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2.1 General 

Cytochromes P450 form a ubiquitous family of metabolizing enzymes that 
catalyze a great variety of oxidative transformations of endogenous and 
exogenous molecules.20,31,64-67 They are involved in drug metabolism, activation 
of carcinogens, and in the degradation of physiologically important compounds 
and xenobiotics. Especially its drug metabolism makes this enzyme an interesting 
target in the field of drug discovery and development. Forty-five years of intense 
and innovative research has resulted in important insights related to the oxygen 
insertion mechanism catalyzed by these types of proteins, but these insights have 
not resulted in the complete opening of this black-box. This chapter gives an 
overview of the most important experimental and theoretical mechanistic aspects 
with respect to the Cytochrome P450 catalyzed hydrocarbon hydroxylation 
mechanism, which is one of the most important reactions catalyzed by these 
types of proteins. 

2.2 Structure of Cytochrome P450 Enzymes 

The active site of Cytochromes P450 consists of a heme prosthetic group (iron 
protoporphyrin IX, heme b) which is embedded in the hydrophobic protein 
structure (Figure 1.2, Chapter 1). The porphyrin in the heme has four methyl, 
two propionate, and two vinyl substituents. This active site is connected to the 
protein environment by coordination of a cysteine sulfur anion to the iron of the 
heme and via hydrogen bonds between the two heme propionate side chains 
and polar amino acid residues of the protein. A close-up view of this active site 
of the bacterial P450cam is shown in Figure 2.1 and shows the essential groups 
that frequently return in mechanistic discussions. The most important and highly 
conserved groups are two acidic moieties of glutamic acid and aspartic acid, 
and one alcohol side chain of threonine, which are possibly involved in a 
protonation machinery by pumping protons into the reaction center. 

A large part of the catalytic reaction mechanism is nowadays well understood 
and the bacterial P450cam, for which the first three-dimensional structure has 
been established in 1985,34 has served as a prototype for the general catalytic 
cycle for Cytochromes P450. So far, crystal structures of 14 different 
Cytochromes P450 have been reported,34,68 showing conserved structural motifs 
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involving 12 helices and loops denoted A-L (Figure 2.2). The heme is located 
between helices I and L and the B-C and F-G helices contribute to substrate 
access and specificity. Although these secondary structures are highly conserved, 
a huge diversity exists among different P450s with respect to the size of their 
substrates that ranges from the small ethanol molecule (C2H6O) in CYP2E1 up 
to large heptapeptides (e.g. C52H56Cl2N8O17) in CYP165B1 and CYP165C1,69,70 
and to the chemical selectivity that ranges from highly regio- and stereospecific 
for P450cam (CYP101) to non-specific for the human liver CYP3A4 that is 
involved in the metabolism of more than half of the clinically relevant 
pharmaceuticals.71 The structural similarities and, meanwhile, the large 
differences in substrate size and chemical specificity illustrate the enormous 
diversity of the P450 family in catalyzing the monooxygenation of the substrate. 

2.3 The Catalytic Cycle of Cytochrome P450 Enzymes 

The cytochrome P450 enzymes catalyze diverse types of reactions as illustrated 
in Figure 2.3. Among these, the hydroxylation of unactivated saturated 
hydrocarbons is one of the most important reactions and is also the most 
intriguing one. The commercial oxidation of cyclohexane for the production of 

 
Figure 2.1. A close-up view of the active site of Cytochrome P450cam with some 
key amino acids highlighted. 
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caprolactam and nylon 6 is the least efficient of all major industrial chemical 
processes. Typically, cyclohexane is air-oxidized at 160 °C (some 80 °C above 
the boiling point of cyclohexane) in enormous pressurized tanks using cobalt or 
manganese as catalysts. In contrast to this commercial oxidation of cyclohexane, 
Cytochromes P450 can oxidize this compound to cyclohexanol with 100% 
efficiency at mild conditions. This hydrocarbon hydroxylation mechanism has 
fascinated and challenged researches in almost every (bio)chemical discipline 
for more than three decades and the fundamental desire is to understand this 
mechanism in detail. However, the cleavage of the dioxygen bond, referred to 

 
Figure 2.2. General disposition of the different helices of Cytochrome P450cam. 
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Figure 2.3. Common reactions catalyzed by Cytochromes P450. 
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as ‘oxygen activation’, and the exact nature of the active species responsible for 
the initiation of the oxidation process is still a matter of discussion and debate 
and has reached no consensus yet. In this section, the different steps of the 
catalytic cycle of Cytochrome P450 will be discussed and the mechanistic 
aspects of the different possible hydroxylation mechanisms will be reviewed. 
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Figure 2.4. General description of the catalytic cycle of Cytochromes P450. RH 
represents the substrate, ROH the product, and ▬Fe▬ the iron protoporphyrin.  
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The catalytic cycle of Cytochromes P450 starts at the enzymes’ resting state 
that consists of a cysteinate heme iron moiety with a water molecule coordinated 
as the sixth ligand to iron (a in Figure 2.4). The iron is in its formal +3 oxidation 
state and has five valence electrons occupying its d-orbitals (Figure 2.5). In 
principle, three different electron arrangements or spin states are possible, 
including a doublet, quartet or sextet spin state, with respectively one, three, and 
five unpaired electrons. For these iron heme complexes, the low-spin doublet 
and the high-spin sextet states are close in energy, but the low-spin state is 
favored in the six-coordinated resting state. When a substrate molecule enters 
the heme pocket, this axially bound water molecule is displaced by the substrate, 
generating a five coordinated iron species. Removal of this sixth axial ligand 
results in the movement of the iron out of the porphyrin plane and the spin 
ground state changes from low (doublet) to high (sextet) spin (Figure 2.5). This 
high spin iron(III)-complex is a better electron acceptor than the resting state 
and, subsequently, the P450 redox partner, which may either be an iron-sulfur 
redoxin, a flavoprotein or Cytochrome b5, depending on the particular P450 
enzyme, reduces the high spin iron(III) heme (b) to the high spin iron(II) state (c). 
Dioxygen binding leads to an iron(III)-superoxide species after which a second 
electron is transferred from a redox partner to this oxy-species. Subsequent 
proton transfer to the outer oxygen atom affords an iron-hydroperoxo 
intermediate (f, Compound 0). The intermediates up to the formation of 
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Figure 2.5. Crystal field d-orbital splitting diagram for three geometries, 
including four-, five-, and six-coordinated iron complexes. 
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Compound 0 have been observed experimentally and reconcile with 
computational mechanistic studies. Hence, this part of the reaction sequence is 
nowadays considered to be mainly understood.72-76 While the general view for 
the following steps, that involves a high valent iron-oxo species (g, Compound I) 
seems convincing, different pathways and different oxidizing species for 
hydrocarbon hydroxylation by P450s have been suggested. Apparently, the 
mechanistic description has reached no consensus yet. 

