Literature Report 4

Multimetallic Catalysed Cross-
Coupling of Aryl Halide with Aryl
Triflates

Reporter: Han Wang
Checker: Bo Wu
Date: 2019.11.25

Weix, D. J.* et al. Nature 2015, 524, 454-457.
Weix, D. J.* et al. J. Am. Chem. Soc. 2019, 141, 10978-10983.



CV of Dr. Daniel J. Weix

Background:

O 1996-2000 B.S., Columbia University

O 2000-2005 Ph.D., University of California, Berkeley

O 2005-2006 Postdoctor, Yale University (Prof John Hartwig)

O 2006-2008 Postdoctor, University of lllinois at Urbana-Champaign
- 0O 2008-2014 Assistant Professor, University of Rochester

' O 2014-now Associate Professor, University of Wisconsin-Madison

Research:

Development of conceptually new catalytic methods for
organic synthesis.




Contents




Introduction

1 X v A

CO,H

. C LA

NH HO O
o) ~ ‘
A O ©
N —NH CI” °N

Diovan (Valsartan, Novartis) Boscalid (BASF) Micardis (Telmisartan, Boehringer)

MX H

\ O O

cross-coupling C-H arylation
ll .CO,H l X

J
decarboxylative cross-Ullman
coupling coupling




Introduction

Pathway |

)J\

- H* | + M, oxidation

)1\ .

CO,

i

Ar/lvIn

aryl nucleophile

O
Ar)J\O/ M

Pathway i

.

J

+2
Ar/lvIn

aryl electrophile

.

J

m = Mg, Zn, Sn, B...

+M

«—— Ar—m

-m

+M

«— Ar—X

- X

X = halide, OTf, N,*




Decarboxylative Cross-Coupling

©:COOH
EWG

CuCOg3 (1.2 equiv.)
Pd(acac)zliPrPth (2 mol%

/ 3A MS, KF, 120 °C ) \
© C

I EWG

up to 98% yield

Cul/1,10-phenanthroline (0.1 equiv.)
\ Pd(acac),/PPhs (2 mol%)

3A MS, K,CO3, 160 °C

CO, Ar
Ar—{Cu] LnPd(”)\
B c X
decarboxylation oxidative X—Ar
o addition
Ar)J\ )Cr)\—[Cu] L,Pd©
A \1 transmetalation
anion reductive
exchange elimination
HX J D A
- Ar—Ar'
(I -
CuX L,Pd \
Ar .
X = halid
Ar—CO,H alide

Goossen, L. J. et al. Science 2006, 313, 662.
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Decarboxylative Cross-Coupling

O
OT# Cu,0/1,10-phenanthroline
oK* Pdl,/Tol-BINAP
+ y e
NMP, 170 °C, 24 h @
41-98% yield

Goossen, L. J. et al. J. Am. Chem. Soc. 2008, 130, 15248.

o)
Cul/Me4Phen
oK+ Cl [(MeCN),Pd](OT),/XPhos
+
quin /NMP (1:1), 190 °C @
18-88% yield

Goossen, L. J. et al. Angew. Chem. Int. Ed. 2015, 54, 13130.




Decarboxylative Cross-Coupling
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Oxidative Decarboxylative Cross-Coupling

( )
o) Pd(TFA), (20 mol%)
Ag,CO; (3 equiv.
'—COOH + Arz—B/ 92CO3 (3 equiv.) » Ar'—Ar?
% DMSO, 120 °C, 2 h
up to 97% vyield
) J
Ar—COO"
Pd(“)
salt \ Ag,CO3
metathesis
Ar o -Pd{"
A X reductive
. Ar—Af
decarboxylation elimination
Ar-Pd() x trans- A
metalation /
B Pt C
Ar'—B(OH), Ar

