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Following the age of directing group, anchoring catalysis starts coming to the center of the stage. Different from the directing-
group strategy that needs a preinstalled directing group in substrates, anchoring catalysis relies on a reversible interaction
between a substrate and a catalyst, which then directs metal to activate inert chemical bonds. Such reversible directing effect not
only generates good site- and stereo-selectivity as traditional directing groups do but also eliminates the requirement of
stoichiometric amounts of directing groups. Among variously reported anchoring catalysis, coordinative bimetallic anchoring
catalysis in general displays superior reactivity than others because coordinative bonding not only affords strong interaction of
catalysts with substrates but also displays good compatibility with substrates and reaction conditions. In recent years, big
progress has been achieved for coordinative bimetallic anchoring catalysis. This review gave a detailed summary of this field,
including catalyst development, catalyst types, reaction types and reaction mechanisms.
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1 Introduction

Due to the ubiquity of C–H and C–C bonds in organic mo-
lecules, the development of robust methods for their direct
transformation is of importance for organic synthesis [1],
because such a transformation not only eliminates the need
for pre-functionalization of starting materials, thus providing
an atom- and step-economical route to organic molecules,
but also allows the use of readily available chemical re-
sources, thus significantly expanding the source of sub-
strates. However, compared with activation of other bonds
such as C–X (Cl, Br, I), C–O and C–N bonds, C–H or C–C
bond activation is faced with a tremendous challenge be-
cause of their higher bond energy and overwhelming pre-
valence with often-marginal chemical differences in organic
molecules. Various catalytic methods have been explored
during the past several decades to address this challenge, and

finally, transition metal catalysis stands out among them [2],
because transition metal catalysts, together with proper cat-
alytic strategies, present more versatile reactivity and higher
catalytic efficiency in most cases.
The early-stage catalytic strategy for C–H activation is to

incorporate an active reagent into substrates to facilitate the
interaction of substrates with metal catalysts, thus ultimately
promoting reactivity and selectivity [3]. However, this in-
tramolecular reaction design suffers from significant lim-
itations, including tedious substrate preparation and limited
product diversity. Directing group strategy emerges and ra-
pidly occupies a central position in C–H or C–C bond acti-
vation reactions to address these limitations [4]. In this
strategy, a proper directing group is preinstalled into sub-
strates to coordinate a metal catalyst, thus facilitating inert
bond activation and product-complexity construction. Di-
recting group strategy proves successful, and considerable
progress has been achieved for C–H and C–C bond activa-
tions during the past two decades. Nevertheless, significant
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limitations still exist. First, additional synthetic steps are
often required for the installation or removal of customized
directing groups. Second, the use of stoichiometric amounts
of directing groups would result in a low atom economy,
especially when a directing group is comparable to a sub-
strate. Third, it is difficult to install directing groups into raw
materials such as simple arenes and alkanes. In this context,
the development of new strategies to facilitate C–H or C–C
bond activation without special directing groups is highly
desirable.
Inspired by enzymatic catalysis that anchors a metal cat-

alyst and a substrate in a protein pocket to undergo highly
efficient catalysis, chemists devise synergistic catalysis to
address this challenge, and soon a large number of relevant
concepts emerge [5], including catalytic amount directing
group, transient directing group, bimetallic catalysis, cluster
catalyst, supramolecular catalysis, scaffolding catalysis,
tandem catalysis, cooperative catalysis. Despite different
names, most of these strategies share two critical features as
those in enzymatic catalysis: (1) a bifunctional catalyst that
can bind a substrate first and then selectively activate a
certain C–H or C–C bond of the substrate; (2) the interaction
between the substrate and the catalyst is reversible, thus al-
lowing an easy regeneration of the catalyst after the reaction.
To unify these strategies and highlight their common char-
acters, herein, we coin “anchoring catalysis” to describe
these catalytic processes and a general depiction is shown as
below (Scheme 1).
In principle, reversible interaction between substrates and

catalysts includes reversible covalent bonding, H-bonding,
coordinative bonding, ion-pair bonding, π-stacking, and even
dipole-dipole interaction, like those found in enzymatic
catalysis. However, owing to relatively harsh conditions re-
quired for C–H or C–C bond activation, up to now, only four
relatively strong interactions such as reversible covalent
bonding, H-bonding, coordinative bonding, and ion-pair
bonding have been successfully applied to C–H bond acti-
vations, whereas weak interactions such as π-stacking and
dipole-dipole interaction still cannot provide good directing
effect in such reactions [6].
Among four strong interactions, reversible covalent

bonding through reversible C=N bond or O–P bond has been
extensively explored in C–H bond activation reactions, and
relevant progress has been summarized in several reported
reviews [7]. In contrast, the development of the other three
non-covalent bondings, including H-bonding [8], co-
ordinative bonding, ion-pair bonding [9,10] in C–H bond
activation reactions, is still in infancy, in spite of their more
promising features such as rapid dissociation of catalysts
from substrates, and good functional-group compatibility.
Among these three non-covalent bondings, coordinative
bonding is relatively more superior because it possesses
stronger coordination with substrates and wider substrate

