
6.09 High-Valent Ni Coordination Compounds
Neil Heberer*, Chi-Herng Hu*, and Liviu M. Mirica, Department of Chemistry, University of Illinois at Urbana-Champaign, Urbana,
IL, United States

© 2021 Elsevier Ltd. All rights reserved.

6.09.1 Introduction 349
6.09.2 Ni(III) and Ni(IV) Complexes 349
6.09.2.1 Complexes Stabilized With All-Nitrogen Ligands 349
6.09.2.1.1 Ni-imide complexes 349
6.09.2.1.2 Ni-oxo and Ni-peroxo complexes 349
6.09.2.1.3 Ni-cyclam complexes 351
6.09.2.1.4 Ni complexes with silyl-anilide ligands 351
6.09.2.1.5 Ni complexes with macrocyclic N4 ligands 351
6.09.2.1.6 Dinuclear Ni complexes 352
6.09.2.2 Ni Complexes With All-Carbon Ligands 353
6.09.2.2.1 Ni complexes with all-alkyl ligands 353
6.09.2.2.2 Ni complexes with NHC-type ligands 354
6.09.2.3 Ni Complexes With Mixed Nitrogen-Oxygen Ligands 354
6.09.2.3.1 Ni complexes with Schiff base ligands 354
6.09.2.3.2 Ni complexes with pyridine-alkoxide ligands 354
6.09.2.4 Ni Complexes With Mixed Nitrogen-Sulfur Ligands 355
6.09.2.4.1 Ni complexes with imine-thiolate ligands 355
6.09.2.4.2 Ni complexes with aza-thioether ligands 356
6.09.2.5 Ni Complexes With Mixed Phosphorus-Sulfur Ligands 356
6.09.2.5.1 Ni complexes with tris(thiolate)-phosphine ligands 356
6.09.2.5.2 Ni complexes with mixed phosphorus-thiolate ligands 358
6.09.2.6 Ni Complexes With Mixed Nitrogen-Carbon Ligands 360
6.09.2.6.1 Ni complexes with tris(2-pyridylthio)methanide ligands 360
6.09.2.6.2 Ni complexes with macrocyclic N3C ligands 360
6.09.2.6.3 Ni complexes with pyridine-aromatic amine ligands 360
6.09.2.6.4 Ni complexes with tris(pyrazolyl)borate ligands 362
6.09.2.7 Ni Complexes With Pincer Ligands 362
6.09.2.7.1 Ni complexes with POCOP pincer ligands 362
6.09.2.7.2 Ni complexes with POCN pincer ligands 363
6.09.2.7.3 Ni complexes with PCN pincer ligands 364
6.09.2.7.4 Ni complexes with NCN pincer ligands 364
6.09.2.7.5 Ni complexes with NHC pincer ligands 365
6.09.2.8 Ni Complexes With Perfluoroalkyl Ligands 365
6.09.2.9 Ni Complexes With Cycloneophyl Ligands 367
6.09.2.10 Ni Complexes With Miscellaneous Ligands 370
6.09.3 Summary and Outlook 373
References 373

Key Terms
High-valent Ni(III) and Ni(IV) complexes These have seen a burgeoning of interest over the last two decades. This can be
attributed to the presence of Ni(III) in some bioinorganic enzyme active sites along with the demonstrated role of Ni(III) and
Ni(IV) in carbon-carbon and carbon-hetereoatom bond forming reactions.
Organometallic high-valent Ni complexes The field of organometallic nickel chemistry has grown extensively, as specifically
tailored ligands have been designed that can be used to stabilize uncommon high-valent organometallic complexes.
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6.09.1 Introduction

The chemistry of high-valent Ni(III) and Ni(IV) complexes has seen a burgeoning of interest over the last two decades. This can be
attributed to the presence of Ni(III) in some bioinorganic enzyme active sites along with the demonstrated role of Ni(III) and Ni(IV)
in carbon-carbon and carbon-hetereoatom bond forming reactions.1,2 Furthermore, the field of organometallic nickel chemistry has
grown extensively, as specifically tailored ligands have been designed that can be used to stabilize uncommon high-valent organ-
ometallic complexes.3–5

Nickel centers in the þ3 oxidation state adopt a d7 electron configuration and prefer five-coordinate square pyramidal and
trigonal bipyramidal geometries, or six-coordinate octahedral complexes that are Jahn-Teller distorted. In the þ4 oxidation state,
nickel has a d6 electron configuration and is found almost exclusively in an octahedral geometry.6,7 Rare examples of four-
coordinate Ni(IV) complexes which adopt distorted tetrahedral geometries have been observed, although they require extremely
bulky ligands for stabilization.8 In both its þ3 and þ4 oxidation state, strong s and p-donor ligands are required to stabilize
the highly oxidized Ni center.

A wide variety of ligand frameworks have been successfully utilized to stabilize Ni(III) and Ni(IV) complexes over the last
20 years, and for the purposes of this review they have organized complexes based on the type of donor atoms, as well as special
organic ligands that have been particularly useful for limiting the further reactivity of the isolated high-valent Ni complexes. More-
over, herein we have described the Ni(III) and Ni(IV) complexes that have been reported after 2003 and have been crystallograph-
ically characterized. To keep this chapter concise, we have not included the many reported examples of bis-dithiolene Ni complexes,
in which the oxidation state of the metal center is sometimes not unambiguously known,9–13 or the examples of oxidized coordi-
nation polymers or 1-D Chains in which the Ni centers can be found in mixed-valent states.14–17

6.09.2 Ni(III) and Ni(IV) Complexes

6.09.2.1 Complexes Stabilized With All-Nitrogen Ligands

6.09.2.1.1 Ni-imide complexes
Metal imide complexes have been demonstrated to be intermediates in alkene aziridination and other CeN bond forming reactions,
and in 2005Warren et al. isolated a three-coordinate Ni(III)-imido complex 1 (Fig. 1).18 EPR studies of 1 at 77 K indicated a rhombic
geometry (g1 ¼ 2.162, g2 ¼ 2.038, and g3 ¼ 1.937), with the g ¼ 2.038 signal showing as a 1:1:1 triplet with a superhyperfine coupling
constant of A ¼ 22 G. The presence of this signal suggested there is significant interaction of the imido nitrogen with the singly occu-
pied dxy orbital of this low-spin Ni(III) complex, and this was verified through DFT calculations, which revealed appreciable spin
density on the imido nitrogen due to the two-center three-electron interaction between the Ni dxy orbital and the imido N px orbital.

6.09.2.1.2 Ni-oxo and Ni-peroxo complexes
The tetradentate ligand Me3tpa was used by Suzuki et al. to isolate the Ni(III)-Ni(III) m-oxo dinuclear complex 2 in 2006 (Fig. 2).19

X-ray crystallography of 1 showed a centrosymmetric NiIII(m-O)2NiIII core with average NieO bond lengths of 1.852 Å and a Ni-Ni
distance of 2.796 Å, and large variations in the NieN bond distances based on the equatorial vs. the axial positions (1.975 Å vs.
2.285 Å, respectively) were also observed. The elongation of the axial NieN bonds was attributed to Jahn-Teller distortion arising
from the low-spin d7 electronic configuration. A similar bis(m-oxo)dinickel(III) complex 3 was isolated in 2018 by Itoh et al.
following oxidation of a bis(m-hydroxo)dinickel(II) complex with hydrogen peroxide (Fig. 3).20 The single crystal X-ray structure
revealed a Ni-Ni distance of 2.863 Å, which is typical for other isolated m-oxo Ni(III) dinuclear complexes. Notably, the NieO
bond distances deviated largely from the previously reported values, which was attributed to the high mobility of the Ni2O2

core, resulting in an unexpected distortion. EPR spectroscopy showed half-field signals at g ¼ 4, which indicated a triplet spin
ground state. This assignment was further verified with SQUID from 2 K to 200 K, which showed paramagnetism across the temper-
ature range due to the ferromagnetic coupling in the dinickel core.

