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Background

Nucleophile: In chemistry, a nucleophile is a molecule or ion with a
lone pair of electrons. It donates both bonding electrons to its reaction
partner (the electrophile) when forming a chemical bond.

™
(1) Nu + E > Nu-E  Traditional coupling
(2) Nu' + Nu? '[I'g/]l > Nu'-Nu? Oxidative coupling

McNaught, A. D.; Wilkinson, A. Compendium of chemical terminology: IUPAC
recommend-dations, 2nd ed.; Blackwell Science: Oxford, England; Malden, MA,
USA, 1997.
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Background

4 models for radical oxidative cross-coupling:

Oxidant
r

1 2
e Nu'- Nu

Nu! + Nu?

ModelI Model Il Model III  Model IV
R + 'R ‘ R+ R" R+ R- R+ R*

Model I Nu' + -Nu? —fNu!-Nu?] "—C» Nu'-Nuv?

Model I Nu' +*Nu2 —=Nu!+[Nu?]— Nu!-Nu?
Model IIT Nu! + Nu?—%>-Nu'+* Nu’—> Nu'-Nuv?
Model IV [Nu!T™++Nu2/— [Nu!-Nu?t» Nu!-Nu?

Liu, C.; Liu, D.; Lei, A. Acc. Chem. Res. 2014, 47(12), 3459.
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Model | in Radical Oxidative Cross-Couplings

[M], TBHP, solvent

W‘W

N,, 80°C, 12h
la 2a By product
Entry [M] Solvent Yield(3a)[%]!
1 [Ni(acac),] benzene --
2 [Ni(PPh;),] benzene --
3 CoCl, benzene --
4 FeCl, benzene --
5 CuCl, benzene 28
6 CuCl, dioxane --
7 CuCl, DCE -
8 CuCl, benzene 38l
9 CuCl, -- 76!

Wang, J.; Liu, C.; Yuan, J.; Lei, A. Angew. Chem. Int. Ed. 2013, 52. 2256.
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Model | in Radical Oxidative Cross-Couplings

CHO CuCl5(20 mol%) o R
N R :
R 1 TBHP(2.5 equiv) XN = R
'/ %R neat,N,, 80°C R P ’
1,3-5 equiv 2 2 3
O 0 O
CTC
MeS
80% 63% 65%
O 0 0
MeO Cl Br
69% 50% 42%
64% 64% 52%

Wang, J.; Liu, C.; Yuan, J.; Lei, A. Angew. Chem. Int. Ed. 2013, 52. 2256.
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Model | in Radical Oxidative Cross-Couplings

CuCl, (20 mol %)
TBHP (2.5 equiv)

j\ + . BHT(LOequiv) o)
= X -
80 °C, 16h 3a
O OOtBu CuCl, (20 mol %) O
TBHP (2.5 equiv P
Ph Ph 20 CEC 16?] ) Ph)J\/\Ph
4 ’ 3a
(Reported by Chaojun Li) 15%
tBuOOH > tBuO-*
|
R 1 H
" cu™! |-OH O
[Cu"] [Cu™" ] J
A B R *

a -H,0 AR

o
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Model Il in Radical Oxidative Cross-Couplings

0 5 mol% FeBr, O O
JI§ + RICHO _2equivTBHP _ RZJ\NJLW
R?” "NH DCE, 60 °C, 16h 3
R3 R
0 O O O Br o 0
)LN )J\N ANJK@ )J\NJLnC5H11
| |
B
Bn n Br Bn Bn
75% 80% 73% A47%
O O O O O o O O
Ph. H\ @
78% 81% 67% 75%

L

Wang, J.; Liu, C.; Yuan, J.; Lei, A. Chem. Commun. 2014, 50, 4736.
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Model Il in Radical Oxidative Cross-Couplings

3 equiv TBHP _
DCE, 60 °C

PhCHO + FeCl,
5

PhCOCI  (2)

A 0.06-

Component A - i ’w
0.04- lfq\"

4

1 (B)
. 1172 1174 1176 1178
0.00+ Wavenumber (cm™ 1}

l ¥ L] " I . L . I i I

0 20 40 60 80 100
t (min)

(A) Kinetic profile of the reaction. (B) IR spectra of component A
(blue curve) and the authentic sample of benzoyl chloride(red curve)

Absorbance

Z
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Model Il in Radical Oxidative Cross-Couplings

TEMPO (2 equiv)

@) O FeBr, (5 mol%)
PS . TBHP(2 equiv)
INH DCE, 60°C, 16h
Bn
la 2a
)CL i 0 Br, (5 mol%)
N’F> + H TBHP(2 equiv)
H DCE, 60 °C, 16h
1b 2a
0
i n Fe Salt (5 mol%)
N/P + H TBHP(2 equiv)
H DCE, 60 °C, 16h
1b 2a

Fe salt:

