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Research Progress of Amino Acids as Transient Directing Groups in
C—H Bond Activation Reactions

Dong, Sifan Li, Haolong Qin, Yuan Fan, Shiming* Liu, Shouxin™
(State Key Laboratory Breeding Base-Hebei Province Key Laboratory of Molecular Chemistry for Drug,
Hebei University of Science and Technology, Shijiazhuang 050018)

Abstract In recent years, the transient directing group (TDG)-based strategy of C—H activation has attracted significant
attention. Compared with the typical C—H activation reactions, TDG-assisted C—H activation does not require external
pre-installation and post-removal steps of directing groups, which significantly improve the atom and step economy. Amino
acid-based TDGs for C—H activation have achieved significant successes among the known TDGs. Amino acids have the
advantages including low cost, widely existing and diverse structures. The site selectivity of C—H activation can be controlled
by using a- or f-amino acids. By using the inherent chirality of amino acids, the stereo-selectivity of reactions can be realized.
The research progress of transition-metal-catalyzed C—H bond activation and functionalization with amino acids as TDGs in
recent years is summarized, which is classified according to the type of amino acids for C—H activation reactions of various

substrates. Finally, the limitations of previous works and perspectives on this cutting-edge area are also described.
Keywords transient directing group; amino acid; C—H activation; transition metal; regioselectivity
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IEPEIE. A R BRECA B 7358, AR T 5 2 AL
2 (Scheme 1, b)B.

a) Traditional directing group
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(b) Transient directing group
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Scheme 1 Directing strategies for traditional and transient di-
recting groups
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Figure 1 Amino acid directing groups
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1.1 EERRF C(sp®)—H #5781k

2016 4F, REPCRBABPILLUH AR IE NBEES T 1
B[, Sl T AREAL R 05 FH RIS ARG Wi B A
C(sp®)—H 75 34k 2 ¥ (Scheme 2). IR IE 5%
VIR R T BT e, TR R T AR R R R L S
HULR A, E AL C(sp®)—H 8. X 8 FhARAL - A AL AN %
A7 EUAR PR F S 5 05 AR AT T 05 A O, TE AR
KA TR T RAFIOFEE, Al AR S5 1 2tk
B a-MEE LK IR P W B HE AT 95 34k S SR, 375
R SR . SR I T v T R 0 I 2R R RN &
H, JERb 2 KA SR

Q 10 mol% Pd(OAC),
N o i
| + Ar(Het)—I 40 mol% glycine | N
// H 1.5 equiv. AgTFA //
R ACOH/H,0 (V:V=9:1) R
90°C, 36 ~48h

(0]
|

Ar(Het)

Q | 10 mol% Pd(OAc), R
R1 AN o . R2
R2 + | 50 mol% glycine
/\/RS 1.5 equiv. AgTFA X 5
H HFIP/ACOH (V:V = 3:1) | JR
110 °C, 36 h

B 2 R ERERAL Clsp®)—H B8 77 =400 I 7 i )

B-C(sp®)—H #57 FAL S
Scheme 2 Palladium-catalyzed benzylic C(sp®)—H arylation of
aromatic aldehydes and 8-C(sp*)—H arylation of aliphatic ketones

gk 7 AR ZE B2 S R A RS Tl A, Sk
HIAR 3L 55 RS SS A C(sp®)—H BED5 34k, IF HI5 A4k
FEPIAE = R R (TFOH) AL R, Z3M b5 f b 15 3
T —RHZ M55 )2 (Scheme 3).
1.2 FEEEER C(sp?)—H $5&1L

2017 4F, S SERPILIHE R BRS Sk, Sty
FEAEEAL 55 B EHALAT C(sp?)—H B 75 HEAY ;2 B (Scheme
4). 1E# H PA(OAc), Al PA(PPhs):Cl, P& fEAL 7 HEAT T
XTEE S, RILA PA(PPhs)sCly 1 A U 4 J i A0 )i
HR R B & & T PA(OAc),, 1 0 B FE 44 %o 4% 47
C(sp?)—H B 75 FAL S S W B AR 1 A

EZ - T 105 240 B I LEE (Scheme 5). JR A
S R ARG 15 BN E Ak, WREEMRRS
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R1
o 10 mol% Pd(OAc), o)
Z AGTFA (1.5 equiv.)
I_/ | \—I . X glycine (0.8 equiv.) VA 7)  TIOH (5 mol%)
A = // AcOH/H,0 (V:V =9:1) CHCIz rt, 5h
R 100 °C, 36 h

B3 LS HITRIE K

Scheme 3 Palladium-catalyzed synthesis of polycyclic aromatic hydrocarbons

10 mol% Pd(PPh;),Cl,
R' 50 mol% glycine R'

R AgOAc (2 equiv.) 5 1
0 + Ar—l REY O gD \N/¥05

HFIP/ACOH (V:V = 9:1) ANA NG PL,O !