scope. Therefore, coordinative bonding catalysis has re-
ceived more intensive attention in recent years. To form a
proper coordinative bonding between a substrate and a cat-
alyst without inhibiting the following C–H or C–C activa-
tion, an extra metal (M2) beyond metal catalyst (M1) should
be introduced into the catalyst (Scheme 2). In addition, in
order to obtain the desired directing effect as that in the
directing-group strategy, a proper linker between two metals
should be used to generate good synergism of two metals.
In general, there are three types of linkages for these two

metals: metal ligation, metal anion ligation, and ligand li-
gation. According to linkage types, bimetallic anchoring
catalysis (BAC) through coordinative bonding can be di-
vided into three groups: (1) metal-ligated BAC; (2) anion-
ligated BAC; (3) ligand-ligated BAC (Scheme 3). One of
two metals in BAC is a real catalyst, and the other provides
anchoring interaction with a substrate, thus generating a di-
recting effect before the step of C–H or C–C bond activation.
Notably, the current bimetallic catalysis is quite different
from traditional bimetallic catalysis, wherein two metals act
as both catalysts [11] and both anchoring sites without sy-
nergistic directing effect [12].
Recently, big progress has been achieved for coordinative-

bonding anchoring catalysis, and many examples with good
yield and selectivity and even high enantioselectivity have
been reported for both C–H and C–C bond activation,
opening a new avenue towards the activation of various inert
bonds. Although many examples still cannot give solid

Scheme 1 Anchoring catalysis (color online).

Scheme 2 Bimetallic anchoring catalysis (color online).

Scheme 3 Types of bimetallic anchoring catalysis (BAC) (color online).
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evidence on bimetallic anchoring catalysis, relevant re-
activity and selectivity can be well explained by this catalytic
mode. Herein, we will highlight advances in this topic and
give a summary on catalyst development, catalyst types,
reaction types and reaction mechanisms.

2 Metal-ligated BAC

Metal-ligated BAC means that a third metal is used to ligate
the other two metals that act as a substrate-anchoring site and
a catalyst to activate C–H bonds. Such a catalyst appears in
general as a tri-nuclear metal cluster.
In 1982, Shapley and co-workers [13] used stoichiometric

amounts of Os3(CO)10(CH3CN)2 as catalysts to activate
benzimidazole, achieving selective C4–H bond activation
(Scheme 4). Among three Os metals, one Os metal (orange
one) is proposed to coordinate to benzimidazoles and then
direct the other Os metal (purple one) to activate aryl C4–H
bond. This is the first example of metal-ligation bonding
bimetallic anchoring catalysis for site-selective C–H bond
activation.
Then in 1992, the first catalytic version was reported by

Moore and co-workers [14], who used Ru3(CO)12 cluster as a
catalyst, providing a C2–H acylation of pyridine and deri-
vatives with CO and olefins as acyl source (Scheme 5). The
cluster framework was proposed to remain intact during the
catalytic cycle because the Ru-pyridine complex cannot
generate pyridyl ketone product when it was treated with
photolysis, but the mononuclear Ru metal complex can do. In
addition, the reaction showed the first-order rate dependence
on the concentration of Ru3(CO)12, which also supported
cluster catalysis. The presence of extra ligands in the cluster

had a strong influence on the reactivity of C–H bond acti-
vation. For example, Ru3(CO)11(PPh3) was much less active
and Ru3(CO)9(PPh3)3 completely shut down the reaction.
These results further suggested that the coordination of
substrate with the cluster was critical to the reactivity. A
possible mechanism was proposed as follows: the co-
ordination of pyridine to the Ru cluster was followed by
directed ortho-metalation, olefin insertion, migratory car-
bonyl insertion and reductive elimination, affording acylated
pyridines with branched or linear selectivity.
Although Moore’s system exhibited high catalytic turn-

over frequencies and moderate yield, the reaction requires a
large excess of pyridine. In 1996, Murai and coworkers [15a]
found that a similar catalytic system can be applied to C4−H
alkenylation of imidazoles, achieving a range of 4-acyl
imidazoles in high yields with imidazoles as limiting re-
agents (Scheme 6). Later, they found that various other
heterocycles were also well compatible with the reaction,
providing a series of aryl C−H acylated products in up to
80% yields [15b], which are not easily accessed through
traditional catalytic modes.
In 2007, Suzuki and coworkers [16] used ruthenium

complexes Ru-1 and Ru-2 to investigate C–H activation of
pyridines, and obtained a novel bimetal-catalyzed dehy-
drogenative coupling reaction of pyridines (Scheme 7).
A variety of substituents at C4-position, such as methoxy,

methyl, ethoxycarbonyl, and dimethylamino groups, are well
tolerated, providing a series of 2,2′-bipyridines in up to 64%
yield. Stoichiometric reactions of di-nuclear complexes with
pyridine showed that two pyridyl moieties coordinated to the
same ruthenium center in cis geometry with head-to-head
configuration, and the other Ru center activated C–H bonds
to form two new C–Ru bonds, indicating a Ru-ligated Ru–Ru

Scheme 4 Os-ligated Os–Os BAC for C–H activation of benzimidazoles
(color online).

