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A DFT and ONIOM study of C–H hydroxylation 

catalyzed by nitrobenzene 1,2-dioxygenase
†
 

Inacrist Geronimo and Piotr Paneth*  

A detailed description of the mechanism of C–H hydroxylation by Rieske non-heme iron dioxygenases 
remains elusive, as the nature of the oxidizing species is not definitively known. DFT calculations on 
cluster models of nitrobenzene 1,2-dioxygenase were done to explore possible mechanisms arising from 
oxidation by either the experimentally observed FeIII–OOH complex or the putative high-valent HO–
FeV=O intermediate formed through heterolytic O–O bond cleavage. Hydrogen abstraction by HO–
FeV=O, followed by oxygen rebound, was found to be consistent with experimental studies. The findings 
from the quantum mechanical cluster approach were verified by accounting for the effect of protein 
environment on transition state geometries and reaction barriers through ONIOM calculations.

Introduction 

Monooxygenation is among the wide range of reactions catalyzed by 
Rieske non-heme iron dioxygenases (RDOs),1,2 which include 
aromatic cis-dihydroxylation, desaturation, sulfoxidation, O- and N-
dealkylation and amine oxidation.3–6 The reactivity of RDOs toward 
stable aromatic compounds has made it important to the 
development of biodegradation measures for recalcitrant 
environmental pollutants.7 The challenges of selective 
functionalization of alkanes in the chemical industry has also driven 
research on biomimetic iron catalysts, which benefit from an 
understanding of the mechanism of these enzymes.8 The active site 
of RDOs is a high-spin mononuclear FeII bound to two histidines and 
a bidentate aspartate residue, forming the recurring 2-His-1-
carboxylate facial triad motif of non-heme iron-containing 
oxygenases. Two external electrons supplied by NAD(P)H are 
transferred to the active site during the catalytic cycle via a Rieske 
[2Fe–2S] cluster located within 12 Å of FeII in an adjacent α subunit. 
Formation of the reduced enzyme-substrate complex induces 
conformational changes that allow O2 binding and activation.1,2 

A ferric (hydro)peroxo complex is believed to be a key reaction 
intermediate based on extensive studies on naphthalene 1,2-
dioxygenase (NDO), including crystallographic data,9 single 
turnover10 and peroxide shunt experiments,11 and theoretical 
calculations.12 However, there is no consensus on whether this 
species reacts directly with the substrate or initially undergoes O–O 
bond cleavage to form a high-valent iron-oxo intermediate. It was 
recently found that a high-spin (S=5/2) biomimetic complex, 
[FeIII(OOH)(TMC)]2+ [TMC = 1,4,8,11-tetramethyl-1,4,8,11-
tetraazacyclotetradecane], is capable of C–H hydroxylation of 
alkylaromatics.13 The low-spin (S=1/2) FeIII–OOH intermediate of 
the non-heme antitumor drug bleomycin (activated BLM) is also 
believed to initiate DNA cleavage by directly abstracting 
hydrogen.14 In both cases, O–O bond cleavage prior to H abstraction 
was found to have a higher activation energy. 

On the other hand, hydroxylation catalyzed by enzymes such as 
2-oxo acid dioxygenases and aromatic amino acid hydroxylases, 
which also have a 2-His-1-carboxylate facial triad motif, involve 
electron donation from a cofactor or cosubstrate allowing the 

formation of an FeIV=O intermediate.1,15 Direct spectroscopic 
evidence of this species has been reported for taurine-α-ketoglutarate 
dioxygenase,16 tyrosine hydroxylase17 and phenylalanine 
hydroxylase.18 In contrast, only one electron is provided by the 
Rieske center in RDOs,10,19 which would lead to a HO–FeV=O 
species as in heme enzymes and methane monooxygenase.15 
However, the non-heme ligands in RDOs do not stabilize high 
oxidation states (through spin delocalization and ligand oxidation) as 
well as porphyrin and thiolate ligands do for heme enzymes.20 This 
is supported by cluster model calculations showing that O–O bond 
cleavage in high-spin FeIII–OOH is endothermic with a prohibitively 
high energy barrier (26.5 kcal/mol).12 Nevertheless, experimental 
studies of monooxygenase reactions of RDOs suggest the 
involvement of a HO–FeV=O intermediate. The latter is capable of 
solvent exchange which would explain the 18O-labeled products 
obtained from toluene dioxygenase (TDO)-catalyzed oxidation of 
indan.21 As in the case of a FeIII–OOH oxidant,13,14 H abstraction by 
HO–FeV=O would lead to the formation of radical intermediates, 
which were inferred from the rearranged products observed in the 
reactions of NDO with norcarane and bicyclohexane19 and TDO 
with indene.21,22 

Aliphatic hydroxylation catalyzed by cytochrome P450 enzymes, 
which share the chemistry of RDOs (with the exception of cis-
dihyroxylation),23 proceeds through a rebound mechanism. The 
reactive intermediate is [(Por����)FeIV=O]+1, also known as Compound 
I (Cpd. I), where the oxidizing species is formally FeV=O. Hydrogen 
is initially abstracted by the oxo ligand, and in the rebound step, the 
resulting hydroxyl group recombines with the radical carbon to yield 
the alcohol product (Scheme 1).24 Low-spin biomimetic non-heme 
iron complexes catalyze substrate hydroxylation in a similar 
manner,25 with HO–FeV=O as the proposed reactive species.26–29 
HO–FeV=O has been detected in a Fe–Me,HPytacn [Me,HPytacn = 1-
(2’-pyridylmethyl)-4,7-dimethyl-1,4,7-triazacyclononane] complex 
using variable-temperature mass spectrometry.26 O–O bond cleavage 
is facilitated by solvent water as evidenced by incorporation of 18O 
from H2

