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Nickel coordination compounds featuring Ni-O bonds are key
structural motifs in both bioinorganic and synthetic chemistries.
They serve as precursors for organic substrate oxidation and are
commonly invoked intermediates in water oxidation and oxygen
reduction schemes. Herein, we disclose a series of well-defined
dinuclear nickel complexes that, upon treatment with CO, and
H,0,, afford the first nickel-bound peroxycarbonate. This unpre-
cedented nickel—oxygen intermediate is stabilized by hydrogen
bonding templated across the bimetallic core. Contrasting copper
and iron analogues, the nickel peroxycarbonate reversibly dissociates
H,0,, a process that is shown to be accelerated by exogenous CO,.

The ubiquity of Cu, Fe, and Mn enzymes has led to extensive
studies interrogating metal-oxygen intermediates of mono- and
bimetallic complexes of these ions." In contrast, Ni is generally
employed by Nature for C; conversion chemistry,> but has
recently received attention with respect to oxidation reactivity
given its role in the active sites of superoxide dismutase
(NiSOD; Fig. 1A)* and dioxygenase enzymes.” Ni(i1) complexes
are typically inert to dioxygen, however modifications to the
supporting ligand(s) have been demonstrated to override this
tendency.® Even so, the vast majority of nickel-oxygen com-
plexes are accessed via addition of strong oxidants, including
H,0,, peroxyacids, and alkylperoxides.® Continued preparation
and study of new classes of nickel-oxygen intermediates is
critical to elucidating the chemistry of nickel metalloenzymes,
informing fundamental mechanisms in synthetic oxidation
catalysis, and providing a basis for comparison to copper and
iron homologs.*

Given the high electronegativity of Ni, its low oxophilicity,
and O(n)/Ni(d) repulsions, nickel-oxygen species can demon-
strate potent oxidative reactivity.” Mononuclear nickel
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Fig. 1 Proposed mechanism for bioinorganic superoxide reduction to
H,O, (A) and representative examples of the diverse nickel-oxygen inter-
mediates accessed synthetically via both O, activation and H,O,/base
addition (B).

oxidants—generated from the treatment of Ni(u) precursors
with peroxyacids—are capable of oxidizing unactivated aliphatic
C-H bonds, yet the nature of the active oxidant remains
unknown.® Tyrosinase-like Ni"'-p(0),-Ni'"" diamond cores are
competent for intramolecular aliphatic’ and aromatic’® C-H
oxygenation, ultimately sourcing the oxidizing equivalents from
hydrogen peroxide (H,O,). They are likewise proposed to be
the active oxidants in catalytic aromatic hydroxylation proto-
cols.’™'" Recently, this has been scrutinized;'> more exotic
nickel-oxygen species have been reported under similar reac-
tion conditions and cannot be strictly ruled out as reaction-
relevant intermediates (Fig. 1B).>"?

Given that many mechanistic proposals rely on self-assembly
of monometallic precursors to dinuclear nickel-oxygen species,
our lab has targeted well-defined bimetallic model systems
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supported by a bicompartmental ligand scaffold. Herein, we
describe the synthesis of a series of multinuclear nickel com-
plexes that serve as precursors for base-free H,O, activation
chemistry. These Ni(i1) compounds were found to readily react
with carbon dioxide (CO,), affording a dinickel complex
bridged by x*-bicarbonate linkages. The CO, in these ligands
plays a key role in subsequent H,O, reactivity, yielding the first
structurally characterized bimetallic peroxycarbonate complex,
[LNi,(0,C0,)(H,0),]". Contrasting previously reported peroxy-
carbonates,"® [LNi,(0,CO,)(H,0),]" releases H,0, when
warmed to 0 °C. In addition to expanding the library of
characterized nickel-oxygen intermediates (Fig. 1B), this work
lends credence to proposed peroxyacid adducts that are rele-
vant to nickel-mediated alkane and alkene oxidations.**“?
Treating lithium phenolate pro-ligand, LiL, with two equiv.
of Ni(OTf),, generates a dinickel complex'® featuring both
inner- (*°F 6 = 0.81 ppm) and outer-sphere (*°F § = -74.42 ppm)
triflate anions. The nickel(n) centres afford sharp paramagenti-
cally shifted resonances by "H NMR spectroscopy, a fingerprint
correlated to the bis(triflate) cation [LNiy(OTf),]" (Scheme 1), via
complementary single crystal X-ray diffraction (SCXRD) analysis.
p-OH ligands are purported intermediates and/or precursors in
H,0,-mediated oxidation chemistry;'® these groups were targeted
via treatment of [LNiy(OTf),]" with NaOH. Under anaerobic
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Scheme 1 Synthesis of well-defined multinuclear nickel hydroxide com-
plexes and subsequent reactivity with carbon dioxide.
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conditions, addition of base results in generation of a tetranuclear
complex with p-OH ligands linking two distinct LNi, motifs,
the formulation of which was corroborated as [L,Ni,(OH),]** by
SCXRD. The four metal ions adopt a roughly tetrahedral arrange-
ment (t, = 0.97),"” with bridging hydroxide and aryloxide ligands
capping each of the six edges. The Ni-Ni distances across the
aryloxide bridges are slightly elongated (3.90 A) relative to those
spanned by the hydroxide ligands (3.75 A), suggesting that the
intermolecular p-hydroxo is more accessible with the semi-rigid
dinucleating scaffold. When the same reaction is performed
open to air, a distinct tetranickel complex results, with two
bridging carbonate and two aquo ligands, [L,Ni(COs),(H,0),]>*
via the uptake of CO, from ambient air (Scheme 1). All four Ni(u)
centres remain six-coordinate with C, symmetry and p-x*0,0:x0
carbonate binding. The solid-state structure of this species
highlights expansion of the inter-nickel distances between the
two bimetallic units (Ni- - -Niy. = 4.96 A), and distinct Ni-Ni
contacts within the two bicompartmental chelates, with the
x*-carbanato moieties enforcing a more compact Ni, spacing
(viz. 3.45 vs. 3.81 A). The solid state asymmetry observed for
[L2Ni (CO;),(H,0),]*" is affirmed by the solution spectroscopy,
and electrospray ionization mass spectrometry (ESI-MS) shows
parent ion peaks consistent with both tetranuclear units,
[L>Nis(OH)4)** and [L,Ni (CO3),(H,0),]*

