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Chiral sulfide and selenide catalysts for asymmetric
halocyclizations and related reactions
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Asymmetric organocatalysis using well-designed artificial chiral molecular catalysts is one of the most reliable methods to
DOI: 10.1039/x0xx00000 create important chiral compounds in a highly enantioenriched form. A wide variety of efficient asymmetric transformations
have been developed by utilizing well-designed chiral organocatalysts. Among the wide variety of organocatalysts, chiral
amine and phosphine catalysts that utilize the characteristics of group 15 elements are the most extensively employed for
asymmetric transformations. By comparison with chiral amine and phosphine catalysts, the use of chiral sulfide catalysts
has remained limited and under-developed. The catalytic abilities of chiral sulfide organocatalysts were initially investigated
using Corey-Chaykovsky-type asymmetric epoxidations and related reactions via the formation of sulfonium ylide
intermediates. Unfortunately, the types of asymmetric reactions with chiral sulfide catalysts are limited in comparison with
chiral amine-catalyzed asymmetric reactions, and development of other catalytic reactions using chiral sulfides is highly
desired. Several research groups have recently discovered that newly designed chiral sulfide catalysts are quite effective for
asymmetric halocyclizations. This review summarizes recent achievements in chiral sulfide-catalyzed enantioselective
halocyclizations and halogenations. The asymmetric catalyses of related chiral selenides that are used in enantioselective
halogenations are also introduced.
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1. Introduction

The design and development of new artificial chiral molecular
catalysts has progressed in the field of asymmetric organocatalysis
over the past two decades.! A wide variety of efficient asymmetric
transformations have been achieved by utilizing newly designed
chiral organocatalysts. The catalytic abilities of chiral amine
compounds, which are representative organocatalysts, have been
the most extensively investigated in this field.2 Among the effective
chiral organocatalysts, chiral sulfides remain under-developed by
comparison with other more-established versions such as chiral
amine and phosphine organocatalysts.3 The catalytic abilities of
chiral sulfide organocatalysts were initially investigated via Corey-
Chaykovsky-type asymmetric epoxidations (Scheme 1a).* Although
several chiral sulfide molecules realized the catalytic highly
enantioselective epoxidations® and related reactions® via the
formation of chiral sulfonium ylide intermediates, the types of Ken Okuno was born in 1996, in
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comparison with chiral amine-catalyzed asymmetric reactions. In
recent years, several research groups have discovered different
methods for catalysis via the utilization of chiral sulfide catalysts.”3
Highly enantioselective halocyclizations of unactivated alkene
substrates have been achieved using newly designed chiral sulfide
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halogenations.1® The related chiral selenide organocatalysts for
asymmetric halocyclizations are also introduced.
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Scheme 1 Effective chiral
asymmetric reactions.

2. Tetrahydrothiophene-type chiral sulfide and
selenide catalysts

Based on the success of tetrahydrothiophene-type chiral sulfide
catalysts in asymmetric epoxidations,® Yeung and co-workers have
been interested in other forms of catalysis that can be accomplished
using tetrahydrothiophene-type catalysts. They researched the novel
catalytic abilities of tetrahydrothiophene-type chiral sulfides in the
desymmetrizing bromoetherifications of alkenoic diols for the
preparation of highly substituted chiral tetrahydrofurans (Scheme
2).11 Although the reaction using a chiral sulfide 1, which is an
effective catalyst for asymmetric epoxidation,>* gave a
bromoetherification  product in  racemic  form, chiral
tetrahydrothiophene catalysts 2 derived from D-mannitol provided a
chiral tetrahydrofuran product in good diastereo- and
enantioselectivities. This reaction is believed to be promoted via the
activation of the alkene portion of a substrate by a chiral
bromosulfonium salt intermediate.
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Scheme 2 Tetrahydrothiophene-type chiral sulfide catalysts for
desymmetrizing bromoetherification.

Optimized tetrahydrothiophene-type chiral sulfide catalyst 2b
has been used to test the substrate scope for the desymmetrizing
bromoetherifications of alkenoic diols (Scheme 3).11 Under the
influence of sulfide catalyst 2b (5 mol %), highly substituted
tetrahydrofuran products have been obtained in excellent yields and
diastereoselectivities with good to high enantioselectivities.
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Scheme 3 Catalytic asymmetric synthesis of highly substituted
tetrahydrofurans.
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Yeung et al. also demonstrated the utility of related D-mannitol-
derived  chiral  selenide catalyst 3 in  asymmetric
bromoaminocyclizations (Scheme 4).12 Enantioselective
bromoaminocyclizations of alkenoic amides were efficiently
promoted by chiral selenide 3 to give chiral pyrrolidine products

bearing a quaternary stereocenter in a highly stereoselective manner.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 4 D-Mannitol-derived chiral selenide catalyst for
asymmetric bromoaminocyclization.

