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Abstract: 

 

In more than one third of enzymes metal ions play critical roles.These ions use 

to control an enzyme-catalyzed reaction by modify electron flow in enzyme or 

substrate. There are no general rules exist through which one may describe the 

behavior of given metal ion in an enzyme. These ions are usually positively 

charged and behave as electrophiles, always looking for the possibility of 

sharing electron pairs with other subgroups or atoms in order to form a bond or 

charge-charge interaction, hence, these ions behave like hydrogen ions. The 

ligands are usually negatively charged or neutral atom(s) or group(s) of atoms 

which can form bond with the metal ion in an electrostatic manner, generally 

by donating electron density to the metal ion. The number of ligand atoms 

bound to metal ion is the coordination number of a metal ion. It is viewed in 

terms of concentric spheres; the inner sphere containing those atoms is in 

contact with the metal ion while the second sphere containing those atoms is in 

contact with the inner sphere ligands. The sizes of metal ion as well as the 

sizes of the ligands decide the number of atoms in these spheres. 

The theoretical model calculations, two decades before, had a minor role for 

explaining mechanisms of redox-active metalloenzymes. The available 

methods to describe transition metals were too slow for any meaningful 

applications and they were not accurate enough also. The computational 

models for the treatment of these enzymes were underdeveloped. But this 

situation changed now-a-days because of developments of methods as well as 

insights from applications. The developed density functional theory (DFT) 

methods with accuracy were not far from accuracy. The major improvements 

was the incorporation of density gradient terms for the exchange part and of 

fractions of exact exchange. The application of these methods showed that the 

accuracy was quite reasonable for transition-metal complexes. The experience 

of decades on small models with transition-metal complexes was the second 

important reason for the development in this area, it was surprisingly helpful 

for understanding many aspects of the mechanisms of large organometallic 

complexes, at least qualitatively, using small models. It is also observed that 
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the individual reaction steps as well as transition-state structures are quite 

insensitive to the size of the model in terms of explaining the mechanisms. 

Originally two different approaches were developed to study mechanisms of 

redox-active metalloenzymes. The cluster model which is used to capture the 

important features of a mechanism in small quantum mechanical models is 

used. This model was used firstly in 1997, with DFT methods for 

understanding the  mechanism of methane monooxygenase (MMO). The other 

approach in which the entire enzyme was treated with quantum mechanically 

described small core and the rest of enzyme was described with molecular 

mechanics, known as the quantum mechanics/molecular mechanics (QM/MM) 

model. The first application of QM/MM on the mechanism of galactose 

oxidase was made in 2000. Both approaches have been developed over the 

years from their original form. Now a day, with improvement in computer 

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

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

Today, theoretical model calculations must be considered at least of equal 

importance for explaining/ determining mechanisms for metalloenzymes as 

compared with traditional spectroscopic techniques. Although the 

spectroscopic techniques have the advantage due to its application on the 

actual system, but their interpretations are often extremely difficult is the 

disadvantage. In theoretical modeling not only choices of the method but also 

the modeling of the real system has to be accurate. More than two decades of 

experience has made the understanding of the applicability and limitations of 

different models fully grown and it has reached at a mature stage.  
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1.  Introduction. 

 

Oxygen activating metalloenzymes are highly versatile in nature and are 

involved in processes that include biodegradation, metabolism and 

biosynthesis. Many of the metalloenzymes in nature utilize iron in their active 

centre, which structurally contains either a heme or a nonheme ligand system. 

A large – and well studied – class of heme enzymes are the cytochromes P450, 

which are monoxygenases found, for instance, in the liver, where they catalyze 

the metabolism of drugs, detoxification processes as well as the biosynthesis of 

hormones.1–8 These enzymes use a molecule of O2 on a heme centre and with 

assistance of two electrons and two protons create a high-valent iron(IV)-oxo 

heme cation radical intermediate, [FeIV(O)(heme+•)] also known as Compound 

I (Cpd I), Eq 1. The monoxygenation reactions catalyzed by P450 enzymes 

cover a wide range of possible chemical reactions, but generally start from the 

active species, Cpd I.8–13

 

 A selection of the most often encountered 

mechanisms of oxygen atom transfer processes by Cpd I of P450 are given in 

Figure 1. The most common one of those is aliphatic hydroxylation leading to 

alcohol products. Other reactions include double bond activation that produces 

epoxides and challenging processes such as aromatic hydroxylation and 

heteroatom oxidation, such as sulphoxidation. In addition, the P450s 

occasionally give products originating from dehydrogenation and ring-closure 

processes, Figure 1.  

[FeIII(heme)] + O2 + 2 e– + 2 H+ → [FeIV(O)(heme+•)] + H2

 

O (1) 

Although the activity of Cpd I in oxygen atom transfer processes was predicted 

by biomimetic reaction mechanisms many years ago,14 it was only 

characterized with spectroscopic methods very recently.15 Due to the fact that 

P450 Cpd I was elusive for a long time, studies into its intrinsic electronic 

properties and reactivity patterns were performed using computational 

modelling, which characterized it as an extremely versatile oxidant.4,8,16 

Moreover, computational studies established the electronic properties, 

predicted spectroscopic parameters and reactivity patterns, and, as such guided 

and supported experiment. These studies gave insight into the nature of the 
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active species, the effect of ligands to the reaction centre and environmental 

influences on the oxidants and its activity towards substrates. In this 

dissertation, an overview will be given on the computational studies into heme 

and nonheme based iron(IV)-oxo species and synthetic analogues.  

 

 
 

Figure 1: Reactivity patterns of Compound I of P450 enzymes with selected 
substrates. 

 

Due to experimental difficulties in trapping and characterizing the active 

species of P450 enzymes, studies in the field moved to biomimetic model 

complexes and mononuclear nonheme iron enzymes instead. Over the past ten 

years the field of nonheme iron chemistry has blossomed, especially after the 

successful spectroscopic characterization of several iron(IV)-oxo complexes 

well before the first spectroscopic characterization of P450 Cpd I. 

Computational studies also investigated nonheme iron enzymes and synthetic 

analogues in detail and explained their reactivity patterns and predicted its 

chemical properties. Later we will give an overview of key advances in the 

field obtained from computational modelling. Before discussing the results of 
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our calculations, let me give a brief overview of heme and nonheme enzymes, 

their function and properties. 

 

2.  Biological nonheme and heme based iron(IV)-oxo intermediates. 

 

Oxygen binding enzymes, generally, come in two varieties, namely with either 

a heme or a non-heme ligand system. Although in some enzymatic systems, 

such as methane monoxygenases,17

 

 a dimetal core is involved in the catalytic 

reaction mechanism, we will focus here on mononuclear iron systems only. 

Also oxygenases with other transition metals than iron in the catalytic site will 

not be covered. In the next sections we will give a brief overview on the 

mechanism and function of heme and non-heme iron containing mono- and 

dioxygenases. Subsequently, we will highlight how computational chemistry 

can assist in gaining understanding in catalytic transformations and the 

characterization of short-lived intermediates in reaction processes.  

2.1  Cytochrome P450s (P450s). 

 

Many heme enzymes utilize molecular oxygen on an iron centre, including 

monoxygenases, like the P450s,1–10 but also the catalases and peroxidases.18–20 

The latter detoxify hydrogen peroxide to water, while the catalases convert it to 

molecular oxygen and water. The first heme enzyme where the complete 

catalytic cycle was resolved for using crystallographic methods was the one of 

cytochrome c peroxidase (CcP) and as a result it has become a template for 

heme studies in general.21

The cytochromes P450 are probably, by far, the most extensively studied 

group of heme enzymes due to their relevance for human health and their 

potential in biotechnological applications. The name cytochrome P450 comes 

from the fact that the CO bound ferrous-heme gives a red-shifted strong Soret 

band through a high-energy π-π* transition of the porphyrin ring at 450 nm, 

 However, spectroscopic studies on its Cpd I species 

as compared to that of other peroxidases and P450s showed that the active 

species of CcP is electronically quite different from the one obtained in other 

peroxidases, and, therefore, its active species cannot be considered as a model 

Cpd I species anymore.  
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due to the strong electron-donating character of the cysteinate axial ligand.22–24 

The P450s catalyze the transfer of one oxygen atom of molecular oxygen to 

substrates (SubH) concomitant with reduction of the other oxygen atom of O2 

to a water molecule.1–8 The P450s are widespread in nature and have been 

found in virtually all forms of life, including bacteria, eukaryotes and 

fungi.5,25,26 This is probably due to their versatility and their effectiveness of 

catalyzing oxidation reactions. They have been linked with the biosynthesis of 

antibiotics in prokaryotes as well as hormones in eukaryotes. In the human 

liver the P450s are involved with the metabolism and biodegradation of drugs 

and xenobiotics.27 Since the P450s are highly versatile and able to hydroxylate 

substrates regio- as well as stereospecifically they are of big interest to the 

biotechnology industry. To gain insight into the fundamental building blocks 

of the P450s bioinorganic chemists have created biomimetic models of the 

P450 active site.12,28–30 Subsequent computational studies have given further 

insight into the fundamental nature of the heme active site.

 

8,16,31–33 

  
 

Figure 2: Extract of the crystal structure of substrate bound P450cam as taken 

from the 1DZ9 pdb file. 

 

Poulos and co-workers were the first to determine an X-ray crystal structure of 

a P450 isozyme, namely the soluble bacterial P450cam isolated from the 

bacterium Pseudomonas putida,34 which triggered a range of studies in the 

field and currently hundreds of P450 crystal structure coordinates are available 
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from the protein databank.35 The P450 isozymes show considerable homology 

and all contain a central heme group, where the catalysis takes place. P450 

enzymes contain a single polypeptide chain containing a heme b group (iron 

protoporphyrin IX) linked to a cysteine (Cys) amino acid via the axial ligand 

of the metal.9 Figure 2 shows a snapshot of the active site of a typical P450 

isozyme, namely P450cam, as taken from the 1DZ9 protein databank (pdb) 

structure.36 P450cam is a bacterial P450 that catalyses the regioselective 

hydroxylation of camphor at the C5 position. It is one of the most extensively 

studied P450s and generally serves as a template for P450 chemistry.37,38 The 

heme b group of P450cam is bound to the protein via a thiolate bond of Cys357 

with the metal and is located deep inside the hydrophobic interior of the 

enzyme. This is important to accommodate hydrophobic substrates. Note that 

the axial cysteinate amino acid accepts hydrogen bonds from several 

neighbouring amino acids, including amide protons of three amino acids 

including Leu358 and Gly359.39 These hydrogen bonding interactions are 

believed to fine-tune the catalytic activity of the enzyme and affect the 

ionization potentials of several intermediates in the catalytic cycle.40–45 Often 

the substrates of P450 isozymes bind in a very tight binding pocket where they 

are locked in position through electrostatic and hydrogen bonding 

interactions.

The catalytic cycle of the P450s has been extensively studied but only recently 

the final evidence has been delivered for its mechanism. Thanks to efforts in 

the fields of enzymology, biomimetic chemistry and computational chemistry 

over the past four decades, a clear picture on the catalytic activity of P450 

enzymes has emerged (Figure 3).

35 

1–10,13,16 Computational modelling provided 

important insights into the molecular structures, spin states, and chemical and 

physical properties intermediates and reaction mechanisms.4,8,16,31–33 Currently 

many excellent and detailed reviews are available on the catalytic cycle of 

P450 enzymes and the nature of the individual intermediates during the 

reaction process.

The substrate-free resting state (A) is the starting (and end) point of the 

catalytic cycle and contains a six-coordinate low-spin iron(III) state with 

bound water molecule in the distal ligand position. This is the displaceable 

1–13,16 
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ligand and upon substrate binding into the binding pocket the water molecule 

is removed as a result of a low-spin to high-spin state transition.46

 

  

Figure 3:  Catalytic cycle of P450 enzymes. SubH is the substrate. 

 

Computational studies indeed confirmed a difference in spin-state ordering for 

A and B resulting in a favourable pentacoordinated complex in the high-spin 

state.47–51 The spin-state change triggers an electron transfer process from the 

reductase domain to the heme and reduces the ferric complex B to a ferrous 

complex, C.46 Subsequently, molecular oxygen binds to the ferrous heme to 

form a ferric-superoxo heme complex (FeIII-O2
–), D. The next step in the 

catalytic cycle is considered the rate-determining step and leads to a second 

electron transfer from the reductase domain to the heme,52 to give the ferric-

peroxo species (FeIII-O2
2–), E. This intermediate picks up a proton from a 

nearby carboxylic acid group and forms the ferric-hydroperoxo complex, F, 
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that is also known as Compound 0 (Cpd 0). Radiolytic cryoreduction of the 

ferric-superoxo of cytochrome P450cam, D, with gradual temperature annealing 

produced the ferric-peroxo and ferric-hydroperoxo intermediates that were 

characterized by Electron Paramagnetic Resonance (EPR), Electron-Nuclear 

Double Resonance (ENDOR), and Ultraviolet-visible (UV-vis) 

spectroscopies.36,53–55 A final proton transfer to the ferric-hydroperoxo species, 

F, results in heterolytic O–O bond cleavage to give the iron(IV)-oxo porphyrin 

π-cation radical intermediate or Cpd I (G) and a water molecule. Cpd I has 

recently been detected and characterized by UV-Visible, resonance Raman and 

Mössbauer spectroscopy and shown to react with substrates via hydrogen atom 

abstraction with a large kinetic isotope effect.15 The spectroscopic properties of 

Compound I show similarities to the ones observed for the iron(IV)-oxo heme 

cation radical intermediates of chloroperoxidase (CPO) and horseradish 

peroxidase (HRP).41,56

Due to the short lifetime of several intermediates in the catalytic cycle of P450, 

however, for a long time, alternative mechanisms have been proposed. One of 

these suggestions implicated activity of Cpd 0 in substrate epoxidation and 

sulphoxidation reactions.

