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Copper

Introduction 29

63,546

> Copper chemistry is diverse.

> Catalyzed reaction involving one or two electron, sometimes both.

> “Copper-catalyzed synthesis” indicated over 500 papers had been published in 2014

> Copper is an earth-abundant metal :

- Costless and more sustainable compared to precious transition metal catalyst

> Low toxicity for a transition metal

S. R. Chemler, Beilstein J Org Chem 2015, 11, 2252—2253.



Contents

1 - Kharash-Sosnovsky type reaction
1.1 - Benzylic oxidation
1.2 - Benzylic coupling with 1,3-Dicarbonyl compounds
1.3 — Benzylic amination

1.4 - Benzylic arylation of activated alkenes
2 — Co-oxidized with fluorine agent
2.1 - Enantioselective cyanation
2.2 - Benzylic C-O cyclization
3 — Co-oxidized with hypervalent iodides
3.1 — Direct transformation of Methyl Arenes to Aryl Nitriles
3.2 - Benzylic C-O bond formation with NHP!I
4 - Other systems
4.1 — Benzylic C-Heteroatomes coupling
4.2 - Benzylic C-H Oxygenation under Oxygen Atmosphere

4.3 - Benzylic N-Methylation

cul R OH
R U,
—_— S R

P

<X 1 o O Ci R2 R3
e 2R
~F R2

R Rt

CN

A R [Cu]
Shnden
N_r
1" e e
. o

R2

o om0 o (C)-on

O@
o
) C
+ U\ N-OH _ea
4

/
o |
\/

. COH
7

T
COZH J\(\ Fx
L NN

R2 |
=~ R2

Ph (o]

Ph Ph
oN p-Tol-MgBr NH [Cu] NH
p-Tol p-Tol
[e} (0]
Cor o
~FONH, N/J



1 - Karash-Sosnovsky Type Reaction

Karash-Sosnosky Reaction

Cu'Br

o)
A AN O
@ 70%7< - on\R

Proposed Mechanism

M. S. Kharasch, G. Sosnovsky, J. Am. Chem. Soc. 1958, 80, 756—756.

M. Kharasch, A. Fono, J. Org. Chem. 1958, 23, 324—325.



1 - Kharash-Sosnovsky type reaction

1.2 - Benzylic Oxidation

Cu(0TH,
Ligand 3 O
N R Q PhNHNH,, PR
R2— + )J\ -0 > X Rt + X R
= Ph™ O \K acetone, R2— R2—r

30°C = =
A-R3=H c
B-R3=Bz

Substrates :

O Y
P O

A+B 54% (0.88:1)
C 3.9%

OMe
(Y

A+B 37% (0.93:1)
C 3.8%

A+B 32% (0.85:1)
C 3.2%

B. Zhang, S.-F. Zhu, Q.-L. Zhou, Tetrahedron 2013, 69, 2033—2037.

\ /

7
%
W)

A 43% A+B 43% (1.15:1)

C8.2%



1 - Kharash-Sosnovsky type reaction
1.2 - Benzylic Oxidation

Cu(OTf),
OBz Ligand OH 0]
O PhNHNH,,
Rf + Mo - R+ Xy R
Ph o 7< acetone, | _
30°C
A 6.5% conversion B Cc

Not observed

Cu(OTf),
OH 0 Ligand o)

PhNHNH,
R + )J\ .0 > R1
©)\ Ph™ O \K acetone,
30°C

B 44 .1 % conversion C
22.7% yield

B. Zhang, S.-F. Zhu, Q.-L. Zhou, Tetrahedron 2013, 69, 2033—2037.



1 - Kharash-Sosnovsky type reaction
1.2 - Benzylic Oxidation

Process A
OBz
PhCO5tBu
CulL
A O\‘<
O
Ph CullL
>]7® Ph )LO Cu
) ¢
HO \K
Process B
Sl
O R QH R
Ph )LO_CU“L \ CullL
PhCO,H

B. Zhang, S.-F. Zhu, Q.-L. Zhou, Tetrahedron 2013, 69, 2033—2037.



1 - Kharash-Sosnovsky type reaction
1.2 - Benzylic Oxidation

> Mechanism of the Cu'-catalyzed benzylic oxygenation

Cu(OTf),
Ligand
PhNHNH 3
X R1 PhCO3t'BU OR
R2—L - +
[ N R1
% acetone, R2—
30°C =
A-R3=H
B-R3=Bz

> Benzylic oxygenation of (aryl)heteroaryl)methanes with oxygen

H. Sterckx, J. De Houwer, C. Mensch, |. Caretti, K. A. Tehrani, W. A. Herrebout, S. Van
Doorslaer, B. U. W. Maes, Chem. Sci. 2015, 7, 346-357.

