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Recent Progress on Transition—Metal-Catalyzed Asymmetric C—H
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Abstract Axial chirality is of significant importance in chiral molecules. Axially chiral biaryls are existed in numerous
natural products and biologically active molecules. Moreover, they have been extensively used as chiral catalysts and chiral
ligands in asymmetric catalysis. Due to the importance of these privileged scaffolds, considerable attention has been attracted
to develop novel, efficient and practical methods for their asymmetric synthesis by utilizing chiral transition-metal catalysis
or chiral organocatalysis. Among those reported elegant achievements, asymmetric C—H bond functionalization reactions are
the most concise and efficient methods for the synthesis of axial chiral biaryls in terms of atom and step economies. With the
advancement of transition-metal-catalyzed asymmetric C—H bond functionalization reactions, they largely promote the field
of asymmetric synthesis of axially chiral biaryls. Recent progress on the development of synthesis of axially chiral biaryls via
transition metal (Pd-, Rh-, and Ir-) catalyzed asymmetric C—H bond functionalization reactions are summarized in this re-
view. Those mainly include: Rh-catalyzed enantioselective C(sp?)—H bond alkylation and arylation reactions with the com-
bination of rhodium (I) catalyst precursors and chiral phosphine ligands; Rh-catalyzed enantioselective C(sp”)—H bond
alkenylation, arylation and annulation reactions with well-defined chiral rhodium (III)-Cp(SCp) complexes; Ir-catalyzed en-
antioselective C(sp>)—H bond arylation reactions with chiral iridium (III)-Cp complex and chiral amino acid as co-catalyst;
Pd-catalyzed diastereoselective C(sp”)—H bond alkenylation, iodination, and arylation reactions using chiral p-tolyl sulfox-
ide auxiliary or menthyl phenylphosphate group as a directing group; Pd-catalyzed intramolecular enantioselective C(sp”)—H
bond arylation reaction with Pd(0) catalyst precursors and chiral TADDOL-phosphoramidites; Pd-catalyzed intermolecular
enantioselective C(sp?)—H bond iodination, alkenylation, alkynylation, allylation and arylation reactions with Pd(II) catalyst
precursors and mono-N-protected amino acids (MPAAs). In addition, preparation of varieties of novel axially chiral ligands
by utilizing these methods and their applications in catalytic asymmetric reactions are also covered. Meanwhile, applications
of these methods as key steps in the synthesis of natural products are also discussed.
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Murai's work in 2000
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0,
Hey L1 (30 mol%)
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Figure 1 Rh-catalyzed enantioselective C—H alkylation of biaryl
N-heterocycle
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Scheme 1 Construction of atropoisomeric biaryls via dynamic kinetic
resolution (DKR)
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You's works in 2014 and 2016 You's work in 2019 NN
AN i
[RhCoHa)2Cl i L __N
AL AN (5.5 mol%) U
. o moA)
i U L2 (10 mol%) . @
+ OR3 m ”(;;\ H NaOt¢-Bu ~
. p-xylene, 60 °C Sog -
e Ph_Ph 9
><O o 37 examples
o P—=Ph|  58%~99% yields

[Cat-1]
Cramer catalyst

[Cat-2]
You catalyst

[Cat-1] (5 mol%)
(BzO), (5 mol%)
Cu(OAc), (20 mol%)
Ag,CO3, MeOH, 80 °C
23 examples
24%~99% vyields, 58%~86% ee

[Cat-2] (5 mol%)
(BzO), (5 mol%)
Cu(OAc), (20 mol%)
Ag,CO3, MeOH, 25 °C
23 examples
19%~96% yields, 58%~96% ee

N

® T
X Ph
99 ™

6a OMe

[Cat-1]: 77% yield, 80% ee
[Cat-2]: 56% yield, 92% ee

\

[Cat-1]: 41% vyield, 72% ee
[Cat-2]: 37% yield, 92% ee

6d OMe
[Cat-1]: 57% yield, 82% ee
[Cat-2]: 56% yield, 96% ee

6c OMe
[Cat-1]: 41% yield, 72% ee
[Cat-2]: 37% yield, 92% ee

B2 Rh KX RIS WOk C—H FEE
Figure 2 Rh-catalyzed enantioselective C—H alkenylation of biaryl
N-heterocycles

B3 Cat-1 fll Cat-2 ) X-BHERGMES. I LG0T Cat-1 2
AL, Cat-2 R OIS

Figure 3 The overlay of the X-ray crystal structures of Cat-1 and
Cat-2. Ethylene moieties are omitted for clarity. Cat-1 is shown in pur-
ple, and Cat-2 is shown in blue
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72%~97% ee

