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1. Introduction

Palladium-catalyzed coupling reactions such as Heck cross-
coupling reactions have became an extremely powerful method
for the formation of C-C bonds in organic synthesis, [1-4]
material science, [5] biologically active compounds [6] and as
building blocks in macromolecular chemistry [7-9]. A number
of Pd catalysts, usually simple palladium complexes associated
with appropriate ligands, can catalyze this reaction under various
reaction conditions. Among them, palladacycle complexes have
been extensively applied in coupling reactions as effective
catalysts, due to their ready preparation and modification, high
activity and relative stability [10-12]. The prevailing belief is that
chelating diphosphine Pd complexes are good catalysts for the
classical Heck reaction. In recent years, some of authors have
reported a variety of palladacycle complexes containing P-donor
phosphine ligands and found that these complexes were active
catalysts for the Heck reaction [13-15]. In view of these findings
and our continuing interest in the synthesis of palladacycle
complexes and the applications of these systems [16], we have
used palladacycle complexes 1 and 2 [17] as catalyst precursors
in Heck cross coupling reaction of various aryl halides under
relatively mild experimental conditions.
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We have previously shown that the palladacycle complex 1 was
a highly efficient catalyst for the Suzuki cross coupling reactions in
DMEF as a solvent under air atmosphere [16]. Thus it was of interest
to investigate the catalytic properties, if any, of complexes 1 and 2
in the Heck C-C cross-coupling reactions. Synthetic route for prep-
aration of Pd (II) complexes is presented in Scheme 1.

2. Result and discussion

It is well established that palladium complexes containing
phosphine ligands, which combine both good donor strength and
T-accepting capacity, always have a high catalytic activity in Heck
cross-coupling reactions [10,18]. Therefore we have attempted to
use our palladium(Il) complexes as catalysts in Heck reaction.
The ability to use small amounts of catalyst and still achieve high
yields is a great concern in cross coupling reactions due to the high
cost of metals and ligands.

The rate of coupling is depended on a variety of parameters
such as solvent, base and catalyst loading. Generally, the Heck
reactions conducted with phosphine complexes require high tem-
peratures and polar solvents. In order to optimize the reaction con-
ditions for the coupling reactions, different amounts of catalysts
(mol%) were taken and the yield of the products were measured.
The results are summarized in Table 1. A controlled experiment
indicated that the coupling reaction did not occur in the absence
of both of the catalysts. Good yields were obtained from catalysts
load down to a level of 0.01 mol%. A moderate yields were obtained
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Scheme 1. Synthetic route for preparation of palladacycle complexes.

Table 1
Optimization of catalyst concentration.

Entry Catalyst (mol%) Reaction condition®” (Time, h) Isolated yield (%)
1 None a,b (8) n.r.c
2 1(0.01) a(4) 85
3 1(0.01) b(4) 83
4 2(0.01) a(4) 83
5 2(0.01) b (4) 80
6 1 (0.001) a(4) 80
7 1 (0.001) b (4) 81
8 2(0.001) a(4) 79
9 2 (0.001) b (4) 81
10 1 (0.0005) a(s) 56
11 1 (0.0005) b (8) 53

2 Reaction conditions: 4-bromobenzaldehyde (1 mmol), styrene (2.2 mmol),
K>CO5 (1.5 mmol), DMF (2 ml), 130 °C.

b Reaction conditions: 4-bromobenzaldehyde
(2.2 mmol), Cs,CO3 (1.5 mmol), NMP (2 ml), 130 °C.

¢ No reaction.

(1 mmol), ethyl acrylate

even at catalysts loading as low as 0.0005 mol%. Various catalysts
concentrations were also tested, 0.001 mol% gave the best result
in both of the catalysts (Table 1, entries 6-9). As these catalysts
are not sensitive to oxygen, the reactions were carried out in the
air atmosphere.

Additional studies were carried out in order to optimize the
effect of different solvents and bases (Table 2). The vinylation of
4-bromobenzaldehyde with ethyl acrylate was studied as a model
reaction using catalysts 1 and 2. As can be seen in table 2, the
non-polar solvent gave moderate yield (Table 2, entry 1, 67%).
The polar protic solvent like methanol gave moderate yield (Table
2, entry 4, 55%), whereas polar aprotic solvent such as NMP is
found to be more efficient for the yield of biaryl compound (Table

Table 2

2, entry 2, 80%). While another polar aprotic solvent (DMF) gave
comparatively moderate yield (Table 2, entry 3, 69%). The highest
isolated yield was obtained with NMP in short reaction time (Table
2, entry 2, 80% Cat. 1 and 81% Cat. 2). After selecting NMP as the
optimal solvent, we investigated the influence of various bases
on the Heck reaction. In the presence of NaOAc and NaF bases,
yield of 54% and 45% were obtained, respectively (Table 2, entries
7 and 8). Among the similar bases of Cs,CO3, K;CO3 and Na,CO3
which were tested, the Cs,COs; proved to be the most efficient
and gave the good isolated yield (Table 2, entry 2, 80%).

In another model to optimize the reaction conditions, we have
chosen the reaction between 4-bromobenzaldehyde with styrene
in the presence of various solvents and bases, as shown in
Table 3. Comparison of the results showed that the reaction in
the presence of dimethyl-formamide (DMF) as solvent proceeded
much better than other solvents with a good yield in short reaction
time (Table 3, entry 2, 83%). Among the studied bases; K;CO3 and
Cs,CO3; were found to be more efficient for this reaction. Therefore,
K,CO3; was chosen as the most suitable base under optimized
reaction conditions (Table 3, entry 2).

