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Allylic C—H activation: direct carboxylation

B Easiest C-H bond to activate

B allylic C—H oxidation using stoichiometric palladium(ll): 1960s

Pd(0)
R/\/\FG—— o RMNU [L]
Nu-
. /\I\-/ , and/or
“ Pd(Il) R Nu
RNy — R)\/ Bl

FG = OCOR, OCO,R, NR,, SR, P(OR),, B(OR),, etc.

B allylic alkylation from prepared allyl-Pd complexes reported by Trost: 1970s

W. G. Young, J. Am. Chem. Soc., 1966, 88, 2054

P. G. C. Campbell, J. Am. Chem. Soc., 1971, 93, 1497

P. G. C. Campbell, J. Am. Chem. Soc., 1971, 93, 1499

B. M. Trost and T. J. Fullerton, J. Am. Chem. Soc., 1973, 95, 1780



Allylic C—H activation: direct carboxylation

B First report by White
H H
@/N\H/O\/\M

o)

10 mol% Pd(OAc), H
2.0 equiv BQ N O~ NN
DMSO/HOAc = 1:1 ©/ Al OAc
4 AMS, air, 40 °C, 72 h o L]

64%, [L:B] = 13:1, E:Z = 12:1

o)
Ph._ s g7__Ph
N ~
10mol% ~pyoac), y OAc
- N O\/\)\/
2.0 equiv BQ O \H/ [B]
CH,Cl,/HOAG = 1:1 0

0
40°C, 72h 69%, [L:B] = 1:5

M. C. White, J. Am. Chem. Soc., 2004, 126, 1346.



Allylic C—H activation: direct carboxylation

10 mol% Pd(OAc), H
B First report by White 2.0equivBQ  _ N O NN
DMSO/HOAC = 1:1 ©/ hig OAc
1 © L]

H 4 A MS, air, 40°C, 72 h
@NYOW

_ 64%, [L:B] = 13:1, E:Z = 12:1
0

2.0 equiv BQ
CH,CI,/HOAC = 1:1

: QNTOW

0
407°C, 72h 69%, [L:B] = 1:5
M. C. White, J. Am. Chem. Soc., 2004, 126, 1346.
B Macrolactonization s =
o./ \,O
OH H o Ph g ., sZ Q
5 10 mol% PA(OAC), o
0 ) 23 2.0 equiv BQ } O Fh=3
CH>Cl», air, 45°C, 72 h
0 @]
~ _ 62% (1 g scale)
Pt
@)
via: 0
O ) n=3
- O -

M. C. White, J. Am. Chem. Soc., 2006, 128, 9032.



Allylic C—H activation: direct carboxylation

B Realligand

2

Ph” é\/




Allylic C—H activation: direct carboxylation

B Realligand B Stoichiometric experiment
Step 1: C-H cleavage Step 2: Functionalization
P g N P
Q o Pd(OAG)/,
§ = S A, 59% o=<:>=o
r o~ PAOAC)(1 equiv) /\LR BQI RJ\/
R=CgH, CDCl343%C,7h |7 (2 equiv.)
Pd(OAC) 55%
I 12:1 [B:L]
_ L
B Mechanism LPd(OAc), Pd(OAc),
DHQ /\rR
=
H
HOAc + L
HOAc + L
AR
7 N
Pdo(B
d(BQ) Pd(OAc)
\ R BQ
/\/
/\cl);c (BQ) Pd (OAc) J. Am. Chem. Soc., 2005, 127, 6970.

For other RCOOH as substrates, see: J. Am. Chem. Soc., 2010, 132, 11323.



Allylic C—H activation: direct carboxylation

B allylic C-H oxidation/vinylic C—H arylation

O,/ \.0 (HO),B
10 mol% F’h’PSd C’)AS“P" \©\
H (OACY 4 5 equiv X

teopso. A~ 20 equivHOAc  rL-45°C,4-7h
dioxane, air, 45°C, 24 h

X

M. C. White, J. Am. Chem. Soc., 2006, 128, 15076.



Allylic C—H activation: direct carboxylation

B allylic C-H oxidation/vinylic C—H arylation

O,/ \.0 (HO),B
10 mol% F’h’PSd C’)AS“P" \©\
H QA% 1 5 equiv X_

teopso. A~ 20 equivHOAc  rL-45°C,4-7h
dioxane, air, 45°C, 24 h

X

M. C. White, J. Am. Chem. Soc., 2006, 128, 15076.

B asymmetric allylic C—H oxidation Oo./ \.,O
s . s”
Ph Ph
O H 10 mol% LA* O OAc
2.0 equiv BQ . )L(\)/V\/
Meo)w 1.1 equiv HOAC MeO =
n=7 4 AMS n=7
EtOAc, r.t., 48 h 89% vyield
57% ee
[B:L] = 4.8:1
AcO.  BQLA* LA™ = : 2
_ COpyBQ N N—
via: \'_/ - \Cr/
e PN
R By O'f 0 ‘Bu
‘Bu ‘Bu

M. C. White, Angew. Chem., Int. Ed., 2008, 47, 6448.



Allylic C—H activation: direct carboxylation

B allylic C-H oxidation with O,

0.50 mol% PdCl, o
6 atm 02
~ » n-C-H
H:0 —5ma s0°C. 3n 7 15\)K
o 83%
-C7Hss N F <
1',/\ 1.0 mol% PdCl,
Zg\ mol% NaOAc
\ 4 AMS, 6 atmO
HOACc : 2> n-CoHiyz = OAc
DMA, 80 °C, 40 h TSN
85%
[L:B] = 13:1
EZ=11

K. Kaneda, Angew. Chem., Int. Ed., 2006, 45, 481.



Allylic C—H activation: direct carboxylation

B allylic C-H oxidation with O, 0.50 mol% PdCl
. ° 2 0]

6 atm 02
» n-C-H
DMA, 80 °C, 3 h 7 15\)K

83%

 H,0O

”'C7H15\I/\ + <

N 1.0 mol% PdCl,

Zg\ mol% NaOAc

\ 4 AMS, 6 atmO

HOACc : 2> n-CHiz = OAc
DMA, 80 °C, 40 h TSN

85%
[L:B] = 13:1
EZ=11

K. Kaneda, Angew. Chem., Int. Ed., 2006, 45, 481.

B allylic C-H acetoxylation

5.0 mol% Pd(OAc),

H 5.0 mol% ligand O
= 20 mol% NaOAc XNoAc
16.0 equiv HOAC ligand = 4 N\ N
1 atm 02 =N N=
dioxane, 60 °C, 24 h 81% 4,5-diazafluorenone
EZ=171

S.S. Stahl, J. Am. Chem. Soc., 2010, 132, 15116.



Allylic C—H activation: Direct amination

0,/ \,0

Ph 0
10 mol% Pd(OAC)2 )J\
> (O NTs

B 1,2-amino alcohol scaffold

O” 'NHTs

1.05 equiv PhBQ

R A THF. 45°C, 72 h o
H

R ='Pr: 72%, d.r. (antilsyn) = 6:1;
R ="Pr: 86%, d.r. (anti/syn) = 1.6:1.

