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Two-electron oxidation of a NiIIPh(PCP) pincer complex initiaites 
phosphine ligand insertion, generating an η6-arylphosponium 
moiety coordinated to NiII. The reaction is fully reversible under 
reducing conditions. X-ray crystallography, NMR/EPR spectroscopy, 
electrochemistry, and DFT calculations support the proposed Ni-C-
P bond reorganization mechanisms, which access oxidation states 
from Ni0 to NiIV. 

Organophosphines (PR3) are ubiquitous ancillary ligands, prized for 
their nearly limitless synthetic, steric, electronic, and structural 
modularity in homogeneous catalysis. However, PR3 ligands 
relinquish their ancillary role during the Ni- or Pd-catalyzed synthesis 
of arylphosphonium salts according to the following general 
equation: PAr3 + Ar’X  [Ar’PAr3][X].1-5 Early mechanistic work by 
Kochi showed that NiI and NiIII complexes can both facilitate P-C bond 
formation;6 based on these findings, others have proposed 
mechanisms involving NiI/III redox cycling, where [NiIII(Ar’)(PAr3)2(L)]2+ 
or NiIIIX2(Ar’)(PAr3)(L) release [Ar’PAr3]+ via reductive elimination, 
generating a NiI intermediate which subsequently reacts with Ar’X via 
oxidative addition.1, 3

In contrast to the chemically active role of PR3 ligands described 
above, incorporating organophosphines into thermally and 
chemically robust tridentate pincer frameworks enables them to 
persist as ancillary ligands throughout catalysis. Notably, nickel 
complexes containing PCP ligands can catalyze H2 production,7 the 
hydroamination of acrylonitrile,8 and the fluorination of benzyl 
halides.9 Our group is interested in understanding the fundamental 
reactivity of group 10 complexes containing a lesser-known class of 
adamantyl-derived PCP pincer ligands,10-12 as shown in Scheme 1. We 
recently found that the central alkyl moiety of PCPNiBr can be 
protonated to yield an agostic CH2 moiety, enabling us to quantify its 

coordination-induced C(sp3)-H bond weakening via pKa 
measurements and electrochemical analysis of the NiIII/II redox 
couple.13 Herein, we describe an unprecedented instance of 
oxidatively triggered aryl insertion into the pincer phosphine atom of 
1, generating arylphosphonium salt 2 that retains its coordination to 
nickel through an η6-arene bond. Remarkably, this reaction is 
reversible – the newly formed P-C bond collapses under cathodic 
conditions to regenerate 1 through a Ni0 (η6-arene) intermediate, as 
supported by electrochemical measurements and DFT calculations. 
These redox-controlled nickel-carbon-phosphorus bond 
reorganization reactions provide insights into the broad range of 
accessible oxidation states (Ni0 to NiIV) using adamantyl-based PCP 
pincer ligands and highlight the possible role of η6-arene interactions 
during nickel-catalyzed arylphosphonium synthesis.
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Scheme 1. Synthesis of complex 1 and complex 2.

Treatment of PCPNiBr with excess phenyllithium at -40 oC affords the 
complex PCPNiPh (1) in 98% yield after workup (Scheme 2). The 31P 
NMR spectrum in C6D6 reveals a singlet at 48.8 ppm, which is nearly 
identical to the chemical shift of PCPNiBr (49.0 ppm).13 The Ni-CHalkyl 
NMR spectral resonances appear at 1.34 ppm (1H) and 69.6 ppm 
(13C). Since the Ni-CHalkyl 1H resonance was buried amongst several 
the cyclohexyl and adamantyl signals, the chemical shift assignment 
was dependent on the multiplicity of the alkyl 13C resonance (triplet; 
2JCP = 10.5 Hz) and heteronuclear 2D NMR spectral techniques (1H-
31P HMBC, 1H-13C HSQC; see SI). For comparison, the Ni-CHalkyl peaks 
appear at 1.81 ppm and 64.6 ppm in PCPNiBr.13 

X-ray-quality crystals of 1 were obtained from a concentrated 
pentane solution at room temperature. The solid state structure of 1 
shows a slightly distorted square planar geometry at the nickel 
center (τ4 = 0.13), with the two largest angles at Ni being 165.48(3)° 
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( ∠ P1–Ni–P2) and 175.81(8)° ( ∠ C33–Ni–C36). The Ni-Ph ligand is 

slightly canted, as the angle measured from the centroid of the aryl 
ring to the Ni-C36 bond axis is 171.0° (Figure 1, left). The aryl ring is 
almost perpendicular to the plane made by the PCP donor atoms 
(81.73°), largely due to the steric constraints imposed by the bulky 
cyclohexyl groups.