Cyclam-based ligands have been shown to stabilize a unique ‘side-on’ peroxo binding mode to generate mononuclear Ni(III)-
peroxo complexes. In 2009, the Nam group showed that a 12-membered tetramethylated cyclam ligand could be used along with
H2O2 and triethylamine to generate the Ni(III) peroxo complex 4 (Fig. 4).21 An X-ray crystal structure of 4 clearly demonstrated the
side-on binding of the peroxo ligand, resulting in a distorted octahedral geometry. The observed OeO bond length of 1.386 Å is
longer than previously isolated Ni(II) superoxo complexes, which was attributed to the ‘side-on’ binding of the peroxo group. EPR
spectroscopy of 4 in frozen MeCN exhibited a rhombic signal with g values of 2.22, 2.17, and 2.06, typical for the d7 electronic

Fig. 1 Synthesis of a Ni(III)-imide complex 1.
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Fig. 2 Synthesis of the oxo-bridged dinuclear Ni(III) complex 2.

Fig. 3 Synthesis of oxo-bridged dinuclear Ni(III) complex 3.

Fig. 4 Synthesis of side-on peroxo-Ni(III) complexes 4–6.
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configuration of Ni(III) complexes. Furthermore, the room temperature magnetic moment of the complex was determined to be
mB ¼ 2.13, consistent with a S ¼ ½ ground state.

In 2013, the Nam group demonstrated that a 13-membered macrocyclic cyclam ligand could also be used to stabilize a side-on
Ni(III)-peroxo complex 5 (Fig. 4).22 A single-crystal structure of 5 showed a distorted octahedral geometry with an OeO bond
length of 1.384 Å, which is comparable to the bond distance observed in their previously reported Ni(III)-peroxo complexes.
EPR spectroscopy of a frozen MeCN solution at 5 K exhibited an axial signal with g values of 2.19 and 2.07, and a room temperature
magnetic moment of 2.1 mB is consistent with a S ¼ ½ ground state.

In 2015, Cho and coworkers reported that diazapyridinophane ligands also stabilize side-on Ni(III)-peroxo species binding, as
demonstrated by complexes 6-tBu and 6-Cy (Fig. 5).23 A single crystal X-ray structure of 6-tBu revealed a distorted octahedral geom-
etry with an OeO bond length of 1.401 Å, which is slightly longer than the previously reported Ni(III)-peroxo complexes described
above. This elongation was attributed to the steric bulk of the N-tert-butyl groups of the ligand. The EPR spectrum of 6-Cy in frozen
MeCN at 20 K reveals an axial signal with g values of 2.19 and 2.02, suggesting a dz

2 ground state, and a room temperature magnetic
moment of 2.3 mB consistent with a S ¼ ½ ground state.

6.09.2.1.3 Ni-cyclam complexes
Macrocyclic cyclam-based ligands have been demonstrated to be successful for stabilizing other high-valent Ni(III) complexes. In
2012, Tatsumi et al. isolated complexes 7-MeCN and 7-SO3R while attempting to build models of Methyl Coenzyme M reductase
(Fig. 5).24 A solid state EPR spectrum of 7-SO3Rwas obtained and revealed an axial signal with spin density residing primarily in the
dz

2 orbital on the Ni center, typical of S ¼ ½ octahedral d7 complexes.
Shores et al. have also utilized cyclam ligands to synthesize a variety of Ni(III) complexes in 2018 (Fig. 5).25 These complexes

were some of the first examples of S ¼ 1/2 Ni(III) species that exhibit single-molecule magnet behavior. The cationic nitrate and
perchlorate complexes 7-NO3 and 7-ClO4, respectively, were isolated and characterized by single-crystal X-ray diffraction and
EPR spectroscopy.

6.09.2.1.4 Ni complexes with silyl-anilide ligands
Oxidative addition of methyl iodide to a Ni(I) silyl-amide complex yielding the Ni(III) complex 8 was demonstrated by Tilley et al.
in 2013 (Fig. 6). This resulted in a rare example of a Ni(III)-alkyl complex, which was characterized through single crystal X-ray
diffraction and EPR spectroscopy.26 The X-ray structure of 8 revealed a T-shaped geometry, with a NeNieN bond angle of
167.4� and a NieC bond distance of 1.923 Å. The measured magnetic moment of mB ¼ 1.78 is consistent for a low spin d7 complex
with a single unpaired electron. EPR and DFT studies of 8 both placed the unpaired electron in a p* orbital with significant metal
character, with an observed anisotropic signal of gx ¼ 2.32, gy ¼ 2.15, and gz ¼ 2.13. Superhyperfine coupling to the two nitrogen
atoms also indicated significant delocalization of unpaired spin density onto the nitrogen atoms, which agreed with the DFT-
calculated HOMO for the molecule.

6.09.2.1.5 Ni complexes with macrocyclic N4 ligands
In 2014, a tetradentate diazapyridinophane N-donor ligand tBuN4 was used by Mirica et al. for the first time to isolate the Ni(III)-
aryl halide complexes 9 (Fig. 7).3 Following oxidative addition to generate the Ni(II) species, treatment with FcPF6 generated the

Fig. 5 Cyclam-supported Ni(III) complexes 7-X.

Fig. 6 The NiIII methyl complex 8 stabilized by a silyl-anilide ligand.
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Ni(III) complex 9. Both the Ni(II) and Ni(III) species adopted a distorted octahedral geometry, and the magnetic moments of
the corresponding Ni(III) chloride and bromide complexes were found to be 2.11 and 2.03, respectively. Both Ni(III) complexes
were analyzed through EPR spectroscopy, and rhombic signals with gave values of 2.160–2.162 were observed. Comparable to
other octahedral N4 complexes, superhyperfine coupling was observed to the axial N atoms in the gz direction, along with super-
hyperfine coupling to the bromine atom in complex 9 along the gx/y directions. The utility of these N4 ligands was further demon-
strated in 2016 by isolation of the first dialkyl Ni(III) complex 11-Me following oxidation of the dimethyl-Ni(II) precursor with
FcPF6 (Fig. 7).

27 X-ray crystallography of the Ni(II) complex showed the labile axial nitrogen atoms disassociated from the metal
center, although following oxidation the complex adopts a distorted octahedral geometry with an average axial NieN bond
length of 2.246 Å. EPR spectroscopy of the complex shows a pseudoaxial signal with gx, gy, and gz values of 2.227, 2.210, and
2.014 respectively, along with superhyperfine coupling in the gz direction to the two axial nitrogen atoms.

In 2019, the Mirica group went on to synthesize a pseudo-tridentate N4 ligand containing an N-tosyl-amine and an N-methyl-
amine arm (Fig. 7).28 The distorted octahedral complex 11-Ts had Ni-Npyridyl bond lengths similar to the previously reported (N4)
Ni(III) complexes, although the NieNMe bond distance varied largely from the Ni-NTs bond length (2.154 Å vs. 2.456 Å). The elon-
gation of the Ni-NTs was attributed to the electron deficient nature of the tosyl group along with the strong trans influence of the NMe

group. EPR spectra gathered for complex 11-Ts revealed a pseudoaxial signal in THF:2-Me-THF and superhyperfine coupling with
the two different axial N atoms in the gz direction.

6.09.2.1.6 Dinuclear Ni complexes
In 2006, the Cotton group utilized N,N0-di-p-anisylformamidinate (DAniF) and N,N0,N00-triphenylguanidinate (TPG) ligands to
isolate two mixed valent Ni(II)/(III) complexes 12-DAniF and 12-TPG.29 Following oxidation of the dinuclear Ni(II) precursors
with AgBF4, a shortening of the Ni-Ni distances from 2.476 to 2.370 Å in 12-DAniF and 2.4280 to 2.3298 Å in 12-TPG was
observed. These bond length changes were consistent with the removal of an electron from a Ni-Ni antibonding orbital. Spectroe-
lectrochemistry along with EPR spectroscopy were used to characterize these complexes. 12-DAniF showed three absorption
maxima at 887, 690, and 500 nm, all of which had 3values greater than 5000 M�1 cm�1. 12-TPG showed intense bands at
711, 587, and 453 nm, with each of the values being above 10,000 M�1 cm�1. EPR spectroscopy of 12-DAniF displayed a gk value
of 2.234 and a gk value of 2.045, consistent with the presence of an unpaired electron on the Ni2

5þ unit. A triplet coupling in the gk
parallel signal was attributed to coordination of a nitrogen atom from a solvent acetonitrile molecule.