0 - - 0 -
OJ\NHTS Q)LNTS

ja: and
via R/j\/_\\

l
- PdL, - L,Pd

M. C. White, J. Am. Chem. Soc., 2007, 129, 7274.



Allylic C—H activation: Direct amination

B 1,2-amino alcohol scaffold O\\S‘ S P
10 mol% Pho /¢ Nt O
0 Pd(OAc), )J\
O~ “NHTs . 07 NTs
R N 1.05 equiv PhBQ
THF, 45°C, 72 h R —
H
R ='Pr: 72%, d.r. (antilsyn) = 6:1;
R ="Pr: 86%, d.r. (anti/syn) = 1.6:1.
B 0] ] r O .
, OJ\NHTS and O)LNTS
via: -
R/I\//i\ R
- PdL, - ~ LPd T
M. C. White, J. Am. Chem. Soc., 2007, 129, 7274.
B 1,3-amino alcohol scaffold
O./ \.,O
10mol% ph-S - S~ph
O Pd(OAc), .
O~ "NHNs 5.0 mol% 1,2-bis(phenylsulfinyl)ethane )]\
oh 10 mol% p-nitrobenzoic acid . 0O NNs
2.0 equiv PhBQ (%)
/ DCE, 45 °C, 24 h Ph)\/k/

64%, d.r. > 20:1

M. C. White, J. Am. Chem. Soc., 2009, 131, 11707.



Allylic C—H activation: Direct amination

/\l/\)LNHTs

H

Q 10 mol% Pd(OAc),

1 atm O,, DMA

(salen)Cr(lICI

1.0 equiv NaOBz \
40 mol% maleic anhydride _

4 AMS,70°C, 10 h
Ts

endo
88%
endolexo = 86:14

10 mol% (salen)Cr(lll)Cl =o[>\/

N
50°C, 10 h Ts
exo 61%

endolexo < 3:97

G. Liu, Org. Lett., 2009, 11, 2707



Allylic C—H activation: Direct amination

1.0 equiv NaOBz \
40 mol% maleic anhydride _

4 AMS,70°C, 10 h
Ts

Q 10 mol% Pd(OAc), endo 88%
/\l/\)'LNHTs 1 atm O,, DMA endolexo = 86:14

H
10 mol% (salen)Cr(lI)Cl ___oQ\/
N} \N 50°C, 10 h Ts
B cr B exo /61% |
0'¢l0 endolexo < 3:97
(salen)Cr(llIN)CI G. Liu, Org. Lett., 2009, 11, 2707
B Intermolecular version
o,/ \,0
10 mol% Ph—> + S=ph
Pd(OAc),
Ts
6.0 mol% (salen)Cr(lI1)Cl O\/\./ |
20equivBQ = NTOMG
H TBME, 45°C, 72 h 0
: 53%
1:2 j\ [L'B] > 100:1
Ts. E:Z=57:1
S ﬁ OMe

M. C. White, J. Am. Chem. Soc., 2008, 130, 3316.

Cr(Ill) can be replaced by 6% DIPEA, see:
M. C. White, J. Am. Chem. Soc., 2009, 131, 11701.



Allylic C—H activation: Direct amination

B Intermolecular C-H amination
10 mol% Pd(OAc),

40 mol% maleic anhydride TS
C8H17\I/\\\ 25 mol% NaOAc _;CBHW\/"\/N\H/OME
H 4 AMS, DMA, 6 atm O,, 35 °C 0
31 + nonallylic isomers
87%
70:30

G. Liu, Angew. Chem., Int. Ed., 2008, 47, 4733.



Allylic C—H activation: Direct amination

B Intermolecular C-H amination
10 mol% Pd(OAc),

40 mol% maleic anhydride TS
C8H17\I/\\\ 25 mol% NaOAc _;CBHW\/"\/N\H/OME
H 4 AMS, DMA, 6 atm O,, 35 °C 0
+ .
31 nonallylic isomers
87%
70:30

G. Liu, Angew. Chem., Int. Ed., 2008, 47, 4733.

B Phil(OPiv), as the oxidant
5.0 mol% Pd(OAc),

o 20 mol% NQ Ts
CgH17 1.5 equiv PhI(OPiV), | .o N OMe
YN TS\NJ\OMe 20 mol% Bu;NOAc '™ N
H H NMP, 40 °C, 8 h O
1:2 + nonallylic isomers
A CeHi7 83%
via: Pld CO,M o1
NQ N2
Ts

G. Liu, J. Am. Chem. Soc., 2010, 132, 11978.



Allylic C—H activation: Direct amination

40 mol% Pd(OAc),

CO,Me " 40 mol% 3-nitropyridine
e .
N\ 2.5 equiv AgOTf ,
@ ¥ Me)\/\H 2.5 equiv Cu(OACc),
H 1.0 equiv methyl acrylate
1-:30 CH5;CN, 40°C, 24 h
Proposed mechanism.: CO.Me
— 2 —
Fl’d(OAc)Ln N
- N
via. Me”]\\J// - \ or
Me |:I>d|_n
Meﬁ\\/’

direct coupling at N

P.S. Baran, Angew. Chem., Int. Ed., 2009, 48, 7025.

CO,Me

N
N

Me’)"\/

Me
87% (gram scale)

B MGOzc 7

)
PdL,
/
N

\

Me~TXx

metallo-Claisen



Allylic C-H activation: Direct C—C bond formation

B Intermolecular C-H alkylation

Shi’s work o,/ \.,0
10 mol% Ph~s . s_Ph
Pd(OAc),
: Me
O O 1.3 equiv BQ
H N
O, (balloon) _ Ph O
ph/l\/ + Ph)J\l)J\Me toluene, 60 °C, 48 h
o Ph” 0
114

82%

Z.-). Shi, J. Am. Chem. Soc., 2008, 130, 12901.

White’'s work

10 mol% Ptf‘:“sis’iih
Pd(OAc), o
H 0 0.5 equiv HOAC
Z H 1.5 equiv DMBQ . X OMe
+ ﬁ)‘orﬂe dioxane/DMSO = 4:1 NO,
R NO, 45 °C, 24 h R
1:3 E.Z=>20A1

R =H: 62%, [L:B] = 4:1;

M. C. White, J. Am. Chem. Soc., 2008, 130, 14090



Content

) Allylic C-H activation

Common sp3 C-H activation:

Palladium- .. . Direct C—X bond formation
talyzed sp3 .
ponyesase Common sp3C-H activation:
C-H activation . .
< Direct C—C bond formation



Content

Q ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

(2) Benzylic C—H activation

Palladium- e .............................................................................
catalyzed sp?
C-H activation
W



Benzylic C-H activation: Direct acetoxylation / fluorination

B C-H acetoxylation

| A 1.0 mol% Pd(OAc), =
" *+ PhI(OAC) — HoAc, 100°C, 22 h N
H OAc
1.1:1 i 88%

via:

M. S. Sanford, J. Am. Chem. Soc., 2004, 126, 2300



Benzylic C-H activation: Direct acetoxylation / fluorination

B C-H acetoxylation

| A 1.0 mol% Pd(OAc), =
" *+ PhI(OAC) — HoAc, 100°C, 22 h N
H OAc
1.1:1 i 88%

via:

M. S. Sanford, J. Am. Chem. Soc., 2004, 126, 2300

B C-H fluorination

BF, 10 mol% Pd(OAc),

XN _ =
| ) . N—F _pbenzene 110°C,1h_ | A |
N N\ / microwave, 200 W N7 SN
H F Ph
1115 5%

