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ABSTRACT 

 

Enzymes are green “catalysts”, ever since their potential is recognized; researchers 

have wondered and argued about how they work. Metalloenzymes have metal as 

cofactor bound to proteins. The metal ions at active site of enzymes allow it to 

perform redox reactions. Metals were used in most developed civilizations since ages 

in therapeutic purposes but the mechanism was not known properly. With advent of 

computer, the theoreticians could compute structures and reaction pathways within 

reasonable time. The quantum mechanical methods have been of great help in 

devising competing methods for explaining involved phenomena. With advancement 

in technology, these theoretical results were validated by experimentalists as well. 

Hence both began working in close collaboration. Their concerted efforts have helped 

develop highly benchmarked computational methods that produce reliable results. 

Now modeled structures have grown in size and complexity. Better understanding of 

the mechanism by which they work and performs biological transformation reactions. 

This will lead to advances in the area of designing new drugs (as many drugs are 

inhibitors, which will eventually bind to enzymes and prevent them from further 

functioning), designing new and better biomimetic or engineered catalysts, analysis of 

effect of mutations will help in predicting the metabolism of pharmaceuticals. Thus, 

there is a great demand of development of protein catalyst for practical applications in 

the field of pharmaceutical, chemical and biotechnology industries. Computational 

modeling has a major role in understanding these enzymatic processes due to unstable 

species such as reaction intermediates and transition state which cannot be studied 

directly via experiments in these complex systems. In this work, iron (IV)-oxo species 

have been studied in great detail. Reaction pathways have been proposed that closely 
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match with experimental results. Our calculations have established catalytic 

mechanisms for aliphatic and aromatic hydroxylation, epoxidation, sulfoxidation and 

dehydrogenation reactions by iron(IV)-oxo heme 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. In another work 

better synthetic oxidant was tried to be designed and modeled which matches well 

with the experimental results which is one of its kind. Therefore, the studies have 

provided a deep understanding on chemical catalysis by high valent metal-oxo 

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

 

 

The thesis entitled “Quantum Mechanical Study of Modelled/Biomimetic Heme 

and Non-Heme type Metalloenzymes” encapsulate the results of theoretical 

investigations carried out in the Department of Applied Physics, Babasaheb Bhimrao 

Ambedkar University in between 2016-2021 under the supervision of Prof. (Dr.) 

Devesh Kumar, Applied Physics, Babasaheb Bhimrao Ambedkar University, 

Lucknow. 

Metalloenzymes are utilized by the nature for diverse function. Primarily they are 

used as catalyst in crucial biological processes such as metabolism and biosynthesis. 

Nearly one third of the proteins present require a metal atom centre for their 

functioning. This makes the study of metalloenzyme catalysis important from the 

point of chemical biology and biomedical sciences. Iron being most abundant in 

earth’s crust is also found in prominence in most enzymes. Iron containing enzymes 

are classified as heme and non-heme enzymes. These enzymes sometimes also 

contain other transition or non-transition metals with homo/hetero-nuclear metal 

centre. 

Nowadays computational techniques have matured to a level that one has various sets 

of extensively tested and benchmarked methods and procedures that produce reliable 

results that predate experimental data by many years. There are many instances when 

experimentalists have reproduced and validated theoretical results once technological 

advancements allowed them to do so. In study of transition metal complexes, the 

basic hindrance in experiment is their short life time. Computational study helps in 
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studying the properties of short lived intermediates and transition state complexes and 

help in determining reaction pathways or in fine-tuning a known reaction mechanism. 

 This thesis will focus on reaction mechanism of metalloenzymes having transition 

metal (iron) into their active sites. There will also be a focus on how synthetic 

substituted catalysts may be used to imitate their reaction mechanisms. The thesis is 

divided in six chapters.  

Chapter 1 reviews the theoretical work done so far on heme and non-heme type 

metal enzyme and also discusses the suitability of various computational quantum 

mechanical methods available in terms of accuracy etc.  

Chapter 2, discusses development and mathematical details of quantum mechanical 

methods has been discussed. 

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

hydroxylation mechanism of estragole modeled by Cytochrome P450.  

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

hydroxylation and epoxidation mechanism of BPA and its analogs via Cytochrome 

P450 enzyme. A comparison of reactivity mechanism based on quantum mechanically 

obtained energy profile was also made in this chapter. 

Chapter 5 investigates the search of the better non-heme synthetic ligand frame work 

for the iron(IV)-oxo species (originally on the N4PY), so that rate of the reaction can 

be enhanced, understood and hence controlled. 

The general conclusions of the thesis are drawn in Chapter 6. 

Conceivably, better understanding of the mechanism of these natural catalysts as well 

as biomimetics should lead to more efficient and effective work of computational 

chemistry in future.  
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CHAPTER-1 

 

INTRODUCTION 

 

1.1: Metalloenzymes  

Enzymes are known as biological catalysts which are responsible for performing 

chemical reactions inside living beings. The enzymes that involve metal at their active 

site are termed as metalloenzymes or metalloproteins. Metal ions can easily bind to the 

protein as they easily lose electron to become ions and enzymes are electron rich species. 

Transition metals exhibit multiple oxidation states hence they can assist in electron/ 

proton transfer reactions, and thus are present in large number of enzymes at active 

centre. Metals are regarded inevitable through enzymes as without them reactions 

catalyzed will be rather slow. Metalloenzymes account for nearly half of enzymes in 

nature [1]. 

Various metabolic functions play key role in all living forms, e.g., methane hydroxylation 

used in methanophiles (bacteria), desaturation of fatty acids (plants), DNA and RNA 

repairs, β- lactam antibiotics biosynthesis (animals). In these metabolic functions, 

controlled oxidation of organic substrates takes place by the activation of dioxygen (O2) 

and it is mediated by transition metals [2-6]. This attribute of enzyme finds important 

applications in industry, to be efficiently used in oxidation reactions [7-9]. Thus, 

researchers are interested in understanding mechanism of dioxygen activation in different 

heme and non-heme metalloenzymes [3, 10-24]. There are diverse types of active sites in 
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enzymes like mononuclear, dinuclear, hetro-dinuclear regardless of this a common 

mechanistic hypothesis may also be fruitful in understanding dioxygen activation.  

Nature utilizes enzymes to speed up the biochemical transformations in regioselective 

and stereospecific manner. Iron availability in earth crust is maximum hence most of the 

enzymes comprise iron at their active site [2,3,25-39]. Besides iron there are numerous 

other metal containing enzymes (transition as well as non-transition) like copper-,[40-42] 

vanadium-, [43,44] and molybdenum [45,46]. Also, in few of the metalloenzymes two or  

more metals are present at their active centers, for example ribonucleotide reductase is a 

diiron enzyme [47-49] or in photosystem II there is a multi-center cluster [50-53]. 

On the basis of mode of binding of the metal to the rest of the protein, enzymes  can be 

classified as heme [26-33] and non-heme [2,3,34-40]. Two most well studied examples of 

each of these categories are: cytochrome P450 and taurine/-ketoglutarate dioxygenase 

[54, 55]. Their structures are depicted in Figure 1.1. The P450 crystal structure 

coordinates are of human cytochrome P450 2A13 as shown in Figure 1.1 (a) which is 

found in liver and there it is responsible for detoxification of endogenous compounds. 

The heme group is connected to the rest of the protein via thiolate group of cyteinate 

residue (Cys439). This axial ligand is found responsible in fine-tuning the electronic 

properties of the enzyme (oxidant) and also in attributing its functional properties to 

behave as monooxygenase [56]. Peroxidases and catalases are two other varieties of 

heme enzymes which mainly differ due to type of axial ligand. In peroxidases hystidine is 

the axial ligand while in catalases tyrosinate group [57-59]. The crystal structure of 

taurine/α-ketoglutarate dioxygenase is shown in Figure 1.1 (b). Here iron metal is bound 

through a facial triad consisting of, two histidine (His) and an aspartate amino acid (Asp). 
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This enzyme is a non-heme enzyme and is involved in the biodegradation of taurine and 

also acts as a sulphur source. The intermediates involved during the reaction mechanism 

are highly short- lived and hence are difficult to be detected and characterized. This 

necessitates theoretical studies to be used in investigation of the mechanism and further 

validation of the experimental findings.  

 

   (a)       (b) 

Figure 1.1: Active site structures of typical mononuclear iron enzymes: (a) cytochrome 

P450 (PDB: 4EJG), (b) taurine/α-ketoglutarate dioxygenase (PDB: 1OS7). 

A few decades ago, theoretical modeling played a minor role in understanding redox-

active reactions of metalloenzymes. The theoretical methods were underdeveloped, due 

to this, either result was not accurate enough or the processing time was too long. But in 

today’s scenario, the situation is changed with the development of methods and as we ll as 

insights from the applications. Development of density functional theory (DFT) has 

reached at the stage where their accuracy is not far from most accurate. The breakthrough 

was due to incorporation of density gradient terms for the exchange part and of fractions 
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of exact exchange [60]. During first year of its applications in transition-metal 

complexes, it was clear that results were quite accurate [61,62]. Decades of experience 

gained from the study of small models of transition metal containing comp lexes, gave 

ideas for further improvements in method to be used and how to address mechanism 

studies of large organometallic complexes, as surprisingly, small model methods were 

quite helpful in gaining insights in the action of mechanism of biomolecules.  Transition-

state structures as well as individual reaction steps turned not to be entirely dependent of 

the size of the model for understanding of reaction mechanism.  

There are two originally different approaches in the study of enzymatic systems. First is 

the cluster model approach which uses small or truncated model system. This small 

model approach had a potential to elucidate main features of mechanism. First study 

using this model was done in 1997 on methane monoogygenase enzyme (MMO) [63]. 

Second approach was based on treating small core active site of the enzyme with 

extensive quantum mechanical (QM) methods using DFT, while rest of the system is 

described by molecular mechanics (MM); hence this approach is called as QM/MM 

model by Warshel and Levitt in 1976 [64]. The first application of QM/MM on the 

mechanism of galactose oxidase was made in 2000 [65]. Both approaches have been 

developed over the years from their original form. Nowadays, with improvements in 

computer technology, QM cluster models can handle quite big models i.e. with more than 

200 atoms, and even larger QM core can be used in the QM/MM approach.  

Now-a-days theoretical model calculation can be regarded of equal importance in 

determining mechanism of metalloenzymes. Experimental methods have the advantage 

that they are being studied on the actual system, but spectroscopically guarding of short-
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lived species, electron transfer and interpretation of results is quite troublesome. In both 

approaches accuracy of the results is the key factor [66]. In theoretical modeling, 

accuracy of the results depends on the accurate choice of the method and real system 

under consideration. More than two decades of experience in this area has made the 

understanding of limitations and applicability on different models to reach a mature 

stage. 

Computational modeling has emerged to be very useful in assisting experimentalist by 

analyzing various fundamental properties and effects of ligand substitution on the 

reactivity and catalytic features of enzymes [67-70]. As an example, theory predicted that 

high-valent iron(IV)-oxo heme cation radical is the active site of the enzyme [71-73], 10 

years before the first characterization of active species of P450 i.e., Compound I (Cpd I) 

by  Rittle et al. using electron paramagnetic resonance (EPR), absorption and Mössbauer 

spectroscopy [74]. Computational modeling was also helpful in comparison between 

properties of heme and non-heme iron enzymes and origin of ability of hydrogen-atom 

abstraction [75-79]. For both heme and non-heme iron complexes extensive studies on 

the ligand effects both axially and equatorially are done and reviewed as well [80, 81] In 

various heme and non-heme enzymatic systems, high-valent metal-oxo type 

intermediates are involved in oxidation reactions [3,29,33,82-90] An iron (IV)-oxo 

porphyrin π- cation radical species is the active oxidant of P450 which is utilized in 

various metabolic conversions [29,84-86]. High valent manganese-oxo radicals are 

present in photosystem II (PSII) [91-94]. Non-heme enzymes such as taurine -

ketoglutarate dioxygenase (TauD), prolyl-4-hydroxylase, and halogenase CytC3 also 

utilize iron(IV)-oxo intermediates as their oxidant [95-99]. Besides iron (IV)-oxo species, 
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iron(III)-superoxo, iron(III)-peroxo and iron(III)-hydroperoxo complexes are also 

detected as the active intermediates in different heme and non-heme enzymes. Synthetic 

analogues or biomimetic model of key intermediates of these enzymes have improved our 

understanding through studies on their structural and spectroscopic properties along with 

the reactivities [100-110]. One of the first biomimetic models of mononuclear non-heme 

iron(IV)-oxo was complex of tetraazamacrocyclic TMC ligand (TMC, 1,4,8,11-

tetramethyl-1,4,8,11-tetraazacyclotetradecane). The iron(IV)-oxo species was penned and 

structurally characterized and since then have been studied extensively to strengthen 

understanding on its physical properties, axial ligand effects and its reactivities with 

substrates [108]. In contrast with the intermediates present in the catalytic cycle of P450 

there were considerable differences in reactivity pattern due to ligand influences. Hence 

various models were characterized and developed over recent years for other ligated 

heme and non-heme enzymes.  

Combined experimental and computational techniques have made it possible to gain 

substantial insights into the intrinsic properties of heme and non-heme metal-oxygen 

complexes. Short lived intermediates species such as iron (III)-superoxo, iron(III)-

peroxo, iron(III)-hydroperoxo and iron(IV)-oxo have been synthesized and characterized 

through non-heme ligated systems. Additionally, remarkable differences between heme 

and non-heme systems were discovered after their comparative studies. Like in the case 

of porphyrin, biomimetic complex of P450 enzyme, Cpd I was found to be the most 

prominent active oxidant, such studies have approved presence of the single oxidant in 

heme enzymes (e.g. P450). Whereas considerable differences were found in non-heme 

analogues where superoxo and hydroperoxo complexes revealed higher reactivity than 
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the iron(IV)-oxo complexes [103]. Thus, it seems obvious that theory assists 

experimental studies in biocatalysis and biotransformation by giving insights into the 

reaction mechanism and underlying pathways.  

1.2: Heme Enzymes 

In heme based enzymatic systems, the poryphyrin ring contains a metal ion (usually iron) 

at its centre. Iron (Fe) is basically responsible to serve three main roles: (1) transfer and 

storage of molecular oxygen, (2) catalysis and (3) transfer of electrons. Heme group due 

to its tendency to easily switch between Fe (II) and Fe (III) oxidation states makes them 

used by nature as electron transfer cofactors. They usually transfer electron in specific 

electron transfer proteins, known as cytochromes, or as in transportation of electron 

inside the same enzyme to an active site [111].  

Many enzymes have heme group as its part of active site where it performs plethora of 

chemical reactions. Heme enzymatic system can catalyze both oxidative and reductive 

chemistry [112-114]. Oxidants involved in heme enzymes are broadly classified into two 

categories: oxygenases and peroxidases. Oxygenases use O2 to oxidize, most of the times 

to oxygenate substrates, whereas peroxidases use H2O2 to oxidize, but not necessarily to  

oxygenate substrates. Out of the two oxidants, molecular oxygen is the unusual one 

because thermodynamically oxidation of nearly all biological molecules is possible but 

oxygen is non-reactive molecule. Due to O2 being paramagnetic there are large kinetic 

barriers to these reactions. Biological molecules that have paired spins, hence it is a spin 

forbidden process. To execute these reactions with relative ease nature has appointed 

transition metals and heme in enzyme active sites. P450s (superfamily) are class of heme 

enzymes, which have characteristic heme group at its active site. Till date this enzyme 
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has been extensively studied computationally and experimentally due to its applicability 

in biomedical industry and drug designing [30]. Similarly heme –copper oxidase and 

peroxidases are superfamily of enzymes where heme cofactor at its active site plays a 

crucial role. Nitric oxide reductase, cyctochrome c oxidase  enzymes have a binuclear 

active site and contain a non-heme metal either iron or copper.  

1.2.1: Cytochrome: P450 

Throughout the biosphere, P450s are widely distributed in all life forms and constitute the 

largest superfamily of enzymes [115]. P450s are well-known for their function in 

detoxification (removal) of toxic compounds from the body. Inside the liver, drug and 

other xenobiotics gets hydroxylated through various P450s (mostly CYP3A4) which 

make these compounds more susceptible for easier elimination. Other than catabolic 

functions, P450s also perform reactions necessary for the biosynthesis of essential 

compounds like steroids synthesis. This enzyme is a monooxygenase i.e., it inserts single 

oxygen atom into substrate. The structure of active site of P450 is shown in Figure 1.4, 

PDB ID (4L40) taken from the protein data bank. Cytochrome P450’s unique name 

originated when it showed strong absorption band (Soret band) at 450 nm in the UV-Vis 

spectrum after getting exposed with carbon monoxide (CO); in its reduced from (Fe 2+). 

The poryphyrin is an electron rich moiety and its peak at 450 nm arises due to π- π* 

electronic dipole transition [116]. In cytochrome P450 generally one oxygen atom is 

transferred to the product formation and the other is reduced to form a water molecule. 

The two electrons and protons in this process comes from a reducing partner NADH or 

NADPH via reductases such as cytochrome B5, ferredoxins, cytochrome P450 reductases 

[117].  
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Figure 1.2: Reaction mechanism catalyzed by P450 Compound I.  

There are also some self –sufficient bacterial and fungal P450s in nature which uses the 

required reducing equivalents from hydrogen peroxide (H2O2) for the insertion of an 

oxygen atom [118-120]. P450 displays wide variety of substrate activation reactions 

hence this enzyme is important with perspective in field of biotechnology and medicine. 

The range of reactions formed by P450 isoenzymes on the substrates are shown in Figure 

1.2. The active oxidant responsible for the oxidation or catalysis is believed to be iron 

(IV) oxo species having poryphyrin cation radical [Fe (IV)=O] (por)+˙, popularly known 

as compound I (Cpd I) [121-123]. The oxidant occurs in two closely lying spin states due 
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to ferromagnetic or antiferromagnetic coupling of three unpaired electrons. Due to their 

remarkable functions and diverse genome these enzymes have gathered special attention 

in decades; both computationally and experimentally [124]. Here we will discuss few of 

these computational studies based on DFT and before that we should understand its 

catalytic cycle for the formation of Compound I which is the main hero in modeling 

studies of enzymatic processes governed by P450s.  

1.2.1.1: Catalytic Cycle of P450: Compound I formation 

Cytochrome P450s are regarded as nano-machine which performs the catalysis based on 

the catalytic cycle depicted in Figure 1.3. The cycle starts with the resting state (1) where 

water molecule is ligated onto the distal side of the ferric iron. This is a hexacoordinated 

complex with five electrons in the d-block of iron atom. The entrance of substrate such 

as; alkane AlkH triggers the catalytic process by displacing the water molecule leaving 

the complex to be in pentacoordinated ferric state (2). Due to pentacoordiantion, iron 

which was earlier in plane of heme having low-spin doublet electronic arrangement 

comes below the heme and now attains high-spin sextet electronic configuration. Ferric 

complex (2), being a good electron acceptor takes an electron from reductase protein and 

converts itself to ferrous high-spin complex (3). Ferrous dioxygen complex (4) is formed 

with the binding of molecular oxygen, which is a good electron acceptor and has a singlet 

spin state. This initiates the second reduction step and it gets reduced to form ferric-

peroxo anion species (5). This reduction step is thought to be rate determining step in the 

entire catalytic cycle, but not always.  
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Figure 1.3: Catalytic cycle of P450 after entry of substrate SubH.  

 

Ferric-peroxo anion complex (5) is a good Lewis base, it readily gets protonated and 

converts to ferric-hydroperoxide species (6), which is also known as Compound 0 (Cpd 

0). Cpd 0 is also a good Lewis base, it further abstracts proton to form Compound I (Cpd 

I). This species is responsible for the transfer of an oxygen atom to different substrates to 

form products like, alcohol, epoxides, sulphoxides etc. Product formed leaves the binding 
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pocket, water molecule gets attached to distal side and resting state is restored, ready for 

another cycle. This mechanism predicted by theory was elusive until Rittle and Green 

[74] characterized Cpd I and confirmed its validity to substrate oxidation.  

1.2.1.2: Role Density Functional Modelled Calculations of P450 in solving 

controversies 

 1.2.1.2.1: Ethene Epoxidation by Cpd 0 and Cpd I  

To test the validity of two oxidants present in the catalytic cycle of P450, comparative 

studies for epoxidation via both oxidant Cpd 0 and Cpd I were performed by two groups 

Shaik [125] and Yoshizawa [126]. They both tested epoxidation of ethene with truncated 

model of enzyme active site that involves protoporphyrin IX macrocycle without side 

chains. Shaik et al. studied the reaction profile with cysteniate ligand being replaced by 

thiolate, the epoxidation barriers for ferric(III) hydroperoxy species (Cpd 0) and iron(IV) 

oxo (Cpd I) species were compared [125]. It was found and can be seen in Figure 1.4, the 

barrier for Cpd 0 was very high (37- 44 kcal/mol) as compared to Cpd I with a barrier 

height of (13.0 kcal/mol). The Cpd I performs the epoxidation reaction on two spin states 

due to degeneracy. It follows a non-synchronous epoxidation mechanism; high spin (HS) 

state involves cationic intermediate and can lose stereochemistry whereas the low spin 

state (LS) proceeds via the concerted mechanism. On the other hand, Cpd 0 catalytic 

activity involves a single spin state. The results of Yoshizawa et al. were in agreement 

with the present study with slight variation in energy values due to differences in the 

choice of axial ligand (methylmercaptane in place of thiolate) [126]. Later experimentally 

conclusion was drawn that the ferric-hydroperoxo complex is a sluggish oxidant as 

compared to Cpd I for epoxidation reactions [127]. 
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Figure 1.4: Epoxidation of ethene by Cpd 0 and Cpd I with energies in kcal/mol.  
 

1.2.1.2.2: Sulfoxidation by Cpd 0 and Cpd I 

 

Sulphoxidation reactions were also studied by several groups in the search for potent 

oxidant. Using truncated P450 model complexes, quantum mechanical calculations were 

employed in both Cpd 0 and Cpd I using dimethylsulphide (DMS) as their active 

substrate [128-132]. Figure 1.5 depicts the potential energy curves of DMS with Cpd 0 

and Cpd I. Sulphoxidation reaction with Cpd I involved single transition states unlike 

C=C epoxidation and  C-H hydroxylation reactions. Here, two electrons are transferred 

from DMS to heme for S-O bond formation. The reaction is stepwise and involves two 

spin states. However, the difference between 4TSSO and 2TSSO is considerable so one can 

say sulphoxidation proceeds via SSR (single state reactivity). The barrier heights are 
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different for quartet and doublet due to the electron transfer in different orbitals.  In 

doublet spin state the electron transfer process occurs by filling of a2u and π*
xz   and 

quartet spin state involves electron transfer in a2u  and σ*
z
2 orbital.  The orientation of the 

substrate to oxidant in rate determining transition state depends on the orbital in which 

electron is been transferred. Like in case of electron transfer in π*
xz , the substrate attacks 

from sideways whereas in quartet spin state σ*
z
2 involved the substrate attacks from the 

top. Now, when Cpd 0 is used as an oxidant, the barrier height for S-O bond formation 

was quite high, this gain suggested that Cpd 0 is a sluggish oxidant in comparison to Cpd 

I.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: Potential energy profile of sulphoxidation of DMS by Cpd I and Cpd 0.  

