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8.1 General 

Since the first proposal of the “oxygen rebound” mechanism for the 
monooxygenation of saturated hydrocarbons by P450, almost 30 years ago by 
Groves et al.,44,45 a number of intermediates in this catalytic cycle have been 
identified experimentally (see also Chapter 2 and Figure 2.4). The first steps 
from the resting state a to the hydroperoxo intermediate f, known as 
Compound 0 are generally agreed upon.72-76 Compound 0 is the last 
observable species in the P450 catalytic cycle,106,136 and is the common 
intermediate in the reactions of other heme proteins, like oxidases, heme 
oxygenases, and peroxygenases, and in non-hemes iron proteins that catalyze 
C–H hydroxylations, like the anti-tumor drug bleomycin.135,352,353 The next 
intermediate, iron(IV)oxo porphyrin π-cation radical g, which has been related to 
Compound I of the peroxidase enzymes based UV-visible spectral 
similarities,47,48 has so far not been detected spectroscopically. Stereochemical 
scrambling and intrinsic kinetic isotope effects support the presence of radical 
intermediates which are believed to enable hydrogen abstraction from the 
substrate, (g → h) followed by an oxygen rebound step (h → i).65 

Recent experimental and theoretical studies imply a far more multifaceted 
mechanism than originally proposed, showing a unique diversity of the iron 
heme unit. The extension to the “two state reactivity” model relates the difference 
in reaction rates of rearrangements observed for radical clocks to the difference 
in activation energies for the Compound I doublet and quartet states,56-58172-181 
while this difference is attributed in the “two oxidant” model to competing 
oxidations by Compound 0 (f) and I (g).59,81 The “two oxidant” model finds 
support in site-directed mutagenesis studies that give different side products for 
mutant and wild type enzymes,60-62 and in the different intramolecular isotope 
effects that are found when two different products are formed.60-63 The 
distinction between the two models has its origin in whether the O–O bond in 
Compound 0 is cleaved heterolytically to form Compound I or homolytically to 
form Compound II (j), the reduced form of Compound I. There is ample 
evidence for the homolytically O–O bond scission in peroxide supported 
reactions, such as with cumene hydroperoxide or peroxyphenylacetic acid.33,84-89 
Compound II has also been observed in P450cam by EPR and Mössbauer 
spectroscopies when peroxyacetic acid is used as the oxidizing agent.99-101, 
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Recently, based on theoretical studies, Bach and Dmitrenko presented a novel 
low-energy pathway for the homolytic O–O bond scission in which the peroxo 
group of Compound 0 undergoes a so-called “somersault” motion to form a 
complex composed of Compound II (j) and a hydroxyl radical. 188 

In contrast, Groves et al.355 provided experimental evidence for a long-lived 
carbon radical and showed the P450 hydroxylation of a related set of substrates 
to support a radical rebound process, thereby endorsing the original 
proposal.44,45 This is reaffirmed by a recent DFT study by Shaik et al.82 in which 
the barriers for homo- and heterolytic O–O bond scission were compared at 
B3LYP.82,188 They concluded that the C–H hydroxylation is dominated by the 
classical ‘rebound mechanism’ of Compound I and that the other reagents 
(Compound 0 and II) are ‘silent’. 

In the present study, using the GGA exchange functional OPTX227 in 
combination with the PBE219 correlation functional (OPBE), which showed 
superior performance for spin states and electronic structures of iron 
complexes,230,294 a different and more balanced conclusion is drawn. Not only a 
very modest barrier for the homolytic O–O bond scission was found, which 
makes the classical “rebound” and “somersault” pathways competitive to each 
other, also an attractive third reaction channel is reported. 

8.2 Results and Discussion 

The essential step in the hydroxylation mechanism of Cytochromes P450 that 
determines the nature of the reactive intermediate is the manner in which the O–
O bond of Compound 0 is cleaved because it determines which of the two 
oxygen atoms of the dioxygen moiety the actual oxidant is. The inner oxygen 
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Figure 8.1. Two types of oxygen-oxygen bond cleavage reactions in 
Compound 0. The oxygen atom that is activated is marked. 
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atom is activated upon heterolytic O–O bond cleavage, generating 
Compound I, whereas the outer oxygen atom is activated upon homolytic O–O 
bond cleavage, initially generating the hydroxyl radical and Compound II 
(Figure 8.1). These mechanisms will be described in detail. 