Under the determined reaction conditions, a wide range of aryl
halides bearing electron-donating and electron-withdrawing
groups coupled with olefins, affording the olefinic products in
moderate to good yields (Table 4). The palladacycle complexes as
homogenous catalyst precursors exhibited higher activity with
electron-withdrawing substituents relative to electron-donating
substituents on the aryl halides in Heck reaction [19]. It would
seem that the presence of strong electron-withdrawing groups
on the aryl halides make them more susceptible to further oxida-
tive-addition to the catalyst species [20]. In this work, the elec-

Optimization of base and solvent for Heck cross-coupling reaction of 4-bromobenzaldehyde with ethyl acrylate.?

Br 0
YO/ ) H\O/\
0 |
H

(0]
X
Cat. (0.001 mol%) o>
Solvent, Base )
H

Entry Base Solvent Temp. (°C) Time (h) Catalyst (yield%)®
1 Cs,CO5 dioxane 110 8 1(67), 2 (69)
2 Cs,C03 NMP 130 4 1(80),2(81)
3 Cs,CO3 DMF 130 10 1(69), 2 (70)
4 Cs,CO5 methanol 65 10 1(55), 2 (50)
5 K,CO3 NMP 130 8 1(75),2(74)
6 Na,CO3 NMP 130 10 1(68), 2 (62)
7 NaOAc NMP 130 12 1(54), 2 (42)
8 NaF NMP 130 12 1(45), 2 (53)

@ Reaction conditions: 4-bromobenzaldehyde (1 mmol), ethyl acrylate (2.2 mmol), base (1.5 mmol), solvent (2 ml), 130 °C, under air.

b Isolated yield.
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Optimization of base and solvent for Heck cross-coupling reaction of 4-bromobenzaldehyde with styrene.?

Br

17

X
N N cat (0.001 mol%)
o Solvent, Base 0
H H
Entry Base Solvent Temp. (°C) Time (h) Catalyst (yield %)°
1 K»CO; dioxane 110 8 1(68), 2 (61)
2 K,CO3 DMF 130 4 1(83),2(83)
3 K,CO4 methanol 65 10 1(50), 2 (61)
4 K»CO; NMP 130 8 1(64), 2 (72)
5 Na,CO; DMF 100 10 1(71),2 (63)
6 Cs,C0; DMF 130 8 1(78), 2 (76)
7 NaOAc DME 130 12 1 (44), 2 (52)
8 NaF DMF 130 12 1(48), 2 (62)

2 Reaction conditions: 4-bromobenzaldehyde (1 mmol), styrene (2.2 mmol), base (1.5 mmol), solvent (2 ml), 130 °C, under air.

b Isolated yield.

Table 4

Heck cross-coupling reaction of aryl halides with olefins catalyzed by Pd complexes.*”

. _ Time Catalyst
Entry ArX RCH=CH, Product (h) (Yield %)"
5 0
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o
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(continued on next page)
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. ~ Time Catalyst
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Table 4 (continued)

Entry® ArX RCH=CH, Product T(i}?;e (CYaLit::lllc}ils‘:/o)d
Br O
AT o~ o
o 1(80)
20 O/\ ° ! 2 (80)
CHs
CHs
u 0
@ S b
o 1(76)
21 O/\ o O 3 2(62)
CH,
CHs
Br O
“ N
o 1(83)
2 O/\ o O 4 2(82)
H
H
: 2
“ N
o 1(78)
23 ©/\ o O 4 2(77)
H
H
Br O
2 /O/ N ~ 3 183)
on 2(85)
O,N
Br AN
- 1(77)
25 < ~ N 35 2(82)
S \
S
i @,
X 1(79)
: OO o
I AN XN O
- O 4 65
HsC H4C
O
I o «
oge /©/ R(o ~ OEt 4 64
HsC | HaC
3
(¢]] N N O
s s oallic o PP
H;C H4C
30 OEt 4 46

/
o

19



20 S.J. Sabounchei, M. Ahmadi/Inorganica Chimica Acta 405 (2013) 15-23

“Reaction conditions for entries 1-13: aryl halide (1 mmol), ethyl acrylate (2.2 mmol), Cs,COs (1.5 mmol), NMP (2 ml), catalysts 1 and 2 (0.001 mol%), 130 °C.
PReaction conditions for entries 14-26: aryl halide (1 mmol), styrene (2.2 mmol), K,CO5 (1.5 mmol), DMF (2 ml), catalysts 1 and 2 (0.001 mol%), 130 °C.

CAll reactions carried out under aerobic conditions.
dIsolated yield.

