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Palladium-catalyzed direct asymmetric C-H bond
functionalization enabled by the directing group
strategy
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In the past decade, selective C-C and C-heteroatom bond construction through palladium-catalyzed
direct C—H bond functionalization has been extensively studied by employing a variety of directing
groups. Within this category, direct asymmetric C(sp®)—H and C(sp®)—H activation for the construction of
highly enantiomerically enriched skeletons still progressed at a slow pace. This minireview briefly
introduces the major advances in the field for palladium-catalyzed direct asymmetric C-H bond

rsc.li/chemical-science

1. Introduction

Transition metal-catalyzed C-H bond functionalization is one
of most efficient approaches for selective C-C and C-heteroatom
bond construction in organic synthesis." Among various tran-
sition metal catalysts, palladium species have been recognized
as the most important ones in the direct C-H bond function-
alization reactions.”

In the past decade, palladium-catalyzed selective C(sp*)-H
and C(sp?)-H bond functionalization has been demonstrated
well by covalently attaching a directing group to a substrate.?
In spite of being a powerful approach, additional reaction
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functionalization via the directing group strategy.

steps are required for the pre-installation and subsequent
removal of the directing group, which decreases the overall
efficiency of the process. To overcome this drawback, the
transient directing group strategy has recently been developed
and successfully applied in the field of C-H bond functional-
ization. In this process, an external ligand is added to the
reaction system to bind to the substrate in reversible mode
and subsequently coordinate with the metal centre.* As
a result, no additional synthetic steps are needed for pre-
functionalization of the substrate and removal of the directing
group, which greatly improves the compatibility and efficiency
of the reaction.

Meanwhile, direct asymmetric C-H bond functionalization
has also attracted considerable attention due to its potential as
the most efficient method to access highly enantiomerically
enriched skeletons,> ™ and significant progress has been made
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in directing group strategy enabled palladium catalysis.
Remarkably, the asymmetric version of the process has also
been achieved with the assistance of a catalytic amount of the
chiral ligand or chiral directing group. It was demonstrated by
Yu and co-workers in 2008 that a catalytic amount of mono-N-
protected amino acids (MPAAs) could serve as chiral ligands for
the Pd-catalyzed asymmetric C-H bond functionalization.®
Furthermore, a breakthrough in the transient directing group
strategy was achieved by the same group’ using r-tert-leucine as
a transient ligand for the Pd-catalyzed enantioselective benzylic
C(sp®)-H functionalization.

Recently, several related reviews on or accounts of transition
metal-catalyzed direct asymmetric C-H functionalization have
been reported.>*** Ackermann's minireview summarized the
remarkable recent advances in direct asymmetric C-H func-
tionalization catalyzed by earth-abundant 3d transition met-
als.>* Yu's account highlighted their development of
bifunctional MPAA ligands for the diverse C-H bond function-
alization reactions,® and the review mainly illustrated recent
literature about transition-metal (Pd-, Ir- and Rh-) catalyzed
asymmetric C(sp®)-H bond functionalization by using a specific
chiral ligand scaffold.®” The You group summarized the recent
progress in the construction of planar chiral ferrocenes through
transition-metal (Cu-, Pd-, Ir-, Rh-, Au- and Pt-) catalyzed
asymmetric C-H bond functionalization.® Shi's review provided
an overview principally for the synthesis of axially chiral biar-
yls.?® Cramer's review focused mainly on the Rh- and Ir-cata-
lyzed asymmetric transformations.**

In this mini-review, we will introduce and discuss the
significant progress made in the field of palladium-catalyzed
asymmetric C-H functionalization using a monodentate,
bidentate, or transient directing group (Scheme 1). We will also
provide informative summarization of the directing group
strategy and outlook for transient directing groups in the
transition = metal-catalyzed =~ asymmetric  C-H  bond

functionalization.

Hao Liu obtained his bachelor's
degree of science in chemical
engineering from the University
of New Brunswick, Canada. He
is currently pursuing his PhD at
Texas Tech University and has
Jjoined Prof. Ge Haibo's research
team to study the activation of
C-H bonds.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Chemical Science

2. Monodentate directing group-
enabled asymmetric C—H
functionalization

Monodentate directing groups, such as amide, ester, carboxylic
acid, ketone, heterocyclic, amine, imine, hydroxyl and so on,
have been well studied for the Pd-catalyzed C-H functionaliza-
tion reactions. Moreover, sulfur and phosphorus-containing
monodentate directing groups have also been developed.
Despite these great achievements, realization of Pd-catalyzed
asymmetric C-H functionalization in the presence of a catalytic
amount of a chiral ligand is still a challenging process.?

Asymmetric desymmetrization is a unique and important
asymmetric synthesis strategy in organic chemistry, and its
targets are structurally symmetric compounds with prochirality
or meso-substrates.” In 2005, the Yu group utilized a chiral tert-
leucine derived oxazoline directing group to achieve Pd(u)-
catalyzed diastereoselective iodination and acetoxylation of
C(sp*)-H bonds."*** Encouraged by this important work, effi-
cient Pd(n)-catalyzed asymmetric desymmetrization of prochiral
diaryl-2-pyridylmethanes with alkyl boronic acids was then
established by employing MPAA ligands (Scheme 2a).® After
evaluating various commercially available chiral carboxylates
and chiral phosphates, (—)-Men-Leu-OH (L1) was proved to be
the optimal ligand and provided the desired products in
excellent yields and enantioselectivities.

