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ABSTRACT: The mechanism of cis-dihydroxylation of nitrobenzene and 2-nitro-
toluene catalyzed by nitrobenzene 1,2-dioxygenase (NBDO), a member of the
naphthalene family of Rieske non-heme iron dioxygenases, was studied by means of
the density functional theory method using four models of the enzyme active site.
Different possible reaction pathways for the substrate dioxygenation initiated either by
the Fe'"~OOH or HO—Fe"=0 attack on the aromatic ring were considered and the
computed activation barriers compared with the Gibbs free energy of activation for the
oxygen—oxygen cleavage leading to the formation of the iron(V)—oxo species from its
ferric hydroperoxo precursor. The mechanism of the substrate cis-dihydroxylation
leading to the formation of a cis-dihydrodiol was then investigated, and the most feasible

Energy

Reaction coordinate

mechanism was found to be starting with the attack of the high-valent iron—oxo species
on the substrate ring yielding a radical intermediate, which further evolves toward the final product.

B INTRODUCTION

Oxidative degradation of recalcitrant nitroaromatic pollutants is
initiated by the formation of a cis-dihydroxylated metabolite
that spontaneously rearranges to catechol with accompanying
release of nitrite (Figure 1).'77 An understanding of the cis-
dihydroxylation mechanism is thus valuable in the development
of bioremediation measures, particularly protein engineerin§ of
dioxygenases to modify selectivity and enhance efficiency.” '
The theoretical kinetic isotope effect derived using knowledge
of the transition state structure can also serve as a reference
value for compound-specific isotope analysis, which enables
identification of the predominant transformation pathway of
pollutants at a particular contaminated site.'”*> The reaction is
catalyzed by nitrobenzene 1,2-dioxygenase (NBDO), as well as
2-nitrotoluene dioxygenase (2NTDO), which differ in catalytic
site residue at positions 204, 251, and 293." These two enzymes
are members of the naphthalene family of Rieske non-heme
iron dioxygenases (RDOs), which consist of a Rieske [2Fe—2S]
terredoxin, an NADH-dependent flavoprotein reductase, and an
a;f3; oxygenase.

RDOs also catalyze monohydroxylation, desaturation,
sulfoxidation, O- and N-dealkylation, and amine oxidation."*~"*
NBDO, in particular, can oxidize both the aromatic ring and
the alkyl side chain of nitroaromatic compounds to yield a
mixture of catechol and nitrobenzyl alcohol." Monohydrox-
ylation is an undesirable competing oxidation pathway, as it
does not eliminate the nitro group that prevents further
degradation. The active site of RDOs is a high-spin
mononuclear Fe" 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. A
Rieske [2Fe—2S] cluster located within 12 A of Fe" in an
adjacent a subunit transfers two electrons from NAD(P)H to
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the active site during the catalytic cycle. O, binding and
activation is triggered by one-electron reduction of the Rieske
cluster and formation of the enzyme—substrate com-
plex V81922

Extensive studies on naphthalene 1,2-dioxygenase (NDO),
including crystallographic data,> single turnover** and peroxide
shunt experiments,25 and theoretical calculations,z‘s’27 indicate a
side-on bound ferric (hydro)peroxo complex as a key reaction
intermediate. '*O-labeling studies on NBDO, NDO, 2NTDO,
and toluene dioxygenase (TDO) further suggest that both
hydroxyl groups of the product mainly originate from a single
180,/H,'%0, molecule.”*>**7*° A theoretical study of naph-
thalene cis-dihydroxylation by NDO proposed that this Fe'—
OOH complex directly oxidizes the substrate via an epoxide
intermediate. Subsequent ring-opening leads to a carbocation,
which is then attacked by the hydroxo ligand to yield cis-diol.
The active site remains in the ferric state throughout the
process, indicating that Fe is not involved in the redox
reaction.”” On the other hand, an indole—0O, adduct fitted to an
electron density map of NDO crystals suggests that the
substrate is attacked by a peroxo ligand bound end-on to Fe.*!

An Fe'V=0 oxidant is implicated in the activity of enzymes
such as 2-oxo acid dioxygenases and aromatic amino acid
hydroxylases, which also possess the 2-His-1-carboxylate facial
triad motif.'"”*>** This was confirmed by spectroscopic studies
on taurine-a-ketoglutarate dioxygenase (TauD),**™° tyrosine
hydroxylase (TyrH),’” and phenylalanine hydroxylase
(PheH).*® O—O bond cleavage to form this high-valent
intermediate is facilitated by additional electron donation
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Figure 1. General reaction scheme for cis-dihydroxylation of nitroaromatic compounds catalyzed by NBDO.
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Figure 2. Four models of NBDO active site used in this study: model 1 (a) comprising only first-shell iron ligands and a substrate; model 2 (b)
additionally including Asn258 residue; model 3 (c) and model 4 (d) constructed by adding a water molecule and Asn199 residue, respectively.
Atoms marked with an asterisk were frozen according to the nitrobenzene dioxygenase crystal structure' during all calculations.

from a cofactor or cosubstrate in contrast to RDOs, where only
one electron is provided by the Rieske center.'”**** Oxygen—
oxygen bond heterolysis in the latter yields HO—Fe'=0, for
which the calculated energy barrier is quite high (26.5 kcal
mol™).”” RDOs have a high-spin ligand environment,** and
theoretical studies on similar Fe"~OOR complexes show that
the strong O—O bond can be attributed to o-donation from
O-0O #* antibonding orbitals.” Moreover, the non-heme
ligands of RDOs do not stabilize high oxidation states (through
spin delocalization and ligand oxidation) as porphyrin and
thiolate ligands do for heme enzymes,”*® which could explain
the endothermicity of heterolytic O—O bond cleavage.”’
Nevertheless, minor 'O incorporation (3%) observed in
naphthalene dioxygenation in the presence of H,'®O indicates
the involvement of the HO—Fe'=0 intermediate, which
would allow solvent exchange to occur.”> Monooxygenation of
indan by TDO was also found to yield '®O-labeled products.*

