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Abstract Chiral molecules are ubiquitous in nature and play an important role in natural products, pharmaceuticals, agri-
culture, advanced materials, as well as living organisms. Therefore, the development of efficient strategies to enable the facile
construction of enantiopure chiral compounds in an atom- and step-economical manner is of great importance. The enanti-
oselective functionalization of C—H bonds without multi-steps transformation is arguably one of the most powerful and
straightforward strategies to fulfill this goal. This emerging research field has been rapidly developed with the innovation of
various chiral catalysts and/or ligands in recent years. In particular, significant advances have been achieved in palladi-
um-catalyzed enantioselective functionalization of C(sp?)—H bonds, streamlining the efficient and concise construction of
chiral molecules from readily available hydrocarbon feedstocks. The stereoselective functionalization of C(sp*)—H bonds
with the assistance of chiral ligand to form a chiral palladacycle intermediate, which could be transformed into various
chemical bonds to form functionalized chiral compounds, has attracted tremendous attention. Thus, this perspective summa-
rizes the advances on palladium(Il)-catalyzed enantioselective functionalization of C(sp*)—H bonds via asymmetric C—H
palladation. According to the type of C—H bonds, this perspective is classified into several sections, including methyl
C(sp®)—H bonds, methylene C(sp®)—H bonds in constrained cycloalkanes, functionalization of methylene C(sp*)—H bonds
adjacent to a-heteroatom, benzylic methylene C(sp*)—H bonds, and unbiased methylene C(sp*)—H bonds. The emphasis of
this perspective focuses on the discussion of the philosophy of developing novel chiral ligands and the mode of stereocontrol.
The remaining limitations and challenges regarding to chemo- and enantioselective control in this field is also discussed.
Further development of new chiral ligands and catalytic systems is expected to address these issues and expands the scope of
this powerful synthetic strategy. We anticipate that this perspective might inspire more efforts to this emerging research field
and the strategy might find wide applications in the synthesis of complicated chiral molecules, such as natural products and
drugs.
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(b) Summary of chiral ligands for asymmetric functionalization of C( sp }-H bonds
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Scheme 1 Enantioselective C(sp*)—H bond functionalization
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Scheme 2 The first report of palladium-catalyzed enantioselective C—H functionalization
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Scheme 5  Pd(II)-catalyzed enantioselective methyl C(sp*)—H arylation enabled by chiral sulfoxide-2-hydroxypridine ligand
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Rz, AT 55BN 5 546 R, PAQD-MPAA AT ?%ﬂm“ Al NaTea 5 equv). M

PEREAGAR R (L17), 8 SR T e 205 B AR R B T e R? té%“f(’;'*;:r-fzamt) 3!3;

H AT A2 ) (Scheme 13). 32 e up 10 99.5% ee
5, NPT T APAO PR L6, il Me

Pd(IT)/Pd(0)=k PA(ID/PA(IV)EALFEIR, SEIL T 31T Fek) Me\/\i/ N-Boc

AFFFRIPALIB, 55 FE Ak R 4k (Scheme  14). [A] Y, L1(;OOH

Clsp®y—H 8 7% %8 B b 2 32 4 9 11 44 4k 49 - 1]
Csp®)—H S TR i A M SR 4 o 125 19413
T R TR, T 1o P 8 ) 5 R 5 3 7

YRR, KRR ER R, AT
FIRYE, A GREAR RIS S |5),

BT AR R A R, A SRB I o- 2 2k
BRAF RS TIE T AL, Bl 7 AOREE B AF O RCiE, %
S N AT e RO A B - 95 23R T BE AL G (Scheme

B 13 FRPEE I C(sp®)—H BRI FR 5 2l
Scheme 13 Enantioselective C(sp’)—H arylation of cyclopropylme-

Jre ik fie L PR ke fi 2t RE AT D 3 1) B 0 AT Tk L B
L. REARE AP F et N Ry, e E

o Me (0] Me
oF CFs H HR (’\/L\N
H HR Conditions ArF Me
N Me NHAc
H F Aff FG L18
H 34 35
Borylation Arylation Vinylation

Pd(MeCN)CI, (10 mol%)
L18 (15 mol%)
Ar(Het)-I (3.0 equiv.)
Ag,CO3 (2.0 equiv.)
CHCl;, 80 °C, 48 h
up to 94% ee

Pd(CH3CN)4(OTf), (10 mol%)
L18 (30 mol%)

B,Pin, (2.0 equiv.)
KoHPO, (2.0 equiv.)
CH3CN/DCE/H,0 (16:4:1, V:V:V)
0,,80°C, 15h
up to 99.8% ee