A plausible catalytic cycle involving Pd(u)/Pd(0) catalysis was
proposed (Scheme 2b). The selective C-H bond cleavage of
diaryl-2-pyridylmethane with a Pd(u) catalyst in the presence of
(—)-Men-Leu-OH generates the corresponding cyclic Pd(u)
intermediate A. Next, transmetalation between this interme-
diate and an alkyl boronic acid provides the intermediate B.
Finally, the desired chiral product is formed through a reductive
elimination process along with a Pd(0) complex.

In the structure of the proposed cyclic Pd(u) intermediate A,
the i-Bu group is above the palladium plane, and the (—)-men-
thyloxycarbonyl group is on the palladium plane. Due to the

Haibo Ge received his PhD
degree in Medicinal Chemistry
from The University of Kansas in
2006, and then moved to The
Scripps Research Institute for
postdoctoral study. In 2009, he
began his independent academic
career at the Department of
Chemistry and Chemical Biology
at Indiana University — Purdue
University Indianapolis and
relocated to the Department of
Chemistry and Biochemistry at
Texas Tech University in 2020. Research by his group is mainly
focused on the development of novel methods for carbon-carbon
and carbon-heteroatom bond formation through transition metal
catalyzed C-H functionalization.

Chem. Sci., 2020, 11, 12616-12632 | 12617


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc03052j

Open Access Article. Published on 09 liepos 2020. Downloaded on 2026-04-21 13:05:51.

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

(cc)

Chemical Science

product
Chiral ligand
+
[Pd]

| [Pd]
@-[Pd]l— reagent |

¢ substrate
substrate
(b)
substrate
product \
L*
6 @
o
b% - : cIH
substrate substrate
L* L*
\ \
nuinpd]« reagent ' [Pd]
H /

g CI ‘¥/

C
substrate substrate
R=reagent

Scheme 1 Concept of palladium-catalyzed direct asymmetric C-H
bond functionalization enabled by the directing group strategy.

conformational requirements, the non-participating aryl group
prefers a less space-crowded axial position, which ultimately
results in an (R)-configured alkyl product.

In this reaction, BQ was found to be very critical for both the
C-H bond activation and reductive elimination. The silver salt
was proposed to act as an oxidizing reagent in the process to re-
oxidize the resulting Pd(0) complex to the corresponding Pd(u)
complex. Notably, a very recent DFT theoretical calculation
study indicates that an important molecular interaction
between the Pd(u) catalyst and the silver salt additive may exist
in the critical transition states of the aryl C(sp®)-H bond acti-
vation process. Silver salt is likely to manifest in the form of
a Pd-Ag heterobimetallic species in the whole catalytic cycle,
not just as a terminal oxidant."* Moreover, in the presence of
a cyclopropane amino acid ligand, L2, the enantioselective
C(sp®)-H alkylation of 2-isopropylpyridine with butyl boronic
acid was also developed and the desired product was obtained
in 38% yield and 37% ee (Scheme 2c¢).

Carboxylic acids, as cheap and readily available reagents, are
widely used in organic chemistry.* In 2010, the Yu group
demonstrated desymmetric C-H olefination of diarylacetic
acids using Boc-i-isoleucine (L3) as the chiral ligand (Scheme

12618 | Chem. Sci, 2020, 1, 12616-12632
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Yu group (2008):

(a) HooC O ”,
YA
N/ L1 = (-)-Men-Leu-OH

L1 (10~20 mol%)

Pd(OAc), (10 mol%)
RB(OH),, Ag,0, BQ, THF

up to 91% yield
up to 95% ee

Pd(OAc),
L1

Ag,0

Pd'L,

reductive elimination

The Pd"”? catalytic cycle o
i-Bu

R'= (-)-Menthyl A

transmetalation
RB(OH),

H L2 (20 mol%) N

Pd(OAC), (10 mol%)

n-BuB(OH), Ag,0, BQ, t-AmylOH

38% vyield, 37% ee

Scheme 2 External MPAA ligands for the Pd(i)-catalyzed C-H
asymmetric desymmetrization of diaryl-2-pyridylmethanes and 2-
isopropylpyridine with alkyl boronic acids.

Yu group (2010):
(a) M =H or Na
CO,M
RL/
R =Me, Et, Pr,H
R' = aryl, CO,Et, CO,t-Bu

co2

L3= Boc—L—isoIe_ucine

L3 (10 mol%)

Pd(OAcC), (5 mol%)
KHCO3, BQ, Oy, t-AmylOH

up to 73% yield
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II 0 “OM
X, CO.H

I(R.,
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N
t- BuO/\\

Scheme 3 Pd(i)-catalyzed desymmetric C—H olefination of diphe-
nylacetic acids using Boc-L-isoleucine as the chiral ligand.

