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Recent advances in asymmetric
bimetallic catalysis

Fang Wei, †a Jialin Qi,†b Xiangqing Jia *c and Zhenghu Xu *c

Asymmetric bimetallic catalysis has emerged as a powerful and efficient approach for the development

of novel enantioselective transformations. By employing two metal centers with complementary

reactivity, bimetallic catalysts enable dual substrate activation, stabilize reactive intermediates, and

facilitate unique transformations with high enantioselectivity. This review summarizes recent significant

advances in the field, including three different reaction modes: dual metal Lewis acid catalysis,

transition-metal/metal Lewis acid catalysis, and dual transition-metal catalysis. By exploring the latest

breakthroughs and providing a comprehensive outlook on the promising potential of asymmetric

bimetallic catalysis, we aim to inspire further progress in this rapidly evolving area and highlight future

opportunities for expanding its applications.

1. Introduction

Asymmetric transition-metal catalysis has revolutionized mod-
ern synthetic chemistry by enabling the efficient and selective
formation of chiral molecules essential for pharmaceuticals,
agrochemicals, and materials science. By leveraging the unique

electronic and steric properties of transition metals, these
catalytic systems facilitate the formation of chiral molecules
with remarkable efficiency and control. The ability to achieve
high enantioselectivity through transition-metal catalysis has
significantly impacted the development of novel synthetic
methodologies and streamlined the production of complex
organic molecules. In conventional monometallic catalytic
systems, the single transition metal center with appropriate
chiral ligands activates a substrate, and the other substrate
reacts with the speciated activated complex or intermediate to
promote the final product selectively. While impressive pro-
gress has been achieved using this approach over the years,
numerous important asymmetric transformations still lack
efficient catalytic methods. Recently, by mimicking enzyme
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catalysis in biosystems, a multicatalyst combination strategy,1

especially bimetallic asymmetric catalysis,2 has emerged as a
powerful approach to achieve enhanced reactivity, selectivity,
and novel reaction pathways that are often unattainable with
monometallic systems. Particularly, one key advantage of bime-
tallic catalysis is that two chiral metal catalysts can indepen-
dently control the stereochemical configurations of each
stereocenter in the target products. This capability enables
the stereodivergent synthesis of all stereoisomers from the
same set of starting materials under identical reaction condi-
tions, simply by altering the combination of chiral ligands.2h,m

Asymmetric bimetallic catalysis encompasses synergistic and
relay catalysis (Scheme 1a). Synergistic catalysis involves the

activation of two substrates by distinct catalysts in concert to
drive a bond-forming reaction.2b In contrast, relay catalysis
operates through a cascade process, where two catalysts
sequentially promote different bond-forming steps.2o

For successful bimetallic catalysis,3,4 each transition metal
center selectively activates one substrate with comparable
kinetic rates (k1 and k2) (Scheme 1a). If a significant disparity
exists, the more active and longer-lived intermediate could
either decompose or promote side reactions, ultimately redu-
cing overall reaction efficiency. Furthermore, the compatibility
of the two transition metals must be carefully considered, as
redox interactions between two catalysts can lead to self-
quenching, resulting in their deactivation. Additionally,

Scheme 1 Advantages and challenges of asymmetric bimetallic catalysis and classification in this review. (a) Asymmetric bimetallic catalysis (synergistic
& relay catalysis); (b) Classification by roles of distinct metals (this review).
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transition metal catalysis usually relies on specific ligands to
achieve optimal reactivity and selectivity. However, in a bime-
tallic catalytic system, potential ligand scrambling can disrupt
the catalytic process. To address these challenges, a judicious
selection of transition metal pairings and ligands is essential to
ensure both efficiency and selectivity.

In 1996, the Sawamura and Ito group developed a bimetallic
system consisting of a Pd catalyst and a Rh catalyst, coordi-
nated with the same chiral ligand, for the enantioselective
allylation of a-cyano esters.5 In 2004, the Jacobson group
reported the highly enantioselective conjugate addition of
cyanide to unsaturated imides, synergistically catalyzed by a
chiral (Salen)Al complex and a chiral (Pybox)Er complex.6

However, it was not until the 2010s that the asymmetric
bimetallic catalysis has garnered increasing attention, provid-
ing a powerful strategy for the development of asymmetric
transformations.7

In this review, we present up-to-date promising examples
which feature asymmetric bimetallic catalysis to enable access
to enantioenriched molecules. Transition-metal photocatalysis8

and binuclear transition-metal catalysis,2a,9 which have been
well overviewed by other reviews and accounts, will not be
covered in this review. We will discuss the development of
asymmetric bimetallic catalysis and the distinct roles played by
different metals, including dual metal Lewis acid catalysts,
transition-metal/metal Lewis acid catalysts, and dual
transition-metal catalysts (Scheme 1b). Metal Lewis acids typi-
cally activate substrates through coordination, while the
chemical valence generally remains constant throughout the
reaction process. Transition metal catalysts typically undergo a
cascade of oxidative addition and reductive elimination, during
which the oxidation state may change throughout the catalytic
cycle. In this review, a metal center that forms a metal–carbon
bond with a reactant during the reaction process is referred to
as a transition-metal catalyst. Otherwise, it is classified as a
Lewis acid catalyst. Notably, we will emphasize catalyst pair-
ings, the scope of the substrates, and the typical proposed
catalytic mechanism, which plays a crucial role in facilitating
the reactivity of both known and novel transformations.

2. Dual metal Lewis acid catalysis

The combination of two distinct catalytic modes in a metal–metal
relay system, which enables the simultaneous coordination and
activation of different substrates by metal Lewis acids, has
emerged as a powerful and innovative strategy in modern cata-
lysis. As a late transition metal, gold has been extensively inves-
tigated in dual Lewis acid-catalyzed reactions, where it typically
acts as a p-acid, effectively activating unsaturated systems—espe-
cially carbon–carbon triple bonds. The combination of p-acidic
gold with a s-type metal Lewis acid, such as an early transition
metal, facilitates a dual activation strategy that simultaneously
engages both substrates, paving the way for the development of
diverse reactions and novel chemical transformations.

A pioneering study from our group showcased the potential
of Au/s-Lewis acid relay catalysis in the synthesis of fused
bicyclic aminals and spiroaminals.10 By pairing p-acidic gold
catalysts with s-type Lewis acids such as Sc(III), Ga(III), Y(III), and
La(III), we achieved efficient intramolecular hydroamination
followed by inverse-electron-demand hetero-Diels–Alder (IED-
HDA) reactions (Scheme 2, left). Gold-catalyzed 5-exo-dig cycli-
zation affords an exocyclic enamide, which may isomerize to a
more stable methyl-substituted enamide under some condi-
tions. Both intermediates can then undergo [4+2] cycloaddition
with Lewis acid-activated unsaturated b-keto esters, generating
fused bicyclic and spirocyclic products, respectively.

Building on this foundation, Feng et al. reported a signifi-
cant advancement in enantioselective synthesis through the
development of an asymmetric dual Lewis acid catalytic system
(Scheme 2, right).11 They achieved highly stereocontrolled IED-
HDA reactions by combining Au(I) with a Ni(II) complex coordi-
nated by a chiral N,N0-dioxide ligand (Feng ligand),12 which
represents a privileged class of modular and tunable organic
ligands capable of coordinating with a wide range of metal
centers to form highly efficient Lewis acid catalysts. Notably,
this dual catalytic system effectively suppressed isomerization
of the reactive enamide intermediate, selectively favoring spiro
over fused products. In 2018, Kang’s group demonstrated a
dual Lewis acid catalytic system featuring achiral Au(I) and

Scheme 2 Au/s-Lewis acid relay catalysis for the synthesis of 5,6-spiroaminals.
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chiral Rh(III) in relay mode, enabling efficient asymmetric
synthesis of spiroketals and spiroaminals.13

The progression from Au/s-Lewis acid-catalyzed [4+2]
cycloadditions yielding 5,6-spirocycles to [3+2] cycloadditions with
aziridines, delivering versatile 5,5-spiro-N,O/N,N-heterocycles,
underscores the remarkable versatility (Scheme 3).14 The strategic
use of aziridines as masked 1,3-dipoles, activated by s-Lewis acids
via selective C–C bond cleavage, opens a distinct pathway pre-
viously inaccessible to other dipolarophiles. Furthermore, the
integration of chiral N,N0-dioxide-lanthanide(III) complexes (e.g.,
Dy(III)) with achiral Au(I) catalysts successfully addresses the
challenges in enantioselective control in this powerful cascade,
enabling the asymmetric synthesis of complex spiroarchitectures
prevalent in bioactive molecules. These developments highlight
the potential of combining p-acidic gold with chiral s-Lewis acids
to unlock novel reaction manifolds and achieve precise stereo-
chemical outcomes in the synthesis of intricate spirocyclic
scaffolds.

