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Herein, we describe a convenient method for the synthesis of symmetrical 1,3-dienes employing an oxi-
dative palladium-catalyzed homocoupling of potassium alkenyltrifluoroborates providing products in
good yields relative to existing methodologies. This is the first report of a cross-dimerization of potassium
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Transition metal-catalyzed cross-coupling reactions have
emerged as powerful and general methods for the synthesis of or-
ganic compounds.! C-C bond-formation processes, which are typ-
ically mediated by nickel, palladium, iron, or copper catalysis, are
now ubiquitous in both academia and industry.?

The stereo and regio-defined synthesis of conjugated dienes has
been a long-standing challenge in organic synthesis. Success in this
area is still warranted as this structural motif is prevalent in bio-
logically active compounds, as well as in conducting polymers
and liquid crystalline materials.

A number of methods for the preparation of conjugated dienes
and polyenes have been previously developed employing a number
of varied organometallic reagents. However, apart from the forma-
tion of the major cross-coupling product, a minor byproduct result-
ing from the palladium-catalyzed homocoupling reaction is often
observed.* Recently, the palladium-catalyzed homocoupling of an
alkenyl-metal was developed as the primary pathway when per-
formed in the presence of a chemical oxidant, either oxygen or air.?

Among the organometallic reagents employed in cross-cou-
pling reactions, organoboron species (in particular in the Suzu-
ki-Miyaura reaction) offer advantages over other partners such
as Grignard reagents, organozinc reagents, and organostannanes.®
They are readily prepared and in many cases they are commer-
cially available. Additionally, the coupling reaction conditions
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are often mild and the resulting inorganic byproducts are envi-
ronmentally benign and are easily removed by simple workup
procedures.

The most commonly used organoboron species include boronic
acids and boronate esters. Unfortunately, these functionalities bear
certain drawbacks, including high price, and sensitivity to air and
moisture. As such, organoboronic acid and ester derivatives have
been replaced by potassium organotrifluoroborate salts, which
are crystalline solids, stable under air and moisture, and readily
prepared from inexpensive materials. They are also considerably
more nucleophilic than their predecessors.”

As a part of our research efforts with potassium organotrifluorob-
orates as a key reagent in cross- or homocoupling reactions,® we re-
cently reported the use of potassium alkynyltrifluoroborates for the
simple and efficient synthesis of symmetrical 1,3-diynes.® To this
end, we propose herein a simple analogous experimental procedure
employing potassium alkenyltrifluoroborates.!® These reagents are
easy to handle, less toxic than alkenylstannanes, and active enough
to promote direct oxidative homocoupling (Scheme 1, Eq. A vs B).
Our study resulted in the synthesis of conjugated 1,3-diene deriva-
tives under mild and neutral conditions.

We initially focused our attention on optimization of reaction
conditions for the Suzuki-Miyaura homocoupling reaction of
potassium alkenyltrifluoroborates. We used a variety of catalysts,
co-oxidants, and solvents. Model reaction conditions were ex-
plored using stereodefined reagents to study the stereochemistry
of the formed 1,3-diene.



M. Weber et al./ Tetrahedron Letters 50 (2009) 4324-4327 4325

R .~ "Pd"

- = R\/\/\R

Equation A

- (KRBl _~
Equation B SSNTTR

Scheme 1.

Q. FeO
& BF3K 4»

DMSO, 60°C, 6h

//

Catalyst (10 mol%): CuCly, yield: 50%

NiCl,.6H,0, yield: traces
FeCls, yield: traces
Pd(OAc),, yield: 70%

Scheme 2.

A series of catalysts (e.g., Ni, Fe, Cu, and Pd) were first examined
for the homocoupling of trans-styryltrifluoroborate using DMSO as
solvent at 70 °C for 7 h (Scheme 2).

Unfortunately, the methodology that had previously been de-
scribed for achieving the homocoupling of potassium alkynyltriflu-
oroborates® was not useful for alkenylboron species. Suboptimal
results were also obtained with 10 mol % NiCl,-6H,0 or FeCls.
However, Pd(OAc), proved to be efficient, providing the E,E-1,3-
dienes in 70% yield. Other Pd precursors including Pd(Acac),,
PdCl,(PhCN), and Pd(PPhs), afforded significantly moderate results
(Table 1, entries 1-3). The yield could be further improved by
employing 15 mol % of Pd(OAc), in the presence of Ag,0 as a co-
oxidant (78%, entry 4).

Upon identification of an efficient catalyst, we studied the influ-
ence of solvent. The desired 1,3-diene was generated in moderate
yield in polar aprotic and protic solvents such as DMF, CHsCN,
and MeOH (entries 5-7 vs 10). THF provided a significantly lower
yield (entry 9). As a result of the solvent screening, subsequent
studies were performed in DMSO. We also examined the participa-
tion of other co-oxidants. For example, when (diacetoxyiodo)ben-
zene was employed, the desired homocoupling product was
obtained in 63% yield (entry 11).