In the first proposed mechanism, a second protonation of the Compound 0 
intermediate (f) takes place followed by the cleavage of the oxygen-oxygen bond 
to result in an oxo iron(IV) porphyrin π-cation radical intermediate (g, 
Compound I). For the ultimate hydroxylation, a concerted “oxene” insertion into 
the C–H bond of the hydrocarbon has been assumed (g → i), based on 
retention of the stereochemistry and the observed small intermolecular kinetic 
isotope effects (kH/kD < 2).41-43,b However, stereochemical inversion has been 
observed in the hydroxylation of several substrates, as well as large 
intramolecular isotope effectsb (kH/kD > 11) that implicate the complete 
cleavage of the C–H bond (see Chapter 2.5).44-46 Consequently, the oxene 
insertion pathway was replaced by a stepwise mechanism in which Compound I 
abstracts a hydrogen atom from the substrate followed by a carbon-oxygen 
rebound step (g → h → i).  

The existence and the lifetime of the proposed carbon radical intermediate has 
been estimated by using radical clock substrates, having highly strained cyclic 
structures so that intramolecular rearrangement of the carbon skeleton can 
compete with the oxygen rebound step.54,55,77-79 Different kinetics and product 
distributions have been observed that are not consistent with a straightforward 
two-step abstraction-rebound mechanism (see Chapter 2.5).80 To provide a 
rationale for these inconsistent results, it has been proposed that Compound I 
does not react according to a simple single-state mechanism, but that two close 
lying electronic states of Compound I are involved that react differently (see 
Chapter 2.8).56-58 In this two-state reactivity model differences in the activation 
barriers of the low (doublet) and intermediate (quartet) spin states of 
Compound I are used to explain the experimentally observed differences in 
 
b Intermolecular isotope effect is determined by measuring the rate of hydroxylation of the 

substrate and of the isotopically labeled substrate. Intramolecular isotope effect involves one 
molecule with two identical C–H groups, one of which is deuterated. 
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reaction rates and thus in the amount of rearrangements of the substrate 
probes. 

On the other hand, site-directed mutagenesis studies have shown different 
product formations in mutant and wild type enzymes, suggesting the involvement 
of two different oxidants (see Chapter 2.7).60-62 This has resulted in the 
formulation of the two-oxidant model, in which, in addition to the iron-oxo 
Compound I species, also its iron-hydroperoxo precursor (Compound 0) has 
been suggested to effect substrate oxidations.59,81 This model is also in 
agreement with the radical clock experiments and, furthermore, different 
intramolecular isotope effects observed for the formation of two different 
products support the involvement of more than one oxidant.60-63 Compound 0 
has been presumed to participate as an electrophile in the oxidation of 
hydrocarbons, but, to date, there is no direct evidence in support of a OH+ 
insertion into the C–H bond to give the initially protonated alcohol product. Very 
recently, computational studies suggested the involvement of a homolytic 
cleavage of the oxygen-oxygen bond in Compound 0, generating an iron(IV)oxo 
porphyrin species (Compound II) and a hydroxyl radical.33,83 For this type of 
oxygen-oxygen bond scission process ample evidence is available from peroxide 
supported reactions with cumene hydroperoxide or peroxyphenylacetic acid 
acting as oxygen sources (Figure 2.6).33,84-89 Subsequent hydrogen abstraction 
from the substrate by the hydroxyl radical followed by bond formation between 
the carbon radical and the oxygen of either the initially generated hydroxyl 
radical or the oxygen atom of Compound II describes two alternative 
mechanisms that involve radical substrate intermediates just like that of the 
classical Compound I mechanism.33,83 

Ample data has been presented over the years in support of the three different 
mechanisms. Consequently, the question arises whether the hydrogen 
abstraction and oxygen rebound mechanism by Compound I as well as that 

O

CH3H3C
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Figure 2.6. Structures of two sacrificial oxidants for P450 enzymes. 
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involving the Compound II/hydroxyl radical pair can both be correct descriptions 
for the enzyme catalyzed hydrocarbon hydroxylation. So far, the mechanism 
involving Compound I is the most popular one, even though it may not explain 
all observations, which could point to a more multifaceted mechanism and 
hence a more diverse iron heme unit. A large number of reviews have been 
devoted to the oxygenation mechanism and the possible involvement of different 
oxidizing species (see Table 2.1).20,59,66,67,90-94 Yet, the homolytic cleavage of the 
peroxy oxygen-oxygen bond in P450 chemistry has received little attention as a 

Table 2.1. Selected recent reviews on models and mechanisms for Cytochromes P450 
authors content year ref. 

Sligar, Markis and 
Denisov 

Short summary of the important efforts made over 
last three decades of research in the field of 
Cytochromes P450. 

2005 90 

Denisov, Markis, 
Sligar, Schlichting 

Developments in the P450 research in the last 
decade. 2005 20 

Shaik, Thiel, De 
Visser et al. 

Comprehensive overview of the theoretical 
discussions of the Cytochrome P450 catalytic 
cycle.  