This journal is © The Royal Society of Chemistry 2020
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Yu group (2011):
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R
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Arg = 4-CNCgF 4 NaHCO3, Ag,CO3, BQ up to 92% ee
R"=alkyl, aryl t-AmylOH/H,0, 40 °C, N,
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Scheme 4 Pd(i)-catalyzed asymmetric C-H bond activation of
cyclopropane acid derived amides in the presence of a chiral ligand,
L4.

3a)." In order to obtain high yield and enantioselectivity, the
unique combination of sodium diphenylacetate and KHCO; is
applied in this reaction. Moreover, the structure of the (R)-
configured olefination product was confirmed by X-ray analysis
and was consistent with the proposed cyclic Pd(u) intermediate
(Scheme 3b). These results demonstrated that MPAA ligands
could effectively promote stereoinduction in the Pd(u)-catalyzed
asymmetric C-H bond functionalization.

In 2011, the Yu group reported the first example of asym-
metric C-H bond activation of cyclopropane carboxylic acid
derived 4-cyanotetrafluorophenyl amides in the presence of
a novel mono-N-protected amino acid ligand, L4 (Scheme 4).** A
range of organoboron reagents, such as aryl, vinyl, and alkyl-
boron compounds, were used to afford cis-substituted chiral
products in good to excellent enantioselectivities (up to 81%
yield and 99% ee). It was proposed that use of the strongly
electron-withdrawing 4-cyanotetrafluorophenyl-substituted
amide as a weakly coordinating group could increase the acidity
of the N-H bond, enabling deprotonation of substrates under
weakly basic conditions, and thus facilitating subsequent C-H
bond cleavage with a Pd(u) catalyst. Furthermore, this novel
ligand L4 presents two specific features: (1) the withdrawing
trichloromethyl group increases steric size while also adjusting
the electronic properties of the nitrogen atom and (2) the 2,6-
difluorophenyl group protects the arene from metalation due to
its rigid steric environment.

After a short while, the first example of Pd(u)-catalyzed
asymmetric methylene B-C(sp®)-H functionalization of cyclo-
butane carboxylic acid derived 4-cyanotetrafluorophenyl amides
with arylboron reagents was also reported by the Yu group

Yu group (2014):

R = alkyl R'=4-FCgHy
H R R’ R 5
QANHNF P ;
,, REH BocHN  NHOMe Q)L NHAre
Arg = 4-CNCgF,4 L5 (11 mol%) Ar

+ Pd(OAc), (10 mol%)
Ar—Bpin Na,CO3, Ag,CO3, BQ
t-AmylOH/H,0, N,, 70 °C

up to 77% yield
up to 95% ee

Scheme 5 Pd(i)-catalyzed asymmetric B-C(sp®)-H arylation of
cyclobutyl carboxylic acid derived amide with arylboron reagents.

This journal is © The Royal Society of Chemistry 2020
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Yu group (2017):

L6 NHArE
L6 (20 mol%) n

Pd(MeCN),4(OTf), (10 mol%)
(Bpin),, KoHPOy, O3
MeCN/DCE/H,0, 80 °C

R =H, alkyl 5 0
N 0]
- AcHN B
( NHArg
" H Bpin

Arg = 4-CF3CoF 4
n=0,1,3

up to 78% yield
up to 99% ee

Scheme 6 Pd(i)-catalyzed enantioselective B-C(sp®)—H borylation of
carboxylic acid derived amides.

(Scheme 5).* In this study, it was found that with MPAAs as
chiral ligands, only low yield and poor ee could be achieved.
However, mono N-protected a-amino-O-methylhydroxamic acid
(MPAHA) ligand L5 afforded high enantioselectivities. A
possible reason for the improved performance is presumably
the much tighter binding of N-methoxyamide to the palladium
catalyst. However, cyclobutane substrates bearing o-hydrogen
atoms only afford poor yields.

As discussed, asymmetric C(sp’)-H activation reactions
could be achieved by employing MPAA or MPAHA ligands.
However, the substrate scope was limited in early studies. In
2017, the Yu group reported the first example of Pd(u)-catalyzed
enantioselective B-C(sp®)-H borylation of carboxylic acid
derived 4-trifluoromethyltetrafluorophenyl amides with (Bpin),
in the presence of a chiral acetyl-protected
methyloxazoline (APAO) ligand, L6. In this reaction, various
substrates, including cyclopropyl, cyclobutyl and cyclohexyl
acid derived amides, were coupled with (Bpin), to afford the
desired products in good yields and enantioselectivities
(Scheme 6)."” Notably, this process could provide a comple-
mentary approach to achieve enantioselective borylation of

amino-

Yu group (2018):

O
H L6 (15 mol%)
NHAr,
Pd(MeCN)ZCIz (10 mol%) F
Ar(Het)-1, Ag,CO3 Ar(Het)

CHCI;, 80°C, 48 h
up to 85% yield
Arg = 4-CF3CgF4 up to 94% ee

(b) 0
H o)
NHArg L6 (15 mol%) NHAr:
y Pd(MeCN),Cl, (10 mol%) R
+ Ag,CO3, CHCI,, 60 °C, 48 h =
R | R?
2>: up to 65% yield
R up to 94% ee

R'=H, Me; R? = aryl

Scheme 7 Pd(i)-catalyzed asymmetric arylation and vinylation of the
cyclobutyl carboxylic acid derived amide.
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Scheme 8 The proposed mechanism.

amide substrates containing o-tertiary as well as a-quaternary
carbon centers.