Liu, L. et al. Chem. Commun. 2011, 47, 677.
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Direct C-H Arylation

| > [{RhCI(C2H,),},] (5 mol%)
2N Plp-(CF3)CgHulz (20 mol%)
+  PhB(OH), TEMPO (4 equiv.)
130 °C

(50% vyield) (18% vyield)
— ArB(OH),
@—Q L,Rh'TEMPO
N
A / (TEMPO)B(OH),
L,Rh'Ar
Q@ 2 TEMPO
(TEMPO)IIQh'”Ar
L L

|
(TEMPO)2R|’h'”Ar
L
/
(TEMPO)ZFlah”'Ar
L

Studer, A. et al. Org. Lett. 2008, 10, 129.
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Direct C-H Arylation

Pd(OAC)2 (5 ml%) CO-H
COH AgOAG (1.3 equiv.) 2
+  Arf >
AcOH, 100-130 °C .

53-69% vyield

Pd(OACc), (5 mI%)

CO,H
COH . "BUAd,P (10 mol%) 2
+ ArZCH -
Cs,CO3 (2.2 equiv.) 5
Ar

DMF, 145 °C

72-91% yield

Daugulis , O. et al. J. Am. Chem. Soc. 2007, 129, 9879.
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Direct C-H Arylation

Pd(Il)-Pd (V) Mechanism Pd(0)-Pd(ll) Mechanism
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Daugulis , O. et al. J. Am. Chem. Soc. 2007, 129, 9879.
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Direct C-H Arylation

20 mol% Pd,dbag

t
NO ARYLATION <2 Pd(PBus),

CH3CO5H, no AgOAc

20 mol% Pd(OAc),

CH3CO,H, no AgOAc
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Ullmann Coupling

Cu©® or cu-salts
X + X >
solvent

heat or sonication

CuX

Cu
oxidative
X + Cu — > CuX \ /> Cu
addition
i
_— Cu _
oxidative reductive
Cu + X — > >
addition elimination
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Cross-Coupling of Ar-Br with Ar-OTf

5 mol% PdClI,, 5 mol% dppp
> OMe
Zn (2 equiv.), KF (1 equiv.)
DMF, 40 °C, 12 h 3
77% yield, >10:1 selectivity

P
TfOOOMe 5 mol% NiBry(diglyme), 5 mol% bpy
1
2
|\

Nil) Pl
Ar'  Br TfO  Ar?
Ar1_Br Arz—OTf
Ni Pd Pd(0)
Ni(0)
Ar'—Ar?
ZnBrOTf
Ni(ll) Pd(Il)
/ \ ’
200 wd B Al AR

Weix, D. J. et al. Nature 2015, 524, 454.
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Conditions for Cross-Coupling

Reactivity of Catalysts

(bpy)Ni

W

¢

(dppp)Pd @—I
-«

17



Selectivites of Ni and Pd Catalysts

(1]

Concentration (mmol)
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. / \\_ g, Zn@equiv)
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Conditions for Cross-Coupling

w mol% NiBr,(diglyme)

X mol% bpy
y mol% PdCl,
z mol% dppp

Zn (2 equiv.), DMF

v

-

OMe 3

Br 40 °C
MeO OMe 5
Entry? W y z 3 (%) 4 (%) 5 (%)
1 5 5 5 5 62 21 14
2P 5 5 5 5 77 7 4
3 10 10 10 10 70 17 10
4 5 5 10 10 61 20 14
5 10 10 5 5 66 18 13
6 0 0 0 0 0 0 0

& Conditions:1 (0.5 mmol), 2 (0.5 mmol), DMF (2 mL), 24 h.
b One equivalent of KF was added.
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Optimization of Reaction Parameters

