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Abstract
In this work we present the first computational study on a biomimetic cysteine dioxygenase model
complex, [FeII(LN3S)]+ where LN3S is a tetradentate ligand with a bis(imino)pyridyl scaffold and
a pendant arylthiolate group. The reaction mechanism of sulfur dioxygenation with O2 was
examined by density functional theory (DFT) methods, and compared to results obtained for
cysteine dioxygenase. The reaction proceeds via multistate reactivity patterns on competing
singlet, triplet and quintet spin state surfaces. The reaction mechanism is analogous to that found
for cysteine dioxygenase enzymes [Kumar, D.; Thiel, W.; de Visser, S. P. J. Am. Chem. Soc. 2011,
133, 3869–3882], hence the computations indicate that this complex can closely mimic the
enzymatic process. The catalytic mechanism starts from an iron(III)-superoxo complex and the
attack of the terminal oxygen atom of the superoxo group on the sulfur atom of the ligand.
Subsequently, the dioxygen bond breaks to form an iron(IV)-oxo complex with a bound sulfenato
group. After reorganization the second oxygen atom is transferred to the substrate to give a
sulfinic acid product. An alternative mechanism involving the direct attack of dioxygen on the
sulfur, without involving any iron-oxygen intermediates, was also examined. Importantly, a
significant energetic preference for dioxygen coordinating to the iron center prior to attack at
sulfur was discovered and serves to elucidate the function of the metal ion in the reaction process.
The computational results are in good agreement with experimental observations, and the
differences and similarities of the biomimetic complex and the enzymatic CDO center are
highlighted.

Introduction
Biosystems often utilize molecular oxygen on a transition metal center for the
biotransformation of substrates. Two characteristic types of transition metal containing
oxygenases have been identified, namely the heme and nonheme oxygenases that either
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transfer one oxygen atom of molecular oxygen to the substrate (monoxygenases) or both
oxygen atoms (dioxygenases).1,2 The heme enzymes include the – well studied –
cytochromes P450 enzymes that are monoxygenases and mainly found in the liver, where
they catalyze the metabolism of drugs and the biosynthesis of hormones.1 By contrast, the
nonheme iron dioxygenases take part in biocatalysis via oxygen sensing mechanisms,
reactions to hypoxia, and DNA and RNA base repair.2,3 Essentially both classes of
oxygenases utilize molecular oxygen on a transition metal center and catalyze an oxygen
atom transfer reaction to a substrate, via a substrate hydroxylation (aromatic as well as
aliphatic), epoxidation or heteroatom oxidation.

A large group of nonheme iron dioxygenases uses α-ketoglutarate as a co-substrate in the
catalytic cycle and, therefore, are called the α-ketoglutarate dependent dioxygenases
(αKDD).4 Structurally, the αKDD have a characteristic active site, where the metal is bound
to the protein via a 2-His-1-Asp facial motif.5 Figure 1(a) shows the active site of substrate
bound taurine/α-ketoglutarate dioxygenase (TauD) as taken from the 1OS7 protein databank
file (pdb).6 Substrate taurine is not bound to the iron center directly but in its close vicinity
and held in position through a series of hydrogen bonding interactions, for instance, with
Arg270 and His70. There are a small number of nonheme iron dioxygenases, however, that
do not possess the 2-His-1-Asp facial ligand motif, but still catalyze a dioxygenation
reaction.7 One of these enzymes is cysteine dioxygenase (CDO), which is involved in the
first step of the catalytic metabolism of cysteine in the body.8 This is a vital process in our
biosystem, since a decline in CDO activity has been associated with neurological disorders
and can give rise to diseases such as Alzheimer’s and Parkinson’s.9 Despite the important
function of CDO in human health, there is surprisingly little known about the mechanism of
action of this enzyme. A few single-crystal X-ray diffraction studies have provided
important structural information on CDO, and a small amount of spectroscopic
measurements on the enzyme have been reported, but thus far there has been no
experimental observation of any mechanistic intermediates for the cysteine oxidation carried
out by CDO enzymes.10 In contrast to other nonheme iron dioxygenases, such as TauD, the
metal in CDO enzymes is locked in position through bonds with three histidine groups in a
facial orientation, see Figure 1(b), as taken from the 2IC1 pdb file.11 Substrate cysteinate
binds as a bidentate ligand to the iron center with the sulfide group trans to His88 and the
amide group trans to His140. The substrate is held in a tight binding pocket and forms a salt
bridge between its carboxylic acid group and the side chain of Arg60, but also forms
hydrogen bonding interactions with Tyr157 and His155. Note also the unusual covalent
linkage between Tyr157 and Cys93. The sixth ligand site (trans to His86) is vacant in the pdb
file and reserved for molecular oxygen.