18O in the product.26,27 Previous calculations on the Fe–TPA 
[TPA = tris(2-pyridylmethyl)amine] complex show that this 
mechanism is energetically feasible due to the weak O–O bond of 
low-spin FeIII–OOH.30 The Fe–Pytacn and Fe–TPA complexes can 
be considered as functional models of RDOs unlike the Fe–TMC 
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Scheme 1 Mechanism of aliphatic hydroxylation catalyzed by 
cytochrome P450  

complex since these contain two cis-exchangeable sites.25 

The present work examines the C–H hydroxylation of 2-
nitrotoluene (2NT) catalyzed by nitrobenzene 1,2-dioxygenase 
(NBDO), a member of the naphthalene family of RDOs that includes 
NDO.31 This reaction, along with the competing aromatic cis-
dihydroxylation, are important biodegradation pathways of 
nitroaromatic pollutants. Cis-dihydroxylation has been shown to 
involve oxidation by HO–FeV=O, in which the hydroxo group 
initially attacks the aromatic ring followed by the oxo ligand.32 
Direct oxidation by FeIII–OOH and reaction through a HO–FeV=O 
intermediate were investigated using density functional theory 
(DFT) calculations on cluster models. Quantum 
mechanics/molecular mechanics (QM/MM) calculations, specifically 
the ONIOM (Our own N-layered Integrated molecular Orbital and 
molecular Mechanics) method, were then performed on the most 
plausible mechanism to elucidate the effect of protein environment 
on geometry, electronic structure and energetics. 
 
Computational Methods 

Preparation of the initial structure of the NBDO-2NT complex, as 
well as details of the molecular dynamics (MD) simulation, are 
discussed in Supporting Information. Root-mean-square deviation 
(RMSD) with respect to the crystal structure (Fig. S1), and hydrogen 
bond interactions formed during simulation (Table S1) are also 
reported.  
 
DFT calculations on cluster models 

 
A cluster model consisting of mononuclear Fe, the sidechains of 

histidine and aspartate residues (imidazole and acetate, respectively), 
and hydroperoxo ligand (M1 model) was derived from the initial 
structure and used to explore possible mechanisms of C–H 
hydroxylation. Geometries were optimized using the B3LYP hybrid 
density functional33–36 and the double-ζ-quality LACVP* basis set, 
which incorporates the effective core potential of Hay and Wadt37 
for Fe and 6-31G* basis set for the other atoms. Solvent effects were 
included using the Polarizable Continuum Model (PCM)38,39 with 
dielectric constant of ε = 5.62 (corresponding to chlorobenzene) to 
mimic the hydrophobic environment of the substrate pocket in 
RDOs.40 Stationary points were confirmed by frequency analysis and 
the validity of transition states was established by intrinsic reaction 
coordinate (IRC) calculations at the same level. Single-point 
energies were determined using the LACV3P+* basis set for Fe and 
6-311+G* for the rest of the atoms. The larger basis set gives the 
correct ground state and inclusion of polarization functions was 

 
Fig. 1 Truncated enzyme model. QM region composed of Fe–OOH, 
His-206, His-211 and Asp-360 sidechains, and 2NT shown as sticks 

shown to be important when dealing with O–O bonds.41 Spin 
contamination in the doublet state was corrected using the spin 
projection scheme,42,43 although the difference from uncorrected 
values is less than 0.5 kcal/mol. These methods have been found to 
give satisfactory results for both heme and non-heme iron 
systems.41,44,45 

The O–O bond cleavage and H abstraction steps were also 
modeled with the inclusion of carboxamide (M2 model) to represent 
Asn-258, which positions the substrate for oxidation through H bond 
interaction with the nitro O atom.31 Optimization of M2 model 
geometries was performed with the Cβ atoms of the ligands frozen to 
reproduce positions in the crystal structure and to prevent 
carboxamide from forming artificial hydrogen bonds with active site 
ligands. DFT calculations were done using Gaussian 09.46 Molecular 
orbitals of the reactant complex and H abstraction transition state 
were analyzed with QMForge.47 

 

ONIOM calculations on the enzymatic model 

 

The lowest energy structure from the 2.5 ns molecular dynamics 
simulation, in which the initial methyl H–O bond is 2.50 Å, was 
chosen as the starting point for the ONIOM calculations. Residues 
located outside the 20-Å radius of the active site region were 
removed to reduce the system size. Solvent waters within this region 
were also kept as they may play a role in the O–O bond cleavage 
step. The truncated protein was capped with acetyl and N-methyl 
amide groups and neutralized with counterions. The final structure 
used to model the reaction is illustrated in Fig. 1 and consists of 
9522 atoms. 