 In the first part we evaluate our DFT results, obtained with the pure OBPE 
functional, against those reported with the hybrid B3LYP functional for the 
hydroxylation mechanism that involves Compound I.56-58,172-181 In the second 
part, the results for those pathways that are governed by the homolytic O–O 
bond cleavage in Compound 0 is described. In the final part, the energetics of 
these pathways with the ‘classical’ rebound mechanism are compared. 

8.2.1. Heterolytic O–O cleavage: hydroxylation by Compound I. 

 In the presence of an appropriate proton source the O–OH moiety of 
Compound 0 can undergo heterolytic O–O bond cleavage to give Compound I 
and a water molecule. As described in Chapter 7, a reaction barrier for the 
protonation/O–O bond dissociation step is present (7.8-17.3 kcal mol1) and 
this step is also found to be endothermic (3.6-9.1 kcal mol1). The 
endothermicity increases with less acidic proton sources to, e.g., 35.2 kcal mol1 
for isopropanol (See Chapter 7). With formic acid the activation and reaction 
energies were estimated at 7.8 and 3.6 kcal mol1, respectively. While the 
nature and source of the proton donor may not yet be fully known,156 it is 
commonly accepted that once Compound I is formed hydroxylation proceeds by 
hydrogen abstraction from the substrate followed by oxygen rebound to 
generate the alcohol. 

Compound I can exist in a doublet, quartet, and sextet spin state, with 
respectively one, three, and five unpaired electrons. The doublet state is 
energetically favored over the quartet and sextet states by respectively 4.2 and 
17.1 kcal mol1 in accordance with literature data. Because the doublet and 
quartet states are close in energy, it is assumed that both participate in the 
hydrogen abstraction and oxygen rebound steps. We evaluate this process and 
compare the results with those reported in the literature.  

Hydroxylation by Compound I (referred to as pathway A) is analyzed using first 
methane and subsequently propane as substrates (Figure 8.2). The reaction 
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starts with a 19.1 and 14.8 kcal mol1 endothermic hydrogen abstraction from 
methane by doublet (2TSHA) and quartet Compound I (4TSHA), respectively, to 
give Fe-OH species h and a methyl radical. The corresponding reaction barriers 
are 23.7 and 24.2 kcal mol1, respectively. Subsequent rotation of the OH 
group of h around the Fe–O bond axis to move the migrated hydrogen away 
from the methyl radical center (∆E ≈ 1.6 kcal mol1) enables the OH-transfer by 
forming a carbon-oxygen bond. This very exothermic reaction leading to 
methanol and the unligated thiolate iron porphyrin (2h'→2i 56.5; 4h'→4i 54.0 
kcal mol1) has a modest barrier for both electronic states (2TSOR 4.6; 4TSOR 
6.0 kcal mol1) also when different basis sets are used (Table 8.1). Then, by 
entering a water molecule into the heme pocket the catalytic cycle returns to its 
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Figure 8.2. Doublet and quartet energy profiles in kcal mol1 for the hydrogen-
abstraction and oxygen rebound mechanism in the hydroxylation of methane 
(R=H) and propane (R=CH3; values in parentheses). 
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resting state (a, Figure 2.4, page 23). It is important to note that at B3LYP only a 
barrier for the quartet oxygen rebound step (5.6 kcal mol1) was reportedly 
found. This difference between OPBE and B3LYP has, of course, consequences 
for the two-state reaction model. We further note that the H-abstraction step is 
less endothermic at OPBE than it is at B3LYP.  