Whereas solutions of [L,Niy(OH),]>* prove air-stable, they
readily react with concentrated CO, (1 atm) to generate a new
species, as indicated by a slight blue shift in the UV-visible
spectrum (Fig. 2, left) and a distinct paramagnetically shifted
signature in the 'H NMR spectrum.'® The same spectral
features are reproduced when CO, (1 atm) is added to [L,Ni,-
(C0O3),(H,0),J**. Vibrational spectroscopy shows a sharp carbo-
nyl stretch at 1687 cm ' that is sensitive to *CO, isotopic
labelling (Fig. 2, right), most consistent with a terminal (bi)-
carbonate assignment.’*” Whereas this reaction product has
eluded characterization in the solid state, ESI-MS of reactions
stemming from the treatment of either precursor with '
3CO, corroborates generation of a bis(bicarbonate) cation,
[LNi,(CO3H),]*, the dinuclear nature of which is further sup-
ported by DOSY NMR experiments (Scheme 1).

)

613 nm

o2zl

750 1700 1650 1600
Wavenumber (cm'1)

500 550 600 650 700
Wavelength (nm)

Fig. 2 Electronic absorption spectra evidencing conversion of
[L2Nis(OH)4** (—) and [L2Nis(CO3)2(H20),1** (—) to [LNix(COsH).I*
(== — & — -, respectively) in MeCN solution (left). Solution IR spectra
(MeCN) corroborating isotopic sensitivity of the bicarbonate (**C —
1C ---) carbonyl stretch (right).
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As an entry point to oxidative chemistry, we pursued H,0,
addition to these multinuclear Bronsted-basic nickel species.
Peroxycarbonate ligands are shown to form from both CO,
addition to reactive metal peroxo species'*>*/* and H,0, inser-
tion into metal carbonatos.'*® Treating [L,Nis(CO;),(H,0),]>* or
[LNi,(CO;H),]" with excess aqueous H,0, (50 wt%) at -30 °C
resulted in an immediate colour change to pale purple. Low
temperature "H NMR spectroscopy supported the formation of a
mixture of paramagnetic species; cleaner reactivity to a single
major product was observed when the oxidant addition was
carried out in the presence of exogenous CO,. Crystalline
purple plates were formed when Et,0/MeCN mixtures of this
new product were maintained at low temperature (—17 °C).
SCXRD analysis revealed generation of a dinuclear peroxy-
carbonate complex, [LNiy(0,C0,)(H,0),]" (Fig. 3); the first
nickel peroxycarbonate and the first structurally characterized
bimetallic example.

