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10 mol% (PhsP)3RhCI

100 mol% TDG 1

(X 10 mol% Cp,ZrCl, or Cp,TiCl,

Sy | Chul-Ho Jun, 1997 1" * A ncHy -
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1 'Background

TDG Chiral cTDG
TDG y ™ A
Sy | Jin-Quan Yu, 2016
10 mol% Pd(OAc), U PR EEEEEEEEEEEEE

20 mol% cTDG 1

N 2.0 equiv. AgTFA A8 ! +Buy _COOH 5
R ﬂ + Al A > RL@CX I :
3.0 equiv. HyO ro NH, ;

R? HFIPACOH = 9:1 22
100 °C \
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Yu, J.-Q.* et al. Science 2016, 351, 252-256.



1 'Background

The development of chiral organocatalyst in
TM-catalyzed asymmetric C-H functionalization

.................

S \ : tBuR | : R
: RYCOOH ; ! Lo : :
: : t HoN R : 5
LN, i = R I ) ik Nz
E R = t—BU, i-Pr... E E R = Et, i-Bu E ;s ,:
Amino acids Amino amides Benzylamines
first developed by Yu, 2016 first developed by Yu, 2018 first developed by Wang, 2019
0]

CHO
1 t-Bu_COOH i-Pr,, _COOH CHO +Bu Et
R Ar Y R |/ R?
A 3 \\F N.
Asymmetric C(sp”)-H NH, " NH, S HoN Et

r
functionalization R? R2 O
54-88% yield 35-82% yield 36-61% vyield
90-96% ee 76-98% ee 86-99% ee
Yu, J.-Q.* et al. Science 2016, Yu, J.-Q.* et al. Angew. Chem., Int. Ed. 2020, Yu, J.-Q.* et al. Nat. Chem. 2018,

351, 252-256. 59, 9594-9600. 10, 755-762.



1 | Background
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Alkenes as electrophiles




2.1.1 C(spd-H Alkenylation

" 2141 Alkenylation

Shi, B.-F.* et al. Angew. Chem., Int.

of biaryl aldehydes with acrylates and styrenes

S | Bing-Feng Shi, 2017 First atroposelective C-H functionalization using cTDG strategy

R @ 10 mol% Pd(OAc), R @ ............... ‘
20 mol% cTDG 1 :

H . /\R3 0.1 equiv. BQ . SR T

R? @ HFIP/ACOH = 4:1 R? @ L peq
60 °C, O, R ;

rac-1 2 3

selected examples

\/

O
T
(@)

3aa, 83%, 97% ee 3bb,95%, 99% ee 3¢cb,85%, 98% ee 3db,90%, 99% ee

Dynamic Kinetic Resolution

Low rotation barriers

Ed. 2017, 56, 6617—6621.
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2.1.1 C(spd-H Alkenylation

: 211 Alkenylation of biaryl aldehydes with acrylates and styrenes

Shi, B.-F.* et al. Angew. Chem., Int.

Sy | Bing-Feng Shi, 2017

R’ @ 10 mol% Pd(OAc), R @ PN ‘
CHO 20 mol% CTDG 1 CHO E t-Bu COOH E
H . AR 0.1 equiv. BQ .~ SRS E T
R? @ HFIP/ACOH = 4:1 R? @ L.
60 °C, O, N .

rac-1 2 3

selected examples

OO CHO go CHO
Me X COnBu (el :
9 J

Cl Cl

3eb,46%, >99% ee 1e,54%, 89% ee, s = 600 3fb, 40%, 99% ee 1f, 60%, 70% ee, s = 419

()
&

/
CQ
&

s = In[(1-C)(1-ee,)/In[(1-C)(1+ees)], C=eey/(ee +ee,) High rotation barriers

Ed. 2017, 56, 6617—6621.
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2.1.1 C(spd-H Alkenylation

Sy | Mechanism

=9
CHO
3 5 R*
xR t-Buy__COOH
R2 O Y CHO
NH, H
cTDG 1 = O
HZO Hzo
Pd°
H BQ
R \ t-Bu Oxidation
N
WYR-RY=0
R O Pd—0O Pd"
D

H
R O \ t-Bu C-H activation

N

/\ 3 |

Z R ‘\\Pd\/;o

: (0]
Heck-type reaction R O
Cc

seven-membered palladacycle

Shi, B.-F.* et al. Angew. Chem., Int. Ed. 2017, 56, 6617-6621.