In order to understand the catalytic mechanism of CDO enzymes and the effect of the 3-His
ligand system on the reactivity patterns, a series of computational studies were performed.12

In these calculations it was found that the 3-His ligand system is essential for the
dioxygenation process in CDO enzymes, since replacing one of the His ligands by Asp led
to weakening of the Fe–S bond and less efficient dioxygenation as compared to wild-type
enzyme. In this regard, the influence of a 3-His coordination environment versus the
canonical 2-His-1-carboxylate motif is of broad interest.13 Furthermore, the computational
studies gave insight into the mechanism of dioxygen activation by CDO enzymes and the
rate-determining step in the reaction mechanism. Scheme 1 summarizes the computationally
derived mechanism of dioxygen activation by CDO enzymes. It was shown that the reaction
starts from an end-on Fe(III)-superoxo complex (A), where the distal oxygen atom (Od) is
hydrogen bonded to the amide group of the cysteinate moiety. This distal oxygen atom,
subsequently, attacks the sulfur atom of cysteinate to form a bicyclic ring-structure (B) via a
rate determining S–O bond formation step. In structure B the dioxygen bond is significantly
weakened with considerable bond lengthening upon moving from A to B and breaks via a
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small barrier to form an Fe(IV)-oxo bound to cysteine sulfenate (C). In structure C the
sulfur atom is inaccessible to the second oxygen atom, hence an internal rotation takes place
to move the sulfenate into the trans position in structure D. Finally, the second oxygen atom
is transferred to the substrate to form the cysteine sulfinic acid product (E). Computational
modeling at the density functional theory (DFT) and quantum mechanics/molecular
mechanics (QM/MM) levels of theory showed the reaction to proceed via multistate
reactivity on close lying singlet, triplet and quintet spin states. As such, CDO enzymes
follow mechanisms that resemble heme and nonheme dioxygenases which also show two-
state-reactivity and multistate reactivity patterns.14

Another method to investigate the influence of structure and coordination environment on
the mechanism of metalloenzymes is through the synthesis and study of synthetic analogs of
their active sites.15 Some of the best studied of these synthetic models are the iron
porphyrins. High-valent iron-oxo porphyrins are postulated as the key intermediates in many
heme enzymes, and many synthetic analogs of these intermediates have been generated
through the addition of hydrogen peroxide or peracids to a reduced iron porphyrin
precursor.16 Examination of synthetic high-valent iron-oxo porphyrins has provided many
important insights regarding structure and function. For example, the binding of variable
axial ligands to iron(IV)-oxo porphyrin complexes helped establish a trans effect on
reactivity patterns as well as a trans influence on spectroscopic parameters.17 Reactivity
patterns of systems with different axial ligands (neutral versus anionic) showed changes in
the regioselectivity of aromatic versus aliphatic hydroxylation, reactivity patterns of cis
versus trans olefins, and kinetic isotope effects for hydrogen atom abstraction reactions.18 A
trans influence of thiolate donors on nonheme FeIII-OOR model complexes has also been
described, providing evidence for a weakening of the Fe–O bond upon increasing thiolate
electron donation.19 These findings suggested a role for the unusual trans-ligated Cys donor
in the nonheme iron enzyme superoxide reductase.20 These previous studies highlight the
role that model complexes play in defining the fundamental influences of biomimetic
ligands on the properties of biologically relevant metal centers.

Some of the first functional synthetic models of the active site of CDO have been reported
by one of us, including the iron(II) model complex displayed in Scheme 2.21 The CDO
biomimetic model contains a bis(imino)pyridine ligand with a pendant thiolate group
(LN3S), which binds iron as a tetradentate ligand through the three nitrogen atoms and the
thiolate group. Reaction of this complex with excess dioxygen affords a product in which
the thiolate donor has been oxygenated to give a terminal −SO3

− (sulfonato) group. Studies
involving the use of 18O isotopically-labeled dioxygen revealed that all 3 oxygen atoms of
the sulfonato product originated from O2 as opposed to H2O, and mixed 18O2/16O2
experiments indicated that two oxygens in the −SO3

− group derived from one molecule of
O2. Thus a reasonable mechanistic hypothesis for S-oxygenation in the model complex
involved an initial step similar to the enzyme involving dioxygenation of the sulfur atom,
followed by a second monoxygenation step. However, what the mechanism of dioxygen
activation is, and whether it is analogous to CDO enzymes, remain open questions and ripe
for computational analysis.

