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| - Introduction

| - 1. Definitions, Principle and Challenges

* Definitions

A NNH C-H Functionnalization A NNEG

or or
Ho Q
N IS8
- Jon A~y / ~Z
or
M
R—./

C-H activation: formation of a C-M bond with rupture of a C-H bond

C-H functionalization: overall process (H replaced with a functional group)

- Principle: Functionalization of unactivated C-H bonds

- Challenges: Find suitable catalysts and selectively functionalize one single C-H bond
In a complex structure




Il - Catalytic Platforms: three types of Palladium-Catalyzed C-H activation

Il - 1. Pd(0)/Pd(Il): Ohno, Baudouin, Gevorgyan, Buchwald, Fagnou, Echavarren,

Itami, Cramer...

H O Pd(0)PR;  Ar

Ar
H + ARX [Pd]© ©/ I»(XLN/Can + Al CsF | %
base R H H R

(0]
N/Cest
H H

M. Wasa,K.M. Engle,J.-Q. Yu, J. Am. Chem. Soc. 2009, 131, 9886

Rl
/
H Pd(0)/L =
— H
H R'——Br N
R “Ar - R Ar
8 Cs,CO; Et,0 o

Ar = (4-CF3)06F4

J. He, M. Wasa, Kelvin S. L. Chan, and J.-Q. Yu, J. Am. Chem.

Rl
H_ Bre =
Pd

|
~N_

R Ar

OCs

Possible
intermediate

Soc. 2013, 135, 3387



Il — Catalytic Platforms: three types of Palladium-Catalyzed C-H activation
Il - 1. Pd(0)/Pd(lI):

R'—R PdOL, R—X
product \(
Reductive [ Oxidative ]
elimination addition
Pd(0)/Pd
(n_— L—Pd()”
'/Pd L N

x CH act:vatlon}\ SUbSl‘ fate

base s base




Il - Catalytic Platforms: three types of Palladium-Catalyzed C-H activation

Il - 1. Pd(0)/Pd(Il): Ohno, Baudouin, Gevorgyan, Buchwald, Fagnou, Echavarren,
Itami, Cramer...

H O Pd(0)/PR; Ar O

Ar
—_
base Ry H R" H H

M. Wasa,K.M. Engle,J.-Q. Yu, J. Am. Chem. Soc. 2009, 131, 9886

Il - 2. Pd(I)/Pd(IV): Canty, Tremont, Crabtree, Stock, Dyker, Carretero, Sanford,

Daugulis...
H Ar
©/ +  AX  [Pd]® @

F Selective
L, \R! Oxidation L., | R! C-Y' Reductive
~:Pd()_ FOX9 “pPdY) Elimination RI—Y
Pd(

R'= alkyl, aryl, Y = OR? or NR?R3
K.M. Engle,T.-S. Mei, X. Wang, J.-Q. Yu, Angew. Chem. Int. Ed. 2011, 50, 1478




Il - Catalytic Platforms: three types of Palladium-Catalyzed C-H activation

Il - 1. Pd(0)/Pd(Il): Ohno, Baudouin, Gevorgyan, Buchwald, Fagnou, Echavarren,
Itami, Cramer...

H O Pd(0)/PR; Ar O

Ar
—_
base Ry H R" H H

M. Wasa,K.M. Engle,J.-Q. Yu, J. Am. Chem. Soc. 2009, 131, 9886

Il - 2. Pd(I)/Pd(IV): Canty, Tremont, Crabtree, Stock, Dyker, Carretero, Sanford,

Daugulis...
H Ar
©/ +  AX [P ©/

CONHCgF4CF4 Pd(ll) CONHCgF4CF5
In I, CsOAc )n
_—
H 0.5 mol% Pd I
at gram scale
n=0,1 n=0,1

Compatible heterocyclic arenes
imidazole, pyrazole, oxazole, isoxazole, thiazole, pyridine

X.-C. Wang, Y. Hu, S. Bonacorsi, Y. Hong, R. Burrell, J.-Q. Yu, J. Am. Chem. Soc. 2013, 135, 10326.




Il — Catalytic Platforms: three types of Palladium-Catalyzed C-H activation
Il - 2. PA(I)/Pd(IV):

@Y substrate
Pd(OAc), ( R-H
© ( CH activation)
Che Y HOAc
Y
“pd i
AcO Pd(/Pd™V) ~OAc
R-0Ox Oy
product .
* Reductive [ »Oxid?tive]
_elimination_ __addition
Ox PV



Il - Catalytic Platforms: three types of Palladium-Catalyzed C-H activation

Il - 1. Pd(0)/Pd(Il): Ohno, Baudouin, Gevorgyan, Buchwald, Fagnou, Echavarren,
Itami, Cramer...

