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Basic Characteristics of Nickel

Nickel Palladium

[Ar]3d84s? [Kr]4dt0
-10+1+2 +3 +4 0+1+2+3 +4

Electronegativity 1.8 Electronegativity 2.2
Small atomic radius Larger atomic radius
Less electronegative More electronegative
Harder Softer
Facile Oxidation addition Facile reduction elimination
Facile 3-migratory insertion Facile 3 -hydride elimination

Radical pathways more accessible

Price: The cost of Ni in its elemental form is roughly 2,000 times lower
than Pd and 10,000 times lower than Pt on a mole-for-mole basis.

Disadvantage: Toxicity

Tasker, S. Z.; Standley, E. A.; Jamison, T. F. Nature 2014, 509, 299. |,



Timeline of Achievements in Nickel Chemistry

e

Raney Nickel, -
Mond, hydrogenation cross-coupling,
Ni(CO), catalyst (Kumada/Negishi/Suzuki coupling)
reductive coupling, C-H activation
1751 / 1912 / 1940s
/_ 1890 / 1927 / 1970s
Fredrik Sabatier, Rappe, Ziegler,Wilke
Cronstedt, Hydrogenation of Organonickel,Ni(cod),
Isolation ethylene,

The Nobel Prize

Wilke, G. Angew. Chem., Int. Ed. 1988, 27, 185.

Modern Organonickel Chemistry; Tamaru Y., Ed.; Wiley-VCH: Weinheim, 2005.



The Elementary Organometallic Reactions of Ni

Ni(0)
Ar—X ——  Ar—Nig—X Oxidative addition
Ar_'}“(”) ﬂ» Ar_'}“(") MX Transmetallation
X R
Ar—g(u) Ar—R +  Ni(0) Reductive elimination
Me Me
—4
| _ —— /_< B-migratory insertion
X=Nian—R X=Niany R
Me M
R /\’ © B-hydride elimination
/ X=Ni)
X=Niay H 1R
H
H—-Ar .
R-Nigy ———= RN gy C-H activation
)'( Ar
A
/Ni(O) —_— CNi(u) Oxidative cyclization
> Ni(1) Disproportionation
2 Ni(n .+ . _
Niqn ) Comproportionation



Cross-coupling of Aryl Halides
B ——
Challenges of catalytic synthesis of the hetero-biaryl compounds:

»The ligation of the heteroaryl coupling partner can poison the catalyst.

»The scope is limited .

»Heteroaromatic boronic acid: undergo protodeboronation under the

basic reaction conditions.

. (dppf)Ni(cinnamyl)CI .
(" Y, (0.5 mol%) i Y,
i )]l )—BOH), * - ] )
N K,CO3 1.5 HyO (4 equiv.) .-
CH5CN, 50 °C, 12h
Y=0,S,NH X=Cl, Br 79-97%

Ge, S.; Hartwig, J. F. Angew. Chem. Int. Ed. 2012, 51, 12837.



Cross-coupling of Aryl Halides

(Het)Ar-X  +

X = Cl, Br, OCONEt,, OMs
0SO,NMe,, OPiv

Yo -

(PCy3),NiCl, (5 mol%)
K3PO4 (45 GQUiV)

» (Het)Ar
t-amyl alcohol or 2-MeTHF

100 or 120 °C, 12h
47-100%

(PCy3),NiCl, (5 mol%)
K3PO4 (45 GQUiV)

N
- </ \>
2-MeTHF, 100 °C N=

97%
gram scale

Ramgren, S. D.; Hie, L.; Ye, Y.; Garg, N. K. Org Lett. 2013, 15, 3950.



Cross-coupling of Phenol Derivatives

o 3P 2P
r 7N 4
NO” T CF, ~O” 7 N(CF,)5CF5
Triflate Nonaflate
OO O O
\// N VY
Ar ,S Ar /S\
Ar\O,S\ ~07 T Np-Tol ~O”TNR,
Mesylate Tosylate Sulphamate
O (@) @)
A A Ar )L
r\OJL R r\OJ]\OR \O N R2
Ester Carbonate Carbamate
Ar\O _Me Ar\O _TMS
Ether Silyl ether

Ease of oxidation
addition by nickel

Triflate: Prone to hydrolysis, especially under basic conditions.

Tosylate, mesylate: Stable




Cross-coupling of Phenol Derivatives

1 , PCys (10 mol%) o
Ar'=OMe + Ar<MgBr > Ar'—Ar

Oganomagnesium (EtO).CH;
23-100 °C, 15h

Dankwardt, J. W. Angew. Chem. Int. Ed. 2004, 43, 2428.

