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Nickel-Catalyzed Cross-Coupling Reactions
Activation of phenolic C-0 bond

Felix Urbitsch
23/03/18

®



Nickel

* derived from mischievous spirit of German miner mythology
Nickel who represeented the fact that copper-nickel ores
resisted the refinement into copper

*Nickel is one of the 4 ferromagnetic elements at rt (iron,
cobalt, gadolinium), alnico permanent magnets in strentgh in
between iron magnets and rare earth metal magnets

e consumption: 68 % stainless steel, plating, electrodes,...

*Recently: battery industry
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*Money: 50p coin 75% copper, 25 % Nickel | _ 275 ml 9.68 fl oz




Nickel

o

.. Catalysis
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Nickel

*|solated 1751, Cronstedt

*1912: Nobel prize Sabatier, ethylene hydrogenation
Ni/H2

*Wilke: seminal contributions, reactions known:
allylation, oligomerisation, cycloisomerisation, red.
coupling

1 | 111 kcal/mol
—| B5kcalimol 190 keal/mol ?6 keal/mo T
=Br 81 kcal/mol Ph'o~Me Ph'o‘\ﬂ/ Ph’ox'H

. | |

| 'O i
=Cl 96 kcal/mol

85 keal/mol 80 kcal/mol 88 kcanoI

Accc .Chem. Res,, 2010, 1486
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The Beginning

e allyllic C-O insertion known since 1977 Swierczewski

10% (PPhs),NiCl,

~OH  + 3eqRMgBr > R 90%, only terminal
Et,O, rt

sactivation of C(sp?)-O:
* Wenkert, 1979
10% (PPhg),NiCl,

OMe , Ph
©/ 2 eq PhMgBr - ©/
PhH, reflux,

16h, 71 %

* Wenkert, 1984

10% (PPhs),NiCl,

OMe | Ph
©/ 2 eq PhMgBr - ©/
PhH, reflux,

16h, 15 %
also tolerates RMgBr (lower yield)

e Kumada, 1981

5% Ni(acac),

2 eq PhMgBr
OTMS > Ph
”Hex/\'“'w > ”Hex/\f"‘
E/Z=37/63 EL0, reflux, E/Z=93/7
3-6 h, 59 % J. Organomet. Chem., 1977,, 371
JACS, 1979, 2246
5 JOC, 1984, 4894

TL, 1980, 3915



The Beginning

* Dankwardt, 2004

Table 3: Ni-catalyzed cross-coupling of 1: Optimization of the phos-

phane.”
OMe p-TolMgBr 2 p—TOi

1
Entry L Recovd. 1 [%] Conv. 2 [%]
1 PMe, 33 33
2 PEt, 75 7
3 PiBu, 32 42
4 PiPr, <1 82
5 PCy, 0 93
6 PhPCy, <1 92
7 Ph,PCy 7 81
8 Ph,P 74 15

[a] Reactions were carried out at 60°C in iPr,O for 15 h with 5 mol %
nickel catalyst. Conversions were determined by GC analysis with
tridecane as an internal standard.

ACIE, 2004, 2428



Extension to Methyl

* Shi, 2008

A OR NiCl(PCys), (5 mol%) N _
R+ + MeMgBr » R
=~ Toluene, 80 °C =

R = Me, TMS,Ph 20 min
Et, MOM

- o8
93% 93% O 92%

Ho’ . . Me O
65% 71% STat5 90%

1.2 eq of MeMgBr

Chem Comm, 2008, 1437



Extension to Aryl-Silyl-Ethers

Tobisu, Chatani

*Shi, 2011
OSiR'R2R3 | 0 .
+ PhMgBr PCYa)oCl] (5 mol%)
toluene 1.0 mL
1 2a 30 DCF 1h as
0. .. Me
I N
N | Ve 80
i = e
Me
=
OTMS E\|
47
80°C [:i:]
OTMS ‘
o \ — Y74
3/@/ | s  -Themproblem
o
110 °C

<‘ip' o
N/

OTMS
- O, * | 32

CL, 2011, 1001



Introducing NHC Ligands

* Prieto, Nicasio, 2012

IPr)Ni(allyl)Cl
ArOMe + /N gBr( DNially) = Ar a
o THF, 60 °C =\
R R
aryl ether R time yield
(h) (%)°

OCHs
p-Me 24 94°
D 24 76°
OCHs H 12 95

“ Reaction conditions: aryl ether (0.5 mmol), ArMgBr (0.75 mmol),
nickel complex (5 mol %), total volume of THF (1 mL). » Isolated yields.

OL, 2012,4318



NHC Ligands - An Example

* Tobisu, Chatani, 2015

' .OMe Ni(OAc); (5 mol %) H.Si
’ ligand (10 mo 1%) EekeSiiey
+ Me;SiCH,;MgCl =
By toluene By

1 2a (2.0equiv) ™. 18h -
1 PCy3 0
2 IMes-HCI (R = 2,4,6-Me;CgH,) 0
3 IPr-HCI (R = 2,6-Pr,CgH3) — 0
4 IMe-HCI (R = Me) R’N\fN‘R 4
5 I'Pr-HCI (R = 'Pr) o 29
6 ICy-HCI (R = cyclohexyl) 62
7 I'Bu-HCI (R = ‘Bu) 0
‘\,OMe NI(OAC)z (5 mol o/o)

OO ICy-HCI (10 mol %) OO
+  RMgX
toluene

(2.0 equiv) 18h

3 3a-k
entry Grignard reagent temperature (°C)  yield (%)°
1 Me;SiCH,MgCl (2a) rt 92
2 '‘BuCH,MgBr (2b) nt >99
3 CH3MgBr (2c) 100 96°
4 PhCH,MgBr (2d) 100 96

10 OL, 2015, 4352



* Tobisu, Chatani, 2015

*.OMe TIPS Ni(cod), (10 mol %)