The QM region composed of Fe, hydroperoxo, the sidechains of 
His-206, His-211 and Asp-360, and 2NT (49 atoms) was treated at 
the B3LYP/LACVP* level while the MM region was described 
using the AMBER ff99SB force field.48 The active site ligands were 
truncated at the Cα–Cβ bond and hydrogen link atoms were added to 
saturate the dangling bonds of the QM atoms at the QM/MM 
boundary. The charge of the link atom is equal to the total charge of 
the atoms left out (N, H, CA, HA, C, O) while the charge of Cα was 
adjusted so that the total charge of the backbone atoms is zero. This 
was done to maintain integer charges for the QM (+1) and MM (0) 
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regions.49 
The ONIOM energy is expressed as 
������ � �����	,		� � ����	� � �����	� (1) 

where EMM(QM,MM) is the MM energy of the entire system, and 
EQM(QM) and EMM(QM) are the QM and MM energies of the QM 
region, respectively.50 Geometry optimization was performed using 
both mechanical (ME) and electronic (EE) embedding schemes of 
ONIOM, with only residues within 8 Å of the QM region allowed to 
move. This section includes the 17 residues of the catalytic domain 
and the Rieske cluster in the adjacent α subunit. The nature of the 
stationary points obtained from both ONIOM-ME and ONIOM-EE 
optimizations were confirmed by frequency calculations. Final 
energies are calculated using the LACV3P+* basis set and corrected 
with zero-point energies obtained at the LACVP* level. Dispersion-
corrected B3LYP energies (B3LYP-D251) and single-point energies 
calculated using the B97-D functional,51 which is specifically 
parameterized to treat dispersion, are also reported. ONIOM 
calculations were done using Gaussian 09.46 

 
Results and discussion 
 
Possible oxidizing species 
 
The crystal structure of the NDO–O2–indole complex shows side-on 
binding of O2 with Fe–O bond distances of 1.7 and 2.0 Å.9 The 
presumed reactive species is the protonated FeIII–OOH (1),11,12 for 
which the calculated ground state is sextet as magnetic circular 
dichroism data for NDO confirm.2 No 41 was found while the 
doublet state is 14.4 kcal/mol higher in energy. The end-on adduct 
(1’) is lower in energy by 1.0 kcal/mol and it has been observed in a 
high-spin biomimetic non-heme complex52 unlike 1. 41’ and 21’ lie 
4.4 and 17.2 kcal/mol, respectively, above the ground state. 

Oxidation of the methyl sidechain of 2NT can proceed through 
either direct reaction with FeIII–OOH (1 or 1’) or via a HO–FeV=O 
intermediate (2) (Fig. 2). The latter is formed through heterolytic O–
O bond cleavage, which requires 27.8 kcal/mol in the sextet ground 
state. However, 2 has a quartet ground state, as verified by CCSD(T) 
calculations on model FeV=O complexes showing preference for the 
high-spin state when a π-donor ligand such as OH is cis to FeV=O.42 
The sextet state, which is 3.2 kcal/mol higher in energy, can be 
considered as an excited state FeIV-O���� species53 based on the spin 
densities of Fe (3.06) and the oxo ligand (1.01). The doublet state, on 
the other hand, lies 20.4 kcal/mol above the ground state. 

O–O bond homolysis, which yields FeIV=O and OH����, was not 
considered as it would be inconsistent with the regio- and 
stereospecific products observed in monooxygenase reactions 
catalyzed by RDOs.3,21,22,54 Solvent exchange, as inferred from the 
18O-labeled products, would also not be possible with this 
intermediate. The failure of scavengers to inhibit monohydroxylation 
confirms that the hydroxyl radical is not involved in the enzymatic 
reaction.21  

Possible reaction mechanisms for oxidation by 1’ (mechanism I), 
1 (mechanism II) and 2 (mechanisms III and IV) are summarized in 
Scheme 2. Optimized M1 geometries for the H abstraction transition 
state in mechanisms I–III are shown in Fig. 3 while those for the 
other stationary points and for mechanism IV can be found in 
Supporting Information (Figs. S2–S5). Potential energy surfaces 
(PES) of mechanisms I–III at different spin states are illustrated in 
Figs. 4–6. The energies were calculated relative to separated 
reactants as it was not possible to optimize a proper geometry of the 
reactant complex due to the tendency of the substrate to either form a 
spurious hydrogen bond with the hydroperoxo ligand or dissociate 
completely. 

 
Fig. 2 Optimized geometries and spin populations for side-on (1) 
and end-on (1’) S=5/2 FeIII-OOH and S=3/2 HO-FeV=O (2). 
Distances are given in Å 

 
Scheme 2 Possible mechanisms for C–H hydroxylation  
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Fig.  3 Optimized geometries and spin populations for H abstraction transition states (TSH) in mechanisms I–III. Distances are given in Å

 
Fig. 4 Potential energy surface of mechanism I calculated using M1 
model. Energies are reported relative to 61’ + 2NT 

Concerted O–O bond cleavage and H abstraction by FeIII–OOH 

 
H abstraction by the distal O atom (Odist) of 1’ (mechanism I) 
requires 35.9 kcal/mol in the sextet ground state. Activation energies 
in the quartet and doublet states are 44.4 and 20.4 kcal/mol, 
respectively (Fig. 4). 6TSH-I is characterized as a late transition state 
(Wiberg bond index rC-H = 0.38), as verified by the significant spin 
density on 2NT (0.46). Moreover, the spin density on OdistH (0.09) is 
consistent with the fact that H2O is nearly formed in the transition 
state. On the other hand, the decreased total spin density on Fe–Oprox 
(from 4.42 to 4.01) and shortening of the bond from 1.86 to 1.75 Å 
indicate oxidation to FeIV=O (Fig. 3). Formation of the radical 6Irad-I 
is an endothermic process (15.4 kcal/mol). 6Irad-I is a shoulder-type 
energy minimum that transforms to the product 6POH-I in a 
barrierless process. This involves the transfer of the abstracted H to 
Oprox upon recombination of OdistH���� and the methyl C radical. 6POH-I 
is located outside the first coordination shell of the metal center (dFe-

