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1,Introduction

(1) Oxidation is a fundamentally important component of organic
synthesis.

Palladium, Copper, Rhodium, iron, and gold

(2) 3 fundamental chanllenges:
mild condintions
the cocatalyst
the chemselectivity

(3) Great development in 5 years
C-H functionalization,
oxidative Heck reactions,
oxidative dehydrogenative coulpling,
Free radical reactions



2,Dehydrogenative oxidation
2.1,Alcohol oxidation to easters

2 mol% Pd(OAc), o)
4 mol% AgPFg

OH 4 mol% ligand | \ OR
> ~
50 mol% K,CO,

3 ml ROH, 50-60°C,1bar O2

R PtBu Ad
y PtBu, |

Ad

M.Zhang, et, al. Thetrahedron. Lett. 2011, 52, 80



The mechanism proposed of oxidative
esterification
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Oxidative amidation of different alcohols
with amines

o
2 3 Au/DNA(3.8 mmol%)
R. _R R?2
,R7OH * N » 1RJ\N’
LiOHeH20(1.1 eq) IIQ
02, 50°C,12h A

)
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°© \© © \© 0 \©
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83% O 50% 50% ©

Y. Wang, et. al. Angew. Chem. Int . 2011, 50, 8917



2.2,Dehydrogenation of aldehydes and ketones

10 mol% Pd(OAc),

Ph
N

OH

2
R
~A -
1R O > 1R

DMSO, O,(1 atm)

A N
™ (0)
Ph/\AO /@/\/\
MeO
62% 58%
N
BnMO
NC
53% n.r

J. Liu, et,al. Chem Commu., 2010, 46, 415
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o 3-5 mal% Po({TFA); oH

:—_N

12-20 mol®% TsOH

Hq HE H4 HE
51 DMS0, 80°C, 24 h
O (1 atrn) R
O
Hz0;
(17205 + HxO)
2 HX Lr‘IF’I'.'I"J"'.; R
L Pd‘D u-C-H activation
n
0
0 { PdL X
LrPgd?
tautomeriz ation

(0] [i-H elimination

0
f-H elimination
w-C-H activation

OH

S.S. Stahl. et, al. Science. 2011, 333, 209 0



3, Oxidation coupling
3.1 C-Heteroatom bond formation
3.1.1 Cspl-heteroatom bond formatlon

20 mol% CuCl,
H R 2.0 eq pyridine

/ +  H=N » / N g 2
R R 2.0 eq Na,CO, R
2 O, ,Toluene
70°C, 4h

Ph
Ph
82% 93%, Ph

b e e
" : \) \>
TIPS/ > n-CsH13/N ——:Bn 1/ —_:Bn

78% 80% 66%

T. Hamada, et al. J. Am. Chem. Soc. 2008, 130, 833



Mechanism proposal for Cu-catalyzed oxiditive
amidation of alkynes

H
‘B BHX
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other Cu catalyzed oxidative

10 mol% CuCl, 2H,0 R
H 2.0 eq pyridine rll
1 R——= ,N\ ' ~
=—COO0H 2R EWG 2.0 eq Na,CO, / EWG (1)
O,, Toluene 1R
70°C,4h
cat. [Cu]
20 mol% base
R—= + H[P(O)] » 1R—=—I[P(0)] + H,0 (2)
DMSO, 55°C,
overnight

(1) W. Jia. and N. Jiao, Org.Lett. 2010, 12, 2000
(2) Y. Zhao, et,al. J. Am. Chem. Soc. 2009, 351,1229



3.1.2 Csp2-heteroatom bond formation

R R
12.5 mol% CuCl
2.0 eq LiCl AN
g | w.Cl
0, AcOH, 80°C Z
OH OH OH
Cl OMe
Me
A Cl Cl
82% 0% 81%
OH OH Me
OMe Me
Me
Cl Cl
52% 87%