9a, 99% vyield, b, 99% yield,
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9d, 95% yield,
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Figure 4 Rh-catalyzed enantioselective C—H arylation of 2-aryl pyri-
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14 examples
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Antonchick and Waldmann's work in 2017
RZ O
M cat-3 (5 mol%)

o

(BzO), (5 mol%)
r.t., dioxane, 48 h

Br

MeO R R

Me ! R ! I

COC,, o, o
CO,Me CO,Me CO,Me

12a, 74% vyield, 12b, 87% yield, 12c, 69% vyield,

91% ee 89% ee 87% ee

Bl5  Rh AEAHIEE P BERZ 1 X Mg 1 C—H 55 24k

Figure 5 Rh-catalyzed enantioselective C—H arylation of benzamides
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Antonchick and Waldmann's work in 2018
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o) cl o Me O
MeO
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N
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Figure 6 Rh-Catalyzed C—H activation and intramolecular annulation of N-alkoxy benzamides

Li's work in 2019
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Figure 7 Rh-Catalyzed C—H activation and alkyne cyclization for the synthes
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Figure 8 Rh-catalyzed enantioselective C—H arylation of diarylphosphine oxides
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Colobert's work in 2013

O :
. SOp-Tol Pd(OAC), (10 mol%) " O sop-Tl

AgOAc (6.0 equiv.)

H R? A 2
CO,Me DCE. 80 °C, 6 h MeO,C pZ R
22
8 examples
21 30%~87% yields
3.1:1~50:1 d.r.
MeO l SOp-Tol I SOp-Tol
MeO,C i OMe MeO,C = i Me
23a, 40% yield, 23b, 87% yield,
________________________ 1:80dr. . Aeldr
GG E Sl Sz S Eu i
R1 R2 R1 R2
—_—
O’/S: H O;S_—[Pd]
p-Tol p-Tol

B9 PdEARIARR MG EEEK) C—H M2 00 B

Figure 9 Pd-catalyzed diastereoselective C—H alkenylation reactions

Wencel-Delord and Colobert's works in 2014

TX‘H’J‘\C HZ Bttt & B2
Pd(OAGc), (10 mol%)
NH4 28208 (2 0 eqUIV ) O
SOp Tol  H20 (2.0 equiv.) R' SOp-Tol
ACOH/HFIP 1/1  AcO R?
e 9

14 examples
56%~96% yields 24

66:34 ~>98:2 d.r.

I SOp-Tol F3C I SOp-Tol MeO I SOp-Tol
AcO l Me AcO i AcO ! F

24a, 96% yield, 24b, 89% vyield, 24c, 88% yield,
>08:2d.r. 98:2 d.r. >08:2d.r.
(B) T FFFRC-HR L & 2

Pd(OAc), (5 mol%) O
SOp Tol NIS (1.3 equiv.) SOp-Tol
ACOH/HFIP 1/1 R?
25°C
12 examples

48%~98% yields
63:37 ~>98:2d.r.

I SOp-Tol F3C l SOp-Tol MeO l SOp-Tol
: e | :

25a, 98% yield, 25b, 98% vyield, 25c, 93% vyield,
>98:2d.r. 97:3d.r. >98:2d.r.

n

B 10 Pd MAGK AR B EEER) C—H $8 LI FEAL AL S B

Figure 10 Pd-catalyzed diastereoselective C—H acetoxylation and iodination reactions
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7£ 2016 4, Wencel-Delord 11 Colobert /N2H 4] FH
NIRRT ARV A, SRR L A A ) T I R R [
A S Bt B AN B C—H 3k (B 11), 5
R HRAE 1) R SR AR B, R S SR T AR U R
SR FERT LA 2 iR, HAAAGT AgOAc M= H 5
Kl 6 equiv.FEEE 2 equiv., HZEK BRI A, SN
DR A0 S5 R WA 238 0 Sl T B 32 6 1 15 21 b T PR K D 2k
B, H N HSCRFIA G FR 7 S 8815 21 TR K3
T AER—HEME, RJEYIE T DL i A R )
KON, WHAF T ANES IR FIAL 3 R R0 ik B P45
il FEIZS I, 7N AR S AT 1) B (4] 2 TR A AE
SRR, dU% TS R A AL, T
SN, (RIS A A A R DA T R e A X
WLk FEPE C—H SIS FE HR I SEARGT B R SR, AT 42
1R SR AE X BRI B R . R IR % R A R S
IR, NHTE T KIRF=Y) Steganone MITE N4 H 2
I:P[ZS].

Wencel-Delord and Colobert's work in 2016

Pd(OAC),

).
(10 mol%)

Ol B C
R' SOp-Tol (2.0 equiv.) R! SOp-Tol
R2 H HFIP, 25°C  MeO,C._~ R?

O 14 examples O

+21 60%~99% yields
23

62:38 ~>98:2d.r.