B 14 AEADEAIFT bt C(sp®)—H AN TR E e
Scheme 14  Pd(I)-catalyzed enantioselective C(sp*)—H functionalization
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Pd(MeCN)ClI, (10 mol%)
L18 (15 mol%)
Vinyl-1(3.0 equiv.)
Ag,CO3 (2.0 equiv.)
CHCl3, 60 °C, 48 h
up to 94% ee
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Pd(OAc), (10 mol%), Ar-I (2.0 equiv.)
L19 (30 mol%), L20 (40 mol%)

TFA (1.5 equiv.), AgsPOy4 (1.0 equiv.)
HFIP, 100 °C, 24 h

0
r‘ﬁkR
TH
36

Q»{o

F
CO,Me

37a, 79%, 96% ee 37b, 74%, 98% ee

0]

MRRE
o}
_tkﬂ \{'%&tﬁlmz
PN
Ar HoN" SCOgH N” oH
37 L19 L20
i Q
H
Me Me
N02 S
/ o —Ac

37c, 40%, 86% ee 37d, 50%, 80% ee

9 CO,Me
%\ | %
CO2Me CO2Me COzMe
37e, 51%, (4:1 rr), 92% ee 37f, 66%, 90% ee 3749, 42%, 40% ee 37h, 32%, 20% ee
— AN
Me : M N—
0 L19, L20 \N/\FO <
| \N/YO
_-pd—0O
¥> HPd _ | Pd—O
H \ |f| N
OU'N\ HO—/ \
Y
— 02N CF3 - F3C

BX 15 HADMAT RS SRE C(sp’)—H BEAXTRITHAL

Scheme 15 Pd(II)-catalyzed enantioselective C(sp®)—H arylation using a chiral transient directing group

NH, fE8 51 &, sE Ol 7 #R 88 B 3 I b R 40 10
p-C(sp®)—H BRI E e B, FE 1% B, AT
TERAR 5N T BCALAE F S 58 1 S J5F-(APAThio, L21),
WS REAE AR LR AY. iR EE TR
AL A DL B A B IR S B TT SR (Scheme 16).
BEAR, AR AR 4 232403 4 F AR R (1) R B B A
RFIAE, SEIL T IR R AKSRR DS B R B 5 2 T
(R ARE A S BRI R AR B, (R IRIE N
SRS AL H %k, RRE &AL
MRS, ST ERE I Ee159. ik, &
JEIRERIC &) L& R TR LT & ) A R B8 R s, SLARIE
P b A, Rk, &ESAURBAH BT SR
[ 3E & (MPAAM)BC 1A (1L22), F) B BECAA - () ok e 2
Pt SR T 2, [ I AR FE i = 2 i - 1R U
TAENAR IR, AR AR BN, 2R NAR RAMGE
T a-fi G &R BT PR R B KR, X T a-fr
Phth fR47 1) 2-2 57 T Rt REAA 1R 4T 193E F 1 (Scheme
14). 25, fifi1 M8 MPAAM (L23)F1 MPAA (L24,
L25) A AR SEEL T I BE 8 T e B2 IR 10 AN %o R I o
(Scheme 17).
3.2 ZEF oI EHE C(sp®)—H ##

2017 4F, REBORBAME FT A ARy 557 )
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B, FHBRMENTAMAK, LI T Na 2T F 3
C(sp®)—H BEIIAKIIR I FA I L. 75 TP Rl A4 (1 1
T, 1% N AN RE 05 D Sk i ok R v ST B SR
C(sp®)—H B IARXIFR [ i (Scheme 18a). H4JEYH &4
MR EE C(sp®)—H BN, %M BEMS HEAT X
I 0k B T 571 (48a, 48¢). 2019 4F, ZEUFE IR I 20E
HIGW LT E T Co(IDHIBL &4 Co(IID-1 1E R
KALBEF IR, 5FMERBET A% 127 R, sz
N-a FIMEFEE C(sp®)—H [IARIFR DS FA 2 B (Scheme
18b).