H r | |

H,0 (4 equiv.), 130 °C, 24 h

Bl 4 AT FEIAAL C(sp?)—H B 5 5L S B
Scheme 4 Palladium-catalyzed ortho-C(sp?)—H arylation of aromatic aldehydes
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Scheme 5 Proposed catalytic mechanism of palladium-catalyzed ortho-C(sp?)—H arylation of aromatic ketones
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75 FEMA A E A N B i PAAV) R (8] 74, B f5 8L i SR, ST AR A RG] T O TRIR 4 iz X Aok 4%
THERAFE] H AR, (R g R 2 3 e 2 A H R, PER) C—H 877 B AR AL S N, il H/D [ 3R
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e BRI AT AR T . I C)M CO T = BV H R AT R, PR AR HARE R CuX, 1
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Scheme 6 Palladium-catalyzed regioselective C(4) functionalization of indole and azaindole
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Scheme 7 Proposed catalytic mechanism of palladium-catalyzed arylation of indole at C(4)
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2017 4E, REPIRBAPHRIE T 2-F 35 T ]RIE
RS TR, ARSI C(sp)—H 175 HEk
S i (Scheme 8). 7EZMFMALH, 1E&HEAT T 517 20
%, EORERER 2-A 5T T IR S BT, 77EN 56%.
REA R E BB, SR ke e
B R H 2K RS TE bR e 5 1R R38R h 4 & R A7 7
R TF A=Y, B 1k e T A ) R, =R
LR(TFA) P ## A AcOH 8¢ CH,CICOOH, &4 W HiL 1
AL L BRI [ 75 T TR A5 o 5 58 AT I 3.

10 mol% Pd(OAC),
Cf @ AGTFA (1.0 equiv) RT

HFIP/TFA (V:V = 9:1)

40 mol% TDG ~
R (0.2 mol/L), 100 °C, 24 h
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Scheme 8 Palladium-catalyzed ortho-C(sp?)—H arylation of
aromatic aldehydes
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R Y I JEC P AE A Y 2% 1 23 DA b 45 28 R 7 R
5 RALT W, A R R T A BUE ) T et 2
AT RT3,
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: /
K»S,0g (2.0 equiv.) RN 7\ 7R
TFA (8.0 equiv.), 60 °C
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Scheme 9 Palladium-catalyzed ortho-C(sp?)—H arylation of
aromatic aldehydes
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Scheme 10  Proposed catalytic mechanism of palladium-catalyzed ortho-C(sp?)—H arylation of aromatic aldehyde
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HEGT C(sp®)—H BEALIHRE F, 25K 2 HHR
FEAT XA C(sp®)—H #E 1k, KA 0HpT
HRIE T R FHIAN R 8- FEME IR T 1] B A AT UK
1) C(sp®)—H FEALI23839, 2022 4F, 42 G AR ZH 4011 Ik
DA H R NS S SR, SOl T AR AL ER T F
F U 1) C(sp)—H % 75 554k < Bi(Scheme 11), HHrk
HLF 1Y) 2-MERE R AR R B e e R R, RV A R
TP B RE I AR, ST W F T A R AR 11 O
TILIS R AT v 5 2 LA P 7 S R v ) DX 3 B 1k

4 WMEEMRARSSEERANNE

U SR AE A 2 T 1) AN AN e 8 52 T X Ja agk 4%
PER) C—H JH Ak, S E B T IUEERUT BRI
M, FIAFHERCE R IR G & S S AR FR C—H 7%
1, RTERR 7AW SO T ) C—H &R
4.1 [FEER C(sp®)—H #&5E1L

2020 4, R iR A 4R GE

b

DAIR 5 JL g5

RO ARG, AL 2- RS FEE C(sp>)—H BT
FAU N (Scheme 12). JRAEFTE T AL C(sp®)—H )
75 He Al N 28 1l Dy SE BB, AEASE FH 257 5 Bk B
75 FEAE R 05 BRI, BT ALBEAEH, =R
i A s TR A 0 BEAEA £R R 05 B, OB RE
BEAR LT MO AT . TR R R I, BURE R AE bR ES
SACIEZi PPNt Y IR Bri e e ok -4 (I M
YERENS A R R I A SR AL R A A BT SRR A, N
il 2 AH S 2V FIAA KL oy Tt 1 R

2022 4F, REPRBHPHRIE T UL L-BURE R
WEAS TR A, AT BN SRR 9-C(sp®)—H 75
AR RPL EARERNZ, YU p-2A R 3- 2 5-3-H
FET R, N RALE B A (Scheme 13). HLERAF LKA,
VLHC & 3 (1) 5 ) B 25 A -5 R AR A o 1) K /) e 4% Jik /)
B S A H O A AL 5K 7, AT S X g
1. TR A R AL 2- b e R A o) 2 o s B PRV M A2 K R
E 1 F (Scheme 14).
4.2 [EERRF C(sp?)—H $#5E1k

HRFE C(sp?)—H B CEBR T iz 1wt

10 mol% Pd(OAc), X via: !