  

Fig. 1. Molecular structures of 1 (left) and 2 (right) with 50% probability ellipsoids. H 
atoms, cocrystallized solvent, and B(C6F5)4

- are omitted for clarity.

Cyclic voltammetry (CV) experiments reveal that 1 has a NiIII/II redox 
feature at E1/2 = -0.14 V vs Fc+/0, prompting us to use ferrocenium 
(Fc+) as a chemical oxidant in our attempts to isolate the NiIII radical 
cation (CVs described later in detail). Surprisingly, reacting 1 with one 
equiv [Fc][B(C6F5)4]14 yields unreacted starting material along with 
the dicationic NiII complex [PCP(η6-C6H5)Ni][B(C6F5)4]2 (2) whose 
structure was unambiguously determined by single crystal X-ray 
diffraction (Figure 1, right). This unusual complex can be viewed as a 
phosphine insertion product, where the aryl ligand migrates to 
phosphorus to generate an arylphosphonium “arm” that coordinates 
to the cationic NiII center as an η6-arene ligand. Consequently, one 
phosphorus atom becomes disconnected from the nickel centre 
while the other phosphine moiety retains its original Ni-P bond. 

Complete consumption of 1 is achieved after stirring overnight with 
2 equiv of [Fc][B(C6F5)4] at room temperature, affording brown-
yellow 2 in 44% yield after workup and crystallization (Scheme 1). 
Two singlets are observed at 94.2 and 20.4 ppm by 31P NMR 
spectroscopy, with the latter corresponding to the phosphonium 
cation based on heteronuclear 2D NMR spectroscopic analysis and 
literature precedent.15 Compared to complex 1, dicationic 2 contains 
deshielded resonances for the coordinated phosphine (94.2 ppm) 
and Ni-CHalkyl proton (3.13 ppm). The large 1JPC values for the carbon 
atoms attached to the phosphonium moiety (67.5, 35.9, 36.8 Hz) are 
typical for phosphonium salts.16, 17 When 2 is reduced with 2 equiv of 
bis(pentamethylcyclopentadienyl)chromium (Cp*2Cr; E1/2 = -1.47 V 
vs. Fc+/0, THF), complex 1 is regenerated in 90% yield, as determined 
by inverse-gated 31P NMR spectroscopy on a crude reaction mixture 
(Figure S10). In situ oxidation of 1 with 2 equiv of [Fc][B(C6F5)4] and 
sequential reduction with 2 equiv of Cp*2Cr results in a 98% recovery 
of 1 (see SI for details). Therefore, these oxidation and reduction 
reactions demonstrate that the addition or removal of electrons 
triggers bond reorganizations involving the arene, phosphine, and 
nickel moieties.

Cyclic voltammograms (CVs) of 1 were conducted under N2 in THF to 
investigate the redox behaviour of 1 and obtain mechanistic insights 
into the formation of 2. Narrowing the scan window to only include 
the redox couple centred at -0.14 V shows higher scan rates increase 
reversibility (Fig 2, Table S1). Furthermore, comparison of the peak-
to-peak separation of this redox couple (ΔE = 77 mV) to the redox 
peak of Cp*2Fe (ΔE = 81mV) indicates that it is a 1e- redox process 
(Figure S12, Table S2). We assign this to be the NiIII/II redox couple 
(E1/2 = -0.14 V), which is about 0.2 V more negative than for PCPNiBr 
(E1/2 = 0.16 V). 

