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Efficient palladium(0)-catalyzed Suzuki-Miyaura cross-couplings are described. The reactions involving
potassium aryl- and heteroaryltrifluoroborates with alkenyl bromides can generally be carried out using
e2 mol % of palladium catalyst and 3 equiv of base in toluene/H2O. When stereodefined alkenyl bromides
are employed, the resulting styrene derivatives are accessed stereospecifically. A variety of functional
groups are tolerated in both coupling partners.

Introduction

The Suzuki-Miyaura reaction is one of the mildest methods
known for metal-mediated carbon-carbon bond formation.1 This
reaction, involving organoboron compounds, presents many
significant advantages over other protocols for similar cross-
couplings. For example, most organoborons can be prepared
easily via transmetalation or hydroboration, and they have a
tolerance for a broad range of functional groups. Additionally,
the inorganic boron-containing byproducts are less toxic than
those of organostannanes used in Stille coupling,2 and they can
be readily removed by a simple workup procedure. By contrast,
the complete removal of tin-containing byproducts is a well-
recognized problem, and the presence of even traces of these
compounds in organic products must be avoided if possible.

Although considerable efforts have been made to develop
metal-ligand catalyst systems that facilitate the Suzuki coupling

and increase its scope,3 surprisingly little research has been
performed on the nature of the organoboron moiety itself.
Boronic acids and boronate esters are the most commonly used
derivatives in the Suzuki-Miyaura cross-coupling reactions.
However, these are not without their limitations. Boronic acids
are subject to cyclic trimerization with loss of water, giving
anhydrides (boroxines). This creates difficulties in their direct
purification and in the determination of the proper stoichiometry
for coupling. Moreover, many boronic acids are prone to
protodeborination4 or homocoupling in the Suzuki process.5
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Boronate esters, even though they perform better from this
point of view, lack atom economy. In fact, the diols utilized to
create them (e.g., catechol or pinacol) add considerable expense
to the overall process and, additionally, must be separated from
the coupled products.

Organotrifluoroborates are unique compounds that have been
shown to overcome many of the limitations inherent in other
organoboron coupling partners. Indeed, it has previously been
revealed that potassium organotrifluoroborates provide solutions
to many of these problems and restrictions, and a variety of
cross-coupling protocols have been revealed.6 Potassium orga-
notrifluoroborates are easily prepared on large scale (>100 g)
from boronic acids or boronate esters by treatment with an
aqueous solution of KHF2 (eq 1),7 which, on a molar basis, is
half the price of catechol and 25 times less expensive than
pinacol.

The organotrifluoroborates thus generated are monomeric,
crystalline solids that can be stored on the shelf indefinitely.
Many (>50) are currently sold commercially. The byproducts
of the cross-coupling of organotrifluoroborates with organic
halides are inorganic salts that are readily separable from the
desired products. Finally, organotrifluoroborates can be em-
ployed in complex molecule synthesis in which a Suzuki-
Miyaura cross-coupling to a valuable partner comprises a key
transformation.8

Having previously established the efficiency and the advan-
tages of the organotrifluoroborate partners in a variety of cross-

coupling reactions,6 we sought to extend their utility to systems
not previously reported. Herein we report Suzuki-Miyaura
cross-coupling reactions carried out between potassium aryl-
and heteroaryltrifluoroborates and alkenyl bromides, which
complements our previous efforts in the synthesis of unsaturated
arenes using alkenyltrifluoroborates and aryl halides.9

Results and Discussion

Attention was initially focused on the determination of
optimal conditions for the Suzuki-Miyaura cross-coupling
reaction between potassium phenyltrifluoroborates (1a) and (Z)-
(6-bromohex-5-enyloxy)-tert-butyldimethylsilane (2a), survey-
ing the conditions in terms of catalysts, ligands, base, and
solvents to obtaintert-butyldimethyl[(Z)-6-(phenyl)hex-5-enyl-
oxy]silane (3aa, Table 1).

Initially, Pd(OAc)2, PPh3, and Cs2CO3 were employed in
THF/H2O at 70°C overnight (19 h),6c obtaining 43% of the
cross-coupled product3aa(Table 1, entry 1). Next, the catalyst
was changed to a Pd(0) source, Pd(PPh3)4, resulting in a 51%
yield of 3aa in just 6 h (Table 1, entry 2). After settling on
Pd(PPh3)4 as the catalyst, the solvent mixture was changed from
THF/H2O to toluene/H2O (10:1) at 90°C, thereby achieving a
92% yield of3aa (Table 1, entry 3). Even though fluoride is
often used as a base in boronic acid mediated cross-coupling
reactions, we and others have found that exogenous aqueous
base is required for organotrifluoroborate cross-couplings.6c,10

