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A new multidentate tetraanionic ligand platform for supporting
trinuclear transition metal clusters has been developed. Two
trisphenoxide phosphinimide ligands bind three Ni centers in a
triangular arragnement. The phosphinimide donors bridge in ps
fashion and the phenoxides complete a pseudo-square planar
coordination sphere around each metal center. Electrochemical
studies reveal two pseudo-reversible oxidation events at notably
low potentials (-0.70 and 0.05 mV). The one electron oxidized
species was characterized structurally, and it is assigned as a Ni'l-
containing cluster.

Multimetallic complexes have been explored for applications
including bond formation and cleavage reactions,® multi-
electron redox processes,? and modelling of biological active
sites.? Elaborate multidentate ligand designs have been
employed to rationally control the nuclearity, structure, and
properties of metal clusters.le 4 Though there has been
significant progress in the synthesis of clusters of predictable
structure using multidentate ligand scaffolds, few examples are
known pertaining to closely spaced triangular M3 species.!e 4
d.5 Trinuclear clusters supported by cyclophane-based motifs
perform small molecule activation, including CO,® and Nl
reduction. Trimetallic complexes with an open Mj face have
been shown to facilitate multimetallic redox reactivity.>s 7

In continued efforts to develop synthetic strategies to more
highly oxidized metal clusters,? we have targeted a
multinucleating ligand with high negative charge designed using
a phosphinimide motif. Phosphinimide ligands are well
established as bridging ligands for multimetallic species and are
also known to support high oxidation state metal centers.
Recently, phosphinimide ligands have been used to stabilize the
+4 oxidation state of a series of lanthanides.? Phosphimine and
phosphinimide ligands have been employed to stabilize
multimetallic species,f 10 taking advantage of the high electron
density and donating ability of the nitrogen center.°® For
examples, phosphinimide ligands bridging in 4 fashion have
been employed for tetranuclear clusters of Ni and Co that serve
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as precursors in catalysis.f However, the nuclearity of
complexes supported by phosphinimide ligands can vary,
including di-, tetra-, and octa-nuclear complexes, while the
metal binding mode can be terminal, s, or s (Figure 1).1f 11
To control the nuclearity resulting from phosphinimide ligands,
we sought to form trinuclear clusters using additional donors to
enforce metal-binding upon bridging by a phosphinimide
(Figure 1b).
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Figure 1. Multimetallic Ni complexes supported by

phosphinimide ligands (a). Targeted design of multinucleating
ligand taking advantage of the bridging propensity of
phosphinimide (b).

Phenoxides were selected as pendant donors given their
demonstrated ability to form robust complexes in conjunction
with phosphinimine ligands.1? The N-protonated
phosphinimine, (OsH3PNH;)* (2), was prepared in quantitative
yield through oxidation of the reported trisphenol phosphine,’3
O3H3P (1), with o-hydroxylaminesulfonic acid (Figure 2a).
Given the precedent for phenoxide-phosphinimine motifs to
support Ni complexes, we selected nickel to investigate the
coordination chemistry with this new ligand framework.
Targeting high oxidation state Niis also of interest in the context
of reactivity and spectroscopic studies relevant to water
oxidation catalysis where Ni"' is invoked in metal oxides.14
Several monometallic Ni'"' complexes are known,'> typically
involving strong donors such as alkyl, aryl, and imido ligands.
Among these examples, monometallic Ni salen'® and
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phosphasalen’?2 complexes have been investigated. Substantial
localization of the SOMO on the ligand is observed for the Ni
salen complex, and conversely, a Ni'"" complex is observed for
the phosphasalen derivative.1d 16 A trinuclear Ni complex with
distal metals bound to a triplesalen ligand was reported to
access Ni'" upon electrochemical oxidation .17 Heterometallicls,
dinuclear?® and limited examples of homometallic complexes20
displaying high oxidation state Ni are known; however, oxidized
triangular Ni clusters with proximal metal centers supported by
multi nucleating ligands remain rare.