Heme enzymes and methane monooxygenase, which also
formally have an Fe'=O0 oxidant,*** catalyze olefin
epoxidation*' ™ instead of cis-dihydroxylation, which is a
reaction unique to RDOs.*** An insight into the cis-
dihydroxylation mechanism of high-valent iron complexes can
be gained instead from functional models, which are designed
to mimic the ligand environment and reactivity of RDOs.* ™’
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These biomimetic complexes are being developed as green
alternatives to toxic or expensive oxidation catalysts.®*”%>
Notable examples are [Fe(6-Me,;-TPA)(CH,;CN),](ClO,),
(TPA being tris(2-pyridylmethyl)amine), which has a tetra-
dentate ligand and two cis labile sites and is the first reported
biomimetic catalyst for olefin oxidation;* [Fe((L1)(Cl)],
where the HL1 [3-(dipyridin-2-ylmethyl)-1,5,7-trimethyl-2,4-
dioxo-3-azabicyclo[3.3.1]nonane-7-carboxylic acid] ligand is
modeled after the 2-His-1-carboxylate motif;* and [Fe''(TPA)-
(NCMe),]**, which catalyzes the dihydroxylation of an
aromatic double bond (naphthalene).*’ Direct evidence of
the HO—Fe"=0 oxidant in olefin cis-dihydroxylation has been
reported for the synthetic system [Fe'(O)(OH)(™*"Pytacn)]-
(CF3S0;)" (tacn = triazacyclononane) using variable-temper-
ature mass spectrometry.*® Oxygen—oxygen bond cleavage is
mediated by water as inferred from the significant oxygen
exchange with labeled water in the cis-diol product. An
important difference between these biomimetic catalysts and
RDOs is the low-spin ligand environment in the former, which
leads to a weaker oxygen—oxygen bond* and, consequently, a
lower barrier for heterolysis.****®* Theoretical studies on Fe—
Pytacn®® and Fe—TPA®* suggest an unsymmetrical concerted
mechanism for cis-dihydroxylation initiated by the attack of the
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hydroxo ligand on the olefin to form a radical, followed by
barrierless diol formation.

The cis-dihydroxylation of nitroaromatic compounds,
represented by nitrobenzene and 2-nitrotoluene, is examined
in the present study by means of hybrid density functional
theory (DFT). Nitrobenzene dioxygenation via the previously
proposed epoxide pathway is investigated and compared with
that of naphthalene and benzene. Alternative mechanisms
arising from direct reaction with Fe"'~OOH are also explored
to compare the activation barriers of substrate oxidation (with
or without concerted oxygen—oxygen bond cleavage) with that
of the oxygen—oxygen bond cleavage to form HO—Fe'=O0.
Finally, the mechanism of cis-dihydroxylation by HO—Fe"=0
is determined on the basis of experimentally observed '*O
incorporation in the cis-diol product.

B COMPUTATIONAL METHODS

The possible reaction mechanisms for cis-dihydroxylation of
nitrobenzene and 2-nitrotoluene were analyzed using four
models of the nitrobenzene dioxygenase active site, presented
in Figure 2, which were constructed based on the available
crystal structure of NBDO with nitrobenzene bound in the
active site (PDB ID: 2BMQ)." The smallest model included the
metal ion and side chains of its first-shell ligands, namely,
His211, His206, and Asp360 (model 1, Figure 2a). The active
site model was then expanded to include (a) Asn258, which
forms a hydrogen bond with the substrate (model 2, Figure
2b); (b) H,O molecule, which forms a hydrogen bond with the
hydroperoxo ligand (model 3, Figure 2c); and (c) Asnl99
(model 3, Figure 2c). A water molecule was incorporated in the
active site model based on the results of the molecular
dynamics simulation of NBDO (data not shown), which
indicated the presence of water at the entrance to the substrate
pocket. The position of the dioxygen bound side-on to the
mononuclear iron was determined through an overlay with the
crystal structure of the NDO-O,-indole complex (PDB ID:
107N).* In all calculations, constraints were imposed on the
atomic coordinates of C, or Cy carbon atoms of the included
residues, to account for the rigidity of the protein backbone.
Calculations for the other substrate were performed using the
two smallest models of the active site, by replacing nitro-
benzene with 2-nitrotoluene.

Relaxed potential energy surface (PES) scans were carried
out to approximately locate possible transition states. All
stationary points were then optimized, and vibrational analysis
was performed for all minima and transition states to confirm
that they have zero and exactly one imaginary frequency,
respectively. All optimizations were performed using the DFT
hybrid B3LYP®>* functional and LACVP* basis set, combining
the 6-31G* basis set on C, H, N, O atoms and Hay and Wadt
effective core potential (ECP)®” for the description of the Fe
atom. To mimic the polarization effects of the protein
environment, the SMD continuum solvent model with a
dielectric constant of 5.7 was used in all reported calculations,
unless stated otherwise. The final energies were recomputed
using the B97D Grimme functional including dispersion® and
LACV3P+* basis set (ECP for Fe and 6-311+G* for all other
atoms). The final energies were also computed using
dispersion-corrected B3LYP-D2 and B3LYP-D3® functionals
(see Table 1 and Tables S1, S2, and S3 in the Supporting
Information). Despite visible differences, the overall conclu-
sions drawn from the values obtained using different functionals
are similar. The largest discrepancy between the barriers
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Table 1. Gibbs Free Energies of Activation (AG*) and Gibbs
Free Energies of Reaction (AG,) for the O—O Cleavage
Leading from Fe"'~OOH to HO—Fe"=0 Species
Calculated Using B3LYP, B97D, B3LYP-D2, and B3LYP-D3
Functionals with the LACV3P+* Basis Set for Geometries
Optimized at the B3LYP/LACVP* Level

