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Abstract: High-valent terminal metal-oxygen adducts are 
hypothesized to be the potent oxidising reactants in late transition 
metal oxidation catalysis. In particular, examples of high-valent 
terminal nickel-oxygen adducts are sparse, meaning there is a 
dearth in the understanding of such oxidants. In this study, a 
monoanionic NiII-bicarbonate complex was found to react in a 1:1 
ratio with the one-electron oxidant tris(4-bromophenyl)ammoniumyl 
hexachloroantimonate, yielding a thermally unstable intermediate in 
high yield (~95%). Electronic absorption, electronic paramagnetic 
resonance and X-ray absorption spectroscopies and density 
functional theory calculations confirm its description as a low-spin (S 
= ½), square planar NiIII-oxygen adduct. This rare example of a high-
valent terminal nickel-oxygen complex performs oxidations of 
organic substrates, including 2,6-ditertbutyphenol and 
triphenylphosphine, which are indicative of hydrogen atom 
abstraction and oxygen atom transfer reactivity, respectively. 

Nature employs Fe- and Cu-containing oxygenases to perform 
hydrocarbon oxidation and Mn-containing photosystem II to 
perform water oxidation.[1] Similarly, many synthetic Mn, Fe, Co, 
Ni, and Cu-containing catalysts are capable of both hydrocarbon 
and water oxidation.[2] In most of these natural and non-natural 
first-row transition metal catalysed conversions, terminal high-
valent metal-oxygen adducts, such as metal-oxo (M=O), metal-
oxyl (M-O·) or metal-hydroxo (M-OH) intermediates, have been 
implicated as the reactive oxidants. These oxidants are potent 
hydrogen atom abstraction (HAA) or oxygen atom transfer 
(OAT) reagents, capable of activating some of the most inert of 
substrates. Many examples of enzymatic and synthetic terminal 
oxomanganese and oxoiron species have arisen in the past 10 
years,[3] however there remains a dearth in the number of 
terminal late transition metal-oxygen adducts (metal = Co, Ni, 
Cu). Ray/Nam and Tolman have recently made great strides in 
preparing the first examples of scandium(III)oxocobalt(IV) and 
hydroxocopper(III) species, respectively.[4] However, well-
characterized high-valent terminal nickel-oxygen adducts remain 
elusive. 

Synthetic nickel containing complexes have been exploited 
as catalysts for the oxidation of hydrocarbons[5] and water.[6] 
Similarly, nickel-containing films and nanoparticles have been 
employed as oxidation catalysts.[2b,7] Terminal high-valent nickel-
oxygen adducts (NiIII/IV–OX) have been postulated as the active 
oxidant in these systems, however, very few such species have 
been isolated and well-characterized to date.[5,8] Interestingly, 
computational studies have forecast that a NiIII=O species would 
be capable of the activation of the strongest of C–H bonds (CH4, 
bond dissociation energy (BDE) = 104 kcal/mol).[9] Some groups 
have attempted to prepare high-valent nickel-oxygen adducts, 
for example Ray reported that the oxidation of 
[NiII(TMG3tren)(OTf)](OTf) (TMG3tren = (tris[2-(N-
tetramethylguanidyl)ethyl]amine, OTf = 
trifluoromethanesulfonate) with 3-chloroperoxybenzoic acid 
produced two species claimed to be NiIII–O(X) complexes.[10] 
However, the low yield (15%) of NiIII and identification of at least 
two NiIII species in the reaction mixture hampered their 
characterization. Latos-Grażyński reacted a NiIII–Br complex with 
hydroxide to yield a new species that was claimed to be a NiIII–
OH complex.[11] However, this species was only characterized 
using EPR spectroscopy, and no reactivity studies were 
performed. Liaw prepared NiIII–OR (R = Me, Ph) species, but did 
not report any HAA or OAT reactivity.[12] Interestingly, several  µ-
oxo-dinickel(III)[13] and nickel-containing heterobimetallic  µ-oxo-
complexes[14] have been isolated and found to be effective HAA 
reagents. In contrast, there remains a lack of suitable high-
valent terminal nickel-oxygen adducts that could help us 
understand further the reactivity properties of late transition 
metal oxidants. With this in mind, we set out to prepare, 
characterize and investigate the reactivity of such complexes. 
We identified Holm’s [NiII(OH)(pyN2