3.3 FHIEHE C(sp®)y—H ##

2016 4F, A AUR R A R FH I 85 5 1 2k ) SR,
SEIL T A AT 3 C(sp)—H B (07 FE Ak SR, 7R
ZAE, MAER L ER L-BEEERRA260)1E NS
M3, TE SN AR SEEL T ARALIE R AL C(sp®)—H BERIAKT
FR75 H Ak [ 8 (Scheme 19a). 2 J5, Al 1284 A [ RE 1)
FelE, SCPL T AL C(spd)—H B AN X FR GAR & BE
(Scheme 19b). TEARZ I BLATIEFEH, ABATT RIS ) 2
I HEAMEST PAIV) T K E K B2, 17 HAE 6% (2 ik
C—F BRMIEJFEH bR, R, KA BH T2 5 2 5
A I T ) g B g A .
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WH Pd(TFA), (10 mol%) Boc Ar Me
g L21 (10 mol%) Protected
_ + Al : g Me s
K “,—NH, Ag,0 (2.0 equiv.) -,_NHBoc NHAG
38 HFIP, 90 °C, 12 h 39 L21
Me Z "N
9l - L
o . Me
. ' “,_NHBoc
~»—NHBoc F
“,—~NHBoc
F “,~NHBoc
39a 39b 39d
61%, 95% ee 48%, 98% ee 42%, 93% ee 46%, 93% ee
o Pd(OAc), (15 mol%) Pd(OAc), (15 mol%) CeFs
W L21 (15 mol%) H L21 (15 mol%) (
NR? Mo(CO)s (0.3 equiv.) ' ) styrene (3.0 equiv.) -
R1 Ag,0 (2.0 equiv.) ri “—NHR Ag,0 (2.0 equiv.) ", _NHR?
40 NaOAc (1.0 equiv.) HFIP, g0°C,6h  R' g
up to 94% ee HFIP, 90 °C, 12 h 38 up to 97% ee

BX 16 HADMALII b T p-fr C(sp”)—H AR FRE RERIIL

Scheme 16 Pd(II)-catalyzed enantioselective y-C(sp*)—H functionalization of cyclopropylmethylamines

ﬁ\ Pd(OAc), (10 mol%), L20 (20 mol%)
H, SSNoy + A Ag,CO3 (1.5 equiv.)
R/H Na,CO3 (1.5 equiv.), HFIP, 80 °C
42

43a, 86%, 94% ee

M
6020\© ﬁ\
V\ OH

43d, 76%, 96% ee

43b, 70%, 92% ee

Me020\© ?

BnO
43e, 65%, 92% ee

(le R
A S o R
RH o NMe,
43 N 22
w1
S V OH

43c, 65%, 90% ee

0O

L <
VAl Lo
MeO,C NPhth

43f, 65%, 72% ee

(0]
H, condition I or Ill_
o,
R/H
42

Arylation (I)
Pd(OAc), (10 mol%)
ArBpin (2.0 equiv.)

L24 (20 mol%)
Ag,CO3 (1.5 equiv.)
KoHPO,4 (1.5 equiv.)
BQ (0.5 equiv.), H,O
t-BuOH, 80°C, 12 h

R
R

AcHN NMe,

Fe, U

a4 i g5

Arylation (Il)
Pd(OAc), (10 mol%)
ArBpin (1.0 equiv.)

L23 (20 mol%)
Ag,CO3 (2.0 equiv.)
K;HPO, (1.5 equiv.)
BQ (0.5 equiv.), H,O
t-BuOH, 60 °C, 12 h

Ar
L23
R = CgHs,

AcHN

H (0]
7 iH condition ll or 111 H

: y conditionlloriil | OH
S OH ©
RH i y

FG
46

Vinylation (II1)
[Pd(allyl)Cl], (5 mol%)
Vinyl-1 (2.0 equiv.)
L25 (20 mol%)
Ag,CO3 (1.5 equiv.)
KoPHO, (1.5 equiv.)
BQ (0.5 equiv.), H,O
t-BuOH, 80 °C, 12 h

L24
Ar= 4-t—BU-C6H4

L25

COOH Ar = 3,5-t—BU-CeH3

BX 17 BADMARIR R/ C(sp’)—H BEAXFRITEAL

Scheme 17  Pd(II)-catalyzed enantioselective C(sp*)—H arylation of free carboxylic acids
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g g R WRRE
(@) R? Pd,(dba)s (5 mol%) R2 Re  Pr
RlN)fHH L26 (12 mol%), 1,4-BQ (1.2 equiv.) =) = s
Y KHCOj (2.0 equiv.), PhB(OH), (2.0 equiv.) /’L Ph
RS t-Amyl-OH, 65 °C, N, R s iy ier
47 48
Ar
OO Ph H Ph H Ph

0.0

~PZ
<ou N
Ar

48a
L 77%, 94:6 er

Ar = 9-anthracenyl

N NP NP
s ,

48b 48c
49%, 98:2 er 53%, 92:8 er

R S

R2
R1 )AH
N ,/H

Ar
R2
Pdy(dba)s (5 mol%), L27 (10 mol%) oy ] ‘O
- N7 “Ph

Co(ll)-1 (12 mol%)

R™ °S

49

ER 18 AN T A a-6L C(sp®)—H HEAITFR T HAL

A PhB(OH), (3.0 equiv.)
1,4-BQ, t-Amyl-OH, 85 °C, 12 h

O. : >
O/P N

Ar

e
50

up to 99% ee
L27

Ar = 4-CF3C8H4

Scheme 18 Enantioselective amine a-functionalization via Pd(II)-catalyzed C(sp*)—H arylation of thioamides