@’ | | ligand (20 mol %)
+
‘Bu

dioxane '8
1 MgBr 120°C, 18 h L
2
TIPS
I LN
NN~
EtMgBr R \CT- R
H (2 equiv) :
(2 equiv) ligand
entry ligand
1 PCy,
2 IMes-HCl (R = 2,4,6-Me,C¢H,)
3 IPr-HCI (R = 2,6-Pr,C;H,)
4 IMe-HCI (R = Me)
5 I'Pr-HCI (R = Pr)
6 ICy-HCI (R = Cy)
7 I'Bu-HCl (R = 'Bu)

TIPS

A

Alkynyl-Grignards

GC yield of 3 (%)

0

8

<5

7

38

76 (70)¥
45

._OMe  11PS  Ni(cod), (10 mol %)
\ | I ICy-HCI (20 mol %)
* dioxane
MgBr 120°C,18h
2 (2.0 equiv)
4a (R=Me) 94%
.OR  4b (R=Et) 91%
\ 4c (R='Pr) 87%
4d (R=Ph) 84%
i [ — 1 _on
/I‘ \
2 TIPS

18

“Reaction conditions: la (025 mmol), 2 (0.50 mmol), Ni(cod),

(0.025 mmol), and ligand (0.050 mmol) in dioxane (0.50 mL) at 120

°C for 18 h. "Isolated yield.

88% (cis only)®

OL, 2015, 680

\.OMe

>

5 75%

TIPS




Very Low Temperature Process

* Martin, 2013

(D
2 equiv PhMgBr OH F{“N ¥ N-R
Ni(COD), (10 mol %)
R—@—(j L5 (10 mol %) O)\/\‘ Ocl
o LCl(1equv) . R Ph R = 2,4,6-(Me)3CgHj (L4)
R = OPiv,0Ts THF, - 30 °C R = OTs, 81% (3u) R = 2,6-(/Pr)CgHj (L5)
R = OPiv, 78% (3v) R = #Bu (L6)

MeO XMgO g : ( \> A
] ;\/\l | en TN g" === BaTHF
99% (67%) OH 3a ——— | Mg +1a
- elimination x 9 Ph
XMgO._ -~ Lewis acid-aided
. oxidative addition
(a) reaction conducted at —40 °C; \lﬂi\w (\
5 Ph oNi- g [Counterion effect
Ph-Ni-L5 | MgBr~ i T 2 X =B, 08% u
Transmetalation X I e

L, 201 29
— 1 — OL, 2013, 6298



*Sun, 2015

OMe O
THF, 25 °C

10a
entry complex (mol %) T (h) yield (%)
1 1(1) 10 2
2 2 (1) 10 3
3 3(1) 10 10
4 4 (1) 10 99 (98)"
S 5(1) 10 90
6 Ni(PCy,),Cl, (1) 10 82
7 Ni(PCy,),Br, (1) 10 86
8 Ni(IPr),Br, (1) 10 21

“Reaction conditions:

2-methoxynaphthalene (1.0 mmol), 4-

MeCH,MgBr (1.5 mmol, 1.0 M in THF) was added in one portion,
THF (total volume: 2.0 mL), 25 °C, CC yield using n-hexadecane as
internal standard, average of two trials. Plsolated yield.

Mixed NHC-Phosphine-Ligand

R~N" “N-R PPhg
\—/ XNEX g

[INEt]INi(PPh3)Xa]

R-N""N-R
THF,rt.,1h \y

1: R = tertbutyl, X = CI
2: R =tertbutyl, X = Br

yield: 85%
yield: 80%

3: R = 2,6-diisopropylphenyl, X = Br vield: 82%

PPh;, PCys
RBr_NI_BrR + PCys L RBr NI-B\rR @)
N~ 'N- "N N-
- rt,05h \—/
4: R = tertbutyl yield: 89%
5: R = 2 6-diisopropylphenyl  yield: 91%

Organometallics, 2015, 5792



You’'re nickel’d pal!

*Shi, 2010
oM [Ni], L Ph
OH MeMgBr + Ph=MgX ———
[{2-NapOMgBr(THF),),] 120°C, 24 h
THFftoluene 1 2 3
M=Li, X=8Br, 8% M = Na, X = Br, 81%
M=K, X=Br, 14% M = Mg, X = Br, 100%
M= Mg, X=CIl, 64% M=Mg, X=1 87%

Figure 3. Coupling reaction of 2-naphtholate and PhMgX (GC yield).
TMS = trimethylsilyl, TBS =tert-butyldimethylsilyl.

Me
oy 9 g
7 CC

3a (89%) 3b (86%) 3¢ (88%)

Scheme 1. Biaryl products synthesized from naphthol with various aryl
Grignard reagents by nickel catalysis. Reaction conditions: 1 (0.2—-

0.4 mmol), NiF, (10 mol%), PCy; (40 mol%), MeMgBr (120 mol %),
and ArMgBr 2 (200 mol %) in toluene (0.75 mL) and DIPE (0.25 mL),
120°C, 24 hours. All reported yields are the avarage yields of at least

two experiments.