B3LYP B97D B3LYP-D2 B3LYP-D3
AGF  AG, AGY AG, AGY AG, AGY AG,
model 1 24.7 16.3 158.5 6.1 24.6 158.5 26.6 17.4
model 2 284 19.5 14.6 8.8 24.1 19.2 25.6 21.0
model 3 27.8 19.1 16.7 6.6 26.0 16.9 27.8 18.1
model 4 26.4 16.7 15.0 4.1 24.9 14.7 264 16.1

calculated using the B97D and B3LYP functionals is observed
in the case of the O—O cleavage (Table 1). As can be seen
through comparison between the dispersion-corrected and
noncorrected B3LYP values, dispersion effects are negligible in
this particular reaction. From this it can be also inferred that
significantly different description of the energy of the system
provided by the B97D functional is not related to dispersion
effects, but rather to the nature of the functional itself. B97D is
a general-purpose functional parametrized for various systems,
including those containing transition metals, and it has been
shown to outperform other commonly used functionals,
including B3LYP, especially in the case of the reactions
involving transition metals.®® Thus, we believe it is more
suitable for the description of the reaction under study, and
therefore the final energies calculated using this functional will
be mainly used in the discussion of the results, with B3LYP-D2
and B3LYP-D3 values referred to when formulating relevant
conclusions. The effect of reoptimization of the stationary
points using the dispersion-corrected functional was examined
using model 1 with nitrobenzene. The geometries of the
transition states optimized with or without dispersion
correction were found to be very similar and energy barriers
calculated for the species optimized at B97D/LACVP* level
close to the values obtained through single-point corrections
calculated for the B3LYP/LACVP* geometries (see Table S4
and SS in the Supporting Information).

Spin populations derived from the Natural Bond Orbital
analysis from triple-{ basis set are reported. Where needed,
Mulliken atomic spin densities are also provided for
comparison of the presented results with the data reported in
the literature. The dioxygen—iron complex was modeled in the
sextet state (S = S$/2) as a positively charged protonated
species, i.e. [Fe"=OOH]**, which was found to be the most
energetically favorable arrangement of the dioxygen—enzyme
complex in naphthalene dioxygenase.”” Additionally, the
feasibility of the attack of the HO—Fe'Y=0 species (S = 2)
on the aromatic ring of nitrobenzene was assessed using the
smallest model of the active site. All calculations were
performed using the Gaussian 09 electronic structure pack-
age,” and structures were produced with VMD.”*

B RESULTS AND DISCUSSION

cis-Dihydroxylation through Direct Fe""-OOH Attack,
with an Epoxide Intermediate. In their computational study
of the cis-dihydroxylation mechanism in naphthalene 1,2-
dioxygenase (NDO), Bassan et al”’ investigated how the
hydroperoxo—iron(Ill) species may directly attack the
substrate, naphthalene, to form a cis-diol. Based on the results
obtained for the three different models of the active site using
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a

Figure 3. Optimized geometries, relevant spin populations, and bond lengths (A) of (a) epoxide intermediate obtained for the smallest model of
NBDO active site; (b) epoxide intermediate for model 2, additionally containing Asn258 residue.

gas phase optimization at the B3LYP/LACVP level, they
concluded that the most feasible reaction pathway involves the
formation of an epoxide intermediate from the direct attack of
the hydroperoxo moiety on the substrate double bond. In their
proposed mechanism, the proximal O atom of the hydroperoxo
ligand initially attacks the C=C bond, with distances of 2.16
and 2.20 A. Two electrons are transferred from the substrate to
the O—O ¢* antibonding orbital directly as confirmed by the
lack of significant change in the Fe Mulliken spin density at the
transition state. Thus, the O—O bond is broken concomitantly
with C—O bond formation. An epoxide intermediate is formed,
but the reaction is not complete, as indicated by the long C—O
bond distances (1.56 and 1.58 A) and the residual spin density
(0.08) on the reacting O atom. The reaction further evolves
toward a carbocation, which originates from the cleavage of the
epoxide C—O bond. At this stationary point, the spin density of
Fe remains at around 4 while that of the proximal O atom
increases to 0.26. Eventually the product, cis-diol, is formed by
binding of the cation to the OH ligand of the iron intermediate.
The attack of OH on the other carbon to form the cis-diol has a
very small barrier (~1 kcal/mol), consistent with the early
transition state (C—OH bond distance of 2.60 A). The rate-
determining step was found to be the formation of an epoxide,
with the concomitant cleavage of the oxygen—oxygen bond in
the ferric hydroperoxo moiety. The activation energy for this
concerted step calculated for the medium-size model was 17.5
keal mol™ (AG* = 19.1 kcal mol™'), which was confirmed
using the larger model.