 

1.2.1.2.3: Rebound Controversy and Resolution by TSR Scenarios  

The mechanism for C-H hydroxylation by Cpd I as active oxidant was given by Grooves 

et al. [133] Scheme 1.6 (a). It was first coined “rebound mechanism”, its initial step 
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involves hydrogen abstraction from the alkane (Alk-H) by Cpd I. Subsequently, the alkyl 

radical (Alk.) can either instantaneously rebound to ferric hydroxy intermediate to give 

unarranged (U) alcohol product complex keeping original stereochemistry of the alkane 

preserved or can undergo skeletal arrangement first and thereafter rebound to form a 

rearranged (R) alcohol product. The rebound mechanism justifies key experimental data 

of partial loss of stereochemistry and geometrical rearrangement, [134] large intrinsic 

Kinetic Isotope Effects (KIEs) when hydrogen in transition is replaced by deuterium 

[133,136-141]. The apparent radical lifetime (τaap) calculation study was first done by 

Ortiz de Montellano Scheme 1.6 (b) using bicycle [2.1.0] pentene. They basically 

calculated the ratio of unarranged (U) to rearranged (R) product yield [U/R], divided by 

rate constant for rearranged free radical clock (KR). The lifetime of radical intermediate 

was found to be short- lived but finite (τ=50ps). 

The rebound mechanism was well accepted and looked solid until Newcomb and 

colleagues [142,143] started investigation through ultrafast radical and carbocationic 

clocks. The determination of quantity [U/R] with one of the probe substrates depicted in 

Scheme 1.6 (b) led to the conclusion that if radical intermediates are involved in the 

catalytic cycle of  P450s, then these will have a lifetime of 100 fs [142,143] or less which 

means that real intermediate species is not possible. In P450 mutant species where Cpd I 

is assumed to be absent, the ratio [R/U] was larger than wild type enzyme [134]. This 

ought to the conclusion that rearranged product originates from the non-radical 

intermediates which get generated due to presence of another oxidant species which 

becomes active in mutants. Substrates that can distinguish between radical and 

carbocationic rearrangement patterns were subjected to validate this hypothesis and 
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results from this suggested that intermediate is a carbocation, not a radical in the 

hydroxylation reaction of alkane. Newcomb hence proposed that alkane hydroxylation 

proceeds via two oxidants present in enzyme Cpd I and its precursor Cpd 0 without the 

involvement of radical intermediate Scheme 1.6 (c). Cpd I allows concerted mechanism 

with insertion of [O] in C-H. On the other hand, Cpd 0 involves insertion of hydronium 

ion (OH+) in C-H bond and generates a protonated alcohol that undergoes rearrangement 

par carbocationic species. From the discussion in the above section, one can say that Cpd 

0 is a sluggish oxidant and can only play a role where Cpd I is suppressed or not present.  

Thus, the two-oxidant mechanism is not reconcilable from experiment or theory from the 

reactivity study of Cpd 0 and Cpd I. But, indeed Newcomb studies lead doors open to 

intrude further into action of mechanism as “experimental results pointed in the direction 

of products that behaved as they are originated from two different sources”.  

The role of theory comes into the picture and it has already offered a reasonable 

resolution [125,144-146] of the main mechanistic problems depicted by experiment with 

the help of Two State Reaction (TSR) mechanism [144-146]. Let us first give a brief 

revision to our knowledge of Cpd I from theory and experiment and throw some basic 

light on the origin of the idea of two state reaction (TSR) mechanisms [145,147]. The 

very idea of “Two-State-Reactivity” is based on the fact that Cpd I has two closely lying 

(nearly degenerate) spin surfaces due to its molecular orbital arrangement [147].  
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Scheme 1.6: (a) Rebound mechanism suggested by Grooves and McClusky. (b) Apparent 

lifetime (τap) of a putative radical intermediate from the ratio of rearranged 

(R) to unrearranged (U) alcohol products produced from P450 hydroxylation 

of a substrate probe, here bicycle [2.1.0] pentene. (c) Probe that can 

distinguish between radical and carbocationic rearrangements, and the 

mechanistic proposal of C-H hydroxylation via two oxidants, Cpd I and Cpd 

0. 
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The five 3d orbitals of metal split into the characteristic 3t2g-2eg pattern.  The 3t2g further 

disassembles itself into one non-bonding (δx
2-y

2) and two anti-bonding metal and distal 

oxygen orbital ( *xz,  *yz). The σ*
xy and σ*

z
2 are two high lying anti-bonding virtual 

orbitals. σ*
xy originates from the mixing of σ orbitals on nitrogen and orbital of metal 

centre and σ*
z
2 is the outcome of mixing of orbital along O-Fe-S axis i.e., mixing of 3dz

2 

of Fe, 2pz orbital on oxygen and lone pair of thiolate axial ligand.  

The orbital occupation of metal looks like δ2
x
2

-y
2,  *xz

1,  *yz
1 hence the oxidation state of  

iron is IV Fe (IV). Apart from these metal orbitals there are two high lying orbitals of 

poryphyrin a1u and a2u. These two orbitals are degenerate in pure heme macrocycle but in 

the case of P450 enzymes, there is mixing of a2u and σ orbital of axial sulphur ligand 

which results in increase in energy of a2u with respect to a1u. Thus, due to lower energy  

a1u is doubly occupied in ground state and a2u is singly occupied and overall ground state 

electronic configuration of Cpd I becomes δx2-y2
2, a1u

2, a2u
1,  *xz

1,  *yz
1. These three 

unpaired electrons ferromagnetically and antiferromagnetically couples to give what we 

called quartet and doublet spin states respectively with same orbital occupation. All the 

orbital and their occupation can be seen from Figure 1.7. The extensive Density 

Functional Theory (DFT) calculations reveal that energy difference between quartet and 

doublet spin states are within 1 kcal/mol. The ordering and the energy of these states 

depend on the axial ligand effects and perturbations in protein environment [77,148-150]. 

Cpd I have two closely lying spin states, quartet and doublet, which are referred as high 

spin (HS) and low spin (LS) states respectively. These states follow rebound mechanism 

[147]. It can be seen from Figure 1.8, reaction pathway involves C-H activation phase 

that involves barrier. Nature of this transition state is hydrogen atom abstraction type. 
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After this step, alkyl moiety attains a radical character and this moiety is loosely 

coordinated to ferric iron-hydroxo intermediate by C….HO hydrogen bond, followed by 

reorientation process in which radical “reorients” itself away from OH bond in a manner 

so that it can have a direct C…O bond formation.  

 

 

Figure 1.7: Molecular orbitals of Cpd I which are involved in oxygenation reactions.  

The last step of the process is a rebound phase which allows C-O bond formation to give 

away the alcohol product. The HS and LS profile stays close in energy till PorFeOH/Alk · 

and then both states bifurcate. The LS manifold follows effectively concerted ones, the 

radical snaps out of the C…HO interaction from iron-hydroxo species [144-146] 

pathways leading to a product formation, while HS surface offers considerable barrier 

what we call rebound transition state. The reason behind the rebound barrier in HS 

surface is due to the promotion of an electron from the substrate to high lying virtual 
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orbital σ*
z
2 and on LS state the promotion of this substrate electron takes place to a much 

low lying orbital  *xz. Hence, it can be inferred that radicals on the HS profile will have a 

significantly longer lifetime. In contrast to HS, LS will have an intermediate with a 

shorter lifetime and its upper limit will depend on the frequency of rotationa l modes, 

which establish a rebound position. Thus, TSR provides two-state information on the 

lifetime of the radical containing both “ultrashort” radical and “normal” radical [151].  

 

Figure 1.8: Typical reaction profile for C-H hydroxylation (Alk-H is the substrate) 

showing two-state reactivity (TSR) due to the closeness of the two spin-

state profiles.  

Now, this picture was extended to explain the radical clock experiment result from 

Scheme-1.6 which says that amount of rearranged product R mainly arrives from HS 

manifold and the unarranged product U is the outcome of both HS and LS manifold, or 

most of the time LS state. Apparent lifetime which is derived from the ratio [U/R] cannot 
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be regarded as a true lifetime since it is also taking relative yields of HS and LS in 

account. Taking example of C-H hydroxylation, the yield of product due to HS surface 

i.e., rearranged product will be small and majority of product will be unarranged product 

type which is outcome of LS manifold and this will lead to unrealistically short apparent 

lifetime calculation. But, the matter of the fact is that radicals exist on HS surface and 

have a normal lifetime, apparent lifetime manifestation is a result of the assumption that 

both the products arise from single radical intermediate. TSR mechanism can 

accommodate both the KIE results [152] which shows that the transition state is 

hydrogen- abstraction type in bond activation step and also it was able to explain that 

two-state rebound step too can lead to controversial lifetime if [U/R] is justified by single 

radical intermediate which can give partition between immediate rebound and first 

rearrangement followed by rebound [153].  

1.2.2: Horseradish Peroxidase (HRP) 

Horseradish peroxidase isoenzymes are heme class of enzyme. They come under the 

class III category of plant peroxidases superfamily, which mainly include peroxidases of 

fungal, bacterial, and plant origin [154]. It has been studied by researchers over the years. 

It serves many physiological roles such as lignifications, crosslinking of cell wall 

polymers, indole-3-acetic, suberin formation and resistance to infection. HRP consists of 

two different metal centre, iron (III) inserted in protoporphyrin IX (commonly referred as 

‘heme group’) and two calcium atoms Figure 1.9. The enzyme structure majorly contains 

α-helix and small regions contain β-sheets also. It has two domains, the proximal and the 

distal and between these two domains heme group (plane) is situated, the structure is 

shown in Figure 1.9. The proximal side of the heme group in HRP is connected with the 
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histedine residue His170 through coordinate bond between Nitrogen of the histidine side-

chain and Iron of the heme. The distal side of the heme is empty to be available to bind 

with hydrogen peroxide H2O2 at time of enzyme turnover or small gas molecules like 

cyanide, fluoride, carbon monoxide and azide. This makes iron atom hexa-coordinated. 

Two calcium atoms are placed at the distal and proximal side of the heme plane; they are 

linked in place with the hydrogen-bonding network. These calcium atoms are seven-

coordinated from donar ligands of oxygen provided by nearby amino-acid side chains. 

Carboxylates of Asp, hydroxyl group of Ser, Thr, water molecule and carbonyls present 

in backbone [155]. After loss of calcium decrease in both the thermal stability and 

enzyme activity is obserevd. 

 

Figure 1.9: Active site of Horseradish Peroxidase (HRP) (1W4W pdb file).  
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1.2.3: Cytochrome c Oxidase (CcO) 

Located in the bacterial and mitochondrial membrane Cytochrome c oxidase is the 

terminal enzyme of the respiratory chain. The active site structure of CcO is shown in 

Figure 1.10.  It has binuclear centre which consists of heme group and copper atom 

ligated with the histidine as part of its active site. One of the histidine is cross- linked with 

the tyrosine residue that reduces molecular oxygen to water by a four electrons process. 

Two cofactors are responsible for the delivery of electron to the binuclear centre, one is 

the copper complex and another is heme group in the periphery of the binuclear center. 

Protons for the compensation of charges are provided by the membrane [156]. 

Cytochrome c oxidase is divided into subfamilies depending on the different numbers of 

channels for proton transfer and number of protons pumped per electron.  

 

Figure 1.10: Active site of Cytochrome c Oxidase (5DJQ pdb file).  
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1.3: Non-Heme Enzymes 

Over the years, activation of oxygen on the range of substrates by non-heme iron 

enzymes has progressed significantly [3,102,157,158]. Visualization of metalloenzymes 

active site is now possible by protein crystallography both in isolated form and various 

other states.  

Generally, non-heme iron enzymes consist of two types of active sites (a) the first has 

mononuclear iron center that is coordinated with two histidines and a carboxylate group 

that fill one of the face of octahedron, (b) the second active site consists of a diiron center 

having two histidines and four carboxylates group and is usually associated with toluene 

and methane monooxygenases, ribonucleotide reductase and fatty acid desaturases [158].  

As shown in the Figure 1.11 (a) this arrangement is  popularly known as 2-His-1-as 

carboxylate facial triad.  

 

  (a)   (b)  (c) 

 

Figure 1.11: Structures of active site of ferrous LO: (a) SLO-1 (PDB: 2SBL) (b) SLO-1 

(PDB: 1YGE) (c) 15-RLO (PDB: 1LNH). 
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This is the common structural motif of numerous mononuclear non-heme iron enzymes, 

[160]. This motif allows mechanistic flexibility by leaving three coordination sites of the 

metal center so that binding of exogenous ligands is possible such as cofactor, substrate, 

and/or O2; on the other hand, in (b) at least one coordination site is available for 

exogenous ligand binding on each iron atom and mostly it is seen that O2 binds with both 

the iron centers during the catalysis.  

1.3.1: Mononuclear Non-heme iron 

Mononuclear non-heme iron enzyme consisting of single iron at the active centre, forms a 

large group of enzymes which inserts single or both the oxygen atom of dioxygen (O 2) 

inside the substrates. Few of these mononuclear non-heme enzymes are discussed.  

1.3.1.1:  -Ketoglutarate-Dependent and related enzymes 

The -ketoglutarate (-KG or 2-oxoglutarate) is used as a cosubstrate in various class of 

mononuclear non-heme iron enzymes [161-163]. They are present inside 

microorganisms, plants and animals and play essential roles in large number of primary 

and secondary metabolic processes. The -ketoglutarate dependent enzymes like lysyl 

hydroxylase, Prolyl 3-hydroxylase and prolyl 4-hydroxylase are responsible for the post-

translational processing of collagen in animals [164]. Prolyl 4-hydroxylase catalyzes the 

synthesis of hydroxyproline-rich glycoproteins in plants, which helps in the regulation of 

cell wall extensibility and digestibility [165].  First step for the biosynthesis of antibiotic 

cephalosporin to deacetoxycephalosporin C is catalyzed by Deacetoxycephalosporin C 

synthase (DAOCS). All -KG-dependent iron enzymes essentially need ferrous ion, O2 

and -KG for their reactivity but have individual quarternary structures [161]. The 
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enzymes usually catalyze the reaction where -KG decarboxylation is uncoupled from 

the substrate oxidation, either in the absence of substrate or in the presence of a substrate 

analogue [166-170].  

Valegard et al. have reported the first crystal structure of DAOCS [171] Figure 1.12 

shows apo (i.e., metal removed) DAOCS (PDB ID: 1DCS) and the DAOCS complex 

with FeII (PDB ID: 1RXF). 

 

 

Figure 1.12: Structure of the active site in DAOCS: (a) the apoenzymes, (PDB: 1DCS) 

(b) the complex of DAOCS/FeII, (PDB: 1RXF).  

1.3.1.2: Rieske-Type Dioxygenases 

The Rieske iron-sulfur comprises of two iron and two sulfur atoms ([2Fe˗2S]) shown in 

Figure 1.13. First iron contains 2His and second iron contains 2Cys in its coordination 

environment, rather than 4Cys found in plant ferredoxins. It mainly assists in electron 

transport pathways of cytochrome complexes and also in some dioxygenases [172]. The 

latter type incorporate two protein components viz reductase that contains flavin and a 

(a) 
(b) 
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ferredoxin, [2Fe˗2S] and a terminal oxygenase comprises of Rieske [2Fe˗2S] cluster and 

iron non-heme active site[173]. Majority of Rieske-type oxygenases consists of 

mononuclear iron as its active site where dioxygen activation and substrate oxygenation 

takes place [173,174].  

Alkene monooxygenase have binuclear iron site in its terminal oxygenase as studied by 

F. J. Small and S. A. Ensign in 1997. The majority of the Rieske-type mononuclear 

enzyme is aromatic dioxygenase. They perform cis-dihydroxylation catalysis of aromatic 

ring in regio- and stereospecific manner utilizing ring using dioxygen and NAD (P) H. 

The enzymes that perform aerobic degradation of aromatic compounds in soil bacteria are 

benzene dioxygenase (BDO), [175] phthalate dioxygenase (PDO), [176] toluene 

dioxygenase,[177] and naphthalene 1,2-dioxygenase (NDO) [178]. They are thus used in 

bioremediation. Apart from bacterial dioxygenases, other type of mononuclear Rieske 

oxygenases are anthranilate 1,2-dioxygenase,[179] that carry out substrate deamination 

and decarboxylation and produces catechol; chlorophenylacetate 3,4-dioxygenase [180]. 
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 Figure 1.13:  (a) Schematic overall protein structure of NDO showing α and β subunits 

and the inter- and intra-subunit distance between the Rieske site and the 

non-heme iron site. (b) Schematic structure of the Rieske site, the 

nonheme iron site and the proposed route of ET between them in NDO 

(Adapted from work by Kauppi et al. (1998) and Kurtz et al. (1999). 
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1.3.2 Binuclear Non-heme iron 

Bridged oxygen binuclear non-heme iron cluster have been identified in dioxygen 

activation (O2) and some of the members of this family have been characterized 

throughly.  

1.3.2.1 Methane Monooxygenase 

Methane monooxygenase (MMO) catalyzes extraordinarily stable C–H bond of methane 

(bond dissociation energy 104 kcal mol-1) to produce methanol. They carry out oxygen 

insertion in the presence of NADH [181-183]. Afterwards; methanol is converted into 

formaldehyde by methane dehydrogenase, which later gets converted into formate 

catalyzed by formaldehyde dehydrogenase cooperatively with NAD+ reductio n. 

Ultimately, formate dehydrogenase oxidizes formate CO2 with help of NAD+ as an 

oxidant. Methanotrophs are solely dependent on this pathway for their source and energy 

(to grow) through methane absorbtion [182,184,185]. Methanotrophs are broadly 

classified on the basis of metabolic pathway utilized, their morphology, and types of 

MMO expressed as type I, II, or X [184,185]. Active site  of MMO shown in Figure 1.14, 

it has dimer of iron which is linked through oxygen derived ligands. It consists of two 

histidines and four glutamates [186]. The structure of active site is like diamond core, that 

has two briged oxo groups having Fe2 (IV, IV) oxidation state, this is regarded as one of 

the highest oxidized species present in nature.  



30 
 

 

Figure 1.14: Representation of the crystallographically determined binuclear active sites 

of MMOH. (a) Diferric MMOH with (PDB: 1MTY).  

1.3.2.2 Δ9 Desturase 

The 3-D structure of reduced Δ9D extracted from the castor seeds has been determined by 

X-ray crystallography, at a resolution of 2.4 Å (PDB ID 1AFR) [187]. The acyl-ACP 

desaturases which are acyl-bound acyl carrier protein helps in dioxygen activation in 

desaturation reaction for insertion of a cis (or Z) double bond. In the biosynthesis of fatty 

acid desaturation it is an important step. In eukaryotes, desaturation is a post synthetic 

modification catalyzed by NADPH- and dioxygen-dependent binuclear non-heme iron 

enzymes. Identification of membrane bound and soluble bound both been done, apart 

from lot of isoforms found that differ in regiospecificity and substrate specificity [188-

190]. Positioning of double bond and their number, show profound effect on 

physiological properties of fatty acids. Structure of the active site of enzyme is shown in 

Figure 1.15. 
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Figure 1.15: Representation of the crystallographically determined binuclear FeIIFeII 

active site of stearoyl-acyl carrier protein Δ9 desaturase from caster seed 

(PDB:1AFR).  
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CHAPTER-2 

 

METHODOLOGY 

 

2.1: Quantum Mechanical calculations of atomic orbitals 

To study the reaction mechanism qualitatively and quantitatively at electronic level with 

accuracy, fundamental physics of sub-atomic-particles must be procured that is governed 

through principles of quantum mechanics. In studying many body electronic systems 

computational methods that operate on “first principles” are referred as electronic 

structure methods. By definition, “first principles” methods dose not utilize any 

adjustable parameters; the simplistic description of the system under investigation will be 

enough to perform calculations. These methods proved to be highly reliable with great 

accuracy through experimental values [1]. Most of the electronic structure methods 

devise time-independent Schrödinger Equation in solving complex problems. Modern 

day science is indebted to the Schrodinger for this wave equation [2]. 

 EH         (2.1) 

Here, H is the total Hamiltonian of the system and comprises of two terms Kinetic 

Energy and Potential Energy of the system, E is the energy eigen value when H is 

operated on   (wave function).   is a well behaved mathematical functions and inner 

product with its conjugate i.e.  *  represents probability density [3]. This equation in 

easily solvable for hydrogen and hydrogen like atoms but becomes insolvable for other 
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atomic numbers. Howsoever this equation is simple or easy to write and capable of fully 

describing any molecular system but the only problem lies in solving this equation. A 

very strong and beautiful equation that is capable of completely describing any system 

just by solving it yet, the basic problem lies with method of solving it. This will be 

clearer below. 

Let us expand the Hamiltonian for the simplest system i.e. hydrogen atom. The potential 

and kinetic energy for motion of constituent system; electron and nucleus and thus eigen 

function is the total wavefunction with electronic as well as nuclear wave function. The 

Hamiltonian is expanded as: 

 



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 (2.2) 

Where i, j represent summation over electrons while A, B stand for nucleus. First two 

terms represents kinetic energy of electrons and nucleus, third term represents electron-

nucleus potential energy, whereas third and fourth term represents inter-electron and 

inter-nucleon interaction energy. Born-Oppenheimer’s gave an approximation that 

electrons motion are dependent on the nucleus, so electrons instantaneously change their 

position with any changes in the nucleus, thus Schrodinger equation became soluble b y 

variable separable method [4, 6]. 

Changing nuclear positions necessitates addition of nuclear repulsion term to electronic 

term to the get correct total energy of new configuration. Although variation in nuclear 

position may be dealt with easily in atoms, scenario complicates in energy levels of even 

the simplest molecule (eg. diatomic or linear multi-atomic etc.). As discussed earlier that 

Hamiltonian compromises of a (a) kinetic energy (b) potential energy term which is then 

sub-divided into (i) nucleus-nucleus interactions (ignored due to Born-Oppenheimer 
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approximation), (ii) electron-nucleus potential energy and (ii) inter-electron interaction 

energy; it is this last that creates whole complexity. Hamiltonian with only electronic 

term comprises of: 

   



i A i ji ijiA

A
ie

rr

Z
H

1

2

1 2  (2.3) 

 Where first term is kinetic energy, second term is potential energy that arises due to 

nucleus-electron electrostatic attraction and the third term is electron-electron interaction 

energy. With this, 
eH  in hand, one gets

eE , and 
e as solution.  Modified Schrodinger 

wave equation for n electron system is written as: [7] 

     nEnnH eeee ,...,2,1,...,2,1,...,2,1    (2.4) 

It should be noted that there is only electronic part and not the nuc lear part. The results 

are used to get total energy and total wavefunction of the system. Although nuclear 

interactions do not hold importance in atomic systems and but becomes significantly 

important in the molecular wave function (also generally referred as molecular orbitals). 

Multi-electron systems can only be solved using approximate methods and numerous 

methods have been proposed by many workers. Earliest attempt was made by D.R. 

Hartree in 1928 by considering wavefunction to be product of individual electrons 

present in the given systems (assuming Z-electron atom): [8] 

       zzzzzzze rrrrrr  ,,...,,,,,,;...;,,;,, 22221111222111   (2.5) 

It is well known that Schrodinger equation involves potential energy operator which if 

known provides wavefunction and eigen value. But this term is not fully known for many 

electron systems and coordinates of the all the Z-electrons must be carried inside the 

wavefunction. Variable separable method is the best way that can provide Z-independent 



49 
 

linear differential equations from a single Schrodinger equation for Z-electron system 

(ignoring electron-electron potential term). The potential energy term can be solved 

afterwards by using approximate trial solution and later solving for the field that will 

converge to certain value after finite number of iterations, also commonly known as self 

consistent field. Alternatively, variational principle may be used to get desired solutions. 

