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1. Introduction

Understanding the mechanisms of dioxygen activa-
tion at the metal centers is important for unraveling
the mechanisms of metal-containing oxidases and
oxygenases, synthesizing new selective oxidation
catalysts and new drugs analogous to bleomycin, and
suppressing free radical pathways of oxidative dam-
age in biological systems. Dioxygen and, to a lesser
extent, hydrogen peroxide are ideal oxidants for the
chemical industry, because they are readily available
and environmentally clean. While selective activation
of these small molecules still represents a challenge
for the chemists, nature developed numerous metal-
loprotein systems for the utilization of dioxygen. The
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major role in dioxygen transport and activation in
biology is played by proteins containing copper, heme
iron, and non-heme iron centers.'? Understanding of
these metalloproteins was facilitated by the struc-
tural, spectroscopic, and mechanistic investigations
of synthetic inorganic model complexes. A recent
special issue of Chemical Reviews (February 2004)
on biomimetic inorganic chemistry provided excellent
reviews on the dioxygen activation by synthetic model
complexes.3™7
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For a complete understanding of dioxygen binding
at the metal centers and the subsequent reactions of
metal—dioxygen adducts, it is necessary to investi-
gate the mechanisms of these reactions by detailed
kinetic measurements. Compared to the cases of the
copper systems®®8714 and heme iron systems,! 19
there has been much less knowledge available on the
kinetics of the reactions of dioxygen with non-heme
iron complexes until recently. The main purpose of
this review is to summarize the data on the kinetic
and mechanistic aspects of dioxygen binding and
activation with non-heme iron model complexes
published within the past decade. Several excellent
reviews of earlier literature are available.2°~22 Vari-
ous aspects of non-heme synthetic iron model com-
plexes (their geometric and electronic structure,
spectroscopy, and, to a lesser extent, reactivity with
oxidants and substrates) have been reviewed
recently®%23730 and will not be covered in detail in
the current article. The structural, electronic, and
spectroscopic properties will only be considered in
order to illustrate their impact on the rates and
mechanisms of dioxygen binding and activation.

The reactions between non-heme iron(II) complexes
and dioxygen that generate observable iron—oxygen
intermediates are of primary interest for this review
(iron—oxygen intermediates here imply iron com-
plexes with dioxygen, superoxide, and peroxide, and
also high-valent iron complexes with oxo and hydroxo
ligands derived from the dioxygen species). The
mechanisms and kinetics of these reactions are
described, and the available kinetic parameters are
tabulated. In some cases, reactions with “Oy sur-
rogates” (CO, NO) provide additional information on
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the mechanisms of oxygenation; these reactions are
briefly considered, as appropriate. The general as-
pects of metal—dioxygen interaction have been de-
scribed before!®21:31733 and will not be covered here.
Next, the “peroxide shunt” pathway of generating
iron—oxygen intermediates (the reaction of iron(III)
complexes with hydrogen peroxide) will be consid-
ered. Other oxygen donors (superoxide, alkyl hydro-
peroxides, peroxoacids, iodosobenzene, etc.), which
are often used in generating iron—oxygen intermedi-
ates, will only be treated if kinetic or mechanistic
information on their reactions with iron complexes
is available. Finally, the reactivity of iron—oxygen
intermediates will be discussed. This includes trans-
formation of superoxo or peroxo intermediates into
high-valent species, self-decomposition of the inter-
mediates, and their reactions with substrates. Kinetic
data on the reactivity of synthetic non-heme iron—
oxygen intermediates are limited.

Catalytic oxidations with iron complexes will not
be covered in this review, unless iron—oxygen inter-
mediates were directly observed or there is other
strong evidence of their active participation. In the
synthetic catalytic systems, oxygen-centered radicals
(such as *OH) were more often identified as the active
oxidizing species, and the degree of involvement of
iron—oxygen intermediates is still under debate.3* 46
This situation is in contrast to the identification of
iron(III)—peroxo and iron(IV)—oxo intermediates in
the cycles of non-heme dioxygen-activating
enzymes.23.24.29.47-53

Dioxygen-binding and -activating biomolecules with
non-heme iron centers include a unique glycopeptide
antibiotic bleomycin and numerous proteins, which
are generally grouped into two large families: mono-
nuclear (having only one iron at the active site) and
dinuclear (having two proximate irons connected by
bridging ligands at the active site). Bleomycin and
non-heme iron enzymes will be briefly introduced in
the next section of this review. The only non-heme
iron dioxygen carrier, hemerythrin, will be considered
in some detail. Then, general aspects of model
chemistry will be introduced, followed by detailed
sections on the kinetics and mechanisms of dioxygen
binding and activation with mono- and dinuclear non-
heme iron complexes and related reactions. The last
section of this review is devoted to issues of kinetic
methodology specific for dioxygen-binding studies.

2. Dioxygen-Binding and -Activating Non-heme
Iron Biocomplexes

The chemistry of non-heme iron dioxygen activa-
tion with mononuclear??429515254-56  or  (i-
nuclear?23,27,29.53,57-61 hjgcomplexes has become a very
active area of research in recent years, with several
reaction intermediates characterized by spectroscopic
methods.?42%53 The lack of a porphyrin ligand was
previously believed to create significant challenges
for non-heme complexes. The investigation of met-
alloporphyrins was greatly facilitated by character-
istic spectroscopic signatures that are sensitive to the
coordination environment and oxidation state of the
metal. Additionally, the electronic structure of hemes
is well suited for the stabilization of high-valent
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intermediates. Recent developments in non-heme
iron chemistry, including the crystallization and
spectroscopic characterization of an FelV=0 complex
supported by tetramethylcyclam,®263 suggest greater
similarities in the dioxygen activation pathways of
heme- and non-heme systems, which may share
many common intermediates.

The mechanisms of iron dioxygen-activating en-
zymes depend on the number of metal centers. The
dinuclear systems, such as the extensively studied
methane monooxygenase, which utilizes an FelVy/
Fell; redox couple for a formally two-electron oxida-
tion of methane with an intermediate Q of its
hydroxylase component, take advantage of both iron
centers in catalysis.*®61.64 In addition to partial
electron and charge delocalization over two irons that
stabilize high-valent intermediates, the second metal
ion can also be important for substrate coordination
at the dinuclear center. The mononuclear non-heme
iron complexes do not have either the porphyrin
ligand or the second metal center in order to facilitate
formation of reactive intermediates in dioxygen ac-
tivation. Therefore, many mononuclear iron oxyge-
nases require a reducing cofactor (pterin or a-keto
acid) for dioxygen activation.?®2?° The mechanisms of
mononuclear iron hydroxylases are considered in
detail in a review by Abu-Omar published in this
issue of Chemical Reviews.*” Here, we will only
mention a very important recent finding of an Fe-
(IV)—oxo intermediate that is kinetically competent
to oxidize the substrate in the enzymatic cycle of
taurine/a-ketoglutarate dioxygenase (TauD).%566 An-
other remarkable result is the crystallographic char-
acterization of a dioxygen adduct with naphthalene
dioxygenase, which revealed a side-on binding mode
of the Oz molecule coordinated to an iron active site.%’

2.1. Iron Bleomycin

A relatively simple mononuclear system, iron bleo-
mycin (FeBlm), attracted significant attention and
inspired numerous attempts to prepare simple syn-
thetic models of this biomolecule (Figure 1, Scheme
1). Bleomycins are a family of natural antibiotics and
clinically used anticancer drugs, which are active
only in the presence of transition metals, especially
iron.%8"7 The dioxygen activation at the iron center
in FeBlm is the key step in single- and double-strand
sequence-specific DNA cleavage, which is considered
to be responsible for the anticancer activity of the
drug.”™ The sequence of events at the iron center in
FeBlm leading to DNA cleavage (Scheme 1) includes
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Scheme 1. Redox Chemistry of Iron Bleomycin
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Oq binding to the Fe(II) center, one-electron reduction
of the dioxygen adduct with the formation of a so-
called “activated bleomycin”, and an interaction of
“activated bleomycin” with the substrate (in the case
of DNA cleavage, the 4'-hydrogen abstraction from
the sugar occurs).’®"® The peroxide activation of
Fe(III)Blm (“peroxide shunt”) is also possible. While
the “activated bleomycin” was shown to be an
Fe(III)-OOH hydroperoxo species,’”> " the mecha-
nism of its reaction with the substrates is still
unknown and may involve a homo- or heterolytic
0O—0 bond cleavage™ or a direct reaction between the
hydroperoxo intermediate and the substrate.®° Some
other features of the Fe(II)Blm chemistry resemble
the reactivity of heme proteins.?82 The chemistry of
bleomycin has been recently reviewed.®® Many mono-
nuclear iron model complexes resemble iron bleomy-
cin in their ability to react directly with O, (starting
from the +2 oxidation state of the metal) or with
H,0; (starting from either the +2 or +3 oxidation
state of the metal), yielding peroxo intermediates.
The mechanistic studies on these mononuclear iron
model complexes are described in section 4.

2.2. Hemerythrin

Dinuclear iron proteins provide the only example
of a non-heme iron dioxygen carrier, hemerythrin.
The chemistry of hemerythrin, with particular em-
phasis on the kinetics of Oy binding, is described
below.

Hemerythrin is a non-heme iron-containing dioxy-
gen carrier that features a dinuclear active site.
Unlike hemoglobin and hemocyanin, which are
present in numerous living organisms, hemerythrin
was found in a limited number of marine organisms
(marine invertebrate phyla of Sipuncula, Priapulida,
Brachiopoda, and an Annelida worm, Magelona
papillicornis).8* Because of its low abundance, hem-
erythrin may be a dead end of evolution and was even
called a Cinderella in the family of dioxygen carri-
ers.® The beautiful chemistry of this metalloprotein,
however, was extensively studied and provided an
important structural, spectroscopic, and mechanistic
benchmark for understanding other, more complex
diiron systems. Several excellent reviews describe the
biochemistry and coordination chemistry of hem-
erythrins in detail, 386 often in the context of other
dioxygen carriers®-87 or diiron proteins and their
synthetic models.?1:23:29,59

Hemerythrins (Hr) from different organisms have
very similar structures (although not necessarily very
high sequence homology). Hemerythins exist as
stable oligomers, most often as an octamer of identi-
cal subunits of ~13.5 kDa, although tetramers,
trimers, and dimers, as well as octamers of noniden-
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tical subunits (0u4f4), are also known.5%8486 The mon-
omeric analogue of hemerythrin, myohemerythrin
(MHr), was isolated from the retractor muscles of
marine worms; it relates to hemerythrin as myoglo-
bin (a dioxygen storage heme protein found in
muscles) relates to hemoglobin (a dioxygen car-
rier).60:84

2.2.1. Reactions with O,

The reaction normally carried out by hemerythrins
appears to be very simple:

kon
Hr + O, k_~—t: Hr(O,), K, == (1D

eq
off

|

Everyone who ever handled iron(II) compounds,
however, appreciates the challenges associated with
reversible dioxygen binding. In most hemerythrins,
dioxygen binding is noncooperative, and each mon-
omeric subunit displays the same chemistry as an
oligomeric protein. Although examples of weakly
cooperative hemerythrins are known among the
oligomeric proteins that consist of nonidentical sub-
units (e.g., 0yfB4),25% their structure, the mechanisms
of dioxygen binding, and the origins of cooperativity
were not firmly established and will not be discussed
here.

The active site of hemerythrins, buried in a four-
helix bundle, contains two nonequivalent iron(II)

Scheme 2. Dioxygen Binding at the Hemerythrin
Active Site
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Scheme 3. Reduction Potential Diagram (vs NHE)
for Octameric Hemerythrin from 7. zostericola®

/ (F CHF eHI)O \

semi-met)q

Fe“Fe” FC”]FCIH
deoxoHr metHr
><0 /
(FeIlFeHI)

(semi-met)g

@ (Semi-met)o is a product of le-oxidation of deoxyHr; (semi-
met)r is a product of le-reduction of met-Hr; these two forms
slowly interconvert, K = [(semi-met)o]/[(semi-met)g] = 20 (ref 90).

centers bridged by two carboxylates (one from aspar-
tate and one from glutamate) and one hydroxide
anion.® The two high-spin iron(II) centers are anti-
ferromagnetically coupled (J = —14 em™!, H =
—2J8:Ss, as measured by SQUID magnetometry).®8
The coordination sphere at one of the iron(II) centers
is completed to six ligands by three hystidine nitro-
gens; the other iron(II) center, however, is bound to
only two histidines and remains coordinatively un-
saturated, as established by X-ray crystallography®®
and spectroscopy?® (Scheme 2). The histidine-rich
environment of the iron centers in Hr is different
from the carboxylate-rich coordination sphere of
diiron oxidative enzymes and presumably helps
prevent overstabilization of high oxidation states of
iron, thus favoring reversible dioxygen binding (see
Scheme 3 for the redox potential values).”® The
presence of only one vacant coordination site in Hr
is very important for reversible, end-on Og binding
to a single iron center, as opposed to the bridging
between both iron centers in dioxygen-activating
diiron enzymes (e.g., MMO, RNR-R2, or A9D).?°
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Another distinct structural feature of hemerythrins
is the hydrophobic character of the dioxygen-binding
site: except for the residues shown in Scheme 2, the
binding pocket is formed by the amino acids with
hydrocarbon side chains.50-86

The structure of oxyhemerythrin (oxyHr) was
established with a number of spectroscopic tech-
niques,?>8%8 and one X-ray structure is also avail-
able.?® In oxyHr, a dioxygen molecule is formally
reduced to an end-on bound peroxide, while both
irons are oxidized to the +3 state. Only one iron atom
(initially five-coordinate) directly interacts with Og;
the second, six-coordinate iron serves as a charge
reservoir. The proton from the hydroxo bridge is
transferred to the noncoordinating oxygen atom of
the Oy moiety, and a resulting —OOH unit is hydro-
gen bonded to an oxo bridge (Scheme 4). Therefore,
the reaction between Hr and Os proceeds through a
number of elementary steps, including dioxygen
diffusion through solvent and through protein toward
the diiron active site, the Fe—0O bond formation with
a concomitant electron transfer, another one-electron
transfer, and a proton transfer (or a proton-coupled
electron transfer). Additionally, spin changes occur
as the Oy diradical interacts with the weakly anti-
ferromagnetically coupled diiron(II) center, yielding
a strongly antiferromagnetically coupled (J = —77
em !, H = —2JS,S;) diiron(III)—peroxo species.”!
Detailed kinetic and mechanistic studies were per-
formed in order to determine the mechanism of
dioxygen binding to hemerythrin at the molecular
level. In addition to the experimental investigations
described below, recent quantum chemical and QM/
MM calculations®' 3 provided additional insight into
the nature of elementary steps in oxygenation of the
diiron site in hemerythrin.

Scheme 4. Proposed Mechanism of Dioxygen Binding by Hemerythrin
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Table 1. Kinetic Parameters® of Dioxygen Binding to Noncooperative Hemerythrins

Kryatov et al.

species? Eon AH*,  AS*n AV, Fotr AH* e AS*or AVEosr K t1/e¢ ref
T. zostericola (MHr, monomer) 78¢ 16/ —46/ 315 70.5 38 %g X %82}‘ 96
O X v
T. zostericola (Hr, octamer) 7.5%8 82 1.3 x 105" 96
T. zostericola (Hr, octamer) 7.62 +14 40(23 . +52 9.7 x 10%%e 97
5 mPa()
T. zostericola (MHr, monomer), 1.4/ 1.3 —122 +8.4 209 92 117  +28 6.7(1) x 103! 19h" 101, 104
wild-type, recombinant 2.5(5) x 105"
T. zostericola (MHr, monomer), oxy-form is not observed s 104
L103V mutant due to rapid autoxidation
T. zostericola (MHr, monomer), oxy-form is not observed 500s 104
L103N mutant due to rapid autoxidation
P. gouldii (synonym: 74° 34 4.2 517 86 80 1.5 x 10%¢ 98
Golfingia Gouldii) (octamer)
P. gouldii (octamer) 124 43.1 2.8 x 10°¢ 99
(35.0 in
D20)
P. gouldii (octamer), 3.3¢ 13 —147 51 122 197 Pso = 4.8 Torrh 20h 100
wild-type, recombinant (K=13 x10°M-1)»
P. gouldii (octamer), LISV 2.00 84 —176 53 101 122 P5o = 5.8 Torr" 3.7h 100
(K=1.1x 105> M1y
P. gouldii (octamer), L98F 1.0e 84 -176 52 92 105 Pso = 15 Torr” 2h 100
(K=4.1x 10> M1y
P. gouldii (octamer), LISY 1.7¢ 13 —159 0.30 101 80 P5o = 0.32 Torr” ~40h 100
(K=1.9 x 108 M~
P. gouldii (octamer), L98T 2.7¢ 21 —-134 54 109 159 5 x 10%¢ 30 min 100
P. gouldii (octamer), L98W 0.07¢ 25 —143 0.07s 100
P. gouldii (octamer), L98A 2.3¢ 84 —172 0.2s 100
P. gouldii (octamer), L9SN 1.2¢ 17 —151 0.8s 100
P. gouldii (octamer), L98D 3.3¢ 17 —147 1.1s 100
P. gouldii (MHr, monomer; >70¢ 240 85.6 84 Pso = 2.2 Torr" 10h 102
wild-type, recombinant) %9(()))in (K=2.8 x 105> M~1)n
2
P. gouldii (MHr, monomer); >70¢ 130 79 59 Pso = 2.6 Torr” 3h 102
L104V (110 in (K=2.4x 105> M1y
D20)
P. gouldii (MHr, monomer); 0.7¢ 17 —-155 1.8 122 168 1.5 Torr" 55h 102
L104F (1.6 in (K=4.1x 105> M1y
D20)
P. gouldii (MHr, monomer); 0.36¢ 29 —-113 0.58 122 143 1.2 Torr" 11h 102
L104Y (0.45 in (K=5.1 x10°M1)n
D20)
P. gouldii (MHr, monomer); 1.2s 102
L104N
P. gouldii (MHr, monomer); <2ms 102
L104T
P. gouldii (MHr, monomer); 6s 102
F56Y
P. gouldii (MHr, monomer); <2ms 102
W103A
P. gouldii (MHr, monomer); >70¢ 292 84 84 0.5h 102
W103F
S. nudus (octamer) 134k 10 —7549 120! 53 (E,) —274 %({ x %0'5.’1 95
1 x 10°¢
S. nudus (octamer) 29/m 18 (E,) —1254 94
S. cumanese (trimer) 11.3¢ 9.1 3.4 Torr 1% 106
(1.8 x 10° M~1yhn
1.24 x 106 M~1¢

@ Units: kon, x1076 M1 s71; AH*,,, kJ mol™1; AS¥,,, J mol™1 K1, AV¥,,, em® mol™Y; Koy, s~ AH ofr, kJ mol™1; AS¥ofr, J mol 1 K71
AV, em® mol™'; AV, em?® mol™%; Keq, M™L. © T\, Themiste; P., Phascolopsis; S., Siphonosoma. ¢ Autoxidation. ¢ T-jump. ¢ Stopped-
flow. f Flash photolysis. ¢ ko, increases 2—4-fold in the presence of ClOs~, Cl-, Mg?*, or Ca?'. " K, determined from dioxygen
titrations or spectrophotometric tonometry. ! K, determined from kon/kof. / Calculated from AH (—55 kJ/mol), AS (—84 J K~ mol ™),
AH¥ i, and AS*yr. * A value of 2.6 x 107 M~! s™! was calculated under an assumption that both iron atoms are involved in Oy
binding (which was later shown to be incorrect); the value in the table was obtained with an assumption of Os binding to only one
iron atom in each Hr molecule. ! Initial fragment of kinetic curve, reaction slowed with time. ™ At higher viscosities, a second
rapid, concentration-independent process (corresponding to a geminant recombination) is also observed. * Calculated from Py,
and Oq solubility in water (1.234 mM at 760 Torr). ° Value quoted in ref 97; calculation gives a slightly different value of 1.9 x
105 ML, ? ko increases 3-fold in the presence of ClO4~; ko, did not change. ¢ Calculated from the expression AS*/R = In(k/T) +
AH¥RT — 23.76. " Decreases in the presence of N3~ [k = 0.04[N371/(0.5 + [N3])].

Despite the multistep nature of hemerythrin oxy-
genation, the kinetics of dioxygen binding to this
diiron(II) protein is remarkably simple and quite
similar to the oxygenation of other classes of dioxygen
carriers (myoglobin and hemocyanin). In most studies
(Table 1), one-exponential growth of the oxo-Hr was
observed under excess Os. The dioxygen binding is a

fairly rapid second-order reaction (first order in Hr,
and first order in O;), with rate constants (at room
temperature) ranging from 106 to 108 M~! s71.
These rates are at the limit of conventional stopped-
flow instruments; therefore, temperature jump and
laser flash photolysis methods were also widely used
in studying the kinetics of dioxygen binding to
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hemerythrins. In these methods, oxyHr partially
dissociates upon pulse heating (temperature jump)
or the illumination with visible light (flash photolysis)
and then re-forms in a relaxation process that is
followed by spectrophotometry. In several cases, good
agreement between the rate constants obtained by
different methods was observed.?* 1% In one flash
photolysis study,!®! however, oxygenation of myo-
hemerythrin (from Themiste zostericola) appeared to
be at least 60 times slower than dioxygen binding to
the same protein measured by the T-jump tech-
nique® or the oxygenation of another monomeric
MHr (from Phascolopsis gouldii) estimated by a
direct stopped-flow method.!%2 The reasons for this
discrepancy are unclear. It is possible that, in some
cases, photochemical processes other than reversible
dissociation of oxyHr could occur upon irradiation
with intense laser light.

Flash photolysis sometimes allowed for the obser-
vation of an additional, very rapid reaction phase
corresponding to a geminant recombination-type
process.” Geminant recombination was clearly seen
in water—glycerol mixtures with high viscosity (50—
200 times greater than the viscosity of water), where
biphasic relaxation consisted of a concentration-
dependent process essentially identical to dioxygen
binding in water, and a 3 orders of magnitude faster,
concentration-independent relaxation process.? These
results indicate that high viscosity “freezes” protein
dynamics and prevents the escape of the unbound
02 molecule from the protein “cage” into solvent.

The oxygenation of hemerythrins is reversible, as
required by their function as dioxygen carriers. The
equilibrium constants of Oy binding can be deter-
mined directly by spectrophotometric dioxygen titra-
tions or by dioxygen pressure measurements (often
referred to as tonometry in original publications).
Alternatively, the thermodynamic equilibrium im-
plies that the equilibrium constant of dioxygen bind-
ing equals the ratio of the rate constants for dioxygen
binding to Hr and dioxygen dissociation from oxyHr
(eq 1, Table 1). Under the ambient conditions of
temperature and dioxygen partial pressure, the equi-
librium is shifted toward dioxygen adduct formation.
In this situation, one cannot accurately determine the
dissociation rate constants (ko) from the observed
dependencies of the oxygenation rates on dioxygen
concentration. For an equilibrium process, the plots
of kobs vs dioxygen concentration should yield straight
lines with slopes equal to k., and intercepts equal to
koie (eq 2).103

kobs = kon[02] + koﬁ‘ (2)

Similarly, in relaxation measurements (e.g., T-jump),
straight lines are obtained when 771 is plotted vs ([Hr]
+ [02]) (eq 3).

77t = kg ([Hr] + [0,]) + ko 3)

If the intercepts are small, the accuracy of ko is low.
Fortunately, the dioxygen dissociation rates can be
measured independently. The common method uti-
lizes dithionite, Se042", as a dioxygen scavenger. The
solution of oxyHr is mixed with an excess S:04%,
which rapidly reacts with free Os, preventing the
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association of Hr and O,. Thus, the dissociation of
HrO; can be conveniently followed by the stopped-
flow method. When HrO, dissociation is the rate-
limiting step, the overall reaction rate does not
depend on the concentration of Se04%~. This condition
should always be tested experimentally in the mea-
surements of dioxygen dissociation rates with the
help of dioxygen scavengers. The Os-scavenging
stopped-flow methodology is convenient, and dioxy-
gen dissociation rates can usually be determined with
high accuracy for natural dioxygen carriers. The
dioxygen adducts studied by this method should be
stable toward autoxidation (condition always met by
natural dioxygen carriers selected by evolution, but
not necessarily by their mutants or by the synthetic
models of their active sites).

Even though kinetic data on hemerythrin oxygen-
ation do not explicitly reveal individual reaction
steps, detailed studies of activation parameters and
media effects uncovered the most likely sequence of
events in dioxygen binding and dissociation. Recent
site-directed mutagenesis results!0%102104 3]go re-
vealed the role of a leucine amino acid residue at the
entrance into the Hr active site.

The rates of Oz binding are high, and the %, values
(~108—108 M1 s71) (Table 1) approach the diffusion-
controlled limit (~10° M1 s71). Activation enthalpies
for dioxygen binding to Hr are relatively small (15—
20 kJ mol™1), while the activation entropies are
negative. The second-order kinetics of the oxygen-
ation reaction, along with the negative values of
activation entropy, suggests an associative nature of
the process. The small value of the activation en-
thalpy was interpreted as an indication of the rate-
limiting dioxygen diffusion to the diiron center (step
1 and/or 2, Scheme 4), rather than the Fe—0O; bond
formation (step 3 or 5, Scheme 4). This argument
alone, however, is insufficient to discount a rate-
limiting Fe—O; bond formation step, because simi-
larly low (or even lower) values of activation enthalpy
were found for the oxygenation of synthetic diiron
complexes (see section 5 for details).

Another argument in favor of a multistep oxygen-
ation (with diffusion being the rate-limiting process
in Oz binding, and the Fe—O bond breaking being
rate-limiting in Oy dissociation) was proposed on the
basis of nonequal values of K., determined by kinetic
flash photolysis measurements and by independent
equilibrium constant measurement studies.!®! This
result, however, should be considered with caution,
as other studies yielded excellent agreement between
the “kinetic” and “equilibrium” K., values (Table 1),
which is expected for an equilibrium process, regard-
less of the exact rate-limiting steps for the forward
and reverse reactions. Relatively low k., values
reported in this laser flash photolysis study'°! should
also be noted.

Compelling evidence in favor of dioxygen diffusion
through protein playing an important role in the rate-
limiting oxygenation event was obtained in pressure-
dependent studies.?”-191 A small, but definitely posi-
tive activation volume of dioxygen binding is in-
compatible with the Fe—Os bond formation, which
should be accompanied by volume decrease. An
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experimentally observed volume increase in the
transition state was attributed to protein “expansion”
in order to allow for the Og access to the active site.

To distinguish between dioxygen diffusion through
solvent and dioxygen diffusion through protein, the
viscosity of solutions was varied by adding ethylene
glycol or other cosolvent to an aqueous buffer. In
some studies, a strong viscosity dependence of k., was
observed in the presence of ethylene glycol, and
sometimes kinetics even became biphasic.’* This
result, however, does not contradict the rate-limiting
O, diffusion through protein, because protein dynam-
ics may also be effected (at least in some cases) by
the viscosity of the solvent and by the solvation with
ethylene glycol. More recent studies demonstrated
that viscosity dependence, which was observed with
ethylene glycol and other small molecular weight
compounds as cosolvents, disappeared in the pres-
ence of large molecular weight compounds (M > 100
kDa).1% It was concluded that small molecular weight
cosolvents might be involved in protein—solvent
interactions and change protein dynamics. The kg,
values were found to be independent of viscosity, thus
ruling out dioxygen diffusion through solvent (which
would be modulated by the viscosity of the reaction
media).l% The second, very rapid reaction phase,
which was observed at high ethylene glycol concen-
tration,®* corresponds to the geminant recombination
of a trapped Oz molecule.

Interestingly, the oxygenation rates of an octameric
form of hemerythrin were found to be an order of
magnitude smaller as compared to those of an
analogous monomeric MHr (Table 1). It is unclear
whether dioxygen binding sites become less accessible
in the octamer. The reasons for this difference in
oxygenation rates were not investigated.

