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ABSTRACT 

 

Nature utilizes a range of metalloenzymes for biosynthesis, biodegradation and 

metabolism processes. In metalloenzymes, like most heme and nonheme iron 

dioxygenases and monoxygenases, the active species is a high valent iron(IV)-

oxospecies, which in the cytochromes P450 is called Compound I. In nature, these 

enzymes catalyze oxygen atom transfer reactions in the liver as a means to detoxify 

compounds, including aliphatic and aromatic hydroxylation, epoxidation and hetero 

atom oxidation. As these enzymes often perform these reactions regio and stereo 

specifically, the reactions are of big interest to the biotechnological and 

pharmaceutical industries. Since Compound I is short lived, controversies have arisen 

whether or not it actually is the active oxidant and several alternative oxidants have 

been proposed in the process such asits iron(III)-hydroperoxo and iron(III)-superoxo 

intermediates in the catalytic cycle. Experimental studies in this field, however, are 

difficult due to the short lifetime of thesecatalytic intermediates, and therefore, we 

have performed a series of high-level computational studies. Thus, advances in 

computational chemistry over the past few decades as well as improved computational 

resources enables the use of quantum chemical methods to systems of 100 – 200 atoms 

these days with good accuracy and assuch enzymatic modelling has been performed 

with the aim to guide and assist experimental efforts in the field. In our group, we have 

applied a combination of Density Functional Theory studies on model complexes and 

combined Quantum Mechanics/Molecular Mechanics on enzymatic systems with the 

aims to elucidate the catalytic mechanism of enzymes and find the fundamental 

properties of the active oxidant. Over the years, we modelled the reactivity of heme 

enzymes, such as the cytochromes P450 as well as heme peroxidases and catalases, but 
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also nonheme iron enzymes including taurine/α-ketoglutarate dioxygenase, prolyl-4- 

hydroxylase and cysteine dioxygenase. The computational studies give additional 

insight into the electronic properties of oxidants and their reactivity patterns that is 

difficult to obtainfrom the experimental data; often the work is in close collaboration 

with experimental work. Our calculations have established catalytic mechanisms for 

aliphatic and aromatic hydroxylation reactions by iron(IV)-oxoheme cation radical 

oxidants, which identified the rate determining step in the mechanism and the 

electronic features of oxidant, substrate and enzyme environment that drive the 

reaction. The aliphatic hydroxylation and epoxidation reactions are stepwise via 

radical intermediates, whereas the aromatic hydroxylation and sulphoxidation 

reactions areelectrophilic with the formation of an O–C/O–S chemical bond. We 

established the factors that determine the rate constants of substrate activation by 

Compound I and showed that the rate determining step in aliphatic hydroxylation has a 

barrier proportionalto the strength of the C–H bond of the substrate that is broken as 

well as to the strength ofthe O–H bond that is formed and set up a mathematical model 

which enables one topredict rate constants from empirical values. Therefore, have 

provided a deep understanding on chemical catalysis by high valentmetal-oxo oxidants 

and have set the scene for future studies in the field. 
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PREFACE 

 

The thesis entitled “Understanding the metabolism of drug like Molecules by 

Heme & Non-Heme Modelled Enzymes Using Quantum Mechanical Tools” 

encapsulate the results of theoretical investigations carried out in the Department of 

Applied Physics, Babasaheb Bhimrao Ambedkar University, Lucknow, in between 

2017-2021 under the supervision of Prof. Devesh Kumar, Professor in Applied 

Physics, Babasaheb Bhimrao Ambedkar University, Lucknow. Iron containing 

metalloenzymes are found throughout the natural world and are vital catalysts in many 

crucial metabolic and biosynthetic biological pathways (Solomon,Brunold et al. 2000, 

De Visser, Kumar et al. 2011). Iron containing enzymes are classified into two main 

groups: heme enzymes and non-heme enzymes (Montellano 1992, Müllerand Bröring 

2008). The bulk of the work discussed here concerns mononuclear iron systems, 

however, in nature both multi iron systems (Siegbahn, Crabtree et al. 1998) anda 

variety of different transition metal cofactors are used (Rehder 2008, Conte and 

Floris2010). Computational modelling helps in studying the properties of short lived 

intermediates and transition state complexes. Therefore computational methods are 

vital tools in the investigation of reaction pathways. This thesis will focus on the 

reaction mechanics of enzymes that incorporate transition metals into their active sites. 

Specific attention will be paid to the ability of many of these biocatalysts to use 

transition metalcofactors in the activation of molecular oxygen. There will also be a 

focus on howsynthetic substituted catalysts may be used to imitate their reaction 

mechanisms. The thesis is divided in six chapters. 
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Chapter 1 reviews the theoretical work done so far on heme and non heme type 

enzyme and also discuss the suitability of various computational quantum mechanical 

methods available in terms of accuracy etc. 

Chapter 2 gives the development and mathematical details of quantum mechanical 

methods. 

Chapter 3 deals with the results obtained from the calculation for aromatic 

hydroxylation mechanism of Primaquine (an anti-malarial Drug) of modelled 

Cytochrome P450. 

Chapter 4 focused on the results obtained from the study of the aromatic 

hydroxylation  mechanism of 4-nitrophenol via Cytochrome P450 enzyme. A 

comparison of reactivity mechanism based on quantum mechanical methods obtain 

energy profile was also made in this chapter. 

Chapter 5  provides computational study of electrical properties of various drugs that 

metabolized via Cytochrome P450, which can be helpful for further metabolic studies 

of various drugs. 

Chapter 6. gives the general conclusions and future prospects drawn from the present 

thesis. Hopefully, a better understanding of this important group of naturally occurring 

and synthetic catalysts will enable more efficient and effective work of computational 

chemistry to be performed, well into the future. 
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Chapter-1 

Introduction 

 

1.1 Introduction 

Enzymes are proteins that typically increase the rate of biochemical reactions which 

continuously occur in human cells [1]. These are very important for functions of the 

body, such as digestion, respiration, muscle nervous system, and metabolism [2]. 

Many enzymes are used for breaking large compounds into small parts, so that it is 

more easily absorbed by the body [3]. Some enzymes bind the two different molecules 

and form a new molecule with different properties. Each enzyme increases only the 

rate of a specific reaction, so these are selective catalysts [4]. Enzymes are the 

catalysts of life. All enzymes are originated from living organisms. The general way of 

searching enzymes is growing the organism and isolating it from animal organs, parts 

of plants, inside microorganisms [5]. 

 First, enzymes were found from animal and plant parts. These enzymes are protease 

papain from papaya fruit or rennet from calve‟s stomach. Nowadays, enzymes 

originated from microorganisms. It has been studied vigorously. It is the most 

technical enzyme. The microorganism is omnipresent. They are found in freezing 

Antarctica water, in hot water, in acidic spring water on the volcanoes and in alkaline 

lakes [6]. Protein enzymes are made of one or more amino acid chains. This chain is 

usually called polypeptide chains [7]. These chains determine the characteristic of the 
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protein‟s structure. If the temperature or pH of enzymes is changed, the protein may 

change its denature and enzymatic ability. An enzyme interacts with a specific type of 

substance or a group of substances usually called substrate, for catalyzing the chemical 

reactions [8]. For initiating the reaction, an energy barrier should be overcome, which 

is present in most of the reactions [9].  

These barriers protect the unrespectable degradations of complex molecules [10]. So, it 

is useful for the preservation of life. During the metabolic process, these energy 

barriers are surmounted and break down of the complex molecules is initiated [11]. 

For completing the reaction some additional heat is needed called as “activation 

energy”. But high activation energy increases the required temperature that would kill 

the cell [12]. 

 Here, enzyme plays an important role in lowering the activation energy [13]. They 

react with some specific substrate and form an intermediate complex, a “transition 

state”, that requires less energy for further proceeding the reaction [14]. This 

intermediate complex is rapidly broken down and forms a product. The unchanged 

enzyme is then ready to react with other substrates. The region, which binds to the 

substrate, is called the active site [15]. It forms one type of cavity, where the substrate 

binds. It permits only some particular substrate; hence, it is also used for determining 

the specificity of enzymes [16]. 

Metalloenzymes are enzyme-containing metal ions, which are directly bound with 

the protein or non-protein compounds known as prosthetic groups. About one-third 

of all enzymes are metalloenzyme [17]. These metallic ions are positively charged; 

hence they are ready for sharing the electron pair to other groups or atoms to form a 

tight bond. These ions behave like hydrogen ions [18]. By donating the electron to 

the metal ion, many atoms or groups of atoms form a bond with these ions, usually 
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known as ligand [19]. These ligands are positively charged. The coordination 

numbers of metal ion show the number of ligands which are connected to the metal 

ion. These are viewed by the concentric sphere [19]. The atoms which are connected 

by atoms are shown by an inner sphere and the atoms which are connected by the 

inner sphere are known as the second sphere [20]. The number of the atoms in these 

spheres is given by the size of metal ions as well as the size of ligands [21]. There 

are two models developed to study the mechanism of the catalytic cycle of a 

metalloenzyme. In one model only a small number of atoms is treated as quantum 

mechanically. Firstly this quantum mechanical model was used in 1997, with 

Density Functional Theory (DFT) methods to study the internal mechanism of 

methane monooxygenase (MMO) [22].  

It used only a small number of atoms, normally 100 - 200 atoms at a time. In another 

method, the whole enzyme is treated quantum mechanically [23]. The active site of 

the enzyme is described quantum mechanically and the rest of the enzyme is 

described molecular mechanically. This model is known as the Quantum 

Mechanical/Molecular Mechanical (QM/MM) model [24]. In 2000, firstly the 

mechanism of galactose oxidase was understanding by the QM/MM model [25]. 

Nowadays, the results from the theoretical models have more importance for 

determining and explaining the mechanism of chemical reactions in the presence of 

metalloenzyme, than the traditional spectroscopic techniques [26].  

Spectroscopic techniques apply to the actual system, so these techniques have many 

advantages. But, their interpretations of the results are extremely difficult, which 

makes it less preferable than QM/MM models [27] [28]. 
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1.2 Cytochrome P450 

Cytochrome P450 enzymes are the superfamily of enzymes containing heme cofactor 

present in all kingdoms of life, like in animals, plants, fungi, protists, bacteria, and also 

in viruses [29]. They have not been found in Escherichia coli [30]. More than 50,000 

enzymes are found [31]. In Cytochrome P450, the term P450 has derived from the 

spectrometric peak at wavelength 450 nm of the absorption maximum of the enzyme 

when it is in a reduced state and complexed with carbon monoxide [32]. These 

enzymes are responsible for many chemical reactions like detoxification, synthesis etc 

[33]. Many of the Cytochrome enzymes are required a protein to transfer one or more 

electrons to reduce the iron. The P450 enzyme metabolized various compounds [34] 

using high-valent iron (IV) oxo species complex, generally known as Cpd1 [35]. This 

complex is formed during the catalytic cycle of Cytochrome P450 [36]. Initially, in the 

catalytic cycle, P450 is resting and a water molecule is ligated with it [37]. Whenever 

substrate enters, it tightly binds with Porphyrin [38] by expelling the water molecule 

[39].  

 

Figure 1.1: Active site of Cytochrome P450 as taken from PDB file 1W0E. 
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After the oxidation steps, ferric peroxide species is formed, known as compound 0 

(Cpd 0), and then Cpd 0 converts into iron (IV)-oxo Porphyrin cation radical oxidants, 

known as compound I (Cpd I) through a protonation step [40]. It is the primary oxidant 

that is involved in the oxidation reaction of all members of P450 [41]. It has two 

degenerate spin state one is a quartet and the other is doublet [42]. These energy states 

are known as low spin energy states and high spin energy states [43]. A low spin 

energy state has no energy barrier [44] for completing the reaction while the high spin 

energy state has an energy barrier to cross for completing the reaction [45]. Active site 

of P450 is shown in Figure 1.1 as taken from the PDB file 1W0E. 

1.3 Heme Enzyme 

Heme enzyme is one of the most useful enzyme in biochemical reactions, especially in 

catalytic reactions [46]. It contains heme cofactor [12]. The main function of the heme 

enzyme is- to transfer the electron, to store and transfer the oxygen molecules [47]. In 

the structure of the heme enzyme [48][49], an iron ion is present at the center of the 

Porphyrin ring, and this iron is ready to react with specific substrates [9]. Cytochrome 

P450 is a superfamily of many enzymes containing heme cofactor [50]. In Cytochrome 

P450, the heme group is the active site of the enzyme [51]. Like Cytochrome P450, 

heme-copper oxidase is also a superfamily of another enzyme [52]. It also contains the 

heme factor and useful in the catalysis of various biochemical reactions [53]. These are 

membrane enzymes which catalyze the oxidation, aggregate the formation of many 

proteins and degradation of proteins in small peptides [48]. The formation of cytotoxic 

lipid peroxide is also catalyzed by the heme enzyme [54]. It is used in removal of 

toxicity of the liver, kidney, cardiac tissue, and central nervous system [55]. All over, 

the heme enzyme is a very useful enzyme in detoxification of internal organs [56] as 

well as in catalysis in many biochemical reactions [57]. 
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Heme enzyme is a protein, formed by the combination of prosthetic group and found 

almost in all biological systems [58]. The structural and functional studies of the heme 

enzyme are done in a good deal [12]. These studies are comparatively easy due to the 

detectable spectroscopic properties of the prosthetic group that helpful in studies of 

many intermediate states of enzymes by various spectral methods [59]. 

These studies give better information that how the chemistry of the heme group is 

controlled by proteins [60]. Hence, it may be understood that the heme enzyme 

provided a rich system for detailed studies [61]. 

The study of heme enzyme by model mechanism is quite demanding [62]. This 

modeling is done by computer using various quantum mechanical methods [63]. It 

included almost 40 atoms [64]. In the study of Cytochrome P450 studies [65], the 

heme model without chain is used [66]. But, in many chemical reactions, the redox 

properties are usually affected by side-chain reactions [67][68]. So, a side chain model 

might be included for a proper and detailed study of biochemical reactions [69]. Active 

site of HEME enzyme is shown in Figure 1.2 as taken from the PDB file 5B4Z. 

 

Figure 1.2: Active site of HEME enzyme as taken from the PDB file 5B4Z. 
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1.4 Non-Heme Enzyme 

This enzyme is the same as the heme enzyme, but it does not contain the Porphyrin 

prosthetic group [70]. These enzymes also participate in biochemical processes [71] 

[72]. Non-heme enzymes are divided into two main categories: 

1. Mononuclear Non-Heme enzyme iron enzyme 

2. Dinuclear Non-Heme enzyme iron enzyme 

1.4.1 Mononuclear non-heme iron enzyme 

1.4.1.1 Tetrahydrobiopterin-dependent hydroxylases (PDHs) 

Tetrahydrobiopterin-dependent hydroxylases (PDHs) are the largest family of enzymes 

which include the aromatic amino acid hydroxylase, such as phenylalanine 

hydroxylase (PAH) [73], tryptophan hydroxylase (TrpH) and tyrosine hydroxylase 

(TyrH), etc.  

 

Figure 1.3: Active site of Tetrahydrobiopterin-dependent hydroxylases as taken from 

the PDB file 1MMT. 
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All of these enzymes catalyze the amino acid and biopterin cofactor. Active site of 

Tetrahydrobiopterin-dependent hydroxylases is shown in Figure 1.3 as taken from the 

PDB file 1MMT. 

1.4.1.2 Alpha-Ketoacid dependent oxygenases (alpha KAOs) 

These enzymes formed a large group of enzymes that is responsible for the catalysis of 

oxidative transformation like in aliphatic as well as aromatic hydroxylation,  

 

Figure 1.4: Active site of Alpha-Ketoacid dependent oxygenases (alpha KAOs) as 

taken from the PDB file 5YBN. 

halogenations, epimerization, desaturation, ring expansion, and ring closure, etc [74]. 

These reactions are parts of many biochemical processes like regulation of gene 

expression [75]. DNA or RNA repair [76], cellular oxygen sensing [77], synthesis of 

antibiotics etc [78]. Active site of Alpha-Ketoacid dependent oxygenases (alpha 

KAOs) is shown in Figure 1.4 as taken from the PDB file5YBN. 
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1.4.2 Dinuclear Non-Heme Iron Enzyme 

1.4.2.1 Methane monooxygenase (MMO) 

The methane monooxygenase usually form methanol by oxidizing the methane gas. It 

contains an iron dimer complex linked by oxygen ligands [79]. It has four glutamates 

and two histidines [80].  

One of the oxo groups activates methane by a hydrogen atom abstraction, and TS 

forms Fe2 (III), Fe2(IV) with a methyl radical [13], [44], [71], [81]. Active site of 

Methane monooxygenase (MMO) is shown in Figure 1.5 as taken from the PDB file 

1MTY. Methane monooxygenases are often found in methanotrophic bacteria [82]. It 

is a class of bacteria that exist at the interface of various aerobic (oxygen-containing) 

as well as anaerobic (oxygen-devoid) environments [83]. One of the widely studied 

bacteria of this type is Methylococcus capsulatus [84]. 

 

Figure 1.5: Active site of Methane monooxygenase (MMO) as taken from the PDB 

file 1MTY. 

 

https://en.wikipedia.org/wiki/Methanotrophic
https://en.wikipedia.org/wiki/Bacteria
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1.4.2.2 Ribonucleotide Reductase 

It is also one type of dinuclear non-heme enzyme which catalyzes by replacing the 

hydrogen with hydroxide on the ribonucleotide to form deoxyribonucleotides,  

 

Figure 1.6: Active site Ribonucleotide Reductase as taken from the PDB file 2XO4. 

which is the building block of the DNA. DFT studies [85] of these enzymes explain 

the whole mechanism very carefully. RNA has two subunits in which the second 

subunit is very stable Tyr radical [86]. These iron dimer complexes are the same as 

MMO [75] complexes, but the only difference that the glutamate ligand is replaced by 

a spartate. Active site Ribonucleotide Reductase is shown in Figure 1.6 as taken from 

the PDB file 2XO4. 

1.5 Heme Iron Vs Non-Heme Iron 

 The main difference of heme and non-heme enzyme is that, in heme enzyme 

Porphyrin ring is formed, while in non-heme enzyme it does not form [87]. 

 Heme iron is easily absorbed by the body, so that it is a big source of dietary 

iron for people both with or without hemochromatosis, while non-heme iron 
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does not absorb easily, that‟s why it is not a big source of iron. But, yes, it is 

different for people with homochromatosis [88]. 

In the human diet, heme iron is found in animal proteins, like meat, seafood, fish, 

etc., while non-heme iron is found in plant food like vegetables, grains, beans, nuts, 

fruits, seeds, but of course, it is also found in animals product like eggs, dairy 

product/milk etc [89] and also in animal meat. This means animal meat is the 

combination of both heme and non-heme iron. 

1.6 Catalytic Cycle 

It is one of the main reaction which operates the all biochemical reaction processes. 

The catalytic cycle of Cytochrome P450 is like an automatic nano-machine that once it 

operates [90], continuously run. This cyclic reaction is completing in seven steps, as 

shown in Figure 1.7 [43]. The cyclic reaction starts with the resting state (1), in which 

a distal water molecule is bound to the six ligated positions of the low spin state of 

hexa-coordinated ferric ion [91]. 

 The entry of the substrate, like alkane AlkH, displace the water molecule, the Penta-

coordinated ferric-Porphyrin (2) [92],  remains this ferric complex has a slightly better 

electron accepter tendency than the resting state, therefore it takes one electron from 

the reductase protein and triggers from low spin state to high spin state and form five 

coordinated high spin state of ferrous complex (3), this ferrous complex further binds 

with O2 and formed ferrous dioxygen complex (4), it has a good electron accepter 

tendency, which accepts one electron from reductase protein, resulting in ferric-peroxo 

anion species (5), this is rate determining step in catalytic cycle [93].  

Due to good Lewis base, it is quickly protonated and forms a ferric hydroperoxide 

complex (6), which is called Cpd 0. It is also a good Lewis base, which abstracts a 



Introduction                                                                                                                          Chapter 1 

 

 Page 12 

proton to form Cpd 1 (7) and also produces water. Cpd 1 transfers an oxygen atom to 

the substrate by converting alkane into alcohol and this alcohol species contains a 

pocket in which water molecule binds, and hence restoring the resting state. Yet, this 

catalytic cycle, if once started it occurs continuously. That‟s why it is also known as an 

automatic nanomachine [52]. This is shown in the Figure 1.7.  

 

Figure 1.7: Catalytic Cycle of Cytochrome P450. 

The efficiency of catalytic cycle is sufficiently good, but there is some factor which 

affects it. The first one is the donor ability of the thiolate ligand. It is usually referred 

to as the “Push Effect” [94]. The second one is protonation as shown in step (6), which 
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converts Cpd 0into cpd1. It prevents the further generation of hydrogen peroxide and 

other oxygen species.  And the last one is excess of a water molecule into the alcohol 

species pocket [95].  

This makes the binding between the enzyme and substrate comparatively weak. Water 

molecule is important for the protonation [96], but too much water molecules lead to 

the uncoupling of enzyme and substrate  [79].   

So, it is important to find the modified enzyme which gives better stability and activity 

to the catalytic cycle [98]. After much theoretical work, it is found that the interaction 

of the amidic group of the Gln360, Gly359, Leu358 with the sulfur of ligated cysteine and 

also the interaction of Gln360 with the carbonyl group [99] gave stable and 

comparatively good enzyme reactivity [100].  

1.7 Rebound Controversy 

P450 used in metabolism of various molecules and chemicals within cells. So this 

enzyme plays an important role in the synthesis of many molecules, such as steroid 

hormones, cholesterol and various other fatty acids [101]. P450 enzymes also 

metabolize external substances, like medications, as well as internal substances, like 

toxins. Approximately 60 P450 enzymes are found in human body [102]. Cytochrome 

P450 catalyzes various substances via aromatic as well as aliphatic hydroxylation [60], 

N-dealkylation, N-demethylation, etc., C-H hydroxylation via P450 is one of the most 

important reactions in the catalytic cycle of Cytochrome P450. Iron-containing 

Porphyrin complexes convert into the high valent iron-oxo species usually known as 

Cpd I shown in Figure 1.8. Then rebound step of the alkyl radical forms ferric alcohol 

complex. Focusing on the controversy which is closely related to the rebound 

mechanism in C-H hydroxylation reaction [103], this rebound mechanism was first 
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introduced by Grooves and McClusky in 1976 [104]. According to him, in alkane 

hydroxylation, the rebound mechanism is proceeded through P450 enzyme. It is 

followed by mainly two steps, in the first step Cpd1 forms Cpd 0via abstracting the 

hydrogen atom from the alkenes, as a result, one alkyl radical is formed. In the second 

step of the rebound mechanism, alkyl free radical is partitioned into two various 

processes which are often competing with each other. It can either rebound to form an 

unrearranged (U) alcohol complex, contain the original stereochemical information 

which is possessed by the alkane, or it can first undergo skeletal rearrangement then 

rebound and form the rearranged (R) alcohol complex as shown in Figure 1.9 [105]. 

The ratio of the energy of these two alcohol complexes give the lifetime of alkyl free 

radicals [106]. 

 

Figure 1.8: Catalytic cycle of Cytochrome P450. 

It was firstly calculated by Ortiz de Montellano and Stearns [6, 42], using bicyclo 

pentane [107], approximately 50 ns. The real intermediate radical species has too short 
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lifetime These unrealistic lifetimes of free radicals with rearranged alcohol complex 

products have led Newcomb and co-workers [108] to suggest that radical intermediates 

are not present during the reaction, and C-H hydroxylation proceeds by two competing 

mechanisms from two oxidant species of the enzyme, Cpd I and ferric peroxide 

species, Cpd 0 (Figure 1.8) [109]. In the Figure 1.10 it is shown that in one mechanism 

a concerted (O) insertion from Cpd I into the C-H bond is formed, while in second 

hydroxo ion (OH
-
) insertion from Cpd 0 into the C-H bond is formed [110].  

 

Figure 1.9: Reaction profile of C-H hydroxylation by Cpd I, calculated by density 

functional theory, show high-spin (HS) state and low-spin (LS) state 

components. 
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Finally, an alcohol complex product is formed [111]. From the Ortiz de Montellano 

and Stearns calculation, it is given that oxidant of cpd1 is two-stage process, called as 

“Two-State Reactivity” (TSR). DFT calculations [112] have also offered a simple 

resolution for controversy, through the study of C-H hydroxylation [113]. 