ACIE, 2015, 5792
14 , 2015,



* Rueping, 2014

Metals - How far can you push it

Li"':SiMea
[Ni(cod),], toluene, 2 h
1a-u Ja-u
Ph” ==
3a, 99%08 »
3g scale: 99%0M 3b, 97%

ACIE, 2014, 12912



Metals - How far can you push it

* Feringa, 2016

- N = CI-Ni-Cl
Toluene, RT, 1h U :

x  PhLi(1.5 equiv) @Nf:‘hl@
R _/*T C3 (5 mol%) Y
Ly
1

% 2

Ph Ph
I S i
SO I -

X =Cl
C1: 73% i "
. conversion,
X=Br88%  apiap ratio: 53:47 2c; X=Br,90%  2d; X=Cl 43%

a, iigh?‘?ﬂf C3: full conversion:
=F, 87% yield:

X =0OMe, 64 % 21141 ratio: 98:2

ACIE, 2016, 3991



Metals - How far can you push it

* Tobisu, Chatani, 2015
Table 2. Substrate scope®
[Ni(cod)] 5 mol%

+,OR ICy-HBF; 5 mol% Me
R_,‘\ v AlMe, 1 equiv R—'\
L NaO'Bu 2 equiv \F
toluene
80°C,6h

+.OR 3a (R =Me) 92%P  3d (R=Pr) 94%P

° 3b (R =Et) 94%P  3e (R=Ph) 31%"
3¢ (R ="CgHq7) 96%"

(w
Ni(cod), 5 mol% O
f 2
E’“\"’D CO OMe pr.Hcr 10 moie >N OO OMe
o NaO'Bu, toluene

17 80°C.3h 18 92%
AlMe,
H 0,
wesgromes () -
NaOBu, toluene
100 °C.,12 h 19 94%

Organometallics, 2015, 5792



Metals - How far can you push it

* Schoenebeck, Rueping, 2016

5 mol% [Ni{cod)s]

o S
N 5 mol% doype R
Alkyl sAl  iPryOftoluene (1:1) Oe

3
Cor
3a, 97%/@ 3b, 84%!c]

— 18 —— ACIE, 2016, 6093



Metals - How far can you push it

* Uchiyama, 2012

Ni-cat.[a]
toluene, RT 5

1 2 (2-3 equiv) 6-12 h

=
@ | (2b) p-tolyl, 3ab, (83%)
‘@ vt ‘@ ‘“H\Me (2¢) m-tolyl, 3ac, (76%)
2d) o-tolyl, 3ad, (645
(82%) (2d) o-tolyl, 3ad, (64%)

Scheme 3. Cross-coupling of aromatic ethers with aryl zincates. [a]

[NiCL,(PCy;)] (4 mol%) or [Ni(cod),] (4 mol% )/PCy; (8 mol%) was
used as a catalyst. Isolated product vields are given in brackets.

EJ, 2012, 3482
19 — CEJ, 2012, 348



Metals - How far can you push it

* Shi, 2008

Table 2: Nickel-catalyzed C—C bond formation with various arylzinc

reagents.”
OPiv [NiCl(PCya),] (5 mol%) Ar
“ + ArZnCl >
THF/DMA, 70°C
1c 2 3

Entry ArZnCl Product (yield [%])"
1 ZnCl R=H, 2a 3a (84)

2 R=Me, 2b 3b (30)

3 R=0Me, 2c¢ 3¢ (85)

4 L R=CH,OMe, 2d 3d (66)

*3 eq ArZnCl

— 20 — ACIE, 2008, 10124



Structue
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* Percec, 2004

Boron

TABLE 1. Influence of Leaving Group, Catalyst,
Ligand, and Solvent on the Ni(II}-Catalyzed
Cross-Coupling Reaction

G

KsPOy, 5 %ecatalystligand

woe~ )~ )

solvenl, 80°C, 14 h
solvent and conv (%)
entry X catalyst ligand™  dioxane Phie

1 NiCl:(PCyyle PCyy/10 =85 =45
2 NiCl:(PPhy): PPhy/10 19 95

| NiClz(dppe)  dppe/s a1 =85, b2a
4 NiCly(dppb)  dpph/3 &0 10
5 Cl  NiCly(dppfl  dppfi/5 =95 87
6 OMs NiCl:(PCya): PCyy10 =85 22
7 OMs NiCl:(PPha): PPha/10 18 BE

B OMs NiCldppe) dppe/s =45 77, 704
9 OMs NiCl{dppb) dpphb/s 70 50
10 OMs NiCl:(dppf)  dppfi5 57 12
11 OTs NiCl:(PCys): PCya/10 95 52
12 OTs NiCl:(PPhs): PPhs/10 4 75
13 OTs NiCl:{dppe]  dppe/s g2 87
14 OTs NiCl:{dppb) dpph/s traces 50
15 OTs NiCl:(dppf)l  dppfi5 20 20

“ Reactions carried out with 1 mol % of catalyst and 1 mol % of

dppe.

JOC, 2004, 3447



Boron

* Garg, 2008

5% NiCly(PCy3),
OMe 4.5 eq. K3PO4

OPiv
N /©/ - Nap-Ar
(HO),B PhMe, 80°C, 24 h

~80%
* Shi, 2008
10% N|C|2(Pcy3)2
AN OPiv AI’B/O\BAF 2 eq. K3PO4
I/ + 1.2 I I >
R = 0.__0O .
= /Ei dioxane, 110°C, 12 h
' ~70%
*Garg, 2009
OR 10% N|C|2(P0y3)2
7.2 eq. K3PO4
+ 4eqArB(OH), >
PhMe, 130°C, 24 h
~50-80%
R=C(O)NEt, (depending on &t system)
C(0)O'Bu
S(0),NMe,

— 23 —

also:

/©/0in

110 °C, 65%

Nap-Ar

Nap-Ar

JACS, 2008, 14422
JACS, 2008, 14468
JACS, 2009, 17748



* Snieckus, 1992

DOM and beyond

OC(O)NEt, 5% Ni(acac), OC(O)NEt;
™S 2 eq "BuMgBr T™MS
OR Et,0, rt, 2-24h R
R= S(0),CF; R= 65% "Bu, 15% H
C(O)NEt, 25 % H
*Snieckus, 2009
PhB(OR), (2.5 equiv)
NiCl,(PCys), (5 mol%)
Dom QCONEt ool ttiBF, (10 mol%) Ph
’ K3POy (5 equiv) Z