But soon application of trial wavefunction was discarded because it violated Pauli’s 

exclusion principle. After Fermi-Dirac statistics, [9] electrons were believed to possess 

spatial as well as spin functions: 

   srtot  


      (2.6) 

Here  r


 represents spatial wave function while  s


  stands for spin wave function 

(commonly represented by  or ) [10]. The electronic wavefunctions need to be anti-

symmetric to obey Pauli Exclusion Principle. Slater devised a way with help of 

determinant to help in obtaining total electron wave functions anti-symmetric) [11] from 

spatial and spin coordinates. This determinant was known as Slater determinant: [12]  
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Alternatively, 
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Using Slater determinant method Hartree and Fock were able to improvise Self-

consistent field theory, whereby each electron was thought to move in the effective fixed 

field of the rest of the electrons and nucleus.  

This method proved to be a great success as the electron-electron interaction term posed a 

severe hindrance in variable separation method. The energy of the atom or molecule is 

given by: 










d

dH
E

*

*

 (2.9) 

or, in Dirac Notation,[13-15] 





|

|| H
E   (2.10) 

Besides being anti-symmetric, the wave functions need to be orthonormal. Below is the 

condition of ortho-normality of the wavefunctions.  

mnnm d  
*  OR mnnm  |  (2.11) 

2.2: Hartree Self-Consistence Field 

As discussed above and stated by Born-Oppenheimer approximation, nucleus is ~1840 

times heavier than the electrons so instantaneous position of electrons is due to nuclear 

motion itself, hence one can assert that nuclear contribution to the Hamiltonian are not of  
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much worth. Though in molecules, nuclear configuration within atoms adds to nuclear 

potential. But,  Born-Oppenheimer approximation resolved the problem by considering 

the potential due to nucleus in given geometry as constant. This value of the field must be 

added in the Hamiltonian for obtaining total wave function and energy of the molecule 

[16, 17]. 

N-electronic system Hamiltonian can be re-written as: 

nn

i i ij

ijie VghH  


 (2.12) 

Here, 
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1
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and 

ji

ij
rr

g



1

 (2.14) 

Where, hi is the operator which represents the ith electron motion under the field of all the 

nuclei of the given molecule; also it must be the only operator in absence of any 

internuclear and interelectronic interactions, gij operator represents the mutual repulsion 

between two electrons and Vnn is the interaction energy between two nucleus. According 

to the Dirac notation of energy, 

  nn

ji

ijijjijiijji

i

iii VgghE  
,

||||
2

1
||    (2.15) 

Or, it could be written as 

  nn

ji

ijij

i

iii VKJhE  


 ||  (2.16) 
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Above equation first term is indicative of core Hamiltonian operator energy in the 

absence of any interaction, second term Jij  is Coulomb operator and the last term 

represents exchange operator [18]. Hydrogen atom is a two body problem and there exists 

exact solution to it unlike this many-body problem which does not have ‘exact’ solution. 

There is only a possibility of one solution being ‘better’ than the other. Variational 

principle is used to find stable configuration of Molecular Orbital (MO). Hence, out of 

two wave functions the ‘better’ one will be with minimum energy or less energy than the 

‘less’ correct one. The basic criteria behind such optimization are that the MOs should 

remain normalized and orthogonal. To achieve this Lagranges’s method of undetermined 

multiplier is used [16, 19].  

ijjijiij dS    |  (2.17) 

With respect to variations in orbitals Lagrange function remains stationary: 

  
ji

ijjiijEL
,

|   (2.18) 

Extremum equation of Lagrange function is: 

  0|
,

 
ji

ijjiijEL   (2.19) 

Where, ij is the energy and is related to the molecular orbital energies. This formalism 

forces to consider simultaneous motion of all the electrons. These electron motion are 

interconnected with each other and coordinate change (spatial or spin) of one causes 

affect on remaining electrons. Such difficulty can be avoided by considering the motion 

of single electron under influence of field of nuclei and remaining electron in their fixed 

orbitals j . The resulting equation then becomes: [16, 20] 
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
j

jijiiF   (2.20) 

where
iF  is called Fock operator : 

       
j

jjii KJhF 11)1(1  (2.21) 

Here, 1 within parenthesis indicates operator of one particular electron, J represents 

electron repulsion (Coulomb operator) and K is the spin correlation term (exchange 

operator). Choosing Lagrangian multipliers zero exempting i=j we get standard Hartree 

Fock equation: 

iiiiF    (2.22) 

solutions to the above equations are not unique as determinant remains unaffected by 

row/column transformations. As Fock operator is evaluable only if orbitals of remaining 

electrons are known. To contract this vicioius cycle, iterative method is employed which 

assumes trial solutions to get Fock operator (via Coulomb and Exchange operators) till 

solutions are ‘self-consistent’. The Hartree Fock method is also known as mean field 

approximation method in which average electron-electron repulsion is taken into account 

[21]. 

2.3: Roothaan Hall Equation 

Extension of Hartree SCF procedure was given by Fock by utilizing Slaters Determinant 

for wave function generation (which obeys Pauli’s exclusion principle). Although 

obtaining solution from Hartree Fock equation was impractical for molecules. 

Approximations were incorporated by Roothan and Hall independently in HF equation. 

For this, MOs are expressed in form of basis functions which are basically called atomic 
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orbitals. These are at par with other method in easy interpretation of results, as chemical 

problems usually deal with molecules and its constituent atoms. Linear combination of 

basis function can be written as:  

  ii c  (2.23) 

Coefficient ic are calculated with the concept of energy minimization. Set of self-

consistent LCAO MOs 
i  are generated after this. These orbitals will be well suited for 

any set of particular basis function. We get Roothan-Hall equation by applying 

variational technique [22]: 

  0 ii CSF 



   (2.24) 

where F  is the Fock operator and S  is the overlap integral: 

  
AO AO

ggDhF
 

  ||||||  (2.25) 

  |S  (2.26) 

The density matrix is defined as 

j

MOocc

j

jCCD  
.

 (2.27) 

Above equations are developed by Roothan [22] and Hall [23] independently. These 

equations are algebraic equations conveniently written in form of matrix equation: 

SCEFC   (2.28) 

The elements of the Fock matrix are dependent upon coefficients ic , which appears on 

both sides of the equation and hence iterative procedure is adopted to solve them.  
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2.4: Computational scheme for solving Roothaan Hall equation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Algorithm for solving Roothaan Hall equation. 

Hartree-Fock method is being utilized for solving Schrodinger equation by making an 

equation to solve all the individual one-electron wave functions: 

     111 iiiiF    (2.31) 

Here 1 inside parenthesis is indicative of one-electron equation. Choosing a certain basis 

set, trail wave functions are formulated which eventually generates overlap matrix Sji and 

Create a starting geometry 

Choose a basis set (θj) 

Calculate ijS  Calculate ijF  

Solve Roothaan Hall equations for 
i  and ic  

YES 

NO Convergence? 
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Fock matrix Fij. These matrix or integrals are then utilized for solving energy and 

coefficients 
ic of the given system. Iterative method is adopted till desired convergence is 

achieved. Since the effect of the correlated motion of electron is included in HF equations 

[24], it does not provide good accuracy. Few of the methods which includes electron 

correlations are Moller-Plesset [25] and Configuartion- interaction (CI) [26, 27].  

2.5: Basis set 

A basis set is a mathematical set of functions that are used to define or build atomic 

orbitals (molecular orbitals) of a molecule. An infinite number of basis set would be 

required to completely represent a basis set. This is not possible to compute due to 

truncation error. Hence there was a need to develop lesser basis functions set that would 

lower down the computational cost by choosing simpler integrals, also minimizing the 

error at the same time. Most obvious choice was using atomic orbitals as basis functions. 

For diatomic molecules, some atomic orbitals were centered on one atom and others on 

the second atom. This approach is known as Linear Combination of Atomic Orbitals 

(LCAO) [28]. Here, each atomic orbital is a combination of one or more Slater-type 

Orbitals (STOs) [29, 30]. The combination of such set generates molecular wave 

functions. Also set of virtual orbital is also defined other than filled orbitals:  


r

rrii c   (2.32) 

Clearly, the number of active and virtual orbitals taken decides the quality of molecular 

orbitals thus obtained. This choice is crucial so that calculated energy gets converged 

within the basis set limit.  



57 
 

There are mainly two types of basis sets Slater type and Gaussian type. The STOs 

mathematical form for an s-type orbital has form: 

  r

seNrS   (2.33) 

Ns is the normalization constant, r is the radial distance from the nucleus, and ζ is orbital 

exponent constant and it governs the width of the atomic orbital, whereas the GTO’s [16, 

31] form for the s-type orbital is: 

2

)( r

geNrg   (2.34) 

In order to generate higher order basis functions like p-type, d-type or higher functions, 

the STO or GTO are multiplied by an appropriate exponents of coordinates. GTO basis 

function in Cartesian system has following general form: 

 
2rcba

g ezyxNrg   (2.35) 

where, a, b and c constant values are chosen according to the type of the orbital. In SCF 

convergence the given molecular structure, its atomic orbitals combine or mix to generate 

molecular orbitals. The STO basis set has a direct physical interpretation and regarded as 

good basis set for molecular orbitals. But they are not preferred for molecular orbitals, as 

SCF calculations involve solving some required integrals which are computationally 

expensive. These required integrals are quite easy to solve in GTO basis set, although it 

underestimates the values near or far away from the nucleus. This problem can be solved 

by using linear combination of Gaussian functions. Gaussian function comprises of two 

components: coefficient and exponent. Calculations in which both the parameters are 

allowed to vary, such calculations are called as uncontracted or primitive Gaussians. If 

these terms are already defined and remain constant and numbers of terms in the 

expansion are contracted, this is called contracted Gaussian function. 
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A minimal basis set is a one of the type of the basis set where just the minimum or 

required number of functions are used to accommodate all filled orbitals in the shell [32]. 

Hence it uses only one basis function for each atomic orbital. Also, as stated above, 

Gaussian functions are not reliable for results, so to mimic STOs a combination of few 

GTOs is used. Three Gaussian functions are required to generate one STO closely. STO-

3G is a most common minimal basis set. This notion simply means single contraction of 

three Gaussian type orbitals will generate approximate shape of STO type basis set. STO-

nG is a general representation of basis set which simply means n Gaussian functions are 

clubbed to represent each orbital (in general n=2-6). Minimal basis set are however not 

helpful for compounds at the end of the period in the periodic table and also are not 

effective for non-spherical electronic distributions. If more than one basis function is 

chosen for atomic orbitals, then this problem can be solved. This increase in the number 

of basis functions is eventually helpful in getting energy closer to the actual energy value.  

Hence, it thus led to construct such basis set that contains more than one basis functions 

for each atomic orbitals. There are various types of such basis sets that are nowadays 

available in various computational chemistry softwares. Double zeta (DZ) basis set uses 

two basis functions for each type of minimal basis functions for two atoms with a 

variation of orbital exponent ζ.  Double Zeta type basis set are usually sufficient in 

geometry optimization [33]. The various hybrid density functional used in present work 

are previously benchmarked by various scientific groups for such systems. The 

calculations for coefficient of hybrid density functional are benchmarked by experimental 

values using calculations that utilize double-ζ basis functions. Split valence double-ζ 

basis set is a slight variation above discussed method and is useful in non- isotropic 
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calculations. This method utilizes double basis functions for valence electrons and single 

basis functions for core electrons. Other basis set of such type are triple-ζ, quadrupole-ζ 

etc. which necessarily may not hold great variations in results.  

Charge around atom of a molecule is slightly perturbed than isolated atom itself. To 

account the perturbation of electronic charges in a molecule polarization functions are 

used in basis sets. They use higher angular momentum orbitals and are indicated by the 

sign ‘*’. They enhance the wave function flexibility to change shape. Those molecular 

systems which have an electronic density situated far away from the nucleus like (anions, 

lone pairs, highly electronegative atoms etc.) diffuse basis functions are used in the basis 

set and these are represented by symbol ‘+’ in the basis set representation. They basically 

involve small orbital exponent that results in larger spread of Gaussian functions. The 

effect of addition of diffuse functions to the basis set results in the change of relative 

energies of these molecular systems. These basis functions are also called as augmented 

basis sets. [34, 35] 

Like minimal basis set, another basis set is Pople basis set [34, 36], denoted by 6-31G 

and usually popular for organic molecules. It indicates that each core orbital is described 

by a single contraction of six GTO primitives which describe each core orbital and two 

contractions, of which one with three primitives and another with one primitive describe 

each valence shell orbital. It is modified by the addition of single asterisk and double 

asterisks sign. Single asterisk (*) means addition of d primitives to the atoms excluding 

hydrogen whereas two asterisks (**) means addition of p primitives to atoms including 

hydrogen. Pople basis set can also be modified with the addition of plus ‘+’ and double 

‘++’ sings. The single (+) simply means addition of diffused functions to all atoms other 
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than hydrogen and double (++) indicates addition of diffuse functions to all atoms 

including hydrogen. 

There are various special basis sets that are used in computational chemistry calculations 

for transition metals. They utilizes effective core potential (ECP) [37] for all the 

electrons. As core electrons do not take part in a chemical reaction the orbitals are 

replaced by the electric potential in Hamiltonian in the ECP treatment. Also relativistic 

effect can be incorporated to improve energies. For iron, typical ECP containing basis 

sets are from Los Alamos type, eg., LACVP or LANL2DZ [38]. In our work, triple-ζ 

basis set (LACV3P+) has also been used that employs diffuse and polarization functions 

on metal.  Kumar el al [39] have used two different basis sets, namely BS1 (LACVP on 

iron and 6-31G on the rest of the atoms) and BS2 (LACV3P+ on iron and 6-311+G* on 

the rest of the atoms) in a test calculation on substrate hydroxylation potential energy 

profile by a Cpd I model of cytochrome P450. This resulted in very little changes in 

optimized geometries and virtually identical relative energies along a reaction profile. As 

such, geometries are usually optimized using double-ζ basis set followed by calculation 

by single point energy calculation with a triple-ζ basis set. A subsequent analytic 

frequency calculation characterized the structures as local minima (with real frequencies) 

and transition state presence was marked with large single imaginary frequency for the 

correct mode. 

2.6: Density Functional Theory 

The ab initio methods using HF approximations are excellent technique in molecular 

orbital calculations but rather computationally expensive due to involvement of larger 

basis sets. Kohn et al argued in obtaining eigen value and eigen functions from this 
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quantum mechanical methods. They hypothesized obtaining such results by using 

functional of electron density [40]. A functional enables a function to be mapped to 

number: 

     drrfrfQ  (2.36) 

Key essence is that energy of the given electronic system can also be written in terms of 

electron probability density. All the other properties of the given system such as ground-

state molecular energy, wave function and all other molecular electronic properties can 

be determined by the ground electron probability density. This method became extremely 

popular due to inexpensive computation and good accuracy of results with experimental 

values for relatively larger systems [41]. It is popular because it acts as an alternative to 

HF methods, takes care of electron correlation as well. Approximate model by Thomas 

and Fermi contributed in the major development in DFT when one-electron equations 

were derived from which electron density can be obtained. In these calculations, total 

energy is split into four terms (i) kinetic energy, (ii) electron-nucleus interaction energy, 

(iii) electron-electron Coulombic term and, (iv) exchange correlation term (EXC) [41, 42]. 

The first three terms resemble terms in Hartree-Fock Hamiltonian: 
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Hohenberg and Kohn showed that when density is extremely slow varying with position 

 XCE  is accurately given as: 
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     
V

XC

LDA

XC drE   (2.39) 

Here, LDA refers to Local-Density Approximation,   XC
 is the exchange plus 

correlation energy per electron in a homogeneous electron gas with electron density  . 

According to Kohn and Sham approximation density of the system is the sum of the 

square moduli of a set of one-electron orthonormal orbitals: 

   
i

i rr
2

  (2.40) 

One-electron equation after using such electron density and application of variational 

field on them transforms as: 
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Where,  
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Self-consistent approach can be further adopted in the above discussed equation whereby 

trial electron density can be chosen to get set of orbitals. Furthermore, convergence of the 

electron density is tested and then total energy is evaluated.  

Apriori electron-correlation term is not known, so approximate equations are set-up for 

the estimation of its contribution. It is divided into an exchange functional (EX) and a 

correlation functional (EC). Ex represents interactions of same spin electrons in different 

orbitals, whereas EC denotes pairing energy of electrons in the same orbitals [43, 44]. 
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These exchange energy is estimated from the Slater exchange function:

   1

3
4

11

3
1

4

3

4

9
drrE

ex

Slater

X 














 (2.43) 

Here, 
ex is an exchange scale factor, which has the value 2/3 for electron gas. 

VWN

CE  is a commonly used correlation energy functional, attributed to works by Vosko, 

Wilk and Nusair. For a gas with spin densities and, it represents correlation energy per 

electron    11 ,c : 

       1111111 , drrrrE c
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C

   (2.44) 

Slater exchange and Vosko-Wilk-Nusair correlation combine to give Local Density 

Approximation. Both are derived directly from homogeneous electron gas equations. For 

correction of non- local terms, better exchange and correlation functions were required. 

Some the popular functions amongst others are Lee, Yang and Parr (LYP correlation 

functional), [44] Perdew and Wang (PW91 correlation functional) [45] and Becke (B96 

correlational functional) each having their own merits and/or demerits.  

Later Becke developed the hybrid density functional procedures [46]. This proved to a 

breakthrough in the field of the DFT development as he was able to benchmark DFT 

methods with the experimental known values of ionization energies, electron affinities 

and proton affinities with high accuracy. 

Exchange and correlation functions contributions were estimated using a three parameter 

(hybrid) density functional method. These fit parameters (A, B and C) were optimized in 

the test set with experimental. After trying different combination of exchange and 

correlation functionals, B3LYP method has emerged as most popular one throughout the 
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years, although it does not mean that it is most accurate amongst all. Essentially the 

hybrid density functional method B3LYP has the following form: 

  LYP

C

VWN

C

Becke

X

HF

X

Slater

X

LYPB

XC ECEEBEAAEE  13  (2.45) 

Thus, it is hybrid in sense that it takes the LDA functions of Slater and Vosko-Wilk-

Nusair, the Hartree-Fock exchange, a correction term to the exchange due to Becke and 

Lee-Yang-Parr correction for non- local correlation factors. The coefficients A, B and C 

are essentially fit-parameters obtained through fitting the energies of B3LYP/6-31G* 

calculations in opposition to experimentally obtained electron affinities and ionization 

energies. Hence, B3LYP method is not truly an ab initio method. Precisely, the term “ab 

initio” means starting from scratch without prior knowledge of experiment. However, 

these fit-parameters have created an accurate and low-cost computational method and as 

a result B3LYP has emerged as one of the widest used techniques in science over the past 

decade. The hybrid as well as non-hybrid DFT methods have emerged extremely accurate 

and versatile in computational techniques. Although high level ab initio methods such as 

coupled cluster method (CC, CCD, CCSD), Moller Plesset perturbation theory (MBPT, 

MP, MP2) etc. promise good results than DFT calculations, their speed in combination 

with reasonable accuracy makes them a very popular and useful methodology.  

This technique has developed over years that fitting parameters have improved 

considerably by enlarging the test set. In his original paper, Becke already published 

calculated energies within 2 kcal/mol compared to experimental values. Pople et al have 

defined ultimate accuracy goal of computational chemistry to 1 kcal/mol [7].  Hence DFT 

has become one of the most extensively used methods in Chemistry which combines 

reasonable accuracy with speed. In fact, B3LYP methodology presents a considerable 
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improvement over HF as well as MP2 calculations [47].  In some cases DFT is capable of 

reproducing results obtained with much more computationally demanding G2 

methodology of Pople et al. Clearly DFT provides a low-cost alternative to quantum 

mechanical procedures and is highly suitable candidate for performing calculations on 

biochemical systems [48]. 

2.7: Geometry Optimizations using DFT  

Two dimensional potential energy surface (PES) has been shown in Figure 2.2. The 

arrows in the figure bring together reactant and the product geometry through the reactio n 

coordinate. Reactants, intermediates and products are local minima structures whereas the 

points that connect them are transition state, or first order saddle point, which is the 

lowest possible path that connects these minima structures. In reaction mechanism studies 

based on the DFT modeling, particularly in catalysis that is based upon transition state 

theory, the key objective is characterization and prediction of all these structures. This is 

usually attained through geometry optimization algorithms which are inbuilt in software 

employed (Gaussian, jaguar etc). Various algorithms for finding these structures have 

been developed. They can be broadly classified into two categories i.e. first-order 

methods or second-order methods. The first-order involves only an analytical first-order 

derivative and the second-order method employ Hessian matrix and first-order 

derivatives to build a quadratic model for optimization [49]. 
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Figure 2.2: Potential energy surface representation of the reaction landscape.  

2.8: Solvent effects 

The quantum mechanical calculations generally refer to isolated molecule or for gas-

phase. However reactions in a laboratory are performed in solutions. There are 

possibilities of induced polarization in solvent molecules by the solute (molecule under 

study) which are in its vicinity. This could generate an electric field which can distort the 

solute’s molecular electronic wave. Thus molecular properties in solution will tend to 

differ to some extent from those in gas-phase.  

Solvent effect can be counted by doing rigorous calculations on the molecular properties 

of the system, this system comprises of solute molecule surrounded by solvent molecules 

completely and then re-optimization of resulting structure [50]. To mimic the effect of 

solvent many methods were proposed like Continuum solvent model, Quantum-Onsager 

self consistent reaction field method, multiple expansion method etc. but they were time 

consuming and computationally extensive. Hence instead of adding solvent molecule  

directly, it is deemed better to add solvent corrections to energetics using implicit solvent 
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model. This can be done at single point level (energy is recalculated with a solvent model 

on gas-phase optimized geometry) or by re-optimizing structure using a solvent model. 

Software packages like Gaussian and Jaguar include solvent models like Polarizable 

Continuum Model (PCM), Conducting Polarizable Continuum Model (CPCM) [51] 

wherein calculations are done by assuming solvent as a perturbation of the molecule with 

a dielectric constant. The molecular structure of the solvent is ignored and the solvent is 

modeled as a continuous dielectric of infinite extent that surrounds a cavity containing 

the solute molecule. The molecule is assumed to be placed in a cavity surro unded by 

dielectric continuum. The cavity is described as the area around the molecule that 

contains less than pre-defined amount of electron density of the molecule and is often 

based on Van der 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. 
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CHAPTER-3 

MODELING THE HYDROXYLATION OF ESTRAGOLE 

VIA HUMAN LIVER CYTOCHROME P450 

3.1:  Introduction 

Estragole (1-allyl-4-methoxybenzene) is a common component 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 products. It is regarded as a 

genotoxic hepatocarcinogen in rats and its potential toxicity in humans is still under 

prime debate. Foeniculum vulgare Mill (fennel) is a major source responsible for the 

human exposure to this phytochemical [1]. Its toxicity gets activated with the 

hydroxylation at benzylic position (C1’) position [2] by P450s present in human liver 

1A2, 2A6, 2C9, 2D6 and 2E1. The major P450s that are involved in catalysis of estragole 

are 1A2 and 2A6. Other enzymes play their role in catalysis of estragole at relatively 

higher concentration. The metabolite obtained upon hydroxylation at C1 position  is not 

toxic in itself, however its conjugation with sulphate by a sulfotransferase to produce 3´-

sulfoxyestragole is genotoxic [2]. Figure 3.1 shown below marks the general reaction 

scheme that was studied computationally.  

Cytochrome P450s are versatile biological catalyst found in nature in all living forms 

such as bacteria, mammals, fungi and plants [3, 4]. P450s are key players responsible for 

metabolic conversion of chemical compounds to reactive metabolites which later binds 

macromolecules. 
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Figure 3.1: Activation reaction of estragole to produce 1-hydroxyestragole by Cpd I of 

P450 enzymes, a precursor for the formation of genotoxic 3’ –

sulfoxyestragole. 