L. Meinini and E.V. Gusevskaya, Appl. Catal. A, 2006, 309, 122



Cu catalyzed chlorination of 2-arylpyridine
substrates

cl cl
PY 10 mol% Cu(OAc), P Py
> | +
CL,CHCHCI, = ol

130°C, 48h, O,

Cli
B cl MeO Cli
P
Py
Z Cl
63% 82%

Cl
93%

The proposed mechanism:
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Cl

X. Chen, et. al. J. Am. Chem. Soc. 2006, 128, 6790



OAc OAc

N PY 10 mol% Cu(OAc), Py i
| 2 , (1)
= HOAc Ac,0, O, OAc

130°C, 48h,

10 mol% Pd(OAc),
COOH 1.0 eq BQ COOH
2.0 eq KOAC :: :OH (2)

DMA, 115°C, 15h,0,

5 mol% Pd(OAc),
O 10 mol% iPr o
OH 0.5 eq MesCOONa O
- MO
2.0 eq K,CO;,
‘ 10 mol% 4,5-diazafluoren-9-one

mesityl, 120°C, air, 24h

(1) J. Yu, et, al. J. Am. Chem. Soc. 2009, 131, 14654
(2) W. Wang, et, al. J. Org. Chem. 2010, 75, 2415
(3)B. Xiao, et.al. J. Am. Chem. Soc. 2011, 133, 9250



Cu catalyzed oxidative coupling of azoles with a
variety of nitrogen nucleophies

20 mol% Cu(OAc),

N R 40 mo% PPh, N R
o EEE - S
o~z \ Xylene, 140°C Z R

02,1atm
N Me N Ph n
N Pr
/ A
CIC OO0 (O
\
s Ph S Ph zZ~s" rs
81% 47% 65%
Me Me
N Me N
| DN NN \>—N
' o 'ph Z
Me S Ph
73% 71% 51%

D. Monguchi, et.al. Org. Lett. 2009, 11, 1607



The proposed mechanism

M
s
%) Lncu'%, ~._ “ L"‘3|""—< :@

Fid
D x A
H-MR 3
C + Base
ZBase + H-0 + BaseH' X"
Ar-NR

c -
LnGul—¢/ @
- | 7

1/20, + 2BaseH" X" NRz a

18



Cu-catalyzed amination of polyfluorobenzenes
and azoles with amines

20 mol% Cu(DAc):

Af-H  +  Ar-NH, —2-2€q TEMPO Ar-NH-AR
2.5 -4.0 eq 'BuOK
COMFE, 80-80 *C
O (1 atm)
NI:J Mel COOMe
F o 8au B5% Foo34%
N
"‘>—MH ‘} NH
0
B3% NO, NO, 0% NO,

M. Wang, et. al, Adv. Synth. Catal. 2010, 352, 1301



Copper catalyzed synthesis of benzimidazoles
from amidines

“ R 15 mol% Cu(OAc), H
5.0 eq AcOH
¥ - O
NH DMSO, 100°C, O,, 18h N
H H H
| N N N
Ph
/ /
Z =N N : N/ :
74% 89y, Me 81% Cl
F
H H
¢ Lo IS va
Me
86% 89%

S. L. Buchwald, et,al. Angew. Chem. Int. Ed . 2008, 47, 1932



the series of Copper-catalyzed sythesis

N I[:]I R 15 mol% Cu(OTf), (o)
B > )R
— (o) o-xylene, 140°C, O,, 28h N
S 3 mol% Pd(PPh;), S R
10 mol% MnO, /
L . - I
N ’ N R

NN CH,CN, O,, 80°C, 4.5h )
R
1

R-MgBr
Et,0, 60°C, 2h
in sealed tube 10 mol% Cu(OAc), NN

CN > > |
‘ then MeOH DMF, 80°C, O, R

(1) S. Ueda and H. Nagasawa, Angew. Chem. Int. Ed. 2008, 47, 6411
(2) R.A.Batey, et, al. Org. Lett. 2009, 11, 2792
(3) T. Doi, et,al. Adv. Synth. Cata. 2010, 11, 2792

(1)

(2)

(3)



Cu and Fe co-catalyzed aerobic oxidative
intromolecular alkene C-H amination leading to
N-heterocycles