Deprotonation of the phenols and phosphinimine was perfor
med with excess KO'Bu. The changes in the protonation state of
the RsPN motif were followed by 31P{1H} NMR spectroscopy. An
additional peak is observed after the addition of two
equivalents of KO!Bu, presumably generating K;SO, and the
neutral trisphenol phosphinimine. Additional equivalents of
KO®Bu deprotonate the phenols first. However, two broad
resonances are observed until a total of 10 equivalents of KO!Bu
have been added which suggests a mixture of species, likely due
to different levels of K* coordination (Figure S8). Subsequent
addition of 1.5 equivalents NiBr,-DME leads to the isolation of a
dark red material. A single crystal X-ray diffraction study (XRD)
reveals the generation of a trinuclear metal complex supported
by two phosphinimide-trisphenoxide ligands (Figure 2b),
2K*[(O3PN);Ni3]%(3). The phosphinimide binds in the desired 13
fashion while the phenoxides are terminal, generating a
structure that is pseudo-C; symmetric. The trinickel complex is
dianionic, with two K cations coordinated to the phenoxides,
neutralizing the charge. Each Ni center displays a distorted
square planar geometry with the sum of angles around Ni of
360°. The Ni-N distances in the range of 1.850(2)-1.865(2) A are
shorter than other four-coordinate Ni distances to bridging
phosphinimide N (1.90-2.05 A),f, 2¢, d, 11b, 21 |ikely due to the
chelating phenoxide donors. The three Ni centers display metal-
metal distances in the range of 2.5744(7)-2.6546(9) A, which are
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similar to Ni-Ni distances reported for diamond core bridged
dinickel(Il) complexes, especially for cases where the bridging
atoms are O or N and the metals centers are not both coplanar
with the bridges.?? The nature of the solution structure was
interrogated by NMR spectroscopy. The observation of
relatively sharp resonances in the diamagnetic NMR chemical
shift range indicates the diamagnetic nature of 3-DME,
consistent with the isolated Ni' square planar centers being low
spin, as expected.2? The 'H NMR spectrum in C¢Dg features six
tert-butyl resonances and four aromatic resonances, some of

which are broad. Two nearly coincident resonances
corresponding to bound DME are also observed. In the
conditions used to obtain the solid-state structure

hexamethyldisiloxane displaces the DME; however, 3-DME is
used for all other characterization and further reaction. The
number of peaks, larger than expected for a C; structure (two
for the tert-butyl and two for the arene groups), is consistent
with the potassium cations being coordinated in solution and
lowering the symmetry of the cluster.

Cyclic voltammetry studies of compound 3-DME reveal two
pseudo reversible oxidation events at -0.80 V and +0.05 V at 250
mV/s, with respect to Cp,Fe/Cp,Fe* (Figure S9). These are
assigned to formal oxidations by one and two electrons,
respectively, Ni';Ni"/Ni"; and Ni'"Ni",/Ni";Ni". In comparison to
the mononuclear Ni salen and phosphasalen complexes, the
first oxidation event is much more facile (+0.58V, and +0.16 V,
respectively).ld 16 The first oxidation event of 3-DME is also
more facile than the trinuclear triplesalen complex with distal
metals (+0.22 V).7 The more than 800 mV difference toward
accessing the oxidized species is likely a consequence of the
negative charge of the cluster and the more electron rich
phosphinimide donor, despite its bridging nature, relative to the
imine and phosphinimine. Treatment of 3-DME with two
equivalents of the weak oxidant, decamethyl ferrocenium
triflate, results in the formation of a new, dark brown species,
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Figure 2: Synthesis of 2, 3-DME, and 4 (a). Solid-state structure of 3 (b) and 4 (c). Most carbons and hydrogens of ligand excluded for clarity.
Selected bond lengths for 3, Ni(1A)-Ni(1B) 2.5744(7) A, Ni(1)-Ni(2) 2.6546(9) A, Ni(1A)-N(1A) 1.850(2) A, Ni(1B)-N(1A) 1.855(2) A, Ni(2)-
N(1A) 1.865(2) A, Ni(1A)-O(1A) 1.902(2) A, Ni(1A)-O(1B) 1.880(2) A, Ni(2)-O(2A) 1.893(2) A; and 4, Ni(1)-Ni(3) 2.477(2) A, Ni(1)-Ni(2) 2.636(2)
A, Ni(2)-Ni(3) 2.657(2) A, Ni(1)-N(1) 1.856(7) A, Ni(2)-N(1) 1.863(6) A, Ni(3)-N(1) 1.869(7) A, Ni(1)-N(2) 1.853(7) A, Ni(2)-N(2) 1.863(6) A,
Ni(3)-N(2) 1.864(6) A, Ni(1)-O(1) 1.880(5) A, Ni(1)-O(4) 1.859(6) A, Ni(2)-0(2) 1.887(6) A, Ni(2)-O(5) 1.890(6) A, Ni(3)-0(3) 1.879(6) A, Ni(3)-
0(6) 1.859(6) A.