. 30 mol% TDG, L (50 mol%) R y 2 o R

M AgzPOy4 (0.7 equiv.) ! Ph\eLp'dzN\ \ E

TFA (2.0 equiv.) Me i N “H-0

HFIP, 100 °C, 24 ~ 48 h | y . :

] up to 81% yield poMe
TDG.E [
H,N" >COOH
B 11 R IR IR B-C(sp®)—H B8 75 24
Scheme 11  Palladium-catalyzed S-C(sp*)—H arylation of aliphatic aldehydes
10 mol% Pd(OAc), R
o AgTFA (1.5 equiv.) N O via: Bu o
| 40 mol% _tert-Leucine RT ! i
X O 3AMS Z ol N .
R + R | AP0
% | HFIP/TFA (V:V = 9:1) (0.2 mol/L) - L
“OTf 120°c,12h W N T
B 12 HAEAL T &l R AL C(sp®)—H 8557 R0 S
Scheme 12 Palladium-catalyzed benzylic C(sp?)—H arylation of aromatic aldehydes
10 mol% Pd(OAc), COOME  mmmmmmmmmeeeeemm e
' 30 mol% TDG, 80 mol% L
O H AgTFA (1.5 equiv.), Ag,CO3 (0.5 equiv.)
HJ\/kR * CICH,COOH (0.2 equiv.) >ﬁk 1N
0
Coome  HFIP (0.75mL), 110 °C, 26 h, air
TDG: O,N CF;
0 | o : _________________________ 1
M -
H,N OH T OH

B 13 BRI p-C(sp)—H 75 24k e BE
Scheme 13  Palladium-catalyzed S-C(sp®)—H arylation of aliphatic aldehydes
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60 mol% L, 10 mol% Pd(OAC), via NO,
| 20 mol% L-tert-leucine | '
| o 7 ! | ooN CF
° H AgTFA (1.5 equiv.), Ag,CO5 (0.5 equiv.) COOMe /ZLO | DR \O: 3
RZ 4+ E \ N | >
HJ\);W CICH,COOH (0.3 equiv.) 0 o P EBUTN Pd Y CFs; N” “OH
Goome  HFIP (05 mL), 110 °C, 24 h, air ! ; / H’ L
H R ' H
: R

B 14 SRAEALSIEITEE p-C(sp®)—H J7 2L S M
Scheme 14 Palladium-catalyzed y-C(sp®)—H arylation of aliphatic aldehydes

Jt, MBS T 53 W E R Csp?)—H R BEIR
ARG, 2022 4F, Engle B SBHRIE T LURGE R R AN
WA S R, AR C(sp?)—H 51k SEFEAL [,
i X IOE BRI E/Z MRS T — R 51 1,3- 451
4 A(Scheme  15). I8 %) B S 56 FH % B 72 o #2128 (DFT)
THEARRE T TDG XHEHI =Y E/Z F B OCEAE . AE

R 10 mol% Pd(OAc),

HPeH T ATRERI R SIALER, SR A R AR )
I AR B, L5 % B AU R EL AL R 2%
Gk C, REERIER B T B CMD MR
A C—HBEW LD, B @ BS54
NIRRT [AAF, &) g-H EBRE 2
W) 1 I AN AR AL 3N — 03 (Scheme 16).

|\\ CHO 20 mol% L-tert-Leucine R1\\ CHO via: tBu | .
_ . g A (1 equiv.) | P “ R¢ \N)\foi
| 10 mol% BQ, MnOy(1.5 equiv.) | i IIDd”-O ' F COOH
RZ “R3 MeCN (0.33 mol/L), 60 °C 3 N |
RZ R ' = | F A

BR 15 MG ER R Clalkenyl)—H WAk [ B
Scheme 15 Palladium-catalyzed olefin benzaldehyde C(alkenyl)—H alkenylation
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t-Bu \ 0
— 0 pd'
\N\ ‘f< . | HO,CAr
11-O D
| 'Td HO,CAr R
=\
R g R

B 16 LA Clalkeny)—H MEALHLEE
Scheme 16 Proposed catalytic mechanism of palladium-catalyzed C(alkenyl)—H alkenylation
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£k SR

I FH 2 1R 5 1) b B T B FH T A s i
PERITUIL. 2021 4F, B A I L BUE R IR NS
I EERL, DAY R TOKAE i, S 30 AR A 5 A I
EALA C(sp?)—H IEFEMHITALR P, e R EIE 97%
(Scheme 17). 7EFAFAL R I, FHELTIH B2 R,
BUERARBEE AL D/H A8, SRI0 3R Y I BN AL IR TR
bR RS (HIE) RS, =8 BRI fe s
0] PACI) I8 R R IE R A 4. DFT 58T 71 & W
JNE AT ) CMD i F2HEAT [ B (Scheme 18).

5 B-AEERRABRSFEEFANNRA

LT IR o~ IR, B-Z BRI R A 2 (A]
Z— MR T, S p-RERNE NGRS TR, 5
L R ViAo PR Uy veZ N al 1 K% N i o (1) [ R A B e
PEHLDIWT B-C—H 4, T RAS € I[S,6]- WA Hh ) 44 12t
TR M2 T, o-Z 3R I8 & 5 uE T U)W -
C—H #, TERK[6,5]-FALE H [ AR BEAT J5 22 M(F 2).

