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Stereoselective addition to carbonyls and imines
constitutes a powerful synthetic strategy for con-
structing chiral alcohols and amines. Reductive addi-
tions, employing organic electrophiles under a
terminal reductant, can circumvent the need for pre-
formed organometallic reagents. This approach
offers significant advantages over traditional nucle-
ophilic additions, including improved functional
group compatibility and broader substrate scope,
and has consequently garnered substantial attention.
Over the past decade, significant progress has been
made in catalytic asymmetric reductive addition
(CARA reaction) of carbonyl compounds enabled by
a transition metal catalyst. This review provides a
comprehensive summary of advances from the past
decade in transition metal-catalyzed asymmetric re-
ductive C-C bond formation with carbonyls and imi-
nes, including arylation, alkenylation, allylation,

Introduction

Carbonyls represent fundamental structural motifs that
are extensively distributed throughout petrochemical
feedstocks, bioactive molecules, and natural products.
The oxygen atom’s electronegativity polarizes the C=0
bond, imparting substantial electrophilic character to the

propargylation, and alkylation. Emphasis is placed
on couplings of diverse carbon electrophiles with
aldehydes, ketones, imines, isocyanates, and sulfiny-
limines to forge chiral C-C and C-S bonds. The scope
of electrophilic reagents and related mechanistic
insights is also discussed. Finally, this review outlines
current challenges and emerging opportunities in
this rapidly evolving field, offering perspectives on
future research.
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carbonyl carbon and rendering it a versatile linchpin for
synthetically important C-C bond-forming reactions.!
Among representative
metal-catalyzed carbonyl additions have emerged as a
powerful strategy for constructing alcohol and amine
scaffolds.? However, traditional approaches necessitate
preformed organometallic reagents (e.g., organolithium

transformations, transition-
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Scheme 1| Transition-metal-catalyzed asymmetric reductive addition to carbonyl compounds with carbon

electrophiles.

or Grignhard reagents), which require stringent anhydrous
conditions for preparation and storage.®*” Furthermore,
these highly basic and strongly nucleophilic reagents
exhibit limited functional group tolerance, significantly
restricting their utility in late-stage molecular diversifica-
tion and diminishing the general applicability of carbonyl
additions in organic synthesis. In contrast, organic elec-
trophiles, particularly halides, offer distinct advantages
due to their inherent stability and ready accessibility.
Reductive addition reactions employing these electro-
philes with terminal reductant represent a highly attrac-
tive alternative, obviating the need for preformed
organometallic reagents and enabling single-step con-
struction of functionalized compounds with enhanced
structural diversity (Scheme 1a).8™" The genesis of this
approach traces back to Barbier’'s seminal work in 1899, in
magnesium-mediated one-pot carbonyl additions of al-
kyl iodides (Scheme 1b).”? Subsequent transformative
breakthroughs, including the development of samarium
(I iodide-mediated reductive addition™ ™ and the estab-
lishment of Nozaki-Hiyama-Kishi (NHK) reaction,” %°
dramatically enhanced the scope and usefulness of re-
ductive addition chemistry. Notably, the NHK reaction
has become an indispensable protocol for the facile
assembly of chiral alcohols in complex natural products
and pharmaceuticals, owing to its mild conditions, good
chemoselectivity, and excellent functional group toler-
ance.” Given these distinctive merits, extensive efforts
have been made in advancing catalytic asymmetric re-
ductive addition (CARA) of carbonyls. In the last dec-
ades, rapid progress in innovation in chiral nitrogen and

phosphorus ligands, and development of photoredox
and electrocatalysis have facilitated remarkable devel-
opments in CARA enabled by transition metals.?>** This
review provides a succinct overview and update on tran-
sition metal-catalyzed asymmetric reductive arylation,
alkenylation, and alkylation reactions of carbonyl class
of acceptors, including aldehydes, ketones, imines, and
Michael acceptors. Notably, asymmetric reductive car-
bonyl couplings mediated by chiral Lewis acid or
Bronsted acid catalysis have been extensively reviewed
elsewhere?*?® and fall beyond the scope of this review.

The mechanistic pathway of reductive addition typi-
cally begins with electrophile activation by a low-valent
transition metal complex, requiring a reductant to pro-
vide electrons and drive the reaction forward; conven-
tional reductants include the terminal metal species (e.g.,
Mn, Zn) or organic reductants (e.g., TDAE, B,pin,). This
initiation step of activation can also be performed by
photoredox and electrochemical means. Furthermore,
asymmetric C(sp*)-carbon bond construction can be
classified into three types, depending on the pathways
of electrophile activation and C-C bond formation, via
polar addition of in situ-generated aryl/alkenyl-metal
species, radical-polar crossover processes, or radical ad-
dition of alkyl radicals. In the first type of pathway,
transition metal-catalyzed asymmetric arylation/alkeny-
lation proceeds through oxidative addition of C(sp?)-
electrophiles to chiral low-valent metal complexes,
followed by stereoselective nucleophilic addition to
unsaturated C=0 or C=N bonds (Scheme 2a). In the
second pathway, C(sp®)-electrophiles are activated via a

Citation: CCS Chem. 2025, Just Published. DOI: 10.31635/ccschem.025.202506433

Link to VoR: https://doi.org/10.31635/ccschem.025.202506433



https://doi.org/10.31635/ccschem.025.202506433
https://doi.org/10.31635/ccschem.025.202506433

©CCS

Chemistry e
(a) Catalytic asymmetric arylation/alkenylation via polar addition process
z
™ML Va J\O vé
7 7 /
{¥e ——— N - I
= Oxidative addition = \LG Polar addition Xy M
Aryl, alkenyl
(b) Catalytic asymmetric alkylation via radical-polar crossover process
z
* L*
™AL b / J\O Y
Alkyl—LG ~————— >  Akyl- + MM ———— >  Aky—TM"?  ——————3 Alkyl
SET process \LG Radical capture LG Polar addition
(C) Catalytic asymmetric alkylation via radical addition process
zI-—— ML
~ + Reductant
/
TMP/L* “, 2k
Alkyl—LG > Alkyl « > Alkyl
SET process\‘ Radical addition
LG—TM™/L*

Scheme 2| Primary pathways for transition metal-catalyzed asymmetric reductive addition of electrophiles to

carbonyls.

single-electron transfer (SET) process to generate alkyl
radicals that rapidly combine with the metal catalyst to
form the nucleophilic alkyl-metal intermediate. Subse-
guent single-electron reduction and stereoselective ad-
dition to carbonyl compounds furnish the desired
products while regenerating the chiral metal catalyst
(Scheme 2b). The alkyl-metal intermediate species may
also directly undergo asymmetric polar addition without
requiring further single-electron reduction. In the third
pathway, in situ-generated alkyl radicals from alkyl
halides and low-valent metal catalysts may undergo
stereoselective radical addition towards chelates formed
by chiral metal complexes and carbonyl substrate to
form new C(sp*)-C(sp®) bonds (Scheme 2c¢). Notably,
alternative mechanisms like oxidative cyclization or radi-
cal-radical coupling between electrophiles and carbo-
nyls may also afford chiral products.