Me2)]– (1, Scheme 1) and 
[NiII(OCO2H)(pyN2

Me2)]– (2, Scheme 1) complexes (pyN2
Me2 = 

bis(2,6-dimethylphenyl)-2,6-pyridinedicarboxamidate) as 
excellent candidates for the generation of high-valent terminal 
nickel-oxygen adducts.[15] Using similar 2,6-
pyridinedicarboxamidate ligands, thermally stable NiIII and NiIV 
complexes,[16] as well as CuII–superoxide,[17] and CuIII–OH[4c,18] 
entities have been isolated. Herein, we describe the oxidation of 
2 (which is formed from the reaction between 1 and CO2, 
Scheme 1), to yield a metastable NiIII–OR species that displays 
the ability to perform HAA and OAT. 

Scheme 1. Complexes 1[15a], 2[15a], and 3. Schematic representation of the 
preparation of 2 and 3. 

In acetone, at -80 °C, 2 was reacted with the organic oxidant 
tris(4-bromophenyl)ammoniumyl hexachloroantimonate[19] 
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(‘Magic-Blue’, dissolved in CH3CN, E°’ = 0.70 V vs Fc+/Fc[20]). An 
instantaneous reaction was observed as evidenced by the 
appearance of two intense features in the electronic absorption 
spectrum (λmax = 520 and 790 nm, Figure 1), assigned to a novel 
species 3. A titration of Magic Blue against 1 showed that the 
intensity of the new features reached a maximum after the 
addition of one equivalent of Magic Blue (Figure 1, inset). The 
addition of greater than one equivalent of Magic Blue did not 
cause a further change in the new features, while the presence 
of excess unreacted Magic Blue in the reaction mixture was 
observed in the electronic absorption spectrum (Figure S1). 
Initial indications thus suggested that 2 had been oxidized by 
one electron yielding a novel species, 3, that we postulate is a 
NiIII–OCO2H complex. 

 

Figure 1. UV-vis spectrum of 2 (grey trace, 0.4 mM in acetone) that was 
reacted with Magic Blue at -80 ºC to yield 3 (black trace). Inset: Titration of 
Magic Blue with 2 monitored by plotting the intensity of the λmax = 520 nm 
feature versus equivalents of Magic Blue. 

The intense absorption features in the visible and near-IR 
(NIR) regions of the UV-vis spectrum, observed upon the 
reaction between 2 and Magic Blue to yield 3, suggest a change 
in the oxidation state of the Ni center. Many of the NiIII 
complexes reported to date display similarly intense 
chromophores in the visible and NIR regions of their absorption 
spectra.[10,12,16,21] Intermediate 3 could be generated in acetone 
or THF. The features associated with 3 are the same in both 
solvents. Likewise, when 3 was prepared in the presence or 
absence of excess CH3CN (acetone or CH3CN can be used as 
the solvent for Magic Blue) no difference in the electronic 
absorption features was noted. These observations are 
important as they demonstrate that solvent is not coordinating to 
the NiIII center in 3. Should solvent coordinate to the NiIII center 
in 3, one would anticipate different UV-vis characteristics of the 
oxidized product in different solvent media. 

