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ABSTRACT: Herein we report the intramolecular arene
C−H and C−F bond oxygenation by tetranuclear iron
complexes. Treatment of [LFe3(PhPz)3OFe][OTf]2 (1) or
its fluorinated analog [LFe3(F2ArPz)3OFe][OTf]2 (5)
with iodosobenzene results in the regioselective hydrox-
ylation of a bridging pyrazolate ligand, converting a C−H
or C−F bond into a C−O bond. The observed reactivity
suggests the formation of terminal and reactive Fe-oxo
intermediates. With the possibility of intramolecular
electron transfer within clusters in 1 and 5, different
reaction pathways (FeIV-oxo vs FeIII-oxo) might be
responsible for the observed arene hydroxylation.

Terminal metal-oxo species are proposed intermediates in a
variety of biological transformations including water

oxidation, dioxygen reduction, and C−H bond functionaliza-
tion.1 While the synthesis and characterization of complexes
modeling enzyme active sites that display terminal metal-oxo
moieties have seen remarkable development,2 multinuclear
analogs are significantly less studied.3 Except for synthetic
dinuclear transition-metal complexes, accessing reactive termi-
nal metal-oxo moieties on well-defined multinuclear iron
complexes is rare.4,5 Nonetheless high-oxidation-state metal-
oxo species on multimetallic scaffolds are desirable for
systematic structure function studies in order to understand
their reactivity.
We recently reported the rational synthesis of a family of

tetranuclear iron clusters that are site-differentiated with an iron
center in trigonal geometry and three metal centers six-
coordinate.6 The site-differentiation allowed nitric oxide
binding at the tripodal center and redox chemistry localized
at the remaining sites, remotely tuning the degree of NO
activation.6 Herein, we employ this platform to target terminal
iron-oxo moieties on a metal cluster. Addition of oxygen atom-
transfer reagents to the metal clusters leads to the regioselective
conversion of ligand C−H and C−F bonds into C−O bonds,
consistent with the formation of a terminal iron-oxo species as
reactive intermediate. To the best of our knowledge, this is one
of the very few examples suggesting the formation of highly
reactive terminal oxo moieties on a multinuclear iron cluster.
High-oxidation-state iron−oxo complexes were targeted from

the previously synthesized [LFe3(PhPz)3OFe][OTf]2 (1,
Scheme 1; PhPz = 3-phenylpyrazolate).6 Treating 1 with
iodosobenzene (PhIO; 1.1 equiv) resulted in significant
changes in the 1H NMR spectrum and is consistent with the
formation of an asymmetric species (2: Figure S19). Analysis of

the reaction mixture by electrospray ionization mass spectrom-
et ry (ESI -MS) shows a sh i f t o f the peak for
[LFe3(PhPz)3OFe]

2+ (m/z = 762.1) to a peak consistent
with [LFe3(PhPz)3OFe(O)]

2+ (m/z = 769.6), indicating the
incorporation of an oxygen atom together with the loss of an H
atom (Figures S34−S35). Moreover, with tetrabutylammonium
periodate (nBu4NIO4), similar results were obtained (Figure
S22).
Single crystal X-ray diffraction (XRD) analysis of 2 revealed

the regioselective hydroxylation of the bridging pyrazolate
ligand (Figure 1). The coordination environment around the
apical iron center (Fe4) is distorted trigonal bipyramidal (τ5=
0.72),7 with the μ4-oxido (O1) and phenoxido (O40) in the
axial positions and N14|N24|N34 spanning the trigonal plane.
The apical iron center is connected to the Fecore (Fecore = Fe1−
Fe3) through the μ4-oxido O1, resulting in a tetrahedral
[Fe4(μ4-O)] motif. In previously reported complexes, the
Fecore−O1 bond distances are characteristic of the presence of
FeII or FeIII centers.6,8 However, due to crystallographic
disorder, we could not assign the iron oxidation states with
certainty. Nevertheless, for Fe4, the Fe4−O1 distance of
1.931(4) Å is shorter compared to those in previously reported
complexes 1 (1.971(2) Å) and [LFe3(PhPz)3OFe][OTf]3
(2.031(2) Å), suggesting a more oxidized iron center (FeIII)
at the apical position (Fe4). The iron oxidation states in 2 were
assigned by using zero-field 57Fe Mössbauer spectroscopy and
by independent synthesis of 2 (vide inf ra). The Mössbauer
spectrum of 2 (Figures 2 and S38) features four quadrupole
doublets in a 1:1:1:1 ratio. The quadrupole doublet at δ = 1.17
mm/s (|ΔEQ| = 2.96 mm/s) is consistent with a high-spin
ferrous center in the triiron core (Figure 2; blue trace).9 The
quadrupole doublets with identical isomer shifts of δ = 0.47
mm/s and quadrupole splittings of |ΔEQ| = 0.56 and 0.99 mm/
s, are indicative of the presence of two high-spin ferric ions
(Figure 2; orange traces).9 The observed Mössbauer parame-
ters (Table S4) are similar to our previously reported triiron-
oxo/hydroxo clusters8 and to our, and other reported,
complexes featuring a discrete [Fe4(μ4-O)] core.6,8,10 Based
on these parameters the oxidation state of the triiron core in 2
is thus assigned as [FeIIFeIII2].
The remaining quadrupole doublet at δ = 0.40 mm/s (|ΔEQ|

