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The soluble methane monooxygenase, SMMO, catalyzes the
remarkable oxidation of methane to methanol under ambient
conditions,!! as well as the oxygenation of a large variety of
other substrates, such as ethers and alkanes and also aromatic,
heterocyclic, and chlorinated compounds.”! The activation of
dioxygen occurs at a diiron moiety within the hydroxylase
subunit, for which currently a three-stage model is postulated:
1) the initial interaction of dioxygen with the diiron(II) center
leading to MMOH,;50,° " 2) O—O bond cleavage under
formation of MMOH,,, which contains a high-valent dioxo-
diiron(IV) unit,”*7 and finally 3) the monooxygenation of
the substrate by MMOH),,, either in a concerted manner or by
a hydrogen-abstraction/oxygen-rebound mechanism
(Scheme 1).>¥1 Two-electron reduction of the resulting
MMOH,, by NADH then reinitiates the catalytic cycle.”)
Actual knowledge concerning the sMMO has initiated a
large amount of model chemistry,'” and today several
synthetic compounds containing high-valent Fe'V—O-Fe'
units are known,''¥ among them even an example with
the {Fe',(u,-O),} diamond core structure!™ postulated for
intermediate MMOH,,. However, the secret of the much
higher reactivity of MMOH,, in comparison to the model
compounds has yet to be unraveled,'” which calls for further
refinements and even more general studies.

This background inspired us to follow not a biomimetic
but bio-modifying approach to gain insight into the oxygenase
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Scheme 1. Proposed mechanism for the activation of dioxygen in the
hydroxylase subunit of the sMMO (MMOH).

activity of merely one iron center in a synthetic, heterobime-
tallic {FeO,M’} core toward organic substrates (M’ = transi-
tion metal other than iron). Of particular interest was the
identification of the electronic situation of the bridging O,
unit, which could correspond to either a peroxo ligand or a
bis(y,-0x0) moiety, depending on the electronic nature (such
as the oxidation potential) of M’; the latter, in turn, may thus
imply different oxygenase activities. To date, synthetic
heterobimetallic {FeO,M'} systems are very rare; a well-
characterized representative is a peroxo-bridged heme-—
copper complex, which contains a Fe"™-O—O—Cu" unit and
thus models the cytochrome c oxidase.'¥l However, systems of
the type Fe'/O,” /M™ with M’ having a higher oxidation
potential than iron(IT) (for example, nickel(IT), which serves a
biological function in combination with reduced O, species
such as superoxides) are hitherto unknown. This prompted us
to synthesize a {FeO,Ni} complex by facile oxidative addition
of an iron(I) precursor to a nickel(IT) superoxo complex. The
desired peroxo complex {Fe"(u,-O,)Ni"} formed initially
could be expected to subsequently rearrange under O—O
bond scission to give {Fe"(u,-O),Ni"} or {Fe"(u,-O),Ni"}
compounds. The latter appear interesting for structure-
reactivity studies, in particular to understand the electronic
situations of iron and oxygen as active sites in heterobime-
tallic analogues of sMMO models for C—H bond activation. A
further motivation to study such cores is the fact that iron(II)
and peroxide are ingredients for Fenton chemistry,'” which
under acidic conditions leads to iron(III) and OH radicals
along with {Fe'¥ = O} intermediates. This system catalyzes the
oxidation of hydrocarbons via organic radicals, and it seemed
appealing to investigate the effects of replacing H* by the
Lewis acidic nickel(IT) center. Herein we present the assem-
bly of the first heterobimetallic {FeO,Ni} complexes, which
successively led to selective C—H activation.
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Treatment of a green solution of superoxo complex
[LMNi"0O,] (1; LM = [HC(CMeNC¢H;(iPr),),])!' in toluene
with the convenient iron(I) precursor [LMFeN,FeLM] " in a
molar ratio of 2:1 at —60°C led to a brown solution, from
which dark brown crystals of the paramagnetic complex 2a
could be obtained in 79 % yield (Scheme 2). The composition
of 2a was confirmed by EI mass spectrometry and elemental
analysis (see Supporting Information). Its molecular struc-
ture, however, could only be determined unequivocally by
single-crystal X-ray diffraction analysis (Figure 1); suitable
single crystals of 2a were obtained from hexane solutions by
cooling P!
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Scheme 2. Synthesis of 2a and 2b starting from 1 and iron(l)
precursors.