Nitrobenzene dioxygenase shares 80% sequence identity with
naphthalene 1,2-dioxygenase and is also capable of cis-
dihydroxylation of naphthalene.' Hence, we decided to
investigate whether the chemical pattern proposed for the
reaction occurring in the NDO active site is feasible for the
formation of cis-dihydrodiol from nitrobenzene catalyzed by
NBDO. The transition state leading to the formation of an
epoxide was located for the two smallest models of the NBDO
active site used in this study, namely, the one including only
first shell iron ligands (model 1) and a larger system, which
additionally contains Asn258 residue (model 2). Model 1 used
here corresponds to the active site model used in ref 27, but
unlike the latter study geometry optimizations for both models
were performed at the B3LYP/LACVP* level with continuum
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solvation (dielectric constant of 5.7) to account for electrostatic
effects from the protein environment. Using model 1, we also
obtained the transition state involving concerted O—O bond
cleavage and C—O bond formation. In our case, C—O bond
distances are 1.86 and 2.45 A while the Fe Mulliken spin
density is 4.07. In contrast to Bassan et al., epoxide formation is
complete (as indicated by C—O bond distances of 1.39 and
1.4S A, and zero spin density on the O atom). The activation
barrier for the formation of an epoxide was computed to be
20.6 kcal mol™ (15.3 kcal mol™ relative to separate reactants).
Similarly to what was observed for naphthalene, the reaction is
exothermic, with the epoxide intermediate lying 14.9 kcal mol ™
lower in energy than the reactant complex (20.1 kcal mol™
lower relative to separate reactants), but contrary to the results
reported for NDO, we do not observe the formation of an
epoxide intermediate bound to mononuclear iron, which may
further evolve into a carbocation. Instead, in the intermediate
state originating from the direct attack of Fe'—OOH on the
nitrobenzene C,—C, double bond (see Figure 4 for atom
numbering), the O—Fe bond is broken and the epoxide species
dissociates from the iron cluster. Dissociation of the epoxide
results in a change of the iron coordination sphere, as illustrated
in Figure 3a. The geometry of the optimized intermediate is
confirmed using model 2. Even in the presence of the Asn258
residue, which forms a hydrogen bond with the nitro group of
nitrobenzene, the distance between the arene oxide and the
iron atom elongates upon optimization, leaving the hydroxo
group as the only ligand coordinating the face of the Fe cluster.
The epoxide intermediate obtained with model 2 is shown in
Figure 3b.

In order to examine whether our findings are independent of
the choice of the methodology, i.e.,, gas phase vs continuum
solvent optimization, and to compare the feasibility of the
mechanism involving an epoxide intermediate for nitroaromatic
and nonsubstituted aromatic substrates, we additionally
reoptimized the stationary points for both models in the gas
phase using the B3LYP functional and LACVP basis set as in
ref 27. We have reproduced the transition state preceding
epoxide formation obtained by Bassan et al. for naphthalene,
and additionally investigated the same step using benzene as a
substrate, both in the gas phase and continuum solvent model.
In the two cases where the substrate does not contain a nitro
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group, the reaction proceeds via the chemical pattern reported
for NDO. In the case of the gas phase reaction of nitrobenzene,
the epoxide dissociation from the Fe center is still observed and
the activation energy calculated at the B3LYP/LACV3P**//
B3LYP/LACVP level is 33.2 and 38.7 kcal mol™" for model 1
and model 2, respectively These activation barriers are much
higher than the value reported by Bassan et al. (17.5 kcal
mol™"), which may be partially attributed to neglecting solvent
effects in energy calculations and spurious interactions found in
the gas phase optimized reactant complexes, especially in model
2. The B3LYP activation barriers calculated for the species
optimized in continuum solvent model are 31.2 and 33.6 kcal
mol™ for model 1 and model 2, respectively, and further
decrease to ~21—26 kcal mol™' when dispersion correction is
included in B3LYP calculations (Tables S1, S2, and S3 in the
Supporting Information). At the same time, gas phase
activation energies calculated for nonsubstituted aromatic
substrates, benzene and naphthalene, are much lower than
the barrier obtained for nitrobenzene and in close agreement
with the values previously calculated for naphthalene® (for
details see the Supporting Information). As already mentioned,
in the epoxide mechanism, two electrons from the substrate are
transferred to the O—O o¢* antibonding orbital leading to
concerted O—O bond cleavage and C—O bond formation. The
increased barrier for our substrate can be attributed to the nitro
substituent, which tends to make electrons less available for
transfer to the active site.

The dissociation of the epoxide intermediate from the active
site suggests that the previously proposed mechanism for
naphthalene dihydroxylation by NDO is not feasible for
nitroaromatic compounds. However, in principle one could
consider a possible return of the epoxide intermediate to the
metal cluster, or its hydrolysis, which could take place outside
the active site. The latter reaction would yield nonstereospecific
products, as water can attack at any side of the ring, hence it is
an unlikely scenario for the cis-diol formation from the
dissociated epoxide intermediate. The fact that '*O labeling
studies show that both O atoms originate from the same source
also discounts the possibility of cis-diol formation from the
hydrolysis of the dissociated epoxide.”*>**73° On the other
hand, the return of the epoxide intermediate to the active site
could possibly allow the reaction to proceed to the next step,
i.e,, formation of a cation intermediate through the opening of
the epoxide ring (Scheme 1).

Indeed, using model 1 we were able to locate a transition
state for the epoxide ring-opening (see Figure S2 in the
Supporting Information), which lies 18.6 kcal mol™' above the
preceding (dissociated) epoxide intermediate and is lower in
energy than the transition state for the epoxide formation by
16.8 kcal mol™'. The reaction pathway followed from this
transition state by integrating the intrinsic reaction coordinate’>
leads to an intermediate with a single C—O bond, optimization
of which, however, does not yield an expected cation
intermediate. Instead, we observe a barrierless hydride shift
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resulting in the formation of a ketone (Scheme 2, Figure S2 in
the Supporting Information).

Scheme 2
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Such transformation was also observed by Bassan et al., who
also mentioned that epoxide ring-opening can lead to a 1,2-
hydride shift to form a ketone, for which the barrier is almost
zero. They attributed formation of the cis-diol through a
cationic species, despite the slightly larger barrier (~1 kcal/
mol), to protein effects. Possibly due to the presence of the
electron-withdrawing nitro group, the cation intermediate
proposed by Bassan et al. is even less stable in the case of
nitrobenzene, and we were not able to obtain such in our
calculations. Hence, the final product could not be obtained
from a nitroaromatic substrate through an epoxide pathway. It
should be noted, however, that we acknowledge the possibility
of the current findings being related to the limitations of the
adopted model that only partially accounts for the protein
environment, which in this particular case might be crucial for
the stabilization of the intermediate products formed along the
reaction pathway. Considering the discussed differences found
between the results presented here, and those reported for
naphthalene,”” and a relatively low barrier of the epoxide
formation compared to alternative ways of the attack on the
ring (see the next section), the discussed pathway should and
will be examined as a possible cis-dihydroxylation mechanism in
the hybrid QM/MM calculations, which will follow the current
study.