Fig. 2. iR-compensated cyclic voltammograms of the NiIII/II redox couple for 1 at different 
scan rates. Conditions: N2, THF, 1 mM analyte, 0.1 M [nBu4N][PF6], PEEK-encased glassy 
carbon working electrode, Type 2 glassy carbon rod counter electrode, Ag/AgCl 
pseudoreference electrode. Initial scan direction and starting position indicated with a 
black arrow.

Gratifyingly, the redox-active NiIII cation [PCPNiPh]•+ (1•+) was 
characterized via EPR spectroscopy by oxidizing 1 at -78 °C with one 
equiv [Fc][B(C6F5)4] in 2-MeTHF. The solution immediately changes 
from yellow to deep blue-green and X-band EPR spectroscopic 
analysis at 77 K reveals an axial spectrum which is modelled as an S 
= 1/2 system (g∥ =  2.295, g⟂ = 2.053) with anisotropic hyperfine 
coupling to two inequivalent P nuclei (A(31P1) = ± [61, 75] MHz, A(31P2) 
= ± [51, 78] MHz; Fig 3, left). DFT calculations show that most of the 
unpaired spin density resides at the metal centre, while the 
remainder is distributed onto the alkyl and aryl carbons bonded to 
nickel (Fig 3, right).

    

Fig. 3. Left: Experimental (black) and simulated (red, offset) X-band EPR spectra of 1•+ (77 
K, 2-MeTHF glass). Right: Computed residual spin density of 1•+ (blue; isosurface value = 
0.003) at the TPSS-D3(BJ)/def2-TZVP level of theory.
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A wide CV scan window reveals a pseudo-reversible redox couple 
centered at -0.14 V vs. Fc+/0, an irreversible oxidation peak at +0.28 
V, and an irreversible reduction peak at -1.31 V (Figure 4A, red). The 
second oxidation peak at Epa = +0.28 V is therefore proposed to be a 
1e- oxidation to generate a highly reactive NiIV dication. Interestingly, 
when the scan window is narrowed to exclude the putative NiIII/IV 
oxidation event, the reduction wave at Epc ≅ -1.31 V decreases 
significantly in current at 100 mV/s (Figure 4A, grey) and is nearly 
absent at 1000 mV/s (Figure 4C, blue). The same reduction wave at 
Epc = -1.31 V re-emerges at 1000 mV/s when the scan window is 
opened to include the NiIII/IV oxidation event (Figure 4C, purple). We 
propose that oxidation of 1 generates phosphine insertion product 2 
in the electrical double layer; however, its rate of formation is gated 
by the degree of oxidation at nickel (i.e., NiIII vs. NiIV), suggesting that 
2 can be generated via two distinct mechanistic pathways, both 
which will be described later. 

Similar CVs were performed using complex 2 but voltages were first 
swept in cathodic direction (Figure 4B). The same cathodic reduction 
feature exists as for 1, however two closely spaced features are 
visible. The cathodic peak potential with has a maximum peak 
current (Ipc = -1.8 μA) that is twice the intensity of the NiII/III oxidation 
(Ipa = 0.9 μA), suggesting that 2 undergoes a 2e- reduction to generate 
a Ni0 intermediate prior to ligand reorganization (Fig 4B, orange). 
Overall, the same NiII/III and NiIII/IV features present in 1 are observed, 
indicating the clean formation of 1 upon reduction of 2. Therefore, 
the analogous electrochemical traces for both complexes on these 
CV timescales highlight the facile ligand insertion/elimination 
chemistry mediated by nickel. 

Fig. 4. A: iR-compensated cyclic voltammograms of 1 at 100 mV/s with wider (red) and 
narrower (grey) scan windows. B: iR-compensated cyclic voltammograms of 2 at 100 
mV/s with wider (orange) and narrower (green) scan windows.. C: iR-compensated cyclic 
voltammograms of 1 at 1000 mV/s with wider (purple) and narrower (blue) scan 
windows. Conditions: N2, THF, 1 mM analyte, 0.1 M [nBu4N][PF6], PEEK-encased glassy 
carbon working electrode, Type 2 glassy carbon rod counter electrode, Ag/AgCl 
pseudoreference electrode. Initial scan direction and starting position indicated with a 
black arrow. All CV traces are shown for the third scan of each experiment.

