
Carbon−Carbon Bond-Forming Reductive Elimination from Isolated
Nickel(III) Complexes
James R. Bour,† Nicole M. Camasso,† Elizabeth A. Meucci,† Jeff W. Kampf,† Allan J. Canty,¥

and Melanie S. Sanford*,†

†Department of Chemistry, University of Michigan, 930 N. University Avenue, Ann Arbor, Michigan 48109, United States
¥School of Physical Sciences, University of Tasmania, Hobart, Tasmania 7001, Australia

*S Supporting Information

ABSTRACT: This manuscript describes the design, synthesis,
characterization, and reactivity studies of organometallic NiIII

complexes of general structure TpNiIII(R)(R1) (Tp =
tris(pyrazolyl)borate). With appropriate selection of the R
and R1 ligands, the complexes are stable at room temperature
and can be characterized by cyclic voltammetry, EPR
spectroscopy, and X-ray crystallography. Upon heating, many
of these NiIII compounds undergo C(sp2)−C(sp2) or C(sp3)−
C(sp2) bond-forming reactions that are challenging at lower oxidation states of nickel.

■ INTRODUCTION

Nickel-catalyzed cross coupling has emerged as an economical
and often complementary alternative to more conventional
palladium-catalyzed methods.1 The propensity of nickel to
undergo single electron redox events enables catalytic
manifolds that are mechanistically distinct from those at
palladium.2 In many Ni-catalyzed reactions, the product-
forming step is believed to involve C−C bond-forming
reductive elimination from a transient NiIII intermediate bearing
two carbon donor ligands.3 Despite the ubiquity of this
proposed mechanism, examples of isolated diorganonickel(III)
complexes remain extremely rare.4−6 As such, this key step of
the catalytic cycle has largely eluded direct interrogation.
The vast majority of work on the organometallic chemistry of

NiIII has focused on complexes bearing a single aryl or alkyl
donor ligand.7 A variety of such complexes have been
characterized in situ and/or isolated,2c,8−10 and their reactivity
with various heteroatom and carbon nucleophiles has been
studied. In marked contrast, examples of more catalytically
relevant diorganonickel(III) complexes have remained elusive
until very recently. Early work by Kochi implicated transient
[NiIII(R)(R1)] intermediates in Ni-mediated C(sp2)−C(sp2)
coupling reactions.2a However, these intermediates were only
inferred from reactivity studies and low temperature cyclic
voltammetry10 and were not directly observed or structurally
characterized. More than three decades later, Mirica demon-
strated that a tetradentate nitrogen donor ligand can be used to
support a detectable NiIII(CH3) (aryl) intermediate.5 However,
this complex was only characterized in situ using EPR and mass
spectrometry. Upon warming from −50 °C to room temper-
ature, it underwent C(sp2)−C(sp3) bond-forming reductive
elimination. Finally, very recently, Mirica has used a closely
related tetradentate ligand scaffold to generate an isolable NiIII

dimethyl complex that undergoes ethane reductive elimination
over 12 h in MeCN at room temperature.4

We aimed to develop a strategy for the synthesis of isolable
NiIII complexes of general structure LnNi

III(R)(R1), such that
we could conduct detailed studies of their reactivity. We report
herein that the facial tridentate tris(pyrazolyl)borate ligand
supports a variety of isolable NiIII complexes (Figure 1). This

Article details the design, synthesis, characterization, and
reactivity studies of these NiIII complexes, which are shown
to participate in both C(sp2)−C(sp2) and C(sp3)−C(sp2)
coupling reactions.