Palladlum -catalyzed enantioselective C(sp®)-H arylation

(0]
d(OAC), (10 mol%), L28 (20 mol%) | Bu-t
R3 AgTFA (2.0 equiv.) RIL N /‘fR3 N OH
H,0 (3.0 equiv.) - P 2 g
HFIP:ACOH (9:1, V:V) 2 o
100°C, 24 h 52

(b) Palladlum -catalyzed enantioselective C(sp®)-H fluorination

o Bu-t
gr- Pd(OAC), (10 mol%), L29 (20 mol%) | iE
X Pra NBu4PF6 (50 mol%) R1C ~ H,N 2
U
NG CeFsCOOH (5.0 equiv.) A F o]
Benzene, 70 °C R2 E28
53

B 19 HADEAEES SR Csph)—H BAXT R E feFik

Scheme 19  Pd(11)-catalyzed enantioselective C(sp*)—H functionalization using transient directing group

2016 4F, B RIRMAAPMER T S-ZILEmkiE A
Wk EE, TR BINOL BEMEIZ(L30)/E Al 2
Y PAAD ALY F 3L C(sp®)—H 2 AYA X BR 55 4k [z
N R, ST R H 3 C(sp®)—HE#, X
L7 A 1 K B S B PR A X A N T R (48% —82% e,
Scheme 20a). {HAZ, FiZ NAK R N FH T 58 s M0
H3E C(sp®)—H S8, S B0 7= SR e B 304 1R
B2 ¥ T % (Scheme 20b).

W 5 LR R BT[] R A P 8-S FE MBI Ny S 3, 55
SR 95 A7, Tk BINOL MV BERE AT Ak,
ST AL C(sp®)—H BEIAKIIR IS ZAL B B
ee [H 5 ATk 94%, 5B R ji 45 S At
FIRR LT, eAh, AhATad i %5 72 ok #E R (DFT)
TR, 1 T AR B B ot e S B T T T e A
e 2 A (Scheme 21). {H & 4% S B Ak
FZRHTIEEAI C(sp®)—H BRI, %o Bk B Ak A
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LR BE(57¢, 57d)B0.

W 5 PR B E | DA% BINOL SRR AT
K, BERE LLEIIE 97%M ee HSZBL T p-17 0 H 3
C(sp®)—H SEMIARFR S F b [ . FEXA N H, T
A TRV 00 AR oF ST AR I PR A P R B T AR B AR
F(Scheme 22).

3.4 FEFELILERE C(sp®)y—H #

XTI, JEEA IR C(sp®)—H 4,

SEP L R ORI R FE AL 2 BT IS AL 3 C(sp®)—H
%E—XEF“ R, X R — M T EEIRAE W B, 4R A7
ARIE 0 L 1 FL T RN R ), TR R 45 0 B R
K, SEIAX IR E GE AT IR . TR — PR, &
SHURBHRE T PAIDEIL ST L C(sph)—H
ANHEFR T FEAR SN, R 5 T A% AME R334
FH B0 5 i) B, XU 1 0 R AR A I i & R v
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HH O Pd(MeCN),Cl, (10 mol%)
R)'\)LN . A L30 (20 mol%), Cs,CO5 (1.5 equiv.) U .
p-xylene, 140 °C R N~
54 Nx 55 H
(@) OMe £ O
o]
(0] (0] MeO N,Q
.Q .Q H
Ph N Ph N
H H
55a, 97%, 90:10 er 55b, 68%, 84:16 er 55¢, 76%, 84.5:15.5 er
. e
o) o] 0.0
NE e 0" "NH,
g ; 99
55d, 68%, 63:37 er 55e, 20%, 64:36 er o
B 20 FAD M H 5 C(sp®)—H BEA GRS AL
Scheme 20 Pd(II)-catalyzed enantioselective arylation of methylene C(sp*)—H bonds
OMe
HH O Pd,(dba);CHCl5 a0 .
AN N 1 L31, L32 e H
- HooNe Cs,CO; L
56 | m-xylene, 100 °C 57
Ar Q Ar O
N’Q N/Q
H H
57a Me
o 949 57b
OO 95%, 94% ee 539, 86% oe
Oy Ar O Ar O
o
\ pn A @ AN e
57¢ H 57d H
L32 33%, 47% ee 40%, 32% ee
?\‘c 7
Us~-_ 72 N -
O o TR TN Y 0/< O N
H \ ' g Q \
H Py H, Pd N
3 >~ A
0 H 0
TS11 TS12
AG = 121.4 kJ/mol AG = 131.4 kd/mol
B 21 AEAD AL AL 3 C(sp®)—H BRI FR TS Fe Ak
Scheme 21  Pd(II)-catalyzed enantioselective arylation of benzylic methylene C(sp®)—H bonds
P =
N. PdCl,(MeCN), (5 mol%), L33 (25 mol%) N' P OO
Cs,CO4 (2.5 equiv.), neat, 110 °C, N
+ Al 2CO;3 ( quiv.) 2 O:P:’O
H HHN" "0 Ar HN” ™0 O~ "OH
Ph)\/% PhM O‘
58 59 L33

