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Transition-metal-catalyzed enantioselective C—H functionalization has emerged as a powerful tool for the
synthesis of enantioenriched compounds in chemical and pharmaceutical industries. Sulfur-based
functionalities are ubiquitous in many of the biologically active compounds, medicinal agents, functional
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1. Introduction

Transition-metal-catalyzed C-H functionalization has emerged
as a powerful tool for the construction of C-C and C-hetero-
atom bonds owing to its high step and atom economy.'” By
viewing the C-H bond as “ubiquitous functionality”, synthetic
chemists open a new chapter in organic synthesis, which has
revolutionised the rules for assembling molecules. In partic-
ular, new catalytic transformations based on the enantiose-
lective functionalization of C-H bonds have attracted
considerable attention,®*** given the paramount importance of
chirality in organic molecules and growing demand for enan-
tiopure compounds in chemical and pharmaceutical industries.
Although asymmetric C-H functionalization is still in its
infancy, the recently developed chiral directing groups (cDGs)
and chiral ligands have armed this promising methodology to
streamline the synthesis of various chiral molecules in an atom-
and step-economical manner.

Sulfur-based functionalities are ubiquitous in many of the
biologically active compounds, medicinal agents, and func-
tional materials. Biomolecules containing sulfur stereocenters
play an important role in the chemical reactions of general
metabolism." Owing to their significant bioactivity, an
increasing number of marketed drugs and Dbioactive
compounds contain sulfoxides and sulfoximines in enantio-
pure form.**® Moreover, organosulfur compounds are
commonly utilized as starting materials, reagents, or interme-
diates in synthetic organic chemistry,'>* in which chiral sulf-
oxides are particularly useful in asymmetric catalysis as
versatile chiral auxiliaries or ligands due to their high optical
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stability (Scheme 1).2**” Traditional strategies toward enan-
tioenriched sulfoxides mainly rely on resolution techniques and
diastereoselective transformations, in which the need for stoi-
chiometric amounts of chiral-pool reagents has made their
synthetic application cumbersome.*® So far, the most popular
routes for the access of enantioenriched sulfoxides have been
metal-catalyzed and biocatalytic asymmetric sulfide oxidation
processes. However, the requirement for discrimination
between the substituents of sulfides usually limits their utility.>

Given the importance of asymmetric C-H functionalization
technology in modern synthetic chemistry, as well as the
abundance of chiral organosulfur compounds in biologically
active compounds, pharmaceuticals and materials, the gener-
ation and utilization of sulfur stereogenic centers in transition-
metal-catalyzed asymmetric C-H functionalization is undoubt-
ably highly attractive. This Perspective is aimed to compre-
hensively highlight recent advances in sulfur functional group
directed transition-metal-catalyzed enantioselective C-H func-
tionalization for the construction of sulfur stereogenic centers,
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Scheme 1 Representative bioactive molecules and ligands containing
sulfur stereogenic centers.
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as well as the utilization of chiral sulfoxides to steer stereo-
selective C-H functionalization. We hope to shed light on new
perspectives, and inspire the use, the completion, and the
improvement of this emerging methodology, which could be
attractive to practitioners of medicinal chemistry and materials
science.

2. Generation of sulfur stereocenters
through enantioselective C—-H
functionalization

In recent years, sulfoxides and sulfoximines have found
a unique place in C-H functionalization owing to their various
modes of reactivity. A number of sulfoxide and sulfoximine
directed C-H functionalization reactions have successfully been

demonstrated.®** Importantly, an additional advantage of
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tion pathway.
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these scaffolds is their potentially stereogenic character, and
thus enantioselective C-H functionalization reactions could be
explored for the facile generation of sulfur stereogenic centers.

2.1 Sulfoxide-directed enantioselective C-H
functionalization

In 2018, Wang and co-workers reported a Pd(u)-catalyzed
enantioselective C-H olefination with non-chiral and racemic
diaryl sulfoxides via desymmetrization and parallel kinetic
resolution (PKR) (Scheme 2).** The optimization of a range of
different monoprotected amino acids revealed that Ac-Leu-OH
was the best ligand for this transformation. It is worth
mentioning that pre-stirring of the chiral amino acid ligand
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with Pd(OAc), is essential, because the coordination ability of

sulfoxide could influence their complexation. Under the opti-
mized conditions, the desymmetrization of symmetric diaryl
sulfoxides 1 afforded ortho substituted olefination products 2 in
moderate yields with good enantioselectivities (Scheme 2a).
Substrates bearing electron-neutral, electron-donating, and
weakly electron-withdrawing substituents or para, meta, and
ortho substituents were all tolerated. Aside from methyl acry-
late, diethyl vinyl phosphonate and pentafluoro-styrene were
also competent reaction partners delivering the corresponding
products with good ee. Additionally, non-symmetric diaryl
sulfoxides 3 were converted in a parallel kinetic resolution
pathway (Scheme 2b) to give two products from the racemic
starting materials. Diaryl sulfoxides reacted to give products 4
and 5 in excellent enantioselectivity via stereo-divergent
olefination.