Ve

TfOOOMe 10 mol% NiBry(diglyme), 10 mol% bpy
(1 equiv.) 10 mol% PdCl,, 10 mol% ligand <=>_<=>70
. - M
Zn (2 equiv.) \ / \ / ©
+ QBr DMF, 60 °C, 24 h 3
2
L (1 equiv.) )
Entry? Ligand 3 (%) Ph,F  PPh,  Ph,P  PPh,
1 L1 28 H L2
PPh,
2 L2 61 m C[
3 L3 26 Ph,P PPh, PPh,
L3 L4
4 L4 56 m
5 L5 2 (ProP - P(Pr;  (CypP  P(Cy)
L5 L6
6 L6 2 l/\ PN
7 L7 11
Y
N _PPh;
aConditions:1 (0.5 mmol), 2 (0.5 mmol), DMF (2 mL), 24 h. |
\/\/
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Optimization of Reaction Parameters

10 mol% NiBry(diglyme), 10 mol% ligand

10 mol% PdCl,, 10 mol% dppp

(1 equiv.) - o o OM
Zn (2 equiv.) \ / \ / ©
+ @—Br DMF, 60 °C, 24 h
2 3
L (1 equiv.) b,
Entry2 Ligand 3 (%) Meo\ o)
s e 0000
7\ 7\
\ / W’ 7/ 7/
2b L9 47
L8 L9
3 L10 59 /7 \ H
o0 G
/ 7 N\
4b L11 53 \ N N= \ N N
L10 L11
5 L12 54 | A
X N/ X
aConditions:1 (0.5 mmol), 2 (0.5 mmol), DMF (2 mL), 24 h. ! N|
b Reactions were monitored for 64 h. Z =
L12

Me

~N
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Substrate Scope

5 mol% NiBr,(diglyme), 5 mol% bpy
5 mol% PdCl,, 5 mol% dppp
Br + TfO >
Zn (2 equiv.), KF (1 equiv.)
DMF, 40°C, 12 h

’

6 7
78% yield 85% yield 87% yield
OMe OMe
o0 OO0
\
/
0]
8
75% yield 59% yield 4% y|eId

C

2

8 O - Q
11 12
61% yield 71% vield 71% yleId
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Substrate Scope

5 mol% NiBr,(diglyme), 5 mol% bpy
5 mol% PdCl,, 5 mol% dppp
'
Zn (2 equiv.), KF (1 equiv.)
DMF, 40°C, 12 h

O
Il OMe
i
14 15 16
X=1 X=Cl X =Cl
78% yield 78% yield 75% yield
FsC O
_ _ N oM {
/ © /
\ 7\ N /
N N
17 18 19
X=Cl X=Cl X =Br
61% yield 59% yield 60% yield
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LiCl-Accelerated Ullmann Cross-Coupling

5 mol% NiCl,y(diglyme), 5 mol% bpy

oM
@X /O/OMe 5 mol% PdCl,, 5 mol% dppp /@/ e
+ -
= 0 Zn (2 equiv.), KF (1 equiv.) Ph

1:1 NMP/DMF, 80 °C, 24 h

X =Br, 79% yield
X =Cl, 10% vyield

Commerical availability of aryl halide coupling partners

o o o

Reactivity with (bpy)Ni

+

OTf ,
Ni Pd

Cl
2

3

Weix, D. J. et al. J. Am. Chem. Soc. 2019, 141, 10978.
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Mechanistic Study

Ar?

NI [Pd(]
N TIO AR
Il v
Ar?~Cl Ar—OTf
Ni [Pd
INi©7 1
Ar'—Ar?
Zn " _X VI
[NI( )]\ i [Pd ||
n X Ar1 Ar
‘Bu By
= R .wOTf cod 0 cod = R «Cl
B N — »  (dtbbpy)Ni%(cod) = <— R N
‘ \N’ \OTf Zn Zn ‘ :N’ ~ci
t t
Bu -OT$ I Bu -Cl
aAdditive Yield from lII-OTf  Yield from 1I-ClI
a8Reduction of Il was
none 0% 37% conducted in DMF at
a concentration of
ZnCl, 2% 5% 0.025 M with Zn
_ . powder (40 equiv).
LiCl (40 equiv.) 44% 86%
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Optimization of Reaction Parameters

