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Palladium-catalyzed direct asymmetric C–H bond 
functionalization enabled by the directing group strategy
Ke Yang,a Mengjie Song,a Hao Liub and Haibo Ge*b

In the past decade, the selective C-C and C-heteroatom bond construction through the palladium-catalyzed direct 
C-H bond functionalization has been extensively studied by employing a variety of directing groups. Within this 
category, direct asymmetric C(sp2)−H and C(sp3)−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 the 
palladium-catalyzed direct asymmetric C–H bond functionalization via the directing group strategy. 

1. Introduction
Transition metal-catalyzed C−H bond functionalization is one of most 

efficient approaches for the selective C-C and C-heteroatom bond 
construction in organic synthesis.1 Among various transition metal 
catalysts, palladium species have been recognized as the most important 
ones in the direct C−H bond functionalization reactions.2

In the past decade, palladium-catalyzed selective C(sp2)−H and 
C(sp3)−H bond functionalization has been well demonstrated by 
covalently attaching a directing group to a substrate.3 In spite of being a 
powerful approach, additional reaction 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 been recently 
developed and successfully applied in the field of C−H bond 
functionalization. In this process, an external ligand is added to the 
reaction system to bind to the substrate in a reversible mode and 
subsequently coordinate to the metal centre.4 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 promise as the most efficient 
method to access highly enantiomerically enriched skeletons,5-11 and 
significant progress has been made in the 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 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.6 Furthermore, a breakthrough 
on the transient directing group strategy has been achieved in the same 

group7 using L-tert-Leucine as a transient ligand for the Pd-catalyzed 
enantioselective benzylic C(sp3)−H functionalization.
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Recently, several related reviews or accounts on transition metal-
catalyzed direct asymmetric C−H functionalization have been reported5a, 

8-11. The Ackermann’s minireview summarized the remarkable recent 
advances in direct asymmetric C−H functionalization catalyzed by earth-
abundant 3d transition metals.5a The Yu’s account highlighted their 
development of bifunctional MPAA ligands for the diverse C−H bond 
functionalization reactions,8a and the review mainly illustrated the recent 
literatures about transition-metal (Pd-, Ir- and Rh-) catalyzed asymmetric 
C(sp3)–H bond functionalization by using a specific chiral ligand 
scaffold.8b The You group summarized the recent progress for the 
construction of planar chiral ferrocenes through transition-metal (Cu-, 
Pd-, Ir-, Rh-, Au- and Pt-) catalyzed asymmetric C−H bond 
functionalization.9 The Shi’s review provided an overview principally for 
the synthesis of axially chiral biaryls.10 The Cramer’s review focused 
mainly on the Rh- and Ir-catalyzed asymmetric transformations.11 

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 of transient directing groups in the 
transition metal-catalyzed asymmetric C−H bond functionalization.

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

Monodentate directing groups, such as amide, ester, carboxylic acid, 
ketone, heterocyclic, amine, imine, hydroxyl groups and so on, have been 
well studied for the Pd-catalyzed C–H functionalization 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 chiral ligand is still a challenging 
process.3

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.12 In 2005, 
the Yu group utilized a chiral tert-leucine derived oxazoline directing 
group to achieve the Pd(II)-catalyzed diastereoselective iodination and 
acetoxylation of C(sp3)−H bonds.13a-b Encouraged by these important 
work, an efficient Pd(II)-catalyzed asymmetric desymmetrization of 
prochiral diaryl-2-pyridylmethanes with alkyl boronic acids was then 
established by employing MPAA ligands (Scheme 2a).6 After evaluating 
various commercially available chiral carboxylates and chiral phosphates, 
(-)-Men-Leu-OH (L1) was proved as the optimal ligand and provided the 
desired products in excellent yields and enantioselectivities. 

A plausible catalytic cycle involving the Pd(II)/Pd(0) catalysis was 
proposed (Scheme 2b). The selective C−H bond cleavage of diaryl-2-
pyridylmethane with a Pd(II) catalyst in the presence of (-)-Men-Leu-OH 
generates the corresponding cyclic Pd(II) intermediate A. Next, 
transmetalation between this intermediate 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. 

For structure of the proposed cyclic Pd(II) intermediate A, the i-Bu 
group is above the palladium plane, and the (-)-menthyloxycarbonyl 
group is on the palladium plane. Due to the conformational 
requirements, the non-participating aryl group prefers a less space-
crowded axial position, which ultimately results in a (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 resulted Pd(0) 
complex to the corresponding Pd(II) complex. Notably, a very recent DFT 
theoretical calculation study indicates that an important molecular 
interaction between the Pd(II) catalyst and the silver salt additive may 
exist in the critical transition states of aryl C(sp2)–H bond activation 
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.13c Moreover, in the presence of a cyclopropane amino 
acid ligand L2, the enantioselective C(sp3)−H alkylation of 2-
isopropylpyridine with butyl boronic acid was also developed and 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.13d In 2010, the Yu group demonstrated a 
desymmetric C−H olefination of diarylacetic acids using Boc-L-isoleucine 
(L3) as a chiral ligand (Scheme 3a).14 In order to obtain high yield and 
enantioselectivity, the unique combination of sodium diphenylacetate 
and KHCO3 is applied in this reaction. Moreover, structure of the (R)-
configured olefination product was confirmed by the X-ray analysis, 
which was consistent with the proposed cyclic Pd(II) intermediate 
(Scheme 3b). These results demonstrated that MPAA ligands could 
effectively promote stereo induction in the Pd(II)-catalyzed asymmetric 
C−H bond functionalization.

Yu group (2008):
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desymmetrization of diaryl-2-pyridylmethanes and 2-isopropylpyridine with alkyl 
boronic acids

Yu group (2010):

Pd(OAc)2 (5 mol%)

L3 (10 mol%)

up to 73% yield
up to 99% ee

CO2M

Ar
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Scheme 3. Pd(II)-catalyzed desymmetric C−H olefination of diphenylacetic acids using 
Boc-L-isoleucine as a chiral ligand

Yu group (2011):

Pd(OAc)2 (5 mol%)
NaHCO3, Ag2CO3, BQ
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t-AmylOH/H2O, 40 oC, N2
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Scheme 4. Pd(II)-catalyzed asymmetric C−H bond activation of cyclopropane acid derived 
amides in the presence of a chiral ligand L4

Yu group (2014):

Pd(OAc)2 (10 mol%)
Na2CO3, Ag2CO3, BQ

L5 (11 mol%)

t-AmylOH/H2O, N2, 70 oC

up to 77% yield
up to 95% ee

NHArF

O

ArF = 4-CNC6F4

H

H
NHArF

O

Ar

R
R

NHOMe

O
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R' R'
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R' = 4-FC6H4

L5

R = H
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Scheme 5 Pd(II)-catalyzed asymmetric β-C(sp3)−H arylation of cyclobutyl carboxylic 
derived amide with arylboron reagents

In 2011, the Yu group reported the first example of asymmetric 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).15 A range of organoboron 
reagents, such as aryl, vinyl, and alkylboron 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(II) 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(II)-catalyzed asymmetric 
methylene β-C(sp3)−H functionalization of cyclobutane carboxylic acid 
derived 4-cyanotetrafluorophenyl amides with arylboron reagents was 
also reported by the Yu group (Scheme 5).16 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 α-amino-O-methylhydroxamic 
acid (MPAHA) ligand L5 afforded high enantioselectivities. The possible 
reason for the improved performance is presumably due to the much 
tighter binding of N-methoxyamide to the palladium catalyst. However, 
cyclobutane substrates bearing α-hydrogen atoms only afford the poor 
yields. 