In 2020, He and co-workers reported an Ir(m)-catalyzed
asymmetric C-H amidation of pro-chiral and racemic dibenzyl
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Scheme 4 Mechanism of Ir(i)-catalyzed enantioselective C—H ami-
dation of dibenzyl sulfoxides.

10974 | Chem. Sci., 2021, 12, 10972-10984

View Article Online

Perspective

sulfoxides (Scheme 3).>* A survey of a range of different chiral
carboxylic acid ligands and achiral Cp ligands revealed that N-
Piv-Me-Pro-OH and Cp**®" were the optimal ligands for this
transformation, providing an efficient and straightforward way
to construct sulfur chiral centers. A variety of dibenzyl sulfox-
ides and dioxazolones were compatible with this process, giving
access to a variety of highly functionalized sulfoxide
compounds with synthetically attractive amide substitution
groups in good yields with excellent enantioselectivities via
desymmetrization (Scheme 3a) and parallel kinetic resolution
(PKR, Scheme 3b). Moreover, the flexible derivatization of the
amidated sulfoxide was elaborated, providing various types of
chiral sulfoxide scaffolds that could be potentially useful in
asymmetric catalysis as chiral bidentate and tridentate ligands.

The catalytic cycle starts with the coordination of active
species 11 with dibenzyl sulfoxide, giving intermediate 12. Then
enantioselective C-H bond activation occurs as the rate-
determining step (RDS) with a 6.4 KIE value via concerted
metalation/deprotonation (CMD) assisted by chiral carboxylic
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Scheme 5 Cp*Rh(i)-catalyzed enantioselective annulative C-H
functionalization of diaryl sulfoximines. (a and b) Li's work toward (R)
and (S)-products by altering carboxylic acid and solvent. (c) Cramer's
work toward (R)-products.
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acid, providing (S)-iridacycle 13. Preliminary DFT calculations
reveal that TS_S is 2.6 keal mol~* lower in energy than TS_R. The
synergistic use of the Cp*™®" ligand with the (Piv)-protected
methyl substituted tertiary proline ligand creates a compact
chiral transition state, which allows the perfect discrimination
of the diastereotopic benzyl groups. Then, the coordination of
dioxazolone with intermediate 13 generates intermediate 14,
which can subsequently undergo CO, extrusion (intermediate
14 to 15) and migratory insertion furnishes the desired amide
bond (intermediate 15 to 16). Finally, protonolysis produces the
amide product and regenerates 11, closing the catalytic cycle
(Scheme 4).

2.2 Sulfoximine-directed enantioselective C-H
functionalization

In 2018, the Li group and Cramer group independently reported
the desymmetrization of diaryl sulfoximines under Rh(m)-cata-
lyzed enantioselective annulative C-H functionalization with
diazo compounds (Scheme 5).3**¢

Li and co-workers applied the chiral Cp*Rh(m) catalyst Rh-I
in combination with differently substituted achiral benzoic acid
derivatives, achieving an enantiodivergent desymmetrization of
sulfoximines 17. The use of Rh-I with 2-methoxybenzoic acid
gave benzothiazines (R)-19 in high yields with good enantiose-
lectivities (Scheme 5a). A broad scope of sulfoximines bearing
various electron-donating, electron-withdrawing, and halogen
substituted groups were coupled with diazo reagents success-
fully (Scheme 6). Interestingly, an optimal inversion of

Li's work

O

Me a, R-configuration

;\ ECOzEt R =H, 96%, 96% ee
R

R =Me, 97%, 90% ee
Me

R = OMe, 85%, 99% ee
%;

R =CN, 82%, 87% ee
Cramer's work

b, S-configuration

R =H, 92%, 86% ee

R = Me, 94%, 85% ee
R = OMe, 87%, 84% ee
R =CN, 75%, 90% ee
R =CF3, 78%, 88% ee

Oz¢p-=

R =CF3, 97%, 91% ee

a, R-configuration

R = CO;Me, 80%, 96% ee
R =Ac, 70%, 89% ee

R =Ts, 88%, 90% ee

b, S-configuration

R =CO,Me, 85%, 91% ee
R =Ac, 60%, 80% ee

R =Ts, 85%, 92% ee

O,

Oz¢y-z

e R = H, 92%, 92% ee M Ve
COsE e COE
NTS R = OMe, 95%, 86% ee @ NS
R@' ? R = CF3, 86%, 92% ee P
© k  R=F 04% 92%ee ©

R =Br, 91%, 92% ee 90%, 86% ee  Me

R = CO,Bn, 90%, 90% ee Ph

Me

xR R = PO(OMe),, 63%, 54% ee N7
R =Ts, 93%, 84% ee @w#
R = Ph, 75%, 90% ee o

R =Bn, 64%, 84% ee 80%, 90% ee

@.‘

Osg-=z

Scheme 6 Selected substrate scope.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

