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The activation of dioxygen for the subsequent oxygenation or
oxidation of hydrocarbons is of importance not only in
academia and industrial laboratories but also in nature. Some
natural systems employ metalloenzymes containing two
redox-active metal centers (e.g., tyrosinase or soluble meth-
ane monooxygenase), which cooperate in the activation
process. On contact with O2, in a first step the oxidation
state of each metal atom is increased by + I and a peroxide
unit is formed, which may represent the active species or just
an intermediate. In a second step, the O�O bond can undergo
cleavage with concomitant increase of the metal oxidation
states by another unit so that M(m-O)2M cores result, which
then perform the oxidation chemistry.[1] Attempts to mimic
this kind of reactivity by low-molecular-weight analogues
have revealed that whether or not step two occurs can depend
on subtle changes of properties of the ligands, counterions,
and solvents.[1a, 2] Complexes with M(m-O)2M moieties (M =

Cu, Fe, Ni, Co)[1–3] usually exhibit electrophilic character and
can abstract hydrogen atoms from ligand substituents or
exogenous sources such as solvents or added sacrificial
substrates.[1–4]

Heterobimetallic species have attracted great interest
because the combination of metals with different individual

characteristics may lead to synergistic effects arising from
asymmetry. The cyctochrome c oxidase, in which a CuI center
cooperates with a (heme)FeII unit for the activation of O2,
serves as a natural example.[5] The synthesis of mixed metal
complexes LM(m-O)2M’L’, however, is far more difficult than
the preparation of homobimetallic analogues.[6] In the past,
two strategies were pursued: 1) reaction of heterobimetallic
M–M’ precursors with O2, and 2) a two-step process in which a
well-defined metal dioxygen complex is treated with a
reducing metal compound. These routes have allowed for
the preparation of desired heterobimetallic oxo complexes
with the metal combinations Cu–Ni, Cu–Pd, Cu–Pt, Cu–Ge,
Pt–Mo, Pd–Ge, and Pt–Ge.[6,7]

It is well known that NiO2 complexes can serve as efficient
oxidants in organic synthesis.[9] Furthermore, NiO2 intermedi-
ates have been inferred as highly active species in several C�
H bond transformations.[10] The consequences arising from
the presence of a heterometal ion for O�O bond activation
could not be explored owing to the lack of suitable precursors.
Recently, some of us reported on the synthesis of the first
isolable nickel(II) superoxo complex [LNi(O2)] (1) (L = CH-
(CMeNR)2, R = 2,6-iPr2C6H3; Scheme 1),[8] which could serve
as a suitable precursor for the synthesis of heterobimetallic
Ni–M peroxo complexes in accordance with the synthetic
strategy (2) mentioned above. Herein, we report the forma-
tion of the first heterobimetallic nickel(II) peroxo complex
[LNi(m,h2:h2-O2)K] (2) and a metal-exchange reaction that
leads to a heterobimetallic bis(m-hydroxo) complex [LNi(m-

Scheme 1. Synthesis of 2a, b from 1 and their further conversion to 3
via the transient species 4. (R = 2,6-iPr2C6H3, R’= 2,6-Me2C6H3).
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OH)2ZnL’] (3 ; L’= CH(CMeNR’)2, R’= 2,6-Me2C6H3) by
unexpected O�O bond activation and hydrogen abstraction.

The electrochemical behavior of 1 suggested that the
compound could serve as a suitable precursor for peroxo
complexes. Cyclic voltammograms of 1 in a 0.1m solution of
NBu4PF6 in THF at ambient temperature show a quasi-
reversible redox wave at E1

1=2 =�0.98 V (vs.
[(C5H5)2Fe]+/[(C5H5)2Fe], for details see the Supporting
Information) implying that the superoxo complex may be
reduced by one electron to a persistent species. In fact, the
chemical reduction of 1 dissolved in THF with elemental
potassium at ambient temperature leads to an immediate
color change of the solutions from green to red-brown, from
which the mono(thf) solvate 2a can be isolated in the form of
deep red crystals in 91 % yield (Scheme 1). As expected, the
complex is diamagnetic, and its constitution is in accordance
with the 1H and 13C NMR spectroscopic data, which revealed
a highly symmetric structure with one molecule THF per K+

ion (see the Supporting Information).
While crystals of 2a were only of poor quality, single