Ni(cod), (10 mol%)

O 0
- L a—g Me PCy3 (40 mol%) _ A2
Ar'=OMe \ M . Ar'—=Ar
') e CsF (4.5 equiv)

) PhMe, 120 °C, 12h
Boronic ester

Tobisu, M.; Shimasaki, T.; Chatani, N. Angel. Chem. Int. Ed. 2008, 47, 4866.



Cross-coupling of Phenol Derivatives

O R (PCy,), NiCl, (5 mol%
L y) I ( mo o)
AT+ ABOH), 3 e e L A—AR
K3POy4 (4.5 equiv)
O
R =t-Bu Boronic acid PhMe, 80 °C, 24h

5 (PCys), NiCl, (10 mol%)

- R PCy; (0-20 mol%

Ar’ \ﬂ/ + (Ar’BO)s; L ) Ar'—Ar?
K3PO,4 (4.5 equiv)

R = Me, Et, i-Pr Boroxine H,0 (0.88 equiv)
t-Bu, Ph, Mes dioxane, 110 °C, 12h

Guan, B.-T.; Wang, Y.; Li, B.-J.; Yu, D.-G.; Shi, Z.-J. J. Am. Chem. Soc. 2008, 130, 14468.

10



Benzylic Cross-coupling

Ni(cod), (5 mol%)

OMe Vgl _TACBINAP (10 mol%) Me OO O OMe
Ar)\/'v'e PhMe, rt, 24h AN\ Me : OMe

" 69%, 96% ee
anti-cancer agent

First stereospecific nickel-catalysed
alkyl—-alkyl cross-coupling reaction

Taylor, B. L. H.; Swift, E. C.; Waetzig, J. D.; Jarvo, E. R. J. Am. Chem. Soc. 2010, 133, 389.

. H /
9 achiral Ni catalyst _ - @A@ ~ J®
H —l J :
MeMgl Z = X AN
' R-+ | R
s/ s

up to 99% yield

‘ i _
and 99% es C-0 bond activated

for oxidative addition

Greene, M. A.; Yonova, |I. M.; Williams, F. J.; Jarvo, E. R. Org Lett. 2012, 14, 4293.
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Benzylic Cross-coupling

Ni(cod), (10 mol%) Ar Ar
P + A B’O:><NIe Ligand - or 2™ .
{ Ph r Y Me  KOt-Bu (2 equiv) :'/ Ph [ ©/\Ph
RN n-BuOH (3.0 equiv) ‘=x.- RN
THF/PhMe, rt, 20h
R = N-C-C4H8, t-Bu

L = PCy3 (20 mol%)
Ph, Ot-Bu Retention

L = SIMes (11 mol%)
Inversion

Harris, M. R.; Hanna, L. E.; Greene, M. A.; Moore, C. E.; Jarvo, E. R. 2013, 135, 3303.

_ Ni(cod), (5 mol%) )
OPiv v AREO) NaOMe (2 equiv) Ar
r > H
Ar1/'\R ’ PhMe, 70 °C, 3h 1N\

n (PCy3)NiCl, (10 mol%)
{:7 . OH . RMgX PCy3 (20 mol%) _ Er" > R
- n-Bu,O/PhMe (1:3) RN

60 °C, 24 h

Yu, D.-G.; Wang, X.; Zhu, R.-Y.; Luo, S.; Zhang, X.-B.; Wang, B.-Q.; Wang, L.; Shi, Z.-J. J. Am.
Chem. Soc. 2012, 134, 14638.
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Cross-coupling of Aziridines

NiCl,” DME (5 mol%)

-l'\-ls +  R27nBr dimethyl fumarate (10 mol%)> R? . [Ni]—NTs
R dioxane/DMA, 23 °C, 2-34 h R1J\/NHTS R1)—|

Dimethyl fumarate: accelerate reductive
elimination through m-coordination to nickel

Huang, C.-Y.; Doyle, A. G. J. Am. Chem. Soc. 2012, 134, 9541.

NHCn 2 T ‘.

R 1 \ %/ 1

NiCl," DME (7.5 mol%) R’ : 575 :

Gn “Licl (5 equiv) Linear : Cn = 5

+ R?ZnBr - > N 5 :

R1A THF, 23°C, 12 h =2 : | .