(o}
o
N2
Rh-IIl (3 mol% O, NH P
Oy NH -lIl (3 mol%) g SN
S\R1 L2 (10 mol%) SR
O -
MeOH, 40 °C, 12 h 5
R
rac-22 (S)-22 23
20 examples 20 examples
39-49% yield, 86-99% ee 42-50% yield, 82-97% ee
ligand and selected products
| > !
: 2 [SbFg] BnYCOZH |
i O?Ngo 5
i L2 ;
Me,, 0 Me,, Y
O, NH 'S O, NH 'S<
\\S/, N \S; N
“Me + P Me + P
Me MeO MeO Me
e
CO,Et CO,Et

45%, >98% ee 48%, 90% ee 47%, 89% ee 47%, 94% ee

Bn, 0O Me, 0O
Oy NH 'S oy NH 's<
5 N S5 N
Bn + > Me + P

Me Me
CO,Et Ts

46%, 94% ee 49%, 93% ee 49%, 92% ee 47%, 94% ee

Scheme 7 Kinetic resolution of alkyl aryl sulfoximines via Cp*Rh(i)-
catalyzed annulative C—H functionalization.

Oy NH  standard Oy NH
/©/S\Me conditions /©\§S‘Me 1) CH,0, HCO,H, 100 °C
ON O,N 2) Pd(OH),/C, HCO,NH,
rac-24 (S)-24

47%, 96% ee
O, NMe

No”

S
o
OgiMe 5
* Me ent-PYK2 inhibotor
e S
HoN .

CF3 NMe,
OQSONH standard O\\S//NH 1) TFAA, EtN
[j/ W conditions O\\- W , Et3!
O,N O,N 2) Pd/C, H,
rac-26 (S)-26
49%, 96% ee
O, NH
'S
oy o
HN o
)\ roniciclib

A _OH
oY
CF3 Me

A —
o Y
" A
27

Scheme 8 Application of the kinetic resolution for bioactive

compounds.

Chem. Sci., 2021, 12, 10972-10984 | 10975


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc02614c

Open Access Article. Published on 07 July 2021. Downloaded on 12/6/2025 1:07:28 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

2 9
R)J\¢§‘Me

Me
[(p-cymene)RuCl,], R
Oy NH (2.5 mol%) N
S AgSbFg (20 mol%) 4
" L3 (10 mol%) ©
DCE, 35°C, 12 h 29
desymmetrization

28 examples
63-99% yield, 96-99% ee

o o

I
ph)1\¢§~|v1e

Ph
N
S
[(p-cymene)RuCl,], ] @
(2.5 mol%)
Oy NH 31
(b)

AgSbFg (20 mol%)

L3 (10 mol%) Ph

30 DCE, 35°C, 12 h N
1
PKR ,,S
o]
32

3 examples

82-98% yield, 96-97% ee

o O
n

Ph)1\¢§‘Me o}

Me S, R
[(p-cymene)RuCly],

NH (2 mol%)

- AgSbFg (15 mol%)
L4 (7.5 mol%) Ph

rac-33 (R = alkyl) TCE-BUOH, 50 °C NN
12h ]
KR R=S
o
34
11 examples

35-41% yield, 86-99% ee for (R)-33
47-53% yield, 64-91% ee for 34

ligands and selected products

R = 4-OMe-CgHs, 80%, 98% ee
R = 4-F-CgHy, 97%, 98% ee

R = 3-Br-CgHa, 99%, 98% ee

R = 2-F-CgHy, 96%, 98% ee

R = 2-thienyl, 80%, 98% ee

: R = tBu, 92%, 97% ee

R
CO,H . N

g

O.

: R = Me, 92%, 98% ee
coH | R = OMe, 97%, 97% ee
C(O)NCy, ! NS R = Cl, 93%, 98% ee

: R‘@',,S R = Br, 87%, 97% ee

; o R=Ac85% 97%ce
; R = CF3, 63%, 97% ee

R = Me, 49%, 97% ee; 49%, 97% ee
U R = OMe, 82% total, 96% ee each
[e) R = CF3, 91% total, 96% ee each

R = Me, 41%, 96% ee; 50%, 91% ee
R = Et, 39%, 93% ee; 53%, 86% ee
R = Bn, 35%, 98% ee; 49%, 67% ee

Scheme 9 Ru(i)-catalyzed enantioselective annulative C-H func-
tionalization of diaryl sulfoximines and alkyl aryl sulfoximines. (a)
Desymmetrization pathway. (b) Parallel kinetic resolution pathway. (c)
Kinetic resolution pathway.

10976 | Chem. Sci., 2021, 12, 10972-10984

View Article Online

Perspective

enantioselectivity was achieved when 2,6-dimethoxybenzoic
acid was applied in the less polar solvent TCE (1,1,2,2-tetra-
chloroethane), and the opposite enantiomers (S)-20 could be
obtained with moderate to good enantioselectivities (Scheme
5b).

Meanwhile, Cramer and co-workers applied their trisubsti-
tuted chiral Cp* ligand Rh-II in combination with chiral tert-
leucine-derived ligand L1, also obtaining the annulative C-H
functionalization products (R)-21 in high yields with good
enantioselectivities (Scheme 5c). A variety of diaryl sulfoximines
with different substitution patterns and a series of diazo
compounds proved to be capable reaction partners for this
transformation (Scheme 6).

