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Abstract: Reported here is the discovery of a redox-neutral
NiII/NiII catalytic cycle which is capable of the linear-selective
hydroarylation of unactivated alkenes with arylboronic acids
for the first time. This novel catalytic cycle, enabled by the use
of an electron-rich diimine ligand, features broad substrate
scope, and excellent functional-group and heterocycle compat-
ibility under mild reaction conditions in the absence of
additional oxidants and reductants. Mechanistic investigations
using kinetic analysis and deuterium-labelling experiments
revealed the protonation to be the rate-determining step in this
redox-neutral catalysis, and the reversible chain-walking
nature of the newly developed diimine-Ni catalyst.

The state-of-the-art of nickel catalysis is laid on the avail-
ability of various oxidation states (Ni0–NiIV), outstanding
ability to coordinate to unsaturated molecules, facile oxida-
tive addition and reductive elimination, homolytic Ni�C bond
cleavage, and exceptional reactivity of organonickel species.[1]

Those characteristics of nickel open a plethora of catalytic
opportunities, and have led to the discovery of exceptional
catalytic systems and numerous fascinating synthetic appli-
cations via two-electrons or single-electron redox catalytic
processes.[2–10] However, a redox-neutral process for reaction
development in which the valence of nickel remains
unchanged is less explored,[11] and remains a significant
challenge due to the capricious nature of nickel. Such
redox-neutral process will allow the carbon–carbon or
carbon–heteroatom bond formation with high efficiency and
remarkable functional group tolerance under mild conditions,
and will avoid the use of additional stoichiometric oxidants or
reductants normally required in redox processes. One well-
known NiII-involved redox neutral process is salicylaldimi-
nato-NiII or diimine-NiII catalyzed olefin polymerization,
pioneered by Brookhart[12a] and Grubbs[12b] at 1990s. In this
process, an alkyl-NiII species is capable of migratory insertion
to a coordinated alkene, followed by the propagation. Never-

theless, applications of the similar catalytic process in alkene
functionalization are barely reported.

Transition metal catalyzed hydroarylation of abundant
alkenes with commercially available aryl sources represents
as an effective and attractive manner to construct carbon-
carbon bond.[13] As such, tremendous efforts have been made
in the last decades towards the development of efficient and
regioselective hydroarylation reactions of alkenes using
various types of aryl sources. However, direct regioselective
hydroarylation of unactivated aliphatic alkenes[14] is relatively
rare in comparison to that of styrenes and dienes, and still
suffers from some limitations including formation of Heck-
type byproduct via rapid b-hydride elimination, isomerization
of starting material, difficulty controlling of the regioselec-
tivity, especially without directing-group assistance.[15]

Recently, much attention has been paid to nickel-catalyzed
hydroarylation reactions of alkenes due to the unique
characteristics, abundance, low cost of nickel catalyst using
aryl halides, arenes, and aryl borons as aryl sources.[16–18]

Starting from aryl halides, Liu[16a] and Lalic[16e] have achieved
the Ni-catalyzed linear-selective hydroarylation of styrenes
and unactivated alkenes using silane as reductant. In 2017,
Zhu[16c] and co-workers have reported the remote-branch
selective arylation via Ni-H initiated chain-walking process.
(Scheme 1a). Shenvi reported an alternative dual metal
catalysis strategy for branch-selective hydroarylation of
alkenes via metal–hydrogen atom transfer.[16b,d] Very recently,
Nakao and Hartwig have demonstrated an elegant Ni0/NHC-
catalyzed linear selective hydroarylation of unactivated
olefins with arenes via ligand–ligand hydrogen transfer
(LLHT) mechanism,[17a] albeit excess of simple arenes are
required (Scheme 1b). Despite of the significant progresses,
those redox catalytic processes typically suffer from the use of
stoichiometric reductants or oxidants alongside harsh reac-
tion conditions, complex catalytic system, or limited scope.
One breakthrough by Zhou demonstrates a Ni0 enabled
branch-selective hydroarylation of styrenes with arylboronic
acids under redox-neutral conditions, where the Ni-H could
be readily generated upon the oxidative addition of
MeOH.[18a] Later, Zhao and Zhou have expanded this concept
to directing-group-assisted unactivated alkenes with linear
selectivity (Scheme 1c, below).[18b] However, this incredible
protocol with arylboronic acids which relied on the Ni-H
species could not be compatible with simple aliphatic alkenes.
Inspired by the NiII-catalyzed olefin polymerization pro-
cess,[12] we hypothesized that a redox neutral process might be
suitable for the hydroarylation of unactivated aliphatic
alkenes (Scheme 1d). During the whole process, the valence
of the nickel catalyst remains unchanged which is unusual for
nickel catalysis. Herein, we present our preliminary results
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using redox-neutral NiII catalysis as a complementary
approach for linear-selective hydroarylation of unactivated
aliphatic alkenes.