Scheme 5 Ru-ligated Ru–Ru BAC for C2–H acylation of pyridines (color
online).

Scheme 6 Ru-ligated Ru–Ru BAC for C–H acylation of imidazoles
(color online).
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bimetal anchoring catalysis in this reaction.
Except for the above-mentioned metal-ligated bimetallic

anchoring catalysis, there is another sole example without
metal ligation, in which two metals are proposed to directly
ligate each other for C–H activations. In 2011, Chang and co-
workers [17] reported a Rh(NHC)-catalyzed C8-selective
arylation of quinolines with bromoarenes in the presence of
tBuONa (Scheme 8). They found that the use of a carbene
ligand together with Rh2(OAc)4 as a precatalyst was critical
to high C8–H selectivity. Otherwise, C2–H arylation would
dominate. Under the optimized conditions, a variety of
substituted quinolines and aryl bromides were well tolerated
in the reaction. Compared with Bergman-Ellman’s Rh-
catalyst system that delivered C2-arylation of quinolines
with significant base-inhibition effect [18], the current sys-

tem generates distinctive selectivity and reactivity, suggest-
ing a different mechanism. To explain the result, the authors
proposed an Rh–Rh bonding anchoring catalysis (Int1).
However, a four-membered rhodacycle involving a mono-
meric Rh-NHC species (Int2) still cannot be ruled out.

3 Anion-ligated BAC

Beyond metal clusters that can well accommodate two me-
tals together, metal anions such as hydride, halide and alkyl
group also prove to be good linkers to joint two metals.
In 2011, Ogoshi and co-workers [19] reported a Ni-

catalyzed intermolecular [3+2] cycloaddition reaction of
cyclopropyl ketone and alkynes in the presence of orga-
noaluminum (Scheme 9). They found that the use of
Me2AlCl significantly elevated the reactivity to give a
quantitative yield, suggesting that Me2AlCl was a more op-
timal Lewis acid than AlMe3. When an isolable six-mem-
bered oxa-nickelacycle was treated with alkyne and
Me2AlCl, a π-allylnickel complex bearing a Cl-bridging
bond was observed. On the basis of this result, the authors
proposed that AlMe2Cl played dual roles in the reaction: (1)
coordination with cyclopropyl ketone, thus reducing C–C
bond strength; (2) combination of Al and Ni through a Cl-
bridging bond, thus directing Ni for C–C bond activation.
In 2012, Driver’s group [20] reported a Ni-catalyzed C7–H

selective alkenylation of pyridotriazole with equivalent
amounts of AlMe3 (Scheme 10). The order of addition of
reagents was crucial to the reaction efficiency: high yields
were obtained reproducibly only when triazolopyridine was
premixed with AlMe3 before the addition of phosphine and
Ni(cod)2. The authors speculated that such an addition order
could generate proper coordination of the nickel catalyst
with the aluminum via a methyl-bridging bond, thus or-
ienting the substrate for selective oxidative addition of C7–H
bond.

Scheme 7 Ru-ligated Ru–Ru BAC for dehydrogenative coupling of
pyridines (color online).

Scheme 8 Rh–Rh BAC without metal ligation for C8-arylation of qui-
nolines (color online). Scheme 9 Cl-ligated Ni–Al BAC for [3+2] cycloaddition (color online).
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4 Ligand-ligated BAC

Although metal ligation and anion ligation can provide good
linkages between two metals for synergistic anchoring cat-
alysis, these linkages are still too simplified to provide more
versatile functions, for example, long-distance synergism of
two metals and stereoselective control. In this context, the
use of bifunctional ligand as a linker to ligate two metals
simultaneously becomes a new option, because a ligand
would not only afford a highly adjustable steric and elec-
tronic environment around two metals, but also would allow
good enantioselective control by incorporating proper chiral
backbone. According to different types of anchoring metals,
these reactions can be divided into alkali metal-anchoring
type, transition metal-anchoring type and main-group metal-
anchoring type.

4.1 Alkali metal as an anchoring metal

In 2017, Chattopadhyay and co-workers [21] reported a
para-selective borylation of aromatic esters under ligand-
ligated K–Ir bimetallic catalysis (Scheme 11).
In this reaction, they designed an L-shaped ligand that

contained a bipyridine motif and a 2-quinolone motif. The
former coordinated to Ir metal, and the latter generated an
alcoholic potassium species that bound the ester group. Fi-
nally, the combination of K and Ir bimetallic catalyst suc-
cessfully furnished a remote C–H bond borylation of arenes
via synergistic anchoring catalysis.
To confirm the non-covalent (C=O···K–O) interaction

between the substrates and the ligand, the authors conducted
several control experiments. First, when O atom of the op-
timal ligand was protected by a methyl group, para/meta
selectivity decreased to 1.9/1 from the original 33/1. Second,

in the presence of 10 mol% of 18-crown-6 that would have
strong coordination with potassium ion, para-selectivity was
greatly inhibited. These results indicated that the interaction
between the potassium ion and the carbonyl group is crucial
to para-selectivity.
In 2018, with the same catalytic system, Chattopadhyay’s

group [22] achieved a meta-C–H borylation of aromatic
amides (Scheme 12). Similarly, the interaction between the
O–K group and an amide group is important in controlling
regioselectivity. But the switch of aryl substituent from the
ester group to an amide group resulted in reversion of para
selectivity to meta selectivity of arenes, which was probably
attributed to a configuration change of macrocyclic transition
state.