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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characterized as [FeCp™;]*(OsPN),Nis](4).

The solid-state structure of 4 (Figure 2c) displays similar
connectivity to [(OsPN);Nis]? (3). The two K cations are replaced
with one outer-sphere decamethylferrocenium ([Cp*,Fe]*). All
Ni centers are still in a slightly distorted square planar geometry.
There is a significant Ni-Ni contraction for one of the bonds with
a bond distance of 2.477(2) A (Ni(1)-Ni(3)), while the remaining
Ni-Ni distances (2.657(2) A and 2.636(2) A) are in the range of
those observed for 3. The Ni-N distances are nearly identical to
3 ranging from 1.856(7) to 1.867(7) A. There is a slight decrease
of the Ni-O bond lengths (1.859(6)-1.890(6) A for 4 vs 1.880(2)-
1.893(2) A for 3), which could be due to an increase in the
oxidation state at Ni or the removal of the K cations. Notably,
the shorter Ni-O distances are located on Ni(1) and Ni(3) which
are the metal centers with a shorter metal-metal distance
suggesting that the oxidation is located at these two sites. Cyclic
voltammetry studies were undertaken on 4 for comparison to
3-DME. An oxidation and a reduction corresponding to the
same redox processes observed for 3 are detected (Figure 3),
assigned to Ni'Ni",/Ni";Ni" and Ni';Ni"/Ni";, respectively.
Additionally, a reduction wave corresponding to the
[Cp*,Fe]*/Cp*,Fe coupleis observed. While the Ni"Ni",/Ni',Ni"
couple appears at the same potential for 3-DME and 4, the
Ni";Ni"/Ni'5 is shifted (-800 mV in 3 vs -770 mV in 4), suggesting
that the K cations remain associated to the Nis cluster in
solution, consistent with the NMR data. Addition of KOTf to
solutions of 4 did not result in a shift in the waves in the cyclic
voltammograms, which may be due to slow association of K* to
the monoanion. The shift in potential between 3-DME and 4 is
reminiscent of previously reported effects of redox inactive
cations affecting transition metal or cluster potentials through
Lewis acidity or charge effects.?4

Compound 4 was further characterized by Evans method,
NMR spectroscopy, and EPR. The Evans method produced a
magnetic susceptibility value of 2.80 ps, which is close but
higher than the expected value of 2.45 g for two uncoupled
unpaired electrons, for the combination of a S = 1/2
[(O3PN);Niz]- ion and the S = 1/2 [Cp*,Fe]* cation (assuming
g=2.00).25 Conversely, treating [FeCp*,]* [(OsPN);Nis]- as an S =
3/2 system in combination with [Cp*,Fe]* results in an expected
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Figure 3: Cyclic voltammogram of 4 at a scan rate of 25 mV/s
in THF. *Redox couple for [Cp*,Fe]*/ Cp*,Fe.