5 mol% NiCl,(dme)/dtbbpy

Cl OMe M
©/ O/ 5 mol% PdCl,, 5-10 mol% ligand @/O e
+ >
10 LiCl (2 equiv.), Zn (2equiv) o
1a 2a 3a

1:1 NMP/DMF, 80 °C, 24 h

Entry2 Ligand 3a (%) m
Ph,P  PPh,  Phy,P PPh,
1 L1 62 L1 L2 @,
2 L2 85 “ ]
' ' Bu N \N
3 L3 30 (PP PP, |
L3 L4
4 L4 46
Cy tE’iu
|
P P<
5 L5 81 Cy \Cy tBu/ tBU
6 L6 36 LS Lo
7 L7 67 O
L7
aReactions were run on a 0.5 mmol scale in 2 mL of solvent. Yields PCy,
are expressed as corrected GC yields vs. dodecane as an internal O
standard.




Optimization of Reaction Parameters

Cl OMe
- T
TfO
1a 2a

5 mol% NiCl,(dme)/ligand
5 mol% PdCl,/dppb

1:1 NMP/DMF, 80 °C, 24 h

OMe

s

13
7 1 F3C\C(fj

Entry? Ligand 3a (%)
1 L8 85 Bu
2 L9 73
3 L10
4 L11
5 L12 38
6 L13

aReactions were run on a 0.5 mmol scale in 2 mL of solvent. Yields
are expressed as corrected GC yields vs. dodecane as an internal

standard.

LiCl (2 equiv.), Zn (2 equiv.) ©/
3a
Bu
]
N
N
N Ls
CFy
g
N
N
N L0
=z
N
N
N
L12

Ph
X
¥~
X
¥
35
N Me
¥
Me

MeO

N

A/

L13
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Optimization of Reaction Parameters

5 mol% NiCl,(dme)/dtbbpy

Cl OMe oM
©/ /©/ 5 mol% PdCl,/dppb /©/ e
+ >
- LiCl (2 equiv.), Zn (2 equiv.) o,
1a 2a

1:1 NMP/DMF, 80 °C, 24 h

3a
Entry Change from the optimized conditions2 3a (%)°

1 none 84

2 NacCl instead of LiCl 62

3 LiBr instead of LiCl 59

4 TMSCI instead of LiCl 16

5 no LiCl <10

6 Mn instead of Zn 62

7 Mn instead of Zn, LiBr instead of LiCl 77

8 Reaction set up on the benchtop® 80

9 1.2 equiv of 2a 90 (89)d

aReactions were run on a 0.5 mmol scale in 2 mL of solvent. PGC vyield vs dodecane as an internal standard.

°The reaction was set up under air with dry solvent. dIsolated yield.
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Substrate Scope

\

1:1 NMP/DMF, 80 °C

cl 5 mol% NiCl,(dme)/ligand
5 mol% PdCl,/dppb
+
TfO LiCl (2 equiv.), Zn (2 equiv.) @
1 2 3

1.2 equiv.

Ar! = 4-(CH;0)CgHy4, Ar? = 4-(CH30,C)CgH,

Ph,P PPh 1 1 1 1
2 dppb 2 Ar Q/Ar /©/Ar /O/Ar
: Me BocHN F
™ Bu | 89% yield 81% yield 5% yleld 77% yield
/2 NN Ar! Arl 1
: N
dtbbpy P Ac OHC
E 3e
76% yield 67% yield? 64% ylelda 82% yield

B B
P ' Ar = Ar? 44% yield

_ Ar’ Ar’
=0 /@/ ﬁVO/
= i EtO),P

o N D/ Ar = Ar! 89% yield pinB” (=0

48% yleld 73% yield

.................................

aUsing 5 mol% 6,6'-dibromo-2,2'-bipyridine instead of dtbbpy.
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Substrate Scope

Cl 5 mol% NiCl,(dme)/ligand
5 mol% PdCl,/dppb
+ -
TfO LiCl (2 equiv.), Zn (2 equiv.) @
1 2

1:1 NMP/DMF, 80 °C

1.2 equiv.