H O Pd(0)/PR; Ar O

Ar
—_
base Ry H R" H H

M. Wasa,K.M. Engle,J.-Q. Yu, J. Am. Chem. Soc. 2009, 131, 9886

Il - 2. Pd(I)/Pd(IV): Canty, Tremont, Crabtree, Stock, Dyker, Carretero, Sanford,

Daugulis...
@ T Ax [Pd]" @Ar
Il - 3. Pd(Il)/Pd(0):

H ( Ar
+  ArB(OH), —>[Pd] ,
[O]

10



Il — Catalytic Platforms: three types of Palladium-Catalyzed C-H activation
Il - 3. Pd(Il)/Pd(0):

substrate
/ Pd® OAc), { R-H
oxidant  (Reoxidation | (CH activation )
Y HOAC
Pd(® pdm}‘R
PdMP (O OAc
R-R B
praduct R—M
Reductive ( Transmetallation |
elimination

11



Il — Catalytic Platforms: three types of Palladium-Catalyzed C-H activation
Il - 3. Pd(Il)/Pd(0):

COOK COOH
@ 10 mol% Pd(OAc), @ (yield, 40-75%)
H Ph(Me)

0.5 equiv. BQ, 1 equiv. Ag,CO3
3 equiv. Me-B(OH), or
or = or

O

/ M
H 1 equiv. Ph—B\ :><Me Ph
‘><COOK 0 e

|><COOK (yield, 28-38%)
R/ R,

R. Giri, N. L. Maugel, J.-J. Li, D.-H. Wang, S. P. Breazzano, L.B. Saunders, J.-Q. Yu, J. Am. Chem. Soc 2007, 129, 3510

Ri Ry tBuOH, 100 °C, 3 h

H O RB(OH), R O
%N/OMG cat Pd(ll) %N’OMe
R' R2H oxidant = air R' R2H

C-H activation

C-C coupling
H yaul® R 70
HN HN
OMe OMe

D.-H. Wang, M. Wasa, R. Giri, J.-Q. Yu, J. Am. Chem. Soc. 2008, 130, 7190
12




lll - Reactivity and Scope: weak coordination as a powerful tool

lll - 1. Coordinating directing groups:

» Strongly coordinating directing groups

_________________________________

_________________________________

C-H Functionalization via Classical Cyclometalation

Functionalization
N B A
LN N
2 [M] v C-H
H = H Cleavage
Strong
Coordination Energy
| X | X C=X
~ N X ~ N\ ess
X - [M]
- Pd
i\ Strong coordination
Synthetic Stable, DG >
Cul-de-Sac Low Reactivity Reaction Coordinate
K. M. Engle, T.-S. Mei, M. Wasa, J.-Q. YU, Acc. Chem. ReS, 2011, 45, 788 G. |_|, L. Wan’ G_Zhang, D. LeOW, J. Spang|er' J.% Yu’

J. Am. Chem. Soc. 2015, 137, 4391




lll - Reactivity and Scope: weak coordination as a powerful tool

lll - 1. Coordinating directing groups:

* Weakly coordinating directing groups

. e s . . . . ) Functionalization
C-H Functionalization via Weak Coordination-Driven Metalation A ’
H
OH M] O"\[M] C-H
- H Cleavage
H
Weak
Coordination Energy
OH r ] -
X X DG---Pd
weak coordination
-[M]
Ready for - Pd o
Elaboration L | i\ Strong coordination
Unstable, DG -
High Reactivity Reaction Coordinate
K. M. Engle, T.-S. Mei, M. Wasa, J.-Q. YU, Acc. Chem. Res, 2011, 45, 788 G. |_|, L. Wan1 G_Zhang, D. LeOW, J. Spang|er, J_gl Yu1

J. Am. Chem. Soc. 2015, 137, 4391



lll - Reactivity and Scope: weak coordination as a powerful tool

lll - 1. Coordinating directing groups:

* Advantages of C-H functionnalization promoted by wegk coordination

Ar-[B]
Ar=Ar =
Ar=R R-[B]
= (0)'4
B] R
Aar R [BL
\__/ - \—/ \'p
]
[Pd]"
Ar . /\Rz
-
R
CcO
Ar=COOH L |

E—
D

I— .

