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Biaryl Synthesis

Nickel-Catalyzed Cross-Coupling of Aryl
Grignard Reagents with Aromatic Alkyl Ethers:
An Efficient Synthesis of Unsymmetrical
Biaryls**

John W. Dankwardt*

Transition-metal-catalyzed cross-coupling reactions play a
major role in the formation of C—C bonds. As a result, the
cross-coupling of aryl halides (and pseudohalides) with
organometallic reagents have become a steadfast method in
organic synthesis!! This methodology has been used to
prepare biaryl compounds, which are prevalent in both
natural products and drug compounds.”’ In the more chal-
lenging cross-coupling reactions unreactive substrates, such as
aryl nitriles,” aryl fluorides,™ and aryl carbamates® are
coupled with an organometallic reagent and generally require
nickel catalysis. Wenkert et al. reported the [NiCl,(PPh;),]-
mediated cross-coupling of anisoles with aromatic Grignard
reagents.”) The scope of this process is rather limited, and the
only substrates that provide the desired biaryl products in
synthetically useful yields are the more reactive 1- and 2-
methoxynaphthalene derivatives. In this communication, we
report a general, high-yielding nickel-catalyzed cross-cou-
pling of nonactivated aromatic ethers with aryl Grignard
reagents.

Our initial attempts in cross-coupling an anisole deriva-
tive with p-TolMgBr utilized a nickel catalyst prepared in situ
from [Ni(acac),] (acac=acetylacetonyl) and various phos-
phane ligands in THF. Unfortunately, the reaction did not
proceed to completion under any of the conditions tested
(Table 1). From these studies, it was found that PCy; (Cy =
cyclohexyl), an electron-rich ligand, was the best phosphane
ligand with [Ni(acac),]. The reaction utilizing [Ni(acac),]/
PCy; in a nonpolar solvent system (e.g. (EtO),CH,) per-

[*] Dr. ). W. Dankwardt

DSM Pharmaceutical Chemicals
5900 NW Greenville Boulevard, Greenville, NC 27834 (USA)
Fax: (4-1) 806-688-8621
E-mail: jdankwardt@hotmail.com

[**] We would like to thank Dr. ). A. Miller (DSM Pharmaceuticals) and
Prof. B. M. Trost (Stanford University) for helpful discussions
concerning this work.

DOI: 10.1002/ange.200453765 Angew. Chem. 2004, 116, 2482 —2436



Table 1: Ni-catalyzed cross-coupling in THF: Ligand optimization.?

I SO
OMe 2 p-To

Ni catalyst
RS-

p-TolMgBr
1
Entry Nickel cat. Recovd. 1 [%)] Yield 2 [%]
1 [NiCl,(PMe),] 82 2
2 [NiCl,(PELy),] 74 15
3 [Ni(acac),]/2 Cy;P 33 64
4 [Ni(acac),]/2iPr;P 44 55
5 [Ni(acac),]/2iBusP 66 26
6 [Ni(acac),]/2tBu,MeP 51 37
7 [Ni(acac),]/2 PhCy,P 46 51
8 [Ni(acac),]/2tBusP 78 4

[a] Reactions were carried out with 5 mol % nickel catalyst in THF at 60°C
for 15 h and 3.0 equiv Grignard reagent. Yields were determined by GC
with tridecane as an internal standard.

formed poorly. This may be a result of the lack of solubility of
the nickel precatalyst. The application of a nonpolar solvent
media (vide supra) was imperative for this cross-coupling to
proceed in high yields.

A major improvement was attained when the cross-
coupling reaction was performed with 5Smol%
[NiCL(PCy;),] in THF (Table 2, entry 1). In addition, it

Table 2: Ni-catalyzed cross-coupling of 1: Optimization of the solvent.”!

