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Abstract

Alkenyl bromides were found to be useful reactants for the palladium-catalysed direct C–H activation/functionalisation reaction of
heteroaromatics such as benzoxazole or benzothiazole. Moderate to good yields of coupling products were obtained using both a- and
b-substituted alkenyl bromides or even the trisubstituted alkenyl bromide 2-bromo-3-methylbut-2-ene. This reaction is environmentally
attractive as it provides only HX associated to the base as a by-product.
� 2008 Elsevier Ltd. All rights reserved.
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The palladium-catalysed alkenylation reaction of
heteroaromatics is one of the most powerful methods for
the preparation of alkenyl-substituted heteroarenes.1 The
efficiency of several methods such as palladium or nickel
catalysed Stille,2 Negishi,3 Kumada4 or Suzuki5 cross-
couplings for the reaction of alkenyl halides with
thiophenes, furans, thiazoles or oxazoles has been
described. However, these reactions require the prior
preparation of an organometallic derivative of a hetero-
aromatic, and provide an organometallic salt (MX) as a
by-product (Scheme 1).

Since a few years, a new palladium-catalysed procedure
for the functionalisation of heteroaromatics has emerged.
It consists in directly functionalising the heteroaromatics
via a C–H bond activation of the heteroarene. This proce-
dure proceeds nicely for the coupling of several heteroaro-
matics with aryl or heteroaryl iodides, bromides and
chlorides, or even triflates.6–13 For such couplings, no prep-
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aration of an organometallic derivative is required. More-
over, this reaction provides only HX associated to a base,
instead of a metallic salt as a by-product and therefore is
very interesting in terms of both atom-economy and non-
toxic wastes (Scheme 1). However, so far, most of the
results for this reaction were obtained with aryl halides
or triflates. To our knowledge, only a few results employing
other functionalisation reactants have been described. For
example, the synthesis of a range of pyrroloquinolines via
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C–H bond activation/functionalisation using norborn-
adiene was described by Hulcoop and Lautens employing
Pd(OAc)2/PPh3 as the catalytic system.14 Recently, Ma
and co-workers described the direct 3-allylation of indole
derivatives with electron-deficient allyl acetates in the pres-
ence of Pd(dba)2/2,20-bipyridine as the catalyst.15 The palla-
dium-catalysed direct alkynylation of N-fused heterocycles
using terminal alkynes has also been reported recently.16

The extension of heteroaromatic C–H bond activation/
functionalisation procedure to a wider diversity of sub-
strates both at the laboratory scale and in the industry
would be a considerable advantage for sustainable develop-
ment because of the lower cost, lower mass and the wider
diversity of reactants, as well as for the treatment of the
relatively nontoxic waste.

In order to further extend the scope of the functionali-
sation of heteroaromatics via C–H bond activation, we
Table 1
Direct arylations of alkenyl bromides with benzoxazole catalysed by PdCl(C3H

Entry Alkenyl bromide Reaction temp (�C)

1
Br b

100

2
Br

140

3 Br 140

4 Br 140

5
Br

140

6 Br
d

140

7 80

Conditions: catalyst PdCl(C3H5)(dppb) (0.05 equiv), see Ref. 18, alkenyl brom
argon, GC and NMR yields.

a Yields in parentheses correspond to isolated yields.
b Ratio of stereoisomers Z/E: 9/91.
c Reaction performed in autoclave, 4% of 6a was also observed in GC/MS
d Ratio of stereoisomers Z/E: 50/50.
herein report on the coupling of a- or b-substituted alkenyl
bromides with benzoxazole, benzothiazole or 2-n-propyl-
thiazole. A simple access to 2-alkenyloxazole or thiazole
derivatives would be useful due to their anticancer, anti-
HIV or antimicrobial properties.17

For this study, based on the previous results,11,12

DMF or DMAc was chosen as the solvent and K2CO3,
Cs2CO3 or KOAc as the base. The reactions were con-
ducted at 80–140 �C under argon in the presence of
PdCl(C3H5)(dppb)18 as the catalyst. For low boiling point
alkenyl bromides, the reactions were performed in auto-
claves. The reactions were performed using 2 equiv of
heterocyclic coupling partner, due to partial decomposi-
tion of these substrates at elevated temperatures. How-
ever, in most cases, a large amount of these substrates
was recovered unreacted allowing to perform these
reactions with a smaller excess of the reactant.
5)(dppb) complex (Scheme 2)20,21
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ide (1 equiv), benzoxazole (2 equiv), Cs2CO3 (2 equiv), DMF, 20 h, under

and NMR of the crude mixture.
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In order to determine the most suitable reaction condi-
tions for this reaction, we studied the reactivity of benzox-
azole with b-bromostyrene in the presence of 5 mol %
PdCl(C3H5)(dppb) using various bases and solvents
(Scheme 2 and Table 1). Employing K2CO3 as the base
and DMF as the solvent at 100 �C, the expected product
1 was not observed. Using KOAc under similar conditions,
1 was obtained in a very low yield. The most suitable base
appears to be Cs2CO3. With this base, using DMF at
100 �C as reaction conditions, 1 was obtained selectively
in 61% isolated yield. At a slightly higher temperature
(120 �C), the dimerisation of b-bromostyrene was observed
in relatively large amounts, especially when traces of oxygen
were present in the reaction mixture. On the other hand, at
80 �C relatively low yields of product 1 were obtained due to
moderate conversion of b-bromostyrene. DMAc as the
solvent gave a mixture of 1 and b-bromostyrene dimers.
Several other catalytic systems such as Pd(OAc)2, or
[PdCl(C3H5)]2 associated to PPh3, dppe or in the absence
of ligand have been employed for this reaction, using
Cs2CO3 as the base in DMF at 100 �C. However, they led
to very low to moderate yields of 1. A yield of 39% was
obtained using Pd(OAc)2 in the presence of dppb.
Table 2
Direct arylations of alkenyl bromides with benzothiazole catalysed by PdCl(C

