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Abstract
Density functional theory (DFT) calculations are presented on biomimetic model complexes of
cysteine dioxygenase and focus on the effect of axial and equatorial ligand placement. Recent
studies of one of us [Y. M. Badiei, M. A. Siegler and D. P. Goldberg, J. Am. Chem. Soc. 2011,
133, 1274] gave evidence of a nonheme iron biomimetic model of cysteine dioxygenase using an
i-propyl-bis(imino)pyridine, equatorial tridentate ligand. Addition of thiophenol, an anion – either
chloride or triflate – and molecular oxygen, led to several possible stereoisomers of this cysteine
dioxygenase biomimetic. Moreover, large differences in reactivity using chloride as compared to
triflate as the binding anion were observed. Here we present a series of DFT calculations on the
origin of these reactivity differences and show that it is caused by the preference of coordination
site of anion versus thiophenol binding to the chemical system. Thus, stereochemical interactions
of triflate and the bulky iso-propyl substituents of the ligand prevent binding of thiophenol in the
trans position using triflate. By contrast, smaller anions, such as chloride, can bind in several
ligand positions and give isomers with similar stability. Our calculations explain the observance of
thiophenol dioxygenation by this biomimetic system and give details of the reactivity differences
of ligated chloride versus triflate.

Introduction
Nonheme iron enzymes are versatile oxidants that catalyze a range of vital processes for
human health, and are involved in repair mechanisms, biosynthesis as well as
biodegradation of compounds. Generally, they use molecular oxygen on an iron center and
transfer either one or both oxygen atoms of molecular oxygen to a substrate, whereby a
monoxygenation, dioxygenation or dehydrogenation type of reaction occurs. Nature has
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developed a large arsenal of these nonheme iron enzymes with various differences in ligand
orientation and binding as well as functional properties.1 Studies on nonheme iron
containing enzymes and synthetic analogues (biomimetic compounds) are important for the
understanding of biochemical reaction mechanisms but also for industrial (biotechnological)
applications.

An extensively studied class of nonheme iron enzymes is the α-ketoglutarate dependent
dioxygenases, which anchor the metal via a facial 2-His-1-Asp ligand orientation to the
protein.2 These enzymes catalyze the biosynthesis of several antibiotics in bacteria;
including vancomycin, fosfomycin and carbapenem.3 In addition, these enzymes have been
implicated with DNA and RNA repair mechanisms.4 A structurally similar enzyme to the α-
ketoglutarate dependent dioxygenases is the human enzyme cysteine dioxygenase (CDO),
which is involved in the detoxification and metabolism of cysteine in the body.5 It catalyzes
the first step in the biodegradation of cysteine and converts the substrate to cysteine sulfinic
acid. This is a unique reaction and of interest to the biotechnology industry for the catalytic
dioxygenation of sulphides.

CDO contains an unusual ligand system where the metal is bound to three histidine ligands
of the protein via a 3-His facial ligand orientation, but compared to the α-ketoglutarate
dependent dioxygenases lacks the carboxylate ligand and the 2-His/1-Asp motif. Current
evidence suggests the substrate cysteinate binds the metal in a bidentate fashion through the
thiolate and amine groups and is locked in hydrogen bonding interactions via several nearby
polar amino acids. Fig 1 displays the active site of substrate bound CDO as taken from the
2IC1 protein databank (pdb) structure.6 Similar to the nonheme iron dioxygenases, the
protein binds the metal in a facial orientation and the ligand position trans to His86 is vacant
and is reserved for molecular oxygen. In recent years a number of spectroscopic and kinetic
studies have provided important insight on the catalytic mechanism of CDO, but there is
little knowledge of oxygen bound intermediates.7 A series of computational studies in our
groups have given insight into the CDO ligand system and its mechanism of substrate
activation.8 These studies showed that replacing the 3-His ligand system of CDO by a 2-
His-1-Asp ligand system disrupts the dioxygenation process of cysteine and, in particular,
leads to weakening of the Fe–S bond. It appears, therefore, that the 3-His ligand system is
essential for optimal dioxygenation of cysteine.

