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1. Introduction

There have been significant advances in our un-
derstanding of mononuclear nonheme iron oxygena-
ses since our 1996 Chemical Reviews article,! pro-
moted in large part by the many crystal structures
that have been solved for enzymes in this class, the
development of sophisticated spectroscopic and com-
putational approaches to probe these nonheme sites,
and the discovery of a number of functional biomi-
metic systems that shed light on how iron centers in
such active sites carry out the activation of dioxygen
to effect a diverse range of oxidative transformations.
Pertinent recent reviews on this topic include those
by Nordlund focusing on the structures of nonheme
iron enzymes with oxygen/nitrogen coordination? and
by Solomon focusing on insights derived from spec-
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troscopic and computational methods.®# In this re-
view, we compile and analyze the relevant informa-
tion obtained mainly in the past 10 years from
structural biology, mechanistic enzymology, physical
methods, and synthetic chemistry to demonstrate the
powerful synergy among these approaches in enhanc-
ing our comprehension of how the iron centers in
these enzymes function in dioxygen activation.

2. Iron(lll) Dioxygenases: Enzymes That Function
by Substrate Activation

2.1. Intradiol-Cleaving Catechol Dioxygenases

Bacterial catechol dioxygenases are enzymes found
in a diverse range of soil bacteria and are responsible
for the last step in the biodegradation of aromatic
molecules in the environment. These enzymes con-
vert dihydroxybenzenes into nonaromatic, acyclic
compounds, which are then utilized as carbon sources
for cell growth.135-10 Catechol dioxygenases catalyze
the oxidative cleavage of an aromatic double bond in
a catechol molecule, inserting both oxygen atoms
from an O, molecule into the product. Depending on
the position of the cleaved double bond relative to the
hydroxyl groups, catechol dioxygenases can be split
into two families: the intradiol-cleaving catechol
dioxygenases, which cleave the carbon—carbon bond
of the enediol moiety, and the extradiol-cleaving
catechol dioxygenases, which cleave adjacent to the
enediol (Figure 1). Although these enzymes share
similar substrates, the intradiol- and extradiol-cleav-
ing enzymes exhibit near exclusivity in their oxida-
tive cleavage products, suggesting that there are two
different mechanisms for cleavage. Furthermore,
intradiol-cleaving catechol dioxygenases use an [Fe'"-
(His)2(Tyr),] active site, while extradiol-cleaving cat-
echol dioxygenases contain a [M'(His),(Asp/Glu)]
active site,%87 typically iron(11) but manganese(ll) in
a few cases.1!"14

Because of the rich spectroscopic properties of the
iron(111) ion, intradiol-cleaving enzymes represent the
first and most thoroughly studied subclass of non-
heme iron oxygenases. Within this subclass, the most
extensively investigated is protocatechuate (3,4-di-
hydroxybenzoate) 3,4-dioxygenase (3,4-PCD). Crys-
tallographic information is available for a number of
complexes of 3,4-PCD from Pseudomonas putida,
including the as-isolated state,'>'¢ several enzyme—
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substrate complexes,'”'® and many complexes with
inhibitors.'® Crystal structures for the related cat-
echol 1,2-dioxygenase from Acinetobacter sp. ADP1
in its as-isolated and substrate-bound forms have also
been solved.?° The crystal structure of as-isolated 3,4-
PCD reveals a trigonal bipyramidal iron center!®16
with four endogenous protein ligands, namely His460,
His462, Tyr408, and Tyr447 (Figure 2A). The fifth
coordination position, situated in the trigonal plane,
is occupied by a solvent-derived ligand, identified to
be hydroxide on the basis of EXAFS analysis and
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Figure 1. Intradiol versus extradiol cleavage reaction.
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Figure 2. Active sites of (A) as-isolated 3,4-PCD (2PCD-
.pdb) and (B) its enzyme substrate complex (3PCA.pdb).

thus giving rise to a charge-neutral iron(l11) active
site.?!

The structure of the enzyme—substrate complex of
3,4-PCD reveals that substrate binding to the iron
center results in the displacement of the hydroxide
and the axial Tyr447 residue.'”'® The catechol do-
nates both its protons to the displaced ligands and
chelates to the metal center as a dianionic ligand
(Figure 2B). The two Fe—Ocatecholate DONAS are trans
to His460 and Tyr408, respectively, and differ by at
least 0.2 A in length, presumably due to the distinct
trans effects exerted by the histidine and tyrosinate
groups. This asymmetric chelation is proposed as a
key feature of the catalytic mechanism.

When the crystallographic information is combined
with the wealth of pre-existing spectroscopic data, a
clear picture emerges of the enzyme active site during
catalysis to validate the substrate activation mech-
anism proposed nearly 30 years ago (Figure 3).22 This
novel mechanism was postulated on the basis of
spectroscopic data that showed the metal center
retaining its iron(l11) character throughout the cata-
lytic cycle.?>2% The lack of spectroscopic evidence for
the participation of the iron(l1) oxidation state strongly
suggested that O, does not first bind to the metal
center but instead must attack a different site.
Support for this notion derived from the lack of
reactivity of the enzyme—substrate complex with the
O, surrogate NO, unless the metal center was first
reduced by added reductant.?®?” These observations
led to the proposal that the role of the iron(111) center
is the activation of the catechol substrate for direct
interaction with 0,.2228.29 According to the proposed
mechanism in Figure 3, the first step is the binding
of the catecholate substrate to the iron(ll1) center,
displacing the hydroxide and the axial Tyr447 resi-
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Figure 3. Proposed reaction mechanism for intradiol-
cleaving catechol dioxygenases.

Figure 4. Key model complexes for intradiol-cleaving
catechol dioxygenases: (A) [Fe!''(Mesg-SALEN)(OH,)]*, (B)
[Fe"'(TPA)(DBC)J*, and (C) [Fe!''(L-NsMe,)(catecholate)]*.

due to generate a square pyramidal [Fe(His)2(Tyr)-
(«?-catecholate)] complex. The covalency of the iron-
(1)—catecholate interaction introduces semiquinonate
radical character to bound substrate and makes it
susceptible to O, attack, generating a transient
alkylperoxoiron(l11) intermediate. Alkylperoxo inter-
mediate D then undergoes a Criegee-type rearrange-
ment to form muconic anhydride E, and the Fe!''—
OH species thus formed acts as the nucleophile to
convert the anhydride into the ring-opened product
F.

Bioinorganic chemists have been quite successful
in developing model complexes that mimic the struc-
ture, function, and spectroscopy of these enzymes.3°
Models for the as-isolated 3,4-PCD active site have
relied on the use of tetradentate ligand structures
corresponding to the endogenous His,Tyr, donor
set.31735 Particularly impressive is a recent effort by
Fujii,®® who has synthesized the complex [Fe(Mese-
SALEN)(OH)](ClO,4), where Mess-SALEN is a steri-
cally bulky version of the previously much used
SALEN ligand, bis-(3,5-dimesitylsalicylidene)-1,2-
dimesitylethylenediamine (Figure 4A). The steric
interactions introduced by the bulky mesityl groups
presumably destabilize the usually preferred planar
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topology of the salen ligand and allow the metal
center to adopt a more trigonal bipyramidal geometry
(r = 0.48), like that found in the 3,4-PCD active site
(r = 0.44).1% Thus, the axial Fe—Opnenolate bONd is
longer than the equatorial Fe—Oppnenolate bONd, giving
rise to two distinct phenolate-to-iron(l11) charge-
transfer bands and two different vc_o features in its
Raman spectrum, as observed for 3,4-PCD.3" The
aqua complex could be titrated with base to form the
corresponding hydroxo complex, with an estimated
pKy of 7 in THF/H,O. Interestingly, the hydroxo
complex remains mononuclear, as the steric bulk of
the mesityl substituents prevents formation of the
(u-oxo)diiron(111) complex that is the thermodynamic
sink for many Fe(SALEN) derivatives. This complex
thus serves as the best structural and spectroscopic
model to date of the as-isolated 3,4-PCD active site.

Despite their structural correspondence to the
active site of 3,4-PCD, catecholate complexes with
phenolates in the ligand set display rather disap-
pointing catecholate oxidation reactivity.31~333538 The
rates of oxidation are low, and the main product
obtained in the reaction is typically the two-electron
oxidation product benzoquinone. This poor behavior
may be ascribed to the low Lewis acidity of the metal
ion in this ligand environment (vide infra).

The first functional models for catechol dioxyge-
nases that yielded significant fractions of oxidative
cleavage products were reported by Funabiki,3*4° who
employed a combination of FeCl,, pyridine, and
bipyridine to elicit the desired reactivity. Interest-
ingly, both intradiol and extradiol cleavage products
were produced. Unfortunately, due to the use of
mono- and bidentate ligands, it has been difficult to
establish the precise chemical composition of the
cleavage catalyst. Subsequently, tetradentate ligands
were used to synthesize discreet [Fe'''(L)(catecholate)]
complexes (Figure 5, Table 1), and many of these
have been structurally characterized (Figure 4).
These complexes react with O, to afford intradiol
cleavage products in high yield. It is clear that
muconic anhydride E (Figure 3) must be the common
intermediate that is formed, which is then easily
ring-opened by available nucleophiles like hydroxide
or amines in the reaction mixture to afford the
products observed.

Following the initial observations of Weller and
Weser,* Que and co-workers carried out the first
systematic study of such functional models for intra-
diol-cleaving catechol dioxygenases (Table 1).2829.384243
The functional groups on the tetradentate tripods
were systematically varied from phenolate to car-
boxylate to pyridine to alter the electron-donating
properties of the ligand, which in turn modulated the
Lewis acidity of the iron(lll) center. The changing
Lewis acidity of the metal center could be conve-
niently followed by the positions of the two catecho-
late LMCT bands in the UV—vis—NIR spectra of the
complexes.* Increasing the Lewis acidity of the iron
center led to a red shift of these transition maxima,
indicating that the metal acceptor (t) orbitals
decreased in energy to approach the ligand donor
orbitals in energy. The more red-shifted the catecho-
late LMCT band, the faster the reaction of the
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Figure 5. Ligands used for functional models for the intradiol-cleaving catechol dioxygenases.

complex with O, and the higher the yield of the
intradiol cleavage product.

From this series of [Fe(L)(catecholate)] complexes
was obtained the first insight into the substrate
activation reaction mechanism for the intradiol-
cleaving catechol dioxygenases. The red shifts of the
LMCT bands in the more reactive complexes sug-
gested that the Lewis acidity of the iron(l1l) center
was a major factor in promoting reactivity. However,
the Lewis acidity of the metal center by itself was
not sufficient, since the Ga'" analogue of the most
reactive Fe''"TPA complex showed no activity;?8 this
observation suggested that the metal ion should be
redox active as well. It has been proposed that a
Lewis acidic and redox-active metal center can
enhance the reactivity of the bound catecholate by
increasing its radical character. The increased radical
character can be demonstrated by NMR spectroscopy

from the observation of upfield shifts of the catecho-
late protons in the more reactive complexes; these
unusual, upfield shifts have been ascribed to the
increasing semiquinonate character of the bound
catecholate as a result of an increased covalency in
the metal—catecholate interaction. This is not sur-
prising since the triplet ground state of O is Kineti-
cally inert toward substrates that contain a closed-
shell electronic structure but is an excellent trap for
species with radical character.®> Since the semi-
guinonate state is responsible for the interaction with
O, the lower the energy difference between the iron-
(I1)—catecholate ground state and the iron(ll)—
semiquinonate excited state, the more they can mix,
and consequently, the higher the reaction rate. The
observed trend strongly suggests that more Lewis
acidic centers have more (semiquinonato)iron(ll)
character.
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Table 1. Biomimetic Iron(l11) Complexes That Carry Out Intradiol Cleavage of 3,5-Di-tert-butylcatechol

lmax. nm kobs; o2 (M71 Sfl),

complex (solvent) (solvent) ref
[Fe(BPMA)(DBC)]~ n.ra 35
[Fe(salen)(DBC)]~ 637 (DMF) (4—6 days) 38
[Fe(HDP)(DBC)] 476, 726 (DMF) 0.0033 (DMF) 28
[Fe(NTA)(DBC)]*>~ 408, 622 (CH3CN) 0.037 (DMF) 28
[Fe(PDA)(DBC)]~ 444, 688 (CH3CN) 0.043 (DMF) 28
[Fe(BPG)(DBC)] 488, 764 (CH3CN) 0.18 (DMF) 28
[Fe(TPA)(DBC)I* 568, 883 (CH3CN) 15 (DMF) 29
[Fe(BPIA)(DBC)]* 558, 865 (CH3OH) 4.3 (CH3;OH) 51
[Fe(BQPA)(DBC)]* 582, 957 (DMF) 0.13 (DMF) 52
[Fe(6-Me,-BPMCN)(DBC)]* 598, 950 (MeCN) <1075 (CH3CN) 55
[Fe(6-Me5-TPA)(DBC)]" 600, 1020 (MeCN) 7.8 x 1075 (CH3CN) 55
[Fe(6-Me,-TPA)(DBC)]* 583, 962 (MeCN) 0.09 (DMF) 61
[Fe(Me-TPEN)(DBC)1*" 560, 935 (DMF) 0.28 (DMF) 52
[Fe(BPMEN)(DBC)]* 550, 925 (DMF) 0.026 (DMF) 52
[Fe(4-Cl,-BPMEN)(DBC)1* 557, 941 (DMF) 0.16 (DMF) 52
[Fe(L-NsMez)(DBC)]* 553, 784 (CH3CN) 0.38 (CH3CN) 54
[Fe(L-N4H2)(DBC)]* 553, 744 (MeOH), 8.6 (MeOH), 56

546, 753 (MeCN) 48 (MeCN)

[Fe(cyclam)(DBC)]* 500, 769 (CH3CN) n.r. 62
[Fe(SS-CTH)(DBC)I* 529, 833 (CH3CN) n.r. 62

an.r. = no reaction.

Figure 6. Crystal structure of the O, adduct of [Ir-
(triphos)(phenanthrene-9,10-diolate)]*.

Studies of the O, reactivity of Rh""' and Ir'"" cat-
echolate complexes with phosphine ligands support
the mechanistic notions discussed above, despite the
non-biomimetic nature of the metal centers and
ligands used.*¢4° Formation of O, adducts to these
diamagnetic but coordinatively unsaturated d°®
complexes was observed, and crystal structures of
key intermediates were obtained. The reaction of
[Rh"!(triphos)(DBC)]* (triphos = CH3C(CH,PPh,)s;
DBC = 3,5-di-tert-butylcatecholate dianion) with O,
forms a reversible diamagnetic adduct formulated as
[RhM(triphos)(DBSQ)(0,7)] (DBSQ = 3,5-di-tert-bu-
tylcatecholate semiquinone anion); it is proposed that
the dioxygen moiety is bound as a superoxide and
the catechol has been oxidized to the semiquinone
oxidation state, which corresponds to structure C in
Figure 3.6 However, crystal structures of the adducts
to [Ir''(triphos)(catecholate)] (Figure 6) and [Rh''-
(PPh3),(catecholate)(Cl)] complexes show the bound
O, going one step further in the mechanism by
attacking the bound catecholate to form a tridentate
alkylperoxo species ligated to the metal center,
analogous to D in Figure 3.474°

A number of other complexes have been synthe-
sized and investigated subsequent to the systematic
study by Que and co-workers (Table 1).333550755 |n
general, the results support the mechanistic hypoth-
esis, although there is not necessarily a one-to-one
correlation between the energy of the LMCT bands
and reactivity due to differences in the nature of the
pendant ligands and the topologies of tetradentate

ligands employed. For example, steric shielding of the
complex results in lower reaction rates; [Fe!"'(TPA)-
(DBC)]" reacts with O, >10° times faster than the
analogous 6-methyl-substituted complex [Fe''(6-Mes-
TPA)(DBC)]*. Considerations about the spin state of
the iron center and the asymmetry between the Fe—
Ocat bonds have also been recently raised.>>%¢ Clari-
fication of these reactivity factors requires further in-
depth study. These studies have also shown that
catecholates besides DBCH, (DBCH;, = 3,5-di-tert-
butylcatechol) can be oxidized, albeit at expectedly
slower rates.59:5556

While most of the model complexes prepared thus
far have been investigated only under conditions of
stoichiometric oxidation, the few complexes studied
in the presence of excess substrate have been found
to exhibit catalytic behavior. The first example,
reported by Weller and Weser,* consisted of the Fe'"'-
(NTA) complex in a pH 9 borate buffer (to inhibit the
2e~ oxidation of DBC to its quinone form). Although
the oxidative cleavage reaction required days, a good
yield of the intradiol cleavage product was obtained.
Faster-reacting systems, identified more recently,
carry out the oxidative cleavage of DBCH; in the
presence of 1% iron catalyst. Krtiger and co-workers
found that [Fe(L-N4Mey)(CH3CN),]®t (Figure 4C)
converted 54% of the DBCH, into muconic anhydride
after 30 h,> while Krebs and co-workers reported
that [Fe(BPIA)(CH3;CN),]*" afforded 80% yield of the
intradiol-cleaved anhydride in 12 h.5! Girerd and co-
workers removed the N-methyl groups of Kruger’s
L-N4sMe; ligand and elicited catalytic rates 2 orders
of magnitude faster but obtained a 1:1 mixture of
intradiol and extradiol cleavage products.®® The
relationship between intradiol and extradiol cleavage
mechanisms will be addressed in section 3.1.

Funabiki and co-workers recently recognized po-
tential environmental applications for these model
reactions. Using the fast-reacting Fe(TPA) com-
plex),? they demonstrated that the catalyst was even
capable of cleaving otherwise inert chorocatechol
substrates (Figure 7).57 This reaction in fact models
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Figure 8. Active sites of soybean and rabbit lipoxygenases
and the respective reactions they catalyze.

the chemistry of chlorocatechol dioxygenases, intra-
diol-cleaving enzymes closely related to 3,4-PCD but
less well characterized.585° Funabiki also introduced
sulfonate groups into the TPA ligand to afford water-
soluble iron catalysts that oxidatively cleave a range
of water-soluble catechol substrates such as chloro-
catechols and protocatechuic acid.>”¢° However, ad-
dition of excess TPA ligand is required for these
reactions, and detailed structural characterization of
these metal complexes is lacking. Further studies
would be required in order to have a full understand-
ing of this highly active system.

2.2. Lipoxygenases

Lipoxygenases (LOs) are mononuclear nonheme
iron-containing enzymes, found in animals and plants,
which catalyze the regiospecific and stereospecific
dioxygenation of 1,4-diene units in fatty acids to the
corresponding hydroperoxides (Figure 8).363765 Plant
LOs generally act on linoleic acids, which are in-
volved in growth regulation and wound repair. Hu-
man LOs, on the other hand, catalyze the peroxida-
tion of arachidonic acid in the biosynthesis of
leukotrienes and lipoxins, compounds that have
implications in a number of inflammatory diseases
as well as cancer growth regulation.56-¢8

X-ray structures of several soybean lipoxygenases
in the as-isolated iron(ll) state reveal a high-spin
metal(ll) center with a distorted octahedral geom-
etry.®9=78 There are five amino acid ligands, the
imidazole N atoms of three histidine residues, a
carboxylate oxygen of the C-terminal isoleucine, and
the carbonyl oxygen of the amide of a weakly bound

Costas et al.
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Figure 9. Proposed lipoxygenase reaction cycle (as-
isolated soybean LO (1F8N.pdb) and Fe(l11)-OOR inter-
mediate (11K3.pdb)).

(38 A) aspargine, and the sixth site is occupied by a
solvent molecule (Figure 9A). Rabbit LO differs from
the soybean enzymes in that the aspargine residue
is replaced by a fourth, more strongly bound histidine
(Figure 8).7* Sequence homology suggests that other
mammalian enzymes have similar active sites. The
imidazole-rich active sites found in LOs give rise to
a high Fe''"'' redox potential, estimated to be ~0.6 V
vs NHE in soybean lipoxygenase,”® which is proposed
to be crucial for the catalytic role of the iron center
in this enzyme.

As for the intradiol-cleaving catechol dioxygenases,
it is the iron(I1l) form of LOs that is catalytically
active.”®”” The as-isolated iron(Il) form is activated
solely by oxidation with the fatty acid hydroperoxide
product.”® A typical reaction profile of the as-isolated
enzyme and substrate in the presence of air shows
an initial lag phase with no activity. This phase is
then followed by an increase in enzyme activity as
the fatty acid hydroperoxide, formed by nonenzymatic
autoxidation of the substrate, oxidizes the iron(ll)
enzyme to its active iron(111) form.”™ Active LO has
a high-spin six-coordinate iron(l11) metal center that
is characterized by an S = 5/, EPR signal, which is
axial in the soybean enzyme (g ~ 6) but rhombic
(g = 4.3) in the rabbit enzyme.”# This difference has
been attributed to the substitution of the weak Asn
amide ligand in the former with a much stronger His
ligand in the latter, a conclusion supported by site-
directed mutagenesis experiments.8® Active LO ex-
hibits a yellow chromophore (Amax = 350 nm, € = 2000
M-t cm™1) that arises from a hydroxo-to-iron(l11)
charge-transfer transition.”® The presence of a hy-
droxide at the sixth coordination site (Figure 9B) is
unequivocally established by the observation of a
short Fe—O distance (1.9 A) from EXAFS analysis
that can be attributed to the Fe'"'-OH bond.8!

A purple chromophore (Amax = 585 nm, ¢ = 1300
M~ cm™1) forms when active LO reacts with O, and



Dioxygen Activation at Mononuclear Nonheme Iron Sites

Chemical Reviews, 2004, Vol. 104, No. 2 945

Figure 10. Structures of (A) [Fe''(BPGm)(O,CCHz)(CH3;0OH)]™, (B) [Fe"(TNPA)(OH)(O,CR)]™, and (C) [Fe''(PY5)(OCHj3)]* .

substrate or with an excess of the hydroperoxide
product.®® The crystal structure of this purple meta-
stable species of soybean lipoxygenase-3 has been
recently solved,® showing that the site for the exog-
enous ligand is now occupied by an end-on-coordi-
nated alkylperoxo moiety (Figure 9C). This species
is thermally unstable and photolabile®®7¢ and repre-
sents a catalytically competent intermediate,®? which
releases the fatty acid hydroperoxide product to
regenerate the active Fe(ll11)—hydroxide form and the
fatty acid hydroperoxide.

Three structural features particular to the bioinor-
ganic chemistry of lipoxygenase have been modeled
by synthetic complexes. The first feature is the
coordination of Asn amide carbonyl oxygen, which is
quite unusual for the bio-coordination chemistry of
iron. The complex [Fe''(BPGmM)(O,CCHz3)(CH30H)]-
(BPh,) (BPGm = N-bis(2-pyridylmethyl)glycinamide)
was synthesized for this purpose. Its structure re-
veals an iron coordination sphere with three N
ligands, a carboxylate oxygen, an amide carbonyl
oxygen, and a methanol molecule (Figure 10A),%% a
ligand combination in good correspondence to that
found in soybean LO. The amide carbonyl oxygen has
an Fe—Oamige bond length of 2.185(6) A, much shorter
than the distance found in the enzyme and compa-
rable to the corresponding Fe—Ny, bond distance in
[Fe'(TPA)(O,C'Bu)(CH3OH)](BPh,). This result sug-
gests that the much longer Fe—0Oasn distance found
in the soybean enzyme is a result of protein structure
constraints.

The second novel structural feature of lipoxygenase
iron chemistry is the Fe'""'-OH unit, postulated to be
the agent that cleaves the doubly allylic C—H bond
of the substrate. Modeling this catalytically more
relevant Fe'""'-OH species is a challenge, due to the
strong tendency of this unit to form oxo-bridged
dimers.®* Ogo et al. succeeded by incorporating steri-
cally bulky neopentylamino groups onto the 6-posi-
tions of the pendant pyridines of the TPA framework
and obtained crystals of [Fe"'(TNPA)(OH)(O.CR)]-
ClO4s (TNPA = tris(6-neopentylamino-2-pyridylm-
ethyl)amine) (Figure 10B).858¢ Steric shielding of the
hydroxide group, as well as H-bonding interactions
with amine N—H groups from the ligand, accounts
for the stability of this molecule. The Fe—OH distance
of 1.873(5) A found for the synthetic complex com-
pares well with that of active soybean LO determined
by EXAFS analysis.?!