2.1.1 C(spd-H Alkenylation

2141 Alkenylation of biaryl aldehydes with alkenes

Sy | Lutz Ackermann, 2020 Electrochemical version

i—iﬁ

10 mol% Pd(OAc),
20 mol% cTDG 1

CHO

=
H +
g ]

Comoooooooo

'
RS 2.0 equiv. LIOAG S R® NH,
AcOH, 60 °C, air R2 cTDG 1
CCE,10mA QS 9090902000000 Trrmmmmmmmmmes
rac-4 5 6
selected examples
OMe
MeO
O OM
CHO O CHO O ©
X _-COyn-Bu I l A -
6aa, 60%), 98% ee 6bb, 55%, 96% ee 6cc, 68%), 98% ee
CHO O
Ph
\ S0 | OEt

6cd, 52%, 98% ee
Ackermann, L.* et al. Angew. Chem., Int. Ed. 2020, 59, 13451—-13457.

6ce, 68%, 99% ee
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2.1.1 C(sp?-H Alkenylation

e ﬁ.. 2111 Alkenylation of biaryl aldehydes with alkenes

Sy | DFT calculation OQ

9 ]
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Ackermann, L.* et al. Angew. Chem., Int. Ed. 2020, 59, 13451-13457. ,:' 3 14



# Site selectivity control in biaryl system

_O

Pd O

1 N R1

tBu R 5 N Ph

t-Bu . \N

7 /

‘\\Pd VS Pd_®
2 R2 @)

“f] Jat

seven,five-membered coordination seven,six-membered coordination

five,five-membered coordination

AR

tBu @ .
CHO cTDG 1
-

Me;Si—SiMe;

Pd(OAc), @
TDG 4
>

Pd(OAc)

L
CHO

\“Pd xR ""t-E-: """ C-}E)-(-);—Iu H  emmmmmgpommmmmees
v t-Bu
@ ' @ . )\/COOH ' @
NH, ' : H2N :
seven-membered palladacycle cTDG 1 : . 'I_' DG4 ______ :

.................

a-amino acid B-amino acid

Coplanarity

Non-covalent interaction Intraannular

C-H functionalization

Interannular
C-H functionalization

> Site selectivity of C—H cleavage is controlled by the bite angle of the TDG.

ad

five,six-membered coordination

, AP
SiMej Pd
\

CHO

five-membered palladacycle

» Using different TDG leads to different energy of inter- or intra-annular intermediate, so that site selectivity

would determined by a transition state with lower energy.

Shi, B.-F.* et al. Angew. Chem., Int. Ed. 2017, 56, 6617—6621.
Shi, B.-F.* et al. Sci. China Chem. 2020, 63, 875—880.

Yu, J.-Q.* et al. J. Am. Chem. Soc. 2022, 144, 4727-4733.
Ackermann, L.* et al. Angew. Chem., Int. Ed. 2020, 59, 13451—-13457.
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2.1.1 C(spd-H Alkenylation

" 2141 Alkenylation of biaryl aldehydes with maleimides

10 mol% Pd(OAc),  rth | el
R? O 2 20 mol% cTDG 1 ] e |
Sy | Upendra Sharma, 2022 G i 1.0 equiv pBQ__ LB
woo+ L NR HFIP/ACOH = 4:1 : ;
o)
O |
8

rac-7

selected examples

; OMe 5
5 O CHO O CHO :

0 o 5
N N 5
; Q | N-Me s | N-Ph :
5 o o : i 9ca, R? = Me, 66%, 95% ee!
! 9aa, 85%, 98% ee 9bb, 85%), 99% ee g | 9cc. R? = Et. 62%. 88% ee
E Dynamic Kinetic Resolution ' Desymmetrization Process '
: OO io CHO | OO CHO ‘ O CHO !
E CH% \/ . o) g i
i 2 = 2 :
o= O gl T |
: e} i el i

9dc, 40%, 93% ee 7d, 50%, 96% ee, s = 108 ' 9dd, 43%, 90% ee 7d, 52%, 98% ee, s = 87

