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ABSTRACT: The bis(μ-oxo) dimeric complexes {AriPr8OM(μ-O)}2 (Ar
iPr8 =

C6H-2,6-(C6H2-2,4,6-
iPr3)2-3,5-

iPr2; M = Fe (1), Co (2)) were prepared by
oxidation of the M(I) half-sandwich complexes {AriPr8M(η6-arene)} (arene =
benzene or toluene). Iron species 1 was prepared by reacting {AriPr8Fe(η6-
benzene)} with N2O or O2, and cobalt species 2 was prepared by reacting
{AriPr8Co(η6-toluene)} with O2. Both 1 and 2 were characterized by X-ray
crystallography, UV−vis spectroscopy, magnetic measurements, and, in the
case of 1, Mössbauer spectroscopy. The solid-state structures of both
compounds reveal unique M2(μ-O)2 (M = Fe (1), Co(2)) cores with formally
three-coordinate metal ions. The Fe···Fe separation in 1 bears a resemblance
to that in the Fe2(μ-O)2 diamond core proposed for the methane
monooxygenase intermediate Q. The structural differences between 1 and 2
are reflected in rather differing magnetic behavior. Compound 2 is thermally
unstable, and its decomposition at room temperature resulted in the oxidation
of the AriPr8 ligand via oxygen insertion and addition to the central aryl ring of the terphenyl ligand to produce the 5,5′-peroxy-
bis[4,6-iPr2-3,7-bis(2,4,6-

iPr3-phenyl)oxepin-2(5H)-one] (3). The structure of the oxidized terphenyl species is closely related to
that of a key intermediate proposed for the oxidation of benzene.

■ INTRODUCTION

Metal-mediated oxidation of C−H bonds is of fundamental
importance in organic synthesis, industrial catalytic processes,
and enzymatic reactions.1−9 For the latter, methane mono-
oxygenase (MMO), which catalyzes the oxidation of methane
to methanol, has been proposed featuring a high-valent Fe2(μ-
O)2 diamond core structure as the key oxidizing species in the
proposed mechanism of the catalytic cycle.10−16 A number of
synthetic complexes featuring Fe2(μ-O)2 diamond cores with
six-coordinate iron and Fe···Fe distances in the range 2.6−2.8 Å
have been structurally characterized.17−21 A recently reported
complex [{(N,N′-Pipiso)Fe(μ-O)}2] (Pipiso− = [(DippN)2C-
(cis-2,6-Me2NC5H8)]

−, Dipp = C6H3Pr
i
2-2,6) containing a

bis(μ-oxo)diiron(III) core structure has a relatively short Fe···
Fe distance (2.475(1) Å) with four-coordinate iron ions.22

A few bis(μ-oxo)dicobalt(III) complexes are also known. In
1998, Hikichi and co-workers reported23,24 and structurally
characterized the bis(μ-oxo)dicobalt(III) complex, which was
stabilized by hydrotris(pyrazolyl)borate ligand. Since then,
three other types of complexes containing a Co2(μ-O)2 core

[CoIIIH2L(μ-O)]2
2− anion (H2L = bis[(tert-butyl)-

aminocarbonyl]-1,2-diamidoethane), {[Me2NN]Co}2(μ-O)2
(Me2NN

− = [HC{C(Me)NC6H3-2,6-Me2}2]
−), and [{(priso)-

Co(μ-O)}2] (priso− = [(ArN)2CNiPr2]
−; Ar = 2,6-diisopro-

pylphenyl) were reported by different groups through different
synthetic routes.25−27

In our investigations of the reactivity of terphenyl-stabilized
half-sandwich complexes, {AriPr8M(η6-arene)} (AriPr8 = C6H-
2,6-(C6H2-2,4,6-

iPr3)2-3,5-
iPr2; M = Fe28 or Co;29 arene =

benzene or toluene), we have found that they can act as starting
materials for the synthesis of related high-valent metal
complexes. For instance, the Fe(I) complex {AriPr8Fe(η6-
C6H6)} reacts with 2 equiv of 1-adamantyl azide to afford an
unusual Fe(V) bis(imido) compound, [AriPr8Fe{N(1-Ad)}2].

30

Now we report that the oxidation of {AriPr8M(η6-arene)} with
N2O or O2 gives the dinuclear M(III) bis(μ-oxo) complexes,
{AriPr8OM(μ-O)}2 (M = Fe (1), Co (2)), in which the metal
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ions are formally three-coordinate. In complex 1, the Fe···Fe
distance is 2.4817(7) Å, and approaches the value observed
(2.46 Å) in the MMO intermediate Q. Complex 2 is thermally
unstable and decomposes to give a number of products, one of
which is 5,5′-peroxy-bis[4,6-iPr2-3,7-bis(2,4,6-iPr3-phenyl)-
oxepin-2(5H)-one] (3) in which an oxygen atom is both
inserted into and added to an aryl ring. The oxygen insertion
into the aryl ring of an aryloxide ligand has also been observed
in the nonheme iron containing enzyme homoprotocatechuate
2,3-dioxygenase (HPCD).31−33 The isolation of the structure of
3 provides strong support for a key intermediate proposed for
the oxidation of benzene, an important reaction in fuel
autoignition34 and atmospheric chemistry.35−37