With the concept in mind, we investigated the hydro-
arylation of unactivated alkenes with arylboronic acid, which
is not compatible with previous Ni0-catalyzed process. After
systematically evaluation of the reaction parameters, we are
pleased to find the linear-selective hydroarylation of unac-
tivated alkenes 1 with phenylboronic acid proceeded in 29%
yield with a linear/branch selectivity of 90/10, along with
isomerization and oxidative Heck-type byproducts, in the
presence of Ni(acac)2 and CsHCO3 in tert-amyl alcohol. As
shown in Table 1, the ligand effects were investigated next for
this reaction. Bipyridine ligand (L1), 1,10-phenanthroline
ligand (L2), and diamine ligand (L3) led to inferior results.
Mono phosphine ligand, superior ligand in Ni0-catalyzed
hydroarylation of styrenes[18a] and directing group tethered
alkenes,[18b] was unreactive under our conditions, providing
the olefin isomerization byproduct in high yields. This
experimental result demonstrated the fundamental difference
of the redox-neutral NiII catalysis in comparison to the Ni-H
initiated reactions. Pyridine-imine ligand (L5), and pyridine-
oxazoline ligands (L6–7) could not significantly accelerate the
process, while bis-oxazoline ligand (L8) promoted this
reaction to 55 % yield along with 15% yield of the isomer-
ization byproduct. To our delight, diimine ligands (L9–18)
have the capability of suppression of the Heck-type byprod-
uct 5, probably due to sluggish b-H elimination. Accordingly,

we turned our attention to modify the diimine ligands, and
found diacetyl-derived ligand L10 could shut down the
isomerization reaction in comparison to other scaffolds.
Substitution on the para-position of aromatic ring of diimine
ligands will allow for significant modulation of electronic
properties, and normally the electron-rich substitutions
provided higher yields in comparison with the electron-
deficient ligands (L14–17). Noteworthy, para-OH substituted
ligand L18 could further enhance the yield to 83% with a 91/9
linear to branch selectivity. We hypothesized that the phenolic
hydroxy group could convert to phenoxide ion in the presence
of base, hence provides a highly electron-rich diimine ligand
which is capable of stabilizing the NiII-catalyst in the whole
catalytic cycle. The development of this novel phenolic
hydroxy group containing diimine ligand is noteworthy, and
it plays a significant role in accelerating our hydroarylation
reaction via redox-neutral NiII catalysis.

With the optimized reaction conditions in hand, we set out
to evaluate scope of arylboronic acids first, providing
corresponding d-arylated N-phenylpentanamides in high
regioselectivity and high yields (Table 2). In general, the
electron-deficient arylboronic acids provided a slightly higher
linear/branch selectivity. Good functional group compatibility
was observed with tolerance of methoxy (3c), trifluorome-
thoxy (3d), trimethylsilyl (3e), methylthio (3 f), fluoro (3g),
chloro (3h), bromo (3 i), ester (3j), acetyl (3k), nitrile (3 l),
trifluoromethyl (3 m), difluoromethyl (3n), and dimethyl-
amine (3q). Ortho-, meta-, para-, and multisubstituted

Scheme 1. Ni-catalyzed hydroarylation of alkenes.

Table 1: Ligand evaluation for NiII-catalyzed linear-selective hydroaryla-
tion of unactivated alkenes.[a,b]

[a] Reaction conditions: 1 (0.1 mmol), 2a (0.15 mmol, 1.5 equiv ),
Ni(acac)2 (10 mol%), Ligand (10 mol%), CsHCO3 (29.1 mg, 1.5 equiv),
t-Amyl-OH (1.0 mL), 80 8C, N2, 10 h. [b] The yield was determined by
1H NMR using dibromomethane as the internal standard. The selectivity
of the linear- and branch-selective products was determined by GC
analysis.

Angewandte
ChemieZuschriften

20580 www.angewandte.de � 2020 Wiley-VCH GmbH Angew. Chem. 2020, 132, 20579 –20584

http://www.angewandte.de


arylboronic acids were all suitable coupling partners for this
linear selective hydroarylation reaction. Moreover, hetero-
cyclic arylboronic acids, including benzofuran, quinoline, and
dibenzothiophene derivatives, also worked well (3 w–y),
showcasing the utility of this reaction for medicinal chemistry
where heterocyclic motifs are prevalent.