Yu group (2017):

Pd(MeCN)4(OTf)2 (10 mol%)
(Bpin)2, K2HPO4, O2

L6 (20 mol%)

MeCN/DCE/H2O, 80 oC

up to 78% yield
up to 99% ee

NHArF

O

ArF = 4-CF3C6F4

O

N
AcHN

H

H

NHArF

O

Bpin

R

n

R

n

L6

R = H, alkyl

n = 0, 1, 3

Scheme 6. Pd(II)-catalyzed enantioselective β-C(sp3)−H borylation of carboxylic acid 
derived amides 

As discussed, asymmetric C(sp3)−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(II)-catalyzed enantioselective β-C(sp3)−H borylation 
of carboxylic acid derived 4-trifluoromethyltetrafluorophenyl amides 
with (Bpin)2 in the presence of a chiral acetyl-protected 
aminomethyloxazoline (APAO) ligand L6. In this reaction, various 
substrates, including cyclopropyl, cyclobutyl and cyclohexyl acid derived 
amides, were coupled with (Bpin)2 to afford the desired products in good 
yields and enantioselectivities (Scheme 6).17 Notably, this process could 
provide a complementary approach to achieve enantioselective 
borylation of amide substrates containing α-tertiary as well as α-
quaternary carbon centers. 

Subsequently, the same group demonstrated a Pd-catalyzed 
enantioselective arylation of the cyclobutyl carboxylic acid derived 4-
trifluoromethyltetrafluorophenyl amides using the same chiral ligand L6 
(Scheme 7a).18 Moreover, the first example of enantioselective C(sp3)−H 
vinylation of cyclobutyl carboxylic acid derived 4-
trifluoromethyltetrafluorophenyl amides was developed (Scheme 7b).18 
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It was also found that only amide substrates containing an α-hydrogen 
atom were compatible in this process. Notably, compared with MPAA or 
MPAHA ligands promoted asymmetric C(sp3)−H activation of carboxylic 
acid derived amides, use of the acidic 4-trifluoromethyltetrafluorophenyl 
amide as a directing group gave better results in the presence of chiral 
aminomethyl oxazoline ligands.

Yu group (2018):

Pd(MeCN)2Cl2 (10 mol%)

, Ag2CO3

L6 (15 mol%)

CHCl3, 80 oC, 48 h
up to 85% yield
up to 94% ee
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H
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+
I

R2

R1

R1
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(a)

(b)
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R1 = H, Me; R2 = aryl
Scheme 7. Pd(II)-catalyzed asymmetric arylation and vinylation of the cyclobutyl 

carboxylic derived amide
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The PdII/IV catalytic cycle

Scheme 8. The proposed mechanism

A plausible catalytic cycle involved a APAO ligand L6-enabled a 
Pd(II)/Pd(IV) catalysis was depicted in Scheme 8, which is different from 
the previously reported enantioselective Pd(II)/Pd(0) catalysis. First, the 
pre-coordination of MPAO ligand L6 with Pd(MeCN)2Cl2 provides the 
chiral Pd(II) species A. Subsequent coordination of the substrate to the 
chiral Pd(II) species A followed by a site-selective C−H bond activation 

step produces the chiral Pd(II) 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(II) species A.
Yu group (2014):

Pd(OAc)2 (10 mol%)

ArBpin, Na2CO3, Ag2CO3, BQ

L7 (11 mol%)

t-AmylOH/H2O, N2, 50 oC
61% yield, 80% ee
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O
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Ar
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H
H

Ar = 4-MeOC6H4

Scheme 9. The external chiral ligand L7 for the Pd(II)-catalyzed desymmetric C(sp3)−H 
activation of prochiral gem-dimethyl groups

Yu group (2017):

[Pd], Ag2CO3, PhMe

L8 (20 mol%)

up to 80% yield
up to 98% ee

NHArF

O

+ NHArF

O

ArF = 4-CF3C6F4

Me
R

O

N PhAcHN

Pd(OAc)2 (10 mol%), ArI
AgOAc, HFIP, 35 oC, 72 h

up to 75% yield
up to 96% ee

N
H

O

O

NHN

PhthN
NHOMe

O

Me
PhthN

Ar

F

F

O
F

F

R = aryl, heteroaryl, alkenyl, alkynyl

R I

H

H L8

(a)

(b)

H H

L9 (20 mol%)

L9

OMe

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

The novel chiral ligand Boc-Leu-NHOMe L7 was found effective for the 
desymmetric C(sp3)−H activation of prochiral gem-dimethyl groups. 
However, only the large sterically hindered substrate (R = t-Bu) afforded 
the desired product in 61% yield and 80% ee (Scheme 9).16 Later, Yu and 
co-workers designed a chiral acetyl-protected aminomethyl oxazoline 
(Ac-PAO) ligand L8 for the Pd(II)-catalyzed enantioselective β-arylation, 
alkenylation and alkynylation of isobutyric acid derived 4-
trifluoromethyltetrafluorophenyl amides (Scheme 10a). Furthermore, in 
the presence of a chiral benzoyl-protected aminomethyl oxazoline (Bz-
PAO) ligand L9, desymmetrization of 2-aminoisobutyric acid derived 4-
trifluoromethyltetrafluorophenyl amides has also been achieved 
(Scheme 10b).19 The desired α,α-dialkyl α-amino acid derivatives were 
isolated in good yields and enantioselectivities. Moreover, these 
derivatives could be used as basic fragments for the construction of 
peptide-based drugs. The control experiments indicated that 
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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 
application is greatly limited.20 In 2015, the Han group presented the first 
example of Pd(II)-catalyzed desymmetric C−H arylation of diaryl 
phosphinamide with boronic 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 
derivatives form P-stereogenic phosphinamides (Scheme 11).21

Han group (2015):

Pd(OAc)2 (10 mol%)

up to 74% yield
up to 98% ee

NHArF
P

Ar
RBipn, BQ, Li2CO3

Ar

Boc-Tyr(t-Bu)-OH

Ag2CO3, DMF, 40 oC

O

ArF = 4-CNC6F4

NHArF
P

ArAr

O

R
H

H L10 (40 mol%)

OH

O

BocHN

Ot-Bu

L10

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

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 L11 and achieved the 
Pd-catalyzed asymmetric arylation of free cyclopropane carboxylic and 2-
aminoisobutyric acids (Scheme 12a).22 It was noticed that only arylation 
through a PdII/PdIV catalytic cycle is compatible with this chiral catalyst. 
Furthermore, this reaction was not compatible with cyclobutane 
substrates.

Very recently, the same group disclosed a novel method for the 
asymmetric desymmetrization of free cyclopropane and cyclobutene 
carboxylic acids with aryl and vinyl organoboron regents in the presence 
of either mono-protected amino acid (MPAA) ligand L12 or mono-
protected aminoethyl amine (MPAAM) ligand L11 through a Pd-catalyzed 
β-C(sp3)−H activation process (Scheme 12b).23 Notably, these reactions 
could also access the desired chiral arylated acids containing α-tertiary 
and α-quaternary carbon centers. It is proposed that a PdII/Pd0 catalytic 
cycle might be involved in this process.

