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There continues to be significant attention given to the
structural characterization of metal peroxide complexes.[1]

The coordination modes observed in such complexes range
from peroxide coordination to a single metal center to
peroxide acting as a bridging ligand between two, three,
four, or six metal ions. Simple m-peroxo complexes are
common; iron, cobalt, and copper dimers are the most
prevalent, with recent attention concentrated on Fe–peroxo–
Cu complexes as models of the active site of cytochrome c
oxidase (Figure 1a).[2] m3-Peroxo-coordination is rare, but has

been proposed as part of the laccase active site.[3,4] Molecular
species with a m4-coordination mode are restricted to a
handful of examples, with copper, iron, tungsten, antimony,
and molybdenum complexes (Figure 1b).[5–13] In addition,
there are two reports of a potential m6-coordination mode in
[Ba6(L)10(H2O)n(O2)] complexes (n = 2 or 4), where the
peroxide ion in a [Ba4m4-(O2)] moiety bridges two further
barium ions in a m-h2 :h2 fashion.[14, 15] As far as we can
determine, however, there are no molecular examples of
peroxide acting in the m6-(h1)3 binding mode shown in
Figure 1c. This mode of binding is significant insofar as it
would complete the family of possible symmetrical mn-(h1)n/2

peroxide binding modes in molecular complexes.

Figure 1. Peroxo binding modes: a) m-(h1), b) m4-(h
1)2, c) m6-(h

1)3, d) N-
substituted 3-hydroxy-2-pyridinonate (L) used in this study.
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Lately we have been investigating the preparation and
reactions of metal complexes that employ N-substituted 3-
hydroxy-2-pyridinones (L-H, Figure 1d) as ligands.[16]

Hydroxypyridinones have been used extensively as ligands
designed to sequester metals.[17] Also, the closely related 2-
hydroxypyridine ligands have been used to synthesize metal
complexes, including Ni8 and Mn12 clusters.[18, 19] During our
study with L we noted the formation of an unusual peroxide-
containing Ni8 complex 1. This complex is synthesized at room
temperature from the addition of an ethanolic solution of L-H
(2 equiv) to an ethanolic solution of Ni(NO3)2·nH2O followed
by addition of aqueous H2O2. Addition of triethylamine
(2 equiv) generates a pale green precipitate of
[Ni8(L)12(O2)](NO3)2 (1) in approximately 80% yield. Com-
pound 1 can be crystallized from dimethylformamide solution
by vapor diffusion of diethyl ether.

Compound 1 is air-stable and was characterized by
elemental analysis, UV/Vis spectroscopy, Raman spectros-
copy, ES-mass spectrometry (see Supporting Information),[20]

and single-crystal X-ray diffraction.[21–23] In addition to a
satisfactory elemental analysis, the peroxide content of 1
could be determined iodometrically,[20] giving a peroxide
content of 1.15 % (calcd: 1.10%), and electrospray (ES) mass
spectrometry shows a series of peaks with a maximum
intensity at m/z 1427.1 consistent with [Ni8(L)12(O2)]2+; the
isotopic distribution pattern matches
that which is calculated for this ele-
mental composition (Figure 2).
Repeating the synthesis with H2

18O2

affords the same product, which gives
an ES mass spectrum containing a
similar pattern of peaks now centered
around m/z 1429.1. This pattern is
consistent with the analogous
[Ni8(L)12(

18O2)]2+ ion.
The structure of 1 was determined

by single-crystal X-ray diffraction
(Figure 3).[20, 21] The Ni8 cage is sited
on a crystallographic center of sym-
metry and consists of a central Ni6(O2)
core with near-D3d local symmetry,
where the six nickel ions form the
apices of an octahedron (see Figure 3;
Ni···Ni separations in core, mini-
mum = 3.234(2), maximum = 3.330(2),
average = 3.291(2) �). These separa-
tions indicate that there are no signifi-
cant Ni···Ni interactions within the
cage. The octahedron is end-capped by two six-coordinate
nickel ions, giving an overall bicapped-octahedral arrange-
ment of nickel ions. The eight nickel ions are held together by
bridging oxygen atoms from twelve L ligands. The two
capping nickel ions can be viewed as two Ni(L)3 units, and the
Ni6 core as an Ni6(O2)(L)6 unit.

The dipositive charge of the complex indicates that the
central ligand is formally O2

2�. The peroxo ligand is com-
pletely caged at the center of the Ni6 core. The peroxide axis is
collinear with a threefold rotation axis of the octahedron and
the principal C3 axis of D3d (Figure 3). This structural

arrangement is analogous to that observed in simple binary
metal peroxides, such as Zn(O2) and Cd(O2), which adopt a
cubic pyrites structure.[24] The structure of a simple Ni(O2)
species is not known, although Ni(S2) is known to adopt the
pyrites structure. Assuming that the Ni6(O2) core is repre-
sentative of the bulk structure of Ni(O2), then it is possible to
view 1 as a small fragment of Ni(O2) surrounded by a shell of
hydroxypyridinonate ligands.