Uef Of 4.28 Us, a significant deviation from the observed value,
Though 4 bears half-integer spin, 1H NMR data for the cluster is
minimally shifted, with chemical shifts ranging from -0.23 to
9.50 ppm, which are not significantly broadened, with Wy,
ranging from 20 to 40 Hz; the decamethyl ferrocenium cation
displays a single resonance in the paramagnetic region at -37.1
ppm. The chemical shift range is somewhat comparable to the

This journal is © The Royal Society of Chemistry 20xx
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Ni''-phosphasalen 'H NMR spectrum window (& 1.6-19).122 The
minimal broadness in the resonances of the 'H NMR suggests a
minimal contact mechanism contribution.26

To further characterize 4 and investigate whether the
unpaired electron is metal or ligand-based, X-Band EPR studies
were conducted. At 10 K, a pseudo-axial spectrum is observed
with gpar of 2.51 and gperp Of 2.03 (Figure 4). Increasing the
temperature above 30 K resulted in the loss of signal, in contrast
with a previously reported salen system that shows different
signals at low (rhombic signal, ga.=2.18) vs high temperatures

(isotropic signal, gis,=2.04) consistent with tautomerism
0 1000 2000 3000 4000 5000
Gauss(G)
—Experimental —Simulated

Figure 4: X-Band EPR spectrum of 4 (2 mM solid glass in 2-
MeTHF, 10 K)

between Ni'"" and oxidized phenoxide.?” The behavior of 4
indicates that the Ni" state is preferred relative to a ligand-
based oxidation. The structural changes observed upon
oxidation are in agreement with this assignment. The
shortening of the Ni-Ni distance is indicative of an electronic
change at the metal. Square planar d® metal complexes can
support metal-metal bonds along the 2z vector; these
interactions are strengthened upon oxidation, which removes
an electron from an orbital with partial antibonding character
(Figure S18).28

Computational studies of 3 and 4 were undertaken to further
interrogate the electronic structure. Good agreement is
observed between the structural parameters from XRD and
computation (Table S2 and S3). The Ni(1)-Ni(3) contraction
observed in 4 was also reproduced and was evaluated as an
indication of oxidation at these metal sites. A higher Lowdin
bond order is observed for Ni(1)-Ni(3) (0.43) than the other two
Ni-Ni interactions (0.31). Analysis of Mulliken spin population
shows significant spin density on Ni(1) and Ni(3), encompassing
nearly 80% of unpaired spin, corroborating a metal-centered
unpaired electron in 4, as suggested by the EPR data (Table S4).
These observations are consistent with a singly occupied
molecular orbital that is antibonding with respect to the Ni(1)-
Ni(3) interaction and non-bonding with respect to the Ni(1)-
Ni(2) and Ni(3)-Ni(2) (Figure S18).

In summary, a new ligand platform for the rational synthesis
of trinuclear clusters that takes advantage of the bridging ability
of the phosphinimide motif has been described. Upon oxidation
of a Ni'"; complex, this ligand supports a new example of a high-
oxidation state Ni cluster, with a formal metal core oxidation
state of Ni';Ni". Notably, the Ni" species is accessible at very

J. Name., 2013, 00,1-3 | 3
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mild potentials (-800 mV vs Cp,Fe*/CpyFe), likely a consequence
of the high negative charge of the phosphinimide-trisphenoxide
ligand and the electron rich phosphinimide donor. The reported
clusters highlight the utility of the phosphinimide motif for the
rational design of multidentate and multinucleating ligands for
transition metals.
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We report the synthesis of trinuclear Ni clusters
supported by a tetraanionic trisphenolphosphinimde
ligand. The dianionic [(O;PN)Nis]* cluster is oxidized
at low potentials to form the monanionic [(O3PN),Nis]
species, featuring Ni"" with proximal metal

arrangement.
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