Figure 1. Molecular structure of 2a (R=Me) and 2b (R=1tBu) in the
crystal. Ellipsoids set at 50% probability; hydrogen atoms except the
one on O2 omitted for clarity. Selected bond lengths [A] and angles [°]:
2a: Ni1-N1 1.866(2), Ni1-N2 1.894(2), Ni1-O1 1.866(2), Ni1-02
1.888(2), Fe1-02 1.951(2), Fe1-O1 2.013(2), Fe1-N3 2.017(3), Fel—
N4 2.017(3), O1-C15 1.438(3), Nil--Fel 2.9603(6), O1--O2 2.455(2);
O1-Ni1-O2 81.66(9), N1-Ni1-N2 94.2(1), O2-Fe1-O1 76.52(9), N3-Fel-
N4 95.1(1), Ni1-O1-Fel 99.42(9), Ni1-O2-Fe1 100.9(1). 2b: Ni1-N1
1.864(3), Ni1-N2 1.894(3), Ni1-O1 1.870(2), Ni1-O2 1.884(3), Fel—
02 1.963(3), Fel-O1 2.034(2), Fe1-N3 1.999(3), Fe1-N4 2.056(2),
O1-C15 1.444(4), O1--O2 2.456(3), Ni1---Fel 2.996(3); O1-Ni1-O2
81.7(1), N1-Ni1-N2 93.9(1), O2-Fe1-O1 75.82(9), N3-Fe1-N4 95.6(1),
Ni1-O1-Fel 100.14(9), Ni1-O2-Fe1 102.3(1).

The analysis revealed that 2a crystallizes as a hexane
solvate in the triclinic space group PI. It contains
B-diketiminato-ligated nickel(II) and iron(II) centers in
square planar and tetrahedral coordination environments,
respectively. Unexpectedly, the metal atoms are bridged by a
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p-hydroxide ligand and a p-alkoxide unit derived from C—H
activation of a iPr group belonging to the B-diketiminato
ligand bound at the nickel site. The latter tridentate ligand
and the pB-diketiminato iron unit are orthogonal to each other
and slightly puckered.

The Ni—N distances in 2a (1.866(2) and 1.894(2) A) are
shorter than those in [LM*Ni"(p,-OH),Ni"L™¢] (1.920(4) and
193.1(4) A)," whilst the Ni—O distances are very similar in
both complexes (1.866(2) and 1.888(2) A in 2a, compared to
1.861(7) and 1.865(7) A found for the square-planar-coordi-
nated nickel center within [LM*Ni'(u,-OH),Ni"LM°] ")), The
Fe—N distances in 2a (both 2.017(3) A) are similar to those
observed in other p-diketiminato iron(II) complexes with a
four-coordinate iron center.”® The Fel—02 distance
(1.951(2) A) is shorter than corresponding distances observed
in a comparable (-diketiminato-ligated bis(p-hydroxo) diir-
on(IT) complex (2.059(6) and 2.082(3) A),!"*! but not as short
as those found in a B-diiminato complex containing a Fe''-
O—Fe" unit (1.769(2) A),'”) which prior to any further
analysis already argues against a Ni"~O—Fe" unit in 2a,
and in fact the presence of a hydrogen atom at the O2 atom
has been shown by crystallography and IR spectroscopy
(o =3640 cm™'). The C15—-O1 distance (1.438 (3) A) falls
within the common C—O single bond range, whereas the
O--O distance of 2.455(2) A and the Ni--Fe distance of
2.9603(6) A imply that there are no attractive interactions
(bonds) between the respective atoms.

