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£ meta C-H activation
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< « C—H activation methods are limited to proximal C—H bonds,
= . . . . . .

= which are spatially and geometrically accessible from the directing
;g’ functional group

% « Site selectivity in C—H functionalization reactions is a

R significant challenge, especially when the target C—H bond is
. distant from existing functional groups

« In 2012, Yu and coworkers reported a set of flexible, U-shaped
templates to direct meta-C—H activation

!

« The development of more general and efficient approaches
to achieve meta-C—H activation remains an important goal!
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Yu’s Template approach

Q/Tem plate

Cyclophane-like pre-
transition state
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C=N----- Pd —§‘
8 6
— _.Substrate = ™0
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12-membered ring

>12-membered ring
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Yu’s Template approach

Template C=N----- Pd 9 NC
Q/ : —> _.Substrate 10 s ;@
: Removable " 02 N4
He-==--- Pd linker H ';Jc\is j
Cyclophane-like pre-
transition state 11-membered ring
>12-membered ring
T2 T2 Me

Pd(OAc), (10 mol.%)
5 ﬁcozEt N-acetyl glycine (20 mol.%)
+

’

D el
D e

X = AgOAc (3.0 equiv.) X
H 2.0 equiv. HFIP, 90 °C CO,Et
24 h
20a-h 11a 21a-h
T2 T?
0] FsC 0]
o o
m’ m’ =
Z COEt CO5Et
P P
21a .., 37% 21b, 82% 21c, 67% 21d, 87%
m:p:o = 95:3:2 m:(p+0+0’) = 95:5 m:(p+o+0’) = 86:14 m:(p+o+m’) = 96:4
21ay;, 42%

(m,m’):others = 88:12
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Yu’s Template approach

X o _X
. \F X = Nitrile x
x X= COOK Template H NZ

—_— <& _N
Pd(II)/ngand H Pd(ll)/Ligand X = £ TI//\©
olefin olefin @)
C°°Et H COOEt Z

Yu et al. J. Am. Chem. Soc. 2013, 135, 7567
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L0 Ar-Bpin o NG
Pd(OAc),

' Ac-Gly-OH = T=4N

Ag,CO3, CsF m Ar NC@
TBAPFg, HFIP

Yu et al. J. Am. Chem. Soc. 2013, 135, 18056
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Yu’s Template approach
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Yu et al. Nature 2014, 507, 215
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Yu’s Template approach
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meta-C-H oIeflnatlon
arylation COzMe

acetoxylation

Yu et al. J. Am. Chem. Soc. 2014, 136, 10807
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T 10 mol% Pd(OAc), NC@
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Yu et al. Angew. Chem. Int. Ed. 2015, 54, 888
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E’ ’ 1 h
Tan’s Template approac
:
Q t-Bu
5 s-Bu
g By — C-H bond o 7T
i-Bu meta C-H bon O
g t-Bu activation |N|
3 Il © ,
a N Tan’s template
b
8 Yu’s template - easy introduction/removal
- readily synthesized
= - reusable
E
0
=2 - Pd(OAc),, o e
= o Ac-Gly-OH i N, e Y N
R AgOAc, HFIP I +
¥ N, A CcoEt S m— SR — A
i | L DCE, 90 °C THF, r.t.
= Z 6-24 h N 1h N
? CO,Et CO,Et
5
> .
E 6= s-Bu J-Pr
- s-Bu Si—i-Pr
— |
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K. L. Tan et al. J. Am. Chem. Soc. 2013, 135, 18778
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E Me OMe 2 *Me
= Cu"-catalyzed Ol
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£ MeO C—H arylation
= > 25 examples
9
Me CI)Me Me QMe
—50 N- e 5 mol% Cu(OTf), N1
=| o) - o)
_8 2 equiv (Ar'=I-Ar)OTf (3)
2, 1d DCE, 70 °C, 48h Arl  2e-l
+
b': Me Me Me Me
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s T v UJgr 0y
oy
%)
5 U (J (J J
=
5 Me OMe Br F
— 84 %, 2el” 52%, 2 f* 70%, 2g" 78 %, 2h

M. J. Gaunt et al. Angew. Chem. Int. Ed. 2011, 50, 463
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£ This work
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... inspired by Catellani reactions

“We expect that this approach will enable many previously reported
ortho-C—H activation reactions to be rendered highly meta-selective”
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Yu et al. Nature 2015, 519, 334-338
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§ Catellani Reaction
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-S H Pd cat. and m
5 | (norbornene)
E LR @ ~
g H Ligand, Solvent, Temperature
2
» R = Alkyl, Aryl

X =1, Br, Cl

TA: Terminating Agent = Aryl, Alkenyl, H, CN

&7 .

