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Mechanism of the Alkyl-Alkyl Cross-

Coupling
R'I/\\/’X
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MC coupling elimination X—-M-—-H
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Frisch, A. C. ; Beller, M. Angew. Chem. Int. Ed. 2005, 44, 674.



Cross-Couplings of Unactivated Secondary
Alkyl Halides

4% Ni(cod)p

Me 8% s-Bu-Pybox Me
w Br BriZn— n(?nyl DMA Me>7/7—nonyl
1.6 equiv r.t.,20h
"standard" conditions i X
entry change from the standard conditions vyield (%)a S,l N7 |3
N N

1 none 91 1 i’?1
2 no Ni(cod), <5 R
3 NiBr, 44 R’-Pybox
4 Pd(OAc), or sz(dba)3 <5
5 £Bu-Pybox <5
6 /-Pr-Pybox 71
7 Ph-Pybox 80
8 Indanyl-Pybox 42
9 PPh, <5 | ~
10 P(#Bu), <5 — o
11 P(#Bu)z;Me <5 |
12 PCy(1-pyrrolidinyl), <5 N
13 1,3-bis(1-adamantyl)imidazol-2-ylidene <5 ,"'H H
14 4% s-Bu-Pybox 62
15 no s-Bu-Pybox <5 Indanyl-Pybox
16 2% Ni(cod),, 4% s-Bu-Pybox 80
17 1.2 equiv BrZn—-nonyl 70

?Yield according to GC, versus a calibrated internal standard
(average of two runs).

Zhou, J.: Fu, G. C. J. Am. Chem. Soc. 2003, 125, 14726.



Secondary Alkyl Bromides and lodides

entry  RagyrX YZmrRiky  yield (%)

e
1 TsNC>—Br /\JI\ 66
1Zn Me
2 (}Br Bzn~ " “OPh 62

5 &| 78
BZn” 1, “NER,

Zhou, J.: Fu, G. C. J. Am. Chem. Soc. 2003, 125, 14726.



Primary Alkyl Bromides and lodides

)

1 %ﬁr BrZn ~~""Ph 65

N SRS
P BiZni o

|
Me Me
3 v | BrZm™ >>""Ph 73

Zhou, J.: Fu, G. C. J. Am. Chem. Soc. 2003, 125, 14726.



Negishi Cross-Couplings of Racemic
Secondary a-Bromo Amides

10% NiCl,eglyme

(@] @)
1 13% (R)-(i-Pr)-Pybox
Bn. R R—ZnX -  Bn. R
N DMI/THF, 0 °C N
Ph Br Ph R
racemic high ee,
good yield
i-Pr i-Pr
(R)-(i-Pr)-Pybox
CHs CH;
O\ fCl N
<—CI}}]I‘GI Nickel(11) chloride ethylene glycol [N)%O DMI =1,3-dimethyl-
\CH3 dimethyl ether complex (|3H3 -2-imidazolidinone

Fischer, C.; Fu, G. C. J. Am. Chem. Soc. 2005, 127, 4594.



Optimization

4% Ni(cod)

0
8% (S)-(s-Bu)-Pybox
Et\NJ\rMe Hex—zngr o (SHEBUBYbOX J\/Me

MeCONMez
Et Br 1.6 equiv r.t. Et Hex
racemic 19% ee
5% yield
o 4% Ni(cod)2
8% (S)-(s-Bu)-Pybox
BmN Et Hex—ZnBr ~  Bm~ J\/Et
| MeCONMe,
Ph Br 1.6 equiv r.t. Ph Hex
racemic 91% ee
23% yield
10% NiClzeglyme
13% (R)-(i-Pr)-Pybox
Hex—ZnBr - Bn, Et
DMI/THF (7:1) N
I4’h r 1.3 equiv 0°C Ig’h Hex
racemic 95% ee
90% yield

At room temperature, the product is generated in 91% ee.
At -20 °C, the cross-coupling process is slow.

Fischer, C.;: Fu, G. C. J. Am. Chem. Soc. 2005, 127, 4594.



entry R R-znX yield (%)2  ee (%)

1 Et Hex—ZnBr 90 96
2 Et MeZnl 90 91
3 Et P~ >">ZnBr 84 96
b ZnBr
4 Et 58 92
5 n-Bu Hex—ZnBr 85 96
6 n-Bu  PH~ >""ZnBr 79 96
7 i-Bu MeZnl 78 87
Me
8 Bt ANo~_ZBr 78 95
9 Et Ph. O, .ZnBr 77 96
h\/ m
0
10° Me g)\/\/ZnBr 66 (60) 77 (>98)
ZnBr

11 Et N—/ 51 96

)4

O
12 Et NC\&’TZFB" 70 93
5




Notes

(a) The yield of the reaction is sensitive to the steric demand of the coupling
partners. Thus, they have not been able to efficiently crosscouple a
secondary organozinc reagent or an a-isopropyl-a-bromo amide.