B. Zhang, S.-F. Zhu, Q.-L. Zhou, Tetrahedron 2013, 69, 2033—2037.



1 - Kharash-Sosnovsky type reaction

1.2 - Benzylic coupling with 1,3-Dicarbonyl compounds

> Catalyzed by Copper ?

Ph Ph
20 mol% catalyst O O 7 )
PR O O 5 mol% ligand =N N=
1+ > R2 R3
AR Rzﬂ\)l\gs oxidant (3.0 equiv.) bathophenantroline
60°C, 28h Ar” DR

Entry Reaction conditions Yield
1 no catalyst, t-BuOOBz, neat < 5%
2 Cu(CIQa4)2, no ligand, tBuOOBz, neat 57%
3 Cu(CIQ4)2, tBuOOBz, neat 71%

N. Borduas, D. A. Powell, J. Org. Chem. 2008, 73, 7822—7825.



1 - Kharash-Sosnovsky type reaction

1.2 - Benzylic coupling with 1,3-Dicarbonyl compounds

> Scope

CU(C|O4)2
5 mol% bathophenantroline O O
PR o) 0] tBuOOBz
Ar Rt + > R2 R3
RzMRs neat
60°C, 28h Ar R?

J O O O O O O
Ph )‘tL)J\Ph H5C ‘j\)J\CHS Ph Ph Ph Ph Ph | N
CHS CH3 X AN 0]

66% 62% 66% 71% 51%

N. Borduas, D. A. Powell, J. Org. Chem. 2008, 73, 7822—7825.



1 - Kharash-Sosnovsky type reaction

1.2 - Benzylic coupling with 1,3-Dicarbonyl compounds

> Mechanistic Studies

OBz

©)\CH3

©/\CH3

DD

©)<CH3

N. Borduas, D. A. Powell, J. Org. Chem. 2008, 73, 7822—7825.

i MPh

O O
CU(C|O4)2
5 mol% bathophenantroline R2 R3
neat
60°C, 2h CHs
76%
Cu(ClOy,)» O O
5 mol% bathophenantroline
-BuOOBz R2 R3
neat | A R1
60°C, 28h _J H(D)
kH/kD = 16



1 - Kharash-Sosnovsky type reaction

1.2 - Benzylic coupling with 1,3-Dicarbonyl compounds

> Proposed Mechanism

Cu(ClO,),
5 mol% bathophenantroline O O
~ O O tBuOOBz
Ar Rt + » R2 R3
Rzugs neat
60°C, 28h Ar R1
O O
Ar R1
L—-Cu'
t-BuOOBz
O O
R2MR3
L— 1. B
OBz Cu''-0OBz

o st

@ﬁ'w Ho—{~

N. Borduas, D. A. Powell, J. Org. Chem. 2008, 73, 7822—7825.



1 - Kharash-Sosnovsky type reaction

1.3 - Benzylic Amination

Cu(OTf), (01 mol%)

NHR

i S z
©i> | catalyst
Dgo%l E;@ ; ©:> t-BUuOOCONHR ’\iHR
| DCM ©i§

via § 4%, 28% ee
D » oy J
H 1

CO, Catalyst

)

| u(OTf),
NHTs § ~Z
NHTs § Ph
©’ @,NHTS

45% 27% 53%

> The mechanism of the formation of p-toluenesulfonamide (major side product, up to 54%) is unclear.

Y. Kohmura, K.-I. Kawasaki, T. Katsuki, Synlett 1997, 1997, 1456—1458.



1 - Kharash-Sosnovsky type reaction

1.3 - Benzylic Amination

> Catalyzed by Copper ?

copper catalyst (2x5 mol%) O Ph
1,10-phenantroline (5 mol%) g’
t-BuOOAc (1.5 equiv.) O 'NH

DCE, 4 AMS
60°C, 6h

Entry Catalyst Yield
1 none 0%
2 Cu(OTf): 73%

G. Pelletier, D. A. Powell, Org. Lett. 2006, 8, 6031-6034.



1 - Kharash-Sosnovsky type reaction

1.3 - Benzylic Amination

> Scope

copper catalyst (2x5 mol%)
1,10-phenantroline (5 mol%) %-0
AN o o t-BuOOAc (1.5 equiv.) HN-S*

| + .S~ > R
% HoN" DCE, 4 AMS - |
60°C, 6h “
00 0 0 Me O«S'fo
‘«S// ,S\ N' R
RN N Ph Ph

