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ABSTRACT: In soluble methane monooxygenase enzymes
(sMMO) dioxygen (O») is activated at a diiron(II) center to form an
oxodiiron(IV) intermediate Q that performs the challenging oxida-
tion of methane to methanol. An analogous mechanism of O, acti-
vation at mono- or di-nuclear iron centres is rare in the synthetic
chemistry. Herein, we report a mononuclear non-heme iron(II)-
cyclam complex 1-#rans that activates O, to form the corresponding
iron(IV)-oxo complex 2-trans via a mechanism reminiscent of the
O, activation process in sSMMO. The conversion of 1-frans to
2-trans proceeds via the intermediate formation of an iron(IIl)-
superoxide species 3, which could be trapped and spectroscopically
characterized at —50°C. Surprisingly, 3 is a stronger oxygen atom
transfer (OAT) agent than 2-trans; 3 performs OAT to 1-trans or
PPh; to yield 2-trans quantitatively. Furthermore, 2-trans oxidizes
the aromatic C-H bonds of 2,6-di-terz-butylphenol, which, together
with the strong OAT ability of 3 represent new domains of ox-
oiron(IV) and superoxoiron(IlI) reactivities.

High-valent oxoiron(IV) and formally oxoiron(V) species act as
active intermediates in the catalytic cycles of a number of enzy-
matic systems.''> Heme and non-heme proteins generate these re-
active intermediates to couple the activation of dioxygen to the ox-
idation of their substrates.!3->* O, activation generally occurs at an
iron(Il) center to form an iron(Ill)-superoxo intermediate, which
converts the kinetically inert ground state of O, to a more reactive
doublet state of superoxide (O,™). In mononuclear enzymes, the
generated iron(Ill)—superoxo species picks up an electron and a
proton to form an iron(IlI)-hydroperoxo intermediate, which then
undergoes O—O bond cleavage to afford the reactive high-valent
iron—oxo species responsible for substrate oxidation reactions.!¢!18
In dinuclear enzymes, on the other hand, direct activation of O, oc-
curs at a diiron(II) centre to form either closed bis(p-oxo)diiron(IV)
or open O=Fe!V-O-Fe!V=0 forms, without the necessity of any ad-
ditional proton or electron donors.!3-22

In biomimetic chemistry, the generation of iron-oxo species has
recently been demonstrated by activation of O, at non-heme
iron(II) model complexes in the presence of electron and proton

donors.?*?” We now show a novel bimolecular activation of diox-
ygen at a model iron(II) center to generate an oxoiron(IV) species,
reminiscent of the proposed O; activation mechanism in methane
monooxygenase (sMMO; Scheme 1 and Scheme 2).

Scheme 1. Overview of the formation of 2-cis and 2-trans from
their corresponding iron(Il) cyclam isomers 1-cis and 1-trans.
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As previously reported,”® combination of the tetradentate cyclam
ligand with [Fe(OTf),(CH3;CN),] (OTf=CF3SO;") yields the
iron(Il) cyclam complex, [(cyclam)Fe''(OTf),] (1-cis), in cis-V
configuration of the macrocyclic ring and two cis triflates.?>* In
contrast, in solution, CH3CN gradually replaces the bound triflate
ligands of 1-cis to form [(cyclam)Fe"'(CH3;CN),] (1-trans) (over a
period of 24 hours at 25 °C in the absence of O,) with a concomitant
change to the trans-1II configuration with two frans-CH3CN lig-
ands (Figure S1).% The zero-field Mossbauer spectrum (Figure S2)
of solid 1-trans at 14 K reveals a single quadrupole doublet with an
isomer shift 6 of 0.53 mms™' and a small quadrupole splitting
(AEq) of 0.61 mms™!, demonstrating that the iron(I) center re-
mains in the low-spin configuration (S = 0).3! The diamagnetic
ground state of 1-trans is maintained in CH3CN solution, as evident
from 'H-NMR studies (Figure S3), which reveal peaks between 1.5
— 3.7 ppm. 1-cis, in contrast, displays paramagnetically shifted 'H-
NMR signals between —10 — 130 ppm (Figure S4). Furthermore,
zero-field Mossbauer measurements on solid 1-cis confirmed its



high-spin S = 2 ground state with § = 1.15 mm s™! and AEq = 2.31
mm s~! (Figure S5).