 The final step in the catalytic cycle of P450 involves the 

transfer of the oxygen atom of G to the substrate (SubH) to give the alcohol 

products. This process returns the enzyme back to the resting state.  

57–59 Thus, site-directed mutagenesis studies on 

P450cam that supposedly blocked the second protonation step in the catalytic 

cycle and hence terminated the catalytic cycle at Cpd 0 still gave significant 

activity of the enzyme,60 which was interpreted as the participation of Cpd 0 as 

a second electrophilic oxidant in substrate monoxygenation reactions, 

including olefin epoxidation and sulphoxidation. These mutants gave 

significant amounts of products originating from olefin epoxidation and 

sulphoxidation reactions but not from aliphatic hydroxylation reactions.57–60 

Further studies were done using so-called radical-clock substrates that 

distinguish between a radical and cationic reaction pathways,61 and implicated 

ultrashort lifetimes indicative of two active oxidants in the reaction mechanism 

and hence assigned Cpd I and Cpd 0 as competitive oxidants.60,62 Site-directed 

mutants were made where the proton-transfer processes in the catalytic cycle 

were affected through replacements of key amino acids in P450cam such as the 
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alcohol side-chain of Thr252 and the carboxylic acid group of Asp251. The 

Thr252Ala mutation gave decreased activity of the enzyme with respect to 

wild-type and gave significant amounts of decoupling products whereby the 

ferric-hydroperoxo was converted into ferric-hydrogen peroxide instead and no 

substrate hydroxylation occured.57 Interestingly, despite decreased activity of 

the Thr252Ala mutant with respect to aliphatic hydroxylation, by contrast, 

double bond epoxidation reactions apparently still proceeded. Based on these 

studies, a two-oxidant scenario was hypothesized57

 

 whereby Cpd I was 

assigned as the oxidant for aliphatic hydroxylation reactions, whereas Cpd 0 is 

responsible for double bond epoxidation. 

 
Figure 4: Computational studies of ethene epoxidation by Cpd 0 and Cpd I 

models of P450 with rate determining barriers in kcal mol–1. 

 

Many computational and biomimetic studies have investigated the two-oxidant 

hypothesis, but all research showed the iron(III)-hydroperoxo species to be a 

sluggish oxidant.63–66 The first evidence against Cpd 0 as an active oxidant 

came from computational modelling and addressed the relative performance of 

Cpd I and Cpd 0 in ethene epoxidation.63 Figure 4 highlights the main results 

from these studies. Thus, Cpd I reacts with ethene in a stepwise mechanism via 

a radical intermediate, whereby the initial electrophilic addition is rate 

determining with a barrier of 13.9 kcal mol–1 on the quartet spin state surface 

and 14.9 kcal mol–1 on the doublet spin state surface. By contrast, the 

epoxidation reaction by Cpd 0 has a much higher reaction barrier of 36.9 kcal 
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mol–1

Further detailed quantum mechanics/molecular mechanics (QM/MM) studies 

on dimethylsulphide sulphoxidation by Cpd I and Cpd 0 intermediates of P450 

confirmed the conclusions of small model complexes and assigned Cpd I as the 

only viable oxidant in the catalytic cycle.

, and consequently, Cpd 0 is a sluggish oxidant and will not be able to 

compete with Cpd I. 

66 High barriers were found for the 

reaction mechanism starting from the iron(III)-hydroperoxo species, while 

much lower barriers for the same reaction by Cpd I were found. The 

computational studies were supported by biomimetic work on the substrate 

epoxidation and sulphoxidation reactions by three different nonheme iron(III)-

hydroperoxo oxidants,  namely [(N4Py)FeIII(OOH)]2+, [(Bn-tpen)FeIII(OOH)]2+ 

and [(TPA)FeIII(OOH)]2+ with N4Py = N,N-bis(2-pyridylmethyl)-N-bis(2-

pyridyl)-methylamine, Bn-tpen = N-benzyl-N,N′,N′-tris(2-

pyridylmethyl)ethane-1,2-diamine and TPA = tris(2-pyridylmethyl)amine. The 

work provided insight into electrophilic and nucleophilic reactivities of 

nonheme iron(III)-hydroperoxo intermediates.67 The oxidants were found to be 

inactive towards thioanisole and cyclohexene, which implies that these 

intermediates cannot react via sulphoxidation and epoxidation mechanisms in 

support of the computational studies. The analogous iron(IV)-oxo complexes, 

by contrast, showed efficient catalysis of olefins and sulphides to their 

respective oxides and sulphoxides.67 Similar conclusions were derived from 

the reaction of a mononuclear nonheme iron(III)-alkylperoxo complex, 

[(TPA)FeIII(t-BuOO)]2+ (t-BuOOH = t-butyl hydroperoxide), with substrates, 

where little reactivity was observed. This is further confirmation that iron(III)-

alkylperoxo porphyrin intermediates are sluggish oxidants and that the 

iron(IV)-oxo intermediate is formed through O–O bond homolysis.68,69

Woggon, van Eldik, and their co-workers recently came with spectroscopic 

evidence for the formation of an iron(IV)-oxo porphyrin cation radical 

intermediate and its involvement in oxygen atom transfer processes to 

substrates.

  

70 Subsequently, they measured rate constants for the formation and 

decay of intermediates formed in the catalytic reaction of the iron porphyrin 

complex and m-CPBA (m-chloroperbenzoic acid) as well as oxygen atom 

transfer rate constants using low-temperature rapid-scan stopped-flow 

techniques. Nam and co-workers compared the reactivity of a high-valent 
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iron(IV)-oxo porphyrin cation radical with an iron(III)-alkylperoxo complex 

and found evidence that the former is an active oxidant in the catalytic 

oxygenation of organic substrates, while the latter is a sluggish oxidant.71

2.2  Taurine/α-ketoglutarate dioxygenase (TauD). 

  

A large class of mononuclear nonheme iron containing enzymes that utilize 

molecular oxygen and react as dioxygenases are the α-ketoacid dependent 

dioxygenases of which α-ketoglutarate dependent dioxygenases (αKDD) are 

the most extensively studied of those.8,28–30,72–78 By contrast to the catalytic 

cycle of the P450s that uses two external electrons and protons, the nonheme 

iron dioxygenases do neither utilize a cofactor nor a proton source, but instead 

use a co-substrate (α-ketoglutarate, αKG) to generate an iron(IV)-oxo active 

species. This intermediate is relatively long-lived and has been characterized 

by a range of spectroscopic methods, vide supra.77,78 The αKDD are very 

versatile and catalyze many different reactions in biosystems, ranging from 

substrate hydroxylation, substrate halogenation and desaturation to ring-

closure processes.28,77–80 As such they catalyze a series of vital processes for 

human health with examples that include: DNA and RNA base repair in 

mammals,81–83 cross-linking processes in collagen,84 responses to hypoxia,85 

and the biosynthesis of the vancomycin, fosfomycin and carbapenem group of 

antibiotics in bacteria.86–88

The nonheme iron dioxygenases, therefore, are highly versatile but show 

distinct structural differences between isoforms; however, most of them 

contain a characteristic iron-coordination site, where the metal is bound to the 

side chains of two histidine and one carboxylic acid (Asp/Glu) residue into a 

facial 2-His/1-Asp ligand system.

 As both the nonheme iron dioxygenases and the 

P450 monoxygenases catalyze oxygen atom transfer reactions to substrates and 

specifically aliphatic hydroxylation reactions, the question remains why nature 

generated two sets of enzymes with essentially the same function. The detailed 

computational studies reported here will highlight the differences and 

comparisons between the heme and nonheme iron complexes in nature. 

89,90 This motif has been identified in large 

numbers of nonheme iron dioxygenases, including clavaminic acid synthase,91 

AlkB repair enzymes,92,93 and prolyl-4-hydroxylase.94–106 The first nonheme 

iron enzyme of which the iron(IV)-oxo species was spectroscopically 
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characterized, and consequently the most extensively studied one, was 

taurine/α-ketoglutarate dioxygenase (TauD), and, hence, we will describe 

details of its spectroscopic characterization and reactivity in hydrogen atom 

abstraction reactions. To highlight the versatility of nonheme iron enzymes, we 

describe spectroscopic and reactivity studies on an alternative nonheme iron 

enzyme (cysteine dioxygenase, CDO) with a 3-His ligand system (Figure 5) 

that catalyzes the sulphoxidation reaction of a substrate. These two case studies 

highlight the effect of axial and equatorial ligands on the ground state 

properties of mononuclear nonheme iron(IV)-oxo intermediates and their 

reactivity patterns. 

 

   
Figure 5: Catalytic cycle of TauD. The central structure is an extract of the 

1OS7 pdb structure with key residues highlighted. SubH is substrate 

 

2.3  Cysteine Dioxygenase (CDO). 

 

Another nonheme iron enzyme that utilizes an iron(IV)-oxo species in its 

catalytic cycle is cysteine dioxygenase (CDO), which catalyzes the conversion 

of L-cysteine into L-cysteine sulphinic acid products. CDO is a vital enzyme 

for human health involved in the biodegradation and metabolism of toxic 

cysteine.107,108 High concentrations of cysteine in the body are toxic and it 

precipitates into cystine stones.109

Arg270

Tyr73

His70 taurine
Asp101

His99

His255

αKG

 Moreover, elevated levels of cysteine in the 

body have been correlated with neurological diseases such as Alzheimer’s and 
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Parkinson’s diseases.110

 

 The metabolism of cysteine is accomplished by a 

series of enzymes and the first one of these is CDO. Because of its importance 

in human physiology, the reaction has attracted a lot of scientific attention and 

is well studied. 

 
 

Figure 6: Active site structure of substrate bound CDO as taken from the 2IC1 

pdb file with amino acids labelled as in the pdb file 

 

By contrast to the chemical structure of TauD, the catalytic metal ion in CDO 

is bound into a 3-His ligand structure rather than the typical 2-His/1-Asp facial 

triad. Figure 6 gives an extract of the crystal structure of CDO enzymes as 

taken from the 2IC1 pdb file.111 The metal is bound to the protein backbone via 

three histidine linkages of the side chains of His86, His88 and His140, whereas 

cysteine binds as a bidentate ligand to the metal with the thiolate group trans to 

His88 and the amino group trans to His140. The carboxylic acid group of 

cysteine forms hydrogen bonding interactions with several residues in the 

binding pocket, including a salt bridge with Arg60, as well as hydrogen 

bonding interactions with the imidazole side chain of His155 and the phenol 

groups of Tyr157 and Tyr58. Because of this, the substrate binding pocket is 

tight and consequently CDO enzymes are highly substrate specific and will not 

even catalyze the reaction for structurally similar inhibitors.112 The last ligand 
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position of iron is empty in the pdb file but it is the place where molecular 

oxygen will bind. EPR studies on NO bound CDO provided compelling 

evidence that substrate binds prior to molecular oxygen to the metal centre.113 

Moreover, experiments with 18O2 showed that both oxygen atoms of O2 are 

incorporated into cysteine sulphinic acid products.

Another interesting and unusual feature of the enzyme active site is the Tyr

114 

157–

Cys93 crosslink. Currently, it is not clear what its function is, but it was shown 

to be correlated to substrate binding and catalytic turn-over.115,116 It may, 

therefore, affect the active site geometry through structural changes, although 

recent Mössbauer spectroscopic studies revealed little effect on iron binding.117 

So far few experimental studies managed to stabilize and characterize catalytic 

cycle intermediates obtained after dioxygen binding, therefore, to gain insight 

into the dioxygenation reaction of CDO a string of high-level computational 

studies were performed.118–120 The only two experimental reports on dioxygen 

bound intermediates refer to a crystal structure of an iron(III)-persulphenate 

and the spectroscopic characterization of an iron(III)-superoxo complex.121,122 

QM/MM calculations on the iron(III)-persulphenate structure,120 however, 

found no evidence of its involvement of the catalytic mechanism of CDO, and 

its energy was found to be well higher than the iron(III)-superoxo structure. 

