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Binding of molecular oxygen by an artificial heme
analogue: investigation on the formation of an
Fe—tetracarbene superoxo complext
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The dioxygen reactivity of a cyclic iron(i) tetra—NHC-complex (NHC: N-heterocyclic carbene) is investi-
gated. Divergent oxidation behavior is observed depending on the choice of the solvent (acetonitrile or

acetone). In the first case, exposure to molecular oxygen leads to an oxygen free Fe(i) whereas in the

latter case an oxide bridged Fe(in) dimer is formed. In acetone, an Fe(i)-superoxide can be trapped, iso-
lated and characterized as intermediate at low temperatures. An Fe(i)—O—Fe(m) dimer is formed from the
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Introduction

Understanding the nature of the intermediates of dioxygen
activation by iron complexes is of high importance given
the role that they play in catalysis and in a number of meta-
bolic reactions.” Amongst them, Fe superoxo species recently
have been proposed as key intermediates in the oxidation
mechanism of a number of non-heme Fe complexes and
enzymes.” Direct spectroscopic evidence (by Raman, Moss-
bauer, EPR, UV/Vis) of non-heme Fe superoxo species has
been reported for artificial® and natural® Fe-based species
upon exposure to dioxygen in solution. Structural information
on Fe superoxo intermediates has been obtained crystallo-
graphically for a few biological Fe-complexes® and, recently, also
for a synthetic, non-heme, species.® Nevertheless, the direct
isolation of non-heme superoxo species remains challenging

“Chair of Inorganic Chemistry/Molecular Catalysis, Catalysis Research Center,
Ernst-Otto-Fischer-Strasse 1 and Faculty of Chemistry, Lichtenbergstrasse 4,
Technische Universitdt Miinchen, D-85747 Garching bei Miinchen, Germany.

E-mail: fritz.kuehn@ch.tum.de; Fax: (+)49 89 289 13473; Tel: (+49) 89 289 13096
PKAUST Catalysis Center, King Abdullah University of Science and Technology,
23955-6900 Thuwal, Kingdom of Saudi Arabia

‘Department of Materials Science and Engineering, School of Molecular Science and
Engineering, Vidyasirimedhi Institute of Science and Technology, 21210 Wang Chan,
Rayong, Thailand

tElectronic supplementary information (ESI) available: Experimental details,
UV/Vis spectra of 1-4, kinetic data, spectroscopic data of all synthesized com-
pounds, EPR of 2, and X-ray data for 4 in CIF format. CCDC 1428063. For ESI
and crystallographic data in CIF or other electronic format see DOI: 10.1039/
c6dt00538a

This journal is © The Royal Society of Chemistry 2016

Fe() superoxide in acetone upon warming and the molecular structure has been revealed by single
crystal X-ray diffraction. It is shown that the oxidation of the Fe(i) complex in both solvents is a reversible
process. For the regeneration of the initial Fe() complex both organic and inorganic reducing agents can

and no examples of truly organometallic systems (i.e. contain-
ing Fe-C bonds) have been reported so far. Recently, a bio-
mimetic non-heme Fe-complex bearing an N-heterocyclic
tetracarbene ligand (1, Chart 1) was synthesized, showing
remarkable structural and electronic affinity with heme
systems.” Complex 1, and especially its oxidized analogue (2),
have proven to be excellent epoxidation catalysts using
aqueous hydrogen peroxide as an oxidant.® Similar Fe(n) NHC
compounds were recently reported as active catalysts for olefin
epoxidation, aromatic hydroxylation, and the oxidation of
unreactive C-H bonds.’ In this work the interaction of 1 with
dioxygen is investigated in different solvents and under
various experimental conditions. During this study, the for-
mation of a new, isolable complex (3, Chart 1) was observed
from the reaction of 1 and O, at low temperature. The super-
oxidic nature of 3 has been investigated and it is supported by
EPR spin trap experiments, NMR spectroscopy and DFT calcu-
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Chart 1 Fe tetracarbene complexes 1, 2 and the suggested structure of
the intermediate 3.
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lations. The interplay between 1, superoxide 3 and the other
oxidation products of 1 is highlighted by reactivity studies
showing the reversibility of the oxidative pathways arising from
this compound and the involvement of 3 as an intermediate in
these reactions.