In 2019, Feng and colleagues extended the dual Lewis acid
strategy to the synthesis of enantiomerically enriched 6,6-
spiroketals using a relay Au(III)/Mg(II) system (Scheme 4).15

The reaction combined b-alkynyl ketones with b,g-unsaturated
a-ketoesters through a tandem cycloisomerization/inverse-
electron-demand [4+2] cycloaddition. The achiral Au(III) catalyzed
the initial 6-endo-dig oxo-cyclization to form a carbonyl ylide
intermediate, while the chiral N,N0-dioxide–Mg(II) complex orche-
strated the enantioselective [4+2] cycloaddition. Mechanistic

studies revealed the critical role of the Feng ligand as a base,
facilitating deprotonation to generate a reactive gold-bound
alkene intermediate for stereocontrolled cyclization.

Further advancing the paradigm, Feng’s group reported an
Au(I)/Co(II) bimetallic system in 2020 for synthesizing chiral
tetrahydrobenzofuran derivatives with four contiguous stereo-
centers (Scheme 5).16 The tandem reaction involved acyclic
enynones and electron-deficient olefins, proceeding via gold-
catalyzed cycloisomerization to generate furan-based ortho-
quinodimethanes, followed by a Co(II)/N,N0-dioxide-mediated
enantioselective Diels–Alder cycloaddition. In 2023, Feng lever-
aged Au(I)/Co(II) catalysis for enantioselective cycloisomeriza-
tion of N-propargylamides followed by a carbonyl–ene reaction
with acylsilanes (Scheme 6).17 This efficient cascade con-
structed valuable chiral 5-oxazoylmethyl a-silyl alcohols in
excellent yields (up to 95%) and enantioselectivities (up to
99% ee) under mild conditions.

While earlier studies predominantly focused on cascade
cyclization, gold-participating dual Lewis acid catalytic systems
have also proven to be effective for constructing acyclic archi-
tectures through sequential non-cyclization steps. In 2017,
Feng and co-workers demonstrated this versatility using an
Au(I)/chiral N,N0-dioxide–Ni(II) relay system to enable an asym-
metric tandem intermolecular hydroalkoxylation/Claisen rear-
rangement (Scheme 7).18 The reaction merged alkynyl esters
and allylic alcohols under mild conditions, where Au(I) cata-
lyzed the initial hydroalkoxylation to form allyl vinyl ether
intermediates, while the chiral N,N0-dioxide–Ni(II) complex
stereocontrolled the subsequent [3,3]-sigmatropic rearrange-
ment. This strategy efficiently suppressed thermal background
reactions and prevented epimerization, delivering acyclic a-
allyl-b-keto esters with exceptional stereoselectivity (up to 99%
ee, 97 : 3 dr) and near-quantitative yields (up to 99%).

Expanding the sequential non-cyclization strategy in 2021,
Feng’s group achieved the first catalytic asymmetric Nakamura

Scheme 3 Au/s-Lewis acid relay catalysis for the synthesis of 5,5-
spiroaminals.

Scheme 4 Au/Mg relay catalysis for enantioselective construction of 6,6-
spiroketals.

Scheme 5 Au/Co relay catalysis for enantioselective construction of
tetrahydrobenzofuran.

Scheme 6 Au/Co-catalyzed asymmetric cycloisomerization/carbonyl–
ene reaction.
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reaction via synergistic Au(I)/chiral N,N0-dioxide–In(III) or Ni(II)
catalysis (Scheme 8).19 The system employed Au(I) to activate
unactivated 1-alkynes and chiral In(III) or Ni(II) to generate
enolates from 1,3-dicarbonyl compounds. Precise ligand tuning
enabled enantiocontrol (up to 97.5 : 2.5 e.r.) for tetra-
substituted chiral centers. This breakthrough accommodated
b-ketoesters, diketones, and even a-fluoro acyclic substrates,
with trace water accelerating enolization.

Zhang’s breakthrough employs a single chiral Cu(I)-
bis(oxazoline) catalyst to synthesize tetrasubstituted a-amino
allenoates with vicinal all-carbon quaternary stereocenters
(Scheme 9).20 This strategy employs a single chiral Cu(I)-BOX
complex to dynamically activate two distinct substrates through
a substrate-responsive mechanism: first, the Cu(I) center coordi-
nates and polarizes the alkyne moiety of 1-alkynyl ketimines,
enhancing the electrophilicity of the g-position; subsequently,
the same catalyst promotes deprotonation of a-substituted cya-
noacetates to generate a reactive enolate intermediate. Crucially,
the rigid chiral pocket of the BOX ligand enforces g-regioselectivity
(up to 420 : 1 dr) by steric repulsion, while simultaneously

transmitting stereochemical information to achieve exceptional
enantiocontrol (up to 99% ee). In contrast to traditional dual
Lewis acid catalysis, which relies on intricate combinations of
heterometallic or heteroleptic catalysts, this ‘‘dual-role’’ single-
catalyst design significantly simplifies system complexity.

3. Transition-metal/metal Lewis acid
catalyst

Transition-metal-mediated catalysis has long been recognized
as a central strategy for the formation of carbon–carbon and
carbon–heteroatom bonds, while Lewis acid catalysis has been
extensively utilized for substrate activation through coordination.
Over the past few decades, the deliberate integration of these two
catalytic modes – transition-metal catalysis combined with Lewis
acid co-catalysis – has emerged as a powerful method for enhan-
cing reactivity, selectivity, and overall catalytic efficiency in organic
synthesis. A significant evolution in this field lies in the strategic
utilization of transition metals themselves as Lewis acids capable
of coordinating chiral ligands, thereby enabling exceptional levels
of enantioselectivity and stereocontrol. This dual-catalysis para-
digm continues to open new avenues in asymmetric synthesis and
remains a vibrant area of investigation in modern organic
chemistry.

3.1. Pd/M catalytic system

Palladium has emerged as one of the most versatile and widely
used transition metals in catalysis, playing a pivotal role in
modern synthetic chemistry.21 Its ability to adopt multiple
oxidation states (0, +2, and +4) and compatibility with diverse
ligands allow for precise control over reactivity and stereo-
selectivity. The development of dual catalytic systems that
combine palladium with Lewis acids has further expanded
the frontiers of catalytic design, offering levels of reactivity
and selectivity that are often unattainable with either catalyst
alone. Notably, the wide compatibility of palladium with var-
ious Lewis acids further expands the scope of accessible reac-
tions, facilitating the efficient assembly of complex scaffolds.

In 1996, Ito and Sawamura reported the first highly enantio-
selective transition-metal-catalyzed allylic alkylation to construct
acyclic quaternary stereocenters using a Pd/Rh bimetallic system
(Scheme 10).5 The p-allylpalladium complex activated the electro-
phile, while the chiral Rh(I) complex generated a chelated enolate
and induced asymmetry. Mechanistic studies confirmed that

Scheme 7 Au/Ni relay catalysis for enantioselective construction of
acyclic a-allyl-b-keto esters.

Scheme 8 Au/s-Lewis acid synergistic catalysis for asymmetric Naka-
mura coupling.

Scheme 9 Dual-copper catalysis for synthesis of chiral tetrasubstituted
a-amino allenoates. Scheme 10 Pd/Rh-catalyzed allylic alkylation of a-cyano esters.
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rhodium was essential for enantioinduction and palladium was
essential for electrophile activation, demonstrating the potential
of synergistic bimetallic catalysis in asymmetric synthesis.

To further promote the progress of catalytic asymmetric
a-allylation of amides, Shibasaki and Kumagai developed a
Pd/Cu dual catalytic system in 2017 for the enantioselective a-
allylation of a-CF3 amides (Scheme 11).22 The strategy inte-
grates Cu(I)-mediated enolization with Pd(0)-catalyzed p-allyl
formation, affording a-trifluoromethylated g,d-unsaturated
amides in high enantiomeric excess. Each metal plays a distinct
role, with the chiral Cu complex governing stereoselectivity.
This method provides an efficient route to fluorinated chiral
scaffolds valuable in pharmaceuticals and materials science.

Optically active a,a-disubstituted a-amino acids (a,a-AAs)
are key components of enzyme inhibitors and bioactive natural
products. Nevertheless, the stereoselective synthesis of a,a-AAs
remains challenging, particularly involving the construction of

quaternary stereocenters. In 2017, Wang23 and Zhang24 inde-
pendently reported dual catalytic systems featuring Pd and Cu
complexes for the enantioselective allylic alkylation of aldimine
esters (Scheme 12). In these systems, a chiral Cu(I)/Phosferrox
complex facilitates the generation of nucleophilic azomethine
ylides, while a Pd(0) catalyst activates allylic carbonates to form
electrophilic p-allyl species. These synergistic systems afforded
a-quaternary amino acids with excellent enantioselectivity and
yield. Subsequently, Wang and Dang advanced a more sustain-
able variant by employing racemic allylic alcohols as electro-
philic partners,25 using Et3B as a Lewis acid activator to
promote the formation of p-allyl complexes. This strategy
allowed direct access to a-AAs through regio- and stereodiver-
gent Cu/Pd catalysis, thereby further expanding the synthetic
utility of dual-metal systems in constructing densely functio-
nalized chiral amine frameworks.