6 mol% Pd(OAc),

LN
‘%ﬁ FTd‘/olo

[5,6]-bicyclic palladium
intermediate intermediate

B2 [6,51F1[5,6]-FUFRAE A a] {4
Figure 2 [6,5] and [5,6]-bicyclic palladium intermediates
BERREE C(sp®—H #7EH
2016 4, FREMRANE G BOREAHE 7L p-4
RIRNE ARSI BB, EAEA R T RE R B-C(sp®)—H
)75 FEA4L S Bi(Scheme 19). #iit TDG 2RI a-
EHEE TR (T = BR) N 25 3 17 5 [ I s AT AS BT A 7
W, R H RS IRYIS,51-SUEIR [EAA 5 A, T
LA B-I & TRAE Nk 1) B A, 225 [5,6]-XUE I
A4, WCRIA2] T H AR
PR BHLE A, R A 55 ) 3 Y R AE & A AR
g a A B, MERZH A A B 5HECA AR 7S ol C,

ot

[6,5]-bicyclic palladium

5.1

H 20 mol% L-tert-leucine
N CHO  CF,CcO0Ag (1.0 equiv.)
R _ HFIP/TFA (V:V = 19:1, 1 mL)

D,O (99%, 3 mL), 120 °C, N,

D :
! O
A\ OO | Y=o JS/%
RT 1 Oy Pd---N
ANy HOT

B 17 AT EHRE Csp?)—H Il R
Scheme 17 Palladium-catalyzed C(sp?)—H deuteration of aromatic aldehydes
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Pd/o

CF3

/ Pd(C(;OCF3)2 \

©iCHO
H
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Sti

BR 18 ABMEIL IS HFEE C(sp?)—H AL ML

Scheme 18 Proposed catalytic mechanism of palladium-catalyzed C(sp?)—H deuteration of aromatic aldehydes
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10 mol% Pd(OAc), cHO
CHO 40 mol% TDG
H + Ar—lI R1J\(Ar
R AgTFA (1.5 equiv.), HFIP/HOAC ,
R2 80°C, 24 h, N, R
TDG:
COOH
HNT

B 19 MR p-Csp’)—H 75 EAb R B

Scheme 19 Palladium-catalyzed B-C(sp®)—H arylation of ali-
phatic aldehydes
I EE C—H AL TIE RN R[5,6]- XU rha] 44
D, Halfk D 557 ML E AN R AR B (V) ) A
E, SRJG 2008 JFH bR 5 A 2 AR H MRS T
) 35 H 2 R (Scheme 20).

2019 4F, FKGRPBANSILL p-NRARR A T
B, SR T RE A A VR A T T I R S -7 AR R

CHO
Ar

Ar HO

(Scheme 21). i A2 X B EMEBL(CDC) [ B, LATE HL
PRI RN 55 K8 e s SRk, dit AR DU MEHE C—H
B SRR ANER. AN =Z/RO]RM
Pd(OAc), 7] LA #E 5 HL 3% 1 i [PA(IT)O.CCF5] A R AL
AR, SN R B A MR S A AR it
AT LA SRR AT P IR 0 B, W T
AR bk kAR TRRAN SR, RIIERA
LR R,

TEF IR 7% &N L (Scheme 22), ¥4, 2-H
ENES p-NZER(TDG) W] ¥ Hh % & a4 T A
Jliz S T [RIRS, PA(OAc), il TFA Ab ¥ A A i
IR ) PA(O,CCF3)". HIE{A IT 4 Saegusa Ak AE il 1A]
PRIV, IV ] K ARAE R MG 2 T SRAFAE P 26 T BE S B
15 #1% a FIAE b,

CHO

R1 H

Ol e ¥fl

Pd”X2
X =AcO or TFA"
AgTFA

fpdul

Arl

Rfm

Pdl!

2 >0 O

R “H | O
c

HX X =AcO or TFA"
R
1
R2 Pd‘O o
D

B 20 AR B-C(sp®)—H 77 F A0 R B B 75 3R
Scheme 20 Proposed catalytic cycle of palladium-catalyzed f-C(sp*)—H arylation of aliphatic aldehydes

10 mol% Pd(OAG),

50 mol% TDG

AN I\
Y\0+ R—./

K,S,05 (2.0 equiv.) L

TFA (9.0 equiv.), CH;CN, 60 °C

TDG:

h N~~~ COOH
2

B 21 ARARA AR p-C—H 855 H AL S
Scheme 21 Palladium-catalyzed f-C—H arylation of saturated aldehydes
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HN~ S COOH + Yo

DG
Pd(OAC),

TFA

Pd"

K25208
[Pd°]+TFA

ok,

A VIII

Ar-H

K2S,08

SN
| /0
vi

W/%N/\
| COOH

TFA Y 11 COOH
Pd(020CF3 _1
-TFA
Product TDG

PdOZCCF3

i COOH
HPdOzCCF3 ‘1
H PdL PdLH

ﬁd& Gand YN

Pd(0,CCF3)*

—
r
\g: Pd(0,CCFy)*

K2S208| TFA

[Pd’]
[ j LH

Product

TDG \H) L
IV COOH
(0]
|
PdL
\/&Pd o

Pd”/l \A

E 22 HUECERTEE B-C—H $805 Fa4b 05 B I B (M EAATL B
Scheme 22 Proposed catalytic cycle of palladium-catalyzed f-C—H arylation of saturated aldehydes

TERAZ a v, FlaA IV SHEEAAE RAL L A9 V,
S0+ N C—HIHEWAERI T A VI, HidFEnT gE
VR4 B AR T4b(CMD). FhialA VI # K2S20s
AR PAAVWIFD VI, SR )G 5 55 18347 55 A AR ik
R VI, 555 2000 5 bR AR B 7= ) 308 A2 B fRE AL
FIAN B-H AR N T — 1B

TE%1% b 1, PA(0.CCFs) LA S 95 /& C—H %
A 1 Ar-PA(ID)H A4 I1, Ar-Pd(IT)H 8] 44 55 75 475 s 3
It Heck Jo N A i e & 7= 40 A1 PA(0), PA(0)7E TFA ER R
2 K2S:0s S8 AL H A B PA(0-,CCF3) "

52 FH&EE C(sp?)—H §iElk

2019 4E, WRRIALRMALILL B-HERIE NS S
I3, S T BB AL 0 7 s 43 7 N s I A 05 B4k
J¥(Scheme 23). H1 75 WREE N B-PH 20 RR S5 A 2B B — ik &
[F1) 35 [ ] DLSE R 8210 C—H 3E LA IS b [N,
% ECH BT B4 A B A = B R . RS &
Fh AR R AR B, R RIS,
FE IS 99%.