Z>C0o,Me
22
Pd(OAc),
O (10 mol%) O
AgOAc
R? SOp-Tol (2.0 equiv.) R! SOp-Tol

2
HFIP, 80 °C, 3~8 h A~_~ R
7 examples
41%~80% yields
96.5:3.5~>98:2d.r.

R2 l H
21
+
Z A
22

B 11 Pd LR HER Bk B C—H SRS R B

Figure 11 Pd-catalyzed diastereoselective C—H alkenylation reactions

2018 4F, Wencel-Delord 11 Colobert /> 212604 -4 7.
A 1) S L FH B AR X e B C—H B 5 B R B,
BT =05 B B, e AT AR B R e
AR L F AR Ok R 12). (AR —RME, %
AT RS T AN A O S AR FBHELZH 43 AR R
N7, (R ES A T B S BE e S A i 1 e = A A .
VEF B F= i T i — DA (B 13), AT XU
XU RC /A BiaxPhos 29, HAENF-o- £ BRI A A
T FF IR P A o R A R AR T A S R X B 3 1 (99%
ee). 1EF LA AT XUEFPET S/N Fic 4 S/N-Biax 32 (]
14), HAE EtZn X248 B EE A BRI AR R HR B R L H
IRUF IR, X gl Bk — P U 1 1% = 5 50Uk 314
GER B BAE AR IR TR BRI 7).
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Wencel-Delord and Colobert's work in 2018

R’ PA(TFA), (10~30 mol%)  R?
IPr-HCI (20~60 mol%) i

O Ag,CO; (2.1~2.3 equiv.) O SOp-Tol
H SOp-Tol  AgTFA (1 equiv.) R

26
R2 . 4 AMS, HFIP, R? o8
80°C,4h
Arl 22 examples, 16%~73% yields
27 94:6 ~>98:2d.r.

OCF,4
28a, 49% yield, 28b, 62% yield, 28c, 62% yield,
>98:2d.r. >98:2d.r. >98:2d.r.

B 12 Pd LIRS Mk P C—H 855 3k S BE

Figure 12 Pd-catalyzed diastereoselective C—H arylation reactions

1) t-BuLi (5 equiv.)
-94 °C, Et,O
20 min
2) CIPPh; (4 equiv.)

-94°C to - 78 °C OMe
toluene PPh,
BiaxPhos 29,
54% yield
29/Rh(cod),OTf
CO,Me (1.5 mol%) CO,Me
EtOH,25°C,2h  : >99% conv.,
Z NHAc —>ﬁNHAC 99% ee
Ph Ph
30 31

&l 13 BiaxPhos 29 {18 M L AE AR AL H (1452
Figure 13 Synthesis of BiaxPhos 29 and its application in asymmetric
hydrogenation

1) Ho,NNH, Me
THF/EtOH 1:1
0~25°C, 1h SOp-Tol
! Me
2) TsClI (1.05 equiv.)
pyridine (2.2 equiv.) OMe
NPhth CHCls, 25 °C, 2 h NHTs
28e SIN-Biax, 32,
62% yield
fo) EtyZn (2 equiv.) OH
32 (5 mol%)
/@J\H PhMe, 25 °C
MeO,C MeO,C
33 34, 82% yield, 86% ee

Bl 14 S/N-Biax 32 45 S HAE AR TR S 2 v T 32
Figure 14 Synthesis of S/N-Biax 32 and its application in asymmetric
reaction

42 FHBESEAIETIIEREMR Csp’)—H Bt
Eike -3

2015, ¥ 245 /N BTRGE 1 T I TR e AT I
fE N TR IE UL FEME C—H BB B
15), 7EAH X IR R I s B 264 T T AR Bl — R B E e
P A 0 e T e 7 25 T P e ey B R 2R AL &, T 1
T B S A R A T — R B . B anfE S
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Yang's work in 2015

Pd(OAC),
—|R (10 mol%)
o Ac-Gly-OH
HaPh (20 mol%)
> Cu(OAc),
OMen(-) (29 molo)
_—
Ag,CO;
(1.0 equiv.)

37

14 examples

CF3CHOH,  5704,.739% yields, > 955 d.r.
100 °C, 16 h

PhI(OAc),

Pd(OAc),
H (10 mol%) AcO oMe
s Ph -— 5. Ph
R CF3CH,0H, R

Y
OMen(-) 100°C, 16 h

NIS,
Pd(TFA),
Me oH o (10 mol%) I O\\MePh
R HOAGC/CF3CH,OH R
O OMen(-) (1), O OMen(-)
100 °C

Pd(OAc); (10 mol%)
KS,05 (2.5 equiv.)

CHACN, 130°C 44 549 yield, > 95:5 d.r.

Bl 15 Pd AT IEEMLBES R FJEX Bk R C—H #E R
SR

Figure 15 Pd-catalyzed diastereoselective C—H functionalization
reactions directed by chiral phosphine oxides

FRAEM T IE BRI E AL, BRIRERAT 9 S AL A 2%
PETR, T A TR A I 3 17 (R AE R R B PR ) C—
H B 5L s B RES DL <5 21 R 45 PSR ATl 0 52
P PSB85 30 T P ) O 0 T I R v A T 37.
(7 e 322 /I L3 8] Y 1 STV Jt 1 8 i e B A 9 <32 1) 2 14
ST AR WU BV C—H S8 L IRAG. BUb . AL
SRS, BE— B T %0 & Y T,