(b) Under the standard conditions, benzylzinc reagents are not suitable
Substrates.

(c) For the cross-coupling illustrated in entry 1 of Table 1, when the reaction
IS run on a 10 mmol scale, they obtain the product in 88% yield (3.0 g) and
95% ee.

(d) The process is not highly sensitive to oxygen or moisture; when they
conduct a coupling under air in a closed vial with 1.6 equiv of the
organozinc reagent, they obtain essentially identical yield and ee.

(e) Under identical conditions, a-bromoesters furnish lower yield and lower
enantiomeric excess.

Fischer, C.; Fu, G. C. J. Am. Chem. Soc. 2005, 127, 4594.



Control Experiments and Transformation

1.3 equiv HexZnBr
10% NiCloeglyme

Q 13% (R)-(i-Pr)-Pybox Q
Bn. Et R—Br - B Et R—Hex
N DMUTHF (7:1) N
Ph Br 0°C Ph Hex
R = n-octyl or cyclooctyl 95-96% ee  <2% yield
86-88% yield

10% NiCl 2.glyme

13% (R)-(i-Pr)-Pybox recovered
Br.y Et Hex—ZnBr - starting material:

DMI/THF (7:1)

| racemic
Ph Br 0.8 equiv 0°C
racemic
LiAIH, Et
B j\/Et HO™ Y~
R Et2O/THF Frox
Ph Hex r.t. o
% 96% ee
96% ee 89% yield

Fischer, C.; Fu, G. C. J. Am. Chem. Soc. 2005, 127, 4594.



Negishi Cross-Couplings of Racemic
Secondary Benzylic Halides

X 10% NiBr, - diglyme R
N 13% (S)-(i-Pr)-Pybox X
R Bizn—R! o0 (SEPIRY0OX o
= DMA, 0 °C =
racemic 1.6 equiv X
_ |
X = Br, CI o- > o
S’N N\.)
i-Pr i-Pr

(S)-(i-Pr)-Pybox

ch:o””““v’O“»/”“‘“O(:H3

Diglyme
Diethylene glycol dimethyl ether DMA = N,N-dimethylacetamide

Arp, F. O.; Fu, G. C. J. Am. Chem. Soc. 2005, 127, 10482.



Optimization

Br O/\ 10% nickel complex O

/@S /_)'0 13% (S)-(-Pr)-Pybox
Cl BrZn 0°C

racemic  1.3-1.6 equiv Cl
NiBrsediglyme, DMA 91% ee, 82% yield
NiCloglyme, DMI/THF 87% ee, 72% yield

Arp, F. O.; Fu, G. C. J. Am. Chem. Soc. 2005, 127, 10482.



entry R-X R'-ZnBr yield (%) ee (%)

Br
Me
1 BrZn-Hex 89 96
Br O”>
2 82 91
@ Bz ™~0
Cl
3 Br Brzn” ~~""CN 64 91
4 @ Brzn” {4, CI 69 94
Br

5 /E:b Bizn” {4l 47 o1
NC

6 BrZn-Bu 72 98

BrZn
70 Br /\O 39 96

‘o i
gb 41 99
Brzn” ) N
0

Br
9 Brzn” " ph 76 98
Br
10 /O/LMe Brzn~ > “0OBn 63 75
Me




Secondary Benzylic Chlorides

cl 10% NiBr, - diglyme
13% (S)-(/-Pr)-Pybox
Brzn” " CN (S)-( .
DMA, 0 °C
racemic 1.6 equiv
Cl 10% NiBr, - diglyme
MeO . :
OMe 13% (S)-(i-Pr)-Pybox
BrZz .
I n/\/\g/ DMA, e
racemic 1.6 equiv

CN

91% ee, 56% yield
OMe

MeO

93% ee, 61% yield

Arp, F. O.; Fu, G. C. J. Am. Chem. Soc. 2005, 127, 10482.