■ EXPERIMENTAL SECTION
General Procedures. All operations were carried out by using

modified Schlenk techniques under an atmosphere of dry argon or
nitrogen. Solvents were dried over an alumina column and degassed
prior to use. The starting materials, {AriPr8M(η6-arene)} (AriPr8 = C6H-
2,6-(C6H2-2,4,6-

iPr3)2-3,5-
iPr2; M = Fe28 or Co;29 arene = benzene or

toluene), were prepared according to literature procedures.28,29 High-
purity (>99.99%) N2O and O2 were dried through a P2O5 column
prior to use. IR spectra were recorded as Nujol mulls between CsI
plates on a Perkin-Elmer 1430 ratio recording infrared spectrometer.
UV−vis spectra were recorded on a Hitachi-1200 spectrometer. NMR
spectra were recorded on a Varian VNMRS 600 MHz spectrometer.
Synthesis of {AriPr8OFe(μ-O)}2 (1). Method A. An orange solution of

{AriPr8Fe(η6-C6H6)} (0.30 g, 0.43 mmol) in ca. 30 mL of hexanes was
treated with dry N2O gas (1 atm). The mixture was exposed to the
N2O atmosphere for ca. 2 h and then sealed and stirred overnight at
room temperature, by which time the solution had become a deep red
color. The solution was filtered and concentrated to ca. 5 mL to afford
X-ray quality deep red crystals of 1·2.5C6H14 after storage for 1 day at
−30 °C. Yield: 0.23 g (82%). Mp: 193 °C. 1H NMR (600 MHz, C6D6,
24 °C): δ 7.29 (s), 7.27 (s), 7.02 (s), 7.00 (s), 3.27 (s), 2.99 (s), 2.34
(br), 1.91 (br), 1.46 (br), 1.31−1.23 (m), 1.15−1.12 (m), 0.97−0.95
(m), 0.90−0.88 (m), 0.85−0.80 (m), 0.27 (d), 0.18−0.14 (m), −0.533
(br). UV−vis [hexanes; λmax, nm (ε, L mol−1 cm−1)]: 312 (17 200),
488 (5600).
Synthesis of {AriPr8OFe(μ-O)}2 (1). Method B. An orange solution of

{AriPr8Fe(η6-C6H6)} (0.44 g, 0.63 mmol) in ca. 30 mL of hexanes was
treated with dry O2 gas (1 atm). The mixture was exposed to the O2
atmosphere for ca. 30 min. The solution immediately became a deep
red color. The flask was sealed and stirred for another 30 min at room
temperature. The solution was filtered and concentrated to ca. 5 mL to
afford deep red crystals of 1·2.5C6H14 after storage for 1 day at −18
°C. Yield: 0.31g (65%).
Synthesis of {AriPr8OCo(μ-O)}2 (2). A green solution of {AriPr8Co(η6-

C7H8)} (1.42 g, 1.98 mmol) in ca. 30 mL of hexanes was treated with
dry O2 gas (1 atm) at room temperature for 30 min. The solution
immediately became deep blue-green, and after stirring for 1 h, the
solution was concentrated to ca. 5 mL, which upon storage at −30 °C
for 2 weeks afforded X-ray quality deep blue-green crystals of 2·
2.5C6H14. Yield: 0.49 g (38%). Mp: 187 °C (decomp). 1H NMR (600
MHz, C6D6, 24 °C): δ 11.66 (s), 10.38 (d), 10.10 (s), 9.96 (s), 9.44
(s), 7.69 (s), 7.54 (s), 7.34 (s), 7.23 (s), 7.03 (s), 6.96 (s), 6.88 (s),
6.66 (s), 4.39 (s), 3.70 (br), 2.90−2.59 (m), 1.97 (br), 1.29−1.09 (m),
0.89−0.84 (m), −0.72 (s). UV−vis [hexanes; λmax, nm (ε, L mol−1

cm−1)]: 232 (49 000), 284 (31 000), 708 (9800).
Decomposition of 2 to 5,5′-Peroxy-bis[4,6-iPr2-3,7-bis(2,4,6-iPr3-

phenyl)oxepin-2(5H)-one] (3). A deep blue-green solution of 2 (0.56
g, 0.43 mmol) in ca. 30 mL of pentane was sealed under nitrogen gas
and stirred for 3 days, by which time the color of the solution gradually
changed to orange-brown. The solution was filtered and then
concentrated to ca. 2 mL, which upon storage at ca. −30 °C for 2
weeks afforded colorless crystals of 3 suitable for X-ray diffraction.
Yield: 30 mg (6%). HRMS m/z calculated for C84H122O6 [M+]
1226.9241, found 1226.9491; calcd for C42H61O3 [M+] 613.4621,

found 613.4622. IR v/cm−1 (Nujol): 1450s, 1370s, 1260s, 1010s, 910s,
800s, 720s.

Magnetic Measurements. The samples for magnetic measure-
ments were sealed under vacuum in 4 mm diameter quartz tubes. The
magnetic properties were measured on a Quantum Design MPMSXL7
SQUID magnetometer. The sample was initially zero-field cooled to 2
K, and the magnetic susceptibility was then measured from 2 to 300 K
in a 0.010 T applied magnetic field over a period of approximately 14
h. The observed molar magnetic susceptibilities have been corrected
for the diamagnetic contribution of the constituents by subtracting
−0.001 089 and −0.000 895 emu/mol for 1 and 2, respectively, values
that have been obtained from tables of Pascal’s constants.38

Mössbauer Spectroscopy. The 80 K spectrum was measured
using a Janis SVT-400 cryostat with a MS4 spectrometer operating in
constant acceleration mode with a room temperature 100 mCi 57Co in
Rh source. All isomer shifts, δ’s, are given relative to room-temperature
α-iron. The errors associated with the spectral parameters reported
below are the statistical errors; the actual errors are most likely 2−3
times larger.