Kinetic Résolution

Sharma, U.* et al. Adv. Synth. Catal. 2022, 364, 897— 908.
s = In[(1-C)(1-ees))/In[(1-C)(1+ees)], C=ees/(eestee,)



2.1.1 C(spd-H Alkenylation

211 Alkenylation of biaryl aldehydes with maleimides

S| Mechanism

R1
CHO

O

10 mol% Pd(OAc), OO | N-R? Bu.  COOH R O
O O 20 mol% cTDG 1 O .8 NG CHO
CHO 1.0 equiv. p-BQ CH O 0 NH, H
+ || N-Me HFIP/ACOH = 4:1 E1cB cThG 1 OO
OO 80 °C, 36 h OO elimination
© 1.0 equiv. H2180 and hydrolysis

N BQ
10 mol% Pd(OAc), Pé o Oxidation
O 20 mol% cTDG 1 O OO ~0
CHO 1.0 eqUIV p- BQ C ¥ ) Pd“
AcOD, 80 °C, 12 h o k2
99 94y o

. . . . 75A)
C-H activation is reversible

Sharma, U.* et al. Adv. Synth. Catal. 2022, 364, 897 — 908.

t-Bu C-H activation

O

olefin coordination
and insertion
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2.1.1 C(spd-H Alkenylation

. 2.2.2 Alkenylation of styrenes with alkenes

Sy | Jian Zhang & Guofu Zhong, 2022

10 mol% Pd(OAc),
1.5 equiv. MnO,

.................

53 30 mol% FTDG 2 ' | :
R2 co + ZR 10equiv.BQ R2 CHO  IHN" Y Ni-Bu ;
3 ' '
1 50 mol% (BnO),PO,H R Z = 1 ' 0] ;
R AcOH/DMSO = 10:1 R i, cTbG2 -
rac-10 11 40 °C, O, 12
selected examples
Me Me E CHO

CHO O

] R
0 Me CHo MBUOL  AF O O FsC CHO nBuOC_~ ‘
=
R ad R =z

Me Me

12aa, R = On-Bu, 82%, 98% ee 12ba, R = H, 89%, 99% ee 12dd, R = H, 82%, 95% ee
12ab, R = OEt, 67%, 98% ee 12ca, R = OMe, 78%, 99% ee 12de, R = OMe, 79%, > 99% ee
12ac, R = OPh, 70%, 99% ee 12da, R = F, 84%, > 99% ee 12df, R = CF3, 76%, > 99% ee

: F4C CHO ! oo Me P CHO =
: : By

: FsC CHO % = Me : =z Me
n-BuO,C NG Me CO,n-Bu E 12ag, 76%, 98% ee

: ' AG” = 32.5 kcal/mol

: 12fa, 70%, > 99% ee 12f'a,23%, > 99% ee L

t12 = 2419 years (25 °C)

t12 = 166 years (40 °C)
Zhang, J.*; Zhong, G.* et al. Org. Chem. Front. 2022, 9, 2109-2115.

12ea, 89%, > 99% ee

o0
TNY
A T

S
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2.1.1 C(spd-H Alkenylation

211 Alkenylation of styrenes with alkenes

Sy | Bing-Feng Shi, 2020

10 mol% Pd(OAc),

1.0 equiv. Co(OACc)y*4H,0 ' , :
R1 O CHO /\ 30 mOI% cTDG 2 R,] } CHO : t-Bu {'BU :
RS i , N :
H + R 1.0 equiv. BQ SUR? : HzNJﬁf ~iBU :
R2 50 mol% (BnO),PO,H R2 : 0 :
AcOH/DMSO = 10:1 i cTDG2 ;
rac-13 14 40°C, Oz 15
selected examples
CHO
Ph™ X
i-Pr xR°

Ry CHO or Xy CHO
! E X CO,n-Bu R2 X CO,n-Bu

15aa, R' = 0-OMePh, 65%, 83% ee 15da, R? = j-Pr, 85%, 96% ee
15ba, R' = p-NMe,Ph, 63%, 92% ee 15ea, R? = Me, 79%, 73% ee
15ca, R = t-Bu, 33%, 99% ee 15fa, R? = Et, 60%, 94% ee

Shi, B.-F.* et al. Angew. Chem., Int. Ed. 2020, 59, 6576—6580.

