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Iron-containing enzymes are one of Nature’s main means of effecting key biological
transformations. The mononuclear non-heme iron oxygenases and oxidases have received the most
attention recently, primarily because of the recent availability of crystal structures of many different
enzymes and the stunningly diverse oxidative transformations that these enzymes catalyze. The
wealth of available structural data has furthermore established the so-called 2-His-1-carboxylate
facial triad as a new common structural motif for the activation of dioxygen. This superfamily of
mononuclear iron(i) enzymes catalyzes a wide range of oxidative transformations, ranging from the
cis-dihydroxylation of arenes to the biosynthesis of antibiotics such as isopenicillin and fosfomycin.
The remarkable scope of oxidative transformations seems to be even broader than that associated
with oxidative heme enzymes. Not only are many of these oxidative transformations of key
biological importance, many of these selective oxidations are also unprecedented in synthetic
organic chemistry. In this critical review, we wish to provide a concise background on the chemistry
of the mononuclear non-heme iron enzymes characterized by the 2-His-1-carboxylate facial triad
and to discuss the many recent developments in the field. New examples of enzymes with unique
reactivities belonging to the superfamily have been reported. Furthermore, key insights into the
intricate mechanistic details and reactive intermediates have been obtained from both enzyme and
modeling studies. Sections of this review are devoted to each of these subjects, i.e. the enzymes,

biomimetic models, and reactive intermediates (225 references).

1. Introduction

The oxidation of organic compounds is thermodynamically
downhill and large amounts of energy are released in these
reactions. However, the ground state of dioxygen in the
atmosphere is open-shell, triplet O, and the (concerted)
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reaction of organic substrates, which usually have a singlet
ground state, with dioxygen is a spin-forbidden process.! On a
positive note, this means that spontaneous combustion of
organic material, i.e. all forms of life, to carbon dioxide and
water is prevented. Another consequence of the spin mismatch
and the low one-electron oxidation potential of triplet oxygen
is its rather sluggish kinetic reactivity.>

Nature has evolved an elegant solution to overcome the
kinetic barrier for the activation of dioxygen by using e.g.
transition metals. More specifically, several metalloenzymes
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catalyze the controlled and selective oxidation of organic
compounds. The geometry and structural features of the active
site and the choice of incorporated metal are very diverse and
fully optimized to the function of the protein or enzyme.
Establishing the correlation of the geometric and electronic
structure with function is one of the main objectives of the field
of bioinorganic chemistry.>® The activation of dioxygen on
metal sites requires the availability of different redox states.
Metalloenzymes capable of dioxygen activation consist mainly
of enzymes with copper or iron active sites.*> A wide variety of
different mono- or multinuclear iron and copper enzymes
have been discovered and found to catalyze major biological
transformations.

The iron-containing enzymes that are involved in dioxygen
activation can be divided into two groups based on the active
site structures, i.e. heme and non-heme containing enzymes.
The heme enzymes have been studied extensively and are
well understood, with cytochrome P450 as the prototypical
example.® The non-heme iron enzymes can in turn be divided
in mononuclear and dinuclear iron enzymes.>”®* Methane
monooxygenase, for instance, is a remarkable example of the
latter group and catalyzes the selective oxidation of the most
difficult of hydrocarbon substrates, ie. the oxidation of
methane to methanol.®

Yet, the mononuclear non-heme iron oxygenases have
received the most attention recently, primarily because of the
recent availability of crystal structures of many different
enzymes and the stunningly diverse oxidative transformations
that these enzymes catalyze."”? The wealth of structural data
has furthermore established a new common structural motif
for the activation of dioxygen.” This structural motif consists
of a mononuclear iron(i1) metal center that is coordinated
facially by two histidine residues and one carboxylato ligand
from either a glutamate or aspartate residue (Fig. 1). This
structural motif has been coined the 2-His-1-carboxylate
facial triad’.'>-!"!

The superfamily of non-heme iron enzymes with this
2-His-1-carboxylate facial triad will be the focus of this review.
Several excellent reviews have been devoted (partly) to these
enzymes,' >7%!2 and address the structural aspects of the
enzymes, spectroscopic and theoretical methods and modeling
studies. An excellent highlight on the versatility in oxygen
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Fig. 1 Schematic representation of the 2-His-1-carboxylate facial
triad (X, Y and Z denote weakly bound solvent molecules or vacant
sites).

activation reactions of biological non-heme Fe(11) centers has
also recently appeared.'® Here, we provide a concise back-
ground and discuss the recent developments. Indeed, several
new discoveries and important advances have appeared since
the publication of the comprehensive review by Que and
co-workers at the beginning of 2004.7 Several new examples
of enzymes with unique reactivities belonging to the super-
family have been reported since. In addition, more insight into
the mechanistic details and reactive intermediates has been
obtained from both enzyme and modeling studies. Sections of
this review are devoted to each of these subjects, ie. the
enzymes, models, and reactive intermediates.

2. The 2-His-1-carboxylate facial triad: general
aspects

Over the last 10 years, there has been an explosion of available
crystal structures of non-heme iron enzymes. The 2-His-1-
carboxylate facial triad has thus been established in over 30
different, structurally characterized enzymes.” The active site
triad of this superfamily of enzymes can thus be regarded as
one of Nature’s recurring motifs, like the heme cofactor and
iron—sulfur clusters.'! Tt is interesting to note that the primary
sequence homology amongst the different subfamilies (vide
infra) is low. This implies that the triad is the result of a
convergent evolution of unrelated enzymes and that this
particular coordination geometry and choice of metal is
inherently favored for different oxidative transformations.”
The structural features of the 2-His-1-carboxylate facial
triad are exemplified by the resting state of deacetoxycepha-
losporin C synthase (DAOCS), an enzyme that catalyzes the
ring expansion of the thiazolidine ring of penicillin N to afford
deacetoxycephalosporin C (Fig. 2).>'* One face of the octa-
hedral coordination sphere of the ferrous metal center is
occupied by three endogenous ligands, i.e. two histidines and
one aspartate or glutamate residue. The enzyme thus provides
the divalent metal center with a well-suited, monoanionic
platform. In the as-isolated state of the enzymes, the other
three coordination sites usually are either occupied by weakly
bound and easily displaceable solvent molecules or are vacant.
These three sites are therefore readily available for the binding
of dioxygen, substrates, and cofactors. This flexibility in
coordination chemistry at the metal seems the primary reason
for the observed diversity in catalyzed oxidative transforma-
tions.” Small variations in the triad have been observed, such

This journal is © The Royal Society of Chemistry 2008
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Fig. 2 The active site of deacetoxycephalosporin C synthase
(DAOCS) features the 2-His-1-carboxylate facial triad (protein data-
base accession code: 1RXF.pdb) (top). DAOCS catalyzes the ring
expansion of the thiazolidine ring of penicillin N to afford deacetoxy-
cephalosporin C (bottom).'®
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Fig. 3 General mechanistic pathway for reactions catalyzed by the
2-His-1-carboxylate facial triad superfamily of non-heme iron()
enzymes. Picture adapted from Que and co-workers.’

as a bidentate coordination of the carboxylato group in
some of the Rieske oxygenases, amongst others.””!> For these
enzymes, two vacant sites are available for substrate, cofactor
and/or dioxygen binding. In this case, the coordination of the
metal ion by the three endogenous residues cannot be strictly
called facial and is therefore referred to as ‘2-His-1-carboxylate
structural motif” in these particular cases.

Although the superfamily of enzymes catalyzes a very
diverse set of reactions, some common mechanistic features
are shared by all members (Fig. 3).>*7* First, the typically six-
coordinate resting state of the enzyme is rather unreactive
towards dioxygen (A). The subsequent binding of substrate or

cofactor results in the formation of a coordinatively unsatu-
rated, five-coordinate metal center, which greatly enhances its
dioxygen affinity (B).?> This coupling of reactivity with sub-
strate binding is a protection mechanism for the enzyme
against self-inactivation. In the next step, dioxygen is activated
for reaction by direct binding to the metal center (C). The
enzymes use two different ways of activating dioxygen and
overcome the low one-electron redox potential of dioxygen by
acquiring additional reducing equivalents from either a redox-
active cofactor or a redox-active substrate.®> The flexibility of
the triad allows the binding of dioxygen trans to any of the
three endogenous residues and the different trans-effects have
been suggested to modulate the reactivity of the enzyme.’'
Dioxygen is then reduced to the peroxide level (D) and from
this point on the proposed mechanisms for the different
enzymes diverge. In most cases O-O bond cleavage and the
formation of a high-valent iron—oxo species is invoked (E).
This iron—oxo species, be it Fe(iv) or Fe(v), is proposed to be
the actual oxidizing species. The assignment of the structure of
the oxidizing species is tentative in most cases, but has
precedence in both modeling and enzyme studies. Direct
evidence for a high-valent iron—oxo species has for instance
been reported for the a-ketoglutarate-dependent enzymes
taurine/a-ketoglutarate dioxygenase (TauD),'”?° prolyl-4-
hydroxylase (P4H),?! and the related halogenase CytC3.%
Several biomimetic oxoiron(iv)> > complexes and, very
recently, an oxoiron(v) species®® have also been characterized.
Alternatively, an iron(i)-superoxide species has been sug-
gested as the oxidizing species in, for instance, isopenicillin N
synthase (IPNS). In this particular case, the thiolate-bound
substrate stabilizes the formation of an end-on superoxide and
prevents the formation of the generally invoked dioxygen
bridged binding and subsequent formation of a high-valent
iron—oxo species, thus steering the reactivity of the enzyme
from oxygenase to oxidase.>’

3. The 2-His-1-carboxylate facial triad: enzyme
groups

The enzymes featuring the 2-His-1-carboxylate facial triad can
be classified into five different groups based on their structural
characteristics, reactivity, and specific requirements for
catalysis. These groups are the (1) extradiol cleaving catechol
dioxygenases, (2) Rieske oxygenases, (3) o-ketoglutarate-
dependent enzymes, (4) pterin-dependent hydroxylases, and
finally (5) a miscellaneous, catch-all category. The basic
characteristics, recent developments, and illustrative examples
of each group will be discussed.

3.1 Extradiol cleaving catechol dioxygenases

Oxidative ring cleavage is a key metabolic step in the bio-
degradation of aromatic compounds by bacteria.?® The com-
mon metabolic pathway is ring fission of catecholic substrates,
which is catalyzed by the extradiol cleaving catechol dioxy-
genases.”’*%% These enzymes utilize a non-heme iron(ir)
active site (or in a few cases Mn(11))*° to cleave the C—C bond
next to the two hydroxyl groups with incorporation of both
atoms of dioxygen in the substrate (Fig. 4). Alternatively, their
intradiol cleaving catechol dioxygenase counterparts, which
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Fig. 4 Top: The extradiol and intradiol catechol cleavage pathways catalyzed by the respective catechol cleaving dioxygenases. Bottom:
Enzyme—substrate (catechol) complexes of the extradiol enzyme 2,3-dihydroxybiphenyl 1,2-dioxygenase (right, IKND.pdb) and the intradiol

enzyme catechol 1,2-dioxygenase (left, IDLT.pdb).

represent a minor pathway, utilize a non-heme iron(ir) active
site to cleave the C—C bond in between the two hydroxyl
groups of the catechol substrate. The extradiol cleaving dioxy-
genases are the more versatile of the two groups of enzymes
and in addition to catecholic substrates also accept gentisate,
salicylate, hydroquinone and 2-aminophenol as substrate.?
The biological ins-and-outs of the catechol cleaving dioxy-
genases have been very recently reviewed comprehensively.?

Three evolutionary independent classes of extradiol en-
zymes have been identified which all share similar active sites
featuring the 2-His-1-carboxylate facial triad and utilize a
similar catalytic strategy.?® The general reaction mechanism
proposed for the extradiol cleaving catechol dioxygenases is
outlined in Fig. 5. In the resting state (Fig. 5A), the coordina-
tion geometry around the iron is a well-defined square pyr-
amid, with one histidine residue as the axial ligand, and the
two other endogenous residues and two water molecules as the
equatorial ligands in the basal plane.?®3! In the first step of the
reaction, the substrate displaces the two solvent molecules and
binds to the metal to form the five-coordinate enzyme-
substrate complex (Fig. 4, bottom right).’
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Fig. 5 Proposed mechanism for the extradiol type cleavage of

catechols (cat). B depicts a conserved second sphere residue. The
ligands of the facial triad have been omitted for clarity.

The substrate binds as a monoanion in an asymmetric
fashion®' and substrate binding greatly enhances the affinity
of the metal center for dioxygen (Fig. 5B).>*? The dioxygen
binding results in two subsequent electron transfer steps. First,
an iron(m)-superoxide species is formed by one-electron
transfer from the metal to dioxygen (C) and in a second step
an electron is transferred from the substrate to the metal to
form a semiquinonatoiron(ir)-superoxide species (D).” In the
next step, a proximal alkylperoxo intermediate is formed (E),
which undergoes a Criegee rearrangement (alkenyl migration)
to form a seven-membered lactone species and a metal bound
hydroxide (F). The latter hydrolyzes the lactone and the
ring-opened product is formed.