The third novel structural feature is the Fe''"'-OOR
purple intermediate.®? Until it was recently estab-
lished by the crystal structure of the enzyme—product
complex, the speculation that the purple chro-
mophore obtained upon addition of excess product to
the enzyme was an Fe!"-OOR complex was princi-
pally supported by model studies. This notion was
first illustrated in the reaction of [Fe"'(6-Mes-TPA)(«?-
0O,CPh)]BPh, with excess '‘BuOOH to form a tran-
sient pink chromophore (Amax = 510 nm, e = 2300 M1
cm™1).87 The chromophore was identified to be an
alkylperoxo-to-iron(l11) charge-transfer transition by
resonance Raman spectroscopy (see section 5.1), and
the intermediate was formulated as [Fe''(6-Mes-
TPA)(OO'BU)(O,CPh)]* on the basis of its electro-
spray mass spectrum.88

The [Fe!'(6-Mez-TPA)(x?>-0,CPh)]BPh, complex in
fact follows the sequence of transformations at the
LO metal center as outlined in Figure 9, making it a
good spectroscopic model for LO.88 Like the enzyme,
it is air stable and reacts with half an equivalent of
‘BUOOH at —40 °C to form a yellow chromophore.
The yellow chromophore was identified by EPR and
electrospray mass spectrometry to be [Fe!"(6-Mes-
TPA)(OH)(O,CPh)]*. Further addition of ‘BuOOH
afforded the metastable pink [Fe'''(6-Me3-TPA)(OO*-
Bu)(O,CPh)]" intermediate. The decay kinetics of the
latter was investigated by systematic variation of
para substituents on the benzoate. It was found that
the rate of decay of the intermediate increases with
the electron-withdrawing capability of the para sub-
stituent, consistent with irreversible Fe—OOR bond
homolysis to generate an alkylperoxyl radical and
Fe"', as proposed by DFT calculations.®

The most intriguing step of the lipoxygenase mech-
anism is the cleavage of a doubly allylic C—H bond
on the fatty acid substrate by the yellow Fe'''-OH
species. Kinetic studies of this transformation have
revealed an unusually large KIE of greater than 50,
indicating that C—H bond cleavage is the rate-
determining step above 32 °C and that the reaction
proceeds through a quantum-mechanical tunneling
pathway.?°~93 DFT calculations describe this process
as a proton-coupled electron transfer (PCET), with
the doubly allylic proton being extracted from the
substrate by the Fe''-OH moiety, followed by or
coincident with electron transfer from the substrate
anion to the iron(111) center.®* This C—H bond cleav-
age step is akin to those associated with higher-
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valent iron—oxo species such as those in cytochrome
P450 and methane monooxygenase in the hydroxy-
lation of alkane substrates, except that the metal
center is iron(l11) and the C—H bond is much weaker.

Model compounds demonstrate that the C—H ac-
tivation step proposed in the LO mechanism is quite
plausible.®>~97 Stack and co-workers prepared [Fe''-
(PY5)(CH30OH)|(OTf), (PY5 = 2,6-bis-((2-pyridyl)-
methoxymethane)pyridine), an air stable, high-spin
iron(11) complex with a remarkably high Fe""" redox
potential (0.930 V vs SHE).?>°” One-electron oxida-
tion afforded [Fe'"'(PY5)(OCH3)](OTf),, whose X-ray
structure (Figure 10C) reveals a rather short (1.78
A) Fe—OCH; bond, consistent with multiple bond
character and reminiscent of the short Fe—O bond
distance (1.88 A) found in soybean LO.8! This complex
oxidizes hydrocarbons with weak C—H bonds (BDE
(bond dissociation energy) = 75—88 kcal mol™1),
concomitant with its reduction. Kinetic studies dem-
onstrate that the reaction proceeds via a rate-
determining bimolecular collision between the iron-
(111) complex and the substrate with primary Kinetic
isotope effects (up to 6.5 for the oxidation of toluene
at 295 K in MeOH). Furthermore, a linear correlation
is obtained in a plot of log Kreac VS substrate BDE but
not for a plot of log Kreac VS substrate pK,, strongly
favoring a hydrogen atom abstraction mechanism.

Hydrogen abstraction reactions by organic radi-
cals,?®% transition metal complexes,1%0.101 and metal—
oxo complexes in particular®102103 generally follow
the Evans—Polanyi relationship, which states that,
in these types of reactions, the change in entropy is
independent of the reagents and that there is a linear
correlation between the activation energy and the
enthalpy of the reaction. Therefore, for a particular
H-abstracting species, the logarithm of the reaction
rate will be directly related to the substrate C—H
BDE. For the particular case of [Fe!"'(PY5)(OMe)]-
(OTf),, a thermodynamic cycle can be established
from which the O—H bond strength of the methanol
ligand on the iron(ll) complex can be estimated to
be 83.5 + 2.0 kcal mol~1.°7 A similar analysis of the
O—H BDE in the Fe''-OH, form of LO gives a
remarkably similar 85 kcal mol~1, which matches the
value obtained by DFT calculations (85.3 kcal/mol),
assuming that both the Fe''-0OH, and the Fe'"''-OH
forms of the enzyme are six-coordinate.®* In conclu-
sion, oxidation of substrates containing weak C—H
bonds (BDE = 75—88 kcal mol™) by [Fe'"'(PY5)-
(OMe)](OTf), via a H-abstraction mechanism takes
place because the reaction is either exothermic or
only slightly endothermic (provided a second ir-
reversible reaction such as radical—radical coupling
follows).

Parallel to Stack’s studies, Mayer and co-workers
prepared [Fe"'(Hbim)(Hzbim),](ClO,), (H:bim = 2,2'-
bis-imidazoline) and showed its ability to react with
substrates containing weak C—H bonds via a hydro-
gen abstraction mechanism.%9%1% The hydrogen
acceptor in this complex is an N atom on an imida-
zolinate ligand, and a thermodynamic cycle could be
proposed from which the N—H bond strength of
76 + 2 kcal mol~* could be calculated. Formation of
this bond constitutes the driving force for the hydro-
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gen atom abstractions. These two examples provide
strong support for the hypothesis that oxidation of
cis,cis-1,4-pentadiene-containing fatty acids by LOs
is initiated via H-atom abstraction by an Fe'"'-OH
species corresponding to Figure 9B in a mechanism
that requires no high-valent iron intermediate. One
key feature of the enzyme reaction not yet modeled
is the high Kkinetic isotopic effect observed in the
enzyme, despite the striking similarity in thermody-
namic driving force between the enzyme and some
of the model compounds.

3. Iron(ll) Enzymes with the 2-His-1-Carboxylate
Facial Triad Motif

Great strides have been made in the past 10 years
toward our understanding of mononuclear nonheme
iron(ll) enzymes. Fueling interest is the ever increas-
ing number of crystal structures available for this
class of enzymes, which is clearly emerging as a
diverse collection of metalloenzymes that activate
dioxygen with a common structural motif (Table 2).
The iron(ll) center in these enzymes is invariably
coordinated by three protein residues, two His and
one Asp or Glu, constituting one face of an octahe-
dron, a recurring motif referred to as the 2-His-1-
carboxylate facial triad.°>1% Among these enzymes
are dioxygenases involved in the biodegradation of
aromatic molecules that catalyze oxidative ring cleav-
age or arene cis-dihydroxylation, a superfamily of
enzymes that require an o-keto acid as cosubstrate,
and pterin-dependent hydroxylases. Sequence com-
parisons show that the 2-His-1-carboxylate triad is
conserved within each group (or subgroup), but the
sequence motifs differ from each other. This strongly
suggests convergent evolution toward a particularly
favored metal binding site that is useful for promot-
ing a variety of reactions.

The 2-His-1-carboxylate facial triad serves as an
excellent monoanionic three-pronged platform for
binding divalent metal ions (Figure 11). The three
remaining sites on the opposite face of the octahedron
are consequently available for exogenous ligands. In
the as-isolated enzymes, these sites are usually
occupied by solvent molecules but can accommodate
both substrate (or cosubstrate) and O in later steps
of the catalytic cycle. Despite the many different
transformations catalyzed, a general mechanistic
pattern at the iron(ll) center has emerged from
spectroscopic and crystallographic studies of the
various enzymes in this superfamily (Figure 11).34106
The iron(l1) center is typically six-coordinate at the
start of the catalytic cycle and relatively unreactive
toward O,. Subsequent substrate and/or cofactor
binding to the active site makes the metal center five-
coordinate and increases its affinity for O,. O, binding
then initiates the oxidative mechanism specific for
each subclass. In other words, the metal center
becomes poised to bind O, only when substrate and
cofactor(s) are present in the active site, thereby
promoting strong coupling between the reduction of
O, and the oxidation of substrate. This structural
motif thus allows the metal center to activate both
substrate and O, and bring them into close proximity
for subsequent reaction, thereby accounting in large
part for its versatility.1951% As will be illustrated in
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Table 2. Iron Enzymes with a Crystallographically Established 2-His-1-Carboxylate Facial Triad

PDB file no metal ligands? ref
Extradiol Catechol Dioxygenases: HXssgHXs02)E
BphC 1DHY, 1HAN H145, H209, E260 122,123
2,3-CTD 1IMPY H153, H214, E265 124
HPCD H155, H214, E267 125
MndD (Mn) H155, H214, E267 125
LigAB 1BOU H12, H61, E242 126
homogentisate 1,2-dioxygenase 1EY2 H335, E341, H371 127
o-Keto Acid-Dependent Enzymes: HX(D/E)X.H
DAOCS 1RXF H183, D185, H243 128
clavaminate synthase 1Ds1 H144, E146, H279 129
proline 3-hydroxylase 1E5S H107, D109, H158 130
TauD 1GQW, 10TJ H99, D101, H255 131, 132
anthocyanidin synthase 1GP4 H232, D234, H288 133
Asn hydroxylase (FIH) 1MZF H199, D201, H279 134, 135
carbapenam synthase 1NX4 H101, D103, H251 136
HPP dioxygenase 1CIX H161, H240, E322 137
isopenicillin N synthase 11PS H214, D216, H270 138

Pterin-Dependent Enzymes: HX4HXao0)E

phenylalanine hydroxylase 2PAH, 1PHZ
1LTV

tyrosine hydroxylase 1TOH

tryptophan hydroxylase IMLW

Rieske Dioxygenases: HXsHX14sD

naphthalene dioxygenase INDO

H285, H290, E330 139, 140
H138, H143, E184 141
H331, H336, E376 142
H272, H277, E317 143
H208, H213, D362 144

a Sequence motif listed for each subclass reflects the dominant sequence pattern found.

A

Figure 11. Mechanistic paradigm for dioxygen activation proposed by Solomon3# for nonheme iron(l1) enzymes with a
2-His-1-carboxylate facial triad motif, as exemplified by the active site of DAOCS (1RXF.pdb).

the examples discussed below, the coordination flex-
ibility afforded by this site translates into a mecha-
nistic diversity unparalleled by any other metalloen-
zyme class.

Many polydentate ligand frameworks have been
used to mimic the 2-His-1-carboxylate facial triad in
structural and functional models (Figure 12). Promi-
nent among these is the TpRR ligand, well explored
initially by Kitajima in the early 1990s.2%7 Its C;
symmetry, facial topology, and monoanionic nature
make it an attractive and convenient ligand to use
for such studies. Iron(ll) complexes have been shown
to bind O,1% and model the chemistry of the extra-
diol-cleaving dioxygenases!® and the a-keto acid-
dependent enzymes.*1%-112 The related Cz-symmetric
but neutral R;TACN ligand can also be used in
similar applications.5113114 Despite their tetraden-
tate framework, neutral TPA and BPMCN ligands
have also been very useful in the development of
structural and functional models of the extradiol-
cleaving dioxygenases,>>15 the a-keto acid-dependent
enzymes,'1® and the Rieske dioxygenases.*’~119 De-
tails of these studies will be discussed in subsequent
sections. Finally, efforts have been initiated to ex-
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Figure 12. Ligands used to model iron(ll) enzymes with

N
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@{ =
= o
R
the 2-His-1-carboxylate facial triad.

plore the coordination chemistry of monoanionic
N,N,O-heteroscorpionate ligands that more closely
resemble the 2-His-1-carboxylate facial triad, and the
first iron(ll) complexes have recently been re-
ported.20.121
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Figure 13. Active site structures of (A) as-isolated BphC (1KW3.pdb), (B) its enzyme—substrate complex (1IKW6.pdb),

and (C) its ternary E-S-NO adduct (1KW8.pdb).

3.1. Extradiol-Cleaving Catechol Dioxygenases

The extradiol cleavage of dihydroxybenzenes rep-
resents the more common pathway for the biodegra-
dation of aromatic molecules in the soil. While the
intradiol-cleaving enzymes utilize an iron(l11) active
site, the extradiol-cleaving enzymes typically use
iron(11) (or manganese(ll) in a few examples). Se-
guence comparisons classify the enzymes in this
category into three subclasses,'#® but crystallographic
data for representative proteins of each subclass
show the metal center to be in a square pyramidal
active site with a 2-His-1-carboxylate facial triad
(Figure 13).

Steady-state Kkinetic studies have revealed that
extradiol-cleaving enzymes utilize an ordered mech-
anism with substrate binding prior to O, activation.®
Indeed, the coordination of the substrate appears to
serve as a trigger and significantly increase the
affinity of the metal center for O,, as demonstrated
by NO binding data.'#® Crystallographic studies on
2,3-dihydroxybiphenyl 1,2-dioxygenase (BphC), 3,4-
dihydroxyphenylacetate 2,3-dioxygenase (HPCD), and
protocatechuate 4,5-dioxygenase (LigAB) all demon-
strate that substrate binding results in the displace-
ment of the two water ligands to form a square
pyramidal metal center poised to bind O,.125126:147-149
In the BphC structure, one oxygen atom of the
bidentate catecholate occupies the vacant position
present in the as-isolated enzyme, while the other
occupies the site trans to His210, leaving the
site trans to Glu260 vacant (Figure 13B). Spectro-
scopic studies'™® and high-resolution crystallogra-
phy125126.147-149 jndjcate that the catechol binds in an
asymmetric fashion to the iron(ll) center with Fe—
Ocat bond lengths that differ by 0.2—0.4 A. These
structural parameters are in excellent agreement
with those reported for synthetic iron(Il)—monoan-
ionic catecholate complexes (Figure 14A), and on the
basis of this comparison, it has been proposed that
the catechol binds to the iron(ll) center as a monoan-
ion.5>115150.151 The monoanionic nature of the catechol
substrate in extradiol dioxygenases is in sharp con-
trast with the dianionic catecholate character com-
monly found in iron(111) complexes.*® This difference
is understandable on the basis of the differing Lewis
acidities of the metal center in its divalent and
trivalent oxidation states. O, binding is thus expected
to occur at the vacant site trans to Glu260 (Figure

Figure 14. Model compounds for extradiol-cleaving cat-
echol dioxygenases: structural model [Fe''(6-Mes-TPA)-
(DBCH)]™ (A) and functional models [Fe'''(MesTACN)-
(DBC)(CI)] (B) and [Fe'"!(TpiPr2)(DBC)(NCCHS3)] (C).

13B), and this notion is supported by a third BphC
structure (Figure 13C) that shows the binding of the
O, surrogate NO in a nearly linear fashion at this
site.

The 3,4-dihydroxyphenylacetate 2,3-dioxygenases
from Brevibacterium fuscum and Arthrobacter globo-
formis represent an interesting pair of enzymes.?®
These two enzymes have 82% sequence identity'2152
but have distinct metal ion requirements: the B.
fuscum enzyme (HPCD) has iron(ll) in the active site,
while the A. globoformis enzyme (MndD) requires
manganese(ll). While there is no current insight into
the reasons for the different metal ion requirements,
it is clear that both enzymes can catalyze extradiol
cleavage of the same substrate. The recently solved
crystal structures of the two enzymes show nearly
congruent first and second coordination spheres
about the metal centers. This apparent Fe/Mn sub-
stitution is reminiscent of the situation for Fe and
Mn superoxide dismutases (SODs), which also have
very similar active site structures.'>3-1% However,
there are second coordination sphere differences for
the latter pair, and it is possible to replace Fe for Mn
in MNSOD and Mn for Fe in FeSOD in some cases
but not yet for the dioxygenases.
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Table 3. Biomimetic Complexes That Carry Out Extradiol Cleavage of Catechols

% intradiol % extradiol % quinone ref
FeCl,/bpy/py/DBCH; (1:3:23:4 in THF) 21 ~10 52 40
FeCl/TACN/catechol/pyridine (1:1:1:3 in CH3OH) 7.5 50 n.r. 114, 164
FeCl,/TACN/3-methylcatechol/pyridine (1:1:1:3 in CH3zOH) a n.r. 114
[Fe"'(TACN)(DBC)(CI)]/CHsCN 35 65 62
[Fe(cyclam)(DBC)]*/CH3CN 62
[Fe"'(TACN)(DBC)(CI)J/CH.CI, + Ag™ 3 82 113
[Fe(TACN)(DBC)(CI)]J/CH.CI, + Ag™ + 4-picoline 98 113
[Fe"'(MesTACN)(DBC)(CI)]J/CH,CI, + Ag™ 97 165
[Fe"(TpPr2)(DBC)]/toluene 33 67 109
[Fe"(TptBuiPry(DBC)]/toluene 109
[Fe"'(BnBPA)(DBC)(CI)]/CH.Cl, + Ag* 25 72 165
[Fe''(L-N4H.)(DBC)]*/CH3OH ~50 ~50 56
[Fe''(6-Me,-BPMCN)(DBC)]*/CHsCN 78 12 55
[Fe'"(6-Me,-TPA)(DBC)]"/CH;CN 70(5) 18(2) 61, 166
[Fe'"'(6-Me;-TPA)(DBC)]"/CH3CN 89 3 55
other tetradentate ligand complexes 84—99 see Table 1

a Only extradiol products observed but not quantified.

Substrate binding to the metal centers of HPCD
and MndD is also found to be asymmetric, supporting
the postulate of a monoanionic catecholate.'?® As
observed for BphC, it is the oxygen atom adjacent to
the C—C bond that is cleaved that is associated with
the shorter metal—oxygen bond and presumably the
one that is ionized. The substrate analogue 4-nitro-
catechol (4-NCH,) has proven useful as a colorimetric
probe to indicate the ionization state of the substrate
in the extradiol dioxygenase active site.15%156.157 Thus,
4-NC binding to catechol 2,3-dioxygenase, HPCD, and
MndD showed an increasing dianionic character.
This order correlated inversely with the rate of
extradiol cleavage of 4-NC, supporting the notion that
binding a monoanionic substrate is crucial for extra-
diol cleavage.

In contrast to their intradiol counterparts, model
complexes capable of eliciting extradiol dioxygenase
activity are fewer in number (Table 3). The iron(Il)—
hydrogencatecholate complexes, mentioned earlier as
excellent structural models for the monoanionic cat-
echolate binding,%'15 react readily with O, to afford
the corresponding iron(l11)—catecholate complexes.
Since the iron(ll) complexes all have a bidentate
hydrogencatecholate and a tetradentate supporting
ligand, the metal centers are coordinatively satu-
rated, so the lack of an available coordination site
for O, probably renders the complexes susceptible to
one-electron oxidation by an outer-sphere mecha-
nism.

Funabiki and co-workers discovered the first func-
tional mimics of iron-containing extradiol dioxy-
genases.3940.158-163 Qxygenation of a mixture of FeCl,-
4H,0 or FeCls, 3,5-di-tert-butylcatechol (DBCH), and
pyridine derivatives in organic solvents afforded
intradiol and extradiol cleavage products, together
with 3,5-di-tert-butylbenzoquinone. Extradiol cleav-
age products were favored by using FeCl,-4H,0 and
DBCH; in aqueous THF. Unfortunately, these pio-
neering efforts were hampered by the presence of a
complex mixture of iron species in solution, making
a mechanistic interpretation difficult to achieve.

Along a similar vein, Bugg and co-workers explored
the oxygenation of catechols in methanol by a mix-
ture of FeCl, or FeCl;, TACN (TACN = 14,7-
triazacyclononane), and pyridine.*'4164 Under these

conditions, catechol was converted in 50% yield to
2-hydroxymuconic semi-aldehyde methyl ester, the
authentic extradiol cleavage product of catechol 2,3-
dioxygenase. A 7:1 extradiol:intradiol selectivity was
found for Fe""CI,/TACN, compared to 2:1 for Fe'"'Cla/
TACN, emphasizing the importance of iron(ll) for
promoting extradiol cleavage. No cleavage reaction
was elicited by using other metal halides such as
MnCl;, CoCl,, and CuCl, replacing one N by an O
atom in the TACN ligand, or changing the number
of carbon atoms on the macrocycle. One equivalent
of pyridine or use of the monoanionic monosodium
catecholate was necessary for activity in the FeCl,/
TACN system, strongly suggesting that the catechol
binds as a monoanion. In addition, pyridine was
required for high extradiol:intradiol selectivity. The
oxidation state specificity displayed by these systems,
the apparently required monoanionic nature of the
catecholate substrate, and the tridentate facially
coordinating structure of the ligand are characteris-
tics reminiscent of the extradiol-cleaving dioxygena-
ses.

Extradiol cleavage has also been observed with
isolated and characterized [Fe'''(L)(DBC)] complexes.
The first example was provided by Dei et al., who
found that [Fe"(TACN)(DBC)(CI)] reacted with O,
to generate products derived from the extradiol
cleavage of DBC in 35% overall yield.®? (Interestingly,
the corresponding cyclam complex is unreactive
toward O,.) The two products observed, 3,5-di-tert-
butyl-2-pyrone and 4,6-di-tert-butyl-2-pyrone (Figure
15), presumably derive from loss of CO from the
seven-membered-ring 3,5-diene-a-ketolactone inter-
mediates. Ito and Que found that the addition of
AgBF, and pyridine made this reaction almost quan-
titative.'® The addition of the silver salt removes the
Cl ligand and generates an available coordination site
in the complex for O, binding. In the absence of
pyridine, 3,5-di-tert-butyl-1,2-benzoquinone is formed
guantitatively, but the addition of pyridine to the
reaction mixture appears to suppress this pathway
and directs the catechol oxidation almost quantita-
tively toward extradiol cleavage. The replacement of
TACN with Me;TACN (Figure 14B, MesTACN =
1,4,7-trimethyl-1,4,7-triazacyclononane) made the
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Figure 16. Proposed mechanism for the extradiol-cleaving catechol dioxygenases.

addition of pyridine unnecessary, and extradiol cleav-
age products were obtained in 97% yield.16®

The use of other tridentate ligands emphasizes the
importance of the facial topology for eliciting extradiol
cleavage. The use of TpiP" (TpP= = hydridotris(3,5-
diisopropyl-1-pyrazolyl)borate) afforded an [Fe'"'(L)-
(DBC)] complex (Figure 14C) that reacts with O, to
afford extradiol cleavage products in 67% yield.10°
The corresponding TpPrBY complex (TpPrBu =
hydridotris(3-tert-butyl-5-isopropyl-1-pyrazolyl)bo-
rate), however, did not react at all with O,, probably
due to the extreme steric congestion around the iron
center. The complex with the meridional tridentate
ligand TPY (TPY = 2,2":6',2"-terpyridine), on the
other hand, mainly affords quinone (78%) and intra-
diol-cleaving products (20%).1%% It has been proposed
that facially coordinated tridentate ligands promote
the extradiol cleavage pathway by allowing the
substrate and O, to bind on the opposite face of the
metal coordination sphere, thereby bringing them
into close proximity for reaction.

There are, however, examples of iron complexes of
tetradentate ligands that elicit extradiol cleavage.
[Fe'''(6-Mes-TPA)(DBC)]" and [Fe"!(6-Me,-BPMCN)-
(DBC)]*, complexes obtained from the one-electron
oxidation of their iron(Il) hydrogencatecholate pre-
cursors, react with O, and undergo oxidative cleav-
age.>>15 Although the major product in the two
reactions results from intradiol cleavage, there are
measurable amounts of extradiol products (3% and
12%, respectively). It is conjectured that the steric
hindrance introduced by the 6-Me substitution may
cause one pendant arm to dissociate and form a five-

coordinate species that is responsible for the extradiol
cleavage. This rationale probably cannot apply to [Fe-
(L-N4H2)(DBC)]*" (L-N4H, = 2,11-diaza[3,3](2,6)-
pyridinophane), which reacts with O, to yield a
roughly 1:1 mixture of intradiol and extradiol prod-
ucts.®® In this example, the proposed conversion of
the tetradentate ligand to a tridentate form is dif-
ficult to envision due to the macrocyclic nature of the
ligand. This dramatic difference in the cleavage
preferences between structurally similar catalysts
strongly suggests that there are subtle factors yet to
be identified that modulate the oxidative cleavage
mechanism. Furthermore, the isolated iron catecho-
late complexes thus far that elicit extradiol cleavage
all have iron(l11) centers, and there are no examples
of well-defined iron(ll) catecholate complexes that
carry out this transformation.

