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Abstract Kinetic resolution is one of the most commonly used methods allowing access to enantioenriched compounds. The
last two decades have seen the rapid development of kinetic resolutions enabled by N-heterocyclic carbene catalysis, and part
of the achievements have been summarized in our previous review paper published in 2017. Since then, a series of new ad-
vances have been realized, and this review will provide an update of this field covering reports from mid-2017 to 2023.
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1 Introduction

The huge demand for optically pure substances from
organic chemistry, chemical engineering, medicinal chem-
istry, agrochemistry, and material chemistry urges the de-
velopment of new methods to furnish chiral molecules in a
diverse, concise, efficient, and environmentally benign
fashion. Among the currently widely used strategies al-
lowing access to optically pure molecules, kinetic resolu-
tion serves as a reliable and robust technique to produce
compounds with high enantiopurity.'! One of the out-
standing advantages of classical kinetic resolution (KR) is
that by controlling the conversion of a reaction, one can get
highly enantioenriched compounds that can meet certain
strict requirements such as those from the pharmaceutical
industry.?! Furthermore, to overcome the 50% yield issue of
a classical KR, the technique of dynamic kinetic resolution
(DKR) has been developed.l?) Moreover, parallel kinetic

resolution (PKR) and divergent reactions on racemic mix-
tures (divergent RRM) have also been proposed, and in
these processes both enantiomers of a racemate react with
chiral reagents or catalysts at similar rates and deliver two
enantioenriched products, which is advantageous in deliv-
ering molecules in a diversified approach.™ Therefore,
despite the great achievements that have been made by
asymmetric catalysis, kinetic resolutions will continue
playing irreplaceable roles in obtaining chiral substances.
The last two decades have witnessed an explosive de-
velopment of N-heterocyclic carbene (NHC) organocataly-
sis, and the unique umpolung property, diversified activa-
tion modes, broad substrate scope, and fruitful product
types have made NHC catalysis a prominent field.’? In this
context, kinetic resolutions mediated by NHC -catalysis
have also received extensive attention, and various enanti-
oenriched molecules have been accessed through NHC-
catalyzed different activation modes. Early in 2017, we
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have published a review comprehensively summarizing the
NHC-catalyzed kinetic resolutions from the first report
appeared in 2004 to mid-2017.1¢ Since then, several re-
search groups have published reviews containing NHC-
catalyzed kinetic resolutions in 20186 and 2019,
respectively. As a continuation of our research interest in
NHC catalysis and with the purpose to provide an update
of our previous review, we herein describe the recent
advances made by NHC-catalyzed kinetic resolutions from
mid-2017 to 2023, and the content is arranged according to
the different active intermediates involved in the resolution
processes, which are acyl azoliums, a,f-unsaturated acyl
azoliums, Breslow intermediates, azolium enolates, homo-
enolates, and f-azolium ylides.

The structures of the intermediates discussed in this re-
view, their relationships, and their reactivities are shown in
Figure 1. The Breslow intermediate, which is formed from
the reaction of aldehyde and free carbene, is the origin of
many other intermediates in NHC catalysis. When there is
an oxidant in the system, acyl azolium is generated. Acyl
azolium can also ben formed through the reaction of
carbene with aldehydes having a-leaving group (LG) or
carbonyl substrates bearing leaving groups. When acyl
azoliums have a-protons, then after deprotonation in the
presence of bases, azolium enolate intermediates generate.
On the other hand, when aldehyde is a,f-unsaturated one,
homoenolate is formed. Then in the presence of oxidants,
a,f-unsaturated acyl azolium is produced. Similarly, such
kind of intermediate can also be affored directly through
the reaction of carbene with enals having a-LG. f-Azolium
ylide is a newly developed intermediate in NHC catalysis,
which is generated from the addition of free carbene to

activated C=C double bond. Breslow intermediate is
prone to undergo benzoin reaction and Stetter reaction due
to the polarity umploung. The most common reaction for
acyl azolium intermediate is esterification and amide
formation, and for a,f-unsaturated acyl azolium, it is easy
to proceed Michael addition-aldol reaction-lactonization
sequence because of three sequential active sites. The
fS-position of homoenolate intermediate is nucleophilic and
can attack electrophiles, followed by carbonyl esterifi-
cation. Correspondingly, the a-position of azolium enolate
intermediates reacts with electrophiles and then undergoes
carbonyl estrification or amide formation.

2 Kinetic resolutions mediated by acyl
azoliums

In this section, we will describe NHC-catalyzed kinetic
resolutions using acyl azolium intermediates. Such type of
intermediate is nucleophilic and can be attacked by various
hydroxy and amino groups, thus enables the design of
many kinetic resolution reactions.

y-Lactams are core skeletons in many biologically active
compounds, therefore, the synthesis of y-lactams in an ef-
ficient and stereoselective fashion has received considerable
attention. In 2017, Bolm et al.!"! conducted a kinetic reso-
lution of tranms-y-lactams using the NHC-catalyzed acyl
azolium process (Scheme 1). Although the ee values were
moderate, the study showed opportunities for further in-
vestigations regarding the kinetic resolution of y-lactams
affected by chiral NHC catalysts.

Chiral 1-arylethane-1,2-diols and their derivatives are
widely used in the preparation of natural products with
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Figure 1 Structures, relationships, and reactivities of various NHC intermediates
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s§=32

4b, 50% vyield, 14% ee
1a, 50% yield, 14% ee
s=15

Scheme 1 Kinetic resolution of trans-y-lactams

biological activities, therefore, the preparation of chiral
1-arylethane-1,2-diols has been a hotspot of chemists. In
2018, Chi et al.® reported for the first time a site- and en-
antioselective kinetic resolution of 1,2-diols bearing both a
secondary and a primary alcohol motif (Scheme 2). By
using an NHC-catalyzed oxidative acylation reaction as the
key step, they could obtain 1,2-diols and their monoester
derivatives in moderate to high enantioselectivities. In ad-
dition, both enantiomers of the product 6a could be isolated
with excellent optical purities after a sequential kinetic
resolution using ent-C2 as the catalyst. Non-covalent in-
teractions involving the secondary alcohol may affect the
regioselectivity and kinetic resolution.

Axially chiral anilides are very important in pharmaceu-
tical and medicinal areas. The development of new catalytic
methods for the preparation of axially chiral anilides is quite

C2 (2.5 mol%)

necessary. Wang’s group!” incorporated a hemiaminal
functional group into the anilide skeleton and applied the
NHC-catalyzed acylative kinetic resolution into the syn-
thesis of axially chiral anilides (Scheme 3). The two enan-
tiomers of anilides were separated efficiently. The corre-
sponding acylated products were obtained in high to ex-
cellent enantioselectivities (up to 95% ee). An acyl azolium-
participated mechanism was proposed.