A mixed-valent Ni(II)/Ni(III) dinuclear complex was isolated upon oxidation of the dinuclear Ni(II) precursor with half an
equivalent PhICl2 by Diao et al. in 2016 (Fig. 8).30 Single crystal X-ray diffraction confirmed a distorted octahedral geometry at
the Ni(III) center, with an intramolecular NieNi bond distance of 2.3709 Å. EPR studies of complex 13 displayed a pseudo-
axial signal due to a S ¼ ½ Ni species, with gx ¼ 2.23, gy ¼ 2.21, and gz ¼ 2.03. Superhyperfine coupling along the perpendicular
axis was observed and attributed to the delocalization of unpaired electrons into the Cl and second Ni atom. Spin density plots
confirmed the presence of a radical primarily located on the Ni(III) metal center, with slight delocalization to the chlorine and
Ni(II) atoms.

Fig. 7 Synthesis of RN4-supported Ni(III) complexes 9–11.
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6.09.2.2 Ni Complexes With All-Carbon Ligands

6.09.2.2.1 Ni complexes with all-alkyl ligands
In 2009, a rare example of a tetra-alkyl Ni(IV) complex 14 was isolated by Nichols et al.8 The group utilized a strained bulky alkene
(5Z,11E)-dibenzo[a,e]cyclooctatetraene that underwent ring opening metathesis after coordination to the Ni center (Fig. 9). The
X-ray crystallography analysis of 14 revealed a highly distorted tetrahedral geometry at the metal center. Rather than the idealized
CeNieC bond angles of 109.5�, four wide angles (122�–129�) along with two narrow angles (80�–81�) were observed. This
distortion was attributed to the constraints of the 5-membered metallocycle. EPR spectroscopy and magnetic susceptibility indi-
cated that the complex is diamagnetic, providing further confirmation that a Ni(IV) oxidation state is present.

Alonso et al. were also able to isolate homoleptic tetraperhalophenyl Ni(III) complexes 15-F and 15-Cl by treating the corre-
sponding dianionic Ni(II) precursors with different oxidants (Fig. 9).31 These complexes represent the first examples of homoleptic
s-organonickel(III) complexes and were characterized with X-ray crystallography and EPR spectroscopy. Notably, the crystal struc-
ture of 15-Cl revealed a staggered conformation of the aryl rings, rendering the molecule chiral with a clockwise and anticlockwise

Fig. 8 Synthesis of the mixed-valent Ni(II)/Ni(III) dinuclear complexes 12–13.

Fig. 9 Synthesis of Ni(III)- and Ni(IV)–tetraalkyl complexes 14 and 15.
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configuration. Low temperature EPR of complexes 15-F and 15-Cl reveals gk/gt values of 1.910/2.940 and 1.935/2.874, respec-
tively. Furthermore, the authors went on to determine that the unpaired electron exists primarily in the dz

2 orbital by plotting
g-perpendicular vs g-parallel.

6.09.2.2.2 Ni complexes with NHC-type ligands
In 2020, Anderson and coworkers crystallized a dinuclear nickel(III)-peroxo complex 16 by reacting dry oxygen with a Ni(II)-
chloride precursor at -78 �C (Fig. 10).32 The NieO bond length was found to be 1.834 Å, which is relatively short and indicative
of a Ni(III) metal center. Its paramagnetic feature makes NMR resonance signals broad and shifted, but surprisingly the authors
found it to be nearly EPR-silent due to unpaired electrons coupling. Further insight into this complex was gained by X-ray absorp-
tion spectroscopy. The Ni K-edge of the peroxo complex occurs higher than the chloro precursor by 0.7 eV, and EXAFS analysis of the
peroxo complex suggested a fit of three carbon atoms and one oxygen atom in the first coordination sphere, consistent with a Ni(III)
oxidation state.

6.09.2.3 Ni Complexes With Mixed Nitrogen-Oxygen Ligands

6.09.2.3.1 Ni complexes with Schiff base ligands
Schiff-base type ligand systems such as the salen ligands have seen widespread use in coordination chemistry in both transition
metal catalysis and as ligands for stabilizing high-valent metal centers. In 2014, the Auffrant group isolated phosphasalen-
supported Ni(III) complex 17 following single electron oxidation of the Ni(II) precursor (Fig. 11).33 The complex adopted a slightly
distorted square-planar geometry, and a shortening of the NieO and NieN bonds from 1.875 to 1.842 Å and from 1.828 to
1.844 Å, respectively, was observed upon oxidation. The X-band EPR of complex 17 at 5 K revealed a large g-tensor anisotropy,
with g1 ¼ 2.29, g2 ¼ 2.215, and g3 ¼ 2.061. The higher g1 and g2 values compared to g3 indicated that there was predominant occu-
pation of the unpaired electron in the xy plane, although with large degree of distortion due to the difference in values between g1
and g2.

While investigating complexes with potential anti-cancer activity, Ay et al. isolated the Schiff-base supported Ni(III)
complex 18 in 2020 (Fig. 11).34 The authors found that the complex adopts a distorted octahedral geometry, which was attrib-
uted in part to the small bite angle of the 3-membered chelate ring of the acetate group. Although no further characterization
was performed on the complex, it was found to have a cytotoxic effect on primary non-small lung cancer cells through an
apoptotic pathway.

6.09.2.3.2 Ni complexes with pyridine-alkoxide ligands
Mixed nitrogen/oxygen ligands have also been used over the last 20 years for stabilizing high-valent nickel complexes. The dinuclear
Ni(III) complex 19 was isolated by the Diao group in 2017 following oxidation of the dinuclear Ni(II) diacetate-bridged complex
with PhNMe3Br3 (Fig. 12).

35 Surprisingly, a Br atom bridges the two Ni(III) centers and the NieBreNi bond angle was found to be
84.59�. Furthermore, dissociation of an acetate was observed causing it to coordinate k2 to one of the Ni centers.

In 2020 Brudvig et al. utilized 2-pyridinyl-2-propanoate ligands to synthesize a novel square planar Ni(III) complex 20 (Fig. 13).
EPR studies of 20 showed a single S ¼ ½ species, and a rhombic spectrum with gx ¼ 2.077, gy ¼ 2.091, and gz ¼ 2.274 confirmed
the presence of a low-spin d7 Ni(III) complex.36 Attempts to crystalize complex 20 using pyridine as a co-solvent proved unsuc-
cessful, however a DCM/pentane mixture allowed for the isolation of an octahedral complex with two axial pyridines and a PF6

�

counterion. Further EPR studies were performed on 20 and a rhombic signal with gx ¼ 2.202, gy ¼ 2.163, and gz ¼ 2.030 was
observed along with a five-line superhyperfine coupling pattern, indicating coupling of the unpaired electron with the two pyridyl
nitrogens.

Fig. 10 Synthesis of a peroxo-bridged dinuclear Ni(III) complex 16.
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6.09.2.4 Ni Complexes With Mixed Nitrogen-Sulfur Ligands

6.09.2.4.1 Ni complexes with imine-thiolate ligands
The development of small molecule mimics of the [NiFe] hydrogenase active site have led to the use of N/S-type ligands, and in
2008 the Lubitz group isolated a mixed-valent dinuclear Ni(II)/Ni(III) complex 21 utilizing such an approach (Fig. 14).37 EPR
measurements of the mixed-valent complex showed g values (2.035, 2.187, and 2.202), with a well-resolved quintet (1:2:3:2:1
intensity) in the gz region. This splitting was attributed to the superhyperfine coupling with the axially coordinated acetonitrile
ligands. Comparing the crystal structures of the Ni(II)/Ni(II) precursor to the oxidized Ni(II)/Ni(III) complex 21 revealed important

Fig. 11 Ni(III) Complexes supported by Schiff-base ligands.

Fig. 12 Synthesis of the dinuclear Ni(III) complex 19.