Thermo 110 °C: 36% out of 82% conversion
pwave 110 °C: 75% out of 97% conversion

M. S. Sanford, J. Am. Chem. Soc., 2006, 128, 7134.



Benzylic C-H activation: Direct acetoxylation / fluorination

B C-H acetoxylation

| A 1.0 mol% Pd(OAc), =
" *+ PhI(OAC) — HoAc, 100°C, 22 h N
H OAc
1.1:1 i 88%

via:

M. S. Sanford, J. Am. Chem. Soc., 2004, 126, 2300

B C-H fluorination

X 10 mol % Pd(OAc), X
2 equiv PhI(OPiv),
| 5 equiv AgF

=
\N Y 2 equiv MgSO, \N Y
CH,Cl,
H 16 h, 60 °C F
30 -70%

M. S. Sanford, Org. Lett. 2012, 14, 4094



Benzylic C-H activation: Direct acetoxylation / fluorination

.y

=N~ | F CH,Cl, =NT F

>~ F 30 min =
1o
(8202 not detected

M. S. Sanford, Angew. Chem. Int. Ed 2012, 51, 3414



Benzylic C-H activation: Direct acetoxylation / fluorination

=-N" | °F CH,Cl,
= F 30 min
80°C
(87%)

F
= ‘;O = 3
— NM S N_H_
/Pd*». M -
— —

not detected

M. S. Sanford, Angew. Chem. Int. Ed 2012, 51, 3414

F
— ) w!
addive T "\ pdlt % o+ N « U0l
»= N~ °N “Pd! AN
CH,CN - 1 =N~ = “NHTs
65°C, 1-6 h 4 'S = (5) (6)
C-N C-F c-C
reductive elimination reductive elimination reductive elimination
yield yield yield
entry additive 4 (%) 5 (%) 6 (%)
1 none 9 49 29
1 equiv of NMe,NHT's 85 <1 <1
3 1 equiv of NMe,NHTs + 2 equiv 98 <1 <1

of bpy

M. S. Sanford, J. Am. Chem. Soc. 2014, 136, 4097



Benzylic C-H activation: Direct C-C bond formation

B C-H arylation

| AN 5.0 mol% Pd(OAc), | X
benzene/Ac,0 = 1:1
+ [Ph,I][BF 2 -
N7 [Phall[BF,] 100 °C, 12 h NG
H Ph
2:1 72%

M. S. Sanford, J. Am. Chem. Soc., 2005, 127, 7330.

jx—
Nu.,
A Na épd”'\
SRaY P
¥ T0g 0 — ] i Pd“' />-
X~ Y =N"

M. S. Sanford, J. Am. Chem. Soc., 2009, 131, 11234.




Benzylic C-H activation: Direct C-C bond formation

B C-H arylation

| AN 5.0 mol% Pd(OAc), | X
benzene/Ac,0 = 1:1
+ [Ph,I][BF 2 -
N7 [Phall[BF,] 100 °C, 12 h NG
H Ph
2:1 72%

M. S. Sanford, J. Am. Chem. Soc., 2005, 127, 7330.

X | 5.0 mol% Pd(OAc),
| 2.1 equiv Ag,CO,
+ -
N/ 5 ‘BuOH, 110 °C, 48 h
r

1:5 74%

O. Daugulis, Org. Lett., 2005, 7, 3657.



Benzylic C-H activation: Direct C-C bond formation

2:1
Me

T
o-z
! 5{ />
T
.|.

Br
1.5:1

5.0 mol% Pd(OAc),

5.0 mol% BusP-HBF, S
1.05 equiv K,CO5 +o
toluene i N*  Me
110 °C, overnight O
56%

2.5 mol% [Pdy(dba)s]

5.0 mol% X-Phos X Me
3.0 equiv NaO'Bu _ | o K. Fagnou, J. Am. Chem.
toluene, microwave I\ll Soc., 2008, 130, 3266.
110 °C, 45 min O

89%



Benzylic C-H activation: Direct C-C bond formation
5.0 mol% Pd(OAc),

5.0 mol% ‘BusP-HBF, | X
2-1 1.05 equiv K,CO5 + 2
" toluene N*  Me
e o ; @)
N 110 °C, overnight Me ~
L me ) — 56%
H™ N 2.5 mol% [Pd,(dba),] Ve
@) 8 5.0 mol% X-Phos X
B r 3.0 equiv NaO'Bu__ | e K. Fagnou, J. Am. Chem.
1.5:1 toluene, microwave |\|l Soc., 2008, 130, 3266.
110 °C, 45 min O 89%
C-H alkylation
X 5.0 mol% Pd(OAc), Ts.
| + pr ST 5.0 mol% 1,10-phenanthroline , N NH
Me” N7 THF, 120 °C, 24 h e N o
H
Mechanism: 2.5:1 82%
Pd(OAc),
Me™ "N i Acoﬂ? "M Thoas | me /
H \]40 PdOAc PdOAC
Me H. Huang, J. Am.
_ e AN ~ Chem. Soc., 2010,
/(;\k P 132, 3650.
M N7 C Me” N HOAc
"N _Ph
AcO-Pd oy~ s AcO-Pd._ ™| —= - Pd(OAC)2
O N Os.
\S-b \S{‘
i /%0 A’ O

Ar
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Common C-H activation: Direct C=X bond formation

B General model

Pathway A: triggered by C-H cleavage

/TN Pd(ll) DG RY P TN
> spgll” A
DG C=H  C.H activation Qc’Pd\ DG C=R
Pq"
|oxidant DG\| e / 77N
(_CJ:,,d‘\ DG C=X

X X
or



Common C-H activation: Direct C=X bond formation

B General model

Pathway A: triggered by C-H cleavage

TN Pd(ll) DG RY P& N
» spgll” A
DG C=H  C.H activation Q c-PIN DG C=R
| Pq"
|oxidant DG. e { 77N
(_ C’ﬁ,d‘\ DG C=X
X _aX
or .
Pathway B: triggered by OA Pa
S c
X-C  C=H ,xigative addition “~C~ -~ 7
C-H activation R-Y Pd° TN
H-C C=R




Common C-H activation: Direct C=X bond formation

B C-H actoxylation MeO“N

H

+ PhI(OAc),

1:1.1

via:

5.0 mol% Pd(OAc),

HOAc/Ac,O = 1:1

MeO.
N

[
r

100 °C, 3.5 h

0
MO N—pd &

OAc

78%

M. S. Sanford, JACS., 2004, 126, 9542.



Common C-H activation: Direct C=X bond formation

B C-H actoxylation MeO“N

H SH% Qoflz) Pg(oﬁ)z MeO‘N OAc
c/Ac,0 = 1: _
+ PhI(OAc), 100 OCQ 35h -
111 I ] 78%

0
MeO. /

| MOy

via: 2

M. S. Sanford, JACS., 2004, 126, 9542.

HO‘N H (1) HOAc/Ac,0 = 1:1 AcO\N

25°C, 2 h . OAC Q Of
(2) 5.0 mol% Pd(OAc), —

1.5 equiv PhiI(OACc),

100 °C, 12 h

0,
61% M. S. Sanford, Org. Lett., 2010, 12, 532



Common C-H activation: Direct C=X bond formation

. C .
C-H actoxylation MeO“N H 5.0 mol% Pd(OAc), Meo.\N OAc
HOAc/Ac,O=1:1
+ Phi{OAC); 100°C. 350
1:1.1 i A T 78%

Cc
0
O N—pd—F

via:

M. S. Sanford, JACS., 2004, 126, 9542.

HO. H (1) HOAG/Ac,0=1:1  AcO

25°C,2h
(2) 5.0 mol% Pd(OAc)2
1.5 equiv PhI(OACc),

100°C, 12 h
61%

M. S. Sanford, Org. Lett., 2010, 12, 532

B C-H amidation o
5.0 mol% Pd(OAc),

N~
OMe
N“‘OMe . 5.0 equiv K;S,04 N %\
£ j\H DCE,80°C,14h NHSOQOC|

SO,NH, 0
1:1.2 - - 88%
_OM
via: /N )
Pd~¢
L AcO 2 4 C.-M. Che, JACS., 2006, 128, 9048.



