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Scaffold diversity is a key feature of a compound library and plays a pivotal role in its success in biological screening. Therefore,
it is highly desirable to develop efficient strategies to rapidly construct structurally distinct and diverse “privileged” molecular
scaffolds, thereby giving rise to compound libraries with selective and differing biological activities. This review covers recent
efforts in this emerging field of Ni-catalyzed divergent and selective synthesis, and will focus on reactions using the same
substrate to generate structurally diverse molecular scaffolds by varying the ligand backbone under otherwise almost identical
reaction conditions. We hope that the field will be encouraged by the progress achieved, drawing attention to the design and
development of new selective catalytic systems, and revealing new modes of catalytic transformation for broader synthetic

applications.
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1 Introduction

The art of organic synthesis provides chemists with a pow-
erful toolbox for creating new molecules with novel prop-
erties. Small molecule drugs are often discovered through
high-throughput screening of compound libraries [1,2].
However, some human disease-related targets could not be
addressed by commonly used compound libraries, which
mainly consist of a large number of structurally similar
molecules. Scaffolds are considered as the core structures of
compounds, determining their shape, rigidity, and flexibility
[3], and placing functional moieties in the correct sites to
interact with biological targets. Therefore, scaffold diversity
is a key feature of a compound library and determines its
success in screening efforts [4-8], especially when identi-
fying bioactive molecules in unbiased phenotypic screen-
ings, where rational ligand design is very difficult. Molecule
libraries rich in scaffold diversity are more likely to identify
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hit and lead compounds. As a result, there has been a para-
digm shift in library construction over the past decade, with a
particular emphasis now being placed on increasing the di-
versity and complexity of the library’s core scaffolds, rather
than just its size.

In the conventional methods for synthesizing structurally
diverse molecular scaffolds, the starting materials are usually
varied in structure and subjected to transformation by dif-
ferent reagents and catalysts under individually established
reaction conditions, which renders them time-consuming and
laborious. In transition metal-catalyzed reactions, the activity
and selectivity of metal complex catalysts can be tuned by
modifying the electronic and steric properties of the ligands.
Specifically, common starting materials are exposed to a
common mode of catalysis, and ligands around the metal
center can modulate the reaction pathways to form structu-
rally diverse scaffolds. Therefore, the ligand-directed di-
vergent synthesis strategy has attracted more and more
attention [9-17]. This strategy not only provides facile and
efficient access to structurally rich compound libraries,
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which in turn can offer small molecules with diverse and
selective biological activities, but also reveals novel modes
of catalytic transformations for broader synthetic applica-
tions.

In this review, we highlight recent achievements, which
have led to intriguing transformations, and thus structurally
diverse and interesting small molecules, in the emerging
field of nickel-catalyzed divergent and selective synthesis.
Under otherwise almost identical reaction conditions, the
reaction pathways can be controlled by the ligands, thus
leading to structurally diverse scaffolds. The following is-
sues are discussed herein: (1) obtaining different products
from common starting materials by fine-tuning the ligands to
control chemoselectivity, regioselectivity, or stereo-
selectivity; and (2) understanding the reaction mechanisms
with respect to the selectivities.

2 Chemoselectivity

The development of nickel-catalyzed multicomponent cou-
pling processes involving an enone and an organozinc poses
an interesting challenge in chemoselectivity since simple
conjugate additions must be avoided. Studies from Mon-
tgomery et al. [18] and lkeda and Sato et al. [19] in-
dependently demonstrated the three component coupling of
enones, alkynes, and organozincs to generate products in
which the organozinc was formally added to the alkyne, not
to the enone. The Ni-catalyzed ligand-controlled divergent
alkylation and reductive cyclization of alkynyl enones with
organozinc reagents were reported by Montgomery et al.
[18]. In the absence of ligand, aryl-, alkenyl-, and alkyl-
substituted organozincs, including those bearing B-hydro-
gens, underwent alkylation cyclizations to yield B-alkenyl
ketones 1-1 with complete control over the alkene geometry.
When Ni(COD), (COD = 1,5-cyclooctadiene) was pretreated
with PPh;, an efficient reductive cyclization rather than al-
kylation cyclization occurred in the reaction involving di-
butylzinc, resulting in a single isomer of the trisubstituted
alkene 1-2, with hydrogen always delivering cis to the ketone
functionality (Scheme 1a).

A possible reaction mechanism was proposed in Scheme
1b. The reaction is initiated by the oxidative cyclization of
alkynyl enones with Ni(0) species to afford the cyclic-Ni(II)
intermediate 1-3, which then undergoes transmetalation with
organozinc reagents to deliver alkenyl-nickel intermediate 1-
4. 1-4 is a common intermediate in both reductive cyclization
and alkylation cyclization pathways, which was confirmed
by deuterium labeling experiments (Scheme Ic). In the
presence of excess phosphine, the alkenyl-nickel inter-
mediate 1-4 is substantially more electron-rich at nickel, and
thus B-hydride elimination may be preferred over reductive
elimination. In the absence of a phosphine ligand, the =-
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Scheme 1 Ni-catalyzed ligand-controlled divergent alkylation and re-
ductive cyclizations of alkynyl enones [18] (color online).

acceptor nature of the COD or THF (THF = tetrahydrofuran)
ligand reduces the electron density at the nickel center,
therefore facilitating the reductive elimination process by
producing an electron-deficient Ni(II) n-complex.

Subsequently, the same group disclosed a similar Ni-cat-
alyzed ligand-controlled divergent alkylative and reductive
cyclization of ynals with organozincs for the highly re-
gioselective and stercoselective synthesis of allylic alcohols
with tri- and tetrasubstituted alkenes [20]. In the absence of
phosphine ligands, both spz— and sp3-hybridized organozincs,
including those that possess B-hydrogens, were efficiently
incorporated without competing B-hydride elimination. Al-
ternatively, selective reductive cyclization with both terminal
and internal alkynes was observed simply by pretreating the
Ni(COD), with PBu; (Scheme 2).

Compounds containing allyl moieties are widely found in
natural products and bioactive molecules, and are often used
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Scheme 2 Ni-catalyzed ligand-controlled divergent alkylative and re-
ductive cyclizations of ynals [20] (color online).

as versatile building blocks in organic synthesis. Therefore,
the synthesis and transformation of allyl compounds have
attracted much attention. In 2020, Wang et al. [21] reported a
Ni-catalyzed ligand-controlled selective alkylation or re-
duction of allylic alcohols with alkyl Grignard reagents. The
reaction using Ni(dppe)Cl, as a catalyst resulted in the ipso-
coupling of allylic alcohols with primary alkyl Grignard
reagents, including B-H-containing and B-H-free ones, as
well as the secondary alkyl Grignard reagents. The combi-
nation of dcype and Ni(PCy;),Cl, led to the reduction of
allylic alcohols by primary, secondary, and tertiary alkyl
Grignard reagents (Scheme 3a). A range of allylic alcohols,
including 3-aryl and 3-alkyl allylic alcohols, 1,3-dis-
ubstituted allylic alcohols, and 1-aryl allylic alcohols, can be
used in the coupling or reductive reactions.

A possible reaction mechanism involving Ni(0)/Ni(Il)
process was proposed in Scheme 3b. Oxidative addition of
Ni(0) with allyloxomagnesium will afford Ni(Il)-allyl in-
termediate, including n’-allyl-Ni(II) 3-3 and n'-allyl-Ni(II)
3-4 species as an equilibrium mixture. Transmetalation of 3-
3 and 3-4 with the Grignard reagent forms allyl-nickel
complexes 3-5 (n3-a11y1) and 3-6 (nl-allyl) as another equi-
librium mixture. In the presence of bulky and electron-rich
ligand (dcype), nl—allyl—Ni(II)—alkyl species 3-4 and 3-6 will
dominate the equilibrium, which favors the f-H elimination
process to afford the product 3-2. When the ligand is not
bulky enough (dppe), nS-ally—lnickel 3-3 and 3-5 may be the
main components in the respective equilibrium. Reductive
elimination of 3-5 results in a-alkylated product of the allyl
alcohol 3-1.

Montgomery and co-workers [22] developed nickel-cata-
lyzed selective reductive cycloadditions or alkylative cou-
plings of enals and alkynes using triethyl borane as the
reducing agent. The use of bulky P(o-tol); as a ligand favored
the generation of the alkylative coupling products 4-1. Al-
ternatively, the use of a stable triarylphosphine ligand
TTMPP (L1) favored the formation of [3+2] reductive cy-
cloaddition products 4-2, providing a useful preparative
simplification compared with previously reported use of
PBu; (Scheme 4a).

A plausible mechanism was depicted in Scheme 4b. Oxi-
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Scheme 3 Ni-catalyzed ligand-controlled divergent alkylation or reduc-
tion of allylic alcohols with alkyl Grignard reagents [21] (color online).

dative cyclometallation of enals and alkynes produces me-
tallacycle intermediate 4-3 that can be protonated to give the
common alkenyl-Ni(Il) intermediate 4-4. The use of elec-
tron-donating phosphine ligands (PBu; or TTMPP) allows
the direct addition of vinylnickel species to the coordinated
aldehyde of 4-4, while electronically disfavoring the ethyl
group transfer to 4-5 because of the strong 6-donor capability
of these ligands. Thus, this addition leads to the cyclo-
pentenol 4-2 as the major product. In contrast, the use of less
basic arylphosphines as ligands will facilitate ethyl transfer
and further reductive elimination to yield alkylative cou-
plings product 4-1.