HOR,

[

HN(R2)2

—

B2Pin2

—

Ar—I
Ar=F
Ar=CF,
Ar=0OH

Ar=OR,

Ar-N(R2)2

Ar=BPin

For a review: K. M. Engle, T.-S. Mei, M. Wasa, J.-Q. Yu, Acc. Chem. Res, 2011, 45, 788

un-OMe OH OMe
COOH COooH COOH o
i H H H H H H

Hydroxyl-directing group: Y. Lu, D.-H. Wang, K. M. Engle, J.-Q. Yu, J. Am. Chem. Soc. 2010, 132, 5916

X.Wang, Y. Lu, H.-X. Dai, J.-Q. Yu, J. Am. Chem. Soc. 2010, 132, 12203
Y. Lu, D. Leow, X. Wang, K.M. Engle, J.-Q. Yu, Chem.Sci. 2011, 2, 967

Ether-directing group : G. Li, D. Leow, L. Wan, J.-Q. Yu, Angew. Chem. Int. Ed. 2013, 52, 1245

C-H Functionnalisation directed by Distal Weakly Coordinating Functional Groups: G. Li, L. Wan, G.

Zhang, D. Leow, J. Spangler, J.-Q. Yu, J. Am. Chem. Soc. 2015, 137, 4391



lll - Reactivity and Scope: weak coordination as a powerful tool

lll - 1. Coordinating directing groups:

* Weaker is better

con 10 mol% Pd(OAc), D
2 .
@(\ 1 5 eqU!V. N32CO3 COzH
H d4-Acetic acid, 120 °C, 12 h
> D
N
| _N 10 mol% Pd(OAc),
1.5 equiv. Na,CO4 i ]
H d,-Acetic acid, 120 °C, 12 h No D- incorporation

S. Ma, G. Villa, P.S. Thuy-Boun, A. Homs, J.-Q. Yu, Angew. Chem. Int. Ed. 2014, 53, 734

16



lll - Reactivity and Scope: weak coordination as a powerful tool

lIl - 2. Ligand acceleration

Functionalization
(a) A (b) A Functionalizalion
C-H C-H
Cleavage Cleavage
Energy Energy
; - C=X
(C = .Y Pd released from DG
. released from
DG---Pd . G-++Pd _‘:;:_L
weak coordination C
—Pd C" Fd o
5 (:; \ ¢ Strong coordination DG \_ s Pd bound to DG
: :
Reaction Coordinate Reaction Coordinate

G. Li, L. Wan, G.Zhang, D. Leow, J. Spangler, J.-Q. Yu, J. Am. Chem. Soc. 2015, 137, 4391

Weak coordinating substrate allows:
the use of an external ligand as competitive coordination (influence TS)
@ regioselectivity, enantioselectivity, site selectivity (cf part IV and V)
& accelerate the reaction (scheme b)

17




IV — Enantioselective methodologies

IV - 1. Early stages: diastereoselectivity using chiral DG

10 mol% Pd(OAc),

H Me e 1 equiv. IOAC I Me pme
N Me > N Me
Meﬁi(/ g CH,Cl, 24 °C, 48 h Me/]C(/ iy

R O R O
Ph_ Me
Me_ t-Bu Me_ OTBS Me_ adamantyl H Me Oxa
1 X X A
Oxa Oxa Oxa I Oxa I
83% yield 62% yield 62% yield 65% yield 98% yield
d.r. 91:9 d.r. 93:7 d.r. 95:5 d.r. 99:1 d.r. 99:1

R. Giri, X. Chen, J.-Q. Yu, Angew. Chem. Int. Ed. 2005, 44, 2112

18




IV — Enantioselective methodologies

IV - 2. Chiral Ligand

*Structure-based stereomodel

B.-F. Shi, N. Maugel, Y.-H. Zhang, J.-Q. Yu,
Angew. Chem. Int. Ed. 2008, 47, 4882

Angewadndte
International Edition Ch emie

GDCh
~—~

wwwwww gewandte.org

2008-47/26

Open-Framework Structures
5. Nataraian and 5. Mandal

Reactivity of Aminoxyl Radicals
C. Galli

xides as High-T Superconductors
[, johrend! and R. Péttgen
Synthesis of Oroidin Marine Alkaloids

H.-D. Amdi and M. Riedrich

(¥WILEY-VCH

19



IV — Enantioselective methodologies
IV - 2. Chiral Ligand

| X
N 10 mol% Pd(OAc),

H H 20 mol% L
1 equiv. Ag,0, 0.5 BQ

+ BuB(OH),
THF, 20h
Me Me

Me COOH
Y\( Me __ Me
Me B

Me Me

50°C 50% yield, 95% ee
60°C 96% yield, 88% ee

B.-F. Shi, N. Maugel, Y.-H. Zhang, J.-Q. Yu, Angew. Chem. Int. Ed. 2008, 47, 48825

For Pd(0)/Phosphine catalysis and other approaches see works from: Kundig, Kagan, Cramer...