The rate constants of dioxygen binding to hem-
erythrins are independent of pH (at least in the pH
interval from 6 to 9)%% and of the H;O/D2O substitu-
tion.??101 This strongly implies intramolecular, post-
rate-limiting proton transfer. A computational study
(DFT) proposed that the initial Fe—Os binding event
involves a proton-coupled electron-transfer yielding
an end-on protonated superoxide coordinated to an
Fe(III)Fe(II) center; this intermediate undergoes a
second electron transfer, giving the oxyHr product
(reactions 5 and 6, Scheme 4).°! If proton tunneling
is indeed coupled to the Fe—O; bond formation, the
lack of a H/D kinetic isotope effect in the oxygenation
of Hr supports the idea of the rate-limiting dioxygen
diffusion through the protein matrix (as opposed to
the rate-limiting Fe—Os bond formation, which would
display an H/D isotope effect for a proton-coupled
electron-transfer reaction). Another computational
approach (large scale QM/MM), however, indicated
the possibility of a somewhat different scenario: an
incoming Oz may initially approach the bridging
hydroxo group and initiate an outer-sphere electron
transfer from the six-coordinated iron site yielding
a superoxo species, which then reacts with the second
iron from the mixed-valent intermediate.®® The de-
tails of the intimate mechanism of hemerythrin
oxygenation are still under active investigation.
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Dioxygen dissociation from oxyHr is characterized
by a fairly large activation enthalpy and large posi-
tive activation entropy and activation volume. This
is typical of the reactions that are limited by a bond-
breaking event (in this case, the Fe—0O bond break-
ing). A noticeable (although not very large) H/D
kinetic isotope effect was observed: k. for P. gouldii
oxyHr decreases from 54.1 s™! in H50 to 35.0 s in
D20 (ku/kp = 1.55);% similarly, ku/kp = 1.6 was found
for T. zostericola oxyMHr,'°! and ky/kp = 1.3 for P.
gouldii oxyMHr.1°2 The H/D kinetic isotope effect
suggests that proton transfer and/or disruption of
hydrogen bonding is involved in the rate-limiting
step. The dioxygen dissociation rate, however, was
found to be insensitive to pH.%%1% Therefore, proton
transfer in Oy dissociation from oxyHr is likely to be
an intramolecular process.

The autoxidation of oxyhemerythrin is rather
slow: the half-life of oxyHr was reported by Wilkins
and co-workers to be 18.5 h at 25 °C and pH 7,97
and very similar results were obtained in several
recent studies.1%%:1% The products of oxyhemerythrin
autoxidation are metHr (Fe's form) and hydrogen
peroxide. Given that the formal oxidation state of
both iron centers in oxyHr is also +3 and that
“coordinated Os” in oxyHr is present as a hydroper-
oxide, no further electron transfer occurs in the
autoxidation process, which is essentially a ligand
substitution reaction:

Fe'(u-0)Fe"™(OOH) + H,0 —
Fe''(u-0)Fe"™(OH) + H,0, (4)

An alternative, proton-assisted autoxidation path-
way is inconsistent with an increase in autoxidation
rate as pH increases.!%” Therefore, the incoming
water molecule facilitates the dissociation of hydro-
peroxide from oxyHr. The high kinetic stability of
oxyHr can be attributed to a hydrophobic nature of
the dioxygen binding pocket, which is largely inac-
cessible for accommodating an additional water
molecule. The oxyHr autoxidation rates increase
greatly in the presence of cyanate or azide anions
that promote ligand substitution better than a water
molecule does.”

For a trimeric hemerythrin from Siphonosoma
cumanese, autoxidation is greatly facilitated by pro-
tein dissociation into monomeric subunits, which can
be induced by modification of the SH groups of
cysteines (kautox increases from 5 x 1072 s71 to 5.6 x
107* s! upon increasing the concentration of SH
modifier, p-chloromercuriphenylsulfonic acid, from
0.3 mM to 3 mM).1%8 Therefore, it is likely that the
physiological importance of the oligomerization of
hemerythrins, which in most cases does not result
in cooperativity of dioxygen binding, is related to
suppressing autoxidation of their dioxygen adducts.

The role of individual amino acid residues in the
dioxygen binding pocket of Hr was not studied until
recently, when two groups began site-directed mu-
tagenesis experiments on recombinant proteins (7.
zostericola™41% and P. gouldii'®%1%2). The conserved
leucine residue (1.98 in P. gouldii hemerythrin, 1.104
in P. gouldii myohemerythrin, and L103 in T.
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zostericola myohemerythrin) was considered as a
possible “gate” into the Oq-binding pocket, because
of the position of this residue at the entrance into
the active site and the close proximity of the alkyl
group of Leu to the bound ligand (O2 or N37). The
coordinated Og was found to be within van der Waals
contact (3.6 A) of the methyl groups of Leu.?® As
discussed above, the activation parameters of dioxy-
gen binding (especially small activation enthalpy and
positive activation volume) suggest that some protein
motion occurs in the rate-limiting step. Laser flash
photolysis experiments indicated the possibility of Og
binding and release being controlled by “opening” the
gate to the diiron site.?* Experiments with hemeryth-
rin mutants were designed in order to test this
“gating” hypothesis.

The results of site-directed mutagenesis studies
were perhaps unexpected, but unambiguous: the
leucine residue does not interfere with the process
of dioxygen binding to the diiron site in Hr. Instead,
this residue protects the oxyHr from autoxidation.

Neither of the two mutants of T. zostericola MHr,
L103V or L103N, formed an oxygenated protein; both
mutants rapidly reacted with Os, yielding metMHr.1%°
Remarkably, decreasing the size of Leu-103 by just
one methylene group increases the autoxidation rate
of the L103V mutant by a factor of 10%.1%4 Autoxida-
tion was shown to be an associative process, in which
an oxyHr reacts with either a water molecule or small
anions (such as N37).1% Therefore, it was proposed
that side chains smaller than Leu will not prevent
an entrance of these nucleophiles into the active site,
thus dramatically increasing the autoxidation rate.!%*

A series of mutants of P. gouldii Hr and MHr
retained the ability of a wild-type protein to form
dioxygen adducts, although the autoxidation rate of
mutant oxyHr or oxyMHr was much higher than that
of a native Hr.190102 The steric effects on Os-binding
rates, which could result from substitutions of Leu98
in octameric Hr for smaller or bulkier residues, were
found to be surprisingly small (Table 1). The only
exception, LI8W, reacted with Oy about 50 times
slower than the native protein, but the spectral
changes in the course of this reaction were also
different from those for the usual formation of oxyHr
and suggested the formation of an unusual interme-
diate (possibly, a mixed-valent Fel'Fe! species or a
u-1,2-peroxo species). Very rapid autoxidation of this
mutant did not allow for detailed mechanistic stud-
ies.1%0 Dioxygen binding to a monomeric MHr, which
was significantly faster than oxygenation of an oc-
tameric Hr, was modulated by L.104X mutations.!02
Importantly, an ~100-fold rate deceleration was
observed, when bulky aromatic residues were incor-
porated in place of Leu. Replacing Leu with a smaller
valine residue in either monomeric MHr or octameric
Hr, however, had no effect on the oxygenation
rates.19192 This implies that the Leu side chain does
not shield the dioxygen-binding site in the native
protein and does not function as a gate for the Oq
entrance into the binding pocket.

Steric effects of most 1.104X (MHr) or L98X (Hr)
mutations on the dioxygen affinity of these proteins
were negligible (Table 1), because changes in the Oq-
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binding rates were compensated by the corresponding
changes in the dissociation rates.1%192 These results
are consistent with additional steric hindrance in-
troduced at the entrance into the Os-binding pocket
rather than inside the pocket. In the former case, the
“gate” installed by Leu mutations would equally
hinder the Oq access to the diiron center and the O,
escape from the binding center. In the latter case,
the bulky residues inside of the binding pocket would
prevent rapid oxygenation but would also be expected
to facilitate dioxygen release (due to the steric
repulsion between bound Oz and bulky substituents
of the amino acid side chains).

While replacing a leucine residue with a tyrosine
causes similar changes in both k., and k. for the
monomeric MHr,%2 the same mutation selectively
alters the dioxygen dissociation rate for the octameric
Hr, thus increasing significantly the dioxygen affinity
of the LI98Y Hr.1% This effect was attributed to a new
hydrogen bond between bound Oz and the OH group
of tyrosine. The significance of the hydrogen bond
breaking in dioxygen dissociation was confirmed by
a large H/D kinetic isotope effect in kor (~4, as
compared to 1.2 for the wild-type protein). Simulta-
neously with the thermodynamic and kinetic stabi-
lization of the dioxygen adduct with L98Y Hr, the
stability of the oxyHr toward autoxidation also
greatly increased (Table 1).19 X-ray crystallographic
data for the L98Y MetHr showed a hydrogen bond
between the OH group of tyrosine and a terminal
hydroxo/aqua ligand in one of the iron(III) atoms.!°
A similar geometry is possible for a dioxygen adduct,
where the usual hydrogen bond between the coordi-
nated O and a bridging hydroxide is replaced by a
new hydrogen bond from coordinated —OOH to Tyr—
O(H). This interaction would lead to the stabilization
of a dioxygen adduct.!’® Interestingly, the experi-
mental evidence in favor of a hydrogen bonding
between coordinated Oz and an amino acid side chain
also supports the proposal of this type of H-bonding
being responsible for the allosteric effects and coop-
erativity in hemerythrin from Lingula unguis (a rare
example of cooperative octameric hemerythrins).25111

As mentioned above, leucine mutations have a
profound effect on the oxyHr autoxidation rates. With
the sole exception of L98Y, which is stabilized by a
hydrogen bond to a coordinated Os, hemerythrin
mutants are far more susceptible to autoxidation
than the wild-type proteins.100:102,104109 Systematic
studies by Kurtz and co-workers demonstrated that,
in the absence of a specific H bond to O, polar,
hydrophilic amino acid side chains promote autoxi-
dation of oxyHr to a greater extent than the nonpolar,
hydrophobic residues do (Table 1).190:102 Smaller side
chains are less effective in protecting the oxyHr from
autoxidation than native Leu, while larger residues
do not change significantly the autoxidation
rate.100.102,104109 The gite-directed mutagenesis studies
strongly suggest that the role of the leucine residue
is to protect the hemerythrin active site from the
entrance of water, which promotes autoxidation.190:102
It is understandable that hydrophobic amino acids
prevent water entrance into the active site, while
hydrophilic residues allow for an easier access of
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water. The polarity effect is greater than the size
effect for P. gouldii Hr and MHr.190.192 The size effect
itself, however, is dramatic for T. zostericola Hr,
where replacing Leu with Val causes a 105-fold
acceleration of autoxidation.!?® Ligand substitution
reactions, such as reaction of MetMHr with N3~
(azide anation), are also facilitated by mutating Leu
to a smaller Val, although to a lesser extent than was
observed for autoxidation.!? It is clear from the first
mutagenesis studies on hemerythrins that the second
coordination sphere is critically important in regulat-
ing dioxygen binding, release, and autoxidation of
dioxygen carriers. The second coordination sphere
effects are very difficult to reproduce accurately in
synthetic models. It is becoming increasingly appar-
ent that the next generation of metalloprotein models
will have to mimic the surrounding of the metal—
ligand core, in addition to the first coordination
sphere of the metal ion(s).

2.2.2. Reactions with NO

Even though two iron(II) centers are present in
hemerythrin, only one molecule of NO binds to the
active site, apparently coordinating to the vacant
dioxygen binding site.!? Stopped-flow measurements
of the reaction between Hr (octamer from P. gouldii)
and NO yielded the following kinetic parameters: ko,
=4.2 x 106 M 1571 (23.6 °C), AH*,, = 44.3 kJ mol 1,
AS*,, =30 J K- mol~'. The NO binding rate constant
at room temperature is only slightly lower than the
oxygenation rate (Table 1). The activation enthalpy
for NO binding is somewhat higher than the activa-
tion enthalpy for the oxygenation, while the activa-
tion entropy is more favorable for the former process.
The similarity in the on-rates for Oz and NO suggests
that small molecule binding to Hr is not limited by
an outer-sphere electron transfer, which was inde-
pendently shown to follow Marcus linear free energy
relationship!’® and would have depended strongly on
the redox potentials of the incoming small molecule.

Oxyhemerythrin undergoes a substitution reaction
with NO (eq 5).

Hr(0,) + NO = Hr(NO) + O, (5)

The rate constant for this process agrees well with
the dioxygen dissociation from oxyHr, suggesting a
dissociative mechanism for the substitution reaction.
In contrast to the cases of heme dioxygen carriers,
which rapidly form nitrate and a met-form of the
protein upon reacting oxymyoglobin or oxyhemoglo-
bin with NO, no irreversible oxidation of oxyHr with
NO was observed.!!?

The NO dissociation, which was studied by the
stopped-flow method using several different NO
scavengers, is slower than NO binding and has a
much higher activation barrier (kg = 0.84 s™1, AH¥
= 95.6 kJ mol™!, AS* . = 74 J K~ mol~1). Similar to
the cases of many other iron complexes, the Hr
affinity for NO (K., = 5.0 x 10% M™!) exceeds its
dioxygen affinity (Table 1) due to slower NO dissocia-
tion rates.

2.2.3. Reactions with H,0O,

The treatment of Hr with hydrogen peroxide yields
a diiron(III) form of hemerythrin that contains an OH
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anion coordinated to one of the iron centers (hy-
droxymetHr).!14 This is different from the oxidations
of Hr with other oxidants, which usually produce
semi-metHr (Fel'Fe! form).8® The reaction (investi-
gated in detail for octameric Hr from 7. zostericola)
is pH-independent between pH 6.3 and 9.5. The
reaction of Hr with HsO, is much slower than
oxygenation and is characterized by a higher activa-
tion barrier (reported kinetic parameters: & = 5.5
M s, AH* = 31.9 kJ mol™!, AS¥ = —12 J K!
mol1).11* An order of magnitude higher rate of the
reaction with HyOg (B = 97 M1 s71) was reported for
a monomeric Hr.115116 Semi-metHr (Fel'Fel) also
reacts with HyO,, producing another Fe'Fe!l form
of Hr, with the rate of the (semi-met)r oxidation (%
= 2.6 M™! s71) being somewhat slower than that of
the corresponding reaction of deoxyHr (£ = 15 M!
st for Hr from P. gouldii, pH 9).8485 The regular
diiron(IIT) form, metHr, reacts with HyO5 very slowly
(k=3 x 1073 M™! s71), yielding an unidentified
product with a visible spectrum similar to that of an
oxyHr.84116 Tt is not surprising that formation of a
diiron—peroxo species (oxyHr) from a diiron(III)
precursor (metHr), if it occurs, is much slower than
oxygenation of an Fe(I)Fe(II) protein: in the former
case, the reaction would have to involve slow dis-
sociation of an anionic ligand (usually OH™) from
coordinatively saturated iron(III), while, in the latter
case, dioxygen binding at a vacant site of five-
coordinated iron(II) proceeds with a very low activa-
tion barrier.

2.3. Dinuclear Non-heme Iron Enzymes

Dinuclear non-heme iron enzymes constitute an
emerging family of metalloproteins that catalyze
oxidation of different organic substrates with dioxy-
gen at an active site containing two proximate iron
atoms bridged by carboxylates and/or water-derived
ligands (HyO, OH~, 027).23:295357 The best studied
examples now include soluble methane monooxyge-
nase (MMO),%95361 class I ribonucleotide reductase
(RNR),%° and stearoyl-ACP A? desaturase (A9D).48:117
The hydroxylase component of the MMO system
catalyzes the formation of methanol from methane
and Og, the R2 subunit of RNR oxidizes a tyrosyl
residue into a tyrosyl radical that is necessary for
the catalytic conversion of ribonucleotides into de-
oxyribonuceotides, and A9D catalyzes the dehydro-
genation of the stearoyl residue that introduces a
C=C bond between positions 9 and 10 of the hydro-
carbon chain. Other enzymes of this family have been
discovered and are under intense investigation, e.g.,
toluene monoxygenase,'’® alkane w-hydoxylase,!1?
and others.

It has been proved for MMO and RNR and sug-
gested for other non-heme diiron enzymes that high-
valent (FelVFelV or FelVFelll) intermediates formed
from diiron(II) precursors and dioxygen are respon-
sible for the oxidation of organic substrates.???° The
diiron active sites of these enzymes are significantly
more carboxylate-rich than the active site of hem-
erythrin (Scheme 5). Negatively charged carboxylate
residues are better electron donors than neutral
nitrogen atoms from histidine and stabilize high
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Scheme 5. Active Sites of Non-heme Diiron
Enzymes
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oxidation states of iron, thus facilitating the redox
catalysis.

Extensive recent studies are beginning to shed
light on the details of substrate oxidation with the
dinuclear iron enzymes.?%2%4%61.6¢ Ongoing kinetic
and mechanistic investigations in several laboratories
are extremely helpful in developing a clear picture
of dioxygen and peroxide activation at dinuclear iron
sites. Particularly extensive studies were undertaken
for methane monooxygenase,'?°"132 ribonucleotide
reductase and its mutants,'?37147 and fatty acid
desaturase.!*®7151 Mechanistic studies regarding the
intermediate formation from ferritin,!*2~1%* superox-
ide reductase,5156 and toluene 4-monooxygenase!®’
are also available. The mechanistic implications of
these studies were extensively reviewed recently. In
addition to general reviews on diiron oxygen-activat-
ing proteins,?3295357-61 more specialized review ar-
ticles on the chemistry of MMO,4%61.1588 RNR,% and
fatty acid desaturases*®11%:15 are also available.
Instead of duplicating these excellent publications,
we will only summarize the main features of the
enzymatic mechanisms that are relevant to our
discussion of synthetic model chemistry (section 5).
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Scheme 6. Dioxygen-Activating Cycle of the
Hydroxylase Component of Soluble MMO
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Scheme 7. Dioxygen-Activating Cycle of RNR R2
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The catalytic cycles of MMO hydroxylase and the
RNR R2 subunit are chosen as examples.

The diiron(II) form of MMO reacts with O,, yielding
a peroxo—diiron(III) species P as the first spectro-
scopically observable intermediate (Scheme 6). Al-
though intermediate P itself does not react with a
native substrate of MMO (methane), there is some
evidence of its ability to transfer an oxygen atom to
olefins.’? Intermediate P undergoes further trans-
formation into a high-valent diiron(IV) species, which
most likely has an FelVy(u-O); core.®* This high-valent
intermediate, termed intermediate Q, is a kinetically
competent oxidant for methane.!25-127,129,131,132

The catalytic cycle of the R2 RNR protein (Scheme
7)23,295053 {5 in many respects similar to that of MMO.
A diiron(II) form of the enzyme reacts with O,
forming a diiron(III)—peroxo intermediate, which in
this case was observed clearly only for RNR mutants.
For the native enzyme, this peroxo species rapidly
decomposes into an observable high-valent inter-
mediate X. Unlike intermediate Q of MMO, inter-
mediate X contains an Fe'(4-O)Fe!V core, with only
one iron center being oxidized to the +4 state.
Intermediate X oxidizes a phenol group from the

Scheme 8. Reactive Iron Oxygen Intermediates
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Scheme 9. Structural Formula of Ligands Supporting Iron Oxygen Intermediates
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Scheme 9 (Continued)
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tyrosine residue, yielding a catalytically important
tyrosyl radical.

The key intermediates in the catalytic cycles of the
non-heme diiron enzymes include diiron(III)—peroxo
complexes and high-valent iron-oxo species (either
FelVFelV or Fel'FelV). Understanding the mechanisms
of formation and reactivity of these intermediates is
an important goal of synthetic model chemistry.

3. General Aspects of Model Chemistry of
Non-heme Iron Biocomplexes

Preparing coordination compounds that resemble
the composition and geometry of the metal-containing
active sites of biomolecules (structural modeling) or
participate in reactions that are carried our by the
biomolecules (functional modeling) is a challenging
but rewarding task for bioinorganic chemistry. Ide-
ally, an accurate structural model of an enzyme
should also display the enzyme-like catalytic activity.
Excellent recent reviews describe successes and chal-
lenges in modeling non-heme iron dioxygen-activat-
ing enzymes.3421,:23.25-29,52,160-165

The mechanistic emphasis of this review defines
our focus on functional modeling of dioxygen activa-
tion chemistry. There are, however, very few syn-
thetic complexes that model full cycles of dioxygen-
activating enzymes. Therefore, “partial” functional
models that mimic some reaction steps from the
enzymatic cycles are also considered in the following
sections. In particular, reactions that generate in-
termediates similar to those observed in the enzy-
matic processes (Scheme 8) will be included. Many
of these intermediates were introduced in section 2;
here, we will briefly summarize the current state of
knowledge regarding the iron—oxygen intermediates
in model complexes. The structural formulas of the
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ligands that provide nitrogen and/or oxygen donors
to the iron center(s) in biomimetic complexes included
in this review are summarized in Scheme 9.

Reversible dioxygen binding to mononuclear com-
plexes yields end-on (') dioxygen adducts that
resemble oxygenated myoglobin. These species are
usually best formulated as Fe(III)—superoxo com-
pounds. Compared to the case of porphyrin chemis-
try, relatively few non-heme Fe(7'-O2) complexes
have been characterized; they are stabilized by la-
cunar ligands.'®® Coordinated superoxide is well
suited for reversible dioxygen binding; it does not
easily oxidize substrates.

Recently, a number of mononuclear and dinuclear
iron(ITI) peroxo complexes in synthetic model sys-
tems were spectroscopically and structurally
characterized.3423.29.167-181 Typically, end-on (1) hy-
droperoxide or side-on (%2) peroxide is coordinated to
the iron(ITII) in the mononuclear complexes, and
bridging peroxide (u-1,2) is coordinated to both
iron(IIT) centers in dinuclear complexes (Scheme 8).
To the extent of our knowledge, the only example of
an end-on dioxygen adduct in dinuclear iron systems
is oxyhemerythrin (section 2.2).

The mechanistic data obtained for catalytic sub-
strate oxidations, combined with quantum chemical
calculations on iron(III) peroxo complexes,?*%? suggest
that the coordination mode of the peroxo ligand is
very important for its reactivity (Scheme 8). Depro-
tonated side-on peroxide displays nucleophilic reac-
tivity, while protonated end-on peroxide is activated
toward the O—O bond cleavage and substrate oxi-
dation.!827186 The nucleophilic reactivity of side-on
peroxide in heme complexes has been confirmed
recently in direct stopped-flow experiments, indicat-
ing that these intermediates are responsible for
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aldehyde deformylation.'®” Similarly, bridging peroxo
ligand displays nucleophilic reactivity but is inactive
in substrate oxidation.!”® Recent experiments, how-
ever, provided evidence of productive inner-sphere
substrate oxidations, when an oxygen atom transfer
from coordinated peroxide occurs to a substrate
coordinated to the same active site.!88189 It is also
becoming clear that multiple intermediates are in-
volved in catalytic oxidation of the substrates. Even
with the same catalyst, different substrates may
select a particular intermediate to react with. A
precedent was established for methane monooxyge-
nase, where peroxo intermediate P appears to be
active in olefin epoxidation, while high-valent dia-
mond core intermediate Q is responsible for alkane
hydroxylation.'?® Thus, establishing the reactivity
profiles of individual intermediates of different struc-
ture is very important for design of selective reagents
and catalysts.

While iron(III)—peroxo species have been known
for quite some time, ferryl(IV) in non-heme systems
became readily available and well-characterized only
very recently, when the X-ray structure of one
FeV=0 complex was determined® and several simi-
lar complexes were identified spectroscopically 63190194
This recent breakthrough provides access to an
entirely new class of intermediates in mononuclear
non-heme iron systems that will allow for meaningful
comparisons with high-valent iron—oxo heme species,
on one hand, and peroxo complexes in non-heme
complexes, on the other hand.

The definitive proof of the existence and relative
stability of the iron(IV)—oxo species energized the
search for high-valent intermediates in dinuclear
systems. Earlier reports on Fe(III)Fe(IV) complexes
with the tripodal ligand TPA and its derivatives!'%>~197
were significantly expanded,?” and the electronic
structure of these species was investigated in detail
by spectroscopic and computational methods.198:199
Initial reports on the Fe(III)Fe(IV) intermediates
generated from diiron(II) complexes with sterically
hindered carboxylates?® also gave rise to a family of
high-valent species.*?°! Furthermore, relatively stable
valence-localized Fe(III)Fe(IV) compounds were pre-
pared by one-electron oxidation of oxo—carboxylato-
bridged diiron(III) complexes containing tridentate
capping ligands (derivatives of triazacyclononane,
TACN, or tris(pyrazolyl)borates, HB(3,5-Ropz)3).202
Remarkably, nonsymmetric complexes, with one iron
capped with MesTACN and the other iron capped
with a tris(pyrazolyl)borate ligand, were also syn-
thesized.?°? Nonsymmetric diiron(III, IV) complexes,
along with similar heterodinuclear complexes, will
be extremely valuable in uncovering the role of each
metal center in substrate oxidation processes. An
obvious (although extremely difficult) next step would
be the characterization of diiron(IV) complexes simi-
lar to the intermediate Q of methane monooxygenase.
One encouraging result in this area is the report of
a u-nitrido Fe(IV)Fe(IV) species.?? A preliminary
report on a bis(u-oxo)diiron(IV) complex with an
aminopyridine ligand,?** supported by electronic struc-
ture calculations on the FeV20; core,?% suggests that
dinuclear high-valent iron complexes can be trapped
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in relatively simple synthetic systems. Very recently,
stable (u-oxo)diiron(IV) complexes with tetraamidato
Ngs-macrocyclic ligands were synthesized and com-
prehensively characterized (including crystal struc-
ture determinations and Mossbauer spectroscopic
measurements).2%6

Extensive studies on the coordination chemistry of
the non-heme iron dioxygen-activating complexes led
to recent discoveries of useful well-defined metal-
centered oxidants. For example, iron complexes with
aminopyridine ligands (BPMEN and its derivatives,
TPA, and phenanthroline) were found to efficiently
catalyze olefin epoxidation?’’21 and hydroxyla-
tion.208:212-214 Tnterestingly, the epoxidation of olefins
by H20; catalyzed by the complex [Fe(BPMEN)-
(MeCN)]?* was improved by the addition of acetic
acid,?’” and the in situ formation of peroxoacetic acid
was later inferred in this system.2%° Since peroxoacids
preferentially undergo heterolytic O—O bond cleav-
age, high-valent iron—oxo species appear to be likely
reactive intermediates in the RCOsH-dependent ep-
oxidations. In a related system, alkane hydroxylation
products were found to depend on the spin state of
iron, and different intermediates (Fe"OOH vs
FeV=0) were implicated.*? A definitive proof of the
oxidizing power of high-valent iron—oxo intermedi-
ates was obtained in a recent study of the cyclohex-
ane C—H bond oxidation with an observable, rela-
tively stable LFeV=0 species (L. = N4Py and
Bztpen).1?3

A dinuclear iron complex with an amidophenolate
ligand promotes heterolytic bond cleavage of an
alkylhydroperoxide (MPPH, 2-methyl-1-phenylprop-
2-yl hydroperoxide) that was used as a mechanistic
probe (homolytic and heterolytic cleavage of the O—0O
bond in MPPH yield distinctly different products).?15
The diiron intermediate (presumably, high-valent
iron—oxo species) that results from heterolytic O—0O
bond cleavage is responsible for the catalytic oxida-
tion of thioanisole and cyclohexane.?!® Similar oxygen
atom transfer reactions catalyzed by a diiron—ami-
dophenolate system were previously reported for a
more potent oxygen donor (iodosobenzene).?'6

Last, but not least, the investigations of substrate
oxidation with stable oxidants led to major advances
in the fundamental understanding of hydrogen atom
abstraction?'7~21® and proton-coupled electron trans-
fer.220-222 Therefore, kinetic and mechanistic studies
of the formation of transient iron-containing inter-
mediates and their reactivity with substrates are
timely and have high promise of yielding important
mechanistic insights into dioxygen activation chem-
istry.

