OC

Efficient Stille Cross-Coupling Reaction
Using Aryl Chlorides or Bromides in Water

Christian Wolf* and Rachel Lerebours

Department of Chemistry, Georgetown University,
Washington, D.C. 20057

cw27@georgetown.edu

Received May 23, 2003

Abstract: An efficient Stille cross-coupling reaction
using a variety of aryl halides in neat water has been
developed. Employing palladium—phosphinous acid catalyst
[(t-Bu),P(OH)],PdCI; allows formation of biaryls from aryl
chlorides and bromides in good to high yields. Functional
groups such as ketones and nitriles are tolerated, and
organic cosolvents are not required. The air stability and
solubility in water of the palladium complexes used in this
study facilitate operation of the coupling reaction and
product isolation. The feasibility of catalyst recycling has
also been demonstrated.

Palladium-catalyzed cross-coupling reactions utilizing
aryl halides and triflates has become a widely used
strategy for the formation of new carbon—carbon bonds
and in particular for the synthesis of biaryls. The recent
development of highly active transition-metal complexes
provides new opportunities for employing less reactive
halides including unactivated (electron-rich) aryl chlo-
rides in Suzuki, Negishi, Hiyama, Kumada, Stille, and
Heck reactions.>? The replacement of expensive, toxic,
and flammable organic solvents by water is highly
desirable for reducing costs and for developing environ-
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mentally benign synthetic reactions that facilitate cata-
lyst recycling. Various examples of aqueous C—C bond
formations including Suzuki,® Buchwald—Hartwig,* So-
nogashira,® Stille,® and Heck reactions®’ have been
reported.® However, many methods developed to date
require organic cosolvents and are restricted to aryl
bromides or iodides but are not compatible with less
reactive aryl chlorides. Because of its versatility, Stille
coupling has enjoyed widespread popularity and use in
the synthesis of biphenyls since the biaryl structure
exhibits a common motif in pharmaceuticals and other
biologically active compounds.

We report herein an efficient aqueous C—C bond
formation procedure employing commercially available,
water-soluble palladium—phosphinous acid complexes [(t-
Bu),P(OH)],PdCl, (POPd), [[(t-Bu),P(OH)(t-Bu),PO)]-
PdClI], (POPd1), and [(t-Bu),P(OH)PdCIl,], (POPd2) in the
coupling reaction of aryl chlorides or bromides and
phenyltrimethylstannane, Figure 1.° The introduction of
palladium—phosphinous acids to aqueous organic cataly-
sis using inexpensive aryl chlorides and bromides is
expected to provide another entry for the development
of coupling procedures utilizing water as the solvent.

Initial catalyst screening and optimization of the Stille
coupling using phenyltrimethyltin, 1, and 4-chloro-2-
methylquinoline, 2, revealed superior catalytic activity
of POPd over POPd1 and POPd2, Scheme 1. 2-Methyl-
4-phenylquinoline, 3, was obtained in 91% yield using 6
mol % POPd as the catalyst in the presence of dicyclo-
hexylmethylamine. The stability to air of palladium—
phosphinous acid complexes POPd, POPd1, and POPd2
greatly facilitates catalyst handling and operation of the
Stille reaction because working under an inert atmo-
sphere is not required. Notably, employing POPd in 1:1
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FIGURE 1. Structures of POPd, POPd1, and POPd2.

SCHEME 1. Stille Coupling of 1 and 2 in Water
Ph
SnMe3 Cl AN
| A 6 mol% Pd catalyst | _
+
N7 135-140 °C, H,0 N 3
1 2 1.2 eq. Cy,NMe POPd: 91 %

POPd1: 20 %
POPd2: 45 %

water/DMF or decreasing the reaction temperature to 100
°C resulted in significantly lower yields of coupling
product 3, i.e., 57% and 40%.1°

We were pleased to find that POPd exhibits catalytic
activity toward a variety of aryl chlorides and bromides,
Table 1. Biaryl formation requires subsequent oxidative
addition of aryl halides to the Pd complex, transmetala-
tion, and reductive elimination to complete the catalytic
cycle, Figure 2.1 The usefulness of aryl chlorides in
coupling reactions following this general mechanism is
limited because of their reluctance to undergo oxidative
addition to many Pd catalysts. However, our results show
that POPd combines solubility and stability in water with
high catalytic activity.

