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General introduction of Nickel

B e N SY  Important event of Nickel:
WG . ) )
S T h Pd A * Nickel was isolated in 1751
| " o 7a. +In 1890s, Mond synthesized Ni(CO),
« Sabatier performed the first hydrogenation
of ethylene using Nickel in1912
» Wilke Synthesized Ni(cod),

Two major Nickel catalysts:

Advantage of Nickel: HD
Ni: $ 1.2/mmol =
Pd: $ 1500/mmol \*Nl_/
/N

W4

Ni(cod), Ni(acac),




Nickel catalyzed coupling reactions

A

> R _—
R™SCH, ©/\/ Heck (1972) %
R-MgBr R
- Kumada (1972)
R
~ c*
R-C=CH
- ©/ Sonogashira (1975)
Cr
+ Nij° B R -
R—znX - ©/ Negishi (1977) %%
X = I, Br, Cl, OTf .
R-SnR
s, ©/ Stille (1978)
R _
. \
BOR), _ @ Suzuki (1979) %%
R
R-SiR
SiR; - @ Hiyama(1988)
Nickel VS Palladium

Smaller atomic radius

Less electronegative
Harder

Facile oxidative addition
Facile B-migratory insertion

Larger atomic radius

More electronegative
Softer

Facile reductive elimination
Facile B-hydride elimination



General introduction of reductive coupling
McMurry type coupling:

Coupling of two carbonyl-type species to form pinacol type products

Example: McMurry coupling in Nicolau's synthesis of taxol

TiCl; (DME)4 s,

—_—
/n-Cu, DME
70°C, 23%

Nicolaou Nature 1994, 367, 630

Nickel catalyzed reductive coupling

o HsC
R R [Ni(cod)] /L MO L,Ni
| Z — R?
ZnEt, o /
L= solveni/ l L = PR,

0 Et o H

)R Vs
R’ R’

Montgomery, J. Angew. Chem. Int. Ed. 2004, 43, 3890 — 3908,
Young, I, S. Baran group meeting 3/11/2009



Possible mechanism for reductive coupling

Ni®
_ M—A D—R
-+ = + - : /
A=B C=D + M-R 8-

a) Oxidative Cyclization of Two m Components b) Oxidative Addition to Reducing Agent

M

_ _ N L}fL N MR N Ni’M “L. LN

A=B * C=D —— AN\ p A D ? R C-D

B C B G s
1
L _ M
MR M-A D-Ni-L M—A D-R ATB _ LN c-D M—A DR
B-C g o A-B R B-C
2 3 3

c) Oxidative Addition to One n Component

NTRE V| LNi—X  ¢=D M C-D

= ! \ / A
A=B + MX A—B A=B L,Ni—X
6
MR M CD M—A D-R
3 A-B L,Ni—R B—C
MX 3

(M'X = Lewis acid)



Couplings of Alkenes with Alkynes

\

O R
1 Ph
)Hl\/\// Ph { A (R = Me, 82 %)
B(R=H, 92 %)
R
RoZn / RZnCl 0
l H _ X / H
Z Ni(COD)y, 5 mol % 5 2
X = electron- A

A (R = CHg, 72 %)

B (R = H,Bu, <15 % each)
withdrawing group 3
‘ Et,Zn H
X / H 0
Ni(CO‘D)Q, 5 mol % HaCO
PPhs, 20 mol % 3 | Z HsC A (R = Me, 15-20 %)
B 5
O O
(MeO,C), —
4 Hyco OCH, A (R = CHg, 74 %)

B (R=H, 83 %)

Montgomery, J. J. Am. Chem.Soc. 1997, 119, 4911



Couplings of Alkenes with Alkynes

0 R’ O‘Ni/-I——L
1 2 [Ni(cod),] /L / —
R ‘ 4 R 2= y/, R2
ZnEt2
| - _
H3C>
MO L,Ni
— R2
R 4
u 10 _
L = solveni/ l L =PR,
0 Et 0 H
R 2
1 / / R
R R