4. Kinetic and Mechanistic Studies of
Mononuclear Iron Complexes

There are not too many different possibilities for a
mononuclear metal dioxygen complex (Scheme 10);
those are complexes that bind O; as an end-on
superoxo or peroxo ligand, as a side-on superoxo or
peroxo ligand, or as an oxo ligand (mixtures of these
different types, as well as protonated forms, are
known). However, the immediate reaction of dioxygen
with any iron(IT) complex must be the formation of a
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bond between one of the two oxygen atoms and the
metal ion. Usually, this has the consequence that the
dioxygen molecule substitutes another ligand (many
times this is a solvent molecule; however, it can be
an additional ligand or a ligand arm of the whole
ligand) followed by an electron-transfer reaction
leading to an end-on iron(III) superoxo species. An
alternative pathway would be the ligand addition;
e.g., a five-coordinate iron(II) complex reacts to form
a six-coordinate iron(III) complex. After the formation
of the first bond, quite different consecutive steps can
occur (see Scheme 10 for possible pathways), leading
to superoxo, peroxo, and hydroperoxo species. Fur-
ther reactions with mononuclear iron complexes are
possible, leading to dinuclear peroxo complexes dis-
cussed in more detail below in section 5.

Characterized mononuclear non-heme iron(III) com-
plexes with dioxygen-derived ligands (superoxide,
peroxide, and hydroperoxide) are rare. In most
systems, such complexes probably form only as
steady-state intermediates and do not accumulate in
the reaction mixture. Kinetic studies showed that the
reaction with a second equivalent of iron(II) is often
a concerted or post-rate-limiting (fast) process.?1-223.224

Iron(III) superoxo compounds were stabilized by
the use of lacunar ligands that prevent the reaction
with a second equivalent of Fe(II) precursor.'% Iron-
(III) peroxo species have been postulated for mono-
nuclear iron enzymes for a long time, but only
recently the crystal structure of naphthalene dioxy-
genase has been solved that contains a side-on iron-
(ITIT) peroxo unit in the active site.>2667 Synthetic
mononuclear iron(IIT) complexes with the dioxygen-
derived ligands (022", HO2") so far eluded isolation
in the crystalline state and structural characteriza-
tion. Quite a few such complexes, however, were
characterized by spectroscopic means.? Recently, a
mononuclear iron(ITI) complex with a peroxycarbon-
ate ligand (presumably formed from an Fe'-OOH
intermediate and COs) was isolated and crystallo-
graphically characterized.??

High-valent (FelV and FeV) species have been
postulated as possible products of iron(III) peroxo
species decomposition by homolysis or heterolysis of
the O—O bond.?*! While for iron—heme complexes
such reactions have been characterized in significant
detail,’>~ much less is known for the analogous non-
heme iron systems.!®2226 Only recently, mononuclear
non-heme FelV=0 species were characterized in
biological systems3®47 and reliably identified in model
compounds.?%2 The FelV=0 complexes are strong
oxidants capable of direct H atom abstraction and
hydroxylation of organic substrates, as shown in
recent kinetic and mechanistic studies.%1%3

The simple aqua cation {FelVO}2*,, was generated
as a short-lived intermediate in the reaction of ozone
with Fe?t,, (k = 8 x 105> M1 s at 25 °C) in acidic
medium.??” It should be noted that this species was
characterized only by its UV—vis spectrum and the
stoichiometry of its formation and reactivity.22-228 A
more detailed characterization of this interesting
intermediate is clearly needed. The reactivity of
{Fe'VO}?*,, was studied in significant detail using
stopped-flow kinetic measurements.??’-231 It under-
goes single-exponential self-decomposition (t12 ~ 7 s
at T'= 25 °C and pH = 1) that is decelerated in D2O
with a solvent isotope effect of 2.85, consistent with
hydrogen atom abstraction from water.??8 Aqueous
ferryl ion readily oxidizes Fe?*, Mn?*, HoOy, HNO.,
and even CI~ (¢ =100 + 10 M1 s7t at T = 25 °C),
indicating that the redox potential of the FeO?*"/Fe3*
couple is very high (= +2.0 V).229230 {FelVO}2*,,
hydroxylates aromatic substrates (e.g., nitrobenzene
to m-nitrophenol (£ = (1.05 £ 0.3) x 103 M ts tat T
= 25 °C), but the measured reaction rates are
insufficient to infer ferryl(IV) as the active species
in the Fenton reaction (Fe?,q + H209).23! Aliphatic
alcohols, aldehydes, and ethers are rapidly oxidized
by { FelVO}?*,, in parallel hydrogen atom and hydride
transfer reactions, the latter pathway being exempli-
fied by the transformation of cyclobutanol into cy-
clobutanone.??®
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Table 2. Kinetic Parameters of Different Reaction Steps in the Oxygenation of Fe(I) Aminopolycarboxylate
Complexes in Aqueous Solution (I = 0.5, [acetate buffer] = 0.1 M, pH = 6.0)236:239

reaction rate constant (7' = 25 °C), AHF, ASF, AVF,
complex step M1g? kJ mol™! Jmol 1K cm? mol™!
[Fel(cdta)] 1 1080(16) 44.1(2.3) —236(8) NDe
2 103(4) 66.5(9) 18.7(24) —20.2(23)
3 59(5) 67.1(8) 18.0(27) —23.0(39)
[Fel(edta)]® 2 303(40)° 50(2) —=30(7) —16.1(16)
3 147(20)¢ 45(1) —53(4) —16.2(25)

@ ND = not determined. ® First step was too fast for qualitative characterization. ¢ These values are the averages of the two

sets of data reported in the original paper.23¢

Several other mononuclear iron(IV) complexes
(without an oxo ligand) have been well characterized,
but they are not directly related to the iron oxygen
chemistry.232-234

4.1. Complexes with Aminopolycarboxylates
4.1.1. Reactions with O

The kinetics of the oxidation of the iron(II) complex
of EDTA, [Fe''(EDTA)(H20)]?~, by dioxygen leading
to [Fe'(EDTA)(H,0)]~ (autoxidation) has been in-
vestigated thoroughly by van Eldik and co-workers
(earlier important work is referred to in the given
references).?35236 Three steps were distinguished in
this reaction experimentally, but the first step was
too fast for detailed characterization. The pH, con-
centration, temperature, and pressure dependence of
the observed rate constants was investigated and
allowed for the calculation of the activation param-
eters AH*, AS*, and AV* for the second and third
steps (Table 2). The mechanism in Scheme 11 was
postulated.

The first reaction step was assigned as a ligand
substitution of the coordinated water molecule by
dioxygen followed by an intramolecular electron-
transfer reaction to produce an Fe(III)—superoxo
complex, which in a third step reacts with another
[Fe(EDTAH)H,O]~ species to produce a dimeric iron
peroxo complex. The rapid dissociation reaction of
[(EDTAH)Fe™O,Fe™(EDTAH)]2™ leads to the forma-
tion of the monomeric [Fe (EDTAH)H,0] (the same
mechanism is assigned to the less reactive unproto-
nated [Fe(EDTA)H20]2"). Free HoO2 could not be
detected in the reaction mixture, and no radical
formation was observed in EPR experiments. The
authors conclude that the produced H2Os is consumed
in the rapid oxidation of excess iron(II) complex. The
rate constant for this process was measured to be
1.78 x 10 M1 s !t at pH =6 and T = 25 °C, in close
agreement with values reported previously (see sec-
tion 4.1.2 below).237.238

According to the authors, the reaction with dioxy-
gen is controlled by the dissociative ligand substitu-
tion of the water molecule in the seven-coordinated
iron complex. The subsequent slower intramolecular
electron-transfer process should then be controlled
by a reorganization barrier leading from [Fe'—0]
to [Fe—O,7]. This reaction is characterized by
significantly negative AS* and AV* values (Table 2),
which must be related to the oxidation of iron(II) and
the reduction of dioxygen to superoxide. Both of these
processes are expected to involve a significant de-

Scheme 11. Proposed Mechanism for Oxygenation
of the Fe(II)-EDTA Complex

[Fe'(EDTA)H0% + H* [Fe"(EDTAH)H,O[
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H*, fast ‘ks
2 [Fe(EDTAH)H,0] + H 0,

ke
2 [Fe(EDTAH)H,OI + H0,

2 [Fe"'(EDTAH)H,0] + H,0
H*, fast

crease in partial molar volume and an increase in
electrostriction. The efficiency of the ligand substitu-
tion process is controlled by the nature of the
[Fel(EDTA)(H20)]?~ complex, which on protonation
produces a more labile [Fe'(EDTAH)(Hz0)]~ species.
The latter accounts for the drastic increase in ob-
served rate constants on decreasing the pH from 5
to 3.

The postulated mechanism is in accord with the
kinetic data; however, alternative pathways cannot
be excluded. This is a consequence of the fact that in
this multistep reaction only the reactant and the
product can be observed spectroscopically, and in-
termediates could not be detected.

Some clarification for the reaction of the iron(II)
EDTA system with dioxygen was obtained by using
CDTA (cyclohexanediaminetetraacetate) instead of
EDTA.23° The rate constants for the three reaction
steps are all smaller compared to those for the EDTA
system and, therefore, allowed for the quantitative
fitting of the fast initial step. Rate constants and
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activation parameters are presented in Table 2. The
similarity between the EDTA/iron(II) and CDTA/
iron(Il) systems is reflected in the same mechanism
for the reaction with dioxygen as that shown in
Scheme 11 (CDTA instead of EDTA).23?

Further studies on the reaction of related iron(II)
aminopolycarboxylato complexes with dioxygen were
performed to investigate steric effects on these oxida-
tions.?*0 A strong decrease in reactivity was observed
when the ethylene spacer in EDTA was replaced with
a 1,3-propylene group in 1,3-PDTA (1,3-propylene-
diaminetetraacetate). However, complications en-
countered during the kinetic measurements did not
allow for a quantitative analysis of this system.

Furthermore, in that context, it is interesting to
note that a recent detailed study by van Eldik and
co-workers on the reaction of NO with iron(IT) ami-
nocarboxylate complexes demonstrated a correlation
between the binding ability of NO and the dioxygen
sensitivity of these complexes.2417243

4.1.2. Reactions with O,~ (Superoxide)

Excellent work by Bull, McClune, and Fee de-
scribed quite early the reaction of the superoxide
anion with [Fe(EDTA)H,0]2".237 Additionally, they
investigated the potentially interfering reactions of
[Fe'(EDTA)H,0]%>" with dioxygen and hydrogen per-
oxide (discussed in section 4.1.1 above), as well as
the reaction of [Fe(EDTA)H;O]- with hydrogen
peroxide (discussed in section 4.1.3 below). The
reaction of [Fe'(EDTA)H,0]?~ with superoxide in
aqueous basic solutions leads to the formation of the
iron peroxo complex [Fe™(EDTA)O;]3~ (see section
4.1.3). The 1:1 stoichiometry was determined for this
reaction, and it was observed that an excess of Oy~
did not lead to a decrease of the amount of the peroxo
complex formed. The formation of [Fe™(EDTA)O,]3~
was studied with a specially designed three-syringe
stopped-flow unit and is very rapid (approaching the
limits of the stopped-flow technique). Under the
applied conditions, a second-order rate constant of
~8 x 108 M1 s7! was determined (largely indepen-
dent of pH), consistent with the results from other
measurements using different techniques such as
pulse radiolysis.?*

The reaction of [Fe™(EDTA)H,0]~ with superoxide
is much more complicated and is assigned as a
reduction leading to [Fe'(EDTA)H;0]? and dioxy-
gen. [Fe(EDTA)H;0]?>~ then again reacts rapidly
with Oy~ to form the peroxo complex. The calculated
rate constants are in good agreement with the values
derived from pulse radiolysis studies reported previ-
ously.?44245 Formation of an iron superoxide complex
as a possible intermediate has not been observed
under the conditions applied.

4.1.3. Reactions with H,O,

An important complex that can be generated in
solution is the purple [Fe™(EDTA)(#2-02)]3~, discov-
ered already in 1956 by mixing hydrogen peroxide
with [Fe(EDTA)(H;0)]~ in basic medium (pH above
10).246 The complex [Fe™(EDTA)(72-02)]>~ has been
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Table 3. Summary of Activation Parameters for the
Two-Step Reaction of [Fe(EDTA)H,0] and H>0:*

AHF, AS*, AVZ,
exp cond kdJ mol™! J mol 1 K1 cm? mol™!
ki, pH=9.0 37+ 4 —53+14 6.8+ 0.8
k-1, pPH=19.0 101 + 2 135+ 6 184 + 0.6
k1, pH =10.5 45+ 2 —42+5 6.9+ 0.3
ko, pH=10.5 79+ 2 -10+5 -2.3+0.1
k-2, pH=28.5 86 + 2 56 + 6 51+0.2

@ Experimental conditions: [complex] = 0.001 M, [H2Os] =
0.01 — 0.04 M, I = 0.5.249

characterized in great detail by various spectroscopic
techniques (as well as theoretical calculations), con-
firming a side-on high-spin iron(III) peroxo struc-
ture,184.247.248

Very recent work by Brausam and van Eldik
summarizes kinetic results for the formation of
[Fe'(EDTA)O,]?~ from hydrogen peroxide and [Fe!-
(EDTA)H:0O]~ and, additionally, provides further
clarification of the mechanism.?*° As reported previ-
ously, pH plays a major role in controlling the overall
reaction sequence as well as the stability of inter-
mediate and product species; formation of
[Fe(EDTA)O:]?~ could not be observed below pH =
8. The reaction of [Fe™(EDTA)OH]?~ with hydrogen
peroxide occurs in two steps (eq 6). The first reaction

3-
ki

[Fe"(EDTA)OHIZ" + H;0, [Fe'(EDTA)OOHI™ + H,0

1 2

[(EDTA)Fe"Lg
(6)

step has been investigated previously, and results
obtained in the new study are in close agreement
with the published kinetic data.237.259.251 Additionally,
a small contribution of specific acid catalysis for this
reaction step was found, and a temperature and
pressure dependence study allowed for the calcula-
tion of activation parameters (Table 3). These mea-
surements were performed at two different pH val-
ues: at pH = 9.0, where a back-reaction is evident
(plots of k1obs vs [H2Oq] exhibited a clear intercept),
and at pH =10.5, where the back-reaction is insig-
nificant.

A comparison of the activation entropies and
activation volumes for %4, at both pH values, clearly
documents the importance of high-pressure measure-
ments for the evaluation of the reaction mechanism.
This has been described previously in several reviews
on high-pressure kinetic measurements and will not
be discussed in detail here again.?%2255 However, it
is obvious that temperature dependence measure-
ments, especially in aqueous solutions that only allow
a very limited temperature window, provide AS*
values that are subject to large errors due to a linear
extrapolation to 1/T = 0, in contrast to the more
reliable AV* values (obtained from a plot of the slope
of In £ vs p). Here, the negative value for the
activation entropy for the first step in eq 2 would
indicate a substitution reaction with an associative
character; however, the activation volume clearly
accounts for an interchange dissociative (I3) mecha-
nism. This compares well to the water exchange
reaction for [Fe(EDTA)H,O]~ that also follows a
dissociative interchange mechanism (AV¥ = 3.2 + 0.4
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Figure 2. Volume profile for the reaction of Fe(II)-EDTA with Hy0s.

cm? mol1).256 However, these measurements (by the
170 NMR techniques) were performed at pH < 4. At
this point, it is interesting to note that activation
volumes reported for aquated iron(IIl) in the absence
of chelating ligands are quite different: the values
of =5.4 and +7.0 cm?® mol! for water exchange on
[Fe'(H;0)g]*" and [Fe(H,0)sOH]?" were interpreted
in terms of I, and I exchange mechanism, respec-
tively.257.258 Furthermore, the substitution behavior
of a different seven-coordinate iron(III) complex in
aqueous solution has been studied recently.?® For the
back-reaction in eq 6, the dissociative character is
clearly documented by the positive values for AS* and
AV,

The second step of the reaction proved to be
independent of the hydrogen peroxide concentration,
indicating that this is the ring closure reaction shown
in eq 6. For this reaction step, a slightly negative AV*
was found, which is in agreement with an associative
interchange type of the peroxide chelation reaction.
The reported volumes of activation of both steps were
used to construct the volume profile shown in Figure
2 for the overall reaction.

The proposed mechanism in accord with the kinetic
data is presented in Figure 3. During the peroxide
chelation and dechelation reactions, the dissociation
and association of one of the four carboxylates from
the metal ion is proposed, such that a seven-
coordinate geometry is maintained throughout the
process. However, for the first step, it is not possible
to conclude from the available data if a six- or seven-
coordinate complex is the reactive species (i.e., if
EDTA acts as a penta- or hexadentate ligand).

Another reinvestigation of the kinetics of formation
of [Fe(EDTA)(O2)]?~ appeared recently.25°

4.2. Complexes with Macrocyclic Ligands

4.2.1. Complexes with the Polyazamacrocycles 15aneN,,
cyclam, and Pyan

The problems involved in establishing a detailed
mechanism for the reaction of dioxygen with an iron-
(IT) complex in aqueous solution have been clearly
illustrated in a kinetic study on the oxidation of a
macrocyclic iron system by Schrodt and van Eldik.26!
First of all, it is important to confirm that the used
or postulated starting material actually exists in that
form in solution. In a potentiometric titration study
of the distribution of species in the [Fe(15aneN,)]%"
system (1,4,8,12-tetraazacyclopentadecane, one CHp
group more than in cyclam, Scheme 9), it was
demonstrated that no stable Fe(II) complex was
formed at pH < 6; only the hexaaqua iron(II) species
is present together with the uncoordinated proto-
nated ligand. Without such an important preliminary
investigation prior to the kinetic measurements,
completely wrong results would have been obtained.
Additionally, at pH values above 8.5, precipitation
was observed that limited the pH range accessible
for the kinetic study. Stopped-flow measurements
were performed at pH = 7.5, where four different
iron(II) species are present in solution: [Fe(Hs0)g]%"
= 1.6%, [Fe(L)(H30):]?" = 0.6%, [Fe(L)(H.0)(OH)]*
= 68.1%, and [Fe(L)(OH)s] = 29.7%. Buffers HEPES
and MOPS) that were used to maintain the pH
constant were tested and showed no effect on the
observed kinetics. Additionally, ionic strength was
kept constant at I = 0.10 with NaClO,. Pseudo-first-
order measurements (excess of Fel'L)) allowed fitting
of absorbance vs time data to a one-exponential
function at 370 nm, where the reaction is accompa-
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Figure 3. Proposed mechanism for the reaction of HyO,
with the Fe(II)-EDTA complex.

nied by a significant increase in absorbance. A
nonlinear dependence of ks vs the iron(II) complex
concentration was observed, and the data fit could
be performed according to the following equation:

k. = B [Fe™(L)] + ky[Fe'(L)]? (7

Furthermore, the oxidation of the iron(II) complex
with hydrogen peroxide was investigated. The second-
order rate constants for this reaction were about a
factor of 2 faster compared with those for the reaction
of dioxygen under similar conditions.

The proposed mechanism of the reaction of dioxy-
gen with [Fe'(15aneNy)]?" is very similar to the
mechanism of the iron(I)-EDTA system presented
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in Scheme 11. For both complexes, quite large nega-
tive values for AS* were observed, accounting for an
associative reaction step. Unfortunately, here again
it was not possible to spectroscopically detect the
formation of a superoxide or peroxide intermediate
complex under the conditions used.

In an earlier work by Kimura and co-workers on
an iron(II) macrocyclic complex with the pyridyl-
containing pentaaza macrocyclic ligand Pyan (Scheme
9), it was shown that a quite stable intermediate,
possibly a peroxo diiron(III) complex, was formed
during the reaction with dioxygen.2%2 From stopped-
flow measurements in aqueous solutions (Tris buff-
ers: 8.0 < pH < 9.5), mixed second-order rate
constants were calculated (the reaction was first
order in the Fell complex and in Oy).

Significant number of papers were devoted to the
studies of dioxygen and hydrogen peroxide activation
by the iron(II) complexes of the tetraazamacrocycle
cyclam. The complex [Fel(cyclam)(OTf)s] was found
to be an effective catalyst for olefin epoxidation with
hydrogen peroxide in acetonitrile and methanol.2%3
The same iron(II) complex catalyzed the epoxidation
of olefins by dioxygen with the co-oxidation of alde-
hydes in acetonitrile.?6* From independent studies it
is known that the [Fel(cyclam)(MeCN)2]>" complex
by itself reacts with dioxygen in acetonitrile at room
temperature very slowly (within several days), lead-
ing to the oxidation of the ligand but not the central
iron(II) ion.265266 Oxygenation of Fe'(cyclam)Cl; in
methanol proceeds faster (within several hours at
room temperature) and leads to the oxidation of the
central ion.26” The reaction of [Fe'(cyclam)(MeCN)q]2*
with HyO9 in acetonitrile is very fast and leads to both
the oxidation of iron(II) and the degradation of the
organic ligand.?%8 This reaction was studied by the
stopped-flow technique at 25 °C and found to proceed
in three kinetically distinguishable steps with dif-
ferently colored intermediates. The first and second
steps were first order in both iron(II) complex and
H,0, with the mixed second-order rate constants k;
=37M'!s!and k; = 0.83 M ! s, respectively.
The third step was slower and had complicated
kinetics. Unfortunately, the nature of the transient
intermediates in the reaction of [Fe'(cyclam)(Me-
CN)2]?" with HoO2 was not identified due to their
instability, and the authors prudently abstained from
ungrounded speculations on this topic.268 The iron—
cyclam complexes are powerful activators of the
dioxygen species; however, the mechanism of these
remarkable reactions remains unknown.

4.2.2. Complexes with Cyclidenes

Very interesting ligands, the cyclidene macrocycles
(see Scheme 12 for representative structures), were
designed and extensively studied by Busch and co-
workers as dioxygen carriers in which the Oy binding
site at the Fell (or Co') center is protected from
autoxidation (#-oxo dimer formation is prevented by
the bridge).166.269-271

The 16-membered cyclidene platforms fold because
of the conformational requirements of adjacent che-
late rings: the low-energy chair or boat conforma-
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Scheme 12. Structure of Cycledene Complexes

tions of the six-membered saturated rings force the
adjacent unsaturated rings to tilt toward the MN,
plane. The saddle-shaped platforms were bridged
across the cavity, providing sterically protected ligand
binding pockets. Dioxygen binding to cyclidenes was
investigated in great detail for cobalt(I) complexes.!6
However, the limited data that are now available for
the oxygenation of iron(II) cyclidenes?®?~2"! suggest
that similar factors regulate the kinetics and equi-
libria of small molecule binding.

The dioxygen affinity of the Co(II) and Fe(II)
cyclidene complexes is governed by both electronic
and steric factors. The coordination of the fifth donor
ligand, such as pyridine or imidazole, is required for
efficient Oz binding and is usually accomplished by
adding the corresponding base to the macrocycle
solution. The sixth coordination site of the metal
should remain vacant or labile, to allow for an easy
access of the Oy ligand. The only crystal structure of
the dioxygen adduct of the cobalt(II) cyclidene [Co-
(MeMeC6)(02)(MeIm)]?* (R = (CHy)s, R2 = R3 = Me,
Scheme 12) shows that Oz binds at an angle of 121°,
as expected for the coordinated superoxide, and the
hexamethylene bridge flips away from the guest.68
This flipping effectively eliminates the van der Waals
repulsion between the flexible bridges and the in-
cluded Oa.

The dioxygen affinity of iron(Il) cyclidenes also
depends on steric constraints for O, binding, as can
be seen from comparison of the complexes with
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aliphatic bridges of varying length (Table 4). Dioxy-
gen binding at a vacant site in five-coordinate C4-,
C5-, and m-xylene-bridged cyclidenes is characterized
by low activation enthalpies and large negative
activation entropies, which are typical of associative
processes. The six-coordinate complexes with C6- and
C8-cyclidenes release the solvent molecule in the
course of dioxygen binding. These ligand substitution
reactions have substantially larger activation barri-
ers but less negative activation entropies (Table 4).271

The electronic effects on the oxygenation rates are
less pronounced, although in some cases they are still
significant. The rates of dioxygen binding increase
by almost an order of magnitude with an increase in
the electron-withdrawing properties of R? and R?
substituents in m-xylene-bridged cyclidenes (k,, =
186 M1 s71 for R2 = R3 = Me, and 1305 M~! s7! for
R? = Ph, R? = Bz at —20 °C).

Iron(II) cyclidenes also bind carbon monoxide,
which is forced by the bridge into a bent configuration
(the angle Fe—C—0 = 170.6° in [Fe(C5MeMe)(CO)-
(py)12H) (R! = (CHy)s, R2 = R® = Me).2"2 As expected,
this nonlinear coordination mode results in relative
destabilization of the iron(II) cyclidene—carbon mon-
oxide adducts (Table 5).2' Remarkably, the discrimi-
nation against CO is unusually high for the C5
bridged complex [Fe(C5PhMe)(Melm)]?>™: K(CO)/
K(O3) = 0.03.2"! There are very few examples of
iron(Il) complexes that bind Oz more strongly than
CO, including the Ascaris hemoglobin?’ and a syn-
thetic sterically hindered porphyrin.2’* Molecular
modeling suggests that selective recognition of Oy by
the complex [Fe(C5PhMe)(Melm)]?" is caused both
by the unfavorable van der Waals interactions be-
tween CO and the bridge (which are much less
pronounced in the case of Oy because of the greater
bending of the latter ligand) and by favorable elec-
trostatic interactions between the polar Og ligand and
the walls of the cleft. The former effect destabilizes
the CO adduct, while the latter one stabilizes the
dioxygen complex.2"!

Table 4. Kinetic and Thermodynamic Parameters® for O; Binding to Iron(II) Cyclidene Complexes Measured in
Acetonitrile/1.5 M 1-MeIm Using Stopped-Flow Spectrophotometry?”

Amon; ASton, Amoﬁ, AS*offy AHO, AS°7
R! R? R? kJ mol 1! J mol 1 K1 kJ mol~1! J mol 1K1 kJ mol~1 J mol 1 K!

(CHg)4 Me Ph 12 —276 95 76 —84 —350
(CHy)s Me Ph 14 —229 50 -110 -37 -120
(CHa2)s Me Ph 41 -75 ND ND ND ND
(CHy)s Me Ph 54 —40 ND ND ND ND
m-Xy Me Me 11.1 —252 ND ND ND ND
m-Xy Bz Me 11.4 —253 ND ND ND ND
m-Xy Me Ph 15.8 —228 ND ND ND ND
m-Xy Bz Ph 9.1 —243 ND ND ND ND

@ Dioxygen dissociation rates were determined from the nonzero intercepts of the plots of kobs vs [O2], using the equation kobs =
kon[O2] + kor. Equilibrium constants were estimated as K = ko/kosr. ND = not determined.

Table 5. Kinetic and Thermodynamic Parameters for Carbon Monoxide and Dioxygen Binding to Iron(II)
Cyclidene Complexes (R? = Me, R? = Ph) in the Acetonitrile/1.5 M 1-MeIm Mixture at 25 °C2"!

R konC0, Torr1s 1 k0,571 KCO Torr ! ko, Torr1s! k9,5t K% Torr M=KCK% kyO/ky 0
(CHy)4 2.2 x 1074 0.06 3.6 x 1073 4.0 x 1074 1.1 4 x10™* 12 1.8
(CHy)s 1.1 x 1073 0.022 5.0 x 1072 4.6 x 1072 0.03 1.6 0.03 42
(CHy)s 0.32 0.0026 1.2 x 102 14.9 7 2.1 60 46
(CHy)s 1.34 0.0041 3.3 x 102 21.3 53 0.4 800 16
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Scheme 13. Proposed Mechanism for the
Activation of HyO; by an Iron(II) Complex
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4.2.3. Complexes with Polyazamacrocycles Having
Pendant Arms

Busch, van Eldik, and co-workers investigated the
reactions of hydrogen peroxide with pentadentate
iron(II) complexes based on tridentate macrocyclic
ligands with two additional arms incorporating
pyridine donor atoms ([11]aneNsMePys and [12]aneNs-
MePy,, Scheme 9); these compounds are six-coordi-
nate high-spin d® iron(II) complexes (an additional
water molecule is coordinated).?”® A goal of this work
was to distinguish between different reaction path-
ways that would lead to either hydroxyl radicals or
high-valent iron-oxo species as strongly oxidative
intermediates. Using substrate competition, as de-
scribed previously by Rush and Koppenol (stopped-
flow measurements were carried out with and with-
out bromide anion and ABTS (2,2'-azinobis(3-eth-
ylbenzothiazoline-6-sulfonate)) as scavengers),?™® and
working with initial rate data analysis (to avoid
complications with further oxidations of ABTS), a
mechanism for the oxidation of LFe! to LFe™ was
proposed (Scheme 13).