@)
Ph)J\O/ N
(2)
4

78%(base on TEMPO)

|
Ph

3ba
FeBr,, 89%

FeBrs, 88%

Wang, J.; Liu, C.; Yuan, J.; Lei, A. Chem. Commun. 2014, 50, 4736.
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Model Il in Radical Oxidative Cross-Couplings

O [O] j)
MfJ\H ///, \\\\ P
2
|
tBuO- tBuOH
+
BI’Z
FeBr, + tBuOOH
+
Fe3*
Y

HBr O

tBUOOH M ph

BI’Z

L
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Model 111 in Radical Oxidative Cross-Couplings

@) O\ R
AN +  5R + Oy pyridine(d.1 equiv), I _§;
HO 45 °C,DCE
1 2(5 equiv) 3
O
|| g
©)b O ©*“ SO ©)“ 19@ @
84% 74% 80% 34%
Ssaue M
\© ||\© ©)K(”\©
88% 67% 70% 42%

Lu, Q.; Zhang, J.; Zhao, G.; Qi, Y.; Wang, H.; Lei, A. J. Am. Chem. Soc. 2013, 135,
11481.
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Model 111 in Radical Oxidative Cross-Couplings

o 7 9
< > = \\S < > O, (air) . ‘.Qq’
HO pyridine, DCE, 45 °C O
1a 2b 3ab
1.0- 0.% 1009 cm™’
S 8-. 2b component 1 *g 02 1032 cm’™
5 - - addition of Py 7
m L % 0.14
o 0.6- 8
w 0.04
l 1000 1010 1020 1030 1040
E 0.44 K component 2 (B) Wavenumber(cm'1)
(_') 1 o 016 815 cm™
c 0.2- 3ab -
(o) 1a was added a 012
o 1 -
0_0- ’ % 0.084
0 50 100 150 200 250 S oo4
. . 7% 830 . 80 . 8%
(A) Tlme (m|n) (C) Wa\renumher(cm'11

(A) The 2D-Kinetic profile of the reaction of p-toluenesulfinic 2b (2.0 mmol) and pyridine (1.64 mmol),
and 1a (0.4 mmol) added to CHCI, (4.0 mL) at 45 °C in succession; the reaction was monitored by
operando IR. (B) ConclRT spectra of the new component 1 (black curve) and authentic sample
(pyridinium p-toluenesulfonate, red curve). (C) ConclIRT spectra of the new component 2 (black curve)
and authentic sample (pyridium p-toluenesulfinate, red curve)
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Model 111 in Radical Oxidative Cross-Couplings

O O
O . I
HO pyridine, DCE, 45 °C O
(1) 1a 2b (2) . 3ab
100: 0.61 &
. LA
X 804 © 0.5-
il . ) .
2 60, N 0 0.4 (B)
— ) (A) ® No pyridine - )
q 40- (B) m With pyridine ﬂ_‘: 0.3-
2 g
3 201 S 0.2
0 © 01'
0 20 40 60 80 100 120 140 160 70 50 100 150 200 250
Time (min) Time (min

(1) Kinetic profile of the autoxidation of p-toluenesulfinic 2b monitored by in situ ?R under different
conditions : (A) 2b(2.0 mmol) in CHCI; (4.0 mL) at 45 °C, monitored by pyridinium p-toluene
sulfonate; (B) 2b(2.0 mmol), pyridine (0.41 mmol) in CHCI; (4.0 mL) at 45 °C, monitored by
pyridinium p-toluenesulfonate.

(2) Kinetic profiles of the pyridinium p-toluenesulfonate monitored by in situ IR under different
conditions: (A) p- toluenesulflnlc 2b (2. O mmol) and pyridine (1.64 mmol) and 1a (0.4 mmol) in




Model 111 in Radical Oxidative Cross-Couplings

Py PyH*
N S | PhSO,| O, £ phgn
PhSO,H > 2 Ph—S S
2 ° T o T
2 ! " i
Ph—
Y
Py PyH* - I/ l od 0
OO 02 ° I
- _Se
\ / )\/SOZPh BN Ph)\VSOzPh Ph/\/(B Ph
Ph SET
PT
VI Y, \Y;
Y
PhSO, PhSO,0
OOH

OH 0
—. o s s0,Ph - M__s0,Ph

Y Vil 3a
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Model 111 in Radical Oxidative Cross-Couplings

R CuCl,*H,0 (10 mol%)
) o, CICH,CO,Et(1 equiv)= R

DMF, 130 °C, 24h

0
N \©: />_/< N O N
N” " { N @E
N s
85/ R=H, 51% N
o R=Cl, 47% 30% 47%
O o)
= R N~ R N"
R=H, 92% R=H, 66% R=Me, 57% O
R=Cl, 89% R=Cl, 71% R=OMe. 58%
R=Cl, 61%

