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Abstract: Pincer-stabilized nickel(I) complexes readily react
with molecular oxygen to form dinuclear 1,2-m-peroxo-bridged
nickel(II) complexes, which are the major components of
a dynamic equilibrium with the corresponding mononuclear
superoxo species. The peroxo complexes further react with
hydrogen peroxide to give the corresponding nickel(II) hydro-
peroxides. One of these hitherto elusive species was charac-
terized by X-ray diffraction for the first time [O–O bond
length: 1.492(2) è].

Transition-metal hydroperoxo complexes play an important
role in enzymatic activation and the transport of dioxygen[1] as
well as as reactive intermediates in catalytic oxygenations.[2]

Although great efforts have been made to synthesize such
metal complexes, only a limited number have been de-
scribed[3] with a handful having been structurally character-
ized.[4] For over a decade, nickel hydroperoxo species have
been considered to be a deactivated form of [NiFe] hydro-
genase generated by oxygen.[5] Yet, essentially no well
characterized nickel hydroperoxo complexes can be found
in the literature,[6] despite recent work on the oxidation of
water[7] and on miscellaneous oxygenation reactions catalyzed
by nickel,[8] which demonstrate the potential of reactive nickel
oxygen compounds.

The treatment of metal precursors with hydrogen perox-
ide solution, which is a suitable method for the synthesis of
Fe[9] and Cu[4b, 10] hydroperoxo complexes, usually leads to
over-oxidized products with nickel precursors. Nevertheless,
the latter method together with the direct reaction of low-
valent nickel complexes with dioxygen has recently been used
to obtain very exciting superoxo,[11] peroxo,[12] and oxo[13]

complexes depending on the ligand system employed. Rior-
dan et al. observed an interesting reactivity pattern in the
reaction of oxygen with the nickel(I) tmc complex. In this
system, the nickel(I) fragment reacts with a molecule of
oxygen most likely via a superoxo intermediate to give the

only peroxo-bridged nickel complex characterized to date.[12a]

In the presence of O2, the peroxo complex is slowly converted
into the mononuclear end-on superoxo species.[14]

Recently, we developed a family of chiral pincer ligands,
the iso-pmbox[15] and boxmi ligands,[16] which have displayed
considerable potential in asymmetric catalysis[17] and the
stabilization of reactive T-shaped nickel(I) complexes, in
particular.[18] These iso-pmbox nickel(I) complexes 1 were
found to react readily with molecular oxygen at low temper-
atures to form dinuclear 1,2-m-peroxo-bridged nickel(II)
complexes 2 (Scheme 1), similar to RiordanÏs previously
described nickel tmc system.[14] For the latter system, the

superoxo complex is the final thermodynamic product of the
reaction of the NiI complex with an excess of O2, whereas in
our case, 1,2-m-peroxo complex 2 was found to be the major
component in a dynamic, oxygen-pressure-dependent equi-
librium with what appears to be an end-on coordinated
superoxo species 3, as reported for palladium.[19]

Peroxo complex 2a further reacted with hydrogen perox-
ide to give the corresponding hydroperoxo nickel(II) complex
4a, whereas controlled hydrolysis at low temperature gave

Scheme 1. Interconversions between the peroxo, superoxo and hydro-
peroxo complexes.
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a 1:1 mixture of 4 a and hydroxo complex 5a. Hydroperoxide
4a could also be synthesized by the direct reaction of an
aqueous hydrogen peroxide solution with chlorido precursor
7a in the presence of triethylamine and was isolated and
structurally characterized by X-ray diffraction (Figure 1).[20]

A notable spectroscopic feature is the 1H NMR chemical shift

of the hydroperoxo proton, which was observed at 3.62 ppm
(CD2Cl2, 295 K). In accordance with the observed diamag-
netism of the compound, the molecular structure determined
by single-crystal X-ray structure analysis is characterized by
a square-planar-coordinated nickel(II) center.

The central Ni¢N2 bond [1.926(2) è] is elongated com-
pared to Ni¢Noxazoline bonds [Ni¢N1: 1.896(2) è; Ni¢N3:
1.889(2) è] leading to a slight distortion from a square-planar
coordination geometry [N-Ni-N and O-Ni-N bond angles of
92.46(8)88 and 87.54(8)88, respectively]. The O¢O distance of
1.492(2) è is in the range of the O¢O bond lengths of other
metal hydroperoxo complexes (1.397–1.549 è)[4b–e] and sig-
nificantly longer than expected for a superoxo species[14] (a
value of 1.307 è was calculated for end-on complex 3a, see
below). The crystallographic data were of sufficient quality to
refine the position of the hydrogen atom, which was found to
point towards the face of one of the phenyl substituents of the
pincer ligands with a torsion angle Ni-O-O-H of¢89(3)88. This
stabilizing interaction was also observed in the DFT opti-
mized structure (B3LYP/6-311G(d,p))[21] and thus estimated
to correspond to an energy difference of approximately
5 kcalmol¢1 (DE, see the Supporting Information). Reso-
nance Raman spectra of the compound that were recorded
using a 632 nm or a 473 nm laser displayed only very weak
bands, and neither the assignment of the Ni¢O nor of the
O¢O vibrational modes was possible by labeling experiments
using H2