€Reaction conditions for entries 27-30: with precursor complex [Pd(dppe)(OTf);] as catalyst (0.001 mol%). See Ref. [17].

tron-neutral and electron-rich aryl iodides react with olefins to
generate the corresponding cross-coupling products in high yields
(Table 4, entries 1, 4, 14 and 17). For instance, couplings of 4-meth-
yliodobenzene with the olefins proceeded in short times with good
yields in both of the catalysts (Table 4, entries 4 and 17). As shown
in Table 4, activated aryl bromides such as 4-nitrobromobenzene
underwent the Heck reaction with ethyl acrylate and styrene
under similar conditions to afford the corresponding products in
83-85% yields (Table 4, entries 11 and 24) whereas, inactivated
aryl bromides such as 4-methylbromobenzene gave 70-74% yields
(Table 4, entries 5 and 18). The electronically neutral bromoben-
zene (Table 4, entries 2 and 15) produced good amounts of desired
products. Trying to apply 2-bromothiophene and 1-bromonaph-
thalene as efficient substrate was successful (Table 4, entries
12-13 and 25-26). To extend the scope of our work, we next inves-
tigated the coupling of various aryl chlorides with ethyl acrylate
and styrene. A number of reported catalysts in literature need to
be used in high loadings, and showed little or no activity with aryl
chloride substrates [21]. As can be seen in Table 4, aryl chlorides
with electron-withdrawing groups reacted smoothly, and the cor-
responding products were obtained in good yields (Table 4, entries
8, 10, 21 and 23). But for chlorobenzene and 4-methylchloroben-
zene, lower yields were observed even after prolonged reaction
times (Table 4, entries 3, 6, 16 and 19). By using aryl chlorides a
good amounts of stilbene derivatives are yielded under the same
conditions employed for aryl iodides and aryl bromides (see Table
4). The higher C-Cl bond strength compared with C-Br and C-I
bonds disfavors oxidative addition step in catalytic coupling reac-
tions. The ideal substrates for coupling reactions are aryl chlorides,
since they tend to be cheaper and more widely available than their
bromide or iodide analogous. As can be seen in Table 4, we ob-
served that in all cross-coupling reactions, catalysts 1 and 2 had
approximately same catalytic activities and similar yields.

It seems that the precursor complex, [Pd(dppe)(OTf),] can also
be used to behave as an active resource for producing Pd(0). We
used this complex as main catalyst under identical conditions.
The activity of precursor complex, [Pd(dppe)(OTf),] with an ‘easy’
set of substrates (Table 4, entries 27 and 28) and a ‘difficult’ set
of substrates (Table 4, entries 29 and 30) was tested. Using this cat-
alyst in the reaction between 4-methyliodobenzene and 4-methyl-
chlorobenzene with styrene, gave 65% and 45% yield, respectively
(Table 4, entries 27 and 29). Therefore, the activities of the cata-
lysts 1 and 2 are found to be superior compared with the complex
[Pd(dppe)(OTf),].

Likely mechanism for the Heck reaction of the aryl halides with
olefins using palladium complexes as catalysts has been proposed
(Scheme 2) by comparison with the literature reports [22].

In Heck cross-coupling reactions, where a reducing agent can-
not be clearly identified, a catalytic cycle involving Pd(II)/Pd(IV)
complexes [23] was first proposed rather than the traditional one
involving Pd(0)/Pd(II) complexes [24]. The first step of the catalytic
cycle would then be the classical oxidative addition of the aryl ha-
lide with a Pd(0) complex, as in a classical Pd(0)/Pd(II) catalytic cy-
cle [2,10a]. Even in the absence of any identified reducing agent, a
number of authors have nevertheless proposed the reduction of the
palladacycle to a low-ligated Pd(0) complex [22h,],j,24b,25].

Some of the observations made us to think about a mechanism
being similar to that expressed in standard textbooks [26].

Unfortunately, very little is known about the actual structures
of catalytically active PdL, complexes generated from modern
and highly sophisticated Pd-precursors [27]. In addition, there
have been few attempts to elucidate the composition of the active
species present in the Heck cycle. Published studies have been
limited to the use of electrochemistry [28], anionic detection
(ESI-MS, EXAFS) [29] together with detailed kinetic studies, [30]
NMR detections [23a,24a,31] and catalyst poisoning experiments
[32].

Recently, numbers of cyclopalladated complexes have been re-
ported in which the palladium atom is at the zero oxidation state
[28,33]. Several reports on the existence of highly active soluble
palladium(0) colloids (nanoparticles) have established the function
of palladacycles as plain Pd(0) reservoirs in high temperature
applications like Heck and Suzuki couplings [34]. The reduction
of palladium occurs via insertion into the Pd-C bond followed by
a reductive elimination that provides the 2e to reduce Pd(II) into
Pd(0), but this is generally followed by the formation of Pd(0)
nanoparticles. The fact that metallic Hg does not kill the catalysis
is a good point that no metallic Pd is being produced. Electrochem-
istry is indeed one of the most convenient techniques to detect
Pd(0) complexes that are generated in situ from Pd(II) complexes
[35]. In the other way, we previously showed that Pd(II) in this pal-
ladacycle was reduced to Pd(0) by cyclic voltammetry [17]. In addi-
tion, the 3P NMR spectroscopy show that the activation of
palladacycle phosphine complex 1 produce some kind of active
Pd(0) spices [36]. Palladacycle 1 can be reduced to zerovalent pal-
ladium in DMF whilst dppe dioxide was formed. (See Supplemen-
tary data).