5 EEAIXRRIEIRM C(sp’)—H BREER N

5.1 SEENS FRAXBRIERYE C—H BIFEMRN

2009 4, Cramer /NHPHRGE T & 41 Pd*/Pd™ fE AL 5t
Wi FEMER) C(sp?)—H T4k, FIF 4,5-W [ 73%E)
FH 2 -2,2- — H 3 -1,3- 4 A (TADDOL) B 22 7 4K 1)
FVE IR R A N IC AR, L 77 N IR 0 5 = 3 P 2
TEER TG 1) 75 Btk e pirp, & T & TSmO =
HERI AW, BEJGZAXT FRAE A (1) SRS 0% 5 v F 31
THTFAL SR A . 2017 4, BURENAPTR
TR ST N R g R C—H 7 Ak SN R
THFEBR T ER TR EMLMAEY. EE @ X
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TADDOL B B 457 A (1) T Wl I e it AT 45 M B 1, e 4K
DAL 75 P WAz 2 FF0OGT it gt 438 M 7 281 20l 7 M ) gl e 2 4
) 43, HA RN, ATREFEN B, Haell 86%
IR AN 92% ee PRI AR 3561445 21 vr FRAE 1) 7= 4
(A 16).

&b
He

PN
=

Gu's work in 2017

PdClI; (5 mol%)
L3
pivalic acid, Cs,CO3
DCE, 65 °C

Ar. 19 examples

75%~99% yields
80%~91% ee

Ar L3

Al —

Ph
OO OMOM OO OMOM
(VS0 o)

43a, 99% yield, 43b, 87% yield,
91% ee 81% ee

OMOM

g W
(A s
43c, 99% yield,

84% ee

Bl16 Pd AL BUEEEIER) 23T N C—H #5570 R
Figure 16 Pd-catalyzed enantioselective intramolecular C—H arylation
reaction

2018 4E, Cramer /NHAPHRE THUEL S F R IHA
XEFR C—H B0 FAb OB, i g T R X
BRI ENAY). MG 5130 TADDOL #2474
FIF I RE La FERBCAR(E 17), TERA R N 5%
PETF AT LAAS B 40 M AW SR A E W 45, F ALAE
2N A T DA B R e A T R e b O T, RO
HUAS 75 (RIS 26 (Bt e3. 96%e) 1 S AZK 1 436 P 42 1) (e v
15 96% ee, >20:1d.r.).

52 $BELHIS FEIRIXBRIERM C(sp’)—H B&EH
(437

2012 4, Yamaguchi Al tami /NP8 1 55— 40
HE A 4D R 3 R 75 58 B TR ) A o R AR BB sz I SF A4 3 K AT
BEL 1) 25 55 AT 55 B A PR 7R (B 18), T8 T 1 RURE
WRAE AR, 2,2,6,6-P0 HIEIRE - A - E A Y TEMPO)fE
AT AT, DAH S 2 R AT 53 it g £
PR3 T AH LI f TRy KA A 48, WAL KR
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Cramer's work in 2018

Pd(dba), (10 mol%)
@ R - L4 (20 mol%) @ R -
Br R Ph,MeCOOH (30 mol%) R"/
H
K,CO3, mesitylene
N~ 0 60 °C, 10 h N~ 0
R R
44 Pro /" 45
Me_ O Q
>< P—NMe, 16 examples
Me” o, ol 35%~96% yields
PH 10%~96% ee

Ph
L4
%, C ot
Me O/jLMe Ph
e N o
Bn Bn én

45a, 96% yield,
96% ee, >20:1 d.r.

45b, 91% yield,
96% ee

45¢, 91% yield,
88% ee

B 17  Pd AT WO LR 4> T N C—H 25 4k

Figure 17 Pd-catalyzed enantioselective intramolecular C—H arylation

Yamaguchi and Itami's work in 2012

Me 4 H Pd(OAc), (10 mol%)
I\ (S,S)-L5 (10 mol%)
Me s TEMPO (4 equiv.) R
+ 46 "PrOH, 70 °C, 12 h Me N

\

(e} 0] S
J: D, <\ ] Me 48
R ipr N N
(

B(OH), "Pr 48a, R = Me: 63% yield,
4 equiv. (S,5)-L5 41% ee, 95% C4-selectivity

47 48b, R = 'Pr: 27% yield,
72% ee, 93% C4-selectivity

B 18 Pd fiEAb X MUESEVER) C—H B S7AAL BE A 75 HE 0 R (1 AR B
SR

Figure 18 Pd-catalyzed enantioselective C—H coupling with hindered
arylboronic acids

SR OR A R € =0 SVA 0PN S vk 3 R (26 S L)) QA
TR AR S BUR IS 27% 0K . Bl e A it gk — b
HIF TR0, ) FE % 1 IV AP P A P {4 £ 75 A0 i
R TR BB R 1 P, 32 s B BT A A ol R Ak
TEMPO #] LA =S & #He(E 19), Mokt 1710772
RN AT S, 2017 4, {E# X% N AT T
LIRS BB, SRR, JSEMRK C—B #
& R D TR S N (1) HTH 5, [ I IR R 5 36 SR
P, XONIRE P AT RIS A2 SR FR) ST AR B
P TSP