=z
Me
O Me

Me
5

*Garg, 2012, 2918

o-xylene / 150°C/5h Me

56% Me

Mg

\>
N

Me
6

1. sec-BuLi, THF, -78°C; O__ 0O
B(OMe)s; pinacol B

borylation with cine

s substitution
2. NiCly(PCy,),, TMDSO A\
K3PO4, toluene. A N

2% yield, t
(62% yield, 2 steps) 13

Me

JOC, 1992, 4006
JACS, 2009, 17750
OL, 2012, 2918



* Chatani, 2008

Ligands

\\\,OMe 0
+ Ph—B ><
o)

Ni(cod), (10 mol%)
ligand (40 mol%

CsF, toluene
120 °C

%
oge

93%
pCY2 Fe
Pr Pr
ST
Pr Me,P
0% 0%

4

+
Ar’NV

%

P \}/ P
TOIXTU

cr

Ar = 2,4,6-MG3CSH2
(IMes-HCI)

Ar = 2,6-‘Pr205H3
(IPr-HCI)

N~ar (+ NaO'Bu)

0%

0%

v .OMe
/© P T°|—Bi
Ph

°>< NaO'Bu (25 mol%)
0 CsF, toluene

Ni(cod), (10 mol%)

ligand (20 mol%)

120 °C

Ph

p-Tol

PCys \/\,N \/\/ Y

0%

-
O
cr

0%

0%

P |
OO
cr

76%

« [\
CX%V%
0%
OO
cr
0%

25

ACIE, 2008, 4866
Acc Chem Res, 2015, 1717




Leaving groups

* Percec, 2012

e |
“R 27\ / Reaction Condition 1-5 O
O« meo O X e (Y

R = -OMs, -OSO,NMe,, -OPiv
-OBoc, -OCONE!,, -OMe

Figure 1. Comparison of the efficiency of 2-naphthyl C-O
electrophiles in the cross-coupling reaction with 4-methoxyphenylbor-
onic acid (0) and 4-methoxyphenyl neopentylglycolboronate (0—S5):
(0) 5%(pivalate), 10% (for the rest) NiCl,(PCy;),/K;PO,/toluene/
130 °C**° except for OMs where 1% NiCl,(dppp)/KsPO,/dioxane/
100 °C was used;*™ (1) 10% NiCl,(PCy;),/K;PO,/toluene/110 °C;
o, : (2) 10% Ni(COD),/40% PCy;/K;PO,/toluene/120 °C; (3) 6%

Ni(COD),/12% PCy,/KsPO,/ THE/25 °C; (4) 10% Ni(COD),/
40% PCy,/CsF/toluene/120 °C; (5) 10% NiCl,(PCy;),/CsF/
toluene/110 °C.

26 JOC, 2012, 1018



* Martin, 2014

Silylation

Ni(COD), (10 mol %)

PV PCys (20 mol %) —
+ Et;SIBPin v o
CsF (x equiv), PhMe
- 50°C. 2 h -
entry Ni catalyst CsF (x)  additive (mol %) 3a (%)b
1 Ni(PCy;),(C,H,) 0 - 1
2 NiCL,(PCy;), 0 - 0°
3 Ni(COD), 0 - 11
4 Ni(COD), 0 CsF (30) 10
S Ni(COD), 0 CsF (100) 10
6 Ni(COD), 0 AgF (30) 20
7 Ni(COD), 0 CuF, (30) 10
8 Ni(COD), 0 CuF, (50) 184
9 Ni(COD), 0 CuF, (30) 0°, vV, 24¢
10 Ni(COD), 1 CuF, (30) 94(90)"
11 Ni(COD), 1 CuF, (30) 88 (85)™
12 Ni(COD), 1 AgF (30) 21
13 Ni(COD), 1 CuBr, (30) 0

JACS, 2014, 1062



* Martin, 2015

Borylation

Me /O 0— Me
X B8 X
Me ‘o 0— Me Me
2a (2 equiv) o
ome NI(COD); (10 mol %) 2 ,jLMe
PCy; (20 mol %) ‘0
HCONa (3 equiv)
1a PhMe, 95 °C, 15 h 3a
entry deviation from standard conditions yield 3a (%)
1 none 88 (80)°
2 without Ni(COD), 0
3 without PCy, 0
4 without HCO,Na 42
5 PCy,Ph instead of PCy,
6 IPrHCI instead of PCy,?
7 ICy-HBEF, instead of IJC);]_‘IT 48
8 NiCL,(PCy,), instead of Ni(COD),/PCy, 0
9 Ni(PCy;),(C,H,) instead of Ni(COD),/PCy, 61
10 [Ni(PCy;),]5(N,) instead of Ni(COD),/PCy, 64
11 PhCO;Na instead of HCO,Na 73
12 CsF instead of HCO,Na 65
13 B,(pin), (2b) instead of B,(nep), (2a) 2

“Conditions: 1a (0.50 mmol), 2a (1.00 mmol), Ni(COD), (10 mol
%), PCy; (20 mol %), and HCO ,Na (1.50 1’11'[110]) in PhMe (2.0 mL)
at 95 c’C 15 h. °GC yields using decane as internal standard. Iso]ated
yield. 44 NaOtBu (25 mol%).

C(sp?®)-OMe cleavage with B,pin, (2b)

Bpin Ni/PCy 4+ 2b
- y3 Bpin
MeO

65% (7a) 3°/ (7b)
<
Orthogonal Orthogonal
C-OMe cleavage C-OMe cleavage

R'=H; R"’-OMQ (6b)

,,, i g}.

R'=OMe; R2=H (6a)}
6a or 6b

N
| NI/PCy_-, + 2a then [I]* O

59% (8a) Ipso-halogenation 64% (8b)

C(sp?)-OMe cleavage with Bnep, (2a)

Figure 1. Orthogonal borylation via C—OMe cleavage. Conditions for
C(sp’)—OMe cleavage: 6a or 6b (0.50 mmol), 2b (1.00 mmol),
Ni(COD), (10 mol %), PCy; (20 mol %), and CsF (1.50 mmol) in
PhMe (2.0 mL) at 120 °C. Conditions for C(sp*)—OMe cleavage: as
for Table 1 (entry 1), followed by Nal (1.50 mmol) and chloramine T-
3H,0 (1.50 mmol) in 4 mL of THEF/H,O (1:1) at rt (1h). For 8a,
borylation was conducted at 120 °C. For 8b, borylation was conducted
with HCO,Na (0.15 mmol).