OMe p-TolMgBr 2 p-Tol

1
Entry Solv. t [h] Recovd. 1 [%] Conv. 2 [%]
1 THF 15 25 64
20! THF 15 23 73
3 toluene 15 9 76
4 iPr,O 15 0 93
5 (Et,0),CH, 6 10 82
6 tAmOMe 6 8 65
7 nBu,O 6 0 87

[a] Reaction temperature was 60 °C. The conversions were determined by
GC analysis with tridecane as an internal standard. [b] 10 mol % PCy, was
added.

was found that the yield of biaryl was higher when an
additional 10 mol% PCy; was also added to the reaction
mixture (Table 2, entry 2). The choice of solvent played a
major role in the efficiency of the reaction. It was determined
that nonpolar solvent media was preferred. As illustrated in
Table 2, the nonpolar ethers such as (EtO),CH,, Bu,0, iPr,0,
and tfAmOMe (tAm = CEtMe,) afforded the highest yields. In
addition, toluene can be utilized as a solvent, and in some
cases it was the preferred solvent system (Table 2, entry 3).
Presumably, when nonpolar media is used, MgBr(OMe),
which may poison the desired catalytic cycle, is removed by
precipitation. This may account for the inability of the
reaction to reach complete conversion in a more polar
solvent such as THF. Furthermore, no reaction transpires
when dimethoxyethane or diglyme is used as the reaction
solvent.
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After several phosphane ligands had been surveyed, it
became clear that the yield of the reaction was dependent on
the cone angle of the ligand (Table 3)."! Ligands such as PMe;
with a small cone angle and sterically larger phosphanes such

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

phane.®!
; OMe  P-TolMgBr ) ~p-Tol

Entry L Recovd. 1 [%] Conv. 2 [%]
1 PMe, 33 33
2 PEL, 75 7
3 PiBus 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.

as tBu,PMe performed poorly in this cross-coupling. How-
ever, it was found that ligands with intermediate cone angles
provided the highest conversion to the desired biaryl 2.
Among the best phosphane ligands surveyed were iPr;P, Cy;P,
and PhCy,P (Table 3, entries 4-6). The ligands that are better
o donors were found to be more active, and complete
conversion was possible at lower temperatures (PCy; and
PhPCy,). Even Ph,PCy was a competent ligand if the reaction
was performed at >80°C for 15h. In stark contrast,
application of Wenkert's catalyst system using [NiClL(PPhs),]
in iPr,0 resulted in low conversions (Table 3, entry 8).

While 5 mol% of the nickel catalyst was preferred, the
nickel catalyst loading could be reduced to 2.5mol%,
provided an additional 5 mol% PCy; was present. In most
cases 3.0 equiv Grignard reagent was generally utilized;
however, in some examples the amount of Grignard could
be reduced to 1.5equiv, provided that the [NiCl,(PCys;),]
complex was used. It was interesting to note the biaryl cross-
coupling could be achieved under microwave conditions
(Table 4, entry 2), which significantly reduces the reaction
time.!

At this point it was interesting to explore whether the Ni-
catalyzed C—O activation process was applicable to other
ether leaving groups besides the methoxy group in anisole
systems. As can be seen in Table 4 (entries4-11) a large
number of ether leaving groups are compatible with this
chemistry including ethyl, methoxyethyl, N,N-dimethyl-
aminoethyl, methoxymethyl (MOM), and hydroxyethyl
ethers. Interestingly, even the sterically hindered trimethyl-
silyl (TMS) ether (Table 4, entries 7, 10) afforded good yields
of the desired biaryl adduct. Currently, aryl triflates are well
established as cross-coupling partners in biaryl synthesis;
however, these compounds are known to lack long-term
stability.'” On the other hand, the corresponding trimethyl-
silyl ethers, which are readily prepared from the correspond-
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Table 4: Synthesis of biaryl compounds by Ni-catalyzed cross-coupling of aromatic alkyl ethers with
organomagnesium reagents.?!