' Pa(0) cat, base =

H H R
+  17OR, 4 N ’ - R R
DMA, 20°C, 30h

Yield: 31~100%
R=H, Me, CO,Me E type: 89~95%
R1=n-Bu, BnCH,,n-Oct
R2=CO,Me, Ph, n-Hex
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M. Catellani et al. Angrew. Chem. Int. Ed. 1997, 36, 119
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: Catellani Reaction
é Ry-Y
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M. Catellani et al. Angrew. Chem. Int. Ed. 1997, 36, 119
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Indole C-2 alkylation

Bl‘\/R ) lb

[PACly(MeCN),], K»CO3

XL DMA, H,0 (0.5 M), 70-90 °C 55
Uy, 2aroosmmne Xy,

N 40-90% yield N
H °Y H
direct C2-alkylation
Pd(ll) Pallsdation E,)Ygﬁ/)soig:;egﬁd norbornene
norbornene and Insertion Depalladation Pd(i)
X\/ X\/
N2 N Pd'xL, N 7/ \ Pd'xL,
N N
H H R
IN4 Oxidative Addition IN;
ortho-C-H — and Reductive
Activation XU Elimination T
7N DY /G 7
N | o~
CO;2~ HCO5 H L Br” "R

IN,

Bach et al. J. Am. Chem. Soc. 2011, 133, 129090
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This work

Pd
Pd R

NHAre Pd(Il)-L, R-X, Ab X NHAre
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e °
2 Screening
Q
"5 a. Screening of Inorganic Bases without AgOAc:
qs Cl
= Pd(OAC), (10 mol%) NHAr
5 NHArE no ligand
Q 9 o}
-
g Ab no AgOAc
t inorganic base (3 eq) 9
3 (1.5 eq) DCE, 95 °C, 16 h a
o Arg = 4-(CF3)CeFy ~ pmmmmmmmmmmmesmsseeseeeees .
=) : Inorganic bases screened: | no or trace 2a (<5%)
' K2003, KHCO3, K3PO4, .
: Nach3, NaOAC, CSZCO3, E
15 b. Screening of Inorganic Bases with Aé'd,&;'; """""""""
Cl
Pd(OAc), (10 mol% NHAre
c NHAr: ( no)fi ( °)
=)o) gand - o)
; AgOAc (3 eq)
~ inorganic base (3 eq) 2a
g (1.5eq) DCE, 95 °C, 16 h
b: : Inorganic bases screened: no or trace 2a (<5%)
: K2003, KHCO3, N32003, ,
‘-05 : NaOAc
> c. Screening of Solvents: ~ TTTTTTTTTTTTTomTommTeeses ’
=)
= Cl o Cl
Q NHAre Pd(OAc)z. (10 mol%) NHAr:
L no ligand -
e 'E H o * /7 AgOAc (3 eq) o
= H 1a solvent, 95 °C, 16 h
D (1.5eq) ,-mrmmmmmmmmmmmmmmmmmmees 2a

:' Solvents screened: ‘:
. DCE, DCM, DMA, toluene,
| dioxane :

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

no or trace 2a (<5%)
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Screening

Pd(OAc), (10 mol%) cl
Pyridine (20 mol%) NHArg

Norbornene (1.5 eq)
AgOAc (3 eq) 2a61%
DCE, 95°C, 16 h
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5 HF CF; (3 eq)
E H F
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= No Ligand |
No reaction N
2a: 15%
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Fs FC° °N