3 was further characterized using X-band electron 
paramagnetic resonance (EPR) spectroscopy. An acetone 
solution of 3 was frozen in liquid nitrogen and an axial spectrum 

was obtained at 113 K (Figure 2, g = 2.25, 2.02). The yield of 
NiIII was calculated to be 95% (±15%) by double integration of 
the signal of 3 against that of a radical standard (TEMPO 
(2,2,6,6-tetramethyl-piperidin-1-yl)oxyl)). The obtained g-values 
are consistent with an S = ½ (low-spin) d7 NiIII species,[21d,22] and 
the average g-value (gav. = 2.17) is indicative of the unpaired 
electron sitting on the Ni-center, rather than being a ligand-
based radical. Importantly, g⊥ >> g|| which is typical for axially 
elongated octahedral complexes or square planar 
complexes.[21b,21d,22-23] The most likely configurations for a low-
spin d7 ion in pseudo-tetragonal symmetry involve the unpaired 
electron density being located in an orbital of predominant dz2 or 
dxy character. Instances where g⊥ >> g|| have been usually 
understood to correspond to a dz2 singly-occupied 
orbital.[21b,21d,22,23b,23d] In all, the EPR analysis suggests that 
oxidation of the square-planar precursor 2 resulted in the loss of 
an electron yielding a square-planar S = ½ d7 NiIII species, 3, 
with a metal-based dz2-like SOMO. Density functional theory 
(DFT) Mulliken spin density calculations were performed in order 
to further probe the location of the unpaired electron density in 3. 
These calculations supported the experimental observations that 
the unpaired spin predominantly resides in a metal-based 
molecular orbital. The DFT calculations predict that either metal-
based dz2- or dxy-like molecular orbitals are the likely locations of 
the unpaired electron density (Figure 3 displays spin density plot 
for dz2 occupancy). The DFT calculations thus support the EPR 
determined electronic structure of 3. 

 

Figure 2. Solid trace: X-band EPR spectrum of 3 in a frozen acetone solution. 
Measured at 113 K; microwave power = 31.6 mW; modulation amplitude = 0.5 
mT; g⊥ = 2.25, g|| = 2.02, gav. = 2.17. Dashed trace: simulated spectrum for 3. 
The system was modelled as an S = ½ electron spin with axial g tensor, and 
inhomogeneous line broadening. The greater line broadening in the x and y 
directions is possibly due to unresolved hyperfine coupling with the 14N nuclei 
of the ligand. 

X-ray absorption spectroscopy (XAS) was employed to 
analyse the electronic and structural properties of 3. The XAS 
edge energy measured for 3 (8345 eV) lies in the expected 
range for NiIII complexes.[14,24] Interestingly, there is only a very 
minor shift in the K-edge energy compared to the K-edge energy 
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measured for NiII-containing 2 (Figure S2). This is not unusual 
for Ni (and indeed Cu) K-edge analysis, several groups have 
made similar observations when comparing NiII/III species within 
comparable coordination environments.[24a,25] Contributions to 
the edge from 1s → 4p absorption features distort the edge and 
prevent accurate assessment of the edge shift upon oxidation of 
2 to yield 3. The derivatives of the normalized X-ray absorption 
near-edge spectrum (XANES) indicate a modest edge shift of 
0.1 - 0.2 eV when comparing the 1s → 3d pre-edge transition of 
2 to 3, in accord with increased oxidation of the Ni center in 3. 
Although there appears to negligible change in the edge energy 
between 2 and 3, the shape of the edge and relative intensities 
of features in the edge are markedly different. Such differences 
are indicative of the distinct electronic environments of the Ni-
center in complexes 2 and 3. 

 
Table 1. Nickel-ligand bond distances (Å) for 2 and 3 as determined using: 
aXRD; bEXAFS; and cDFT 

 Ni–OCO2H Ni–N(py) Ni–N(amid) 