crystals of the crown ether complex 2 b suitable for X-ray
diffraction study were obtained from a diethyl ether solution
of 2a in the presence of an equimolar amount of [18]crown-6
as brown-red crystals. Compound 2b crystallizes as a cen-
trosymmetric dimer with an inversion center between the two
[K([18]c-6)]+ ions (Figure 1). The most striking structural
feature is the planar {Ni(m,h2:h2-O2)K} core, which in turn is
coplanar with the six-membered C3N2Ni ring. Thus, the
nickel(II) center is in a common square-planar coordination
environment that is also found in the precursor 1. As
expected, the O�O separation of 1.468(2) � is significantly
longer than the value observed in the superoxo ligand in 1
(1.347(2) �) but similar to the distances observed for other
metal peroxo complexes (1.4–1.5 �).[11] The peroxo character
is fully supported by the IR spectrum of 2b (and its {Ni18O2K}
isotopologue), which exhibits a characteristic absorption band

at 829 cm�1, corresponding to the 16O�16O stretching vibra-
tion mode vs. n(18O�18O) = 782 cm�1.[9b] Although the potas-
sium center is coordinated to the six oxygen atoms of the
crown ether and additionally to one oxygen atom of the
adjacent [18]c-6 ligand, it is also tightly coordinated to both
peroxide oxygen atoms (O1, O2), with K1�O1 and K1�O2
separations of 2.695(2) and 2.734(2) �, respectively. Remark-
ably, attempts to separate the K+ ion from the peroxide
oxygen atoms (formation of ion pairs) have been unsuccess-
ful, and not even the powerful [2,2,2] cryptand was capable of
cleaving the K�O2 contact. To probe whether the K+ ion can
be replaced by another non-redox-active center under
retention of the peroxo moiety, we performed the reaction
of 2a with the (b-diketiminato)zinc(II) chloride LiCl adduct
[L’Zn(m-Cl)2Li(thf)3]

[12] as precursor for [L’ZnCl] in THF at
ambient temperature. To our surprise, the cation replacement
led to the bis(m-hydroxo) NiII(OH)2ZnII complex 3 instead of
the expected analogous peroxo complex, which can be
isolated in the form of brown crystals in 42% yield
(Scheme 1).

Compound 3 is diamagnetic and gives rise to sharp signals
in the 1H and 13C NMR spectra in the common chemical shift
range for the b-diketiminato ligands (see the Supporting
Information). The bridging hydroxo protons resonate at d =

2.01 ppm in the 1H NMR spectrum, and the n(O�H) stretch-
ing mode appears in the IR spectrum at 3660 cm�1. The
structure of 3 has been confirmed by single-crystal X-ray
diffraction analysis (Figure 2). The compound crystallizes in
the orthorhombic space group Cmcm and consists of two
structurally distinct b-diketiminato metal subunits, a square-
planar NiII unit and a tetrahedral ZnII site, which are bridged
by two m-hydroxo ligands. The geometric parameters of the
LNiII moiety in 3 are similar to those of the dinuclear complex
[LNiII(m-OH)2NiIIL].[8]

Figure 2. Molecular structure of compound 3. Thermal ellipsoids are
drawn at the 50 % probability level. Hydrogen atoms (except for those
at oxygen atoms) are omitted for clarity. Selected interatomic distances
[�] and angles [8]: Zn1–O1 1.946(3), Zn1–N2 1.972(3), Ni1–O1
1.889(2), Ni1–N1 1.893(2), N1–C2 1.328(4), C1–C2 1.498(5), N2–C12
1.323(4), C2–C3 1.397(4), C11–C12 1.509(5), C12–C13 1.397(4); O1-
Zn1-O1’ 75.2(1), O1’-Ni1-O1 77.8(2), Ni1-O1-Zn1 103.5(1). Symmetry
transformations used to generate equivalent atoms (’): x,y,�z +1/2.

