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ABSTRACT: The oxidative addition of aryl halides to bipyridine- or phenanthroline-ligated nickel(I) is a commonly proposed step 
in nickel catalysis. However, there is a scarcity of complexes of this type that both are well-defined and undergo oxidative addition 
with aryl halides, hampering organometallic studies of this process. We report the synthesis of a well-defined Ni(I) complex, 
[(CO2Etbpy)NiCl]4 (1). Its solution-phase speciation is characterized by a significant population of monomer and a redox equilibrium 
that can be perturbed by π-acceptors and σ-donors. 1 reacts readily with aryl bromides, and mechanistic studies are consistent with a 
mechanism proceeding through an initial Ni(I) → Ni(III) oxidative addition. Such a process was demonstrated stoichiometrically for 
the first time, affording a structurally characterized Ni(III) aryl complex. 

INTRODUCTION 
Nickel catalysis has seen tremendous advances in recent 

years, resulting in the development of diverse methodologies 
for the formation of C–C and C–heteroatom bonds (Figure 
1A).1–7 These catalytic reactions span fields such as Ni/photo-
redox, Ni/electrocatalysis and cross-electrophile coupling, and 
are enabled by the facile accessibility of numerous Ni oxidation 
states.8 Crucially, this includes not only the common Ni(0) and 
Ni(II) oxidation states, but also the odd-electron Ni(I) and 
Ni(III) oxidation states. Consequently, 1- and 2-electron pro-
cesses can be combined in many ways to execute distinct trans-
formations.8,9 

An important and widely proposed mechanistic event is the 
oxidative addition of aryl halides to Ni(I), generating a Ni(III) 

aryl complex (Figure 1A). The importance of this process is 
twofold: first, oxidative addition to Ni(I) activates an aryl halide 
substrate for cross-coupling; second, it provides access to the 
Ni(III) oxidation state, which is more electrophilic than Ni(II) 
and more readily undergoes challenging reductive eliminations. 
The significance of oxidative addition to Ni(I) is perhaps best 
illustrated by studies demonstrating that C–heteroatom cross-
couplings may proceed through a self-sustaining Ni(I)/Ni(III) 
catalytic cycle.10–13 

Unfortunately, the sparsity of well-defined Ni(I) complexes 
has hampered the use of classical organometallic tools for stud-
ying this oxidative addition process and its underlying mecha-
nism. This holds true for systems bearing ligands from the bi-
pyridine (bpy) or phenanthroline (phen)  classes, which are of-
ten utilized in synthetic

 

 

Figure 1. Oxidative addition of aryl halides to Ni(I). aThis formal Ni(I) complex is best described as [(dtbbpy•–)NiIICl]2.



 

methodologies.14–17 In fact, of the few Ni(I)-bpy/phen com-
plexes that have been prepared and structurally characterized,18–
22 only one (a Ni2(I,II) dimer from the Nocera group) has been 
demonstrated to react with aryl bromides (Figure 1B).10 Studies 
by Baran, Diao, and MacMillan/Bird have taken additional key 
steps towards studying Ni(I)-bpy/phen species generated in situ 
through reduction (chemically,20 electrochemically,23 or radio-
lytically24, respectively). These studies have together demon-
strated that monomeric Ni(I)-bpy/phen species can react with 
aryl halides. However, the precise mechanism of oxidative ad-
dition is not yet well understood, and no direct experimental ev-
idence has been provided for the formation of Ni(III) upon oxi-
dative addition to a Ni(I)-bpy/phen complex. Notably, spectro-
scopic evidence for a Ni(I) → Ni(III) oxidative addition has 
been obtained with other ligand scaffolds, but remains rare.25,26 

Access to a well-defined Ni(I) complex that reacts with aryl 
halides would enable thorough experimental mechanistic stud-
ies of the oxidative addition process. This would be particularly 
valuable as routine density functional theory calculations fail to 
accurately compute electronic structures and energies of Ni-bi-
pyridine systems.27,28 To this end, we report the synthesis of the 
well-defined complex [(CO2Etbpy)NiCl]4 (1) and present our 
findings regarding its speciation and oxidative addition with 
aryl halides (CO2Etbpy = diethyl 2,2′-bipyridine-4,4′-dicarbox-
ylate). 