O = 3.6 Å) and is exothermic by -60.2 kcal/mol. The doublet state 
follows the same mechanism with the exception of a barrier (12.8 
kcal/mol) for the rebound step (2TSreb-I). On the other hand, no 
intermediate was found in the quartet state as H abstraction leads 
directly to the alcohol product. 

Direct reaction with 1 (mechanism II) involves concerted O–O 
bond cleavage and H abstraction by the proximal O atom (Oprox), 
with an activation energy of 23.9 kcal/mol in the sextet state. The 
transition states in the quartet and doublet states lie at higher 
energies compared to 6TSH-II, and the corresponding barriers are 

 
Fig. 5 Potential energy surface of mechanism II calculated using M1 
model. Energies are reported relative to 61 + 2NT  

32.6 and 22.1 kcal/mol, respectively (Fig. 5). 6TSH-II can be 
characterized as central (rC-H = 0.46) with a nearly linear O–O–H 
angle (172°). O–O bond cleavage is reflected in the increased spin 
density of OdistH from 0.09 to 0.48. However, the negligible change 
in Fe spin density (~4) suggests that the metal center is not involved 
in the reaction. 2NT, on the other hand, has a negative spin density 
of -0.28 indicating the transfer of an α-spin electron to the O–O σ* 
orbital (Fig. 3). No intermediate is formed as oxygen rebound occurs 
spontaneously after additional electron donation from 2NT 
completes O–O bond cleavage. 6POH-II is coordinated to the ferric 
center (dFe-O = 2.3 Å) and is 3.0 kcal/mol higher in energy than 6POH-
I. 
 
Stepwise mechanism via a HO–FeV=O intermediate 
 
H abstraction by the oxo ligand of 2 (mechanism III) has a barrier of 
6.4 kcal/mol in the ground state. However, the energy of the doublet 
transition state is slightly lower by 1.4 kcal/mol (Fig. 6). 4TSH-III is 
central as in mechanism II with rC-H = 0.47. Spin densities on 2NT 
(0.48) and Fe (1.68) indicate radical formation and reduction, 
respectively (Fig. 3). H abstraction yields S=1 FeIV-OH 
ferromagnetically coupled to the nitrobenzyl radical giving a total 
spin of S=3/2 in an exothermic process (-17.4 kcal/mol). However, 
the sextet state, wherein S=2 FeIV-OH is ferromagnetically coupled 
to the radical, is isoenergetic. 6Irad-III is achieved through a spin flip 
to an unoccupied α-spin MO.55 On the other hand, 2Irad-III is 3.2 
kcal/mol higher in energy. The rebound step involving C–O bond
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Fig. 6 Potential energy surface of mechanism III calculated using 
M1 model. Energies are reported relative to 42 + 2NT  

formation has an early transition state (dC-O = 2.7–2.8 Å) with a low 
energy barrier in the sextet (1.8 kcal/mol) and a higher one (6.4 
kcal/mol) in the quartet state. As in previous mechanisms, alcohol 
formation is exothermic (-77.5 and -67.2 kcal/mol for the sextet and 
quartet states, respectively) and the product is still bound to the 
active site (dFe-O = 2.2 Å). There is no barrier to the rebound step in 
the doublet state and the resulting alcohol product lies 16.0 kcal/mol 
above 6POH-III. 

H abstraction by the OH ligand of 2 (mechanism IV) was also 
investigated and found to be similar to mechanism I, in which the 
abstracted H atom is transferred from the bound H2O to the oxo 
ligand in the rebound step (Fig. S5). However, the barrier to H 
abstraction in the quartet state was found to be much higher at 12.8 
kcal/mol. While the activation energy is low in the sextet state (3.0 
kcal/mol), the rebound step requires 13.3 kcal/mol and the alcohol 
product is dissociated from the active site.  

Although the fact that only one electron is provided by the 
Rieske center in RDOs implies that the oxidant is most likely either 
1(1’) or 2,10,11,19 H abstraction by HO–FeIV=O was also examined for 
comparison with 2. Calculations at the quintet (ground) state show 
that HO–FeIV=O is less oxidizing than 2, with an activation energy 
of 21.0 kcal/mol for H abstraction by the oxo ligand. 
 