Yu group (2019):

Pd(OAc)2 (10 mol%)
K2HCO3, Ag2CO3, BQ
t-BuOH/H2O, 80 oC, air

up to 73% yield
up to 98% ee

Ar Bpin

+

R'

HO
O

R'

HO
OAr

Pd(OAc)2 (10 mol%)

K2HCO3, Ag2CO3, BQ

L12 (20 mol%)

t-BuOH/H2O, 80 oC, air up to 65% yield
up to 90% ee

Ar Bpin

+

HO

O

AcHN COOH

Ar

Ar

Ar = 4-t-Bu-C6H4

H

H
R'

HO

OAr
R'

Yu group (2018):

Pd(OAc)2 (10 mol%)

ArI, Na2CO3, Ag2CO3

HFIP, 80 oC, air

R

HO
O

R

HO
OAr

L11 (20 mol%)

AcHN NMe2

up to 86% yield
up to 98% ee

up to 67% yield
up to 86% ee

OH

O
PhthN

OH

O

Me

PhthN

Ar

or or

(a): The PdII/PdIV catalytic cycle

(b): The PdII/Pd0 catalytic cycle

H
H L11

H
H

L11 (20 mol%)

L12H
H

R = H, aryl, alkyl

R' = H, aryl, alkyl

R' = H, aryl, alkyl

Scheme 12. The direct asymmetric desymmetrization of free carboxylic acids catalyzed 
by Pd(OAc)2

Amine derivatives are an important class of synthetically useful 
compounds in organic chemsitry.24 The first example of an 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).25 In this process, the inexpensive I2 was 
used both as the sole oxidant and reaction reagent. In addition, they 
developed the Pd-catalyzed asymmetric C−H arylation of Tf-protected 
cyclopropyl methylamines with aryl iodides in the presence of a chiral 
ligand L14 (Boc-L-Val-OH) via a PdII/PdIV catalytic cycle (Scheme 14). 
Chiral cis-aryl-products were obtained in excellent yields (up to 99%) and 
enantiomeric excesses (up to 99.5% ee).26
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Yu group (2013):

Pd(OAc)2 (10 mol%)

up to 85% yield
up to 99% ee

NHTf

Ar

CsOAc, I2, Na2CO3

Ar

L13 (40 mol%)


ArAr

DMSO/t-AmylOH, air, 30 oC

NHTf

I
H

H

Ph N
H

O

COOH

L13 = Bz-Leu-OH

Scheme 13. MPAA-enabled Pd(II)-catalyzed enantioselective C(sp2)‒H iodination of Tf-
protected diarylmethylamines. 

Yu group (2015):

Pd(OAc)2 (10 mol%)
ArI, NaTFA, Ag2CO3

L14 (20 mol%)

t-BuOH, 80 oC, air

up to 99% yield
up to 99.5% ee

H

NHTf
R

Ar

NHTf
R

O
N
H

O

O
OH

L14 = Boc-L-Val-OHH

R = H, alkyl, aryl

Scheme 14. Pd(II)-catalyzed highly enantioselective C−H arylation of Tf-protected 
cyclopropylmethylamines

Yu group (2016):

Pd2(dba)2 (5 mol%)
ArB(OH)2, KHCO3, BQ

t-AmylOH, 65 oC, 16 h, N2
up to 90% yield
up to 97% ee

O
O

P
O

OH

N

S
i-Pr

i-Pr
i-Pr

H
N

S
i-Pr

i-Pr
i-Pr

n = 1,2

Ar

R

R
R = 9-anthracenyl

L15 (12 mol%)
H

n = 1,2 L15

Scheme 15. The asymmetric desymmetrization of amines through a Pd(II)-catalyzed α-
C(sp3)−H arylation reaction

In 2016, Yu and co-workers reported the asymmetric 
desymmetrization of amines through a Pd(II)-catalyzed α-C(sp3)−H 
arylation process in the presence of a chiral phosphoric acid ligand L15 
(Scheme 15).27 In this reaction, various amines, including ethyl amines, 
pyrrolidines, azetidines, piperidines, azepanes, indolines, and 
tetrahydroisoquinolines, 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 as 
effective anionic ligands for this asymmetric C−H bond activation. Very 
recently, the same group reported the asymmetric desymmetrization of 

Tf-protected alkyl amines through the Pd(II)-catalyzed enantioselective 
γ-C-(sp3)−H arylation and vinylation by employing the chiral acetyl-
protected aminomethyl oxazoline (APAO) ligands L8 and L16 (Scheme 
16).26

Yu group (2018):

Pd(OAc)2 (10 mol%)
Na2CO3, Ag2CO3, BQ

L8 (15 mol%)

t-AmylOH/H2O, 80 oC, N2

up to 70% yield
up to 98% ee

NHTf

H H

NHTf

Ar

Ar Bpin

+

O

N PhAcHN
L8

Pd(OAc)2 (10 mol%)
Na2CO3, Ag2CO3, BQ

L16 (15 mol%)

THF/H2O, 70 oC, N2

up to 65% yield
up to 99% ee

NHTf

H H

NHTf

R

R Bpin

+

O

N PhAcHN L16

R = Vinyl

F

(a)

(b)

Scheme 16. The asymmetric desymmetrization of Tf-protected alkyl amines through the 
Pd(II)-catalyzed enantioselective γ-C-(sp3)−H arylation and vinylation

Pd(OAc)2 (10 mol%)
KHCO3, O2, t-AmylOH

up to 92% ee

+
L17 (30 mol%)

CO2H

X

R'

CO2H

X

R'

+

CO2H

X

R'

up to 95% ee

L17 = Boc-L-Thr(Bz)-OH

Yu group (2016):

R

R

up to 99% ee

CO2H

X

R'

R

L18 = Boc-D-Tle-OH

Pd(OAc)2 (10 mol%)

KHCO3, t-AmylOH, O2

O N
H

O

COOH

OBz

H

L18 (30 mol%)

O N
H

O

COOH

X = OPiv, NHPiv

R = Ph, CO2Me
R' = 3-Cl, 4-Cl, 4-F, 4-OMe, H

s factor up to 56

Scheme 17. A kinetic resolution strategy for the Pd(II)-catalyzed asymmetric C−H 
olefination of racemic α-hydroxy and amino phenylacetic acids 

While the asymmetric desymmetrization approach is limited to 
substrates with two prochiral C−H bonds, the kinetic resolution approach 
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is conceptually different, requiring a different reaction rate between the 
chiral catalyst and each enantiomer in the racemic mixture.11

In 2016, Yu group developed a kinetic resolution strategy for the Pd(II)-
catalyzed asymmetric C−H olefination of racemic α-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 excellent yield and enantioselectivity through Pd-catalyzed C−H 
olefination using a (R)-MPAA ligand L18 (Scheme 17).29

Meanwhile, the Pd(II)-catalyzed asymmetric C-H arylation of Ns-
protected benzylamines in the presence of a chiral mono-N-protected α-
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).30 Very recently, they 
developed a chiral ligand L20 for asymmetric γ-C(sp3)−H activation of 
alkyl amines with ArBpin through a kinetic resolution process (Scheme 
19).28

Yu group (2016):

Pd(OAc)2 (10 mol%)
ArBpin, Na2CO3

DMSO/H2O/t-AmylOH, 50 oC

up to 96% ee
L19 (20 mol%)R

NHNs

R'