20




IV — Enantioselective methodologies
IV - 2. Chiral Ligand

| X
N~ 10 mol% Pd(OAc),

H H 20 mol% L
1 equiv. Ag,0, 0.5 BQ

+ BuB(OH),
THF, 20h
Me Me

Me COCH
Y\r Me _ Me
_ Me R

Me Me

Me
50°C 50% yield, 95% ee
60°C 96% yield, 88% ee
B.-F. Shi, N. Maugel, Y.-H. Zhang, J.-Q. Yu, Angew. Chem. Int. Ed. 2008, 47, 48825
H 10 mol% Pd(OAc), Me
Me COONa 20 mol% L Me._~__COOH
1 equiv. Ag,0, 0.5 BQ L=
g - o : 4 o
H THF, 20h hig
L O
73% vyield, 97% ee
B.-F. Shi, Y.-H. Zhang, J. K. Lam, D.-H. Wang, J.-Q. Yu, J. Am. Chem. Soc. 2010, 132, 460
21

For Pd(0)/Phosphine catalysis and other approaches see works from: Kiindig, Kagan, Cramer...




IV — Enantioselective methodologies
IV - 2. Chiral Ligand

* Mechanism

O
%-Pr R =—H
H N >pPd'L,
/& [CH activation)
oxidant t-BuO” o

®) @)

:k,-_p, k 5

\~ H

O L O —
H N// PdOL, Pd(/Pd© - Ni: Pd'—R

t-BuO& t-Buo o)

O 0O /
i-Pr [Transmetallation]
H
R=—Ar R Oxpyi—R -
T P, S A
t-BuO/&

O
22



IV — Enantioselective methodologies
IV - 2. Chiral Ligand

* Key Mechanistic Features: C-H activation step

: H : \\
) i

HOAc (o]
Me%\wI e
e —

©

OAc
[ CH activation]
HOAc
H+
- -~

D. G. Musaev, A. Kaledin,B.-F. Shi, J.-Q. Yu, J. Am. Chem.Soc. 2012, 134, 1690




IV — Enantioselective methodologies
IV - 2. Chiral Ligand

Precatalyst:
Ar Ar
HN
H o cat Pd(Il) / ligand R2 HN o
H + RZ_BXn -~ H /
R1 [O], base, solvent,  * R
R? = alkyl, aryl, 40 to 70°C

vinyl up to 93% ee 0" “ccls

M. Wasa, K. M. Engle, D. W. Lin, E. J. Yoo, J.-Q. Yu, J. Am. Chem. Soc. 2011, 133, 19598

24



A

) -

AN
! - IV — Enantioselective methodologies

IV - 2. Chiral Ligand

Precatalyst:
/Ar /Ar
HN
H 0 cat Pd(Il) / ligand R2 HN 0
H + RZ_BXn . H /
R [O], base, solvent,  * R
R? = alkyl, aryl, 40 to 70°C

vinyl up to 93% ee

M. Wasa, K. M. Engle, D. W. Lin, E. J. Yoo, J.-Q. Yu, J. Am. Chem. Soc. 2011, 133, 19598

10

H, R H R
N-ArE * N-ArE
H Pd(OAC)2 * H R3 0
H Ligand Ar =
or - . or Boc-NH. NHOMe
0 Ar-BPin o oA
R2 _Ar or 2
FﬁmN F Ar-BF 3K R N AT
H N
H H Ar H

up to 95% ee

K.-J. Xiao, D. W. Lin, M. Miura, R.-Y. Zhu, W. Gong, M. Wasa, J.-Q. Yu, J. Am. Chem. Soc. 2014, 136, 8138.