Finally, an important consideration in the discussion of the
epoxide pathway is that our results are in fact consistent with an
observation that RDOs generally do not catalyze epoxidation,
even as an intermediate step.” This was shown through the
oxidation of styrene, which was used as a probe for epoxide
formation since it is oxidized to styrene 1,2-oxide by
cytochrome P-450 and other monooxygenases. Unlike the
latter enzymes, NDO catalyzed the formation of (R)-1-phenyl-
1,2-ethanediol. Moreover, styrene 1,2-oxide was not a substrate
for NDO, indicating that the diol is formed directly and not
through epoxide hydrolysis.”

Probing Alternative Mechanisms Initiated by the
Fe''-OOH Attack on the Aromatic Ring. Since the
mechanism involving an epoxide intermediate was found not
to be plausible for the cis-dihydroxylation of nitroaromatic
substrates, it was necessary to probe other chemical routes for
such transformation, initiated by the direct attack of the Fe''—
OOH intermediate on the ring. Three possible ways of the
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initial attack on the ring were considered here: the attack of the
hydroxyl group on the C, carbon, and the attack of the second
oxygen atom of the hydroperoxo group on either C, or C,
carbon, as shown in Figure 4. For each of the considered

'

Figure 4. Three routes of the attack of Fe™—OOH (a) or HO—Fe'=
O (b) intermediate on the substrate considered as possible initial steps
of its cis-dihydroxylation.

pathways, we located the corresponding transition state for the
concerted attack (with concomitant O—O cleavage) and the
transition state leading to the formation of a single C—O bond
without the cleavage of the oxygen—oxygen bond in the ferric
hydroperoxo moiety (nonconcerted attack). Concerted O—C;,
attack leads to the formation of an epoxide intermediate, which
was discussed in the previous section. Table 2 summarizes the
activation barriers obtained for the considered scenarios.

Table 2. Gibbs Free Energies of Activation (AG") for the
Initial Attack of the Fe™—~OOH Moiety on Nitrobenzene,
Calculated for Different Models of the Active Site” Relative
to Reactant Complex

AG¥ [keal mol™]

nonconcerted concerted
0,-C, 0-C, 0-C, 0,-C, 0-C, 0-C,
attack attack attack attack attack attack
model 1 43.9 38.7 25.7 20.6 19.5
model 2 43.4 37.5 22.0
model 3 314 39.5 22.8
model 4 29.1 37.5 299

“See text for description.

In each of the probed mechanisms, the attack of the oxygen
atom on the aromatic ring without the oxygen—oxygen bond
cleavage was found to have a higher energetic barrier than the
corresponding concerted attack. The lowest Gibbs free energy
of activation was found for the concerted O—C, attack, which
leads to the formation of a single O—C, bond or an epoxide
intermediate with C, and C; carbon bonded to O atom, from
neither of which we were able to obtain a final product. We also
probed whether the nonconcerted O—C, attack can initiate a
reaction pathway leading to the formation of a diol, as in the
case of model 3 we were able to locate a transition state with a
relatively low barrier, compared to other nonconcerted attacks.
In this particular case, an intermediate with a single C—O bond
formed in the first step of the reaction can evolve toward an
epoxide, which is formed upon an O—O bond cleavage.
Similarly to what was observed for the pathway discussed
earlier, the epoxide species dissociates from the iron cluster,
despite the presence of Asn258 residue, as it is the case in
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model 3. Hence, within the scope of the current study, this
pathway does not seem viable for cis-dihydroxylation of
nitroaromatic substrates. It is worth mentioning that it
resembles to a large extent an alternative mechanism for the
formation of the cis-diol from naphthalene presented by Bassan
et al., which involves an iron(I)—hydroperoxyl species.”” In the
reaction presented therein, a similar, nonconcerted attack of the
hydroperoxo ligand on the substrate leads to the formation of a
radical intermediate with a single C—O bond, this step being
associated with the barrier of 19—20 kcal mol™ and
endothermicity of around 18 kcal mol™". The subsequent step
of the reaction yields a cis-diol, but the associated transition
state is higher in energy than the preceding one, based on
which the mechanism was considered as rather unlikely. In our
case, a radical is also delocalized on the substrate, evidenced by
Mulliken spin density on nitrobenzene of 0.35 and 0.76 in the
transition state and intermediate product, respectively. Similarly
to what was observed for naphthalene, this radical intermediate
has a very high energy compared to reactant complex,
exhibiting a large negative driving force of this step of the
reaction. The estimated energy of the transition state associated
with the cleavage of the O—O bond is similar to the transition
state for the formation of a radical intermediate.

A concerted C—O bond formation and oxygen—oxygen bond
cleavage mechanism for the three possible modes of Fe''—
OOH attack was also examined using model 1 with 2-
nitrotoluene as a substrate. Activation energies are in agreement
with the barriers obtained for the other substrate, with the
values of 23.6, 21.2, and 21.1 kcal mol™" for the O,—C,, O—C,,
and O—C, attack, respectively. Similarly to what was found for
nitrobenzene, the resulting intermediates did not lead to the
formation of a diol.