R

NHNs

R'

+

R

NHNs

R'
Ar

up to 99% ee

L19 = Boc-L-Phe-NHOMe

Ag2CO3, BQ

H

O N
H

O

CONHOMe

R = Me, Et, CH2CO2Me, CH2OTBS
R' = 2-Me, 2-F, 2-Cl, 3-Cl, 3-OMe, 4-CF3, H

s factor up to 135

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

Yu group (2018):

Pd(OAc)2 (10 mol%)
Na2CO3, Ag2CO3, BQ

L20 (15 mol%)

t-AmylOH/H2O, 80 oC, N2

up to 99% ee

R

NHTf

H
R

NHTf

Ar

Ar Bpin

+

O

NAcHN
L20

R = Me, n-Pr, CO2Me, CH2OTBS

s factor up to 233

Scheme 19. Pd(II)-catalyzed asymmetric γ-C(sp3)−H activation of alkyl amines with 
ArBpin through a kinetic resolution process

Axially chiral biaryls are widely present in natural products as the 
important skeletons.31 Moreover, they can also be used as chiral organic 
catalysts or chiral ligands in asymmetric synthesis.32 The Murai group 

reported the first example of asymmetric C(sp2)−H alkylation of 
naphthylpyridine derivatives employing chiral ferrocenyl phosphine 
ligand through Rh(I)-catalyzed the dynamic kinetic resolution process, 
however, only low yields and enantioselectivities were obtained.33

The first example of 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).34

Moreover, the Yang group reported a Pd-catalyzed atroposelective C–
H olefination for the construction of axially chiral biaryls in 2017 (Scheme 
21). Using P(O)Ph2 as the directing group and Boc-L-Val-OH (L14) as the 
chiral ligand, the racemic biaryl phosphine oxides were transformed to 
the desired chiral biaryl phosphine–olefin products in excellent yields (up 
to 99%) and 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.35

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-workers (Scheme 22a).36 
Various axially chiral quinolines were isolated in excellent yields (up to 99 
% yields) and enantioselectivities (up to 98 % ee). Subsequently, they 
reported a NH2-directed Pd-catalyzed atroposelective C‒H olefination for 
the preparation of axially chiral biaryl-2-amines (Scheme 22b).37 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 course, 
they also developed a novel approach to construct axially chiral styrenes 
via a Pd(II)-catalyzed atroposelective C‒H alkenylation and alkynylation 
by employing L-pyroglutamic acid L24 as a chiral ligand (Scheme 23).38

You group (2014):

Pd(OAc)2 (10 mol%)
NIS, MeCN, 70 oC up to 82% ee

N

H

H
N

O

L21 (20 mol%)
O

HO

O

Ph

N

I
O

L21
Ar1

Ar2
Ar2

Ar1

s factor up to 27

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

Yang group (2017):

Pd(OAc)2 (5 mol%)
AgOAc,CF3CH2OH/DME, 60 oC up to 99% yield

up to 96% ee

PPh2

+

R

PPh2
R

R2

R1

O

H

O
R2

R1

L14 (10 mol%)

O
N
H

O

O
OH

L14 = Boc-L-Val-OH

R = CO2Me, CO2Et, SO2Ph, Ph
R1 = Me, F, Cl, MeO, CHO, CO2Me; R2 = H

Scheme 21. Pd(II)-catalyzed atroposelective C−H olefination for the construction of 
axially chiral biaryls
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Shi group (2020):

Pd(OAc)2 (10 mol%)
Ag2CO3 (1.0 eq)

PhMe, 40 oC, 24 h

up to 91% yield
up to 97% ee

AgOAc (2.0 eq)

L22 (20 mol%)

1,4-dioxane, 70 oC, 24 h

up to 99% yield
up to 98% ee

NH2

Ar1

Ar2

+

R

NH2

Ar1

Ar2
R O

O
P

O
OH

t-Bu

t-Bu

t-Bu

t-Bu

L23 (10 mol%)

Ar1

Ar2

+

R

N Ar1

Ar2

N
R

Pd(OAc)2 (10 mol%) O
O

P
O
OH

L22

i-Pr i-Pr

i-Pr

i-Pr

i-Pr i-Pr

Shi group (2019):

L23

(a)

(b)

H

H

R = aryl, CO2Et, CO2n-Bu

R = aryl, CO2n-Bu, PO(OEt)2

Scheme 22. Pd(II)-catalyzed atroposelective C‒H olefination for the synthesis of axially 
chiral biaryls

Shi group (2020):

Ag3PO4 (2.0 eq)

L24 (20 mol%)

MeCN/t-BuOH, 50 oC, 36 h
up to 99% yield
up to 96% ee

+

R

Pd(OAc)2 (10 mol%)

R3
R2

R2

N
R1

H
R3
R2

R2

N
R1

R

N
HO

COOH

L24

Ag2CO3 (2.0 eq)

L24 (20 mol%)

MeOH/DMSO, 60 oC, 24 h
up to 86% yield
up to 99% ee

+

Pd(OAc)2 (10 mol%)
R3

N
R1

H
R3

N
R1

Br TIPS

TIPS

R = CO2n-Bu, CHO, COEt, 4-MeOC6H4, PO(OEt)2

R1 = H, 4-Me, 3-Cl, 3-CF3; R2 = Me, Et, n-Pr; R3 = Me, Cl, i-Pr

R1 = H, 4-MeO, 4-Cl; R3 = Me, Et, Cl, i-Pr

Scheme 23. Pd(II)-catalyzed atroposelective C-H olefination for the synthesis of axially 
chiral biaryls

Fe Pd(OAc)2 (10 mol%)

60 oC, air
ArB(OH)2, K2CO3, TBAB, DMA

(a) You group (2013):

R
up to 79% yield
up to 98% ee

NR1R2

H
Fe

R

NR1R2

Ar

PdIILn

Fe

ArB(OH)2 + Base

R

NR1R2

H
Fe

R

NR1R2

Ar
L14 =Boc-L-Val-OH

Pd(OAc)2

Fe

R

N

PdII

R1 R2

O

N

O

H

i-Pr

Ot-BuO

H

Fe

R

N
LnPdII

R1 R2

Ar

Pd0Ln+
air

(b)

The PdII/0 catalytic cycle

L14 (20 mol%)

O
N
H

O

O
OH

L14 = Boc-L-Val-OH

AB

R = H, Br; R1, R2 = Me, Et, cyclopentyl

Scheme 24. Pd(II)-catalyzed asymmetric C−H arylation of N,N-disubstituted 
dialkylaminomethyl ferrocenes

Ferrocenes bearing planar chirality have received much attention due 
to its application in asymmetric catalysis as efficient ligands or catalysts.39 
In the field of Pd-catalyzed asymmetric C−H bond functionalization, the 
Yu group developed a series of by using a catalytic amount of chiral 
monoprotected amino acids.8 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 ferrocenes in 2013 by using Boc-L-Val-OH (L14) as 
the chiral ligand and arylboronic acids as coupling reagents (Scheme 
24a).40 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 desired 
product was dramatically decreased (14%) under even a higher 
temperature and prolonged reaction time. 