In 2017, Montgomery et al. [23] disclosed a Ni-catalyzed
direct conversion of C(spz)—O bond of arylsilyl ethers into
C-H or C-Si bonds using Ti(O-i-Pr), or trialkylsilanes as
reagents. Subsequently, the same group developed a Ni-
catalyzed ligand-controlled selective reduction or silylation
of aryl trialkylammonium salts to arenes or aryl silanes [24].
The silylation/reduction selectivity was controlled through
the size of NHC ligand. The use of a large NHC (IPr*O-
Me«HCI) produces aryl silanes. Alternatively, a small NHC
(IMeseHCl) promotes reduction to arenes (Scheme 5). This
method provided a streamlined approach to high-value aryl
silanes, starting from commercially available nitro- and
aniline-containing compounds.

Ong et al. [25] disclosed a Ni-catalyzed ligand-controlled
hydroheteroarylation of cyclic dienes via C—H bond activa-



2954 Ke et al. Sci China Chem

(@) P(o-tol)3 (20 mol%) Q r‘ T
—_— ,
/ R?
¢} / OMe 41
| up to 76% yield
HJV\W / s o
Ni(COD), (10 mol%) | OMe
* OMe
BEts MeOH, THF, rt MeO R OMe
R2—=——R? OMe
MeO

L1 (20 mol%) OMe

42
up to 79% yield

(b) Proposed mechanism

OMe)Et,B Ety(MeO)B.,
2 0
o Ni%L,, BEts O\Ni”Ln II/'NQ"L
Ao~y + || — / | Vn
H R MeOH /R a
R3 R’ R
R R R
43 4-4
L = P(o-tol); L=1L1
! B(OMe),Et L,Ni'"(OMe), ‘
o
3 2
H Bt i R R
RO R Et,BO R!
R? 4-6
4.5
l R® R?
R Et
| |
b Y HO R
41 42

Scheme 4 Ni-catalyzed couplings of enals and alkynes [22] (color on-
line).

Ph’ Ph Bhi ™ °h
IPr*OMe-HCI (10 mol%) 1 ~pSE
R
k‘;‘/‘r 1,4-dioxane, 40 °C Z
/ 541
/ 45 examples
/ e up to 98% yield
~NMezl Ni(COD), (10 moi%) / cl plosERY
0 Me Me
R ©/ Me Me
Et;Si-H, NaO'Bu A2
NN
\—/
Me Me
IMes+HCI (10 mol%) X H
R 2
DMF, 40 °C
5-2
13 examples
up to 90% yield

Scheme 5 Ni-catalyzed reduction and silylation of aryl trialk-
ylammonium salts [24] (color online).

tion of heteroarenes. Hydroheteroarylation of cyclic dienes
with azoles in the presence of N-heterocyclic carbene (IMes)
ligand led to Heck-like product a-alkenyl-azoles 6-1. In
contrast, changing the ligand to PCy; switched this reaction
pathway to afford isomeric B-alkenyl-substituted azoles 6-2
(Scheme 6). This ligand-controlled divergent synthesis me-
chanism is due to the rapid conversion of product 6-2 to the
more stable isomer 6-1 when using the Ni(0)/IMes catalyst.
However, the conversion of 6-2 to 6-1 was very slow in the
presence of Ni(COD), and PCys.

November (2023) Vol.66 No.11

Although nickel-catalyzed cross-coupling of phenol deri-
vatives has been established, a key limitation of current
methods is the incompatibility of aryl halides such as
chlorides. This is due to the tendency of organohalides to
undergo oxidative addition to Ni(0) at a rate similar to or
faster than that of the Ar—O bond. Therefore, the nickel-
catalyzed selective cross-coupling of chlorophenol deriva-
tives is extremely challenging. In 2014, Zou et al. [26] de-
veloped a nickel/triarylphosphine catalyst system for the
chemical selective cross-coupling of C,,—Cl of chlorophenol
tosylates and bis(p-tolyl)borinic acid. Subsequently, Neu-
feldt and co-workers [27] further realized a Ni-catalyzed
chemoselective Suzuki-Miyaura coupling of C,-OTs of
chlorophenol tosylates with 4-methoxyphenylboronic acid
by using PMe; as a ligand (Scheme 7). Density functional
theory (DFT) calculations revealed that small phosphines are
uniquely advantageous in promoting the reaction of
Ni(COD), with C,,~OTs of chlorophenol tosylates, particu-
larly PMe;, for its electronic and steric effects.

Transition metal-catalyzed coupling reactions of alkynes
have demonstrated important synthetic utility in the pre-
paration of enynes, which are versatile building blocks in
organic synthesis. Miura et al. [28] reported a nickel-cata-
lyzed ligand-controlled cross-dimerization and -trimeriza-
tion of diphenylacetylene with trimethylsilylacetylene via
C-H bond cleavage. In the presence of a pyridine-based li-
gand (DMAP), the cross-dimerization reaction proceeded
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Scheme 6 Ni-catalyzed switchable hydroheteroarylation of cyclodienes
[25] (color online).
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Scheme 7 Ni-catalyzed chemoselective Suzuki-Miyaura coupling of
chlorophenol tosylate [26,27] (color online).
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efficiently to give the corresponding enynes 8-1 in good
yield. In contrast, when a phosphine ligand (P(4-CF;C4H,);)
was used, a cross-trimerization reaction occurred selectively
to give the dienyne products 8-2 (Scheme 8).

Conjugated sulfur-containing molecules are of special
demand in bio-, opto-, and alternative energy electronics due
to their enhanced mechanical and optical properties and
excellent charge conductivity. Ananikov et al. [29] reported a
Ni-catalyzed switchable dithiolation of acetylene with aryl
disulfides. The use of PPh; as a ligand resulted in the se-
lective formation of (Z)-1,2-bis(arylthio)ethenes 9-1. Re-
placing PPh; with PPhCy, shifted the reaction towards the
formation of (Z,2)-1,4-bis(arylthio)buta-1,3-dienes 9-2
(Scheme 9a).

The strength of Ni—P bond in the nickel-phosphine com-
plex with the more electron-donating PPhCy, is higher than
that in the complex with PPh;. Moreover, the formation of
solid [Ni(SAr),], was observed for PPh;, but not for PPhCy,.
In the case of a low electron-donating phosphine ligand
(PPh;), intermediate 9-4 is more prone to undergo reductive
elimination to give bis(arylthio)ethene 9-1. However, for the
more electron-donating PPhCy,, the rate of the elimination
step is lower, and thus the reaction proceeds through the
insertion of a second alkyne into the Ni—C bond and leads to
the formation of bis(arylthio)-1,3-butadiene 9-2. The inser-
tion mode of the second acetylene molecule and the structure
of intermediate 9-5 were deduced from DFT calculation
studies (Scheme 9b).

Recently, Zhao and co-workers [30] reported a nickel/
copper dual-catalyzed divergent allylic alkynylation of vinyl
epoxides using alkynes. Under otherwise identical reaction
conditions, the use of a strong bisphosphine ligand (Xant-
phos) resulted in the formation of functionalized branched
1,4-enynes 10-1. Alternatively, the use of hemilabile P,N-
ligand (Me-PHOX) resulted in the formation of enyne-con-
taining allyl alcohols and amines 10-2 (Scheme 10). DFT
calculations showed that the activation barrier for the bi-
sphosphine ligand dissociation pathway was determined to
be much less favorable. However, alkyne coordination with
the release of Me-PHOX ligand was considered to be en-
ergetically favorable. The hemilabile property of this P,N-
ligand involved in dynamic association and dissociation is a
key factor for this intriguing trimolecular reaction to take
place.

In 2018, Rueping and co-workers [31] demonstrated a Ni-
catalyzed ligand-controlled and site-selective Suzuki-
Miyaura cross-coupling reaction with aromatic esters and
alkyl organoboron reagents as coupling partners. This ap-
proach provided a facile route for C(sp’)-C(sp’) bond for-
mation in a straightforward fashion by successfully
inhibiting the undesired B-hydride elimination process. The
switch in selectivity is attributed to the judicious selection of
different phosphorus ligands that significantly convert the
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Scheme 9 Ni-catalyzed switchable bis-thiolation of acetylene with aryl
disulfides [29] (color online).

esters into the alkylated and ketone products 11-1 and 11-2,
respectively (Scheme 11a).

DFT studies were carried out in order to rationalize this
intriguing reaction chemoselectivity (Scheme 11b). When
bidentate phosphorus ligand dcype is used, the nickel com-
plex favors the C(aryl)-C bond cleavage in the oxidation
addition step, leading to the alkylated product 11-1 via a
decarbonylative process. On the other hand, the nickel
complex with monodentate phosphorus ligands, such as
PBu; and PCy;, favors activation of the C(acyl)-O bond,
which later generates the ketone product 11-2.