Transition-Metal-Catalyzed
Asymmetric Reductive Addition to
Aldehydes

Asymmetric arylation with aryl electrophiles

The asymmetric reductive aryl addition of aldehydes has
emerged as a preferred method for synthesizing chiral
secondary benzylic alcohols, which are important struc-
tural motifs in numerous natural products and pharma-
ceuticals. An early work by Cheng’s group? in 2000
disclosed a nickel-catalyzed reductive arylation of
aldehydes with aryl halides using stoichiometric zinc.
However, attempts to use chiral bisoxazoline ligands in
this system afforded racemic products. A significant
development came in 2007 when the same group
achieved cobalt-catalyzed asymmetric aryl addition of

o-iodobenzoates to aldehydes. Utilizing a bidentate
P-chiral ligand, this transformation delivered arylated
phthalides with high enantioselectivity (Scheme 3a).2®
Mechanistically, the reaction could proceed through oxi-
dative addition of 2-iodobenzoate to cobalt, followed by
aldehyde coordination/insertion to form a cobalt alkox-
ide, which underwent intramolecular esterification to
produce the final product. In 2019, Itoh and coworkers®®
developed a nickel-catalyzed asymmetric reductive cou-
pling of aryl iodides employing chiral bisoxazoline
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Scheme 3| Early studies on cobalt/nickel-catalyzed
asymmetric reductive addition of aldehydes.
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Scheme 4 | Nickel-catalyzed asymmetric reductive addition of aryl halides with aldehydes.

ligands, although only a moderate level of enantiocontrol
was achieved (Scheme 3b).

Subsequently, Li’s group® designed a novel class of
chiral 2,2’-bipyridine (bpy) ligands featuring minimized
short-range steric hindrance, which enabled efficient
nickel-catalyzed asymmetric reductive couplings of aryl
halides with aldehydes (Scheme 4a). Mechanistic inves-
tigations identified that the n-= interaction between the
phenyl group of benzaldehyde and a proximal phenyl
substituent on the chiral ligand was crucial to achieving
high enantioselectivity (up to 97% ee). Concurrently,
Shi’s group® reported a similar nickel-catalyzed enantio-
selective addition of aryl iodides using semicorrins as
chiral ligands (Scheme 4b), which exhibited broad sub-
strate scope and excellent functional group tolerance. It
should be noted that both systems gave moderate enan-
tioselectivity with aliphatic aldehydes. The general mech-
anism proceeded as follows: The Ni(ll)/L* complex was
reduced by Zn to afford active Ni(O)/L* species, which
underwent oxidative addition into aryl iodide to afford
Ar-Ni(ll) int A. int A could interact with an aldehyde to
generate reactive int B, followed by 1,2-migratory inser-
tion, ligand exchange, and hydrolysis to yield a chiral
alcohol.

Metallaphotoredox catalysis—combining transition-
metal catalysis and photoredox processes—has emerged
as a transformative strategy in reaction discovery over
the past decade. It offers activation modes complemen-
tary to conventional thermal or reductive conditions
while significantly expanding synthetic possibilities.® In
2022, Xiao and coworkers® reported a visible-light-driven

cobalt-catalyzed asymmetric reductive addition of aryl
halides using Hantzsch ester (HE) as the reductant and
N,N-Diisopropylethylamine (DIPEA) as the proton ac-
ceptor (Scheme 5). The reaction accommodated both
aromatic and aliphatic aldehydes with broad substrate
scope, delivering products with excellent enantioselec-
tivity (up to 99% ee). Kinetic studies identified the mi-
gratory insertion of aryl cobalt species into the aldehyde
as the rate-determining step. Mechanistically, the dual
photoredox/cobalt system substituted stoichiometric
metal reductants with a photoexcited organic catalyst
and an alkyl amine (Scheme 5, bottom). The catalytic
cycle initiates with the reduction of the photoexcited
photocatalyst (4CzIPN*) species by a terminal reductant
(HE) to deliver 4CzIPN*~ species, which could reduce a
Co(ll) complex to catalytically active Co(l) species via
SET. The latter undergoes oxidative addition with an aryl
halide to form an aryl-Co(lll) intermediate, followed by
reduction to yield the aryl-Co(ll) species, postulated to
be the actual species for stereoselective carbonyl
addition.

Building upon the aforementioned metallaphotoredox
catalysis, the same group®* subsequently extended the
reactivity to asymmetric reductive couplings of biaryl
dialdehydes with aryl iodides or alkynes (Scheme 6a,
top). This desymmetrization reaction efficiently provided
diverse axially chiral aldehydes with good functional
group tolerance. It should be noted that the coupling
between aldehydes and alkynes might proceed via
elementary oxidative coupling. Recently, Xiao and
coworkers® disclosed photoinduced cobalt-catalyzed
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Scheme 6 | Cobalt-catalyzed asymmetric reductive ary-
lation with aryl iodides to access axial chirality.

desymmetric addition of paraphanes having two para-
aldehydes with aryl iodides or alkynes (Scheme 6b). This
method successfully afforded planar chiral [2,2] paracy-
clophane derivatives (up to 89% vyield, >99% ee, and >19/
1dr). Additionally, a similar photoredox cobalt-catalyzed
desymmetrization of prochiral biaryl dialdehydes via aryl
addition was achieved by Zhang and coworkers in 2023
(Scheme 6¢).%® In contrast to Xiao’s system, this ap-
proach was successfully applied to 2-methylated axially
prochiral dialdehydes, in which methyl substituents ef-
fectively served as blocking groups. Preliminary mecha-
nistic investigations suggested that the observed high
stereocontrol might be attributed to a combination of an
initial desymmetrization in the first arylation and kinetic
resolution in the second arylation. Later, Liu and
coworkers® employed DIPEA as the reductant to achieve
a light-driven asymmetric coupling of aromatic alde-
hydes with aryl iodides. This approach circumvented the
use of excess HE, thereby improving the atom economy
of the transformation.

As illustrated in Scheme 4, the aromatic iodides and
bromides were often used as electrophiles, whereas less
reactive aryl chlorides rarely participate in reductive
coupling reactions, owing to an inherently low reactivity
of aryl chlorides toward oxidative addition with low-
valent metal catalysts. Subsequent work in 2024 by Cao
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Scheme 7 | Nickel/Cobalt-catalyzed asymmetric reductive addition of aryl chlorides and axially chiral aryl electro-

philes with aldehydes.

and coworkers® addressed this limitation by employing a
new semicorrin ligand, which enabled nickel-catalyzed
enantioselective carbonyl additions of both aryl chlor-
ides and bromides (Scheme 7a). In addition, the groups
of Liang,*®* Meng*®, and Wang®*' independently demon-
strated asymmetric reductive aryl addition using racemic
N-heterobiaryl triflates (Scheme 7b). This approach pro-
ceeded dynamic kinetic resolution of aryl nickel species
after oxidative addition, providing access to optically
pure heterobiaryl alcohols bearing both axial and central
stereocenter with excellent diastereo- and enantioselec-
tivity. Very recently, Wang and coworkers*? also reported
a similar arylation with racemic heterobiaryls using co-
balt-catalysts (Scheme 7b, bottom). Notably, the authors
successfully expanded the substrate scope of arylation
from aldehydes to ketones and imines.

