the producer of caldariomycin (Lowell P Hager et al., 1966; 

Morris and Hager, 1966). Since its discovery, it has been shown to function as a catalase, 

peroxidase and perform P450-like oxygen insertion reactions. Despite its have varying 

catalytic ability at its actives site, this enzyme oxidises halide ions in the presence of 

hydrogen giving it the name chloroperoxidase (CPO). Furthermore, the porphyrin 

structure of CPO is similar to peroxidase and cytochromes P450 (Nicholls, Fita and 

Loewen, 2000; Njuma, Ndontsa and Goodwin, 2014) (Veitch and Smith, 2000; Raven, 

2003; Smulevich, Feis and Howes, 2005; Zederbauer et al., 2007; Poulos, 2014).  

1.4.1 The Structure of Heme Haloperoxidase   

Figure 1.4 shows the comparison of various heme enzymes found in nature. Structurally, 

CPO shares many of its features with P450 enzymes and peroxidases. If we look closely at 

the structure of P450 enzymes, it contains a cysteinate axial ligand bound to the heme 

group and a polar distal pocket. However, the distal residue of CPO is not a histidine but a 

glutamic acid and the arginine that is highly conserved in peroxidases is not present in 

CPO. Although monoxygenases, catalases and peroxidases all have a central heme 

co-factor with a bound to iron(III) in the resting state, they all have a unique secondary 

structure. In all structure, the heme binds the protein through different type of amino acid 

side chain linkage with the metal in the axial ligand position. Furthermor, the type of 

bonding varies between the various heme enzymes.  
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Figure 1.4 shows the cytochromes P450 bind the heme to the protein via a cysteinate axial 

ligand, while the catalases use a tyrosinate and the peroxidases use a neutral histidine 

ligand instead. These differences in axial ligand have been correlated with a “push”-effect 

of electron density from the axial ligand to the iron and are believed to give the enzyme 

their specific activity and function (Dawson et al., 1976; Poulos, 1996; Ogliaro, De Visser 

and Shaik, 2002) as well as the redox potential of the heme. Interestingly, even all of these 

enzymes mention differ in secondary structure but these enzymes form a high-valent 

iron(IV)-oxo heme cation radical active species, called Compound I (Cpd I), in their 

catalytic cycle as the active species (Nam, 2007; Watanabe, Nakajima and Ueno, 2007; 

Davydov et al., 2008; Rittle and Green, 2010). 
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Figure 1.4. Comparison of the active sites in (A) chloroperoxidase (PDB 2J18) (Dawson 

et al., 1976), (B) peroxidase (PDB 2GHC) (Badyal & Joyce et al., 2006) and (C) 

cytochrome P450 (PDB 1FAG) enzymes (Li & Poulos, 1997). 
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Figure 1.5. Active site structure of Heme Haloperoxidase as taken from the 1CPO protein 

databank file with key polar residues highlighted. The right-hand-side depicts the 

proposed catalytic cycle of Heme Haloperoxidase enzymes from the literature. 

 

The active site of a typical chloroperoxidase (CPO), namely from Leptoxyphium fumago, 

is given in Figure 1.5 as taken from the 2J18 protein databank file (pdb) (Dawson et al., 

1976). The central heme cofactor is linked to the protein through a cysteinate axial ligand 

in analogy to the P450s. Based on Figure 1.5, CPO has a distinctly different active site 

structure from peroxidases that contain a histidine axial ligand. On the distal site of the 

heme is a hydrogen-bonding network of polar amino acid residues that includes the side 

chain of Glu183 and the nearby His105 and Ser176 residues. Our studies showed this intricate 

network to be involved in the conversion of hydrogen peroxide into Cpd I through proton 

relay mechanisms and in agreement with previous works (Bathelt, Mulholland and 

Harvey, 2005; Derat et al., 2005; Derat and Shaik, 2006a, 2006b; Harvey, Bathelt and 

Mulholland, 2006; Hersleth et al., 2006; Vidossich et al., 2010; Vidossich, Alfonso-Prieto 

and Rovira, 2012). Furthermore, the distal site of CPO also has a number of polar residues 

that stabilize hydrogen bonding interactions and have the ability to relay protons in the 

active site of CPO, namely the His105 and Glu183 residues. As we can see from Figure 1.5, 

there is a manganese(II) ion located in close proximity to the heme propionate groups that 

hold it into position together with the Glu183 and His108 amino acid residues. However, its 

function remains unclear.  
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1.4.2 The Mechanism of Heme Haloperoxidase  

The heme haloperoxidase enzyme utilizes hydrogen peroxide on a heme active site and 

converts it into hypohalide (Geigert et al., 1986; Dawson and Sono, 1987; Sono et al., 

1996; Pan et al., 2007; Manoj and Hager, 2008). Scheme 1.4 is the summary of 

mechanism of heme haloperoxidase reveal in Chapter 3. Heme haloperoxidase enzymes 

can be found in fungi and their functions focus on the biosynthesis of natural products and 

antibiotics (Vaillancourt et al., 2006; van Pe et al., 2006; Butler and Sandy, 2009; 

Shepherd et al., 2015; Timmins and De Visser, 2018).  

Furthermore, Compound I (Cpd I) in CPO is the only complex that has been characterised 

through various spectroscopic techniques such as absorption (Palcic et al., 1980), 

resonance Raman (Egawa et al., 2001), electron paramagnetic resonance (EPR) (Schulz et 

al., 1984), and Mӧssbauer (Schulz et al., 1984) spectroscopic measurements (Hoffman, 

2003). Additionally, computational studies using density functional theory (DFT) (Green, 

1999) gained insight into the unusual electronic coupling found in CPO’s Compound I 

(Cpd I), suggesting that the thiolate acquires radical character during Cpd I formation. 

Furthermore, CPO is a crucial model for studying the reaction intermediates of P450 

enzymes and many of the short lived intermediates of CPO have been characterised by a 

wide range of spectroscopic methods. One of these intermediates is Cpd I, which has been 

both spectroscopically characterised and studied by computational modelling (Green, 

Dawson and Gray, 2004; Shaik et al., 2005; Stone, Behan and Green, 2005; Kim et al., 

2006; Vardhaman et al., 2011). Overall, due to the broad specificity of these enzymes 

(Latham et al., 2018), the hypohalous acid is thought to freely diffuse into solution, 

attacking the substrate with little selectivity. 

During the catalytic cycle of CPO, H2O2 binds to the iron (III)-heme and is converted into 

water and an iron (IV)-oxo heme cation radical species called Cpd I. UV/Vis, electron 

paramagnetic resonance and Mössbauer spectroscopic studies characterized Cpd I as a 

triradical species with a heme radical coupled to two unpaired electrons on the metal-oxo 
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group (Dawson and Sono, 1987; Stone, Behan and Green, 2005; Hirao et al., 2006; Kim et 

al., 2006). This was in agreement with our DFT study and previous study as well on CPO 

and P450 Cpd I models (Green, 1999; Ogliaro et al., 2001; Schöneboom et al., 2002; 

Bathelt et al., 2005; Radoń, Broclawik and Pierloot, 2011). Then, Glu183 participates in the 

heterolytic cleavage of the peroxide O-O bond to form the reactive intermediate, Cpd I by 

protonation of peroxyanion intermediate, Fe-OOH (Silaghi-Dumitrescu, 2008).  

Then, after the formation of Cpd I, we introduce two type of reaction by introducing 

different protonation state. This lead to two different pathway and further information can 

be obtained in Chapter 3. Overall, Cpd I is react with chloride ion to form hypochloric acid 

product, which drifts out of the heme active site. Later, the hypochloric acid products can 

then reacts with a substrate through halogenation. After that, with the addition of water the 

iron(III) resting state is regenerated (Wagenknecht and Woggon, 1997).  
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Scheme 1.4. Catalytic cycle of the heme haloperoxidase from CPO. For clarity the side 

chains of the heme have been removed. The figure adopted from Chapter 6, Project 2. 

In Chapter 3, we will present a computational study on the conversion of hydrogen 

peroxide and halide into hypohalide products at heme active site centre. As far as we are 

aware, a detailed study into the mechanism of H2O2 activation on an iron(III)-heme 

resting state model and its subsequent reaction with Cl– to form hypohalide has never been 

reported and is the focus of the study and will further discussed in Chapter 3. 

Despite the remarkable importance of oxidation reaction shown by haloperoxidase, a 

detailed study on reaction mechanism of the enzymes to the best of our knowledge has 

never been reported. To gain insight into the properties and reactivity of enzymes 

activated by hydrogen peroxide, we decided to investigate several peroxidase and 

halogenase enzymes containing vanadium and iron as focus of this study.  
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1.5 Summary of Research Objectives 

This thesis consist of seven project that was conducted during this PhD programme. The 

objective of the studies are to further enrich the understanding of the chemistry of 

peroxidase and haloperoxidase activity in natural enzymes and biomemitic model 

complexes. In hopes to contribute to the respective field so that the design of related 

enzymes is benifitted by a broader theoretical understanding of mechanism of reaction, 

regio- and enantio-selectivity, sites of activation, biosynthesis, coordination chemistry 

while also exploring the potential and limitation of the computational approaches.  

Chapter 2, Methods: In this chapter, the computational methodology and approach of the 

calculations used in this thesis are presented. A brief introduction to density functional 

theory, transition state theory and enzyme kinetics is given, together with the basics of 

energy graphs and the concepts used for relating the calculated energies to experiments.  

Chapter 3, Project 1: Heme haloperoxidases are unique enzymes in nature where it able 

converting the H2O2 and halides on a heme center to generate water and hypohalide. In 

this project, we studied cluster model of the active site of heme haloperoxidase and using 

computational approach to understand how the enzyme work.   

Hence, the objective for this study are:  

I. To investigate the active site of heme haloperoxidase that contribute to whole 

reaction mechanism.   

II. To investigate the effect of different density functional theory methods on the 

active site model of heme haloperoxidase.  

III. To investigate the effect of different protonation state of heme haloperoxidase 

towards the mechanistic cycle of enzyme.   
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Chapter 4, Project 2: Cytochrome P450(CYP450) enzymes were proved to catalyze 

various reaction in nature. A recently discovered CYP450 isozyme TxtE utilizes O2 and 

NO on a heme center and able to convert L-tryptophan to 4-nitrotryptophan which is 

unusual reaction.  

Hence, the objective for this study is  

I. To investigate possible nitration pathways leading to products using 

computational approach of active site of models of CYP450 isozyme TxtE. 

II. To investigate the the differences between CYP450 monoxygenases and CYP450 

TxtE.  

III. To investigate the effect of the addition of electric field towards the energy of 

cluster model.  

Chapter 5, Project 3: Vanadium-oxo and vanadium-peroxo complexes are intermediate 

that can be found in the catalytic cycle of vanadium haloperoxidases. Recently two novel 

vanadium-oxo complexes were trapped and characterized with a trigonal bipyramidal 

ligand design either as solvent exposed vanadium center or the vanadium inside.  

Hence, the objective for this study are: 

I. To study how the ligand architecture affecting the reaction of conversion of 

vanadium-oxo to vanadium-peroxo species.  

II. To investigate how the ligands framework affect the differences in chemical 

properties and reactivity. 

Chapter 6, Project 4:  Vanadium porphyrin complexes can be found in crude oil 

however their function in nature still poorly understood. Therefore, we decided to perform 

a detailed density functional theory study into the properties and reactivities of 

vanadium(IV)- and vanadium(V)-oxo complexes with  different substituent on heme 

framework. In particular, we investigated the reactivity of various model of 
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[VV(O)(TPPCl8)]
+ and [VIV(O)(TPPCl8)] with cyclohexene in the presence of H2O2 and 

HCO4
–.  

Hence, the objective for this study are: 

I. To identifiy the effect of ligand architecture on porphyrin ring towards the 

enzyme.  

II. To enhance the rate of reaction by introducing different ligand framework 

on porphyrin ring. 

III. To investigate the effect of equatorial ligand, the local environment and the 

presence of anionic axial ligands towards the reactivity of system.  

Chapter 7, Project 5:  In this chapter we did collaboration work with experimental 

group (Banse’s group) focusing on biomimetic model containing nonheme FeII 

complexes. I did the DFT calculations that give all the computional results. Direct 

formation of FeIV-oxo species from reaction of nonheme FeII complexes with H2O2 is 

highly attractive for the development of selective oxidation reactions however there is no 

report yet able to produce FeIV-oxo yet. Nonetheless, when using this oxidant, most of the 

FeII species known to date undergo a single electron oxidation generating FeIII and 

hydroxyl radicals prone to engaging in uncontrolled radical chemistry. Here, we 

demonstrate that by introducing dialkylamine group into the second coordination sphere 

of a FeII complex allows to switch the reactivity from the usual formation of FeIII species 

towards the selective generation of a FeIV-oxo intermediate.  

Hence, the objective for this study are: 

I.  To characterize the FeIV-oxo complex by spectroscopy method.  

II. To establish the mechanistic cycle of the biomemitic complexes by DFT approach.  

III. To understand the second coordination effects towards the development of 

FeIV-oxo species.  
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Chapter 8, Project 6: This is a collaboration project with Goldberg’s group. The aim of 

this project is to gain insight into the analogous structure of high-valent metal-hydroxide 

containing iron and manganese which have been implicated as key intermediates in 

hydroxylation chemistry. The Goldberg’s group did the chemical synthesis, 

characterization, and kinetic studies of the biomemitic complexes. While, I am 

responsible to conduct all DFT work present in this project.  

Hence, the objective for this study are: 

I. To examine the hydrogen atom transfer (HAT) reactivity of a Cpd-II model 

complex FeIV(OH)(ttppc)(1),tppcc=5,10,15-tris(2,4,6-triphenyl)-phenyl 

corrole, towards substituted phenol derivatives.  

II. To identify the rate constant of the biomemitc model complexes.  

III. To compare the HAT reactivity of FeIV(OH)(ttppc) complexes to the analogous 

MnIV(OH)(ttppc) complex,  

 

Chapter 9, Project 7: Methane hydroxylation by metal-oxo oxidants is one of the Holy 

Grails in biomimetic and biotechnological applications. There is only few enzymes 

known to date that perform this reaction in Nature which are iron-containing soluble 

methane monooxygenase and copper-containing particulate methane monooxygenase. 

Recent studies reported that µ-nitrido bridged diiron(IV)-oxo porphyrin and 

phthalocyanine complexes hydroxylate methane to methanol efficiently. In this study, we 

are trying to remodel analogous structure of µ-nitrido bridged diiron(IV)-oxo porphyrin 

by replacing the iron with ruthenium.  

Hence, the objective for this study are: 

I. To investigate whether the reaction rates are enhanced by replacing iron by 

ruthenium. 
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II. To analysis the differences of the electronic structure of diiron(IV)-oxo and 

diruthenium(IV)-oxo complexes 

III. To investigate the strength of the O‒H bond formation during the reaction. 
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Chapter 2  

METHODS 
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2.1 QM Modelling: Applications in Enzymatic and Bioinorganic Reactions 

Computational chemistry techniques is one of the fruitful approach to solve chemical 

problems. In computational chemistry, we will try to imitate a model of a chemical system 

close to its nature and run the simulation by using various software package to meet the 

objective of research. Nowadays, computational chemistry is becoming an important 

subdiscipline of chemistry and has been proven in many cases to reveal the 

bioinformation and mechanistic cycle of enzyme (Ligtenbarg, Hage and Feringa, 2003; 

Siegbahn and Himo, 2009; Quesne, Borowski and De Visser, 2016). Even, there is Nobel 

Laureate winner among computational chemistry.  

In general, we can divided the computational approaches to three groups which are 

classical mechanics, molecular dynamics (MD) and quantum mechanics (QM) methods. 

These three techniques using different mathematical method to tackle their respective 

problem. The differences between each technique are in term of calculation speed and 

accuracy. Classical mechanics is the least computationally demanding among all of the 

methods. One of the advantages of the classical mechanic approach, we can investigate 

large chemical systems model with more than 100,000 atoms as stationary method by 

conductiong QM/MM calculation to find optimal reaction paths and stationary points on 

potential energy surface. To conduct QM/MM calculation, several programs packages are 

available. For example, for MM calculations, AMBER and CHARMM. While, a widely 

used software package for QM calculation such as Gaussian. An effective approach to 

carry out QM/MM calculation that our group used is to connect existing QM (Gaussian) 

and MM (CHARMM) software packages by an interface program like ChemShell. In 

addition, classical mechanics can be coupled to MD hence a time-dependent calculation 

can be performed.  

Where, the computational techniques within QM scope are ab initio, semi-empirical, and 

density functional theory (DFT) (Lewars, 2016). QM methods are computationally more 
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demanding therefore not recommended to be used to calculate chemical systems with a 

large number of atoms such as an enzymes active site (Lewars, 2016). However with the 

advancement of current algorithms and technology, modelling of an enzymes active site 

within 400 atom is doable (Siegbahn and Himo, 2009; Santoro et al., 2016).  

Molecular mechanics (MM) describes atoms and bonds in molecules as balls joined 

together by springs. The energy of each bond, angle and dihedral is then calculated using 

classical mechanics and summed up to give the overall energy of the system. In MD, 

Newton’s laws of motion describe atoms in molecules in the same way as MM. However, 

each atom has a directional force applied to it. These techniques is fast and can help us to 

understand the stability of systems over time, or how two systems interact with one 

another through non-covalent interactions. As this method do not consider the 

arrangement or influence of electrons in atoms or chemical bonds hence, the reaction 

pathway of a chemical system cannot be revealed by this method. Thus make this as one 

of the limitation. Alternatively, techniques based on the Schrödinger equation is used 

(Schrödinger, 1926), which better describes electrons (Lewars, 2016).  

The Schrödinger equation as shown in Equation 2.1 (Schrödinger, 1926) forms the basis 

foundation of ab initio techniques. Ab initio quantum chemistry methods attempt to solve 

the electronic Schrödinger equation given the positions of the nuclei and the number of 

electrons in order to reveal useful information of calculated system such as electron 

densities, energies and other properties of the system (Lewars, 2016). The Eq. 2.1 

describes the electrons movement in a system by calculating the energy and wavefunction 

of each electron present in an atom. However, to solve the Schrödinger equation for 

multi-electron systems is not an easy task. Therefore, approximations based on QM are 

applied. Even ab initio techniques are accurate approach, however computationally 

demanding. Thus, the method with less computationally demand were favorable.   

The semi-empirical method is faster than the ab initio method but slower than molecular 

mechanics. The semi-empirical is one of method that lies on the Schrödinger equation 

https://en.wikipedia.org/wiki/Schr%C3%B6dinger_equation
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(Schrödinger, 1926) and it is parameterised by experimental data. Compared to the ab 

initio method, the semi-empirical method uses more approximations and experimental 

data to help to calculate the wavefunction and energy of a system. Thus, using 

semi-empirical methods in systems which have not been experimentally parameterised is 

discouraged, as it may yield unreliable data (Lewars, 2016). 

The final quantum chemical method based on the Schrödinger equation (Schrödinger, 

1926) is DFT (Gross & Dreizler, 2013). Even ab initio methods are appealing due to their 

rigorous and systematic treatment of electron correlation effects. However, the ab initio is 

expensive approach with increasing system size. The real distinction between ab-inito and 

DFT is that ab-initio methods are wave-function based, while DFT is electronic-function 

base (Lewars, 2016). The DFT uses electron density function to obtain the quantum 

chemical properties of the respective system. As the electron density function is less 

complex than the wavefunction, the computational time for a calculation reduces greatly 

compared to semi-empirical and ab initio methods. In addition, the accuracy of DFT 

calculation is better to semi-empirical methods led to successful application to a variety of 

quantum chemistry problems (K. Cheaib et al., 2019; Zeb et al., 2019). 

2.2 Fundamentals of Computational Methods  

2.2.1 The Schrödinger Equation  

French physicist Louis de Broglie in 1923 described electron as both of a particle and a 

wave known as the wave-particle duality (De Broglie, 1923). The wave-particle duality 

presents a challenge for physicists trying to understand the nature of electrons. Therefore, 

a mathematical model describing not only the particle nature but also the wave nature of 

an electron, led to the invention of the Schrödinger equation (Schrödinger, 1926). The 

Equation 2.1a shows the time-Independent Schrödinger equation for a one-dimensional 

motion along the spatial coordinate of 𝑥. 
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Where, the wavefunction (Ψ), represents the amplitude of the particle/wave, the mass of 

the particle (𝑚), the total energy of the system ( ), the potential energy of a particle as a 

function of its position ( ) and Plank’s constant (ℎ).  

The time-independent Schrödinger equation is widely use in quantum base calculation by 

describing through the wavefunction. However, the Schrödinger equation does not 

directly define the wavefunction. Interpretations of quantum mechanics address questions 

such as what the relation is between the wavefunction, the underlying reality, and the 

results of experimental measurements (Schrödinger, 1926). 

Thus, to extract information from the wavefunction, a mathematical operation need to be 

applied by squaring the wavefunction (Ψ2) to generate a probability distribution which is 

proportional to find an electron near a particular point.  

Eq. 2.1a only consider one spatial dimension, despite the real chemical system consists of 

more than one spatial dimension. Thus, we introduce Eq. 2.1b for system contain 

N-electrons and M-nuclei of charge Z. 

 

 

Then, we need to expand the Eq. 2.1a to three spatial dimension. In order to do So, 

Laplacian (∇2) is introduce as shown in Eq. 2.2 which replaces  in the 

one-dimensional Schrödinger equation.  
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Then, insertion of the Laplacian into Eq. 2.1a will produce Eq. 2.3. Now, the 

wavefunction is describe by three spatial dimensions: 

 

    

Then, Eq. 2.3 can be simplify to derive Eq. 2.4,  

 

     

Whereby:  

 

     

 

      

Eq. 2.5 shows the simplified three-dimensional Schrödinger equation, the Hamiltonian 

( ) specifies that a mathematical operation is to be performed to the wavefunction (Ψ) 

which will result in the total energy ( ) of the system being produced. The Hamiltonian 

(Η̂) contains the potential energy term of Coulomb interactions ( ) and the kinetic energy 
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of an electron and a proton. However, the definition of the Hamiltonian (Η̂) depends on 

the physical system being described by the Schrödinger equation and as the system 

increases in variability, the Hamiltonian becomes more complex. Due to the complexity 

of Schrödinger equation, it is only can be use to solve system that containing of only 

one-electron such as hydrogen atom , helium monocation  and hydrogen 

molecule ion . However, for systems with more than one electron, the assignment 

of electrons to particular orbitals is an approximation based on the solution for the 

hydrogen atom.  

As the size of a system increase, the Schrödinger equation becomes more complex. This 

problem namely as Many-Body-Problem. It states that, for systems consist of more than 

one atom and one electron, the solution to the Schrödinger equation is dependent on both 

the atomic nuclei (R1…RN) and the electrons (r1…rN) as shown in Eq. 2.7 (Gross and 

Dreizler, 2013; Lewars, 2016). 

)  Eq. 2.7   

Whereby R is the spatial coordinate of each nuclei and r is the spatial coordinate of each 

electron. Therefore, the complexity of Hamiltonian function increase for larger systems, 

as it need to sum of all possible interactions between electrons and nuclei in a system. 

Then to simplify this equation, the Born-Oppenheimer approximation (Born and 

Oppenheimer, 1927, 2000) were introduced.  

2.2.2 Born-Oppenheimer Approximation  

As solving Many-Body-Problem by using Schrödinger equation is not an easy task, 

indeed approximations are necessary. The Born-Oppenheimer approximation are needed 

to calculate an approximate wavefunction (Born and Oppenheimer, 1927, 2000). 

In computational work, wavefunction or known as molecular orbital is a mathematical 

function describing the wave-like behaviour of an electron in a system. This function can 
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be used to calculate chemical and physical properties such as the probability of finding an 

electron in any specific region. The term orbital was introduced by Robert S. Mulliken in 

1932 as an abbreviation for one-electron orbital wave function (Mulliken, 1932) which is 

used to describe the region of space in which the function has a significant amplitude. 

Molecular orbitals are constructed by combining atomic orbitals or hybrid orbitals from 

each atom of the molecule, or other molecular orbitals from groups of atoms. It can be 

quantitatively calculated using the Hartree-Fock or self-consistent field (SCF) methods 

(Lewars, 2016).  

In Born-Oppenheimer approximation, it separates the motion of atomic nuclei from the 

motion of electrons. The reason for doing so because an atomic nucleus is over 1000 times 

heavier and moves slower than an electron. Where the mass of nucleus is 1.673 x 10-27 kg 

and the mass for electron is 9.109 x 10-31 kg, respectively. As acceleration is inversely 

proportional to mass, the acceleration of an electron is much greater than the atomic nuclei 

thus the nuclei can be assume as stationary (Born and Oppenheimer, 1927, 2000).  

The Born-Oppenheimer approximation separates the Schrödinger equation into nuclear 

and electronic components. 

Eq. 2.8 shows the nuclear Schrödinger equation: 

 

     

Where, R is the variable positions of the atomic nuclei.  

Eq. 2.9 shows the electronic Schrödinger equation which is the foundation of many 

quantum mechanical methods such as the Hartree-Fock approximation (Hartree, 1928) 

and DFT (Gross and Dreizler, 2013):  
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Where R, represents atomic nuclei with fixed parameters and r represents the variable 

positions of the electrons. Thus, the electronic wavefunction depends on the nuclei 

position and is a function of each set of spatial variables for each electron in a system.  

Then, the Hamiltonian is simplified to Eq. 2.10 comprimising nuclei (N) and electrons (n). 

 

Where 𝑍 is the nuclear charge, 𝑟 is the electron position and 𝑅 is the nuclei (Lewars, 

2016). In Equation 2.10, the first term is the kinetic energy of the electron, the second term 

is the electron nuclear attraction, and the third term is the interaction of the electrons 

present in a system (Lewars, 2016). Later, Hartree-Fock Approximation is introduce to 

simplify the Eq. 2.10. 

2.2.3 Hartree-Fock Approximation  

To solve Schrödinger equation for larger systems is not an easy task as it describes the 

electronic wavefunction of all electrons. However, the Hartree Approximation simplifies 

the electronic wavefunction by giving each electron a separate wavefunction (Hartree, 

1928). The individual wavefunctions are then multiplied together to produce the total 

wavefunction namely the Hartree product (Hartree, 1928). By using Hartree 

Approximation, it will produces a set of Schrödinger equations for each electron whose 

wavefunction is dependent on the position of every other electron in the system.  

Therefore, to solve the wavefunction for one electron, a self-consistent approach has to be 

used. First, the self-consistent approach uses an initial guess for the wavefunction to solve 

the equation. Once the equation is solved using the initial guess, the output of 

wavefunction is compared to the input wavefunction. If they differ, the output 

wavefunction becomes the new initial wavefunction, and the cycle repeats. However, 
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when the output wavefunction is the same as the input wavefunction, the electron consider 

to be close to its ground state (Gross and Dreizler, 2013; Lewars, 2016).  

Later, Fock in the 1930’s improvise upon the Hartree Approximation (Fock, 1930) 

producing the Hartree-Fock Approximation (HF). The HF introduced elements of spin 

and symmetry into the equation by including an exchange energy term ensuring that no 

two electrons with the same spin could be in the same space following Pauli Exclusion 

Principle (Duck, Pauli and Sudarshan, 1997) where the electron-electron repulsion make 

the total energy of a system become lower (Duck, Pauli and Sudarshan, 1997; Gross and 

Dreizler, 2013; Lewars, 2016).  

The HF is categorised as a wavefunction based approach, however the computational cost 

associated with these calculations increases significantly with the size of the system. 

Hence, it makes the calculation of systems that have just tens of electrons become 

sluggish. Alternatively, DFT do not suffer this problem (Gross and Dreizler, 2013; 

Lewars, 2016) and become one of favourable choice. DFT have capability to handle of 

calculations of thousands electrons. In addition, most DFT methods do include some 

element of the HF particularly in the exchange-correlation functional.  

2.3 Density Functional Theory 

As previously discussed in Section 2.2, the Many-Body Problem creates difficulty for 

solving the Schrödinger equation. To overcome the Many-Body Problem, approximations 

either the wave-function base or the density-function base will be chose. Despite, the 

wave-function based methods are more accurate compared to density-function based 

methods. However, the computational cost of running large chemical system increases 

exponentially with increasing system size (Lewars, 2016).  

In wavefunction base methods, it separate the total electronic wavefunction into 

individual electron wavefunctions. Thus make the total wavefunction base methods is a 

function of 3N variables, with N defined as the number of total electrons in the system. To 

understand better, let’s take oxygen molecules as example which consist of 16 electrons. 
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Therefore the total wavefunction consists of 48 dimensions. Even the density functional 

base methods are less complex compared to wave-function base methods but the DFT is 

still accurate where the deviation is only within few kcalmol-1 off with the actual value led 

to its implementation to a broad range of QM procedure.  

The density functional methods is based on the summation of total electron density (n(r)) 

as shown in Eq. 2.11. The total electron density is directly related to the sum of the square 

of each individual electronic wavefunction (Ψ2).  

 

 

In DFT, finding the ground state electron density is the main focus to solve Schrödinger 

equation (Hohenberg and Kohn, 1964). DFT consider that from the ground state electron 

density, the ground state energy of a system can be found. The self-consistent method are 

use to find the ground state electron density akin to that used in the HF. In general, the 

self-consistent method can be simplified to four steps as described as below (Sholl and 

Steckel, 2011; Lewars, 2016):  

 

A – First, an initial trial of total electron density (nini(r)) is defined.  

B – Second, using nini(r), a set of individual electronic wavefunctions (ψini(r)) are 

calculated using the Kohn-Sham equations.  

C – Third, using, ψini(r) a new total electron density is calculated (nnew(r)). 

D – Fourth, nnew(r) is compared with nini(r), if they are the same then the ground state 

electron density has been found and the ground state energy can be computed. If not, then 

nini(r) needs to be updated and the cycle starts again from step B. 

 

Even the DFT are computationally less demanding compared to other method mention, 

however its still have its own limitation. To date, DFT only able to handle chemical 
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systems within the limit of 1000 atoms. It is not recommended to analyse systems with 

more than 1000’s of atom compared with MM and MD (Lewars, 2016) as not 

computational-wise method. Thus, the objective of calculation need to align with the 

method chosen.  

 

2.3.1 The Foundation of Modern DFT  

The foundation of modern DFT methods are involving two theorems proposed by 

Hohenberg and Kohn (Hohenberg and Kohn, 1964) and the Kohn-Sham (Kohn and Sham, 

1965). According to the Hohenberg-Kohn theorems as shown in Eq. 2.12, the 

ground-state of electronic energy of a system is uniquely defined by its electron density 

(ρ(r)), and there exists a variational principle that any trial density (ρ’(r)) will result in an 

energy higher than or equal to the exact ground-state energy. 

 

The electronic energy as shown in Eq. 2.13 is expressed as the sum of three different 

terms, which are the kinetic energy of the electrons (T), the nuclear-electron attraction 

(Vne) and the electron-electron repulsion (Vee). 

 

While, Vee contains two components which are the classical Coulomb repulsion (J) and all 

non-classical contributions to the electron-electron repulsion (Vee). 

The Kohn–Sham equation is the one electron Schrödinger equation of a fictitious system 

of non-interacting particles that generate the same density as any given system of 

interacting particles (Kohn and Sham, 1965). The Kohn–Sham equation is defined by a 

local effective (fictitious) external potential in which the non-interacting particles move, 

denoted as vs(r) or veff(r), called the Kohn–Sham potential (Kohn and Sham, 1965). As 

the particles in the Kohn–Sham system are non-interacting fermions, the Kohn–Sham 
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wavefunction is a single Slater determinant constructed from a set of orbitals that are the 

lowest energy solutions. 

 

While, within the Kohn-Sham formalism as shown in Eq. 2.14, the density is expressed in 

terms of orbitals (φi), while the kinetic energy of the electrons (T) is divided into two parts 

(Kohn and Sham, 1965).  

 

 

 

 

One part represents the kinetic energy of a fictitious system of non-interacting electrons 

(Tni) and another part represents the difference in kinetic energy between the fictitious 

non-interacting system and the real system. The latter is a correction term which grouped 

together with all non-classical contributions to the electron-electron repulsion into an 

exchange correlation energy term (Exc).  

Eventhough DFT is an exact theory, only approximate solutions to the electronic energy 

can be obtained. Due the exact expression of the exchange-correlation functional, 

 is unknown. Later, various DFT methods have been developed and proposed 

by theoretician chemist in order to describe this exchange-correlation energy. 

2.3.2 The Kohn-Sham Equation  

The Kohn-Sham equation as shown in Equation 2.16 is one of a breakthrough solution to 

determine the ground state electron density and ground state energy of a system. The 
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Kohn- Sham equation is responsible for calculating the individual electronic 

wavefunction using the initial trial of total electron density.  

 

Where the term Ψ(𝑟), represents the individual electronic wavefunction as a function of 

three spatial coordinates in x,y and z dimension, and 𝜀𝑖 represents the orbital energy of the 

corresponding Kohn–Sham energy levels. 

On the left hand side of the equation is the kinetic energy of an individual electron and few 

potential energy terms. The first potential energy term, V(r) is the interaction between an 

electron and the atomic nuclei. The second potential energy term, VH(r) is the electronic 

repulsion between the individual electron and the total electron density, also known as the 

Hartree potential. The third potential energy term, 𝑉𝑋C(𝑟), is the exchange-correlation 

energy term (Sholl and Steckel, 2011; Lewars, 2016). 

In order to calculate the VH(r), it is important to get the information of total electron 

density as it show coulomb interaction between the individual electron and the total 

electron density. However, requiring a total electron density creates a problem when 

calculating the ground state electron density. To solve the problem, the calculation of trial 

electron required at the beginning of the self-consistent calculation. The default method of 

defining the initial trial electron density is by superimposing the electron densities for 

each atom in its isolated state. However, the speed of a calculation can be increased by 

using a better initial approximation from a previous calculation (Sholl and Steckel, 2011; 

Lewars, 2016).  

While, the exchange-correlation potential, VXC(r), and its exact definition are known for 

systems with a uniform electron gas. Therefore, in the majority of scenario the 

exchange-correlation potential is an approximation value. Neverthless in DFT, it is 

important to choose correct exchange-correlation function because the solution of the 
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Schrödinger equation is depend on it. Therefore as precautionwhere, it is necessary to 

benchmark any computational results from DFT with experimental data (Sholl and 

Steckel, 2011; Lewars, 2016). 

 

2.3.3 The Exchange-Correlation Potential  

The exchange energy is the interaction between electrons with parallel spins and prevents 

two parallel-spin electrons from being found at the same point in in accordance with the 

Pauli Exclusion Principle (Sholl and Steckel, 2011; Lewars, 2016). While, the correlation 

energy is a measure of how much the movement of one electron influenced by the 

presence of all other electrons in the system. In any calculation, it is important to show a 

good exchange-correlation functional that relates the electron density of a system to the 

exchange-correlation energy for one electron.  

The exchange-correlation functional is an approximated value and it only contributes 

small fraction of energy to the total energy of a system. However, the 

exchange-correlation term is necessary for the accurate description of binding between 

atoms. Despite its lack of contribution in terms of total energy, yet it is important to still 

try and get the most accurate description of the exchange-correlation energy found in the 

exchange-correlation functional. Typically, the exchange-correlation functional is 

separated into two part which are exchange and correlation parts which are then summed 

together. As example, in the B3LYP functional as described in Eq 2.18, the B3 denotes the 

use of the Becke 88 exchange function (Becke, 1993), and the LYP, the Lee, Yang, and 

Parr correlation function (Lee, Yang and Parr, 1988).  

Figure 2.1 show Jacob’s ladder scheme several different functionals varying in 

complexity illustrated using Jacob’s ladder (Perdew et al., 2005). The Jacobs ladder 

scheme groups the DFT functions according to their complexity. Beginning from the 

Hartree Approximation to exact exchange-correlation function. Ascending from the 

Hartree Approximation, is the local density approximation (LDA), the generalised 
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gradient approximation (GGA), the meta-GGA, the hybrid-GGA, and the 

hybrid-meta-GGA. The exchange-correlation functionals can be further classified as 

either empirical or non-empirical. Empirical functionals are formulated by fitting to the 

known experimental results. While, non-empirical functionals are formulated only by 

satisfying some physical rules (Sholl and Steckel, 2011; Lewars, 2016). While, the 

meta-GGA functional is an improvement over the GGA by allowing the exchange and 

correlation functionals to be derived from the second derivatives of Kohn-Sham orbitals. 