Scheme 10 Me-ligated Ni–Al BAC for C–H alkenylation of triazolo-
pyridines (color online).

Scheme 11 Ligand-ligated K–Ir BAC for para-C–H borylation of aro-
matic esters (color online).

Scheme 12 Ligand-ligated K–Ir BAC for meta-C–H borylation of aro-
matic amides (color online).
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4.2 Transition metal as an anchoring metal

4.2.1 Pd–Pd bimetallic catalysis
In 2017, Yu and co-workers [23] reported a new type of
bifunctional ligand bearing a bissulfonamide motif and a
pyridine motif, with which they realized selective C–H al-
kenylation of 3-phenylpyridine (Scheme 13). In the reaction,
the bissulfonamide motif of the ligand coordinated to one Pd
metal to provide an anchoring site for the substrate, and the
pyridine motif coordinated to the other Pd metal to activate
the remote C–H bond of the aromatic ring.
Following this success, Yu’s group continued to explore

selective C–H alkenylation of quinolines in the same work
(Scheme 14). A new ligand bearing a pyridine-2,6-
dicarboxamide motif and a nitrile motif was designed to

accommodate quinoline structure. The pyridine motif co-
ordinated to one Pd metal, thus forming a substrate anchor-
ing site, and the nitrile group interacted with the other Pd
metal, thus acting as a catalyst to activate C–H bond. Despite
one equivalent of ligands required for obtaining a reasonable
yield, the reaction provided a highly selective C5–H alke-
nylation of quinolines in the presence of stoichiometric
AgOAc and 10 mol% Pd(OAc)2. This work represents a
breakthrough in C–C bond formation via bimetallic an-
choring catalysis, because all previous ligand-ligated an-
choring catalysis are limited to C–H borylation reactions [8
−10].
Inspired by this strategy, Maiti’s group designed a series of

similar bifunctional ligands (Scheme 15), and applied them
to develop various types of selective alkenylation or alky-
lation reactions of quinolones [24], pyridyl-arenes [25] and
thiazoles [26] with acrylates or allylic alcohols, achieving
good yields and up to excellent site selectivity. These results
further demonstrate that bimetallic anchoring catalysis is a
powerful strategy for non-directed selective C–H activation.
By combining ligand-ligated bimetallic anchoring cata-

lysis with a transient norbornene mediator strategy, Yu and
co-workers [27] developed a selective arylation of benzoa-
zines including quinolines and benzothiazoles, with a re-
versal selectivity from previous C5 selectivity to C6
selectivity (Scheme 16). This new selectivity is not easily
accessible by other methods, demonstrating that the combi-
nation of anchoring catalysis and other strategy is a powerful
tool for remote C–H bond activation.

4.2.2 Zn–Ir bimetallic catalysis
Recently, Gramage-Doria and co-workers [28] designed a

Scheme 14 Ligand-ligated Pd–Pd BAC for C5–H alkenylation of qui-
nolines (color online).

Scheme 13 Ligand-ligated Pd–Pd BAC for meta-C–H alkenylation of 3-
phenylpyridine (color online).

Scheme 15 Ligand-ligated Pd–Pd BAC for C5–H olefination of thiazoles
(color online).
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porphyrin scaffold bearing a N,N-bidentate motif (Scheme
17). Porphyrin-Zn acted as an anchoring site to coordinate
pyridine derivatives, and then directed bidendate Ir metal to
activate C3–H bond of pyridines, providing a range of C3-
borylated pyridines and other heterocycles.

4.3 Main-group metal as an anchoring metal

When two transition metals are used in bimetallic anchoring
catalysis, a big limitation is the mutual interference of these
two metals, because they often have a similar coordinative
ability with substrates and ligands. To eliminate potential
interference, previous examples in general used two same
transition metals such as Pd–Pd in the above-mentioned
section. Besides this strategy, another alternative is to use
main group metals to act as anchoring metal, because main
group metals have the good coordinative ability with sub-
strates and display completely different reactivity from
transition metals. With this strategy, mutual interference of
two metals would be well inhibited, thus greatly facilitating
reaction development.

4.3.1 Precious metal catalysis
In 2017, Kuninobu, Kanai and co-workers [29] designed a
novel bipyridine ligand containing a boryl group. Taking
advantage of the coordination of a sulfur atom in substrates
with the boron group, they realized ortho-borylation of
thioanisole derivatives (Scheme 18). Control experiment
with 4,4-di-tert-butyl bipyridine (dtbpy) as a ligand gave
poor ortho-selectivity, and additionally, the electronic prop-
erty of the boron group also has a strong influence on the
reactivity and ortho-selectivity. These results suggested a
key role of the boryl group of the ligand in the reaction.
Considering that Al-Lewis acids have a stronger Lewis

acidity than that of boron reagents, in 2018, Nakao and co-
workers [30] designed a phosphine ligand-ligated Rh–Al
catalyst for C–H activation of pyridines (Scheme 19). Owing
to the fact that aluminum has highly ionic character, which
often results in high instability of orgnoaluminum reagents
and their difficult preparation, a multi-dentate nitrogen-
containing motif was incorporated into the ligand to provide
better coordination with aluminum species, thus enhancing
the stability of Al species.