It activate and oxidize fairly large variety of substrates [5, 6]. Due to their broad chemical 

functions they are well studied with potential application in field of biotechnology and 

medicine. P450s are monooxygenases class of heme enzymes. Their common reaction 

mechanism with substrates occurs through single oxygen atom transfer [7-9]. Initially, in 

the resting state, the heme iron (III) is hexacoordinated. At distal side it is connected to 

water molecule and is axially ligated to the thiolate of cysteinate residue which 

eventually connects it to 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 

transpires the release of water molecule ligated to iron and changes 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 0 (Cpd 0). Subsequent protonation leads to the 

formation of ultimate oxidant iron (IV) oxo porphyrin cation radical species compound I 

(Cpd I). The structure of CpdI is depicted in Scheme 3.2 (a), along with short 
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representation used to show porphyrin ring. CpdI 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, sulphoxidation, 

epoxidation etc.  

 

Scheme 3.2: (a) Schematic Structure of Compound 1 (Cpd I) along with porphyrin ring 

representation in right (b) Schematic Two-state rebound mechanism used 

by P450 for aliphatic hydroxylation.  

It is well studied through many experimental and theoretical [10-13] studies that alkane 

(C-H) hydroxylation is  stepwise and proceeds through rebound mechanism [14], this is 

shown in Scheme 3.2 (b). The first step is associated with the removal of hydrogen atom 

from the carbon to be hydroxylated to form ferric hydroperoxo intermediate via transition 

state (TSHA), while the later step involves the rebound of radical carbon to produce 

hydroxylated product complex via rebound transition state (TSreb). 
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Quantum mechanical calculations (QM) are valuable methods that provide us a tool to 

deeply penetrate and understand the formation of toxic metabolites from drugs and 

chemical 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 cytochrome 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. 

3.2 Methodology 

The calculations provided in the present 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 B3LYP/BS1 level of the theory. Geometry scan maxima is used 

for the transition state searches along with frequency calculations that confirm structures 

to be first order saddle point depicting single imaginary frequency for the correct mode. 

Full geometry optimization at same level of the theory has been performed, followed with 

frequency calculations that confirmed structures to be local minima and transition states 
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to be 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, also replacement of side chain will not greatly affect the energies of high- lying 

occupied and low lying virtual orbitals of chemical system. Similary, for simplification of 

the substrate structure 3-4 methoxyestragole is replaced by 4-methoxy substituent to 

reduce computation cost. 

3.3: Result and Discussions 

3.3.1: Electronic structure of Cpd I 

Cpd I possess a dense manifold of orbitals [20-22] and therefore 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 

3.3 shows all the high- lying occupied and low-lying virtual orbitals of heme system that 

are key orbitals involved in catalyst mechanism. In the extreme left of the Figure 3.3, we 

have porphyrin ring orbitals which are π –type high- lying non-bonding orbitals and under 

D4
th

 symmetry their labels are assigned as a1u and a2u. The a2u orbital is a 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. 

Uppermost orbital in Figure 3.3, is σ*
z
2 anti-bonding orbital, this arises due to the mixing 

of 3dz
2 orbital of iron and 2pz orbital of oxygen along S-Fe-O bond axis. Right below in 

the Figure 33 lies σ*xy is a planar orbital formed due to the mixing of 3dxy orbital of iron 

and 2pxy orbital of porphyrin nitrogen along Fe-N bond axis. With the combination of 

3dxz/3dyz metal orbital and oxygen 2px/2py orbital arises formation of low-lying πxz/πyz 
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orbital. These are found to be always filled and their anti-bonding pairs π*xz/π*yz orbital 

along Fe-O axis.  x
2
-y

2
 orbital is lone pair porphyrin ring. 

 

Figure 3.3: Molecular orbitals of Cpd I involved in the reaction[5]. 

3.3.2: Aliphatic Hydroxylation 

In accordance with previously calculated and benchmarked studies, we investigated our 

reaction mechanism with modeled active site complex of cytochrome P450 i.e. Cpd I 

with substrate [16, 20, 23].We are focused at C1 position aliphatic hydroxylation of  

 estragole and it starts with hydrogen abstraction step via transition state TSH to generate 

a radical intermediate INT. This radical intermediate rebounds to generate product 

complex PC crossing rebound transition state (TSreb). The potential energy surface of the 

reaction mechanism is shown in Figure 3.4.  
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Figure 3.4: Potential energy profile for aliphatic hydroxylation at benzylic position of 

estragole calculated using DFT methodology at B3LYP/BS1 level of the 

theory, all energies here are reported in kcal/mol, the bond lengths in 

angstrom (Ǻ), bond angles in degree (°) and frequencies in wavenumber 

(cm-1).  

The reaction analogous to previously reported studies is stepwise and is highly 

exothermic after radical intermediate to product formation. The reaction follows two state 

reaction (TSR) mechanism and results are in good agreement with previous studied 

reactions following TSR mechanism. Hydrogen atom abstraction is the rate determining 

step of the reaction, barrier heights for doublet and quartet are observed to be 10.43 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-
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26], these results are reminiscent of typical H-abstraction barrier and simply means that 

large Kinetic Isotopes Effect (KIE) will be observed after replacement of deuterium with 

hydrogen [27].  

Optimized three dimensional structures of transition states 2,4TSH showed 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 and -

12.57 kcal/mol for doublet and quartet respectively. Typically of TSR mechanism 

reactant complex for both spin surfaces are close in energy and virtually degenerate till 

H-abstraction barrier [5, 10-13, 28]. With the formation of radical intermediates 2,4INT 

both spin surfaces bifurcate,  rebound transition state is observed for high spin (HS) state 

with barrier height of -8.56 kcal/mol to form product complex whereas the reaction was 

barrier-less on low spin surface (LS) and concerted product formation is observed. The 

last reaction step for product formation was highly exothermic for both spin sur faces 

showing energy value below -40.00 kcal/mol. 
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Table 3.1: Spin densities and Mulliken atomic charges  

The abbreviations are: SH= thiolate group, Sub = substrate (estragole), Por = Porphyrin  

(a) Reactant Complex (RC) 

                              Spin Densities                                                           Charges 

 ρFe ρO ρPor ρSH ρSub QFe QO QPor QSH QSub 

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 

(b) Transition State (TSH) 

                              Spin Densities                                                            Charges 

 ρFe ρO ρPor ρSH ρSub QFe QO QPor QSH QSub 

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 

(c) Intermediate Complex (INT) 

                              Spin Densities                                                           Charges 

 ρFe ρO ρPor ρSH ρSub QFe QO QPor QSH QSub 

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 

(d) Rebound Transition State (TSreb) 

                              Spin Densities                                                           Charges 

 ρFe ρO ρPor ρSH ρSub QFe QO QPor QSH QSub 

     HS 2.27 0.04 -0.12 0.10 0.70 0.52 -0.61 -0.40 -0.09 0.58 

(e) Product  Complex (PC) 

                              Spin Densities                                                           Charges 

 ρFe ρO ρPor ρSH ρSub QFe QO QPor QSH QSub 

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 
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The reaction between Cpd I and substrate is modeled. The reactant complex electronic 

configuration was investigated and found to be       
       

       
      

 . The RC was 

followed with the formation of transition state 2,4TSH having electronic configuration 

      
       

       
      

    
  to form intermediate complex 2,4INT. Validity of spin and 

electron densities was further confirmed by mulliken analysis and charge analysis Table 

3.1. The spin density showed transition states to be radical in nature. The intermediate 

spin densities along with electronic configuration depicted one electron transfer from 

substrate to porphyrin a2u orbital. The nature of both the intermediates was found to be 

radical and electron density accumulates at 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 Figure 3.4, this is indicative of spin-crossover in the catalytic 

cycle. Throughout the reaction process the orbital occupancy changes for     ,     
     

  , 

σ*z
2  and substrate orbital φc to conserve the overall spin during the entire reaction and 

also for electron sharing in making and breaking of bonds. First electron transfer for the 

formation of bond between oxo group and H atom is achieved by electron transfer from 

substrate to the Cpd I, one of the electron is transferred to heme a2u orbital making it fully 

occupied leaving substrate to be singly occupied φ1. Last step of the reaction that is 

radical rebound occurs to generate product complex PC with electronic configuration 

      
       

       
      

      
      

    
  for quartet spin and       

       
       

      
      

      
    

  

for doublet spin state. The rebound transition state 4TSreb is observed only on high spin 

(HS) with electronic configuration       
       

       
      

      
      

    
 .  
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In case of low spin (LS) the rebound barrier required is usually ~1kcal/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 single imaginary 

frequency of i231.43 cm-1 for the correct mode of vibrations. The discrepancies in 

potential surface in rebound step for both spins can be understood from the transfer of 

electron to the respective orbitals.  In LS the second electron from φc gets transferred to 

low-lying    
   orbital to generate 2P (III) whereas more energy is required to transfer an 

electron to high- lying virtual orbital    
  to form 4P (III). 

There must be some changes in three dimensional geometries in structure from RC to PC 

(Figure 3.5) which helped in easy transfer of electron in making and breaking of bonds. 

The geometric features of the H-atom abstraction are similar to that of direct H a tom 

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 Figure 3.5, O-H bond and 

C-H bond 1.25Ǻ (1.27Ǻ) and 1.34Ǻ (1.31Ǻ) respectively for doublet (quartet). The bond 

angle for C-H-O is linear with value 170.65° (174.53°) which is a genuine pattern for H-

abstraction process by various FeO species. As discussed above smaller C-H bond 

distances compared with O-H bond is regarded as earlier transition state and barrier 

heights associated with such geometrical features is lower to that of late TS. Intermediate 

cluster formation occurs after crossing the transition state (TSH), C1 radical centre is 

oriented towards the hydoxy group this can be seen from Figure 3.5. The second half of 

the reaction is the oxygen rebound mechanism where carbon radical and iron-hydroxo 

species combine to form product complex and essential part of this process is the 

formation of the C-O bond. For the formation of C-O bond carbon radical needs to rotate 
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to attack on iron-hydroxo species, this step requires energy barrier to cross. On quartet 

spin surface rebound transition state TSreb is observed. During geometric scan we see 

sharp changes in bond lengths, C-O bond decreases and Fe-O bond increases coupled 

with decrease in Fe-S bond length at same time. This effect is known as “push-effect” [5] 

shown in Figure 3.5 and is observed in hydroxylation reaction catalyzed by P450s. 

Whereas on doublet spin surface our calculations predicted no direct transition state and 

it could be regarded as virtually barrier- less to produce product. This step is highly 

exothermic in nature and proceeds at very low cost of energy. The driving force is a 

direct consequence of large product stability.  

 

Figure 3.5: Optimized 3-D geometries of (a) Reactant Complex (RC), (b) Intermediates 

(INT) (c) H-abstraction Transition state (TSH) (d) Rebound Transition State 
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(TSreb) and (e) Product Complexes (PC) for doublet (quartet) spin states, 

along with the necessary bond lengths in Ǻ and imaginary frequency of TS 

in cm-1. In Figure without and within parenthesis are indicative of LS (HS)-

doublet and quartet. All geometries were optimized at B3LYP/BS1 level of 

theory. 

3.4 Conclusions 

Present studies on cytochrome P450 monooxygenases found in human liver utilizing 

DFT based QM calculations to completely elucidate reaction energy profile of C-H 

hydroxylation of estragole. The hydroxylated product is a precursor 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 throughout exothermic and the LS surface offers easier 

pathway for the product formation. 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 state 

respectively. It can be asserted from above discussed results that C1 position 

hydroxylation of estragole with Cpd I of P450 is rebound mechanism for HS surface and 

concerted for LS surface. The intermediates are highly short- lived and product formation 

directly occurs from intermediate on LS surface, although possibility of stereochemical 

scrambling is present on HS. 
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CHAPTER-4 

BIOTRANSFORMATION OF BISPHENOL AND THEIR 

ANALOGUES BY CYTOCHROME P450 USING DFT 

4.1: Introduction 

Innumerable chemical compounds are synthesized at large scales to support our 

comfortable life. Though, many such compounds later show adverse effects on 

environment and human health. Some of these chemicals are regarded as “endocrine-

disrupting chemicals (EDCs)”, as they are responsible for hormonal dysfunction in 

animals and humans. Bisphenol A (BPA, 2, 2-bis (4-hydroxyphenyl) propane) is 

universally used in industry as monomer in the synthesis of polycarbonate and epoxy 

plastics. It is well known that it behaves as weak estrogen and thus regarded as one of the 

endocrine disrupting chemicals (EDCs) [1, 2]. BPA is ever-present in environment and 

humans are exposed to this chemical from dietary and non-dietary sources [3, 4].Various 

studies carried out so far reported extensive occurrence of BPA in human serum, 

placental tissue, umbilical cord blood, urine and breast milk posing serious threat [3-5]. 

Other than being EDC in humans; BPA showed prominent developmental, reproductive, 

immune, cardiovascular and metabolic effects [5]. Owing to its hazardous effects in 

2017, it has been listed in the substances of very high concern by the European Chemical 

Agency (ECHA) [6-8]. Constant efforts are being made in exploring new substitutes of 

BPA by food packing companies and various analogs of BPA are used to fulfill the 

purpose [9]. These analogues such as (BPF, BPZ, BPAF, BPS etc.) share the basic 
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structure which has two benzene rings (substituted or un-substituted) separated by small 

carbon or chemical chain. 

Metabolism largely affects the toxicity of bisphenols, Kitamura et al. summarized and 

discussed the effects of metabolic modification on the estrogenic and antiandrogenic 

activities of BPA [10]. Metabolism and excretion pathways of bisphenol analogues may 

also resemble with that of BPA [10]. P450 present in human liver can become a 

dominating metabolizing enzyme under certain circumstances like in rat and human fetal 

liver which show little or no glucuronidation [14, 15]. BPAs undergo large number of 

metabolite formation after interacting with P450 viz hydroxylated BPA (o-OH BPA) 

through aromatic hydroxylation [16], further oxidation of hydroxylated metabolite may 

lead to the formation of quinone and through ipso-substitution can form hydroxycumyl 

alcohol (HCP), isopropyl alcohol (IPP), and hydroquinone (HQ) [17], or can undergo 

dimerization 4-methyl-2,4-bis(4-hydroxyphenyl)pent-1-ene (MBP) [18-19], and through 

epoxidation step to form arene epoxide intermediate [20]. Metabolic modification of 

bisphenol and bisphenol analogues possess greater toxicity with estrogenic and 

antiandrogenic activities [15]. Hence, understanding the biotransformation mechanism of 

BPA in humans is important in its toxicity assessment. 

Present work focuses on investigating aromatic hydroxylation reaction mechanism 

mediated by P450 to produce catechol (o-OH BPA or 3-OH-BPA) and two of the 

substitutes of BPA which are used in industry viz BPF and BPZ (Scheme 4.1) along with 

the epoxidation of BPA mediated by P450 has also been thoroughly explored. 

Hydroxylation of BPA through P450 results in the formation of catechol (3-OH-BPA), 

this shows weakly endrogenic and weakly antiandrogenic activities. Further oxidation of 
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3-OH-BPA produces ortho quinone i.e. BPA 3-4-quinone, it is found to from adducts 

with DNA [16]. Likewise epoxides are highly unstable and hence reactive; they have 

potency to readily react with the DNA bases and amino acids of protein to form adducts 

that are comparably stable. Hence, epoxidation reactions have raised serious concern 

owing to their toxicological effects [21]. 

 

Scheme 4.1: Proposed metabolic biotransformation of BPA, BPZ and BPZ by human 

liver P450. 

In preceding years quantum mechanical calculations have been employed extensively to 

unravel the mechanistic details of P450 catalyzed oxidation of an array of xenobiotics 

[22, 23, 24-28]. Density Functional Theory (DFT) based quantum mechanical 

calculations were employed to thoroughly understand the energy profile, intrinsic 

electronic structure and its contribution to the selectivity and reactivity in activation of 



90 
 

BPA and their analogues. QM calculation-based studies are an effective tool that allows 

us to understand reaction mechanism associated with typical biocatalytic processes and 

helps in answering above questions. At the same time they allow the inspection of 

alternative pathways which can be energetically and mechanistically more preferred.  

4.2: Computational Method 

4.2.1: Model system 

 

Scheme 4.2:  Active site model of the Fe (IV)=O species of P450 used in the study of 

epoxidation of BPA. 

The most simplistic model of Cpd I, Fe4+O2- (C20N4H12)1- (SH)1- shown in Scheme 4.2 

was utilized in modeling the active site of P450 in epoxidation mechanism of BPA. It is 

noteworthy here that being simplistic and ignoring the actual side chain of porphyrin ring 

system, active site residues involved during substrate binding and its conversion; there 

will be some imprecision in energy calculated but previously done investigation utilizing 

the same model have proven its reliability to competently reproduce its atomistic and 

electronic features of P450 that governs its reactivity [22, 25-27, 29-31]. Furthermore, 
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Cpd I involves two energetically close spin surfaces quartet high-spin (HS) and doublet 

low-spin (LS) [23, 30] the epoxidation was evaluated for both HS and LS. 

4.2.2: DFT calculations 

Quantum mechanical approach utilizing DFT was implemented using Gaussian 09 [32] 

software. Optimization of structures was performed in gas phase using B3LYP 

functional. Split basis sets were utilized for better results. Iron atom was subjected to 

LANL2DZ basis set along with double zeta effective core potential (ECP) and, for 

remaining of the atoms 6-31G basis set was used (referred to as BS1) [33]. Reliability of 

B3LYP functional in modeling the P450 mediated biotransformation and relevant 

kinetics has been well established through numerous studies. To search transition state, 

potential energy scans (PES) were conducted. Validation of transition state structure was 

done using geometry optimization followed with analytic frequency calculations at the 

same level of the theory. Single imaginary frequency involving correct vibrationa l mode 

confirmed the structure to be a TS and real frequencies for other structures viz reactant, 

intermediate and product confirmed their aptness. Further to check the results at higher 

basis set single point energy calculations were put in consideration that showed minor 

difference in the energy values and hence confirmed the barrier heights to be true. Higher 

basis set was referred as (BS2 in short), for iron LACV3P basis set and triple zeta core 

potential and 6-31G* basis set for the other atoms [34]. 
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4.3: Results and Discussions 

4.3.1: Aromatic hydroxylation of BPA  

Aliphatic hydroxylation reaction mechanism catalyzed by P450, has been extensively 

studied. The mechanism initially begins with the abstraction of hydrogen via two-state 

reactivity (TSR) on competing doublet (LS) and quartet (HS) spin surfaces. The H-

abstraction results in the formation of radical intermediate, followed with rebound 

transition state to produce alcohol product on the HS spin surface and mostly concerted 

product formation on the LS surface [35-38]. Unlike the case, in aromatic hydroxylation 

the process is thermodynamically more demanding due to immoderate strength of the C-

H bond to be broken. Analogous to previously reported and calculated aromatic 

hydroxylation mediated by oxy-ferryl cation radical species (Cpd I) on the variety of 

substrates [39-41], the bond activation steps starts from electrophilic attack (or π attack) 

of Cpd I on benzene ring resulting in the formation of Meisenheimer complex which is 

either cation type intermediate (Icat) or radical intermediate (Irad), after crossing the barrier 

(TS1) needed for initial C-O bond formation. Radical intermediate formation transpires 

single electron transfer from substrate to oxidant to generate Fe(IV) type complex with 

electronic occupation of kind       
       

       
      

    
 , meanwhile in cationic 

intermediate double electron transfer occurs to give rise to Fe(III) type complex with 

electronic occupancy       
       

       
      

    
  for doublet and       

       
       

      
      

   

   
    

  for quartet. Further from this intermediate complex step, transfer of hydrogen 

from the ipso carbon to the nearest pyrole nitrogen occurs crossing the TS2 (     

barrier to form protonated porphyrin intermediate. The proton shuttle to the nitrogen of 
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the porphyrin ring occurs due to the basic nature of nitrogen. The intermediate formed 

reprotonates the oxo group of the substrate and results in the hydroxylated product, with 

negligible or no barrier TS3 (    . Moreover, transfer of hydrogen to the ortho carbon 

can lead to produce ketone, seen in benzene hydroxylation studies by de. Visser et. al. 

But, before we move further in details and discussion we must understand the electronic 

configuration of the Cpd I, suggested by early DFT based QM [42, 43] studies and also 

QM/MM studies [44, 45]. 

Figure 4.3 contains the orbital shapes of high- lying occupied and low-lying virtual 3d 

metal orbitals and π* heme orbitals involved in reaction. The z-axis here is considered 

along Fe-O-S bond axis which is perpendicular to the plane of the porphyrin ring, x and y 

axes along Fe-N bonds of porphyrin. These orbitals are result of 3d metal orbitals 

contributions; the lowest of all orbitals involved is non-bonding doubly occupied δ2
x
2

-y
2
 

orbital which lies in heme plane. Slightly above in energy with non-bonding δ lies two 

sets of orthogonal π*xz and π*yz orbitals originated due to the combination of 3d metal 

orbital and 2p orbital of oxo group.  Out of five metal combining orbitals two lowest 

virtual orbitals are σ*xy orbital, resulted due to the non-bonding interaction of metal and 

porphyrin nitrogen atoms. Second is σ*z
2 orbital formed due to the non-bonding 

interactions along S-Fe-O bond axis with overlap of distal and axial ligands orbitals.  
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Figure 4.3: Prime molecular orbital diagrams of Cpd I in order of increasing energy.        

Also singly occupied orbital of porphyrin is involved in molecular mechanism of P450 

and it is labeled as a2u in D4
th symmetry. Due to the small interaction encountered 

between a2u and two π* orbitals, both the high spin (HS) and low spin (LS) are close in 

energy and this is the reason behind origination of two spin states surfaces with distinct 

reaction barriers [44]. 

We investigated the reaction mechanism of aromatic hydroxylation of BPA at ortho 

position to investigate full reaction potential energy profile Figure 4.4. After the 

formation of reactant complex on both spin surfaces doublet and quartet virtual 

degeneracy can be observed. The reaction is stepwise with electrophilic attack of oxo 
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group of Cpd I to the ortho carbon atom of the BPA to form tetrahedral Meisenheimer 

intermediate complex I 1 as the first step, by crossing the C-O bond formation barrier 

TS1. The π- activation barrier 4,2TS1 is observed as 15.69 and 12.92 kcal mol-1 for high 

spin (HS)/ low spin (LS) respectively and aromaticity of the ring gets distorted with the 

formation of C-O bond. The difference of HS over LS is nearly 3 kcal mol-1 and hence 

we can see the preference of aromatic activation to LS surface.      

 

Figure 4.4: Potential energy landscape for the hydroxylation of BPA by active oxidant of 

P450 (Cpd I), for the HS and the LS, all energies are expressed in kcal/mol 

and imaginary frequencies in cm-1. The bond lengths in units (Ǻ), and bond 

angles in unit (°) . The free energies are obtained by optimization at BS1//BS2 

level of the theory for the reactant, transition states, intermediates and product.  
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Spin density analysis and charge distribution indicated 4,2TS1 to be radical type (ρsub = 

0.53/-0.32 in 4,2TS1). The tetrahedral intermediate I1 is endothermic on both surfaces but 

quartet 4I1 energy is high by 7 kcal/mol to corresponding doublet state. The nature of 

intermediate I 1 is radical type for HS spin state; substrate here has donated one electron 

to a2u orbital of porphyrin maintaining the overall quartet spin with electronic occupation 

      
      

       
      

    
 . Whereas on LS spin surface the intermediate nature is cationic 

and substrate here has donated both its electrons, one to a2u and another to     
   

conserving doublet spin state with configuration       
       

       
      

    
 . Whereas on LS 

spin surface the intermediate nature is cationic and substrate here has donated both its 

electrons, one to a2u and another to     
   conserving doublet spin state with configuration 

      
       

       
      

    
 . Several attempts have been made by us via swapping of 

molecular orbitals to find radical intermediate on doublet but all our attempts failed as the 
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Table 4.1: Mulliken charges and spin densities of BPA optimized at (B3LYP/BS1) level    

      of the theory. 