VEH P2 1% M HLEE (Scheme 24): 75 & AR S-
P& A B g R R 4K A, [RhCp*Cly]a« AgSbFg Al
PivOH #E4THC A7 4L % Rh(IN & &4, 5 R A4k A 2
AT C—H G A BRI Al B; 2RE, A
HE A B 1) C—Rh 8450 T W AE Lo
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CHO 4 mol% [RhCp*Cl,],

H 20 mol% AgSbFg R
40 mol% TDG
X PivOH (2.0 equiv.) X

DCM, Ar, 80 °C

B 23 BN T TS T AR L
Scheme 23 Rhodium(Ill)-catalyzed intramolecular olefin hy-
droarylation of aromatic aldehydes
Hialfk C; BfJe, eI A C 25T E B A {4 D
FF BT A IS TE AL, Bm, TIAE D KA H
FRre, RIS S R p- N s BT Fr AL T
.

T C—H 534 s AR A0 58 S5 A= Bk
BREEAIIR XS S, SRS YA 5 SRSt &R KT
RIS, I C—S BRI SCE AN AE. 2022 4, Bull
UTRARASHRIE 1 E 6 LA g- TN &R AR T i =, R
Bt & A R R ARAL C(sp?)—H TRt Ak S i
(Scheme 25). TEZKAFRA A KIN a-Z BB TCRL, AL
B~ HE IR L T R[5, 61-FA R e ) 44 R 25 H 40 82 7
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CHO

COOH
o G,
OH { ToH
N [RhCp*Cl], / N

PivOH

/)

AQSbFG

o /\f
[RhCp*Xaln
= OPiv or SbFg
O
{ 6}
N—Rh~CP” //¥
%/ Z Rh—O
\Cp*
O
I B/\f
B 24 BN ERES T WIEEM RGN

Scheme 24 Proposed catalytic cycle of rhodium(IIl)-catalyzed
intramolecular olefin hydroarylation of aromatic aldehydes

Y. 1)L B A B 2 PR R e 22 e DA R P (AR A
JEVRTHUR & EF'%%A% ikt T2 AR JE R I, %
JS2 U BB A6 ) T3 3L [6,61- IR Hh (R4 25 HY -7 4.

25 mol% pf-alanine
CuF, (2.0 equiv.) o

o H o 50 mol% Cu(OAc), oOILR
' T K,COj (2.0 equiv.) |
X , S, N
| —FR" Na0” "R HFIP (0.2 mollL) | g
=
100 °C, Ar, 18 h =

B 25 A 05 A QAL C(sp?)—H R S L
Scheme 25 Ketone-catalyzed ortho-C(sp?)—H sulfonylation of
aromatic aldehydes

EF R T 68 s AL (Scheme 26): EEER A 5
WHEHRINE B, &)@ MR A B R C, T
MR £ C B 5 AV Re 3 BUR BLAIH], C & — AN FE
A3 B IR 5 3R C—H 3 AL R TR e [l i
D, REMEEN; G WHERRIR S X AR AR 2 # A
E, 57— E R CuX, 5 E KA B0 [ BiA3 2 s
R4 A F, HRAMA F 20 FEHEBRS R G, /Ki#
1320 B A5~

6 2-FE-B-AERABRSIEEFNNA

2017 4F, REPRBAHRIE T LL 2-FF-p- N
FRAE ol 5 1) 2k () B A4 A B 7 B S R 5% C(sp®)—HL 1)
77 A N (Scheme 27). AH B T FE 2, M7 HH 2110 2% ]
B BHEBCRARI TR 3E N, N2 2R, 1EE K B-

NTQ H
| s° |
G R
X = F, OAc, MCO3 B
M = Na, K CuX, + MyCOjg
o) / MX
0 ® —| ®
O © 2M 2M
o o o >\—
N\— ) R N'Cu\
" Nso,R L MSOR _
F ) 5@
Cux +Mx /ﬁ\ oM <
o)
CuX, o_le'vI® _I
o) N7 MHC03
CIU/ N
N’ R N
\ 7‘{
MX RSO,M

B 26 AL D7 A& IEATAL C(sp?)—H REIE A0 SR R 3
Scheme 26 Proposed catalytic cycle of ketone-catalyzed ortho-C(sp?)—H sulfonylation of aromatic aldehydes
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10 mol% Pd(OAc),
30 mol% TDG
AgTFA (1.0 equiv.)
| AgOAC (2.0 equiv.)
X
| =R — - Me
= HFIP/AcOH (V:V = 3:1)

120°C, 72 h

O H

)J\/k +
Me n-CeH13

B 27 AR IR B-C(sp®)—H J5 34k S
Scheme 27 Palladium-catalyzed S-C(sp®)—H arylation of aliphatic ketones

AN A RS LS A WA LE 7 DR (i AL
C(sp’)—H ISR KEE, 1 a-ZIER 5N T
TEH AT S S RARIEEST, B R BRI 5 1%
(1) p AL EUARIEST S Bz R, BURIEAF R 250, R
8 A RO R O NP, N R HERCR, i K BH
7 W T8 i, S BRI B ICR . eAh, 4 {E
AgTFA {EAUSINFINE, 47 PO R = KB H
B~ Y)(Ar—Ar), 1] AgTFA A1 AgOAc(¥F 2
EEh 10 2y iRAAE IS T B AR P T L,
FOMEH AgOAc siIAARERI, FAR AN R 52
K.

