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Introduction C-H activation

C—-H bond functionalization:

FG M] FG
A — M —— 1

rd

Directed C—H activation:
[M]

Dg\V DG DG
H [M] Ar
o — g — g

First attempt for C—H activation on adamantane:

N?Z SN
H | H Me
O N ' Pd(OAc), (10 mol%) N O
Ag,CO; (1.0 equiv.)
+ AL >
‘BuOH
Me 85 °C 36h
1 2 3

(4.0 equiv.)
R. Parella, S. A. Babu Synlett 2014, 25, 1395-1402.



Directing groups for activation C(sp3) -H
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_N HN. g ZN 0 N=N HN—}
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Shi, 2013 Chen, 2013 Carretero, 2013 Ma, 2013 Ackermann,2014

Role of the directing groups:

» Direct the transition metal close to the C-H bond to activate
» Increased reactivity because of metal coordination

» Efficient control over the reactivity/selectivity

Limitations:
« Additional synthetic steps: install the DG and remove it




C-H activation of cycloalkanes

: A
MeO OMe

(1.5 equiv.)
; Pd(OAc), (5 mol%) . O
Na2CO3 (0.3 equiv.)
PA . PA PA
Ag;P0O, (0.5 equiv. [ I
A H g3PO4 (0.5 equiv.) NH ANG
H +
toluene O
130°C 15 h MeO MeO
4 80% 5 6
o ratio 5/6 = 8:1
PA = % | X
N~
Pd(OAc), (10 mol%)
Boc-L-Val-OH (20 mol%)
H Phl (3.0 equiv.)
H Ag,CO; (2.0 equiv.) H
R F NaTFA (0.5 equiv.) F F
NH : NH
Y CFs t-BuOH CF,
80°C18h o
F F F F
83% (98% ee)
7 8

D. S. Roman, A. B. Charette Org. Lett. 2013, 15, 4394-4397.
K. S. L. Chan, H-Y. Fu, J-Q. Yu J. Am. Chem. Soc. 2015, 137, 2042-2046.
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C-H activation of cycloalkanes
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L (11 mol%)
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CN Ph-BPin (2 equiv.)
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BQ (0.5 equiv.)
AmylOH, H,0

70°C 24 h
75% (92% ee)

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

>
toluene
80 °C 5h
96%
F
CN
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H F
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Gutekunst, W. R.; Baran, P.S. J. Org. Chem. 2014, 79, 2430-2452.

Xiao, D. W. Lin, M. Miura, R-Y. Zhu, W. Gong. M. Wasa, J-Q. Yu J. Am. Chem. Soc. 2014, 136, 8138-8142.
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C-H activation of cycloalkanes

Phl (1.1 equiv.)

PA

H  H...PA Pd(OAc), (10 mol%) Ph PA
HN Ag,CO; (1.0 equiv.) H/ HN’
Me H >
toluene Me H
Me Me 130 °C 24 h Me Me
85%
14 15
Pd(OAc), (10 mol%)
AgOAc (1.5 equiv.) CO.M
e
CO,Me E§ BQ (0.1 equiv.) H 2
H NHPA * > NHPA
t-BuOH
16 17 110 (2’20 h 18
(1.5 equiv.) 46%
(o)
= ‘1-,7' | AN
N =~

Cui, W.; Chen, S.; Wu, J-Q.; Zhao, X.; Hu, W.; Wang, H. Org. Lett. 2014, 16, 4288-4291.
G. He, G. Chen Angew. Chem. Int. Ed. 2011, 50, 5192-5196. /



C-H activation of cycloalkanes

Phl (1.5 equiv.)

Q Pd(OAc), (10 mol%) Xy O Ph XY O Ph
AgOAc (2.0 equw) |, |,
N7 N + SN N
6 H | H
- H o

p-xylene
130°C 12 h Ph
19 60% 20 21
ratio 20/21 =1:2
Me, Me Me Me
o . o Pd(OAc), (20 mol%) K4
: K,CO3 (1.5 equiv.) o o
<0 (BnO),PO,H (40 mol%) <0
+ >
I,I o o 7 o
° TONTY wmeo OMe t-AmOH o s N7
H HN OMe 58% ~_HN
22 10 MeOr ; ‘OMe
(4 equiv.) OMe
23