 RC 

 Spin densities Charges 

 Fe O Por SH Sub Fe O Por SH Sub 

M2 1.19 0.90 -0.51 -0.57 0.00 0.28 -0.24 0.08 -0.13 -0.00 

M4 1.06 0.90 -0.51 -0.57 0.00 0.20 -0.21 0.13 -0.12 -0.00 
 

TS1 

 Spin densities Charges 

 Fe O Por SH Sub Fe O Por SH Sub 

M2 1.54 0.19 -0.22 -0.20 -0.32 0.21 0.13 -0.04 -0.08 -0.22 

M4 1.40 0.72 0.02 0.31 0.53 0.46 -0.41 -0.36 -0.01 0.35 
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INT1 

 Spin densities Charges 

 Fe O Por SH Sub Fe O Por SH Sub 

M2 1.05 0.03 -0.14 -0.02 0.07 0.36 -0.50 -0.48 -0.04 0.66 

M4 1.96 0.31 -0.12 0.00 0.83 0.50 -0.51 -0.36 0.00 0.37 
 

TS2 

 Spin densities Charges 

 Fe O Por SH Sub Fe O Por SH Sub 

M4 2.60 0.18 -0.04 0.45 -0.19 -0.60 0.21 0.20 -0.03 0.20 

           

INT2 

 Spin densities Charges 

 Fe O Por SH Sub Fe O Por SH Sub 

M2 1.00 0.02 -0.07 0.03 0.00 0.33 -0.69 -0.34 -0.05 0.74 

M4 2.84 0.06 0.06 0.02 0.01 0.95 -0.96 -0.25 -0.36 0.65 

 

TS3 

 Spin densities Charges 

 Fe O Por SH Sub Fe O Por SH Sub 

M2 1.03 0.01 -0.07 0.02 0.00 0.34 -0.72 -0.39 -0.03 0.80 

M4 2.74 0.03 0.04 0.16 0.00 0.52 -0.72 -0.45 -0.13 0.77 
 

PC 

 Spin densities Charges 

 Fe O Por SH Sub Fe O Por SH Sub 

M2 1.14 -0.00 -0.09 -0.05 0.00 0.76 -0.80 -0.45 -0.24 0.74 

M4 2.51 0.00 0.02 0.47 -0.00 0.64 -0.77 -0.35 -0.30 0.78 

 

Experimental results of Asaka and Fujii gave evidence of C-O bond formation by fast 

electron transfer and thus supported the formation of cationic intermediate  [46]. Also, 

large change in Fe-O bond length from 1.65 to 1.93 is observed for 2I1 which is further 

validating double electron transfer, and this can be seen from Figure 4.5. The huge 
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differences in energy of intermediate I1, thus can be ascertained to differences in the 

nature of intermediate. Formation of the radical intermediates is energetically costly and 

is overall endothermic [47]. The driving force is clearly greater for LS profile; thus, 

reaction follows single state reactivity (SSR) not TSR type mechanism as seen in 

aliphatic hydroxylation. Further after I1, transfer of ipso position hydrogen occurs 

crossing 4TS2 with large activation energy of 18.12 kcal/mol to generate I2 on quartet 

spin state. This barrier is missing and the step is concerted on LS profile to produce 2I2 

with large exothermicity. The proton-shuttled intermediate I2 transfers the proton back to 

the phenolate group of substrate to finally give product 4,2P -44.51/-51.71 kcal/mol via 

4,2TS3 on HS/LS profile, here also the LS barrier height is negligible and is comparable 

to 2I2. This is depicted in Figure 4.4. Aromatic hydroxylation reaction proceeds mostly 

on LS surface [48] hence the rate limiting step is C-O bond activation barrier step 2TS1, 

here we see an elongation of Fe-O bond from 1.66 Ǻ to 1.72 Ǻ, the substrate approach is 

side-on as observed in case of benzene hydroxylation [41]. 2TS1 is earlier with C….O 

bond distance of 1.96 Ǻ compared with 4TS1 1.85 Ǻ. Generally earlier transition states 

correspond to lower barrier heights on the potential energy surface compared with late 

transition states. 

Spin density (ρ) establishes transition state TS1 as a radical type with value on FeO, Por, 

and Sub as 1.73, -0.22 and -0.3 respectively. Reactant complex electronic occupancy is 

      
       

       
      

  which is descriptive of  nearly 2 on FeO unit and 1 on porphyrin 

ring, this shows that the radical character of porphyrin in RC is lost in the transition state. 

The overall electronic configuration of doublet is       
      

       
      

      
 , here transfer 

of electron from Sub (BPA) to a2u orbital of porphyrin has occurred. The angle <FeOC is 
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also small for doublet compared to quarter 127.38° (137.90°), which leads to stable TS 

energy for doublet. As we move from TS1 to I1 we see a lengthening in Fe-O bond 

length from 1.72Ǻ to 1.93Ǻ and shortening of C-O bond from 1.96Ǻ to 1.48Ǻ. 

Subsequently after the formation of cationic intermediate I1, the transfer of proton to one 

of the nitrogen of porphyrin ring occurs, the transition state barrier is missing in 

calculations due to highly short- lived nature. From I2, proton transfer to the phenolate 

group occurs crossing small barrier 2TS3 >1 kcal mol-1, the imaginary frequency is large 

(i829.92 cm-1) corresponding to translational vibration of O…..H bond. 

 

Figure 4.5: Optimized structures of reactant complex (RC), Intermediate 1 (I1), 

Intermediate 2 (I2) and Product (P) of BPA with Cpd I along with spin 

density of I1 in (ρ) atomic units and all bond lengths in angstroms (Ǻ).  
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Overall aromatic hydroxylation reaction of BPA with Cpd I of P450 is stepwise and 

occurs on the doublet spin state with electrophilic attack as the rate determining step with 

value of 12.92 kcal mol-1. The values are in accord with the previously reported studies of 

aliphatic and aromatic hydroxylation by iron (IV)-oxo porphyrin cation radical 

complexes [40, 47, 49]. 

 

Figure 4.6: Above Figure represents schematic energy landscape of BPZ and BPF for 

two spin states (doublet and quartet) optimized at BS1 level of the theory. 

All energies reported above are in kcal/mol.  

Thereafter, we calculated the full reaction profile for BPA analogs Bisphenol F (BPF) 

and Bisphenol (BPZ), shown in Figure 4.6. The landscape of BPZ shows similar patterns 

and energies of activation were in same range. Similar to the BPA data reported above 

the 2TS1 was below 4TS1 and rate determining step was π activation. The second 

transition state 4TS2 offered large value for proton transfer step just like previous 
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calculation. But, no barrier has been observed for both proton transfer steps on LS profile 

i.e initially from substrate (BPZ) to porphyrin nitrogen and secondly to o xygen for 

product formation. The reaction occurs in concerted manner after cationic intermediate 

I1. The reaction is feasible on doublet spin surface just like the above mentioned results. 

Similar to above reported results the energy profile of BPF data also proceeds on LS spin 

state with rate determining electrophilic addition barrier TS1 leading to the formation of 

cationic intermediate I1. Although for BPF substrate intermediate I2 (i.e. ipso proton 

attached to ring nitrogen) has not been observed and reaction is rather direct to produce 

product. We did try to optimize I2 structure but wave function consistently converged 

back to product for this step. So, from these entire results one can clearly see preference 

of doublet surface for all three substrates metabolized by P450, the rate determining 

barrier heights are comparable, only in the case of BPF reaction is barrierless after the 

formation of I1 and at I2 position optimization of the structure collapses to direct 

product. This shows BPF has highly short- lived intermediates and consecutive transition 

states that are not trapped during scan calcualtions. The BPA and BPZ energy profile is 

more or less same despite structural changes whereas BPF metabolism is highly 

exothermic. The spin densities, bond length, angles during the entire reaction for all three  

substrate were more or less same. All energies are mentioned in Table 4.2 and 4.3, for 

BPF and BPZ respectively. 
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Table 4.2: Relative internal energies, zero-point energies and free energies of all the 

complexes of BPF calculated theory (data in kcal/mol).  

 

Table 4.3: Relative internal energies, zero-point energies and free energies of all the  

complexes of BPZ calculated theory (data in kcal/mol).  

 

Compound 
ΔE 

[kcal/mol, BS1] 

ΔE+ZPE 

[kcal/mol, BS1] 

ΔG 

[kcal/mol, BS1] 

ΔE 

[kcal/mol, BS2] 
2Cpd I+BPZ 0.10 0.01 0.33 0.00 
4Cpd I+BPZ 0.00 0.00 0.00 0.05 

2RC -12.79 -11.81 -0.79 -10.63 
4RC -12.50 -11.86 -0.44 -10.49 

2TS1 12.79 12.82 25.69 11.20 
4TS1 14.70 14.80 28.00 12.83 

2I1 -10.15 -9.56 5.16 -17.89 
4I1 9.30 9.72 22.8 2.01 

4TS2 17.77 16.13 28.65 6.83 
2I2 -36.34 -35.26 -21.03 -38.10 
4I2 -32.95 -32.04 -19.26 -35.99 

4TS3 -30.60 -32.51 -19.27 -33.49 
2P -50.26 -48.51 -35.47 -56.46 
4P -44.81 -43.98 -33.87 -52.03 

 

Compound 
ΔE 

[kcal/mol, BS1] 

ΔE+ZPE 

[kcal/mol, BS1] 

ΔG 

[kcal/mol, BS1] 

ΔE 

[kcal/mol, BS2] 

2Cpd I+BPF 0.10 0.01 0.33 0.00 
4Cpd I+BPF 0.00 0.00 0.00 0.07 

2RC -3.49 -5.30 4.43 -2.80 
4RC -4.27 -4.01 3.79 -3.80 

2TS1 12.70 12.86 25.16 11.70 
4TS2 14.51 14.64 26.67 12.53 

2I1 3.77 4.72 17.32 -2.77 
4I1 9.31 9.80 -21.50 1.87 

4TS2 17.94 16.31 27.50 - 
4I2 -35.67 -34.83 -23.41 -38.52 

4TS3 -33.70 -35.56 -23.96 -35.96 
2P -46.10 -44.54 -33.94 -53.96 
4P -49.36 -48.65 -38.94 -57.13 
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Below we have tried to show the investigated bond activation transition state structures of 

remaining two of the analogs of BPA viz BPF and BPZ which are shown in Figure 4.7. 

All the transition state structures depicted same electronic structure with the subsequent 

electron transfer from substrate moieties to a2u orbital of the heme and spin density on the 

substrates depicted radical character. We can further confirm from the Figure 4.7, the 

orientation of substrates is sidewise, geometrically alike BPA transition state structure 

TS1. The electrophilic addition transition states shown in Figure 4.7,  resembles in the 

barrier height with those reported above for BPA Figure 4.4. The barrier height for BPF 

was found to be 14.51 kcal/mol and 12.71 kcal/mol for quartet and doublet respectively. 

Similarly values for 2,4TS1 for BPZ were found to be 14.70 kcal/mol and 12.79 kcal/mol 

for HS (LS). Above investigation suggests that substitutes of BPA which are used in the 

industry could show similar activation barrier heights in the formation of toxic metabolite 

catechol. The results give affirmation that similar biotransformation mechanism is used 

by P450s for analogues of BPA in the monohydroxylated metabolite formation for BPF 

and BPZ. Additionally, it was investigated from one of studies that hydroxycumyl 

alcohol (HCA) type structures were also formed from BPF and BPZ and they utilize same 

biotransformation mechanism like BPA (i.e. ipso-substitution reaction) [50]. Clearly from 

present investigations elucidation of the metabolic pathways and products should be 

emphasized during risk assessment of bisphenol analogues as they show similar reaction 

mechanism pattern and energies.  

To further find rationale on obtained rate constants and the properties of the 

catalyst/oxidant which determines the reaction processes, we tried to find correlation of 

rate constants with the physicochemical properties of the substrate. Similar correlation 
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were previously done for the rate determining step of the hydrogen atom abstraction 

barrier by Cpd I, it is found that it correlates with the bond dissociation energy i.e. 

stronger the C-H bond, larger [47-52] will be the H-abstraction barrier height.  

 

Figure 4.7: Optimized 3-D structures of bond activation transition state (i.e. C-O bond 

TS) at BS1level of the theory of BPF and BPZ, the bond lengths are in Ǻ, 

angle in degrees (°) and imaginary frequencies in wavenumber (cm-1). 

Whereas in case of aromatic hydroxylations mediated by iron oxo complexes barrier 

height correlates with the ionization energy (IE) of substrates [47,51]. Dependence of rate 

determining barrier on the IE of substrate is also observed for double bond epoxidation, 

just like aromatic hydroxylation. This implies that a substrate containing both arene and 

double bond group will preferentially activate aromatic hydroxylation rather than epoxide 

formation by double bond epoxidation. Table 4.4 displays the values of computationally 

calculated IE of different analogs of BPA with the activation energy of electrophilic 
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attack TS1 for doublet and quartet spin states respectively for various analogues. The 

value of activation are comparable as these are analogues of same base structure and so is 

our barrier heights which range within 1 kcal/mol difference for both HS and LS for all 

three compounds (BPA, BPF and BPZ)  and is in accord to the rationale.  

Table 4.4: Ionization energies of substrates (BPA, BPF, and BPZ) and rate determining 

barrier heights for two spin states doublet and quartet. All energy values 

reported in the Table are in kcal/mol. 

Substrate Ionization energies (IE) Barrier height (2TS1 ) Barrier height (4TS1) 

BPA 163.15 12.92/11.34 15.69/13.48 

BPF 169.42 12.71/11.70 14.51/12.53 

BPZ 163.15 12.79/11.20 14.70/12.83 

 

This correlation confirms our barrier heights to be true and justifies the values of 4,2TS1 

for BPA, BPF and BPZ which are coming comparable from our DFT calculations.  As 

results were crosschecked at higher level of theory we clearly see a trend for doublet spin 

state. The values of ionization energies are not covering broad range so values of 

activation energy barrier are overlapping but direct dependence of them on the IE cannot 

be ruled out. These findings further allow us to predict the barrier heights for two 

remaining analogs of BPA. 

4.3.2: Epoxidation of BPA 

The energy profile for epoxidation mechanism of BPA with modeled Cpd I (SH) of P450 

is illustrated in Figure 4.8. After the formation of reactant complex (2,4RC), the reaction 
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proceeds with the attack of Cpd I Fe=O moiety on the π system of the BPA to give O-

addition radical intermediate (2,4Int) via transition state TSCO. Intermediated formation is 

further accompanied by ring-closure barrier (2,4TSrc) to generate epoxide product (2,4P). 

Mostly the LS surface offers lower or no ring-closure barrier whereas HS surface provide 

substantial barrier [27]. The mechanism is stepwise just like aliphatic hydroxylation 

which offers initial rate determining H abstraction barrier [53-55]. Similarities in 

epoxidation and aliphatic hydroxylation mechanism are also seen in ring-closure barrier 

of epoxidation and rebound step of hydroxylation. Both these mechanism steps are much 

more feasible on LS surfaces and significant barrier is encountered on HS profile [56].  

The reactant for HS/LS profile are close in energy with energy difference within 

1kcal/mol with values 2.87/2.82 respectively, typical of TSR [57]. Fe=O group of BPA 

attacks the C5 position of benzene ring to yield intermediate (2,4 Int) with energy of 

9.75/3.70 kcal/mol respectively via transition state for C-O bond formation step. The 

corresponding barriers heights for HS/LS were found to be 14.82/12.91 kcal/mol. This 

step is the highest energy step encountered in the entire reaction energy profile hence it is 

the rate-determining step of the reaction, The nature of intermediate was found to be 

radical type for HS (quartet) and cationic type for LS (doublet).  
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Figure 4.8: Free energy landscape of epoxidation mediated by P450 all energies reported 

are in kcal/mol, bond lengths in Ǻ, bond angles in degree (°), and frequencies 

in wavenumber units. The energies depicted in Figure reported as LS 

(doublet)/HS (quartet) respectively. The energy is calculated using 

B3LYP/BS1 level of the theory. 

Intermediate formation is followed by ring closure that takes place towards hydroxyl 

group containing carbon i.e. C4 carbon with barrier of 11.86/4.28 kcal/mol for HS/LS 

respectively. The ring closure barrier offered negligible barrier of >1kcal/mol on LS 

profile whereas large barrier is encountered on HS surface, homologous to previously 
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reported results on epoxidation. The product formed was exothermic in nature with 

respective energy values of -1.48/-6.92 kcal/mol for HS/LS. The results are in unison 

with previously reported results on C=C epoxidation [58-61]. 

In general quartet and doublet rate determining transition state structures are found to be 

within 2 kcal/mol, this could be ascertained to the same electron transfer processes, in 

accordance with the transfer of electron from substrate into a2u orbital to generate radical 

type transition state with iron in oxidation state (IV). Two types of electron transfer 

processes are seen on different spin surfaces in intermediate formation. On HS (quartet) 

surface substrate donates one of its electrons to the porphyrin ring system with electronic 

reorganization       
       

       
      

    
  producing radical type character. On the other 

hand LS (doublet) surface was accompanied with two electron transfer, first to the a2u 

orbital of ring to result closed porphyrin ring system and second electron of substrate is 

transferred to one of the Fe-O non-bonding orbital pairs    
      

  with electronic 

configuration        
       

       
      

    
 . Later type of electronic configuration observed is 

like electronic organization seen in product, hence intermediate on LS surface is like 

product. This could be the reason behind the large differences in energy of intermediates 

of HS and LS respectively. Since LS spin surface has acquired product configuration, the 

ring closure step of the reaction is nearly concerted analogous to previously reported 

studies on epoxidation. In contrast to LS, the ring-closure on HS suffers large ring-

closure barrier due to migration of electron from substrate to the high energy anti-

bonding orbital resulting in spin organization       
       

       
      

      
      

    
 . Electron 

transfer processes and their authenticity are also being investigated through spin densities 

and atomic charges depicted in Table 4.5. 
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Table 4.5: Mulliken charges and spin densities of BPA optimized at (B3LYP/BS1) level 

of the theory. 

RC 

 Spin densities Charges 

 Fe O Por SH Sub Fe O Por SH Sub 

M2 1.19 0.90 -0.51 -0.57 0.00 0.28 -0.24 0.08 -0.13 -0.00 

M4 1.06 0.90 -0.51 0.57 0.00 0.20 -0.21 0.13 -0.12 -0.00 

TS1 

 Spin densities Charges 

 Fe O Por SH Sub Fe O Por SH Sub 

M2 1.54 0.19 -0.22 -0.20 -0.31 1.41 0.71 0.02 0.31 0.54 

M4 0.45 -0.41 -0.34 -0.04 0.34 0.47 -0.41 -0.37 -0.01 0.31 

INT1 

 Spin densities Charges 

 Fe O Por SH Sub Fe O Por SH Sub 

M2 1.04 0.03 -0.14 -0.02 0.07 0.36 -0.50 -0.48 -0.04 0.66 

M4 1.98 0.31 -0.12 0.01 0.81 0.51 -0.51 -0.37 0.00 0.37 
TS2 

 Spin densities Charges 

 Fe O Por SH Sub Fe O Por SH Sub 

M2 1.06 0.01 -0.11 -0.02 0.05 0.37 -0.49 -0.52 -0.03 0.67 

M4 2.47 -0.01 -0.07 0.33 0.29 0.56 -0.50 -0.47 -0.17 0.58 
PC 

 Spin densities Charges 

 Fe O Por SH Sub Fe O Por SH Sub 

M2 1.12 -0.00 -0.09 -0.03 0.00 0.34 -0.44 -0.52 0.02 0.59 

M4 2.55 0.00 -0.01 0.45 0.00 0.56 -0.42 -0.48 -0.16 0.51 
 

Initially for the reactant complex FeO moiety bears spin density nearly equal to 2, this 

depicts single occupation of electron in     
   and     

  anti-bonding orbitals, rest of the 

density is distributed on porphyrin and axial ligand, substarte    is filled so it shows 

zero spin density value. These spin density values represent total three unpaired electrons 
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which couples in ferromagnetic or anti- ferromagnetic manner to form doublet and 

quartet. As we move towards C-O bond formation transition state and see in Table 1 the 

spin density on porphyrin and axial ligand decreases and substrate develops spin density 

depicting radical character of substrate in transition state for both LS/HS. At intermediate 

quartet spin, density clearly shows all three unpaired electron are distributed on FeO 

moiety and substrate, but in doublet state (LS), densities on oxygen (O), porphyrin and 

substrate disappears indicating single unpaired electron and hence confirms product like 

electronic configuration at intermediate itself. Spin densities of the second transition state 

involved in the reaction i.e. ring-closure barrier step shows value of nearly 3 on FeO 

moiety and decline of density on substrate. Product reduction can be ascertained with 

changes in the oxidation state of iron from Fe (IV) to Fe (III), same can be inferred from 

the values. The quartet and doublet spin surfaces are associated with barrier heights that 

are genuine transition states (TS) with single imaginary frequency (i261.83 cm−1 and 

i446.37 cm−1) for doublet (11.91 kcal/mol) and quartet (12.82 kcal/mol) spin states, 

respectively. This step of the reaction mechanism is rate determining step, followed by a 

radical intermediate (IM) on quartet and cationic intermediate on doublet. Successive to 

intermediate complex barrier in ring-closure step on quartet surface suffers large barrier 

with 4TSrc imaginary frequency (i226.14 cm-1)  and nearly barrier- less formation of 

product on doublet surface. In the profile we see energy >1 kcal/mol is required for 

crossing the ring-closure barrier on LS having a very small imaginary frequency (i11.86 

cm-1) suggesting flat TS. These results are reminiscent to preceding studies on 

epoxidation whereby LS surface offers barrierless product formation from both radical 

type and cationic intermediate [59, 62]. After having had depicted the electronic 
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organization of the reaction on both spin states, let us further investigate into the 

geometrical features of the complexes encountered in the reaction pathway. Geometries 

of the complexes shown in Figure 4.8 depicts that the transition state of the C-O bond 

formation are early with C….O bond distances of 1.97 (1.85) Ǻ for LS and HS surfaces 

respectively. The bond length of C-O bond reduces to 1.48 (1.49) Ǻ for LS (HS) in 

intermediate complex. Decrease in bond angle both ˂FeOC and ˂CCO is accompanied in 

the ring closure transition state 2,4TSrc on both spin states. The FeOC bond angle 

decreases to 121.95° (129.01°) from 123.63° (135.93°) for doublet (quartet) respectively, 

along with decrease in CCO bond angle to 90.51° (91.83°) from 103.86° (105.46°) 

moving along intermediate to ring-closure TS.  

Table 4.6: Relative internal energies, zero-point energies and free energies of all the 

complexes obtained during epoxidation of BPA, calculated theory (data in 

kcal/mol). 