To date, little is known of the mechanistic steps
subsequent to O, binding, as the binding of catechol
to the divalent metal center is the last observable
step in the catalytic cycle of the enzyme and no O,
adduct has so far been detected. NO has been used
as an O, surrogate to great advantage to support the
likelihood of a ternary E-S-O, complex,146:150.167 phyt
how the electrons flow from substrate to O, is a
matter of speculation at this point. The structural
and spectroscopic data accumulated so far have led
to the proposed mechanism in Figure 16.%

The first step of the reaction involves the displace-
ment of two water molecules from the enzyme resting
state (Figure 16A) by substrate to form a five-
coordinate iron(ll) species with a chelated monoan-
ionic catecholate (Figure 16B). This change in ligation
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would be expected to result in a decrease in the redox
potential of the metal center that primes it to react
with O,. The ternary enzyme—substrate—0O, complex
(Figure 16C) thus formed consists of the 2-His-1-
carboxylate triad on one face of the metal octahedron
and, on the opposite face, a bidentate monoanionic
catecholate and O,. This arrangement juxtaposes the
two substrate molecules into the proper orientation
for reaction. O, binding to the iron(ll) center then
results in one-electron transfer from metal to O,,
forming an iron(l11)—superoxide complex (Figure
16C, by analogy to the formation of the Fe—NO
adduct), and another one-electron transfer from
substrate to metal, forming a semiquinonatoiron(ll)—
superoxide species (Figure 16D).

There is a conserved His residue in the second
coordination sphere that may serve as the base
depicted in the proposed mechanism. Indeed, His194
is found in the structures of BphC to be quite
mobile.’®® In the as-isolated enzyme it is hydrogen
bonded to the water ligand trans to Glu260 and then
interacts strongly with the HO group of the bound
monoanionic substrate in the E-S complex. In the
ternary complex, it is 3 A away from the oxygen atom
of the bound NO. His194 is thus postulated to act as
a base to remove the remaining proton of the bound
monoanionic substrate as O, binds and in turn serve
as an acid to stabilize the charge on the incipient
superoxide in the E-S-O, adduct. Later in the cycle
it is suggested that this residue acts as an acid to
facilitate O—O bond lysis in the ring cleavage step
and protonate the incipient oxide that becomes the
hydroxide ligand needed to hydrolyze the lactone.

Evidence for the development of a radical species
on the catecholate substrate in the mechanism is
provided by experiments on the enzyme 3-(2',3'-
dihydroxyphenyl)propionate 1',2'-dioxygenase (Mh-
pB).1% Bugg and co-workers used a substrate ana-
logue containing a cyclopropyl side chain as a radical
probe and found that the substituents on the cyclo-
propyl group underwent substantial epimerization in
the course of enzyme-catalyzed extradiol cleavage.
The formation of a semiquinonate radical (Figure
16D) during the catalytic cycle would promote re-
versible cyclopropyl ring opening that rationalizes the
observed epimerization.

The next step of the mechanism is the nucleophilic
attack of the incipient superoxide on the aromatic
ring that generates an alkylperoxo intermediate
(Figure 16E), which in turn undergoes a Criegee
rearrangement to generate a seven-membered o-0x-
olactone ring (Figure 16F) that is hydrolyzed to afford
product. Two sites of superoxide attack are possible.
Earlier mechanistic postulates of Lipscomb and Que
favored attack at C3 (versus C2 as shown in Figure
16E) as a way to explain the different regiospecifici-
ties characteristic of intradiol and extradiol dioxy-
genases (Figure 1).! However, the subsequently
available crystal structure information on enzyme—
substrate complexes clearly indicated that such an
attack is implausible,?5147-149 since it would entail
a substantial structural change within the active site
for C3 to form a bond with the metal-bound super-
oxide. The geometry of the metal—catecholate unit,
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on the other hand, is set up for attack at C2 to
generate an alkylperoxo intermediate that resembles
that proposed for the intradiol-cleaving enzymes
(Figure 3D). With a common alkylperoxo species, how
then can the regiospecificity of ring cleavage be
rationalized?

Bugg has proposed that the regiospecificity of the
cleavage may derive from the different orientations
of the peroxo group.’® Rearrangement of the alkyl-
peroxo intermediate (Figure 16E) by acyl migration
would afford the intradiol product, while alkenyl
migration gives rise to the extradiol product. There
are precedents for both alkenyl and acyl migration
in organic hydroperoxo species, and the choice of
mechanism may be dictated by stereoelectronic
factors.t0-176 An axial orientation for the peroxo
group favors alkenyl migration, while an equatorial
orientation favors acyl migration. Bugg and co-
workers tested this model by preparing a series of
substrate analogues where the putative OOH group
was replaced by a CH,OH, and the 1-hydroxocyclo-
hexadien-2-one moiety was replaced by a 1-hydroxo-
cyclohexan-2-one ring.Y’” Only substrate analogues
with the proximal hydroxymethyl group placed in an
axial orientation relative to the cyclohexanone ring
exhibited competitive inhibition of the MhpB enzyme.

More recently, Deeth and Bugg reported DFT
calculations on probable extradiol cleavage pathways
and found an interesting new twist in the peroxide
decomposition mechanism (Figure 17).178 Their cal-
culations suggest that the intervening peroxo species
that is stable enough to be crystallized in the Ir'"
complex*’ (Figure 6) is only a transition state in the
Fe'' case and undergoes heterolytic cleavage to form
an epoxide at the C—C bond that is cleaved prior to
lactone formation. Experiments will have to be
designed to test this intriguing idea.

Even more recently, Groce and Lipscomb reported
the unexpected but instructive observation that the
ring cleavage specificity of HPCD can be dramatically
altered by mutation of the second sphere H200
residue (Figure 18).1° The native substrate 3,4-
dihydroxyphenylacetate is cleaved by the H200F
mutant enzyme in the expected proximal extradiol
fashion (i.e., at the C2—C3 bond) under saturating
conditions but at 1% the rate of the wild-type HPCD.
However, the substrate analogue 2,3-dihydroxyben-
zoate is cleaved by the wild-type enzyme in a distal
extradiol fashion (i.e., at the C3—C4 bond) and by
the H200F mutant, quite surprisingly, in an intradiol
fashion (i.e., at the C2—C3 bond). These remarkable
results show that an iron(l11) center is not required
for intradiol cleavage and that an iron(ll) center
coordinated to a 2-His-1-carboxylate facial triad can
catalyze either intradiol or extradiol cleavage. Thus,
earlier assumed determinants of cleavage specificity,
such as metal oxidation state or ligand environment,
now appear to be less important than the geometry
of the ternary E-S-O, adduct. Given the cleavage
patterns observed, O, attack at C-3 of either sub-
strate would give rise to peroxo intermediates that
rationalize all three products. It is clear that our
understanding of enzymatic catechol cleavage will
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deepen with further investigations into this intrigu-
ing set of observations.

To date, all the structurally well-characterized
biomimetic extradiol-cleaving systems are iron(l1l)
complexes. The fact that oxidative cleavage is re-
giospecific in many cases and quantitative in some
strongly suggests that a divalent metal oxidation is
not absolutely required for this chemistry. However,
the proposed mechanism in Figure 16 must be
adapted for the biomimetic iron(l11) complexes to
reflect the oxidation state difference between these
complexes and the enzymes. Que and co-workers
have proposed a mechanism for these five-coordinate
iron(l11)—catecholate complexes that starts out like
the intradiol cleavage mechanism (Figure 3), with
radical character being introduced into the bound
catecholate as a result of the covalency of the iron-
(I1)—catecholate interaction. But, instead of O, at-
tacking the substrate, it attacks the metal center due
to the availability of a binding site to form an iron-
(11)—semiquinone—superoxide adduct. This adduct
is analogous to species 16D except for the trivalent
metal oxidation state and proceeds to the extradiol
cleavage product.

Our current understanding of how extradiol dioxy-
genases work is less well developed than for its
intradiol counterparts. Our ability to elicit extradiol
cleavage with biomimetic complexes demonstrates
that the oxidative cleavage chemistry is accessible

with appropriate ligand design. The lack of well-
characterized functional divalent models is clearly a
drawback at this stage, but the intriguing observa-
tions of Bugg and Funabiki suggesting that iron(l1)
centers may be better effectors of extradiol cleavage
should serve as a compelling rationale for future work
aimed at obtaining structurally characterized func-
tional models with iron(ll) and manganese(ll) cen-
ters.

3.2. Enzyme-Catalyzed Oxidations Accompanied
by the Oxidative Decarboxylation of o-Keto
Carboxylates

Enzymes that require an a-keto acid as a cosub-
strate constitute the largest and most diverse family
of mononuclear nonheme iron enzymes, catalyzing
many pivotal metabolic transformations.8°-182 Sub-
strate oxidation, typically involving but not limited
to functionalization of an unactivated C—H bond,
occurs concomitantly with the oxidative decarboxy-
lation of an o-keto carboxylate, such as 2-oxoglut-
arate (2-OG). For the hydroxylation reactions, one
atom of dioxygen is incorporated into the product,
while the other atom ends up on the carboxylate
derived from the keto acid, i.e.,

R—H + R'COCOOH + ®, —
R—@H + R'CO®H + CO,

So these enzymes, like the extradiol-cleaving en-
zymes discussed in the preceding section, can be
classified as dioxygenases, but the elements of the
labeled dioxygen are often found in two different
products in this intermolecular variant of a dioxyge-
nase reaction (Figure 19A—G). While these isotopic
labeling results are typical of the hydroxylation
reactions, other oxidative processes such as cycliza-
tion, ring expansion, and desaturation reactions
result in only one of the atoms of dioxygen being
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incorporated into the succinate byproduct and the
other being liberated as water. For example, the
primary substrate undergoes a two-electron oxidation
without oxygen incorporation to form a ring, as in
Figure 19G, or to expand a five-membered ring to a
six-membered one, as in Figure 19H. Figure 191,J
shows novel reactions in tyrosine catabolism in which
the primary substrate in fact also possesses an a-keto
acid functionality. In reaction 191, oxidative decar-
boxylation of the a-keto carboxylate is accompanied
by hydroxylation of the phenyl ring as well as a 1,2-
alkyl shift, while in reaction 19J, hydroxylation of
the benzylic carbon occurs instead.

o-Keto acid-dependent enzymes are found in mi-
croorganisms, plants, and animals and play vital
roles in pathways of environmental, pharmaceutical,
and biological significance. For instance, the bacterial
enzyme TfdA hydroxylates the broadleaf herbicide

2,4-dichlorophenoxyacetate in the first step in its
biodegradation;*3184 AlkB demethylates 1-methylad-
enine and 3-methylcytosine in the repair of single-
stranded DNA and RNA (Figure 19F);85-187 clavamin-
ic acid synthase (CAS) catalyzes three distinct steps
in the synthesis of the g-lactamase inhibitor clavu-
lanic acid (Figure 19G);!® and deacetoxycephalospor-
in C synthase (DAOCS) catalyzes the ring expansion
of the thiazolidine ring of the penicillin N nucleus to
afford deacetoxycephalosporin C (Figure 19H).189.190
These enzymes also appear in microbes that use
alternative energy sources, such as sulfonates and
hypophosphites. For example, taurine/2-OG dioxy-
genase (TauD) enables E. coli to use the aliphatic
sulfonate taurine as a sulfur source during periods
of sulfate starvation (Figure 19D),**! and hypophos-
phite/2-OG dioxygenase (HtxA) allows microbes to
oxidize phosphite and hypophosphite.'?2
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Mutations in a-keto acid-dependent oxygenases
have also been linked to certain disease states. The
mammalian HPP dioxygenase has been linked to
conditions of tyrosinaemia type |11 and hawksinuria
related to the buildup of metabolites of tyrosine.18%:193
Prolyl 3-hydroxylase, prolyl 4-hydroxylase, and lysyl
hydroxylase are responsible for the post-translational
modification of procollagen, which is crucial to the
formation of fibrous tissues,'® while recent reports
show prolyl (HIF-1) and asparaginyl hydroxylases
(FIH-1) to be linked to oxygen sensing in cells.194-1%
Under conditions of low oxygen tension (hypoxia),
hypoxia inducible factor (HIF) promotes increased
expression of (a) erythropoietin, a precursor to red
blood cells; (b) vascular endothelial growth factor, a
vasodilator and key component in the growth of new
blood vessels; (c) certain glycolytic enzymes, leading
to the liberation of energy rich compounds; and (d)
tyrosine hydroxylase (vide infra), the rate-determin-
ing step in the synthesis of adrenaline. At normal
oxygen concentrations, proline hydroxylation leads
to ubiquitination and degradation of HIF, while
asparagine hydroxylation inhibits interaction of HIF
with transcriptional coactivators, thereby exerting a
second level of control over gene expression. Disrup-
tion of the signaling cascade in which HIF-1 and
FIH-1 participate can affect the onset and develop-
ment of cancerous tumors and ischemia.’®”%® This,
coupled with the observation of an a-keto acid-
dependent enzyme in a virus that initiates DNA
replication,®® has led to a proliferation of interest in
the relationship of structure to function in o-keto
acid-dependent dioxygenases, not only on therapeutic
grounds but also for etiological reasons.

Despite the vast array of distinct transformations
these enzymes carry out, the members of this family
in general require 1 equiv of iron(l1), an a-keto acid,
dioxygen, and ascorbate for full activity. Crystal
structures of a number of different 2-oxoglutarate-
dependent enzymes show the double-stranded S-helix
(or jellyroll) as a common architecture for this
superfamily,128-131.133-136 g ggesting a close evolution-
ary relationship among the three branches of the
family identified by sequence comparisons.?%201 While
many of these enzymes show minimal sequence
identity, there is a high degree of sequence homology.
There is a conserved set of residues with the motif

HX(D/E)XmHXA(R/K)XS (where m = 50—70 and n =
10, m = 138—207 and n = 10—13, or m = 72—101
and n = 10 for the three subsets). The HX(D/E)XH
set of residues provides the common 2-His-1-carboxy-
late facial triad that binds the high-spin iron(ll)
center (Figure 11, Table 2),1% while the (R/K)XS
residues serve to bind the anionic C-5 carboxylate of
2-oxoglutarate.

Several enzymes in this class have substrates with
a built-in a-keto acid function and thus do not require
2-oxoglutarate as a cosubstrate. These enzymes ap-
pear to have different topologies from enzymes utiliz-
ing 2-oxoglutarate and include HPP dioxygenase and
4-hydroxymandelate synthase, which utilize the same
substrate but catalyze different transformations (Fig-
ure 191,J). The crystal structure of HPP dioxygenase
also reveals a 2-His-1-carboxylate active site but
within a pajppa scaffold®®” that is more closely
related to those observed in catechol 2,3-dioxygenase,
fosfomycin resistance protein, bleomycin resistance
protein, and human glyoxylase | (which are part of
the vicinal oxygen chelate superfamily).?02203 4-Hy-
droxymandelate synthase and HPP dioxygenase ex-
hibit 43% sequence similarity and 34% identity.?%* A
third member of this subset is a-ketoisocaproate
dioxygenase, which is involved in leucine metabo-
lism.205

The accumulated data allow a common mechanism
to be proposed for a-keto acid-dependent iron oxyge-
nases (Figure 20).13182206 The iron(Il) center in the
resting enzyme is sequestered by the 2-His-1-car-
boxylate facial triad, with three water molecules
completing the coordination sphere (Figure 11A). The
six-coordinate nature of the iron center has also been
established in frozen solution by XAS for TfdA?%” and
DAOCS?%8 and by CD analysis for CAS.2%°

Steady-state Kinetic studies on prolyl 4-hydroxy-
lase,?19211 thymine hydroxylase,?*? lysyl hydroxy-
lase,?'® deacetoxyvindoline hydroxylase,?** and HPP
dioxygenase?'>216 support an ordered binding mech-
anism in which o-keto carboxylate binding occurs
prior to binding of either dioxygen or substrate. The
binding of the a-keto carboxylate leads to a six-
coordinate iron(ll) center with a bidentate a-keto
carboxylate, which displaces two of the water mol-
ecules from the metal center (Figures 20B and
21A).111.128,129,133,136 The equatorial plane of the dis-
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Figure 21. Crystallographically observed stages in the catalytic cycle of a-keto acid-dependent enzymes, as the binary
complex (1NX4.pdb), ternary complex (1GQW.pdb), and the NO adduct of the ternary complex (1GVG.pdb).

torted octahedron is composed of the nearly planar
five-membered ring of the chelated o-keto carboxylate
as well as a histidine and a carboxylate of the facial
triad, with the o-keto group bound trans to the
aspartate or glutamate residue. Apical sites are
occupied by the remaining histidine residue and one
water molecule, which appears to have a hydrogen-
bonding interaction with the carboxylate residue
(Figure 21A). The chelation of the a-keto carboxylate
to the iron(ll) center observed crystallographically
gives rise to several characteristic low-intensity
metal-to-ligand charge-transfer bands in the visible
region that serve as a useful probe for optical,?*” MCD
and CD,?'87220 and resonance Raman experiments.'?
These studies, carried out mainly on CAS and TauD,
support the notion that the metal center is six-
coordinate at this stage of the mechanism.

Consensus on the next step in the catalytic mech-
anism has not been reached. Steady-state Kinetic
studies on prolyl hydroxylase suggest that oxygen
binding occurs prior to substrate binding,?1%?! but
spectroscopic studies of CAS and TauD?!1:217-220
indicate the opposite sequence, i.e., substrate binding
prior to O,. Indeed, the latter studies show that
substrate binding results in the formation of a
coordinatively unsaturated iron(ll) center, presum-
ably by loss of the remaining water ligand, that
primes the metal center for oxygen binding and
activation (Figure 20C). Crystal structures of the
ternary enzyme—2-OG—substrate complexes of CAS
and TauD (Figure 21B)*?°%31 (but not of anthocyani-
din synthase'®3) support the proposed substrate-
induced conversion from a six-coordinate to a five-
coordinate metal center. Substrate binding may
induce a shift of the carboxylate residue, removing
the hydrogen-bonding interaction with the water
ligand in the binary complex and facilitating its
departure.

In these three structures of ternary enzyme—2-
OG—substrate complexes, the putative site for O,
binding is trans to the apical His residue. Though
no O, adducts have been observed, a structure with
the O, surrogate NO has been determined for CAS
(Figure 21C), where the nitrosyl is bound trans to a
histidine residue.??! However, this histidine residue
was originally trans to the carboxylate of the a-keto

acid in the binary enzyme—2-OG complex, suggesting
a rearrangement of the chelated o-keto carboxylate
upon substrate binding. In both the binary and
ternary complexes, the interactions of the conserved
(R/IK)XS prototype with the C-5 carboxylate of the
2-oxoglutarate are maintained and dioxygen can bind
to the position trans to either histidine of the facial
triad, but not trans to the carboxylate. However, O,
is suggested to bind trans to the glutamate residue
of HPP dioxygenase, on the basis of a model of the
enzyme—substrate complex generated by using the
closely related structure of the extradiol enzyme
BphC as a basis (Figure 13).1%7 O, is also proposed
to bind trans to the carboxylate residue in isopeni-
cillin N synthase (IPNS, see next section). Perhaps
the 2-His-1-carboxylate motif provides a platform
upon which oxygen activation can occur trans to any
of the three ligands; the implications of this vari-
ability in trans ligand for the subsequent O, chem-
istry remain to be investigated.

In the proposed mechanism, the binding of dioxy-
gen leads to an adduct with significant iron(l1I)
superoxide radical anion character (Figure 20D).
Superoxide is a potent nucleophile that has been
found capable of effecting the decarboxylation of
o-keto acids,??? particularly when the a-keto carbon
is activated by a metal center. Furthermore, super-
oxide scavengers are competitive inhibitors of O,
consumption in a-keto acid-dependent enzymes.?10-223
It is also clear that the oxidative decarboxylation of
the a-keto acid can be uncoupled from substrate
oxidation, particularly when no substrate or a poor
substrate analogue is employed.?10-213224-226 O, gttack
on the coordinated o-keto acid should lead to the
formation of a high-valent intermediate that is
responsible for the oxidation of substrate in a-keto
carboxylate-dependent enzymes. Such a species has
been postulated as an iron(1V)—peroxo species (Fig-
ure 20E) that can lose CO, to form an iron(ll)—
peracid adduct (not shown) and then undergo het-
erolytic cleavage of the O—O bond to yield an
iron(1VV)—oxo species (Figure 20F). Peracid substitu-
tion for the a-keto carboxylate/O, combination has
been attempted but has not been successful in
eliciting the desired oxidation in prolyl hydroxylase®?”
and HPP dioxygenase.??® This suggests that either a



956 Chemical Reviews, 2004, Vol. 104, No. 2

peracid is not involved or such a species must be
generated within the active site and cannot be
introduced into the active site in a peroxide shunt-
like manner.

Direct evidence for the involvement of an iron(1V)
species in the enzyme mechanism has very recently
been obtained from rapid freeze—quench Mdssbauer
studies of the reaction of the TauD—2-OG—taurine
complex with 0,.2?° This intermediate with Mdss-
bauer parameters AEg = 0.88 mm/s and 6 = 0.31
mm/s is interpreted to have a high-spin iron(1V)
center. Although the isomer shift approaches that of
a high-spin iron(l1l) center,?®® one-electron cryo-
reduction of the intermediate affords a species with
properties typical of a high-spin iron(l1l) center,
thereby corroborating the iron(IV) oxidation state
assignment. Bollinger, Krebs, and co-workers have
also shown that this intermediate is mechanistically
significant.?®! Its decay in the presence of taurine is
retarded by the use of the C-1 dideuterated substrate
isotopomer with a large primary kinetic isotope effect,
estimated to be about 28—50. Thus, the high-valent
species appears to carry out rate-determining hydro-
gen abstraction at the C-1 carbon of the substrate.
This exciting result represents the first example of
an iron(1V) intermediate observed for a mononuclear
nonheme iron enzyme.

There is also indirect evidence for the involvement
of an iron(1V)—oxo species for other enzymes in this
class. HPP dioxygenase can catalyze sulfoxidations,?32
while thymine hydroxylase can catalyze olefin epoxi-
dation, sulfoxidation, and N-demethylation besides
the hydroxylation of the 5-methyl group of thym-
ine,?® a reactivity pattern reminiscent of cytochrome
P450. Furthermore, 0 from H,'80 can be incorpo-
rated into the oxygenated product for DAOCS,?34-236
CAS,%" o-keto isocaproate oxygenase,?® and HPP
dioxygenase.'®® This label incorporation suggests an
intermediate such as an iron—oxo or iron—hydroxyl
species with a lifetime long enough to undergo
solvent exchange. On the other hand, there is little
oxygen incorporation from water into the hydroxy-
lated products of prolyl hydroxylase, thymine hy-
droxylase, and aspargine hydroxylase.?33238-242

Substrate hydroxylation is postulated to occur via
a mechanism analogous to that for cytochrome P450,
that is, a two-step process involving hydrogen atom
abstraction by the oxoiron(lV) species followed by
oxygen rebound.?*® One difference is that cytochrome
P450 uses a formally Fe!"'/FeV=0 couple, while the
a-keto acid-dependent enzymes must use a formally
Fe!'/Fe'V=0 couple. As observed in the crystal struc-
ture of the P450—camphor complex,?** the substrate
taurine is ideally positioned in the structure of the
ternary TauD—2-OG—substrate complex for the hy-
droxylation of the target C—H bond (Figure 21B).13!
Kinetic isotope effects observed for thymine hydroxy-
lase?® and clavaminate synthase?*® support the two-
step mechanism, as do experiments with radical
probe substrate analogues for y-butyrobetaine hy-
droxylase,?*¢ DAOCS,?*” and prolyl 4-hydroxylase.?*®
For enzymes that catalyze ring cyclization or desatu-
ration instead of hydroxylation, the rebound step is
replaced by a step involving either oxidative ligand
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transfer to close a ring as in the second CAS-
catalyzed reaction or a second hydrogen-atom ab-
straction to form a double bond as in the third CAS-
catalyzed reaction (Figure 19H).

