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Nickel—oxygen species are proposed as key
intermediates in various biological nickel-containing catalytic and
enzymatic processes. We report the successful synthesis and
crystallographic characterization of the first terminal nickel—oxygen
complex featuring a tridentate N-aryl-N’-methylpyridyl f-diketimi-
nate ligand. This species can be formally classified as either a nickel-
oxo (Ni"'=0) or nickel-oxyl (Ni"—0®) species, exhibiting dual
bonding characteristics. The experimental observations and DFT
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calculations suggest the bonding is best described as a resonance hybrid of Ni''=0 and Ni"—O* states, with the Ni"'—O*® form likely

predominant.
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ransition metal complexes featuring terminal oxo or oxyl
ligation are proposed as key intermediates in numerous
biological and abiological catalytic oxidation processes.'” "
The isolation and synthesis of metal-oxo or -oxyl species could
enhance our understanding of bioinspired chemistry. Nickel-
oxo and nickel-oxyl species have attracted considerable
attention because they have garnered significant interest due
to their potential as intermediates in nickel-mediated oxidation
reactions.''~"® For example, a [Ni""-ox0] species was proposed
as the active oxidant in the [Ni"(TPA)]** [TPA = tris(2-
pyridylmethyl)amine] catalyzed alkane hydroxylation.'*'?
Driess and co-workers suggested that a transient nickel—
oxygen species [L"Ni = O < LPNi-0°*] (L™ = HC-
(CMeNC4H,Pr,),) is generated through N,O monooxygena-
tion of [(L™Ni'),(u-1*:1*-CsHsMe)], acting as a hydrogen
scavenger and subsequently formed an unusual [(L™'Ni"),(u—
OH),]."” Additionally, experimental and theoretical studies
propose a nickel—oxygen species as an effective oxidant for the
challenging gas-phase conversion of methane to metha-
nol.”~** Despite this, spectroscopic investigations of nickel—
oxygen species remain limited, and no crystallographic
characterization exists.”>”>
Drawing inspiration from symmetrical $-diketiminato nickel-
(I) complexes’’~** and prior studies on unsymmetrical -
diketiminato systems,”> >° we propose that the N-aryl-N'-
methylpyridyl S-diketiminate ligand (LH) acts as a hemilabile
chelator. The flexible methylpyridyl arm provides electronic
tunability and enables reversible coordination, allowing the
ligand to adapt its denticity and stabilize high-valent or
radicaloid nickel—oxygen units. This design creates an
unsymmetric donor environment that promotes spin delocal-
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ization onto the oxygen atom, disfavors bimolecular decom-
position, and facilitates reorganization from the T-shaped
Ni(I) precursor (2) to a four-coordinate terminal Ni—O
species (5). Accordingly, we report the crystallographic
characterization of the first terminal nickel—oxygen complex
supported by this tridentate ligand framework (Scheme 1).

Deprotonation of LH with KO'Bu in the presence of
[NiCl,(2,4-lutidine),] afforded LNi'Cl (1), which was
reduced with KCq to give the paramagnetic T-shaped Ni(I)
complex LNi' (2). Both complexes have been independently
reported,”””® our data are fully consistent with the literature.
Complex 1 is diamagnetic and air-stable, while 2 is highly air-
and moisture-sensitive, exhibiting a rhombic signal (g;= 2.288,
& = 2.134, and g, = 2.035) with "*N superhyperfine coupling
(Ax = 17 G) to one ligand nitrogen and higher spin density on
N2 (Figure 1, Table §3).39~#

Crystallization of 2 from pentane or hexane revealed the
expected T-shaped geometry (Figure 2a). Interestingly,
crystallization from acetonitrile gave an unexpected dinickel(I)
species, 3, where acetonitrile bridges two nickel centers in a y-
k':n*bonding mode (Figure 2b). Notably, the N=C bond
length of 1.236(7) A reflects back-bonding from the 7>-bound
nickel(I) center, longer than the 1.157(9) A in free
acetonitrile.”” The u-k:7*bound nitrile has been observed
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“(a) Synthesis of the N-aryl-N’-methylpyridyl f-diketiminato nickel
complexes. (b) Formation of 5 as a Ni''=0 or Ni''~O* species and its
dinickel-peroxo species.