Recently, Jarvo and co-workers [32] revealed ligand-con-
trolled chemoselective switching between one- and two-
electron pathways in competing reactions of 4-halotetrahy-
dropyrans. If the reaction is initiated by halogen atom
transfer of the alkyl halide, the tetrahydropyran 12-1 will be
produced through the alkyl radical intermediate 12-2 (one-
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electron pathway). Alternatively, intramolecular cross-elec-
trophile coupling proceeds through the two-electron pathway
to afford cyclopropane 12-3, where oxidative addition occurs
via an S\2-type transition state 12-4 (Scheme 12).

The reason for the chemoselectivity is attributed to the
nitrogen-ligated nickel catalyst’s preference for a one-elec-
tron pathway, initiating halogen atom transfer. In contrast,
the phosphine-coordinated nickel catalysts favor closed-shell
oxidative addition.

Transition-metal-catalyzed intermolecular [2+2+2] cy-
cloaddition is one of the most powerful methods for the one-
step construction of complex bicyclic molecules. However,
intermolecular [2+2+2] cycloaddition involving two alkene
units has rarely been reported. In 1999, Montgomery and co-
workers [33] reported the nickel-catalyzed [2+2+2] cy-
cloaddition of 1,6-enynes with enones. Subsequently, Ogoshi
and co-workers [34] disclosed a Ni-catalyzed [2+2+2] cy-
cloaddition of two enones with alkynes. In 2012, Tanaka
et al. [35] reported the first enantioselective [2+2+2] cy-
cloaddition of ene-allenes and alkenes using cationic rho-
dium catalysis. Almost simultaneously, Alexanian et al. [36]
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Scheme 11 Ni-catalyzed site-selective Suzuki-Miyaura cross-coupling of aromatic esters and alkyl organoborons [31] (color online).
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developed Ni-catalyzed [2+2+2] cycloadditions and alke-
nylative cyclizations of ene-allenes and alkenes. When P(o-
tol); was used as a ligand, [2+2+2] cycloaddition products
13-1 were obtained exclusively. Interestingly, exchanging P
(o-tol); for PBuj, led to alkenylative cyclization products 13-
2 in high yields with high diastereoselectivity (Scheme 13a).

A possible mechanism was depicted in Scheme 13b.
Oxidative cyclization of ene-allene provides cis-fused bi-
cyclic nickelacycle 13-3. Using the bulky P(o-tol); as a li-
gand, direct reductive elimination of 13-4 provides the
[2,2,2] cycloadduct 13-1. The use of less bulky and electron-
rich PBu; as a ligand preferentially leads to B-hydride
elimination to give nickel hydride 13-6. Reductive elimina-
tion then provides the alkenylative cyclization product 13-2.

Silacycles are attractive organosilanes because they are
widely used in developing m-conjugated organic materials
with unique optical and electronic properties. In 1975, Sa-
kurai and Imai [37] reported the first Pd-catalyzed cycload-
dition reaction of the silacyclobutane with alkynes, giving
the silacyclohexenes 14-1. Subsequently, Oshima and Uti-
moto et al. [38] investigated the reaction further and found
that a large amount of by-product allylsilane 14-2 was
formed. Using a sterically demanding chiral phosphor-
amidite ligand, Shintani and Hayashi et al. [39] developed an
asymmetric version of this approach for the synthesis of
enantiomerically enriched silacyclohexenes 14-1. An Rh-
catalyzed cycloaddition reaction of silacyclobutanes with
unactivated alkynes to form silacyclohexenes 14-1 was
realized by the Song group [40]. Very recently, Zhao et al.
[41] reported Ni-catalyzed ligand-controlled cycloaddition
or ring-opening coupling of silacyclobutanes and internal
alkynes (Scheme 14a).

A plausible mechanism to rationalize the ligand-controlled
structure divergence was proposed in Scheme 14b. Two
pathways share a Ni-silacycloheptene intermediate. IPr li-
gand promotes direct reductive elimination via a three-
membered ring transition state from this intermediate to af-
ford silacyclohexene 14-1. Alternatively, phosphine ligand
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Scheme 13 Ni-catalyzed [2+2+2] cycloaddition or alkenylative cycliza-
tion of ene-allenes and alkenes [36] (color online).

(L2) enables ring-opening via a ligand-to-ligand H transfer
process from Ni-silacycloheptene to generate vinylsilane 14-2.

3 Regioselectivity

3.1 Regiodivergent functionalization of allylic alcohols

Allyl electrophiles have been successfully employed as
coupling partners with nucleophilic counterparts, but con-
trolling the regioselectivity of the allylation reaction remains
challenging due to the difficulty in distinguishing the two
ends of the initially formed n-allyl metal complex. In 2014,
Martin et al. [42] reported a Ni-catalyzed ligand-controlled
regiodivergent reductive carboxylation of allyl esters with
carbon dioxide (Scheme 15). The protocol is modular, al-
lowing for the introduction of the carboxylic motif at any site
of the allyl terminus, depending on the ligand used. The C2-
methyl substituted bipyridine L3 ligand was particularly
effective for obtaining the linear carboxylic acids 15-1. In the
presence of quaterpyridine L4, branched carboxylic acids
15-2 can be generated with high selectivity. The ligand
backbone dictates the selectivity pattern and strongly
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Scheme 14 Ni-catalyzed regiodivergent cycloaddition or ring-opening
coupling of silacyclobutanes and internal alkynes [41] (color online).
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Scheme 15 Ni-catalyzed regiodivergent carboxylation of allyl asters with
carbon dioxide [42] (color online).

suggests that L4 may behave similarly to pincer-type ligands
through the nl—allyl intermediate, while the additional pyr-
idine motif may act as a hemilabile ligand.

Unlike the common C—C bond formation with activated
organic sulfonates, esters, and ethers, the use of simple al-
cohols as counterparts, arguably the most accessible and
simplest C—O derivatives, has received much less attention
due to the significant activation barrier required for C-OH
cleavage as well as high polarizability of the O—H bond. The
same group further described a Ni-catalyzed switchable site-
selective carboxylation of allylic alcohols with CO, (Scheme
16) [43]. In the presence of the phenanthroline ligand LS5,
linear carboxylic acids 16-1 were obtained with high re-
gioselectivity. In contrast, the use of bathocurproine (L6) as a
ligand led to the formation of branched carboxylic acids 16-
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2. CO, reversibly reacts with alcohols en route to carbonic
acids, thereby reducing the activation energy to promote
C-O0 scission while accelerating the rate of oxidative addi-
tion to Ni(0) species to allyl alcohol.

In 2019, Liu et al. [44] reported a Ni/Cu-catalyzed re-
giodivergent synthesis of linear and branched allylsilanes
directly from allylic alcohols through modulating the steric
and electronic properties of the ligands on the nickel catalyst
(Scheme 17). When less-hindered ligand PEt; was used,
branched allylsilanes 17-1 were generated with high se-
lectivity. On the other hand, the use of a bulky ligand 8-
(diphenylphosphine)quinoline (L7) led to the linear allylsi-
lanes 17-2 formation with high selectivity. Mechanistic stu-
dies found that Si-B reagent can be directly activated by
CuF,. Allyl-OBpin is the key intermediate of the reaction,
which may serve as an activated intermediate for the oxi-
dative addition of C(allyl)-O bond.

In 2021, Fang and co-workers [45] reported a Ni-catalyzed
regiodivergent cyanation of allylic alcohols, providing an
efficient method to access both linear and branched alkenyl
nitriles. Moreover, dinitriles can also be obtained in good
yields with high selectivity from the corresponding allylic
alcohols by a further hydrocyanation process (Scheme 18).

Me Me
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Scheme 16 Ni-catalyzed site-selective carboxylation of allylic alcohols
with carbon dioxide [43] (color online).
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Scheme 17 Ni/Cu-catalyzed ligand-controlled regiodivergent silylation
of allylic alcohols [44] (color online).
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Scheme 18 Ni-catalyzed regiodivergent cyanation of allylic alcohols [45] (color online).

Previous studies have shown that the reductive elimination
of the m-allyl Ni(Il) intermediate determines the regioselec-
tivity. DFT calculations showed that the diastereoisomers L8
and L9 construct significantly different pockets around the
Ni atom that lead to different environments for the reductive
elimination process. 18-3 is formed in the linear selective
cyanation step followed by chain-walking along the alkene.
18-4 is conversely formed through a branch-selective
transformation. The subsequent hydrocyanation step is
probably the rate-determining step.

3.2 Regiodivergent functionalization of alkyl halides

Alkyl electrophiles are ideal precursors for the construction
of C(sp3)fC bonds due to their abundance and cheapness.
However, the use of alkyl electrophiles in cross-coupling
reactions has traditionally been limited by slow oxidative
addition or transmetalation, as well as decomposition by fast
B-hydride elimination. Although nickel-catalyzed reductive
cross-coupling reactions have emerged as a promising
method for coupling C(sp3) electrophiles, the regioselectivity
of these transformations has rarely been explored, with
mainly the formation of ipso-selective products reported.