2008 4F, RERUNAPHRIE T H) Pd"/Pd HEAL Y
XM C(sp®)—H G AL, T 1 Hh fi T R A
PHIF IR (MPAA)ENEC A, B FIAE =57 2 F
FAb BP0 R OB L I R R AR T
Pd"/Pd® fEAL X i B ME C—H B R AL A 7 20,
I Z A RE T F LAY A& R S TR
LR, Biltn, {E 2014 4, B S/ NPT A %
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Yamaguchi and Itami's work in 2013

4
/Z_g 49 (10 mol%)
Me™ g 50 (5 mol%)
DMA, 70 °C, 24 h Me ( N
POOHNE d
'Pr Me

B(OH), 48b, 61% yield, 61% ee
4 equiv. 82:18 C4/C5 selectivity
47
0 N_ N
7 N S N
eO'-AS(\D ,\N\) N . /Fe\ N
< Pd % N N\
p-ToI / \ iPr \N =
AcO OAc
Pd-sox 49 FePc 50

B 19 Pd AKX UEREER) C—H 5 ST AR BH ¥ 75 SRR fr 5%
TR S &7

Figure 19 Pd-catalyzed enantioselective C—H coupling with hindered
arylboronic acids

HEAL AR 2R SZBL T 14 AT A A Ao T e R0 ST Dl 5 1 2
FIARITFR C(sp”)—H AL [ b7, FIFH FPHER IR L6 1E N
FHEBCAA, wEnE B EAI I E) 125 IR L FE AL 8 DL R 3
14).S (LN FF 25 ) 610 755 (10 %o Aok 43 44 45 380 4 2 1) 2 7 2 11
AR I 5% B U A A 52(181 20). [RIINHE it a5 —
AR, LA F5 (77 2 1) 2% 3145 i - 5 Bt e 2
A 53, I HFMEAF DRSS, Xt E B A e N T
PE Lewis BRfEA T, 76 M40 J TR 2 = GURE fe xof 25 FF S (1)
TS B Ff, T ASJAG A A5 ko ok ad 428 ek s i (P 21).

Gu and You's work in 2014

MeCN, 70 °C, 24 h

51, 32%~73% yields
22%~94% ee

(£)-51

Me
12 | i H\’(@
examples,
s-factor = HO Me
4.1~27 o
(S)-L6

52, 20%~60% yields
60%~83% ee

.. CC

NT _ o
= O /N\o
Ty ooy

51a, 45% yield, 51b, 58% yield,

51c¢, 32% yield,

60% ee 23% ee 74% ee
52a, 39% yield, 52b, 28% yield, 52c, 39% yield,

76% ee 76% ee 73% ee
s-factor = 20 s-factor = 4.1 s-factor = 10.5

B 20 Pd AL B PRV 23 1R 1 C—H WL [ B
Figure 20 Pd-catalyzed enantioselective intermolecular C—H io-
dination
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O N, Pd(PPhs), (4 mol%)
2N.5= Ba(OH),*8H,0 (3 equiv.)

| PhB(OH),
OO dioxane, H,O
80 °C
(Sa)-52a (S,)-53
92% ee 91% yield
______________________________________________ 9l%ee .
_ (S4)-53 (10 mol%) OH
A~SiCls -
Ph§4Ho + 7 55 iPr,NEt (1 equiv.), DCM  Ph X
-40 °C 56
18% yield
58% ee

B 21 e m A Y
Figure 21 Application of axially chiral pyridine N-oxide

2017 4, M A< NP B AU BB D 5 1 5 ]
SKHL T AR AN IR SRR BEA SR, o RO 3 T e
TR DT BB A B . SR AE P I R AR fR 47 1Y) L-
SRR RN AL, CEIRAN I SN2 TR DL S5 R 57
RIS RIS R B AT 21 T — R 51 T 1k (1187 2 5
WA, VORI L 99%, W BUGE PR Fik 96%
ee (& 22). i Id B 45 S A AU AT LAAS B0 WAl i) 4 = 1k
WEYI(>99% ee), I HIHRL R — 1YL IR S N AT LA
15 25 T VE R B AL A4

Yang's work in 2017
(0]
" ing Pd(OAc); (5 mol%)
R Boc-L-Val-OH (10 mol%)

ol
R2 PRz

R! H AgOAc (3.0 equiv.)
1 3
O CF3CH,OH:DME = 1:1 R R
60 °C
+ 57 O COOH
AR >Lde 59
58 30 examples
30%~99% vyields
Boc-L-Val-OH 60%~96% ee

® ?
P('Bu), P(Pr),
Me l N COQEt ! g ™ COzEt

59a, 59% vyield, 96% ee 59b, 97% yield, 90% ee

Q
PPh,
Me i X Ph

59c, 91% yield, 93% ee

Bl 22 Pd A WU C—H SRR SR RN
Figure 22 Pd-catalyzed enantioselective oxidative C—H olefination
reaction