No reaction No reaction

2a: 22% 2a: 56%
3a: 30% 3a: 28%

2a: 51% 2a: 3%
3a: 28% 3a: 13%
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Screening

Pd(OAc), (10 mol%)
Ligand (20 mol%)

(:(Nj\ (:(Nj\o/\(

Norbornene (1.5 eq)
AgOAc (8 eq)
DCE, 95 °C, 16 h

AN

~

N

2a: 16%
3a: 29%

X X - CO0:zMe
L L0 O
FsC” N” C Me N

2a: 8%
3a: 9%

o CLe

=
A
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2a: 20%
3a: 80%

Cl
NHArg NHArg
O
Me 3a
N X
»
N
2a: 9% 2a: 25%
3a: 17% 3a: 37%
OMe NMez
AN X
W »
MeO N OMe N
2a: 8% 2a: 8%
3a: 23% 3a: 32%

@)

) .

N OMe
XC(Y] CKYU

- -

N° O N~ O

2a: 20% 2a: 15%
3a: 80% 3a: 85%
(80% isolated yield)
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Screening

Pd(OAc), (10 mol%) Cl Cl
Ligand (20 mol%) NHAre NHAr,
>
Norbornene (1.5 eq) 0 O
AgOAc (8 eq)
DCE, 95 °C, 16 h 2a Me  3a
OMe
X
| _ 20 mol%
N~ O
Cl Cl
Pd(OAc), (10 mol%) NHArg NHArg
Norbornene (1.5 eq) o) e}
AgOAc (8 eq)
DCE, 95°C, 16 h 2a: 33% EtO 4a: 67%
(63% isolated yield)
O
O
)
N OMe
0L TLD L0
X SNNo N“ >0 N“ >0
2a: 20% 2a: 20% 2a: 15%
3a: 80% 3a: 80% 3a: 85%
(80% isolated yield)
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Screening

Ligand-Controlled C(sp®)-H Arylation
Me

CL OPe!
NPG NP “Me NPG N2 07 “Me NPG

HUA e AL e A
X CONHAR ~- A "X CONHAR ~ ER X CONHAre
HH HH H Ar?

readily available  pjrect Construction of -Stereogenic Center ~ étero-diarylation

Ligand-Enabled C(sp®)-H Olefination

NPhth
NPG RO,C.~ i_o LHMDS NPG
Hconmar, — y — RO2L A~ conHAr
Pd(IT)/L RO,C Are Inaccessible via
Hydrogenation
Yu et al. Science 2014, 343, 1216
o)
CJ
N OMe
= A A A
PP P L
N~ O N~ O N~ O
2a: 20% 2a: 20% 2a: 15%
3a: 80% 3a: 80% 3a: 85%
(80% isolated yield)
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Reaction scope

1a-1x

Ar,: = 4'(C F3)CsF4

Me
NHArg NHAre
@) O
R

2
o
|
&n
—
2
@) R
+
o 3a, 91% 3b, 90%
[a¥ 4a, 73% 4b, 84%
—
(@)
P !
i OMe F
g NHAre NHArg
. E MeO © F ©
5 R R
3f, 87% 39, 87%
4f, 82% 49, 82%

OMe
X
| P 20 mol%
N~ O
R-| Pd(OAc), (10 mol%)
(3eq.) Norbornene (1.5 eq)
AgOAc (3 eq)
DCE, 95°C, 16 h
Cl : Br
NHArg
R R
3c, 80% 3d, 88%
4c, 63% 4d, 81%

F CF
NHAr,: NHAI’F NHArF
O o 0 o
R R

v X
NHArg
I\\
¥ o)
R
3a-3x (when R = Me)
4a-4x (when R = CH,CO,Et

3

3e, 86%
4e, 68%

3f, 72%
4f, 75%

Me NHArg Br NHArg F NHArg F5C NHArg
R R R

3h, 84% 3i, 56%
4h, 32% 4i, 47%
Page 20 of 30
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41, 86% 4m, 51%
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1a-1x
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Ar,: = 4'(C F3)CsF4

21 -
= O NHAr
a2 F
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5‘ Me
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% R NHArg
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oy
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ar, <10%
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Reaction scope