 

Figure 2.1. The Jacob’s ladder categorisation of the various exchange-correlation terms 

by Perdew  (Perdew et al., 2005), with the least complex on bottom and the exact 

exchange-correlation on top.  
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The overall of exchange correlation energy, Exc, is the summation of DFT exchange energies, 

energy from HF theory and DFT correlation energies. Eq. 2.17 and Eq. 2.18 shows the ratios 

of the different exchange and correlation functions mixed together in PBE0 (Adamo and 

Barone, 1999) and B3LYP (Becke, 1988, 1993; Lee, Yang and Parr, 1988) hybrid functionals, 

respectively.   

 

 

 

 

The difference between each of the DFT functionals exist so far, is how many variable 

describing the electron of a system like BP86 (Perdew, 1986; Becke, 1988). However, by 

including more variables into the exchange-correlation functional will increase 

computational cost.  

 

2.3.4 The B3LYP Functional 

One of mostly used exchange-correlation functionals in this thesis is the B3LYP (Lee, 

Yang and Parr, 1988; Becke, 1993; Stephens et al., 1994) as per Eq. 2.19. 

 

 

The functional is composed of different terms. is the exchange functional 

according to the local spin density approximation (LSDA) derived for the uniform 

electron gas, and is the gradient correction to the LSDA exchange, as proposed by 

Becke (Becke, 1988).  and  are two correlation functionals, developed by 
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Vosko, Wilk, and Nusair (Vosko, Wilk and Nusair, 1980), and Lee, Yang and Parr (Lee, 

Yang and Parr, 1988), respectively. The Ex
HF is the exact HF exchange energy. The 

parameters a, b and c were determined to 0.20, 0.72 and 0.81, respectively, by fitting to 

experimental data.  

2.4 Basis Set  

In DFT calculation, atomic orbitals are described by basis functions. The basis functions 

are mathematical descriptions of space in order to solve Schrödinger equation. Then, the 

basis functions are then grouped to form a basis set. The chosen of good basis set is one of 

factor lead to accuracy of energy thus will reflect the final result as it gives a better 

description of atomic orbitals and molecular orbitals (Sholl and Steckel, 2011; Lewars, 

2016).  

To date, most of the basis sets exist developed by Slater Type Orbital (STO) (Slater, 1930) 

or Gaussian Type Orbital (GTO) (Boys, 1950) calculation per Eq. 2.20 and Eq. 2.21 

respectively. Both method rely on Linear Combination of Atomic Orbitals (LCAO) 

method. Each STO and GTO can be describes as the “basis set” in any computational 

software packages. Although STOs are more accurate functions to describe the electron 

wave function however the computational cost is higher of using these funtions over equal 

accuracy achievable with a higher number of Gaussian Function at less computation cost. 

Thus GTOs is one of the alternative in modern calculation (Cramer, 2013).  
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where s is a shielding constant, n is natural number that varies with the principal quantum 

number n, and  = (Z-s)/n* is the effective nuclear charge of the nucleus. While the 

values for s and n* are determined by the Slater’s rule (Slater, 1930; Mueller, 2007).  

In LCAO method, the molecular wave functions is represented by the summation of linear 

combination of atomic orbitals.  

To understand further, let have a look at the Eq. 2.23: 

 

One would like to take the mentioned basis sets φµ with specific pre-exponential and 

exponential factors depending on the elemen and atomic orbital. Then only linear 

coeffiecent of Cµi would need to be optimized to describe each molecular orbital ψi as 

presented in Eq. 2.23, where φ consist the atomic orbital basis set, ψi is the ith molecular 

wave function.  

However, the STO functions are centred on each nucleus, it is computationally demanding 

to integrate those functions. Instead, GTO and a linear combination of Gaussian functions 

(Mueller, 2007) more favourable option. The computation time for latter method greatly 

reduced than in STO due to the fact that two Gaussian functions centred at two different 

nuclei is equal to a single Gaussian centred at a third point (Mueller, 2007).  

2.5 Effective Core Potential 

In a chemical reaction, only valence electron will interact to make a reaction. While, the 

core electrons of an atom or molecules do not take part in chemical reactions. However, 

the core electron are needed to expand the wavefunctions into the valence orbitals. Their 

absence would remove the inter-electronic repulsions required for better valence orbital 

description. Especially in heavy metals, the core electrons contribute to relativistic effects. 

Therefore, rather than including all electrons in the wavefunctions, they are treated 

simultaneously at two different levels. The first is to represent the core electrons with a 
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suitable function and second, to treat the valence electrons explicitly (Jensen, 2007). As 

example, Vanadium atom consist of 23 electron with the arrangement of 

1s22s22p63s23p63d34s2. Thus, 5 electrons (in bold) will considered explicitly while others 

are represented as a core potential. This approach will good results even at low 

computational cost and also relativistic effects are accounted (Lewars, 2016).   

2.6 Geometry Optimization using DFT  

In order to reveal mechanistic cycle of a chemical system, the characterisation of 

reactants, intermediates, products and the various transition states is a must. In most cases, 

solving chemical problems involves optimizing all molecular structures of the minimum 

energy points on the potential energy surface (PES). The stationary points are the points 

where the gradients of the first derivatives of the energy with respect to the nuclear 

coordinates are equal to zero. When the gradient is zero at the time the eigenvalues are all 

positive, then the corresponding structure is already at a local minimum.  

Contrary, when the gradient of curvature is negative but positive in all the other directions, 

then it is a first order saddle point. At this point, we can identify the TS structure (Atkins 

and Friedman, 2011). For a linear molecule, it is sufficient to illustrate PES in 

two-dimensional plot as the energy of molecule structure varies by only changing 

inter-nuclear distances instead the PES for large system would be multi-dimensional 

based on the degrees of freedom within the molecule (Foresman and Frisch, 1996; 

Lewars, 2016). Therefore, there is more than one minima structure possible exist in large 

system however the optimization algorithms would only consider global minimum as 

stationary points.  

Figure 2.2 represents a three-dimensional of a PES of the reaction landscape for a system. 

Clearly, the reactants and intermediates are always in local minima and connected through 

transition state. The stationary points are the points where the gradients of the first 

derivatives of the energy with respect to the nuclear coordinates are equal to zero.  
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The goal of doing a geometry optimisation is to characterise a SP on the PES which could 

be either a local minimum, or a transition state. To perform this calculation, an input 

structure is chosen that resembles the desired points of coordinates. Later, the input file 

submitted to any QM software packages such as Gaussian 09. DFT calculates the energy 

of the complex and moves forward on the PES however this may not correspond to the 

local minimum energy structure. Its energy and gradients are computed at that point and 

they determine the extent and direction of the calculation. Usually the gradients point to 

the rapidly decreasing energy from the current coordinates and steepness of its slope.  

An optimisation algorithm systematically changes the geometry until it has found a SP 

corresponding to the minimum or transition state structure (Lewars, 2016). Therefore, the 

overall process consists of a self-consistent calculation in DFT to identify the ground state 

electron density and energy with regard to the input geometry. The geometry is then 

altered and the process is repeated until the system has reached a state of convergence. 

Some optimization algorithms involve calculating the second derivatives and storing the 

Hessian (force constant matrix) which may determine the next step of minimization 

(Lewars, 2016). 

These optimisation algorithms are complex associated with their efficiency. During the 

optimisation, the algorithm uses the first and second derivatives of the energy with respect 

to the geometric parameters. To understand this more clearly, at the end of each SCF cycle 

during a DFT calculation an electron density is generated which is related to the sum of 

the individual electronic wavefunctions associated with three spatial variables. From the 

individual electronic wavefunctions the energy can also be calculated, therefore, the 

energy with respect to each geometric parameter is able to be calculated. However, this is 

no small task and results in a multitude of linear equations that need processing. One way 

to process a collection of linear equations is by using a mathematical matrix, which is a 

tool to easily manipulate and extract valuable information from a collection of linear 

equations (Lewars, 2016).  
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Furthermore, for an efficient geometry optimisation, the algorithm uses the first and 

second derivatives of the energy with respect to the geometric parameters, represented in 

matrices. The first derivative matrix is called the gradient matrix. The second derivative 

matrix is generated from the first and is called the force-constant matrix, also known as the 

Hessian (Lewars, 2016). The gradient matrix is a guess calculated using the molecular 

orbitals which are generated from the basis sets. The geometric variables are then altered, 

and for the new geometry, a new gradient and Hessian are calculated. This process 

continues until the geometry, energy, and gradient have ceased to change appreciably. At 

this point, the system is said to be converged (Lewars, 2016). In addition, during a 

geometry optimisation, it is standard protocol to perform an optimisation with a lower 

level basis set and then follow this up with an additional optimisation or single point using 

a higher level basis set reading in the previously generated gradient and Hessian as a 

starting point which widely been used in this thesis (Lewars, 2016). 
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Figure 2.2. A three-dimensional representation of a potential energy surface of the 

reaction landscape for a system where labelled as reactant (Re), transition states (TS), 

intermediate (Int), product (Pr). There are many pathways lead to product from reactant 

however, the lowest is shown here.  
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2.7 Transition State Theory-Reaction Mechanism from PES 

There are many different methods to identifying a possible transition state of reaction. 

One of the technique is to perform a relaxed PES scan involves fixing a degree of freedom 

of either bond length, angle or dihedral in stepwise steps between two intermediate. Then, 

the results of a PES scan consist of two minima connected with the highest energy called 

as transition state (TS) or activated complex (Lewars, 2016).   

Figure 2.3 represents a relaxed PES of the O-O bond cleavage for one of reaction occur in 

heme haloperoxidase mechanism (Chapter 3). In order to confirm the structure of the local 

minima and TS, the respective coordinate taken from PES and an optimisation of structure 

is performed. During a transition state optimisation, the Hessian is calculated as for a 

normal optimisation. Instead of the atoms moving in a direction which decreases the 

overall energy but, the atoms will move to a direction which increases the energy along 

one degree of freedom. Further, a frequency calculation or vibrational analysis need to be 

perform to identify imaginary frequency to validate the TS structure (Lewars, 2016).  
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Figure 2.3. A relaxed PES scan of O-O bond breaking for the heme haloperodise.   
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Transition state theory (TST) is mathematical relationship that relates the rate constant (k) 

of a chemical reaction to the free energy of activation ∆G‡ for the reaction as per Eq. 2.24. 

 

 

     

Where 

 T = temperature,  

 R = gas constant,  

 H = Planck constant and   

 kB =  Boltzmann constant. 

In the energy graph of a reaction, ∆  corresponds to the barrier from the lowest energy 

point to the highest transition state along a specic reaction pathway defined as the 

rate-limiting step (RDS). Thus, different pathways of a chemical reaction can be 

compared on the basis of their calculated barriers, and most favourable mechanisms can 

be confirm.  

2.8 Zero Point Correction  

The minimum total energy of optimized geometry is not the actual absolute value but only 

an electronic energy (Ee). Thus, it needs to be corrected by including zero-point energy 

(ZPE) to give the 0 K enthalpy of the chemical system. In reality, the nuclei or electrons 

are constantly in motions even at absolute temperature. Thus, there are entropy 

contributions from translational, rotational, and vibrational motion of electron. However, 

translational and rotational motions of nuclei can be ignore as it contribute insignificant 

values of energy (Lewars, 2016).   
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While, vibrational motions considered to be the most significant entropy contribution and 

can be obtained through frequency calculations. Later, this value is added to the Ee to give 

the actual total energy (E) as per Eq. 2.25 at 0 K (Foresman and Frisch, 1996; Leach, 

2001).   

 

Further, under standard conditions temperature and pressure (298.15 K and 1 atm), other 

thermodynamic quantities like enthalpy, entropic contributions, and Gibbs free energy 

can be estimated by frequency calculations and added to the electronic energy (Frisch, 

Hratchian and Nielsen, 2009; Lewars, 2016).  

2.9 Dispersion Correction Effect  

In fact, the DFT struggles to describe the weak van der Waals (VdW) interactions exist 

between molecules in a calculated system. The VdW interactions are a direct result of 

long range electron correlations due to temporary fluctuations of the electron density of 

molecule (Grimme, 2011; Grimme et al., 2016). Since, the London dispersion effects 

exist on all chemical system but the effects is more significant for larger system. One way 

to to describe VdW interactions is by using high-level wavefunction based methods which 

treat the electron correlation in a more appropriate way. However, this approach is not 

recommended as it will increase the computational resource.   

Over the years, few methods have been developed incorporate dispersion interactions into 

DFT calculation. One of popular dispersion corrections (Edisp) method is by using 

DFT-D3 method as shown in Eq. 2.27 (Grimme, 2011; Grimme et al., 2016). The Edis 

works by adding a dispersion energy contribution to the energy obtained from previous 

calculation as shown in Eq. 2.26 (Grimme, 2011; Grimme et al., 2016). 
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In this thesis, Edisp were calculated using DFT-D3 methods, which are based on an 

atom-pairwise additive treatment of the dispersion energy. 

 

 

The dispersion correction obtained as a sum over all atom pairs in the system, where RAB is 

the interatomic distance, and  are dispersion coefficients for the atom pair AB. Sn is 

scaling factors that are chosen for each density functional, while fdamp are damping 

functions that determine the behaviour at short interatomic distances. The addition of 

dispersion corrections to B3LYP calculated energies showed to provide improvement of 

the accuracy for various types of energies as well as being able to reproduce experimental 

data (Minenkov, Occhipinti and Jensen, 2009).  

 

2.10 Computational Strategy: Level of Theory  

The size and chemical nature of a chemical system will determine the selection of 

methods and basis sets need to be used. The selection of appropriate method and basis set 

leads to good results in any calculation. One of recommended approach is by explore the 

PES of a system with a small basis set. Later, larger basis set is introduce to estimate 

energy and describe various molecular properties. This approach leads to computational 

savings and research-quality results and have been implemented in many study of ours 

(Mueller, 2007; Khaled Cheaib et al., 2019; Mubarak and De Visser, 2019a, 2019b).  

 

2.11 Energy Graphs 

One of a must part in quantum chemical is to suggest mechanistic cycle of a system 

studied. Thus, the construction of energy graphs is one of helpful way to visualize and 

understand the different reaction pathways revealed in the chemical reaction. In energy 
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graphs, we are able to show the energy barriers associated with each pathways. Figure 2.4 

is a simplification of the multidimensional energy describes the energy of a methane 

hyroxylation by ruthenium complex. Detailed information of methane hydroxylation by 

ruthenium complexes will be further discussed in Chapter 9.  
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Figure 2.4. Hypothetical energy profile of methane hydroxylation by Ruthenium 

complex in two-dimensional.   

 

In Figure 2.4, the path from reactant to product with the lowest energy involved is 

indicated in red. In this two-dimensional energy profile, the stationary points, 

intermiediate and transistion state reveal in the calculation are indicated with horizontal 

lines. While, the highest energy is always associated to transition state structure. The 

energy barrier between reactant and first transition state denoted as ΔE‡ is the rate 

determining step for this calculation. By creating this energy landscpae, a chemical 
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reaction can be visualized as a series of geometrical changes resulting in the 

transformation of reactants into products and the changing of energy between reactant to 

product can be well described.  

 

2.12 Enzyme Catalysis and Kinetics 

Enzymes are able to enhance the rate of reaction of chemical reactions by lowering the 

free energy of activation (∆ ). Even the origin of the catalytic power of an enzymes 

remain unknown, but it was suggested, the amino acid residues around the active site will 

pre-organized to stabilize the transition state by electrostatic effects (Warshel, 1998). The 

catalytic power of an enzyme ca be defined as per Eq. 2.27.  

 

Where the uncatalyzed reaction is in solution.  

Then, to have better understanding about the enzymes, let’s have look at Eq. 2.28 which 

describes how the enzyme work in real environment.   

 

First, a substrate (S) will binds to an enzyme (E) to form an enzyme-substrate complex 

(E·S). Then, E·S is converted to product (P), regenerating the free enzyme. The efficiently 

of enzyme is dependent on the concentration of each component.  

The Michaelis-Menten equation as show in Eq. 2.29 describe the kinetics of 

enzyme-catalyzed reactions. Where, the rate of product formation is defined by the 

Michaelis-Menten as shown in Eq. 2.29, where KM is Michaelis constant and [E]T is the 

total concentration of enzyme. 
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For situation when the substrate concentration is low, [S] << KM, we are using Eq. 2.30 to 

solve the problem. Under these conditions, assumption of [E]T ≈ [E] been made. It is 

because most enzymes molecule are free and do not have a substrate to bind in the active 

site. Then, kcat/KM is used to measure the enzyme’s preference for different substrates. 

Besides, kcat/KM indicates the catalytic efficiency of enzyme under non-saturating 

condition. 

 

While, if the concentration of substrate is high in solution, another assumption been made, 

where the [S] >> KM. Thus, modify the Michaelis-Menten equation as per Eq. 2.31.  

 

Here, we assume that [E·S] = [E]T as all enzymes have a substrate thus the enzyme become 

saturated. It’s made the reaction rate is equal to the maximum rate, where kcat is the overall 

rate constant. Then, by using transition state theory, a theoretically-determined energy 

barrier for a particular enzymatic reaction can be compared with an experimentally 

determined kcat, if the data is available. 
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Computational Study on the Catalytic Reaction Mechanism of Heme 

Haloperoxidase Enzymes 

M. Qadri E. Mubarak§ and Sam P. De Visser§ 

§ The Manchester Institute of Biotechnology and Department of Chemical Engineering and Analytical Science, The 

University of Manchester, 131 Princess Street, Manchester M1 7DN, United Kingdom. 

 

Abstract 

Heme haloperoxidases are unique enzymes in biology that react with H2O2 and halides on 

a heme center to generate hypohalide, which reacts with a substrate by halide transfer. 

We studied model complexes of the active site of heme haloperoxidase and investigated 

the reaction mechanism starting from an iron(III)-hydrogen peroxide-heme complex. We 

find two stepwise proton transfers by active site Glu and His residues to form Compound I 

and water, whereby the second proton transfer step is rate-determining. In a subsequent 

reaction with chloride the oxygen atom transfer is studied to form hypohalide. Overall, 

the free energy of activation of the second proton transfer and oxygen atom transfer to 

halide are similar in energy with free energies of activation around 20 kcal mol–1. The 

calculations show that during oxygen atom transfer from Compound I to halide, 

significant charge-transfer happens prior to the transition state. This implies that the 

reaction may be enhanced in polar environments and through second-coordination 

sphere effects. The studies show that the conversion of H2O2 and halide on a heme center 

is fast and few intermediates along the reaction mechanism will have a lifetime that is 

long enough to enable trapping and characterization with experimental methods. A range 

of active site models and density functional theory methods were tested, but little effect is 

seen on the mechanism and optimized geometries. 
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Mubarak, M. Qadri E. and Sam P. De Visser. "Computational Study on the Catalytic Reaction Mechanism 

of Heme Haloperoxidase Enzymes" Israel Journal of Chemistry (2019). 
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3.1 Introduction 

The class of heme enzymes in chemical biology is very large and take part in vital 

functions in biosystems related to oxygen transport, electron transfer, but are also 

responsible for substrate detoxification and biosynthesis processes. Many heme enzymes 

utilize molecular oxygen and, for instance, react as monoxygenases or dioxygenases with 

substrates, whereby one or two oxygen atoms are incorporated into the substrate structure 

(Kadish, Smith and Guilard, 2013). These monoxygenases are widespread among all 

forms of life and are highly versatile in their substrate scope and function. In particular, 

the cytochromes P450 are common in human physiology and are found in the liver where 

they initiate the metabolism and detoxification of xenobiotics such as drug molecules 

(Sono et al., 1996; Meunier, De Visser and Shaik, 2004; De Montellano, 2005; Denisov et 

al., 2005; Huang and Groves, 2018). As such there is great interest in their biochemical 

function and activity. Other heme enzymes convert dioxygen into water and react as 

catalases (Nicholls, Fita and Loewen, 2000; Njuma, Ndontsa and Goodwin, 2014), while 

the structurally similar peroxidases bind H2O2 instead (Veitch and Smith, 2000; Raven, 

2003; Smulevich, Feis and Howes, 2005; Zederbauer et al., 2007; Poulos, 2014). 

Although monoxygenases, catalases and peroxidases all have a central heme co-factor 

with a bound iron (III) in the resting state, they all have a unique secondary structure and 

particularly show variations in how the metal links to the protein. Thus, the heme binds 

the protein through an amino acid side chain linkage with the metal in the axial ligand 

position and the type of bonding varies between the various heme enzymes. In particular, 

the cytochromes P450 bind the heme to the protein via a cysteinate axial ligand, while the 

catalases typically use a tyrosinate and the peroxidases a neutral histidine ligand instead. 

These differences in axial ligand have been correlated with a “push”-effect of electron 

density from the axial ligand to the iron and are believed to give the enzyme their specific 

activity and function (Dawson et al., 1976; Poulos, 1996; Ogliaro, De Visser and Shaik, 

2002). Specifically, the axial ligand affects the redox potential of the heme and hence its 

catalytic properties. Interestingly, all of these enzymes form a high-valent iron(IV)-oxo 
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heme cation radical active species, called Compound I (Cpd I), in their catalytic cycle as 

the active species (Nam, 2007; Watanabe, Nakajima and Ueno, 2007; Davydov et al., 

2008; Rittle and Green, 2010).  

 

Scheme 3.1. General reaction catalysed by chloroperoxidase (CPO) enzymes. 

A unique set of heme enzymes in Nature are the heme haloperoxidases, which bind 

hydrogen peroxide on a heme active site and convert it into hypohalide as a means to 

halogenate a substrate (Scheme 3.1) (Geigert et al., 1986; Dawson and Sono, 1987; Sono 

et al., 1996; Pan et al., 2007; Manoj and Hager, 2008). These enzymes are found in fungi 

and their functions focus on the biosynthesis of natural products and antibiotics 

(Vaillancourt et al., 2006; van Pe et al., 2006; Butler and Sandy, 2009; Shepherd et al., 

2015; Timmins and De Visser, 2018). The active site of a typical chloroperoxidase (CPO), 

namely from Leptoxyphium fumago, is given in Figure 3.1 as taken from the 2J18 protein 

databank file (pdb) (Dawson et al., 1976). The central heme cofactor is linked to the 

protein through a cysteinate axial ligand (Cys29) in analogy to the P450s. As such, 

chloroperoxidase has a distinctly different structure from other peroxidases that contain a 

histidine axial ligand. On the distal site of the heme is a hydrogen-bonding network of 

polar amino acid residues that includes the side chain of Glu183 and the nearby His105 and 

Ser176 residues. Detailed computational studies on, e.g., heme peroxidases showed this 

intricate network to be involved in the conversion of hydrogen peroxide into Cpd I 

through proton relay mechanisms (Bathelt, Mulholland and Harvey, 2005; Derat et al., 

2005; Derat and Shaik, 2006a, 2006b; Harvey, Bathelt and Mulholland, 2006; Hersleth et 

al., 2006; Vidossich et al., 2010; Vidossich, Alfonso-Prieto and Rovira, 2012). The distal 

site of CPO also has a number of polar residues that stabilize hydrogen bonding 

interactions and can relay protons, namely the His105, Ser176 and Glu183 residues. In 

addition, there is a manganese(II) ion located in close proximity to the heme propionate 

groups that hold it into position together with the Glu104 and Ser108 amino acid residues. 
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This manganese ion is lacking in other heme peroxidases and monoxygenases, but its 

function remains unclear.  

During the catalytic cycle of CPO, H2O2 binds to the iron (III)-heme and is converted into 

water and an iron (IV)-oxo heme cation radical species called Compound I (Cpd I). 

UV/Vis, electron paramagnetic resonance and Mössbauer spectroscopic studies 

characterized Cpd I as a triradical species with a heme radical coupled to two unpaired 

electrons on the metal-oxo group (Dawson and Sono, 1987; Stone, Behan and Green, 

2005; Hirao et al., 2006; Kim et al., 2006). This was confirmed with detailed density 

functional theory and QM/MM studies on CPO and P450 Cpd I models (Green, 1999; 

Ogliaro et al., 2001; Schöneboom et al., 2002; Bathelt et al., 2005; Radoń, Broclawik and 

Pierloot, 2011). Cpd I is expected to react with halides (X– = Cl–/Br–/I–) to form 

hypohalide products, which drifts out of the heme active site and reacts with a substrate 

through halogenation. In this work we will present a computational study on the 

conversion of hydrogen peroxide and halide on a heme center into hypohalide products 

and the structural and electronic features of the reaction mechanism. 

Previous studies on CPO (Green, Dawson and Gray, 2004; Stone et al., 2006; Stone, 

Behan and Green, 2006; Silaghi-Dumitrescu, 2008; Lai et al., 2009; Lai, Chen and Shaik, 

2009; Chen et al., 2010; Morozov and Chatfield, 2016; Chatfield and Morozov, 2018) 

mainly focused on the electronic configuration of Cpd I and its one-electron reduced form, 

i.e. Compound II (Cpd II). The studies highlighted the effect of environmental effects on 

the stability and electronic configuration and spectroscopic, e.g. Mössbauer parameters, 

of Cpd I due to hydrogen bonding interactions of water molecules and active site residues. 

As far as we are aware, a detailed study into the mechanism of H2O2 activation on an 

iron(III)-heme resting state model and its subsequent reaction with Cl– to form hypohalide 

has never been reported and is the focus of this paper. 
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Figure 3.1. Crystal structure coordinates (left-hand-side) as taken from the 2J18 pdb file 

of the heme haloperoxidase enzyme. Right-hand-side depicts the catalytic cycle of 

hypohalide formation investigated and reported in this work. 

3.2.1 Methods 

3.2.1 Model Set-up. 

We initially ran a series of density functional theory calculations on cluster models that 

were based on the crystal structure coordinates of the 2J18 pdb file (Seitlich et al., 2007), 

see Scheme 3.2. The set-up uses previously reported procedures that start from a pdb file 

(Quesne, Borowski and De Visser, 2016; Timmins, Saint-André and De Visser, 2017). 

We took the pdb file and added hydrogen atoms using pH = 7 conditions and subsequently 

solvated the protein. Thereafter, an active site model was selected that included the heme 

with all its substituents abbreviated to methyl groups and the cysteinate axial ligand by 

methylmercaptate. Hydrogen peroxide was inserted into the distal position of the heme. 

The distal hydrogen bonding network was mimicked by propionate for Glu183 and 

ethyl-imidazole for His105 as our minimal model A (Scheme 3.2). The terminal carbon 

atom of these two amino acid side-chains was fixed in position with respect to the iron 

atom during the geometry optimizations. We also tested an enlarged model, namely model 

B that in addition to model A contained two water molecules. Finally, we investigated the 

models with protonated Glu183 group: Models A’ and B’. 
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Scheme 3.2. Cluster models studied in this work. 

 

3.2.2 DFT Methods and Procedures 

Density functional theory methods as implemented in the Gaussian-09 software package 

were used (Frisch, Hratchian and Nielsen, 2009). We tested several density functional 

methods for consistency including B3LYP (Becke, 1993) and PBE0 (Perdew, Burke and 

Ernzerhof, 1996; Adamo and Barone, 1999). However, little differences in spin state 

ordering and relative energies were obtained, see Supporting Information for details. 

Geometry optimizations, constraint geometry scans and frequencies were done with a 

LANL2DZ basis set on iron (with core potential) and 6-31G* on the rest of the atoms: 

basis set BS1 (Hay and Wadt, 1985). To improve the energies, single point calculations 

were done with an LACV3P+ basis set on iron (with core potential) and 6-311+G* on the 

rest of the atoms: basis set BS2. Solvent was included in all calculations through the 
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conductor polarized continuum model (CPCM) with a dielectric constant of  = 5.7 

mimicking chlorobenzene. To test the effect of dispersion on the energetics of the reaction a 

series of single point calculations at UB3LYP-D3/BS2 level of theory were performed for the 

reaction mechanisms for Model A and Model B with dispersion corrections implemented through 

the D3 model of Grimme et al (Grimme et al., 2010). In general, no dramatic changes are seen 

between the B3LYP and B3LYP-D3 results, see Supporting Information for details. These 

methods were used previously for calculations on heme and porphyrin systems and 

reproduced experimental spectroscopic properties and rate constants well (Sainna, 

Kumar, et al., 2015; Cantú Reinhard et al., 2016). Indeed, an overlay of the optimized 

geometries of model A and B with the crystal structure coordinates (Figure S1, Supporting 

Information) gives good overlap between the three structures. All local minima described in this 

work had real frequencies only, while the transition states were characterized with a single 

imaginary frequency for the correct mode. 

3.3 Results and Discussion 

In order to gain insight into the catalytic mechanism of CPO enzymes we modelled the 

catalytic cycle of CPO. In particular, our DFT studies focused on the steps for H2O2 

conversion into Cpd I and water (reaction in red in Figure 3.1) and the subsequent reaction 

of Cpd I with Cl‒ to form OCl‒ products (reaction in blue in Figure 3.2). Let us start with 

discussing the first step on the formation of Cpd I using DFT cluster models. 

We started with calculating two isomeric iron(III)-hydrogen peroxide bound models (IA 

and IB), whereby the active site Glu183 either forms a direct hydrogen bond with the 

proximal oxygen atom of H2O2 (in IA) or with the distal oxygen atom (in IB). Figure 3.2 

displays optimized geometries of 2IA and 2IB as calculated for model A, while the 

obtained structures for model B are very similar (see Supporting Information). We 

identify the model-type with a subscript A or B after the label of the structure. For all 

models and methods tested, the doublet spin state is the ground state for both 

configurations. Moreover, structure 2IBA is well lower in free energy than 2IAA by G = 

9.5 (1.8) kcal mol–1 for model A and B; as such the two models predict the same ground 
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state structure. The lower stability of 2IBA over 2IAA probably stems from an additional 

hydrogen bond of the proximal OH group with one of the heme nitrogen atoms. In 

addition, there appears to be a stereochemical clash in IA between the protonated His 

group and the H2O2 moiety. Optimized geometries give a short Fe–S distance of 2.239 

(2.253) Å and a long Fe–O bond of 2.318 (2.148) Å for 2IAA (2IBA). Hydrogen bonding 

interactions between the Glu and His residues stabilize and position the H2O2 molecule. 

The optimized geometries for model B are similar to those found for model A and confirm 

the spin-state ordering. The electronic configuration is typical for resting state structures 

(Green, 2000; Rydberg, Sigfridsson and Ryde, 2004; Groenhof et al., 2005; Shaik et al., 

2005; Balding et al., 2008), with a singly occupied metal-type orbital and configuration 

x2–y2
2 *xz

2 *yz
1 in the doublet spin state. The quartet and sextet spin state structures 

were also calculated and found to be close in free energy to 2IBA; however, their 

mechanism for proton transfer was substantially higher in energy, therefore, we will focus 

on the doublet spin mechanisms only. 

 

2IBA

2.253

FeO: 2.148

OO: 1.458 1.440

1.755

2IAA

2.239

FeO: 2.318
1.458

1.847

 

Figure 3.2. B3LYP/BS1 optimized geometries of 2IA and 2IB as calculated with model 

A. Bond lengths are in angstroms. 
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Subsequently, we explored H2O2 activation by 2IA and 2IB for models A and B and the 

mechanism with relative free energies is given in Figure 3.3. Starting from 2IB there are 

two possible proton transfer reactions to form the iron(III)-hydroperoxo complex, namely 

from His105 (via transition state 2TSPT,11) or from Glu183 (via transition state 2TSPT,12). We 

located both transition states and find 2TSPT,12 the lowest in energy of the two for both 

model A and B, namely 0.4 and 1.7 kcal mol–1 above the free energy of 2IBA and 2IBB, 

respectively. As such the first proton transfer will be extremely fast and it will be difficult 

to trap and characterize a hydrogen peroxide bound heme structure. By contrast to 

2TSPT,12, the alternative proton-transfer barrier 2TSPT,11 has a free energy of activation of 

17.0 (16.3) kcal mol–1 for models A (B). Therefore, addition of two hydrogen bonded 

water molecules has little effect on the energetics and feasibility of the proton transfer 

reactions. Furthermore, changing the density functional method from B3LYP to PBE0 

only has a minor effect on the calculated energetics and no dramatic changes in structure 

are seen (Supporting Information). Previously, particularly for Mn complexes (Ghosh et 

al., 2003; Yang et al., 2016) major shifts in the relative energies were obtained and 

sometimes even a spin-state ordering reversal was observed.  

We then optimized the local minima that are formed after these proton transfer barriers 

with either deprotonated His105 or deprotonated Glu183, structures 2IB1 and 2IB2. The 

2IB2A/2IB2B structures are slightly lower in energy than the reactant complexes by 

–4.0/–1.9 kcal mol–1, respectively. Although, the transition state 2TSPT,11,B relaxes to the 

local minimum 2IB1B, on the other hand the pathway for model A did not relax to 2IB1A, 

but instead converged to a rotated OOH structure, namely 2ICA. The latter is G = 1.8 kcal 

mol–1 more stable than the reactant complex. For Model B, after proton abstraction from 

the distal oxygen atom of H2O2, the iron(III)-hydroperoxo group quickly reorients 

towards the His105 and Glu183 residues with the proximal OH group to form 2ICA. Thus, 

both 2TSPT,B1 and 2TSPT,B2 relax to form the same intermediate 2IC. Clearly, the basicity of 

a His residue is too large and cannot exist in its deprotonated form in the vicinity of a 

protonated Glu residue, so that His105 remains in its singly protonated state. 
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Figure 3.3. Reaction mechanism of conversion of an iron(III)-H2O2 complex into Cpd I 

for model structures A (B). Free energies contain ZPE, thermal (at 298K) and entropic 

corrections and are calculated at UB3LYP/BS2//UB3LYP/BS1 

(UPBE0/BS2//UPBE0/BS1) with values in kcal mol–1. 

 

The most stable iron(III)-hydroperoxo complexes have the OH group in hydrogen 

bonding orientation with the protonated Glu183 residue in IC. A second proton transfer 

from protonated Glu183 via 2TSPT2 gives Cpd I and a water molecule (J1) via barriers of 

G‡ = 17.4 and 21.4 kcal mol–1 for models A and B. Again, the energies calculated at 

B3LYP and PBE0 level of theory are close and the density functional method appears to 

have no significant effect on the kinetics. The transition state via 2TSPT2 represents a 

proton-coupled-electron-transfer for heterolytic O‒O bond cleavage, where a proton 

migrates from Glu183 to the terminal oxygen atom of the iron(III)-hydroperoxo group, 
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while simultaneously an electron transfer takes place from the iron to the oxygen. Indeed, 

large spin density changes are seen during the pathway from 2ICA to 2J1A. Thus, 2ICA has 

a single unpaired electron in a metal-type 3d orbital and gives spin density of 1.11 on iron 

and ‒0.20 on the porphyrin ring, while little (less than 0.1) is found on the OOH unit. In 

the transition state (2TSPT2) the spin on iron increases to 1.57 as well as on the newly 

formed water molecule (‒0.26) but little on the oxo group. Further electronic changes 

happen en route to the iron(IV)-oxo heme cation radical species, whereby a full radical 

develops on the oxo and porphyrin units (with opposite spin) and an overall doublet spin 

state with three unpaired electrons is formed. At B3LYP level of theory the overall 

reaction from the H2O2 bound reactant to form Cpd I is slightly exergonic (by 5.0 kcal 

mol–1), while it is slightly endergonic at PBE0 level of theory (by 7.8 kcal mol–1).  