Subsequently, the same group demonstrated Pd-catalyzed
enantioselective arylation of the cyclobutyl carboxylic acid
derived 4-trifluoromethyltetrafluorophenyl amides using the
same chiral ligand L6 (Scheme 7a)."* Moreover, the first
example of enantioselective C(sp®)-H vinylation of cyclobutyl
carboxylic acid derived 4-trifluoromethyltetrafluorophenyl
amides was developed (Scheme 7b).* It was also found that
only amide substrates containing an a-hydrogen atom were
compatible in this process. Notably, compared with MPAA or
MPAHA ligand promoted asymmetric C(sp®)-H activation of
carboxylic acid derived amides, the use of the acidic 4-tri-
fluoromethyltetrafluorophenyl amide as a directing group
gave better results in the presence of chiral aminomethyl
oxazoline ligands.

A plausible catalytic cycle involving APAO ligand Lé6-enabled
Pd(u)/Pd(wv) catalysis is depicted in Scheme 8, which is different
from the previously reported enantioselective Pd(u)/Pd(0)
catalysis. First, the pre-coordination of MPAO ligand L6 with
Pd(MeCN),Cl, provides the chiral Pd(u) species A. Subsequent
coordination of the substrate with the chiral Pd(u) species A

Yu group (2014): iBu 0
BocHN NHOMe
0 L7 B
t-Bu L7 (11 mol%) tBu
B NHArg Pd(OAc), (10 mol%) XkNHArF
H ArBpin, Na,CO3, Ag,CO3, BQ

£-AmylOH/H,0, Ny, 50 °C Ar

Are = 4-CNCgFy 61% yield, 80% ee

Ar = 4-MeOC6H4

Scheme 9 The external chiral ligand L7 for the Pd(i)-catalyzed
desymmetric C(sp®)—H activation of prochiral gem-dimethyl groups.
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Yu group (2017):

@ o A§_<o

H \ j 0

/j)J\NHArF AcHN N—", _pn
HY o+ L8 R NHArE
0, Me
Rl L8 (20 mol%)

[Pd], Ag,CO3, PhMe up to 80% yield

Arg = 4-CF3CqFy up to 98% ee

R = aryl, heteroaryl, alkenyl, alkynyl

o) PhthN
PhthN N”OMe L9 (20 mol%) Me™: NHOMe
H Pd(OAC); (10 mol%), Arl ‘Ar
H w AgOAc, HFIP, 35°C, 72 h
up to 75% yield

up to 96% ee

Scheme 10 Chiral acetyl- and Bz-protected aminomethyl oxazoline
ligands for the Pd(i)-catalyzed asymmetric C—H functionalization.

followed by a site-selective C-H bond activation step produces
the chiral Pd(u) intermediate B. Next, oxidative addition of the
intermediate B with an aryl or vinyl iodide generates the Pd(iv)
complex C which undergoes reductive elimination to provide
the desired product and release the chiral Pd(u) species A.

The novel chiral ligand Boc-Leu-NHOMe L7 was found to be
effective for the desymmetric C(sp®)-H activation of prochiral
gem-dimethyl groups. However, only the large sterically
hindered substrate (R = ¢-Bu) afforded the desired product in
61% yield and 80% ee (Scheme 9).'* Later, Yu and co-workers
designed a chiral acetyl-protected aminomethyl oxazoline (Ac-
PAO) ligand, L8, for the Pd(u)-catalyzed enantioselective B-ary-
lation, alkenylation and alkynylation of isobutyric acid derived
4-trifluoromethyltetrafluorophenyl amides (Scheme 10a).
Furthermore, in the presence of a chiral benzoyl-protected

Han group (2015):

Ot-Bu

Boc-Tyr(t-Bu)-OH
0]
L10

BocHN OH

O, NHArE

L10 (40 mol%) P

Pd(OAC), (10 mol%)
RBipn, BQ, Li,CO3 R
AngOS, DMF, 40 °Cc

M o, NHAr
) 1)
H

AI'F = 4-CNC6F4

up to 74% yield
up to 98% ee

Scheme 11 Pd(i)-catalyzed desymmetric C-H arylation of diaryl
phosphinamide with boronic ester.

