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a b s t r a c t

Asymmetric reduction of unsaturated compounds via dynamic kinetic resolution (DKR) has significantly

enhanced the efficiency and selectivity of synthesizing enantiomerically pure compounds from racemic

substrates. This approach combines the simultaneous racemization of substrates with enantioselective re-

duction, enabling quantitative yields and high enantiomeric excess. In the past several years, remarkable

advances in this field have been achieved, ranging from the development of innovative catalytic systems,

novel synthetic strategies, expansion of substrate scope, deeper mechanistic understanding, and their ap-

plications. These advancements offer alternative and efficient methods in the asymmetric synthesis of

chiral molecules bearing multiple consecutive stereogenic centers, particularly beneficial for the synthe-

sis of natural products or chiral intermediates in pharmaceuticals and fine chemicals. In this review, we

summarize the recent advances during the last several years according to the substrate types in this pow-

erful and productive field, with an emphasis on the development of new catalytic systems and the insight

into the DKR process.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Asymmetric synthesis plays a pivotal role in modern chem-

istry, particularly in the development of enantiomerically pure

compounds for applications in pharmaceuticals, agrochemicals, and

materials science. Among the various strategies for achieving enan-

tioselectivity, DKR has emerged as a powerful method for asym-

metric transformations [1–3]. DKR combines the principles of ki-

netic resolution (KR) with in situ racemization of the less reactive

enantiomer, allowing for the full conversion of racemic mixtures

into a single enantiomer with ideally 100% yield. This dual process

overcomes the 50% yield limitation of traditional KR while main-

taining excellent stereocontrol, making it an indispensable tool in

modern asymmetric synthesis.

On the other hand, asymmetric hydrogenation (AH) has evolved

into a robust and practical method to access chiral molecules [4–9].

The integration of DKR with asymmetric (transfer) hydrogenation

has garnered significant attention due to its ability to selectively

reduce racemic substrates to enantiomerically enriched products in
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high yields. This strategy is particularly valuable for the synthesis

of enantiomerically pure diastereomers of chiral alcohols, amines,

and other functionalized molecules bearing multiple consecutive

stereogenic centers, which serve as key intermediates in the man-

ufacture of bioactive compounds. In industrial settings, DKR-based

reductions are particularly valuable for synthesizing chiral alco-

hols with high atom economy and operational efficiency. A land-

mark industrial application is the synthesis of a carbapenem an-

tibiotic key intermediate 2 via AH of an α-substituted-β-ketoester

under DKR conditions, producing >100 tons annually (Scheme 1)

[10].

In 2018, scientists from Takasago reported a large-scale asym-

metric transfer hydrogenation (ATH) reaction in a pipes-in-series

flow reactor. Using (R,R)-Ts-DENEB-ligated ruthenium cat.1 as cat-

alyst (0.5 mol%) and a HCOOH/Et3N azeotrope as hydrogen donor,

α-amino-β-ketoester 4 underwent DKR-based reduction to afford

anti-β–hydroxy α-aminoester 5 with excellent enantioselectivity

(99% ee) and moderate diastereoselectivity (85:15 dr) (Scheme 2A).

Subsequent transformations yielded d–erythro-Ceramide on a 58kg

scale with >99% ee and >99:1 dr after recrystallization [11].

In 2020, Smith and co-workers developed a ruthenium-catalyzed

DKR/AH process of 6 for the synthesis of DLAC (a δ-lactone precur-

sor to AMG 232) (Scheme 2B). Employing the ruthenabicyclic com-
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Scheme 1. A landmark industrial application of DKR-based reduction.

Scheme 2. Recent industrial examples of DKR-based reduction.

plex cat.2 at a substrate-to-catalyst ratio (S/C) of 2000:1, product

7 was achieved with >98:2 er. This optimized process delivered

147kg of DLAC in 56% overall yield with 99% ee [12].

The success of DKR-based reductions relies heavily on the in-

terplay between two catalytic systems: one to facilitate racemiza-

tion (acid, base or catalyst, etc.) and the other to enable enantios-

elective reduction. To obtain high efficiency, the racemization rate

(krac) of the starting substrate must be much faster than the rate of

the asymmetric reduction (ka and kb) and the matched enantiomer

must react faster than the mismatched one (ka > kb) (Scheme

3). The careful design and optimization of these catalytic systems

are critical for achieving high efficiency, selectivity, and compat-

ibility under mild reaction conditions. In addition, the design of

new substrates incorporating labile stereocenters and diverse func-

tional groups is also important, as this can lead to useful chiral

products possessing vicinal or non-vicinal chiral centers. So far,

the majority of successful substrates are enolizable ketones or acti-

vated imines, while other types of substrates are relatively less ex-

plored. However, benefiting from the development of new catalytic

systems and innovative concepts, some challenging structures,

such as racemic α-chiral esters, amides, aromatic N-heterocycles,

and even axially chiral compounds, have been conquered re-

cently, which further broadens the applicability of this strategy

(Fig. 1).

Although the transition-metal-catalyzed AH of ketones and

imines through DKR have previously been respectively reviewed

by Ratovelomanana-Vidal’s group [13,14] and Zhou’s group [15],

the rapid development of this field, including emerging con-

ceptually new reaction designs and their applications in the

synthesis of challenging axially chiral compounds or novel N-

heterocycles which have not been summarized before, deserves

a timely summary. In addition, the emerging asymmetric amina-

tion of β-branched alcohols through borrowing hydrogen catalysis

[16] has achieved promising advances, and the enantioselectivity-

determining step involves a DKR-based asymmetric reduction.

Therefore, the key advances in this topic are also included in this

review.

This review aims to provide a comprehensive overview of the

important advances in DKR-based reduction mainly since 2020,

highlighting the latest developments in catalytic systems, mecha-

nistic insights, and synthetic applications. However, a few signifi-

cant works before that have also been included to better under-

stand the context. By examining the progress in this field, we seek

to identify the latest developments, current limitations and outline

future directions for research, with a focus on expanding the utility

of DKR in asymmetric synthesis. The research progress is summa-

rized according to the substrate types, which is accompanied by

significant synthetic applications to underscore the importance of

this strategy. The current limitations and prospects of this field are

also discussed in the end. To be noted, examples on DKR-based re-

duction via biocatalysis is not covered.

2. Asymmetric reduction of various α-branched ketones

2.1. Reduction of β-keto acid derivatives

Due to the facile keto-enol tautomerization, α-substituted β-

keto esters 8 are among the most popular substrates for the evalu-

ation of the ability of new catalytic systems on DKR-based hydro-

genation. Since the pioneering work of Noyori’s [17] and Genêt’s

group [18] on the stereoselective hydrogenation of β-keto esters

using a RuII-BINAP or RuII–CHIRALPHOS catalyst, various catalytic

systems were designed to fit this reaction.

Recently, several new catalytic systems, including the com-

binations of nickel/bisphosphine, iridium/P,N,N-tridentate ligands,

iridium/P,N,O-tridentate ligands, and ruthenium/DIPSkewphos have

been developed and tested in the DKR hydrogenation of α-

substituted β-keto esters (Scheme 4) [19–23]. The α-substituent

can be a simple alkyl group, an amino group, an allyl group,

and others. Generally, excellent enantiocontrol and diastereocon-

trol have been achieved.

In 2020, Cheung’s group developed an innovative protocol for

the synthesis of monobactam antibiotic LYS228, discovered by No-

vartis, using a DKR-based asymmetric hydrogenation strategy to ef-

ficiently construct two stereocenters in a single step (Scheme 5)

2
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Scheme 3. Rationale of DKR-based reduction.

Fig. 1. Substrate types applied in DKR-based reduction.

Scheme 4. AH of α-substituted β-keto esters.

[24]. This method significantly reduced the synthetic steps and cost

of LYS228, highlighting its practical applicability in the synthesis of

monobactams.

Meanwhile, α-substituted β-ketoamides 12 or β-keto lactams

14 had also been widely investigated with different metal sys-

tems using either H2 or other hydride surrogates, and syn-β–

hydroxy amides are typically obtained as the major diastereomer

with high enantioselectivity. For instance, Tan’s group reported a

Ru-catalyzed DKR-based transfer hydrogenation of α-substituted

β-ketoamides 12 (Scheme 6A) [25]. While Xie and Zhou’s group re-

ported an Ir/PNS complex-catalyzed asymmetric hydrogenation of

β-keto lactams 14 (Scheme 6B) [26]. These methodologies are ex-

tensively employed in asymmetric catalytic systems for the stere-

oselective construction of key chiral intermediates in complex

molecular architectures.

While noble metals still dominate this field, recent develop-

ment on AH using earth-abundant metals brings new advances

in the regulation of the reactivity and selectivity. For instance, in

2020, Ding’s group successfully achieved a diastereo- and enan-

tioselective AH of α-substituted β-ketoamides 16 by using well-

defined MnI complexes containing lutidine-based P,N,N ligands

(Scheme 7), directly affording a broad range of unique anti-α-

substituted β–hydroxy amides, which are useful building blocks

for the synthesis of bioactive molecules and chiral drugs [27].

A comparative study showed that a cheap Mn catalyst outper-

formed the noble-metal Ru catalyst bearing the same P,N,N lig-

and. Importantly, the key intermediate for the asymmetric synthe-

sis of the chiral analgesic drug tapentadol was prepared through

the hydrogenation of 16a. Remarkably, the turnover number (TON)

could achieve up to 5000, which represented the highest level
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Scheme 5. Enantioselective synthesis of monobactam antibiotic LYS228 via DKR.

Scheme 6. Selected examples on syn-selective reduction of α-substituted β-keto

lactam.

Scheme 7. Mn-catalyzed anti-selective AH of α-substituted β-ketoamides.

in the transition-metal-catalyzed asymmetric hydrogenation of α-

substituted β-ketoamides. These results demonstrated the practi-

cality of the Mn catalyst system. DFT calculations disclosed that

the origin of the unique anti-stereoselectivity lay in an attractive

π ···π stacking interaction between the phenyl ring of the substrate

and the pyridyl unit of the ligand in the favored transition state.