Other examples: B. N. Laforteza, K. S. L. Chan, J.-Q. Yu, Angew. Chem. Int. Ed. 2015, 54, 11143
25




IV — Enantioselective methodologies
IV - 2. Chiral Ligand

* Pd(I)/Pd(IV) catalysis
H cat Pd(OAc), AT
Boc-L-Val-OH up to 99% vyield
ﬂ;/NHTf —_— gLT/NHTf up to 99.5% ee
R1

R2 Ar-l R’ R

First example of enantioselective C-H arylation via Pd(ll)/Pd(IV) catalysis

K. S. L. Chan, H.-Y. Fu, J.-Q. Yu, J. Am. Chem. Soc. 2015, 137, 2042.

26



IV — Enantioselective methodologies
IV - 2. Chiral Ligand

* Kinetic Resolution

I NHTf
R
L-MPAA Ligand ee up to 99%
R .
_________________ . +
! room temperature | H  NHTf cat. Pd(OAc), I NHTf
! gram-scale D-MPAA Ligand
R = alkyl, CH,CO,Me, . iodine as oxidant R - = R
CR,OTBS |___supto244 | L
65-93% ee ee up to 98%
L. Chu, K.-J. Xiao, J.-Q. Yu, Science 2014, 346, 451.
CO,H
X
Pd(OAc),
CO,H  L-MPAA Ligand =
=
H R . 8593%ce
" X=OPiv, NHPiv | 3
! 0_2 as“(;;(idantIV 1 Pd(OAc), CO.H
s factore up to 56 | CO,H D-MPAA ngand= 2
H Z R
. R
61-95% ee up to 99%

ee

27
K.-J. Xiao, L. Chu, J.-Q. Yu, Angew. Chem. Int. Ed. 2016, Early view.




IV — Enantioselective methodologies
IV - 2. Chiral Ligand

* Kinetic Resolution

X
CO,H
X
Pd(OAc),
CO.H L-MPAA Ligand
=N R
H R, 8593%ee
© X =OPiv, NHPiv : T
"0, a5 Oxidant. | 1 PO, couH
' s factore up to 56 | CO,H j 'gan .
H Z R
R
61-95% ee up to 99%

ee

TSs TSk ’

(favored) (disfavared)

K.-J. Xiao, L. Chu, J.-Q. Yu, Angew. Chem. Int. Ed. 2016, Early view.

28



V — Site selective methodologies

V - 1. Ortho regioselectivity

5 mol% Pd(OAc),
3 equiv. IOAc

Table salt

H
DCE
ﬁCOOH
X
ZSH

5 mol% Pd(OAc),
2-4 equiv. IOAc

BU,NBr
DCE

deoori
X
2N

di-selective
X=H, Me, F, CI, |
COOMe, OAc, OMe

(\ICOOH
X
ZNBr (1)

mono-selective

T.-S. Mei, R. Giri, N. Maugel, J.-Q. Yu, Angew. Chem. Int. Ed. 2008, 47, 5215

29



V — Site selective methodologies

V - 1. Ortho regioselectivity

5 mol% Pd(OAc),

3 equiv. IOAC N COOH
H Table salt 2N
N COOH DCE di-selective

N X =H, Me, F, Cl, |
L~ H COOMe, OAc, OMe
5 mol% Pd(OAc),
2-4 equiv. I0AG X COOH
> o
Bu,NBr ZSBr ()
DCE

mono-selective

T.-S. Mei, R. Giri, N. Maugel, J.-Q. Yu, Angew. Chem. Int. Ed. 2008, 47, 5215

Pd(OTf); 2H,0
G)OTf
7 NF
H — F
1.5-3 equiv.
R NMP (0.5 equiv) T

DCE, 120 °C

X. Wang, T.-S. Mei, J.-Q. Yu, J. Am. Chem. Soc. 2009, 131, 7520

30



V — Site selective methodologies

V - 1. Ortho regioselectivity

Pd(OTf)z' 2H20

]
H — F
1.5-3 equiv.
N ONHTE {1.5-3 equiv,)_ Y ONHTS
R _ NMP (0.5 equiv) T

DCE, 120 °C

X. Wang, T.-S. Mei, J.-Q. Yu, J. Am. Chem. Soc. 2009, 131, 7520

____________________

s
I
-




V — Site selective methodologies

V - 1. Ortho regioselectivity

Cu(OAc), 60 °C

R—=——H
R = Aryl and Alkyl

O O
N-Oxa N-Oxa
H H

X N N~

~ s

—

M. Shang, H.-L. Wang, S.-Z. Sun, H.-X. Dai, J.-Q. Yu, J. Am. Chem. Soc. 2014, 136, 11590.

0 Cu(OAc), 0
N,DG TMSCF3 / AngO3‘ N/DG
H > H

H 60 oC, 30 min CF3

@) O ) FsC O
D D DG
H
A N~ N,
CF, CF, N A Ner, Me

M. Shang,S.-Z. Sun, H.-L. Wang, B. N. Laforteza, H.-X. Dai, J.-Q. Yu, Angew. Chem. Int. Ed. 2014, 53, 10439 32




V — Site selective methodologies

V - 1. Ortho regioselectivity

H X [Pd] H X
B ——
CO,H arylation COH
H ac_:et(_)xylgtion R
iodination
_ ; olefination
X = OAc, OPiv mono-selective