This journal is © The Royal Society of Chemistry 2020
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Yu group (2018):
(a): The Pd"/Pd" catalytic cycle

H
HO, HO,

H =0 Ar =0
“R H L11a
AcHN” ~NMe, R

up to 86% yield

R=H,aryl, alkyl  L11a (20 mol%) up to 98% ee

Pd(OAG), (10 mol%)
or or
Arl, N32003, A92C03
o) HFIP, 80 °C, air o
PhthN PhthN_ Il
OH . OH
Ar Me
SN

up to 67% yield
up to 86% ee

Yu group (2019):
(b): The Pd"/Pd® catalytic cycle

Ar
Ar = 4-t-Bu-CgHy
HO Ar

H )=0 L12
AcHN COOH HO
o Ar O

L12 (20 mol%)
+ Pd(OAc), (10 mol%)

Ar—Bpin KoHPO,, Ag,CO5, BQ up to 73% yield
- o i to 989
R' = H, aryl, alkyl t-BuOH/H,0, 80 °C, air up to 98% ee
Ph
Ph (20 mol%)
AcHN” “NMe, L11b He
Ar o
L11b (20 mol%) IR
+ Pd(OAc), (10 mol%)
Ar—Bpin KoHPO,, Ag>CO3, BQ up to 65‘:/0 yield
¢-BUOH/H,0, 60 °C, air up to 90% ee
R' = H, aryl, alkyl

Scheme 12 The direct asymmetric desymmetrization of free
carboxylic acids catalyzed by Pd(OAc),.

aminomethyl oxazoline (Bz-PAO) ligand, L9, desymmetrization
of 2-aminoisobutyric acid derived 4-trifluoromethyltetra-
fluorophenyl amides has also been achieved (Scheme 10b).*
The desired a,o-dialkyl a-amino acid derivatives were isolated
in good yields and enantioselectivities. Moreover, these deriv-
atives could be used as basic fragments for the construction of
peptide-based drugs. The control experiments indicated that
coordination of the chiral center on the oxazoline ring with the
substrate is crucial for the above reactions.

P-Stereogenic phosphorus derivatives exhibit a prominent
chiral induction. However, due to the lack of effective synthetic
methods, the applications are greatly limited.** In 2015, the Han
group presented the first example of Pd(n)-catalyzed desym-
metric C-H arylation of diaryl phosphinamide with boronic

This journal is © The Royal Society of Chemistry 2020
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Yu group (2013):

o)

By

COOH

Ph N
H

L13 = Bz-Leu-OH

L13 (40 mol%)
Pd(OAC), (10 mol%)

CSOAC, |2, N32C03
DMSO/t-AmylOH, air, 30 °C

up to 85% yield
up to 99% ee

Scheme 13 MPAA-enabled Pd(i)-catalyzed enantioselective C(sp?)—H
iodination of Tf-protected diarylmethylamines.

ester by using a chiral ligand, L10. This novel desymmetric
strategy afforded a wide array of P-stereogenic phosphinamides
in up to 74% yield and 98% ee. Furthermore, this process could
be used to synthesize various P-stereogenic phosphorus deriv-
atives form P-stereogenic phosphinamides (Scheme 11).**

The direct asymmetric desymmetrization of free carboxylic
acids provides excellent atom and step economies, because this
reaction strategy does not require additional steps to install and
remove the directing groups. In 2018, Yu and co-workers
designed a novel mono-protected aminoethyl amine (MPAAM)
chiral ligand, L11a, and achieved the Pd-catalyzed asymmetric
arylation of free cyclopropane carboxylic and 2-aminoisobutyric
acids (Scheme 12a).** It was observed that only arylation
through a Pd"/Pd™ catalytic cycle is compatible with this chiral
catalyst. Furthermore, this reaction was not compatible with
cyclobutane substrates.

Very recently, the same group revealed a novel method for
the asymmetric desymmetrization of free cyclopropane and
cyclobutene carboxylic acids with aryl and vinyl organoboron
reagents in the presence of either mono-protected amino acid
(MPAA) ligand L12 or mono-protected aminoethyl amine
(MPAAM) ligand L11b through a Pd-catalyzed B-C(sp®)-H acti-
vation process (Scheme 12b).>* Notably, these reactions could
also access the desired chiral arylated acids containing o-
tertiary and a-quaternary carbon centers. It is proposed that
a Pd"/Pd® catalytic cycle might be involved in this process.

Amine derivatives are an important class of synthetically
useful compounds in organic chemistry.** The first example of

(e}
XOJLHIO(OH

Yu group (2015):

Ar
H 1 L14 = Boc-L-Val-OH
NHTf
%NHT]‘ L14 (20 mol%) R
R Pd(OAC), (10 mol%)
up to 99% yield
R=H,alkyl,ayl AT NaTFA, Ag,COs up to 99.5% ee

t-BuOH, 80 °C, air

Scheme 14 Pd(i)-catalyzed highly enantioselective C—H arylation of
Tf-protected cyclopropylmethylamines.
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asymmetric C-H iodination of Tf-protected diarylmethylamines
by using a chiral MPAA ligand, L13, at ambient temperatures
was reported by Yu and co-workers in 2013 (Scheme 13).>* In
this process, inexpensive I, was used both as the sole oxidant
and reaction reagent. In addition, they developed the Pd-cata-
lyzed asymmetric C-H arylation of Tf-protected cyclopropyl
methylamines with aryl iodides in the presence of a chiral
ligand, L14 (Boc-.-Val-OH), via a Pd"/Pd" catalytic cycle
(Scheme 14). Chiral cis-aryl-products were obtained in excellent
yields (up to 99%) and enantiomeric excesses (up to 99.5% ee).>

In 2016, Yu and co-workers reported the asymmetric
desymmetrization of amines through a Pd(u)-catalyzed o-
C(sp®)-H arylation process in the presence of a chiral phos-
phoric acid ligand, L15 (Scheme 15).*” In this reaction, various
amines, including ethyl amines, pyrrolidines, azetidines,
piperidines, azepanes, indolines, and tetrahydroisoquinolines,