Montgomery, J. J. Am. Chem.Soc. 1997, 119, 4911



Intermolecular reductive coupling

' Ph
O SiMe, Ph [Ni(acachVDIBAL-H O
(10 mol %, 1:1) H
| | ‘ ‘ - H3C
I CH, *+ + . )
b S, TMSCI (11 equiv) i,
11 (71 %)
[Ni(acac),)/DIBAL-H Ph
2 10
O Bu Ph (10 mol %, 1:1) I
o :
pyridine (20 mol %) =
H SHMEH TMSCI (.1 1 eqUiV)
| 12 (71 %)
9 Ph 5
@ + | | + BuLi/ ZnCl, [Ni{cod),] _ ﬁj\/‘iu
" ~ Ph
13 (65 %)

Sato, Y. J. Am. Chem.Soc. 1994, 116, 5975



Proposed mechanism for enone-alkyne coupling

R! H Ni{acac)

+ BuaanI DIBALH
O

Me,sm "Ni" '\VK + Me;SiCl
SnBuj

CiNi /,_h_,osma
Ni

. \
Me;sSiO
- ‘ \

R'——H
2

Sato, Y. J. Am. Chem.Soc. 1994, 116, 5975



Asymmetric intermolecular reductive coupling

O O
Et [Ni(acac),], TMSCI Me

+E % + ZI’]MEz o - . ’%_L
t " Et
HC—4 j
N—

’ Et
Bu 78 % (81 % ee)

O
? /Sm/le3 [Ni(acac),], TMSCI "
+ ZnMe, e
,,,,, A
3C_<\ j SlMGs

“1Bu 51 % (66 % ee)

ey
o o)
/"‘\
§ 7
R 12a
,}Megsici
OSiMBS

w7 ) Ni-X

TN R
WH
4a

Sato, Y. J. Org. Chem. 1996, 61, 8248



Coupling of allyl halides or acetates

SiMe,
WC' +%/Q + %
Bu;Sn Br

H Br
[Ni{acac),]
e ——— /,/// ~3
DIBAL-H Me,Si P
14 (83 %)
R2 H Ni(acac)z
— Fl1 1
/ + BusSnCl D'BALH H
R 6
R¥—==—S5nBuj
5
RZ H 1 R!
— R
CI—NH—\& )'T\
8 Ni_
Ct
2
R2——=—H

Sato, Y. J. Org. Chem. 1994, 59, 6877



Mechanism study

| Bh [Ni{cod)]

OTMS

~" CH,4

22



Construction of the framework of iIsogeissoschizine

oTIPS Me,Zn
[Ni(cod),]
(10 mol %)
86 H
N A0 A1
m’rmm
TIPSO H H H O
D )
N
0=(\Oj 88 OCH,
(84 %, 95:5dr.) (+)-deformyl-iscgeissoschizine

Montgomery, J. Org. Lett. 2002, 4, 615



Coupling of Two Alkenes

0 Q Ph

d/// [Ni(cod),] H
+ PhLi/ZnCl, ——— =, /
5 mol %
U n-BusZn / n-BuZnCl
Ni(COD),, 3 mol %

S 4a R =Ph (60-90 %)
ab R =Me (17 %) 5b R=Me (54 %)
O O COR
Ph,Zn / PhZnCl ,
A7 R 2 | Ph, ~"“COR
Ni(COD),, 3 mol %
1a R=Ph 2a R = Ph (65 %)
1b R =Me 2b R = Me (58 %)

O
Phu ZnRQ / RanI_ Ph |
Ni(COD), R
9a R = n-Bu (75 %)

9b R =Ph (68 %)
Montgomery, J. J. Org. Chem. 1996, 61, 1562



R°ZnCl|
Ni(COD);

Montgomery, J. J. Org. Chem. 1996, 61, 1562

Coupling of Two Alkenes

ZnPh,

£ZnBus

2a R = Ph (65 %)
2b R = Me (58 %)

14

4a R =Ph (60-90 %
4b R =Me (17 %)

QZnPh 0
R |
Ph
- 12
BuzZnO /(0
B! R'
L
15




Intermolecular coupling of an electron-deficient
olefin with a strained olefin

O
Phw ZnRz/F{ZnCI )i/\)
NI(COD)2
8 9a R = n-Bu (75 %)
9b R =Ph (68 %)