CO, is a product of reactions catalyzed by the
o-keto acid-dependent enzymes. Steady-state kinetic
studies suggest that carbon dioxide dissociation fol-
lows release of the hydroxylated product.?t1213.249
There is a crystal structure of an enzyme—succinate—
CO; complex, obtained from a deletion mutant of
DAOCS crystallized in the presence of succinate and
NaHCOj3, that may serve as a model for an enzyme—
product complex.?>® The carbon dioxide binds in a
linear fashion at the site trans to the equatorial
histidine, while the succinate carboxylate is bound
across from the aspartate residue, sites originally
occupied by the 2-OG carboxylate and keto functions,
respectively. Yet succinate does not interact with the
(R/K)XS motif that normally binds the C-5 anion of
2-oxoglutarate, raising some doubt as to whether this
complex is catalytically relevant. Additional evidence
for the binding of bicarbonate to the metal center
comes from observations on self-hydroxylated TauD
(see below) obtained upon decay of the binary en-
zyme—2-0G complex.?51252 The initially formed iron-
(111)—DOPA chromophore has a band centered at 550
nm, which then red-shifts to 700 nm on standing,
consistent with the loss of a charged ligand. The 700-
nm chromophore can be converted back to the 550-
nm species by addition of excess bicarbonate.?>?

a-Keto acid-dependent enzymes often have a re-
quirement for ascorbate for maximal activity. Be-
cause ascorbate is consumed at sub-stoichiometric
levels during the course of the catalytic cycle, the
ascorbate requirement is believed to reverse enzy-
matic inactivation due to formation of the iron(l1l)
enzyme that occurs when a-keto acid decarboxylation
becomes uncoupled from substrate oxidation. Ascor-
bate is thus proposed to act as a reductant to return
the metal center to its active iron(l1) state ?11.213224.226

Synthetic complexes modeling a-keto carboxylate-
dependent enzymes have played a key role in fur-
thering our understanding of these enzymes. Several
[Fe"(L)(a-keto acid)] complexes have been reported
as functional models using tetradentate and triden-
tate ligands. The crystal structures of [Fe!'(TPA)-
(BF)]" (BF = benzoylformate), [Fe'(6-Mes-TPA)(BF)]"
(Figure 22A), and [Fe(TpP ®BY)(BF)] (Figure 22B)
show that an a-keto carboxylate can coordinate to the
iron(l1) center as either a monodentate or bidentate
ligand.116253 However, only bidentate binding of the
o-keto acid to the iron(ll) center gives rise to the
unique visible chromophore!t1112116.253.254 (Eigure 23A)
that is also observed in the binary and ternary
enzyme complexes (Figure 23B). These features are
sensitive to the nature of the o-keto acid (benzoyl-
formate vs pyruvate), the Lewis basicity of the
supporting L (TPA vs 6-Me3-TPA vs TpR?), and the
coordination number of the metal center. For ex-
ample, the addition of monodentate Lewis bases to
five-coordinate [Fe(TpP"?)(BF)] results in energy down-
shifts in both the charge-transfer bands and the
vibrational features associated with the bidentate
a-keto carboxylate.!!! Shifts in the opposite direction
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Figure 22. Models for a-keto acid dependent enzymes: (A) [Fe(6-Mes-TPA)(BF)]*, (B) [Fe(TpPrBu)(BF)], (C) [Fe(TpPh2)-

(BF)], and (D) its oxygenation product [Fe(TpP"")(0,CR)].
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Figure 23. Visible spectra of [Fe(TpPh2)(pyruvate)] (—:—), [Fe(TpFh2)(BF)] (—), and [Fe(TpPh2)(BF)] + pyridine (-++) in C¢Ds
(A), compared to those of the TauD/2-OG (—) and the TauD/2-OG/taurine (— —) complexes (B).

observed in the optical and vibrational features of the
binary TauD—2-OG complex upon substrate bind-
ing''! support the notion that the six-coordinate
metal center in the binary complex becomes five-
coordinate in the ternary complex prior to its interac-
tion with O, (Figure 20, B — C).?20

The iron(l1)—a-keto carboxylate complexes exhibit
a range of reactivity toward dioxygen. For example,
[Fe(Tp'PrBY)(BF)] is inert to oxygen, despite having
a coordinatively unsaturated metal center; its lack
of reactivity is attributed to steric congestion about
the iron(I1) center.?® On the other hand, the neutral
tetradentate N4 ligands afford six-coordinate com-
plexes that require days to undergo oxidative decar-
boxylation,® while the tridentate monoanionic TpR:
complexes (R = Me, Ph) react with O, within an
hour.'22%4 The difference of nearly 2 orders of
magnitude in reaction rate emphasizes the impor-
tance of a vacant site for O, coordination in promoting
the oxidative decarboxylation of the bound o-keto
carboxylate.

The rates of oxygenation have been investigated
for two series of substituted benzoylformate com-
plexes, [Fe(6-Mes-TPA)(BF)]™ and [Fe(Tp"")(BF)].
The rate of the oxidative decarboxylation increases

as the substituent of the benzoylformate becomes
more electron-withdrawing, affording Hammett p
values of +1.07 and +1.3, respectively.}'2116 This
trend suggests that oxidative decarboxylation in-
volves a nucleophilic attack, most plausibly by attack
of the iron(lll)—superoxide at the keto carbon of
benzoylformate initiating decarboxylation (Figure 20,
D — E). Though the iron(I11)—superoxide intermedi-
ate has not been directly observed, the proximity of
the electrophilic o-keto functionality provides an
efficient means for trapping the nascent nucleophilic
superoxide to drive the reaction to completion. This
effectively couples the oxidative decarboxylation of
the a-keto carboxylate to the activation of dioxygen
to generate the active oxidant.

All of the model complexes that react with O, afford
guantitative yields of the decarboxylated a-keto acid,
but in only two cases can the active oxidant be
trapped by a substrate. Intermolecular olefin epoxi-
dation has been observed in the case of [Fe''(TpMe2)-
(BF)] complex.?** This complex reacts with O, to form
a species capable of stereospecific oxidation of cis-
stilbene to its oxide as the product. However, trans-
stilbene is not epoxidized, suggesting that the active
oxidant is capable of steric discrimination.



958 Chemical Reviews, 2004, Vol. 104, No. 2

The other example is an intramolecular hydroxy-
lation of a ligand phenyl ring of [Fe(Tp""2)(BF)] upon
exposure to O, (Figure 22C,D).11%112 The hydroxylated
product is obtained within an hour in 70% yield. In
contrast, the corresponding [Fe(TpP")(benzoate)] com-
plex also reacts with O, to give the same product in
55% vyield, but this reaction requires 2—3 days,
clearly demonstrating the key role the a-keto group
plays in activating O,. The use of 0, results in the
incorporation of one labeled oxygen into the benzoate
product and the other into the hydroxylated phenyl
ring of the Tp ligand, effectively capturing the
dioxygenase nature of the enzymes. The absence of
180 incorporation when the reaction is carried out in
the presence of H,'80 suggests that the iron(IV)—oxo
species, if involved in the mechanism, has too short
a lifetime relative to H,'80O exchange in the biomi-
metic transformation. This may be due to the prox-
imity of the phenyl group, which traps the electro-
philic oxidizing species as it is formed in the course
of the reaction.

The biomimetic arene hydroxylation reaction in
fact anticipated the subsequent observation that
some 2-OG-dependent enzymes can carry out hy-
droxylation of aromatic residues near the active site
in the absence of the primary substrate. Thus, oxygen
activation can still occur in the active sites of TfdA
and TauD without the primary substrate, albeit
much more slowly.?5125225% The oxidant generated
under these conditions is utilized to hydroxylate a
nearby aromatic amino acid residue such as Trp112
of TfdA or Tyr73 of TauD. These hydroxylated
derivatives bind to the iron center in the enzyme and
give rise to intense chromophores that have been
identified by their characteristic resonance Raman
vibrations. Interestingly, studies in H,'80 show that
the oxygen incorporated into the hydroxylated resi-
due derives solely from solvent water, and not from
dioxygen.?5225 Furthermore, a tyrosyl radical inter-
mediate has been observed for TauD,?®! suggesting
that the hydroxylation is a two-step process involving
initial one-electron oxidation (or hydrogen-atom ab-
straction) of the aromatic residue followed by C—0O
bond formation (Figure 24). Thus, the putative
Fe'V=0 oxidant in this reaction would be reduced to
Fe'"—OH in the first step, so oxygen-atom exchange
with solvent may occur at either the Fe!V or the Fe'!!
stage prior to the rebound step. Such a self-hydroxy-
lation may explain the isolation of a HPP dioxygenase
that is blue in color due to a tyrosinate-to-iron(111)
charge-transfer band.?®® Since there is no tyrosine
residue in the vicinity of the iron active site in the
crystal structure of an HPP dioxygenase,'*” the
earlier reported blue HPP dioxygenase may arise
from a similar post-translational modification of a
nearby phenylalanine residue; this conjecture re-
quires substantiation.

3.3. Isopenicillin N Synthase

Isopenicillin N synthase (IPNS) is a nonheme iron
enzyme that activates O, and has the conserved HX-
(D/E)XmHXRXS sequence motif found in many 2-ox-
oglutarate-dependent enzymes but does not require
2-oxoglutarate for activity.'®%257 It is a microbial
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Figure 24. Proposed mechanism of TauD self-hydroxyla-
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Figure 25. Reaction catalyzed by IPNS.

enzyme found in Cephalosporium, Penicillium, and
Streptomyces strains that catalyzes the formation of
isopenicillin N from J-(L-o-aminoadipoyl)-L-cysteinyl-
p-valine (ACV) (Figure 25). Crystallographic studies
have established IPNS as another member of the
superfamily of nonheme iron enzymes with active
sites containing a 2-His-1-carboxylate facial triad.
Indeed, the crystallographic information available for
this enzyme is the most extensive of any member of
this superfamily and provides a treasure trove of
mechanistic insights. Only the Mn(ll)-substituted
IPNS from Aspergillus nidulans has been crystallized
in the absence of substrate; its structure reveals a
six-coordinate metal center with four endogenous
protein ligands (His214, Asp216, His270, and GIn330)
and two H,O molecules occupying the remaining cis
ligand sites (Figure 26A).258 As shown by the crystal
structure of the Fe''lPNS—ACV complex, substrate
binding results in the displacement of the GIn ligand
by the ACV thiolate sulfur (Figure 26B),?>° confirm-
ing earlier EXAFS results that showed a sulfur
scatterer at 2.3 A.2%0 The distal carboxylate of the
adipoyl moiety of ACV interacts with the conserved
RXS motif, corresponding to the 2-OG C-5 carboxy-
late interaction in 2-OG-dependent enzymes.

O, can interact with the metal center only at this
stage. This suggests that the coordination of the ACV
thiolate primes the iron(ll) center for its reaction with
0,, presumably by shifting the Fe"""" redox potential
to a more negative value, as proposed for the extra-
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Figure 26. Proposed reaction sequence for IPNS using crystallographic information for (A) Mn-IPNS (1I1PS.pdb), (B)
Fe-IPNS-ACV (1BKO.pdb), (C) Fe:IPNS-ACV-NO (1BLZ.pdb), (D) proposed Fe!'-OOH, (E) proposed Fe'V=0, and (F)

Fe-IPNS-IPN (1QJE.pdb).

diol-cleaving dioxygenases and the 2-OG-dependent
enzymes. To date, there is no spectroscopic evidence
for an Fe''"IPNS-ACV-0, adduct, as such an inter-
mediate appears to be too reactive to be trapped.
However, the corresponding Fe!'-IPNS-ACV-NO ad-
duct has been studied. Exposure of NO to the
substrate-bound iron(l1) center engenders an S = %/,
EPR signal characteristic of high-spin iron(Il)-ni-
trosyl adducts?®! and gives rise to a short (1.7 A) Fe—
NO bond observed by EXAFS.?0 The crystal struc-
ture of the ternary enzyme—substrate—NO complex
(Figure 26C) confirms many aspects of the active site
earlier deduced from spectroscopic experiments and
shows that NO binds trans to Asp216 with its oxygen
atom equidistant from both the valine nitrogen and
the cysteinyl -carbon.?5? Assuming that NO serves
as an O, surrogate, these are the atoms from which
a hydrogen atom must be abstracted to close the
B-lactam ring in the first stage of isopenicillin forma-
tion.

The elegant and comprehensive work of Baldwin
and co-workers?%2 using a number of ACV analogues
has shed light on the steps subsequent to O, binding
and led to the mechanism for IPNS action shown in
Figure 26. The reduction of O, occurs in two stages,
with the sequential formation of the -lactam and the
thiazolidine rings corresponding to two distinct two-
electron reduction steps. In the first stage, O; is
reduced to the peroxide oxidation level concomitant
with the oxidation of the Cys thiolate to a thioalde-
hyde (or some equivalent moiety) (Figure 26D). O—0O
bond heterolysis leads to the abstraction of the proton
from the valinyl peptide nitrogen, generating an
Fe'V=0 intermediate and the amidate anion. The

latter then nucleophilically attacks the thiocarbonyl
carbon to form the -lactam ring and regenerate the
thiolate (Figure 26E). The Fe'V=0 moiety then
initiates the second stage of the reaction by abstrac-
tion of the valinyl C3—H, followed by C3—S bond
formation to generate the thiazolidine ring (Figure
26F).

Much of the recent crystallographic work on IPNS
has involved brief exposure of crystalline enzyme—
substrate complexes to hyperbaric O,, followed by
cryo-crystallography.?64265 With the natural substrate
ACV, the enzyme—product complex is observed with
the thiazolidine sulfur of isopenicillin coordinated to
the metal center (Figure 26F). With ACOV, the
substrate analogue wherein the valine peptide bond
is converted to an ester linkage, 3-lactam ring forma-
tion is not possible and the thiolate of the ACV
substrate is instead oxidized to a thiocarboxylate,
with one atom of O, incorporated into the thiocar-
boxylate (Figure 27A). On the other hand, ACmC, the
substrate analogue where the valine residue is
replaced by S-methylcysteine, affords a product
wherein the reaction cycle is interrupted after the
formation of the S-lactam ring; the Fe'V=0 moiety is
instead trapped by the S-methylcysteine to form a
sulfoxide that is coordinated to the iron center trans
to the Asp residue (Figure 27B). This result cor-
roborates the proposal that O, binds trans to the Asp
residue, as indicated by the NO complex (Figure
26C), and is converted to an oxo group in the latter
part of the reaction cycle. Besides oxo transfer to
sulfide, the Fe'V=0 moiety can also epoxidize double
bonds, as demonstrated by the substrate analogue
with the valine replaced by allylglycine,?® and can
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Figure 27. Active site structures of enzyme—product complexes from the oxidation of (A) ACOV (1HB4.pdb) and (B)

ACMC (1QJF.pdb).

COO™ ACCO ’
", ——
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Figure 28. Reaction catalyzed by ACCO.

+ HCN + CO,

carry out hydrogen-atom abstraction, as shown by a
ring-opening isomerization of the product derived
from the cyclopropylalanine analogue.?$” Thus, there
is strong experimental evidence for the various steps
of the proposed IPNS mechanism (Figure 26). This
scheme is strongly supported by DFT calculations,?%®
but there are as yet no model studies that directly
address the chemically intriguing steps of the mech-
anism.

3.4. ACCO, the Ethylene-Forming Enzyme

ACCO, or 1-aminocyclopropane-1-carboxylate oxi-
dase, is an enzyme that produces the plant hormone
ethylene to regulate many aspects of plant growth
and development, including germination, fruit ripen-
ing, and senescence.?5%270 Ethylene is produced by the
2e” oxidation of the unusual amino acid, 1-aminocy-
clopropane-1-carboxylate (ACC), along with HCN and
CO; (Figure 28).2717274 Like IPNS, ACCO is also a
nonheme iron enzyme with the HX(D/E)XnHX,RXS
sequence motif conserved in many 2-oxoglutarate-
dependent enzymes but does not require 2-oxoglut-
arate for activity.?’>%76 Instead it requires ascorbate
and CO, (or bicarbonate) for activity.?’”” Unlike the
other enzymes discussed in this section, a crystal
structure of ACCO is not yet available, so what is
known about the iron center in ACCO is based on
spectroscopic approaches and steady-state kinetics
experiments.

An attractive mechanistic proposal that has been
considered for ACCO involves initial coordination of
the ascorbate to the iron(ll) center.?’827 Ascorbate
has an enediol unit that would serve as an excellent

bidentate ligand for iron and form a complex that
would resemble the bidentate catecholate of the
extradiol-cleaving dioxygenases or the 2-oxoglutarate
of a-keto acid-dependent enzymes. Reaction with O,
would then afford an iron-based oxidant or a diffus-
ible reactive oxygen species?®® that would generate
an ACC radical intermediate?’°28! to initiate cyclo-
propyl ring breakdown to form ethylene. The alterna-
tive is for the ACC to bind to the metal center since
it too has the functionalities to form a five-membered
chelate ring with the iron. Not surprisingly, with
three substrates (plus CO;, or bicarbonate) to as-
semble into the enzyme active site, it has been
difficult to establish an order of binding for steady-
state kinetic analysis, as illustrated by two recent
independent studies. Brunhuber et al. find that
either ascorbate or ACC can bind to the enzyme first
but ascorbate is favored.?®? After one substrate is
bound, then O, binds, followed by the other substrate.
On the other hand, Thrower et al. conclude that ACC
binding must precede O, binding.?83 Ascorbate binds
third in the order, although its binding to the enzyme
before ACC could not be rigorously ruled out.
Near-IR CD and magnetic circular dichroism stud-
ies that monitor the iron coordination environment?8*
indicate that the active site iron is six-coordinate in
resting Fe'"ACCO. In the presence of CO,, the iron
center becomes five-coordinate only when both ACC
and ascorbate are present, consistent with the mecha-
nistic paradigm for O, activation by this superfamily
of enzymes (Figure 11). Thus, O, can bind only after
all of the required components for a turnover are
bound to the enzyme, thereby preventing adventi-
tious generation of reactive oxygen species. However,
in the absence of CO,, ACC binding alone converts
the iron center to five-coordinate;?®* this leads to
uncoupling and inactivation of the enzyme.?8®
Direct spectroscopic evidence for substrate coordi-
nation to the iron has been obtained from ENDOR
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Figure 29. Hypothetical ACCO mechanism.

studies of the ternary Fe''-ACCO-alanine:NO com-
plex.285 Alanine inhibits ACCO competitively with
respect to ACC and is presumed to be a substrate
analogue. This adduct exhibits an S = 3/, EPR signal
typical of nonheme {Fe—NO}’ complexes. Studies
with ®*N- and '"O-labeled alanine demonstrate that
it coordinates to the iron via both amino and car-
boxylate groups. The fact that an NO complex can
be formed in the presence of alanine or ACC strongly
suggests that ACC and O, can bind simultaneously
to the iron. On the other hand, ascorbate binding is
competitive with NO. These results, together with
near-IR CD and MCD data,?®* concur with the steady-
state kinetic analysis of Thrower et al.?8 and support
a mechanism in which the iron serves to bind ACC
and O, simultaneously (Figure 29). As with the
enzymes discussed earlier in this section, this fixes
the relative orientations of the two substrates within
the active site to initiate catalysis. Ascorbate is
proposed to play its reductant role subsequent to
formation of the ternary E-S-O, complex, either
simply by reducing the H,O, that could be hypotheti-
cally produced in this 2e~ oxidation of ACC or more
engagedly by introducing its two electrons one at a
time at key points of the cycle. The precise role of
the requisite CO, or HCO3;™ is also not established
and thus not illustrated.

Some insight into the roles of CO, and ascorbate
in the ethylene formation mechanism has very re-
cently been obtained from single-turnover experi-
ments.?® In these experiments, ethylene formation
was observed in the absence of ascorbate, so ascor-
bate is not absolutely required for this reaction. In
contrast, ethylene was formed only in the presence
of added bicarbonate (under conditions where all
dissolved CO; has been removed), so CO, or bicar-
bonate is essential for enzyme turnover. These ob-
servations support the minimal mechanism proposed
in Figure 29.

There is, however, clearly an important role for
ascorbate that can be deduced from these single-
turnover experiments. In the absence of ascorbate,
0.35 mol of ethylene/mol of ACCO was formed, while
all the iron(ll) was converted to iron(l11). It would
thus appear that the iron(ll) provides the necessary
two electrons for the reaction in place of ascorbate
and that the enzyme is only 70% efficient. However,
ethylene formation occurred over a 30-min time scale,
a rate of formation much slower than catalytic
turnover. Interestingly, addition of 1 equiv of ascor-
bate resulted in the formation of an additional
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equivalent ethylene, but at a significantly more rapid
rate. Since the concentration of ascorbate present was
only 10% of the K, value obtained from steady-state
kinetic analysis, a new effector role for ascorbate has
been postulated to rationalize these results. From
these accumulated results, it is clear that the com-
plexity of the ACCO chemistry presents a challenge
for mechanistic enzymologists and will require fur-
ther scrutiny.

3.5. Pterin-Dependent Hydroxylases

The pterin-dependent oxygenases, typified by the
aryl amino acid hydroxylases, are a small family of
closely related enzymes essential to mammalian
physiology that use tetrahydrobiopterin (BH,4) as a
two-electron-donating cofactor. Members of this class
include phenylalanine (PheH), tyrosine (TryH), and
tryptophan (TrpH) hydroxylases, which effect re-
giospecific aromatic hydroxylations of the namesake
amino acids. The state of knowledge regarding these
enzymes was exhaustively reviewed in the Bioinor-
ganic Enzymology issue of Chemical Reviews in
1996,%67 and several more specific reviews have
appeared since then.328-2% The most significant
recent advance in the knowledge of these enzymes
is the availability of X-ray crystal structures for all
three enzymes that constrain the mechanistic options
for oxygen activation.?88

Phenylalanine hydroxylase is located primarily in
the liver and affords the major pathway for phenyl-
alanine catabolism. In contrast, the other two en-
zymes function primarily within the central and
peripheral nervous system, providing the rate-limit-
ing initial steps in biosynthetic pathways for a range
of neurotransmitters including dopamine, norepi-
nephrine, and epinephrine for TyrH and serotonin
and melatonin for TrpH. Dysfunctions of these es-
sential enzymatic activities have been implicated in
several severe neurological and psychological dis-
eases, and this has stimulated the significant bio-
chemical and biomedical research effort to date.

The mammalian (rat or human) enzymes are
composed of identical 52-kDa subunits, which inter-
act through a significantly conserved C-terminal
domain of ca. 40 residues to form dimeric and
tetrameric assemblies.*3?2°1 The middle ca. 270 resi-
dues are highly conserved in each enzyme (ca. 80%
sequence homology) and contain the metal-binding
site associated with catalysis, which is buried within
the enzyme core.?®® The initial 100—170 N-terminal
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Figure 30. Crystal structures of phenylalanine hydroxylase: (A) the binary enzyme-BH, complex (1J8U.pdb) and (B) the

ternary complex with L-thienylalanine (1IKWO.pdb).

residues differ in each enzyme and afford regulatory
domains that control enzymatic activities by distinct
mechanisms. In hPheH for example, this domain
appears to function as a gate that physically blocks
the substrate channel leading to the active site.**°
Allosteric binding of substrate, which is stabilized by
site-specific phosphorylation at Ser16,2°? apparently
triggers a conformational change, which opens the
gate and permits catalysis but is suppressed by BH,
binding near the “hinge”. Significantly, such compli-
cations can be avoided by expression of truncated
deletion mutants lacking both the C- and N-terminal
domains, which exhibit full, unregulated oxygenase
activities. In fact, most recent biophysical and crys-
tallographic studies have taken advantage of this
observation.?®® Moreover, a monomeric, 30-kDa, iron-
dependent PheH has been identified in a bacterium
(Chromobacterium violaceum), which exhibits high
sequence homology to the catalytic cores of the
mammalian enzymes.?®* Steady-state kinetic studies
indicate that bacterial PheH has a sequential binding
order of substrate, cofactor, and then dioxygen.29®
However, mammalian PheH follows a random bind-
ing sequence,?®® while for mammalian TyrH the order
is pterin, dioxygen, and finally substrate.?®” So a
consensus reactant binding sequence for this family
of pterin-dependent enzymes has not yet been estab-
lished.