In the last decade, 3d metal-catalyzed catalytic reac-
tions involving metal 1,4-shift have been increasingly
reported.**** |In 2024, Zhu’s group*® disclosed cobalt-
catalyzed asymmetric migratory reductive addition
between aryl halides and aldehydes involving metal
1,4-migration (Scheme 8). Interestingly, the authors de-
veloped a ligand relay strategy involving two ligands of
different types. The authors found that the bipy ligand
facilitated 1,4-Co/H shift, while the other ligand of 1,2-bis
(2,5-dialkylphospholano)ethane (BPE) was capable of
promoting asymmetric reductive addition. A plausible

mechanism for the migratory reductive addition is pre-
sented in Scheme 12.

C-Glycosides have garnered increasing attention due
to their resistance to chemical and enzymatic degrada-
tion, different from natural O- and N-glycosides.*’™*°
Recently, Zhu and colleagues® reported a photoinduced
cobalt-catalyzed asymmetric reductive coupling between
glycosyl aldehydes and aryl iodides, which provided effi-
cient access to chiral hydroxymethine C-glycosides with
excellent enantioselectivities and broad substrate scope
(Scheme 9). In addition, using the enantiomer of the BDPP
ligand led to the selective formation of the epimer of the

Zhu, 2024
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Scheme 8 | Cobalt-catalyzed asymmetric aryl-to-hetero-
aryl migration and addition of aldehydes.
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Scheme 9 | Photoinduced cobalt-catalyzed asymmetric
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C-glycoside diastereomers. Meanwhile, density functional
theory (DFT) calculations provided mechanistic insights
into the origin of the modulation of stereoselectivity in this
transformation.

Asymmetric alkenylation with alkenyl
electrophiles

In 2024, Meng’s group® reported a cobalt-catalyzed
asymmetric NHK reaction between aldehydes and alke-

nyl halides (Scheme 10a, top). A tridentate
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Scheme 10 | Cobalt-catalyzed asymmetric NHK alkenyla-
tion of aldehydes.

bisoxazolinephosphine L13 proved crucial for achieving
high stereoselectivity. Mechanistic investigations, includ-
ing electron paramagnetic resonance (EPR) spectroscopy
and reactions involving E/Z isomerization of alkenyl
halides, revealed the involvement of alkenyl radicals as
intermediates during the reaction. Subsequently, Shi’s
group® introduced a cobalt-catalyzed asymmetric
NHK reaction under metallaphotoredox conditions
(Scheme 10b, bottom). The authors also applied the reac-
tion in late-stage modifications of complex molecules.

Electrochemical-organic synthesis has emerged as an
environmentally benign and efficient alternative for con-
structing valuable molecules, replacing exogenous redox
reagents with electric current.>*°° In 2021, a collaborative
work of Baran and coworkers® resulted in an electro-
chemical NHK coupling between alkyl aldehydes and
alkenyl bromides via Ni/Cr cocatalysis. Here, it was dem-
onstrated that low-valent nickel activates alkenyl halides
to generate alkenyl-Ni(ll) species. This intermediate
undergoes transmetalation with chromium, followed by
aldehyde addition and transmetalation from nickel to
CpoZrCl, to furnish the product (Scheme 11, bottom).
Subsequent studies successfully extended this electro-
chemical method to the classic asymmetric NHK reaction
with alkeny! halides,*”®" which was first reported by Kishi
et al. using chiral sulfonamide ligands with moderate-to-
good enantioselectivity (Scheme 11, top). Crucially, unlike
the classical NHK reaction, which was typically limited by
the rate of Cr(lll) to Cr(ll) reduction, the electrochemical
NHK (eNHK) enables direct modulation of reaction rates
through current control.

In the previous section, Zhu’s group*® reported asym-
metric reductive arylation relying on a key step of a
1,4-shift of cobalt. The same group extended the same
strategy to asymmetric alkenylation of aldehydes
(Scheme 12a). The reactions of employed ortho-halophe-
nylethylenes proceeded through a novel aryl-to-
alkenyl 1,4-cobalt shift to afford various chiral allylic
alcohols. Mechanistic experiments with Co(l) complex
indicated that the alkenyl cobalt(l) complex is likely the
catalytic active species. Remarkably, the 1,4-shift of
cobalt could be selectively switched on or off through
judicious choice of ligands. Some aliphatic aldehydes
were suitable substrates. In 2024, Shi’s group® reported
a nickel-catalyzed alkenylation with aldehydes under
metallaphotoredox conditions (Scheme 12b). Kinetic iso-
tope effect (KIE) studies suggested that 1,4-nickel migra-
tion might be turnover-limiting. Different from the work
of Zhu’s group,*® aliphatic aldehydes were unsuitable
substrates for this reaction system.

Xia’s group® had made notable progress in achieving
the first enantioselective reductive coupling between
aldehydes and unsymmetrical internal alkynes via photo-
redox/cobalt catalysis (Scheme 13a). This system effi-
ciently accessed diverse enantioenriched allylic alcohols
with excellent regio- (>95:5) and stereoselectivity
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Scheme 11| Electro/Ni cocatalyzed asymmetric reductive alkenylation of aldehydes.

(>95:5 E/Z, 99% ee). Mechanistic studies indicate that the
single-electron reduction of Co(ll) to active Co(l) initiat-
ed the oxidative cyclization with both alkyne and alde-
hyde bound to cobalt. Oxidative cyclization of the alkyne
and aldehyde then formed a cobaltacycle (a cobalt-con-
taining cyclic compound), and subsequent protonation,
reduction, and final protonation afforded the product.
However, an alternative pathway involving hydrometal-
lation of alkynes by cobalt(lll) hydride (generated via

HE** oxidation) could not be ruled out. Subsequently,
Xiao and colleagues disclosed a photoinduced cobalt-
catalyzed desymmetric reductive coupling of dialde-
hydes with alkynes, enabling the synthesis of diverse
chiral alcohols featuring central chirality in conjunction
with axial or planar chirality (Scheme 13b).34%% In 2024, Li
and Yu group® reported a reductive coupling of diaryl
dialdehydes with alkynes by merging cobalt and photo-
redox catalysis (Scheme 13c). In the desymmetrization
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Scheme 12 | Cobalt-catalyzed asymmetric migratory NHK reaction.
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Scheme 13 | Cobalt-catalyzed enantioselective reductive alkenylation of aldehydes with alkynes.

strategy, a broad range of C-0O axially chiral diaryl ether
scaffolds were constructed with high diastereo- and
enantioselectivities. The step of oxidative cyclization is
probably a rate-limiting process according to KIE
experiments.