In biomimetic chemistry, active site analogues are created with the aim to understand the
basic features of enzyme active site structures.1c,1d,9 Recently, a few biomimetic models of
CDO enzymes were published and spectroscopically characterized.10–12 One of these
contains an Fe(II)(iPrBIP) complex (iPrBIP = iso-propyl-bis(imino)pyridine), Scheme 1.11

Studies focused on the relative orientation of thiophenol and dioxygen on the metal center.
Thus, the iPrBIP ligand occupies three ligand positions of the metal in the same plane.
Dioxygen will occupy the ligand position cis with respect to the three nitrogen atoms of
the iPrBIP ligand. The remaining two ligand positions are occupied by thiophenolate (SPh−)
and an anion, which is either Cl− or CF3SO3

−. Consequently, these complexes have two
possible stereoisomers (Scheme 1) for the Fe(III)-superoxo complex, i.e. [FeIIIO2(iPrBIP)
(SPh)(L)] with L = Cl− or CF3SO3

− (OTf−), which are designated with A and B in Scheme
1, respectively. It also should be noted that in contrast to the facial triad of histidine ligands
in CDO enzymes, the iPrBIP ligand coordinates in one plane thereby leaving the axial ligand
position vacant for either substrate or an anion. The previous experimental studies revealed
dramatic differences in reactivity that were induced by changing the ligand L from Cl− to
CF3SO3

−, whereby the chloride ligated complex gave disulfide products, whereas the triflate
ligated system reacted with O2 to give an S-oxygenated sulfonato product.11 These
differences were assigned to axial versus equatorial ligand effects on the iron complex,
however, direct evidence for this mechanistic hypothesis was lacking. To gain insight into
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this matter we performed a density functional theory (DFT) study, and the results are present
here.

The effect of axial and equatorial ligands on heme and nonheme iron oxidants is well
documented. Thus, heme monoxygenases such as the cytochromes P450 contain an iron-
heme active center where the heme is linked to the protein via an axial cysteinate ligand.13

By contrast, heme peroxidases have an axially ligated histidine group, which has been
proposed to be a key reason for their differences in catalytic function.14 These studies
proposed the cysteinate to act with a “push”-effect and the push/pull-effect of the axial
ligand is thought to contribute to the reactivity differences of P450s vis-à-vis peroxidases.
Indeed, a series of density functional theory (DFT) calculations confirmed that peroxidase
models reacted with much higher barriers in aliphatic hydroxylation and epoxidation
reactions using the same substrate.15 Moreover, the differences between an axially ligated
cysteinate versus histidine were explained as originating from the charge of the axial ligand
and the molecular orbital interactions between metal and ligand.16

In biomimetic models, the effect of the axial ligand on spectroscopic properties (trans-
influence) as well as on reactivity patterns (trans-effect) was demonstrated by Gross and
coworkers17 using studies of styrene epoxidation by a range of iron(IV)-oxo porphyrin
cation radical systems. Subsequent studies of Nam et al18 showed differences in oxidative
properties of iron(IV)-oxo oxidants with chloride trans to the oxo group as compared to
those with acetonitrile, leading to reactivity differences of those oxidants with cis versus
trans olefins, the regioselectivity of aliphatic over aromatic hydroxylation, as well as
epoxidation versus hydroxylation processes. Further studies also revealed axial ligand
effects on the reactivity and spectroscopic parameters of a selection of nonheme iron
complexes,19 including a series of thiolate-ligated nonheme iron model complexes by one of
us.20 Recent, combined experimental and computational studies in our groups on the
reactivity of manganese(V)-oxo embedded in a corrolazine ligand system identified a
pronounced axial ligand effect on the rate constant of hydrogen atom abstraction from C–H
substrates (e.g. dihydroanthracene) as a function of the axial ligand.21 By contrast, very little
is known of the ligand effect of iron(III)-superoxo complexes, which we will address in this
work. The computational study presented here provides insight into the equatorial and axial
ligand effect of the CDO biomimetic model displayed in Scheme 1.