N~ Ph \ .
H Me BzHN Me
75% 61% 64%
0o 00
HN-S. HN Ry CO,Me
Cr o
70% 76%

G. Pelletier, D. A. Powell, Org. Lett. 2006, 8, 6031-6034.



1 - Kharash-Sosnovsky type reaction

1.3 - Benzylic Amination

> Mechanistic Studies

G. Pelletier, D. A. Powell, Org. Lett. 2006, 8, 6031-6034.

10 mol% Cu(OTf),
1,10-phenantroline (10 mol%)
t-BuOOACc (10 mol%)

> R
DCE, 4 AMS
60°C, 6h

no Cu(OTf), catalyst, 16h :
no t-BuOOAc oxidant, 16h:
30 min:

25°C, 2h:

<5% vyield
<5% vyield
56% yield
83% yield



1 - Kharash-Sosnovsky type reaction

1.3 - Benzylic Amination

> Scope

[MeCN]4Cu'PF¢ (10 mol%)
1,3-indanedione (15 mol%)

N 00 3-CF3CgH4CO4t-Bu (1.5 equiv.)
3VY6 3
R — + R2 .S . >
7 N R DCE, 4 AMS
rt
0..0 0..0
SAROH SRRS!
7 OMe
72% 72%
0. .0 0. .0
: 'S
Me Me
630/0 710/0

D. A. Powell, H. Fan, J. Org. Chem. 2010, 75, 2726-2729.

0.0

oy -
R1 - ;
L R2

0. 0
75%
Me O 0
’Tl,



1 - Kharash-Sosnovsky type reaction

1.3 - Benzylic Amination

> Selectivity Experiment

[MeCN]4Cu'PFg (10 mol%)

1,3-indanedione (15 mol%) 00 R
R 3-CF3C¢H,CO4t-Bu (1.5 equiv.) X Q,SP
g NRS#+ N R3
DCE, 4a MS R ke e

1° amination product 2° amination product

R =Me 84% combined yield 2°/M1°ratio=4:1
R =Et 68% combined yield 2°/1° ratio = 2: 1

D. A. Powell, H. Fan, J. Org. Chem. 2010, 75, 2726-2729.



1 - Kharash-Sosnovsky type reaction

1.3 - Benzylic Amination

> Mechanistic Studies

0 00 [MeCN]4Cu'PF4 (10 mol%) 00
s 1,3-indanedione (15 mol%) <

o Fs . Me\N,S _ 1|\ N,S
H DCE, 4 AMS RT e
Me rt Me

Conditions : as above <5% yield
+20 mol% oxidant <5% vyield

> Different conclusion than the previous case.

> Proposal

D. A. Powell, H. Fan, J. Org. Chem. 2010, 75, 2726-2729.



1 - Kharash-Sosnovsky type reaction

1.4 - Benzylic arylation of activated alkenes

Cu,0 (2 mol%)

O+ LI ©AK -

toluene
8h, 120°C
95%

Entry Catalyst Yield
1 / 65%
2 CuCl (5 mol%) 89%
3 Cu20 (5 mol%) 96%
4 Cu20 (2 mol%) 95%

N. Borduas, D. A. Powell, J. Org. Chem. 2008, 73, 7822—7825.

o=, 1]
N

/



1 - Kharash-Sosnovsky type reaction

1.4 - Benzylic arylation of activated alkenes

> Scope
(0]
DI
g
/I_R Cu,0 (2 mol%)
AI’—CH3 + \ ! ? o
0" N toluene
| 8h, 120°C

95%

S.-L. Zhou, L.-N. Guo, H. Wang, X.-H. Duan, Chem. Eur. J. 2013, 19, 12970-12973.



1 - Kharash-Sosnovsky type reaction

1.4 - Benzylic arylation of activated alkenes

> Mechanistic Studies

7\ \/[: Cu,0 (2 mol%) -
QCHB ' O N toluene

| D 8h, 120°C 0
kH/kD = 10

Q j @ j Cu,0 (2 mol%)
toluene i

8h, 120°C
klkp =1.0

87% yield

S.-L. Zhou, L.-N. Guo, H. Wang, X.-H. Duan, Chem. Eur. J. 2013, 19, 12970-12973.



1 - Kharash-Sosnovsky type reaction

1.4 - Benzylic arylation of activated alkenes

> Mechanistic Studies

(j)LO .Oj<
D Pz
D
@ j\/ /@ j D Cu,0 (2 mol%)
CH; + + >
(0] ITI toluene

8h, 120°C
kH/kD = 10

A
D D
@ j /@ Cu,0 (2 mol%)
CH3 + D CD + + >
® @ ’T‘ toluene
D D

8h, 120°C
kH/kD = 43

66% yield

S.-L. Zhou, L.-N. Guo, H. Wang, X.-H. Duan, Chem. Eur. J. 2013, 19, 12970-12973.