Therefore, it is more likely to be a by-product from a side reaction. The 

iron(III)-superoxo intermediate was synthesized from substrate bound CDO 

and mixed with superoxide generated from xanthine oxidase.122 This created a 

transient species with UV-Vis features at 485 and 565 nm, which decayed very 

slowly. EPR spectroscopic studies on this transient species gave evidence of 

the septet spin iron(III)-superoxo intermediate with S = 5/2

 

 spin on the metal 

that is ferromagnetically coupled to an S = ½ superoxo radical.  

3. Methods and techniques. 

3.1  Density functional theory. 

 

Our group uses well benchmarked and calibrated methods that are based on 

density functional theory (DFT) calculations as implemented in commercially 

available computational chemistry software packages, such as Gaussian, 

Jaguar, Turbomole or Orca.123–126 Thus, these software packages describe the 
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electronic features of molecules with the Schrödinger equation,127 Eq 2, that 

relates the wave function of electrical particles (Ψ) to the total energy of the 

system (E) by taking all perturbations that influence the wave function into 

account via the Hamilton operator (H). The Hamilton operator within the 

Born-Oppenheimer approximation includes the kinetic and potential energy of 

all the electrons and nuclei within a molecule and contains electron-electron, 

electron-nucleus and nucleus-nucleus interactions as described in Eq 3.128–130 

The distances between protons and electrons are given as rIi, while the 

distances between two electrons and two protons is described by either rij and 

RIJ



, respectively. The first term in Eq 3 represents the kinetic energy of the 

electrons, the second term is the electron-nuclei attractions and the third term 

gives the electron-electron repulsions. The final term in Eq 3 gives the nucleus-

nucleus repulsions, which within the Born-Oppenheimer approximation is a 

constant value, because the electronic energy E is calculated for a rigid 

molecular geometry. In Eq 3,  is Planck’s constant divided by 2π, me is the 

electron mass, e is the elementary charge and ε0

∇

 represents the permittivity in 

vacuum. The Laplacian ( ) is defined in Eq 4 and represents the motion of an 

electron in three-dimensional space. The complexity of the Hamiltonian 

obviously is dependent on the number of electrons (Ne) and the number of 

protons (Np) of the chemical system. Consequently, an increase of the 

chemical system with more atoms, i.e. with increased number of electrons and 

nuclei, gives enhanced complexity of the solution of the Schrödinger equation. 

As a result of this, the Schrödinger equation can only be solved exactly for the 

hydrogen atom and the H2
+•

 H Ψ = E Ψ (2) 

 molecule and for larger chemical systems 

approximations have to be used.   
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In Hartree-Fock theory (HF) the Schrödinger equation is solved numerically by 

multiplication of Eq 2 with the complex conjugate wave function followed by 

integration of the equation with respect to each individual spin orbital, Eq 5. 
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Solving Eq 5 gives the HF energy for a particular structure. In a subsequent 

step, the wave function coefficients are modified and the HF equations 

recalculated, which is an iterative process that is repeated until self-consistency 

is obtained, whereby the energy change from one step to the next stays below a 

certain cut-off value (the convergence energy). During a geometry 

optimization, this converged wave function is used as the starting point for a 

modified geometry based on the first derivatives of the energy to all individual 

distances and angles. The HF equations are again solved for the new structure 

until self-consistence and the process is repeated until a stationary structure, or 

minimum energy conformation, is found. This optimized geometry should be 

on a local minimum on the potential energy surface with first and second 

derivatives of the energy to the individual coordinates that are zero.  

 ∫ ∫ ΨΨ=ΨΨ ττ dEdH **  (5) 

Generally, HF gives reasonable geometries but its energies are not good 

enough for calculations on reaction mechanisms and barrier heights. For these 

processes, further improvements to the theory are necessary. One such method 

in wave function chemistry is the second order perturbation theory, such as 

Møller-Plesset theory or MP2, which gives much more accurate energies and 

chemical structures.131 However, these methods are computationally 

demanding and even with current resources only accessible to chemical 

systems with less than 30 atoms.132

In the 1960s Kohn and co-workers

 To enable studies of larger chemical 

systems, including biosystems, the search for computationally cheap methods 

was started. Firstly, the advances in density functional theory (DFT) supplied 

an alternative to computationally expensive wave function methods such as 

MP2. Secondly, the development of quantum mechanics/molecular mechanics 

(QM/MM) opened up opportunities to study enzymatic systems with high 

accuracy.  
133,134

( )rρ

 showed that replacement of the wave 

function by a functional of the electron density,  with r the distance 

between two electrons, is more practical. Thus, in DFT the solution to the 

electronic energy (Eel) follows from the sum of the integrals given in Eq 6. 

Again, the first term represents the kinetic energy of the electrons, the second 

term the electron-nucleus attractions and the third integral gives the Coulombic 
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electron-electron repulsions. In addition, in DFT there is an exchange-

correlation term Exc for electron pair interactions with an exchange and a 

correlation component, Ex and Ec, respectively. The exchange energy, Ex, is 

dependent on ferromagnetic interactions of two electrons with the same spin (α 

or β) but in different orbitals. By contrast, the correlation energy, Ec

 

, reflects 

the electron pairing energy of two electrons in the same molecular orbital. 

Unfortunately, no exact equations are known for the exchange and correlation 

energies so that they need to be approximated using empirical equations.  
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Commonly used exchange and correlation energy equations are the Slater 

exchange, Eq 7,135 and the correlation energy due to Vosco, Wilk and Nusair, 

Eq 8.136 The Slater exchange uses the exchange scale factor (αex) that has a 

value of 2/3

[ ]βα ρρε 11 ,c

 for an electron gas. The correlation energy is calculated per 

electron in a gas from the correlation functional  using spin densities 

αρ1  and βρ1 . The sole use of Slater
xE  and VWN

cE  gives the Local Density 

Approximation (LDA), which although it gives an improvement over Hartree-

Fock (HF) wave function methods, it is not good enough to compete with, e.g., 

MP2 methods. As such, further corrections due to non-local interactions are 

needed. These are, for instance, implemented into the Lee, Yang and Parr 

(LYP) or Perdew and Wang (PW95) correlation methods.

 

137,138 
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It took until the 1990s until highly accurate density functional methods were 

developed that were able to accurately predict molecular properties. Thus, 

Becke developed a three parameter (A, B, C) hybrid density functional method 

that includes the exchange and correlation functionals of respectively Slater 
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and VWN in combination with the HF exchange and two correction factors: 

one for the correlation due to, e.g., LYP ( LYP
cE∆ ) and the other for the 

exchange components ( Becke
xE∆ ), Eq 9.139 Becke then optimized the three 

parameters A, B, and C against experimentally determined electron affinities, 

ionization potentials and proton affinities for a test-set of molecules. As an 

example, we give the exchange correlation energy for the commonly used 

B3LYP hybrid density functional method in Eq 9. Obviously, since the hybrid 

density functional method contains fit-parameters that were calibrated against 

experiment, this method cannot be considered as an ab initio method. Hybrid 

density functional methods, however, combine high speed with reasonable 

accuracy, so that these methods are commonly used in computational 

chemistry problems for calculations on relatively large chemical systems with 

excess of 50 atoms. Becke’s test-set predicted energies within 2 kcal mol–1 

from experiment,139 which is a reasonable accuracy to calculate chemical 

reactions. The Becke test-set, however, did not include transition metal 

containing complexes and recent calibration methods showed that for those 

types of chemical systems it is often better to use a modified hybrid density 

functional method like B3LYP* that uses less HF exchange, i.e. typically 10 or 

15% rather than the standard 20%.140 In addition, the energetics of these 

complexes often are overestimated due to lack of dispersion in the calculations. 

Grimme and co-workers developed a dispersion correction expression that 

gives improved energies, which we label as B3LYP-D.141

 

 Nevertheless, 

regardless on the DFT method chosen, the calculated result should be similar. 

Although often calculations show little sensitivity to the methodology, in 

transition metal complexes with close-lying spin states the ordering and spin-

state energy splitting are occasionally dependent on the chosen method. It is of 

paramount importance, therefore, to calibrate DFT calculations on transition 

metal complexes to either experimental data or to do test calculations with 

alternative methods. In most projects described in this work that was done and 

examples of these benchmark results will be given later.  

( ) LYP
c

VWN
c

Becke
x

HF
x

Slater
x

LYPB
xc ECEEBEAAEE ∆++∆+−+= 13  (9) 

 

 



–Page 24– 
 

3.2  Basis sets. 

 

 
Figure 7: Molecular orbitals of O2

 

 in the triplet spin state as calculated with 

MP2/6-31G*. 

In order to solve the Schrödinger equation one optimizes the wave function 

and using the perturbations from the Hamilton operator find the eigenvalues or 

energies associated with the equation. The wave function of molecules is not 

as straightforward as that of atoms, where distinct orbital levels can be 

identified, i.e. 1s, 2s, 2p etc. To overcome this problem, the molecular wave 

function, and consequently molecular orbitals, are usually described as a 

mathematical sum of atomic orbital components through the Linear 

Combination of Atomic Orbitals (LCAO) approach.142 This approach takes all 

occupied and a selection of virtual atomic orbitals (χ) of all atoms in the 

molecule and creates a set of molecular orbitals (ϕi) through fractions (cri

1s

2s

2p

1s

2s

2p

1σg

1σu*

2sσg

2sσu*

2pπu

2pσg

2pσu*

2pπp*

) of 

all atomic orbital components, Eq 10. The quality of these molecular orbitals 

obviously is dependent on the number of active orbitals taken into 

consideration and in particular the number of virtual orbitals included. 

Especially for wave function calculations large numbers of virtual orbitals are 

needed in the calculations as the energy tends to converge to the basis set limit. 

Since, the coefficients of hybrid density functional theory were benchmarked 

against experimental data using calculations using a double-ζ quality basis set, 
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this type of basis set is generally sufficient in DFT calculations for geometry 

optimizations.  

 ∑=
r

rrii c χϕ  (10) 

As an example of the mixing of atomic orbital components into molecular 

orbitals, we give in Figure 7 the orbital splitting for molecular oxygen. Thus, 

the left and right-hand-side levels represent the two individual oxygen atoms 

with 1s2 2s2 2p4 orbital occupation. The atomic orbitals on the two centres mix 

and form the set of molecular (O2) orbitals depicted in the middle of Figure 7. 

The two 1s orbitals of the two oxygen atoms mix to form a bonding (1σg) and 

an anti-bonding (1σu*) pair of molecular orbitals, and the same happens 

between the atomic 2s pair of orbitals to generate the 2sσg and 2sσu

Due to the large number of electrons in transition metal elements there are 

special basis sets available that include an effective core potential (ECP).

* set of 

molecular orbitals. In contrast to the 1σ orbitals the 2sσ molecular orbitals 

contain a certain degree of 2p character as well, and, therefore, have shapes 

that differ from the atomic orbitals. This is even more so for the valence 

orbitals (2pσ and 2pπ), where several high lying (virtual) atomic orbitals are 

mixed in. Consequently, the calculated energy from the Schrödinger equation 

is dependent on the choice of basis set and the number of basis functions used. 

This is particularly important in wave function methods, such as MP2, where 

relatively large basis sets are required.  

143 

Essentially, the core electrons, i.e. 1s, 2s and 2p electrons in Fe, are hardly 

affected by chemical bonding and, therefore, do not change much with respect 

to atomic orbitals. These orbitals in the ECP treatment are replaced by an 

electrical potential in the Hamiltonian. Often the ECP component contains 

relativistic corrections to the energy and improves the calculated energies. For 

iron, typical ECP containing basis sets are from the Los Alamos type, e.g. 

LACVP or LANL2DZ.144 Generally, in our work we calculated energies using 

a triple ζ-type basis set (LACV3P+) that includes diffuse and polarization 

functions on the metal. Test calculations for a substrate hydroxylation potential 

energy profile by a Cpd I model using two different basis sets, namely BS1 

(LACVP on iron and 6-31G on the rest of the atoms) and BS2 (LACV3P+ on 
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iron and 6-311+G* on the rest of the atoms), showed very little changes in 

optimized geometries and virtually identical relative energies along a reaction 

profile.145

 

 As such, usually geometries are optimized using a double-ζ basis set 

and the calculation is followed by a single point energy calculations with a 

triple-ζ basis set.  

3.3  Zero point energy (ZPE). 

 

Calculations of potential energy profiles and reaction mechanisms, as we have 

seen, start off from the Schrödinger equation with a choice of method and basis 

set. The eigenvalues obtained through this, however, are electronic energies, 

which are devoid of vibrational and entropical contributions.  

 

 
Figure 8:  Potential energy profile from reactant state S1 to a product state S2 

via a transition state TS. Highlighted are the electronic and ZPE 
contributions to the total energy. 