Methods
The studies presented in this work use density functional theory methods as implemented in
the Gaussian-03 program package.22 Following previous experience in the field,23 we
initially used the unrestricted hybrid density functional method UB3LYP24 in combination
with a double-ζ quality LANL2DZ basis set on iron that includes a core potential and 6-31G
on the rest of the atoms,25 basis set BS1. We performed a full geometry optimization
(without constraints) followed by an analytical frequency calculation. All structures were
confirmed as local minima and had no imaginary frequencies. Subsequent geometry
optimization and frequency calculations were done with a triple-ζ quality basis set: BS2
represents a triple-ζ LACV3P+ basis set on iron and 6-311+G* on the rest of the atoms and
BS3 is 6-311+G* on all atoms. It should be noted that very little differences in energy and
optimized geometries are obtained between UB3LYP/BS2//UB3LYP/BS1 calculations as
compared to those found for UB3LYP/BS2 optimizations, therefore, we will focus on the
latter results only in this paper.26 All calculations were done for the lowest lying singlet,
triplet, quintet and septet spin states To test the effect of the environment on the ordering
and relative energies of the various spin states, we did single point calculations using the
polarized continuum model (PCM) with a dielectric constant of ε = 35.7 mimicking an
acetonitrile solution at UB3LYP/BS2.
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To confirm the obtained spin state ordering and relative energies we did a further set of
calculations using dispersion corrected density functional theory (B3LYP-D).27 We
reoptimized 3,5,7AL and 3,5,7BL (L = Cl−/OTf−) at B3LYP-D/BS1 level of theory followed
by a single point calculation at B3LYP-D/BS2 level of theory. The methods used in this
work are well tested and benchmarked, for example, they have been used to reproduce
experimental free energies of activation of oxygen atom transfer processes within about 3
kcal mol−1.28

Results and Discussion
We started our investigation with a series of calculations on 1,3,5,7AL (L = Cl− and OTf−)
and the optimized geometries are given in Fig 2, whereas the relative energies of the
individual spin states are given in Table 1. The method has very little effect on the spin state
ordering, which is virtually constant for all models described in this work. Generally, the
septet and triplet spin states are destabilized with dispersion corrections included.
Nevertheless, the results appear to give close lying quintet and septet spin iron(III)-superoxo
intermediates.

We, generally, find minor structural differences between geometries optimized at UB3LYP/
BS1 (Fig 2) and UB3LYPD/BS1 (Fig S3, Electronic Supporting Information) level of theory
for most key intermediates. In both cases the quintet and septet spin states are degenerate,
whereby the septet state is the lowest by a few kcal mol−1 at B3LYP but dispersion
corrections make the quintet slightly lower in energy. The triplet (singlet) spin states are
well higher in energy by 19.8 (33.7) kcal mol−1 for ACl and 13.4 (33.8) kcal mol−1 for AOTf,
therefore, therefore we conclude that these two spin states are unlikely to play a role of
importance in the reaction mechanism. With dispersion corrections included these spin
states are further raised in energy. Recent spectroscopic studies on a synthetically generated
iron(III)-superoxo CDO intermediate found evidence of a septet spin ground state.29

Although these enzymatic CDO studies contradict other nonheme iron(III)-superoxo work,30

where quintet spin ground states are found, the work does support the calculations presented
here. Consequently, the availability of a low-lying septet spin state may be inherent to the
ligand system of CDO enzymes and their biomimetic model complexes. However, these
results do not require that the reactivity take place on the septet spin state surface, as will be
seen later.

Optimized geometries are in line with previous computational studies on Fe(III)-superoxo
complexes that typically find O–O distances in the range of 1.295 – 1.370 Å.31 The Fe–Cl
distance is in a narrow range from 2.420 – 2.467 Å, which is in good agreement with
previous studies of iron(IV)-oxo porphyrin cation radical systems that also had an axially
ligated Cl− anion.32 There is some fluctuation in the Fe–S bond length between the four
different spin states, however, this follows from the molecular orbital occupations, vide
infra.