2.2. Reduction of α-branched ketones bearing various functional

groups

Direct asymmetric reduction of easily accessed α-branched

ketones bearing various substituents 18 provides a rapid way

to access chiral secondary alcohols with vicinal chirality, which

are prevalent in natural products and biorelevant agents. Related

works have been continuously reported [13–15]. Noteworthily,

from 2020 onward, a variety of novel catalytic systems have been

developed to achieve asymmetric reduction of various α-branched

ketones via DKR (Scheme 8). With these elegant catalysts, α-

branched ketones bearing functional groups such as halogens,

sulfonyl, sulfonamide, phosphonate, and secondary amino groups

have been successfully reduced with generally excellent diastereo-

and enantiocontrol [28–33].

In 2020, Wills’ group reported that the sulfone group served as

a versatile and removable directing group for the ATH of ketones

[34]. This strategy utilizes the sulfone group to control the reduc-

tion selectivity, followed by its removal, enabling access to chal-

lenging dialkyl-substituted secondary alcohols with high stereose-

lectivity. After systematic optimization, a series of α-sulfonyl ke-

tones 20 were reduced with high yields (up to 96% yield) and

excellent ee and dr (up to 99% ee, >99:1 dr) (Scheme 9). X-ray

crystallographic analysis of the products confirmed that the re-

duction followed the same stereochemical model as previously re-

ported, wherein the sulfone group preferentially occupies a posi-

tion distal to the η6-arene of the catalyst in the transition state,

while aryloxy and alkoxy groups adopt positions adjacent to the

η6-arene of the catalyst. Notably, the authors further demonstrated

that the sulfone group could be reductively cleaved, furnishing

enantioenriched dialkyl-substituted secondary alcohols 22, a class

of compounds that are otherwise difficult to access via conven-

tional methods.

2.3. Reduction of α-substituted β-keto carbonitriles

Chiral β–hydroxy carbonitriles are valuable building blocks in

organic synthesis because the -CN group can be transformed to

amino, carbonyl, and amide groups; therefore, the efficient syn-

thesis of enantiopure β–hydroxy carbonitriles has been a long-

standing goal. The direct DKR reduction of α-substituted-β-keto

carbonitriles is among the most straightforward methods for this

goal. However, due to the metal inhibitory effect derived from

the strong coordination property of the cyano group, very limited

progress had been achieved using metal catalysis until recently.

In 2021, Zhang and Chen’s group successfully developed an ef-

ficient strategy for the synthesis of chiral α-substituted-β–hydroxy

carbonitriles 24 through ATH of α-substituted-β-keto carbonitriles

23. Their optimal reaction conditions employed the tethered RhIII

complex (R,R)-cat.10 as catalyst and HCOOH/Et3N azeotrope as

the hydrogen donor (Scheme 10A) [35]. Under these conditions,

a series of acyclic α-substituted-β-keto carbonitriles 23 were ef-

ficiently reduced, affording the corresponding α-substituted-β–

hydroxy carbonitriles 24 with high enantio– and diastereoselec-

tivities (up to >99% ee and >99:1 dr). Computational studies re-

vealed that the transition state leading to the anti-product was

more stable than that of the syn-product, rationalizing the pref-

erential formation of the anti-isomer as the major product. Fur-

thermore, the synthetic utility of this method was demonstrated

through the gram-scale synthesis of key intermediates for Ipenox-

azone and Tapentadol.

In 2024, the same group further expanded their work by ap-

plying a similar ATH/DKR strategy to β-cyano-α-ketoesters 25

(Scheme 10B) [36], providing access to a diverse range of chiral

β-cyano-α–hydroxy esters with excellent enantio– and diastereos-

electivities (up to >99% ee, 99:1 dr). Additionally, the synthetic po-
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Scheme 8. Asymmetric reduction of α-branched ketones with diverse functional groups.

Scheme 9. Ru-catalyzed ATH of α-sulfonyl-substituted ketones.

tential of this transformation was highlighted by its application in

the preparation of a key precursor 26a for (−)–epi–cytoxazone.

2.4. Reduction of α-substituted benzocyclic ketones or cyclic ketones

Indanols or indanones possessing multiple contiguous stereo-

centers are widely found in lots of natural compounds or bioac-

tive molecules. DKR-based hydrogenation of α-substituted ben-

zocyclic ketones offers a convenient route to attain these valu-

able skeletons. Recently, Mohar’s group developed an ATH of rac-

2-substituted 1-indanones 27 to afford chiral 2,3-disubstituted-1-

indanols 28 through a DKR process [37]. A tethered RuII complex

was identified as the optimal catalyst, which afforded the desired

products with up to 99% ee and >99:1 dr (Scheme 11). With this

methodology, they were able to develop a practical protocol toward

the synthesis of a drug analog 29 which contains four contiguous

stereogenic centers.

Chiral cyclic β-amino alcohols with contiguous stereocenters

are important building blocks for the synthesis of many biologi-

cally active molecules and chiral catalysts. DKR-based enantiose-

lective reduction of easily available α-amino benzocyclic ketones

Scheme 10. Rh-catalyzed ATH of α-substituted β-keto carbonitriles and β-cyano

α-keto esters.
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Scheme 11. Ru-catalyzed ATH of 2,3-disubstituted 1-indanones.

Scheme 12. ATH of α-amino benzocyclic ketones.

represents one of the most effective methods to achieve these use-

ful structures [38,39].

In 2019, Mohar’s group reported a highly stereoselective reduc-

tion of α-amino benzocyclic ketones 30 using a home-made chi-

ral RuII complex cat.12, yielding trans-β-amino alcohols 31 with

excellent diastereoselectivity and high enantioselectivity [40]. The

authors speculated that trans-diastereoselectivity was attributed to

the attractive ligand-substrate interaction. Specifically, the H-bond

between O=S=O of the ligand and H–NAc of the substrate, as

well as a CH/π interaction with T-shaped geometry between the

ligand and substrate, contributed to the overall trans-selectivity

(Scheme 12).

In 2021, Xie and Zhou’s group achieved a significant break-

through in AH of racemic α-aryl-β-ethoxycarbonyl cyclopen-

tanones 32 by utilizing a chiral Ir-SpiroPAP catalyst cat.13

(Scheme 13) [41]. This transformation afforded a range of ester-

functionalized chiral 2-arylcyclopentanols 33 with three contigu-

ous stereocenters in high yields with excellent enantio– and di-

Scheme 13. Enantioselective total synthesis of the phenylpropanoid (+)-burmaniol

A via AH/DKR.

astereoselectivities. Notably, this methodology enabled the first to-

tal synthesis of the phenylpropanoid (+)-burmaniol A, showcasing

the synthetic utility of their approach.

Chiral β-substituted (benzofused) cyclohexanol 35 is also an

important unit presented in numerous naturally occurring com-

pounds or biologically active molecules. α-Substituted cyclohex-

anone or conjugated enones 34 are optional substrates to syn-

thesize them upon DKR-based reduction. Lots of catalytic sys-

tems have been developed to realize this important reaction

[42–48]. For example, in 2018, Senanayake’s group reported the

first Cu-catalyzed hydrogenation of 2-substituted-1-tetralones and

related heteroaryl ketones via dynamic kinetic resolution [49]. Sub-

sequently, Zhou’s group accomplished a palladium-catalyzed AH of

2-aryl cyclic ketones [50]. In 2021, Xie and Zhou’s group devel-

oped an AH approach using a chiral spiroruthenium catalyst to

access functionalized β-aryl cyclohexanols [51]. In 2022, Zhang’s

group successfully achieved the RuPHOX–Ru catalyzed AH of α-

substituted tetralones via DKR [52]. Most recently, Zhang’s group

further advanced the field by successfully applying Ir/f-phamidol to

the AH/DKR of similar substrates (Scheme 14) [53]. In addition to

hydrogenation, transfer hydrogenation using DPEN-ligated or teth-

ered Ru or Rh catalysts has also been widely applied in DKR reduc-

tion of cycloketones or benzofused cycloketones, and quite a lot of

related works have previously been summarized and are therefore

not included in this report [13–15,54–59].

In 2018, Metz’s group reported an interesting ruthenium-

catalyzed DKR-based ATH/deoxygenation cascade reaction for

the synthesis of structurally diverse isoflavones from a single

chromone precursor 36 (Scheme 15) [60]. This innovative strat-

egy enabled enantioselective synthesis of several biologically rele-

vant natural products, including isoflavan, manuifolin K and eryzin

D. Key to this strategy is a DKR of isoflavanones using a domino

ATH/deoxygenation reaction.

In 2020, the same group successfully adapted a consecutive re-

duction strategy of isoflavones 38 via DKR to enable the first cat-

alytic asymmetric synthesis of (−)-glyceollin I and (−)-glyceollin

II (Scheme 16) [61]. Moreover, their approach enabled the effi-

cient synthesis of several other naturally occurring phytoalexins, a

class of plant defense compounds, with high enantiomeric purity,

including (−)-3,9-dihydroxypterocarpan, (−)-homopterocarpin, and

(−)-variabilin.

As a kind of chromanols, chiral 3-amino-4-chromanols, due

to their high frequency in biological molecules, have attracted

chemists’ attention. Following their work on Rh-catalyzed AH

of five-membered cyclic α-dehydroamino ketones [62], Zhang’s

group recently reported a Rh-catalyzed consecutive AH of 3-amino

chromones 41 for the synthesis of enantiomerically enriched 3-

amino-4-chromanols 43 via an unusual DKR process (Scheme 17)

[63]. Among the evaluated reaction parameters, the biaryl diphos-

phines BridgePhos L10 demonstrated superior performance. This
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Scheme 14. Synthesis of chiral β-substituted (benzofused)cyclohexanol via AH or

ATH.

was attributed to the adjustable dihedral angles of BridgePhos/Rh

complexes. Control experiments revealed that C10-BridgePhos/Rh

complex firstly catalyzed the asymmetric hydrogenation of the

C=C double bond in substrate 41, which afforded the intermediate

42 with ∼80% ee. The subsequent hydrogenation of the C=O group

of the intermediate 42 proceeded via a stereomutation pathway

from an undesired enantiomer to the desired enantiomer, instead

of proceeding via a traditional racemization process (e.g., keto–

enol tautomerism) of the undesired enantiomer. Through derivati-

zation of the products, they successfully accessed a series of bioac-

tive compounds encompassing chiral drugs and natural products,

thereby unequivocally establishing the synthetic versatility of this

protocol.

