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Since their discovery in the 1970s and 80s, palladium-cata-
lyzed coupling reactions of aryl halides have become the
most popular tool for the straightforward functionalization
of arenes and heteroarenes.[1] Apart from numerous aca-
demic developments, palladium catalysts also proved to be
successful for the production of intermediates for pharma-
ceuticals, agrochemicals, and fine chemicals on an industrial
scale.[2]

Beside the common two-component C�C bond forming
processes, such as Heck and Suzuki reactions, three-compo-
nent carbonylative palladium-catalyzed coupling reactions
became increasingly popular in the last decade.[3] By apply-
ing such carbonylations, the synthesis of (hetero)aromatic
ketones and alkynones, apart from the well-known esters,
amides, and acids, is possible from available (hetero)aryl
halides.[4,5,6] In this respect, our group has developed novel
carbonylative Heck-type coupling reactions in 2010. More
specifically, aryl triflates or aryl halides were reacted with
styrenes in the presence of carbon monoxide to give substi-
tuted chalcones in high yields (Scheme 1).[7] Based on this
work, very recently Skrydstrup and co-workers also de-
scribed carbonylative Heck reactions with in situ generated
CO.[8]

In our previous work, aromatic olefins reacted well with
different types of aryl halides. However, the carbonylative
coupling of aryl bromides with vinyl ethers failed under

these conditions and, to the best of our knowledge, no such
example has been described until to date.

Obviously, the resulting 1-aryl-3-alkoxy propenones repre-
sent valuable monoprotected 1,3-dicarbonyl equivalents,
which are known to serve as attractive building blocks for
a variety of heterocycles.[9] On the other hand, only few syn-
thetic routes for the synthesis of this class of compounds
have been published.[10] So far, the most convenient proce-
dure makes use of the palladium-catalyzed aroylation of
vinyl ethers with benzoyl chlorides.[10] Owing to the im-
proved stability and commercial availability of aryl bro-
mides compared to benzoyl chlorides, the development of
a general procedure for the direct coupling of inexpensive
aryl bromides with vinyl ethers still represents a challenging
and important goal in coupling chemistry.

Based on our previous work in the field of palladium-cat-
alyzed carbonylations,[11] we initially investigated the reac-
tion of bromobenzene with carbon monoxide and an excess
amount of n-butyl vinyl ether (Table 1). Applying [{(cinna-
myl)PdCl}2]/L9 as the catalyst system, which was previously
optimized for the carbonylative coupling with styrenes, gave
only 24 % of the desired 3-butoxy-1-phenyl-2(E)-propen-1-
one (1, Table 1, entry 8). Even lower activity was observed
in the presence of very simple monodentate ligands, such as
triphenylphosphine, tricyclohexylphosphine, tri-tert-butyl-
phosphine, or cataCXium A (Table 1, entries 1–4). Next,
some pyrrole- and imidazole-based ligands with different
electronic and steric properties were tested, but only L8
gave a moderate yield of the desired product (Table 1, en-
tries 5–7 and 9–11). For comparison, SPhos and Xanthphos
were also examined and resulted only in low yields (Table 1,
entries 12–13). Notably, the formation of significant amounts
of benzoic anhydride, N,N-diethylbenzamide, and small
amounts of benzaldehyde were responsible for the high dif-
ferences between conversion and yield.

To improve the model system, several different solvents
were tested (Table 2, entries 1–4). It is worth noting that
changing the solvent from DMF to acetonitrile or 1,4-diox-
ane increased the yield to 46 and 44 %, respectively. At
lower temperature (100 8C), conversion and yield dropped
because the C�Br bond was not activated efficiently
(Table 2, entry 5). An increased temperature (130 8C) did
not show a significant influence on the yield, since full con-
version was already achieved at 120 8C (Table 2, entries 6
and 9). While the application of different bases in the model
reaction did not lead to any progress, modifications of the
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Scheme 1. Palladium-catalyzed carbonylative vinylations.
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palladium source showed that less-expensive palladium bro-
mide gave a slightly increased yield (Table 2, entries 7 and
8). Variations of the CO pressure hardly affected the activity
of the system (Table 2, entries 4, 7, and 9).

For further investigations, the lowest CO pressure (5 bar)
was chosen. To maximize the concentration of the low-boil-
ing vinyl ether in solution, additional nitrogen was pressur-
ized to increase the total pressure. When the total pressure
was slightly raised, the product yield was improved to 60 %
(Table 2, entries 10–12).

With the best conditions in hand, we finally tested some
more commercially available ligands. To our delight, several
2-dicyclohexylphosphinopyrroles turned out to be capable li-
gands for our model system (Table 2, entries 13–15). While
cataCXium POMeCy (L4) gave the best result,[12] the struc-
turally similar SPhos ligand (L11) showed only low activity
under the same conditions (Table 2, entry 14 vs. Table 1,
entry 12). Therefore, the electronic properties of dicyclohex-
ylphosphine-substituted pyrrole ligands, as well as the steric
demand caused by substitution (L10) of the pyrrole part, N-

naphthyl (L9) or ortho-substituted N-aryl-moieties (L4, L5),
seem to be crucial.