OMe
X
| P 20 mol%
N~ O
R-1 Pd(OAc), (10 mol%)

(3eq.) Norbornene (1.5 eq)
AgOAc (3 eq)
DCE, 95°C, 16 h

| X NHArg R NHArg
0] 0]
MeO 7
R R
30, <10% 3p, 80%
40, 68% 4p, <10%
OAc OBn
R NHArg R NHAr
O o]
R R
3s, 75% 3t, 72%
4s, <10% 4t, 52%
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3a-3x (when R = Me)
4a-4x (when R = CH,CO,Et

R NHAr

3q, 85%
4q, 59%

NPhth
R NHArg

R

3u, 82%
4u, <10%
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Ar,: = 4'(C F3)CsF4
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3v, 71%
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Os__NHAr:

OMe
X
I P 20 mol%
N~ O
R-1 Pd(OAc), (10 mol%)

(3eq.) Norbornene (1.5 eq)
AgOAc (3 eq)
DCE, 95°C, 16 h

Os__NHArg
NHArg
R
O
o)
3w, 71%
4w, 69% 3x, 81%
4x, <10%
Page 22 of 30

Reaction scope

v X
NHAr
I\\
= (@]

R
3a-3x (when R = Me)
4a-4x (when R = CH,CO,Et

NHArg

Ts

3y, 73%
ay, <10%
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1a-1x

Ar,: = 4'(C F3)06F4

Me
NHAr

Et

21%

75%
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Alkyl-I
(6eq.)
Me
NHArg
o}
Ph
66%
Me

NHArg
(7

75%

OMe

X

| 20 mol%
N” ™0

Pd(OAc), (10 mol%)

Norbornene (1.5 eq)
AgOAc (3 eq)
DCE, 95°C, 16 h

Me

NHArg
(7
li cl

65%

Me

NHAr
(T

F
63%
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Ar,: = 4'(C F3)CGF4

N
N
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NHArg

CO,Me
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Reaction scope

Me

Me
NHArg NHAre
0O o)
O CO,Me CO,Me
F,C CF,

OMe
X
| P 20 mol%
N" 0 Me
Aryl-| Pd(OAc), (10 mol%) rNHArF
(3 eq.) Norbornene (1.5 eq) O
AgOAc (3 eq)
TBME, 95 °C, 16 h R
Me Me
NHATE NHAr
NHAr
o 0
0
Cone Cone
l CO,Me O O
Cl F
45% Me ggo, 39%

—

S
NHArg NHArg

o o)

Q—Q}o
Q—%\j

70% 82% 69%
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\ro q t-Bu t-Bu
Pd(OPiv), COzEt o
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Yu et al. J. Am. Chem. Soc. 2014, 136, 344.
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Mono-N-Protected Amino Acid

’/ c R
N>~ R
2
CO,Et
/.
#_(
74 d
71 Base in MPAA

Meta Select|V|ty ( )

Bidentate Q
MPAA —Cr —

— New Avenue for Ligand Design
Remote-C-H o A S /
Functionalization Z&*

Yu et al. Angéw. Chem. Int. Ed. 2014, 53, 2683
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g A7 First proposed mechanism
= XL 3 cat. Pd(ll), K,CO XL
. » KoLO3
- NA Y+ ar A Nk
= N DMA, H,0, 70-90 °C N
qs Pd(ll) C3- ENO’ ‘/70’ nene : norbornene
I norbomene Palladation xpulsion an Pd(Il)
o and Insertion Depalladation
Q
& X\ X\/
& N/ \ Pd'xL, N/ \_ Pd'xL,
=) N N
H H R
IN4 Oxidative Addition IN3
ortho-C-H and Reductive
Activation T Elimination T
7N T AP T oy Co
N R
COs  HCOs H oL Br” R N N
'-c INz } PdIIX2L2 %
= \ N-H Hydrolysis
) Activation \
S N
%) Pd”XL2 e
ﬁ N, Pd"BrLz E
A Ammopal/adatlon Norbornene
Q“ of Norbornene Expulsion \
L‘—( \
5 g Co .
B\ Pd"XL, N
= vpd"smz
w
e
L ortho-C-H Reductive INqo
. Z Activation Elimination