JACS, 2015, 6754



C This study presents a simplified route
predicated on simple C-H
functionalization logic that is enabled by a
Cu-mediated oxidative phenol coupling
that mimics the putative biosynthesis.
This operationally simple macrocyclization
is the largest of its kind and can be easily
performed on gram scale

A When heating o-Bromonitrobenzene
with finely dispersed copper powder,
one noticed that the latter lost its shine
and got converted into a flat, grey mass.
Upon work-up it became apparent that
most of the copper got converted into
cuprous bromide...

D Pyridinium chlorochromate,
CsH;NHCr04Cl, a readily available, stable
reagent, oxidizes a wide variety of
alcohols to carbonyl compounds with high
efficiency. It is easily and safely prepared
by the addition of pyridine to a solution of
chromium Rioxide in 8 g HCI followed by
filtration to obtain the yellow-orange, air-
stable solid.

B In a study on
Cyclopentadienequinone Albrecht
reports the addition of
cyclopentadiene to p-quinone. The
resulting compounds which he names
“Cyclopentadienequinone” and “Di-
Cyclopentadienequinone” are assigned
the following structural formula.
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* Hartwig, 2011

*Agapie, 2012

@i{on
R
e

R = Ar, Alk

Reduction with H,

Ni(COD); (20 mol%)

: L5-HCI (40 mol%) i = H

+ - .

2 "NaOBu (2.50 equiv) ~
m-xylene, 120 °C

Me
.0 ’ .OMe
MG, OO

87%

one
Bu@/om

99%
(+AlMeg - 1 equiv)

Scheme 26 Hartwig's
ethers.

-

MeO .
Me - :@f 0~ :
85% (+AlMes - 1 equiv) MeO OMe

MeO
rr"olule Meo]@/ff
96%
(+AlMeg - 1 equiv) 99% (5% Ni)

Ni-catalyzed reductive cleavage of aryl or benzyl

20% NI(COD),
40% SIPr-HCI
NaO'Bu
O‘KC/R Hs (1 atm @ ri) 5 N X
D, -

“Oe m-xylene, 120 °C ( I /:
R=D X=90% D
R=(CH,),CH, X=90% D

'Pr
SIPrHCI = @
’ Science, 2011, 439

JACS, 2012, 5480
31 , 2012,



Reduction with H,

* Hartwig, 2012
B. Orthogonal selectivity

20 mol%
NI(COD)?* _ “°\©
Ligandless Ni  Carbene Ni ‘BuONa
A\ 74 H, Conversion: 100% 97%
“’\O.”l 1 bar
OH
HO 20 mol% O’ + ©
Ni(COD),/
! HO
2SIPr-HCI - 67% 48%
‘BuONa HO
Conversion: 67%
dCatalyst loadings were not minimized.
75% at 100 °C; ©100% at 100 °C 5%

* Hartwig, 2016
*Ni/C at 180 °C much higher performanc

JACS, 2012, 20226

ACIE, 2016, 1474
30— CIE, 2016,



Reduction with Silane

5 mol % NI(COD),
Rif S OMe 10 mol % PCy; = il RS H
« Martin, 2010 i 1 equiv of TMDSO \
toluene, 110°C, 16 h
Selected examples
H OMe
WL QT OCC
N
Ao YN L o
Sk come
74% 78% 82%
N
I = OMe
) N~ 63%
*Tobisu, 2011 Beeemrmmm e
Table 1 Optimization of reaction conditions”
OMe  Ni(cod), 10 mol % ’
1a PCy3 20 mol %
+ toluene
H-Si 2a-e 140°C, 12 h 3
Entry H-Si Yield® (%)
1 HSiEt, (2a) 67 (49)°
2 HSiMe»/Bu (2b) 12
3 HSiMe,Ph (2¢) 46
4 HSi(OEt); (2d) 91 (3)°
5 HSiMe(OMe); (2e) 96 (95)° JACS, 2010, 17352

33 Chem Comm, 2011, 2946



Mechanism of Silane Reduction

* Martin, 2013

Scheme 2. Accepted Mechanism for C—OMe Cleavage

¥ OMe Ni catalyst R R
R'— + R-M » R':- + MeOM
= M = BOR,, ZnX, MgX =
R = Ar, Me
................... FlOMe
£ Ni°L,,

R! LN

Ko
Reductive Ox:dat.rve
elimination addition

E
L
]
Ni
RI_I = 1 R
gt
Transmetallation
e AT :MQM

34 — JACS, 2013, 1997



Mechanism of Silane Reduction

* Martin, 2013

PCys + Ni(cod), -~ = Ni(PCys), + 2 cod
CysR
Ni oM
NaOMe !
(5 equiv) | 4
THF, rt (2.5h
74°£ : CyaR
o4 Ni-CO
Ni’ S—
ooy
N|—JL
2 (L=PPh,) CysPH Me
) 91% NaOEt 8
3 (L=PCya) (1.2 equiv)
THF, rt (2h) E
82% | CyaR  oEt
: Ni
D et PCys

JACS, 2013, 1997
3 — Cs, 2013,



Mechanism of Silane Reduction

* Martin, 2013

CysR y

Ni’

CY3P cl CYSP v
Nl 2
elimination \f
NaCl n R

R_H,Me

=

. CyaR H oxigative 0
dehydrogenation Ni© H addition | CysP- Ni—
' CysP I R=H
H, v 9

R:Me,B

[Ni(PCy;),],N,

OMe g (0.50 equiv) OO H CysR,
—> ‘-—
toluene, 110 °C + c IN' co
! yaP
1 No silane ! 5 6
54%