Scheme 16 Bimetallic anchoring catalysis and transient mediator for
selective C–H arylation of benzoazines (color online).

Scheme 17 Ligand-ligated Zn–Ir BAC for C3–H borylation of pyridines
(color online).

Scheme 18 Ligand-ligated B–Ir BAC for ortho-C–H borylation of
thioanisoles (color online).

Scheme 19 Ligand-ligated Al–Rh BAC for C2-alkylation of pyridines
(color online).
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With this ligand, a ligand-ligated Al−Rh complex was
synthesized and characterized. Although charge-transfer
between two nitrogens and aluminum decreased Lewis
acidity of the aluminum center, this catalytic system still
worked well, smoothly furnishing a C2-alkylation of pyr-
idines with alkenes.
In addition, they found that a similar catalyst can also

effectively facilitate a C2–H silylation of pyridines, provid-
ing a series of silylated heterocyles in up to 94% yield
(Scheme 20) [31].
To achieve C–H functionalization at C3 positions of pyr-

idines, in 2019, Nakao and co-workers [32] developed a
1,10-phenanthroline-based bifunctional ligand bearing an
alkylborane moiety (Scheme 21). Through the coordination
of the boron group with pyridine, Ir catalyst was directed to
activate C3–H bond of pyridines. This work is the first ex-
ample of high C3-selective borylation of pyridines, solving a
long-term challenge in the field of C–H borylation of pyr-
idines.
The same report also examined selective C–H borylation

of arenes bearing an amide carboxylate. However, the above-
mentioned boron-containing ligand was not so effective be-
cause of more electron-rich aromatic C–H bonds. Therefore,
they designed a new bifunctional 2,2′-bipyridine ligand

bearing an alkylaluminum biphenoxide moiety with stronger
Lewis acidity (Scheme 22). With this ligand, Ir catalyst was
easily directed to activate meta-C−H bond of aromatic rings,
providing a meta-selective C−H borylation of benzamides.
This method showed good tolerance toward a range of
functional groups including Lewis basic groups without loss
of site-selectivity.

4.3.2 3d-Transition metal catalysis
3d-Transition metals are recognized as ideal surrogates of
precious metals in organic reactions, because of their high
abundance, low price, low bio-toxicity and unique properties
[33], while 3d-metal-catalyzed C−H or C−C bond activation
has been a challenging task. Relying on bidentate directing
groups or pre-activated substrates, C−H or C−C bonds can be
smoothly activated by 3d-metals [34]. In contrast, non-
directed C−H or C−C bond activation is more difficult to be
achieved. Coordination-bonding bimetallic anchoring cata-
lysis has been applied to address this challenge.
On the basis of the seminal racemic work by Nakao and

co-workers [35], in 2013, Cramer’s group [36] found that
chiral phosphine oxide (PO) ligand can promote Ni−Al co-
catalyzed C−H cyclizaiton of formamides with alkenes,
providing a series of chiral γ-lactams derivatives were con-
structed with up to 98% yield and up to 95% ee (Scheme 23).
In consideration of superior reactivity and enantioselec-

tivity of this phosphine oxide ligand than that of traditional
chiral phosphines, the authors proposed that phosphine oxide
may tautomerize into a trivalent phosphinous acid isomer,
which would act as a bifunctional ligand to bind both nickel
and aluminum, thus providing coordination-bonding an-
choring catalysis in the reaction. The detailed mechanism is
depicted as below (Scheme 24): phosphinic acid reacts with
AlMe3 to generate adduct A, which binds Ni(0) to form an
active catalyst B. After the coordination of aluminum with
formamide (C), nickel is directed to activate formyl C–H

Scheme 20 Ligand-ligated Al–Rh BAC for C2–H silylation of pyridines
(color online).

Scheme 21 Ligand-ligated Al–Ir BAC for C3−H borylation of pyridines
(color online).