Compound 

ΔE 

[kcal/mol, 

BS1] 

ΔE+ZPE 

[kcal/mol, 

BS1] 

ΔG 

[kcal/mol, BS1] 

ΔE 

[kcal/mol, 

BS2] 
2Cpd I+BPA 0.10 0.01 0.33 0.00 
4Cpd I+BPA 0.00 0.00 0.00       0.06 

2RC -2.82 -2.76 6.20 -2.37 
4RC -2.87 -2.66 6.44 -2.14 
2TS1 12.81 13.04 26.45 11.34 
4TS1 14.72 14.96 28.23 12.96 

2I1        3.60 4.61 18.45 -2.92 
4I1 9.65 10.16 23.06 2.42 

2TS2 4.18          5.03 19.80 -3.07 
4TS2  11.76 11.44 24.24 3.80 
2PC -7.02 -5.71 8.027 -17.08 
4PC -1.58 -1.70 9.103 -14.08 
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To determine that results are not dependent on the choice of basis set single point energy 

calculations were performed for all complexes on higher basis set LACV3P/6-31G* 

(BS2). Also to test the effect of protein environment on the barrier heights and energy 

values of intermediates solvent corrections were performed in dielectric constant ϵ=5.7 

mimicking chlorobenzene. All energy values reciprocated the energy profile, with step-

wise mechanism; these results are tabulated in Table 4.6. The HS surfaces undergo two 

transition states with the formation of epoxide product while the LS surface experiences 

single transition state. The C-O bond formation is the rate determining step of the 

reaction in both BS2 calculated results and also in solvent phase. Also it can be clearly 

seen that cationic intermediate on LS profile acquires stable energy in solvent than BS1, 

this behavior is in agreement with previous findings [59]. 

4.4: Conclusions 

Quantum mechanical calculation performed on monohydroxylation reactions of 

Bisphenol (BPA) and it analogues (BPF and BPZ) catalyzed by cytochrome P450 

revealed similar barrier heights and potential energy landscape. Results were found 

adequate and trends were confirmed when subjected to the higher level of the theory for 

each set of compound. The theoretical investigation of the aromatic hydroxylation 

mechanism mediated by P450 reveals that LS surface is more facile over HS. The rate-

determining step of the reaction was found to be the electrophilic addition step for all 

compounds subjected to investigation. Also, the approach of the substrates was found 

sidewise to oxidant in all transition states 4,2TS1. Bond activation transition states were 

found to be dependent on the ionization energies of the substrates; clearly this can be 

used as a parameter to find the barrier heights of other analogues of bisphenols. 



113 
 

Epoxidation via P450 is a two-step process with O addition as first and ring-closure as 

second step, subsequently leading to the formation of the epoxide product. The rate-

determining step of the reaction i.e., C-O bond formation step (or O-addition step) on LS 

surface experiences lower energy barrier in comparison to HS surface. While moving 

towards second step of the reaction, LS state offers negligible barrier to product 

formation whereas large barrier is encountered on HS state, this is suggestive that  LS 

state is mainly responsible for epoxidation of BPA. Also, the values of energies of the 

reaction mechanism were found adequate at higher basis set and subsequent solvent 

corrections. Epoxides being highly unstable species are difficult to be directly detected in 

experiments. DFT based calculations provide an alternative in intriguing the epoxidation 

reaction mechanism of BPA. The results have given fruitful insights in understanding the 

epoxidation of BPA and its toxicity prediction; these results will be further helpful in 

exploring the reactivity and toxicological effects of BPA. 
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EQUATORIAL LIGAND EFFECTS ON THE RATE OF 

HYDROGEN ABSTRACTION BARRIERS BY IRON 

(IV)=OXO  SPECIES OF N4PY 

 
 

5.1: Introduction 

Metal containing enzymes are responsible in the biosynthesis of life sustaining 

compounds and also in the metabolism and biodegradation of harmful compounds [1-6, 

7-11]. Short lived intermediate species makes the studies of enzyme catalyzed reaction 

mechanism a challenging endeavor. Therefore, recognition of the active species involved 

in the biotransformation and also the features of the active site that governs and affects 

the rate-determining step is sometimes unclear. In order to completely understand 

functional properties of these metal containing enzymes (active sites), synthetic models 

that mimic the actual enzyme (known as biomimetic models) are developed. These 

models comprise of metal centre embedded inside coordination environment which 

resembles with actual enzyme and are dissolved in organic solvents [12-14]. These 

biomimetic models provide vital information regarding the catalytic cycle and operational 

mode of the biological systems. Diverse reports are present in the literature for fine 

tuning the properties of high valent metal oxo intermediates through primary 

coordination sphere and affects it subjects on the reactivity, spin-state ordering of the 

metal atom etc [15-19]. Changes in the primary coordination sphere are quite dramatic, 
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hence a notion is put forward that modifications in the secondary coordination sphere 

should be subtle [20-22]. 

 Mostly biomimetic models consist of mononuclear metal centre embedded inside ligand 

scaffolds and pentadentate ligands have turned to be popular because they usually 

generate few isomeric structures. One such N5 based pentadentate ligand  that has been 

extensively studied is N4PY [23-26] {N, N-bis (2-pyridylmethyl)-N bis (2-pyridyl) 

methylamine}. In its iron (IV)-oxo form, i.e. [FeIV(O)(N4Py)]2+ complex have four 

nitrogen donar atoms (Neq) which are perpendicular to the iron(IV)-oxo axis and axially 

ligated nitrogen atom of amine which is trans to the oxo group. This ligand framework 

offers bowl like cavity for the iron atom as well as to the substrates involved in the 

reaction mechanism. In successive years, Fe (IV)-oxo complex of N4PY (1b) have been 

successfully characterized and well studied which makes it a suitable candidate to study 

the effect of ligand substitution on the electronic properties and its reactivity. It was 

synthesized by Feringa and Que [27] and it was one of the first iron(IV)-oxo biomimetic 

species that was characterized by UV-vis, Mossbauer, resonance Raman, electron 

paramagnetic resonance, nuclear magnetic resonance (NMR) and also through X-ray 

crystallography [25]. In addition to this, different reactivity studies with varying 

substrates have also been done which concluded that it reacts via oxygen tom transfer 

[29]. 

Particularly ortho-substitution of the pyridine rings is a well practiced strategy that can 

significantly affect the iron (IV)-oxo core as it makes equatorial Fe-N bond weak. Hence 

to get more insights into the effect of equatorial ligand perturbations on the non-heme 

biomimetic model system iron (IV)-oxo species, several models are designed and 
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computed in the present work. The ortho-position of frontal and backward pyridine rings 

here are substituted with the light methyl groups viz 2b and 3b. The reactivity of the 

models with the substrate ethybenzene was explored using computational techniques.  

5.2: Methodology 

5.2.1: Models 

All the complexes (biomimetic catalyst) used in the present study are discussed below 

and are shown in the Scheme 5.1. The unsubstituted ligand N4PY is [N, N-bis (2-

pyridylmethyl)-N bis (2-pyridyl) methylamine], its active intermediate responsible for the 

hydrogen atom abstraction (HAA) and oxygen atom transfer (OAT) reactions is 

[FeIV(O)(N4Py)]2+, this catalyst is referred in present investigation as 1b. Substitution 

changes are performed on the 6th position of the pyridine ring systems of the N4PY 

ligand framework. The two pyridine rings which are connected through the methylene 

carbon are substituted by the methyl group, this ligand framework is named as 2(6-

MePy)Nax2Py or MeN4Py. The active oxidant is [FeIV(O)(MeN4Py)]2+, this is referred as 

2b. The 3b complex consists of substitution on the two other pyridine rings which are 

connected with the two methine carbon, this sort of engineering is rarely reported in the 

literature. This ligand framework is named as 2PyNax2(6-MePy) or N4PyMe, its active 

intermediate is [FeIV(O)(N4PyMe)]2+. 
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Scheme 5.1 Schematic models of 1b, 2b and 3b oxidants that are used in the present 

study 

5.2.2: Computational Methods 

Quantum mechanical calculations were computed using Gaussian 09 [30] software 

implementing Density Functional Theory (DFT). The above discussed models of N4PY 

that are basically Fe (IV)=O species are used for the investigation. Two of the lowest 

energy spin states are taken into consideration while performing calculations, low-lying 

triplet with S=1 and high- lying quartet state having spin S=2. The calculations were 

performed using DFT functional B3LYP along with split basis set. For iron atom 

LANL2DZ basis set with double zeta effective core potential was used and for the 

remaining of the atoms (C, H, N,O and S) 6-31 G basis set was used i.e. (BS1) [31]. All 

the structures were optimized in gas phase and relaxed potential energy scans (PES) were 

set for finding hydrogen abstraction rates for three models viz 1b, 2b and 3b. To 

ascertain structures as minima and saddle point, analytic frequency calculations were also 

subjected. Corresponding to transition state, single imaginary frequency with correct 

mode was obtained and real frequencies were found for reactants and intermediates for 

all models with ethylbenzene as substrate.  
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In order to analyze the effect of solvent on the reaction rate of the models, all the 

calculations performed in the gas phase were repeated in solvent with geometry 

optimization, PES and frequency calculations. Solvent calculations were performed using 

polarizable continuum model (PCM) with dielectric constant (ϵ = 35.688) mimicking 

acetonitrile solvent.  

5.3: Results and Discussions 

5.3.1: Orbital occupation 

To completely understand the rate-enhancement of 2b and 3b over 1b in hydrogen atom 

abstraction from the C-H bond of substrate, Density Functional Theory (DFT) 

calculations were used that are previously benchmarked from the experimental rate 

constants of [FeIV(O)(N4Py)]2+ [32-34]. The methods and procedures that are utilized in 

the present study reproduce the experimentally found free energies of activation within 3   

kcal/mol [35, 36]. Over 50 different methods and basis sets validated the accuracy of the 

basis set B3LYP/BS1 both in gas phase and solvent is one of the best methods for such 

systems [34]. Furthermore, for bifurcation pathways that leads to the multiple products, 

correct product distributions of reactivities was found for the of non-heme iron(IV)-oxo 

complexes and hence accurate transition state ordering was predicted by the methods 

used [37,38].  

We should first attain familiarity with electronic and structural configuration of 1b i.e. 

[N4Py][Fe(IV)=O2+ for the triplet and quintet spin states. The ground state was found to 

be the triplet spin state and quintet spin state lies 13.25 kcal/mol above it. The orbital 

diagram of [N4Py][Fe(IV)=O2+ is shown in Figure 5.1. The d block of metal splits into 
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the three below two pattern which is reminiscent of distorted octahedron. Group of three 

orbitals consists of lowest lying δ orbital and two antibonding pairs of π* orbitals formed 

with interaction of Fe (dπ)-O (pπ). Coming to group of two orbitals; it consists of σ* 

antibonding orbitals arising due to combination of lone pairs of equatorial nitrogen and 

other due to interaction of the two axial ligands. Iron atom remain in oxidation state of 

IV, the d block comprise four electrons.  

 

Figure 5.2: Key orbitals of [N4Py][Fe(IV)=O2+ complex with two low-lying spin states, 

arranged in increasing order of energy.  

 The ground state is triplet with spin quantum number S=1 having electronic 

configuration       
      

       
   and second low-lying state above triplet is quintet with 

spin quantum number S=2 and electronic configuration       
      

       
      

    The energy 
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of quintet relative to triplet is a balance between larger orbital energy gap of δ to σ*xy that 

is determined by N-Fe bond strength favoring S=1, and five d-d interaction favors S=2. 

This leads to the small energy gap between two and hence makes the way for TSR 

reaction mechanism. 

5.3.2: H-abstraction barrier rate of 1b 

Investigation of rate of hydrogen abstraction with 1b with ethyl benzene as substrate was 

performed, the reaction energy profile is shown in Figure 5.3 along with the structures of 

the species involved. As per the previously reported results the ground state of the 

complex was triplet and quintet state lies well separated from the ground state. The 

relative energy of reactant complex formation with that of isolated oxidant complex 

[N4Py][Fe(IV)=O2+ [39,40]   was found to be -5.75 kcal/mol for the triplet spin and 7.46 

kcal/mol for the quintet spin state. As the reaction proceeds towards the hydrogen 

abstraction step spin crossover was observed. Now the quintet state lies lower than triplet 

state at the transition state geometry. The barrier heights were found to be 9.36 kcal/mol 

on the low spin (LS) triplet surface and 8.02 kcal/mol for the high-spin (HS) quintet 

surface. 

The intermediate complex formation has energy value of -4.57 and -5.85 kcal/mol for the 

triplet and quintet spin state respectively. A frequency calculation reveals reactant and 

intermediate complex as minima with real frequencies. Whereas in case of transition state 

structures single imaginary frequency for correct mode is observed. The frequencies were 

found to be i1449.74 cm-1 and i245.99 cm-1 for the LS and HS respectively. These results 

are reminiscent of the previously reported findings with N4PY as oxidant on the range of 

substrates [40,41]. Thereafter, all the calculations were further performed in solvent, here 
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acetonitrile with dielectric constant (ϵ = 35.688). The values can be seen from the 

reaction profile, addition of solvent has increased the energies.  

 

 

 

Figure 5.3: Potential energy landscape of H-abstraction barrier heights from ethyl 

benzene by 1b for triplet/quintet spin states. The energy are calculated at the 

B3LYP/BS1//B3LYP/BS1(solv) level of the theory.  All energy values are reported are in 

kcal/mol, frequencies in wavenumber (cm-1), and bond lengths in Ǻ. 

 

5.3.3: H-abstraction barrier rate of 2b 

Electronic structure of the 2b was found to similar as that of 1b. Here also, the ground 

state was found to be the triplet spin state and quintet spin state lies 7.65 kcal/mol above 



127 
 

it. Although, this difference has been decreased, compared to 1b. Rate of hydrogen 

abstraction for 2b was also performed on same substrate ethylbenzene, energy profile is 

shown in Figure 5.4. A change done in ligand environment by light methyl groups has 

not perturbed the spin state ordering. Triplet is the ground state and quintet lies above it 

with substantial difference, similar to the unsubstituted N4PY system 1b. Gas phase 

barrier on the triplet spin surface is 12.56 kcal/mol and for the quintet surface is 7.02 

kcal/mol. The imaginary frequency was found to be i1576.84 and i90.08 cm-1. With the 

inclusion of solvent the barrier rises to 19.10 kcal/mol, for the triplet and 17.67 kcal/mol.  

With the inclusion of solvent the barrier rises to 19.10 kcal/mol, for the triplet and 17.67 

kcal/mol for the quintet. Hence, from the values obtained for both gas phase and solvent 

phase, calculations depict spin cross-over. With the formation of the intermediate 

complex, the energy gets lower with the values for triplet/quintet state respectively.  

Decreased energy gap between ground state triplet and the quintet could possibly enhance 

the reactivity of the system dramatically. This can also be inferred from the data obtained 

after calculations. The barrier height has been reduced by 1 kcal/mol on the quintet spin 

state. 
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Figure 5.4: Potential energy landscape of H-abstraction barrier heights from ethyl 

benzene by 2b for triplet/quintet spin states. The energy are calculated at the 

B3LYP/BS1//B3LYP/BS1(solv) level of the theory. All energy values are reported are in 

kcal/mol, frequencies in wavenumber (cm-1), and bond lengths in Ǻ. 

5.3.4: H-abstraction barrier rate of 3b 

The ground state of the biomimetic complex remains to be the triplet and quintet lies 

16.93 kcal/mol higher.  The H-abstraction barrier heights in gas phase were found to be 

9.68 kcal/mol on the triplet spin surface and 4.57 kcal/mol on the quintet spin surface. 

The 3b complex shows least H-abstraction barrier on the quintet spin surface compared 

to both 1b and 2b. The transition states show large single imaginary frequency for the 

correct mode with values i94.51 cm-1. The intermediate complex stabilizes the energy to 
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lower values of energy -4.10 kcal/mol and -5.11 kcal/mol for triplet/quintet respectively. 

Further on the addition of solvent the barrier rises to 16.64 kcal/mol and 14.40 kcal/mol 

for triplet and quintet spin surface. However the spin-crossover and spin state ordering 

remains conserved with the incorporation of solvent 

 

Figure 5.5: Potential energy landscape of H-abstraction barrier heights from ethyl 

benzene by 3b for triplet/quintet spin states. The energy are calculated at the 

B3LYP/BS1//B3LYP/BS1(solv) level of the theory. All energy values are reported are in 

kcal/mol, frequencies in wavenumber (cm-1), and bond lengths in Ǻ.  

The optimized geometry of all the complexes viz 1b, 2b and 3b in the triplet and quintet 

spin state is shown in Figure 5.5. For all the complexes triplet spin state is the ground 

state and the quintet is well above separated from the ground state triplet. Experimental 

Mössbauer and EPR studies depict, 1b as a triplet Fe (IV) oxo species, which is the case 
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with the rest of the substituted system. Clearly, there is a change in the triplet-quintet 

energy-gaps but spin state ordering remains the same. Previously done DFT studies on 

the [FeIV(O)(N4Py)]2+ system report LS-HS energy gap more than 4 kcal/mol, this 

matches well with our studies [32,42]. Analysis of the geometrical features of the system 

for all complexes reveals that the Fe-O distances in 2b and 3b complexes are precisely 

same with the 1b complex. These distances are in analogy with the previously reported 

bond lengths and vibrations from theoretical calculations and also crystal structure 

distances of iron(IV)-oxo complexes [44-46,47,48]. No major differences in the average 

Fe-Neq are seen upon the substitution of methyl groups onto pyridine rings. Similarly Fe-

Nax bond lengths are also similar. However, we see a modest bend in the O-Fe-Nax bond 

angle of 3,53b for triplet 172° and for quintet 174°. Weak interactions between the methyl 

hydrogen atoms and the oxo group are also observed for a distance 2.0 Ǻ - 2.4 Ǻ in 3,52b 

and 3,53b complexes. 

Investigation of the HAA step from ethyl benzene as a substrate for all three complexes 

1b, 2b and 3b depicts that the 3b complex is the better oxidant of all and offers fast 

hydrogen transfer with a lower energy barrier. Substrate approach towards iron(IV)-oxo 

species is changed in both the substituted systems. In case of 3,52b the substrate tries to 

access the oxo group from left whereas in 3,53b substrate enters from right hand side.  
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Figure 5.6: Optimized geometry of 1b, 2b and 3b complex for the triplet (quintet) 

respectively. The geometries are optimized at B3LYP/BS1 level of the theory. All the 

bond lengths are reported in (Ǻ) and angle in (°).  

Due to the substitution on the 6th position of the pyridine rings the entry from the side of 

substitution gets blocked, this entry effect is a direct outcome of the substitution. Apart 

from the substrate preference in entry for the two substituted complex, we do not see any 

drastic changes in the transition state C-H and O…H bond lengths for all three 

complexes. The triplet spins state shows C-H bond length of 1.30 (1.32) [1.30] Ǻ and O-

H bond length of 1.29 (1.28) [1.31] Ǻ for 3TS1b
 (3TS2b) [3TS3b] respectively. Similar 

pattern were observed on quintet spin surface transition state. The C-H and O-H bond 

lengths were different from the triplet spin surface but remained constant throughout for 

all the complexes. The transition state occurred at O-H bond distance of 1.20 (1.81) 

[1.82] Ǻ for 5TS1b
 (5TS2b) [

5TS3b] respectively. The reaction is feasible on the quintet spin 

state for all the oxidant studied in the present investigation. Despite having similar bond 
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lengths 3b H-abstraction barrier on the quintet spin surface is lower by 3kcal/mol from 

the 2b oxidant. 

So, we tried to explore the electronic properties in order to understand the reactivity 

differences arising in 1b, 2b and 3b complexes. Mulliken spin density analysis confirms 

the electronic configuration of the reactant in triplet state to be       
      

       
   by group 

spin density of nearly 2 on the FeO moiety for all the oxidants. For the transition state the 

spin density on FeO moiety decreases and half spin density is observed on the 

ethylbenzene substrate, which suggests the electronic organization as        
      

       
   

  
 . At intermediate geometry, the spin of 1 is observed on both Fe and substrate that 

makes the electronic configuration       
      

       
     

  and shows full transfer of 

elecron. Coming to the quintet spin state the reactant complex spin density shows value 

of 3 on FeO and nearly half on N4PY suggesting configuration       
      

       
      

  . 

Whilst in transition state for H- abstraction the spin density changes to 4 on FeO group 

and is tending to attain half spin density (-0.27) indicating downward spin electron on the 

substrate. These spin density values show that transition state is like intermediate 

complex, ferric hydroxo i.e. [Fe(III)-OH N4PY], hence electronic configuration of the 

system changes to       
      

       
      

     
 . These results are obtained for all 1b, 2b and 

3b oxidants for both triplet/quintet. The data of respective spin density and charges for 

the (RC, TS, and INT) are complied in Table 5.1, 5.2 and 5.3 shown below. 
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Table 5.1: Mulliken charges and spin densities of 1b (RC, TS, and INT) optimized at 

(B3LYP/BS1) level of the theory.  

 

Reactant Complex 

Spin Densities (ρ) Charges (Q) 

 Fe O N4PY Sub Fe O N4PY Sub 

Triplet 1.05 0.98 0.04 0.00 0.66 -0.32 0.95 0.05 

Quintet 2.93 0.75 0.31 0.00 0.83 -0.32 0.78 0.06 

Transition State 

Spin Densities (ρ) Charges (Q) 

 Fe O N4PY Sub Fe O N4PY Sub 

Triplet 0.85 0.68 -0.04 0.51 0.71 -0.53 1.42 0.39 

Quintet 3.72 0.38 0.37 -0.49 0.94 -0.56 1.07 0.43 

Intermediate 

Spin Densities (ρ) Charges (Q) 

 Fe O N4PY Sub Fe O N4PY Sub 

Triplet 0.88 0.19 -0.05 0.97 0.69 -0.64 1.47 0.46 

Quintet 3.99 0.47 0.48 -0.95 1.02 -0.76 1.18 0.54 

Table 5.2: Mulliken charges and spin densities of 2b (RC, TS, and INT) optimized at 

(B3LYP/BS1) level of the theory.  

 

Reactant Complex 

Spin Densities (ρ) Charges (Q) 

 Fe O N4PY Sub Fe O N4PY Sub 

Triplet 1.03 0.99 -0.03 0.00 0.67 -0.34 1.60 0.06 

Quintet 2.92 0.76 0.31 0.00 0.81 -0.33 0.79 0.05 

Transition State 

Spin Densities (ρ) Charges (Q) 

 Fe O N4PY Sub Fe O N4PY Sub 

Triplet 0.83 0.68 -0.05 0.52 0.73 -0.54 1.31 0.39 

Quintet 3.46 0.46 0.34 -0.27 0.88 -0.47 1.31 0.27 
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Intermediate 

Spin Densities (ρ) Charges (Q) 

 Fe O N4PY Sub Fe O N4PY Sub 

Triplet 0.86 0.21 -0.05 0.97 0.72 -0.65 1.45 0.46 

Quintet 3.92 0.44 0.49 -0.96 1.03 -0.76 1.16 0.52 

 

 

Table 5.3: Mulliken charges and spin densities of 3b (RC, TS, and INT) optimized at 

(B3LYP/BS1) level of the theory.  