1 - Kharash-Sosnovsky type reaction

1.4 - Benzylic arylation of activated alkenes

> Proposed Mechanism

Cu20 (2 mol%)

: toluene
8h, 120°C 9] O
95 % N

/

TBPB | Bn™ ¥ 5
CHy ——— > : . _ Bn
radical 0" N cyclization o) ’Tl

addition
Bn - Bn B Cull
(@] N rearomatization ‘ SET

S.-L. Zhou, L.-N. Guo, H. Wang, X.-H. Duan, Chem. Eur. J. 2013, 19, 12970-12973.



2 - Co-oxidized with fluorine agent
2.1 - Enantioselective benzylic cyanation

Cu(OAc), TMSCN NC
ligand*, NFSI

OO benzene
rt

07;((0 0 > o) oj;<(o 0 o)
WY Ty i N
R R Bn Bn fBu Bu Bn Bn

L1:R =H: 25% (ee N/A) L3 : 84% (ee 95%) L4 : 6% (ee 15%) L5 : traces
L2 : R =Bn 91% (ee 96%)

ca @Q % @ %

L6 : 53% (ee -97%) L7 : 37% (ee -88%) L8 : 71% (ee -97%)

W. Zhang, F. Wang, S. D. McCann, D. Wang, P. Chen, S. S. Stahl, G. Liu, Science 2016, 353, 1014—-1018.



2 - Co-oxidized with fluorine agent

2.1 - Enantioselective benzylic cyanation

> Scope
Cu(OAc)
TMSCN
H ligand*, NFSI CN
Ar R benzene Ar /L R
rt
> Alkyl naphtalenes > Alkyl arenes i > Heterocycles-containing arenes
CN
| | CN
NG NG i CN CN | cl O
L. C
Cco o Ko ~
= g F tBu L \=N SOzPh
91% 80% i 67% 93% i 59% 76%
ee 96% ee 96% ee 90% ee 85% ee 90% ee 98%
CN NC
NC Ng | CN CN ] CN
[ ) ; PR s s
CO O LSO RLS
i i N N
55% 73% i 76% 62% i 80% 89%

ee 72% ee 97% E ee 84% ee 94% E 96% ee ee 83%

W. Zhang, F. Wang, S. D. McCann, D. Wang, P. Chen, S. S. Stahl, G. Liu, Science 2016, 353, 1014—-1018.



2 - Co-oxidized with fluorine agent

2.1 - Enantioselective benzylic cyanation

> Selectivity Experiments

Cu(OAc)
, TMSCN oN
.O 1 ligand*, NFSI
benzene .O
rt
58%
ee 88%

ee 96% after recryst.

Cu(OAc)

R ~ TMSCN CN R
ligand*, NFSI
™2 > C

benzene
rt

W. Zhang, F. Wang, S. D. McCann, D. Wang, P. Chen, S. S. Stahl, G. Liu, Science 2016, 353, 1014—-1018.



2 - Co-oxidized with fluorine agent

2.1 - Enantioselective benzylic cyanation
> Selectivity Experiments

5 3 Cu(OAc)

o7 ~ TMSCN NC o~
ligand*, NFSI
benzene
rt
77%
ee 96%
CN CN

-

=i AN -l

o mc ~ (59)ligand (R.A)-ligand N | 0 Bac
78% conv. Ph OAc 88% conv.
(oR, BR) (aS, BR)
65% (R) 84%

53:1 dr >99% ee 92:1 dr

W. Zhang, F. Wang, S. D. McCann, D. Wang, P. Chen, S. S. Stahl, G. Liu, Science 2016, 353, 1014—-1018.



2 - Co-oxidized with fluorine agent

2.1 - Enantioselective benzylic cyanation

> Radical-Probe Experiments

Cu(OAc)
. TMSCN CN
1_Np/w ligand*, NFSI g .\ 1_Np/\/\/N(802Ph)2
benzene 1-Np
rt

7%

]

- [1—Np/\/\']
Ring-opening
O OH 1 Np/\
1-Npk ¥ 1-Np)\ LS, BN
55% 24%
ee 0% [ A A
1-Np ] < - > [1-Np
N under Air BrCClg J oN
W NEINPVE N
09, L*CullCN L*Cu''CN 440,
ee 96%

W. Zhang, F. Wang, S. D. McCann, D. Wang, P. Chen, S. S. Stahl, G. Liu, Science 2016, 353, 1014—-1018.



2 - Co-oxidized with fluorine agent

2.1 - Enantioselective benzylic cyanation

> Proposed Mechanism

Cu(OAc)
H ligand*, NFSI CN
Ar )\ R benzene Ar )\ R
rt
L*Cull-Z Me3SICN
Me3Si_
H HX CN
Ar” O R r — L*Cull-CN —>Ar/LR

<

L*Cu!