As with palladacycle 1 forms Pd(0) unsaturated 14 electron spe-
cies (Scheme 2) [2,16,17,22a,h-j,g], a highly reactive Pd(0) species
does undergo an oxidative addition with ArX. In the next, olefin in-
serts to catalytic cycle. The resulting complex enters the migratory
insertion step via the neutral route, which is revealed by a huge
acceleration by polar solvents, a common ion effect, and other typ-
ical criteria. The steric and bulky properties of bidentate phosphine
ligand (L) can be facilitating this process [22h,37]. A trans-effect of
a strong chelate phosphorus ligand makes the reductive elimina-
tion of alkene very fast, avoiding to the formation of Z-isomer.
The addition of K,CO3 to remove KHCO3 + KX gives catalytically ac-
tive Pd(0) complex (Scheme 2). In this work, with these aryl ha-
lides, several reactions were performed in the presence of olefins.
In the presence of styrene and ethyl acrylate, the regioselectivity
is generally in favor of the linear isomers (E-isomer) [22h]. Based
on the results, production of the E-isomers in all the cases with
good yields are the great advantages of the presented catalysts
(see Table 4).

Although several catalytic systems have been reported to sup-
port Heck C-C coupling reactions, a homogeneous catalyst of this
type is novel because of its P donor of dppe as ligand and P and
CH of phosphorus ylide environment. The homogeneous nature
of the catalysis was checked by the classical mercury test [38].
Addition of a drop of mercury to the reaction mixture did not affect
the yield of the reaction which suggests that the catalysis is homo-
geneous in nature, since heterogeneous catalysts would form an
amalgam, there by poisoning it.

The comparison data presented in Table 5 show the efficiency of
these new catalysts towards the coupling reactions. From an indus-



S.J. Sabounchei, M. Ahmadi/Inorganica Chimica Acta 405 (2013) 15-23 21

KHCO;+KX

(O)pd L N
K,CO; ——

X

N

PdL X

H/ \Pd 2
Ar, L Ar/
R\k |
N y §

Ar PdL |
Ar——PdL
>_( \
d % |
/=

R

Scheme 2. Proposed mechanism for Heck reaction.

trial view point, the low catalyst loading and short reaction time
and stable phosphine ligands provide an indisputable advantage
than the other catalytic systems. In all of the successful reactions,
the 'H and '>C NMR data of the products indicated no Heck cou-
pling byproducts and some of the NMR spectra of the C-C products
are given in Supplementary data.

Table 5
Comparison with other catalytic system.

3. Exprimental
3.1. General

The required chemicals were of analytical reagent grade and
were purchased from Merck and Aldrich. Melting points were
measured on a SMPI apparatus and are reported without correc-
tion. NMR Spectra were recorded on a 90 MHz Jeol spectrometer
(H at 89.60 MHz) or 400 MHz Bruker spectrometer (3C at
100.62 MHz) in CDCl; as solvent. The splitting of proton reso-
nances in the 'H and '*C NMR spectra is shown as, s = singlet,
d =doublet, t = triplet and m = multiplet.

3.2. Synthesis of palladacycle complexes

General procedure: To a [Pd(dppe)(OTf),] (0.4 g, 0.5 mmol)
methanol solution (10 ml), a solution of phosphorus ylides
(0.29 g, 0.5 mmol) (10 ml, CH;0H) was added dropwise. The result-
ing solution was stirred for 12 h at room temperature and then
concentrated to a 2 ml in volume and treated with diethylether
(2 x 10 ml) to give a final product. The product was collected and
dried under vacuum.

3.3. Typical procedure for the Heck reaction

To a round-bottom flask equipped with a magnetic stirring bar
were added palladacycle complexes (0.001 mol%), aryl halide
(1 mmol), olefin (2.2 mmol) and base (1.5 mmol) in solvent
(2 ml). The mixture was heated using an oil bath and the progress

Entry  Ar-Br + olefins Palladium catalyst [Pd] Base Solvent Conditions  Yield Ref.
mol% (%)
1 & O Tricyclohexylphosphine- 0.1 Et;N DMF 140°C, 11h 91 [40b]
°Y©/ N ﬁ\oa cyclopalladated ferrocenylimine
O complexes
2 s § Palladium benzylphosphine 0.02 NaOAc DMA 130 °C, 24h 98 [18b]
o@ fkoe“' complexes
CH,
3 o e 1,2,3-Triazol-5-ylidene- NaOAc DMA 150°C,8h  97®@  [39a]
o palladium complex 90 ®
Werea
o]
4 & @/B’+ oe. N-Heterocyclic carbine- KOBu H,0 100°C,8h  94@  [40a]
' palladium (II) complex 120 °C,8h 90 ®
Br
Sogden
o© . s 0 (a)
o ©B. o B{nucl(?ar palladium (II) K,CO; DMF 150°C,4h 91 s [39b]
5 \ thioamide complexes 97
Br
Nogtion
&« § Palladacycle complexes of 0.001 Cs,CO; NMP 130°C,4h  81®  This
6 (”OY@ [ ™ bidentate phosphine ligands K,CO3; DMF 83®  work

DMA: dimethylacetamide.
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was monitored by thin-layer chromatography (n-hexane/EtOAc,
80:20). After completing the reaction, the mixture was diluted
with n-hexane (15 ml) and water (15 ml). The organic layer was
washed with brine (15 m1), dried over CaCl,, and concentrated un-
der reduced pressure. The liquid residues were purified by silica gel
column chromatography (n-hexane:EtOAc, 80:20) and The solid
residues were purified by re-crystallization from EtOH and H,O.