In 2018, Yin et al. [46] demonstrated a nickel-catalyzed
regiodivergent reductive cross-coupling of alkyl bromides
with aryl bromides (Scheme 19a). Employment of 5,5'-di-
methylbipyridine (L11) as the ligand gave the ipso-site
cross-coupling products 19-1 in 82% yield with exclusive
regioselectivity. The reaction with 2,9-dimethyl substituted
1,10-phenanthroline (L5) selectively yielded the benzylic
phenylation product 19-2.

A possible mechanism was proposed in Scheme 19b. Se-
lective oxidative addition of Ni(0) to phenyl bromide affords
a phenyl-Ni(II) intermediate 19-3, which reacts with an alkyl
radical 19-4 generated via single-electron transfer process to

afford Ni(III) intermediate 19-5. Direct reductive elimination
of intermediate 19-5 will yield the ipso-coupling product 19-
1. Alternatively, multiple rapid and reversible B-hydride
elimination and reinsertion of the resulting double bond
leads to the formation of the thermodynamically stable
benzylic-Ni(Ill) intermediate 19-7. Reductive elimination
then yields the 1,1-diarylalkane 19-2.
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Scheme 19 Ni-catalyzed regiodivergent reductive cross-coupling of 1-
bromo-3-phenylpropane and bromobenzene [46] (color online).
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Martin et al. [47] disclosed a nickel-catalyzed re-
giodivergent amidation of secondary alkyl bromides with
isocyanate (Scheme 20a). The site selectivity of the amida-
tion event is determined by a subtle modification of the li-
gand backbone, allowing the introduction of the amide
function at either the original sp3 carbon-halide bond (20-2)
or at distal sp3 C—H sites (20-1) within an alkyl side-chain via
chain-walking scenarios. The synthetic applicability of the
method was demonstrated in Scheme 20b. 20-3 was ex-
clusively obtained from n-hexanes via a sequence consisting
of an unselective sp3 bromination followed by an amidation
at the primary sp3 C—H bond.

The regioselectivity is attributed to a more congested en-
vironment in alkyl-Ni(IT)(L)Br 20-5, thus facilitating halide
dissociation en route to cationic intermediates that might
favor a chain-walking scenario via iterative sequences of -
hydride elimination/migratory insertion events (Scheme
20c).

Very recently, Shu et al. [48] reported a Ni-catalyzed li-
gand-controlled regiodivergent cross-electrophile coupling
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Scheme 20 Ni-catalyzed regiodivergent amidation of secondary alkyl
bromides and isocyanate [47] (color online).
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of two distinct alkyl bromides, providing access to B-, y-, 0-
alkylated amides (Scheme 21). Using a tridentate ligand
(L13), cross-couplings occurred selectively at ipso-carbon to
form the &-alkylated products 21-1. The y-alkylation pro-
ducts 21-2 were obtained with high regioselectivity in the
presence of 5,5'-dimethyl-2,2"-bipyridine (L11) as a ligand.
In addition, the B-alky-alkyl coupling product 21-3 could
also be obtained by using the bulky BOX ligand L14 and
MeOH as solvent. It is worth mentioning that although the
authors propose that the selectivity of the product is regu-
lated by the ligands, the solvent also plays a very important
role.

3.3 Regiodivergent functionalization of alkenes

Transition-metal-catalyzed hydroarylation of alkenes has
attracted extensive attention as one of the most atom-eco-
nomical and versatile protocols for the construction of
functionalized aromatic rings. The hydroarylation of viny-
larenes can offer either 1,1-(branched)- or 1,2-(linear)-dia-
rylethyl structural motifs, which are found in many
medicinally active molecules and natural products. In 2015,
Ong’s group [49] disclosed a nickel-catalyzed para-CH ac-
tivation of pyridines with switchable regioselective hydro-
heteroarylation of allylarenes. Linear hydrogenated
heteroarylation product 22-1 can be selectively generated
through the combination of the bulky NHC ligand (IPr) and
Lewis acid (MAD). Branched product 22-2 was achieved
with moderate selectivity by using a combination of steri-
cally less hindered amino-NHC ligand (L15) and AlMe;
(Scheme 22a).

A possible mechanism was proposed in Scheme 22b. The
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214
up to 83% yield
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Scheme 21 Ni-catalyzed regiodivergent cross-electrophile alkyl-alkyl
couplings [48] (color online).
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Scheme 22 Ni-catalyzed regiodivergent hydroheteroarylation of allylar-
enes [49] (color online).

formation of linear product 22-1 may be attributed to bulky
ligand and bulky Lewis acid-promoted anti-Markovnikov
hydronickelation of alkene. In the presence of a sterically
less hindered amino-NHC ligand (L.15), isomerization of the
terminal allylarene via formal 1,3-hydride shift through mi-
gratory insertion of alkene into Ni-H followed by B-H
elimination affords the more thermodynamically stable in-
ternal styrene 22-5. Further migratory insertion of 22-5 into
Ni-H species gives 22-6, followed by reductive elimination
to form branched product 22-2. This process may be due to
the facile isomerization of olefins and the slow activation of
C-H bonds. The rate-determining step is most likely the -
coordination of pyridine onto the metal prior to the C-H
bond cleavage or the reductive elimination step.

Nickel sources for the Ni-catalyzed hydroarylation of vi-
nylarenes with heteroarenes have been limited to the use of
Ni(COD),, but zerovalent nickel source has inherent draw-
backs, including being highly air sensitive, difficult to be
handled, and expensive. In 2019, Sun et al. [50] synthesized
a new class of heteroleptic Ni(Il) complexes (Ni(NHC)-
[P(OR);]Br,) and reported their application in the re-
giodivergent hydroarylation of vinylarenes with benzothia-
zoles. Using magnesium turnings as reducing agent, Ni
(IMes)[P(OEt);]Br, afforded branched products 23-1, while
Ni(IPr*OMe)[P(OEt);]Br, gave linear products 23-2
(Scheme 23a).

A possible mechanism was proposed in Scheme 23b.
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Scheme 23 Ni-catalyzed regiodivergent hydroarylation of vinylarenes
and benzothiazoles [50] (color online).

Oxidative addition of C,—H bond to the catalytically active
Ni(0) gives heteroleptic nickel hydride 23-3. Reversible
coordination and subsequent insertion into a Ni-H bond
followed by reductive elimination afford branched or linear
product. Similar to previous reports, the presence of a very
bulky IPr*OMe ligand at the nickel center leads to sterically
induced linear selectivity, whereas branched selectivity is
due to electronic preference for benzylnickel species.

To date, two strategies have been developed to achieve the
hydroarylation of alkenes, which are characterized by dif-
ferent ways to generate the active catalyst species M—H. One
uses C—H bond activation of arenes to form M-H, and the
other uses hydride reagents to form M-H. However, the
former strategy usually requires arenes with a directing
group or heteroarenes, while the latter strategy is only ef-
fective under reducing conditions. The Zhou group [51]
pioneered the study of Ni-catalyzed hydroarylation of al-
kenes with organoboron compounds under redox-neutral
conditions. This transformation was limited to conjugated
alkenes, such as styrenes and 1,3-dienes, where the regios-
electivity depends on the stability of the corresponding 7-
benzyl/allyl intermediate. Subsequently, Liu and Engle ef al.
[52] reported a nickel-catalyzed ligand-directed hydro-
arylation and hydroalkenylation of alkenyl carboxylic acids.
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Markovnikov hydrofunctionalization products 24-1 were
obtained under ligand-free conditions with selectivities
greater than 20:1. Alternatively, anti-Markovnikov products
24-2 were obtained by using a novel 4,4-disubstituted Pyrox
ligand (L16) with greater than 20:1 selectivity (Scheme 24a).

Mechanistic studies revealed that the use of the 4,4-di-
benzyl Pyrox ligand (L16) leads to a switch in the turnover-
limiting step and results in the reversal of regioselectivity
compared with ligand-free conditions. DFT calculations in-
dicated that the anti-Markovnikov selectivity is controlled by
the steric repulsion between the substrate and the sterically
encumbered Pyrox ligand in the transmetalation step
(Scheme 24b).

Pyrrolidines with an alkyl substituent at either the 2- or 3-
position are present as subunits in many natural products and
bioactive molecules. Traditional cross-coupling methods can
only perform alkylation at specific and prefunctionalized
sites. Hu and co-workers [53] described a ligand-controlled
regioselective hydroalkylation of 3-pyrrolines to 2- and 3-
alkylated pyrrolidines in good yields. This approach de-
monstrates broad substrate scope and high functional-group
tolerance, and can be utilized in late-stage functionalizations.
Pyridine oxazoline ligand (L.17) favored the C3-alkylated
products 25-1. When the hydrogen at the C6 position of the
pyridine oxazoline ligand (L18) was replaced by a methyl
group, the regioselectivity changed, favoring the generation
of C2-alkylated products 25-2 (Scheme 25a).