In terms of a two-state reactivity (TSR) of Cpd I; named as, “one oxidation with two 

different pathways”. It has been further demonstrated [114], that Cpd I is highly 

versatile and can lead to multi-state reactivity, (MSR) [115]. There are at least seven 

different low-lying spin states that are possible in the product distribution. These TSR 

and MSR scenarios are responsible for the different paths of single oxidant species, 

Cpd I. Many theory have already offered a resolution for this controvers [116]. So 

then, few more theories are performed by the Jerusalem group [117] and by 

Yoshizawa et al. [117]. 

   

Figure 1.10: The two-oxidant using Cpd I and Cpd 0. 

Also Gualar  et al. [8], by using molecular dynamics simulations, described the 

rebound step in the methyl monooxygenase (MMO) enzyme [118], and compare to the 

rebound in P450 enzyme. These studies cover wide range of results which explained 

the rebound mechanism in alkane hydroxylation, that is appears as the origin of the 

current controversy [119]. 
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1.8 Origin of TSR/MSR of Cpd I 

Why the oxidation reaction of Cpd I shows two-state or multistate reactivity? Here are 

some answers to this question which explains the origin of the TSR and MSR. Cpd1 

has d-orbitals with five subshells, δx
2

−y
2
, π* xz , π* yz , σ*z

2
, and σ*xy, and a ligand with 

mixed orbital a2u as shown in Figure 1.11. These orbitals are the key orbitals of Cpd I, 

here only δ orbital is pure nonbonding orbital, while the remaining have antibonding 

interaction with various ligands [120]. There are three odd electrons in π
*
 and a2u 

orbital. These orbitals are virtually disjoint, so there is very weak interaction between 

these electrons [121].  

As a result, the ferromagnetic state with all spins up and antiferromagnetic state, with 

opposite spin states are formed. DFT and QM/MM calculations give proximity to 

these two states [122]. Recently Quantum mechanical/ Molecular Mechanical 

(QM/MM) calculations of Cpd I of P450cam [123] which explained that 

antiferromagnetic state is ground state, while at 10-21 cm
-1 

above the ground state 

ferromagnetic state lies, by offering the electronic structure [124].  

So it is concluded that Cpd I has a degenerate ground state, one is low spin (LS) state 

and another is high spin (HS) state [125]. So the arisen controversy of two-state 

reactivity is resolved by giving the above theory [126]. Ligands of P450 have all high 

lying orbitals, close to d-orbital [112]. During the reaction, substrate is formed at high 

lying orbital [127]. As a result, the number of closely lying singly occupied orbital is 

large and continually increases as the reaction progresses [128]. It gives the rise to a 

dense manifold of states [129].There is different factor for exchanging the interaction 

between the electrons in d orbital, that favors the high-spin state [130]. 
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Figure 1.11: Key orbitals of Cpd 1 of Cytochrome P450. 

Generally, these states remain close to the reaction pathway [131]. When the orbitals 

of a molecule undergoing oxidation [132], become accessible, the number of states 

increases and the TSR/MSR scenario is obtained as shown in Figure 1.9 [133]. Hence 

the controversy of TSR/MSR is resolved by giving the above explanation [134]. 

1.9 Product Isotope Effect in TSR 

Two state reactivity (TSR) models have been given many predictions [135]. It 

specially concerns with the product isotope effect [136]. A product isotope effect, 
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namely PIE in the hydroxylation [115], when the hydrogen atom transferred from the 

alkane to iron-oxo species, is basically replaced by the deuterium atom, then the 

product ratio [U/R] shows an isotopic effect [137], it is observed that the Unarranged 

(U) and Rearranged (R) product could not be generated from a single pathway. The 

product must be mediated by two different pathways or from two different sources. So, 

two-state reactivity (TSR)  [115] scenarios predict that there should be a Product 

Isotope Effect (PIE) on the [U/R] quantity [122]. 

The TSR model concerns the different sensitivity of the high spin as well as low spins 

state products to C-H and C-D substitution in bond during hydroxylation [138]. Since 

high spin and low spin hydrogen-abstraction transitions (
4,2

TSH) are quite different, 

thus their corresponding kinetic isotope effects (KIE) will also be different, as 

KIELS≠KIEHS.  

This will be offered an intrinsic product isotope effect, (PIEint) [102] on the 

rearranged (R) and unarranged (U) products, defined by Eq. 1.1 

        𝑃𝐼𝐸𝑖𝑛𝑡 = 𝑃𝐼𝐸𝑇𝑆𝑅 =
[𝑈𝐻 𝑈𝐷 ] 

[𝑅𝐻 𝑅𝐷 ] 𝑖𝑛𝑡
=  

𝐾𝐼𝐸𝐿𝑆

𝐾𝐼𝐸𝐻𝑆
           1.1 

In the above equations, U arises from the low spin mechanism, while R arises from 

the high spin path. The deviation of PIEint from unity will depend on the structures of 

2
TSH versus 

4
TSH [102]. Recently many calculations show that PIEint for probe 

substrate is >1, in the same direction as the observed quantity derived from intrinsic 

isotope effect values [139].  

After few years, Jones and co-workers [140] wrote an expression for observed 

product isotope effect, PIEobs, based on Two State Reactivity is shown in Eq. 1.2: 

𝑃𝐼𝐸𝑜𝑏𝑠 =
[𝑈𝐻 𝑈𝐷 ] 

[𝑅𝐻 𝑅𝐷 ] 𝑜𝑏𝑠
=   

𝐾𝐼𝐸𝐿𝑆

𝐾𝐼𝐸𝐻𝑆
 { 

([𝐸𝑆𝐻 𝐸𝑆𝐷] 𝐿𝑆)

([𝐸𝑆𝐻 𝐸𝑆𝐷] 𝐻𝑆)
} = 𝑷𝑰𝑬𝒊𝒏𝒕{

 [𝑬𝑺𝑯 𝑬𝑺𝑫]  𝑳𝑺

  𝑬𝑺𝑯  𝑬𝑺𝑫   𝑯𝑺
}    1.2 
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From the above expression it is observed that PIEobs will depend on the intrinsic 

quantity, and on the relative concentrations, of low spin and high spin enzyme-

substrate (ES) species of the Protio and Deuterio with 
2,4

Cpd I species. So PIEobs will 

also involve those effects which are concerned with the switching dynamics of 

enzymes–substrate (ES) of the Protio as well as Deuterio varieties and various 

reactivity sites.  

These effects are not basically direct related to the Intrinsic Product Isotopic Effect 

(PIEint). Nevertheless, elucidation of the present complex dynamics will be required 

often to understand the observed PIEs [50]. The TSR model has been given various 

predictions. It concerns with the product isotope effect. Two-state reactivity scenario 

predicts that there should be PIE on the [U/R] quantity [119]. 

In Figure 1.12, an example of the spin-dependent Kinetic Isotope Effect (KIE) is 

shown. During the bond activation of non borane by FeO
+ 

in gas phase, the KIE value 

for the C-Hendo bond is much more smaller than the C-Hexo bond [140]. These 

differences are basically explained by spin-dependent two-state reactivity, one is low 

spin state (LS) activating the C-Hendo bond, while high spin state (HS) activating the C. 

Various studies of gas-phase reactivity of FeO
+
 cation have been made with hydrogen, 

methane [116], benzene [141], and several other organic substrate [71]. Hallmark is 

formal hydrocarbons of C-H bond observed with FeO
+
, because of its relevance to 

biocatalysts like Cytochrome P450 [142] as well as Methane monooxygenase, which 

bear high-valent iron-oxo units as a key part of active sites. After the density 

functional study of C-H bond activation of norbornane by FeO
+
, its different KIE 

[143] values are observed as shown in Figure 1.12. 
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Figure 1.12: KIEs in Norbornane of HS and LS C-H bond activations. 

A different Kinetic Isotope Effect (KIE) value for the different C-H bonds of 

norbornane is originated by different spin state selectivity [144] of their corresponding 

reactions of bond activation [145]. 

1.10 Porphyrin 

Porphyrin is a normal end product of hemoglobin metabolism and is the substance 

responsible for the reddish staining that is seen around the eyes of some breeds of dogs 

[81]. A Porphyrin is a group of macrocyclic aromatic compounds [146] made of four 

pyrrole rings which are internally connected by a methane bridge (=CH-) [147]. It is a 

square planar molecule and can extend its structure due to its aromatic character  

[148]. Pyrrole rings are attached in such a manner, that nitrogen atoms facing at the 

center [149] and form Porphyrin [150].  

A metal ion is captured by the center of Porphyrin [151], which naturally forms a 

stable metallic complex [152]. Metal ions of these complexes, accept six coordinating 

ligands form an octahedral structure [153]. So, these complexes are widely used in 
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chemical reactions of a biological system [154]. Hence, the study of Porphyrin is 

essential for the investigations of drug metabolism through Cytochrome P450 enzymes 

[155]. 

Porphyrin contains a total of 26 π-electrons, in which 18 electrons are formed an 

aromatic compound [155]. It has a deep color due to strong absorption in the visible 

region of the electromagnetic spectrum [75]. Porphyrin name is derived from the 

Greek word [156], which means “purple” [157].  

Heme, is a pigment in red blood cells, Protein hemoglobin are the best-known families 

of Porphyrin complexes [58]. Without a metal ion, Porphyrin reacts as a free base 

[122]. Porphyrin, in which iron metal [158] is attached at the center known as the 

“Heme” enzyme. It is responsible for many biochemical reactions [159]. Porphyrins 

are present in many living organisms [160].  

They are found in animals as well as plants, and responsible for many chemical 

reactions [161]. Tetrapyrrolic Porphyrin is responsible in many fields due to optical 

and redox properties [162]. It is widely used in the biomedical field [163], as 

photosensitizers in photodynamic therapy [142]. 

Expanded Porphyrins [164] have many important properties, which are useful in area 

of non-linear optics [128] anion recognitions [165], anticancer drug development, 

cation coordination [166] and study of properties of the aromatic compound in many 

hetero-annulenes. Expanded Porphyrins have liquid crystalline behavior [167], were 

first reported more than three decades ago [167]. The derived results of liquid crystals 

from expanded Porphyrins are exceedingly rare [161] [135]. There are  two main 

expanded Porphyrin mesophase  and both are derived from oligopyrrolic macrocycles 

[168].  Tetraphenyl Porphyrins [169], an expanded Porphyrin having liquid crystal 
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behavior [170] at room temperature has been reported one decade ago [171]. The 

liquid crystal behavior [172] found with tetraphenyl as well as octa-substituted is 

columnar [14], this is due to, the planar discotic structure of the Porphyrin macrocycle 

[173]. Expanded Porphyrins have a “liquid crystal” property [174], [175]. Nowadays, 

it is the center point of research. 

 

Figure 1.13: Optimized geometry of Porphyrin ring. 

As discussed above, Porphyrins, serve wide range of purposes in animals, plants, and 

bacteria also because of their useful optical, redox, electronics, spectral and many 

other properties. So, this is also known as an evolutionarily conserved molecule. And 

they are continuously modified for use of multipurpose many fields. The optimized 

geometry of the Porphyrin ring is shown in Figure 1.13. 
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Chapter-2 

Computational Methodology 

 

2.1 Quantum Mechanical Calculations 

A molecule is formed by atoms.  Atoms are formed from electrons, protons & 

neutrons. Protons & neutrons are placed inside the nucleus and electrons move around 

the nucleus in different path in various energy levels also called the orbit or shell. This 

is the basic idea of the arrangement of subatomic particles inside an atom. This 

arrangement of  subatomic particles inside the atom in a definite manner leads them to 

hold and exhibit unique physical and chemical properties, like stable geometry, charge 

distribution, dipole moment, vibrational frequency, lowest possible energy, etc. These 

unique sets of physical and chemical properties can be precisely calculated using 

quantum mechanical formulations for a given set of atoms or molecules [1]. 

According to Quantum Mechanics (QM), wave function (ψ) of any molecular system 

hold all information related to that molecular system and it is obtained by solving the 

Schrödinger wave equation: 

= EH       (2.1) 

This is well known time-independent Schrödinger wave equation, where H is the 

Hamiltonian Operator of the given molecular system and E is the energy eigenvalue of  

the corresponding Hamiltonian Operator H. Ψ is a well behaved mathematical function 

also known as the wave function, whose square represents the probability density [3]. 
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The wave function of the molecule represents its nuclear as well as electronic motions 

together, by using Born Oppenheimer approximation, the electronic wave function is 

separated from the total wave function [4-6]. 

When the nuclei of two or more atoms are fixed at a particular distance, then their 

electronic wave function sufficiently provides all the physical and chemical properties 

of the molecule. But for a multi-electron system, the electronic part of the Hamiltonian 

operator of the Schrödinger equation is given by: 

 


−− +−−=
A P qp

pqAPAP

P

e rrZH 112

2

1
   (2.2) 

In the above equation, the first term represents the kinetic energy; the second term is 

the potential energy, whereas the third term is potential energy, raised due to inter-

electron interactions. Thus the modified Schrödinger wave equation for the ‘n’ 

electron system is given by [7]: 

),....,2,1(),....,2,1(),....,2,1( nEnnH eeee =   (2.3) 

In the above equation, Ψe is an electronic part of the total wave function. The detailed 

treatment of quantum mechanical problems involving the electronic structure of the 

molecule is equivalent to the complete solution of the appropriate Schrödinger 

equation. Due to the inter-electronic repulsion term, the Schrödinger equation for a 

single atom is not separable; therefore we obtain the solution Ψ0, by neglecting the 

inter-electronic repulsion term. The wave function Ψ0 for the ‘n’ electrons is given by 

the product of ‘n’ single electronic wave functions. This product of the wave function 

is known as Hartree Product of the wave function [8], given as:  

),,(..........).........,,(),,( 222211110 nnnn rrr  =   (2.4) 
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The electrons are fermions and thus obey Fermi-Dirac statistics [9]. One electron wave 

functions are the molecular orbitals, which are the products of the spatial orbitals and 

the spin functions (α or β) [10].To satisfy Pauli’s exclusion principle, the wave 

function must be anti-symmetric [11].The anti-symmetry wave functions may be 

derived from Slater Determinants [12]. The spin-orbital Slater determinant for ‘n’ 

electrons is given by: 
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The solution of the above equation can be obtained by using perturbation over the 

solution Ψ0 and a trial wave function is constructed with the help of this Slater 

determinant by applying the variational principle. The equation of energy of the 

system given below is written in the form of Dirac notation, the equation of the energy 

of the system is given by [13-15]; 

ji

iei

e

H
E

''

'||'




=                       (2.6)

 

2.2 Hartree Fock Method 

The solution of the electronic Schrödinger wave equation of molecule, which is 

formed by Slater determinant, consists of the nuclear–nuclear interaction energy, 

which has a constant value for a given geometry, the nuclear-electron attraction, which 

is dependent on one electron coordinate and the electron-electron repulsion, which 

depends on two-electron coordinates [16,17]. The Hamiltonian is given as: 
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where, 


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a pa
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where one-electron operator (
ih ) describes the motion of an ith electron in the field of 

all nuclei, ( ijg ) is two-electron operator giving the repulsion between two electrons 

while 
nnV  is the nuclear-nuclear interaction energy. The energy can be expressed as: 
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Where, J operator represents the classical repulsion between the two charge 

distributions described by φ12(1) and φ22(2): 

)2(

1

)1(

212

)2(

2

2

112 ||  gK =     (2.12) 

The K operator represents the exchange integral that has no classical analog [18]. To 

determine the set of Molecular Orbital (MO), which has minimum energy or is 

stationary in respect to change of orbital, variation is carried out in a manner that the 

MO’s should remain orthogonal and normalized. This type of optimization is termed 

constrained optimization and this can be achieved by the Lagrange multipliers method 

[16,19]. The Lagrange function is stationary for the orbital variations: 

( )ijji

N

ij

ijEL  −−=  |     (2.13) 
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L is the Lagrange function. A variation of the Lagrange function is written as: 

( ) =+−=
N

ij

iiiiEL 0||         (2.14) 

( ) −+=
N

j

jjii KJhF     (2.15) 

Where, Fi is the Fock Operator; whereas operator J is the electron repulsion term, 

known as the Coulomb Operator while operator K is termed as the Exchange Operator. 

Hence, the Hartree Fock equation can be written as below [16, 20]: 

iiiiF  =      (2.16) 

A set of functions that are the solutions of the above equation is called Self-Consistent 

Field Orbitals and is determined through an iterative method. The Hartree Fock 

method is known as the mean field approximation in which the average electron-

electron repulsion is taken into account [21]. 

2.3 Electron Correlation 

Electrons, which are present in the system, avoid confronting themselves due to 

repulsion between them. Such effect of electron repulsion is also called “electron 

correlation”. Thus the motion of the electron is considered to be correlated and hence 

affected due to the motion of the other electrons present in the system. When the 

molecules are formed, there is a possibility for the existence of an angular electron 

correlation around the bond direction. Within the Hartree-Fock formalism, the anti-

symmetric wave function is approximated by a single Slater determinant, which does 

not include this Coulomb correlation or electron correlation. Therefore the energy 

calculated with the Hartree-Fock method is different from the exact energy of the 
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system. This difference between these two energies is called the correlation energy and 

given as: 

Ecorr = Eexact – EHF               (2.17) 

There exist much significantly developed methods which accurately determined the 

contributions of correlations and thus leads to form a broader category of an approach 

called the “post-Hartree-Fock methods”. Many post-Hartree-Fock calculations include 

configuration interaction (CI), Moller-Plesset perturbation theory (MPn), multi 

configurational self-consistent field (MCSCF),and coupled-cluster theory (CC) 

considers the electron correlation. 

2.4 Density Functional Theory 

Density functional theory (DFT), in contrast to wave function in Quantum Mechanics, 

describes the energy as a functional of the electron cloud density [ρ (ᴪr)] [22]. Kohn et 

al. derived a set of single-electron equations that enables one to calculate the electron 

density and consequently the total energy of the system [22]. This methodology has 

been proven itself to be very successful in recent years as the calculations involving 

this method have shown themselves to be less computationally expensive, while the 

results obtained through it shows reasonable agreement with experiments for relatively 

large chemical systems [23]. Thus, similar to Hartree-Fock calculations, the total 

energy (Eel) of a DFT calculation is split into a kinetic energy term, a term representing 

the electron-nucleus attractions, a term for the Coulomb interactions between the 

electrons, and an exchange-correlation term (Exc), respectively [23, 24]. The first three 

terms resemble the Hartree-Fock Hamiltonian shown in equation 2.7, 2.8 and 2.9 

above as a function of the nuclear coordinates (R), and the coordinates of the electrons 

(r), and is shown below: 
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The exchange-correlation functional is generally unknown and therefore adequate 

approximate equations have been set up to estimate its contribution. Generally, 

Exchange-Correlation Functional (Exc) splits into two function one is an exchange 

functional (EX) and other is correlation functional (EC). The exchange functional, 

essentially represents the interactions of two spins in different orbits, whereas the 

correlation functional represents the pairing energy of present electrons in same orbital 

[25,26]. 

The exchange energy is generally estimated from Slater exchange function given by: 

 







−=






1

3/4

11

3/1

)(
4

3

4

9
drrE

ex

Slater

X        (2.19) 

In the above equation, αex is an exchange scale factor, which has the value 2/3 for an 

electron gas system. The commonly used correlation energy functional (
VWN

CE ) was 

named after Vosko, Wilk,and Nusair[25] and represents the correlation energy per 

electron in an electron gas system    11C  with spin densities 1
 and 1

, and it is 

given as: 

 = 1111111 )(),()( drrrrE c

VWN

C

           (2.20) 

The combination of Slater exchange functional and Vosko-Wilk-Nusair correlation 

functional gives the Local Density Approximation (LDA). Both functionals are 

directly derived from the homogenous electron gas equations.However, to correct the 

non-local terms to other exchange and correlation functionals have now been 
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developed for better and accurate results. Two popular approaches are named Lee, 

Yang & Parr (LYP correlational functional) [26] and Perdew & Wang (PW91 

correlational functional) [27]. But there are also many other available functionals, each 

with its unique qualities as well as drawbacks. 

A much appreciated and groundbreaking breakthrough applications of density 

functional theory to computational chemistry, in general, appeared when Becke 

developed the hybrid density functional procedures [28]. Becke benchmarked the 

density functional theory basically against a test set of experimentally pre-known 

ionization energies, electron affinities, and proton affinities with close accuracies. He 

came with a three-parameter (hybrid) density functional method to estimate the 

contributions of the exchange and correlation functionals and optimized the values of 

these three fit parameters (A, B, and C) against the experimental data in the test set. 

There are several possibilities of combining various exchange as well as correlation 

functional, but throughout the years the most popular has been the B3LYP method, 

although it should be realized that it is not essentially the most accurate one [28]. It is 

necessary the hybrid density functional method B3LYP has the following form: 

LYP

C

VWN

C

Becke

X

HF

X

Slater

X

LYPB

XC ECEEBEAAEE +++−+= )1(3
         (2.21) 

The B3LYP method, in essence, is not an ab-initio method. Strictly, the term ab-initio 

referred as starting from scratch without prior knowledge of the experiment. The 

B3LYP method, as well as other hybrid and non-hybrid DFT methods, is extremely 

accurate and versatile for computational chemists. The accuracy of DFT and high-level 

ab-initio methods, like coupled-cluster methods, their speed in combination with the 

reasonable accuracy makes them very popular as well as useful methodology. 
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Becke already published in his original paper, calculated energies within 2 (kcal/mol) 

of the experiment, which is not far off from the ultimate accuracy result of 

computational chemistry of 1 (kcal/mol) (chemical accuracy) defined by Pople et. al. 

[7]. Recent comparative calculations on the complete test-set molecules using three 

different techniques, i.e. Hartree-Fock theory, MP2 theory and DFT methods (using 

B3LYP) showed that the B3LYP methodology gives a considerable improvement over 

Hartree-Fock as well as over MP2 calculations [29]. Therefore, DFT is a low-cost 

alternative to quantum mechanical procedures and as such highly suitable to perform 

calculations on biochemical systems [30,31]. 

2.5 Hybrid Function 

Hybrid density functionals have allowed a significant improvement over General 

Gradient Approximation (GGA) for many molecular properties. A hybrid exchange-

correlation energy functional [32-34] is defined as follows: 

𝐸𝑋𝐶 − ∫ 𝑈𝑋𝐶
  𝑑

1

0
    (2.22) 

Where  is called coupling strength or parameter such that when =0 𝐸𝑋𝐶 − 𝐸𝑋
𝑒𝑥𝑎𝑐𝑡  

and when =1, 𝐸𝑋𝐶 − 𝐸𝑋
𝐺𝐺𝐴 + 𝐸𝐶

𝐺𝐺𝐴 , and 𝑈𝑋𝐶
  is the potential energy exchange-

correlation at coupling strength . 

More specifically, we can write 

𝐸𝑋𝐶 −
1

2
𝐸𝑋𝑐
=0 +

1

2
𝐸𝑋𝐶
=1     (2.23) 

As this functional (EXC) contains half-half contributions from each of the exact 

exchange energy(without correlation) and GGA exchange-correlation energy, it is 

called hybrid density functional (H-GGA). 
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In 1993, Becke [33] developed a 3-parameter hybrid functional called the B3 hybrid 

functional as: 

𝐸𝑋𝐶
𝐵3 − 𝐸𝑋𝐶

𝐿𝑆𝐷𝐴 + 𝑎(𝐸𝑋𝐶
=0 − 𝐸𝑋𝐶

𝐿𝑆𝐷𝐴) + 𝑏𝐸𝑋
𝐵 + 𝑐𝐸𝐶

𝑃𝑊91   (2.24) 

Where a, b and c are parameters that were fitted in such a way that the atomization and  

ionization energies, as well as the proton affinities included in the G2 data base and 

some total energies, were optimally reproduced. The fitted values of these parameters 

are a=0.20, b=0.72 and c=0.81. The most popular and extensively used hybrid 

functional is the B3LYP [33] which has the following form [32, 35]: 

 𝐸𝑋𝐶
𝐵3𝐿𝑌𝑃 − (1 − 𝑎)𝐸𝑋𝐶

𝐿𝑆𝐷𝐴 + 𝑎(𝐸𝑋𝐶
=0) + 𝑏𝐸𝑋

𝐵88 + 𝑐𝐸𝐶
𝐿𝑌𝑃 + (1 − 𝑐)𝐸𝐶

𝐿𝑆𝐷𝐴   (2.25) 

where a, b, and c have the same values as those given above. 