2016 4F, REBCNAPIG I F] IR A ik
BFEFER, 2T BAESRY T C(sph)—H BT
AL DR e 6 1 57 HeA b S S, 3 H 1 17 ik LA D T
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FEBI NN JE R B0 8. 2017 4E, S/ NP
TZ A 5 ) SRS ) S B T TS AT BR
Az . I BS B E A AT, BUREBRIE N T
WA IR, R, PRSI NEL
7, X BIIE R 1) C—H B B0 R R % AR IR b
A, I AR S 1050 Bk ag 436 e 42 1) 45 100 I P i =P M A A
BURBE T AL &Y 62 (B 23). RINEEEWF T T BT
WA 63 MBh 1% id 2, 1w ik R FEIEANEE
o AT IR RO, s BB IA 600, Xof B £ i
15>99% ee (K 24). HA—FRIE, BITIXFIKIEHE N
FI 3 7 RARF=4) TAN-1085 1144 iz B,

Shi's work in 2017

Pd(OAc), (10 mol%)
L-tert-leucine (20 mol%)
BQ (0.1 equiv.)
HFIP/HOACc (4:1)

60 °C, 48 h, O,

18 examples
44%~98% yields
95%~>99% ee

Bl 23 Pd AL B EEPE ) 7T 1) C—H B R A S /1 5 R 1 3l
AR i

Figure 23 Pd-catalyzed enantioselective intermolecular C—H olefina-
tion/DKR of biaryls

Shi's work in 2017

=
Pd(OAc), (10 mol%) R |

L-tert-leucine (20 mol%)
63, 43%~63% yields
BQ (0.1 equiv.)

61%~97% ee
HFIP/HOAC (4:1)

+ 60 °C, 48 h, O, OO
7R CHO

14 examples

s-factor = 72~600 . xR

R— |
N

64, 37%~46% yields
95%~>99% ee

&l 24 Pd AL BEESEPE R 21 1] C—H BRI B 10 S R/ 5 BE 1 3
JIEEAR Y

Figure 24 Pd-catalyzed enantioselective intermolecular C—H olefina-
tion/KR of biaryls

2018 4F, SR BNV LIRS T v K S i —
N FH BRI HEAE A W I R 1) C—H R AL
M, SR N2 i Pd"/Pd R RE AR ] A2,
RN T PV /Pd" AR, S EE 5 RN KA1
(B 25), DA T pRT WOk B hI A 2] T T
PR FL BRI FAb 54 66 (90%~ >99% ee). [FAIFEi%
AR &5 T B 5L A9 63 HIBhASsh 11235 i
B8 45 H AR DI 7 19 37 A4 3 98 1 4 1 R A 4 9
RO, s (B =k 600 (] 26).
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Shi's work in 2018

R
CHO  Pd(OAc), (10 mol%)
_ H L-tert-leucine (20 mol%)
R'—\Af2| AGTFA (2.0 equiv.)
60 KH,PO, (2.0 equiv.)
Br———TIPS HOAc, Ny 25 examples

60°C, 48 h 42%~99% yields

90%~>99% ee

65
! CHQ TIPS ‘ CHO.TIPS I CHO. TIPS
ll Il /// I |I Z MeO,C i =Z

66a, 77% yield, 66b, 99% vyield, 66¢, 60% yield,
98% ee >99% ee 96% ee

Bl 25 Pd ALK BRI 21 18] C—H SRR S

Figure 25 Pd-catalyzed enantioselective intermolecular C—H alkynyl-

ation of biaryls
Pd(OAC), (10 mol%) CHO

CHO [ -tert-leucine (20 mol%) 2

AGTFA (2.0 equiv.) R

KHQPOﬁgfceq“"") 63, 44%~61% yields

0/.~Q709,
70°C. 72h 63%~97% ee

; O
Br—=——TIPS CHO. TIPS

/
65 7 | =
7 examples R Qe
s-factor = 100~600 67, 31%~46% yields
93%~99% ee

Shi's work in 2018

T

Bl126 Pd A BRI 701 18] C—H BRI A S R/ 5 R 1 30
J1E oy

Figure 26 Pd-catalyzed enantioselective intermolecular C—H alkynyl-
ation/KR of biaryls

B — R M), AR X — SR SCH T RAR =)
(+)-isoschizandrin A1(+)-steganone HIFER &AL 1E
(+)-isoschizandrin A B (B 27), PSS SRR SL AR
AT R PR ) C—H BEBRIEAL SN, B dl 7 69
X R M T IE 98% ee. FEAMABNL T %5 VLRI AL
PEAISE R, PR 5 PR RE LA e O BAS 2] o0 B
FRTEAR 70, [FEIAEHRN, 7E(4)-steganone R A A (E
28), BRI Tk S A I H A O S R fR A A R,
T AR s 8L [F) A i DA R PR AL 3245 380 RH I 1) A T 12
5 AL A 72, JF BRI H AR5 I ) X 3805k £ R
X PR, B 6 AR A R DL e BN BAS B 5C
SErpa A 73, RONIEICER N 32%

S, BN R % R K R B A
SR B2 55 B BRI &), R RGeS 1%
TS AEA [FR BB AL S & il ERE . 7EEH
T SR, R LA AR O0 S5 pdlcss, DL+
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P14 5K R 328 436 A s 1) 15 2810 L7 )l 7 i ) e TR AR g 4
FiEAEY) 76, XWUE BV iR L 98% ee (18] 29).