2005 73 

De Graaf, 
Vermeulen, and  
Feenstra 

Extensive overview of computational approaches 
used to understand, rationalize, and predict the 
activity and selectivity of cytochromes P450. 

2005 91 

Meunier, Shaik, & 
De Visser 

Summary of density functional theory calculations 
on the P450 oxidation mechanism. 2004 74 

Hlavica 
Short summary of the important efforts made over 
last three decades of research in the field of 
Cytochromes P450. 

2004 92 

Watanabe & Ueno 

Summary of recent efforts towards the introduction 
of oxygenase, peroxidase, and catalase enzymatic 
functions into myoglobin by site directed 
mutagenesis. 

2003 93 

Newcomb, 
Hollenberg and 
Coon 

Short review of the experimental indications for 
multiple mechanisms and multiple oxidants. 2003 59 

Ortiz de 
Montellano and De 
Voss 

Survey of the mechanims and possible catalytic 
roles of various reactive intermediates formed in 
the catalytic cycle. 

2002 67 

Guengerich Overview of the variety of reactions catalyzed by 
Cytochromes P450. 2001 66 

Anzenbacher & 
Anzenbacherová 

Overview of human P450 enzymes which may take 
part in drug metabolism and the properties of the 
most important P450 enzymes taking part in drug 
metabolism in humans. 

2001 90 
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possible competing pathway in the hydrocarbon hydroxylation. To evaluate its 
potential, the most relevant experimental observations that are reported in the 
literature are described in this chapter, including stereochemical scrambling and 
skeletal rearrangements (Chapter 2.5), carbocationic rearrangements 
(Chapter 2.6), and site-directed mutagenesis (Chapter 2.7). Theoretical analyses 
are summarized in Chapter 2.8 to underline the multifaceted mechanistic 
character. However, a short summary on the legendary Compound I species in 
Cytochromes P450 is described first. 

2.4 Cytochrome P450 Compound I 

In spite of many attempts, the iron(IV)oxo porphyrin π-cation (Compound I) has 
yet to be truly characterized as an active electrophilic oxidant in the catalytic 
cycle for the hydroxylation of hydrocarbons by the Cytochrome P450 enzymes. 
The presence of this oxidant has been implied based on UV-visible spectral 
similarities with the experimentally observed Compound I in peroxidase 
enzymes.35,47,95  

Model complexes of Compound I have been synthesized by oxidation of 
iron(III) porphyrin complexes with sacrificial oxidants like m-chloroperoxy benzoic 
acid (mCPBA).96 Reaction of P450 with such an oxidant was reported to give a 
short-lived species that displayed characteristic UV-visible absorption bands for 
a porphyrin radical cation, suggesting it to be Compound I.47,48,97 In contrast, 
low temperature studies in the presence of the substrate provided no evidence 
for the accumulation of a reactive transient after the formation of the 
hydroperoxo species.98 Moreover, a species with a lower oxidation state 
(Compound II) and a radical center at an amino acid residue is formed in recent 
rapid freeze-quench mixing studies.97,99-104 At cryogenic conditions, 
Compound 0 has been observed by ESR and ENDOR spectroscopy.105,106 
Annealing this state at higher temperatures resulted in the direct formation of the 
alcohol product tightly bound to the heme iron without the observation of an 
intermediate state. Upon further warming, a product bound state is formed 
which is the same as the state formed by treating the resting state with the 
alcohol product. Since a tightly bound heme–alcohol complex has been 
observed for P450cam, it seems likely that the O–O bond is cleaved before 
substrate oxidation and that the oxygen atom bound to iron is inserted into the 
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C–H bond of the substrate. Moreover, it seems that the oxidant(s) in Cytochrome 
P450 reacted faster with the substrate than they were formed as these studies 
provided no evidence for the accumulation of a reactive intermediate after the 
formation of Compound 0.98,105,106 

Alternatively, Compound II has also been proposed as an oxidant in the 
Cytochrome P450 hydrocarbon hydroxylations. This species has frequently been 
observed in attempts to shunt the cycle by use of peroxy acids.97,99-104 However, 
reactivity studies for model systems reveal that Compound II is a sluggish 
oxidant compared to Compound I.107-109 Consequently, related research is 
generally focused on Compound I as the primary if not the sole oxidant in the 
Cytochromes P450. This view gets support from a recent mechanistic study 
demonstrating that the kinetic isotope effects obtained using a series of para-
substituted N,N-dimethylaniline oxides (1), which function as both substrate in 
N-dealkylation and as surrogate oxygen donor, closely match to the KIEs 
obtained using the analogous para-substituted N,N-dimethylanilines (2) used 
under natural reaction conditions (Figure 2.7).110 Because the N-oxide do not 
require the preceding intermediates to form Compound I, the KIE-results provide 
convincing evidence for the involvement of Compound I as an active oxidant in 
the P450 mediated N-dealkylations of N,N-dimethylanilines 2. 

In contrast, the role of Compound I as an oxidant in P450 hydroxylations was 
recently questioned in kinetic studies which showed a too low reactivity for 
analogues of Compound I.111-114 Instead, an iron(V)-oxo resonance form of 
Compound I was proposed to effect P450 catalyzed oxidations (g' → i) since 
high valent manganese-oxo and iron-oxo species with the metal in its formal +5 
oxidation state are found to be orders of magnitudes more reactive than the 
iron(IV)-oxo porphyrin radical cations.112 This undetected higher energy iron(V)-
oxo species, formed after heterolytic oxygen-oxygen bond cleavage of the 
hydroperoxo intermediate should oxidize substrates much faster than the 
relaxation to the Compound I resonance form. This proposition would provide a 
rationale for the absence of a transient oxidant in the P450s and explains the 
high rate of the substrate hydroxylations.112,115 Considered as support is the lack 
of reactivity for lauric acid with the CYP119 Compound I intermediate 
generated by photooxidation from Compound II, since laurate is a substrate 
under natural conditions.112,114  
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At this stage, it seems that some of the reported data are in conflict with each 
other and more kinetic studies on Compound I are necessary to provide a better 
understanding of this intermediate acting as an oxidant in the hydrocarbon 
hydroxylation mechanism. 