Several other hybrid density functionals [9,24] including BH and HLYP, B3PW91, 

B3P86, B97-1, B98, MPW1K, mPW3LYP, O3LYP, and X3LYP have also been 

developed. Further, a different class of density functionals called hybrid-meta GGA 

(HM-GGA) functionals, based on a similar concept as the M-GGA functionals have 

also been developed [35]. These functionals use M-GGAs instead of the standard 

GGAs. Thus, these methods depend on the Hartree-Fock exchange, electron density 

and its gradient, and kinetic energy density. Examples of the HM- GGA functionals 

are B1B95 [36, 37] BB1K [36,37,38] MPW1B95 etc. [39,40]. These methods are more 

reliable for the determination of barrier heights and atomization energies. 

2.6 Basis Sets 

A basis set represents a group of mathematical functions which describe the shape of 

the orbitals of an atom. To solve the Schrödinger equation, one has to optimize the 

wave function with the help of perturbations from the Hamilton operator to find the 
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energy eigenvalues. There is no straightforward method to obtain the wave functions 

for molecules as well as that of atoms in which distinct levels of orbitals. To overcome 

this problem, the Linear Combination of Atomic Orbitals (LCAO) approach [41] is 

used to describe the molecular wave function through molecular orbitals. In this 

approach, occupied atomic orbitals ( ) of all atoms in the molecule are taken to create 

a set of molecular orbitals (i) through fractions (cri) of all atomic orbital components 

as shown in the equation below: 

=
r

rrii c       (2.26) 

The number of active orbitals and virtual orbitals are taken into consideration decides 

the quality of molecular orbitals thus obtained. Hence, to achieve a good quality of 

molecular orbital wave function calculations, large number of such orbitals are 

required to be considered in the calculations so that the energy gets converge within 

the basis set limit.  

There are two broad classes of basis sets, i.e., Slater Type Orbitals (STO’s) [42,43] and 

Gaussian Type Orbitals (GTO’s) [44]. A Slater Type Orbital for ans-type atomic 

orbital has the following form: 

2

)( r

seNrS −=       (2.27) 

where, r is the radial distance from the nucleus of an atom, Ns, is the normalization 

constant, and ζ is a constant known as the orbital exponent, which governs with the 

size of the orbital. Gaussian Type Orbitals are s-type atomic orbital with the same 

orbital exponent as STO. It has the following form: 

2

)( r

geNrg −=      (2.28) 
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where Ng  is the normalization constant. 

The STO basis set has the advantage that they have a direct physical interpretation. 

The STOs have the shortcoming that most of the required integrals needed for the SCF 

procedure must be calculated numerically, hence it is computationally expensive, 

whereas wave functions with the GTO basis set are much easier to compute. The 

smallest basis set, which represents one basis function for each type of occupied 

orbital in the separated atoms, is called a minimal basis set [45]. The most commonly 

used minimal basis set is the STO-3G basis set. This notation indicates that the basis 

set approximates the shape of an STO orbital by using a single contraction of three 

GTO. One such contraction would then be used for each orbital, which is the definition 

of a minimal basis.  

The Pople basis set [46,47] is the other family of basis sets. They are written by the 

notation 6-31G. This means that each core orbital is described by a single contraction 

of six GTO primitives. It describes each core orbital with two contractions, of which 

one with three primitives while another with one primitive describe each valence shell 

orbital. The Pople basis sets are a very popular choice for organic molecules. These 

basis sets can be modified by adding one or two asterisks (*), such as 6-31G* or 6-

31G**. A single asterisk means a set of d-primitives has been added to atoms other 

than the hydrogen atom. Two asterisks mean that a set of p-primitives have been added 

to a hydrogen atom. These are called polarization functions because they give the 

wave function more flexibility to change shape. Similarly, one or two plus signs can 

also be added, such as 6-31+G* or 6-31++G*. A single plus sign indicates that diffuse 

functions have been added to atoms other than hydrogen. The second plus sign 

indicates that diffuse functions are being used for all atoms. Diffuse functions are used 

for anions, which have larger electron density distributions. They are also used for 
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describing interactions at long distances, such as Vander Waal’s interactions. The 

effect of adding the diffuse functions is usually related to change the relative energies 

of various geometries associated with these systems. Basis sets with the diffuse 

functions are generally known as augmented basis sets [46,48]. 

Due to the variational principle, the electronic energy of a molecule approaches the 

exact value closely with an increase in the number of basis functions used in a 

calculation; it is usually useful to construct basis sets that have more basis function 

than the number of basis functions in minimal basis set. The Double Zeta (DZ) basis 

set uses two basis functions of each type of the minimal basis function for separated 

atoms. Since coefficients of hybrid density functional theory are benchmarked against 

experimental data using calculations through a double-  quality basis set. This type of 

basis set is generally sufficient in Density Functional Theory (DFT) calculations for 

the geometry optimizations [49]. 

2.7 Solvent effects 

Energies calculated by using computational Quantum methods refer to only gas-phase 

data. To make computational results at par with experimental results for comparison, 

the effect of solvent needs to be incorporated into the calculations. To add solvent 

molecules in the model system and re-optimize the resultant structure is the simplest 

way to achieve this effect. But these types of calculations will increase computational 

time and also it is not always practical. Because the solvent molecules can exist in 

several conformations [49]. Hence, instead of adding the solvent molecule, a more 

common approach is to add solvent corrections to the energetics using an implicit 

solvent model. This can either be done at a single point level, whereby the energy is 

recalculated with a solvent model of the gas phase optimized geometry, or by re-
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optimizing the structure using a solvent model. The popular software packages, such 

as Gaussian and Jaguar, include solvent models like the Polarizable Continuum Model 

(PCM) [50]. In Polarizable Continuum Model calculations, the solvent is described as 

a perturbation of the molecule with a dielectric constant and the molecule is placed in a 

cavity that is surrounded by the dielectric continuum. The cavity is described as an 

area around the molecule that contains less than a pre-defined amount of electron 

density of the molecule and is often based on Vander Waals radii of atoms. The 

classical Poisson equations are then used to calculate the electronic potential arising 

from the molecule-solvent interactions using a defined dielectric constant. 

2.8 Application of ab-initio and DFT Methods 

DFT and ab-initio methods are applied for several molecular properties such as 

geometry, vibrational frequencies, barriers to internal rotation, energy differences 

between conformational isomers, charge distributions, dipole moments, molecular 

electrostatic potentials (MEP), electronic spectra, infrared and Raman spectra, NMR 

spectra, polarizabilities, salvation, intermolecular interactions and reactions [32,52,53]. 

Some of those that have been studied in this thesis are described here briefly. 

2.8.1 Molecular Geometry 

The equilibrium geometry of a molecule is a global total energy minimum on the 

potential energy surface obtained using the Born-Oppenheimer approximation. It can 

be obtained by minimizing the total energy with respect to the internal coordinates, i.e. 

bond lengths, bond angles,and dihedral angles. Minimization of total energy with 

respect to internal coordinates is called geometry optimization. Several algorithms are 

available to search the total energy minimum of a molecule. Vibrational frequency 
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analysis, as discussed below, has to be carried out to ensure that the total energy 

minimum has been located on the potential energy surface. 

2.8.2 Vibrational Frequencies 

Calculation of vibrational frequencies is important for ascertaining the nature of 

minima and maxima on the potential energy surface and to explain the vibrational 

spectra of molecules. For a molecule, the vibrational frequencies are calculated using 

the mass-weighted Hessian matrix. 

A Hessian matrix is the matrix of second derivatives of the total energy with respect to 

geometrical parameters. The elements of the Hessian matrix are defined as: 

𝐻𝑖,𝑗 −
2 𝐸

𝑋𝑖𝑋𝑗
      (2.29) 

and are generated by the use of finite displacements, that is, for each atomic 

coordinate xi, the coordinate is first incremented by a small amount, the gradients 

calculated, then the coordinate is decremented and the gradients re-calculated. The 

second derivative of this matrix is then obtained from the difference of the two 

derivatives and the step size: 

𝐻𝑖,𝑗 −
(

𝜕𝐸

𝜕𝑋𝑖
)(+0.5∆𝑋𝑗)−(

𝜕𝐸

𝜕𝑋𝑖
)(−0.5∆𝑋𝑗 )

∆𝑋𝑗
   (2.30) 

This is done for all the 3N Cartesian coordinates where N is the number of atoms. 

The random errors that occur in the gradients can be reduced by re-defining the 

Hessian because it is symmetric, that is Hi,j = Hj,i, and is defined by 

𝐻𝑖,𝑗 −
1

2
(

(
𝜕𝐸

𝜕𝑋𝑖
)(+0.5∆𝑋𝑗)−(

𝜕𝐸

𝜕𝑋𝑖
)(−0.5∆𝑋𝑗 )

∆𝑋𝑗
+

(
𝜕𝐸

𝜕𝑋𝑗
)(+0.5∆𝑋𝑖 )−(

𝜕𝐸

𝜕𝑋𝑗
)(−0.5∆𝑋𝑖)

∆𝑋𝑖
) (2.31) 

Diagonalization of this matrix yields the force constants of the system. 
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To calculate vibrational frequencies, the Hessian matrix is the first mass-weighted. 

Thus, 

𝐻𝑖,𝑗
𝑚 −

𝐻𝑖,𝑗

√𝑀𝑖 √𝑀𝑗
      (2.32) 

Diagonalization of this matrix yields eigenvalues, i’s. Then, in harmonic 

approximation, the vibrational frequencies νi can be calculated using the following 

relation: 

𝑣𝑖 −
1

2
√𝑖   (𝑖 = 1,2,3 … … 3𝑁 − 6)   (2.33) 

2.8.3 Chemical Reaction 

A chemical reaction can be studied using quantum chemical ab-initio and density 

functional theoretical (DFT) methods, employing the concept of transition state 

theory (TST) [40]. The theory assumes a special type of chemical equilibrium 

(quasi-equilibrium) between reactants and the transition state. TST assumes that 

even when the reactants and products are not in equilibrium with each other, the 

activated complexes are in quasi-equilibrium with the reactants. Transition state 

theory fails for some reactions at high temperatures. The theory assumes that the 

reaction system would pass over the lowest energy saddle point on the potential 

energy surface. Other forms of TST, such as microcanonical variational TST, 

canonical variational TST, and improved canonical variational TST, where the 

transition state is not necessarily located at the saddle point, are referred to as a 

generalized transition state theory. According to TST, a simple one-step chemical 

reaction starts from a reactant complex (RC) and proceeds through a transition state 

called (TS) from where the product complex (PC) is formed. On the PES, the energy 

difference between the total energies, of TS and RC is termed as the barrier energy 
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( Eb), and the difference in total energies of the TS and PC is termed as released 

energy ( Er) (Figure. 2.1(a)). The barrier energy of a reaction can be obtained using 

the concept of potential energy surface (PES).  

 

 

Figure. 2.1. Potential energy surfaces for (a) single-step reaction and (b) three-step 

reaction. 

The PES is based on the fact that the total energy of a molecule or another type of 

atomic arrangement can be represented as a curve or multidimensional surface, with 

atomic positions as variables. On the PES, RC and PC are minima that are 

characterized by all real vibrational frequencies, while TS is a maximum that is 

characterized by an imaginary vibrational frequency. Corresponding to each TS, there 

are minima located on either side of it on the PES. In a complex multi-step reaction, 

there may be several TSs and minima other than the RC and PC, known as 

intermediate complexes (ICs) (Figure. 2.1(b)). The structural changes that occur 

between the reactant complex and the final product complex, through the transition 

states and intermediate complexes, constitute a reaction mechanism. To able to get 

energies that are appropriate for comparison with the experiment, one applies zero-

point energy (ZPE) correction or appropriate thermal energy correction to the 
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calculated total energies. The calculation of barrier energies of a reaction is an 

important step for predicting its feasibility. By searching all the extrema on the PES of 

a reaction, one would get information about the structures of RC, ICs, PC, and TSs. In 

this way, one can easily get information about the favoured mechanism of a reaction. 
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Chapter-3 

Metabolism of 8-aminoquinoline (8AQ) 

Primaquine via aromatic hydroxylation step 

mediated by Cytochrome P450 enzyme using 

Density Functional Theory 

 

3.1 Introduction 

Cytochrome P450 is an important enzyme of nature, basically in biosystems. In 

humans, it is found in the liver [1]. But it is also highly expressed in areas of the 

central nervous system.These enzymes catalyze a variety of stereo-specific and regio-

selective mono-oxygenation reaction processes. It is also used in detoxification 

processes and is a key drug-metabolizing enzyme involved in the metabolism of drugs 

[2]. It reacts as mono-oxygenases that transfer oxygen atom to the substrate. This 

oxygen can be transferred either by hydroxylation, epoxidation or sulfoxidation [3–6]. 

Due to its large versatility in the activation of the substrate, Cytochrome P450 is an 

essential enzyme, not only in biology but also, in biotechnological and pharmaceutical 

applications for investigations of drugs [7]. Moreover, its drug metabolism and 

involvement in brain chemistry make this enzyme a target for the drug industry and 

biomedical research [8–11]. 

Fundamentally, hydroxylation is of two types – one is (a) aliphatic, another is (b) 
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aromatic. Both hydroxylations are important and their reaction pattern is different. 

Present research is focused on the study of aromatic hydroxylation. In the modern 

synthesis chemistry, direct insertion of hydroxyl group into the aromatic compound is 

one of the most challenging fields, because of the strong bond of hydrogen and carbon 

(C-H) atom of the benzene ring. But, despite this ambivalence, Cytochrome P450 

catalyzes aromatic compound in relatively easy way. Hydroxylations of aromatic rings 

are important chemical reactions and are catalyzed by several metalloenzymes [8,9]. In 

biosystems, there are various essential processes of chemical reactions which lead to 

aromatic hydroxylation with Cytochrome P450 and convert several non-degradable 

compounds into biodegradable compounds [10,11].  

Aromatic hydroxylation step via P450s is responsible for the breakdown of xenobiotics 

into water-soluble enzymes [3]. P450 catalyses estrogen hormone into 16-hydroxy-

estrogen via aromatic hydroxylation step, which basically triggers breast cancer [15–

17]. Moreover, plant P450 enzyme catalyze the isoliquiritigenin into the product, 

which has antitumor, antioxidant and phytoestrogenic activity [18]. Aromatic 

hydroxylation via P450 is also the centre of research for drug metabolism including 

para-hydroxylation of Amphetamine and Tamoxifen [19–21] and several other 

substrates, like, β-blocker alprenolol [22] and the neurotoxin 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine which is a chemical inducer of Parkinson’s disease [23].  

So, in the field of bio-chemistry, aromatic hydroxylation via P450 is a crucial activity, 

but researchers are always fascinated by aromatic hydroxylation due to its unknown 

reaction mechanism with Cytochrome P450 [21-22]. The Cytochrome P450 

metabolize various compounds using high-valent iron (iv) oxo species complex, 

generally known as Cpd1. This complex is formed during the catalytic cycle of 

Cytochrome P450 [26–29]. Initially, in catalytic cycle, Cytochrome P450 is at the 
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resting state and the water molecule is ligated. The entry of the substrate expels the 

water molecule and tightly binds with the enzyme. Further, the oxidation step forms 

ferric peroxide species known as compound 0 (Cpd 0), and then after the protonation 

step Cpd 0 converts into active species of enzyme, iron (IV)-oxo complex, known as 

compound I (Cpd I). It is the primary oxidant involved in the oxidation reaction of all 

super family of P450s and here truncated model of Cpd I is used to explore the overall 

reaction. 

For large number of atoms a more suitable method is used generally known as 

QM/MM (Quantum Mechanical/ Molecular Mechanical) method. The utility of this 

method is revealed by the first QM/MM study [30] of the active species. It was done 

by increasing molecules in all the species in the catalytic cycle of P450cam, [31] the 

active species of human isoforms, [26-32] and some of organic molecules [33-34]. 

Moreover, the QM/MM approach is used for two- layer to three-layer of system, one 

can easily understand it by continuum solvation model which is used for third layer 

[35] or by ONIOM-type method in which system is divided in two layers two different  

layers one is inner QM layer and another is outer MM layer [36]. Such more involved 

QM/MM treatments have not yet been applied to P450 enzymes. Present study 

addresses the aromatic hydroxylation of 8-aminoquinoline (8AQ), an anti-malarial 

drug Primaquine via Cpd I of P450. Primaquine is metabolized by CYP 2D6 enzyme 

[37]. CYP 2D6 is a member of the P450 enzyme, so the active site is similar for both 

enzymes. That’s why P450 enzyme is used here for hydroxylation.  

The 8-aminoquinoline (8AQ) drug Primaquine (PQ) is a prime anti-malarial drug, used 

in the treatment of malaria due to plasmodium vivax and plasmodium ovale [38]. It is 

also used in the treatment of pneumocystis pneumonia together with clindamycin, as 

an alternate treatment. It is one of the safest and most effective drugs and is placed in 
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the list of essential drugs of World Health Organization (WHO) [39]. It was developed 

over 70 years ago. But, unfortunately, the reaction pathway was still blurred. 

 

Figure 3.1: Aromatic hydroxylation of Primaquine at ortho (2PQ) and para (4PQ) 

position by Cytochrome P450. 

The hydroxylated metabolite of Primaquine is also responsible for many essential 

sexual transmission stages of Plasmodium falciparum [40]. There are six metabolites 

of 8AQ identified [37]. These metabolites are formed by the hydroxylation step, at 

each position of the benzene ring. Current study is investigating the hydroxylation step 

at ortho (2PQ) as well as para (4PQ) position of the benzene ring of Primaquine. DFT 

method is the most accurate and reliable for studying the reactivity pattern of Cpd I 

and also of several other essential metalloenzyme with hybrid function B3LYP of DFT 

[41]. The C-H hydroxylation of the substrate with Cpd I is followed by two different 

spin surfaces, one is, high spin state (HS) and the other is, low spin state (LS). These 
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two different spin state energy barriers lead to two-state reactivity (TSR) pattern 

[25,26]. In the present work, we have studied aromatic hydroxylation at the ortho 

position (2PQ) as well as at the para position of Primaquine (4PQ) (Figure 1). The 

reaction patterns for reaction complex (RC), transition state (TS), intermediate state 

(IM) and product complex (PC) for both spin state, doublet (LS) as well as quartet 

(HS), are shown in energy profiles as will discuss later. All calculations are done for 

isolated reaction coordinate. Further, we cross checked the results calculating single 

point energy using basis set LACVP, solvent effect with benzene, and in presence of 

two ammonium molecule, and results are overlapping to each other, which showed the 

reliability of results. 

3.2 Methodology 

Present study comprises an investigation of reaction energy profile by Quantum 

Mechanical (QM) method. Density functional theory (DFT) was involved using 

Gaussian 09 software [43]. In this work, all calculations were performed for porphyrin 

cation radical iron (IV) oxo species i.e Por+.Feiv=O, which is commonly referred as 

(Cpd I), in two different spin states, doublet as well as quartet with Primaquine as a 

substrate. Optimization geometries of reactant, intermediate, product is performed and 

a genuine pathway for the reaction mechanism is found on potential energy surface 

(PES) with subsequent transition states. Initially, optimization of geometry was 

calculated by hybrid density functional B3LYP using LANL2DZ basis set on iron 

atom and 6-31G basis set on the rest of the atom (BS1) abbreviated as B3LYP/BS1 

[44]. 

 Analytic frequency calculations performed after optimization confirmed the local 

minima of reactant, intermediate, product by showing the real frequencies and first-
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order saddle point i.e., transition state with single imaginary frequency. Moreover, 

results are crosschecked at B3LYP/BS2 theory by performing single-point 

calculations. This basis set involves triple zeta effective core potential on iron and 6-

31+G* basis rest on remaining atoms. Further, we calculated single point energy using 

basis set LACVP, solvent effect with Benzene and in presence of ammonia and results 

are overlapping to each other, which showed the reliability of results. Barrier heights 

are calculated by isolated reactant geometries using 6-31G, 6-31+G*, LACVP, solvent 

effect with benzene and in presence of ammonia are shown in Figure 3.2 and Figure 

3.7. 

3.3 Results and Discussion 

3.3.1 Hydroxylation of Primaquine at ortho position (2PQ) 

The proposed work tried to explain aromatic hydroxylation of Primaquine at ortho 

position of the aromatic ring (C-2), to a complex intermediate (IM1) by attaching at 

the ortho position of carbon (C-2) with oxygen atom of Cpd I. In the next step, 

hydrogen atom (H-2) at ortho position gets attached with one of nitrogen atom of 

porphyrin ring forming a second intermediate state (IM2). Further, this hydrogen atom 

attaches to the abstracted oxygen atom of Cpd I, and form a product complex (PC). 

The electronic configuration of CpdI must be clearly identified, for better 

understanding of its reaction pathway 3dz
2 orbital of iron and 2pz orbital of oxygen of 

Cpd I together formed 𝜎𝑧2
∗  anti-bonding orbital, whereas interaction of 3dxy orbital of 

iron and 2pxy orbital of nitrogen atoms of porphyrin together form anti-bonding orbital 

𝜎𝑥𝑦
∗

 . These orbitals are found to be unfilled initially due to their high energy state and 

filled in later part of the reaction process. Further, 𝛿𝑥2 −𝑦2  Is orbital of lone pair 

electron the porphyrin ring. The low-lying bonding orbital 𝜋𝑥𝑧  /𝜋𝑦𝑧  as well as 
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antibonding orbital  𝜋𝑥𝑧
∗  / 𝜋𝑦𝑧

∗  is formed by the interaction between 3𝑑𝑥𝑧  /3𝑑𝑦𝑧  orbital 

of iron and 2𝑝𝑥  /2𝑝𝑦 orbital of oxygen .These low-lying bonding  𝜋𝑥𝑧 /𝜋𝑦𝑧  orbitals are 

always filled. Optimized orbitals are shown in Figure 3.3.  

 

Figure 3.2: Potential energy surface of hydroxylation of Primaquine (2PQ) by 

Cytochrome P450  with energies in kcal/mol. Bond length, bond angle 

and imaginary frequencies (in cm-1) of quartet as well as doublet (in 

bracket) spin state is shown. All energies are calculated at 

B3LYP/BS1//B3LYP/BS2 level of theory. 

Other than these five metal orbitals, two highlying orbitals of heterocyclic ring (a1u 

and a2u ) are also involved. But, in enzymatic systems a2u orbital is slightly high in 

energy due to mixing from the sigma orbital of the axial ligand. So, two spin states 
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result with ferromagnetic and anti-ferromagnetic coupling between 𝜋𝑥𝑧
∗1  𝜋𝑦𝑧

∗1   and 𝑎1𝑢
2  

respectively, whereas a1u remains fully occupied.  

DFT calculations revealed nearly ~ 1kcal/mol energy gap between quartet and doublet 

spin state as shown in Figure 3.3. Substrate (Primaquine) and Cpd I together form 

reactant complex (RC) when put at interacting distance with each other.  

Nature of electron in substrate 𝜑𝑐
1 (up and down) determines the spin state and also 

conserves the overall quartet and doublet spins (Figure 3.2). The electronic 

configuration of first transition state (TS1) is same as configuration of first 

intermediate (IM1). After this, in high spin (HS) state, first intermediate leads to 

second intermediate (IM2) by transfer of charge from ortho carbon (C-2) to one of the 

nitrogen atom of porphyrin ring (=N-H) following electronic configuration. 

𝛿𝑥2−𝑦2
∗2   𝜋𝑥𝑧

∗1  𝜋𝑦𝑧
∗1  𝜎𝑧2

∗1 𝜎𝑥𝑦
∗0 𝑎1𝑢

2  𝑎2𝑢
2  𝜑𝑐

0 , and the configuration of low spin state of second 

intermediate (IM2) state is  𝛿𝑥2−𝑦2
∗2   𝜋𝑥𝑧

∗1  𝜋𝑦𝑧
∗2  𝜎𝑧2

∗1 𝜎𝑥𝑦
∗0 𝑎1𝑢

2  𝑎2𝑢
2  𝜑𝑐

0 . Second transition 

state (TS2) of high spin state is observed as 𝛿𝑥2 −𝑦2
∗2   𝜋𝑥𝑧

∗1  𝜋𝑦𝑧
∗1  𝜎𝑧2

∗1 𝜎𝑥𝑦
∗0 𝑎1𝑢

2  𝑎2𝑢
2  𝜑𝑐

1. 