X-ray Crystallographic Studies of 1·2.5C6H14, 2·2.5C6H14, and
3. Crystals suitable for X-ray diffraction studies were removed from a
Schlenk tube under a stream of nitrogen and immediately covered with
a thin layer of hydrocarbon oil. A suitable crystal was selected, attached
to a glass fiber on a copper pin, and quickly placed in the cold N2
stream on the diffractometer. Data for compounds 1 and 2 were
collected at 90 K on a Bruker SMART APEX II diffractometer with
0.710 73 Å Mo Kα radiation. Compound 3 was collected at 90 K with
1.5418 Å Cu Kα1 radiation on a Bruker DUO-APEX-II diffractometer
in conjunction with a CCD detector. Absorption corrections were
applied using SADABS.39 The crystal structures were solved by direct
methods and refined by full-matrix least-squares procedures with
SHELXTL.40 All non-H atoms were refined anisotropically. All H
atoms were placed at calculated positions and included in the
refinement by using a riding model. Data collection parameters are
summarized in Table S1 (Supporting Information).

Density Functional Calculations. All calculations were carried
out by using the Gaussian 09 program.41 Geometry optimization was
performed with hybrid density functional theory (DFT) at the M06-2x
level, by using the 6-311+G(d) basis set for the iron and cobalt cations,
the 6-31G(d) basis set for oxygen, and the 6-31G basis set for C and H
atoms. The UV−vis absorption spectra of optimized geometries were
calculated with the time dependent (TD) DFT method at the CAM-
B3LYP42 level containing long-range correlation for 1 and B3LYP level
for 2.

Electrochemistry. Electrochemical measurements were recorded
in a glovebox under a N2 atmosphere using a CH Instruments
Electrochemical Analyzer, a glassy-carbon working electrode, a
platinum-wire auxiliary electrode, and an Ag/AgNO3 nonaqueous
reference electrode. All experiments were performed under a N2
atmosphere with 0.1 M Bun4NPF6 in THF as the electrolyte.
Compound 1 was measured at room temperature. Compound 2 was
measured at −78 °C due to the instability of the compound.

■ RESULTS AND DISCUSSION

Synthesis. {AriPr8Fe(η6-C6H6)}
28 reacted smoothly with

N2O at 1 atm to afford a dark red solution upon stirring
overnight. The unique dimeric iron(III) complex, {AriPr8OFe(μ-
O)}2 (1) (see below, Figure 1), was isolated from a hexanes
solution as deep red crystals in high yield (Scheme 1) by
cooling to ca. −30 °C. We found that 1 was also obtained by
the exposure of a hexanes solution of {AriPr8Fe(η6-C6H6)} to
dry O2 for 30 min. An overnight reaction of {AriPr8Fe(η6-
C6H6)} with dry O2 led to intractable brown mixtures from
which no crystalline products could be obtained. In contrast,
the cobalt analogue, {AriPr8Co(η6-C7H8)}, did not react with
N2O, even at elevated temperature. However, exposure of
{AriPr8Co(η6-C7H8)} to a large excess of O2 at 1 atm resulted in
an immediate color change from bright green to a deep blue-
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green and gave, after recrystallization from hexanes, deep blue-
green crystals of {AriPr8OCo(μ-O)}2 (2) (see below, Figure 2)
in moderate yield. Thus, the synthesis of both 1 and 2 involves
a two electron oxidation of the metal and the addition of two
oxygens per metal, one of which is inserted into a metal−
carbon σ-bond. The oxidation may be contrasted with that of
the Fe(II) diaryl Fe(AriPr4)2 (AriPr4 = C6H3-2,6-(C6H3-
2,6-iPr2)2), which afforded Fe(OAriPr4)2 via the reaction of
Fe(AriPr4)2 and O2. The reaction does not result in the
oxidation of the iron but is limited to the insertion of oxygen
into the Fe−C bond.43 DFT studies based on the model system
FeMe2 + O2 → Fe(OMe)2 have provided support for a reaction
pathway with O2 that involves a sequence of FeIII-superoxo,
FeVI-dioxo, and FeIV-oxo intermediates.44 On the basis of these
results, we propose that the formation of 1 with dioxygen as the
oxidant may follow a route similar to that calculated in ref 44: a
superoxo species AriPr8Fe(II)(O2) may be formed initially by
coordination of a dioxygen molecule to the Fe(I) center, and
then the O−O scission could occur to give a dioxo Fe(V)

intermediate AriPr8Fe(V)(O)2. This is followed by the ligand
migration/oxo-insertion to give AriPr8OFe(III)(O); the
AriPr8OFe(III)(O) species dimerizes to give the final product
1. It is also possible that the dioxo Fe(V) intermediate is
formed through a dinuclear pathway as was shown in the
reaction between a Cr(I) complex and O2.

45 In this case 2 equiv
of the Fe(I) starting material reacts with 1 equiv of O2 to
generate a dinuclear Fe(III) bis(μ-oxo) intermediate, namely,
[AriPr8Fe(μ-O)]2, followed by reaction with another equivalent
of O2 to induce the dissociation of the dinuclear species
[AriPr8Fe(μ-O)]2 and the formation of 2 equiv of the
aforementioned dioxo Fe(V) intermediate AriPr8Fe(V)(O)2.
After the dioxo Fe(V) intermediate is formed, it is followed by
the ligand migration/oxo-insertion to form AriPr8OFe(III)(O)
and the dimerization of AriPr8OFe(III)(O) to give 1.
Although the yield of 1 is high, the relatively lower isolated

yield for 2 is probably due to the combination of its very high
solubility in common organic solvents as well as the relatively
low stability of the compound at ambient temperature which
leads to its decomposition upon storage at room temperature
either under a nitrogen atmosphere or in a vacuum. This is
consistent with the observation that bis(μ-oxo)dimetal cationic
cores for the later transition metal cations (Fe−Cu) tend to be
rather reactive and unstable at room temperature.17 Both 1
(488 nm, ε = 5600 L mol−1 cm−1) and 2 (708 nm, ε = 9800 L
mol−1 cm−1) feature intense absorptions in their electronic
spectra, which are probably a result of ligand to metal cation
charge-transfer transitions. The mechanism whereby 2 is
formed is probably similar to that of the formation of 1.
The decomposition product 3 was isolated by allowing a

pentane solution of 2 to stand at room temperature under a
nitrogen atmosphere for 3 days. The solution color gradually
changed from a deep blue-green color to orange-brown.
Colorless crystals of 5,5′-peroxy-bis[4,6-iPr2-3,7-bis(2,4,6-iPr3-
phenyl)oxepin-2(5H)-one] (3) were isolated from this solution