The different spin states of the iron(II) centers in 1-cis and 1-trans
are reflected in their reactivity properties. As reported in our previ-
ous study,”® 1-cis reacts with H,O, to generate
[(cyclam)Fe'(O)(CH;CN)J** (2-cis) (Figure S6) as a kinetically
and catalytically competent intermediate to perform the epoxida-
tion of olefins with high stereo- and regioselectivity. For 1-trans,
in contrast, no catalytic epoxidation reactions in presence of H,O,
are observed.
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Figure 1 A) UV-vis spectral changes associated with the initial con-
version of 1-trans (black) upon addition of O, to 3 (green) followed
by the formation of 2-trans (blue) in acetone at —20 °C; B) time
traces of the development of the 690 nm band of 2-trans in presence
of pure O, (blue), 75/25 (light blue) O»/N, mixture, 50/50 (light
red) O»/N, mixture and air (red); the inset shows the plot of the in-
verse C-[2-trans] (C = initial concentration of 1-trans) against time
and the corresponding linear fits proving second order behavior
(black); C) Méssbauer spectra of >’Fe-enriched 2-trans (2 mM, fro-
zen acetone solution) recorded at 1.7 and 80 K and different mag-
netic fields and the corresponding simulation based on an interme-
diate spin (S=1) iron(IV) species (blue; 96%) (6= 0.05 mm/s,
AEq=+2.49 mm/s, =0, Ax=-23.1, A,,=-23.1, A,=-2.6
/gnBn Tesla; D = 25 cm™). The symbol “*” represents minor con-
tributions from S = 0 Fe! impurities. For complete simulation see
Figure S11 B.

1-trans is air stable in CH3CN at 25 °C. However, bubbling of O,
or air at —20 °C to an acetone solution®” of 1-trans (Figure S7) leads
to the immediate formation of an intermediate 3 with absorption
maxima Amax (€max) centered at 330 nm (1800 M~'em™") and 455 nm
(116 M'em™) (green trace Figure 1A and S8) which then converts
to a stable blue species 2-trans (¢;,, =120 min at 25 °C; paramag-
netic shifted '"H-NMR is shown in Figure S9), with two character-
istic absorption bands of equal intensities at 583 and 690 nm
(Emax=198 Mlcm™'; Figure 1A blue trace). Single crystals of
2-trans were grown from acetone/diethyl ether at —40°C, and a
crystallographic analysis shows 2-trans as a structural isomer of
2-cis, with a terminal Fe=O moiety and a trans-111 (instead of cis-
V in 2-cis) configuration of the macrocyclic ring (Figure 2B; Ta-
bles S1-S2). Further characterizations of 2-trans, were performed
by a variety of spectroscopic methods (Figure S9-S13). The zero-
field Mossbauer spectrum of 2-trans (Figure 1C; AEq=2.49 mm
s7!,8=10.05 mm s ') is consistent with the presence of an Fe!V cen-
ter. Furthermore, in presence of applied field (Figure 1C and Figure
S11B), the observed hyperfine structures and specifically the field
dependence can be well simulated with §= 1 Hamiltonian and zero-

field splitting and magnetic hyperfine tensors that are typical of
S=1Fe'V centers.'**33 The resonance Raman (RR) spectrum (Fig-
ure 2A) obtained with Aex = 413 nm exhibits a band at 842 cm™
which upon !#0-labelling is replaced by two new peaks at 800 and
813 cm™! originating from a Fermi doublet (v* = 806 cm™).3433
Analysis of the extended X-ray absorption fine structure (EXAFS)
of 2-trans in acetone solution (Figure S12, Table S1) yields the best
fit comprising an oxygen ligand at 1.67 A, which is assigned to an
Fe=0 unit, as well as 4 O/N and 1 O/N ligands at 2.00 A and 2.10
A, respectively, which correspond to the N donors of the cyclam
and CH3CN ligands. The Fe K-edge X-ray absorption spectrum of
2-trans (Figure S13) reveals a pronounced pre-edge amplitude at
ca. 7114.8 eV and a K-edge energy of 7123.9 eV, which are typical
of Fe'V=0 complexes.’® DFT calculations on 2-trans (Table S3)
predict an S = 1 ground-state with calculated Fe=O bond-distance
(1.64 A), stretching mode frequency (867 cm™, O isotope
shift -35 cm™') and Méssbauer 8-value (0.02 mm s™!) in good agree-
ment with experiments.
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Figure 2 A) Normalized RR spectra of 2-trans (blue) and '*0-en-
riched 2-trans (red) (Aex = 413 nm, T=-30 °C in acetone) B) The
crystal structure of 2-trans (CH,- and CH3- hydrogens and two
triflate counterinions are omitted for clarity) .

The transient intermediate 3 at —20 °C could be trapped by low-
ering of the temperature to —50 °C. The Mossbauer spectrum of 3
recorded at 2 K with a magnetic field of 1T exhibits a doublet rep-
resenting about 86 % of the iron with AEq=-2.85 mms™! and
6=0.27 mms! (Figure S14), which is consistent with a low-spin
iron(Il) assignment. Further applied field measurements (Figure
S14) determine the negative sign of the electric field gradient and
confirm an S=0 assignment, arising from an antiferromagnetic
coupling of the S=1/2 Fe'' center with the §=1/2 superoxide
(O27) radical. Consistent with the superoxide assignment,” 37 the
RR spectrum (Figure S15) of a 1 mM solution of 3 in acetone at
—90 °C exhibits a v(0-0) stretch at 1147 cm™!, which upon '#0-
labelling is presumably shifted to the 1050-1100 cm™ region,
where it is obscured by the intense solvent signals (CH3COCHj3 or
CD3;COCDs). XAS revealed an Fe K-edge energy of 3 in between
the energies of 1-trans and 2-trans (Figure S13), supporting the
Fe(III) assignment of 3, as well as a relatively short Fe-O bond of
~1.74 A from EXAFS (Figure S12, Table S1). DFT calculations in
the S'= 0 ground state support an end-on binding mode of O, in 3,
with a calculated v(O-O) vibration at 1167 cm™', and Mossbauer
data of AEg= —2.59 mm s ™' and 6=0.18 mm ™!, and an Fe-O bond
of 1.76 A, in good agreement with the experiments (Tables S1, S3).