 

In order to obtain these corrections to the electronic energy, a frequency 

calculation is performed that calculates the first and second derivatives of the 

energy with respect to the distances and angles between the atoms. From these 

derivatives the vibrational energy levels of a molecule are calculated. Thus, at 

0 K temperature, the molecule resides in the lowest vibrational level above the 
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electronic energy of the local minimum as explained in Figure 8. This Figure 

gives the hypothetical potential energy profile of a molecule that can exist in 

two stable conformations, S1 and S2, for which local minima are calculated 

with energy ES1 and ES2, respectively. The zero point energy (ZPE) is the 

lowest vibrational energy level above these electronic energies and hence ES1

 

 

+ ZPE is the ground state energy for conformation S1. Calculations on a 

potential energy profile are given as ∆E + ZPE relative to a starting structure. 

3.4  Solvent effects. 

 

Calculated energies using computational chemistry methods refer to gas-phase 

data, whether they use ZPE corrections or not. In order to compare 

computational results to experiment, the solvent needs to be mimicked in into 

the calculations. This can be done by simply adding solvent molecules to the 

chemical model and reoptimizing the structures. However, calculations with 

large number of atoms require more resources and are not always practical, 

especially since solvent molecules can exist in several conformations.146

Software packages, such as Gaussian and Jaguar, include solvent models like 

the Polarizable Continuum Model (PCM).

 

Instead of addition of solvent molecules to the chemical structure, a more 

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

implicit solvent model. This can either be done at single point level, whereby 

the energy is recalculated with a solvent model on the gas-phase optimized 

geometry, or by reoptimizing the structure using a solvent model.  

147

  

 In PCM calculations the solvent 

is described as a perturbation of the molecule with a dielectric constant and the 

molecule is placed in a cavity that is surrounded by the dielectric continuum. 

The cavity is described as 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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3.5  Quantum mechanics/molecular mechanics (QM/MM). 

 

Another approach to mimic perturbations of a surrounding into the energies of 

molecules is to use the quantum mechanics/molecular mechanics (QM/MM) 

approach. In QM/MM the chemical system, such as an enzyme, is divided into 

two or more regions (shells): the inner core that is calculated with accurate 

methods and the outer region, which contains the protein and solvent is 

calculated with computationally cheap methods, like molecular mechanics 

(MM).148

 

 The inner core is our region of interest and contains the basic 

features of the enzyme active site and the substrate, but is held in position by 

interactions with the rest of the protein. These chemical constraints fix the 

active site and substrate into a specific conformation that affect their 

interactions and reactivities. However, those chemical groups that do not 

contribute to the reaction mechanism and, therefore, are not essential for the 

quantum mechanical description of the system are not necessary in the QM 

region and are calculated with an MM force field. 

 

Figure 9:  Description of an enzyme via QM/MM and the division of the 
system into a QM and an MM region. 
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The division of the system between QM and MM regions is not necessarily 

straightforward, since it may cut through bonds, and as such there are several 

methods to describe the interface between the QM and MM region. We use the 

link-atom approach whereby the region between the QM and MM areas is 

described with hydrogen link atoms using the charge shift model.

The QM/MM methodology starts off from experimentally determined crystal 

structure coordinates, i.e. a protein data bank (pdb) file. Many pdb files of 

proteins are available from the protein databank on the internet.

149 

35 Often these 

pdb files refer to a resting state structure of the enzyme rather than its 

catalytically active species. This, therefore, requires some modifications to the 

starting structure pdb and conversion of it into a later structure in the catalytic 

cycle. In addition, the pdb files tend not to contain hydrogen atoms, so that 

they need to be added as well as a solvent layer/box. Generally, this is done in 

the preliminary set up where the user carefully checks protonation states of 

residues, salt and disulphide bridges and ions. The pdbtopqr program was used 

to assign protonation states at pH = 7, whereas all individual histidine residues 

are manually checked for protonation state. Histidine groups in proteins can 

exist in one of three protonation states: deprotonated, singly protonated or 

doubly protonated. All His residues in the structure are manually and visually 

investigated for likely hydrogen bonding donor and acceptor groups and their 

protonation states assigned. Counterions are added to the surface to balance the 

overall charge of the system to neutral. After this initial set up the system is 

equilibrated and heated to room temperature in a stepwise protocol. First only 

hydrogen atoms are allowed to change position, but in a later stage also the 

backbone atoms are free to relax in the geometry optimization. The final 

molecular dynamics simulation creates a series of low energy snapshots that 

are used as starting points for the actual QM/MM calculations. There are 

several force fields available for these MD simulations, such as a universal 

force field (UFF),150 Amber,151 Charmm,152

In our calculations we describe the QM region with a DFT method, such as 

B3LYP, in combination with one of the common basis sets mentioned above, 

e.g. LANL2DZ+ECP and 6-31G*. Since, the speed of the calculations is 

dependent on the number of atoms in the QM region, we test several sizes of 

QM region for consistency. Geometries refer to optimizations of all degrees of 

 etc. 
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freedom in the QM and MM regions unless otherwise noted. Frequencies are 

done on the geometry for the QM region only.  

 

4. Results and Discussion. 

 

Our studies use a combination of chemical techniques and are focused on 

gaining fundamental chemical insight into short-lived intermediates in 

enzymatic systems. In particular, the work describes the activity of enzymes 

vital for human health including the heme-based P450s and the nonheme iron 

dioxygenases. Both systems utilize molecular oxygen on an iron centre, but 

catalyze different reactions. Their reactivity patterns are still poorly 

understood, and hence these enzymes are under-used in commercial 

biotechnological applications. Moreover, due to the transient nature of several 

key intermediates in the reaction processes and the complications due to 

multiple possible spin state electromers it is difficult to study these chemical 

systems with experimental methods. Theoretical modelling assist here and 

guides experimental work in the field. 

 

4.1  Cytochrome P450s (P450s). 

 

Over the years our group has extensively studied the catalytic mechanism and 

chemical properties of P450 enzymes. Early studies focussed on establishing 

the catalytic mechanisms and rate determining steps of aliphatic 

hydroxylation,153–155 olefin epoxidation,154,156,157 sulphoxidation of 

dialkylsulphides,65 and the aromatic hydroxylation of arenes by P450 Cpd I.158 

We will not discuss these studies in detail here, as they have been extensively 

reviewed,8,13,16,32,33

 

 but will describe more recent work where we have 

generalized the rate constants of the reaction processes using thermodynamic 

and valence bond (VB) models and the effect of ligands on the reaction 

mechanism. Those studies have predictive value and enable one to determine 

regioselectivities and activities of metal-oxo species. Before discussing the 

predictive studies, however, let me briefly summarize the key properties of the 

active species of P450, namely Cpd I. 
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4.1.1 Compound I of P450. 

 

 
 

Figure 10: High-lying occupied and low-lying virtual orbitals of 4Cpd I. The 
inset gives the optimized geometry of 4,2Cpd I with bond lengths 
in angstroms. 

 

As described above, the active species of the P450s is an iron(IV)-oxo heme 

cation radical species that is also known as Compound I (Cpd I). Cpd I has a 

characteristic electronic configuration with three unpaired electrons: two are in 

orthogonal π*FeO orbitals (labelled as π*xz and π*yz) while the third is in a 

heme-type π* orbital with a2u symmetry.159,160 The latter orbital is known to 

mix with the axial ligand π-orbitals, and hence, its energy level is influenced 

by electron donating ligands.161 In particular, a thiolate ligand of a cysteinate 

group gives strong mixing of the 3pS orbital with the a2u orbital that raises it in 

energy. This mixing was also shown to be dependent on environmental effects 

including donating hydrogen bonds toward thiolate.161,162 The calculated 

geometry of Cpd I is shown in Figure 10 together with the key orbitals 

involved in the oxygen atom transfer reaction to substrates. Five of these 

orbitals originate from the metal 3d orbitals and the other two are π*-type 
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porphyrin orbitals with a1u and a2u symmetry. Four electrons occupy the metal 

3d set of orbitals: two reside into the nonbonding δx2–y2 orbital in the plane of 

the heme and two others are in a pair of almost degenerate π*xz and π*yz 

orbitals for the interactions of the 3dxz/3dyz iron orbitals with 2px/2py orbitals 

on oxygen. In a bare porphyrin ring (PorH2) without the central metal ion, the 

a1u and a2u orbitals are degenerate,163 but interactions of the a2u with the axial 

thiolate ligand, raise it in energy. The overall electron configuration of Cpd I is 

δx2–y22 π*xz
1 π*yz

1 a1u
2 a2u

1 with a total of three unpaired electrons. Since, the 

interactions between the π*xz/π*yz and a2u orbitals is small, the three unpaired 

electrons either couple to an overall doublet spin state (π*xz
↑ π*yz

↑ a2u
↓) or a 

quartet spin state (π*xz
↑ π*yz

↑ a2u
↑) that are very close in energy.163 As a result 

Cpd I reacts with substrates via two-state-reactivity patterns on competing 

doublet and quartet spin state surfaces.16,164 In the past we found examples, 

such as for substrate hydroxylation by trans-methylphenylcyclopropane, where 

the doublet spin mechanism is different from the one on the quartet spin state 

and consequently the two spin state surfaces give different reaction products.165

 

 

Furthermore, two-state-reactivity was shown to affect and disturb kinetic 

isotope effects.  

4.1.2 Chemical properties of Cpd I of peroxidases and catalases. 

Most peroxidases in contrast to the P450s are heme enzymes that contain a 

histidine group in the axial position rather than a cysteinate residue, yet a 

tyrosinate group occupies that position in catalases. This, for a long time, was 

considered as the key chemical reason for the differences in biological function 

of these three classes of heme enzymes.18,166,167 The biological function of 

peroxidases is to detoxify hydrogen peroxide to two water molecules, while 

catalases convert it to molecular oxygen and water. It has been proposed that a 

cysteinate axial ligand induces a “push”-effect of electron density toward the 

heme, whereas a histidine ligand withdraws electron density.168,169 To 

understand the electron withdrawing/electron donating properties of the axial 

ligand and the effect this has on the catalysis of a substrate, we performed a 

series of DFT calculations on models of Cpd I of P450, horseradish peroxidase 

(HRP), cytochrome c peroxidase (CcP) and catalase (Cat).163,170–172 Figure 11 
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displays optimized geometries of 4,2

 

Cpd I models of P450, HRP, CcP and Cat 

with relevant group spin densities (ρ) highlighted.     

Figure 11:  Optimized geometries of 4,2

 

Cpd I models of P450, HRP, CcP and 
Cat with bond lengths in angstroms and group spin densities () in 
atomic units. Data for the low-spin states are in parenthesis. 

Geometrically, little variation is found in the iron(IV)-oxo distance in all Cpd I 

structures and generally the distance is about 1.66 Å in histidine ligated Cpd I, 

whereas it is slightly shorter in Cpd I systems with an anionic axial ligand. The 

group spin densities give a value of about 2 on the FeO group, which reflects 

single occupation of the π*xz and π*yz orbitals. In P450 Cpd I, the third 

electron is based in a mixed heme and axial ligand orbital as highlighted in 

Figure 12(a). Thus, the a2u orbital mixes with a lone pair orbital (πL, L = S) on 

the axial ligand along the O–Fe–S axis and splits into bonding and anti-

bonding combination of orbitals (a2u + πL) and (a2u – πL). The former orbital 

is doubly occupied, whereas the anti-bonding orbital is destabilized in energy 

(HRP) 

(CcP) 
(Cat) 
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and singly occupied. Since, this is the highest occupied molecular orbital 

(HOMO), the electron affinity of Cpd I(P450) is significantly reduced with 

respect to that of Cpd I(HRP), where this mixing does not occur.   

The DFT model calculations on CcP Cpd I identify the electronic structure as a 

mixed state with partial unpaired spin density on the heme, in the a2u orbital 

and partial single occupation of a tryptophan π-orbital, i.e. π*xz
1 π*yz

1 a2u
1 

πTrp
2 ↔ π*xz

1 π*yz
1 a2u

2 πTrp
1.170 In the gas-phase as well as in a solvent 

mimicked calculation, the energy differences between the two states are very 

small and hence a mixed state is found. To find out, whether environmental 

effects can change the ordering of these two states we added a point charge at a 

distance to our chemical system. Thus, a structurally close enzyme to CcP is 

ascorbate peroxidase (APX), which has a very similar heme active site that 

also contains a His-Asp-Trp triad, and the only difference in the structure 

appears to be a K+ binding site at about 8 Å from the heme.173

 

 Experimental 

EPR studies on APX Cpd I, in contrast to those on Cpd I of CcP, identified the 

electronic state as a porphyrin radical rather than a Trp radical.  

4.1.3 Aliphatic hydroxylation by P450 Cpd I. 

 

Aliphatic hydroxylation is one of the most common chemical reactions 

catalyzed by the P450s as a means of detoxification of drugs and xenobiotics 

in the liver. As a result the P450s are well studied enzymes by the 

pharmacological industry.174 Other P450 isozymes, such as the P450BM3 

isozymes, hydroxylate long-chain fatty acids stereospecifically and 

regioselectively.175 Aliphatic C–H hydroxylation is a challenging reaction 

process, due to the fact that a strong C–H bond needs to be broken, Eq 11. 