Application

Br 10% NiBr,+diglyme Et
13% (R)-(i-Pr)-Pyb "
Et—ZnBr  (R)-(-P)-Py OX...
DMA, 0 °C
1.6 equiv
R Et ©
racemic 3 : 92% ee
56% yield

(R)-3-ethylindanone

LG 121071

LG 121071: the first orally active,
nonsteroidal androgen receptor agonist

Arp, F. O.; Fu, G. C. J. Am. Chem. Soc. 2005, 127, 10482.



Application

trans-trikentrin A:

R' = Et; R2=H
iso-trans-trikentrin B:

R' = H; R?=(E)-but-1-enyl

R2 Me

Br Me
MeZnl (1.6 equiv)

10% NiBrydiglyme

o 13% (S)-(i-Pr)-Pybox O
racemic DMA, -15°C 90% ee
(20 mmol) 67% yield

1) NaBH,4 (97%)
2) PBr3 (95%)
Me Me
@:& MeZnl (1.6 equiv)
/ 10% NiBr,+diglyme
R/Ie 13% (S)-(/-Pr)-Pybox Br
94% ee DMA, -15°C ~2:1 trans:cis

85% yield A
>30:1 trans:cis

trans-trikentrin A
Iso-trans-trikentrin B

isolated from the marine sponge
Trikentrion flabelliforme and
exhibit antibacterial activity.

Arp, F. O.; Fu, G. C. J. Am. Chem. Soc. 2005, 127, 10482.



Negishi Cross-Couplings of Racemic
Secondary Allylic Chlorides

Cl 5.0% NiCl,-glyme R

0, - -
R1/%H\R3 o 5:5% (SyBnCHzPybox R1/§)\R3
4.0 equiv NaCl

R? 1.2 equi R?
AUV DMADMF (1:1), —10 °C

racemic
| X
/
7D
N N /
Bn Bn/
(S)-BnCH>-Pybox
Cl 10% nickel complex n-Hex
13% (S)-(i-Pr)-Pybox
Me/\)\Me n-Hex—ZnBr (SHEPO-Pybox | Me/\)\Me

e}
racemic 0°C

NiClo-glyme, DMI/THF: 64% ee, 94% yield
NiBr,-diglyme, DMA: 66% ee, 72% yield

Son, S.; Fu,G. C. J. Am. Chem. Soc. 2008, 130, 2756.



Substrate Scope

entry allylic chloride R—ZnBr ee (%) yield (%)2
Cl
1 R1/\)\R1 n-Hex—ZnBr 87 95b
R'=Me

o)
2 Me (o\ /]\/\ZHBF 90 93

30 n-Pr (O/\Z"Br 85 81

4 n-Pr CI” N, SznBr 79 81

5 Pr TBSO/\/\ ZnBr 69 57

6 Me/\[)\ QTZnBr 08 54

Son, S.; Fu,G. C. J. Am. Chem. Soc. 2008, 130, 2756.



Substrate Scope

entry allylic chloride R—-ZnBr ee (%) vyield (%)?
Cl
1b.c R1/\‘)\Me P "znBr 83 97
R1 = n-Bu
0
oc i-Pr [ 84 95
O ZnBr
3¢ t-Bu MeO,C~ " znBr 81 85
M
4 CO,Et TNAznBr 96 86
Me
5 CONEt, Et—ZnBr 91 57
6 CON(OMe)Me TBSO” " “znBr 93 91
7 PO(OE), n-Hex—2ZnBr 90 63

Son, S.; Fu,G. C. J. Am. Chem. Soc. 2008, 130, 2756.



Application

Me Me
PN
WOH g Lfo
— nans
Et © Me Et H 1
NH NHCbz

fluvirucinine A, U

Me BrZn

[ j\ro

EtO,C 0
2 Cl

=

CO,Et

Son, S.; Fu,G. C. J. Am. Chem. Soc. 2008, 130, 2756.



Application

Me
Me BrZn 5% Ni*
eq 1
"I P LR B
| \) 93% EtO,C

EtO,C 0] OJ

racemic . o
>20:1 regioselectivity

2 96% ee
: 1) Hy, Pd/C; LiAIH,
Zn, |2,
Cl 89%
Me
0 Et |
Et
Et OJ racemic €O

| - 0

CO,Et 5 82% Br o\)
>20:1 regioselectivity 4
>08% ee, 15:1 dr Me
1) H,, Pd/C; LiAIH, =
58% | 2) Q. O , thenHCI ©
— S + v

CbzN""~NEt, = H
1 NHCbz

Son, S.; Fu,G. C. J. Am. Chem. Soc. 2008, 130, 2756.