W. Zhang, F. Wang, S. D. McCann, D. Wang, P. Chen, S. S. Stahl, G. Liu, Science 2016, 353, 1014—-1018.



2 - Co-oxidized with fluorine agent

2.1 - Enantioselective benzylic cyanation
> Synthetic Applications

> Mild reaction conditions

OH
Br Cu(OAc), TMSCN NC NC

ligand”*, NFS| Br EtN N OH
> > X
OO benzene THF |
rt 80°C = cl
84% 88%
ee 97% ee 95%

biologically active compound

> Nitrile hydrogenation chiral phenethylamine derivatives > Nitrile hydrolysis : chiral arylacetic acid derivatives

NHBoc CN COH

. enzymatic
NC X Raney-Ni | P hydrolysis LA
H> (20 atm) X : AN R ——————— o W R
BOCZO i '\'\\;,;/ = U\\:a'/ =
co :

X =0H, ee 95% X = OH, 65%, ee 96%
X = Naphth, ee -98% X = Naphth, 71%, ee -98%

W. Zhang, F. Wang, S. D. McCann, D. Wang, P. Chen, S. S. Stahl, G. Liu, Science 2016, 353, 1014—-1018.



2 - Co-oxidized with fluorine agent

2.2 - Benzylic C-O cyclization

> Summary

Y Cu(OTf), (0.02 equiv.) Y

Selectfluor N R1
1 1
AR HNTY, S s T G
R3—r P o > R3— P o via = O‘C o

DCE /U
Re 130°C Re R2 X

Entry  Catalyst Oxidant Additive  Yield
1 Cu(OTf). Selectfluor HNTf, 81%

2 / Selectfluor HNTf, 0%
3 Cu(OTf)2 / HNTf, 0%
4 Cu(OTf). Selectfluor / 0%

71% 80% 76% 68% 89%

Y. Li, Z. Li, T. Xiong, Q. Zhang, X. Zhang, Org. Lett. 2012, 14, 3522—-3525.



3 - Co-oxidized with hypervalent iodides

3.1 — Direct transformation of Methyl Arenes to Aryl Nitriles

> Catalyzed by Copper ?

NaNg PIDA
catalyst
MeO—*<::>%—CH3 ChaoN > MeO—ﬂ<::>%—C:N
6h, 25°C
Entry NaN3 PIDA Catalyst time Yield
1 0 3.2 / 12h 0%
2 4.0 0 / 12h 0%
3 4.0 3.2 / 3h 42%
4 4.0 3.2 CuS04+5H20 (5 mol%) 6h 70%

W. Zhou, L. Zhang, N. Jiao, Angew. Chem. Int. Ed. 2009,

48, 7094—7097.



3 - Co-oxidized with hypervalent iodides

3.1 — Direct transformation of Methyl Arenes to Aryl Nitriles

> Scope

NaNj3 PIDA
R ST Cu"SO4+5H,0 (5 mol%) - R = )
/ CHj N/ C=N
— CH5CN
25°C
OMe MeO,C
MeO QCEN MeO GCEN MeO OC =N
71% 96% 31%

C=N

BocHN @CEN TBDPSOOCEN MOMO

44% 95% 50%

¢

W. Zhou, L. Zhang, N. Jiao, Angew. Chem. Int. Ed. 2009, 48, 7094—7097.



3 - Co-oxidized with hypervalent iodides

3.1 — Direct transformation of Methyl Arenes to Aryl Nitriles

> Mechanistic Studies

optimized
MeO OCH2N3 > MeO @CEN
conditions

>99%

N3 optimized N3
MeO@—< > MeO @CEN + MeO@—<
Nj conditions Nj

56% 44% recovered
NaNg PIDA
O, (1atm)
CHLCN
25°C

| T

W. Zhou, L. Zhang, N. Jiao, Angew. Chem. Int. Ed. 2009, 48, 7094—7097.




3 - Co-oxidized with hypervalent iodides

3.1 — Direct transformation of Methyl Arenes to Aryl Nitriles

> Proposed Mechanism

NaN; PIDA
R\_ Cul'SO4+5H,0 (5 mol%) R\_
CH > C=N
Q 3 CHACN Q
25°C
NaN3 . .
Phl(OAc); —————> PhIN3), —> N3 + PhiN;
g .
PhiN, Ny
) o -
Na path A Y RXO_<
HNg disfavored Ph N3
PhiNs Ng  Na Ny "
RX‘©7' AT' RX@—/ AT' RX@—{ R+X:C>:/ RX@—CEN
Phl HN, ﬂ
path B ‘ N
favored SET RX@—/ 8
®