Comparison of different mechanisms and experimental evidence 
 
To summarize, the sextet PES is the lowest energy pathway for 
mechanisms I, II and IV while in the case of mechanism III, the 
sextet and quartet PES are close in energy. The reactant complexes 
and H abstraction transition states were then recalculated using the 
M2 model (Fig. S6) and activation energies are summarized in Table 
1. Mechanism I has the highest barrier, which is in contrast with the 
similarly high-spin Fe–TMC complex with a reported activation 
enthalpy of only 16.1 kcal/mol (B3LYP/6-311+G**). The high 
reduction potential of the complex was attributed to minimal ligand 
charge donation and lowered energy of the redox-active molecular 
orbital (RAMO) resulting from configuration interaction with the 
hydroperoxo σ* orbital.13 In comparison, the RAMO of 1’, which is 
a β-spin dx2-y2–σ* bonding orbital (Fig. 7), is raised in energy, 
presumably due to antibonding interactions with the π orbital of the 
acetate ligand, which contributes 6.0%. The activation energy for O–
O bond homolysis in 1’ is 29.8 kcal/mol, which indicates that 
oxidation of Fe and formation of OdistH� dominate contributions to 
the barrier for mechanism I.  

The activation energy for mechanism II is lower than that for 
mechanism I by about 10 kcal/mol. Unlike the latter, O–O bond

Table 1 Activation energies (kcal/mol) for H abstraction and O–O 
bond cleavage calculated using M2 model (which includes Asn-258 
sidechain) 

transition state ∆E‡ 
6TSH-I 37.40 
6TSH-II 27.93 
6TSO-O 29.55 
6TSH-III 14.92a (32.89b) 
4TSH-III 13.19 (31.16b) 
6TSH-IV 11.40a (29.37b) 
a relative to 42 
b relative to 61 
 

  
Fig. 7 Redox-active molecular orbitals of reactant complex (1’, 1 or 
2) and H abstraction transition state (TSH) in mechanisms I–III 

cleavage is heterolytic and Fe remains in the ferric state throughout 
the process. Thus, Fe is not involved in the redox reaction and the 
electrons that must be transferred to the O–O σ* orbital for bond 
cleavage instead comes from the substrate. This preserves favorable 
exchange interactions in the metal center.56 Moreover, the large Oprox 
character of the O–O σ* orbital (18.9%) makes it a better 
electrophile55 than the RAMO involved in mechanism I (2.4% 
contribution from OdistH) (Fig. 7). While direct reaction with 1 has 
been implicated in the cis-dihydroxylation of naphthalene,12 aliphatic 
hydroxylation through this concerted mechanism has no precedent. 

Mechanisms III and IV have the lowest activation energies. 
However, the rebound barrier for mechanism IV is more than 10 
kcal/mol higher than that for mechanism III as this involves 
concerted O–H bond breaking and C–O bond formation. In the case 
of mechanism III, the H abstraction barrier is lower in the quartet 
state by 1.7 kcal/mol. 2 is a better electrophile as indicated by the 
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large coefficient of the oxo ligand in the RAMO (39.7%),55 which is 
a β-spin dxy–π* antibonding orbital (Fig, 7). The stepwise 
mechanism (TSH-III) allows the substrate to attack sideways since 
the RAMO is a Fe–O π* orbital (Fig. 7). In contrast, the concerted 
mechanism requires the C–H bond of the substrate to be linearly 
aligned with the O–O bond for good overlap between the substrate π 
orbital and the Fe–O σ* (TSH-I) or O–O σ* (TSH-II) orbital (Fig. 7). 

Radical clock experiments on the monooxygenase reaction of 
NDO with norcarane and bicyclohexane yield a significant fraction 
of the radical rearrangement product, with a radical lifetime of the 
order 10 ns.19 Further evidence of a radical intermediate is inferred 
from the TDO-catalyzed oxidation of deuterated indene to inden-1- 
ol. Deuterium was found in either the C1 or C3 position, which is 
consistent with the formation of an allylic/benzylic radical 
intermediate that can have different resonance forms.21,22 Mechanism 
III is thus the most consistent with experimental studies. Although 
the activation energy for direct reaction with 1 (mechanism II) is 
slightly lower by 1.6 kcal/mol compared to formation of 2, the 
mechanism does not involve a radical intermediate, contrary to 
experiment. On the other hand, the radical intermediate in 
mechanism I forms the alcohol product in a barrierless process, 
which would not allow rearrangement to occur. Moreover, the 
formation of the radical itself is endothermic and requires a high 
activation energy. Finally, mechanism IV has a large rebound barrier 
and the alcohol product is dissociated from the active site (as in 
mechanism I), which is not consistent with the proposed catalytic 
cycle wherein the product is not released until the ferric active site is 
reduced back to FeII.10,11 

The involvement of 2 as the oxidant is also in agreement with 
the recent theoretical study on aromatic cis-dihydroxylation of 
nitrobenzene and 2NT by NBDO.32 It was found that substrate 
oxidation by 1 has a higher barrier than formation of 2 and do not 
lead to cis-diol formation. Initial attack of the hydroxo ligand of 2 on 
the ring has an activation energy of 2.4 kcal/mol (S=5/2) at the B97-
D/LACV3P+* level for both substrates. The corresponding barrier 
for H abstraction by 2 (6TSH-III) is higher at 6.1 kcal/mol.  

 
Effect of protein environment 
 
C–H hydroxylation via mechanism III was further studied using the 
ONIOM method to incorporate steric and electronic effects from the 
protein environment. Energies in the sextet and quartet states were 
calculated using the ME and EE schemes and compared in Table 2, 
with higher values from the latter due to polarization of the QM 
region induced by H bond interactions with the MM environment. 