Asymmetric alkylation with alkyl electrophiles

The pioneering work by Nozaki and Hiyama in 19777
established the first coupling protocol for allylic halides
and aldehydes mediated by Cr(ll). However, initial
attempts still required stoichiometric chromium reagents
until FUrstner’s breakthrough catalytic system employing
Mn as a reducing agent together with trimethylsilyl

chloride (TMSCI).2°%5 Building upon these advances,
Umani-Ronchi and coworkers® developed the first cata-
lytic enantioselective variant using chiral [Cr(salen)]
complexes, achieving up to 89% ee (Scheme 14a). Sub-
sequent ligand design innovations have further refined
the asymmetric NHK reaction, making it an indispensable
tool for constructing complex chiral alcohols in natural
product synthesis and pharmaceutical development
(Scheme 14b).67"78

In 2015, Zhang’s group’® developed a chromium-
catalyzed enantioselective lactone formation from car-
bonyl 2-(alkoxycarbonylallyl bromides and aldehydes
(Scheme 15a). The additive CoPc likely mediated redox
processes, in particular, the generation of reactive allylic
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Scheme 14 | Transition metal-catalyzed asymmetric NHK reaction of allyl halides to aldehydes.
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intermediates. The reaction was utilized in an efficient
synthesis of (+)-methylenolactocin without any erosion
of enantioselectivity. The group subsequently extended
this chromium-catalyzed reactivity to other classes of
allylic electrophiles, such as halomethyl heteroarenes,
y-disubstituted allyl halides, (E)-4-bromobut-2-en-1-ol
derivatives, and bromomethylnaphthalenes.®® Mean-
while, Xiong and Zhang® extended the method to cata-
lytic asymmetric three-component coupling through
sequential alkylation of 1,3-dienes and alkyl halides and
subsequent carbonyl allylation (Scheme 15b). The reac-
tion was initiated from the SET generation of the alkyl
radical mediated by CoPC. Subsequent radical addition
of 1,3-butadiene formed =-allyl radical species, which
then formed an allyl chromium complex. The latter added
to aldehydes via a six-membered transition state to af-
ford the desired product.

In 2021, Meng and coworkers®® reported a cobalt-cata-
lyzed method for a site-, diastereo-, and enantioselective
reductive allylation of aldehydes using allylic alcohols
(Scheme 16a). The transformation accommodated di-
verse structures of substrates, including racemic
branched allylic carbonates or acetates, a Z,E-mixture of
linear allylic carbonates or acetates, and unprotected
allylic alcohols, as well as aryl and alkyl aldehydes. A
wide array of enantioenriched homoallylic alcohols with
contiguous stereocenters were successfully formed.
Mechanistic studies revealed the possible formation of
an allyl radical in equilibrium with an allyl cobalt species,
while the chiral cobalt catalyst effectively controlled both
the high stereoselectivity and chemoselectivity.

In recent years, transition metal and photoredox coca-
talysis has proved to be a powerful strategy in Csp3-Csp?®
bond formation.t5°" For example, Liu’s group® disclosed

a diastereo- and enantioselective allylation of aldehydes
by merging cobalt catalysis with photoexcitable HE,
eliminating the need to add exogenous photocatalysts
(Scheme 16b).

The stereoselective C-C bond formation between pro-
pargyl electrophiles and aldehydes proceeds via a six-
membered cyclic transition state, wherein fine-tuning of
steric repulsion between the catalyst and substrates
might determine the divergent formation of either pro-
pargylation or allenylation products (Scheme 17a). In
2023, Meng’s group®® accomplished a photoredox/
cobalt dual-catalyzed propargylation of aldehydes with
excellent regio-, diastereo-, and enantioselectivity
(Scheme 17b). This protocol efficiently constructs highly
functionalized homopropargyl alcohols featuring two
contiguous stereogenic centers using commercially
available bidentate phosphine ligands. The mechanism
involved reversible propargyl radical recombination to
form allenyl-Co(lll), its single-electron reduction to reac-
tive allenyl-Co(ll), and rate-limiting nucleophilic addition
to aldehydes, as suggested by DFT calculations and
experimental results.

In contrast, Wang and coworkers® disclosed a chromi-
um-catalyzed enantioconvergent allenylation of alde-
hydes using racemic propargyl halides (Scheme 17¢).
Employing a semicorrin, this method provided efficiently
optically pure a-allenols featuring adjacent axial and
central chirality. Mechanistic studies suggested the gen-
eration of a propargyl radical, which was captured by a
chromium catalyst. The resulting propargylic chromium
complexes preferentially added to aldehydes via a
six-membered transition state, affording a-allenols.
Afterward, a chromium-catalyzed enantioconvergent
coupling of racemic propargylic halides was developed
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to access chiral 2,3-allenones, featuring a key step of
radical-polar crossover/Oppenauer oxidation cascade.®*
In addition, the same group has developed a domino
reaction of 4-alkyl-1,4-dihydropyridines (alkyl-DHPs) as
radical precursors, enynes and aldehydes, via a key step
of radical addition to 1,3-enynes under cooperative
photoredox/chromium catalysis (Scheme 17d).°°

The Reformatsky reaction typically involves zinc-
mediated reductive addition of a-halocarbonyl com-
pounds to aldehydes or ketones, and it has emerged as
a powerful method for asymmetric C-C bond forma-
tion.®*° Thus, considerable efforts have been devoted
to developing a catalytic asymmetric Reformatsky reac-
tion, with one such example employing a chiral chromi-
um/diarylamine bis(oxazoline) catalyst (Scheme 18)./°°

This method provided a diverse array of chiral B-hydroxy
carbonyl derivatives from a-chloro- or a-bromo-substi-
tuted esters and amides with excellent enantioselectiv-
ities. Notably, the reaction proceeded via a radical-polar
crossover mechanism and exhibited high efficiency un-
der both classical catalytic and photoredox conditions.
Wang’s group has also reported other coupling partners
with aldehydes via radical-polar crossover process, such
as a-boronate alkyl chlorides, N-sulfonyl imines, benzy-
lamines, internal 1,3-dienes, and alkenes.”™°°

Despite significant advances in reactions involving ac-
tivated alkyl electrophiles, asymmetric reductive addi-
tions of unactivated alkyl groups to C=X bonds remain
underdeveloped. This limitation primarily stems from
challenges in effectively differentiating the enantiotopic
faces of transient free alkyl radicals. In a joint study, Baran
and coworkers®® reported a Cr-electrocatalytic decar-
boxylative alkylations using redox-active esters, produc-
ing only racemic carbinols. In 2024, the same group'™®
reported an asymmetric variant of this decarboxylative
addition under electrochemical conditions (Scheme 19).
The authors identified tetrakis(dimethylamino)ethylene
(TDAE) as a critical mediator for reducing the Cr'"/L
catalyst and optimized conditions using sulfonamide
ligand L22. Thus, chiral secondary alcohols were pro-
duced with high enantiomeric excess (~90% ee) and
moderate yields.