' MeO,C '

R = Alkyl NHCn | 2 :

y R1J\/ " 1Cinsyl ditecting group;
Branched @~~~ ~°°TTTTTTTTTTTTT

Nielsen, D. K.; Huang, C.-Y.; Doyle, A. G. J. Am. Chem. Soc. 2013, 135, 13605.
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Cross-coupling of sp3 Halides
EEEEEEEES B
Challenges:

@ The electrophile is sp3 hybridized, the activation energy for oxidative addition can be

large, C(sp3)-X are more electron-rich than C(sp?)-X, which can be reluctant to oxidatively
add to the metal catalyst.

@ Intramolecular B-H elimination

__________________________

s-Bu-PyBOX
. | =
. Ni(cod), (4 mol%) Ve 0 N e
e _Bu-PyBOX (8 mol® : </I \
)\ +  BrzZn—n-Nonyl S uDl\illAO (ZE:)?O A))= )\ I N N
’ rt! - ! \: :
Me Br Me n-Nonyl ' s-BU 5-Bu!
91% \ Chelating ligand
\ supresses f-H elimination :
o
NiCl," glyme (6 mol%) | ligand

Br ligand (8 mol%) Ph 5
+ 9-BBNT " Ph —— | |
KOt-Bu (1.2 equiv) :Me N |

1 2 1

i-BuOH (2.0 equiv) | ,
dioxane, rt 83% \ NMe;;

Zhou, J.; Fu, G. C. J. Am. Chem. Soc. 2003, 125, 14726.
Zhou, J.: Fu, G. C. J. Am. Chem. Soc. 2004, 126, 1340. 14



Cross-coupling of sp3 Halides

__________________________

, ligand ,

! I AN |

B,pin, (1.5 equiv) : @) N/ @) :

Me Me  NiBr," diglyme (10 mol%) Me_Me | <,{\1 ,\}\Z |
ligand (13 mol% ' S I

Ph Br igand ( ) Ph Bpin | i-pr -pr
. KOEt (1.4 eqUIvg 80% I Chelating ligand !

i-Pr,O/DMA, -10 °C | supresses p-H elimination

Il .

no fuctional group attatched

R 10 mol% NiCl," glyme  ligand |
12 mol% ligand R/ﬁ ! : »NHMe

1.4 equiv KOt-Bu
@-M 2.0 equiv i-BuOH

dioxane,r.t. N ___________ ,
X =1, Br, Cl Efficient up to 90% yield
R' = Aryl,alkyl Robust up to 91% ee (5 examples)
R'—M = R'—9-BBN General

Jiang, X.; Sakthivel, S.; Kulbitski, K.; Nisnevich, G.; Gandelman, M.
J. Am. Chem. Soc. 2014, 136, 9548
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Cross-coupling of sp3 Halides

L,Ni()—Br
)/ X RR
) ¢
L, Ni(1)

|
N N.
R \@Niuf R

e
R?-Br J Reduction of
— alkyl halide could rely

L N|(|||

L NI(II)\ ©) on ligand-centred
) Br X Br redox
R< -or- R | N/ R
N | N
R’ \@Niaf R
é‘] R2.

Proposed mechanisms for C(sp3)—C(sp3) cross-coupling

Vicic, D. A. J. Am. Chem. Soc. 2006, 128, 13175.
Dudnik, A. S.; Fu, G. C. J. Am. Chem. Soc. 2012, 134, 10693.
Zultanski, S. L.; Fu, G. C. J. Am. Chem. Soc. 2013, 135, 624.
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Cross-coupling of sp3 Halides

:'Ni-pincer

NMe.!

Ni-pincer (3 mol%) C2;
ACO\/\/\/Br + n-BuMgClI > ACO\/\/\/H-BU ! !
DMA, -35 °C, 30 min ! Ni—ClI i

78% E |
{ ,

Csok, Z.; Vechorkin, O.; Scopelliti, R.; Hu, X. J. Am. Chem. Soc. 2008, 130, 8156.
Vechorkin, O.; Hu, X. Angew. Chem. Int. Ed. 2009, 48, 2937.

:Ni-pincer
| NMe,!
Ni-pincer (5 mol% AcO : !
ACO Ny + =—n-Hex pincer | ) \/\ : | |
Cul (3 mol%), [Nal or n-BuyNl] n-Hex ! Ni-Cl |
X =1, Br, Cl CsCOs3, dioxane, 100-140 °C 83-89% : ILMe |
I 2

l

Vechorkin, O.: Barmaz, D.: Proust, V.: Hu, X. J. Am. Chem. Soc. 2009, 131, 12078.
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Cross-coupling of sp3 Halides

R1_ I 2 Br

L,Nigin)—Cl ~——=—==— L,Nigq)—Cl MgC. - |_nNi(||)—R1 R_Br» LnNi(III)/ + R2.