In general, employing aryl bromides in the Stille
coupling affords better yields than employing aryl chlo-
rides. Comparison of the results obtained for the forma-
tion of 3-phenylacetophenone, 6, 2-phenylbenzonitrile, 7,
and 3-phenylpyridine, 10, reveals that the replacement
of aryl chlorides by their corresponding aryl bromides
provides higher yields, entries 4—7, 10, and 11. Note-
worthy, functional groups such as nitriles and ketones
are tolerated, and 4,7-dichloroquinoline, an important
precursor of antimalarial drugs derived from chloro-
quine,’> was selectively converted to 7-chloro-4-
phenylquinoline, 9.13 Although the development of new

(10) Attempts to increase yields of the optimized POPd-catalyzed
coupling reaction using equimolar additives of TBAF or TBAB were
not successful.

(11) Chlorotrimethylstannane easily hydrolyzes in water to form
trimethylsilanol and hydrochloric acid, which was neutralized by
dicyclohexylmethylamine, Cy,NMe.
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Bray, P. G.; Storr, R. C.; Ward, S. A,; Park, B. K. J. Med. Chem. 1997,
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TABLE 1. Stille Cross-Coupling of Aryl Halides in
Water?

entry aryl halide product yield (%)
cl Ph o1
1 | N N
N/ | N/
3
Br Ph
> (1 v
4
cl Ph %0
N/ N/
5
0 0
4 )\©/Br )J\©/Ph 91
6
) o
5 )‘\©/C' )\©/Ph 88
6
CN CN
o o"
7
CN CN
7 ©/CI ©/Ph 62
7
8 ©/CI ©/Ph 60
8
cl Ph 76"
O ®
N cl N cl
9
~ B N Ph
10 w | %
N N
10
cl Ph
. ® ® 61
N N
10
X X
12 | » 61
N" "Br N”Ph
11

a All reactions were carried out with 6 mol % POPd and 1.2
equiv of Cy,NMe and 1, respectively, in water at 135—140 °C using
a closed vessel. P Formation of 4-chloro-7-phenylquinoline was not
observed.

antimalarial drugs exhibiting a 7-chloroquinolyl phar-
macophore such as chloroquine has recently attracted
increasing attention,** only a few studies utilizing chlo-
roquinolines in cross-coupling reactions have been re-
ported to date.’® The high selectivity of POPd greatly
facilitates the preparation of chloroquine-derived drugs
because it allows one to employ 4,7-dichloroquinoline as
an inexpensive starting material in contrast to synthetic
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FIGURE 2. Aqueous Stille coupling.

strategies involving multiple-step ring construction of the
4-substituted 7-chloroquinoline moiety. To further inves-
tigate the potential of our aqueous Stille coupling
protocol, we chose to scale-up the POPd-catalyzed cross-
coupling of stannane 1 and 2-bromonaphthalene.
Employing 1.0 g (5.0 mmol) of the aryl bromide provided
2-phenylnaphthalene, 4, in 79% yield, which is in excel-
lent agreement with a yield of 80% obtained when the
reaction was performed on a 0.5 mmol scale.

Stille cross-coupling is frequently used as a key step
in the synthesis of pharmaceuticals. Simple catalyst
isolation and recycling are important features of a
synthetic methodology with practicable industrial ap-
plications. We therefore chose to recycle POPd for the
cross-coupling of 3-bromopyridine, 12, and phenyl-
trimethylstannane, 1, Figure 3. After completion of each
reaction, the mixture was extracted with diethyl ether
to collect coupling product 3-phenylpyridine, 10. The
separated aqueous solution was then reloaded with the
same amounts of 1 and 12 as in the previous cycle. We
obtained biaryl 10 in 95—96% yield after the first two
coupling reactions but found that the catalytic perfor-
mance of the recycled POPd slightly diminished after
each step. Results obtained after the first two runs were
in excellent agreement, but yields decreased in the
following reactions to 90% and finally to 84% after the
fourth run. Nevertheless, our recycling experiments
demonstrate that POPd-catalyzed Stille coupling in water
greatly facilitates product isolation and purification
because coupling products can easily be separated by
extraction from the water-soluble catalyst.