Further, product complex (PC) is formed by transfer of the hydrogen atom from 

nitrogen, and bind to the oxygen which has already been transferred at ortho position 

in second intermediate. The overall configuration of product is 𝛿𝑥2 −𝑦2
∗2   𝜋𝑥𝑧

∗1  𝜋𝑦𝑧
∗1  𝜎𝑧2

∗1 

𝜎𝑥𝑦
∗0 𝑎1𝑢

2  𝑎2𝑢
2  𝜑𝑐

2 , product formation is not observed in case of doublet spin state, due to 

formation of suicidal complex. The electronic configurations must change due to 

transfer of charge, so that occupancy of orbital 𝑎2𝑢  ,𝜋 ∗, 𝜎 ∗ and 𝜑𝑐   is also changed. As 

we discussed earlier, all three electrons of orbital 𝜋𝑥𝑧
∗ , 𝜋𝑦𝑧

∗  and 𝑎2𝑢   combine 

ferromagnetically or anti-ferromagnetically to form quartet or doublet spin state 

respectively. These type of reaction mechanism lead to the two state reactivity (TSR) 

pattern [45–48]. These calculations are done by quantum mechanical (QM) method 
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using B3LYP basis set. There is a minor energy difference between doublet -2.71 

kcal/mol and quartet spin state with energy -2.57 kcal/mol, of optimized reactant 

complex (RC) as shown in Figure 3.3.  

 

Figure 3.3: Key orbitals of Cpd I in order of their energy. 

The energy gap between these two states is very close, i.e., these are degenerate energy 

state as we have discussed above. Optimized structure of reactant complex (RC), 

transition state (TS), intermediate state (IM), and product complex (PC) for doublet 

and quartet spin state is shown in Figure 3.4 and Figure 3.5 respectively. And their 

spin densities with mulliken charges are compiled in Table 1. The energy of first 

transition state (TS1) of doublet spin state is 10.59 kcal/mol, it forms more stable state 

than quartet spin state having energy 11.23 kcal/mol. The energy of first intermediate 
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(IM1) of doublet spin state is 3.41 kcal/mol, and it is comparable to quartet spin state 

3.73 kcal/mol. 

 

Figure 3.4: Optimized geometries of Reactant complex (RC), Transition state (TS), 

Intermediate complex (IM), and Product complex (PC) with differences 

in the bond lengths for respective atoms for LS of 2PQ. 

Further, the energy of second transition state (TS2) of quartet spin state is 4.40 

kcal/mol. These two degenerate states continuously maintain energy gap of 

(<1kcal/mol) between them. The energy of second intermediate (IM2) of doublet spin 

state is -65.10 kcal/mol, and the energy of quartet spin state is -38.39 kcal/mol,  
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Figure 3.5: Optimized geometries of Reactant complex (RC), Transition state (TS),   

Intermediate complex (IM), and Product complex (PC) of quartet spin 

state (HS) of 2PQ. 
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this means it is more stable than quartet. LS surfaces offered formation of suicidal 

complexes, confirmed by reverse scan curves. At the end, it forms product complex  

(PC) with energy -55.54 kcal/mol at high spin state. And the formed product is 

chemically named as 2-hydroxylated Primaquine (2-OH PQ). 

With the frequency calculations, the reported imaginary frequencies of TS1 and TS2 of 

quartet spin state are 430.67i cm-1 and 155.75i cm-1 respectively. And imaginary 

frequency of TS1 of low spin state is 357.29i cm-1. As shown in the energy profile 

Figure 3.2, intercrossing of the energy states indicates the spin cross over during the 

catalytic cycle [33-34].Moreover, the transfer of electron and spins of electron is also 

investigated by charges and spin densities (Mulliken and NBO atomic charges) using 

BS1 basis set and is reported in Table 3.1. 

Table 3.1: Spin densities and charges of Cpd1 & 2PQ position of substrate 

(Primaquine) using BS1 basis set. 

Reactant Complex 

Spin Density Charge 

 Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 1.07 0.94 0.43 -0.00 0.54 0.50 -0.34 0.10 0.00 -0.04 

M2 1.20 0.89 -0.50 -0.00 -0.58 0.51 -0.34 -0.11 0.00 -0.05 

TS 1 

Spin Density Charge 

 Fe O Por. Sub. SH Fe O Por. Sub. SH 
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M4 1.35 0.74 0.02 0.60 0.27 0.45 -0.41 -0.37 0.35 -0.02 

M2 1.59 0.33 -0.22 -0.49 0.21 0.45 -0.42 -0.34 0.37 -0.07 

Intermediate 1 

Spin Density Charge 

 Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 1.89 0.35 -0.13 0.91 -0.03 0.49 -0.50 -0.35 0.35 0.01 

M2 1.77 0.28 -0.13 -0.85 -0.08 0.47 -0.50 -0.35 0.35 0.02 

TS 2 

Spin Density Charge 

 Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 2.62 0.09 -0.10 0.22 0.26 0.53 -0.54 -0.44 0.15 -0.23 

Intermediate 2 

Spin Density Charge 

 Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 2.83 0.09 0.04 -0.11 0.00 0.51 -0.62 0.02 -0.41 -0.12 

M2 1.10 0.00 -0.08 0.00 -0.28 0.35 -0.51 -0.56 0.20 -0.00 

Product 

Spin Density Charge 
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 Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 2.5 0.00 0.02 0.00 0.46 0.53 -0.60 -0.41 0.04 -0.16 

 

3.3.2 Hydroxylation of Primaquine at para position (4PQ) 

Abstraction of hydrogen atom at the para position of Primaquine is identified as 4PQ. 

All properties are also investigated for 4PQ by Quantum Mechanical (QM) methods.  

As we discussed earlier, in this reaction, hydrogen atom at the para position of 

substrate (Primaquine), is abstracted by Cpd I. The energy profile for both spin 

surfaces LS as well as HS is studied as shown in Figure 8. 

 A reactant complex of doublet and quartet spin state has the same configuration as 

reactant complex of 2PQ. Before forming the product, both spin surfaces, high as well 

as low give two intermediate states IM1, IM2 with same electronic configuration as 

IM1, IM2 of 2PQ.  

Here one can clearly notice that the LS surfaces offered formation of suicidal 

complexes, Also, product 4-hydroxylated Primaquine (4-OH PQ) was found to offer 

more energy than intermediate 2 (IM2) which further justified the formation of dead 

product. The optimized structure of reactant complex (RC), transition state (TS), the 

intermediate state (IM), and product complex (PC) for doublet or quartet spin state is 

shown in Figure 3.6 as well as in Figure 3.8 respectively.  

The reaction followed patterns of two state reactivity (TSR) mechanism and energy 

landscape for doublet and the quartet was close and parallel with each other, but this 

pattern bifurcates at IM1. TSR behavior is transformed to single state reactivity (SSR) 

and shows that the reaction is possible only for high spin surface (HS). Also, electronic 
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configuration of first transition states (TS1) of HS as well as LS is same as electronic 

configuration of TS1 of 2PQ. The electronic configuration of third transition state 

(TS3) of high spin surface is  𝛿𝑥2−𝑦2
∗2   𝜋𝑥𝑧

∗1  𝜋𝑦𝑧
∗2  𝜎𝑧2

∗1 𝜎𝑥𝑦
∗0 𝑎1𝑢

2  𝑎2𝑢
2  𝜑𝑐

0  and the product is 

𝛿𝑥2−𝑦2
∗2  𝜋𝑥𝑧

∗1  𝜋𝑦𝑧
∗1  𝜎𝑧2

∗1 𝜎𝑥𝑦
∗0 𝑎1𝑢

2  𝑎2𝑢
2 .  

 

Figure 3.6: Optimized geometries of Reactant complex (RC), Transition state (TS), 

Intermediate complex (IM), and Product complex (PC) for doublet state 

(LS) of 4PQ. 
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The energy of reactant complex (RC) of the doublet is -3.97 kcal/mol which is very 

close to quartet having the energy -2.64 kcal/mol. The energy of first intermediate 

(IM1) of doublet and quartet is 6.47 kcal/mol as well as 3.92 kcal/mol respectively. 

The energy profile of para position of aromatic hydroxylation is shown in Figure 3.7. 

Both spin states continuously maintains 1 kcal/mol difference between them. 

 

Figure 3.7: Potential energy surface of hydroxylation of Primaquine (4PQ) by 

Cytochrome P450   4 with energies in kcal/mol.  Bond length, bond angle 

and imaginary frequencies (in cm-1) of quartet (in green color) as well as 

doublet (in bracket in red color) spin state is shown. All energies are 

calculated at B3LYP/BS1//B3LYP/BS2 level of theory.  

The energy of second intermediate (IM2) of doublet is -9.85 kcal/mol and quartet is -

37.32 kcal/mol. The energy of third transition state of quartet (TS3) is -35.57 kcal/mol. 

Also, the energy of product of quartet spin state is -50.51 kcal/mol. The imaginary 
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frequency of TS1 of doublet is -422.86 cm-1 and quartet is -439.29 cm-1. And 

imaginary frequency of TS3 of quartet is -619.54 cm-1. Imaginary frequencies of 

quartet and doublet 

 

Figure 3.8: Optimized geometries of Reactant complex (RC), Transition state (TS), 

Intermediate complex (IM), and Product complex (PC) for quartet state 

(HS) of 4PQ.  



Chapter 3 
 

 Page 87 

spin state of transition states are shown in Figure 3.8. Optimized structures with 

corresponding bond length of all state of metabolic reaction for both surfaces are 

shown in Figure 3.6 & 3.8, respectively. These two step reactions are exothermic as 

expected. The overall rate of a chemical reaction is often determined by the slowest 

step of reaction, known as rate limiting or rate determining step. C-O bond formation 

step is the rate limiting step. 

 

Figure 3.9: Scan results of 2PQ at low spin surface 

 

Figure 3.10: Scan results of 4PQ at low spin surface. 
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Rate limiting step has activation energy 10.59 and 11.23 kcal/mol, for both LS as well 

as HS state, respectively. Further, the transfer of electron and spins of electron is also 

investigated by charges and spin densities (Mulliken atomic charges) using BS1 basis 

set for 4PQ reported in Table 3.2.  Scan graph of 2PQ and 4PQ for doublet surface is 

shown in Figure 3.9 and Figure 3.10 respectively. 

Table 3.2: Spin densities and charges of Cpd1 & 4PQ position of substrate 

(Primaquine) using BS1 basis set.  

Reactant Complex 

Spin Density Charge 

 Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 1.07 0.94 0.43 0.00 0.53 0.51 -0.34 -0.10 0.01 -0.05 

M2 1.20 0.91 -0.46 -0.05 -0.57 0.51 -0.35 -0.10 0.00 -0.05 

TS1 

Spin Density Charge 

 Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 1.32 0.75 0.04 0.60 0.28 0.47 -0.40 -0.37 0.33 -0.02 

M2 1.62 0.40 -0.26 -0.51 -0.24 0.50 -0.45 -0.33 0.34 -0.07 

Intermediate1 

Spin Density Charge 
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 Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 1.84 0.37 -0.12 0.94 -0.03 0.49 -0.50 -0.34 0.32 -0.02 

M2 1.91 0.32 -0.16 -0.87 -0.19 0.55 -0.53 -0.35 0.30 0.02 

Intermediate 2 

Spin Density Charge 

 Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 2.85 0.04 0.06 0.04 0.04 0.49 -0.72 0.07 -0.42 -0.08 

M2 1.12 -0.00 -0.09 -0.00 0.03 0.36 -0.41 -0.33 -0.27 0.02 

TS 3 

Spin Density Charge 

 Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 2.71 0.02 0.03 -0.47 0.21 0.51 -0.71 -0.08 -0.47 -0.11 

Product 

Spin Density Charge 

 Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 2.4 0.00 0.03 -0.00 0.46 0.53 -0.63 0.39 -0.64 -0.16 
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3.4 Conclusion 

The present work investigate the complete reaction pathway of aromatic hydroxylation 

of Primaquine with Cpd I by DFT using basis set 6-31G (BS1) and the results were 

further cross checked using basis set 6-31+G* (BS2). Quantum mechanical 

calculations clearly depicted above hydroxylation reaction is rebound free process 

having more than one transition state with short lived intermediate state and C-O bond 

formation step to be rate determining step of the reaction. It can been seen from the 

energy profile for ortho (2PQ) and para (4PQ) position of Primaquine that quartet 

surface (HS) is responsible for the hydroxylated product whereas doublet spin surface 

profile is resulted in the formation of a suicidal complex.  

Finally, the product at high spin state surface (HS), is formed, the reaction followed 

patterns of two state reactivity (TSR) mechanism and energy landscape for doublet and 

quartet were close and parallel with each other, but this pattern bifurcate at IM1. TSR 

behaviour is transformed to single state reactivity (SSR) showing that reaction is 

possible only for high spin surface (HS).  

In the energy profile it is clearly shown that H-abstraction step is rate determining step 

with activation energy 11.23 kcal/mol and 10.59 kcal/mol for HS and LS respectively 

for hydroxylation at ortho position while for the hydroxylation at para position the 

activation energy is 12.86 kcal/mol and 11.72 kcal/mol for HS and LS respectively. 

Here it is also concluded that this process is not regioselective and the product is 

formed directly from intermediate. So, the present work is expanded to a great extent 

about to the metabolism of Primaquine via P450 by giving a reaction pathway.  

Further, we calculated single point energy using basis set LACVP, solvent effect with 

Benzene and in presence of ammonia, and results are overlapping to each other, which 
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showed the reliability of results.  These formed products (metabolites) are further used 

for treatment of malaria. These quantum mechanical calculations are considered for 

good accuracy results.  

Present reactions mechanism is different from aliphatic hydroxylation reactions of 

Cytochrome P450 enzyme, due to formation of suicidal complex at the low spin 

surface. But further results give good accuracy as we expected and these results can be 

used for experimental researches and will give fruitful results. And there results have 

good accuracy for isolated reaction coordinates which shows the success of present 

work. 
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Interplay between two degenerate spin state 

determines the hydroxylation of 4-nitrophenol 

catalyzed via Cytochrome P450 

 

 

4.1 Introduction 

The Cytochrome P450 is an essential enzyme found in nature [1]. It consists of number 

of enzymes with varying substrate selectivity, such as CYP1A2, 2A6, 2B6, 2C9, 2C19, 

2D6, 2E1 and 3A etc. These enzymes are responsible for the metabolism of about 70% 

of therapeutic drugs [2]. In human, P450 is found in liver [3]. It contribute in the 

catalysis of variety of stereo and regio-selective mono-oxygenation reaction processes 

and also in detoxification processes [4].  Due to their wide range versatility in 

activation of several substrate, CYP is very important enzyme, in biology, 

biotechnological and pharmaceutical applications for investigations of new drugs [5]. 

Moreover, its involvement in drug metabolism make this enzyme a target for research 

in drug industry and biomedical field [6-9]. Despite of various member of P450 

enzyme, CYP2E1 has been paid a considerable attention, because of its toxicological 

behavior. It is contributed in the metabolism of various organic solvents and 

environmental pollutants like, acetone, aniline, ethanol, or nitrosamines etc [10-11]. 

Metabolism by CYP2E1 might result in the formation of more reactive products, such 
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as the toxic metabolite of acetaminophen (paracetamol) [11,12]. Formation of toxic 

product of acetaminophen (paracetamol) via CYP2E1, is its crucial behaviour. 4-

nitrophenol hydroxylation may responsible for inhibition of toxic product of 

acetaminophen (paracetamol) via CYP2E1 enzyme.  

4-nitrophenol is formed during the synthesis of paracetamol. Initially, it reduced to 4-

aminophenol, after that acetylated via acetic anhydride [14]. It is also product of 

essential enzymatic reactions of several substrate like- 4-nitrophenyl phosphate, 4-

nitrophenyl acetate, 4-nitrophenyl-β-D-glucopyranoside and more other derivatives. It 

plays a crucial role in xenobiotic metabolism process in both, human and mouse. In 

field of medicinal chemistry, it is used in manufacturing of drugs, insecticides, 

fungicides. Its structure has phenolic compound, in which nitro group is attached at the 

opposite of the hydroxyl group on benzene ring. It is also known as p-nitrophenol or 4-

hydroxynitrobenzene due to presence phenol group. It is mostly used in detection of 

the presence of alkaline phosphatase activity [15]. 

The P450 enzyme metabolizes various compounds using high-valent iron (IV) oxo 

species complex, generally known as Cpd I. This complex is formed during the 

catalytic cycle of Cytochrome P450. Initially, in catalytic cycle, P450 is in the resting 

state and a water molecule is ligated with it. Whenever, substrate enters, it tightly 

binds with porphyrin by expelling the water molecule. After the oxidation step a ferric 

peroxide species is formed,  known as compound 0 (Cpd 0), and then Cpd 0 converts 

into iron (IV)-oxo porphyrin cation radical oxidants, known as compound I (Cpd I) 

through a protonation step. It is the primary oxidant that involved in the oxidation 

reaction of all member of P450. Here we used a truncated model of Cpd I to explore 

the overall reaction. As we discussed earlier 4-nitrophenol is responsible for various 

Xenobiotic reactions and these reactions are mediated via CYP2E1 enzyme [16]. So, 

https://en.wikipedia.org/wiki/Alkaline_phosphatase
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present study addresses the aromatic hydroxylation of 4-nitrophenol via Cpd I of P450 

and form a product (metabolite) known as 2-hydroxy 4-nitrophenol. CYP2E1 is a 

member of the P450 enzyme, so their active site is similar for both enzymes. That’s 

why P450 enzyme is used here for hydroxylation.  

 

Figure 4.1: Aromatic hydroxylation of 4-nitrophenol via Cytochrome P450. 

Now days, Density Functional Theory is most reliable and accurate for theoretical 

study of the reactivity pattern of Cpd I with hybrid function B3LYP [17]. The C-H 

hydroxylation of the substrate with Cpd I is followed by two different spin surfaces, 

one is, high spin state (HS) and the other is, low spin state (LS). These two different 

spin state energy barriers lead to two-state reactivity (TSR) pattern [18-20]. In the 

present work, we have studied aromatic hydroxylation of 4-nitrophenol (Figure 4.1). 

The reaction pathway for reaction complex (RC), transition state (TS), intermediate 

state (IM) and product complex (PC) for both spin state, doublet (LS) as well as 

quartet (HS), are shown in energy profiles as will discuss later. Further, we cross 

checked the results using basis set “LACVP” and solvent effect for benzene. We got 

the results overlapping to each other, which show the reliability of the results.  

4.2. Methodological Overview  

Present study comprises an investigation of reaction energy profile by Quantum 

Mechanical (QM) method. All calculations have been performed by Gaussian 09 
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package [21-22]. Density functional theory (DFT) with hybrid functional B3LYP 

[3,17,23-28] using LAN2DZ basis set on iron atom and 6-31G basis set on rest of the 

atom (BS1). Here, all calculations were performed for porphyrin cation radical iron 

(IV) oxo species i.e Por+.FeIV=O, (Cpd I), in two different spin states, doublet and 

quartet. Optimized geometries of reactant, intermediate, product are performed. A 

clear pathway for the reaction mechanism is found on potential energy surface (PES) 

with subsequent transition states. Analytic frequency calculations confirmed the local 

minima of reactant, intermediate, product by showing the real frequencies with first-

order saddle point means, transition state having single imaginary frequency. Spin 

densities and Mulliken charges are also investigated (Table 4.1). 

4.3. Key Orbital of Cpd I with substrate 

Occupancy of the orbitals is the key to understanding the electronic configuration of 

Cpd I with substrate. 3𝑑𝑧2  orbital of iron (Fe) and 2𝑝𝑧  orbital of oxygen (O38) of Cpd I 

together formed 𝜎𝑧2
∗  anti-bonding orbital, whereas interaction of 3dxy orbital of iron 

(Fe) and 2pxy orbital of nitrogen atoms (N) of porphyrin together form anti-bonding 

orbital 𝜎𝑥𝑦
∗

 . These orbitals are initially unfilled due to their high energy state and filled 

in later part of reaction process. Further, 𝛿𝑥2 −𝑦2  is orbital of porphyrin ring. The low-

lying bonding orbital 𝜋𝑥𝑧  /𝜋𝑦𝑧  and antibonding orbital  𝜋𝑥𝑧
∗  / 𝜋𝑦𝑧

∗  is formed by the 

interaction between 3𝑑𝑥𝑧  /3𝑑𝑦𝑧 orbital of iron and 2𝑝𝑥  /2𝑝𝑦 orbital of oxygen. These 

bonding 𝜋𝑥𝑧 /𝜋𝑦𝑧  orbitals are always filled. Optimized orbital are shown in figure 4.2. 

Other than these metal orbitals, two high lying orbitals of heterocyclic ring also 

formed orbitals 𝑎1𝑢 and 𝑎2𝑢 . But, in enzymatic systems 𝑎2𝑢  orbital is slightly high in 

energy due to mixing from sigma orbital of axial ligand thiolate. So, two spin states 

result with ferromagnetic and anti-ferromagnetic coupling between 𝜋𝑥𝑧
∗1  𝜋𝑦𝑧

∗1   and 𝑎2𝑢 , 
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respectively, whereas 𝑎2𝑢  remains fully occupied. These all three electrons of orbital  

𝜋𝑥𝑧
∗ , 𝜋𝑦𝑧

∗  and 𝑎2𝑢 combine ferromagnetically or anti-ferromagnetically to form quartet 

(HS) or doublet (LS) spin state respectively. These type of reaction mechanism leads 

to the two state reactivity (TSR) pattern [18,29-31]. 

 

Figure 4.2: Key orbital of Cpd I in order of their energy. 

4.4. Results and discussion 

The proposed work to large extent explain the aromatic hydroxylation of 4-nitrophenol 

at ortho position of the aromatic ring (C49) via Cpd I. Initially, substrate bind with 

oxygen atom (O38) of Cpd I at interacting distance of 3 Å to form a stable reactant 

complex (RC) with energies -10.28 eV & -18.30 eV at high as well as low spin 

surfaces respectively. After this, charge of O38 of Cpd I is transfer to the carbon atom 
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(C49) of substrate, gives first transition state (TS1) with comparatively less energy 

10.66 eV & 10.25 eV at high as well as low spin surfaces respectively. This step is the 

slowest step of reaction and commonly known as rate determining step, from this we 

can predict the rate of reaction. We also reported the barrier energy of both surfaces is 

close to 10 kcal/mol, indicating requirement of less energy for crossing the both 

surfaces of reactant complex. Further, first intermediate complex (IM1) with energy 

4.66 kcal/mol is formed only at the high spin surface. In the next step, hydrogen atom 

(H53) get attached with nitrogen atom (N2) of porphyrin ring forming a second 

intermediate state (IM2) with -46.47 kcal/mol & -48.76 kcal/mol energy at high as 

well as low spin surfaces respectively. Further, this hydrogen atom (H53) attached to 

the abstracted oxygen atom (O38) of Cpd I, and form the most stable product complex 

(PC) having energy -56.62 kcal/mol with third transition state (TS3) having energy -

44.08 kcal/mol at high spin surface.  

Negative value of third transition state shows less energy required to form product 

complex from second intermediate step. DFT calculations revealed nearly ~ 1kcal/mol 

energy gap between quartet and doublet spin state as shown in Figure 4.3.  

As we already mentioned, the electronic configuration of Cpd I must be clearly 

identified, for better understanding of reaction pathway. The electronic configuration 

of reactant complex (RC) is observed for two spin states to be 𝛿𝑥2−𝑦2
∗2   𝜋𝑥𝑧

∗1  𝜋𝑦𝑧
∗1  𝜎𝑧2

∗0 

𝜎𝑥𝑦
∗0  𝑎1𝑢

2  𝑎2𝑢
1 . The first transition state (TS1) has electronic configuration 𝛿𝑥2−𝑦2

∗2   𝜋𝑥𝑧
∗1  

𝜋𝑦𝑧
∗1  𝜎𝑧2

∗0 𝜎𝑥𝑦
∗0 𝑎1𝑢

2  𝑎2𝑢
2  𝜑𝑐

1 , nature of electron in substrate 𝜑𝑐
1 (up and down) determines 

the spin state and also conserves the overall quartet and doublet spins (Figure 4.3). The 

electronic configuration of first intermediate (IM1) is same as configuration of first 

transition state (TS1) at high spin surface. 
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After formation of first intermediate state (IM1), it leads to second intermediate (IM2) 

by transfer of charge from carbon (C49) to the nitrogen atom (N53) of Porphyrin ring 

(=N-H) following the electronic configuration  𝛿𝑥2−𝑦2
∗2   𝜋𝑥𝑧

∗1  𝜋𝑦𝑧
∗1  𝜎𝑧2

∗0 𝜎𝑥𝑦
∗1 𝑎1𝑢

2  𝑎2𝑢
2  𝜑𝑐

2  at 

both spin surface.  