15db, R3 = CO,Et, 75%, 97% ee
15dc, R® = CgHs, 81%, 94% ee
15de, R® = PO(OEt),, 42%, 98% ee

19



_2..'1.'1 C(sp?-H Alkenylation

Wt ~2.2.1 Alkenylation of styrenes with alkenes

Sy | Mechanistic study

10 mol% Pd(OAc),

or” X CHO  1.0equiv. Co(0Ac)"4H,0  ppr Xy~ CHO
) 30 mol% ¢TDG 3 P D
i-Pr 1.0 equiv. BQ al
v
50 mol% (BnO),PO,H T
AcOD, 40 °C, O, 24 h T
t-Bu t-Bu

N NEt
X
i N/'\ﬂ/ 1.0 equiv. Pd(OAc),

OO O AcOD-d; (0.2 M) OO pd—O
- \
40°C,1h OAc
Me Me
Int A,

yield: 35%

six-membered palladacycle

CHO 30 mol% Int A
1.0 equiv. Co(OACc),*4H,0

1.0 equiv. BQ
+ Z>Co,n-Bu >
50 mol% (BnO),PO,H

AcOH/DMSO = 10:1

Ph™ X

Me 40 °C, O,
CHO
CHO Ph™ ™
Ph™ X D D standard conditions
+ ? e
60 °C,5h
D D
D KIE = 2.3
0.5 equiv. 0.5 equiv.

Shi, B.-F.* et al. Angew. Chem., Int. Ed. 2020, 59, 6576—6580.

PhTX CHO

l E X -COyn-Bu

Me

88%, 80% ee

PR CHO

NS COzn-BU

Dy4/Hy4
total yield: 10%
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2.1.1 C(spd-H Alkenylation

: 2141 Alkenylation of heterobiaryl aldehydes with alkenes

X,Y=SorO
m,n=0or1
Shi, B.-F.* et al.

Organometallics 2019, 38, 4022—4028..

17
N-C axial chirality

Zhang, J.*; Xie, M.* et al. Org. Lett. 2019, 21,

6361-6365.

Ackermann, L.* et al. Angew. Chem., Int. Ed.
2020, 59, 13451-13457.

Ackermann, L.* et al. Chem. Sci. 2021, 12,
14182-14188.
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_2..'1.2 C(sp?-H Naphthylation

" . 21.2 Naphthylation of biaryl aldehydes with 7-oxabenzonorboranadienes

Sy | Bing-Feng Shi, 2019

10 mol% Pd(OAc),

R @ R’ @ [P09550500500000 .
30 mol% ¢TDG 1 CHO ' :

cHo - - | 2.5 equiv. AdCH,CO,H o N

W R , . S+

R2 2.0 equiv. n-PrCO5Na R2 ' - 2 . :
TEF/ACOH = 9:1 0, S

rac-18 19 60 °C, air 20
selected examples
\ @
CHO

20aa, R' = OMe, 59%, 99% ee

o 0,
20ba, R' = CFs, 52%, 99% ee 20ca, 62%, 98% ee
Dynamic Kinetic Resolution Process

20da, R? = OMe, 82%, > 99% ee
20ea, R? = Me, 59%, > 99% ee

Desymmetrization Process

Shi, B.-F.* et al. Angew. Chem., Int. Ed. 2019, 58, 11464-11468.
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_2..'1.2 C(sp?-H Naphthylation

21.2 Naphthylation of biaryl aldehydes with 7-oxabenzonorboranadienes

Shi, B.-F.* et al. Angew. Chem., Int. Ed. 2019, 58, 11464-11468.