High-resolution crystal structures have now
been solved for mammalian (human and/or rat)
PheH,139.140.298 TyrH 142,29 and TrpH,* as well as for
bacterial PheH.*4! Most of these structures have been
obtained from enzymes with truncated catalytic
domains in an inactive, oxidized form with bound
iron(l1l) and BH,. Very recently, structures have
become available of the active human PheH catalytic
domain as the iron(ll) complex, the binary BH,
complex, and ternary complexes with BH, and the
substrate analogues L-thienylalanine (Figure 30) or
L-norleucine,300-302

The iron active site can be found in a deep central
cleft some 10 A beneath the enzyme surface.?88 The
iron center is six-coordinate, being ligated to a 2-His-
1-carboxylate facial triad (consisting of His285, His290,
and Glu330 for hPheH) and three water molecules
(Figure 30A). His290 is disposed along a vector from
iron toward the pterin and can be considered as the

axial donor ligand; hence, His285 and Glu330 are
designated equatorial. The pterin binds to a site
located just beyond the iron center at the very base
of the cleft and is m-stacked against a conserved
phenylalanine (Phe254 in hPheH) located on the back
wall of the cleft. The pterin also hydrogen bonds to a
number of residues, particularly to a conserved
glutamate (Glu286) via the hydroxypropyl side chain.
The stereochemistry of the pterin cofactor oxidation
product has been determined, and only the single
diasteromer corresponding to hydroxylation of the
structurally exposed face of the pterin is formed.303
The distance from the metal to the reactive pterin
C4a is on the order of 6 A in both the iron(ll) and
iron(l11) structures.

Unlike the cytochromes P450, which feature a
large, hydrophobic distal pocket that will accom-
modate a range of aliphatic and aromatic sub-
strates,3% known substrates for the aryl amino acid
hydroxylases are limited to a small range of natural
and unnatural amino acids.?®® X-ray, NMR, and
molecular mechanics studies indicate that the aro-
matic substrate binds in a hydrophobic pocket close
to the iron and also via a hydrogen-bonding interac-
tion between the amino acid carboxylate and a highly
conserved arginine (Arg270), which is complemented
by an alcohol side chain from residue 278 (Thr in
PheH and TrpH, Ser in TyrH).300.301,304.305 Remgoval
of the salt bridge interaction by site-directed mu-
tagenesis essentially abolishes substrate binding.3%®
In the structure of the ternary complex, the reactive
carbon is poised 4.2 A from the active site iron,
directly over the axial site trans to His290 (Figure
30B).301

Large changes are observed upon binding of sub-
strate to form the ternary enzyme—pterin—substrate
complex. As shown by the crystal structure of the
ternary PheH-BH,-L-thienylalanine complex, the iron
center becomes five-coordinate and adopts a square
pyramidal geometry (Figure 30B).%°* Two water
ligands are lost, and monodentate Glu330 becomes
bidentate. Moreover, the pterin is significantly dis-
placed toward the iron center, as indicated by the
decrease of Fe—C4a distance from 5.9 to 4.5 A. These
changes in principle facilitate dioxygen binding at the
metal as well as attack of the nearby pterin. How-
ever, the single aqua ligand retained in the ternary
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Figure 31. Proposed mechanism for pterin-dependent hydroxylases.

complex occupies the apical position of the square
pyramid proximal to the BH, moiety, so formation
of an Fe—O—O0O-pterin adduct would require the loss
or shift of this water ligand. Near-IR, MCD, and XAS
studies of the PheH—tetrahydropterin—phenylala-
nine complex in frozen solution are in accord with
the crystallographic results, showing that the iron-
(1) center is six-coordinate in the resting iron(11) form
and the binary complexes with either phenylalanine
or a pterin cofactor analogue, but becomes five-
coordinate square pyramidal upon formation of the
ternary complex.307.308

The structural and spectroscopic studies serve as
a firm foundation upon which to postulate a catalytic
mechanism, but unfortunately they provide little
insight into the activation of dioxygen within the
reactive quaternary complex. In the consensus scheme
presented in Figure 31, oxygen activation is obtained
by formation of an adduct between the coordinatively
unsaturated iron(ll) center and the nearby C4a of the
BH, cofactor, which is best described as an iron(11)—
peroxypterin complex (Figure 31C).3287.289.309 Since no
intermediate has been directly observed to date,
formation of this adduct may be rate limiting. The
putative Fe''-O—O—pterin intermediate is then pro-
posed to cleave heterolytically to form 4a-hydroxyp-
terin (BH3;OH) and a reactive oxoiron(1V) species that
carries out the electrophilic attack of the aromatic
substrate (Figure 31D). This step is supported by the
observation of the nearly quantitative incorporation
of isotope from 80, into the both the amino acid and
BH3;OH products.303310311 Pterin-dependent enzymes
are thus proposed to utilize an Fe''/Fe'V=0 couple,
distinct from the formally Fe'"'/FeV=0 couple associ-
ated with cytochrome P450.312 At the end of the
catalytic cycle, release of the hydroxylated substrate
and cofactor completes the turnover and returns the
active site to its resting iron(ll) state (Figure 31,
F — A). Dehydration of BH3;OH eventually yields
quinonoid dihydropterin (BHy), which can be reduc-

tively recycled back to BH, by an external reduc-
tase.309

There is currently no consensus with respect to the
mechanism of Fe—O—O—pterin adduct formation
(Figure 32). Observation of an 80 Kkinetic isotope
effect for TyrH, AV/K = 1.017(2), coupled with the
lack of solvent (H,O, D,0) isotope effects, indicates
a significant O—0 bond order change in the rate-
determining step.3!® Stepwise O, binding may occur
initially at Fe" to form an Fe'''-0O,™ species that
subsequently couples to BH,4, as favored by recent
DFT calculations.? In this case, the metal ion plays
a role in stabilizing incipient charge on the O, unit
and mitigating the spin barrier, and a metal-
independent reaction trajectory could not be found.
Alternatively, O, attacks initially at BH, to form a
pterin hydroperoxide,?°°313 paralleling the chemistry
of metal-free flavin-dependent oxygenases,®® with
the metal center subsequently required for activation
of the peroxo species. Experiments on the E280K
mutant of hPheH favor the latter option.3'6 Despite
the fact that the iron(ll) center of this mutant enzyme
remains six-coordinate in the ternary complex, pterin
oxidation activity is nevertheless retained and in fact
is enhanced 2-fold. A third option may be the con-
certed addition of O, to both the metal center and
pterin.

The next step in the mechanism is O—O bond
heterolysis of the Fe''-O—O—pterin intermediate to
form an Fe'V=0 species. Heterolysis is predicted by
DFT calculations to be quite difficult for a tetrahedral
iron(11) model, 3" but relatively facile for six-coordi-
nate iron(l1),3* especially when assisted by protona-
tion at the departing s-oxygen. Consistent with the
weak ligand field, DFT calculations suggest a reactive
oxoiron(1V) intermediate in a high-spin, S = 2 ground
state.3® This intermediate is postulated to attack a
single carbon atom on aromatic substrates to form a
2,4-dienone intermediate, which subsequently tau-
tomerizes to phenolic product. While this oxoiron(1V)
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species has not been experimentally observed, there
is indirect evidence implicating such an electrophilic
hydroxylating agent. Besides arene hydroxylation,
the pterin-dependent enzymes can accommodate a

o

number of substrate analogues and carry out sul- mCPBA | \/N\°\ III/° el
foxidation, epoxidation, and benzylic hydroxylation,?%® A N Fe ‘0

a reactivity pattern closely related to that associated H%

with the Fe'V(O)(porphyrin radical) intermediate of /g//c’
cytochrome P450.3%? Second, TyrH can hydroxylate o Yo
a series of para-substituted phenylalanines with ) o
consistent rates of pterin oxidation, but with increas- o 5

ing degrees of uncoupling as substrate analogues —© 2 »E\Ko o~
become electron-poor.31°:320 Correlation of arene hy- B —o, “\Fg.../° H0,0r  —O [ \Fe/m’o
droxylation against the consistent pterin oxidation N/O/\OH 0,fascorbate N/é\om
rate was observed using the standard Hammett o hd “g : bt \\g
parameter, yielding p = —4.3(7) for tetrahydrobiop- o

terin and —5.6(8) for the 6-methyltetrahydropterin

cofactor analogue; these values are consistent with

an electron-deficient transition state produced by an Qﬂ |
electrophilic oxidant.3'® Third, the hydroxylation of ¢ CrellN

deuterated substrate by TrpH exhibits an inverse
isotope effect that suggests a partially rate-limiting
electrophilic substitution step in this specific in-
stance.®?! Last, arene hydroxylation is often accom-
panied by a 1,2-hydrogen shift commonly referred
to as an “NIH shift”, by which substrates labeled
with hydrogen isotopes at the site of attack are
converted to metabolites with isotope retention on an
adjacent carbon.3?? Such a shift is usually indicative
of cationic intermediates associated with oxo atom
transfer (Figure 31E), forming epoxides or 2,4-diene-
Ones_318,3217323

Iron-catalyzed arene hydroxylation reactions may
be considered as functional models of the pterin-
dependent hydroxylases and have been investigated
to gain mechanistic insight thus far unobtainable
from enzymatic studies. Early examples include
aqueous systems like Fenton’s reagent (iron salts/
H,0,),3247327 and the Udenfriend system (Fe(EDTA)/
ascorbate/O,)%?8 that appear to generate freely dif-
fusing hydroxyl radicals that add to arenes. Phenol
yields are generally poor, and isomeric mixtures are
obtained from substituted arenes. Sawyer and co-

Figure 33. Model arene hydroxylation reactions.

workers have investigated a Fenton-like system in
CH3CN using [Fe''(bpy).]?t, [Fe'"(picolinate),], or [Fe''-
(dipicolinate)] in combination with H,O, and pro-
posed that the change in solvent engenders a mecha-
nistic shift from HO* to a metal-centered oxidant
because of the high nucleophilicity of peroxide com-
bined with the strong anodic shift of the Fe''/Fe'"
couple.®?® But substrate conversions were modest,
and no high-valent intermediates were character-
ized.330

More recent approaches to modeling arene hy-
droxylases have eschewed multiple-turnover reac-
tions in favor of a more efficient “single-turnover”
strategy to gain mechanistic insight. For these ex-
amples, the target arene is incorporated into the
metal complex used to activate the added oxidant,
so that the nascent metal-centered oxidant can be
captured in an intramolecular reaction (Figure 33).
The first example is a functional model for tyrosine
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Figure 34. Crystal structures of [Fe!(6-Ph-TPA)(NCC-
Hs),]?* and the ortho hydroxylation product.

hydroxylase obtained by reaction of [Fe'''(TpiF?)-
(OAr),] with 1 equiv of mCPBA in diethyl ether
(Figure 33A) to form the corresponding catechol in
quantitative yield.33! Unfortunately, the reaction was
too rapid even at —78 °C for the proposed [Fe!'-
(Tp'P?)(OAr)(0O3CR)] intermediate to be observed, and
the mechanism of oxygen atom transfer was not
elucidated.

A second example involves modification of the
Udenfriend system by replacing two carboxymethyl
side chains of EDTA to make the tetradentate N,N'-
bis(3,4,5-trimethoxybenzyl)ethylenediamine-N,N’-di-
acetate ligand (Figure 33B).332333 The [Fe'"';(u-O)(L),]
complex reacts in aqueous solution with 3—5 equiv
of H20, to form an intense blue chromophore (Amax =
560 nm, € = 1500 M~* cm™1), arising from a phenolate-
to-iron(l11) charge-transfer transition. NMR spec-
troscopy of the demetalated ligand shows ortho-
hydroxylation of one of the two trimethyoxybenzyl
substituents in 80% yield. The trimethoxybenzyl side
chain can also be hydroxylated when the (u-0xo)-
diiron(l11) complex is treated with excess ascorbate
under aerobic conditions. Interestingly, isotope in-
corporation from 80, into the product phenol is
quantitative, with no exchange with *OH, observed.

The related N,N’'-bis(3,4,5-trimethoxybenzyl)-N,N'-
bis(2-pyridylmethyl)-1,2-diaminoethane ligand af-
fords a high-spin [Fe'(L)Cl,] complex that reacts with
H>O; in acetonitrile to give ortho-hydroxylation of one
N-3,4,5-trimethoxybenzyl substituent in 70% yield,
as indicated by formation of a charge-transfer chro-
mophore at 740 nm.33* Incorporation of isotope from
H,®0, is quantitative. In contrast, the [Fe'(L)-
(NCCH3),]?t complex cation does not react with H,0,
to produce a chromophore, but is instead an effective
catalyst for epoxidation of cyclic olefins and stereo-
retentive hydroxylation of cis-1,2-dimethylcyclohex-
anol by added H,0O.. It has been suggested that the
chloride complex reacts with H,O, by an outer-sphere
mechanism to produce °*OH, which mediates the
“intramolecular” aromatic hydroxylation, while the
solvento complex reacts by an inner-sphere mecha-
nism to afford iron—peroxo and/or high-valent iron—
oxo species that carry out intermolecular substrate
oxidation. Hence, it seems that several distinct
oxidizing species can be generated using the same
supporting ligand under modestly differing condi-
tions.

The third example involves the complex of the
tetradentate tris(2-pyridylmethyl)amine (TPA) modi-
fied with a single a-phenyl substituent on one pyridyl
arm (Figure 33C).33%3% As shown in Figure 34A, the
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a-phenyl ring of [Fe''(6-Ph-TPA)(NCCH3),]?" is ide-
ally positioned for attack by an incipient Fe'V=0
moiety. Thus, treatment of the complex with 1.5
equiv of 'BUOOH in acetonitrile solution results in
ortho-hydroxylation of the phenyl substituent in 87%
yield. The product is characterized by a phenolate-
to-iron(l111) LMCT band at 780 nm, which shifts to
486 nm upon treatment with base. From the latter
solution, crystals of the oxo-bridged diiron(111) com-
plex of the hydroxylated ligand are obtained (Figure
34B). Resonance Raman spectroscopy and electro-
spray mass spectrometry of the oxo-bridged dimer
indicate quantitative incorporation of isotope into the
phenolate using '‘Bu'®O0OH as the oxidant. Thus, the
phenolate oxygen is derived from the terminal per-
oxide oxygen. However, introduction of 20 vol %
H,%0 into solution causes some loss of the 80 label,
as monitored by Raman spectroscopy, and the reverse
is also observed in the reaction with ‘Bu®O*0OH in
the presence of H,'0. Thus, an intermediate capable
of exchange with water, such as a metal—oxo species,
must exist on a productive reaction pathway.

When the reaction of [Fe!'(6-Ph-TPA)(CH3CN),]?*
with 'BuOOH is carried out below —35 °C, an
intermediate with an intense blue chromophore
(Amax = 650 Nnm) can be observed.33*® EPR and Raman
studies of the intermediate are consistent with a spin
isomeric mixture of Fe'''-OO'Bu complexes, which
decay to afford the hydroxylated ligand. The decom-
position mechanism, whether by O—0O bond homoly-
sis or heterolysis, can be demonstrated by use of
2-methyl-1-phenyl-2-propyl hydroperoxide (MPPH),
a probe that distinguishes between these possibili-
ties.337338 No 2-methyl-1-phenyl-2-propyl alcohol was
obtained, ruling out heterolytic O—O bond cleavage;
instead, products consistent with benzyl radical
formation were observed. The benzyl radical derives
from rapid f-scission of the 2-methyl-1-phenyl-2-
propoxyl radical that results from O—O bond ho-
molysis. The formation of an alkoxyl radical from
Fe'"-OOR requires concomitant formation of an
Fe'V=0 species. The participation of this yet unob-
served species in the reaction is already implicated
by the 80-labeling experiments discussed above and
by a significant NIH shift observed in the hydroxy-
lation of 0-6-Ph-TPA-d;.3% Taken together, the mecha-
nistic evidence, albeit indirect, strongly supports the
formation of oxoiron(1V) as the reactive hydroxylating
intermediate. Thus, while the mechanism of oxoiron-
(IV) production in this model, from O—0O bond ho-
molysis of an Fe!""-OOR intermediate, is distinct
from that of the O,- and pterin-dependent enzymes,
the essential arene hydroxylation step in the enzyme
mechanism appears to be modeled accurately. Arene
hydroxylation can also be obtained by reaction of
[Fe'(6-Ph-TPA)(CH3CN),]?* with iodosobenzene (Ph-
I=0), and isolobal nitrene transfer is observed from
reaction of phenyl-N-tosyliminoiodinane (PhlI=NTSs)
to form an o-anilide complex.33°

In contrast to the Fe(TPA) systems that promote
O—0 bond homolysis of Fe'''-=OOR intermediates,33¢3%
Foster and Caradonna have recently reported evi-
dence for the O—0O bond heterolysis of an Fe''-OOR
intermediate, mimicking the C — D step in Figure
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Figure 35. Naphthalene dioxygenase-catalyzed arene cis-
dihydroxylation reaction.

31.3*1 They observe that the diiron(11) complex [Fex(H,-
Hbamb),(N-Melm),] (HsHbamb = N,N'-bis(o-hydroxy-
benzoyl)-2,3-diamino-2,3-dimethylbutane; N-Melm =
N-methylimidazole) reacts with MPPH to afford
nearly quantitative formation of the corresponding
2-methyl-1-phenyl-2-propyl alcohol with no indication
of products derived from S-scission of the correspond-
ing 2-methyl-1-phenyl-2-propoxyl radical. This reac-
tion affords an oxidant capable of hydroxylating
cyclohexane with excellent conversion and a high
alcohol/ketone ratio. Although the precursor complex
studied is not mononuclear and the oxidation is not
of an arene, it is the first biomimetic example that
bypasses the Fe'"'-OOR intermediate stage found in
a number of reactions of iron(ll) precursors with
ROOH?3*? and promotes the facile heterolysis of an
Fe'"O—OR bond, presumably forming a yet unob-
served Fe'V=0 species.

3.6. Arene cis-Dihydroxylation by Rieske
Dioxygenases

The cis-dihydroxylation of arenes catalyzed by
Rieske dioxygenases constitutes the first step in the
biodegradation of aromatic molecules by soil bacteria
and leads in two subsequent steps to the formation

Costas et al.

of catechols,® which are in turn degraded by the
intradiol- and extradiol-cleaving catechol dioxygena-
ses discussed earlier in this review. The Rieske
dioxygenases are thus important in bioremedia-
tion.3437345 There is also strong interest in these
enzymes as biotechnological tools since the enzyme-
catalyzed reactions are both stereo- and enantiospe-
cific and arene cis-dihydroxylation is a novel trans-
formation not observed thus far in synthetic organic
chemistry.346-34° Rjeske dioxygenases are multicom-
ponent enzymes with an oxygenase component where
O, activation and substrate dihydroxylation occur
and a reductase component that mediates electron
transfer between NAD(P)H and the oxygenase com-
ponent. In the course of catalysis, both atoms of O,
are incorporated into the cis-diol product (Figure
35).5:347.350-352 Asjde from cis-dihydroxylation, Rieske
dioxygenases also catalyze a number of oxidations
such as benzylic hydroxylation, desaturation, sul-
foxidation, and O- and N-dealkylation.%%3% This
large range of oxidative transformations indicates
that Rieske dioxygenases may be even more versatile
than the cytochromes P450.

There is thus far only one Rieske dioxygenase
that is crystallographically characterized (Figure
36).1443%4.3% The structure of the oxygenase compo-
nent of naphthalene 1,2-dioxygenase (NDO) from
Pseudomonas putida, the enzyme that catalyzes the
formation of cis-(1R,2S)-1,2-dihydroxy-1,2-dihydro-
naphthalene from naphthalene, solved in 1998 at
2.25 A resolution,** shows two metal centers, a
mononuclear iron center where O, binding and
activation presumably take place and a nearby

Rieske
Center o

8358

Naphthalene H,O

Asp362
His208

His213

Indole

Figure 36. Crystallographic information on the active sites of naphthalene dioxygenase: (A) Fe-NDO (1NDO.pdb), (B)
Fe-NDO-naphthalene (107G.pdb), (C) Fe:NDO-indole-O, (107N.pdb), and (D) Fe-NDO-product (107P.pdb).
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Rieske-type Fe,S; cluster, which deliver electrons to
the mononuclear center in a controlled fashion during
catalysis. These results confirm earlier notions de-
rived from spectroscopic studies mainly on phthalate
dioxygenase (PDO).3%67360 The mononuclear iron cen-
ter of NDO is coordinated to two histidine residues
(His208 and His213) and a bidentate aspartate
(Asp362) (Figure 36A),144:354.35 occupying four sites
of the metal center in a variation of the 2-His-1-
carboxylate facial triad widely distributed among
nonheme oxygenases involved in O, activation.105106
A water molecule occupies a fifth coordination site,
and there is an asparagine residue 3.7 A from the
iron in the vicinity of the sixth coordination site. The
Rieske cluster with its characteristic Fe;Sy(Cys),-
(His); core is 12 A away with His104 on the cluster
connected to His208 on the monoiron center by
hydrogen bonding to Asp205. Structures of the oxy-
genase component with bound naphthalene (Figure
36B) or the substrate analogue indole are also avail-
able and show a substrate binding pocket nearby that
orients the double bond to be attacked in position for
substrate oxidation 4 A away from the monoiron
center.

Spectroscopic studies also provide insight into the
coupling of substrate binding and the redox state of
the Rieske cluster to changes at the mononuclear iron
center in preparation for oxygen activation. MCD
studies on PDO show that the iron(ll) center is six-
coordinate and becomes five-coordinate upon sub-
strate binding.%®® This substrate-triggered change
follows the general mechanistic paradigm for oxygen
activation by iron(ll) enzymes with 2-His-1-carboxy-
late active sites (Figure 11).* NO, an O, analogue,
binds to the mononuclear iron(ll) site of NDO and
converts the EPR-silent high-spin iron(ll) center into
an EPR-active S = 3/, {Fe—NO}’ center.* ENDOR
studies of the NO adduct show that protons on the
naphthalene substrate are dipolarly coupled to the
paramagnetic center, indicating that the substrate
remains in the crystallographically characterized
binding pocket even after NO binding.3623% Further-
more, the substrate is sensitive to the redox state of
the Rieske cluster and undergoes an allosteric shift
toward the mononuclear nonheme iron center upon
reduction of the Rieske cluster.

An exciting recent development is the crystal-
lographic characterization of O, adducts of NDO in
the absence and in the presence of substrate, the first
example for a nonheme iron enzyme.®543% The crystal
structure of the reduced enzyme exposed to O; in the
absence of substrate shows a side-on-bound dioxygen
moiety with Fe—O distances of 2.2 and 2.3 A. The
observed O—O distance of 1.4 A suggests the reduc-
tion of O, to the peroxide level. The same experiment
performed with crystals previously soaked in solu-
tions of the substrate analogue indole and then
exposed to O, shows an even more tightly bound side-
on-bound peroxo species with Fe—0O distances of 1.8
and 2.0 A and an O—0 bond distance of 1.4 A (Figure
36C). The Fe—0O bond distances of the latter are in
good agreement with Fe—Operoxo bond lengths ob-
tained from the EXAFS analysis for the model
compound [Fe(N4Py)(#%-0.)]" (1.93 A; N4Py =
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N-(bis(2-pyridyl)-methyl)-N,N-bis(2-pyridylmethyl)-
amine),®* and from the crystal structure of a heme/
copper complex with a u-n*:n?-peroxo bridge (1.89 and
2.03 A)3% (see next section for a more detailed dis-
cussion). The asymmetry of the bound dioxygen
moiety in the enzyme structures suggests the strong
possibility that it may be a side-on-bound hydroper-
oxide. The observation of these side-on-bound dioxy-
gen intermediates in two crystal forms differs from
an earlier observation by the same group of a dioxy-
gen adduct in which one oxygen atom is bound to the
metal center and the other to the C3 carbon atom of
the substrate analogue indole.?%* This structure may
be construed to be an intermediate subsequent to the
initially formed side-on-bound dioxygen complex,
demonstrating dioxygen attack on substrate. Last,
the crystal structure of an enzyme—product complex
demonstrates that the cis-dihydroxylated product
coordinates the iron center as a bidentate ligand to
the metal center (Figure 36D).3%° Product release
occurs only after the two redox sites are reduced to
initiate another round of catalysis.