Dynamic kinetic asymmetric transformation (DyKAT)26

offers an efficient route for the conversion of racemic substrates
into enantiomerically enriched products via simultaneous cataly-
sis and racemization. In 2020, Zhang and Liao combined this
strategy with Cu/Pd-catalyzed allylic alkylation of aldimine esters
using racemic unsymmetrical 1,3-disubstituted allyl acetates.27

This approach delivered a,a-disubstituted a-amino acids bearing
vicinal stereocenters with high enantioselectivities (up to 499%
ee) and diastereoselectivities (up to 420 : 1 dr) (Scheme 13).
Notably, all four stereoisomers of the products can be selectively
obtained by independently tuning the chiral ligands on Pd and
Cu, demonstrating exceptional stereodivergent potential of this
bimetallic strategy.

Transition-metal hydride (M-H) catalysts enable atom-
economical C–C bond formation by adding to unsaturated
hydrocarbons to generate p-allyl intermediates that subse-
quently couple with nucleophiles. Zi and co-workers developed
a Pd/Cu system for the enantioselective coupling of 1,3-dienes
with aldimine esters, forming amino acid derivatives bearing
two adjacent stereocenters (Scheme 14).28 The Pd-H species
inserts into the diene to form a p-allyl-Pd intermediate, while
the Cu catalyst activates the nucleophile. Independent chiral
control by the two metals allows selective access to all four
stereoisomers. The He group applied this dual-metal strategy to

Scheme 11 Pd/Cu-catalyzed allylic alkylation of a-CF3 amides.

Scheme 12 Pd/Cu-catalyzed asymmetric allylic alkylation of imine esters.
Scheme 13 Pd/Cu-catalyzed DyKAT for synthesis of a,a-AAs bearing
vicinal stereocenters.
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1,3-dienes and a-fluoroketones, achieving full stereocontrol
over adjacent tertiary and quaternary fluorinated centers by
fine-tuning ligand combinations.29 Zi and co-workers further
demonstrated that alkoxyallenes could also undergo hydropal-
ladation to furnish p-allyl intermediates, which coupled stereo-
divergently with aldimine esters under Pd/Cu or Pd/Ag catalysis
(Scheme 15).30 All four b-hydroxy a-amino acid stereoisomers
were obtained with excellent selectivity by adjusting the chir-
ality of both catalysts. This approach not only facilitated access
to complex chiral alcohols but also provided a flexible strategy
for the stereodivergent synthesis of b-hydroxy a-amino acids
and related bioactive scaffolds.

The Wang group described an innovative dual catalytic
system that integrates chiral Cu(I) complexes with palladium
nanoparticles to accomplish enantioselective allylic alkylation
between alkynes and aldimine esters (Scheme 16).31 The Pd–H
species, generated via protonation of Pd(0) followed by base-

assisted deprotonation, undergoes hydropalladation of the
alkyne to form a p-allyl-Pd intermediate. This species couples
stereoselectively with the Cu-bound azomethine ylide, deliver-
ing the chiral product and regenerating both catalysts.

To simultaneously control both the stereochemistry at the
chiral center and the geometry of the CQC bond, Zhang and
Ma designed a Pd/Cu bimetallic catalytic system for three-
component coupling of aryl iodides, allenes, and aldimine
esters (Scheme 17).32 By rational pairing of chiral ligands of
two metal catalysts, all four stereoisomeric a-amino acids [(Z,R),
(Z,S), (E,R), and (E,S)] showed outstanding selectivity. Mecha-
nistic studies revealed that the Pd catalyst determines the E/Z
configuration through selective formation of syn- or anti-p-allyl
intermediates, whereas the Cu catalyst primarily governs the
enantioselectivity. DFT calculations and experimental studies
demonstrated that the E-selectivity arises from the thermody-
namically favored anti-intermediate, whereas Z-isomers result
from nucleophilic attack on the syn form.

Conventional enantioselective allylic substitution reactions
often rely on pre-activated electrophiles, necessitating addi-
tional synthetic manipulations. Feng and Liu overcame this

Scheme 14 Stereodivergent reaction of imine esters with 1,3-dienes.

Scheme 15 Stereodivergent coupling of alkoxyallenes and aldimine
esters by Pd/Cu and Pd/Ag catalysis.

Scheme 16 Asymmetric reaction of alkyne and aldimine ester by Cu and
Pd nanoparticle catalysis.

Scheme 17 Pd/Cu-catalyzed three-component reaction.
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limitation by developing a Pd/Co dual catalytic system for direct
asymmetric allylic C–H alkylation of allylbenzenes and alipha-
tic olefins with b-ketoesters and oxindoles (Scheme 18, top).33

This approach combines achiral Pd(0) catalysis for C–H activa-
tion with a chiral N,N0-dioxide–Co(II) complex to achieve asym-
metric induction. Notably, this design addresses the persistent
challenges of limited chiral ligand availability and insufficient
stereocontrol encountered in traditional Pd-catalyzed C–H
alkylation. Under the optimized conditions, the protocol deliv-
ered a wide range of products in high yields (up to 99%) and
excellent enantioselectivities (up to 99% ee), including biologi-
cally relevant compounds. Very recently, Feng, Wu and Liu
developed a regiodivergent allylic C–H alkylation of allyl ethers
with carbonyl nucleophiles, benzofuran-3(2H)-one, affording
branched products with excellent regio- and stereoselectivity
(Scheme 18, bottom).4b Feng and Liu also developed a solvent-
controlled, enantioselective allylic C–H alkylation of 2,5-
dihydrofuran via Pd(0)/Ni(II) synergistic catalysis. By tuning
the reaction solvent, the authors could effectively modulate
the regioselectivity and enantioinduction of the alkylation
process.3p

The incorporation of fluorinated stereocenters plays a crucial
role in pharmaceutical and materials chemistry, as fluorine sub-
stitution is known to improve metabolic stability, bioavailability,

and binding selectivity. In 2021, He and co-workers disclosed a
Pd/Cu dual-catalytic system for the stereodivergent coupling of
enynes and a-fluoroesters to access tertiary fluoride-tethered
allenes bearing both central and axial chirality (Scheme 19).34

The protocol accommodates diverse substrates, including drug-
derived enynes, and further allows for axial-to-central chirality
transfer, leading to the formation of fluorinated hydrofuran
scaffolds. Kinetic studies reveal time-dependent epimerization
of the allene axis, while ligand permutations allow access to all
four stereoisomers. This work significantly expands the realm of
stereodivergent catalysis to include systems bearing both central
and axial elements of chirality.

Fluorinated amino acids were achieved through the desym-
metrization of geminal difluoromethylenes using an innovative
Pd/Cu/Li ternary catalytic system (Scheme 20).35 The transfor-
mation involves initial C–F bond activation mediated by Pd and
Li to generate p-allyl palladium intermediates, followed by a Pd/
Cu-catalyzed allylic substitution with Schiff base-derived amino
acid precursors. The fluorine atoms in styrene-substituted
difluoroethylene exhibit minimal steric hindrance, leading to

Scheme 18 Dual-metal-catalyzed asymmetric allylic C–H alkylation.

Scheme 19 Pd/Cu-catalyzed coupling of a-fluoroesters and conjugated
enynes.

Scheme 20 Pd/Cu catalyzed coupling of geminal difluoromethylenes
with aldimine esters.
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the formation of four structurally similar potential intermediates.
The synergistic action of palladium and copper catalysts allows for
their distinct recognition and selective transformation. In addi-
tion, DFT calculations reveal that F–Cu interactions play a pivotal
role in controlling stereoselectivity. This strategy offers a signifi-
cant advance in the field of stereodivergent C–F bond functiona-
lization and opens new avenues for constructing fluorinated
a-amino acid derivatives with high selectivity.

Allenes serve as versatile building blocks in organic synthesis
due to their unique reactivity.36 The development of enantio-
selective routes to allene-bearing amino acids has become increas-
ingly important for constructing chiral frameworks commonly
encountered in natural products and pharmaceutical candidates.
Wang, Ma, and Zhang developed a highly efficient Pd/Cu-catalyzed
system for the stereoselective synthesis of allene-containing amino
acid derivatives featuring central chirality.37 To further broaden
substrate compatibility, Zhang and Ma later reported a stereodi-
vergent allenylic alkylation strategy accommodating both aryl- and
alkyl-substituted allenylic acetates (Scheme 21).38 By leveraging
synergistic bimetallic catalysis, the dynamic kinetic asymmetric

alkylation of racemized allyl ester was successfully achieved,
establishing an effective approach to a challenging quaternary
stereoscopic center with outstanding control (up to 420 : 1 dr and
499% ee). This success stems from the dynamic equilibrium
between diastereomeric Z3-butadienyl palladium intermediates,
stabilized by strong Csp2–Pd bonding and weak p-coordination.
The matched chiral environments provided by the Pd and Cu
catalysts govern the stereochemical outcomes independently,
allowing access to all four stereoisomeric products.