Common C-H activation: Direct C=X bond formation

Iy L H |
B C-H iododination 10 mol% Pd(OAC),
Me _N 1.0 equiv IOAc . Me N
R \)"Bu CH,Cl,, 24 °C, 48 h R \)— Bu
O O
|
M SATY TBSG ‘Bu )A%f
Va
83% 62% 65%
d.r.=91.9 d.r. =937 d.r. =99:1

For a diiodination version followed by
converting into cyclopropane, see:

J-Q.Yu, A . Chem., Int. Ed., 2005, 44, 2112
J.-Q. Yu, Org. Lett., 2006, 8, 5685. Q. Yu, Angew. Chem., In



Common C-H activation: Direct C=X bond formation

_ . . . H
B C-H iododination 10 mol% Pd(OAC),
Me N 1.0 equiv IOAc . Me _N
R ‘”\)—fBu CH.Cl, 24°C,48h R \)—‘Bu

@) O
!
Me N ¢ ﬂ%
:BZ[‘F By TBSgQ/ Bu
83% 62% 65%
d.r.=91.9 d.r. =93:7 d.r. =99:1

For a diiodination version followed by
converting into cyclopropane, see:

J-Q.Yu, A . Chem., Int. Ed., 2005, 44, 2112
J.-Q. Yu, Org. Lett., 2006, 8, 5685. Q. Yu, Angew. Chem., In

B C-H acetoxylation
H OAc
5.0 mol% Pd(OAc),

Me N 2.0 equiv lauroyl peroxide_r_ Me N
R Oi).fsu Ac,0, 50 °C, 48 h R ’;}—*Bu
O

R = Et: 67% yield, 18% de;
R = Bu: 49% yield, 82% de.

J.-Q. Yu, Angew. Chem., Int. Ed., 2005, 44, 7420.



Common C-H activation: Direct C=X bond formation

B Mechanism study

Me

M\F’yMe Pd(OAc)» _</ ,Pd.__‘_of>_ME

O Me
1

Pd’

ACZO

Pd(OAc);

ML((’;IDLMe

Pd-\. \7—Me

O

CH,Cl,
24 °C, 36 h

A

OH 7K/0

N Me  Me
NH,NH "j\Me
— > o

1c, 35% yield

OAc Me

1d, 55% vyield

J.-Q. Yu, Angew. Chem., Int. Ed., 2005, 44, 7420.



Common C-H activation: Direct C=X bond formation

= _Me
; Pd-\. o~ Me
B Mechanism study 07
Me )
M\F’N Me  Pd(OAc Omn  ~OP)—Me
\% ’d /Pd""-o
60—/ Me  CHClL Me—0
24°C, 36 h N
! Me—2=pg
O N “N=
e
o)
OH e MZK/
NH>NH; ¢ Me
o‘ .-ﬂO 0 0 0
TBHP o HPAUDI—Me Pd 1c, 35% yield
—_— O -
7N OAc
Me Me O/ " AC-O N Me
! - e
A —y = ’fMe
Y b Pd(OAc); o)
- - 1d, 55% vyield

J.-Q. Yu, Angew. Chem., Int. Ed., 2005, 44, 7420.

10 mol % Pd(OAc),

O
CH-»CI», 50 °C, 40 h
tJL/Me 22 ”tJL/\OAc
BuO I*I~I 1 equiv I0Ac BuO™ N

I
Bu Bu

J.-Q. Yu, Org. Lett., 2006, 8, 3387.



Common C-H activation: Direct C=X bond formation

B intramolecular direct amidation

M& Me 10 mol% Pd(OAc), Me e
H .
3.0 equiv AgOAC .
H 3.0 equiv Na,CO,
N* ' 0 N
Ac mesitylene, 140 °C, 12 h Ac
80%
Me Me | i Me Me i
via: r —_— I\?OAC
.Pd Pd
N N’ ~
AC ] = AC OAC |
OAc  Pd(CAc), (10 mol %) OAc
AgOAc, Na,CO, OAc *+
NH mesitylene i E N
Ac 140 ° C, 19h Y eeua Ac
78% '

F. Glorius, Angew. Chem., Int. Ed., 2009, 48, 6892.



Common C—H activation: Direct C—-C bond formation triggered by OA

H MeO
| 4.0 mol% Pd(OAc), O

O  4.0equivK,CO, _ MeO

1.0 equiv "BuyNBr O
OMe DMF, 100°C,72h ‘
OMe
87%
G. Dyker, Angew. Chem., Int. Ed.., 1992, 31, 1023,
H H
Mechanism: L r Pl (7 Pd'l=
fjo Pd° I o) K20\03 i o)
oMe OMe  KHCO; + KI OMe

MeO MeO OMe
OMe
MeO MeO /|
O dII| Pdlv-\
O T
OMe OMe



Common C—H activation: Direct C—-C bond formation triggered by OA

’ MeO
I 4.0 mol% Pd(OAc), O

O 4.0 equiv K,CO;  MeO
1.0 equiv "BuyNBr O
OMe DMF, 100°C, 72 h ‘

G. Dyker, Angew. Chem., Int. Ed.., 1992, 31, 1023.

: .
4 2.5mol% Pd(OAc), Vo
| KzCO3, ”BU4NBF .~ Me
DMF. 105—110 °C. 96 h Me ‘ Vo

75%

G. Dyker, Angew. Chem., Int. Ed., 1994, 33, 103.



Common C-H
activation:

Direct C—C bond
formation triggered
by OA

‘Bu Br

Me Me e
1.0 mol% [Pd(dba),]
H 4.0 mol% S-Phos
J— - t
* Ph=BOH):: 35 equiv kPO, — BY

toluene, 100 °C, 18 h

l OMe
T

S-Phos

‘Bu

1:2 f 95%

MeQ

Me Me

Me Me

\éﬁ

Me M
e [=] |__n
Pd" .
: Bu "-Br
IBU H Fh
r1

Ph

PdL

‘Bu
y -base
XB({OH),
base-HEBr
Me Me L Me
Ph—B(OH), Pl
\ y I
!Eu H X Bu Pdl_n
g T B

S. L. Buchwald, JACS., 2005 127, 4685



Common C—H activation: Direct C—-C bond formation triggered by OA

10 mol% Pd(OAc),
0
H 20 mol% L-HBF4 Ar

A3 .0 equiv CsF
3 A MS, toluene, N
NHCgF5 + Ar—I 2 NHC4F
F’hﬂ[y( R T YT ok

O O

1:3
Ar = p-MeCgH,: 84%
Ar = m-FCSH4: 72%
PCy,

L=
‘ J.-Q. Yu, J. Am. Chem. Soc., 2009, 131, 9886
Val P(ll)_
RsP=Pd\, ~CeFs O‘Cs
N —3 N0 amination ,\H\ /
H/ﬁ/& o product
C F

R 65

A B

For detailed discussion for cation-promoted Pd
insertion into C-H bonds, see:

Yu, J.-Q. J. Am. Chem. Soc. 2008, 130, 14082.