In 2019, Kayaki’s group reported a cascade lactone formation via

DKR driven by the ATH of keto acids with oxo-tethered ruthenium

catalysts [64]. Similar to the seminal work from Johnson’s group

[65], the oxo-tethered Ru catalysts successfully enabled multiple

stereoinductions and allowed the sequential ring-closing transfor-

mation of the in situ generated alcohol intermediates 47. In ad-

dition to simply substituted α-tetralone and β-tetralone deriva-

tives, substrates bearing a tethered carboxyl group at α-position

44 or 45 were also compatible with this ATH–lactonization proto-

col, leading to the formation of the corresponding γ -lactones in

high yields with excellent diastereoselectivity and enantioselectiv-

ity (up to >99% ee, up to >99:1 dr) (Scheme 18).

Scheme 15. ATH/deoxygenation cascade of isoflavanones.

Scheme 16. Asymmetric one-pot transformation of isoflavones.
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Scheme 17. Efficient BridgePhos–Rh-catalyzed AH of 3-amino-4-chromones.

The proposed transition-state model for (R,R)-cat.1-catalyzed

DKR-ATH of 2-substituted α-tetralone derivatives is illustrated in

Scheme 18. A well-defined edge-to-face interaction between the

η6-arene ligand of the catalyst and the substrate’s aryl group sta-

bilizes the favored transition state, accounting for the observed

syn-diastereoselectivity in the alcohol product. Compared to β-

tetralone derivatives 45, where the substituent on the side chain

is closer to the fused arene, the lactonization of α-tetralones

44 exhibited lower diastereocontrol. The substituent adjacent to

the carboxylic acid significantly influenced the diastereoselectivity.

When aryl groups are introduced at positions adjacent to the car-

boxylic group in both classes of compounds, a moderate decrease

in diastereoselectivity was observed. Notably, replacing these aryl

groups with methyl substituents resulted in a more pronounced

reduction in diastereoselectivity.

Later, Lv and Zhang’s group reported a related DKR-ATH proto-

col employing an arene-tethered Wills’ catalyst cat.9 [66]. The syn-

thetic utility of this methodology was demonstrated through the

concise synthesis of (+)-GR24 and (+)–epi–GR24, which are bioac-

tive strigolactone analogues (Scheme 19).

Scheme 18. Ru-catalyzed tandem ATH/lactonization of keto acids.

Scheme 19. Enantioselective synthesis of chiral multicyclic γ -lactones and its ap-

plication.

2.5. Reduction of arenols

The asymmetric hydrogenation of ortho-substituted phenols has

been a long-standing problem in homogeneous catalysis. In 2022,

Fan’s group reported a highly efficient ruthenium-catalyzed enan-

tioselective hydrogenation of 9-phenanthrols under mild condi-

tions. Notably, their Ru(diamine)/base catalytic system was ex-

tended to 9,10-disubstituted phenanthren-9-ols 52, affording 9,10-

dihydrophenanthrenes 53 with up to 99% ee and >99:1 dr via

a DKR process (Scheme 20) [67]. Control experiments supported

a proposed mechanism involving base-promoted tautomerization

of the substrate, followed by ruthenium hydride trapping of the

transient keto intermediate. In the favored transition state, hydride

transfers from ruthenium to the Si-face of the C=O moiety to yield

the (R)-configured product.

Compared to 9-phenanthrol, naphthols and phenols possess

enhanced aromatic stability, which typically necessitates robust

8
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Scheme 20. Ru-catalyzed AH of 9,10-disubstituted phenanthren-9-ols.

heterogeneous catalysts for their disruption. In 2023, the same

group reported a conceptually innovative strategy for the reduc-

tion of naphthol and phenol derivatives via cooperative bimetallic

heterogeneous-homogeneous catalysis. This approach involves ini-

tial selective partial hydrogenation of the arene ring using Pd/C

to generate achiral ketone intermediates. These intermediates sub-

sequently undergo homogeneous asymmetric reduction catalyzed

by an arene-tethered TsDPEN Ru-complex, either sequentially or in

a tandem fashion, affording the final chiral saturated cyclic com-

pounds [68].

Notably, this strategy was successfully extended to ortho-

substituted phenols and 1-naphthols 54 via a one-pot, two-step

procedure. By leveraging a DKR process, the reaction delivered tar-

get products 55 bearing contiguous stereocenters with moderate

diastereoselectivity and excellent enantioselectivity (Scheme 21).

This work establishes a novel paradigm for asymmetric reduction

of all-carbon arenes through a synergistic catalytic system.

2.6. Reduction of α-substituted γ ,δ-unsaturated β-ketoesters

In 2019, Somfai’s group expanded the scaffold of labile α-

amido-β-keto ester by the incorporation of a vinyl moiety in the

α-position of the ketone, and successfully achieved ATH of racemic

α-amino-γ ,δ-unsaturated β-ketoesters 56 via DKR. After exten-

sive evaluation of various reaction parameters, the combination

of [RuCl2(mesitylene)]2 and the chiral amino alcohol ligand (S,S)-

DPAE L11 was identified as the optimal catalyst and HCOOH/Et3N

as the hydrogen sources, which afforded excellent asymmetric con-

trol (up to > 95:5 dr, 97% ee) and minimized by-product forma-

tion (Scheme 22) [69]. The versatility of this methodology was

demonstrated in the asymmetric synthesis of polyhydroxylated

pyrrolizidine alkaloid (+)-alexine within 8 steps with an overall

yield of 11.5 %.

In the same year, Xie and Zhou’s group reported an enantiose-

lective total synthesis of (−)-goniomitine using a PNN/Ir complex-

catalyzed hydrogenation of an exocyclic enone ester 58 as the key

step [70]. Racemic 5-membered exocyclic enone esters 58 served

as applicable substrates for a DKR-based reduction, which afforded

Scheme 21. One-pot, two-step reduction of naphthol and phenol derivatives.

Scheme 22. Ru-catalyzed ATH of α-amino-γ ,δ-unsaturated β-ketoesters.

the critical chiral allylic alcohol 59 that could be converted to the

final natural product with a reported route. Remarkably, the hydro-

genation step could be amplified to a 32 g scale without erosion of

the asymmetric control (Scheme 23A).

Building on this highly efficient asymmetric hydrogenation, the

same group applied a similar strategy in 2021 in the DKR-based

AH of exocyclic enone esters 60 (Scheme 23B) [71], leading to con-

cise and efficient routes to chiral carbocyclic δ-amino esters 61 and

other biologically active molecules.

2.7. Reduction of α-keto succinimides or lactams

Chiral 3-substituted or 3,4-disubstituted succinimide substruc-

tures are the core scaffolds of lots of natural products and drugs.

However, few methodologies have been developed concerning the

synthesis of 3,4-disubstituted succinimides compared with well-

established synthetic methods for 3-substituted succinimides, due

a large part to the challenging control of the stereochemistry of

both chiral centers of 3,4-disubstituted succinimides.
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Scheme 23. Ir-catalyzed AH of exocyclic enone esters.

In 2022, Yu, Chen, and Zhang’s group reported an ATH

reaction of 3–hydroxy-4-substituted-maleimide derivatives 62

(Scheme 24) [72]. Their optimal reaction conditions included

TsDPEN-derived Rh complexes cat.10 as the catalyst and azotropic

mixture of HCOOH/Et3N as the hydrogen donor. Notably, by modu-

lating the ratio of HCOOH and Et3N, anti-3–hydroxy-4-substituted-

succinimides 63 (up to >99% ee, up to >99:1 dr) or syn-3–

hydroxy-4-substituted-succinimides 64 could be selectively ob-

tained. A stereodivergent approach to all 4 stereoisomers of succin-

imides was thus demonstrated. Furthermore, for the N-unprotected

substrates, both the enol and the imide group could be reduced by

prolonging the reaction time and enhancing the catalyst loading.

Overall, this work was very efficient with high asymmetric control

(up to >99% ee, up to >99:1 dr). Mechanistic studies confirmed

the keto-enol equilibrium was existed and the reaction probably

proceeded via reduction of the keto form.

Chiral α–hydroxy-β-lactams are the key fragment of many

pharmaceutically active molecules such as glycosides, anti-

microbial drugs and anti-cancer reagents. The asymmetric hydro-

genation of α-keto-β-lactams is one of the most straightforward

approaches to access them.

In 2020, Zhang’s group reported a DKR-based hydrogenation of

α-keto-β-lactams 66 using an earth-abundant nickel catalyst lig-

ated with a chiral bisphosphine (Scheme 25) [73]. The correspond-

ing products 67 were obtained in high yields with excellent enan-

tioselectivity and diastereoselectivity (up to 92% yield, > 20:1 dr,

Scheme 24. Rh-catalyzed ATH of 3–hydroxy-4-substituted maleimide derivatives.

Scheme 25. Ni-catalyzed AH of α-keto-β-lactams.

up to 94% ee). Control experiments revealed that phenylphospho-

nic acid played a pivotal role in the enolization of the substrate

through a novel proton-shuttling strategy, which enabled an effi-

cient DKR process.

2.8. Reduction of substituted 1,2-diketones

Chiral 1,2-diols with vicinal chirality are highly significant in

biochemistry and pharmaceutical science due to their unique bi-

ological activity. Besides, they can serve as precursors for chiral

ligands, auxiliaries or protecting groups in organic synthesis. Di-

rect double reduction of 1,2-diketones offers a rapid way to them.

However, the control of stereochemistry poses a challenge.

10



A. Zhou, M.M.K. Amer and Q. Yin Chinese Chemical Letters 37 (2026) 111929

Scheme 26. Ru-catalyzed ATH of substituted 1,2-diketones.

Tang’s group developed a Ru-catalyzed DKR-based ATH of ben-

zils 68, affording syn-(S,S)-hydrobenzoins 72 in excellent yields

with high diastereoselectivity and enantioselectivity (up to 97.1%,

syn/anti up to 30/1, up to 99% ee) [74]. The rapid keto-enol tau-

tomerism of the in situ formed α–hydroxy ketone intermediates is

critical to achieve high DKR efficiency (Scheme 26A).

In 2023, Cotman’s group extended this strategy to the synthe-

sis of stereopure CF3-substituted syn-1,2-diols 74 via the reduc-

tive DKR of the in situ formed racemic α-hydroxyketones using

HCO2H/Et3N as a hydride source (Scheme 26B) [75]. Their work not

only enabled enantioselective access to these sterically demanding

diols but also demonstrated their potential as precursors to phar-

macologically relevant molecules. Based on DFT calculations, the

origin of stereoselectivity was ascribed to the H-bonding between

the hydroxyl group of the in situ formed alcohol intermediate and

the catalyst’s SO2 moiety. The synthetic utility of this methodology

was demonstrated through an efficient asymmetric synthesis of a

glycogen phosphorylase inhibitor, achieved in two steps.