Figure 1. Solid-state molecular structure of 1 (H atoms and solvent
molecules are not shown, thermal ellipsoids are shown at 50%
probability). Selected bond lengths (Å) and angles (deg): Fe(1)···
Fe(2) 2.4817(7), Fe(1)−O(1) 1.864(2), Fe(2)−O(2) 1.874(2),
Fe(1)−O(3) 1.818(3), Fe(1)−O(4) 1.824(2), Fe(2)−O(3)
1.829(2), Fe(2)−O(4) 1.816(2), Fe(1)···C(14) 2.457(3), Fe(2)···
C(56) 2.427(3), O(3)−Fe(1)−O(4) 94.17(11), O(1)−Fe(1)−O(3)
124.19(11), O(1)−Fe(1)−O(4) 116.16(1), Fe(1)−O(4)−Fe(2)
85.99(11), O(3)−Fe(2)−O(4) 94.06(11), O(2)−Fe(2)−O(3)
119.7(1), O(2)−Fe(2)−O(4) 119.13(11), Fe(2)−O(3)−Fe(1)
85.76(11), Fe(1)−O(1)−C(1) 127.2(2), Fe(2)−O(2)−C(43)
126.4(2).

Scheme 1. Synthetic Routes for 1 and 2

Figure 2. Solid-state molecular structure of 2 (H atoms and solvent
molecules are not shown, thermal ellipsoids are shown at 50%
probability). Selected bond lengths (Å) and angles (deg): Co(1)···
Co(2) 2.7209(4), Co(1)−O(1) 1.8287(13), Co(1)−O(2)
1.7777(13), Co(1)−O(3) 1.7690(14), Co(2)−O(2) 1.7737(14),
Co(2)−O(3) 1.7831(14), Co(2)−O(4) 1.8299(13), Co(1)···C(13)
2.2867(18), Co(2)···C(55) 2.2672(18), O(1)−Co(1)−O(2)
91.16(7), O(2)−Co(1)−O(3) 80.13(6), O(1)−Co(1)−O(3)
189.21(8), O(2)−Co(2)−O(3) 79.86(6), O(2)−Co(2)−O(4)
189.00(7), O(3)−Co(2)−O(4) 91.61(7), Co(1)−O(3)−Co(2)
99.99(7), Co(2)−O(2)−Co(1) 100.02(7), C(1)−O(1)−Co(1)
120.48(12), C(43)−O(4)−Co(2) 120.51(12).
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in low yield (Scheme 2). The reactions of many late transition
metal-oxo species with hydrocarbons afford either C−H bond

oxidation or oxygen atom transfer, such as sulfoxidation or
epoxidation.5−9 However, in the decomposition of 2, oxidation
of the C−C bond has occurred, and a peroxy moiety is finally
formed. The formation of 3 probably occurs through a radical
mechanism. The X-band EPR spectroscopy of 2 afforded a very
narrow signal at g ≈ 2, which is characteristic for main group
element centered radicals but not for unpaired electrons that
are centered on cobalt ions. Radical mechanisms have often
been proposed for transition metal-oxo mediated reac-
tions,5−9,46 and it is noteworthy that an oxidized product
resembling 3 was proposed as one of the key intermediates in
the oxidation of benzene via oxygen initiated decomposition of
a 2-oxepinoxy radical (Scheme 3): a phenyl radical reacts with

molecular oxygen to form a phenylperoxy radical, which then
rearranges to a 2-oxepinoxy radical (a). The 2-oxepinoxy radical
reacts further with an oxygen molecule to form three isomers of
peroxyoxepinone radical (b−d).47,48 For 2 it is possible that the
cobalt-bis(μ-oxo) diamond core forms a cobalt-oxyl radical
species to initiate the autoxidation, which was also proposed
previously by Hikichi and Akita.24 Subsequently the aryloxide
ligand is attacked by the cobalt-oxyl species to form an
arylperoxy radical, which then rearranges to the oxepinoxy
species, followed by the attack of another cobalt-oxy radical to
form an oxyoxepinone radical. This oxyoxepinone radical

species may then couple with another oxyoxepinone radical to
form 3. It is noteworthy that only the 4-ring-carbon position is
peroxidized, due to the fact that the 2-, 3-, 5- and 6-central ring
carbon positions have aryl or isopropyl group substituents.
However, it should be borne in mind that the actual details of
the proposed mechanism have not been substantiated by
experiment. A decomposition product containing cobalt(II)
was also isolated from the mixture by fractional crystallization
as orange crystals. A partial structure (Figure S1) shows that it
has a framework similar to that of 2 except that the bridging
oxygens have become bonded to a flanking aryl ring from one
of the OAriPr8 ligands. This structure supports the radical
character and reactivities of the cobalt-(μ-oxo) moiety in 2.
Unfortunately, the structural data (despite several data
collections) could not be fully refined to a satisfactory residual
although there is no doubt of the atom connectivity. In contrast
to the behavior of 2, 1 is stable at room temperature. The
pentane solution of 1 can be stirred at room temperature under
nitrogen for 2 weeks without visible change.