N Transmetallation .- Inner-sphere \R1
______________ X R'-MgCl R'-MgCl SET
E LnNi(n—Cl: : Coordinated Turnover-limiting  Coordinated
! E complex step complex
: L, Nign—R’ R2 _ LoNigy—Br |
| Ni-Cli R — = LNian{ ~~ Nioby — catalytic oycle
' | ! R’ VNI~ Njn—R"
| ! 1 oo comproportionation
i NMe;: Reductive R R
—————————————— ' elimination

Proposed mechanisms for C(sp3)—C(sp3) cross-coupling

Breitenfeld, J.: Ruiz, J.; Wodrich, M. D.: Hu, X. J. Am. Chem. Soc. 2013, 135, 12004.
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Cross-coupling of sp3 Halides

R
Nickel source ]
DG_ _R' chiral ligand DG_ _R
T e - Y
X R2
Racemic Transmetallating Enantioenriched
starting material agent product
_ O _ .
DG\./R DG\ R |
—_—T \\ .
” Rz—l}li(ll)—L* Rz/,}“(lﬂ) _| Enantiodetermining
X x L | reductive elimination
o) NiCl," glyme (10 mol%) o)
R)-( i-Pr)-PyBOX (13 mol%
Bn\NJS/Et o nHex—zngr (RYC-POPYBOX (13moi%) gy M| ey
| DMI/THF, 0 °C I
Ph Br Ph n-Hex

95% ee

Fischer, C.: Fu, G. C. J. Am. Chem. Soc. 2005, 127, 4594.
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Cross-coupling of sp3 Halides

Directing groups

Me t-Bu o i

Ar O :
N X, P oy
Me o ! n .
t-Bu Ph n=he

£, ek ?

NC Bn\ Bn\ Pa R.__~ |
v Ty ey ey
0 |

ol /u\ O _ VH !

z I

ji N/ \\/P E
PhO l}l/\f p-Tol” \l}l/\f R,S\/\é,s
R R i

____________________________________________________________________

Transmetallating agents
alkyl, aryl, alkenyl

zinc (Negishi), boron (Suzuki)
silicon (Hiyama), magnesium (Kumada),
and zirconium reagents

_____________________________________

e e e —— -

Ligand classes

PYBOX 4 -

Oxazoline QW)K(
I \\2
N N
§

1.2-Diamine A\ A

t
MeHN NHMe

_________________________________
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Reductive Cross-coupling

Challenge: the differentiation between the two electrophiles, suppress

homodimerization of either component.

1 3
S G
| — Xz/\R2

X'=1, Br, Cl R?, R = alkyl
X?=1,Br

N||2 XH20
ligand, Zn(0) or Mn(0)

pyridine, DMPU R!

Everson, D. A.; Shrestha, R.: Weix, D. J. J. Am. Chem. Soc. 2010, 132, 920.

T G S
Mn(o)\// X

Polar oxidative
addition/reduction <
- N'(")‘Ph

N,Nl(ll
*CH,R
RCH,—
Radical ch R
N, Ll adical chain <
N'N' N'N' ”I)‘Ph

Ligand
t-Bu t-Bu PPh,
~ =" X
\
=N N7 PPh,
MeO OMe
— 7 N
7 N\ _ \
G N N
—N N

Mlswas S.: Weix, D. J. J. Am. Chem. Soc. 2013, 135, 16192.

Ph—CH,R



Reductive Cross-coupling

Cl _R3
0
+
R1JLCI |
X
R', R3 = alkyl R

NiCl,(dme) (10 mol%) s 1 rgand i
ligand (22 mol%) R’ : Me, Me I
Mn(0). DMBA, N : <(i, \ N
DMA/THF, 3A MS, rt | P  \—N N\e i
72-94% ee l Phs Ph

___________________

Cherney, A. H.; Kadunce, N. T.; Reisman, S. E. J. Am. Chem. Soc. 2013, 135, 7442.
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C—H Activation

>
Y ~7 (dcype)Ni(CO),
— 9 ’
z=0,s (10mol%) ; |[ S—Ar!
o K3POy, (2 equiv)
(o]
PhOJ\Ar1 dioxane, 150 °C, 24 h 5, oy

———————————————————————————————————————————

__________________________________________

Muto, K.; Yamaguchi, J.; Itami, K. J. Am. Chem. Soc. 2011, 134, 169.
Amaike, K.; Muto, K.; Yamaguchi, J.; Itami, K. J. Am. Chem. Soc. 2012, 134, 13573.
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C—H Activation

Ni(cod), (10 mol%)

PPhs (40 mol%)
PhMe, 160 °C, 6 h /\/\)
“O .