2.5 Stereochemical Scrambling and Radical Clock 
Substrates 

Oxidations of isotopically labeled substrates by Cytochromes P450 show 
partial scrambling of the label in the products and provide detailed insights into 
the hydrocarbon hydroxylation mechanism (Figure 2.8). For example, allylic 
hydroxylation of isotopically labeled cyclohexene (4) by Cytochrome P450 
(CYP2B4) proceeds with predominant rearrangement of the double bond.46 This 
partial allylic rearrangement behavior has also been observed for the 
hydroxylation of methylenecyclohexane (5) and β-pinene (6). In the hydroxylation 
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of the labeled saturated hydrocarbon norbornane-d4 (7) isotopic scrambling of 
deuterium has also been observed.45 Interestingly, P450 (CYP101) hydroxylation 
of camphor containing deuterium at either the 5-exo or 5-endo position (8) 
resulted in the stereospecific formation of 5-exo-hydroxycamphor with either 
hydrogen or deuterium at the 5-endo position.50 Possibly, P450cam removed 
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either the 5-endo or 5-exo hydrogen (deuterium) from camphor, but oxygen 
insertion occurred stereospecifically from the exo-side. Significant 
stereochemical inversion also occurred in the P450-catalyzed hydroxylation of 
the R and S enantiomers of (1d1) phenylethane (9).53 These observations seem 
to be consistent with a stepwise mechanism involving either a radical or a 
cationic substrate intermediate, which are planar at the carbon center with the 
ultimate hydroxylation occurring at either side. Relatively large intrinsic 
deuterium isotope effects (kH/kD = 10-14) have been observed that are most 
consistent with a hydrogen atom abstraction in which the C–H bond is 
completely broken to generate a carbon radical.45,51,116,117 The suggested step-
wise mechanism is most likely a radical one and these experimental results have 
been used as evidence in support of the mechanism involving hydrogen 
abstraction by Compound I and the subsequent oxygen rebound step.  

The lifetime of the proposed carbon radical intermediate has been estimated 
with radical clock substrates.78 The radical that is generated from such a 
substrate undergoes an irreversible rearrangement with a known rate constant 
(kR), which thereby competes with the hydroxylation process 
(Figure 2.9).54,78,79,118 When hydroxylation and intramolecular rearrangement are 
the only two competing processes, the lifetime and rate constant for radical 
rebound (kH) can be determined from the product distribution and the known 
rate constant for rearrangement (kR) using equation 2.1. Hydroxylation of 
methylcyclopropane (10) by P450, for example, occurs without rearrangement 
of the radical intermediate yielding only cyclopropylmethanol (11), suggesting 
that the carbon radical rearrangement is relatively slow compared with the 
oxygen rebound process. Bicyclo-[2.1.0]-pentane (12), on the other hand, was 
hydroxylated giving a 6.5:1 ratio of the unrearranged (13) and rearranged (14) 
alcohols (Figure 2.9).119,120 From this ratio and the rate constant for ring 
opening (2.1 109 s-1) the rebound rate constant is calculated to be 
1.4 1010 s-1.77,121 Consequently, the lifetime (τ=1/kH) of the radical intermediate 
species is merely 70 ps. The fact that rearranged products are formed in the 
reaction implicates some type of radical intermediate, but the calculated lifetime 
is too short for a true radical intermediate. Instead, the transition state may have 
radical character, thereby suggesting a nonsynchronous concerted oxene 
insertion mechanism. Subsequent mechanistic studies using fast rearrangement 
reactions of probe analogs of 10 (15-24 in appendix 12.2) show that the 
calculated kH values range from 1011 to 1013 s-1. Since this range is rather large, 
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a straightforward two step mechanism alone may not explain these observations. 
Several suggestions explaining these experimental results have been considered, 
but none satisfactorily.  

2.6 Carbocationic Intermediates and Multiple 
Oxidants 

The described radical clock studies are not entirely consistent with a simple 
two-step abstraction rebound mechanism. A possible explanation for the 
different quantitative results is that rearrangement of the substrates might involve 
cationic intermediates.80 For the radical clock substrates (10-24), both radical 
and cationic intermediates would give the same skeletal reorganization. 
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 Therefore, variable competition between cationic and radical rearrangements 
might provide a rationale for the various kinetic results. Different radical and 
cationic rearrangements have been observed for the P450 hydroxylations of the 
radical clock substrates norcarane (25), methylcubane (26), and (trans,trans-2-
tert-butoxy-3-phenylcyclopropyl)-methane (27) that appear to be consistent with 
the proposed competing mechanisms (Figures 2.10-2.12).59,122-124 The amount 
of cation-derived products for the hydroxylation of methylcubane (26) with 
different P450s, for example, ranges from 0-30% of the total amount of 
oxidation at the methyl position.62 Hydroxylation of 27 results mainly in 
unrearranged product (28) and small amounts of both radical (29) and cationic 
(30) rearrangement products in a ration of 22:1:2.5.125 The rate constant for 
oxygen rebound is calculated to be 1.5 1013 s-1 from which a lifetime for the 
radical is deduced of only about 70 fs, which is still too short for a true radical 
intermediate.125  

 
 25   

 

Figure 2.10. Structure of norcarane (25) and its radical and cationic 
rearrangement products. 