Although early studies on PDO have shown that
the oxygenase and the reductase components form
an essential complex for catalytic turnover,366.367
recent studies on NDO36! and benzoate 1,2-dioxyge-
nase (BzDO) %% demonstrate that the fully reduced
oxygenase component alone is competent to activate
O,. In the absence of substrate, the fully reduced
oxygenase reacts slowly with O, resulting in the
autoxidation of the enzyme. The addition of substrate
accelerates this reaction, producing nearly a single
turnover of product cis-dihydrodiol. The rate of this
reaction is in fact more than 1 order of magnitude
faster than the overall catalytic turnover rate, sug-
gesting that other steps control the overall kinetics.
At this stage, both the monoiron center and the
Rieske cluster are oxidized and the product can be
recovered from the enzyme only via a procedure
involving thermal denaturation and chemical extrac-
tion.%6%.3%8 The tighter binding of the product diol at
this stage is not surprising, given the expectation
that the Lewis acidic iron(l11) center should have a
strong affinity for the diol oxygens. Product release
could then be triggered by reduction of the oxygenase
by the reductase and probably constitutes the rate-
determining step during catalysis.

The above observations can be considered together
to assemble the following mechanistic sequence. The
fully reduced enzyme binds the arene substrate to
initiate the reaction. O, binding followed by electron
transfer from the reduced Rieske cluster generates
the O, adduct shown. Its side-on binding mode is
demonstrated by the crystal structures, and its
description as a peroxide is supported by the 1.4 A
O—0 bond length. Further corroboration comes from
biochemical studies on NDO with benzene as a
substrate analogue;3° in this case, the reduction of
O, is uncoupled from substrate dihydroxylation, and
H,0, is released with no benzene oxidation, presum-
ably the result of protonation of the putative Fe'"'—
OOH intermediate. The fully oxidized NDO has also
been shown to undergo a peroxide shunt, catalyzing
the single-turnover oxidation of naphthalene with
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Figure 37. Possible fate of the key O, intermediate in the
Rieske dioxygenase cycle.

H,O, to afford the corresponding cis-(1R,2S)-1,2-
dihydroxy-1,2-dihydronaphthalene product.3”° Isotope
labeling studies show almost full incorporation of the
two O atoms of the peroxide into the cis-diol product.
Thus, substrate oxidation can be effected by an iron-
(11)—peroxo moiety. Due to the greater reactivity of
biomimetic Fe''"-OOH species compared to their
conjugate base counterparts,®17372 the former is
favored as the more likely oxidizing species in the
Rieske dioxygenases.

The Fe!''—7%?-O0H intermediate may then attack
the substrate directly to form the (y'-alkylperoxo)-
iron species (Figure 37B) found in an NDO crystal
structure,3* but the chemistry underlying this trans-
formation is difficult to envision. The fact that the
O—0 bond remains intact suggests a nucleophilic
attack of the substrate by the bound peroxide, but
how this should come about is not clear. Alterna-
tively, the Fe'''-%2-OOH intermediate may undergo
O—0 bhond cleavage and convert to an electrophilic
HO—FeV=0 species (Figure 37C) prior to substrate
attack. Such a species would be akin to the high-
valent cis-dioxometal species such as OsO,4, RuOy, or
MnO,~ well known to effect cis-dihydroxylation of
olefins.3747%76 The involvement of an iron—oxo species
in the catalytic mechanism may be implicated by the
incorporation of H,'%0 into the product. Indeed, a
small amount of oxygen from water (3—10%) is
incorporated into the naphthalene cis-diol product in
the peroxide shunt studies of Wolfe et al.®"® Further-
more, Wackett et al. have found significant label
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incorporation from H,*0 (70%) in the oxidation of
the substrate analogue indane by toluene dioxyge-
nase to 1-indanol.®”” These results argue for the
involvement of an intermediate that allows solvent
to be incorporated into the product.

The novel chemistry carried out by the Rieske
dioxygenases has inspired efforts to obtain func-
tional models of these enzymes. Although biomime-
tic arene cis-dihydroxylation has not been attained,
the first examples of synthetic nonheme iron com-
plexes capable of catalyzing the cis-dihydroxylation
of olefins have been discovered by Que and co-
workers,117-119.378-380 \Whjle the biomimetic complexes
are not capable of O, activation, they efficiently
utilize H,0O, as oxidant to achieve olefin cis-dihy-
droxylation, mimicking the peroxide shunt pathway
demonstrated for NDO.3"° In some cases, as much as
95% of the H,O, added is converted to cis-diol.
Furthermore, a chiral analogue of one of these
complexes in fact catalyzes the cis-dihydroxylation
of cis-2-heptene with high enantioselectivity (80—
88% ee).38!

The cis-dihydroxylation catalysts are exemplified
by three complexes, [Fe!"(BPMEN)(CH3CN),J?*, [Fe''-
(TPA)(CHgCN)2]2+, and [Fe"(6-Meg-TPA)(CH3CN)2]2+
(Figure 38), all of which oxidize a range of olefins. It
is notable that both epoxide and cis-diol products are
obtained in many cases and that the epoxide/cis-diol
ratio depends on the nature of the tetradentate N4
ligand. For example, BPMEN strongly favors epoxide
formation (8:1) with cyclooctene as substrate, while
6-Mes-TPA strongly favors cis-dihydroxylation (1:4).
These results emphasize an emerging idea that
epoxidation and cis-dihydroxylation reflect different
reactivities of a common iron—peroxo intermediate,
the balance between the two pathways being exquis-
itely tuned by the ligand topology and the spin state
of the metal center.!®

Three sets of experiments emphasize the contrast-
ing behaviors of the TPA and 6-Mes-TPA complexes.
First, [Fe''(TPA)(CH3:CN),]*" and [Fe''(6-Me3-TPA)-
(CH3CN),]?" react with 'BuOOH to afford respectively
low-spin and high-spin Fe'''-OO0'Bu intermediates.3*
The change in spin state is due to the 6-methyl
substituents on the TPA ligand, which introduce
steric constraints on the iron center. It is assumed

Figure 38. Crystal structures of [Fe''(BPMEN)(CH3;CN),]?", [Fe''(TPA)(CH3CN),J?", and [Fe''(6-Mes-TPA)(CH3CN),]%".
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Figure 39. Competition experiments for the oxidation of
olefin pairs by [Fe!'(TPA)(CH3CN),]?* (left) and [Fe'(6-Mes-
TPA)(CH3CN),]?* (right): C = cyclooctene (red), O =
l-octene (orange), A = tert-butyl acrylate (green), F =
dimethyl fumarate (blue). Solid blocks represent the frac-
tion of cis-diol formed, while patterned blocks represent
the fraction of epoxide formed. Reprinted with permission
from ref 380. Copyright 2003 American Chemical Society.
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Figure 40. Mechanistic pathways for biomimetic cis-
dihydroxylation.

that this spin-state difference extends to the corre-
sponding Fe'''-OOH intermediates, but only the low-
spin [Fe'"'(TPA)(OOH)]?>* complex has been trapped
and characterized.38238 Second, competition experi-
ments between electron-rich and electron-deficient
olefins show that the TPA catalyst prefers to oxidize
electron-rich olefins, while the 6-Mes-TPA catalyst
prefers to oxidize electron-deficient olefins (Figure
39).380 These results have been interpreted as indi-
cating the generation of an electrophilic oxidant for
the former and a nucleophilic oxidant for the latter.
Third, 80-isotope labeling experiments reveal a
dramatic difference in the source of the diol oxygens.
For the former, one diol oxygen derives from H,80,,
while the other derives from H,'20; for the latter,
both diol oxygens come from H,'80,, thereby mimick-
ing the dioxygenase nature of the enzyme-catalyzed
dihydroxylation chemistry (Figure 40).

An overall mechanistic scheme for this family of
catalysts is proposed in Figure 40. Taking into
account the fact that the corresponding pentadentate
N4Py complex is not a catalyst for olefin oxidation,*”
even though a low-spin Fe""'(N4Py)—OOH intermedi-
ate can be observed,383384 the mechanism requires a
complex to have two cis-labile sites with which to
activate the hydroperoxo ligand. In the low-spin
pathway, the hydroperoxide occupies one site and
water the other site. Hydrogen bonding of a water
proton with the terminal oxygen of the bound hydro-
peroxide forms a five-membered ring that facilitates
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O—0 bond heterolysis and expulsion of water to form
the electrophilic HO—FeV=0 oxidant responsible for
diol formation. The novel isotope labeling result
provides the strongest argument in favor of such an
oxidant. The viability of this pathway has also been
tested by DFT calculations, and no insurmountable
activation barriers were found.®®® Epoxides formed
in the low-spin pathway also show 80 incorporation
from H,'80, implying that the epoxidizing agent is
closely related to the cis-dihydroxylating species.'”
Less evidence is available to support the high-spin
pathway. The observation that both diol oxygens
derive from H,0O, and the requirement for two cis-
labile sites suggest that peroxide activation may
occur via a side-on-bound species.'*”378 This postulate
in fact anticipated the observation of such a side-on-
bound dioxygen moiety in the crystal structure of
NDO.%5 The possible nucleophilicity of this side-on
peroxo species is precedented by the nucleophilicity
established for #2-peroxoiron(l11) porphyrin com-
plexes®® and attributed to a high-spin Fe!'"'-OOH
intermediate.®®” However, the possibility that the
Fe'''—#2-O0H moiety further cleaves to form a high-
valent iron—oxo species that then carries out the
dihydroxylation, as in the low-spin pathway, cannot
be excluded at this time. Clearly more work needs
to be done to clarify the mechanistic issues in this
intriguing catalytic system. Insights derived from
this effort will surely also have an impact on our
understanding of enzymatic cis-dihydroxylation.

4. Bio-Inspired Oxidation Catalysis

The olefin oxidation catalysts discussed in the
previous section on Rieske dioxygenases are quite
versatile, being capable of utilizing H.O, also for
stereospecific alkane hydroxylation.3238 These ef-
forts were preceded by in-depth investigations of a
number of systems capable of alkane oxidation,
particularly the “Gif systems” developed by Bar-
ton,3897392 the Fenton-like systems explored by Saw-
yer,3293% and nonheme iron complex/'/BUOOH com-
binations pioneered by Fish3%4-3%7 and followed up by
Que, Ménage, and Mascharak with other ligand
systems.398-493 However, in none of the above studies
was the oxidant established to be a metal-based
species capable of stereospecific hydroxylation, analo-
gous to the high-valent oxoiron(1V) porphyrin radical
intermediate generally accepted to be the principal
oxidizing species in heme-catalyzed alkane hydroxy-
lation and olefin epoxidation.?*® Indeed, evidence for
the formation of Fe'"'-OO'"Bu intermediates was
obtained in two instances,*®*4% but decomposition of
such intermediates was subsequently demonstrated
by Ingold and co-workers to involve O—O bond
homolysis to generate an alkoxyl radical as the
primary oxidant for the hydroxylation reaction.337:340:406

These studies have stimulated further investiga-
tion into iron catalysts capable of utilizing H,O, as
oxidant to afford products indicative of metal-based
alkane oxidations,*” by analogy to the peroxide shunt
reactions observed for several iron enzymes. These
include (u-oxo)diiron(l11) complexes of bipy and
phen401.498:408 and the aforementioned monoiron(ll)
complexes of tetradentate N4 ligands with the TPA
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and BPMEN ligand frameworks,119:334:382388.410 Keay
indicators of a metal-based oxidation are large cy-
clohexanol/cyclohexanone ratios and KIE values for
cyclohexane hydroxylation higher than those associ-
ated with HO*. More importantly, these catalysts
carry out the stereoselective hydroxylation of the
tertiary C—H bonds of cis-1,2-dimethylcyclohexane,
the majority affording %RC values above 95%. Fur-
ther support for a metal-based oxidant is the obser-
vation that the (u-oxo)diiron(l1l) complex with a
chiral bpy ligand catalyzes enantioselective sulfoxi-
dation (40% ee) and hydroxylation of benzylic C—H
bonds (7—15%).411.412

In the course of these studies, evidence for Fe'''—
OOH intermediates as the oxidizing species has been
obtained in several instances,382383.388,411,413414 gome
of which will be discussed in detail in the following
section. However, the fact that some 20 from H,80O
becomes incorporated into the alcohol products in the
reactions with Fe(BPMEN) and Fe(TPA) catalysts
also supports the notion that some of these Fe'''—
OOH intermediates can also serve as precursors to
the actual (though yet unobserved) HO—FeV=0
oxidant,118.385388410 a5 discussed in the preceding
section for the cis-dihydroxylation catalysts.'’

Along a similar vein, Kodera et al. have spectro-
scopically characterized a thermally stable (x-0xo)-
(u-1,2-peroxo)diiron(l11) of a dinucleating hexapyri-
dine ligand.*'> This species is unreactive toward
alkanes but can be activated upon treatment with
acyl chlorides in DMF to carry out the hydroxylation
of cyclohexane with only a trace amount of cyclohex-
anone. It is proposed that the peroxo bridge is
acylated to form an acylperoxo species that undergoes
O—0 bond heterolysis to generate an oxidant power-
ful enough to cleave the cyclohexane C—H bond.
Indeed, the precursor (u-oxo)diiron(l11) complex cata-
lyzes over 1000 turnovers of cyclohexane hydroxyla-
tion with m-chloroperbenzoic acid as oxidant.*'6

A very recent addition to this relatively exclusive
group of alkane hydroxylation catalysts is a complex
reported by Foster and Caradonna, [Fex(H,Hbamb),-
(N-Melm),] (HsHbamb = N,N’-bis(o-hydroxybenzoyl)-
2,3-diamino-2,3-dimethylbutane; N-Melm = N-me-
thylimidazole), and mentioned earlier in the pterin-
dependent enzyme section.®* This complex uses
MPPH (2-methyl-1-phenylpropyl 2-hydroperoxide) to
oxidize cyclohexane efficiently to cyclohexanol. The
fact that MPPH activation yields only the corre-
sponding 2-methyl-1-phenyl-2-propanol and the lack
of any evidence for the formation of the corresponding
alkoxyl radical argue for a heterolytic O—O bond
cleavage mechanism to form an Fe'V=0 species that
is presumed to carry out the alkane hydroxylation.
This is the first biomimetic example with evidence
implicating an Fe'V=0 species in cleaving the 99.3
kcal/mol bond of cyclohexane and is thus clearly a
result worth further detailed investigation.

Several examples of synthetically efficient non-
heme iron olefin oxidation catalysts have been re-
ported. Stack and co-workers showed that [Fe'",(u-
O)(phen)4(H20),]** catalyzes the epoxidation of a
range of olefins (including terminal olefins) with
peracetic acid as oxidant with low catalyst loading
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Figure 41. Structure of the anti-tumor drug bleomycin,
with the bolded atoms indicating sites for metal coordina-
tion. (Inset) The metal coordination sphere as observed in
the crystal structure of Cu""BLM bound to the bleomycin
binding protein (1JIF.pdb).

(0.25 mol %) and fast reaction times (<5 min) at
0 °C.47 With the more biomimetic oxidant H,O,,
Jacobsen and co-workers found that [Fe''(BPMEN)-
(CH3CN),;]>" can be a synthetically useful olefin
epoxidation catalyst at 5 mol % catalyst loading, with
isolated epoxide yields as high as 90%.418 Nam, Que,
and co-workers reported that the corresponding
[Fe''(TPA)(CH3CN),]*" complex is also a good olefin
oxidation catalyst under analogous reaction condi-
tions but favors cis-dihydroxylation over epoxidation
by at least a 3:1 ratio.3”® The examples listed in this
section augur a promising future for the discovery
and development of bio-inspired oxidation catalysts.

5. Trapped Reaction Intermediates

The mechanistic pathways of the various nonheme
iron enzymes and biomimetic catalysts discussed
above often invoke the participation of iron—peroxo
and iron—oxo intermediates. In the following two
sections, we present the available data for such
species that have actually been trapped under ap-
propriate experimental conditions. These results
justify their proposed involvement in the various
mechanistic schemes and serve as the foundation
upon which to base an understanding of their reac-
tivities.

5.1. Iron—Peroxo Intermediates

Among iron—peroxo intermediates, the most ex-
tensively studied is activated bleomycin (BLM, Fig-
ure 41), implicated in the reactivity of a family of
glycopeptide-derived antibiotics that have anti-tumor
activity. Bleomycins depend on iron(ll) and O; to
effect the double-stranded oxidative cleavage of target
DNA. Activated BLM or ABLM, the last intermediate
observed prior to DNA cleavage, has been identified
by electrospray mass spectrometry to be an Fe'''—
OOH complex.**® Much work has been carried out to
understand the properties of ABLM and its mode of
action, and these have been the subject of compre-
hensive reviews.*20-422 The most salient points will
be summarized here for the purposes of this review.
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Bleomycin has been found to act as a pentadentate
ligand to the metal center in the crystal structure of
the copper(l1) complex bound to the bleomycin bind-
ing protein and provides a square pyramidal N5
coordination environment with the ligating atoms
indicated in boldface in Figure 41.4%% Solution NMR
and MCD studies have suggested that the sugar
carbamoyl goup may act as a sixth ligand in iron(ll)
and cobalt(11) complexes,*?*~426 but one coordination
site must become available for the binding of exog-
enous ligands such as O, and CO. It should be noted
that the amide NH becomes deprotonated upon metal
complexation, so the N5 ligand is monoanionic, thus
lowering the potential of the iron(ll) center suf-
ficiently to allow an O, adduct to form. Strong back-
bonding from the pyrimidine ligand is suggested to
reduce the tendency of the oxy complex to dissociate
into Fe'"BLM and superoxide.*?”428¢ ABLM is formed
by the addition of one electron to the O, adduct of
Fe''BLM or by the addition of H,O; to Fe'""BLM, by
analogy to the peroxide shunt in cytochrome P450.
Furthermore, ABLM hydroxylates naphthalene and
4-deuterioanisole (to 4-methoxy-2-deuteriophenol with
concomitant NIH shift), epoxidizes olefins, and dem-
ethylates N,N-dimethylaniline.#?® The parallel with
some of the oxidation chemistry associated with
cytochrome P450 has led investigators to consider
whether activated BLM may serve as the precursor
to a formally FeV=0 species that is responsible for
substrate oxidation.

ABLM exhibits S =/, EPR signals with g = 2.26,
2.17, and 1.94, indicative of a low-spin iron(lll)
center, a designation corroborated by Mdssbauer
spectroscopy.*?® EXAFS studies show the presence of
a shell of 2.5 O/N scatterers at 1.89 A and another
shell of 3 O/N scatterers at 2.03 A, with no evidence
for a short Fe—O distance that may be associated
with an Fe=0 unit.“®® These spectroscopic results,
together with the earlier mentioned electrospray
mass spectrometric data,**® unequivocally establish
ABLM as a low-spin Fe!""-OOH complex.

The Fe!"-OOH description implies that the two
oxidizing equivalents needed for the aforementioned
oxidation chemistry would be localized on the peroxo
ligand, instead of on the metal center. Thus, attempts
have been made to gain more insight into the
properties of the low-spin Fe'"-OOH moiety by
resonance Raman spectroscopy. However, the ami-
date ligand gives rise to intense absorption features
in all iron complexes of BLM, and these features
obscure the hydroperoxo-to-iron(l11) charge-transfer
transition expected for ABLM.422427:428431 gglomon
and co-workers have attributed this outcome to the
greater strength of the iron(l11)—amidate interaction,
which fixes within the molecular frame the orienta-
tion of the half-filled tyy orbital that would serve as
the acceptor orbital involved in the LMCT transi-
tions. Thus, the donor p orbital of the amidate ligand
lies in the plane of this half-filled t,q orbital and has
good 7 overlap that results in an intense LMCT band.
Consequently, the corresponding orbital for the hy-
droperoxo ligand lies on the axis perpendicular to this
orbital, so its much smaller overlap with the half-

Chemical Reviews, 2004, Vol. 104, No. 2 971

R-TPEN, n =2, R = Me, Bn, Pc
R-TPPN, n =3, R = Me

Figure 42. Pentadentate N5 ligands used for modeling
activated bleomycin.

TACNPy2

filled metal t4 orbital would give rise to an LMCT
band of much lower intensity.

Model complexes have played an important role in
enhancing our understanding of the iron—peroxo
interaction in ABLM and validate the picture pro-
posed by Solomon. Early on, Mascharak and co-
workers designed the PMA-H ligand (Figure 42),
which most closely matches the BLM ligand environ-
ment around the iron center.427432433 |_jke Fe—BLM,
Fe'"PMA reacts with O, to generate a low-spin iron-
(111 intermediate with EPR parameters nearly iden-
tical to those of activated BLM. However, no direct
spectroscopic evidence for the Fe'"'-OOH formulation
of the intermediate has been reported. Complexes of
other pentadentate N5 ligands incorporating an
amidate moiety have also been synthesized with
similar outcomes.***

More recently, metastable purple Fe'''-OOH com-
plexes of neutral pentadentate N5 ligands such as
N4Py, Py5, and R-TPEN (Figure 42, Table 4) have
been trapped at low temperature and characterized
by a variety of spectroscopic methods.364372,383,384,435-442
Unlike the FeBLM and Fe(PMA) complexes, the
latter complexes can be obtained only by treatment
of iron(l1) or iron(l11) precursors with excess H,O;
at low temperature. Their formulation as [Fe"'(L)-
(OOH)]?* species has been established in several
instances by the use of electrospray mass spectrom-
etry. They also exhibit S = 1/, EPR spectra similar
to those of activated BLM, as expected for low-spin
iron(l11) centers. Analysis of the EPR data carried
out by Girerd and co-workers*® within the frame-
work of the Griffith model classifies the Fe'"'-OOH
complexes into three subsets: those with four to five
pyridine ligands, those with three pyridines, and
those having either an amidate or a thiolate ligand.
So the introduction of an anionic ligand into the
pentadentate ligand set does significantly, but not
surprisingly, affect the electronic properties of the
low-spin Fe'"'-OOH unit.
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Table 4. Properties of Low-Spin Iron(l11)-Hydroperoxo Complexes
Amax, NM v(Fe—0),cm™t »(0O—-0),cm™? 0, AEq,
complex (e, Mt cm™) (AO) (A®O) EPR mm/s  mm/s ref
[Fe(BLM)(OOH)] 2.26,2.17,1.94 0.10 -3.0 429
[Fe(PMA)(OOH)]* 2.22,2.17,1.94 432
[Fe(PaPy3)(OOH)I* 480 (1800) 2.25,2.17,1.95 434
[Fe(N4Py)(OOH)?* 547 (1300) 632 (—16) 790 (—44) 2.16,2.12,1.98 0.17 -—1.6 364,383
(=5%H)
[Fe(Py5)(OOH)?* 592 627 806 2.15,2.13,1.98 364
[Fe(H-TPEN)(OOH)J?>* 531 (950) 625 (—23) 801 (—51) 2.19, 2.14,1.96 440
[Fe(Me-TPEN)(OOH)]?* 537 (1000) 617 (—17) 796 (—45)  2.19,2.12,1.95 0.19 —2.01 440,443
[Fe(Bn-TPEN)(OOH)?* 2.20, 2.16, 1.96 0.17 —2.07 437,444
[Fe(Pc-TPEN)(OOH)]2+ 541 (900) 617 796 2.22,2.15,1.97 440
[Fe(phen),(py)(OOH)]>* 2.13,2.12,1.97 438
[Fe(bipy)2(py)(OOH)]?* 2.14,2.11,1.97 438
[Fe(pb)2(OOH)1?+ 623 811 2.18, 2.18, 197 0.23 1.71 414
[(pb).Fe-O-Fe(pb),(OOH)]3* 618 (—26) 806 (—44)  EPR-silent, S=2 0.23 1.64 411,413
(S1= %5, Sz = 1/2)
[Fe(TPA)(OOH)J>* 538 (1050) 624 (—19) 803 (—44) 2.19, 2.15,1.97 383
[Fe(SMe2N4(tren))(OOH)+ 452 (2800) 784 (—31) 2.14,1.97 445
[Fe(6-Me2-Pc-TPEN)(OOH)J?* 530 (2.20, 2.18) 2.12, 446
(1.97, 1.96)
[Fe(Me-TPPN)(OOH)]?* 550 (>600) 609 799 2.155,2.1,1.92 447
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Figure 43. Visible spectra of [Fe"''(N4Py)(1-O0H)]%" ()
and its conjugate base [Fe''((N4Py)(#2-02)]* (- - -). Reprinted
with permission from ref 364. Copyright 2003 American
Chemical Society.