Fig. 13 Single electron oxidation to provide a square planar Ni(III) complex 20.
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changes in the bond distances of the complexes, with the bond distance in 21 notably elongated compared to the Ni(II)/Ni(II)
precursor. The average NieN and NieS bond distances in 21were 1.954 Å and 2.2376 Å respectively, while the Ni(II)/Ni(II) precursor
had values of 1.9165 Å and 2.176 Å.

6.09.2.4.2 Ni complexes with aza-thioether ligands
In 2011, McMaster and coworkers crystallized a series of Ni(III) complexes 22–24 with aza-thioether macrocycle ligands (Fig. 15).
All of them adopt a six-coordinated distorted octahedral geometry, and compared to their Ni(II) precursors, each of them possesses
shorter equatorial bond lengths due to the larger electrostatic attraction, and longer axial bond lengths due to Jahn-Teller distor-
tion.38 EPR spectroscopy confirms the presence of an unpaired electron in all these three Ni(III) complexes, and depending on
the ligand identity, the frozen solution spectrum displays either axial or rhombic pattern at 77 K. In addition, from DFT calculations
a good extent of charge delocalization from the Ni center to the S atoms was observed.

6.09.2.5 Ni Complexes With Mixed Phosphorus-Sulfur Ligands

6.09.2.5.1 Ni complexes with tris(thiolate)-phosphine ligands
The [NiFe] hydrogenase metalloenzyme catalyzes the two-election oxidation of H2 in aerobic and anaerobic organisms. To study the
characteristics and reactivity of the Ni(III) intermediate proposed within this metalloenzyme, researchers have used a wide variety of
P/S type ligands to build mimics of the enzyme active site. In 2006, the mononuclear Ni(III) complex 25 was isolated by Liaw et al.
following oxidation of the Ni(II) thiol complex with dioxygen (Fig. 16).39,40 Complex 23 was characterized by paramagnetic 1H
NMR and SQUID magnetometry, which revealed a magnetic moment of 1.71 mB for this complex. These results supported the
assignment of a low-spin d7 metal center with a distorted trigonal bipyramidal geometry, which was further confirmed through
single crystal X-ray diffraction.

In 2008, the Liaw group went on to isolate a series of mononuclear Ni(III) complexes 26–29 utilizing a similar set of mixed
sulfur/phosphorous-type ligands (Fig. 17).41 Chloro, phenoxide, and methoxide complexes were all analyzed via EPR, and
exhibited rhombic signals with principal g values of g1 ¼ 2.28–2.34, g2 ¼ 2.04–2.09, and g3 ¼ 1.99–2.00. The higher g values of

Fig. 14 The mixed-valent Ni(II)/Ni(III) complex 21 stabilized by a macrocyclic N/S-type ligand.

Fig. 15 Synthesis of complexes 22–24 using aza-thioether macrocyclic ligands.
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26–29 compared to the free electron g value of 2.0023 indicated that the unpaired electron resides predominantly on the Ni center.
Cyclic voltammetry studies were also conducted in MeCN for 26–29, with each providing reversible peaks for Ni(II)/Ni(III) oxida-
tion. The measured E1/2 value of the complexes was found to be�1.20,�1.26,�1.32, and�1.34 V respectively. The slight decrease
throughout the series was attributed to the weaker electron donating ability of the coordinated ligand.

Using a similar platform, the Lee group isolated the first example of a Ni(III) methyl complex 30 along with the corresponding
ethyl complex 31 in 2010 (Fig. 18).42 EPR analysis of the methyl complex 30 at 77K displayed rhombicity with principal g values of
2.44, 2.00, and 1.96 respectively. The calculated gave of 2.13 indicated that the unpaired electron was found primarily on the nickel
center, and further density functional theory calculations showed it occupied the dxy and dx

2
-y
2 orbitals primarily. The authors

compared their complex to the metalloenzyme methyl-coenzyme M reductase (MCR), which is thought to potentially contain
a Ni(III)-methyl intermediate. EPR studies of the MCR active site reveal gk and gt values of 2.22 and 2.10 respectively, which
indicate that the unpaired electron resides primarily in the dx

2
-y
2 orbital of the Ni center.

Further reactivity studies on Ni(III) tiolate complexes were performed by Liaw et al. in 2013 and 2016, leading to the isolation of
various insertion products 32, 34, and 35 (Fig. 18).43,44 Following treatment of the Ni(III) hydride complex with CS2, the insertion
product compound 32 was obtained. At 77 K complex 32 showed a rhombic EPR spectrum with g1 ¼ 2.28, g2 ¼ 2.03, and

Fig. 16 Synthesis of complex 25.

Fig. 17 Synthesis of a variety of tris(thiolate)phosphine complexes 26–31.
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g3 ¼ 1.99. Along with X-ray crystallography, IR spectroscopy was also used to confirm the structure and that showed a distinct
absorption at 1007 cm�1, assigned to the asymmetric S]C vibration.

In a 2016 publication, the Liaw group observed a CO2 insertion product 34 following bubbling of CO2 into solution with
complex 33 (Fig. 18). The formation of a methoxy radical which was captured by a spin-trapping reagent DMPO indicates that
carbon dioxide binds to the metal center as a radical anion, maintaining a Ni(III) oxidation state. This assignment was further
confirmed through X-ray crystallography, which revealed a bent OeCeO bond with a 171.7� bond angle and a significant differ-
ence in the individual OeC bond lengths (1.132 Å vs 1.240 Å). The EPR spectrum of complex 34 showed a combination of typical
[Ni(III)(L)(PS3)]

� complexes (g1 ¼ 2.31, g2 ¼ 2.03, g3 ¼ 2.00) along with a CO2 radical anion contributing to the g anisotropy.
Through spin quantitation using complex 35 as a reference, the authors concluded that the electronic structure of 34 is in resonance
between a Ni(III)- CO2 radical anion species and a Ni(II)-CO2 adduct.

In 2007, the Liaw group used P/S type ligands to construct a series of dinuclear Ni(II)/Ni(III) complexes 36–38, which were
analyzed with UV-vis, EPR, and X-ray diffraction (Fig. 19).45 Compared to complex 25, the dimeric species indicates high rhom-
bicity with principal g values of g1 ¼ 2.113, g2 ¼ 2.073, and g3 ¼ 2.033. A strong UV-Vis absorption at 1124 nm along with an
extinction coefficient greater than 2000 L mol�1 cm�1 was attributed to an inter-valence transition between the fully delocalized
mixed-valent complexes in the dinuclear complex. The observed Ni-Ni distance in complex 36 was found to be 2.603 Å, which
increased to 2.829 Å following reduction with NaBEt3/KC8. The increased bond distance was attributed to the SOMO of complex
37 having antibonding character for the Ni-Ni interaction. This elongation was not observed in complex 38 after treating 37 with
[Me3O][BF4], for which a Ni-Ni distance of 2.609 Å was observed.

6.09.2.5.2 Ni complexes with mixed phosphorus-thiolate ligands
Finally, P/S type ligands have also been successfully used to isolate Ni(IV) complexes. In 2018, Liaw et al. synthesized a neutral
octahedral Ni(IV) complex 39 using a phosphine dithiophenol ligand (Fig. 20).46 The authors were unable to analyze the complex
using EPR spectroscopy, however, a single crystal X-ray structure was obtained. The cis-binding of the phosphine atoms resulted in
a 102� bite angle, which is consistent with the general configuration among reported P2S4 complexes.

Fig. 18 Further reactivity studies with tris-thiolate Ni(III) complexes.
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In 2020 the Peters group isolated a P/S triarylsilane Ni(III)-methyl complex 40 while studying the hydrogen evolution from the
related Ni(III)-hydride complex. X-ray crystallography revealed a trigonal bipyramidal structure, with a NieC bond distance of
2.047 Å and a NieSi bond distance of 2.2541 Å (Fig. 21).47 The EPR spectrum of 40 revealed a rhombic g tensor (g ¼ 2.255,
2.073, 2.037) with superhyperfine coupling to the two P atoms, and these values aligned with the in-situ EPR measurements for
the analogous Ni(III) hydride complex.