To probe whether selectively the LM*Ni and not the LMFe
moiety experiences C—H activation with subsequent forma-
tion of bridging p-OH and p-alkoxo ligands, we employed
[L{BuFeN,FeLfBu]" as a distinguishable derivative of the
iron(I) precursor [LMFeN,FeL™*]. In a similar procedure as
described above for the synthesis of 2a, paramagnetic 2b
could be obtained as dark brown crystals in 74 % yield
(Scheme 2). It has been fully characterized by HR-ESI mass
spectrometry, C,;H,N elemental analysis, and IR spectroscopy.
An X-ray diffraction analysis of 2bP! revealed almost
identical geometric parameters for the NiO,Fe core com-
pared to those in 2a (Figure 1), except for a slightly longer
Ni---Fe distance (2.996 A in 2b versus 2.960 A in 2a). The Bu
residues are found at the intact diketiminato moiety, thus
proving that C—H bond cleavage occurs selectively at an iPr
group of the diketiminato ligand bound to nickel. Both 2a and
2b are paramagnetic in the solid state and also in solution
("H NMR). Magnetic measurements performed for solutions
(Evans method®! using C,Ds as solvent) of 2a and 2b
revealed u. values of 4.83 and 4.85 pg at room temperature,
respectively, corresponding to a spin-only value of four
unpaired electrons. Because it seemed unlikely that the
unpaired electrons belong to the B-diketiminatonickel moiety,
the spin-only value suggested the presence of high-spin
iron(II), as confirmed by Mossbauer measurements on solid
2a through a signal with a characteristic, relatively large
isomeric shift value of 0.9 mms™' (Figure 2). The value is
typical of a four-coordinate center and resembles the shifts
observed for iron(IT) halides (FeCl,, 6 = 1.1 mms ") or the
quasi-tetrahedral {FeS,} sites in iron-sulfur clusters (rubre-
doxin 0=0.7 mms™").®2 The large quadrupole splitting
(AEq=2.51 mms™) indicates a large valence contribution
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Figure 2. Zero-field Méssbauer spectrum of solid 2a recorded at 80 K.
The lines represent a fit with Lorentzian doublets (6=0.93 mms™',
AE5=2.51 mms"); the dotted trace is a 9% contribution with
parameters 0 =0.54 mms~', AE,=1.04 mms~', indicating a minor
ferric high-spin contamination.

to the electric field gradient, as expected for the 3d°
conflguratlon in distorted tetrahedral symmetry with a low
lying x>—y* or z* orbital.

Accordingly, SQUID measurements of 2a show the
presence of S=2 for the {Fe"Ni"} unit (Figure 3). A spin-
Hamiltonian simulation reveals moderately strong zero-field
splitting (| D | =6.9 cm™', g=2.02), similar to what was found
for other tetrahedrally coordinated high-spin iron(II) cen-
ters.”!
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Figure 3. Temperature dependence of the effective magnetic moment
of 2a and temperature dependence of the molar magnetization at
B=1, 4, and 7 T sampled on a 1/T inverse temperature scale (inset).
The solid lines are the result of a global spin-Hamiltonian simulation
for S=2 with parameters g,,=2.02, D=—6.9(6) cm™~', E/D=0.0(2).

Having identified the final product of the reaction
between 1 and LM*FeN,Fel.™® as 2a, we attempted to observe
an intermediate of this conversion. In fact, monitoring the
reaction at —70°C by UV/Vis spectroscopy revealed the
formation of a short-lived species with two bands at 560 and
650 nm, which, however, could not be identified because it
decays within seconds (see Supporting Information). To
bridge this knowledge gap concerning the initial product
that is responsible for the strikingly selective C—H activation,
we performed DFT calculations (B3LYP/6-31G*).?* First we
carried out a geometry optimization for a simplified model of
2a (see Supporting Information). Singlet, triplet, quintet, and
septet spin states were considered, and the quintet state
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turned out to be the most stable (45.7 kJmol ™ lower in energy
as compared to the triplet state); testing for broken-symmetry
states did not lead to further stabilization. Thus, a final
geometry optimization was carried out for the complete
molecule 2a in the quintet state, and the results were
evaluated. The four unpaired spins were found to be located
exclusively at the iron center, whereas the nickel ion has a
closed-shell configuration, which is in excellent agreement
with data obtained by Mossbauer and magnetic measure-
ments. The calculated structure also agrees very well with the
experimental metric data, and altogether this validates the
theoretical method chosen. Subsequently, the initial product I
of the reaction of 1 with [LM*FeN,FeL™] that further reacts in
a second step to give 2a was addressed (see Scheme 3). On

Mep ol n ||“ 1° ~\ ™
1+ LYFe' — % N| F E E /NI\'/Fe\N

0-0 bond cleavage

Ar = 2,6-iPr,CgH;
Electronic redistribution,
Formation of |
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Scheme 3. Formation of transient spieces | and its conversion into 2a.

the basis of our previous results showing that reduction of 1
with elemental potassium leads to a nickel(Il) peroxide
species that exhibits no tendency towards C—H activation,*
we can exclude that [LM°FeN,FeLM] acts merely as a reducing
agent of 1 to give an ordinary nickel(II) peroxide analogue
triggering C—H activation.