In 2023, Song and Fang’s group reported a unique regio- and

stereoselective semi-transfer hydrogenation of α-branched dike-

tones 75 via an interesting DKR mode (Scheme 27). By using

Noyori-Ikariya-type ruthenium or tethered rhodium catalysts, the

external carbonyl group of β-substituted α-diketones was reduced,

Scheme 27. Rh or Ru-catalyzed ATH of unsymmetrical α-diketones.

while the internal carbonyl group adjacent to the labile stereocen-

ter remained intact [76]. A series of α–hydroxy-α’-chiral ketones

76 or 77 with different R1 and R2 groups were obtained in high

enantio– and diastereoselectivity (up to >99% ee and up to >99:1

dr). Notably, by altering the reaction conditions, some substrates

could be further reduced to the corresponding diols 78, and all di-

ols with three stereogenic centers were efficiently generated with

up to 99% ee. Based on the stereochemical outcomes arising from

catalyst-substrate interactions, two distinct transfer hydrogenation

pathways governing the formation of products 76 and 77 were pro-

posed, along with a hydrogenation model accounting for the stere-

oselective transformation of the trans-perhydrogenated substrate

78.

In 2024, Zhang and Fang’s group systematically developed the

aryloxy group-assisted ATH of 1,2-diketones 79 using Noyori-

Ikariya-type ruthenium catalysts with HCOOH/

tetramethylethylenediamine (TMEDA) as the hydrogen source

(Scheme 28A) [77]. This protocol achieved excellent regio-,

diastereo-, and enantioselectivity (up to 94% yield, up to >20/1

dr, up to 99% ee), notably enabling the synthesis of all eight

stereoisomers of diaryl triols 81. Through combined experimental

and computational studies, the authors elucidated the crucial role

of the para-methoxyphenyl (OPMP) group in controlling the reac-

tion selectivity. Transition state analysis revealed that the OPMP

group: (1) adopts a conformation distal to the η6-arene ligand to

minimize steric hindrance distortions, while (2) forms enhanced

Ru-H···C and N–H···O interactions and hydrogen bonds between N–

H2 and the O atom in OPMP. A plausible reaction mechanism was

proposed: under the reaction conditions, the 3-position of rac-79a

undergoes facile deprotonation to form enol-79a, which serves as

the key intermediate enabling interconversion between (S)-79a

and (R)-79a through an enolization process. Subsequent fast ATH

of (S)-79a preferentially generates the (2S,3S)-80a product, while

the ATH pathway for (R)-79a remains energetically unfavorable.
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Scheme 28. Ru-catalyzed ATH of unsymmetrical diketones bearing an OPMP group.

This DKR process drives the continuous conversion of (R)-79a to

(S)-79a, which subsequently proceeds to form the desired product

(Scheme 28B).

They also realized an elegant double DKR transformation of

more challenging racemic diketones 82 bearing two stereocenters,

which led to the formation of a single major product 83 with three

stereocenters, demonstrating the synthetic potential of ATH in the

synthesis of complicated chiral alcohols with consecutive or non-

consecutive stereogenic centers (Scheme 28C).

2.9. Reduction of α-branched 1,3-diketones

The asymmetric reduction of α-substituted 1,3-diketones pro-

vides a straightforward access to valuable 1,3-diols or β–hydroxy

ketones with vicinal chirality. However, for unsymmetric 1,3-

diketones, the control of chemo- and stereoselectivity is very chal-

lenging. So far, only limited progress has been achieved.

Scheme 29. Ru-catalyzed ATH of CF3-substituted 1,3-diketones.

Mohar’s group developed an ATH reaction of rigid α-CF3C(O)-

substituted benzofused five- to seven-membered cyclic ketones 84

using a homemade ansa-ruthenium(II) complex cat.11 and formic

acid and triethylamine azeotrope as the hydrogen source. This

method afforded either stereodefined CF3-substituted β–hydroxy

ketones 85 or 1,3-diols 86 in high yields, diastereo- and enan-

tioselectivities (mostly 100% conv., >20:1 dr and up to 99% ee),

depending on the reaction conditions [78]. The newly designed

catalyst (cat.11), incorporating piperidino-SO2DPEN-(CH2)3(η
6-Ph)

conjugate ligands, exhibited higher levels of activity and increased

longevity compared to previous systems (Scheme 29A). Racemic

reactants 84 were reduced to the corresponding monoalcohol 85

at 40 °C, validating the occurrence of a DKR process. More inter-

estingly, complete reduction from intermediate 85 to 1,3-diols 86

can be achieved at 60 °C with increased catalyst loading via the

second DKR-ATH (Scheme 29B).

2.10. Reduction of substituted 1,4-diketones

1,2,3,4-Tetraols (C4 sugar alcohol), with four contiguous stere-

ogenic oxidized carbons, have been considered a kind of “privi-

leged scaffold” due to their potential to act as sugar mimics and

oxygen-functionalized chiral synthons. Traditional synthesis to as-

semble 1,2,3,4-tetraols frameworks is often laborious and time-

consuming, involving multi-step processes that require complex

protection-deprotection strategies and precise stereochemical con-

trol. These limitations have spurred significant interest in devel-

oping more efficient and stereoselective methodologies to access

these important motifs.

In 2020, Zhang’s group reported an innovative Ir-catalyzed AH

of racemic 2,3-syn-dihydroxy-1,4-diones 87 [79]. This protocol es-

tablished an efficient and straightforward route to sugar alcohols

containing four contiguous stereocenters 89, delivering products

12



A. Zhou, M.M.K. Amer and Q. Yin Chinese Chemical Letters 37 (2026) 111929

Scheme 30. Ir-catalyzed AH of 2,3-syn-dihydroxy-1,4-diones.

with excellent stereocontrol (typically >99:1 dr and up to 99% ee)

across a broad substrate scope (Scheme 30). To enhance compre-

hension of the mechanism, a series of controlled experiments were

conducted. Initially, the reaction kinetics were monitored by in situ

Fourier-transform infrared spectroscopy (FTIR), revealing that the

mono-reduced 88 was formed at a significantly faster rate than

the further hydrogenation to the double-reduced tetraol 89 (k1 >>

k2). Furthermore, in a series of quenching experiments, it was ob-

served that only (+)-87 undergoes conversion initially; once (+)-

87 is consumed, the racemization of (-)-87 begins. It is notewor-

thy that under the standard conditions, the isolated mono-reduced

product 88, whether optically pure or not, could be reduced to the

desired 1,2,3,4-tetraol 85 via a DKR reduction.

3. Reduction of α-branched aldehydes, esters, and amides

DKR-based asymmetric reduction of racemic α-chiral ketones is

extensively studied; in contrast, there are far fewer reports of DKR

reduction of racemic aldehydes, esters, and amides due to either

reactivity or stereoselectivity problems.

3.1. Reduction of α-branched aldehydes

For asymmetric reduction of prochiral ketones, at least one new

stereogenic center is formed. However, no new stereogenic cen-

Scheme 31. Ru-catalyzed AH of α-branched aldehydes.

ter is produced in the reduction of α-chiral aldehydes, making the

stereocontrol extremely challenging. Compared to enzymatic catal-

ysis that can stereoselectively reduce the aldehydes under mild

conditions, chemocatalysis has lagged behind.

In a pioneering work, Zhou’s group reported the AH of

two different types of α-branched aldehyde substrates 90 us-

ing [RuCl2(SDP)(diamine)] complexes cat.20 via a DKR process

(Scheme 31A). The Ru catalyst could selectively hydrogenate one

enantiomer of the racemic aldehyde, while the other enantiomer

underwent rapid base-mediated racemization [80–81]. As a result,

both enantiomers are ultimately converted into the primary alco-

hols 91 with high enantioselectivity. This elegant approach lever-

ages the DKR strategy to overcome the inherent challenges of

enantiocontrol in α-branched aldehyde hydrogenation. During the

same period, List’s group also achieved a similar transformation

using a [Ru(diphosphine)(diamine)] complex cat.21 (Scheme 31B)

[82].

3.2. Reduction of α-branched esters

Traditional methods for the preparation of β-substituted alco-

hols from α-substituted esters generally require the prior synthe-

sis of optically pure α-substituted esters, along with careful control

to avoid racemization during the reduction process. These meth-

ods, such as the use of chiral auxiliaries or enzymatic resolutions,

have been extensively developed and are well-documented in the

literature. However, direct hydrogenation of racemic α-substituted

esters to enantioenriched β-substituted alcohols through DKR has

rarely been reported.

In 2011, Ikariya’s group reported the first application of a well-

defined Cp∗Ru catalyst, in conjunction with an inorganic base, for

the enantioselective hydrogenation of racemic lactones 92 via DKR
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Scheme 32. Ru, Ir, or Pd-catalyzed AH of α-branched lactones.

[83]. Although the resulting chiral diol 93 exhibited limited enan-

tioselectivity (only 32% ee), the substoichiometric amount of in-

organic base likely induced reversible deprotonation of substrates

with acidic C-H bonds, leading to racemization of chiral non-

racemic substrates bearing a tertiary stereogenic center at the α-

carbon. This mechanistic insight provided a valuable conceptual

framework for subsequent studies in asymmetric catalysis, inspir-

ing further exploration of DKR strategies for challenging substrates

(Scheme 32A).

Later, Zhou’s group improved the asymmetric control to a use-

ful level using homemade Ir-SpiroPAP catalysts cat.22 or cat.23

[84,85]. The high reactivity of these catalysts enabled the reac-

tions to be successfully conducted at room temperature, which

was helpful to the enantiocontrol. These transformations consis-

tently afforded the corresponding chiral diols 97 in high yields

and with excellent enantioselectivity (up to 96% yield, up to 98%

ee). Based on a metal-ligand bifunctional mechanism, density func-

tional theory studies were conducted to investigate the hydro-

genation of rac-α-aryloxy lactones, leading to the proposed DKR

pathway as follows: the catalyst (S,S)-cat.23 preferentially recog-

nizes and hydrogenates (R)-94a to generate the hemiacetal (2S,3R)-

95a, while the remaining opposite (S)-94a undergoes racemization

to (R)-94a via enolization under strong basic conditions. Subse-

Scheme 33. Ru-catalyzed AH of α-phenoxy esters.

quently, the hemiacetal (2S,3R)-95a undergoes delactonization to

form the aldehyde (R)-96a, which is further hydrogenated by the

iridium catalyst cat.23 to produce the final product (R)-97a. Since

the hydrogenation of aldehydes is generally more facile than that

of esters, the enantioselectivity of the hydrogenation of rac-94a is

primarily determined by the first step involving the hydrogenation

of the lactone rac-94a to the hemiacetal 95a. Consequently, the

hydrogenation product would be dominated by (R)-97a, consistent

with experimental observations (Scheme 32B).

