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Conventional Metal Catalyzed Cross-Coupling

nucleophile electrophile faveored due to
transmetalation  oxidative addition inherent reactivity of substrates

Cross Electrophile Coupling (XEC)

M
R1_X @ —Cat> R1_R1 + RL@ + @

electrophile electrophile disfaveored due to
oxidative addition oxidative addition competitive dimerization

stable, easy to handle, readily available...




Wurtz coupling(1855): ST e 2

N
Wurtz-Fittig reaction(1864): R-X + A= L RAAD

O @D WD R - @D

electrophile electrophile disfaveored due to
oxidative addition oxidative addition competitive dimerization
equal reactivity for substrates: statistical mixture

R1-X more reactive than R2-X: R1-R! formed first, R?-R? second,
then incidental R1-R2 formed




Strategies for crossing selectivity in XEC reaction

For starting materials that have identical chemical reactivity:

Mcat
Strategy I: R'-X + @ — R-RY) + R1@

excess major product high yield
Strategy I1:

For substrates that are not so identical in chemical reactivity:

R1_X e @ R1‘@

I\/Iocat M”cat(R1)X - > Mocat(R1)_ >

(I—)Mcat @

> (L)Mcy—R' > R1@ major product

szinz

Strategy I11:

major product
Strategy 1V:
M4t (+ co-catalyst)
R™-X + - RYQD
@ catalyst capable of

oxidative addition radical precursor  single and two electron steps major product

Everson, D. A.; Weix, D. J. J. Org. Chem., 2014, 79, 4793




Strategy I: excess of one reagent

Ni(COD), 10 mol%
Ts—NC>78r + TR - Ts—NC>7R

X= Bror | ligand 8 mol%

Tequiv 3equiv  Zn 3equiv, DMA, 25°C 19 examples,

good yield

Strategy I1: steric differentiation of starting materials

Nil, 10 mol% a—-
- R R
e =z ligand 10 mol% h
R2 B,pin, 2 equiv R?
LiOMe 2.5 equiv 31 examples,
NMP, 40 °C, 16 h good yield

1.5 equiv 1 equiv

Yu, X.; Yang, T.; Wang, S.; Hu, H.; Gong, H. Org. Lett., 2011, 13, 2138
Xu, H.; Zhao, C.; Qian, Q.; Deng, W.; Gong, H. Chem. Sci., 2013, 4, 4022




Strategy 111: electronic differentiation of starting materials

NiCl,(dme) 5 mol%

» X\R dtbpy 5.5 mol%
Cl “FG Mn or Zn 3 equiv
DMA, 0 °C or rt
Alkyl = 1°/2°/3°  FG = TIPS, alkynyl, NHBoc, NHCbz, Bpin...

W

W W

disproportionation

Wotal, A. C.; Weix, D. J. Org. Lett., 2012, 14, 1476




Strategy 111: electronic differentiation of starting materials

Ni(acac), 10 mol%
or Ni(COD), 10 mol%

R~ X? ligand 15 mol%
X1 + @
R2 MgCl, 1.5 equiv
Zn 3 equiv, MeCN, rt

aryl acyl chloride X = Bror|
or
benzoic anhydride

Proposed Ni%Ni'" process

> RZ%,ICOR 5y

Wu, F.; Lu, W.; Qian, Q.; Ren, Q.; Gong, H. Org. Lett. 2012, 14, 3044
Yin, H.; Zhao, C.; You, H.; Lin, K.; Gong, H. Chem. Commun., 2012, 48, 7034




Strategy 111 electronic differentiation of starting materials

Ni(COD), 1 equiv

(@)
- ligand. 1 equiv. no desired p_roduct
| Cl I — - 75% conversion of B
gCl, 1.5 equiv

trace amount conversion of A
MeCN, rt

A 1 equiv B 1 equiv
Ni(COD), 10 mol% 0

0]
©i>— ligand 15 mol%
e =
MgCl, 1.5 equiv O Q

Zn 3 iv, MeCN, rt .
A 1 equiv B 2 equiv PGy Al 9a, 75% yield
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Figure. coupling under standard condition

Wu, F.; Lu, W.; Qian, Q.; Ren, Q.; Gong, H. Org. Lett. 2012, 14, 3044




Strategy 111: electronic differentiation of starting materials

§Br © . o] standard condition
+
Qo/\/ Ph)J\O)J\ Ph

O
Ar)J\ .