O TMS
6 . %TMS TMSCI Z 0
BuzSn [Ni(acac)zf |
DIBAL-H H
+ ib </j\>_<\o:|w/ 76 %
=N N

Ikeda, S. J. Org. Chem. 1996, 61, 1562



Coupling of two alkynes

H
o Mi(acac \
+ HSIi(OEt), (Ni(acac),] ~" "Si(OEt)
— DIBAL-H = -H
H 27 (70 %)
- H
o Ni 1
+ HSIi(OEt), [Nitacach,| = "Si(OEt)s
— By DIBAL-H N
= T
H
: H = s.x,-_,,
+  H-SiX,

s

Ni\‘ :”‘:I
I-.
;'_."/ rH X
R
H
2 3
\ = sax,/
Ni-H
/
==

Tamao, K. J. Am. Chem.Soc. 1989, 111, 6478



Coupling of Carbonyl Compounds with Alkynes

H,C
T H"ﬁ :
I / .
=
H N [Ni(cod),] N

I
Ts 38 (72 %)

H,C
/\ MeLi / Zn(?.l2 TMSO
J>(o\ . 4

CH;,
Ph -~
Ni{cod i
PH ppy [TMSC)IE] Sh O'SM“
39 (58 %)
B6' "3 - L
Ph H % [Ni(cod),] Ph CgHqs
40 (74 %)

Montgomery, J. J. Am. Chem. Soc. 1997, 119, 9065



Coupling of Carbonyl Compounds with Alkynes

j\ oh ZnMe, OH CH;
+
6113 -
_ =
Ph™ H / [Ni(cod),] Ph CeHi3
40 (74 %)
L, N
2__— 3 _ -
Rf—R LaNi(0) Q N'\/ large substituent
X %
+
1 H F{Q small substituent
R™H “—""(or tether chain)
A
i 3 \ .
L,Ni R | = PBU; R ZnR%, :
R4Zn0O / R*ZnO /\_Z(
R' H R® R?
L=THF
OH H OH R*
Hi/}\’%ﬁa R1MH3

(intramolecular variant only)
Montgomery, J. J. Am. Chem. Soc. 1997, 119, 9065



Regiocontrol in reductive coupling reactions

0 - | H  OSi(i-Pr)s Me_ H
P Me J\ Nicod)s, ligand - . :ﬂ
= . n-Hex
n-Pr BN n-Hex™  "H i-PrSiH, KOt-Bu n-Pr n-Hex n-Pr n]/
A Me .
T OSi(i-Pr)3
A E
E _ —— [—
® :7/N_N 87 : 13 H—\\§NI”G
: o : ~ _.r
Emal) - Me - Rs/\R —N
Ph Ph (L~ '?:Q
- \'-.. _
@ : }ﬁ : S N — = B
> S i T 6:94 Rs—s” =0
P R i SN $-1
-Pr -Pr R, R

Montgomery, J. J. Am. Chem. Soc. 2010, 132, 6304



Regiocontrol in reductive coupling reactions

n-Hex 7 Néﬁ?d )2 ) T | 1
additive . Me -
M“H + ME\[)I\ H = = . L oy \]/k Me
| .'3 ? A Me EtE'E.. EtOAc n-Hex Me 3 OH
A B
B
Additive A:B Comments R
MNone =85:5 Alkene stays bound, directs aldehyde to distal position (A) Z \
MiT
PBu; 50:50 Two phosphines bind, displacing alkene, aldehyde can displace either n-Hex 76 i
PCyps H:=85 Aldehvde displaces alkens ligand at proximal position (B) rather than phosphine - Key intermediate
type |
g s™—_ RCHO B
’_,..- s ...--""" "__..r" . .--"'"-‘
A NiZ_ A Ni ~_.0
Me L Me H \(
1 2 R
C-C bond
formation