To re-establish this point, the reaction was performed under
identical experimental conditions but in the absence of added
base; only starting material was recovered after 7 h at 90°C
(Table 1, entry 4). Finally, efforts were made to increase the
rate of the reaction while maintaining a high yield. By keeping
the total toluene/H2O solvent volume constant but decreasing
the relative amount of toluene, the rate of the reaction was
increased, and the reaction time could be decreased. Thus,
employing 2 mol % of Pd(PPh3)4 in toluene/H2O (2.6:1) at 90
°C provided a 97% yield of3aa in 35 min (Table 1, entry 5 or
Table 2, entry 1). This procedure was utilized as the basis for
all further studies. Under these conditions, the halide and catalyst
were soluble in the organic phase, while the base dissolved in
the water. Initially, the trifluoroborate was suspended in the
reaction mixture. Over time, two homogeneous phases were
created.

To test the generality of the method, potassium aryltrifluo-
roborates were chosen that possessed diverse functionalities
(cyano, ether, aldehyde, halogen, and nitro groups, Table 2).
For this aspect of the study, (Z)-(6-bromohex-5-enyloxy)-tert-
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TABLE 1. Optimizing the Cross-Coupling Reaction of Phenyltrifluoroborate with an Alkenyl Bromide

entry catalyst/ligand solvent time temp base % yielda

1 5 mol % of Pd(OAc)2/10 mol % of PPh3 THF/H2O (10:1) 19 h 70°C Cs2CO3 43b

2 1.2 mol % of Pd(PPh3)4 THF/H2O (10:1) 6 h 70°C Cs2CO3 51b

3 1.2 mol % of Pd(PPh3)4 Tol/H2O (10:1) 5 h 90°C Cs2CO3 92c

4 1.2 mol % of Pd(PPh3)4 Tol/H2O (10:1) 7 h 90°C
5 2 mol % of Pd(PPh3)4 Tol/H2O (2.6:1) 35 min 90°C Cs2CO3 97c

a The reaction was carried out under inert atmosphere (N2), with degassed solvents. The reactions were performed at concentrations of approximately 0.3
M in organic halide.b 1H NMR yield. c Isolated yield.

ArB(OH)298
3 equiv of KHF2

solvent, H2O
rt

ArBF3K (1)
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butyldimethylsilane (2a) was again selected as the standard
electrophile. The reactions conducted led to very high yields
of the cross-coupled product, with reaction times varying
between 25 min and 3.5 h (with the exception of entry 11, Table
2). The reaction results confirm the stereospecificity of the
reaction and the compatibility of silyl ether protecting groups
with the reaction conditions. The latter point was previously a
concern because the trifluoroborates represent an obvious source
of fluoride that is often used to deprotect silylated alcohols.
The protecting group stability is perhaps due to the heteroge-
neous nature of the system in which the fluoride is solvated in

the aqueous layer and thus unavailable to deprotect the organic
soluble silyl ether.6g

Electron-neutral potassium aryltrifluoroborates were exam-
ined, starting with potassium 1-naphthyltrifluoroborate1b. The
reaction was complete in 50 min, affording a quantitative yield
of 3ba (Table 2, entry 2). To begin an evaluation of steric and
electronic effects, potassium 4-tolyl- (1d), potassium 2-tolyl-
(1c), and potassium 2,6-dimethylphenyltrifluoroborate1f were
examined in which inductively electron-donating substituents
were present. Potassium 4-tolyl-trifluoroborate was the fastest,
with the product3da being obtained in 93% yield in 25 min

TABLE 2. Cross-Coupling Reaction of Potassium Aryltrifluoroborates with (Z)-(6-Bromohex-5-enyloxy)-tert-butyldimethylsilane

a Condition A: 2 mol % of Pd(PPh3)4, toluene:H2O (2.6:1), 3 equiv of Cs2CO3, 90 °C, under N2. b The reaction was carried out with K2CO3 instead of
Cs2CO3. c The reaction was carried out with 4.5 mol % of Pd(PPh3)4. d The reaction was carried out with 9 mol % of P(Bu)3. e The reaction was carried out
at 55°C. f The reaction was carried out with 4.5 mol % of Pd(dppf)‚CH2Cl2. g The reaction was not optimized for time or mol % of catalyst loaded.h The
reaction was carried out with 0.5 mol % of Pd(PPh3)4. i GC purity.
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(Table 2, entry 4). Potassium 2-tolyl-trifluoroborate is more
sterically hindered, and the synthesis of3ca was realized in
91% yield after 1.5 h (Table 2, entry 3). Potassium 2,6-
dimethylphenyltrifluoroborate, the most sterically hindered of
the trio, required 4.5 mol % of catalyst to achieve an 82% yield
of 3fa in 2.8 h (Table 2, entry 6). An identical reaction charged
with 2 mol % of catalyst resulted in about 64% yield of the
desired product after 5 h asdetermined by1H NMR spectros-
copy. As the steric hindrance of the substrates increased,
protodeborination became more important, leaving some of the
bromoalkene unreacted.