Sy | Mechanism R’ @
CHO

1 1
R @ H R H
-H,0 "/

R2

A B
Soh
0 Protonolysis Pd(OAc), C-H activation
R? @ OH
F

dehydration

—~— N t-Bu — N t-Bu
H cTDG 1 HI HI
R2 @ HO X0 @ HO N0
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2.1.3 C(sp?)-H Allylation

" . 213 Allylation of biaryl aldehydes with allylic acetate

Sy | Bing-Feng Shi, 2018

10 mol% Pd(OAc),

R’ O OAc 20 mol% cTDG 1 R' O ---------------

SHE ; 1.0 equiv. BQ CHO COOH
H ot COEt HFIP/ACOH = 4:1

o NH,
R2 60 - 70 °C, air R2 R3 . cTDG1 |

rac-21 22a 23, 33-74%
96% to >99% ee

10 mol% Pd(OAc),
R! O = 30mol% cTDG 1 R! O ]! O ...............
iv. n- i OH
CHO 2.0 equiv. n PrCOQNa> CHO 2-Raney-N|/H2> t-BuYCOOH
H * o\«o HFIP/AcOH = 9:1 S, OH THF, rt OH
R2 O \ 60 - 70 °C, air R2 O R2 O - opé1

rac-24 25 26 27, 33-85%
90% to >99% ee

Shi, B.-F.* et al. Angew. Chem. Int. Ed. 2018, 57, 17151-17155.



2.1.3 C(sp?)-H Allylation

: 213 Allylation of heterobiaryl aldehydes with 1,1-disubstituted alkenes

S| Lutz Ackermann, 2021 N-C axial chirality
—1—
GFI Pt

Iy wnomeaon, (Y g =

CHO 30 mol% ¢TDG 1 CHO , FBu COOH ;

N ] > N : Y :

H R 2.0 equiv. LiOAc R : NH, :

AcOH, 60 °C, air ,  ¢TDG1 |

CCE,10mA QA b e
rac-28a 29 30

B O S A A A A A
E < 2 \) E
; %CHO %—CHO %—CHO \ CHO :
: N N 0 N 0 :
: CO,Et | :
; 2 0" TCFs o \ S OAc i
: / :
+ 30aa: 35%, 92% ee 30ab: 38%, 86% ee 30ac: 30%, 95% ee 30ad: 305%7 9?% ee ;
' 28a: 42%, 74% ee, s = 53 28a: 53%, 65% ee, s = 26 28a: 41%, 54% ee, s = 67 28a: 38%, 53% ee, s =169 .

Kinetic Resolution

Ackermann, L.* et al. Chem. Sci. 2021, 12, 14182—-14188.
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_2'.'1:.'4 C(sp?)-H Intramolecular Hydroarylation

: 214 Synthesis of indolines

S| Xin Cui, 2019

CHO 5 mol% [Ru(p-cymene)Cl,], CHO R3
H 50 mol% ¢TDG 3
R' 30 mol% L1 R
/ :
NSRS 2.0 equiv. KH,PO, i
31 R 20 mol% AgBF, 32 R
PhCI/HFIP, 60 - 90 °C, N,
N Lo e ‘;
: 3 ¢ t-Bu !
1 1 1 l :
: O \\“kNHZ : : N\ :
: Me | COOH !
! - O :
SR 1> I S N S R /
selected example
CHO Ph CHO Ph CHO COOMe CHO Me
R’ ) N N N
Ts Ts Ts

32a, R' = OMe, 86%, 94% ee
32b,R'=F, 69%, 94% ee

Cui, X.*etal. J. Am. Chem. Soc. 2019, 141, 15730—15736.

32c, 74%, 92% ee

32d, 55%, 81% ee

32e, 92%, 96% ee
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_2'.'1:.'4 C(sp?)-H Intramolecular Hydroarylation

: 214 Synthesis of indolines

CHO R3
R1
+ ¢TDG 3
N
R2

+ Hy0

Sy | Mechanism

Ar

Meﬁ/H

=N R3
R1
N H*
hz Protonation

Me—©—i—Pr
|
H RU‘Och

Arll}\
Me N Ph
\ N\RZ

D
R1

Insertion

Cui, X.* et al. J. Am. Chem. Soc. 2019, 141, 15730—15736.

Ar")'—N/RU
/

CHO

[Ru(p-cymene)Cl,], cTDG 3 + R14@[
RCOO™ Ag*
5 - H,0
AgCl Me”\ll/
N

Me@-i—Pr R

H
N/\/\Rg,
Rco;,~ | O A R?
O\
R C-H activation
i-Pr

-

. |
At )——N/R“\OZCR
Me /

+
. B
ol Csor | R0

Coordination

N

v/—Ph

al
R2

R' ¢

H

N/\/\R:;
R2
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_2'.'1:.'4 C(sp?)-H Intramolecular Hydroarylation

" 214 Synthesis of 2,3-dihydrobenzofuran

S

Jun Wang, 2020

.................