Transition-Metal-Catalyzed
Asymmetric Reductive Addition of
Ketones

Asymmetric arylation with aryl electrophiles

The development of asymmetric reductive additions to
ketones lagged behind the transformations with alde-
hydes, primarily due to inherently reduced electrophilic-
ity and difficulty in facial differentiation of unactivated
ketones. In 2016, Liu’s group' achieved catalytic enan-
tioselective arylation of ketones utilizing a chromium
catalyst with oxazoline/sulfonamide L15 (Scheme 20a).
The protocol proved effective for both aliphatic and
arylaliphatic ketones, providing access to chiral tetrahy-
dronaphthalen-1-ols with good enantioselectivities. Lat-
er, Zhou and Xu'@® reported nickel-catalyzed asymmetric
intramolecular desymmetrization of 1,3-diketones via the
addition of aryl halides (Scheme 20b). This method
afforded bicyclic[4.3.0] skeleton bearing vicinal stereo-
genic centers with moderate enantioselectivities and
excellent diastereoselectivities. Lv and coworkers'®® de-
veloped a nickel/bisoxazoline-catalyzed intramolecular
asymmetric cyclization of aryl halides to unactivated
ketones, affording chiral 3-hydroxy-2,3-dihydrobenzofur-
ans in excellent stereocontrol (Scheme 20c¢). In 2023,
Mei’'s group™ developed an analogous enantioselective
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cyclization of aryl bromides under electrochemical con-
ditions (Scheme 20d).

The above examples were limited to intermolecular
addition of common ketones. A significant advancement
was achieved by Zhou’s group,” who developed the
first intermolecular examples in enantioselective reduc-
tive arylation and alkenylation of common ketones
(Scheme 20e). One reaction was scaled up to 10 mmol
using 0.1 mol % nickel, yielding 1.95 g of the alcohol.
Optically pure tertiary alcohols were synthesized effi-
ciently via nickel catalysis of bisoxazoline Bn-Box L25.
Notably, the desired product formation was assisted by
in situ-generated mixed titanium alkoxides from Ti(QOi-
Pr), and hexafluoroisopropanol (HFIP). Stoichiometric
studies employing an isolated complex Ni'"L(Ar)Br

Wang, 2024
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Scheme 18 | Chromium-catalyzed asymmetric Refor-
matsky reaction with a-halo esters and amides.

demonstrated that Mn-mediated reduction of the aryl
nickel" intermediate was not necessary for ketone inser-
tion. The mixed titanium(lV) alkoxide was proposed to
abstract halide to create cationic aryl nickel complexes
for facilitating asymmetric aryl insertion. Wang and
coworkers™ have reported another example of catalytic
enantioselective intermolecular addition of aryl iodides
to isatins, using chiral cobalt complexes and bis(neopen-
tylglycolato)diboron (Bsnep,) as the stoichiometric re-
ductant (Scheme 20f).

The asymmetric reductive conjugate addition of
Michael acceptors is considered to be one of the most
useful methods for C-C bond formation. In 2022, Zhou
and coworkers™ reported nickel-catalyzed enantioselec-
tive reductive conjugate addition of enones with aryl and
heteroaryl halides (Scheme 21a). The method was suc-
cessfully employed in the efficient synthesis of ar-turmer-
one and the core structures of (+)-tolterodine and
AZD5672. Combining mechanistic studies and theoreti-
cal calculations, Zhou et al.™ suggested that the key
species responsible for the insertion was the aryl nickel
(I) complex of L26 int B. The intermediate is inserted into
the enone via a new mechanism of “elementary 1,4-addi-
tion” involving a nonplanar 6-membered cyclic transition
state, affording a nickel O-enolate int C. The nickel cata-
lyst facilitates elementary 1,4-addition to o,p-unsaturated
carbonyls instead of classic 1,2-migratory insertion seen
on rhodium and palladium. The author proposed that the
different reactivity originates from a smaller covalent
radius, lower orbital energy, and greater oxophilicity of
nickel than 4d metals, rhodium, and palladium. In 2024,
the same group also reported reductive alkenylation of
a,p-unsaturated ketones and amides with alkenyl bro-
mides, triflates, and tosylates using nickel catalysts of
chiral quinox (Scheme 21b).™
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In the catalytic cycles, Zhou et al.™ originally proposed
oxidative addition of (L)nickel(O) and aryl and alkenyl
halides. However, according to current knowledge, the
peak reduction potentials of nickel(l) bipy-type com-
plexes are more negative than —-2.0 V, which is beyond
the reducing power of zinc and manganese powder
(peak reduction potentials around -1.3 and 1.5 V in or-
ganic solvents).™ Thus, oxidative addition of aryl and
alkenyl halides should have occurred on nickel(l) com-
plexes instead."™"”

Using chiral cobalt catalysis, Zhou and coworkers™™
subsequently developed enantioselective reductive ar-
yl/alkenyl addition of Michael acceptors (Scheme 21c).
Similarly, the authors use experiments and DFT calcula-
tions to establish that the active species for the insertion
of enone was the aryl cobalt(l) complex of quinox. The
insertion also proceeded via a step of “elementary 1,4-
addition.” In addition, a,f-unsaturated amides served as
suitable substrates when strongly donating diphosphine
BenzP* was used as a chiral ligand, affording the corre-
sponding arylation and alkenylation products with excel-
lent enantioselectivity. In particular, the addition of aryl

halides and alkenyl triflates to N-indolyl enones pro-
ceeded very efficiently with low loadings of cobalt
(0.5 mol %), and the reactions were scalable. The solid
products of N-indolyl enones were formed in exception-
ally high ees, and their ees can be improved via simple
recrystallization. Additionally, the products can be readi-
ly converted to other chiral building blocks such as
ketones, carboxylic acids, esters, and alcohols.

In 2023, Xiao and coworkers™ disclosed enantioselec-
tive reductive conjugate addition of heterobiaryl triflates
via cooperative photoredox/cobalt catalysis (Scheme 22).
A series of axially chiral heterobiaryl compounds were
synthesized in high yields and excellent enantiocontrol
via dynamic kinetic resolution. In the proposed mecha-
nism, chelation of pendant pyridine to the aryl cobalt
center helps to reduce the rotational barrier of the puta-
tive axially chiral cobalt complex, thereby facilitating the
interconversion of (S)-int to (R)-int. Subsequently, the
groups of Zhang'®*® and Harutyunyan'® independently de-
veloped nickel-catalyzed reductive conjugate arylations/
alkenylations of a,p-unsaturated ketones by merging elec-
trochemistry and chiral nickel catalysis.
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Scheme 20 | Chromium/nickel/cobalt-catalyzed asymmetric reductive aryl addition to ketones.

The development of catalytic deoxygenative C-C cou-
pling reactions utilizing alcohols and their derivatives has
attracted increasing attention in recent years.”™ |n
2024, Shu group™® employed easily accessible B-keto

alkenyl acetates to achieve enantioselective reductive
conjugate addition of a,p-enones (Scheme 23, top). The
enone groups in products can be readily transformed

into diverse complex

structures, thereby significantly
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Scheme 21| Nickel/cobalt-catalyzed enantioselective reductive arylation/alkenylation of enones.