In 2024, Zhou’s group developed a palladium-catalyzed asym-

metric hydrogenation of more reactive benzofused lactones 98

under base-free conditions through a DKR process [86]. This

method delivered products 99 with high enantioselectivity and

reactivity while maintaining broad functional group compatibility

(Scheme 32C).

Generally, the asymmetric reduction of α-branched esters

presents a significant challenge due to their inherently lower re-

activity compared to lactones. In 2019, Bergens’ group addressed

this challenge by developing a DKR process for the hydrogena-

tion of racemic α-functionalized esters 100 to β-chiral primary

alcohols 101 [87]. Using highly reactive chiral ruthenium hydride

complexes, the reaction achieved excellent yields (up to 99%) and

enantioselectivities (up to 95% ee) (Scheme 33). Mechanistic stud-

ies disclosed the complexity of the reaction process, involving the

initial reduction of the ester to an aldehyde intermediate or equiv-

alent oxidation state, which remained associated with the Ru cat-

alyst, and the following reduction to the alcohol products. The au-

thors proposed that the role of the large excess strong base was to

activate the putative dihydride cat.24 by deprotonation of the NH

group of DPEN.

In 2023, Ohkuma’s group reported an elegant ruthenium-

catalyzed AH of racemic α-amino esters 104, affording enantioen-

riched β-amino alcohols 105 in high yields with excellent enan-

tioselectivity (up to 95% yield, 96% ee) [88]. Deuteration experi-

ments revealed a non-conventional mechanism involving dehydro-

genation of the amino group to generate an imino intermediate,

rationalizing the essential role of N-aryl substituents in facilitating

this pathway. Furthermore, base-mediated reversible epimerization

at the α-stereocenter enabled an efficient DKR process under cat-

alytic conditions (Scheme 34). However, alkyl-substituted α-amino

esters displayed poor asymmetric control.
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Scheme 34. Ru-catalyzed AH of α-amino esters.

Scheme 35. Ru-catalyzed AH of α-phenoxy amides.

3.3. Reduction of acyclic α-branched amides

Amides rank among the least reactive carboxylic acid deriva-

tives, typically requiring a stoichiometric amount of metal re-

ductants. This inherent inert reactivity poses significant chal-

lenges for developing catalytic asymmetric hydrogenation meth-

ods for amides. To date, only one efficient catalytic system ex-

hibiting both high reactivity and excellent stereocontrol has been

reported.

In 2017, Bergens’ group developed a catalytic system comprising

trans-RuCl2((S,S)-Skewphos)((R,R)-DPEN) cat.26, sodium isopropox-

ide, and isopropanol [89]. This system successfully achieved the

hydrogenation of α-phenoxy amides 106 under mild conditions,

affording β-chiral primary alcohols 107 with high yields (up to

99% yield) and enantioselectivity (up to 99% ee). This approach

leverages base-promoted rapid substrate tautomerization to en-

able DKR, converting both amide enantiomers into a single al-

cohol enantiomer (Scheme 35). However, substrate scope limita-

tions were observed, with methoxyl, anilinyl, and thiophenoxyl

substituents exhibiting diminished reactivity.

Scheme 36. Ru-catalyzed ARA of β-keto lactams.

4. Asymmetric reduction amination of α-branched ketones

Chiral amines featuring vicinal stereocenters constitute highly

prevalent structural motifs in natural products and bioactive phar-

maceuticals, driving significant interest in medicinal chemistry. Al-

though asymmetric reductive amination (ARA) has emerged as a

powerful method for constructing chiral amines, its application

to racemic ketones via a DKR process remains underdeveloped

[90–94]. This stagnation stems from inherent challenges: (1) com-

petitive ketone reduction pathways complicating reaction out-

comes, and (2) the formidable task of controlling multiple stere-

ogenic centers with high fidelity.

In 2018, Yin and Zhang’s group achieved a highly efficient

ruthenium-catalyzed ARA of racemic β-keto lactams 109 using

molecular hydrogen (H2) and ammonium salts (Scheme 36) [95].

This strategy enabled the synthesis of a range of syn-primary β-

amino lactams 110 in high yields with excellent chemo-, enantio–,

and diastereoselectivity (up to 98% yield, 99% ee, >20:1 dr). No-

tably, six-membered lactam substrates displayed much lower di-

astereocontrol compared to that of five-membered lactams, which

was ascribed to the different ring conformation. Mechanistic stud-

ies, supported by control experiments and prior work, suggested

hydrogenation of an iminium intermediate as the key step. Simul-

taneously, they demonstrated the utility of their method through

gram-scale synthesis and the preparation of key intermediates 111,

which serve as crucial building blocks for the synthesis of phar-

maceutical products containing a chiral γ -aminopyrrolidine moi-

ety, such as fluoroquinolone prodrugs.

Enantiopure β-branched α-amino carboxylic derivatives serve

as crucial scaffolds for the synthesis of modified peptides and

proteins with improved biological properties. In 2022, Yin and

Zhang’s group further reported a ruthenium-catalyzed ARA of α-

keto amides using ammonium salts [96]. In addition to simple α-

keto amides, their strategy was successfully applied to α-branched
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Scheme 37. Ru-catalyzed ARA of β-branched α-keto amides.

Scheme 38. Pd-catalyzed intramolecular reductive amination of α-branched ke-

tones.

keto amides 112 via a DKR process (Scheme 37). This approach de-

livered a series of β-branched α-amino amides bearing two con-

tiguous stereocenters 113 with high yields (up to 97% yield), ex-

cellent diastereoselectivity (up to 99:1 dr), and enantioselectivity

(up to >99% ee).

Zhou’s group successfully developed a palladium-catalyzed in-

tramolecular ARA of racemic α-branched ketones 114 bearing a

tethered sulfonamide group via a DKR process (Scheme 38) [97].

This approach delivered chiral δ-sultams 118 containing two con-

tiguous stereogenic centers with high chemo-, enantio–, and di-

astereoselectivity (up to 92 % yield, 99 % ee, >20:1 dr). Mechanis-

tic studies suggested that, under the assistance of Brønsted acid,

the starting material 114 is initially deprotected to generate in-

termediate 115, followed by cyclodehydration to form intermedi-

ate 116. Intermediate 116 then undergoes acid-mediated tautomer-

ization between the enamine and imine forms. Finally, one enan-

tiomer of intermediate 117 undergoes stereoselective reduction to

afford the anti-configured δ-sultams.

In 2010, List’s group reported an organocatalytic one-pot ARA

and lactamization of α-branched ketones 119 using para-anisidine

120 as the amine source and Hantzsch ester as the reductant,

Scheme 39. CPA and Ru-catalyzed tandem ARA/lactamization.

yielding syn-bicyclic lactams 121 with high enantioselectivity (94%

ee) and moderate diastereoselectivity (5:1 dr) (Scheme 39A) [98].

Inspired by this pioneering work, in 2023, Zhao and Zhang’s

groups recently developed an efficient synthesis of chiral fused

tricyclic lactams 126 via a ruthenium-catalyzed tandem DKR-

ARA/lactamization (Scheme 39B) [99]. In their protocol, ammo-

nium salts served as the nitrogen source, enabling the efficient

transformation of α- or β-tetralone derivatives 122 into syn-lactam
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Scheme 40. Selected blockbuster drugs containing chiral N-heterocyclic cores.

products 126 in high yields with excellent diastereoselectivity and

enantioselectivity (up to >99 % ee, >20:1 dr, and 98 % yield).

Based on control experiments, they proposed a plausible reaction

mechanism as follows: Initially, the starting material 122a con-

denses with the amine source to generate imine intermediates

123a and 123a’. These substrates undergo rapid racemization via

the achiral enamine intermediate 124a. The selective reduction of

123a instead of 123a’ occurs with the chiral Ru−H species, result-

ing in the formation of chiral amine 125a (instead of 125a’). Subse-

quent lactamization delivers 126a. Notably, the utility of this strat-

egy was demonstrated by the syntheses of a chiral N-heterocyclic

carbene precursor and a drug analogue.

5. Reduction of N-heteroaromatics

Chiral N-heterocycles are crucial structural motifs in medicinal

chemistry, due to their widespread occurrence in biologically ac-

tive molecules (Scheme 40).

Among the methods toward N-heterocycles, the AH of easily

available N-heteroarenes has been recognized as an efficient and

direct method [100–103]. Various catalytic systems based on pre-

cious metals Ru, Pd, Rh, and Ir, or earth-abundant metals Mn, Co

have been developed. In addition to hydrogenation with molecular

H2, transfer hydrogenation with diverse hydride sources has also

been reported. Both metal and organocatalysts have displayed high

reactivity in transfer hydrogenation, which can meet the require-

ments of various purposes. Quinolines and indoles are among the

most explored substrates due to their high reactivity and the im-

portance of the resulting chiral N-heterocycle skeletons after re-

duction.

5.1. Asymmetric hydrogenation of substituted indoles

Chiral indolines are prevalent structures existing in many nat-

ural products and bioactive molecules. Asymmetric hydrogenation

of substituted indoles represents one of the most direct meth-

ods toward them. In addition to mono-substituted indoles, C2,C3-

disubstituted indoles have also been examined, affording chiral in-

dolines with consecutive endocyclic chirality.

The seminal contributions of Zhou and Zhang’s group marked

a milestone with the development of the first efficient DKR-AH of

unprotected 2,3-disubstituted indoles 129 using a Pd(OCOCF3)2/(R)-

Scheme 41. AH of 2,3-disubstituted indoles.