W. Zhou, L. Zhang, N. Jiao, Angew. Chem. Int. Ed. 2009, 48, 7094—7097.



3 - Co-oxidized with hypervalent iodides

3.1 — Direct transformation of Methyl Arenes to Aryl Nitriles

> Synthetic Application

i.TsCl, pyr.
-20 to -10°C CH,

96% R
\/\/OH i \/\/Ojij\
CH

ii. 2,4,6-trimethylphenol
K,COj3 butan-2-one HsC
reflux
90%

n-CsH;

n-CsH;

a CHg 1. NaN3 NH,CI

N 0 DMF, 120°C

O -

HAC N ii. CHgl, K,CO3

3 | N CH4CN, 60°C
N-N 50% over 2 steps

\

n-C3H,CH=NOH
NCS, pyr. N/ \ CHs
> O O
CHCl5
75%
HsC CHj3
NaNg PIDA
n-CgH- Cu''SO4*5H,0 (5 mol%)

CHSCN
N CHs 25°C
I, T
c

> Tetrazole analogue related to Disoxaril (drug against picornaviruses)

W. Zhou, L. Zhang, N. Jiao, Angew. Chem. Int. Ed. 2009, 48, 7094—7097.



3 - Co-oxidized with hypervalent iodides
3.2 - Benzylic C-O bond formation with NHPI

> Scope

CH4CN 0

O
catalyst (10 mol%) -
PhI(OAc), Z@ Entry  Catalyst  Yield
(j/\ > 0 1 non 299

70°C, 12h = | 2 CuCl 78%
N
PINO PINO PINO
PINO PINO
B 0 < %_ <:>—
=
82% 98% 98% 70% 76%

J. M. Lee, E. J. Park, S. H. Cho, S. Chang, J. Am. Chem. Soc. 2008, 130, 7824—7825.



3 - Co-oxidized with hypervalent iodides

3.2 - Benzylic C-O bond formation with NHPI

> Synthetic utility of the method

o)
OH Mo(CO)g O-NH2
Et,N N HoNNH,+H,0
N < o) .
| CH4CN/H,0 0 CHCla/H,0

= 80°C, 12h 25°C, 16h
77% 70%

J. M. Lee, E. J. Park, S. H. Cho, S. Chang, J. Am. Chem. Soc. 2008, 130, 7824—7825.



3 - Co-oxidized with hypervalent iodides

3.2 - Benzylic C-O bond formation with NHPI

> Mechanistic Studies

catalyst (10 mol%) 0
O PhI(OAc),
N N TEMPO N N
| + E N-OH > Q + 0
% = CH4CN 0
o 70°C, 12h =~ |
NS

o o]
D D D 0 catalyst (10 mol%) N

D cD N PhI(OAc), N D O
o + N-OH - o N + D P
CH5CN 3

D D 70°C, 12h @J\ D

D

D

D O

kH/kD =108

J. M. Lee, E. J. Park, S. H. Cho, S. Chang, J. Am. Chem. Soc. 2008, 130, 7824—7825.



Quantum Tunneling effect

classical physics:
climbing the hill

quantum physics:
“tunnelling”

L5005 8

o 0
D D D 0 catalyst (10 mol%) N
b cD N PhI(OAG), N D O
o + N-OH > o + D o
b 5 CHCN o >cog
5 70°C, 12h
D D D

kH/kD = 10.8

J. M. Lee, E. J. Park, S. H. Cho, S. Chang, J. Am. Chem. Soc. 2008, 130, 7824—7825.



3 - Co-oxidized with hypervalent iodides
3.2 - Benzylic C-O bond formation with NHPI

> Mechanistic Studies

catalyst (10 mol%) 0
O PhI(OAc),
N N TEMPO N N
| - E N-OH - o - 9
= = CH5CN o]
o 70°C, 12h =~ |
NS

o ¢}
b D D 0 catalyst (10 mol%) N
D X Phl(OAc), D O
CD
o+ | P + N-OH P
CHscN 3
D D 70°C, 12h D
D

