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9.1 General 

Controlled oxidation reactions under mild conditions, by using for instance 
peroxyacids, are one of the most important tools developed by synthetic 
chemists in the past centuries.357-365 Still, nature uses a different approach by 
utilizing the iron-heme prosthetic group as a catalyst in oxidoreductase enzymes 
(e.g. catalases, peroxidases, and heme-thiolate proteins). In the mechanistic 
studies on the highly selective oxidation reactions catalyzed by the Cytochrome 
P450 heme-thiolate proteins, as described in this thesis, some interesting 
similarities with the classical peroxyacids were found, which are reported here. 

The Cytochromes P450 form a ubiquitous family of metabolizing enzymes that 
catalyze the oxidation of a large variety of substrates, including drugs and 
endogenous compounds.20,31,65 In this two-electron oxidation one of the oxygen 
atoms derived from dioxygen inserts, for example, into the C—H bond of a 
substrate RH (Figure 2.4, page 23). Yet, after decades of intense experimental 
and theoretical studies, the catalytic mechanism(s) by which the Cytochromes 
P450 operate are still topic of discussion and debate. The most generally 
accepted mechanism consists of 8 steps (Figure 2.4), including substrate binding 
into the active site pocket of the enzyme (a→b); reduction; binding of molecular 
oxygen to the heme iron (c→d); reduction; protonation to afford the 
hydroperoxo iron heme species f (Compound 0); heterolytic peroxy O–O bond 
cleavage to generate a water molecule and the iron(IV)oxo porphyrin radical π-
cation g (Compound I) that, subsequently, abstracts a hydrogen atom from the 
substrate (g→h); and finally, the substrate radical rebinds to the radical oxygen 
atom to yield the alcohol product (h→i).45,161 The first 5 steps of this catalytic 
cycle up to the formation of the hydroperoxy complex f are generally agreed 
upon, but there is less consensus for the following ones.73-74,80-82,188 

The main mechanistic discussion is about the origin of the peroxy O–O bond 
scission in f. Besides the generally accepted heterolytic peroxy O–O bond 
cleavage, also a homolytic cleavage route has been formulated based on 
supporting experimental data.33,86-89,101,354,366 In Chapter 8, a second 
hydroxylation mechanism for the Cytochromes P450 has been proposed, 
consisting of 3 additional steps after the formation of the hydroperoxy complex f. 
The first step (the sixth in ‘this’ catalytic cycle) involves homolytic peroxy O–O 
bond cleavage generating the iron(IV)oxo porphyrin complex (Compound II) and 
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a hydroxyl radical (f→j), that abstracts a hydrogen atom from the substrate, 
giving a carbon radical and a complexed water molecule (k). Subsequent 
hydroxylation involves a concerted hydrogen atom transfer from the water 
molecule to the iron(IV)oxo porphyrin complex with a concomitant rebound of 
the carbon radical to the incipient hydroxyl radical.82,188 Alternatively, a rebound 
takes place between the carbon radical and the oxygen atom of the iron(IV)oxo 
porphyrin complex, resulting in the formation of an alkoxy iron heme complex as 
a key intermediate (see also Chapter 8.2.2).82,188 

The importance of the homolytic O–O bond cleavage pathways as an 
alternative to the classical Compound I pathway has also been addressed in 
recent theoretical studies, but not resolved yet.82,188 Also experimentally, the 
involvement of two competing mechanisms has been proposed based on kinetic 
and site-directed mutagenesis studies, but their contributions to the overall P450 
activity could not be determined.61-67,81,128,318 Evidently more mechanistic insight 
is required into the alkane hydroxylation catalyzed by these types of proteins to 
identify the true nature of the oxidizing species in Cytochromes P450. 