7 2-mEXRRARSSEERNNA

2-FIERHIRAR S TAE B-NAIR M) o f-Fr B AN—
MNIRIR, MR R, 2017 4, Sorensen i £ 150)
DL 2- R R RS T m B [, Seal 1 4R (e fp o
it 0 B AL W) R IR 14 ). (Scheme 28). 7E 2% 14
A, 1R IEAT 3 TR I R 0 2- S B R R 1 25
REUF, PPN 45%. ML, A - F AL
N 9%. SRS AP AN R A 1) 75 BN 55 B AL 4.
HHFHN T IEE =P RN &G T 1Sk

PSR, R 40%.
@)
W%RZ

10 mol% Pd(OAc),

Ox-H ' 40 mol% TDG
X AgTFA (2.0 equiv.)
= +
| Ve AcOH/HFIP
/\ R2 (
R1

V:V=9:1,0.15 mol/L)
120 °C, air, 36 h

TDG: via: (0]
AC()\ /O
H Pd
1
NH2 R /\’ \ /) N
COOH —

B 28 AR R AN 5 B B2
Scheme 28 Palladium-catalyzed synthesis of fluorenones from
benzaldehydes and aryl iodides

EZ AR MNE I C—H 7516 5E il (Scheme 29).
R AE KT ER A, 5&B%AGZ)E, 8
T Wl ) 4 R T A R, AR IA 1-C R Y g
2362
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AALINERSE, R PAAV)H A 1-D, Zidid RE A
B AT 1-E. AgTFA {2 3E B4 52 445 2] TFA(BLES R
AT Pd PRl AR ER 1-F 38 AL
PEIR. TE58 Ik C—H HULfF 2 Lonili i I-G J5, Mk
6. TN Im AL G, S A C—C B
AR -HL S, B-E A R e AR W -1, R 1
FK AR5 T R SR AR S IR T I B, 2 iR Y ok R
Atb, BT Pd M FEAL NS PAAT) AL

8 FHUREREARSSEAEFITRRE C—
H &L & R R B R

AXFR C—H AL 5 B ML R AU 5 25 18 &
2 FA) DX e B, T L5 (RIS 2 i ST AR e 3, DR A
FPedie . A TR AR AR e & T A S EAT SLAK %
B C—H WL, MR P ST T
Rk, H AR PSR RS IR O 4 ) SE Bl 7
AXIFR C—H iE L 5 B RIS
8.1 FMHRRBRASXIR C—H B LR NTHINA

FURCERR S TR EBAERDN p 5y R
[5,515[5,6]- XU H [ 44, AU 20 R 1A I B A T i 4
FUBCKR, RELEIAI— M7 A A2 08 0 22 (B2 BEL, - AT et 2
FHE T A (A 3).

t-Bu t-Bu
o] $ O

LN S

[intermediate

B3 [5,5]150[5,6]- WU i i) ¢
[5,5] or [5,6]-bicyclic palladium intermediate

intermediate

Figure 3

8.1.1 AR C(sp’)—H 4 H 4k

2016 FREMNEPHRIE T UL L-BERE R ABES S
SR, AL DS BN AL C(sp®)—H X WLIE B 75 3
1 B (Scheme 30). 1F & ik 1 AN [F] 44 AR 00 % 1) 22 2k
TR, RIS Z R o AT BT J 56 T B [ S Ak e 4%
PEZOCE B RV RUT 2 10457 [ IR Bt 52 0 17 3P e P pke
AR R, AT 5] I R BB S AL T B A TR R
T, (AT DU I ek S R R R ) LA SR R v e 2R
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0 OCH3
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X O
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<:§ N ©) I-A N
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X +HX
-HX
OCH;
1 O o
SO L
+ N
V7
&
H
+H,0 I-F

-HX

H3CQ Ho—/°
OCHs
O N (N
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o)
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Pd(II)HX /,{1
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( Ln X
+H* Q N’Pd‘o
I-H o
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B 29 AR AL A B AN 55 FE B A 2 BRI BR

Scheme 29 Proposed catalytic cycle of palladium-catalyzed synthesis of fluorenones from benzaldehydes and aryl iodides

o 10 mol% Pd(OAc), o
| 20 mol% L-tert-leucine
S X AgTFA (2.0 equiv. A XN
R o | e feTAROCAN) o | re
% H = H,0 (3.0 equiv.) % =
R2 HFIP/ACOH (V:V = 9:1) :
RZ
100°C, 24 h

B 30 AT EERERAL C(sp®)—H B8 75 A
Scheme 30 Palladium-catalyzed benzylic C(sp?>)—H arylation of aromatic aldehydes
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ik SR