Mechanisms for these redox-triggered processes are proposed based 
on the above CV measurements and corroborated with ground-state 
DFT calculations using ORCA 5.0.3.18 A multi-level approach was used 
where the DFT-optimized structures at a lower level of theory (TPSS-
D3(BJ)/def2-TZVP) were used in single point energy calculations with 

the larger def2-QZVPP basis set19, 20 and the PW6B95-D3(BJ) 
functional (see SI).21 This functional was chosen for its good 
performance in the GMTKN55,22 MOR41,23 and ROST6124 benchmark 
databases. After 1e- oxidation of 1 to generate complex 1•+, two 
routes are conceivable for the generation of 2. First, oxidizing 
conditions strong enough to form a NiIV complex (A) would trigger 
rapid reductive elimination to afford 2. Computations reveal that A 
is a strongly oxidizing 14e- NiIV dication that undergoes rapid 
reductive elimination (ΔG‡ = 2.8 kcal/mol) to irreversibly generate 2 
(ΔGA→2 = -37.2 kcal/mol), consistent with our CV data in Fig 4.

The second route, which is traversed in the presence of Fc+, involves 
a slower reductive elimination process via 1•+ to generate an (η6-
arene)NiI cation (B). This route is computed to be thermodynamically 
uphill (ΔG1•+→B = 7.4 kcal/mol) with a high transition state free energy 
barrier (ΔG‡ = 26.2 kcal/mol). Although the TS barrier has likely been 
overestimated for this slow elementary step,25 the mean average 
deviation for open-shell organometallics is known to be 2.5 kcal/mol 
at the applied level of theory.24 Notwithstanding, the EPR and CV 
data described earlier clearly indicate that the buildup of 1•+ occurs 
in solution prior to the slow formation of 2. This step is analogous to 
the proposed reductive elimination step during nickel-catalyzed 
arylphosphonium production, however the phosphonium product in 
unable to fully dissociate from the metal centre in the case of B. 
Finally, strongly reducing B (E°DFT = -0.94 V) is easily oxidized by 
exogenous Fc+ to generate 2.
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Scheme 2. Proposed mechanism describing two different pathways of generating 2 from 
1 via 2e- oxidation and the regeneration of 1 from 2 via 2e- reduction. Redox potentials 
are given in Volts vs. Fc+/0, DFT-computed redox potentials are shown in parentheses, 
and computed free energies (blue) are shown in kcal/mol. 

Consistent with the above CV data, the formation of 1 starting from 
2 is proposed to follow a different mechanistic pathway, where 2e- 
reduction forms a putative Ni0 complex (C). Experiment reveals two 
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closely spaced reductions centered at Epc ≅ -1.31 V (Fig 4), and DFT 
calculations modelling a 2e- NiII/0 redox process are in excellent 
agreement (E°DFT = -1.36 V). Finally, a very rapid oxidative addition 
involving P-C bond cleavage furnishes 1, which is computed to be 
barrierless (ΔG‡ = -0.3 kcal/mol) and very exothermic (ΔGC→1 = -40.6 
kcal/mol). The oxidative addition of phosphonium salts to Pd0 has 
been observed during aryl-aryl interchange between phosphine 
ligands,26 however to the best of our knowledge, this type of 
reactivity has not been previously documented at Ni0. Notably, the 
oxidative addition of an η6-arylphosphonium moiety at Ni0 suggests 
that pre-coordination of the arene is crucial in the mechanism of Ni-
catalyzed reductive cross coupling using arylphosphonium 
substrates.27 

In summary, we report the synthesis of two new aryl-containing 
nickel complexes, and their electrochemically mediated 
interconversion represents an unprecedented example of reversible 
aryl insertion into a metal-phosphine bond. Based on 
electrochemical measurements, EPR spectroscopy, and DFT 
calculations, a mechanism is proposed where the PCP ligand acts as 
a chemically non-innocent moiety with the metal accommodating 
formal oxidation states from Ni0 to NIIV. The reductive elimination 
step via NiIII represents a glimpse into the mechanism of 
arylphosphonium salt synthesis, suggesting that an η6-arene 
intermediate may be formed prior to product dissociation. 
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