The rate-limiting step was assigned as the substi-
tution reaction of the coordinated water by hydrogen
peroxide leading to an unstable complex that under-
goes heterolysis to produce { LFelV=0} as a reactive
intermediate. The latter is reduced by yet another
molecule of LFe! to yield 2 equiv of LFe!. The first
step of the catalytic decomposition of hydrogen
peroxide by LFel is the fast substitution of the
coordinated water with hydrogen peroxide followed
again by heterolysis leading to LFeV=0 which is
subsequently reduced by hydrogen peroxide to gener-
ate dioxygen. The work concludes that high-valent
iron oxygen intermediates (such as LFeV=0 and/or
LFeV=0) are responsible for the substrate oxidation
in this system, instead of hydroxyl radicals. However,
as the authors state, direct evidence for the nature
of the suggested intermediates is lacking (a different
FeV=0 complex has been structurally characterized
recently;5? see below).

Earlier work described the reaction of superoxide
with two iron(II) complexes with pentadentate and
hexadentate ligands (TPC and DPC; Scheme 9)
derived from cyclononane.?”” Under nonaqueous con-
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ditions (stopped-flow measurement were performed
in DMSO and acetonitrile solutions) for both com-
plexes, similar pseudo-first-order rate constants were
obtained (100 & 10 and 335 + 30 s 1) for the reaction
with superoxide at 25.5 °C. The results of the kinetic
study and potential-step spectroelectrochemical mea-
surements were consistent with the formation of an
iron(III)—peroxo adduct as an intermediate.

The reactivity of an interesting macrocyclic system
toward dioxygen and superoxide has been investi-
gated previously by Szulbinsky and Busch using a
pentadentate  carboxymethylenecyclam ligand
(Cyclam-acetato; Scheme 9).22 AtpH=8.1and T =
21 °C a second-order rate constant for the reaction
of superoxide with [FeL(C1)]" of (3 &= 1) x 107 M!
s~! was determined; however, no activation param-
eters were reported. From the results of stopped-flow
and electrochemical measurements, the authors con-
clude that an iron(IIl) peroxo complex was formed
as an intermediate during the reaction.

4.2.4. Macrocyclic Complexes of Ferryl(lV)

The efforts of Wieghardt and co-workers to gener-
ate an (oxo)iron(V) complex using the Cyclam-acetato
ligand (used previously by Szulbinsky and Busch as
described above) by the reaction of ozone with the
iron(III) complex resulted in the detection of an (oxo)-
iron(IV) species instead.'® It was proposed that if the
(oxo)iron(V) complex were generated, it would be
highly oxidizing and therefore causing hydrogen atom
abstraction from a proton source leading to the (oxo)-
iron(IV) product. Furthermore, the authors succeeded
in the spectroscopic identification of a (nitrido)iron-
(V) complex.

The most exciting report recently was the full
characterization, including the determination of the
crystal structure, of a nonheme (0xo)iron(IV) complex
using simple tetra-N-methylated cyclam (TMC,
Scheme 9) as ligand.®? The complex trans-[FeV(O)-
(TMC)(NCCH3)](OTf)s was synthesized by the oxida-
tion of [Fe™(TMC)](OT)s with iodosobenzene (PhIO)
in acetonitrile at —40 °C. Furthermore, it was pos-
sible to prepare this complex by reacting the iron(II)
complex with 3 equiv of hydrogen peroxide (however,
the reaction is much slower). The complex is quite
stable at the low temperature and allowed for the
isolation of single crystals suitable for X-ray crystal-
lography analysis and a full spectroscopic character-
ization of trans-[FeV(O)TMC)(NCCHj)](OTf),.62:63
The relative stability/inertness of this complex caused
by the ligand environment has the effect that the
oxidative reactivity of this system is not well pro-
nounced. In contrast, the Fe(I) complex of the parent
cyclam is an effective catalyst for olefin epoxidation
with hydrogen peroxide,?%? and the postulated [Fe!V-
(O)(Cyclam-acetato)] ™ decays within minutes at —40
°C (see above'®?). However, with the full spectroscopic
characterization of the ferryl(IV) TMC complex, it is
now possible to unambiguously detect such species
as intermediates during oxidation reactions of more
reactive complexes (see sections 4.4.1 and 4.4.3
below).

Recently, direct evidence for oxygen atom exchange
between nonheme oxoiron(IV) complexes and H%0
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Scheme 14. Mechanism of Ligand Exchange at
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was reported using trans-[FeV(O)TMC)(INCCHjs)I-
(OTD2.2™ Electrospray ionization mass spectrometry
(ESI-MS) allowed for the determination of the pseudo-
first-order rate constants that showed a linear de-
pendence on the concentration of Hy®O and thus
yielded the second-order rate constant for the ex-
change reaction of 5.4(6) M~! s71. From the measure-
ments in the temperature range from 283 to 308 K,
the activation parameters of AH* = 4.1(6) kcal mol !
and AS* = —57(8) cal mol™! K were calculated.
Nearly identical rate constants and activation pa-
rameters were obtained for the oxygen exchange of
the [(N4Py)FeV=0]?" complex. From these findings
a mechanism was proposed in which oxygen ex-
change occurs via a 2-fold symmetric cis-dihydroxo-
iron(IV) transition state that is formed by coordina-
tion of a water molecule to the iron center adjacent
to the oxo group (Scheme 14). This reaction pathway
is an alternative to the oxo—hydroxo tautomerism
mechanism suggested previously for heme models.28°

A general scheme on the possible routes to active
iron—oxygen species has been reported by Rohde et
al.?6 and is presented in Scheme 15.

4.2.5. Modeling Catechol Dioxygenase Activity

Catechol dioxygenases catalyze the ring cleavage
of catechols with dioxygen following two different
reaction pathways for either intradiol (Fe involved)
or extradiol (Fel involved) cleavage.?44755 Most model
systems investigated so far gave products consistent
with intradiol cleavage, such as the iron—TPA system
discussed below, and only a few examples are re-
ported that show extradiol cleavage activity. Previous
work by Funabiki and co-workers demonstrated that
complexes derived from an in situ mixture of FeCly/
FeCl; and bipyridine/pyridine could cleave 3,5-di-tert-
butyl catechol (dbcH:) to 2-pyrones, assuming an
extradiol-cleavage step during the reaction.?®! Using
TACN (1,4,9-triazacyclononane, Scheme 9) and dbc?~
as ligands, 2-pyrones were obtained upon exposure
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Scheme 16. Extradiol Cleavage by Macrocyclic
Iron Complex
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of the according iron complexes to dioxygen.282283
However, using FeCly/FeCls, TACN, and pyridine, the
oxygenation of catechol lead to 2-hydroxymuconic
semi-aldehyde methyl ester in about 50% yield.2%* A
kinetic analysis of this system was performed ac-
cording to the Michealis—Menten method, and two
different reaction mechanisms were postulated for
the extradiol and the intradiol cleavage of the
iron(II) and iron(III) complexes, respectively (Schemes
16 and 17).285

The iron(III) complex of the tetraazamacrocycle
N,N'-dimethyl-2,11-diazal3,3](2,6)pyridinophane
(LN4R2, Scheme 9) has been used as an efficient
catalyst in the conversion of dbcH; to 3,5-di-tert-
butlymuconic anhydride and, as such, in modeling
the intradiol cleavage of catechol dioxygenase.2%6
During the course of these investigations, it was
possible to fully characterize a low-spin iron(III)
semiquinonate complex and to establish that for the
iron/LN4sMe; system most likely no initial electron-
transfer step occurs to produce an iron(III) semi-
quinonate or a ternary semiquinonato superoxo
iron(III) complex as intermediate during the intradiol
cleavage reaction.?®” Furthermore, Girerd, Banse, and
co-workers recently claimed that the iron(III) complex
of LN4Hp, the nonmethylated form of LNsMes, showed
nearly the same activity in regard to catechol cleav-
age as the TPA system.?8® However, no dependence
of the observed rate constants on dioxygen concen-
tration and temperature was reported. Interestingly,
the authors describe that extradiol cleavage is also
observed.

4.3. Complexes with Bi- and Tridentate Ligands

Several mononuclear iron(III) peroxo complexes
with the chelating ligands 2,2'-bipyridyl and phenan-
throline were characterized. An alkylperoxo inter-
mediate [Fe(bpy)2(OO'Bu)]?" was characterized spec-
troscopically from the reaction of a dinuclear precursor
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Scheme 17. Intradiol Cleavage by Macrocyclic Iron Complex
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[FexO(bpy)4(H20)2]* with tBuOOH in acetonitrile at
—10 °C.2% Earlier, catalytic oxidation of hydrocarbons
and other substrates was observed in this and related
systems.290.291 The stability and reactivity of the
monoiron(IIl) alkylperoxo as well as of the related
hydroperoxo complexes (including [Fe™(bpy)2(OO-
tBu)]?", [Fe(bpy)2(OOH)]*", and [Fe(phen)s(OO-
tBu)]?") were investigated more recently.??? It was
found that the rate of self-decomposition of the iron—
peroxo intermediates did not change in the presence
of organic substrates (cyclohexane, cyclohexene, or
methyl phenyl sulfide), which excluded the possibility
of a direct oxidation of the substrates with the
identified iron peroxo intermediates.?? It is possible
that a transformation to a high-valent iron species
is the rate-limiting step of the substrate oxidation
in these systems.*? The chemistry of dinuclear iron-
(IIT) peroxo complexes with 2,2'-bipyridyl, phenan-
throline, and their derivatives is presented at the end
of section 5.5.3.

Most recently (and based on earlier work), a highly
enantioselective iron-catalyzed sulfide oxidation with
hydrogen peroxide as oxidant was reported.2?® The
complex used is prepared in situ from iron(III)
acetylacetonate complexes and a tridentate Schiff
base ligand Sbl (Scheme 9), in combination with
different carboxylic acids as additives. However, so
far, no kinetic investigations were performed and no
mechanism was proposed.

4.3.1. Iron Complexes with Tris(pyrazolyl)borate Ligands

The usefulness of tris(pyrazolyl)borate ligands in
biomimetic iron/dioxygen chemistry was demon-
strated by Kitajima and co-workers, who showed that
the complexes [Fe(O.CR)(HB(3,5-Prspz)s)] can be
reversibly oxygenated at low temperature in non-
coordinating solvents (e.g., toluene).2%429 Spectro-
scopic studies (UV—vis, resonance Raman, NMR, and
EXAFS) provided evidence for the formation of di-
nuclear peroxo intermediate complexes during this
reaction,?®® and finally the crystal structure of the
complex [Fea(u-O2)(u-0O2CCHoPh)o(HB(3,5-Prapz)s3)s]
was reported.!”

More recently, Que and co-workers, following up
on previous work, investigated the reaction of the
iron(II) complex of the ligand Tp™™? (hydrotris(3,5-
diphenylpyrazol-1-yl)borate) with carboxylic acids as
additional ligands to gain better insight into the
mechanism of o-keto acid-dependent dioxy-
genases.??672% The complex [Fe(Tp*?)(BF)] turned
out to be an excellent candidate for kinetic examina-
tion, as both the iron(II) precursor and the iron(III)
phenolate product have been fully characterized.
Using stopped-flow techniques or regular UV—vis
spectroscopy, the time-resolved appearance of the
iron(III) phenolate chromophore was measured at
650 nm in benzene at different temperatures. The
reaction with dioxygen is second order with a rate
constant of £ = 0.11 M™! s! at 30 °C and the
activation parameters of AH* = 25(2) kJ mol~! and
AS* = —179(6) J mol~! K~! (temperature range from
+10 to +70 °C). The large negative value for AS*
suggests that the rate determining step is associative;
however, this value must be derived from contribu-
tions of several elementary reactions, and therefore,
care must be exercised in the interpretation of these
data. The effect of ring substitution in the benzoyl-
formate ligand was investigated, and a good correla-
tion was obtained in the Hammet plot. In contrast
to the case of the BF complex, the reactions of
dioxygen with the complexes with benzoate or acetate
were much slower, leading to 55(5)% of the hydroxy-
lated product. A mechanism was proposed according
to Scheme 18.

4.4. Complexes with Tetra- and Pentadentate
Ligands

4.4.1. Complexes with Salen Ligands

A kinetic study on the oxygenation of organic
sulfides to the corresponding sulfoxides with iodo-
sobenzene using iron(III) complexes with Salen and
Salen derivatives (Scheme 9) has been published.3%°
With data fitting to Michaelis—Menten kinetics, a
mechanism involving iron(IV) intermediates was
proposed (Scheme 19).
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Scheme 20. Model of Iron Bleomycin

In a more recent study of iron(III) complexes with
chiral Salen derivatives, it was found that only PhIO
effected asymmetric sulfoxidations, while other ter-
minal oxidants (HsOs, NaOCl, m-chlorobenzoic acid)
lead to the formation of racemic products.?! It was
proposed that a ternary iodosylbenzene—salen—iron-
(ITT) complex could be directly responsible for sul-
foxidation, and EPR spectroscopic evidence for such
an intermediate was presented.

4.4.2. Complexes with Amide-Containing Ligands
(Bleomycin Models)

Modeling the anticancer drug bleomycin, the reac-
tion of dioxygen with iron(II) complexes with penta-
dentate ligands incorporating a carbamide group
(Scheme 20) was investigated using stopped-flow
techniques.?? Two reaction steps were observed at
20 °C in TRIS buffer at pH 7.2 according to the fit of
the absorbance vs time traces with kqps(fast), showing
a linear dependence on dioxygen concentration (cal-
culated second-order rate constant for R = CONH,:
E =11 x 10* mol™! L1, while kg(slow) was
independent of dioxygen concentration (k = 0.62 s71).
However, no activation parameters were reported.
The rate constants for the complexes with other
substitutents were nearly identical and very close to
the data obtained for the iron(II) bleomycin under
the same conditions.

Kryatov et al.

4.4.3. Complexes with the Tripodal Ligand TPA and Its
Derivatives

Besides the derivatives of the tridentate ligands
tris(pyrazolyDborates (HB(3,5-Rgpz)s) and the mac-
rocycle triazacyclononane (TACN), the tetradentate
ligand tris(2-pyridylmethyl)amine (TPA) and its de-
rivatives (Scheme 9) have proven to be extremely
versatile ligands in bioinorganic chemistry.

Modeling successfully the intradiol cleavage of

catechol dioxygenases has been accomplished using
the iron(III)-TPA complex and catechol.33% This
system so far is the most active species in the
oxidative cleavage of catechols, despite many efforts
to increase the rate of this reaction using other
ligands.3:3047307 A reaction mechanism was proposed,;
however, the proposed intermediates could not be
detected spectroscopically.?3% Second-order rate con-
stants of the reaction between [Fe™(TPA)(DBC)]*
O, in DMF (15 M~! s71) and methanol (10 M1 s71)
were obtained at 25 °C; however, no temperature
dependence measurements were performed and no
activation parameters calculated.?’® In contrast, in
an earlier study using tripodal NTA (nitrilotriac-
etate), PDA (N-(2-pyridylmethyl)iminodiacetate), and
BPG (IV,N-bis(2-pyridylmethyl)glycinate) as ligands,
activation parameters were determined and demon-
strated large negative activation entropies suggesting
an associative reaction mechanism.3%8

Very recently, a detailed kinetic study on the TPA
system was conducted, and a large negative value
was obtained for the activation entropy (AH* = 23 +
1 kJ mol~! and AS* = —199 4+ 4 J mol~! K™1).3% In
this study, the effect of chelate ring size (Scheme 21)
in the iron complexes was investigated, similar to the
cases of previous studies on the dioxygen activation
with related copper complexes.?1%311 The measure-
ments cleary demonstrated that neither increasing
nor decreasing the chelate ring size of the iron TPA
complex lead to higher reactivity; in contrast to the
expectations, reaction rates decreased dramatically
compared to that of the TPA system.

An interesting approach of using an iron(III) TPA
complex for the oxidative cleavage of chloro catechols
has been described by Funabiki and co-workers.?12
The reaction is about a factor of 10% slower compared
with that of the [Fe(TPA)DBC)]" complex.303

A study by Que and co-workers on modeling the
extradiol-cleaving catechol dioxygenases using iron-
(II) complexes with 6-Mes-TPA (a methylated ana-
logue of TPA, R = CHj, Scheme 9) and in comparison
the related ligand 6-Meg-bpmen (Scheme 9) has been
published recently.?!3 Rate constants for the oxidation
of the iron(II) catecholate complexes to the iron(III)
catecholate complexes, as well as decomposition
reactions of the iron(III) complexes, were reported at
22 °C in acetonitrile. Very interesting in this work
is the approach to include reactions with NO with
the iron(II) complexes as a “dioxygen surrogate” to
obtain additional information on the mechanisms of
these reactions.

Furthermore, iron complexes with TPA and sub-
stituted derivatives have been successfully used as
models for o-keto acid-dependent non-heme iron
enzymes, and a detailed mechanistic study was
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Scheme 21. Tripodal Aminopyridine Ligands with Systematically Varied Arm Length
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performed on these systems.?* Using the 6-Mes-TPA
ligand, benzoylformate (BF) as the o-keto acid, and
iron(I) to obtain [Fel(6-Mes-TPA)(BF)]C104, the
kinetics of this complex with dioxygen was studied
at 30 °C (unfortunately no temperature dependence
study was reported, and details on the kinetic analy-
sis are missing). The observed rate constants ks
(with ks assigned as £[Oq]) for different [Fe'(6-Mes-
TPA)X-BF)IC104 complexes (X = different substit-
uents at the benzene ring of BF) allowed for a good
correlation in a Hammett plot. A reaction mechanism
for the oxygenation of this system was proposed
(Scheme 22).

A similar iron(II) complex [Fe(I)(6-Mes-TPA)(Oq-
CPh)]" has been used as a model complex for the
redox cycle of lipoxygenase with an alkyhydroperox-
ide as an oxidant.?!® However, kinetic measurements
were only reported for the decomposition of the
alkylperoxoiron(IIl) intermediate.

When [Fe'(TPA)(CH3CN).]?" is reacted with per-
acetic acid in acetonitrile at low temperatures, the
formation of [FeV(O)(TPA)]2" can be observed spec-
troscopically.'®! Indirect evidence for the formation
of [FeV(O)(TPA)]** as an intermediate was obtained
during the investigation of the oxidation of alkanes
with the iron(IT) TPA complexes and ‘BuOOH.?1¢ Very
recently, Que and co-workers successfully docu-
mented the homolysis of the Fe™(OO’Bu) intermedi-
ate to form [FeV(O)(TPA)]?* and observed a dramatic
acceleration of the reaction (a “push” effect) and an

Ll
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/N/N /N/N
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improved yield of the Fe(IV) product, when a Lewis
base (e. g., pyridine N-oxide) was added (an increase
of a factor of 100 was observed for the first-order rate
constant when 10 equiv of PyO was added).!92 Analy-
sis of the temperature dependence of the reaction
rates afforded activation parameters (without PyO
and with 10 equiv PyO) (AH* = 52(1) and 50(2) kJ
mol~1; AS*¥ = —74(3) and —42(10) J mol~! K1) that
were quite different compared to those for the iron
porphyrin complexes investigated previously. The
push effect in this non-heme system turned out to
be much more significant than that in the heme
complexes.

Complex [Fel(TPA)(OTf);] reacts with HyO, in
acetone at —90 °C, yielding an unexpected complex
with a solvent-derived peroxo ligand, [Fe™(TPA)-
(OOCMe,OH)]?*, which is thermally unstable and
decomposes in a single-exponential process (T'= —75
to —45 °C; AH* = 54(3) kJ mol™!; AS* = —42(12) J
mol™! K1) to form [FeV(O)(TPA)]2".226 The kinetic
parameters of the O—O bond homolysis in [Felll-
(TPA)YOOC(CHj3)2;0OH)]?" are very similar to those
previously observed for the OO’Bu analogue (see
above). The oxoiron(IV) complex [FeV(O)(TPA)]2" is
also thermally unstable and can oxidize substrates
(e.g., PhSMe),'91226 hut the kinetics of its reactivity
has not been studied.

The reaction of [Fell(TPA)(MeCN),] with H,O5 in
MeCN or MeCN/CH;Cl; at low temperature gives a
hydroperoxo complex [Fe™(TPA)(OOH)(H20)]?* that
was characterized spectroscopically.?26:317318 The [Felll-
(TPA)YOOH)(H20)]?" intermediate decomposes with
a first-order kinetics, £ = 1.2 x 103 s 1 at —50 °C in
MeCN/CH.Cl; (1:1).318 A discussion on the possible
mechanism of the catalytic alkane oxidation with this
and other Fe(III)-OOH intermediates outlining the
importance of the spin state has been reported
previously.*> Two different mechanistic pathways
were proposed for olefin cis-dihydroxylation (depend-
ing on the spin state, an electophilic or a nucleophilic
mechanism is dominant).?* Olefin cis-dihydroxyla-
tion and epoxidation reactions have been demon-
strated as different facets of the reactivity of the
Fe(III)-OOH intermediates, whose spin states can
be modulated by the electronic and steric properties
of the ligand environment (a key feature for olefin
cis-dihydroxylation is the availability of two cis sites
for exogenous ligand binding).29%213 A recent study
suggested that dinuclear rather than mononuclear
iron(III) hydroperoxo complexes are the active inter-
mediates in the hydrocarbon oxidations.31®
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Scheme 23
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4.4.4. Tren-Based Ligands

In copper dioxygen chemistry, it has been shown
that ligands derived from tren can be used very
efficiently in a similar way as TPA, e.g., to stabilize
an end-on superoxo complex.319:320

In iron chemistry, Borovik and co-workers success-
fully used a tren derivative (trianion of tris[(IV'-tert-
butylureaylato)-N-ethyllamine, trenur, Scheme 9) to
stabilize (by hydrogen bonding) a monomeric Fe(III)—
oxo complex such that a crystal structure of this
compound could be obtained.3?1:322 Interestingly this
oxo complex was obtained directly in a reaction of
the precursor complex with dioxygen; however, no
kinetic investigations were reported so far.

4.4.5. Complexes with Rtpen Ligands

If one pyridine arm in the ligand of TPA is replaced
by the aliphatic amine arm C;H,—NHs, the versatile
ligand uns-penp (Scheme 9) is obtained—first intro-
duced into copper chemistry by Mandel and co-
workers3?®—that allows for a facile further ligand
modification.??4~326 Substitution of the protons in uns-
penp by one 2-pyridylmethyl arm and a variable
organic group leads to the versatile ligand system
Rtpen (Scheme 9); however, synthesis of these ligands
is usually performed in a different way.327-328

Iron(II) complexes of these ligands are not reactive
toward dioxygen. However, reaction of an excess of
hydrogen peroxide with either iron(II) or iron(III)
complexes of Rtpen in methanol causes the formation
of transient purple species characterized spectro-
scopically as end-on hydroperoxo complexes; further-
more, these complexes can be deprotonated to give
transient blue species characterized spectroscopically
as side-on mononuclear peroxo complexes.167327-332 A
valid effort to stabilize either of these species by
hydrogen bonding when using EtOHtpen as ligand
(the crystal structure of [Fe(EtOHtpen)Cl|PF¢ indi-
cated this possibility) unfortunately was unsuccessful
and caused the opposite effect, the destabilization of
the intermediate complexes. From a variety of spec-
troscopic techniques and some kinetic studies (see
below), a general mechanism for the ligand substitu-
tion reactions was proposed (Scheme 23).

The oxidation of the iron(IT) Rtpen complexes with
hydrogen peroxide is a fast reaction that can be
observed using stopped-flow-techniques. Unfortu-

[Fe"(Rtpen)(HOCH3)]**

Kryatov et al.
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nately, so far, a detailed kinetic analysis of this
reaction sequence could not be performed due to
experimental problems. The final product of this
reaction is the iron(IIT) complex, and the subsequent
substitution reactions are the same as if the iron-
(IIT) complex is used right away from the beginning.
The advantage of using the iron(II) complex as
starting material is that this complex is stable in
solution in contrast to the cases of the iron(III)
complexes.

The reaction of the iron(III) complex with hydrogen
peroxide has been analyzed in detail, and the follow-
ing activation parameters were obtained for this
reaction: AH* =53 + 2 kJ mol ! and AS* = —-72 &+
8 J mol~! K~1. The negative value for AS* indicates
a mechanism with an associative character; however,
a value for AV* to support this hypothesis is not
available at present. A seven-coordinated iron(III)
complex was suggested in the transition state (Scheme
24) that would give a plausible explanation for why
methanol is an excellent solvent for these reactions.
Once this complex is formed, loss of methanol to give
the hydroperoxide product might then occur by
transferring the proton on the noncoordinated per-
oxide oxygen atom to the methoxide group. To some
extent, this transition state might suggest an expla-
nation for the lack of formation of alkylperoxide
complexes in the reactions with ‘BuOOH.

Furthermore, a modified ligand system of Rtpen
based on a 1,3-diaminopropane unit instead of a 1,2-
diaminoethane backbone has been investigated.333 It
was observed that this modification diminished con-
siderably the stability of the Fe(III)-OOH species
formed. A kinetic investigation on the formation of
this species (using the methyl derivative of this
ligand) revealed nearly identical activation param-
eters (AH* = 53 kJ mol~! and AS* = —66 J mol~1 K1)
as observed for the iron Bztpen complex described
above.
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Scheme 25
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Quite interesting is the reaction of the iron(II)
complex of a tren-based ligand (derived from 3-mer-
capto-3-methyl-2-butanone and tren and related to
Rtpen) with superoxide in a methanol/THF mix-
ture.?3* Most likely, an iron(III) hydroperoxo inter-
mediate is formed; however, the reaction turned out
to be too fast for stopped-flow measurements at
ambient temperatures.

Iron(IV) complexes [Fe™V(O)(Metpen)]*" and [Fe!V-
(O)(Metppn)]2" were obtained in solution from the
reaction of the respective Fe(II) complexes with C10~
in MeOH at —60 °C and characterized by spectros-
copy.'?* The ferryl(IV) complex of Metppn can epoxi-
dize olefins; however, no kinetic parameters for these
reactions have been reported.

The iron(IV) complex [FeV(O)(Bztpen)]?*", obtained
from [Fe'(Bztpen)(OTH](OTY) and PhIO in MeCN, is
relatively stable at room temperature (r12 = 6 h at
25 °C) and was characterized by mass-spectrometry
and Mossbauer and UV—vis spectroscopy.'®® The
high-valent complex [FeV(O)(Bztpen)]?* oxidizes Phs-
CH to PhsCOH in a second-order reaction (£ = 0.083
M~1s71); Ph3CD was hydroxylated much more slowly,
indicating a very large value of the kinetic isotope
effect in this reaction (KIE ~ 50), similar to those
for such reactions as methane hydroxylation by
intermediate Q of MMO and taurine hydroxylation
by the FeV intermediate of the TauD enzyme.%
Several other hydrocarbons (e.g., ethylbenzene, tolu-
ene, cyclohexane) were oxidized by [FeV(O)(Bzt-
pen)]?*, and a linear correlation between the second-
order reaction rates of these reactions and the C—H
bond energies was obtained, pointing to the hydrogen
atom abstraction as a probable mechanism.