‘ Me
SOPYY g
R
7 R

R = H, 31 74% yield 030. R = OMe, 3p 88"/% yie]d . 3r.
R = Bu, 3m 62% yield 56% yield R = CO,Me, 3q 75% yield 60% yield
R = Ph, 3n 52% yield
Utility in Synthesis
Cl cl B Ph i Ph
= NiBrz(diglyme) F = F
Mn (2 equiv) . as o LiOH
Me B with PhOTf THF/H,O
?JPequiv.)
I cI”” Co,Et ov
Me CO,Et € Me CO,Et Me CO,H
4 5 6 flurbiprofen
71% yield - - 77% yield
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Summary

Uliman Cross-Coupling of Ar-Br with Ar-OTf

( )

5 mol% NiBr,(diglyme), 5 mol% bpy
5 mol% PdCl,, 5 mol% dppp
Br + TfO >
Zn (2 equiv.), KF (1 equiv.)

DMF, 40 °C, 12 h

up to 94% vyield
23 examples

\_ J

Weix, D. J. et al. Nature 2015, 524, 454.

Ullman Cross-Coupling of Ar-Cl with Ar-OTf

(" )

5 mol% NiCl,(dme)/dtbbpy

5 mol% PdCl,/dppb
Cl + TfO >
LiCl (2 equiv.), Zn (2 equiv.)

1:1 NMP/DMF, 80 °C, 24 h

up to 89% yield
39 examples

\ J/

Weix, D. J. et al. J. Am. Chem. Soc. 2019, 141, 10978.
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The First Paragraph
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The First Paragraph

The synthesis of biaryls has become one of the most commonly used
reactions in pharmaceutical, agrochemical, and materials science
industries, yet access to arylmetal reagents remains limiting. The low
commercial availability of arylmetal reagents has inspired a number of
active areas of research, including improved methods for arylmetal
synthesis, C—H arylation, and decarboxylative cross-coupling. The relative
abundance of aryl electrophile would make the cross-Uliman reaction an
attractive approach, but our recently reported catalytic nickel and
palladium method was not broadly effective with the most abundant and

versatile aryl electrophiles, aryl chlorides.
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The First Paragraph

In addition to opening up more chemical space, aryl chlorides are often
lower in cost, and their lower reactivity would allow for sequential coupling in

fragment-based drug discovery or late-stage coupling on complex molecules
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The Last Paragraph
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The Last Paragraph

This report shows how the nickel and palladium system can be rationally
modulated to couple less reactive substrates: an unselective multimetallic
reaction was made selective with the use of an additive, LICl, that
facilitates the reduction of the nickel catalyst at the zinc surface.
Combined with our previous reports, these results suggest that the Ni/Pd
system is general and that multimetallic catalysis may have broad
generality. Finally, this work demonstrates how reactivity in cross-
electrophile coupling reactions can be influenced by the reductant choice
as much as the ligand choice: salts formed in the reaction may be

autoinhibitory, and new reductant combinations can unlock new reactivity.
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Representative Examples

In addition to opening up more chemical space, aryl chlorides are often
lower in cost, and their lower reactivity ...

This report shows how the nickel and palladium system can
be rationally modulated to couple less reactive substrates: an
unselective multimetallic reaction was made selective with the
use of an additive, LICl, that facilitates the reduction of the nickel catalyst.

Combined with our previous reports, these results suggest that the
Ni/Pd system is general and that multimetallic catalysis may have broad
generality.

Electron-poor fluorine-containing substrates as well as electron-neutral
and electron-rich substrates were well-tolerated, including sensitive

functionalities such as...
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