3.4. Characterization of cross-coupling products

3.4.1. (E)-Ethyl 3-phenylacrylate (Table 4, entries 1, 2, 3)

Light yellow liquid, 'H NMR (ppm): &§=7.56 (d, 1H,
J=16.10Hz), 7.24-7.65 (m, 5H), 6.30 (d, 1H, J=16.03 Hz), 4.13
(q, 2H, J=6.98Hz), 1.20 (t, 3H, J=6.98 Hz). '3C NMR (ppm):
6=165.8 (s, CO), 143.4, 133.3, 129.1, 127.8, 126.9, 117.1, 59.3 (s,
CH,), and 13.2 (s, CH3). [41].

3.4.2. (E)-Ethyl 3-(4-methylphenyl)acrylate (Table 4, entries 4, 5, 6)

Light brown liquid, 'H NMR (ppm): é = 7.66 (d, 1H, ] = 16.21 Hz),
7.13-7.47 (m, 4H), 638 (d, 1H, J=16.03Hz), 4.26 (q, 2H,
J=17.07 Hz), 2.37 (s, 3H), 1.33 (t, 3H, J =6.98 Hz). 13*C NMR (ppm):
6=167.2 (s, CO), 144.5, 140.6, 131.7, 129.6, 128.0, 117.1, 60.4 (s,
CH,), 21.4 (s, CHs), and 14.3 (s, CHs). [42].

3.4.3. (E)-Ethyl 3-(4-acetylphenyl)acrylate (Table 4, entries 7, 8)

M.P. 42-43°C, '"H NMR (ppm): 6=7.77 (d, 1H, J=15.68 Hz),
6.99-7.37 (m, 4H), 622 (d, 1H, J=15.77 Hz), 423 (q, 2H,
J=7.07 Hz), 2.56 (s, 3H), 1.31 (t, 3H, J=7.16 Hz). '*C NMR (ppm):
5=197.2 (s, CO), 166.7 (s, CO), 138.5, 137.0, 130.8, 128.3, 128.1,
117.0, 60.6 (s, CH,), and 14.2 (s, CHs). [43].

3.4.4. (E)-Ethyl 3-(4-formylphenyl)acrylate (Table 4, entries 9, 10)

Light yellow liquid, 'TH NMR (ppm): 6 =9.95 (s, 1H), 7.35-7.88
(m, 5H), 6.47 (d, 1H, J=16.21 Hz), 4.23 (q, 2H, J=7.25 Hz), 1.28
(t, 3H, J=6.98 Hz). '3C NMR (ppm): é =190.4 (s, CO), 165.3 (s,
CO), 141.7, 139.0, 136.0, 129.1, 127.4, 120.3, 59.7 (s, CH;), and
13.2 (s, CHs). [44].

3.4.5. (E)-Ethyl 3-(4-nitrophenyl)acrylate (Table 4, entry 11)

M.P. 136-138 °C, 'H NMR (ppm): 6 = 7.18-8.22 (m, 5H), 6.47 (d,
1H, J = 16.03 Hz), 4.22 (q, 2H, J = 7.07 Hz), 1.28 (t, 3H, J = 7.34 Hz).
13C NMR (ppm): 6=166.7 (s, CO), 139.5, 137.0, 130.8, 128.3,
128.0, 117.0, 60.4 (s, CH,), and 14.3 (s, CHs). [45].

3.4.6. (E)-Ethyl 3-(thiophen-2-yl)acrylate (Table 4, entry 12)

Yellow liquid, 'H NMR (ppm): 6=7.65 (d, 1H, J=15.59 Hz),
6.84-7.24 (m, 3H), 6.10 (d, 1H, J=15.85Hz), 4.12 (q, 2H,
J=7.07 Hz), 1.19 (t, 3H, J = 7.07 Hz). '3C NMR (ppm): § = 165.6 (s,
C0), 136.4, 135.9, 129.7, 127.3, 127.0, 115.9, 59.3 (s, CH;), and
13.2 (s, CHs). [46].

3.4.7. (E)-Ethyl 3-(naphthalen-1-yl)acrylate (Table 4, entry 13)

Yellow liquid, 'H NMR (ppm): 6=8.37 (d, 1H, J=15.68 Hz),
7.17-8.07 (m, 7H), 6.35 (d, 1H, J=15.77Hz), 4.16 (q, 2H,
J=7.07 Hz), 1.21 (t, 3H, J=7.07 Hz). '3C NMR (ppm): 6 = 165.7 (s,
C0), 1404, 132.5, 130.6, 130.2, 129.3, 127.5, 125.7, 125.0, 124.3,
123.8, 122.2,119.7, 59.4 (s, CH,), and 13.2 (s, CH3). [47].

The following compounds gave data consistent with those pub-
lished: Table 4: (E)-1,2-diphenylethene (entries 14, 15, 16) [48], (E)-
1-methyl-4-styrylbenzene (entries 17, 18, 19) [48], (E)-1-(4-styryl-
phenyl)ethanone (entries 20, 21) [48,49], (E)-4-styrylbenzaldehyde
(entries 22, 23) [50], (E)-1-nitro-4-styrylbenzene (entry 24) [51],
(E)-2-styrylthiophene (entry 25) [13,52], (E)-1-styrylnaphthalene
(entry 26) [44,38,53].

4. Conclusion

We used palladacycle complexes containing bidentate phos-
phine ligands as an efficient and well-defined catalyst for the
Heck olefination of various aryl halides. These complexes are
highly active and efficient catalyst for promoting the Heck
cross-coupling reaction of various aryl halides to produce the cor-
responding products in moderate to good yields. The ease of
preparation of the catalyst precursors, its high solubility in organ-
ic solvents, low catalyst loading, and stability toward air make
these complexes ideal starting materials for the above
transformations.