Fig. 19 Synthesis of dinuclear Ni(II)/Ni(III) complexes 36–38 using tris-thiolate phosphine ligands.

Fig. 20 A Ni(IV) complex 39 stabilized with tris-thiolate phosphine ligands.

Fig. 21 Synthesis of a Ni(III)-methyl complex 40.
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6.09.2.6 Ni Complexes With Mixed Nitrogen-Carbon Ligands

6.09.2.6.1 Ni complexes with tris(2-pyridylthio)methanide ligands
Nitrogen-based ligands have seen widespread use in coordination chemistry and catalytic applications. The multiple functionalities
and hybridizations of nitrogen allow for a large range of bonding opportunities for stabilizing a variety of high-valent coordination
and organometallic compounds. A tris(2-pyridylthio)methanide ligand was used by Kinoshita et al. in 2011 for the synthesis of the
dinuclear Ni(III) complex 41 upon oxidation of the dinuclear Ni(II) precursor. Treatment of complex 41 with acetonitrile or
dichloromethane resulted in formation of a mononuclear Ni(III)-solvento complex 42 (Fig. 22).48 This complex then underwent
a novel rearrangement in which the N and S atoms of one of the pyridylthiolate arms exchange Ni- and C-bonding partners to form
the N3S-coordinated organometallic Ni(III) complex 43. This complex was then subjected to electrochemical reduction to regen-
erate the dinuclear Ni(II) precursor species, and thus reversing the observed ligand rearrangement.

6.09.2.6.2 Ni complexes with macrocyclic N3C ligands
Starting in 2015, the Mirica group demonstrated that an RN3C ligand with flexible tertiary amine arms could stabilize high-valent
nickel complexes that can undergo aromatic methoxylation, hydroxylation, and cyanation transformations.49,50 Oxidation of the
Ni(II) precursor with FcPF6 yielded the Ni(III) complex 44, while a salt metathesis with TlSbF6 followed by oxidation with
FcPF6 in MeCN yielded Ni(III) complex 45 (Fig. 23). Both 44 and 45 displayed a distorted octahedral geometry, and magnetic
moments of 1.68 and 1.71 mb. EPR spectra showed rhombic signals with gave values of 2.145 and 2.127 respectively. Superhyperfine
coupling to the two axial N atoms was observed in the gz direction in both complexes, along with superhyperfine coupling to the Br
atom in 36 along the gy and gx directions.

The effects of substituents on the RN3C ligand scaffold was then studied by Mirica et al. in 2016, leading to the isolation of
a number of Ni(III) complexes 46–48 (Fig. 24), which exhibited uncommon aromatic cyanoalkylation reactivity through double
C-H activation.51 A variety of complexes with different N-alkyl groups electron donating and withdrawing groups on the phenyl
ligand backbone were synthesized, and the conformational and reactivity changes that occurred with this ligand variants were
probed by EPR and X-ray crystallography.52

6.09.2.6.3 Ni complexes with pyridine-aromatic amine ligands
In 2017 the Ritter group isolated a cationic Ni(III)-aryl complex 49 following oxidation of Ni(II) precursor with N-fluoropyridinum
tetrafluoroborate (Fig. 25).53 X-ray crystallography analysis revealed a distorted octahedral geometry, which agreed with the expected
Jahn-Teller distortion for the d7 electronic configuration of 49. EPR spectroscopy showed a rhombic signal with a gave value of 2.20,
consistent with other 6-coordinate Ni(III) complexes.

Aminoquinoline-based ligands have seen widespread use in the field of C-H functionalization, and in 2019 Sanford et al. iso-
lated a variety of organometallic aminoquinoline based Ni(III) complexes 50–51 to gain a better understanding of the mechanism
of such reactions. Complex 50 was characterized by X-ray diffraction and EPR spectroscopy (Fig. 26).54 The EPR spectra were

Fig. 22 A novel ligand rearrangement from complex 41 to 43.
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consistent with a S ¼ ½ Ni(III) metal center, and the crystal structure showed a distorted square pyramidal geometry. The authors
noted that the close proximity of the carboxylate ligand with the Ni metal center also could lead to coordination as a sixth ligand,
however the Ni-O distance (2.628 Å) is large compared to the directly coordinated NieO bond distance of 1.954 Å, suggesting

Fig. 23 Synthesis of complexes 44–45 using N3C type ligands.

Fig. 24 Substituent variation on N3C type ligands in complexes 46–48.

Fig. 25 One electron oxidation to form the distorted octahedral Ni(III) complex 49.
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a weak interaction. Complex 51 was also characterized and similarly to 50, the EPR spectra indicated a S ¼ ½ Ni(III) metal center,
while the crystal structure showed a 5-coordinate square pyramidal geometry.

With a similar goal, the Ackerman group utilized electrochemistry to synthesize an aminoquinoline based Ni(III) complex 52 in
2020 (Fig. 27).55 The structure of the complex was confirmed through X-ray crystallography, which showed a trigonal bipyramidal
geometry. Furthermore, cyclic voltammetry was performed on the complex and a facile oxidation at 0.50 V vs. ferrocene indicated
an oxidation event to a putative Ni(IV) species.

6.09.2.6.4 Ni complexes with tris(pyrazolyl)borate ligands
Biphenyl has shown to be an important ligand for probing the mechanism of Csp

2-X bond forming reactions, and the Sanford group
has seen success in isolating high-valent Ni-biphenyl complexes by utilizing a tris(pirazolyl)borate ligand. In a 2017 they reported
the isolated Ni(IV) complexes 53 and 54 following oxidation of the Ni(II) precursor with bis(trifluoroacetoxy)iodobenzene
(Fig. 28).56 Treatment of this complex with TMSCF3 along with a base activator generated the Ni(IV) complex 54. Both of these
complexes were characterized through X-ray diffraction and 1H, 13C, 11B, and 19F NMR spectroscopy.

While investigating the aryl-fluoride bond formation fromNi(IV) metal centers, Sanford et al. isolated the organometallic Ni(IV)
aryl-fluoride complex 55 in 2019 (Fig. 28).57 This complex was characterized through 1H, 19F, and 11B NMR spectroscopy, along
with X-ray diffraction. A diagnostic metal-fluoride 19F NMR shift of�423.0 ppm along with the X-ray crystal structure confirmed the
diamagnetic octahedral Ni(IV) structure.

6.09.2.7 Ni Complexes With Pincer Ligands

6.09.2.7.1 Ni complexes with POCOP pincer ligands
Over the last two decades, pincer ligands have emerged as powerful tools for stabilizing high-valent coordination compounds. The
rigidity of the ligand framework results in high thermal stability, due largely to the inhibition of cyclometallation of the organic
substituents. The variability of pincer complexes has led to a wide variety of phosphine, amine, and oxygen-based ligand frame-
works, many of which are discussed below.

Fig. 26 Aminoquinoline-based Ni(III) complexes 50–51 isolated by the Sanford group.

Fig. 27 Electrochemical generation of aminoquinoline Ni(III) complex 52.
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In 2007 Zargarian et al. isolated the organometallic Ni(III) dihalide complexes 56 utilizing a POCOP-type pincer ligand. X-ray
crystallography revealed a square-pyramidal geometry, with the Ni metal center slightly out of plane of the pincer ligand (Fig. 29).58

A relatively large difference was also observed in the Ni-X bond lengths (2.26 Å vs 2.32 Å for Cl and 2.37 Å vs 2.44 Å for Br, respec-
tively), which was proposed to result from partial occupation of the pz/dz

2 Ni orbitals.

6.09.2.7.2 Ni complexes with POCN pincer ligands
Aryl POCN-type asymmetric pincer ligands with various N-substituents were used in 2009 by Zargarian et al. to isolate the organ-
ometallic Ni(III)-dibromide complex 57. The square-pyramidal geometry of this complex was confirmed through single crystal X-
ray diffraction, with slight pyramidal distortion due to an out-of-plane Ni metal center (Fig. 30).59 The EPR spectrum of 57 was
typical of Ni(III) pincer complexes with an axial g-tensor and superhyperfine coupling to the halogen atom on the gz component.