3. Indane-based chiral sulfide and selenide

catalysts

Indane-based chiral chalcogenide catalysts bearing an amide moiety
were developed by Zhao and co-workers.® The catalytic ability of
indane-based chalcogenide catalysts was first examined in
asymmetric thiolactonization (Scheme 5).13 By comparison with
acyclic chiral chalcogenide catalysts, conformationally fixed indane-
based catalysts behaved as more effective catalysts in terms of
enantioselectivity. In the present asymmetric thiolactonization,
indane-based  chiral  sulfide catalysts provided better
enantioselectivities than corresponding chiral selenide catalysts.
Zhao et al. also reported other asymmetric thiofunctionalization
reactions using indane-based chiral chalcogenide catalysts,'* which
were recently summarized in their personal account paper.8
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Scheme 5 Catalytic ability of indane-based chiral chalcogenides
in asymmetric thiolactonization.

With an effective structural motif of chiral sulfide catalysts in
hand, Zhao et al. examined chiral sulfide-catalyzed enantioselective
chloro-carbocyclizations for the preparation of functionalized chiral
tetralins (Scheme 6).1°> Desymmetrizing chloro-carbocyclizations of
dialkenes were efficiently promoted using optimized indane-based
chiral sulfide catalyst 4a to yield the targeted highly substituted chiral
tetralins in high enantioselectivities. The reaction system could be
applied to the stereoselective construction of tricyclic compounds by
the use of excess amounts of a chlorinating reagent. It should be
noted that both sulfide catalyst and the acid additive, such as a
bis(trifluoromethanesulfonyl)imide, were essential to promote the
present chloro-carbocyclizations.
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Scheme 6 Indane-based  chiral  sulfide-catalyzed
desymmetrizing chloro-carbocyclizations of dialkenes.

The related asymmetric chloro-carbocyclizations of diaryl
alkenes were also examined under the same catalytic conditions
using sulfide 4a (Scheme 7).15 The targeted chiral tetralin products
were obtained in high yields and enantioselectivities as a result of the
Friedel-Crafts-type nucleophilic attack by one of the phenyl groups
to the cyclic chloronium ion intermediate.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 7 Asymmetric chloro-carbocyclizations of diaryl
alkenes using an indane-based chiral sulfide catalyst.

Catalytic asymmetric synthesis of chiral tetrahydroquinoline
derivatives, which are important nitrogen heterocycles, was also
realized via asymmetric chloro-carbocyclization using an indane-
based chiral sulfide catalyst (Scheme 8).1¢ Sulfide 4b was used under
the optimized reaction conditions to prepare functionalized chiral
1,2,3,4-tetrahydroquinolines in a highly enantioselective manner.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 8 Catalytic asymmetric chloro-carbocyclizations for the
synthesis of chiral tetrahydroquinolines using an indane-based
chiral sulfide.

The usefulness of indane-based chiral sulfide catalyst 4b was
further demonstrated in the intermolecular iodofunctionalizations of
substituted allylamine derivatives (Scheme 9).17 Phenol, fluoride, and
azide were employed as nucleophiles with iodinating reagents to
obtain difunctionalized products in good to high enantioselectivities.
The formation of a well-organized transition-state structure, that
includes methanesulfonate anion generated from methanesulfonic
acid additive, is proposed on the basis of experimental results. The
importance of the amide moiety as a hydrogen-bonding donor group
on chiral sulfide catalyst is also clarified in this report.”
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Scheme 9 Indane-based chiral sulfide-catalyzed intermolecular
iodofunctionalizations of substituted allylamines.