The generality of the protocol was demonstrated in the
carbonylative coupling of sixteen different aryl bromides
with n-butyl vinyl ether. Notably, in all cases only the trans
coupling product was detected and less than 5 % of the
Heck coupling product was observed. The reaction proceed-
ed in a highly regioselective manner and no products incor-
porating external double bonds were detected. Para-, meta-,
and even ortho-substituted aryl bromides gave the desired
products in moderate to good yields (Table 3, entries 1–12).
Electron-rich and slightly electron-deficient aryl bromides
led to the corresponding 1-aryl-3-butoxy-2-(E)-propen-1-
ones in 50–70 % yield (Table 3, entries 2–9). Surprisingly,
stronger electron-poor aryl bromides, such as 4-bromoben-
zonitrile, -acetophenone, and -benzaldehyde, gave lower
yields (Table 3, entries 10–12). Nevertheless, 2-bromonaph-
thalene and some heteroaromatic substrates were coupled
smoothly in moderate to good yields (Table 3, entries 13–
16).

In the following experiments, we turned our attention to
the carbonylative vinylation with other vinyl ethers. As
shown in Scheme 2, several different vinyl ethers could be
applied successfully. Notably, using styrene under our opti-
mized conditions led to the corresponding chalcone in 99 %
yield (Scheme 2). Hence, this system should lead to im-
proved yields for other chalcones as well.

Finally, we proved the possibility to transform the ob-
tained 1-aryl-3-butoxy-2-(E)-propen-1-ones in a novel one-
pot synthesis to give aryl-substituted pyrazoles, which are

Table 1. Palladium-catalyzed coupling of bromobenzene with butyl vinyl
ether: Variation of ligands.[a]

Entry Ligand Conv. [%][b] Yield 1 [%][b]

1 PPh3 72 13
2 nBuP(Ad)2 100 14
3 P ACHTUNGTRENNUNG(tBu)3·HBF4 95 15
4 PCy3 42 6[c]

5 L1 75 9
6 L2 27 11
7 L3 67 1
8 L9 100 24
9 L6 46 7

10 L7 91 17
11 L8 99 24
12 L11 40 10[c]

13 Xantphos 100 6

[a] General reaction conditions: bromobenzene (1 mmol), n-butyl vinyl
ether (6 mmol), [{(cinnamyl)PdCl}2] (0.017 mmol), ligand (0.08 mmol),
NEt3 (2 mmol), DMF (0.5 mL), CO (10 bar), 120 8C, 20 h; Ad=adaman-
tyl; Cy=cyclohexyl. [b] Conversion and yield were determined by GC
based on bromobenzene using hexadecane as the internal standard.
[c] PdBr2 (0.033 mmol), acetonitrile (0.5 mL), CO (5 bar), N2 (75 bar).

Table 2. Optimization of the model system: Variation of temperature,
pressure, and solvent.[a]

Entry Ligand Solvent CO [bar] Conv. [%][b] Yield [%][b]

1 L9 DMF 10 100 24
2 L9 toluene 10 70 24
3 L9 acetonitrile 10 99 46
4 L9 1,4-dioxane 10 100 44
5 L9 1,4-dioxane 10 70 24[c]

6 L9 1,4-dioxane 20 100 43[d]

7 L9 1,4-dioxane 5 99 46
8 L9 1,4-dioxane 5 100 48[e]

9 L9 1,4-dioxane 20 100 45
10 L9 acetonitrile 5 100 53[f]

11 L9 acetonitrile 5 100 56[g]

12 L9 acetonitrile 5 100 60[h]

13 L10 acetonitrile 5 96 58[h]

14 L4 acetonitrile 5 97 76[h]

15 L5 acetonitrile 5 100 52[h]

[a] General reaction conditions: bromobenzene (1 mmol), n-butyl vinyl
ether (6 mmol), [{(cinnamyl)PdCl}2] (0.017 mmol), ligand (0.08 mmol),
NEt3 (2 mmol), solvent (0.5 mL), 120 8C, 20 h. [b] Conversion and yield
were determined by GC based on bromobenzene using hexadecane as
the internal standard. [c] 100 8C. [d] 130 8C. [e] PdBr2 (0.033 mmol).
[f] PdBr2 (0.033 mmol), CO (5 bar), N2 (45 bar). [g] PdBr2 (0.033 mmol),
CO (5 bar), N2 (55 bar). [h] PdBr2 (0.033 mmol), CO (5 bar), N2 (75 bar).
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known to have a broad spectrum of biological activities.[13]

In the past, the synthesis of 1,3-substituted pyrazoles, partic-
ularly by cyclocondensation of N-arylhydrazines with 1,3-di-
carbonyl compounds[14] or ethynyl ketones,[15] has been re-
ported. The reaction of 3-alkoxy-1-phenyl propenones with
phenylhydrazine to give pyrazoles had already been discov-
ered by Panizzi et al. in 1943.[16]

Hence, after the palladium-catalyzed coupling process was
finished, substituted hydrazines and molecular sieves were
added and the reaction mixture was heated at 80 8C for an-
other 3 h. In general, the corresponding 1,3-substituted pyra-
zoles were synthesized in moderate to good overall yields
(Scheme 3). In most cases, less than 10 % of the regioisomer-
ic 1,5-disubstituted pyrazoles were detected. Simply by using
an aqueous hydrazine solution, 1-phenylpyrazole was isolat-
ed in 72 % yield.