Based on their previous work, Cramer et al. further devel-
oped a kinetic resolution of alkyl aryl sulfoximines via cationic
Cp*Rh(m)-catalyzed annulative C-H functionalization (Scheme
7).*” By using chiral Rh-III and phenylalanine-derived ligand L2,
they realized the conversion of racemic alkyl aryl substituted
sulfoximines 22 to cyclic benzothiazines 23 and maintained
enantioenriched starting materials (S)-22 with high enantiose-
lectivities. A variety of different aryl and alkyl substituted sul-
foximines 22 and various diazo interceptors were well tolerated
in the process. Additionally, the derivatization of the enan-
tioenriched starting materials gave the precursors of bio-active
molecules PYK2 inhibitor and roniciclib (Scheme 8).3%3°

Very recently, Shi et al. described a Ru(u)-catalyzed enantio-
selective C-H activation/annulation of sulfoximines with a-
carbonyl sulfoxonium ylides using C;-symmetric binaphthyl
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Scheme 10 Proposed mechanism of sulfoximine directed enantio-
selective C—H functionalization.
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Scheme 11 Pd(i)-catalyzed sulfoxide-directed atropo-diaster-
eoselective C—H olefination of biphenyls. (a) DCE as the solvent. (b)
HFIP as the solvent.

monocarboxylic acids as chiral ligands via desymmetrization
(Scheme 9a), parallel kinetic resolution (PKR, Scheme 9b), and
kinetic resolution (KR, Scheme 9c¢).* A wide range of sulfox-
imines bearing various electron-donating groups and electron-
withdrawing groups worked well with sulfoxonium ylides
affording high yields with good to excellent enantioselectivities.
a-Substituted benzoyl sulfoxonium ylides bearing electron-
donating groups or halide substituents at the para, meta, and
ortho positions of the aryl ring were all well-tolerated. o-Fatty
acyl sulfoxonium ylides were also compatible with this trans-
formation. Moreover, chiral sulfoximines obtained from kinetic
resolution could be reduced stereospecifically to chiral sulfox-
ides. The inhibitors of human CYP24 hydroxylase could also be
accessed from enantioenriched sulfoximines.

In terms of mechanism, the above sulfoximine directed
enantioselective C-H functionalization reactions are proposed
to begin with the formation of catalytically reactive species A.
Then sulfoximine directed enantioselective C-H activation via
concerted metalation/deprotonation (CMD) pathways gives
metallacycle D. After that, carbene formation followed by
migratory insertion of the M-aryl bond into the resulting car-
bene species leads to C-C bond formation. Finally, protonolysis
and off-cycle condensation afford the annulated product H
(Scheme 10).
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3. Utilization of sulfur stereocenters
in asymmetric C—H functionalization

Sulfoxides are classical functional groups for directing the
stoichiometric metalation** and functionalization of C-H
bonds. In recent years, a renaissance period in the application
of sulfoxides arises from their versatility in directing C-H
functionalization due to their unique reactivity. Furthermore,
chiral sulfoxides have been considered as ideal ligand candi-
dates for transition-metal-catalyzed asymmetric reactions due
to their ready advantages of easy synthesis, stability, and special
stereogenic control.

3.1 Chiral sulfoxide-directed diastereoselective C-H
functionalization

In 2013, Colobert and co-workers reported the first atropo-dia-
stereoselective method for the synthesis of axially chiral biaryl
scaffolds via C-H olefination using a chiral sulfoxide both as the
directing group enabling the regioselective activation of a C-H
bond and as the chiral auxiliary generating an asymmetric
environment in the coordination sphere of the metal complex
(Scheme 11a).*¢

Electron-deficient acrylates serve as efficient coupling part-
ners, giving access to ortho-alkenylated products 36 in moderate
to good yields and atropo-diastereoselectivities (Scheme 11a).
However, a relatively high reaction temperature (80 °C), a large
excess of silver-based oxidant (6 equiv. of AgOAc), and activated

CF,
07 "CFs
.H
(e (e
s7 = S
N — N
R p-Tol R p-Tol
38 O $/,°
Ag(0) P! R P'|d
O OAc
Me
40

Atroposelective

Ag(l) C-H metalation 1\
L
Pd° -8
Aco-Pd, R@\
Me
39
B-H elimination Alkene insertion
TM.
2 CoMe
MeO,C.
g R
AcO—-Pd”

Scheme 12 Role of HFIP in the improvement of reactivity and
enhancement of atropo-diastereoselectivity.
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olefin coupling partners were needed in this process. To
address these issues, they revisited their pioneering work and
found that the use of 1,1,1,3,3,3-hexafluoroisopropanol (HFIP)
as the solvent enhanced the reactivity significantly. The amount
of oxidant could be reduced, and the reactions could run at
ambient temperature, albeit with a long reaction time. Both
acrylates and styrenes worked properly in the solvent of HFIP.
Under the update conditions, high yields with excellent atropo-
diastereoselectivities were obtained (Scheme 11b).*”