 

Reactant Complex 

Spin Densities (ρ) Charges (Q) 

 Fe O N4PY Sub Fe O N4PY Sub 

Triplet 1.02 1.00 -0.03 0.00 0.67 -0.33 1.60 0.05 

Quintet 2.90 0.78 0.28 0.00 0.80 -0.32 1.46 0.05 

Transition State 

Spin Densities (ρ) Charges (Q) 

 Fe O N4PY Sub Fe O N4PY Sub 

Triplet 0.83 0.67 -0.05 0.52 0.71 -0.54 1.42 0.39 

Quintet 3.41 0.50 0.33 -0.25 0.85 -0.44 1.32 0.26 

Intermediate 

Spin Densities (ρ) Charges (Q) 

 Fe O N4PY Sub Fe O N4PY Sub 

Triplet 0.89 0.18 -0.06 0.97 0.69 -0.65 1.48 0.46 

Quintet 3.94 0.43 0.47 -0.97 1.05 -0.78 1.16 0.52 
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From the above set of spin density analysis and data it is clear that all the complexes spin 

density are in range and no drastic changes in any complex are being observed. So, 

neither there are major structural differences in the bond lengths nor in spin densities of 

all the associated structures. Despite substitution being performed on the same ligand 

framework, with same substituent group (here methy group), the changes in the reactivity 

of 3b are drastic compared with the 2b oxidant.  

The only change noticeable enough between 1b, 2b and 3b stucture is the angle between 

OFeNax. There is a substantial bend in the angle for 3b complexes shown in Figure 5.5 

from 180° to 172°for triplet and 180° to 174° for the quintet. This bend in the angle is 

providing better overlap between substrate orbital and σ*z
2 orbital along OFeNax axis 

and hence easy transfer of electron is possible at a lower energy cost. This implies that 

the changes in the reactivity of complexes arise due the stericc effects which substitution 

incorporates. The steric hindrance causes the better substrate-oxidant positing which 

leads to the better orbital overlap and hence easy electron transfer.  

5.4 Conclusions 

The optimization of the substituted scaffolds is very tricky as they are susceptible to the 

slight changes in the backbone structure. But the benchmarking from the previous and 

existing systems of iron (IV)-oxo complexes in different oxidation state reactions have 

made the methods to be accurate. The theoretical calculations on the N4PY and its 

substituted scaffolds allowed thorough understanding of the intricate behavior raised due 

to steric and electronic effects in details.  With the substitution of methyl groups on the 

mononuclear nonheme iron(IV)-oxo model systems in an octahedral environment, 

changes in the reactivity are prominent from the above investigation. Engineered oxidant 
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3b shows lower HAA barrier compared from 2b and 1b complexes. Detailed 

investigation of the electronic organization points out that the enhanced reactivity is not 

an outcome of electronic features in all the complexes. Rather geometrical features which 

occur due to the substitution could be the cause for the possible reactivity. The 

substitution causes steric factors on the forefront and which brings better pos iting of the 

substrate with respect of the oxidant. In real enzymatic systems residues help in the 

positing of the substrate and easy electron flow. The present investigation suggests that 

substitutional effects can also channelize the approach of the subs trate which can thereby 

enhance the reactivity and selectivity of the reaction.  
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CHAPTER- 6 

 

 

CONCLUSIONS 

 

 

 
 
The present thesis highlights following points as general conclusions: 

 
 

 Theoretical model calculations are now regarded equally important in determining 

mechanism of metalloenzymes. Experimental methods have the advantage that 

they are studied on the actual (real) system, but spectroscopically guarding of 

short- lived species, electron transfer and interpretation of results is quite 

troublesome. Theoretical modeling can easily assist experimental studies with 

good accuracy due to both the development of the theory and the decades of 

experience in this area. The accuracy of the system depends on the choice of the 

method and the real system under consideration.  

 

 The present thesis work helped in exploring the reactions mechanism of various 

oxygen atom transfer (OAT) reactions which includes reactions like, aromatic and 

aliphatic hydroxylation, olefin epoxidation, of transition metal containing 

complexes. The research characterized the active oxidant in the reaction processes 

and the rate determining step in the mechanism. Moreover, in several cases 

models were devised that rationalize reaction processes and barrier heights that 

can be used to predict rate constants of processes. 
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 Present work also devised models for non-heme iron(IV)-oxo species of N4PY 

that investigated in lowering the reaction barrier of hydrogen transfer by 

equatorial substitution of ligands. The theoretical calculations revea led lower 

activation barrier in H-atom transfer from the substituted systems.  

 

 The studies present in this thesis work are expected to bridge the computational 

and experimental work being carried out in biomimetic/enzymatic reactions. Also 

they are expected to meet challenges of drug synthesis (pharmaceutical reactions), 

hydroxylation and oxidation of common toxic compounds both natural and 

artificial. 
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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

Tri11 (now renamed as tri22) encoded cytochrome P450 monooxygenase in

Trichoderma brevicompactum catalyzes the C-4 C-H hydroxylation of

12, 13-epoxytrichothec-9-ene (EPT) to produce trichodermol in the biosynthetic

pathway of trichodermin/harzianum A. The density functional theory (DFT)-quantum

mechanics (QM) approach is applied to elucidate the hydroxylation of EPT by using a

model active species of P450 (Cpd I). The QM calculations were performed on the

active site complex, to find out transition-state structure, intermediate, and product

complexes for the two spin states at different potential energy surfaces. The two

state reactivity rebound-free product formation resulted from the interplay of two

spin states (doublet and quartet).

K E YWORD S

cytochrome P450 monooxygenase, density functional theory, high spin state, low spin state,

Trichoderma brevicompactum

1 | INTRODUCTION

Trichoderma spp. produce agriculturally important trichothecenes

trichodermin and harzianum A.[1,2] The tri22 encoded cytochrome

P450 monooxygenase hydroxylates C-4 of 12,13-epoxytrichothec-

9-ene (EPT) to produce trichodermol in trichodermin/harzianum A

biosynthetic pathway in Trichoderma spp.[3,4] (Figure 1). Cytochrome

P450s are considered as the most versatile enzymes in nature, they

catalyze a variety of stereospecific and regioselective mono-

oxygenation reaction processes.[5,6] The structural and functional

aspects of P450s are very similar in different organisms.[7] The sub-

strates of different shapes and sizes can be activated by binding to

P450s due to their broad chemical function.[8] Unactivated C─H bonds

of organic molecules are hydroxylated by P450s.
[9] The hemoproteins-

P450s metabolize various compounds using a high-valent iron (IV)-oxo

species complex known as Compound I (Cpd I) which is covalentlyRazak Hussain and Rolly Yadav contributed equally to this study.
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attached to the enzyme through a conserved cysteinate

residue.[5,10–12] The molecular oxygen is bound on an iron (III)-heme

group of P450s and an oxygen atom is transferred to substrate either

by a hydroxylation or an epoxidation reaction.[13] P450s also catalyze a

variety of monooxygenation biochemical reactions.[14] The generally

accepted mechanism of P450s for hydroxylation reaction involves

hydrogen abstraction–oxygen rebound mechanism, which is charac-

terized by a transition state formed from Cpd I.[7] The reaction can

proceed in two spin states, high spin (HS) and low spin (LS) with

corresponding rate-limiting barriers.[11,15,16] Cpd I is the key oxidant

involved in the hydroxylation of a wide variety of aliphatic to aromatic

substrate reactions.[17] Aromatic rings hydroxylations are the challeng-

ing reactions and have a great significance in biological and chemical

processes and Cpd I is known for mediating the aromatic hydroxyl-

ations catalyzed by P450s.
[12,18] Various experimental and theoretical

studies have shown the two state rebound mechanism of C─H

hydroxylation, in this process, the first step is the abstraction of a

hydrogen atom from the substrate that leads to the formation of reac-

tant complex, which is connected to a hydroxo intermediate radical

species by a transition state and the consequent C─O bond formation

resulted into ferric-alcohol product complex.[19]

For instance, various molecular dynamics simulation studies

have shown the catalytic mechanism of P450s through protein–ligand

and protein–protein interactions.[20–25] However, the more precise

reaction mechanism of electron transfer and product formation of

P450s could only be explained by QM/MM calculations.[6,17,19,26,27]

The electronically important part (active site) comprises QM region,

whereas the largest portion including protein and solvent constitutes

MM region, the practical approaches for P450s and similar

metalloenzymes applies DFT for QM region.[6,28] The QM-DFT

methods are used in vast majority and considered as most reliable

and accurate for P450s and other metalloproteins, the hybrid DFT-

B3LYP method is considered most suitable and used preferably for

studying QM regions of metalloenzymes.[6] The two-state reactivity

(TSR) is the most widely used mechanism for studying C─H hydrox-

ylation where the reaction proceeds through two spin states with

corresponding energy barriers.[5,19,29] The TSR is a useful mechanism

of catalysis for low energy pathways.[30] In the present work, we

have studied hydroxylation of EPT C-4 atom to produce

trichodermol (Figure 1) catalyzed by cytochrome P450 mono-

oxygenase, the reaction mechanism is modeled with Cpd I-EPT com-

plex (RC) in two spin states, quartet (HS) and doublet (LS) with QM

calculations.

2 | METHODS

This work uses DFT method contrivance by Gaussian 09 software.[31]

Calculations were performed for Por+.FeIV═O in two different spin

states (doublet and quartet) using EPT as substrate. Initial calculations

were done by hybrid density functional B3LYP using LANL2DZ basis

set on iron and 6-31G basis set on rest of the atoms (BS1) abbreviated

as B3LYP/BS1[32] for the optimization of geometry and analytic fre-

quency. Here, geometry optimizations of reactants, intermediates,

and products for HS and LS were performed and underlying reaction

pathway was searched on full potential energy surface (PES) with sub-

sequent transition states. Analytic frequency calculations confirmed

the local minima (i.e., reactant, intermediate, and product) by showing

real frequencies and first-order saddle point (i.e., transition state) with

single imaginary frequency. Furthermore, results were crosschecked

at B3LYP/BS2 level of theory which uses triple zeta effective core

potential on iron and 6-31+G* basis set on rest of the atoms. Barrier

heights were calculated with isolated reactant geometries (Figures 3

and 4).

3 | RESULTS AND DISCUSSION

The C─H hydroxylation reactions are considered as challenging per-

spective in the catalytic cycle of P450s.
[12,33,34] In the present work, we

explained the C-4 hydroxylation of 12,13-epoxytrichothec-9-ene

(EPT) that follows a rebound-free mechanism without a barrier with a

complex radical intermediate (IM) characterized by a hydrogen atom

abstraction transition state (TS).[33] To understand the reaction mech-

anism, the electronic configuration of active species-Cpd I must be

understood. Figure 2 shows the optimized orbitals of Cpd I,[8,35,36]

these orbitals are formed by the combination of 3d orbitals of iron,

with 2p orbitals of porphyrin and axial ligand oxygen. The σ*z2 anti-

bonding orbital is formed by interaction of 3dz
2 orbital on iron and 2pz

orbital on oxygen atom whereas the σ*xy antibonding orbital is formed

by interaction between 3dxy orbital of iron and 2pxy orbital of nitrogen

atoms of porphyrin (Fe–N orbitals). The interaction of 3dxz/3dyz

orbital of iron with 2px/2py orbital of oxygen give rise to low lying

bonding πxz/πyz that are found to be always filled and two sets of anti-

bonding π*xz/π*yz orbitals (Fe–O orbitals). δx2−y2 represents the lone

pair of electrons on the porphyrin ring. Other than metal type orbitals,

there are also two π-type high-lying nonbonding porphyrin orbitals

which under D4th symmetry have labels a1u and a2u (Figure 2). The

F IGURE 1 Conversion reaction of compound
12,13-epoxytrichothec-9-ene (EPT) to product
Trichodermol
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F IGURE 3 Potential energy surface
of hydroxylation of EPT by 2,4Por+.FeIV=O
with energies in kcal/mol and analytic
frequency in wave numbers (cm−1). All
energies are calculated at B3LYP/BS1//
B3LYP/BS2 level of theory [Color figure
can be viewed at wileyonlinelibrary.com]

F IGURE 4 Optimized geometries of (a) Reactant complex (RC), (b) Transition state (TS), (c) Intermediate complex (IM), and (d) Product
complex (PC) with differences in the bond lengths for respective atoms without and within brackets indicating for LS (HS)-doublet and quartet
state, respectively [Color figure can be viewed at wileyonlinelibrary.com]
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F IGURE 2 Key molecular orbitals of Cpd I with respective representation involved in catalytic mechanism [Color figure can be viewed at
wileyonlinelibrary.com]

TABLE 1 Spin densities and atomic
charges (Mulliken charges)

(a) Reactant complex (RC)

Spin density Charges

ρFe ρO ρPor ρSub ρSH QFe QO QPor QSub QSH

HS 1.08 0.93 0.46 0.00 0.53 0.22 −0.25 −1.14 −0.12 −0.12

LS 1.21 0.88 −0.51 0.00 −0.58 0.30 −0.28 −0.1 0.01 0.13

(b) Transition state (TS)

Spin density Charges

ρFe ρO ρPor ρSub ρSH QFe QO QPor QSub QSH

HS 0.91 0.71 1.33 −0.45 0.50 0.17 0.10 0.93 −0.47 −0.19

LS 1.86 −0.03 −0.19 0.49 −0.17 0.83 −0.46 −0.14 −0.11 −0.12

(c) Intermediate complex (IM)

Spin density Charges

ρFe ρOH ρPor ρSub ρSH QFe QOH QPor QSub QSH

HS 1.88 0.28 −0.12 0.97 −0.01 1.05 −0.52 −0.75 0.00 −0.28

LS 1.94 0.24 −0.11 −0.98 −0.09 1.04 −0.60 −0.21 −0.01 −0.22

(d) Product complex (PC)

Spin density Charges

ρFe ρO ρPor ρSub ρSH QFe QO QPor QSub QSH

HS 2.56 0.01 −0.03 0.01 0.45 0.82 −0.61 0.99 0.15 −0.35

LS 1.11 −0.00 −0.09 0.00 −0.02 0.77 −0.64 −0.02 0.14 −0.25
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latter orbital (a2u) strongly mixes with lone pair orbital of axial ligand,

the mixing is strong in the presence of thiolate and reduction was

found to be much more facile so-called “push effect.”[34,37] The

orbitals in Cpd I are filled in the form of following configuration πxz2

πyz2 δx2−y2
2 π*xz1 π*yz1 σ*z20 σ*xy0 a1u

2 a2u
1, this configuration may

take the form of doublet or quartet spin state depending on electron

spin if all three electrons are in up spin state (ferromagnetically

coupled) then it will lead to quartet spin state and if two up one down

(antiferromagnetically coupled) then it will result in doublet spin

state.[8,38,39]

We modeled the reaction mechanism between reactant complex

(Cpd I-EPT) in both quartet and doublet spin states, with an energy

difference of 1.0 kcal/mol, so we can call both states as degenerate

(Figure 3) with electronic configuration δx2-y22 π*xz1 π*yz1 a2u
1. The

RC complex lead to the formation of an intermediate complex

(IM) via a transition state with electronic configuration δx2−y2
2 π*xz1

π*yz1 a2u
2 ϕc

1 as explained earlier.[40] The electronic configuration of

IM showing that the substrate has donated one of its electrons during

the formation of IM complex. Finally, the radical rebound (barrier-less)

takes place that results in product formation (PC) with electronic con-

figuration δx2−y2
2 π*xz1 π*yz1 σ*z21 a2u2 ϕc

0 (Quartet) and δx2−y2
2 π*xz1

π*yz2 a2u
2 ϕc

0 (Doublet; Table 1). The orbitals occupancy must

changes during the reaction process for electron transfer, this include

the a2u orbital of porphyrin, π*yz, σ*z2 orbitals of iron and the sub-

strate orbital for C─H hydroxylation, that is, ϕc. The reaction process

involves the electron transfer event from substrate to the Cpd I, this

purpose is achieved when the a2u of porphyrin is fully occupied gen-

erating the intermediate complex (IM), leaving the ϕc of substrate sin-

gly occupied. During the second bond formation, an additional

electron from substrate is transferred to either of two d orbitals to

low lying π*yz orbital resulting in ferric alcohol complex in doublet

state 2P(III) or high lying σ*z2 orbital which will lead to the product

complex in quartet state 4P(III).[16] The second bond formation step

was found barrier-less on both the spin surfaces, unlike general C─H

hydroxylation processes, no rearrangement of alcohol product was

found on high-spin surface that can lead to what we called “rebound

barrier” (Figure 3).[39] As shown in the above results, the reactivity of

Cpd I involves two closely lying spin sates process which are charac-

terized by singly occupied σ*xz, σ*yz, and a2u orbitals at ground

state with separate reaction barriers, therefore, this reaction mecha-

nism follows two state reactivity process (TSR). Moreover, our

results are in perfect agreement with earlier reports of TSR

process.[5,6,15,16,28–30,41–43]

With QM calculations, we proposed the complete reaction

mechanism of EPT C-4 hydroxylation as shown in Figure 3. The pro-

posed reaction mechanism involves various B3LYP calculations on

Cpd I and the substrate EPT. The optimized RC complex of doublet

and quartet spin states shows minor difference in energy gap, the

slightly higher energy of quartet spin (−10.3 kal/mol) state indicates

that the doublet (−10.71 kcal/mol) is the ground state as reported

earlier by Wang et al.[44] Because of small energy gap between two

spin states, the reaction mechanism was investigated at both spin

states as shown in Figure 3. Our QM calculations revealed that the

energy barriers at quartet spin states are very similar to those of the

doublet spin state. The energy graph shows that the IM of quartet

spin (4.55 kcal/mol) state is slightly more stable compared to dou-

blet spin (4.9 kcal/mol) state with an energy gap of less than

1 kcal/mol.

We also observed an electron transfer and authenticity of elec-

tronic spins can also be seen from spin densities and atomic charges

(Mulliken and NBO atomic charges) shown in Table 1 and Table S1.

The FeO moiety bears charge of nearly 2 for IM indicating single

occupancy of π*xz and π*yz orbitals and in product, there is spin den-

sity of nearly 3 which shows two electrons on either of π*yz/π*xz and

one electron in other orbital and also reduction of iron from

Fe(IV) to Fe(III) state can be inferred.[36] The occurrence of

intercrossing in energy profiles between two spin states indicating

the possibility of the presence of spin state cross over during the

catalytic cycle and a complex catalytic process.[27,44,45] The quartet

and doublet spin states involves a barrier with a genuine transition

state (TS) having single imaginary frequency (i1390.2079 cm−1 and

i1099.3130 cm−1) for quartet (13.75 kcal/mol) and doublet

(11.27 kcal/mol) spin states, respectively, and this step involved in

reaction mechanism is rate determining step, followed by a radical

intermediate (IM), and finally, the rebound-free product

(PC) formation takes place. We have seen that during the hydrogen

abstraction phase the two spin states are close to each other within

a gap of 2.5 kcal/mol and during the intermediate complex forma-

tion process, the two spin states slightly overlap each other within

an energy gap of 1 kcal/mol (Figure 3). However, as reported earlier

that the rebound mechanism for quartet spin state involves a barrier

and a second TS state, we did not find so, the rebound mechanism in

both the spin states is barrier-free that lead to product formation

without any second transition state.[5,16,29,33] The concerted reac-

tion mechanism of hydroxylation for both HS and LS was reported

for the first time by Kumar et al., and was subsequently confirmed

by Wang et al.[16,33] The hydrogen abstraction barrier for HS state is

slightly high in energy in comparison to LS due to more charge trans-

fer to ferryl-oxo species from substrate (EPT) as shown in Figure 3

and Table 1. The concerted mechanism from intermediate to prod-

uct for both the spin state can be asserted by few factors. First, LS

spin state have been known to give rebound barrier free or

(unscrambled product) due to the push effect of thiolate where

Fe─O bond lengthening is the overall compensated by shortening of

Fe─S bond. Second, the substrate-EPT is also a better electron

donor, due to which C─O bond gets stronger and proximal ligand

binding decreases and hence the good the radical becomes electron

donor as shown in Figure 4 the rebound barrier decreases,[16,33,41]

hence our HS spin surface also gives barrier free alcohol product.

The product formation is more favorable in the LS-doublet because

of the low-lying vacant orbitals that favors bonding formation and

low barriers (−52.03 kcal/mol) whereas the HS-quartet
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(−48.41 kcal/mol) favors repulsive interactions due to half-filled

high-energy orbitals and hence disfavors bonding formation.[30]

4 | CONCLUSIONS

The present work on a cytochrome P450 monooxygenase from

Trichoderma brevicompactum using DFT and QM calculations approach

elucidated a complete reaction mechanism for a C─H hydroxylation

reaction process and the results were further tested using BS2 basis

set. QM calculations are considered as the most accurate process for

studying the chemical reactions. This theoretical study reveals that

the two state reactivity mechanism mediated by HS and LS is

throughout exothermic as expected and is much more facile for LS

state. The H-abstraction step is the rate-limiting step of reaction

mechanism with activation energy of 13.75 and 11.27 kcal/mol for

HS and LS, respectively. In conclusion, we can say that this hydroxyl-

ation process of EPT is a rebound-free reaction mechanism with a

short-lived intermediate radical with no possibility for scrambling of

structure and there is no process of regioselectivity, the product for-

mation takes place directly from the IM. The present work carried out

using DFT method, which complements the earlier results accurately

and is a good approach which can be used in combination with experi-

mental approaches.
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a b s t r a c t 

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

ment of malaria due to plasmodium vivax and plasmodium ovale. The hydroxylated metabolite of Pri- 

maquine 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 Cy- 

tochrome 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 por- 

phyrin cation radical [Fe IV (O)(heme + ·)], which is referred as Cpd I in Cytochrome P450 enzymes has 

been used to mimic the behavior of enzyme. Substrate was modelled and reaction mechanism for 

two degenerate spin states namely doublet and quartet were performed to dwell the overall poten- 

tial energy landscape, along with electronic structure and properties of reactant complex (RC), tran- 

sition states (TS), intermediates (IM) and product complex (PC). The reaction was stepwise with elec- 

trophillic addition as the rate determining step, spin selectivity product formation was observed for hy- 

droxylated product formation on high spin (HS) surface. All calculations are done for isolated reaction 

coordinate. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Cytochrome P450 is an important enzyme of nature, basically 

n biosystems. In humans, it is found in the liver [1] . But it is also

ighly expressed in areas of the central nervous system. These 

nzymes catalyze a variety of stereo-specific and regio-selective 

ono-oxygenation reaction processes. It is also used in detoxifi- 

ation processes and is a key drug-metabolizing enzyme involved 

n the metabolism of drugs [2] . It reacts as mono-oxygenase 

hat transfer oxygen atom to the substrate. This oxygen can be 

ransferred either by hydroxylation, epoxidation or sulfoxidation 

3–6] . Due to its large versatility in the activation of the substrate, 

ytochrome P450 is an essential enzyme, not only in biology 

ut also, in biotechnological and pharmaceutical applications for 

nvestigations of drugs [7] . Moreover, its drug metabolism and 

nvolvement in brain chemistry make this enzyme a target for the 

rug industry and biomedical research [8–11] . 
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Fundamentally, hydroxylation is of two types – one is (a) 

liphatic, another is (b) aromatic. Both hydroxylations are impor- 

ant and their reaction pattern is different. Present research is 

ocused on study of aromatic hydroxylation. In the modern synthe- 

is chemistry, direct insertion of hydroxyl group into the aromatic 

ompound is one of the most challenging fields, because of the 

trong bond of hydrogen and carbon (CH) atom of the benzene 

ing. But, despite this ambivalence, Cytochrome P450 catalyzes aro- 

atic compound in relatively easy way. Hydroxylations of aromatic 

ings are important chemical reactions and are catalyzed by several 

etalloenzymes [ 8 , 9 ]. In biosystems, there are various essential 

rocesses of chemical reactions which lead to aromatic hydroxy- 

ation with Cytochrome P450 and convert several non-degradable 

ompounds into biodegradable compounds [ 10–14 ]. Aromatic 

ydroxylation step via P450s is responsible for the breakdown of 

enobiotics into water-soluble enzymes [3] . P450 catalyze estro- 

en hormone into 16–hydroxy-estrogen via aromatic hydroxylation 

tep, which basically triggers breast cancer [15–17] . Moreover, 

lant P450 enzyme catalyze the isoliquiritigenin into the product, 

hich has antitumor, antioxidant and phytoestrogenic activity [18] . 

romatic hydroxylation via P450 is also the center of research for 

https://doi.org/10.1016/j.jorganchem.2021.122154
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jorganchem
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jorganchem.2021.122154&domain=pdf
mailto:dkclcre@yahoo.com
https://doi.org/10.1016/j.jorganchem.2021.122154


N. Awasthi, R. Yadav and D. Kumar Journal of Organometallic Chemistry 957 (2022) 122154 

d

a

a

t

d

y

f

m

i

s

d

i

w

w

o

0

i

c

o

m

g

c

Q

i

[

o

l

t

m

e  

S

t

a

o

2

i

h

a

m

t

a

d

O

u

f

p

m

o

t  

z

a

o

[  

l

a

e

I

t

m

p

c

Fig. 1. Aromatic hydroxylation of Primaquine at ortho (2PQ) and para (4PQ) posi- 

tion by Cytochrome P450. 