While methods for constructing single or adjacent stereo-
centers are well-established, the concurrent formation of non-
adjacent stereocenters, particularly in acyclic systems, remains a
formidable challenge. In 2021, Zhang and Ma presented a stereo-
divergent Pd/Cu-catalyzed allenylation strategy for synthesizing
molecules bearing 1,3-nonadjacent axial and central chirality
(Scheme 22).39 The catalytically active Pd(0) species, generated
in situ from [Pd(Z3-allyl)Cl]2, undergoes oxidative addition with
racemic allenylic esters to form four diastereomeric a-alkynyli-
dene p-allylpalladium intermediates. These intermediates rapidly
interconvert via s-(1,3-dien-2-yl)palladium species, establishing a
dynamic equilibrium that allows for efficient kinetic resolution.
The copper-activated azomethine ylide then couples with the p-
allyl Pd complex in a stereoselective manner, delivering the chiral
allene products with excellent enantio- and diastereoselectivities.

Building on their previous work, Zhang and Ma advanced a
Pd/Cu synergistic catalytic system to tackle the challenging
construction of 1,5-nonadjacent stereocenters—a field lacking
established models for remote stereocontrol (Scheme 23).40 By
employing a CQC bond relay strategy, the authors achieved
divergent synthesis of all four stereoisomers featuring both
allenyl axial and central chirality. The process involves regiose-
lective oxidative addition of Pd(0) to the terminal double bond
of a triene substrate, forming a terminal Z3-allyl palladium
intermediate that undergoes a p-system migration to generate a
less stable internal Z3-allyl species. Nucleophilic attack at the
terminal position then yields the desired products with high
stereocontrol.

The stereodivergent construction of remote 1,5 and 1,7-
nonadjacent stereocenters remains a significant challenge,

Scheme 21 Pd/Cu-catalyzed allenylation of aldimine esters.

Scheme 22 Pd/Cu-catalyzed construction of 1,3-nonadjacent stereocenters with axial and central chirality.
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despite their prevalence in bioactive molecules. In 2024, Zi and
colleagues developed a Pd/Cu-catalyzed 1,4-difunctionalization of
1,3-dienes via a Heck/Tsuji–Trost cascade, establishing a robust
platform for constructing 1,5- and 1,7-nonadjacent stereocenters
with excellent diastereoselectivities and enantioselectivities
(Scheme 24, top).41 In the same year, Zhang and Huo introduced
a dual Pd/Cu-catalyzed asymmetric Heck cascade process that
furnished all four stereoisomers of compounds bearing two
remote tetrasubstituted stereocenters (Scheme 24, bottom).42

These advances highlight the growing power of dual catalytic
systems in addressing long-range stereochemical induction and
accessing densely functionalized scaffolds.

Significant advances have been achieved in metal-catalyzed
asymmetric allylic substitutions via p-allyl-Pd intermediates, yet
analogous transformations employing isoelectronic p-benzyl-Pd
species remain underdeveloped,43 primarily due to unfavorable
loss of aromaticity during intermediate formation. In 2022, a
synergistic system merging chiral Lewis acids with achiral Pd

Scheme 23 Pd/Cu-catalyzed construction of 1,5-nonadjacent stereocenters.

Scheme 24 Pd/Cu-catalyzed stereodivergent cyclization reaction.
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catalysts enabled the asymmetric benzylation of imine esters,
delivering a-benzylated a-amino acids via azomethine ylide addi-
tion to a p-benzyl-Pd complex (Scheme 25, top).44 Key to this
success was the judicious choice of leaving groups (e.g., carbo-
nates and phosphates) to stabilize reactive intermediates. In 2024,
Zhang and Huo published pioneering work on the Pd/Cu dual-
catalyzed stereodivergent benzylic substitution of racemic second-
ary benzyl esters (Scheme 25, bottom).45 Their strategy allowed the
simultaneous construction of adjacent stereocenters, providing
access to all four stereoisomeric a-benzylated amino acids with
excellent diastereo- and enantioselectivity.

3.2. Ir/M catalytic system

Transition metal-catalyzed asymmetric allylation is a significant
transformation in organic synthesis. While palladium-based
systems generally favor linear selectivity, iridium catalysts are
known to promote the formation of branched products. In 2016,
Hartwig and colleagues designed an Ir-catalyzed method for
diastereo- and enantioselective allylic substitutions with acyclic
a-alkoxy ketones (Scheme 26).46 In this transformation, chela-
tion by a copper(I) cation governs the geometry of the unstabi-
lized enolate in acyclic ketones. This method exhibited extensive
substrate compatibility and features high yield and excellent
stereoselectivity, albeit limited to a single stereoisomer. In the
same year, the Zhang group first reported an Ir/Zn dual-catalytic
system for the stereodivergent a-allylation of unprotected a-
hydroxyketones (Scheme 27).47 The bidentate coordination of
the zinc complex to both the carbonyl and hydroxyl groups
rigidly locks the enolate geometry in a Z-configuration. This
structural definition allows precise facial selectivity during
nucleophilic attack on the Ir–p-allyl intermediate, delivering all
four stereoisomers of the a-hydroxyl-g,d-unsaturated ketone with
high enantioselectivity (up to 499% ee) and diastereoselectivity
(up to 20 : 1 dr).

In 2018, the Zhang and Wang group independently reported
significant advances in Ir/Cu bimetallic-catalyzed allylation
reactions with aldimine esters (Scheme 28).48 By employing
specific combinations of two chiral catalysts, all stereoisomers
can be systematically obtained from the same starting materi-
als while maintaining consistent reaction conditions. While
mechanistically analogous to the established Pd/Cu-catalyzed
allylic alkylation of aldimine esters, the present catalytic system
demonstrates a distinct product profile by selectively generat-
ing branched-chain a,a-disubstituted a-amino acids.

Due to the high nucleophilicity and basicity of free amines,
protective group strategies are commonly employed in syn-
thetic transformations to prevent catalyst deactivation or unde-
sired side reactions. Challenging this convention, Zhang, Sun
and Huo recently achieved the stereodivergent a-allylation
reaction of unprotected primary amines using a ternary cataly-
tic system involving aldehyde, copper, and iridium catalysts
(Scheme 29).49 A catalytic amount of aldehyde was used to
reversibly form an imine intermediate with the a-amino chro-
manone substrate, which was then activated by a chiral Cu
complex to generate a nucleophilic azomethine ylide. This
transient species underwent regio- and stereoselective addition
to an Ir–p-allyl intermediate, affording a-allylated products
bearing two adjacent stereocenters. The process efficiently
furnished all four possible stereoisomers from the same

Scheme 25 Pd/Cu catalyzed benzylation of imine esters.

Scheme 26 Ir-catalyzed allylic alkylation of a-alkoxy ketones.

Scheme 27 Ir/Zn-catalyzed allylic alkylation of a-hydroxyketones.
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starting material through ligand-controlled stereodivergence,
without requiring amine protection.

In 2019, Hartwig et al. reported a catalytic Ir/Cu system for
the stereodivergent construction of tertiary fluorides bearing
vicinal stereocenters (Scheme 30),50 addressing a key challenge
in the synthesis of fluorinated molecules for drug discovery.
This strategy enabled independent control over both stereo-
centers to access all four isomers. More recently, the team
successfully extended this catalytic strategy to couple two
monofluorinated building blocks, achieving stereoselective
synthesis of acyclic vicinal difluoride stereoisomers.51 These
studies provide a versatile platform for exploring bioactive
molecules containing challenging fluorinated stereochemical
motifs. Hartwig and coworkers also successfully accomplished
the stereodivergent allylic substitution of azaaryl acetamides
and acetates using an Ir/Cu dual catalytic system.52

Tetrahydro-g-carboline frameworks constitute a privileged
class of indole alkaloids, extensively recognized for their pre-
valence as key structural elements in biologically active com-
pounds and therapeutic agents. The Wang group developed a
synergistic Ir/Cu-catalyzed asymmetric cascade reaction that
combines allylic substitution with iso-Pictet–Spengler cycliza-
tion to construct tetrahydro-g-carbolines bearing multiple
stereocenters in a single catalytic process (Scheme 31, top).53

The Ir catalyst forms electrophilic p-allyl intermediates from
indole-allyl carbonates, which couple with Cu-activated

azomethine ylides, followed by stereospecific intramolecular
cyclization. Similarly, tetrahydro-b-carbolines with up to four
stereocenters, including a C–N axial unit, were accessed via Ir/
Cu-catalyzed allylation and Brønsted acid-mediated Pictet–Spen-
gler cyclization under mild conditions (Scheme 31, bottom).54

Enantiopure 3,3-disubstituted oxindoles represent privi-
leged structural motifs that are widely distributed in bioactive
natural products and therapeutic agents, driving significant
interest in developing stereocontrolled synthetic methods. In
2021, Zhang et al. accomplished the asymmetric allylic

Scheme 28 Ir/Cu-catalyzed stereodivergent construction of a,a-
disubstituted a-amino acids.

Scheme 29 a-Allylation reaction of unprotected primary amines.

Scheme 30 Ir/Cu-catalyzed allylic alkylation of a-fluoroacetate.