Heterolytic O–O bond cleavage (TSO-O) is the rate-limiting step 
and has activation energies of 22.5 and 24.8 kcal/mol in the ME and 
EE schemes, respectively. The barrier was recalculated in the 
ONIOM-ME scheme using different initial structures and results are 
summarized in Table S2. Values ranged from 22.5 to 25.7 kcal/mol, 
suggesting that some protein conformations are more favorable 
toward O–O bond cleavage than others. It has been previously 
shown through free-energy perturbation corrections to ONIOM 
calculations on isopenicillin N synthase that dynamical 
contributions, specifically statistical effects due to fluctuations about 
the average protein geometry, lowers the O–O bond heterolysis 
barrier obtained from the static method by about 3 kcal/mol.57 Thus, 
it is possible that the barrier is overestimated in the present study due 
to neglect of geometric polarization of the MM region. ONIOM-ME 
and ONIOM-EE geometries for the stationary points in the O–O 
bond cleavage step are similar. The spin population of 1 is also 
comparable in both schemes, but ONIOM-EE predicts a more 
significant electron transfer from Fe to the antibonding O–O σ* 
orbital at the transition state. There is also a difference of about 0.1 

in the spin density of the oxo ligand in 42 (Fig. S7). 
Concerted O–O bond cleavage and H abstraction by 1 was also 

investigated given that the activation energy obtained using the M2 
model was lower compared to that for formation of 2. To locate the 
transition state, O–O–H and O–H–C angles were incrementally 
brought to 170° and 175°, respectively, to position the substrate for 
overlap between its π orbital and the O–O σ* orbital (see TSH-II, 
Fig. 7). A potential energy scan was then generated along the H2NT–
Oprox reaction coordinate. The highest point (dH-O = 1.2 Å, dO-O = 1.8 
Å) has an energy of 40.5 kcal/mol at the ONIOM-
ME(B3LYP/LACVP*:AMBER) level (Fig. S8) and optimization 
after release of restraints led to the TSO-O geometry. Calculations 
were repeated for two other structures from the simulation but the 
transition state was also not located. Moreover, the energy was 
already over 40 kcal/mol at dH-O = 1.9 Å. Steric hindrance from 
second-shell ligands, particularly Val-207 (Fig. S9), prevents the 
substrate from relaxing to the transition state geometry TSH-II (Fig. 
3) and leads to a repulsive MM energy contribution (~5 kcal/mol in 
the first structure calculated).  

H abstraction by 2 (TSH) in the ONIOM-ME PES has a lower 
energy in the quartet state, corresponding to a barrier of 7.2 
kcal/mol. 4TSH was obtained using three other structures from the 
simulation and results calculated with the ONIOM-ME method are 
summarized in Table S3. C–H and O–H bond distances and spin 
densities did not vary significantly (with the exception of one 
structure) and activation energies were within 1–2 kcal/mol. Irad is 
much more stable in the sextet state by 5.6 kcal/mol. The rebound 
step to form POH is essentially barrierless in the sextet PES. On the 
other hand, the ONIOM-EE activation energy for H abstraction is 
higher at 13.4 kcal/mol due to the change in the charge distribution 
of the substrate as it reacts with 2, which is unaccounted for in the 
ONIOM-ME method. Another notable difference from the ONIOM-
ME method is that formation of Irad is much more endothermic, with 
the quartet and sextet states becoming nearly isoenergetic. The 
rebound barrier in the sextet PES also increased to 7.8 kcal/mol. 

The ONIOM-ME method fails to give a correct description of 
the electronic structure of the stationary points along this reaction. 
This can be most clearly seen by comparing the spin population of 
4Irad from the two methods (Fig. 8). A β-spin electron is transferred 
from the substrate to the active site during H abstraction and the 
ONIOM-EE method consistently yields a spin density of 1.0 on 
2NT. In contrast, incomplete electron transfer was obtained from the 
ONIOM-ME method, as indicated by the smaller spin density on 
2NT (0.39). Moreover, the spin density became more localized on 
Fe, as the value increased from 1.5 in 4TSH to 2.7 in 4Irad. Based on 
ONIOM-EE calculations, the spin-flip in Irad to the sextet state 
results in a spin density of 3.3 on Fe. This increased to 3.8 in 6TSreb 
while the spin density of 2NT decreased to 0.7. In 6POH, the 
ONIOM-ME method shows residual spin density on the oxo ligand 
and 2NT, unlike in the ONIOM-EE method, where the spin density 
is concentrated on Fe and the hydroxo ligand. Fe–O bond lengths are 
comparable in the two methods except in the case of 6Irad, where 
bonds are 0.4–0.9 Å longer in the ONIOM-ME geometries. The 
ONIOM-ME method also predicts earlier transition states, as can be 
seen from the relatively long H–O (1.39 Å) and C–O (2.85 Å) bonds 
in 4TSH and 6TSreb, respectively. 