To decrease the reaction cost, all of the remaining reactions
(including 3fa, Table 2, entry 6) were performed with K2CO3

instead of Cs2CO3. Thus, potassium 4-methoxyphenyltrifluo-
roborate1eand potassium 4-fluorophenyltrifluoroborate1gwere
tested, as these substituents haveπ-releasing but inductively
electron-withdrawing characteristics. The reaction with1ewas
complete in 40 min, providing a 97% yield of3ea (Table 2,
entry 5). In a similar manner, product3gawas obtained in 95%
yield from substrate1g after 55 min (Table 2, entry 7).

To access the product (3ha, 89% yield, 3 h) from the coupling
between the electron-deficient aryltrifluoroborate1h and alkenyl
halide2a, it was necessary to employ 9 mol % of (Bu)3P as the
phosphine ligand (Table 2, entry 8). For the remaining electron-
poor aryltrifluoroborates, 4.5 mol % of the less expensive and
more stable PdCl2(dppf)‚CH2Cl2 was employed, which per-

TABLE 3. Cross-Coupling Reaction of Potassium Aryltrifluoroborates with Bromoalkenes

a Condition A: 2 mol % of Pd(PPh3)4, toluene:H2O (2.6:1), 3 equiv of K2CO3, 90 °C, under N2. b The reaction was carried out with 2 mol % of
Pd(dppf)‚CH2Cl2 instead of Pd(PPh3)4.
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formed better than 4.5 mol % of Pd(PPh3)4 (Table 2, entry 8).
In this manner, potassium 4-nitrophenyltrifluoroborate1i pro-
vided the cross-coupled product3ia in 90% yield (Table 2, entry
9), which wasg87% pure by capillary GC analysis. Unfortu-
nately in this case, it was not possible to remove an unknown
byproduct by silica gel column chromatography. Other electron-
deficient arylborons worked equally well under these conditions.
Thus, potassium 4-trifluoroboratobenzaldehyde1j yielded the
product3ja in 89% yield (Table 2, entry 10), and potassium
3-cyanophenyltrifluoroborate1k gave the product3ka in 86%
yield (Table 2, entry 11).

Potassium heteroaryltrifluoroborates were examined using the
same catalyst [Pd(PPh3)4] as that employed for electron-rich
aryltrifluoroborates (1l, 1m, and 1n). Thus, 3-trifluorobora-
tothiophene1l was cross-coupled with2a, and after 2.5 h,3la
was generated in quantitative yield (Table 2, entry 12). To
demonstrate that the method is suitable for large-scale reactions,
where the amount of catalyst is a concern, the same reaction
was performed with a lower catalyst loading [0.5 mol % of Pd-
(PPh3)4]. Under these conditions, the reaction took longer (3.5
h as opposed to 2.5 h with 2 mol % of catalyst), but still gave
a 93% yield of product3la (Table 2, entry 13). Cross-coupling
of potassium 2-trifluoroboratothiophene1m and alkenyl bromide
2a yielded 3ma in 80% yield (Table 2, entry 14). Potassium
3-trifluoroboratofuran afforded 98% of the cross-coupled product
in 2.5 h (Table 2, entry 15).

Continuing with the investigation, the scope of the reaction
with regard to the bromoalkenes was examined. Haloalkenes
containing a variety of functional groups (R,â-unsaturated
ketones,R,â-unsaturated aldehydes,R,â-unsaturated amides),
as well as substitution patterns (trisubstituted bromoalkenes,
tetrasubstituted bromoalkenes, andω-halogenobromoalkenes),
all proved to be successful coupling partners (Table 3).

The products resulting from coupling of1a with (E)-2,3-
diphenylpropenal, 3-methyl-2-phenyl-2-cyclopent-2-enone, 6-flu-
oro-3-phenylchromen-4-one, and 1,3-dimethyl-5-phenyl-1H-
pyrimidine-2,4-dione (3ac, 3ad, 3ae, 3af, respectively) were all
obtained as white solids.R-Bromocinnamaldehyde2c was
coupled with1a, leading to the desired product3ac in 94%
yield in 30 min (Table 3, entry 1). The reaction of 2-bromo-
3-methyl-2-cyclopenten-1-one2d afforded the product3ad in
87% yield after a longer period of time (1.8 h, Table 3, entry
2). Products3ae and 3af were recrystallized and obtained in
87 (1 h) and 88% yield (3 h), respectively (Table 3, entries 3
and 4). The cross-coupling reaction between (Z)-1-bromo-6-
chlorohex-1-ene2b and potassium 1-naphthalenetrifluoroborate
1b yielded, without further purification, 94% of product3bb
in 1 h (Table 3, entry 5). The reaction withR-bromostyrene2g
was carried out with1a, using 2 mol % of Pd(PPh3)4 to give a
crude product that was difficult to separate from the biphenyl
byproduct. However, utilizing 4-trifluoroboratobenzaldehyde1j
in conjunction with2g and 2 mol % of PdCl2(dppf)‚CH2Cl2 as
the catalyst allowed access to the corresponding product in 89%
yield in 3 h. This product,3jg, possessed higher polarity and
silica gel affinity than the biphenyl from1a, and so it proved
possible to separate it cleanly from the minor homocoupling
byproduct formed. Finally, trisubstituted and tetrasubstituted
bromoalkenes (2h, 2i, 2j) were explored. The product from the
tetrasubstituted bromoalkene,3jh, required a longer reaction
time compared to that of3oi and3oj (Table 3, entries 7-9),
but yields for all three were excellent.