The selective S-oxygenation of sulfur-bound metal complexes with O2 as oxidant is a
relatively rare process, although several biomimetic Ni(II) complexes were found to perform
this process efficiently.22 There are also a few examples of Ru(II)-, and Fe(III)-thiolates
reacting with O2 to give S-oxygenated products.23,24 Although not much mechanistic
information is available for the former complexes, it is possible that these complexes
proceed through a mechanism similar to that postulated for the Ni(II)-thiolates, in which the
coordinated S-atom functions as a nucleophile for direct attack on O2. In this scenario S-
oxygenation does not involve O2 activation at the metal in a redox process. Alternatively, a
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related possible mechanism for S-oxygenation could be similar to the mechanism proposed
for extradiol dioxygenases, where the nonheme iron center serves to activate the bound
substrate toward a coordinated O2 molecule, but there are no formal redox state changes at
Fe to activate O2.25 Thus, one or more of these mechanisms are possible for both CDO as
well as the synthetic analog in Scheme 2. The question of whether an Fe(III)-superoxo
species is formed prior to S-oxygenation is a question of fundamental importance to both
CDO and related model complexes.

To establish a reaction mechanism of dioxygen transfer to the iron(II) model complex in
Scheme 2, as well as the S-oxygenation process of the LN3S ligand, we decided to do a
series of density functional theory calculations and specifically focus on the difference
between a reaction starting from an iron(III)-superoxo complex and one where molecular
oxygen directly reacts with the thiolate ligand. We then compare the obtained results with
those recently published on CDO enzymes, nonheme iron dioxygenases and biomimetic
model complexes.

Methods
Following previous experience in the field,26 we use density functional theory studies on the
biomimetic model of CDO as displayed in Scheme 2. The calculations were performed with
the Jaguar and Gaussian program packages.27 The unrestricted hybrid density functional
method B3LYP was selected,28 since previous studies of ours showed that this method gives
rate constants within 2 – 3 kcal mol−1 from experiment.29 Moreover, QM/MM studies using
a series of density functional methods describing the QM region showed that B3LYP gives
results close in energy to other methods tested.12c Furthermore, the use of similar methods
and techniques as those in ref 14 enables us to make a direct comparison between the
performance of the biomimetic model studied here with the enzymatic system.

Initial geometry optimizations were done with a Los Alamos-type LACVP basis set on iron
that contains a core potential, whereas the rest of the atoms are described with 6-31G, basis
set BS1.30 Subsequent single point calculations utilize the LACV3P+ basis set on iron that
includes a core potential and 6-311+G* on the rest of the atoms; basis set BS2. Previous
studies of ours showed that this combination of methods gives reliable geometries and
energetics that are within a few tenths of a kcal mol−1 from those obtained after a full
geometry optimization at UB3LYP/BS2.31 Relative energies reported here were obtained
with basis set BS2 and corrected for zero-point energy from the Gaussian frequency
calculations. Free energies contain UB3LYP/BS1 zero-point, thermal and entropy calculated
corrections at 298 K and use UB3LYP/BS2 energies.

All structures were subjected to a full geometry optimization without constraints and
followed by an analytical frequency calculation at the same level of theory. To establish a
reaction mechanism between the various local minima, first we performed extensive
geometry scans whereby one degree of freedom (the reaction coordinate) was frozen and all
other degrees of freedom fully optimized. These geometry scans established pathways
between the various local minima and the maxima of these scans were used as starting point
for the transition state geometry searches. The effect of the environment was tested through
single point calculations in a dielectric constant of ε = 5.7 mimicking a chlorobenzene
solution using the Poisson-Boltzmann solvation model as implemented in Jaguar 7.7.
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Results and Discussion
Iron(III)-superoxo species in biomimetic and enzymatic CDO complexes