Since mainly secondary carbons of hydrocarbons are oxidized, like C5 of 
camphor by P450CAM, the energy profile for the reaction of Compound I with the 
methylene group of propane (Figure 8.2 (values in parentheses) and Table 8.1) 
is evaluated. This profile mimics that of methane, but the intermediates and 
transition states are of course significantly stabilized, by about 10 kcal mol1, 
due to the more favorable secondary radical. Thus, the reaction energy (g→h) 
and barrier (TSHA) for abstracting a hydrogen atom from C2 of propane 
amounts to respectively 9.0 and 13.8 kcal mol1 for the doublet state and 5.5 
and 16.6 kcal mol1 for the quartet state. The barrier for the following very 
exothermic oxygen rebound step (h→TSOR→i) is likewise affected, but to a 
lesser degree (3.7 and 2.3 kcal mol1). However, while the barrier for the quartet 

Table 8.1. Doublet and quartet activation and reaction (in parentheses) energies
(kcal mol1) for the hydrogen abstraction and oxygen rebound steps in the hydroxylation
of primary (methyl) and secondary (propane, camphor) carbon atoms by Compound I.  

hydrogen abstraction  oxygen 
reboundh theoretical method 

doublet quartet  doublet quartet 
methane      
B3LYP/Ia,g  27.4  (23.9)  27.7  (24.6)    -  (-65.4)  5.6  (-60.5) 
OPBE/DZd  21.8    22.8     4.4   4.4  
OPBE/TZPd  23.7  (19.1)  24.2  (14.8)   4.6  (-54.9)  6.0  (-52.2) 
OPBE/TZ2Pd  23.4    23.9     4.6   6.3  
Ph∆Mei (C-1°)       
B3LYP/If,g  17.8  (11.2)  18.7  (11.8)    -  (-58.9)  2.8  (-54.5) 
B3LYP/IIf,g  16.6  (5.0)  17.3  (5.5)    -  (-59.4)  2.5  (-61.4) 
propane (C-2°)      
B3LYP/Ie,g  18.0     19.1    -    -  
B3LYP/IIe,g  16.9    18.0      -   -  
OPBE/TZPd  13.8  (9.0)  16.6  (5.5)   1.1  (-51.4)  4.1  (-49.2) 
camphor (C-2°)      
B3LYP/3-21Gc  20.2  (16.1)  18.0  (11.6)   0.6  (-59.2)  2.5  (-50.6) 
B3LYP/Ib  19.5  (12.0)  19.5  (12.5)   -  (-60.2)  3.7  (-57.5) 
aReference 56. bReference 180 cReference 155. dpresent results; e Reference 179. fReference 177.
gI: LACVP/6-31G*, II: LACVP+*/6-31+G*. hreaction energies with respect to species h.
iPh∆Me = trans-2-phenylmethyl-cyclopropane 
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state is little effected, that for the doublet becomes very small indeed (4.1 vs. 
1.1 kcal mol1 w.r.t. h). In comparison, the B3LYP study on the reaction with 
both propane and camphor reports slightly higher barriers and endothermicities 
for the H-abstraction, while those for the oxygen rebound step (camphor) are 
similar to those obtained at OPBE (propane, Table 8.1).  

These calculations point to the sensitivity of the barrier for the oxygen rebound 
step to the density functionals and basis sets that are used. For the most delicate 
case, hydroxylation of the propane C2 carbon, OPBE gives a barrier for both 
spin states, as noted, 1.1 kcal mol1 for the doublet and 4.1 kcal mol1 for the 
quartet. Unfortunately, no B3LYP barriers were reported. B3LYP with the small 
321G basis set reportedly gives barriers for the C5 rebound of camphor 
(doublet 0.6; quartet 2.5 kcal mol1), while only one barrier for the quartet 
(3.7 kcal mol1) was reported with the larger LACVP/6-31G basis set.  

The fact that only a barrier was found for the quartet state, whereas the 
doublet reaction has been assumed to proceed barrier free (two-state reactivity 
model) was used to rationalize the diverse kinetic data found in radical clock 
studies as described in Chapter 2. In these studies, relative short lifetimes for a 
true radical intermediate have been deduced from the ratio of the products 
formed by direct hydroxylation and after skeletal rearrangement of the 
substrate.54,78,79,118 They could be explained if the radical rearrangements 
compete with product formation for the quartet state, assuming that the doublet 
state gives only unrearranged product in a barrier free process.h However, using 
OPBE/TZP barriers are found for both doublet and quartet states which would 
make this explanation less severe. It is also informative to compare the 

 
h The radical lifetime is calculated by using the formula: τ = (1/krear) · [unrear. alcohol]/[rear. 