■ RESULTS AND DISCUSSION
Design Considerations. We sought to prepare isolable

NiIII(R)(R1) complexes bearing carbon donor ligands with
varied hybridizations and electronic properties in order to
compare their structures and reactivities. We anticipated that
two key features would be necessary to achieve this goal. First,
we selected the strongly electron-donating tridentate tris-
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Figure 1. Proposed synthesis and reactivity studies of isolable
diorgano-NiIII compounds.
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(pyrazolyl)borate (Tp) as a supporting ligand, based on our
previous work demonstrating that it stabilizes related organo-
metallic NiIV complexes.11 Second, we chose carbon donor
ligands (R and R1) that are deactivated toward C−C bond-
forming reductive elimination.12 On the basis of these two
criteria, we prepared a series of TpNiII precursors (1a−f)
bearing either cyclometalated carbon ligands (1a and 1b) or
electronically deactivating perfluorinated ligands (1c−f)
(Figure 2). Importantly, carbon−carbon coupling reactions
involving the ligands in complexes 1a−f are known to be slow
or not feasible at NiII centers.12

Initial Stability Investigations. The 1e− oxidation of
TpNiII complexes 1a−f was first evaluated using cyclic
voltammetry (CV). We anticipated that complexes exhibiting
quasi-reversible 1e− oxidations by CV were most likely to form
stable NiIII complexes upon chemical oxidation. As shown in
Figure 2, compounds 1a−c and 1e show quasi-reversible 1e−

oxidative waves at a scan rate of 100 mV/s (ipc/ipa ranges from
0.2 to 1 in these systems). In contrast, 1d and 1f exhibit
irreversible 1e− oxidations, even at scan rates as high as 500
mV/s.
Notably, the CVs of 1a−c and 1e all exhibit a large peak-to-

peak separation for the NiII/III couple (260−510 mV). In
comparison, a much narrower 76 mV peak-to-peak separation
was observed for decamethylferrocene (Cp*2Fe) when it was
added as an internal standard. This indicates that the large
peak-to-peak separation is an inherent property of our Ni
compounds.13 It likely results from an electron-transfer
chemical (EC) process, wherein the 1e− electrochemical
oxidation of NiII to NiIII triggers a change in the Tp binding
mode from κ2 to κ3.14

We next examined the chemical oxidation of complexes 1a−f
to generate NiIII products 2a−f (Figure 3). Ferrocenium
tetrafluoroborate (FcBF4) was selected as the oxidant based on
its high solubility as well as its oxidation potential, which is in
the range of that required for the 1e− oxidation of all of our NiII

complexes. The treatment of 1a−f with 1 equiv of FcBF4 in
MeCN at −35 °C resulted in the rapid disappearance of the
diamagnetic 1H and 19F NMR signals of the NiII starting
materials. The in situ analysis of the reactions of 2a−c and 2e

by EPR spectroscopy showed signals consistent with the
formation of a S = 1/2 NiIII intermediate. In contrast, the
oxidations of 1d and 1f (conducted at −35 °C and then
immediately frozen at −196 °C) did not show detectable NiIII

products, as determined by EPR spectroscopy. Instead,
products derived from C−C coupling were detected by 1H
and 19F NMR spectroscopy (Figure 3, ii). This observation is
consistent with the irreversible 1e− oxidation waves observed in
the CVs of these complexes (Figure 2).

Isolation and Structural Characterization of NiIII

Complexes. The CV and EPR data are consistent with the
formation of NiIII complexes 2a−c and 2e. As such, we next
pursued the isolation of these compounds. As summarized in
Figure 5, analytically pure samples were obtained in 31−87%
isolated yield by oxidation of the NiII precursors with AgBF4
(E0 = −0.04 V vs Fc/Fc+). This oxidant was selected because it
generates insoluble Ag0 as a byproduct. Thus, the NiIII products
could be easily isolated via filtration at low temperature and
subsequent recrystallization.15,16

EPR spectroscopy and effective magnetic moment measure-
ments of 2a−c and 2e are consistent with a low spin (S = 1/2)
NiIII electronic structure (see Supporting Information for

Figure 2. Cyclic voltammograms of NiII complexes 1a−f. Conditions: [Ni] = 0.01 M, [NBu4PF6] = 0.1 M in MeCN; scan rate = 100 mV/s.