Acknowledgments

We gratefully acknowledge the funding support received for
this project from the Bu-Ali Sina University, L. R. [ran. Our gratitude
also goes to Dr. Abbas Abdoli and Mr. Zebarjadian for their
cooperation.

Appendix A. Supplementary material

The supplementary data contain 'H and '*C NMR spectra of
Heck coupling products and 3'P NMR spectrum of palladacycle 1
in DMF at 130 °C under air. Supplementary data associated with
this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.ica.2013.04.048.

References

[1] (a) M. Pfeffer, Recl. Trav. Chim. 109 (1990) 567;
(b) M. Pfeffer, Pure Appl. Chem. 64 (1992) 335.
[2] LP. Beletskaya, A.V. Cheprakov, Chem. Rev. 100 (2000) 3009.
[3] N.T.S. Phan, M.V.D. Sluys, C.W. Jones, Adv. Synth. Catal. 348 (2006) 609.
[4] (a) R.B. Bedford, M. Betham, J.P.H. Charmant, A.L. Weeks, Tetrahedron 64
(2008) 6038;
(b) R.B. Bedford, M.E. Limmert, . Org. Chem. 68 (2003) 8669.
[5] J. Buey, P. Espinet, J. Organomet. Chem. 507 (1996) 137.
[6] KK. Lo, C. Chung, T.K. Lee, L. Lui, K.H. Tang, N. Zhu, Inorg. Chem. 42 (2003)
6886.
[7] C.Lopez, A. Caubet, S. Perez, X. Solans, M. Font-Bardjia, J. Organomet. Chem. 681
(2003) 80.
[8] S. Perez, C. Lopez, A. Caubet, Organometallics 25 (2006) 596.
[9] A. Moyano, M. Rosol, R.M. Moreno, C. Lopez, M.A. Maestro, Angew. Chem., Int.
Ed. 44 (2005) 1865.
[10] (a) R.B. Bedford, Chem. Commun. (2003) 1787;
(b) SJ. Sabounchei, M. Panahimehr, M. Ahmadi, Z. Nasri, H.R. Khavasi, ].
Organomet. Chem. 723 (2013) 207.
[11] J. Dupont, M. Pfeffer, Wiley-VCH: Weinheim, Germany, 2008.
[12] LEE. Overman, D.J. Poon, Angew. Chem. 36 (1997) 518.
[13] A.R. Hajipour, F. Rafiee, ]J. Organomet. Chem. 696 (2011) 2669.
[14] B. Milde, D. Schaarschmidt, P. Ecorchard, H. Lang, ]J. Organomet. Chem. 706
(2012) 52.
[15] A. Skarzyhska, A.M. Trzeciak, M. Siczek, Inorg. Chim. Acta 365 (2011) 204.
[16] SJ. Sabounchei, M. Ahmadi, Z. Nasri, J. Coord. Chem. 66 (2013) 411.
[17] S.J. Sabounchei, M. Ahmadi, Z. Nasri, E. Shams, S. Salehzadeh, Y. Gholiee, R.
Karamian, M. Asadbegy, S. Samiee, C. R. Chimie 16 (2013) 159.
[18] (a) S.I Pascu, K.S. Coleman, A.R. Cowley, M.L.H. Green, N.H. Rees, New J. Chem.
29 (2005) 385;
(b) S. Gibson, D.F. Foster, G.R. Eastham, R.P. Tooze, D.J. Cole-Hamilton, Chem.
Commun. (2001) 779;
(c) G.D. Frey, C.-P. Reisinger, E. Herdtweck, W.A. Herrmann, J. Organomet.
Chem. 690 (2005) 3193;
(d) G.D. Frey, J. Schiitz, E. Herdtweck, W.A. Herrmann, Organometallics 24
(2005) 4416.
[19] (a) J.M. Chitanda, S.-C. Wu, J.W. Quail, S.R. Foley, Inorg. Chim. Acta 379 (2011)
122;
(b) A'F. Littke, G.C. Fu, J. Am. Chem. Soc. 123 (2001) 6989.
[20] V. Gémez-Benitez, S. Herndndez-Ortega, R.A. Toscano, D. Morales-Morales,
Inorg. Chim. Acta 360 (2007) 2128.
[21] (a) C. Yang, S.P. Nolan, Synlett 10 (2001) 1539;
(b) H.Q. Liu, L. Wang, P.H. Li, Synthesis 15 (2008) 2405.
[22] (a) M. Portnoy, Y. Ben-David, D. Milstein, Organometallics 12 (1993)
4734;
(b) M. Shibasaki, C.D.]. Boden, A. Kojima, Tetrahedron 53 (1997) 7371;
(c) A. Jutand, Eur. J. Inorg. Chem. (2003) 2017;


http://dx.doi.org/10.1016/j.ica.2013.04.048
http://dx.doi.org/10.1016/j.ica.2013.04.048
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0005
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0010
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0015
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0020
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0025
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0025
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0030
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0035
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0040
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0040
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0045
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0045
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0050
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0055
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0055
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0060
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0065
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0065
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0070
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0075
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0080
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0080
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0085
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0085
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0090
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0095
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0095
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0100
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0100
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0105
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0105
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0110
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0110
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0115
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0115
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0120
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0120
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0125
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0130
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0130
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0135
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0140
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0145
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0145
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0150
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0155