Results and discussion
Preliminary observations and UV-Vis spectroscopy studies

The reactivity of Fe complexes with dioxygen has been pre-
viously studied. The reaction leads to dimeric Fe(ur)-O-Fe (i)
species according with the mechanism presented in
Scheme 1."°

The formation of a tetra NHC ligated FeOFe complex with
oxygen in acetonitrile was reported by Meyer et al.'' In spite of
very similar structural features between 1 and the “Meyer-
system”, the reaction of 1 with oxygen in acetonitrile did not
yield the expected FeOFe complex. In this case, oxygen-free
species 2 was irreversibly formed and isolated. (Scheme 2, Path
A) 2 was reported previously, but its preparation was achieved
by oxidation of 1 with stoichiometric amounts of thianthrenyl
hexafluorophosphate.® In spite of the absence of a Fe-O bond
in 2, the transformation of 1 to 2 was found to proceed with

LFe" + 0, =—= (Fe"o, — (LFe"-0-0"
superoxo
- (ey
(LFe"-0-0 + (LFe" — (LFe"-0-O-(L)Fe"
(LFe"-0-O-(LFe"  —— 2 (L)FeVO
2(LFeVO + 2(LFe" ——= 2 (L)Fe"-O-(L)Fe"
4(Fe" +0;  ——= 2 (L)Fel-O-(L)Fe"

Scheme 1 Stepwise oxidation of an Fe(i) complex to a dimeric Fe(n)—
O-Fe(in) species by molecular oxygen.
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Scheme 2 Divergent oxidation behavior of 1 in acetone and in aceto-
nitrile leading to complexes 3, 4 and 2 respectively.
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the intake of nearly 1 equiv. O,, being indicative for a stoichio-
metric reaction of 1 and O, (see the ESIL,{ section 6). Accord-
ingly, the process of formation of 2 from 1 in acetonitrile
without observable formation of a FeOFe dimer, is analogous
to the oxidation of hemoglobin (Fe™) by O, to afford methemo-
globin (Fe™) and a superoxide.'” The reaction of 1 with O,
(1 bar) in acetonitrile to afford compound 2 was accompanied
by a shift in the maximum UV/Vis absorption from 337 nm to
505 nm (Fig. 1, see also Fig. S1t). The prominent absorption of
1 at 337 nm disappears in the presence of molecular oxygen.
Simultaneously, a broad absorption band forms at 505 nm.
This band can be assigned to an Fe(m)-NHC LMCT tran-
sition.”® The broad shape of the absorption is very similar to
that reported by Meyer, Kithn et al. for the oxidized Fe(u)-tetra-
carbene,'? although it is slightly blue shifted (Amax = 505 nm
for 2 versus Amax = 540 nm). At 1 bar O,, the oxidation of 1 by
molecular oxygen in acetonitrile is a slow process that could
be monitored by UV/Vis spectroscopy (Fig. 1); the complete
conversion of 1 to 2 was observed within 5 h at room tempera-
ture. The relatively low reaction rate under these conditions
could be due to the competing coordination of either aceto-
nitrile or oxygen at the Fe(u) center.

This hypothesis is corroborated by the observation that in
the presence of DMSO (10% v/v) no formation of 2 or 3 is
detected under ambient conditions. Instead, the formation of
a stable DMSO-substituted derivative of 1 is observed.” More-
over, the amount of complex 2 forming within 1 h by the reac-
tion with O, increases with the partial O, pressure (see in the
ESL+ section 7). Taken together, these findings indicate that
the key step in the oxidation of 1 to 2 is an oxygen-axial ligand
exchange that is hampered by axial ligand coordination
(MeCN, DMSO, etc.). The overall process is assumed to
proceed with the initial displacement of one of the acetonitrile
ligands in the axial position and with the formation of a super-
oxo Fe™-0, adduct complex or of a dimeric Fe™-O-O-Fe™
species. The fate of the (presumably) formed superoxide or
peroxide anion upon formation of 2 is not clear as no