RESULTS AND DISCUSSION 
Synthesis and characterization of [(CO2Etbpy)NiCl]4 (1). In 

a prior project aimed at studying the photophysics and photo-
chemistry of Ni complexes, we prepared a series of complexes 
including (CO2Etbpy)NiII(o-Tol)Cl.29 Serendipitously, we found 
that upon prolonged standing in THF solution, this complex 
converts to o,o′-bitoluene and a deep purple crystalline solid 
(Figure 2A). X-ray crystallography revealed the formation of 
[(CO2Etbpy)NiCl]4 (1), a tetrameric formal Ni(I) complex that is 
stable for at least months under inert atmosphere (Figure 2B). 
Based on kinetic studies of Ni(cod)2/bpy-mediated homocou-
pling and related precedent from the Hazari group, 1 presuma-
bly arises from a transmetalation that produces (CO2Etbpy)NiII(o-
Tol)2 and (CO2Etbpy)NiIICl2.19,30 1 would then result from reduc-
tive elimination of biaryl, comproportionation and aggregation. 

 

 

Figure 2. (A) Synthesis of 1. (B) Solid-state molecular structure of 
1 at 30% probability ellipsoids. Hydrogen atoms omitted for clar-
ity. 

 

Having synthesized 1, we sought to determine how its speci-
ation differs in the solid vs. solution phases. A solid sample of 
1 was measured to have a magnetic moment of 4.5 µB, con-
sistent with an S = 2 ground state. On the other hand, a frozen 
solution of 1 in THF/PhMe (2:1) afforded an EPR spectrum 
with a signal at gavg = 2.193, indicative of an S = ½ complex 
(Figure 3A). The g-value is similar to those of well-character-
ized monomeric (phen)NiI(halide) complexes (gavg = 2.21–
2.24),20,21 and we therefore assign the EPR signal to monomeric 
1. The gavg value of 1 deviates substantially from the free elec-
tron value (ge = 2.002), indicating a radical with substantial 
metal-centered character. 

In solution, the monomeric form of 1 accounts for 30% of the 
Ni, as determined by double integration of the EPR signal 
against a Cu(II) external standard. Thus, the monomeric form is 
a significant contributor to the resting state of 1 in solution 
(Figure 3C, top). Notably, this contrasts with the Hazari group’s 
observation that the related dtbbpy complex [(dtbbpy)NiICl]2 
does not exist as a monomer to any measurable extent (dtbbpy 
= 4,4′-di-tert-butyl-2,2′-bipyridine).19 For the remaining 70% of 
Ni in 1, we initially assumed that this would comprise EPR-
silent dimer and/or tetramer. However, the 1H NMR spectrum 
of 1 in THF-d8 revealed a substantial amount of the Ni(0) com-
plex (CO2Etbpy)2Ni0 (2), which was verified by independent syn-
thesis and accounts for ~40% of the Ni (Figure 3B, see SI). This 
established the existence of a redox equilibrium between mon-
omeric 1 and the Ni(0) complex 2 (Figure 3C). Complex 2 pre-
sumably forms via a disproportionation that also generates 
NiIICl2 to account for the mass and redox balance. 

 

 

Figure 3. (A) X-band EPR spectrum of 1 (2:1 THF/PhMe, 25 K). 
Simulation parameters: g1 = 2.218, g2 = 2.215, g3 = 2.147. (B) 1H 
NMR (THF-d8) of 1 and 2. (C) Solution-phase speciation of 1. L = 
CO2Etbpy. 