The plausible catalytic cycle involved a Pd(II)/Pd(0) catalysis was 
depicted in Scheme 24b. The selective C−H bond cleavage of ferrocene 
with Boc-L-Val-OH and Pd catalyst provides the cyclic Pd(II) intermediate 
A. Subsequent transmetalation between intermediate A and aryl boronic 
acid forms the intermediate 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(II)-
catalyzed asymmetric oxidative annulation of N,N-disubstituted 
dialkylaminomethyl ferrocenes with diphenylacetylene by using a chiral 
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ligand L24 (Scheme 25a).41 The reaction mechanism was also proposed 
as shown in Scheme 25b. First, the cyclic Pd(II) intermediate A is 
generated through coordination of the N-atom of the ferrocene 
derivative to the chiral Pd(II) catalyst followed by site-selective C−H 
palladation. Next, syn-insertion of diphenylacetylene to the intermediate 
A gives the intermediate B, which can be further transformed to its 
trans-isomer B’. Subsequently, the second diphenylacetylene molecule is 
inserted, affording the 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)2/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).42

Fe + Pd(OAc)2 (10 mol%)

80 oC, air

K2CO3, TBAB, DMA
R

up to 42% yield
up to 99% ee

NR1R2

H

Fe

R

NR1R2

L24 (20 mol%)

You group (2013):

Ph

Ph

Ph

Ph
Ph

O
N
H

BnO

O
OH

L24 = Boc-L-Phe-OH

R = H, Br
R1, R2 = Me, cyclopentyl

PdIILn

Fe

R

NR1R2

H

Fe

R

NR1R2

L24

Pd(OAc)2

Fe

R

N

PdII

R1 R2

O

N

O

H

Bn

Ot-BuO

H

Pd0Ln+
air

(b)

The PdII/0 catalytic cycle

A

Ph Ph

Fe

R

N
R1

R2

B

Fe

R

N
R1 R2

C
PhPh

Ph

PdII
Ln

Ph Ph

Base

Ph
Ph

Ph

Fe

R

N
R1

R2

B'

Ph

LnPdII

Ph
Ph

PdIILn

Ph

Scheme 25. Pd(II)-catalyzed asymmetric oxidative annulation of N,N-disubstituted 
dialkylaminomethyl ferrocenes with diphenylacetylene

In 2013, the Pd(II)-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 Cui and Wu group (Scheme 
27a).43 In this process, a variety ofolefins, such as acrylates, substituted 
styrenes, vinyl cyclohexanes, 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 Pd(OAc)2 catalyst and Ac-L-Phe-OH (L26) 
(Scheme 27b).44 Diaryldiketones bearing either an electron-withdrawing 
or electron-donating group were well suited for this strategy, and 

produced various planar chiral 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 was proposed in Scheme 28. The initiated 
selective C−H bond cleavage of N,N-dimethyl aminomethyl ferrocene in 
the presence of the Pd(II) catalyst and Ac-L-Phe-OH provides the 
cyclopalladated intermediate A. Meanwhile, the reaction of 
diaryldiketone with TBHP also provides the radical B. The subsequent 
radical addition reaction of species B to the intermediate A generates the 
Pd (III or VI) intermediate C. The desired chiral acylated product was then 
produced via a reductive elimination process.

Fe
+ Pd(OAc)2 (10 mol%)

80 oC, air
K2CO3, BQ, DMA/H2O

R

up to 86% yield
up to 99% ee

NR1R2

H

Fe

R

NR1R2

You group (2016):

X
Ar

X

Ar
L25 (20 mol%)

O
N
H

O

O
OH

L25 = Boc-L-lle-OH

R = H, CHO, TMS
R1 = Me; R2 = n-Pr
R1, R2 = Me, cyclopentyl

Scheme 26. Pd(II)-catalyzed asymmetric oxidative cross-coupling reaction between 
ferrocenes and heteroarenes 

Fe + Pd(OAc)2 (5 mol%)

60 oC, air
K2CO3, TBAB, DMF

(a) Wu group (2013):

up to 98% yield
up to 99% ee

NMe2

H

Fe

NMe2

R

R

Fe +
Pd(OAc)2 (10 mol%)

THF, 80 oC, 12 h

K2CO3, TBAB, TBHP

(b) Wu group (2014):

up to 82% yield
up to 98% ee

NMe2

H

Fe

NMe2

R

O

R

O
R

O

L24 (10 mol%)

O
N
H

BnO

O
OH

L24 = Boc-L-Phe-OH

L26 (20 mol%)

O
N
H

BnO
OH

L26 = Ac-L-Phe-OH

R = aryl, CO2n-Bu, PO(OEt)2, cyclohexyl

R = aryl, alkyl

Scheme 27. Pd(II)-catalyzed asymmetric oxidative Heck and acylation reaction
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O
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O
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The PdII/(III or IV) catalytic cycle

L26 = Ac-L-Phe-OH

Scheme 28. The proposed mechanistic pathway 

As discussed above, significant progress has been made on 
monodentate directing groups assisted asymmetric C−H 
functionalization using chiral amino acid or aminomethyl heterocycle 
ligands. However, only few applicable direct enantioselective 
functionalization reactions of linear methylene C(sp3)–H bonds have 
been reported. In 2016, the direct Pd-catalyzed enantioselective 
arylation of a linear methylene C(sp3)‒H bond was achieved by the Yu 
group (Scheme 29).45 The combination of a weakly coordinating 4-
trifluoromethyltetrafluorophenyl amide directing group with a chiral 
acetyl-protected aminoethyl quinolone (APAQ) ligand L27 proved to be 
crucial and produced the desired chiral products in good yields (up to 
89% yield) and enantioselectivity (up to 92% ee). Moreover, density 
functional theory (DFT) studies on the observed enantioselectivity in the 
CMD step were carried out and the results indicated that TS-R is more 
favorable than TS-S.

Yu group (2016):

Pd(OAc)2 (10 mol%)
ArI, Ag2CO3,

L27 (12 mol%)

HFIP, 80 oC, 36 h up to 89% yield
up to 92% ee

NHArF

O

R
NHArF

O

R

Ar

ArF = 4-CF3C6F4

N

Et

AcHN

t-Bu

t-Bu

DFT-optimized structures and relative free energies:

N
Pd

Me

N

O
Me

N

O
Me H

H

t-Bu

t-Bu

F F

F
F

F3C

G = 0.0 kcal/mol

N
Pd

Me

N

O
Me

N

O
Me H

H

t-Bu

t-Bu

F F

F
F

F3C

G = 1.2 kcal/molTS-R TS-S

H
L27

R = alkyl, aryl

Scheme 29. Pd(II)-catalyzed enantioselective arylation of the linear methylene C(sp3)−H 
bond activation

3. Bidentate directing group-enabled asymmetric 
C–H functionalization 

Since the N,N-bidentate aminoquinoline (8-aminoquinoline) was 
firstly introduced by the Daugulis group, a wide range of transition metal-
catalyzed C(sp3)−H functionalization reactions have been developed in 
recent years.46 A bidentate directing group often exhibits higher 
reactivity than a monodentate directing group. However, it is much more 
difficult to exert chiral induction because there is only a single available 
coordination site on the metal center. 