Fig. 28 Organometallic NiIV biphenyl complexes 53–55.

Fig. 29 A POCOP-type pincer ligand used to stabilize complexes 56.

Fig. 30 Synthesis of complexes 57–58 using POCN-type ligands.
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The gz value was measured to be close to the free electron value (2.0023), while the gx and gy components were �2.200, which
is typical for low-spin d7 complexes. The same group went on to isolate a similar POCN Ni(III)-dibromide complex 58 in 2014
through treatment of themonohalide Ni(II) complex with NBS.60 Structurally, the complex resembled previous trivalent pentacoor-
dinate Ni species that had been isolated, however there was a slight modification by inclusion of an imine rather than a tertiary
amine. A trigonal bipyramidal geometry with a slight pyramidal distortion due to displacement of an out-of-plane Ni atom was
present, along with an elongated axial NieBr bond (2.45 Å axial vs 2.36 Å equatorial NieBr bond lengths).

6.09.2.7.3 Ni complexes with PCN pincer ligands
In 2018, Wendt and coworkers isolated Ni(III)-dichloro and -dibromo complexes 59–60 with the PCN-type ligand 1-(3-((ditert-
butylphosphino)methyl)-phenyl)eN,N-dimethyl-methanamine, for which the stability of complexes is enhanced by implement-
ing bulky tert-butyl groups on the phosphine atom (Fig. 31).61 In both crystal structures the Ni center adopts a five-coordinated
distorted square pyramidal geometry, with one halide at the apical position. The longer bond length along the axial direction
(Ni-Cl ¼ 2.289 Å, Ni-Br ¼ 2.443 Å) was caused by the nature of such complex, and in line with the EPR studies at 20 K that reveal
rhombic signals, indicating a Ni(III) center bearing an unpaired electron in a dz

2 ground state.

6.09.2.7.4 Ni complexes with NCN pincer ligands
NCN-type pincer ligands have seen success in stabilizing a variety of mono and dihalide Ni(III) complexes, and a mixed halide
complex 61 was synthesized by Kozhanov et al. in 2009 through treatment of the monohalide complex with anhydrous copper
halide salts (Fig. 32).62 The authors found that the EPR spectra of complex 61 was a superposition of two different isomers
(Fig. 32). Although the complex isomerizes in solution, the authors noted that only the isomer with the bromide in the axial position
was found in the solid state.

In 2019, Zargarian and coworkers successfully stabilized the related Ni(III)-dibromide complex 62 using the same NCN-type
pincer ligand. This led to the isolation of a distorted octahedral tris(acetonitrile) Ni(III) complex 63, and another Ni(III) square
pyramidal complex 64 supported by a single acetonitrile and bromide via addition of appropriate amount of silver ions
(Fig. 32).63 Complex 63, being air-stable despite possessing 19 valence electrons, exhibits a significant distortion along the
z-axis likely due to the localized unpaired electron in Ni -based orbitals, as confirmed by EPR. The five-coordinated complex 64
has 17 valence electrons, and its EPR studies at 120 K reveal the coexistence of two isomers in a solution, in which the bromine

Fig. 32 An NCN-type pincer ligand was used to stabilize various Ni(III) complexes 61–64.

Fig. 31 Dihalide-Ni(III) complexes 59–60 stabilized by a PCN pincer ligand.
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atom resides in either the axial position or in the equatorial plane. The crystallized structure exists predominantly with the bromine
in the axial position, and an energy difference �4 kcal/mol was calculated between the two isomers.

6.09.2.7.5 Ni complexes with NHC pincer ligands
In 2016 the Fout group hypothesized that a NHC-based CCC pincer Ni(III) complex could be generated following single-electron
oxidation of the Ni(II) precursor. However, treatment of with PhICl2 generated a diamagnetic complex 65, which was then further
characterized with X-ray diffraction to reveal an octahedral trichloride Ni(IV) complex (Fig. 33).64 Encouraged by these results they
sought to also isolate the tri-bromide complex 66, which was achieved through treatment of the Ni(II) bromine precursor with Br2 or
BTMABr3 and subsequently characterized by X-ray diffraction, and was also shown to promote bromination of exogenous alkenes.

6.09.2.8 Ni Complexes With Perfluoroalkyl Ligands

Perfluoroalkyl groups have emerged as popular ligands for stabilizing high-valent organometallic Ni complexes, largely due to their
reduced rate of reductive elimination. In 2015, Vicic and coworkers utilized a combination of octafluorobut-di-yl along with the
terpyridine ligand to isolate an organometallic Ni(III) complex 67 following oxidation of the corresponding Ni(II) species with
AgBF4 (Fig. 34).

65 Inclusion of the C4F8 ligand was key in isolating this complex, as the corresponding bis(trifluoromethyl) complex
was unstable under ambient conditions. X-ray crystallography of 67 confirmed an octahedral geometry, with notable elongation of
the NieN bonds trans to the fluoroalkyl groups (2.163 Å and 2.172 Å) compared to the cis bonds (1.966 Å and 1.964 Å). This elon-
gation was attributed to the accumulation of spin density on the cis-bound nitrogen and is characteristic of ligands bound trans to
trifluoroalkyl ligands. Indeed, variable temperature solution and solid phase EPR spectra revealed superhyperfine splitting from two
nitrogen atoms. This was confirmed by DFT calculations, which showed minimal spin density surrounding the central nitrogen of
the terpyridine ligand and the axially coordinated acetonitrile.

The same octafluorobut-di-yl ligand was used by the Vicic group in 2018 to generate a stabile Ni(IV)-difluoride complex 68
(Fig. 35).66 The complex adopted an octahedral geometry with the two fluorides trans to each other, therefore possessing a C2

symmetry, which was confirmed through characterization by 1H and 19F NMR spectroscopy.

Fig. 35 Synthesis of Ni(IV) complex 68.

Fig. 34 Synthesis of complex 67 using terpyridine and octafluorobut-di-yl ligands.

Fig. 33 Synthesis of a NHC pincer trihalide NiIV complexes 65–66.
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In 2015 Mirica et al. isolated a stable bis(trifluoromethyl) Ni(III) complexes 69 and 70 utilizing a tetradentate N-donor ligand
RN4. Both the MeN4 and tBuN4 complexes displayed a distorted octahedral geometry and bond distances that matched previously
reported (tBuN4)Ni(III) complexes (Fig. 36).67 The paramagnetic complexes 69 and 70 had effective magnetic moments of 2.06 and
2.15 respectively, indicating a single unpaired electron. EPR spectroscopy revealed gave values of 2.105 and 2.143 respectively,
confirming a Ni(III) metal center with a dz2 ground state. Furthermore, superhyperfine coupling to the axial nitrogen atoms was
observed in the gz direction for both complexes.

In the same year, Sanford et al. performed a two-electron oxidation of the Ni(II)-aryl trifluoromethyl complex 71 with 5-(trifluor-
omethyl)dibenzothiophenium triflate (TDTT) to generate the Ni(IV)-aryl bis(trifluoromethyl) complex 72 (Fig. 37).68 This
represented one of the first examples of a two electron oxidation of a Ni-trifluoromethyl complex, and the corresponding
Ni(IV) compound 72 was characterized through 1H, 13C,11B, and 19F NMR spectroscopy along with X-ray crystallography, which
revealed an octahedral geometry around the Ni center.

In 2017, the Sanford group went on to isolate a series of Ni(IV) trifluoromethyl complexes 73–76 through a two-electron oxida-
tion of Ni(II) precursors with N-fluoro-2,4,6-rimethylpyridinium (NFTPT, Fig. 38).69 Along with X-ray crystallography, 19F NMR
was used to confirm the presence of a new Ni(IV) species. A significant downfield shift (�182 ppm from �138 ppm) was observed

Fig. 36 Synthesis of Ni(III)(CF3)2 complexes 69–70 using RN4 ligands.

Fig. 38 Synthesis of complexes 73–76.

Fig. 37 Synthesis of the Ni(IV)-aryl bis(trifluoromethyl) complex 72.
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for the fluorine atom bound to the ligand framework for complexes 73 to 74, and the trend was also observed for the other
complexes in the series with more electron deficient phenyl rings.