The utility of related indane-based chiral selenide catalysts was
demonstrated by Zhao and co-workers during the asymmetric
synthesis of P-chiral phosphine oxides (Scheme 10).18
Desymmetrizing chlorinations of achiral triarylphosphine oxides
were performed under the influence of chiral chalcogenide catalysts.
Although indane-based chiral sulfide showed low levels of catalytic
activity in the present chlorination, the selenide version efficiently
promoted desymmetrizing chlorination to provide P-chiral
triarylphosphine oxide in a highly enantioenriched form. The
formation of chloroselenonium salt intermediate was investigated in
this report.18
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Scheme 10 Asymmetric synthesis of P-chiral phosphine oxide
via indane-based chiral selenide-catalyzed chlorination.
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4. BINOL-derived chiral bifunctional sulfide and
selenide catalysts

4-1. Urea-type chiral bifunctional sulfide and selenide
catalysts

During the course of our study on the development of 1,1’-bi-2-
naphthol (BINOL)-derived chiral bifunctional organocatalysts,’® we
became interested in the development of BINOL-derived chiral
bifunctional sulfide catalysts for use in asymmetric halocyclizations.
At first, we designed chiral bifunctional sulfide (S)-5 bearing a urea
moiety.20 A working model of sulfide catalyst (S)-5 in
bromocyclization with N-bromosuccinimide (NBS) appears in
Scheme 11. Basically, when the sulfide (S)-5 is mixed with NBS,
bromosulfonium succinimide is formed. The formations of
halosulfonium salts have been studied in the literature.® The position
of the generated succinimide anion is fixed by the urea moiety on the
(5)-5 via a hydrogen-bonding interaction. The alkene portion of the
substrate is then activated by the bromosulfonium moiety to form a
cyclic bromonium ion intermediate. Simultaneously, an acidic pro-
nucleophilic moiety is activated by the succinimide anion, and this
moiety serves as a Brgnsted base to provide a well-organized
transition-state. Highly stereoselective cyclization then proceeds to
provide a corresponding bromocyclization product in regio-,
diastereo-, and enantioselective manners.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 11 Working model of a urea-type chiral bifunctional
sulfide catalyst.

Our initial aim was to evaluate the catalytic ability of newly
designed chiral bifunctional sulfide (S)-5. For this purpose, an
asymmetric bromolactonization of a stilbene-type carboxylic acid
was selected as a model reaction (Scheme 12).2021 When the
bromolactonization of the stilbene-type carboxylic acid was
performed with NBS at —78 °C for 24 hours in the absence of a
catalyst, almost no reaction was observed. We were grateful to find
that chiral bifunctional sulfide catalyst (S)-5a bearing a urea moiety
efficiently promoted the bromolactonization to provide the 6-endo-
cyclization product in a promising level of enantioselectivity. It
should be noted that the rection proceeded with complete
regioselectivity and that a 5-exo-cyclization product was not formed
in our catalytic system. Interestingly, phenyl sulfide-type catalyst (S)-
5b showed low catalytic activity under these reaction conditions.
These results suggested that the electron density on the sulfur atom
of catalyst (S)-5a is important to provide Lewis basicity sufficient for
the promotion of the bromolactonization of stilbene-type carboxylic
acid under the present reaction conditions. To clarify the importance
of the bifunctional design of urea-type chiral sulfide catalyst (S)-5a,
both a monofunctional sulfide catalyst and a urea catalyst were
submitted to the bromolactonization as control experiments. The
reaction using a monofunctional sulfide without a hydrogen-bonding
donor group provided the targeted bromolactonization product in a
high yield, but with no enantioselectivity. The urea catalyst without
a sulfide moiety showed almost no catalytic activity. These results
clearly prove the importance of the bifunctional feature of catalyst
(5)-5a for the achievement of an efficient enantioselective
bromolactonization of a stilbene-type carboxylic acid.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 12 Catalytic ability of urea-type chiral bifunctional
sulfides to promote asymmetric bromolactonization.

With effective chiral bifunctional sulfide catalyst (S)-5a in hand,
the substrate scope for asymmetric bromolactonizations of stilbene-
type carboxylic acids was investigated under optimized reaction
conditions  (Scheme  13).20 The targeted chiral 3,4-
dihydoroisocoumarin products were obtained in highly regio-,
diastereo-, and enantioselective manners. DFT calculations for the
present reactions were also performed to gain insight into the origin
of enantioselectivity.
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During the course of extending the substrate scope for the
asymmetric bromolactonizations of stilbene-type carboxylic acids,
we found that 5-exo-cyclization products could be selectively
obtained in reactions with substrates bearing electron-withdrawing
substituents at one of the aryl units (Scheme 14).22 After the
optimization of a sulfide catalyst and reaction conditions were
established, almost complete 5-exo selective reactions were
achieved in several substrates possessing electron-withdrawing
substituents. The 5-membered lactone products were selectively
obtained in moderate enantioselectivities via bromolactonizations
using sulfide catalyst (S)-5c.
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Scheme 14 Urea-type chiral bifunctional sulfide-controlled 5-
exo-cyclizations of stilbene-type carboxylic acids.