In 2015, the first example of Pd(II)-catalyzed 8-aminoquinoline (AQ)-
assisted enantioselective methylene C(sp3)−H arylation of 3-substituted 
propanamides was reported by Duan and co-workers employing a chiral 
BINOL phosphoramide ligand L28. An array of chiral β,β-diaryl carboxylic 
derivatives were generated in moderate to good enantioselectivities. The 
mechanistic studies indicated that the chiral phosphoric amide L28 could 
accelerate the reaction rate and control the reaction enantioselectivity 
(Scheme 30).47

Duan group (2015):

PdCl2(MeCN)2 (10 mol%)
ArI, Cs2CO3

L28 (20 mol%)

p-xylene, 140 oC, 12 h up to 95% yield
up to 82% ee

O
O

P
O

NH2

N
H

O

R
N

N
H

O

R

Ar

N

H

L28

R = aryl, alkyl

Scheme 30. Pd(II)-catalyzed and 8-aminoquinoline-assisted enantioselective methylene 
C(sp3)-H arylation of 3-substituted propanamides
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Scheme 31. A plausible catalytic cycle
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A plausible catalytic cycle was then proposed in Scheme 31. The ligand 
exchange of the Pd(II) catalyst with 3-substituted propanamide in the 
presence of a chiral phosphoric amide L28 and base Cs2CO3 provides the 
cyclic Pd(II) intermediate A. Diastereoselective cyclometalation of this 
intermediate gives rise to a [5,5]-bicyclic Pd(II) intermediate B via a site-
selective C−H bond activation process. Oxidative addition of the 
intermediate B with an aryl iodide generates the Pd(IV) species C. 
Subsequentreductive elimination of the palladium complex C produces 
the intermediate D, which produces the desired product via the ligand 
exchange with 3-substituted propanamide .

In 2016, Chen and co-workers illustrated a picolinamide (PA)-directed 
Pd(II)-catalyzed enantioselective γ-C(sp3)−H arylation of 3-
arylpropylamines with aryl iodides using the BINOL phosphoric acid 
ligand L29 (Scheme 32). 48 For the first time, the chiral β,β-diaryl-3-
propylamines were achieved in excellent yields (up to 97%) and 
enantioselectivities (up to 97% ee). Mechanistic studies indicated that 
combination of the BINOL phosphoric acid ligand L29 and Cs2CO3 in the 
absence of solvents gave the highly optically enriched products.

Chen group (2016):

PdCl2(MeCN)2 (5 mol%)
ArI, Cs2CO3

L29 (25 mol%)

neat, 110 oC, N2, 24 h
up to 97% yield
up to 97% ee

R
H

O
O

P
O

OH

HN R
Ar

HN

L29

R = aryl

O

N

O

N

Scheme 32. PA-directed and Pd(II)-catalyzed enantioselective γ-C(sp3)-H arylation of 3-
arylpropylamines

Chen group (2018):

Pd2(dba)3CHCl3 (5 mol%)

ArI, Cs2CO3

L30 (30 mol%)

m-xylene, 100 oC, Ar, 48 h
up to 95% yield
up to 95% ee

N

N
H

O

R

O
O

P

N

N
H

O

R

Ar

N
Me

Me

(3-CF3)dba (30 mol%)

H

L30

R = aryl, alkyl

Scheme 33. AQ-mediated and Pd(0)-catalyzed enantioselective β-C(sp3)−H arylation of 
3-arylpropanamides

Later, the same group introduced a novel protocol for AQ-mediated 
Pd(0)-catalyzed enantioselective β-C(sp3)−H arylation of of 3-substituted 
propanamides in the presence of the BINOL phosphor amidite ligand L30 
(Scheme 33).49 Compared with the Duan’s work, this is the first example 
of AQ-directed processes involving a Pd(0/II) catalytic cycle, providing the 
chiral desired products in good yields and enantioselectivities (up to 95% 
ee). Furthermore, the control reactions and DFT calculations showed that 
both the BINOL phosphor amidite ligand L30 and Cs2CO3 were involved 

in the enantio-determining C(sp3)−H palladation step. Additionally, a 
plausible Pd(0/II) catalytic cycle was proposed (Scheme 34). Oxidation of 
the Pd(0) catalyst with ArI in the presence of the chiral phosphoric amide 
L30 produces the Pd(II) intermediate A. Subsequently, the intermediate 
B is formed through a ligand exchange process of the intermediate A with 
AQ-coupled substrate in the presence of Cs2CO3. The diastereoselective 
C−H palladation and protonation affords the palladium intermediate C 
which provides the desired product upon reductive elimination.
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+
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O
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O
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N
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PdIIAr
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O

HO

R C-H palladation
and N-protonation

The Pd0/II catalytic cycle

Reductive
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Oxidative
addition

Ligand
exchange

SM
Product

Scheme 34. A plausible Pd(0/II) catalytic cycle 

PdCl2(PhCN)2 (10 mol%)

L31 (30 mol%)

Cs2CO3, 1,3-di-CF3Ph/t-AmylOH
up to 95% yield
up to 94% ee

N

N
H

O

Ar

H
OH
OH

N

N

(4.0 eq)

O

Ar

X

X

F

F

100 oC, Ar, 48 h

Cl

MeO
I

+

X = H, OMe, 2-OMe-Ph

Chen group (2019):

L31

Scheme 35. Pd(II)-catalyzed enantioselective intramolecular β-C(sp3)−H amidation of 3-
substituted propanamides

Very recently, the Chen group reported a Pd(II)-catalyzed 
enantioselective intramolecular β-C(sp3)−H amidation reaction of 3-
substituted propanamides for the synthesis of chiral β-aryl-β-lactams. 
With this novel method, the desired products could be obtained up to 
94% ee in the presence of the chiral 3,3’-F2-BINOL ligand L31. The control 
experiments suggested that 2-methoxy-5-chlorophenyl iodide, as the 
critical oxidant, controls the competing C−C versus C−N reductive 
elimination pathway of the Pd(IV) intermediate due to its steric and 
electronic effect (Scheme 35).50

The bidentate directing group, 2-(pyridine-yl)isopropyl amine (PIP), 
was originally designed by the Shi group for the activation of methylene 
C(sp3)−H bond.51 Very recently, the group developed the first example of 
Pd(II)-catalyzed enantioselective functionalization reactions of linear 
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methylene C(sp3)−H bonds by using the cooperative effects between the 
PIP group and chiral phosphoric acid ligand L32 (Scheme 36a).52 With aryl 
bromides as the less reactive arylating reagents, a variety of 3-
alkylpropanamides were readily arylated and provided the desired 
product in excellent yields (up to 96%) and good enantioselectivities (up 
to 90% ee). Later, the same group realized the first example of PIP-
assisted Pd(II)-catalyzed enantioselective methylene C(sp3)−H 
alkynylation of 3-alkyl and 3-aryl propanamides employing the chiral 3,3’-
F2-BINOL ligand L31. The control experiments suggested that the superior 
effect of PIP than AQ existed in this alkynylation reaction (Scheme 36b).53

PdCl2 (6 mol%)
K2CO3, t-BuOH, 125 oC, N2

up to 91% yield
up to 90% ee

N
H

O

Alkyl

O
O
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O

OH
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+

N
H

O

Alkyl

H
Ar

N
N

Ar

Ar
Ar = 4-CF3C6H4

PdI2 (10 mol%)
K2CO3, PhMe/t-AmylOH

up to 87% yield
up to 96% ee

N
H

O

R
+

N
H

O

R
N

N

F

F

TIPS

TIPS Br

105 oC, air, 16 h

Shi group (2018):

L31 (20 mol%)

OH
OH

F

F
L31

H

H

H

(a)

(b)

L32 (20 mol%)