 

Figure 4.3: Potential energy surface of hydroxylation of 4-nitrophenol by 
Cytochrome P450 with energies in kcal/mol, Bond length (in Å), bond 

angle (in ) and imaginary frequencies (in cm-1) of quartet (in green 

color) as well as doublet (in blue color) spin state is shown. Energies 

are calculated by 6-31G basis set reported in large bracket, by 
“LACVP” basis set reported in curly bracket and by solvent effect is 
in small bracket.  
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Third transition state (TS3) of high spin state has configuration as 𝛿𝑥2−𝑦2
∗2   𝜋𝑥𝑧

∗1  𝜋𝑦𝑧
∗1  𝜎𝑧2

∗1 

𝜎𝑥𝑦
∗0 𝑎1𝑢

2  𝑎2𝑢
2  𝜑𝑐

2 . Further, product complex (PC) is formed by transfer of the hydrogen 

atom (H53) from nitrogen atom (N2) of substrate, and bind to the oxygen (O38) which 

has already been transferred at ortho position in second intermediate at high spin 

surface.  

The overall configuration of product for high spin state is 𝛿𝑥2−𝑦2
∗2   𝜋𝑥𝑧

∗1  𝜋𝑦𝑧
∗1  𝜎𝑧2

∗1 𝜎𝑥𝑦
∗0 

𝑎1𝑢
2  𝑎2𝑢

2 . In case of doublet state, product is not formed due to formation of suicidal 

complex. Scan results at low spin surface is shown in Figure 4.7. Further, for more 

convenience for knowing the number of corresponding atoms that are responsible for 

hydroxylation are shown in Figure 4.6 within optimized structure of reactant complex 

of 4-nitrophenol with Cpd I. 

Optimized structure of reactant complex (RC), transition state (TS), intermediate state 

(IM), and product complex (PC) for quartet as well as doublet spin state is shown in 

Figure 4.4 and Figure 4.5 respectively. Transfer of electron is changed occupancies of 

orbitals, and hence charges as well as spin densities of atoms are changed. Further, the 

spin densities and mulliken charges are also investigated that confirm the transfer of 

charges in various orbitals with suitable configuration. 

 Their spin densities with mulliken charges are compiled in Table 4.1. With the DFT 

calculations, the reported imaginary frequencies of TS1 and TS3 of quartet spin state 

are 508.55i cm-1 and 634.15i cm-1 respectively. And imaginary frequency of TS1 of 

low spin state is 461.71i cm-1. As we know that, on the potential energy surface (PES), 

there may be a number of local maxima or minima between RC and PC. Here, only 

one local maxima (TS1) is present at low spin surface, while at high spin surface there 

are two local maxima are observed (TS1 & TS3). 
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Figure 4.4:Optimized geometries of Reactant complex (RC), Transition state (TS), 

Intermediate complex (IM), and Product complex (PC) with differences 
in the bond lengths for respective atoms for HS of 4-nitrophenol. 
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Figure 4.5: Optimized geometries of Reactant complex (RC), Transition state (TS), 

Intermediate  complex (IM), and Product complex (PC) with differences 
in the bond lengths for respective atoms for LS of 4-nitrophenol. 

 

High values of imaginary frequencies confirm several local maxima on potential 

energy surface. There are also local minima is observed in the formation of the IM1, 

IM2 on potential energy surface. Further, we cross checked the results using basis set 

“LACVP” and solvent effect using benzene. And we got the results overlapping to 

each other, as shown in energy profile Figure 4.3.  

 



Chapter 4 

 

 Page 109 

 

Figure 4.6: Optimized geometries of Reactant complex (RC) of 4-nitrophenol in 

original   Gaussian view image. Arrow denotes the number of the 
corresponding atom. 

 

Table 4.1: Spin densities and charges of Cpd I & substrate (4-nitrophenol) using DFT 

at the B3LYP/6-31G level of theory. 

Reactant Complex 

Spin Density Charge 

 Fe O Por. Sub. SH Fe O Por. Sub. SH 
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M4 1.10 0.91 0.44 0.00 0.53 0.50 -0.37 0.44 0.00 0.53 

M2 1.36 0.75 -0.58 0.00 -0.53 0.53 -0.45 -0.01 -0.05 -0.03 

TS1 

Spin Density Charge 

 Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 1.41 0.64 0.06 0.51 0.36 0.46 -0.42 -0.28 0.21 0.03 

M2 1.15 0.46 -0.41 0.12 -0.32 0.41 -0.40 -0.22 0.23 -0.02 

Intermediate1 

Spin Density Charge 

 Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 2.06 0.25 -0.13 0.85 -0.03 0.49 -0.53 -0.29 0.29 0.04 

Intermediate 2 

Spin Density Charge 

 Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 2.84 0.04 0.07 0.04 0.05 0.45 -0.74 0.12 0.51 -0.05 

M2 1.05 -0.01 -0.07 -0.02 0.04 0.30 -0.72 -0.19 -0.51 0.01 

Transition State 3 

Spin Density Charge 
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 Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 2.66 0.03 0.04 0.03 0.26 0.48 -0.74 0.13 -0.51 -0.1 

Product 

Spin Density Charge 

 Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 2.50 0.00 0.04 -0.00 0.47 0.52 -0.68 -0.36 -0.00 -0.15 

 

 

Figure 4.7: Scan results at low spin surface. 
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So, present study gives an internal image of aromatic hydroxylations of 4-nitrophenol 

via Cpd I with good accuracy, that was still blur for scientists. And hence it  is also 

cleared that how 4-nitrophenol metabolized via Cpd I through the hydroxylation step. 

Present work may be helpful for further investigations of drugs metabolism and drugs 

discovery. 

4.5 Conclusion 

The present work offered a complete reaction pathway of aromatic hydroxylation of 4-

nitrophenol with Cpd I by DFT at B3LYP level of theory. Quantum mechanical 

calculations above clearly depicted the hydroxylation reaction has more than one 

transition state with short lived intermediate state and C-O bond formation step to be 

the rate determining step of the reaction. This step clearly shows that it requires less 

energy in initiating the reaction at both spin surfaces. It can be seen from the energy 

profile of 4-nitrophenol that quartet surface (HS) is responsible for the hydroxylated 

product whereas doublet spin surface profile resulted in the formation of suicidal 

complex. 

Finally, the product at high spin state surface (HS), is formed, the reaction followed 

patterns of two state reactivity (TSR) mechanism and energy landscape for doublet and 

quartet were close and parallel with each other, but this pattern bifurcated at IM1. TSR 

behavior is transformed to single state reactivity (SSR) showing that reaction is 

possible only for high spin surface (HS). This process is not regioselective, so the 

product is formed directly from intermediate. Reaction mechanism of 4-nitrophenol 

with Cpd I is one of the crucial process, but its reaction pathway was still hidden. Our 

work gives energy pathway of reaction mechanism with very good accuracy.  
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Present reactions mechanism is different from aliphatic hydroxylation reactions of 

Cytochrome P450 enzyme, due to formation of suicidal complex at the low spin 

surface. Hence it cleared that how 4-nitrophenol is metabolized via Cpd I through the 

hydroxylation step. All results are further cross checked by using LACVP basis set and 

solvent effect for benzene, and greatly we got the results which are overlapping to each 

other. Hence the results hold good accuracy and are hence reliable. So, present study 

gives an internal image of aromatic hydroxylation of 4-nitrophenol via Cpd I with 

good accuracy as we expected, that was still blur for scientists. These results can be 

used for experimental researches for the investigations of drugs metabolism and drugs 

discovery and will give fruitful results. 
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Chapter-5 

Computational Study of Electrical 

Properties of Various Drugs that 

Metabolized via Cytochrome P450 

 

5.1 Introduction 

Cytochrome P450 is an important enzyme of biosystems. In humans, it is found in the 

liver [1]. But it is also highly expressed in area of the central nervous system. These 

enzymes undergo reaction of catalyzation of a variety of stereo-specific and Regio-

selective mono-oxygenation. It is also used in detoxification process and it is a key of 

the drug-metabolizing enzyme which is involved in the metabolism of the drugs [2]. It 

reacts as mono-oxygenase that transfers an oxygen atom to the substrate. Due to its 

large versatility in the activation of the substrate, Cytochrome P450 is an essential 

enzyme, which is not only used in biology but also, in the Biotechnological and 

Pharmaceutical applications for the investigations of the drugs [3]. Moreover, its drug 

metabolism makes this enzyme a target for the drug industry and biomedical research 

[4-7]. Several drugs are metabolized through the Cytochrome P450. Here, we 

computationally investigated the physical properties of some drugs that are 

metabolized through the P450 enzyme. 

Diacetylmorphine is also known as heroin or diamorphine, which is used as a drug due 

to its euphoric effect [8]. In several countries, it is used as a pain relief like, during 
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childbirth, heart attack, or opioid replacement therapy [9-11]. It is taken in the form of 

injection and can also be smoked or inhaled. It is also found in the tablet form [12-15]. 

Losartan is a drug which is used in the treatment of high blood pressure, a diabetic 

patient with kidney failure, and heart failure patients [16]. 

 It may take six months for the complete treatment of the disease [16]. There are also 

some side effects of Losartan medication like cramps, cough, anemia, stuffy nose, low 

blood pressure, and angiotensin [16]. The above drug is not recommended during 

breastfeeding and pregnancy, because the blockage of the angiotensin II [17]. It is an 

essential drug that is listed in World Health Organization (WHO) and approved by the 

United States in 1995 [18, 19]. It is also highlighted as a generic medication [20]. In 

the United States, it is top ninth most prescribed drugs in 2017 [21, 22]. It is also 

combined with hydrochlorothiazide and form a new version of it [16].  

This new version is 67th most prescribed drug in the United States, in 2017 [23]. 

Primaquine (PQ) is a prime anti-malarial drug, which is used in the treatment of 

malaria due to Plasmodium vivax and Plasmodiumovale [24]. It is also used in the 

treatment of Pneumocystispneumonia together with clindamycin, as an alternate 

treatments. The First Primaquine drug is made in1946 [25]. There are some anti-fungal 

drugs commonly known as azoles, which are metabolized through the cyp450. Some 

of them can also be used in the treatment of tuberculosis. Tuberculosis are rapidly 

spreading all over the world. According to World Health Organization (WHO), every 

year, approximately 2 million people are died due to tuberculosis [33]. There are many 

reasons for the resurgence of the Mycobacterium tuberculosis (Mtb) infection rate 

around the whole world. But the major factors are synergy with the Human 

Immunodeficiency Virus (HIV), and the development of the drug-resistant (DR) and 

multi-drug-resistant (MDR) strains of the pathogen [34, 35]. 
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Figure 5.1: Optimized molecular structures of , a. Diaacetylmorphine, b. Losartan, c. 
Primaquine, d. Verapamil. 

In all HIV-infected people, 15% of people ultimately die due to tuberculosis. So, the 

treatment of tuberculosis has become so important for the whole world. The complete 

treatment duration of Tuberculosis (TB), is 6-12 months, which is a long period. So, 

search for new drugs for the treatment of TB as well as decreasing the time duration is 

imperative to work of research. Therefore, it is urgent to identify a biochemical 
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pathway for tuberculosis treatment [36]. There are many compounds which are treated 

as the anti-TB drug also used in metabolism.  

As discussed earlier, azoles are an antifungal drug, and it is treated as a substrate and 

reacts with MT CYP450 [37,38], gives a biochemical pathway for understanding the 

metabolism process, and also shows good results against the anti- Mycobacterium 

tuberculosis [39]. There are many azole compounds, but out of them, which prove to 

be the best for both, anti TB, as well as metabolism, is still a tough task. The stability 

of their configuration is not the same concerning CYP450. So, it is imperative to find 

out the most stable configuration against the Mtb.  

In this study, by the optimization of -Azole- antifungal drugs, an attempt for the search 

of the better drug is carried out so, as to get a potential candidate amongst all these 

antifungal drugs. In this study, by the optimization and HOMO-LUMO band-gap of 

antifungal drugs, an attempt for the search for a better drug is carried out so, as to get  a 

potential candidate amongst all these antifungal drugs. Azole-antifungal, containing an 

Azole ring, is the group of medicine used for the inhabitation of a wide range of fungal 

infections. They are classified into two groups: (a) Azole ring with two nitrogen called 

Imidazole, [i.e., Miconazole, Clotrimazole, Econazole, etc.], (b) Azole ring with three 

nitrogens called Triazoles, [i.e., Fluconazole, Itraconazole, Posaconazoleetc.]. Azole 

antifungal inhibiting the Lanosterol 14-alpha-demethylase enzyme, which is a member 

of the cytochrome P450 enzyme family, converts lanosterol to erosterol, which 

damages the cell membrane resulting in the death There are some common side effects 

of Primaquine like nausea, vomiting, and stomach cramps [26].It is not recommended 

during pregnancy due to the deficiency ofglucose-6-phosphate dehydrogenize [27,28]. 

Verapamil is also used for the medication for high blood pressure, angina [29]. 

Sometimes it is used for the prevention of migraines as well as headache [30, 31].  
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Figure 5.2: Geometrical structure of a) Azaconazole, b) Bifonazole, c) Clotrimazole, 
d) Furafylline, e) Miconazole. 
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It has some common side effects like headache, nausea, low blood pressure, allergic 

reactions, and muscle pain, etc. [32]. These all four drugs interact with the active site 

of Cytochrome P450 and form a product. This product is then further deal with a 

particular disease. So, we here studied some physical properties of  these drugs by 

Quantum Mechanical (QM) method, Density Functional Theory (DFT). The optimized 

geometry of discussed drugs is shown in Figure 5.1. 

of the cell [41]. But the configurations of azole-antifungal drugs are not equally stable. 

So, finding the most stable configuration amongst all azole-antifungal drugs is nthe 

primary requirement for understanding the metabolism. The geometrical structures of  

azoles are shown in Figure 5.2 

Here, we optimized some other anti-fungal drugs, Econazole, Terconazole, 

Ketoconazole, and found the most stable configuration amongst these drugs. We also 

investigated the HOMO-LUMO (highest occupied molecular orbital and lowest 

unoccupied molecular orbital) bandgap for finding the behavior of drugs towards the 

external energy. All these calculations are done by using Density Functional Theory 

(DFT) with the 6-31G basis set.  

5.2 Computational Details 

For studying the most stable configuration of the molecules, the widely used method is 

Quantum Mechanical (QM) method. Basically, in this, various quantum mechanical 

theories [39] are compiled to finding the ground state energy or can say the stable 

structure of the molecule. In this method, the Schrodinger wave equation for multi-

electron system is solved and their energies are analyzed [40]. The solution of the 

modified Schrodinger wave equation is based on Density Functional Theory (DFT). 
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All calculations are done by Gaussian 09 & Gauss view 5.0 software using density 

functional theory with the 6-31* basis set [41]. 

5.3 Results and discussion 

As mentioned in Table 5.1, the highest occupied molecular orbital (HOMO) and the 

lowest unoccupied molecular orbital (LUMO), energy bandgap of Primaquine is 3.79 

eV, which has the least energy bandgap. Diacitylmorphine and Verampil both have the 

largest energy bandgap i.e., 5.36 eV. Losartan has an energy bandgapof 4.70 eV, 

which is less than the bandgap of Diacitylmorphine as well as Verapamil. Amongst of 

all these four drugs as mention in Table 5.1, the HOMO-LUMO bandgap of 

Diacitylmorphine and Verampil is the largest, which means they need more energy for 

exciting the electron. Hence, these two drugs are more stable amongst all four drugs. 

Table 5.1: Optimization energy and HOMO-LUMO bandgap of Diacetylmorphine, 

Losartan, Primaquine, Verapamil drugs 

S. 

No. 

Name of drug Optimization Energy (in 

eV) 

HOMO-LUMO bandgap 

(in eV) 

1. Diacitylmorphine -33,865.29 5.36 

2. Losartan -46,684.46 4.70 

3. Primaquine -22,407.43 3.79 

4. Verapamil -39,772.58 5.36 
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The minimum energy of all four drugs is also reported in Table 5.1. Primaquine has an 

energy of -22,407.43eV, which is the largest energy. Diacitylmorphine has an energy 

of -33,865.29 eV optimization energy, which is morethan the energy of Primaquine. -

39.772.58 eV is the minimum optimization energy of Verapamil. Its energy is more 

than the energy of the Losartan drug. Losartan has minimum optimization energyof -

46,684.46 eV. This means, amongst all four drugs Losartan has the most stable 

structure or can say to be a more stable configuration. 

Now we are discussing the results obtained by optimization energy and HOMO-

LUMO bandgap of some (Azaconazole, Bifonazole, Clotimazole, Miconazole, 

Furafylline) anti-fungal (azoles) drugs are shown in Table 5.2. The HOMO-LUMO 

bandgap of the Azaconazole is highest, indicating that its configuration is less stable. 

Bifonalzole’s HOMO-LUMO bandgap is much smaller, so its configuration is more 

stable than other optimized azoles. But it is less stable than Miconazole, because the 

HOMO - LUMO gap is the smallest (Table 5. 2). 

Table 5.2: Optimization energy and HOMO-LUMO bandgap of Azoles 

S. 

No. 

Name of drug Optimization Energy (in 

eV) 

HOMO-LUMO bandgap 

(in eV) 

1. Azaconazole -46,230.40 6.0168 

2. Bifonazole -26,070.31 3.6079 

3. Clotimazole -38,592.54 5.0266 

4. Miconazole -74,008.74 3.5855 

5. Furafylline -24,741.05 5.0392 
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The optimization energy of Furafylline is the highest amongst the useless, due to this; 

it has a less stable configuration. But Miconazole has the lowest energy (Table 5.2), 

that’s why may be said to have the most stable configuration amongst all azoles. 

At the End of the work, we discussed the electrical properties of  the rest of the azoles 

(Econazole, Ketoconazole, Terconazole) which we take for the investigations. After 

the optimization of these drugs using density functional theory, we obtained 

appropriate results which are shown in Table 5.3. Optimized structure (Optimized 

energy) gives the most stable configuration of the compound. From the result it is clear 

that Ketoconazole has -66569.37 eV energy, lesser than Econazole (-61470.66 eV) and 

Terconazole (66060.86 eV).  

Table 5.3: Optimization energy and HOMO-LUMO bandgap of anti-fungal drugs 

S. 

No. 

Name of drug Optimization Energy (in 

eV) 

HOMO-LUMO bandgap 

(in eV) 

1. Econazole -61470.66 5.05 

2. Ketoconazole -66569.37 3.86 

3. Terconazole -66060.86 4.47 

 

It has the most stable configuration. Terconazole has optimization energy -66060.86 

eV while econazole has optimization energy -61470.66 eV, which means terconazole 

is much more stable than econazole. The HOMO - LUMO bandgap of these drugs are 

reported in Table 5.3. The optimized structures are shown in Figure 5.3. 

HOMO-LUMO bandgap shows the behavior of chemical reactivity of compounds. 

Here Econazole has the largest bandgap (5.05 eV), which means it is less chemically 



Chapter5  

 

 Page 128 

reactive or more stable than the other two drugs. Terconazole has a bandgap of 4.47 

eV, while Ketoconazole has a bandgap of 3.86 eV, indicating less chemical reactivity 

or more stability than Ketoconazole. Amongst all drugs, Ketoconazole is more 

chemical reactive while Econazole is less chemical reactive. So, after the investigation 

of the above drugs, it may be inferred that Miconazole (-74,008.74) has the most stable 

structure in all given azoles. The most stable configuration means, when it acts as a  

 

Figure 5.3: Optimized structures of a. Econazole, b. Ketoconazole, c. Terconazole. 
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substrate, in any biochemical reaction, it has the maximum probability to bind tightly 

with the enzymes. 

Further Miconazole has the highest HOMO-LUMO bandgap indicating the more 

chemical reactivity towards a reaction. These properties of the drugs (substrate) help in 

understanding the reaction mechanism of many biochemical reactions, in 

understanding the metabolism process of various drugs (substrate) mediated by cpd1, 

and further use for the scientist to design a drugand do drug investigations. 

5.4 Conclusion 

As we discussed above, the HOMO-LUMO bandgap of Diacitylmorphine and 

Verapamil drug is the largest. So, for further treatment of respective diseases, these 

drugs would give better results. The optimization energy of the Losartan drug is 

minimum, which means that it has the most stable configuration. So, it  will give better 

results for further treatment of the respective disease. 

Optimization results of Azoles-antifungal drugs shows that all azoles have good 

stability; Miconazole has the most stable structural configuration which means that it 

can bind tightly with the enzymes. This result acts as an aid in understanding the 

reaction mechanism of many biochemical reactions. So, it is concluded that 

Miconazole is a good anti-fungal drug as well as a good substrate to react with 

enzymes. Further research work in such a field may reveal a wide range of mysteries 

in the understanding of metabolism, detoxification, and many other biochemical 

reactions as well as help in search of good anti-fungal drugs also. 

Optimized results of antifungal drugs show good stability. Ketoconazole has the most 

stable structural configuration, which means that it can bind  tightly with the enzyme. 

Here Econazole has the largest HOMO-LUMO bandgap among all drugs showing less 
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chemical reactivity. So, it is concluded that Ketoconazole has good stability to react 

with the P450 enzyme. Econazole has the largest HOMO-LUMO bandgap shows less 

chemical reactivity or more stability, so it may have good reactivity with P450.  

This result acts as an aid in understanding the reaction mechanism of many 

biochemical reactions. Further research work in such a field may reveal a wide range 

of mysteries in the understanding of the metabolism, detoxification, and many other 

biochemical reactions as well as help in the search of good anti-fungal drugs. 
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Chapter-6 

Conclusion and Future Scope 

 

Conclusion and Future Scope: 

The present thesis highlights the following conclusions: 

1. Nowadays computational Quantum Mechanical methods are highly accurate and 

reliable in enzymatic catalysis. Heme and non-Heme enzymes react fast with 

substrates, so that computational method can assist experimental studies with good 

accuracy and give a piece of proper information about the properties of enzymes 

that leads to the reaction mechanism and also provides the nature of the enzyme. 

2. The present work presents the reaction mechanism of oxygen atom transfer from 

Cpd I to substrate through aromatic hydroxylation. The present thesis is also 

defined the barrier energies of various complexes and the rate-determining step in 

each mechanism.  

3. Moreover, barrier height can be used to predict the rate of reaction or rate constant 

of the reaction. It also identifies the origin of the rate constant by transfer of an 

electron or proton. 

4. The present work established the reactivity pattern of hydroxylation of the 

substrate via Cpd I for various drugs. 

5. Moreover, study of metabolism process of various drugs via P450 is large to an 

extent scene for compatible collaboration of computational modeling with 
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experimental results for biomimetic, enzymatic work and defining the 

optoelectronic properties. 

6. The present thesis well explained the metabolism process through the 

hydroxylation of various drugs (substrate) mediated by Cpd I. 

7. These reaction mechanisms will be useful to scientists for investigations of 

various drugs or drug designing.  

8. Further research work in such a field may reveal a wide range of mysteries in 

understanding the metabolism, detoxification, and many other biochemical 

reactions as well as help in the search for good anti-fungal drugs also. 

9. The present study gives an internal image of aromatic hydroxylation of various 

drugs via Cpd I with good accuracy as we expected.  

10. These results can be used for experimental researchers for the investigations of 

drug metabolism and drug discovery and will give fruitful results. 

11. In the future, DFT studies will perform the complete metabolism process and will 

find as well as optimize many more drugs which can interact with CYP450.  