4.4.6. Complexes with the Ligand N4Py

The pentadentate ligand N4Py (IV, N-bis(2-pyridyl-
methyl)-N-(bis-2-pyridylmethyl)amine, Scheme 9) can
be regarded as a TPA derivative in which one of the
hydrogen atoms of a CHy group has been substituted
by an additional 2-pyridinyl group. Similar to the
Rtpen iron system (discussed above), the iron(II)
complex of N4Py can be oxidized by hydrogen per-
oxide, and a quite stable hydroperoxo complex was
formed during this reaction.'8¢ While a detailed
kinetic study is still missing, crystallography together
with spectroscopic measurements allowed the au-
thors to propose a scheme describing the conversion
of different species for this system (Scheme 25).

Catalytic oxidations of alkanes with this complex
system using hydrogen peroxide or peracids as ter-
minal oxidants were performed (kinetic isotope ef-
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fects for the formation of cyclohexanol were investi-
gated).?3336 Furthermore, the reactions of the Fe(III)—
OOH species with base to form the side-on peroxo
derivatives of N4Py complexes were reported re-
cently, similar to the reactions observed for Rtpen
discussed above.337

The high-valent complex [FeV(O)(IN4Py)]*" was
obtained and characterized by spectroscopy and
mass-spectrometry very recently.'%® The properties
of [FelV(O)(N4Py)]2" are similar to those of [FelV(O)-
(Bztpen)]?" (see section 4.4.5 above), but the N4Py
complex is more stable and less reactive with hydro-
carbons. The reactivity of the ferryl(IV) species in
substrate oxidation is inversely correlated with their
stability.? This observation lends support to the
earlier claims of very short-lived (and directly unob-
served), high-valent iron intermediates in different
catalytic systems.

4.4.7. Complexes with Bispidine Ligands

The very interesting bispidine ligands (Scheme 9)
that are used by Comba and co-workers in different
areas of coordination chemistry also proved to be
useful in supporting the formation of iron(III) hydro-
peroxo and side-on peroxo complexes.?3® While a
kinetic analysis has not been reported yet, detailed
spectroscopical measurements were performed and
structures have been calculated for two side-on
peroxo complexes, providing clear evidence for seven-
coordinated species. This finding supports the for-
mulation of seven-coordinated side-on peroxo com-
plexes with Rtpen ligands discussed above.

5. Kinetic and Mechanistic Studies of Dinuclear
Iron Complexes

As already mentioned in the Introduction, the
interest in dinuclear iron complexes comes primarily
from the finding of non-heme diiron active centers
with an O,N-ligand environment in a number of
natural proteins (mostly with dioxygen binding and
activating functions).?3%7 Intense exploration of the
synthetic dinuclear iron complexes with O,N-donors
occurred in parallel with the remarkable progress in
the study of their biological counterparts starting in
the 1980s. There are a number of recent reviews
describing different aspects of the chemistry of
non-heme diiron proteins and their synthetic
models.+23:27729,160,161 Below, we concentrate on the
kinetic and mechanistic studies performed with
synthetic diiron species with a minimum of back-
ground information.

The non-heme diiron centers in proteins and model
complexes with O,N-donors can reach a number of
oxidation states spanning from Fel'Fe!! to FelVFel!V,
The diiron(II) state is reactive with dioxygen, yielding
different products depending on the nature of ligands
and the reaction conditions (Scheme 26). Outer-
sphere electron transfer may occur for coordinatively
saturated and sterically impeded complexes with
sufficiently low redox potential.?3?

Inner-sphere oxygenation seems to be a more
common reactivity pathway for diiron(II) com-
plexes.*2128 Formation of the first Fe—O bond and
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Scheme 26. Established Pathways of
Diiron—Oxygen Reactivity®
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transfer of one electron should lead to an iron(II)—
iron(IIT)—superoxo intermediate (Scheme 26), which
has not been observed for any protein or synthetic
complex yet. Instead, a diiron(III)—peroxo composi-
tion is ascribed to the adducts observed in such
systems, suggesting that the second electron transfer
and Fe—O bonding usually are post-rate-limiting
events. Several synthetic complexes with u-1,2-per-
oxo-bridged diiron(III) cores were characterized
structurally,'707172181 gnd such a binding mode is
assumed for the peroxo—diiron(III) intermediates of
several proteins (sSMMO,*%%36! stearoyl desaturase,$149
ferritin,'®® and RNR mutants®®13?) and most model
compounds.*?3>1% An unusual synthetic peroxo inter-
mediate, probably with an Fe'-X—Fell(52-O,) core,
was recently characterized by spectroscopic means.340
Protonation of the peroxide ligand gives a hydro-
peroxo complex; in hemerythrin, such protonation is
intramolecular (a u-OH ligand provides a proton
turning into an oxo-bridge, section 2.2). Several
model diiron(IIT)—hydroperoxo complexes were re-
cently prepared in solution and characterized by
spectroscopy.341:342

Peroxo—diiron(III) intermediates vary significantly
in their stability and reactivity, depending on the
nature of the supporting ligands and other conditions.
Some of them (like oxyhemerythrin, section 2.2) form
reversibly from a diiron(II) complex and dioxygen, 6!
but the majority of known peroxo—diiron(III) species
form irreversibly and eventually decompose into
different types of products. One pathway of the
peroxo—diiron(III) species decomposition is the dis-
proportionation into oxo-bridged polyiron(III) com-
plexes and dioxygen.'”® The peroxo intermediate of
sMMO undergoes a remarkable transformation into
a bis(u-oxo)diiron(IV) species.?® Such a reaction has
not been achieved in a synthetic system yet, although
(u-oxo)diiron(IV) complexes were recently obtained
from an iron(III) precursor and dioxygen, presumably
via a (u-peroxo)diiron(IV) intermediate.?°6 Peroxo—
diiron(III) species with exchangeable coordination
sites can transfer an O atom to organic phosphines
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and sulfides, and there is strong evidence that the
reactions occur intramolecularly upon the coordina-
tion of the substrate.!88:343-345 One-electron reduction
of a peroxo—diiron(III) complex can yield an oxo-
bridged Fe''Fe!V species, a reaction that apparently
occurs in the R2 RNR protein.*?3 Similar chemistry
was observed or suggested in some of the model
systems leading to FelFelV complexes.196:201,346,347
High-valent (Fel"Fe!V and Fe'VFe!V) intermediates are
generally much more reactive oxidants than their
parent peroxo—iron complexes and can perform even
such challenging reactions as alkane hydroxyla-
tion.+2327 Substrate oxidation may also be caused in
free radical chain processes initiated by the peroxo—
iron(III) intermediates;3437-3941.178 guch reactions,
although important and interesting, are beyond the
scope of this review.

Peroxo—diiron(IIT) complexes can undergo not only
redox but also ligand substitution reactions. Libera-
tion of HyO, was observed in the reactions with
phenols and carboxylic acids, leading also to the
respective phenolate or carboxylate iron(III) com-
plexes.'”® Hydrolysis of a peroxo—diiron(III) complex
results in an oxo—diiron(III) species and hydrogen
peroxide. Such a reaction is responsible for the
“autoxidation” of hemerythrin but is very slow for the
native protein due to hydrophobic shielding of the
active site (section 2.2). The hydrolysis of iron(III)
peroxides is reversible, and the reverse reaction is
actually much better studied for model complexes.!80348
In biochemistry, the formation of peroxo intermedi-
ates from H20; and the (di)iron(III) resting state of
redox enzymes is known as the peroxide shunt, often
yielding the same reactive species as the reaction of
the (di)iron(II) form with dioxygen.!553168 Similar
reactivity manifolds were observed with some of the
model systems,196:347.348

Mixed-valent Fel'Fel intermediates were observed
in several cases during the oxygenation of diiron(II)
complexes, most probably due to a one-electron outer-
sphere oxidation.339:349:350 Oxo- or hydroxo-bridged
diiron(IIT) complexes were the final products of these
oxygenation reactions. The overall mechanism of
these transformations is apparently complex and not
well understood yet.

Oftentimes, the reactions of dioxygen with the non-
heme diiron(II) complexes lead to oxo-bridged diiron-
(III) complexes without observable intermediates.
The four-electron reduction of the O molecule obvi-
ously cannot proceed in one step. It is probable that
superoxo, peroxo, and high-valent iron intermediates
form in such systems, but in very small steady-state
concentrations, while the initial step of Oz binding
is rate-limiting (Scheme 26). Kinetic and isotope
labeling studies allowed for insights into the mech-
anisms of several such reactions.'’#%1 Compared to
the formation of a peroxo- or high-valent diiron
intermediate, the generation of oxo—diiron(IIT) com-
plexes is less interesting from the viewpoint of
dioxygen activation, because in this case all four
oxidative equivalents of Os have been wasted on
oxidizing iron, and nothing is left for the oxidation
of a cosubstrate (unless the Fe/Fe'l potential is
sufficient for such a reaction).
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Very recently, two stable (u-oxo)diiron(IV) com-
plexes with tetraamidato ligands were obtained in a
direct reaction of mononuclear iron(III) precursors
and 0.2 This unprecedented transformation is
possible due to the very strong electron-donating
properties of the ligands that stabilize the high-valent
state of iron and bring the FeV/Fe!l redox potential
down.

An important question in the chemistry of diiron
complexes is whether the dinuclear composition is
preserved during the Og-activating reactions. In
enzymes, the diiron center is encapsulated in a
protein globule, and the ligand environment is largely
preserved by the tertiary structure of the globule
throughout the catalytic cycle. Synthetic complexes
can change nuclearity upon a redox transformation
or even a change in solvent.?>? Several diiron(III)
peroxides were assembled from the oxygenation of
mononuclear iron(II) complexes.!72262.2% Reactions of
peroxo—diiron(III) complexes yielded not only di-
nuclear oxo-bridged iron(III) compounds but also tri-
and tetranuclear species.!73295.342 Careful ligand de-
sign and selection is required to provide for diiron-
(IT) complexes that could undergo oxygenation and
traverse different oxidation states, preserving their
dinuclear composition.*

5.1. Diiron Complexes with Dinucleating Alkoxide
NgO Ligands

5.1.1. Reactions with O,

The first detailed kinetic study of the oxygenation
of diiron(II) species was done with a series of com-
plexes of dinucleating ligands HPTP, Et-HPTB, and
HPTMP (Scheme 9) by Feig et al.!68173 The results
obtained for the HPTP complex were confirmed in a
later independent study by Costas et al.?*> The
starting complexes [Fells(u-L)(u-O2CPh)]>" have a
similar ligand environment around the two 5-coor-
dinate iron(II) centers bridged by an alkoxide residue
and a carboxylate residue and also ligated by three
N-donor atoms each (Scheme 27). However, there is
a significant difference in the steric accessibility of
the diiron(II) centers (HPTP > Et-HPTB > HPTMP),
which is controlled by the structure of the dinucle-
ating ligands. Oxygenation of the complexes in pro-
pionitrile solution at low temperatures (—70 to —20
°C) gives high yields of dioxygen adducts formulated

Scheme 27. Oxygenation of Diiron(II) Complexes
with NgO- Dinucelating Ligands
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as [Fey(u-L)(u-1,2-peroxo)(u-0O2CPh)]?*. From inde-
pendent studies, it is known that the formation of
the HPTP and Et-HPTB peroxides is irreversible,?53
while the HPTMP dioxygen adduct forms revers-
ibly.?%* Oxygenation of the less sterically hindered
diiron(II) complexes (L. = HPTP and Et-HPTB) fol-
lows mixed second-order kinetics, v = k[Fely][Os],
with almost identical activation parameters (AH* =
16 kJ mol™! and AS* = —120 J mol™! K1).178 The
reaction of the Et-HPTB complex was also character-
ized by a high-pressure stopped-flow technique (the
only such study for the oxygenation of a synthetic
diiron(IT) complex so far),!” which gave the volume
of activation AV¥ = —13 ecm?® mol~*. The low activation
barrier and negative values of AS*¥ and AV¥ are
indicative of an associative mechanism of the oxy-
genation reaction, which is consistent with the un-
saturated coordination sphere of the starting diiron-
(IT) complexes [Fells(L)(O,CPh)]2" (L. = HPTP or
Et-HPTB) and the accessibility of the iron centers in
them. Oxygenation of the more sterically constrained
diiron(II)~HPTMP complex proceeds 102—10° times
slower in the temperature range studied because of
a much higher enthalpy of activation (AH* = 42 kJ
mol 1) only partially compensated by a less unfavor-
able entropy of activation (AS* = —63 J mol 1 K~1).173
The dependence of the reaction rate on dioxygen
concentration obtained under pseudo-first-order con-
ditions (excess O3) at —50 °C was interpreted by Feig
et al. as an indication of a partial order (ca. 0.65) in
O; or a saturation behavior in 0.1 However, plot-
ting of the experimental data provided in the Sup-
porting Information by the authors!”® allows for an
alternative interpretation. The plots of ks vs [Oo]
at all studied temperatures can be fit satisfactorily
as straight lines with significant positive intercepts
(Figure 4), kinetic behavior characteristic of a revers-
ible reaction.'® This interpretation is supported by
an independent determination of the reversibility of
the reaction between the diiron(II)-HPTMP complex
and 0,.3%* Therefore, all three complexes [Fells(L)(O,-
CPh)]?2* (L. = HPTMP, HPTP, and Et-HPTB) are
likely to share the same mechanism of dioxygen
binding with an associative bimolecular rate-limiting
step. The reactions of the less sterically hindered
complexes of HPTP and Et-HPTB appear to have
highly ordered transition states with dominating
bond formation, as seen from the low enthalpies of
activation and large negative entropy of activation
(Table 6). A much higher value of AH¥ and more
favorable value of AS* for the oxygenation of the
diiron(I)-HPTMP complex suggests that this reac-
tion involves a more significant degree of bond
breaking between the iron(II) atoms and bridging
ligands needed to give way to the incoming O,
molecule.!”

Oxygenation of the diiron(IT) complexes with HPTP
and two additional carboxylate ligands was studied
and directly compared to the reactivity of similar
complexes with one carboxylate bridge (Scheme
27).3% The bis-carboxylate complex [Fel'y(u-HPTP)(u-
05CPh),]* has two six-coordinated iron(II) centers in
the solid state. In solution (MeCN or CH,Cl,) at low
temperature, the complex reacts with Oy following
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Table 6. Kinetic Parameters for Reactions of Diiron(II) Complexes with Dioxygen

Kryatov et al.

T range, kinetic k (—40 °C),? AHY, AS*,
complex solvent °C behavior® M1tg?t kd mol™! J mol 'Kt ref
[Fea(HPTP)(O2CPh)]2* EtCN —70 to —20 P11 9.6(3) x 102 16.5(4) —114(2) 173
[Feo(HPTP)(O2CPh)]>* MeCN —40to 0 P11 7.3(5) x 103 15.8(4) —101(10) 345
[Feo(HPTP)(O,CPh)]2* MeCN/DMSO —40to 0 P11 2.8(2) x 10? 8.0(3) —143(10) 345
(9:1 v/v)

[Fea(HPTP)(O2CPh)s] ™ CH,Cl, —80to 0 P11 6.7(3) x 10t 16.7(2) —132(8) 345
[Fex(Et-HPTB)(O2CPh)]2* EtCN —75to —15 P11 1.03(12) x 102 15.4(6) —121(3) 173
[Fes(HPTMP)(O2CPh)]%* EtCN —45 to 20 Plp 8 x 1071 42.2(16) —63(6) 173
[Fea(XDK)(O2CPh)o(Im):(MeOH)] THF —71 to —60 P11 ~ 10%¢ 11 —150 175
[Fea(BIPhMe)s(O2CH)4l CHCl3 —35 to +40 021 n/a 33(2) —39(9) 174
[Fea(DXL)4(Py)ol CH,Cl, —80 to —30 P11 2.15(10) x 102 4.7(5) —178(10) 188, 340
[Feo(DXL)4(Melm)o] CHyCl; —80 to —30 P11 3.0(2) x 102 10.1(10) —153(10) 188, 340
[Fea(DXL)4(THF)q] CH.Cl, —80 to —30 P11 3.22(15) x 102 14(1) —135(10) 188, 340
[Fes(OH)2(6-MesTPA)s] 2+ CH,Cl, —80 to —40 P11 6.6(6) x 1071 17(2) —175(10) 365
[Fea(OH)2(6-MesTPA)o]2* MeCN —40 to —5 P11 1.94(11) 16(2) —167(10) 351
[Fes(OH)o(TPA),]** CH,Cl, —40to —15 011 1.21(6) x 10! 30(4) —94(10) 351
[Fea(OH)2(BQPA),I2* CH,Cl, —70 to —40 0O11 3.2(2) 36(4) —-80(10) 351
[Feo(OH)2(BQPA).)2* CH,Cly/NEt; —65to —25 P11 2.6(3) 36(4) —81(10) 351
[Fea(OH)2(BnBQA )22+ MeCN —45 to —20 P11 2.67(10) x 10> 16(2) —108(10) 351
MMOH H.0 +3 to +35 P11 n/a 92(17) 88(42) 129
A9D H.0 +6 to +24 P10 n/a 22 —-134 150

Hr H.0O +5 to +25 P11 n/a 17 —46 96

@ Types of kinetic behavior: P11, formation of a peroxo—diiron(III) complex, first order in [Fe'';] and first order in Og; P10,
formation of a peroxo—diiron(III) complex, first order in [Fel;] and first order in Og; P1p, formation of a peroxo—diiron(III) complex,
first order in [Fe'ls] and partial order in Og; O11, formation of an oxo-bridged oligoiron(III) complex, first order in [Fel's] and first
order in Oy; 021, formation of an oxo-bridged oligoiron(III) complex, second order in [Fe'ls] and first order in Os. ® Second-order

rate constant. ¢ Extrapolated using the activaton parameters.
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Figure 4. Kinetic plots for the oxygenation of [Fello(HP-
TMP)(O,CPh)]2* in EtCN: observed pseudo-first-order
rates (excess Og) vs dioxygen concentration at different
temperatures. Data are taken from the Supporting Infor-
mation of ref 173.

mixed second-order kinetics to give an adduct for-
mulated as [Fey(u-HPTP)(u-peroxo)(r71-OsCPh)s] ™.
Formation of the peroxo complex from the bis-
carboxylate precursor is about an order of magnitude
slower than the analogous reaction of the mono-
carboxylate due to a more negative entropy of activa-
tion, while the enthalpies of activation are nearly the
same (Table 6). Therefore, the additional steric bulk
in the bis-carboxylate complex and the requirement

for a shift from bridging to terminal mode of the
carboxylate coordination give rise to a more restricted
and highly organized transition state of the dioxygen-
binding process.

Oxygenation of the complexes [Fel's(Et-HPTB)(O,-
CPh)]?*, [Fely,(HPTP)(O.CPh)1?*, and [Fe';(HPTP)(Os-
CPh),]™ was studied in several weakly coordinating
solvents (MeCN, EtCN, CHCl;, CHCly, MeCN/CH,-
Cly mixtures, and others) and only minor kinetic
effects were observed, indicating a passive role of the
solvents. There was a general tendency for somewhat
higher reaction rates in solvents of higher polarity,
in agreement with a polar transition state and the
electron transfer during the coordination of the Og
molecule. However, the oxygenation of [Fells(HPTP)-
(O2CPh)]?* in the mixture MeCN/DMSO (9:1 v/v) was
characterized by significantly different activation
parameters, suggesting that a more strongly coordi-
nating solvent (like DMSO) may change the specia-
tion of the starting diiron(II) complex or otherwise
interfere with the reaction.

Oxygenation of several other diiron(II) complexes
supported by dinucleating alkoxo and aryloxo ligands
was characterized thermodynamically from the de-
termination of the O¢-binding equilibrium constants,
but not kinetically.161.171.176

5.1.2. Reactions with Hydrogen Peroxide

Peroxo—diiron(III) complexes supported by the
dinucleating ligand HPTB and its derivatives were
also prepared starting from a diiron(III) precursor
and H50s, and the kinetics of these ligand substitu-
tion reactions was studied.!8-34835 The reactions
were carried out in strongly coordinating solvents
(H20, MeOH, DMSO, etc.), which significantly influ-
enced the speciation of the diiron(III) complexes and
their kinetic behavior. In all of the solvents, the
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Scheme 28. Proposed Two-Step Mechanism for the
Reaction of Diiron(III) Complexes with HyO»
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peroxo—diiron(III) complexes with the HPTB family
of ligands formed quantitatively.'®348 In methanol,
the equilibrium constant of the H2Os binding at 25
°C was estimated to be greater than 108 M~1.355

The solid complex [Fey(u-HPTB)(u-OH)(NO3)q]-
(NO3); dissolves in water, yielding the [Fey(u-
HPTB)(u-OH)(H20)o]*" species that reacts with HoOo,
producing a relatively stable peroxo complex formu-
lated as [Fe;(u-HPTB)(u-02)(H20):]%* (Scheme 28).35
The kinetics of this reaction was studied in aqueous
solution at different values of pH (pH = 3 was chosen
as optimal), at ionic strength = 0.1, and in the
temperature range from +5 to +35 °C by Than et
al.’® Under an excess of HyOj, the reaction was
irreversible and followed one-phase kinetics with a
mixed second-order rate law (first order in the diiron-
(IIT) complex and first order in H2O2) and the activa-
tion parameters AH* = +62.5(5) kJ mol~!, AS* =
+26(17) d mol* K1, and AV¥ = 0(2) cm?® mol~L. Such
kinetic parameters pointed to the interchange mech-
anism of the ligand substitution of water for hydro-
gen peroxide in the rate-limiting step. The authors
proposed that this rate-limiting step leads to a diiron-
(ITI) complex with a terminal hydroperoxide, which
is a steady-state intermediate with low concentration
that rapidly gives the final product with a bridging
peroxide (Scheme 28).

A similar kinetic study was done with a diiron-
(III—HPTB complex containing also a cacodilate
bridge.'® The starting complex was characterized by
X-ray diffraction as [Fe's(u-HPTB)(u-O2AsMey)(MeO)-
(MeOH)]*" and apparently gives the [Fel;(u-HPTB)(u-
02AsMe»)(H20)2]4" species upon dissolution in water
at pH = 3.180 The reaction with HyO; yields a peroxo
complex formulated as [Fe5(u-HPTB)(1-O2AsMes)-
(u-09)(H20)2]3*. Kinetic traces obtained under an
excess of hydrogen peroxide were fit to a two-
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exponential function with %; linearly dependent on
[H2Os5] and k; independent of it. Activation param-
eters were obtained for both ki and ks (Table 7).
These kinetic findings were interpreted within a
mechanism similar to that for a hydroxo-bridged
complex (Scheme 28), but with the second step
proceeding much more slowly because of the steric
interference from the u-O;AsMe; ligand.8°

The reaction of a diiron(III) complex of the dinucle-
ating ligand EtOH—HPTB (Scheme 9) with hydrogen
peroxide was studied in several solvents (water,
MeOH, MeCN, and DMSO0).348 The starting complex
[Felly(EtOH—HPTB)(1u-OH)(NO3):](C10-)(NO3) was
structurally characterized in the solid state and found
to have two six-coordinate Fe(III) centers bridged by
a hydroxide group with two terminal nitrates. Solu-
tion studies indicated that the coordinated NOs~
anions of the starting complex are almost completely
substituted for solvent molecules in H,O and DMSO
but only partially substituted in MeOH and MeCN.
Therefore, different species of the starting complex
[Felll,(EtOH—HPTB)(u-OH)(S)2]”™ (S = NO;3~ or sol-
vent) are present in different solvents. The rate of
peroxide binding decreased by 3 orders of magnitude
in the order HoO > MeOH > MeCN > DMSO (Table
7). This strong solvent dependency was explained
within the mechanism shown in Scheme 28, where
the rate-limiting step is the substitution of a terminal
ligand S for hydrogen peroxide. Water exchanges
rapidly, and the nitrate and solvent molecules in
MeOH and MeCN demonstrate intermediate rates,
while the strong binding of the DMSO molecules
makes the substitution process slow. The rate laws
for the reaction in H,O, MeOH, and MeCN are mixed
second order: v = Ek[Fe5][Hy0s]. The activation
parameters of the reaction measured in water and
methanol (Table 7) indicated an interchange mech-
anism of the ligand substitution. The rate law in
DMSO was more complicated: v = ky[Felly] + k-
[Fell5] [Ho0q], interpreted as two reaction pathways,
one of them being independent of the HyO2 concen-
tration.

5.1.3. Reactions of Peroxo—diiron(lll) Complexes

The stability and reactivity of the complexes [Felly-
(u-L)(u-peroxo)(S),,]** (L = HPTP, HPTMP, HPTB,
and HPTB derivatives) depends significantly on the
nature of the alkoxide-bridging ligand L, on the
additional ligands S, and also on the solvent.

The decomposition of the three complexes [Fey(u-
L)(u-peroxo)(u-O.CPh)]?* (L = HPTP, HPTMP, and

Table 7. Kinetic Parameters for Reactions of Diiron(III) Complexes with Hydrogen Peroxide

T range, AHY, ASF, AVF,
complex® solvent °C k(25 °C) kdmol™ Jmol 'K cmdmol! ref
[Fex(HPTB)(OH)]** HO,pH=3,1=0.1 +5to+35 1.60(4) x 103? 62.5(5) +26(17) 0(2) 180
[Feo(HPTB)(O2AsMeg)]4+ H;O,pH=3,I=0.1 +5to+35 1.60(4) x 103¢ 57(2) +2(9) 0.2(30)® 180
1.9(1) x 10714 79(4) +8(13) —0.3(9)
[Feo(EtOH-HPTB)(OH)|** H,0,pH =3 around RT  1.46(7) x 103° 55(1) 0(3) n/a 348
[Fex(EtOH-HPTB)(OH)]** MeOH 0 to +30 4.90(15) x 102° 53(3) —-17(1) n/a 348
[Fex(EtOH-HPTB)(OH)|** MeCN 25 1.15(10) x 102®  n/a n/a n/a 348
[Fex(EtOH-HPTB)(OH)|*™ DMSO 25 3.0(3) n/a n/a n/a 348

3.6(5) x 10731

@ Solvent molecules omitted from the formulas. ® Second-order reaction (&, M~' s71). ¢ Second-order reaction phase (k, M~1s71).
4 First-order reaction phase (k3, s71). ¢ Second-order reaction pathway (k,, M~! s71).  First-order reaction pathway (k,, s71).
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Scheme 29. Pathways of Reactivity and
Decomposition of the Diiron(III)—Peroxo

Complexes with Alkoxide-Bridging Dinucleating
Ligands
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HPTB) was studied in detail and kinetically quanti-
fied in thoroughly purified EtCN.'73 These complexes
undergo a disproportionation reaction to form dioxy-
gen and oxo-bridged tetrairon(III) complexes (Scheme
29). Isotope-labeling studies using %0, and 0,
showed that no mixed-labeled 1%0—180 formed in the
reaction. The decomposition reaction is second order
in the peroxo—diiron(IIl) complex and is not influ-
enced significantly by the presence of excess Os. The
reactions demonstrate high activation enthalpies (52
to 113 kJ mol™!) and positive activation entropies
(+22 to +187 J mol™! K™1). A proposed mechanism
includes a nucleophilic attack of a peroxide from one
molecule of the peroxo—diiron(III) complex onto an
Fe(IIT) center of the second molecule leading to a
peroxo-bridged tetrairon transition state.!” One of
the peroxo ligands is released as an O3 molecule, so
that no new O—O bond is formed; the O—0O bond of
the second peroxo ligand is broken to give two oxo
bridges in the final tetrairon(III) complex. The close
contact of the two Fell's(0y) units required for the
reaction becomes more difficult with the deepening
of the pocket created by the dinucleating ligand L.
This steric factor clearly governed the relative stabil-
ity of the peroxo complexes that increased in the
order HPTP < HPTMP ~ HPTB.173

Electronic effects can also influence the relative
stability of these peroxo complexes. The rate of
decomposition of [Fey(u-L)(u-02)(u-O:CPh)]*+ (L =
HPTP or Et-HPTB) increased upon introduction of
the electron-donating substituents (Me, OMe) in the
para-position of the benzoate ligand, and it decreased
with the electron-withdrawing groups (Cl, NO,).170:345
However, the decay rates for the bis-carboxylate
adducts [Fey(u-HPTP)(u-02)(17:-02CAr)s]2T (Ar =
p-CeH4X) were not significantly influenced by the
different substituents on the benzoate ligands.?45

The complexes [Fey(1)(Og)(u-O2CPh)]?* (L. = HPTP,
HPTB, and Et-HPTB) become much more stable in
the presence of DMSO or Ph3P0.3% It was shown that
these ligands (S) add to an iron(IIl) center to form
[Fely(Et-HPTB)(02)(51-02CPh)(1-S)5]%*; the rate of

Kryatov et al.

decomposition of [Fell,(HPTP)(O2)(1-O2CPh)1>" was
inversely proportional to the added Ph3PO concentra-
tion, indicating a reversible binding.?*> Under a large
excess of S, complete substitution of the carboxylate
occurs to form [Fey(L)(O2)(5:-S)2]3"; a relatively
stable complex [Fey(u-Et-HPTB)(u-O2)(17:-OPPhs)s] -
(BF4)s was isolated and structurally characterized.!”
Similarly, the introduction of a second benzoate
ligand greatly stabilizes the dioxygen adducts: the
bis-carboxylate complex [Fel's(HPTP)(O2)(17:1-O2CPh)g]
decays much more slowly than its mono-carboxylate
counterpart [Fe;(HPTP)(O2)(u-O2CPh)]?*.3% The rate
law of the decomposition reaction also changes: the
mono-carboxylate complex decays via a second-order
pathway, while decomposition of the bis-carboxylate
is a first-order process (Scheme 29).