Although the asymmetric binding of the substrate to the
iron has been well demonstrated by both spectroscopic and
structural studies,”?®*3! up until very recently much less was
known about the subsequent steps involving the binding of
dioxygen. Evidence for the involvement of a semiquinone
species had been obtained from the observation of epimeriza-
tion of a radical probe substrate analogue™ in experiments on
the enzyme 3-(2’,3’-dihydroxyphenyl)propionate 1’,2’-dioxy-
genase.>® Furthermore, transient kinetic studies on homopro-
tocatechuate  2,3-dioxygenase (2,3-HPCD) wusing the
alternative, less reactive substrate 4-nitrocatechol allowed for
the first detection of discrete intermediates in the catalytic
cycle.®* Specific mutants of the native enzyme even allowed the
experimental detection of the initial dioxygen adduct.®® A
hybrid DFT study of the catalytic mechanism of the extradiol
dioxygenases also corroborated the key steps of the proposed
mechanism.*®

In a recent landmark contribution, Kovaleva and Lipscomb
reported direct evidence for three intermediates of the mecha-
nistic cycle.”” Remarkably, an X-ray crystal structure deter-
mination of a crystal of 2,3-HPCD soaked in the slow
substrate 4-nitrocatechol that was exposed to an O, atmos-
phere, revealed the structure of a superoxo, an alkylperoxo
and a bound product intermediate in the different subunits of
a single homotetrameric enzyme molecule (Fig. 6). Rather

This journal is © The Royal Society of Chemistry 2008
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Fig. 6 Structures of the trapped superoxo (A), alkylperoxo (B) and bound product (C) intermediates found in different subunits of
homotetrameric 2,3-HPCD during the reaction with slow substrate 4-nitrocatechol (4-NC) and dioxygen in the crystal (2IGA.pdb).>’

surprisingly, the superoxo intermediate has the O, ligand
bound side-on (Fig. 6A), rather than the edge-on orientation
expected from earlier NO experiments.’” A second key
observation in the superoxo structure is the puckering of the
4-nitrocatechol ring indicating a more sp® hybridized carbon
atom, consistent with the formulation of the substrate as a
semiquinone radical species in this step of the reaction. Two
other subunits show the anticipated, but never before
characterized bridged iron-alkylperoxo intermediate which
results from the recombination of the superoxo and semi-
quinone radicals (Fig. 6B). Finally, the last subunit contains
the ring opened product still bound to the metal center
(Fig. 6C). The structural characterization of these reactive
intermediates not only provides experimental evidence for key
steps in the mechanism of the extradiol type catechol cleavage,
it also, in a more general sense, gives credence to the oxygen-
activation paradigm for the non-heme iron enzymes with the
2-His-1-carboxylate facial triad.

The origin of the respective regioselectivities of the extradiol
and intradiol cleaving catechol dioxygenases is not yet com-
pletely understood and is the subject of current research.
Intriguingly, a similar proximal alkylperoxo intermediate is
proposed in the catalytic cycle of the intradiol cleaving en-
zymes, albeit with a different iron oxidation state. In the case
of intradiol cleavage, however, a different Criegee rearrange-
ment would lead to the formation of an anhydride instead of a
lactone. Several different explanations have been offered for
the observed difference in regiochemistry.”*2%3¢ A structural
feature of the extradiol dioxygenases that is thought to be
essential for the observed regioselectivity is the acid—base
chemistry of some conserved second-sphere residues. Struc-
tural, theoretical and mutagenesis studies, for instance,
suggested that a second-sphere histidine residue acts as a
proton donor, which is assumed to protonate the proximal
oxygen atom of the alkylperoxo intermediate. DFT studies
showed that this protonation step is decisive for the regio-
selectivity of the reaction.® Indeed, substitution of this parti-
cular residue resulted in significant changes in reactivity, i.e.
reduced or complete loss of extradiol cleavage®®™ and a
change in product selectivity.*>*° The recent crystal structures
of the intermediates trapped in 2,3-HPCD also show that
conserved histidine His200 is particularly well-positioned to
play the role of proton donor.*’

3.2 Rieske oxygenases

A common first step in the biodegradation of aromatic
compounds is their conversion into cis-dihydroxylated

metabolites. The Rieske non-heme iron dioxygenases catalyze
this cis-dihydroxylation of arenes regio- and stereospecifically.”>
From an environmental point of view aromatic hydrocarbons
are common contaminants of soil and groundwater and the
Rieske dioxygenases provide an attractive way of biodegrada-
tion of these pollutants.*! Biphenyl dioxygenase has for in-
stance been found to oxidize highly toxic polychlorinated
biphenyls and by evolutionary engineering the substrate scope
of these enzymes has even been extended to such toxins as
dioxin and chlorinated ethenes.** Also, a Rieske dioxygenase
from a Sphingomonas strain and the Rieske dioxygenase
biphenyl 2,3-dioxygenase from Sphingobium yanoikuyae Bl
were shown to be both capable of the degradation of several
different polycyclic aromatic hydrocarbons, including the well-
known carcinogens chrysene, benzo[a]pyrene and benz[a]-
anthracene.**** This, together with the fact that there is
little precedent for its unique reactivity in synthetic organic
chemistry,”* has spurred a widespread interest in this group
of enzymes. Some Rieske oxygenases have furthermore been
shown to be very versatile. Next to cis-dihydroxylation, other
oxidations such as monohydroxylation, desaturation, sulfoxi-
dation, O- and N-dealkylation, and amine oxidation are also
catalyzed.”*** Examples of some selected reactions catalyzed
by Rieske oxygenases are shown in Fig. 7.

The Rieske oxygenases are multicomponent enzymes and
consist of a reductase, an oxygenase, and in some cases a
ferredoxin component. Substrate oxidation takes place in the
oxygenase component, which contains both a Rieske-type
[2Fe-28] cluster and the mononuclear non-heme iron active
site. In a single subunit, the Rieske cluster and the non-heme
iron center are too far apart to allow for electron transfer
(~45 A). However, the quaternary structure (trimeric of the
o3B3 or a3 type with three-fold symmetry) allows for electron
transfer from a Rieske cluster to a mononuclear iron center
from another subunit, which are ~12 A apart. A key role in
the electron transfer has been ascribed to a fully conserved
aspartic acid residue that bridges between the two metal sites.
Substitution of this aspartate by other amino acids resulted in
greatly diminished or even loss of catalytic activity.'>*! For
the full reduction of dioxygen two electrons are provided by
the substrate and the two additional electrons, supplied by
NAD(P)H, are shuttled via the reductase or ferredoxin to the
Rieske cluster of the oxygenase unit. The cluster in turn passes
them on to the non-heme iron active site. Although recently
new structural data has become available (vide infra), the
structural data on the oxygenase component of Rieske
oxygenases has long been limited to the crystal struc-
ture of the most-studied system, naphthalene dioxygenase

2720 | Chem. Soc. Rev., 2008, 37, 2716-2744
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Fig. 8 Dioxygen bound side-on to the metal center in naphthalene
dioxygenase (NDO) with bound substrate analogue indole
(107N.pdb). The [2Fe-2S] Rieske cluster and a conserved aspartate
are also shown.

(NDO).>>%* Several three-dimensional structures including a
dioxygen adduct of an enzyme-substrate analogue complex
have been reported. The structural features of the latter
complex are depicted in Fig. 8.

The structures show that the aspartate residue of the
structural motif is bound in a bidentate fashion to the metal
center, in a variation of the 2-His-1-carboxylate facial triad.
Dioxygen is bound side-on to the iron and, based on the O-O
bond length of 1.4 A, is reduced to the peroxide level.*?
Interestingly, the structure of NDO-Fe(i1)-indole-INO shows
an end-on bound nitric oxide.>* Nitric oxide is often used as an
unreactive analogue of dioxygen, but these results show that
one has to be cautious in correlating NO binding data to
dioxygen binding directly.>* In the last two years crystallo-
graphic data of several other Rieske oxygenases have been
reported. The structures of biphenyl dioxygenase,>® nitro-
benzene dioxygenase,® cumene dioxygenase,”’ carbazole-
1-9a-dioxygenase,”® and 2-oxoquinoline 8-monooxygenase®
show a high structural similarity to naphthalene dioxygenase
with all key features present. An interesting variation amongst
the reported structures is the binding mode of the aspartate of

the 2-His-1-carboxylate structural motif. Whereas a bidentate
aspartate was observed in NDO, monodentate binding is
found in the enzyme-substrate complex of biphenyl dioxy-
genase® and the as-isolated states of cumene dioxygenase®’
and nitrobenzene dioxygenase.’® In the latter case, the binding
mode of the aspartate changes to bidentate upon substrate
binding. The crystal structures of two enzymes capable of the
oxidation of large polycyclic aromatic hydrocarbons with up
to five aromatic rings have also become available. The broad
substrate specificity of both ring-hydroxylating dioxygenase
from Sphingomonas CHY-1* and biphenyl 2,3-dioxygenase
from Sphingobium yanoikuyae B1** mainly originates from a
larger entrance to the active site and a substantially larger
hydrophobic substrate binding pocket. The first structure of
the oxygenase ferredoxin electron transfer complex of a Rieske
oxygenase system has also been reported.®® In the binary
oxygenase—ferrodoxin complex of carbazole 1,9a-dioxygenase
three ferrodoxins bind to the trimeric oxygenase molecule,
thus forming a trimer of heterodimers. Significant conforma-
tional changes result in specific binding interactions
which properly align the Rieske clusters of the ferrodoxin
and terminal oxygenase components for electron transfer
(approximate distance of 12-13 A).GO

The general mechanism of dioxygen activation is believed to
be the same for all Rieske oxygenases, but subtle differences
have been noted (vide infra) (Fig. 9)."° The binding of dioxy-
gen to the metal is enhanced upon substrate binding through
the conversion to a five-coordinate metal center.’ The reac-
tivity of the ferrous center is, furthermore, controlled
allosterically by the redox state of the Rieske cofactor. Re-
duction of the cluster leads to conformational changes at the
active site, opening up a pathway for dioxygen.** A side-on
iron—(hydro)peroxide complex is formed upon binding of
dioxygen and electron transfer from the Rieske cluster,”'
consistent with the crystallographically characterized dioxygen
adduct.” From this point on, different mechanisms for the
actual oxygen insertion steps have been proposed. A key
difference is the fate of the iron(i)-(hydro)peroxide inter-
mediate, which can either act as the reactive species itself and

This journal is © The Royal Society of Chemistry 2008
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directly attack a substrate or, alternatively, first undergo O-O
bond cleavage to yield an HO-Fe(v)=—O0 intermediate. Some
authors prefer the former, direct attack of substrate by the
side-on (hydro)peroxide species, since there is no need then to
invoke any higher oxidation states of iron.'> Computational
studies also implicate a concerted step, where the O—O bond is
cleaved concomitantly with the formation of an epoxide. This
epoxide intermediate would subsequently evolve toward an
arene cation, and finally to the cis-diol. A high activation
barrier was found for the mechanism involving O-O bond
cleavage prior to attack of the substrate.®!%?

The latter option of O-O cleavage prior to substrate oxidation
would give rise to either cationic or radical intermediates. This
pathway has been favored by others based on isotope labeling
experiments which show some oxygen exchange of the active
species with labeled water in the enzymes.” Isotope labeling
studies with a biomimetic family of non-heme iron catalysts that
carry out cis-dihydroxylation reactions also show significant
oxygen exchange, which points at O-O bond cleavage and
formation of a high-valent iron-oxo intermediate.%®

In a very recent contribution, single turnover studies of the
monooxygenase reaction of NDO with the diagnostic bicyclic
probes norcarane and bicyclohexane have unequivocally
shown that at least these monooxygenation reactions occur
via radical intermediates (Fig. 9, top), since radical rearrange-
ment products of each probe are observed in substantial
amounts.®* This supports O-O bond cleavage prior to
substrate attack and the formation of a high-valent Fe(v)
oxidizing species.®* The isolation and characterization of both
iron(iv)** and, very recently, iron(v)-oxo species®® in model
complexes has given further support for the accessibility of
such high-valent species in a non-heme iron environment
(vide infra).

Single turnover experiments have also shown that the
chemical reaction can be achieved without the reductase
and/or ferredoxin components.®*® Subtle differences are,
however, observed between different dioxygenases in these
single turnover experiments. The reaction of reduced NDO
or benzoate dioxygenase (BZDO) with dioxygen resulted in
the formation of one equivalent of product per Rieske center

oxidized and the mononuclear iron center ends up in the ferric
oxidation state.®> In contrast, reaction of reduced phthalate
dioxygenase (PDO) with dioxygen gave only half an equiva-
lent of product per Rieske center oxidized and a resulting
ferrous metal center,®® pointing at different oxidation mecha-
nisms for these substrates. Based on these observations, it has
been proposed that a difference in timing of the electron
transfers to the mononuclear center leads to different
high-valent iron—oxo intermediates, i.e. Fe(v) for NDO and
BDZO and Fe(iv) for PDO (Fig. 9). The formation of the
more strongly oxidizing Fe(v) species in the former systems
would then in turn explain the wide range of oxygenation
reactions catalyzed by NDO compared to the tighter substrate
selectivity of PDO.%

The chemo-, regio- and stereoselectivities of the specific
reactions catalyzed by the different Rieske oxygenases seem
determined solely by the specific orientation of the substrate in
the binding pocket of the enzyme. Interactions between active
site residues and the substrate through, for instance, hydrogen
bonds determine this orientation.'>®’ In the substrate bound
structure of carbazole 1,9a-dioxygenase, for instance, a hydro-
gen bond from the imino nitrogen of the substrate carbazole to
the carbonyl oxygen of Glyl78 is critical for the proper
orientation of the substrate.>®

3.3 a-Ketoglutarate-dependent enzymes

The largest subfamily of non-heme iron enzymes with the
2-His-1-carboxylate facial triad couples the oxidative trans-
formation of substrates to the oxidative decarboxylation of the
cofactor a-ketoglutarate (a-KG) to carbon dioxide and succi-
nate.” This subfamily is not only the largest, but also catalyzes
the most diverse set of oxidative transformations. Reactions
include hydroxylation, desaturation, ring closure, ring expan-
sion, epimerization and many more. As a result, these enzymes
are involved in processes as diverse as the synthesis of anti-
biotics, DNA repair, oxygen sensing, and transcription
regulation. The subfamily constitutes probably the most ver-
satile group of oxidizing biological catalysts identified to
date.® Many of these transformations are at the moment
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Fig. 10 General hydroxylation reaction catalyzed by many of the
o-KG-dependent oxygenases.

beyond the scope of synthetic organic chemists and are there-
fore of special chemical interest.®® Several different reviews
have been published recently that are specifically devoted to
this subfamily of enzymes.®®7? A recent comprehensive sampl-
ing of the reactivities of the currently known o-ketoglutarate-
dependent enzymes is available as well.”' Here, we will
therefore only address some general features and typical
examples. Hydroxylation, for instance, is the most common
reaction observed and its general scheme is shown in Fig. 10.