E——— — regioisomer A




Regiocontrol in reductive coupling reactions

n-Hex

: H
_ n-Hex Ve Q E[;{SEgLE T, /\TJ
= = . + H - = 7 Me
!, t " A Me Et.B, EtOAC T Hex Me
A
B
type Il
f
B PCyps
AN N =
Me L
1
C-C bond
formation
—_—
type Hi S~
RCHO ‘ B
A_~Z_—Ni
AN
A
Me

regioisomer A + regiocisomer B

Montgomery, J. J. Am. Chem. Soc. 2008, 130, 469



Reductive coupling of alkynes and CO,

|1Zn - BnO = COEH
. /j//\/OB” [Ni(cod),] (1 equiv) CO,Et

DBU (2 equiv) 82 o,

Ni(0) R'-Zn}{
R—= +C0, —+ >l

x Vv
R . R
N \lf\f \(\cogzm{ HO" \|/\COZH
o N ozZnX
VI Vil Vil

Mori, M. Org. Lett. 2001, 3, 3345



Addition of Alkenyl zirconium complexes to
aldehydes and alkynes

HsC
0 Ts T HDZ—f;H
.
H)'\/N/ [Ni(cod),] N
Ts 38 (72 %)
0 R'
N NI(COD), O
H E— 2
4 ZnCl, N
+ CpClZr A~ o2 R’
5
2
entry R, R; yield, %
1 H CegHis 56
2 Me CeHia 50
3 Ph CgHia 68
4 Me Ph 66

Montgomery, J. Org. Lett. 2002, 4, 1743



Key step In the total synthesis of isodomoic acid G

HC

84 OTIPS

y°
7 Nf
W ZnCl p ' OTIPS |
0
[Ni(cod);] 9 —CH szcmw
{ N\ }LN _
0—& CH,

10 mol % CH
ka : ga
\ £
H3C O
COH 244 O
/
— = HOEC / CH3

HO,C™ N
H

isodomoic acid G

Montgomery, J. Org. Lett. 2003, 5, 3771



Using triethylsilane as the reductive agent

SiMe;
N /\ Et,SiH NN
SiMes, - .
[Ni(cod),] / PBus OSIEt,

H
93 % (98:2 dr)

Montgomery, J. J. Am. Chem. Soc. 1999, 121, 6098



Intermolecular coupling of imines with Alkynes

— 5% [Ni{cod)s] Me Me
Ph——--Me Z - -
Et HN H HN
-+ P(CC5H9‘)"3 )ﬁ/k &/‘k
Me.. 300% EL,E Ph =+ Ph Ph
/!_‘t o o Me Me
' MeCAc/MeOH
4" Ph X 1a 2a
50 °C
Product Yield [%6]")  1:24 Regio-
selectivitylel
Et  NHMe
b P " Sotel 85 94:6 90:10
Me
Et NHMe
lc Ph)\“l/l\p.mcﬁm 95 96:4 90:10
Me
Et NHMe
1d  Ph N N (pCOMe)CgH, 82 > 96:4 90:10
Me
Et  NHMe
Te  Ph” 7 (p-C(O)Me)CgHy 78 > 96:4 91:9
Me

Jamison, F. Angew. Chem. Int. Ed. 2003, 42, 1364



Intermolecular coupling of imines with Alkynes

isolated in identical ee

l \

"alkylative coupling” | PR, Me.. "reductive coupling”
Me, N N Me.
Et N-BEL " " HJkAr H N-BEL
- .
Ar /H/‘\Ar
Et:B
)ﬁ): ‘ 2 l 2
reductive P,Rj_ reductive
elimination Ni “y—Me elimination
Me A | CN-BEL
RsP OH Me iy A PRaMe
Bl Ar H-Ni N-
f*lll N—BEt, 1
2 X Ar
Ar _H

‘}-. L .PR3M3
MeOH Ni  N-BEt,  f-H elimination

= Ar

Jamison, F. Angew. Chem. Int. Ed. 2003, 42, 1364



Q

Couplings of Carbonyls with Dienes

OH R’

1 “_CH,
o) R® Ni catalyst R J\)\V
- R?
or

R1J1\H * %Y reducing agent >
2 CH R

H

R
RH\)YCHE
R2
o~ OMe  EtSiH (5 equiv) OTES
- 2 OMe
OBn [Ni(cad),] (10 mal %) m\/
PPh, (20 mol %) s, OB
45 (67 %)