(13) We found that esters and aldehydes are not stable under the
coupling reaction conditions reported herein. Employing methyl 4-chlo-
robenzoate in the Stille coupling resulted in extensive hydrolysis, and
4-phenylbenzoic acid was obtained in 60% yield. The cross-coupling of
4-bromobenzaldehyde and phenyltrimethyltin gave 45% 4-phenyl-
benzyl alcohol and 45% 4-phenylbenzoic acid, which is probably a result
of Cannizzaro disproportionation.
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FIGURE 3. Synthesis of biaryl 10 using recycled POPd.

In conclusion, we have developed an efficient aqueous
Stille cross-coupling reaction that allows formation of
biaryls from a variety of aryl halides in good to high
yields. Our methodology does not require organic cosol-
vents and utilizes air-stable and water-soluble pal-
ladium—phosphinous acid complexes, which greatly fa-
cilitates operation of the coupling reaction, product
isolation, and catalyst recycling. Efforts to further expand
the scope of POPd, POPd1l, and POPd2 to aqueous
coupling reactions that avoid the use of toxic stannanes
are in progress in our laboratory.

Experimental Section

General Procedures. All chemicals were of reagent grade.
Reactions were carried out using a high-pressure vessel (i.d. 31.7
cm) made of 4.0 mm Pyrex 7740 heavy wall glass and equipped
with a 4 mm bore valve and an Aegis backing O-ring. Flash
chromatography was carried out on Kieselgel 60, particle size
0.032—0.063 mm. NMR spectra were obtained at 300 MHz (*H
NMR) and 75 MHz (33C NMR) using CDCl; as the solvent.
Chemical shifts are reported in parts per million relative to the
peak for TMS. 2-Methylbiphenyl, 8, is commercially available.

Stille Coupling. A mixture of POPd (16.0 mg, 6 mol %), aryl
halide derivative (0.6 mmol), phenyltrimethylstannane (0.7
mmol), and Cy,NMe (120 mg, 0.61 mmol) was stirred in 5 mL
of deionized water at 140 °C using a closed vessel. After 24 h,
the reaction mixture was allowed to cool to room temperature
and extracted with Et,O. The combined organic layers were
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washed with brine and dried over MgSO,, and the solvents were
removed under vacuum. The residue was purified by flash
chromatography on silica gel as indicated below.

2-Methyl-4-phenylquinoline, 3. Purification by chromatog-
raphy on silica gel using hexanes/diethyl ether/triethylamine,
50:50:1. *H NMR (300 MHz, CDCls): 6 2.78 (s, 3H), 7.23 (s, 1H),
743 (ddd, 3 =14,3=7.6,3 = 85, 1H), 7.47-7.51 (m, 5H),
7.69 (ddd, 3 = 1.4 Hz, J = 7.6 Hz, J = 8.4 Hz, 1H), 7.86 (dd, J
=1.4Hz,J=8.4Hz, 1H), 8.08 (dd, J = 1.4 Hz, J = 8.5 Hz, 1H).
13C NMR (75 MHz, CDClg): ¢ 25.4, 122.1, 125.0, 125.5, 125.6,
128.2,128.5,128.9, 129.2, 129.5, 138.0, 148.2, 148.3, 158.3. Anal.
Calcd for Ci6H13N: C, 87.64; H, 5.98; N, 6.39. Found: C, 87.52;
H, 5.82; N, 6.35.

2-Phenylnaphthalene, 4.16 Purification by chromatography
on silica gel using hexanes/dichloromethane, 10:1. 1H NMR
(CDClg): 6 7.37 (m, 1H), 7.45—7.50 (m, 4H), 7.71—-7.76 (m, 3H),
7.81-7.91 (m, 3H), 8.03 (s, 1H). 3C NMR (75 MHz, CDClg): ¢
126.0,126.2, 126.4, 126.7, 127.8, 127.9, 128.1, 128.7, 128.9, 129.3,
133.1, 134.1, 138.9, 141.5.