X

80% yield

Ph Ph
<\/ \; 2/ \/>
S
\Ni/

|

(@] X2

Ar)LR ‘\&
Ph

<\/ \; z/ \/>

R SOCH.AT .\/Z

R-X

Ni'/Ni'"" catalytic cycle

Yin, H.; Zhao, C.; You, H.; Lin, K.; Gong, H. Chem. Commun., 2012, 48, 7034




Strategy 1V: radical chain mechanism

Ni|2'XH20 10 mol%
L1 5 mol%, L2 5 mol%

pyridine 10 mol%
Mn 2 equiv, DMPU, 80 °C

16 examples,
38-88% vyield

Nil,xH,0 10 mol%
bpy or phen 10 mol%
pyridine 10 mol%

Nal 25 mol%
Zn 2 equiv, DMPU, 60 °C

nucleophiles acids electrophiles X =BrorCl
42 examples
-Bpin -OH -C(O)Me
-SiMe,OH -NHTs -OTf

Everson, D. A.; Shrestha, R.; Weix, D. J. J. Am. Chem. Soc., 2010, 132, 920
Everson, D. A.; Jones, B. A.; Weix, D. J. J. Am. Chem. Soc., 2012, 134, 6146




Mechanism A :

A

Mechanism B :

Mechanism C :

Mechanism D :

organometallic reagent generated in situ

Mn [Ni] R2-I

R1_R2

R1—] > RMn-I

disproporization methasis of two nickel centers

[Ni] R-[Ni]! R1_R2

Rl > R-[Ni]-|

sequential oxidative addition at a single metal center

: 2_
R'—| NI R1-qNiJ- R - R-R2

radical chain mechanism

[Ni] - R1_[NI]_|



Potential intermediacy of organozine reagents

Direct insertion of zinc or activated zinc

Zn, DMPU, 60 °C Zn, DMPU, 60 °C
ZnBr 0% CsH17_ZnBr

Zn, DMPU, 60 °C

Zn, DMPU, 60 °C >  CgH{7—ZnBr
- QZHBF 14% TMSCI (cat.) e

TMSCI (cat.)
BI"CHZCHZBF (cat.) BrCH2CHzBr (Cat.)

Reductive cross-coupling with a nonmetallic reducing agent

er Nil:xH,0 10 mol%
4 ,4'-bis(methoxy)bipyridine 10 mol% QC .
> gHl4
* Nal 25 mol%, pyridine 10 mol% !

CgH17—Br TDAE 2 GQUiV, DMPU, 60 OC 54%,

Everson, D. A.; Jones, B. A.; Weix, D. J. J. Am. Chem. Soc., 2012, 134, 6146




Turnover-frequency limiting step

substituent
4-H
Nil,"xH,O 10 mol% Ph 4-OMe
4,4'-bis(methoxy)bipyridine 10 mol% =S
= 3-OMe

Ph—Br + Ar—Br
Nal 25 mol%, pyridine 10 mol%

1.5 equiv each Zn 2 equiv, DMPU, 60 °C /\) 3-CO,Et

Br(CH,);CO,Et 1 equiv “AClR
4-C(O)Me

1

K. =1.2356(-), R2=0.9259
K. =1.635 , R2=0.9531

0.8

0.6]

0.4

log(krel)
log(krel)

slop for Ni-mediated
oxidative addition of aryl
" | halides: 4.4-8.8

| | n
024+—4~L -0.2
04 02 0 02 04 06 08 1

0.2

—_—
-0.3-02-01 0 0.1 0.2 0.3 04 0.5 0.6
Sigma (-) Sigma

Oxidative addition is not turnover-frequency limiting.

Everson, D. A.; Jones, B. A.; Weix, D. J. J. Am. Chem. Soc., 2012, 134, 6146




Turnover-frequency limiting step

5 Nilo'xH>O 10 mol%
r 4,4'-bis(methoxy)bipyridine 10 mol% QC H
= g1
¥ Nal 25 mol%, pyridine 10 mol% : :

CgHy7—Br Zn 2 equiv, DMPU, 60 °C kt = —lna = —In(1-f)

standard conditions(z) 4 equiv Zn(2) 1 equiv benzene(e®)
2xPhBr(+) 2xAlkylBr(0)  2x[Ni/ligand/py](<)
1
n.g_f
0.8-
0.7 1
0.6
:.,':I" ]
0.5
0.4 ©
| O
0.3- B
0.2 o o ®
L

L] ]
+ E
E + + * 0.1- g + -
"1' [T U | I TTT [ G_!' tepht | T T
20 40 60 80 100 120140 160 180 0 10 20 30 40 50 60 70 80
Time (min) Time (min)
a.Reaction with unactivated zinc b.Reaction with activated zinc

Everson, D. A.; Jones, B. A.; Weix, D. J. J. Am. Chem. Soc., 2012, 134, 6146



Turnover-frequency limiting step

standard conditions(o) 4 equiv Zn(2A) 1 equiv benzene(e®)
2xPhBr(+) 2xAlkyIBr(0)  2x[Ni/ligand/py](<)

.
0.9-
0.8
0.7 ]
0.6

r-.,l_" ]

T 0.5

o
o

" 0.4-
0.3 g
5 0.2+ o 3 .
+ A4

B . + 0.1 g + T

"1' [T i i T I ﬂ#' L LR ' '
0 20 40 60 80 100 120140 160 180 0 10 20 30 40 50 60 70 80
Time (min) Time (min)

r

)

a.Reaction with unactivated zinc b.Reaction with activated zinc

The rate of product formation is proportional to
[bromoalkane]X[Ni]¥/[bromoarene]?