The mild reaction conditions, the high reaction rate, and the rea-
sonable yields obtained encouraged us to examine the scope and

Table 1
Effect of reaction parameters

©\/\BF Pd catalyst (10 mol%): O NF

Solvent, 70°C, Ny, 7h

3

Entry Pd source Solvent Yield (%)?
1 Pd(Acac), DMSO 54
2 PdCI,(PhCN) DMSO 47
3 Pd(PPhs), DMSO 43
4> Pd(OAc), DMSO 78
50 Pd(OAc), DME 66
6° Pd(OAc), DMF 72
7 Pd(OAc), CH5CN 71
8> Pd(OAc), 1,4-Dioxane 49
9P Pd(OAc), THF 18
10° Pd(OAc), MeOH 51
11¢ Pd(OAc), DMSO 63

2 Yields describe the isolation of pure products characterized by spectroscopic
data.

b The reactions were conducted using 15 mol %
3 equiv of Ag,0.

€ The reaction was carried out using 15mol% catalyst and 1 equiv
(diacetoxyiodo)benzene.

of catalyst in the presence of

generality of the present method. Various, potassium alkenyltrifluo-
roborates'® were than examined for homocoupling with the
Pd(OAc),/Ag,0 system,!! and the results are summarized in Table 2.

Deactivated aromatic alkenyltrifluoroborates bearing electron-
donating substituents such as methoxy or methyl, reacted
smoothly under these conditions to afford the desired products
in moderate yield (Table 2, entries 2 and 3). Interestingly, activated
alkenylborates also undergo the self-coupling reaction with the
same range of yield (entries 3 vs 4). In all cases (entries 1-4), the
(E,E)-dienes were obtained as pure isomers as determined by 'H
NMR.

We next examined the application of this palladium system to
the coupling reaction of aliphatic alkenyltrifluoroborates (entries
5 and 6). When the alkenyltrifluoroborate derived from but-3-
ynylbenzene was employed, the corresponding 1,3-dienes were
obtained in suitable yield (56%). The substrate derived from 1-hep-
tyne provided the homocoupling product in 42% yield (entry 6). Fi-
nally, the presence of a-substitution in the organoboron partner
(entry 7) was also studied. Interestingly, potassium isopropenyltri-
fluorate proved to be an ineffective reagent for the homocoupling
reaction.

Next, we turned our attention to competition experiments to
determine if the reactivity trends of the alkenyltrifluoroborates
were dependent upon the reaction conditions. For this reaction
type, we employed capillary gas chromatographic analysis of
the reaction mixture as the analytical tool for accurate determina-
tion of product ratios. Competition experiments were conducted
with different aromatic alkenyltrifluoroborates'? in the presence
of 15mol% of Pd(OAc), and Ag,0O using DMSO as solvent
(Table 3).

After complete consumption of starting materials (observed by
TLC), the product ratios were determined quantitatively by GC-MS
analysis. The self-coupling product ratios obtained with a mixture
of p-tolyl alkenyltrifluoroborate and p-bromophenyl alkenyltriflu-
oroborate were 24% and 16%, respectively; however, the cross-cou-
pling product was obtained in 60% (Table 3, entry 1). By contrast,
p-anisole alkenyltrifluoroborate was significantly less reactive than
the p-bromophenyl alkenyltrifluoroborate. The desired homocou-
pling products were obtained in a 2:1 ratio in preference of the
activated alkenylborate. Again, the cross-coupling product was ob-
tained as the major product (entry 2).

In conclusion, we have demonstrated a convenient method for
the synthesis of symmetrical 1,3-dienes. Products are formed in
good yields with pertinent modifications over existing methodolo-
gies. Additionally, this method represents the first report of a
cross-dimerization of potassium alkenyltrifluoroborates. Further
extensions of this methodology will be reported in due course.
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Table 2

Synthesis of symmetric 1,3-dienes from potassium alkenyltrifluoroborates using the Pd(OAc),/Ag»0 system

R A g _PUOAC),, A0

3

RN R

DMSO, 70°C, N,, 7h

Entry Substrate

Product Yield (%)?

MeO
‘ ONF 42
O % 65

NF O 62
®

SZN 420

O n.r.

2 Yields describe the isolation of pure products characterized by spectroscopic data.

> Mixture of isomers (entry 5, 30:70; entry 6, 88:8:4).