To further evaluate this redox equilibrium, we examined the 
effect of adding π-accepting and σ-donating species. These have 
been demonstrated to cause disproportionation of Ni(I)/N-het-
erocyclic carbene complexes by providing a driving force to 
form Ni(0) or Ni(II) species.31,32 Indeed, treating 1 with π-ac-
cepting dimethyl fumarate (dmfu) led to full disproportionation 
within seconds, forming (CO2Etbpy)Ni0(dmfu) and 



 

(CO2Etbpy)NiIICl2 in a 1:1 ratio (Scheme 1A).33 The less π-accept-
ing acetophenone or (E)-4,4′-di-tert-butylstilbene did not inter-
act with 1 to any observable extent. However, transient π-com-
plexes with these compounds cannot be ruled out. 

 
Scheme 1. Perturbation of redox equilibrium by (A) π-acceptors or 
(B) σ-donors. L = CO2Etbpy. 

 
 

The effect of more strongly σ-donating species on the redox 
equilibrium of 1 was also determined (Scheme 1B). Treating 1 
with excess 1,5-cyclooctadiene (cod) led to consumption of 1, 
with cod being incorporated in the form of (CO2Etbpy)Ni0(cod). 
This may be driven by cod increasing the electron density at Ni, 
enabling more effective π-backbonding into the CO2Etbpy ligand. 
Disproportionation can also be favored by donors that instead 
stabilize the Ni(II) oxidation state, including quinuclidine and 
CsOPiv. The latter observation is notable, contrasting with the 
fact that sterically demanding phen ligands can afford stable 
Ni(I) carboxylate complexes.21 

Taken together, these findings point to a delicate redox bal-
ance, where sufficiently strong σ-donors and π-acceptors can 
both favor disproportionation away from the Ni(I) oxidation 
state. The position of this redox equilibrium is likely dependent 
on the ancillary ligand and precise experimental conditions. 
Nonetheless, it is likely an important consideration for the de-
velopment of reactions where Ni(I) intermediates play key 
roles. 

Stoichiometric oxidative addition studies. Our attention 
shifted to investigating the oxidative addition reactivity of 1 
with aryl halides. Upon treatment with PhBr at room tempera-
ture in THF-d8, 1 was fully consumed within minutes. However, 
Ni(III) products were not formed, and 1H NMR instead revealed 
the formation of a 1:1 mixture of (CO2Etbpy)Ni(Ph)(X) and 
(CO2Etbpy)NiX2 (eq. 1; X = Cl or Br).33 While this may proceed 
through the intermediacy of Ni(III) (vide infra), this overall pro-
cess constitutes a formal bimetallic oxidative addition similar to 
prior reports.10,20 We note that only 0.5 equivalents of PhBr are 
consumed per Ni center, even when excess PhBr is added. 

 

The facile reactivity is noteworthy, as numerous Ni(I) com-
plexes react only with alkyl and not aryl halides.19,34 More strik-
ing is the high oxidative addition reactivity of 1 compared to the 
lack of reactivity documented for its dtbbpy counterpart 
[(dtbbpy)NiICl]2, despite 1 bearing a less electron-donating lig-
and.19 We believe this is because a reactive monomeric form is 
accessible to 1, a notion that is supported through kinetic meas-
urements (vide infra). 

Reactivity with other aryl electrophiles was also examined 
(Scheme 2). 4-Iodotoluene reacted analogously to aryl bro-
mides, rapidly resulting in full conversion to the products of a 
formal bimetallic oxidative addition. 4-(Trifluoromethyl)phe-
nyl triflate reacted to form biaryl with no observable Ni prod-
ucts. In contrast, the more electron-rich p-tolyl triflate was un-
reactive over 24 h, which was also the case for aryl chlorides. 
Heating was precluded by decomposition of 1 in THF-d8 at 60 
°C. 

 
Scheme 2. Reactivity with other aryl electrophiles. 