The increased stability of the bis-adducts [Fellly-
(L)(O2)(11-S)2]*t (S = ArCO2~, DMSO, Ph3PO) com-
pared to the mono-carboxylates [Fels(HPTP)(Os)(u-
0,CPh)]2" appears to be due to two reasons. First,
there is a larger steric bulk created by the additional
ligand S around the peroxo—diiron(III) core. Second,
the bis-adducts are less labile toward ligand addition
and substitution compared to the complexes with a
bridging carboxylate that may undergo a dynamic
shift (Scheme 29).345 Both reasons would account for
the suppression of the fast bimolecular pathway of
decomposition requiring the association of two per-
oxo—diiron(III) cores.

The diiron(III)—peroxo complex with one carboxy-
late [Felo(HPTP)(02)(02CPh)]?* was found to oxidize
such substrates as triphenylphosphine, methyl phen-
yl sulfide, alcohols, phenols, and thiophenols, but not
hydrocarbons (even 9,10-dihydroanthracene with weak
C—H bonds) at —40 °C in dichloromethane.?*> The
bis-carboxylate [Fe';(HPTP)(O2)(O2CPh)]* does not
oxidize any of the above substrates under the same
conditions. Kinetic studies showed that the O atom
transfer from [Fels(HPTP)(02)(O5CPh)]2* to PPhs; is
a fast reaction accelerating linearly at low [PPhs] but
reaching a plateau at higher [PPhs]. Such behavior
indicates a preequilibrium binding of the substrates
to the diiron center prior to the oxidation. Noncoor-
dinating substrates do not react, and neither do the
diiron(ITI)—peroxo complexes without an open or
easily exchangeable coordination site.34®

5.2. Complexes with Dinucleating Dicarboxylates

Rigid dinucleating dicarboxylate ligands XDK?",
PXDK?", and BXDK?~ (Scheme 9) were used for the
prepartion of complexes closely mimicing the coor-
dination environment of the diiron(II) active sites in
methane monoxygenase.!”>1’ A large series of such
model complexes were synthesized and shown by
X-ray crystallographic analysis to have the structure
[Fells(u-L)(u-02CR)(n'-02CR)(n'-Lix)2(S),] with three
carboxylate bridges, one terminal carboxylate, two
terminal nitrogenous bases Ly, and occasional solvent
molecules S (Scheme 30). The diiron(II) complexes
are asymmetric, with one Fell center six-coordinate
and the other four- or five-coordinate. The complexes
react with dioxygen, and their dinuclear composition
is believed to be preserved during the reaction due
to the structurally constrained nature of the dicar-
boxylate ligands.175:177,356



Non-heme Iron Oxygen Intermediates

Chemical Reviews, 2005, Vol. 105, No. 6 2207

Scheme 30. Proposed Mechanism for Oxygenation of Diiron(II) Complexes with Dinucleating

Dicarboxylate Ligands
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The complexes [Fel’ly(XDK)(O2CPh)z(Im)o(MeOH)]
and [Fels(u-PXDK)(u-O2CtBu)o(Melm)s], prepared first,
reacted with dioxygen very rapidly, with pseudo-first-
order rate constants on the order of 102 s™! under
excess [Oq9] ~ 5 mM and at the temperature ca. —70
°C in THF.'"5 The activation parameters estimated
for the oxygenation of the XDK—Im complex, AH* ~
16 kJ mol™! and AS* ~ —120 J mol™! K1, are in
accord with the values obtained for other diiron(II)
complexes (Table 6). The reaction gave small yields
of transient intermediates with visible spectral prop-
erties reminiscent of (u-peroxo)diiron(I1I) species. The
intermediates were short-lived and decomposed within
minutes or less at temperatures as low as —76 °C.
Such instability precluded any detailed characteriza-
tion of the oxygenated species.!”

In the second generation of the [Fe5(1L)(O2CR)s-
(Ln)2] complexes, more sterically hindered ligands
were employed: L = BXDK (containing three benzyl
substituents) and O2CR = O3CAriPr3 and O;CPhCy
(bulky monocarboxylates, Scheme 9).177 The resulting
diiron(IT) complexes gave high yields of dioxygen
adducts that were stable enough at temperatures
below —70 °C for detailed characterization. On the
basis of the results of Mossbauer, Raman, UV—vis,
and other spectroscopies, the intermediates were
assigned as (u-1,2-peroxo)diiron(IIT) complexes. The
rates of their formation depended primarily on the
nature of the nitrogenous base Ly. For Ly = Im and
N-alkylimidazoles, the reaction was very fast (com-
plete within seconds at ca. —70 °C) and required
stopped-flow instrumentation, while for Ly = Py it
was about 5 orders of magnitude slower and could
be followed by conventional UV—vis spectrophotom-
etry. This effect was explained by the higher electron-
donating ability of imidazole compared to pyridine
that increases the reducing power of the Fell centers.
The influence of carboxylate ligands on the rate of
oxygenation was small and rather unexpected: bulkier
carboxylates lead to somewhat faster rates. For
example, the complex [Fell,(BXDK)(O2CPhCy)(Py)sl
with a benzyl-substituted dinucleating ligand reacted
with Og about four times faster than its methyl-
substituted analogue [Felly(XDK)(OoCPhCy)x(Py)s].
This effect (relatively minor) was explained by the
weaker Fe'—O.arpoxylate bond in the more strained
complexes with bulkier carboxylates that may allevi-
ate the Oz coordination (Scheme 30).}"7 For four
pyridine-containing complexes, the kinetics of oxy-
genation was studied in THF at —77 °C and found

R 00 Og R
Lo e

R = CH,Ph, BXDK

to follow the mixed second-order rate law, v = k[Fell]-
[O2]. A mechanism proposed for the oxygenation
reaction includes the attack of the Oy molecule on
the unsaturated (five-coordinate) iron(II) center con-
comitant with the carboxylate shift at this center
followed by the coordination to the second, six-
coordinate iron(II) center and additional ligand rear-
rangement (Scheme 30).177

The oxygenation of the complexes [Felly(BXDK)(O2C-
tBu)o(py)a] and [Felloy(PXDK)(O2CPhCy)2(Melm)s] was
irreversible at the studied temperature (ca. —70 °C),
as concluded from the persistence of the peroxide
species upon vacuum/Ar purge cycles and from the
lack of exchange of bound 80, for free 180, observed
by resonance Raman spectroscopy.'””

The reactivity of two peroxo complexes, [Felly(Og)-
(PXDK)(O2CPhCy)x(1-Bu-Im)] and [Fe™y(O2)(BXDK)-
(O2CPhCy)s(Py)sl, was studied in some detail.'”® They
did not react with such substrates as PPhs, PhCHo-
NDMe;,, cyclohexene-3-one, ferrocene, or pentameth-
ylferrocene, indicating weak oxidizing properties of
the peroxo—diiron(IIl) complexes. The PXDK complex
decayed in the presence of cobaltocene, thus tenta-
tively placing its redox potential between —1.33 and
—0.59 V vs Fct/Fe. The complex [Fe'ly(O2)(PXDK)(O,-
CPhCy)o(1-Bu-Im)y] reacted with 2,4-di-tert-butylphe-
nol at —77 °C in THF to form ligand substitution
products, an iron(III) phenoxide, and hydrogen per-
oxide; H2O2 was also liberated upon treatment with
HO,CPhCy or CO (kinetics of these reactions was
not studied). A general conclusion was made that
these peroxo complexes lack electrophilic reactivity
and are instead nucleophilic.1”®

All the above-mentioned diiron(IIT)—peroxo com-
plexes [Fey(02)(L)(02CR)o(Ln)e] (L = PXDK and
BXDK) were unstable and slowly decomposed even
at —77 °C.1771"8 The decay strongly accelerated at
higher temperatures, indicating a rather high activa-
tion energy for the process, but no quantitative
kinetic data were reported. The decomposition prod-
ucts were tentatively identified as oxo-bridged iron-
(IIT) complexes, but their exact composition was not
established. The peroxide decay was not accompanied
by the evolution of Og; instead the consumption of
additional dioxygen was observed in some cases.
There was no ligand oxidation in the process (the
dicarboxylates were recovered), but substantial oxi-
dation of solvent was detected.”® For example, THF
produced y-butyrolactone, and cyclopentane gave
cyclopentanol and cyclopentatnone. The kinetic iso-
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tope effect ku/kp = 6.2 was measured for the oxidation
of THF. It was also found that the decomposition
products of the diiron(III)—peroxo complexes cata-
lyzed the autoxidation of the solvents in air at room
temperature, which was quenched by an addition of
a noncoordinating radical trap (2,4,6-tri-tert-butylphe-
nol). It was concluded that the iron complexes initiate
free-radical oxidation of the ethers and hydrocar-
bons.178

5.3. Complexes with Sterically Hindered
Monocarboxylates

Another class of carboxylate ligands that were very
useful in modeling the active centers of non-heme
diiron enzymes are 2,6- or 2,4,6-substituted ben-
zoates, e.g., OoCAr™! O,CArMes2 and DXL (Scheme
9). Diiron(II) complexes of these sterically hindered
ligands were recently introduced by Lee and Lip-
pard®®” and independently by Hagadorn, Que, and
Tolman?®17 and showed three structural types: tet-
racarboxylate-bridged paddle-wheel, dicarboxylate-
bridged windmill, and nonsymmetric tricarboxylate-
bridged complexes (Scheme 31).42%28 The preferential

Scheme 31. Different Structures of Diiron(IT)
Complexes with Bulky 2,6-Disubstituted Benzoates
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structure of a given complex depends on the steric
requirements of specific carboxylate ligands and
additional capping ligands (usually, nitrogen donors
or THF). Carboxylate shifts are rather rapid in these
complexes, so that different forms can interconvert
in solutions (Scheme 31).3%® The self-assembled di-
iron(IT) complexes with sterically hindered carboxy-
lates displayed rich biomimetic chemistry, which was
recently reviewed,*??28 although new publications
continue to appear.!88189.359 This section will focus on
the kinetics and mechanisms of formation and reac-
tivity of dioxygen-derived intermediates in these
systems.

5.3.1. Reactions with O,

All diiron(II) complexes with sterically hindered
carboxylates were dioxygen sensitive. The products
of their reactions with O; depend dramatically on the
exact structure of the ligand and on reaction condi-
tions.423.28

The complex [Fes(O2CAr™),(Py)s], when exposed
to dioxygen in the methylene chloride solution,
rapidly produced an emerald-green intermediate,
which was stable at low temperature for 6 h but
converted into a yellow diiron(III) product upon
warming. Similar behavior was observed for the
analogous complex with 4-‘Bu-pyridine as a capping
ligand; the lifetime of 12 h was reported for this
species.?3201 No intermediate was observed, however,
for the complex with capping THF in place of capping
pyridine.?*” Despite the similarities in the visible
spectrum of the green intermediate (Amax ~ 660—670
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Scheme 32. Dioxygen Activation by the Diiron(II)
Complexes of the Ligand O;CAr™! (e.g.,
[Fez(02CAr™),(4-‘BuPy):])
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nm, € = 1600—1700 M ! em 1)123.201 compared to the
spectra of iron(III) peroxo complexes, resonance
Raman spectroscopy revealed no isotope-sensitive
Fe—0 or O—O0 vibrations, thus ruling out the formu-
lation of the intermediate as a peroxo species.20!
Mossbauer and EPR spectroscopy established the
presence of an equimolar mixture of Fe'Fe! (valence-
delocalized) and Fe'FelV (valence-trapped) interme-
diates, along with small amounts (up to 30%) of the
FeTFel product.’?3201 Importantly, the rates of
formation of both mixed-valence complexes are es-
sentially the same, as determined by freeze-quench
EPR (kgps = 0.18 min~! in CH,Cl, saturated with Os
at —78 °C; 1.12 mM [(4-'Bupy)sFea(u-OsCAr™™")4]).201
These experimental observations are in agreement
with the mechanism of oxygenation shown in Scheme
32. It was proposed that the reaction of a diiron(II)
complex with Og initially generates an unobservable
intermediate (either diiron(III)—peroxo or diiron(IV)
species), which reacts with the remaining diiron(II)
complex via a one-electron-transfer process yielding
equal amounts of FellFe!ll and FelVFe!l species.123:201
The Fe'Fel impurity may originate from an inde-
pendent reaction between the Fel'lFe!l starting mate-
rial and Oy at low temperature, but a diiron(III)
complex is also obtained from the comproportionation
of the FellFel and FelVFell species upon warm-
ing.201357 The total consumption of dioxygen, deter-
mined in manometric experiments (0.75 mol of O per
each mole of diiron(IT) complex), exceeds the stoichio-
metric amount (0.5 mol) necessary for the formation
of either the Fel'Fe!l and Fe!"Fe!V mixture or the
FeFe' product.?°! Interestingly, no high-valent
FeFe!V intermediate accumulates in the presence
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Scheme 33. Dioxygen Activation by the Diiron(II)
Complexes of the Ligand DXL
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of acid, although formation of the Fel'Fe!l species is
not affected by acid.?’! Unfortunately, the kinetics of
these exciting reactions was not studied in detail.

Diiron(II) complexes with the carboxylate ligand
DXL (Scheme 9) showed different reactivity with
dioxygen. Oxygenation of the paddle-wheel complexes
[Felly(DXL)4(L)s] (L = Py, MeIm, THF) at low tem-
perature in scrupulously dry noncoordinating sol-
vents (e.g., CH2Cl; or toluene) cleanly produced an
intermediate containing coordinated O; (Scheme
33).188340 This conclusion was based on resonance
Raman data: oxygenation of [Fella(DXL),(Py)2] by
1605 lead to a v(O—O0) band at 822 cm ™!, which shifted
to 779 em™! for the '¥0s-derived intermediate.?*° The
160-vibrational frequency is somewhat lower than the
160-160Q stretch in typical u-1,2-peroxo complexes
(848—910 cm™!) and resembles the O—O stretch of a
side-on, n?-bound peroxide (with typical values of
816—827 cm™1). The EPR-silent intermediate has two
nonequivalent irons, which are present in a 1:1 ratio
(0(1) = 1.14, AEg(1) = 1.27; and 6(2) = 0.52, AE(2)
= 0.71 mm/s). The first signal may correspond to a
peroxo—iron(III) center, and the second signal is
typical for high-spin iron(III) complexes with N,O
ligands. Furthermore, a relatively low coupling con-
stant (J = 30 cm™!) was determined from the low-
temperature Mossbauer measurements in the applied
magnetic field. Usually, higher J values (66—200
cm 1) were reported for peroxo-bridged complexes. All
spectroscopic data, taken together, allow for two
possible structures of the intermediate, which are
shown in Scheme 33. Regardless of the exact struc-
ture of the intermediate, which remains to be unam-
biguously established, it is clear that this species
contains an O—0 fragment coordinated to at least
one metal center in a diiron(III) complex.340

The UV—vis spectra of the red-brown dioxygen
adducts obtained from the diiron(II) precursors with
different capping ligands (Py, MeIm, THF) are simi-
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lar (Amax &~ 500—550 nm, € ~ 1000—1200 ¢cm™!) but
not identical, indicating that the capping ligand is
not lost upon oxygenation.!88340 No evidence for the
formation of mixed-valent Fel'TFel or FelTFelV com-
plexes was reported in the case of the ligand DXL. If
traces of water or other impurities were present in
the solvent, no intermediates were observed, and the
reaction yielded directly Fe(III) oxidation products
that were not characterized.!88340

The kinetics of dioxygen binding to the diiron(II)
complexes [Fels(DXL)4(L)s] (L = Py, MeIm, THF) was
studied in detail by a cryogenic stopped-flow tech-
nique.88340 Oxygenation of these coordinatively un-
saturated complexes (both iron(II) centers are five-
coordinate) occurs rapidly and is complete within
seconds even at T'= —80 °C. The dioxygen binding
was found to be an irreversible second-order process
(first order in diiron complex and first order in
dioxygen). The second-order rate law suggests that
rapid dioxygen binding to five-coordinate iron(II)
center(s) occurs in a bimolecular associative process.
Additionally, low activation enthalpies and large
negative activation entropies (Table 6) were deter-
mined, typical of associative reactions. Capping
ligands L (Py, MeIm, THF) exerted little effect on the
kinetic parameters of the oxygenation step, indicating
that the electron-donating properties of the mono-
dentate ligands do not alter significantly dioxygen
binding rates. Furthermore, oxygenation of the three
complexes with different capping ligands proceeded
in an isokinetic regime, suggesting a similar rate-
determining step for the series of complexes. An
isokinetic temperature T}, for the series is seen as a
common intersection point of the linear Eyring plot
(Tiso = 216 + 4 K), as well as from the linear
correlation between activation enthalpy and activa-
tion entropy (the slope of the linear fit gave Tis, =
215 + 4 K).188

Notably, dioxygen binding to [Fel'y(DXL)4y(L)o]
(L = Py, MeIm, THF) (¢12 ~ 10 s at —80 °C)!88 is
significantly faster than the oxygenation of the more
sterically constrained complex [Fells(OoCArTol),(4-
tBupy)a] (t12 &~ 10 min at —78 °C).2! These observa-
tions support the importance of steric control in the
oxygenation rates of dinuclear iron(II) complexes.

5.3.2. Iron-Based Okxidation of External Substrates

One of the first reports on dioxygen reactivity of
diiron complexes with sterically hindered carboxy-
lates uncovered the ability of these systems to oxidize
added substrates.?®” Specifically, an intermediate
that was generated from a windmill complex [Feq(u-
OQCAI‘TOI)Q(OQCAI‘TOI)Q(Py)z] and 02 at —78 °C oxidized
2,4,6-tri-tert butylphenol into the phenoxyl radical.?5”
Since the oxygenation of this complex produced a 1:1
mixture of FellFe and FellFeV species, 23201 it was
important to identify which mixed-valent intermedi-
ate brings about the phenol oxidation. The pure Fe-
(IDFe(III) complex, prepared independently by a one-
electron oxidation of a diiron(II) precursor with
CpzFe’ or AgOT(,%%0 did not react with phenols.2°! It
was therefore concluded that the high-valent Felll-
Fe!V complex was responsible for the phenoxyl radical
production. The oxidation of 2,4-di-tert-butylphenol
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Table 8. Kinetic Parameters for Decomposition of Peroxo—Diiron(III) Complexes
half-life* AH?, ASF,

complex solvent order Rdecomp (0 °C) 0°C),s kdmol™? Jmol 'K ref
[Fex(HPTP)(O2)(O2CPh)]2* EtCN 2 9.4 x 103 M 1s! 0.07 51.9(27) 22(6) 173
[Fes(HPTP)(03)(02CPh)]2* MeCN 2 1.7 x 103 Mt s! 0.4 44(5) —21(16) 345
[Fea(HPTP)(02)(02CPh)]2+ MeCN, 20 equiv Ph3PO 2 1.1 x 1001 M1s1 600 40(4) —-97(16) 345
[Feo(HPTP)(02)(02CPh)]2* CH,Cly/DMSO (9:1 v/v) 1 1.45 x 107t s7? 4.8 49(4) —79(12) 345
[Fea(HPTP)(02)(02:CCeF5)]?*  CH2Cly/DMSO (9:1 v/v) 1 4.6 x 1072¢71 15 60(4) —50(8) 345
[Feo(HPTP)(O2)(O2CPh)ol * MeCN 1 1.43 x 1074 s7? 50000 103(4) 59(15) 345
[Feo(HPTMP)(O2)(O.CPh)I*"  EtCN 2 7.3(15) M ts7t 90 113.3(77) 187(27) 173
[Fey(Et-HPTB)(02)(0O:CPh)]?*  EtCN 2 1.6 x 10! Mts! 44 80.6(39) 74(14) 173
[Fes(Et-HPTB)(02)(02CPh)]>* MeCN 1 8.8 x103M st 80 65(3) —46(21) 170
[Fea(O2)(DXL)4(Py)2l CH.Cl, 1 1.2 x 1071 g7t 6 60(4) —44(10) 188
[Fez(O2)(DXL)4(MeIm),] CH,Cl, 1 2.4 x 107171 3 50(4) —73(10) 188
[Fea(O2)(DXL)4(THF ).l CH,Cl, 1 5x1071s71 1.5 49(4) —72(10) 188
MMOH H,O 1 1.7 x 107171 4 122(4) 188(13) 129
A9D H,0 1 7 x 1075571 1 x 10°% 80 —41 150

@ At ¢ = 1073 M starting concentration [first-order ¢12 = (In 2)/k; second-order t12 = (In 2)/kec]. ® At 6 °C.

yielded ~40% of the phenoxyl radical coupling prod-
uct (3,3,5,5'-tetra-tert-butyl-1,1'-di-2,2'-phenol), which
agrees well with the amount of the Fel'TFelV species
determined by the EPR quantitation.2’! The reaction
of one-electron phenol oxidation with an Fe(III)Fe-
(IV) species resembles the chemistry of RNR.23:50
Therefore, the complex [Fea(1-O3CArT™)y(OCArT!),-
(Py)2] can be considered as a functional model of the
R2 RNR protein. Another functional model of R2
RNR, which is based on the diiron complexes of the
aminopyridine ligand 6-Mes-TPA,3*7 is described in
section 5.4 below.

Another carboxylate-bridged complex, [Fes(u-Oq-
CAr™),(4-*Bu-Py)s], promoted oxidative dealkylation
of dibenzylpropylamine with dioxygen, yielding low
to moderate yields (13—29%, based on Fe;) of benz-
aldehyde.?*! The performance of this system improves
significantly by tethering the reactive fragment
(PhCH3N) to a coordinating group (section 5.3.3
below).

The reactivity of the dioxygen adducts with the
diiron—DXL complexes was investigated in detail
(Scheme 33).1%8 These diiron complexes were different
in the nature of the monodentate capping ligand L
(L = pyridine, 1-methylimidazole, or THF). These
capping ligands exerted little effect on the kinetic
parameters of the oxygenation step,'®3340 as discussed
above. In contrast, the three dioxygen adducts,
tentatively formulated as [Fe'5(02)(DXL)4(L)s], dis-
played different reactivity with the substrates: only
the peroxo complex with L = THF oxidized triphenyl
phosphine into PhsPO at —80 °C in the absence of
free dioxygen. The yield of the product (PhsPO) was
rather high (80% based on the starting diiron(II)
complex). The 180 label from 0y was almost quan-
titatively incorporated into the phosphine oxide
product. Detailed kinetic investigations (single- and
double-mixing stopped flow experiments over the
temperature range from —80 to —40 °C) were used
to study the mechanism of this O-transfer reaction.!®8

The self-decay of all three dioxygen adducts [Fe!;-
(0O2)(DXL)4(L)s] follows first-order kinetics (for L =
Melm and THF, only in the absence of excess Og)
with relatively low activation enthalpies (49—60 kdJ
mol 1) and negative activation entropies (—73 to —44
J mol ! K1) (Table 8). The adduct stability decreases
in the following order (¢12 values extrapolated to 193

Scheme 34. Proposed Mechanism of the Oxygen
Atom Transfer from a Diiron—Dioxygen Adduct to
Triarylphosphines
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K are listed in parentheses): L. = Py (5 days) > L =
1-MeIm (10 h) > L = THF (4 h). In the presence of
excess PhsP, the THF-containing intermediate decays
at 193 K with ¢12 = 4 s (ca. 10*-fold acceleration),
while the decomposition of the Py and 1-Melm
complexes did not change.’®® Coordination of the
substrate to one of the iron centers is necessary for
productive oxidation, as can be judged from the
saturation kinetics of phosphine oxidation. These and
other kinetic results agree with the mechanism of
substrate oxidation shown in Scheme 34. The follow-
ing kinetic parameters were reported (at 7' = —80
°C): k1 = 0.17 4+ 0.03 s7! (corresponding to the rate
of THF dissociation) and ky/k—1 = 1.7 £+ 0.2 (corre-
sponding to the relative rates of the reaction with
PPh; and THF rebound).!®® In contrast to recently
reported phosphine oxidation with O catalyzed by a
diiron(III) complex, which turned out to be mediated
by THF-derived radicals,?®? the reaction in Scheme
34 is retarded by excess THF. The observed first-
order rate constants of intermediate decay, measured
under saturating phosphine concentration, were al-
most identical for a series of phosphine derivatives
with varying substituents in the para-positions of the
phenyl rings (OMe, Me, Cl, and F). Furthermore,
reaction of the THF-derived peroxo intermediate with
pyridine or 1-methylimidazole displayed the same
kinetics as the reactions with triarylphosphines. The
activation parameters for the substitution of THF for
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pyridine at the dioxygen adduct were also nearly
identical to the activation parameters of the PPhs
oxidation. Thus, a single-turnover oxygen atom trans-
fer from dioxygen to PPh; was kinetically controlled
by the dissociation of a monodentate THF ligand from
the diiron(III)—peroxo intermediate. It can be con-
cluded that diiron(III)—peroxo complexes with ex-
changeable ligands can transfer an oxygen atom to
coordinating substrates that are good oxygen accep-
tors (like phosphines). Coordination of the substrate
(PhsP) to one of the iron centers precedes an oxygen
atom transfer.!88

It is important to note that iron(III)-coordinated
peroxides are usually considered to be nucleophilic
and unreactive in substrate oxidations.!”® In contrast,
protonated peroxides can be responsible for substrate
oxidations; activated bleomycin, (Blm)Fe"'(OOH), is
the best-known example of a coordinated hydroper-
oxide as an active oxidant (section 2.1). The discovery
of phosphine oxidation with a dioxygen adduct of
[Fex(DXL)4(THF)q] clearly shows that an oxygen atom
can be transferred from peroxide to good oxygen
acceptors (such as phosphines) within the same
coordination sphere. It is highly unlikely that any
protons could have been present in the reaction
media (carefully dried and purified CH,Clg), because
an intermediate is extremely moisture-sensitive and
does not form in the presence of any traces of
moisture or other impurities. Therefore, coordinated
peroxides themselves can oxidize reactive substrates
via inner-sphere pathways. Substrate coordination
is essential for this oxygen atom transfer.'® These
results of the kinetic investigations with model diiron
complexes parallel an ongoing work on the reactivity
of enzyme peroxo intermediates (e.g., intermediate
P from methane monooxygenase) with organic sub-
strates (e.g., olefins).125129

5.3.3. Iron-Based Oxidation of Tethered Substrates

Several diiron(II) complexes with oxidizable groups
appended to a capping ligand were reported by
Lippard and co-workers (Scheme 35).189:349.361 The
major finding of these studies is a significant increase
in the efficiency of oxidation of functional groups
positioned close to the diiron center. Although no
detailed kinetic data on these reactions were pub-
lished, the yields of oxidation products for a series of
substrates were mechanistically informative.'8? When
PPh; groups were introduced into the molecules of
pyridine ligands, the complex [Fea(u-O2CArT)3(0o-
CAr™)(2-PhyPpy)] yielded 95% 2-Ph,P(O)py upon
exposure to Oz in the CHCl; solution for 25 min.
Moreover, catalytic formation of 2-pyridylphosphine
oxide (up to 13 turnovers) was also observed in the
presence of excess 2-PhyPpy. Under similar condi-
tions, complexes with 3-PhyPpy or 4-PhyPpy produced
43% or 53% of a phosphine oxide, respectively. It is
clear that close proximity to the reactive diiron center
facilitates phosphine oxidation, giving advantage to
the 2-PhyPpy derivative.'® The authors cautioned,
however, that the exact geometry of the starting
complexes was also somewhat different (triply car-
boxylate-bridged for 2-PhPpy; doubly carboxylate-
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Scheme 35. Oxidation of Substrates Tethered to
Diiron(IT) Carboxylate Complexes
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bridged, windmill for 3-PhPpy; and quadruply bridged,
paddle wheel for 4-PhPpy). Sulfoxidation of a 2-Ph-
Spy ligand occurred under analogous conditions (29%
sulfoxide was recovered after 90 min of treating the
complex [Fey(u-O2CAr™)s(0,CAr™)(2-PhSpy)] with
02), and oxidation of 2-benzylpyridine resulted in the
formation of a-phenyl-2-pyridylmethanol. No inter-
mediates were observed in these reactions, indicating
that dioxygen coordination at the diiron(II) center
may be the rate-limiting step.8?