Scheme 22 Ligand-ligated Al–Ir BAC for meta-C−H borylation of ben-
zamides (color online).
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bond. Subsequent alkene insertion and reductive elimination
results in final γ-lactams.
To confirm such a hypothesis, the authors prepared a pu-

tative intermediate PO1-Al through the reaction of PO1 li-
gand with Me2AlCl (Scheme 25), and found that the use of
0.25 mol% of the complex can ensure high reactivity without
additional AlMe3 and PPh3. This discovery on phosphine
oxide ligand-binding Ni and Al for C−H bond activation is
an important breakthrough, providing the first bimetallic
anchoring catalysis of 3d-metals.
In 2017, Ye’s group [37] investigated a [3+2] cycloaddi-

tion reaction of cyclopropyl carboxamides with alkynes,
which has been an elusive challenge for a long time. Ogoshi
and co-workers [19] have reported the cycloaddition of cy-
clopropyl ketones and alkynes, in which Cl-ligated Ni–Al
bimetal was proposed to be an active catalyst. However, this
catalyst was ineffective to cyclopropyl carboxamides that

cannot form stable oxa-nickelacycle intermediates from the
originally generated 4-membered nickelacycle in the reac-
tion. To stabilize such an instable nickelacycle, Ye’s group
proposed to use a bifunctional ligand instead of a weak Cl
bridge to ligate Ni and Al for achieving a more stable bi-
cyclic intermediate to promote the reaction. Systematical
investigation of ligands revealed that phosphine oxides were
an optimal ligand that can well ligate Ni and Al to smoothly
furnish a [3+2] cycloaddition reaction of cyclopropyl car-
boxamides with alkynes, providing a wide range of 5-
membered products in up to 97% yield.
After the completion of the racemic reaction, an en-

antioselective reaction was then realized by using a naph-
thyl-substituted chiral tartrate-derived PO (PO2) as an
optimal ligand together with additional tertiary phosphine
(Scheme 26) [37], providing a series of synthetically useful
cyclopentenyl carboxamides in up to 99% yield and 94% ee.
This example further demonstrated that phosphine oxide-
ligated Ni–Al bimetallic system could be a powerful an-
choring catalytic system for a broad range of reactions.
A plausible mechanism was proposed in Scheme 27:

phosphine oxide reacts with AlMe3 and Ni(cod)2 to generate
in-situ bimetallic catalyst D, which coordinates to a substrate
and then direct Ni for C−C bond activation. Subsequent al-
kyne insertion and reductive elimination provided the cor-
responding alkenylated product and regenerated the active
catalyst D. The in-situ formed PO−Ni−Al combination
probably played a triple role: activating cyclopropane sub-
strate, directing nickel to undergo oxidative addition and
stabilizing the in situ formed nickelacycle. NMR studies

Scheme 23 PO-ligated Ni−Al BAC for C–H cyclization of formamides
with alkenes (color online).

Scheme 24 Proposed mechanism (color online).

Scheme 25 Reactivity of phosphine oxide-Al complex (color online).

Scheme 26 PO-ligated Ni−Al BAC for enantioselective cycloaddition of
cyclopropyl carboxamides with alkynes (color online).
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were conducted to confirm this mechanism. Both 1H and 31P
NMR spectra showed that Ph2P(O)H and AlMe3 easily
transformed into P−O−Al complex, which then coordinated
to nickel to form a Ni−P−O−Al bimetallic catalyst. With 10
mol% of this catalyst, the model reaction gave the desired
product in 54% yield.
On the basis of this work, Ye’s group [38] further extended

this phosphine oxide-ligated bimetallic anchoring catalysis
to other inert bond activation reactions. In 2018, C–H cy-
clization of benzimidazoles with alkenes was achieved by
using Taddol-derived phosphine oxide (PO3)-ligated Ni–Al
bimetallic anchoring catalysis, providing a series of bi- and
polycyclic imidazoles with β-stereocenter in up to 98% yield
and up to >99% ee (Scheme 28). Owing to high reactivity
and selectivity, even vulnerable C−Br bond still survived in
this reaction. In contrast, the previous Rh-catalyzed version
in general required high loadings of Rh (10–20 mol%) and
harsh conditions (160–180 °C), rendering enantioselective
control quite difficult.
A similar catalytic cycle as depicted in Scheme 29: bi-

metallic catalyst E is formed first and then coordinates to
benzoimidazole. Subsequently, Ni was directed to activate
C−H bond via either ligand-to-ligand H transfer or oxidative
addition pathway. The following alkene insertion and re-
ductive elimination delivers the product and regenerates the
active catalytic species for the next catalytic cycle. In me-
chanistic experiments, the authors synthesized imidazole-
AlMe3 and imidazole-AlMe3-Ph2P(O)H complexes, and
characterized them with 1H and 31P NMR spectra. Upon
treatment with stoichiometric nickel, the imidazole-AlMe3-
Ph2P(O)H can afford the desired product in nearly quanti-
tative yield.
Nakao and co-workers [39] reported Ni−Al co-catalyzed

cyclization of double C−H bonds of formamides with al-
kynes. However, due to the need of activating two C−H
bonds, the reaction is very challenging, and only sterically-
demanding alkyl formamides are compatible. In 2020, Ye’s
group [40] found that the use of bulky diamino phosphine
oxide (PO4) to ligate Ni and Al can significantly enhance the
reactivity, and a broad range arylformamides were compa-
tible with the reaction for the first time, providing a series of
pyridone compounds in up to 97% yield (Scheme 30).
Control experiments showed that commonly-used ligands

Scheme 27 Proposed mechanism (color online).

Scheme 28 PO-ligated Ni−Al BAC for enantioselective C−H cyclization
of imidazoles with alkenes (color online).

Scheme 29 Proposed mechanism (color online).