Structures. The solid-state structures of 1 (Figure 1), 2
(Figure 2), and 3 (Figure 3) were determined by X-ray

crystallography.40 Selected bond distances and angles for 1 and
2 are given in the respective figure captions. Despite their
similar stoichiometries, 1 and 2 display distinct structural
features. In complex 1, each iron(III) cation is formally
coordinated by two bridging oxygens and an oxygen from a
terminal aryloxide ligand, AriPr8O, but the sums of the three O−
Fe−O angles at each iron are Fe(1), 334.96°, and Fe(2),
332.89°, indicating pyramidal coordination in the FeO3
moieties. Consistent with the pyramidalization of the FeO3
moiety, the metal ions display relatively close interaction with a
meta-carbon of a flanking aryl ring (Fe(1)···C(14) 2.457(3) Å,
Fe(2)···C(56) 2.427(3) Å). Thus, the coordination environ-
ment of the iron(III) cations may be considered to have a very
distorted tetrahedral geometry.

Scheme 2. Decomposition of 2 to 5,5′-Peroxy-bis[4,6-iPr2-
3,7-bis(2,4,6-iPr3-phenyl)oxepin-2(5H)-one] (3)

Scheme 3. Computational Study of the Generation of 2-
Oxepinoxy Radical and Oxygen Initiated Decomposition of
2-Oxepinoxy Radical During the Oxidation of Benzene47

Figure 3. Solid-state molecular structure of 3 (H atoms except H(1)
and H(1′) and isopropyl groups on the flanking rings are not shown,
thermal ellipsoids are shown at 50% probability). Selected bond
lengths (Å): O(1)−O(1′) 1.4956(18), O(1)−C(1) 1.461(2), C(1)−
C(2) 1.519(2), C(2)−C(3) 1.336(2), C(3)−O(2) 1.392(2), O(2)−
C(4) 1.403(2), C(4)−O(3) 1.210(2), C(4)−C(5) 1.463(3), C(5)−
C(6) 1.340(3), C(6)−C(1) 1.520(3).
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Apart from the previously unknown {ArylOFe(μ-O)}2
stoichiometry, a noteworthy feature of the structure of 1 is
the planar Fe2(μ-O)2 diamond core structure, which contains a
short Fe···Fe distance of 2.4817(7) Å. This value is shorter than
the 2.52 Å interatomic distance in iron metal49 and approaches
the value of 2.46 Å observed15 in the MMO intermediate Q,
suggesting a possible Fe−Fe bonding interaction in 1. Only one
Fe2(μ-O)2 complex has a comparable Fe···Fe distance: the
complex [{(N,N′-Pipiso)Fe(μ-O)}2] (Pipiso− = [(DippN)2C-
(cis-2,6-Me2NC5H8)]

−, Dipp = C6H3Pr
i
2-2,6) which features

four-coordinate iron ions and has an Fe···Fe separation of
2.475(1) Å.22 Short Fe···Fe distances have also been seen in the
iron-imide clusters Fe2(μ-N

tBu)2Cl2(NH2
tBu)2, Fe2(μ-

NtBu)2Cl2(DMAP)2, and Fe2(μ-N
tBu)2Cl2(PEt3)2, which have

Fe2(μ-N
tBu)2 cores.

50 The Fe···Fe distance in 1 is more than
0.2 Å shorter than those in other reported Fe2(μ-O)2 species,
such as {Fe2(μ-O)2(6-Me3-TPA)2}{(ClO4)2} (2.716(2) Å),19

{Fe2(μ-O)2(5-Et3-TPA)2}{(ClO4)3} (2.683(1) Å),20 and
{Fe2(μ-O)2(TAPA)2}{(ClO4)2} (2.706(3) Å).21 Within the
Fe2(μ-O)2 core the Fe−O distances (Fe(1)−O(3) 1.818(3) Å,
Fe(1)−O(4) 1.824(2) Å, Fe(2)−O(3) 1.829(2) Å, Fe(2)−
O(4) 1.816(2) Å) are relatively uniform and shorter than the
terminal Fe−O bond lengths (1.864(2) and 1.874(2) Å) to the
aryloxide ligands. In contrast, the tris(2-pyridylmethyl)amine
(TPA) model compounds all display more asymmetric bridging
bonding modes, with variation in the Fe−O bond lengths of
0.05−0.07 Å,19−21 probably because the ligands in those
models are not as symmetric as the terphenyl ligand and are
also multidentate in character. The reason that 1 has such a
short iron−iron distance is probably similar to the Fe2(μ-
NtBu)2 cases:

50 the combination of the short Fe−O bonds, the
very symmetric diamond core structure, the interatomic
repulsions between oxygen atoms in the diamond core, and
the pseudotetrahedral coordination for iron which favors a wide
O−Fe−O angle. Thus, in the rhombic core structure the Fe···
Fe axis is compressed.
In agreement with the short Fe···Fe separation and

symmetric bonding mode, the acute Fe−O−Fe bridging angles
(85.99(11)° and 85.76(11)°) are the smallest that have been
reported in Fe2(μ-O)2 species.19−22 The terminal Fe(1)−
O(1)−C(1) (127.2(2)°) and Fe(2)−O(2)−C(43) angles
(126.4(2)°) are considerably smaller than the terminal Fe−
O−C angles in three-coordinate {Fe(OMes*)2}2 (161.8(6)°,
Mes* = 2,4,6-tBu3C6H2)