On the basis of NMR and IR studies, Colobert and co-workers
showed that the hydrogen-bond donor solvent HFIP might
coordinate to the oxygen of the sulfoxide group, affecting the
electronics of the directing sulfoxide group and enhancing the
rate determining C-H activation step (KIE = 2.2 in DCE vs. KIE
= 5.9 in HFIP). This sulfoxide-HFIP interaction plays a key role
in achieving high atropo-diastereoselectivity, which may be
ascribed to the increased effective size of the sulfoxide directing
group when coordinated to HFIP. The catalytic cycle starts with
the coordination between Pd(OAc), and HFIP coordinated
biarylsulfoxide substrate 38. Then irreversible, rate-determining

C-H bond cleavage occurs, affording the favourable
Pd(OAc), (10 mol%) o
(NH4)28208 (2 equiv) =
H,0 (2 equiv) R S~p-Tol
AcO R2 (a)
ACOH/HFIP 1/1, 25 °C
16-90 h
43
o 14 examples
T 56-96% yield, 66:34-98:2 dr
R’ S~pTol  __| °Y
<
42
Pd(OAG), (10 mol%) O Q.
NIS (1.3 equiv) R! S<pTol
— | g2 (b)
ACOH/HFIP 1/1, 25 °C
9h-7d
44
12 examples
48-98% yield, 63:37-98:2 dr
selected products
o)
Vo
S‘p-ToI S\p—Tol

AcO, O OMe

87% vyield, 91:9 dr

o
T

S\p-ToI

O OMe

96% vyield, 93:7 dr

Scheme

13 Pd(n)-catalyzed

AcO, CF3

g
Vo
79% yield, 95:5 dr

g
T

S\p—ToI
kol

83% yield, 91:9 dr

sulfoxide-directed

8.
MeO' S"‘p-ToI
AcO, O F

88% yield, >98:2 dr

(.
MeO $<p 10l
o8

97% yield, 81:19 dr

atropo-diaster-

eoselective C—H acetoxylation and halogenation of biphenyls. (a) C-H
acetoxylation. (b) C—H iodination.
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atropisomeric palladacyclic intermediate 39 with a decreased
steric hindrance. Then, the insertion of the olefin coupling
partner into the C-Pd bond, followed by B-H elimination,
delivers an alkenylated product as a single atropisomer. The
catalytic cycle is completed by the reoxidation of palladium(0) to
palladium(u) by the silver salt (Scheme 12).

In continuation of their studies, Colobert and co-workers
developed an atropo-diastereoselective C-H acetoxylation reac-
tion (Scheme 13a).”® The use of acetic acid as a co-solvent in the
presence of a catalytic amount of Pd(OAc), and 2 equivalents of
ammonium persulfate as an oxidant permitted selective C-H
oxidation to give the corresponding atropo-enriched acetate-
substituted biaryls 43. This acetoxylation reaction is extremely
robust, no precautions to avoid air or moisture are required,
and the addition of a small amount of water is even beneficial.
Under the optimized reaction conditions, a variety of
substituted biaryl sulfoxides 42 underwent atroposelective ace-
toxylation with remarkable efficiency and stereoselectivity. Both
electron-donating and electron-withdrawing substituents could
be installed at either the 2’-position or the 6-position, and the

(g L
MeO s"\\p-ToI parallel reactions MeO S:;-Tol
D/H F AcO, F @
O KIE = 1.09 O
45 and 6'-D-45 46
Q Pd Y
Vo (OAC); (10 mol%)
MeO S'\p-ToI H,0 (2 equiv)
5 ; - a7 + 6-D-45  (b)
HFIP/AcOH, rt, 60 h
59% 41%
6'-D-45
#
Oy ol Oy
R ~p-Tol Pd(OAc), |R ~p-Tol| HOAc R ~p-Tol
T op-Tol P
R A_H — | R PdY —#>  R2_A_OAc
oSN B o e
(S, Sa)-48 Int-A 49
kA
r #
g
1 s<
R -
R2 Pld 'p-Tol kaB >> kP ©
O ~OAc
KB 1
r #
1 Lo Pd(OA £ Lo
R Hs\p-ToI (OA), R, S~p-Tol | HOAS Réz S=p-Tol
OAc
oER bl ¢
(S, Ra)-48 Int-B 50