Table 3
Competition experiments: effect of the aromatic substituents

RisSgek +

RINR RzNRz
1

KF3B. o~ Pd(OAC),, Ag,0
2 DMSO, 60°C, Ny, 7h +
Ry~ A
1 \/\/\ R )
Entry R, Ry Product ratios® (%)
R~ R Ry~ R Ry~ R
1 2 2
1 MeCgH4 BrCsH4 24 16 60
2 MeOCgH, BrCeH, 19 36 45
3 Ph MeCgH4 28 14 58
4 Ph BrCsH4 38 32 30

2 Product ratios were determined by GC-MS.
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General procedure for potassium alkenyltrifluoroborate synthesis: In a dried two-
necked 50-mL flask with a nitrogen atmosphere was added dropwise 4-methyl
phenylacetylene (20 mmol, 2.65mL) at 0°C. Catecholborane (20 mmol,
2.15mL) was then added dropwise at the same temperature. The ice bath
was removed, and the resulting mixture was heated and stirred for 4 h at 75 °C,
after which it was allowed to cool to room temperature. Next, a saturated
aqueous solution of potassium hydrogen difluoride (80 mmol, 6.24 g) was
added to the vigorously stirred solution. After 5h, a white precipitate was
formed, the solvent was removed under reduced pressure, and the resulting
white solid was washed with acetone (100 mL) and with hot acetone. The
resulting organic solution was filtered, and the solvent was removed to afford a
fluffy white solid. This solid was then dissolved in hot acetone and precipitated
with cold diethyl ether (40 mL), after which the solution was cooled to —20 °C
to complete the precipitation of the solid. The product was collected as a white
crystalline solid (62%). 'TH NMR: (DMSO-dg, 300 MHz): 6 7.18 (d, ] = 7.6 Hz, 2H);
7.03 (d, J= 7.6 Hz, 2H); 6.42 (d, J = 18.2 Hz, 1H); 6.09 (d, J = 18.2 Hz, 1H); 2.23
(s, 3H). 3C NMR (DMSO-dg, 75 MHz): 5 138.05, 135.21, 133.37, 129.30, 125.75,

11.

12.
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21.16. "B NMR (DMSO-dgs, 96 MHz): 6 3.61; '°F NMR (DMSO-dg, 282 MHz): &
-137.7.

General procedure for all homocoupling reactions (Table 2, entry 2): A 50-mL
flask under a nitrogen atmosphere was charged with potassium methyl
styryltrifluoroborate (0.5 mmol, 0.112 g), Pd(OAc), (15 mol %, 16.50 mg), Ag,O
(3 equiv, 34.76 mg), and DMSO (3 mL). The reaction mixture was heated at
70°C for 7h and the reaction was followed by TLC. After completion, the
reaction mixture was allowed to reach rt and then NH4Cl (30 mL) was added,
and the organic phase was extracted with ethyl acetate (3 x 30 mL). The
organic layers were combined, dried (MgSO,), and the solvent was removed
under vacuum to provide a viscous yellow oil. The oil was purified by column
chromatography using a mixture of hexane/ethyl acetate (96:4) as the eluent
to afford the solid products (see Table 2). Yield 65%. White solid. '"H NMR:
(CDCl3, 300 MHz): 6 7.38 (d, J = 7.95 Hz, 4H); 7.18 (d, ] = 7.86 Hz, 4H); 6.95 (dd,
J=12.0,2.65 Hz, 2H); 6.66 (dd, J = 12.0, 2.91, 2H); 2.39 (s, 6H). '*C NMR (CDCls,
75 MHz): § 137.36, 134.72, 132.26, 129.38, 128.51, 126.25, 21.26. MS 234 (82);
219 (100); 204 (49); 115 (24); 105 (47); 77 (21).

General procedure for all cross-coupling reactions: A two-necked 50-mL flask
under a nitrogen atmosphere was charged with potassium 4-methyl styryl-
trifluoroborate (0.5 mmol, 0.112 g), potassium 4-bromo styryltrifluoroborate
(0.5 mmol; 14.4 mg), Pd(OAc);, (15 mol %, 16.50 mg), Ag,0 (3 equiv, 34.76 mg),
and DMSO (3 mL). The reaction mixture was heated at 70 °C for 7 h, and the
reaction was followed by TLC. After completion, the reaction mixture was
allowed toreachrt and then NH4Cl (30 mL) was added, and the organic phase was
extracted with ethyl acetate (3 x 30 mL). The organic layers were combined,
dried (MgS0,), and the solvent was removed under vacuum to provide a viscous
yellow oil. The oil was purified by column chromatography using a mixture of
hexane/ethyl acetate (96:4) as the eluent to afford the solid products (see Table 3,
entry 4: 38%—MS = 206 (100), 191 (40), 128 (36),91(71),77(17); 32%—MS = 284
(56),205 (100), 190 (25), 128 (27), 101 (37), 89 (33); 30%—MS = 204 (100), 101
(27),89(17),76 (14).