Moreover, often the reaction takes place in a regioselective or stereospecific 

manner. As it is an important reaction in catalysis many studies have been 

performed to understand the catalytic mechanism, the origins of the regio- and 

stereoselectivity of the reaction, the nature of the by-products and predictions 

of chemical reactivity. However, as Cpd I is short-lived, experimental studies 

encounter difficulties. Computational modelling, therefore, can assist here and 

give insight into fast reaction processes of short-lived chemical intermediates. 
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  (11)  

 

Technically, the aliphatic hydroxylation by Cpd I can start with a hydrogen 

atom abstraction, a proton abstraction or a hydride transfer from the substrate. 

We will start, however, with the most common reaction process that starts with 

a hydrogen atom abstraction, which essentially is the sum of a proton and 

electron transfer. In P450 chemistry the electron and proton transfer do not 

necessarily take place to the same site, so that different electromers can be 

formed after hydrogen atom abstraction from a substrate (SubH) to Cpd I, 

[FeIV=O(heme+•)], leading to either an iron(IV)-hydroxo heme or an iron(III)-

hydroxo heme cation radical intermediate, Eqs 12 and 13. The reaction 

enthalpy for Eq 12 and 13 is ∆HHA,FeIV and ∆HHA,FeIII

 

, respectively.  

 [FeIV=O(heme+•)] + SubH → [FeIV(OH)(heme)] + Sub• + ∆HHA,FeIV

 [Fe

  (12) 
IV=O(heme+•)] + SubH → [FeIII(OH)(heme+•)] + Sub• + ∆HHA,FeIII

 

 (13) 

Thus, the electron transfer from substrate to doublet or quartet Cpd I can lead 

to five low-lying radical intermediates (2,4I), whereby the electron either fills 

the porphyrin hole (a2u orbital) or fills the π*xz orbital with a second electron. 

Note that there are two isoelectronic doublet spin intermediates with the metal 

in the iron(III) oxidation state and electronic configuration π*xz
2 π*yz

↑ a2u
↓ 

φSub
↑ (2IIII) or π*xz

2 π*yz
↑ a2u

↑ φSub
↓ (2I′III) with φSub the orbital for the radical 

on Sub•. Table 1 gives an example of these five radical intermediates as 

calculated for hydrogen atom abstraction from propene by a Cpd I model.176

 

  

Table 1: Electronic configuration and relative energies of optimized 

geometries of radical intermediates (I) obtained after hydrogen atom 

abstraction from propene by P450 Cpd I. 

 

 Label Electronic configuration Orbital occupation ∆E

 

 a 

2IIV [FeIV(OH)(heme)--Sub•] π*xz
↑ π*yz

↑ a2u
2 φSub

↓

 

 0.0 
4IIV [FeIV(OH)(heme)--Sub•] π*xz

↑ π*yz
↑ a2u

2 φSub
↑

C H
+P450 Cpd I

C O
H

 0.4 
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 4IIII [FeIII(OH)(heme+•)--Sub•] π*xz
2 π*yz

↑ a2u
↑ φSub

↑

 

 6.4 
2I′III [FeIII(OH)(heme+•)--Sub•] π*xz

2 π*yz
↑ a2u

↑ φSub
↓

 

 6.4 
2IIII [FeIII(OH)(heme+•)--Sub•] π*xz

2 π*yz
↑ a2u

↓ φSub
↑ 9.9 

a Energies in kcal mol–1

 

 calculated at UB3LYP/BS2 and taken from Ref 176. 

 

 
Figure 12: Typical two-state-reactivity potential energy profile for substrate 

hydroxylation by P450 Cpd I on competing doublet and quartet 
spin states and passing possible radical intermediate electromers. 

 

Figure 12 displays a typical multistate-reactivity profile for aliphatic 

hydroxylation of a model substrate (propene) on competing doublet and quartet 

spin states.176 The overall reaction mechanism starts from the degenerate 

doublet and quartet spin states of Cpd I and via an initial hydrogen atom 

abstraction followed by hydroxyl rebound to the radical restgroup gives 1-

propenol products. Essentially, computation identified five low-lying reaction 

profiles via any of the IIV or IIII intermediates. Obviously, these five radical 

intermediates connect to reactants via five different hydrogen atom abstraction 

barriers TSH. Radical rebound encounters significant barriers on the quartet 

spin state surface (TSreb), but is virtually barrierless on the low-spin surface. 

Nevertheless, the low-spin radical intermediates are local minima with real 
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frequencies only, but due to the small rebound barriers these states will have 

short lifetimes and collapse to the product complexes (2P) spontaneously. By 

contrast, the quartet spin mechanisms have large barriers that will determine 

their lifetime during which the radical restgroup can undergo rearrangement 

leading to either by-products or stereochemical scrambling. These 

rearrangement patterns are not possible on the doublet spin state surface, hence 

the two spin state surfaces occasionally give differences in product 

distributions. The rebound barrier tend to be higher in energy for 4TSreb,III than 

for 4TSreb,IV, since a double electron transfer takes place on the iron(III) 

surface. Thus, the quartet spin product (4P) has orbital occupation π*xz
↑ π*yz

↑ 

σ*z2↑ a2u
2, so that the process from 4IIV will lead to electron transfer from 

substrate into the σ*z2 orbital, whereas the one starting from 4IIII gives an α-

spin electron transfer from substrate to σ*z2 and a β-spin electron transfer 

from π*xz to a2u. Because of this difference, the rebound barrier from 4IIII is 

larger than that for 4IIV

 

, and consequently more rearrangement is expected on 

the quartet spin iron(III) surface. 

 

 
Figure 13:  Hydrogen atom abstraction energy by Cpd I(P450) to form IIV 

intermediates as a function of (a) BDEC–H and (b) BDEO–H. 

y = 1.12x – 94.93
R² = 0.9627

-5

0

5

10

15

20

80 85 90 95 100
BDEC–H (kcal mol–1)

∆HHA,FeIV
kcal mol–1

(a)

y = –1.09x + 89.99
R² = 0.97

-25

-20

-15

-10

-5

0

80 85 90 95 100 105
BDEOH (kcal mol–1)

∆HHA,FeIV
(kcal mol–1)

(b)



–Page 38– 
 

Let us in the following attempt to generalize and explain the energetics of the 

processes in Figure 12 and the corresponding reaction barriers. As shown in Eq 

12 – 16 the reaction enthalpy for hydrogen atom abstraction is dependent on 

the strength of the C–H bond of the substrate that is broken or bond 

dissociation energy of the C–H bond (BDEC–H) as well as on the strength of 

the O–H bond in the iron(IV)-hydroxo complex that is formed (BDEO–H). The 

reaction enthalpy for the iron(IV)-process, therefore, can be written as the 

difference between BDEC–H and BDEO–H.177–179 This implies that the reaction 

energy from reactants to form 4IIV should correlate with both BDEC–H and 

BDEO–H. For the hydrogen atom abstraction from a range of substrates by a 
4[FeIV=O(Por+•)SH] model of P450 Cpd I with Por = bare porphyrin ring 

without side chains, we plot the reaction enthalpy to form 4IIV as a function of 

the calculated BDEC–H value of each substrate in Figure 13(a). As follows 

from Figure 13(a) the reaction enthalpy correlates linearly with BDEC–H and 

the correlation coefficient R2 is close to unity. This implies that the standard 

deviation of the calculations is very small (within a few kcal mol–1) and that 

indeed ∆HHA,FeIV correlates with BDEC–H

  

 as predicted by Eq 16. The slope of 

the trend, however, deviates slightly from unity, probably because entropic 

effects were not taken into consideration in the calculations. 

 SubH → Sub• + H• + BDEC–H

 [Fe

  (14) 
IV(OH)(heme)] → [FeIV=O(heme+•)] + H• + BDEO–H

 ∆H

 (15) 

HA,FeIV = BDEC–H – BDEO–H

 

  (16) 

Subsequently, we calculated the hydrogen atom abstraction from propene by a 

range of iron(IV)-oxo species with either heme or nonheme ligand systems 

including a series of [FeIV=O(Por+•)X] intermediates with X = variable axial 

ligand.180 A plot of the obtained ∆HHA,FeIV enthalpies versus BDEO–H of these 

iron(IV)-oxo oxidants is given in Figure 14(b). As follows also the trend of 

∆HHA,FeIV against BDEO–H is linear with a correlation coefficient of R2

The Polanyi principle,

 = 0.97 

and confirms the prediction made by Eq 14. 
181 states that barrier heights of a chemical reaction are 

often proportional to the driving force of a reaction. Consequently for a 
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hydrogen atom abstraction from a substrate by Cpd I, the barrier height (TSH) 

should be proportional to ∆HHA and also to either BDEC–H or BDEO–H. In 

order to test this, two sets of calculations were performed. Firstly, for a model 

of P450 Cpd I the hydrogen atom abstraction of a range of substrates was 

calculated. Secondly, the aliphatic hydroxylation of propene was calculated for 

a set of iron(IV)-oxo species. These two sets of calculations aimed to correlate 

the barrier height of hydrogen atom abstraction against either BDEC–H or 

BDEO–H

 

. 

 

 
Figure 14:  Trends of calculated hydrogen atom abstraction barrier height of an 

aliphatic group by an iron(IV)-oxo species versus the BDEC–H 
value of the substrate: (a) Using [FeIV=O(Por+•)SH] as an oxidant. 
(b) Using [FeIV

 

=O(Cor+•)] as an oxidant. The green line in panel 
(b) gives the trend of panel (a). 

In a first set of experiments we took one oxidant, [FeIV=O(Por+•)SH] and 

calculated the hydrogen atom abstraction reaction of a set of substrates: 

methane, ethane, propane, propene, toluene, ethylbenzene, trans-

methylphenylcyclopropane, trans-i-propylphenylcyclopropane, N,N-

dimethylaniline and camphor. The hydrogen atom abstraction barrier was 

subsequently correlated to BDEC–H in Figure 14.155,182

y = 1.08x – 94.6
R² = 0.94

0

5

10

15

20

25

90 95 100 105 110

BDEC–H + RE [kcal mol–1]

∆E‡+ZPE

[kcal mol–1]

(a)

 More recently, we also 

y = 0.63x – 52.02
R² = 0.93

0

5

10

15

20

70 80 90 100 110

∆E‡+ZPE
[kcal mol–1]

BDEC–H + RE   [kcal mol–1]

1

2
3

4

5

6

7
8

9 10

(b)



–Page 40– 
 

calculated similar trends for [FeIV=O(corrole+•)],183 displayed in Figure 15(b), 

and a model of the iron(IV)-oxo species of taurine/α-ketoglutarate 

dioxygenase (see section 4.4) and found similar trends. A corrole group 

resembles a porphyrin group but misses one of the meso-CH bridges and hence 

has overall charge –3 rather than –2. Because of this corroles are highly 

suitable ligand systems to stabilize transition metals in high oxidation states, 

such as MnV or FeIV. These figures give the BDEC–H energy corrected for the 

resonance energy of the substrate (RE), which reflects the distortions of the 

original substrate geometry in the transition state.182 As can be seen from 

Figure 14 the hydrogen atom abstraction barrier correlates linearly with the 

strength of the C–H bond that is broken as predicted and found for 

experimentally observed trends by Bordwell, Mayer and their co-

workers.178,180

  

   

As mentioned above substrate hydroxylation is a two step process with an 

initial hydrogen atom abstraction that is followed by OH rebound to Sub• to 

form alcohol products. However, in some situations the latter step is replaced 

by a second hydrogen atom abstraction to give water and dehydrogenated 

substrate, such as an olefin or a ring-closure process. Technically, the 

dehydrogenation reaction competes with the hydroxylation reaction and the 

regioselectivity of these processes will be determined by the relative energies 

of the rebound versus dehydrogenation barriers.184 Scheme 1 explains the 

competitive reaction mechanisms leading to alcohol and olefin products from 

aliphatic groups. Thus, both reactions start with a hydrogen atom abstraction 

from the substrate to form a radical intermediate. For simplicity we only show 

the iron(IV)-hydroxo intermediate in Scheme 1. Rebound of the OH group 

gives alcohol products with exothermicity ∆Hreb,IV, but a second hydrogen 

atom abstraction from the substrate by the iron(IV)-hydroxo intermediate gives 

olefin and water products with reaction enthalpy ∆Hdehydro.  
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Scheme 1: Reaction mechanisms of Cpd I with alkanes leading to alcohol and 

olefin products. 
 