It is then of interest to relate the complex chemistry of the stereo- and 
regioselective hydroxylation of unactivated hydrocarbons by Cytochromes P450 
to that of the simpler peroxy acids.357-364 Also for the alkane hydroxylation 
mechanism by peroxy acids, there is a controversy whether the oxidation 
mechanism involves a stepwise radical or a concerted oxygen insertion 
mechanism,367-370 comparable to the discussion on the P450 mechanism. The 
peroxy acids show remarkable structural similarities with the key Compound 0 
intermediate in the Cytochrome P450 catalytic cycle, both bearing a 
hydroperoxo functional group of which the peroxy hydrogen interacts with a 
neighboring heteroatom (Figure 9.1). These structural and chemical similarities 
encouraged us to compare the catalytic P450 chemistry to the non-catalytic and 
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Figure 9.1. The hydroperoxo iron porphyrin intermediate (Compound 0) in the 
catalytic cycle of Cytochromes P450 (left) compared with peroxy acids (right). 
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non-enzymatic peroxy acid mechanisms. 

For peroxy acid hydroxylations, both stepwise (free) radical and concerted 
oxygen insertion presumably occur concurrently.367-370 The presence of minor 
amounts of radical derived side products in the alkane hydroxylation (CO2, 
CHF3 when R'=-CF3, and chlorobenzene when R'=-C6H4Cl) suggests that 
radical intermediates may be involved, whereas the high stereo- and 
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Figure 9.2. The free radical mechanisms for alkane hydroxylation by mCPBA. 
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regioselectivity of the alkane hydroxylation strongly suggests a concerted oxygen 
insertion mechanism.k  

In the free radical peroxy acid hydroxylation mechanism, homolytic oxygen-
oxygen bond cleavage has been proposed to initiate the free radical process 
(eq. 9.1, Figure 9.2).371 The propagation involves hydrogen abstraction from an 
unactivated hydrocarbon, followed by decomposition of a second peracid 
molecule by the alkyl radical (eqs. 9.2-9.3). Decarboxylation of the acyloxy 
radical gives a competing hydrogen abstracting species (eqs. 9.4-9.5). 
However, these free-radical mechanisms are not consistent with the 
experimentally observed stereoselectivity.364 Therefore, another propagation 
mechanism has been proposed in which hydrogen abstraction from the peroxy 
acid (45) by the acyloxy radical (46) takes place to generate a peroxyl radical 
(55) that selectively abstracts a hydrogen atom from the unactivated 
hydrocarbon (eqs. 9.6-9.7).367 The high degree of configurational retention in 
the oxidation of epimeric cycloalkanes has been attributed to fast hydrogen 
abstraction and oxygen rebound cage reactions in eq. 9.7.364  

Beside these three radical based mechanisms for peroxy acid hydroxylation, a 
one step concerted mechanism has been proposed in which the alkane 
hydrogen atom is transferred to the peroxy oxygen atom together with oxygen-
oxygen bond elongation.367,368 In the transition state, the alkyl-water-acyloxy 
triad can give the protonated alcohol product, followed by proton transfer to the 
R'-formate anion. Alternatively, separation of the alkyl group from the transition 
state would result in the formation of alkyl and R'-formate radicals that could 
initiate the chain reactions, which has been assumed to account for the radical 
derived side products found in the reaction mixtures.367,l  

There is still no unified picture for the oxidation of unactivated hydrocarbons by 
peracids and the current view is that the free radical as well as the oxenoid 
oxygen insertion mechanisms takes place in concert. In the present study, density 
functional theory (DFT) calculations are performed to investigate the 
mechanisms for peroxy acid hydroxylation and to analyze the similarities and 
 
k  In the oxidation of adamantane by m-CPBA, chlorobenzene is formed in CH2Cl2, CHCl3 

solutions and m-chlorobiphenyl is formed in benzene solution, which involves decarboxylation of 
m-chlorobenzoyloxyl radical (eq. 9.4). 

l In the oxidation of cyclohexane-d12 by TFPA, CO2 and fluoroform-d are formed as side 
products. 
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differences between the peroxy acid and the Cytochrome P450 hydroxylation 
mechanisms. 

9.2 Results and Discussion 

The reaction of propane and butane with the common oxidant m-
chloroperbenzoic acid (mCPBA) was investigated first. The free-radical 
mechanisms initiated by homolytic oxygen-oxygen bond cleavage followed by 
several pathways for propagation (eqs. 9.1-9.7) are described first. Next, a 
pathway through a non-free radical mechanism is described. In the following 
section, these two peroxy acid oxidation mechanisms are compared. Finally, a 
comparison is made to the analogous chemistry of Cytochromes P450 alkane 
hydroxylation. 