 
 

Possible oxidative addition mechanisms. Having estab-
lished the reactivity of 1 towards oxidative addition, we sought 
to investigate the mechanism of this process, which is defined 
by multiple characteristics outlined in Figure 4: 

(A) The intermediate oxidation states accessed (A1-A4). 
In one possibility, a Ni(III) intermediate may be accessed by 2-
electron oxidative addition to Ni(I), which is followed by com-
proportionation with a second equivalent of Ni(I).10,12 A second 
possibility is that a Ni(0) intermediate may be accessed by dis-
proportionation of Ni(I), with the generated Ni(0) being respon-
sible for oxidative addition. A third possibility is a stepwise rad-
ical process, where a radical is generated by one Ni center then 
captured at another.35 Lastly, a concerted dinuclear process is 
also possible.36,37 

(B) The nuclearity of the reactive Ni species (B1-B3). Re-
action may occur through a monomeric, dimeric, or tetrameric 
complex. 

(C) The mechanism by which the C–Br bond undergoes 
activation (C1-C5). Possibilities include concerted oxidative 
additions (monometallic38–40 or bimetallic36,37), halogen atom 
abstraction,34 single electron transfer41 and nucleophilic aro-
matic substitution (SNAr).42 Broadly, these describe whether C–
Br bond activation is a 1- or 2-electron process, and the degree 
to which it is concerted or stepwise. 

With these mechanistic possibilities delineated, we under-
took the task of evaluating them experimentally. 

 
 



 

 

 

Figure 4. Mechanistic possibilities for oxidative addition. 

 
Mechanistic experiments. Kinetic studies. We began our 

mechanistic inquiry of the oxidative addition with kinetic stud-
ies. The oxidative addition of PhBr to 1 was conducted under 
pseudo-first-order conditions (excess PhBr), monitoring con-
sumption of 1 by loss of absorbance at 800 nm (Figure 5A). A 
plot of ln [1]/[1]0 vs. time was linear through six half-lives, in-
dicating a first-order dependence on 1 (Figure 5B). Varying 
[PhBr] gave a plot of kobs vs. [PhBr] that was linear, indicating 
a first-order dependence on PhBr (Figure 5C). The slope re-
vealed a second-order rate constant of 7.1 ± 0.3 M-1 s-1. Thus, 1 
reacts with PhBr more rapidly than Ni0(PEt3)4 does under the 
same conditions (2.9 M-1 s-1), despite 1 having a higher formal 
oxidation state and a less electron-donating ligand.41 Both of 
these rate constants are over 1000× smaller than that of oxida-
tive addition of PhI to radiolytically generated (dtbbpy)NiIBr 
(2.2 × 104 M-1 s-1 in DMF).24 

 

Figure 5. Kinetic studies of oxidative addition of PhBr to 1 in THF 
at 26 °C. (A) Representative UV-Vis traces; red = initial; blue = 
final. Arrows indicate the direction of spectral evolution. (B) First-
order dependence on 1. (C) First-order dependence on PhBr. (D) 
Reactivity of 1 vs. 2 with PhBr. 

 
The first-order dependence on 1 and PhBr is most readily in-

terpreted as reflecting a direct reaction between a resting state 
of 1 with PhBr, with no requirement for (dis)aggregation. The 
low-valent resting states comprise monomeric species, namely 
monomeric 1 and Ni(0) complex 2, (eq. 1). Thus, the first-order 
dependence excludes reaction through dimers and tetramers 
(B2 and B3) and through a concerted bimetallic mechanism (A4 
and C2). Reactivity of the two resting states was distinguished 
using independently prepared 2. Under identical conditions, 2 
reacted more slowly than 1 and with an induction period (Figure 
5D). This ruled out oxidative addition to 2, suggesting that the 
monomeric Ni(I) species (CO2Etbpy)NiCl is responsible for oxi-
dative addition. Strictly speaking, though, oxidative addition 
may occur through alternative Ni(0) species (e.g., L1Ni0). Un-
fortunately, our attempts to interrogate this through additional 
experimentation were not fruitful (see Figure S21). As a result, 
we shifted our focus to the mechanism of C–Br bond activation 
(Figure 4C). 