2a [15a] 1.871 1.817 2 @ 1.895 

2b 4 @ 1.87 

2c 1.90 1.80 2 @ 1.90 

3b 2 @ 1.84 2 @ 1.99 

3c 1.96 1.84 2 @ 1.93 

 
Extended X-ray absorption fine structure (EXAFS) analysis 

of 3 yielded a disordered first coordination shell of 4 O/N donors 
(Figure S3, Table S1). This shell could be split into two 
components with two scatterers at ~ 1.84 Å and two scatterers 
at ~ 1.99 Å giving the best fit of the experimental data obtained 
for 3 (Table 1). These observations suggest that a single-
bonded oxygen ligand is present in 3, i.e. the bicarbonate 
remains intact. Attempts to fit the data containing a very short 
Ni–O bond (~1.65 Å) resulted in very poor fits, ruling out the 
possibility of 3 being a NiIII=O species. Comparison of the 
EXAFS fits for 2 and 3 suggests there are little to no structural 
differences in the two complexes. The fits acquired for 2 match 
well with the X-ray diffraction determined bond distances 
obtained for 2.[15a] We have employed DFT to further understand 
the structural properties of 3 (Table 1, Figure 3). The DFT 
predictions indicate that the bicarbonate ligand in 3 would 
remain bound in a monodentate fashion, in good agreement with 
the EXAFS analyses of a first coordination sphere of 4 donors. 
Furthermore, the computational analyses predicted that the d7 
NiIII ion in 3 would remain in a square planar coordination 
environment analogous to that seen for 2, in good agreement 
with the EPR measurements that indicate the NiIII ion sits in a 
square planar environ. DFT also predicted that the Ni–OCO2H 
and Ni–N(py) bond distances in 3 would be 1.96 Å and 1.84 Å 
(Table 1), respectively, in reasonably good agreement with the 
EXAFS analyses showing two O/N scatterers at ~1.84 Å. The 

combination of EXAFS and DFT predictions shows that the Ni 
center in 3 has remained 4-coordinate, in a square planar 
environment, and that the bicarbonate ligand is present. 

It is important to note that the obtained EXAFS data could 
also be reasonably well fit with a –OH ligand (in place of –
OCO2H). Holm et al demonstrated that 2 reversibly binds CO2, 
and it is reasonable to suggest the affinity of 3 for CO2 may be 
less than for 2.[15a,15b,15d] We endeavored to probe 3 using 
Raman spectroscopy, but failed to identify peaks that confirmed 
the presence of either –OH or –OCO2H ligands. We were 
hampered by the rich Raman spectrum of the acetone support 
medium. We also failed in our efforts to obtain mass 
spectrometric evidence for the molecular formula of 3, 
presumably as a result of the low thermal stability of 3. It is 
important to note that oxidation of 1 with Magic Blue does not 
yield the same spectroscopic features attributed to 3, but in fact 
yields an as yet unidentified species. We therefore conclude that 
3 maintains the coordinated –OCO2H ligand. 

 
Figure 3. Left: DFT optimized structure of 3. Hydrogen atoms (except 
bicarbonate proton) have been excluded for clarity. Right: DFT optimized spin 
density plot of 3. 

3 was stable at -80 °C, but decayed upon warming above -
40 °C. After thermal decay and acidic workup of the reaction 
mixture, the protonated ligand (H2pyN2

Me2) was recovered 
without any indications of ligand oxidation (no evidence for 
ligand hydroxylation or oxidative decomposition was obtained by 
mass spectrometry or 1H NMR spectroscopy). Interestingly, ESI-
MS analysis showed the presence of trace amounts of 
hydroxyacetone, pyruvic acid and acetic acid.[26] Importantly, at -
40 °C, the half-life of 3 in acetone-H6 was 5600 s whereas in 
acetone-D6 it was found to be 6800 s (kinetic isotope effect (KIE) 
= 1.2). The observation of such acetone-derived products and 
an extended lifetime in perdeuterated solvent supports the 
postulate that 3 oxidizes acetone by rate-limiting HAA during its 
thermal decay.  