A proposed mechanism was outlined in Scheme 25b. The
reaction of nickel precatalyst with silane and in the presence
of KF affords Ni-H species, which undergoes migratory in-
sertion to pyrroline to afford the alkyl-Ni intermediate. The
direct cross-coupling of intermediate 25-3 with alkyl halides
gives C3-alkylation product 25-1. Intermediate 25-4 can
undergo the first B-hydride elimination and then alkene re-
insertion to give a second alkyl-Ni intermediate 25-5, where
the Ni fragment is at the position a to the NR group. Cross-
coupling of intermediate 25-6 with alkyl halides gives C2-
alkylation product 25-2. The regioselectivity is attributed to
the following two aspects: one is that sterically bulky ligand
(L18) may favor B-H elimination and subsequent iso-
merization, and the other is the relative stability of inter-
mediates 25-4 and 25-6. The nitrogen group in 25-6 is
expected to stabilize the nickel center so that C2-alkylation is
predominant.

Recently, Zhu and co-workers [54] reported a nickel-cat-
alyzed regiodivergent reductive hydroarylation of styrenes
with aryl triflates. With a diamine ligand (LL19), the reaction
produced the selective linear hydroarylation products 26-1.
Alternatively, with a chiral PyrOx ligand (L.20), branched
1,1-diarylalkane products 26-2 were obtained with high re-
gio- and enantioselectivity (Scheme 26).

Wang et al. [55] reported a Ni-catalyzed ligand-controlled,
directing group-assisted regiodivergent migratory hydroalk-
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Scheme 24 Ni-catalyzed regiodivergent hydroarylation and hydroalk-
enylation of alkenyl carboxylic acids [52] (color online).
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Scheme 25 Ni-catalyzed regioselective hydroalkylation of 3-pyrrolines
and alkyl halides [53] (color online).

ylation of alkenyl amines. A wide range of simple and ver-
satile amides can be used as directing groups, affording a-
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Scheme 26 Ni-catalyzed regiodivergent hydroarylation of styrenes with
aryl triflates [54] (color online).

and B-branched alkyl amines (Scheme 27a). Excellent se-
lectivity to the a-branched products 27-1 was achieved when
L3 was used as the ligand. Alternatively, the B-branched
products 27-2 were obtained with high selectivity when the
bisoxazoline ligand L21 was used.

Control experiments showed that benzyl-protected homo-
allylamines without a carbonyl group failed to yield the de-
sired product, suggesting that free amine-directing groups
are ineffective for hydroalkylation. Hydroalkylation of v,5-
alkenyl ketone provided B-selective hydroalkylation pro-
ducts, thus supporting the carbonyl coordination mode. Al-
kenes with shorter alkyl chains are more reactive, suggesting
that the chain-walking process is not rapid and may be the
rate-determining step (Scheme 27b).

A possible mechanism was proposed to explain the se-
lectivity of the reaction. Migratory insertion of nickel (I)
hydride species into alkene generates alkyl-nickel inter-
mediates (27-3 and 27-4), which then undergoes a chain-
walking process to afford more stable five- or six-membered
nickelacycles (27-5 and 27-6). Single-electron transfer of the
nickelacycle intermediates with alkyl iodide affords Ni(III)
intermediates (27-7 and 27-8), followed by reductive elim-
ination to deliver o- or B-hydroalkylation products 27-1 and
27-2, respectively (Scheme 27¢).

Given the ubiquity of amines in pharmaceuticals, natural
products, and agrochemicals, C—N bond formation is crucial
in organic synthesis. Hydroamination of alkenes has been
recognized as an attractive approach to accessing amines.
However, this elegant approach is usually limited to the in-
stallation of amino groups on C=C double bonds. Remote
functionalization of alkenes remains a formidable challenge
in organic synthesis. In 2018, Zhu’s group [56] developed a
reductive remote hydroamination process via a sequential
NiH-catalyzed chain walking-reductive hydroarylamination
relay process. Excellent regio- and chemoselectivity are
observed for a wide range of both alkene and nitroarene
coupling partners.
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Scheme 27 Ni-catalyzed regiodivergent hydroalkylation of alkenyl
amines with alkyl iodides [55] (color online).

Subsequently, Zhu’s group [57] demonstrated Ni-cata-
lyzed ligand-controlled regiodivergent hydroamination of
alkenes starting from an arbitrary isomer (or isomeric mix-
tures) of the olefinic substrate, delivering terminal and
benzylic C—H amination products with high regioselectivity
(Scheme 28). With a rigid and bulky biarylphosphine ligand
(SPhos), the reaction led to the selective benzylic C—H
amination products 28-1. Alternatively, the terminal C-H
amination products 28-2 were obtained with high regios-
electivities using a C2-substituted bipyridine ligand (L22).

Carboxylation with CO, provides direct access to valuable
carboxylic acids, which are typically prepared by multistep
formylation/oxidation processes. In 2008, Rovis and co-
workers [58] reported the first example of nickel-catalyzed
reductive carboxylation of styrenes under an atmosphere of
CO,, providing access to a-functionalized acids due to the
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Scheme 28 Ni-catalyzed regiodivergent hydroamination of alkenes [57]
(color online).

formation of the more stable n3-benzylic metal species.
However, the high kinetic and thermodynamic stability of
CO, has generally demanded the use of nucleophilic orga-
nometallic reagents. Another challenge with direct catalytic
hydrocarboxylation using CO, is the limited number of
methods to obtain the anti-Markovnikov products. The Ja-
mison’s group [59] developed B-selective hydrocarboxyla-
tion of styrenes to Markovnikov products under atmospheric
pressure of CO, using photoredox catalysis in continuous
flow in 2017. Konig et al. [60] further developed ligand-
controlled Markovnikov and anti-Markovnikov hydro-
carboxylation of styrenes with an atmospheric pressure of
CO, at room temperature using dual visible-light-nickel
catalysis (Scheme 29a). When neocuproine was used as a
ligand (L3), the Markovnikov products 29-1 were obtained
exclusively. On the other hand, employing dppb as the ligand
favored the formation of the anti-Markovnikov products 29-
2. A range of functional groups and electron-poor, -neutral,
as well as electron-rich styrene derivatives are tolerated by
the reaction, providing the desired products in moderate to
good yields. Mechanistic investigations indicate that a nickel
(I) hydride species is generated and adds irreversibly to
styrenes.

Li et al. [61] further performed DFT calculations to un-
derstand the reaction mechanism (Scheme 29b). When Ni(II)
catalysts with ligands of different properties are used, the Ni
centers of the active catalytic species have different valence
states. For the neocuproine ligand (L3), styrene ligating to
the Nil species initiates the hydrocarboxylation, and sub-
sequent protonation occurs preferentially on the B-C atom,
which facilitates the following insertion of CO, at the a-C-
position and produces unique a-selective product 29-1.
However, in the presence of dppb as a ligand, the key Ni-
hydride intermediate is first formed by the protonation of Ni
(0) species. The excellent B-selectivity is attributed to the
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Scheme 29 Ligand-controlled regioselective hydrocarboxylation of styr-
enes with CO, via dual visible-light-nickel catalysis [60,61] (color online).

predominance of B-C ligating to the Ni center rather than its
protonation.

In 2021, Fang et al. [62] reported nickel-catalyzed re-
giodivergent hydrocyanation of a wide range of internal al-
kenes via a chain-walking process. When appropriate
diastereomeric biaryl diphosphate ligands were applied, the
same starting materials can be converted to linear or bran-
ched nitriles in good yields with high regioselectivities
(Scheme 30a). The utility of this approach was demonstrated
by the conversion of unrefined olefin isomers to branched
and linear hydrocyanation products at the gram-scale scale
(Scheme 30b). DFT calculations revealed that the co-
ordination of diastereomeric bisaryl bisphosphate ligands to
Ni led to different catalyst structures, resulting in different
regioselectivities through modulation of electronic and steric
interactions.

3.4 Regiodivergent functionalization of alkynes

Ni-catalyzed reductive coupling of alkynes and aldehydes is
an efficient method for the synthesis of allylic alcohols.
Alkynes with strong electronic or steric biases often show
excellent regiocontrol, but only a single regiochemical out-
come is typically available. However, alkynes lacking strong
electrons or steric biases generally lead to poor regioselec-
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Scheme 30 Ni-catalyzed regiodivergent hydrocyanation of internal al-
kenes [62] (color online).

tivity. Controlling the regioselectivity of reductive coupling
reaction is extremely challenging. As early as 2003, Jamison
et al. [63] observed ligand-switchable directing effects of
tethered alkenes in nickel-catalyzed additions to alkynes
(Scheme 31a). The regioselectivity was determined by dis-
tant non-conjugated alkenes and the regioselectivity can be
completely reversed (from > 95:5 to 5:>95) in the presence
of phosphine ligand (PCyps).

Scheme 31b illustrates the mechanism for the reductive
coupling of 1,6-enynes and aldehydes [64]. In the absence of
a phosphine ligand, ligand substitution places the aldehyde
cis to the carbon distal to the alkene, while the alkene is
coordinated to the nickel, resulting in the exclusive forma-
tion of intermediate 31-4. PCyp; coordinates more strongly
to the metal center than the tethered olefin and can thus
displace the aldehyde, leading to the formation of regioi-
somer 31-5.