Scheme 30 PO-ligated Ni−Al BAC for non-directed dual C−H annula-
tion of arylformamides with alkynes (color online).
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such as monophosphines, bisphosphines, and N-herteocyclic
carbenes were all ineffective, often resulting in hydro-
carbamoylation products via direct reductive elimination
after the first formyl C−H bond activation.
A possible reaction mechanism was proposed in Scheme

31: in-situ formed catalytic species PO−Ni−Al coordinates to
formamide, and then Ni is directed to activate the first formyl
C–H bond of the formyl group via oxidative addition. Sub-
sequent alkyne insertion and the second aryl C–H bond ac-
tivation, followed by the second alkyne insertion and
reductive elimination, generate the final product. This ex-
ample confirmed that ligand-ligated bimetal anchoring cat-
alysis could promote catalytic reactivity more than
traditional metal catalysis and even bimetallic catalysis
without a ligand linker.
Following this racemic reaction, Ye’s group [41] then de-

signed a BINOL-derived chiral PO ligand (PO6) and de-
veloped an enantioselective twofold C–H annulation of
ferrocene-based formamides and alkynes. Various diaryl al-
kynes and dialkyl alkynes were well tolerated, providing a
series of chiral ferrocenes in 40%−98% yield and 93%−99%
ee (Scheme 32). This is the first example of enantioselective
non-directed twofold C−H annulation, demonstrating that
bimetallic anchoring catalysis could provide an efficient tool
for enantioselective control of inert bond activation.
Recently, the dual C−H annulation reaction model was

extended to N-aryl imidazole by Ye’s group [42] (Scheme
33). A range of N-aryl imidazoles was catalyzed to react with
alkynes, providing a series of polycyclic aza-quinolines in
48%−95% yields.
Beyond enantioselective control, PO-ligated Ni−Al bi-

metallic anchoring catalysis also proves effective to site se-
lectivity control. Direct C–H functionalization of enamides is
of great importance for obtaining diverse amide derivatives
[43]. However, most of the previous reactions are limited to
the functionalization of vinylic β-C(sp2)−H bonds, while the
activation of unreactive β′-C(sp3)−H bonds is quite chal-
lenging and has been scarcely explored. A sole example was
reported by Glorius and co-workers [44] by installing an
ester group as a directing group into substrates to enable an
Rh-catalyzed cyclization. Despite an efficient method, the
requirement of an ester directing group greatly restricts the
scope of substrates and the complexity of products. With the
use of taddol-derived phosphine oxide (PO6) ligand-ligated
Ni−Al bimetallic catalyst, Ye’s group [45] recently achieved
selective β′-C(sp3)−H cleavage of N-formamide enamides,
providing a series of 2-pyridones in 58%−99% yields
(Scheme 34). Various cyclic or acyclic enamides and alkynes
were well compatible with the reaction. DFT calculation
showed that bimetallic catalyst reacts with the substrate to
form a rigid cyclic intermediate, which benefits the activa-
tion of more flexible C(sp3)−H bond.
Selective C–H functionalization of 2-pyridones has been

an important research topic because of their wide existence
in bioactive compounds. Traditional high-valent transition
metal-enabled electrophilic activation is prone to activating
more electron-rich C5–H bond [46], and low-valent transi-
tion metal-enabled oxidative activation prefers to activating
more electron-deficient C6–H bond [47]. In contrast, selec-
tive activation of C3–H or C4–H bonds is more difficult.
In 2012, Li and co-workers [48] incorporated a methyl

Scheme 31 Proposed mechanism (color online).

Scheme 32 PO-ligated Ni−Al BAC for enantioselective twofold C–H
annulation of ferrocene-based formamides (color online).

Scheme 33 PO-ligated Ni−Al BAC for dual C−H annulation of N-aryl
imidazole with alkynes (color online).
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group at C4 position to achieve a C3–H alkenylation of 2-
pyridiones. Despite an important advance, such substrate
modification leads to a narrow range of substrates. Recently
Ye’s group [49] found that the use of PO-ligated Ni–Al bi-
metallic catalyst can selectively activate C3–H bond of 2-
pyridone without substrate modification, providing various
C3-alkenylated 2-pyridones in up to 99% yields (Scheme
35). In the reaction, the pre-coordination of the substrate with
the bimetallic catalyst provided an important directing effect,
which resulted in preferential activation of C3–H bond other
than C6–H bond or C4–H bond. Mechanistic experiments
and DFT calculations confirmed the critical role of PO–Ni–Al
catalyst in reversing conventional C6/C4-selectivity to C3-
selectivity.
This success on selective C–H functionalization of 2-

pyridones has spurred another exploration on C3–H alke-
nylation of pyridines because of their resembling structures.
Although Yu’s group [50] used a Pd(II) catalyst to achieve a
C3-selective alkenylation in 2011, the reactivity was quite
low, in general requiring for a large excess of pyridine (at
least 16 equivalents) with high concentration (at least 8 M)
for reasonable yields. This requirement rendered complex
pyridines incompatible with the reaction. In 2008, Nakao and
co-workers [51] proved that the use of Ni–Al co-catalyst can
significantly enhance the reactivity of pyridine C–H activa-
tion, but the alkenylation was restricted to electron-deficient
C2/C4 positions, other than the desired C3 position.
Recently, Ye’s group [52] used ligand-ligated Ni–Al an-

choring catalysis to achieve a breakthrough in addressing
this challenge. A new bifunctional carbene ligand was de-
signed to ligate both Ni and Al, thus forming a long-distance
bimetallic backbone to allow remote C3–H activation of
pyridines (Scheme 36). Under the optimized conditions, a
series of C3-alkenylated pyridines were obtained in 43%‒
99% yields with up to 98:2 C3 selectivity. More importantly,
various complex pyridines can be alkenylated smoothly at