A comparison between the QM energy (EQM(QM)) and the 
energy calculated using the cluster model (M2) gives a qualitative 
idea of the effect of protein environment on the geometry and 
electronic structure of the active site (high-level effect). The protein 
effect on the energetics of the reaction can also be evaluated in terms 
of EMM(QM,MM) – EMM(QM), which includes the non-bonded 
interactions between the QM and MM regions (low-level effect).58 

The decomposition of ONIOM-EE energies into high- and low-level 
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Table 2 Relative energies (kcal/mol) for O–O bond cleavage and C–H hydroxylation calculated using ONIOM(B3LYP/LACVP*:AMBER) 
geometries 

 ONIOM protein effectb 
 ME EEa EMM(QM,MM) – 

EMM(QM) 
EQM(QM)c E(M2 model)c EQM(QM) –  

E(M2 model) 
S=5/2       
1 0.00 0.00 [0.00] (0.00) 0.00 0.00 0.00 0.00 
TSO-O 22.46 24.79 [23.60] (13.37) -2.76 29.47 29.55 -0.08 
2 12.52 14.67 [12.63] (1.65) -3.00 19.54 21.72 -2.18 
TSH 16.66 25.54 [20.74] (6.82) -2.66 33.48 32.89 0.59 
Irad -10.63 3.31 [0.28] (-9.46) -1.09 7.45 7.17 0.28 
TSreb -10.77 11.07 [7.58] (-3.07) -0.90 14.07 8.69 5.38 
POH -64.59 -44.90 [-50.24] (-44.67) -0.33 -46.18 -56.36 10.17 
S=3/2       
2 8.42 11.12 [7.97] (0.43) -1.76 13.51 17.97 -4.47 
TSH 15.65 24.55 [18.62] (7.92) -0.68 29.23 31.16 -1.93 
Irad -4.98 3.48 [-0.88] (-4.31) 0.47 3.86 8.17 -4.31 
TSreb -0.73 13.95 [9.29] (3.55) -0.10 14.92 11.57 3.36 
POH -53.69 -32.94 [-39.36] (-34.64) -0.36 -35.09 -48.11 13.02 
a B3LYP-D2 energies in square brackets, B97-D energies in parenthesis 
b based on decomposition of ONIOM-EE energies into QM and MM contributions 
c without zero-point energy correction 
 

 
Fig. 8 Optimized geometries and spin populations of stationary 
points in C–H hydroxylation step calculated using mechanical (ME) 
and electronic (EE) embedding schemes. Distances (Å) in 
parenthesis obtained using ME scheme. Residues and a water 
molecule forming hydrogen bonds with the QM region also shown 

 
Fig. 9 ONIOM-EE energy profiles for the overall reaction calculated 
using different functionals. Values listed in Table 2 

effects is summarized in Table 2. 
The high-level effect for TSO-O is negligible but it stabilizes 42 

by about 4 kcal/mol. The spin density of 42 in the two models is 
similar but ONIOM-EE shows a slightly larger (~3°) O–Fe–O angle. 
On the other hand, the low-level effect for TSO-O is 3 kcal/mol while 
that for 42 is 2 kcal/mol. Thus, the protein environment makes 
heterolytic O–O bond cleavage slightly more favorable. 

QM energies of 4TSH and 4Irad are about 2 and 4 kcal/mol lower 
than that in the M2 model, while QM energies are higher for 6TSreb 
and 6POH by about 5 and 10 kcal/mol. For 6TSreb, the difference can 
be attributed to the much earlier transition state predicted by the M2 
model based on the longer C–O bond length (by 0.7 Å) and higher 
spin density on 2NT (0.81 compared to 0.67 in ONIOM-EE) (Fig. 
S10). In the case of 6POH, the difference in energy is possibly an 
artifact of including Asn-258 (which moved closer to the active site, 
see Fig. S10) in the M2 model since the geometry and spin 
population are similar for the two models. In contrast to the O–O 
bond cleavage step, low-level effects for the C–H hydroxylation step 
only ranged from -0.9 (6TSreb) to 0.5 (4Irad) kcal/mol since the 
substrate essentially remained in the same position during the 
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Table 3 O–O bond cleavage transition state (6TSO-O) calculated using ONIOM-EE method with different QM regions 

QM region atoms ∆E‡ (kcal/mol)a O–O bond distance (Å) spin densities 
Fe Oprox Odist 

Coreb  49 26.71 1.88 3.70 0.49 0.31 
+ H2O 52 26.93 1.88 3.70 0.50 0.32 
+ Asp-203 55 27.02 1.88 3.69 0.49 0.32 
+ H2O + Asp-203 58 27.28 1.88 3.69 0.51 0.31 
+ H2O + Asp-203 + Asn-199 66 27.19 1.88 3.69 0.52 0.30 
a without zero-point correction 
b Fe–OOH + His-206 + His-211 + Asp-360 + 2NT 
 
Table 4 H abstraction transition state (4TSH) calculated using ONIOM-EE method with different QM regions 

QM region atoms ∆E‡ (kcal/mol)a bond distances (Å) spin densities 

C–H O–H Fe Ooxo Ohyd 2NT 

Coreb  49 16.81 1.26 1.31 1.60 0.76 0.21 0.49 
+ Asp-203 55 16.91 1.26 1.30 1.59 0.74 0.21 0.48 
+ Asn-258 57 15.68 1.25 1.32 1.59 0.77 0.21 0.49 
+ Asn-199 57 17.49 1.27 1.30 1.61 0.75 0.20 0.49 
a without zero-point correction 
b Fe–OOH + His-206 + His-211 + Asp-360 + 2NT 
 
reaction.  
 