Remote directing functionality has proven to be effective
in Ni-catalyzed and Ti-promoted reductive coupling of al-
kynes and aldehydes [65]. Regiochemical control that
overrides inherent substrate biases and that does not require
the installation of a directing functional group would be the
ideal solution [66,67]. In 2010, the Montgomery group [68]
reported nickel-catalyzed ligand-controlled aldehyde-alkyne
reductive coupling (Scheme 32a). Regioselectivity was pri-
marily controlled by the steric hindrance in the region of the
ligand close to the alkyne.

DFT calculation indicated that the control of regioselec-
tivity by ligands is derived from alkyne-ligand interactions
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when large ligands are used, and from aldehyde-alkyne in-
teractions when small ligands are employed, involving the
rate-determining oxidative addition (Scheme 32b). The re-
gioselectivities are directly affected by the shape and or-
ientation of the N-substituents on the ligand [69].

In 2004, Han and co-workers [70] reported a nickel-cata-



2966

Ke et al.

lyzed ligand-controlled addition of H-P(O) to alkynes, af-
fording the Markovnikov and anti-Markovnikov adducts 33-
1 and 33-2 with excellent selectivity (Scheme 33a). In the
presence of the nickel catalyst Ni(PPh,Me),, the reaction was
carried out in EtOH at room temperature to afford the Mar-
kovnikov products 33-1 in good yields with high regios-
electivity. Alternatively, when the same reaction was
conducted in THF and using PPhMe, as a ligand, the se-
lectivity was switched to anti-Markovnikov products 33-2.
Mechanistic studies revealed that the pentacoordinate hy-
drido nickel complex 33-3 is the key intermediate of the
reaction, which is formed through the oxidative addition of
Ph,P(O)H to NiP(Et;), (Scheme 33b). Complex 33-3 may
adopt a trigonal bipyramidal structure and favors the for-
mation of anti-Markovnikov products.

Selective and practical alkyne hydrometalation is of great
value, as the resulting vinylmetals can be used to access vinyl
halides and borates, which are very important intermediates
in cross-coupling reactions. In 2010, the Hoveyda group [71]
reported a nickel-catalyzed ligand-controlled regiodivergent
hydroalumination of terminal alkynes (Scheme 34). In the
presence of a reagent (diisobutylaluminum hydride, DIBAL-
H) and Ni(dppp)Cl,, a-vinylaluminum isomers 34-2 were
obtained in good yields with high regioselectivity. Under the
same conditions, but with Ni(PPh;),Cl, as the catalyst, hy-
droalumination switched to highly fB-selective. The hydro-
alumination products could be further converted into the
corresponding vinyl halides and boronates with the appro-
priate electrophiles.

1,3-Enynes are important structural motifs common in
many bioactive molecules and organic materials. Hydro-
functionalization of 1,3-diynes paved a new route to access
functionalized 1,3-enynes. However, hydrocyanation of 1,3-
diynes remained elusive due to the intractable challenges in
regio- and stereoselectivity control for unsymmetrical in-
ternal alkynes. Fang and co-workers [72] reported a nickel-
catalyzed regiodivergent hydrocyanation of 1-aryl-4-silyl-
1,3-diynes. When appropriate bisphosphine and phosphine-
phosphite ligands were used, the same starting materials
were converted into two different enynyl nitriles 35-1 and
35-2 in good yields with high regioselectivities (Scheme 35).
DFT calculations showed that the structural features of dif-
ferent ligands lead to different alkyne insertion modes, which
in turn lead to different regioselectivities.

In recent years, metallaphotoredox has emerged as a
powerful strategy in which traditionally inert functional
groups are readily converted into carbon-centered radicals,
which subsequently participate in organometallic cross-
couplings via a two-stage radical trapping and reductive
elimination cycle. Notably, photoredox/nickel dual catalysis
has recently found application in the hydroalkylation of
terminal and internal alkynes. The Wu group [73] realized
the hydroalkylation of internal alkynes with ether and amide
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C(sps)—H bonds with high selectivity. Decarboxylative hy-
droalkylation of aliphatic alkynes with alkyl carboxylic acids
was also achieved by the MacMillan group [74], giving the
corresponding products in Markovnikov regioselectivity.
Subsequently, Rueping and co-workers [75] further devel-
oped a photoredox/nickel dual-catalyzed anti-Markovnikov-
type decarboxylative hydroalkylation of styrenes with alkyl
carboxylic acids. Very recently, Nishibayashi et al. [76] re-
ported photoredox/nickel dual-catalyzed hydroalkylation of
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terminal alkynes with 4-alkyl-1,4-dihydropyridines. Using
[NiCl,(dtbbpy)] as a catalyst led to the formation of Mar-
kovnikov-type products 36-1, whereas using NiCl,-6H,0 led
to the formation of anti-Markovnikov-type products 36-2
(Scheme 36a).

The proposed mechanism was depicted in Scheme 36b. In
the Markovnikov-type pathway, a bulky ligand such as
dtbbpy inhibits the formation of anti-Markovnikov-type in-
sertion, leading to the formation of Markovnikov-type in-
termediate 36-3. Alternatively, small ligands such as water
and THF do not inhibit the anti-Markovnikov-type insertion,
leading to the formation of anti-Markovnikov-type inter-
mediate 36-4.

3.5 Regiodivergent cyclization

Macrocyclic allylic alcohols are a common structural motif
in many natural products. The strategy of preparing macro-
cyclic allylic alcohols by the nickel-catalyzed reductive exo-
cyclization of ynals was elegantly applied by Jamison ef al.
[77] in the total syntheses of amphidinolides T1 and T4. A
similar approach was explored in the endo-cyclization of
ynals with internal alkynes in an approach to (—)-terpestacin;
however, that strategy was not realized because of the facility
of the corresponding exo-cyclization [78]. Therefore, it is
highly desirable to develop reductive macrocyclization re-
actions to access both endo- and exo-manifolds. Mon-
tgomery group developed a nickel-catalyzed ligand-
controlled regiodivergent reductive macrocyclizations of
ynals [79] and applied this method to the synthesis of 10-
deoxymethynolide [80]. Selective endo-cyclization of the
advanced synthetic intermediate 37-1 provided the natural
twelve-membered ring 37-2 when IMes was used as a ligand.
Alternatively, selective exo-cyclization was achieved using
the bulky ligand DP-IPr (L28) to provide access to the un-
natural eleven-membered ring 37-3 (Scheme 37).

The 2-pyridone structural motif is common in natural
products and pharmacologically potent compounds display-
ing a diversity of properties. Nakao, Hiyama, and colleagues
[81,82] developed a synergistic nickel(0)/Lewis acid cata-
lyzed intermolecular C6-selective alkylation and alkenyla-
tion of pyridones via C—H activation/alkene hydroarylation.
Intramolecular alkylation of alkene-tethered pyridones af-
forded mostly the exo-cyclization products 38-1 [82]. In
principle, both ends of the double bond can be reacted, thus
resulting in the formation of either exo or endo-cyclization
products 38-1 and 38-2. Cramer et al. [83] reported a re-
giodivergent and highly selective synthesis of 1,6-annulated
2-pyridones by intramolecular Ni-catalyzed cyclization
(Scheme 38a). The regioselectivity of the cyclization was
completely controlled by the ligand and almost independent
of the ring size and alkene substitution pattern. In the pre-
sence of cyclooctadiene, the exo-cyclization products 38-1
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were obtained exclusively, whereas the bulky NHC ligand
selectively provided the endo-cyclized products 38-2.
Moreover, this method was further applied to the synthesis of
lupine alkaloid cytisine (Scheme 38b).
Transition-metal-catalyzed alkene dicarbofunctionaliza-
tion involving intramolecular Heck cyclization and inter-
molecular cross-coupling is a powerful approach for the
construction of cyclic frameworks. However, in the forma-
tion of small rings (five-, six-, and seven-membered rings),
intramolecular Heck reactions almost always proceed via an
exo-cyclization mode. To date, transition metal-catalyzed
difunctionalization of alkenes via endo-selective cyclization/
cross-coupling has not been achieved, which greatly limits
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the applicability of this method. Endo-selective cyclization/
cross-coupling is a formidable challenge for the following
reasons: (1) Due to the limited tether length, the eclipsed
conformations of alkene and Pd-C o-bond preferentially
generate the exo-cyclization products, while the endo-cy-
clization requires a longer, more flexible chain to adopt a
twisted conformation. (2) Exo-cyclized intermediates are
relatively stable due to the absence of B-H, whereas endo-
cyclized intermediates can be rapidly dissociated by B-H
elimination. (3) Compared with exo-cyclized intermediates,
endo-cyclized intermediates are difficult to undergo further
cross-coupling reactions due to the strong steric hindrance
(Scheme 39a).