L32

R = aryl, alkyl

Scheme 36. Pd(II)-catalyzed enantioselective functionalization of linear methylene 
C(sp3)–H bonds enabled by a PIP group 

4. Transient directing group-enabled asymmetric 
C–H functionalization 

Pd-catalyzed asymmetric C(sp2)−H and C(sp3)−H bond 
functionalization reactions have been well documented by employing a 
directing group and external chiral ligand. However, a major issue exists 
in this strategy: pre-installation and removal of the directing group.8-11 
Thus, a promising approach of developing the Pd-catalyzed asymmetric 
C−H functionalization would be the utilization of a chiral transient 
directing group. In order to achieve this asymmetric process, two issues 
need to be taken into consideration: (1) the chiral center is usually far 
away from the targeted C−H bond, which may result in low 
enantioselectivity; (2) the free chiral transient ligand could coordinate to 
the metal center, which may lead to the opposite asymmetric 
induction.8b

The first example Pd(II)-catalyzed chiral transient ligand-enabled 
asymmetric C(sp3)−H bond functionalization of ortho-alkylbenzaldehydes 
was developed by Yu and co-workers in 2016 (Scheme 37a).7 Using L-tert-
Leucine (L33) as the chiral transient directing group, Pd(II)-catalyzed 
enantioselective benzylic C(sp3)−H arylation was demonstrated. Under 
the optimal conditions, 2-ethyl-5-(trifluoromethyl)-benzaldehyde was 
arylated with methyl 4-iodobenzoate to provide the desired chiral 
product with 96% ee. Subsequently, the same group disclosed a Pd(II)-
catalyzed enantioselective C(sp3)−H fluorination of ortho-

alkylbenzaldehydes in the presence of the chiral directing group L34. The 
detailed mechanistic studies showed that L34 bearing a bulky group 
played an important role for promoting C−F reductive elimination and 
achieving a high enantioselectivity (Scheme 37b).54

Pd(OAc)2 (10 mol%)

H2O, 100 oC, 24 h
ArI, AgTFA, HFIP/HOAc

CHO

H

R

CHO

Ar

R

H2N CONEt2

Pd(OAc)2 (10 mol%)

L34 (20 mol%)

N(n-Bu)4PF6 (50 mol%)

CHO

H

R
CHO

F

R
+

N

Me

Me Me
F

[BF4]

H2N COOH
(a) 2016
Yu group:

F3C
F3C

up to 88% yield
up to 96% ee

Ar

PhH/C6F5CO2H, 70 oC, 24 h

Ar

up to 61% yield
up to 98% ee

(b) 2018

L33 (20 mol%)

L33 = L-tert-leucine

L34

Scheme 37. Pd(II)-catalyzed asymmetric C(sp3)−H bond functionalization of ortho-
alkylbenzaldehydes

Very recently, the first example of Pd(II)-catalyzed asymmetric C(sp3) 
−H arylation of ketones employing D-valine (L35) as a chiral transient 
directing group was reported by the Yu group. The control experiments 
suggested that both the 3-nitro-5-trifluoromethyl-2-pyridone ligand and 
Ag3PO4 additive play crucial roles in this asymmetric desymmetrization of 
cyclobutyl ketones. However, when using cyclopentyl ketones and linear 
ketones as the starting materials, the results were not satisfactory 
(Scheme 38a).55 A plausible mechanism was proposed in Scheme 38b. It 
was envisioned that the process is initiated with reversible imine 
formation from 1-cyclobutylethanone with chiral directing group D-
valine, providing the imine intermediate A. Coordination of the 
intermediate A to the Pd(II) species followed by a ligand exchange 
process with 3-nitro-5-trifluoromethyl-2-pyridone generates the 
palladium complex B. Cyclopalladation of the intermediate B generates 
the [5,5]-bicyclic intermediate C through a concerted metallation-
deprotonation (CMD) process. Oxidative addition of the intermediate C 
with an aryl iodide affords the Pd(IV) complex D. In the presence of 
Ag3PO4, reductive elimination of this Pd complex provides the 
intermediate F, which releases the final chiral product and D-valine.
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R

O
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Yu group (2020):

H-X =

H-X
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O
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O

CO2Me

O

n = 3

CO2Me

The PdII/IV catalytic cycle

(b) a plausible mechanism:

L35

Scheme 38. Pd(II)-catalyzed asymmetric C(sp3)‒H arylation of ketones employing D-
valine as a chiral transient directing group 

Inspired by the Yu’s work, the Xu and Jin group demonstrated the Pd-
catalyzed asymmetric C−H arylation of ferrocenyl ketones through a 
dynamic kinetic resolution process by using commercially available L-
tert-leucine (L33) as the chiral transient directing group (Scheme 39).56 
The absolute configuration of chiral arylated ferrocenyl ketones were 
assigned to Rp though the single crystal X-ray diffraction analysis. This 
strategy provides a complementary approach to the synthesis of various 
novel and important planar chiral ferrocenyl-phosphine ligands. In the 
presence of stoichiometric amounts of PPh3, di-cyclopalladated 
intermediate was isolated from the reaction of acetylferrocene, Pd(OAc)2 

and 2-(aminooxy)acetic acid hydrochloric salt, and structure of this 
intermediate was further confirmed by X-ray analysis.

Fe
Me

O

+

PhI

Pd(OAc)2 (10 mol%)

130 oC, 24 h
Ag2CO3, HFIP/PivOH, NaHCO3

Fe
Me

O

Ph

H

Xu and Jin group (2018):

R = H, Br, CO2Me, COMe, CHO

R

R

up to 75% yield
up to 97% ee

L33 (60 mol%)

(2) Pd(OAc)2 (1.2 eq), HFIP
(3) PPh3 (1.2 eq)

X = PPh3

Fe
Me

O

H
Fe

N

Me

Pd
O

O
OX

Fe
N

Me

Pd
O

O
O X

H2N COOH
L33 = L-tert-leucine

HO

O
O

NH3
(1)

Cl
pyrdine

X-ray analysis confirmed

Scheme 39. Pd(II)-catalyzed asymmetric C−H arylation of ferrocenyl ketones enabled by 
a transient directing group L-tert-leucine 

Shi group:

CHO
H Pd(OAc)2 (10 mol%)

BQ, HFIP/HOAc, 60 oC

+
R
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AgOAc, KH2PO4

+
CHO TIPS

Br
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L33 (20 mol%)

Pd(OAc)2 (10 mol%)+
CHOR

OAc BQ, HFIP/HOAc, 60 oC
R
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OH

O O

O

Pd(OAc)2 (10 mol%)
n-PrCO2Na, HFIP/HOAc, 60 oC

then Raney(Ni)/H2, THF, rt n = 3

R = CO2n-Bu, 4-FC6H4

Ar1

Ar2

Ar1

Ar2

CHO
H

Ar1

Ar2
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Ar1 Ar1

Ar1

Ar2

Ar2

Ar2 Ar2

Ar2

up to 95% yield
up to 99% ee

up to 99% yield
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up to 74% yield
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up to 85% yield
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(a) 2017
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L33 (20 mol%)
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H2N COOH
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HOAc, 60 oC

R = CO2Et, CO2Me, CH2OAc
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Scheme 40. Pd(II)-catalyzed asymmetric C−H bond functionalization for the construction 
of axially chiral biaryl aldehydes 

Shi group (2019):