Urea-type chiral bifunctional sulfide catalyst (S)-5a was also
effective in the asymmetric bromoaminocyclizations that produced
chiral indolines (Scheme 15).2324 2-Substituted indoline products
were obtained in good to high enantioselectivities under the
optimized reaction conditions.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 15 Urea-type chiral bifunctional sulfide-catalyzed
asymmetric bromoaminocyclizations.

A related chiral selenide catalyst (S)-6 bearing a urea moiety was
also prepared (Scheme 16).25 The utility of the chiral bifunctional

selenide was demonstrated during asymmetric iodoaminocyclization.

In the iodocyclization reactions, chiral bifunctional selenide catalysts
provided enantioselectivities that were superior to those of chiral
bifunctional sulfide catalysts.
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Scheme 16 Utility of a urea-type chiral bifunctional selenide
catalyst for asymmetric iodoaminocyclization.

4-2. Amide-type chiral bifunctional sulfide catalysts

To expand the utility of BINOL-derived chiral bifunctional sulfide
catalysts, next we examined asymmetric bromolactonizations uisng
alkyne  substrates. The enantioselective  desymmetrizing
bromolactonization of achiral a,a-dipropargyl carboxylic acid was
selected as a model reaction to evaluate the catalytic ability of chiral
bifunctional sulfides (Scheme 17).2627 The bromolactonization of

This journal is © The Royal Society of Chemistry 20xx
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a,a-dipropargyl carboxylic acid with NBP did not proceed in the
absence of a catalyst when the reaction was let stand for 24 hours at

—78 °C. Urea-type chiral sulfide (S)-5a did promote the reaction,

however, and the targeted bromolactonization product was
provided, albeit in quite low enantioselectivity. Fortunately, the
reactions using newly prepared chiral bifunctional sulfide catalysts
(5)-7, which  possesses an amide group, promoted
bromolactonization in good to high enantioselectivities. Control
experiments for the present desymmetrizing bromolactonization of
a,a-dipropargyl carboxylic acid were also performed to clarify the
importance of the bifunctional design of amide-type chiral sulfide
catalyst (S)-7c. The optimized chiral sulfide catalyst (S)-7c provided
comparable (or better) results with previous reports using
(DHQD),PHAL catalyst,?’ which is a representative catalyst for
asymmetric halolactonizations.

o
O chiral sulfide Ph
(10mol%) o s
N—Br "
E CH,Cl, /
= —78°C, 24 h | |
NBP (1.2 equiv) Br
OO SBu
i H H
without catalyst N ) N Ph
0% hig
o)
(S) -5a (S)-7a

69%, 48:52 er 56%, 84:16 er

:/SIPr :/St -

(S)-7c
35%, 93: 7 er
90%, 93: 7 er (120 h)

50%, 89 11 er

Effects of chiral sulfide catalysts in the
desymmetrizing  bromolactonization of a,a-dipropargyl

carboxylic acid.

The substrate scope for enantioselective desymmetrizing
bromolactonizations of achiral a,a-dipropargyl carboxylic acids was

investigated under the influence of chiral bifunctional sulfide (S)-7c
(Scheme 18).26 The corresponding o-quaternary y-butyrolactone

products were obtained in good to high enantioselectivities. A
model of the present desymmetrizing
bromolactonization was proposed based on DFT calculation.
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Scheme 18 Amide-type chiral bifunctional sulfide-catalyzed
desymmetrizing bromolactonizations of a,a-dipropargyl
carboxylic acids.

Based on the success of amide-type chiral bifunctional sulfide-
catalyzed desymmetrizing bromolactonizations of a,a-dipropargyl
carboxylic acids, the kinetic resolution of a-propargyl carboxylic acid
bearing an all-carbon quaternary stereocenter was examined using
sulfide catalyst (S)-7¢ (Scheme 19).26 This is a challenging substrate
for the catalytic kinetic resolution. The starting a-quaternary
carboxylic acid, which was isolated as a methyl ester via treatment
with trimethylsilyldiazomethane, was recovered in highly optically
active form as a result of the kinetic resolution.
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Scheme 19 Kinetic resolution of a-quaternary carboxylic acid
via bromolactonization.