The catalytic divergent formation of stereoisomers from
one common precursor represents an efficient approach for
the rapid construction of molecules with multiple stereo-
centers. Wang’s group!'®! developed a chiral NHC-cataly-
zed dynamic kinetic enantio- and diastereoselective acyla-
tion for the preparation of optically pure dihydropyranones
(Scheme 4). The rate of equilibration between the two
isomers is faster than the acylation, which is important for
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OH 4+ PhCHO OH O._Ph Nem
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18 examples 40% ~ 55% yield 38% ~ 49% yield c2
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5f, 43% vyield, 84% ee
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s=174
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5b, 49% vyield, 78% ee
6b, 49% yield, 70% ee
§=13.2,25°C,2h
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59, 45% yield, 78% ee
69, 49% yield, 78% ee
s=18.9

5¢, 53% yield, 58% ee
6¢, 46% yield, 72% ee
s=10.9
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S - OH
<\J/\/
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6h, 38% yield, 68% ee
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5d, 49% yield, 84% ee
6d, 49% vyield, 76% ee
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OH
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5i, 52% yield, 50% ee

6i, 46% yield, 74% ee
s=10.9

Scheme 2 Site- and enantioselective kinetic resolution of 1,2-diols
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5e, 40% vyield, 54% ee
6e, 40% yield, 82% ee
s=17.3

OH
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6j, 44% yield, 80% ee
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Scheme 3  Synthesis of axially chiral anilides via kinetic resolution

the dynamic kinetic resolution. By changing catalysts, an-
other two isomers of dihydropyranones were obtained from
the common racemic precursor. It is worth mentioning that
the acyl azolium intermediate could be generated from
carbene-catalyzed redox reaction of a-substituted alde-
hydes, enals, and alkynals.

Compared with the extensive use of 1,1'-bi-2-naphthol
(BINOL) and its derivatives as chiral ligands in asymmetric
catalysis, the analogs of 1,1'-biaryl-2,2'-amino alcohol (NO-
BIN) are less used mainly because of certain limitations in
the preparation such as limited scope, low efficiency, and

Chin. J. Org. Chem. 2024, 44,448 ~480
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lengthy synthetic route. Developing a highly efficient
strategy to synthesize this kind of amino phenols is still very
necessary. In 2019, Zhao and Rong ef all'!l presented a
highly efficient NHC-catalyzed atroposelective acylation of
amino biphenols to prepare various NOBIN analogs in high
yields with excellent enantioselectivities (Scheme 5). They
believe that the combination of desymmetrization and a
secondary kinetic resolution is responsible for the high
enantioselectivity of the reaction. To confirm the hypothe-
sis, they prepared some racemic monoesters and subjected
them to the kinetic resolution conditions. The monoesters

http://sioc-journal.cn/ 451
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Scheme 4 Preparation of optically pure dihydropyranones via divergent strategy

could be obtained with 76%~99% ee.

Wang’s group!'?! also reported an NHC-catalyzed atro-
poselective synthesis of axially chiral biaryl amino-alcohols
via a cooperative strategy of desymmetrization followed by
kinetic resolution (Scheme 6). Different from Zhao’s study,
the acyl azolium intermediate was generated through oxi-
dation of the corresponding Breslow intermediate (acyl
anion). They also conducted control experiments and pos-
tulated the mechanism.
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Recently, Gao et al.l'31 developed a transition-metal free
cascade protocol for the construction of NOBIN analogs by
employing direct O-arylation of arylhydroxylamines with
diaryliodonium salts to form transient N,O-diarylhydroxyl-
amines which could subsequently undergo [3,3]-sigma-
tropic rearrangement and rearomatization. A NHC-cataly-
zed kinetic resolution was also successfully achieved for the
preparation of enantiopure NOBIN analogs under mild
conditions (Scheme 7).

Chin. J. Org. Chem. 2024, 44, 448~480
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Scheme 5 NHC-catalyzed atroposelective acylation of biphenols

Acylated hydroxyphthalides have found applications
especially as prodrugs. However, it is a great challenge to
build chiral ketal units in hydroxyphthalides efficiently
because they contain a labile chiral center. A carbene-cata-
lyzed dynamic kinetic resolution process was developed for
the rapid construction of enantiomerically enriched acylated
hydroxyphthalides by Chi et al.l'¥l recently (Scheme 8). An
equilibrium of formylbenzoic acid and the corresponding
racemic hydrophthalide is key for the dynamic kinetic res-
olution to be realized. The method worked well for a broad
range of substrates and allowed quick access to useful
pharmaceuticals such as talosalate with up to 98% ee.

Ye et al!"¥ realized the dynamic kinetic resolution of
hemiaminals without a-hydrogen via NHC-catalyzed O-

Chin. J. Org. Chem. 2024, 44,448 ~480
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acylation of 3-hydroxy-3-trifluoromethylbenzosultams
(Scheme 9). Noteworthy is that basic conditions are im-
portant for the racemization of hemiaminals without
a-hydrogen. The resulting esters were obtained in high
yields with good to high enantioselectivities.

Carboxylic acids and their derivatives bearing a chiral
center at a-position widely exist in many bioactive reagents.
Following their previous reports in NHC-catalyzed dynamic
kinetic resolution of a-aryl-a-alkyl carboxylic esters, Chi’s
group!'® also studied the dynamic kinetic resolution of a-
aryloxycarboxylic esters via a carbene catalyzed trans-
esterification reaction (Scheme 10). Various a-aryloxy-
carboxylic esters could be obtained in 34%~99% yields
with up to 98% ee under mild reaction conditions.

http://sioc-journal.cn/ 453
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Scheme 6 NHC-catalyzed atroposelective synthesis of axially chiral biaryl amino-alcohols

Different stereoisomers of chiral N-acylated 3,4-dihydro-
pyrimidin-2-(1H)-ones (DHPMSs) often exhibit different or
even contrary biological activities, thus the synthesis of
enantioenriched N-acylated DHPMs has attracted the wide
attention of chemists. Massi’s group!!”! realized the asym-
metric N-acylation of DHPMs with enals via NHC-cata-
lyzed kinetic resolution (Scheme 11). The method em-
ployed a set of mild conditions for the synthesis of Bigi-
nelli-type dihydropyrimidines, although in most cases the
products were gotten with low to moderate ee values.

Enantioenriched acyclic a-substituted S-hydroxy amides
are valuable pharmacophores and versatile precursors to
enantioenriched 1,3-diols, 1,3-amino-alcohols, S-hydroxy
acids and S-amino acids, but their enantioselective synthesis
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remains challenging. Recently, Guin et al.l'8 realized the
kinetic resolution of acyclic a-substituted S-hydroxy amides
utilizing enantioselective acylation of primary alcohol via
oxidative NHC catalysis (Scheme 12). The selectivity factor
(s) was up to >200. The cyclic tertiary amine was key for
the high selectivity. Diastereomeric transition state models
for the process were proposed to rationalize the origin of
enantioselectivity.

Aldol reaction is very important in forming chiral f-
hydroxyl carbonyl compounds. However, due to the retro-
aldol process, it is hard to improve the conversion and
stereoselectivities. Chi et al.l'! developed a new catalytic
strategy that attempted to control the product enantio-
selectivities via post-aldol processes (Scheme 13). The

Chin. J. Org. Chem. 2024, 44, 448~480
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Scheme 7 NHC-catalyzed kinetic resolution of racemic NOBIN analogs
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Scheme 8 NHC-catalyzed dynamic kinetic resolution of hydrophthalides
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Scheme 9 NHC-catalyzed dynamic kinetic resolution of hemiaminals
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Scheme 10 Synthesis of a-aryloxycarboxylic esters via NHC-catalyzed dynamic kinetic resolution
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Scheme 11 Catalytic N-acylation of 3,4-dihydropyrimidin-2-(1H)-ones with enals
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Scheme 13 Post-aldol stereochemistry control and formation of quaternary stereogenic centers
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NHC catalyst plays dual roles in two catalytic steps, with
the enantioselectivity controlled in a post-aldol DKR
process. First, the NHC catalyst activates a masked enolate
substrate to initiate the aldol reaction in a non-enantio-
selective manner. Then the aldol product is transferred to
protected aldol product by subsequent step of acylation. The
reversible aldol process is key to the dynamic kinetic
resolution. The acylated aldol products bearing quaternary/
tetrasubstituted carbon stereogenic centers were formed in
good yields and high optical purities.