51 and Fe2(μ-Mes)2(Mes)(OMes*)
(175.6(5)°, Mes = 2,4,6-Me3C6H2),

52 possibly as a result of the
secondary Fe···C interactions which attract the π-electron
density found on a flanking aryl ring and result in a decrease in
the Fe−O−C angles. The terminal Fe−O distances in 1
(1.864(3) and 1.874(3) Å) are somewhat longer than those in
{Fe(OMes*)2}2 (1.822(5) Å)51 and Fe2(μ-Mes)2(Mes)-
(OMes*) (1.783(5) Å),52 an increase which may be attributed
to the large size of the terphenyl substituent53−56 and the
higher effective coordination number of the iron(III) ions in 1.
The plane of the central Fe2(μ-O)2 unit is almost perpendicular
to the central phenyl rings of the ligands with the large torsion
angles of 74.53(10)° and 77.55(10)°.
The structure of 2 (Figure 2) features similar connectivity to

that of 1, but with two pseudo-square-planar coordinated
cobalt(III) ions bridged by two oxo groups and an oxygen
inserted into each of the Co−C bonds. Apart from the low
formal metal ion coordination number of three, which is
extremely rare for cobalt(III),26,27,57,58 the most striking feature
of the structure is the Co(1)···Co(2) distance (2.7209(4) Å)

which is ca. 0.24 Å longer than the corresponding Fe···Fe
distance in 1 despite the smaller size of cobalt(III) relative to
iron(III). This is probably because the quasi-square-planar
coordination geometry for cobalt(III) favors narrower O−Co−
O angles than the quasitetrahedral coordination geometry for
iron(III). Thus, the Co−O−Co angles are opened, and the
Co···Co distance is increased. The Co···Co distance is ca. 0.26
Å longer than that predicted for a cobalt−cobalt single bond
(2.46 Å),59 suggesting little or no Co−Co bonding interaction
in 2. This Co···Co separation is comparable to those
found23−27 in the structures of other complexes containing a
Co(III)2(μ-O)2 core and higher metal coordination numbers.
In particular, it almost matches the corresponding distances in
[(HC{C(Me)NC6H3-2,6-Me2}2)Co]2(μ-O)2 (2.716(4) Å)26

and (TpMe
3Co)2(μ-O)2 (2.728(2) Å, TpMe

3 = hydrotris(3,4,5-
trimethyl-1-pyrazolyl)borate).23 The distance between the two
bridging oxygens (O(2)···O(3) 2.283(2) Å) is long enough to
exclude the existence of any peroxo or superoxo character for
the compound. Another feature of the solid-state structure of 2
is the short cobalt-oxo distances (1.7690(14)−1.7831(14) Å)
within the Co2(μ-O)2 core. These values are close to but
shorter than the range of cobalt-oxo bond distances reported in
related Co(III)2(μ-O)2 complexes (1.783(4)−1.832(5) Å)

23−27

that feature four- or five-coordinate cobalt(III) ions. This is
probably a result of the lower formal coordination number of
three for the metal. Similar to 1, the terminal Co(1)−O(1)
(1.8287(13) Å) and Co(2)−O(4) (1.8299(13) Å) bonds in 2
are somewhat longer than the bridging Co−O distances and are
slightly shorter than the 1.836(2)−1.853(2) Å range of
distances seen for terminal Co−O bonds in monomeric Co(II)
aryloxides.60 As was observed in 1, the Co(1)−O(1)−C(1)
(120.48(12)°) and Co(2)−O(4)−C(43) (120.51(12)°) angles
are narrower than the Co−O−C angles in the structurally
related dimeric Co(II) alkoxides [Co{OC(C6H11)3}2]2
(Co(1)−O(1)−C(1) 145.2(4)°, Co(2)−O(2)−C(20)
158.1(5)°)61 and possibly result from secondary interactions.
The interligand angles at the cobalt(III) ions in 2 (range ca.

80−189°) are much greater than those in 1 such that the
geometries of the CoO3 units may be considered to be
approximately T-shaped with a planar metal coordination (∑°
Co(1) = 360.50°, Co(2) = 360.47°). In addition to bonding to
three oxygens, each cobalt(III) cation has a short secondary
interaction with the ipso carbon of one of the flanking aryl rings
of the terphenyl ligand (Co(1)···C(13) 2.2867(18) Å, Co(2)···
C(55) 2.2672(18) Å). Thus, both cobalt(III) cations may also
be considered as effectively four-coordinate, with a distorted
square planar coordination geometry (including the ipso
carbons) as is indicated by the sum of the CoO3C(ipso)
interligand angles of 360.04° and 359.77° at Co(1) and Co(2),
respectively. Furthermore, the Co2(μ-O)2 core also has a planar
structure, so that the two cobalt(III) cations, four oxygen
atoms, and two carbon atoms are all essentially coplanar. In
contrast to the structure of 1, the Co2(μ-O)2 ring in 2 is almost
coplanar (torsion angles = 2.21(7)° and 2.90(7)°) with the
central phenyl rings of the ligands.
In the structure of the peroxide 3 (Figure 3), the O(1)−

O(1′) distance (1.4956(18) Å) is slightly longer than the O−O
distance in hydrogen peroxide (1.475 Å)62 but very close to the
O−O bond length in bis(1-morpholinocyclohex-1-yl)peroxide
1.497(3) Å,63 and 4,4′-dioxybis(2-(2-t-butylphenyl)-4,5-diphen-
yl-4H-imidazole) 1.496(2) Å.64 The bond lengths of C(2)−
C(3) (1.336(2) Å), C(5)−C(6) (1.340(3) Å), and C(4)−O(3)
(1.210(2) Å) lie well in the range of carbon−carbon (∼1.34 Å)
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or carbon−oxygen (∼1.22 Å) double bond lengths.62