H8-BINAP catalytic system in combination with a Brønsted acid as

an activator [104]. Subsequently, Arai’s group and Fan’s group inde-

pendently reported chiral ruthenium diamine complexes-catalyzed

hydrogenation of unprotected 2,3-disubstituted indoles 129 under

relatively mild conditions [105–106]. In 2018, Chung and Zhang’s

group reported an attractive Rh/ZhaoPhos catalytic system for the

AH of N-unprotected indoles [107]. It is worth noting that all of

these catalytic systems rely on the assistance of external Brønsted

acids or acids generated in situ from the catalyst-mediated cleavage

of hydrogen to facilitate the protonation of the C=C double bond

of indoles, as well as the subsequent isomerization to iminium

salt intermediates and their hydrogenation. According to mecha-

nistic studies, these reductions, in fact, proceed via a DKR pro-

cess (Scheme 41). The protonation of an indole molecule will yield

a pair of enantiomers of the chiral indolium intermediate (130

and 130′), which can be converted to each other rapidly through

rearomatization.

In 2022, Chen and Zhang’s group reported a novel route for the

construction of chiral cis-hexahydro-γ -carboline derivatives 134

through an Ir/ZhaoPhos complex-catalyzed AH of the correspond-

ing tetrahydro-γ -carbolines 132. This transformation achieved high

yields (up to 99% yield), excellent diastereoselectivities (up to

>99:1 dr) and enantioselectivities (up to 99% ee), as well as

high substrate-to-catalyst ratios (up to 5000) (Scheme 42A) [108].

Based on previous studies on the mechanism of the AH of 2,3-

disubstituted indolines, they proposed a plausible reaction path-

way involving a DKR process. They also proposed an outer-

sphere mechanism on the hydride-transfer step. Later, Zhang and

Dong’s group successfully reported the AH of challenging 2-alkyl-

3-aryl-disubstituted unprotected indoles 135, catalyzed also by the

Ir/ZhaoPhos complex (Scheme 42B) [109].

Despite significant progress in previous studies enabling the

construction of various 2,3-disubstituted indolines, there has been

no example of directly accessing chiral indolines bearing exocyclic

vicinal stereogenic centers through asymmetric hydrogenation un-

til recently. Remarkably, these chiral skeletons exist broadly in nat-

ural products (Scheme 43).
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Scheme 42. Ir/ZhaoPhos-catalyzed AH of 2,3-disubstituted indoles.

Scheme 43. Natural products containing chiral indoline skeletons.

Yin’s group recently introduced a configurationally labile sub-

stituent at the 2-position of unprotected indoles, thus extend-

ing the DKR process from the endocyclic to the exocyclic domain

(Scheme 44) [110]. By leveraging Zhou’s palladium catalytic sys-

tem, they successfully achieved a novel DKR-based hydrogenation

of racemic α-substituted indole-2-acetates 137 to afford chiral in-

dolines bearing both endocyclic and exocyclic vicinal stereogenic

centers 141 in high yields with excellent diastereoselectivity and

enantioselectivity (up to >99 % ee, >20:1 dr, and 94 % yield).

Based on control experiments, they proposed a plausible reaction

pathway involving a unique DKR model as follows: First, in the

presence of a strong acid, racemic 137 undergoes rapid protonation

to provide a pair of indolium intermediates (R)-138 and (S)-138,

which can isomerize to each other through enamine intermediate

139. With a chiral Pd–H species 143 formed in situ, only (R)-138 is

selectively reduced to yield 141 while (S)-138 is inert. To explain

the diastereoselectivity control, they proposed that H-bonding ex-

ists between the indolium ion and the tethered ester group, af-

fording a rigid six-membered-ring structure that is beneficial to

diastereoselective differentiation at the reduction step. The Pd–H

Scheme 44. Pd-catalyzed AH of racemic 2-substituted indoles.

species then reduces (R)-138 from the less hindered side (H vs.

R1) to yield the enantioenriched indoline product. Importantly, the

practical utility of their strategy has been demonstrated by trans-

forming the products into non-natural β-amino acids and amino

alcohols.

5.2. Asymmetric reduction of substituted quinolines

1,2,3,4-Tetrahydroquinolines (THQs) represent a significant class

of chiral N-heterocycles existing in a number of natural alkaloids

and medicinal agents. Therefore, their synthesis attracts great at-

tention. The direct hydrogenation of easily accessible quinolines of-

fers convenient and practical access to them [111–113]. In addition

to widely used quinolines bearing only one substituent at the pyri-
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Scheme 45. AH of 2,3-disubstituted quinolines.

dine ring, quinolines bearing more than one substituent have also

been evaluated as feasible substrate types for asymmetric hydro-

genation, which affords 1,2,3,4-tetrahydroquinolines with multiple

contiguous stereocenters. These reactions normally proceed via a

DKR process.

In 2009, Zhou and Li’s group extended the application of

the [Ir(COD)Cl]2/chiral bisphosphine ligands/I2 catalytic system

from the hydrogenation of 2-substituted quinolines to the asym-

metric hydrogenation of 2,3-disubstituted quinolines 144 [114].

In 2011, Fan and Yu’s group reported the asymmetric hy-

drogenation of quinolines by using chiral cationic η6-arene–

N-tosylethylenediamine–Ru(II) complexes cat.27 [115]. In 2014,

Zhou’s group developed a homogeneous Pd-catalyzed asym-

metric hydrogenation of 3-phthalimido-substituted quinolones

(Scheme 45A) [116]. In 2015, Du’s group achieved a groundbreaking

advancement in asymmetric catalysis by employing chiral borane

catalysts generated in situ from chiral dienes. This innovative ap-

proach enabled the first highly enantioselective cis-hydrogenation

of 2,3,4-trisubstituted quinolines 148 (Scheme 45B) [117]. A rea-

sonable description of the DKR process in these examples is that,

following the 1,4-hydride addition, the resulting enamine interme-

diate undergoes rapid isomerization to the corresponding imine

intermediates. Subsequently, only one specific enantiomer of the

imine intermediates is selectively recognized and hydrogenated by

the catalyst (Scheme 45C).

Inspired by Zhou’s work [118] and their own work [110], Yin’s

group tried to expand the scope of quinolines by introducing a

chiral substituent at the C2 position of quinolines, which could

offer more diverse substituent patterns. In 2025, they success-

fully reported a DKR-based ATH of quinolines containing a chi-

ral aminomethyl or hydroxymethyl substituent 150 at the C2 po-

sition using chiral phosphoric acid (CPA) catalysis, affording struc-

turally novel chiral THQs with consecutive chiral centers 156 (up to

three consecutive stereocenters) [119]. This method provides excel-

lent yields, diastereoselectivity and enantioselectivities for a broad

range of substrates (up to 95% yield, up to > 20:1 dr, 99% ee).

Based on control experiments and previous studies, they proposed

a plausible reaction pathway involving a DKR model as shown be-

low: In the presence of a CPA, the racemic substrate 150a under-

goes a 1,4-reduction with Hantzsch ester (HE), generating the key

endocyclic enamine intermediate 152a. The enamine intermediate

152a can be further transformed under the influence of the CPA

catalyst to yield the corresponding imine intermediates 153a or

153a’. The two configurations of the imine intermediates rapidly

interconvert through an exocyclic enamine intermediate 154a via

tautomerization. Subsequently, only one enantiomer of the endo-

cyclic imine intermediate is selectively reduced by the catalyst

(which is also the stereoselectivity-determining step). This process

ultimately leads to the formation of the products 156a with excel-

lent diastereo- and enantiocontrol (Scheme 46). This method puts

forward a novel idea on the asymmetric synthesis of unknown N-

heterocycles bearing exocyclic chirality. With this method, a series

of THQ-derived diamines and amino esters have been obtained.

6. Asymmetric synthesis of axially chiral compounds via

DKR-based reduction

Axially chiral biaryls represent a highly valuable class of or-

ganic compounds characterized by restricted rotation around a sin-

gle bond, leading to stable axial chirality. These compounds are

of critical importance in asymmetric catalysis, medicinal chem-

istry, and materials science due to their distinct structural proper-

ties and broad functional utility. Notable examples include BINOL,

BINAM, BINAP, QUINAP, and their derivatives (Scheme 47), which

have been widely employed as chiral ligands and catalysts in a va-

riety of enantioselective transformations. The synthesis of axially

chiral biaryls with high enantiopurity, however, poses a consider-

able synthetic challenge, particularly when dealing with racemic or

prochiral starting materials. In this context, DKR has also been ap-

plied as a useful strategy for the asymmetric synthesis of axially

chiral compounds. The key point is the utilization of the lability of

the axial, either caused by the inert property or internal interac-

tion of various functional groups.

6.1. Asymmetric reduction of bringmann’s lactones

As a pioneering work, the DKR-based reduction of configura-

tionally labile “bridged biaryl lactones”, first developed by Bring-

mann’s group, represents a unique and highly efficient strategy for

the synthesis of axially chiral compounds. The first catalytic ex-

ample utilized a stoichiometric amount of chiral hydride-transfer

reagents derived from borane [120–121], subsequently followed by

the development of strategies employing Co-catalysts with NaBH4

as the reductant [122].

In 2018, Yin and Zhang’s group successfully synthesized

the O-SPINOL-derived ligand O-SpiroPAP L23 and applied it to

the iridium-catalyzed DKR-based AH of Bringmann lactones 157

(Scheme 48A) [123]. Their strategy enabled the synthesis of valu-

able chiral biaryl molecules 160 in high yields with excellent enan-

tioselectivity (up to 99% yield, >99 % ee). Based on control ex-

periments and literature precedents, they proposed a plausible re-
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Scheme 46. CPA-catalyzed ATH of racemic 2-substituted quinolines.

Scheme 47. Representative axially chiral ligands.

action pathway. Bringmann lactones 157 are first reduced to lac-

tol 158, which undergoes rapid racemization and tautomerizes into

its aldehyde form 159. Subsequently, the enantiopure intermediate

159A is selectively reduced to yield the final product 160 with high

enantioselectivity while the other enantiomer is mismatched.

In 2019, the same group reported a similar atropoenantios-

elective reduction of Bringmann’s lactones using an inexpensive

copper-based catalyst and silane as hydride source (Scheme 48B)

[124].

6.2. Asymmetric reduction of heterobiaryl ketones

In 2018, Lassaletta’s group first reported a novel zinc-catalyzed

hydrosilylation of configurationally labile heterobiaryl ketones 161,

affording secondary alcohols bearing both axial and central chiral-

Scheme 48. Ir or Cu-catalyzed asymmetric reduction of Bringmann’s lactones.

ity 162 [125]. Although most of the products exhibit only mod-

erate dr values, this strategy demonstrates its potential through

the stereospecific transformation of the products into N,N-ligands

163 or attractive axially chiral bifunctional thiourea organocatalysts

164. This DKR process relies on the transient Lewis acid-base in-

teraction (LABI) between the nitrogen atom in the pyridine and

the carbonyl group, which facilitates the racemization of the stere-

ogenic axis in the heterobiaryl ketones (Scheme 49).