Optimized geometries of the transition states from Figure 3.3 are given in Figure 3.4 as 

obtained for models A and B. Structurally, the two models give only minor differences in 

optimized structures. As discussed above in Figure 3.2, the reactant H2O2 bound 

complexes have short Fe–S distances of 2.239/2.253Å and long Fe–O distances of 

2.318/2.148Å. Upon the first proton transfer to H2O2, little changes in the Fe–S distances 

are seen in the transition states, but the Fe–O bonds shorten to 2.018 – 2.064Å. Hence, the 

Fe–O bond strengthens; moreover, it shortens further to 1.889Å in 2ICA. This value is 

typical for iron(III)-hydroperoxo(heme) complexes, where the Fe–O bond can be 

considered as a single bond (Ogliaro et al., 2002; Kamachi et al., 2003; Hirao, Kumar and 

Shaik, 2006; Porro, Sutcliffe and De Visser, 2009). The imaginary frequencies found for 

the proton transfer steps are rather low (i201 to i684 cm–1), while typical hydrogen atom 

abstraction barriers have much larger imaginary frequencies of well over i1500 cm–1. This 

implies that the potential energy surface is rather flat and may lead to limited amount of 

tunnelling. Geometrically, the first proton transfer via 2TSPT,12 has the transferring proton 

almost midway in between the donor and acceptor groups, while the structures are more 

product-like for 2TSPT,11. The latter is typical for low-energy barriers and seen before in a 



 

93 

 

systematic study of substrate hydroxylation by iron(IV)-oxo oxidants (Shaik, Kumar and 

De Visser, 2008; Visser, 2010). 

2TSPT,12

i683 (i201) cm‒1

2.288

(2.242)

2.064 (2.022)
OO: 1.456 (1.440) 1.274 (1.240)

1.184 (1.176)

2TSPT,11

i576 (i275) cm‒1

FeO: 2.018 (2.002)

FeS: 2.280 (2.242)

OO: 1.455 (1.427)
1.168 (1.137)

2TSPT2

i439 (i684) cm‒1

FeO: 1.694 (1.705)

FeS: 2.383 (2.314)

1.086 (1.039)
1.889 (1.829)

 

Figure 3.4. Optimized geometries of doublet spin proton-transfer transition states 

2TSPT,11, 
2TSPT,12 and 2TSPT2 as obtained at UB3LYP/BS1 (UPBE0/BS1) in 

Gaussian-09. Bond lengths are in angstroms and the imaginary frequency in cm–1. 

 

The second proton transfer via 2TSPT2 sees the Fe–O bond shorten further to 1.694/1.705Å 

for 2TSPT2,A/2TSPT2,B. At the same time, the O–O bond elongates to 1.889/1.829Å, 

respectively. The imaginary mode, therefore, reflects simultaneous proton transfer from 

GluH to the terminal oxygen atom of the hydroperoxo group and O–O bond rupture to 

form Cpd I and a water molecule. 

Subsequently, we added a Cl– anion to structures A and B to create a halide bound Cpd I 

structure (J1’) and calculated the oxygen atom transfer reaction to form hypochloride 

products (J2) via a transition state (TSOCl). Optimized geometries and electronic 

configurations of 2,4J1’A are given in Figure 3.5. The Cpd I structures have close-lying 

doublet and quartet spin state structures with electronic configuration x2-y2
2 *xz

1 *yz
1 

a2u
1. This matches previous computational studies as well as the experimental assignment 

of CPO Cpd I.[11,12,25] The x2-y2 orbital is a nonbonding orbital in the plane of the heme, 
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while the *xz/*yz represent the antibonding interactions of the 3d-metal orbital with a 2p 

orbital on oxygen. In the structures without halide, i.e. 2,4J1, this orbital occupation results 

in a spin density of about 2 on the FeO group and 1 or –1 on the porphyrin in either quartet 

or doublet spin. Interestingly, with halide bound, as in 2,4J1’, a partial electron transfer has 

occurred and spin density of –0.43/0.42 is observed in 2J1’A/4J1’A, respectively. At the 

same time, spin density is reduced on the porphyrin manifold. These structures and spin 

density distributions are similar to those found for the reaction of biomimetic 

iron(IV)-oxo species with halides that were found to proceed with a similar reaction 

mechanism and rates (Draksharapu et al., 2015; Barman et al., 2016; Colomban et al., 

2019). As seen in nonheme iron halogenase calculations, halide transfer is easier when the 

halide is neutral rather than anionic (Timmins, Fowler, et al., 2018). It may very well be 

that haloperoxidases operate by a similar mechanism, whereby the halide loses electron 

density prior to a covalent bond formation step. Moreover, the oxygen atom transfer to 

halide may be sensitive to environmental factors and the polarity of the protein pocket. To 

find out if that is indeed the case we calculated the oxygen atom transfer to halide using 

several models.  
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*yz

*xz

a2u

(a) (b)

Cl

2J1’A
4J1’A

rFe 1.24 1.15

rO 0.85 0.87

rPorSMe -0.67 0.54

rCl -0.43 0.42

FeO: 1.629 (1.629)

FeS: 2.626 (2.619)

 

Figure 3.5.  (a) Optimized geometries of 4,2J1’A as obtained in Gaussian-09. Bond 

lengths for 2J1’A (4J1’A) are given in angstroms and group spin densities in atomic units. 

(b) Singly occupied molecular orbitals of 2J1’A. 

The oxygen atom transfer from Cpd I to halide was calculated on the doublet and quartet 

spin state surface and details are given in Figure 3.6. Even though Cpd I has degenerate 

doublet and quartet spin state surfaces, as a matter of fact only on the doublet spin state 

surface a low energy pathway was found. Thus, the doublet spin barrier (2TSOCl,A) is 16.2 

kcal mol‒1 higher in energy than Cpd I and leads to a hypochloride bound iron(III) 

complex J2A. The transition state is characterized with a long O‒Cl bond of 2.749Å and 

an imaginary frequency of i92 cm‒1 for the O‒Cl stretch vibration. The oxygen atom 

transfers to second row atoms, such as Cl– or sulphides typically has transition state 

structures with small imaginary frequencies. In our case, the vectors for the displacement 

in the transition state clearly show a stretch vibration for the C–Cl/O–S motion (Kumar, 

De Visser, et al., 2005; Kumar, Sastry and De Visser, 2011). We were unable to find a 
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quartet spin transition state; however constraint geometry scans implicate it to be well 

higher than 30 kcal mol‒1. The reaction is slightly endothermic overall by 11.2 kcal mol‒1.  

As the protonation state in the active site pocket can vary due to accessible proton relay 

channels, we decided to also explore the oxygen atom transfer by Cpd I to halide with a 

model where the active site is protonated, i.e. containing either a neutral histidine or a 

protonated Glu183 or alternatively have a doubly protonated His105 and a deprotonated 

Glu183. Interestingly, both configurations are found to be within 1 kcal mol–1, which 

implies that the protons in the active site must be highly labile and free to move around. 

The mechanism of hypochloride formation from Cpd I and Cl– was, therefore, studied 

with an initial proton transfer from the distal site proton-relay groups to form 

iron(IV)-hydroxide, i.e. protonated Compound II, via transition state 2,4TSPT3. The 

mechanism with relative energies is shown in Figure 3.7. Thus, the proton transfer has 

small barriers on the doublet and quartet spin state surface with values of G‡ = 3.6 (4.5) 

kcal mol–1. Electronically, these transition states give a little amount of spin density on the 

halide (r = 0.20) and hence partial charge transfer has occurred. The transition states are 

characterized by a Grotthuss-type proton relay mechanism, whereby simultaneous a 

proton from protonated Glu183 to a water molecule is transferred and a proton from that 

water molecule to Cpd I. The imaginary frequency indeed shows the motions of those two 

protons, while the heavy atoms are almost stationary. The value of the imaginary 

frequency is large as expected for a proton transfer. Both doublet and quartet spin 

transition states are relatively central and have the transferring proton midway between 

the donor and acceptor groups. 
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2TSOCli92 cm‒1

FeO: 1.639

OCl: 2.749

2.576

 

Figure 3.6. Reaction mechanism of oxygen atom transfer to chloride by Cpd I as 

calculated at UB3LYP/BS1 on model A. Free energies (in kcal mol–1) contain 

zero-point, solvent, thermal (at 298 K) and entropic corrections, while the optimized 

geometry of 2TSOCl gives bond lengths in angstroms and the imaginary frequency in 

cm–1. 
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After the proton transfer, the system relaxes to protonated Compound II (structure J2) that 

reacts via a hydroxo transfer to halide via transition state TSHOCl to form hypohalide 

products (P3). On the doublet spin state surface the transition state was determined at G‡ 

= 25.8 kcal mol–1, while at the quartet it is well higher lying. Although this would 

implicate a slow process a barrier of this magnitude would be able to proceed under room 

temperature conditions. The transition state is early with a long O–Cl distance of 2.155Å. 

Previous studies on halide transfer to nonheme iron(IV)-oxo and iron(III)-hydroperoxo 

complexes showed similar O–Cl distances and imaginary frequencies (Vardhaman et al., 

2011; Vardhaman, Barman, Kumar, C. V Sastri, et al., 2013). The higher reaction barriers 

for Compound II or protonated Compound II versus Cpd I match previous DFT studies on 

their reactivity differences well (Li et al., 2017; Postils et al., 2018).  

We also calculated the full reaction mechanisms on the quartet and sextet spin state 

surfaces. Particularly on the sextet spin state high barriers are found; however, in the 

product state (P3) the sextet spin state becomes the ground state and is below the quartet 

spin state by 2.6 kcal mol‒1, while the doublet spin product is 6.3 kcal mol‒1 higher. This 

spin state ordering matches experimentally obtained spins with electron paramagnetic 

resonance studies that characterized the product as a sextet spin state (Kobayashi et al., 

1980). 
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2TSPT3 (4TSPT3)

i1135 (i1132) cm‒1

FeO: 1.691 (1.691)

FeS: 2.494 (2.460)

1.260 (1.263)

1.175 (1.173)

2TSHOCl

i227 cm‒1

FeO: 1.870

FeS: 2.368

2.155

 

Figure 3.7. Reaction mechanism of oxygen atom transfer to chloride by Cpd I as 

calculated at UB3LYP/BS1 on protonated model A’. Free energies (in kcal mol–1) 

contain zero-point, solvent, thermal (at 298 K) and entropic corrections, while the 

optimized geometry of 2TSOCl gives bond lengths in angstroms and the imaginary 

frequency in   cm-1. 
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3.4 Summary and Conclusion 

In this work a density functional theory study is reported on the catalytic cycle of the heme 

chloroperoxidase enzymes. Several models with different active site protonation states 

were explored and several density functional theory methods tested. Overall, the density 

functional theory method has little effect on the mechanism and optimized geometries and 

has only a small effect on the calculated kinetics. Firstly, we investigated the conversion 

of H2O2 on an iron(III)-heme active site into Cpd I through sequential protonations. It is 

shown that active site residues in their pH 7 protonation states can perform the reaction 

easily. Initially, a proton is abstracted from the distal oxygen atom of H2O2 to form an 

iron(III)-hydroperoxo group. The proton is then reshuttled by the active site amino acids 

(His105 and Glu183) to the terminal oxygen atom to form water and Cpd I. Upon addition of 

chloride a long-range electron transfer is seen, whereby considerable spin density is 

generated on the halide. Two possible mechanisms for hypochloride were investigated, 

namely direct oxygen atom transfer from Cpd I and initial protonation of Cpd I followed 

by OH transfer. Both pathways should be feasible in the protein and may be competitive. 

Although the former pathway gives the lowest overall barrier, actually the second 

pathway cannot be ruled out either as it starts with a low barrier proton transfer step and 

hence may drive the reaction to protonated Compound II. 
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Abstract 

Cytochrome P450 enzymes catalyze many vital reaction processes in the human body 

related to biodegradation and biosynthesis particularly in the liver. Usually, the CYP450s 

act as monoxygenases, where they bind molecular oxygen and transfer one of its oxygen 

atoms to substrate, while the other one leaves the process as water. A recently discovered 

CYP450 subfamily TxtE utilizes O2 and NO on a heme center and converts L-tryptophan 

selectively to 4-nitrotryptophan. The aromatic nitration process by environmentally 

benign oxidants is important from a biotechnological perspective and as such 

understanding the details of the reaction mechanism might lead to future applications. 

Therefore, to gain insight into the mechanism of L-Trp nitration by CYP450 enzymes, we 

performed a computational study using active site models of CYP450 TxtE and studied 

possible pathways leading to products. Our work proposes a reaction mechanism that 

starts from an iron(III)-superoxo complex and proceeds to form peroxynitrite in a 

reaction with NO. This is followed by homolytic N-O bond cleavage to form an NO2 

radical and Compound II via small free energy of activation. Free NO2 then activates one 

of aromatic C-atoms of substrate and Compound II picks up a proton via the 

rate-determining step to form nitrated tryptophan. We explored L-Trp nitration on the 

C4-, C5-, C6- and C7-positions and find preferential C4-activation although small changes 

to the shape and size of the substrate binding pocket may give additional products. Our 

study highlights the differences between CYP450 monoxygenases and CYP450 TxtE and 

particularly how proton relay channels have been blocked to avoid hydroxylation of 

substrate. Moreover, our work shows that the polarity of the protein stabilizes the NO2 

addition reaction and enables a regio- and chemoselective tryptophan nitration pathway. 

 

Draft paper submitted for publication 
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4.1 Introduction 

Aromatic nitration is an important reaction in industry where an NO2 group is installed on 

an arene scaffold; however, typically these reactions are performed in organic solvents 

with heavy metal ions as catalysts (Kochi, 1992; Esteves et al., 2003; Yan and Yang, 2013; 

Sun, 2014; Wang et al., 2018). Obviously, an environmentally benign catalyst that uses 

first-row transition metals in water would be preferential and as such research is 

conducted into exploring enzymatic and biomimetic pathways to nitrate arene-type 

substrates. Interestingly, in recent years several proteins have been discovered that react 

through arene nitration (Bourassa et al., 2001; Schopfer, Baker and Freeman, 2003; 

Toader et al., 2003; Chaki et al., 2009; Su and Groves, 2009; Kong et al., 2015). These 

enzymes often utilize peroxynitrite as a nitrating agent that is formed from a reaction of 

dioxygen with NO (Ramezanian, Padmaja and Koppenol, 1996). Furthermore, several 

biotechnological studies have indicated enzyme mutants and bioengineered proteins, e.g., 

of nonheme iron halogenases, that are able to perform substrate nitration reactions 

(Matthews et al., 2014; Timmins, Quesne, et al., 2018). In particular, Bollinger et al 

engineered the nonheme iron halogenase SyrB2 to enable nitration of aliphatic groups 

efficiently (Matthews et al., 2014). Alongside these enzymatic systems also a biomimetic 

model of SyrB2 was identified that was shown to react with substrates through aliphatic 

nitration in water, although hydroxylation pathways were predicted to proceed in parallel 

(Timmins, Quesne, et al., 2018).  

Recently, a novel cytochrome P450 (CYP450) subfamily was discovered that is able to 

nitrate either a tryptophan or tyrosine residue (Barry et al., 2012; Yu et al., 2013; Dodani 

et al., 2014, 2016; Girvan and Munro, 2016; Tomita et al., 2017; Zuo et al., 2017; Jiang et 

al., 2018; Zuo and Ding, 2019). This is an unusual CYP450-type reaction as these 

enzymes normally operate as monoxygenases and typically convert aliphatic and aromatic 

groups into alcohols or C=C double bonds into epoxides. In the human body, the CYP450s 

catalyze key reactions for human health that vary from biodegradation of xenobiotics to 

biosynthesis of hormones (Sono et al., 1996; De Montellano, 2005; Denisov et al., 2005; 
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Kadish, Smith and Guilard, 2013; Huang and Groves, 2018). Thus, liver CYP450 

isozymes, e.g. CYP450 2D6 and CYP450 3A4 (Das, Grinkova and Sligar, 2007; 

Sevrioukova and Poulos, 2013; Poulos, 2014; Guengerich and Yoshimoto, 2018), are 

known to initiate the metabolism of drug and xenobiotic molecules, while the CYP450 

aromatase isozymes are involved in the biosynthesis of estrogen (Krámos and Oláh, 2014; 

Manna, Molehin and Ahmed, 2016; Guengerich, 2017). In general, the CYP450s utilize 

molecular oxygen on a heme center and react as monoxygenases, whereby one oxygen 

atom is transferred to a substrate, while the other oxygen atom is reduced to a water 

molecule (Meunier, De Visser, and Shaik 2004; Ortiz De Montellano 2010; Huang and 

Groves 2017). The CYP450s are known to activate relatively inert C–H bonds as strong as 

the ones in propane, but also react with arenes through aromatic hydroxylation. 

Thaxtomin phytotoxins are biosynthesized in plant-pathogenic Streptomyces species from 

L-4-nitrotryptophan and L-phenylalanine. The L-Phe residue in the resulting 

N,N-dimethyl-diketopiperazine is hydroxylated at the Cα and aromatic ring positions by 

the bifunctional CYP450 TxtC (Barry et al., 2012; Yu et al., 2013; Dodani et al., 2014; 

Greule et al., 2018; Alkhalaf et al., 2019). The CYP450 TxtE class of enzymes bind 

L-tryptophan, O2 and NO in the active site and convert it to L-4-nitrotryptophan 

selectively. Little is known about the mechanism of this chemical reaction, but it is 

believed that an initial reaction of NO with O2 gives peroxinitrite that then splits into 

either NO2
+ or NO2

• (Barry et al., 2012). Similar to the CYP450s, another heme enzyme, 

namely nitric oxide synthase was shown to activate peroxynitrite (Lang et al., 2016). 

Furthermore, CYP450 3A4 under addition of peroxynitrite was found to transfer NO2 to 

tyrosine residues in the protein (Lin et al., 2012) . The studies implicate that most likely 

free NO2
• or NO2

+ is generated that migrated through the protein and reacted with these 

aromatic residues.  

As little is known on the catalytic reaction mechanism of L-Trp nitration by CYP450 

TxtE, we decided to embark on a computational study. In particular, the works focuses on 

understanding the selectivity of nitration of substrate. Our work shows that an initial 
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precursor iron(III)-peroxynitrite complex homolytically cleaves into an iron(IV)-oxo 

heme and NO2. As substrate L-tryptophan is located close to the formed NO2 it is 

activated rapidly to form nitrated products. Clearly, substrate binding must be a precursor 

to NO addition to an iron(III)-superoxo intermediate in the catalytic cycle. Our work 

rationalizes substrate nitration by CYP450 isozymes and gives suggestions to further 

engineer them for more efficient biotechnological applications. 

 

 

Scheme 4.1. Reaction catalyzed by P450 TxtE. 

4.2 Methods 

Density functional theory calculations were performed on active site model complexes of 

TxtE based on the crystal structure coordinates of the 4TPO protein databank (pdb) file 

(Dodani et al., 2014). Our initial calculations used a minimal active site model (model A) 

that included an iron(III)-peroxynitrite-heme (with side chains replaced by hydrogen 

atoms) and thiolate for the axial cysteinate ligand. A complete tryptophan amino acid was 

included as substrate, where the carboxylic acid group was protonated and the amide 

group deprotonated, Scheme 4.2. Hence, the overall charge of model A was ‒1 and the 

system was calculated in the individual doublet and quartet spin states. No constraints 

were put on this model. 

A second and more elaborate model (model B) was subsequently studied that included the 

substrate binding pocket as obtained from the 4TPO pdb file (Dodani et al., 2014). Thus, 

model B contained model A with one propionate side chain of the heme included and 

expanded with part of the substrate binding pocket, namely the Arg59 and Tyr89 side 

chains, the small peptide chain Asn293-Gln294-Phe295-Thr296-Trp297-Arg298, and 
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Glu394-Phe395, whereby the Gln294 residue was abbreviated to Gly. The Trp substrate in 

Model B had a zwitterionic state with the carboxylate group deprotonated and in a salt 

bridge with Arg59 and the amide group protonated. This model has 250 atoms and overall 

charge –1. To make sure that the structure did not deviate too much from the crystal 

structure coordinates some geometric constraints were placed on several α-carbon atoms 

of the protein backbone in the model as identified with a star in Scheme 4.2. A comparison 

of starting and final structures of the geometry optimizations showed little changes of the 

protein part of the model and hence kept the features of the protein structure intact. 

For Model A a range of possible reaction pathways for substrate nitration were explored 

using Gaussian-09 (Frisch, Hratchian and Nielsen, 2009), see Supporting Information. 

Using the obtained insight, we then investigated the low energy pathways with the 

expanded cluster model B. Based on our previous experience with heme systems we used 

well-tested and validated approaches (Cantú Reinhard et al. 2016; Yang et al. 2016; Cantú 

Reinhard and De Visser 2017). All geometries were fully optimized without constraints 

and transition states were characterized with a single imaginary frequency for the correct 

mode. For a number of transition state geometries also intrinsic reaction coordinate scans 

were performed that connected to the two local minima adjacent to the transition state (see 

Supporting Information). 
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Scheme 4.2. Active site model of TxtE investigated in this work. Atoms labeled with a 

star were fixed.  

The hybrid density functional method UB3LYP (Lee, Yang and Parr, 1988; Becke, 1993) 

was used for all calculations in combination with an LACVP basis set on iron with core 

potential and 6-31G* on the rest of the atoms (C, N, O, H, S), basis set BS1 (Francl et al., 

1982; Hay and Wadt, 1985). All optimizations, frequencies and geometry scans included 

a continuum polarized conductor model (CPCM) with a dielectric constant mimicking 

chlorobenzene (Tomasi, Mennucci and Cammi, 2005). To obtain more accurate energies, 

we did single point calculations with an LACV3P+ basis set on iron with electron core 

potential and 6-311+G* on the rest of the atoms: basis set BS2. These methods and 

approaches were used previously and shown to predict the correct regio- and 

chemoselectivities of reaction mechanisms and give free energies of activation to within 3 

kcal mol‒1 of experiment (Cantú Reinhard, Faponle, and De Visser 2016; Timmins, 

Saint-André, and De Visser 2017; Cantú Reinhard et al. 2017). 
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4.3 Results 

The P450 catalytic cycle for a monoxygenation reaction mechanism starts with substrate 

binding to the iron(III)-heme resting state, release of water from the sixth ligand position 

of the heme followed by a reduction by a redox partner and molecular oxygen binding. 

Subsequently, a reduction and two protonation steps leads to Compound I, i.e. an 

iron(IV)-oxo heme cation radical species that is the active oxidant in oxygen atom transfer 

reactions. Trp nitration by P450 TxtE is believed to deviate from this mechanism and 

upon forming of the iron(II)-superoxo species reacts with NO to form an 

iron(III)-peroxynitrite intermediate. Indeed, in many Biosystems the P450 nitration 

enzyme is linked to a nitric oxide synthase that provides the NO by reacting L-Arg on a 

heme center (Barry et al., 2012; Dodani et al., 2014).  

To understand the catalytic reaction mechanism of Trp nitration by P450 TxtE, we set up 

several cluster model complexes that include the substrate binding pocket and heme 

groups as shown in Scheme 4.2. Details of the small cluster model results are given in the 

Supporting Information, while we focus on the large active site data in the main paper 

only. We explored several reaction pathways for substrate nitration as displayed in 

Scheme 4.3.  
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Scheme 4.3. Reaction mechanisms and labeling of Trp nitration by a peroxynitrite bound 

P450 model as explored by DFT with activation of the C6-position as an example. 

 

The full mechanism was calculated for nitration at the C4-, C5-, C6- and C7-positions. 

Furthermore, as substrate is latched in the substrate binding pocket with different residues 

on both sides, we considered attack on either side of the aromatic ring, designated endo- 

and exo-pathways.  

We started our work from the iron(III)-peroxynitrite complexes in the doublet and quartet 

spin states and investigated three major reaction pathways. Pathway 1 and 2 start with a 

homolytic O-O bond cleavage in the peroxynitrite group to form Compound II, i.e. an 
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iron(IV)-oxo heme, and NO2 (complex Int1) via a transition state TS1. Thereafter, 

pathways 1 and 2 diverge and substrate attack of either NO2 or iron(IV)-oxo were 

investigated. In pathway 1, the free NO2 radical attacks the substrate directly to form 

intermediate Int4 via transition state TS4, which after proton transfer to Compound II via 

transition state TS5 leads to nitrated Trp and protonated Compound II (Int5). In pathway 

2, by contrast, an electrophilic addition of the oxo to a carbon atom of the Trp substrate 

takes place to form a radical intermediate Int2 via a transition state TS2. This is then 

followed by abstraction of the ipso-proton from the Trp carbon atom by the heme to form 

the protonated heme structure Int3 via transition state TS3. A proton reshuttle leads to 

phenol products or alternatively the NO2 radical attacks the ipso-position to form nitrated 

Trp products. In addition, to these two pathways, we also tested a direct attack of 

peroxynitrite on these carbon-positions of L-Trp to form intermediate Int4 using model 

A. However, this pathway (Supporting Information Figure S11) is high in energy and did 

not lead to NO2 transfer to substrate; instead the peroxynitrite structure stayed intact. As 

such peroxynitrite will need to be activated first and split into NO2 and an iron(IV)-oxo 

species in order to be reactive. Hence, pathway 3 was ruled out for further studies. 

The potential energy landscape for the reaction of the iron(III)-peroxynitrite complex with 

L-Trp on the lowest energy doublet and quartet spin states for pathway 1 is given in Figure 

4.1. The reactant states (ReB) are in a doublet spin ground state as expected for iron(III) 

complexes and give a small barrier of G‡ = 3.8 kcal mol‒1 via 2TS1B for homolytic O‒O 

cleavage to form iron(IV)-oxo and an NO2 radical. The quartet spin barrier is well higher 

in energy, i.e. G‡ = 15.6 kcal mol–1, and, therefore the reaction will take place on a 

dominant doublet spin state surface. 
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2TS1B [4TS1B]

i300 [i800] cm1

2.432 [2.565]

1.677 [1.812]

1.902 [1.766]

2TS4B,C6-endo [4TS4B,C6-endo]

i281 [i280] cm1

2.535 [2.535]

1.648 [1.648]

1.840 [1.838]

2TS5B,C6-endo [4TS5B,C6-endo]

i1345 [i1979] cm1

2.511 [2.551]

1.691 [1.701]

CH: 1.215 [1.292]

OH: 1.473 [1.327]

 

Figure 4.1. Potential energy landscape (with values in kcal mol–1) of L-Trp nitration at 

the C6-position via endo-attack in active site model complex B. All geometries 

optimized in Gaussian at UB3LYP/BS1. The two energetic values represent ΔE+ZPE 

(ΔG) data with energies obtained using basis set BS2 and with ZPE and solvent 

corrections; free energies are given in parenthesis at 298K and contain, ZPE, thermal, 

solvent and entropic corrections. Optimized geometries of transition states give bond 

lengths in angstroms and the imaginary frequency in cm–1. 
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The peroxynitrite-cleaving transition state geometries have strongly elongated O–O 

distances of 1.902 (1.766) Å for 2TS1B (4TS1B) and visualization of the imaginary 

frequency shows an O–O bond cleavage mode. The first reaction step is virtually 

thermoneutral on the doublet spin state and brings the quartet spin state to within a 

fraction of a kcal mol‒1. Electronically, 4,2Int1B can be characterized as an iron(IV)-oxo 

heme complex, i.e. Compound II (CpdII), with an NO2 radical in close proximity. Indeed 

the group spin densities (Supporting Information) of 4,2Int1B show a full spin on the NO2 

group.  
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Figure 4.2. High-lying occupied and low-lying virtual orbitals of 2,4Int1. 

 

The molecular valence orbitals of 4,2Int1 are depicted in Figure 4.2. Thus, CpdII has an 

electronic configuration with two unpaired electrons in * orbitals (*xz and *yz) for the 
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antibonding interaction of a 3d iron orbital with a 2p on the oxo group. The *yz orbital 

mixes somewhat with a *NO2 orbital and hence there is a small but weak long-range 

interaction between CpdII and NO2. Two virtual orbitals for the *-antibonding 

interactions of the metal with the first-coordination sphere atoms are labelled *z2 and 

*x2-y2. These two virtual orbitals are low in energy, but may get occupied during the 

reaction mechanism. The heme-based a2u orbital is doubly occupied in CpdII. Finally, a 

* orbital on the NO2 group complements the set of orbitals in Figure 4.2.  

Thus, the two unpaired electrons in *xz and *yz can be ferromagnetically coupled to the 

NO2 radical (in orbital *NO2) into an overall quartet spin state or antiferromagnetically 

coupled into an overall doublet spin state. As such there are two different 

spin-configurations for the CpdII structure with overall doublet and quartet spin. These 

two configurations are close in energy and indeed we find them within 1 kcal mol‒1. In 

previous work on P450 reactivity by Compound I (CpdI), i.e., the iron(IV)-heme cation 

radical species, which is the one electron oxidized form of Cpd II, it was found to also 

have close lying doublet and quartet spin state structures, but with *xz
1 *yz

1 a2u
1 

configuration (Shaik et al., 2002, 2005). Thus, reaction mechanisms with substrates were 

shown to proceed on competing spin-state surfaces with competing rate-constants. 

Moreover, examples have been highlighted in the past, where product distributions were 

different on each of the spin-state surfaces (Ji et al., 2015; Pickl et al., 2019). Therefore, 

we calculated the full mechanism of L-Trp nitration on the doublet and quartet spin states 

for all reactions.  

We attempted to optimize the geometry of the product from heterolytic cleavage of 

peroxynitrite to give 4,2CpdI + NO2
-. However, when we swapped molecular orbitals in 

4,2Int1, the SCF converged back to the original conformation. Therefore, the heterolytic 

cleavage pathway is high in energy and is inaccessible for the enzyme and will not take 

place here. 
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Subsequently, we investigated the electrophilic addition of NO2 to L-Trp substrate from 

the 2,4Int1B structures and, as an example, we show the calculated mechanism for 

activation of the C6
endo-position of L-Trp by CpdII in Figure 4.1. The C–N bond formation 

transition states takes place via barriers 2,4TS4B,C6-endo. On both the doublet and quartet 

spin state surfaces small barriers of G‡ = 3.0 and 3.3 kcal mol‒1 are found. Nevertheless, 

both transition states were characterized as shown in Figure 4.1 with a single imaginary 

frequency of i280 cm–1 representing a C–NO2 stretch vibration. As the transition states 

represents NO2 transfer to L-Trp and no electron is transferred to CpdII, there are little 

changes to the geometry of the CpdII part as compared between 2,4Int1B and 2,4TS4B,C6-endo 

and geometrically those parts of the structure are the same. The transition state is a pure 

NO2 attack on the aromatic ring of L-Trp and no electron transfer to the heme takes place. 

The shallow intermediate (2,4Int4B,C6-endo) is followed by another low-energy barrier, 

namely the proton transfer from L-Trp to CpdII with barriers of G‡ = 8.9 and 9.4 kcal 

mol‒1 , respectively, above 2Int4B,C6-endo and 4Int4B,C6-endo. These structures are 

characterized with a large imaginary frequency (i1345 and i1979 cm–1), which is typical 

for the transfer of a light atom such as a proton to an iron(IV)-oxo species.58 Both 

transition states are relatively central with similar O–H and C–H distances. 

Therefore, the overall reaction mechanism of L-Trp nitration by an iron(III)-peroxynitrite 

heme reactant gives barriers with free energy of activation below 10 kcal mol‒1 on the 

doublet and quartet spin states. Clearly, these reactions will be fast and efficient and it is 

unlikely that NO2 will drift out of the substrate binding pocket if substrate is present. 

Obviously, it is important that NO2 does not drift out of the protein pocket as it is known to 

activate aromatic protein residues and could react with enzymatic residues if the substrate 

is not positioned well (Lang et al., 2016)

In particular, the substrate binding pocket of the 4TPO pdb file21 is lined with several 

aromatic residues, e.g., Phe79, Trp82, Tyr89, Trp297 and Phe395. Clearly, peroxynitrite 

activation and the synthesis of NO2 should not lead to nitration of any of these active site 
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residues. Therefore, NO2 should be used as soon as it is found and based on the low barrier 

will activate bound substrate rapidly.  

As our proposed mechanism of L-Trp nitration by P450 enzymes suggests the formation 

of a free NO2 radical after homolytic cleavage of peroxynitrite, we decided to explore 

pathways leading to C4-, C5-, C6- and C7-nitration for model B. Of course, these 

mechanisms have two stereochemical isomers, which are designated as the exo- and 

endo-pathways. Optimized geometries of all 2,4TS4B transition states are given in Figure 

4.3, while the one for C6
endo is above in Figure 4.1. As this reaction step proceeds away 

from the heme center and no electron transfer takes place, it means that the heme CpdII 

distances are the same in all structures. Indeed, the Fe–O and Fe–S distances shown in 

Figure 4.3 show very little variation. A little bit more variation is seen in the C–N bond 

that is being formed in the transition state. The shortest distances are found for 

C5-activation whereby the endo-pathway gives the shortest distances of 1.714 Å, while 

those for the exo-pathway are 1.721 Å. By contrast, much longer C–N distances are found 

for the C7-activation with values of 1.830/1.831 Å for 2TS4B,C7-endo/
4TS4B,C7-endo and 

1.827/1.842 Å for 2TS4B,C7-exo / 
4TS4B,C7-exo. 

Next, we looked at the energetics for NO2 transfer to the C4-, C5-, C6- and C7-positions of 

L-Trp substrate through attack from the exo and endo directions. We located C–N bond 

formation transition states (2,4TS4B) and the subsequent local minima (2,4Int4B) as well as 

the ipso-proton abstraction transition state (2,4TS5B) by CpdII leading to the nitrated 

product complexes 2,4Int5B and the energies with respect to 2ReB for all pathways are 

given in Table 4.1. Several barriers for C–N bond formation via TS4B are very low in 

energy and could not be located precisely, but geometry scans find them to be less than 1 

kcal mol–1 above the Int1B intermediate. These pathways should lead to addition of NO2 

to L-Trp to C4-exo, C4-endo, C5-endo, C6-exo and C7-endo positions. 
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2TS4B,C6-exo [4TS4B,C6-exo]
i249 [i249] cm1

2.501 [2.501]

1.657 [1.657]

1.780 [1.780]

2TS4B,C4-endo [4TS4B,C4-endo]

i249 [i249] cm1

2.529 [2.501]

1.646 [1.657]

1.860 [1.780]

2TS4B,C5-endo [4TS4B,C5-endo]

i109 [i109] cm1

2.503 [2.503]

1.654 [1.654]

1.714 [1.714]

2TS4B,C5-exo [4TS4B,C5-exo]

i109 [i124] cm1

2.501 [2.501]

1.657 [1.657]

1.721 [1.721]

2TS4B,C7-endo [4TS4B,C7-endo]
i258 [i258] cm1

2.539 [2.539]

1.645 [1.645]

1.831

[1.830]

2TS4B,C7-exo [4TS4B,C7-exo]

i279 [i269] cm1

2.504 [2.506]

1.658 [1.657]

1.827 [1.842]

 

Figure 4.3. UB3LYP/BS1 optimized transition state geometries for NO2 attack on L-Trp 

substrate via 2,4TS4B. N–C bond formation barriers calculated for attack on the C4, C5, 

C6 and C7-positions. Bond lengths are in angstroms and the imaginary frequency in the 

transition state in cm–1. 

As a matter of fact most TS4B barriers are found within a small window of 4 kcal mol–1 

and only doublet spin C4-endo is higher in energy, i.e. its transition state is about 7 kcal 

mol–1 above 2Int1B. The NO2 addition local minimum (2,4Int4B) is followed by proton 

abstraction from the ipso-position by CpdII to form nitrated Trp and protonated CpdII. 

Due to the position of the substrate in the binding pocket in several cases substantial 

proton abstraction barriers are found. Thus, the C6- and C7-positions of L-Trp are pointing 

toward the iron(IV)-oxo group of the heme and hence are in the right position for proton 
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transfer. Indeed, most TS5B barriers for C6- and C7-nitration barriers of less than 7 kcal 

mol–1 with respect to isolated reactants are found. By contrast, the C5-exo position points 

away from the heme and consequently proton transfer is difficult and high barriers are 

obtained as a result of major structural orientations. 

Overall, the work shows that the aromatic nitration by P450 TxtE is triggered by a reaction 

of NO with an iron(III)-superoxo species that releases NO2 radicals rapidly. These NO2 

radicals react with aromatic rings through nucleophilic addition and the nearby CpdII 

species abstracts a proton to form nitrated products. However, as a free NO2 radical is 

formed, this means substrate selectivity will be determined by the tightness and 

orientation of Trp in the substrate binding pocket. How and why this selectivity is 

determined, we discuss further in the paper. 