OMe OMe
MeO MeO
MeO ‘ CHO MeO ‘ CHOTIPS
Pd(OAc), (10 mol%)  MeO =

MeO H
O L-tert-leucine (20 mol%) O
MeO

AgTFA (2.0 equiv.) MeO

68 OMe KH,PO, (2.0 equiv.) OMe
+ HOAc, N, 69
Br—=——TIPS 55°C, 58 h 2.3 g, 85% yield, 98% ee
65 OMe
OMe MeO
MeO
p— O ——>, MeO
MeO CHO MeO
5 steps MeO
U
M MeO
MeO ©

OMe
(+)-isoschizandrin

70 OMe

1.35 g, 98% ee,
68% overall yield

B 27 (+)-Isoschizandrin FITEZA K
Figure 27 Formal synthesis of (+)-isoschizandrin

OMe
OMe Br—=—TIPS

MeO
O Pd(OAc), (10 mol%)
MeO CHO

MeO l
L-tert-leucine (20 mol%) MeO CHO_TIPS
Z

C Jon AGTFA (2.0 equiv.) o
o KH,PO, (2.0 equiv.) O
O HOAc, N, o
o\/ g 55°C, 48 h o T2
o 3.4 g, 68% yield, 98% ee,
OMe 0:0'=5.9:1

OMe

O\/O 73
1.19,96% ee
32% overall yield

(+)-steganone

& 28 (+4)-Steganone [HEA K
Figure 28 Formal synthesis of (+)-steganone

2018 4F, S /N 0K o A 1) (1 SR s N
TR T HA B BV TR A T A S R IR AU
FRAE N TFHEBRS T 3, RERBQIENELA, 1Eik
AR BN ZAETR, A DA 221 -4 f R A EE 5 A 5 ot
e 39 5 P s o) 43 380 B T 10 0 TR DU IR BB 5 AL A
)78 (K 30). BEAL, 4-203E-1,3- A -2-FRAE )
NERYBRER G S 5% % M. F HiZ ik R AR
WG TR ALY 63 MIshJ12-dvsr, RELLIEH i
S5 05K B 9 ARAR 2 8 SR A 380 R I 1) B T P O T
BRI T 3L A9 79, s [k 324 (K 31).
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Hong and Shi's work in 2019
Y.
(h \
/E j\ Pd(OAc), (10 mol%) /E s
L-tert-leucine (30 mol%) C/;O R
AgTFA (2.0 equiv.)
X, Pm HOACc: toluene = 2:1 N
747 HOAC, N, %s
+ 55°C,72h X=CorN
Br———R3 25 examples Y.Z=C.Sor0O
30%~98% vyield
75 0~98% ee m,n=0or1
/
CHO 11ps e CH
4 TIPS

76a, 87% yield,
98% ee

76b, 84% vyield,
92% ee

)

_TIPS

76c¢, 98% yield,
93% ee

El29 Pd AT B PEPEIR 73 18] C—H SRR S BL
Figure 29 Pd-catalyzed enantioselective intermolecular C—H alkynyl-
ation

Shi's work in 2018

Pd(OAc), (10 mol%)
L-tert-leucine (20 mol%)
BQ (1.0 equiv.)
HFIP:HOAC = 4:1

60 °C, 48 h

1S |
R—\rz

78

19 examples
33%~74% yield
77 96%~>99% ee

‘ CHO cHo ‘ CHO
CO,Et
O Ge O e C
CO,Et OAc

OMe
78a, 77% yield, 78b, 51% yield, 78c, 60% yield,
99% ee >99% ee 99% ee

B30 Pd AT mk LR 43 7 18] C—H SR 7 5 S B
Figure 30 Pd-catalyzed enantioselective intermolecular C—H allylation
of biaryls

T, S R R R P P A S B S S B T
ﬁﬁ%%é%%TH%CfH¥ﬁ%&V,ﬁ%%ﬂ*
HICPRUK A 0 81 MEAZERE T REHIRIE, St
BT — RV TS TR A 82. (HE
—EHIAE, 82 il — B C—H FIAL LU IR N
A3 B = el LAE A 20 - M A 7, N TE 558

SRR R 2 R 3 1 g A AR R S R AT AR T
ﬁ%é%ﬁﬁfﬁ
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Pd(OAC), (10 mol%)

L-tert-leucine (30 mol%) R*
- 63, 39%~59% yields

R4 BQ (1.0 equiv.) 49%~94% ee

(£)63 HFIP:HOAC = 4:1
60°C,96 h
+ RZ R3
CO,Et 8 examples O

s-factor = 54~324

OAc R CHO

77a O O CO,Et
R4

79, 25%~41% yields
94%~99% ee

B 31 Pd fEAG IR WAk A 23 T 0 B0 C—H B 7 i s /6 7
IR

Figure 31 Pd-catalyzed enantioselective intermolecular C—H allyla-

tion/KR of biaryls

26 examples
31%~82% yield
90~>99% ee

Shi's work in 2019

Pd(OAc), (10 mol%)
L-tert-leucine (20 mol%)
AdCH,CO,H (2.5 equiv.)
"PrCO,Na (1.0 equiv.)