In 2024, Hu’s group reported a manganese-catalyzed AH of con-

figurationally labile heterobiaryl ketone N-oxides 165, employing a

structurally fine-tuned chiral P,N,N-ligand (Rc,Sp)-L25 [126]. Under

the optimal conditions, a wide range of biaryl ketone N-oxides, in-

cluding isoquinoline, pyridine, and quinoline derivatives, were effi-

ciently hydrogenated. This transformation provided access to chiral

heterobiaryl secondary alcohol N-oxides 167 bearing both central

and axial chirality in high yields (up to 99% yield) with excellent

diastereo- and enantioselectivity (up to >20:1 dr and >99% ee).

Based on literature precedents, they proposed that the success

of this methodology relies on the rapid racemization of hetero-

biaryl ketone N-oxides via a six-membered cyclic O,O-ketal 166

closing/opening event between the oxygen atom of N-oxide and

the ketone carbonyl group. Notably, the Mitsunobu reaction of the

product 167a enables the rapid construction of diastereomers of

these chiral heterobiaryl secondary alcohol N-oxides (Scheme 50).

These novel compounds, featuring both central and axial chirality,

can serve as highly efficient catalysts for the asymmetric allylation

of benzaldehyde with allyltrichlorosilane, further highlighting their

synthetic utility and potential in asymmetric catalysis.
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Scheme 49. Asymmetric reduction of heterobiaryl Ketones.

Scheme 50. Mn-catalyzed AH of heterobiaryl ketones.

6.3. Asymmetric reductive amination of axially chiral biaryl acetals,

aminals and aldehydes

By integrating the DKR approach with reductive amination, a

series of versatile and efficient methodologies have been developed

for the synthesis of functionally diverse axially chiral biaryls.

In 2016, Akiyama’s group reported a CPA-catalyzed approach for

the synthesis of chiral biaryls 172 via ARA of 169 (Scheme 51)

Scheme 51. CPA-catalyzed ARA of axially chiral biaryl acetals.

[127]. Notably, the atroposelectivity of the product can be com-

pletely controlled by the choice of the hydroxyaniline derivative.

Based on their control experiments, they proposed a mechanism in

which the in situ formed biaryl N,O-acetal 170 and biaryl imine 171

undergo rapid racemization through a ring-opening/ring-closing

tautomerization. This dynamic interconversion enables the contin-

uous equilibration of enantiomers. Furthermore, the different con-

figurations of biaryl imine 171 are hydrogenated at distinct rates

due to their different reactivity with the catalyst, leading to the

selective formation of chiral biaryls (S)- or (R)-enantiomers of 172

with excellent enantioselectivities (up to 99% ee).

In 2021, Hronillos’ group developed a ruthenium-catalyzed ARA

of biaryl aminals 173, affording axially chiral diamines 176 in high

yields with excellent enantioselectivities (up to 91% yield, up to

99% ee) [128]. The ring-opening–ring-closing equilibrium between

imine 174 and biaryl aminals 175, as supported by DFT calcu-

lations, enables a DKR process through Ru-catalyzed ATH. Their

strategy allows for the synthesis of a series of axially chiral ana-

logues of BINAM under relatively mild conditions (Scheme 52).

On the other hand, Wang’s group successfully reported the

ruthenium-catalyzed atropoenantioselective transfer hydrogenation
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Scheme 52. Ru-catalyzed ARA of biaryl aminals.

Scheme 53. Enantioselective DKR-based reductive amination for novel axially chiral

architectures.

reductive amination of biaryl aldehydes 177 using alkylamines as

the amine source, significantly expanding the scope of accessi-

ble products (Scheme 53A) [129]. In 2022, Cheng’s group further

extended this strategy to the CPA-catalyzed enantioselective syn-

thesis of axially chiral styrene-type allylamines 183 (Scheme 53B)

[130]. This innovative approach facilitated the synthesis of novel

axially chiral aryl–alkene architectures, further underscoring the

value and broad applicability of the DKR-based reductive amina-

tion strategy.

Scheme 54. CPA-catalyzed atroposelective ARA of N-arylindoles.

Due to the inherent structural properties of the C–N axis, which

often lead to decreased stability, the asymmetric synthesis of C–N

axially chiral compounds has been less explored compared to

their C–C axially chiral biaryl counterparts. As previously discussed

[125], relatively weak Lewis acid-base interactions (LABI) between

strategically located functionalities in (hetero)biaryl systems sub-

stantially reduce the barrier to rotation, facilitating the racemiza-

tion of relatively hindered systems and thus enabling DKR pro-

cesses.

In 2024, Cheng’s group reported a chiral N-triflyl

phosphoramide-catalyzed reductive amination of configura-

tionally labile N-arylindoles 184, using Hantzsch esters as the

hydrogen source [131]. This method provided access to a series

of N-arylindole atropisomers 186 in high yields with excellent

enantioselectivity (up to 96% yield, up to 91% ee). Notably, un-

der the influence of the chiral N-triflyl phosphoramide catalyst,

the noncovalent n→π ∗ interaction within the cyclic transition

state plays a crucial role in ensuring the successful DKR process

(Scheme 54).

In 2024, Hornillos and Lassaletta’s group proposed the use

of phosphine groups as Lewis bases to achieve LABI between

functional groups, successfully achieving a highly enantioselective

DKR through the reductive amination of heterobiaryl phosphino-

aldehydes 187 (Scheme 55) [132]. By employing ruthenium-

catalyzed ATH of in situ generated imines, a series of N-aryl pyrrole

aminophosphines 190 were synthesized with up to 99% yield and

99% ee. This methodology provided access to a diverse range of

P,N derivatives, demonstrating again the versatility and efficiency

of the LABI and DKR strategy in constructing C–N axially chiral

compounds with high stereocontrol.

6.4. Asymmetric synthesis of axially chiral diaryl ethers

Within the broad family of axially chiral molecules, substituted

biaryl derivatives based on C–C bond linkage are the most widely

studied and utilized. Unlike biaryl derivatives linked by C–C bonds,

the atroposelective synthesis of axially chiral diaryl ethers remains

comparatively unexplored and thus appealing.

In 2023, Zhong and Zeng’s group developed a DKR approach to

axially chiral diary ethers via chiral phosphoric acid-catalyzed at-

roposelective reductive amination reaction of dicarbaldehydes 191

with anilines (Scheme 56) [133]. The desired diaryl ethers 195
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Scheme 55. Ru-catalyzed atroposelective reductive amination of heterobiaryl

phosphino-aldehydes.

Scheme 56. CPA-catalyzed atroposelective reductive amination reaction of dicar-

baldehydes.

could be obtained in moderate to good yields (up to 79%) and ex-

cellent enantioselectivities (up to 95% ee). Based on control exper-

iments and literature precedents, they proposed a plausible reac-

tion pathway. The in situ generated imine 194, formed from dicar-

baldehyde 191 and aniline 192, cannot undergo racemization spon-

taneously. Instead, rapid racemization is achieved through hydrol-

ysis back to dicarbaldehyde 191. In the presence of a chiral phos-

phoric acid, imine (R)-194 undergoes transfer hydrogenation at a

faster rate compared to (S)-194, leading to the formation of the

corresponding axially chiral diaryl ethers 195 with excellent enan-

tioselectivity.

7. Miscellaneous reductive transformations involving a DKR

process

7.1. Asymmetric reductive cycloetherification of δ–hydroxy ketones

In the last decades, various enantioenriched oxaheterocycles

have been accessed via a chirality transfer strategy utilizing

enantioenriched alcohols bearing a terminal hydroxyl group or

Williamson ether formation with enantioenriched alcohols con-

taining a chloride at the proper position. However, the catalytic

synthesis of enantioenriched aliphatic cyclic ethers has rarely been

reported.

In 2024, Chen and Zhang’s group successfully achieved an effi-

cient Ir-catalyzed reductive cycloetherification of γ - or δ–hydroxy
ketones 196 for the synthesis of chiral THFs and THPs 199 and

200 via asymmetric hydrogenation of cyclic, aliphatic oxocarbe-

nium ions (Scheme 57) [134]. Several α- or α’-substituted hydroxy

ketones were tolerated. To elucidate the reaction mechanism, they

conducted a series of control experiments. Only a trace amount of

target product 199e could be produced in the absence of B(C6F5)3
from 196e or enol ether 201, which indicated the critical role of

the Lewis acid for this transformation. Meanwhile, the reaction of

196e with D2 under standard conditions resulted in deuterium in-

corporation of 73% and 15% for the adjacent endocyclic and ex-

ocyclic prochiral carbon atoms, respectively, suggesting the exis-

tence of an equilibrium between the oxocarbenium ion and enol

ether. Moreover, the significant discrepancy in deuteration ratios

suggested the ease of formation of an endocyclic enol compared

with the exocyclic one. The interconversion was faster than the hy-

drogenation. The key to the success of DKR relies on the rapid iso-

merization between intermediates.

7.2. Enantioconvergent transformations of racemic alcohols via

borrowing hydrogen

In 2015, Zhao’s group reported an elegant example of dynamic

kinetic asymmetric amination of racemic α-branched alcohols 202,

which was catalyzed by an Ir-complex in combination with a chiral

phosphoric acid (Scheme 58) [135]. This transformation converted

all four stereoisomers of the substrate alcohol into acyclic chiral

amines 207 with high stereoselectivity (up to >98:2 dr, 99:1 er).

According to their proposed mechanism, the Ir catalyst captures

the hydrogen from the substrate and oxidizes 202 to form ketone

204. Subsequently, the two iminium intermediates (205 and 205′)
undergo tautomerization via enamine 206, enabling rapid racem-

ization. Concurrently, diastereoselective reduction of the matched

intermediate 205 (over 205′) by the Ir-hydride species delivers the

target amine product 207.

Inspired by previous reports from Oe’s studies [136], Zhao’s

group further investigated the monoamination of diols 208. By

introducing an achiral Brønsted acid in the presence of a ruthe-

nium/Josiphos co-catalytic system, a series of amino alcohols 213

could be obtained with high yields and enantioselectivity (up to

96% yield, up to 94% ee) [137]. Based on a series of control exper-

iments, they proposed that this enantioselective process was real-

ized via a dynamic kinetic asymmetric reduction of in situ formed

iminium ions 212 (Scheme 59A).