18O2. Complex 4a was found to slowly oxygenate
PPh3 similar to other nickel oxygen compounds.[11c]

The novel dinuclear 1,2-m-peroxo-bridged complexes 2a
and 2b contain two square-planar-coordinated nickel centers
linked by a peroxo group and therefore exhibit diamagnetic
NMR spectra, which could be fully assigned. The low-
temperature FAB+ mass spectra revealed the corresponding

molecular ion peaks for 2a and 2b at m/z 916 and 780 with
their characteristic isotope pattern. The UV/Vis spectrum of
2a displayed an absorption band at 531 nm (e =

5380m¢1 cm¢1) similar to the spectral band found for the
nickel tmc system (465 nm), which was assigned to a peroxo!
Ni charge transfer (CT) excitation.[12a] DFT modeling
(B3LYP/6-311G(d,p))[21] allowed for a detailed picture of
the structures of these compounds. Two energetically low-
lying conformers (DG = 3.5 kcalmol¢1) that differ in the sense
of the Ni-O-O-Ni torsion (125.688 and ¢112.188 for 2b) with
a calculated transition barrier of 8.2 kcalmol¢1 were found
(Figure 2). Owing to the chirality of the pincer ligands, these
rotamers around the O¢O bond are diastereomeric and
therefore expected to display different properties. Indeed,

a closer inspection of the resonance Raman spectra (l =

632 nm) recorded for microcrystalline samples of 2b revealed
a shoulder at 752 cm¢1 associated with the intense n(O¢O)
band at 742 cm¢1 for 2b. The later was shifted to 706 cm¢1 in
the 18O-labeled compound ([18O]-2b) with a corresponding
shoulder at 699 cm¢1 (Figure 2). Chemical exchange between
both conformers is rapid on the NMR timescale, and spectral
patterns remained in the high-temperature limit upon cooling
to 180 K in THF for both the 1H and 13C NMR spectra, which
is consistent with the computed activation barrier of less than
10 kcal mol¢1 (see below). The assignment of 2a as a peroxo
complex was corroborated by the resonance Raman band at
742 cm¢1 (2 b), which differs substantially from values
observed for superoxo nickel complexes (971–1131 cm¢1).[11]

In comparison with the previously reported 1,2-m-peroxo
nickel(II) tmc complex, the O¢O resonance Raman vibra-
tional bands for 2a and 2 b were found at lower wave-
numbers.[12a]

As mentioned above, the dinuclear 1,2-m-peroxo-bridged
complexes 2a and 2 b are the major components of a dynamic

Figure 1. Molecular structure of 4a. Hydrogen atoms were removed
for clarity (except for H4). Selected bond lengths [ç] and angles [88]:
O3–O4 1.492(2), Ni–O 1.8456(16), Ni–N1 1.8962(18), Ni–N3
1.8889(19), Ni–N2 1.9264(18); N3-Ni-N1 174.22(8), N1-Ni-N2
92.22(8), N3-Ni-N2 92.70(8), Ni-O3-O4 107.90(12), Ni-O3-O4-H4
¢89.42(3.05).

Figure 2. Left: Relaxed PES scan obtained by varying the Ni-O-O-Ni
torsion angle in 2b and DG values of both minimum-energy con-
formers and the transition state as determined by DFT calculations on
the B3LYP/6-311G(d,p) level of theory. Right: Solid-state resonance
Raman spectra (l = 632 nm) of 2b (blue), [18O]-2b obtained after
stirring 2b under an 18O2 atmosphere (red), and a mixture of 2b and
[18O]-2b obtained by stirring 2b under an 16O2/

18O2 atmosphere.
Additional signals that would correspond to the mixed species
[16O,18O]-2b were not observed (black).
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equilibrium with the corresponding superoxo species 3a and
3b. In the presence of O2, an axially symmetric EPR signal
was observed in frozen toluene at 120 K (X-band, gk= 2.117,
g?= 2.015 for 3a ; Figure 3), indicating a partially ligand-
located spin density as would be expected for a superoxo
complex.[11c,19, 22]

Quantitative analyses using 2,2,6,6-tetramethylpiperidi-
nyloxy (TEMPO) as the internal standard indicated the
presence of approximately 2% of such a species (3b) under
an O2 pressure of 8 bar. This species was found to be depleted
and reformed reversibly upon removal of or pressurization
with oxygen at¢20 88C (see the Supporting Information). DFT
modeling (B3LYP/6-311G(d,p)) of 3 a for the S = 1/2 and S =

3/2 spin states established two isoenergetic isomers [DG(low–
high) = 1.8 kcal mol¢1], a low-spin end-on and a high-spin
side-on superoxo complex, respectively. The giso values com-
puted for both structures [2.023 (S = 1/2) and 2.078 (S = 3/2)]
would be consistent with the experimentally observed value
of 2.050 (3a), whereas the other characteristics of the EPR
spectra displayed in Figure 3 (sharp resonances and the
absence of half-field transitions with g� 4) appear to favor
the presence of a species with a doublet ground state.