= 1.72 mm/s) is assigned to the apical iron Fe4, as a FeIII metal
center (Figure 2; purple trace).9 Such values are consistent with
high-spin FeIII.9 A detailed discussion on the assignment of the
quadrupole doublets in the Mössbauer spectra is presented in
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the Supporting Information. Further studies are required to
determine the exact spin-states in complexes 2−8.
The assignment of the apical iron as a FeIII metal center

s u g g e s t s a n o v e r a l l o x i d a t i o n s t a t e i n 2 a s
[LFeIIFeIII2(PhPz)2(OArPz)OFe

III][OTf]2. However, an assign-
ment of [LFeIIFeIII2(PhPz)2(HOArPz)OFe

II][OTf]2 is also
plausible, where the apical iron is FeII and the oxygenated
ligand is a phenol rather than a phenoxide. In order to rule out
any ambiguity, we independently synthesized 2 from 1.
Treatment of 1 with NaOArPzH leads to complex 3 by
protonolysis of a PhPz ligand. Oxidation of 3 with AgOTf
provides 2 based on 1H NMR spectroscopy (Scheme 1; Figure
S21). XRD analysis of 3 shows that Fecore−O1 bond distances
of 2.154(3) Å (Fe1−O1), 2.119(3) Å (Fe2−O1), and 1.938(3)
Å (Fe3−O1) are consistent with an assignment of a [FeII2Fe

III]
triiron core (Table S1; Figure S45). Based on charge balance
with 1, from which 3 was synthesized, the apical iron Fe4 is a
FeIII metal center. The isomer shift and quadrupole splitting (δ
= 0.46 mm/s; |ΔEQ| = 1.84 mm/s) for the apical iron Fe4
(Figure S39, Table S4) is similar to 2 and supports the
assignment of the apical iron center as FeIII. Furthermore, the
short Fe4−O1 (1.867(3) Å) and Fe4−O40 (1.911(4) Å)
distances are in agreement to those found in complex 2 (Table
S1) and are in line with other reported Fe(III)−phenoxide
complexes.11 Taking these data into account, the formal iron
oxidation states are assigned as [LFeII2Fe

III(PhPz)2(OArPz)-
OFeIII][OTf] (3) and [LFeIIFeIII2(PhPz)2(OArPz)OFeIII]-
[OTf]2 (2). Thus, the isolated product 2 shows overall C−H
bond oxygenation with formal loss of a hydrogen atom.

Similar hydroxylation pathways have been observed in other
monometallic nonheme iron complexes, where FeIV-oxo
moieties are the (proposed) reactive intermediates.11,12 The
observed intramolecular hydroxylation in 1 thus hints at the
formation of a high-valent FeIV-oxo as intermediate, although
other reaction pathways cannot be excluded, including
hydroxylation from a PhIO adduct (Scheme 1).13 Further
studies might reveal more mechanistic details of this process.
Nonetheless, the Fe-oxo species implicated here is unusual in
that the tetrairon cluster, a multinuclear motif with four redox-
active metal centers, supports it.
In order to prolong the lifetime of the putative FeIV-oxo

species, by avoiding intramolecular C−H bond hydroxylation,
we s yn t h e s i z e d t h e fluo r i n a t e d an a l o g o f 1 ;
[LFe3(F2ArPz)3OFe][OTf]2 (5 ; F2ArPz = 3-(2,6-
difluorophenyl)pyrazolate, Figure S46). Treatment of 5 with
PhIO (1.1 equiv) results in a mixture of at least two species: (i)
[LFe3(F2ArPz)2(FArPz)OFe(O)]

2+ (7; m/z = 814.6) and (ii)
[LFe3(F2ArPz)3OFe(F)]

2+ (8; m/z = 825.6), as judged by ESI-
MS and 1H NMR (Figures S26 and S36−S37). Using
nBu4NIO4 as an oxygen atom-transfer reagent resulted only in
the formation of 7 (Figure S30). These data are consistent with
incorporation of an oxygen atom with loss of a fluorine atom,
suggesting C−F to C−O bond conversion (Scheme 1).
In order to establish the identity of species 7 and 8, they were

synthesized independently (Scheme 1). Treating 5 with
NaOFArPzH results in the formation of a new species,
[LFe3(F2ArPz)2(OFArPz)OFe][OTf] (6; Figure S28). Sub-
sequent oxidation of 6 with silver triflate (AgOTf; 1.0 equiv)