Scheme 31 Synthesis of indole derivatives using the Ir/Cu dual catalyst.
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alkylation of 3-substituted oxindoles through Ir/Cu dual
catalysis,55 successfully constructing adjacent quaternary and
tertiary stereocenters with high regioselectivity, enantioselectivity,
and diastereoselectivity. The following year, Feng and co-workers
developed an Ir/Eu dual catalytic system for the allylation of
trisubstituted electrophiles and N-alkyl-substituted oxindoles
(Scheme 32, top), achieving up to 99% ee and 20 : 1 dr even with
sterically demanding substrates.56 Notably, the chiral Eu complex
enhances reactivity and stereocontrol, though diastereodivergence
via ligand modulation remains elusive. To access all four stereo-
isomers of 3,30-disubstituted oxindoles bearing contiguous stereo-
centers, Feng and co-workers devised a sequential Ir/Mg-catalyzed
three-component cascade involving allylic alkylation followed
by diastereoconvergent nucleophilic alkylation (Scheme 32,
bottom).57 The chiral iridium complex generated an Ir–p-allyl
intermediate from the allyl carbonate, which undergoes enantio-
selective allylation at the oxindole’s C3 position. The resulting
product then tautomerizes rapidly, allowing the chiral magne-
sium catalyst to coordinate the enolate and mediate diastereo-
convergent C30-alkylation with the electrophile.

Flavaglines, a class of natural products bearing a densely
functionalized cyclopenta[b]benzofuran core, display broad phar-
macological activities, including anticancer, anti-inflammatory,
and antiviral effects. In 2022, Feng and Liu demonstrated a
synergistic dual-metal-catalyzed asymmetric allylic alkylation of

benzofuran-3(2H)-one as a key step for the stereodivergent total
synthesis of rocaglaol (Scheme 33).4a By combining a chiral N,N0-
dioxide-Co or Ni Lewis acid with a chiral phosphoramidite/Ir(I)
complex, all four stereoisomers of the a-allylated products were
accessed with high diastereoselectivity and excellent enantiocon-
trol (up to 419 : 1 dr and 99% ee).

2-Acyl imidazoles have emerged as robust alternatives to
traditional esters and amides in enantioselective catalysis due to
their enhanced stability and reactivity. Their a-C–H bonds can be
readily deprotonated under mild conditions, facilitated by chela-
tion of the imidazole nitrogen and carbonyl oxygen to metal
centers. Guo and co-workers developed a stereodivergent Ir/Ni
dual-catalyzed allylic alkylation of 2-acylimidazoles (Scheme 34),
affording a-allylated tertiary carbonyls with excellent regio-,
diastereo-, and enantioselectivity.58 By tuning catalyst chirality
and allylic leaving groups, all four stereoisomers could be
selectively accessed.

Spiroketals are essential frameworks in numerous bioactive
natural products and medicinal compounds, prompting con-
tinued interest in enantioselective strategies for their synthesis.
In 2022, Deng and Yang depicted a novel Ir/Au dual-catalytic
system for the enantioselective synthesis of spiroketals and
spiroaminals through a cascade reaction between racemic 2-(1-
hydroxyallyl)phenols and alkynols/alkynamides (Scheme 35).59

Au-catalyzed cycloisomerization forms reactive vinyl ether or
enamide intermediates, which undergo enantioselective coupling
with Ir–p-allyl species, followed by intramolecular spirocyclization

Scheme 32 Allylic alkylation of oxindoles.

Scheme 33 Allylic alkylation of benzofuran-3(2H)-ones.

Scheme 34 Ir/Ni-catalyzed allylic alkylation of 2-acylimidazoles.
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via a hydrogen-bond-stabilized Zimmerman–Traxler transition
state, furnishing spirocyclic products with excellent stereocontrol.

3.3. Ni/M catalytic system

Nickel catalysis60 offers distinct advantages over other transi-
tion metals, notably its low electronegativity, flexible oxidation
states (Ni0 to Ni4+), and propensity for single-electron pathways.
These features enable nickel to excel in challenging transfor-
mations such as reductive couplings, cycloisomerizations, and
C–O/C–N bond activations. Beyond its economic appeal as an
earth-abundant and cost-efficient catalyst, nickel’s true
strength lies in its capacity to activate otherwise inert substrates
and to mediate mechanistically unconventional pathways.
Recent advances in Ni-based bimetallic systems have signifi-
cantly expanded the scope of synergistic catalysis, enabling new
modes of bond activation and selectivity control.

In contrast to the well-developed asymmetric allylation,
asymmetric propargylation61 remains significantly underex-
plored, due to the challenge of controlling multiple reactive
sites. A novel Ni/Cu dual-catalyzed asymmetric propargylic
alkylation of aldimine esters with propargylic carbonates bear-
ing internal alkyne groups was described by the Guo group62 in
2020 (Scheme 36). A Ni(0) catalyst initially mediates the

oxidative addition and decarboxylation of the propargylic car-
bonate substrate, generating an electrophilic allenylnickel(II)
intermediate. The product was obtained by the nucleophilic
attack of azomethine ylide species on the nickel-stable alkenyl
intermediate. This bimetallic cooperation enables precise con-
trol over the regio- and enantioselective C–C bond formation,
elegantly overcoming the inherent challenges of controlling
multiple selectivities in propargylic transformations through
its dual activation strategy. Exploiting the key benefits of this
approach, the same group developed a dynamic kinetic asym-
metric transformation of racemic propargylic ammonium salts
(Scheme 37),63 granting access to all four stereoisomers of a-
quaternary amino esters with excellent yields and stereo-
selectivity across diverse substrates.

While epoxide ring-opening reactions have been well-
established in organic synthesis, previous approaches struggled
with enantioselective C–C bond formation using aryl nucleo-
philes, typically requiring harsh conditions or showing limited
functional group tolerance. Weix and co-workers developed a
Ni/Ti dual-catalytic system for enantioselective cross-coupling
between aryl halides and epoxides, achieving trans-b-aryl-
cycloalkanols in 57–99% yields and 78–95% ee under mild
reductive conditions (Scheme 38).64 The chiral titanocene
catalyst mediates the reductive ring-opening of the epoxide
substrate, generating a b-titanoxy alkyl radical intermediate
which subsequently couples with the aryl-nickel(II) species.

Scheme 35 Synthesis of spiroketals and spiroaminals using an Ir/Au
relay-catalytic system.

Scheme 36 Ni/Cu-catalyzed propargylation of aldimine esters.

Scheme 37 Ni/Cu-catalyzed coupling of propargylic ammonium salts
with aldimine esters.

Scheme 38 Ni/Ti dual-catalytic system for cross-coupling between aryl
halides and epoxides.
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Reductive elimination then delivers the enantioenriched
product.

Asymmetric hydrofunctionalization of 1,3-dienes has been
extensively studied with palladium and rhodium catalysts,
while nickel-based systems remain less explored despite their
promise in constructing chiral allylic products with vicinal
stereocenters. A notable advance was achieved through a Ni/
Cu dual catalytic system that enables the enantioselective
coupling of 1,3-dienes with aldimine esters,65 furnishing a wide
array of amino acid derivatives with high diastereo- and enan-
tioselectivity (Scheme 39). The methodology demonstrated
broad applicability across both cyclic and acyclic nucleophiles
as well as structurally diverse diene substrates.

Despite the widespread application of Z3-allylpalladium
complexes in asymmetric transformations, their isoelectronic
Z3-benzylnickel counterparts remain significantly underdeveloped,
primarily limited by the higher energy barrier associated with
oxidative addition and dearomatization processes. In 2022, Zhang
and coworkers achieved a breakthrough in asymmetric catalysis
by developing a Ni/Cu bimetallic system for the benzylation of
aldimine esters,66 constructing challenging a-quaternary amino
acid derivatives with excellent enantioselectivity (Scheme 40). The
transformation relies on a highly electrophilic Z3-benzylnickel
intermediate, which promotes efficient coupling under base-free
conditions.

3.4. Ru/M catalytic system

In 2012, Nishibayashi and colleagues completed a dual
transition-metal catalytic approach using ruthenium and cop-
per complexes for the enantioselective propargylic substitution
of b-ketoesters with propargylic alcohols (Scheme 41).67 The
ruthenium catalyst facilitates the formation of an electrophilic
allenylidene intermediate from the propargylic alcohol, while

the chiral copper complex activates the b-ketoester to generate
a nucleophilic enolate. The synergistic activation enables
highly enantioselective C–C bond formation, delivering pro-
pargylic substitution products with excellent yields and stereo-
selectivity. This work stands as an early and influential example
of synergistic Ru/Cu catalysis via allenylidene intermediates.

Borrowing-hydrogen catalysis provides an atom-economical
approach by directly transforming simple alcohols into value-
added compounds, circumventing the need for prefunctiona-
lized reagents and minimizing byproduct formation.68 In 2022,
Wang and co-workers presented an efficient approach to con-
structing 1,4-nonadjacent stereocenters through a synergistic
Ru/Cu relay catalytic system, achieving comprehensive stereoche-
mical control to access all four possible stereoisomers with out-
standing enantioselectivity and diastereoselectivity (Scheme 42).69

Initially, the ruthenium catalyst dehydrogenates the alcohol sub-
strate to form a reactive a,b-unsaturated carbonyl intermediate
and metal-hydride species. This intermediate then undergoes an
asymmetric Michael addition with a nucleophile metallated

Scheme 39 Ni/Cu-catalyzed asymmetric coupling of 1,3-dienes with
iminoesters.

Scheme 40 Ni/Cu bimetallic system for the benzylation of aldimine
esters.