Axially chiral amino acids, which are different from
natural and unnatural amino acids with central chirality, are
important chiral catalysts and ligands in asymmetric
syhthesis, moreover, their derivatives are important
skeletons of many bioactive molecules. Therefore, the rapid
construction of axially chiral amino acids is of great
importance. Wang et al.?” reported an atroposelective
NHC catalyzed dynamic kinetic resolution via in situ
hemiaminals to produce the axially chiral amino esters with
high enantioselectivities (Scheme 14). The covalent bond
formed between NHC and aldehyde can introduce chirality
into the target structure, and the protocol provides a
convenient strategy for realizing the enantioselective
oxidation of aldehydes under mild conditions.

Chiral sulfoxides are widely used in medicines, agro-
chemicals and as ligands in asymmetric catalysis, they also

€13 (10 mol%)

K,COj3 (1.0 equiv.), DQ (1.2 equiv.)

work as platform scaffolds to make bioactive molecules and
catalysts. Chi et al.”! used chalcogen bond-guided confro-
mational isomerization to realize the dynamic kinetic
resolution, affording the corresponding chiral sulfoxides
with excellent enantioselectivities (Scheme 15). It is
noteworthy that the chalcogen bond breaks the symmetry of
sulfoxide and makes it as a racemate by inducing a
conformational locking effect. Interconversion of the two
enantiomers via chalcogen bond-guided conformational
isomerization was also estimated by DFT. Oxidation of
Breslow intermediates to the corresponding acyl azolium
intermediates was estimated (via DFT) to be the
stereoselectivity-determining step in this dynamic kinetic
resolution process.

Chiral a-hydroxycarboxylic acid derivatives are impor-
tant building blocks in synthetic chemistry and also serve as
synthetic units of chiral ligands. Among a-hydroxycar-
boxylic acid derivatives, the a-hydroxythioamide is an
interesting and useful compound due to the versatility of the
thioamide functionality. Yamada and Takasu et al.**
developed the first catalytic kinetic resolution of a-hydroxy-
thioamides using chiral NHC-catalyzed highly enantio-
selective acylation assisted by a newly 9-julolidinecar-
boxylate additive (Scheme 16). The enhanced molecular
recognition by forming a hydrogen-bonded complex
between the additive and a-hydroxythioamides, which
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Q/\_ pr
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NHTs
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29 examples
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Scheme 14 Dynamic kinetic resolution to access axially chiral amino esters
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Scheme 15 Dynamic kinetic

results in the increase of reaction rate and selectivity, is
proved by mass spectra (MS) and nuclear magnetic reso-
nance spectroscopy (NMR).

Yamada et al.® also realized the kinetic resolution of
a-hydroxyamides (Scheme 17). N-tert-Butyl-a-hydroxy-
amides provided the best performance and underwent
kinetic resolution through enantioselective acylation with
the selectivity factor up to 128. Although the ability of
amides to form a hydrogen-bonded complex with the
substrate is likely lower than that of thiomides, comparable
selelctivity was observed in the kinetic resolution. Amide
460
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fast

MeOH

NHC

namic conformational isomer resolution

resolution of sulfoxides

bearing an oxygen functionality could also proceed the
reaction smoothly, indicating that the bulky silyl protective
group doed not affect the selectivity.

Zhu et al ** developed an iodide promoted electroredox
NHC system and provided an effective way for electro-
chemical single-electron-transfer (SET) oxidation of Bres-
low intermediate towards versatile transformations. This
method was also applied to the dynamic kinetic resolution
of hydroxyphthalides, and various acylated hydroxyph-
thalides with different ester substituents were produced with
excellent enantioselectivities (Scheme 18).
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Scheme 16 Kinetic resolution of a-hydroxythioamides
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Scheme 17 Kinetic resolution of a-hydroxyamides
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Scheme 18 Dynamic kinetic resolution of hydroxyphthalides using electroredox method
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3 Kinetic resolutions mediated by a,8-
unsaturated acyl azoliums

In this section, we will describe the kinetic resolutions
involving o, f-unsaturated acyl azolium intermediates.
These intermediates are featured by their ability of under-
going various cascade annulation reactions. Through ra-
tional design, racemic ketones or esters having nucleo-
philic sites can realize classical or dynamic kinetic resolu-
tions.

Cyclohexenes and their derivatives are useful building
blocks for many biologically active molecules and natural
products. In 2017, Fang’s group!®*! disclosed an NHC-cata-
lyzed enantioselective formal intermolecular all-carbon
[4+2] annulation between in situ generated acyclic dieno-
late and conjugated acyl azolium (Scheme 19). Racemic
2-acyloxy-3-butenones were used as the diene precursors
and a formal dynamic kinetic resolution process was
observed. A series of polysubstituted cyclohexenes were

; % (1) C2 (20 mol%), Cs,CO3 (2.0 equiv.)
RTO R R4\/CHO 4 AMS, THF, 30 °C
0 +
X Br (2) Na,CO3, MeOH
R2 26 examples
rac-46 47 (1.5 equiv.)

15% ~ 84% yields Cc2
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\

N—N
: {C)
PhMes

Ph
19-v

aldol
reaction

PhOCO,,.

", le}
Ph [ j\
Cl

Ph

48c, 64% yield, 99% ee

489, 41% yield, 83% ee

N—-
Mes” @ N

19-1 o
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Scheme 19 NHC-catalyzed intermolecular all-carbon [4-+2] annulation
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obtained with high to excellent diastereo- and enantiose-
lectivities. They also proposed a mechanism for the reac-
tion. Firstly, carbene reacts with enal to give a,f-unsa-
turated acyl azolium 19-I. Then the Michael addition of
19-II to 19-I leads to the production of enolate 19-III.
19-11I1 isomerizes to 19-IV, and the intramolecular aldol
reaction-lactonization occurs to release fS-lactone 19-VI.
The opening of 19-VI leads to the synthesis of 4a. Ac-
cording to the proposed mechanism, the stereoselective
isomerization is crucial to the formal dynamic kinetic res-

ent-C4 (20 mol%)

REVIEW
olution.

Before 2018, there is no efficient way to achieve the
catalytic kinetic resolution of Michael adducts. Inspired by
the synthetic importance of the cyclohexenes and Michael
adducts, a highly enantioselective kinetic resolution of
Michael adducts was realized by Enders et al.*®! through
NHC catalysis, providing a new route to enantiomerically
enriched cyclohexenes and Michael adducts in good yields
with high enantiomeric excesses (Scheme 20). A plausible
catalytic cycle is also depicted in Scheme 20. Breslow
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Scheme 20 Kinetic resolution of Michael adducts by Enders et al.
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intermediate 20-I is generated from the addition of the
NHC catalyst to the a-bromoenal 2a. 20-I can tautomerize
to intermediate 20-II and then leads to the formation of
unsaturated acyl azolium 20-III through bromide elimina-
tion. The Michael addition of the Michael adduct rac-49a to
the a,f-unsaturated acyl azolium 20-III from the opposite
side of the catalyst chiral backbone generates the azolium
enolate 20-1V. After lactonization and decarboxylation,
50a is obtained.