NHBoc, NHFmoc

N. Dastbaravardeh, T. Toba, M. Farmer, J.-Q. Yu, J. Am. Chem. Soc. 2015, 137, 9877.

DG OMe :

DG cat Pd(OAc), AN : :

N OBz Ligand R . N ,
R—— + - R ' | '
N RN R2 - ZSN I P !
d AgOAc, solvent h1 '+ MeO g N g OMe :

I igan !

§ I

DG = CH,NHTf, CONHAre

D. Zhu, G. Yang, J. He, L. Chu, G. Chen, W. Gong, K. Chen, M. D. Eastgate, J.-Q. Yu, Angew. Chem. Int. Ed. 2015, 54, 2497

33



V - Site selective methodologies
V - 2. Meta regioselectivity

» Substrate control: U-shaped Template

DG‘ CF3 Me O
@ ‘:Pd Me COOH COOH COOH
H" Br’Q/ @N Me
H g

Template =N----- Pd
Q/ — _.Substrate
Removable

H---=---- Pd linker

Il 1}
Cyclophane-like pre-

transition state 12-membered ring
>12-membered ring R 9 NG
5 7
8 6 10 A8 5@
! oi 3}4 R nf ©7°N
9 2 NC N
10 }\l// H 1 3
H
1 2

D. Leow, G. Li, T.-S. Mei, J.-Q. Yu, Nature 2012, 486, 518.
Y. Deng, J.-Q. Yu, Angew. Chem. Int. Ed. 2015, 54, 888 34




V - Site selective methodologies
V - 2. Meta regioselectivity

» Substrate control: U-shaped Template

Pd(OPiv), (10 mol.%)

= T ’ . .
X— | R AgOPiv (3.0 equiv.)
NS + .J/ Py
R DCE, 90 °C
H _ 30-48 h
1.1-2.0 equiv.
8a-p 11a-n 17a-p
o o o
m T Me T F - Cl T
o
P m PNm° 2 P Ym °
2 - = -

CO,Et CO,Et CO,Et CO,Et
17a,__ . 55% 17b,, 86% 17¢, 52% 17d, 75%
mp:o = 93:5:2 m(p+o+0')= 94:6 m:pi(o+o’)= 75:18:7 m:p+o+0) = 97:3

17a,, 31%

m,m’).others= 88:12
Me
. o
C T1 m’ T
o o
. m P m
= =

CO,Et CO,Et COEE‘L CO,Et

17g, 54% 17h, 89% 17i .70 17j, 77%
n:(jp+o+o0’) = 98:2 m:(p+o+m’) = 91:9 m:(p+o+n7) _QE-.E m:(p+o+m’) =80:10
17i, 18%

im,m’):others = 89:11

D. Leow, G. Li, T.-S. Mei, J.-Q. Yu, Nature 2012, 486

T - i-Bu

CO,Et
17e, 63%

m:lp+o+0’) = 93:7

CO,Et
17K, e 5450
m:o = 96:4
17k, 26%
(m,m"):others = 88:12

, 518.

NCAO

i-Bu

o
Br T
o
P 5m
=

t-Bu

t-Bu

of
NC -

p ]
m

=
CO,Et
171, 54%
m:(p+o+0°) = 98:2

T1

CO,Et
171, oo 45%

mano’
m:o =955
171, 44%

(m,m"):others = 90:10

35



V - Site selective methodologies
V - 2. Meta regioselectivity

» Substrate control: U-shaped Template

NC R
Ar-Bpin o
Pd(OAc), %—N
N Ac- Gly -OH T
& A92003 CsF NC R
TBAPFg HFIP Ar

T = removable
nitrile template

L. Wan, N. Dastbaravardeh, G. Li, J.-Q. Yu, J. Am. Chem. Soc. 2013, 135, 18056

Boc
@O N
H . N

[Pd]_ \
“\ so2

Vo)

meta-C-H olefination
arylation
acetoxylation

N\
N
e

G. Yang, P. Lindovska, D. Zhu, J. Kim, P. Wang, R.-Y. Tang, M. Movassaghi, J.-Q. Yu, J. Am. Chem. Soc. 2014, 136, 10807.
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V - Site selective methodologies
V - 2. Meta regioselectivity