SR T 5] NRERS AR S 25 o 1 ARV L RRVE
PERR TSR, R RR A i C—F #5287
2B K IR G, 2018 4F, REPIRBHALIRIE T L-
TR RS S R, BEERAC AL 2-k
FIE R EE R OEFENE C(sp®)—H AL NI 7. &
PA(I/IV) AL IR AZ AT C(sp)—H T SN B¢ K F PR o
TET C(sp?)—[PA(IV)(La)]—F 1) 38 J5U3H Bk S b
WM, HEENRE, WRRNARNEE N O FISE
WA, ARG L SN2 BERZHUR R By . 1ZF 7K
B, DA RECR E BN T B, N 3 B F
CAL =, T AE FH RN T R, B8R 3 4
T BB, B BRI ALY, Wit DFT iH5 K
I T Jhe 2 TR W 2 5 1) B AT A RI BH S 7 PA(TV) H
A A FIT C—F SAEIEMRRN. Aok, &K
A8 F B F 7 R R R T DR, BRI 1A% R B [
T, MAERT C—F #ER. RN TR B
TE 2 ) S 807 15 326 38 1 0 ST A a2 3R v v AR S O A D,
TE 25 AR AL HP A B 2 S 35 R W 25 5 1w 2k 1] 00 % 1)
23 ()5 BHIE I, ee {ELtHBE 2 38 i1 (Scheme 31).

Me 10 mol% Pd(OAc), ?
20 mol% TDG

8.1.2 EEER C(sp?)—H 4 &1L

RO W E PR RIRT=W 2. AL AT RD
R WAZ DB AR, ARG M52 22K
P21 2017 4F, SLIRIEIREZHIOL) LU A IR bk
AT m AR, SCHL T B 0k B I 5
C(sp?)—H % JE 4L 5 B (Scheme 32). 1E 2Lk,
EFTRIE T — RYNFHRER, 43P R R
H T SRR, ee [H N 99%, Ui FH R IR
M EEAR RO F PR A B 2. FEE— 20 5 R 58 ik
T RIRFAH) TAN-1085 AT R4 & 57,

1E R B S T 1) 5 A B 1K 7 6 I 1 4 i A s Dy 1)
Fehifh b, 2018 4F, S AmgE B AP SR T P LR
TR A Wk 7 3 1) AT, I {0 B % 3g 458 1k K 5 R 1
C(sp>)—H BRItk [ Ni(Scheme 33), RS IRYE Nt
PIF RS R, (8 7 RIFIZEREGEIE 99%) Mk
R RS BRLAR 6 51 (ee 1 H115 > 99%).

2018 4, SR IREHNRE T LA L-BUE AR bk
AT A, AR BRI 0 Bk Csph)—H 75
HeAb B, RIFTHFPE kA 5 4)(Scheme 34). 1E

(ID BF, “
N A 50 mol% NBusPFg R
R + | A F
. H CgF5COOH (5.0 equiv.)

= Me N~ Me 2
m2 E Benzene (0.25 equiv.) R
0
[FIBF 70°C,24 h
t-Bu

F3C

]
| Pd (OAC)2
F3C [F+]
H

Me

t-Bu F O O
N>—\< FsC '
—N~_10 Sn2-type
P N
C@_V %oAc OAc
Me Me

B 31 BT FRERAL C(sp®)—H B SR
Scheme 31 Palladium-catalyzed benzylic C(sp?)—H fluoridation of aromatic aldehydes

10 mol% Pd(OAc),  via
o 20 mol% L-tert-Leucine i RIAr
0.1 equiv. BQ 1
HFIP/ACOH (V:V = 4:1) :
0 | r
60 °C, 48 h, O, : R A\A\I‘Z

B 32 EAEAH LR C(sp)—H B S S8
Scheme 32 Palladium-catalyzed atroposelective C(sp?)—H olefination of biaryl aldehydes
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SiRs 10 mol% Pd(OAc),
30 mol% L-tert-Leucine

+ |l AgOAc (2.0 equiv.)
Br KH,PO,4 (2.0 equiv.)
AcOH, Ny, 60 °C, 48 h

B 33 LA BRI L FE M C(sp?)—H BERIEAL S M
Scheme 33  Palladium-catalyzed atroposelective C(sp?)—H alkynylation of biaryl aldehydes

RS GEAFARAL Y, AR RKBUAHEE TR . RN R
SRARE TR, U@ R T RIS
PE AR R, A KAL) BT R (PivOH) J5,
REME AR R B 5 S I 7= 2 R SLAA IR R PE. AL 72 3R
B BRAH LR W BEIL A 2 5 7 0 ek 4 1 ) )
ER-L BT (CMD)RERE. 2R et 7T A 0L
Br 7 7 LML), e A SR 1) S 07 SR ) B
HAS AN I RCR.

10 mol% Pd(OAc), (o)

60 mol% L-tert-Leucine

R Ag,CO;3 (0.5 equiv.) R

! Ar—I '
Fe H + A PIvOH (2 equiv.) Fe Ar

> NaHCO5 (0.5 equiv.) S
HFIP, 130 °C, 36 h, air up to 72% yield

B 34 AVEGBESEE BB FR C(sp?)—H 8805 54k
R

Scheme 34 Palladium-catalyzed enantioselective C(sp?)—H
arylation of ferrocenyl ketones

2022 4F, WESERIREIAHIO, LR R B AE b
SRR, SEIL T AR AR 5 BRI S O R L i
PETS FEAL N, B T Bl ) T K T 2L A ) (Scheme
35). L-BEE R BRI a3k S5 SR 1447 0 7= AR 5 v R S Ak
MR T B EENER. RN AR RIFMIRYE G
RV, it 7o RS 1) [ SR T 67 v 1) 5

10 mol% Pd(TFA),
30 mol% L-tert-Leucine

HrH.