Compared to the kinetic resolution of ketones, the dy-
namic Kkinetic resolution of imines or enamines is chal-
lenging because imines easily tautomerize to enamines. In
2019, Ye et al®’! developed an NHC-catalyzed [3+ 3]
annulation of a-bromoenals with enamines by dynamic

NHPG

kinetic resolution (Scheme 21-1). A series of cyclopentene-,
cyclohexene-, and cycloheptene-derived enamines and the
acyclic enamines worked well in the reaction, producing
polysubstituted dihydropyridones with good diastereose-
lectivities and high enantioselectivities. According to the
proposed mechanism, unsaturated acyl azolium is generat-
ed in the same way as before. The isomerization of ena-
mine and Michael addition to intermediate 21-III are the
key steps in dynamic kinetic resolution. The subsequent
lactamization affords 52a. Noteworthy is that a classical
kinetic resolution of disubstituted imines was also devel-
oped to give both the dihydropyridones and the recovered
disubstituted imines with high enantioselectivities (s factor
up to 83, Scheme 21-2).
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Scheme 21-1 Dynamic kinetic resolution of enamines
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53b, 34% vyield, 89% ee
s=83

CO,Pr

54c, 35% yield, 7:1 dr, 91% ee
53c, 26% yield, 87% ee
s=60

Scheme 21-2 Classical kinetic resolution of disubstituted imines

The resolution of a-functionalized ketones has been a
long-term challenge since the first report by Woodward in
1941. Both stoichiometric and catalytic methods have been
developed, but less satisfactory results have been obtain-
ed.[?® In 2020, an efficient kinetic resolution protocol af-
fording 11 classes of chiral a-functionalized ketones with
up to 684 of the selectivity factor (s) was disclosed by Fang
and co-workers using a two-key-step resolution mode
(Scheme 22).1*1 g-Methylated, a-benzylated, a-allylated,
a-estermethylated, a-aminomethylated, and a-thiometh-
ylated ketones, and ketones with a-acetamino, a-alkylthio,
a-alkyoxy, a-deuterium, and a-fluoro groups were all ac-
cessible with high enantioselectivities. The addition of
aminolactam additive plays a crucial role in achieving the
resolution. Mechanistic studies showed a two-key-step
resolution mode, in which the real kinetic resolution hap-
pened at the second aldol step and the enantioenriched ke-
tones were recovered by the first reversible Michael pro-
cess.

4 Kinetic resolutions mediated by acyl
anions (Breslow intermediates)

In this section we describe the kinetic resolutions
involving acyl anion (Breslow) intermediates. Most of the
successful kinetic resolutions using Breslow intermediates
are benzoin reactions. The Fang’s group conducted
systematic studies on kinetic resolutions through benzoin
reactions, and reazlied the rapid asymmetric synthesis of
various tetralone derivatives having multiple stereocenters.

Racemic mixtures of four stereoisomers are easily
formed but less used because of the challenges to separate
the four stereoisomers efficiently. Fang’s group*®! develop-
ed an NHC-catalyzed divergent dynamic kinetic resolution
(DDKR) protocol to achieve the separation of racemic
mixtures of four stereoisomers (Scheme 23). A series of
tetralone products with three stereocenters were formed in a
divergent fashion. Mechanistic studies showed two key
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points for the success of resolution: (1) rapid conversions
between (25,3S)/(2R,3S) and (2R,3R)/(2S,3R) happened
quickly under the reaction conditions, and (2) rapid annu-
lations occurred for (25,35)-57a and (25,3R)-57a to afford
the benzoin products, and slow reactions happened for other
two isomers.

2-Hydroxy-2,3-dihydronaphthalene-1,4-diones (HDNDs)
are important skeletons of many natural products possessing
antibacterial and antimicrobial activities. Fang’s groupl!!
also employed benzoin reaction-mediated divergent reac-
tion on racemic mixture to synthesize both stereoisomers of
2-hydroxy-2,3-dihydronaphthalene-1,4-diones ~ (Scheme
24). Both cis- and trans-products could be obtained with
good to excellent enantioselectivities in a single step.
Noteworthy is that direct catalytic methods are hard to
afford HDNDs with two stereogenic centers.

Chiral p-ketoesters and 1,3-diketones possessing fully
substituted carbon stereocenters are very useful synthons in
both synthetic chemistry and industrial field. In 2019, Fang
and co-workers*?! achieved an NHC-catalyzed kinetic reso-
lution of a,a-disubstituted S-ketoesters using intramolecular
benzoin reaction, deriving a series of previously unavailable
fS-ketoesters with all-carbon quaternary stereocenters in
good to excellent enantioselectivities (Scheme 25). The
reaction tolerated two different a-benzyl or a-allyl groups,
and the ketone unit could be aryl or alkyl group. It is worth
to be mentioned that catechol additive is crucial in enhan-
cing the selectivity of the resolution.

Using the same strategy, Fang et al. °>! also accomplished
the kinetic resolution of 2,2-disubstituted 1,3-diketones
through Breslow intermediate participated annulations
(Scheme 26). Various chiral tetralone derivatives and
1,3-diketones, which were not easily accessible via con-
ventional asymmetric catalysis can be obtained with high
enantioselectivities. Two basic kinetic resolution modes
exist in the reaction: (1) classical kinetic resolution happens
when the two ketone moieties have apparent different
reactivities (Scheme 26A), and (2) divergent reaction on

[33]
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Scheme 22 Kinetic resolution of various a-functionalized ketones
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Scheme 23  One-step separation of racemic mixtures of four stereoisomers
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Scheme 25 Kinetic resolution of a,a-disubtituted f-ketoesters
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Scheme 26 Classical kinetic resolution and divergent reaction of 1,3-diketones

racemic mixture (divergent RRM) happens when the two
ketone units show comparable reactivities (Scheme 26B).
Rotenoids, which are famous because of its insecticidal,
anticancer, and antiplasmodial activities, are a class of
isoflavonoids that arises in nature by oxidative cyclization

Chin. J. Org. Chem. 2024, 44,448 ~480
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of 2'-methoxyisoflavones. Recently, Fang and co-workers
successfully realized the concise construction of the cis-
fused tetrahydrochromeno[3,4-b]chromene core structure
of rotenoids through NHC-catalyzed dynamic kinetic
resolution (Scheme 27).341 A series of annulation products

http://sioc-journal.cn/ 469



BIKE

iR SR

C18 (20 mol%)
Cs,CO3 (1.5 equiv.)
additives
MeCN, -20 °C, 3 h

14 examples

73
68% ~ 85% yields Cc18
74% ~ 95% ee

73a, 73% yield, 94% ee 73b, 78% yield, 89% ee

73e, 75% yield, 95% ee

73f, 83% yield, 74% ee

73c, 76% yield, 82% ee

739, 85% yield, 78% ee

73h, 71% yield, 87% ee

Scheme 27 Construction of tetrahydrochromeno|[3,4-b]chromenes by dynamic kinetic resolution

containing rotenoid key structures were rapidly assembled
using this method. The protocol enabled the modular
synthesis of a variety of rotenoid natural products in a
highly convergent fashion, and the concise asymmetric
total synthesis of tephrosin, the first asymmetric total
synthesis of 12a-hydroxymunduserone, milletosin, and
12a-hydroxyrotenone, and the formal synthesis of deguelin
were accomplished (Scheme 28).