Figure 3. (i) Reactions of 1a−c and 1e with FcBF4 to generate
detectable NiIII complexes. (ii) Oxidation of 1d and 1f affords C−C
coupled products and no detectable NiIII intermediates.
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complete details). For all four complexes, DFT calculations17 of
the ground-state electronic structure further implicate a radical
that is primarily localized on nickel.18 As shown in Figure 4, the

EPR spectra of 2a−c and 2e in a 3:1 PrCN/MeCN glass at 100
K exhibit hyperfine coupling to one (2a and 2b) or two (2c and
2e) nitrogen atoms. We attribute this difference to the
coordination of an acetonitrile ligand in the latter systems to
generate octahedral complexes 2c and 2e-MeCN.6b The
presence of the electron-withdrawing CF3 ligands on 2c and
2e likely renders these NiIII complexes more electrophilic than
2a and 2b.
The NiIII complexes 2a−c and 2e were also characterized by

X-ray crystallography, and an ORTEP structure of each is
shown in Figure 5. In all of these compounds, the Tp ligand
binds in a κ3-fashion. The solid-state structures of 2a, 2b, and
2e exhibit a slightly distorted square pyramidal geometry (τ ≈
0.15), while 2c is octahedral, with a molecule of MeCN
occupying the sixth coordination site.6 Interestingly, while the
EPR spectrum of 2e suggests that a nitrile ligand is bound to
the NiIII center, attempts to obtain an X-ray quality crystal of
the MeCN adduct of 2e were unsuccessful. Overall, these
compounds represent rare examples of structurally charac-
terized diorgano-NiIII compounds.4,6

Reactivity of Isolated NiIII Complexes. We next
investigated the reactivity of 2a−c and 2e toward C−C
bond-forming reactions (Table 1). TpNiIII(CF3)2(MeCN) (2c)
proved to be the most thermally robust complex and did not
undergo reductive elimination to form CF3CF3 under any of
the conditions examined (Table 1, entry 3). Heating a CD3CN
solution of 2c for 12 h at 70 °C resulted in the complete
consumption of starting material, along with the formation of
CF3H/D (18%) and [(MeCN)2Ni

II(CF3)2] (45%) as the major
identifiable products. When this reaction was conducted in the
presence of 2 equiv of the radical trap TEMPO, TEMPO−CF3

was detected.19 These results are consistent with a decom-
position pathway involving NiIII−CF3 bond homolysis to
generate F3C•, which can then abstract an H atom from
solvent to form CF3H or react with TEMPO to generate
TEMPO−CF3. Notably, both Vicic6b,20 and Mirica6a have
implicated an analogous pathway in the decomposition of other
NiIII(CF3)2 complexes.
We next studied the thermal decomposition of the

metallacyclic NiIII compounds 2a and 2b. Heating complex
2a at 70 °C for 8 h led to C(sp3)−C(sp2) coupling to generate
3,3-dimethylbenzocyclobutane in 69% yield (Table 1, entry 1).
No other identifiable organic fragments were detected by 1H
NMR or GC/MS. Notably, the conditions for this C−C
coupling are much milder than those for the related NiIV

complex TpNiIV(CF3) (CH2CMe2-o-C6H4), which required
heating at 130 °C for 48 h to form 3,3-dimethylbenzocyclo-
butane.11a

The thermolysis of nickelacycle 2b did not afford the direct
C(sp2)−C(sp2) reductive elimination product, biphenylene.
Instead, heating a solution of 2b in MeCN at 55 °C for 8 h
afforded tetraphenylene in 33% yield (Table 1, entry 2). The
formation of tetraphenylene is a well-established decomposition
pathway for metallacyclofluorenes and could potentially occur
via transmetalation between two NiIII centers and subsequent
reductive elimination.21,22

Figure 4. Experimental (bottom/blue) and simulated (top/red) EPR
spectra for 2a−c and 2e: (a) EPR spectrum of 2a fit using the
following parameters: gx = 2.29, gy = 2.25, gz = 2.01, An = 21 G. (b)
EPR spectrum of 2b fit using the following parameters: gx = 2.20, gy =
2.19, gz = 2.01, AN = 19 G. (c) EPR spectrum of 2c fit using the
following parameters: gx = 2.18, gy = 2.15, gz = 2.00, AN(N) = 21G,
AN′(N′) = 18 G. (d) EPR spectrum of 2e fit using the following
parameters: gx = 2.22, gy = 2.19, gz = 2.01, AN(2N) = 18 G.