Citation: CCS Chem. 2025, Just Published. DOI: 10.31635/ccschem.025.202506433

Link to VoR: https://doi.org/10.31635/ccschem.025.202506433


https://doi.org/10.31635/ccschem.025.202506433
https://doi.org/10.31635/ccschem.025.202506433

@CCS

MINI REVIEW

Chemistry

Xiao, 2023
| N\
X Coly/L28 _N
. L N o 4CzIPN R; o
DIPEA, HE R
R? R — A e R
0 \)LR THF, 35°C
Blue LEDs

up to 91% vyield
up to 97% ee

PhoPl
CoL28 — CoL28 H !
N’ VBu
H

(R)-int (S)-int PPh,
L28

Scheme 22 | Photoinduced cobalt-catalyzed enantiose-
lective reductive arylation of enones.

expanding the accessible chemical space. Later, the same
group'” developed a stereoselective deoxygenative re-
ductive addition of enones with native saccharides utiliz-
ing a titanium catalyst (Scheme 23, bottom). This method
delivered C-glycosylation products with high a or p selec-
tivity from monosaccharides and oligosaccharides. The
transformation proceeded through a stereoselective
Giese-type radical addition to form a new C-C bond.

Asymmetric alkenylation with alkenyl
electrophiles

Recently, Song’s group™® introduced a regio- and
enantioselective reductive [3 + 2] annulation of
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Scheme 23| Stereoselective deoxygenative reductive
addition with alcohols and their derivatives.
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Scheme 24 | Nickel-catalyzed regio- and enantioselec-
tive reductive [3 + 2] annulations.

p-bromoenones with alkynes (Scheme 24). With the as-
sistance of reductant B,pin, and Ni catalyst of chiral
ligand L30, the asymmetric cyclization proceeded
smoothly to afford versatile chiral five-membered cyclic
tertiary alcohols with excellent yields and enantioselec-
tivities. The chirality of the axially chiral 1,3-diene inter-
mediate originated from regio- and enantioselective
migration insertion of alkynes with alkenyl Ni(ll) interme-
diate. Mechanistic experiments revealed the specific
function of Bspin, in the mononuclear nickel-catalyzed
system. Subsequent DFT calculations clarified that the
observed regio- and enantioselectivity arises from a syn-
ergistic interplay of electronic and steric effects.

Asymmetric alkylation with alkyl electrophiles

The evolution of chiral catalysts has driven notable
advancements in the asymmetric NHK reaction of
ketones, despite inherent challenges in reduced reactivi-
ty and enantiofacial differentiation of ketones compared
to aldehydes. In 2007, Miller and Sigman'?® disclosed an
enantioselective addition of aryl ketones with allylic
halides enabled by a chromium catalyst with a chiral
truncated oxazoline ligand (Scheme 25a). However, ali-
phatic ketones exhibited significantly lower enantios-
electivity under the standard conditions. Four years
later, Sigman™° established three-dimensional correla-
tion of steric and electronic free energy relationships,
which facilitated the achievement of enantioselective
propargylation of aryl ketones or aliphatic ketones
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Scheme 25 | Chromium-catalyzed enantioselective allylation and propargylation of ketones.

(Scheme 25b). The resultant mathematical model pro-
vided guidance for catalytic system optimization. In
2009, Chen and coworkers™ developed a new chiral
spirocyclic borate ligand that effectively promoted the
enantioselective allylation of ketones with allyl bromides
(Scheme 25c¢, top). In this reaction, the rigid framework of
the ligand was essential for achieving high stereoselec-
tivity, while the presence of the borate ring influenced
the stereochemical outcome of the product. Subse-
quently, a class of bipyridyl alcohol ligands was devel-
oped by the same group to achieve chromium-catalyzed
enantioselective allylation (Scheme 25c, bottom).”® This
reaction also demonstrated broad substrate scopes and
excellent enantioselectivities. In 2023, Wang’s group™
reported an efficient reductive coupling of racemic sec-
ondary propargylic chlorides and ketones (Scheme 25d).
Under the catalysis of chromium complexes of diaryla-
mine bis(oxazoline) L35 or Kishi-type ligand L36, a series
of chiral tertiary alcohols bearing vicinal stereocenters
were successfully obtained with good regio-, diastereo-,
and enantioselectivity. The authors proposed that the
regio- and stereoselectivity of this transformation was
governed by a Zimmerman-Traxler-type six-membered
transition state during nucleophilic addition of an allenyl-
Cr intermediate to 1-indanone.

In 2024, Chen and coworkers"™* reported a photore-
dox/cobalt-catalyzed asymmetric Barbier-type addition
reaction of unactivated alkyl electrophiles to ketones, for
efficient construction of highly congested tetrasubsti-
tuted stereocenters (Scheme 26). This protocol has a
broad substrate scope, encompassing primary, second-
ary, and tertiary alkyl halides as well as redox-active
esters as alkyl radical precursors, while a-ketoesters and

134

chelating aza-aromatic ketones were suitable radical
acceptors. High enantioselectivity was achieved through
the sterically bulky tridentate, nitrogen-phosphorus-
nitrogen (NPN) ligand L37 and L38. A subsequent appli-
cation study highlighted the method’s synthetic utility in
the facile synthesis of bioactive molecules and structur-
ally diverse chiral saturated heterocycles.

Chen, 2024
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Scheme 26 | Photoredox cobalt-catalyzed asymmetric
reductive alkylative reaction of ketones with unactivated
alkyl electrophiles.
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sors, aryl aldehydes and ao,p-unsaturated aldehydes may
also serve as radical coupling partners in asymmetric
cross-coupling, disclosed by Gong’s group in 2024
(Scheme 27).* This photoredox-mediated cobalt-cata-
lyzed reductive cross-coupling proceeded smoothly
without the requirement of external photosensitizers,
primarily due to the inherent photoactivity of aryl
ketones, together with the potential contribution of the
HE and photochemical reactivity of the cobalt catalyst.
Mechanistic studies revealed a stereoselective pathway
of radical-radical cross-coupling, enabling stereoselec-
tive synthesis of diverse optically pure unsymmetrical 1,2-
diols.

Transition-Metal-Catalyzed
Asymmetric Reductive Addition of
Imines

Asymmetric arylation with aryl electrophiles

Imines are readily accessible through the condensation
of aldehydes/ketones with various amines, serve as ver-
satile synthetic intermediates in asymmetric transforma-
tions to efficiently construct enantioenriched alkyl
amines.®*® |n 2012, Ley’s group'™? achieved palladium-
mediated enantioselective intramolecular arylation of
a-ketimino amides utilizing (R)-Difluorphos L40 as a
chiral ligand to enantioenriched to access 3-amino-2-
oxindole compounds (Scheme 28a).

In 2024, cobalt-catalyzed enantioselective reductive
(hetero)arylations of cyclic N-sulfonyl imines with aryl
and heteroaryl halides were developed by Shi and
coworkers (Scheme 28b)."** They employed Co(NTf,),
as a catalyst, chiral bisphosphine ligand L41 as the chiral
ligand, and zinc powder to provide optically active dia-
rylmethylamines. In the proposed mechanism, the enan-
tioselectivity of this transformation was dictated by
steric interactions and hydrogen bonding in the transi-
tion state.

Scheme 28 | Palladium/cobalt/nickel-catalyzed catalytic
enantioselective reductive arylation of imines.