up to 97% ee

B 22 AEAD AL AT B C(sp®)—H BRI RR IS 2L
Scheme 22  Pd(II)-catalyzed enantioselective arylation of benzylic methylene C(sp®)—H bonds
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o F 5 R

MRE

(APAQ)IE N T Fe A4 (L34), SR 1 151 V. PP 36k e &t
(ISR TR 57 AL 1&11‘]&%%*7;?% APAQ FPERCIA
AL RERS = AR 3k S B AT, R EERE I T S B ot
WLk (96 4 er, Scheme 23). Hil&, Li /NHBH
Boc PRI IHZER AT AR A RCAR, SEIR T 5k 2 m 1
KR TT A, 1H ee fEHx 1N 86%.

o FHOOLUT 3 ) 2, SEIRIE MR S C(spd)—H #2EA
XIFRE RE AL — BELRCA B AR G Hu i e, T U4 5 ) AR
WA B RE AL B IR K 038 70, TR e OUA 5 1)
FESEIHE I 3L C(sp®)—H BEAXTFRE Be ik B &
B S BB B R R T B R RN
1) 2-(MH e -2- 31 ) 57 TR BE(PTP-NH,) 3 ) 3k, S8 7 s 1
L C(sp®)—H M EB0EH. 2018 4F, SRR
HBMER T “frPHALER” HISKEE, 5B PIP Tk L1
i IR, o) e U e o R e A 11 e
(TS16); [F] 3 F PR FC AR R %, SEEL T g P 0 R 3t
C(sp’y—H BAXHRIT AN, R T 3-hrsJE
R 6,6'-11 75 FEEUR AR C, XF FK BINOL B R 1F T fic
A, FEAERE N HEAT F AT RS, B BEAT 204 il Bl AU S 1k

Pd(OAC), (10 mol%)

ML AR L FEVE(Scheme 24).

2 T AR e L B W 3 C(sp)—H BB AR 1) S5 7
I e PR T 5 SR OB, T 05 R R AN B kAT S AT AE
. N7 IR E RN IS DL S R S B LR 5 TR
MM E e, SRERAAIBT2019 FHRE T ETE
T HHE C(sp®)—H SEFIAKIFRIRIEL R B, 7R % & B,
flH T LR E R AR E R 3,3"-F,-
BINOL Hifk, Jf HIs i ALEAT 72 R B, 7 S H AT BEAF
TE2 5 TR IL FEVE A TR B 2L, RCkRe s
RVEUILHINE S = FANA Y e SN T S =103 62 N7 S I AL RYA N
1P (Scheme 25).

SR BINOL BYFCARTE bk S o7 o e 1 175 S
R ELARHUER HEASTE B, (E7EE 3L C(sp®)—H BEARKTFR
BRI BOR MRS, 2, SRR
IR 5 UL COVAR 4k R0 T AR Ak S F 3 C(sp®)—H %2
[ A BB e AL S S (Scheme 26). 15 e 18 299 K T 4
77 FEMUE A 3,3-5R 1 HU K BINOL fiTAE#1E
NFMERAA. RN AFHEE C—C 5 C—N B E R
R T SEBL 2 T AR R R I SN, S I iR

A
H)i)oL L34 (12 mol%), Arl (3.0 equiv.) /yr\)oL A
R N’ F Ag,CO; (2.0 equiv.) R N’ F Bu-t
s wepeocc &1 AchN O
. CO,Et »
Et0” 0 Z>0
© 0
o o
N,AI’F N,Arp
H H

61a
60%, 93.5:6.5 er

61b
61%, 94:6 er

61c
58%, 96:4 er

61d
56%, 92:8 er
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N

LR O
—Pd—N

S

(e}
R K
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coordination site

B 23 BADMRALIETETE FE C(sp’)—H BEAXFRIT 2L
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|nteract|on |ntenact|on +

TS13, AAG = 0 kJ/mol
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repulswe repulsive
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TS14, AAG = 5.0 kJ/mol

Scheme 23  Pd(II)-catalyzed enantioselective arylation of unbiased methylene C(sp*)—H bonds
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R FF R HWRRE