Yu group (2016):

7

Cox
o P

0" “oH
n=12
( n=12 OO L15 (,a‘xmnAr
,’>' _ ~N
H,(\N H R = 9-anthracenyl i-Pr .
i-Pr, s L15 (12 mol%)
Pd,(dba), (5 mol%) i-Pr
i-Pr i-Pr

ArB(OH),, KHCO3, BQ

tAmylOH, 65°C, 16 h, N, up to 90% yield

up to 97% ee

i-Pr

Scheme 15 The asymmetric desymmetrization of amines through
a Pd(i)-catalyzed a-C(sp®)—H arylation reaction.

Yu group (2018):
(a)

(0]
\
’ Gl g\ “—Ph Ar
+ L8 (15 mol%) NHTf
Pd(OAc), (10 mol%) 0% vield
Ar—Bpin N A B up to b yie
a,CO3, Ag,CO3, BQ Up 0 T0% e
t-AmylOH/H,0, 80 °C, N,
b
(b) -
(0]
\
" " e L1ieN”" . —Ph
NHTf LR
+ L16 (15 mol%) g
NHTf
R—Bpin Pd(OAc), (10 mol%)
NazCO3, AQ2CO3Y BQ up to 652& y|e|d
R = Vinyl THF/H,0, 70 °C, N, up to 99% ee

Scheme 16 The asymmetric desymmetrization of Tf-protected alkyl
amines through the Pd(i)-catalyzed enantioselective y—C—(sp*)—H
arylation and vinylation.
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were well coupled with aryl boronic acids to construct chiral
aryl-amines in excellent yields and enantioselectivities. It is
worth noting that chiral phosphoric acids were demonstrated to
be effective anionic ligands for this asymmetric C-H bond
activation. Very recently, the same group reported the asym-
metric desymmetrization of Tf-protected alkyl amines through
the Pd(n)-catalyzed enantioselective y-C-(sp®)-H arylation and
vinylation by employing the chiral acetyl-protected amino-
methyl oxazoline (APAO) ligands L8 and L16 (Scheme 16).>°

While the asymmetric desymmetrization approach is limited
to substrates with two prochiral C-H bonds, the kinetic reso-
lution approach is conceptually different, requiring a different
reaction rate between the chiral catalyst and each enantiomer in
the racemic mixture."*

In 2016, the Yu group developed a kinetic resolution strategy
for the Pd(u)-catalyzed asymmetric C-H olefination of racemic
o-hydroxy and amino phenylacetic acids. Employing (S)-MPAA
(L17) as the chiral ligand, the enantio-enriched products were
obtained in up to 92% ee. Moreover, the recovered starting
material could be converted to the other enantiomer in excel-
lent yield and enantioselectivity through Pd-catalyzed C-H ole-
fination using an (R)-MPAA ligand L18 (Scheme 17).*°

Meanwhile, the Pd(u)-catalyzed asymmetric C-H arylation of
Ns-protected benzylamines in the presence of a chiral mono-N-
protected a-amino-O-methylhydroxamic acid ligand, L19, has
also been achieved via a kinetic resolution process. In this
reaction, it is essential to use the easy-to-remove nosyl (Ns)
protected amino group as the directing group, and both chiral
benzylamines and ortho-arylated benzylamines were isolated in
excellent enantioselectivities (Scheme 18).*° Very recently, they
developed a chiral ligand, L20, for asymmetric y-C(sp’)-H

Yu group (2016):

OBz

X = OPiv, NHPiv ﬁ\ o) I
-
X OJ\N
H

COOH

R‘g COzH | 17 = Boc-L-Thr(Bz)-OH | R
H up to 92% ee
+
Z R

L17 (30 mol%)

Pd(OAG), (10 mol%)
KHCO3, O,, t-AmylOH X

R,©/LCO2H

up to 95% ee

s factor up to 56

R' = 3-Cl, 4-Cl, 4-F, 4-OMe, H
R = Ph, CO,Me

Z>R
L18 (30 mol%)
Pd(OAC), (10 mol%)

KHCO3, t-AmylOH, O,

43X

" “COOH

up to 99% ee

L18 = Boc-D-Tle-OH

Scheme 17 A kinetic resolution strategy for the Pd(i)-catalyzed
asymmetric C—H olefination of racemic a-hydroxy and amino phe-
nylacetic acids.
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Yu group (2016):

NHNs
Ar

up to 96% ee

B
O H CONHOMe

L19 = Boc-L-Phe-NHOMe

NHNs

R L19 (20 mol%) .