Labeling experiments were performed to clarify the
process involved in the equilibrium between superoxo com-
plexes 3 and dinuclear 1,2-m-peroxo complexes 2 (Scheme 1).
In a first experiment, 16O2 peroxo complex 2b was stirred
under an atmosphere of 18O2, which led to a complete
exchange of the dioxygen moiety at ¢15 88C (Figure 2b).
Repetition of this experiment with a mixture of 16O2 and 18O2

gave the 18O,18O- and 16O,16O-labeled peroxo complexes in the
corresponding ratio, but no 16O,18O-labeled species (Fig-
ure 2c).[23]

Furthermore, cross-over experiments were carried out at
¢40 88C by mixing two solutions that contained dinuclear 1,2-
m-peroxo complexes with differently substituted pincer
ligands (Ph and iPr; Scheme 2). In the absence of dioxygen,
the symmetric complexes proved to be remarkably stable, and
the formation of the cross-over product 2(a/b) occurred only
very slowly (on a timescale of days, Scheme 2). However,
under an atmosphere of dioxygen, the exchange of complex

fragments was enhanced dramatically and steady-state con-
centrations of the nonsymmetric peroxo complexes 2(a/b)
were reached within 20 hours (see the Supporting Informa-
tion).

The formation of the mixed product was confirmed by LT-
MS (FAB+) in addition to the 1H NMR spectral analysis. The
symmetric and nonsymmetric complexes were formed at the
same steady-state ratio immediately after subjecting a mixture
of 1a and 1 b to an atmosphere of oxygen at ¢40 88C
(Scheme 2).

These observations are consistent with an associative
mechanism for the interconversion of 1,2-m-peroxo complex 2
and superoxo species 3 (Scheme 3). In such a scenario, the
coordination of a molecule of dioxygen initiates the cleavage
of the Ni¢O2 bond in complexes 2a and 2b, thereby reversibly
generating two molecules of nickel superoxo species 3. In the

case of two superoxo complexes bearing differently substi-
tuted pincer ligands, the reverse reaction then leads to the
scrambled 1,2-m-peroxo complex 2(a/b) along with the
symmetric dinuclear species 2a and 2b. In the absence of
oxygen, on the other hand, no fragmentation takes place, and
consequently, no nonsymmetric 1,2-m-peroxo complexes are
formed when the solutions of the two different peroxo
complexes are combined, as was observed.

Hydroperoxo species 4a was found to be thermally
unstable, and its decomposition under inert atmosphere led
to a mixture of different unidentified compounds. However,
when 4a was kept at room temperature in the presence of O2,
it was cleanly converted into the two diastereomers 6a and
6a’’ (Scheme 4).[24]

Figure 3. EPR spectra of 3a (red) and 3b (black), which are the minor
components of the oxygen-dependent equilibria with the EPR-silent 2a
and 2b in frozen toluene at 120 K.

Scheme 2. Processes involved in the formation of scrambled product
2(a/b).

Scheme 3. Mechanistic proposal for the interconversion between 2
and 3.
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These alkylperoxometallacycles are most likely formed by
radical C¢H activation at the benzylic position of the ligand,
which thereby loses its stereochemical information, leading to
the inversion of the chiral center in 6a’’. The latter species is
the major product of the reaction and could be isolated and
characterized by X-ray diffraction (Figure 4).[20]

The mechanism that we propose for the decomposition
involves homolytic Ni¢O and C¢H bond scission and
subsequent oxygen insertion leading to product 4a
(Scheme 5). In such a scenario, the hydroperoxo ligand

itself does not act as an oxidant, but as a hydrogen atom
acceptor. The fact that the analogous reactivity was observed
for hydroxo complex 5a, which was found to slowly react to
6a/6a’’ in the presence of oxygen at room temperature,
supports the proposed mechanism.

In comparison to previously described systems, the
bis(oxazolinyl)methylidenylpyrrolidinato ligands uniquely
stabilize the peroxo complexes with respect to further
oxidation of either the metal center or the dioxygen moiety.

This allowed the systematic synthesis of hydroperoxo com-
plex 4a, the investigation of its interconversion with 1,2-m-
peroxo nickel(II) complex 2a and transient superoxo complex
3a, as well as the autoxidation to an alkylperoxometallacycle.

Keywords: autoxidation · hydroperoxides · nickel · peroxides ·
pincer ligand
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