alcohol] 

Table 8.2. Activation energies (EA) and reaction energies (DE, kcal mol–1) for the 
skeletal rearrangements of the radical intermediates of the substrates generated after 
methylene C-4 (entry 1) and methyl (entry 2-3) hydrogen abstraction.a 

Substrate EA 
(kcal mol–1) 

DE 
(kcal mol–1) 

1  bicyclo[2.1.0]pentane +8.0 –24.7 
2  methylcyclopropane +7.0 +0.8 
3  tetramethylcyclopropane +5.4 –7.1 
arearrangement mechanisms are given in Chapter 2, Scheme 2.9. 
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magnitude of the barriers with those of some radical rearrangements, which are 
given in Table 8.2 for three different radical clock substrates. The magnitudes of 
these barriers range from 5.4 to 8.0 kcal mol1, indicating that these 
rearrangements occur readily, which concurs with the experimental observations, 
but they are higher than the O-rebound barriers for both the doublet and 
quartet states. Therefore, according to these calculations, it seems unlikely that 
the scrambled reaction rates can be deduced purely from the different activation 
barriers of the doublet and quartet Compound I. 

8.2.2. Homolytic O–O cleavage: hydroxylation by Cmpd 0. 

In the absence of a convenient acid-base catalyst the oxygen-oxygen bond of 
Compound 0 (f) is cleaved homolytically, activating the outer oxygen atom as a 
hydroxyl radical (Figure 8.1). First, we have investigated the homolytic bond 
dissociation in the absence of the substrate. Starting from the doublet ground 
state 2f (Figure 8.3), increasing the O–O distance leads also to an enlargement 
of the Fe-O-O angle. After a barrier of 16.2 kcal/mol a structure is reached 
where the Fe–O–O angle is almost linear. This structural rearrangement of the 
peroxy OH group is in full agreement with the previously described somersault 
motion.188,i 

The pathway initiated by homolytic oxygen-oxygen bond cleavage in 
Compound 0 has also been explored for the quartet state, for which no 
transition state for the homolytic O–O bond cleavage reaction could been 
found, because two different electronic quartet states intersect in the relationship 
between the relative energy and oxygen-oxygen bond distance. Starting from the 
4f structure (A in Figure 8.3), the relative energy increases upon oxygen-oxygen 
bond enlargement. At a O–O distance of 1.83 Å, the electronic configuration 
that is the lowest in energy changes and a structure is obtained in which the Fe–
O–O angle is almost linear (B in Figure 8.3). Further increasing the O–O 
distance results again in a structure where the OH moiety is turned around 
(somersault motion, D in Figure 8.3), for which also no quartet transition state 
has been found previously.188 Because in the two electronic states the Fe–O–O 
 

 
i In the absence of a substrate molecule, the hydroxyl radical that is cleaved off is fully twisted and 

in agreement with the somersault motion as described in ref. 188 
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bond is bend and linear, respectively, we assume that upon increasing the O–O 
bond distance the geometry changes from bend to linear with a concomitant 
change in occupation (electron transfer from the porphyrin to the π orbitals of 
both oxygen atoms) taking place. A rough estimate of the activation energy is 
then given by the crossover at a O–O distance of 1.83 Å and is 12.9 kcal mol1. 
For the doublet, on the other hand, this crossing takes place after reaching the 
transition state, as shown in Figure 8.3 (dotted lines and open markers). 

Because the doublet state of Compound 0 is clearly the lowest in energy (see 
Chapter 7), the mechanism initiated by O–O homolysis is described first for the 
doublet state using methane and propane as substrates (Figures 8.4 and 8.5). 
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Figure 8.3. The splitting of the oxygen-oxygen bond in the thiolate iron porphyrin 
hydroperoxo complex for both the quartet (solid lines, solid markers) and the 
doublet (dashed lines, open markers) states and for each state in two 
geometrical conformations, including bend (triangles) and linear (circles) Fe–O–
O. The linear doublet states are obtained by single point calculations of the 
quartet geometries. In the figures, the distances correspond to the O-O distance 
and the angles correspond to the Fe-O-O angle. 
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The activation energy (2TSOO) amounts to 17.5 kcal mol1 for the homolytic O–
O bond cleavage reaction that generates Compound II and HO• (2j) 
endothermically by +15.8 kcal mol1 (Figure 8.4). In this metastable minimum 
the separated OH moiety has rotated  by 18.4°, which is less than in the recently 
described somersault motion when no substrate is present. As expected, the 
homolytic O–O bond cleavage is rather independent of the alkane substrate. 
The barrier for the formation of the Compound II/OH• pair (2TSOO) changes by 
less than 1 kcal mol1 on using methane instead of propane as substrate model. 