1,0 4
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I\ ——t =300 min
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Fig. 1 UV/Vis kinetics of the formation of 2 from 1 (initial concentration
2 x 107* M) and O, in acetonitrile (r.t., 1 bar). 1 (Amax = 337 nm; e337 =
5450 L mol™ cm™); 2 (Amax = 505 NM; €505 = 1100 L mol™* cm™).
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additional products of oxidation could be found in solution.
One plausible reaction pathway might involve a non-innocent
role of the solvent. It is known that acetonitrile can be oxidized
to glycolonitrile by molecular oxygen in the presence of Fe™'-
0-0O-Fe™ complexes. The reaction has been proposed to
proceed via a-proton abstraction by the superbasic peroxo-
complex and formation of a cyanomethide intermediate.'*
Indeed, when different nitriles such as benzonitrile or pivalo-
nitrile, are used as solvents for the reaction of 1 and O,, the
formation of Fe(inr)-O-Fe(ur) complex dimer 4 (Scheme 2) was
observed instead of 2. This indicates that in the absence of an
abstractable a-proton at the nitrile moiety the reaction
between 1 and dioxygen proceeds along the path displayed in
Scheme 1. Furthermore, it is known that the metabolism of
acetonitrile by the Fe-containing enzyme sMMO leads to the
formation of cyanide via glycolonitrile as an intermediate.'®
Therefore, the formation and rapid decomposition of chemi-
cally unstable glycolonitrile’® to afford minute amounts of
gaseous products might explain the absence of additional oxy-
genated products detectable in solution upon formation of 2
in acetonitrile. Further observations on the reactivity of iso-
lated superoxide 3 with acetonitrile (vide infra) seem to
support this hypothesis. In acetone, a different reactivity
pattern (Scheme 2, Path B) was observed leading to dimeric
complex 4. This pathway proceeds possibly through the mech-
anism depicted in Scheme 1. The formation of Fe(i)-O-Fe(u)
dimers from Fe(u) and molecular oxygen is well known for
both heme and non-heme iron compounds.'® Interestingly,
when the reaction of 1 with O, is carried out at low tempera-
tures in acetone an intermediate compound was observed by
UV/Vis spectroscopy (Fig. 2). The formation of the new species
from 1 at —20 °C is accompanied by the rise of a single absorp-
tion in the UV/Vis spectrum at 452 nm and by the disappear-
ance of the absorption of 1 at 376 nm (Fig. 2). This compound
was proposedly identified as the Fe(O,) species 3 (Scheme 2)
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Fig. 2 UV/Vis kinetics of the formation of 3 from 1 and O, in acetone,
sampled every 5 min for 2 h. ([1l, = 4 x 10™* M at —20 °C, 1 bar O,). 1,
(Amax = 376 nM; €376 = 5400 | mol™ cm™); 3, (Anax = 452 NM; €455 =
2700 [ mol™ cm™). Insert: time dependent trace of the absorptions at
376 and 452 nm.
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based on EPR and 'H NMR spectroscopies, reactivity studies
and theoretical calculations (vide infra). When the solution of
3 is warmed up, dimeric complex 4 is formed. At 0 °C, the
band at 452 nm disappears within 4 h due to decay of 3 to 4,
the latter being insoluble in acetone. The formation of 3 in
acetone was observed to occur already at low temperatures
(approximately —70 °C), albeit at very low rates. Quantitative
conversion of 1 to 3 was observed at ca. —40 °C. At this temp-
erature, 3 is stable for several hours in solution and can be iso-
lated by precipitation with cold diethyl ether with the resulting
orange solid being stable at —30 °C for some days.

EPR spectroscopy

EPR studies were carried out in order to investigate the compo-
sition of 3. Paramagnetic, oxygen-free compound 2 displays a
singlet signal at g = 2.10 in acetone.® Due to their diamagnetic
nature, complex 1 and in situ generated compound 3 do not
show any EPR activity in acetone, with the exception of a small
EPR signal arising from minor decomposition of 3 to 2. To
confirm the presence of an iron-bound superoxide, 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) was utilized as super-
oxide trapping reagent. Oxygen centered radicals can react with
DMPO to form EPR active oxidation products.’” A blank experi-
ment using pure DMPO did not show any EPR activity (Fig. 3,
left). After the reaction of 2 with DMPO under inert gas, a
triplet signal with a g = 1.97 (Fig. 3, left) was observed, while
the signal at g = 2.10 (relative to pure 2) disappeared. To a
minor extent, this signal was also found for 1 in the presence
of DMPO, most likely arising from partial oxidation of 1 to 2
by the N-oxide. When 2 was reacted with DMPO in the pres-
ence of O,; no difference with the oxygen-free reaction was
observed for 2 + DMPO + O, (g = 1.97), as Fe(ur) cannot reduce
molecular oxygen. For 1 + DMPO + O, a triplet signal with g =
1.95 was obtained (Fig. 3, middle).'®