» Substrate control: U-shaped Template

X
/[\\’ U |\ D
LN R’ Pd(OAc), (10 mol%) g P

H”.>
ot T 1 Ac-Gly-OH (20 mol%) N N

-’ F | " - H
CN y + R > R Fo -
7/’%0 AgOAc (3 equiv.) CN 7'/&0
N9

NPl 1.2-2 equiv. HFIP, 90 °C, 24-48 h 3
A g

Meta-directing

Ortho-directing

R. Tang, G. Li, J.-Q. Yu, Nature 2014, 507, 215 37




V - Site selective methodologies

V - 2. Meta regioselectivity

» Substrate control: U-shaped Template

ester linker R
alcohol o . .
substrate (’ s '« "U-shaped

J template
=

\ L4 o p
DW%

\] 3 subgti_tuted
R pyridine

C-H olefination
C-H iodination

L. Chu, M. Shang, K. Tanaka, Q. Chen, N. Pissarnitski, E. Streckfuss, J.-Q. Yu, ACS Cent. Sci. 2015, 1, 394

O.
E Template Alkyl_O-+ MeO,C
H H
Alkyl T i T
yz ;:O NPhth o
H H

O.

Alkyl

T
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V - Site selective methodologies

V - 2. Meta regioselectivity

 Ligand control

Pd(OAC), (10 mol%)

Me Ligand (10 mol%) Me
_ modified norbornene
CONHAre R (1.5 equiv.)
H 2.5 equiv >
AgOAc (3 equiv.) R
Arg = 4-(CF3)CgF, DCE, 75°C, 16 h
| modified |1 ligand; !
' norbornene Me !
| ! t-Bu |
| : : 2 :
+ MeO,C o N° O e !

_____________________

P.-X. Shen, X.-C. Wang, P. Wang, R.-Y. Zhu, J.-Q.

CONHArg

Yu, J. Am. Chem. Soc. 2015, 137, 11574

X Pd(OAc), (10 mol%) X
Ligand (20 mol%)
NHAr NHAr
v X F R—I Norbornene (1.5 equiv.) vIC A F
o o) 3 equiv. > L o)
H AgOAc (3 equiv.)
DCE, 95 °C, 16 h

o

___________________

___________________

X.-C. Wang, W. Gong, L.-Z. Fang, R.-Y. Zhu, S. Li, K. M. Engle, J.-Q. Yu, Nature, 2015, 519, 334
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V - Site selective methodologies

V - 2. Meta regioselectivity

v Pd-L, Pd(Il)L,,

ArgHNOC

(v)

~Pd—Ly
v I'R

AreHNOC

Pd(O)L,

NHArEe

side-product
Produet reHNOC
(3 ) ()]
Pd
= m L,
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V - Site selective methodologies

V - 3. Para regioselectivity

Pd(OAG), (10 mol%) X

X
0
. X'—I
X'—'<>HJ\NHN . © DMF(2eqU|v.)= P
! ®
a F
H

92%-99% para-selectivity

X'= Me, OMe, X = Me, Et, i-Pr,
F, Cl, Br, F, Cl, Br,
MeCO, CN OMe

Ar = 4-CF3(CGF6)

X. Wang, D. Leow, J.-Q. Yu, J. Am. Chem. Soc. 2011, 133, 13864.

Me NHAc
NHAG Pd(OAc), (10 mol%) O

@[ * Na,S,0g + pyridine O
H M

no pyridine 14%, p/m = 3/1
pyridine 29%, p/m = 15/1

e

H. Xu, M. Shang, H.-X. Dai, J.-Q. Yu, Org. Lett. 2015, 17, 3830
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“ V - Site selective methodologies

V - 4. Competitive site selectivity

» Heterocycle
Fundamental limitations of directed C-H functionalization of heterocycles

Poisoning reactivity Restricting positional selectivity
DG H(inaccessible) H(inaccessible) H(inaccessible)
(%,H{inaccessible) DG DG = | DG
I
N’ | - | - \N
IEDd P d"N = 2N, Pcij-l(reactive) H Pd
(reactive)