Thermodynamically, the rebound barrier involves the breaking of the FeIV–OH 

bond in the radical intermediate and the formation of the Sub–OH bond. We 

calculated a value of 30.2 kcal mol–1 to break the FeIV–OH bond in the 

iron(IV)-hydroxo intermediate.184 The bond dissociation energy of the C–O 

bond in the alcohol is defined as BDECOH and we calculated this for a selection 

of substrates (Table 2). The bond is strong for aliphatic molecules such as 

ethane, trans-butane and cyclohexane, but is much weaker for olefins such as 

cyclohexene and cyclohexadiene. The dehydrogenation energy depends on the 

energy to break a C–H bond in Sub• (BDEC2–H) and the formation of an O–H 

bond to form water for which we calculated a value of 70.8 kcal mol–1 in 

FeIII(H2O)(heme). The values of BDEC2–H were calculated for a selection of 

substrates and are also given in Table 2.   
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Scheme 2: Reaction mechanism of arginine hydroxylation by NOS enzymes 

as established by DFT. 
 

 

Table 2: Calculated BDEs and reaction enthalpies for the reactions from 

Scheme 2.

Substrate BDE

a 

C–H ∆HHA,IV BDEC2–H∆Hdehydro BDECOH ∆H

ethane 96.2 9.5 36.7 –34.0 85.8 –55.5 
reb,IV 

trans-butane 92.6 5.9 33.5 –37.3 85.4 –55.2 

cyclohexane 93.0 6.4 33.6 –37.2 85.8 –55.6 

cyclohexene 77.7 –9.0 47.5 –23.3 69.1 –38.9 

cyclohexadiene 69.0 –17.6 21.8 –49.0 59.7 –29.5 
a All values are in kcal mol–1

 

 and taken from Ref 184. 

 

Figure 16: Optimized geometries of hydride transfer and hydrogen atom 
abstraction barriers from AcrH

 

2 by [FeIV

 

=O(Por+•)Cl] with bond 
lengths in angstroms and group spin densities in atomic units. 

Using these BDE values we then calculated reaction enthalpies for radical 

rebound and dehydrogenation from the iron(IV)-hydroxo complex and Sub• 
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and report these values in Table 2. As follows, for aliphatic substrates the 

rebound exothermicity is large mainly due to the formation of a strong C–O 

bond. With cyclohexene and cyclohexadiene the C–O bond formation is much 

lower. However, with cyclohexadiene the second hydrogen atom abstraction 

costs little energy, and, in addition, the formed product is benzene, which has 

considerable aromatic stabilization. By contrast, olefins formed from aliphatic 

groups do not have this resonance stabilization and hence have much lesser 

reaction exothermicities for dehydrogenation. As a consequence, 

cyclohexadiene will react with Cpd I by formation of benzene products 

through a dehydrogenation reaction, whereas linear alkanes give alcohol 

products instead. In principle, the reaction of Cpd I with an aliphatic group can 

lead to either hydrogen atom abstraction, proton transfer or hydride transfer. 

For the substrates discussed above only a hydrogen atom abstraction was 

observed, which was seen to be a separate electron and proton transfer to a 

different site, although the two events were found to be taking place during the 

same rate determining transition state. In the final paragraphs of this section we 

will give two examples of different reactivities. Firstly, we will give an 

example of a hydride transfer by Cpd I from a substrate with weak C–H bond 

strength, i.e., 10-methyl-9,10-dihydroacridine (AcrH2

The reaction of [Fe

). Secondly, we 

encountered a system, namely of the active site of nitric oxide synthase (NOS), 

where the reaction starts off with an initial electron transfer followed by a 

hydrogen atom abstraction. 
IV=O(Por+•)Cl] with AcrH2 was calculated with DFT 

methods and established a stepwise mechanism.185 However, three barriers 

were located for the initial reaction step (Figure 16): 2,4TSH,HT leading to a 

hydride transfer intermediate with orbital occupation δx2–y22 π*xz
2 π*yz

1 a2u
2 

in the doublet spin state and δx2–y22 π*xz
1 π*yz

1 σ*z21 in the quartet spin state 

and configuration [FeIII(OH–)(Por)Cl---AcrH+]. The third transition state 

(4TSH,HA) is a hydrogen atom abstraction transition state similar to those 

discussed above that gives an iron(IV)-hydroxo radical intermediate. Thus, the 

hydride transfer transition states are substantially lower in energy than the 

hydrogen atom abstraction barrier. Furthermore, the cationic intermediates are 

also much lower in energy than the radical intermediates in this system. 
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However, although the overall reaction from reactants to intermediates 

implicates a hydride transfer step, actually, the charge and group spin densities 

in the 2,4TSH,HT structures associate them as hydrogen atom abstraction barriers 

instead. In particular, the AcrH restgroup has considerable amount of unpaired 

spin density in all three transition states. Consequently, the hydride reaction 

step in the mechanism actually is a hydrogen atom transfer followed by a 

separate electron transfer. The hydrogen atom transfer then takes place in the 

transition states (2,4TSH,HT), which are followed by an electron transfer en route 

from the transition state to the cationic intermediate. Replacement of the 

iron(IV) atom in Cpd I by manganese(V) gave similar reaction mechanisms of 

hydride versus hydrogen atom transfer reactions.

Closely related to the P450 enzymes are the nitric oxide synthases (NOSs), 

which are involved in the biosynthesis of NO in the body. NO has diverse 

functions in the body, but due to its high reactivity it needs to be created close 

to the source where it is needed to avoid accidental damage. In the body NO 

functions as a neuronal messenger, and participates in blood pressure control 

and heart rate. NOS enzymes take one molecule of arginine and convert it to L-

citrulline and NO through the use of two molecules of molecular oxygen on a 

heme centre. For a long time, it has been believed that the catalytic mechanism 

of the first step, i.e. the conversion of L-arginine into N

186 

ω-L-hydroxy-arginine 

happens via a P450-type mechanism with an initial hydrogen atom abstraction 

followed by radical rebound. In order to understand its mechanism we did a 

series of DFT calculations on an active site model.187,188 The calculations show 

that in the gas-phase protonated arginine substrate initially functions as a 

proton donor in the catalytic cycle, which can shuttle protons from the solvent 

to the iron(III)-superoxo and iron(III)-hydroperoxo (Cpd 0) intermediates. This 

eventually generates Cpd I and a neutral arginine residue. Test calculations for 

hydrogen atom abstraction or proton abstraction from protonated arginine by 

Cpd I revealed high energy barriers, and, therefore was ruled out as a possible 

mechanism. Neutral arginine transfers an electron to Cpd I rapidly in the gas 

phase to form Cpd II and ionized arginine. A hydrogen atom abstraction by 

Cpd II followed by OH rebound then gives Nω-L-hydroxy arginine products. 
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Figure 17: Possible reaction mechanisms between Cpd I and a substrate 

leading to electron transfer (ET), hydrogen atom abstraction (HA) 
and hydride transfer (HT). 

 

In order to understand the reactivities of Cpd I with substrates and the possible 

mechanisms, i.e. electron transfer, hydrogen atom abstraction or hydride 

transfer, consider in Figure 17 the energetics for the individual processes. 

Thus, in a reaction where hydride transfer is preferential over hydrogen atom 

abstraction the reaction enthalpy ∆HHT should be larger than ∆HHA. Based on 

the strength of the C–H bond in the substrate and the electron affinity of Cpd I 

one can derive that the difference in enthalpy between hydrogen atom 

abstraction and hydride transfer is exactly equal to the electron affinity of a 

hydrogen atom minus the ionization potential of the hydrogen abstracted 

substrate (Sub):

∆H

185 

HT – ∆HHA > EAH – IESub

 

 (18) 

4.1.4 Olefin epoxidation by P450 Cpd I. 

 

Olefin epoxidation is a common process catalyzed by P450 enzymes and, for 

instance, in the body takes place on unsaturated fatty acids in the liver,189 

whereas in cockroaches the epoxidation of methyl farnesoate by a P450 

isozyme leads to the biosynthesis of a vital hormone.190 A stepwise mechanism 

for substrate epoxidation by P450 Cpd I was established (Figure 18) with an 

initial C–O bond formation step to form a radical intermediate followed by a 

ring-closure barrier leading to epoxide products.156 During the life-time of the 

radical intermediate stereochemical scrambling can occur leading, e.g., to cis-
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epoxides from trans-olefins.157 Furthermore, rearrangement patterns have been 

calculated leading to aldehyde and suicidal products via spin-state crossings 

from radical to cationic intermediates.157,191,192 The features of the mechanism 

resemble that of aliphatic hydroxylation closely and were described as a 

stepwise process via a radical intermediate. As an example of a typical 

substrate epoxidation potential energy profile we present in Figure 19 the 1-

butene epoxidation by 4,2Cpd I of P450 as calculated with DFT.145 In this study 

the geometries were optimized with a relatively large basis set, but despite this 

the energies were only a fraction different from those observed with 

UB3LYP/B1//UB3LYP/B2, hence the large basis set is not necessary for the 

geometry optimization itself. The potential energy profile resembles that of 

Figure 13 above and also can take place via either an iron(IV)(heme) or 

iron(III)(heme+•) radical intermediates, although we only give the low-lying 

iron(IV) structures here. Calculations on propene epoxidation by P450 Cpd I 

showed the mechanisms leading to iron(III) intermediates to be higher in 

energy by several kcal mol–1, at least in the gas phase.176 Ring closure of the 

epoxide ring leads to the product complexes and again the low-spin 

mechanism is virtually barrierless, whereas on the high-spin surface a small 

barrier (TSrc) separates the radical intermediates from products. During the 

lifetime of the high-spin radical intermediate rearrangement patterns are 

possible leading to stereochemical scrambling. In addition, an internal electron 

transfer can take place to form two possible cationic intermediates; one that 

connects to suicidal intermediates and the other to aldehyde products.157,191,192 

The suicidal complexes originate from attack of the cationic site in FeIII–

OCH2–CH+–R onto a nitrogen atom of the porphyrin ring, which leads to a 

Fe–O–C–C–N five-membered ring. In enzymology these complexes have been 

detected and are called suicidal complexes as the formation of this highly 

stable complex destructs the activity of the heme.193 We identified the cationic 

intermediate leading to these suicidal complexes as 4IIII,cat,xy with orbital 

occupation δ2 π*xz
1 π*yz

1 σ*xy
1 a2u

2 φR
0.157 An alternative cationic 

intermediate 4IIII,cat,z2 with orbital occupation δ2 π*xz
1 π*yz

1 σ*z21 a2u
2 φR

0 was 

found to lead to a 1,2-hydrogen atom shift and the formation of aldehyde 

products.191    
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Figure 18: DFT calculated potential energy profile of 1-butene epoxidation by 

a Cpd I model. Bond lengths are in Ångstroms and relative 
energies in kcal mol–1. Data taken from Ref 145. 
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Figure 19:  DFT calculated epoxidation barrier heights by Cpd I with a 

selection of substrates as a function of (a) the ionization potential 
of the substrate and (b) the polarizability change for the reaction. 
Data from Ref 145. 

 

Subsequently, we investigated the intrinsic chemical properties of the oxidant 

and substrate that determine the barrier height or rate constant of olefin 

epoxidation. We first investigated olefin epoxidation by 4,2Cpd I of P450 using 

a selection of substrates: ethene, propene, 1-butene, trans-2-butene, 1,3-

cyclohexadiene, 1,4-cyclohexadiene and styrene. In a second set of 

calculations we took one substrate (propene) and varied the oxidant; this study 

included [FeIV=O(Por+•)X] models with varying axial ligand X, as well as 

some nonheme iron(IV)-oxo complexes.145 As the olefin epoxidation starts 

with the formation of a C–O bond and the transfer of an electron from the 

substrate into the a2u molecular orbital, we attempted to correlate the barrier 

height 4,2TSE with the ionization energy (IE) of the olefin. Figure 19 displays 
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the obtained correlation between epoxidation barrier height of olefins by 4Cpd 

I(P450) as a function of IE. As follows a linear trend is observed that confirms 

that the rate constant is proportional to the ionization potential of the substrate. 

Recently, we showed that polarizability volume is a thermodynamic variable 

and is included in the van der Waals constants a and b.194–196 To test if the 

barrier height of the reaction is proportional to the polarizability change from 

reactants to transition states, we extracted values of polarizability volume from 

the calculations and calculated the average value from the trace over αxx, αyy 

and αzz

In a second set of calculations we investigated the properties of the oxidant in 

the epoxidation reaction process. We took one substrate (propene) and 

calculated its epoxidation by a set of iron(IV)-oxo complexes. Since, the 

epoxidation reaction is accomplished by the breaking of a π-bond in the 

substrate and the simultaneous formation of a C–O bond, we reasoned that the 

barrier height should correlate with the strength of the π-bond of the substrate 

that is broken and the strength of the C–O bond that is formed. The breaking of 

the π-bond, i.e. conversion of the double bond into a single bond, is essentially 

achieved upon ionizing the substrate as the π-orbital of the olefinic bond in 

most olefins is the HOMO. Indeed, the results in Figure 19 confirm a 

correlation between barrier height of substrate epoxidation with the ionization 

energy of the substrate. Subsequently, we mimicked the formation of the C–O 

bond between oxidant and substrate by the formation of an H–O bond. Thus, if 

the formation of a C–O bond is proportional to the formation of a H–O bond 

and the substrate encounters little stereochemical interactions with the oxidant 

then the BDE

. As follows from Figure 19(b) the polarizability volume correlates 

linearly with the barrier height, whereby the chemical system that undergoes 

the largest change in polarizability volume gives the lowest reaction barrier.   