HCOg3

Revised mechanism QNX
IN,

-

Bach et al. J. Am. Chem. Soc. 2012, 134, 14563
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General Procedure: A 2-dram vial equipped with a magnetic stir bar was charged with the appropriate
phenylacetic acid—derived amide substrate (0.10 mmol), Pd(OAc), (2.2 mg, 10 mol%), L19 (4.1 mg, 20
mol%), AgOAc (50 mg, 0.30 mmol) and norbornene (14.1 mg, 0.15 mmol). Methyl iodide (19 uL, 0.30
mmol) or ethyl iodoacetate (36 pL, 0.30 mmol) was then added via a microsyringe. Subsequently, DCE
(1.5 mL) was injected, and the vial was capped and closed tightly. The reaction mixture was then stirred
at 95 °C for 16 h. After being allowed to cool to room temperature, the mixture was passed through a pad
of Celite with ethyl acetate as the eluent to remove any insoluble precipitate. The resulting solution was
concentrated, and the residual mixture was dissolved with a minimal amount of acetone and loaded onto a
silica gel column or a preparative TLC plate. The pure product was then isolated by column
chromatography or preparative TLC with ethyl acetate and hexanes as the eluent. In the reactions with
substrates 1j and 1p—1t where di-alkylation occurred, 20 mol% of Pd(OAc),, 40 mol% of L19, 5 equiv of
alkyl iodide, 5 equiv of AgOAc and 3 equiv of norbornene were used, and the volume of DCE was
increased to 2.5 mL. Otherwise, the conditions and workups were exactly the same as those of mono-
alkylation.
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1j

Ar,: = 4-(CF3)CGF4

Pd(OACc), (20 mol%)
L19 (40 mol%)

norbornene (3 eq)
AgOAc (5 eq)
DCE, 95°C, 16 h
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Possible Products
EtO_ O
NHAre NHArg
O o)
2j 2j’

NHArg

and mono- and di-
alkylation

LC-MS Analyses

2j + 2j' (mixed in one peak): ~70%;
unreacted 1j: ~10%; di-alkylation: ~10%;
trace other compounds.
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I I I
I Xz
I I I
o o o
Z Z Z
I I I
Z Z Z
m m m
+ + +
0 0 0
m u !

H 1t 5eq
H
H NHArg
o + Me-I
MeO H
H 3 eq
10
(@)
H NHAI"F (0]
y . Ao
d |
1w 3eq
(@)
H NHArg o)
H . Aoe
N\ |
Ts 3eq
1x

Pd(OAc), (20 mol%)
L19 (40 mol%)

norbornene (3 eq)
AgOAc (5 eq)
DCE, 95°C, 16 h

Pd(OACc), (20 mol%)
L19 (40 mol%)

norbornene (3 eq)
AgOAc (5 eq)
DCE, 95°C, 16 h

Pd(OAc), (20 mol%)
L19 (40 mol%)

norbornene (3 eq)
AgOACc (5 eq)
DCE, 95°C, 16 h

Pd(OAc), (20 mol%)
L19 (40 mol%)

norbornene (1.5 eq)
AgOAc (3 eq)
DCE, 95°C, 16 h

Pd(OAc), (10 mol%)
L19 (20 mol%)

norbornene (1.5 eq)
AgOAc (3 eq)
DCE, 95°C, 16 h

Pd(OAc), (10 mol%)
L19 (20 mol%)

norbornene (1.5 eq)
AgOAc (3 eq)
DCE, 95°C, 16 h

2qg + 29" (mixed in one peak): ~70%;
unreacted 1q: ~15%; di-alkylation: ~8%;
trace other compounds.

2r + 2r' (mixed in one peak): ~65%;
unreacted 1r: ~18%; di-alkylation: ~10%;
trace other compounds.

Unreacted 1t predominantly;
Trace other compounds.

Unreacted 10 predominantly;
Trace other compounds.

2w: 18%; unreacted 1w: 75%j;
alkylation: 7%.

Unreacted 1x predominantly;
Trace other compounds.
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