(a) Evoluation of stereoinduction in postulated transition state

¥ (0] = T (6]
_DG . N
vt N TN\ ,ﬁ‘\' TN\
Pl —— |RAPIN_) | &= |RAPIEN__
H oL H HY © H Ht0
2N , c')AF{ > o=y )
R 0 0
TS15 TS16 TS17
bidentate ligand: steric communication: monodentate ligand:
effective conformationl restriction restricted rotational freedom free rotation around Pd—N bond

(b) Palladium-catalyzed enantioselective arylation of unbiased methylene C-H bonds

___________ Br
HH O PIP
NP | PdCl,, L35 H Ar O
! B Lo+ A o
Alkyl N" Y | K,CO3, t-BUOH A'kyl)\)L o OH
L N~ 125 °C
----------- Ac

62 63
R= 4-CF3CGH4
r Ar O A Ar O
~ _PIP _PIP _PIP - _PIP
/\)J\N WJ\N Y\)J\N ;
H H H H
63a, 72%, 93.5:6.5 er 63b, 74%, 93:7 er 63c, 54%, 86:14 er 63d, 68%, 92.5:7.5 er

63e, R =H, 78%, 94:6 er
63f, R=F, 86%, 94.5:5.5 er
Ar O 63g, R=Cl, 42%, 94:6 er
- _PIP 63h, R =Br, 76%, 94:6 er
63i, R = Me, 66%, 94:6 er
63j, R=OMe, 82%, 91.5:85er R
63k, R =NO,, 41%, 92:8 er 631, R =H, 76%, 95:5 er
63m, R =F, 70%, 95:5 er

Iz

BIX 24 SEADAEIL PIP G T VE BERRTC AL AR HE 1L S PP 3% C(sp®)—H SEAS AR 224K
Scheme 24  Pd(II)-catalyzed enantioselective arylation of unbiased methylene C(sp*)—H enabled by PIP auxiliary and chiral phosphoric acids

F
R
Pdl, (10 mol%), L36 (20 mol%) /
HH O ) H // 0 OH
N K,CO3 (2.5 equiv.) d
+ — N
RMH’P'P R B toluene:t-Amyl-OH R>\/lL Gl
o (0.3mL: 0.2 mL) -
105°C, 16 h 65
TIPS TIPS
§ i s N
/\)LN,MP N-P1P _PIP
H H
65a, 70%, 96% ee 65b, 74%, 92% ee 65c, 43%, 93% ee
TIPS TES Ph_otss
I I "
Lo Lo ([,
WN,PIP /\)LN,Plp /\)L PP
H H ”
65d, 66%, 93% ee 65e, 59%, 93% ee 65f, 64%, 94% ee

BK 25 SEADHEILTVE 3,3-F,-BINOL L fA (2 A PE 14 0 FF 2 C(sp®)—H A X R IEAL
Scheme 25  Pd(II)-catalyzed enantioselective alkynylation of unbiased methylene C(sp*)—H enabled by 3,3'-F,-BINOL ligand
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(a) Shi's work |
HH O F Pd(hfac), (10 mol%), K,CO3 (4.0 equiv.) OH
R)'\)LN,MP + L35 (10 mol%) OH
H ¢-BuOH, 115 °C, air
66
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, L37
o)
PIP TBSO
67a 67b 67c 67d
49%, 90% ee 50%, 89% ee 62%, 92% e 73%, 94% ee
(b) Chen’s work
OMe Q
HH O OMe PdCly(PhCN), (10 mol%) 0
)\)L . /@: L36 (20 mol%), Cs,CO5 (1.5 equiv.) s
| cl | 1,3-di-CF3Ph/t-Amyl-OH
es Nx 69

C-C or C-N RE transition in the reaction

o}
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N/w <[==Pg
d/N Me%ﬁ'

PR A Y

C-Nor C-C RE?

TS18, C-C RE

(3/2, VIV), 100 °C, air

0
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N
-
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\@ coordination

OCOZH
TS19 (AG* = 38.5 kJ/mol)

(AG* = 42.7 kJ/mol)

B 26 HADMEILIE FHE C(sp®)—H AT FREL AL

Scheme 26  Pd(II)-catalyzed enantioselective amidation of methylene C(sp*)—H bond

7L 2H 381 3 FH e P ) O B, 7 S B A A 4
C—C IR JFHERR, MR C—N L 5 B 1 =4
MRS R NEN DFT 15, U0 7 757 it i sy
Wi 5 35 JER S 64 (R0 3de B e, 0 IS 7 SR A AR S o e R
QORI AN 7R ZA(TS18, TS19). {E5 12, S
BRI K PIP S35 BINOL oA I FH 1) S b7 4
FAHE 5L 1 2 S e PR I H 2 C(sp®)—H .