Pathway B: Instead of completing the somersault motion, the HO moiety 
formed in the homolytic O–O bond scission then abstracts a hydrogen atom 
from the substrate. This process has an activation barrier (2TSHA-OH) of only 
+3.7 (+6.1 for propane) kcal mol1 for the 10.0 (18.1) kcal mol1 exothermic 
formation of the Compound II-water-methyl radical triad 2k. In this triad the 
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Figure 8.4. Energy profiles for the hydroxylation of methane (R=H) and propane 
(R=CH3; values in parentheses) by Compound 0 following pathway B (see text). 
*4TSOO is not a true transition state, but an estimate, see Figure 8.3 and the text for further details 
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hydrogen atom of the newly formed water molecule points toward the methyl 
radical. A small reorientation to direct the oxygen of the water molecule toward 
the carbon radical, requires only 3.1 kcal mol1 and sets the triad (2k') up for the 
final step. The transition structure (2TSOR-W) for this oxygen rebound step shows 
the simultaneous shift of a hydrogen atom from the water molecule to the iron-
oxo species. The barrier of +13.9 (+15.5 for propane) kcal mol1 (starting from 
2k) is very modest for this highly exothermic process to form methanol and the 
resting state 2a'. This route is labeled pathway B (Figure 8.4).  

In the subsequent steps of pathway B the substrate is a participant and this is 
reflected in the 3-6 kcal mol1 stabilization of the reaction with propane over that 
with methane, which has its origin in the more stable secondary propyl radical. 
Consequently, the barrier for the hydroxylation step 2k→2TSOR-W→2a + i-
propanol remains virtually unchanged (+15.5 kcal mol1). 

The OPBE calculated reaction sequence Compound 0→Compound II with the 
subsequent steps of pathway B compares well with those recently reported using 
the B3LYP functionals and other basis sets (Table 8.3),82,188 but with important 
differences. For example, in all cases, except for TSHA-OH, higher barriers are 
found with the B3LYP functional. For the homolytic O–O bond cleavage step 
(TSOO) the B3LYP barrier is 6.2-8.2 kcal mol1 higher than the one from OPBE. 
The exceptional high barrier for pathway B (TSOR-W) at the B3LYP/LACV3P+* 
level, however, could not be reproduced. Instead, our result confirms the 
conclusion of Bach et al. that alkane hydroxylation via pathway B is indeed an 
admissible reaction sequence for P450 hydroxylations, especially since the 
barriers for the homolytic O–O bond cleavage are relatively low compared to 
the hydrogen abstraction barrier by Compound I.188  

Table 8.3. Doublet activation energies (kcal mol1) for the homolytic oxygen oxygen
bond cleavage (TSOO), hydrogen abstraction by the hydroxyl radical (TSHA-OH),
homogenic C–Owater (TSOR-W) and C–OCompoundII (TSOR-CII) bond formation reaction
steps.a 
method (TSOO)a (TSHA-OH)a (TSOR-W)a (TSOR-CII)a 