Two types of hydroxylation reactions have recently received
increased attention out of medical interest. Damage of RNA
and DNA by nucleotide alkylation, for instance, results in
lesions that are both cytotoxic and mutagenic.”> Several
a-KG-dependent oxygenases have been shown to repair these
alkylated DNA and RNA bases. Escherichia coli AlkB and the
homologous human enzyme ABH3 fix the lesion by hydroxy-
lating the alkyl group, after which spontaneous deformylation
yields the unmodified base (Fig. 11A).7>7°

Other, related demethylation reactions catalyzed by a-KG-
dependent enzymes, such as histone demethylation, have been
reported recently as well.”>”” The hydroxylation of specific
residues of protein side chains and more specifically in
oxygen sensing in the cell has also attracted recent interest.

NH,

Hypoxia-inducible factor (HIF) is responsible for mediating
the mammalian response to low oxygen tension (hypoxia).
0-K G-dependent HIF hydroxylases’® have been implicated in
this hypoxic response and are therefore interesting targets for
the development of new therapies for the different diseases
associated with this system.” Other functions of the 0-KG-
dependent oxygenases include the biosynthesis of antibiotics
and plant products, lipid metabolism and biodegradation.®’
Some selected examples are shown in Fig. 11.

Crystallographic data on many different a-KG-dependent
oxygenases have been reported over the last 10 years and the
more than 50 available structures’! now provide a wealth of
structural information. These crystallographic studies of the
a-ketoglutarate-dependent enzymes and related enzymes have
been reviewed recently.®® The ternary TauD-Fe(i)—
a-KG—substrate complex, for instance, shows a five-coordinate
metal center with the o-KG cofactor bound in a bidentate way
(Fig. 12). The cofactor is further held in place by
additional interactions of the C5-carboxylate with conserved
residues. The primary substrate is not bound directly to the
metal center, but is found close to the open coordination site,
which is believed to be the site of dioxygen binding. TauD
catalyzes the hydroxylation of taurine (2-aminoethane-1-
sulfonic acid), which leads eventually to sulfite elimination
from the product.!”

The large body of crystallographic data together with
spectroscopic studies on especially TauD'” and CAS® has
led to the proposal of a common, conserved mechanism for the
0-KG-dependent oxygenases (Fig. 12).7:17:68:6

In this general mechanism, an ordered sequential binding of
first o-KG, then substrate and finally dioxygen is assumed.
Structural and spectroscopic studies show an octahedral
iron(11) metal center in the holo enzymes with the facial triad
and three water molecules completing the coordination sphere
(A).”" Subsequently, the a-ketoglutarate binds in a bidentate
fashion by displacing two water molecules and the metal
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Fig. 11 Some selected examples of reactions catalyzed by a-KG-dependent oxygenases. (A) Nucleobase demethylation by DNA/RNA repair
enzyme AlkB; (B) Stereospecific proline hydroxylation by proline 4-hydroxylase (P4H); (C) Hypophosphite hydroxylation by hypophosphite/a-KG
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Fig. 12 Top: Active site of the ternary TauD-Feqr)-o-KG-taurine com-
plex (10S7.pdb).8" Bottom: Consensus mechanism for -KG-dependent
hydroxylases, exemplified for TauD (adapted from ref. 17).

center remains six-coordinated (B). The bidentate binding of
the a-keto acid gives rise to a very characteristic set of MLCT
transitions in the visible region (around 500 nm).%* The native
substrate then binds in the proximity of (but not directly to)
the metal ion and upon substrate-binding the remaining water
ligand is lost and, in almost all cases, the coordination around
the ferrous ion changes to five-coordinate square-pyramidal
(C). This change in coordination number has been crystallo-
graphically established in, among others, the structures of
TauD,** DAOCS,* and Alkylsulfatase (AtsK),%° which were
crystallized in the presence of o-ketoglutarate and their
respective native substrates. The displacement of the last water
molecule is thought to be essential for catalysis and poises the
metal for reaction with dioxygen. The greatly enhanced
reactivity of the metal center towards dioxygen after substrate
binding effectively favors the generation of the (potentially
damaging) reactive intermediates only in the presence of the
target substrate and in this way protects the enzyme
from inactivation by self-hydroxylation reactions. Such self-
hydroxylation of nearby amino acid residues in the absence of
substrate has in fact been observed for a number of non-heme
iron enzymes, including some a-ketoglutarate-dependent
enzymes.® It has been proposed that this self-modification serves
to protect the enzyme from chemical damage in the absence of
substrate, but the physiological function and significance is
currently not completely clear and subject of discussion.”!%

In the presence of substrate, the binding of dioxygen results
in the formation of an adduct with significant Fe(i1)-superoxide

radical anion character (D).®” Nucleophilic attack of the

carbonyl carbon atom by this species would then result in a
cyclic ferryl bridged-peroxo species (E). In the next step,
decarboxylation and O-O bond cleavage yield succinate,
carbon dioxide and a high-valent Fe(iv)=O species (F), which
is the intermediate responsible for the substrate oxidation
leading to hydroxylation or a related two-electron oxidation.'”
This ferryl intermediate was first observed experimentally for
TauD by rapid freeze-quench Mossbauer,'® and its presence
confirmed by EXAFS,? and resonance Raman studies.'® These
spectroscopic studies revealed species with a high-spin (S = 2)
configuration,'® a characteristic isotope-sensitive iron-oxo vi-
bration in the 800 cm ™' region,'” and a short Fe-O interaction
of 1.62 A.>® Most importantly, these studies provided the first
direct evidence of the involvement of an iron(1v) intermediate in
reactions catalyzed by mononuclear non-heme iron enzymes.

From this point on the chemistry of each enzyme diverges
and different subsequent steps result in the rich variety of
oxidative transformations that this subgroup catalyzes. It has
been suggested that the chemistry that follows after the
generation of the pivotal ferryl-oxo species results mainly
from the structural characteristics of the specific substrate.
In all the different enzymes of the subgroup, the Fe(iv)—O
intermediate is generated in the same ligand environment and
should, therefore, be capable of facilitating all different kinds
of observed reactivity.”' In the TauD example, abstraction of a
hydrogen atom (G), followed by recombination of the coordi-
nated hydroxyl radical with the substrate radical yields the
hydroxylated product (H). The observation of a large sub-
strate deuterium kinetic isotope effect on the decay of the
ferryl species identified it as the hydrogen-abstracting inter-
mediate.®® A C-H cleaving high-spin Fe(iv) complex with
strikingly similar spectroscopic and kinetic characteristics
has also been detected in prolyl-4-hydroxylase (P4H), which
is only distantly related to TauD.?! These results support the
view of a conserved mechanism within the a-ketoglutarate
hydroxylases. In line with this, Purpero and Moran illustrated
that all other currently known reactivities can be envisaged to
proceed along either such one-electron hydrogen atom
abstraction pathways (as in TauD), or alternatively through
two-electron or hydride-abstraction pathways.”!

The a-KG-dependent non-heme iron enzymes (4-hydroxy-
phenyl)pyruvate dioxygenase (HppD)® and (4-hydroxy)-
mandelate synthase (HmaS)*® form an interesting pair in the
sense that they use the same substrate, (4-hydroxyphenyl)-
pyruvate which itself has an a-keto acid moiety (Fig. 13). As a
result both atoms of dioxygen are incorporated into the
product, similar to the extradiol cleaving dioxygenases. HppD

OH OH OH
HppD

COz ‘2 .2 COZ .
O 0] oH

Py -
o] (0]

Fig. 13 Oxidative transformations of (4-hydroxyphenyl)pyruvate
catalyzed by HmaS and HppD.
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yields the aromatic hydroxylated product homogentisate using
an electrophilic attack mechanism followed by an NIH shift,
whereas HmaS generates the benzylic hydroxylated product
(S)-(4-hydroxy)mandelate via a hydrogen abstraction mechan-
ism.”! The two enzymes generate the same reactive Fe(1v)—O
intermediate, but are able to steer the reaction into two
different directions. The decisive factor was found to be the
exact orientation of the substrate in the enzyme binding
pocket.”!

Recently, a group of non-heme iron enzymes with quite a
different reactivity has been discovered.”? Rather than hydroxy-
lation, these enzymes catalyze the halogenation of aliphatic
C-H bonds and require Fe(ir), a-KG, dioxygen and chloride for
activity. The enzymes SyrB2°® and CmaB®* are involved in the
biosynthesis of the phytotoxin syringomycin E and the phyto-
toxin precursor coronamic acid, respectively. Syr2B catalyzes
the chlorination of a threonine methyl group, whereas CmaB
catalyzes the y-halogenation of L-allo-isoleucine as part of a
cryptic biological strategy for cyclopropyl ring formation
(Fig. 14). The non-heme iron halogenation catalysts are not
limited to the two enzymes mentioned here, as bioinformatic
analysis has provided leads to additional members of this
interesting new group.”®> CytC3, for example, chlorinates
L-aminobutyrate to y-chloroaminobutyrate® or, if allowed to
proceed through multiple turnovers, even to v,y-dichloro-
aminobutyrate. The free dichloroamino acid is a known anti-
bacterial natural product.®? Multiple chlorinations were also

observed for the Syr2B homologues BarB1 and BarB2, which
catalyze the tandem trichlorination of L-leucine as part of the
biosynthesis of the marine natural product barbamide’®
(Fig. 14).
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Fig. 14 An unprecedented iron scaffold found at the active site of
Syr2B. (A) The halogenation reactions catalyzed by Syr2B, and (B)
CmaB, (C) CytC3, and (D) BarBI and BarB2.

The crystal structure of the Syr2B—Fe(i)-o-KG complex
was solved very recently. As a surprising result, it presented
the first a-KG-dependent non-heme iron enzyme not coordi-
nated by the 2-His-1-carboxylate facial triad.”’ Instead, the
metal is coordinated by a-K G, a chloride anion and only two
endogenous ligands. i.e. two histidines (Fig. 14). An alanine
replaces the aspartate of the facial triad. The mechanism of
halogenation is thought to be similar to the common hydro-
xylation mechanism with chloride abstraction instead of hy-
droxyl abstraction by the carbon radical in the final step.”’
Méssbauer and absorption spectroscopic studies on the chlori-
nation reaction by CytC3 identified two rapidly interconver-
ting high-spin Fe(iv) intermediates and a marked substrate
deuterium kinetic isotope effect on the decay of these ferryl
species implicated them as the hydrogen atom-abstracting
complex.”? The presence of two rather than one Fe(1v) inter-
mediate contrasts with the observations made for TauD and
P4H. The authors speculate that the two intermediates might
be two rapidly-converting conformers of a CI-Fe(iv)-oxo
complex.”” A very recent spectroscopic study of CytC3 in
the analogous reaction with bromide provided further evi-
dence for direct coordination of a halogen to the high-valent
iron and the assignment of these high-spin iron(1v) intermedi-
ates as a Br—Fe(1v)—oxo species.”® Freeze-quench Fe K-edge
X-ray absorption spectroscopy revealed short Fe-O and
Fe-Br interactions of 1.62 and 2.43 A, respectively.”®
These results further emphasize the similarities between the
a-KG-dependent halogenases and hydroxylases.

3.4 Pterin-dependent hydroxylases

The small family of aromatic amino acid hydroxylases
(AAAH) requires the cofactor tetrahydrobiopterin (BHy) for
activity."” Its members phenylalanine hydroxylase (PheH),
tyrosine hydroxylase (TyrH), and tryptophan hydroxylase
(TrpH) are essential for mammalian physiology. In contrast
to TyrH and TrpH, which are only found in eukaryotes, PheH
has also been identified in prokaryotes.” The enzymes catalyze
the regiospecific monohydroxylation of their namesake amino
acids with concomitant oxidation of the pterin cofactor
(Fig. 15). TyrH catalyzes the initial step in the catecholamine
neurotransmitters biosynthesis, PheH catabolises excess
phenylalanine and TrpH is involved in the synthesis of the
neurotransmitter serotonin.

This group of enzymes has received considerable attention
because of their implication in some neurological and physio-
logical diseases. Several different reviews are available that
comprehensively discuss the current state of knowledge of this
sub-family.!7189%190 The three enzymes show significant
sequence and structural similarity. Crystal structures, which
have been reported for all three enzymes,'®' ™' clearly illus-
trate the structural homology especially at the active site. They
feature a mononuclear non-heme iron active site, coordinated
by the 2-His-1-carboxylate facial triad and three water mole-
cules. It has been noted that in bacterial PheH (cPheH) the
equatorial glutamate ligand acts as a bidentate ligand rather
than the monodentate binding mode observed in human
PheH.'% The bacterial PheH structure was, however, solved
with the catalytically inactive Fe(in) form of the enzyme.'%
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Fig. 15 Hydroxylation of phenylalanine (Phe) to tyrosine (Tyr)
catalyzed by phenylalanine hydroxylase (PheH).