Entry  Arom. ether Product Solvent T[°C] Cat.  Conv. [%]
1 R=Me Ar=p-Tol (EtO),CH, 100 ] 94
20! R=Me Ar=p-Tol (EtO),CH, 105 [ 72
3 R=Me Ar=m-Tol tBuOMe 65 [c] 89
4 R= (CH,),OMe Ar=p-Tol (EtO),CH, 100 [ 77
5 R= (CH,),NMe, Ar=p-Tol (EtO),CH, 95 [ 99
6 R=MOM Ar=p-Tol tAmOMe 80 [c] 92
7 R=TMS Ar=p-Tol tAmOMe 60 [ 70
OR /©/Ph
©/ Me
8 R=Et (EtO),CH, 90 [ 73
9 R=CH,CH,OH (EtO),CH, 80 [ 67
10 R=TMS (EtO),CH, 90 [ 72
11 R=CF, iPr,0 80 d] 30
OH
12 ©f> E:EV PhMe 60 [ 62
o p-Tol
OMe Ph
13 tAmOMe, E,O 23 ] 89
OMe Ph
14 tAmOMe, Et,0 23 [e] 91
FsC OMe F.C p-Tol
15 \(j Kj PhMe 60 ] 61
16 OMe Ph (EtO),CH,, Et,0 35 [ 93
/©/ /©/ tAmOMe, Et,0 23 e] 92
Me Me
Me OMe Me Ph
17 O/ ©/ {AmOMe, EL,O 2365 [ 78
OMe Ph
18 Q O tAmOMe, E,O 80 ] 86
Ph Ph
OMe Ph
19 Q/ O tAmOMe, Et,0 80 [e] 95
MeO Ph
p-Tol
MeO OMOM
20 \©/ iPr,0 80 [c] 87
p-Tol
MeO o\/\NMe Ph Ph
21 \©/ \©/ tAmOMe, Et,0 80 [c] 88
Ph Ph
22 ©: @ tAmOMe 60-100 [c] 80
OMe p-Tol
Me
OEt
23 ©/ Ph Me tAmOMe 80 [ 75
Me
OH OH
24 Ph)\©\ Ph)\©\ tAmOMe, Et,0 80 [e] 61
OMe Ph
OMe Ph
25 Hoﬁ Hoﬁ tAmOMe 80 [ 85
OH OH OH
26 m tAmOMe, EL,O 80 [ 51
O
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ing phenol, are much more stable than the
triflates and are excellent substrates in this
nickel-catalyzed cross-coupling. In addition,
the trifluoromethyloxy group also provided
the p-phenyltoluene under the nickel-cata-
lyzed conditions; however, it was found to
be a poor leaving group under a variety of
conditions (Table 4, entry 11). Interestingly,
a cyclic ether (Table 4, entry 12) performed
well in the arylation reaction, yielding a
biaryl compound with an ortho-hydrox-
yethyl group. In general, the yields for the
hydrocarbon biaryl adducts (Table 4,
entries 1-23) are superior to those contain-
ing any functionality (vide supra). Further-
more, diarylation of the bisether substrates
provides m-terphenyl and p-terphenyl in
high yields (Table 4, entries 19-21). The
nickel-catalyzed cross-coupling reaction
can tolerate steric hindrance in either the
aromatic ether or the Grignard reagent. For
example, 2-methoxybiphenyl cross-couples
with p-tolylMgBr (Table 4, entry 22). Upon
heating from 60°C to 100°C, with an addi-
tional 15 h at 100°C under these conditions
the terphenyl derivative was realized in
80% conversion. Reaction of a sterically
hindered Grignard such as mesitylmagne-
sium bromide with phenetole (ethyl phenyl
ether), under the standard nickel-catalyzed
conditions, supplied phenylmesitylene in
high yield (Table 4, entry 23).
Kumada—Corriu cross-coupling reac-
tions are known for their poor tolerance of
functional groups. However, the present
reaction performs well with many func-
tional groups present on the aryl ether such
as alcohols, phenols, amines, enamines and
N-heterocycles. The cross-coupling yields of
these functionalized substrates range from
54-85% (Table 4, entries 24-39). The aryl
ether substrates containing benzylic alcohol
moieties (Table 4, entries 24-26) or even
those substituted with an ortho-positioned
hydroxyethyl side chain afforded the
desired biaryl compounds in high yield
(Table 4, entries 28). Interestingly, the
meta- and para-methoxyphenols undergo
efficient coupling to give the corresponding
phenylphenols (Table 4, entries 29 and 30).
This was remarkable considering that the
magnesium phenoxide, formed from the
phenol derivative and PhMgBr, is very
electron-rich, and the rate of oxidative
addition should be significantly reduced.
We were gratified that amines and N-
heterocycles performed so well in the
cross-coupling, considering the requirement
for the nonpolar nature of the solvent. To
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[NiCl(PhPCy,),] provides the 4-