Scheme 14 Mechanistic studies and proposed mechanism. (a) KIE
experiment. (b) D/H scrambling experiment. (c) Proposed mechanism.
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corresponding C-O coupling products 43 were isolated in 56—
96% yields with 66 : 34 to > 98 : 2 diastereoselectivities.
Moreover, this methodology could also be efficiently used for
the construction of halogenated atropo-pure products 44
(Scheme 13b). A simple replacement of the (NH,),S,05 oxidant
by N-iodosuccinimide (NIS; 1.3 equiv.) led to a complete switch
in the reactivity of the catalytic system, which allowed a smooth,
mild, and highly diastereoselective C-I coupling reaction.
They undertook several mechanistic studies. First, a kinetic
isotope effect of 1.09 was observed through two parallel reac-
tions, verifying that C-H activation was not the rate-
determining step (Scheme 14a). Second, when 6'-D-45 was
reacted with Pd(OAc), in HFIP/AcOH, a significant D/H scram-
bling was observed, indicating that the C-H activation step was
reversible (Scheme 14b). These results indicate that the overall
outcome of this transformation is probably controlled by the
kinetics of isomerization of the palladacycle and reductive
elimination. They proposed that the steric hindrance around
the biaryl axis was high enough to prevent atropo-epimerization
(rotation around the biaryl axis) of the substrate 48. Then, the
two diastereomers reacted with Pd(OAc), rapidly to generate the
corresponding atropo-stereogenic palladacyclic intermediates
Int-A and Int-B. The formation of such pallada-bridged cyclic
species might increase the angle between the two aromatic
units, thereby lowering the rotation barrier in this intermediate
compared with that in the corresponding substrate, making
rotation around the Ar-Ar bond possible. As the steric
hindrance of such an intermediate was reduced when pallada-
tion occurred on the opposite side of the p-tolyl substituent of

PA(TFA), (10-30 mol%)
IPr-HCI (20-60 mol%)

| Ag,CO3 (2.1-2.3 equiv)
@ R*50(p-Tol)
4 AMS, HFIP

+ R3 AgTFA (1 equiv)
R? @
85°C, 4h

51 52 53

T

22 examples
16-73% vyield, 94:6-98:2 dr

derivated terphenyl scaffolds

Me O Me O Me O
O Me, ‘co,H O Me, cHo O Me, "pph,
OMe Q OMe g OMe Q

Cl Cl Cl

54, dr > 95:5 55, dr > 95:5 56, dr > 95:5

(g
O Me, "pph,
OMe Q

PPh,

t [
O Me, "so(p-Tol)
OMe g

NHTs

57, BiaxPhos 58, S/N-Biax

Scheme 15 Pd(i)-catalyzed sulfoxide-directed atropo-diaster-
eoselective C—H arylation for the synthesis of terphenyls.
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the sulfoxide moiety, the disfavored palladacycle Int-A under-
went rapid atropo-epimerization to form Int-B. In this scenario,
the reductive elimination from Int-A is unfavored and suffi-
ciently slow to enable isomerization. Finally, reductive elimi-
nation from Int-B provided the product with high diastereo-
selectivity (Scheme 14c).

Later in 2018, Wencel-Delord and Colobert developed an
elegant atropo-diastereoselective arylation reaction, affording
terphenyls with two atropisomeric axes (Scheme 15).* In this
reaction, the sulfoxide moiety served as both the directing
group and the chiral auxiliary, allowing the control of double
chiral axes with excellent stereoselectivity in a single trans-
formation without any other chiral ligands. Further elaboration
of the arylation products generated a series of chiral terphenyl
scaffolds, including diphosphine BiaxPhos 57 and S/N-Biax 58,
which was successfully applied in the asymmetric hydrogena-
tion of methyl (Z)-¢-acetamidocinnamate and asymmetric 1,2-
addition of Et,Zn to benzaldehyde.

Combining D/H scrambling and KIE experiments, they
proposed that the first stereogenic axis was established via
a dynamic kinetic resolution (DKR) process. The diastereomer
(Sa,S)-59 reacted irreversibly with the NHC-Pd catalyst, whereby
the interactions between the p-Tol moiety and the NHC ligand

Me
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e
—
,,Sw©\ S
Meo O Me 0
MeO
(R, S)-59 (Sa S)-59
Pd(ll) | very slow ‘ Pd(ll)
¥
Me.
) W
o,
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60 61
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2! =
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Me\ S=0 ERREEEEEEEE — /S*)(()
pa. X PF'\L
X L X
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62 63
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Scheme 16 Possible mechanism for stereoinduction.
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Scheme 17 Chiral APS as a recyclable auxiliary for asymmetric C(sp®)—

H activation.
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MeOZC/\/\)]\APS
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Scheme 18 Stereoselective APS-directed Pd(i)-catalyzed C—H aryla-
tion and acetoxylation of aliphatic amides. (a) C—H arylation. (b) C—H

acetoxylation.
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are minimized. In contrast, the palladation of (Ra,S)-59 requires
the accommodation of the bulky ligand and p-Tol moiety in the
same plane, enforcing the isomerization of (Ra,S)-59 to (Sa,sS)-
59, forming the dominant palladacycle 61. Next, in the induc-
tion of the second stereogenic axis, the steric hindrance
between the p-Tol moiety and the ortho substituent of the Ar-I
coupling partner is the key element, making 63 the favored
oxidative addition intermediate. Finally, reductive elimination
from this sterically less congested Pd(wv) intermediate afforded
the desired terphenyl product 64 (Scheme 16).