O–H value of the oxidant should correlate with the epoxidation 

barrier height for a range of oxidants. Our calculations indeed confirmed this 

for a range of iron(IV)-oxo complexes.

 

145 
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4.1.5 Sulphoxidation reaction by P450 Cpd I. 

 

Heteroatom oxidation, such as sulphoxidation and phosphorylation, are 

processes performed by P450 enzymes, for example in the biodegradation of 

neuroleptic drugs in the liver.197 We studied the mechanism and detail and 

established a concerted, one-step, mechanism of heteroatom attack on the oxo 

group of Cpd I.65,66,198–200 Experimental enzymology studies established a 

correlation between the rate constant of substrate sulphoxidation by P450 

enzymes as a function of the substrate IE,201 which was supported by a series 

of test calculations of sulphoxidation reactions catalyzed by Cpd I on a range 

of sulphides.199

 

 Since, both substrate epoxidation and sulphoxidation correlate 

with the IE of the substrate, these studies implicate that the regioselectivity of 

olefin epoxidation versus sulphide oxidation will be dependent on the nature of 

the substrate and can only be changed by external perturbations, such as in the 

substrate binding pocket that position the substrate for activation by Cpd I. 

4.1.6 Rearrangement patterns in aliphatic hydroxylation reactions by P450 

Cpd I.  

 

Only recently P450 Cpd I was isolated and characterized as the active species 

in substrate hydroxylation reactions. Until that time studies were focused on 

establishing indirect evidence of its activity. A common method of this used, 

so-called, radical clock substrates.58,61 From the kinetics of the reaction 

mechanism, it is believed that the lifetime of radical intermediates can be 

calculated. Thus, these P450 Cpd I reacts with the radical clock substrates via 

an initial hydrogen atom abstraction leading to a radical intermediate (Scheme 

3) similarly to what was discussed in the previous section. During the lifetime 

of this intermediate, however, a rearranged may occur in the radical rest group 

Sub•. For instance, P450 Cpd I reacts with the radical clock substrate trans-

methylphenylcyclopropane via aliphatic hydrogen atom abstraction from the 

methyl group. Rebound of the hydroxo group then gives the substrate with 

hydroxylated methyl group as unrearranged product (U) with rate constant 

kreb,U. However, during the lifetime of the radical intermediate a ring-opening 

can take place with a rearrangement rate constant kr, so that the subsequent 
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rebound with rate constant kreb,R leads to 4-hydroxo-4-phenyl-but-1-ene or 

rearranged products (R) instead. The product ratio [U/R] was used to 

experimentally determine the lifetime of the radical intermediate.58

To gain insight into the intricate details of the reaction mechanism, we 

performed a detailed DFT set of calculations on trans-methylphenylcyclo-

propane hydroxylation by P450 Cpd I.

 However, 

the obtained values were too short and a second-oxidant hypothesis was 

proposed to explain the observed trends, whereby Cpd 0 and Cpd I were 

considered as competing oxidants in the reaction mechanism.    

165,208,209 Figure 24 shows the calculated 

potential energy profile of the reaction leading to unrearranged and rearranged 

products. The initial mechanism is similar to that shown above in Figure 13 

and starts with competing hydrogen atom abstraction barriers (TSH) on the 

doublet and quartet spin state surfaces leading to an iron(IV)-hydroxo 

intermediate with unrearranged radical rest group (4,2IU). Radical rebound to 

form unrearranged products (PU) encounters a small barrier on the quartet spin 

state (4TSreb,U) of 2.2 kcal mol–1 but is barrierless on the low-spin surface. The 

radical rest group in 4,2IU can undergo a ring-opening to form the rearranged 

radical intermediate 4,2IR via a barrier (TSrearr) of about 0.2 kcal mol–1 on the 

doublet as well as quartet spin state. The rearranged radical intermediate is 

considerably lower in energy than its unrearranged isomer and via subsequent 

radical rebound barriers (TSreb,R) it collapses to the rearranged product 

complexes (4,2PR). As can be seen from Figure 24 the low-spin pathway has a 

lower radical rebound process then rearrangement barrier, so that the dominant 

pathway will lead to unrearranged products. By contrast, the high-spin 

unrearranged intermediate has lower rearrangement barrier than rebound 

barrier, hence the quartet spin profile will lead to dominant rearranged 

products instead. Therefore, the radical clock reaction mechanism gives an 

example of spin-state selective reactivity with different products on the doublet 

and quartet spin surfaces.  
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Figure 20: Potential energy profile for trans-methylphenylcyclopropane 

hydroxylation by P450 Cpd I leading to unrearranged (U) and 
rearranged (R) products. Energies are in kcal mol–1 and taken 
from Ref 208. 

 

Experimental studies determined kinetic isotope effects (KIE) by replacement 

of the methyl hydrogen atoms by deuterium atoms and using the U/R product 

ratio a product isotope effect (PIE) was calculated.58

 

 In response to this we 

decided to calculate the KIEs for unrearranged and rearranged pathways and 

find the origin of the PIE values. Based on the mechanism in Figure 20 it can 

be envisaged that the KIE value for the unrearranged pathway originated from 

the low-spin surface and the KIE value for the rearranged mechanism from the 

high-spin surface, Eq 19. 

 PIE(U/R) = KIE(U)/KIE(R) = KIE(LS)/KIE(HS) (19) 

 

DFT calculations established KIE values using the semiclassical Eyring 

equation (Eq 20) using 298 K free energies of activation (∆G‡

 

) of the reaction 

using hydrogen and deuterium-substituted substrates. In Eq 20 the temperature 

is given by T and R is the gas constant. 

 KIEEyring = exp[(∆G‡
D – ∆G‡

H

 

)/RT] (20) 
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Further tunnelling-corrected KIEs due to Wigner (KIEWigner) and Bell (KIEBell) 

use models as described in Eq 21 – 23. In these equations, kB

 

 is the Boltzmann 

constant, h is Planck’s constant and ν is the imaginary frequency in the 

transition state. 

 KIEtunneling = KIEEyring × Qt,H/Qt,D

 Q

 (21) 

t,Wigner = 1 + ut
2/24 with ut = hν/kB
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DFT calculations for hydrogen atom abstraction by P450 Cpd I of trans-

methylphenylcyclopropane versus trans-d1-methylphenylcyclopropane gave 

values of PIEEyring = 1.03, PIEWigner = 1.07 and PIEBell = 1.20 in very good 

agreement with the experimentally reported PIE value of 1.14.165,208 These 

calculations, therefore, ruled out a second oxidant in the reaction mechanism 

and explained the reactivity via Cpd I using multistate reactivity. To further 

ascertain that Cpd 0 cannot compete with Cpd I, the reaction mechanism of 

olefin epoxidation and dimethylsulphide oxidation by Cpd 0 and Cpd I was 

calculated.63,65,66

 

 Substantially higher barriers were obtained for the reactions 

starting with Cpd 0 than Cpd I, which implies that Cpd 0 is a sluggish oxidant 

that cannot compete with Cpd I. 

4.2  Cysteine dioxygenase (CDO). 

 

Cysteine dioxygenase, in contrast to TauD, has an active site with iron bound 

to a facial 3-His ligand system rather than the more common 2-His/1-Asp 

features of most nonheme iron dioxygenases. Computational studies were 

initially focussed on small model complexes,118,119 but more recent work used 

QM/MM on the complete enzyme.120 Due to the tight substrate binding pocket 

of CDO and the large number of stabilizing hydrogen bonds, a QM region was 

chosen that includes all characteristic features of the active site, namely most 

groups in the first and second coordination sphere of the metal: FeO2, substrate 
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cysteine and the amino acid side chains of His86, His88, His140, Arg60, His155, 

Tyr157 and Cys93. The calculations revealed a mechanism as given in Figure 

21(a) that starts from an iron(III)-superoxo complex (A), which has close lying 

singlet, triplet, quintet and septet spin states. The reaction proceeds with attack 

on the sulphur of cysteinate to for a bicyclic ring structure (B) on close-lying 

singlet, triplet and quintet spin state surfaces. Attempts to calculate this 

mechanism on the septet spin state surface failed and did not lead to 

products,118 therefore, the experimentally trapped septet spin state iron(III)-

superoxo intermediate may not be the catalytically relevant species, although 

the calculations showed it to be close in energy to the quintet spin state. During 

this process the O–O bond is significantly weakened from 1.338 to 1.513 Å, 

and in a subsequent step breaks to form an iron(IV)-oxo species with a bound 

cysteine sulfoxide (C). Figure 21(b) gives the results of the QM/MM 

calculations starting from the iron(IV)-oxo intermediate with extracts of the 

optimized geometries. Thus, in structure C the transfer of the second oxygen 

atom to the substrate is blocked by the sulfoxide group, so that an initial 

isomerisation step occurs, whereby the SO group rotates, the Fe–S bond breaks 

and the sulfoxide binds the metal instead to form isomer C′. In analogy to 

biomimetic nonheme iron(IV)-oxo species,228,229 the ground state of both 

complexes C and C′ is a triplet spin state. However, the triplet-quintet energy 

gap is strongly dependent on the ligands bound to the metal and whether 

cysteine-sulfoxide binds to metal with the sulphur or oxygen atom. The 

isomerisation step has barriers of 11.3 and 13.2 kcal mol–1

 

 on the quintet and 

triplet spin state surfaces, therefore, a certain degree of spin equilibration is 

expected at this stage of the reaction with two-state reactivity patterns. After 

the isomerisation the second oxygen atom transfer takes place on a dominant 

quintet spin state surface to give cysteine sulphinic acid products (D). 
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Figure 21:  (a) Catalytic mechanism of CDO enzymes. (b) QM/MM calculated 

oxygenation of cysteine sulfinic acid by a nonheme iron(IV)-oxo 
intermediates. Energies are in kcal mol–1 and contain ZPE 
corrections. 

 

Due to the structural differences between TauD and CDO, also calculations on 

active site mutants were performed where one of the three histidine ligands of 

the iron in CDO was replaced by a carboxylic acid group to create a 2-His/1-

Asp bound motif, i.e. H86D, H88D and H140D mutants.119

  

 Thus, the mutants 

have higher dioxygenation barriers, which implies that the 3-His ligand motif 

in CDO is essential for optimal dioxygenation of the substrate. In particular, a 

weakening of the Fe–S bond is found for the situation where a carboxylic acid 

group located trans to this bond. On the other hand, a carboxylic acid group 

trans to the superoxo group increases the oxygen atom transfer barriers as a 

result of a pull-effect of electrons. 

Figure 28



–Page 56– 
 

4.3  Synthetic nonheme iron complexes. 

 

As discussed in the introduction, mononuclear nonheme iron(IV)-oxo 

complexes are potent catalysts of oxygenation reactions but the catalytic 

properties seem to be dependent on the ligands bound to the metal centre. 

Specifically, two types of interactions have been identified, namely from the 

axial ligand (i.e. the ligand trans to the oxo group) and the equatorial ligands 

(those perpendicular to the oxo group; the cis-ligands). To explain the 

differences in electronic properties of those types of systems and the factors 

that determine their reactivity patterns, a series of DFT studies have been 

performed to elucidate the electronic properties of the oxidants and their 

reactivity towards substrates. We will start this section with an in-depth 

overview of the factors that distinguish the individual iron(IV)-oxo catalysts as 

elucidated from quantum chemical modelling. 