Scheme 1. Synthesis of Tetranuclear Iron Complexes
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produced a species with 1H NMR characteristics identical to
species 7 (Figures S27 and S29). The crystal structure of 7
(Figure 3A) is nearly identical to 2. The coordination
environment around the apical iron center is a distorted
trigonal bipyramid (τ5 = 0.89).7 The Fecore−O1 bond distances
of 2.198(4) Å (Fe1−O1), 1.978(4) Å (Fe2−O1), and 1.986(4)
Å (Fe3−O1) are consistent with an oxidation state of
[FeIIFeIII2] for the triiron core. Similar to 2, the apical iron is

assigned as FeIII based on the short Fe4−O1 bond distance
(1.914(3) Å, Table S1) and the zero-field 57Fe Mössbauer
parameters (Figure S42 and Table S4).6,8,10 The byproduct of
C−F bond oxygenation (8) was independently synthesized
from complex 5 and xenon difluoride (XeF2; 1.0 equiv). Species
8 was identified as [LFeIIFeIII2(F2ArPz)3Fe

III(F)][OTf]2 by
XRD analysis (Figure 3B). The Mössbauer spectra and
parameters resemble those reported for 2 and 7 (Figure S43
and Table S4). The independent synthesis of 7 and 8
demonstrates the regioselective conversion of the pyrazolate
C−F bond into a C−O bond, by a putative Fe-oxo species. The
overall reaction is balanced, with the oxygenated product losing
fluoride and formally oxidizing by one electron the cluster that
accepts the fluoride ligand.
While C−H bond hydroxylation has ample precedent with

Fe-oxo species, C−F hydroxylation is very rare. This reactivity
has been recently observed with a nonheme iron complex
where treatment of [FeII(N4Py2PhF2)(NCMe)][BF4]2 with
oxygen atom-transfer reagents resulted in intramolecular C−F
bond hydroxylation.14 That reactivity resulted from a detectable
FeIV-oxo intermediate. Recently, a copper facilitated C−F bond
oxygenation was reported, proposed to involve a high-
oxidation-state CuIII2(O)2 species.15 In both examples, the
orientations of the C−F bond and the aromatic π-system were
deemed important for the observed reactivity. Although we
have not observed the proposed terminal Fe-oxo intermediate,
such species are in line with precedent for both C−H and C−F
bond functionalization.11,12,14 The present multinuclear clusters
also present the distinct mechanistic possibility of internal
electron transfer, leading to a FeIII-oxo species, expected to be
very basic.16 Recent studies have shown that the reactivity of
such intermediates (FeIV-oxo vs FeIII-oxo) can be very
different.17 A FeIII-oxo could undergo C−F activation via a
nucleophilic attack, although typically high-oxidation-state
metal-oxo species are proposed to perform arene hydroxylation
via electrophilic mechanisms.11c,12f,14,18 Additionally, the spin
state of the Fe-oxo species, shown to influence reactivity, can be
affected in the reported clusters by metal−metal interactions.
Current efforts are directed toward elucidating the mechanism
of C−H and C−F bond activation from 1 and 5.
In summary, we have demonstrated the intramolecular

oxygenation of C−H and C−F bonds upon treatment of
tetranuclear iron complexes 1 and 5 with oxygen atom-transfer
reagents. These processes suggest the involvement of a high-

Figure 1. Crystal structure of [LFe3(PhPz)2(OArPz)OFe][OTf]2 (2).
Thermal ellipsoids are shown at the 50% probability level. Hydrogen
atoms, outer sphere counter ions, and co-crystallized solvents
molecules are not shown for clarity.

Figure 2. Zero-field 57Fe Mössbauer spectra (80 K) of
[LFe3(PhPz)2(OArPz)OFe][OTf]2 (2).

Figure 3. Crystal structure of (A) [LFe3(F2ArPz)2(OFArPz)OFe]-
[OTf]2 (7) and (B) [LFe3(F2ArPz)3OFe(F)][OTf]2 (8). Thermal
ellipsoids are shown at the 50% probability level. Hydrogen atoms,
parts of the ligand L, outer sphere counter ions, and co-crystallized
solvents molecules are not shown for clarity.
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oxidation-state Fe-oxo, which is rare on well-defined multi-
nuclear scaffolds. The possibility of intramolecular electron
transfer offers several potential mechanistic pathways for bond
activation engendered by the presence of proximal spin- and
redox-active metals.
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(g) Mekmouche, Y.; Meńage, S.; Toia-Duboc, C.; Fontecave, M.;
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Cleḿancey, M.; Latour, J.-M.; Nam, W. Angew. Chem., Int. Ed. 2014,
53, 6388.
(14) Sahu, S.; Quesne, M. G.; Davies, C. G.; Dürr, M.; Ivanovic-́
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