Figure 1. Molecular structure of 2b. Thermal ellipsoids are drawn at
the 50% probability level. Hydrogen atoms are omitted. Selected
interatomic distances [�] and angles [8]: O1–O2 1.468(2), Ni1–O1
1.820(2), Ni1–O2 1.820(2), Ni1–N2 1.865(2), Ni1–N1 1.866(2), K1–O1
2.695(2), K1–O2 2.734(2), N1–C2 1.324(3), N2–C4 1.327(3), C2–C3
1.399(3), C3–C4 1.399(3), K–O(crown ether) 2.658(2)–2.923(2), K1–
O’(second crown ether; smallest separation) 2.920(2), K1···K1’
4.432(2); O1-Ni1-O2 47.57(6), N2-Ni1-N1 96.67(7), O1-K1-O2
31.38(4), Ni1-O1-K1 141.89(7), Ni1-O2-K1 138.98(7). Symmetry trans-
formations used to generate equivalent atoms with (’): �x,�y,�z.
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The question arises as to why the peroxo moiety is stable
in 2, while replacement of K+ by the likewise redox-innocent
L’Zn+ unit leads to hydrogen abstraction and thus affords 3.
To find an explanation, DFT calculations were carried out at
the B3LYP/6-31G* level (see the Supporting Information).
At first, geometry optimizations at the monomer 2b based on
its dimer (Figure 1) were carried out for the singlet and the
triplet states of the molecule. As the experimental results
clearly indicate, 2 prefers a singlet ground state, which indeed
was found to be 37.2 kJmol�1 lower in energy than the first
triplet state. A natural bond orbital (NBO) analysis con-
firmed the presence of an O�O single bond in both the singlet
and triplet states, and the charge distribution is consistent
with an O2

2� unit situated between a K+ and a Ni2+ cation,
with one of the positive charges on Ni being compensated by
the monoanionic b-diketiminate ligand. Likewise, the results
of a geometry optimization performed for 3 were in excellent
agreement with the experimental results. The molecular
structure was nicely reproduced for an S = 0 situation, with
the only difference that the OH bonds are slightly bent out of
the O-Ni-O plane in the calculated structure. The S = 1 state
of 3 was found to be significantly higher in energy. Sub-
sequently, the [K([18]c-6)]+ subunit of 2b was replaced by a
L’Zn+ moiety, and the hypothetical transient [LNi(m-
O2)ZnL’] (4) was subjected to a geometry optimization,
again for the singlet and the triplet states. Remarkably, the
electronic ground state turned out to be a triplet, which is
72.5 kJ mol�1 more stable than the singlet state. The coordi-
nation environment of the Ni center can be described as
between square-planar and tetrahedral: the N-Ni-N and O-
Ni-O planes are twisted by an angle of 318. A second local
minimum for the triplet state of 4 was found, which is only
9.1 kJmol�1 higher in energy than the ground state and
features the same square-planar coordination environment of
the Ni center as observed in 3. As indicated by the O�O
separation and NBO analysis, there is no bond between these
atoms anymore (not even for S = 0), so that two unpaired
electrons have to be accounted for. The corresponding spin
density is distributed with almost equal proportions at the Ni
center (40%) and the two O atoms (30% each; Figure 3).

The positive charge at the Ni center is about 20% higher
than that in 2b. The NBO analysis reveals covalent bonds
between the Ni and O atoms in 4, while they have large

electrostatic contributions in 2 and 3. On the basis of the
calculations, it is thus plausible that the reactive intermediate
that results from the replacement of K+ by L’Zn+ undergoes
O�O scission and leads to the reactive intermediate 4. Each
of the oxo ligands of 4 exhibit strong radical character,
justifying its formulation as a biradical as shown in Scheme 1.
With this background it can be rationalized that H-atom
abstraction, probably from exogenous sources (solvent) or
supporting ligands, occurs, which finally leads to the isolation
of 3. In line with this hypothesis, employing [D8]THF as
solvent leads to partial formation of the O�D isotopologue of
3, but the source of the hydroxo H atoms is not yet fully
understood and deserves further investigation.

In summary, we have synthesized and structurally char-
acterized the first heterobimetallic peroxo nickel potassium
complexes 2a and 2 b by one-electron reduction of the
corresponding superoxo nickel complex 1 with elemental
potassium in the presence of a donor solvent. The K+ ion in
the [18]c-6 solvated derivative 2b shows a remarkably strong
coordination to the peroxo moiety. Strikingly, replacement of
the [K([18]c-6)]+ ion in 2b by the non-redox-active L’Zn+ ion
initiates O�O bond scission, Ni�O spin polarization, and
subsequent H-atom abstraction to give the heterobimetallic
bis(m-hydroxo) complex 3. The results underline the impor-
tance of subtle electronic changes for the reactivity of
heterobimetallic peroxo complexes. Investigations concern-
ing the details of the H-atom abstraction reactivity and the
influences of other non-redox-active and even redox-active
heterometal centers in such NiO2M systems are in progress.
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