Further calculations were therefore carried out for the
elucidation of the actual electronic structure of an intermedi-
ate I corresponding to the formula [LM*FeO,NiLM]. To
determine its favorable spin state again (as for 2a), geometry
optimizations were first carried out for a simplified model (in
which methyl and isopropyl residues of the L™ ligand were
omitted) in singlet, triplet, quintet, and septet spin states. This
procedure was performed without imposing any restrictions
on the system, and strikingly, a local minimum with an intact
O—O bond never emerged for any of the spin states
investigated; that is, a {Fe(u,-O),Ni} core is generated. Akin
to 2a, the quintet state turned out to be the most stable, and
broken symmetry states were not found to be of relevance, so
that, notably, the C—H activation process proceeds entirely on
the quintet potential energy surface. For the further analysis
of the electronic structure the complete molecule I (including
all residues) in the quintet state was subjected to a geometry
optimization, and the result is shown in Figure 4.

Remarkably, both metal centers exhibit a distorted square
planar coordination geometry, probably as the isopropyl
groups can pack quite efficiently this way. The unpaired spin
density is distributed such that the nickel center has 0.8 spins
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Figure 4. Optimized molecular structure for the quintet state of I.
Hydrogen atoms are omitted for clarity. Selected bond lengths [A]:
Ni—N1 1.944, Ni-N2 1.905, Ni-O1 1.7857, Ni-O2 1.827, Fe-O2 1.764,
Fe-O1 1.808, Fe—N3 2.024, Fe-N4 2.019, Ni---Fe 2.720, O1---O2 2.345.

(indicating nickel(IIT)) and 2.9 spins are on iron (suggesting
iron(II) in an intermediate spin state of 3/2), whilst the
oxygen atoms carry an averaged unpaired spin density of only
0.08. Insofar, the electronic situation in I is entirely different
compared to one calculated for an analogous {NiO,Zn}
scenario:® As zinc(Il) is redox-inert, the oxygen atoms
mainly preserve their radical character (spin density of 0.56).
The latter is only diluted somewhat by withdrawing electron
density from nickel(IT), which therefore carries 40 % of the
unpaired spin density. Accordingly, a corresponding complex
generated in-situ from a nickel(Il) peroxide and zinc(II)
reacts further by net abstraction of two hydrogen atoms from
the surroundings to give the corresponding {Ni"'(u-OH),Zn}
compound.” In contrast, I contains a subunit that may be
regarded best as {Fe™(u,-O),Ni"}, as shown in Scheme 3 (in
line with the calculated spin-density distribution). Conse-
quently, the results of the calculations clearly show that in I
unpaired spin density is shifted almost entirely from the
bridging oxo ligands to the iron and the nickel centers. Thus,
while the aforementioned {Ni"(u-O),Zn} unit behaves like an
oxygen-centered diradical, I'is less reactive but more selective
and oxygenates one of the /Pr residues belonging to the
ligands, most likely by a hydrogen-abstraction/oxygen-
rebound mechanism followed by a proton shift. Comparison
of the energies of 2a and I reveals a driving force for the latter
process of 176 kI mol™". In principle, this kind of reactivity is
reminiscent of the one proposed for the sSMMO, but it has to
be borne in mind that the intermediate I has two oxidation
equivalents less available than the intermediate Q of the
sMMO (see above). Strikingly, I is still capable of realizing a
monooxygenation, as the reduction of the iron center in
course of hydrocarbon oxidation produces back iron(II),
whereas MMOHg, rests after formation of the thermodynami-
cally stable {Fe™-O(H)-Fe™ unit}. Therefore, although
MMOH,, incorporates all four oxidation equivalents origi-
nating from activated O,, it utilizes only two of those for
hydrocarbon oxygenation. Consistently, it has been found that
{Fe™(u-O),Fe"} model compounds are only capable of
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performing one-electron oxidation processes.”*?" By contrast
I can apply both of its oxidation equivalents for oxygenation,
as the thermodynamic sink of a {Fe™-O—Fe™} subunit is
avoided by replacement of one of the iron centers by nickel.

However, why oxygenation occurs selectively on one of
the C—H groups of the p-diketiminato ligand coordinated at
nickel cannot be rationalized in light of the results of our
calculations. There are neither complex-induced proximity
effects apparent nor do the positions of the relevant orbitals
of oxygen indicate any favorable interactions. On the
contrary, within I the methine hydrogen atoms of the iPr
groups belonging to the MLFe unit are located more closely
to the oxo ligands.® This calls for further synthesis and
experimental investigations of related heterobimetallic
MO,Ni systems (e.g., M = Cr, Mn, Co), which could help to
understand oxygenase activity and selectivity. Corresponding
studies are currently in progress.
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