Barriers calculated using the dispersion-corrected B3LYP
functional (Tables S2 and S3 in the Supporting Information)
show a similar picture of the plausibility of direct reaction
between the substrate and Fe™—-OOH. In general, non-
concerted Fe"—OOH attacks on the ring have higher
activation energies than corresponding reactions coupled with
the O—O cleavage. An exception to this, as in the case of B97D
results, is a barrier for the nonconcerted O—C, attack in model
3. The barrier for the concerted O—C,; attack yielding an
epoxide intermediate of around 25—26 kcal mol ™ is larger than
the one obtained with the B97D functional, but at the same
time according to B3LYP-D results it is the most favorable
pathway involving the Fe'—~OOH attack on the ring. As
mentioned above, a similar barrier was found for a non-
concerted O—C, attack, and a concerted O—C, attack, which
was excluded from further consideration as not leading to the
final product, is also not energetically favored over the
concerted O—C; attack.

Oxygen—Oxygen Bond Cleavage Leading to the
Formation of the HO—Fe'=0 Species. Subsequently, we
considered the possibility of the formation of a high-valent
intermediate, HO—Fe"=0, prior to substrate oxidation. In
low-spin biomimetic non-heme iron complexes, oxygen—
oxygen bond cleavage is facilitated by the formation of a five-
membered intermediate with water, as evident from exchange
with ¥O-labeled solvent.*****> However, this would always
lead to a mixed product, whereas in the cis-diol obtained from
the enzyme-catalyzed reaction, both hydroxyl groups originate
predominantly from a single oxygen source.”*>**™ It is thus
more likely that HO—FeV=0 is formed directly via heterolytic
O—-0 bond cleavage in RDOs. This involves initial transfer of
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an a-electron from Fe to the O—O bond o¢* orbital, as
evidenced by the decreased spin density on Fe and increased
spin density on Ol. At the transition state, the O—O bond
increases to ~2 A while the Fe=0 double bond starts to form.
Transfer of the second electron to the 6* orbital completes O—
O bond cleavage and formation of HO—Fe"=0.

The Gibbs free energy of activation for O—O bond
heterolysis was also determined in the presence of the substrate
using different models of the enzyme. The barrier is only 15.5
keal mol ™! for the smallest model (model 1) and is decreased to
14.6 kcal mol™ upon inclusion of Asn258 in model 2.
Interestingly, in the case of model 3, which additionally
contains a water molecule, the barrier slightly increases to 16.7
kcal mol™!, while in turn, model 4, which includes Asn199,
which is within H bonding distance of the hydroperoxo ligand
and is postulated to be connected to a water channel that
facilitates proton transfer,” yields a lower barrier of 15.0 kcal
mol~". In general, heterolytic oxygen—oxygen bond cleavage to
form HO-Fe'=O0 is more energetically favorable than
substrate oxidation by Fe™—OOH. This suggests that the
reaction proceeds through the formation of the high-valent oxo
species and its subsequent attack on the ring, rather than the
direct attack of the ferric hydroperoxo ligand on the substrate.
It should be noted, however, that current results do not firmly
elucidate the role of protein environment, including Asn258 or
Asnl199 residues, in facilitating heterolytic oxygen—oxygen
bond cleavage, and further study of this problem is desired.

The activation energies for the O—O cleavage calculated
using B3LYP-D functionals are much higher than those
obtained with the B97D functional and range from 24.1 to
27.8 kcal mol™" (Table 2). Depending on the model used, these
values become comparable or larger by up to 3.9 kcal mol™
than the barriers for the initial attack of Fe'—~OOH on the
substrate ring, which, considering the accuracy of the calculated
energies, still allows us to consider the formation of HO—
Fe'=0 species and its subsequent reaction with the substrate
as a plausible scenario for its cis-dihydroxylation.

Possible Ways of the HO-Fe'=0 Attack on the
Substrate and the Mechanism of Its cis-Dihydroxylation.
The lower barrier for the formation of HO—Fe'=0, in
comparison with a direct reaction between Fe'"—OOH and the
substrate, suggests that the high-valent intermediate is a
possible oxidant. This would be consistent with minor *O
incorporation (3%) observed in naphthalene dioxygenation in
the presence of H,'®0. A separate experiment with naphthalene
cis-diol and H,'*O confirms that solvent exchange occurs with a
reactive intermediate and not with the product.” '®O-labeled
products may be attributed to rapid intermolecular exchange
between HO—Fe'=0 and H,'®O prior to substrate
oxidation.”*”® Therefore, we probed possible dioxygenation
pathways starting from a direct attack of HO—Fe"=0 on the
substrate (Figure 4b).

The barriers computed for the initial formation of an
oxygen—carbon bond presented in Table 3 prove this step to be
in general more energetically favorable when the substrate is
attacked by an HO—Fe"=0 species rather than by the ferric
hydroperoxo intermediate discussed before.

The results obtained for the two smallest models indicate
that the O,—C, attack is the first step of the reaction, while for
models 3 and 4, a noticeably smaller barrier is found for the O—
C, attack. The latter findings may be, however, affected by the
presence of a water molecule in the active site model. It can be
expected that the lowering of the activation barrier for the two
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Table 3. Gibbs Free Energies of Activation (AG¥) for the
Initial Attack of the HO—Fe'=0 Moiety on Nitrobenzene,
Calculated for All Models of the Active Site Relative to
Reactant Complex”

AG¥ [keal mol™]

0,—C, attack 0O—C, attack 0-C, attack
model 1 7.0 (13.1) 9.8 (15.8) 63 (12.3)
model 2 2.4 (11.2) 6.5 (15.3) 4.0 (12.8)
model 3 8.0 (14.6) 7.1 (13.7) 44 (11.0)
model 4 7.4 (11.5) 83 (12.4) 5.9 (10.0)

“In parentheses, values calculated relative to the Fe™—OOH reactant
complex are given.

largest models, compared to the values computed for models 1
and 2, might be the effect of the inclusion of a water molecule
and its stabilization in the continuum solvent used in this study.
Moreover, in the current study, we were not able to obtain a
final product in the reaction starting with the O—C, attack on
the ring. A comparison between the barriers for all possible
initial steps of the reaction also shows that the formation of a
single C—O bond initiated by the attack of hydroxyl oxygen of
the iron(V)—oxo complex on the C, carbon is the most feasible
transformation, from which the reaction can evolve toward the
final product. Similar activation energies were computed for the
initial step of 2-nitrotoluene oxidation, with AG¥ of 0.4 and 2.4
kcal mol™' for the O,—C, attack in models 1 and 2,
respectively. A barrier of 4.8 kcal mol™' calculated for the
O—C, attack in model 1 of 2-nitrotoluene also agrees well with
the ordering of the possible transition states located for
nitrobenzene.