B3LYP(LANL2DZ/6-311+G**/6-31G)b 24.8 8.8 19.2 n/a 
B3LYP(LACV3P+*)c 22.8 2.3 41.8 5.2 
OPBE(TZP)d 16.6 3.7 13.9 3.8 
aFor clarity, the activation barriers for the different reactions are indicated by using the transition
state numbers from the text, although the structures are not identical to those obtained by the
other B3LYP studies; bBach et al.;188 cShaik et al.;82 dpresent results. 
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The quartet intermediates and transition states after the oxygen-oxygen bond 
cleavage are only slightly higher (within 2.5 kcal mol1) in energy with respect to 
the doublet ones. The quartet energy profile is very similar to the doublet state 
till the formation of the methyl radical, water, and iron-oxo triads 2,4k' and 2,4k''. 
The main difference lies in the approximately 12 kcal mol1 higher transition 
state 4TSOR-W and the final product 4a' for pathway B making hydroxylation by 
the quartet state via this route even less feasible. The barrier for the 
hydroxylation in pathway C (4TSOR-CH) is only 6.6 kcal mol1 higher compared to 
the doublet spin state and becomes easily to overcome if Compound 0 is 
excited from its doublet ground state into the quartet state (13.0 kcal mol1).  

Finally, barrier for the O–O homolysis for the sextet spin state is much higher 
in energy and the sextet spin state is expected to be not an important electronic 
state for hydroxylation initiated by homolytic oxygen-oxygen bond cleavage. 
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Figure 8.5. Energy profiles for the hydroxylation of methane (R=H) and propane 
(R=CH3; values in parentheses) by Compound 0 following pathway C (see text). 
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Pathway C: Alternative to pathway B, there is a second route starting from 
intermediate k (pathway C). Homogenic bond formation between the carbon 
radical and the oxygen of Compound II leads to the alkoxy iron(III) porphyrin 
complex 2l (pathway C, Figure 8.5, Figure 8.7) with a low barrier (TSOR-CII) of 
3.8 and 7.7  kcal mol1 for the methyl and isopropyl radical intermediates, 

  

  

  
Figure 8.6. Selected OPBE/TZP-optimized structures with bond distances for the 
hydroxylation of methane via pathway B. 

  
Figure 8.7. Selected OPBE/TZP-optimized structures with bond distances for the 
hydroxylation of methane via pathway C. 



Chapter 8 

128 

respectively. Then, protonation leads, via the exchange of methanol and the 
generated hydroxyl anion, directly to the resting state 2a' and methanol. 

8.2.3. Comparison of Compound I and Compound 0/II pathways. 

Comparison of the possible pathways A, B and C shows the great diversity of 
the unique iron-heme core nature holds on as an enzymatic tool for such a 
large variety of reactions. Once Compound 0 is formed after binding of 
molecular oxygen and two reduction steps (b→f in Figure 2.4, page 23), the 
peroxy O–O bond cleavage can proceed either homolytically or heterolytically 
by activation of the outer or inner oxygen atom, respectively (Figure 8.1). 
Depending on the type of O–O cleavage, the alkane hydroxylation is performed 
by either Compound I or by a hydroxyl radical which is formed by the generation 
of the Compound II species. 

In the presence of a convenient proton source the O–O bond of Compound 0 
is cleaved heterolytically giving a water molecule and Compound I. The 
activation energy for the endothermic heterolysis is +7.8 kcal mol1 for the 
strong formic acid as direct proton source and increases by 2.1 kcal mol1 when 
the protonation proceeds via an intervening water molecule (Figure 8.8C). For 
Cytochromes P450, this activation energy of +9.9 kcal mol1 is a reliable 
estimate, because there is no strategically positioned acid-base catalyst to 
perform the protonation and an acidic water network has to be present as a 
proton delivery channel for the formation of  Compound I (Figure 8.8B).135,137 

However, in the presence of a distal proton source in combination with a 
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proximal histidine or  tyrosine (linked to arginine) ligand, as it is the case in 
peroxidases and catalases, respectively, this step becomes exothermic and the 
formation of Compound I is favoured (see also Chapter 7).166,317 

The next step, hydrogen abstraction by Compound I, is the rate determining 
step for the hydroxylation by Cytochromes P450 via pathway A. The substrate 
depending barrier of this step is reasonable low for secondary but quite high for 
primary alkanes (~14 vs. ~24 kcal mol1, respectively). 

On the other hand, the activation energy for the homolytic O–O bond 
cleavage, which is the rate determining step for pathways B and C, is 
independent of the substrate. The transition state for this homolysis is lowered 
significantly to 11.4 kcal mol1 in the presence of a water molecule, which is 
assumed to be present in the active site.135 The subsequent hydrogen abstraction 
barriers by the generated hydroxyl radical in both pathways B and C are low 
(3.7-6.1 kcal mol1,Table 8.4). 