Figure 5. Synthesis and ORTEP structures of TpNiIII complexes 2a−c
and 2e.
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Finally, heating a solution of TpNiIII(Ph)(CF3) 2e in MeCN
for 3 h at 40 °C led to complete consumption of starting
material and concomitant formation of the C(sp2)−CF3
coupling product, Ph−CF3, in 47% yield (Table 1, entry 4).
Raising the temperature of the reaction to 80 °C and lowering
the reaction time to 5 min resulted in an increase to 59% yield
(Table 1, entry 5).23 Notably, Ph−CF3 bond-forming reductive
elimination is well-known to be challenging from lower
oxidation states of nickel.12c,d For instance, <5% of Ph−CF3
was formed when the NiII starting material 1e was heated for 12
h at 75 °C. As such, these results could ultimately have
implications for the development of Ni-catalyzed reactions to
form carbon−CF3 bonds.1a,c,d,2b
We also investigated the Ni products of all four of these

transformations. No NiI species were detected by EPR
spectroscopy in any of these systems. Instead, analysis of the
crude reaction mixtures by 1H and 11B NMR spectroscopy
revealed the presence of Tp2Ni

II (3) in 30−42% yield based on
nickel (theoretical maximum = 50% yield). This is likely formed
via disproportionation and ligand exchange between two TpNiI

reductive elimination products to yield Ni0 and Tp2Ni
II (3).11,24

Analogous disproportionation reactions of [NiI] species to form
0.5 equiv of [NiII] and 0.5 equiv of [Ni0] have been reported
under similar conditions.5,25 More detailed discussion of the
fate of the reduced nickel fragments is provided below.
Mechanistic Considerations. We next sought to gain

insights into the mechanism of Ph−CF3 coupling from complex
2e. As summarized in Scheme 1, there are at least three possible
pathways for this transformation. The first (pathway a) involves
initial homolysis of the NiIII−CF3 bond followed by reaction of
the resulting F3C• with a second equivalent of 2e to yield NiIV

complex 4.26 Ph−CF3 reductive elimination from 4 would then
release the product. The second (pathway b) involves direct

Ph−CF3 bond formation from the NiIII center. Finally, the third
(pathway c) involves the in situ formation of a cationic NiIV

intermediate (5) via redox disproportionation between two
NiIII centers. Importantly, the maximum possible yield of Ph−
CF3 in pathway b is 100%, while for pathways a and c it is 50%.
As such, the observed yield of 59% provides initial evidence in
support of pathway b. Nonetheless, we sought to gain
additional data regarding the feasibility of each of the alternate
pathways.
We first interrogated pathway a in more detail. Notably, we

have previously isolated NiIV complex 4, the key intermediate in
this pathway, via an alternative synthetic route.11b Furthermore,
our previous studies showed that Ph−CF3 bond-forming
reductive elimination from 4 requires heating at 55 °C for 14
h (compared to 40 °C for 3 h from 2e). Thus, if pathway a
were operating, we would expect to observe a buildup of
intermediate 4 under the milder reaction conditions. However,
4 was not detected when the thermolysis of 2e was monitored
by 19F NMR spectroscopy, providing further evidence against
this pathway.
Two additional experiments were conducted to probe for the

intermediacy of F3C• in this transformation. First, 2e was
heated in CD3CN at 40 °C for 3 h in the presence of 2 equiv of
the organic radical trap TEMPO. As shown in Scheme 2, i, the
presence of TEMPO did not reduce the yield of Ph−CF3 under
these conditions (47% yield without TEMPO versus 57% yield
with TEMPO). Furthermore, neither TEMPO−CF3 nor H/
DCF3 was detected. Second, the thermolysis of 2e was
conducted in neat C6D6, which is known to react with F3C•
to form C6D5CF3.