Interestingly, large conformational changes upon pterin and
substrate binding are observed at the active site in the crystal
structure of PheH-Fe()-BH4~tha (tha, 3-(2-thienyl)-I-
alanine, a substrate analogue).lo6 In contrast to the other
subfamilies, in this case neither the substrate nor the cofactor
binds directly to the metal center. The monodentate glutamate
becomes bidentate, water molecules are lost and the pterin
cofactor is displaced towards the iron (Fig. 16). All these
changes facilitate the binding of dioxygen at the active site.
EPR and UV-Vis studies on nitric oxide adducts of bacterial
PheH in the presence of substrate and cofactor suggest that,
upon binding, dioxygen replaces the last remaining water
molecule to afford a five-coordinate iron, rather than the
formation of a six-coordinated metal center through coordi-
nation to an open site (Fig. 16A).'7

The plethora of spectroscopic and structural data has led to
a consensus about the possible mechanism, although up till
recently none of the (reactive) intermediates had been directly
observed."”!% The study of kinetic isotope effects on the
aromatic hydroxylation reactions provided evidence that all
three enzymes operate via the same mechanism, albeit with
different rate-limiting steps.'® The proposed mechanism is
depicted in Fig. 16, exemplified for PheH. First, a (putative)
pterinperoxo—iron(ir) species is formed (B), which cleaves
heterolytically to yield a reactive iron(iv)-oxo intermediate
(C). Very recently, direct spectroscopic evidence for such a
high-spin Fe(1v) intermediate has been reported for TyrH.'"”
The complex TyrH-Fe(i))-6-MePH4-Tyr was exposed to
dioxygen and quenched by rapid-freeze (6-MePH4, 6-methyl-
tetrahydropterin). Mdssbauer spectroscopic measurements
revealed an intermediate with features similar to the high-spin
Fe(iv) species observed for the a-ketoglutarate-dependent
enzymes. Kinetic experiments furthermore revealed this
species, presumably the postulated Fe(iv)-oxo (C), to be the
hydroxylating intermediate. A study on benzylic hydroxylation
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Fig. 16 Top: Structural changes upon substrate binding to the active
site of phenylalanine hydroxylase: the binary PheH-Fe(11)-BH4 com-
plex (1J8U.pdb) (left) and the ternary PheH—Fe(11)-BH,—tha complex
(1IKWO0.pdb) (right). Bottom: Proposed reaction mechanism for the
AAAHSs, exemplified for PheH (adapted from Fitzpatrick er al.'%).

by the three AAAHs gave similar intrinsic kinetic isotope
effects, suggesting that the reactivities of the hydroxylating
intermediates are very similar among the three enzymes.'!!
Electrophilic attack of the substrate then results in a cationic
intermediate (D). Kinetic isotope effects have been determined
for all three enzymes. In the case of TrpH an inverse isotope
effect was found, consistent with the hydroxylation being the
rate limiting step.''> For TyrH and PheH the obtained results
for the wild-type enzymes were less straightforward, but in
both cases isotope effects could be unmasked by the use of
mutant enzymes, which allowed for the partitioning of inter-
mediates via branched pathways.!'® This uncoupling resulted
in the observation of the expected isotope effects for both
TyrH'"® and PheH.'” An NIH-shift and subsequent tauto-
merisation ultimately result in product formation (E, F).

3.5 Miscellaneous

This category is a diverse collection of enzymes that do not fit
into the previous four classes with respect to their specific
requirements for catalysis. It is a ‘catch-all’ category and some
recent discoveries have been included. These newly discovered
metalloenzymes catalyze unprecedented chemical reactions
and offer a glimpse of the systems and their chemistry that
still are to be discovered.

The enzyme sulfur oxygenase reductase (SOR), for instance,
catalyzes a distinctive oxygen-dependent sulfur disproportio-
nation reaction with sulfite, thiosulfate, and hydrogen sulfide
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2) Disproportionation 3 [S] + 3 H,0 —= HSO; +2HS +3 H*

3) Sum 4[S]+ 0, +4H,0 —= 2HSO, +2HS + 4 H

Fig. 17 Left: Sulfur oxygenase reductase (SOR) is a complex, self-compartmentalizing metalloenzyme that consists of 24 subunits and forms a
hollow sphere (active sites highlighted). Right: The active site of SOR shows a bidentate glutamate residue and a cysteine persulfide as the substrate

binding site (2CB2.pdb).

as the products without the need of external cofactors or
electron carriers (Fig. 17, right).!"* Oxidized and reduced
products form in a 1 : 1 stoichiometry in the catalytic reaction.

SOR is one of the few systems known to oxidize elemental
sulfur, an essential reaction for ecosystems that use sulfur as
the major energy source. The Acidianus ambivalens SOR is a
complex, self-compartmentalizing metalloenzyme that consists
of 24 subunits and forms a hollow sphere (Fig. 17, left).''* A
mononuclear non-heme iron site and a cysteine persulfide
(CysSS31) were found to be important for catalysis. The latter
is the probable covalent binding site for linear, rather than
regular o-Sg elemental sulfur substrate and has the terminal
sulfane oriented to the iron site. Two other cysteine residues
are found in known SOR sequences, but site-directed muta-
genesis studies have shown that these residues optimize reac-
tion conditions, but are not essential for catalysis.''>!®
Mutations of either one of the iron binding residues and the
cysteine persulfide resulted in complete inactivation of the
enzyme.' '

As previously observed for some of the Rieske dioxy-
genases, the glutamate of the 2-His-1-carboxylate structural
motif coordinated to the iron center is bound as a bidentate to
the metal. Two water molecules complete the distorted octa-
hedral coordination sphere. The mononuclear non-heme iron
site has an unusually low reduction potential (—268 mV),
which may result from hydrogen bonding interactions around
the metal site. Since no other redox-active site was found in
SOR, the rather complicated sulfur disproportionation
chemistry has to take place at the iron active site.

Fosfomycin, or (1R,2S)-1,2-epoxypropylphosphonic acid, is a
clinically useful antibiotic and is for instance used in the
treatment of lower urinary tract infections. It is also effective
against methicillin-resistant and vancomycin-resistant strains of
Staphylococcus aureus.'"’ The last step in the biosynthesis of
fosfomycin in Streptomyces wedmorensis is the dehydrogenation
of (S)-2-hydroxypropylphosphonic acid (Hpp) by Hpp

epoxidase (HppE) (Fig. 18). HppE was recognized as a non-
heme iron enzyme belonging to the class featuring the facial
triad.""®1?° This reaction is unique in biology since the
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Fig. 18 The enzyme-substrate complex of HppE with the substrate
bound in a bidentate fashion (1ZZ8.pdb) and two possible mechanisms,
going through either an iron(in)-hydroperoxide (A) or iron(1v)—oxo
species (B).
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epoxidation reaction is an oxidative cyclization with retention
of the substrate hydroxyl oxygen atom, i.e. a dehydrogenation
of a secondary alcohol.'’ Usually, in epoxidations such as
those catalyzed by cytochrome P450, the incorporated oxygen
atom is derived from dioxygen.® A catalytic turnover of HppE
consumes a stoichiometric amount of NADH with molecular
oxygen as the oxidant,'" similar to the previously described
Rieske dioxygenases. The putative reductase, however, remains
to be identified. Recently, crystal structures of the native
enzyme and the enzyme-substrate complex became available.!!”
Two different binding modes are observed in the crystal struc-
ture, a monodentate and bidendate one. In the monodentate
binding mode the substrate is bound through an oxygen atom
of the phosphonic acid moiety displacing one water molecule.
In the bidentate binding mode the substrate replaces two of the
water molecules and binds to the metal through the 2-hydroxyl
oxygen and the phosphonic acid oxygen. These two observed
binding modes thus suggest a two-step binding process before
catalysis. Conformational changes upon substrate binding cre-
ate an extensive hydrogen-bonding network between the
substrate, bound water molecules and the enzyme.'!” The
formation of a five-coordinate iron center upon bidentate
binding of the substrate would again activate the metal center
for dioxygen activation. The stereo- and regiospecific hydrogen
abstraction step is then catalyzed by either an iron(im)—
hydroperoxide (Fig. 18, path A) or iron(1v)-oxo (path B) species
to give a substrate radical intermediate. Cyclization of the
radical yields the final two-electron oxidized product. The
regiospecificity of the hydrogen abstraction step and conse-
quently the stereochemical outcome of the reaction appears to
be determined by the relative orientation of the C—-H bonds of
the bound substrate.''”!"® This is further supported by the fact
that Hppe was found not to be selective with regard to substrate
recognition as it accepts both (R)- and (S)-Hpp, but it does
stereospecifically convert each enantiomer into a unique
product.!®

An alternative mechanism has been proposed based on the
observation that a Zn(ir)-reconstituted HppE in the presence
of flavin mononucleotide is active as well.'*! The crystal
structures of Zn(i)-reconstituted HppE and its fosfomycin
complex were reported. The activity with the redox inert Zn(ir)
metal center suggested the metal to merely serve as a Lewis
acid and a new ‘nucleophilic displacement-hydride transfer’

mechanism was proposed.'?! However, a re-examination of
these results showed that Zn(i1)-reconstituted HppE is actually
catalytically inactive and reconfirmed that iron is required for
HppE catalysis.'?

Interestingly, next to the unusual physiological reaction of
HppE, the enzyme can also catalyze a more typical oxygenase
reaction. Upon exposure to air HppE catalyzes the self-
hydroxylation of an active site tyrosine residue resulting in a
green chromophore identified as a bidentate iron(1r)—catecholato
complex.'?? This oxygenase activity implies the involvement
of a putative high-valent iron—oxo or iron-hydroperoxide
intermediate. A significant observation, since the same reactive
intermediate is proposed in the mechanism for fosfomycin
biosynthesis.'!"1%

The enzyme HppE shows similarities with the microbial
enzyme isopenicillin N synthase (IPNS). IPNS is a non-heme
iron enzyme that catalyzes the double oxidative ring closure of
the tripeptide 8-(L-a-aminoadipoyl)-L-cysteinyl-D-valine (acv)
to form the bicyclic B-lactam isopenicillin N, the biosynthetic
precursor to all penicillins and cephalosporins (Fig. 19).7'%

IPNS shows a high sequence homology to the a-ketoglutarate-
dependent enzymes, but does not require a-ketoglutarate as
cofactor and it does not incorporate oxygen into the product.’
In the case of IPNS all four electrons required for the reduction
of dioxygen to water are provided by the substrate. Crystal
structures are available for different stages of the reaction, 24126
such as the ternary IPNS—Fe(um)-acv—NO complex.'*® Nitric
oxide (NO) is often used as an unreactive O,-surrogate to get
more insight into the interaction of dioxygen with the metal.
Based on this information and comprehensive studies with
substrate analogues by Baldwin and co-workers,”!2%!27:128 4
mechanism has been proposed. The closure of the B-lactam
precedes the formation of the thiazolidine ring and an
iron(in)-superoxide species has been invoked as the oxidizing
species in this particular step. Spectroscopic and computational
studies by Solomon and co-workers have shown, that the
thiolate-bound substrate stabilizes the formation of such an
end-on superoxide, which in turn has the proper electronic
configuration and orbital orientation for hydrogen abstraction.*’
The hydrogen abstraction step then results in the first oxidative
ring closure product (B-lactam) and in the formation of a high-
valent iron(iv)-oxo species. The latter species mediates the
second oxidative ring closure, i.e. the thiazolidine ring formation.

acv ipn

Fig. 19 Active site of the ternary IPNS—Fe(i1)-acv—NO complex and the oxidative double ring closure catalyzed by IPNS.
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The enzymology of IPNS and other enzymes involved in the
biosynthesis of B-lactam derived compounds has been recently
reviewed.'?

The enzyme I-aminocyclopropane-1-carboxylic acid oxidase
(ACCO) also shows a high sequence homology to the
a-ketoglutarate-dependent enzymes, but like IPNS does not
require o-ketoglutarate as cofactor.” ACCO is an enzyme that
produces the plant hormone ethylene, which regulates many
aspects of plant growth and development, such as fruit
ripening. This makes ACCO an attractive target for regulation
of this agriculturally important process.'?” The enzyme
couples the reduction of dioxygen to two water molecules
to the two-electron oxidation of the unusual amino acid
1-aminocyclopropane-1-carboxylic acid (acc) to give ethylene,
CO, and HCN (Fig. 20).” Due to the lack of available
structural information and the inherent complexity of
the system, the mechanism of ACCO is not yet fully
understood.'*%!3!

Continuous turnover requires both the presence of
ascorbate and bicarbonate. The latter acts as an activator,
i.e. stimulates catalysis independent of its redox properties,
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Mechanisms for ACCO catalysis proposed by Rocklin
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and increases the k., and protects ACCO from oxidative
deactivation.'*? It is known that, in the presence of bicarbo-
nate, the substrate acc binds in a bidentate fashion through its
amino and carboxylate groups.*'** This enzyme-substrate
complex is, however, insufficiently reactive to effect acc oxida-
tion and ascorbate must bind to the enzyme as well to convert
the Fe(n) site from six- to five-coordinate and activate it for
dioxygen binding.'** Therefore, in addition to its traditional
role as two-electron reducing agent,'*? ascorbate may also act
as an activator by binding at a (remote) specific effector site
and thus facilitating the formation of the ternary enzyme-—
substrate—dioxygen complex.'** The ternary ACCO-Fe(i)—
acc-NO complex has indeed been observed by ENDOR
spectroscopy.'*> The ENDOR studies furthermore suggested
that the orientation of substrate binding is dictated by the
enzyme, which in turn determined the orientation of bound
NO and, by analogy, O-.