DIBAL(acac) (1.5 equiv) OH

WDME
[Ni(cod),] (& mol %) OB

£

PPhs (10 mol %) s
46 (75 %)

Mori, M. J. Am. Chem. Soc. 2000, 122, 1264



Couplings of Carbonyls with Dienes

Et;Si
- _H
L NI\ . H

SiEt

50

Mori, M. J. Am. Chem. Soc. 2000, 122, 1264



Diene-CO, coupling

CQO; (1 atm)
Ni(cod), (1 equiv)

M -
Ph™ ™SS DbRU (2 equiv)

y 113 »y THF.0°C 4 hr Ni—O O—Ni
. uiv N - _
T equiv) le/H‘ﬂ/ 2a-T | 2a-l
b
CO,H " cop
NG, AU U2H
4a-T (40/60)  4a-l
O B ®) N
CO; (1 atm) reductive
@ Ni(cod), (1 6quiv) Q RaZn RZnO elimination
DBU (2 equiv) M N
1 THF, 0 °C, time 1 4
g 29 — s 8 \:

Ph

phﬂo * 022/\

h

Mori, M. J. Am. Chem. Soc. 2001, 123, 2895

COEZHR

+ Ni(0)
2 (R=Ph)
9 44%



Coupling of Alkenes or Carbonyl Compounds with

Allenes
CHR! R?
0 C Ni(cod HO —
9§ e [Ni(cod);] 5—\?1
H
62
i CHR® O o
R’ Ni(cod —
J‘m\/\)l + ZnRy = )2]" R , f R*
L.
[] NI R N| p
54

Montgomery, J. Angew. Chem. Int. Ed. 2004, 43, 3890 — 3908



Key step in the total synthesis of kainic acid and
allokainic acid

o Q HC H,C
Meli / ZnCl, S~ N)\_)_/(: HO.C
. i D\_/L__.‘-- L e . }
[Ni(cod),] =y N HOLC™ N
10 mol % . —QD .
57 % (98:2d.r) (—)-c-kainic acid
Me3Al 2 3 HEC HO,C Hac“;:
D}L N OTBS - ‘)—)
[Ni{cod),] VJ"‘-
- HO.C™ N
10 mol % Y \
D_&\ OTBS _‘S;\D H
73 % (97:3dr) {+}-u-allokainic acid

Montgomery, J. J. Am. Chem. Soc. 1999, 121, 11139



Key step in the total synthesis of kainic acid and
allokainic acid

H:C
Hmzc—}_ﬁ
HO,C™ pl;)
H

{(—Jo-kainic acid

23
Montgomery, J. J. Am. Chem. Soc. 1999, 121, 11139

H.C

HO.C ‘}_)\:‘:

HOLC™ "N

H

{+ }ce-allokainic acid

ZnMe,

ZnMe;

24

— CHy




Nickel-Catalyzed Reductive Coupling of Alkynes and Epoxides

Ni(cod)o (10 mol%) . R3
R! ™~
R®  BusP (20 mol%) NTY
RI—=—R2 + | . R2 OH (1)
EtSB (200 mol%) 1a-d
yield regioselectivity
enry R R? R3 additive  product (%)  alkyne epoxide
6 Ph Me Me BusP la 71 >05:5 =>035:5
7 Ph Me n-Hex BusP 1b 68 =905:5 >05:5
8 Ph Me Ph BusP 1c 50¢ 88:12 83:17
9 n-Pr n-Pr Et BusP 1d 35¢ na =05:5

Ph Ni(COd)g (10 I'I’IO'O/D) OH
2 .0 Ph™ ™%
3 X : BusP (20 mol%) /\I{/\/r

Et38 (200 mol%) X

2a-e ether, 3 h 3a-e
yield regioselectivity
entry X n product (%) (endo:exo)
12 CH; 1 3a 45 =035:5
2 @ 1 3b 50 =>035:5
3 NBn 1 3c 65 =05:5
4 C(CO-Me), 1 3d 88¢ =03:5
5 CH, 0 e 54 =055