27 However, the only detectable organic
product was C6H5CF3 (formed in 54% yield). This experiment
demonstrates that the Ph in the organic product is derived from
the ligand rather than the solvent. Collectively, these results are
inconsistent with mechanism a or any other mechanism
involving F3C• intermediates.
We next investigated the feasibility of Ph−CF3 coupling via

pathway c. A first set of experiments probed the accessibility

Table 1. C−C Coupling from Isolated NiIII Complexes 2a−c
and 2e

aYield determined by 19F or 1H NMR spectroscopy. bYield based on
nickel (maximum is 50%) determined by 11B NMR spectroscopy.
cAverage of three trials.

Scheme 1. Possible Mechanisms for Ph−CF3 Coupling from
TpNiIII Complex 2e
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and reactivity of the cationic NiIV complex 5, which would be
the key intermediate in this disproportionation mechanism.
The CV of 1e at higher potentials reveals a second oxidation
with an onset potential of approximately +0.35 V vs Fc/Fc+

(Figure 6). We attribute this to a NiIII/IV couple, which

interconverts 2e and proposed cationic NiIV intermediate 5.28

The observed quasi-reversibility of this couple suggests that 5
should be detectable using chemical oxidants with potentials of
≥0.35 V vs Fc/Fc+.
To test this possibility, we treated 2e with 1 equiv of the 1e−

oxidant NOBF4 (E° = +0.84 V vs Fc/Fc+).29 19F NMR
spectroscopic analysis of the reaction mixture at −30 °C
showed immediate formation of a new resonance at −31 ppm,
consistent with the formation of a diamagnetic NiIV−CF3
intermediate (Scheme 3).11 When the temperature was
increased to 25 °C over 3 min, this intermediate decayed
with concomitant appearance of Ph−CF3 (50% yield). While
attempts to isolate this compound were unsuccessful, these data
are consistent with the formation of NiIV complex 5, which
undergoes subsequent Ph−CF3 reductive elimination.30

The proposed NiIV intermediate 5 appears to be accessible
from 2e in the presence of a strong oxidant; however, it remains
unclear whether 5 is relevant to Ph−CF3 coupling in the
absence of an external oxidant. The only oxidant available
during the thermolysis of 2e is a second equivalent of 2e
(Scheme 1); therefore, the maximum yield of Ph−CF3 via this
pathway would be 50%. As noted above, the yield of Ph−CF3 is
>50% (Table 1, entry 5), indicating that pathway c could not be
the exclusive mechanism operating in this system. In addition,
redox disproportionation would involve the formation of 0.5
equiv of the starting NiII complex 1e, which is expected to be
stable and observable by NMR spectroscopy under the reaction
conditions. However, 1e was not detected by 1H or 19F NMR
spectroscopy during the thermolysis of 2e in CD3CN at 40 °C,
again providing evidence against pathway c as the primary
mechanism.
Finally, pathway c is expected to exhibit a second order

dependence on [Ni], while pathways a and b should be first
order in [Ni]. The initial rates of Ph−CF3 coupling from 2e
were determined in C6D6 by monitoring the formation of Ph−
CF3 via

19F NMR spectroscopy at different concentrations of
[Ni].31 The method of initial rates was then used to determine
the order in nickel to be 0.8 (R2 = 0.979; Figure 7). This result

provides further evidence against a redox disproportionation
mechanism (or any other pathway that is bimolecular in NiIII

before the rate-determining step).32 Collectively, the available
mechanistic data are inconsistent with pathways a and c and
support direct reductive elimination from NiIII complex 2e as
the most likely mechanism for Ph−CF3 coupling.
A final important consideration is the moderate yield of Ph−