12. Results obtained by the metabolism process investigate the reaction mechanism of 

all possible drugs that may be further useful for the scientists to design the drug, 

do the investigation, and understand the metabolism of various compounds or 

drug. 
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A B S T R A C T   

4-Nitrophenol is formed during the synthesis of paracetamol. It is used in various xenobiotic metabolism pro
cesses and other essential biochemical processes. It is metabolized via cytochrome P450 enzyme. The present 
work reported the hydroxylations of 4-nitrophenol at the ortho position by Cytochrome P450 metalloenzyme. 
Truncated model of putative active oxidant i.e. ferryl oxo porphyrin cation radical [FeIV(O)(heme+•)], referred as 
Cpd I in cytochrome P450 enzymes has been used to mimic the behavior of enzyme. In the current investigations, 
4-nitrophenol (Substrate) is modeled with Cpd I and reaction mechanism for two degenerate spin states named as 
doublet (LS) and quartet (HS) is performed to dwell the overall potential energy landscape, along with electronic 
structures and properties of reactant complex (RC), transition states (TS), intermediates (IM) and product 
complex (PC). The reaction is stepwise with electrophillic addition as the rate determining step, spin selectivity 
product formation is observed only at high spin (HS) surface. So, the present reaction pathway is single state 
reactivity (SSR) by forming the suicidal complex at low spin state (LS).   

1. Introduction 

The Cytochrome P450 is an essential enzyme found in nature [1]. It 
consists of number of enzymes with varying substrate selectivity, such as 
CYP1A2, 2A6, 2B6, 2C9, 2C19, 2D6, 2E1 and 3A etc. These enzymes are 
responsible for the metabolism of about 70% of therapeutic drugs [2]. In 
human, P450 is found in liver [3]. It contribute in the catalysis of variety 
of stereo and regio-selective mono-oxygenation reaction processes and 
also in detoxification processes [4]. Due to their wide range versatility in 
activation of several substrate, CYP is very important enzyme, in 
biology, biotechnological and pharmaceutical applications for in
vestigations of new drugs [5]. Moreover, its involvement in drug 
metabolism make this enzyme a target for research in drug industry and 
biomedical field [6–9]. Despite of various member of P450 enzyme, 
CYP2E1 has been paid a considerable attention, because of its toxico
logical behavior. It is contributed in the metabolism of various organic 
solvents and environmental pollutants like, acetone, aniline, ethanol, or 
nitrosamines etc [10,11]. Metabolism by CYP2E1 might result in the 
formation of more reactive products, such as the toxic metabolite of 
acetaminophen (paracetamol) [11–13]. Formation of toxic product of 
acetaminophen (paracetamol) via CYP2E1, is its crucial behaviour. 4- 

nitrophenol hydroxylation may responsible for inhibition of toxic 
product of acetaminophen (paracetamol) via CYP2E1 enzyme. 

4-nitrophenol is formed during the synthesis of paracetamol. 
Initially, it reduced to 4-aminophenol, after that acetylated via acetic 
anhydride [14]. It is also product of essential enzymatic reactions of 
several substrate like- 4-nitrophenyl phosphate, 4-nitrophenyl acetate, 
4-nitrophenyl-β-D-glucopyranoside and more other derivatives. It plays 
a crucial role in xenobiotic metabolism process in both, human and 
mouse. In field of medicinal chemistry, it is used in manufacturing of 
drugs, insecticides, fungicides. Its structure has phenolic compound, in 
which nitro group is attached at the opposite of the hydroxyl group on 
benzene ring. It is also known as p-nitrophenol or 4-hydroxynitroben
zene due to presence phenol group. It is mostly used in detection of 
the presence of alkaline phosphatase activity [15]. 

The P450 enzyme metabolizes various compound using high-valent 
iron (IV) oxo species complex, generally known as Cpd I. This complex 
is formed during the catalytic cycle of Cytochrome P450. Initially, in 
catalytic cycle, P450 is in the resting state and a water molecule is 
ligated with it. Whenever, substrate enters, it tightly binds with 
porphyrin by expelling the water molecule. After the oxidation step a 
ferric peroxide species is formed, known as compound 0 (Cpd 0), and 
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then Cpd 0 converts into iron (IV)-oxo porphyrin cation radical oxidants, 
known as compound I (Cpd I) through a protonation step. It is the pri
mary oxidant that involved in the oxidation reaction of all member of 
P450. Here we used a truncated model of Cpd I to explore the overall 
reaction. As we discussed earlier 4-nitrophenol is responsible for various 
Xenobiotic reactions and these reactions are mediated via CYP2E1 
enzyme [16]. So, present study addresses the aromatic hydroxylation of 
4-nitrophenol via Cpd I of P450 and form a product (metabolite) known 
as 2-hydroxy 4-nitrophenol. CYP2E1 is a member of the P450 enzyme, 
so their active site is similar for both enzymes. That’s why P450 enzyme 
is used here for hydroxylation. 

Now days, density functional theory is most reliable and accurate for 
theoretical study of the reactivity pattern of Cpd I with hybrid function 
B3LYP [17]. The C-H hydroxylation of the substrate with Cpd I is fol
lowed by two different spin surfaces, one is, high spin state (HS) and the 
other is, low spin state (LS). These two different spin state energy bar
riers lead to two-state reactivity (TSR) pattern [18–20]. In the present 

work, we have studied aromatic hydroxylation of 4-nitrophenol (Fig. 1). 
The reaction pathway for reaction complex (RC), transition state (TS), 
intermediate state (IM) and product complex (PC) for both spin state, 
doublet (LS) as well as quartet (HS), are shown in energy profiles as will 
discuss later. Further, we cross checked the results using larger basis set 
“LACVP” and solvent effect for benzene. And we got the results over
lapping to each other, which show the reliability of the results. 

2. Methodological overview 

Present study comprises an investigation of reaction energy profile 
by Quantum Mechanical (QM) method. All calculations have been per
formed by using Gaussian 09 package [21,22]. Density functional theory 
(DFT) with hybrid functional B3LYP [3,17,23–28] using "LAN2DZ" basis 
set on iron atom and 6-31G basis set on rest of the atom (BS1). Here, all 
calculations were performed for porphyrin cation radical iron (IV) oxo 
species i.e Por+.FeIV = O, (Cpd I), in two different spin states, doublet 
and quartet. Optimized geometries of reactant, intermediate, product is 
performed. A clear pathway for the reaction mechanism is found on 
potential energy surface (PES) with subsequent transition states. Ana
lytic frequency calculations confirmed the local minima of reactant, 
intermediate, product by showing the real frequencies with first-order 
saddle point means, transition state having single imaginary fre
quency. Further, results are cross-checked by calculating single point 
energies using basis set "LACVP" as well as solvent correction for bezene. 
Spin densities and Mulliken charges are also investigated (Table 1). 

Fig. 1. Aromatic hydroxylation of 4-nitrophenol via CytochromeP450.  

Table 1 
Spin densities and charges of Cpd1 & substrate (4-nitrophenol) using DFT at the B3LYP/6-31G level of theory.  

Reactant Complex 

Spin Density Charge  

Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 1.10 0.91 0.44 0.00 0.53 0.50 − 0.37 -0.07 -0.02 -0.03 
M2 1.36 0.75 − 0.58 0.00 − 0.53 0.53 − 0.45 0.01 − 0.05 − 0.03  

TS1 

Spin Density Charge  

Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 1.41 0.64 0.06 0.51 0.36 0.46 − 0.42 − 0.28 0.21 0.03 
M2 1.15 0.46 − 0.41 0.12 − 0.32 0.41 − 0.40 − 0.22 0.23 − 0.02  

Intermediate1 

Spin Density Charge  

Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 2.06 0.25 − 0.13 0.85 − 0.03 0.49 − 0.53 − 0.29 0.29 0.04  

Intermediate 2 

Spin Density Charge  

Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 2.84 0.04 0.07 0.04 0.05 0.45 − 0.74 0.12 0.51 − 0.05 
M2 1.05 − 0.01 − 0.07 − 0.02 0.04 0.30 − 0.72 − 0.19 − 0.51 0.01  

Transition State 3 

Spin Density Charge  

Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 2.66 0.03 0.04 0.03 0.26 0.48 − 0.74 0.13 − 0.51 − 0.01  

Product 

Spin Density Charge  

Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 2.50 0.00 0.04 − 0.00 0.47 0.52 − 0.68 − 0.36 − 0.00 − 0.15  
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3. Key orbital of Cpd1 with substrate 

Occupancy of the orbitals is the key to understanding the electronic 
configuration of Cpd I with substrate. 3dz

2 orbital of iron (Fe) and 2pz 

orbital of oxygen (O38) of Cpd I together formed σ*
z2 anti-bonding 

orbital, whereas interaction of 3dxy orbital of iron (Fe) and 2pxy 
orbital of nitrogen atoms (N) of porphyrin together form anti-bonding 
orbital σ*

xy. These orbitals are initially unfilled due to their high en
ergy state and filled in later part of reaction process. Further, δx2 − y2 is 
orbital of porphyrin ring. The low-lying bonding orbital πxz/πyz and 
antibonding orbital π*

xz/π*
yz is formed by the interaction between 

3dxz/3dyz orbital of iron and 2px/2py orbital of oxygen. These bonding 
πxz/πyz orbitals are always filled. Optimized orbital are shown in Fig. 2. 
Other than these metal orbitals, two high lying orbitals of heterocyclic 
ring also formed orbitals a1u and a2u. But, in enzymatic systems a2u 
orbital is slightly high in energy due to mixing from sigma orbital of 
axial ligand thiolate. So, two spin states result with ferromagnetic and 
anti-ferromagnetic coupling between π*1

xz , π*1
yz and a2u, respectively, 

whereas a2u remains fully occupied. These all three electrons of orbital 
π*

xz, π*
yz and a2ucombine ferromagnetically or anti-ferromagnetically to 

form quartet (HS) or doublet (LS) spin state respectively. These type of 
reaction mechanism leads to the two state reactivity (TSR) pattern 
[18,29–31]. 

4. Results and discussion 

The proposed work is to large extent to explain the aromatic hy
droxylation of 4-nitrophenol at ortho position of the aromatic ring (C49) 
via Cpd1. Initially, substrate bind with oxygen atom (O38) of Cpd1 at 
the interacting distance 3 Å to form a stable reactant complex (RC) with 
energies − 10.28 eV & − 18.30 eV at high as well as low spin surfaces 
respectively. After this, charge of O38 of cpd1 is transfer to the carbon 
atom (C49) of substrate, gives first transition state (TS1) with compar
atively less energy 10.66 eV & 10.25 eV at high as well as low spin 
surfaces respectively. This step is the slowest step of reaction and 
commonly known as rate determining step, from that we can predict the 
rate of reaction. We also reported the barrier energy of both surfaces is 
close to 10 eV, indicating requirement of less energy for crossing the 
both surfaces of reactant complex. Further, first intermediate complex 
(IM1) with energy 4.66 eV is formed only at the high spin surface. In the 
next step, hydrogen atom (H53) get attached with nitrogen atom (N2) of 
porphyrin ring forming a second intermediate state (IM2) with − 46.47 
eV & − 48.76 eV energy at high as well as low spin surfaces respectively. 
Further, this hydrogen atom (H53) attached to the abstracted oxygen 
atom (O38) of Cpd I, and form the most stable product complex (PC) 
having energy − 56.62 eV with third transition state (TS3) having energy 
− 44.08 eV at high spin surface. Negative value of third transition state 
shows less energy required to form product complex from second 

Fig. 2. Key orbital of Cpd I in order of their energy.  
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intermediate step. Density Functional theory calculations revealed 
nearly ~1 kcal/mol energy gap between quartet and doublet spin state 
as shown in Fig. 3. 

As we already mentioned, the electronic configuration of Cpd I must 
be clearly identified, for better understanding of reaction pathway. The 
electronic configuration of reactant complex (RC) is observed for two 
spin states to be δ*2

x2− y2 π*1
xz π*1

yz σ*0
z2 σ*0

xy a2
1u a1

2u. The first transition state 
(TS1) has electronic configuration δ*2

x2− y2 π*1
xz π*1

yz σ*0
z2 σ*0

xy a2
1u a2

2u φ1
c , nature 

of electron in substrate φ1
c (up and down) determines the spin state and 

also conserves the overall quartet and doublet spins (Fig. 3). The elec
tronic configuration of first intermediate (IM1) is same as configuration 
of first transition state (TS1) at high spin surface. 

After formation of first intermediate state (IM1), it leads to second 
intermediate (IM2) by transfer of charge from carbon (C49) to the ni
trogen atom (N53) of porphyrin ring (––N–H) following the electronic 
configuration δ*2

x2− y2 π*1
xz π*1

yz σ*0
z2 σ*1

xy a2
1u a2

2u φ2
c at both spin surface. Third 

transition state (TS3) of high spin state has configuration as δ*2
x2− y2 π*1

xz 

π*1
yz σ*1

z2 σ*0
xy a2

1u a2
2u φ2

c . Further, product complex (PC) is formed by 
transfer of the hydrogen atom (H53) from nitrogen atom (N2) of 

substrate, and bind to the oxygen (O38) which has already been trans
ferred at ortho position in second intermediate at high spin surface. The 
overall configuration of product for high spin state is δ*2

x2− y2 π*1
xz π*1

yz σ*1
z2 

σ*0
xy a2

1u a2
2u. In case of doublet state, product is not formed due to for

mation of suicidal complex. Scan results at low spin surface are reported 
in supporting information (SI1). Further, for more convenience for 
knowing the number of corresponding atoms that are responsible for 
hydroxylation are shown in Fig. 6 within optimized structure of reactant 
complex of 4-nitrophenol with Cpd I. 

Optimized structure of reactant complex (RC), transition state (TS), 
intermediate state (IM), and product complex (PC) for quartet as well as 
doublet spin state is shown in Figs. 4 and 5 respectively. 

Transfer of electron is changed occupancies of orbitals, and hence 
charges as well as spin densities of atoms are changed. Further, the spin 
densities and mulliken charges are also investigated that confirm the 
transfer of charges in various orbitals with suitable configuration. Their 
spin densities with mulliken charges are compiled in Table 1. 

With the DFT calculations, the reported imaginary frequencies of TS1 
and TS3 of quartet spin state are 508.55i cm− 1 and 634.15i cm− 1 

respectively. And imaginary frequency of TS1 of low spin state is 461.71i 

Fig. 3. Potential energy surface of hydroxylation of 4-nitrophenol by Cytochrome P450 with energies in kcal/mol, Bond length (in Å), bond angle (in ◦) and 
imaginary frequencies (in cm− 1) of quartet (in green color) as well as doublet (in blue color) spin state is shown. Energies are calculated by 6-31G basis set reported in 
large bracket, by "LACVP" basis set reported in curly bracket and by solvent effect is in small bracket. 
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cm− 1. As we know that, on the potential energy surface (PES), there may 
be a number of local maxima or minima between RC and PC. Here, only 
one local maxima (TS1) is present at low spin surface, while at high spin 
surface there are two local maxima are observed (TS1 & TS3). High 
values of imaginary frequencies confirm several local maxima on 

potential energy surface. There are also local minima is observed by 
forming the IM1, IM2 on potential energy surface. Further, we cross 
checked the results using basis set "LACVP" and solvent effect using 
benzene solvent. And we got the results overlapping to each other, as 
shown in energy profile Fig. 3. 

Fig. 4. Optimized geometries of Reactant complex (RC), Transition state (TS), Intermediate complex (IM), and Product complex (PC) with differences in the bond 
lengths for respective atoms for HS of 4-nitrophenol. 
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So, present study is gives an internal image of aromatic 

hydroxylations of 4-nitrophenol via Cpd1 with too good accuracy, that 
was still blur for scientists. And hence it also cleared that how 4-nitro
phenol metabolized via Cpd1 through the hydroxylation step. Present 
work may be helpful for further investigations of drugs metabolism and 
new drugs designing and discovery. 

5. Conclusion 

The present work offered a complete reaction pathway of aromatic 
hydroxylation of 4-nitrophenol with Cpd I by DFT at B3LYP level of 
theory. Quantum mechanical calculations clearly depicted above hy
droxylation reaction has more than one transition state with short lived 
intermediate state and C-O bond formation step to be rate determining 
step of the reaction. This step clearly shows that it requires less energy to 
initiating the reaction at both spin surfaces. It can be seen from the 
energy profile of 4-nitrophenol that quartet surface (HS) is responsible 
for the hydroxylated product whereas doublet spin surface profile is 
resulted in the formation of suicidal complex. Finally, the product at high 
spin state surface (HS), is formed, the reaction followed patterns of two 
state reactivity (TSR) mechanism and energy landscape for doublet and 
quartet were close and parallel with each other, but this pattern bifur
cate at IM1. TSR behavior is transformed to single state reactivity (SSR) 
showing that reaction is possible only for high spin surface (HS). This 
process is not regioselective, so the product is formed directly from in
termediate. Reaction mechanism of 4-nitrophenol with cpd1 is one of 
the crucial process, but its reaction pathway was still hidden. Our work 
gives energy pathway of reaction mechanism with very good accuracy. 
Present reactions mechanism is different from aliphatic hydroxylation 
reactions of Cytochrome P450 enzyme, due to formation of suicidal 

Fig. 5. Optimized geometries of Reactant complex (RC), Transition state (TS), Intermediate complex (IM), and Product complex (PC) with differences in the bond 
lengths for respective atoms for LS of 4-nitrophenol. 

Fig. 6. Optimized geometries of Reactant complex (RC) of 4-nitrophenol in 
original Gaussian view image. Arrow denoted the number of the correspond
ing atom. 
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complex at the low spin surface. Hence it cleared that how 4-nitrophenol 
metabolized via Cpd1 through the hydroxylation step. All results are 
further cross checked by using basis set and solvent effect for benzene, 
and greatly we got the results which are overlapping to each other. 
Hence the results have too good accuracy "LACVP" and reliable. So, 
present study gives an internal image of aromatic hydroxylation of 4- 
nitrophenol via Cpd1 with good accuracy as we expected, that was 
still blur for scientists. These results can be used for experimental re
searches for the investigations of drugs metabolism and drugs discovery 
and will give fruitful results. 
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Abstract 

The 8-aminoquinoline (8AQ) drug primaquine (PQ) is a prime anti-malarial drug, used in the 

treatment of malaria due to plasmodium vivax and plasmodium ovale. The hydroxylated 

metabolite of Primaquine is also responsible for many essential sexual transmission stages of 

Plasmodium falciparum. Present work reported the hydroxylation of Primaquine at ortho 

(2PQ) and para (4PQ) position by Cytochrome P450 enzyme. Density functional theory 

(DFT) is used to investigate the underlying pathway for aromatic hydroxylation at ortho 

(2PQ) and para (4PQ) position to produce 2-hydroxylated and 4-hydroxylated Primaquine 

respectively. Truncated model of putative active oxidant i.e. ferryl oxo porphyrin cation 

radical [FeIV(O)(heme+•)], which is referred as Cpd I in Cytochrome P450    enzymes has 

been used to mimic the behaviour of enzyme. Substrate was modelled and reaction 

mechanism for two degenerate spin states namely doublet and quartet were performed to 

dwell the overall potential energy landscape, along with electronic structure and properties of 

reactant complex (RC), transition states (TS), intermediates (IM) and product complex (PC). 

The reaction was stepwise with electrophillic addition as the rate determining step, spin 

selectivity product formation was observed for hydroxylated product formation on high spin 

(HS) surface. All calculations are done for isolated reaction coordinate. 

Keywords: Cytochrome P450, Basis Set, Density Functional Theory, Primaquine, 

Metabolism.  

1. Introduction 
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Cytochrome P450 is an important enzyme of nature, basically in biosystems. In humans, it is 

found in the liver [1]. But it is also highly expressed in areas of the central nervous 

system. These enzymes catalyze a variety of stereo-specific and regio-selective mono-

oxygenation reaction processes. It is also used in detoxification processes and is a key drug-

metabolizing enzyme involved in the metabolism of drugs [2]. It reacts as mono-oxygenase 

that transfer oxygen atom to the substrate. This oxygen can be transferred either by 

hydroxylation, epoxidation or sulfoxidation [3–6]. Due to its large versatility in the activation 

of the substrate, Cytochrome P450 is an essential enzyme, not only in biology but also, in 

biotechnological and pharmaceutical applications for investigations of drugs [7]. Moreover, 

its drug metabolism and involvement in brain chemistry make this enzyme a target for the 

drug industry and biomedical research  [8–11].  

Fundamentally, hydroxylation is of two types – one is (a) aliphatic, another is (b) aromatic. 

Both hydroxylations are important and their reaction pattern is different. Present research is 

focused on study of aromatic hydroxylation. In the modern synthesis chemistry, direct 

insertion of hydroxyl group into the aromatic compound is one of the most challenging fields, 

because of the strong bond of hydrogen and carbon (C-H) atom of the benzene ring. But, 

despite this ambivalence, Cytochrome P450 catalyzes aromatic compound in relatively easy 

way. Hydroxylations of aromatic rings are important chemical reactions and are catalyzed by 

several metalloenzymes [8-9]. In biosystems, there are various essential processes of 

chemical reactions which lead to aromatic hydroxylation with Cytochrome P450 and convert 

several non-degradable compounds into biodegradable compounds [10-11]. Aromatic 

hydroxylation step via P450s is responsible for the breakdown of xenobiotics into water-

soluble enzymes [3] . P450 catalyse estrogen hormone into 16-hydroxy-estrogen via aromatic 

hydroxylation step, which basically triggers breast cancer [15–17]. Moreover, plant P450 

enzyme catalyze the isoliquiritigenin into the product, which has antitumor, antioxidant and 

phytoestrogenic activity [18]. Aromatic hydroxylation via P450 is also the centre of research 

for drug metabolism including para-hydroxylation of Amphetamine and Tamoxifen [19–21] 

and several other substrates, like, β-blocker alprenolol [22]  and the neurotoxin 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine which is a chemical inducer of Parkinson’s disease  [23]. 

So, in the field of bio-chemistry, aromatic hydroxylation via P450 is a crucial activity, but 

researchers are always fascinated by aromatic hydroxylation due to its unknown reaction 

mechanism with Cytochrome P450 [21-22]. The Cytochrome P450 is metabolize various 

compound using high-valent iron (iv) oxo species complex, generally known as Cpd1. This 

complex is formed during the catalytic cycle of Cytochrome P450 [26–29]. Initially, in 
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catalytic cycle, Cytochrome P450 is at the resting state and the water molecule is ligated. The 

entry of the substrate expels the water molecule and tightly binds with the enzyme. Further, 

the oxidation step forms ferric peroxide species known as compound 0 (Cpd 0), and then after 

the protonation step Cpd 0 converts into active species of enzyme, iron (IV)-oxo complex, 

known as compound I (Cpd I). It is the primary oxidant involved in the oxidation reaction of 

all superfamily of P450s and here truncated model of Cpd I is used to explore the overall 

reaction. 

For large number of atoms a more suitable method is used generally known as QM/MM 

(quantum mechanical/ molecular mechanical) method. The utility of this method is revealed 

by the first QM/MM study [30] of the active species. It was done by increasing molecules in 

all the species in the catalytic cycle of P450cam, [31] the active species of human isoforms, 

[26-32] and some of organic molecules [33-34] . 

Moreover the QM/MM approach, is used for two- layer to three-layer of system, one can 

easily understand it by continuum solvation model which is used for third layer [35] or by   

ONIOM-type method in which system is divided in two layers two different layers one is 

inner QM layers and another is outer MM layer [36]. Such more involved QM/MM 

treatments have not yet been applied to P450 enzymes. 

Present study addresses the aromatic hydroxylation of 8-aminoquinoline (8AQ), an anti-

malarial drug primaquine via Cpd I of P450. Primaquine is metabolized by CYP 2D6 enzyme 

[37]. CYP 2D6 is a member of the P450 enzyme, so their active site is similar for both 

enzymes. That’s why P450 enzyme is used here for hydroxylation.  

The 8-aminoquinoline (8AQ) drug primaquine (PQ) is a prime anti-malarial drug, used in the 

treatment of malaria due to plasmodium vivax and plasmodium ovale [38]. It is also used in 

the treatment of pneumocystis pneumonia together with clindamycin, as an alternate 

treatment. It is one of the safest and most effective drugs and is placed in the list of essential 

drugs of World Health Organization (WHO) [39]. It was developed over 70 years ago. But, 

unfortunately, the reaction pathway was still blurred. 
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Figure 1: Aromatic hydroxylation of Primaquine at ortho (2PQ) and para (4PQ) position by 

Cytochrome P450. 