Effect of dispersion interactions 
 
The effect of dispersion interactions on ONIOM-EE energies was 
also investigated in light of its possible importance in obtaining 
accurate activation energies for enzymatic reactions, as shown in a 
QM/MM study of H abstraction by P450cam.59 Table 2 includes 
dispersion-corrected ONIOM-EE energies calculated with B3LYP-
D2, which was used by Lonsdale et al.,59 and B97-D, which was 
used in the study on cis-dihydroxylation by NBDO mentioned 
above.32 A comparison of the energy profiles for the overall reaction 
is shown in Fig. 9. It can be seen that the O–O bond cleavage barrier 
is lowered by dispersion, and in the case of B97-D, the barrier is 
only 13.4 kcal/mol. This is slightly lower than those reported by 
Pabis et al.32 (14.6–16.7 kcal/mol), which were obtained using 
various cluster models of NBDO. Formation of ground state 2 is also 
essentially thermoneutral (0.4 kcal/mol) with the B97-D functional. 
The H abstraction barrier in the quartet state decreased to 10.7 
kcal/mol and the resulting 4Irad is stabilized when the D2 correction 
is added to B3LYP energies. In contrast, the B97-D functional yields 
a slightly lower energy for 6TSH, resulting in a barrier of only 6.4 
kcal/mol relative to 42. 6Irad is also more stable than the 
corresponding quartet state by 5.2 kcal/mol, which would be 
consistent with the notion that a higher number of identical-spin 
unpaired electrons results in more favorable exchange interactions.56 
On the other hand, all methods consistently indicate that the rebound 
step is more favorable in the sextet PES, with B97-D giving the 
lowest barrier (6.4 kcal/mol) and B3LYP-D2 giving the most 
exothermic reaction energy (-50.5 kcal/mol). 
 
Possible role of other residues in the substrate pocket 

 
The substrate pocket of NBDO is composed mostly of hydrophobic 
residues, some of which have been shown to influence stereo- or 
regioselectivity. In particular, Asn-258 may be crucial to aromatic 
cis-dihydroxylation of mononitrotoluenes by properly positioning 
the ring for oxygen attack through hydrogen bonding.60 This is 
indicated by the predominance of the competing reaction, C–H 
hydroxylation, in the N258V mutant of NBDO60 and in NDO,31 

which has valine at the equivalent position. On the other hand, there 
is no experimental evidence on the direct involvement of 
neighbouring residues in the reaction itself. Several hydrogen bond 
interactions with the active site were observed during simulation and 
have also been reported in a recent MD study of NBDO.61 These 
include interaction between (a) the substrate and Asn-258, (b) His-
206 and Asp-203, which bridges the active site and the adjacent 
Rieske cluster, (c) the hydroperoxo ligand and a water molecule, (d) 
the same water molecule and Asn-199, which is believed to be 
connected to a water channel facilitating proton transfer,9 (e) the 
hydroperoxo ligand and Asn-199 and (f) Asp-203 and Asn-199 (Fig. 
8, Table S1).  

ONIOM-EE geometries of 6TSO-O and 4TSH obtained with the 
QM region consisting only of Fe, hydroperoxo, the sidechains of 
His-206, His-211 and Asp-360, and 2NT were re-optimized with 
inclusion of these residues to investigate the effect on energy, 
geometry and electronic structure. In the case of O–O bond cleavage, 
the barrier increased with inclusion of other residues in the QM 
region although the difference is less than 1 kcal/mol (Table 3). On 
the other hand, the H atom abstraction barrier decreased by about 1 
kcal/mol with addition of Asn-258 in the QM region (Table 4). 
However, 6TSO-O and 4TSH geometries and spin densities did not 
change significantly with the QM region. 
 
Conclusions 
 
DFT calculations on cluster models of nitrobenzene 1,2-dioxygenase 
reveal mechanistic differences between C–H hydroxylation by FeIII–
OOH and HO–FeV=O. Direct reaction with FeIII–OOH involves 
concerted H abstraction and O–O bond cleavage to form the alcohol 
product. On the other hand, H abstraction by HO–FeV=O, which is 
formed through O–O bond heterolysis in FeIII–OOH, leads to a 
radical intermediate. The latter mechanism is consistent with 
deuterium labeling studies and radical clock experiments on other 
Rieske non-heme iron dioxygenases. However, the activation energy 
for formation of the HO–FeV=O oxidant calculated using cluster 
models is higher compared to that for direct reaction with FeIII–
OOH. ONIOM calculations gave a better description of the 
energetics of the two possible mechanisms through explicit inclusion 
of the steric effects of the protein environment. The concerted 
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mechanism with FeIII–OOH requires the C–H bond to be aligned 
with the O–O bond for good orbital overlap, but formation of this 
transition state was hindered by surrounding residues. In 
comparison, H abstraction by HO–FeV=O involves a sideways attack 
of the substrate, which was slightly stabilized by the protein 
environment. Formation of HO–FeV=O also became more favorable 
and it is possible that dispersion and free-energy perturbation 
corrections would lower the calculated activation energy further. On 
the other hand, no evidence was found to indicate the involvement of 
other residues in the substrate pocket on the reaction itself. Inclusion 
of Asn-199, Asp-203 and Asn-258, which form hydrogen bond 
interactions with the active site, in the QM region of the ONIOM 
model also did not affect O–O bond cleavage and H abstraction 
barriers and transition state geometries significantly. The results of 
the study can provide an insight on the nature of the oxidant and the 
mechanism of aliphatic hydroxylation in Rieske non-heme iron 
dioxygenases in general. 
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