2020 AF, SRS A O R GE T PR T
C(sp®)—H BERIARXS BRI it /aza-Wacker H K i B4
y-IWEBEA%. 3,3'-Fo-BINOL Al 3,3'-CN,-BINOL 5 s I [ 37
PR IR R 2 &2 00 B M AE F (Scheme 27). X FiZx
N, ALERAF FE R E B A 5 T VRO e B S B M
¢&%1 1 R EEA D% 2 AH EAE .

T, SRR BIHRGE TR G MR T
BINOL W FRAE N BCAR 143 A 7 FH & C(sp®)—H S AXT
PR 5 AR B, AH AT S i HR A (1) 43 7 (8] A X B 5 2k
b, %5 O FR0T Bde #E4 BE N H . (Scheme 28a).
I, 7E1Z TS, KILTFHE BINOL R 1E J itk &
2B WK R A M [ BINOL #7544, B4R 1% BINOL £if
RS T 68%I1) ee fH, {H5AHRIY) BINOL & AH
EE SR 22 (89% ee). IX— LA /R AE BINOL iR 2 5
SN R R 2 A2 ) BINOL A7 AR 4440 S S 1R 37 A4
EEEEY. 2, RWEREHS2 Y - DK
3,3'-F,-BINOL {E N TiZ B, P ee (AR A
70%. AH &K 75 HL 8 e oy 05 B US, ROBE B DA &
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o LI B H B B 2 1) _E FH(Scheme 28b, 86%, 97% ee).
A, BINOL 44 2 175 73 [H) 75 B4k S5 B A = B 1 3%
%[43]‘

TE S T AR TE 1) 2 vk 7 38 AS K BB B T AL R R
T R BRI RS R AL B DU AN AR AL ) I
C(sp®)—H %, {HH T HIRWW R Rk, 4740 N
[ B X A BN 2R 5. T T S A FROIR i3 4
SR, RS AS X FRAR I ME EE G BT B, 2019 4R,
GooBen M4 BURMAFISZI T FLot—LICHAIRRER
PDIASKIFR IS Bl e 2. AT APAQ FHERCHER, Xt
VA4S B HI B C(sp®)—H B TR k00, & Hh—
AR TR SRR SBE, DA e Xof LI 36 1 R St i R 1 A
BT E o f-hEs TP O RIRRBEZ LA Y)(Scheme
29a). ZRIM, X TAEPARBVRYD, %R AR & A
F(76e). XTI KM Bk (8 = 25 R, W
e S L P T B3 BV AN 25 5 425 il (Scheme 29b)145-461,
T X — FR 1) PR M 1Y) 2 R DR A T O SR A AR X T
POREY) EA R B R, AR LS n 1 A3
KRN STAREFRVE O AMERE . A, BT es A dE R,
2 B I A BT G 0. sh R IR R 2
T 3,3'-F>-BINOL e A >R 1 458 Js I FR A4 2% 10 36 4 T
SEARERENE, — MR T DL R, SEEL T AR EEAR 1
TR I C(spd)—H B BT 5 AL OB
(Scheme 29c). fEiXFPHEEAM TS, RBAT UL
PEVRUINE L B PUAN SR 7, PAEfb g 8t (>12 1 1)
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o PIP
H H . 1 Pd(hfac), (10 mol%), L36 or L38 (20 mol%) R2 NN
1 _PIP \/\RZ B 0
R H K,COj3 (4.0 equiv.), MeCN, 12 h, N,
70 R" 71
e B -7
PIP
o " T,or
1
OH p-Tol /\LN/\:o p-Tol /\L/&o ~ N o
OH .
0 - A
CN 71a, 83%, 93% ee 71b, 40%, 94% ee 71c, 61%, 94% ee

L38

B 27 AEADHEAAE T 3E C(sp®)—H AR FRIG FEAL
Scheme 27 Pd(1l)-catalyzed enantioselective alkenylation of unbiased methylene C(sp®)—H bond

(a) Intramolecular arylation using aryl bromides o F OO F
AN Br HH O PdBr, (10 mol%) _)J\N’PIP 0. .0
- N 0, R H Sp”
R _ /\)\)j\ PP L34 or L39 (20 mol%) N O'P\OH
X N K,CO3 (2.5 equiv.) S OO
72, X = CH,, NTs, O t-BuOH, 125 °C X E
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ks
o) o )OL o
PIP -PIP PIP
. N .
N : H < N //< _PIP
) L) O Cco
N
o Ts
73a, 71%, 92% ee 73b, 60%, 91% ee 73c, 68%, 83% ee 73d, 85%, 90% ee
O
Br
w standard conditions OH
(6] H L38 as ligand @(j o
73a, 48% 68% ee & L40