The barriers calculated using B3LYP-D functionals agree very
well with the results presented in Table 3, and confirm low
activation energies for the HO—Fe'=0 attack compared to a
direct reaction of Fe"'—OOH with the substrate (Tables $2 and
S3 in the Supporting Information). Likewise, the B3LYP-D
results demonstrate that the energetically most favorable step
initiating cis-dihydroxylation is the formation of an O;,—C,
bond through an HO—Fe"=0 attack on the aromatic ring.

The mechanism of cis-dihydroxylation, as shown in Figure S,
was studied in detail using models 1 and 2. Initial attack of the
hydroxo ligand on the C, carbon is the rate-determining step
with a Gibbs free energy of activation of 7.0 kcal/mol in model
1 and 2.4 kcal/mol in model 2. The higher barrier in model 1
may be partly due to artificial hydrogen bonding between the
substrate and the hydroperoxo ligand in the reactant complex,
which is eliminated in the larger models upon inclusion of
Asn258. The increase in the barrier to 8.0 and 7.4 kcal/mol in
models 3 and 4, respectively, suggests that structural
contributions from the protein environment have a significant
effect on reaction energetics. Steric, as well as electrostatic,
effects will be investigated further in a QM/MM study. As the
C,—0, bond forms in the transition state (dc_o = 2.12 A in
both models, Figures 6 and 7), an electron is transferred to the
active site, resulting in radical formation in the substrate (spin
density of 0.5). Radical formation, as confirmed by the spin
density of ~1 on the substrate in the intermediate state, is
exothermic by 5.5 and 7.4 kcal/mol in models 1 and 2 (Table
4). Fe is reduced to the +4 oxidation state in the first step of the
reaction, leading to a spin density of 2.9. In the final step, the
oxo ligand attacks the C; carbon with an activation barrier of
3.2 and 2.8 kcal/mol in models 1 and 2 (Table 4). The low
barrier is consistent with an early transition state as evidenced
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Figure 5. Reaction profile of cis-dihydroxylation of nitrobenzene through a direct attack of the HO—Fe"=0 species on the aromatic ring. The figure
shows Gibbs free energy diagram obtained for the smallest model of the NBDO active site.
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Spin
Fe 3.85
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Figure 6. Optimized geometries, relevant spin populations, and bond lengths (A) of the key stationary points located along the reaction pathway
depicted in Figure S: TS, transition state for the initial attack of the iron(V)—oxo intermediate on the carbon—carbon double bond; INT1 radical
intermediate formed upon the formation of a single C—O bond; TS2 transition state for the oxygen attack on the C, carbon yielding the cis-
dihydrodiol PC. Spin population for nitrobenzene (NBZ) was summed over all atoms of the ring and the nitro group.

by the long C,—O bond distance (2.48 A in model 1, Figure 6,
and 2.49 A in model 2). The other electron from the substrate
is transferred to the active site during this step, which is
reflected in the decreased spin density on nitrobenzene (0.8)
and increased spin density on Fe (3.1). cis-Diol formation is
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exothermic by 42.9 and 47.1 kcal/mol in models 1 and 2 (Table
4). This is accompanied by reduction of the active site back to
the initial ferric state, where the spin density on Fe is about 3.9.
Upon the formation of the diol, the distance between the nitro
group and C; carbon elongates to 1.6 A, with the substituent
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Figure 7. Transition state for the attack of the iron(V)—oxo species on
nitrobenzene ring obtained for model 2 of NBDO active site,
containing first-shell iron ligands and Asn258 residue. Key distances
and relevant spin population are reported.

Table 4. Reaction Profiles for the cis-Dihydroxylation of
Nitrobenzene and 2-Nitrotoluene According to the
Mechanism Passing through a Radical Intermediate Formed
in a Direct Attack of HO—Fe"=0 Species on the Substrate®

AG [kecal mol™]

nitrobenzene 2-nitrotoluene
model 1 model 2 model 1 model 2
reactant complex 0.0 0.0 0.0 0.0
TS1 7.0 2.4 0.4 2.4
radical intermediate -5.5 —74 —6.9 -92
TS2 -24 —4.6 —-4.3 -5.6
diol —42.9 —47.1 —47.5 —48.0

“The Gibbs free energy values were obtained using two different
models of the active site (see text for details).

still bonded to the aromatic ring, which agrees with the general
reaction scheme of Rieske dioxygenases suggested in the
literature, according to which the nitrite release occurs in the
subsequent step of the catalytic cycle.

Table 4 also shows the energy profiles calculated for 2-
nitrotoluene undergoing the same reaction mechanism. The
energy diagrams for both substrates are very similar, but in the
case of 2-nitrotoluene, we do not observe lowering of the
activation barrier for the first step of the reaction while moving
from model 1 to model 2. The geometries of the stationary
points obtained for 2-nitrotoluene in the two smallest models
are analogous to the ones located for nitrobenzene, and we do
not observe significant differences between the two compounds
undergoing the suggested chemical pattern.