CH3

 
 26   CH2

CH2 CH2

 

Figure 2.11. Radical and cationic rearrangement pathways upon oxidation of 
methylcubane (26) by P450 enzymes. 
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Thus, a cationic intermediate in the hydroxylation reaction might explain the 
scattered kOH data that result from the probes 15-24. Recently, the nature of the 
carbon intermediate was further investigated with the radical clock substrates α- 
and β-thujone (31 and 32, respectively; Figure 2.13). Chemically generated 
thujone C-4 radicals are subject to cyclopropyl ring opening, whereas its C-4 
cation was shown to rearrange rapidly to a phenolic product (carvacrol).126 The 
minor amounts of cation derived side products together with the increased 
degree of inversion of configuration at the C-4 center upon hydroxylation by 
P450 proteins with larger active sites implicates the involvement of a radical 
recombination mechanism.126-127 The hydroxylation of α-thujone by P450cam 
has also been performed in D2O instead of H2O and shows no significant 
differences in the product distribution, leading the authors to conclude that the 
hydroxylation is performed by one single oxidant, namely Compound I. 
However, at this stage, this conclusion is premature since the solvent isotope 
effect only indicates that the solvent water molecules are not directly involved in 
the rate limiting step. 
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Intra- and intermolecular kinetic isotope effects for the hydroxylation of the 
enantiomers of trans-2-(methylphenyl)cyclopropylmethane (17a) and its trifluoro 
analog (17b, Figure 2.14) indicate that the kinetic isotope effect for the 
formation of the unrearranged and rearranged products differ by a constant 
ratio.63,128 Three isotopically sensitive reactions have been assigned to these 
reactions, including the two competing product formations (rearranged and 
unrearranged) and a consecutive KIE of a sequential reaction.63,81,128,129 This 
sequential reaction has been attributed to a deprotonation of protonated 
alcohol intermediates.63,128 Moreover, for the proposed protonated alcohol 
intermediate, rearrangement competes with deprotonation and it has been 
shown that the relative amount of rearrangement increases for the d3 substrate 
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with respect to the d0 substrate because the dedeuteration proceeds slightly 
slower than the deprotonation (Figure 2.14).128 These kinetic studies give 
support to the hydroperoxo species being an electrophilic oxidant in 
Cytochromes P450, effecting hydroxylations by inserting OH+ into a C–H bond.  

The involvement of multiple oxidants is further strengthened by the observed 
differences in the metabolism when using buffered carbonate solutions instead 
of phosphate solutions.130 The catalyzed O-dealkylation reaction attenuates in 
the presence of carbonate anions, while N-dealkylation reactions are almost 
unaffected by the type of anion. These results suggest that the carbonate disrupts 
the relative ratios of the potential P450 oxygenating species, which differentially 
catalyze the O- and N-dealkylation reactions. 

Variable partitioning between the radical and carbocation mechanisms has 
been used to explain the wide range of kH values described in Chapter 2.5. The 
calculated lifetimes of the radical intermediates range from 70 to 200 fs and are 
too short for true radical intermediates and rather correspond to vibrational 
levels or to transition states. Therefore, the formation of cationic intermediates 
seems unlikely to originate from radical oxidation by the heme iron hydroxyl 
species h. A more plausible mechanism involves inverse heterolysis of the 
hydroperoxo bond of Compound 0 (f) and OH+ insertion into the C–H bond to 
generate the protonated alcohol (f → l). Subsequent solvolysis could be 
accompanied by skeletal rearrangement. Together with at least two different 
kinetic isotope effects for each product, these findings appear to support the 
involvement of more than one oxidant in the hydrocarbon hydroxylation. This 
multiple oxidants proposition is further supported by site-directed mutagenesis 
studies, as described in the next section.  

2.7 Site-Directed Mutagenesis  

Compound I is formed by protonation of the iron-peroxo intermediate followed 
by a second protonation of the iron-hydroperoxo intermediate. However, there is 
no strategically positioned acid-base catalyst to perform these two protonations 
such as the histidine amino acid residue in peroxidases and catalases,131-133 and 
the glutamic acid in chloro peroxidases for which the presence of Compound I 
has been determined.134 The active sites of peroxidases, chloro peroxidases, and 
catalases are polar, whereas the P450 pocket is hydrophobic. Nevertheless, it 
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has been speculated that a highly conserved acid-alcohol side-chain pair in 
Cytochromes P450 could play a key role in the protonation, either directly or via 
intervening water molecules.135 A possible proton delivery model for P450cam 
involving Thr252, Asp251 or Glu366, and water molecules has been proposed 
(Figure 2.15).136-140 If this model is correct, then disruption of the proton delivery 
channel should result in an increase in the hydroperoxo species and prevent the 
formation of Compound I. When aspartic acid is replaced with asparagine, the 
delivery of the first proton to the FeOO species is hampered. Once 
Compound 0 is formed by delivery of a proton via additional solvent molecules, 
it goes on to form the product quantitatively.106,136 Removal of the hydroxyl 
functionality by mutation of threonine to alanine (Thr252Ala, Figure 2.16) or to 
valine (Thr252Val) reportedly showed reduced rates for camphor hydroxylation 
together with a lower efficiency, while preserving the alcohol side chain in the 
threonine to serine mutant resulted only in minor effects.141 This might suggest 
that threonine plays a key role in the delivery of the second proton in the 
catalytic cycle and thus on the O-O bond scission.106,141,142 However, mutation 
of the threonine residue to the unnatural amino acid methoxy-threonine retains 
monooxygenase activity.143 Therefore, it seems unlikely that threonine functions 
as an acid catalyst that is directly involved in proton donation, but rather that it 

O

H

H
O

H

Thr252
O

H

C

O

O

H
H

Asp251
or

Glu366

n

Fe

O
OH

III

Cys357-S

O H O

H

Thr252
O

H

C

O

O

H H

Asp251
or

Glu366

n

Fe

O

O

IV

Cys357-S

H

H

+

 
Compound 0  Compound I 

Figure 2.15. Generally proposed protonation schemes for the proton delivery to 
the outer oxygen atom of Compound 0 generating a water molecule and 
Compound I.  