Nebra et al. observed that oxidation of a Ni(II) bis(trifluoromethyl) complex with one equivalent of XeF2 led to the formation of
the fluorine bridged dinuclear Ni(III) complex 77 (Fig. 39).70 Addition of pyridine caused a reversible dissociation of 77 to the
mononuclear Ni(III) complex 78. Complexes 77 and 78 were confirmed through X-ray diffraction along with EPR spectroscopy.
Complex 77 exhibits g values gx ¼ 2.237, gy ¼ 2.166, gz ¼ 2.018, while complex 78 has g values of gx ¼ 2.232, gy ¼ 2.166,
gz ¼ 2.018. Furthermore, superhyperfine coupling to a single F atom was observed for 77. Treatment of the Ni(II) bis(trifluoro-
methyl) precursor with two equivalents of XeF2 generated the mononuclear Ni(IV)-difluoride complex 79 in up to gram quantities.
19F NMR of this complex revealed a triplet signal at �26.1 ppm (CF3) and a septuplet at �418.3 (F), indicating two equivalent CF3
and fluoride ligands. The spectroscopic data along with an X-ray crystal structure confirmed the assignment of a Ni(IV) metal center
in 79, which is a rare example of a Ni(IV) complex that is not supported by a multidentate chelating ligand.

The unique stabilizing effects of perfluorinated organic ligands have made them highly successful for isolating various high-valent
Ni complexes. In 2019, a series of organometallic Ni(IV) complexes 80–82were isolated by Sanford et al. utilizing a bpy-tBu-F ligand,
and these complexes were shown to undergo CeH bond activation and subsequent functionalization following oxidation of the
Ni(II) precursor with NFTPT (Fig. 40).71 These complexes were isolated and single crystal X-ray structures along with 19F and 1H
NMR spectra were obtained. Using the ligand fluorine as a spectroscopic tracking measurement, oxidation of the Ni(II) precursor
with NFTPT generated two new F signals at �178 and �176 ppm in a �1:4 ratio. Furthermore, a new singlet at �242 ppm was
observed, indicating formation of a new NieF bond which was then confirmed through single crystal X-ray spectroscopy. 1H
NMR was also performed on the crude reaction to confirm a CeH bond activation event, and the spectra showed two new singlets
at 3.87 and 3.41 ppm in a 1:4 ratio, confirming formation of the NieC bond. Treatment of this reaction solution with TMSCl fol-
lowed by an aqueous NaCl solution lead to the formation of 81, which was subsequently characterized with 1H, 19F, 13C and X-ray
crystallography. Further reaction of 81 with excess AgF generated the corresponding Ni(IV)-fluoride complex 82.

In the same year, the Sanford group went on to expand on the reactivity of high-valent Ni complexes by reacting the Ni(III)
precursor 83 with a variety of radical species to generate the corresponding Ni(IV) compounds 84–86 (Fig. 41).72 X-ray crystallog-
raphy of the Ni(III) starting material 83 confirmed a five-coordinate geometry, which was further validated through EPR spectroscopy
(gx ¼ 2.28, gy ¼ 2.22, and gz ¼ 2.01). Superhyperfine coupling to a single N atom of one of the pyrazole ligands was also observed.
Oxidation of this complex with a variety of peroxides generated complexes 84–86, each of which were characterized through single
crystal X-ray diffraction to confirm their octahedral structure.

Sanford et al. isolated an organometallic Ni(IV) tris(trifluoromethyl) complex 87 through oxidation of the Ni(II) precursor with
a fluorinated TDTT analog (Fig. 42).73 The complex proved exceptionally stable to ambient conditions in the solid state and was
characterized through 1H, 19F, 13C, and 11B NMR spectroscopy along with X-ray diffraction.

Lastly, Vivic and coworkers were able to isolate a formally Ni(IV) complex 88 by oxidizing the corresponding [NiII(CF3)4]
2�

precursor with potassium persulfate (Fig. 43).74 The Ni(IV) center in 88 is ligated to four CF3
� groups, with NieC bond lengths

2.021(6) and 1.942(6) Å, while a sulfate group binds in a bidentate fashion with NieO bond lengths of 1.964(4) Å, thus creating
an overall dianionic complex. Interestingly, this complex is another example of a Ni(IV)-trifluoromethyl complex that is not sup-
ported by any chelating multidentate ligand.

6.09.2.9 Ni Complexes With Cycloneophyl Ligands

The cycloneophyl ligand has become a powerful tool for coordination chemists to isolate high-valent metalacycle complexes. This
bidentate C-donor ligand generates complexes with exceptional stability due to the reduced rates of reductive elimination and
inability to undergo beta-hydride elimination. The Sanford group has employed this ligand in a number of publications in the
last 10 years, largely to stabilize Ni(IV)-trifluoromethyl complexes. In 2015, the group utilized S-(trifluoromethyl)dibenzothiophe-
nium triflate (TDTT) as an oxidant and isolated an organometallic Ni(IV) complex 89 (Fig. 44).4 Through X-ray diffraction they

Fig. 39 Synthesis of high-valent Ni bis(trifluoromethyl) complex 77–79.
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Fig. 40 CeH Bond activation leading to the synthesis of Ni(IV) complexes 80–82.
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were able to confirm an octahedral geometry at the Ni center, making it the second isolable organometallic octahedral Ni(IV)
complex at the time. In 2017, the group went on to generate complex 90 by using a trispyrazolylborate ligand rather than a tripyr-
idine scaffold. The complex was characterized through 1H, 13C, 11B, and 19F NMR along with X-ray crystallography, which
confirmed the octahedral geometry of the complex.

Starting in 2014, the Mirica group has used the macrocyclic pyridinophane RN4 ligands to stabilize a series of high-valent Ni
complexes, including cycloneophyl complexes. In 2016 they reported the (MeN4)NiIII(cycloneophyl) complex 91, which was
formed upon oxidation of the Ni(II) precursor with FcPF6.

27 Interestingly, complex 91 can be further oxidized with NOPF6 to yield
the Ni(IV) complex 94, which was isolated and characterized by 1H and 13C NMR and X-ray photoelectron spectroscopy (XPS). This
ligand system represents the first reported ligand system to allow the synthesis of both Ni(III) and Ni(IV) complexes. In 2019 the
same group reported the use of RN4 ligands with one or two N-tosyl groups to generate the Ni(III) complexes 92 and 93. Complex
92 was characterized through EPR spectroscopy, which revealed a rhombic signal with superhyperfine coupling in the gz direction
due to a single axial N donor (Fig. 45).75 The presence of superhyperfine coupling to only one axial nitrogen suggested that the NTs

Fig. 41 Synthesis of various Ni(III) complexes 84–87 via radical reactions from a Ni(III) precursor.

Fig. 42 Synthesis of complex 87 via a two-electron oxidation of a Ni(II) precursor.

Fig. 43 Synthesis of an unsupported Ni(IV)-tetrakis(trifluoromethyl) complex 88.
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group is weakly coordinated to the metal center. However, in the EPR spectra of complex 93, a rhombic signal with weak super-
hyperfine coupling to two axial nitrogens was observed, implying that both NTs groups bind weakly to the Ni metal center.

In 2017 the Mirica group demonstrated that cycloneophyl ligands could be used to stabilize high-valent Ni complexes when
combined with a macrocyclic Me3TACN (1,4,7-triazacyclononane) ligand. Oxidation of the Ni(II) precursor with FcPF6 or FcBF4
generated an uncommonly stable cationic Ni(III) complex 95, which was characterized through X-ray crystallography and EPR spec-
troscopy (Fig. 46).76 The complex adopted a square pyramidal geometry which was maintained in MeCN, as the EPR spectrum
revealed a rhombic signal with superhyperfine coupling to only one N atom in the gz direction, indicating a lack of an axially coor-
dinatedMeCN. Oxidation of 95with AcFcBF4 generated the first isolated dicationic Ni(IV) complex 96, which adopted an octahedral
geometry with an axially coordinated acetonitrile.