Entry  Arom. ether Solvent

T[°C] Conv.[%] phenylphenethylamine. It was

tAmOMe, Et,0

MeO Ph
27 \©\/\/OH \©\/\/OH
OH
. OO
oM

(Et0),CH,, Et,O

29 @ tAmOMe
OH OH
OMe Ph
30 /©/ /©/ tAmOMe
HO HO
NMe, NMe,
31 @ PhMe
OMe p-Tol
o o
N N
32 OMe pTol tAmOMe
NMe, NMe,
OMe Ph

tAmOMe, Et,0

33 qu
NH, NH,
w o 7T O
MeO Ph

tAmOMe, Et,0

Ph Ph
o~ 7~
35 7N a tAmOMe, Et,0
N )\©\ N ‘
OMe Ph
MeO Ph
m \Cf\>
36 » q tAmOMe, Et,0
H H
X X
37 L, L THF
N~ OMe N° “p-Tol
® ®
38 | ' | ' (Et0),CH,
MeO Ph
OEt NMe,
39 © Q (Et0),CH,
Ph

interesting to note that the primary
amine was tolerated during this
cross-coupling event. Many N-het-
erocycles were compatible with the
reaction conditions. The imidazole
derivative participated in the
nickel-catalyzed cross-coupling to
afford bifonazole, which is a drug
known for its antifungal activity
(Table 4, entry 35)."2 Heterocy-
cles, such as 5-methoxyindole and
2-methoxypyridine, when com-
bined with PhMgBr, furnished the
desired arylation products in good
yield (Table 4, entries 36 and 37).
The combination of the enamine
derived from 6-methoxy-1-tetra-
lone and PhMgBr with
[NiCL(PCys),]/PCy; provided the
biaryl derivative; thus a reactive
ketone could be protected as an
enamine during the course of the
coupling reaction (Table 4,
entry 38). Application of an orga-
nomagnesium reagent containing a
functional group was illustrated by
the cross-coupling of N,N-
dimethylaminophenylmagnesium
bromide with phenetole under the
standard nickel-catalyzed condi-
tions with phenetole (Table 4,
entry 39).

In summary, we have demon-
strated the synthetic utility of the
Kumada—Corriu-type
pling of various anisole and other
aromatic ether derivatives with

80 e] 77

80 [[] 63

78 (75)

80 (] 63

60 [c]

80 [ 55

80 ] 81

23 [e] 82

80 ] (74)

23 le] 67 (54)

23 g 73

30 [] 58

Cross-cou-

70 [ 77

[a] Conversions were determined by GC methods with tridecane as an internal standard. Yields of
isolated products are given in parentheses. Reactions were run for 15 h unless otherwise specified. An
additional equivalent of Grignard reagent was added with substrates containing acidic functionality.
[b] Reaction was performed under microwave conditions (30 min, 105°C) using the Emrys Creator from
[d] [NiCl,(Ph,PCy),]/2 Ph,PCy.