9.2.1. Free radical mechanisms 

Homolytic oxygen-oxygen bond cleavage initiates the free radical process in 
the peroxy acid hydroxylation mechanism (eq. 9.1). This process, generating the 
m-chlorobenzoate radical 46 and the hydroxyl radical, is highly endothermic by 
43.2 kcal mol1 and encounters an activation barrier of almost 46.4 kcal mol1 
(TS1). There are at least four different reactions for propagation, including (a) 
direct hydrogen abstraction from the alkane by the m-chlorobenzoate radical 
(eq. 9.2), (b) direct hydrogen abstraction from the alkane by the hydroxyl radical 
(eq. 9.9, Figure 9.3), (c) initial dissociation into CO2 and the m-chlorophenyl 
radical (eq. 9.4), and (d) hydrogen abstraction from a second mCPBA molecule 
to generate the active m-chlorobenzoperoxoate radical (eq. 9.6). The 
hydroxylation initiated by each of these four propagation steps will be described 
below using butane as substrate. 

Route a. Hydrogen abstraction from butane by the m-chlorobenzoate radical 
(eq. 9.2) is a 8.8 kcal mol1 exothermic process with a 8.3 kcal mol1 barrier 

+ R H H2O + RHO  (9.9)

 47 48 50 

R + OH R OH  (9.10)
 50 47 51  
Figure 9.3. Free radical alkane hydroxylation by the hydroxyl radical. 
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(TS2) (Figure 9.4). The subsequent step involves hydroxylation of the carbon 
radical by a second m-CPBA molecule (eq. 9.3). This process, the homolytic 
oxygen-oxygen cleavage of m-CPBA in concert with the C–O bond formation to 
butane is exothermic by 48.0 kcal mol1 and has a barrier of only 4.2 kcal mol1 
(TS3; eq. 3). Alternatively, after the formation of the carbon radical, 
spontaneous C–O bond formation can take place to the hydroxyl radical to 
yield the alcohol directly (eq. 10; ∆E = 91.2 kcal mol1). The energy profiles 
and the optimized transition structures are shown in Figure 9.4 and Figure 9.9 
(page 144), respectively.  

Route b. Alternatively, hydrogen abstraction may occur by the free hydroxyl 
radical (eq. 9.9), generating the carbon radical and water in a barrierless 
exothermic process of 27.4 kcal mol-1 (Figure 9.5).m Subsequent hydroxylation 
of the carbon radical by a second m-CPBA molecule yields via TS3 the alcohol 
product 51 (eq. 3, Figure 9.5) 

 
mEither decreasing the O–H distance or increasing the C–H distance in geometry scans results in 

exothermic and barrierless processes 
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Figure 9.4. Energy profiles (in kcal mol1) for the stepwise hydroxylation of 
butane and propane (in parentheses) initiated by homolytic O–O bond cleavage 
in mCPBA followed by hydrogen abstraction by the m-chlorobenzoate radical. 
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Route c. Dissociation of the m-CPBA radical into CO2 and the m-
chlorobenzene radical occurs almost thermoneutrally (∆E= 0.2 kcal mol1; 
eq. 9.4) and has a reaction barrier of 11.0 kcal mol1 (TS4) (Figure 9.6). 
Subsequent hydrogen abstraction from the alkane by the m-chlorophenyl radical 
has an activation barrier of only 4.3 kcal mol−1 (TS5), generating chlorobenzene 
and the alkyl radical exothemically by 17.5 kcal mol1. Concerted homolytic O–
O cleavage of a second m-CPBA molecule with C–O bond formation to give 
the alcohol product is an exothermic (48.0 kcal mol1) process with an energy 
barrier of 4.2 kcal mol−1 (TS3), as noted before. 
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Figure 9.5. Energy profiles (in kcal mol1) for the stepwise hydroxylation of 
butane and propane (in parentheses) initiated by homolytic O–O bond cleavage 
in mCPBA followed by hydrogen abstraction by the generated hydroxyl radical. 
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Figure 9.6. Energy profiles (in kcal mol1) for the stepwise hydroxylation of 
butane and propane (in parentheses) initiated by homolytic O–O bond cleavage 
in mCPBA followed by CO2 dissociation. 
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Route d. The final process which is considered involves the formation of the m-
chlorobenzoperoxoate radical 55 by a hydrogen shift from m-CPBA to the m-
chlorobenzoate radical (eq. 9.6). This process is exothermically by 
7.5 kcal mol−1 (Figure 9.7) and appears to occur without an energy barrier. 
Subsequent alkane hydroxylation involves hydrogen abstraction by the m-
chlorobenzoperoxoate radical (55), which has a barrier of 9.1 kcal mol1. The 
resulting iso-butane radical reacts with an m-CPBA molecule via TS3 as 
described. 