Besides diastereoselective  C(sp®)-H functionalization
mentioned above, more challenging asymmetric C(sp®)-H acti-
vation using sulfoxide as the directing chiral auxiliary has also
been realized. In 2016, Wencel-Delord, Colobert and co-workers
developed a chiral bidentate aniline sulfoxide-based directing
group, which allowed a Pd(u)-catalyzed diastereoselective func-
tionalization of the aliphatic C-H bond of cyclopropane and
cyclobutane carboxylic acid derivatives (Scheme 17).° Both ary-
lation and more challenging alkylation reactions have been
investigated, and moderate to good levels of diastereoselectivities
could be obtained. It is worth mentioning that the APS (2-(p-tol-
ylsulfinyl)aniline) directing group could be cleaved and recovered
conveniently after the diastereoselective C(sp®)-H functionaliza-
tion without the loss of optical purity.

Later in 2017, Wencel-Delord, Colobert and co-workers re-
ported another application of the APS auxiliary for a Pd(i)-cata-
lyzed diastereoselective C(sp*)-H arylation of aliphatic amides 68
(Scheme 18a).>* A wide scope of aryl iodide coupling partners was
tolerated for this diastereoselective functionalization of linear
aliphatic chains. Moreover, a diastereoselective acetoxylation
could also be conducted efficiently, delivering the desired C-O
coupling products 72 in high yields yet with moderate dr (Scheme
18b). It is noteworthy that when using a simple amide substrate
73, a sequential C(sp®)-H arylation could be performed. One-pot,
two-step diarylation of 73 afforded difunctionalized products 75
with two same aryl groups (Scheme 19a) and 78 with two different
aryl groups (Scheme 19b).

Pd(OAc); (5 mol%)

o | \_R AgOAC (4 equiv)
+ Pz (a)
Me

\)J\APS TolHFIP 4/1

110°C, 24 h

73 74 75
(2.5 or 3.0 equiv) R = 4-CO,Me, 62%
R = 3-Ac, 88%

Pd(OAC), (5 mol%)
AgOAc (2.2 equiv) .
TolHFIP 4/1 AgOAc (2.2 equiv)

MeO.
0
o 110°C, 24 h 130°C, 24h \© o )
Me\)J\APS H

73
NO,

I I
76 77 78
(1.0 equiv) (3.5 equiv) 78% vyield, 75:25 dr

Scheme 19 Stereoselective APS-directed Pd(i)-catalyzed double
C-H arylation. (a) Two same aryl groups. (b) Two different aryl groups.
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Scheme 20 Sulfoxide—oxazoline ligand enabled atroposelective
aerobic oxidative C—H arylation.

3.2 Chiral sulfoxide ligand enabled enantioselective C-H
functionalization

In 2013, Yamaguchi, Itami, and co-workers applied a chiral
sulfoxide-oxazoline ligand in a Pd(u)/Fe(u) catalyzed C-H ary-
lation reaction (Scheme 20).** This is the very first example of
the construction of axial chirality using sulfoxide-oxazoline as
the chiral ligand. The cross-coupling of 2,3-dimethylthiophene
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OH L5 (10 mol%)
@ H PhyPO,H (10 mol%) ‘ o
X 2,6-DMBQ (1.1 equiv) X
83

0
82 Tol, 45°C, 8 h

9 examples
55-76% yield, 91-95% ee
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Me Me e
o Me 0o o o
N
A A N
69%, 92% ee 68%, 93% ee 62%, > 20:1 dr 67%, > 20:1 dr

Scheme 21 Pd(i)/chiral sulfoxide catalyzed enantioselective allylic
C—H oxidation.
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Scheme 22 Vinylisochromans as versatile chiral intermediates.

Pd(OAc), (5-10 mol%)

o ArSOX (5-10 mol%) o
H Zn(0Ac)»+2H,0 (50 mol%) EWG
M _ews . A N
. R 2,6-DMBQ (1.5 equiv) RIS
o 1,4-dioxane or benzene R
20 91 5°C, 72 h 92
37 examples

48-96% yield, 79-95% ee

ligands and selected products

2 '\fz\/@R R = Me, 60%, 92% ee
(:ij/ X R = Br, 66%, 92% ee
o
NO,
2, X Ph R=Br, 64%,90% ee
R R = OPiv, 58%, 93% ee

[0)

W R = OMe, 81%, 92% ee
N X-Ph R=F, 93%, 90% ee
R o
o)
@E‘g@g/f‘ 81%, 79% ee
g OEt

83%, 91% ee

LO2Bn
X xPh 82%, 91% ee

Scheme 23 Asymmetric intermolecular allylic C-H alkylation via

Pd(i)/cis-ArSOX catalysis.
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79 with (2-isopropylnaphthalen-1-yl)-boronic acid 80 in the
presence of 10 mol% Pd-SOX and 5 mol% FePc as catalysts in
dimethylacetamide (DMAc) at 70 °C under air gave the direct
C-H arylation product 81 in 61% yield, with 82 : 18 rr and 61%
ee.

In 2016, by using chiral sulfoxide-oxazoline L5 as the ligand,
White and co-workers developed a palladium(u)-catalyzed
enantioselective intramolecular allylic C-H oxidation of pro-
chiral C-H bonds (Scheme 21).>* Under optimized conditions,
a series of chiral isochromans 83 could be obtained in good
yields with excellent enantioselectivities. Taking advantage of
this process, bio-active (S)-PNU-109291 and (S)-sonepiperazole
were smoothly synthesized (Scheme 22).