A somewhat different reaction, oxidative dealky-
lation of amines (as opposed to benzylic hydroxylation
described above), was also reported for the complexes
Wlth H2N(CH2)2N(CH2Ph)2 or HzN_CHzAI" (AI" ==
p-OMePh).349361 Oxidation of the tethered HyN-
(CH2)2:N(CH2Ph); gave much higher yields than
oxidation of a control noncoordinating H3C(CHs)2IN-
(CH3Ph); (60% vs 13—29%).3%! The oxygen atom in
the product (PhCHO) originates from Os, as follows
from the isotope labeling studies. Although no inter-
mediates were observed in these reactions, it was
proposed that a high-valent species is responsible for
the substrate oxidation, and possible mechanisms
were hypothesized (Scheme 36).36! The proposal of a
high-valent complex acting as an active oxidant was
confirmed in a recent study of benzylamine oxida-
tion.?*° The paddle-wheel complex [Fea(u-O2CAr™),(Ho-
NCHyPh?OMe),] reacted with Oz at —78 °C in CHCl,,
giving a mixture of the Fe(Il)Fe(III) and Fe(III)Fe-
(IV) mixed-valent species. The time scale for the
oxygenation (~200 s), obtained in a stopped-flow
experiment, agrees reasonably well with the time
scale for the oxygenation of a similar complex, [(4-
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Scheme 36. Proposed Mechanism of Tethered
Substrate Oxidation
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‘Bupy)2Fea(u-02CAr™),], estimated under similar
conditions by EPR as ~10—20 min.?*! The intermedi-
ate decays at —78 °C over ~6 h; the products of the
low-temperature decomposition were not reported.
Oxygenation at room temperature yielded 26(7)%
anisaldehyde. Using tethered HoN(CHD)Ph?OMe in
place of a tethered (p-methoxy)benzylamine afforded
a 1:3 mixture of p-OMePhC(O)H and p-OMePhC-
(O)D. This kinetic isotope effect, ku/kp ~ 3, is
consistent with benzylic C—H bond cleavage being
involved in a rate-limiting step. Successful oxidation
of simple benzylamines rules out the possible in-
volvement of a lone pair on a second nitrogen in the
oxidation of a substituted ethylenediamine, HoN-
(CHj)2:N(CH3Ph);, which was discussed above.349:361
Unambiguous assignment of the benzylamine oxida-
tion mechanism might become possible after further
kinetic and mechanistic studies.

5.3.4. Iron-Promoted Free Radical Oxidation

A substrate oxidation reaction seemingly similar
to those described above occurred upon bubbling O,
through a THF solution of [Fex(MesTACN)q(u-Os-
CAr™),]%* containing PhsP.2%3 Importantly, this reac-
tion, which yielded PhsPO, was catalytic with very
high turnover numbers (>2000). Similar diiron com-
plexes with nonhindered carboxylate bridges did not
catalyze the phosphine oxidation; the terphenyl-
derived carboxylates were necessary.?62:363 At low
temperature, stoichiometric oxidation of phosphine
was observed. A blue-green (Ana.x = 640 nm, € = 2000
M~-!s71) EPR-silent intermediate was formed at —78
°C. The structure of this species was not determined,
but its spectroscopic properties (notably, the lack of
EPR signals characteristic of mixed-valent interme-
diates) may correspond to a peroxo complex.?62 It was
noted, however, that this intermediate is not respon-
sible for the catalytic phosphine oxidation, because
phosphine oxide formation was also observed in the
presence of a diiron(III) complex that was isolated
from the reaction of diiron(II) precursor and O. at
room temperature. Further detailed investigations
established the critical role of solvent, particularly
THEF, in catalytic oxidation: no phosphine oxide was
detected in toluene, CHyCl,, CHCIl3, acetone, or
acetonitrile.?%2 Even though phenol radical inhibitors
did not suppress the phosphine oxide formation, the
radical character of the reaction was suggested by
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Scheme 37. Free Radical Mechanism of Coupled
Oxidation of ArgP and THF Initiated by a
Diiron(III) Carboxylate Complex
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its solvent specificity. Detailed and careful analysis
of the THF-derived products uncovered the radical
species responsible for the phosphine oxidation
(Scheme 37). The diiron complex is only involved in
the initiation of free radicals required for the co-
oxidation of PPhs and THF with Os. Interestingly,
light is required for the initiation reaction, suggesting
that a photochemical step is involved. This study
highlights the difficulties often faced by researches
in distinguishing between metal-based and radical-
based oxidation.362

5.4. Complexes with Polyamine Ligands
Supported by Carboxylato Bridges

Relatively simple polydenate amine ligands (TACN,
TPA, and their derivatives) can yield dinucelar iron-
(IT) complexes bridged by carboxylato and/or hydroxo
groups. Such a self-assembly synthetic strategy is
attractive due to its relative simplicity compared to
the use of dinucleating ligands (sections 5.1 and 5.2).
A more recent self-assembly synthetic approach (the
use of interlocking, bulky 2,6-disubstituted ben-
zoates) was described in section 5.3. It should be
noted, however, that the complexes with polyamines
usually have a much higher ratio of N vs O donor
atoms in the coordination sphere of iron than the
carboxylate-rich enzymes such as MMO, RNR, or
A9D. Nevertheless, important mechanistic informa-
tion was obtained from the studies of dioxygen
activation with the synthetic diiron complexes based
on polyamines, as discussed below.

An outstanding kinetic and mechanistic work was
reported by Lippard and co-workers on the oxygen-
ation of two diiron(II) complexes, [Fes(BIPhMe),-
(HCOg2)4] and [Fex(OH)(MesTACN)o(CH3COq)q]*, in
which simple formate or acetate groups were utilized
as bridges between two metal centers capped by
polyamine ligands.'”* Both complexes reacted with
O in chloroform, ultimately yielding oxo-bridged
diiron(IIT) oxidation products (Scheme 38). No inter-
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Scheme 38. Oxygenation of the Diiron(II)
Complexes [Fell,(BIPhMe)2(0:CH)4] and
[Fel';(OH)(Me3sTACN)2(02CMe)a]t
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Scheme 39. Proposed Mechanism for the
Oxygenation of [Fell,(BIPhMe)2(0>CH)4] and
[Fel';(OH)(MesTACN)2(02CMe)q]t
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mediates were observed spectrophotometrically for
the BIPhMe complex, while a transient green species
(Amax ~ 700 nm) was detected for the Me;sTACN
complex. Due to small absorbance changes and
similar rates of the formation and decay of this
intermediate, the kinetics of these processes was not
studied in detail. The intermediate was initially
proposed to be a peroxo—diiron(III) species,'™ but a
more recent study by Payne and Hagen identified
dark green mixed-valent Fe'Fel complexes in simi-
lar systems.33° It appears that the transient species
observed during the oxygenation of [Fes(OH)(Mes-
TACN)s(CH3COs)s]™ was also an FellFel complex,
but in a low yield.

Even though dioxygen adducts do not accumulate
during the oxygenation of the diiron(II) complexes
with BIPhM and MesTACN ligands, the formation
of such intermediates is strongly implicated by
detailed kinetic studies.'™ The oxygenation reactions
were found to follow a third-order rate law (first order
in dioxygen and second order in a diiron complex),
and the mechanism shown in Scheme 39 was pro-
posed to account for this unique observation. The first
order with respect to dioxygen rules out intra-
molecular carboxylate rearrangements as a possible
rate-limiting step. NMR experiments confirmed that
carboxylate shifts are rapid for the investigated
complexes. Triphenylphosphine was not oxidized
during the reaction of the diiron(II) complexes with

Chemical Reviews, 2005, Vol. 105, No. 6 2213

Og, which indicated that high-valent iron intermedi-
ates did not form in the reactions.

A small value of the activation enthalpy (33 kdJ
mol 1) and a significant negative value of the activa-
tion entropy (—39 J mol™! K1) obtained for the
oxygenation of [Fea(BIPhMe)o(HCOq),] (Table 6) agree
with the rate-limiting association of two molecules
of the diiron(II) complex and a molecule of Os. The
transition state for the oxidation of diiron(II) com-
plexes was proposed to contain a side-on peroxo
bridge that is connected to both diiron units (Scheme
39). Molecular mechanics calculations indicated that
such tetranuclear intermediates (or transition states)
are not highly strained.

Another piece of evidence in favor of the inner-
sphere interaction of [Fel';(OH)(MesTACN)y(CHs-
COs)o]t with Oy in CHCl; was obtained by the
Lippard group from the 180 isotope label incorpora-
tion from '®0; into the (oxo)diiron(III) product as
observed by resonance Raman spectroscopy.'” How-
ever, no incorporation of an isotopic label was ob-
served by the Hagen group by mass spectrometry
upon the reaction of a similar complex [Fells(180H)-
(M63TACN)2(PhgcCOQ)2]+ with 1602 in MeCN that
yielded exclusively [Fel'Fe[(1330)(MesTACN)z(Phs-
CCOy)2]?", and it was concluded that the formation
of the mixed-valent Fe'Fel complex proceeded by
an outer-sphere mechanism.?¥° It remains unclear if
the formation of the mixed-valent intermediate was
on the path of formation of the (oxo)diiron(III)
complex from the acetate complex [Fel';,(OH)(Mes-
TACN)(CH3CO9)s]*. The existence of several reaction
pathways is possible in these systems, with an outer-
sphere oxygenation dominant for the complex with
the bulky Ph3CCOs carboxylates and an inner-sphere
mechanism prevailing for the analogous acetate
complex.

5.5. Complexes with Polyamine Ligands
Supported by Hydroxo and Oxo Bridges

The rich chemistry of iron complexes with the
aminopyridine tripodal ligand TPA and its deriva-
tives was already introduced in section 4.4.2. This
ligand family yielded iron peroxo and high-valent
intermediates in both mononuclear and dinuclear
systems, thus allowing (at least in principle) for direct
comparisons of the reactivities of the mononuclear
and dinuclear active species.?”164165 Perhaps the most
interesting aspect of the Fe—TPA system is the
formation of well-characterized high-valent [FeFelV-
(u-0)2(L)o]?" (L = TPA, 5-Me3-TPA, 6-Me3-TPA) spe-
cies upon interaction of a (u-oxo)diiron(III) precursor
with Hp0,.27:164197.364 Fstablishing the structure and
spectroscopic features of the synthetic Fea(u-O)s
diamond-core complexes helped enormously in as-
signing the structure to the methane monooxygenase
intermediate Q, which is currently believed to contain
an FelVa(u-O); core.?364164 However, the FellFelV
complexes with TPA and its derivatives do not reach
the +4 oxidation state of both irons in MMO Q, and
instead they resemble in this respect intermediate
X of RNR.2329,50

A diiron(IT) diamond-core, bis-hydroxo-bridged com-
plex [Felly(u-OH)2(6-Mes-TPA).]*>" was synthesized
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Scheme 40. Proposed Mechanism of Oxygenation
of Bis(x-hydroxo)diiron(II) Complexes
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and structurally characterized recently.?*” This com-
plex reacted with Oq at low temperature to generate
a metastable peroxo intermediate, which could un-
dergo an acid-promoted conversion to an Fel'FelV
species capable of oxidizing phenols.?*” This system
thus mimics all essential steps in the formation of
the diiron(III)—tyrosyl radical cofactor of RNR (Scheme
7). Subsequently, several new diiron(II) complexes
with TPA-like ligands were also shown to react with
Oy. The kinetic and mechanistic aspects of the
diiron—TPA reactivity with Oz and with HsO, are
summarized below.

5.5.1. Reactions with O,

Dinuclear complexes of the general type [Fey(u-
OH)y(L)2]?* (L = 6-Mes-TPA, TPA, BQPA, and Bn-
BQA) react with 05.347:351.365 Under carefully selected
conditions, the oxygenation of complexes with 6-Mes-
TPA, BQPA, and BnBQA (but not TPA itself) gives
diiron(III) peroxo species in high yield. Low temper-
ature and the presence of organic bases favor the
formation of the peroxo intermediates. Under other
conditions, the reaction products were oxo-bridged
iron(III) oligomers [Fe,(0),(L),]"" (n = 2 or 3), and
no intermediates accumulated during the oxygen-
ation reaction.®®! The dioxygen adduct with 6-Mes-
TPA was comprehensively characterized by spectro-
scopic techniques (including an EXAFS structural
determination) and formulated as a 1,2-bridged per-
oxo complex [Fe™ly(u-0)(u-02)(6-Mes-TPA)]2t.347

The kinetics of the reactions between dioxygen and
[Felly(u-OH)o(1)e]?T (L = 6-MesTPA, TPA, BQPA, and
BnBQA) in solution (CHsCl; or MeCN) was studied
by stopped-flow techniques at low temperatures.351365
In all cases, the reaction was first order in the diiron-
(II) complex and first order in O (second order
overall) and characterized by a low enthalpy of
activation (AH* from 16 to 36 kJ mol™!) and a
strongly negative entropy of activation (AS* from
—177 to —80 J mol~! K~1). The values of oxygenation
rate constants and activation parameters are com-
pared in Table 6. For any particular diiron(II) com-
plex, the kinetic parameters do not depend substan-
tially on the solvent (dichloromethane or acetonitrile)
and the observable reaction product (peroxo- or oxo-
bridged diiron(III) complexes). These data suggest
that the first and rate-limiting step of the reactions
is the association of a diiron(II) complex and O,
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(Scheme 40) even though the starting complex has
both six-coordinate Fel! centers.3?13%5 An outer-sphere
one-electron transfer would appear quite unlikely,
because the potential for the O»/Os~ redox pair in the
organic solvents (~ —1.25 V vs Fc¢'/Fc in MeCN or
CH,C1,)366:367 is about 1 V more negative than those
determined for the Fel'lFell/Fel'Fe!! redox pairs.35!

The loss of a water molecule, required for the
conversion of an Fey(OH)s core into an Fes(O)(0g)
core, occurs after the rate-limiting oxygenation step,
as suggested by the small effect of water addition on
the reaction rate (a decrease in the overall reaction
rates would have been expected for the rate-limiting
extrusion of water leading to a vacant coordination
site at the diiron(II) core).?%> Similarly to the oxy-
genation of hemerythrin (section 2.2), the Os binding
to [Fex(OH)2(6-Me3sTPA)]?* did not display an H/D
kinetic isotope effect (the oxygenation rates were
essentially identical in the presence of H2O or D;0).
This observation rules out a rate-limiting O—H bond
breaking (hydrogen atom transfer or proton-coupled
electron transfer). Furthermore, the complex [Fes-
(OH)s(6-MesTPA),]%* reacts with NO at a rate about
100-fold faster than that with Oy (AH* = 29 + 2 kJ/
mol, AS*¥ = =77 £ 15 J/K mol for NO binding).36
These activation parameters, close to the correspond-
ing values for dioxygen binding (Table 6), suggest
that both nitrosylation and oxygenation of the com-
plex [Fes(OH)s(6-MesTPA)y]?" share a similar as-
sociative mechanism. Both reactions are entropically
controlled, low-barrier processes.36?

It is likely that the two one-electron-transfer events
during the formation of the diiron(III)—peroxo com-
plex from the diiron(II) precursor and O; occur
sequentially, rather than simultaneously. Such an
assumption implies the formation of a diiron—super-
oxo intermediate (Scheme 40).

Binding of the Oz molecule to the six-coordinate
iron(II) center in the bis-hydroxo bridged complexes
may require the formation of a seven-coordinate
intermediate. Although seven-coordinate peroxo spe-
cies are not unprecedented (for example, seven-
coordinate structures are well documented for the
Fe—EDTA complexes®®), an alternative pathway
would include breaking one of the Fe—ligand bonds
on binding Os. Examination of the crystal structure
of the 6-MesTPA complex identified two plausible
candidates for the dissociating ligand: a long Fe—
O(H) bond in the asymmetric Fes(OH)z core (which
has one short, ~1.99 A, and one long, ~2.18 A, Fe—
OH bond) or an in-plane pyridine pendant arm (the
in-plane Fe—N(py) distance is quite long, ~2.30 A).365

Extreme steric hindrance about iron coordination
sites in complexes with 6-Mes;TPA protects the peroxo
intermediate from oxidative decomposition (a desired
effect) but simultaneously makes iron(II) centers
hardly accessible even to a small incoming O2 mol-
ecule. The oxygenation of this complex was slow (£1/2
~ 30 min at —40 °C).3% Some decrease in the steric
bulk about Fe(II) coordination sites was expected to
allow for the facile oxygenation of dinuclear Fe(II)
model complexes. This hypothesis was tested with
less sterically hindered complexes supported by
BQPA or TPA ligands and an analogous tridentate
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ligand BnBQA.3?%! For both tetradentate ligands
(BQPA or TPA), however, no significant gains in
oxygenation rates were achieved. The less negative
activation entropy for these complexes was compen-
sated by higher activation enthalpies (Table 6). A
decrease in the steric bulk about the diiron(II) center
resulted in the formation of a more “compact” and
symmetric Fes(OH); core, which lacked long, weak
Fe—OH bonds. The in-plane Fe—N(py) bonds also
became shorter than those in the complex with 6-Mes-
TPA.35! The least sterically hindered complex, [Fells-
(OH)o(TPA),]2*, did not form any peroxide interme-
diates upon oxygenation.

A remarkable 1000-fold acceleration of dioxygen
binding to the Fell;,(OH); core was accomplished by
replacing one pyridine arm in the polydentate ligand
BQPA with a noncoordinating benzyl group.?*! The
resulting complex, [Felly(u-OH)2(BnBQA)o(CH3CN)g] 2,
differs from the other bis(u-hydroxo)diiron(II) com-
plexes in having a tridentate meridional ligand
(BnBQA) and a molecule of coordinated MeCN in-
stead of a tripodal tetradentate ligand. The use of
tridentate BnBQA introduces MeCN as the sixth
ligand on each iron in place of the third arm of the
tetradentate ligands, and its kinetic lability lowers
the activation enthalpy for oxygenation. At the same
time, the reduced steric crowding around the diiron
core of [Fea(OH)2(BnBQA);]2" also makes the activa-
tion entropy less unfavorable. There is no correlation
between the half-wave redox potentials for the Felll-
Fel'/Fe'Fe! redox couples and the oxygenation rates
of diiron(II) complexes. In particular, complexes with
BQPA and BnBQA exhibit nearly identical redox
potentials, but the oxygenation rate for the latter is
about 10° times faster. Therefore, the dramatic
increase in the oxygenation rate is not caused by
electronic factors. This study reveals the critical role
of a vacant or labile site at diiron(II) centers for facile
oxygenation.

The addition of a base (NEt; or other noncoordi-
nating amine) does not influence the oxygenation
rate, but in some cases (especially for the ligand
BQPA), it increases substantially the yield of peroxo
intermediates. Added amines interfere in the reaction
after the rate-limiting step, because there are no
changes in the UV—vis spectrum of the starting
diiron(II) complex and the kinetics of its reaction with
O;. The remarkable effect of added base in promoting
the peroxo intermediate formation revealed the in-
volvement of a proton-sensitive step that controls the
reactivity of the initial O adduct (Scheme 40). It was
proposed that, in the absence of base, the intermedi-
ate Og adduct can oxidize residual diiron(II) complex,
yielding diiron(ITI) oxidation products.?' Alterna-
tively, base can deprotonate the hydroxo bridge in
the diiron—Os adduct, promoting formation of a
diiron(III)—peroxo species.3®

5.5.2. Reactions with H,0,

Even though hydrogen peroxide is a very useful
reagent for generating peroxo or high-valent inter-
mediates from diiron(III) complexes, kinetic and
mechanistic investigations of this “peroxide shunt”
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Scheme 41. Mechanistic Scheme for the Reaction
of the Diiron(III)-TPA Complex with Hydrogen
Peroxide in Acetonitrile at —40 °C
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pathway are limited. To the extent of our knowledge,
the only detailed study?*6 was performed for the oxo-
bridged diiron(III) complex with TPA ligand, [Fey-
(u-O)(TPA)2(OH)(H0)13".

Que and co-workers discovered that the diamond-
core FellFeV(u-O); complexes with TPA and its
derivatives are formed from the corresponding Fel'ly
complexes and H;0; at low temperature.?716419 The
mechanism of this reaction was later studied by
stopped-flow spectrophotometry, revealing other,
previously unknown intermediates in this system
(Scheme 41).346 A transient diferric peroxo complex
gradually converting into a high-valent species was
directly observed. Stopped-flow experiments in ac-
etonitrile at —40 °C produced kinetic traces typical
of a two-step process with sequential rate constants
obs and k.. The initial and final spectra agree well
with those reported for [Fe';(u-O)(TPA)(OH)(Hz0)]3+
and [Fe"FelV(u-0)x(TPA),I3*, correspondingly.’®® The
spectrum of the novel intermediate Bperoxo) has a
broad maximum at about 700 nm (¢ = 1800 dm?
mol~! em™1), which is very similar to the cases of the
Hperoxo intermediate of methane monooxygenase (Amax
=700 nm, € = 1800),'2° the peroxo intermediate of a
mutant ribonucleotide reductase (Amax = 700 nm, €
= 1500),'3° and the peroxo diferric intermediate of
ferritin.'®® Such a LMCT band is a common feature
in the spectra of diferric peroxo complexes.?%® Thus,
the species Bperoxo 18 most probably [Fe™,(u-OH)(u-
O2)(TPA)2]3" or [Fey(u-O)TPA)(OOH)(H:0)]3t. Ad-
ditional spectroscopic and kinetic experiments are
needed to clarify the structure of the short-lived
intermediate Bperoxo. The data on ligand substitution
rates (see below) support the end-on hydroperoxo
formulation.

The formation of the intermediate Bperoxo in aceto-
nitrile (characterized by the observed rate constant

wbs) 18 decelerated by water and accelerated by
hydrogen peroxide with the following rate law:

obs = R1(Rolk_DIH0,1/ (ko/k _1)[H,0,] + [H,Ol}
(8)

Such kinetic dependency implies the existence of a
steady-state intermediate between the diiron(III)
precursor and Bperoxo (Scheme 41). This steady-state
intermediate forms upon the loss of a water molecule
from [Fely(u-O)(TPA)(OH)(H:0)]** and can there-
fore be formulated as [Fea(u-O)(TPA):(OH)]*" or
[Felly(u-O)TPA)(OH)(MeCN)]3+.
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Scheme 42. Mechanistic Scheme for the Reaction
of the Diiron(III)-TPA Complex with Urea
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The rate of the following transformation, Bperoxo —
[FeTFelV(1-0)2(TPA)]3", does not depend on [HyO]
but is proportional to [H2O¢] (eq 9):

e = R[H,0,)] (9
Hydrogen peroxide apparently acts as a reducing
agent in this reaction (Scheme 41). The presence of
a reductant is essential for the action of native
ribonucleotide reducatase, presumably in order to
reduce the Fel,—peroxo intermediate to the high-
valent FelFe!V intermediate X (although it may be
not obvious at a glance, the transformation of an
Fel'l,—peroxo species into a into an Fe'FelV species
indeed involves a one-electron reduction).>?

The formation of a peroxo intermediate Bperoxo
(Scheme 41) is essentially a ligand substitution
reaction, in which a coordinated water molecule is
replaced with coordinated peroxide. The mechanism
of ligand binding to [Fex(u-O)(TPA):(OH)(H20)]*" was
probed in an independent study that used urea as a
potentially bidentate redox-inactive incoming ligand.3™
To establish the urea binding mode in its complex
with Fes(u-O)(TPA)g, the ureate adduct was synthe-
sized and fully characterized. X-ray diffraction re-
vealed an unusual bridging coordination mode of
deprotonated urea that replaced both HoO and HO~
ligands in the iron(III) coordination sphere.?™ De-
tailed equilibrium and kinetic studies supported a
stepwise mechanism of the ureate formation (Scheme
42).370 The first step in urea substitution is very rapid
(it was too fast at 25 °C even for the stopped-flow
technique). This step corresponds to a monodentate
coordination of the incoming urea molecule accom-
panied by the elimination of one water molecule
initially bound to the iron(III) center. This reaction
is similar in rate to the process of formation of Bperoxo
from the diiron(III) precursor and H30,.346:370 The
second step in ureate formation, substitution of the
OH~ coordinated to the second iron(III) center,
proceeds slowly (much more slowly than the reaction
between Bperoxo and HoOo). It appears that the sub-
stitution of the second monodentate ligand (hydrox-
ide) in [Fex(u-O)(OH)(OH2)(TPA)y] is unlikely to be
involved in formation of Bperoxo. Mechanistic and
kinetic data on ligand substitution suggest an end-
on structure for Bperoxo (@s opposed to the structure
with the bridging peroxo ligand). Further spectro-
scopic studies are needed in order to unambiguously
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Scheme 43. Reactivity Manifold in the System
[Fez(u-0)(TPA)2(OH) (H;0) 13" —H202—Substrates
with Rate Constants Measured in Acetonitrile at
—40 °C
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assign the structure of the peroxo intermediate in the
diiron—TPA system.

5.5.3. Activation of O, and H,0,

The diiron peroxo and high-valent intermediates
with TPA and related ligands are capable of oxidizing
substrates. Kinetic and mechanistic studies on the
reactivity of the diiron intermediates derived from
H,0; are summarized in this section. In one study,?*’
the reactivity of the intermediates generated from a
diiron(II) precursor and dioxygen is also described.

The oxidative properties of the diiron—peroxo
intermediate [Fey(4-O)(TPA):(OOH)(H20)]*" and
the high-valent complex [FeFe™(u-O)x(TPA)]3* were
studied using triphenylphosphine (PhsP) and 2,4-di-
tert-butylphenol (DTBP) as substrates. Earlier it was
found that [Fe™FeV(u-0)o(TPA)]*" oxidizes both
substrates within seconds, producing PhsPO and
3,3',5,5'-tetra-tert-butyl-1,1'-di-2,2'-phenol, respec-
tively.?71:372 The kinetics of this reaction was studied
by cryogenic stopped-flow experiments.3”® The reac-
tivities of the two Fe—TPA intermediates (Bperoxo and
FellFelV) were found to be very different (Scheme 43).
The decay of the peroxo intermediate Bperoxo greatly
accelerated in the presence of the reducing sub-
strates. Most interestingly, the use of the one-
electron-reducing substrate (DTBP) transformed By,
oxo into the high-valent species. The reaction of Byeroxo
with PhsP showed an extremely high rate (~10°5 M~!
s~ at —40 °C). Thus, the peroxo—diiron(III) inter-
mediate Bperoxo appears to be a far more reactive
species than the high valent Fe'Fe!V intermediate.
Even though the Fe'Fe!V species reacts with both
DTBP and PhsP, catalytic oxidation of these sub-
strates in the HyO2—1 system probably involves
Bperoxo, Which reacts with the substrates several
orders of magnitude faster (Scheme 43).37® Detailed
mechanistic studies of substrate oxidations with
individual peroxo and high-valent oxo—diiron inter-
mediates are in progress.