Using propane as substrate gives almost the same energy profiles as the 
reaction with butane (Figure 9.4-9.7). 

9.2.2. Alkane assisted free radical mechanisms 

Instead of the reaction starting with an initial homolytic O–O bond cleavage of 
m-CPBA, this process may occur in concert with the hydrogen abstraction from 
butane, thereby forming a carbon radical that could rebind directly to the 
oxygen atom of the generated water molecule. The energy barrier (TS6) for this 
concerted O–O homolysis and hydrogen abstraction process amounts to 
20.2 kcal mol1 (Figure 9.8). The bonds that are broken and formed in the 
transition state are almost linear (Figure 9.9, θCHO=173.016°; 
θHOO=179.140°). The O–O bond is 1.866 Å long and the distances between 
the radical C center and H and between the H and O atoms are 1.267 and 
1.203 Å, respectively. The butyl radical, the water molecule, and the m-
chlorobenzoate radical triad is 18.6 kcal mol1 higher in energy with respect to 
the butane and m-CPBA fragments. Rotation of the water molecule with 
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Figure 9.7. Energy profiles (in kcal mol1) for the stepwise hydroxylation of 
butane initiated by homolytic O–O bond cleavage in mCPBA followed by the 
formation of the active m-chlorobenzoperoxoate radical 55. 
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subsequent C–O bond formation and transfer of the hydrogen atom from the 
intervening water molecule to the m-chlorobenzoate moiety results in the 
barrierfree highly exothermic (75.4 kcal mol1) formation of butanol and m-
chlorobenzoic acid. 

Comparison of free and non-free radical mechanisms. Starting the butane 
hydroxylation by first homolytically cleaving the peroxy oxygen-oxygen bond of 
mCPBA is a highly endothermic process (43.2 kcal mol1) with an even higher 
reaction barrier (46.4 kcal mol1). Simultaneously, abstracting a hydrogen atom 
from butane during the O–O bond cleavage reaction (concerted mechanism), 
on the other hand, has a much more modest activation energy (20.2 kcal mol1) 
for the overall highly exothermic formation of 2-butanol and meta-chlorobenzoic 
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Figure 9.8. Energy profiles (in kcal mol1) for the non-free radical hydroxylation 
of butane and propane (in parentheses) by MCPBA. 

 

 
Figure 9.9. The transition structures TS1-6 (Figures 9.4-9.8)  with selected bond 
distances (Å).  
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acid (56.8 kcal mol1). Hence, the calculations clearly favor a concerted 
process. However, since the oxidation reactions are typically executed in the 
condensed phase, it may be argued that solvation effects might stabilize the 
stepwise process. Dicholoromethane is commonly used as solvent for the alkane 
hydroxylations and to obtain an estimate of its effect on the reaction, single-
point COSMO372-375 calculations on the ‘gas-phase’ optimized geometries were 
used. The resulting data summarized in Table 9.1 shows hardly any effect of 
solvation on the O–O bond homolysis, whereas both the activation and reaction 
energy for the concerted hydrogen abstraction and O–O cleavage decrease 
significantly by as much as 5.0 and 15.8 kcal mol1, respectively. Given the 
magnitude of the activation energy (46.4 kcal mol1), it seems unlikely that 
mCPBA cleaves homolytically in CH2Cl2 at room temperature. Instead, the 
concerted reaction becomes nearly isothermic and has a more modest 
activation energy. This is in agreement with the experimental observations that 
the reaction between the peroxyacid and the alkane already takes place at room 
temperature.364 How then do explain the small amounts of radical derived side 
products formed in the presence of the alkane, while none are obtained in its 
absence. This emphasize that the alkane induces the homolytic O–O bond 
cleavage in mCPBA and the free radical mechanisms will not take place in the 
absence of alkane. The present energetics of the free radical initiation and the 
non-free radical synchronous pathway are consistent with these experimental 
observations. 