Scheme 41 Ru/Cu-catalyzed propargylation of b-ketoesters.

Scheme 42 Ru/Cu-catalyzed reaction of allylic alcohols and ketimine
esters.
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azomethine ylide, where a chiral copper catalyst controls the
stereochemistry at this stage. The resulting enolate intermediate
is subsequently reduced by the in situ formed ruthenium hydride,
which exerts stereocontrol at the second chiral center. This dual
catalysis provides an efficient route to densely functionalized
d-hydroxyesters from racemic allylic alcohols and ketimine esters,
thereby expanding the utility of borrowing-hydrogen strategies in
stereodivergent synthesis. In 2025, Wang and Dong developed a
Cu/Ru relay catalytic system for the asymmetric synthesis of
d-hydroxy a-amino acids with two adjacent stereocenters from
inert allylic alcohols and ketoimine esters, achieving high yields
and stereoselectivity through a borrowing-hydrogen and Michael
addition cascade.68f

The asymmetric 1,3-dipolar cycloaddition of inert allylic
alcohols presents significant challenges, primarily due to their
inherently low reactivity and the necessity for pre-activation.
The Wang group addressed this challenge with a Ru/Cu relay-
catalyzed 1,3-dipolar cycloaddition of inert allylic alcohols with
aldimine esters (Scheme 43).70 The Ru catalyst oxidizes the
alcohol to a transient a,b-unsaturated carbonyl intermediate,
suppressing side reactions, while the Cu catalyst promotes
asymmetric 1,3-dipolar cycloaddition with azomethine ylides,
forming a chiral pyrrolidine framework with excellent dia-
stereo- and enantioselectivity.

A key limitation of the asymmetric alkylation of b-keto esters
is the difficulty in achieving high enantiopurity for mono-
alkylated products, as the products readily racemize via keto–

enol tautomerization under basic or acidic conditions. Kita-
mura and Tanaka developed a Ru/Pd catalyzed asymmetric
allylation of unactivated b-keto esters with allyl alcohol dehy-
dration, giving all possible diastereomers with high regio- and
stereoselectivity (Scheme 44).71 The synergistic catalysis oper-
ates through a unique mechanism where the palladium
complex generates an enolate while simultaneously producing
a Brønsted acid that activates the ruthenium catalyst, creating a
self-sustaining cycle that maintains nearly neutral conditions to
prevent racemization. This synergistic catalytic system offers a
compelling solution for enantioselective a-alkylation of b-keto
esters,72 a fundamental transformation long hindered by the
lability of the resulting stereocenters.

3.5. Rh/M catalytic system

Over the past few decades, Rh-catalyzed transformations invol-
ving metal carbenes generated from diazo precursors have
emerged as a powerful synthetic strategy, enabling diverse C–
C and C–X bond formations through cyclopropanation, C–H
insertion, and cycloaddition reactions.73 The Feng group has
made remarkable advancements in developing N,N0-dioxide-
metal complexes as efficient chiral Lewis acid catalysts.74 More
recently, they have pioneered the innovative integration of
Lewis acid catalysis with Rh-catalyzed carbene transfer pro-
cesses, successfully establishing a series of unprecedented
asymmetric transformations.

Feng and colleagues pioneered a bimetallic Rh(II)/In(III) relay
catalysis, achieving tandem insertion and asymmetric Claisen
rearrangement of N-sulfonyl-1,2,3-triazoles with allyl alcohol
esters (Scheme 45, top).75 The action between achiral Rh2(esp)2

and chiral N,N0-dioxide-In(III) complexes afforded b,g-amino
acid derivatives in excellent yields and with outstanding stereo-
selectivities. In addition, Feng et al. developed a Rh(II)/Zn(II)
relay catalytic system to facilitate asymmetric [4+3] cycloaddi-
tions between b,g-unsaturated a-ketoesters and diazoimides,76

enabling the synthesis of oxa-bridged oxazocines with high
enantioselectivities (Scheme 45, bottom).

3.6. M/M catalytic system

In 2004, Jacobsen and co-workers introduced a groundbreaking
dual-metal catalytic system that integrates two distinct chiral
metal complexes to accomplish highly enantioselective conjugate

Scheme 43 Ru/Cu-catalyzed 1,3-dipolar cycloaddition of allylic alcohols
with aldimine esters.

Scheme 44 Ru/Pd-catalyzed asymmetric allylation of b-keto esters.
Scheme 45 The insertion and cycloaddition reactions of carbenes cata-
lyzed by bimetals.
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cyanation of a,b-unsaturated imides (Scheme 46).6 In this reaction
system, a (salen)Al complex activates the unsaturated imide sub-
strate, while a (pybox)lanthanide catalyst independently enhances
the nucleophilicity of cyanide. This dual activation strategy signifi-
cantly improved reaction efficiency and stereocontrol, delivering
cyanide adducts in 80–94% yields and up to 97% ee.

Despite considerable advances in the asymmetric propargyl
substitution reaction, the development of copper-catalyzed
variants remains underdeveloped. Niu and Zhang completed
a highly stereoselective propargylation reaction of 5H-thiazol-4-
ones and 5H-oxazol-4-ones using dual metal catalytic systems
(Cu/Zn and Cu/Ti) (Scheme 47).77 Chiral copper–allenyl inter-
mediates undergo stereocontrolled coupling with nucleophilic
heterocycles, while distinct chiral ligands on each metal pre-
cisely guide the formation of vicinal stereocenters, affording
products with excellent enantio- and diastereoselectivity.

Substituted indoles remain privileged structures in medicinal
chemistry and synthesis, featuring prominently in bioactive
compounds and serving as versatile synthetic intermediates.
Platinum catalysis has emerged as a powerful tool for the
efficient construction of indole scaffolds. In 2023, Guo et al.
designed an efficient Pt/Cu dual-catalytic system for the asym-
metric vinylogous addition reaction (Scheme 48),78 furnishing
functionalized indoles with high enantioselectivity. The plati-
num center activates propargylic ether substrates through elec-
trophilic alkyne coordination, generating a,b-unsaturated
carbene intermediates. Meanwhile, the chiral copper complex
coordinates with nucleophilic b-dicarbonyl compounds to form
enolate species. The stereoselective nucleophilic addition to the
platinum-carbene intermediate governs the formation of enan-
tioenriched products.

4. Dual transition-metal catalysis

The strategic integration of two distinct transition-metal cata-
lysts within a single reaction system represents a transforma-
tive approach for streamlining multistep transformations into
efficient one-pot processes. This synergistic dual transition-
metal catalysis leverages the complementary reactivity profiles
of different metals to orchestrate complex reaction sequences,
often enabling bond formations and functional group manip-
ulations that are challenging or inaccessible with single-metal
systems. By carefully pairing metals with orthogonal or sequen-
tially compatible catalytic cycles—such as combining a metal
adept at cross-coupling (e.g., Pd and Ir) with one excelling in
redox processes (e.g., Cu and Rh)—researchers can achieve
intricate cascade reactions with high levels of chemo-, regio-,
and enantiocontrol. A critical aspect lies in ensuring compat-
ibility between the metal centers and their ligands to prevent
deleterious interactions like catalyst deactivation via transme-
tallation or redox quenching. Overcoming these challenges
through judicious catalyst design unlocks the potential for
novel disconnections and significantly enhances synthetic effi-
ciency, making dual transition-metal catalysis a rapidly evol-
ving frontier for developing powerful and atom-economical
methodologies in asymmetric synthesis.

Building upon the foundational principles of dual transition-
metal catalysis, early advancements such as the Rh/Pd-catalyzed
domino alkyne arylation/C–N cyclization reported by Lautens
and coworkers in 2011 demonstrated the feasibility of combining

Scheme 46 Asymmetric cyanidation reaction catalyzed by bimetals.

Scheme 47 Asymmetric propargylic substitution reaction for 5H-thiazol-
4-ones and 5H-oxazol-4-ones.

Scheme 48 Pt/Cu-catalyzed dual-catalytic system for the synthesis of
functionalized indoles.

Scheme 49 Rh/Pd-catalyzed domino arylation/C–N cyclization.
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orthogonal catalytic cycles for achiral dihydroquinoline synthesis
(Scheme 49, eqn (1)).79a However, a pivotal breakthrough in
achieving high enantioselectivity within such bimetallic systems
emerged in 2014 with the development of an enantioselective
variant (eqn (2)).79b This seminal work elegantly addressed the
critical challenges inherent to its predecessor—specifically, the
need for stereocontrol—by introducing a chiral diene ligand for
the rhodium-catalyzed asymmetric conjugate arylation step. This
chiral Rh complex was then paired with a palladium/XPhos system
responsible for the subsequent intramolecular C–N coupling. The
resulting sophisticated ‘‘two-catalyst-two-ligand’’ strategy achieved
exceptional enantioselectivity (up to 95% ee) and high yields (93%)
in the synthesis of dihydroquinolinones, exemplifying the power of
ligand orthogonality and kinetic resolution within a dual-metal
framework. Crucial to this success was the meticulous design
ensuring compatibility: the selective coordination of the diene
ligand to Rh enabled precise stereochemical induction without
disrupting the Pd catalytic cycle, while the robust XPhos/Pd
interaction effectively suppressed ligand crossover. Furthermore,
the temporal separation of catalytic steps—rapid Rh-mediated
arylation followed by slower Pd-driven cyclization—minimized
interference from competing pathways, such as undesired Suzuki
coupling involving the arylboronic acid and aryl bromide compo-
nents. This landmark study provided a modular blueprint for
designing effective dual transition-metal systems that integrate
chiral and achiral ligands selectively.