JACS, 2013, 1997
35 — Cs, 2013,



Mechanism of Silane Reduction

* Martin, 2013
*Problem: no conversion until silane added

*Isotope labeling: o bond metathesis faster than B hydride elimination (labeled both silane and
Me)

*No KIE Et,Si-H/ Et,Si-D=> Si-H not irreversibly cleaved during rds

5 mol % NI(COD),

AN OMe 10 mol % PCY3 N H
i > R
Z 1 equiv of TMDSO =

toluene, 110°C, 16 h

L=PCy; Ni(COD),
@/H lPCy3 . OMe
R'T R
Reductive | Oxidative
elimination addition
L L
I
S : Ni.
R‘_: . R e OMe
Z L I
r\ R.SiH
R;SiOMe s =

e Ni— OMe o-Bond
91{)/ H *-SiR3 metathesis
N

JACS, 2013, 1997



Mechanism of Silane Reduction

* Martin, 2013
*Induction period by FTIR
* 29Sj: only Et5SIH signal - paramagnetic species present?

OMe 5 mol % Ni(COD)Q
2 equiv of Et;SiH
1 toluene, 100 °C 5
05 kM
‘ T,
Y
.
04 | .\\ ,,!
- -
P
% 03 y | - Naphthalene
‘f — Et3SH
02
e
o1 o
|
’
00:00:00 02:00:00 04:00:00 06:00:00
Relative Time

Figure 8. In-situ monitoring by FTIR spectroscopy.

— 38 — JACS, 2013, 1997



* Martin, 2013

Mechanism of Silane Reduction

A R B
CysR H Et,SiH Poys &</ > i ~R M P |
' SiEt R /=7 i\ PR R™ |
AR M 5'3 BT | 2% L
H ' 0 . __12a=0p
2 NV _ N N + 2 Ni-SiEty
CysP SiEts AGR =.37.3 CysP H PCys CysP
Vil Vil IX
INT-7; 9.2 INT-8 INT-9

“Gibbs free energies computed at M06/6-311++(d,p) (SDD) (blue).

JACS, 2013, 1997



* Martin, 2013

EtaSlH

Et,SiOMe

PCys

Mechanism of Silane Reduction

NI(COD), + 2 PCys J

l Ethl oM
CysR, “

Ni-SiEt,
CYSP Cyg

PCYS
SlEtg
F’Cy‘cl
- F[’C}'a -
h_]j
o‘
Me

JACS, 2013, 1997



Very Active Ligand

* Nakamura, 2009

9] cat. Cu/PON-pro [ Ph.P OH ... 1 |
Table 2. Ni/PO-Catalyzed Cross-Coupling of p-Tolyl Halide or

Pseudohalide and Phenylmagnesium Bromide >
Ph,P OH

Ni(acac), (y mol%)

PO (y mol%)

PhMgBr (1.1 equiv) ©/L\
- ME@P PO
Et,0, 25 °C -

entry X y time (h) yield (%)?
I F I 1 04°
2 Cl | '3 97
3 Br 0.2 3 91
4 I 0.05 2 98
5 OTft I 2 95
6 SMe I 1 5
7 SMe 5 24 62

JACS, 2009, 9590



Very Active Ligand

* Nakamura, 2009

Ni catalyst
PhMgBr (1 equiv)
S(n-Pr) Et,O

{1 mmol each)

Ni(acac)./PO (1 mol%), 25 °C, 4 h
. reflux, 22 h

— 42 —— JACS, 2009, 9590



Very Active Ligand

* Nakamura, 2009

Ni catalyst
PhMgBr (1.5 equiv)
Me—@—oﬁ - Me@l’h + MeMe
Et,0, 25 °C
1 2

yield (%)
entry R Ni catalyst time (h) 1 2
| SO,CF; Ni(acac)»/PO (1 mol %) 2 95 0
2 P(O)OEt),  Ni(acac),/PO (1 mol %) 2 92 0
3 P(O)OEt),  Ni(acac), (1 mol %) 2.5 0 0
4 CONEt, Ni(acac)»/PO (3 mol %) I 95 4
5 CONEt, Ni(acac), (5 mol %) 2.5 64 27
6 CONEt, NiCly(dppp) (5 mol %) I 10 4

43 — JACS, 2009, 9590



Very Active Ligand

o P
md N ey
* Nakamura, 2009
PhX l
O p o P oF 0..
Mg I&l/ g/ Nl / N-" /LJ N|
TS1
CP1 CP3 *
e ﬂ M
P % —Ni
O \ p P > Ni
\ 4 ] >
N M NI wg Wi Mo y XQ
J’.I g :' K :\\ A !
i I Mg
CP4 CP6 ( == : spontaneous process]
Table 7. Relative Potential Energies and Gibbs Free Energies (kcal/mol) of Ni/Mg Complexes in Scheme 1°
X CP1 CP2 CP3 CP4 CP5 CPé TS1 PD1
F —244 (—13.0) —33.3 (=20.7) N/A? —25.0(=13.9) —30.6 (—=17.7) —27.6 (—15.5) N/A? —52.8 (—40.8)
Cl —24.8 (—13.0) —27.1 (—14.3) N/A® —258 (—13.9) —28.7 (—16.7) —30.3 (—17.6) N/AP —54.0 (—41.7)
Br —25.0 (—=13.0) =279 (—=15.3) N/AP —26.0 (—14.3) —28.8 —32.1 (—19.2) N/AP —56.2 (—44.0)
and 6-31G(d) for the rest. Gibbs free energies are shown in

“ Calculated at the B3LYP level using LANL2DZ for Ni,

Ahlrichs SVP for Br,

parentheses. ” The structures could not be located because of spontaneous C—X bond cleavage during the geometry optimization (see Figure 2).