g-value
2643 2.455 2.291 2.148 2.021 1.909 1.809
T T T T T T T T T T T
6
4 Simulation
24
LNi at 100K
04
2
g-value 2.288 2.134 2.035
A(G) 12 2 17
4 Linewidth G) 128 228 8.1

T T T T T T T T T T T
2600 2800 3000 3200 3400 3600 3800
Magnetic Field (G)

Figure 1. X-Band EPR spectra of 2 in toluene at 100 K.

with only selected transition metals*’
observed for nickel(0) species.***
Exposure of a toluene solution of 2 to dry dioxygen at
ambient temperature triggered an immediate color shift from
deep red to green, signaling the formation of the nickel(II)-
hydroxyl species LNi"—OH (4). Fractional crystallization from
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Figure 2. Molecular structure of (a) 2 and (b) 3. Thermal ellipsoids
are drawn at a 50% probability level. Hydrogen atoms are omitted for

clarity.

the reaction mixture yielded green crystals of 4 in low yield
(~25%). The crystal structure, as shown in Figure S5, reveals a
low-spin square-planar Ni(II) center with a terminal —OH
group. The '"H NMR spectra exhibit diagnostic peaks for the
terminal hydroxyl (—4.73 ppm) and the N—aryl-N’-methylpyr-
idyl p-diketiminate ligand framework (Figure S6). The Ni—
distance in 4 (1.854(2) A) aligns with those of similar termmal
nickel(IT)-hydroxyl square-planar complexes.*™*’ The solid-
state FTIR spectrum of isolated LNi'—OH (4) shows a
distinct O—H stretch at v(O—H) = 3637 cm™), shifted to
v(0O-D) = 2633 cm™ upon exposure to CH;OD (Figure S7).
Additionally, complex 4 can be prepared in a higher yield
(82%) via salt metathesis from the reaction of LNi'CI (1) with
KOH.

A “side-on” superoxo-nickel complex, [L*'Ni"(0,)], with a
symmetrical f-diketiminato ligand, was previously reported
from the reaction of [(L™'Ni'),(u-n*1*-C¢HsMe)] with dry
dioxygen at —78 °C."” This finding motivated us to reexamine
the reaction of 2 with dry dioxygen at a lower temperature, in
contrast to the room temperature reaction that produced 4.
Spectrophotometric titration of 2 with dioxygen at —80 °C
showed a 2:1 Ni/O, ratio in spectral changes (Figures 3 and
$8), suggesting the possible formation of a nickel-monooxygen
species 5 or dinickel—peroxo species under these conditions.

To explore intermediates formed during the oxygenation of
2, low-temperature Raman spectroscopy was performed by
exposing a frozen solution of 2 to dioxygen at —80 °C. The
resulting spectra exhibited three O, isotope-sensitive bands at
484, 668, and 748 cm™', which shifted to 464, 638, and 706
cm™ with 80, substitution (Figure 4). These isotopic shifts,
with ratios of v(Ni—'°0)/v(Ni-'%0) 1.041 and v-
(**0-"0)/v(**0-"80) = 1.060, are assigned to Ni—O and
O—O stretching vibrations, respectlvely, aligning with
previously reported nickel—oxygen species.”””' DFT calcu-
lations further support this assignment, identifying the 668
cm™! band (theor. value 684 cm™") to Ni—O bond vibrations
of LNi—O°® (5). The 484 cm™ (theor. value 523 cm™') and
748 cm™! (theor. value 770 cm™) bands may attribute to the
Ni—O and O—O vibrations, respectively, of a peroxo-bridged
dinickel intermediate, LNi—O—O—NiL (B, see Figure S9).