J. Liu, Y. Xie, D. Lin, Y. Deng, X. Lu J. Org. Chem. 2015, 80, 4618-4626.
C. P. Ting, T. J. Maimone Angew. Chem. Int. Ed. 2014, 53, 3115-3119. 8



Proposed mechanism Pd(Il)/Pd(IV) pathway

R-H
R.R" Pd''L,
C-H
activation
reductive
elimination
—pdll
X R P\d
R-Pd! bn
ko
oxidative .
addition R-X

Daugulis J. Am. Chem. Soc. 2010, 132, 3965.
J. He, S. Li, Y. Deng, H. Fu, B. N. Laforteza, J. E. Spangler, A. Homs, J-Q. Yu Science 2014, 343, 1216-1220.

J. J. Topczeweski, M. S. Sanford Chem. Sci. 2015, 6, 70-76.



Adamantane based bioactive compounds

Cointaining aromatic ring in the structure:

Oy o Y

N
(o]
Me

Adapalene®

(inhibits keratinocyte activity) (11B-hydroxysteroid dehydrogenase
inhibitor)
OH
NHMe
Ph NH; NH,
l,,H
(antidepressant) (antiproliferative activity) (neuroprotectic properties)

L. Wanka, K. Igbal, P. R. Schreiner Chem. Rev. 2013, 133, 3516-3604.
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Results



Results

DG

24

OMe

25
(4.0 equiv.)

ZI

27
(30%)

Pd(OAc), (10 mol%)
AgOAc (1.3 equiv.)

toluene
110 °C 18h

z

| H

S (0] N
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28
(41%)

DG

26

OMe
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Results

28

Optimized conditions:

OMe

25
(1.5 equiv.)

z
o |
N MeO
Pd(OAc), (5 mol%) O~ _NH OMe
AgOAc (1.3 equiv.)
> +
HFIP
110 °C 18h
29
(87%)

Hexafluoroisopropanol
(HFIP):

Fs;C

(7%)

OH

A

CF;
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Results

Screening of aryl iodides:

4 4
" Z Ar-l (1.5 equiv.) SN SN
oo B I PdoAc), (5 moi%) 0u NH 0u NH
N AgOAc (1.3 equiv.) A
> Ar + r Ar
HFIP
110 °C 18h
28 B C
| I I I I I | I Br OTf
N
CF3 F Br NH, CO,Me CN OMe OMe
. 62% (B) . . 62% (B)
M M 56% (B 36% (B SM SM
Yield 10% (C) 48% (B) | 75% (B) 5% (C) S S 0 (B) 0 (B)
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Results

O._ _NHR
H
95%
O-_ _NHR
H H
HY

79%; mixture n.d.

Substrates scope:

i

95%; 99:0.5:0.5

Os_NHR
Oy _NHR H
Hl
H i
H

68%; 1:1:0

64%

50%; 1:1

H

50%; 1:0

0O

NHR
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Results

Directing group removal:

MeO H [ OH
O N S | OL_OH
N HBr
—>
H,O
100°C2d
54%
29 31
MeO H [ OMe
O N S ' O~ _OH
N HzSO4
B ——
p-xylene
130°C 24 h

68%
29 32



Results

Diseases of the central nervous system (NMDA receptor):

CO,H

33

Synthesis of a bioactive derivative:

NH2 (@)
CON HE;?I'NU
N
g + 1) - >
Z CH,CI,
34 35 r.t., 18 h 36

97%

9 |
AgOAc (o)
NS Pd(OAc),
0 02

HFIP
110 °C 18 h

47%

36 37 38

H,SO,
—_—
p-xylene
130°C 24 h
52%

CO,H

39
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Results

Synthesis of imidazo[1,5-a]pyridine (group present in antitumor agents).

N
Z
N

| =
F Ny N—Z

Tf,0
—>
CH,CI,
35°C18h

28 91% 40

L =

MeO H [ MeO /=©

0 N\/@ N7 EF N N—Z
N

Tf,0
—>
CH,Cl,
35°C18 h

29 81% 41

ZI
R

Pelletier, G.; Charette, A. B. Org. Lett. 2013, 15, 2290-2293. 18



Mechanistic studies

(o) NAgR o) NHR R
(o) N
Ar \Ag
AgOAc
T~

Pd'(OAc), Z
AgOAc )’ \/ o
? R
_PdI g
N |
R H Pd"
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Mechanistic studies