JACS, 2009, 9590



Very Active Ligand

* Nakamura, 2009

=
E
w©
O
—
==
2
@
-
@
o
=
©
[
-

Figure 2. Change in potential energy of the CT1—halobenzene complex
(shown in the upper-right corner) with elongation of the C—X bond length r.
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Mechanism with Boron

e Liu, 2009
106 80
kcal/mol kcal/mol Ar
I Ni(PCy3)>Cl» (cat.) R Ar
Fi\\\’ 0\{( N Q'B-q, KaPOg4, H20 |\\
. dioxane, 110 °C 7
= O Ar’B (0] B\Ar
NiL oxidative possible mechanism reductive
2 | addition elimination

|
) j\ e o¢< MeCOOBOR): L
< O AB(OR), O-~g~ ) Ni

. (0] ~
Ni —_— / x
- A ligand “-Nj SN trans- L |
| \ exchange Lo \¢ metalation X
- - R
R R

— 46 —— JACS, 2009, 8815



Bisphosphine or Monophosphine

* Liu, 2009

P g
%i . 1.689 B
Sy Y et
S T 2
2,022~ 2025 ) \
‘,' 3 ‘,‘ '__I’i‘r’_\!oﬁ

" ‘\‘
ﬂ / 304 N4
IN1 2 (E 53 D 1.4551-896
0.0
1.929 1.921

M \IN7
2,01§ 2,1978 -30.3
— :19.&5 ::

JACS, 2009, 8815



Mechanism with Boron

* Liu, 2009
L. O H\O ;H ]
.0, L. Q- 0
o meens D e e FYs
\O % }J:K:OH |\ o1z S 2.285
|
IN7
.y INT0 IN11 4
o
'-:Nif “B(OH)2
Ph H. _B(OH),
@ LP B(OH), v
i I
N12 IN13

48 — JACS, 2009, 8815



ith Boron

ISM wi

Mechan

* Liu, 2009

Reductive Elimination

Oxidative Addition

-49.9)

IN1

'
'
- N
' (o))
: Y .
. .
] - 7
' ™ M8
' n/.; = e n(_u
' b o5~
- -+
' [}
' e N
" &
: z
||||||||||||||||| unuqlur||.c.c.||o||-o|\.?||annvll;ul-l-
- ~
o, =
O.. Y '
-
= —
1 ~ ~— -
= o '
P 9 ,
' N “
' - :
' _m :
' |
' \\ 1
= B ”
2| ¥ :
|||||||||||||||||||||| uauuununuucnuuaunnur|nﬂv..|||||||aa|
R ' Zl S
N ' ey w
iz o e v e g g B 1
i -
N—=
- = N "
nnnnnnnnn .8w
o] ©
- |
s =k
e sed ]
'
= '
S
::r:a.o.
-
£

JACS, 2009, 8815



Ni vs Pd

* Liu, 2009

Table 1. Oxidative Addition of Various Ph—X bonds to Ni(0)PMes
and Pd(0)PMe; (Unit: kcal/mol)

106 - .- -80. -
 keal/mol  keal/mol

o @

Ph—X 17? complex TS barrier  #? complex TS barrier
Ph—Br —24.5 —21.2 33 —8.2 —4.8 34
Ph—Cl —26.1 —16.5 0.6 —5.5 03 148
Ph—F —25.9 1.8 27.7 —6.3 28.0 343
Ph—SAc —26.7 —16.1 10.6 —1.9 05 114
Ph—OTf —25.1 —20.6 4.5 —4.6 212 259
Ph—OMs —26.1 —0.1  26.0 -39 245 284
Ph—OTs —244 —1.0 234 -39 255 294
Ph—OAc —23.7 27 264 —4.38 292 340
Ph—OMe —254 42 295 —6.8 352 420
Ph—NHACc —224 1.9 242 2.1 314 314

— 50 —— JACS, 2009, 8815



Where does the Phosphine insert?

* Houk, 2014

; X
PCy;

Cy,P/\/Pcyz Cy,R__ PCy,
.

E
A 1 " \\ o
C(ary)-0 B\ C(acyl)-0 ~0--
activation A';{o},,

extra Ni—0O bond;
additional Interaction
energy in TS

favored

Arz aclivation

favored

low BDE of C(acy!)—O bond
less distortion energy in TS
* Liu, 2009
R L)
[Ni°L,] o= ArM Af\N_L
|
irreversible ,O Ar’ 4
desired Ar—NiL,
0
e
Ar—0
[NI°L,] OYR ArM OYR
reversible aro ik _NiL,,
undesired Ar
JACS, 2014, 2017
— 51 ——
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* Wang, Uchiyama, 2015

Mechanism with Grignard

PCys CysP ¥ PCy,
) 7 g I
N T [ NIy,
— *t0—Me OMe
CP-a (g-107) TS-a g - 369
PCy;
Ni(PCy3), Cy4P i Tch
. C¥P B o T Br @—Ni
Ni \ & i \ oPh |
PhOMe 3 - y ./ /Mg — @' “‘ /Mg > /0\ _‘.;\Ph
+ ® @‘0 “ome 0 N Me Mg
f 2 | Mes d N\
1/2 [PhMg(OMe,)Br], Me (gf';g) (:_S;t:4) Me ( é:_l’;ca) Br  OMe,

52 CEJ, 2015, 13094



Nickel-ate complex

* Wang, Uchiyama, 2015

(G =-34.9) Ph—Ph Ni(PCy3)2 PhOMe + 1/2 [PhMg(OMe;)Br]s
B It SM i 1#
/PCya (G =0.0)

. > Y P A
PCys Ni }ﬂ 3 —> Ni::..h\ﬂé‘
: g .. N
/_ ) 0/ \OMez 3 [ O/ "OMe,

- - CP1 Me Me
TS3 (g=1.7 _ - -
(G=99) TS1 (G=127)
CysP [ cy.p N @ Tt
@—NI B\r Ni-=~ ' CYSP\ s 0Me2
..uOMe \ “ s
\ N Mg, A / ,Mg ~
CP3 OMe 0™ \ Phe: 4 o Br
(G=-3.9) Me/ Br |
1/2 [MeOMg(OMe,)Br], . TS2 6168 - Me CP2g.1s