CHO 5 mol% [Ru(p-cymene)Cls], , : H 5
H 20 mol% cTDG 3 R ' \‘FNH :
R 20 mol% AgSbFg WMe \‘ Ve 2.
R! : '
o/\n/\R2 20 mol% TFA . : :
33 DCE, 60 °C, N, :\ ¢TDG 3 ':
selected example
CHO OBn CHO OBn CHO OBn CHO R?
W\Me W\Me CgHs W\Me W\Me
o) Br o) o) o)
NO, 34d, R? = OAc, 90%, 95% ee

34a, 90%, 96% ee 34b, 93%, 98% ee

. Wang, J.* et al. Angew. Chem., Int. Ed. 2020, 59, 3475-3479.

34c, 86%, 95% ee

34e, R2 = OTBS, 86%, > 99% ee
34f R2 = Bn, 86%, 94% ee
34g, R? = CgHs, 94%, > 92% ee
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R-X as electrophiles




2.2;1 C(sp?)-H Alkynylation

" 2.2 Alkynylation of biaryl aldehydes with silyl protected alkynyl bromides

rac-35 36 37

selected examples

L MeO :
! CHO1jps ! CHOtgs !
Neegl sl

O~
R

37ca, R =Cl, 61%, 90% ee
37da, R = Cl, 54%, 92% ee
37ea, R = Me, 61%, 94% ee

Desymmetrization Process

37aa, 77%, 94% ee 37bb, 74%%, 99% ee

Dynamic Kinetic Resolution

P Me [ ﬁo TIPS cl [ ﬁo TIPS Me [ ﬁo TIPS
! I ! 72 I ! =z MeO,C l 22
37fa: 42%, 96% ee 37ga: 46%, 99% ee 37hb: 31%, 98% ee
v 35f:49%, 90% ee, s = 152 359: 46%, 89% ee, s = 600 35h: 61%, 63% ee, s = 190

Kinetic Resolution

s = In[(1-C)(1-ees)l/In[(1-C)(1+ees)], C=ees/(ees+eep)
Shi, B.-F.* et al. Angew. Chem., Int. Ed. 2018, 57, 3661—3665.

10 mol% Pd(OAc), AN emmmmmmmmmea
R O 30 mol% ¢TDG 1 R O . OO
% Bing_Feng Shi’ 2018 CHO > R3 2.0 equiv. AgOAc or AQTFA> CHO R3 Y

H + / 2.0 equiv. KH,PO,
R2 O Br AcOH R2 O g o
60 - 70 °C, N,
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2.2;1 C(sp?)-H Alkynylation

2.21 Alkynylation of heterobiaryl aldehydes with alkyne bromides

Sy | Bing-Feng Shi, 2019

fi 10 mol% Pd(OAc), | j\ _______________
R1 X/ CHO 30 mol% c¢TDG 1 R1 X/ CHO R3 :l B COOH ‘:
. - RS 2.0 equiv. AgTFA ) pZ s :
RAAH / > R z ; ;
| Br AcOH/toluene = 2:1 | : NH, E
AL 55 °C, Ny s G ST
X=CorN
rac-38 39 40 YZ=C,SorO
m,n=0or1
selected examples
X S
Yy ® QI 03
C/HO TIPS Me CHO CHO . N Cﬁo R
TIPS TIP
- N N—F Z
9 ae ae @
40aa, X = S, 47%, 99% ee 40ca, X = S, 84%, 92% ee 40ea, X = S, 98%, 93% ee  40gb, R = TBS, 50%, 97% ee

40ba, X = O, 77%, 90% ee 40da, X = O, 82%, 71% ee 40fa, X = O, 98%, 5% ee 40hc, R = t-Bu, 66%, 84% ee

Shi, B.-F.* et al. ACS Catal. 2019, 9, 1956—1961.