The subsequent source and sequence of electron donation to
dioxygen and the mode of dioxygen activation are longstanding
questions in the study of the mechanism of ACCO, since both
substrate and ascorbate can function as a single electron donor.
In any case, after one-electron transfer from ascorbate, the
formation of an iron—oxo species, be it Fe(im)-OOH or, after
0-0 fission, Fe(1v)=—O0 is proposed. Bicarbonate is proposed to
be involved in the generation of the reactive species by a specific
protonation step.'*> Thrower er al. found in a kinetic study of
the reaction of ACCO with different cyclic and acyclic substrate
analogues that k., was almost indifferent to substrate
structure.'” This and other observations pointed to a rate-
determining step that precedes substrate activation and a
high-valent iron(1v)—oxo species was proposed to be responsible
for all subsequent chemistry. The extra electron needed for
reductive cleavage of the peroxy bond is provided by ascorbate
(or more precisely the semidehydroascorbate radical) via an
outer sphere mechanism. Abstraction of an electron or hydro-
gen atom from the amine by the iron(1v)—oxo species would give
a nitrogen based radical, which after rapid radical rearrange-
ment would eventually result in cyclopropane ring cleavage and
product formation.'” This mechanism differs from the one
proposed by Rocklin et al. Transient kinetic studies showed
that ethylene was produced in a single turnover of the enzyme
without ascorbate present. In this case, the substrate provides
the electron for reductive O—O bond cleavage and reduction
of the metal center comes at the end of the reaction cycle.!?
The two possible mechanisms are shown in Fig. 20."*? In
accord with the experimental data, a DFT study on ACCO
concluded that the Fe(ir)-acc—O, complex alone is not capable
of generating any radical on the substrate and that a
one-electron reduction of the metal complex is required. The
computational results then, however, suggested that the actual
reactive oxidizing species capable of generating the nitrogen-
based substrate radical was an iron(i1)-superoxo species and not
the isoenergetic iron(i)-hydroperoxide species.'*

Recently, the crystal structures of apo- and Fe(i)-
complexed ACCO from Petunia hybrida were reported,'>*
confirming the coordination of the iron(ir) metal center by
the 2-His-1-carboxylate facial triad with a monodentate
aspartate residue. These structures provide a solid structural
basis for future studies on this convoluted system.
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Fig. 21 Prominent polydentate all-N ligands that have been used in
modeling studies of the enzymes with the 2-His-1-carboxylate facial triad.
The R groups are drawn at positions, which are commonly modified.

4. Modeling studies

Many efforts by synthetic inorganic chemists have been devoted to
biomimetic modeling studies of the enzymes of the 2-His-1-
carboxylate facial triad family. Initial studies focused on the
development of functional models of the different subfamilies
and employed mostly polydentate all-V ligands. Impressive results
have been obtained in the modeling of several of the different
subfamilies (vide infra). The tris(2-pyridylmethyl)amine (tpa),
hydridotris(pyrazol-1-yl)borato (Tp), N,N-bis(2-pyridylmethyl)-
N,N’-dimethyl-1,2-ethylenediamine (bpmen) and 1,4,7-triazacy-
clononane (tacn) ligands and derivatives thereof have been used
as the workhorses in many of these studies (Fig. 21).”

4.1 Structural models

Recently, attention has shifted to the design of structural
models that more faithfully reproduce the coordination

R =H, Me: FeCl, (0.5 or 1 eq)

[Fe';,Cl(L),] (B)

—— R = tBu: Fe(BF,),.6H,0 (1 eq)
R I R
/NN R = tBu: FeCl, (1 eq)
= N
R R R = H, Me: [Et;N],[Cl;FeOFeCls]

®

[EtsN][Fe"'Cly(L)] (C)

environment of the 2-His-1-carboxylate facial triad. Different
approaches have been taken to mimic the facial coordination
of two imidazole groups and a mono- or bidentate carboxylato
group. Burzlaff and co-workers have studied the iron and zinc
coordination chemistry of the bispyrazolylacetates,'*”-!3®
which belong to the family of monoanionic N,N,O-hetero-
scorpionates.'*® The tripodal ligand framework of the bispyr-
azolylacetates predisposes the three donor groups to facially
cap a metal center. The ligands are readily synthesized and the
steric properties of the ligand can be varied by the introduction
of pyrazole groups with different substitution patterns. De-
pending on the steric demand of the ligand and the nature of
the iron precursor that is used different complexes have been
obtained. The most common one is of the [Fe'"L,] type (Fig. 22A),
but also a dimeric species with a bridging acetato group (B) and a
mononuclear anionic ferric complex have been reported (C).!*"3
A ruthenium(r) complex of bis(3,5-dimethylpyrazol-1-yl)acetate
with a bidentate a-keto acid benzoylformate has also been repor-
ted as a model for the a-ketoglutarate-dependent oxygenases.'*
Recent reports focused on the synthesis of chiral members and an
enantiopure heteroscorpionate was reported.'*!

Que, Tolman and co-workers have communicated recently
on a different synthetic strategy to obtain mononuclear iron(ir)
complexes with an N,N,0-donor set.'"** The use of a highly
sterically hindered monodentate carboxylato ligand and a
bulky diamine allowed the isolation of the mononuclear iron
complex [Fe'Cl(BmaCO,)(tBu,Meyeda)] (Fig. 23, left).
The structure reveals a carboxylato ligand coordinated in a
bidentate fashion, a coordination mode that is found in some
of the enzymes with the 2-His-1-carboxylate structural motif.
This bidentate binding mode of the carboxylate group is
difficult to achieve with tripodal, tridentate chelates, such as
the bis(pyrazolyl- or imidazolyl)acetates'*” or propionates'*?
(vide infra). The chloride anion in [Fe"Cl(BmaCO,)-
(tBuyMeseda)] could be metathesized for other anions, which
shows that despite all the steric bulk the iron center is still
accessible and that functional modeling studies are feasible.

Recently, another mononuclear iron(i1) complex [Fe''(L)Cl]
has been reported with a bidentate carboxylate (Fig. 23,
right).'** The new polydentate ligand was built on the back-
bone of Kemp’s acid and provides the iron with two pyridine
N donors and one bidentate carboxylate. The iron complex

[Fe'(L)2] (A)

Fig. 22 Iron coordination chemistry of the substituted bispyrazolylacetato ligand family.
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Fig. 23 Two mononuclear iron complexes with a bidentate coordination mode of the carboxylate moiety. Left: Assembly of a mononuclear iron
complex from sterically hindered N- and O-ligands. Right: A structural and functional model of the Rieske dioxygenases with a new ligand based

on the backbone of Kemp’s acid.

thus approximates the 2-His-l1-carboxylate environment
encountered in, for instance, the Rieske dioxygenases. The
model also displays cis-dihydroxylation activity with hydrogen
peroxide (vide infra), albeit with less than one turnover.'**

The nitrogen donor atoms in these structural models are
distinctly different from those of the biological systems. The
pyrazole rings of the bispyrazolylacetates, for instance, differ
both in size, and in chemical and electronic properties from the
histidyl imidazole-side chain found in the biological systems.
To resemble also the electronic properties of the facial triad
more closely a new tripodal ligand system was developed by
the group of Klein Gebbink'** and that of Burzlaff.'*> The
family of substituted 3,3-bis(1-alkylimidazol-2-yl)propionates
incorporates the biologically relevant 1-methylimidazole and
carboxylato donor groups into a tripodal, monoanionic
framework (Fig. 24). The facial capping potential of these
ligands was initially illustrated by their copper,'*® rhenium,
and manganese'*> complexes. Recently, the iron complexes
[Fe(MIm,Pr),] with the parent ligand 3,3-bis(1-methyl-
imidazol-2-yl)propionate (MIm,Pr) and [Fe(MIm,PrPr),](X),
(X = OTf, BPhy) with its neutral propyl ester analogue propyl
3,3-bis(1-methylimidazol-2-yl)propionate (MIm,PrPr) have
also been reported.'®

At the active site of the enzymes with the 2-His-1-carboxylate
facial triad, the iron(1) center is facially capped by the three
protein residues and the other three sites are either vacant
or taken by solvent molecules. This situation is difficult
to reproduce in a model system. Indeed, both with
the bispyrazolylacetates'3” and 3,3-bis(1-alkylimidazol-2-yl)-
propionates'® often coordinatively saturated [FeL,] type
complexes are obtained. Weckhuysen, Klein Gebbink and
co-workers have reported a possible solution to this problem

Fig. 24 The monoanionic, tripodal N,N,O binding ligand family of
substituted 3,3-bis(1-methylimidazol-2-yl)propionates and an iron
complex with the isopropyl ester analogue (anion omitted for clarity).

by immobilizing a 1 : 1 copper(i) complex with 3,3-bis-
(1-methylimidazol-2-yl)propionate in a zeolite supercage.
Spectroscopic studies revealed this species to be a five-coordinate
metal complex facially capped by the tridentate N,N,O-ligand
and coordinated by oxygen atoms from the zeolite Y lattice
(Fig. 25).'*" The complex is catalytically active in the oxida-
tion of benzyl alcohol. The mononuclearity of the complex,
which is difficult to achieve in solution, was furthermore
illustrated by the lack of activity in the oxidation of catechols,
a reaction that typically requires two copper centers in close
proximity. This strategy thus allowed the isolation of species in
the zeolite superstructure that are not accessible in solution.
Klein Gebbink and co-workers also reported recently the
first examples of homogeneous, mononuclear iron(ii/1)
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Fig. 25 Zeolite-immobilized copper(i1) complex with the parent
ligand 3,3-bis(1-methylimidazol-2-yl)propionate.

complexes of the substituted 3,3-bis(1-alkylimidazol-2-yl)-
propionates.'*® Tron—catecholato complexes were reported as
mimics of the enzyme-substrate complex of the extradiol
cleaving dioxygenases (Fig. 26). The crystallographically
characterized complex [Fe(EtiPrIm,Pr)(tcc)(H,O)] (tcc, tetra-
chlorocatechol) shows that the structural features of the facial
triad are accurately captured by the ligand. Exposure of the
complexes with 3,5-di-zerz-butylcatechol as coligand to dioxy-
gen resulted in (partial) extradiol type cleavage of the catechol.
The complexes thus provide the first example of an accurate
biomimetic model that incorporates both structural and
functional properties.

4.2 Functional models

The efforts of synthetic chemists and their studies of the
structure and reactivity of these functional models have
provided much insight into the mechanistic details of the
enzymes under scrutiny. Whereas most of the reports on iron
complexes with a mixed donor set ligand have been limited to
the structural aspects of the new complexes, functional models
of all four major subfamilies of the facial triad have been
developed as well, until recently mostly with all-N ligands.” In

EtiPrImzPr

Fig. 26 A structural and functional model of the extradiol cleaving
catechol dioxygenases of an N,N,O-tridentate monoanionic 3,3-bis-
(1-alkylimidazol-2-yl)propionate ligand.

the following section we have mainly focused our discussion
on those functional modeling studies specifically aimed at
elucidating and modeling (specific steps) of the reactions of
the enzymes under scrutiny. Indeed, in some cases the func-
tional models do not turnover the enzyme’s native substrate or
they do not use dioxygen as the terminal oxidant, but the
models nonetheless provide invaluable information about the
mechanism of the enzyme and the intermediates involved. In
this light, the large body of literature on bio-inspired oxidation
catalysts'* is beyond the scope of this section and will not be
reviewed.

Several ferrous a-keto acid complexes have been reported
with the tpa and Tp ligand systems as models of the enzyme-
cofactor complex of the a-ketoglutarate-dependent oxyge-
nases.!>*133 Crystal structural analyses have shown that the
a-keto acids can coordinate to the metal center as a mono-
dentate or bidentate ligand. Only the latter binding mode,
however, gives rise to the typical chromophore that is also
observed for the binary enzyme-—cofactor complexes. These
characteristic features in the visible were found to be sensitive
to the nature of the a-keto acids, the supporting ligand and the
coordination number of the iron center.

Most of these complexes show decarboxylation of the
a-keto acid upon exposure to dioxygen, albeit with reaction
rates differing largely.!>""!>* The rate of oxygenation was
found to be dependent on the coordination number of the
complex, i.e. five-coordinate Tp (N3) complexes reacted much
faster than the six-coordinate tpa (N4) complexes, illustrating
the importance of a vacant site for dioxygen binding.”'>!
However, the sterically congested complex [Fe''(bf)(Tp'TE%)]
(bf, benzoylformate) was found not to react, despite having a
coordinatively unsaturated iron center.'>> Furthermore, the
rate of oxidative decarboxylation was found to increase with
more electron-withdrawing substituents on the a-keto acids.
This supports the proposal of the involvement of an initial
nucleophilic attack by an iron(i)—superoxo species on the
o-keto acid co-substrate.'>?