Hiyama Cross-Couplings of Racemic
a-Bromo Esters

0 10% NiCl,+glyme O
12% (S,S)1 alkyl
ijk(a"(yl R—Si(OMe)s e O, R1O)k|/ ’
_ 2.0 equiv TBAT R
Br 1.3 equiv dioxane, r.t.
racemic R = aryl, alkenyl
Ph Ph
R'OH = BHT = 2,6-di-t-butyl-4-methylphenol N
TBAT = [F,SiPhs]” [NBu,J* MeHN NHMe
(S,S)1
10% NiCl,-glyme
o 15% norephedrine @] OH
12% LIHMDS, 8% H,0 kyl CH
N e S W 3
3.8 equiv CsF Ar NH,
Br DMA, 60 °C .
racemic <5% ee

X = alkyl, OR, NR, L-(—)-Norephedrine

Dai, X.; Strotman, N. A.; Fu, G. C. J. Am. Chem. Soc. 2008, 130, 3302.



Optimization

O 10% NiCl,-glyme 9]
0 -
R10Jﬁ/ Bt ph—si(OMe)s 2% (§,3) L R1OJ\|/ =
2.0 equiv TBAT
Br 1.3 equiv dioxane, r.t. Ph
racemic ’
"standard" conditions
R1 = 2 6-di-t-butyl-4-methylphenyl
entry variation from the “standard" conditions ee (%) vield (%)

1 none 99 80
2 (-)—norephedrine, instead of (S,S)-1 — 9
3 CsF, instead of TBAT - <2
4 TBAF, instead of TBAT — <2
5 PhSiF3, instead of PhSi(OMe); 98 60
6 Ry =Et 23 92
7 Ry =tBu 33 85
8 Ry = 2,4,6-trimethylphenyl 13 78
9 R, = 2,6-diisopropylphenyl 73 75

10 R, = 2,6-di-t-butyl-4-methoxyphenyl 95 82

11 5% NiCl,*glyme, 6% (S,S)-1, instead of 10%/12% 98 70

Dai, X.; Strotman, N. A.; Fu, G. C. J. Am. Chem. Soc. 2008, 130, 3302.



10% NiCl,+ glyme 0

o)
12% (S,S)-1 Ikyl
1 alkyl PhSi(OMe)s A0 R1O)k|/ a
RO | 2.0 equiv TBAT Ph
Br 1.3 equiv dioxane, r.t.
racemic

R'OH = BHT = 2,6-di-t-butyl-4-methylphenol

entry alkyl ee (%) vyield (%)
1 Me 89 84
2 Et 99 80
3 Bu 92 76
4 i-Bu 93 64
5b i-Pr 75 72
o)
6 92 80
}"'-/\)LOMe
7 a~_OMe 99 68
8 AN\ 80 78
9 %\O 84 72
10 W~ Br 86 70

Dai, X.; Strotman, N. A.; Fu, G. C. J. Am. Chem. Soc. 2008, 130, 3302.



Arylations of a-Bromo Esters

10% NiCl,+ glyme 0
0 | 12% (S,5)-1 Et
4 Et ArSi(OMe); » R'0
R'O _ 2.0 equiv TBAT Ar
Br 1.3 equiv dioxane, r.t.
racemic

R'OH = BHT = 2,6-di-t-butyl-4-methylphenol

entry Ar ee (%) yield (%)

L 5 89 4 (@) (4-CF,;)CgH,Si(OMe), furnished

racemic product

2 ‘§@Me 92 76 (b) a reaction with (1-naphthy!)Si(OMe),
was unsuccessful;
(c) (4-F)CzH,Si(OMe); underwent cross-
- 7 64 074 .
’ EOOMG ° coupling in moderate yield (44%) and

ee (63%).
4 —§©—\ 94 72
cl

Dai, X.; Strotman, N. A.; Fu, G. C. J. Am. Chem. Soc. 2008, 130, 3302.



Alkenylations of a-Bromo Esters

10% NiCl>+ glyme @)
O _ 12% (S,S)-1 alkyl
. alkyl RSi(OMe); - R'0
R'O ~ 2.0equiv TBAT R
Br 1.3 equiv dioxane, r.t.
racemic

R'OH = BHT = 2,6-di-t-butyl-4-methylphenol

entry alkyl R ee (%) yield (%)

1 nBu _§// 93 66

Ph

2 nBu _é_//_ 92 72
B

3 Et _g_//_ T g 70

Dai, X.; Strotman, N. A.; Fu, G. C. J. Am. Chem. Soc. 2008, 130, 3302.