The Cu/Pd-catalyzed arylboration of alkenes has become a
powerful strategy for constructing valuable organoboron com-
pounds, enabling the simultaneous formation of C–C and C–B
bonds.80a This approach leverages the complementary reactivity
of Cu and Pd catalysts through transmetalation, where a key
alkylcopper intermediate generated in the Cu cycle is transferred
to the Pd cycle for further functionalization. Below, we outline
the evolution of this methodology, from its inception to recent
advances in asymmetric and complex substrate applications.

The foundation for Pd/Cu synergistic arylboration was estab-
lished by the seminal, independent reports from Nakao and
Brown in 2014, which demonstrated the arylboration of viny-
larenes using aryl halides and B2(pin)2 (Scheme 50, eqn (1)).80b

In this pioneering system, copper catalysis activates B2(pin)2

to generate a reactive NHC-Cu–Bpin species (NHC = N-
heterocyclic carbene), enabling syn-borylcupration across the
vinylarene to form a stable b-borylbenzylcopper intermediate.
Palladium catalysis then facilitates oxidative addition of the
aryl halide, transmetalation with the Cu-bound alkyl group,
and reductive elimination to yield 1,2-diarylethylboronates
with good regioselectivity and functional group tolerance. This
breakthrough highlighted the potential of integrating Cu-
mediated borylation with Pd-catalyzed cross-coupling in a dual
transition-metal system.

Building on this foundation, Brown and coworkers signifi-
cantly expanded the scope and control by developing a diaster-
eodivergent arylboration strategy for 1,2-disubstituted alkenyl
arenes (eqn (2)).80c Critically, by tuning the palladium catalyst
system, they achieved stereoselective transmetalation from the
stereodefined alkylcopper intermediate, allowing controlled

access to either the syn- or anti-diastereomer of the 1,2-diaryl-
1-borylalkane product with high diastereoselectivity.

Extending their diastereodivergent approach for racemic
substrates, Brown and coworkers achieved a significant break-
through by developing the enantioselective arylboration of
internal alkenes (Scheme 51).80d This key advance employed a
specifically designed chiral NHC-Cu catalyst, enabling the
asymmetric synthesis of valuable 1,1-diarylalkanes bearing a
synthetically versatile boronic ester group from substrates like
cis-b-methyl styrene. When complexed with copper, this architec-
ture created a well-defined chiral pocket essential for achieving
high enantiocontrol during the critical syn-borylcupration step.
When combined with Pd/RuPhos, it delivered products with
excellent stereoselectivity. High diastereomeric ratios exceeding
50 : 1 and enantiomeric ratios up to 96 : 4 were achieved across a
diverse range of internal alkenylarenes, including challenging
cyclic substrates such as indene and 1,2-dihydronaphthalene.
The synthetic power of this method was further underscored by
its application in a concise asymmetric synthesis of the biologi-
cally relevant glucocorticoid receptor partial agonist, where the

Scheme 50 Cu/Pd-catalyzed arylboration of vinylarenes and 1,2-
disubstituted alkenyl arenes.

Scheme 51 Cu/Pd-catalyzed enantioselective arylboration of internal
alkenes.
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boronic ester handle in the enantioenriched intermediate was
leveraged for downstream transformations.

Further advancing the field, Pd/Cu synergistic catalysis was
extended to the asymmetric functionalization of 1,3-enynes,
achieving efficient synthesis of multisubstituted axially chiral
allenes. Liao and coworkers reported a 1,4-arylboration strategy
wherein Cu–Bpin addition to enynes generated chiral allenyl–
Cu intermediates, which underwent PdCl2(dppf)-mediated trans-
metalation with aryl iodides to afford trisubstituted allenes with up
to 97 : 3 er (Scheme 52).81a Central to this breakthrough was the
design of a chiral sulfoxide phosphine (SOP) ligand, which, when
paired with Cu(I), demonstrated exceptional stereocontrol in the
catalytic cycle. This approach was generalized to 2-substituted
enynes, yielding tetrasubstituted allenes—challenging yet valuable
axially chiral scaffolds. Building on this foundation, Song and
coworkers recently leveraged a related Cu/Pd-cocatalyzed alkynyl-
boration strategy for the enantioselective synthesis of axially chiral
1,3-dienylboronates (Scheme 53).81b Key to this advancement was
the implementation of TangPhos ligands L33, which facilitated
chemo-, regio-, stereo-, and atroposelective arylboration of 1,3-
enynes with B2pin2 and aryl bromides under mild conditions. This
methodology significantly expands the utility of bimetallic catalysis
to structurally intricate, functionally enriched unsaturated sys-
tems, delivering products with exceptional enantioselectivity
(499.5 : 0.5 er).

Expanding beyond enynes, Brown and coworkers demonstrated
Cu/Pd-catalyzed arylboration of 1-silyl-1,3-cyclohexadienes
(Scheme 54).82 Using a sterically demanding Mes-Pyridylidene
ligand, this method achieved high trans-diastereoselectivity
(420 : 1 dr) for polyfunctional cyclohexanes. While predominantly
racemic, a single enantioselective variant (94 : 6 er) was realized

with McQuadeCuCl, showcasing modular access to stereodefined
alicyclic architectures. Copper/palladium synergistic catalysis
enables enantioselective arylboration across diverse alkene sub-
strates—including styrenes, internal alkenes, enynes, and die-
nes—delivering multifunctional chiral organoboron building
blocks with high stereocontrol.

In a strategic departure from aryl electrophiles, Liao and
colleagues pioneered Cu/Pd-catalyzed allylboration of styrenes
using allyl carbonates (Scheme 55).83 This transformation
leverages a chiral sulfoxide-phosphine L34 with Pd(dppf)Cl2

to achieve high enantioselectivity (up to 97% ee) and a broad
substrate scope, including halogenated styrenes. As the first
catalytic asymmetric alkene 1,2-allylboration, it provides direct
access to enantioenriched b-allylboronic esters and enabled the
synthesis of natural chiral alcohol.

Buchwald and colleagues pioneered the first asymmetric
CuH/Pd-catalyzed hydroarylation of vinylarenes (Scheme 56),84

diverging fundamentally from prior Cu-boryl strategies. Here, a
chiral CuH species (generated from DTBM-SEGPHOS/Cu/silane)
enantioselectively hydrocuprates styrenes to form benzylic-Cu
intermediates, which undergo stereoretentive transmetalation with
Pd–Ar complexes (from aryl bromide oxidative addition) and
reductive elimination to deliver 1,1-diarylalkanes. This silane-
driven hydrometallation mechanism replaces B2pin2-dependent
borylcupration and avoids boronate byproducts, enabling up to
96% ee for b-substituted styrenes and heteroaryl bromides. It thus
provides direct access to pharmaceutical scaffolds through an
orthogonal, boron-free pathway.

Parallelly, leveraging orthogonal bimetallic catalysis for
alcohol functionalization, Oestreich and co-workers pioneered

Scheme 52 Cu/Pd-catalyzed enantioselective arylboration of 1,3-enynes
for the synthesis of axially chiral allenes.

Scheme 53 Cu/Pd-catalyzed enantioselective arylboration of 1-
substituted enynes for the synthesis of axially chiral 1,3-dienylboronates.

Scheme 54 Cu/Pd-catalyzed enantioselective arylboration of 1-silyl-1,3-
cyclohexadienes.

Scheme 55 Cu/Pd-catalyzed enantioselective allylboration of styrenes.
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the first non-enzymatic dynamic kinetic resolution (DKR)
enabling enantioselective silylation of racemic alcohols
(Scheme 57).85 This strategy synergistically combines rapid
alcohol racemization, catalyzed by a bifunctional ruthenium
pincer complex, with an enantioselective dehydrogenative Si–O
coupling mediated by a Cu–H catalyst system using nBu3SiH.
Critically, the ruthenium catalyst enables efficient substrate
racemization without promoting deleterious background reac-
tions like silyl ether racemization or unselective coupling –
challenges that incapacitated conventional ruthenium half-
sandwich complexes. This orthogonal catalyst pairing delivered
various acyclic and cyclic benzylic silyl ethers in near-
quantitative yields and high enantioselectivity (up to 98% ee),
providing efficient access to pharmaceutical precursors like
duloxetine and rivastigmine, thereby demonstrating the power
of orthogonal bimetallic design for complex chiral synthesis
beyond alkene functionalization.