Comparison of these first stages exemplifies clearly that the barriers for the 
activation of the outer (HO•) and the inner (Fe=O) oxygen atoms are in the 
same order of magnitude (Table 8.4) and that both the formation of 
Compound I (pathway A) and Compound II/HO• (pathway B/C) is feasible. The 
OPBE/TZP barriers show the Compound II/HO• pair to be more reactive 
toward alkane hydroxylation than Compound I, based on the 
7.7(20.0) kcal mol1 lower activation energy for hydrogen abstraction from 
propane (methane). This conclusion contradicts that of Shaik et al.82 suggesting 
other reagents than Compound I to be completely silent but is in line with the 
proposal of Bach et al.188 that Compound 0 can be important in substrate 
oxidations.  

After hydrogen abstraction from the alkane by the Compound II/HO• pair, 
there are two possibilities for the C–O bond formation: The carbon radical can 
attack either the oxygen of the initially formed OH• radical (pathway B; 

Table 8.4. Energy barriers (kcal mol–1) for the homo- and heterolytic O–O bond 
cleavage and for hydrogen abstraction from methane and propane. 
 O–O lysis Hydrogen abstraction from 
  methane propane 
Compound 0 mechanism 11.4a 3.7 6.1 
Compound I mechanism 9.9b 23.7 13.8 
ahomolytic cleavage in the presence of a water molecule. bheterolytic cleavage in the presence of 
a water-formic acid pair. 
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k'→TSOR-W→a') or the oxygen atom of Compound II (pathway C; 
k''→TSORCII→l). Though the Compound II rebound mechanism (pathway C) is 
the energetically preferred one, the actual reaction will depend on the mobility 
of the substrate and the generated water molecule in the binding pocket. In 
pathway B oxygen rebound competes with skeletal rearrangement of radical 
clock substrates. The amount of rearrangement will depend on the mobility of 
the species involved and thus on the architecture of the active site and on the 
substrate itself. Notably, in pathway C an alkoxy iron heme complex is formed, 
which is in agreement with the determined crystal structure of a substrate bound 
P450cam protein.189 The formation of this alkoxyl iron heme complex also 
prevents the reduction of the heme iron by the P450 redox partner after the 
alkane hydroxylation. In the Compound I mechanism (pathway A) this is not the 
case: the unligated thiolate iron heme is subject to electron reduction and 
subsequent binding of molecular oxygen, will generate the toxic hydrogen 
peroxide as side product in the unwanted decoupling mechanism (i.e. formation 
of hydrogen peroxide). 

In order to be a plausible explanation for the overall P450 hydroxylation 
mechanism, a proposed mechanism must satisfy the most important 
experimental observations, including: (1) it is mainly a radical mechanism; (2) it 
offers a rationale for the scattered kinetic results; (3) it explains the different 
oxidation behavior in threonine mutants compared to the wild type enzyme (see 
Chapter 2 for an overview of these experimental observations). The two-oxidant 
model in which both Compound 0 and I are involved in substrate hydroxylation 
is in agreement with all experimental observations.   