Transformations

O LiAIH,,
1 Et >
RO

Ph
99% ee

R' = 2,6-di-t-butyl-4-methylphenyl

)

- CAN -
ol

Ph
95% ee

Dai, X.; Strotman, N. A.; Fu, G. C. J. Am.

HO/\I/ Bt

Ph
92% yield
99% ee

O

Et
HOJ\r

Ph
86% yield
95% ee

Chem. Soc. 2008, 130, 3302.



Suzuki Cross-Couplings of Unactivated
Homobenzylic Halides

10% Ni(cod),
12% (R,R)-1

alkyl
alkyl (9-BBN)—alky! =~ Ar
Ar /\/ ’ Y T2 KorBu Y

1
1.5 equiv 2.0 -BUOH alkyl

racemic i-ProQ, 5 °C orr.t.

FaC CF,
9-BBN = - @

MeHN NHMe

(R,R)-1
6% NiCl,-glyme
8% (R,A)-2 Me
Me (9-BBN)” ™ “Ph Ph
PR Y 1.2 KOt-Bu
Br 2.0 i-BuOH Ph
racemic dioxane, r.t. 58% ee

78% yieid

MeHN  NHMe
(R.R)-2

Saito, B.; Fu, G. C. J. Am. Chem. Soc. 2008; ASAP Article; DOI: 10.1021/ja8013677



10% Ni(cod)s
12% (R, R)-1

M
PR Y Me (9-BBN)” " Ph 1.2 KOt-Bu Ph/(j\
Br 1.5 equiv 2.0 -BuOH Ph

racemic i-Pr,0, 5 °C
"standard” conditions

entry variation from the standard conditions ee (%) vyield (%)
I none 89 85
2 no (RR)-1 — <2
3  (R,R)-3, instead of (R,R)-1 85 76
4 (R,R)-4, instead of (R,R)-1 88 66
5 (R,R)-5, instead of (R,R)-1 —6 46
6 (S5,9)-6, instead of (R,R)-1 —80 72
7 rt, instead of 5 °C 87 76
8 dioxane at rt, instead of i-Pr,O at 5 °C 60 32
9 5% Ni(cod), and 6% (R,R)-1, instead of 10%/12% 89 70
Ar Ar Me Me
MeHN  NHMe Me O Q Me
Ar=Ph: (R,R)-3 4
= 4-(trifluoromethyl)phenyl: (R, A)-4 MeHN ZNHMe
= mesityl: (R,R)-5 (S.5)-6

Saito, B.; Fu, G. C. J. Am. Chem. Soc. 2008; ASAP Article; DOI: 10.1021/ja8013677



Substrate Scope

10% Ni(cod);

12% (R.R)-1
A alkyl (9-BBN)” ""pn C(RRA alkyl
r/Y 1.2 KOt-Bu .

Br 1.5 equiv 2.0 -BuOH
racemic -Pr,0, 5 °C
entry Ar alkyl ee (%) yield (%)@
1 Ph Me 90 78 Br
2 Ph n-Bu a4 84 @O/
3 Ph CHoCH,Ph 90 68
4 Ph iPr 88 74 7
5% ee

Me 90 84

6 —5@05 Me 70 82 Br

Me Ph/\/]\ Me

7 ‘E@ Me 86 86 8
14% ee

n
|
O
<
®

Saito, B.; Fu, G. C. J. Am. Chem. Soc. 2008; ASAP Article; DOI: 10.1021/ja8013677



Substrate Scope

10% Ni(cod),

alkyl (9-BBN)—alkyl’ i i L B alkyl

Ar /\( 1.2 KOt+Bu i

1.5 equiv 2.0 iBUOH -

racemic -Pr;0
entry Ar alkyl alky!’ ee (%) vield (%)2

16 Ph Me FN 80 68
oc Ph Me 5¢_~_OTBS 78 68
3¢ Ph n-Bu ¥ _~_-0TBS 82 64
40 Ph CH,0Bn n-Hex 40 69

5¢ (\ /f‘»; Me @ _~_OTBS 66 62

0 11.,: OMe
6 ( :@ Et \/\/@: 85 74
}‘ﬁ OMe

Saito, B.; Fu, G. C. J. Am. Chem. Soc. 2008; ASAP Article; DOI: 10.1021/ja8013677



Conclusions

Neigishi Cross-Couplings (a-bromo amide;
benzylic bromides and chlorides; allylic chlorides)

Hiyama Cross-Couplings (a-bromo ester)
Suzuki Cross-Couplings

Other Cross-Couplings......
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