4.4 Discussion 

In this work a computational study on the P450 aromatic nitration enzyme TxtE is 

performed that focuses on the catalytic reaction mechanism and the nature of the 

selectivity of the reaction. Overall, our studies show that the mechanism is distinctly 

different from P450 monoxygenases, where initially an active species (Compound I, 

CpdI) is formed that subsequently reacts with substrates (Sono et al., 1996; Kadish, Smith 

and Guilard, 2013; Sevrioukova and Poulos, 2013; Poulos, 2014; Guengerich and 

Yoshimoto, 2018; Huang and Groves, 2018). To explain the differences in catalytic 

reaction cycle of P450 TxtE and P450 monoxygenases we display the two side-by-side in 

Scheme 4.4. Both catalytic cycles start from an iron(III)-heme complex that is linked to 

the protein through a thiolate bridge with a cysteinate residue. The sixth coordination site 

of the iron(III) is occupied by a water molecule in the resting state (structure A in Scheme 

4.4). Upon substrate binding the water molecule is released and the metal complex 

undergoes a spin-state change from low-spin to high-spin. DFT calculations showed that 

the high-spin is preferential over the low-spin in the 5-coordination iron(III) complex, 
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whereas the spin-state ordering is reversed in 6-coordinate environments (De Visser and 

Shaik, 2003). 

Table 4.1. Relative energies of NO2 transfer to various positions of L-Trp substrate.a 

aValues in kcal mol–1 represent E+ZPE data with energies obtained at 

UB3LYP/BS1//UB3LYP/BS2 relative to 2ReB. 

 

Thereafter, the complex is reduced by the reduction partner and binds molecular oxygen 

(complex B in Scheme 4.4). Beyond complex B, the catalytic cycles of P450 

monoxygenase and P450 nitration diverge. Thus, the monoxygenases reduce structure B 

and after two proton transfer steps generate a high-valent iron(IV)-oxo heme cation 

radical species called CpdI. The latter reacts with substrates through oxygen atom transfer 

and converts aliphatic C‒H bonds into alcohols, C=C double bonds into olefins and arenes 

into phenols (Sono et al., 1996; Meunier, de Visser and Shaik, 2004; De Montellano, 

Pathway 2TS4B (4TS4B) 2Int4B (4Int4B) 2TS5B (4TS5B)  2Int5B (4Int5B) 

C4-exo >-3.0 (>-3.0) -3.5 (-3.5) >6.6 -58.0 (-22.2) 

C4-endo 6.6 (>0.0) 6.4 (-1.4) 11.0 (15.0) -49.2(-14.9)  

C5-exo 0.9 (0.9) -0.6 (0.0) 16.9 (17.9) -49.6(-15.8) 

C5-endo >3.0 (>0.0) 2.7 (-4.2) 8.3 (10.3) -57.7 (-23.6) 

C6-exo 0.6 (-0.1)  0.3 (-0.4)  6.1 (6.6) -40.8 (-46.9) 

C6-endo 3.2 (2.2) 0.2 (1.1) 6.4 (6.1) -45.9 (-40.8) 

C7-exo 2.4 (2.4) 0.2 (0.2) 2.7 (4.5) -60.9(-56.1) 

C7-endo -1.0 (-1.0) -1.6 (0.2) 1.8 (3.8) -56.9 (-27.2) 
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2005; Ortiz De Montellano, 2010; Kadish, Smith and Guilard, 2013; Huang and Groves, 

2017, 2018; Greule et al., 2018). 

 

 

Scheme 4.4. Comparative catalytic cycles of P450 nitration and P450 monoxygenases. 

 

The P450 TxtE isozymes, by contrast, bind a molecule of NO that reacts with the 

iron(III)-superoxo intermediate (B) to form an iron(III)-peroxynitrite intermediate. As 

discussed above, several pathways for NO2 transfer to L-Trp substrate were calculated 

here and our lowest energy mechanism involves a reaction that starts with the 

iron(III)-peroxynitrite splitting into Compound II (CpdII), i.e. iron(IV)-oxo heme, and 

NO2 radical. The latter then attacks substrate at the C4-position and the ipso-proton at C4 

moves to Cpd II to generate an iron(III)-hydroxo complex. A proton transfer from the 

protein then brings the catalytic cycle back into the resting state. At this stage it is not clear 

whether this proton transfer step happens prior or after product release. 
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The catalytic cycles of P450 nitration and monoxygenation in Scheme 4.4 show dramatic 

differences. Thus, P450 TxtE would require only a single electron from a reduction 

partner and no proton transfer to generate an iron(III)-peroxynitrite as active species, 

whereas P450 monoxygenases need two electrons and two external protons to form CpdI. 

However, one proton transfer is needed in P450 TxtE to convert protonated Compound II 

back into the resting state.  

To understand these differences in proton relay mechanisms during the catalytic cycle of 

P450 TxtE and P450 mooxygenases, we analyzed structures of two representative 

nitration and monoxygenase enzymes, and extracts of two pdb structures are shown in 

Figure 4.4. In particular, Figure 4.4 displays an extract of the active site structures of P450 

TxtE (4TPO pdb as a representative of a nitration P450)21 and P450cam (3WRH pdb as a 

monoxygenase P450 structure) (De Visser, 2006; Shaik et al., 2011). Thus, P450cam 

hydroxylates camphor regio- and stereoselectively at the C4-position and its mechanism 

has been extensively studied with experimental and computational methods (Berman et 

al., 2000; Davydov et al., 2001; Balding et al., 2008). An analysis of the 4TPO pdb file as 

compared to that of P450cam is given in Figure 4.4.  
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4TPO

Gln366

Thr251

Thr250

Cys357

L-Trp

3WRH

Cys357Glu366

Val253

Thr252

camphor

Asp251

 

Figure 4.4. Extracts of the crystal structure coordinates of P450 TxtE (left) and P450cam 

(right) as taken from the 4TPO and 3WRH prdb files. Amino acids are labeled as in the 

pdb files. 

As rationalized and discussed previously (Kamachi and Yoshizawa, 2003; Shaik et al., 

2005), P450cam has a number of active site residues involved in proton-relay during the 

catalytic cycle. Firstly, a buried Glu366 residue is connected via a chain of water molecules 

to the alcohol group of Thr252 that is located just above the heme. The Glu366 residue is 

believed to deliver the first proton in the catalytic cycle of P450 monoxygenases 

(Kamachi and Yoshizawa, 2003), while Asp251 delivers the second one. The Asp251 

residue points out of the active site, but computational modelling showed that a rotation of 

the side chain brings the carboxylate group close to the Thr251 alcohol group and hence 

can deliver a second proton into the substrate binding pocket to complete the formation of 

CpdI. 

An analysis of the TxtE pdb file 4TPO shows that the Glu366 residue is missing and is 

replaced by a Gln residue. Nevertheless, the Gln environment is similar to that of Glu366 in 

P450cam, namely at the end of a cavity surrounded by apolar residues, such as Leu and Ile. 

Interestingly, also Val253 is not seen in P450 TxtE and in its position another Thr residue is 

located (Thr251). Nevertheless, it is clear from the TxtE pdb file that one proton source is 

lacking in the active site. Therefore, proton transfer in P450 TxtE will be considerably 
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slower than in P450cam, where one proton may already be stored on Glu366 prior to the start 

of the catalytic cycle, which should lead to efficient conversion of the iron(III)-superoxo 

to an iron(III)-hydroperoxo complex. As such, we predict that mutation of Gln366 in P450 

TxtE to Glu (or Asp) may enable monoxygenase activity of substrates. On the other hand, 

the mutation of Glu366 to Gln in P450cam should reduce or slow the protonation steps 

during the catalytic cycle and in the presence of NO might lead to aromatic nitration of 

substrates. 

In P450cam the second proton in the catalytic cycle is proposed to be delivered through the 

rotation of Asp251. In the TxtE pdb; however, also this Asp residue is missing and a proline 

residue takes its position. Therefore, the proton transfer machineries in P450 TxtE appear 

to have been mutated away with respect to typical monoxygenase structures and 

consequently, proton transfer into the active site for the conversion of the 

iron(III)-superoxo species into CpdI is hampered. This should give the iron(III)-superoxo 

species a relatively long lifetime until NO is delivered and can form a heme-peroxynitrite 

complex. 

To find out if a bare indole group in the gas-phase would have a preference of nitration of 

a specific carbon site, we calculated the C–N bond formation energy by addition of NO2 to 

methylindole, see Figure 4.6. As can be seen in all cases the formation of nitrated 

methylindole is endothermic by 10.5 – 15.3 kcal mol–1 in the gas-phase with a preference 

of activation of the C4-position. As such, if all carbon atoms of L-Trp are accessible in the 

protein then a reaction with NO2 should give dominant C4-nitration. Indeed some studies 

have observed this. The fact that in the calculations reported in Table 4.1 above a mixture 

of products is predicted implies that our model has sufficient flexibility and freedom to 

access multiple sites. 
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Figure 4.5. Valence bond scheme for the electron migrations during the conversion of the 

ferric-superoxo and NO into CpdII and NO2 via a peroxynitrite intermediate. 
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Figure 4.6. (a) UB3LYP/6-31G* calculated C–N bond formation energies in a bare 

methylindole molecule. Values are ΔE+ZPE data in kcal mol–1. (b) Electric field effect 

on the relative energies of NO2 addition to methylimidazole along the z-axis. 
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4.5 Conclusion 

In this work a computational study is presented on the possible reaction mechanisms of 

aromatic nitration by a CYP450 isozyme. We set up several active site model complexes 

with bound L-Trp and investigate substrate activation pathways leading to nitration as 

well as oxidation of substrate. We find low-energy barriers for the homolytic cleavage of 

iron(III)-peroxynitrate into NO2 and CpdII. Consequently, the reaction of NO and O2 on 

an iron(III)-heme center is expected to generate free NO2 radicals efficiently. We then 

explored NO2 attack on L-Trp and find pathways for activation of the C4, C5, C6 and 

C7-position. Although NO2 addition is generally a low-energy process, many pathways 

encounter relatively high energy proton transfer steps to form products. As such substrate 

positioning and binding will be essential in CYP450 TxtE to enable a selective reaction 

process.   

 

 



 

125 

 

 

Chapter 5  

PROJECT 3



 

126 

 

Second-coordination Sphere Effect on the Reactivity of Vanadium-Peroxo 

Complexes: A Computational Study 

M. Qadri E. Mubarak,‡ and Sam P. De Visser‡ 

‡ The Manchester Institute of Biotechnology and Department of Chemical Engineering and Analytical Science, The 

University of Manchester, 131 Princess Street, Manchester M1 7DN, United Kingdom 

 

Abstract 

Vanadium-oxo and vanadium-peroxo complexes are common intermediates in biology 

and are, for instance, found in the catalytic cycle of vanadium haloperoxidases. In 

biomimetic chemistry synthetic models have been created that mimic the structural 

features of the coordination environment of these vanadium-oxo and vanadium-peroxo 

species. Recently two novel vanadium-oxo complexes were trapped and characterized 

with a trigonal bipyramidal ligand design with either a solvent exposed vanadium center 

or the vanadium inside a cage designated the “bowl”-shaped configuration and the 

“dome”-shaped structure, respectively. Density functional theory calculations are 

reported on these “bowl”- and “dome”-shaped structures and study the reaction with 

t-butylhydroperoxide to form the vanadium-peroxo species and its reaction with 

thioanisole. Although the structural features of the vanadate core are close for both 

structures; the calculations display a strong second-coordination sphere effect of the 

ligand architecture on the barrier heights of the reaction with a terminal oxidant even 

though the rate-determining transition states show little structural differences. A similar 

observation is seen for the reaction of the two vanadium-peroxo species with thioanisole. 

Overall, the calculations implicate that vanadium-peroxo is an efficient oxidant of 

sulfoxidation reactions although not as efficient as analogous iron(IV)-oxo heme and 

nonheme oxidants that react with substantially lower barriers. The reactivity differences 

are analyzed with thermochemical cycles and valence bond patterns that explain the 

differences in chemical properties and identify how the ligands affect the chemical 

reactivity with substrates.

Published Reference 

Mubarak, M. Qadri E. and Sam P. De Visser. "Second-coordination Sphere Effect on the Reactivity of 

Vanadium-peroxo Complexes: A Computational Study" Inorganic Chemistry (2019).
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5.1 Introduction 

Metalloenzymes are commonly used in biological systems and have functions ranging 

from the metabolism of toxic compounds to electron transfer processes and substrate 

catalysis (Sono et al., 1996; Solomon et al., 2000; Costas et al., 2004; Meunier, de Visser 

and Shaik, 2004; Abu-Omar, Loaiza and Hontzeas, 2005; Denisov et al., 2005; Kryatov, 

Rybak-Akimova and Schindler, 2005; van Eldik, 2007; Bruijnincx, Van Koten and 

Gebbink, 2008; Ortiz De Montellano, 2010; SP de Visser, 2011; McDonald and Que, 

2013; Nam, Lee and Fukuzumi, 2014; Huang and Groves, 2017). Despite its relatively 

large natural abundance, surprisingly there are very few vanadium-containing 

metalloenzymes in Nature. One of those is nitrogenase, which is a key enzyme in the 

biological nitrogen cycle. Nitrogenase has an active site cluster containing seven iron 

atoms and one vanadium or molybdenum atom that are bridged by nine sulfur atoms and a 

central carbide atom (Burgess and Lowe, 1996; Hu and Ribbe, 2011; Hoffman et al., 

2013; Eady, Antonyuk and Hasnain, 2016). This catalytic center is involved in the 

reduction of N2 to ammonia, although the exact function of the vanadium atom in the 

cluster remains unknown. Another vanadium-containing natural system is the 

vanadium-haloperoxidase enzyme that catalysis the biosynthesis of hypohalide from 

halide anions and hydrogenperoxide (Butler, 1999; Littlechild et al., 2002; Winter and 

Moore, 2009; Wever and Van Der Horst, 2013; Leblanc et al., 2015; Wever and Barnett, 

2017; Craig C. McLauchlan et al., 2018). 

As these vanadium-containing enzymes react very fast, few short-lived catalytic cycle 

intermediates have been trapped and characterized. It is known that 

vanadium-haloperoxidases start from a vanadium(V)-oxo species that binds two hydroxo 

groups and is linked to the protein through a single covalently-linked histidine bridge. 

During the catalytic cycle the vanadium ion reacts with H2O2 to form a side-on 

vanadium-peroxo complex. The latter reacts with halides to form hypohalide that drifts 
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out of the active site and attacks a substrate usually through double bond activation to 

form halogenated substrate.  

To gain insight into vanadium complexes in various coordination environments and 

oxidation states, biomimetic models have been synthesized and their reactivities studied 

(Colpas et al. 1996; Kravitz and Pecoraro 2005; Conte et al. 2011; Licini et al. 2011; Xia, 

Cormier, and Chen 2012; Egdal et al. 2005). For instance, these studies trapped and 

characterized vanadium(IV)-oxo (Smith, LoBrutto and Pecoraro, 2002; Fox et al., 2004; 

Harada, Okawa and Kojima, 2005; Ghosh, Patra and Rath, 2008; Cordelle et al., 2010; 

Mihaylov, Parac-Vogt and Pierloot, 2012; Hossain et al., 2019), vanadium(V)-oxo 

(Bortolini and Conte, 2005; Hoppe, Limberg and Ziemer, 2006; Sessler, Tomat and 

Lynch, 2006; Zhang et al., 2012), and vanadium-peroxo complexes using a range of 

spectroscopic and analytical techniques (Conte et al., 2000; Kravitz and Pecoraro, 2005; 

Zampella et al., 2005; Sun et al., 2014; Schwendt et al., 2016; Craig C. McLauchlan et al., 

2018). In particular, Pecorara et al reported the synthesis of vanadium(V)-oxo-peroxo 

complexes with trigonal bipyramidal configuration (Colpas et al., 1996; Kravitz and 

Pecoraro, 2005). The complexes with peroxo bound were characterized spectroscopically 

with infrared (IR) spectroscopy and found to have peaks at around 920 cm‒1 for the peroxo 

stretch vibration and 563 cm‒1 for the V=O stretch vibration. Both bands had a very strong 

red-shift upon replacement of 16O by 18O in the molecular spectrum. 

Some of these vanadium-oxo and vanadium-peroxo complexes have shown interesting 

reactivities, and, for instance, were found to react with olefins through epoxidation (Licini 

et al. 2011; Vandichel et al. 2012), but also were shown to activate C–H bonds leading to 

aliphatic hydroxylation (Dragancea et al., 2016; J. Zhang et al., 2017; Fomenko et al., 

2019; Ikbal et al., 2019).  Furthermore, several examples of substrate sulfoxidation has 

been observed (Conte and Floris, 2010; Sutradhar et al., 2015; Salonen, Peuronen and 

Lehtonen, 2017). Recently, a series of trigonal bipyramidal vanadium-oxo structures were 

synthesized and characterized with binaphthol groups, namely structures A “bowl” and B 

“dome” as displayed in Scheme 5.1 (Zhang et al., 2016; D. Zhang et al., 2017). Thus, the 
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bowl-shaped structure has the vanadium-oxo group solvent exposed with the oxidant in a 

ligand structure at the bottom of a bowl. By contrast, structure B is a closed-conformation, 

where access is limited and restricted by the ligand periphery. These two systems were 

shown to give differences in reactivities with sulfides through second-coordination sphere 

effects. 

 

Scheme 5.1. Structures of complexes and reactions discussed in this work. 

 

Despite the fact that quite some experimental results have been reported on the structure 

and reactivity of vanadium-oxo complexes; surprisingly, few computational studies have 

been published on these systems. Several computational studies were reported on the 

mechanism of haloperoxidase activity by vanadium-dependent haloperoxidases and 

biomimetic model complexes (Conte et al., 2000; Fox et al., 2004; Kravitz and Pecoraro, 

2005; Zampella et al., 2005; Sun et al., 2014; Schwendt et al., 2016). In addition, 

computational predictions of NMR parameters of intermediates in the catalytic cycle of 

vanadium-dependent haloperoxidases were reported (Waller et al., 2007; Geethalakshmi 

et al., 2009). In recent work, we explored the second-coordination sphere effect in 

iron-containing enzymes and biomimetic model complexes (Timmins, Saint-André and 
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De Visser, 2017; Timmins, Fowler, et al., 2018; Mukherjee et al., 2019). These studies 

gave insight into how the second-coordination sphere influences the positioning of the 

substrate and oxidant and enable efficient reactivity. Based on that we got intrigued by the 

bowl and dome shaped structures shown in Scheme 5.1 and decided to do a computational 

study into their chemical properties and reactivity. Our work shows that the accessibility 

of the vanadium center affects the rate constants for oxygen atom transfer dramatically 

and makes the oxidant more efficient.  

5.2 Methods 

We used the crystal structure coordinates of Ref (Zhang et al., 2016; D. Zhang et al., 

2017) as starting points of the bowl- and dome-shaped vanadium-oxo complexes (Scheme 

5.1) designated A and B. These structures have the ligand bound to a vanadate anion as 

shown in Scheme 5.1 and have overall charge 0. Our initial work focused on the 

mechanism for the conversion of vanadium(V)-oxo into vanadium-peroxo through a 

reaction with t-butylhydroperoxo (tBu-OOH). In a second set of calculations the reactivity 

of the vanadium-peroxo and vanadium-oxo complexes with thioanisole to form sulfoxide 

products was studied with DFT. 

All calculations were performed in Gaussian-09 (Frisch, Hratchian and Nielsen, 2009), 

and utilized the unrestricted B3LYP hybrid density functional method (Lee, Yang and 

Parr, 1988; Becke, 1993). Geometry optimizations, frequencies and geometry scans were 

performed using the LANL2DZ basis set on vanadium with electron core potential and 

6-31G* on the rest of the atoms: basis set BS1 (Francl et al., 1982; Hay and Wadt, 1985). 

To correct the energies single point calculations on the optimized geometries were done 

with the LACV3P+ basis set on vanadium with electron core potential and 6-311+G* on 

the rest of the atoms: basis set BS2. Solvent was included in the BS2 calculations with the 

continuum polarized conductor model (CPCM) with a dielectric constant mimicking 

chlorobenzene (Tomasi, Mennucci and Cammi, 2005). Vibrational frequencies reported 

here are unscaled values. The methods described here have been extensively tested and 
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validated and were shown to reproduce experimental free energies of activation to within 

va few kcal mol–1 and correctly predicted chemo- and regioselectivities (Kumar et al., 

2014; Yang et al., 2016; Pickl et al., 2019).  

 

A
V-O: 1.783 / 1.802 / 1.807

V=O: 1.601

V-N: 2.500

V=O: 1.589

V-N: 2.504

B
V-O: 1.783 / 1.797 / 1.784 *1 *2

*3 *4

*zz
nV=O: 1076 cm1

nV=O: 1105 cm1

(a) (b)

 

Figure 5.1. (a) UB3LYP/BS1 optimized geometries of A and B as obtained in 

Gaussian-09 with bond lengths in angstroms and the V=O stretch vibration in cm–1. (b) 

Molecular orbitals of A. 

Energies reported here are solvent corrected enthalpies (ΔE+ZPE+Esolv) that contain 

electronic energies (at UB3LYP/BS2 level of theory) corrected with zero-point energy 

(ZPE) and solvent corrections (Esolv). In addition, free energies are reported at 298 K that 

take the solvent corrected enthalpies with added thermal and entropic corrections. 
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To test the effect of dispersion on the energetics of the reaction a series of single point 

calculations at UB3LYP-D3/BS2 level of theory were performed for the reaction 

mechanisms. In general, no dramatic changes are seen and the trends and conclusions 

remained the same, see Supporting Information for details. 

5.3 Results and Discussion 

We started the work with an electronic and structural comparison of the “bowl”- and 

“dome”-shaped vanadium(V)-oxo complexes A and B. Figure 5.1 displays the optimized 

geometries of A and B as well as relevant high-lying occupied and low-lying virtual 

molecular orbitals. The two coordination environments of structure A and B are very 

different, whereby in A the vanadate is solvent-exposed, while in B it is encapsulated by 

the ligand architecture. Nevertheless, little changes in the optimized geometries are seen. 

Thus, the three V-O interactions that link the metal to the ligand through ether bonds are 

1.783 – 1.807Å for A, whereas they range from 1.783 – 1.797Å for B; and hence are of 

similar magnitude. Also the vanadium-amine interaction stays almost the same with 

values of 2.500 and 2.504Å for A and B, respectively. Therefore, the direct coordination 

environment of the vanadate center has not changed dramatically, whether it is solvent 

exposed or closed-in. Only a small change in the V=O bond length is seen, which drops by 

0.012Å between A and B, although this may not be significant. Due to the small drop in 

V=O bond length, these complexes display slightly different V=O stretch vibrations 

(νv=o) of 1076 and 1105 cm–1, respectively. Our V=O stretch vibrations match 

experimental reports for pentacoordinated vanadium-oxo complexes from the literature 

well.6e     

Specifically, Poli et al obtained values around 977 – 999 cm–1 for three vanadium(V)-oxo 

complexes. On the other hand, for an octahedral-bound vanadium(IV)-oxo corrolazine 

complex a V=O stretch vibration of 975 cm–1 was observed (Fox et al., 2004), while 

Kojima et al (Harada, Okawa and Kojima, 2005) find a value of 998 cm–1 for a 

vanadium(IV)-oxo tetraphenylporphyrin system. However, the stretch vibrations are 
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considerably higher in value than those reported for iron(IV)-oxo complexes (typically 

these are in the 800 – 900 cm–1 range) (Borovik, 2005; Martinho et al., 2005; de Visser et 

al., 2013; Lee et al., 2017) despite the fact that the mass of iron is only about 10% larger 

than that of vanadium. Our optimized geometries are also in good agreement with 

previous computational studies on vanadate complexes (Conte et al., 2000; Fox et al., 

2004; Kravitz and Pecoraro, 2005; Zampella et al., 2005; Sun et al., 2014; Schwendt et al., 

2016).  

TSPT1,A

1.713

1.116

i759 cm1

1.427

TSPT1,B

1.720

i753.0 cm1

1.464
1.108

 

Figure 5.2. Potential energy landscape, ΔE+ZPE+Esolv and ΔG (in parenthesis) data in 

kcal mol‒1, for the reaction of vanadium-oxo complexes A and B with tBuOOH as 

calculated at UB3LYP in Gaussian-09. Optimized geometries of the rate-determining 

proton-transfer transition states are given with bond lengths in angstroms and the 

imaginary frequency in cm‒1. The landscape in red is for the bowl-structure A, while the 

landscape in blue is for the dome-structure B. Relative energies are with respect to Re 



 

134 

 

and obtained at UB3LYP/BS2, while ZPE, thermal corrections and entropies are taken 

from the UB3LYP/BS1 frequency files.  

Relevant valence orbitals of A are shown on the right-hand-side of Figure 5.1. All 

high-lying occupied orbitals are ligand based. However, the two lowest virtual orbitals 

(LUMO and LUMO-1) are vanadate-based, i.e. π*1 and π*2. These orbitals reflect the 

antibonding interactions of the vanadium with its four oxygen ligands. Somewhat higher 

in energy are another pair of π* antibonding interactions in that scaffold, namely π*3 and 

π*4. Well higher in energy is the interaction of the 3dz2 orbital on vanadium with a 2pz 

orbital on the oxo group. Thus, electron abstraction by A will most likely result in 

occupation of one of these π* orbitals with one electron and hence reduction of 

vanadium(V) to vanadium(IV). These set of orbitals are similar in size and shape for 

complex A and B and therefore, based on the electronic and structural features of the 

vanadate core no huge differences in reactivity and chemical properties are expected. 

5.3.1 Conversion of Vanadium-Oxo Into Vanadium-Peroxo. 

 s the experimental studies of Ref 13 investigated the reaction in the presence of tBuOOH, 

we started with work on the vanadium(V)-oxo complexes with this oxidant. In particular, 

we investigated the pathways for conversion of the vanadium(V)-oxo species with 

t-butylhydroperoxide into a vanadium-peroxo complex and details of the lowest energy 

mechanisms are given in Figure 5.2. The overall reaction mechanism requires the 

heterolytic cleavage of the peroxo bond of tBuOOH in order to form the vanadium-peroxo 

species. The reaction starts from the reactant complexes of A and B with tBuOOH bound 

(ReA and ReB), which have tBuOOH in the vicinity of complex A and B, respectively. 

These structures have the same electronic configuration and geometric features as the 

isolated complexes from Figure 5.1 (see Supporting Information Figures S2, S3 and S8).  

Subsequently, the reaction proceeds with the hydroperoxo group binding to the vanadium 

center to form the hydroperoxo bound complex Int1. Two tBuOOH binding pathways 

were tested namely by binding through its distal and proximal oxygen atom to the 
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vanadium center. We did not manage to locate transition states for these steps and 

constraint geometry scans implicate the processes to be facile without a reaction barrier. 

For the open structure (A) two intermediates (Int1A and Int1’A) were located, which bind 

the tBuOOH either via the proximal or distal oxygen atom to the vanadium center. 

Complex Int1A is 2.5 kcal mol–1 lower in energy than Int1’A and hence the hydroperoxo 

group will bind the vanadate predominantly with the terminal oxygen atom.  

In complex Int1 a proton transfer from the hydroperoxo to the terminal oxo group takes 

place via transition state TSPT1 to form the vanadium-tBuOO-hydroxo complex Int2. A 

second proton transfer gives tBuOH and a side-on vanadium-peroxo species Int3 via 

transition state TSPT2. In the open structure, i.e. model A, the first proton transfer quickly 

relaxes the system to the vanadium-peroxo complex Int3A and no stable intermediate 

Int2A could be located. Thus, for the open form, the rate-determining reaction step is the 

first proton-transfer with a barrier of 27.0 kcal mol‒1. This is a relatively high barrier and 

implicates the reaction will be slow. Indeed, the proton-transfer transition state is late, 

with a long tBuOO-H bond of 1.427Å and a short H-OV distance of 1.116Å. Previous 

studies of hydrogen atom abstraction reaction by metal-oxo groups found structural 

relationships with barrier heights, whereby high barriers correlated with late transition 

states and low barriers with early transition states.22 

An alternative pathway from Int1’A and Int1’B with tBu migration from the bound 

hydroperoxo to the oxo group was also tested, but found to be significantly higher in 

energy and therefore ruled out (see pathway 2 data in Tables S1 – S4 and Figure S15, 

Supporting Information). For the open structure this tBu-transfer mechanism encounters a 

barrier of ΔE+ZPE+Esolv = 37.4 kcal mol‒1 (Supporting Information Table S2), and leads 

to a stable intermediate IntCT,A that is only 7.1 kcal mol‒1 in energy higher in energy than 

the reactant complex. Nevertheless, the barrier for reaching this particular intermediate is 

high and well above that of TSPT1 and hence unlikely to happen. 
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Int3A

1.516

1.856 1.836

O-O:1.517

Int3B

V-O: 1.879 / 1.853

nVOO,bend: 621 cm‒1

nVOO,stretch: 919 cm‒1

nVOO,bend: 614 cm‒1

nVOO,stretch: 948 cm‒1

 

Figure 5.3. Optimized geometries of the vanadium-peroxo complexes (Int3A/Int3B) as 

calculated at UB3LYP/BS1 in Gaussian-09. Optimized geometries give bond lengths in 

angstroms and the imaginary frequency in cm‒1. 

 

By contrast to the open structure A, the dome structure B gives major differences in 

energy and mechanism along the oxygen activation pathway for the reaction of vanadate 

with tBuOOH. In particular, the binding of the hydroperoxo group to the metal center is 
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highly endothermic (>46 kcal mol‒1) and probably will not happen at room temperature. 

Instead, the first proton-transfer from tBuOOH to vanadium-oxo will take place from a 

non-bound structure and proton-transfer proceeds simultaneously with peroxo binding to 

the vanadium via TSPT1,B. This proton-transfer barrier is well higher in energy than that 

found for TSPT1,A (by 7.2 kcal mol–1) and probably is the result from the second 

coordination sphere effect that perturbs the approach of the tBuOOH onto the vanadium 

center and prevents it from direct binding to the metal center. 

Interestingly, the geometry and imaginary frequency of TSPT1,B is very much alike to that 

of TSPT1,A (Figure 5.1) with imaginary frequencies of i759 and i753 cm‒1, respectively. 

Moreover, both structures are product-like with short H‒OV distances. The 

proton-transfer via TSPT1,B now results in the formation of a complex with tBuOO and 

hydroxo bound to the vanadium (Int2), which via a small barrier TSPT2,B collapses to the 

side-on vanadium-peroxo intermediate Int3. Overall, the reaction endothermicity for the 

formation of Int3 from Re is 7.2 kcal mol‒1 for complex A, while it is 17.8 kcal mol‒1 for 

complex B. Therefore, the second coordination sphere effect affects the thermodynamics 

of this reaction by almost 10 kcal mol‒1. Most probably this is due to the fact that the 

vanadium-peroxo group fits lesser good into the cavity of the ligand system than the 

analogous vanadium-oxo group and hence Int3B is considerably higher in energy than 

Int3A. 

Optimized geometries of Int3A and Int3B are given in Figure 5.3 for comparison. 

Structurally there are no huge differences between the solvent-exposed and embedded 

vanadium-peroxo complexes with an O-O bond length of 1.52Å for both species. 

Additionally, the V-O distances are about 0.02Å longer for the dome structure than for the 

bowl structure. As a consequence of these small geometric differences there are 

spectroscopic differences expected. In particular, we find a peroxo bending vibration of 

621 cm-1 for Int3A and 614 cm-1 for Int3B. An even larger vibrational shift is observed for 

the stretch vibration that is 919 cm-1 for Int3A and 948 cm-1 in Int3B. These values are in 
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good quantitative agreement with those reported on analogous vanadium-peroxo 

complexes.5ab  

TSSO,A

1.737

SO: 2.317

1.732

1.901

i246.6 cm1

TSSO,B

SO: 2.283

VO: 1.952

VO: 1.722

1.762

i340.8 cm1

 

Figure 5.4. Potential energy landscape (ΔE+ZPE+Esolv and ΔG (in parenthesis) data in 

kcal mol‒1) for the sulfoxidation reaction of thioanisole by the vanadium-peroxo 

complexes as calculated at UB3LYP in Gaussian-09. Optimized geometries of the 

rate-determining proton-transfer transition states are given with bond lengths in 

angstroms and the imaginary frequency in cm‒1. Energies are obtained with basis set BS2, 

while ZPE, thermal corrections and entropies are taken from the UB3LYP/BS1 frequency 

files.
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5.3.2 Sulfoxidation by the Vanadium-Peroxo Complex.  

Subsequently, we calculated the thioanisole sulfoxidation by the vanadium-peroxo 

complexes with the bowl and dome-shaped ligand systems by replacing tBuOH in Int3A 

and Int3B by thioanisole to give structures Int4A and Int4B. Figure 5.4 displays the 

potential energy landscapes for the substrate sulfoxidation by the two complexes with key 

optimized geometries of the transition states. Similar to previous studies on substrate 

sulfoxidation by metal-oxo complexes (Kumar, Sastry and De Visser, 2011; Vardhaman, 

Barman, Kumar, C. V. Sastri, et al., 2013), here the sulfoxidation reaction is concerted 

with a single transition state for S–O bond formation (TSSO) leading to the sulfoxide 

product complex (Int5). For both the dome and bowl-shaped structures the same 

mechanism is seen. Not surprisingly, the open structure, i.e. the bowl, displays a 

significantly lower sulfoxidation barrier than the dome-shaped structure by 3.6 kcal mol‒1. 

As such the second coordination sphere has a major effect on the barrier height and the 

corresponding rate constant for substrate activation. Nevertheless, the free energies of 

activation of thioanisole of ΔG‡ = 17.4 and 19.9 kcal mol–1 for models A and B are both 

well lower in energy than the activation of the vanadium(V)-oxo complex by tBuOOH, 

where free energies of activation of 28.9 and 35.6 kcal mol–1 are found for (Figure 5.2). 

Therefore, the synthesis of the vanadium-superoxo from the vanadium-oxo species will be 

rate-determining and affect the turnover frequencies.  

Optimized geometries of TSSO,A and TSSO,B are shown in Figure 5.4. The imaginary 

frequency for the sulfoxidation barrier is low (i247 cm‒1 for TSSO,A and i341 cm‒1 for 

TSSO,B), which is typical for sulfoxidation transition states that often shows broad peaks 

with low imaginary frequencies.23,24 The sulfoxidation transition states have the incoming 

S‒O bond aligned with the peroxo bond and a simultaneous O‒O bond cleavage with S‒O 

bond formation takes place. As such, the peroxo bond changes from 1.520/1.519Å in 

Int4A/Int4B to 1.732/1.762Å in TSSO,A/TSSO,B. The S-O bond in the transition states are 

2.317 and 2.283Å for TSSO,A and TSSO,B, respectively. Therefore, geometrically TSSO,A 
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and TSSO,B are alike and the structural changes do not explain the differences in energy for 

the barrier height. In addition, the electronic configuration of the two complexes is similar 

as well. Consequently, the changes in barrier height between model A and B is the result 

of second-coordination sphere effects that affect the approach of the substrate to the 

catalytic center and does not appear to have resulted from electronic differences. 

Finally, we also calculated the direct sulfoxidation by the reactant vanadium(V)-oxo 

species and find a barrier TSSO,A2 of ΔE+ZPE+Esolv = 18.8 kcal mol‒1 for model A. As 

such, the direct sulfoxidation by the vanadium(V)-oxo species has a considerably slower 

reaction rate. However, as the conversion from vanadium(V)-oxo to vanadium-peroxo 

encounters a high proton transfer step (TSPT1) of 27.0 kcal mol‒1 the two processes may be 

competitive and happen in parallel. Therefore, the bowl-type structure reacts via parallel 

reaction pathways through either a vanadium(V)-oxo or vanadium-peroxo species 

alongside each other. The dominant pathway, therefore, will depend on the relative 

concentration of tBuOOH and substrate. 