CEJ, 2015, 13094
53 , 2015,



Nickel vs Palladium

* Wang, Uchiyama, 2015

G (kcal mol-1)

CysP
a0.0 1 62—
Br 0~ \ "OMe
CyasP ; o] 2
—_— M=Pd Gl ‘, ; 815 / Br
—  M=Ni M Mg. ! . Me
30'0 " S, _— ! ‘.
20.0 9
10.0 A
0.0
— 0 OMe, “| “. coordinating
hlle Cng\ % OMe, CP3 \ | wan Pey,
L) 1
< / o ey @_}ﬂ --Br Vi
PhOMe | .wOMe, iR
20.0 M(PCys) = - ¥
-<U.U 1 Ya)g e T E I VY
+ Rt T OMe ‘|"‘
1/2 [PhMg(OMe)Br], L .“..
el A
e mmmm et "
-30.0 1 e y
_40.0 N -

. i -34.9
1/2 [MeOMg(OMe,)Br], + M(PCys)a + Ph—Ph PD

CEJ, 2015, 13094



What is known about other metals

. Hard nucleophiles

. Boronic acids

. Reductions & mechanistic discussion

. Outlook



Ruthenium

« Kakiuchi, 2006 RuH,(CO)(PPhs); (1)

o talyst 1 R'sSi
ca 1
+ Z giRly R2E }( —_—
o 2

R

H 10 OMe
| " ?
Ru(CO)(PPh3)" ———— @I\;u (14| me,Phsi (E1O),Si Me.Si 0
toluene-dg _Ru. 80°C 1 TOAr ? |
5 rt, 14 h oc” | PPhs| B3y OF‘,:h 'L O
PPhy 3 oh oh

8 2 12 89% (2 h) 13 78% (10 h) G R]?
14 R3=CF; 95% (2 h)
15 R®=NMe, 82% (10 h)
*Snieckus, 2014
0
iz R-B iX 1R2
OMe RuHo{CO)PPhs); (4 mol%) :[R
1 toluene, 125-135 °C, 20 h 2

CONR'R? CONE, .~ CONEt;
® C -
2a, 96%3 (R1 R2= Et) G
2b, 52% (R',R? = Me) Me
2c, 33% (R',R? = i-Pr)P 2e
2d, 50% (R' = Et: R? = cumyl)® 82% 96%

Me

JACS, 2006, 16516

JACS, 2014, 11224
56 , 2014,




* Tobisu, Chatani, 2015

OCONR';
O
Ph

R' = Et (6)
='Pr(7)

Rhodium

[RhCl(cod)], (5 mol%)
I(2-Ad)*HCl (20 mol%)

PhB(nep) -
4a NaOEt (2.0 equiv)
15 . toluene
(1.5equiv) 435c 20
. Ph OH
| +
Ph Z Ph
8 9
from & 38% 56%
from 7 86% 0%

Scheme 2. Effect of the substituent of the carbamoyl group.

Tetrahedron, 2015, 4484



Cobalt

* Ackermann, 2012

RE
Ny
™
=N
OSOENMB;g
Co(acac); (10 mol %)
| | S IMesHCI (20 mol %)
+ -~
A P CyMgCl, DMPU
R R® 60 °C,16 h
1 2 3

R¥*=H (3ab): 70% 3ad: 81%
R® = Me (3ac): 80%

ACIE, 2012, 8251



Iron

Table 3. Substrate Scope of Alkenvl/Arvl Carboxvlates®

FeCl, (1 mol%)

i Alkeny—OPiv H,IMes*HCI (2 mol%) Alkenyt"hexyl
" Shi, 2009 or Aryl —OPiv + AERINGCS : 0 - or Aryl—"hexyl
y1 THF,0°C,1h 3
Entry 1 3(%)® |Entry 3(%)°
OPiv 3 1)
r
opiv 1f
OPiv N 3s (85)
CO,Et
©/ “7 3n(79) OPiv 19
OPiv /\/@ 3t (70)
CO,Et
1h
30 (87) OPiv
OPiv
OPiv 1i (E:Z=2:1)
OPiv
S
3p (90) 3v (87)
Qo 0
1d
OPiv o O
U 3q(05) |11 O 1kR = Bu (40)
11 R = NMe, (80)

— 59 —

JACS, 2009, 14656



*Zeng, 2015

Chromium

H__NBu 0
1) CrCl, (10 mol %)
THF, rt,5h
| B OMe + ArMgBr - | N Ar
i 2 2)HCl (aq.), r.t.,, 3 h R/ s
L 2 3
H O H__O H__O
Ph Ph Ph Ph
MeO OMe
OMe OMe OMe
3¢, 89% 3d, 60% 3e, 97%

JACS, 2015, 14367
60 CS, 2015,



Yttrium

* Carpentier, Kirillov, 2016

=1
- Ar< X JAr
Y(CH,SiMe;)y(THF), AE=-278 N N )N\ s
: - SiMe, Me;,Sly
~THE  Me;Si /
THR, /
_SiMe;
AE=+16 Xr l Ar (')
l.
- SiMe; Me-0Q N o N7 CF3

~THF Ar” U

()

C(sp?)-H activation

AE=-453 :
SiMe,
AE*=113 3
tandem C(sp?)-OMe activation
1 C(sp?)-C(sp?) coupling
Me.
FaC 0 Cp. AE=-213 F3C Me CF3
;°'¥N o) N ag? =180 Ay NAr
N(_NSY/&N g *‘Iz
S iy
Af/ \ / Ar AI'
(V) )

reorganization /
isomerization AE=-5.1

1-Y

JACS, 2016, 4350



Conclusion

C-O bonds are ,inert“ according
to at least 120 papers
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