Liu, J.; Zhang, X.; Yi, Hong.; Liu, C.; Liu, R.; Zhang, H.; Zhuo, K.; Lei, A. Angew. Chem. Int.
Ed. 2014, ASAP.
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Model 111 in Radical Oxidative Cross-Couplings

a)
RS
(g

N

1a
0.36-
0.30:
0.24
0.18:

[concentration]/M

10 mol% CuCl»

3.0 mL dioxane, O,

+ CICH,COOEt

0.12-
0.06+
0.00-

® d-ethylpyridine
*  d-acetylpyridine

t’h

0.35-
0.30-
0.25-
0.20-
0.154

ncentration]/M

S 0.05-
0.00-

Ph
o b) S
P
_ 10 mol% CuCl
N | + CICH,COOEt ——t = 7
| NG 3.0 mL dioxane, O, P
N7 1K
2a

N ok

e

-

o
1

¥

® 4-benzylpyridine
% phenyl{pyridin-2-yl)methanone

tlh

The 2D kinetic profiles of the oxidation of heterobenzylic methylenes. Reaction conditions:
(a) 4-ethylpyridine (1.0 mmol), ethyl chloroacetate (1.0 mmol), and CuCl, 2H,0(0.10 mmol)
successively added to 1,4-dioxane (3.0 mL) at 100 °C. b) 4-Benzylpyridine(1.0 mmol), ethyl
chloroacetate(1.0 mmol) and CuCl, 2H,0(0.10 mmol) successively added to 1,4-dioxane

(3.0 mL) at 100 °
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Model 111 in Radical Oxidative Cross-Couplings

a)

10mel% CuCl,

CICH,COOEt =

DMF, 05, 130 °C
2 oy
c o
o) L
c E

b)

(% 10 mol% CuCl;
| N/ DMF, O,, 130 °C

MWM

3300 3320 3340 3360 3380 3400 3420
Field / G

c) X 10 mol% CuCl,
| + CICH,COOEt
2 DMF, O, 130°C

TN

Intensity
Intensity

Field / G

N

3300 3320 3340 3360 3380 3400 3420

Field / G

d) Ph
- (I;\/l + CICH,COOE 10 mol% CuCl,
J = DMF, O,, 130 °C

3300 3320 3340 3360 3380 3400 3420 3300 3320 3340 3360 3380 3400 3420

Field/ G

Electron paramagnetic resonance(EPR) spectra (X band, 9.4 GHz,

room temperature)
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Model 111 in Radical Oxidative Cross-Couplings

CICH,CO,Et
X
+ - | J | N
o Cl - N
N/\\:/>_\ kcozEt Cl kco o
la 2

Y

2a
Cu(ll
< CH4CO,Et u(ih Cu(l) 0,
‘§ (Detected by MS analysis)
kot Y
§ o7 ] 0
@) 5 ‘0
B N
N - g - |
| N / - \ IJ\rI/
-°N H,0 Cl L - L
N CO2E [H*] CO,Et
COzEt 2
\Y B vV - [l

L
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Model 1V in Radical Oxidative Cross-Couplings

10 mol% Ni(acac),

B(OH
(OR) , 10 mol% PPhy R(Csp?)
+  HR(Csp?) 10eq KPO,

solvent, 2-3ml 1.2 eq. DTBP, 100 °C

16h
)
MeO
88% 93% O 78% 63%
0~ ) i ¢
53% 45% 56% 71%

Dong L.; Li, C.; Li, H.; Lei, A. Angew. Chem. Int. Ed. 2013 52. 4453.
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Model 1V in Radical Oxidative Cross-Couplings

1.5 eq. TEMPO
10 mol% Ni(acac),
B(OH H
©/ (OR) O 10 mol% PPh; 0
* 1.0 eq. KsPO;
1.2 eq. DTBP, 100 °C
1a 2a 3a,0%

1.5 eq. 1,1-diphenylethene
10 mol% Ni(acac),

B(OH H
©/ (R} O 10 mol% PPh; o
* 1.0 eq. KsPO,

1.2 eq. DTBP, 100 °C

1a 2a 3a,18%
N @) / Ph @) / Ph
Ph Ph
la, 10% Ib, 26% lla, 16% lib, 10%

Dong L.; Li, C.; Li, H.; Lei, A. Angew. Chem. Int. Ed. 2013 52. 4453.
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Model

IV in Radical Oxidative Cross-Couplings

Path A: y O [Ni] _
tBuOOtBu

O ArB(OH)2
Ar-—O -

pathe: O] Nl
tBuOOtBu

2a
SET l THF
: 5
[Ni] . @)
ArB(OH), tBuOOtBuU Ar radical Ar—@
addition
1 6 7
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Summary and Outlook

Along with the development of transition metal catalyzed oxidative
cross-couplings, especially of those with no noble transition metal
catalysis system, the radical process becomes dominant in this re-
serch area. There are still many unexplored methods and unknown
Insightful mechanisms left. Therefore, chances and challenges still
remain, such as finding milder reaction conditions and proper ways
to control the reactivity and chemoselectivity of radical species.
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