The optimized geometry of TSSO,A2 is given in Figure 5.5. As can be seen the imaginary 

frequency for the S-O stretch vibration is well higher than that seen for the analogous 

peroxo complexes and hence the potential energy surface is broader. The transition states 

have a short S-O distance of 2.049Å and hence the transition state is late on the potential 

energy surface. At the same time the V-O distance has elongated to 1.736Å. 
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TSSO,A2

SO: 2.049

1.736

i558.4 cm1

 

Figure 5.5. Optimized transition state geometry for the direct sulfoxidation reaction of 

thioanisole by the vanadium(V)- oxo complex of A as calculated at UB3LYP/BS1 in 

Gaussian-09. Bond lengths are in angstroms and the imaginary frequency in cm‒1. 

5.3.3 Comparison of the Sulfoxidation Barriers with the Literature.  

This work reports on the reactivity of two vanadium(V)-oxo complexes with tBuOOH and 

their formation of vanadium-peroxo intermediates. Subsequently, the sulfoxidation of 

these complexes by either vanadium-oxo or vanadium-peroxo are compared. It is shown 

that the second-coordination sphere of the oxidants affects the barrier heights dramatically 

and leads to an increase of the sulfoxidation barriers by 3.6 kcal mol–1. Using transition 

state theory this change in barrier height would correspond to a rate enhancement of 

almost a factor of 200 at 298K. To understand these differences, we compare our obtained 

barriers with the literature for analogous reactions but also find thermochemical variables 

of the oxidants that may determine reactivity as well. Let us start with comparing our 

calculated sulfoxidation barriers with those reported before for iron(IV)-oxo and 
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manganese(V)-oxo complexes (Kumar, De Visser, et al., 2005; Kumar, Sastry and Visser, 

2011; Vardhaman, Barman, Kumar, C. V. Sastri, et al., 2013; Cantú Reinhard, Faponle 

and de Visser, 2016; Faponle, Seebeck and De Visser, 2017; Mukherjee et al., 2019).  

Thus for a selection of sulfides the sulfoxidation reaction by a cytochrome P450 model 

complex, [FeIV(O)(Por+)(SH)] with Por = protoporphyrin IX, was reported.22a These 

studies predicted efficient oxygen atom transfer to sulfides, such as methyl-ethyl sulfide, 

diethyl sulfide and ethyl-phenyl sulfide with activation barriers of around 7–8 kcalmol-1. 

More recently several studies focused on thioanisole sulfoxidation by iron(IV)-oxo 

species. In particular, Mukherjee et al (Mukherjee et al., 2019) investigated several 

iron(IV)-oxo oxidants with the N4Py scaffold as pentacoordinated ligand (N4Py = 

N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine). Several of these complexes 

had substituents in the second-coordination sphere and affected substrate approach to the 

oxidant, i.e. the ligands MeN4Py and N4PyMe contain two methyl groups in hydrogen 

bonding distance to the metal-oxo on either the front or back of the system. It was shown 

that these second-coordination sphere perturbations influenced the positioning of the 

oxidant with respect to substrate and actually enhanced the reactivity. In our work here, 

little electrochemical differences are seen between the bowl and dome shaped structures. 

In addition, the structural differences between the transition states is minor, hence the 

difference in barrier height is due to second-coordination sphere effects. 
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Table 5.1. Substrate sulfoxidation barriers calculated for metal-oxo oxidants. 

Oxidant ΔE‡+ZPE+Esolv Reference 

VO2 (bowl structure A) 14.6 This work 

V=O (bowl structure A) 18.8 This work 

VO2 (dome structure B) 18.2 This work 

3[FeIV(O)(N4Py)]2+ 19.9 (Kumar, De Visser, et al., 2005; Faponle, 

Seebeck and De Visser, 2017) 

5[FeIV(O)(MeN4Py)]2+ 5.3 (Mukherjee et al., 2019) 

3[FeIV(O)(MeN4Py)]2+ 23.1 (Mukherjee et al., 2019) 

5[FeIV(O)(N4PyMe)]2+ 1.5 (Mukherjee et al., 2019) 

3[FeIV(O)(N4PyMe)]2+ 17.5 (Mukherjee et al., 2019) 

a. Barriers in kcal mol–1 relative to isolated reactants.  

b. Energies are obtained with basis set BS2, while ZPE, thermal corrections and entropies 

are taken from the UB3LYP/BS1 frequency files. 

 

Overall, low barrier heights were found on the quintet spin state surface for the reaction of 

[Fe(O)(N4Py)]2+ with sulfides, but much higher ones were measured for the triplet spin 

state (Table 5.1). In general, the quintet spin barriers with N4Py and modified N4Py 

ligands are well lower in energy than the vanadium-peroxo complexes discussed in this 

work. Therefore, iron(IV)-oxo is a better oxidant for oxygen atom transfer reactions to 

sulfides than this vanadium-peroxo complex, although it can react with modest speed and 

efficiency. 
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5.3.4 Thermochemical Analysis of Reactivity Patterns.  

To further understand the relative reactivity of vanadium-oxo and vanadium-peroxo 

complexes for oxygen atom transfer, we calculated a thermochemical cycle that includes 

electron transfer and hydrogen atom abstraction processes, see Figure 5.6. Thus, we 

calculate the bond dissociation energy (BDEOH) from the sum of the three reactions 

displayed in Figure 5.6, Equation (Eq.) 5.1 – 5.5. 

 

VO2 + H•  VOOH + BDEOH (5.1) 

VO2 + e‒  VO2
‒ + EA  (5.2) 

H•  H+ + e‒ + IEH   (5.3) 

VOOH  VO2
‒ + H+ + ΔGacid (5.4) 

BDEOH = EA + IEH – ΔGacid  (5.5) 

 

The BDEOH for the vanadium-peroxo complexes is calculated from the sum of the 

electron affinity (EA) of the vanadium-peroxo complex, the gas-phase acidity (ΔGacid) of 

the vanadium-hydroperoxo species and the ionization energy (IEH) of a hydrogen atom. 

All individual structures in Figure 5.6 were geometry optimized with DFT and relative 

energies for the reactions in Eq. 1 – 4 were calculated. This enabled us to evaluate the 

reduction potential (electron affinity, EA) of the vanadium(V)-peroxo complex as well as 

the gas-phase acidity (ΔGacid) of the vanadium(IV)-peroxo intermediate by converting it 

into the vanadium(IV)-hydroperoxo complex. Finally, to complete the thermochemical 

cycles in Figure 5.6, we used the ionization energy of a hydrogen atom (IEH) as taken from 

the literature (Lias, 2005). 
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As can be seen from Figure 5.6 there are major effects resulting from the 

second-coordination sphere in vanadium(V)-peroxo complexes on the thermochemical 

properties of the complex. Thus, the electron affinity and the BDEOH are enhanced by 7.6 

and 14.7 kcal mol-1 between the bowl and dome shaped structures, respectively. As such 

the second-coordination sphere and the ligand binding is non-innocent and influences the 

electronic properties of the oxidant.    

 

Figure 5.6. Thermochemical cycle for calculating intrinsic properties of the bowl and 

dome shaped vanadium-peroxo complexes. Energies calculated at ΔE+ZPE+Esolv level of 

theory with values in kcal mol-1. Energies obtained at UB3LYP/BS2, while ZPE, thermal 

corrections and entropies are taken from the BS1 frequency files. 

 

Thus, the enlarged value of the BDEOH for the dome-type structure is partially the result of 

an enlarged redox potential (EA) and an enlarged gas-phase acidity difference of 7.1 kcal 

mol-1 in favor of the bowl-type structure. As such, based on the thermochemical 

properties, i.e. EA, BDEOH and ΔGacid, of the bowl and dome shaped structures, major 

differences in reactivity should be seen. Generally, a larger gas-phase acidity results in 

faster reactivity with substrates as is indeed seen from Table 5.1 where the relative 

sulfoxidation barriers are given. 
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5.3.5 Second-Coordination Sphere Effects.  

As shown in this work, second-coordination sphere effects influence the reactivity as well 

as the mechanism of the reaction. Geometrically, the vanadium(V)-oxo complexes A and 

B are very similar and hence we predict both to have similar absorption and IR spectra. 

However, interaction with terminal oxidants and substrates is different.  Thus, upon 

approach of tBuOOH (or H2O2) to the vanadium(V)-oxo group, it binds to vanadium in 

the open conformation prior to proton shuttle and oxygen atom transfer to form the 

side-on vanadium-peroxo complex.  

By contrast, tBuOOH binding to vanadium is not possible in the dome conformation B 

and proton and oxygen atom transfer happen at larger distances. As a consequence of 

stereochemical interactions of the second-coordination sphere the mechanism and barriers 

for formation of the vanadium-peroxo species is different. In particular, the 

rate-determining proton transfer via TSPT1 is 27.0 kcal mol‒1 for model A, while it is 

raised to 34.2 kcal mol‒1 in model B. After the barrier, the oxygen atom transfer is 

spontaneous for model A, while it encounters another barrier (TSPT2) for the dome model 

B. As such the second-coordination sphere affects the formation of the active oxidant, i.e. 

the side-on vanadium-peroxo complex, as well as the reaction mechanisms. 

In the next step substrate sulfoxidation was tested by the side-on vanadium-peroxo 

complexes Int4A and Int4B. Also during the thioanisole sulfoxidation the substrate cannot 

access the oxidant well and the oxygen transfer barriers are raised in energy for model B 

with respect to model A. Thus, the sulfoxidation barrier is raised by 3.6 kcal mol–1 

between models A and B as a result of the second-coordination sphere interactions that 

prevent ideal substrate approach. We then analyzed the thermochemical properties of A 

and B and see changes in electron affinity as well as acidity of the side-on 

vanadium-peroxo complexes. Even though, geometrically there are minor differences 

between the two complexes, actually the second-coordination sphere reduces the electron 
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affinity between the encapsulated (“dome”) and open (“bowl”) structures by 7.6 kcal 

mol‒1. At the same time, also the gas-phase acidity is raised by another 7 kcal mol‒1, which 

means the BDEOH is changed by 14 kcal mol‒1. Consequently, a stronger O-H bond is 

formed through hydrogen atom abstraction by B than by A. Previously, it was shown that 

the stronger the BDEOH is, the more exothermic a hydrogen atom abstraction is and also 

low oxygen atom transfer barriers are found (Visser, 2010; Li et al., 2017). Interestingly, 

the sulfoxidation barriers in Figure 5.4 follow the opposite trend of the BDEOH values. 

This implies that the second-coordination sphere effect is very large and reduces barriers 

by orders of magnitude.  

5.4 Conclusions 

In conclusion, we describe a DFT study on two vanadium(V)-oxo complexes with 

elaborate binaphthol ligand systems, whereby in model A the active site is solvent 

exposed, whereas in model B it is caged. We initially study the reaction of the 

vanadium(V)-oxo intermediates with t-BuOOH to form a side-on vanadium-peroxo 

complex.  Not surprisingly, the caged system gives a higher rate-determining reaction 

step than the open structure by well over 7 kcal mol-1 in energy. This is not only the case 

for the conversion of the vanadium(V)-oxo into a vanadium-peroxo complex but also 

applies to the subsequent oxygen atom transfer to sulfide. Overall, these differences point 

to a second-coordination sphere effect on the reaction mechanism and kinetics. This was 

further analyzed by calculating a thermochemical cycle that shows there are differences in 

pKa and redox potential expected for the two complexes.
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Reactivity Patterns of Vanadium(IV/V)-oxo Complexes with Olefins in the 

Presence of Peroxides: A Computational Study. 

M. Qadri E. Mubaraka and Sam P. De Visser a 

aThe Manchester Institute of Biotechnology and Department of Chemical Engineering and Analytical Science, The 

University of Manchester, 131 Princess Street, Manchester M1 7DN, United Kingdom. 

 

Abstract  

Vanadium porphyrin complexes are naturally occuring substances found in crude oil 

and have been shown to have medicinal properties as well. Little is known on their 

activities with substrates; therefore, we decided to perform a detailed density 

functional theory study into the properties and reactivities of vanadium(IV)- and 

vanadium(V)-oxo complexes with a TPPCl8 or 

2,3,7,8,12,13,17,18-octachloro-meso-tetraphenylporphyrinato ligand system. In 

particular, we investigated the reactivity of [VV (O) (TPPCl8)]
+ and [VIV(O)(TPPCl8)] 

with cyclohexene in the presence of H2O2 or HCO4
–. The work shows that 

vanadium(IV)-oxo and vanadium(V)-oxo are sluggish oxidants by themselves and 

react with olefins slowly. However, in the presence of hydrogen peroxide these 

metal-oxo species can be transformed into a side-on vanadium-peroxo complex, which 

reacts with substrates more efficiently. Particularly with anionic axial ligands, the 

side-on vanadium-peroxo and vanadium-oxo complexes produced epoxides from 

cyclohexene with small barier heights. In addition to olefin epoxidation, we 

investigated aliphatic hydroxylation mechanisms of the same oxidants and some 

oxidants show efficient and viable cyclohexene hydroxylation mechanisms. The work 

implies that vanadium-oxo and vanadium-peroxo complexes can react with double 

bonds through epoxidation, and under certain conditions also give hydroxylation, but 

the overall reactivity is highly dependent on the equatorial ligand, the local 

environment and the presence of anionic axial ligands.  
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6.1 Introduction 

Vanadium-containing enzymes include vanadium-haloperoxidases and the 

vanadium-containing nitrogenase is one of the enzyme that can be found in nature. 

However, their actual mechanism remain a mystery as no one unable to reveal it yet  

(Plat, Krenn and Wever, 1987; Butler, 1999; Littlechild et al., 2002; Winter and 

Moore, 2009; Wever and Van Der Horst, 2013; Leblanc et al., 2015; Timmins and De 

Visser, 2015; Wever and Barnett, 2017; Craig C. McLauchlan et al., 2018). In general, 

the vanadium-haloperoxidases bind H2O2 on a nonheme vanadium centre and through 

additional protons and binding of halide convert this to hypohalide products. In 

addition, vanadium-porphyrin complexes have been characterized in crude oils, 

although their function and origin remain unknown (Zhao et al., 2014; Qian et al., 

2019). Moreover, the natural product amavidin is a vanadium(IV) containing 

compound found in fungi that showed catalase and peroxidase type activity (Da Silva, 

Fraústo da Silva and Pombeiro, 2013). Furthermore, evidence has emerged of useful 

pharmaceutical properties of vanadium containing compounds, whereby, for instance, 

vanadium-porphyrins are used as anti-HIV agents (Wong et al., 2005),  and 

diaminotris(phenolato) vanadium(V) complexes as anticancer drugs (Thompson, 

McNeill and Orvig, 1999). In biomimetic chemistry, many reports have appeared in 

the literature that discuss the coordination environment and reactivity of vanadium 

complexes (Licini et al. 2011; Sutradhar et al. 2015; Costa Pessoa et al. 2015; 

Langeslay et al. 2019; Smith, LoBrutto, and Pecoraro 2002; Fox et al. 2004; Harada, 

Okawa, and Kojima 2005; Hoppe, Limberg, and Ziemer 2006; Hossain et al. 2019; 

Egdal et al. 2005; Colpas et al. 1996; Kravitz and Pecoraro 2005). For instance, 

vanadium(IV) and vanadium(V) complexes have been shown to react with olefins 

through epoxidation (Cordelle et al., 2010; Vandichel et al., 2012; Salonen, Peuronen 

and Lehtonen, 2017; Sedighipoor et al., 2017), but also react with aliphatic groups 

such as cyclohexane by hydroxylation and desaturation reactions (Mishra and Kumar, 

2002; J. Zhang et al., 2017; Steffensmeier, Swann and Nicholas, 2019). A recent report 

showed vanadium complexes to react with olefins through substitution of a C–H bond 



 

151 

 

with C–X (X = Cl, Br, I) (Trost and Tracy, 2017).Therefore, they are highly versatile 

as oxidation catalysts. However, it is not clear whether the reactivity is performed by 

an VIV(O), VV(O) or a vanadium-peroxo complex. 

To gain insight into the properties and reactivity of vanadium complexes we decided 

to investigate the structure and reactivity of a set of vanadium(IV)-oxo and 

vanadium(V)-oxo porphyrins in the presence and absence of H2O2. Thus, 

vanadium-porphyrins are well studied and have been characterized with UV-Vis 

spectroscopy, 1H NMR and EPR spectrometry and X-ray diffraction analysis methods 

(Doukkali et al., 2006; Kandrashkin, Asano and Van Der Est, 2006; Sessler, Tomat 

and Lynch, 2006; Ghosh, Patra and Rath, 2008; Hopmann, Ghosh and Noodleman, 

2009; Chen, Suenobu and Fukuzumi, 2011; Yamashita, Tazawa and Sugiura, 2016). 

These complexes were also found to react efficiently with olefins to form the 

corresponding epoxides (Kumar et al., 2015; Dar et al., 2019), although it is unclear 

whether the active species in a vanadium-oxo or vanadium-peroxo moiety (Simonova, 

Zaitseva and Koifman, 2016; Zechel et al., 2019).  

Over the years a number of density functional theory calculations have been reported 

on nonheme and heme vanadium-oxo complexes (Cundari, Saunders and Sisterhen, 

1998; Salcedo, MartõÂnez and MartõÂnez-MagadaÂn, 2001; Schneider et al., 2007; 

Li, Tian and Yang, 2008; Stoyanov et al., 2010), but little is known on their activity, 

what the active oxidant is and how the reactivity compares to high-valent iron(IV)-oxo 

intermediates.   

To find an answer to these questions we set up models of vanadium(IV)-oxo, 

vanadium(V)-oxo and vanadium-peroxo with porphyrin ligand system and studied 

substrate activation. Our model follows the system reported by previous study and 

considers a vanadium(IV/V)-oxo ion embedded into a 

2,3,7,8,12,13,17,18-octachloro-meso-tetraphenylporphyrinato group (TPPCl8), 

Scheme 6.1 (Kumar et al., 2015). We studied a direct reaction of these complexes with 

cyclohexene to give either epoxide or enol products. In addition, we considered 

reaction mechanisms in the presence of H2O2 and/or peroxymonocarbonate (HCO4
–). 
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The work shows that vanadium-oxo by itself is a sluggish oxidant, but in a reaction 

with hydrogen peroxide can be converted into a vanadium-peroxo group, which is 

considerably more reactive with substrates. 

 

 

Scheme 6. 1. Model and reaction mechanism studied in this work. 

 

6.2 Methods 

Density functional theory (DFT) methods were applied as implemented in the 

Gaussian-09 software package. In general, the unrestricted B3LYP (Lee, Yang and 

Parr, 1988; Becke, 1993) hybrid density functional method was used for geometry 

optimizations, constraint geometry scans and frequency calculations. All structures 

were optimized without constraints with an LanL2DZ basis set on vanadium (with 

core potential) and 6-31G* on the rest of the atoms (H, C, Cl, N, O): basis set BS1 

(Ditchfield, Hehre and Pople, 1971; Hay and Wadt, 1985). Single point energy 

calculations were performed to improve the energetics and used a triple-quality basis 
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set on vanadium (with core potential), i.e. LACV3P+, and 6-311+G* on the rest of the 

atoms: basis set BS2. Solvent corrections were included during the geometry 

optimizations through the continuum polarized conductor model (CPCM) with a 

dielectric constant mimicking that of toluene. All local minima were characterized 

with real frequencies only and the transition states had a single imaginary mode for the 

correct transition. For a selection of structures and potential energy profiles we also 

did geometry optimizations using a modest 6-31G basis set on all atoms and LanL2DZ 

with core potential on vanadium: basis set BS3. These results gave almost identical 

structures and energetics to those obtained with the larger basis set, see Electronic 

Supporting Information for details. 

The models contained the full [VV(O)(TPPCl8)]
+ (model B) and [VIV(O)(TPPCl8)]

0 

(model A) complexes with peripheral substituents on the porphyrin unit included 

(Scheme 6.1). Subsequently, we added H2O2 to our system either on the distal side, i.e. 

on the vanadium-oxo side (models A1 and B1), but also included a model without 

distal H2O2 and a ligand in the axial positions. Thus, models A2 and B2 have H2O2 in 

the axial position, models A2’/B2’ have an axial oxo group and A2”/B2” an axial 

peroxo moiety. Cyclohexene was used as a model substrate and was located at the 

distal side of the vanadium-oxo complex and reaction mechanisms for its epoxidation 

and aliphatic hydroxylation pathways were studied. In addition to these models we 

investigated a system with HCO4
– as terminal oxidant rather than H2O2 and repeated 

the calculated mechanisms: Models A3/B3 with HCO4
– on the distal side and models 

A4/B4 with HCO4
– on the axial side. Vibrational frequencies reported here are 

unscaled values. 

6.3 Results and Discussion 

Before discussing the reactivity patterns of the various vanadium-oxo and 

vanadium-peroxo complexes, we will start with a detailed analysis of the reactant 

complexes, namely [VIV(O)(TPPCl8)]
0 (A) and [VV(O)(TPPCl8)]

+ (B) with TPPCl8 

representing 2,3,7,8,12,13,17,18-octachloro-meso-tetraphenylporphyrinato. Thus, the 

vanadium(IV) complex is charge neutral and in a doublet spin ground state, while the 
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vanadium(V) has closed-shell singlet spin state and is singly charged (+1). These spin 

states match vanadium-oxo porphyrins experimentally characterized with electron 

paramagnetic resonance (EPR) spectroscopy (Doukkali et al., 2006; Kandrashkin, 

Asano and Van Der Est, 2006; Sessler, Tomat and Lynch, 2006; Ghosh, Patra and 

Rath, 2008; Chen, Suenobu and Fukuzumi, 2011; Kumar et al., 2015; Yamashita, 

Tazawa and Sugiura, 2016; Dar et al., 2019). Optimized geometries and valence 

orbitals of the electronic ground states of A and B are given in Figure 6.1. The 

optimized geometries of the VIV(O) and VV(O) porphyrin complexes A and B are very 

similar with V–O distances of 1.568 and 1.583Å, respectively. As a consequence the 

V–O stretch vibration is similar too: 1120 (1094) cm–1 for A (B).    

Our optimized geometries and vibrational frequencies are in good quantitative 

agreement with experimentally reported structures and vibrational frequencies of 

analogous complexes (Doukkali et al., 2006; Kandrashkin, Asano and Van Der Est, 

2006; Sessler, Tomat and Lynch, 2006; Ghosh, Patra and Rath, 2008; Chen, Suenobu 

and Fukuzumi, 2011; Yamashita, Tazawa and Sugiura, 2016). The V=O bond lengths 

are considerably shorter than those calculated for iron(IV)-oxo species but are close to 

the triple bond found for MnV-oxo (Kumar, Hirao, et al., 2005; Visser, 2006; 

Bernasconi, Louwerse and Jan, 2007; Ye and Neese, 2010; Latifi et al., 2013; 

Lundberg and Borowski, 2013; Neu et al., 2014; Yang et al., 2016). This is not 

surprising as iron(IV)-oxo has four metal 3d-type electrons and two of those form a 

triplet pair of antibonding interactions for the FeO * bond that elongate the Fe‒O 

distance. As a result of this the vibrational frequency is also well higher than that 

typically found for iron(IV)-oxo complexes, where Fe–O frequencies in the order of 

800 – 900 cm–1 were reported (Rohde et al., 2003; Borovik, 2005; Martinho et al., 

2005; Andris et al., 2018; Pattanayak et al., 2019). 
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Figure 6.1. Optimized geometries of 2A and 1B as obtained at UB3LYP/BS1 in 

Gaussian-09. Bond lengths are in angstroms and the vibrational frequencies (νVO) in 

cm–1. The right-hand-side gives relevant valence orbitals with orbital occupation of 
2A. 

 

The origin of the short V–O distances in 2A and 1B is related to the orbital occupation 

(right-hand-side of Figure 6.1). Thus, the vanadium(V)-oxo species has valence 

orbitals that represent the metal-oxo and metal-ligand interactions. Lowest in energy is 

the δx2–y2 orbital, which is a non-bonding orbital in the plane of the porphyrin ring. 

Higher in energy and virtual are two * orbitals (*xz and *yz) for the antibonding 

interaction of the 3dxz and 3dyz on vanadium with the 2px and 2py on oxygen. In 

iron(IV)-oxo species these two orbitals are singly occupied and due to their 

antibonding character lead to elongation of the Fe–O bond to typically 1.65Å. With 

vanadium the two * orbitals are virtual and consequently the V=O distances are much 

shorter as there is lesser antibonding character along those bonds. The 

vanadium-porphyrin system also has two high-lying -orbitals on the ligand labelled 

as a1u and a2u. In cytochrome P450 Compound I, the a2u orbital is singly occupied 

(Ghosh, 1998; Green, 1999; De Visser and Lee, 2008; Radoń, Broclawik and Pierloot, 
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2011) but in the vanadium systems this orbital is much lower in energy and doubly 

occupied and hence the valence orbitals are all metal-oxo based. The electronic ground 

state of 2A and 1B, therefore is: x2–y2
1 a1u

2 a2u
2 for 2A and a1u

2 a2u
2 for 1B with all 

metal-type orbitals unoccupied.  

The porphyrin is considerably distorted from planarity and is saddle-shaped with the 

metal 0.512 and 0.536Å above the plane through the four nitrogen atoms as defined as 

ΔVN. This distortion of the planarity was also seen in crystal structures of 

vanadium-oxo porphyrin complexes (Ghosh, Patra and Rath, 2008), although in 

iron-porphyrin the calculations often converge to a planar structure. Overall, our 

optimized geometries match previous calculations on 2A perfectly with similar bond 

distances, porphyrin saddling and the displacement of the metal from the plane 

through the four nitrogen atoms (Kumar et al., 2015; Dar et al., 2019). 

 

6.3.1 Mechanism of Cyclohexene Epoxidation by A1/B1+H2O2 

The vanadium(IV)-oxo complex A in the presence of H2O2 and cyclohexene was 

found to convert substrate into a mixture of epoxide, cyclohexenol and cyclohexanone 

products (Kumar et al., 2015; Dar et al., 2019). To understand these product 

distributions and the oxidant involved in these transformations, we investigated the 

mechanism of substrate epoxidation by vanadium(IV)-oxo and vanadium(V)-oxo 

complexes. We started with a model that includes H2O2 and cyclohexene as a substrate 

on the distal site of the vanadium-oxo group: models A1 and B1, which we identify 

with a subscript after the label. Initially a reactant complex (Re) was calculated of the 

vanadium-oxo group in hydrogen bonding distance to H2O2 and cyclohexene in its 

vicinity. The mechanism starts with proton transfer from H2O2 to the oxo group and 

simultaneous binding of the hydroperoxo moiety to the vanadium centre to form 

intermediate Int1 via a transition state TS1. Thereafter, a second proton transfer takes 

place via transition state TS2 to form a side-on vanadium-peroxo with water ligand 

Int2, whereby the water is released from the metal centre via transition state TS3 to 
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form the vanadium-peroxo-porphyrin complex Int3. Note that in the mechanism 

starting with the vanadium(IV)-oxo complex (A1) the water release happens 

simultaneously with TS2 and no stable Int2 and TS3 structures could be 

characterized. Finally, the side-on peroxo species (Int3) reacts with olefin via a 

concerted oxygen atom transfer to form epoxide products (P) via a transition state 

TS4. 

Figure 6.2 displays the potential energy landscape of cyclohexene activation by 

A1/B1+H2O2. In the case of the mechanism of B1+H2O2, we calculated the full 

reaction pathway with UB3LYP/BS1 and UB3LYP/BS3. As can be seen structure and 

energetics along the mechanism is virtually the same for both reactants and the effect 

of the basis set on optimized geometries and bond activation energies appears to be 

very small. Indeed most energies are well within 1 kcal mol–1. 

The rate determining reaction step is in all cases the initial proton transfer via TS1 and 

is ΔE+ZPE+Esolv = 33.8 and 32.6 kcal mol–1 for the pathway starting with the 

vanadium(V)-oxo and vanadium(IV)-oxo, respectively. These proton-transfers from 

H2O2 to vanadium-oxo species lead to the end-on hydroperoxo-hydroxo-vanadium 

complexes as a local minimum. Complexes Int1A1/Int1B1 are considerably less stable 

than the reactant vanadium-oxo complexes and have structures where the porphyrin is 

displaced from planarity further and, e.g. in Int1A1 the metal is above the porphyrin 

plane by 0.825Å. However, no major shift in spin density distributions (Table S13, 

Electronic Supporting Information) is seen during this proton transfer step. Therefore, 

TS1 is a pure proton transfer and the activation of V(IV) or V(V) complexes requires 

the same amount of energy. This is not surprising as no electron transfer takes place 

here and the oxidation state of the metal stays the same. The barriers; however, for 

proton transfer are rather high in energy and the reaction will be very slow even at 

room temperature. The proton transfer transition states (Figure 6.2) have a large 

imaginary frequency typical for fast moving protons (Latifi, Bagherzadeh and Visser, 

2009; Visser, 2010). Moreover, the proton transfer happens at short O–H distances. 
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In the next stage of the mechanism, the hydroperoxo loses a proton to the hydroxo 

group to form water and binds as a side-on vanadium-peroxo in Int2 in a highly 

exothermic reaction step followed by a small barrier for water release. Indeed the 

imaginary frequency for this step is considerably lower than that for TS1. The 

structures are early on the potential energy landscape, i.e. with long O–H and short 

OO–H distances.  

The final part of the mechanism involves the attack of the side-on vanadium-peroxo 

onto the substrate to form epoxide in a concerted reaction step, whereby one oxygen 

atom of the peroxo group approaches the middle of the double bond with 

approximately equal distance to each of the carbon atoms of that bond. Barriers of 16.6 

and 24.4 kcal mol–1 are obtained for the epoxidation barriers from Int3A1 and Int3B1, 

respectively. Typical reaction mechanisms observed for substrate epoxidation by 

metal-oxo oxidants usually give a stepwise reaction pathway via a radical intermediate 

with an initial C–O bond formation and followed by a ring-closure step (Visser, Harris 

and Shaik, 2001; Kumar et al., 2013). Here, however, the radical intermediates appear 

less stable and product is formed in a single concerted epoxidation step. The imaginary 

frequency represents simultaneous O–O bond cleavage and C–O bond formation as 

expected for this transition state. 

Overall, the two side-on peroxo complexes Int3A1 and Int3B1 are seen to react with 

cyclohexene with barriers that would be accessible at room temperature conditions; 

particularly the pathway from Int3A1. As such the side-on peroxo complex A1 should 

be a viable oxidant of oxygen atom transfer reactions. However, the barriers for the 

conversion of the vanadium-oxo complexes into the vanadium-peroxo through the use 

of H2O2 are of similar magnitude as the substrate activation barriers. Therefore the 

reaction is not expected to proceed through a clean first-order (or pseudo-first order) 

reaction mechanism and hence measuring rate constants may be misleading. Indeed, 

experimental work showed that HCO4
‒ was needed as promotor to trigger a fast 

reaction process (Kumar et al., 2015; Dar et al., 2019). Consequently, we investigated 

some alternative pathways and structures to generate a vanadium-peroxo active 
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species particularly in the presence of promotors or through the binding of axial 

ligands to the vanadium centre. In addition, we also explored reaction pathways with 

cyclohexene to form alcohol products.  
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Figure 6.2. Potential energy (ΔE+ZPE) landscape with energies in kcal mol–1 for the 

reaction of 2A1 and 1B1 with H2O2 and cyclohexene (CH) as obtained with DFT 

methods in Gaussian-09. Geometry optimizations done at UB3LYP/BS1 or 

UB3LYP/BS3 (data in parenthesis). Extracts of the transition state structures are 

given with bond lengths are in angstroms and the imaginary frequencies in cm–1.  

 

6.3.2 Mechanism of Cyclohexene Hydroxylation by A1/B1+H2O2 

Next, we investigated cyclohexene hydroxylation by models A1/B1. Of course, the 

mechanism proceeds like that shown in Figure 6.2 above with two proton transfer 

steps (via TS1 and TS2) and the formation of a side-on vanadium-peroxo complex and 
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a water molecule (Int2). Again release of the water molecule from the vanadium centre 

gives intermediate Int3. From this point onwards; however, the cyclohexene 

epoxidation and hydroxylation mechanisms diverge.  

Thus, the peroxo group abstracts a hydrogen atom from substrate (via a transition state 

TS5) to form a vanadium-hydroperoxo complex (Int5), while an OH rebound barrier 

(TS6) then leads to the 1-hydroxocylohexene products (P2). The obtained potential 

energy profile of this process is given in Figure 6.3. The transition states TS5A1 and 

TS5B1 are relatively high in energy and values of 25.3 and 45.2 kcal mol–1 are obtained 

for the pathways starting from the VIV(O) and VV(O) complexes, respectively. An 

analysis of the group spin densities gives no radical character of the substrate for the 

V(V) process, while a spin of 1 is found in the V(IV) pathway. Therefore, the 

vanadium(V)-oxo will react via proton abstraction of substrate, while a hydrogen atom 

abstraction is found by the vanadium(IV)-oxo complex. Nevertheless, a barrier with a 

magnitude of 25.3 kcal mol–1 implicates a sluggish hydrogen atom abstraction process, 

whereas one of 45.2 kcal mol–1 is too high to be overcome under room temperature and 

pressure conditions. Consequently, the high reaction barriers found for the side-on 

peroxo complexes imply that these species will be not be able to react by aliphatic 

hydroxylation pathways, but can react through oxygen atom transfer to olefins.  
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Figure 6.3. Potential energy landscape with energies in kcal mol–1 for the 

hydroxylation reaction of cyclohexene by 2A1 and 1B1 in the presence of H2O2 as 

obtained with DFT methods in Gaussian-09. Mechanism started from the 

vanadium-peroxo intermediate. Geometry optimizations done at UB3LYP/BS1. 

Bond lengths are in angstroms and the imaginary frequencies in cm–1. 

Optimized geometries of the hydrogen atom abstraction transition states are shown in 

Figure 6.3. The hydrogen atom abstraction transition state for the vanadium(V)-oxo 

reaction is late with a long C–H distance of 1.510Å and a relatively short O–H distance 

of 1.139Å. These types of product-type hydrogen atom abstraction barriers often 

correlate with high energy transition states (Shaik et al., 2010; Kumar, Sastry and 

Visser, 2011). On the other hand, a more central transition state is seen for the 

vanadium(IV)-oxo pathway, although the energy is very high in energy.  After the 

hydrogen atom/proton abstraction, both complexes relax to an intermediate prior to 

rebound to form the alcohol product complexes. The intermediates are short-lived and 

collapse to products with negligible rebound transition state (TS6). 

Overall, the calculations show that vanadium-peroxo complexes will not react with 

aliphatic groups through substrate hydroxylation processes as high energy hydrogen 

atom abstraction or proton abstraction barriers are found. This matches experimental 

studies on these systems excellently that obtained >99% selectivity towards epoxide 

product formation (Kumar et al., 2015; Dar et al., 2019). Thus, the calculations give 
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favourable cyclohexene epoxidation over hydroxylation by a large margin and the 

chemoselectivity does not appear to be affected by the oxidation state of the vanadium 

centre in the reactant complex. In previous studies on iron(IV)-oxo reactivity with 

either propene or cyclohexadiene we investigated competitive epoxidation and 

hydrogen atom abstraction pathways (de Visser and Ogliaro, 2002; Visser, Sharma 

and Shaik, 2002; Kumar et al., 2009). In these studies the two reaction channels were 

close in energy and small environmental perturbations affected the selectivity and 

product distributions. Clearly, here the energy gaps are wider apart. To understand the 

nature of the selectivity patterns, we calculated a number of alternative complexes 

with either H2O2, oxo or peroxo bound in the axial position. 