The cis-dihydroxylation mechanism of nitrobenzene by
NBDO is similar to that of olefins catalyzed by the biomimetic
complexes Fe—Pytacn*® and Fe—TPA.®* However, the second
C—O bond formation is not barrierless in the present case
possibly due to the stability of the nitrobenzyl radical
intermediate. Heme enzymes, which also have an iron—oxo
active site, catalyze epoxidation of the C=C bond instead of
cis-dihydroxylation due to the absence of two cis labile sites.
Other enzymes with a 2-His-1-carboxylate facial triad motif
have an Fe™"=0 oxidant due to the presence of a cofactor or
cosubstrate that donates an additional electron. As in principle
this species can also be formed during the NBDO catalytic
process, provided that a second electron is supplied to the
active site, we have calculated the activation barriers for the
possible attacks of this intermediate on the substrate as well. If
HO—FeV=0 is used as an oxidant, the barriers for the O,—C,,
0O-C,, and O—C, attack on the nitrobenzene ring become
24.8, 25.3, and 14.7 kcal mol™, respectively, which indicates
that HO—FeV=0 is in general less reactive than the HO—
Fe'=0 complex. Nevertheless, the possibility of the product
being formed in the most favorable pathway involving HO—
FeV=0 species, ie., the one starting from the O—C, attack,
was explored. The first step of the reaction yields a radical
intermediate with a single C—O bond (Scheme 3), formed with
endothermicity of 12.1 kcal mol™.

Subsequently, an epoxide intermediate is formed with a
barrier of 13.7 kcal mol™', which is comparable to the barrier
associated with the first step of the reaction. The epoxide
intermediate is very high in energy, lying 22.4 kcal mol™' above
the initial reactant complex, and similarly to what was observed
for the epoxide mechanism described before, it dissociates from
the iron center (see Figure S3 in the Supporting Information).
Assuming the return to the active site was possible, the
transition state for the epoxide ring-opening was located and
the barrier associated with this step of the reaction was
computed to be 4.3 kcal mol™". In the resulting intermediate,
upon the formation of a single C;—O bond, the nitro group of
the substrate is released, as evidenced by the C,—N bond
elongated to 3.1 A. The final step of the reaction involves the
attack of hydroxyl oxygen on the C, carbon, which is associated
with the activation barrier of 13.7 kcal mol™ and yields the final
product, cis-dihydrodiol, with the nitro substituent rebound to
the substrate ring.

B CONCLUSIONS

We have employed DFT methods to investigate the cis-
dihydroxylation mechanism of nitrobenzene dioxygenase.
Possible chemical patterns for dioxygenation of nitrobenzene
and 2-nitrotoluene were probed using four models of NBDO
active site. Based on the literature data, we assumed the iron—
dioxygen ground state to be a sextet (S = 5/2) with +2 charge.
Different ways of a direct attack of both hydroperoxo—iron(III)
and iron(V)—oxo intermediate on the aromatic ring of the
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substrate were considered, and activation energies of the
corresponding initial steps of the cis-dihydroxylation were
calculated. The Gibbs free energy barriers where then used as a
guideline in assessing the feasibility of a given mechanism. The
activation barrier related to the oxygen—oxygen cleavage
leading from the Fe"—OOH to the high-valent HO—Fe"=0
species was also evaluated. Finally, the reactivity of the HO—
Fe'Y=0 species (S 2) toward the aromatic ring of
nitrobenzene was assessed and compared with that of the
iron(V)—oxo intermediate.

We have found that the Gibbs free energies of activation for
the direct attack of the ferric hydroperoxo intermediate on the
ring, occurring either with or without concomitant oxygen—
oxygen bond rupture, are comparable to or higher than the
activation barrier for the formation of the iron(V)—oxo species
from its ferric precursor. This suggests the HO—Fe'=0
species to be the possible oxidant in the studied reaction.
Moreover, the two cis-dihydroxylation pathways starting with a
direct attack of the Fe'"—OOH species on the ring, including
the mechanism involving the epoxidation step suggested
previously for NDO,”” which were recognized as energetically
plausible, did not lead to the formation of the expected product,
cis-diol. The reason for this is an instability of the intermediate
products formed in these reactions, stemming from the
presence of the nitro substituent, which might be overcome
in the explicit protein environment. Thus, these mechanisms
will be reconsidered as potentially viable and further
investigated in our future QM/MM study. At the same time,
the activation energies for the possible attacks of HO—Fe"=0
on the substrate aromatic ring were found to be much lower
than the ones calculated for the Fe''—OOH intermediate,
proving HO—Fe'=0 to be a stronger oxidant in the studied
process. Furthermore, the most favorable reaction pathway
found for this oxidant leads to the formation of a cis-
dihydrodiol from both of the considered nitroaromatic
substrates. The said mechanism starts with the rate-limiting
attack of the hydroxyl oxygen on the C, carbon of the substrate
to form a radical intermediate, which is stabilized by the nitro
substituent through spin delocalization. In the following step of
the reaction, the second oxygen of the HO—Fe"=0 moiety
attacks the C; carbon forming a highly stabilized final product, a
cis-dihydrodiol. Our proposed mechanism is also consistent
with experimentally observed 'O incorporation in the cis-diol
product, and will be used as a starting point in the investigation
of steric and electrostatic effects accompanying the reaction
taking place in the full enzyme environment.

As stated above, our conclusions were verified by performing
calculations for both nitrobenzene and 2-nitrotoluene, with no
significant differences found between the reactions modeled for
both substrates. The calculations performed here for 2-
nitrotoluene will also allow for the future comparison between
the cis-dihydroxylation and monohydroxylation reactions of this
substrate, both of which are catalyzed by NBDO. Lastly, the
results obtained for the HO—Fe™=0 species proved it to be in
general less reactive than the HO—Fe"=0 complex. However,
the pathway starting from the most favorable attack of the
HO-Fe'V=0 on the substrate was also found to be yielding
the final product.
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