Everson, D. A.; Jones, B. A.; Weix, D. J. J. Am. Chem. Soc., 2012, 134, 6146




Initial work

Nil,"xH,O 10 mol%

X1 CAkyD
L1 5 mol%, L2 5 mol%
+ AR v S
@ pyridine 10 mol% FG

Mn 2 equiv, DMPU, 80 °C

1 equiv 1 equiv

16 examples,
X=Brorl 38-88% yield

ave (X
\
Ll / PPh,
L2
L1

Modification

Ni(COD), 10 mol%

4 4'-di-tert-butyl-2,2'-bipyridine 5 mol%
- Gl o - GHDA

pyridine 10 mol%
Mn 2 equiv, DMF, 60 °C

Everson, D. A.; Shrestha, R.; Weix, D. J. J. Am. Chem. Soc., 2010, 132, 920
Biswas, S.: Weix, D. J. J. Am. Chem. Soc., 2012, 134, 6146




To rule out the disproportional mechanism :

Ni(COD),, L, py

Ph—CgHiz + Ph—Ph + CgHi7—CgHy7
Mn, DMPU, 60 °C
CgHq7—I

“The rate of Ph-Ph formation
has a second-order dependence on
nickel concentration”, shown by
Osakada and Yamamoto.

e
o
k=
2
©
o

L1 1 L1 1 1 1 1

60 80
Catalyst Concentration (mM)

Me
Me
- CLL - OO
Me

1 equiv 1 equiv ratio = 1 - 36

Biswas, S.: Weix, D. J. J. Am. Chem. Soc., 2012, 134, 6146




Sequence of oxidative addition:

Selectivity in oxidative addition to Ni°

e
(L)NI CsH17| 10 GQUiV CSH17 1
- + (LNl
~ DMF-d, 60 °C, 4 h -

'Pr

isolated quantitative, 99% cross-selective

./ 2-cumyl iodide 2 equiv CqH
(L)NI:© CeHil 2equiv 8 17:@
ipr DMF, 60 °C, 40 min 'Pr
isolated 56% yield, 99% cross-selective

X Phl 1 equiv
L)Ni > CgHy7—CgHyz + CgHyz—Ph
(L) “CeHy DMF. 60 °C gH17=CgH17 gH17

14

generated in situ X=l
X = CgH17 270

Biswas, S.: Weix, D. J. J. Am. Chem. Soc., 2012, 134, 6146




Sequence of oxidative addition:

Radical clock experiments

stoichiometric or

catalytic reaction
V/\ Br - V/\Ar + Ar/\/\

unrearranged rearranged

stoichiometric reaction with (L)Ni'(2-tol)l ND 56% yield
standard catalytic reaction with Phl ND 35% yield

standard catalytic Ph
)\/COZEt condition with Phi _ )\/COZEt

(R), 98% ee 10% yield, racemic
remaining material is 98% ee

Biswas, S.: Weix, D. J. J. Am. Chem. Soc., 2012, 134, 6146




Mechanism C : Sequential oxidative

Ni'/Ni'! catalytic cycle

1 CH2R

(NANi”‘\\\\l
N” " Ph | ¥+

{ .
CH,R ’ Mnl;

Na .
<NA,1”|||4| ( *Ni'—Ph
N ~Ph N

\.{RCHZI

Mechanism D : Radical chain

PhCH,R

Biswas, S.: Weix, D. J. J. Am. Chem. Soc., 2012, 134, 6146




Product ratio on nickel concentration:

12550 mM (LNil, S >"pp
12.5-50 mM py

TMSCI 0.04 equiv

Mn 2 equiv Ph
DMF, 60 °C, 6-25 min

[
L

+

1 | 1 l 1
5 10 15 20 25 30 35 40 45 50 55
Concentration of Catalyst (mM)

Biswas, S.; Weix, D. J. J. Am. Chem. Soc., 2012, 134, 6146




Radical chain mechanism

® Proportional to A

[bromoalkane]*[Ni]¥/[bromoarene]? (E‘Nlt |

f radical chain mechanlsm NuL'Ph

® Phl oxidative addition first

'CH2R A
RCHb|

® Alkyl iodide transferred to alkyl radical

product -formation

® Unrearranged/rearranged ratio (high[RY) Initiation(low[R)

. . CHZR |
dependent on nickel concentration (o= wel || (Naiugl + CHAR

(v NI‘Ph ne N =pn
A\ FheriR

Phl

Phl

Biswas, S.; Weix, D. J. J. Am. Chem. Soc., 2012, 134, 6146




Summary

C..-C without reduction of intermediate

sp3~ ~carbonyl’

INi] R*-[Ni]-!

R1—|

> R™-[Ni]-|

C -Cnar C.naC

carbonyl~Cspar Cspa-Cepas reduction of intermediate

R2—|

R1_| [Ni] - R1_[NI]_|

C.,,-C

sp2-Csp reduction of intermediate

R1_| [Nl] - R']_[NI]_I
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