Catalytic Cycle of Cytochromes P450 

39 

is part of the proton delivery network by hydrogen bonding to a water 
molecule.143 

The threonine to alanine mutants have often been used to study oxidations by 
the hydroperoxide species, because its lifetime is presumably prolonged in these 
mutants. In these mutants (CYP2B4 T302A and CYP2E1 T303A), oxidation of 
trans-2-(methylphenyl)cyclopropylmethane (17a, Figure 2.14) resulted in 
relatively more phenyl oxidation with respect to methyl oxidation, whereas the 
ratio of unrearanged and rearranged products remains the same. This result 
suggests that a second oxidant is present in the mutant that preferentially 
catalyzes the oxidation of the phenyl group. Replacing the methyl group on the 
phenyl ring by a trifluoro methyl group (17b) prevented the oxidation at this site 
and resulted in more rearrangement products in the mutants, suggesting that 
both oxidants are involved in the oxygenation of methyl groups.61 With probes 
26 and 27, which can differentiate between radical and cationic species 
(Figures 2.11 and 2.12), the relative amount of product resulting from a 
cationic rearrangement increased significantly when using threonine to alanine 
mutants, which supports the electrophilic behavior of Compound 0.62  

The threonine to alanine mutant (T309A) in Cytochrome P450 2D6 shows 
catalytic behavior different from that of wild type CYP2D6. N-Dealkylation is 
increased in the T309V mutant with respect to O-dealkylation under natural 
conditions.144 However, O-dealkylation is restored when using the sacrificial 
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cumenehydroperoxide as oxygen source (Figures 2.6 and 2.17), which might 
suggest the involvement of the two different oxidants.144 Similarly, the threonine 
to alanine mutant (T268A) in Cytochrome P450BM3 shows an increase in the 
ratio of sulfoxidation to N-dealkylation of the N,N-dimethyl-p-thioanisole (33) 
substrate in comparison to the wild-type enzyme (Figure 2.17).145 The lack of a 
significant isotope effect using labeled N-methyl groups in 33 indicates that the 
two products originate from different oxidants.145 Notably, similar alterations in 
regioselectivity have been observed in a phenylalanine to alanine mutant 
(F87A), while phenylalanine is not presumed to be involved in proton transfer to 
the hydroperoxy species and, consequently, the active oxygen species is 
expected to be unchanged in this mutant. This validation of mutations shows 
that caution in the interpretation of these site directed mutagenesis studies is 
required since the altered regioselectivity could also be due to a change in 
active site structure and not to the hampered proton transfer to Compound 0. 
Nevertheless, multiple oxidants derived from molecular oxygen seem to be 
responsible for the diversity in oxidative reactions, either competitive or 
sequential. Thus site-directed mutagenesis studies were shown to be important 
for providing support for the multiple oxidant model.61,62,144-147 

2.8 Theoretical Interpretation of the P450 
mechanisms  

Since the advances in density functional theory, which is the preferred method 
for sizeable organometallic systems like the heme active site,148,149 theoretical 
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chemistry has been added to the intriguing Cytochrome P450 problem to 
address the controversies and uncertainties regarding the catalyzed alkane 
hydroxylation mechanism. Complete catalytic cycles considering Compound I as 
the sole oxidant have been modeled independently by three research groups, 
but a comprehensive comparison between the different mechanistic pathways 
has not yet been made.73-76,150,151 In these studies the popular B3LYP functional 
was used and, expectedly, no remarkable differences were found between them. 
The computational findings of the commonly accepted part of the catalytic cycle 
up to the formation of hydroperoxo species f can be found in these reviews and 
are beyond the scope of the present chapter, which focuses on the unresolved 
part of the catalytic cycle. 

Compound I has been assumed to be the ultimate oxidant by density 
functional theory calculations, as precursor Compound 0 has a high proton 
affinity of about 330 kcal mol1 and presumably converts barrier-free (and thus  
spontaneously) to Compound I.152-154 However, in these calculations, a bare 
proton (H+) is used, while the exothermicity of the O–O bond scission reduces 
from 330 to 158.6 kcal mol1 when the hydronium ion (H3O+) is the 
protonating agent. The process becomes even endothermic by +64.2 kcal mol1 
when neutral water is used.152 These large energy differences reflect the 
dominance of electrostatic effects in the gas phase calculations and these 
reaction energies are therefore not representative. Proton transfer from threonine 
via an intervening water molecule reportedly gives a more realistic exothermicity 
of only 5.5 kcal mol1,155 but recent calculations on a large active site model 
show an endothermic process of 9.1 kcal mol1 and large barriers have been 
estimated from geometry scans.156 These QM results contrast, however, strongly 
with the 80 kcal mol1 obtained in a QM/MM study.157 Yet, another QM/MM 
study shows energy differences between Compound 0 and I in the range of 2.3 
to +9.9 kcal mol1, depending on the size of the QM regions.156,158 QM single 
point energy calculations predicted this range to be -9.3 to +25.5 kcal mol1.158 
The actual proton relay mechanisms were explored and revealed a high energy 
protonated Compound 0 intermediate (20-30 kcal mol1) on forming 
Compound I (f → g). In these studies, it was concluded that such a proton relay 
mechanism does not provide a facile pathway for the conversion of 
Compound 0 to I. An alternative mechanism involving the initial formation of a 
Compound II/hydroxyl radical pair (j) with subsequent proton and electron 
transfers to yield Compound I (j → g) was proposed. This process was 
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calculated to have a relative low energy barrier of about 13-14 kcal mol-1 for 
the homolytic O–O bond cleavage.158 The diversity in results for the formation 
of Compound I illustrates that there is neither consensus concerning its relative 
energy with respect to Compound 0 nor for the proton transfer pathway. Gas 
phase calculations do not include the important protein environment, while the 
expensive, but promising QM/MM calculations are shown to be too sensitive to 
the theoretical methodology. In spite of more than ten years of theoretical 
investigations, the formation of Compound I is still speculative and based on 
assumptions. Nonetheless, in spite of these uncertainties, Compound I has been 
studied extensively as the sole oxidant using various methods. 