ZI

AgOAc

42 43
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649.25269

100 z=1

B [ D ~ o] (o]
o o o o o ?

w
[«

377.07855

I 629.64624 06324725 682.24554
36529131960 39128491 421.22366 44918240 481.31470 530.98145 556-211014 591.49988 =1 z=1 -1
i

— o —_— Z:
PO P | %ﬂll L %T} Ll ‘%?; Z?l z=? 2 2?1 —— T hl‘ I ; ﬂ “LHI‘ HLW'\\'W‘

e e B B B B B B e s B e e e Bt Bt B B B B L I
600 620 640 660 680

N
O

[any
o

o

I I I I
360 380 400 420 440 460 480 500 520 540 560 580
m/z



Mechanistic studies

The dimer was observed in ESI experiments:

4D e @ ol
AcOH
-AcOH

Maria Pd Precursor 2 #354-306 RT: 702787 AV: 42 NL: 443E5
F: FTMS +p NSI Full ms2 437 .00i@eid20.00 [120.00-800.00]
- w77
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o0 NN
?D—: (o) —

] |
%] Pd
p

an]
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303
20

o 395,08 -
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Mechanistic studies

Relative Abundance

Palladacycle formation:

=
H
Os__N S | Pd(OAc), (1.0 equiv.) O N |
N AgOAc (1.3 equiv.) \ N~
Pd
v
HFIP
110°C 2 h
28 20% 46
403.07422
100
90
oo d Marta_PdComplex MLFO3021A_17122014 375.06814 455 07870
L] L] L] In .l L] II I |l:!! IlI L] II L] ' I!" J ! | L] IIH '!! L L] L] ! ll'h
260 280 300 320 340 360 380 400 420 440
m/z

22



Mechanistic studies

Deuterium experiments show that the palladacycle formation is reversible:

D I
Z CD,COOD DIy
H | 3
O~__N S I Pd(OAc), Oy _NH OMe
N AgOAc D
+
HFIP-d,
OMe 110 °C 18h
28 25 a7

1 ' [ﬁ
09 ‘
09 1
08}
08 1
07k
0.7 1
06F
06 4
05}
05F 4
04t
04t 1
03f
03F 1
02F g
02t 1 *
01t j X 4
01 ‘e N - 2 - et
O o 5, + - . " P " 0 ........... Y T esstssatasssstetetstsssisaes
= = L = 2 = — — — 1 1 1 1 1 1
273185 27318 273195 2732 273205 37921 37922 37923 37924 37925 379.26

Reaction at 80 °C == No Deuterium was observed



Mechanistic studies

Transition state of C-H activation step:

(o)
- O
= | .
-
b0
Y
| Me

!

R. Giri, Y. Lan, P. Liu, K. N. Houk, J-Q. Yu J. Am. Chem. Soc. 2012, 134, 14118-14126.
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Mechanistic studies

Oxidative addition step:

0 0 0
N B N S N B
| ] —— | — !
/ N~ / N~ \ N&
P|d’ Pfl’ Ar pg’
Ar’ \\
L I L 7L
- o #
O SV
N I N
/ ’,N = Ar
P OM
rd \\ e
Af. ' L
_ S _ L: OAc

25



Mechanistic studies

Arylation step:
RYSRIE Sup sl ﬁ

Pd" > pdV

IRdII
O e — O [ O]
Pd' > pd¥

T

Pd'"
%=®L| ) e
/~ 4

"@

Pd'" > pd® > Pd"

0
Pd'

~ /A ® P! “ﬁ

O — S — AL

o) o)
NS ~
|

|N | \ Pd N__—
Pd--N__~ 'l
—
o— o—
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Mechanistic studies

Formation of disubstituted compound:

R
_Pdl N’
g I 1
HPd
Ar OAc
\ -HOAc
o) o
» »
v I
v &
| Arl
R= 101 I AN
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Mechanistic studies

28

NHR

OMe

25

Comparative experiment:

CF, OMe CF;
AgOAc RHN__O RHN__O
Pd(OAc), +
—>
HFIP
| 110 °C 18 h
29 49

48
Ratio: 76 / 15

R= E/D
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Kinetic studies

conversion

0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1

0

1 equiv. Arl (25)

0

20

40

7
H I
N
+
HFIP
OMe 110 °C

28

(1.0 equiv.)

t (min)

60

80

100

Reaction progress:

Pd(OAc), (5 mol%) o) NH OMe
AgOAc (1.3 equiv.)