Shiota, H.: Ano, Y.: Aihara, Y.: Fukumoto, Y.; Chatani, N. J. Am. Chem. Soc. 2011, 133, 14952.

Ni(OTf), (10 mol%)
O PPh3 (20 mol%) o) 0O .

Na,CO; (2 equiv) N 4 /’
NN PhMe, 140 °C, 24 h N & ' \
e, ’ "-’.- Ni~
N N. = ! N
H Z R3Br (2 equiv) R® NF D=

hypothesized intermediate

Aihara, Y.; Chatani, N. J. Am. Chem. Soc. 2013, 135, 5308.

Ni(OTf), (10 mol%)

4 @] MesCO,H (20 mol%
R Na,COj; (2 equiv)
R® N X >
H NI P DMF, 160 °C, 24 h
H

Arl (1.5 equiv)

Aihara, Y.; Chatani, N. J. Am. Chem. Soc. 2013, 136, 898.



Heck Reaction

1) Ni(cod), (5 mol%) o
OTf dppf (5 mol%)
N Cy,NMe, dioxane, 100 °C S
R-- +  Zon-Bu > R
= 2)6 M HCI, rt =

Gasig, T. M.; Kleimark, J.; Nilsson Lill, S. O.; Korsager, S.; Lindhardt, A. T.;
Norrby, P.-O.; Skrydstrup, T. J. Am. Chem. Soc. 2011, 134, 443.

-

Ni(cod),, PCy,Ph R2 ! /@ o

L Ny ¢ or nickel precatalyst _ T ! Cla, . ~PCysPh Zn OTf :
110 NR2 1 |
T + ZR = R \PhCy,P”~ -

Z TESOTF, Et;N ~ PhCy, j@ Ni_ ,_R?
R?=H, alkyl PhMe, rt i Me P
>20:1 br/In | Air stable Key cationic nickeli
| nickel precatalyst intermediate

______________________________________

Matsubara, R.: Gutierrez, A. C.; Jamison, T. F. J. Am. Chem. Soc. 2011, 133, 19020.
Standley, E. A.; Jamison, T. F. J. Am. Chem. Soc. 2013, 135, 1585.
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Heck Reaction

Ilgand
X Ni(cod), (10 mol%) 2 BFE?
N ligand (12 mol%)
R1_| + /\ 2 >
= ~ R DABCO, PhMe or THF p@

' 1
[TESOT], 60 °C HDI
X = OTf, Cl, OMs, OTs, OSO,NMe; > 3721 brfin ' :

R? = alkyl >19:1 r.r.

____________________________

Tasker, S. Z.; Gutierrez, A. C.; Jamison, T. F. Angew. Chem. Int. Ed. 2014, 53, 1858.
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Reductive Coupling

\Ni(ll) HS|R3, BR3, H S R H X

N i | i

S ¢X Ni(0) . ( \ andsoon _ N|(||) 3 N|(O). _ K)

Oxidative ( 7 Reducing agent v Reductive Xy
cyclization  metallacycle elimination

Moslin, R. M.; Miller-Moslin, K.; Jamison, T. F. Chem. Commun. 2007, 4441.
Ng, S.-S.; Ho, C.-Y.; Jamison, T. F. Pure Appl. Chem. 2008, 80, 929.
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Reductive Coupling

e
O 1 ,  Ni(cod), (10 mol%) O R2 H
R R™ IPr <« HCI (10 mol%
o N % r (10 mo o)= I,
| R3 KOt-Bu, MeOH MeO R
R2 THF, 50 °C R" R?

Herath, A.; Li, W.; Montgomery, J. J. Am. Chem. Soc. 2007, 130, 469.

R NiBry 3H,0 (10 mol%) H
O | | PhMe,P (40 mol%) ~ HO s
L> i-PrOH, 60 °C

X = 0, NBn, CH,

\

Beaver, M. G.; Jamison, T. F. Org Lett. 2011, 13, 4140.
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Summary and Outlook

Outlook:

Design new catalysts, develop new transformations. Such as C-F
formation.

Further in the area of C(sp3)—C(sp3) bond formation, particularly in
expansion of substrate scope and application to the synthesis of
complex molecules.

in the development of low-cost, air-stable, and easier-to-handle
sources of nickel for catalysis.

Gain more recognition, not as an inexpensive substitute for
palladium, but rather as possessing a number of inherent
properties that provide a complement to catalysis by other metals

29



Thank you for your attention !