In 2021, they overcame the longstanding limitation in previ-

ous catalytic systems, where diols could only undergo monoami-

nation, by developing a novel iridium/phosphoric acid co-catalyzed

strategy (Scheme 59B) [138]. In this case, they achieved the enan-

tioconvergent double amination of racemic 1,2-diols 208 for the
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Scheme 57. Ir-catalyzed asymmetric reductive cycloetherification of δ–hydroxy ke-

tones.

first time, providing practical access to highly valuable enantioen-

riched vicinal diamines 219 (up to 89% yield, up to 94% ee). Their

control experiments demonstrated that the double amination does

not proceed via two individual aminations by borrowing hydro-

gen. Instead, mono-oxidation of diol followed by imine conden-

sation would yield a hydroxy imine intermediate 216. Such struc-

tures would undergo a facile Heyns Rearrangement to generate α-

amino carbonyl 217. The intermediate then undergoes a second

imine condensation followed by the well-established DKR process,

to afford the diamines 219.

In 2025, the same group reported a DKR for achieving enan-

tioconvergent synthesis of C2-substituted benzomorpholines bear-

ing a challenging-to-establish stereocenter 224 from readily avail-

able racemic amino primary alcohols 220 [139]. It was recognized

that effective imine-enamine tautomerization is imperative for this

DKR process, which could be influenced by an acid cocatalyst. So

they examined the effect of various acid cocatalysts. In contrast

to previous studies, CPA was ineffective in this case. Instead, the

addition of Fe(OTf)3 was found to significantly improve both yield

Scheme 58. Ir-catalyzed dynamic kinetic asymmetric amination of acyclic alcohols.

and enantioselectivity. This improvement is attributed to the Lewis

acid-promoted rapid racemization of the imine intermediates 222

and 222′ through the achiral enamine 223 before reduction, a step

that is essential for an effective DKR process (Scheme 60).

Building upon the previously introduced DKR of “bridged biaryl

lactones”, the synthesis of axially chiral biaryl molecules 230 from

racemic biaryl phenol-benzyl alcohol 225 typically requires at least

two steps (oxidation followed by asymmetric reduction). However,

Wang’s group reported a novel iridium-catalyzed atropoenantiose-

lective redox-neutral amination reaction (Scheme 61) [140], pro-

viding a new synthetic route to assemble axially chiral phenol-

benzylamine compounds in high yields with excellent enantiose-

lectivity (up to 88% yield, up to 98% ee). In this process, racemic

biaryl phenol-benzyl alcohol 225 undergoes dehydrogenation me-

diated by the activated iridium catalyst, generating a biaryl phenol

imine intermediate 229. This intermediate then participates in a

well-established ring-opening/ring-closing equilibrium (racemiza-

tion), followed by DKR-based asymmetric reduction to afford the

target product.

Conventional approaches to the synthesis of enantioen-

riched 1,2,3,4-tetrahydronaphthalen-1-ols typically relied on α,β-

unsaturated or saturated tetralones as starting materials, requir-

ing additional synthetic steps for their preparation. In 2024, Sar-

jeant’s group developed an asymmetric synthesis of enantioen-

riched tetrahydronaphthalen-1-ol products bearing two contigu-

ous stereogenic centers 236 directly from commercially avail-

able primary alcohols 231 and tetralones 232 via a hydrogen-

borrowing/ATH-DKR sequence (Scheme 62) [141]. This iridium-
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Scheme 59. Acid-assisted enantioconvergent amination of 1,2-diols.

catalyzed one-pot process afforded high yields with excellent

enantio– and diastereoselectivity (up to 96% yield, up to 95:5 er,

20:1 dr). By employing a single iridium catalyst, this strategy en-

ables direct access to the target products, bypassing the need for

pre-synthesized α,β-unsaturated or saturated tetralones. They fur-

ther proposed that an analogous DKR-ATH process, similar to that

described earlier, occurs following α-alkylation.

7.3. Asymmetric transfer hydrogenation of a naphthyridine derivative

In 2020, Grayson and Aggarwal’s group reported a concise 6-

step enantioselective synthesis of the nonsteroidal mineralocorti-

coid receptor antagonist (−)-finerenone 239 [142]. A key step in

establishing stereochemistry was the CPA-catalyzed ATH of a naph-

thyridine derivative 237 under DKR conditions (Scheme 63). Mech-

anistic studies revealed that the naphthyridine substrate adopts

two atropisomeric configurations that react at distinct rates and

with differing enantioselectivity, enabling initial kinetic resolution.

Elevated temperature facilitated efficient substrate racemization,

Scheme 60. Ir-catalyzed intramolecular dynamic kinetic asymmetric amination.

Scheme 61. Ir-catalyzed amination of biaryl phenol-benzyl alcohol through borrow-

ing hydrogen.

converting the process into a DKR. This transformation delivered

(−)-finerenone in 67% yield with 94:6 er.

7.4. Asymmetric transfer hydrogenation of imine-type

eight-membered azaheterocycles

Tetraphenylene, bearing four benzene rings located alterna-

tively above and below its eight-membered ring, is comprised of

a rigid saddle-shaped geometry. Owing to the high inversion bar-

rier, the scaffold possessing unsymmetrical substituents will ex-
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Scheme 62. Ir-catalyzed α-alkylation and ATH/DKR of tetralone.

Scheme 63. CPA catalyzed the ATH of a naphthyridine derivative.

hibit inherent chirality. In 2024, Yang’s group reported a CPA-

catalyzed ATH of imine-type eight-membered azaheterocycles 240,

using Hantzsch ester 241 as the hydrogen donor and operating

through a DKR mechanism (Scheme 64) [143]. Control experiments

revealed that during the dehydrogenation of enantioenriched C10-

unsubstituted 9,10-dihydrotribenzoazocine (-)-242a (95% ee), the

corresponding imine-type eight-membered azaheterocycle 240a

was obtained in a fully racemic form. This observation provided ev-

idence that the aldimine imine-type eight-membered azaheterocy-

cle 240a undergoes facile ring-opening and ring-closing reactions,

enabling rapid racemization. In a manner analogous to the com-

mon DKR, the configuration matched with CPA could be reduced

to responding product at a faster rate.

7.5. Asymmetric reductive amination of cyclophane-derived aldehydes

In 2023, Zhao’s group reported a CPA-catalyzed asymmetric re-

ductive amination of cyclophane-derived aldehydes 243, provid-

ing planar-chiral cyclophanes 247 in high yields (up to 98%) and

excellent enantioselectivities (up to >99% ee) [144]. Their stud-

ies demonstrated that the variable conformational flexibility of the

ansa bridge dictates the reaction pathway: substrates with higher

Scheme 64. CPA-catalyzed ATH of imine-type eight-membered azaheterocycles.

Scheme 65. CPA-catalyzed reductive amination reaction of cyclophane-derived

aldehyde.

rotational barriers underwent kinetic resolution, while those pos-

sessing a>15-membered ansa bridge underwent efficient racem-

ization, enabling a DKR process. Control experiments supported a

racemization mechanism involving hydrolysis of the imine inter-

mediate. Consequently, substrates with the larger bridge reacted

smoothly with amines via the DKR pathway (Scheme 65).

7.6. Asymmetric hydrogenation of allylic alcohols

Although reduction-based DKR strategies have predominantly

been applied to carbonyl or imine substrates, efforts to expand the

substrate scope have been actively pursued.

Recently, Andersson’s group reported an elegant example of

Ir/N,P-ligand catalyzed asymmetric hydrogenation of racemic al-

lylic alcohols 248 through a DKR process (Scheme 66) [145]. In-

terestingly, in addition to products bearing vicinal chirality, prod-
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Scheme 66. Ir-catalyzed AH of allylic alcohols.

ucts with 1,3-chirality can also be achieved, albeit with moderate

yield. Isotopic labeling with deuterium and 18O demonstrated that

this DKR process does not involve tautomerism analogous to the

enol-keto tautomerism, where a C=O double bond and a C–H sin-

gle bond interconvert, but rather proceeds through cleavage and

reforming of the C–O bond. This novel DKR mechanism reveals a

unique paradigm that differs from traditional tautomerism-based

DKR processes and underscores the need for further exploration to

fully understand this important transformation.

8. Conclusion and prospect

In the past several years, considerable progress has been

made in the field of DKR-based asymmetric reduction, en-

abling it as a powerful and sustainable method to address chal-

lenges in the asymmetric synthesis of chiral alcohols, amines,

and N-heterocycles bearing multiple stereogenic centers. Advances

in transition-metal catalysis, organocatalysis, and synergistic ap-

proaches have expanded the scope of substrates. Furthermore, the

application of innovative catalytic systems, including chiral lig-

ands and complexes, has enhanced the robustness and versatility

of DKR methodologies. In addition, through rational design, the

racemic stereo-labile axially chiral compounds can be transformed

into enantioenriched axially chiral molecules, which have found

extensive utility in organic synthesis, broadening the scope and

synthetic potential of this method.

Despite these advancements, several challenges remain. Sub-

strate generality, scalability, and compatibility with complex func-

tional groups continue to be areas requiring further optimization.

Additionally, achieving high efficiency under milder and greener

reaction conditions is critical for advancing the sustainability of

these processes. The integration of computational tools, such as

machine learning and quantum chemical calculations, holds great

promise for accelerating the rational design of catalysts and reac-

tion pathways. Moreover, deeper insights into mechanistic aspects,

including transition states and the interplay of kinetic and thermo-

dynamic factors, will be essential for refining existing methods and

discovering new ones.

Looking ahead, future research will likely focus on extending

the utility of DKR to a broader range of challenging substrates, in-

cluding those with multiple stereocenters and medicinally relevant

scaffolds. The combination of DKR-based reduction with emerg-

ing technologies such as flow chemistry may unlock new avenues

for synthetic applications. Synthetic chemists also expect to ex-

plore more sustainable catalytic systems, including bio-inspired

and earth-abundant metal catalysts as well as customized enzymes

to align with green chemistry principles. Ultimately, continued ef-

forts in this field will not only deepen our understanding of stere-

ochemical control in asymmetric reductions but also contribute to

the development of innovative tools for drug discovery, materials

science, and fine chemical synthesis.
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