Pverriding site-selectivity dictated by the strongly coordinating heter

CONHOMe CONHOMe CONHOMe
O/@( H CONROMe CONHOMe B
DN H 0
_N H X Sr :
Ll N B Me MN H ol
e

~

(On-site generation of a Pd(ll) catalyst assisted by the anionic directing gro

@)
7\ CONHOMe  —> 7\
=N =N NHOMe
‘de H H PaO
the only anion air | catalyst
present Rapid C-H formation
functionalization O
7\ CONHOMe <——— ¢
=N =N NOMe
P X H Bqiix

42
Y.-J. Liu, H. Xu, W.-J Kong, M. Shang, H.-X. Dai, J.-Q. Yu, Nature, 2014, 515, 389



V - Site selective methodologies

V - 4. Competitive site selectivity

» Heterocycle

CONHOMe CONHOMe ) (0]
H, H, t-BuNC (1.5 equiv.)  (H)Heterocycle
Pd,(dba)s (2.5 mol%) —_—
or >
H,  Heterocycle dioxane, 80 °C, air  (H)Heterocycle N
Heterocycle Hp MeO’

7a,97%,2 h 7b, 93%, 2 h 7¢,90%, 2 h 7d,91%,2 h
t-Bu
~N

I
N
Me Me
Me
7e,98%, 2 h 7f,85%, 2 h 79,91%, 2 h 7h, 76%, 2 h

Y.-J. Liu, H. Xu, W.-J Kong, M. Shang, H.-X. Dai, J.-Q. Yu, Nature, 2014, 515, 389
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V - Site selective methodologies

V - 4. Competitive site selectivity

* C(Sp?)
o cat. Pd(OAG), 9 7 o
Xy, amino acid A : = N/kfoi
+ | ¥R — | R : \ :
H | = AgTFA . Z : Pd/O E
! ACOH/HFIP/H,0 & RH _@5\_9____ :
up to 98:2 er
. cat. PA(OAC), - 0 gvia_- Me :
NS amino acid P Et O;
BNy Me  + /“/\} R — ? < E ) :
|7 NF AgTFA | > : H Pg—O |
_R ' )
H AcOH/HFIP — \ OAc

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

F.-L. Zhang, K. Hong, T.-J. Li, H. Park , Jin-Quan Yu, Science 2016, 351, 252




VI - Application
VI - 1. Total Synthesis

* Lithospermic acid

« 1st racemic synthesis by: Jacobson group, (J.0rg. Chem, 1979, 44, 4013)

« 18t total synthesis of (+) lithospemic acid: by the Ellman and Bergman group, (J. Am. Chem. Soc. 2005, 127, 3496)
via carbenoid insertion

in 10 steps with 5.9% overall yield
‘\\CO2Me
Meom 0]
OMe X
with Davies catalyst
H 1) cat. Pd(OAc)2 / Ligand (Ac-ILeOH)
Qozy 02 (1 atm), tert-amyl-OH

N 85 °C, 2 h, 93% yield
OMe >
(0] 2) Demethylation

OMe OMe

(+)-Lithospermic Acid

12 steps with 11% overall yield

D.-H. Wang, J.-Q. Yu, J. Am. Chem. Soc. 2011, 33, 5767.
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VI - Application
VI — Cascade C-H

R [Pd]
-|= E— R? HN-ATE
\ /! Pd(I1Y/Pd(IV) RSN
Pd(11)/Pd(0) N~N ©
»
Me Me H
HN—Arg
[Pd]™ LY
H N-N O
Me
Me Me H
HN—Arg
TN
PdM--N_ o}
Me
Phi
[Pd]™
H
Me HN-Arg
vl
an "N
[Pd] Me

W.Yang, S. Ye, D. Fanning, T. Coon, Y. Schmidt, P. Krenitsky, D. Stamos, J.-Q. Yu, Angew. Chem. Int. Ed. 2015, 54, 250146




VI - Application
VI — Cascade C-H

10 mol% PdCl,

Me
HN ik 0 T\/L A
~N DM Nwe e
H o) 4 equiv. > N
3 equiv. Ag,CO3 Ph o)

t-AmylOH, 140 °C, 24 h

Pd])
Are [Pd] _Arg [Pd]® _Arg
B IS
H @) C(sp®)-H Ar y{ation Ar O Dehydrogenation ATMO
? (V)
v [Pd] [Pd]©
CAE | L . Ar HN- Ar'l/[Pd]©

S C(sp?)-H AmidatJon Ar XX " Heck reaction

Ar O

Y. Deng, W. Gong, J. He, J.-Q. Yu, Angew. Chem. Int. Ed. 2014, 53, 6692 47



Thank you for your kind attention