4-Phenylquinoline, 5.7 Purification by chromatography on
silica gel using hexanes/ethyl acetate/triethylamine, 100:10:1.
IH NMR (75 MHz, CDCls): ¢ 7.34 (d, J = 4.4 Hz, 1H), 7.50—
7.52 (m, 6H), 7.73 (dd, J = 7.0 Hz, J = 8.2 Hz, 1H), 7.92 (d, J =
7.0 Hz, 1H), 8.18 (d, J = 8.2 Hz, 1H), 8.95 (d, J = 4.4 Hz, 1H).
13C NMR (300 MHz, CDCl3): ¢ 121.5,126.1, 126.8, 128.6, 128.8,
129.5, 129.7, 130.0, 138.2, 148.7, 148.8, 150.0.

3-Acetylbiphenyl, 6.18 Purification by chromatography on
silica gel using hexanes/dichloromethane, 1:1. 'H NMR (CDCls):
0 2.99 (s, 1H), 7.38—7.63, (m, 6H); 7.80 (ddd, J = 0.8 Hz, J =
3.0 Hz, 3 =7.7 Hz, 1H), 7.93 (ddd, J = 0.6 Hz, J = 2.8 Hz, J =
7.7 Hz, 1H), 8.18 (dd, J = 0.6 Hz, J = 3.3 Hz, 1H). 13C NMR (75
MHz, CDCls): ¢ 27.1, 127.2, 127.4, 128.0, 129.1, 129.2, 131.9,
137.9, 140.0, 142.0, 194.0.

2-Cyanobiphenyl, 7.1° Purification by chromatography on

silica gel using hexanes/diethyl ether, 5:1. 'TH NMR (300 MHz,
CDCl3): 6 7.42—7.59 (m, 7H), 7.65 (ddd, J = 1.4 Hz, J = 7.7 Hz,
J=7.7Hz, 1H), 7.77 (dd, 3 = 0.8 Hz, J = 7.7 Hz, 1H). 13C NMR
(75 MHz, CDCl3): ¢ 111.5, 118.9, 127.7, 128.9, 130.3, 133.0,
133.9, 138.3, 145.7.

7-Chloro-4-phenylquinoline, 9. Purification by chromatog-
raphy on silica gel using hexanes/dichloromethane/triethy-
lamine, 100:50:1. *H NMR (CDCl3): ¢ 7.35 (d, J = 4.3 Hz, 1H),
7.40—7.55 (m, 6H), 7.91 (d, 3 = 9.1 Hz, 1H), 8.09 (d, J = 1.9 Hz,
1H), 8.98 (d, J = 4.3 Hz, 1H). 3C NMR (75 MHz, CDClg): ¢
121.7,125.4,127.5,127.8, 128.9, 129.6, 135.4, 137.7, 147.0, 148.7,
149.3, 151.2. Anal. Calcd for C1sH1oNCI: C, 75.16; H, 4.21; N,
5.84. Found: C, 74.78; H, 4.13; N, 5.57.

3-Phenylpyridine, 10.20 Purification by chromatography on
silica gel using hexanes/ethyl acetate, 5:1. 'TH NMR (300 MHz,
CDCl3): ¢ 7.33—7.51 (m, 4H), 7.56—7.61 (m, 2H), 7.88 (ddd, J
=0.6 Hz, J =17 Hz, 3 = 7.8 Hz, 1H), 859 (dd, J = 1.7 Hz, J
= 4.7 Hz, 1H), 8.85 (dd, J = 0.9 Hz, J = 2.5 Hz, 1H). 3C NMR
(75 MHz, CDCls): 6 123.7, 127.3, 128.3, 129.3, 134.5, 136.8,
138.1, 148.5, 148.6.

2-Phenyl-6-methylpyridine, 11.2* Purification by chroma-
tography on silica gel using hexanes/diethyl ether/triethylamine,
50:50:1. *H NMR (75 MHz, CDCl3): ¢ 2.63 (s, 3H), 6.98 (d, J =
7.7 Hz, 1H), 7.30—7.35 (m, 4H), 7.47 (dd, 3 = 7.4 Hz, J = 8.0
Hz, 1H), 7.98—8.01 (m, 2H). 3C NMR (300 MHz, CDClg): 6 25.1,
117.8, 121.8, 127.2, 128.9, 137.0, 157.1, 158.5.
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