In conclusion, we have established the first carbonylative
Heck coupling reaction of aryl bromides and vinyl ethers. 19
different 1-aryl-3-alkoxy-2-propen-1-ones were synthesized
in 30–75 % yield in a straightforward manner. Our novel
protocol is a valuable extension of the recently published
coupling of aryl halides with styrenes. Furthermore, it is ex-
emplarily shown that the PdBr2/L4 catalyst system also gave
improved yields for the carbonylative coupling of bromo-
benzene with styrene (99 % yield). Based on the coupling
process, a one-pot synthesis of 1,3-diarylpyrazoles has been

Table 3. Palladium-catalyzed coupling of aryl bromides with n-butyl vinyl
ether.[a]

Entry Aryl bromide Product Yield [%][b]

1 75

2 54

3 70

4 50

5 51

6 53

7 62

8 57

9 66

10 26

11 35

12 30

13 68

14 70

15 56

16 59

[a] General reaction conditions: aryl bromide (1 mmol), n-butyl vinyl
ether (6 mmol), PdBr2 (0.033 mmol), L4 (0.08 mmol), NEt3 (2 mmol),
acetonitrile (0.5 mL), CO (5 bar), N2 (75 bar), 120 8C, 20 h. [b] Isolated
yield.

Scheme 2. Palladium-catalyzed coupling of aryl bromides with n-butyl
vinyl ether (isolated yields are given).

Scheme 3. One-pot synthesis of pyrazoles.
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developed, demonstrating the usefulness of the synthesized
products as building blocks. Six different pyrazole deriva-
tives were prepared in an effective manner from simple bro-
mobenzene, CO, vinyl ether, and phenylhydrazine. This also
represents a new and easy access to various pyrazoles.

Experimental Section

General information : All reactions were performed by using standard
Schlenk techniques (argon). Gas chromatography was performed on
a Hewlett Packard HP 6890N chromatograph with an HP5 column.
Chemicals were purchased from Fluka, Aldrich, and Strem and used as
received. DMF, acetonitrile, dioxane, toluene, and triethylamine were dis-
tilled from sodium ketyl, CaH2, or P2O5 and stored in Aldrich Sure/store
flasks under argon.

Synthesis of 3-butoxy-1-phenyl-2(E)-propen-1-one : Six 4 mL glass vials
were charged with PdBr2 (3.3 mol %, 8.8 mg), L4 (8 mol %, 30 mg), and
a stirring bar. All vials were put into an alloy plate, equipped with
a septum and an inlet needle, and then flushed with argon. Acetonitrile
(0.5 mL), NEt3 (2 mmol, 277 mL), bromobenzene (1 mmol, 105 mL), and
butyl vinyl ether (6 mmol, 770 mL) were injected into each vial. The alloy
plate with six vials was then placed in a 300 mL autoclave (Parr Instru-
ments 4560 series). At room temperature, the autoclave was flushed with
CO, pressurized with CO to 5 bar, and finally the pressure was increased
to 80 bar by adding nitrogen. Afterwards, the autoclave was heated to
120 8C for 20 h, then cooled to room temperature, and the remaining CO
and nitrogen were released slowly. After discharging, water (2 mL) was
added to each vial and the product was extracted with ethyl acetate. The
aqueous phase was extracted three times. After drying the combined or-
ganic phases over sodium sulfate and evaporating the solvent, the crude
product was purified by column chromatography (heptane/ethyl acetate
6:1) to give 3-butoxy-1-phenyl-2(E)-propen-1-one as a yellow oil.

Synthesis of 1,3-diphenylpyrazole : The synthesis of 3-butoxy-1-phenyl-2-
(E)-propen-1-one was carried out as described above. After discharging
the vials from the autoclave, molecular sieves (0.3 nm, 300 mg) and phen-ACHTUNGTRENNUNGyl ACHTUNGTRENNUNGhydrazine (6 mmol, 590 mL) were added to the reaction mixture. The
vials were heated to 80 8C in the alloy plate on a heating plate for 2 h. Fi-
nally, the reaction mixture was cooled to room temperature and purifica-
tion was performed by column chromatography (heptane/ethyl acetate
15:1) to obtain 1,3-diphenyl-pyrazole as a white solid.
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