Kong’s group [84] demonstrated the first example of Ni-
catalyzed ligand-controlled dicarbofunctionalization of al-
kenes. Starting from the same substrate, five- or six-mem-
bered benzo-fused lactams 39-1 and 39-2 bearing gem-
difluoromethylene groups can be obtained with excellent
regioselectivity, respectively (Scheme 39b). Using a chiral
Pyrox- or PHOX-type bidentate ligand, 5-exo cyclization/
cross-couplings proceed favorably to produce indole-2-ones
39-3 in good yields with excellent regioselectivity and en-
antioselectivities (up to 98% ee). When Co6-carboxylic acid-
modified 2,2'-bipyridine was used as the ligand, 3,4-dihy-
droquinolin-2-ones 39-4 were obtained in good yields
through 6-endo-selective cyclization/cross-coupling pro-
cesses (Scheme 39c). This transformation is modular and
tolerant for a variety of functional groups.

A plausible mechanism was proposed in Scheme 39d. The
carboxylic acid group in L29 might act as a hemilabile li-
gand, thus providing flexibility for stabilizing reactive in-
termediates. It can not only act as a sterically hindered
tridentate ligand to regulate endo-selective cyclization, but
also dissociate into a less sterically hindered bidentate ligand
to facilitate the subsequent cross-coupling process.
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Scheme 39 Ni-catalyzed regiodivergent reductive dicarbofunctionaliza-
tion of alkenes [84] (color online).

Transition metal-catalyzed intramolecular addition of aryl
halides to aldehydes, ketones, and esters has been ex-
tensively studied for the construction of benzo-fused het-
erocycles, but amides have been rarely described. This is
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perhaps not surprising since, according to textbook knowl-
edge, the low reactivity of amides stems from amide re-
sonance stability. This resonance stabilization imparts
double-bond character to the amide bond while reducing the
susceptibility of the amide to nucleophilic attack. Conse-
quently, the direct functionalization of amide bonds under
mild and functional-group-tolerant conditions has been a
long-standing synthetic challenge. Kong et al. [85] designed

(a)

bpy (20 mol%)
Ni(acac), (10 mol%)

Sci China Chem  November (2023) Vol.66 No.11
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acrylamide substrates (N-acylacrylamide and N-sulfonyla-
crylamide) through appropriate steric and electronic activa-
tion of the amide N-C(O) bonds, which can extend the
cyclization mode to carbonyl groups beyond the C—C double
bond. A nickel-catalyzed ligand-controlled cyclization/
cross-coupling was thus achieved, enabling the divergent
synthesis of pharmacologically important 2-benzazepine
frameworks (Scheme 40a).
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Scheme 40 Ni-catalyzed divergent synthesis of 2-benzazepine derivatives [85] (color online).
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The bidentate ligand (bpy) facilitates the nucleophilic ad-
dition of the aryl halides to the amide carbonyl, followed by
1,4-acyl transfer and cross-coupling to obtain 2-benzazepin-
S-ones 40-1 and benzo[c]pyrano[2,3-¢]azepines 40-2. The
tridentate ligand (terpyridine) promotes the selective 7-endo
cyclization/cross-coupling to access 2-benzazepin-3-ones 40-3.

The possible reaction mechanism was proposed in Scheme
40b. When the tridentate ligand (terpyridine) is used, 7-endo
cyclization is favored to give the aza-seven-membered-ring
nickel(Il) intermediate 40-5. Migratory insertion of Ni(Il)
species 40-5 to trifluoromethyl alkene followed by B-F
elimination provides 2-benzazepin-3-ones 40-3. In the pre-
sence of bidentate ligand (bpy), the ground-state destabili-
zation amide allows the nucleophilic addition of Ar-Ni(I[)X
intermediate 40-4 to the amide carbonyl group to form the
tetrahedral Ni(II) alkoxide intermediate 40-7, which would
undergo ring opening with 1,4-acyl transfer via C-N bond
cleavage, resulting in the amide-Ni(II) intermediate 40-8.
Intramolecular aza-Michael addition of the amide-Ni(II) in-
termediate 40-8 will lead to the 7-membered ring Ni(Il) in-
termediate 40-9, which undergoes similar migratory
insertion to trifluoromethyl alkene followed by B-F elim-
ination to provide 2-benzazepin-5-ones 40-1.

Notably, the MnBr, could serve as an electrophilic Lewis
acid to activate the gem-difluoroalkene moiety, promoting
the intramolecular nucleophilic cyclization to give 40-11.
Fluorine elimination followed by Mn’ reduction yields the
cyclic carbanion intermediate 40-13, which affords benzo[c]
pyrano[2,3-e]azepine 40-2 upon protonolysis.

The same group further reported an unprecedented ligand-
switchable nickel-catalyzed dyotropic rearrangement, in
which the ligands could control the migratory aptitude of
different groups by modifying the ligands on the metal cat-
alyst and changing the oxidation states of the metal, pro-
viding the divergent synthesis of four medicinally relevant
fluorine-containing scaffolds from the same starting material
(Scheme 41a) [86]. The sterically hindered "'PDI ligand
(L31) facilities 1,2-aryl/Ni dyotropic rearrangement, while
the terpyridine ligand promotes 1,2-acyl/Ni dyotropic re-
arrangement.

A plausible mechanism was demonstrated in Scheme 41b.
The tridentate chelating ligand facilitates 6-exo cyclization to
obtain c-alkyl-Ni(I[)X intermediate 41-5, which could be
reduced by Mn to form a more nucleophilic c-alkyl-Ni(I)
species 41-6. The sterically hindered ligand ""PDI (L31)
favors the 1,2-aryl/Ni dyotropic rearrangement to form
nickel(I) 41-7, which undergoes migratory insertion into
trifluoromethyl alkene followed by B-F elimination furnish-
ing product 41-1. Alternatively, terpyridine promotes the 1,2-
acyl/Ni dyotropic rearrangement to form nickel(I) inter-
mediate 41-9. Nucleophilic addition to trifluoromethyl al-
kene forms the carbonickelation adduct 41-10. Intramo-
lecular nucleophilic addition to the amide’s carbonyl fol-
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lowed by C-N bond cleavage and hydrolysis delivers pro-
duct 41-2. B-F elimination of 41-10 affords product 41-3.
The electrophilic Ni(IT) or Mn(II) species promote nucleo-
philic attack of a-carbon of acyl to gem-difluoroalkene
moiety, forming a 5-endo cyclization intermediate 41-11. B-F
elimination followed by ring contraction furnishes product
41-4.

Experimental and DFT calculation studies further support
the proposed reaction mechanism (Scheme 42). The c-alkyl-
Ni(I) complex 42-1 was synthesized and the structure was
confirmed by X-ray single crystal diffraction analysis and
quenching experiments. Stoichiometric experiments clearly
show that -alkyl-Ni(I) complex is a key intermediate in the
reaction. Control experiments using oc-alkyl-Ni(II) com-
plexes indicate that 1,2-aryl(acyl)/Ni dyotropic rearrange-
ment occurs only when the c-alkyl-Ni(Il) complex 41-5 is
reduced to the c-alkyl-Ni(I) species 41-6.

This transformation is of high synthetic value as it re-
presents a conceptually unprecedented new approach to C—C
bond activation. This process formally breaks an unactivated
C—C o bond while simultaneously forming a new C-C ¢
bond and a new C-Ni bond, which can be further functio-
nalized. This strategy can be widely applied in the future to
construct complex scaffolds through skeleton rearrange-
ments.

Vinylallenes have been used as key synthons in various
metal-catalyzed cycloadditions. In 1998, Murakami and Ito
et al. [87] reported a Rh-catalyzed intermolecular [4+2]
cycloaddition reaction of vinylallenes and alkynes to give the
corresponding multi-substituted benzenes. Recently, Arai et
al. [88] reported a nickel-catalyzed regiodivergent in-
tramolecular [4+2] or [2+2] cycloaddition of vinylallenes
and alkynes, leading to the exclusive formation of highly
functionalized cyclohexadiene and cyclobutene derivatives
(Scheme 43).

1,6-Enynes had emerged as valuable substrates for hy-
drosilylation/cyclization reactions constructing silylcycliza-
tion products. Rh-catalyzed hydrosilylation/cyclization of
1,6-enynes typically affords vinylsilanes via C(spz)—Si bond
formation. In 2016, the Lu group [89] reported the first Co-
catalyzed hydrosilylation/cyclization of 1,6-enynes, which
afforded alkyl silane products. Very recently, the Ge group
[90] further developed an asymmetric variant of the cobalt-
catalyzed cyclization reactions. Such transformation gave
vinyl silanes when alkyl-substituted 1,6-enynes were used,
and the alkyl silane products were formed only with aryl-
substituted enynes. In 2022, Chang et al. [91] reported a
divergent nickel-catalyzed hydrosilylation/cyclization of
1,6-enynes. Alkyl silanes 44-1 were obtained in good yields
with excellent regioselectivity in the presence of Ni(COD),
when THF was used as a solvent. In contrast, when the large
steric hindrance ligand IPr was employed, the vinyl silane
products 44-2 were produced (Scheme 44).
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Scheme 41 Ni-catalyzed switchable dyotropic rearrangement reaction [86] (color online).
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4 Stereoselectivity

Stereospecific reactions proceed with inversion or retention,
preserving the stereochemical information present in the
starting materials without the need for identifying a chiral
catalyst. Such reactions are valuable in late-stage synthesis,
as they provide a predictable means of constructing stereo-
chemically complex intermediates. In 1990, Hiyama et al.
[92] demonstrated the first example of Pd-catalyzed cou-
plings of alkylsilanes that could proceed with retention or
inversion. Subsequently, the Suginome group [93] developed
a stereospecific Suzuki-Miyaura coupling of enantioenriched
a-(acetylamino)benzylboronic esters with aryl bromides,
controlled by the choice of additives to selectively afford
either retention or inversion. In 2013, Jarvo ef al. [94] de-
veloped a nickel-catalyzed ligand-controlled stereospecific
coupling of benzylic carbamates with arylboronic esters. The
choice of achiral ligand controls whether the reaction pro-
ceeds with inversion or retention at the electrophilic carbon,
and therefore, the enantiomer of the product can be formed
from a single enantiomer of the starting material. Tricyclo-
hexylphosphine ligand provided the products with retention,
while an N-heterocyclic carbene ligand provided the pro-
ducts with inversion (Scheme 45).