The non-free radical synchronous mechanism is also consistent with the 
experimentally observed stereoselectivity. After the formation of the meta-stable 
butyl radical, water, and m-chlorobenzoate radical triad (6-H2O-2), C–O bond 
formation to generate the alcohol proceeds barrierless and this indicates that the 
bond formation takes place without loss of stereochemistry at the carbon atom. 
Disruption of the butyl radical, water, and m-chlorobenzoate radical triad by 
removing the water molecule, on the other hand, proceeds slightly exothermic 
by 2.6 kcal mol1 giving the water molecule and the butyl radical and m-

Table 9.1. Activation (EA) and reaction (∆E) energies for the non-activated and butane 
activated homolytic O–O bond cleavage of mCPBA in ‘vacuo’ and in dichloromethane 
(kcal mol1). 
 non-activated  butane activated 
 EA ∆E  EA ∆E 
vacuum 46.4 43.2  20.2 18.6 
CH2Cl2 47.9 41.0  15.2 2.8 
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chlorobenzoate radical pair. This unwanted side process provides a rationale for 
the presence of minor amounts of free radical derived side products.  

At high temperatures,364,367 larger amounts of radical derived side products are 
formed and two explanations are possible: the free radical pathway starts to 
compete with the synchronous non-free radical mechanism, or increased 
diffusion of the intermediate radicals in the [6-H2O-2]-triad competes with the 
concerted alcohol formation.  

In conclusion, it appears most likely that the hydrocarbon hydroxylation by 
mCPBA proceeds by a concerted non-synchronous mechanism.   

 

Comparison with P450 chemistry. There are intriguing analogies between the 
chemistry of peroxyacids and Cytochromes P450, including the stereo- and 
regioselective hydroxylation of unactivated hydrocarbons. Both reactions have 
been explained by a concerted oxygen insertion mechanism as well as by a 
(free) radical mechanism. In the discussion of the peroxy acid hydroxylation 
mechanism, both the peroxy acid itself and its corresponding alkanoate radical 
have been considered as oxidants, reacting either in a concerted or stepwise 
manner. Analogously, in recent theoretical studies on P450 models, the 
participation of the iron porphyrin hydroperoxo species (Compound 0) is 
discussed as a possible oxidant, besides the iron(IV)oxo porphyrin π-cation 
radical (Compound I) that has received most attention so far.44,45,65,81 It is 
presumed that Compound 0 reacts in a concerted fashion, whereas 
Compound I reacts stepwise via discrete radical steps. This dualism in the non-
catalytic, non-enzymatic peroxyacid oxidations and the catalytic, enzymatic 
Cytochrome P450 oxidations, with their commonality in hydroperoxo 
intermediates challenged us to compare the hydroxylation mechanism of the 
peroxy acids with that of Cytochromes P450. We focus only on a select part of 
the possible hydroxylation mechanisms of the Cytochromes P450, namely that 
part that is relevant for the present discussion. Comprehensive analysis at the 
various P450 mechanistic views are discussed in more detail in Chapter 8.  