Common C-H activation: Direct C—C bond formation triggered by OA

10 mol% Pd(OAc),
0 .
H 20 mol% L-HBF4 Ar

A3.0 equiv CsF
3 A MS, toluene, N
NHCgF5 + Ar—| : —2» NHC4F
Phﬂ[,( T 100°C,24h  Ph7] o'’

O O

1:3
Ar = p-MeCgH,: 84%
Ar = m-FCSH4: 72%
PCy,

‘ J.-Q. Yu, J. Am. Chem. Soc., 2009, 131, 9886

10 mol% Pd(OAc), o

H 1.2 equiv Cs,CO;4
4.0 equiv AgOAc
NHCgFs5 + Ph— > NHC6F
nprﬂ[f o s *Ph Tl eat, air, 130 °C, 3 h ”Prﬂg( °®
') O
84%

F F
S & F
g F F J.-Q. Yu, Tetrahedron, 2010, 66, 4811.
F

L=




Common C-H activation: Direct C—C bond formation triggered by OA

10 mol% Pd(OAc),
20 mol% L-HBF4

H A3.0 equiv CsF Ar
3 A MS, toluene, N
NHCgF5 + Ar—I : 2 NHC4F
e e 100°C,24h  Ph7 ok
O
1:3 ©
Ar = p-MeCgH,: 84%
Ar = m-FCaH4: 72cy0
L = PCy,
‘ J.-Q.Yu, J. Am. Chem. Soc., 2009, 131, 9886
H Pd(0)/PR, Ph
:’;g_‘/NHAr Phi, CsF :"’,*[”/NHAr
PhMe, 100 °C
o) o}

] Csl + HF
Cluster Formation

J.-Q. Yu, G. Musaeyv, J. Am. Chem. Soc. 2013, 135, 14206



Common C-H activation: Direct C—C bond formation triggered by OA

10 mol% Pd(OAc),
20 mol% L-HBF4

H A3.0 equiv CsF Ar
3 A MS, toluene, N
NHCgF5 + Ar—I : 2> NHC4F
Phy 100 °C, 24 h Ph7] oo

O

1:3 ©

Ar = p-MeCgH,: 84%
Ar = m-FCaH4: 72%
‘ J.-Q.Yu, J. Am. Chem. Soc., 2009, 131, 9886
SiR,R'
H 5 mol% [Pd(allyl)Cl], = ? =\
. R IAd*HBF, H aN® Nga
R Near + R'=Si—=—Br B N. R*"Q"""R
o R Cs,CO53 E,O R Ar Ok
85°C, Ny, 8 h O b
R™ = Ad
TIPS TIPS TIPS
z z z
nPr “Ar ~Ar Me ~Ar
@) @) O
2a, 81% 2b, 62% 2¢,70%

For alkynylation, also see:
M. Tobisu, N. Chatani J. Am. Chem. Soc., 2011, 133, 12984. J.-Q.VYu,, J. Am. Chem. Soc. 2013, 135, 3387



Common C—H activation: Direct C—-C bond formation triggered by OA

/ Me
R CO,Et
R 10 mol% Pd(OAc), —
20 mol% P(o-tol)s R = Me: 83%
COEt  20equivK,COy or CO,Et
DMF, 150 °C, 30~90 min )
Br Me
N
| P CO-E R = Et, 74%
Mechanism: 7 e R=H:60%
R
CO,Et R
CO,Et
reductive Br
elimination Pd0
Me
| N ox&'gatfve
addition
/ Me = reductive
CO,E elimination
COI2_|Et CO,Et
CO,Et
or R
Pd Pd Pd

p-hydride R =Me R = Me, H C-H activation
elimination \7’<
KHCO; + KBr K,CO4
O. Baudoin, Angew. Chem., Int. Ed., 2003, 42, 5736.



Common C—H activation: Direct C—-C bond formation triggered by OA

/ Me
R CO,Et
R 10 mol% Pd(OAc), —
20 mol% P(o-tol)s R = Me: 83%
COEt 2.0 equiv K,CO;4 . or CO,Et
B DMF, 150 °C, 30~90 min '
r Me
=~
| CO-E R = Et, 74%
/
R =H:60%
(
5.0 mol% Pd(OAc), 74
CN 10 mol% F-TOTP
2.0 equiv KQCOq - CN
Br DMF, 100°C, 1 h
77%
(I H
5.0 mol% Pd(OAc),
CN 20 mol% F-TOTP
2.0 equiv K;CO3
Br DMF, 100 °C ()
50%
Me
F-TOTP = /@
F 3 P 0. Baudoin, Chem.—Eur. J., 2007, 13, 792.



Common C—H activation: Direct C—-C bond formation triggered by OA

Me COQM3 10 mol% Pd(OAC)2 Me
20 mol% ‘BusP-HBF, _ X CO,Me
1.3 equiv K,CO5 |

H e
Br DMF, 140°C, 1 h
78%
R! R2 1
R3 R3 R R2
H
Pd' - Pd'_
o/ ~E proton abstraction O/ L
AE* = 115.3 kJ mol™ N\_ OH
>;O >/O
O g &)

For other computationally mechanistic studies of CMD, see:
(a) A. M. Echavarren, J. Am. Chem. Soc., 2006, 128, 1066;
(b) K. Fagnou, J. Am. Chem. Soc., 2006, 128, 8754.

O. Baudoin, J. Am. Chem. Soc., 2008, 130, 15157.



Common C—H activation: Direct C—-C bond formation triggered by OA

Pd(OAc), R
PCy4 HBF, 0 2 R 1

0
Me o 30 mol% PivOH R
1.1 equiv Cs,CO Me
2273 . Me [Pd] ;H

x ~H Mmesitylene, 140 °C, 16 h

X =Br: 98% (5.0 mol% cat., 10 mol% ligand); Y
X =CI: 93% (2.0 mol% cat., 4.0 mol% ligand).

K. Fagnou, J. Am. Chem. Soc., 2007, 129, 14570.



Common C—H activation: Direct C—-C bond formation triggered by OA

Pd(OAc), R
PCy4 HBF, 0 - R W

Me o 30 mol% PivOH R
1.1 equiv Cs,CO Me
2-~3 - Me [Pd] ;'H

x ~H Mmesitylene, 140 °C, 16 h

X =Br: 98% (5.0 mol% cat., 10 mol% ligand); Y
X =CI: 93% (2.0 mol% cat., 4.0 mol% ligand).