Further in 2018, White and co-workers reported the devel-
opment of Pd(u)/cis-aryl sulfoxide-oxazoline (cis-ArSOX) cata-
lysts for asymmetric allylic C-H alkylation of terminal olefins
with a variety of synthetically versatile nucleophiles (Scheme
23).** The modular, tunable, and oxidatively stable ArSOX
scaffold is key to the broad substrate scope and high enantio-
selectivity (37 examples, 79-95% ee).

NRZ

Pd(OTs)(MeCN)»(10 mol%)
L9 (12 mol%)

N e 2,6-DMBQ (1 equiv) g N'1
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21 examples
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\/
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Scheme 24 Pd(i)-catalyzed cascade sp> C-H activation/intra-
molecular asymmetric allylation.
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Scheme 25 Pd(i)-catalyzed C(sp®)—H arylation and alkynylation
enable by chiral sulfoxide—amide ligands. (a) C—H arylation. (b) C—H
alkynylation.

In 2017, Han and co-workers utilized chiral sulfoxide-oxa-
zoline ligand (SOX) in a palladium-catalyzed cascade sp> C-H
activation/intramolecular ~asymmetric allylation reaction
(Scheme 24).>* The process underwent a directing group assis-
ted sp’> C-H palladation, followed by alkene insertion and
asymmetric intramolecular allylation via an electrophilic pal-
ladation pathway. It is worth mentioning that the chiral sulf-
oxide-oxazoline ligand L9 bearing a single chiral center on the
sulfur was identified as the optimal ligand for the reaction. A
wide range of terminal substituted 1,3-dienes bearing ester,
acyl, sulfonyl, and nitro groups reacted smoothly with a series of
aryl ureas 93, affording the corresponding indoline products 97
with excellent E/Z selectivity and high enantioselectivities.

In 2019, Wencel-Delord, Colobert and co-workers developed
a new family of chiral sulfoxide-amide ligands L10 for a Pd(u)-
catalyzed asymmetric C(sp®)-H arylation of cyclopropanes
(Scheme 25a).® A variety of Ar-I bearing electron-donating

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 26 Cu-containing Schiff base/sulfoxide ligands for a Pd(n)-
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substituents like OMe and electron-withdrawing substituents
such as CF3, CO,Me, and Ac were all compatible in the reaction,
affording corresponding products 99 with up to 95% ee.
Moreover, direct alkynylation could also be performed with an
enantioselectivity of up to 84% ee. Nevertheless, the substrate
scope for alkynylation is limited in TIPS and TBS protected
alkynyl iodide (Scheme 25b).

Recently, Yoshino, Matsunaga and co-workers demonstrated
the synthetic utility of Cu-containing Schiff base/sulfoxide
ligands for a Pd(n)-catalyzed asymmetric allylic C-H amina-
tion reaction (Scheme 26).”” The combination of the Schiff base-
Cu(u)/sulfoxide with Pd(OAc), provided intramolecular C-H
amination products with up to 82% ee. DFT calculations sug-
gested that the chelation of the palladium complex by the
sulfoxide and phenoxide lone pair is energetically favored,
delivering the best outcome of enantioselectivity. Both internal
and terminal alkenes were applicable in the transformation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The reaction is proposed to start with an allylic C-H activation,
generating a Pd(u)-allyl intermediate 103. Then asymmetric
amination followed by B-hydride elimination afforded the chiral
product and Pd(0). Finally, the re-generation of Pd(u) finished
the catalytic cycle (Scheme 27).

4. Conclusions

The past decade has witnessed the rapid development of the
field of enantioselective C-H functionalization, and this trans-
formation has gradually become a powerful tool for the
synthesis of valuable chiral molecules. In particular, the use of
sulfur-based directing groups has delivered a variety of new
stereoselective C-H transformations via various activation
modes, which have been incorporated into synthetic routes to
many chiral organosulfur compounds. This perspective
summarizes recent progress in the generation and utilization of
sulfur stereogenic centers in asymmetric C-H transformations,
including the construction of sulfur stereogenic centers of
sulfoxide and sulfoximines via enantioselective C-H function-
alization based on desymmetrization and (parallel) kinetic
resolution strategies and chiral sulfoxide directing group or
chiral sulfoxide ligand enabled stereoselective C-H
functionalization.

Currently, the generation of sulfur stereocenters via C-H
functionalization relies on desymmetrization and kinetic reso-
lution pathways. New strategies are in high demand. The utili-
zation of chiral sulfoxides as directing groups and ligands for
stereoselective C-H functionalization has witnessed enormous
growth, which allow the synthesis of optically active products
with high yields and enantioselectivities. However, the scope of
reactions using such directing groups and ligands remains
limited, and the development of new types of ligands and
reactions will be the topic of this area in the future. We believe
that accessing and utilizing sulfur stereocenters via asymmetric
C-H functionalization represents a continuously expanding
field with exciting chances to develop new transformations with
broad application potential.
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