6.3.3 Mechanism of Cyclohexene Epoxidation by A2/B2+H2O2 

Subsequently, we investigated cyclohexene epoxidation from models A2/B2, which 

have the H2O2 molecule trans to the vanadium-oxo group and hence the oxygen atom 

transfer is from the oxo group rather than from H2O2. The optimized C–O bond 

activation transition states TS4A2 and TS4B2 are shown in Figure 6.4. By contrast to 

the concerted epoxidation transition states shown in Figure 6.2 for models A1 and B1, 

the TS4A2 and TS4B2 structures are geometrically very different. Thus, in TS4A1 and 

TS4B1 the peroxo group attacks the midpoint of the C=C bond of the olefin and both 

C–O bond of the epoxide are simultaneously formed. By contrast, in TS4A2 and TS4B2 

the oxo group attacks on specific carbon atom and single C–O. As such these transition 

states resemble those seen for stepwise epoxidation reactions (de Visser, Ogliaro and 

Shaik, 2001; Visser, Harris and Shaik, 2001; Kumar et al., 2010, 2013), where one 

C–O bond at a time is formed. Usually these stepwise processes proceed through the 

formation of a radical intermediate. However, here no stable radical intermediates are 

found and the optimizations collapsed to epoxide products directly. Therefore, the 

radical intermediates for systems A2 and B2 are shoulders on the potential energy 

landscape en route to product formation. In previous work this type of 

pseudo-concerted reaction mechanisms were rationalized as resulting from a strong 

displacement of the metal from the porphyrin plane that enabled efficient oxygen atom 
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transfer to substrates and hence affected the ring-closure barriers.30 Therefore, we 

decided to also explore alternative vanadium-oxo and vanadium-peroxo complexes 

with an electron-donating group in the axial position (see next section). Nevertheless, 

the barriers for oxygen atom transfer from vanadium(V)-oxo and vanadium(IV)-oxo 

are very high in energy, namely ΔE+ZPE+Esolv = 50.3 and 38.2 kcal mol–1, 

respectively. Therefore, direct oxygen atom transfer by [VV(O)(TPPCl8)]
+ or 

[VIV(O)(TPPCl8)] will be unlikely to happen at room temperature and these systems 

can be considered as sluggish oxidants for oxygen atom transfer reactions. 
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Figure 6.4. Optimized C–O bond formation transition states (TS5) for models A2 

and B2. Bond lengths are in angstroms, the imaginary frequency in cm–1 and relative 

energies in kcal mol–1. 
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6.3.4 Mechanism of Cyclohexene Epoxidation and Hydroxylation by A2/B2 

without H2O2 

To test the effect of hydrogen peroxide and the binding of axial ligands to the 

vanadium-porphyrin on the reaction mechanism, we created models for a 

vanadium(IV/V)-dioxo complex without H2O2, namely models A2’/B2’ and models 

of vanadium(IV/V)-peroxo(oxo) without H2O2: A2”/B2”. Note that all of these 

models have an oxo group in the trans (axial) position and substrate approaches on the 

distal site. The mechanism of models of vanadium(IV/V)-peroxo(oxo) namely as 

A2”/B2” was suggested by the Sankar and Maurya group where they were able to trap 

and characterize the structures using MALDI-TOF (Kumar et al., 2015). Furthermore, 

substitutions on the ligand framework of the porphyrin group were made and the 

effects on catalysis and turnover studied (Dar et al., 2019). 

Figure 6.5 displays the potential energy landscape of cyclohexene activation by A2’, 

A2”, B2’ and B2”. In addition, we explored the vanadium-oxo and vanadium-peroxo 

complexes with different substituents to the porphyrin group. Thus, apart from the 

TPPCl8 equatorial ligand, we investigated a porphyrin model with only hydrogen 

atoms as substituents on the meso-position (R) and β-position (X), designated ligands 

A2-H/B2-H. Furthermore, a porphyrin ligand with 3,5-dimethoxyphenyl on the 

meso-position and hydrogens on the β-positions was tested: ligands A2-A/B2-A. 

Finally, a porphyrin ligand with 2,4-dibromo-3,5-dimethoxyphenyl on the 

meso-position and bromide on the β-positions was studied: ligands A2-B/B2-B. 

Subsequently, the effect of the equatorial ligand on the reactivity was studied for the 

vanadium-oxo-peroxo and vanadium-dioxo complexes. Apart from the side-on 

peroxo, we also calculated an end-on conformation, but find it ΔE+ZPE = 9.1 and 13.0 

kcal mol‒1 higher in energy as compared to the side-on configuration of ReA2” and 

ReA2-B” respectively (See Electronic Supporting Information). We explored the direct 

cyclohexene epoxidation and hydroxylation by the vanadium(IV)-oxo, 

vanadium(V)-oxo complexes, vanadium(IV)-peroxo and vanadium(V)-peroxo 

complexes.  
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The potential energy landscape and optimized geometries of the electrophilic addition 

transition states for cyclohexene epoxidation are given in Figure 6.5. The optimized 

geometries shown in Figure 6.5 for the vanadium-dioxo and vanadium-oxo-peroxo 

complexes with TPPCl8 ligand represent concerted epoxidation transition states for 

direct insertion of an oxygen atom into the C=C bond of the olefin. Indeed in most 

structures, the geometry is symmetric and almost equal C–O distances are observed. 

Structurally, therefore they look similar to those reported above with either H2O2 or 

water present. 
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Figure 6.5. Potential energy landscape (ΔE+ZPE data) with energies in kcal mol–1 

for the direct cyclohexene epoxidation and hydroxylation by the vanadium(IV)-oxo, 

vanadium(V)-oxo complexes, vanadium(IV)-peroxo and vanadium(V)-peroxo 

complexes with axial oxo group as obtained with DFT methods in Gaussian-09. 

Geometry optimizations done at UB3LYP/BS1 and energies use basis set BS2. Bond 

lengths are in angstroms and the imaginary frequencies in cm–1. 

 

Energetically, the barrier heights of the structures of the vanadium-dioxo in a reaction 

with cyclohexene are very low in energy; particularly those passing TS4A2’, TS4B2’ 

and TS4A2” where barriers of less than 1 kcal mol–1 are observed. Therefore, these 

reactions will be extremely fast and efficient and can be a good alternative for the 

oxidation of olefins to epoxides. The axial ligand is seen to pull the other oxygen atom 

more into the plane of the porphyrin, which should result in better orbital overlap and a 

more stable structure. As such the calculations predict that vanadium-dioxo porphyrin 

is a very efficient oxidant that reacts with substrates rapidly. These vanadium-dioxo 
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models are seen to activate a C=C double bond efficiently and react in a concerted 

pathway to epoxide products. The alternative cyclohexene hydroxylation was also 

tested. Although the initial hydrogen atom abstraction step is low in energy (barriers 

less than 5 kcal mol‒1) actually the OH rebound step to form products is 11.4 kcal 

mol‒1 for B2’ and 6.6 kcal mol‒1 for A2’. Nevertheless, with barriers of less than 5 kcal 

mol–1 for the initial reaction step of epoxidation and hydroxylation, it is likely that 

these reactions happen in parallel and a mixture of products will be obtained. This 

result is in good agreement with experimental studies on cyclohexene activation by 

vanadium-porphyrins that give hydroxylation and epoxidation products. 

To gain further insight into the chemical system, we replaced the substituents on the 

periphery of the porphyrin with alternative groups. As follows, seemingly small 

changes to the ligand system appear to have dramatic effects on the structure and 

reactivity of vanadium-oxo and vanadium-peroxo complexes. Thus, replacing all 

substituents with hydrogen atoms results in structures that have almost planar 

porphyrin rings, similar to previous cytochrome P450 model calculations.31 Moreover, 

with 3,5-dimethoxyphenyl as meso-substituents most barriers go up in energy 

significantly due to stereochemical interactions of the approaching substrate to the 

oxidant and the ideal angles and structures cannot be reached. In particular, the 

addition of 2,5-dibromo to the meso-phenyl groups reduces the reactivity dramatically 

with rate determining barriers well over 19 kcal mol‒1. As such, vanadium-oxo and 

vanadium-peroxo complexes appear to be more sensitive to ligand substitution of the 

porphyrin macrocycle, which affect structure and reactivity. By contrast, in 

iron(IV)-oxo porphyrins and nonheme iron(V)-oxo tetraamidomacrocyclic ligand as 

the equatorial ligand, the effects were much smaller (Kumar, De Visser and Shaik, 

2005; Kumar et al., 2009; Pattanayak et al., 2019).  

To understand the axial ligand effect on the orbital shapes and energies we compared 

the structure and electronic configuration of the vanadium-peroxo complexes Int3B1 

and Int3B2” in Figure 6.6. Thus, without an axial ligand bound to the vanadium centre, 

as in Int3B1, the vanadium-peroxo group is well displaced from the plane through the 
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four nitrogen atoms of the porphyrin by Δ = 0.595Å, while it is much closer to the 

plane in the vanadium-oxo-peroxo complex Int3B2”: Δ = 0.127Å. As a consequence, 

the peroxo group enjoys better orbital overlap with orbitals on the porphyrin manifold 

and the V–O distances are shorter: 1.69Å in Int3B2” and 1.79Å in Int3B1. 

As shown in Figure 6.6, a strong interaction between the δx2–y2 and π*OO,xy orbitals on 

the vanadium and peroxo groups, will widen the gap between the bonding and 

antibonding orbitals and stabilize the bonding orbitals in energy. A similar interaction, 

but then between a2u and a lone-pair π-orbital on the axial ligand was seen in P450 

Compound I and predicted to affect its electron affinity and reduction potential 

(Ogliaro et al., 2001). A stronger push-effect of the axial ligand was shown to enhance 

to reactivity of Compound I (Visser et al., 2003). 

The molecular orbitals for the interaction of x2–y2 and *OO,xy for Int3B1 and Int3B2” 

are displayed in Figure 6.6. Without a group in the axial position the interaction is just 

between these two orbitals, but with the metal inside the plane of the porphyrin, as in 

Int3B2”, further interactions with the a2u orbital are seen, which raise this antibonding 

orbital further in energy and improve the oxidative power of the vanadium-peroxo 

moiety as seen from the reaction with cyclohexene. Therefore, vanadium-peroxo 

oxidants are more powerful oxidants when the vanadium-porphyrin complex has an 

anionic axial ligand that can pull the metal into the frame of the porphyrin and enable 

better and stronger orbital overlap. 

 



 

169 

 

x2y2  *OO,xy

Int3B1Int3B2”

x2y2  *OO,xy

 

Figure 6.6. Molecular orbital splitting in vanadium-peroxo complexes for the 

interaction of the π*OO,xy orbital on the peroxo group with the δx2–y2 

vanadium-orbital.
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6.3.5 Mechanism of Cyclohexene Hydroxylation and Epoxidation by A/B+HCO4
– 

Finally, experimental work on the reaction of vanadium-oxo porphyrins in the presence of 

oxidant showed enhanced performance of substrate activation with HCO4
– in the reaction 

mixture (Kumar et al., 2015; Dar et al., 2019). Therefore, we explored the potential 

energy profile of cyclohexene hydroxylation and epoxidation using a model that contains 

[VIV/V(O)(TPPCl8)]
0/+ + HCO4

– and substrate: models A3/B3, see Figure 6.7.  

TS4B3 [TS4A3]

1.655

[1.701]

2.197

[2.221]

i394 [i456] cm1

 

Figure 6. 7. Potential energy landscape with energies in kcal mol–1 for the epoxidation 

reaction of cyclohexene by 2A3 and 1B3 in the presence of HCO4
– as obtained with DFT 

methods in Gaussian-09. Mechanism started from the vanadium-peroxo intermediate. 

Geometry optimizations done at UB3LYP/BS1. Bond lengths are in angstroms and the 

imaginary frequencies in cm–1. 

We tested two configurations of HCO4
– for the reactant complexes, namely bound as 

either HOOCO2
– or OOC(O)OH–, structures ReA3a/B3a and ReA3b/B3b, respectively. The 

former structure with a hydroperoxo group is found to be the most stable conformation by 

at least 25 kcal mol–1 for both A and B systems. The hydroperoxo proton forms an internal 

hydrogen bond with an oxo group of HCO4
–, whereas the hydroxo group in the alternative 
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conformation formed a hydrogen bond with the vanadium-oxo group, see Electronic 

Supporting Information. Nevertheless, the reactant complexes of [VIV/V(O)(TPPCl8]
0/+ 

with HCO4
–, a water molecule and cyclohexene have the HCO4

– group bound to the 

vanadium centre. 

We then tested direct oxygen atom activation of cyclohexene to form cyclohexene oxide 

using these models. The reaction starts from the reactant complexes ReA3a/B3a, which are 

the [VIV/V(O)(TPPCl8)]
0/+ in complex with HOOCO2

–, H2O and cyclohexene. In the first 

stage of the reaction the HOOCO2
– species undergoes an internal proton transfer to form 

the OOC(O)OH– species (ReA3b/B3b). We were not able to locate these transition states; 

therefore expect them to be close in energy to the ReA3b/B3b structures. 

In the next step of the reaction, the superoxo group of OOC(O)OH– then attacks the olefin 

bond via an epoxidation transition state TS4A3/B3 to form epoxide products (P3A3/B3) in a 

concerted reaction step. We did not manage to locate transition states for direct activation 

of the olefin double bond from the hydroperoxo reactant complexes ReA3a/B3a. All 

attempts for C–O bond formation through constraint geometry scans led to high-energy 

pathways without the formation of a local minimum.  

The barriers for substrate activation of complexes ReA3b/B3b are high in energy and are 

34.7 kcal mol–1 for the pathway starting from the vanadium(V) complex and 51.4 kcal 

mol–1 for the one originating from the vanadium(IV) species. Optimized geometries of 

these transition states are shown in the inset in Figure 6.7. The imaginary frequency for 

the transition state shows attack of the peroxo group on one of the carbon atoms of the 

olefin only. However, no radical intermediate is formed, but en route to product the 

ring-closure step takes place. As such the pathway from models A3/B3 has a much less 

symmetric transition state than that seen for the reaction with H2O2 as discussed above. 

The C–O bond in the transition state is very long, i.e. 2.197Å for TS4B3 and 2.221Å for 

TS4A3. These distances are well longer than the distances of 1.747/1.738Å for the 

transition states in Figure 6. 2. Overall the calculations on models A3 and B3 show that 
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HCO4
– is not the active oxidant in the reaction mechanism and is unlikely to be the oxygen 

transfer agent that generates cyclohexene epoxide products. 

6.4 Conclusions 

Density functional theory calculations on cyclohexene epoxidation and hydroxylation by 

vanadium porphyrin complexes are reported. We have conducted a detailed study of 

vanadium(IV) and vanadium(V) complexes with various models with oxo, peroxo or 

hydroperoxo groups as well as in the presence of either H2O2 or HCO4
‒. In addition, the 

axial and equatorial ligand effect on the reaction mechanism and reaction rates was 

investigated. Among all the models explored, we identify several vanadium complexes 

that are efficient oxidants of oxygen atom transfer reactions to olefins and particularly the 

vanadium-peroxo and vanadium-oxo complexes with an anionic axial ligand. These axial 

ligands pull the metal into the plane of the nitrogen porphyrin atoms and enable better 

orbital overlap; thereby affecting the electron affinity of these complexes and enhancing 

reaction rates. However, the reactivity, in contrast to iron-porphyrins, is highly sensitive 

to the equatorial ligand, whereby substituents to the meso-phenyl group – particularly 

methoxy groups – appear to reduce the catalytic performance dramatically. These changes 

are mostly the result of stereochemical interactions of the approaching substrate to the 

oxidant. The mechanisms of olefin epoxidation are concerted through a direct oxygen 

atom transfer rather than a stepwise reaction via a radical intermediate. This implies that 

we do not expect side reactions through isomerization and cis/trans scrambling of 

products. Overall, the work shows that olefin epoxidation by vanadium-oxo and 

vanadium-peroxo complexes should be highly efficient under the right conditions where a 

good oxidant is generated and this is in agreement with experimental work done 

previously. Moreover, these oxidants are expected to be highly specific and should 

produce limited amount of by-products in contrast to analogous iron-porphyrins. 
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Chapter 7 

PROJECT 5 
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Coordination Sphere 

Khaled Cheaib,a M. Qadri E. Mubarak,b Katell Sénéchal-David,a Christian Herrero,a 

Régis Guillot,a Martin Clémancey,c Jean-Marc Latour,c Sam P. De Visser,*b Jean-Pierre 

Mahy,a Frédéric Banse,*a Frédéric Avenier*a 

[a] Institut de Chimie Moléculaire et des matériaux d’Orsay (UMR 8182) Univ Paris Sud, Université Paris 

Saclay. 91405 Orsay cedex, France. 

[b] Manchester Institute of Biotechnology and School of Chemical Engineering and Analytical Science, The 

University of Manchester 131 Princess Street, Manchester M1 7DN, United Kingdom. 

[c] LCBM/PMB and CEA/BIG/CBM/ and CNRS UMR 5249, Université Grenoble Alpes, Grenoble 38054, 

France. 
 

Abstract 

Direct formation of FeIV-oxo species from nonheme FeII complexes and H2O2 is highly 

attractive for the development of selective oxidation reactions. Nonetheless, when using 

this oxidant, most of the FeII species known to date undergo a single electron oxidation 

generating FeIII and hydroxyl radicals prone to engaging in uncontrolled radical 

chemistry. Here, we demonstrate that the devised incorporation of a dialkylamine group 

into the second coordination sphere of an FeII complex allows to switch the reactivity from 

the usual formation of FeIII species towards the selective generation of an FeIV-oxo 

intermediate. We characterized the FeIV-oxo complex by UV-visible absorption and 

Mössbauer spectroscopy. Variable temperature kinetic analyses point towards a 

mechanism where the heterolytic cleavage of the O-O bond is triggered by a proton 

transfer from the proximal to the distal oxygen atom in the FeII-H2O2 complex with the 

assistance of the pendant amine. Density functional theory studies reveal that this 

heterolytic cleavage is actually initiated by an homolytic O–O bond cleavage immediately 

followed by a proton-coupled electron transfer that leads to the formation of the FeIV-oxo 

species and release of water through a concerted mechanism. 

Published Reference 

Cheaib, Khaled, M. Qadri E. Mubarak, Katell Sénéchal‐David, Christian Herrero, Régis Guillot, Martin 

Clémancey, Jean‐Marc Latour et al. "Selective Formation of an FeIVO or an FeIIIOOH Intermediate From 

Iron (II) and H2O2: Controlled Heterolytic versus Homolytic Oxygen–Oxygen Bond Cleavage by the 

Second Coordination Sphere." Angewandte Chemie 131, no. 3 (2019): 864-868.
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7.1 Introduction 

More than a century ago, Fenton discovered that the reaction of an FeII species with H2O2 

led to the efficient oxidation of organic substrates in acidic aqueous media (Fenton, 1894). 

Ever since that discovery, debate continues on whether the active species of such systems 

is an OH radical (Haber and Weiss, 1932; Walling and Johnson, 1975; Walling, 1998) or 

an FeIV-oxo species (Bray and Gorin, 1932) resulting from either the homolytic or 

heterolytic cleavage of the O-O bond in its Fe-peroxide precursor. Beyond this historical 

controversy, understanding the key steps in the reactivity of FeII species with H2O2 is of 

great interest for the development of synthetic oxidation catalysts. Indeed, the production 

of high-valent Fe-oxo species capable of performing a priori selective 2-electron 

oxidation reactions, instead of hydroxyl radicals that would engage in uncontrolled 

oxidations has been a long term goal (Olivo et al., 2017). Recent works suggest that 

changing the experimental conditions such as the pH may drive the reaction to a pathway 

or another (Goldstein and Meyerstein, 1999; Bataineh, Pestovsky and Bakac, 2012). 

Additionally, understanding the reaction between FeII and H2O2 is relevant to the 

comprehension of O2 activation at the FeII centers of Fe enzymes (Kal and Que, 2017) 

such as tetrahydropterin-dependent monooxygenases (Fitzpatrick, 2003), or isopenicilin 

N synthase (Peck and van der Donk, 2017). It has been suggested that during the O2 

activation process by these enzymes, an FeIV-oxo species is formed via the heterolytic 

O-O cleavage of an FeIIOOR(H) intermediate. However, this reaction proved to be 

difficult to reproduce with synthetic catalysts and most of the FeIV-oxo species known to 

date have been obtained from the reaction of FeII complexes with oxygen donors such as 

iodosylbenzene (PhIO) or m-chloroperbenzoic acid (mCPBA) (Nam, 2007; McDonald 

and Que, 2013). The use of H2O2 with FeII complexes usually leads to the formation of the 

corresponding FeIII complexes under stoichiometric conditions and yields FeIIIOOH 

intermediates with excess H2O2 (Girerd, Banse and Simaan, 2000; Derat and Shaik, 

2006b; Ségaud et al., 2013; Padamati et al., 2016). Only a few examples of nonheme FeII 

complexes have shown the direct formation of an FeIV-oxo species from their reaction 
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with H2O2 (Bautz et al., 2006; Li, England and Que, 2010), or from the evolution of a 

putative FeIIOOH(R) intermediate (Bang et al., 2014). Que et al. reported the nearly 

quantitative formation of [FeIVO(TMC)]2+ from [FeII(TMC)]2+ and H2O2 in the presence 

of 2,6-lutidine (Li, England and Que, 2010).  DFT calculations showed that lutidine acted 

as a general base that promoted the proton transfer from the proximal to the distal O atom, 

thus facilitating the heterolytic O-O cleavage (Hirao et al., 2011). The role played by 

lutidine was similar to that played by the distal His residue in horseradish peroxidase 

(HRP) (Derat and Shaik, 2006b), with the exception that it was added as a cofactor in 

solution and was not part of the catalyst scaffold. Thus, we reasoned that designing a 

ligand containing a non-coordinating base in the vicinity of the FeII ion would drastically 

influence its reactivity versus H2O2. Herein, we demonstrate that the incorporation of a 

secondary amine as a second coordination sphere group in the [FeII(Bn-tpen)]2+ complex 

2II to give the new [FeII(NHBn-tpen)]2+ 1II (Figure 7.1) allows the direct formation of the 

[FeIVO(NHBn-tpen)]2+ species 1IV-O from the stoichiometric reaction between 1II and 

H2O2. Interestingly, the reactivity of 1II turns into the conventional reactivity of the 

original complex 2II when the amine group is protonated, i.e. formation of an FeIII species 

(Hazell et al., 2002). Experimental and theoretical investigations of 1IV-O formation 

converge towards a heterolytic O-O cleavage of the initial FeII-H2O2 complex promoted 

by a proton transfer assisted by the neighbouring amine. To the best of our knowledge, 

this is the first example of a nonheme Fe system where such a transformation is performed 

via an intra-molecular reaction. 
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7.2 Results and Discussion  

The NHBn-tpen ligand was designed in such a way that the secondary amine fragment 

could not bind the metal through a stable 5- or 6-membered metallocycle. The X-ray 

structure of [FeII(NHBn-tpen)(OH2)]
2+ (1II) is displayed in Figure 7.1. It shows that the 

first coordination sphere of FeII is constituted of the typical N5 environment provided by 

Bn-tpen and related ligands(Mialane et al., 1999; Hazell et al., 2002; Taktak et al., 2007) 

and confirms that the secondary amine (N6) is not coordinated to the metal center. The 

coordination sphere is completed by a water ligand, which is H-bonded to the secondary 

amine N-atom of the neighboring complex in the crystal. The mean   Fe-N bond distance 

is 2.21 Å, which is typical of a high spin (S=2) FeII. Further characterizations indicate that 

the structure of 1II is preserve in solution. 

 

 

Figure 7.1. Structure of the NHBn-tpen and Bn-tpen ligands and X-ray structure of the 

molecular cation, 1II. Anions and disordered atoms were omitted for clarity. Bond 

distances (Å): Fe-N1 (2.24), Fe-N2 (2.24), Fe-N3 (2.15), Fe-N4 (2.18), Fe-N5 (2.23), 

Fe-O1 (1.92). 
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Figure 7.2.  (Left) Time resolved UV-Vis spectra for the reaction of 1II (1mM) with 2.5 

equiv. H2O2 in MeOH at 25°C. Black trace, spectrum recorded 12 ms after mixing the 

reactants. Green trace, spectrum recorded at the maximum of the formation of 1IV-O (t = 

3s). Insert: time trace monitored at 740 nm (red circles) and first order fitting of the 

curve (black trace). (Right) Mössbauer spectra of 1IV-O (vertical bars) recorded at 4.5 K 

in absence (A) and presence (B) of a magnetic field of 6 T applied parallel to the γ ray. 

The black line is a spin-Hamiltonian simulation of both spectra with a unique set of 

parameters: δ = 0.015 mm/s, ΔEQ = 0.83 mm/s, D = 21 cm−1 , E/D  = 0, gx  = gy  = 

2.3, and gz  = 2.0, Ax,y,z /gNβN  = (− 18, − 18, − 2) T, η  = 0.26. 

 

The reaction of 1II (1 mM) with 2.5 equiv. H2O2 in MeOH at 25°C monitored by stopped 

flow absorbance spectroscopy leads to the formation of a new species with an absorbance 

of 0.18 at 740 nm and a shoulder at 900 nm (Figure 7.2, green trace). Under these 

conditions, the maximum accumulation of this species occurred after 3s but decayed 

afterwards. Addition of PhIO (25 equiv. vs Fe) as oxidant instead of H2O2 yielded the 

same intermediate. Its spectroscopic signature is very similar to that observed for the 

[FeIVO(Bn-tpen)]2+ species, 2IV-O (λmax = 739 nm with a shoulder at 900 nm, ε=400 M-1 

cm-1 in acetonitrile) (Buron et al., 2015). Hence, the intermediate observed in Figure 7.2 

can be assigned as [FeIVO(NHBn-tpen)]2+ 1IV-O. The observation of an isosbestic point at 



 

179 

 

495 nm and the absence of any other intermediate in the course of the formation of 1IV-O 

suggests its direct formation from 1II and H2O2. 

To further substantiate this assignment, the reaction product of 1II
 with H2O2 was studied 

by Mössbauer spectroscopy. Figure 7.2 shows the spectra obtained when a CD3OD 

solution of 57Fe-enriched 1II
 was reacted with 10 equiv. D2O2 for ca. 5 s and frozen. The 

spectra of the solution recorded at either 80 K (not shown) or 4.5 K (Figure 7.2A) in 

absence of magnetic field was dominated by a quadrupole doublet which can be simulated 

with a set of parameters δ = 0.015 mm/s and ΔEQ = 0.83 mm/s. These values are very close 

to those reported for 2IV-O (δ = 0.01 mm/s and ΔEQ = 0.87 mm/s) (Buron et al., 2015) and 

in the usual range for FeIVO species with S = 1 (McDonald and Que, 2013). This value of 

the spin was verified by performing an experiment under a field of 6 T applied parallel to 

the γ ray. The corresponding spectrum (Figure 7.2B) could be nicely simulated under this 

assumption with an axial zero field splitting value of 21 cm-1. The quadrupole doublet 

accounts for ca 90 % of total Fe in the sample and the remaining Fe is probably present as 

ferric impurities as judged from the extra lines spread on both sides of the doublet in 

Figure 7.2A. Note that a sample obtained with 2.5 equiv. D2O2 vs 1II displayed identical 

spectroscopic characteristics. 

Titration of 1II with H2O2 shows that the amount of 1IV-O formed was constant and 

maximum from 5 equiv. of added H2O2 up to 100 equiv. Considering that the reaction is 

quantitative under these conditions, an extinction coefficient of 190 M-1.cm-1 for the 740 

nm chromophore is deduced (Bernal et al., 1995). Additionally, the conversion in 1IV-O 

reached 80% and 93%, respectively, when 1 and 2.5 equiv. H2O2 were used. These results 

thus strongly suggest a 1:1 stoichiometry between 1II and H2O2 to yield 1IV-O. 

Consistently, further kinetic studies using different concentrations of H2O2 revealed that 

the reaction is first-order in both 1II and H2O2. At 25°C, a second-order rate constant of 

0.316 L.mmol-1.s-1 was obtained from the plot of the pseudo first-order rate constant kobs 

vs [H2O2]. The temperature dependence of kobs was evaluated for samples containing 1 

mM 1II and 10 equiv. H2O2. The resulting Eyring plot afforded an activation enthalpy ΔH‡ 



 

180 

 

of 3.75 kcal.mol-1 and an activation entropy ΔS‡ of -43.3 cal.mol-1.K-1. These activation 

parameters compare well with those obtained for the formation of FeIV-oxo intermediates 

upon reaction of H2O2 with FeII(bispidine) (ΔH‡ = 8.1 kcal.mol-1, ΔS‡ = -35.9 

cal.mol-1.K-1) (Bautz et al., 2006) or FeII(TMC) in the presence of 2,6-lutidine (ΔH‡ = 6.9 

kcal.mol-1, ΔS‡ = -34.4 kcal.mol-1.K-1) (Li, England and Que, 2010).  

For the latter complex, the formation of the FeIV-oxo was explained as a global heterolytic 

O-O bond cleavage assisted by the external base which resulted from a combination of 

partial homolytic O-O cleavage and proton-coupled electron transfer as determined by 

DFT calculations (Hirao et al., 2011).  

The smaller activation enthalpy observed here suggests that, compared to an external 

base, the preorganization of the amine next to the metal center facilitates the formation of 

the FeIV-oxo intermediate. To support the crucial role played by the dialkylamine group in 

the formation of 1IV-O, similar experiments were performed under acidic conditions in the 

presence of 2 equiv. HClO4 vs 1II. Under these conditions and even for a small amount of 

added H2O2 (2.5 equiv. vs Fe), formation of a low spin (S=½) FeIIIOOH intermediate was 

observed with typical UV-visible (λmax = 539 nm) and EPR (g = 2.21, 2.14, 1.97) features 

(Hazell et al., 2002; Horner et al., 2002; Kaizer et al., 2004) (Figure 7.3 and Scheme 1). In 

the presence of protons, the reactivity of 1II switches to the conventional FeII-to-FeIII 

reactivity exhibited by most of nonheme FeII complexes supported by pentadentate 

ligands (Hazell et al., 2002; Horner et al., 2002; Balland et al., 2003; Roelfes, Vrajmasu, 

Chen, Raymond Y N Ho, et al., 2003; Kaizer et al., 2004; Martinho et al., 2008; Ségaud et 

al., 2013).  

Conversely, in its neutral form, the amine interacts specifically with the FeII-H2O2 adduct 

to promote the heterolytic O-O bond cleavage to yield 1IV-O, with the function of a 

springboard that relays protons between the proximal and distal oxygen atoms of H2O2. 

To substantiate our hypothesis, additional experiments were carried out using D2O2 in 

CD3OD. Under these conditions, the formation of 1IV-O was observed as well, and a large 
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kinetic isotope effect (KIE, kH/kD) of 5.6 was measured. A similar value was reported by 

Li et al. for the formation of [FeIVO(TMC)]2+ from the FeII complex and 2,6-lutidine as a 

base (Li, England and Que, 2010). 
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Figure 7.3. UV-Vis spectra of 1II in MeOH in the presence of HClO4 (2 equiv.) before 

(black trace) and after addition of H2O2 (2.5 equiv., red trace or 100 equiv., green trace). 

Insert: X-band EPR spectrum at 100 K of the sample corresponding to the green 

UV-Vis. spectrum (Power 0.12 mW). 

 

Given all the above observations, i.e., (i) a direct conversion between 1II and 1IV-O, (ii) 

first-order kinetics in both FeII and H2O2, (iii) activation parameters consistent with O-O 

bond heterolysis and (iv) the implication of both protons and the amine in the second 

coordination sphere, one can suggest that the formation of  1IV-O is initiated by the 

heterolytic cleavage of an FeII-H2O2 intermediate promoted by the dialkylamine group 

acting as an acid-base relay. The role of this latter moiety being similar to the one assigned 

to distal histidine or glutamate residues in heme peroxidases (Roelfes, Vrajmasu, Chen, 

Raymond Y.N. Ho, et al., 2003; Derat and Shaik, 2006b).  
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To gain more insight into the mechanism of the binding and activation of H2O2 on 1II, a 

series of DFT calculations were performed. We started from the 

1,3,5[FeII(H2O2)(
NHBn-tpen)]2+(1,3,51II-H2O2) complexes in either the singlet, triplet or 

quintet spin state. First, 1II-H2O2 was optimized in various orientations of H2O2 with 

respect to the metal center and dialkylamine group. In particular, orientation (a) has the 

distal OH group of H2O2 in hydrogen bonding interaction with the pendant amine group 

(1II-H2O2-a), whereas in the alternative structure the proximal OH group was hydrogen 

bonded to the amine (1II-H2O2-b) (Figure 7.4). Test calculations with a range of density 

functional methods were performed including the full reaction mechanism with B3LYP 

and PBE1PBE DFT methods. Both density functional methods give virtually the same 

reaction mechanism and the only difference relates to the relative energies of the various 

complexes. Our results are consistent with a recent benchmark study that showed these 

methods to reproduce experimental free energies of activation for the reaction of nonheme 

FeIV-oxo with substrates to within 3 kcal mol-1 (Dunford, 1999; Cantú Reinhard, Faponle 

and de Visser, 2016) .   

Finally, as the spin-state ordering of the FeIV-oxo species is sometimes sensitive to the 

choice of the density functional method, we calculated the FeIV-oxo species with several 

methods and procedures. With all methods, apart from BP86, the triplet spin 1IV-O is the 

ground state in agreement with the Mössbauer studies reported above. Despite these 

fluctuations in spin-state energies, previous studies of ours; however, showed that 

changing the density functional method generally does not change regio- and 

stereo-selectivities of a chemical reaction but only affects the relative energies (Cantú 

Reinhard et al., 2016; Yang et al., 2016).  
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Scheme 7.1. Influence of the second coordination sphere on the formation of FeIVO and 

FeIIIOOH intermediates as observed in this work. (with S = H2O or MeOH). 

 

In the triplet and quintet spin states, the 1II-H2O2-a and 1II-H2O2-b structures are close in 

energy with a small preference of the latter at B3LYP level of theory. Well higher in 

energy than these quintet spin H2O2 complexes are the triplet spin states. Therefore, the 

triplet spin 31II-H2O2 will not play a role in the reaction mechanism leading to the 

formation of the FeIV-oxo species. Subsequently, we investigated the proton transfer from 

H2O2 to the dialkylamine group to form an FeII-hydroperoxo intermediate, which is 

negligible from complex 1II-H2O2-b (Figure 7.4) at B3LYP and PBE1PBE level of 

theories.  
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Figure 7. 4. Potential energy landscape for the formation of the FeIVO species 1IV-O 

from the FeII-H2O2 adduct 1II-H2O2 as calculated at UB3LYP/BS2//UB3LYP/BS1 level 

of theory. Energies are in kcal.mol‒1 with ΔEBS2+ZPE data outside parenthesis and 

ΔGBS2 data in parenthesis 

However, in the case of 1II-H2O2-a no direct proton transfer from the terminal OH group 

could be located. Instead, an internal rotation occurs during the geometry scan and 

changes structure 1II-H2O2-a into 1II-H2O2-b.  

The geometry scan converges to a proton transfer intermediate (H+)1II-OOH that shows a 

hydrogen bond between the nascent ammonium group and the proximal oxygen atom. 

The next step leads to the cleavage of the hydroperoxo bond in (H+)1II-OOH. Similarly to 

previous calculations on nonheme Fe complexes (Faponle et al., 2015; Timmins, 

Saint-André and De Visser, 2017), we find a homolytic bond breaking to give a formal 

FeII-oxyl complex and an OH radical.  In particular, we find an electronic configuration 
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with a spin density of 4.2 on the Fe-oxo unit and a down-spin electron (spin density of 

-0.6) on the leaving •OH in support of our characterization of (H+)1II-O•/•OH. The 

calculated reaction barrier for the homolytic cleavage of the O-O bond is ΔG‡ = 8.8 

(B3LYP) and 15.3 (PBE1PBE) kcal.mol-1 via 5TSOO. The latter free energy of activation 

is in perfect agreement with the experimental Eyring values at 298 K of 16.7 kcal.mol-1 

(Figure 7.4). Attempts to swap molecular orbitals to find an FeIV-oxo and an OH- anion 

converged back to a radical situation in all cases and hence corresponds to a higher energy 

pathway.  

In the final reaction step the FeIV-oxo or 1IV-O is formed through a simultaneous electron 

and proton transfer process, namely proton transfer from the pendant ammonium group to 

the OH radical and electron transfer from the FeII-oxyl to •OH. This pathway has a small 

barrier of less than 1 kcal mol-1 above (H+)1II-O•/•OH. Interestingly, the energy surface 

from TSOO to TSPCET is almost flat (the FeII-oxyl •OH intermediate (H+)1II-O•/•OH is high 

in energy), which indicates that these steps will be seen as synchronous and the 

electron/proton transfer may be seen as coincidental with the initial homolytic O-O bond 

scission. 