The kinetics of the oxygen uptake process during the conversion
of 1-trans to 2-trans were monitored spectrophotometrically by
measuring the increase of the absorbance of the oxoiron(IV) com-
plex at 690 nm at —20 °C. It shows a second-order behavior for the
formation of 2-trans, as evident from the observed linear correla-
tion in the inverse C—[2-trans] vs time plot (Figure 1B inset, equa-
tion S6; C is the initial concentration of 1-trans). In O,, the ob-
served second-order rate constant ko is 2.6 M! 57!, Interestingly,
the reaction performed under air is much faster (Figure 1B), with a



corresponding rate constant of 22.6 M~ s™!. Reactions with differ-
ent Oy/N; mixtures (02/Na 75/25 kops 5.9 M7 571, 50/50 kops=12.6
M s7!) (Figure 1B, inset and Figure S16) further confirmed an
inverse first-order dependence of the reaction rate on O, (equations
S4 and S5). Notably, the use of deuterated acetone or the dy-2-trans
complex (where the -NH groups of the cyclam ligand are deuter-
ated) revealed no difference in reaction rates (Figure S17), exclud-
ing the involvement of the solvent or the cyclam N—H groups as
proton or electron donors in the reaction of 1-trans with O, to form
2-trans.

The observed rate law (equations S3 and S4) is consistent with a
reaction mechanism involving strong complexation of O, by one
molecule of 1-trans to form 3. A preequilibrium release of O, from
3 regenerates 1-frans in minor quantities; residual 3 then transfers
an oxygen atom to the in situ generated 1-trans to yield two mole-
cules of 2-trans (Scheme 2A). Under these conditions a buildup of
1-trans is avoided in the reaction mixture, which would otherwise
lead to the bimolecular decay of 2-trans to form Fe-O-Fe'!! as the
thermodynamic sink. Indeed, addition of 1-trans to 3 at =50 °C does
not lead to the formation of 2-trans. However, fast oxygen atom
transfer (OAT) from 3 to PPh; is observed at —50 °C leading to the
quantitative formation of 2-trans and PPh;O (Figure S18).

Scheme 2. A) Proposed reaction mechanism of the formation of
2-trans in the reaction of 1-trans with O, B) The corresponding
mechanism for O, activation at the diiron active site in sSMMO
(B) 4, 19-20.
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2-trans is a sluggish oxidant and does not react with PPhs at
=50 °C. Thus, it is a weaker OAT agent relative to 3. At 25 °C
2-trans performs OAT to PPh; and hydrogen atom abstraction
(HAA) from dihydroanthracene, xanthene, cyclohexadiene, and
fluorene at rates that are 2-3 orders of magnitude slower than for
2-cis (Table S4; Figure S19). A significantly larger 2H-kinetic iso-
tope effect of 20 has been determined for xanthene oxidation by
2-trans (Figure S20) in contrast to the value of 6.7 previously re-
ported for 2-cis.?® Furthermore, 2-trans demonstrates a unique abil-
ity to oxidize the aromatic C-H bonds in phenols (Scheme S1); for
example the reaction with 2,6-di-tert-butyl-phenol (DTBP) led to
the formation of 2,6-di-tert-butyl-1,4-benzoquinone (DTQ) and the
C-C coupled dimer 2,2',6,6'-tetra-tert-butyl-1,1"-biphenol (DTP) in
32% and 23% yields, respectively. Isotope labelling studies con-
firmed that one of the oxygen atoms in DTQ is derived from the
Fe'V=0 moiety in 2-trans (Figures S26-S27). Although analogous
conversion of DTBP to DTQ mediated by metal-superoxo com-

plexes 3% is reported, this is unprecedented in oxoiron(IV) chem-
istry.

In summary, a non-heme iron(II) complex 1-trans reacts rapidly
with dioxygen to form an oxoiron(IV) complex 2-trans via an un-
precedented mechanism that is second order in iron and inverse
first order in O,. An iron(IIl)-superoxide species has been identi-
fied as an intermediate in the reaction, which is found to be a
stronger OAT agent than 2-trans. The present results are relevant
to the chemistry of dinuclear non-heme iron enzymes (Scheme 2B)
like sMMO that catalyze the conversion of CH4 to CH3OH, one of
the most difficult chemical oxidations, via dioxygen activation. The

O, activation ability is unique for 1-trans with a trans-I1I configu-
ration of the cyclam macrocyclic ring and two trans-axial ligands.
Future studies, including theoretical calculations, will focus on ob-
taining further insights into the specific reactivity properties of 1-
trans and 2-trans.
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