Conclusions

In summary, the palladium-catalyzed cross-coupling reactions
of potassium aryl- and heteroaryltrifluoroborates with alkenyl
halides were achieved in good to excellent yields. The procedure
possesses several advantages when compared with other meth-
ods. The potassium aryltrifluoroborates can be prepared easily
by different routes, and the ease of isolation, purification,
handling, and long-term storage makes them attractive inter-
mediates for large scale use as well. The cross-coupling can be
carried out rapidly using as little as 0.5 mol % of catalyst loading
along with an inexpensive inorganic base. For electron-neutral
and electron-rich aryltrifluoroborates, Pd(PPh3)4 is suitable for
the cross-coupling, while PdCl2(dppf)‚CH2Cl2 has proven to be
more efficient in the coupling of electron-deficient aryltrifluo-
roborates.

When (Z)-bromoalkenes are employed, the (Z)-styryl moiety
is achieved stereospecifically, and silyl protecting groups for
alcohols are tolerated even though a fluoride source is present.
Moreover, a variety of other functional groups (aldehydes,
ketones, enones, nitriles, and nitro groups) and substitution
patterns are tolerated in both coupling partners.

Experimental Section

General Procedure for Suzuki-Miyaura Cross-Coupling
Reactions. Preparation oftert-Butyldimethyl[( Z)-6-(phenyl)hex-
5-enyloxy]silane (3aa).In a 13× 100 mm test tube were weighed
Cs2CO3 (1.13 mmol, 366.0 mg),1a (0.42 mmol, 80.0 mg), Pd-
(PPh3)4 (0.0074 mmol, 8.6 mg, 2 mol %), and2a (0.38 mmol, 116.2
mg). A septa was placed on the test tube which then was purged
with N2 for 2 min. The solvents (1 mL of toluene and 0.375 mL of
H2O) were added, and the test tube was put in an oil bath previously
set at 90°C. The reaction was monitored by TLC with hexanes as
eluent. After 35 min, when the reaction was complete, it was diluted
with hexanes, and MgSO4 was added. The organic layer was
removed, and the remaining MgSO4 paste was triturated five times
with hexanes. The combined organic extracts were added directly
to a plug of silica gel to remove the catalyst, thus yielding the crude
product. Further purification was accomplished via column chro-
matography (SiO2, hexanes), yielding a colorless oil (107.1 mg,
97%).

IR (neat): ν 3009.4, 1600.2, 1494.1, 1471.8, 1462.31, 1255.4,
1104.3 cm-1. 1H NMR (CDCl3, 360 MHz): δ 7.30 (m, 5H), 6.46
(d, J ) 11.7 Hz, 1H), 5.70 (dt,J ) 11.7, 7.3 Hz, 1H), 3.64 (t,J )
6.1 Hz, 2H), 2.39 (m, 2H), 1.56 (m, 4H), 0.93 (s, 9H), 0.08 (s,
6H). 13C NMR (CDCl3, 90 MHz): δ 137.7, 132.9, 128.9, 128.7,
128.1, 126.4, 62.9, 32.5, 28.3, 26.2, 25.9, 18.3,-5.3. HRMS (CI):
m/z calcd for C18H31OSi (MH+) 291.2144, found 291.2141.

Acknowledgment. The Ministero per l’Istruzione e la
Ricerca (MIUR) supported this research through a fellowship
to T.F. We thank the National Institutes of Health (GM35249),
Merck Research Laboratories, and Amgen for their generous
support, along with Johnson Matthey and Frontier Scientific
for donations of the catalysts.

Supporting Information Available: Experimental details and
structural data for all new compounds. This material is available
free of charge via the Internet at http://pubs.acs.org.

JO0608366

Pd-Catalyzed Suzuki-Miyaura Cross-Coupling Reactions

J. Org. Chem, Vol. 71, No. 15, 2006 5747