The structures of 5TSOO, (H+)1II-O•/•OH and 5TSPCET are displayed in Figure 7.4 alongside 

the reaction profile. Clearly seen, particularly in 5TSOO, are H-bond interactions of the 

ammonium group with the distal (1.61 Å) and proximal (2.88 Å) oxygen atoms. As such, 

O-O bond cleavage will be affected by H/D replacement and should lead to a KIE as 

observed experimentally. In conclusion, the computational modeling reveals that the 

activation of H2O2 indeed occurs via an overall heterolytic cleavage of the initial 

FeII-H2O2, as inferred from the experimental data. However, the heterolytic cleavage is 

initiated by a homolytic O-O bond cleavage immediately followed by a 

proton/electron-transfer from the ammonium/FeII-oxyl that forms the FeIV-oxo species 

and releases water. 
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Finally, we tested the same reaction mechanism under low pH conditions, i.e. starting 

from the H2O2 bound complex with protonated dialkylamine chain, (H+)-1II-H2O2-b. 

Thus, these calculations start from 5,3(H+)-1II-H2O2-b and a homolytic O-O bond cleavage 

barrier of ΔG‡ = 8.2 kcal mol-1 splits H2O2 into two OH radicals directly in an exergonic 

step of 3.6 kcal mol-1 to form 5(H+)1III(OH)/•OH. The electronic configuration of the latter 

consists of an FeIII-hydroxo with five unpaired electrons on the metal 

antiferromagnetically coupled to an OH radical. Subsequently, a proton-coupled 

electron-transfer barrier gives the FeIV-oxo species and a water molecule in a highly 

exergonic reaction step. These results are in line with the experimental work reported 

above. In the presence of acid, the substantial barrier for the PCET indicates that the 

nascent free •OH may be easily scavenged by the MeOH solvent leading to the FeIII 

species rather than yielding the FeIV-oxo directly. Our findings are consistent with those 

reported by Hirao et al. for the reaction of [FeII(TMC)]2+ with H2O2 in the absence of base 

(Hirao et al., 2011). 
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7.3 Conclusion  

In summary, we demonstrate that the introduction of a pendant amine group in the second 

coordination sphere of a non heme FeII complex modifies its reactivity toward H2O2 and 

allows the direct formation of an FeIV-oxo intermediate instead of the FeIIIOOH usually 

observed for related complexes lacking this second sphere moiety. To our knowledge, this 

is the first time that such an effect is demonstrated in an intra-molecular fashion. 

Activation parameters measured during the process correlate with the values previously 

associated to heterolytic O-O bond cleavage in the literature. The large (kH/kD) KIE is also 

in good agreement with the involvement of the amine group as an acid/base relay. Our 

mechanism is supported by density functional theory calculations, which shows that the 

mechanism involves a proton transfer from the proximal OH group of H2O2 towards the 

distal one, via the transient protonation of the pendant amine group. More precisely, the 

initial proton transfer to the alkylamine is followed by a homolytic O-O bond cleavage 

accompanied by proton-coupled electron transfer to form the FeIV-oxo species. 
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Abstract 

High-valent metal-hydroxide species have been implicated as key intermediates in 

hydroxylation chemistry catalyzed by heme monooxygenases such as the Cytochrome 

P450s. However, in some classes of P450s, a bifurcation from the typical oxygen rebound 

pathway is observed, wherein the reactive FeIV(OH)(porphyrin) (Cpd-II) species carries 

out a net hydrogen atom transfer reaction to form alkene metabolites. In this work, we 

examine the hydrogen atom transfer (HAT) reactivity of a Cpd-II model complex 

FeIV(OH)(ttppc) (1), tppcc = 5,10,15-tris(2,4,6-triphenyl)-phenyl corrole, towards 

substituted phenol derivatives. The iron hydroxide complex 1 reacts with a series of 

para-substituted 2,6-di-tert-butylphenol derivatives (4-X-2,6-DTBP; X = OMe, Me, Et, H, 

Ac), with second order rate constants k2 = 3.6(2)–1.21(3) x 104 M-1 s-1, and  yielding 

linear Hammett and Marcus plot correlations. Based on mechanistic analyses, including 

a KIE = 2.9(1) and DFT calculations, a rate-determining O–H cleavage occurring 

through a concerted HAT mechanism is concluded. Comparison of the HAT reactivity of 1 

to the analogous Mn complex, MnIV(OH)(ttppc), where only the central metal ion is 

different, indicates a faster HAT reaction and a steeper Hammett slope for 1. The O–H 

bond dissociation energy (BDE) of the MIII(HO-H) complexes were estimated from a 

kinetic analysis to be 85 and 89 kcal mol-1 for Mn and Fe, respectively. These estimated 

BDEs are closely reproduced by DFT calculations and are discussed in the context of how 

they influence the overall H-atom transfer reactivity.  
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8.1 Introduction  

The design and development of well-defined, observable synthetic models of highly 

reactive metal–oxygen intermediates has helped elucidate the mechanisms of oxidation 

reactions catalyzed by metalloenzyme (Sahu and Goldberg, 2016; Zaragoza and 

Goldberg, 2018). For example, synthesis of biomimetic high-valent metal-oxo complexes 

and examination of their hydrogen atom transfer (HAT) reactivity has provided insights 

into the ground-state thermodynamics of related biological oxidations, as well as 

information for the design of synthetic catalysts (McDonald and Que, 2013; Nam, Lee and 

Fukuzumi, 2014; Engelmann, Monte-Pérez and Ray, 2016; Baglia, Zaragoza and 

Goldberg, 2017; Sacramento and Goldberg, 2018). Heme enzymes are biological catalysts 

that perform a large variety of oxidation reactions in nature. Cytochrome P450 (CYP), in 

particular, is a heme monooxygenase that activates inert C-H bonds via a high-valent 

iron-oxo intermediate, Compound I (Cpd-I) (Denisov et al., 2005; Makris et al., 2006; 

Ortiz De Montellano, 2010; Rittle and Green, 2010; Poulos, 2014; Huang and Groves, 

2017). The rate determining step for this reaction is the HAT from the C-H substrate to 

Cpd-I to form Compound II (Cpd-II), an iron(IV)-hydroxide species (Scheme 8.1). The 

subsequent step, which is rapid, is the rebound of the •OH group to the incipient carbon 

radical to form the hydroxylated substrate. Indeed, many of the studies of HAT involving 

model systems have focused on the reactivity of metal-oxo complexes and the 

thermodynamic analysis of the O-H bond of the metal-hydroxide intermediate formed 

during the HAT reaction. However, CYP monooxygenases, and the related CYP 

peroxygenases, can perform desaturation and C-C bond cleaving reactions in addition to 

hydroxylation, where their pathways can bifurcate at the Cpd-II state between oxygen 

rebound and HAT mechanisms. Desaturation reactions result in the formation of toxic 

alkene metabolites (Scheme 8.1). Conversion of valproic acid to 4-ene valproic acid 

(Rettie et al., 1987, 1988, 1995), ethyl carbamate to vinyl carbamate (Guengerich and 

Kim, 1991), testosterone to 17β-hydroxy-4,6-androstadiene-4-one (Nagata et al., 1986), 
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lauric acid to 11-dodecenoic acid (Guan et al., 1998), and decarboxylation of fatty acids to 

terminal alkenes (specifically by OleTJE) (Rude et al., 2011; Belcher et al., 2014; Liu et 

al., 2014; Amadio et al., 2015; Faponle, Quesne and De Visser, 2016; Grant, Mitchell and 

Makris, 2016; Hsieh et al., 2017) are just some of the examples of this CYP-mediated 

desaturation reactions.  

 

Scheme 8.1. Divergent Oxidation Pathways for CYP Cpd-II, and Examples of 

Desaturation Reactions Mediated by CYPs.  

 

While substrate positioning in the active site binding pocket has been implicated to play a 

key role in selection of rebound hydroxylation versus HAT pathways for Cpd-II in CYPs 

(Faponle, Quesne and De Visser, 2016; Pickl et al., 2019), the fundamental electronic and 
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structural factors that ultimately control these pathways remain poorly understood. 

Ground state thermodynamic properties are often invoked as key factors in controlling 

HAT by high-valent metal-oxo complexes. Along these lines, the ground state 

thermodynamics related to the HAT reactivity of Cpd-II can be assessed from the 

BDE(O-H) of the expected ferric-aquo product (FeIII(H2O)(porph)(cys)). Few such BDE 

values are available from experiment on heme enzymes, but a BDE(O-H) of 90 kcal mol-1 

was recently reported in one case for the FeIII(H2O) species in  CYP158 (Mittra and 

Green, 2019).  

In contrast, the FeIII(H2O) form of the heme enzyme aromatic peroxygenase (APO) was 

characterized as having a much lower BDE of 81 kcal/mol, despite  the similarity of this 

thiolate-ligated heme active site with that of Cys-bound CYP.  The corresponding O-H 

bond strength in the ferric hydroxide form of horseradish peroxidase (HRP), which 

contains a neutral His axial ligand trans to the OH group, is 85 kcal/mol as derived from 

the FeIV(O)/FeIII(OH) redox potential(Hay and Wadt, 1985) (Hayashi and Yamazaki, 

1979). Such a wide range in similar porphyrin ferric O-H bond strengths indicates that 

there are likely subtle, as yet unidentified factors regarding the metal ion active site that 

can affect this value and ultimately influence HAT reactivity. Given the challenges in 

characterizing these species in the native, enzymatic systems, we have set out to develop 

well-defined synthetic FeIV(OH)/FeIII(H2O) porphyrinoid complexes that should allow for 

an examination of their reactivity and related thermodynamics. Such compounds, in heme 

or nonheme systems, are extremely rare. We previously reported the synthesis of 

FeIV(OH)(ttppc) (ttppc = 5,10,15-tris(2,4,6-triphenyl)-phenyl corrole) (1) and its 

reactivity towards para-X substituted trityl radical derivatives in efforts to model the 

radical rebound step leading to C-O bond formation (Zaragoza et al., 2017).       Kinetic 

studies indicated that the radical rebound step was a concerted, charge neutral process. It 

should be noted that with triarylcorrole ligands, the electronic ground state of formally 

FeIV and MnIV corroles has been described as varying between the two canonical valence 
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tautomers, MIII(X)(corrole+•) and MIV(X)(corrole), depending on the axial ligand X 

(Ganguly et al., 2017, 2018).  

Conclusive characterization of the ground electronic state of these compounds is 

challenging, and complex 1 and the analogous Mn(OH)(ttppc) will be described as 

metal(IV) hydroxide complexes throughout this work for simplicity.  Since our original 

report, the complex FeIV(OHn)(TAML) (TAML = tetra-amido macrocyclic ligand) was 

recently reported (Weitz et al., 2019), as well as a non-heme FeIII(OH) complex that 

demonstrated both radical rebound and hydrogen atom transfer reactivity (Drummond et 

al., 2019).  

Herein the H-atom transfer reactivity of FeIV(OH)(ttppc) (1) with a series of phenol 

derivatives is described, providing a mechanistic analysis of HAT reactivity. The 

synthesis and structural characterization of FeIII(H2O)(ttppc) (2), the corresponding HAT 

product, was also accomplished. Hammett and Marcus plot analyses, together with kinetic 

isotope effect (KIE) measurements, provide detailed insight into how the HAT reaction 

proceeds. A direct comparison with the reactivity of MnIV(OH)(ttppc), combined with 

computational analyses of the reaction trajectories of these two high-valent metal 

hydroxide complexes, enabled assessment of how the central metal ion (Mn vs Fe) tunes 

the H-atom transfer reactivity. The experimental and computational studies on 1, along 

with work on the analogous Mn complex MnIV(OH)(ttppc), provide novel insights into the 

thermodynamic properties that govern the reactivity of metal hydroxide species towards 

H-atom donors. 
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8.2 Results and Discussion  

8.2.1 Synthesis and Structural Characterization of an FeIII(H2O) Complex.   

 

Figure 8.1. Displacement ellipsoid plot (35% probability level) for FeIII(H2O)(ttppc) (2) 

at 110(2) K. H atoms (except for those attached to O1) are omitted for clarity. 

 

The synthesis of FeIII(H2O)(ttppc) (2), the expected H-atom abstraction product of 

FeIV(OH)(ttppc) (1), was prepared by ligand exchange of the previously synthesized 

FeIII(OEt2)2(ttppc) (Zaragoza et al., 2017) with H2O, followed by  

fluorobenzene/n-pentane vapor diffusion to give single crystals for X-ray diffraction. The 

molecular structure of FeIII(H2O)(ttppc) (2) is shown in Figure 8.1. The structure of 2 

shows an Fe–O bond distance of 2.126(2) Å, much longer as compared to that of 1 (Fe–O 

= 1.857(3) Å, Table S1). The Fe–O bond distance for 2 is similar to other 

well-characterized mononuclear FeIII(H2O) units in porphyrin (2.012(2) – 2.084(4) Å) 

(Cheng et al., 1994; Ohgo et al., 2006; Xu, Powell and Richter-Addo, 2011) and 

tetra-amido macrocyclic ligand scaffolds (TAML) (2.097(2) – 2.1102(18) Å) (Ghosh et 

al., 2003; Ellis et al., 2010).  
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The X-ray structure of 2 is the first example of an H2O-bound iron(III) corrole, which are 

typically isolated with NO, Et2O, or pyridine axial ligands (Makris et al., 2006; Rittle and 

Green, 2010; Huang and Groves, 2017). The frozen solution EPR spectrum of 2 shows an 

intense signal at g = 4.29 consistent with an intermediate spin (S = 3/2) FeIII metal center, 

similar to FeIII(OEt2)2(ttppc) in toluene (Figure S1) (Zaragoza et al., 2017). An Evans 

method measurement of 2 gives µeff = 3.6(1) µB, (spin-only µeff = 3.87 µB for S = 3/2) 

further supporting the spin state assignment. It should be noted that we are not able to 

unambiguously determine the extent to which H2O remains coordinated for the EPR and 

Evans method measurements in toluene. For comparison, the analogous 

MnIII(H2O)(ttppc) (Zaragoza, Siegler and Goldberg, 2018) has a much longer 

metal-oxygen bond distance of 2.2645(18) Å, likely due to Jahn-Teller distortion for the 

high-spin MnIII ion (Blomberg and Siegbahn, 1997).  

8.2.2 Reaction of FeIV(OH)(ttppc) (1) with H-atom Transfer Reagents  

Initial studies on the HAT reactivity of 1 began with C-H substrates.  Reaction of 1 with 

9,10-dihydroanthracene (DHA), a common H-atom donor with a relatively weak C-H 

bond (BDE = 76.3 kcal mol-1) was carried out (Stein and Brown, 1991). Preliminary 

UV-visible spectroscopy measurements showed that 1 reacts with DHA in toluene at 23 

˚C, although the reaction is very slow (<5% decay to FeIII(H2O)(ttppc) (2) over 5 h). In 

contrast, reaction of 1 with 2,4-di-tert-butylphenol (2,4-DTBP) (toluene, 23 ˚C) results in 

rapid formation of 2, as observed by UV-vis spectroscopy. Product analysis of the 

reaction solution by gas chromatography (GC-FID) led to detection of the bis(phenol) 

dimer product 3,3′,5,5′-tetra-tert-butyl-(1,1′-biphenyl)-2,2′-diol in good yield (67(1) %), 

consistent with a 1:1 stoichiometry for oxidation of the phenol substrate by the iron 

complex 1.  

Having demonstrated the proficiency of 1 in cleaving the phenolic O-H bond in 

2,4-DTBP, we employed a series of para-substituted 2,6-di-tert-butylphenol derivatives 

(4-X-2,6-di-t-Bu-C6H2OH; X = OMe, tBu, Et, Me, H) as H-atom transfer substrates. 
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Variation of the para substituents allowed us to measure the influence of the electronic 

and thermodynamic properties of the phenol derivatives on the H-atom transfer reactivity 

(Figure 8.2a). A direct comparison with the reactivity of MnIV(OH)(ttppc) can also be 

made, providing an opportunity to assess how the central metal ion (Mn vs Fe) affects the 

reactivity towards hydrogen atom donors. Reaction of 1 with a series of para-substituted 

phenols were carried out similarly to the reaction of 1 with 2,4-DTBP. A solution of 1 and 

excess 4-methoxy-2,6-di-tert-butylphenol (4-OMe-2,6- DTBP) (5.4 equiv) was analyzed 

by X -band electron paramagnetic resonance (EPR) spectroscopy (16 K), and gave EPR 

signals corresponding to FeIII(H2O)(ttppc) (2) (g = 4.29) and phenoxyl radical (g = 2.0) 

(Figure S2). These data showed 1 reacts with 4-OMe-2,6-DTBP in accordance to the 

scheme in Figure 8.2a. The reaction kinetics of 1 with 4-OMe-2,6-DTBP was monitored 

by stopped-flow UV-vis spectroscopy, showing isosbestic conversion of 1 to 2 within 1s 

(Figure 8.2b). Pseudo-first order conditions (>10-fold equiv substrate) were employed, 

and led to single exponential curves that were fit to up to five half-lives. The resulting 

observed rate constant (kobs) varied linearly with phenol concentration, yielding a second 

order rate constant (k2) of 1.21(3) x 104 M-1 s-1. A kinetic isotope effect (KIE) was 

determined by reaction of 1 with the ArOD isotopologue of 4-OMe-2,6-DTBP. A 

significant KIE of 2.9(1) was measured, indicating that the rate-determining step involves 

O–H cleavage.        

The second-order rate constants (k2) for the other para-substituted 2,6-DTBP derivatives 

were obtained in a similar fashion (Figures S3-S8) and are listed in Table 1 together with 

their thermodynamic parameters (Hammett constants σ+
p, re dox potentials, and BDEs). It 

should be noted that Eox values listed in Table 1 where obtained in acetonitrile, however 

we obtain a good correlation between our measured k2 values in toluene and the Eox values 

from CH3CN. In each case, isosbestic conversion of 1 to the FeIII(H2O) product 2 was 

rapid and varied over two orders of magnitude (k2 = 3.6(2) – 1.21(3) x 104 M-1s-1).  
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Figure 8.2. a) Reaction of FeIV(OH)(ttppc) with para-X-substituted 

2,6-di-tert-butylphenol derivatives. b) Time-resolved UV−vis spectral changes observed 

in the reaction of 1 (15 μM) with 4-OMe-2,6-DTBP (0.52 mM) in toluene at 23 °C. 

Inset: changes in absorbance vs time for the growth of 2 (575 nm) (green circles) with 

the best fit line (black). c) Plot of pseudo-first order rate constants (kobs) vs 

[4-OMe-2,6-DTBP] for the OH (black) and OD (blue) phenol isotopologues. 
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Table 8.1. Second order rate constants for the reaction between FeIV(OH)(ttppc) (1) and 

para-X-substituted phenol derivatives, Hammett σ+ constants, redox potentials and 

BDEs of 4-X-2,6-DTBP. 

 k2 (M
-1 s-1) σ+

p
 a Eox

b (Vvs Fc+/0) BDEc (kcal mol-1) 

-OMe 1.21(3) x 104 -0.78 0.53 78.3 

-OMe (OD) 4.2(1) x 103 --- 0.59 --- 

-Me 2.0(1) x 103 -0.31 0.81 81.0 

-Et 3.2(3) x 103 -0.29 0.88 --- 

-H 83(3) 0.00 1.07 82.8 

-Ac 3.6(2) -- -- 84.4 

a Reference (Hansch, Leo and Taft, 1991).  

b in CH3CN (Lee et al., 2014).  

c in benzene (Lucarini et al., 1996). 
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Figure 8.3. Comparison of a) Hammett, b) Marcus, and c) log k2 vs BDE plots for the 

reaction of FeIV(OH)(ttppc) (1) (red circles/squares, in toluene) or MnIV(OH)(ttppc) 

(blue circles/squares, in benzene) with 4-X-2,6-DTBP. Kinetic data for MnIV(OH)(ttppc) 

from previous work (Zaragoza, Siegler and Goldberg, 2018)
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8.2.2 Comparison of the Reactivity of FeIV(OH)(ttppc) (1) and MnIV(OH)(ttppc) 

with Phenol Derivatives.  

Hammett analysis of the kinetic data for 1 (Figure 8.3a, red circles) showed a decrease in 

the rate constants with the more electron-deficient phenol, with a slope of ρ+ = -2.6(8). 

This slope is higher as compared to that of MnIV(OH)(ttppc) (ρ+ = - 1.4(2)) (Figure 8.3a, 

blue circles), implying a relatively greater charge separation in the HAT transition state 

for the Fe vs the Mn complex. A Marcus plot analysis, which provides information on the 

involvement of electron transfer on the rate-determining step of the reaction, was also 

performed. A slope of ~ -0.5 is predicted for the plot of (RT/F) ln k2 vs Eox (where k2 is the 

second order rate constant and Eox is the redox potential of the substrate being oxidized) 

for reactions with a rate-determining electron transfer step, provided that ΔG˚ET/λ is close 

to zero (Marcus and Sutin, 1985).   

A slope of -0.19(6) was obtained for 1 (Figure 8.3b, red squares), close to the values 

obtained for HAT reactions of a Cu-superoxo complex (slope = -0.29) (Lee et al., 2014), 

and MnIV(OH)(ttppc) (slope = -0.12) (Figure 8.3b), in which a concerted H-atom transfer 

is invoked. Plotting the log k2 for 1 vs the bond dissociation energy (BDEs) of O–H bond 

of the phenol substrate (Figure 8.3c) also show a good correlation, with a slope of 

-0.58(1). This slope is larger than that for MnIV(OH)(ttppc) (slope = -0.25(3)), showing 

that the FeIV(OH) complex is more sensitive to the changes in BDEs of the O-H bond 

being broken. However, it must be noted that the range of BDEs for the O-H substrates is 

small, and therefore caution must be used in the interpretation of these data. This 

difference in slope implies that MnIV(OH)(ttppc) will exhibit larger rate constants than 1 

when reacting with O-H substrates having sufficiently high BDEs (> ca. 85 kcal mol-1). A 

similar reversal in relative rate of HAT for a non-heme MnIV(O) versus an analogous 

FeIV(O) complex was recently described (Kaizer et al., 2004; Wu et al., 2011; Massie et 

al., 2018). Taken together, the data suggest a rate-limiting H-atom transfer reaction for 

complex 1 with phenolic (O-H bond) substrates. It is reasonable to conclude that the HAT 
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reaction proceeds in a concerted manner but with a partial transfer of charge, rather than 

stepwise PT/ET or ET/PT pathways.  

8.2.3 Comparison of HAT Reactivity with Other Oxidants, and Estimation of BDEs 

from the Kinetics Data  

The rate constants for the oxidation of 4-X-2,6-DTBP (X = OMe, Me, H) by 

FeIV(OH)(ttppc) (1) and MnIV(OH)(ttppc) can be compared to the previously reported rate 

constants for substituted phenol oxidation by various metal-oxo and metal-hydroxo 

complexes, as well as a photolytically-generated t-BuO• radical (Table 8.2) (Lansky and 

Goldberg, 2006; Sastri et al., 2007; Wijeratne et al., 2014). In general, the rate constants 

for 1 are orders of magnitude larger than those for Mn- and Fe-oxo and hydroxo 

complexes. Although the high-valent FeIV(oxo) complexes in Table 8.2 may be among the 

weaker FeIV(O) oxidants, it is still interesting to note that 1, a terminal hydroxide complex, 

is a significantly more reactive oxidant for the electron-rich phenols. 

 

  

Figure 8.4. Plot of log k2 for the reaction of metal-oxo/hydroxo complexes and tBuO• 

with 4-Me-2,6-t-Bu-phenol (22-25 ˚C) vs BDE(O-H) of the O-H bond formed. 
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An Evans-Polanyi plot (Figure 8.4) shows good correlation of the 4-Me-2,6-DTBP 

reaction rates of these complexes with the BDE(O-H) of the HAT reaction product. To 

calibrate this relationship, a line was fit to the plot of rate constants (log k2) of similar 

compounds whose BDE(O-H) values are determined experimentally or calculated by 

DFT methods.  Based on this plot (Figure 8.4), BDEs of 85 and 89 kcal mol-1 are 

predicted for MnIII(HO-H)(ttppc) and FeIII(HO-H)(ttppc) (2) respectively. A similar 

linear correlation was obtained when the log k2 vs BDE (Figure S9) for 4-H-2,6-DTBP 

was plotted.      

8.2.4 Computational Studies on the HAT Mechanism.  

Density functional theory (DFT) calculations were done using extensively tested and 

benchmarked methods, which have been shown to reproduce experimental BDEs within 

two kcal mol-1 (Kumar et al., 2010; Visser, 2010; Cantú Reinhard, Faponle and de Visser, 

2016).We began by calculating the reaction mechanism of FeIV(OH)(ttppc) (1) and 

MnIV(OH)(ttppc) with the 4-H-2,6-DTBP substrate. Starting with the reactants, both 

complexes are charge neutral and were studied with the complete ttppc ligand included 

with odd (for Fe) or even (for Mn) multiplicity. The [FeIV(OH)(ttppc)] complex is in a 

triplet spin ground state with the quintet and singlet spin states of ΔG = 3.7 and 15.4 kcal 

mol‒1 higher in energy (Table S8). With manganese as the central metal ion, the ground 

state is the quartet spin state, while the doublet and sextet spin states are ΔE+ZPE = 21.3 

and 8.0 kcal mol‒1 higher (Table S10). The group spin densities of 3[Fe(OH)(ttppc)] 

indicate approximately three unpaired electrons on the iron (ρFeOH = 2.79) 

antiferromagnetically coupled to one unpaired electron on the ttppc ligand (ρtppcc = ‒0.80) 

in an a2u type orbital. These spin densities are more consistent with the 

3[FeIII(OH)(ttppc+•)] valence tautomer. This is an unusual configuration as previous work 

on substrate oxidation by cytochrome P450s almost in all cases found an 

iron(IV)-hydroxo(heme) intermediate, i.e. 3[FeIV(OH)(heme)] (Visser, Sharma and Shaik, 

2002; Faponle, Quesne and De Visser, 2016).  
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We attempted to calculate the energy difference between the FeIII(OH)(ttppc+•) and the 

FeIV(OH)(ttppc) structures by swapping the molecular orbitals to obtain a structure with 

triplet spin configuration δx2-y2
2 π*xz

1 π*yz
1 σ*z2

0 a1u
2 a2u

2, designated as 

3[FeIV(OH)(ttppc)]. Unfortunately, however, during the SCF convergence the state 

relaxed back to the 3[FeIII(OH)(ttppc+•)] state. Previous studies on iron-hydroxo(corrole) 

complexes also found the 3[FeIV(OH)(ttppc)] state to be inaccessible due to higher energy 

(Latifi et al. 2012). The ground state calculations for the manganese complex gives spin 

densities consistent with a similar description, i.e. 4[MnIII(OH)(ttppc+•)]. The bond 

distances from the DFT optimized structures for 3[FeIII(OH)(ttppc+•)] (Figure S10, Table 

S2) and 4[MnIII(OH)(ttppc+•)] (Figure S11, Table S3), as well as the reaction products 

4[FeIII(H2O)(ttppc)] (Figure S12, Table S4) and 3[MnIII(H2O)(ttppc)] (Figure S13, Table 

S5), are all in good agreement with the experimentally obtained bond distances from the 

X-ray crystal structures of these complexes. While the DFT-optimized structures for 1 and 

the Mn analog suggest a metal(III)(corrole+•) structure, a definitive electronic structure 

assignment cannot be made from the available structural and spectroscopic data.  

Geometrically, the transition states are relatively central with almost equal FeO–H vs 

H–OPh and MnO–H vs H–OPh distances. In particular, short FeO–H/MnO–H distances 

of 1.158/1.183 Å are found, while the H–O distance with the phenol is 1.267/1.242 Å. 

Consequently, the iron and manganese structures are very similar. The transition states are 

early and have an electronic structure close to the reactants, with only about 20% 

charge-transfer (ρSub = -0.18/-0.20 in 3TSHA,Fe/
4TSHA,Mn). These results match the 

Hammett and Marcus plots reported above that excluded a separation of proton and 

electron transfer through either ET/PT or PT/ET pathways. Indeed, the electron transfer is 

simultaneous with proton transfer and indicates an HAT mechanism for the reaction. 

These spin and charge distributions in the transition states match those calculated 

previously for desaturation reactions by CYPs (Li et al., 2017; Pickl et al., 2019). To 

calculate the contribution of the secondary coordination sphere effect of the sterically 

hindered ligand ttppc (5,10,15-tris(2,4,6-triphenyl)phenyl corrole) to the HAT reaction, 
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we also ran transition state calculations with a hypothetical bare corrole, with the 

substituents on the 5,10,15- positions replaced with hydrogen atoms. Based on the 

potential energy landscape for the HAT reaction, the barrier drops considerably by 3.6 

kcal mol-1 for 3[Fe(OH)(corrole)] and by 5.3 kcal mol-1 for 4[Mn(OH)(corrole)]. The 

second-coordination sphere effect of the bulky phenyl groups appears to increase the HAT 

barrier and facilitate the direct observation of these kinetically transient chemical steps. 

The larger increase in barrier for the Mn(OH) species upon incorporation of steric bulk 

around the metal-hydroxo unit is intriguing, given that the transition state structures for 

the two species are similar.  

 

 

Figure 8.5. UB3LYP/BS2 optimized transition state geometries in solvent for the 

hydrogen atom abstraction from para-H-2,6-DTBP by FeIV(OH)(ttppc) and 

MnIV(OH)(ttppc). Bond lengths are in angstroms, energies contain zero-point energy and 

solvent corrections and are in kcal mol-1.  
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8.2.5 Calculation of Bond Dissociation Energies (BDEs) from Density Functional 

Theory (DFT) 

Bond dissociation energies (BDEOH) were calculated from the following reaction: 

MIII(H2O)(L)  MIV(OH)(L) + H• + BDEOH, and taken as the energy difference of the 

electron affinity (EA) of the metal(IV)-hydroxide complex, the experimental ionization 

energy of a hydrogen atom (IEH) (Lias, 2005) and the acidity (ΔGacid) of the 

metal(III)-aquo complex (Figure S15) in their respective solvents (toluene for Fe and 

benzene for Mn). Our calculated BDEOH values (with ZPE included) match the predicted 

values well, with BDEOH (MnIII(H2O)(ttppc)) = 83.7 kcal mol-1 (in benzene), and BDEOH 

(FeIII(H2O)(ttppc)) = 88.5 kcal mol-1 (in toluene) (Table S19-20). The difference between 

these two values comes from a larger electron affinity of the iron(IV)-hydroxo complex 

(by 12.1 kcal mol-1), which is partially cancelled by a larger acidity (by 7.3 kcal mol-1) of 

the iron(III)-aquo complex. This relative reactivity for directly analogous Fe vs Mn 

complexes has been similarly observed in comparisons of FeIV(O) vs MnIV(O) non-heme 

complexes, where FeIV(O) species are much more reactive towards HAT substrates, due 

to their larger redox potential (Chen et al., 2015; Denler et al., 2019). Similarly, for 

porphyrin and porphyrin-type complexes, FeIV(O)(porphyrin•+) species have been shown 

to be much reactive towards HAT reactions vs the analogous MnV(O) species in the same 

ligand environment (Baglia, Zaragoza and Goldberg, 2017) .In contrast, previous 

thermodynamic analysis of H-atom transfer reactions of MnV(O) vs CrV(O) corrolazines 

revealed that the basicity of the MIV(O) (M = Mn, Cr) intermediate controls the H-atom 

transfer reactivity for these reactions (Baglia et al., 2015). In the case of H-atom transfer 

reactions of MIV(OH)(ttppc) (M = Fe, Mn) studied here, the larger redox potential of the 

FeIV(OH) complex seem to have a larger effect on its faster H-atom transfer reactivity in 

comparison to MnIV(OH)(ttppc).  
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8.3 Summary and Conclusions  

The hydrogen atom transfer reactivity of FeIV(OH)(ttppc) (1), a Cpd-II analog, was 

described. It is capable of the rapid oxidation of phenol derivatives by H-atom abstraction 

of the O-H bond, and is more reactive than the other high-valent metal-hydroxo oxidants 

and the weakly oxidizing FeIV(O)(TMC) complexes given in Table 8.2 as tested against 

the same substrates. It also reacts more rapidly than the analogous MnIV(OH)(ttppc) 

complex, providing a direct comparison of the oxidizing power of Fe(OH) versus 

Mn(OH) species at the same oxidation level and in identical ligand environments. The 

final HAT product, FeIII(H2O)(ttppc), was also definitively characterized by XRD.  

The kinetic analyses and computational studies provide strong support for a mechanism of 

phenol oxidation by 1, and its Mn analog, that involves a concerted, rate-determining 

HAT step. The calculations suggest a modest amount of charge transfer in the transition 

state, and this finding is in line with the weak Hammett and Marcus plot slopes. A plot of 

BDE(O-H) values for M(O(H)) complexes versus log k2 for the oxidation of 

4-Me-2,6-di-tert-butyl phenol is linear, and provides a means to estimate the BDE(O-H) 

values for the FeIII(H2O) and MnIII(H2O) ttppc complexes from kinetics data. These 

estimated values are BDE(FeIII(HO-H)) = ~89 kcal mol-1 and BDE(MnIII(HO-H)) = ~85 

kcal mol-1, and DFT calculations fully support these values. The estimated BDE(O-H) for 

FeIII(H2O)(ttppc) is strikingly similar to the BDE(O-H) recently reported for the 

FeIII(H2O) form of CYP158 (90 kcal mol-1) (Mittra and Green, 2019). However, it should 

be noted that the BDE(O-H) calculations here are  2 kcal mol-1 at best from the error in 

DFT calculations and kinetic measurements. Taken together, these data suggest that 1 is a 

viable model for Cpd-II in CYP.  

The BDE(O-H) values for the FeIII(H2O) and MnIII(H2O) complexes align with the 

relative HAT reactivity exhibited by 1 and the Mn analog, and suggest that it is the overall 

thermodynamic driving force for these reactions, determined by the BDE(O-H) values, 
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that is a key factor in controlling the reaction rates of phenol oxidation. However, 

examination of the log k2 versus the phenol BDE(O-H) plots for 1 and the Mn analog 

show that 1 is much more reactive toward the electron-rich phenols, but is only modestly 

more reactive toward the stronger O-H bond substrates. In fact, the relative reactivities for 

Fe versus Mn should invert with substrates that have O-H bonds much stronger than the 

83 kcal mol-1 reported for the para-H derivative. This hypothetical switch in relative 

reactivities, as expressed in the different slopes of log k2 versus BDE(OH) for Fe and Mn, 

suggest that the BDE(O-H) of the metal-bound water ligand, and hence the 

thermodynamics of the overall HAT reaction, are not the only predictors of efficient 

H-atom transfer reactivity for a high-valent metal-oxo/hydroxo species. 

The FeIV(OH) complex 1 is capable of H-atom abstraction, as shown with the phenols in 

this study, and is also capable of hydroxyl radical transfer to carbon radicals to give 

hydroxylated product  as seen in the model “rebound” reactions described previously 

(Zaragoza et al., 2017). These findings may give some insight regarding the selection of 

iron, as opposed to other redox-active, earth-abundant metals such as manganese, as the 

metal of choice in heme monoooxygenases. The iron center appears to be an efficient and 

versatile oxidant in a variety of oxidation and protonation states. 
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8.4 Experimental Section  

8.4.1 Materials 

All chemicals were purchased from commercial sources and used without further 

purification unless otherwise stated. Reactions involving inert atmosphere were 

performed under Ar using standard Schlenk techniques or in an N2-filled dry box. 

Toluene, dichloromethane, acetonitrile, and diethyl ether were purified via a Pure-Solv 

solvent purification system from Innovative Technologies, Inc. Benzene, ethyl acetate, 

and fluorobenzene were obtained from commercial sources. Deuterated solvents for NMR 

were purchased from Cambridge Isotope Laboratories, Inc (Tewksbury, MA). The 

4-X-2,6-di-tert-butyl-phenol derivatives were recrystallized twice in ethanol (X = OMe, 

Me), acetonitrile (X = Et) or n-pentane (X = H), and dried under vacuum. The 

mono-deuterated 4-OMe-2,6-di-tert-butylphenol was synthesized using a previously 

published procedure (Kundu et al., 2014). FeIV(OH)(ttppc) was synthesized and purified 

as previously reported (Zaragoza et al., 2017). The dark-red complex FeIII(OEt2)2(ttppc) 

was synthesized by reduction of FeIV(Cl)(ttppc), following a previously published report 

(Zaragoza et al., 2017).  