In two cases the oxidative decarboxylation was also coupled
to substrate oxidation. Valentine and co-workers showed that
the complex [Fe(bf)(Tp™*2)(MeCN)] could effect olefin epoxi-
dation'®! and Que and co-workers reported the intramolecular
aromatic hydroxylation of one of the phenyl substituents on
Tp™™ of [Fe(b)(Tp'2)(MeCN)] upon reaction with dioxygen
(same reaction with other o-keto acids).'”® Isotope labeling
studies using %0, showed that one labeled oxygen atom was
incorporated in the hydroxylated phenyl ring of the ligand and
one in benzoic acid, thus mimicking the dioxygenase nature of
the enzymes for the first time (Fig. 27A). The corresponding
complexes bearing a carboxylate instead of an a-keto acid
ligand also react with dioxygen to give the hydroxylated
product, but this reaction proceeded two orders of magnitude
slower, emphasizing the key role of the a-keto functionality in
oxygen activation.'>

The reported intramolecular arene hydroxylation is very
similar to and in fact anticipated the observed enzyme
self-inactivation by self-hydroxylation of an active site
aromatic amino acid residue in the absence of substrate.®®

In an attempt to mimic the chemistry of 4-hydrophenyl-
pyruvate dioxygenase (vide supra), the iron coordination
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Fig. 27 Intramolecular arene hydroxylations that mimic the reactivities of the a-ketoglutarate (A) and pterin (B) dependent oxygenases. In one
particular case, a different reactivity is observed when phenylpyruvate is used as the a-keto acid (C).

chemistry of the a-keto acid phenylpyruvate was studied and
the dioxygen reactivity was found to be dependent on the
supporting ligand.'>* With the tridentate Tp'™ ligand the
expected monoanionic, bidentate coordination mode of the
a-keto acid and subsequent oxidative decarboxylation coupled
with intramolecular hydroxylation were observed. In an inter-
esting twist, however, an unexpected dinuclear iron complex
with a tridentate dianionic bridging phenylpyruvate enolate was
obtained with the tetradentate 6-Mes-tpa ligand. Reaction with
dioxygen now resulted in cleavage of the C2—C3 rather than the
C1-C2 bond of the a-keto acid to give oxalate and benzalde-
hyde (Fig. 27C)."** A subsequent detailed study of the struc-
tural characteristics and the reactivity of these and other
iron complexes with phenylpyvurate has recently been
reported.'>

Similar intramolecular arene hydroxylations by mononuclear
iron complexes have been observed as well.”"'*%!>7 A notable
previous example, amongst others, is the reaction of ferz-butyl-
hydroperoxide with [Fe(6-Ph-tpa)(MeCN),] (6-Ph-tpa, phenyl
appended tpa) (Fig. 27B)."*® The ortho-hydroxylated product is
characterized by a phenolato-to-iron(i1) LMCT band at 780 nm.
The hydroxylation of the phenyl ring was proposed to proceed
via electrophilic attack of the appended arene ring by a high
valent iron(iv)-oxo species, similar to the proposed substrate
oxidation step in the mechanism of the pterin-dependent mono-
oxygenases. The (unobserved) high valent iron(1v)-oxo species
would result from O-O bond homolysis of an observed Fe—-OO"
Bu intermediate. Labeling experiments showed that the pheno-
late oxygen is derived from the terminal peroxide oxygen of
'‘BuOOH via a species that can undergo partial oxygen exchange
with water. This latter observation also points to the formation
of an iron(1v)-oxo species as the reactive intermediate.'>® These
biomimetic studies thus provided credence to the involvement of
iron(1v)-oxo species in the oxidation reactions mediated by the
pterin-dependent monooxygenase enzymes.

A recent example of an iron-promoted oxidation of a
coordinated ligand is the regiospecific oxygen-atom insertion
into iron(ir) complexes of carboxylate-containing penta-
dentate ligand systems based on N-carboxymethyl-N'-R-
N,N'-bis(2-pyridylmethyl)-1,2-ethanediamine (R = Me, Bn)
(Fig. 28)."*® The reaction of these complexes with H,O, or
‘BuOOH resulted in the incorporation of a single oxygen atom
into the ligand producing a coordinated phenolato group (in
case of the benzyl R-group) or an unprecedented coordinated
N-oxide group (R = methyl). The reaction is evidenced by the
evolution of dark blue color after addition of the oxidant in
the case of the aromatic oxygenation, consistent with a
phenolato-to-iron(nr) LMCT band. Both products containing
the two differently oxygenated ligands have been charac-
terized crystallographically (Fig. 28). Based on some experi-
mental observations and comparison with related systems,
the authors suggest that the mechanism of oxygena-
tion involves O—O bond heterolysis of an [LFeOOR]"
species to give an [LFeYO]P?" species as the reactive
intermediate.'>® Neither the [LFe"™OOR] ™ nor the [LFeVOJ**
intermediate has been, however, as of yet directly observed.

An oxoiron(v) intermediate has also been implicated in an
intermolecular aromatic hydroxylation reaction. Perbenzoic acids
were found to be converted to the corresponding salicylates when
reacted with [Fe(tpa)(CH;CN),J*".!* Although an oxoiron(iv)
species was detected spectroscopically, it was shown that this
species could not be the actual oxidizing species, since a combi-
nation of independently prepared [(tpa)Fe'™V=—OJ]*" did not
result in any salicylate formation upon addition of benzoate. It
was then proposed that the [(tpa)Fe'Y=—O0J" is involved in the
activation of a second perbenzoic acid in a subsequent step, thus
forming an [(tpa)Fe¥=O0(benzoate)]’ " species which then
hydroxylates the coordinated benzoate to salicylate.'>

Similarly, the ortho-hydroxylation of benzoic acid to
salicylic acid could also be achieved by the combination of
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mononuclear iron complex [Fe''(bpmen)(CH;CN),*" and
hydrogen peroxide.'® In this case, a two-step reactivity was
proposed as well. In the first step, the ferrous complex is
oxidized by H,O, to a ferric-hydroxide complex. The latter
then reacts with a second equivalent of H,O, to form an
iron(im)~hydroperoxide. This intermediate could either
directly hydroxylate the coordinated benzoate or undergo
subsequent O—O bond cleavage to yield a high-valent iron—oxo
species. Labeling studies were consistent with the hydro-
peroxide oxidant, but could not rule out a high-valent
iron—oxo oxidant.'®

Numerous modeling studies have been devoted to the ring
cleaving catechol dioxygenases.”'®" Intradiol type catechol
cleavage is reported in by far the majority of cases, whereas
examples of biomimetic systems capable of extradiol type
catechol cleavage are actually quite limited.” The first func-
tional models of the catechol dioxygenases were presented by
Funabiki et al., who reported oxidative catechol cleavage
products with the combination of FeCl, or FeCl; and
pyridine/bipyridine.'> This reaction mixture resulted in
significant amounts of both intradiol and extradiol type
cleavage. In these and many of the later studies, 3,5-di-tert-
butylcatechol was used as the substrate. The observed sub-
stituted 2-pyrones were recognized as the products of extradiol
type cleavage and are believed to derive from decarbonylation
of the extradiol-cleavage intermediate o-keto lactone.'®* In
this pioneering study, the active species in this complicated
mixture could, however, not be readily discerned and future
studies, therefore, focused on the reactivity of isolated (mostly
ferric) iron—catecholato complexes of the type [Fe(dtbc)(L)]
(dtbc, 3,5-di-tert-butylcatecholato dianion). Most of these
complexes are constructed with tetradentate ligands such as
tpa, which results in coordinatively saturated iron—catecholato
complexes. The complex [Fe'(6-Mes-tpa)(dtbcH)] was the first
reported mononuclear ferrous iron(ir)—catecholato com-
plex.'*® This complex accurately captured the monoanionic
binding of the catechol, as observed only in the extradiol

cleaving enzymes, but the lack of an available coordination
site for O, rendered the complex susceptible for oxidation via
an outer-sphere mechanism. Indeed, fast oxidation to the
corresponding ferric complex [Fe™(6-Mes-tpa)(dtbc)] and
subsequent intradiol type cleavage was observed. The crystal
structure of [Fe'(6-Me,-bpmen)(dtbcH)] also features a
asymmetrically bound catecholato monoanion (Fig. 29A).'%*

It was recognized that the availability of a free coordination
site was key to the observation of extradiol type cleavage and
subsequent efforts focused on iron—catecholato complexes
with tridentate ligands. Indeed, the highest selectivity for
extradiol cleavage is generally obtained with tridentate,
facially coordinating ligands such as tacn,'®*!%> Mes-tacn,'®
and Tp,'®” which illustrates not only the importance of such a
vacant site at the metal center, but also the proper orientation
of this vacant site with respect to the substrate. This coordina-
tion geometry is imposed by the ancillary ligand and is a key
factor for determining the regioselectivity of the reaction.
Indeed, iron—catecholato complexes with meridionally coordi-
nating tridentate ligands such as terpyridine yielded no extra-
diol type products. In this case mainly the commonly observed
autooxidation byproduct 3,5-di-fert-butylbenzoquinone and
some intradiol type products were observed.'®® In contrast,
[FeCl(Mes-tacn)(dtbc)] (Fig. 29C) with the facially coordi-
nating tridentate Mes-tacn ligand resulted in quantitative
oxidation towards extradiol cleavage after abstraction of the
chloride with a silver salt to generate an empty coordination
site.'®® This observation furthermore illustrated that extradiol
cleavage can be mediated by a ferric ion and does not
necessarily require a ferrous metal center. The reactivity of
these ferric complexes can be attributed to the partial iro-
n(1r)-semiquinone character of these complexes, which results
from the low energy catecholato-to-iron charge transfer tran-
sitions characteristic for these type of complexes. However,
Bugg and co-workers reported that the combination of
FeCl,/tacn was more selective towards extradiol cleavage than

FeCls/tacn (7: 1 and 2 : 1, respectively),'®* a finding consistent
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Fig. 29 Model complexes for the extradiol cleaving catechol dioxygenases. The ferrous structural model [Fe''(6-Me,-bpmen)(dtbcH)] (A)
excellently models the monoanionic, asymmetric binding of the catechol. The functional ferric models [Fe(EtiPrIm,Pr)(tcc)(H,O)] (B) and
[Fe™Cl(Me;-tacn)(dtbe)] (C) are constructed with tridentate ligands. B accurately captures the facial triad and C exclusively affords extradiol type

cleavage products.

with the presence of a ferrous ion at the enzyme active site. The
use of catechol as the substrate in these experiments resulted in
the first observation of the authentic extradiol ring fission
product 2-hydroxymuconic aldehyde.'®® Replacement of one
of the nitrogen donor atoms by oxygen, as in the enzyme
active site, however, resulted in loss of activity.'* An apparent
exception to the observed requirement of a facially coordina-
ting, tridentate ligand (or at least potentially tridentate after
dissociation of one of the donor atoms in case of some
tetradentate ligands) for extradiol type cleavage is the complex
[Fe(LN4H,)(dtbc)] with the macrocyclic tetradentate ligand
2,11-diaza[3,3](2,6) pyridinophane (LN4H,), which gives a
roughly equimolar mixture of intradiol and extradiol products
after reaction with dioxygen.'®®

The first example of extradiol type cleavage with a complex
built with a mixed donor set ligand similar to the 2-His-1-
carboxylate facial triad was reported by Klein Gebbink and
co-workers (Fig. 29B).'*® The ligands used in this study are the
tridentate, tripodal, and monoanionic substituted 3,3-bis
(1-alkylimidazol-2-yl)propionates, which provide the metal
center with the biologically relevant imidazole and carboxylate
groups. The iron complexes are coordinatively unsaturated in
non-coordinating media and have a vacant coordination site
accessible for Lewis bases, e.g. pyridine, or small molecules
such as dioxygen. Ferrous complexes [Fe(L)(dtbcH)] with
these ancillary N,N,O-ligands converted upon exposure to
dioxygen to the corresponding ferric [Fe(L)(dtbc)] complexes
within seconds, similarly to the few other characterized
mononuclear iron(i)—catecholato complexes.'>*'S” This was
followed by a much slower second oxidation step that resulted
in the oxidation of the catecholic substrate. The product
distribution was found to be strongly solvent-dependent. In
strongly coordinating solvents full conversion to the auto-
oxidation quinone product was observed. In dichloromethane
considerable amounts of oxidative cleavage products were
observed. Although still about 45% of the catechol was
converted into the quinone, extradiol and intradiol type
cleavage products accounted for the remainder and were
obtained in roughly equal amounts."*® The few complexes
reported thus far that are able to elicit extradiol cleavage also
mediate concomitant intradiol cleavage, at least to some
extent. The only synthetic complex that exclusively affords

extradiol products is [Fe"(Mes-tacn)(dtbc)], but this system
seems to be quite exceptional.!**!%* This suggests similar
mechanisms for the two reactions and points at subtle influ-
ences on the ultimate product selectivity. Indeed, the mechan-
isms proposed for both types of enzymes converge on a
common alkylperoxo intermediate,”*®?° which was recently
directly detected in the extradiol cleaving enzyme homo-
protocatechuate 2,3-dioxygenase (vide supra).’’ Both Bugg
and co-workers'**'** and Klein Gebbink and co-workers'**
noticed an increase in the yield of extradiol type product upon
addition of a proton donor to the reaction mixture. This
observation supports the hypothesis that the acid—base chem-
istry of a fully conserved second sphere protonated histidine
residue in the extradiol cleaving enzymes is key to the fate of
the alkylperoxo intermediate and subsequently the regio-
specificity of the cleavage.>®-38-40

The functional models described above in most cases display
stoichiometric, so-called ‘single turnover’ reactivities. Func-
tional modeling studies on the Rieske dioxygenases, however,
have actually resulted in the discovery of a family of catalysts
capable of cis-dihydroxylation.'™ Ferrous complexes of the
ligands tpa and bpmen provided the first example of cis-
dihydroxylation catalyzed by a non-biological iron com-
plex,'”" a reaction that usually requires reagents such as
0s0y4. All complexes in this family are six-coordinate with a
tripodal (tpa) or linear (bpmen) tetradentate Ny ligand. The
remaining (cis-positioned) coordination sites are occupied by
labile ligands such as acetonitrile. The electronic and steric
properties of the ligand environment could be altered by
attaching alkyl substituents to the pyridine rings of the
ligands, which modulated the spin state of the complexes.
Even enantioselective cis-dihydroxylation with an ee up to
82% has been reported using a chiral analogue of bpmen.'”
The complexes use hydrogen peroxide as oxidant and catalyze
the oxidation of a range of olefins with high efficiency. At the
same time, these complexes catalyze olefin epoxidation and the
actually observed epoxide to cis-diol ratios differ widely
amongst the reported examples.!” These two reactions are
closely related and the availability of two cis-positioned vacant
sites was proposed as a necessary requirement for both types
of reactivities.®® The product ratio was found to be dependent
on the adopted ligand topology and the spin state of the metal
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center.®*17® These factors influence the fate of an implicated
Fe™-OOH intermediate such that low spin intermediates
generally yield more epoxide and high-spin intermediates more
cis-diol. This iron(m)-hydroperoxide is formed by an initial
one-electron oxidation of the ferrous complex to an Fe™-OH
species. The latter species then reacts with more H,O, to
generate the olefin oxidation catalyst.®® Depending on the
spin-state of this intermediate, two pathways have been
proposed, i.e. a water-assisted (wa) pathway for the epoxide
selective catalysts and a non-water-assisted (nwa) pathway for
the diol selective catalysts (Fig. 30).6*!7°

Isotopic labeling studies using either H,'%0 or H,'%0, have
proven particularly insightful and the mechanistic considera-
tions rely heavily on the results obtained from these experi-
ments. Labeling experiments suggest that in the wa-pathway
0O-O cleavage must occur prior to substrate oxidation and
hence a HO-FeY=—0 oxidant is proposed. This high-valent
oxoiron(Vv) species is derived from the experimentally observed
Fe'"-OOH intermediate. The low-spin iron center of this
species weakens and activates the O-O bond.'”® Pre-
equilibrium water binding to the adjacent vacant site further
activates the hydroperoxide and promotes O—O bond hetero-
lysis by the formation of a hydrogen-bonded five-membered
ring species.®® The thus generated HO-FeY=—0 oxidant would
allow for incorporation of oxygen atoms from both the
oxidant and water in both the epoxide and cis-dihydroxylation
products, consistent with the isotopic labeling studies. DFT
computational studies are consistent with the proposed wa
pathway and furthermore suggest that epoxidation or cis-
dihydroxylation results from initial attack of the olefin by
the oxide or hydroxide of the common HO-Fe¥Y—0 oxidant,
respectively.!”