Theory, however, contributed fundamentally to the understanding of the 
properties of Compound I as an oxidant and revealed that the species possesses 
three singly occupied orbitals. Two of these are the ∗

xzπ  and ∗
yzπ orbitals of the 

Fe-O unit, whereas the third one involves the πS orbital on the sulfur ligand, 
giving the ΠS electronic states, or the a2u porphyrin orbital leading to the A2u 
states (Figure 2.18). The ΠS states have a closed-shell porphyrin moiety and 
have a red color, whereas the porphyrin radical cationic A2u states have a green 
color. Both the ΠS and the A2u states can exists in a quartet (4ΠS & 4A2u) or 
doublet state (2ΠS & 2A2u), in which the three unpaired electrons have the same 
principal spin quantum number or in which one electron has reversed spin, 
respectively. Theoretically, the 4,2ΠS and 4,2A2u states were found to be close in 
energy at DFT(B3LYP).56,159,160 Protein environmental interactions modeled by 
ammonia hydrogen bonding to the cysteine and a continuum solvent model 
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both shift the spin density from sulfur to the porphyrin.161-163 These effects were 
confirmed by DFT(B3LYP)/MM(CHARMM22) calculations for Cytochrome 
P450cam, showing that the spin density on sulfur decreases with concomitant 
increase in the hydrogen bond strength between the cysteine and a neighboring 
glutamine amino acid.164 DFT(B3LYP)/MM(CHARMM22) optimizations of 
Compound I of the 2C9, 2B4, and 3A4 human Cytochrome P450 isoforms 
show similar results.165 These calculations revealed that Compound I has a 4,2A2u 
ground state and alterations in the hydrogen bonding around the cysteine heme 
ligand change the electronic structure of Compound I between the 4,2A2u and the 
4,2ΠS states. This sensitivity of the electronic structure has been described as a 
chameleon character of Compound I that can change from ‘red’ to 
‘green’.161164 Noteworthy, a thiolate iron-oxo porphyrin radical cation 
intermediate has been identified as Compound I in chloroperoxidase enzymes 
and has a green color.166 In general, the chameleon behavior has also been 
reported for the peroxidases and catalase Compound I models having a 
histidine and tyrosinate mimic for the iron heme axial ligand, respectively.167-170 

Compound I thus exists in two close lying doublet and quartet spin states 
(2,4A2u) that could both participate in the catalytic cycle.56-58,171-173 For the 
hydrogen abstraction process, the doublet and quartet energy profiles were 
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found to be very similar.56 The two spin profiles bifurcate in the subsequent 
rebound process; the rebound occurs barrier free for the doublet, whereas the 
quartet encounters a significant barrier. For the quartet a transition state was 
found and a normal radical lifetime was deduced for the intermediate formed 
after hydrogen abstraction (Figure 2.19). As such, the rearranged product in the 
radical clock studies, as described in Chapter 2.5, originates then from the 
quartet state profile and the unrearranged product primarily from the doublet 
states. This implies that the ratio between the unrearranged and rearranged 
products reflects that of the doublet and quartet processes, respectively. 
Consequently, the apparent lifetime calculated from this ratio is not a true 
lifetime and would appear to be shorter than actual lifetimes of a (quartet) 
radical intermediate. Accordingly, the two-state reactivity model for Compound I 
has been used to explain the inconsistent radical lifetimes found in the radical 
clock studies. 

The reaction mechanism for the hydroxylation by Compound I has been 
investigated for approximately 30 different hydrocarbons, including small 
alkanes, alkenes, aromatic substrates, camphor, and some radical clock 
substrates at the DFT(B3LYP) level of theory,56,155,171-179 and for the hydroxylation 
of camphor by  Cytochrome P450cam at both DFT(UB3LYP)/MM(CHARMM22) 
and DFT(ROB3LYP)/MM(OPLS).157,180-183 The energy barriers for hydrogen 
abstraction from a saturated carbon atom calculated at the QM level of theory 
vary between 13.5 and 26.7 kcal mol1. For the hydrogen abstraction from 
camphor, this barrier is estimated at 18 and 20 kcal mol1 at the QM and 
QM/MM levels, respectively.180,181 The barrier for the oxygen rebound process is 
much lower and presumably readily overcome at room temperature. Therefore, 
it is generally accepted that once Compound I is formed, it will hydroxylate the 
substrate via hydrogen abstraction and oxygen rebound steps. Furthermore, it 
has been shown that the initially proposed synchronous oxene insertion 
mechanism (g → i) requires a barrier of approximately 50 kcal mol1, which is 
too high to compete with the stepwise hydrogen abstraction and oxygen 
rebound mechanism.180 These theoretical results together with the experimental 
evidence that the hydrocarbon hydroxylations proceed via a radical mechanism 
stress the viability of Compound I being an oxidant. Moreover, an intriguing 
comparison has been made between the reactivity of Compound I and its 
ruthenium analog (one period below iron in the periodic table). The ruthenium 
analog is expected to be the more reactive one based on the lower barrier for 
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hydrogen abstraction and, moreover, to follow largely single-state reactivity on 
the doublet surface in contrast to the two-state reactivity of the iron analog. 
These findings were confirmed experimentally, showing no rearrangements of 
the substrate and higher turnover numbers for oxidation by the ruthenium 
complex.162,184-187 Thus, the agreement between experimental and theoretical 
results for iron and ruthenium Compound I intermediates demonstrates the 
viability of the abstraction-rebound mechanism. 