Zhou’s group'* has reported an enantioselective re-
ductive arylation and heteroarylation of aldimines to
construct chiral benzylic amines employing a nickel/
‘Bu-Pyrox (L42) as catalyst (Scheme 28c). Organic
halides were used directly, including aryl iodides, bro-
mides, and some aryl chlorides and sulfonates. In some
cases, NaBr was added to accelerate Mn reduction, prob-
ably via ligand exchange of nickel complexes on the
surface of Mn. Additionally, crude aldimines (prepared
from refluxing toluene with MgS0O,) were used without
purification, thereby improving both practicality and op-
erational simplicity of the procedure. The nitrogen atom
of the N-pyridyl group can coordinate to nickel and
support the “elementary 1,4-addition” of aryl nickel(l)
species, which was supported by experiments using an
isolated complex (L)Ni(Ar)Br and calculations of the
insertion step.

Asymmetric alkenylation

In 2022, Jia’s group'® performed cobalt-catalyzed enan-

tioselective [3+2] umpolung annulation of o-halopheny-
lated N-heteroarenes (such as quinolines, isoquinolines,
quinoxalines, and pyridines) and both internal and termi-
nal alkynes (Scheme 29a). Chiral N-heterocyclic com-
pounds bearing spiro quaternary stereocenters were
produced in high ees. Importantly, the coordination of
alkenyl-Co species, generated after insertion, to the ni-
trogen atom of heteroarenes is crucial for this transfor-
mation, as evidenced by the lack of reactivity of
methylquinolinium iodide. Very recently, Xiao’s group'®
developed asymmetric [3+2] annulation of N-sulfonyl
ketimines and alkynes under photoredox/cobalt cataly-
sis to construct benzosultams (Scheme 29b). It is noted
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Scheme 29 | Cobalt-catalyzed asymmetric alkenylation of imines with alkynes and alkenyl! halides.

that aliphatic cyclic imines showed significantly reduced
enantioselectivity, indicating the critical role of aromatic
rings of imines for high reactivity and stereocontrol.
For enantioselective reductive alkenylation of keti-
mines with alkenyl halides, Chen and coworkers™
employed Coly/bisoxazolinephosphine L44 as a chiral
catalyst to access diverse tetrasubstituted a-vinylic ami-
no acid derivatives with excellent enantioselectivity
(Scheme 29¢). The authors found that different E/Z iso-
mers of the alkenyl halide yielded an identical product
with the same absolute configuration. Experiments dem-
onstrated that the geoemetric isomerization of alkenyl
iodide was initiated by a low-valent cobalt catalyst.
Asymmetric reductive coupling reactions of the = sys-
tem are an efficient alternative approach for constructing
the C-C bond. In 2023, Uyeda group™® published a co-
balt-catalyzed enantioselective reductive coupling of
alkynes and aldimines to furnish highly enantioenriched
allylic amines (Scheme 29d). A series of terminal alkynes
and aryl imines participated successfully in the reaction,
while internal alkynes and alkyl imines did not give good
results. The proposed mechanism involves oxidative cy-
clization of the alkyne and imine on the low-valent cobalt
catalyst, generating a key metallacycle intermediate.

Asymmetric alkylation

In 2023, Wang and coworkers'*® developed asymmetric

reductive annulation of 1,3-dienes and bromoaryl imines
via cobalt catalysis (Scheme 30). The [3+2] annulation
provided disubstituted cis-indanes with excellent dia-
stereo- and enantioselectivities under mild conditions.
In contrast to aryl-substituted diene substrates, alkyl-
substituted 1,3-dienes exhibited significantly lower

reactivity and enantioselectivity. The proposed mecha-
nism featured two key steps of enantioselective intermo-
lecular migratory insertion of 1,3-dienes followed by
diastereoselective intramolecular allylation of the imine,
which collectively determined the high stereoselectivity
of the reductive coupling.

Chen’s group™® has achieved cobalt-catalyzed asym-
metric reductive addition of a-chloro carbonyl com-
pounds to a-ketimines, delivering expedient access to
a range of chiral p-quaternary amino acid derivatives in
excellent yields and enantioselectivities (Scheme 31). The
reaction can use a diverse set of a-chloro carbonyl com-
pounds, including amides, esters, and ketones, as well as
sulfonamides. The method can be used for constructing
iterative a-amino acid units and oligopeptides. Mechanis-
tic investigations excluded a Reformatsky-type pathway
and confirmed the involvement of a-carbonyl radical in
the catalytic addition.

Wang, 2023 Ar

S
XN N,Ar
R + MRZ
Z Br

CO'zl Mn

Col,/L46 NH

MgSOg4, Mn T
R‘I_I wn \
DMA, 40 °C, 24 h =z \_Rz

32%-88% yield
71%-97% ee
= [o}
VAR ]
\ N Ny
L46

M R2 Ar

Ar,
NN AT —N'c “N—[Col
RI—— N —_— R1_: A [ |°] > SN
= o 1L “
[Co] R? R P> "\\_RZ
intA intB intC

Scheme 30 | Cobalt-catalyzed enantioselective reduc-
tive annulation of o-bromoaryl imines and 1,3-dienes.
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Scheme 31| Cobalt-catalyzed enantioselective reductive
alkylation of a-iminoesters with a-chloro carbony!
compounds.

The asymmetric alkylation of imines using unactivated
alkyl electrophiles presents a significant challenge,
primarily owing to the difficulty in controlling stereose-
lectivity. Baran and Reisman independently developed
reductive alkylation protocols for imines using redox-
active esters and alkyl halides, respectively.® ™
Specifically, Baran’s group achieved a diastereoselective
reductive addition through a chiral auxiliary-mediated
strategy using chiral sulfinyl imines. Nevertheless, a gen-
eral catalytic asymmetric approach for the alkylation of
imines remains elusive. In 2024, Chen group™ disclosed
an efficient cobalt-catalyzed enantioselective aza-
Barbier reaction, employing a Col,/NPN catalyst with
manganese reductant (Scheme 32a). This asymmetric
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Scheme 32 | Cobalt-catalyzed asymmetric reductive al-
kylation of a-iminoesters and iminooxindoles with unac-
tivated alkyl halides.

process has a broad scope of unactivated alkyl halides,
including primary, secondary, and tertiary alkyl iodides,
bromides, and even chlorides. Notably, suitable ketimine
substrates included o-imino esters, cyclic iminoesters,
and iminooxindoles. The method can be amenable
for sequential asymmetric reductive addition/intramo-
lecular substitution for the construction of sterically
congested N-heterocycles with «a-tetrasubstituted
stereocenters. Stoichiometric reactions with different
amounts of Mn indicated that an alkyl-cobalt(ll) species
was the reactive Co species in the catalytic cycle. Subse-
quently, the same group™® extended the asymmetric aza-
Barbier reaction to dehydroglycine derivatives, giving
chiral a-alkyl amino acid esters (Scheme 32b). Based on
the current mechanistic investigations, the authors pro-
posed that the reaction proceeded through a radical
addition to form the C-C bond. Later, Chen’s group
reported™® cobalt-catalyzed asymmetric reductive addi-
tion of cyclopropyl chlorides to a-iminoesters for the
efficient construction of chiral amino acid derivatives
containing cyclopropy! fragments.