To understand these spin state energetics and the differences between models ACl and AOTf,
consider in Fig 3 the high-lying occupied and virtual orbitals for both systems as taken from
the quintet spin calculations. The metal-type orbitals originate from a linear combination of
the 3d atomic orbitals on iron with ligand based orbitals. The lowest lying orbital is the π*xy
orbital that is in the plane of the iPrBIP ligand. A bit higher in energy are the π*xz and π*yz
orbitals; the former is in the plane of the Fe–O–O group and interacts with a π-orbital on the
axial ligand, while the π*yz orbital interacts with both the axial ligand and the proximal
oxygen atom. Higher in energy are two σ* orbitals: one for the antibonding interaction of
the axial ligand and the proximal oxygen atom with the iron (σ*z2) and the second for the
antibonding interactions of the metal with the BIP and phenylthiolate ligands (σ*x2–y2). Two
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antibonding orbitals along the superoxo bond are also depicted in Fig 3 (π*OO,yz and
π*OO,xz), which are occupied with three electrons. The metal-based orbitals are occupied
with five electrons, and the system is characterized as an Fe(III)-superoxo complex with a
quintet spin state.

The quintet spin state has orbital occupation π*xy
2 π*xz

1 π*yz
1 σ*x2–y2

1 π*OO,yz
2 π*OO,xz

1

and includes the ferromagnetic coupling of the π*OO,xz electron with three metal based
unpaired electrons. The lowest lying triplet spin state, by contrast, has π*xy

2 π*yz
2 π*xz

1

π*OO,yz
2 π*OO,xz

1 and is distinguished from the quintet spin state by the transfer of one
electron from σ*x2–y2 to π*yz. This conversion is equivalent to a change from intermediate-
spin FeIII to a low-spin FeIII ion.

Both of these states, therefore, can be characterized as Fe(III)-superoxo complexes. The
singlet and septet spin states, by contrast, are Fe(II)-dioxygen complexes with orbital
occupation π*xy

2 π*xz
1 π*yz

1 σ*x2–y2
1 σ*z2

1 π*OO,yz
1 π*OO,xz

1 and π*xy
2 π*xz

2 π*yz
2

π*OO,yz
2, respectively. We made several attempts to swap orbitals for the singlet spin state

and calculate a low-spin Fe(III)-superoxo complex but all our calculations converged back
to the Fe(II)-dioxygen situation instead. It appears therefore that there is no lower lying low-
spin state for these complexes. The orbital occupation is in line with previous experimental
and computational studies of six-coordinate iron(III)-superoxo complexes.30,33,34

The pentacoordinated iron(II)-iPrBIP(X) reactant complex with X = Cl− or OTf− was
characterized as a quintet spin state,11 therefore, dioxygen binding may continue on the
quintet spin state surface rather than generating a septet spin iron(II)-peroxo state. In light of
the large geometric differences between the quintet and septet structures, this would imply
small spin-orbit coupling between the two states and little equilibration between the two spin
states. Our optimized geometries are also in support of the orbital occupations, and, for
instance, in the quintet spin state due to single occupation of a σ*x2–y2 orbital with
antibonding character along the Fe–SPh axis, the Fe–S distances are elongated with respect
to the triplet spin state, where this orbital is virtual. The same trend is also observed
for 1,3,5,7AOTf. On the other hand, occupation of the σ*z2 orbital in the quintet spin state
would have elongated the Fe–O and Fe-axial ligand distances considerably, as observed
before.35 The geometries, therefore, support the assignment of a singly occupied σ*x2–y2
orbital and virtual σ*z2 orbital in the quintet spin states.