_2.2.1 C(sp?)-H Alkynylation

e s . "2.2.1 Alkynylation of heterobiaryl aldehydes with alkyne bromides

Sy | DFT calculation

Calculated rotational barriers and corresponding half-life

T T T e T ' AN { \ (

- ; - s

s @ s s [~ =25 / 0

] a - L

: CHOTIPS M CHO CHO . ~“\_ \ 3._

! TIPS - ) I, o N e

: OO Z N N i N [:"' L1.72A 1 N [f 1724
' . ST A '- “1.76 A "

: a4 = : any| il frY

: e NN S

! 40aa[X =S, 47%, 99% ee| 40ca| X =S, 84%, 92% ee| 40ea[X =S, 98%, 93% ee | r 'r’ | |

AG” = 35.9 kcal/mol AG” = 36.8 kcal/mol AG” = 31.6 kcal/mol . N N —h R s \
E t1o = 1270 years t1/o = 5046 years typ = 2 years ' | l’ | I

! 40ba[X = 0, 77%, 90% ee| 40da| X = O, 82%, 71% ee| 40fa,[X = O, 98%, 5% ee | !

5 AG” = 30.8 kcal/mol AG” = 29.6 kcal/mol AG” = 24.6 kcal/mol | 153-5 153-0

ty2 =187 days t12 =30 days t2= 1204 seconds | AGY = 16.6 kcal/mol AG* = 9.4 kcal/mol

DFT-optimized transition states and free energy barriers

Shi, B.-F.* et al. ACS Catal. 2019, 9, 1956—1961.



2.2.2 C(sp?)-H Arylation

2.2.2 Arylation of ferrocenes with aryl iodides

Sy | Xiaohua Xu & Zhong Jin, 2018

e) 10 mol% Pd(OAc), O .
@(l( 60 mol% cTDG 1 P
R 0.5 equiv. Ag,CO R ' t-Bu '
S + Arl 92223 Fe CAr Y :
|_2.0 equiv. PivOH | ! NH, ;
@\Rz 0.5 equiv. NaHCO» R? . ¢TDG1 |
41 42 HFIP, 130 °C, air 42 0 mmmmmmmmmmmees
selected example
(0] O (0] (0]
Me Me Me Me
— Cl
é F@ F@ NN F@
NO t-Bu 4
2 Ci TsN
43aa, 72%, 95% ee 43ab, 42%, 94% ee 43ac, 60%, 97% ee 43ae, 55%, 95% ee
mono:di = 98:2 mono:di = 99:1 mono:di = 99:1 mono:di = 99:1
(0] 0] (0] (0]
Me Me Me n-CsH;
Fe Fe Fe Fe

S5 o, S= Nt S\ owo, No,

43ba, 61%, 92% ee

Xu, X.*; Jin, Z.* et al. Chem. Commun. 2018, 54, 689—692.

43ca, 54%, 92% ee

43da, 49%, 97% ee

43ea, 40%, 92% ee

33



2.2;2 C(sp?-H Arylation

2.2.2 Arylation of ferrocenes with aryl iodides

Sy | Mechanistic study

0 Me
WQW 1.0 equiv. cTDG 1 qéN t-Bu
1.0 equiv. Pd(OAc),, /
o quiv. PA(OAD), e 10
@ 1.0 equiv. PPhg or pyridine @ L/ ©
HFIP A

0]

0] 1. Me
HOJ4]3\/O‘NH3+CI' 0O
" S /\(
Fe H pyridine F & —

> e “Pd o =
2. 1.2 equiv. Pd(OAc),, HFIP @ N
3. 1.2 equiv. PPh; 2
L = PPh; B

five-membered palladacycle

Xu, X.*; Jin, Z.* et al. Chem. Commun. 2018, 54, 689—692.
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Benzaldehydes as electrophiles