The mechanism of the nwa-pathway is less clear and direct
attack of the olefin by the Fe'"-OOH intermediate has been
suggested.!” Labeling experiments show that both oxygen
atoms in the cis-diol product derive from one single molecule
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Fig. 30 Proposed pathways for the oxidation of olefins by non-heme
iron catalysts.

of H,0O,. The nature of the oxidants in the two different
pathways thus differs significantly. Competition experiments
have furthermore shown that the oxidant in the wa-pathway
has an electrophilic character (preferentially oxidizing the
more electron-rich olefins), whereas in the nwa-pathway a
nucleophilic oxidant (oxidizing the more electron-deficient
olefins) is generated.'’® The observed electrophilic character
in the wa-pathway is consistent with the proposed
HO-Fe"=0 oxidant.

In addition to the tpa and bpmen complexes and derivatives
thereof, other complexes capable of cis-dihydroxylation have
also been reported (Fig. 31)."1771° The iron complex
derived from N3py-R reported by Feringa and co-workers
shows comparable reactivity to the original tpa and bmpen
systems.'”” Interestingly, the stercoselectivity of the reaction
was solvent-dependent in this particular case, i.e. cis- or trans-
diol was obtained from acetonitrile or acetone solutions,
respectively. 0 Labeling studies in acetonitrile are in agree-
ment with the mechanistic scheme detailed above. In acetone,
however, labeling studies suggested that the solvent is the
likely source of one of the oxygens in the trans-diol product
and thus is actively involved in a competing mechanistic
pathway.'”” A mixture of cis- and trans-diol products was
also observed, in addition to epoxide formation, in the anae-
robic oxidation of cyclooctene with a bispidine-iron(i1)/H»O»
system in acetonitrile.'®" In contrast to the previous systems,
the ancillary ligand is a pentadentate N5 ligand. In this case,
the diol formation was proposed to arise from yet another
pathway not previously observed in non-heme iron-based
oxidation catalysis. A low-spin iron(1)-hydroperoxide inter-
mediate is believed to undergo homolysis of the O-O bond,
yielding an oxoferryl species and a hydroxide radical. Attack
of the substrate by [Fe'Y=—0)] yields a radical species which can
recombine with the hydroxide radicals to give a mixture of
cis- and trans-diols.'®°

Recently, examples have been reported that use tridentate
ligands with an N,N,O-donor set to more closely mimic the site
of the mononuclear iron center in the Rieske dioxygenases
(Fig. 31). Oldenburg et al. use the ligand Ph-dpah, which
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Fig. 31 Ligands featured in iron olefin epoxidation and cis-dihydroxyl-
ation catalysts.
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features an amide carbonyl atom as the oxygen donor atom, to
obtain the most selective cis-dihydroxylation catalyst reported
to date.'”™ The ferrous complex [Fe''(Ph-dpah),](OTf), is
centrosymmetric with two facially coordinated ligands result-
ing in a six-coordinate iron center. Although coordinatively
saturated, the complex is an excellent olefin cis-dihydroxylation
catalyst, oxidizing a range of olefins. To account for
the observed reactivity, complete dissociation of one ligand
to give three sites available for exogenous ligand binding
was proposed.'”® The observation of both doubly (64%)
and singly (33%) labeled cis-diols lead to the proposal
of an Fe"(O)(OH)(OH,) intermediate as the oxidizing
species.'”®

In a related contribution, Klein Gebbink and co-workers
showed that iron complexes of the neutral propyl ester analo-
gue of 3,3-bis(1-methylimidazol-2-yl)propionate (MIm,PrPr)
also show good epoxidation and cis-dihydroxylation
activity.'*® Two different coordination modes of the ligand
were observed. In [Fe(MIm,PrPr),](OTf), the ligands are
facially coordinated with an N,N,O-donor set similar to the
complex [Fe''(Ph-dpah),](OTf),, whereas in [Fe(MIm,PrPr),-
(MeOH),](OTf), a bidentate N,N-binding of the ligands re-
sults in a complex more similar to the tpa derived iron
complexes. Despite the overall structural resemblance between
[Fe(MIm,PrPr),](OTf), and [Fe(Ph-dpah),](OTf),, there is a
remarkable difference in product selectivity in olefin oxidation
as [Fe(MIm,PrPr),](OTf), seems to slightly favor epoxida-
tion.'#® As in the Rieske dioxygenases, the polydentate ligand
L (3-(dipyridin-2-yl-methyl)-1,5,7-trimethyl-2,4-dioxo-3-aza-
bicyclo[3.3.1]nonane-7-carboxylate) in the mononuclear
iron(i1) complex [Fe"(L)CI] provides the metal with a biden-
tate carboxylate rather than carbonyl oxygen donor atoms as
in the previous two mimics.'** Less than one turnover of
product was obtained in the [Fe"(L)CI] mediated oxidation
of olefins and mainly epoxidation was observed with traces of
cis-diol formation. The small yields of diol were attributed to
partial loss of the chloride during the reaction to generate the
required cis-positioned labile sites. Indeed, removal of the
chloride ligand with silver triflate resulted in a dramatic change
from 50 : 1 (Cl) in favor of epoxide to 1 : 6 (OTY) in favor of the
diol in the oxidation of 1-octene with H,O,, although again
with less than one turnover of product. Labeling studies showed
that the oxygen atoms of the diol product were derived from
one molecule of H>O,, demonstrating that the system serves as
an exemplary dioxygenase model.'**

The insights obtained from enzymology and functional
models have played an important role in the design of bio-
inspired oxidation catalysts. The family of cis-dihydroxylation/
epoxidation catalysts mentioned before is just one
example of many biomimetic, non-heme iron oxidation cata-
lysts that use hydrogen peroxide as the oxidant. The recent
report of Chen and White on the selective C—H oxidation of a
broad range of substrates, which even include complex natural
products, by a small molecule non-heme iron oxidation
catalyst illustrates the tremendous potential of such systems
as a synthetic method in organic chemistry.'8! This topic is,
however, beyond the scope of this review and has further-
more been reviewed very recently and will therefore not be
discussed here.'¥’

5. Reaction intermediates

In many of the studies of both the enzymes and the model
systems discussed above iron—(hydro)peroxide and/or high-
valent iron(iv)—oxo or iron(v)-oxo intermediates are invoked.
Several efforts have been specifically devoted to the study,
isolation and characterization of these species to get more
insight into the spectroscopic and chemical properties of these
intermediates. These studies are discussed below.

5.1 TIron(m)-hydroperoxide and —peroxide species

Iron(mm)-hydroperoxide (Fe"™OOH) and iron(m)—peroxide
(Fe™0,) species are often suggested as intermediates between
the initial binding of dioxygen to iron and the formation of the
actual, active oxidant in many different heme and non-heme
iron biomolecules.” Examples for the latter category include,
for instance, the crystallographically observed side-on bound
peroxide adduct of naphthalene dioxygenase.>? In the Rieske
dioxygenases, the group of enzymes to which naphthalene
dioxygenase belongs, this intermediate has been proposed by
some authors to be the actual oxidant rather than a precursor
to a high valent iron-oxo oxidant (vide supra).'>" The crystal
structure of an end-on bound iron(in)—(hydro)peroxide inter-
mediate has also been recently reported for the first time.'®?
Three different peroxide species were actually observed in
three of the four subunits of the crystallographic homotetra-
mer. All of these were bound in an end-on fashion and were
studied further by ‘in crystallo’ Raman spectroscopy affording
valuable structural and geometric parameters. The inter-
mediates were trapped in the crystal of superoxide reductase,
a non-heme iron enzyme in which the metal center is coordi-
nated by four histidines and a cysteinate ligand. Superoxide
reductase converts the toxic superoxide radical anion into
hydrogen peroxide.

Since the first report of the generation of an Fe'OOH
intermediate with a model compound by Mascharak and
co-workers,'®* a number of mononuclear, non-heme iron(i)—
(hydro)peroxide complexes have been constructed with differ-
ent, mostly neutral, polydentate ligands such as N4py,'*
tpa,'®> H,bbpa,'®® Rtpen,'®” and bispidine-derived'®® ligands
(Fig. 32).”'®° These species are usually generated by the
reaction of an iron(i1) precursor with H,O, at low tempera-
tures. They have been characterized by a variety of spectro-
scopic techniques including resonance Raman, UV-Vis, EPR,
Moéssbauer and XAS spectroscopy and by mass spectrometric
methods, 184187.189-191

A crystallographically characterized example of a biomimetic
mononuclear non-heme iron(inn)—(hydro)peroxide is, however,
still lacking. The only example of an iron(ir) complex with a
coordinated peroxide group is the peroxocarbonate complex
[Ph4P][Fe(1,-CO.,)(quin),] that results from the reaction of an
iron—-hydroperoxide precursor with carbon dioxide (Fig. 33,
top).'”? The iron-hydroperoxide intermediate was obtained
from the reaction of the diferric complex [Fe(quin),(OH),]
with hydrogen peroxide in the presence of base. The study of
the peroxocarbonate complex also provided the first example of
reversible O-O bond cleavage and formation of a peroxide
group involving an iron(im) complex, which is proposed to
proceed through an high-valent iron—oxo species.'”
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Fig. 32 Some selected ligand systems that have been used to generate iron(ir)—(hydro)peroxide complexes.

The initially formed [Fe™(n'-OOH)(L)]"* complexes are
generally low-spin (S = 1/2), purple-blue species with one
LMCT absorption in the visible region at about 550-600 nm.
High spin [Fe™(n'-OOH)(L)]"* complexes have also been
obtained with the sterically hindered H,bppa ligand and the
anionic quin ligand (Fig. 32).'8¢1°? Isotope-sensitive Raman
vibrations around ~ 600 and ~ 800 cm ™' are characteristic for
these iron—hydroperoxide species, with the low-spin complex
generally displaying higher vg. o and lower vo o frequencies
than their high-spin counterparts.”'813¢ These observations
suggest that coordination to a low spin ferric center weakens
the peroxide bond and strengthens the Fe-O bond. '8

Some complexes, such as for example [Fe'"(n'-OOH)-
(Ndpy)?","*1%% but not all,"®® show reversible acid—base
chemistry (Fig. 33, bottom). The addition of base, such as
NHj; (aq), results in the formation of the conjugate base of the
complex. A side-on bound n>-peroxide structure is proposed
for the conjugate base, based on resonance Raman,

O,OH base 0—0
Flze“' - H* \Fé'”

Fig. 33 Top: Only available molecular structure of a mononuclear
iron complex with a peroxide group [PhsP][Fe'"(quin),(ky-COy)].
Bottom: Edge-on [Fe™(n'-OOH)"" to side-on [Fe'(n%-0,)]"~ "+
conversion.

Méssbauer, and DFT studies (Fig. 33, bottom).!®*!% The
[Fe™(n%-0,)(L)]" V" complexes are high-spin (S = 5/2)
ferric complexes and display a red-shifted electronic transition
compared to their protonated counterparts. The Raman
spectra show a shift of ~20 cm™' of the vo o vibration to
higher frequency and the v, o, vibration is found just below
500 cm~'. Addition of perchloric acid reverses the reaction
and restores the hydroperoxide species.!”> For side-on bound
peroxide complexes with the pentadentate N ligands, either a
seven-coordinate structure or a six-coordinate complex
formed by the dissociation of one of the nitrogen donors
could be envisaged to accommodate the n>O, moiety. The
significantly different properties of side-on peroxo complexes
with differently substituted bispidine ligands point to the
formation of seven-coordinate iron—peroxo complexes,'®® as
was suggested before.!8%194

In addition to the study of the structural characteristics of
these ferric (hydro)peroxides, establishing the reactivity of
these intermediates itself is essential as well, since in some
cases these species have been suggested to be the actual
oxidant rather than a precursor to an oxidizing species result-
ing from subsequent O—O bond cleavage.'®® Initial reactivity
studies already showed that the side-on [Fe"(n*-0,)(N4py)]
complex was relatively unreactive compared to its edge-on
[Fe''(n!-OOH)(N4py)]* " counterpart towards alkane sub-
strates.'®® This difference was attributed to the former species
being incapable of activating the O—O bond. The low reactiv-
ity is consistent with the electronic description of a side-on
bound peroxide to a ferric metal center, which indicates no
activation or weakening of the O—O bond.”