4-3. Hydroxy-type chiral bifunctional sulfide and selenide
catalysts

In the course of our study on bifunctional sulfide-catalyzed
asymmetric bromolactonizations, we became interested in the
enantioselective  synthesis of 3,3’-disubstituted phthalides
possessing a chiral quaternary carbon center (Scheme 20).28
Although urea-type chiral bifunctional sulfide (S)-5a showed poor
enantioselectivity for this re-designed
bifunctional sulfide catalysts (S)-8 bearing a hydroxy group largely
improved the enantioselectivity to provide the targeted 3,3’-
disubstituted phthalide product in highly enantioenriched form. The
importance of the hydroxy group on sulfide catalyst (S5)-8 was

bromolactonization,

established when a subsequent reaction using monofunctional
sulfide catalyst (5)-9 provided the product in low enantioselectivity.

chiral sulfide
@Q (10 mol %)
N—Br ——
CH,Cl,-toluene
-78°C,24 h

NBP (1.2 equw)

OO SBu
H H
N N_ OH
\ﬂ/ Ph
o}

(S)-5a S) -8a
99%, 53:47 er 92%, 88:12 er

O Si-Pr OO Si-Pr O
YT O 20
Ph

(S)-8b (S)-8¢ (S)-9
98%, 94: 6 er 92%, 94: 6 er 97%, 43:57 er
Scheme 20 Utility of hydroxy-type chiral bifunctional sulfide
catalysts in the asymmetric synthesis of 3,3’-disubstituted

phthalide.
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The powerful potential of hydroxy-type chiral bifunctional sulfide
catalysts (S)-8 was further demonstrated by the highly
enantioselective bromolactonization of 4-aryl-4-pentenoic acids,?
which is one of the benchmark reactions in asymmetric
halocyclizations ~ (Scheme  21).30  The highest levels of
enantioselectivity yet reported for the asymmetric synthesis of y-
quaternary y-butyrolactones via bromolactonizations have been
observed by utilizing bifunctional sulfide (S)-8d. The present catalytic
asymmetric reaction system could be applied to highly diastereo-
and enantioselective desymmetrizing bromolactonizations.

Ph
(S)-8d
(10 mol %)

SBu

OH
HO Br Br

Q

TBCO (1 2 equiv)
cl

99%, 94% ee

CH,Cl,-toluene
—78°C,24 h

o}
O
Br. - Br. g
; MeO :
OCF3

85%, 93% ee 91%, 95% ee 96%, 91% ee
¢} o} ¢}

Br.

BSEP<INS

97%, 92% ee 85%, 81% ee 53%, 80% ee

Br.

0]
(S)-8d e
HO (10 mol %) o
Ph Ph CHyCly-toluene gy

—78°C, 24 h Ph

. Ph
88%, >20: 1 dr
93% ee

Scheme 21 Highly enantioselective synthesis of y-quaternary y-
butyrolactones via hydroxy-type chiral bifunctional sulfide-
catalyzed bromolactonizations.

TBCO (1.2 equiv)

Catalytic asymmetric iodolactonizations of 4-aryl-4-pentenoic
acids were also examined using hydroxy-type chiral bifunctional
sulfide catalysts (S)-8, which were quite effective for
bromolactonizations (Scheme 22).2° Surprisingly, however, the
asymmetric iodolactonization of 4-pheny-4-pentenoic acid using
chiral sulfide catalysts (S)-8d or 8e provided a corresponding y-
butyrolactone product in a racemic form. On the other hand, related
hydroxy-type chiral selenide catalysts (5)-10 showed good catalytic

This journal is © The Royal Society of Chemistry 20xx
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performance to give an iodolactonization product in moderate to
good levels of enantioselectivity.3!

chiral
(0] | chalcogenide
| (10 mol %)
HO * o Mo
v CH,Cl,
Ph -78°C,24 h

NIS (1.2 equiv)

OO SBu
996
Ph

(S)-8d
72%, 50:50 er

OO SeEt
T
Ph

OO SPh
T
Ph

(S)-8e
59%, 50:50 er

OO SePh
X
Ph

(S)-10a (S)-10b
78%, 65:35 er 55%, 82:18 er

Scheme 22 Utility of hydroxy-type chiral bifunctional selenide
catalysts in asymmetric iodolactonization.