In 2019, Ohmiya’s group pioneered a novel umpolung
strategy that transforms aromatic aldehydes into chiral a-
alkoxyalkyl anion equivalents via synergistic Pd/Cu catalysis
(Scheme 58).86 While their earlier racemic system established
catalytic generation of nucleophilic a-silyloxybenzylcopper(I)
species from aldehydes and silylboronates, the asymmetric

iteration achieved enantioselective Csp3–Csp2 coupling with
aryl/allyl electrophiles. Key to success was a chiral N-
heterocyclic carbene (NHC) ligand (L35) on copper, featuring
fluorinated 2-(2,6-difluorophenyl)phenyl and 2-isopropylphenyl
substituents. This ligand orchestrated enantioselective silylcu-
pration of aldehydes (via CQO insertion) followed by stereo-
invertive [1,2]-Brook rearrangement to form configurationally
defined a-silyloxybenzylcopper intermediates. Subsequent stereo-
retentive transmetalation to Pd–aryl species and reductive elim-
ination delivered silyl-protected chiral benzhydrols with broad
functional tolerance (up to 92% ee). Mechanistic studies con-
firmed inversion at copper (Brook step) and retention at palla-
dium (transmetalation), highlighting precise stereocontrol across
two catalytic cycles. The system was extended to allylic carbonates,
underscoring its versatility in accessing chiral alcohols through
in situ anion generation.

Diverging from carbonyl umpolung strategies, Xu and co-
workers achieved enantioselective C(sp3)–C(sp) alkynylation via
synergistic Pd/Cu-catalyzed C–C s-bond activation/Sonogashira
coupling (Scheme 59).87 This innovative tandem process involves
Pd0-mediated oxidative addition into cyclobutanones’ C(sp2)–
C(sp3) bonds, followed by b-carbon elimination to generate
s-alkylpalladium species. Subsequent stereoselective transmeta-
lation with copper acetylides (formed in situ from terminal
alkynes and CuI) and reductive elimination yield chiral alkyny-
lated indanones bearing all-carbon quaternary stereocenters (up
to 97.5 : 2.5 er). Key to controlling enantioselectivity across both
C–C cleavage and C(sp3)–C(sp) bond formation was a novel
TADDOL-derived phosphoramide ligand L36 sterically demand-
ing fluorine/silicon-substituted aryl groups. This methodology
expands bimetallic catalysis to strained ketone activation.

Further diversifying the alkynyl transmetalation manifold,
Lu et al. demonstrated enantioselective Heck/Sonogashira tandem
coupling for synthesizing oxindoles with trifluoromethylated qua-
ternary stereocenters (Scheme 60).88a Unlike previous C–C activation

Scheme 56 The first asymmetric CuH/Pd-catalyzed hydroarylation of
vinylarenes.

Scheme 57 CuH/Rh-catalyzed DKR enantioselective silylation of racemic
alcohols.

Scheme 58 Cu/Pd-catalysis for transformation of aromatic aldehydes
into silyl-protected chiral benzhydrols.
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or carbonyl umpolung strategies, this Pd/Cu-catalyzed process
initiates with intramolecular Heck cyclization of o-iodoacry-
lanilides, generating alkylpalladium species that resist b-fluorine
elimination. Subsequent stereoselective transmetalation with
copper acetylides and reductive elimination delivers chiral 3-
alkynyloxindoles. Critically, Josiphos-derived ligands (L37) enabled
dual control over enantioselective C(sp2)–C(sp3) cyclization and
C(sp3)–C(sp) bond formation. This methodology overcomes histor-
ical challenges in trifluoromethyl alkene Heck reactions, showcasing
the versatility of bimetallic systems for complex heterocycle synth-
esis. In 2024, Yao demonstrated a synergistic Pd/Ag-catalyzed asym-
metric diarylation leveraging aryl-silver species generated directly
from simple arene C–H activation.88b This approach bypasses
prefunctionalized aryl reagents, contrasting with Lu’s Pd/Cu system,
which employs alkynyl-copper transmetalation for Heck/Sonogashira
sequences. Key to Yao’s strategy is a single chiral bisphosphine
ligand that orchestrates both Ag-mediated C–H cleavage and Pd-
catalyzed enantioselective cyclization.

Niu and co-workers performed an iridium-catalyzed enantio-
selective allylation of bis[(pinacolato)boryl]methane, enabled

by silver assistance (Scheme 61).89 Mechanistically, Ag3PO4

facilitates LiOtBu-mediated deborylative transmetallation to
generate alkyl–silver species, which then undergoes stereo-
selective allylic substitution with Ir–p-allyl complexes. Chiral
phosphoramidite ligands orchestrate enantiocontrol during
C–C bond formation, delivering b-substituted homoallylic boro-
nic esters as versatile chiral building blocks.

Synergistic bimetallic catalysis enables the concurrent generation
and stereoselective coupling of transient organometallic intermedi-
ates, offering new powerful strategies for constructing complex
chiral architectures. A landmark example is the Cu/Pd-catalyzed
interrupted Kinugasa allylic alkylation (IKAA, Scheme 62).90 In
this system, a Cu(I) catalyst promotes the cycloaddition of alkynes
and nitrones to form a chiral enolate-copper intermediate M,
while a Pd(0) catalyst activates allylic carbonates to generate a

Scheme 59 Pd/Cu-catalyzed C–C s-bond activation/Sonogashira
coupling.

Scheme 60 Pd/Cu-catalyzed enantioselective Heck/Sonogashira tan-
dem coupling.

Scheme 61 Ag/Ir-catalyzed allylation of bis-Bpin-methane for the synth-
esis of enantioenriched homoallylic organoboronic esters.

Scheme 62 Cu/Pd- and Cu/Ir-catalyzed interrupted Kinugasa allylic
alkylation.
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p-allylpalladium electrophile. The stereoselective coupling of these
two intermediates—via nucleophilic attack of M on the electrophilic
reagent—proceeds with high efficiency, delivering a-quaternary b-
lactams with excellent enantioselectivity. Crucial to the success of
this process is the synchronization of the two catalytic cycles and the
deliberate ligand design: a chiral SA-BOX ligand L37 for Cu and an
achiral Xantphos ligand for Pd, which together suppresses proto-
nation of M and ensures precise stereochemical control. Comple-
menting this, a Cu/Ir system achieves stereodivergent synthesis of b-
lactams with adjacent tertiary/quaternary/tertiary stereocenters. By
independently tuning chiral Cu and Ir catalysts, four stereoisomers
are selectively accessed from identical substrates, demonstrating
orthogonal control over multiple stereogenic centers.

Extending synergistic bimetallic catalysis to non-adjacent stereo-
centers, You reported a Cu/Ir relay catalytic system for stereodiver-
gent tandem asymmetric conjugate addition/allylic alkylation
(Scheme 63).91 Copper catalysis (with chiral phosphoramidite

ligand L18) generates enolates from cyclic enones and dialkylzinc,
while iridium catalysis (using phosphoramidite) directs allylic
substitution with cinnamyl acetates. This sequential nucleophile-
electrophile pairing constructs 1,3-chiral centers in cyclohexanones
with high stereoselectivity.

In 2021, Hu et al. developed a ternary Rh/Pd/CPA-catalyzed
asymmetric three-component allylic alkylation of a-diazo car-
bonyls, alcohols, and allyl carbonates (Scheme 64).92 This
strategy intercepts the transient Rh-associated enol (derived
from an oxonium ylide) with an electrophilic p-allyl-Pd+�CPA�

complex via an unprecedented SN1-type trapping pathway. The
Xantphos ligand’s large bite angle enhances Pd-allyl electro-
philicity, suppressing competing O–H insertion, while the
chiral phosphoric acid (CPA) controls enantioselectivity (up to
97% ee) through hydrogen bonding and ion-pairing interac-
tions in the stereodetermining C–C bond formation.

5. Conclusions and outlook

Asymmetric bimetallic catalysis has made significant strides
since 2010, offering new avenues for controlling stereo-
selectivity. This strategy has expanded the toolbox of synthetic
chemists, enabling previously inaccessible reaction paradigms,
as demonstrated by a variety of enantioselective transforma-
tions discussed in this review. It is anticipated that this field
will continue to increase the power of asymmetric catalysis.

Although substantial progress has been made in the field of
asymmetric bimetallic catalysis, it is still in its infancy with certain
challenges yet to be addressed. Notably, the majority of asymmetric
transformations presented herein are catalyzed by the Cu/Pd catalyst
system. Thus, one of the remaining challenges is to develop new
dual metal pairing types. Additionally, although a wide range of
different nucleophiles were explored, the electrophiles are still
limited to aryl halides or allylic precursors in the bimetallic catalyzed
asymmetric transformations described up to date. Expanding the
repertoire of electrophiles and developing new activation strategies
are crucial for advancing this field. Beyond these limitations, in-
depth mechanistic investigations are essential to provide a more
comprehensive understanding of the enantioselective controlling
parameters and the reaction mechanisms. Such insights are sig-
nificant for refining existing catalysts and designing new bimetallic
catalysts.

We anticipate that asymmetric bimetallic catalysis will evolve
into a versatile strategy with broad applications in organic
synthesis, pharmaceutical chemistry, and materials science.
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Scheme 63 Cu/Ir-catalyzed synergistic asymmetric conjugate addition/
allylic alkylation.

Scheme 64 Rh/Pd/CPA-catalyzed asymmetric three-component allylic
alkylation of a-diazo carbonyls, alcohols, and allyl carbonates.
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