Following previous experience in the field12 we started the dioxygenation studies from an
iron(III)-superoxo complex shown in Figure 2. This complex was generated from the crystal
structure coordinates of [FeII(LN3S)(OTf)] reported in Ref 21a, whereby the iso-propyl
groups were replaced by hydrogen atoms to help facilitate the computations. Mass
spectrometry analysis of the product distributions identified [FeII(LN3SO2)]+ products
although it reacted over time to the triply oxygenated product probably in reaction with a
second molecule of O2. The CDO enzymes contain an active site, where there is a neutral
histidine group trans to the dioxygen binding site on the metal and, therefore, we decided to
remove the triflate anion and replaced it by molecular oxygen. Computational studies of the
axial ligand effect of hydrogen atom abstraction versus aromatic hydroxylation by iron(IV)-
oxo complexes with axial acetonitrile versus chloride showed dramatic differences due to
the charge of the axial ligand, i.e. neutral versus anionic axial ligands.32 With triflate
removed our computational model shows close similarity to the active site of CDO enzymes.
These coordinates were optimized and resulted in a structure that showed little deviation
from the crystal structure. Optimized geometries of the Fe(III)-superoxo complexes (1,3,5A)
in the lowest lying singlet, triplet and quintet spin states are shown in Figure 2. The
structures are characteristic of an iron(III)-superoxo complex where the superoxo group is
bound in an end-on fashion. The bond lengths obtained are similar to those calculated for
iron(III)-superoxo complexes in heme and nonheme environments.14a,33 Crystallographic
data on enzymatic end-on ferric-superoxo complexes gave Fe–O and O–O distances of
approximately 2.06 and 1.22 Å, respectively, which are values close to those given in Figure
2.34 Relative energies give close lying singlet, triplet and quintet spin state structures, where
the spin state ordering varies with the method chosen. Gas-phase relative energies give the
singlet spin state below the quintet by about 2.1 kcal mol−1, but free energy and solvent
corrections reverse this and make the quintet spin state the ground state by 1.2 kcal mol−1.
No experimental data are available on the iron(III)-superoxo complex, however the Fe(II)
complex without O2 is in a quintet spin state,21a which makes it likely that the Fe(III)-
superoxo complex should be in a high-spin state too. Nevertheless, it is clear that the
iron(III)-superoxo species exists in close-lying spin states and, therefore, will react via
multistate reactivity patterns.

The spin-state ordering and relative energies for 1,3,5A found here is considerably different
from that reported before for the CDO enzyme active site derived from either DFT methods
or QM/MM. To understand these differences, let us analyze the orbital differences in more
detail; Figure 3 shows the high-lying occupied and low-lying virtual orbitals for 5A as an
example of the orbital shapes. The other spin states have similar molecular orbitals but the
only difference is their occupation. The molecular orbitals displayed in Figure 3 originate
from the metal 3d orbitals and the interactions they undergo with the 2p orbitals on the
superoxo group and the nitrogen and sulfur atoms of the LN3S ligand and consist of six π*
type and three σ* type orbitals, which we label as π*1 − π*6 and σ*1 − σ*3. The lowest lying
molecular orbital with metal 3d contribution is the doubly occupied π*1 (π*xy) orbital that is
comprised of the 3dxy orbital on Fe in interaction with a 3p orbital on sulfur. Another doubly
occupied orbital is the σz2 + π*OO,yz mixed orbital that has the bonding combination of the
out-of-plane 3dz2 orbital with the antibonding π*OO orbital along the yz-axis; σ*1. The
antibonding combination of this orbital, labeled as σ*2, is singly occupied and has a
dominant 3dz2 component on the metal. The metal 3dxz and 3dyz atomic orbitals form
bonding and antibonding combinations with the π*OO,xz and π*OO,yz orbitals on the
superoxo group, respectively. Along the yz-axis there is one pair of π*yz ± π*OO,yz; the
positive combination (π*3) is singly occupied and the negative one (π*5) is a virtual orbital.
By contrast, along the xz-axis there are three possible combinations, namely bonding (π*2),
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nonbonding (π*4) and antibonding (π*6). The bonding combination (π*xz + π*OO,xz) and the
nonbonding π*OO,xz orbitals are singly occupied in the quintet spin state, while the
antibonding π*xz − π*OO,xz is virtual. Finally, high-lying and virtual is the σ*x2−y2 orbital
for the antibonding interactions of the metal with the four ligand atoms in the xy-plane (σ*3).
These set of orbitals have an occupation of π*1

2 σ*1
2 σ*2

1 π*2
1 π*3

1 π*4
1 for 5A,

whereas 3A has an occupation of π*1
2 σ*1

2 π*2
2 π*3

1 π*4
1 and 1A an occupation of π*1

2

σ*1
2 σ*2

↑ π*2
↓ π*3

↑ π*4
↓. Double occupation of π*2 in the triplet spin state leads to

enhanced bonding between the metal and oxygen atom and considerable shortening of the
Fe–O bond with respect to the singlet and quintet spin state structures.