Jamison, F. J. Am. Chem. Soc. 2003, 125, 8076



Nickel-Catalyzed Reductive Coupling of Alkynes and Epoxides

Ph Ni(cod)s (10 mol%) OH
= .0 Ph™ ™~
Ny e BugP (20 mol%) /\[:\/r
\({n \\/‘\l _ (

Et;B (200 mol%)

2a-e ether, 3 h 3a-e
i PBu; | PBus,
\
R “ H o R }\“h Ni<g
L Ni—PBus
T A Ethl

Et. _PBuj
Ni

H
H)UOH - H&O,OBEIE H&O,OBETE



Combinations and Domino Reactions

Ph H
O EL,SiH  EtSIO,
H | P - / [Ni(cod),]
Z 2 . H H
= Bu38n/ [Ni{(acac),] PPhs
DIBAL-H 69 (74 %) 70 (86 %)
(>97:3 dr)
0 oh .. TMsCl
+ P + il ——
" Z Y Z |
H O Bu;Sn [Ni(acac),]
CHs, DIBAL-H
CeHas H
- AN 5 Et;8  HO CeHis
¥ / Ph INi(cod),] Ph
PPh
H,C  H > ud H
71 (49 %) 72 (73 %)

Montgomery, J. J. Am. Chem. Soc. 2002, 124, 2106



Combinations and Domino Reactions

Ts. NN
L S
— CH, Ph H
100% 200%
LN
TN NANF
| + PhCHO
3
Ts, H
N P H
—_— N N'i‘() Ph
Me M/ \
€ | ZnMe

TS\N
[Ni(acac),] 10%

ZnMe, 240%

X CHj OH

CHs
74 (96 %)

x_CH; OH

CH,
74 (96 %)

Tamaru, Y. Angew. Chem. Int. Ed. 2002, 41, 2784



Combinations and Domino Reactions

Nickel catalyst
/S~~~ PPh; (2 equiv to Nickel) _ MeO.C

X~ CO,(1 atm), Et.Zn (4.5eq) MeO.C
THF, 0 °C

., CORZnEt

TsN

Mori, M. J. Am. Chem. Soc. 2002, 124, 10008



NIBr, Catalyzed Reductive Coupling

Ni(cod), (10 mol %)

Ph
@] % HO
|| BusP (20 mol %) _ T
Et;B (200 mol %)
0 Et;O, 3 h O
1 2 (50% yield)

NiBr,-3H,0 (10 mol %)

R
O PhMe,P (40 mol % HO
‘| 2 ( O) - /’ R
i-PrOH, 60 °C

X X
1b-g (£)-2b-g

entry X R product  yield (%)*  Z/E®
1 CH, Ph 2b 70 88:12
2 C(CO3Me); Ph 2¢c 76 >95:5
3 NBn Ph 2d 74 88:12
4 0 n-CsHyy 2e 75 ~95:5
5 0 COsMe 2f <5° ---
6 0 H 2g 559

Jamison, F. Org. Lett. 2011, 13, 4140



1

R'. O ~

1

L -
Ni~[
-
. i

Ni: Ni(cod),, Ni(acac),, NiBr,

Reducing agent: R,Zn, R;Al, HSIR;, BR;..

h
H

EHR'

0 c
A A~

Oy -H =~ 7
OBn
) O






QMEM

QBN

Me,Zn, Ti(Okpr),

P
Ni(COD),, 10mei %
H
L
/
$ N
MEMO -
H
H




Ni(0)

Ni(0) / R*ZnCl

L + Ni'CI -



Et0,C. CO,Et

o)
ZnCl,

AT

N
|

[Ni(cod);], £n

CO,Et

o Ln CGQ Et Enﬂlg OZnCl

Ni -

/
79 i} _
CINi ] I
0ZnClI
0OZnCl CO,Et | — .
S - CO,Et

0ZnCl
2

Et0,C. COLEt

,f’
NiCI

c ‘Ni

EtO,C._ CO,Et

80 (56 %)

/