The P450 Compound 0 intermediate and the mCPBA molecule show structural 
similarities as shown in Figure 9.10. The oxygen-oxygen distances in 
Compound 0 and mCPBA of 1.422 and 1.423 Å, respectively, are of the same 
length. Also the angles between the O–H and O–O bonds and between the O–
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O and O–Fe/C bonds are comparable (Figure 9.10). Also the HOMOs of 
Compound 0 and mCPBA are similar, both constituting a π*-like O–O 
component. Homolytic cleavage involves electron transfer from this orbital to the 
O–O anti-bonding σ* orbital. The corresponding energy gap is 0.5 eV lower in 
energy for Compound 0 than it is for mCPBA. This is reflected in the energetics 
of the alkane assisted oxygen-oxygen bond cleavage reaction. The O–O 
homolysis of the hydroperoxo intermediate has a barrier of 16.6 kcal mol1 for 
Compound 0, which is slightly lower than for mCPBA (23.8 kcal mol1), in the 
presence of propane.  

Compound 0 hydroxylation is initiated by homolytic peroxo O–O bond 
cleavage (Figure 8.4, page 124) and followed by hydrogen abstraction from the 
alkane (methane and propane) by the hydroxyl radical. The generated 
intermediate iron-oxo–water–alkyl radical triad k is similar in energy to the 
reactants (f). In the triad structure, the hydrogen atom of the newly formed water 
molecule is pointed toward the alkyl radical center. Reorientating the alkyl 
radical and the water molecule to direct the oxygen atom of the water molecule 
toward the carbon radical center to give triad k' occurs at little energetic cost 
(2.7-3.9 kcal mol1). Subsequent homogenic C–O bond formation between the 
alkyl radical and the water molecule with a simultaneous hydrogen shift from 
water to the iron-oxo moiety (TSOR-W, Figure 8.4) results in the exothermic 
formation of the alcohol and the resting state of the enzymes active site 
(Figure 8.6, page 127). This pathway reflects a two-step mechanism that differs 
from the non-concerted synchronous mechanism for the mCPBA hydroxylation. 
The first difference is the presence of a metastable minimum after the homolytic 
O-O bond cleavage of Compound 0. This is due to the stabilization of the iron-

  
mCPBA P450 Compound 0 model 

Figure 9.10. Optimized geometries for mCPBA and the hydroperoxo iron 
porphyrin with selected bond distances (Å) and bond angles 
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oxo species, known as Compound II, which was not found for the mCPBA-
mechanism. However, the barrier for this process, the local minimum j 
(Compound II), and the subsequent barrier for hydrogen abstraction to 
Compound II–water–alkyl radical triad (k) are all close in energy. The significant 
stability of this triad in comparison to the related triad for the mCPBA 
hydroxylation (46-H2O-50) represents the major difference between the 
processes. 

9.3 Conclusion 

This DFT study presents the first comprehensive analysis of the possible 
reaction mechanisms involved in the alkane hydroxylation by meta-
chloroperoxybenzoic acid. The oxidation reaction is found to be a concerted 
non-synchronous peroxy oxygen insertion into the C–H bond of the alkane. 

An comparison is also made between the peroxy acid and Cytochrome P450 
hydroxylation mechanisms. Similarities are particularly found when considering 
the hydroperoxo Compound 0 pathway of Cytochromes P450. However, due to 
the high stability of the Compound II intermediate formed in the P450-
Compound 0 route, this enzymatic oxidation process follows a non-synchronous 
two step mechanism.  

9.4 Computational Details 

Calculations were performed with the Amsterdam Density Functional (ADF) 
program.213,214,296 The atomic orbitals on all atoms were described by an 
uncontracted triple zeta valence plus polarization STO basis set (TZP). The inner 
cores of carbon, nitrogen, and oxygen (1s2) and those of sulfur and iron 
(1s22s22p6) were kept frozen. The exchange-correlation potential is based on the 
newly developed GGA exchange functional OPTX227 in combination with the 
non-empirical PBE219 (OPBE). Solvent effects (dichloromethane, ε = 8.9) are 
taken into account in Table 9.1 by using a polarizable continuum model 
(COSMO).372-375 The vibrational eigenvectors associated with the imaginary 
frequency of all transition states were analyzed to confirm the connectivity of 
transition states with the reactants and the products. 
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