The group spin densities (Fig 4) give further evidence for the assignment of the orbital
occupations discussed above. In the triplet spin state the unpaired spin density on the
superoxo group is 0.92 for both 3ACl and 3AOTf, which is coupled to an unpaired electron on
the metal; the spin density on iron is 0.91 in 3ACl and 0.87 in 3AOTf. These spin densities
confirm the single occupation of the π*xz and π*OO,xz orbitals in these triplet spin states. In
the quintet spin states, by contrast, the metal unpaired spin density is increased to 3.07 and
3.30 for 5ACl and 5AOTf, respectively. The metal is involved in all four singly occupied
molecular orbitals, although the contribution is small in π*OO,xz (Fig 3). In the quintet spin
states there is also significant spin density on the BIP ligand system (0.30 in 5ACl and 0.33
in 5AOTf), which further supports the assignment of a singly occupied σ*x2–y2 orbital.

Subsequently, we investigated the isomers 1,3,5,7BCl and 1,3,5,7BOTf, which have the axial
and equatorial ligands swapped as compared to structure AL (L = Cl− or OTf−), Scheme 1,
i.e. the thiophenolate is put in the axial position of the iron(III)-superoxo and the anionic
ligand (Cl− or OTf−) is in the equatorial position. Optimized geometries of the lowest lying
singlet, triplet, quintet and septet spin state structures are depicted in Fig 5. Similarly to the
results described above on 1,3,5,7ACl, also for BCl the septet spin state is the ground state
followed by the quintet and triplet spin states, whereas the closed-shell singlet spin state is
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well higher in energy. Relative energies of the four spin states is: 7BCl (0.0 kcal mol−1), 5BCl
(19.6 kcal mol−1) 3BCl (27.8 kcal mol−1) and 1BCl (46.6 kcal mol−1). It appears, therefore,
that the septet spin state is considerably stabilized over the other three spin states, although
the relative energies between 1,3,5A and 1,3,5B are not dramatically different.

Geometrically, there are similarities as well as differences between the structures 1,3,5,7ACl,
on the one hand, and 1,3,5,7BCl, on the other hand. First of all in 7BCl the oxygen group is not
bound to the metal center, whereas in 7BOTf one ligand (SPh) has split off the metal center.
Recent studies of ours36 showed that it is essential for sulphur oxygenation that dioxygen
binds to the metal center prior to the reaction. Consequently, the septet structures are
unlikely to be involved in the reaction mechanism for S-oxygenation. Despite the fact that
the dioxygen bond length is virtually the same in all complexes, actually the metal-ligand
distances show big differences. Thus, the metal-oxygen bond is significantly elongated from
1.912 Å in 3ACl to 2.027 Å in 3BCl and from 2.018 Å in 5ACl to 2.223 Å in 5BCl. At the
same time elongation of the Fe–S bond occurs from 2.271 Å in 3ACl to 2.382 Å in 3BCl and
from 2.364 Å in 5ACl to 2.972 Å in 5BCl. The latter structure, therefore, has a very weak
thiophenolate bound and with a bond length of that magnitude cannot be considered as a
covalent bond.

In the triflate bound isomers (3,5,7BOTf) this situation is even worse and the thiophenolate
has dissociated completely from the metal and is optimized with a distance of around 6 Å.
Hence, 3,5,7BOTf are pentacoordinate complexes. The reason for this is the considerable
steric strain from the di-iso-propylphenyl groups that are attached to the BIP ligand. The
group spin densities of these complexes characterize these structures as Fe(II)-superoxo with
a nearby thiophenol radical, i.e. an electron transfer from thiophenol to the metal has taken
place. This electron transfer fills the π*xz orbital with a second electron in both the triplet
and quintet spin states. A single point calculation in a dielectric constant does not change the
spin and charge distributions dramatically and keeps the system in a Fe(II)-superoxo-iPrBIP-
(OTf) with a nearby SPh• radical. Therefore, upon approach of molecular oxygen to the
[FeIII(SPh)(cis-OTf)(iPrBIP)]+ complex, during its binding to the vacant ligand position, the
thiophenolate splits off as a SPh• radical, Scheme 2. Collision of two thiophenyl radicals
then will form PhS–SPh complexes. Clearly, the binding affinity of molecular oxygen and
the electron affinity of the complexes change from ligated triflate to chloride in the cis-
position and as a consequence the complexes give differences in reactivity patterns.