2020 4=, Engle IREZHIILL L-FUE IR B T
B, TEUR AN AR TR SEEILAAS 25E 2 H I JEC A0 1) AS K RO J
Heck &75#:1b [ N (Scheme 36). 1 HEl s b7 7] GE£E
SEXUBALAEER, R4 T A RS IE A L-BUT R TR T A
F I N A O % B, PA(0)5 B oI5 75 FE R S Ak in
BRAERR D, HER D ST RN SRR E,
AN BE S R G RN R G K. TR, Rk
E 5 HERARBCAL = AE A2 2 H ke 38 PA(ID) (AR F, BifRA:
i Pd-H ¥#f G. fJ54 C—H & JEHF, FAE Pd0)#
Hh 70 58 AL G R, RN Bs A2 B H R4 1L
8.2 FMHEMIEARSSEERMNA

FHEGE AR T B, HAEE ) 5 7 A
W /0N, AR TR 2 RS 7 AH R 6% 1R 4 b 2 i S 87 (1) ST A
TP

2020 4, REPFBAOHRIE T LSRR
NBRA TR, AR T EEER p-C(sp®)—H 155
FEAU R Ni(Scheme 37). TEWEA T MIZERIIFIEF, D-GI%E
FRIE RN S IaFE, NS T 82%HISRAN 3 197 er {H;
R A L-250 % 18 W) 45 S 56 A A . Ik e i G A R0
AgsPOs IR 5 T SN % M A e 6. M EE T
AEIR, RN BUTRIRIE GRS T 10 B g s = A
B R R B E(99 1 1 er), SRTTUSCR HN KR E R BE
(55%), TEE Mol g2 B RUCT 25 1 2 (Al 4oz B A 1) 1
P A R

@ CHO

gm** iD

AgTFA (2 equiv.)
TFA (2 equiv.)
HFIP (1 mL), 80 °C, 72 h

@@

B 35 A BH AL FEME C(sp?)—H 57 FEAL S
Scheme 35 Palladium-catalyzed atroposelective C(sp?)—H arylation of biaryl aldehydes

Chin. J. Org. Chem. 2023, 43,2351~2367

© 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

http://sioc-journal.cn/ 2365



BT

5 mol% Pd,(dba)s, Arl (1.5 equiv.)

~o
TMA+HCO, (aq.) (2 equiv.)
Et3N (3.5 equiv.), 15% L-tert-leucine
A Me DMF (0.25 mol/L), 40 °C, 48 h
t-Bu [e) j
t+-Bu HzN OH
\N/k"/OH TDG /kn/
O
B Me

L,Pd°

B3R 36 AL IR H EEAS G FRIE R Heck 2757 210 L ALEE

Scheme 36 Palladium-catalyzed asymmetric reductive Heck arylation of alkenyl benzaldehydes and proposed mechanism

o 10 mol% Pd(OAc), o 9 REERE
H 30 mol% TDG H N = - - L L
*E(L Me , ar—i 40 mol% L \E{L Me L5 TR, FEBRS S SRS OB E0TE 1L 5 A L
' TFA (1.5 equiv.) " R, EIERRKRIR) Tz, SiMFEE 2R, R,
o) CRA PR L LAY EKR AT S s 12,
— 1 R SEBL T S R b K RS R A 0 4R M C(sp?)—H A
o e || Clsp?)y—H BETFAL, MBS BR5HE Hi2E
X N” “oH e BREEAG. GUR. JRAL. TETEEL R Ak S 2 R TR
HN__COoH L AR LIBRIHEAT. P RIRRR 0 5 T, Rens iy
B 37 AR -Clsp®)—H 35 R4 b SOUAXI BRI BT, Mt o B ARIAR R T
Scheme 37 Palladium-catalyzed S-C(sp®)—H arylation of ali- ¥
phatic ketones RTI, A B ERIE AL A, H RTUIARE 1R 2 4k
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i (DEIEFRAE B T 1A A0 R B AR R R ECOR,
—RAE 20~60 mol% Gl N, i AR ITIR 2%, Wil is
DS BE R 1) FH B B BB 0% S B ) 56 110 7 B [l A0 4R B
A, RN EERE, QREREN—
VTCAT 15 I, 38w A8 B SR AR E A AL, TR
BN B A B E S SR B, 2SR
J&J5 ), (3L AR ol 25 5 ) i S A e SV e S
JEIRBRAE /N F RS, TR E A K0T )E
B REA(LSEYB I 77 v, KT SR 1 7 T I 45 44 2 FF
1 WEFE L IR R RN IE Y, (4)FT 8 F VR e 4]
WARFITIE R RIRYE, R ESER A AR
EUARZRIRE N I R 4508, (H L8 1558 2
80 057 ARV E MR YD, $h 58 Be B NE FD0 32
T N IR T D B R UL R AE 4y TR BN Z MR R
(4%l B 2L
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