Finally, the reaction of isolated 3 with DMPO under an inert
atmosphere gives rise to two independent signals with g = 1.97
and g = 1.95 (Fig. 3, right). The signal at g = 1.95 correlates to
that found for 1 + DMPO + O,, whereas the signal at g = 1.97 is
identical to that observed upon reaction of Fe(m) species
complex 2 with DMPO under inert atmosphere (as well as in
the presence of O,) and hints at a partial decomposition of 3
to complex 2 under the reaction conditions. These experiments
suggest that 3 should contain the same kind of oxygen cen-
tered radical formed upon reaction of 1 and O,. As the reaction
of 3 + DMPO was performed under an inert gas atmosphere,
the oxygen radical should be bound to the Fe center of com-
pound 3. These findings strongly support the proposed super-
oxidic nature of species 3.

'H-NMR studies

Compound 3 is diamagnetic and therefore suitable for 'H
NMR investigations (see Fig. S2, S4 and S5 in the ESIT). The
diamagnetic nature of 3 can be explained by the antiferro-
magnetic coupling of the unpaired electrons on the Fe(u)
center and the O, ligand.>®'® In agreement with the structure
obtained from density functional theory (DFT) studies (Fig. 4)

Dalton Trans., 2016, 45, 6449-6455 | 6451
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Fig. 3 X-band EPR spectra (298 K) in acetone of: pure DMPO, 1 + DMPO and 2 + DMPO under an inert atmosphere (left), 1 + DMPO in the presence

of oxygen (middle) and of isolated 3 + DMPO (right).

Fig. 4 DFT-derived structure of the cationic fragment [Fe(O,)CCCCI?*
of 3. Selected calculated bond lengths (A) and angles (°): Fe1-C1: 1.966,
Fel-C5: 1.956, Fel-0O1: 1.883, O1-01*: 1.369, O1-H8: 2.426, C1-Fel—
C5: 87.62 C5-Fel-C9: 89.73, O1-Fe—01*: 42.63, C8—-H8-01: 105.79.

the "H NMR of 3 does not indicate coordinating acetonitrile
ligands. The CH, bridges of the backbone of 3 display signals
at 6.48 ppm and 6.31 ppm. The splitting (*/yy = 13.1 Hz)
suggests a square-pyramidal geometry for 3 that is similar to
the nitrosyl derivative of 1 that has been previously described
by our group.” A fast fluxional behavior between side-on and
end-on coordination of O, on an NMR scale cannot be
excluded. The suggested side-on coordination of the super-
oxide is based on DFT calculations.

A valid energetic minimum for the geometry optimization
was obtained only in case of side-on coordination of the super-
oxide and the respective square pyramidal geometry with a calcu-
lated O-O bond length of 1.369 A. This value confirms the
expected lengthening of the dioxygen bond upon coordination
(free O,: 1.21 A/free 0,7 1.33 A).*° Interestingly, an interaction
between the oxygen atoms and two of the protons of the CH,
bridges is indicated with O-H distances of 2.43 A, suggesting a
stabilizing effect on 3. Comparable observations were made by
various groups reporting on molecular structures of Fe(v) oxo
complexes, where O-H interactions with similar distances
were revealed."*" "H NMR kinetics of the formation and
decay of 3 in acetone are in agreement with the UV/Vis experi-
ments (Fig. 5, see also section 5 of the ESIT). After exposing a

6452 | Dalton Trans., 2016, 45, 6449-6455
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Fig. 5 Formation of 3 from 1 and O, and subsequent decay of 3 to 4,
monitored by 'H NMR in acetone-ds. (1 bar O,, T = —40 °C to 25 °C,
1o =1x 107" M).