An oxygen atom transfer reaction from complexes A or B to give sulfoxides or double
oxygen atom transfer leads to sulfinic acid products. Both processes starting from iron(III)-
superoxo will be initiated by breaking the dioxygen bond. In previous work, we showed that
the hydrogen atom abstraction reaction by iron(IV)-oxo porphyrin cation radical oxidants is
proportional to the strength of the C–H bond that is broken as well as with the OH bond that
is formed, i.e. the bond dissociation energy of the O–H bond or BDEOH.23b,26,37 By
contrast, in sulfoxidation reactions by metal-oxo oxidants it was shown that the O–S bond
formation step is linearly proportional to the O–H bond formation energy, and hence
correlates with BDEOH as well.37d,38 In a similar vein we predict complex 5ACl to be more
efficient in oxygen atom transfer reactions to substrates since the superoxo bond is weaker,
hence it should be easier to break in the process. To test this we ran a geometry scan for the
attack of the terminal oxygen atom of the superoxo group on the sulfur atom of SPh−

for 5ACl and 5AOTf and the results are given in Fig 6. As follows, both reactions efficiently
lead to a bicyclic ring structure, whereby an S–O bond is formed and the O–O bond is still
intact, although weakened. This mechanism was also found for CDO enzymes using DFT
and QM/MM methods.8 Indeed, as predicted from the optimized geometries of 5ACl
and 5AOTf, the barrier height for oxygen attack on sulfur is smaller for 5ACl than for 5AOTf.
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How do our computations match the experiments reported on these particular systems? First
of all, the crystal structure of Fe(II)-i-Pr-BIP with either chloride or triflate bound gave a
structure of the B-type with chloride bound, but of A-type with triflate bound. These
structures, of course, are pentacoordinated and no molecular oxygen is attached to the metal
center. Nevertheless, we will compare the results obtained in this work with the
pentacoordinate crystal structures from ref 11. The relative energy between structures 5ACl
and 5BCl is calculated to be 1.2 kcal mol−1 in favour of structure A. Therefore both isomers
could exist in equilibrium in solution. By contrast, for the triflate structure 5AOTf is well
lower in energy than 5BOTf by 23 kcal mol−1 due to the dissociation of the thiophenol from
the metal center in B. It appears therefore that the cavity within the iPrBIP ligand is too small
to fit the triflate ligand. By contrast, small anions, such as chloride, fit into the cavity easily.
As a consequence, the triflate bound structure resides in an orientation with the
thiophenolate in the cis-position (equatorial), i.e. in a position adjacent to the superoxo
group. Because of this positioning, the sulphur atom will be accessible for attack by
dioxygen and efficient dioxygenation may occur. This result is indeed what Goldberg and
co-workers observed with this complex. By contrast, the thiophenolate ligand is in the trans-
position (axial) in the chloride bound structure, and it is located too far away from molecular
oxygen to enable reactivity. However, these stable complexes may have a finite lifetime and
during the course of that lifetime collisions of two 5ACl structures may occur that lead to
disulfide product complexes.

To further ascertain the effect of cis-triflate on binding of thiophenolate in the trans-position,
we calculated two additional structures, namely one with thiophenolate in both cis and trans
positions (ASPh) and one with chloride in both cis and trans positions (CCl,Cl), Fig 7. Both
structures, in analogy with ACl, AOTf, BCl and BOTf discussed above have the quintet spin
state well below the triplet and singlet spin states by more than 10 kcal mol−1. Optimized
geometries are in line with the structures displayed in Fig 2 above with iron-cis-ligand
distances of 2.350 and 2.283 Å for 5ASPh and 5CCl,Cl, respectively.