25

Conversion

0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1

0

>

29

2 equiv. Arl (25)

0 20 40 60 80 100

t (min)
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Kinetic studies

Dependence with the temperature:

Z
o N o | | Pd(OAc), (5 mol%)  O._ _NH
N AgOAc (1.3 equiv.)
+ y
HFIP
OMe 18 h
28 25 29
(1.0 equiv.) (1.0 equiv.)
1
0,9
0,8
0,7 Py
5 06
g 0,5 Py
g 04
0,3
0,2
0,1
0oe
0 20 40 60 80 100
T(0)

120

OMe
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Mechanistic studies

28

NH

29

CD,COOD H
OMe Pd(OAc), O-N
AgOAc D D
v
HFIP-d,
110 °C 18h

50

47

OMe
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Mechanistic studies

Deuterium experiments with second arylation:

"]
N
N
L CD,COOD
OMe pg(0Ac),
AgOAc
y
HFIP-d,
110 °C 18h
29
Z | % | /
N

NH NH
+

50 51
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Kinetic studies

Starting material

Reaction progress diarylated:

\%“ Xy ' Bu Pd(OAc), (5 mol%)
AgOAc (1.3 equiv.)
+ © * /@ »  MIXTURE
‘Bu ‘Bu HFIP
OMe

110 °C

29 25 53
(1.0 equiv.) (1.0 equiv.)

1,2 1,2
1 .\‘; '
T
0,8 ® @ 08
©
06 € 06
oo
£
=
0,4 5 04 ®
%
0,2 0,2
0 0
5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
t (min) t (min)

Monoarylation profile with 2.5 mol% Pd
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Mechanistic studies

--_z/ \
—

Pd—N
o) :
Pd(OAc), °Me

H | ~ AgOAc
N =~ E

HFIP N

110 °C 18h /

54 Pd”

55°

Deuterium experiments on diamondoids derivatives:

0 CD;CO0D 5 o
Pd(OAc),
N N AgOAc N A
H | H |
N~ - D N~
HFIP-d,
110 °C 18h
54 58

N
H

56
(50
%)

OMe
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Mechanistic studies

OMe

H | Pd(OAc), O
N“ N“
H | AgOAc H |
N N + //// > N N
HO HFIP m 5

110 °C 18h

OMe

59 25
OMe

60
Deuterium experiments on diamondoids derivatives:

CD,COOD
Pd(OAc),

D
7 ’
H\)N\/) AaoRe H\/U
N A > N _n
o HFIP-d, DO
110 °C 18h
59 61
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Mechanistic studies

ESI HRMS experiments of the crude reaction mixture
Detected side products:

O~ _NHR

AgOAc
T~

Pd"(OAc), _ Z

Z=
W/

62 63

Palladium reduction 36



Mechanistic studies

Pd(I)/Pd(0) arylation step:

H
AgOAc SN N
Pd(OAc)z (20 mol%)
y
HF|P

110°C 18 h

Other substrates that did not react:

65 66

29

OMe
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Mechanistic studies

o NHR

O~__NAgR R
Ar @ o N\Ag
AgOAc
[i; T~
)’ Pd"(OAc), _ Z
AgOA \\\ o
o)

Pdl N~
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Mechanistic studies

0-__NAgR O~_NHR .
Ar o N\Ag
AgOAc
T~
Pd(OAc), _ %
AgOAc)’ \( o
o)

Pdl N~
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Alkylation

26

/
| ]
N AgOAc N

TIPS Pd(OAc),

+ / —_—
v HFIP
110 °C 18 h
58

Other substrates:

H
N

59

(0)

%

TIPS



Lactam formation

Oy NHDG NG COOH
? N . . NH;
Metal 1. Ring opening
—_— r
2. Directing group
21 60

removal
61

Initial attempts:

N ’d
H
0. _N Q
conditions N
—> N ~
62 63
Entry Conditions

Pd(OAc), (2 mol%), AgOAc (1.2 equiv.), C;Fsl MW 120 °C 1.5 h

Pd(OAc), (10 mol%), AgOAc (1.2 equiv.) or Ag,CO, (1.2 equiv.), C;Fsl MW 160 °C 1.5 h