As follows from the orbital diagrams in Figure 3, the 3dxz and 3dyz atomic orbitals on Fe
mix with orbitals on the π-system on the LN3S ligand and the π*OO orbitals to create a series
of mixed orbitals, e.g. π*2 − π*6. As a consequence of this, the orbital energy levels in our
biomimetic CDO model are very different from those found for the enzymatic system. Note,
for instance, that in CDO enzymes the ligands in the xy-plane are histidine amino acids, but
their aromatic rings are not aligned with the xy-plane but are perpendicular to it.
Consequently, the iron(III)-superoxo species in CDO enzymes has a singlet spin ground
state that is well separated from the quintet spin state by more than 10 kcal mol−1,12c

whereas in the biomimetic system the singlet and quintet spin states are close in energy. This
will also affect the subsequent oxygen atom transfer processes as will be shown later.

Reaction mechanism of S-oxygenation
Next, we investigated the dioxygenation of the thiolate group of the LN3S ligand according
to the mechanism found for CDO enzymes (Scheme 1), and the results are shown in Figure
4. The reaction starts from the iron(III)-superoxo complexes (1,3,5A) with the attack of the
distal oxygen atom on the sulfur atom to form a bicyclic ring-structure (1,3,5B) via an S–O
bond formation barrier (1,3,5TS1). In the bicyclic structure the dioxygen bond is weakened
and breaks via a barrier 1,3,5TS2 to form a sulfenate bound to an iron(IV)-oxo moiety
(1,3,5C). Thereafter, the sulfenate group undergoes an internal rotation to form the isomeric
structure 1,3,5D via a barrier 1,3,5TS3. In a final step the second oxygen atom is transferred
via a transition state 1,3,5TS4 to give the sulfinic acid product complex (1,3,5E).

Although the singlet spin state is low in energy for the iron(III)-superoxo complex, it
actually plays little effect on the reaction mechanism due to the fact that 1TS1 and 1TS2
barriers are very high in energy, i.e. well over 25 kcal mol−1. As a matter of fact the
complete singlet spin potential energy surface beyond 1TS1 is at least 10 kcal mol−1 above
the lowest lying spin state surface, which means that the singlet spin state will contribute
very little to the overall reaction mechanism.

At the free energy level, the quintet spin iron(III)-superoxo complex is the ground state.
Similar to gas-phase DFT studies on CDO enzymes,12a the S–O bond formation barrier
(TS1) is also the lowest on the quintet spin state surface. As follows from Figure 4 at the
free energy level, the mechanism starting from the iron(III)-superoxo complex until the
iron(IV)-sulfenate complex will take place on a dominant quintet spin state surface only.
The nearest other spin state is at least 7 kcal mol−1 higher in energy in the mechanism
leading up to the iron(IV)-sulfenate complex (C), but the triplet and quintet spin states
converge in this point and 3,5C are energetically close with a small preference for the triplet
spin state. As shown before, biomimetic nonheme iron(IV)-oxo complexes have a triplet
spin ground state,35 which contrasts the situation for enzymatic nonheme iron(IV)-oxo
complexes that have been characterized as high-spin states.36 Computational studies
explained this difference through differences in orbital interactions of the π*xy and σ*x2−y2
molecular orbitals that change their relative energy and thereby affect the triplet-quintet
energy splitting and ordering.37
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The rotational barrier from 3,5C to reach 3,5D, i.e. 3,5TS3, is relatively small; therefore, the
system will interconvert to D rapidly. The final oxygen atom transfer via barrier TS4 is large
on the quintet spin state but much smaller on the triplet spin state surface, although it is not
the highest barrier. The rate determining step in the CDO biomimetic reaction mechanism is
the process passing TS2, which has a free energy of activation of 22 kcal mol−1 relative to
reactant complexes on the quintet spin state surface. This contrasts the mechanisms found
for CDO enzymes where the step passing TS1 was found to be rate determining.12

Optimized geometries of the local minima along the reaction mechanism are displayed in
Figure 5, while the optimized transition state structures are given in Figure 6. Optimized
geometries are in line with previous DFT and QM/MM studies on the catalytic mechanism
of dioxygen transfer from the iron center in the enzyme to cysteinate substrate. As discussed
above the reaction starts from an iron(III)-superoxo structure that is in close-lying singlet
and quintet spin states with the latter slightly lower in energy. Attack of the terminal oxygen
atom of the superoxo group on the thiolate sulfur creates an O–S bond and forms the ring-
structure B. In these structures the superoxo O–O bond is weakened, elongating from 1.286
– 1.328 Å in 1,3,5A to a distance near 1.5 Å in 1,3,5B, which is consistent with a formal single
bond. At the same time, the Fe–S bond is weakened from 2.248 Å in 1,3,5A to 2.359 Å in 1B
and 2.613 Å in 5B. In the quintet spin state there is also a certain degree of bond lengthening
between the metal and the three bound nitrogen atoms. Because of the weakening of the
superoxide O–O bond, it costs relatively little extra energy to break it and form the iron(IV)-
oxo with a sulfenate ligand, structure C. In this structure the iron-sulfur bond is weakened
further and, in particular, in the quintet spin state it has dissociated (Fe–S distance of 3.235
Å in 5C). Subsequently, the oxygen atom of the sulfenate binds to the metal to form
structures D followed by the final oxygen atom transfer to form products, E.