S.J. Sabounchei, M. Ahmadi/Inorganica Chimica Acta 405 (2013) 15-23 23

(d) W. Cabri, I. Candiani, Acc. Chem. Res. 28 (1995) 2;

(e) M. Shibasaki, EM. Vogl, T. Ohshima, Adv. Synth. Catal. 346 (2004)
1533;

(f) A.B. Dounay, LE. Overman, Chem. Rev. 103 (2003) 2945;

(g) N.J. Whitcombe, K.K. Hii, S.E. Gibson, Tetrahedron 57 (2001) 7449;

(h) Y. Ben-David, M. Portnoy, M. Gozin, D. Milstein, Organomettalics 11
(1992) 1995;

(i) M. Portnoy, D. Milstein, Organomettalics 12 (1993) 1655;

(j) M. Portnoy, Y. Ben-David, I. Rousso, D. Milstein, Organomettalics 13
(1994) 3465;

(k) M. Casey, J. Lawless, C. Shirran, Polyhedron 19 (2000) 517;

(1) C. Amatore, B. Godin, A. Jutand, F. Lemaitre, Organometallics 26 (2007)
1757.

[23] (a) W.A. Herrmann, C. Brossmer, K. Ofele, C.-P. Reisinger, T. Priermeier, M.
Beller, H. Fischer, Angew. Chem., Int. Ed. Engl. 34 (1995) 1844;

(b) W.A. Herrmann, C.-P. Reisinger, K. Ofele, C. Brossmer, M. Beller, H. Fischer, J.
Mol. Catal. A 108 (1996) 51;
(c) B.L. Shaw, New J. Chem. (1998) 77.

[24] (a) W.A. Herrmann, V.P.W. B6hm, C.-P. Reisinger, ]. Organomet. Chem. 576
(1999) 23;

(b) W.A. Herrmann, K. Olefe, D.V. Preysing, S.K. Schneider, J. Organomet. Chem.
687 (2003) 229;

(c) J. Dupont, M. Pfeffer, J. Spencer, Eur. ]. Inorg. Chem. (2001) 1917;

(d) LP. Beletskaya, A.V. Cheprakov, J. Organomet. Chem. 687 (2004) 229.

[25] V.P.W. Bohm, W.A. Herrmann, Chem. Eur. ]. 7 (2001) 4191.

[26] J.P. Collman, L.S. Hegedus, J.R. Norton, R.G. Finke, Principles and Applications of
Organo Transition Metal Chemistry, University Science Books, Mill Valley, CA,
1987.

[27] A.A. Sabino, A.H.L. Machado, C.R.D. Correia, M.N. Eberlin, Angew. Chem., Int.
Ed. 43 (2004) 2514.

[28] F. d'Orlye, A. Jutand, Tetrahedron 61 (2005) 9670.

[29] (a) J.G. de Vries, Dalton Trans. (2006) 421;

(b) C.D. Buarque, V.D. Pinho, B. Gontijo Vaz, M.N. Eberlin, A.J.M. da Silva, P.R.R.
Costa, J. Organomet. Chem. 695 (2010) 2062.

[30] (a) T. Rosner, A. Pfaltz, D.G. Blackmond, ]J. Am. Chem. Soc. 123 (2001)
4621;

(b) T. Rosner, J. Le Bars, A. Pfaltz, D.G. Blackmond, J. Am. Chem. Soc. 123
(2001) 1848;

(c) J.S. Mathew, M. Klussmann, H. Iwamura, F. Valera, A. Futran, E.A.C.
Emanuelsson, D.G. Blackmond, J. Org. Chem. 71 (2006) 4711;

(d) S. Nadri, M. Joshaghani, E. Rafiee, Organometallics 28 (2009) 6281.

[31] (a) A. Shiota, H.C. Malinakova, J. Organomet. Chem. 704 (2012) 9;

(b) X.-J. Yu, R. Zhou, Y. Zhang, H.-Y. Fu, R.-X. Li, H. Chen, X.-]. Li, Catal. Commun.
12 (2010) 222.

[32] (a) C.S. Consorti, M.L. Zanini, S. Leal, G. Ebeling, ]. Dupont, Org. Lett. 5 (2003)
983;

(b) M.R. Eberhard, Org. Lett. 6 (2004) 2125.