CuCl (0.25 equiv.), PhCO,Na (1.3 equiv.), benzoquinone (1.2 equiv.), o-xylene 130 °C 20 h

A W N =

Cu(OAc),.H,0 (0.2 equiv.), Ag,CO; (2.8 equiv.), DCE 140 °C 24 h

W-W. Sun, P. Cao, R-Q. Mei, Y. Li, Y-L. Ma, B. Wu Org. Lett. 2014, 16, 480-483.
Z. Wang, J. Ni, Y. Kuninobu, M. Kanai Angew. Chem. 2014, 53, 3496-3499.
X. Wu, Y. Zhao, G. Zhang, H. Ge Angew. Chem. 2014, 53, 3706-3710. S



Lactam formation

Q o)
N N,OMe mCPBA (1.5 equiv) X
Ry H + > R, _J_ N-OMe
ZN—R, Ph HFIP R,
R1 I r.t., 15 min R1
64 65 66
(20 mol%)
Os__NHOMe A omMe
mCPBA N
+ —_—
Ph  HFIP
L~~‘_’iJl | r.t. L\.‘_IiJl
67 65 68

C. Zhu, Y. Liang, X. Hong, H. Sun, W-Y. Sun, K. N. Houk, Z. Shi J. Am. Chem. Soc. 2015, 137, 7564-7567.



Lactam formation

(o] DG DG
[O] N
—>
HFIP
) ) )
Lo/ d Lo/ d

[O] = PhlOAc, oxone...

DG = ":‘\N X or
H | N
N.~ H |
N~



Acetoxylation

Initial attempts:

argon
DG Pd(OAc), (10 mol%) DG
Phl(OAc), (2.5 equiv.) OAc
Li,CO; (20 mol%)
aa >
AcOH/p-xylene

130 °C 24h
69 70

Q. Li, S-Y. Zhang, G. He, W. A. Nack, G. Chen Adv. Synth. Catal. 2014, 356, 1544-1548.
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Acetoxylation

Inital attempts:

77
TFA (5 equiv.)
110°C 20 h

p
g N7 | N
oN Pd(OAc), (10 mol%)  Oxy-NH
K,S,05 (2 equiv.) OAc
// -
62

7

® ®
. ~-N ~-N
o Mn(OAc),2H,0 (1.3 equiv.) o
oxone (5 equiv.) argon
A X
Ac,0 (10 equiv.) Phl(OAc), (2.5 equiv.)
A > # >
CH;NO, AcOH/p-xylene
72 80°C24h 73 72 110 °C 20 h 73

L. Zhou, W. Lu Org. Lett. 2014, 16, 508-511.
B. V. S. Reddy, L. R. Reddy, E. J. Corey Org. Lett. 2006, 8, 3391-3394.
S-Y. Zhang, G. He, Y. Zhao, K. Wright, W. A. Nak, G. Chen J. Am. Chem. Soc. 2012, 134, 7313-7316.



Acetoxylation

o) DG (o) DG
[0l OAc
—_—
HFIP
' ) | )
Lo/ Lo/ d
[O] = PhI(OAc),, oxone...
DG = < Xy or
Nl ’:’J\N

4
\
I

NS



One-pot o selectivity with Br

OPG HO,C.__NH,

Ar z Ar
OPG OPG Suzuki E i(
Br B(OR), / ” -
_— OPG
CO,H
\ NHAr NH,
24

23 Chan-Lam i

N
=]
=]



Results

Intramolecular C-H activation:

CO,H

z z
Et;N SN SN Et;N
EDCI, HOBt TFA EDCI, HOBt
—_— B _—
NHBoc cH,CI, NHBoc CH,CI, NH, CH,CI,
rt.,20h ref., 3h rt.2d
89% 47% 95%
z z
(o) N Q Q N (o)
N Pd(OAc), N
o ' AgOAc
N
H conditions N~ O
CONDITIONS RESULTS

HFIP (0.03 M) 110 °C 18 h

Reaction completed, dirty reaction

HFIP (0.03 M) 60 °C 18 h

Only starting material

HFIP (0.03 M) 80 °C 3 h

Reaction completed, one major spot by TLC
analysis

toluene (0.03 M) 110°C 18 h

Only starting material




Baran bromination

Directing group removal:

Br

5 %b

20



Borilation

Gl

Chan Lam

NHAr

HO,C NH2

COZH
NH,

o