Specifically, those bond lengths are similar to the corresponding
bond lengths (carbon−carbon double bond lengths of 1.330(3)
and 1.331(3) Å and carbon−oxygen double bond lengths of
1.196(2) Å) in the dihydro-oxepine 2-(3,6-di-t-butyl-7-oxo-4-
(4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazol-1-yloxy)-4H-oxe-
pin-2-yl)-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazol-3-oxide-
1-oxyl.65 The C(4)−O(3) double bond moiety and O(2)
(oxygen atom in the seven membered ring) are modeled with a
positional disorder of the enoate moiety. The major occupancy
site (82%) is illustrated in Figure 3.
Magnetic and Mössbauer Spectral Properties. The

magnetic properties of both 1 and 2 were investigated by
SQUID magnetometry (solid state) and the Evans method
(solution state). The temperature dependence of χMT for 1 in
the solid state with its fit is shown in Figure 4; the decrease in

χMT is the result of antiferromagnetic exchange between the
two S = 5/2 pseudotetrahedral iron(III) cations found in 1,
which are separated by a short Fe(1)···Fe(2) distance of
2.4817(7) Å and have two through-bond distances of 3.641(6)
and 3.634(6) Å. These structural parameters are well-suited for
both antiferromagnetic direct exchange and/or superexchange
between the two iron(III) ions. The temperature dependence
of χMT of 1 has been fit between 5 and 300 K with the H =
−2JS1·S2 Hamiltonian, and the result is shown by the solid
curves in Figure 4. The magnetic exchange coupling constant, J
= −240(20) cm−1, is more negative than would typically be
expected66 for antiferromagnetic superexchange through the
two ca. 86° bridging angles at O(3) and O(4). Thus, the very
negative J-value may indicate the importance of direct exchange
between the Fe(1)···Fe(2) cations that are separated by only
2.4817(7) Å, a separation which may yield a substantial Fe−Fe
bonding interaction that leads to the observed strong
antiferromagnetic exchange interaction. Indeed, a rather large
value of J = −145 cm−1, based on magnetic data obtained

between ca. 120 and 300 K, has been reported22 for a
pseudotetrahedral iron(III) dioxo-bridged dimeric complex that
exhibits a similar short Fe...Fe distance of 2.475(1) Å and
similar Fe−O−Fe bridging angles. The less negative J-value in
the latter case may be the result of the very different fitting
approach, the restricted temperature range, and the presence of
ca. 20% of a monomeric iron(III) paramagnetic impurity. As
expected, the exchange coupling of J = −240 cm−1 observed for
1 is far more negative than the J = −33.5 cm−1 reported19 for a
pseodooctahedral iron(III) dioxo-bridged dimeric complex that
exhibits an Fe···Fe distance of 2.714(2) Å. In d6-benzene
solution, the magnetic moment of 1 is 3.26 μB per dimer, which
is close to the magnetic moment determined in the solid state
(3.08 μB). As will be discussed below, these magnetic moments
result from the presence of a small amount of high-spin
iron(III) impurity in the sample under study.
An X-band EPR measurement was attempted, but 1 is EPR

silent, probably because of the large negative magnetic
exchange coupling constant between the iron cations.
The Mössbauer spectrum of 1 has been measured at 80 K

and is shown with its fit in Figure 5. Because 1 contains two

crystallographically distinct iron(III) cations with slightly
different hyperfine parameters, the observed spectrum is
somewhat asymmetric. As a consequence, the spectrum has
been fit with two symmetric quadrupole doublets, the red and
blue components in Figure 5, each with the same relative area
of 42.5(1)% and a line width of Γ = 0.228(2) mm/s. The
corresponding hyperfine parameters for the first doublet are δ =
0.378(1) mm/s for the isomer shift and ΔEQ = 2.643(2) mm/s
for the quadrupole splitting; the parameters for the second
doublet are δ = 0.391(1) mm/s and ΔEQ = 2.840(2) mm/s.
The relatively large quadrupole splittings result because of the
highly distorted quasitetrahedral iron(III) coordination envi-
ronments of three oxygens and one carbon and/or the strong
Fe−Fe interaction resulting from the short Fe···Fe distance.
This highly distorted iron(III) environment in 1 leads to a
much larger quadrupole splitting than the 0.77 mm/s
observed22 in an approximately tetrahedral complex and the
1.93 mm/s observed19 in a pseudooctahedral complex. Further,
the isomer shift of 1 is typical of a high-spin iron(III) cation in
a pseudotetrahedral coordination environment22,67 and is also
similar to the isomer shifts observed for some comparable
iron(III) complexes with trigonal coordination environ-
ments,68,69 but, as expected, is somewhat lower than that

Figure 4. Temperature dependence of χMT obtained at 0.01 T for 1
and the best fit between 5 and 300 K, black line, obtained for S1 = S2 =
5/2, g = 2, with J = −240(20) cm−1 for the Fe(1)···Fe(2) magnetic
exchange, lowest black curve, and an average Nα = 0.0011(2) emu/
mol or 0.000 55(20) emu/mol for iron(III), lowest straight black line.
The red line corresponds to 7.0(1) wt % of an iron(III) dimeric
impurity with S1 = S2 =

5/2, g = 2, and J = −0.26(2) cm−1.