The reactivities of both the edge-on hydroperoxide and
side-on peroxide complexes themselves were studied by the
reaction between previously well-characterized, in situ gener-
ated complexes and stoichiometric amounts of various sub-
strates at temperatures at which the (hydro)peroxide
intermediates are stable.'®® [Fe!'(n%0,)]""P" complexes
were found to be active in a typical nucleophilic oxidation
reaction as the complex [Fe'(n?-0,)(tmc)] ™ was found to be
active in the deformylation of aldehydes.'**!'*7 No reactivity
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Fig. 34 Reactivity of mononuclear non-heme hydroperoxo— and
peroxo—iron intermediates in typical nucleophilic and electrophilic
oxidation reactions.

was, however, observed in typical electrophilic oxidation
reactions, such as the oxidation of sulfide or olefin (Fig. 34).

The same study showed that several different
[Fe'(n'-OOH)]"* complexes were not capable of deformylating
aldehydes at low temperatures nor were they active in electro-
philic reactions such as sulfide and olefin oxidation (Fig. 34).!%
Substrate conversion was only observed upon warming of
the reaction mixtures. These results indicate that an
[Fe™(n!-O0OH)]"* complex seems a sluggish oxidant as well
and, therefore, can not be the active species in sulfoxidation,
epoxidation or alkane hydroxylation reactions.'*®

5.2 High-valent non-heme iron—-oxo species

In many of the above reactions catalyzed by enzymes with the
2-His-1-carboxylate facial triad and in model systems, a high-
valent iron(iv)-oxo intermediate has been implicated as the
reactive oxidizing species. Such species have been character-
ized previously in several heme-containing iron enzymes and
more recently it has been detected directly in the a-ketoglutarate-
dependent mononuclear non-heme iron enzymes as well. A
high-valent iron(iv)-oxo species was first observed in the
mononuclear non-heme iron enzyme TauD.!” A combination
of stopped-flow absorption and freeze-quench Mdssbauer
spectroscopies together with resonance Raman and X-ray
absorption experiments allowed the assignment of the detected
intermediate as an iron(iv)-oxo with a high-spin § = 2
configuration. Such an intermediate has been subsequently
detected in prolyl-4-hydroxylase®' and in the related a-keto
acid dependent halogenase CytC3, in which the asp/glu ligand
of the triad is absent to create a site for halide coordination.?
In a recent contribution, spectroscopic evidence for a high-
spin Fe(1v) species has also been reported for a different

subfamily of the 2-His-1-carboxylate facial triad, as the
hydroxylating intermediate in the pterin-dependent enzyme
tyrosine hydroxylase was trapped and characterized with
stopped-flow absorption and freeze-quench Mossbauer
spectroscopies.''® These important findings show that this
species is also viable in an enzyme with a non-heme iron
active site.

At the same time, synthetic efforts were aimed at the
development of model systems with an Fe(iv)=—O group with
the aim of setting chemical precedents for the biochemical
transformations.>> A chronological perspective that led to the
isolation and characterization of the first such species has been
recently given by Que.'*® In 2000, the first evidence for such a
species in a mononuclear non-heme iron environment was
presented, albeit in low yield.'"”® Subsequently, in a landmark
paper in 2003 Que and co-workers presented the high-yield
synthesis and spectroscopic properties of the non-heme iron
complex [Fe'Y(0)(tmc)(MeCN)](OTf), with a terminal iron-
(1v)-oxo species.>* The remarkable stability of this species even
allowed crystallization and subsequent determination of a
high-resolution crystal structure of the complex (Fig. 35).
After this initial report, several more examples have appeared
of iron(iv)-oxo complexes. The crystal structure of one of
these, [Fe" (O)(N4py)](ClO,), has also been determined.?

These results incited many experimental and theoretical
studies>>? into the spectroscopic properties, 2’ coordination
chemistry?®*?%5 and reactivity'®*2°62% of these high-valent iron
complexes. Several routes have been developed to obtain the
desired high-valent complexes. These generally involve the reac-
tion of an iron() precursor with oxidants like peracids,®®
iodosylbenzene,24 peroxides,zm and even an example has been
reported that uses dioxygen!! as the oxidant. In other cases, the
species is obtained by decomposition of an alkyl- or hydroperoxo
species by O-O bond homolysis.2!%*'? A recent survey of results
that implicate or establish the involvement of oxoiron(1v) species
in biomimetic oxidations is available.?®

The pale-green species are generally characterized by an
electronic absorption with low-intensity in the near-IR region.
This spectroscopic signature has been proven to be very
convenient for the detection of such species and was found
to be quite sensitive to alterations in the ligand environment
of the mononuclear iron center. An MCD analysis of
[Fe™(0)(tmc)(MeCN)](OTf), showed that these bands were

Fe'V(0)(Napy)12*

iFe!V(0)tme)(MeCN)2+

Fig. 35 Molecular structures of the cations of the two crystallo-
graphically characterized Fe(1v)=—O complexes.
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associated with ligand field transitions expected of a low-spin
iron(tv) center with C,, symmetry.?’! Further characte-
ristics are a short Fe-O bond of 1.646 and 1.636 A for
[Fe'Y(0)(tme)(MeCN)J(OTf), and [Fe'Y(O)(N4py)|(ClO,),,
respectively, and Mdssbauer parameters characteristic of an
S = 1 ground state.>> The latter feature contrasts with the
high-spin S = 2 detected in the enzymes and can be attributed
to the stronger ligand field that is brought about by the all-N
ligands in the model complexes compared to the weaker ligand
field exerted by the 2-His-1-carboxylate ligand combination. A
noticeable exception is the (only) S = 2 Fe(1v)=0O complex
generated the reaction of [Fe(H,O)q]* " with ozone in acidic
aqueous media (vide infra).>'* DFT calculations correlate well
with the experimental description of these species and show
that the electronic structure of the iron—oxo unit is dominated
by very strong and highly covalent interactions.’® The
thermal stabilities of these complexes differ widely, ranging
from seconds to days at room temperature.'*® The complexes
with nonplanar tetradentate ligands tpa and bpmcn, for
instance, are much less stable than the complexes with the
macrocyclic, planar tmc ligand or the pentadentate N4py
ligand. Another interesting and somewhat counterintuitive
observation'®® is the decrease in thermal stability that is
observed when cis-monoanionic ligands are introduced in
oxoiron(iv) complexes of tpa.?%*

Recently, the formation of iron(iv)-oxo complexes in
aqueous solution under conditions has been
reported.?*>21321% The generation of such a species and the
study of its reactivity provided critical insight into the nature
of the oxidant in the classical Fenton reaction, i.e. the reaction
between Fe'' and H,0, in water. An Fe(1v)—O species has
sometimes been invoked as an alternative to the hydroxyl
radical as the reactive oxidant, but studies on the reactivity of
iron(rv)—oxo complexes under Fenton conditions unambigu-
ously ruled out the involvement of this species as the actual
oxidant.*"?

With the structure of the non-heme iron(1v)-oxo species
firmly established by the crystallographic results described
above, the reactivity of these complexes was subsequently
tested in various reactions. The reactivity of mononuclear
non-heme iron—oxo complexes in oxygenation reactions is
discussed in a recent account.?'® The first evidence for oxygen
atom transfer by a non-heme iron(iv)-oxo species was
provided by the quantitative oxidation of triphenylphosphine
to triphenylphosphine oxide by [Fe(O)(tmc)]**.2* The com-
plexes were also found to be active in, for instance, alkane
hydroxylation,?°%2'¢ olefin epoxidation,?*®>*® alcohol oxida-
tion,?” sulfide oxidation®'*'® and oxidative N-dealkylaltions219
(Fig. 36). The latter reactivity, for instance, mimics the
reactivity of the Escherischia coli AlkB protein, an
a-ketoglutarate-dependent non-heme iron enzyme that plays
an important role in alkylated DNA damage repair and for
which a high-valent iron—oxo species has been proposed as the
oxidizing species.”

The complex [Fe'(0O)(N4py)](ClOy), was even found to be
capable of oxidizing the unactivated C—H bonds of cyclo-
hexane at room temperature.>'® This result shows that the
Fe(1v)=—O0 unit has sufficient oxidizing power to cleave alipha-
tic C—H bonds®'® and it has been calculated to be even more

various
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Fig. 36 Diversity in oxidation reactions mediated by non-heme Fe(1v)
complexes (adapted from Nam?'%).

reactive than the corresponding iron(1v)—oxo porphyrin cation
radical of P450 (Compound I).>*° Furthermore, a large KIE of
>30 was observed in the hydroxylation of ethylbenzenes,
which implies that the C—H bond activation by these iron-
(1v)—oxo species occurs via a hydrogen atom abstraction
mechanism. Similarly large KIEs were observed in H-abstraction
reactions catalyzed by TauD.5®

Whereas in all reported systems artificial oxidants such as
peracids, iodosylarenes and hydroperoxides were used in the
oxidation reactions, in one case catalytic oxidation of several
organic substrates was brought about by using dioxygen as the
primary oxidant. The reaction of [Fe'(tmc)(OTf),] with
dioxygen in a solvent mixture of acetonitrile and butyl ether
resulted in the formation of an oxoiron(1v) intermediate
capable of oxidizing PPh;, thioanisole and benzyl alcohol
without the need to add an external reductant.?"’

In many studies, the incorporation of labeled oxygen ('*0)
from isotopically labeled water (H,'%0) into oxidation products
has been considered as evidence for the involvement of high-
valent Fe(1v)=O intermediates in oxygen-atom transfer reac-
tions. Nam and co-workers provided direct evidence for the
oxygen-atom exchange between non-heme oxoiron(iv) com-
plexes and isotopically labeled water and reported the direct
measurement of the rates and activation parameters of this
important oxygen exchange reaction.?®® In addition, Nam and
co-workers reported the intermetal transfer of oxygen between
non-heme iron complexes. The transfer of oxygen from an
iron(1v)-oxo to an iron(i1) complex was found to be dependent
on the oxidizing power of the iron(iv)-oxo complex.?"’

The development, characterization, and reactivity studies on
biomimetic iron(iv)—oxo complexes has provided strong cre-
dence to the mechanisms proposed for the non-heme iron
enzymes.

A high valent Fe(v)=0 oxidant has been proposed by some
authors for the oxygen activation mechanism of the Rieske
dioxygenases only (vide supra).” In contrast to the structurally
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characterized Fe(1v)=—O species, no direct evidence has been
reported yet for the proposed HO-Fe(v)=—O oxidant.
Mechanistic studies, in particular isotopic labeling experi-
ments, on bio-inspired cis-dihydroxylation'’”® and alkane
hydroxylation catalysts,'"””**! however, strongly implicate
the involvement of such an oxidant in these systems. The
involvement of an iron(v)—oxo has also been suggested in the
self-hydroxylation of different perbenzoic acids by a non-heme
iron complex'® and in a regioselective ligand oxidation.'>®

Experimentally observed low-molecular weight iron(v)
models are, however, exceedingly rare. Wieghardt and
co-workers reported a mononuclear non-heme iron(v)-nitrido
complex, which was generated by the photolysis of an
azidoiron(i) precursor.”***** In an exciting recent develop-
ment, the first chemical and spectroscopic evidence for an
FeV—oxo complex was reported.”® The reaction of the
[PPhy][Fe™(taml)(H,O)] with the oxygen donor m-chloro-
perbenzoic acid resulted in the nearly quantitative synthesis
of a green species, which was identified as [Fe(taml)(O)]".
Mass spectrometry, Mdssbauer, EPR and X-ray absorption
(Fe K-edge and EXAFS) spectroscopies all pointed to the
formulation of [Fe(taml)(O)]” as a genuine iron(v)-oxo
species. The deprotonated tetraamido macrocyclic ligand
(taml) offers four exceptionally strong amido-N o-donors to
the iron, which allows for the stabilization of the high-valent
FeY-oxo complex.?® The long-lived species is stable over a
month at 77 K. The iron(v)-oxo was found to exhibit a low
spin (S = 1/2) d* configuration. Its chemical reactivity
furthermore characterized it as a strongly oxidizing iron—oxo
complex capable of oxo-transfer, including oxygen atom
insertion reaction into C—H bonds, and electron-transfer
reactions. These results show that such high-valent iron—oxo
species can be obtained in a non-heme iron environment and
as such provide credence to the mechanism involving iron-
(v)—oxo intermediates proposed for the Rieske dioxygenases.”
Furthermore, the iron—taml systems are efficient green oxida-
tion catalysts, capable of decomposing of numerous pollu-
tants.?>*??> The characterized Fe¥(O) species is the likely
reactive intermediate in these reactions.?®

6. Concluding remarks

The recent explosion in crystallographically characterized
non-heme iron enzymes has firmly established the 2-His-1-
carboxylate facial triad as a common platform for dioxygen
activation in Nature. The breadth of oxidative transforma-
tions is stunning and many reactions do not have a precedent
in synthetic organic chemistry. New members of the family are
reported at a remarkable pace, which illustrates both the
ubiquity and the versatility of the triad. This holds great
promise for the future and without doubt new systems that
mediate exciting new chemistry will be discovered. In terms of
mechanistic understanding of these reactivities, great strides
have been made by complementary, parallel studies of
enzymes and their biomimetic model complexes, with notable
achievements such as the detection and crystallization of
iron(1v)—-oxo species. Many questions still remain, however,
that concern the steps that follow initial dioxygen binding and
lead to product formation. The elaborate studies of synthetic

functional analogues have contributed greatly to our under-
standing of these enzymes. The recent developments towards
the synthesis of even more precise high-fidelity structural and
functional models promise further progress in this field and
may ultimately lead to the development of synthetically useful
catalysts.
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