Next, we turned our focus to evaluating unactivated
alkenes with 4-methoxycarbonylphenylboronic acid (2j).
Experimental results show that this reaction exhibited an
exceptionally broad scope of alkenes (Table 3). A variety of
functional groups are well tolerated under the redox-neutral
conditions, including amide, ester, ether, alcohol, Br, Cl, CF3,
and amine, providing the desired products in good yields with
excellent linear selectivity. Substituents at the b-position to
the alkene are compatible (7d,e), while substituent at allylic
position provided lower yield (7 f). 1,1-Disusbtituted alkenes
(7t) proceeded in moderated yield probably due to the steric
hindrance. Given the prevalence of heterocycles in pharma-
ceuticals and bioactive molecules, the heterocycle-containing
substrates were evaluated. Our approach displayed a high
level of tolerance towards aromatic and non-aromatic hetero-

cycles (7u–ad), including indoline, morpholine, piperidine,
piperazine, carbazole, indole, phenothiazine, quinoline, furan
and thiophene. The mild reaction conditions and high func-
tional group tolerance could facilitate the late-stage function-
alization of biorelevant compounds in high yields, such as
substrates from cholesterol (7ae), estrone (7 af), indometha-
cin (7ag), and isoxepac (7ah).

To gain mechanistic insights of this reaction, three major
reaction pathways are considered based on the previous
reports and our hypothesis (Scheme 2). Pathway A involves
a formation of Ni0 by double transmetalation of arylboronic
acid and sequentially reductive elimination, where a biaryl
will generate via homocoupling of arylboronic acid. Oxidative
addition with tert-amyl alcohol to deliver the key [LNiII�H]
species, followed by the migratory addition to unactivated
alkene, transmetalation of arylboronic acid, reductive elim-
ination to furnish the targeted product. In pathway B, the
reaction happened via transmetalation of arylboronic acid,
and sequentially interrupted Heck reaction to form the key
alkyl-NiII intermediate (Int NiII). This key intermediate could
undergo the protonation to provide the product and regen-
erate the NiII catalyst. The difference of pathway C from
pathway B is the formation of the Heck product, which could
be further reduced in the presence of Ni-H species to provide
the final product. Identification of these three scenarios could
facilitate the development of new reactions based on similar
mechanism.

Control experiments were conducted to understand the
reaction process. Heck product 8 are unreactive under
standard reaction conditions ruled out the proposed pathway
C where the Heck product 8 could convert to the hydro-
arylated product via in situ reduction (Scheme 3 a). Having
quickly ruled out pathway C, we set our attention to
differentiating between the NiII-H initated pathway A and
the Ar-NiII initiated pathway B. Replacement of the Ni(acac)2

with Ni(COD)2 led to 28 % yield of isomerization products
rather than the hydroarylated product. The formation of
isomerization products might indicate the formation of Ni-H
species via oxidative addition of alcohol with Ni0 under our
conditions, which is consistent with Zhou�s observation.
Further testing using Ni(COD)2/PPh3 as the catalytic system
led to similar results. However, the desired hydroarylation
didn�t occur despite of the formation of Ni-H species in the
reaction system (Scheme 3b). We also carefully checked our
reaction system, where no dimerization of arylboronic acid

Table 2: The scope with respect to the arylboronic acid.[a,b]

[a] Reaction conditions: 1 (35.0 mg, 0.2 mmol), 2 (0.4 mmol, 2.0 equiv),
Ni(acac)2 (5.1 mg, 10 mol%), L18 (8.7 mg, 10 mol%), CsHCO3

(77.6 mg, 2.0 equiv), t-Amyl-OH (1.0 mL), 80 8C, 24 hours. [b] Yield of
isolated product; the selectivity of the linear- and branch-selective
products was determined by GC analysis or by 1H NMR of the crude
reaction mixture. [c] 90 8C, 12 h.

Scheme 2. Plausible mechanistic pathways.
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and isomerization byproduct were detected. Those evidences
indicated the Ni0 formation process (pathway A) is unlikely
involved in our reaction system. To further confirm the
assumption, we have synthesized the diimine-Ni0 complex
[L17-Ni0] following Chirik�s procedure (Scheme 3c).[19]

Employing stoichiometric diimine-Ni0 complex as catalyst,
60% yield of isomerizing inner alkenes was observed in crude
1H NMR. However, we still could not detect the desired
hydroarylated products, which is inconsistent with previous
observation. However, the reaction with aryl bromide as
arylating reagent gave the desired product in 20 % yield. This
output might be elucidated by the formation of the key
intermediate [L17-NiII-Ar] via oxidative addition of aryl
bromide with [L17-Ni0] complex, which could also be
generated by transmetalation with arylboronic acid in our
reaction system. In addition, our protocol is also compatible
with styrene-type substrate, giving the hydroarylated product
10 in 60 % yield with remarkable linear selectivity. Switching

to Ni(COD)2/P
tBu3 catalytic sys-

tem,[18a] the reaction underwent the
[Ni�H] initiated reaction pathway,
led to branch-selective product in
99% yield. The switch of the regio-
selectivity with 4-tert-butylstyrene
also revealed a different reaction
pathway for our reaction. Overall,
pathway B, containing a Ar-NiII

initiated insertion to alkenes and
a sequential protonation, seems to
be more reasonable.