The Fe'"'-0OO0H complexes of neutral pentadentate
N5 ligands have visible spectra with absorption
maxima near 550 nm and extinction coefficients of
about 1000 M~ cm™! (Table 4, Figure 43). Due to the
absence of other chromophores, this band can readily
be assigned to the hydroperoxo-to-iron(l11) charge-
transfer transition. Low-temperature MCD experi-
ments on [Fe'"'(N4Py)(OOH)]*" have identified an
additional weak band near 1600 nm that can be
assigned to the highest energy d—d transition within
the tp° subshell.*! This observed energy (6200 cm™1)
in fact matches the value calculated (6455 cm™1) for
this transition from the EPR g values.

Excitation into the ~550-nm band of these Fe'''—
OOH complexes elicits resonance-enhanced 8O-
isotope-sensitive Raman vibrations at ~600 and
~800 cm™! (Figure 44, Table 4), corroborating its
assignment as the hydroperoxo-to-iron(l11) charge-
transfer band.364383:440443 The feature at ~800 cm™!
downshifts with 80 labeling by about 45 cm™1, as
expected for a diatomic O—O stretch from a simple
Hooke’s law calculation. The feature at ~600 cm™,
on the other hand, decreases in energy by 16—23
cm™1, slightly smaller than the 28 cm~! downshift
calculated for an Fe—O stretch. A small downshift is
also observed for the N4Py intermediate when the
experiment is carried out in the presence of D,0O,
suggesting the involvement of the entire hydroper-

D
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Figure 44. Resonance Raman spectra for [Fe!''(N4Py)(r!-
OOH)J?* and [Fe!"'(N4Py)(52-O2)]* in CH3OH. Reprinted

with permission from ref 364. Copyright 2003 American
Chemical Society.

oxide ligand in the deformation, so the vibration is
assigned t0 Vee—ooH-

Among the Fe'""-OOH complexes, the N4Py com-
plex has been studied the most extensively, including
the mixed isotope labeling experiment®®* and a
normal coordinate analysis*3' that unequivocally
establish the #*-OOH binding mode. The resonance
Raman spectrum of [Fe!"'(N4Py)(»'-OOH)]?* derived
from 50% 80O-labeled H,0, (Figure 44B) shows the
Vre—oon feature split only into two bands with ener-
gies and intensities corresponding to those observed
for the pure isotopomers (Figure 44A,C). The vo—o
feature, on the other hand, splits into three bands
at 746, 768, and 790 cm™!, with an area ratio of
approximately 1:2:1, corresponding to the respective
O—0 stretching vibrations of the 18080, %0180, and
160160 isotopomers. But the line width at half-height
for the mixed isotopomer is ~50% larger than those
associated with the two pure isotopomers, suggesting
the presence of unresolved contributions from distinct
Fe—600H and Fe—®0%0OH isotopomers. This quali-
tative picture is confirmed by a normal coordinate
analysis that shows the ~800 cm™! feature to be an
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Table 5. Raman Vibrations of Iron—Peroxo Complexes and Corresponding Force Constants Derived from Normal

Coordinate Analysis

Vre—o, CM™1 Kre—o0, mdyn/A vo-o, cm~1 ko-o, mdyn/A ref
Is-[Fe"(N4Py)(:-O0H)]** 632 3.62 790 3.05 431
Is-[Fe"(TPA)(y1-0O0BuU)]>* 696 3.53 796 2.92 448
hs-[Fe!''(6-Mes-TPA)(:-O0'Bu)]2* 637 2.87 860 3.55 89
hs-[Fe!"'(TptBuiPr)(»1-O0Bu)]* 625 (618)2 (2.19) 860 (876)? (3.93)2 317
hs-[Fe(EDTA)(72-02)]3" 459 1.56 816 3.02 371
hs-[Fea(TpiP"2),(02CR),(1—1,2-02)] 421 1.99 876 3.07 449

aValues from DFT calculations on [Fe'"(Tp)(7*-O0'Bu)]*.

almost pure vo_o Vvibration (75% AO—O and 15%
AFe—0) and the ~600 cm™! feature to consist of 62%
AFe—0, 8% AO—-0, and 22% AFe—0—0.

Similar Raman spectra are observed for low-spin
iron(l111)—peroxo complexes of the tetradentate ligand
TPA, which is closely related to the N4Py ligand. For
example, [Fe'"'(TPA)(OOH)]?* exhibits vibrations at
624 and 803 cm~* with respective downshifts of 19
and 44 cm~! upon 80 substitution.® These features
match those of [Fe!"'(N4Py)(OOH)]>" quite well (Table
4), although the greater instability of the former has
thus far made in-depth studies difficult. On the other
hand, [Fe'"'(TPA)(OO'Bu)]?* is much more stable and
exhibits peaks at 490, 696, and 796 cm~1.342 Only the
latter two are sensitive to the introduction of 20 at
the terminal oxygen of '‘BuOOH, but all three are
affected by deuteration of the ‘Bu hydrogens. Thus,
the 490 cm* peak can be assigned to a ‘Bu deforma-
tion mode. The 796 cm™! peak is comparable in
energy to the vo_o observed for [Fe'''(N4Py)(OOH)]?".
Because it downshifts 18 ¢cm™! with the use of
'‘BuO!®OH but upshifts by 7 cm™ upon deuteration
of the '‘Bu group, it is assigned to the vo_o with 72%
AO—-0O and 11% AC—O character.**® The 696 cm™*
peak has complex isotope substitution behavior but
can be assigned to a vibration with 61% AFe—0O, 16%
AC—-0, and 6% AC—C character. Despite the large
difference in the observed ve._o values for [Fe''-
(N4Py)(OOH)]?" and [Fe'"'(TPA)(OO'BuU)]?*, the NCA
analysis reveals very similar Fe—O and O—O force
constants (Table 5).#31448 The common thread among
these three peroxo complexes is the low-spin iron-
(111) center, which must exert a similar effect on the
bound peroxides.

Introduction of methyl substituents a to the pyri-
dine nitrogens of TPA generates steric interactions
with the metal center to favor the high-spin state.34?
This applies to the Fe'' oxidation state, as exemplified
by low-spin [Fe!'(TPA)(CH3CN),]*" and high-spin
[Fe''(6-Mes-TPA)(CHsCN),]?>", and to the correspond-
ing Fe'""-O0'Bu complexes. Thus, [Fe''(6-Mez-TPA)-
(OOBU)]?>" exhibits a g = 4.3 EPR signal typical of
high-spin iron(l11) and a Raman spectrum consisting
of peaks at 469, 637, 842, and 876 cm™*, which are
distinct from those of its low-spin TPA counterpart
(Table 5). All features are affected by the introduction
of 180 at the terminal oxygen of ‘BUOOH and by
deuteration of the ‘Bu hydrogens, indicating substan-
tial mixing between iron—peroxo and tert-butyl modes.
The 842 and 876 cm™! peaks collapse into one peak
at 860 cm~* upon d°-substitution, thereby identifying
it as the vo_o, an assignment supported by NCA
analysis (75% AO—O and 10% AC—C character).8?

Note that the O—O vibrational frequency is about 60
cm~! higher than in the low-spin TPA complex, with
a corresponding increase in the O—O force constant
(Table 5). On the other hand, the 637 cm™! peak,
assigned primarily to the vg.—o, has 47% AFe—0O and
26% AC—O character, corresponding to an Fe—0O
force constant that is 20% smaller than that of its
TPA analogue. Thus, relative to its high-spin coun-
terpart, [Fe"(TPA)(OO'Bu)]?*" has a stronger Fe—O
bond and a weaker O—0 bond.#

Other high-spin iron—peroxo complexes follow this
pattern. Masuda and co-workers observed Raman
features at 621 and 830 cm™? for [Fe'''(H,BPPA)-
(OOH)]?* (Figure 45A, Table 6).38” Along the lines of
the 6-Mes-TPA complex discussed in the previous
paragraph, the two a-HNCO!Bu substituents on the
TPA framework of H,BPPA apparently introduce
enough steric hindrance to make the iron(l11) center
high-spin. On the other hand, Suzuki and co-workers
have cleverly used the bidentate quinaldate ligand
to introduce a more oxygen-rich ligand environment
for the iron(l11) center and obtained high-spin peroxo
complexes of [Fe'''(quinaldate),]*.**° The reaction of
[Fe'"';(u-OH),(quinaldate),] with 2 equiv of base and
excess H,O, in DMF at —60 °C affords deep blue
[Fe'"'(quinaldate),(OOH)], which exhibits an EPR
signal at g = 4.3 and a vo-o of 877 cm™ in its
resonance Raman spectrum. More interestingly, the
same reaction carried out in the presence of CO;
affords the first example of an isolated and crystal-
lographically characterized metal—peroxycarbonate
complex, [Fe'"'(quinaldate),(x*>-O0CO,)]~ (Figure 45B).
This complex exhibits a number of ¥0O- and **C-
isotope-sensitive Raman features (Table 6); those at
547 and 884 cm~! have the right frequencies and 8O-
isotope shifts to be assigned to vee—o and vo-o,
respectively, but a normal coordinate analysis of
these data should be carried out. High-spin diiron-
(1) complexes with either terminal or bridging
peroxo groups also exhibit Raman features at similar
ferquencies, including the Fe'"'—#'-OO0OH units of the
invertebrate dioxygen carrier oxyhemerythrin! and
its model complex [Fe!"';(u-O)(u-PhysDBA)(TMEDA),-
(n*-O0H)] (Figure 45C)*® and the Fe''"'-O—-O—Fe!"
units of O, adducts of diiron(11) complexes*® (Table
6).

A perusal of Tables 4—6 emphasizes the generali-
zation that low-spin iron(l11)—peroxo complexes have
higher vge—o and lower vo_o frequencies than their
high-spin counterparts. This comparison suggests
that coordination to the low-spin iron(l1l) center
strengthens the Fe—O bond and weakens the peroxo
O—0 bond. This effect was first noted by Harris and
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Table 6. Properties of High-Spin Iron(l11)—Peroxo Complexes
Amax, NM v(Fe—=0),cm™t »(O—-0),cm* EPR 0, AEq,
complex (e, M~tcm™) (A*80) (A®0O) E/D mm/s mm/s ref
n*-Peroxo
[Fe(H,BPPA)(OOH)?* 568 (1200) 621 (—22) 830 (—17) 0.07 387
(—4 2H)
[Fe(quinaldate),(OOH)] deep blue 877 (—46) 450
oxyhemerythrin 500 (2300) 503 (—23) 844 (—47) 0.52 0.95 451,452
[Fex(u-O)(u-PhsDBA)(TMEDA),-(*-O0H)] 470 (2600) 843 (—46) 0.53 0.99 453
0.53 157
[Fex(TpiPr2),(02.CR),(u-1,2-05)] 418 (—9) 876 (—49) 0.66 1.40 108,454
[Fez(u-O)(u-1,2-0,)-(6-Mes-TPA),]** 490, 640 (1100) 462 (—19) 848 (—46) 0.54 1.68 455-457
531 (—21)
[Fex(N-Et-HPTB)(u-1,2-0,)-(u-O,CPh)]?* 588 (1500) 476 (—16) 900 (—50) 0.52 0.72 458
[Fez(Ph-bimp)(u-1,2-0O,)(u-0,CPh)]?* 0.58 0.74 459
0.65 1.70
[Fe(quinaldate)>(OOCO2)]~ 440 (1450) 547(—23) 884 (—43) 0.33 450
577 (—14) 966 (—20)
728 (—18) (=6 13C)
n?-Peroxo
[Fe(OEP)(O2)]~ n.o. 805 (—46) 0.29 0.67 0.62 460
[(5-Mes-TPA)Cu(u-n*:17?-02)Fe(TMP)] 790 (—44) 365
[Fe"(EDTA)(O2)]* 520 (520) 459 (—13) 816 (—40) 0.21 0.65 0.72 371,461
[Fe(N4Py)(O2)1" 685 (520) 495 (—17) 827 (—46) 0.11 0.61 111 364,372
[Fe(Me-TPEN)(O2)]* 740 (500) 470 (—16) 819 (—45) 0.08 0.64 1.37 440, 441, 462
[(Bn-TPEN)Fe(O)1* 0.08 0.63 1.12 444,462
[Fe(Pc-TPEN)(O2)1" 755 (450) 470 817 0.10 439, 440

Loew?*® in their DFT calculations of the putative low-
spin Fe''"-OOH intermediate in the cytochrome P450
mechanism and spectroscopically verified for the first
time in these nonheme iron(l11)—peroxo complexes.
Further experimental support comes from the nice
correlation found by Roelfes et al.,*®* showing a
decrease in the vo_o's of a series of [Fe'''(N5)(OOH)]
complexes in parallel with the Fe'"""" redox potentials
of their precursor iron(ll) complexes; so the more
electron-donating the N5 ligand, the lower the po-
tential and the weaker the O—O bond. The high-spin
iron(I11) peroxo complexes, however, exhibit ve.—o
values that range from 421 to 630 cm™, a large
variation in energy that deserves further scrutiny.

One other class of iron(111)—peroxo complexes can
be generated by treatment of the purple low-spin
[Fe"'(N5)(*-O0H)] complexes with base (Figures 43
and 44, Table 6).364372439-441462 Egrmation of the
conjugate bases is confirmed by electrospray mass
spectrometry and results in a red shift in their
absorption maxima to about 700 nm with a halving
of their intensities. These blue species have high-spin
iron(l111) centers that exhibit Mdssbauer isomer shift
values (0.61—-0.65 mm/s, Table 6) that are at the
higher end of the range for such centers.?3° This high
isomer shift may be considered indicative of the
presence of a side-on-bound peroxo ligand, although
such values have also been observed for some, but
not all, (u-1,2-peroxo)diiron(l11) complexes (Table
6).454:459

The resonance Raman spectra of the blue high-spin
peroxo complexes show vo_o's about 20 cm™? higher
than those of their conjugate acids, which downshift
by the requisite 45 cm™* for a diatomic vibration upon
180-labeling. The vee-o's are found just below 500
cm~! and downshift by 16—17 cm~*. Unlike for their
[Fe'(N5)(5*--O0H)]?* counterparts, neither vibration
is affected by the presence of D,O. Mixed isotope
experiments on [Fe'"'(N4Py)(5?-O,)]" strongly impli-

cate a side-on-bound peroxo ligand (Figure 44G).364372
The vo_o splits into three peaks at 780, 802, and 826
cm™?, straightforwardly assignable to the 18080,
160180, and %00 isotopomers, respectively. The
three features have comparable line widths and a
1:2:1 peak area ratio, exactly the pattern expected
for a symmetrically bound peroxide. Interestingly, the
vre—o feature does not split into two peaks corre-
sponding to the Fe—0 and the Fe—'0 extremes but
instead shifts to a frequency that is intermediate
between them. This result suggests that the 495 cm™!
mode of [Fe'"'(N4Py)(n%-0,)]" is a triatomic, rather
than a diatomic, vibration involving the Fe and the
two peroxide oxygens, most plausibly the symmetric
combination for stretching the two Fe—O bonds,
corroborating an assignment based on a detailed
analysis of [Fe(EDTA)(7%-0,)]3.3"

The (7%-peroxo)iron binding mode is precedented
in the corresponding Fe'"'(porphyrin) and Fe'"(EDTA)
complexes.®1480 The porphyrin complexes, typically
prepared by the reaction of the iron(ll) precursors
with superoxide, are high-spin iron(ll1) species, as
the peroxo ligand pulls the metal center out of the
porphyrin plane to accommodate the #2-binding
mode, thereby weakening the ligand field interaction.
This out-of-plane geometry is illustrated by the
crystal structure of the corresponding manganese-
(1) complex, and the peroxo oxygens lie on an axis
coplanar with an axis that connects two trans nitro-
gens of the porphyrin.*6* Detailed spectroscopic stud-
ies on the classic Fe(EDTA) complex formed at pH
10 with excess H,0,, carried out by Neese and
Solomon,®”* have led to the description of the mol-
ecule as a six-coordinate high-spin iron(ll11) center
with side-on peroxo binding, resulting in the dis-
placement of two of the carboxylates. Application of
this model to the structure of [Fe!"'(N4Py)(52-0,)]*
requires the dissociation of one of the pyridine
ligands. However, Roelfes et al. favor an alternative
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Figure 45. Structures of (A) [Fe"'(H,BPPA)(#*-OOH)]?>" (proposed), (B) [Fe'''(quinaldate),(«?>-CO,4)]~ (solved), and (C)

[Fe"'y(u-O)(u-Ph,DBA)(TMEDA),(n*-O0H)] (proposed).

Figure 46. Structures of (A) [Fe'"'(N4Py)(»-O0OH)]* and
(B) [Fe"(N4Py)(n?-O2)]* from DFT geometry optimization
and of (C) [(5-Mes-TPA)CU" (u-n1:72-02)Fe!"'(TMP)]* from
X-ray crystallography.

seven-coordinate structure based on DFT geometry
optimization (Figure 46B).%%* In this structure that
is akin to that of the porphyrin complexes, the side-
on peroxo ligand pulls the iron center out of the plane
defined by the four pyridine nitrogens and lies above
two of the four pyridine nitrogens. This stretches the
Fe—Namine distance to 2.39 A. The bond distances
derived from the DFT calculations are consistent
with those obtained from an EXAFS analysis of [Fe'!'-
(N4Py)(n*-O2)]* (Table 7).

Due to their instability, there is a paucity of
crystallographic information on iron(I11)—peroxo com-
plexes. To date, there are crystal structures for only
one monoiron—peroxo complex, [Fe(quinaldate),(«?-
0O0CO,)],*° three diiron—peroxo complexes,454:459.465

and a heme—copper heterodimer (Table 7).3%5 The
four nonheme complexes all have high-spin iron(l11)
centers with Fe—Operoxo bond lengths in the narrow
range of 1.88—1.94 A, despite having metal centers
of differing Lewis acidity. EXAFS analysis of [Fe'"-
(N4Py)(7?-0,)]" and DFT calculations on high-spin
[Fe'''(6-Mes-TPA)(OO'BU)]?>* also afford Fe—Operoxo
bonds in this range.®®3%* In contrast, Fe—Operoxo
distances for low-spin iron(l11)—peroxo complexes
obtained from EXAFS analyses and DFT calcu-
lations exhibit a much larger range of values (Table
7). Within this small subset, the Fe—Operoxo dis-
tances are as short as 1.76—1.78 A for [Fe'''(N4Py)-
(OOH)]?" and [Fe'''(TPA)(OO'Bu)]?*" to as long as
1.97-1.98 A for ABLM and [Fe!"(PaPy3)(OOH)]*,
with an intermediate 1.86 A for [Fe!''(SMe:N4(tren))-
(OOH)]+.364:422,431,445,448,466 These Fe—Operoxo distance
variations correlate with the intensity of the hydro-
peroxo-to-iron(l11) LMCT band and reflect the pres-
ence of another ligand (e.g., amidate and thiolate)
that can compete for the interaction with the key
half-filled ty orbital.

The very recently reported structure of a remark-
ably stable u-1:n?-peroxo heterodimer with side-on
binding to a heme center and end-on binding to a Cu-
(TPA) unit provides some badly needed new struc-
tural insight. Like the (y?-peroxo)manganese struc-
ture,*®* the side-on-bound peroxo unit lies above the
porphyrin plane and eclipses two of the pyrrole
nitrogens. One Fe—O bond length is 1.890(6) A, well
within the narrow range found for other high-spin
iron(111) peroxo complexes, while the other oxygen
that bridges to the Cu(TPA) unit has a longer 2.031-
(4) A Fe—0O bond length. The copper half of the
structure resembles that found by Karlin for [Cu",-
(O2)(TPA),]%*.467 Thus, this heme/copper structure
may be construed as a model for a side-on-bound Fe—
OOH unit with the copper center substituting for the
proton.

A key issue for these iron-peroxo complexes is their
reactivity, i.e., whether the O—O bonds cleave by
homolytic or heterolytic mechanisms and what types
of oxidations can be effected. For side-on peroxo
complexes, it is clear from the small amount of data
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Table 7. Available Structural Information for Activated Bleomycin (ABLM) and Synthetic Nonheme Iron—Peroxo
Complexes from EXAFS Analysis, X-ray Crystallography, and DFT Calculations

complex

EXAFS fit [XRD data] (DFT results) ref

ABLM

25N @1.89 A; 3N @ 2.03 A (Fe—Operox, 422

1.972 A by DFT)

[Fe'''(PaPy3)(n-O0H)]* 1 N/O @ 1.84 A (amidate); 4 N/O @ 1.98 A 466
[Fe''(SMe2N,(tren))(n-OOH)]+ 1N/O @ 1.86 ﬁ (n*-O0H) 1S @ 2.33 A; 445
4 N/O @ 2.01
[Fe'"(N4Py)(:--O0H)]2* 1 N/O @ 1.76 A (5-O0H); 4 N/O @ 1.96 A 364, 431
(Fe—Operoxo, 1.804 A by DFT)
[Fe'"(TPA)(;:-O0Bu)]Z* 1N/O@1.78 A (nlj-S\OOR); 4N/O@1.96 A a, 448
Fe—Operoxo, 1.825 A by DFT
[Fe'"'(6-Mes-TPA)(5:-O0'Bu)]*+ %e—opioilf 1.943 A bnyFT ) 89
[Fe'"(Tpt®BuiPr)(;1-00Bu)]* Fe—Operoxo 1.843 A by DFT 317
[Fe(quinaldate),(x>-O0C(0)0)]~ [Fe—Operoxo, 1.936(3) A by XRD] 450
[Fe'"(N4Py)(52-0,)]* 2 N/O @ 1.93 A (5%-0,); 3 ’BI\\I/O @220A 364
(Fe—Operoxo, 1,956, 1.958 A by DFT
e e AR = A
e e -1,£-U2 3)2. e— peroxo; L- y
[Fe''y(TpiPr2)5(02CR)2(u-1,2-05)] [Fe—Operoxo, 1.881(6) and 1.877(6) A by XRD] 454
[Fe'",(0)(Ph,DBA)(;:-O0H)(TMEDA),]* 1N/O @ 1.79 A (u-0O); 2 NAO @2.01A 453
(7*-O0H?); 3N/O @ 2.18
[(5-Mes-TPA)CU" (u-n*:17%-O,)Fe" (TMP)]* [Fe—Operoxo, 1.890(6) and 2.031(4), and 365

Cu—Operoxo, 1.915(5) A by XRD]

a Chen, K.; Que, L., unpublished results.

available that these complexes are unreactive and
thus require activation to be mechanistically signifi-
cant in oxidative transformations.3"*372 | ow-spin
Fe!''—(»*-O0R) complexes, on the other hand, readily
undergo O—0 bond homolysis to form RO* radicals
and Fe'V=0O species. DFT calculations estimate a
barrier of 60—80 kJ/mol for the O—O bond homolysis
along an O—0 bond-stretching trajectory that follows
the initial interaction between the low-spin iron(l11)
center and the peroxide.**® Such Fe—OOR intermedi-
ates have been implicated in catalytic alkane hy-
droxylation systems employing Fe(TPA) complex/
ROOH combinations.398:399.402,405468 particularly per-
suasive evidence for the homolysis of the O—0O bond
in Fe—OOR species has been obtained by the use of
MPPH (2-methyl-1-phenylpropane-2-hydroperoxide)
in place of the more common ‘BuOQH 337.338,340406 The
alkoxyl radical derived from the former readily
undergoes S-scission to form benzyl radical and so
gives rise to products that are diagnostic of O—0O
bond homolysis. The putative Fe'V=0 moiety thus
formed in such a homolysis has been trapped in both
intramolecular and intermolecular reactions.335336:340,469
These results lay the foundation for the generation
and characterization of mononuclear oxoiron(lV)
complexes to be discussed in the next section. There
is less insight into the reactivity of high-spin Fe'''—
OOR species, and the current consensus from one
experimental and one computational study is that
such species decay by homolysis of the Fe—O bond
to form the iron(11) complex and ROO* radical.888°
The reactivity of the Fe'''-OOH intermediates has
stimulated the most discussions in the literature, due
to the important role of activated bleomycin in DNA
cleavage. Early on, it was postulated that a formally
FeV(0) oxidant derived from O—O heterolysis may
be involved in oxidations by activated bleomycin,
paralleling the cytochrome P450 paradigm.*® How-
ever, recent DFT calculations show that the amidate
radical is much higher in energy than the corre-
sponding oxidized porphyrin radical and therefore

inaccessible.*?2431 An alternative pathway is a ho-
molytic mechanism to form hydroxyl radical that
serves as the oxidant, but the Kkinetic isotope effects
observed for cleavage of the DNA ribose C4'—H bonds
are too large to be compatible with this mecha-
nism.*29471 It is thus proposed that the Fe'''-OOH
moiety itself serves as the oxidant, and O—O bond
homolysis occurs concomitant with C—H bond cleav-
age.*?? As has been discussed in the sections on
Reiske dioxygenases and bio-inspired oxidation ca-
talysis, there are other pathways for activating the
Fe!"-OOH moiety in the absence of the amidate
functionality in which an FeV(O)(OH) oxidant is
implicated, and a novel family of iron catalysts has
been found that carry out a range of stereospecific
hydrocarbon oxidations.18:407

5.2. High-Valent Iron—Oxo Intermediates

High-valent iron—oxo species have commonly been
invoked as intermediates in the reactions of nonheme
iron enzymes with O,. But only for three enzymes
have iron(l1V) intermediates been trapped and char-
acterized. These are intermediate Q of the diiron
methane monooxygenase and intermediate X of the
diiron ribonucleotide reductase,*’? both discovered in
the 1990s and discussed in a different review in this
volume, and that very recently discovered for the
2-0OG-dependent monoiron TauD.?”® In all three
cases, the iron(lV) centers are high-spin. Within this
same time frame have also emerged the first syn-
thetic nonheme iron(1V) complexes with N/O ligands.