The rapid construction of axially chiral benzonitriles and
their derivatives remains challenging and thus limits the
further applications. Chi and co-workers®*! disclosed an
unprecedented dynamic kinetic resolution method using
racemic 2-arylbenzaldehydes and sulfonamides as the
substrates to afford axially chiral benzonitriles in good to
excellent yields and enantioselectivities (Scheme 29). DFT
calculations suggest that the loss of p-toluenesulfinate
group is both the rate-determining and stereo-determining
step. They also postulated a mechanism for the reaction.

Racemic 2-arylbenzaldehyde can condense with TsNH»
to deliver the racemic imines (£)-74aa. The addition of
NHC to imime is reversible to give aza-Breslow interme-
diates 29-1 and 29-II1. The loss of the p-toluenesulfonyl
anion from the aza-Breslow intermediate is predicted to be
rate-determining and stereo-determining. The carbonitrile
product is finally generated by deprotonation process
(Scheme 29).

5 Kinetic resolutions mediated by azolium
enolates

In this section we describe the kinetic resolutions in-
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volving azolium enolate intermediates. This class of inter-
mediates are nucleophilic and can attack ketones and
imines. So using this character, some annulation reactions
can be designed and kinetic resolutions are observed in the
reactions.

In 2017, Biju et alP® realized the dynamic kinetic
resolution of acyclic ketoacids through NHC-catalyzed
enantioselective aldol lactonization (Scheme 30). The
cyclopentane-fused p-lactones having three contiguous
stereocenters could be obtained with moderate to good
yields, diastereoselectivities, and enantioselectivities. Me-
chanistic study shows that the NHC-bound enolate 30-1V,
which is generated under basic conditions from acyl azo-
lium 30-II or the ketene intermediate 30-D, is key for the
reaction. 30-IV proceeds intramolecular aldol reaction of
enolate to afford intermediate 30-E. The f-lactonization of
30-E delivers the final product 77.

Chi et al " realized the activation of y-carbon in cyclo-
propylcarbaldehydes for the first time to proceed Mannich
reaction with N-sulfonyl a-iminoesters (Scheme 31). The
reaction can produce a series of enantiomerically enriched
o-lactams with up to 98% ee via dynamic kinetic asym-
metric transformation. The ring-opening process of the
Breslow Intermediate 31-I to form the chiral azolium eno-
late intermediates, the dynamic kinetic asymmetric transfor-
mation of the chiral azolium enolate intermediates through
asymmetric Mannich reaction and the second dynamic
kinetic resolution of 31-IIIa and 31-IIIb through a
stereoselective lactam formation process are crucial to the
stereoselective control of the reaction.

Chin. J. Org. Chem. 2024, 44, 448~480
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Scheme 28 Total synthesis of 12a-hydroxymunduserone, tephrosin, milletosin and 12a-hydroxyrotenone
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MeO,C. CO,Me MeO.C, CO:Me iPro,C._,COPr MeO,C._,CO,Me MeO,C. CO;Me
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o) o) (¢) o)
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Me Me Me Ph Me
Me
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77a, 70% yield 77b, 72% vyield 77c, 67% yield 77d, 40% yield T7e, 75% yield
10:1 dr, 90% ee 16:1 dr, 86% ee > 20:1 dr, 84% ee > 20:1 dr, 90% ee 2:1 dr, 88% ee
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Scheme 30 Dynamic kinetic resolution of acyclic ketoacids
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Scheme 31 Dynamic kinetic asymmetric transformation of cyclopropylcarbaldehydes

474 http://sioc-journal.cn/ © 2024 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences Chin. J. Org. Chem. 2024, 44, 448~480



Chinese Journal of Organic Chemistry

REVIEW

6 Kinetic resolutions mediated by NHC-
bound homoenolates

In this section, the kinetic resolutions involving NHC-
bound homoenolate intermediates are described. These
intermediates are also nucleophilic and featured by cascade
annulations or protonation-esterification. Scheidt et al.3%
transformed unsaturated aldehydes into saturated esters
using an NHC-catalyzed homoenolate process (Scheme 32).
The reaction could also be used to the kinetic resolution of
secondary alcohols with the s of 4.8. The addition of car-
bene to enal generates 32-II, which undergo subsequent
proton transfer to afford homoenolate. Then the protonation
and tautomerization of homoenolate generate acyl azolium
32-V, which can be esterificated by alcohol to produce the
final product. Phenol is involved in the protonation process.

NHC-catalyzed kinetic resolution through Michael addi-
tion by homoenolate intermediate has been less explored.
Due to the widespread synthetic applications of chromane
and 2H-chromene, in 2019, Maji et al.B* developed an
efficient NHC-catalyzed kinetic resolution to synthesize
highly functionalized 2-aryl-3-nitro-2H-chromanes and its
derivatives with high diastereo- and stereoselectivities
(Scheme 33). An NHC-bound homoenolate pathway was
proposed for the kinetic resolution. The reactive carbene is
generated in the presence of KsPO,4 and produces homo-

€20 (5 mol%)
DBU (0.05 equiv), PhOH (2 equiv.) O  Me

Me 0

enolate intermediate 33-1I using the same method as before.
Then the addition of the homoenolate intermediate 33-II to
the more kinetically favored (S)-enantiomer affords the
intermediate 33-III. The less kinetically favored (R)-82 is
recovered. Although the stereocenter of 2-aryl-3-nitro-2H-
chromene was remote from the homoenolate intermediate,
the kinetic resolution also happened successfully.

Recently, Gong and Song et al.*” developed a unique
process in which NHC can regulate the catalytic activity of
the copper complex to switch the chemoselection between
kinetic resolution and dynamic kinetic resolution by binding
reversibly to the copper catalyst (Schemes 34-1, 34-2).
Highly enantioenriched N-tosylaziridine derivatives and
various substituted spirooxindole derivatives was synthe-
sized with high stereoselectivities via [3+3] annulation of
racemic N-tosylaziridines with isatin-derived enals. Mecha-
nistic studies suggest that highly efficient kinetic resolution
and dynamic kinetic resolution of racemic N-tosylaziridines
are achieved by the cooperative catalysis of chiral NHC and
copper complex. The NHC catalyst in this process plays
dual roles of Lewis base organocatalyst and ligand coor-
dinating to the copper complex regulate the catalytic
activity. The chemoselection between the kinetic resolution
and dynamic kinetic resolution is switchable by changing
the ratio of the chiral NHC and Cu complex of diphosphine.