In the metal-trans-ligand distances are somewhat longer than the metal-cis-ligand ones,
namely 2.416 and 2.457 Å for 5ASPh and 5CCl,Cl, respectively, which is as a result of orbital
occupation. Nevertheless, thiophenolate binds in the axial ligand position, but only when
either chloride or thiophenolate is in the cis-position. Bulky triflate ligands, therefore, in the
cis-position prevent binding of thiophenolate in the axial position and a dissociative system
is found for BOTf.

In summary, the key feature that determines dioxygenation of thiophenol by these nonheme
iron complexes appears to be the availability of a cis-binding site on the metal adjacent to
the dioxygen binding position. Stereochemical interactions of ligands as in the case of
structure B prevent binding of thiophenolate in an appropriate position and consequently
cannot bind it. However, these complexes can donate electrons rather than binding substrate
that will then lead to formation of PhS–SPh products.

How does the work compare to other computational studies of CDO model complexes?
Recent computational studies36 on a related CDO mimic with bis(imino)pyridyl ligand and
pendant thiolate group (LN3S) revealed a sulphur dioxygenation mechanism similar to CDO
enzymes on competing singlet, triplet and quintet spin state surfaces. In these studies the
possible septet spin state was not considered. However, in light of recent experimental
studies on CDO enzymes that seem to implicate a septet spin iron(III)-superoxo species,29 as
well as the studies presented in this work, we decided to revisit our study and calculate the
septet spin [FeIIO2(LN3S)] and its oxygen activation reaction.

Gonzalez-Ovalle et al. Page 7

Org Biomol Chem. Author manuscript; available in PMC 2013 July 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



As follows from Fig 8 the iron(III)-superoxo structure in the septet spin state is slightly
lower in energy to that found for the quintet spin state; in the gas-phase ΔE+ZPE is 1.8 kcal
mol−1 whereas in solvent it is 0.9 kcal mol−1. This implies that technically, the iron(III)-
superoxo structure can exist in close lying septet and quintet spin state structures. To find
out whether the septet spin state is reactive, we investigated the S–O bond formation step in
the dioxygenation process of the LN3S ligand. In the quintet spin state a low barrier of 5.0
kcal mol−1 was found. A geometry scan starting from the iron(III)-superoxo complex in the
septet spin state (top panel in Fig 8), however, shows a continuous climbing energy curve
that does not reach a local minimum for an intermediate in the dioxygenation process. The
maximum point of the scan is well higher in energy than reactants, i.e. by more than 40 kcal
mol−1. Clearly, the septet spin state, even if it exists, is an unreactive state that will not be
able to participate in the reaction mechanism. Consequently, a spin crossing from septet
back to quintet will be required for the dioxygenation process to proceed.

Conclusions
Density functional theory calculations are presented on biomimetic model complexes of
cysteine dioxygenase. Our studies show that it is vital to have a thiolate substrate bound in
the cis-position of the dioxygen moiety. Preventing substrate binding through
stereochemical interactions of other ligands prevents substrate dioxygenation. However, the
iron(III)-superoxo complex is a good electron acceptor and easily abstracts electrons from
thiophenols so that they can react further to form PhS–SPh via a bimolecular reaction.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig 1.
Extract of the active site of CDO as taken from the 2IC1 pdb file.6

Amino acids are labelled as in the pdb
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Fig 2.
Optimized geometries of 1,3,5,7ACl (left-hand-side) and 1,3,5,7AOTf (right-hand-side) with
bond lengths in angstroms. H-atoms and isopropyl groups have been hidden.
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Fig 3.
High-lying occupied and low-lying virtual orbitals of 5ACl.
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Fig 4.
Group spin densities calculated at UB3LYP/B2//UB3LYP/B1 for 1,3,5,7ACl (left-hand-side)
and 1,3,5,7AOTf (right-hand-side). H-atoms and isopropyl group have been hidden.