8.4.2 Instrumentation  

Kinetics and other UV-vis measurements were performed on a Hewlett-Packard Agilent 

8453 diode-array spectrophotometer with a 3.5 mL quartz cuvette (path length = 1 cm). 

For reactions with total reaction time of <10 seconds, stopped-flow experiments were 

carried out using a HiTech SHU-61SX2 (TgK scientific Ltd.) stopped-flow 

spectrophotometer with a Xenon light source and Kinetic Studio software. 1H NMR 

spectra were recorded on a Bruker Avance 400 MHz NMR spectrometer at 298 K, and 

referenced against residual solvent proton signals. Electron paramagnetic resonance 

(EPR) spectra were recorded with a Bruker EMX spectrometer equipped with a Bruker 

ER 041 X G microwave bridge and a continuous-flow liquid helium cryostat (ESR900) 
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coupled to an Oxford Instruments TC503 temperature controller for low temperature data 

collection. Laser desorption ionization mass spectrometry (LDI-MS) was conducted on a 

Bruker Autoflex III MALDI ToF/ToF instrument (Billerica, MA) equipped with a 

nitrogen laser at 335 nm using an MTP 384 ground steel target plate. The instrument was 

calibrated using peptide standards of known molecular weights. Gas chromatography 

(GC-FID) was carried out on an Agilent 6890N gas chromatograph fitted with a DB−5 5% 

phenylmethyl siloxane capillary column (30 m × 0.32 mm × 0.25 μm) and equipped with 

a flame-ionization detector. Elemental analysis was performed at Atlantic Microlab, Inc., 

Norcross, GA. Cyclic voltammetry was performed on an EG&G Princeton Applied 

Research potentiostat/galvanostat model 263A with a three-electrode system consisting of 

a glassy carbon working electrode, a Ag/AgNO3 non-aqueous reference electrode (0.01 M 

AgNO3 with 0.1 M Bu4NPF6 in CH3CN), and a platinum wire counter electrode. 

Potentials were referenced using an external ferrocene standard. Scans were run under an 

Ar or N2 atmosphere at 23 °C using Bu4NPF6 (0.1 M) as the supporting electrolyte.  

8.4.3 FeIII(H2O)(ttppc) (2) 

Distilled H2O (0.5 mL) was added to a solution of FeIII(OEt2)2(ttppc) in fluorobenzene (2 

mL). Vapor diffusion of pentane to this biphasic solution led to the slow formation of dark 

red blocks (55 mg, 56% yield) after one week. UV-vis (C6H6): λmax, nm (ε x 104 M-1 cm-1): 

344 (3.29), 429 (7.27), 578 (1.35), 764 (0.24); 1H-NMR (400 MHz, benzene-d6): 35.1 (s, 

br), 12.4 (s, br), 12.3 (s, br), 10.8 (s, br), 8.3 (s, br), 6.0 (s, br), 4.98 (s, br), 4.66 (s, br), 

-19.0 (s, br), -35.1 (s, br), -61.6 (s, br), -69.0 (s, br) δ (ppm); IR (KBr): 3580 (w, O-H), 

3512 (vw, O-H), 3055 (m), 3028 (m), 1593 (s), 1556 (w), 1491 (s), 1443 (m), 1424 (w), 

1394 (w), 1362 (w), 1332 (m), 1296 (m), 1214 (s), 1180 (w), 1154 (m), 1075 (m), 1045 

(sh), 1020 (s), 984 (s), 916 (w), 885 (s), 851 (w), 821 (w), 794 (m), 750 (vs), 695 (vs), 637 

(m), 609 (w), 574 (m), 537 (m), 499 (m), 443 (w); LDI-MS (m/z): isotopic cluster 

centered at 1264.6 ([M – H2O]+). Anal. Calcd. for C91H59N4Fe•H2O•2C6H5F: C, 81.33; H, 

5.07; N, 3.91. Found: C, 81.53; H, 4.80; N, 4.05.; µeff = 3.6(1) µB (Evan’s Method). EPR: 

g = 4.29 (16 K). 
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8.4.4 Reaction of FeIV(OH)(ttppc) with 2,4-di-tert-butylphenol 

8.4.4.1 Product Analysis 

Under an inert atmosphere, a solution of FeIV(OH)(ttppc) in benzene (2.1 mM, 500 µL) 

was combined with 2,4-di-tert-butylphenol (0.132 mmol, 126 equiv), and 3.4 mg of 

eicosane (6 mM) as an internal standard. The reaction mixture was stirred and monitored 

by UV-vis spectroscopy, which showed complete, instantaneous conversion of 

FeIV(OH)(ttppc)(1) to FeIII(H2O)(ttppc) (2). An aliquot of the reaction mixture was 

injected directly onto the GC for analysis. The phenol oxidation product 

3,3′,5,5′-tetra-tert-butyl-(1,1′-biphenyl)-2,2′-diol was identified by GC in comparison 

with an authentic sample, and quantified by integration of the peak and comparison with a 

calibration curve constructed with eicosane. The analysis was performed in triplicate. 

Average yield = 67(1)% based on the reaction stoichiometry of 0.5 equiv of phenol 

oxidation product per 1.0 equiv of FeIV(OH)(ttppc). 

8.4.4.2 Kinetics 

To a solution of FeIV(OH)(ttppc) (15 µM) in toluene, varying amounts of 

4-X-2,6-di-tert-butylphenol (X = OMe, Me, Et, H) (0.1 – 0.6 mM) in toluene were added 

to start the reaction. The spectral changes showed isosbestic conversion of 

FeIV(OH)(ttppc) to FeIII(H2O)(ttppc). The pseudo-first-order rate constants, kobs, for these 

reactions were obtained through non-linear least-squares fitting of the plots of absorbance 

at 575 nm (Abst) versus time (t) over 5 half-lives according to the equation Abst = Absf + 

(Abs0 – Absf) exp(–kobst), where Abs0 and Absf are the initial and final absorbance, 

respectively. Second order rate constants (k2) were obtained from the slope of the best-fit 

line from a plot of kobs versus phenol concentration. 

8.4.5 X-ray Crystallography 

All reflection intensities for 2 were measured at 110(2) K using a SuperNova 

diffractometer (equipped with Atlas detector) Cu Kα radiation (λ = 1.54178 Å) under the 
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program CrysAlisPro (Version 1.171.39.29c, Rigaku OD, 2017). The same program was 

used to refine the cell dimensions and for data reduction. The structure was solved with 

the program SHELXS-2014/7 and refined on F2 with SHELXL-2014/7 (Sheldrick, 2015). 

The temperature of the data collection was controlled using the system Cryojet 

(manufactured by Oxford Instruments). An analytical numeric absorption correction 

method was used involving a multifaceted crystal model based on expressions derived 

elsewhere (Clark and Reid, 1995). The H atoms were placed at calculated positions using 

the instructions AFIX 43 with isotropic displacement parameters having values 1.2 Ueq of 

the attached C atoms. The crystal lattice contains disordered and/or partially occupied 

lattice solvent molecules (C6H5F and C5H12). Their contributions were removed from the 

final refinement using the SQUEEZE program. The crystallographic data for 

FeIII(H2O)(ttppc) are summarized in Table S6. 

8.4.6 Computational Modeling 

Calculations on the complexes FeIV(OH)(ttppc) and MnIV(OH)(ttppc) and their reactions 

with para-H-2,6-DTBP included all atoms for both metal complex and phenol. Geometry 

optimizations, constraint geometry scans and vibrational frequencies were calculated with 

DFT in the Gaussian-09 software package (Frisch, Hratchian and Nielsen, 2009). We 

utilized the unrestricted B3LYP hybrid density functional method (Lee, Yang and Parr, 

1988; Becke, 1993) in combination with an LANL2DZ basis set (Hay and Wadt, 1985) on 

iron/manganese (with core potential) and 6-31G on the rest of the atoms (H, C, N, O): 

basis set BS1. Single points using the LACV3P+ (with core potential) on Fe/Mn, and 

6-311+G* on the rest of the atoms were done to correct the energies: basis set BS2. The 

continuum polarized conductor model with a dielectric constant mimicking toluene was 

applied to the system during the geometry optimizations and frequencies (Tomasi, 

Mennucci and Cammi, 2005). Single point energy calculations were done in benzene for 

the BDE determination of MnIII(H2O)(ttppc) to match the experimental conditions (Table 

S20). We initially optimized a reactant complex of substrate and metal(IV)-hydroxo 

species in close proximity and followed the pathway for OH transfer through a constraint 
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geometry scan. Subsequently, the maximum of these scans was subjected to a full 

transition state search and the obtained transition state was characterized with a frequency 

calculation that gave an imaginary frequency for the correct mode. These transition states 

were shown to be connected to reactants and products through an intrinsic reaction 

coordinate (IRC) scan. As in some cases, the transition states energies were lower than 

those of the original reactant complexes, the latter were reoptimized from the final points 

of the IRCs, which gave slightly more stable isomers. These methods were used in 

previous studies and showed to predict the correct spin-state orderings and barrier heights 

of reaction mechanisms (Kumar et al., 2014; Yang et al., 2016; Pickl et al., 2019). The 

calculations of the BDE(O-H) values are described in the Supporting Information (Tables 

S19-S20). 
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Abstract  

Methane hydroxylation by metal-oxo oxidants is one of the Holy Grails in biomimetic and 

biotechnological chemistry. The only enzymes known to perform this reaction in Nature 

are iron-containing soluble methane monooxygenase and copper-containing particulate 

methane monooxygenase. Furthermore, few biomimetic iron-containing oxidants have 

been designed that can hydroxylate methane efficiently. Recent studies reported that 

µ-nitrido bridged diiron(IV)-oxo porphyrin and phthalocyanine complexes hydroxylate 

methane to methanol efficiently. To find out whether the reaction rates are enhanced by 

replacing iron by ruthenium we performed a detailed computational study. Our work 

shows that the µ-nitrido bridged diruthenium(IV)-oxo reacts with methane via hydrogen 

atom abstraction barriers that are considerably lower in energy (by about 5 kcal mol‒1) as 

compared to the analogous diiron(IV)-oxo complex. An analysis of the electronic 

structure implicates similar spin and charge distributions for the diiron(IV)-oxo and 

diruthenium(IV)-oxo complexes, but the strength of the O‒H bond formed during the 

reaction is much stronger for the latter. As such a larger hydrogen atom abstraction 

driving force for the Ru complex than for the Fe complex is found, which should result in 

higher reactivity in the oxidation of methane.  
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9.1 Introduction 

Heme monoxygenases are common enzymes in biology with a variety of functions related 

to biosynthesis and biodegradation. In general, they react through oxygen atom transfer to 

substrates on an iron(III)-heme co-factor that binds molecular oxygen, but uses two 

reduction and two protonation equivalents in the catalytic cycle. The most extensively 

studied heme monoxygenases are the cytochromes P450, which initiate the 

biodegradation of drug molecules in the liver as well as the biosynthesis of hormones 

(Sono et al., 1996; Girerd, Banse and Simaan, 2000; Groves, 2003; Meunier, de Visser 

and Shaik, 2004; De Montellano, 2005; Denisov et al., 2005; Ortiz De Montellano, 2010; 

Grogan, 2011; Kadish, Smith and Guilard, 2013; Poulos, 2014; Huang and Groves, 2018) 

. During their catalytic cycle the iron(III)-heme reacts with molecular oxygen and using 

two external electrons and protons a high-valent iron(IV)-oxo heme cation radical species 

called Compound I (Cpd I) is formed (Ogliaro et al., 2000; Shaik et al., 2005; Rittle and 

Green, 2010). Although Cpd I is able to hydroxylate a large range of aliphatic and 

aromatic C–H bonds, it is not known to hydroxylate methane, which has the strongest 

C–H bond in nature. However, work of Sorokin and co-workers on biomimetic porphyrin 

and phthalocyanine complexes (Scheme 9.1) found evidence of methane hydroxylation by 

-nitrido bridged diiron(oxo) porphyrin and phthalocyanine (Sorokin, Kudrik and 

Bouchu, 2008; Sorokin et al., 2010; Sorokin, 2013) and as such these complexes are 

unique and highly reactive including the supramolecular diiron phthalocyanine-porphyrin 

conjugates (Mihara et al., 2019; Yamada et al., 2019). In previous work the synthesis of 

several µ-nitrido bridged diiron(III) phthalocyanine and porphyrin complexes was 

reported and using terminal oxidants such as hydrogen peroxide or m-chloroperbenzoic 

acid they were converted to a µ-nitrido bridged diiron(IV)-oxo species (Afanasiev and 

Sorokin, 2016). These short-living intermediates were efficient in a reaction with aliphatic 

substrates (cyclohexane, adamantane and ethylbenzene) leading to substrate 

hydroxylation (Afanasiev and Sorokin, 2016). Furthermore, methane hydroxylation to 

methanol was observed with several complexes, which implicates that these oxidants are 

more powerful than cytochrome P450 Cpd I (Kudrik et al., 2012; Colomban et al., 2014). 
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Figure 9.1. Examples of µ-nitrido bridged diiron(IV)-oxo phthalocyanine (Pc, left) and 

porphyrin (Por, right) complexes. 

 

Unprecedented reactivity of µ-nitrido diiron tetrapyrrolic complexes has initiated 

synthetic development of this platform involving different metals supported by various 

macrocyclic ligands (Stuzhin et al., 2012; Işci et al., 2014; Cheung et al., 2017, 2018; 

Colomban, Kudrik and Sorokin, 2017; Mihara et al., 2019; So et al., 2019; Yamada et al., 

2019). In parallel, several detailed computational studies on µ-nitrido bridged 

diiron(IV)-oxo phthalocyanine and porphyrin complexes have been reported by us and 

others(Silaghi-Dumitrescu et al., 2011; Ansari et al., 2015; Işci et al., 2015; Quesne et al., 

2016; Phung and Pierloot, 2019). In general, these studies showed that the 

electron-donating ability of the μ-nitrido group lowers the acidity of the corresponding 

iron-hydroxo species, and consequently, the strength of the O–H bond of the 

iron(III)-hydroxo group is large. As the driving force for a hydrogen atom abstraction 

reaction is larger when a stronger O–H bond is formed (Mayer, 2004; Visser, 2010; 

Kumar, Sastry and Visser, 2011), this implies that a significant enhancement of the rate 

constant for hydrogen atom abstraction will be observed. In this context, it is of great 

interest to probe how the nature of metal sites might influence on the catalytic properties 

of µ-nitrido binuclear construction. To gain further insight into the properties and 

reactivities of µ-nitrido bridged dimetal-oxo porphyrins and phthalocyanines we decided 
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to create the analogous diruthenium complexes and compare the structure, electronic 

properties and catalysis with the diiron complexes. We predict that these 

diruthenium(IV)-oxo phthalocyanine complexes if they can be formed will react with 

methane even more efficiently than their corresponding iron complexes.  

9.2 Methods 

The work presented here uses computational methods and procedures as reported and 

discussed previously on biomimetic model complexes that reproduced experimental data 

well (de Visser et al., 2014; Kumar et al., 2014). Overall, density functional theory (DFT) 

approaches were used as implemented in the Gaussian-09 program package (Frisch, 

Hratchian and Nielsen, 2009). The full potential energy profile was calculated with two 

unrestricted DFT methods, namely the hybrid density functional method UB3LYP (Lee, 

Yang and Parr, 1988; Becke, 1993) and the pure density functional UBP86 (Perdew, 

1986; Becke, 1988), for all geometry optimizations, geometry scans and frequencies. 

Geometry optimizations and potential energy scans were performed with a double-ζ 

quality LACVP basis set (with core potential) on ruthenium and 6-31G on the rest of the 

atoms, basis set BS1 (Ditchfield, Hehre and Pople, 1971; Hay and Wadt, 1985). All local 

minima and transition states were optimized without constraints and characterized with an 

analytical frequency that confirmed the status of the structures with all transition states 

having a single imaginary frequency for the correct mode. Calculations include a 

polarized continuum model (CPCM) as implemented in Gaussian using a dielectric 

constant of ε = 35.688 mimicking acetonitrile. Energies were improved through a single 

point calculation with an LACV3P+ (with core potential) basis set on ruthenium and 

6-311+G* on the rest of the atoms: basis set BS2. These methods were used previously 

and reproduced experimentally determined free energies of activation and kinetic isotope 

effects well  (Cantú Reinhard, Faponle and de Visser, 2016; Cantú Reinhard et al., 2017). 

In the past, we validated our computational methods and showed that these procedures 

can reproduce experimental free energies of activation to within 3 kcal mol−1. 

Moreover, changing the basis set for geometry optimizations from BS1 to BS2 gave 

little changes to the optimized geometries, relative energies, and chemoselectivities of 

the reaction (Vardhaman et al., 2011; Barman et al., 2019; Khaled Cheaib et al., 2019). 
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Finally, the effect of dispersion on the optimized geometries of μ-nitrido-bridged 

diiron(IV)-oxo porphyrins was tested for the defluorination reaction of C6F6 and found 

to give little changes in geometry and energetics, and hence, dispersion was not used in 

this work (Colomban et al., 2019). 

 

9.3 Results and Discussion 

In this work, we focus on the chemical properties of the μ-nitrido bound 

diruthenium(IV)-oxo porphyrazine (Pz) complex 2,4,6[O=RuIV(Pz+•)NFeIV(Pz)]0 (or 

2,4,6[O=RuV(Pz)NFeIV(Pz)]0), 1, whereby all side chains of the macrocycle are abbreviated 

to hydrogen atoms. The complex is charge neutral and was calculated in all low lying 

doublet, quartet and sextet spin states using two density functional theory methods 

(UB3LYP and UBP86). In addition, the reactivity patterns of the complexes with methane 

was compared with the analogous diiron(IV)-oxo complex 2,4,62 reported previously 

(Silaghi-Dumitrescu et al., 2011; Ansari et al., 2015; Quesne et al., 2016). 
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21 (41) [61] 22 (42) [62]

E+ZPE = 0.0 (16.0) [45.9]E+ZPE = 0.0 (11.1) [40.0]

{0.0 (14.8) [44.2}

1.648 (1.646) [1.651]

2.173 (2.262) [2.219]

1.662 (1.660) [1.845]

1.952 (1.805) [1.806] {1.847 (1.811) [1.816]}

1.832 (2.313) [2.321] {1.909 (2.164) [2.189]}

1.732 (1.725) [1.736] {1.747 (1.717) [1.737]}

 

Figure 9.2. Optimized geometries of 2,4,61 (left-hand-side) and 2,4,62 (right-hand-side) as 

obtained in Gaussian-09. Bond lengths are in angstroms and relative energies in  

kcalmol-1. Data for 2,4,62 taken from our previous work (Quesne et al., 2016) 

 

Before we show the results on the catalytic properties of oxidant 2,4,61, let us investigate 

the electronic and structural properties of the reactant species in more detail. Figure 9.2 

displays the optimized geometries and relative energies of 2,4,61. In both complexes the 

doublet spin state is the ground state and well separated from the quartet and sextet spin 

states by at least 10 kcal mol–1. This is independent on the density functional method 

chosen and implicates that the quartet and sextet spin states will play no role in catalysis. 

As such the reactivity with substrates is expected to take place on the doublet spin state 

only and the oxidants will react through single-state-reactivity (Hirao et al., 2006; Visser, 

2006) selectively. Mononuclear iron(IV)-oxo oxidants often have close-lying spin state 

surfaces, where reactivity patterns appear on multiple accessible electronic and spin 

states. It is not surprising that the ruthenium complexes react through 

single-state-reactivity patterns as RuIV=O complexes tend to have well separated metal 4d 

orbitals and hence usually stabilize low-spin states (Sharma et al., 2003; Guo et al., 2013; 

Man et al., 2013). 
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Indeed, previous studies on mononuclear RuIV=O complexes showed the high-spin 

states to be considerably higher in energy than the lower spin states (Dhuri et al., 2008) 

in agreement with what is seen here.  

In structures 2,42 the Fe1‒O and Fe2-µ-N distances were found to be about 1.65Å in length, 

which indicates that both bonds will be formally a double bond. In the ruthenium 

complexes both of these bonds have significantly elongated as expected for a heavier 

element. However, the Ru1‒O distances are significantly longer than the Ru2‒ -N 

distances, which implicates that they have different bonding character. Furthermore, the 

ruthenium atom of the Ru1‒O group is located below the plane through the four nitrogen 

atoms of the equatorial ligand, while in the iron complexes the Fe1 atom remains above the 

plane. Finally, particularly in the low-spin state the bridging nitrogen atom is close to the 

center of the Ru1‒Ru2 interaction, whereas in the corresponding diiron(IV)-oxo species it 

is closer to Fe2 than to Fe1. 

To understand the differences in geometry between the diiron and diruthenium complexes 

we analyzed the molecular orbitals, which are displayed in Figure 9.3. The orbitals are 

dominated by the π-interactions in the xz and yz molecular planes, where we take the 

z-axis along the Ru-O bond. Thus, the 4dxz and 4dyz atomic orbitals on both Ru atoms 

interact with the 2px and 2py atomic orbitals on the oxo and bridging nitrogen atoms to 

form four sets of orbitals: π1,x/π1,y π2,x/π2,y π*3,x/ π*3,y π*4,x/ π*4,y. The lowest two sets of 

orbitals represent the bonding interactions for the Ru‒O and Ru‒N interaction. The π*3,x 

and π*3,y orbitals have a bonding interaction between the top Ru atom and the axial ligand 

but are antibonding for the Ru‒O and Ru‒N interactions. The doublet spin state for both 21 

and 22 has orbital occupation π1,x
2

 π1,y
2 π2,x

2
 π2,y

2 π*3,x
2 π *3,y

1
 π*4,x0 π*4,y

0. These orbital 

occupations are quite different from typical mononuclear heme complexes, i.e. 

FeIV=O(heme+•) or P450 Cpd I, that have a heme radical with singly occupied a2u orbital. 

In the µ-nitrido bridged complexes, by contrast, the a2u orbitals are lower in energy and are 

doubly occupied.  
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Figure 9. 3. High-lying occupied and virtual orbitals of 21. 

 

Group spin densities of the doublet spin state reactants give dominant oxo radical 

character (ρO = 0.90 at UB3LYP and 0.56 for the UBP86 calculation). Nevertheless, in 

both cases the radical refers to a singly occupied π*3,y molecular orbital. These two results 

give S2 values of 0.792 and 0.775 and hence include very little multiconfiguration 

perturbations. 
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Subsequently, we investigated methane hydroxylation by 2,4,61 and 2,4,62 and the results 

are depicted in Figure 9.4. Similar to methane hydroxylation by iron(IV)-oxo complexes 

(Ogliaro et al., 2000; De Visser et al., 2004; Meunier, de Visser and Shaik, 2004; 

Yoshizawa, 2006; Dhuri et al., 2008; Shaik, Kumar and De Visser, 2008; Tang et al., 

2012; Singh, Kumar and de Visser, 2016) the reaction is stepwise with an initial hydrogen 

atom abstraction (via transition state TSHA) to form a radical intermediate (IHA). 

Thereafter, an OH rebound barrier (via transition state TSreb) gives alcohol product 

complexes (PHA). The free energies obtained with B3LYP and BP86 are very similar 

particularly for the transition states and also analogous structures are found. Therefore, the 

density functional method appears to have little effect on the structure and energies of the 

reaction mechanism. This contrast the spin-state ordering and relative energies of 

mononuclear iron and manganese-oxo complexes that often give strong variations 

depending on the density functional method chosen and particularly the amount of 

Hartree-Fock Exchange that is included in the method (Sainna, Sil, et al., 2015; Cantú 

Reinhard, Faponle and de Visser, 2016; Yang et al., 2016). In all cases the doublet spin 

state is well below the quartet and sextet spin state and hence the reaction takes place via 

single-state-reactivity on the doublet spin state surface and no spin crossing to another 

spin state is expected. Therefore, we focus on the doublet spin results in Figure 9.4 only, 

whereas the results on the quartet and sextet spin states are relegated to the Supporting 

Information. 

Optimized geometries of the rate determining doublet spin transition states (2TSHA) are 

given in Figure 9.4. The transition states are late with long C‒H distances (1.375 and 

1.471 Å at B3LYP and BP86 level of theory) and short O‒H distances (1.157 and 1.117 Å 

at B3LYP and BP86 level of theory). Late transition states often related to high energy 

barriers. Thus, for a series of hydrogen atom abstraction barriers by the same 

metal(IV)-oxo oxidant it was shown that the barrier height correlated with the strength of 

the C‒H bond that was broken (De Visser et al. 2004; Shaik, Kumar, and De Visser 2008; 

Latifi, Bagherzadeh, and Visser 2009; Latifi et al. 2012). It was found that reactions with 

substrates with strong C‒H bonds gave more product-like transition states, whereas with 

substrates with weak C‒H bonds more reactant-like transition states were found. As 

methane has a strong C‒H bond strength with bond dissociation energy (BDECH,methane = 
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101.6 kcal mol‒1 at UB3LYP level of theory) it is not surprising that the hydrogen atom 

abstraction barriers are high.  

 

2TSHA,B3LYP [2TSHA,BP86]

1.375 [1.471]
1.157 [1.117]

2.016 [1.997]

1.805 [1.828]
1.740 [1.755]

i1488 [i596] cm‒1

 

Figure 9. 4. Potential energy landscape of methane hydroxylation by 2,4,61 as obtained 

with DFT. Data obtained through full geometry optimization with UB3LYP [UBP86] 

level of theory. Free energies (at BS2 level of theory) are in kcal mol‒1 with solvent, 

thermal, entropic and ZPE corrections included. Optimized geometries give bond 

lengths in angstroms and the imaginary frequency in cm‒1. 
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The rate-determining step in the reaction mechanism is hydrogen atom abstraction with a 

free energy of activation of 7.8 kcal mol–1, which is well lower in free energy here than 

that found for the analogous µ-nitrido bridged diiron(IV)-oxo phthalocyanine complexes 

reported before (Quesne et al., 2016), where a value of 15.7 kcal mol–1 was found. 

Therefore, the diruthenium complex is expected to react with hydrogen atom abstraction 

barriers that are almost 8 kcal mol–1 lower in free energy, which would correspond to a 

rate enhancement of over 106. Clearly, the diruthenium(IV)-oxo species is a considerably 

better oxidant that the corresponding diiron(IV)-oxo species. We will analyze the 

differences in structure and reactivity in detail in the following. Note that the rebound 

barrier is 7.2 (3.7) kcal mol−1 in energy above the radical intermediate 2IHA as calculated 

at UB3LYP (UPB86) level of theory. These barriers are considerable and may implicate a 

finite lifetime of the radical intermediates, which in the case of ethene activation by 

iron(IV)-oxo complexes was shown to lead to by-products (de Visser, Ogliaro and Shaik, 

2001; Timmins, Quesne, et al., 2018). Furthermore, the radical could be released from the 

intermediate complex as dissipate into solution as suggested for nonheme iron reactivities 

(Cho et al., 2016).  

Figure 9.5 gives the orbital energy changes during the methane hydroxylation reaction on 

the doublet spin state in a valence bond description. Thus, we describe electrons as a dot 

and a line bordered by two dots in a bonding orbital occupied by two electrons. These 

schemes were used previously to rationalize regioselectivities as electronic configurations 

of oxidants (Visser, 2010; Sainna, Sil, et al., 2015; Cantú Reinhard et al., 2016; 

Kaczmarek et al., 2018).  
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Figure 9.5. Orbital occupation changes along the doublet spin reaction mechanism in 

Valence Bond description. 

 

As mentioned above in Figure 9.3 the µ-nitrido bridged diruthenium(IV)-oxo complex has 

electronic configuration of π*3,x
2 π*3,y

1. Upon abstraction of a hydrogen atom from 

substrate, a σCH bond of methane is broken and splits into atomic orbitals: 2pC and 1sH. 

The hydrogen atom pairs up with one electron from the π*3,y molecular orbital to form the 

σO-H orbital with two electrons, while the πy set of orbitals splits into a new set of three 

orbitals (π’1,y π’2,y π*’3,y) that only spread over the Ru, N and Ru atoms and contain four 

electrons. During the OH rebound process also the π orbitals along the x-axis lose the 

oxygen contribution and split into a new set of orbitals π’1,x π’2,x π*’3,x with four electrons. 

One electron from the Ru‒O interaction pairs up with the radical on the CH3 group to form 

the new σO-C orbital, whereas the second one is promoted to a virtual  orbital on the 

porphyrazine group. As a consequence the product has spin density on the ligand but not 

on the metals. 

We also did a thermochemical analysis on the hydrogen atom and electron abstraction 

ability of the µ-nitrido-bridged diiron and diruthenium-oxo complexes, see Figure 9.6. 

First we calculated the bond dissociation energy of the O–H bond (BDEOH) in the 

MIV(OH) complex (M = Fe, Ru) as defined in Eq 1, where we compare the energy of the 

MIV(OH) complex relative to that of the MIV=O complex and a separate hydrogen atom. 

For the iron complex  a value of 86.7 kcal mol–1 was reported for the structure without 
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axial ligand and 82.3 kcal mol–1 when an axial acetate was present (Quesne et al., 2016). 

Interestingly, using the same methods and techniques a value of 134.9 kcal mol–1 is found 

for the RuIV(OH) system. Therefore, based on the relative BDE values, the µ-nitrido 

bridged diruthenium-oxo complex is expected to be a considerably better oxidant than the 

corresponding iron complex and should react with methane even faster. The relative 

energies of the hydrogen atom abstraction transition states discussed above indeed 

confirm this. 

MIV(OH)  MIV=O + H + BDEOH (1) 

Technically, a hydrogen atom abstraction is the sum of a proton transfer and an electron 

transfer; therefore, we split the BDEOH further into the sum of the acidity of the reduced 

oxidant (ΔGacid), the electron affinity (EA) of the starting complex and the ionization 

energy of a hydrogen atom (IEH). The latter was taken from the literature (Lias, 2005). 

Interestingly, the acidity of the iron and ruthenium-oxo complexes are alike and the 

differences in electron affinity compensates for stronger O–H bond formation. As a 

particularly strong O–H bond is formed after hydrogen atom abstraction this results in a 

large driving force for hydrogen atom abstraction and consequently low energy hydrogen 

atom abstraction barriers. 
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Figure 9.6. Thermochemical analysis of hydrogen atom abstraction, proton transfer and 

electron transfer ability of the iron(IV)-oxo versus ruthenium(IV)-oxo complexes. Values 

are in kcal mol–1. 
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9.4 Conclusions 

Computational studies on a µ-nitrido bridged diruthenium(IV)-oxo porphyrazine complex 

were performed and its reactivity with methane investigated. Our studies show that the 

complex is in a doublet spin ground state that is well separated from other spin states and 

with significant radical character on the oxo group. The electronic configuration of the  

µ-nitrido bridged diruthenium(IV)-oxo complex is analogous to the corresponding diiron 

complex; however, it reacts with substrate with considerably lower barriers due to a more 

favorable hydrogen atom abstraction reaction. These differences are rationalized with 

thermochemical cycles and valence bond schemes.  
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10.0 Concluding Remarks  

Enzyme is one of amazing component existing in nature, where it able to convert their 

respective substrate to specific product. By observing nature, human try to recreate the 

favourable reaction by synthesizing biomimetic complexes analogous to natural enzyme. 

We presented here an extensive computational study on the mechanism of reaction of 

peroxidase and haloperoxidase activity in enzymes and biomimetic model complexes as 

well as some reaches and limitations of the currently used models and QM methods. 

Throughout the results, some key aspects relevant to all the enzymes are discussed and 

shown. We have shown that small cluster model of active site of enzyme consist less than 

100 atoms is sufficicent for exploratory work in DFT study. However, it is recommended 

to use larger model by expanding the selection of protein structure around the active site 

of enzymes. From our study, the energy of reaction is improve significantly where we 

believe the amino acid residues surrounding the enzyme play vital role in stabilizing the 

enzyme. Even most of heme enzymes have identical framework on heme structure, 

however the type of reaction of each heme enzyme is closely related with the amino acid 

arrangement in their active site. Besides, the amino acid surrounded at the heme center 

believe to be responsible in proton relay in the enzyme centre. Furthermore, one of key 

aspect that need to be consider to reveal the mechanistic cycle of enzymes is the 

protonation state of enzyme where it will lead to favourable pathway. The combination of 

different models and computational methods used in this study has enabled us to deepen 

our understanding and make predictions as to how the regioselectivity, stereoselectivity 

and reactivity of these systems may be altered for the benefit of future application in 

various field.  

In chapter 3, we were used different density functional theory methods on the catalytic 

cycle of the heme chloroperoxidase enzymes as well as different protonation states were 

explored. In heme system, the density functional theory method has little effect on the 

mechanism and optimized geometries and has only a small effect on the calculated 

kinetics. However, by introducing additional proton into the active site might lead to 

alternative pathway of the conversion of chloride ion to hypochloric acid by Cpd I. 

Futhermore, chloroperoxidase contains manganese ion nearby the active site, however 
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their function remain unclear. Further study can be conducted to reveal the properties and 

function of the manganese ion in the active site centre. 

In Chapter 4, we presented detailed computational study on the possible reaction 

mechanisms of aromatic nitration by a CYP450 isozyme. We set up several active site 

model complexes with bound L-Trp and investigate substrate activation pathways leading 

to nitration as well as oxidation of substrate. The reaction of NO and O2 on an 

iron(III)-heme center will generate free NO2 radicals followed by NO2 attack on L-Trp at 

the C4, C5, C6 and C7-position then proton transfer take place to form products. Although 

NO2 addition on L-Trp is involved low energy at various positon of carbon however latter 

step were vary in energy. Therefore, it is likely that this enzyme would result in a mixture 

of products. In addition, substrate positioning and binding will be essential factor in 

CYP450 TxtE to enable a selective reaction process.   

In Chapter 5 and Chapter 6, we did DFT study of biomimetic complexes containing 

vanadium. Both studies indicated that the conversion of vanadium-oxo to 

vanadium-peroxo intermediate is vital step to improve the sulfoxidation and epoxidation 

reaction of their respective system. Interestingly in Chapter 6, we observed the vanadium- 

porphyrin structure distorted from planarity and is saddle-shaped compare to 

iron-porphyrin by introducing different ligand framework. Thus, we recommend that 

further study should been extensively explore in future to improvise the reaction rate of 

conversion of vanadium-oxo to vanadium-peroxo complexes.  

In Chapter 7, we did a collaboration work with experimentalist group to show that second 

coordination effects can form novel FeIV-oxo intermediate which is unusual reaction by 

introduce pendant amine group in framework structure of a non heme FeII complex. Both 

studies highly agree to whole mechanism proposed where the first step of mechanism 

involves a proton transfer from the proximal OH group of H2O2 via the transient 

protonation of the pendant amine group, followed by a homolytic O-O bond cleavage 

accompanied by proton-coupled electron transfer. Therefore, modifiying the ligand 

architecture will be one of the key factors towards the development of new intermediate 

which can be used for future modification of any biomemitic model complexes enabling 

realistic industrial applications.  
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In Chapter 8 and Chapter 9, we did work to identify whether the reaction rates of 

biomemitic complexes containing iron are enhanced by replacing by different metal 

elements. We did replaced iron by ruthenium and manganese, and performed a detailed 

computational study into their respective systems. Our work shows that, the differences in 

reactivity ranging from 5 to 10 kcalmol-1 as compared to their analogous system. In 

addition, the thermochemical cycles and valence bond patterns reveal the chemical 

properties leads to this differences for both systems.  

In conclusion, the results of this thesis paint an interesting picture of the factors influencing 

peroxidase and haloperodisase activity in various systems using computational approach. We 

have shown that computation analysis can be one of alternative tool able to give qualitative 

results when carefully applied to gain insight into various enzymes as well as able to support 

experimental findings. These results form a platform to gain better understanding of 

peroxidase and haloperoxidsase activity in various systems which will further our 

understanding into the future development.  
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