L40-CPA, 81%, 89% ee Ar = 4-CF3-CgH,
(b) Intramolecular arylation using aryl iodines o F
! HH O Pd(hfac), (10 mol%) )L _PIP OO
R s L36 (20 mol%) : OH
A~ X e
X N K,CO3 (2.5 equiv.) {\/(j Qs
74, X = CHy, NTs, O t-BuOH:toluene (0.8 mL:0.2 mL)
0 F
105 °C, air L36
o (0]
)J\ PIP N-PIP )L .PIP )L _PIP

@OCO@O

73a, 86%, 97% ee 73b, 99%, 95% ee 73e, 78%, 94% ee

Bl 28 EADMEALIE LY 7 C(sp®)—H 8431 W AXFR T AL
Scheme 28 Pd(II)-catalyzed enantioselective intramolecular arylation of unbiased methylene C(sp*)—H bond
HISTAAE R (up t0>>20 1 dr, up t0>99% ee)lyi | =i

o fAES TV ORI B S Y. BeAh, 15320

4

73f, 52%, 93% ee

REME Ak 2 OB, AR P 2 = AN F 1 L B R A
W bR SR e, ST T b A
C(sp®)—H B AN FRMG LA /aza-Wacker HBIER IV, =1

W. kA,

BAF T o - FTEF O p- N BE
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(a) Enantio- and diastereoswitchable C—H arylation of methylene groups in
cycloalkanes

H 0O Pd(OAc), (10mol%) H O
-Ar L41 (12 mol% Arg
H F . AMl (12 mol%) H
Ag salt *
n H n CAr

75 HFIP, 80 °C, air

76
(0] (0]
- Ar,: Q .ArF AI’F
N N
H H
Me
Me Me
76a, 84% 76b, 68% 76¢c, 42% 76d, 64% 76e, 65%, 3:1 dr
95:5 dr, 94% ee 94:6 dr, 96% ee 5:95 dr, 92% ee 94:6 dr, 94% ee ee unchecked
(b) Challenges in chemo-, diastereo-, and enantioselectivity
o (0] (0]
H :\H H DG /DG Ar O e
R DG "“Pd/ Vs Y-Pd N~
H n H \ "/,H AN H
oy =1,2,3 \ N
R™ “H " L) HoN D DG = Ar,
= 24 Ay = 4-4[44]
= identical C—H bonds cyclic system acyclic system m:d 3D1G dr o 41
a-branched acyclic system increased rotational freedoms m:d = 3.6:1; dr = 3:24%

(c) Palladium-catalyzed enantio-, chemo-, and diastereoselective methylene C(sp®)-H arylation

H HoO Pdl, (10 mol%), L36 (20 mol%)
X _PIP K,CO3 (2.5 equiv.
R H . Al 2C03 (2.5 equiv.)
tBUOH (0.3 mL)
R o7 95°C, 16 h, air
Me Me
: 9 = 1 e -9 1 ep
: _PIP N : PP N
/))L N N 2-naphthyl/j)‘\ N N
2-naphthyl Ph
78a, 81% 78b, 83% 78c, 75% 78d, 62%
>20:1 dr, 96% ee > 20:1 dr, 94% ee > 20:1 dr, 92% ee >20:1 dr, 90% ee

B 29  FEADMEAAE TS F 3L C(sp®)—H SEAXTFRIT 4L

Scheme 29 Pd(II)-catalyzed gem-dialkyl methylene C(sp®)—H arylation

=45 A R A B B RE RIS B, REREREST RIR A LG RIA R .
AR FREEAC ) B BEHMC B BLE AR JRIR, B 24

I C—C BRI NN T, To% TR SR AR AL A A fEE &N
XFPR I SR LD ()% THLEALIK Csp®)—H BERIA

XEPRE RERIL, EEARBUY AT T e BN TeAAE o ]

A, SPEUSNAL R RBR, BRI A Fi B T i B S

FEANKIAR SRR TH B A RPN, (3) i T 2k

RE 8% B By it o g SRR V% A A v 0 X el ae FE Ve AN AL 2

EFEPERE, ARSI 1 2 AN KRR SR AR A EE 5

N AP IR T 1) i B R R0 F P A 1 3 14145 A

SCIL, AR TS 3 R BI AR C(sp®)—H #EE fiE -
BILHIZE S (YRR R PIIN B. 5 E, BARZAUS Bieti5, 2016 4 b T AT T K R AL LR A
FURT ORI, (BB T BURN, FETGHIN  osr 5 & fo o 0 60 45 5 F S ib M L2545 0 2 2021 5 3£ 13
FofA it 5ieE, WA Csp)—H AR E LI mFW£545, 2021 £7 Ao A WBBFRAAANF L5
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