D O

ky/kp =10.8

OAc Optimized }@

Conditions

J. M. Lee, E. J. Park, S. H. Cho, S. Chang, J. Am. Chem. Soc. 2008, 130, 7824—7825.



3 - Co-oxidized with hypervalent iodides
3.2 - Benzylic C-O bond formation with NHPI

> Proposed mechanism

o]
catalyst (10 mol/)
- O
CH5CN : . O

70°C, 12h

PhI(OAc),
2 CuCl » 2CuCl(OAc) +  Phl
o CuClI(OAc) CuCl O
AN )
E):/éN—OH / . CE:?N_O + AcOH
P
o (o]
PINO NHPI

o — @

J. M. Lee, E. J. Park, S. H. Cho, S. Chang, J. Am. Chem. Soc. 2008, 130, 7824—7825.



4 — Other Systems

4.1 — Benzylic C-Heteroatomes coupling

> Scope

CO,H
AN
OH CuBr; (5 mol%) R1 —(;[
COH TPPMS (10 mol%) =
g j X

R1 _ + R3 >

= Hzo R3

R2 120°C, 16h
R2

Br \chozH | CO,H F. -~ COH O,N CO,H
| I I X
Y by Y b

Ph~ “Ph Ph” “Ph Ph~ “Ph Ph~ “Ph

88% 92% 90% 65%
)@ECOZH @ECOZH @ECOQH Br \C[COQH
NH $ NH NH
o b o b Ph
| 67%
cl Ph

58% 67%
54%

H. Hikawa, Y. Mori, S. Kikkawa, I. Azumaya, Adv. Synth. Catal. 2016, 358, 765—773.



4 — Other Systems

4.1 — Benzylic C-Heteroatomes coupling

> Mechanistic Studies

CuBr; (5 mol%)
TPPMS (10 mol%) CO-H

N
- COH OH radical scavenger (;[
L NP >~ NFONH

NH Ph™ “Ph H,O
2 80°C, 16h Ph )\Ph

Entry Radical Scavenger Yield (NMR)

BHT (1 equiv.) 13%

56%"

3 galvinoxyl (0.5 equiv.) 27%
4 TEMPO (0.5 equiv.) trace
5 none 69%

* AuCl,Na+2 H,O (5mol%) was used instead of CuBr,

H. Hikawa, Y. Mori, S. Kikkawa, I. Azumaya, Adv. Synth. Catal. 2016, 358, 765—773.



4 — Other Systems

4.1 — Benzylic C-Heteroatomes coupling

> Mechanistic Studies

CuBr5 (5 mol%)
COH OH TPPMS (10 mol%) COH
+ v)\ Ph > + FSC NH
F4C NH,

Ph
H,0 FsC N
100°C, 16h H

\ / 38%

> Reaction using HCI as catalyst

COLH

@:C%H OH HCI (10 mol%) /C[

¥ V/k - FsC NH
Ph H,0
2

FaC NH, 100°C, 16h Ph

' quant.

Y (NMR yield)

e

H. Hikawa, Y. Mori, S. Kikkawa, I. Azumaya, Adv. Synth. Catal. 2016, 358, 765—773.



4 — Other Systems

4.1 — Benzylic C-Heteroatomes coupling

> Proposed Mechanism

A: Formation of amine radical with Cul species

0
o)
COH
X
R'— T 1 KYLO —= o
R — ! 1
ZNH, sy Gl R N‘\\\Cu'Ln
H

2 HBr
LnCu'Br, H

B: Atom-transfer initiated by the Cu!

0
0 )O\H CO,H
X 0 AA  gi L 0 2HBr R
R!—r L g £\ Cu'lLnOH - NH
% N\‘\CuLn H )\
H : Ar Ar
Ar” > Ar
\ / LnCu'"Br,
by H20
[Cu'l, H [Cu'l,
'Qé O
Ar/5*\Ar Ar/a'\Ar

H. Hikawa, Y. Mori, S. Kikkawa, I. Azumaya, Adv. Synth. Catal. 2016, 358, 765—773.



4 — Other Systems

4.2 - Benzylic C-H Oxygenation under Oxygen Atmosphere

> Scope
R3-MgBr cat. Cu(OAc),
CN Et,0, 60°C DMF

then MeOH 80°C under O,

then H3;0+*

p-Tol
@)
p-Tol
Ph._O Ph 0O

N\ /
=
D
~
w
—
-
> o

OMe
82% 89% 65% 77%

L. Zhang, G. Y. Ang, S. Chiba, Org. Lett. 2011, 13, 1622—-1625.



4 — Other Systems

4.2 - Benzylic C-H Oxygenation under Oxygen Atmosphere

> Proposed Mechanism

Ph O Ph @) Ph

O NH NH
R
Ar H,0+ Ar Ar
[Cu'l-OH]
H,O
[Cu'll.