To further probe the reaction pathway, UV—vis absorption
spectra of 2 with dry dioxygen were monitored at 523 nm at
10-s intervals at —110 °C, revealing transient intermediate
species during the conversion to § (Figure S10). Based on
these data together with low-temperature Raman spectroscopy,
we propose a three-step mechanism for the formation of §
(Scheme S1): (i) initial binding of O, to 2 to form the Ni-7'-
superoxo species LNi"—0,°~ (A); (ii) rapid dimerization of A
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Figure 3. UV—vis changes accompanying oxygenation of 2 in toluene
at —80 °C, using starting concentrations of 0.12 mM. The 0.1 equiv of
oxygen was added at a rate of 2 per minute until 1.0 equiv was
reached. The initial and final spectra are represented in black and
blue, respectively. The insets show the results of spectrophotometric
titrations of the complex 2 with O, at 523 nm, plotted as linear fits at
a 2:1 Ni/O, ratio.
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Figure 4. Raman spectra (4., = 532 nm) of complex 2 recorded in
MTHEF at —80 °C prepared with '°O, (black) and partially O,
labeled (red); inset: difference spectrum.

with a second equivalent of 2 to form the Ni,-y-1,2-peroxo
species LNi"—0,>"=Ni"L (B); and (iii)) O—O bond
homolysis of B to afford the nickel-monooxygen species §
(Figure S9). DFT calculations indicate that the formation of A
and B is thermodynamically favorable, and their binding
modes are consistent with literature precedents.”'~>® The
absence of superoxo vibrational features in the Raman spectra
supports rapid conversion of A to B, underscoring the dynamic
nature of the low-temperature oxygenation process.

A light-red crystal of 5 was obtained from the reaction
mixture stored at —40 °C. The molecular structure of § reveals
a square-planar nickel center bound by an oxygen atom and a
tridentate N-aryl-N'-methylpyridyl f-diketiminate ligand (Fig-
ure 5). The Ni—O distance in 5 (1.750(4) A) is shorter than
the Ni—OH bond length in 4 (1.854(2) A) and bis(u-
oxo)dinickel(IIT) complexes (~1.85(2) A).>*7*° Additionally,

Figure S. Molecular structure of 5. Thermal ellipsoids are drawn at a
50% probability level. Hydrogen atoms are omitted for clarity.

it is shorter than the Ni—O distances in previously reported
Ni',(u-1,2-peroxo) (1.834(2) A)>' and Ni",(u-1,2-peroxo)-
(1.796(9) A)** complexes. These comparisons indicate that 5
likely contains a terminal nickel(III)-oxo or nickel(II)-oxyl
species.

Complex § is stable at —80 °C but decomposes rapidly
above —30 °C. Monitoring the thermal decay by UV—vis
spectra indicated a nickel(II)-hydroxyl species 4 formation,
implying the hydrogen atom abstraction (HAA) reactivity of §
(Figure S11). Variable-temperature EPR experiments con-
firmed this decay, with the characteristic signal of §
diminishing above —30 °C (Figures S12—13). In-situ
generation of 5 by bubbling O, into a toluene solution of 2
at —80 °C afforded an axial X-band EPR spectrum (g; = 2.110,
g, = 2.008, g; = 2.004), well reproduced by simulation (Figure
6). Frontier molecular orbital analysis (Figure S17) reveals that
the SOMO possesses significant d,, character. Spin—orbit
coupling with nearby filled d,, (—4.72 V) and d,> (—4.92 eV)

orbitals accounts for the axial anisotropy and g-value deviation
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Figure 6. X-Band EPR spectra of in situ generated compound $ in
toluene at 100 K.
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from g, = 2.0023. These results indicate that the characteristic
axial EPR signal arises from low-lying excited states and the
specific d-orbital composition of the Ni-centered radical. EPR
spin quantification of in situ oxygenated 2 samples revealed
41.8% conversion to the EPR-active nickel-monooxygen
species 5 (Figure S14). Combined with the Raman data, this
indicates a 1:0.7 equilibrium ratio between species § (41.8%)
and the peroxo-bridged dinickel intermediate B (an EPR-silent
u-1,2-peroxo dinickel species; 29.1%) at —80 °C, suggesting
that the 2 LNi"-0O° (or LNi"=0) = LNiO—ONiL
equilibrium is slightly biased toward the oxyl pathway at —80
°C.