The complex [Fe'FelV(u-O)y(TPA)]3* generated
from the diiron(III) precursor and HyOy was shown
to react not only with phosphines and phenols but
also with hydrocarbons containing benzylic hydro-
gens (cumene and ethylbenzene).?”! Interestingly, in
addition to the hydroxylation products (1-phenyle-
thanol or cumyl alcohol) and trace amounts of ke-
tones, dehydrogenation products (a-methylstyrene or
styrene) were also formed. Oxidation of ethylbenzene
with [Fe"FelV(1-0)s(TPA)]?" in CH3CN at —40 °C
is a clean second-order reaction (first order in diiron
complex and first order in substrate) with a very
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Scheme 44. Dioxygen Activation by the Complex
[Felly(u-OH)2(6-Mes-TPA);1>" Modeling the
Dioxygen Activating Cycle of RNR R2
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large kinetic isotope effect (ku/kp = 20, Scheme 43).
These results indicate that the C—H bond breaking
occurs at the rate-limiting step. It was proposed that
the first, slow step in the substrate oxidation is a
hydrogen atom abstraction from the benzylic CH
groups by the Fe(III)Fe(IV) species. The resulting
radical then rapidly reacts with a second molecule
of the Fe(III)Fe(IV) complex, which either abstracts
a ff-hydrogen atom, giving an olefin, or transfers an
oxygen atom, giving an alcohol.?"

An analogous high-valent iron—oxo complex with
5-Mes-TPA also quantitatively and rapidly oxidizes
triphenylphosphine and 2,4-di-ter¢-butylphenol, al-
though the kinetics and mechanism of these reactions
were not studied.3"!

The TPA derivative bearing three methyl substit-
uents in the 6-positions of the pyridine rings, 6-Mes-
TPA, provides significant steric hindrance about the
diiron site. This results in slower reactions at the
diiron center, as was discussed in section 5.5.1 for
the dioxygen binding to [Fely(«-OH)o(6-Mes-TPA)s] 2.
The transformations of the diiron peroxo and high-
valent oxo species in this case are also relatively slow,
which allowed Que and co-workers to follow the
individual reaction steps shown in Scheme 44. The
decay of [Fely(u-O)(u-02)(6-Mes-TPA)s]2 at —30 °C
in the presence of 1 equiv of HClOy is a clean first-
order process that yields an Fe(III)Fe(IV) species.?*
For the peroxo intermediate generated from a diiron-
(IT) precursor and O, the rate of decay (measured
by the change in optical absorbance) is identical to
the rate of formation of the Fe(III)Fe(IV) complex
(determined by EPR) and has the value of 1.2 x 1073
s 1 (T = =30 °C, MeCN).3*” An essentially identical
value of the rate constant was obtained for the self-
decay of the peroxo species generated via a different
pathway from the diiron(III) precursor and HyOq (%
=1.6 x 102571, T = —30 °C, MeCN).'? The source
of an electron that is required for the formation of
an FellTFelV species from the peroxo complex was not
established in the 6-Mes-TPA system, but it was
proposed that HyOy formed from hydrolysis is a
possible candidate.?*” The analogous conversion of
complexes with an unsubstituted TPA ligand was
shown to depend on the concentration of HyO5 (sec-
tion 5.5.2).

An interesting example of a diiron complex with a
dinucleating pyridine-containing ligand bis-py; was
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Scheme 45

reported by Kodera.?”* The positions of three pyridine
groups in each compartment of this ligand resemble
those in TPA, but the additional tertiary amine donor
is absent in bis-pys. A u-1,2-peroxo complex [Fe!lly-
(O2)(0)(OAc)(bis-py3)](OTf) was isolated as a solid
from the reaction of a (u-oxo)(u-carboxylato)diiron-
(IIT) precursor and H30; in the presence of a base
(NEt3) at low temperature (243 K, CH3CN) (Scheme
45). Even though the material did not yield single
crystals of X-ray quality, successful purification of the
peroxo complex provided an unusual opportunity to
study its reactivity in the absence of other compounds
present during the much more common in situ
preparation of transient peroxo species (the absence
of excess HyOs is particularly important). Self-
decomposition of the peroxo complex followed a first-
order rate law (& = 2.5 x 107% s7! at 300 K in
CH;3;CN). Similarly to the case of the 6-Mes-TPA
complex, decomposition of the peroxo complex sup-
ported by bis-pys is catalyzed by mineral acids (e.g.,
HCIO,) and by organic acid chlorides (2 = 8.0 x 1072
at 273 K in CH3CN/CH,C]l; containing 3.0 x 1072 M
m-chlorobenzoyl chloride). The self-decomposition
rate of the peroxo complex can be further increased
by a factor of 20 in the presence of dimethylforma-
mide (11 vol %). Remarkably, the peroxo complex
becomes a potent oxidant in the presence of acyl
chloride and DMF: cyclohexane and cyclohexene
were oxidized into cyclohexanol and cyclohexenol,
respectively (small quantities of cyclohexenone were
also formed in the latter case). The peroxo complex
itself was inactive in the substrate oxidations. Fur-
thermore, the presence of HC1O, or m-ClC¢H4C(O)-
Cl did not activate the peroxo species toward alkane
hydroxylation. The presence of both acyl chloride and
DMF were critical for peroxide activation.?™* The
mechanisms of substrate oxidation in this novel
system deserve further investigation.

Another family of dinuclear oxo-bridged iron com-
plexes that activate hydrogen peroxide contain de-
rivatives of 2,2'-bipyridine or o-phenanthroline as
ligands. Mononuclear peroxo iron complexes with bpy
and phen were considered in section 4.3. Iron(II)
tends to form with these ligands very stable mono-
nuclear low-spin tris-chelates, which are unreactive
with dioxygen. However, iron(III) readily forms oxo-
bridged dimers with the Fe;(u-O)(L), core and two
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vacant sites that can be occupied by labile monoden-
tate ligands (solvent molecules, anions, etc.) and are
accessible to small molecules. The complex [Fe!™y(u-
O)(phen),(H20)2]?" was recently shown to activate
peroxoacetic acid for the epoxidation of terminal
alkenes.?!® Analogous (u-oxo)diiron(III) complexes
with bpy, phen, and their derivatives catalyze oxida-
tion of alkanes and other substrates with alkyl
hydroperoxides.2°%?°1 The mechanism of catalysis in
most of these systems remains unknown, but mono-
and dinuclear iron(III) peroxo complexes were identi-
fied in several of them 289292375

The studies of the kinetics and mechanisms of
peroxide formation and reactivity in bpy-type com-
plexes are limited to the systems containing chiral
ligand (—)-4,5-pinenebipyridine, pb.343:344375 These
studies were initiated by an exciting finding by
Fontecave, Ménage, Que, and co-workers of catalytic
activity of the complex [(pb)(H20)Fels(u-O)Felll-
(OH2)(pb)s]*t in the enantioselective oxidation of aryl
sulfides with Hy02.343 The reactions were performed
in acetonitrile under argon at 0 °C with the ratio
complex/sulfide/HsOs = 1/600/10. Using the oxidant
as a limiting reagent minimized the formation of
other products (such as sulfones). The yields of
sulfoxides determined after 10 min of reaction were
in the range from 45 to 90% (based on HsOs,).
Moderate enantioselectivity of catalytic sulfoxida-
tions (from 4 to 40%) was reported. Using a more
potent oxygen donor, PhIO, increased the yields of
sulfoxides, but very little enantioselectivity was found
in this case. No enantioselectivity was reported with
‘BuOOH as an oxygen source, in accord with the
tendency of alkyl peroxides to undergo hemolytic
0O—0 bond cleavage and promote nonselective, radical
oxidations. The importance of HyO; as an oxygen
source was also confirmed by '80-labeling experi-
ments, which unambiguously confirmed that the
oxygen atom in the product (sulfoxide) originated
from the oxidant (Hy'80y). It was proposed that an
iron—peroxo species is responsible for enantioselec-
tive sulfoxidation with Hy0,.343

Spectroscopic studies (UV—vis, resonance Raman,
HF-EPR, Mo6ssbauer) and mass spectrometry showed
the presence of two diiron(III) peroxo complexes in
solution formed upon mixing of [(pb):(H20)Fe(u-O)-
Fe(OH,)(pb)s]*t with HyO; (Scheme 46).343:375 One of
these complexes contains a u-1,2-peroxide bound to
both iron centers, and the other complex contains an
end-on hydroperoxide ligand coordinated to one iron
atom.3” It is reasonable to assume that the two
peroxo complexes rapidly interconvert under the
conditions of catalytic sulfoxidation, because the
broad optical absorbance band with Ap.x ~ 650 nm
(which originates from an overlap of the individual
spectra of each of the peroxo species) decreased in
intensity but did not change shape in the course of
sulfide oxidation.

The kinetics of methyl phenyl sulfide oxidation was
followed spectrophotometrically by an increase in the
product concentration, as well as by a decrease in the
diiron(ITII) peroxide concentration, and consistent
results were obtained. The reaction rate displayed
saturation behavior as a function of both HyOy and
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Scheme 46. Proposed Mechanism of Sulfoxidation
with H,O, Catalyzed by a (u-Oxo)diiron(IIT)
Complex with 4,5-Pinenedipyridine

III/O\

Fe Fe''

+H0; l

O
e|||/O\Fe||| . Felll/ \Felll

\ |
O-O/ QOOH

F

+R28J

Fe'"/o\Fe'”
| |
S OOH

N_/

R,SO

substrate (sulfide) concentrations; the initial rates
followed Michaelis—Menten kinetics. These results
indicate intramolecular oxidation of the coordinated
substrate by a coordinated peroxide (Scheme 46).
Furthermore, the sulfide oxidation showed product
inhibition, suggesting that sulfoxide occupies iron-
(ITIT) coordination sites and thus competes with the
substrate and/or HyOs. The proposed mechanism
(Scheme 46)343 is similar to the mechanism of pho-
phine oxidation by diiron complexes with TPA
(Scheme 43).

Comparing the rates of oxidation of several differ-
ent phenyl methyl sulfides showed that electron-
donating substituents on the phenyl ring facilitate
the oxygen-transfer process. In particular, log(Viax)
gave a linear Hammett correlation with a negative
slope (p = —0.55), in agreement with a nucleophilic
character of the sulfide and an electrophilic character
of an oxygen donor (coordinated peroxide or, more
likely, hydroperoxide).343

The monomeric iron(II) complex with pb ligand,
[Fe(pb)2(CH3CN)o]2*, also acted as a catalyst in
sulfide oxidation with hydrogen peroxide.?** The
sulfoxidation rates, however, were much lower than
those reported for the dinuclear catalyst [(pb)2(H20)-
Fe(u-O)Fe(OHz)(pb)2]**.343 In addition to low yields,
mononuclear catalyst resulted in negligible enantio-
meric excess (not exceeding 5%) in sulfoxide products.
Even though the monomeric complex also demon-
strated saturation kinetics in sulfide oxidations,
consistent with an inner-sphere oxygen transfer, it
was concluded that “two metal centers are better
than one™* for the productive and selective sulfide
oxidation. Presumably, the intermediate containing
both the substrate and the (hydro)peroxide bound at
the same iron(IIl) site is less effective than its
dinuclear counterpart, which would contain (hydro)-
peroxide at one iron(III) center and the substrate
coordinated at another iron(III) center.

6. Practical Aspects of Kinetic Studies

To obtain useful mechanistic insights, kinetic data
need to be properly acquired, properly treated, and
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properly interpreted.3’® This is often a nontrivial
task, especially for rapid multistep reactions between
air-sensitive compounds and gaseous reagent(s), with
transient intermediates unstable at room tempera-
ture. General aspects of reaction kinetics are de-
scribed in several excellent books.103377:378 The ap-
plications of kinetic techniques to determining the
mechanisms of inorganic reactions were treated in
monographs and review articles.?”®387 Finally, a
recent review on the kinetic methodology of small
molecule binding to transition metal complexes is
available.?88

The majority of reactions between iron(II) com-
plexes and Og or other oxygen donors are accompa-
nied by changes in the UV—vis spectra. Not surpris-
ingly, spectrophotometric registration is commonly
used in kinetic measurements. Relatively slow reac-
tions (¢12 > 1 min) can be followed by conventional
spectrophotometry; rapid reactions are studied by the
stopped-flow, flash photolysis, or temperature jump
techniques. The stopped-flow methodology is some-
what more general, as it is applicable to any process
that occurs on the millisecond and above time scale
(the mixing time of commercially available instru-
ments is on the order of 1 ms). Flash photolysis and
temperature jump methodologies allow chemists to
follow more rapid reactions (down to microsecond
time scale), although they are only applicable to
photosensitive systems (flash photolysis) or reversible
reactions with a temperature-sensitive equilibrium
(T-jump), which are relatively rare in iron—oxygen
chemistry. Spectrophotometric registration has an
advantage of being an experimentally simple method
that allows for the very rapid and accurate determi-
nation of concentrations of reactants/products. Mod-
ern rapid-scanning or diode-array spectrophotome-
ters dramatically changed the information content
of kinetic data: instead of single-wavelength data
acquisition, time-resolved full spectra can be collected
and analyzed. Global fitting of time-resolved spectra
provides reliable values of individual rate constants,
as well as full individual optical spectra of intermedi-
ates and products of the studied reaction. This
methodology, which was described elsewhere,3?* is
particularly useful for characterizing multistep pro-
cesses. However, it should be remembered that diode-
array spectrometry requires several orders of mag-
nitude brighter light intensity, and chances of
photochemical interference increase in proportion.'??
Although UV—vis spectroscopy remains the most
convenient tool in detecting transient reaction inter-
mediates, it does not provide sufficient information
regarding their chemical structures. Ideally, each
intermediate has to be characterized by additional
spectroscopic methods (e.g., resonance Raman, Moss-
bauer, EXAFS, EPR).190:191,201,340.375 Kinetic data can
be helpful in identifying experimental conditions
where each of the intermediates is preferentially
formed. Variations of the rapid freeze-quench tech-
nique are often used for such spectroscopic stud-
1es.65:66.201 T addition, electrospray mass spectroscopy
can be adapted to the in situ determination of
unstable reaction intermediates.?®® In some cases,
lowering of temperature allowed for the crystalliza-
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tion of an intermediate and the determination of its
structure by diffractometry 62170-172,197,202,225

The choice of solvent and other experimental
conditions (temperature, pressure, additives, etc.) is
very important for successful kinetic studies in iron—
oxygen systems. In biomimetic studies, it is desirable
to use water as a solvent. In aqueous solutions the
speciation of the iron complex(es) has to be indepen-
dently established, because it significantly influences
the rates, mechanisms, and products of the oxygen-
ation reactions. Obviously, pH and ionic strength
have to be controlled in kinetic measurements. The
analysis of these issues for the iron—15aneN4 system
is available in section 4.2.1.

The choice of buffers for oxidation reactions with
iron complexes should be made carefully. Simple
buffering anions (like phosphate, borate, carbonate,
acetate, or citrate) can coordinate to iron (especially
to Fell), while noncoordinating organic buffers (like
HEPES, MOPS, etc.) may act as reducing substrates
for the iron—oxygen intermediates. Another compli-
cation, which is often overlooked, is the possibility
of formation of active oxidants from buffers, e.g.,
peroxocarbonate from carbonate, peroxoacids from
carboxylates, etc.2093% Even if these reactions do not
occur in the absence of the metal complex, they can
be catalyzed by iron compounds, as was recently
shown for iron-catalyzed olefin epoxidation with
hydrogen peroxide in the presence of acetic acid
(peracetic acid was found and proposed to act as the
active oxidant).?%° Moreover, buffers that do not
undergo direct chemical reactions with the compo-
nents of the investigated system may participate in
general acid/base catalysis.?4°

Some additional problems of investigating the
iron—oxygen reactivity in aqueous media include
hydrolytic decomposition of iron complexes (particu-
larly significant for iron(III) reaction products), rela-
tively low solubility of Oz in water (1.234 mM at room
temperature, Table 9), and relatively high freezing
point of water that does not allow performance of
kinetic measurements in liquid solution at low tem-
peratures.

Many reactions in the iron—oxygen systems were
studied in organic solvents, where iron(II) and iron-
(IIT) complexes are usually stable. Transient inter-
mediates were stabilized at low temperatures (down
to ~ —90 °C in appropriate solvents), and the mech-
anisms of their formation and reactivity were studied
in detail using low-temperature stopped-flow meth-
odology.3?* Of course, an organic solvent should not
undergo catalytic oxidation with dioxygen or other
oxygen donors under experimental conditions. An-
other potential problem was identified in recent
studies on catalytic oxidations: solvents that easily
form peroxides (such as THF or diethyl ether) can
promote substrate oxidation.?¢? Solvents stabilized
against autoxidation contain compounds that poten-
tially can react with iron—oxygen intermediates
(alkenes, phenols, etc.). If stabilized solvent has to
be used in kinetic studies, the control experiments
in the absence of stabilizers have to be performed.
Solvent purity is critically important for obtaining
reliable and reproducible kinetic results;?*® in some
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Table 9. Solubility of Dioxygen in Common Solvents at 25 °C
L (Ostwald vapor pressure solubility of dioxygen at 25 °C
solvent coefficient) at 25 °C,3% kPa and 760 Torr (total pressure), mM ref

water 0.03116 3.17 1.234 391
isooctane 0.38 6.5 14.6 391

toluene 0.22(2) 3.79 8.7(8) 391
dichloromethane 0.25; 0.257 (20 °C) 58.2; 46.4 (20 °C) 4.3 (3.8 at 720 Torr total pressure); 5.8 (20 °C) 391, 396, 397
chloroform 0.278 (20 °C) 21.3 (20 °C) 9.1 (20 °C) 391, 397
methanol 0.25 16.9 8.5 391

ethanol 0.244 7.87 9.2 391
tetrahydrofuran  0.245 21.6 7.9 391

acetone 0.28; 0.28(3) (20 °C)  30.8; 24.6 (20 °C) 8.0; 9(1) (20 °C) 391, 398
acetonitrile 0.224 11.8 8.1 399, 400
propionitrile 0.23 6.14 8.8 401

DMF 0.12 0.44 4.8 399

DMSO 0.051 0.08 2.1 399, 400

cases, traces of moisture are detrimental, and sol-
vents need to be rigorously dried.!88

There are some experimental difficulties related to
the use of gaseous dioxygen as a reagent. For kinetic
experiments in solution, the gas should be dissolved
before the chemical reaction. However, preparing gas
solutions with known concentration is not a trivial
task.

The values of dioxygen solubility are commonly
given in reference literature as Ostwald coefficients
(L), defined as the ratio of the absorbed gas volume
to the absorbing liquid volume (Table 9).391:392 Be-
cause dioxygen behaves very much like an ideal gas
at ambient conditions and its solubility in common
liquids is small, L. may be considered nearly inde-
pendent of pressure. The values L can be converted
to the molar solubility S (mol L™1) using a simple
formula: S = LP/TR), where P is the dioxygen
partial pressure, R is the gas constant, and T is
temperature.?°1392 The partial pressure of dioxygen
should be calculated taking into account the satura-
tion vapor pressure of the solvent (Ps), which is
especially important for volatile solvents. For ex-
ample, if tetrahydrofuran (Ps = 21.6 kPa) is satu-
rated with O; at a total pressure of 101.3 kPa, the
partial pressure of Oy is 79.7 kPa.

The values of dioxygen solubility have to be deter-
mined experimentally for each given temperature.3913%2
Unfortunately, there are no published data for the
Og solubility in liquids at the cryogenic temperatures
(=80 to —40 °C) commonly used to observe interme-
diates during the oxygenation of iron(II) complexes.
Analysis of the existing data for the O solubility in
several solvents (acetone, isooctane, methanol) in a
relatively wide temperature range (—25 to +25 °C)3%
shows that the solubility of dioxygen expressed as
the equilibrium concentration at 1 atm total pressure
moderately increases with the drop in temperature,
in part due to the decrease in the solvent vapor
pressure (Table 10). It is probable that the O
solubility in common organic solvents does not change
more than 2—3 times upon cooling from room
temperature to as low as —80 °C. Although such
an estimate may be useful for some purposes,
it is insufficient to conduct precise thermodynamic
and kinetic measurements. There is a clear need
for direct experimental measurement of dioxygen
solubility in organic solvents at cryogenic tempera-
tures.

Table 10. Solubility of Dioxygen at 1 atm Total
Pressure?®®

solvent T, °C Ps, Torr L S, mM

methanol —25 5.4 0.2427 11.8
0 30.1 0.2446 10.5

+25 127.2 0.2476 8.4

acetone —25 16.0 0.2390 11.5
0 69.3 0.2570 104

+25 229.3 0.2794 8.0

isooctane —25 2.5 0.3874 19.0
0 12.8 0.3701 16.2

+25 49 0.3725 14.2

There are at least two successful approaches to get
solid thermodynamic and kinetic data from the low-
temperature oxygenation experiments in the absence
of the solubility values. In one approach, the standard
state of dioxygen is assumed as the gas at 1 atm, in
which case the activity of Os is equal to its partial
pressure for a solution saturated with the gas at any
given temperature. In a typical experimental setup,
a stream of dioxygen gas (pure or diluted with inert
gas) is bubbled through the solution of a metal
complex until saturation is reached. Then the yield
of a dioxygen adduct is determined by spectrometry,
and if the oxygenation reaction is slow enough,
kinetic parameters can be measured too. Such an
approach has been successfully used for the compari-
son of the affinities!”®3%4 and reactivities!”” of differ-
ent compounds toward dioxygen at the same tem-
perature. However, it is impossible to compare the
parameters of an oxygenation reaction obtained at
different temperatures with this approach.

Alternatively, a solution of Og can be prepared at
room temperature (20 or 25 °C), where the solubility
is known, and then cooled without contact with a gas
phase before mixing with a solution of the metal
complex.??* Because the solubility of dioxygen in
liquids typically rises with the fall in temperature,
there is no loss of the gas from solution. The only
change in the Oz concentration with cooling comes
from a (relatively small) thermal contraction of the
solvent, which can be accounted for using the follow-
ing formula: Cr = Cy(dr/dy), where Cr and dr are,
respectively, the concentration and density of the
solution at temperature 7T, and Cy and d, are the
known values at room temperature. Because of the
small solubility of O in liquids, the density of the
solution can be assumed equal to that of pure solvent.
For several common solvents, densities were experi-
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Table 11. Temperature Dependence of Solvent
Density”

d(298 K),
gem™3 a b ref

dichloromethane 1.325 1.862 1.800 x 1073 365

solvent

chloroform 1.475 2.012 1.800 x 103 174
acetone 0.7864 1.1218 1.1248 x 1073 402
propionitrile 0.7766  1.0688 9.801 x 10+ 401

@ Data for other solvents are available in ref 395.

mentally determined in a wide range of temperatures
and fit satisfactorily with the following equation: dr
= a — bT (T in K; the parameters a and b are
tabulated in Table 11).

Using this procedure, it is possible to define the
standard state of dioxygen as the hypothetical 1 M
solution and compare directly results obtained at
different temperatures, including the extraction of
thermal activation parameters from kinetic data.
Because the dioxygen solution is prepared in ad-
vance, it was possible to use this procedure for the
stopped-flow experiments and determine the rate
constants of fast oxygenation reactions over a wide
temperature range.175:174.188,324,345

Before a kinetic study, the reaction should be
understood in terms of its stoichiometry and yield
(clean reactions are preferable). Reactants, products,
and byproducts should be characterized, and suitable
experimental conditions chosen (solvent, additives,
temperature range). Basic kinetic characterization of
a reaction includes the determination of a rate law
(concentration dependency) and thermal activation
parameters (entropy and enthalpy of activation).
These data alone can provide substantial mechanistic
information.193:377.378 The measurement of the volume
of activation is also very useful, but it requires highly
specialized equipment and so far has not been applied
to the reactions at low temperature.?>?255 Additional
mechanistic insights can be obtained from the sys-
tematic variation of the reaction medium and of the
electronic and steric properties of the reactants (the
Hammett correlation is the best known example of
such an approach).193:377.378 “Djoxygen surrogates”
(NO and CO) were successfully used to better un-
derstand oxygenation reactions.?69270365 Kinetic iso-
tope effects (like H/D and 60/'80), which can be
determined from product distribution, are especially
useful if direct kinetic measurements are impossible
or difficult.#13%* Taken together, kinetic data can
provide a wealth of mechanistic information.

7. Summary and Perspective

The chemistry of dioxygen activation with non-
heme iron complexes has been rapidly developing in
recent years. Dramatic progress was accomplished
in designing structural and functional models of iron-
containing dioxygen carriers and redox enzymes.
Many new examples of iron—peroxo species were
reported, most of which were characterized spectro-
scopically. Importantly, novel high-valent complexes
(Fe"FelV and FelVFe!V species in dinuclear systems,
and FelV=0 species in mononuclear systems) were
obtained. Although crystallographic characterization
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of transient intermediates is still difficult (only
several examples of X-ray structures of such species
are known), their chemical structures can often be
unambiguously determined from detailed spectro-
scopic studies. These recent successes in ligand
design and in intermediate identification and char-
acterization provide enormous opportunities for the
deeper understanding of dioxygen activation that will
ultimately lead to the rational preparation of selec-
tive reagents and catalysts. Detailed mechanistic
studies are necessary in order to fully describe a
sequence of events in the course of dioxygen activa-
tion processes.

Until recently, there were relatively few kinetic
studies on dioxygen and peroxide activation with non-
heme iron complexes. While the importance of kinetic
and mechanistic studies has been well recognized,
they were experimentally very challenging. Fortu-
nately, this situation is changing, in part due to
advances in kinetic methodology. Cryogenic stopped-
flow methodology is no longer unheard of in the
bioinorganic community, and some instrumentation
is commercially available, thus making possible
observation of rapid reactions with transient, ther-
mally unstable intermediates. Modern data acquisi-
tion and analysis techniques (time-resolved acquisi-
tion of full spectra and global fitting analysis),
supported by readily available software packages,
facilitate interpretation of kinetic results, especially
for multistep reactions. The proposed mechanistic
schemes can now be subjected to rigorous testing.

Even though kinetic data are still often collected
under ambient conditions, the value of activation
parameters (obtained over a wide temperature range)
in assigning intimate reaction mechanisms is some-
what greater appreciated in the current literature.
The message advocated by Zuberbiihler, Karlin, and
co-workers several years ago still needs to be re-
peated, however: “It is important to note that in our
experience comparisons of kinetic or equilibrium
constants at a given temperature can sometimes be
very misleading, and we caution that discussion of
activation or thermodynamic parameters should be
preferred wherever possible.” Knowledge of activa-
tion volumes is also very helpful but unfortunately
unavailable for the reactions at cryogenic tempera-
tures because of technical limitations.

Due to recent synthetic, spectroscopic, kinetic, and
mechanistic studies, dioxygen binding to non-heme
iron(Il) centers is now much better understood. In
most cases, this is an associative, low-barrier, en-
tropically controlled process. Importantly, systematic
mechanistic studies began playing an important role
in guiding the design of facile dioxygen-binding
complexes. Reactions with hydrogen peroxide, al-
though synthetically very useful, have been rarely
understood mechanistically. Even less knowledge
was acquired regarding further steps in dioxygen
activation (such as generating high-valent species
from iron peroxo complexes, and their reactivity with
substrates). There is no doubt that these areas will
rapidly develop in the nearest future, providing
critical information on the mechanisms of individual
reaction steps in formation and the reactivity of iron—
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oxygen intermediates. The factors that govern the
stability and reactivity of these intermediates need
to be identified in future mechanistic investigations,
including a combination of kinetic, spectroscopic,
structural, and computational approaches.
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