Electronic and steric dependence. To probe the mechanism 
of C–Br activation, we evaluated the electronic dependence of 
the oxidative addition process. A Hammett analysis was con-
ducted using a series of 4-substituted bromobenzenes (Figure 
6). All underwent analogous oxidative additions that were first 
order in both 1 and aryl bromide, and the measured rate con-
stants afforded a linear Hammett plot. These findings indicate 
that a single mechanism is conserved across aryl bromides. The 
slope of the Hammett plot is ρ = +1.1, which is similar to the ρ 
value of +1.3 measured for the reaction of radiolytically gener-
ated (dtbbpy)NiIBr with aryl iodides.24,43 The modest ρ value is 
inconsistent with oxidative addition occurring through a single 
electron transfer (C4, ρ ~ +4)41 or SNAr-type (C5, ρ ~ +5)42 pro-
cess. Instead, it is consistent with either a concerted oxidative 
addition (C1, ρ ~ +2)44,45 or a halogen atom abstraction (C3, ρ ~ 
+1)46. 



 

 

 

Figure 6. Electronic and steric dependence of oxidative addition. 
X = Cl or Br. 

 
The steric dependence of the oxidative addition was next ex-

amined. Relative to PhBr, the addition of one or two ortho-me-
thyl groups reduces the rate of oxidative addition by a factor of 
5 or 100, respectively, with no change in the rate law (Figure 
6). The sensitivity to steric hindrance is consistent with an in-
ner-sphere process, which may be expected to have a greater 
steric dependence compared to an outer-sphere electron trans-
fer.47 

Evaluation of radical intermediates. The above Hammett 
analysis does not clearly distinguish between concerted (C1) 
and halogen abstraction (C3) pathways. Therefore, additional 
experiments were conducted to evaluate the intermediacy of 
aryl radicals. Standard radical trapping experiments were oc-
cluded by decomposition of 1 in the presence of TEMPO. Thus, 
a radical clock experiment was devised in which 1 was reacted 
with 1-bromo-2-isopentylbenzene. In the event of aryl radical 
generation, a weak tertiary C–H bond is aptly positioned for 
1,5-hydrogen atom transfer (HAT), which we have inde-
pendently measured to occur with a rate of k1,5-HAT ~ 2.3 × 107 
s-1 (see SI). Upon treating 1 with 1-bromo-2-isopentylbenzene, 
oxidative addition occurred analogously to reactions with all 
other aryl bromides; no other species derived from the aryl bro-
mide were detected by 1H NMR (Figure 7A, S19, S20). The lack 
of products formed by 1,5-HAT rules out a mechanism in which 
a freely diffusing aryl radical is generated by one Ni center and 
trapped at another (A3). Specifically, the rapid rate of 1,5-HAT 
would enable it to compete with even a diffusion-limited radical 
capture under the experimental conditions ([Ni] < 1 mM). 

 
Figure 7. (A) Radical clock experiment. X = Cl or Br. (B) Possible 
mechanisms for C–Br bond activation. 

 

The oxidative addition of aryl bromides to 1 therefore pro-
ceeds either through a concerted monometallic mechanism, or 
through halogen atom abstraction followed by radical rebound 
at the same Ni center within the solvent cage (Figure 7B). Both 
possibilities result in a two-electron oxidative addition at a sin-
gle Ni center. 

Evaluation of Ni(III) intermediates. At this stage, we returned 
to the question of whether the reaction of 1 with aryl bromides 
occurs through a Ni(I) or Ni(0) complex (A1 vs. A2). Given our 
inability to address this based on experiments interrogating 
Ni(0) species, we turned our efforts to observing Ni(III) species 
that might result from oxidative addition to Ni(I). 