Utilizing a neutral tris(pyrazoyl)methane and an anionic tris(pyrazoyl)borate ligand along with a C-donor cycloneophyl ligand,
Sanford et al. isolated a series of Ni(III) and Ni(IV) organometallic complexes 97–98 in 2019 (Fig. 47).77 The Ni(III) complex 97-Py
was crystallized in pyridine to generate the octahedral complex with an axially coordinated pyridine ligand. EPR studies confirmed
a Ni(III) metal center with gx ¼ 2.23, gy ¼ 2.22, and gz ¼ 2.01. Complex 98 was crystallized in MeCN, which generated an octahe-
dral Ni(IV) complex with an axially coordinated MeCN ligand.

6.09.2.10 Ni Complexes With Miscellaneous Ligands

Cationic nickel imido complexes 99 and 100 were isolated by Hillhouse et al. in 2011, utilizing a 1,2-bis(di-tert-butylphosphino)
ethane ligand. The neutral Ni(II) complexes were able to undergo a single electron oxidation to reach the cationic Ni(III) species
(Fig. 48).78 Notably, both adamantyl azide and 2,6-dimesitylphenylazide (dmp) were shown to be suitable for the formation of

Fig. 44 Synthesis of complexes 89–90 two-electron oxidative trifluoromethylation.

Fig. 45 Ni(III) complexes stabilized by RN4 and cycloneophyl ligands.
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Ni(III)-imido species. Both Ni(III)-imide complexes were analyzed using EPR spectroscopy and Evan’s method to determine the
magnetic moment. A temperature dependence in the magnetic moment was found for complex 99, indicating that a high-spin/
low-spin equilibrium is present. By comparing the magnetic moments of the two spin states with the expected values, a HS/LS ratio
of approximately 1:4 was calculated at room temperature. EPR studies verified the presence of a low-spin d7 Ni(III) center, with
a single feature lacking superhyperfine coupling. The EPR spectrum of 100 shows a single feature, with the parameters
g1 ¼ 2.17, g2 ¼ 2.06, and g3 ¼ 1.97. Notably, no spin equilibrium was observed in complex 100.

In 2014, Chen et al. isolated a Ni(III) dihalide porphyrin complex 101 and were able to characterize the molecule through EPR
and X-ray crystallography (Fig. 49).79 An EPR spectrum obtained at 77 K revealed a ferromagnetically coupled signal with gx ¼ 2.21,
gy ¼ 2.10, and gz ¼ 2.13. Variable temperature magnetic data revealing a magnetic moment of mb ¼ 2.63 with a S ¼ 1, which the
authors attributed to be either the Ni(III) high-spin state (S ¼ 3/2) coupled to an antiparallel a2u radical or the Ni(III) low-spin state
(S ¼ ½) interacting orthogonally with a parallel a1u radical. Through DFT calculations and paramagnetic NMR analysis, the authors
were able to confirm the triplet ground state of the complex was a low-spin Ni(III) metal center radical coupled to an a1u porphyrin-
based radical cation.

Fig. 46 Ni(III) and Ni(IV) complexes 95 and 96 stabilized by Me3TACN and cycloneophyl ligands.

Fig. 47 Tris(pyrazol)methane and tris(pyrazoyl)borate Ni(III) and Ni(IV) Complexes 97–98.

Fig. 48 Synthesis of Ni(III)-imide complexes 99 and 100 supported by bulky phosphine ligands.
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In 2015, the Berry group analyzed a variety of diamagnetic chalcogen-bridged complexes Cp2*Ni2E2 (E ¼ S, Se, Te) 102 and found
that these complexes can be best electronically described as mixed-valent Ni(II)/(III) species (Fig. 50).80 Three potential resonance
forms were described based on the level of E-E interaction: a bimetallic Ni(II) species with an E-E single bond, a mixed Ni(II)/(III)
species with an E-E ½ order bond, and a bimetallic Ni(III) species with no E-E bonding. Through X-ray crystallography, Berry et al.
were able to confirm that the E-E distances for these complexes was somewhere between a nonbonding interaction and a complete
single bond, strengthening the assignment of the complexes as mixed Ni(II)/(III) species. Furthermore, reduction of 102-Se drastically
shortened the length of the Se-Se interaction compared to the neutral complex, consistent with the formation of a Se2

2� species.
A variety of nickel bimetallic dithiolate complexes including three examples of Ni(III) complexes were isolated by Rauchfuss

et al. in 2016 (Fig. 51).81 Varying the length of the alkyl chain of the dithiol backbone allowed for the isolation of several dinickel
dithiolate complexes in varying geometries. A bimetallic Ni(III) propanedithiolate complex 103was formed following the oxidation
of the Ni(II) precursor with ferrocenium tetrafluoroborate. X-ray crystallography of 103 showed a ‘butterfly’ Ni2S2 core, while the
Cp ligands adopted a cis geometry. A similar series of bimetallic complexes for the ethanedithiolate and diethanethiol derivatives
104–105 were also synthesized and characterized through X-ray spectroscopy. Similar geometry changes were seen in the diethane-
thiol complex, which adopted a geometry that allowed for metal-metal bonding following oxidation.

A unique trinuclear Rh2Ni complex supported by N/S-type chelating ligands was synthesized by Konno et al. in 2017 that was
shown to reversibly cycle between Ni(II), Ni(III), and Ni(IV) states (Fig. 52).82 The Ni(II) complex was shown to oxidize to Ni(III)
in the presence of oxygen, and a reversible reduction pathway could be achieved with sodium borohydride. The Ni(III) species could
subsequently be oxidized with cerium ammonium nitrate to generate the Ni(IV) complex which could be reduced back upon treat-
ment with H2O. Each of the complexes where characterized crystallographically, and a notable Jahn-Teller distortion was observed
in the Ni(III) complex 107, which was not present in complexes 106 or 108. An EPR spectrum of complex 107 at 103 K showed an
anisotropic signal with an average g value of 2.1, with no signal being detected for complexes 106 or 108, further supporting the
oxidation assignments. Furthermore, 1H NMR spectroscopy performed on the d6 S ¼ 0 complex 108 provided validation for
the Ni(IV) assignment.

Fig. 49 The Ni(III)-dihalide porphyrin complex 101.

Fig. 51 Thiolate-supported dinuclear Ni(II)/Ni(III) complexes 103–105.

Fig. 50 Chalcogen-bridged Ni2E2 complexes 102.

372 High-Valent Ni Coordination Compounds



Interestingly, in 2017 Browne et al. reported the oxidation with NaOCl of a dinuclear tris(m-chloro)Ni(II) precursor supported
by two 1,4,7-trimethyl-1,4,7-triazacyclononane ligands to generate the first dinuclear Ni(IV) complex 109 in which the two Ni(IV)
centers are bridged by three m-oxo groups (Fig. 53).83 While this complex was not crystallographically characterized, detailed X-ray
absorption spectroscopy (XAS), ESI-MS, resonance Raman, and computational studies provide support for the proposed structure
for this NiIV species.

6.09.3 Summary and Outlook

Since the publication of the second edition of Comprehensive Coordination Chemistry in 2003, significant progress has been made by
numerous research groups around the world in isolating high-valent Ni(III) and Ni(IV) complexes. A majority of this progress has
been specific to the field of organometallic nickel chemistry, due largely to the increasing role that high-valent nickel species were
shown to play in carbon-carbon and carbon-heteroatom bond forming reactions.

Within this chapter, we have attempted to thoroughly catalog both coordination and organometallic Ni(III) and Ni(IV)
complexes that have been isolated since 2003. Furthermore, we have grouped complexes related to the general ligand frameworks
used for their stabilization, along with providing brief synthetic routes to these high-valent complexes. Also discussed within this
chapter are the key spectroscopic and physical characteristics of these complexes, which make them relevant for various research
areas such as synthetic organometallic and bioinorganic chemistry.

We hope that a comprehensive grouping of such complexes along with the spectroscopic and physical characteristics provided
will aid researchers in taking rational approaches toward the synthesis of a wider range of high-valent nickel species, as well as deci-
phering their roles in various oxidative transformations such as CeH bond activation and functionalization reactions.
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