K. Fagnou, J. Am. Chem. Soc., 2007, 129, 14570.

Pd(OAc),
Me PCy3' HB F4

O -Me  30mol% PivOH O Me
1.1 equiv Cs,CO4 . M
X H mesitylene, 135 °C, overnight ©

X =Br: 97% (3.0 mol% cat., 6.0 mol% ligand);
X =Cl: 77% (5.0 mol% cat., 10 mol% ligand).

K. Fagnou and O. Baudoin, J. Am. Chem. Soc., 2010, 132, 10706.

3.0 mol% Pd(OAc),
6.0 mol% PCyy HBF, Me
30 mol% PivOH Me
U /EMe 14 equiv Cs,CO; mhﬂe
Me o \
Cone xylene, 140 °C, 2 h CO,Me
99%

H. Ohno, Org. Lett., 2008, 10, 1759.



Common C—H activation: Direct C—-C bond formation triggered by OA

5.0 mol% Pd(OAc),
@) 10 mol% PCy3'HBF4 'e)

R 30 mol% PivOH
R Nk 1.5equivRb,CO, g N-R
Br YH Mesitylene, 150 °C, 16 h

76% 83% 70% ~

Unreactive intermediate Q
31 : N

P NMR signal @(\/ ~

at 47 ppm Pd

/' Br
\ CysP & K. Fagnou, J. Am. Chem. Soc., 2010, 132, 10692.



Common C—H activation: Direct C-C bond formation triggered by C-H cleavage

B C-H arylation
5.0 mol% Pd(OAc), |
2.1 equiv Ag,CO;3 N
HOAc, 130°C,47h

Me

Me
51%

O\LH
1.5
A |
| P
N7 | 5.0 mol% Pd(OAc), N
O~__N
o
Me

H 1.1 equiv AgOAc MeO
+ neat, 110 °C, 5 min_
OMe

92%

AN AN
U 5.0 mol% Pd(OAC), | >
N . 1.1 equiv AgOAC
HN___Me Br neat, 150 °C, 1 h
i) \@\J
1:4

72%
O. Daugulis, J. Am. Chem. Soc., 2005, 127, 13154.
Also see: E. J. Corey, Org. Lett., 2006, 8, 3391.




Common C—H activation: Direct C-C bond formation triggered by C-H cleavage

B Silver-free condition SMe

5.0 mol% Pd(OAc),
SMe | 2.5 equiv K,CO3 @i
+ ‘AmylOH/H,0 = 5:2° '
NH H Br  90°C,27h O

o

: Br

O. Daugulis, J. Am. Chem. Soc., 2010, 132, 3965.



Common C—H activation: Direct C-C bond formation triggered by C-H cleavage

B Silver-free condition

(X

SMe

NH

o

T —
Z—{ O =z )
) Y/ N /

5.0 mol% Pd(OAc),
2.5 equiv K,CO;3
AmylOH/H,0 = 5:2

SMe
A s r
H B

r 90 °C, 27 h o
: Br
N | ~
Z NG
| 5.0 mol% Pd(OAc),
NH 2.3 equiv Cs3PO, Oy, -NH
* AmylOH, 90 °C, 7 h.
Me
Me Me
1:3 79%

O. Daugulis, J. Am. Chem. Soc., 2010, 132, 3965.



Common C—H activation: Direct C-C bond formation triggered by C-H cleavage

B Silver-free condition

SMe |
L
NH H B

5.0 mol% Pd(OAc), SMe
2.5 equiv K,CO4
2 NH

‘AmylOH/H,0 =5:2

o]
)\/I 90 °C, 27 h o
0
: Br
X ~
»
| 5.0 mol% Pd(OAc), N

T —
s p7 )
N\

1:3

Me

AN
~—~
N
O~ NH
I
lj/ NN
H

1:3

NH 2.3 equiv Cs3PO, Oy, -NH
+ TAmylOH, 90 °C, 7 h /@j
Me
Me

<N
LA
5.0 mol% Pd(OAc), N

NH

IR
20 mol% PivOH O
2.5 equiv K,CO4 .
*AmyIOH, 110 °C, 22 h
Me

Me
58%
O. Daugulis, J. Am. Chem. Soc., 2010, 132, 3965.



Common C—H activation: Direct C-C bond formation triggered by C-H cleavage

10 mol% Pd(TFA),
20 mol% L12

H Ar-1, Ag,CO H
Me N » MY2~M3 Me N
SA - Ar
\/\g ] KoHPO4, Hexane pm
110°C
PO ) 77%
: A
; N™ 'Oi-Bu:
: L12 :
v S
no ligand | N Me
NX Et Et n-P
2% mono SM recovered 7% mono 9% mono SM recovered
3, O L f)
MeO OMe CI ClI OMe i-Pr N OMe EtO N OEt
L5 LT
60% mono 9% mono 3% mono 8% mono 54% mono
16% di 4% di 42% di

J.-Q. Yu, J. Am. Chem. Soc. 2012, 134, 18570



Common C—H activation: Direct C-C bond formation triggered by C-H cleavage

10 mol% Pd(TFA),
20 mol% L12

H Ar-1, Ag,CO H
Me N » M2V Me N<
SA e Ar
\/\g ] KoHPO4, Hexane pm
110°C
B Previous achievement | L iiiiieeee. . 77%

N H .

H Me N E -Bu:

Me_ﬂ_?'\“ 7\ E L12 5
S

EI% (D .
no ligand | N Me
Nx Et Et”np

2% mono SM recovered 7% mono 9% mono SM recovered
0L, L CL f)
MeO OMe CI ClI OMe i-Pr N OMe EtO N OEt

L5 L7
60% mono 9% mono 3% mono 8% mono 54% mono
16% di 4% di 42% di

J.-Q. Yu, J. Am. Chem. Soc. 2012, 134, 18570



Common C—H activation: Direct C-C bond formation triggered by C-H cleavage

RYAAAS

10 mol% Pd(TFA)
NPhth 2
H 20 mol% ligand @\/I?I\Phth
Y~ CONHAT > CONHArr *
H

TFA, Ph—I
1 AQQCOE,, DCE
100 °C, 20 h 2
AI'F 4- (CF3)C5F4
NMGZ
S N
N O Q Jf\,L (t‘ oL )
N N™ "F MeO OMe N Me Me Me N
— L1 L2 L6 L7
2: 47% 29% 52% 65% 87% 88% 91% 94%
3: 1% 0% 0% 2% 13% 12% 9% 2%

J.-Q. Yu, Science 2014, 343, 1216



Common C—H activation: Direct C-C bond formation triggered by C-H cleavage

RYAAAS

10 mol% Pd(TFA)
NPhth 2
H 20 mol% ligand @\/I?I\Phth
Y~ CONHAT > CONHArr *
H

TFA, Ph-|
1 AQQCOE,, DCE
100 °C, 20 h 2
AI'F = 4-(CF3)C5F4
NMGZ
S = N =R ~ = N
SO O 0L IS
N N F'ON“SF  MeO” N ~OMe N Me” >N" Me Me” N
— L1 L2 L3 L4 L5 L6 L7
2: 4T%  29%  52% 65% 87% 88% 91% 94%
3 1% 0% 0% 2% 13% 12% 9% 2%
NPhth 10 mol% Pd(TFA),
: 20 mol% ligand -
CONHAr TFA, Ph-]
i Ag,COs, DCE
100 °C, 20 h