. :
Ho)\ Ph Ph/\)KH toluene, 110 °C Ph/\/mo/\Ph T NVN@\-—_/
82 Me I 13
rac-81a 2a a
40% conv., s =4.8 c20
Proposed mechanism
H O M
H © Me /I\{e 0
S H R
Ph O Ph N
82a P N N"pn Ph/\/[LH
e O .
HO/k Ph acylation |
rac-81a
Ve ©0 MeY Ph
H O Y Ph N®
Ph7X =
N® H
ey -
N
e ( Ph Il
Ph
v
H-migration
tautomerization
Me
Ph
Me OH
H OH YPh E/
AN ND Ph™ SN
g -0
Me:.,
o 0 (
Ph 1
\'
Scheme 32 Kinetic resolution of secondary alcohols
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90% ~ 96% ee

70% ~ 88% ee

Selected examples

o b
WL "L
Me OMe

83a, 38% yield, 86% ee 83b, 40% vyield, 85% ee
82a, 43% yield, 90% ee 82b, 35% vyield, 94% ee
51% conv., s =42 52% conv., s =39

Me

83c, 37% yield, 70% ee
82c, 32% yield, 96% ee
58% conv., s =21

83d, 38% yield, 78% ee
82d, 40% yield, 94% ee
55% conv., s =27

HO
3311 (E-enol)

O 2 Al
b r

Scheme 33  Synthesis of 2-aryl-3-nitro-2H-chromanes and its derivatives

7 Kinetic resolutions mediated by B-azo-
lium ylide

In this section the kinetic resolution involving f-azolium
ylide intermediate is described. f-Azolium ylide was firstly
reported by Fu ef al.*! in NHC-catalyzed - alkylations of a

variety of a,f-unsaturated esters, amides, and nitriles
bearing leaving groups. While reactions of acyl anion and

476 http://sioc-journal.cn/
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related intermediate continue to draw extensive attention,
there are few studies about f-azolium ylides. Lupton et
al."*?) realized the dynamic kinetic resolution of a benzyl
1,5-diene via f-azolium ylide intermediate (Scheme 35). A
chiral cyclopentene with two stereocenters was synthesized
with 78% ee. Although the diastereoselectivity of the
reaction was moderate, this work opened up a new direction
in NHC-catalyzed kinetic resolution. They also proposed
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(A) Kinetic resolution CU(CH3CN)PF (2.5 mol%)

CHO o ligand (5 mol%), C2 (5 mol%) 7
X ! Na,CO3 (1.0 equiv.) { OO
R o+ N Ny R PXyl
Z N 3¢A toluene, 25 °C 3A Y2
\ R R PXyl
R’ 26 examples 2
84 rac-85 30% 523 ield c2
0.75 or 0.6 equiv.) (1.0 equiv. o~ 58% yields  41% ~ 68% yields )
(0.750r 0.6 equiv.) (1.0 equiv) 71%~>99% ee  81% ~ > 99% ee ligand
Selected examples
o, ®
Ph Me Me
86a, 50% yield, 99% ee, > 95:5 dr 86b, 48% yield, >99% ee, >95:5 dr 86¢, 49% yield, 98% ee, > 95:5 dr 86d, 48% yield, 98% ee, > 95:5 dr
85a, 48% yield, > 99% ee 85b, 51% yield, 95% ee 85c, 49% yield, > 99% ee 85d, 50% yield, 99% ee
s=1057 s =747 s=525 s=525

86e, 47% yield, 97% ee, > 95:5 dr 86f, 55% yield, 88% ee, 85:15 dr 869, 49% yield, 97% ee, 91:9 dr
85e, 46% yield, > 99% ee 85f, 42% yield, > 99% ee 859, 46% yield, > 99% ee
s=2348 s=82 s =348

86h, 48% yield, 94% ee, > 95:5 dr 86i, 54% yield, 94% ee, 94:6 dr 86j, 48% yield, 93% ee, 85:15 dr
85h, 47% yield, 96% ee 85i, 42% yield, 92% ee 85j, 47% yield, >99% ee
s=127 s=106 s=145

Cu(CH3CN)PFg (5 mol%)

/] CHO Ts ligand (10 mol%), C2 (2.5 mol%)
XN N Na,COj3 (1.0 equiv.)
R4 o + AN
Z~N R3 toluene, 25 °C
R 12 examples i
. . R 70% ~ 93% yields
84 (1.2 equiv.) rac-85 (1.0 equiv.) 86 92% ~ > 99% ee

Selected examples

86h, 91% yield, > 99% ee, > 95:5 dr
Ts
/

86k, 93% yield, > 99% ee, > 95:5 dr 861, 90% yield, 96% ee, 93:7 dr
Scheme 34-1 Kinetic resolution and dynamic kinetic resolution of racemic N-tosylaziridines

Chin. J. Org. Chem. 2024, 44, 448~480 © 2024 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences http://sioc-journal.cn/ 477



BT FREHR

|
fast ) N"‘q
as HO™X\

W\ _0 M
lot— S, . e }\
A"{Cul* T 3441 <N
R 90 N ril,‘q
34V - J
+ Copper NHC
! catalysis catalysis Y/
9 o)
\\ /o )
lot—S7 = Me N
N fCul 34V Me
R3 344
3l [Cul* = Cul(ligand)
o NHC-C2 [Cu]* = Cul(ligand)
Ts [l base active state
N active state
RsA [Cu* = Cul(ligand) (C2) / CHO
rac-85 Ts resting state
+ N (detected by HRMS) N o
R® Me
85 84a

Scheme 34-2 Proposed mechanism for the kinetic resolution and dynamic kinetic resolution of racemic N-tosylaziridines
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Scheme 35 fS-Azolium ylide-participated kinetic resolution by Lupton et al.
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mechanism for the reaction. First, the 1,4-addition of NHC
to 87a affords the enolate 35-1, which undergoes protona-
tion and deprotonation to give the S-azolium ylide 35-II.
Diastereo- and enantioselective cyclization of 35-II allows
the access to 35-II1. Finally, protonation of 35-III and
elimination of the catalyst give cyclopentene 88a.

8 Conclusions

In the past six years, NHC catalysis has achieved a rapid
development in kinetic resolutions. Various NHC-bound
intermediates have been successfully used in the resolutions
of a diverse set of molecules, such as acyl azolium, a.f-
unsaturated acyl azolium, Breslow intermediate, azolium
enolate, NHC-bound homoenolate, and f-azolium ylide.
However, a statistical analysis shows that the acyl azolium
is still the most widely used intermediate for the related
kinetic resolutions, and the Breslow intermediate and con-
jugated acyl azolium are the second. In contrast, other in-
termediates such as azolium enolate, homoenolate, and
p-azolium ylide remain underdeveloped and need to be
further exploited. Furthermore, NHC-bound allenoates and
radical intermediates have been not successfully used in
kinetic resolutions. Nevertheless, we believe that this field
will continue to draw the attention of synthetic chemists,
and new protocols employing NHC-bound intermediates
will be developed to allow access to enantioenriched mol-
ecules that cannot be easily obtained using known methods.

References

[1] (a) Kagan, H. B.; Fiaud, J. C. In Kinetic Resolution, Topics in Ste-
reochemistry, Eds.: Eliel, E. L.; Wilen, S. H., Wiley, New York,
1988, pp. 249~330.
(b) Jacques, J.; Collet, A.; Wilen, S. H. Enantiomers, Racemates,
and Resolutions, Wiley, New York, 1981.