To gain insight into the details of
pathway B, we performed reaction
progress kinetic analysis (RPKA)[20]

monitored by analyzing reaction
mixture of reaction between 3-bute-
nylbenzene (6q) and 4-methoxycar-
bonylphenylboronic acid (2j ; see
the Supporting Information). “Dif-
ferent excess” experiments reveal
that this reaction is zero order to
alkene and arylboronic acid (see
Figure S5 in the Supporting Infor-
mation). Next, experiments with
different concentration of [Ni-
(acac)2/L18] complex were per-
formed to evaluate the order of
[Ni] catalyst (Figure S9). When nor-
malizing the rates as a function of
[Ni] catalyst, good overlay of the
curves indicates a mechanism that is
the first order with regard to [Ni-
(acac)2/L18] catalyst. After we
ruled out the pathway A and path-
way C, the first order with regard to
[Ni(acac)2/L18] catalyst in the
kinetic experiments indicated the
protonation of the Int NiII inter-
mediate in pathway B was the rate-
limiting step.

To validate the hydrogen source in the products, we next
performed various experiments using deuterium-labelled
arylboronic acid and deuterium-labelled tert-amyl alcohol,
respectively. No H/D exchange happened treating substrate
1 and product 3j in deuterium-labelled tert-amyl alcohol in
the absence of arylboronic acid under the standard conditions
(Scheme 4a). The reaction of ArB(OD)2 with alkene 1 in t-
AmylOH gave undeuterated product ruled out ArB(OD)2 as
hydrogen source in this process (Scheme 4 b). Treatment of all
reactants in t-AmylOD led to partially deuterated product at
thermodynamically stable a-position to carbonyl group
(0.15 D) and benzylic position (0.52 D). Interestingly, low-
ering the loading of CsHCO3 in t-AmylOD gave higher
deuterium contribution (totally 0.95 D vs. 0.67 D) in the
product. Given complex kinetic orders for CsHCO3 was
observed during reaction progress kinetic analysis (see
supporting information), we hypothesized that the hydrogen
in the product mainly come from t-AmylOH, and partially

Table 3: The scope with respect to the alkenes.[a,b]

[a] Reaction conditions: 6 (0.2 mmol), 2 j (0.4 mmol, 2.0 equiv), Ni(acac)2 (5.1 mg, 10 mol%), L18
(8.7 mg, 10 mol%), CsHCO3 (77.6 mg, 2.0 equiv), t-Amyl-OH (1.0 mL), 80 8C, 24 hours. [b] Yield of
isolated product; the selectivity of the linear- and branch-selective products was determined by GC
analysis or by 1H NMR of the crude reaction mixture. [c] 90 8C, 12 h.
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from bicarbonate. Notably, the deuterium is not observed in
other positions rather than thermodynamically stable a-
position to carbonyl group (0.15 D) and benzylic position
disclosed that our diimine-NiII catalyst is capable of rapid
chain-walking process (b-H elimination and reinsertion), and
further confirmed the protonation is the rate-determining
step in the catalytic cycle.

Based on the aforementioned detailed mechanistic stud-
ies, a plausible mechanism was depicted in Figure 1. The
reaction could finish via a redox-neutral catalytic cycle,
including transmetalation of arylboronic acid to L-NiII,
migratory insertion to unactivated alkenes, and finally the
protonation to regenerated the NiII species. In addition, the
kinetic experiments unveiled that the protonation step is the
rate determining step in the redox-neutral catalytic cycle,
following rapid transmetalation and migratory insertion.
More importantly, the kinetic studies along with the deute-
rium-labelling experiments indicated the rapid nickel-walking
nature of our newly developed catalyst. The nickel walking

nature, along with the protonation as rate-determining step
would open a new avenue for development of remote
difunctionalization of unactivated alkenes via redox-neutral
NiII catalysis.

In summary, a redox-neutral NiII catalysis for linear-
selective hydroarylation of a wide range of unactivated
aliphatic alkenes has been disclosed. The key to realizing
this reaction is the development of an electron-rich diimine
ligand which is capable of stabilizing the capricious nickel,
and accelerating the linear-selective hydroarylation.
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