(

l

c

L

n

s

2

p

t

w

c  

f

a

t

u

e

o

t

b

[

c

s

s

c

c

o

c

w

p

u

p

3

3

o

c

o

h

rug metabolism including para-hydroxylation of Amphetamine 

nd Tamoxifen [19–21] and several other substrates, like, β-blocker 

lprenolol [22] and the neurotoxin 1-methyl-4-phenyl-1,2,3,6- 

etrahydropyridine which is a chemical inducer of Parkinson’s 

isease [ 23,24 ]. So, in the field of bio-chemistry, aromatic hydrox- 

lation via P450 is a crucial activity, but researchers are always 

ascinated by aromatic hydroxylation due to its unknown reaction 

echanism with Cytochrome P450 [ 21 , 22 ]. The Cytochrome P450 

s metabolize various compound using high-valent iron (iv) oxo 

pecies complex, generally known as Cpd1. This complex is formed 

uring the catalytic cycle of Cytochrome P450 [26–29] . Initially, 

n catalytic cycle, Cytochrome P450 is at the resting state and the 

ater molecule is ligated. The entry of the substrate expels the 

ater molecule and tightly binds with the enzyme. Further, the 

xidation step forms ferric peroxide species known as compound 

 (Cpd 0), and then after the protonation step Cpd 0 converts 

nto active species of enzyme, iron (IV)-oxo complex, known as 

ompound I (Cpd I). It is the primary oxidant involved in the 

xidation reaction of all superfamily of P450s and here truncated 

odel of Cpd I is used to explore the overall reaction. 

For large number of atoms a more suitable method is used 

enerally known as QM/MM (Quantum Mechanical/ Molecular Me- 

hanical) method. The utility of this method is revealed by the first 

M/MM study [30] of the active species. It was done by increas- 

ng molecules in all the species in the catalytic cycle of P450cam, 

31] the active species of human isoforms, [26–32] and some of 

rganic molecules [ 33 , 34 ] . 

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

ayer of system, one can easily understand it by continuum solva- 

ion model which is used for third layer [35] or by ONIOM-type 

ethod in which system is divided in two layers two different lay- 

rs one is inner QM layers and another is outer MM layer [36] .

uch more involved QM/MM treatments have not yet been applied 

o P450 enzymes. 

Present study addresses the aromatic hydroxylation of 8- 

minoquinoline (8AQ), an anti-malarial drug Primaquine via Cpd I 

f P450. Primaquine is metabolized by CYP 2D6 enzyme [37] . CYP 

D6 is a member of the P450 enzyme, so their active site is sim- 

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

ydroxylation. 

The 8-aminoquinoline (8AQ) drug Primaquine (PQ) is a prime 

nti-malarial drug, used in the treatment of malaria due to plas- 

odium vivax and plasmodium ovale [38] . It is also used in the 

reatment of pneumocystis pneumonia together with clindamycin, 

s an alternate treatment. It is one of the safest and most effective 

rugs and is placed in the list of essential drugs of World Health 

rganization (WHO) [39] . It was developed over 70 years ago. But, 

nfortunately, the reaction pathway was still blurred. 

The hydroxylated metabolite of Primaquine is also responsible 

or many essential sexual transmission stages of Plasmodium falci- 

arum [40] . There are six metabolites of 8AQ identified [37] . These 

etabolites are formed by the hydroxylation step, at each position 

f the benzene ring. Current study is investigating the hydroxyla- 

ion step at ortho (2PQ) as well as para (4PQ) position of the ben-

ene ring of Primaquine. DFT method is the most accurate and reli- 

ble for studying the reactivity pattern of Cpd I and also of several 

ther essential metalloenzyme with hybrid function B3LYP of DFT 

 41,42 ]. The CH hydroxylation of the substrate with Cpd I is fol-

owed by two different spin surfaces, one is, high spin state (HS) 

nd the other is, low spin state (LS). These two different spin state 

nergy barriers lead to two-state reactivity (TSR) pattern [ 25 , 26 ]. 

n the present work, we have studied aromatic hydroxylation at 

he ortho position (2PQ) as well as at the para position of Pri- 

aquine (4PQ) ( Fig. 1 ). The reaction patterns for reaction com- 

lex (RC), transition state (TS), intermediate state (IM) and product 

omplex (PC) for both spin state, doublet (LS) as well as quartet 
2 
HS), are shown in energy profiles as will discuss later. All calcu- 

ations are done for isolated reaction coordinate. Further, we cross 

hecked the results calculating single point energy using basis set 

ACVP, solvent effect with benzene, and in presence of two ammo- 

ium molecule, and results are overlapping to each other, which 

howed the reliability of results. 

. Methodology 

Present study comprises an investigation of reaction energy 

rofile by Quantum Mechanical (QM) method. Density functional 

heory (DFT) was involved using Gaussian 09 software [43] . In this 

ork, all calculations were performed for porphyrin cation radi- 

al iron (IV) oxo species i.e. Por + . Fe iv = O , which is commonly re-

erred as (Cpd I), in two different spin states, doublet as well 

s quartet with Primaquine as a substrate. Optimization geome- 

ries of reactant, intermediate, product is performed and a gen- 

ine pathway for the reaction mechanism is found on potential 

nergy surface (PES) with subsequent transition states. Initially, 

ptimization of geometry was calculated by hybrid density func- 

ional B3LYP using LANL2DZ basis set on iron atom and 6–31 G 

asis set on the rest of the atom (BS1) abbreviated as B3LYP/BS1 

44] . Analytic frequency calculations performed after optimization 

onfirmed the local minima of reactant, intermediate, product by 

howing the real frequencies and first-order saddle point i.e., tran- 

ition state with single imaginary frequency. Moreover, results are 

rosschecked at B3LYP/BS2 theory by performing single-point cal- 

ulations. This basis set involves triple zeta effective core potential 

n iron and 6–31 + G 

∗ basis rest on remaining atoms. Further, we 

alculated single point energy using basis set LACVP, solvent effect 

ith Benzene and in presence of ammonia and results are overlap- 

ing to each other, which showed the reliability of results. 

Barrier heights are calculated by isolated reactant geometries 

sing 6–31 G, 6–31G 

∗, LACVP, solvent effect with benzene, and in 

resence of ammonia are shown in Figs. 2 . 

. Results and discussion 

.1. Hydroxylation of primaquine at ortho position (2PQ) 

The proposed work tried to explain aromatic hydroxylation 

f Primaquine at ortho position of the aromatic ring (C-2), to a 

omplex intermediate (IM1) by attaching at the ortho position 

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

ydrogen atom (H-2) at ortho position gets attached with one of 
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Fig. 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. Calculated energies of BS1 in red color without bracket, of LACVP in small bracket, of solvent effect 

with benzene in culy bracket, with ammonia molecule in large bracket and of 6-31G ∗ basis set in black color, all are shown. 
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itrogen atom of porphyrin ring forming a second intermediate 

tate (IM2). Further, this hydrogen atom attaches to the abstracted 

xygen atom of Cpd I, and form a product complex (PC). 

The electronic configuration of CpdI must be clearly identified, 

or better understanding of its reaction pathway 3d z 
2 orbital of 

ron and 2p z orbital of oxygen of Cpd I together formed σ ∗
z 2 

anti- 

onding orbital, whereas interaction of 3d xy orbital of iron and 

p xy orbital of nitrogen atoms of porphyrin together form anti- 

onding orbital σ ∗
xy . These orbitals are found to be unfilled initially 

ue to their high energy state and filled in later part of reaction 

rocess. Further, δx 2 −y 2 is orbital of lone pair electron of porphyrin 

ing. The low-lying bonding orbital πxz / πyz as well as antibond- 

ng orbital π ∗
xz / π ∗

yz is formed by the interaction between 3 d xz 

 3 d yz orbital of iron and 2 p x / 2 p y orbital of oxygen. These low-lying

onding πxz / πyz orbitals are always filled. Optimized orbitals are 

hown in Fig. 3 . 

Other than these five metal orbitals, two highlying orbitals of 

eterocyclic ring ( a 1u and a 2u ) are also involved. But, in enzymatic 

ystems a 2u orbital is slightly high in energy due to mixing from 

igma orbital of axial ligand thiolate. So, two spin states result with 

erromagnetic and anti-ferromagnetic coupling between π ∗1 
xz π ∗1 

yz 

nd a 2 1 u respectively, whereas a 1u remains fully occupied. DFT cal- 

ulations revealed nearly ∼ 1 kcal/mol energy gap between quartet 

nd doublet spin state as shown in Fig. 2 

Substrate (Primaquine) and Cpd I together form reactant com- 

lex (RC) when put at interacting distance with each other. The 

lectronic configuration of reactant complex (RC) for two spin 

tates found to be δ∗2 
x 2 −y 2 π ∗1 

xz π ∗1 
yz σ ∗0 

z 2 
σ ∗0 

xy a 2 1 u a 1 2 u . The trans- 

er of electron from ortho position of carbon (C-2) to oxygen atom 

f Cpd I, leads to the formation of first intermediate complex (IM1) 
3 
ith electronic configuration δ∗2 
x 2 −y 2 π ∗1 

xz π ∗1 
yz σ ∗0 

z 2 
σ ∗0 

xy a 2 1 u a 2 2 u ϕ 

1 
c 

 nature of electron in substrate ϕ 

1 
c (up and down) determines the 

pin state and also conserves the overall quartet and doublet spins 

 Fig. 2 ). The electronic configuration of first transition state (TS1) 

s same as configuration of first intermediate (IM1). 

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

econd intermediate (IM2) by transfer of charge from ortho carbon 

C-2) to one of the nitrogen atom of porphyrin ring (NH) follow- 

ng the electronic configuration δ∗2 
x 2 −y 2 

π ∗1 
xz π ∗1 

yz σ ∗1 
z 2 

σ ∗0 
xy a 2 

1 u 
a 2 

2 u 

 

0 
c , and the configuration of low spin state of second intermediate 

IM2) state is δ∗2 
x 2 −y 2 π ∗1 

xz π ∗2 
yz σ ∗1 

z 2 
σ ∗0 

xy a 2 1 u a 2 2 u ϕ 

0 
c . Second transi- 

ion state (TS2) of high spin state is observed as δ∗2 
x 2 −y 2 

π ∗1 
xz π ∗1 

yz 

∗1 
z 2 

σ ∗0 
xy a 2 1 u a 2 2 u ϕ 

1 
c . Further, product complex (PC) is formed by 

ransfer of the hydrogen atom from nitrogen, and bind to the oxy- 

en which has already been transferred at ortho position in sec- 

nd intermediate. The overall configuration of product is δ∗2 
x 2 −y 2 

∗1 
xz π ∗1 

yz σ ∗1 
z 2 

σ ∗0 
xy a 2 

1 u 
a 2 

2 u 
ϕ 

2 
c , product formation is not observed in 

ase of doublet spin state, due to formation of suicidal complex. 

The electronic configurations must change due to transfer of 

harge, so that occupancy of orbital a 2 u , π ∗, σ ∗ and ϕ c is also 

hanged. As we discussed earlier, all three electrons of orbital π ∗
xz , 

∗
yz and a 2 u combine ferromagnetically or anti-ferromagnetically 

o form quartet or doublet spin state respectively. These type of 

eaction mechanism leads to the two state reactivity (TSR) pattern 

 45–50 ]. 

These calculations are done by quantum mechanical (QM) 

ethod using B3LYP basis set. There is a minor energy differ- 

nce between doublet −2.71 kcal/mol and quartet spin state with 

nergy −2.57 kcal/mol, of optimized reactant complex (RC) as 
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Fig. 3. Key orbitals of Cpd I in order of their energy. 
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hown in Fig. 3 . The energy gap between these two states is 

ery close, i.e., these are degenerate energy state as we have dis- 

ussed above. Optimized structure of reactant complex (RC), tran- 

ition state (TS), intermediate state (IM), and product complex 

PC) for doublet and quartet spin state is shown in Figure S1 

nd Figure S2 respectively in supplementary information (SI). And 

heir spin densities with mulliken charges are compiled in Table 

1 in SI. Further, cross checked charge and spin densities using 

S2 basis set for 2PQ are reported in Table S3 in supplementary 

nformation. 

The energy of first transition state (TS1) of doublet spin state 

s 10.59 kcal/mol, it forms more stable state than quartet spin 

tate having energy 11.23 kcal/mol. The energy of first interme- 

iate (IM1) of doublet spin state is 3.41 kcal/mol, and it is com- 

arable to quartet spin state 3.73 kcal/mol. Further, the energy of 

econd transition state (TS2) of quartet spin state is 4.40 kcal/mol. 

hese two degenerate states continuously maintain energy gap of 

 < 1 kcal/mol) between them. The energy of second intermediate 

IM2) of doublet spin state is −65.10 kcal/mol, and the energy of 

uartet spin state is −38.39 kcal/mol, this means it is more stable 

han quartet. LS surfaces offered formation of suicidal complexes, 

onfirmed by reverse scan curves (shown in supporting informa- 

ion in S1). At the end, it forms product complex (PC) with en- 

rgy −55.54 kcal/mol at high spin state. And the formed product 

s chemically named as 2-hydroxylated Primaquine (2-OH PQ). 

With the frequency calculations, the reported imaginary fre- 

uencies of TS1 and TS2 of quartet spin state are 430.67i cm 

−1 and 

55.75i cm 

−1 respectively. And imaginary frequency of TS1 of low 

pin state is 357.29i cm 

−1 . As shown in the energy profile Fig. 2 , in-

ercrossing of the energy states indicates the spin cross over during 

he catalytic cycle [ 33 , 34 ]. 
4 
Moreover, the transfer of electron and spins of electron is also 

nvestigated by charges and spin densities (Mulliken and NBO 

tomic charges) using BS1 basis set and reported in Table S1 in 

I. 

.2. Hydroxylation of primaquine at para position (4PQ) 

Abstraction of hydrogen atom at para position of Primaquine 

s identified as 4PQ. All properties are also investigated for 4PQ 

y Quantum Mechanical (QM) methods. As we discussed earlier, 

n this reaction, hydrogen atom at the para position of substrate 

Primaquine), is abstracted by Cpd I. The energy profile for both 

pin surfaces LS as well as HS is studied as shown in Fig. 4. Re-

ctant complex of doublet and quartet spin state has same config- 

ration as reactant complex of 2PQ. Before forming the product, 

oth spin surfaces, high as well as low spin surfaces give two in- 

ermediate states IM1, IM2 with same electronic configuration as 

M1, IM2 of 2PQ. Here one can clearly notice that the LS surfaces 

ffered formation of suicidal complexes, which was further con- 

rmed by running reverse scan curves (shown in supporting infor- 

ation in S2). Also, product 4-hydroxylated Primaquine (4-OH PQ) 

as found to offer more energy than intermediate 2 (IM2) which 

urther justified the formation of dead product. Optimized struc- 

ure of reactant complex (RC), transition state (TS), intermediate 

tate (IM), and product complex (PC) for doublet or quartet spin 

tate is shown in Figure S3 as well as in Figure S4 respectively in 

I. 

The reaction followed patterns of two state reactivity (TSR) 

echanism and energy landscape for doublet and quartet was 

lose and parallel with each other, but this pattern bifurcate at IM1. 

SR behavior is transform to single state reactivity (SSR) and shows 

hat the reaction is possible only for high spin surface (HS). 

Also, electronic configuration of first transition states (TS1) of 

S as well as LS is same as electronic configuration of TS1 of 2PQ. 

he electronic configuration of third transition state (TS3) of high 

pin surface is δ∗2 
x 2 −y 2 

π ∗1 
xz π ∗2 

yz σ ∗1 
z 2 

σ ∗0 
xy a 2 

1 u 
a 2 

2 u 
ϕ 

0 
c and prod- 

ct is δ∗2 
x 2 −y 2 π

∗1 
xz π ∗1 

yz σ ∗1 
z 2 

σ ∗0 
xy a 2 1 u a 2 2 u . The energy of reactant 

omplex (RC) of doublet is −3.97 kcal/mol which is very close to 

uartet having the energy −2.64 kcal/mol. The first transition state 

TS1) of doublet gives energy 12.86 kcal/mol and quartet gives the 

nergy 11.72 kcal/mol. The energy of first intermediate (IM1) of 

oublet and quartet is 6.47 kcal/mol as well as 3.92 kcal/mol re- 

pectively. The energy profile of para position of aromatic hydrox- 

lation is shown in Fig. 4 . Both spin state continuously maintains 

 kcal/mol difference between them. 

The energy of second intermediate (IM2) of doublet is 

9.85 kcal/mol and quartet is −37.32 kcal/mol. The energy of third 

ransition state of quartet (TS3) is −35.57 kcal/mol. Also, the en- 

rgy of product of quartet spin state is −50.51 kcal/mol. The imag- 

nary frequency of TS1 of doublet is −422.86 cm 

−1 and quartet 

s −439.29 cm 

−1 . And imaginary frequency of TS3 of quartet is 

619.54 cm 

−1 . Imaginary frequencies of quartet and doublet spin 

tate of transition states are shown in Figure S4 in SI. Optimized 

tructure with corresponding bond length of all state of metabolic 

eaction for both surfaces is shown in Figure S3 & S4, respectively 

n SI. These two step reactions are exothermic as expected. The 

verall rate of a chemical reaction is often determined by the slow- 

st step of reaction, known as rate limiting or rate determining 

tep. C 

–O bond formation step is the rate limiting step. 

Rate limiting step has activation energy 10.59 and 

1.23 kcal/mol, for both LS as well as HS state, respectively. 

urther, the transfer of electron and spins of electron is also in- 

estigated by charges and spin densities (Mulliken atomic charges) 

sing BS1 basis set for 4PQ reported in Table S2 in SI. Cross- 

hecked charge and spin densities using BS2 basis set are reported 

s Table S4 in supplementary information. 



N. Awasthi, R. Yadav and D. Kumar Journal of Organometallic Chemistry 957 (2022) 122154 

Fig. 4. 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. Calculated energies of BS1 in red color without bracket, of LACVP in 

small bracket, of solvent effect with benzene in culy bracket, with ammonia molecule in large bracket and of 6-31G ∗ basis set in black color, all are shown. . ∗Coordinate of 

third transition state (TS3) are not properly conversed for BS2. . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 

this article.) 
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. Conclusion 

The current work investigated the complete reaction pathway 

f aromatic hydroxylation of Primaquine with Cpd I by DFT using 

asis set 6–31 G (BS1) and the results were further cross checked 

sing basis set 6–31 G 

∗ (BS2). Quantum mechanical calculations 

learly depicted above hydroxylation reaction is rebound free pro- 

ess having more than one transition state with short lived inter- 

ediate state and (CO) – bond formation step to be rate determin- 

ng step of the reaction. It can been seen from the energy profile 

or ortho (2PQ) and para (4PQ) position of Primaquine that quartet 

urface (HS) is responsible for the hydroxylated product whereas 

oublet spin surface profile is resulted in the formation of a sui- 

idal complex . Finally, the product at high spin state surface (HS), 

s formed, the reaction followed patterns of two state reactivity 

TSR) mechanism and energy landscape for doublet and quartet 

ere close and parallel with each other, but this pattern bifurcate 

t IM1. TSR behavior is transformed to single state reactivity (SSR) 

howing that reaction is possible only for high spin surface (HS). 

n the energy profile it is clearly shown that H-abstraction step is 

ate determining step with activation energy 11.23 kcal/mol and 

0.59 kcal/mol for HS and LS respectively for hydroxylation at or- 

ho position while for the hydroxylation at para position the acti- 

ation energy is 12.86 kcal/mol and 11.72 kcal/mol for HS and LS 

espectively. Here it is also concluded that this process is not re- 

ioselective and the product is formed directly from intermediate. 

o, the present work is expanded to a great extent about to the 

etabolism of Primaquine via P450 by giving a reaction pathway. 
G

5 
urther, we calculated single point energy using basis set LACVP, 

olvent effect with Benzene and in presence of ammonia, and re- 

ults are overlapping to each other, which showed the reliability of 

esults. These formed products (metabolites) are further used for 

reatment of malaria. These quantum mechanical calculations are 

onsidered for good accuracy results. Present reactions mechanism 

s different from aliphatic hydroxylation reactions of Cytochrome 

450 enzyme, due to formation of suicidal complex at the low spin 

urface. But further results give good accuracy as we expected and 

hese results can be used for experimental researches and will give 

ruitful results. And there results have good accuracy for isolated 

eaction coordinates which shows the success of present work. 
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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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Molecular Docking Studies of Enzyme Binding Drugs on
Family of Cytochrome P450 Enzymes
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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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Abstract: Today, the main task of researchers is to study and develop drugs that are less toxic and have 

lesser side effects. The principal motive of this research is to study and analyze the interaction between 

naturally active compounds flavonoids with biomolecule DNA. Since the interaction between DNA and 

ligand is essential in drug designing, this study will provide a good base for further research and 

development of less toxic and more efficient drugs for various diseases. The selected compounds for 

this study are Kaempferide, Kaempferol, Morin, and Rutin. They all fall into the category ‘flavonols’ 

of flavonoids. Computational methods are implemented for theoretical drug designing. These are 

molecular optimization, molecular docking, and molecular dynamics. Computational results are 

compared with experimental data from previous studies. Molecular docking gives the most preferred 

orientation of ligands within DNA, and Molecular Dynamics provides the details about the DNA-ligand 

complex with respect to time. Free energy calculations were also performed by implementing 

MMPBSA and MMGBSA calculations. 
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1. Introduction 

The possible medication for cancer includes chemotherapy, radiation therapy, and 

surgery. But the main disadvantage of drugs used in treatment is that they are toxic [1-3]. 

Regular intake of these has various side effects [4]. It results in the starting of some other 

problem (disease). So, today the main task of researchers is to study and develop drugs that are 

less toxic and have lesser side effects. And here, the chosen compounds can be very beneficial. 

Flavonoids are natural compounds present in seeds, fruits, leaves of plants, and the bark of 

trees [5,6]. The human body takes them as daily nutrients. So, the main problem of toxicity is 

reduced a lot, using them as drugs for various diseases[7,8]. They will have minimum side 

effects. Flavonoids can prove a potent drug against cancer and other diseases [9-11]. 

Computational methods are beneficial and effective in predicting the nature and 

characteristics of various drugs as effective on diseases. Different research papers have 

predicted/concluded that computational methods are as predictive as experimental research 

[12]. We can rely on these systems for a good result. Theoretical research is essential because 
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