The scope of substrates for the asymmetric iodolactonizations of
4-aryl-4-pentenoic acids was investigated under the optimized
reaction conditions using chiral bifunctional selenide (S)-10b
(Scheme 23).3!  Corresponding y-quaternary y-butyrolactone
products were obtained in good enantioselectivities.
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DIH (1.2 equiv)

F
73%, 95: 5 er

99%, 92: 8 er 99%, 90:10 er 71%, 90:10 er

B

99%, 92: 8 er 85%, 84:16 er 61%, 72:28 er
Scheme 23 Hydroxy-type chiral bifunctional selenide-catalyzed
asymmetric iodolactonizations.

Despite numerous examples of the efficient asymmetric
halolactonizations of y- or &-substituted vy,5-alkenyl carboxylic
acids,3%32 sterically less-hindered a-allyl carboxylic acids remain to be
challenging substrates for catalytic asymmetric halolactonization. In
order to overcome this situation, we became interested in the
development of chiral bifunctional sulfide-catalyzed highly
enantioselective bromolactonizations of a-allyl carboxylic acid
substrates (Scheme 24).33 As a result of the asymmetric
bromolactonizations of a-allyl carboxylic acids under the influence of
sulfide catalyst (S)-8d, the targeted a,a-disubstituted y-
butyrolactone products were obtained in good enantioselectivities.
Optically active a-spiro-y-lactones could also be prepared using this
method. The assumed catalytic cycle for the present asymmetric
bromolactonizations of a-allyl carboxylic acids using chiral
bifunctional sulfide catalyst (S)-8d was also discussed in this report.33
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Scheme 24 Hydroxy-type chiral bifunctional sulfide-catalyzed
enantioselective bromolactonizations of a-allyl carboxylic acids.

Catalytic asymmetric desymmetrizing bromolactonizations of
a,a-diallyl carboxylic acids were also examined under the influence
of optimized hydroxy-type chiral bifunctional sulfide catalyst (S)-8f
(Scheme 25).3* The target a-quaternary y-butyrolactone products
bearing an all-carbon quaternary stereocenter were obtained in
highly diastereo- and enantioselective manners. The synthetic utility
of obtained a-quaternary y-butyrolactone products
demonstrated in the transformation to optically active a-quaternary

was

esters possessing an epoxy group.
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Scheme 25 Efficient asymmetric synthesis of a-quaternary
lactones and esters via desymmetrizing bromolactonizations.

5. Conclusions

Recent advances in chiral sulfide and selenide organocatalysis
for asymmetric halogenation reactions were summarized in this
review. Re-designed tetrahydrothiophene-type chiral sulfide
catalysts derived from D-mannitol were prepared by Yeung and
The tetrahydrothiophene-type chiral sulfide
showed excellent catalytic performance in the asymmetric

co-workers.

desymmetrizing bromoetherifications of alkenoic diols to
obtain highly substituted chiral tetrahydrofuran products.
Related D-mannitol-derived selenide catalysts were also
prepared by Yeung et al. for highly stereoselective
bromoaminocyclizations. Zhao and co-workers developed
indane-based chiral sulfide and selenide catalysts. The high
catalytic potential of indane-based chiral chalcogenides was
initially established in the asymmetric thiofunctionalization
reactions of alkenes. The developed indane-based chalcogenide
catalysts were effective not only for halocyclizations but also for
other important asymmetric halogenation reactions. Our group
developed BINOL-derived chiral bifunctional sulfide and
selenide catalysts. Several types of chiral bifunctional sulfide
catalysts were designed to possess a hydrogen-bonding donor
group. These catalysts realized highly enantioselective
bromocyclizations of alkenoic alkynoic acids. The
importance of the bifunctional design of our BINOL-derived

and

chiral sulfides was clarified in several control experiments. The
utility of BINOL-derived selenide catalysts was demonstrated in

This journal is © The Royal Society of Chemistry 20xx

iodocyclization reactions when they yielded products in
enantioselectivities that were superior to those produced using
sulfide catalysts. Although cinchona alkaloid derivatives are still
most reliable asymmetric catalysts for halocyclizations, high
potentials of chiral sulfide and selenide catalysts for
halofunctionalizations The chiral
chalcogenide catalysts are now recognized as one of the
powerful options for the catalytic asymmetric halocyclizations.

Only a portion of the potential for chiral sulfide and selenide
catalysts has been showcased in this review. We believe that
the full capabilities of chiral chalcogenide catalysts remain
unexplored. The design and development of conceptually new
chiral sulfide and selenide catalysts will further reveal the
potential of chalcogenide organocatalysis.

were demonstrated.
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