[2] (a) Kagan, H. B.; Fiaud, J. C. Top. Stereochem. 1988, 18, 249.
(b) Kagan, H. B. Tetrahedron 2001, 57, 2449.
(c) Faber, K. Chem.-Eur. J. 2001, 7, 5004.
(d) Keith, J. M.; Larrow, J. F.; Jacobsen, E. N. Adv. Synth. Catal.
2001, 343, 5.
(e) Robinson, D. E. J. E.; Bull, S. D. Tetrahedron: Asymmetry 2003,
14, 1407.
(f) Vedejs, E.; Jure, M. Angew. Chem., Int. Ed. 2005, 44, 3974.
(g) Pellissier, H. Adv. Synth. Catal. 2011, 353, 1613.
(h) Krasnov, V. P;; Gruzdev, D. A.; Levit, G. L. Eur. J. Org. Chem.
2012, 1471.
(1) Pellissier, H. In Separation of Enantiomers: Synthetic Methods,
Ist ed, Ed.: Todd, M., Wiley-VCH, Weinheim, 2014, pp. 75~122.
(j) Ma, G.; Sibi, M. P. Chem.-Eur. J. 2015, 21, 11644.
(k) Petersen, K. S. Asian J. Org. Chem. 2016, 5, 308.
() Gurubrahamam, R.; Cheng, Y.-S.; Huang, W.-Y.; Chen, K.
ChemCatChem 2016, 8, 86.
(m) Kreituss, I.; Bode, J. W. Acc. Chem. Res. 2016, 49, 2807.
(n) Yang, H.; Zheng, W.-H. Tetrahedron Lett. 2018, 59, 583.
(o) Pellissier, H. Tetrahedron 2018, 74, 3459.
(o) Harwood, L. A.; Wong, L. L.; Robertson, J. Angew. Chem., Int.
Ed. 2021, 60, 4434.
(q) Chen, Y.; Liu, W.; Yang, X. Chin. J. Org. Chem. 2022, 42, 679
(in Chinese).
(BRizze, Xk, Mbes, A APuE, 2022, 42, 679.)
(p) Ding, B.; Xue, Q.; Jia, S.; Cheng, H.-G.; Zhou, Q. Synthesis
2022, 54, 1721.

Chin. J. Org. Chem. 2024, 44,448 ~480

(3]

(4]
[3]

© 2024 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

(s) Peng, T.; Li, S.; Yang, D.; Wang, L. Org. Chem. Front. 2023,
10, 3401.

(t) Li, H.; Yin, L. Chin. J. Org. Chem. 2022, 42, 3183 (in Chinese).
(BHE, B, AAALE, 2022, 42, 3183.)

(u) Liu, H.; Shen, C.; Chang, X.; Wang, C. Chin. J. Org. Chem.
2022, 42, 3322. (in Chinese).

KRB, Thrh, 38, EHIT, AN, 2022, 42,3322)

(v) Liu, W.; Wang, D.; Zhang, D.; Yang, X. Synlett 2022, 33, 1788.
(a) Ward, R. S. Tetrahedron: Asymmetry 1995, 6, 1475.

(b) Pellissier, H. Tetrahedron 2003, 59, 8291.

(c) Pellissier, H. Tetrahedron 2008, 64, 1563.

(d) Pellissier, H. Chirality from Dynamic Kinetic Resolution, Royal
Society of Chemistry, Cambridge, 2011.

(e) Pellissier, H. Tetrahedron 2011, 67, 3769.

(f) Pellissier, H. Adv. Synth. Catal. 2011, 353, 659.

(g) Nakano, K.; Kitamura, M. In Separation of Enantiomers: Syn-
thetic Methods, 1st ed, Ed.: Todd, M., Wiley-VCH, Weinheim,
2014, p. 161.

(h) Pellissier, H. Tetrahedron 2016, 72, 3133.

(i) Li, P; Hu, X.; Dong, X.-Q.; Zhang, X. Molecules 2016, 21,
1327.

() Liu, W.; Yang, X. Asian J. Org. Chem. 2021, 10, 692.

(k) Pellissier, H. Eur. J. Org. Chem. 2022, €202101561.

Millera, L. C.; Sarpong, R. Chem. Soc. Rev. 2011, 40, 4550.

(a) Zeitler, K. Angew. Chem., Int. Ed. 2005, 44, 7506.

(b) Enders, D.; Niemeier, O.; Henseler, A. Chem. Rev. 2007, 107,
5606.

(c) Nair, V.; Menon, R. S.; Biju, A. T.; Sinu, C. R.; Paul, R. R.; Jose,
A.; Sreekumar, V. Chem. Soc. Rev. 2011, 40, 5336.

(d) Izquierdo, J.; Hutson, G. E.; Cohen, D. T.; Scheidt, K. A. Angew.
Chem., Int. Ed. 2012, 51, 11686.

(e) Douglas, J.; Churchill, G;; Smith, A. D. Synthesis 2012, 44,
2295.

(f) Cohen, D. T.; Scheidt, K. A. Chem. Sci. 2012, 3, 53.

(g) Ryan, S. J.; Candish, L.; Lupton, D. W. Chem. Soc. Rev. 2013,
42,4906.

(h) De Sarkar, S.; Biswas, A.; Samanta, R. C.; Studer, A. Chem.-
Eur. J. 2013, 19, 4664.

(i) Mahatthananchai, J.; Bode, J. W. Acc. Chem. Res. 2014, 47, 696.
(j) Hopkinson, M. N.; Richter, C.; Schedler, M.; Glorius, F. Nature
2014, 510, 485.

(k) Chauhan, P.; Enders, D. Angew. Chem., Int. Ed. 2014, 53, 1485.
(D) Flanigan, D. M.; Romanov-Michailidis, F.; White, N. A.; Rovis,
T. Chem. Rev. 2015, 115, 9307.

(m) Wang, M. H.; Scheidt, K. A. Angew. Chem., Int. Ed. 2016, 55,
14912

(n) Chen, X.-Y.; Liu, Q.; Chauhan, P.; Enders, D. Angew. Chem.,
Int. Ed. 2018, 57, 3862.

(o) Wang, J.; Zhao, C.; Wang, J. ACS Catal. 2021, 11, 12520.

(p) Song, R.; Xie, Y.; Jin, Z.; Chi, Y. R. Angew. Chem., Int. Ed.
2021, 60, 2.

(q) Li, Q.-Z.; Zeng, R.; Han, B.; Li, J.-L. Chem.-Eur. J. 2021, 27,
3238.

(r) Song, R.; Jin, Z.; Chi, Y. R. Chem. Sci. 2021, 12, 5037.

(s) Marzo, L. Eur. J. Org. Chem. 2021, 4603.

(t) Zhang, B.; Yang, G.; Guo, D.; Wang, J. Org. Chem. Front.
2022, 9, 5016.

(u) Sharma, D.; Chatterjee, R.; Dhayalan, V.; Dandela, R. Synthesis
2022, 54, 4129.

(v) Liu, Y.; Wang, Y.; Wu, X.; Chi, Y. R. Chem. Rec. 2023, 23,
€202200219.

(W) Yang, X.; Zhang, Y.; Li, T.; Jin, Z. Adv. Synth. Catal. 2023,
365, 1756.

(x) Nie, G.; Li, T. Asian J. Org. Chem. 2023, 12, ¢202200680.

(y) Li, Q.-Z.; Kou, X.-X.; Qi, T.; Li, J.-L. ChemCatChem 2023, 15,
€202201320.

(z) De Risi, C.; Brandolese, A.; Di Carmine, G.; Ragno, D.; Massi,
A.; Bortolini, O. Chem.-Eur. J. 2023, 29, ¢202202467.

http://sioc-journal.cn/ 479



BIKE

ik SR

(6]

(7]
(8]
[9]
[10]

[11]
[12]

[17]
[18]

[19]

[24]

480

(a) Yang, S.; Fang, X. Curr. Org. Synth. 2017, 14, 654.

(b) Wang, Z.; Pan, D.; Li, T.; Jin, Z. Chem. Asian J. 2018, 13, 2149.
(c) Chen, S.; Shi, Y.-H.; Wang, M. Chem. Asian J. 2018, 13, 2184.
(d) Risi, C. D.; Bortolini, O.; Di Carmine, G.; Ragno, D.; Massi, A.
Synthesis 2019, 51, 1871.