C3-position of pyridine motif using one equivalent of sub-
strates. Control experiments showed that the carbene ligand
had a strong influence on both the reactivity and the se-
lectivity control.
To further extend the application of bimetallic anchoring

catalysis in remote control, Ye’s group recently investigated
C–CN bond activation reaction. The development of C–CN
bond activation is of great importance and has received wide
attention. Big progress has been achieved by using Ni and Al
co-catalysis by Nakao and coworkers [53], while the en-
antioselective version has been a formidable challenge, be-
cause traditional chiral bidentate ligands would significantly
inhibit the reactivity because of saturated coordination of
nickel. Only limited success on enantioselective in-
tramolecular reactions has been achieved [54], but en-
antioselective intermolecular versions remain an elusive
challenge.
In 2020, Ye’s group [55] first tried to use phosphine oxide-

ligated Ni–Al catalyst to explore an intermolecular annula-

Scheme 34 PO-ligated Ni−Al BAC for selective C(sp3)−H cleavage of
enamides (color online).

Scheme 35 PO-ligated Ni−Al BAC for C3−H alkenylation of 2-pyr-
idones (color online).

Scheme 36 Selective C3-alkenylation of pyridine (color online).
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tion reaction, but the linear structure of nitriles cannot be
accommodated onto PO–Ni–Al bimetallic framework, ren-
dering the reaction ineffective. In this context, they used a
diol-binding bis-aluminum to form a macrocyclic frame-
work, which easily accommodated the linear nitrile and
furnished a highly enantioselective intermolecular C–CN
bond activation reaction (Scheme 37). With racemic phos-
phine as a ligand and chiral diol as a linker between two Al
metals, the reaction smoothly preceeded under mild reaction
conditions, providing various indenes bearing chiral all-
carbon quaternary centers in 32%–91% yields and 73%–98%
ee. DFT calculations suggested that an irreversible alkyne
insertion was an enantioselectivity-determining step, and the
weak interaction of the aryl group of the phosphine ligand
with Al species was critical to the reactivity and the se-
lectivity.

5 Conclusions and outlook

Although directing group strategy has been widely applied to
a large variety of transition metal-catalyzed C–H or C–C
bond activation reactions, its inherent limitations, including
the need for special directing groups and extra synthetic steps
for installation and removal of such directing groups, call for
the development of new strategies. Anchoring catalysis,
which resembles the enzyme’s catalytic mode, has stood out
as a promising strategy for non-directed C–H or C–C bond
activation. In this strategy, reversible anchoring interaction is
a key character that differentiates anchoring catalysis from
traditional directing-group strategy. Reversible anchoring
interactions proved feasible in C–H or C–C bond activation
including reversible covalent bonding, H-bonding, co-
ordinative bonding, and ion-pair bonding. Among them,
coordinative bonding can exhibit superior catalytic reactivity

than others, because coordinative bonding not only affords
good coordination of catalysts with substrates, but also it
displays good compatibility with substrates and reaction
conditions. By virtue of these advantages, bimetallic co-
ordinative-bonding anchoring catalysis has received in-
creasing attention in recent years.
The earliest bimetallic anchoring catalysis can be traced

back to direct metal-ligated mode in metal clusters. But
successful examples are scarce, and limited metal combi-
nation renders site- and stereo-selective control difficult. The
second-generation bimetallic anchoring catalysis is to use
metal anion to ligate two metals, especially two different
metals. Despite expanding the scope of metal combinations,
the types of these bimetallic catalysts are still rare because of
the narrow range of metal anions available. When a proper
bifunctional ligand is used to ligate two metals, the latest-
generation bimetallic anchoring catalysis emerges. This
method allows versatile modification of bimetallic catalysts,
including the tuning of the steric environment around metals,
electronic property of metal centers and even the distance
between two metals. However, a great difficulty for this
catalytic mode lies in accurate identification between two
metals and two anchoring sites of the ligand. Otherwise,
mutual interference between themwould significantly inhibit
the reaction. That is why only limited ligand types such as
phosphine oxides, bipyridines, biphosphine and carbenes,
and limited reaction types have been developed up to now.
However, impressive results such as unique reactivity, site

selectivity and high enantioselectivity achieved in various
challenging reactions demonstrate that the ligand-ligated
bimetallic anchoring catalysis is one of the most efficient
tools for a wide range of inert chemical bond transforma-
tions. In the near future, more types of novel ligands and
reactions will be developed.
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