Precise stereocontrolled synthesis of functionalized al-
kenes is a long-standing research topic in organic synthesis.
The development of catalytic, readily tunable synthetic
methods for the synthesis of E-selective and more challen-
ging Z-selective alkenes is extremely challenging. In 2004,
Mori et al. [95] disclosed Ni-catalyzed ligand-controlled
high stereoselective synthesis of E- and Z-allylsilanes from
dienes and aldehydes. E-allylsilanes (E)-46-1 were selec-
tively formed in the presence of PPh; as a ligand. Alter-
natively, Z-allylsilanes (Z)-46-1 were selectively formed if a
nickel complex with NHC was used for this reaction
(Scheme 46a).

A possible reaction mechanism was shown in Scheme 46b.
Oxidative cyclization of the diene and the carbonyl group of
the aldehyde gives oxanickelacycle 46-4, which is in equi-
librium with n-allylnickel complex 46-5. c-Bond metathesis
between 46-5 and hydrosilane followed by reductive elim-
ination gives (Z)-46-1. E-allylsilane is formed via syn-m-al-
lylnickelsilane complex 46-2 generated by hydrosilylation of
diene.

All-carbon tetrasubstituted alkene structural motifs have
displayed significant biological activity and found wide-
spread applications in the pharmaceutical industry. However,
highly stereoselective methods for the assembly of acyclic
tetrasubstituted alkenes have remained scarce. In general, it
is accepted that the coupling of stereochemically defined
alkenyl halides will preserve the stereochemistry regardless
of their original E- or Z-state. Later studies have found that
the ligands coordinated to palladium have a profound effect
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Scheme 46 Ni-catalyzed ligand-controlled stereodivergent coupling re-
actions of 1,3-dienes and aldehyde [95] (color online).

on the stereochemical outcome. Lipshutz pioneered the study
of Pd-catalyzed stereodivergent cross-coupling of dis-
ubstituted alkenyl halides [96,97]. In 2021, the Sigman group
[98] reported a method to diastereoselectively access tetra-
substituted alkenes via nickel-catalyzed Suzuki-Miyaura
cross-couplings of enol tosylates and boronic acid esters.
Either diastereomeric product was selectively obtained from
a mixture of the enol tosylates diastereomers by simply
switching the ligand and solvent system (Scheme 47). It is
worth mentioning that the high-throughput ligand screening
was performed under the guidance of the Kraken organo-
phosphorus(IIT) descriptor library. The synthetic utility of the
catalytic system was then demonstarted in the stereoselective
synthesis of various tetrasubstituted alkenes, with yields up
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Scheme 47 Ni-catalyzed stereodivergent cross-coupling reactions of enol
tosylates and pinacol boronates [98] (color online).

to 94% and diastereomeric ratios up to 99:1 Z/E and 93:7 E/Z
observed.

1,3-Dienes are one of the most important structural motifs
commonly found in many natural products and bioactive
compounds, as well as serve as valuable building blocks for
diverse transformations in synthetic chemistry. However,
catalytic stereodivergent strategies that enable the E- and Z-
selective synthesis of substituted 1,3-dienes remain under-
exploited. Recently, catalytic 1,2-difunctionalization of al-
kynes via dual nickel/photoredox catalysis has been
developed to furnish trisubstituted alkenes with anti-se-
lectivity [99—101]. Nevertheless, rare examples of stereo-
divergent synthesis of both #rans- and cis-substituted alkenes
from alkynes have been reported. Very recently, Chu and co-
workers [102] demonstrated a ligand-controlled stereo-
divergent alkenyl-functionalization of alkynes with vinyl
triflates and sodium sulfinates via photoredox and nickel
dual catalysis. With suitable nickel catalysts and ligands, this
method enables efficient and divergent access to both Z- and
E-sulfonyl-1,3-dienes from the same starting materials
(Scheme 48a).

A possible reaction mechanism was proposed in Scheme
48b. In the case of terpyridine as a ligand, the sulfonyl radical
is trapped by Ni(I) to give RSO,-Ni(I) 48-2, which is then
single-electron reduced by Ru(I) to generate RSO,-Ni(I) 48-
3. Regioselective migratory insertion of 48-3 into alkyne
delivers cis-alkenyl Ni(I) species 48-4, which undergoes
isomerization to afford the trans-alkenyl Ni(I) 48-5. Oxida-
tive addition of 48-5 with vinyl triflate affords rans-Ni(111)
48-6, which undergoes reductive elimination to furnish anti-
addition diene (£)-48-1. In the case of NiCl,-dppf/phen,
dppf-ligated Ni(I) is more prone to a SET reduction by Ru(I)
to generate Ni(0) species, followed by facile oxidative ad-
dition with vinyl triflate to form dppf-ligated alkenyl-Ni(II)
48-7. 48-7 undergoes further ligand exchange with 1,10-
phen to form phen-ligated alkenyl-Ni(II) 48-8. The vinyl
radical is generated from the addition of sulfonyl radical to
alkyne captured by phen-ligated alkenyl-Ni(IT) 48-8 to form
the more stable cis-Ni(IIl) species 48-9, which undergoes
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Scheme 48 Ligand-controlled stereodivergent alkenylation of alkynes
with vinyl triflates and sodium sulfinates [102].

reductive elimination to furnish syn-selective product (Z)-48-
1.

Transition metal-catalyzed hydroboration of allenes is a
well-known process that can produce allylboronate or alke-
nylboronate compounds. In contrast to the well-established
Z-stereoselective hydroboration of allenes, examples of E-
stereoselective hydroboration of allenes are extremely rare.
The only example of E-stereoselective hydroboration is the
copper-catalyzed hydroboration of allene reported by Tsuji et
al. [103]. Recently, the Ge group [104] developed a con-
venient and effective protocol for the synthesis of stereo-
defined trisubstituted Z- and FE-alkenylboronates through
ligand-controlled nickel-catalyzed stereodivergent hydro-
boration of allenes (Scheme 49a).

DEFT calculations were conducted to understand the reac-
tion mechanism (Scheme 49b). The bisphosphine-ligated
nickel-allene complex 49-4, formed by the replacement of
COD with allenes followed by the coordination of bispho-
sphine ligands, reacts with HBpin to form the corresponding
nickel-olefin complex 49-5, which is the stereo-determining
step in these stereodivergent hydroboration reactions. Mini-
mizing the steric interaction between bisphosphine and
boryl-containing allyl groups in allylnickel intermediates
with maintaining the steric saturation around the nickel
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lenes [104] (color online).

center controls the stereochemistry outcome of alkenylbor-
onate products.

5 Conclusions and perspective

In summary, the recent achievements in nickel-catalyzed
divergent and selective transformations have been summar-
ized and discussed. By employing different ligands, distinct
molecular scaffolds can be selectively obtained from iden-
tical starting materials under otherwise almost identical re-
action conditions. The strategy does not only lead to
scaffolds for library synthesis applications, but could also
reveal novel modes of transition-metal catalysis. Despite the
significant progress that has been made in this rapidly de-
veloping research field over the past few years, many in-
teresting challenges and also opportunities have yet to be
addressed.

Although many of the reported ligand-directed divergent
catalysis reactions are serendipitous discoveries, careful
observation of the effect of ligands on the regioselectivity
and chemoselectivity of the reactions, and further optimi-
zation of conditions will lead to the discovery of catalytic
transformations with broader synthetic utility.

For practical application, strictly catalyst-controlled
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selectivities can usually be further improved by traditional
approaches such as changes in solvent, temperature, or ad-
ditives.

Computational methods to visualize and rationalize the
transition states governing the selective reactions offer an
exciting dimension to improve the understanding and design
of selective catalysts.

An increasing number of ligands are being designed, and a
wide range of accessible ligand classes provide the necessary
tools to discover other catalytic ligand-directed different
synthetic applications. Consequently, the development of
transition metal-catalyzed ligand-controlled divergent
transformations will no doubt be a strong field of in-
vestigation for years to come.
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