Contrasting what was proposed for dicopper complexes on
a similar phenolate-bridged ancillary ligand,'*" the present
dinickel peroxycarbonate shows preferential binding to a single
Ni centre (Fig. 3). The metrical parameters highlight that
the 0,CO,-bound Ni ion in [LNiy(0,CO,)(H,0),]" adopts a
distorted octahedral coordination environment, with peroxy-
carbonate bond lengths similar to Suzuki’s related monome-
tallic Fe analogue.'** The O-O bond is slightly elongated in the
present case (cf 1.466(6) vs. 1.455(5) A) and more closely
matches that of the recently reported peroxybicarbonate anion
(1.469(2) A).*° The second nickel centre in [LNiy(0,CO,)-
(H,0),]" is likewise pseudo-octahedral with two water mole-
cules completing the coordination sphere. A striking feature
of the solid-state structure is the orientation and proximity
of the aquo ligands to the formally anionic oxygen atoms
of the peroxycarbonate, which are well within the range of
H-bonding contacts (OH,- - -Ogye. = 2.682(5) A). H-bonding is a
proven strategy for stabilizing reactive metal-oxygen species;>°
hypothesize that nickel templated intramolecular
H-bonding imbues added stability to the peroxycarbonate
moiety in the present system.
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Fig. 3 Synthesis, solid-state structure,f and reactivity of a nickel peroxy-
carbonate complex. Bond metrics are reported in angstroms. Substrate
oxidations were conducted at O °C for 4 hrs in either MeCN or
MeCN/DCM.
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The reported reactivity of base-metal peroxycarbonate com-
plexes varies, with documented examples of both O-O bond
scission’** and thermal disproportionation to liberate O,.'*"
Moreover, peroxycarbonate complexes have been shown to
be competent oxidants in their own right, demonstrating
O-atom!**?*" and H-atom transfer'**/ reactivity. In light of
this precedent, we were keen to explore the thermal (in)stability
of [LNiy(0,C0,)(H,0),]", which demonstrated relatively slow
conversion to [L,Nig(CO;),(H,0),]*" in MeCN solution at 0 °C
(t12 ca. 40 min.). This is markedly different from Karlin’s
dicopper analogue, which reacts rapidly via thermal dispropor-
tionation at temperatures as low as -50 °C,"*" a distinction
attributed to the intramolecular H-bonds (vide supra). A balanced
reaction for formation of [L,Nis(CO3),(H,0),]** necessitates the
loss of H,O,—efforts to spectroscopically identify/quantify H,O,
were unsuccessful, but reactivity probes with phosphine reagents
corroborated nearly quantitative peroxide release (92%; Fig. S21,
ESI{).§ In this way, [LNiy(0,CO,)(H;0),]" demonstrates novel
reactivity for this ligand motif, acting as a reservoir for H,0,.

We next sought to explore the potential of [LNi,(0,CO,)-
(H0),]" to serve as a bona fide oxidant via low-temperature
reactions with various substrates. Kinetic assays at 0 °C, under
pseudo first-order conditions, displayed non-integer rate laws
(Fig. 40 and e) for two electronically differentiated phosphines.
These results are more consistent with reversible H,0, binding
than the direct reaction of PR; with [LNi,(0,CO,)(H,0),]".
A kinetic regime in which H,0, binding to form [LNi,(0,CO,)-
(H,0),]" (Fig. 3, k_,) is rate competitive with phosphine oxida-
tion (k,) rationalizes the observed reaction profiles.q To further
bolster this hypothesis, the rate of carbonate formation from
[LNi,(0,C0,)(H,0),]" in the presence (x) and absence (=) of
H,0, was likewise investigated. The zero-order dependence on
Ni observed for formation of [L,Nis(CO;)»(H,0),]*" supports
rate determining H,O, release (rather than dimerization), and
addition of exogenous H,0, suppresses conversion (Fig. 4 and x,
respectively). A comparison of three additional substrates (Fig. 3,
inset) demonstrated no significant difference in reactivity relative
to hydrogen peroxide controls, further supporting [LNi,(0,CO,)-
(H,0),]" acts as a storehouse for H,0,.

Reaction atmosphere—N, vs. CO, vs. air—has been shown
to play a role in peroxycarbonate reactivity.'*® Under CO,, the
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Fig. 4 Reaction kinetics tracking [LNi>(0,CO,)(H,0),l* reactivity under
conditions outlined in the accompanying legend. Ar = tris(4-trifluoro-
methylphenyl).
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decomposition of [LNiy(0,C0,)(H,0),]" is immediate, even at
low temperature (thawing MeCN), quantitatively furnishing
bicarbonate complex [LNiy(CO3;H),]". Again, this chemistry
proceeds via the release of H,0, with concomitant CO, uptake.
This reversible sequestration of H,O, at a base-metal-bound
peroxycarbonate is unprecedented, differentiating the present
Ni reactivity from that of both its Fe'**‘ and Cu'* congeners.
Subsequent chemical steps—dimerization to form [L,Niy(COs),-
(H,0),]**, substrate oxidation, or CO, addition (generating
[LNi,(CO3H),]")—serve to drive the equilibrium toward exhaus-
tive H,O, release.

In summary, well-defined dinuclear nickel complexes have
been accessed by employing a phenolate-bridged bicompart-
mental ligand scaffold. Hydroxide installation results in highly
Lewis basic moieties that favour intermolecular bridging
([L,Nig(OH),J**) or CO, uptake ([L,Nis(CO;)»(H,0),]*"). Ensuing
hydrogen peroxide chemistry affords the first reported example
of a nickel peroxycarbonate complex, the stability of which is
attributed to metal-templated intramolecular H-bonding inter-
actions. Unlike previously reported metal peroxycarbonates,™*
[LNi,(0,C0,)(H,0),]" reacts via reversible H,O, release, as
established by kinetics assays. H,O, dissociation is shown to be
driven by CO, addition, accelerating oxidant release. Compound-
ing ambiguity regarding the exact nature of reactive nickel-oxygen
intermediates accessed from H,O, and base (¢f Fig. 1B), this work
demonstrates that CO, may likewise play a non-innocent role in
altering the nickel speciation. Further studies investigating the
fundamental chemistry of multinuclear nickel precursors with
myriad catalysis-relevant oxidants are underway in our laboratory.
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