The hydroxylated metabolite of Primaquine is also responsible for many essential sexual 

transmission stages of Plasmodium falciparum [40]. There are six metabolites of 8AQ 

identified [37]. These metabolites are formed by the hydroxylation step, at each position of 

the benzene ring. Current study is investigating the hydroxylation step at ortho (2PQ) as well 

as para (4PQ) position of the benzene ring of Primaquine. DFT method is the most accurate 

and reliable for studying the reactivity pattern of Cpd I and also of several other essential 

metalloenzyme with hybrid function B3LYP of DFT [41]. The C-H hydroxylation of the 

substrate with Cpd I is followed by two different spin surfaces, one is, high spin state (HS) 

and the other is, low spin state (LS). These two different spin state energy barriers lead to 

two-state reactivity (TSR) pattern [25-26]. In the present work, we have studied aromatic 

hydroxylation at the ortho position (2PQ) as well as at the para position of Primaquine (4PQ) 

(Figure 1).  The reaction patterns for reaction complex (RC), transition state (TS), 

intermediate state (IM) and product complex (PC) for both spin state, doublet  (LS) as well as 

quartet (HS), are shown in energy profiles as will discuss later.  All calculations are done for 

isolated reaction coordinate. Further, we cross checked the results calculating single point 

energy using basis set LACVP, solvent effect with benzene, and in presence of two 
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ammonium molecule, and results are overlapping to each other, which showed the reliability 

of results.  

2.Methodology 

Present study comprises an investigation of reaction energy profile by Quantum Mechanical 

(QM) method. Density functional theory (DFT) was involved using Gaussian 09 software 

[43]. In this work, all calculations were performed for porphyrin cation radical iron (IV) oxo 

species i.e Por+.Feiv=O, which is commonly referred as (Cpd I), in two different spin states, 

doublet as well as quartet with primaquine as a substrate. Optimization geometries of 

reactant, intermediate, product is performed and a genuine pathway for the reaction 

mechanism is found on potential energy surface (PES) with subsequent transition states. 

Initially, optimization of geometry was calculated by hybrid density functional B3LYP using 

LANL2DZ basis set on iron atom and 6-31G basis set on the rest of the atom (BS1) 

abbreviated as B3LYP/BS1 [44]. Analytic frequency calculations performed after 

optimization confirmed the local minima of reactant, intermediate, product by showing the 

real frequencies and first-order saddle point i.e., transition state with single imaginary 

frequency. Moreover, results are crosschecked at B3LYP/BS2 theory by performing single-

point calculations. This basis set involves triple zeta effective core potential on iron and 6-

31+G* basis rest on remaining atoms. Further, we calculated single point energy using basis 

set LACVP, solvent effect with Benzene and in presence of ammonia and results are 

overlapping to each other, which showed the reliability of results.  

Barrier heights are calculated by isolated reactant geometries using 6-31G, 6-31+G*, 

LACVP, solvent effect with benzene, and in presence of ammonia are shown in Figures 2 and 

7. 

3. Results and Discussion 

3.1.  Hydroxylation of Primaquine at ortho position (2PQ) 

The proposed work tried to explain aromatic hydroxylation of Primaquine at ortho position of 

the aromatic ring (C-2), to a complex intermediate (IM1) by attaching at the ortho position of 

carbon (C-2) with oxygen atom of Cpd I. In the next step, hydrogen atom (H-2) at ortho 

position gets attached with one of nitrogen atom of porphyrin ring forming a second 

intermediate state (IM2). Further, this hydrogen atom attaches to the abstracted oxygen atom 

of Cpd I, and form a product complex (PC). 



 
 

6 
 

 

Figure 2: Potential energy surface of hydroxylation of Primaquine (2PQ) by Cytochrome P450    with 

energies in    kcal/mol. Bond length, bond angle and imaginary frequencies (in cm-1) of quartet as well 

as doublet (in bracket) spin state is shown. All energies are calculated at B3LYP/BS1//B3LYP/BS2 

level of theory. 

The electronic configuration of CpdI must be clearly identified, for better understanding of its 

reaction pathway 3dz
2 orbital of iron and 2pz orbital of oxygen of Cpd I together formed 𝜎𝑧2

∗  

anti-bonding orbital, whereas interaction of 3dxy orbital of iron and 2pxy orbital of nitrogen 

atoms of porphyrin together form anti-bonding orbital 𝜎𝑥𝑦
∗

 . These orbitals are found to be 

unfilled initially due to their high energy state and filled in later part of reaction process. 

Further, 𝛿𝑥2−𝑦2  is orbital of lone pair electron of porphyrin ring. The low-lying bonding 

orbital 𝜋𝑥𝑧 /𝜋𝑦𝑧 as well as antibonding orbital  𝜋𝑥𝑧
∗  / 𝜋𝑦𝑧

∗  is formed by the interaction between 

3𝑑𝑥𝑧 /3𝑑𝑦𝑧 orbital of iron and 2𝑝𝑥 /2𝑝𝑦 orbital of oxygen. These low-lying bonding  𝜋𝑥𝑧 /𝜋𝑦𝑧 

orbitals are always filled. Optimized orbitals are shown in Figure 3.  
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Figure 3: Key orbitals of Cpd I in order of their energy. 

Other than these five metal orbitals, two highlying orbitals of heterocyclic ring (a1u and a2u ) 

are also involved. But, in enzymatic systems a2u orbital is slightly high in energy due to 

mixing from sigma orbital of axial ligand thiolate. So, two spin states result with 

ferromagnetic and anti-ferromagnetic coupling between 𝜋𝑥𝑧
∗1   𝜋𝑦𝑧

∗1   and 𝑎1𝑢
2  respectively, 

whereas a1u remains fully occupied. DFT calculations revealed nearly ~ 1kcal/mol energy gap 

between quartet and doublet spin state as shown in Figure 3.  
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Figure 4: Optimized geometries of Reactant complex (RC), Transition state (TS), Intermediate   

complex (IM), and Product complex (PC) with differences in the bond lengths for respective atoms 

for LS of 2PQ. 

Substrate (Primaquine) and Cpd I together form reactant complex (RC) when put at 

interacting distance with each other. The electronic configuration of reactant complex (RC) 

for two spin states found to be 𝛿𝑥2−𝑦2
∗2   𝜋𝑥𝑧

∗1  𝜋𝑦𝑧
∗1 𝜎𝑧2

∗0 𝜎𝑥𝑦
∗0  𝑎1𝑢

2  𝑎2𝑢
1 . The transfer of electron 

from ortho position of carbon (C-2) to oxygen atom of Cpd I, leads to the formation of first 

intermediate complex (IM1) with electronic configuration 𝛿𝑥2−𝑦2
∗2   𝜋𝑥𝑧

∗1  𝜋𝑦𝑧
∗1 𝜎𝑧2

∗0 𝜎𝑥𝑦
∗0 𝑎1𝑢

2  𝑎2𝑢
2  

𝜑𝑐
1  , nature of electron in substrate 𝜑𝑐

1  (up and down) determines the spin state and also 

conserves the overall quartet and doublet spins (Figure 2). The electronic configuration of 

first transition state (TS1) is same as configuration of first intermediate (IM1). 
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After this, in the high spin (HS) state, first intermediate leads to second intermediate (IM2) 

by transfer of charge from ortho carbon (C-2) to one of the nitrogen atom of porphyrin ring 

(=N-H)  following the electronic configuration  𝛿𝑥2−𝑦2
∗2   𝜋𝑥𝑧

∗1  𝜋𝑦𝑧
∗1  𝜎𝑧2

∗1 𝜎𝑥𝑦
∗0 𝑎1𝑢

2  𝑎2𝑢
2  𝜑𝑐

0, and  

the configuration of low spin state of second intermediate (IM2) state is  𝛿𝑥2−𝑦2
∗2   𝜋𝑥𝑧

∗1  𝜋𝑦𝑧
∗2 𝜎𝑧2

∗1 

𝜎𝑥𝑦
∗0 𝑎1𝑢

2  𝑎2𝑢
2  𝜑𝑐

0. Second transition state (TS2) of high spin state is observed as 𝛿𝑥2−𝑦2
∗2   𝜋𝑥𝑧

∗1  

𝜋𝑦𝑧
∗1  𝜎𝑧2

∗1  𝜎𝑥𝑦
∗0  𝑎1𝑢

2  𝑎2𝑢
2  𝜑𝑐

1 . Further, product complex (PC) is formed by transfer of the 

hydrogen atom from nitrogen, and bind to the oxygen which has already been transferred at 

ortho position in second intermediate. The overall configuration of product is 𝛿𝑥2−𝑦2
∗2   𝜋𝑥𝑧

∗1  

𝜋𝑦𝑧
∗1 𝜎𝑧2

∗1 𝜎𝑥𝑦
∗0 𝑎1𝑢

2  𝑎2𝑢
2  𝜑𝑐

2, product formation is not observed in case of doublet spin state, due 

to formation of suicidal complex. 

The electronic configurations must change due to transfer of charge, so that occupancy of 

orbital 𝑎2𝑢 ,𝜋∗, 𝜎∗ and 𝜑𝑐   is also changed. As we discussed earlier, all three electrons of 

orbital 𝜋𝑥𝑧
∗ , 𝜋𝑦𝑧

∗  and 𝑎2𝑢  combine ferromagnetically or anti-ferromagnetically to form quartet 

or doublet spin state respectively. These type of reaction mechanism leads to the two state 

reactivity (TSR) pattern [45–48]. 

These calculations are done by quantum mechanical (QM) method using B3LYP basis set. 

There is a minor energy difference between doublet -2.71 kcal/mol and quartet spin state with 

energy -2.57 kcal/mol, of optimized reactant complex (RC) as shown in Figure 3. The energy 

gap between these two states is very close, i.e., these are degenerate energy state as we have 

discussed above. Optimized structure of reactant complex (RC), transition state (TS), 

intermediate state (IM), and product complex (PC) for doublet and quartet spin state is shown 

in Figure 4 and Figure 5 respectively. And their spin densities with mulliken charges are 

compiled in Table 1. Further, cross checked charge and spin densities using BS2 basis set for 

2PQ are reported in Table S1 in supplementary information.   
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Figure 5: Optimized geometries of Reactant complex (RC), Transition state (TS), Intermediate 

complex (IM), and Product complex (PC) of quartet spin state (HS) of 2PQ.  

The energy of first transition state (TS1) of doublet spin state is 10.59 kcal/mol, it forms more 

stable state than quartet spin state having energy 11.23 kcal/mol. The energy of first 

intermediate (IM1) of doublet spin state is 3.41 kcal/mol, and it is comparable to quartet spin 

state 3.73 kcal/mol. Further, the energy of second transition state (TS2) of quartet spin state is 
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4.40 kcal/mol. These two degenerate states continuously maintain energy gap of (<1kcal/mol) 

between them. The energy of second intermediate (IM2) of doublet spin state is -65.10 

kcal/mol, and the energy of quartet spin state is -38.39 kcal/mol, this means it is more stable 

than quartet. LS surfaces offered formation of suicidal complexes, confirmed by reverse scan 

curves (shown in supporting information in S1). At the end, it forms product complex (PC) 

with energy -55.54 kcal/mol at high spin state. And the formed product is chemically named 

as 2-hydroxylated Primaquine (2-OH PQ). 

With the frequency calculations, the reported imaginary frequencies of TS1 and TS2 of 

quartet spin state are 430.67i cm-1 and 155.75i cm-1 respectively. And imaginary frequency of 

TS1 of low spin state is 357.29i cm-1. As shown in the energy profile Figure 2, intercrossing 

of the energy states indicates the spin cross over during the catalytic cycle [33- 34]. 

Moreover, the transfer of electron and spins of electron is also investigated by charges and 

spin densities (Mulliken and NBO atomic charges) using BS1 basis set and is reported in 

Table 1.  

Table 1:  Spin densities and charges of Cpd1 & 2PQ position of substrate (Primaquine) using BS1 

basis set. 

Reactant Complex 

Spin Density Charge 

 Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 1.07 0.94 0.43 -0.00 0.54 0.50 -0.34 0.10 0.00 -0.04 

M2 1.20 0.89 -0.50 -0.00 -0.58 0.51 -0.34 -0.11 0.00 -0.05 

TS1 

Spin Density Charge 

 Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 1.35 0.74 0.02 0.60 0.27 0.45 -0.41 -0.37 0.35 -0.02 

M2 1.59 0.33 -0.22 -0.49 0.21 0.45 -0.42 -0.34 0.37 -0.07 

Intermediate1 

Spin Density Charge 

 Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 1.89 0.35 -0.13 0.91 -0.03 0.49 -0.50 -0.35 0.35 0.01 
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M2 1.77 0.28 -0.13 -0.85 -0.08 0.47 -0.50 -0.35 0.35 0.02 

TS 2 

Spin Density Charge 

 Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 2.62 0.09 -0.10 0.22 0.26 0.53 -0.54 -0.44 0.15 -0.23 

Intermediate 2 

Spin Density Charge 

 Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 2.83 0.09 0.04 -0.11 0.00 0.51 -0.62 0.02 -0.41 -0.12 

M2 1.10 0.00 -0.08 0.00 -0.28 0.35 -0.51 -0.56 0.20 -0.00 

Product 

Spin Density Charge 

 Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 2.5 0.00 0.02 0.00 0.46 0.53 -0.60 -0.41 0.04 -0.16 

 

3.2.  Hydroxylation of Primaquine at para position (4PQ) 

Abstraction of hydrogen atom at para position of primaquine is identified as 4PQ. All 

properties are also investigated for 4PQ by quantum mechanical (QM) methods. As we 

discussed earlier, in this reaction, hydrogen atom at the para position of substrate 

(Primaquine), is abstracted by Cpd I. The energy profile for both spin surfaces LS as well as 

HS is studied as shown in Figure 8. Reactant complex of doublet and quartet spin state has 

same configuration as reactant complex of 2PQ. Before forming the product, both spin 

surfaces, high as well as low spin surfaces give two intermediate states IM1, IM2 with same 

electronic configuration as IM1, IM2 of 2PQ. Here one can clearly notice that the LS surfaces 

offered formation of suicidal complexes, which was further confirmed by running reverse 

scan curves (shown in supporting information in S2). Also, product 4-hydroxylated 

Primaquine (4-OH PQ) was found to offer more energy than intermediate 2 (IM2) which 

further justified the formation of dead product. Optimized structure of reactant complex (RC), 

transition state (TS), intermediate state (IM), and product complex (PC) for doublet or quartet 

spin state is shown in Figure 6 as well as in Figure 8 respectively. 
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1.  Reactant Complex (RC)                                      2. First Transition State (TS1)

3.  First Intermediate State (IM1)                         4.  Second Intermediate State (IM2)

Fe

O

H

C

S

N

 

  Figure 6: Optimized geometries of Reactant complex (RC), Transition state (TS), Intermediate 

complex (IM), and Product complex (PC) for doublet state (LS) of 4PQ. 

The reaction followed patterns of two state reactivity (TSR) mechanism and energy landscape 

for doublet and quartet was close and parallel with each other, but this pattern bifurcate at 

IM1. TSR behaviour is transform to single state reactivity (SSR) and shows that the reaction 

is possible only for high spin surface (HS). 
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Also, electronic configuration of first transition states (TS1) of HS as well as LS is same as 

electronic configuration of TS1 of 2PQ. The electronic configuration of third transition state 

(TS3) of high spin surface is  𝛿𝑥2−𝑦2
∗2   𝜋𝑥𝑧

∗1  𝜋𝑦𝑧
∗2 𝜎𝑧2

∗1 𝜎𝑥𝑦
∗0 𝑎1𝑢

2  𝑎2𝑢
2  𝜑𝑐

0 and product is 𝛿𝑥2−𝑦2
∗2  𝜋𝑥𝑧

∗1  

𝜋𝑦𝑧
∗1  𝜎𝑧2

∗1  𝜎𝑥𝑦
∗0  𝑎1𝑢

2  𝑎2𝑢
2 . The energy of reactant complex (RC) of doublet is -3.97 kcal/mol 

which is very close to quartet having the energy -2.64 kcal/mol. The first transition state 

(TS1) of doublet gives energy 12.86 kcal/mol and quartet gives the energy 11.72 kcal/mol.  

The energy of first intermediate (IM1) of doublet and quartet is 6.47 kcal/mol as well as 3.92 

kcal/mol respectively. The energy profile of para position of aromatic hydroxylation is shown 

in Figure 7. Both spin state continuously maintains 1 kcal/mol difference between them.  

 

Figure 7: Potential energy surface of hydroxylation of Primaquine (4PQ) by Cytochrome P450   4 

with energies in kcal/mol.  Bond length, bond angle and imaginary frequencies (in cm-1) of quartet (in 

green color) as well as doublet (in bracket in red color) spin state is shown. All energies are calculated 

at B3LYP/BS1//B3LYP/BS2 level of theory. *Coordinate of third transition state (TS3) are not 

properly conversed for BS2.  

The energy of second intermediate (IM2) of doublet is -9.85 kcal/mol and quartet is -37.32 

kcal/mol. The energy of third transition state of quartet (TS3) is -35.57 kcal/mol. Also, the 

energy of product of quartet spin state is -50.51 kcal/mol. The imaginary frequency of TS1 of 

doublet is -422.86 cm-1 and quartet is -439.29 cm-1. And imaginary frequency of TS3 of 
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quartet is -619.54 cm-1. Imaginary frequencies of quartet and doublet spin state of transition 

states are shown in Figure 8. Optimized structure with corresponding bond length of all state 

of metabolic reaction for both surfaces is shown in Figure 6 & 8, respectively.  

1. Reactant Complex (RC)                                2. Transition State (TS1)

3.  First Intermediate State (IM1)          4. Second Intermediate State (IM2)

5.  Third Transition State (TS3)                   6. Product Complex (PC)

Fe

O

H

C

S

N

 

Figure 8: Optimized geometries of Reactant complex (RC), Transition state (TS),  Intermediate 

complex (IM), and Product complex (PC) for quartet state (HS) of 4PQ.  

These two step reactions are exothermic as expected. The overall rate of a chemical reaction 

is often determined by the slowest step of reaction, known as rate limiting or rate determining 

step.  C-O bond formation step is the rate limiting step. 
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 Rate limiting step has activation energy 10.59 and 11.23 kcal/mol, for both LS as well as HS 

state, respectively. Further, the transfer of electron and spins of electron is also investigated 

by charges and spin densities (Mulliken atomic charges) using BS1 basis set for 4PQ reported 

in Table 2. Crosschecked charge and spin densities using BS2 basis set are reported as Table 

S2 in supplementary information.  

Table 2:  Spin densities and charges of Cpd1 & 4PQ position of substrate (Primaquine) using BS1 

basis set.  

Reactant Complex 

Spin Density Charge 

 Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 1.07 0.94 0.43 0.00 0.53 0.51 -0.34 -0.10 0.01 -0.05 

M2 1.20 0.91 -0.46 -0.05 -0.57 0.51 -0.35 -0.10 0.00 -0.05 

TS1 

Spin Density Charge 

 Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 1.32 0.75 0.04 0.60 0.28 0.47 -0.40 -0.37 0.33 -0.02 

M2 1.62 0.40 -0.26 -0.51 -0.24 0.50 -0.45 -0.33 0.34 -0.07 

Intermediate1 

Spin Density Charge 

 Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 1.84 0.37 -0.12 0.94 -0.03 0.49 -0.50 -0.34 0.32 -0.02 

M2 1.91 0.32 -0.16 -0.87 -0.19 0.55 -0.53 -0.35 0.30 0.02 

Intermediate 2 

Spin Density Charge 

 Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 2.85 0.04 0.06 0.04 0.04 0.49 -0.72 0.07 -0.42 -0.08 

M2 1.12 -0.00 -0.09 -0.00 0.03 0.36 -0.41 -0.33 -0.27 0.02 

TS 3 
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Spin Density Charge 

 Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 2.71 0.02 0.03 -0.47 0.21 0.51 -0.71 -0.08 -0.47 -0.11 

Product 

Spin Density Charge 

 Fe O Por. Sub. SH Fe O Por. Sub. SH 

M4 2.4 0.00 0.03 -0.00 0.46 0.53 -0.63 0.39 -0.64 -0.16 

 

4. Conclusion 

The current work investigated the complete reaction pathway of aromatic hydroxylation of 

Primaquine with Cpd I by DFT using basis set 6-31G (BS1) and the results were further cross 

checked using basis set 6-31+G* (BS2). Quantum mechanical calculations clearly depicted 

above hydroxylation reaction is rebound free process having more than one transition state 

with short lived intermediate state and C-O bond formation step to be rate determining step of 

the reaction. It can been seen from the energy profile for ortho (2PQ) and para (4PQ) position 

of Primaquine that quartet surface (HS) is responsible for the hydroxylated product whereas 

doublet spin surface profile is resulted in the formation of a suicidal complex. Finally, the 

product at high spin state surface (HS), is formed, the reaction followed patterns of two state 

reactivity (TSR) mechanism and energy landscape for doublet and quartet were close and 

parallel with each other, but this pattern bifurcate at IM1. TSR behaviour is transformed to 

single state reactivity (SSR) showing that reaction is possible only for high spin surface (HS). 

In the energy profile it is clearly shown that H-abstraction step is rate determining step with 

activation energy 11.23 kcal/mol and 10.59 kcal/mol for HS and LS respectively for 

hydroxylation at ortho position while for the hydroxylation at para position the activation 

energy is 12.86 kcal/mol and 11.72 kcal/mol for HS and LS respectively. Here it is also 

concluded that this process is not regioselective and the product is formed directly from 

intermediate. So, the present work is expanded to a great extent about to the metabolism of 

Primaquine via P450 by giving a reaction pathway. Further, we calculated single point energy 

using basis set LACVP, solvent effect with Benzene and in presence of ammonia, and results 

are overlapping to each other, which showed the reliability of results.  These formed products 

(metabolites) are further used for treatment of malaria. These quantum mechanical 

calculations are considered for good accuracy results. Present reactions mechanism is 
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different from aliphatic hydroxylation reactions of Cytochrome P450 enzyme, due to 

formation of suicidal complex at the low spin surface. But further results give good accuracy 

as we expected and these results can be used for experimental researches and will give 

fruitful results. And there results have good accuracy for isolated reaction coordinates which 

shows the success of present work. 
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The combination of experimental and computational strategies has been of great value in the identifi-
cation and development of metabolism of drugs. Nowadays modern drug design, molecular docking
methods are helpful in exploring the ligand conformations adopted within the binding sites of macro-
molecular targets such as DNA, proteins, and enzymes, there by reducing cost, time and wayward
efforts of chemist. Since the development of the algorithms in the 1980s, molecular docking became
an important tool in drug discovery like investigation of crucial molecular events, including ligand
binding modes and the corresponding intermolecular interactions that stabilize the ligand-receptor
complex, can be conveniently performed. In present study we have tried to investigate the drug
binding pocket of various cytochrome (CYP) enzymes found in humans. All structures of drugs
are optimized at B3LYP/6-31** level of theory using Gaussian program suite. Docking of substrate-
enzyme duo was done using AUTODOCK 4.0. Computational docking revealed that almost all drugs
have same binding pocket with varied binding affinities due to change in interactions and interacting
distance from heme prosthetic moiety with transition metal iron as chelating ion.

Keywords: CYP1A2, CYP2C9, CYP2D6, Docking, Enzyme.

1. INTRODUCTION
Enzymes are protein macromolecules which are present
in cells of all living organisms ranging from simple
micro-organisms to largest mammals. These protein struc-
tures act as a catalyst in various biological processes
thereby making required product at faster rate without
changing their original form after completion of reac-
tion. Drug metabolism [1] is an extremely important area
of research, as side effects of a particular drug can be
known and resolved, designing of new and advanced
drugs can be done etc. Cytochrome P450 (CYP450) is
one of the most versatile enzymes in nature [2] usu-
ally found in abundance in liver cells of mammals and
is involved in detoxification of xenobiotics [3, 4]. Pri-
marily three families of P450s i.e., CYP1, CYP2, and
CYP3 [1] are involved in human drug metabolism amongst
them CYP1A2, CYP2A6, CYP2B6, CYP2C9, CYP2C19,
CYP2D6, CYP2E1, and CYP3A4 appear to be the major
contributors. In the present work CYP1A2, CYP2C9 and
CYP2D6 are used. The CYP1A subfamily contains two

∗Author to whom correspondence should be addressed.

members, CYP1A1 and CYP1A2 [5] which are involved
in drug metabolism and have sparked considerable interest
because they also seem to be associated with the metabolic
activation of procarcinogens to mutagenic species, of the
two members CYP1A2 is the major player. It is found in
human liver and is responsible for metabolism of hetero-
cyclic groups and aromatic rings. The enzyme CYP2C9
is another P450 monoxygenase enzyme which plays role
in drug metabolism. It provides instructions for making
enzymes found in liver microsomes. It is also responsible
for the synthesis of steroids, cholesterol and other lipids.
Among CYP enzymes CYP2D6 is known for its inabil-
ity to be induced by xenobiotics [3, 4]. It can metabolize
nearly 20% of drugs such as antidepressant, antiarrhyth-
mics, beta blockers and opioid analgesics.
In the present study docking of drugs with enzyme

is been analyzed the parameters that are put under
consideration are binding free energies, the distance
between the heme iron [6–8] and substrate reacting
groups, interaction between the substrate and residue
lining the active site [9]. The different values of bind-
ing free energies are a direct result of various inter-
actions that takes place at microscopic level such as
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Table I. Binding energies of enzymes docked with drugs.