0]
H 1
Ph 0] NH
Ar N
\ Ar
1 .
[CU ]‘O O 02

1
Ph [Cu’l]
?3 NH Ph H}q’“lll“
Ar
~_ Ar

L. Zhang, G. Y. Ang, S. Chiba, Org. Lett. 2011, 13, 1622—1625.



4 — Other Systems

4.3 - Benzylic N-C Bond formation and generation of Methane Carbocation

> Proposed mechanism

o) . Cu(OAc),*H,0 o)
H Imidazole
.Ph 3 .Ph
N + _ > N
N+ oot — oo — (1)
NH, 120°C, 10h N
Entry Catalyst Base Yield
1 / imidazole  20%
2 Cu(OAc)2*H20 / 50%

3 Cu(OAc)2*H2O  imidazole  82%

Y. Bao, Y. Yan, K. Xu, J. Su, Z. Zha, Z. Wang, J. Org. Chem. 2015, 80, 4736—-4742.



4 — Other Systems
4.3 - Benzylic N-Methylation

> Generalities and Scope

0] c Cu(OAc),*H-0 0]
H Imidazole
.Ph 3 Ph
N + - > N~
N+ oot — o ([}
NH., 120°C, 10h N
Entry Catalyst Base Yield
1 / imidazole  20%
2 Cu(OACc)2*H0 / 50%

3 Cu(OAc)2*H20O imidazole  82%

R =2-CHjz 75% R = CH.Ph, 42% R =CHj3 72%
R =4-CF; 78% R =isopropyl, 37% R = OCH3 52%
R = 4-n-butyl, 73% R = cyclohexyl, 35% R =NO, 65%

Y. Bao, Y. Yan, K. Xu, J. Su, Z. Zha, Z. Wang, J. Org. Chem. 2015, 80, 4736—-4742.



4 — Other Systems
4.3 - Benzylic N-Methylation

> Mechanistic Studies

@)

.Ph
o8
H
NH,

CH,

+  Ph ﬁ»o o~\—Ph

Cu(OAc),*
Im|dazole
TEMPO

PhCI
120°C, 10h

Joont

traces

DCP (3 equiv.)
Cu(OAc), (20 mol%
Imidazole (2 equiv.)

PhCI
120°C, 10h

Joos

50%

DCP (3 equiv.)
Cu(OAc), (20 mol%) (o)

PhCI
120°C, 10h

Imidazole (2 equiv.) Ph
> )N/
N/

15%

Y. Bao, Y. Yan, K. Xu, J. Su, Z. Zha, Z. Wang, J. Org. Chem. 2015, 80, 4736—-4742.

O

detected by GC-MS



4 — Other Systems
4.3 - Benzylic N-Methylation

> EPR Study

CU(OAC)z'HQO

0 Imidazole (0]
_Ph CHg DMPO oh E\ﬁCHS
N +  Ph 0-0 Ph - N + N
H PhCI /J o
120°C, 10h N

NH, >
DMPO-CH; radical

o
=)

o
(%)

o
(98)

Relative intensity
(=]
S

VI

3200 3220 3240 3260 3280

Magnetic field (Gauss)

Y. Bao, Y. Yan, K. Xu, J. Su, Z. Zha, Z. Wang, J. Org. Chem. 2015, 80, 4736—-4742.



4 — Other Systems
4.3 - Benzylic N-Methylation

> Proposed mechanism

O
.Ph
o )
A Cul - cu base
Ph 0-0 Ph >  Ph o} \‘ > 'CHj M "CHgy ﬁ:

T
o Iz o
\1=
e
Z
£ T \
HF
o
IZ*k\
IZ

]
E)Q\LN/Ph R E}v\b _Ph CEL
| |
Z>NH, Z>NH, NH.
O 0
_Ph
~ oy = o
N P
H Hs0

Y. Bao, Y. Yan, K. Xu, J. Su, Z. Zha, Z. Wang, J. Org. Chem. 2015, 80, 4736—-4742.




Conclusion

> Not always mendatory in some reaction

> Versatiles used of copper

> Able to run enantioselective reaction

> Some mechanisms are still unknown

> Co-oxidation possible with oxygen

A. E. Wendlandt, A. M. Suess, S. S. Stahl, Angew. Chem. Int.Ed. 2011, 50, 11062—-11087.



But that is not the only thing about
Copper in Radical Chemistry ...

> Alkenes Functionnalization

> Arenes Functionnalization

> Trifluoromethylation reaction

> ATRA reactions

> Various radical chain processes

... and even more.