TFE:HOAC = 9:1
60 °C, air, 48 h

R
=
81
B 32 Pd fEAL IR W B 1) 431 18) C—H B2 34 e B

Figure 32 Pd-catalyzed enantioselective intermolecular C—H naph-
thylation

o SO R A A R P M R T O R AT
@%ﬁ%%ﬂ,k%?&ﬁ%@mmﬁﬁﬁc—H%g
R BL, R 7 — R F P AT Y. 1%
LA, ) B ERAR A AR, fEAR R IR &4 T
At B8 DL AR 5D S 1R 0T B 32 3 P 1 1 Ak T 1 ) 4 R AR
B 8-5 FEMEMRRATAEY) 82, X Wik M =ik 98% ee
(K 33).

2018 4E, £ T A AR A SN ORI S kAR N 5
], F R BS TR AL A ORI SRR LT, KE T
AL M B 1 C—H AR AL R N, o
P T TR R SEEAR Y 2- 75 JE PR C-2-J i i Tk 2k
FiEY(E 34). BRI OB R N A RRIE N T
PERCAR, BERRARAE RS, TERAPRPIZG T, &
I DA H A5 IR S R AL 238 R A A0 S 40 %o B 48 4 i
327 AL FEBUAR ) 2-75 JE 2R - 2075 i 5 ik 2 A
1) 88.
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Shi's work in 2019

@ S Pd(OAC), (10 mol%) X
7 (R)-STRIP (20 mol%) D

N AgOAc (2.0 equiv.) N
+
@ 7" "R | 4-dioxane, 70 °C, 24 h @ R
83 84 85
25 examples

32%~99% yields
82%~98% ee

(R)-STRIP
B 33 Pd fiAb bkt ik B 41 1E) C—H SR R B

Figure 33 Pd-catalyzed enantioselective intermolecular C—H olefina-
tion of quinolines

Cui and Xu's work in 2018

R Sn-OMe  pd(0AC), (10 mol%)
5 Ac-L-Ala-OH (20 mol%)
RE_AM
| AgOAc (3.0 equiv.)
X MeOH, 40 °C, 48 h
3
86 R O  COOH
+ 24 examples
N 16%~87% yields
ZOR H 96%~>99% ee
87 Ac-L-Ala-OH

Me \N,OMe Me \N/OMe
OO X COEt Me l x_CO,Et

F
Me

88a, 51% yield, 98% ee 88b, 56% yield, 98% ee

88c, 71% yield, 96% ee

Bl 34 Pd ALK BUESEIER 237 7] C—H B S AR AL SR
Figure 34 Pd-catalyzed enantioselective intermolecular C—H oxidative
olefination reaction

6 4

AL FELL TSR EREE AR A X
PRBR 2B RE [T S A S il T A & W IR ds B T 7
JER, BARGUTIMLL, A ORI AS T BT X R
BEATIEAL, W UAREIR SR RO i i T ). T
PEIR IR IR B AR AL B SR, TR AL R B
AR R LA FR AR - A B S A I A2, 2R O A T 1
SIETEE, REEARKHESNER. PUe, B
B AN, AR T AL B . AE U AL 1 S
, TR TR ROV EAA, MRS R R
KT FRER - A LR, AR ST PRI A, SR
SN IR M ik« BREEIR SN, AR B ) 2
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P EY). BRI SR O RG ©—EE
(it e, H 5 3 I < AR A I AN X Piik — LB Y e 1AL
RO PSP, X — U R R AL TR
BB, e R A A ZR A S S R RS B AR PR 81,
Br 1 BRI A, IR R TR (Bl C—P,
C—N, C—S #)mska i T &R WikiE. H
HI SN 32 B TP ST e SR AL A 2R, A TR PR & (i
MBIASKE B b - S B e A s DAL i T AL S AR
AALE. BEAh, B EAE PR DT S TR S
B, AT BRI S AL S AR
PR R IEST. SR, AN K BBk e H M
T S RIS TIRKHERE, KRSk
(11T P2 A s 20 AT R L S I SR AR S 25 4 22 19 11 Al 12K
WA YIRS X — U T AL

EEEN

E 5%, 2012 F42 2018 F AL P IFE K F LG RAFE T
WAL (0P B SR An T RAKIAZ). AT 50 A 10 1) i 4L
Hoe K g KA KF André M. Beauchemin £#240(2016.11 ~
2018.5)# 47T i F T, XS LB MACFE B LI H A
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