CYP450 family PDB ID Drug Binding energy (Kcal/mol)

1A2 2HI4 Amitriptyline −7�36
Clozapine −8�93

2C9 1OG2 Diclophenac −7�09
Ibuprofen −6�19
Phenytoin −7�32

2D6 5TFT Amitriptyline −8�98
Metoprolol −5�96
Nortriptyline −9�25

hydrogen bonding interactions, hydrophobic interactions,
hydrophilic interactions, and electrostatic interactions [9].
These values are also consequence of drug heme distance.
This study will through light upon the binding pockets
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Figure 1. Structure of drugs used for docking in enzymes as substrates.

(i.e., residues) of enzymes which are prime targets of drug
substrates.

2. METHODOLOGY
The crystal structures of the selected cytochromes
CYP1A2, CYP2C9 and CYP2D6 were downloaded from
Protein Data Bank (PDB) [10] and are listed above in
Table I. The generalised structure of drugs that were
docked to the selected CYP gene was obtained from liter-
ature and is shown in Figure 1.
The drugs amitriptyline, clozapine, diclofinac, ibupro-

fen, phenytoin were modelled using Gauss View 5.0
and they were then optimized for energy minimisation
using Gaussian 09 [11] software package using B3LYP
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Figure 2. Distances of various drugs from heme prosthetic group (a) CYP1A2 with clozapine (b) CYP2D6 with amitriptyline (c) with nortriptyline
(d) CYP2C9 with phenyltoin.

functional and 6-31G** basis set. The crystal struc-
tures of the cytochromes so obtained from protein data
bank (PDB) were then visualized using Chimera [12]
before docking them with substrates, enzymes were pre-
pared. From cytochrome having PDB ID 2HI4 inhibitor
alpha-napthoflavone was removed along with the water
molecules. Similarly from CYP2D6 BACE 1 inhibitor
complex was removed from crystal structure 5TFT along
with removal of water molecules. The crystal struc-
ture 1OG2 of CYP2C9 which is a structure of human
cytochrome was taken as such, only water molecules
were removed before docking. Molecular Docking was
performed using Autodock4 software package [13]. The
Gasteiger charges were added to the drug-enzyme complex
using Autodock Tools (ADT) before starting the dock-
ing calculations. A grid box, of different dimensions, was
prepared for each drug-enzyme complex that enclosed
the macromolecule. This helped the drug in finding the
most preferential binding pocket in the vicinity of heme
prosthetic group while the docking calculations were per-
formed [14]. Docking calculations were set up using the
classical Lamarckian Genetic Algorithm (LGA). A 20
LGA run with a maximum cycle of 2500000 energy evalu-
ations was performed for each of the drug-DNA complex.

3. RESULTS AND DISCUSSION
All the binding energies obtained by computational dock-
ing method are listed below in Table I. Further inter-
actions between drugs and cytochrome sites having the
maximum binding affinity are shown in Figure 2, this
reveals the active binding site of the drug to cytochrome’s
heme region. Out of three drugs which are docked with
CYP1A2, clozapine was in closest proximity with heme
iron showing distance of 3.01 Å as can be seen in Figure 2.
The present study shows that for CYP1A2 the amitripty-
line drug is not in close proximity of metal centre com-
pared to CYP2D6 for which the drug to metal centre
distance is approximately 2.77 Å. This is also confirmed
from binding energy which is −7.36 kcal/mol for CYP1A2
and for CYP2D6 it is approximately 9 kcal/mol. The inter-
acting distance of drugs phenytoin and ibuprofen is coming
nearly 11.4 Å and 14.5 Å respectively for CYP2C9 and
can be seen in Figure 2, which is not close to active site
of enzyme but they do form hydrogen bonds with residues
and their binding energies reflect the same, Figure 3. The
main aim of this study was to validate the effective bing-
ing site/pocket where the drug metabolism chemical reac-
tions; such as, functionalization reactions; i.e., oxidation,
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Figure 3. Hydrogen bonding interaction of all enzyme-drug complexes.

hydrolysis; and conjugation reactions i.e., glucuronidation,
sulphate conjugation takes place.

4. CONCLUSIONS
Chemical reactions involved in drug metabolism are
not only a fascinating field of study but also a use-
ful link between chemistry and biology. Most of the
metabolic reactions are carried out by a large family
of heme-containing CYP 450 enzymes. Such computa-
tional Molecular Docking, Molecular Dynamics and QM,
QM/MM studies are vastly used now days to model
these drug metabolism reactions. Hence, extensive stud-
ies on drug metabolism to elucidate the scientific princi-
ples are in progress, and this docking study adds to one
of them.
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Abstract
Natural compounds derived from plants are generally regarded safe and devoid of adverse effects. However, there are individual
ingredients that possess toxic, genotoxic, and carcinogenic activities. These compounds when exposed at specific level become
hazardous to health. Estragole (1-allyl-4-methoxybenzene) is a common component of spice plants. Its toxicity gets activated
with the hydroxylation at benzylic carbon (C1’) position by P450 enzymes present in the human liver. The present study grounds
to explore the reaction mechanism of conversion of estragole to hydroxylated metabolite using computational methodology.
Density functional theory (DFT)-based calculations were employed to explore the cytochrome P450–catalyzed mechanism at C1
position aliphatic hydroxylation of estragole. Overall reaction energy profile, electronic configuration, and 3D structure of all
intermediates, transition states, and product complexes formed during the reaction along with their free energies were tried to be
investigated.

Keywords Estragole . DFT . P450 . Hydroxylation . Genotoxic

Introduction

Estragole (1-allyl-4-methoxybenzene) is a common compo-
nent of spice plants like star anise, fennel, and basil oil.
Additionally, estragole is used in flavorings, as essential oils
that are added in many food, detergents, and cosmetic prod-
ucts. It is regarded as a genotoxic hepatocarcinogen in rats,
and its potential toxicity in humans is still under prime debate.
Foeniculum vulgareMill. (fennel) is a major source responsi-
ble for the human exposure to this phytochemical [1]. Its tox-
icity gets activated with the hydroxylation at benzylic (C1’)
position [2] by the following P450 enzymes present in the
human liver: 1A2, 2A6, 2CI9, 2D6, and 2E1. The major
P450 enzymes that are involved in the catalysis of estragole
are 1A2 and 2A6. Other enzymes play their role in the catal-
ysis of estragole at relatively higher concentration. The me-
tabolite obtained upon hydroxylation at C1 position is not
toxic within itself; however, its conjugation with sulfate by a

sulfotransferase to produce 3′-sulfoxyestragole is genotoxic
[2]. Figure 1 marks the general reaction scheme that was stud-
ied computationally.

Cytochrome P450 enzymes are versatile biological catalyst
found in nature in all living forms such as bacteria, mammals,
fungi, and plants [3, 4]. P450 enzymes are key players respon-
sible for metabolic conversion of chemical compounds to re-
active metabolites which later binds macromolecules.

They activate and oxidize a fairly large variety of substrates
[5, 6]. Due to their broad chemical functions, they are well
studied with potential application in the field of biotechnology
and medicine. P450 enzymes are a monooxygenase class of
heme enzymes. Their common reaction mechanism with sub-
strates occurs through single-oxygen-atom transfer [7–9].
Initially, in resting state, the heme iron(III) is hexacoordinated.
At the distal side, it is connected to water molecule and is
axially ligated to the thiolate of cysteinate residue which even-
tually connects it to the rest of the protein. The catalytic cycle
of P450 gets initiated with the entry of substrate inside the
binding pocket. As the substrate approaches the heme, it tran-
spires the release of water molecule ligated to iron and chang-
es the spin state, which triggers electron transfer from the
reduction partner of P450. Later, the molecular oxygen binds
itself to the iron and gets reduced and protonated to form ferric
hydroperoxo species also known as compound (Cpd) 0.
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Subsequent protonation leads to the formation of ultimate ox-
idant iron(IV) oxo porphyrin cation radical species compound
I (Cpd I). The structure of Cpd I is depicted in Scheme 1a,
along with short representation used to show porphyrin ring.
Cpd I reacts with the substrate to form oxidized product
through various reactions like desaturation/ring closure and
oxygen atom transfer reactions like aliphatic and aromatic
hydroxylation, sulfoxidation, epoxidation etc. It is well stud-
ied through many experimental and theoretical [10–13] stud-
ies that alkane (C–H) hydroxylation is stepwise and proceeds
through rebound mechanism [14], and this is shown in
Scheme 1b. The first step is associated with the removal of
hydrogen atom from the carbon to be hydroxylated to form
ferric hydroperoxo intermediate via hydrogen abstraction
transition state (TSH), while the later step involves the rebound
of radical carbon to produce hydroxylated product complex
via rebound transition state (TSreb).

Quantum mechanical (QM) calculations are valuable
methods that provide us a tool to deeply penetrate and under-
stand the formation of toxic metabolites from drugs and chem-
ical compounds followed by analysis of their reaction energy
profiles. In the present work, density functional theory (DFT)-
based QM calculations were employed to explore the cyto-
chrome P450–catalyzed reaction mechanism for aliphatic

hydroxylation of estragole at benzylic carbon C1 position to
explore the overall reaction energy profile and to understand
the formation of involved intermediates and transition states.
The mechanism was modeled on two spin surfaces for Cpd I-
estragole complex, viz. quartet (high spin (HS)) and doublet
(low spin (LS)). Furthermore, this study was helpful in
gaining substantial insights into the electronic arrangement
and 3D structural features of intermediates, transition states,
and product complexes formed during the progress of the
reaction along with their free energies.

Methodology

The calculations provided in this study were computed using
Gaussian 09 [15] software and implemented DFT method. To
support our results from previous studies [11, 16–18], B3LYP
hybrid density functional method has been chosen, using
LACVP (Los Almos)-type basis set on iron that uses double
ζ-core potential along with 6–31 G basis set on the rest of the
atoms (basis set (BS1) [19]. Optimization of geometry and
scans were performed at the B3LYP/BS1 level of the theory.
Geometry scan maxima are used for the transition state
searches along with frequency calculations that confirm

Fig. 1 Activation reaction of
estragole to produce 1-
hydroxyestragole by Cpd I of
P450 enzymes, a precursor for the
formation of genotoxic 3′-
sulfoxyestragole

Scheme 1 a Structure of
compound 1 (Cpd I) along with
porphyrin ring representation in
the right. b Two-state rebound
mechanism used by P450 for ali-
phatic hydroxylation
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structures to be a first-order saddle point depicting single
imaginary frequency for the correct mode. Full geometry op-
timization at the same level of the theory has been performed,
followed with frequency calculations that confirmed struc-
tures to be local minima and transition states to be the first-
order saddle point. Cpd I used in present investigation was
modeled as iron embedded in protoporphyrin IX, side chains
were removed to make calculations less extensive, and also
replacement of side chain will not greatly affect the energies of
high-lying occupied and low-lying virtual orbitals of a chem-
ical system. Similarly for simplification of the substrate, the
structure 3-4-methoxyestragole is replaced by the 4-methoxy
substituent to reduce computation cost.

Results and discussion

Electronic structure of Cpd I

Cpd I possess a dense manifold of orbitals [20–22], and there-
fore, it has multiple closely lying spin states and electromeric
states. An understanding of its orbital picture is necessary to
understand the trends and pattern during the course of the
reaction. Figure 2 shows all the high-lying occupied and
low-lying virtual orbitals of a heme system that are key or-
bitals involved in the catalyst mechanism. In the extreme left
of the figure, we have porphyrin ring orbitals which are π-type

high-lying non-bonding orbitals and, under D4th symmetry,
their labels are assigned as a1u and a2u. The a2u orbital is bit
higher in energy than a1u due to its mixing with the axial
thiolate ligand. Other than these porphyrin ring orbitals, there
are five metal 3d orbitals that mix with axial ligand oxygen.
The uppermost orbital in the figure is σ*z

2 anti-bonding orbit-
al, and this arises due to the mixing of 3dz

2 orbital on iron and
2pz orbital of oxygen along the S–Fe–O bond axis. Right
below in the figure lies σ*xy which is a planar orbital formed
due to the mixing of 3dxy orbital of iron and 2pxy orbital of
porphyrin nitrogen along the Fe–N bond axis. With the com-
bination of 3dxz/3dyz metal orbital and oxygen 2px/2py orbital
arising the formation of low-lying πxz/πyz orbital, these are
found to be always filled and their anti-bonding pairs of
π*xz/π*yz orbital are along the Fe–O axis. The δx2−y2 is
a non-bonding doubly occupied orbital that resides into the
heme plane.

Aliphatic hydroxylation

In accordance with previously calculated and benchmarked
studies, we investigated our reaction mechanism with a
modeled active site complex of cytochrome P450, i.e., Cpd I
with substrate [16, 20, 23]. We are focused at the C1 position
aliphatic hydroxylation of estragole, and it starts with hydro-
gen abstraction step via the transition state TSH to generate a
radical intermediate INT. This radical intermediate rebounds

Fig. 2 Molecular orbitals of Cpd I involved in the reaction [5]
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to generate product complex (PC) crossing a rebound transi-
tion state (TSreb). The potential energy surface of the reaction
mechanism is shown in Fig. 3. The reaction analogous to
previously reported studies is stepwise and is highly exother-
mic after radical intermediate to product formation. The reac-
tion follows a two-state reaction (TSR) mechanism, and re-
sults are in good agreement with previous studied reactions
following TSR mechanism. Hydrogen atom abstraction is the
rate-determining step of the reaction, and barrier heights for
doublet and quartet are observed to be 10.43 kcal/mol and
9.85 kcal/mol, respectively. Frequency calculations showed
single-large imaginary frequencies for both spin states:
i1508.20 cm−1 (doublet) and i1455.38 cm−1 (quartet)
[24–26], and these results are reminiscent of typical H-
abstraction barrier which simply means that large kinetic iso-
tope effect (KIE) will be observed after replacement of deute-
rium with hydrogen [27].

Optimized three-dimensional structures of the transition
state 2,4TSH showed the transferring hydrogen atom is close
to the carbon atom, and this kind of transition state shows less
barrier height in comparison to the late transition state.
Subsequent formation of radical intermediate occurs, and their
formation is exothermic with energy values − 12.85 kcal/mol
and − 12.57 kcal/mol for doublet and quartet, respectively.
Typical TSR mechanism reactant complex for both spin sur-
faces is close in energy and virtually degenerates till the H-
abstraction barrier [5, 10–13, 28]. With the formation of the
radical intermediate 2,4INT, both spin surfaces bifurcate, and
rebound transition state is observed for HS state with the bar-
rier height of − 8.56 kcal/mol to form product complex where-
as the reaction was barrier-less on LS surface and concerted

product formation is observed. The last reaction step for prod-
uct formation was highly exothermic for both spin surfaces
showing an energy value below − 40.00 kcal/mol.

The reaction between Cpd I and substrate is modeled. The
reactant complex electronic configuration was investigated and

found to be δ*2x2−y2 π
*1
xz π*1

yz a12u. The reactant complex (RC) was
followed with the formation of the transition state 2,4TSH having

the electronic configuration δ*2x2−y2 π
*1
xz π*1

yz a22u φ
1
c to form the

intermediate complex 2,4INT. Validity of spin and electron den-
sities was further confirmed by Mulliken analysis and charge
analysis Table 1. The spin density showed transition states to
be radical in nature. The intermediate spin densities along with
electronic configuration depicted one electron transfer from the
substrate to the porphyrin a2u orbital. The nature of both the
intermediates was found to be radical, and electron density accu-
mulates at the C1 position of the substrate with spin density (ρsub
− 0.98 and 0.99) doublet and quartet, respectively. Intercrossing
of spin is also observed in energy profile Fig. 2, and this is
indicative of spin crossover in the catalytic cycle. Throughout
the reaction process, the orbital occupancy changes for a2u,
π*
xz=π

*
yz, σ*z

2, and substrate orbital φc to conserve the overall

spin during the entire reaction and also for electron sharing in
the making and breaking of bonds. First electron transfer for the
formation of the bond between oxo group and H atom is
achieved by electron transfer from the substrate to the Cpd I,
and one of the electrons is transferred to the heme a2u orbital,
making it fully occupied leaving substrate to be singly occupied
φ1. Last step of the reaction is radical rebound which occurs to

generate a PC with the electronic configuration δ*2x2−y2 π
*1
xz π*1

yz

σ*1
z2 σ*0

xy a22u φ
0
c for quartet spin state and δ

*2
x2−y2 π

*2
xz π*1

yz σ*0
z2 σ*0

xy

Fig. 3 Potential energy profile for
aliphatic hydroxylation at the
benzylic position of estragole
calculated using DFT
methodology at the B3LYP/BS1
level of the theory. All energies
here are reported in kcal/mol, the
bond lengths in angstrom (Å), the
bond angles in degree (°), and the
frequencies in wavenumber
(cm−1)
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a22u φ
0
c for doublet spin state. The rebound transition state

4TSreb
is observed only on HS with the electronic configuration

δ*2x2−y2 π
*1
xz π*1

yz σ*1
z2 σ*0

xy a22u φ
0
c . In case of LS, the rebound barrier

required is usually ~ 1 kcal/mol and hence the potential energy
surface is flat. The value for rebound transition state (TSreb) was
observed to be − 8.56 kcal/mol, and its adequacy is confirmed by
a single imaginary frequency of i231.43 cm−1 for the correct
mode of vibrations. The discrepancies in the potential surface

in rebound step for both spins can be understood from the trans-
fer of electron to the respective orbitals. In LS, the second elec-
tron from φc gets transferred to the low-lying π*

xz orbital to gen-
erate 2P(III) whereas more energy is required to transfer an elec-
tron to the high-lying virtual orbital σ*

z2 to form
4P(III).

There must be some changes in three-dimensional geome-
tries in structure from RC to PC (Fig. 4) which helped in the
easy transfer of electron in the making and breaking of bonds.

Table 1 Spin densities and
Mulliken atomic charges Spin densities Charges

ρFe ρO ρPor ρSH ρSub QFe QO QPor QSH QSub

Reactant complex (RC)

LS 1.20 0.89 −0.51 −0.58 0.00 0.51 −0.35 −0.10 −0.04 −0.01
HS 1.07 0.94 0.44 0.53 0.00 0.50 −0.34 −0.09 −0.04 −0.01

Transition state (TSH)

LS 1.62 0.39 −0.32 −0.32 −0.37 0.49 −0.49 −0.21 −0.06 0.28

HS 1.20 0.77 0.19 0.40 0.43 0.46 −0.47 −0.26 0.00 0.27

Intermediate complex (INT)

LS 1.81 0.25 −0.12 0.28 −0.98 0.44 −0.59 −0.28 0.03 0.38

HS 1.81 0.28 −0.12 0.03 0.99 0.44 −0.59 −0.30 0.03 0.42

Rebound transition state (TSreb)

HS 2.27 0.04 −0.12 0.10 0.70 0.52 −0.61 −0.40 −0.09 0.58

Product complex (PC)

LS 1.09 −0.00 −0.08 −0.00 0.00 0.33 −0.59 −0.54 0.02 0.76

HS 2.53 0.01 −0.00 0.46 −0.00 0.52 −0.58 −0.45 −0.16 0.68

SH thiolate group, Sub substrate (estragole), Por porphyrin

Fig. 4 Optimized 3-D geometries
of a reactant complex (RC), b in-
termediate complex (INT), c H-
abstraction transition state (TSH),
d rebound transition state (TSreb),
and e product complex (PC) for
doublet (quartet) spin states,
along with the necessary bond
lengths in Å and the imaginary
frequency of TS in cm−1. In the
figure, without and within paren-
theses are indicative of LS (HS)
doublet and quartet. All geome-
tries were optimized at the
B3LYP/BS1 level of theory
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The geometric features of the H-atom abstraction are similar
to those of direct H-atom abstraction from methane via bare
FeO+ [29] and diiron model complexes [30]. The transition
state TSH for H abstraction at C1 position is shown in Fig. 4,
with the O–H bond and C–H bond of 1.25 Å (1.27 Å) and
1.34 Å (1.31 Å), respectively, for doublet (quartet). The bond
angle for C–H–O is linear with the value 170.65° (174.53°)
which is a genuine pattern for the H-abstraction process by
various FeO species. As previously discussed, smaller dis-
tances of the C–H bond compared with those of the O–H bond
are regarded as earlier transition state and barrier heights as-
sociatedwith such geometrical features are lower than those of
late TS. Intermediate cluster formation occurs after crossing
the transition state (TSH), and the C1 radical center is oriented
towards the hydroxyl group, which can be seen from Fig. 4.
The second half of the reaction is the oxygen rebound mech-
anism where carbon radical and iron-hydroxo species com-
bine to form product complex, and the essential part of this
process is the formation of the C–O bond. For the formation of
the C–O bond, carbon radical needs to rotate to attack on iron-
hydroxo species, and this step requires an energy barrier to
cross. On the quartet spin surface where the rebound transition
state TSreb is observed during geometric scan, we see sharp
changes in bond lengths, the C–O bond decreases, and the Fe–
O bond increases, coupled with a decrease in the Fe–S bond
length at the same time. This effect is known as “push-effect”
[5], which is shown in Fig. 4, and is observed in the hydrox-
ylation reaction catalyzed by P450 enzymes, whereas on the
doublet spin surface, our calculations predicted no direct tran-
sition state and it could be regarded as virtually barrier-less to
produce product. This step is highly exothermic in nature and
proceeds at a very low cost of energy. The driving force is a
direct consequence of large product stability.

Conclusions

Present studies on cytochrome P450 monooxygenases found
in the human liver by utilizing DFT-based QM calculations
completely elucidate the reaction energy profile of C–H hy-
droxylation of estragole. The hydroxylated product is a pre-
cursor in the activation of toxic metabolite by sulfotransferase
to produce 3′-sulfoxyestragole. The theoretical investigation
revealed that a two-state reactivity (TSR) mechanism is
followed for both HS and LS. The reaction is exothermic
throughout, and the LS surface offers an easier pathway for
the product formation once the hydrogen abstraction barrier is
overcomed. The rate-limiting step was found to be H-
abstraction step with 9.85 kcal/mol and 10.43 kcal/mol for
quartet and doublet spin states, respectively. It can be asserted
from above-discussed results that the C1 position hydroxyl-
ation of estragole with Cpd I of P450 is a rebound mechanism
for the HS surface and concerted for the LS surface. The

intermediates are highly short-lived, and the product forma-
tion directly occurs from an intermediate on the LS surface,
although the possibility of stereochemical scrambling is pres-
ent on HS.
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                                                    Abstract  

Hydroxylation process occurs in many bio-reactions which are often ubiquitous. Hydroxylation 

by Cytochrome P450 enzyme is very important and useful natural process. It is a multistep 

process that was believed to occur by initial hydrogen atom abstraction from the alkane, by the 

iron(iv)-oxo species followed by the rebound of the alkyl radical to form the iron(III) alcohol 

complexes. Later, radical-clock experiments deduced that the lifetime of radical is ultrashort, 

then how can the radicals be established to exist? This question arose a controversy. This 

microreview throws some light on the tale of controversy. Its resolution proposed by various 

theories over the years. Theoretical studies of reactivity pattern of cytochrome P450 enzyme 

gives two-state reactivity (TSR), in which radicals are formed in two different spin state, so they 

react differently. On the low-spin surface, there is no rebound barrier and radical’s lifetime is 

ultrashort, while on the high-spin surface the rebound barrier is high and radical’s lifetime is 

sufficiently high. Radicals intermediates of low spin state either undergo rebound to form 

unrearranged (U) alcohol complex, keeping the original stereochemical information, or it can 
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