20 mol% Cu(OAc),

H
@/N\© 10 mol% Fe(NO3)309H,0 Z = (1)
> 1
. _UN
N Z 5.0 eq PivOH \©

DMF, 130°, O,, 28h

o)
20 mol% Cu(OTf), \ \
7/ \ »
N
N - 3.0 eq PivOH, DMF, air s\ (2)
O 100-110°C,18-48h O

(1) Q. Zhu, et.al. J. Am. Chem. Soc. 2010, 132, 13217
(2) H. Fu, et,al. Org. Lett. 2011, 13, 3694




Proposed mechanism with and without iron salt
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3.1.3 Csp3-heteroatom bond formation
----- Palladium-catalyzed

5mol% Pd(acac),

5mol% H,hpda
5.0 eq Ac,0
(1)
AcOH,0,,80°C, 24h HOOC COOH
H,hpda
R=H  78% 2P

R=Me 73%
R=OMe 57%
R=Br 79%
R=NO, 70%

5mol%Pd(OAc),

X R 1.0eq Cul
[ AN
N/:L/Rz AcOH, 120°C, 24h [ j;/ 2 (2)

O,(8atm)

(1) J. Zhang, et.al. Chem. Commun. 2008, 3625
(2) H. Jiang, et.al. Chem. Commun. 2010, 46, 7259



3.2 direct C-C bond formation
3.2.1 Csp1-Cspl bond formation
3.2.2 Cspl1-Csp2 bond formation

2 mol% CuCl,

1.5 mol% TMEDA (1)
—_— 12.5 mol% DBU o
R—— - R——— R
CH;CN, O,,
20 mol% MnCl,e2LiCl _
ArMgX + XMg—=——R » Ar———R (2)
THF, 0°C, O,
30 mol% CuCl,
30 mol% 1,10-phenanthroline
3.0 eq LiO'Bu
Polyfluoarene + ——R . Arp———R

(3)

15 mol% DDQ
DMSO, O,, 40°C

(1) S. Adimurthy, et. al, J. Org. Chem. 2009, 74, 5648
(2) C. Duplais, et. al, Angew. Chem. Int. Ed. 2009, 48, 6731
(3) Y. Wei, et. al, . Am. Chem. Soc. 2010, 132, 522



3.2.3 Csp1-Csp3 bond formation

R R 5mol% RuCl; \
\N—/ + NaCN r N—< (1)
e AcOH, MeOH, 60°C R R
2 O,(1atm) 2 3
20mol%Cu(OAc,)
N3 1.0 eq K2C03 0 (2)
Py > rR—cN + I
R” "R, DMF,60°C HO™ "R,
02(1atm)
5mol%Pd(dba),
1R—=  + 2R—2ZnX > 1R—=——R2 (3)
air, CO
24h, rt

(1) S.I. Murahashi, et,al. J. Org. Chem, Soc. 2008, 130,11005

(2) S. Chiba, et. al. Org. Lett. 2010, 12, 2052
(3) M. Chen, et,al. J. Org. Chem. Soc. 2010, 132, 2052



3.2.4 Csp2-Csp2 bond formation

MgBr THF, rt MeO
- ®
MeO Dry air : 5% O (1)
OMe

5% FeClj: 13%
5% FeCl; Dry air :88%
5%MnCl, 2LiCl, dry air: 95%

1.0 eq Cu(OAc), Ph

-
TFA, rt, 48h (2)
O,(1atm)
83% by GC

+  PhB(OH),

10mol% Pd(OAc), COOH2

X COOH 0.5 eq BQ R
R—: + Ar-BF ;K . R 3)
l\/ 1.5 eq K,HPO, = Ar

O,/air , 20atm
tBuOH, 100°C,24h

(1) A. Moyeux. et. al . J. Am. Chem. Soc . 2007, 129, 13788
(2) I. Ban, et.al. Org. Lett. 2008, 10, 3607
(3) D. H. Wang, et. al . . Am. Chem. Soc . 2008, 130, 17676



o 10mol%CuCl,
X >
T CHO THF, 100°X, 4h

O,(1atm)
R 1mol% Cat
-
OH Tolunene,60°C, air
Ph Ph
: 5 —rt 5
ST S 1

w Ny
Fe -
- P .
7 NS—o o
P

,§ 7\
Q" [_E'H- “F'h_ [EH_:'::}
WA Y

0
(o
\
R
‘ OH
I OH (2)