 

4.3.1 Electronic properties of iron(IV)-oxo complexes. 

 

As described above, all experimentally characterized enzymatic mononuclear 

iron(IV)-oxo species have a quintet spin (S = 2) ground state, whereas most 

biomimetic complexes tend to have a triplet spin (S = 1) ground state. To 

understand these differences, we plot in Figure 29 the high-lying occupied and 

low-lying virtual orbitals of two mononuclear nonheme iron(IV)-oxo 

complexes, namely the active species of TauD and [FeIV(O)(N4Py)]2+, N4Py = 

N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)-methylamine.205,215 Other non-

heme mononuclear iron(IV)-oxo complexes give a similar set of occupied and 

virtual orbitals although small variations, e.g. due to differences in the axial 

ligand may occur. In particular, the axial ligand is known to entice a push-

effect and thereby influence the orbitals along the molecular z-axis, i.e. along 

the Fe–O bond.168,169 All orbitals originate from the metal type 3d atomic 

orbitals that split into a series of three t2g and two eg set of π* and σ* orbitals, 

where we allocate the z-axis along the Fe–O bond. A pair of orthogonal 3dxz 

and 3dyz atomic orbitals mix with 2px and 2py atomic orbitals on the oxo 

group to give a set of bonding and anti-bonding combinations, designated πxz, 
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πyz, π*xz, and π*yz. The π*xy orbital is located in the equatorial ligand plane 

and its corresponding orbital in heme enzymes (δx2–y2) is nonbonding.163 The 

same situation appears for [FeIV(O)(N4Py)]2+ where the four equatorial ligands 

are identical. As a consequence, this orbital in [FeIV(O)(N4Py)]2+ is 

significantly lowered in energy with respect to the other π* orbitals, i.e. π*xz 

and π*yz, and hence the triplet spin state is the ground state.226–228 High in 

energy and virtual are two σ-type anti-bonding combinations of the metal with 

the nitrogen atoms (in σ*x2–y2) and along the O–Fe axis (in σ*z2). The latter 

orbital also interacts with orbitals on the axial ligand and in particular this 

effect is strong with a sulfur atom in that position.163 Indeed, in iron(IV)-oxo 

complexes the ligand environment has been shown to influence the energy 

level of, in particular, the σ*z2 orbital.145

The set of orbitals displayed in Figure 22 is occupied with ten electrons but in 

the enzymatic system this gives a quintet spin ground state, whereas it is a 

triplet spin ground state in [Fe

  

IV(O)(N4Py)]2+. These two states are close in 

energy for both systems, whereby the triplet/quintet spin state ordering is 

found to be dependent on the nature of the other ligand(s) bound to iron. In 

particular, with an increase of the electron-withdrawing power of the axial 

ligand the π*xy–σ*x2–y2 energy gap decreases considerably and so does the 

quintet-triplet energy gap.145 A consequence of close lying spin states is the 

phenomenon designated two-state reactivity (TSR) that originally was 

described to explain the reactivity patterns of iron(IV)-oxo heme systems, but 

has been extended to nonheme systems as well.226–228

Geometries of several mononuclear nonheme iron(IV)-oxo complexes were 

optimized with DFT methods in the triplet and quintet spin states.

 The next section explains 

this phenomenon in detail and how it affects reactivity patterns, product 

distributions and kinetic isotope effects. 

205–207,226 

Generally, the Fe–O bond in nonheme iron(IV)-oxo complexes is short (in the 

range of 1.65 Å) typical for a double bond. The four equatorial Fe–N distances 

are of similar size and the average value of these bonds (rFeN,av) is shorter for 

the triplet spin state structures than for the quintet spin state systems, as a 

result of differences in orbital occupation. The axial Fe–N bond (rFeN,ax) is 
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quite different in length to the equatorial Fe–N bonds again as a result of the 

orbital occupation in the structure. 

 

 

 
 

Figure 22:  High-lying occupied and virtual orbitals and orbital occupation of 

the ground states of the iron(IV)-oxo species of TauD (left-hand-

side) and [FeIV(O)(N4Py)]2+ (right-hand-side). 

 

4.3.2  Two-state reactivity patterns of mononuclear nonheme iron-oxo 

complexes. 

    

Enzymatic iron(IV)-oxo complexes have a quintet spin ground state, whereas 

biomimetic complexes have a lower lying triplet spin state. The oxygen 

transfer reaction with substrates, therefore, can take place on competing spin-

state surfaces with different rate constants, KIEs and barrier heights on each of 

these spin state surfaces. This phenomenon has been termed two-state 

reactivity (TSR) and was originally designed to explain the reactivity patterns 

of the iron(IV)-oxo active species of the heme enzyme cytochrome P450 
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(P450).8,16,164 In analogy to this, in nonheme iron(IV)-oxo complexes there are 

also close lying spin state surfaces, usually triplet and quintet spin. However, 

the two spin states in nonheme iron chemistry are not degenerate and the spin 

state energy is dependent on the interactions of the metal with its ligands. 

Figure 23 displays a schematic drawing of a TSR potential energy profile for a 

nonheme iron(IV)-oxo complex in a reaction with substrate AlkH. The reaction 

starts from the two close-lying reactant (R) spin states with triplet and quintet 

spin respectively that are identified with a superscript. These two spin states 

are generally close in energy in nonheme iron(IV)-oxo complexes, whereby in 

biomimetic model complexes the triplet spin is usually the ground state, 

although there are a few examples, where the quintet spin state is the ground 

state. The hydroxylation mechanism proceeds with an initial hydrogen atom 

abstraction via barriers 3,5TSHA to form an iron(III)-hydroxo complex and a 

nearby Alk radical: the intermediate complex I. In a subsequent radical 

rebound step via barrier 3,5TSreb the hydroxylated product (P) is formed. All 

hydroxylation studies of mononuclear nonheme iron(IV)-oxo complexes 

reported so far follow essentially this reaction mechanism.205,207,226–228

Although the triplet spin state is the ground state in all biomimetic iron(IV)-

oxo complexes, in fact the hydrogen abstraction barriers on this spin state 

surface tend to be relatively high and in most cases much higher in energy than 

the corresponding quintet spin state hydrogen abstraction barriers. As a 

consequence, it is expected that along the reaction mechanism a spin state 

crossing from the triplet to quintet spin state takes place. The higher reactivity 

of the high-spin state has been explained with differences in substrate approach 

to the iron(IV)-oxo group.

  

226 In the triplet spin state mechanism the hydrogen 

abstraction step is accomplished by a simultaneous electron transfer from the 

substrate into the π*xz orbital and as a consequence the substrate attacks the 

Fe–O group sideways to get maximum orbital overlap with this orbital. By 

contrast, in the quintet spin state the electron transfer is into the σ*z2 orbital, 

which is along the Fe–O bond and the substrate, is aligned with this bond. In 

this particular orientation there is little electrostatic repulsion of the 

approaching substrate with the iron ligands, whereas in the triplet spin there is 

considerable repulsion that destabilizes this transition state. As a consequence 
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of these differences in electron transfer processes in the hydrogen abstraction 

step of the mechanism, the approach of the substrate onto the iron(IV)-oxo 

group also is different in the triplet and quintet spin states. The in-sets of 

Figure 30 show the geometries of the hydrogen abstraction transition states in 

the triplet and quintet spin states (3,5TSHA). In both transition states the O–H–C 

angle is around 180°, but due to differences in electron transfer the Fe–O–C 

angle is 180° in the quintet spin state while it is around 120° (dependent on the 

nature of the ligands bound to iron) in the triplet spin state.226 Because of 

repulsive interactions of the approaching substrate with the ligands bound to 

iron, the triplet spin state barriers generally are higher in energy than those in 

the quintet spin state. Consequently, similarly to the heme models also 

biomimetic nonheme iron-oxo complexes give rise to two-state reactivity 

patterns on close lying triplet and quintet spin state surfaces. The difference, 

however, is that the orbital occupation of the triplet and quintet spin state is 

quite different, so that the nature of the other ligands determines the triplet-

quintet energy splitting. In the next few sections we will give some examples 

of results of theoretical studies of oxygen atom transfer reaction by nonheme 

models and how TSR patterns affect the product distributions and KIEs. After 

the initial hydrogen abstraction step an iron(III)-hydroxo complex is formed 

with a radical rest group, and hydroxylated products (P) are formed via a 

radical rebound transition state (TSreb

 

). In most examples studied so far, the 

rebound barrier is significantly lower in energy than the hydrogen abstraction 

barrier that is the rate-determining step in the reaction mechanism. 
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Figure 23:  Reactivity differences of biomimetic iron(IV)-oxo species with 

triplet spin ground state as compared to enzymatic iron(IV)-oxo 
species with a quintet spin ground state. 

 

A comparative DFT study on substrate hydroxylation by a TauD model vis-à-

vis a heme model mimicking the active site of cytochrome P450 revealed that 

mononuclear nonheme iron(IV)-oxo oxidants are more efficient and powerful 

oxidants as compared to heme-type iron(IV)-oxo oxidants.215,223 This was 

ascribed to the formation of a much stronger O–H bond in nonheme systems, 

which as a consequence also lowers the reaction barriers. More recent studies 

on the reactions of mononuclear iron(IV)-oxo oxidants with a 2-His/1-Asp 

ligand motif with a range of different substrates, with C–H bond strengths 

from 82.4 kcal mol–1 for ethylbenzene to 101.6 kcal mol–1 for methane, 

showed that the barrier of substrate hydroxylation is linearly related to the 

strength of the C–H bond that is broken in the process.224
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4.3.3  The cis-effect on the properties of the iron(IV)-oxo species. 

 

 
Scheme 2:  Calculated reaction mechanisms of halogenation versus 

hydroxylation of a substrate with an iron(IV)-oxo(halide) system. 

 

As shown in the previous section ligands trans to the oxo group (axial ligands) 

determine key properties of the iron(IV)-oxo centre and influence reactivity 

patterns. To establish whether or not ligands perpendicular to the iron(IV)-oxo 

bond influence the spectroscopic and catalytic properties of the system, a series 

of density functional theory studies on the nature of the cis-effect and cis-

influence of ligands on iron(IV)-oxo nonheme complexes have been performed 
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using [FeIV(O)(TPA)L]+ with L = F–, Cl–, and Br–.231 This particular ligand 

system with a hydroxyl group in the cis-position (L = OH–) has been shown to 

react with olefins to give cis-dihydroxylation and epoxide products.232–234 DFT 

calculations showed that the barrier leading to cis-dihydroxylation is 1 kcal 

mol–1 lower in energy than the one leading to epoxide products, hence both 

products are expected for the reactions as indeed observed by experiment.235 

Combined experimental and DFT studies using a mononuclear iron(IV)-oxo in 

a pentadentate bispidine ligand showed that it reacts with olefins to form 

competitive cis-dihydroxylation and epoxide products.

The calculations of a series of [Fe

236,237 
IV(O)(TPA)X]+ complexes with X = F–, Cl– 

or Br– showed that the interaction between the metal and a first-row element 

leads to an electronic cis-effect due to favourable orbital overlap, which is 

missing between the metal and second/third row elements.231 As a 

consequence, the HOMO/LUMO energy gap is widened for the metal-second 

row element interaction with respect to the system with L = F–. Despite the 

larger HOMO/LUMO gap no large differences in electron affinities of the 

complexes is observed. Similarly to other mononuclear nonheme iron-oxo 

complexes also [FeIV(O)(TPA)X]+ with X = F–, Cl–, and Br–

An interesting feature of iron(IV)-oxo complexes with a labile cis-ligand is the 

fact that under certain conditions this ligand is transferred to substrates. Thus, 

the α-ketoglutarate dependent halogenases have a catalytic cycle that closely 

resembles that of TauD reported in Figure 5 and all steps until the iron(IV)-oxo 

species are the same. However, in the halogenases, the cis-bound halide atom 

(usually Cl

 have close lying 

triplet and quintet spin states, but only the quintet spin state is reactive with 

substrates. Therefore, the efficiency of the oxidant will be determined with the 

triplet-quintet spin state crossing of the reaction.  

–) is transferred to the radical to form halogenated products rather 

than rebound of the hydroxyl group to form alcohols. In biomimetic complexes 

substrate halogenation has been reported for [FeIV(O)(Cl)(TPA)]+. Technically 

this system has two stable isomers, Scheme 4, with either the oxo or halide 

trans to the amide nitrogen atom of TPA. We calculated the isomerisation 

between the two forms as well as the hydrogen atom abstraction leading to 

radical intermediates and the halide and hydroxyl rebound to form halogenated 
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and hydroxylated products.239

The all above discussion with elebortaded explainations and VB model 

explanations can be found in Ref. 261. There are nice discussions and detail 

experimental and theoretical presentation can be found in Ref. 262-271. 

 We show that the two isomers give different 

regioselectivities, where one isomer gives halogenated products, whereas the 

other gives dominant hydroxylation. As such we predict that it is essential for 

efficient substrate halogenation that an initial isomerisation takes place 

whereby the halide group is moved to a position trans to the amide nitrogen of 

TPA as it weakens its bond and makes the halide transfer to substrate more 

likely.  

 
5.  Conclusions and Summary 

 
As highlighted in this dissertation, computational chemistry methods are 

highly accurate and these days are applicable to ‘real life’ systems including 

enzymatic intermediates and synthetic catalysts. As these oxidants tend to react 

very fast with substrates, computational methods can assist experimental 

studies in the field and gain valuable understanding on the chemical properties 

of the oxidant that drive the reaction mechanism and the nature of the active 

oxidant. Thus our studies established mechanisms for oxygen atom transfer 

reactions, including aliphatic and aromatic hydroxylation, olefin epoxidation, 

dehydrogenation of olefins and heteroatom oxidation 

(sulphoxidation/phosphorylation), 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 we have 

devised models that rationalize reaction processes and barrier heights and that 

can be used to predict rate constants of processes. The work established the 

difference in reactivity of heme and nonheme iron(IV)-oxo intermediates and 

assigned the nonheme ones as the more reactive. The calculations rationalized 

the rate constants and reaction mechanisms and identified the origin of the rate 

constants, the electron/proton transfer processes involved and the 

regioselectivity preferences. These studies have set the scene for collaborative 

computational modelling in close relationship with experimental biomimetic 

and enzymatic work.  
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