Pd(OAc), (10 mol%)
ArBpin, Na,CO3
Ag,CO3, BQ R
DMSO/H,0/t-AmylOH, 50 °C
s factor up to 135
R = Me, Et, CH,CO,Me, CH,OTBS
R' = 2-Me, 2-F, 2-Cl, 3-Cl, 3-OMe, 4-CF3, H

up to 99% ee

Scheme 18 Kinetic Resolution of Ns-protected benzylamines via
a Pd(n)-catalyzed asymmetric C—H arylation.

activation of alkyl amines with ArBpin through a kinetic reso-
lution process (Scheme 19).*

Axially chiral biaryls are widely present in natural products
as important skeleton.* Moreover, they can also be used as
chiral organic catalysts or chiral ligands in asymmetric
synthesis.*> The Murai group reported the first example of
asymmetric C(sp®)-H alkylation of naphthylpyridine deriva-
tives employing a chiral ferrocenyl phosphine ligand through
the Rh(i)-catalyzed dynamic kinetic resolution process;
however, only low yields and enantioselectivities were
obtained.*?

The first example of the Pd-catalyzed atroposelective C-H
iodination reaction through a kinetic resolution process was
developed by the You group in 2014. In this reaction, N-
monoprotected phenylalanine (L21), as the most effective chiral
ligand, was used to construct axially chiral biaryls in good yields
and enantioselectivities (Scheme 20).>*

Moreover, the Yang group reported a Pd-catalyzed atropose-
lective C-H olefination for the construction of axially chiral
biaryls in 2017 (Scheme 21). Using P(O)Ph, as the directing group
and Boc-.-Val-OH (L14) as the chiral ligand, the racemic biaryl
phosphine oxides were transformed into the desired chiral biaryl
phosphine-olefin products in excellent yields (up to 99%) and

Yu group (2018):

< ¢
<
AcHN  N—-,
R H y
W L20 //
NHTF R Ar
L20 (15 mol%) H
+ Pd(OAc), (10 mol%) NHTf
) N82003, AngOa, BQ up to 99% ee
Ar—Bpin t-AmylOH/H,0, 80 °C, N, s factor up to 233

R = Me, n-Pr, CO,Me, CH,OTBS

Scheme 19 Pd(i)-catalyzed asymmetric y-C(sp®)—H activation of alkyl
amines with ArBpin through a kinetic resolution process.
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You group (2014):

O

e

L21 (20 mol%)

Pd(OAc), (10 mol%)

NIS, MeCN, 70 °C up to 82% ee

s factor up to 27

Scheme 20 Pd(i)-catalyzed atroposelective C—H iodination reaction
through a kinetic resolution process.

Yang group (2017):

OH
(0] N
PPh
K (e}

L14 = Boc-L-Val-OH
L14 (10 mol%)

Pd(OAC); (5 mol%)
AgOAc, CF3CH,OH/DME, 60 °C

(e
R? PPh,
R! ] xR

up to 99% yield
up to 96% ee

/\

R = CO,Me, CO,Et, SO,Ph, Ph
R' = Me, F, Cl, MeO, CHO, CO,Me; R? =H

Scheme 21 Pd(i)-catalyzed atroposelective C—H olefination for the
construction of axially chiral biaryls.

enantioselectivities (up to 96% ee). In addition, both electron-
donating and electron-withdrawing substituents on the aromatic
rings were well tolerated in this catalytic system.*

Very recently, Pd-catalyzed atroposelective C-H olefination
for the synthesis of axially chiral biaryls by using a novel chiral
spiro phosphoric acid ligand, L22, was developed by Shi and co-

(a) Shi group (2019):

X
25

N

H L22 (20 mol%)

Pd(OAc), (10 mol%)
AgOAG (2.0 eq)

+ 1,4-dioxane, 70 °C, 24 h

Z>R

g2

up to 99% yield
up to 98% ee

R = aryl, CO,Et, CO,n-Bu

(b) Shi group (2020):

EHZ L23 (10 mol%) @ NH, !
@ Pd(OACc), (10 mol%) xR N
AgzCOs (1.0 q) @ e
. PhMe, 40 °C, 24 h ;
up to 91% yield !
Z R up to 97% ee

R = aryl, CO,n-Bu, PO(OEt),

Scheme 22 Pd(i)-catalyzed atroposelective C—H olefination for the
synthesis of axially chiral biaryls.
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workers (Scheme 22a).>* Various axially chiral quinolines were
isolated in excellent yields (up to 99% yields) and enantiose-
lectivities (up to 98% ee). Subsequently, they reported an NH,-
directed Pd-catalyzed atroposelective C-H olefination for the
preparation of axially chiral biaryl-2-amines (Scheme 22b).*” In
this strategy, chiral spiro phosphoric acid L23 was used as an
efficient ligand to access a broad range of axially chiral biaryl-2-
amines in excellent yields (up to 91%) and enantioselectivities
(up to 97% ee). During the study, they also developed a novel
approach to construct axially chiral styrenes via Pd(u)-catalyzed
atroposelective C-H alkenylation and alkynylation by employ-
ing L-pyroglutamic acid L24 as a chiral ligand (Scheme 23).*®
Ferrocenes bearing planar chirality have received much
attention due to their application in asymmetric catalysis as
efficient ligands or catalysts.** In the field of Pd-catalyzed
asymmetric C-H bond functionalization, the Yu group devel-
oped a series of asymmetric reactions by using a catalytic
amount of chiral monoprotected amino acids.? Inspired by Yu's
work on asymmetric C-H bond functionalization reactions, the
You group realized the first example of Pd-catalyzed asymmetric
C-H arylation of N,N-disubstituted dialkylaminomethyl ferro-
cenes in 2013 by using Boc-.-Val-OH (L14) as the chiral ligand
and arylboronic acids as coupling reagents (Scheme 24a).*° The
desired chiral products were obtained in good yields and
excellent enantioselectivities under mild reaction conditions.
Notably, with methylboronic acid as the coupling partner, the
yield of the desired product was dramatically decreased (14%)
under even a higher temperature and prolonged reaction time.
The plausible catalytic cycle involving a Pd(u)/Pd(0) catalysis
is depicted in Scheme 24b. The selective C-H bond cleavage of
ferrocene with Boc-1-Val-OH and the Pd catalyst provides the
cyclic Pd(u) intermediate A. Subsequent transmetalation