ATF - 4-(CF3)C5F4

Me Me Me
IrllcetNoebaorallceatena!
MeO” N~ OMe N >0 “Me N“>0 N0 “Me N 07" “Me N 07 “Me

F
L L10 L11 L12

L4 L8 9

47% 55% 67% 92% 83% 68%
J.-Q. Yu, Science 2014, 343, 1216



Common C-H activation: Direct C—C bond formation triggered by C-H cleavage

I—@—OMe
H Wcozm H
2 (1.5 equiv)
-
Pd(OAc), (0.1 equiv)
Ag,CO; (1.0 equiv)
tBuOH, 80 °C, 24 h

H HN
1

0]

N -
I

X~ PA

OMe

CO,Me

NHPA

3-1
77%

Chen, G. Angew. Chem. Int. Ed. 2011, 50, 5192.
For the alkylation using alkyl iodide, see : J. Am. Chem. Soc. 2013, 135, 2124

Pd{OAc), (5 mol%)
Phl{OAc), (2.5 equiv)

AcOH ( 2 equiv)
Toluene, Ar, 110 °C, 24 h

Pd(OAC), (5 mol%)
PhI(OAC), (2.5 equiv)

’
AcOH ( 10 equiv)

Toluene, Ar, 110 °C, 24 h

17-82%
Chen, G. J. Am. Chem. Soc. 2012, 134, 3



Common C—H activation: Direct C-C bond formation triggered by C-H cleavage

B C-H alkylation

10 mol% Pd(OAc),

=
| Me Me 2.0 GQUiV CU(OAC)2 = | Me
\N + O’B“‘O 2.0 equiv BQ . \N
B |'3 0O,, HOAc, 100 °C, 24 h
H Me” "O° Me Me

J.-Q. Yu, J. Am. Chem. Soc., 2006, 128, 12634.



Common C—H activation: Direct C-C bond formation triggered by C-H cleavage

B C-H alkylation

10 mol% Pd(OAc),

=
| Me Me 2.0 GQUiV CU(OAC)2 = | Me
\N + O’B“‘O 2.0 equiv BQ . \N
|'3 é 0O,, HOAc, 100 °C, 24 h
H Me” 0" Me Me
1:2 70%
2 10 mol% Pd(OAc),
- | Me 1.0 equiv Ag,0 = |
N + nBU_B(OH)z . 0.5 equiv BQ . '\N Me
H air, /AmylOH, 100 °C, 6 h
"Bu
13 55%

J.-Q. Yu, J. Am. Chem. Soc., 2006, 128, 12634.



Common C—H activation: Direct C-C bond formation triggered by C-H cleavage

B C-H alkylation

10 mol% Pd(OAc),

2
| Me Me 2.0 equiv Cu(OAc), = | Me
\N + O’B“‘O 2.0 equiv BQ . \N
|'3 |'3 0O,, HOAc, 100 °C, 24 h
H Me” 0" Me Me
1:2 70%
2 10 mol% Pd(OAc),
- | Me 1.0 equiv Ag,0 = |
N + nBU_B(OH)z . 0.5 equiv BQ . '\N Me
H air, /AmylOH, 100 °C, 6 h
"Bu
13 55%

M€ intramolecular Py
B/ transmetalationL
e ie! Me

'B"M 1a

J.-Q. Yu, J. Am. Chem. Soc., 2006, 128, 12634.



Common C—H activation: Direct C-C bond formation triggered by C-H cleavage

10 mol% Pd(OAc),
XN H 20 mol% L*
1.0 equiv Ag,O
N + "Bu—B(OH), 0.5equivBQ
Me {AmylOH, 100 °C, 6 h

1:3

Ph CO,H 38% vyield
L* = (;)Af(s) 37% ee
NHBoc
J.-Q. Yu, Angew. Chem., Int. Ed., 2008, 47, 4882.



Common C—H activation: Direct C-C bond formation triggered by C-H cleavage
10 mol% Pd(OAc),

XN H 20 mol% L*
| P 1.0 equiv Ag,O
N + "Bu—B(OH), 0.5equivBQ
Me {AmylOH, 100 °C, 6 h
1:3
Ph CO,H 38% yield
L* = (;)Af(s) 37% ee
NHBoc
J.-Q. Yu, Angew. Chem., Int. Ed., 2008, 47, 4882.
o H ¢ 10% Pd(OAc), AT
N Ag-,CO HN
R H F +  R=BX, == R 0
E base, BQ
R £ CN adc'j\;tw?b;ciléent Me
= Ar 2 mono (racemic)
Ar
I
AN0 BX_ = BPin, base = NaHCO,(3 eq.), additive = DMSO (0.4 eq)
Yield = 60%
Me
Ar
HN
n-Bu O BX, = BF K, base = Li,CO,(3 eq.), additive = DMF (0.1 ml)
Yield = 74%
Me

J.-Q. Yu, J. Am. Chem. Soc. 2011, 133, 19598



Common C—H activation: Direct C-C bond formation triggered by C-H cleavage

10 mol% Pd(OAc),

AN H 20 mol% L*
| P 1.0 equiv Ag,O
0.5 equiv BQ

N +"Bu—B(OH); -
Me A

1:3
Ph CO,H
L* = \A’

(S)
(R) NHBoc

5% Pd(OACc),
10% L27

mylOH, 100 °C, 6 h

38% vyield
37% ee

J.-Q. Yu, Angew. Chem., Int. Ed., 2008, 47, 4882.

solvent
N,, 40 °C

Q. H F
H N
g
R Ycn base, BQ
=Ar

B R =Aryl: BX, = BPin, base = NaHCO;, solv = tAmy|-OH

5% Pd(OAC)
10% L27 nd
A92C03 RZ HN O
= b. H
base, BQ *‘vl*i
solvent R
N,, 40 °C
R=Ph

81% yield, 91% ee
R = 1-cyclohexenyl

B R =vinyl: BX, = BPin, base = NaHCO,, solv = THF F. .
60% Id, 82%
B R =alkyl: BX, = BF,K, base = Li,CO,, solv = THF R =°ny_|gu& °ee
Cl o/ i 0
n-Prg\ 3 ! 49% yield, 62% ee
L27=" L pr N” “CcooH

J.-Q. Yu, J. Am. Chem. Soc. 2011, 133, 19598



Common C—H activation: Direct C-C bond formation triggered by C-H cleavage

NHTTf

' Bu NHAC !
Ligand = Y '

o S0 Ar

10 mol% Pd(OAc),
o NHTf

ArBPin, Ag,CO3, NaHCO4 Ri
1,4-benzoquinone Ry
t-amyl-OH, 100 °C 25 examples

up to 96%

J.-Q. Yu & Blackmond, D. G, J. Am. Chem. Soc. 2012, 134,
J.-Q. Yu, Nature Chemistry 2014, 6, 146.