Gonzalez-Ovalle et al. Page 15

Org Biomol Chem. Author manuscript; available in PMC 2013 July 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 5.
Optimized geometries of 1,3,5,7BCl (left-hand-side) and 1,3,5,7BOTf (right-hand-side) with
bond lengths in angstroms. Isopropyl groups have been hidden.
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Fig 6.
Geometry scans for the attack of superoxo on the SPh− group in 5AL (L = Cl− or OTf−).
Each point in the figure represents a full geometry optimization (UB3LYP/B1) with fixed S–
O distance in Gaussian.
Energies are relative to 5AL (L = Cl− or OTf−).
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Fig 7.
Optimized geometries of 1,3,5ASPh (left-hand-side) and 1,3,5CCl,Cl (right-hand-side) with
bond lengths in angstroms. Isopropyl groups have been hidden.
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Fig 8.
Septet and quintet S–O bond formation scan and optimized geometry of 7[FeIIIO2(LN3S)]
with distances in angstroms.
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Scheme 1.
Models investigated in this study.
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Scheme 2.
Reaction of iron(II)-thiophenolate with dioxygen.

Gonzalez-Ovalle et al. Page 21

Org Biomol Chem. Author manuscript; available in PMC 2013 July 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Gonzalez-Ovalle et al. Page 22

Ta
bl

e 
1

Sp
in

 s
ta

te
 o

rd
er

in
g 

an
d 

re
la

tiv
e 

en
er

gi
es

 o
f 

1,
3,

5,
7 A

L
 a

nd
 1,

3,
5,

7 B
L
 (

L
 =

 C
l−

/O
T

f−
) 

as
 o

bt
ai

ne
d 

us
in

g 
di

ff
er

en
t m

et
ho

ds
 a

nd
 te

ch
ni

qu
es

. A
ll 

da
ta

 a
re

 in
 k

ca
l

m
ol

−
1  

an
d 

in
cl

ud
e 

ze
ro

-p
oi

nt
 c

or
re

ct
io

ns
. E

so
lv

 s
ta

nd
s 

fo
r 

so
lv

en
t c

or
re

ct
ed

 e
ne

rg
y.

B
3L

Y
P

/B
S1

B
3L

Y
P

/B
S2

B
3L

Y
P

+E
so

lv
/B

S2
B

3L
Y

P
-D

/B
S1

B
3L

Y
P

-D
/B

S2

1 A
C

l
26

.0
5

25
.5

5
32

.0
0

3 A
C

l
12

.5
6

11
.7

3
16

.1
3

27
.1

6
39

.1
9

5 A
C

l
0.

00
0.

00
0.

00
0.

00
0.

00

7 A
C

l
−

0.
27

−
8.

11
−

2.
66

−
0.

11
0.

21

1 A
O

T
f

26
.1

6
31

.8
4

32
.3

6

3 A
O

T
f

5.
94

11
.4

7
11

.3
1

18
.5

0
31

.2
7

5 A
O

T
f

0.
00

0.
00

0.
00

0.
00

0.
00

7 A
O

T
f

−
0.

55
−

1.
91

−
2.

41
0.

65
1.

46

1 B
C

l
29

.7
3

28
.1

8
32

.7
2

3 B
C

l
10

.7
2

9.
42

15
.4

9
24

.5
8

35
.7

1

5 B
C

l
2.

62
1.

16
7.

46
20

.9
6

12
.1

5

7 B
C

l
−

7.
56

−
18

.4
0

−
11

.7
5

−
7.

55
−

9.
21

1 B
O

T
f

37
.0

5
41

.6
7

37
.5

1

3 B
O

T
f

19
.7

0
31

.2
4

26
.6

0
61

.0
3

75
.6

8

5 B
O

T
f

15
.0

3
23

.7
3

20
.1

5
43

.5
5

39
.1

9

7 B
O

T
f

5.
09

9.
16

5.
03

27
.4

2
33

.9
0

Org Biomol Chem. Author manuscript; available in PMC 2013 July 28.