Personal Chemistry. [c] [NiCl,(PCys),]/2 PCys.
[f] [NiCl,(PhPCys),]/2 PhPCy,. [g] [NiCl,(PMej),].

this end, the anisole with a potentially labile benzylic amine
functionality undergoes efficient cross-coupling in toluene
(Table 4, entry 31). The protected 7-methoxyindole derivative
smoothly reacts with p-TolMgBr under nickel catalysis to
afford the desired biaryl (Table 4, entry 32). Interestingly, the
analogous unprotected 7-methoxyindole does not react under
these conditions. Combination of the 8-methoxytetrahydro-
naphthalenyl amine derivative and PhMgBr under the Ni-
catalyzed conditions furnishes the desired biarylamine
(Table 4, entry 33), which was reported to possess 5-HT,
activity."!!  The reaction of 4-methoxyphenethylamine
(Table 4, entry34) and PhMgBr in the presence of
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aryl Grignard reagents.'” The
reaction has a very broad scope
with respect to the anisole deriva-
tive and affords the desired biaryl
compounds in high yield. Para-
mount to this cross-coupling pro-
cedure was the application of a
nickel()y phosphane complex
(PCy; or PhPCy,) in a nonpolar solvent. The reaction will
support functionality such as alcohols, the hydroxy groups of
phenols, amines, enamines, and N-heterocycles in the aro-
matic ether substrate. Due to the ubiquitous nature of the aryl
ether group in pharmaceutically active molecules, this new
biaryl synthesis should find wide applicability in medicinal
chemistry.

[e] [NiCl,(PhPCy,),].

Experimental Section
Representative procedure: 6-(4-methylphenyl)-1,2,3,4-tetrahydro-
naphthalene (Table 4, entry5): In a reaction flask were placed

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chemie

2485


http://www.angewandte.de

2486 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Zuschriften

[NiCL(PCys),] (69.0 mg, 0.0999 mmol), PCy; (57.8 mg, 0.206 mmol),
tridecane (328 mg, 1.778 mmol, as an internal standard), and N,N-
dimethyl-N-[2-(5,6,7,8-tetrahydronaphthalen-2-yloxy)ethylJamine
(409 mg, 1.867 mmol). The solvent in the p-TolMgBr reagent (1M in
ether, 6.0 mmol) was removed under reduced pressure and replaced
with diethoxymethane (6.0 mL). This solution was then added to the
above catalyst mixture under a nitrogen atmosphere at room
temperature. The resulting solution was stirred for several minutes
at room temperature and then warmed to 95°C for 15 h. A sample
was withdrawn and quenched by adding it to 1M aqueous sodium
citrate, which was then extracted with ethyl acetate. GC analysis of
the organic phase showed the presence of 6-(4-methylphenyl)-1,2,3,4-
tetrahydronaphthalene (1.85 mmol, 99% conversion), bitoluene
(0.65 mmol), and p-methylphenol (0.58 mmol) in the reaction mix-
ture. In general, the optimal conditions for each substrate had to be
determined by experimentation. The temperature for the cross-
coupling was found to range from room temperature to 100°C
depending on the steric nature of the anisole. In general, the most
effective catalyst system was either [NiClL(PCys),], [NiClL(PCys),]/
2PCys, or [NiCL(PhPCy,),]. The most useful solvents were found to
be tAmOMe, (EtO),CH,, PhMe, and rBuOMe. The choice of solvent
was found to depend on the temperature of the reaction and the
solubility of the Grignard reagent in the selected solvent. In general,
the Grignard reagents were found to be most soluble in PhMe;
however, this was not usually the best solvent for the cross-coupling
procedure. In some cases it was best to use a mixture of PhMe and one
of the ether solvents listed above. The most general and effective
conditions were the use of 5 mol % [NiCl,(PhPCy,),] in tfAmOMe at a
temperature determined primarly by the steric hindrance of the
anisole. The reactions were over after 15 h reaction time (at 80°C);
however, in some cases the reaction can reach completion in as little
as 3 h. Activated anisole compounds (2-methoxypyridine, 1- and 2-
methoxynaphthalene) could be coupled using a variety of nickel
complexes such as [NiCL(PMe;),] or [Ni(acac),]/neopentylphosphite
in THE.
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