&
L

R =Me, 89%, 77% ee

R = Ph, 94%, 93% ee

R = PhCsC, 91%, 96% ee
R =Cl, 82%, 94% ee

R = Br, 86%, 94% ee

B =1 77%, 96% ae
R =C0O0OMe, n.r.

(1) J. Li, et. al, . Am. Chem. Soc. 2010, 132, 8900
(2) T. Katsuki. et. al, J. Am. Chem. Soc. 2009, 131, 6082
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3.2.5 Csp3-Csp3 bond formation

©:> 5 mol% CuBr
r
prh 2.0 eq MeNO, N\Ph

0,, 60°C
NO,
@G 25-100 mol% CuCl,e2H,0
N N
“Ph MeOH, O, /@ “Ph
rt, 1h X
N N @
s ~ + s ~ +
Ph ©© Ph O N
; Z " “Ph
OMe OH

E. Boess, et. al . J. Am. Chem. Soc. 2011, 133, 8106



The role of methaol as a solvent in the Cu-
catalyzed aerobic oxidative coupling reaction

N\

CucCl : :

N
Z “Ph
)
CuCIe
N_ 2 H,O
Ph
N
o “Ph

OTMS OH

PN



X

3.3 Oxodative Heck reaction A~

Bu Et Et Bu

1 catalyst
2mol% Pd(TFA), o
“ o) DMF, 4h, rt Wj\ (1)
1RO * R, 2.0 eq K,CO, ! 2
O,(1atm)
5-10 mol% Pd(OAc), (o)
10-20 mol% BQ \
N 0 50 mol% Cu(OAc), XX @)
* E/) EtCOOH >
Et,0 40°C or THF, 60°C
O,(1atm)
CF;
+ P

CF;
10 mol% Pd(OAc),
h/\/COOMe 1.0 eq Ac,0 o 3)
CF; 20 mol% 1 catalyst CF; ~~ ~COOMe
0O,(1 atm) ,90°C,24h Ph

(1) V. Hadi, et. al, Thetrahedron Lett. 2009, 50,2370
(2) C. Aouf, et, al. Org. Lett. 2009, 11, 4096
(3) Y. Zhang, et,al. J. Am. Chem.Soc, 2009, 131, 5072



3.4 insertion of alkynes/CO/carbene

2

1R R
R 10 mol% Pd(OAc),
30 mol% K,CO, O
-l 50 mol% TBAB O Q (1)
>
N R 1.0 eq PivOH N
R 2 DMF, 100°C, O, R

5 mol% Pd(OAc),
NHR 50 mol% Cu(OAc); N—R
COl/air (2)
toluene,reflux 5

5 mol% Pd(OAc),
5.5 mol% Phen EWG
A,/\n/EWG + Ar—B(OH), > AT o)
N 50 mol% B(OH), Ar2
2 DMF, 50°C, O,

(1) Z. Shi, et,al. Angew. Chem. Int. Ed. 2009, 48, 7895
(2) K. Orito, et,al. JAm. Chem.Soc. 2004, 126, 4342
(3) W. Yu, et,al. Org. Lett. 2010, 12, 4506



3.5 Allylic and benzylic C-H bond functionalization
3.6 Heteroatom-heteroatom coupling

o\ /o

\ /
S—S

Ph” ~Ph

Pd(OAc),

2
R
(o] (o] 10 mol%
RN NI > RN 0 (1)
1R R2 1.3 eq BQ
toluene, 60°C R o

1 atm O,

5 mol% Pd(OAc),

= 5 mol% Ligand N
. AcOH - OAc (2)
AcOH, 80°C

O,

6-10 mol% CuBr

18-30 mol% pyridine
R,—NH2 +  R,—NH2 > N, .R? (3)

toluene, 60°C,
02, or air

(1) Z. Shi, et. al. J. Am. Chem. Soc. 2008, 130, 12901
(2) S.S. Stahl, et,al. J. Am. Chem. Soc. 2010, 132, 15116
(3) C.Zhang and N. Jiao et, al. Angew. Chem. Int. Ed. 2010, 49, 6174