Pd(OAc)2 (10 mol%)
AgTFA, PhMe/HOAc, 55 oC

+

Br

TIPS

X

Y

Z

CHO
H

up to 98% yield
up to 99% ee

L33 (30 mol%)

n

m

X

Y

Z

CHO

n

m

TIPS

X = C or N
Y, Z = C, S or O
m, n = 0 or 1

H2N COOH
L33 = L-tert-leucine

Scheme 41. Pd(II)-catalyzed atroposelective C−H alkynylation for the synthesis of axially 
chiral heteroaryls

Shi group (2019):

Pd(OAc)2 (10 mol%)
AgTFA, PhMe/HOAc, 55 oC

Y

Z

CHO
H

up to 98% yield
up to 99% ee

L33 (30 mol%)

n

m

Y

Z

CHO
FG

n

m

Y, Z = C, S or O
m, n = 0 or 1

H2N COOH
L33 = L-tert-leucine

FG = allyl and alkenyl
R

CO2Et
AcO

Scheme 42. Pd(II)-catalyzed atroposelective C−H allylation and alkenylation for the 
synthesis of axially chiral heteroaryls

Shi group (2019):

Pd(OAc)2 (10 mol%)
+

CHO

AdCH2CO2H, n-PrCO2Na

CHO
H

Ar1

Ar1

Ar2

Ar2

OR
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R

up to 82% yield
up to 99% ee

(a)

(b)

H2N
N

O

+

Ph Ph

O

2,6-pyridinedicarboxylic acid NPh

Ph
N

O
TBD, PhMe, 40 oC, 96 h

CHOBr

Br
OH

(10 mol%)

63% yield, 90% ee

L33 (20 mol%)

H2N COOH
L33 = L-tert-leucine

R = H, 5,8-Cl2, 6,7-(OMe)2, 6,7-Br2, 6,7-(OCH2O)

Scheme 43. Pd(II)-catalyzed asymmetric C−H naphthylation with 7-
oxabenzonorbornadienes and its application

In the meantime, using the same chiral transient directing group L33, 
Shi and co-workers realized an efficient method for the construction of 
axially chiral biaryl aldehydes via a Pd(II)-catalyzed asymmetric C−H bond 
olefination process (Scheme 40a).57 Later, they utilized L-tert-leucine 
(L33) as the efficient chiral transient ligand for the Pd(II)-catalyzed 
asymmetric C−H alkynylation and allylation of biaryl aldehydes (Scheme 
40b and 40c).58-59 Additionally, they developed the Pd(II)-catalyzed 
atroposelective C−H alkynylation, allylation and alkenylation for the 
synthesis of axially chiral heteroaryls by using L33 as a chiral transient 
ligand. A wide range of five-membered heteroarenes, including pyrroles, 
thiophenes, benzothiophenes, and benzofurans, were all compatible 
with this strategy, providing the axially chiral heteroaryls in good 
enantioselectivities (Scheme 41 and 42).60-61

In 2019, the Shi group used this novel asymmetric C−H 
functionalization strategy for the synthesis of various axially chiral biaryl 
aldehydes. In the presence of Pd(OAc)2 and L-tert-leucine (L33), the 
atroposelective C−H naphthylation with 7-oxabenzonorbornadienes was 
achieved in good yields and excellent enantioselectivities (up to 99% ee). 
Using these synthetic axially chiral aldehydes as the chiral catalysts, the 
better catalytic activity was exhibited in the asymmetric reaction of 
glycine derived amides and dipeptides (Scheme 43).62 A plausible 
mechanism was proposed in Scheme 44. First, the reversible imine 
formation between the biaryl aldehyde and the chiral directing group L-
tert-leucine affords the imine intermediate A. The selective C−H 
cyclopalladation of the intermediate A gives rise to the enantioenriched 
palladacycle intermediate B. Migratory insertion of the palladacycle B 
with 1,4-dihydro-1,4-epoxynaphthalene and subsequent β-oxygen 
elimination generates the intermediate D which releases the 
intermediate E, L-tert-leucine, and Pd(II) catalyst through a protonolysis 
process in the presence of HOAc. Dehydration of the intermediate E 
finally provides the desired product.

O

Pd(OAc)2

H2N COOH

C-H activation

CHO

CHO
H

Ar1

Ar1

Ar2

Ar2

O

Ar1

Ar2

N

COOH
H

Ar1

Ar2

N
Pd

H

O
O

Ar1

Ar2

N
Pd

H

O
O

O

Insertion

Ar1

Ar2

N
Pd

H

O
O

-oxygen
elimination

HOAc

CHO
Ar1

Ar2
OH
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A

B

C

E

D

L33

II

II II

Scheme 44. The proposed mechanism
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Shi group (2020):

CHO

H
H2N

Pd(OAc)2 (10 mol%)
Co(OAc)2 4H2O, BQ, (BnO)2PO2H

+

R1

CHO

R1
L36 (20 mol%)

Ar

Ar

R

DMSO/HOAc, 40 oC, O2

N

O R

up to 95% yield
up to 99% ee

L36

i-Bu

i-Bu

R = Ph, t-Bu; R1 = Ph, CO2n-Bu, PO(OEt)2, t-Bu, SO3Ph

Scheme 45. Pd(II)-catalyzed asymmetric C−H olefination using a bulky chiral amino amide 
L36 for the synthesis of axially chiral styrenes

Very recently, the same group reported an efficient and practical 
method to construct a novel class of axially chiral styrenes through a Pd-
catalyzed asymmetric C−H olefination reaction using the bulky amino 
amide L36 as a modified chiral transient directing group (Scheme 45).63 
This novel method provides a simple, efficient and fast way to synthesize 
a variety of axially chiral styrene ligands. Moreover, this kind of ligands 
could also be used to prepare the corresponding chiral acid ligand for the 
Co(III)-catalyzed asymmetric C(sp3)−H amidation of thioamide. 

Conclusions and outlook
In the past decade, transition metal-catalyzed asymmetric C−H 

functionalization has become a direct and effective method to access 
various chiral skeletons. In this mini-review, we provided a robust 
discussion of recent advances on Pd-catalyzed asymmetric C−H 
functionalization by using different directing groups, including a 
monodentate, bidentate, and transient directing group. A range of 
optically active building blocks, such as chiral heterocyclic compounds, 
chiral amides, chiral carboxylic acids, chiral amines, axially chiral biaryls, 
and planar chiral ferrocenes, have been obtained through Pd-catalyzed 
asymmetric C(sp2)−H and C(sp3)−H functionalization with a chiral ligand 
as a monodentate directing group. Bidentate directing groups (AQ, PA 
and PIP) exhibit a higher reactivity, which could be used in asymmetric 
linear methylene C(sp3)−H functionalization in combination with a chiral 
BINOL ligand. In general, these directing groups often need to be pre-
installed on the substrates to promote the asymmetric C−H 
functionalization reactions, which severly limits the efficiency of the 
process. More recently, the transient directing strategy has been 
developed in Pd-catalyzed asymmetric C−H functionalization. While 
some significant work has been realized by using chiral transient 
directing groups, there are still many opportunities for improvement and 
utilization, such as the use of other transition metals and non-covalent 
bonding modes. We hope this mini-review would provide some insights 
for readers and inspire them for discovering more innovative strategies 
in the transition metal-catalyzed asymmetric C−H functionalization 
reactions.
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This minireview introduces Pd-catalyzed direct asymmetric C–H functionalization reactions using 
a directing group strategy.
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