B Previous work

10% Pd(OAc), A
Ag-,CO HN
+ R-BX, 208 O
base, BQ
additive, solvent
N2, 100 °C Me
Ar ’ mono (racemic)

BX, = BPin, base = NaHCO,(3 eq.), additive = DMSO (0.4 eq)
Yield = 60%

J.-Q. Yu, J. Am. Chem. Soc. 2011, 133, 19598




Common C—H activation: Direct C-C bond formation triggered by C-H cleavage

. P . e
e 3equiv MeB(OH) o1 44 o9, Pd(OAC), COOH
OONa jo Me 0.5 equiv BQ -
+
Ph-s\ :>< 1 equiv AgsC Oy R
H 1 equiv 0 Me §(-BuOH, 100 or 120 °C 1b.R = Me 50%
1a 2 3h 1¢,R =Ph, 45%

10 mol% Pd(OAc),

Me l-CIDH O—\ Me 15 equivK,HPO, Me_,/~Ph
R + Ph—B :>< 1.0 equiv Ag,CO3 R OH

0—" Me g5 equivBQ 5
‘BuOH, 100 °C, 3 h

1:1 R =Me: 38%
R = Et: 30%

10 mol% Pd(OAc),

Me H M P
OH Ph—| 1.0 equiv KoHPO, © C?H Ph P(?H
Me * 2.0 equiv Ag,CO;  Me * Me
O 2.0 equiv NaOAc O O

'BuOH, 130 °C, 3 h 5:2
1:2 70%

J.-Q. Yu, J. Am. Chem. Soc., 2007, 129, 3510



Common C—H activation: Direct C-C bond formation triggered by C-H cleavage

1.6 equiv Ar—B(OH),

H 10 mol% Pd(OAc), Ar
[N 2.0 equiv K,CO3 .
OMe 2.0 equivAg,0 ~OMe
@ 0.5 equiv BQ O
‘BuOH, 70°C, 18 h
Ar = Ph: 94%

Ar = 4'CO2M9C6H4: 62%

1.6 equiv R—B(OH),

H 10 mol% Pd(OAc), R
0 2.0 equiv K,CO5 y
OMe 2.0 equivAg,0 “OMe
0] 0.5 equiv BQ O
2,2,5,5-tetramethylTHF
70°C,18h R = Et: 60%
R = "Bu: 64%

J.-Q. Yu, J. Am. Chem. Soc., 2008, 130, 7190.



Common C—H activation: Direct C-C bond formation triggered by C-H cleavage
10 mol% Pd(OAc), -

o 2.0 equiv LiCl e |
Me Ar 1.1 equiv Cu(OAc), y N*‘ﬂ"'
Me H' + Z~c0o,Bn —1.1equivAgOAc © H
H DMF, N5, 120 °C, 12 h |
L GDEBI"I _
Me O
e Me
1,4-addition . N—Ar
) Ar': 87%
CO,Bn Ar?: 94%
F F
F F F CF,
Arl = Ar? =
% F %, F
F F

J.-Q. Yu, J. Am. Chem. Soc., 2010, 132, 3680.
J.-Q. Yu, J. Am. Chem. Soc., 2010, 132, 17378.



Common C—H activation: Direct C-C bond formation triggered by C-H cleavage
10 mol% Pd(OAc), -

o 2.0 equiv LiCl e |
Me Ar 1.1 equiv Cu(OAc), Me N*‘ﬂ"'
Me H + ’fﬁ‘“CDEBH 1.1 equiv AgOAC H
H DMF, N5, 120 °C, 12 h |
L GDEBI"I i
Me 0
o Me
1,4-addition . MN— Ar
) Ar': 87%
CO,Bn Ar?: 94%
F F
F F F CF4
Arl= Ar? =
% F %, F
F F
J.-Q. Yu, J. Am. Chem. Soc., 2010, 132, 3680.
J.-Q. Yu, J. Am. Chem. Soc., 2010, 132, 17378.
1) 10 mol % Pd(MeCN),(BF,), R —BF,
3 mol % H4[PMO11V1O40]
10 mol % NaOAc
/\
tZOR AcOH R= COOEt, 90%
110 °C, air R = COOH, 69%

-
L}
‘»

2) saturated aqg. NaBF,4

See: Ishii, Y. Molecules 2010, 15, 1487

1.-Q. Yu, Angew. Chem. Int. Ed. 2013, 53, 2683 M. S. Sanford, J. Am. Chem. Soc. 2011, 133, 6541.



Common C—H activation: Direct C-C bond formation triggered by C-H cleavage

F O
Pd(OAc), Me 0
Vo O F CF, b oA Me
N F Me : ﬁ’ Me N=Ar
Me H L KH,PO, PdL,
H additive, solvent PdOL
1a 1atm CO, 130°C L O - n O 2a
entry additve  solvent  vyield (%)? entry additive solvent  vyield (%)°
| none DMF <] 6 Cu(OAc), n-hexane 4
2 none toluene 7 7 DMF n-hexane 54
3 none CgFq 8 8 PivOH n-hexane 50
4 none n-hexane 30 9 TEMPO® n-hexane 80
D BQ n-hexane 13 10 TEMPO  n-hexane 95
10 mol% Pd(OAc),
O . @)
Me A 2.0 equiv AgOAC Me J{
Ve N L co 2.0 equiv TEMPO __ Me N Ar
H (1 atm) 2.0 equiv KHyPO, ~(
H n-hexane, 130 °C, 18 h

91%

J.-Q. Yu, J. Am. Chem. Soc., 2010, 132, 17378.
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Summary

via several pathways to construct synthetically
useful C—C/C—X bonds.

allylic sp3 C—H bonds:

Palladium- pre-coordination of the Pd faciltate the activation
catalyzed sp?3
C-H activation non-allylic sp3 C—H bonds:
Pd(I1)/Pd(0) and Pd(Il)/Pd(IV), heteroatom DG play
crucial roles

tremendous challenge ahead

B /ower catalyst loadings

B milder conditions

B site-selectivity / broader C-H bonds scope
B useful enantioselectivity






1)
R! R

R3
CHa
. R! R2 -
1 r R3 R R* C032— RW R3 R?
H
PdO_L \ @(CHS \ Pd" > Pd"

oxidative addition pg! ligand \ O/ ~L proton abstraction O/ L
AE” = 19.7 kJ mol™ B L exchange g ),0 AE”* = 115.3 kJ mol-! >\,OH
9 O o)
13¢ proton transfer 14c

AE* = 81.9 kJ mol™! o
base dissociation

reductive elimination

OH L AE* = 94 kJ mol™!
R2 'O’<\ L E
base dissociation O—Pd y HOR'RZY o R
R3 R reductive elimination ~ R3 R proton abstraction R3 Pd"/| R3 R2
- R = X /k
oo L
H H H
3 17¢c 2
+ PdO-L + Pd-L

+ HCO4~ + HCOz~



2)

HsCO. O
O 1) Oxidation by K,S,04 H Pd-catalyzed el
to form nitrene N_ _OCH;ortho-methoxylation NH
NH
@J\ 2 2) Curtius Rearrangemem ©/ \Ic])/ >
to isocyanate
3)MeOH 7 OCH,

3)

H SN 0 Co2 o

reversible CMD P 0O

; ) oLy, —

0] OH —
Pd. )>—€ Pd, PdJ 0 N

Me,p” O MesP O MeP 0

o VI -HCOs %

irreversible
deprotonation




Common C—H activation: Direct C-C bond formation triggered by C-H cleavage

A, X = CONHOMe D, X = CONHCO
co
NI X B x = cONOMe E, X = CONHCH,
co
R
C, X = <\ l me Fr X = CONH
N

Me

OMe

E. J. Corey, Org. Lett., 2006, 8, 3391.