Catalytic Asymmetric Reductive
Addition of Electrophiles to Other
Unsaturated Compounds

Chiral organosulfur compounds featuring stereogenic
sulfur centers are useful structural motifs in pharmaceu-
ticals, and they are also used as chiral ligands and orga-
nocatalysts in asymmetric catalytic transformations.®”>°
In particular, enantioenriched S-stereogenic sulfinamides
can act as chiral auxiliaries/ligands in asymmetric metal
catalysis and serve as key precursors in the synthesis of
compounds containing sulfur-stereogenic centers.”® In
2025, Shi group™ reported nickel-/cobalt-catalyzed
enantioselective reductive arylation and alkenylation of
sulfinylamines using aryl or alkenyl halides (Scheme 33a).
This protocol obviated the requirement for preformed
organometallic reagents, enabling direct synthesis of
S-chiral sulfinamides in high yields with excellent enan-
tioselectivities. Nonlinear effect experiments involving a
chiral ligand indicated that active catalytic species exist
as a monomeric nickel complex bearing a single chiral
ligand. In a proposed mechanism, the aryl insertion of the
S = N bond determined the enantioselectivity. Shortly
after, Yang and coworkers'™? also reported a similar re-
ductive addition to access enantiopure sulfinamides
using cobalt complexes of chiral diphosphine or triden-
tate NPN ligands (Scheme 33b). The addition of Nal and
3 A molecular sieves improved reaction efficiency and
enantioselectivity. Mechanistic investigations indicated
that oxidative addition of aryl iodide to the Co' complex
formed aryl-Co" int A, which was then reduced to
generate aryl-Co" int B. Migratory insertion of the
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Scheme 33 | Nickel/cobalt-catalyzed asymmetric reductive arylation and alkenylation of sulfinylamines.

sulfinylimine followed by transmetalation with Znl, de-
livered the desired product.

The reductive addition also proves equally useful for
the construction of challenging C(sp®)-S stereocenters
from TrNSO and unactivated alkyl halides. Very recently,
Chen and coworkers'™ disclosed reductive alkylation of
sulfinylamines employing a cobalt/quinox catalyst
(Scheme 34). A diverse array of alkyl-substituted sulfi-
namides was synthesized with excellent enantioselectiv-
ities, and the reaction tolerated ester, aldehyde, and
heteroaromatic rings. Remarkably, the methodology was
adapted to a sequential addition/cyclization, giving di-
rectly enantioenriched sultims. Based on mechanistic
experiments and DFT calculations, a plausible catalytic
cycle was proposed: sulfinylamine-Co(l) int A was re-
duced by indium to generate int B, which underwent a
halogen-atom transfer (XAT) with the alkyl halide, pro-
ducing an alkyl radical and int C. Subsequent stereose-
lective radical addition to sulfinylamine formed int D,
followed by reduction and protonation to deliver the
final product.

Concurrently, Shi’'s group™* accomplished an enantio-
and diastereoselective reductive propargylic sulfinami-
dation of racemic propargyl acetates, utilizing nickel/
copper dual catalysts (Scheme 35). This method can use
primary, secondary, and tertiary propargyl acetates as
substrates for the efficient construction of S-propargyl
sulfinamides containing carbon and sulfur stereocenters.
Racemic secondary propargylic acetates can also be
used. Control experiments suggested that chiral induc-
tion was predominantly governed by the nickel/L55

catalyst, while the copper/L56 catalyst served as a cru-
cial auxiliary.

Isocyanates can serve as versatile building blocks in
amide synthesis due to bench stability, commercial

Chen & Huang, 2025
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Scheme 34 | Cobalt-catalyzed enantioselective reduc-
tive alkylation of sulfinylamines.
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Scheme 35 | Ni/Cu cocatalyzed asymmetric reductive
propargylation of sulfinylamines.

availability, and high electrophilicity. Generally, amide
bonds can be constructed via an addition reaction
between isocyanates and carbon nucleophiles.’®>%® How-
ever, the utility of this method was limited due to
poor functional group compatibility of organometallic
reagents. Recently, Chen group'™ reported a cobalt-
catalyzed asymmetric reductive addition of tertiary
a-halolactams to isocyanates (Scheme 36). The transfor-
mation successfully constructed a-tetrasubstituted lac-
tams in up to 99% ee. However, the method showed
significantly reduced enantioselectivity in catalytic reac-

Summary and Outlook

CARA reactions to carbonyls have emerged as a power-
ful strategy to construct a new C-C bond in modern
organic synthesis. By directly coupling readily available
electrophiles with carbonyl compounds, this approach
circumvents the requirement for sensitive organometal-
lic reagents while offering exceptional functional group
tolerance and substrate generality. These advantages
establish reductive carbonyl additions as a privileged
protocol for efficient construction of enantioenriched
alcohols and amines, particularly demonstrating broad
application potential in natural product synthesis. This
mini-review highlights recent advances in transition-
metal-catalyzed asymmetric reductive additions to
carbonyls (aldehydes, ketones, imines, and sulfinyli-
mines), covering asymmetric arylation, alkenylation, and
alkylation.

Despite significant advances in recent years, several
challenges remain to be addressed to expand the syn-
thetic utility of the CARA reactions: (1) Current methods
predominantly employ functionalized and reactive car-
bonyl compounds. Unactivated alkyl ketones and imines
present formidable challenges, primarily owing to their
inherently low reactivity and difficulty in achieving
stereodiscrimination. Meanwhile, extending the reactivi-
ty to other m-unsaturated substrates, including nitriles
and nitrones, can broaden the synthetic utility of the
method; (2) Catalytic enantioconvergent catalysis™®®"7°
provides a novel opportunity for asymmetric reductive
additions, which utilizes racemic alkyl halides for efficient
construction of contiguous stereocenters. However,
achieving simultaneous control of both enantioselectiv-

tions of N-benzyl pyrrolidinone or a-halo-p-lactams. ity and diastereoselectivity remains a significant
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Scheme 36 | Cobalt-catalyzed asymmetric reductive addition of tertiary alkyl halides to isocyanates.
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challenge. (3) In the last decade, metallaphotoredox
catalysis and metallaelectrocatalysis have emerged as
powerful strategies for rapid assembly of structurally
complex molecules. They eliminate the use of stoichio-
metric amounts of metal reductants and also offer a new
dimension of tunability through adjusting light intensity,
spectral width of light, or reduction potentials.

While the new reductive addition reactions showed
promise in the synthesis of complex bioactive molecules,
scale-up applications still lag due to high catalyst load-
ings and slow reaction kinetics in many cases. Future
efforts in new catalyst design and development of more
practical and cost-effective reductants or catalytic sys-
tems will pave the way to practical large-scale applica-
tions. Furthermore, reaction engineering, such as catalyst
immobilization on solid supports and continuous flow
synthesis, will help the separation of products and facili-
tate the recycling and reuse of catalysts.
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