The transition state structures are analogous to those found for CDO enzymes.12 The O–O
bond lengthens in TS1 to a value ranging from 1.421 − 1.432 Å. The imaginary frequency
in the transition state represents the S–O stretch vibration and is characteristic for an S–O
bond formation step. In TS2 the O–O bond is further elongated and the imaginary frequency
shows an O–O stretch vibration that represents the O–O dissociation step in the reaction
mechanism. Note also that some saddling in the LN3S ligand structure has taken place in
TS1 although the saddling is lost in TS2 and onwards. If we define a dihedral angle through
the three nitrogen atoms of the LN3S ring and the para-carbon atom of the R group (C1-N1-
N3-N2) in Figure 6, we find a saddling of −165.7° in 3TS1, −169.9° in 1TS1 and −175.3°
in 5TS1, which implicates deviations from planarity of 14.3, 10.1 and 4.7°, respectively.
Thus, the orbital occupation in the triplet spin state with shortened Fe–O distances causes
structural distortion and saddling.

Thus the calculations predict that the iron center of the model complex functions to
coordinate and activate O2 toward O–O bond cleavage and oxygen transfer to the thiolate
group. They also show that O-atom transfer to the thiolate S atom is relatively facile,
providing a smooth mechanism for S-oxygenation. The computed mechanism predicts a
dioxygenase type mechanism wherein two oxygen atoms in the final product are derived
from one molecule of O2, which is nicely consistent with experimental evidence from 18O2
isotope-labeling mass spectrometry studies. It may further be anticipated that the third
oxygen atom transfer to form the −SO3 complex will proceed after binding a second
molecule of molecular oxygen and a subsequent monoxygenation step of the sulfinic acid
intermediate.

Comparison between CDO enzyme and the biomimetic model
Unfortunately no experimental data on wild-type CDO or biomimetic model complexes
exists after dioxygen binding, so that a comparison of the obtained results with experiment is
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not possible, therefore we will compare the work with previous computations in the field. At
a first glance, the obtained results of the biomimetic model seem to give considerable
differences as compared to DFT and QM/MM studies on the CDO enzyme, which we will
compare in detail in the following. Table 1 gives relative energies of the dioxygen transfer
process in [FeIII(LN3S)O2]+ as described in this work as compared to two published set of
calculations on CDO enzymes: the first uses a DFT model complex of 81 atoms from Ref
12a, whereas the second is the result of the full QM/MM calculation reported in Ref 12c.
The calculations on [FeIII(LN3S)O2]+ and the CDO model complex use the same methods
and techniques and energetics including ZPE and solvent corrections. As can be seen from
Table 1, the obtained potential energy landscape for these two chemical systems is very
similar with some minor deviations we will discuss below. Based on the energetic profile,
therefore, it appears that the [FeIII(LN3S)O2]+ is a good model of CDO enzymes. At this
level of theory the singlet spin state is the ground state of the iron-superoxo complex, but as
discussed above at the free energy level the quintet spin state becomes the ground state. This
lowering of the quintet spin state surface in the Fe(III)-superoxo reactant has further
consequences for the overall kinetics of the reaction. Thus, in the enzymatic system using
DFT model complexes a rate determining 5TS1 barrier was found and all subsequent
barriers were found to be smaller than their precursors, i.e. 5TS1 > 5TS2 > 5TS3 > 5TS4.
Due to lowering of the energy of 5A in the biomimetic model, as a consequence also 5TS1 is
lowered in energy. Accordingly, the biomimetic CDO model complex has a rate determining
step via 5TS2, while the enzymatic DFT model has a rate determining 5TS1 step. These
differences in barriers should lead to different kinetic behavior for these two systems. The
rest of the mechanism is very much alike for the biomimetic and CDO model complexes
apart from a relatively high 5TS4 barrier in the biomimetic model system.

On the singlet spin potential energy surface, the deviation between the biomimetic and
enzymatic model complexes is less than 5.7 kcal mol−1 for all structures. This is also the
case for the triplet spin state surface until 3TS3, beyond this point significant deviations
occur between the enzymatic and biomimetic model complexes and the biomimetic 3D
and 3TS4 structures are stabilized considerably. It should be noted, however, that the actual
barrier from 3D to 3TS4 is similar in energy to that found in the enzymatic calculations.
Hence this only affects the driving force for 3D to 3E but not the kinetics.