We investigated further the HAA reactivity of 3 towards 
external substrates by reacting it with molecules containing 
weak X–H bonds (X = C, O). At -40 °C, 3 reacted with 100 equiv. 
of 2,6-ditertbutylphenol (DTPB), as evidenced by the 
disappearance (600 s) of the electronic absorption features 
attributed to 3 (Figure S4). This resulted in the appearance of a 
new band at λmax = 555 nm, which we attribute to the formation 
of the phenoxyl radical as a result of HAA from DTBP by 3.[27] 
EPR analysis confirmed the formation of a phenoxyl radical 
(Figure S11). After warming to room temperature, 3,3',5,5'-tetra-
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tert-butyl-[1,1'-bi(cyclohexane)]-2,2',5,5'-tetraene-4,4'-dione and 
traces of 2,6-ditertbutylquinone were detected using GC-MS. 
Such products form by radical coupling or thermal 
decomposition (Scheme S1), respectively, of the parent 2,6-
ditertbutylphenoxyl radical. A pseudo first-order rate constant 
(kobs) for this reaction was determined by plotting the change in 
absorbance features for 3 against time and fitting the resulting 
curve (Figure S5). A second-order rate constant (k2) was 
calculated from the slope of a linear plot of kobs-values 
determined under a series of substrate concentrations (Figure 
S6). The k2-value determined for the reaction between 3 and 
DTBP was 0.1040 M-1s-1, while for deutero-DTBP a k2-value of 
0.0503 M-1s-1 was determined, yielding a KIE value of 2.1. This 
KIE value is consistent with 3 performing HAA on the DTBP O–
H bond, and with HAA being rate-limiting. 3 was found to also 
react with 1-benzyl-1,4-dihydronicotinamide (BNAH, C–H bond 
dissociation energy (BDE) = 68 kcal/mol)) at -80 °C, as 
evidenced by a rapid disappearance of the visible absorption 
features attributed to 3 (Figure S7). The product of this reaction 
was identified by 1H NMR as 1-benzyl-1-pyridinium-3-
carboxamide, which typically forms as a result of HAA from the 
C–H bond of BNAH. In summary, 3 was found to be a quite 
reactive HAA reagent capable of activating relatively weak O–H 
and C–H bonds at low temperatures. 

We also probed the capacity of 3 to carry out OAT. 3 was 
reacted with triphenylphosphine (PPh3, 50 equiv.) at -80 °C 
resulting in the formation of triphenylphosphine oxide (O=PPh3, 
detected by ESI-MS and 31P NMR) in near quantitative yields 
(Figure S8). A second-order rate constant (k2) for the reaction 
between 3 and PPh3 was determined (5.3 M-1s-1, Figures S9 & 
S10). This k2-value for PPh3 oxidation is quite high compared to 
values determined for some Fe=O and Mn=O complexes in the 
same reaction.[3] We believe it is quite significant that the nickel-
containing species displayed such a high rate constant, an 
outcome that merits considerable future attention. 3 thus 
represents an exciting example of a terminal Ni-oxygen adduct 
that is capable of HAA and OAT. 

In summary, the one-electron oxidation of 2 at low 
temperature generates a NiIII complex, 3. EPR spectroscopy 
suggested the oxidation was borne principally by the central 
metal atom, yielding a low-spin d7 NiIII ion, sitting in a square 
planar coordination environment. XAS analysis provided further 
support for this indicating that 3 contained a NiIII center 
coordinated by four N/O donor ligands. DFT calculations on the 
structure and Mulliken spin density supported these 
experimental conclusions further. 3 was capable of oxidizing 
organic substrates including DTPB, BNAH, and PPh3. This 
constitutes the first example of a terminal NiIII-O(X) species that 
is sufficiently well-behaved to allow thorough structural, 
spectroscopic, and reactivity investigations. This is an important 
step towards the elucidation of the properties of late transition 
metal-oxygen adducts and their role in oxidation catalysis. 
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A nickel(III)-bicarbonate complex was obtained in high yield by the oxidation of a 
nickel(II) precursor. The nickel(III) species readily performed hydrogen atom 
abstraction and oxygen atom transfer, demonstrating that it is a viable model for 
elusive high-valent terminal nickel-oxygen intermediates in oxidation catalysis. 
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