Since any formed Ni(III) species is likely prone to compro-
portionation with remaining Ni(I), adequate stabilization of 
Ni(III) against this pathway would be important for success. We 
drew inspiration from the Mirica group, which demonstrated 
that pyridinophane-type ligands can provide stable Ni(III) aryl 
complexes upon 1-electron oxidation of a Ni(II) precursor.48–52 
Based on the stability conferred by this ligand scaffold, we rea-
soned that a pyridinophane-type aryl bromide may allow obser-
vation of a Ni(III) complex following oxidative addition to 1. 
Indeed, while our studies were underway, the Mirica group re-
ported that a tridentate pyridinophane ligand enabled direct ob-
servation of a Ni(I) → Ni(III) oxidative addition by EPR spec-
troscopy.25 

Treating 1 with pyridinophane-type aryl bromide 3 resulted 
in the Ni(III) complex 4, which was characterized by HRMS, 
EPR, and a low-resolution X-ray crystal structure that con-
firmed the atom connectivity (Figure 8A, S1, S2). A satisfac-
tory, higher-quality crystal structure was obtained following ex-
change of the mixed halides with excess LiCl to afford 5. The 
obtained solid-state structure unambiguously established the 
formation of a Ni(III) complex, occurring with loss of the 
CO2Etbpy ligand (Figure 8B).53 The EPR spectrum of 5 (1:1 
PhMe/MeOH, 77 K) exhibits a rhombic signal consistent with 
previously characterized Ni(III) complexes bearing the same 
ligand scaffold (Figure 8C).48,50,54 



 

 

Figure 8. (A) Stoichiometric formation of a Ni(III) aryl complex 
by oxidative addition to 1. (B) Solid-state molecular structure of 5 
at 30% probability ellipsoids. Hydrogen atoms omitted for clarity. 
(C) X-band EPR spectrum of 5 (1:1 PhMe/MeOH, 77 K). Simula-
tion parameters: g1 = 2.245, g2 = 2.109, g3 = 2.049. 

 
To the best of our knowledge, this is the first stoichiometric 

generation of a Ni(III) complex by oxidative addition of an aryl 
halide to any Ni(I) system.55 Our earlier experiments showed 
that oxidative addition has a first-order dependence on 1, which 
exists to a significant degree as a Ni(I) monomer. Taken to-
gether, these findings are most readily explained by oxidative 
addition of aryl bromides to 1 occurring from the Ni(I) oxida-
tion state (A1). In the particular case of 3, however, we cannot 
rule out a mechanism involving two disproportionations (see SI 
section 7). 

Altogether, our combined results are consistent with an oxi-
dative addition that occurs to form a Ni(III) complex prior to 
comproportionation with the Ni(I) starting material (A1). This 
process occurs from a monomeric Ni(I) complex (B1) through 
either a concerted mechanism (C1) or halogen abstraction fol-
lowed by rapid rebound within the solvent cage (C3). Overall, 
our findings lend credence to the commonly proposed genera-
tion Ni(III) aryl species by oxidative addition of an aryl halide 
to a monomeric Ni(I)-bpy complex. 

CONCLUSION 
In summary, we have synthesized the well-defined Ni(I) 

complex 1 and studied its speciation and oxidative addition re-
activity. Its solution-phase speciation is characterized by a re-
dox equilibrium with Ni(0) and Ni(II) species that can be per-
turbed by π-acceptors or σ-donors. 1 readily undergoes a formal 
bimetallic oxidative addition with aryl bromides. Mechanistic 
experiments are consistent with this process occurring through 
an initial Ni(I) → Ni(III) oxidative addition, which was demon-
strated stoichiometrically with a pyridinophane-type aryl hal-
ide. Our study also highlighted that the supporting ligand can 
dramatically affect speciation and reactivity, providing 1 with 
far greater oxidative addition reactivity than its dtbbpy counter-
part. While much remains to be learned about Ni(I)-bpy/phen 
complexes, this work represents a significant step towards 

understanding the properties and reactivity of these important 
species. 
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