3.7 Wacker and Wacker-type reaction

1.0 mal% PdCl,
20 mol% NaDAc

= Wﬁ% + AcOH 4AMS - qﬁf'ﬂﬁc

DMA, B0°C
Q5 (6 atm) (1)

")
Ry MO JJ\+ 2H*
R

L Pd | \\\-_ T Kojer:

- L Bd” - [PdY., (2)

I . l L

- —_— -

' T

HaO+17205 OgeaH"

5 mal% Pa(CH;CN).Cl,

= Me  10-40 molt CuCls Me
H.I_I i e, (3)
= R=0H, 3AMS, rt R-- .
balloon O o OR

(1) E. V. Gusevskaya. et,al, Adv. Synth. Catal. 2009, 352, 1533
(2) E. V. Gusevskaya, et,al, Adv. Synth. Catal. 2009, 351, 2491
(3) M. S. Sigman. et, al. J. Am. Chem. Soc. 2006, 128. 2794
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Proposed mechanism for the Pd-catalyzed
dialkoxylation of olefins

CafCu
HL""\-\.7:;-"'_' Pdl':HaEH:IIE 2 T
L]

{

OH Lwe :
Pd

Me . A

@ 5./ Wi

= Ome |

\
|
MeCH \RMGME }_W Hch
=Y -
=
Du"
7
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Iron-Catalyzed epoxidation of olefins

R’ FeCly6H.0 { & mals)
’J‘”i“:,-'ﬁa 1H-imidazole (50 malt) fLiT, \
B ethy! Z-oxocyclopentanecarboxylate (20 eq) g "
CH4CN, RT, 20 h

(1) M. Beller, et.al, Angew. Chem. Int. Ed. 2011, 50, 1425
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4 , Areobic oxidation with oxygen-atom
Incorporation

f LC 0 OH

(0]

H U\O/ \CUL H (1)

H » + H

25°C, 70h
LC (o)

[ :] > | | (2)

NaO acetone, -90°C HO

X=Cl, F, Me, H

10 mol% CuBr,

H H CN 2.0 eq pyridine o H
0 + > Ph N
Ph 2.5 ml toluene (3)
NH2 0,, 90°C o] N

80%

(1) M. Costas.et, al. Anew. Chem. Int. Ed. 2010, 49, 2406
(2) E. Roduner, et, al. Chem. Commun. 2011, 47, 6954
(3) N. Jiao. et, al. Angew. Chem. Int. Ed. 2011, 50, 11088



10 mol% CuBr,

\\ 10 mol% TEMPO o
X 1
R,—NH2 + | _ 4.0 eq Pyridine > R\N
2% tolene, 60°C, O, H
2
— 03 (1 atm) H .
) 2 + Ph—= " - '
¢} standard conditions M -‘Il;r"’hl"l-_-.h
base © ]
— Cu'lLBr: -
-HBr ¥ EN 70
L =
Ph—MN—-Cu'LBr Br| O, Ph NH Ph
H
A TEMPOH
r anu:lmr
EI|'.W4 Cu L,-,EF TEMF"D -:':I
] Ph _
Phhmf%;\rfph / ph“N’;’ﬂ;—‘“‘ﬂ Oz [ . 0-0
H Gyl L Ph™ x“tvf’""b ;J_lx
B c D *o-~@ Ph—Ne g Ph

C. Zhang and N. Jiao, et. al, J. Am. Chem. Soc. 2010, 132, 7266



Cu catalyzed reaction

Cu(OAc),(20 mol%)

K,CO; (1 eq) MeO Me

- O
DMF(0.1M), 60°C OH
under O, CN

(0

Cu(OAc),(20 mol%)
N3 K2CO3 (1 eq)