However, both site-directed mutagenesis and intramolecular isotope effect 
studies suggests, as noted, the involvement of another oxidant.60-63 Recently also 
a theoretical study provided support for the two-oxidant model.188 The proposed 
mechanism involves the homolytic oxygen-oxygen bond cleavage to generate 
the isomeric iron-oxo species (Compound II), hydrogen bonded to a hydroxyl 
radical (j in Figure 2.4), and is referred to as the ‘somersault’ motion of the 
peroxo group (f → j).188 This hydroxyl radical then abstracts readily a hydrogen 
atom from the substrate forming Compound II, a water molecule, and the 
substrate-radical (triad k). Subsequent bond formation between the carbon 
radical and the oxygen atom of the water molecule with a concomitant shift of a 
proton to Compound II results in the formation of the product. Alternatively, 
C–O bond formation between the carbon radical and the oxygen of 
Compound II, instead of the water molecule, generates the alkoxy iron(III) 
porphyrin complex,82 which is a key intermediate in the catalytic cycle that has 
been observed experimentally.189 Subsequent protonation of the species will 
result in release of the product. This ‘somersault’ hydrocarbon hydroxylation 
mechanism proceeds via a radical mechanism and appears to be in harmony 
with the discussed experimental data. Together with the mechanism that invokes 
Compound I, all experimental observations can be explained by the competition 
between these two mechanisms. Comparison of these pathways using the same 
computational strategy shows that they have similar barriers. The barriers for the 
somersault mechanism have been calculated at 22.8 and 2.3 kcal mol1 for, 
respectively, the homolytic O–O cleavage in Compound 0 and the subsequent 
hydrogen abstraction by the hydroxyl radical. For the ‘classical’ pathway, it has 
been assumed that Compound I is formed without a barrier from Compound 0, 
while the subsequent hydrogen abstraction has a calculated barrier in the range 
of 15.4 to 20.8 kcal mol1 depending on the type of substrate.82,177,179 Because 
the barrier for the second step in the Compound I mechanism is lower with 
respect to that for the homolytic O–O bond scission and because it has been 
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assumed that Compound I is formed spontaneously from Compound 0, is has 
been concluded that the C–H hydroxylation will be dominated by Compound I.82  

The early detailed theoretical investigations on the catalytic cycle of 
Cytochromes P450 in 1998 indicated only Compound I as the active oxidant 
and its precursor, Compound 0, to be ‘silent’. This view held out till last year 
when (a) geometry scans revealed an energy barrier for the Compound 0 to I 
conversion and (b) the alternative somersault motion of the outer OH moiety in 
Compound 0 was shown to have a relatively low barrier.82,156,188 Further 
calculations reportedly showed quite large uncertainties, as shown in 
Figure 2.20. Hence, no definite conclusion can yet be drawn whether the 
somersault mechanism and/or the classical Compound I mechanism are 
plausible mechanisms that describe the overall hydroxylation chemistry of 
Cytochromes P450. Recent QM/MM calculations showed that the barriers for 
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Figure 2.20. Schematic summary of the reported computational results with 
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homolytic O–O bond cleavage (somersault) are even lower with respect to the 
newly determined barriers for Compound I formation and that the oxygen-
oxygen bond is preferably cleaved homolytically (Figure 2.20).158 Besides the 
hydrogen abstraction from the substrate by the initially generated hydroxyl 
radical, also protonation of the OH moiety together with electron transfer to the 
porphyrin ring can take place (j → g), for which barriers of only 1.1-
6.6 kcal mol1 are estimated from geometry scans. This alternative formation of 
Compound I adds to the complex enigma of hydrocarbon hydroxylation 
catalyzed by Cytochromes P450. 

Theoretical investigations shed light on many issues concerning the catalytic 
cycle and simultaneously show that the hydroxylation of hydrocarbons catalyzed 
by these proteins is much more complex than hitherto has been assumed. 

2.9 Concluding Remarks  

In the last decade, many data have been presented in support of multiple 
reaction pathways for the hydrocarbon hydroxylation catalyzed by Cytochromes 
P450. The existence of the carbon radical intermediate has been supported by 
the observation of a large deuterium isotope effect upon oxidation, significant 
loss in stereochemistry at the oxidation site, and the formation of rearrangement 
products upon oxidation of various radical probes. Minor skeletal 
rearrangements that are typical for carbocation intermediates generated in 
solution have been observed for some substrates in P450 hydroxylations and 
suggest the involvement of a cationic mechanism in addition to the predominant 
radical mechanism. However, these observations should be interpreted with care 
because the involvement of carbocationic intermediates in a competing 
hydroxylation reaction has not been established with certainty. The absence of 
an atypical rearrangement of a radical intermediate in solution does not rule out 
such type of rearrangement for radical intermediates in the protein pocket. 
Different chemical behavior has been observed for radical reactions when 
encapsulated in cyclodextrin and zeolites in comparison to the free radical 
chemistry in solution.190 Thus, it might be possible for these substrates that the 
“cationic” product is not formed from cation intermediates, but rather from a 
radical rearrangement in a restricted environment as is the case for the P450 
active site pocket. In spite of this uncertainty in the origin of atypical 
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rearrangements, the involvement of multiple reaction pathways in the overall 
P450 hydroxylation behavior appears beyond question. 

Theoretical treatments of the P450 problem have given insight into the 
energetics of the various possible mechanisms and into the properties of their 
intermediates and transition states. Theory has also added new mechanisms to 
the lively P450 debate, but no quantitative conclusions can be drawn yet. The 
reported energetics of the different mechanisms are similar in magnitude with 
accuracy of the calculations being limited by the choice of method (density 
functional and basis sets) and the size of the model system used. Calculations 
on P450 enzymes in a DFT/MM fashion have resulted in relative large 
uncertainties and there is not yet a universally accepted procedure for such 
calculations. Nevertheless, qualitative conclusions can be drawn from almost ten 
years of theoretical calculations on the P450 hydroxylation reaction. These 
include the two-state reactivity of Compound I, but also the involvement of 
homolytic cleavage of the hydroperoxyl bond in Compound 0 (somersault). 
While the consensus view is that Compound I is the predominant catalytic 
intermediate, accumulating experimental and theoretical data point at the 
participation of both Compound 0 and I active oxidants.  

 

 

 

 

 

 

 

 

 

 