One common ligand theme has been the use of the
amido functionality that takes advantage of its strong
o donor ability to access and stabilize the iron(1V)
oxidation state. In pioneering efforts, Collins and co-
workers have prepared thermally stable high-valent
complexes with tetraamido macrocyclic ligands.#73-47
One complex, [Fe"(n*-Lmac)Cl], has Mossbauer pa-
rameters AEq = 0.89 mm~! and 6 = —0.04 mm s!
and behavior in high field that identify it as having
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Figure 47. Crystal structures of [Fe!'V(5*-Lmac+)CI] (A) and [Fe!"'(Lns)(0)1? (B).

an S = 2 center; it is thus far the only crystallo-
graphically characterized example of a square pyra-
midal high-spin iron(1V) complex (Figure 47A). On
the other hand, Schrock and Cummins have used a
tripodal triamido ligand to prepare a thermally
sensitive diamagnetic trigonal bipyramidal iron(1V)
complex formulated as [Fe'V(L)(CN)], L = [(‘BuMe,Si-
NCH,CH2,N)sN]3".476¢ More recently, Borovik and co-
workers have used another triamido ligand, the tris-
[(N'-tert-butylureaylato)-N-ethyl]lamine trianion (Lng),
to synthesize the first crystallographically character-
ized example of a mononuclear oxoiron(l11) species
(Figure 47B).#”" Interestingly, this complex is ob-
tained by the reaction of its iron(l1) precursor with
O,. It is postulated that a (u-1,2-peroxo)diiron(l11)
intermediate is initially formed that then undergoes
O—0 bond homolysis to generate an unobserved
oxoiron(lV) species that is in turn reduced to the iron-
(I111) oxidation state by solvent or added dihydroan-
thracene. This oxoiron(l11) complex, like its (u-0xo)-
diiron(l11) counterparts,® has an Fe—O bond length
of 1.813(3) A. It exhibits a vre—o at 671 cm™t in its
FTIR spectrum, with a downshift of 26 cm~! when
180, is used in the sample preparation. Notably, the
rather basic oxo atom in this complex is stabilized
by three hydrogen bonds from the N—H groups of the
ligand. It is also readily protonated, and the structure
of the Fe'"-OH derivative has been solved.*”® The
O—H bond dissociation enthalpies of the iron(ll) and
iron(l111) complexes were determined to be 66(4) and
115(4) kcal/mol, respectively, by a thermodynamic
cycle.*” This study provides a thermodynamic basis
to predict that the corresponding oxoiron(1V) species
should be a powerful hydrogen abstraction agent.
Unfortunately, this high-valent species has not been
observed, probably owing to its high potential reac-
tivity.

Parallel to these efforts, Wieghardt and co-workers
have successfully prepared high-valent nitridoiron
complexes by photolysis of iron(l1l) azide precur-
sors.#80748 Thus, irradiation of Fe!"'(N3) complexes of
macrocylic N3 or N4 ligands like TACN or cyclam
affords dinuclear species containing Fe'''(u-N)Fe'V
(S = Y, and 3/,) cores or mononuclear FeV=N com-

plexes (S = %/,), as deduced from analysis of their
EPR and Mossbauer properties. These results dem-
onstrate that even neutral polydentate amine ligands
can support high iron oxidation states under the
appropriate conditions. With the use of tetradentate
diamido ligands in this chemistry, diamagnetic Fe'V-
(u-N)Fe'Y complexes can also be obtained and char-
acterized by X-ray crystallography.+8

Synthetic efforts in the past 10 years have dem-
onstrated that the oxoiron(lV) state is in fact syn-
thetically accessible in a nonheme ligand environ-
ment. Bis(oxo)diiron(I11,1V) complexes of neutral
tetradentate tripodal N4 ligands that serve as models
for high-valent intermediates in nonheme diiron
enzymes have been obtained and characterized
spectroscopically.#56:457485-488 |ndeed, one of these,
[Fe20,(5-Ets-TPA),](ClO,)s, has been crystallographi-
cally characterized and shown to have a valence-
delocalized (S = 3/,) Fe,(u-0), diamond core.*® An-
other diiron(111,1V) complex with a valence-delocalized
core (S =1,, Sy’ =5/, S;' = 2) can be generated by
the reaction of O, and a diiron(l1) complex with four
bulky diarylbenzoate ligands, but its structure is not
established.*®® Very recently added to this select
group are [(L)Fe''(u-O)(u-O.CR),FeV(L]*" (L, L' =
TACN, MesTACN, Tp) and [(MesTACN)Cr''(u-O)(u-
0,CR),FeV(Me; TACN)J3*, which can be generated by
one-electron oxidation of their dimetal(l11) precur-
sors.*! The iron(IV) centers in these M"'Fe!V com-
plexes have an S = 1 spin state that is antiferromag-
netically coupled to either a high-spin iron(l11) (S =
5/5) or a chromium(lIl) (S = 3/,) center.

The first hint that a mononuclear iron(lV)—oxo
species can be obtained, reported by Wieghardt and
co-workers in 2000,%8 involves the generation of such
a species by the reaction of [Fe"!(cyclam acetate)-
(OTH] (cyclam acetate = 1-carboxymethyl-1,4,8,11-
tetraazacyclotetradecane) with Oz at —80 °C. How-
ever, its instability and low yield precluded detailed
characterization beyond its Mdssbauer spectrum,
which is best interpreted as arising froman S =1
iron(1V) center. More recently, Rohde et al. have
investigated the reaction of the iron(ll1) complex of a
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Figure 48. Crystal structure of [Fe'V(O)(TMC)(CHsCN)J?+.

closely related macrocycle TMC (TMC = 1,4,8,11-
tetramethyl-1,4,8,11-tetraazacyclotetradecane) with
Phl1O and obtained in high yield [Fe'V(O)(TMC)-
(NCCHpgy)](OTf)2, which persists for weeks at —40
°C.*? Its remarkable thermal stability has led to its
crystallization and the solution of the first high-
resolution structure of a complex with a terminal
Fe'V=0 unit (Figure 48). These pivotal results have
opened the door to a rich oxoiron(1V) chemistry that
has just begun to be explored.

[Fe'V(O)(TMC)(NCCHj3)]?" is a pale green complex
with an absorption maximum in the near-IR region
(Amax = 820 Nnm, € = 400 Mt cm™1), the only electronic
transition observed above 400 nm.*? It exhibits in
zero applied field a Mdodssbauer doublet with an
isomer shift 6 = 0.17(1) mm s™! and a quadrupole
splitting AEq = 1.24(1) mm s~1. Mdssbauer analysis
at different fields provides parameters that led to the
conclusion that it is an S = 1 Fe(l1V) paramagnet.
Its crystal structure reveals a 1.646(3) A Fe—O
distance, a value that closely matches rg.—o values
deduced from EXAFS analysis of oxoiron(IV) units
in synthetic and biological porphyrin complexes.493-4%
The 1.646(3) A distance observed is much shorter
than the 1.813(3) A terminal Fe—O distance for the
oxoiron(111) complex of Borovik,*”” reflecting the
stronger Fe—O bonding interactions between the
tetravalent iron and the terminal oxo ligand. Cor-
respondingly, the Fe—O stretch observed in FTIR
experiments is found at 834 cm* (A0 = —34 cm™1,
as expected for an Fe—O diatomic vibration), typical
of values found for corresponding Fe'V=0 units with
heme ligands,** but significantly higher than the 671
cm~* value associated with the oxoiron(l11) complex
of Borovik. 477
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With the existence of an oxoiron(1V) complex firmly
established by crystallography, its spectroscopic prop-
erties can now be used as the basis for recognizing
the formation of like species with other ligands.
Indeed, oxoiron(lV) complexes have been prepared
with three other types of neutral ligands: the tripodal
tetradentate TPA,%974% the linear tetradentate BP-
MCN with a § topology,*®® and the pentadentate
N4Py and R-TPEN family.50501 Different oxidants
are required for the various transformations, as
summarized in the reactions listed below:

Fe'(L)(OTf), + Ph10 — [Fe"V(O)(L))*"
(L = TMC, N4Py, Bn-TPEN)

[Fe'(L)(CD](PF) + ClO™ — [Fe"V(O)(L)]*"
(L = Me-TPEN, Me-TPPN)

Fe'(L)(OTf), + RCO,H — [Fe'V(O)(L)]**
(L = TMC, TPA, 5-BPMCN, N4Py, Bn-TPEN)

Fe''(L)(OTf), + 'BUOOH — [Fe'"(L)(00'Bu)]**

— [Fe"(O)L)*"
(L = TPA, B-BPMCN)

The properties of the mononuclear oxoiron(lV)
complexes characterized so far are compared in
Tables 8 and 9. They all exhibit near-IR transitions
with relatively low extinction coefficients (Figure 49).
Their low intensities suggest that these are not
charge-transfer transitions but more likely ligand
field in origin. In support, efforts to obtain resonance
Raman spectra by excitation into the near-IR band
have thus far been unsuccessful. Furthermore, with
the exception of the cyclam acetate complex, there
appears to be a trend of increasing energy with the
number of pyridines in the ligand, which would be
consistent with a ligand field assignment. In-depth
CD and MCD spectroscopic analysis in progress
should clarify this point shortly.5%?

XAS analysis of these oxoiron(1V) complexes pro-
vides useful structural insight in lieu of an X-ray
structure. Fits to the EXAFS region show the pres-
ence of a short (1.65—1.67 A) Fe—O bond for all
complexes studied thus far. These complexes also
exhibit an intense 1s — 3d pre-edge transition, with
an area of 25—30 units, which is much higher than
is commonly seen for six-coordinate iron complexes
(4—10 units)51°-512 but comparable to those observed
for high-valent iron—oxo porphyrin complexes (27—
38 units).*9>513 Like d—d transitions, the 1s — 3d pre-

Table 8. Comparison of [Fe'V(O)L], Complexes with S = 1 Sites

L=

cyclam acetate N4Py T™MC TPA BPMCN BPMCN
n 1 1 1 1 1 2
Amax (NM) 676 693 820 724 753 656, 845
€max (M~tcm™1) 400 400 300 280 4000, 3000
XAS pre-edge peak area 30(4) 30(4) 28(2) 10(2)
r(Fe—0) (A) 1.646(3) (XRD) 1.67(2) (XAS) 1.65(2) 1.79(2) (XAS)
ty, at —40 °C ~1 min >24.d >24 h ~minutes
tip at 25 °C 60 h 10 h
ref 483 500 492 497 499 503
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Table 9. Mossbauer Parameters for Oxoiron(1V) (and Related) Compounds

complexes o0, mm/s AEq, mm/s [Acy 98], T ref
High-Spin Oxoiron(l11) Centers
[Fe"(O)(Lns)]*™ (77 K) 0.30 0.71 477
(u-oxo)diiron(111) complexes 0.45—-0.55 1.3-2.4 84
Low-Spin Iron(1V) Centers
[Fe'V(O)(cyclam acetate)]™ 0.01 1.37 [—23,—23,—-10] 483
[Fe!V(0)(TMC)(CHsCN)]2* 0.17 1.23 [-25,—20,—3] 492
[Fe'V(O)(TPA)(CH3CN)J>* 0.01 0.93 [-22.5,—21.9,—6] 497
[Fe'V(O)(BPMCN)?>* 0.07 1.04 [-22.5,—19,-5] 499
[Fe'V(O)(N4Py)]?+ —0.04 0.93 500
[Fe'V(O)(Bn-TPEN)?* 0.01 0.87 500
[Fe'V(O)(Me-TPPN)J?* 2 0.03 1.21 [-18,—20.6,—0.4] 501
[Fe!Va(u-0)2(BPMCN),]4* 0.10 1.75 [-22,-17.1,—1.1] 503
[Fe"!Vo(u-O)(u-OAC)(TACN)]3T (major species) 0.05 1.14 [-11.3,—21,—-2.5] 491
[Fe'"WV,(u-O)(u-OAc)2(Mes-TACN), 3+ 0.026 1.74 [-15.5,—-15.5,—15.5] 491
[Fe!"" Vo (u-0)(u-OAc)o(Tp)2]+ 0.00 1.07 [-18.5,—18.5,0] 491
[(Tp)Fe"'(u-O)(u-OAc),Fe'V(Mesz-TACN)]?+ 0.04 1.68 [-21.8,—-14.8,—13.3] 491
[(Mes-TACN)Cr'"(4-O)-(u-OAc),FeV(TACN) 3+ —0.002 1.215 [-15.0,—15.0,—21] 491
[Fe'"V,(u-O)2(5-Mes-TPA),]3" (valence delocalized) 0.14 0.49 485
Fe'V(O)(porphyrin) complexes 0.04-0.12 1.3-2.3 504
HRP compound 11 0.03 151 [-19.3,—-19.3,—6.5] 505
High-Spin Iron(l1V) Centers

[FeV (174 Lmac)(CI)] —0.04 0.89 [-18,—15,—10.8] 474
[Fe'"V,(0),(6-Me-TPA), 3" 0.08 0.5 [14.5,26.5,26.5] 486
[Fe!'lV,(0),(6-Mes-TPA),(H,0)]3+ 0.10 1.14 [17,25,20] 488
“IFe"""Fe!V(O,CArT), 3+ 0.12 0.6 [22.9,19.9,22.9] 490
TauD intermediate 0.31 —0.88 [—20,—20,—15] 229
E. coli RNR R2-X 0.26 —0.6 [20.0,26.7,26.7] 506
Mc MMOH-Q 0.21,0.14 0.68, 0.55 507
Mc MMOH-Qx 0.14 —0.6 [19,22,23] 508
Mt MMOH-Q 0.17 0.53 509

a|ts alternative formulation as [Fe'V(OMe)(Me-TPPN)]J** cannot be excluded with the available data.

500

N )
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600 700 800 900
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Figure 49. Near-IR spectra of [Fe'V(O)(L)] complexes:
L = TMC (=), N4Py (--) TPA (—-—), and f-BPMCN (- -).

edge transition is sensitive to the symmetry of the
metal coordination environment and becomes more
intense as the metal environment becomes less
centrosymmetric. So the presence of a terminal oxo
ligand would be expected to impose a significant
distortion on the iron coordination environment and
give rise to an intense pre-edge peak.

A perusal of Table 9 shows that all nonheme S =
1 oxoiron(IV) complexes studied thus far exhibit
remarkably similar spin Hamiltonian parameters,
obtained from Mdossbauer analysis, despite differ-
ences in the nature of the supporting ligands. They
also closely resemble the parameters found for iron-
(1V) centers found for compounds | and Il of heme
peroxidases and their biomimetic counterparts.5%
The observed isomer shift (6) values span a range of
—0.04 to +0.17 mm/s, with the TMC complex alone
at the high end and with porphyrin and pyridine-
rich complexes congregating at the low end. This

trend may reflect the extent of electron donation from
the ligand to the iron(1V) center. The isomer shifts
of the few available synthetic S = 2 iron(IV) com-
plexes also appear to fit into this range, so the isomer
shift may not be a useful tool to discriminate between
spin states of iron(1V) centers. The three iron(1V)
centers associated with high-valent enzyme interme-
diates are all deduced to be high spin, but only
intermediate Q of methane monooxygenase has an
isomer shift that falls within this range.5%7-5% Those
of TauD?*° and intermediate X of ribonucleotide
reductase®®® are at least 0.09 mm/s higher, approach-
ing the lower limit of the range for S = 5/, iron(l11)
centers. Notably, the iron(1V) center of TauD and the
Fe(111) center of [Fe"'(O)(Lns)]>~ have essentially the
same isomer shift. These observations have led to the
suggestion that the putative oxoiron(IV) units in
these latter two enzyme intermediates may have
enhanced Fe'"'-O character. This intriguing notion
and the factors that modulate the electronic structure
description of these oxoiron(1V) centers clearly de-
serve further study.

The different oxidants required to generate the
oxoiron(lV) complexes raise intriguing mechanistic
guestions. The PhlO and CIO™ reactions presumably
involve simple oxygen-atom transfer, while the per-
acid oxidations, requiring only a stoichiometric amount
of reagent to effect nearly quantitative conversion,
must entail a heterolytic O—O bond cleavage mech-
anism. The observation that ‘BuOOH can also serve
as an oxidant to form oxoiron(1V) complexes deserves
special comment. It has been established for some
time that transient low-spin Fe'"OO'Bu intermedi-
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Figure 50. Solvent dependence of the decomposition of
[Fe'''(5-BPMCN)(OO'Bu)]?* to oxoiron(1V) complexes.

ates can be formed in the reactions of iron(ll) or
iron(l11) complexes with tBuOQH342:404405 and that
they decompose by O—O bond homolysis path-
ways.89.335.336,340,448469 Until recently, the weak ox-
oiron(1V) near-IR chromophore that must form in the
course of O—0O bond homolysis has not been reported,
being obscured by the intense alkylperoxo-to-iron(l11)
charge-transfer band (Amax ~ 600 Nnm, ey ~ 2000) of
the precursor Fe''"-OOR intermediate. In the earlier
experiments, a large excess (typically 10-fold or
greater) of ROOH was used to maximize the Fe!''—
OOR chromophore, and this condition, not surpris-
ingly, accelerated the decay of the oxoiron(1V) species.
More recently, the use of only a 2-fold excess of
'‘BUuOOH in its reaction with the Fe''(TPA) complex
led to the observation of the oxoiron(1V) complex.4%
Furthermore, the addition of Lewis bases like pyri-
dine or pyridine N-oxide accelerated the conversion
of Fe'"—OOR to Fe'V=0 and enhanced the yield of
[Fe'V(O)(TPA)]?", demonstrating a dramatic “push”
effect on the decomposition of the iron—peroxo com-
plex. These examples illustrate a rather complex
reaction landscape for the formation of oxoiron(1V)
complexes.

The reaction of the related Fe''(3-BPMCN)(OTf),
with '‘BuOOH exhibits additional complexity, reveal-
ing an even richer chemistry. While the decay of
[Fe"'(3-BPMCN)(OO'Bu)]?* in acetonitrile at —25 °C
affords the already described S = 1 [Fe!V(O)(BP-
MCN)J?" species,*®® a different iron(IV) complex is
generated in CH,Cl, at —80 °C that also exhibits low-
energy (Amax = 656, 845 nm) transitions, but which
are an order of magnitude more intense.>%% Resonance
Raman and XAS experiments establish that this
complex has an Fe'V,(u-O), diamond core that pre-
sumably results from dimerization of the Fe'V(O)
unit. The features that distinguish it from its mono-
nuclear analogue are a much less intense 1s — 3d
pre-edge absorption and an Fe—O bond length of 1.79
A. Its observed higher intensity absorption bands
likely arise from primarily metal-to-metal transitions
of the Fe'V,(u-O), diamond core, as recently estab-
lished for the related valence-delocalized [Fe,(u-O),-
(5-Et3-TPA),](ClO4)3 complex.485:489.514515 Tg date, de-
spite having low-spin metal centers, this diiron(1V)
complex is the only synthetic complex that has the
Fe'V,(u-0), diamond core proposed for intermediate
Q of methane monooxygenase.>® The two different
product outcomes can be rationalized by the ligating
ability of the solvent (Figure 50). The nascent Fe'V-
(O) species derived from O—0 bond homolysis of the
Fe'"—OOR intermediate is readily intercepted by
CH3CN and stabilized by the solvent, but dimerizes
instead in the non-coordinating CH,Cl..

Costas et al.

The handful of oxoiron(l1V) complexes available
exhibit varying thermal stabilities (Table 8) and
reactivities toward substrates. The TMC complex, for
example, is stable for at least a month at —40 °C but
only converts PPhs to OPPhg; neither thioanisole nor
2,4-di-tert-butylphenol is oxidized under these condi-
tions.*%2 On the other hand, the TPA complex is stable
for less than a day at —40 °C but carries out oxo
transfer to PPhs, thioanisole, and even cyclooctene.*%”
[Fe'Va(u-O)(BPMCN),]**, with a lifetime of only
minutes at —40 °C, can oxidize adamantane to
1l-adamantanol and 2-adamantanone in 56% and 20%
respective yields.5% So not surprisingly, the reactivi-
ties of these oxoiron(IV) complexes of tetradentate
ligands correlate inversely with their thermal stabili-
ties. The oxoiron(1V) complex of the pentadentate
N4Py appears to be an exception; it exhibits a
remarkable thermal stability (t;, =~ 60 h at 25 °C)
yet can attack even the C—H bonds of cyclohexane.5%
Clearly the chemistry of these synthetic oxoiron(1V)
complexes affords an interesting reaction landscape
that is worth further in-depth exploration.

6. Outlook

In the eight years since the publication of our
review on mononuclear nonheme iron dioxygen ac-
tivating enzymes in the special Bioinorganic Enzy-
mology issue of Chemical Reviews,! there has been a
veritable explosion of information that has accumu-
lated for this class of enzymes. Dozens of crystal
structures are now available not only of enzymes in
their resting states but also of binary and ternary
complexes that provide insight into how the active
sites change upon substrate and/or cofactor binding.
The progress in the structural biology aspects has
been complemented by the development of powerful
spectroscopic methods that can be used to probe the
relatively inaccessible high-spin iron(ll) center,3* and
computational tools that shed light on electronic
structure.®'” The spectroscopic results generally cor-
roborate the various mechanistic ideas that have
evolved from the crystallographic studies and have
led to a general paradigm for oxygen activation at a
mononuclear nonheme iron(l1) center. While much
has been learned about the steps leading to dioxygen
binding, much less is known of the steps subsequent
to oxygen activation. With the sole exception of the
2-OG-dependent enzyme TauD, no intermediates
subsequent to O—O bond cleavage but prior to
product formation have been observed. For TauD, a
catalytically relevant iron(1V) center??® and tyrosyl
radical®®! have recently been discovered. Thus, much
work needs to be done to uncover details of enzyme
mechanisms after dioxygen activation.

In 1996, there were few functional models for
mononuclear nonheme iron enzymes. The most sys-
tematically studied was a class of iron(l11) catecholate
complexes that reacted with O, to afford intradiol
cleavage of the catecholate in high yield, and initial
efforts to model the 2-OG-dependent enzymes had
just been reported. Eight years later, there are
functional models for extradiol-cleaving dioxygena-
ses, 2-OG-dependent enzymes, pterin-dependent en-
zymes, and Rieske dioxygenases, all providing op-
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portunities to obtain more detailed information about
the steps that occur subsequent to O—O bond cleav-
age. A number of iron—peroxo intermediates have
been trapped and spectroscopically characterized; two
even have crystal structures. Last, the elusive ox-
oiron(lV) unit has also been stabilized sufficiently to
be observed in several ligand environments, and one
of these has even been crystallized. It is clear that
much has been learned since 1996, but this dramatic
progress simply sets the stage for the next eight
years, during which time we hope to gain detailed
molecular insight into how Nature activates dioxygen
at a mononuclear nonheme iron center.
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