Figure 5.Mössbauer spectrum of 1 at 80 K. The red and blue doublets
correspond to the two crystallographically distinct iron(III) sites in 1.
The two less intense doublets correspond to high-spin iron(III)
impurities.
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observed19 in a distorted octahedrally coordinated oxo-bridged
iron(III) dimer.
Because of the extreme sensitivity of 1 to air and moisture,

the spectrum also exhibits the presence of small amounts of
iron(III) impurities that correspond to the spectral components
shown in black in Figure 5. The more intense of these
components has δ = 0.404(7) mm/s, ΔEQ = 1.88(2) mm/s, Γ
= 0.48(4) mm/s, and a relative area of 11(1)%; the less intense
of these components has δ = 0.26(2) mm/s, ΔEQ = 0.35(4)
mm/s, Γ = 0.5(1) mm/s, and a relative area of 3.8(5)%. These
two components, and especially the more intense one, probably
yield the impurity noted above in the magnetic properties of 1,
shown in red in Figure 4.
Compound 2 exhibits very different magnetic properties

from 1, presumably because of the different coordination
environments about the cobalt(III) and iron(III) ions. The
temperature dependence of χMT for 2 with its fit is shown in
Figure 6, where S = 1 was used as expected for a pseudo-square-

planar cobalt(III) ion. The fit reveals a ferromagnetic exchange
coupling with a coupling constant of J = +7.7(2) cm−1, a very
weak long-range antiferromagnetic coupling of zJ = −0.069(4)
cm−1, and a temperature independent paramagnetic suscepti-
bility, Nα = 0.00101(2) emu/mol, parameters which are
reasonable for 2. The magnetic moment was determined to be
3.96 μB per dimer in solution (C6D6, Evans’ method), which is
close to the magnetic moment determined in the solid state
(4.29 μB). The X-band EPR measurement of 2 did not show
any cobalt(III) characteristic signal (Figure S2), probably
because the zero-field splitting value range for square planar
cobalt(III) complexes is usually between 30 and 40 cm−1,70

which is too large to permit an X-band EPR measurement.
Instead, a very narrow signal showed up at g ≈ 2, possibly from
radical intermediates during the decomposition of 2.

Density Functional Calculations. DFT full molecule
calculations for 1 were carried out at the M06-2x level, by using
the 6-311+G(d) basis set for the iron cations, the 6-31G(d)
basis set for oxygen, and the 6-31G basis set for C and H atoms.
The DFT optimized structure of 1 is shown in Figure S3, and
selected calculated and experimental bond lengths and angles
are listed in Table S2. The fully optimized calculated structural
distances are mostly in good agreement with the experimental
distances, although there are deviations in the metal(III)···
metal(III) and the secondary metal(III)···carbon distances that
are larger than those observed for the other parameters, as is
indicated by Fe(1)···Fe(2) = 2.639 Å (calculated) versus
2.4817(7) Å (experimental), and Fe(1)···C(14) = 2.655 Å
(calculated) versus 2.457(3) Å (experimental) distances. We
have tried with different functionals and spin states to optimize
the structure. For 1, the total S = 5 spin state and its 2S + 1 =
11 undecet spin state yield the most stable structure and the
M06-2x functional gives the closest results to the experimental
data. Details of DFT calculation are included in Figures S3−S6
and Tables S2−S5 in the Supporting Information.

Electrochemistry. Cyclic voltammetry was performed on 1
and 2. The two complexes showed different redox properties.
Complex 1 in THF solution showed two irreversible reductions
at Ep = −0.680 V (vs Fc/Fc+, Fc = ferrocene) and Ep = −1.358
V (vs Fc/Fc+) and one reversible ipa/ipc = 0.79 reduction event
at E1/2 = −0.833 V (vs Fc/Fc+). In contrast, the cyclic
voltammetry of 2 revealed two irreversible reduction events at
Ep = −0.839 V (vs Fc/Fc+) and Ep = −1.428 V (vs Fc/Fc+).
Unlike [FeIIIFeIV(μ-O)2(L)2](ClO4)3 (L = tris(4-methoxy-3,5-
dimethylpyridyl-2-methyl)amine), which can be oxidized
electrochemically by one electron,71 further oxidation event
for either 1 or 2 was not observed.

■ CONCLUSIONS
The unusual bis(μ-oxo) dimeric complexes {AriPr8OM(μ-O)}2
(M = Fe (1), Co (2)) have been synthesized and structurally
characterized. Their solid-state structures contain an M2(μ-O)2
core with a significantly shorter Fe···Fe distance in 1 than the
corresponding Co···Co distance in 2. The Fe−Fe distance is
similar to that in the diamond core structure proposed for
methane monooxygenase intermediate Q. The stability of the
cobalt species 2 is much lower than that of its iron counterpart
1. Complexes 1 and 2 display very different magnetic properties
due to their unusual structural differences. The density
functional computed structure for 1 mostly showed good
agreement with the crystallographic data, and the major
absorption in the UV−vis spectrum of 1 results from ligand
to metal(III) cation charge transfer. The cobalt complex 2
decomposes at room temperature within 3 days to afford 3. An
unexpected C−C bond oxidation occurred, and a peroxy
moiety was formed. The structure of 3 is closely related to that
of a key intermediate proposed for the oxidation of benzene,
which is a very important process for fuel autoignition and
atmospheric chemistry.
Further exploration of the reactivity of 1 and 2 and their

application as C−H oxidation and aryl oxidation catalysts are
underway.
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Figure 6. Temperature dependence of χMT obtained at 0.01 T for 2
and the best fit between 5 and 300 K, black line, obtained with S = 1, g
= 1.809(4), intramolecular ferromagnetic exchange coupling J =
+7.7(2) cm−1, weak long-range antiferromagnetic coupling zJ =
−0.069(4) cm−1, and Nα = 0.00101(2) emu/mol. Inset shows the
temperature dependence of 1/χM fit between 150 and 300 K with the
Curie−Weiss law.
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