The differences between the QM/MM studies on CDO enzymes and the biomimetic model
system are more pronounced and require further elaboration. As mentioned above the
quintet spin state of the iron(III)-superoxo structure is significantly higher in energy in the
QM/MM studies than in either DFT model complexes. This is not only due to destabilization
of the quintet but also as a result of stabilization of the singlet spin state surface. The latter
further leads to a low 1TS1 barrier that is competitive with the quintet spin barrier.
Accordingly, in the QM/MM calculations multistate reactivity patterns on competing
singlet, triplet and quintet spin state surfaces are found, where the reaction starts in 1A and
proceeds via 1TS1 to 1B or via a spin-state crossing to 3B. Depending on the lifetime of this
intermediate a further electron transfer process can lead to a second spin-state crossing to the
quintet spin state. However, the TS2 barriers are low and the most stable C structure is in
the triplet spin state. The 5TS3 and 5TS4 barriers are considerably lower in energy
than 3TS3 and 3TS4, so that it is likely that the spin-state crossing to the quintet spin state
will take place in or around TS3/TS4 in the reaction mechanism to give quintet spin state
products. This multistate reactivity mechanism has a rate determining 1TS1 barrier and will
contain two spin state crossings, one from singlet to triplet and another from triplet to
quintet.

Despite the differences in relative energies of A and TS1 in the biomimetic model complex
as compared to the QM/MM calculations on the enzyme, in the ring-structures all energies
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converge to very similar values. The dioxygen bond breaking step has small barriers on each
spin state surface in the QM/MM calculations, but much larger barriers are found in the
biomimetic model system, where this step even is rate determining. Presumably the
hydrogen bonding and polar interactions in the substrate binding pocket of the enzyme
facilitate smooth dioxygen bond breakage and the formation of the sulfenate intermediate.
These interactions are absent in the biomimetic model and hence the dioxygen bond
breaking barriers are higher.

Direct oxygen atom transfer to sulfur without metal assistance
One of the key remaining questions in CDO catalysis relates to the involvement of the
transition metal in the conversion of cysteine into cysteine sulfinic acid products. Thus, does
the metal just hold the substrate into position, while being electronically inactive, or does it
play an active role by donating electrons into the process. To address this question, we did a
subsequent experiment, where molecular oxygen is not bound to the transition metal at the
start of the reaction but approaches the thiolate-bound [FeII(LN3S)]+ from a large (> 6 Å)
distance. The obtained geometry scan is given in Figure 7 for the singlet, triplet and quintet
spin states. In these studies we investigate the direct attack of molecular oxygen on the
thiolate group without binding the metal first. To this end, the dioxygen starts at a large
distance from the metal and sulfur centers and in stepwise (full geometry) optimizations, we
move the dioxygen moiety closer to the sulfur atom by fixing the S–O distance while
optimizing all other degrees of freedom.

During the geometry scan, however, prior to the formation of an actual O–S bond, the
dioxygen molecule approaches the metal center and binds in the usual Fe(III)-superoxo
form, thereby stabilizing our chemical system with a couple of kcal mol−1. This happens on
all three spin state surfaces. As a consequence, the minimum points in the scans shown in
Figure 7, labeled as 1,3,5A’, geometrically resemble the Fe(III)-superoxo optimized
geometries discussed above in Figure 5. Consequently, approach of molecular oxygen onto
the sulfur atom bound to a metal center will first lead to a stable metal-superoxo complex.
These results predict that direct attack of the thiolate group by molecular oxygen should be
high in energy.

From the local minima in Figure 7, we continued the geometry scans for the S–O bond
formation. The reaction proceeds in a similar way as shown above in Figure 4 with similar
barrier heights and rate constants. Shortening of the S–O bond further indeed gives
transition state structures similar to those reported above that started from 1,3,5A and lead to
analogous ring-structure complexes. Therefore, direct attack of dioxygen on the thiolate
group is unlikely to take place and binding of molecular oxygen will give a stable iron(III)-
superoxo complex that is able to transfer both oxygen atoms to a sulfur containing substrate
located in the cis-position.