solution of 1 in acetone-dg to O, at —40 °C, rapid formation of
the characteristic signals of 3 (6.48 ppm and 6.31 ppm) is
observed, while the signals of 1 (7.86 ppm, 6.63 ppm and of
Fe-coordinated MeCN at 1.7 ppm) decrease. After 3 h at —40 °C
a mixture of 31% 1 and 43% 3 - relative to the initial amount
of 1 - is obtained whereas the remaining 26% precipitate as
the blue compound 4. Allowing the reaction to warm up to
25 °C within 40 min leads to complete conversion to 3 and its
simultaneous decomposition to 4. Complete conversion of 1 is
observed at —10 °C with a maximum yield of 68% of 3 (see
Fig. 6). At temperatures above —10 °C, 3 readily decomposes to
4 within less than 1 h. At the end of the experiment a blue
solid precipitated. This precipitate could be identified as pure
4 by means of "H-NMR spectroscopy in CD;CN (see the ESIT).

Reactivity studies on 3

As 3 can be generated in acetone from 1 (Scheme 2) it appears
reasonable to assume that 3 can also be formed by the reaction
of 2 with KO, (Scheme 3). Indeed, monitoring the reaction of 2
with an excess KO, at temperatures from —80 °C to 25 °C by H
NMR confirms the suggested reaction pathway (for details and

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Formation and decay of 3 (red) from 1 (orange) and O, in
acetone, monitored by *H NMR based on the integration of the signals
at 7.85 (1 + 3), 6.59 (1) and 6.31 (3) ppm (internal standard Et,0). (1 bar
0, T=-40°Cto025°C, [1lo = 1 X 107" M).
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Scheme 3 Reactivity of 1 with O, or 2 with KO, in acetone affording 3
at —40 °C and subsequently 4 after warming. 4 can be converted to 1 by
reaction with KO, thus ideally closing a reversible redox cycle of 1.

spectra see Fig. S7 in the ESI{). Upon warming from —80 °C to
—40 °C complete conversion of 2 to 3 was observed in the pres-
ence of KO,. Once again, a further increase in temperature up
to r.t. leads to the disappearance of all "H-NMR signals and to
the precipitation of 4 as a dark blue solid. 4 could be reduced
to 1 in acetonitrile by addition of KO,, thus closing the ideal
redox circle. Therefore, O, may serve as a reducing agent for
Fe(m) compounds (2 and 4), whereas O, acts as an oxidant for
Fe(n) complex 1. Dimeric Fe(ur)-O-O-Fe(m) compounds have
been reported to be paramagnetic and to be irreversibly
formed from oxygen and Fe(u) precursors.™

Compound 3 however, is diamagnetic and it can be reversi-
bly converted to an Fe(u) complex analogous to 1 by addition
of more nucleophilic ligands such as PPh; or DMSO in
acetone (Scheme 4). PPh; and DMSO are not oxidized during
this process, behaving exclusively as displacing ligands under

This journal is © The Royal Society of Chemistry 2016
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Scheme 4 Reactivity of 3 with PPhz, DMSO, and MeCN in acetone.

formation of 5 or 6 (see Fig. S6 in the ESIf). The addition of
acetonitrile (10 equiv.) in acetone leads to the formation of
complex 2 (compare with Scheme 3). This is in good agree-
ment with previous reports on superoxo species®* and with the
observed reactivity between of 1 and O, in acetonitrile leading
to complex 2.

Preparation and characterization of 4

Complex 4 was prepared in high purity by adding oxygen to a
concentrated acetone solution of 1 (>50 mM) at —40 °C fol-