To investigate the mechanism of the oxidation pathway,
N,O was used as an alternative oxygen-atom source. UV—vis
titration and in situ X-band EPR spectra confirmed formation
of the same nickel-monooxygen species 5 observed with O,
(Figure S1S5). Complementary resonance Raman measure-
ments revealed the characteristic O—O stretching band at 748
cm™ of the u-1,2-peroxo dinickel intermediate B (LNiO—
ONiL). The identical spectroscopic signatures obtained from
both O, and N,O indicate that the two oxidants converge on a
common Ni—O intermediate. The simultaneous observation of
S and B further supports a dynamic, reversible equilibrium
between the terminal nickel—oxygen species and the peroxo-
bridged dimer at low temperature.

To elucidate the bonding nature of the terminal nickel
monooxygen species S5, which can be formally classified as
either LNi'"™=O or LNi’'-~0°, a molecular orbital (MO)
analysis was conducted. As shown in Figure S17, MO93
corresponds to the o-bonding interaction between the Ni dz_p
and O p, orbitals, with additional contributions from the ligand
nitrogen atoms. MO104 and MO106 represent the two 7-
bonding interactions, while MO112 and the SOMO (MO113)
are the corresponding 7* antibonding orbitals between Ni and
O. Notably, the oxygen p, orbital contributes substantially to
the SOMO, indicating significant radical character on the
terminal oxygen. As o-bonding is stronger than z-bonding,
MOB93 lies lower in energy than the z-bonding MOs. Overall,
six electrons occupy bonding orbitals (MO93, MO104,
MO106) and three occupy antibonding orbitals (MO112
and SOMO113), affording a formal Ni—O bond order of 1.5.
This was corroborated by natural population analysis (NPA),
which indicated that the spin density is predominantly
localized on the terminal oxygen (0.670 on O and 0.277 on
Ni, Table S3). For more precise bond order data, Mayer,
Wiberg, and Fuzzy bond order analyses were performed, and
the values were 1.2, 1.6, and 1.8, respectively.57 Therefore, the
bonding nature of 5 can be best described as a resonance
hybrid of Ni"=0 and Ni"—0O* states, with the Ni"’'~O* form
likely predominant.

To understand the chemical reactivity of S, stoichiometric
reactions with PPh; and TEMPOH were performed. After
treatment of 5 with PPh; at 183 K, followed by warming to
room temperature, O=PPh; was obtained in 30% vyield, as
determined by *'P NMR (Figure S18), indicating limited
oxygen-atom transfer (OAT) reactivity. In contrast, the
reaction of § with TEMPOH under identical conditions
produced TEMPO radical and LNi"~OH (4) in 45% isolated
yield after recrystallization. However, EPR spin quantification
of the TEMPO radical revealed a significantly higher
conversion of ca. 76% (Figures S19). No reactions occurred
between 4 and TEMPO (Figure S21). These studies
demonstrate that complex § exhibits efficient hydrogen atom

abstraction (HAA) reactivity toward TEMPOH, while its OAT
reactivity toward PPh; is comparatively limited. This dual
reactivity profile is consistent with the resonance hybrid nature
of the Ni"'=0 and Ni"—O" states.

In summary, the N-aryl-N'-methylpyridyl p-diketiminate
ligand framework stabilizes the nickel—oxygen unit, enabling
the formation of a unique terminal nickel-monooxygen species
S at low temperature. Based on the EPR data and DFT
calculations, this paramagnetic nickel-monooxygen species § is
best characterized as a resonance hybrid of Ni™"=0 and Ni"—
O° states with a planar tetracoordinate geometry. Additionally,
low-temperature studies reveal a rapid equilibrium between the
mononuclear oxyl LNi—O® and the peroxo-bridged dinickel
intermediate LNiO—ONiL, highlighting the dynamic nature of
the Ni—O system.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.6¢00356.

Additional figures, tables, and crystallographic data
(PDF)

Deposition Numbers 2209936—2209939 and 2492714 contain
the supplementary crystallographic data for this paper. These
data can be obtained free of charge via the joint Cambridge
Crystallographic Data Centre (CCDC) and Fachinformations-
zentrum Karlsruhe Access Structures service.
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