Both the proposed alkane oxidations by Compound 0 and I are radical 
mechanisms. Carbon radical intermediates are generated that form a bond with 
an oxygen atom, either the oxygen of the iron-oxo Compound I and 
Compound II moieties in pathway A and C, respectively, or the oxygen atom of 
the leaving hydroxyl radical in pathway B. The competition of these three 
different mechanisms in the pathways A-C offers a satisfying qualitative 
explanation for the scattered kinetic results. The use of radical clock reagents is 
in principle only meaningful if radical rearrangement is in competition with only 
one other reaction. In the P450 mechanism, three different reactions can take 
place, each with its own kinetics for C–O bond formation. This makes the 
determination of radical lifetimes from the product distributions rather complex 
and can explain the scattering of the kinetic data. 
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The different oxidation behavior in threonine mutants compared to the wild 
type enzyme can also be explained by this two oxidant model. The threonine 
alcohol moiety, present in the wild type enzymes, forms hydrogen bonds with a 
water molecule in the active site and holds this water molecule in such a 
position that it can assists the homolytic or heterolytic O–O bond scission, 
depending on the acidity in the heme distal surroundings. Removal of this 
alcohol moiety prevents for the formation of Compound I and slowing down the 
formation of the HO• and Compound II pair, consistent with the lower activity 
of these mutants. Moreover, the reaction will proceed mainly via the 
Compound 0 pathway B in these mutants. The threonine alcohol functionality 
probably has a second function, in the sense that it can remove the generated 
water molecule (in the reaction j→TSHA-OH→k) from the reaction center by 
hydrogen bond interactions and advances the mechanism as described by 
pathway C. In the absence of this alcohol functionality, there is no attracting 
force to subtract the water molecule and, consequently, the water molecule can 
take part of the reaction as described by pathway B. The barrier for C–O bond 
formation is much higher and rearrangements can occur, resulting in more 
rearranged products in the mutant. 

Altogether, the present model study indicates that three competing reactions 
can take place in the catalytic cycle of Cytochromes P450 and provide a 
rationale for the most important experimental observations. 

8.3 Conclusions 

The present DFT model study of alkane hydroxylation by Compound 0 and I 
reveals that both species are viable oxidants. After the formation of Compound 
0, the catalytic cycle bifurcates into two different pathways. In one pathway, 
Compound I is formed after heterolytic O–O bond cleavage in Compound 0 
and reacts with the substrate via a hydrogen abstraction and oxygen rebound 
mechanism (pathway A). In the other pathway, the O–O bond is split 
homolytically, generating a hydroxyl radical that abstracts a hydrogen from the 
substrate. From this point, this reaction path bifurcates again into two pathways 
B and C. In pathway B, the generated carbon radical forms a bond with the 
oxygen atom of the initial generated hydroxyl radical, whereas in pathway C, this 
C–O bond is formed between the carbon radical and the oxygen of the 
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Compound II species. The activation and reaction energies for these three 
pathways are in the same order of magnitude and all three pathways can be 
correct descriptions of the chemical behavior of Cytochromes P450.  

These three different reaction channels will lead to one and the same reaction 
product and illustrates that the “clever” wild type protein will hydroxylate the 
substrate anyway, irrespective of small perturbations in the vicinity of the reaction 
center such as disruption of protonation delivery channels. 

Further QM and calibrated QM/MM studies on the influence of the protein 
environment on the reaction energies and barriers for the three competing 
pathways A-C in alkane oxidations will establish their relative importance as 
oxidants in the catalytic cycle of Cytochromes P450. 

8.4 Computational Details 

All theoretical calculations were performed with the Amsterdam Density 
Functional (ADF) program.213,214,296 Geometry optimizations were carried out 
with the generalized gradient approximation, using an uncontracted triple zeta 
valence plus polarization STO basis set (TZP). Single point energy calculations 
using also double zeta (DZ) and valence triple zeta, doubly polarized basis set 
(TZ2P) were performed for comparison to the reported hydrogen abstraction 
barriers in the classical pathway. The inner cores of carbon, nitrogen, and 
oxygen (1s2) and those of sulfur and a small core for iron (1s22s22p6) were kept 
frozen.356  An auxiliary set of STOs was used to fit the density for the Coulomb-
type integrals. The GGA exchange functional OPTX  in combination with the 
non-empirical PBE correlation functional (OPBE) is used because of its 
demonstrated superior performance (see Chapter 3). The vibrational 
eigenvectors associated with the imaginary frequency of the transition states 
were analyzed to confirm the connectivity of transition states with the reactants 
and the products; no IRC calculations were performed. Spin corrected energies 
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are given for the open shell systemsj using the S2 based extension297 of Houk et 
al.298 on Noodleman’s sum method for spin-correction.299 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
j The doublet states of 2TSOR and 2TSOO to 2l are subject to spin contamination with S2 values 

ranging from 1.17 to 1.79 as compared to a theoretical value of 0.75 for a pure doublet state. 
The spin projected energies deviates up to 2.3 kcal mol1 from the uncorrected energies. 
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