23 Benzaldehydes as electrophiles

.~ 2.3 Coupling of benzaldehydes S C emememmeenas
1 mol% or 4 mol% Cat. 1 i ipr b E CF, Et
CHO 20 mol% or 70 mol% cTDG 4 o o
8 mol% or 32 mol% AgBF4 ' Rh 1 NH,
S | Jun Wang, 2019 R! + R2CHO > R! o /N Lo
H 0.7 or 1.4 equiv. Ag,CO3 + Cl Cl\2 v F
52 52 1,4-dioxane, 70 °C, N, 53 R2 : Cat. 1 E : cTDG 4
selected examples
: o) 0 E
: 53a, R' = CgHs, 42%, 91% ee "© . :
L O 53b, R' = CFs, 34%, 92% ee :
R 53c, R! = Me, 50%, 93% ee :
; 53d, R' = Br, 43%, 93% ee !
3 Me 0
: R! E
5 53e, 57%, 95% ee 5
: Homo-coupling :
: ol 5
: 0 :
5 9. veo s
: Me O :
: Q Cl ome R° :
: Cl ;
\ 53g, R2 = SO,Me, 71%, 91% ee 53k, 63%, 98% ee 531, R3 = CO,Et, 64%, 76% ee E
t 53h, R? = CF3, 73%, 96% ee 53m, R® = n-Bu, 13%, 93% ee i
+ 53i, R? = CO,Me, 54%, 85% ee 53n, R® = cyclohexyl, 22%, 93% ee
Wang, J.* et al. Chem. - Eur. J. 2019, 25, 4688—4694. Cross-coupling :



23 Benzaldehydes as electrophiles

Sy | Mechanistic study

i-Pr
: |
FsC 1.0 equiv. Rh FsC
CI/ \Xz
Et,,, €l Et,,
_N F 6.0 equiv. NaOAc - /N\ E -
CH4CN, 70 °C, 72 h RheCp™P
\
Cl
Me Me
rhodacycle A
O e TEEEEEEEEEEEES Y
Me CHO 8 mol% A Me CF, Et :
70 mol% c¢TDG 5 O e : E
32 mol% AgBF, . : NH; |
+ 1.4 equiv. Ag2CO;3 Q E F
F CHO 1,4-dioxane, 70 °C, 72 h F :‘ cTDG 5 ;

66% vyield, 97% ee

Wang, J.* et al. Chem. - Eur. J. 2019, 25, 4688—4694.



23 Benzaldehydes as electrophiles

e~y *i-Pr CHO
H

-H,0
AgBF4 F3C
F =< +
\N
. [ Et CF; Et
S | Mechanism R—g ?

AgCl NH,

+

Ag [Rh|||Cp*i—Pr] F
cTDG 4 . { Cp*, Pr cTDG 4
[RhlCp+iPr ©Xidation C-H activation
h
monodentate TDG
/Q /eductive elimination 4©\¢

[HRhIIICp*I Pr]

# B-H elimination coordination 19) Rz

ﬁ/-Pr
; % P R chiral metal center

/\ R2

fj /
ﬁp r
\ /
|ntram0|ecu|ar I y

addition “, Re face attack

/\N i/ 0 Grignard-type addition

Wang, J.* et al. Chem. - Eur. J. 2019, 25, 4688—4694.
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3'Summary

Chiral transient imine DG in
Transition matal catalyzed
asymmetric C(sp?)-H
functionalization

Alkenes

Alkenylation Naphthylatiorn

R’ O CHO Allylation
g

[Pd] RIX
R
OHC R2 | \/
R X R N &
CHO
Ph1\ ) [Pd]
R R

R-X Benzaldehydes
Alkynylation Arylation ~ Coupling reactions
Intramolecul ﬁY 7 0
ntramolecular )
Hydroarylation R’ X)\ﬁ/ORS ?::(FU R“—©/‘/ 0
RZ A = CE (
| Q\RZ R2
CHO ™ _R? S, 6
n\R4
R{lg [Pd] [Pd] [Rh]
X\RS
X=NorO
[Ru]

40



3 ‘Outlook

Challenges of

C(sp?)-H functionalization

Angew. Chem. Int. Ed. 2020, 59, 9594-9600.
Nat. Chem. 2018, 10, 755-762.
Science 2016, 351, 252-256.

Asymmetric
C(sp®)-H
functionalization

c¢TDG mode imine-based mode

Scope of substrates aldehydes, ketones

Metal catalysts Pd, Ru, Rh...

Bond formation Cc-C

Desymmetrization of cyclic ketones

Activation of benzylic C-H

other modes

amine...

Fe, Co, Ni, Cu...

C-X

Functionalization of
non-activated
methylene C-H bonds
in acyclic molecules
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