2

up to 99% vyield
up to 96% ee

Shi group (2020):

ﬁCOOH
O N

H 24

L24 (20 mol%)
Pd(OAG), (10 mol%)

Ag3PO4 (2.0 eq)
MeCN/t-BuOH, 50 °C, 36 h

2R

R'=H, 4-Me, 3-Cl, 3-CF5; R2= Me, Et, n-Pr; R® = Me, ClI, i-Pr
R = CO,n-Bu, CHO, COEt, 4-MeOCgHy4, PO(OEt),

=
\
L24 (20 mol%) TIPS
Pd(OAc), (10 mol%)
Ag,CO3 (2.0 eq)
+ MeOH/DMSO, 60 °C, 24 h

up to 86% yield
up to 99% ee

Br

TIPS
R'=H, 4-MeO, 4-CI; R® = Me, Et, Cl, i-Pr

Scheme 23 Pd(i)-catalyzed atroposelective C—H olefination for the
synthesis of axially chiral biaryls.
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(a) You group (2013):
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Scheme 24 Pd(i)-catalyzed asymmetric C-H arylation of N,N-
disubstituted dialkylaminomethyl ferrocenes.

between intermediate A and aryl boronic acid forms the inter-
mediate B. The reductive elimination of the intermediate B
affords the desired chiral product.

Additionally, they developed another efficient method for the
synthesis of planar chiral arylated-ferrocenes through the Pd(u)-
catalyzed asymmetric oxidative annulation of N,N-disubstituted
dialkylaminomethyl ferrocenes with diphenylacetylene by using
a chiral ligand, L24 (Scheme 25a).* The reaction mechanism
was also proposed as shown in Scheme 25b. First, the cyclic
Pd(u) intermediate A is generated through coordination of the
N-atom of the ferrocene derivative with the chiral Pd(u) catalyst
followed by site-selective C-H palladation. Next, syn-insertion of
diphenylacetylene into intermediate A gives intermediate B,
which can be further transformed into its trans-isomer B'.
Subsequently, the second diphenylacetylene molecule is inser-
ted, affording intermediate C. Finally, the desired product is
formed through a sequential intramolecular 5-exo-dig insertion,
migration and reductive elimination process. Moreover, You
and coworkers utilized a Pd (OAc),/Boc-L-Ile-OH (L25) catalytic
system to achieve the highly efficient asymmetric oxidative
cross-coupling reaction between ferrocenes and electron-rich
heteroarenes in 2016 (Scheme 26).*

In 2013, the Pd(u)-catalyzed asymmetric oxidative Heck
reaction for the efficient synthesis of planar chiral ferrocenes in
the presence of a chiral ligand, L24, was also developed by the

This journal is © The Royal Society of Chemistry 2020
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Scheme 25 Pd(i)-catalyzed asymmetric oxidative annulation of N,N-
disubstituted dialkylaminomethyl ferrocenes with diphenylacetylene.

Cui and Wu group (Scheme 27a).* In this process, a variety of
olefins, such as acrylates, substituted styrenes, vinyl cyclohex-
anes, and acrylamides, were used to prepare the alkenylation
products in excellent yields and enantioselectivities.

Later, they demonstrated a novel catalytic asymmetric C-H
acylation reaction in the presence of a Pd(OAc), catalyst and Ac-
L-Phe-OH (L26) (Scheme 27b).** Diaryldiketones bearing either
an electron-withdrawing or electron-donating group were well
suited for this strategy and produced various planar chiral

You group (2016):
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R" = Me; R? = n-Pr up to 99% ee
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Scheme 26 Pd(i)-catalyzed asymmetric oxidative cross-coupling
reaction between ferrocenes and heteroarenes.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Chemical Science

(a) Wu group (2013):
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Scheme 27 Pd(i)-catalyzed asymmetric oxidative Heck and acylation
reaction.

ferrocenes in excellent yields and enantioselectivities. During
the investigation of the reaction mechanism, they found that
the radical scavenger TEMPO inhibited the process. Thus,
a radical mechanistic pathway is proposed in Scheme 28. The
initiated selective C-H bond cleavage of N,N-dimethyl amino-
methyl ferrocene in the presence of the Pd(u) catalyst and Ac-L-
Phe-OH provides the cyclopalladated intermediate A. Mean-
while, the reaction of diaryldiketone with TBHP also provides
radical B. The subsequent radical addition reaction of species B
to 