Fig. 7 Ortep-style drawing of the cationic fragment of O[Fe(i)
CCCCl,** of 4. Hydrogen atoms and PF¢~ anions are omitted for clarity
and thermal ellipsoids are shown at a 50% probability level. Selected
bond lengths (A) and angles (°): Fe1-C1: 1.948(4), Fe1-C5: 1.941(1), Fel-
C9: 1.943(4), Fe1-C13: 1.966(4), Fe1-01: 1.7322(7), C1-Fel-C5: 87.28(16)
C5-Fel-C9: 87.84(17), C9-Fel-C13: 87.20(17), C1-Fel—-N13: 86.92(16),
C1-Fel-0O1: 101.55(16), C5-Fel-01: 100.80(12), C9—-Fel-01: 102.30(16),
C13-Fel-01: 105.47(12), Fel-Ol1-Fela: 162.7(2).
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lowed by slow warming to r.t. Product formation was indicated
by the precipitation of a dark blue powder in good yields
(60-70%). Instead of acetone also benzonitrile or pivalonitrile
as solvents afforded good yields of 4. Additionally 4 could also
be prepared by using air instead of dry oxygen at r.t., albeit in
significantly lower yields (~10%). Both Fe(m) centers in 4 for-
mally consist of 15 valence electrons; nevertheless, 4 is dia-
magnetic and therefore suitable for NMR-spectroscopy. This is
attributed to antiferromagnetic coupling of the unpaired elec-
trons over the bridging oxide, which is known for similar
systems.” In "H NMR a singlet at 7.57 ppm is observed for 4.
In addition, two doublets of the bridging CH, groups with
geminal couplings of 13.1 Hz arise at 6.08 and 5.94 ppm. The
3C NMR spectrum of 4 shows two sharp signals at 122.72 and
64.05 ppm, which are assigned to the backbone CH groups
and the CH, bridges, respectively. The signal of the coordinat-
ing carbons only appears as a broad peak at 175 ppm. Slow
diffusion of oxygen-enriched diethyl ether into an acetone
solution of 1 allowed collection of single crystals of 4 suitable
for single crystal X-ray diffraction (SC-XRD, Fig. 7). The mole-
cular structure shows a slightly distorted square pyramidal
geometry with the tetradentate cyclic ligand coordinated in
saddle distorted fashion. The Fe-Cyy distances of 4 with its
saddle-distorted ligand conformation average to 1.949 A,
which is slightly shorter than for comparable Fe(m)OFe(m) tetra-
carbene complexes (~1.99 A) reported by Meyer et al'* The
Fe-O distance is 1.732 A and the FeOFe angle is 162.7°.

Reactivity of 4

Compound 4 is able to act as an oxidizing agent. For instance,
PPh; is stoichiometrically oxidized to OPPh; (Scheme 5) under
formation of 1 (see the ESI). Reduction of 4 to 1 is observed
in the presence of reducing agents such as Zn powder, Fe-
powder, hydroquinone (H,Q), or KO,. At r. t. in CD;CN one
third of the initial amount of 4 is reduced to 1 after approxi-
mately 5 d. (see Fig. S9 in the ESIt). As reported for the case of
the oxidation of 1 to 2 by oxygen in acetonitrile, oxidation pro-
ducts cannot be observed by 'H- or ?>D-NMR. In the absence of
other reducing agents, very slow oxidation of acetonitrile by 4
is observed at r.t. Upon heating an acetonitrile solution of 4 to
reflux, full conversion to 1 takes place within 5 min. Further-
more, 4 can also be deoxygenated to quantitatively yield 2 by
the simple addition of stoichiometric amounts of strong
Bronsted acids (e.g. HBF,/HPF) at r.t.
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Conclusions

The reactivity of an heme analogue Fe(u) (1) compound with
molecular oxygen was investigated and three different Fe(m)
compounds, have been identified and characterized. In their
structural characteristics, all of them are closely related to
heme systems. A strong influence of the solvent on the reactiv-
ity is observed, resulting in two different products from the
oxidation of 1 with molecular oxygen: the oxide bridged Fe(ur)
dimer 4 in acetone and the metheme like Fe(m) complex 2 in
acetonitrile. The intermediate proposed in both cases, the Fe(ur)
superoxide (3), as well as the oxide bridged Fe(m)dimer (4)
have been studied. Indirect chemical and spectroscopic evi-
dence (EPR spin trap experiments, NMR spectroscopy) of the
superoxodic nature of 3 has been presented. 3 is prone to
ligand exchange reactions, resulting in reductive dissociation
of dioxygen upon addition of nucleophilic ligands such as
PPh; and DMSO. In the latter case the oxide bridged Fe(m)
dimer 4 acts as an oxidant while being reduced to 1. Also, 4
can be deoxygenated under the retention of its formal oxi-
dation state to yield 2. With respect to iron-based systems in
nature, which are widely used as oxidation catalysts, oxygen
activation by artificial systems is of high interest. A deeper
understanding of the reactivity of such complexes can help to
improve the quality of artificial, bio-inspired iron systems for
various applications.
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