CF3 and the mass balance in these C−C coupling reactions.
Depending on the reaction conditions, the thermolysis of 2e
affords Ph−CF3 in yields ranging from 47% to 59% along with
small quantities of biphenyl (≤4%). We hypothesize that the
moderate yields/mass balance are likely due to side reactions
promoted by the coordinatively unsaturated low-valent Ni
products formed after reductive elimination. There is ample
literature precedent for similar issues in stoichiometric
reductive elimination reactions from Ni and Pd centers.34

These are most commonly resolved by the addition of
exogenous ligands, which can quench the reactive low valent
metal product(s) by saturating open coordination sites.
However, in the current system, the addition of exogenous
phosphine or pyridine ligands did not improve the yield or
mass balance; in fact, these additives generally resulted in
diminished yields of Ph−CF3.

35 This result may be due to the

Scheme 2. Radical Trapping Experiments

Figure 6. Cyclic voltammogram of 1e [0.01 M] with 0.1 M NBu4PF6
in MeCN at a scan rate of 100 mV/s.

Scheme 3. Oxidatively Induced Ph−CF3 Coupling from 2e
via NiIV Intermediate 5

Figure 7. A plot of initial rates of Ph−CF3 formation versus [Ni] for
Ph−CF3 coupling from 2e at 30 °C in C6D6.
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propensity of these ligands to coordinate to the NiIII starting
material,36 as there is some literature evidence suggesting that
octahedral NiIII complexes can have quite different reactivity
from their pentacoordinate analogues.37

An alternative approach to quench reactive NiI products
would involve the addition of a weak oxidant such as
decamethylferrocenium tetrafluoroborate (Cp*2FeBF4). The
potential of this oxidant (E° = −0.59 V vs Fc/Fc+) is
approximately 0.9 V lower than the onset potential for the
oxidation of 2e to 5 as determined by CV.15 However,
Cp*2FeBF4 is expected to be capable of oxidizing NiI

byproducts to NiII species and could thereby decrease
undesired side reactions. Indeed, the addition of 1 equiv of
Cp*2FeBF4 to the thermolysis of 2e in MeCN (3 h at 40 °C)
resulted in an increase from 47% to 68% yield of Ph−CF3
(Scheme 4). Furthermore, the use of 5 equiv of Cp*2FeBF4
under otherwise analogous conditions further enhanced the
yield of Ph−CF3 to 82%.

■ SUMMARY AND CONCLUSIONS
In conclusion, this manuscript describes the design, synthesis,
characterization, and reactivity studies of a series of stable
TpNiIII complexes bearing C(sp2), C(sp3), and CF3 ligands.
The synthesis of these NiIII complexes was informed by CV
studies of their NiII analogues and was ultimately achieved via
1e− oxidation with AgBF4. The Ni

III products were isolated and
crystallographically characterized. Thermolysis of these NiIII

complexes resulted in C−C bond formation to liberate organic
products, including 3,3-dimethylbenzocyclobutane and Ph−
CF3. At least three different mechanistic pathways are possible
for C−C coupling, including (a) C−C bond formation via free
radical intermediates; (b) direct C−C coupling from NiIII; (c)
redox disproportionation to generate transient NiIV species and
subsequent C−C bond-forming reductive elimination from
these intermediates. A series of experiments, including the
synthesis/reactivity studies of possible NiIV intermediates, rate
studies, and radical traps were designed to distinguish between
these possibilities for the Ph−CF3 coupling reaction.
Collectively, the data suggest that Ph−CF3 bond formation
occurs via direct C−C coupling from NiIII. Furthermore, these
studies show that the yield/mass balance of this reaction can be
enhanced through the addition of a weak oxidant, which is
believed to quench NiI byproducts and thereby minimize
undesired side reactions. Overall, these NiIII species are
potentially relevant to intermediates in Ni-catalyzed cross-
coupling, and ongoing work in our lab is focused on the
translation of insights gained from these studies into new
catalytic methods.
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