Entry Alkenyl bromide Reaction temp (�C) Product

1
Br b

100

S

N

2 Br 140
S

N

3 Br 140
S

N

4
Br

120

S

N

5 Br
d

120

S

N

Z:

Conditions: catalyst PdCl(C3H5)(dppb) (0.05 equiv), see Ref. 18, alkenyl bromi
argon, GC and NMR yields.

a Yields in parentheses correspond to isolated yields.
b Ratio of stereoisomers Z/E: 9/91.
c Reaction performed in autoclave.
d Ratio of stereoisomers Z/E: 50/50.
Then, using the most suitable reaction conditions
(DMF, Cs2CO3 and PdCl(C3H5)(dppb)), we examined
the scope and limitation of the reaction using various
mono-, bi- or trisubstituted alkenyl bromides (Scheme 2
and Table 1).

b-Disubstituted alkenyl bromide: 1-bromo-2-methyl-
prop-1-ene gave the coupling product 2. However, a higher
reaction temperature (140 �C) was required in order to
obtain a high conversion (77%) of 1-bromo-2-methyl-
prop-1-ene and a moderate isolated yield of 2 (54%) (Table
1, entry 2). The a-substituted alkenyl bromides: 2-bromo-
but-1-ene and 2-bromoprop-1-ene gave 3 and 4 in 47 and
58% yields, respectively, revealing a low influence of the
substituent position on alkenyl bromides on the yields
(Table 1, entries 3 and 4). These results were confirmed
using the a- and b-substituted alkenyl bromide: 2-bromo-
3-methylbut-2-ene, which gave 5 in a similar yield of 51%
(Table 1, entry 5). We also studied the reactivity of a mix-
ture of (Z)- and (E)-2-bromobut-1-ene (50/50) (Table 1,
entries 6 and 7). Coupling product 6b was selectively
obtained in 55% yield. The formation of 4% of the other
stereoisomer 6a was also observed. A small amount of
the starting material 2-bromobut-2-ene in a ratio 69/31 of
3H5)(dppb) complex (Scheme 3)20,21

Yielda (%)

7
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8
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9
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10
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S
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+

11a and E: 11b

35 (27) (ratio Z: 11a/E: 11b 9/91)19

de (1 equiv), benzothiazole (2 equiv), Cs2CO3 (2 equiv), DMF, 20 h, under
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Z/E stereoisomers was also recovered unreacted. These
results indicate that there is apparently some isomerisation
of the alkenyl double bond in the course of the reaction,
and that both (Z)- and (E)-2-bromobut-1-ene can be con-
verted to 6b. (E) stereoisomer appears to be slightly more
reactive than the (Z)-2-bromobut-1-ene.

Next, we examined the reactivity of benzothiazole
(Scheme 3 and Table 2). The coupling with b-bromo-
styrene, 2-bromobut-1-ene, 2-bromoprop-1-ene or 2-
bromo-3-methylbut-2-ene led selectively to the target
products 7–10 in moderate to good yields (Table 2, entries
1–4). (Z)- and (E)-2-Bromobut-1-ene (ratio 50/50) led to a
9/91 mixture of 11a and 11b (Table 2, entry 5). It should be
noted that for most of these reactions, no side products
were formed. The moderate yields of some reactions arise
mostly from incomplete conversions of the alkenyl
bromides. Therefore, on a large scale, the recycling of
unreacted alkenyl bromides should be possible.

Finally, we performed the selective 5-alkenylation of
2-n-propylthiazole using 2-bromo-3-methylbut-2-ene. This
heteroarene was found to be slightly less reactive than
benzoxazole or benzothiazole. The reaction gave product
12 in 36% isolated yield (Scheme 4). For this reaction,
48% of 2-bromo-3-methylbut-2-ene was recovered
unreacted.

In summary, the functionalisation of heteroaromatics
via C–H bond activation is not limited to the use of aryl
halides or triflates. We have demonstrated, for the first time
to our knowledge, that alkenyl halides are also useful cou-
pling partners in C–H bond activation. In the presence of
PdCl(C3H5)(dppb), the reaction of the electron-rich hetero-
aromatic derivatives benzoxazole, benzothiazole or 2-n-
propylthiazole with alkenyl bromides led to the coupling
products in low to relatively high yields. Both a- and b-
substituted alkenyl bromides have been employed success-
fully. Even a trisubstituted alkenyl bromide gave the
expected coupling product. For this reason, this method
is applicable to the coupling of a wide variety of alkenyl
bromides. It should be noted that, despite their interest,
most of the products prepared by this method are new,
indicating a relatively limited access to such compounds
using more traditional cross-coupling procedures. More-
over, due to environmental reasons, the advantage of such
atom-economy and nontoxic wastes procedure, (formation
of CsBr and CO2 as side products) should become increas-
ingly important for industrial processes. The extension of
this procedure to other heterocycles such as furans or thio-
phenes and mechanistic studies are currently under investi-
gation, and will be reported in due course.
+
PdCl(C3H5)(dppb)
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