In the Ni6(O2) unit, each nickel ion has a distorted square-
pyramidal coordination geometry, with the peroxo oxygen
occupying a basal coordination site. The Ni�O(peroxo) bond

Figure 2. ES-MS analysis of a) 1 and b) [Ni8(L)12(
18O2)](NO3)2. Calcu-

lated isotopic distribution patterns for [Ni8(L)12(
16O2)]

2+ are shown as
broken vertical lines. In each panel, the y-axis has been normalized to
the base peak in the ion cluster.

Figure 3. a) Solid-state structure of [Ni8(L)12(O2)]
2+ (hydrogen atoms are omitted for clarity),[20]

b) view of the Ni8 unit along the peroxide O�O bond showing bridging oxygen atoms only,
c) Ni6(O2) core; red O, green Ni.
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lengths are 1.992(6), 1.963(8), and 2.019(6) �. The Ni-
O(peroxo)-Ni angles are 109.5(3), 112.2(3), and 109.7(3)8,
and the nickel ions are in staggered conformation around the
peroxide bond; adjacent Ni-O-O-Ni torsion angles range
from 58.0 to 61.58. A simple molecular orbital analysis of the
s bonding within the Ni6(O2) unit indicates that a bonding
combination of molecular orbitals can be formed between the
HOMO of the peroxide and the dx2�y2 orbitals of the nickel
ions. The O�O bond length in the peroxide is 1.456(12) �,
which is within the range of other known peroxide bond
lengths, but is at the shorter end of the expected range,
possibly reflecting a nickel–peroxide interaction that is
largely ionic in nature.[25]

The Raman spectrum of 1 recorded with laser excitation
at 514.5 nm shows bands in the expected region of a peroxide
vibration (600–1000 cm�1) at 758(s), 769(w), 817(w), 854(vs),
and 881(s) cm�1. None of these bands, however, was sensitive
to isotopic substitution of the peroxide (see Supporting
Information). Below 350 nm, the UV/Vis spectrum of 1 is
dominated by strong ligand-based absorption bands (see
Supporting Information). Consequently, the peroxo!NiII

charge-transfer band could not be located with certainty.
Attempts to achieve resonance enhancement of the n(O-O)
vibration by excitation at 350.6 and 325.0 nm were unsuc-
cessful. The solutions of 1 in methanol or ethanol changed
color upon irradiation at these wavelengths, which may
indicate photodecomposition. We are, therefore, unable to
determine the peroxide stretching frequency.

Notwithstanding the wide use of nickel peroxides in
organic synthesis, examples of nickel peroxides that have
been structurally characterized are relatively rare.[26] A search
of the Cambridge Structural Database suggests that 1 is the
second molecular nickel peroxide complex to be structurally
characterized; the previous example is a monomeric
[(tBuNC)2Ni(O2)] complex.[27] In addition, a bis(m-alkylper-
oxo)dinickel complex was isolated and structurally charac-
terized very recently,[28] the synthesis of which involved a
related bis(m-superoxo)dinickel(ii) complex.[29] A monomeric
Ni�O2 adduct was also reported recently and described as
NiII-superoxo species, although no single-crystal X-ray dif-
fraction data were obtained.[30] Despite the scarcity of nickel
peroxide complexes, however, recent calculations on
[LnNi2(O2)] and [LnNi(O2)] complexes suggest that molecular
nickel peroxides should be stable.[31] Thus, the preparation
and isolation of 1 in good yield is an indication of the
accessibility of molecular nickel peroxide species. In contrast
to most other metal peroxo species, 1 is thermally relatively
stable and can be isolated and handled at room temperature.
The effective encapsulation of the peroxide by the octanu-
clear nickel cage stabilizes the reactive species. Interestingly,
an unusually high thermal stability was also reported for the
tetranuclear m4-(h1)2-peroxocopper(ii) complex.[5]

In conclusion, we have demonstrated the preparation and
characterization of a novel Ni8–peroxide-containing cage. The
assignment of the central peroxo ligand is supported by
chemical analyses, X-ray crystallography, and ES mass
spectrometry. The peroxide is present in an unprecedented
m6-(h1)3 binding mode, thus completing the family of possible
symmetrical mn-(h1)n/2 peroxide binding modes in molecular

species. The complex can be viewed as a small fragment of
solid state Ni(O2) surrounded by a shell of hydroxypyridin-
onate ligands.[32]
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