In summary, it is essential for the reaction that molecular oxygen binds the metal center first,
since it leads to stable open-shell spin states as shown by the orbital diagram in Figure 2.
Furthermore, it enables a stepwise oxygen atom transfer mechanism as described in Scheme
1, where the first step is focused on O–O bond weakening and breaking. The results on the
model complex suggest that the iron center in CDO has dual functions in the S-oxygenation
mechanism. Firstly, it holds the substrate into a tight but specific orientation. Secondly, it
binds molecular oxygen, whereby the electrons are redistributed in metal-superoxo type
orbitals that enable efficient oxygen atom transfer mechanisms.
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Conclusions
Density functional theory calculations have been performed on the mechanism of LN3S
dioxygenation on an iron center. This reaction mimics that found for CDO enzymes and
gives fundamental insight into the metal ligand system on reactivity. We investigated two
reaction mechanisms: one involves binding of dioxygen to iron, while the other involves a
direct attack of dioxygen on the sulfur atom. The calculations show that the binding of O2 to
Fe is energetically favorable, and during the geometry scan for dioxygen approach to the
sulfur atom the O2 molecule binds the iron atom immediately. These calculations indicate
that the formation of the iron(III)-superoxo complex is thermodynamically driven and will
lead to the reaction mechanism analogous to the one calculated for CDO enzymes. A
detailed structural, thermodynamic and kinetic comparison of the CDO mimic and the
enzyme gives close similarities between the biomimetic model system and wild-type
enzyme and supports the assignment of iron(II)(LN3S) as a CDO mimic.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The active sites of TauD (panel a) and CDO (panel b) as taken from the 1OS7 and 2IC1 pdb
files. Amino acids are labeled as in the pdb files.
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Figure 2.
Optimized UB3LYP/BS1 geometries of 1,3,5A with bond lengths in angstroms. Also given
are relative energies in the gas-phase and relative free energies with values in kcal mol−1.
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Figure 3.
High-lying occupied and low-lying virtual orbitals of 5A as calculated with DFT methods.
Orbital diagrams are taken from the β set of molecular orbitals.
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Figure 4.
Potential energy profile of oxygen transfer to the thiolate group of the LN3S ligand starting
from the [FeIII(LN3S)O2]+ complex. All energies are in kcal mol−1 relative to 1A. Out of
parenthesis are ΔE+ZPE+Esolv values and in parenthesis are free energies. The latter include
entropic and thermal corrections at 298 K.
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Figure 5.
Optimized UB3LYP/BS1 geometries of the critical points from Figure 3 with bond lengths
in angstroms. Optimized geometries of 5,3,1A are given above in Figure 2.
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Figure 6.
Optimized UB3LYP/BS1 geometries of the transition states from Figure 4. Bond lengths are
in angstroms and the imaginary frequency in the transition state in wave numbers.
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Figure 7.
Geometry scans for the approach of the dioxygen on the sulfur atom starting at a S–O
distance of over 6 Å. Also shown is the geometry of the minimum point of the scan for the
singlet, triplet and quintet spin states with the Fe–O distance (RFeO) given in angstroms.
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Scheme 1.
Dioxygen activation mechanism of CDO enzymes as established by computational
studies.12
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Scheme 2.
Biomimetic model of CDO.
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Table 1

Relative energies of dioxygen transfer from iron(III)-superoxo to sulfur based substrate in (a) biomimetic
CDO model, (b) CDO enzyme model as calculated using DFT model complex and (c) CDO enzyme model as
calculated with QM/MM.

FeIIIO2(LN3S) CDO Enzyme Model

DFTa DFTa,b QM/MMc,d

1A 0.00 0.00 0.00

3A 5.51 2.01 5.80

5A 1.39 8.36 13.84

1TS1 25.70 23.69 13.68

3TS1 21.53 25.39 24.19

5TS1 12.61 17.72 14.44

1B 16.77 12.31 12.12

3B 12.20 10.26 10.88

5B 1.12 -0.42 2.87

1TS2 29.75 29.08 14.93

3TS2 24.88 21.67 10.32

5TS2 18.41 5.92 5.75

1C 11.27 9.33 -5.88

3C -9.14 -9.85 -18.94

5C -8.62 -8.54 -10.62

1TS3 10.79 5.13 7.76

3TS3 -9.11 -4.66 -5.73

5TS3 -5.28 -5.29 -7.61

1D -10.23 -5.48 -9.87

3D -18.67 -1.15 -19.02

5D -21.66 -14.59 -18.73

1TS4 1.93 1.70 -2.03

3TS4 -13.20 4.90 -1.31

5TS4 -5.32 -13.10 -12.58

1E -22.57 -26.10 -25.48

3E -30.13 -32.88 -31.13

5E -43.71 -40.72 -38.66

a
ΔE+ZPE values with solvent corrections included.

b
From Ref. 12b.

c
ΔE+ZPE result.

d
From Ref. 12c.
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