Dong, S.; Frings, M.; Zhang, D.; Guo, Q.; Daniliuc, C. G;; Cheng,
H.; Bolm, C. Chem.-Eur. J. 2017, 23, 13888.

Liu, B.; Yan, J.; Huang, R.; Wang, W.; Jin, Z.; Zanoni, G.; Zheng,
P; Yang, S.; Chi, Y. R. Org. Lett. 2018, 20, 3447.

Bie, J.; Lang, M.; Wang, J. Org. Lett. 2018, 20, 5866.

Zhao, C.; Wang, J. Adv. Synth. Catal. 2019, 361, 1668.

Lu, S.; Poh, S. B.; Rong, Z.-Q.; Zhao, Y. Org. Lett. 2019, 21, 6169.
Yang, G.; Guo, D.; Meng, D.; Wang, J. Nat. Commun. 2019, 10,
3062.

Yuan, H.; Du, Y.; Liu, F.; Guo, L.; Sun, Q.; Feng, L.; Gao, H. Chem.
Commun. 2020, 56, 8226.

Liu, Y.; Majhi, P. K.; Song, R.; Mou, C.; Hao, L.; Chai, H.; Jin, Z.;
Chi, Y. R. Angew. Chem., Int. Ed. 2020, 59, 3859.

Gao, Y.-Y.; Zhang, C.-L.; Dai, L.; Han, Y.-F,; Ye, S. Org. Lett. 2021,
23,1361.

(a) Chen, X.; Fong, J. Z. M.; Xu, J.; Mou, C.; Lu, Y.; Yang, S;
Song, B.-A.; Chi, Y. R. J. Am. Chem. Soc. 2016, 138, 7212.

(b) Liu, B.; Song, R.; Xu, J.; Majhi, P. K.; Yang, X.; Yang, S.; Jin,
Z.; Chi, Y. R. Org. Lett. 2020, 22, 3335.

Brandolese, A.; Ragno, D.; Leonardi, C.; Di Carmine, G.; Bortolini,
O.; De Risi, C.; Massi, A. Eur. J. Org. Chem. 2020, 16, 2439.
Porey, A.; Mondal, B. D.; Guin, J. Angew. Chem., Int. Ed. 2021, 60,
8786—8791.

Yang, X.; Majhi, P. K.; Chai, H.; Liu, B.; Sun, J.; Liu, T.; Liu, Y.;
Zhou, L.; Xu, J.; Liu, J.; Wang, D.; Zhao, Y.; Jin, Z.; Chi, Y. R. 4n-
gew. Chem., Int. Ed. 2021, 60, 159.

Guo, D.; Peng, Q.; Zhang, B.; Wang, J. Org. Lett. 2021, 23, 7765.
Liu, J.; Zhou, M.; Deng, R.; Zheng, P.; Chi, Y. R. Nat. Commun.
2022, 13,4793.

Wang, Y.; Yamauchi, A.; Hashimoto, K.; Fujiwara, T.; Inokuma, T.;
Mitani, Y.; Ute, K.; Kuwano, S.; Yamaoka, Y.; Takasu, K.; Yamada,
K.-I1. ACS Catal. 2022, 12, 6100.

Yamada, K.-I.; Yamauchi, A.; Fujiwara, T.; Hashimoto, K.; Wang,
Y.; Kuwano, S.; Inokuma, T. Asian J. Org. Chem. 2022, 11,
€202200452.

Zhu, P.; Li, W.; Lan, J.; Zhu, T. Nat. Commun. 2023, 13, 3827.

http://sioc-journal.cn/

[25]
[26]
[27]

[28]

[29]
[30]
31]
[32]
[33]
[34]
[3s]
[36]
[37]

[38]

[39]
[40]

[41]

[42]

© 2024 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

Zhang, G; Xu, W.; Liu, J.; Das, D. K.; Yang, S.; Perveen, S.;
Zhang, H.; Li, X.; Fang, X. Chem. Commun. 2017, 53, 13336.
Chen, X.-Y.; Li, S.; Liu, Q.; Kumar, M.; Peuronen, A.; Rissanen,
K.; Enders, D. Chem.-Eur. J. 2018, 24, 9735.

Chen, K.-Q.; Gao, Z.-H.; Ye, S. Angew. Chem., Int. Ed. 2019, 58,
1183.

(a) Cano, R.; Zakarian, A.; McGlacken, G. P. Angew. Chem., Int.
Ed. 2017, 56, 9278.

(b) Janey, J. M. Angew. Chem., Int. Ed. 2005, 44, 4292.

(c) Smith, A. M. R.; Hii, K. K. M. Chem. Rev. 2011, 111, 1637.

Liu, J.; Vasamsetty, L.; Anwar, M.; Yang, S.; Xu, W.; Liu, J.; Naga-
raju, S.; Fang, X. ACS Catal. 2020, 10, 2882.

Vasamsetty, L.; Kong, X.; Meng, M.; Yang, S.; Xu, W.; Reddy, P.
S.; Fang, X. Chem. Asian J. 2018, 13, 3838.

Zhao, Z.; Yang, S.; Lan, S.; Liu, J.; Liu, S.; Fang, X. Adv. Synth.
Catal. 2019, 361, 3943.

Zehra, S. T.; Zhang, G.; Yang, S.; Fang X. Org. Biomol. Chem.
2019, /7,2169.

Xu, W.; Li, Y,; Liu, R.; Yang, S.; Liu, J.; Fang, X. Org. Chem.
Front. 2019, 6, 290.

Perveen, S.; Yang, S.; Meng, M.; Xu, W.; Zhang, G.; Fang, X.
Commun. Chem. 2019, 2, 8.

Lv, Y.;; Luo, G; Liu, Q.; Jin, Z.; Zhang, X.; Chi, Y. R. Nat. Com-
mun. 2022. 13, 36.

Mondal, S.; Mukherjee, S.; Das, T. K.; Gonnade, R.; Biju, A. T.
ACS Catal. 2017, 7, 3995.

Lv, J.; Xu, J.; Pan, X.; Jin, Z.; Chi, Y. R. Sci. China Chem. 2021,
64, 985.

Wang, M. H.; Barsoum, D.; Schwamb, C. B.; Cohen, D. T.; Goess,
B. C.; Riedrich, M.; Chan, A.; Maki, B. E.; Mishra, R. K.; Scheidt,
K. A.J. Org. Chem. 2017, 82, 4689.

Bhattacharya, A.; mani Shukla, P.; Kaushika, L. K.; Maji, B. Org.
Chem. Front. 2019, 6, 3523.

Zhang, Z.-J.; Wen, Y.-H.; Song, J.; Gong, L.-Z. Angew. Chem., Int.
Ed. 2021, 60, 3268.

(a) Fischer, C.; Smith, S. W.; Powell, D. A.; Fu, G. C. J. Am. Chem.
Soc. 2006, 128, 1472.

(b) Chen, X.-Y.; Ye, S. Org. Biomol. Chem. 2013, 11, 7991.

Scott, L.; Nakano, Y.; Zhang, C.; Lupton, D. W. Angew. Chem., Int.
Ed. 2018, 57, 10299.

(Lu, Y.)

Chin. J. Org. Chem. 2024, 44, 448~480




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