PN - R—C=N

R~ NCOOEt DMF(0.1M), 60°C
under O,
1 Cu(2 mol%, Cu on Fe) 1
’ R
R 0O TEMPO(1.2 eq) o
N\)I\ N +  3R—COOH
,R” R, N T\
0,(1 atm)
MeCN, 50°C

(1) S. Chiba, et. al, Org. Lett. 2010, 12, 2052
(2) Y. Wang, et, al. Chem. Commun. 2011, 47, 3275

(1)

(2)



The plausible mechanism

b

Ph Ph
xwfﬂxnf
Me O

TEMPO
Cw[O] ) 02

TEMPOH
Phxﬁg\lrljh
|
O Me (]
Liycul, ~Cu(iL
0
I 1
Me
O2 N -0 + Ph—COOH
pp” T
CuL = K‘

| ?;GUU}L
O pn

Me l -Cul
I
M

e S
T
?Ecuun
A0
Q Pn
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2 mol% Pd(OAc),
20 mol% ZnCl, 2H,0

1 R———R 2 - 1 R—COOH + 2 R—COOH
R30OH, 100°C
0,(7.5 atm)
o Pd,;hpp4(5 mol%)
R 3 hppH(30 mol%)
a 1R*k A
R THF, 0-6°C, 12 24h
2 02 hppH

2 mol%, AuCI(PPh;)
— 2 mol%, AgOTf IgT
/ - I
/ HO THF, 50°C, O, o o

(1) H. Jiang. et, al. J. Am. Chem. Soc. 2008, 130, 5030
(2) T. Ritter. et, al. J. Am. Chem. Soc. 2011, 133, 1760
(3) S. Guo, et,al. J. Am. Chem. Soc. 2006, 128, 11332

(1)

(2)

(3)



5, Miscellaneous

) COOEt
R
0 5 mol% [Ru(bpy);] NN_R: (1)
N\)J\ * l > ~
o r Visible light
2 CH4CN, O, R
1
. Pd H
2 R—M
1R * propan-2-ol, O, ]\ (2)
1R R,
2.5 mol% Pd|[(-)-sparteine]Cl,
40 mol% (-)-sparteine
75 mol% MnO,
R + 2 R—SnBuj, > . (3)
2

R
propan-2-ol, 25 psi, O,, 60°C, 18h !

(1) W. Xiao, et, al. Angew. Chem. Int. Ed. 2011, 50, 7171
(2) M.S. Sigman. et, al. J. An. Chem. Soc. 2007, 129, 14193
(3) M.S. Sigman. et, al. Org. Chem. 2010, 12, 2848



Mechanistic Proposal:
COH

PN

2 HJ{_%—-LHPH"KE
O Alcohol
LnPd ) Onidation

X
Lpd"

“H

Alkene
Insertion

H

Lpd R
ransmetalation” ™ ¥

2

M- R

HX
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Copper catalyzed intermolecular oxidation [3+2]
cycloaddition between alkenes and anhydrides

Cu{OT)= (10 mol®) O
H'fb“*\-} LiBr (30 mol) 0)-
Ac0 (2 mL), O (1 atm) A
1207C, 12h R

o
R e CU(OTT) —

"':II L-I{ ].2 H,.-“H%
{}Ex_

~~ orf® 0. .0 O~ 0. .0
: LY N Y
o8 B
o (
t

o\ ~CulTf Ft"'-‘:f:‘-l“
H_Qj/ (TFO)2Cu
[ \ )\
90 /<
.;]."'A‘Q“x:_ ot

X. Liu, et,al. J. Am. Chem. Soc. 2010, 132, 17652 e



6,Conclusion

In recent years numerous important advances that have
been made in the development of transition-metal
catalyzed reactions using molecular oxygen as the oxidant.

The future seems bright as there are many challenges that
remain to be addressed.

Another clear frontier in this field is asymmetric catalysis.

Finally, the future development of novel reactions in this
field will be closely tied to mechanism investigations.



Thank you tor your attention!