[33] (a) S.M. Nobre, A.L. Monteiro, ]. Mol. Catal. A: Chem. 313 (2009) 65;
(b) D. Zim, S.M. Nobre, A.L. Monteiro, J. Mol. Catal. A: Chem. 287 (2008) 16;
(c) A. Svennebring, P.J.R. Sjoberg, M. Larhed, P. Nilsson, Tetrahedron 64 (2008)
1808;
(d) H. Li, Y.-J. Wu, C. Xu, R.-Q. Tian, Polyhedron 26 (2007) 4389;
(e) L.D. Hills, G.C. Fu, ]J. Am. Chem. Soc. 126 (2004) 13178;
(f) G. Ren, X. Cui, E. Yang, F. Yang, Y. Wu, Tetrahedron 66 (2010) 4022.
[34] (a) L.P. Beletskaya, A.V. Cheprakov, J. Organomet. Chem. 689 (2004) 4055;
(b) N. Solin, J. Kjellgren, K.J. Szabo, Angew. Chem., Int. Ed. 42 (2003) 3656.
[35] (a) C. Amatore, A. Jutand, M.A. M'Barki, Organometallics 11 (1992) 3009;
(b) C. Amatore, E. Carré, A. Jutand, M.A. M'Barki, Organometallics 14 (1995)
1818;
(c) C. Amatore, E. Carré, A. Jutand, M.A. M'Barki, G. Meyer, Organometallics 14
(1995) 5605;
(d) C. Amatore, A. Jutand, A. Thuilliez, Organometallics 20 (2001) 3241.
[36] (a) Z. Csékai, R. Skoda-Féldes, L. Kollar, Inorg. Chim. Acta 286 (1999) 93;
(b) V.V. Grushin, Chem. Rev. 104 (2004) 1629;
(c) V.V. Grushin, Organometallics 20 (2001) 3950.
[37] M. Qadir, T. Mochel, K.K. Hii, Tetrahedron 56 (2000) 7975.
[38] (a) K. Inamoto, J. Kuroda, K. Hiroya, Y. Noda, M. Watanabe, T. Sakamoto,
Organometallics 25 (2006) 3095;
(b) J.A. Widegren, R.G. Finke, ]. Mol. Catal. A 198 (2003) 317;
(c) E. Peris, J.A. Loch, J. Mata, R.H. Crabtree, Chem. Commun. (2001) 201.
[39] (a) S. Inomata, H. Hiroki, T. Terashima, K. Ogata, Tetrahedron 67 (2011) 7263;
(b) M.U. Raja, R. Ramesh, Y. Liu, Tetrahedron Lett. 52 (2011) 5427.
[40] (a) Y.-Q. Tang, C.-Y. Chu, L. Zhu, B. Qian, L.-X. Shao, Tetrahedron 67 (2011)
9479;
(b) C. Xu, J.-F. Gong, S.-F. Yue, Y. Zhu, Y.-]. Wu, Dalton Trans. (2006) 4730.
[41] (a) R. Imashiro, M. Seki, J. Org. Chem. 69 (2004) 4216;
(b) AJ. Carmichael, M.J. Earle, ].D. Holbrey, P.B. Mc Cormac, K.R. Seddon, Org.
Lett. 1 (1999) 997;
(c) Y. Chen, LY. Huang, M.A. Ranade, X.P. Zhang, ]. Org. Chem. 68 (2003) 3714.
[42] A.L. Casalnuovo, J.C. Calabrese, J. Am. Chem. Soc. 112 (1990) 4324.
[43] V. Calé, A. Nacci, A. Monopoli, S. Laera, N. Cioffi, J. Org. Chem. 68 (2003) 2929.
[44] B. Mu, T. Li, W. Xu, G. Zeng, P. Liu, Y. Wu, Tetrahedron 63 (2007) 11475.
[45] X. Huang, L.H. Xie, H. Wu, ]. Org. Chem. 53 (1988) 4862.
[46] K. Wadhwa, ].G. Verkade, ]. Org. Chem. 74 (2009) 4368.
[47] P.R. Blakemore, D.K.H. Ho, W.M. Nap, Org. Biomol. Chem. 3 (2005) 1365.
[48] L. Zhou, L. Wang, Synthesis 16 (2006) 2653.
[49] W. Solodenko, K. Mennecke, C. Vogt, S. Gruhl, A. Kirschning, Synthesis 11
(2006) 1873.
[50] LV. Lijanova, T.K. Berestneva, M.M. Garcia, Supramol. Chem. 19 (2007) 655.
[51] O. Aksin, H. Tiilerkmen, L. Artok, B. Cetinkaya, C.Y. Ni, O. Biieyiiekgiiengder, E.
Oezkal, J. Organomet. Chem. 691 (2006) 3027.
[52] A. Kasahara, T. Izumi, T. Ogihara, J. Heterocycl. Chem. 26 (1989) 597.
[53] J.J. Heynekamp, W.M. Weber, L.A. Hunsaker, A.M. Gonzales, R.A. Orlando, L.M.
Deck, D.L. Vander Jagt, ]. Med. Chem. 49 (2006) 7182.


http://refhub.elsevier.com/S0020-1693(13)00247-8/h0160
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0165
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0165
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0170
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0175
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0180
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0180
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0185
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0190
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0190
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0195
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0200
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0200
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0205
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0205
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0210
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0210
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0215
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0220
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0220
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0225
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0225
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0230
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0235
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0240
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0245
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0245
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0245
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0245
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0250
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0250
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0255
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0260
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0265
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0265
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0270
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0270
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0275
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0275
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0280
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0280
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0285
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0290
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0295
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0295
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0300
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0300
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0305
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0310
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0315
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0320
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0320
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0325
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0330
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0335
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0340
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0345
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0350
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0355
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0355
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0360
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0360
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0365
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0370
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0375
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0380
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0385
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0390
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0390
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0395
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0400
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0405
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0410
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0415
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0415
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0420
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0425
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0430
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0430
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0435
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0440
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0445
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0450
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0455
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0460
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0465
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0470
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0475
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0475
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0480
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0485
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0485
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0490
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0495
http://refhub.elsevier.com/S0020-1693(13)00247-8/h0495

	Palladacycle phosphine complexes as homogeneous catalysts for the Heck cross-coupling reaction at low catalyst loading under aerobic conditions
	1 Introduction
	2 Result and discussion
	3 Exprimental
	3.1 General
	3.2 Synthesis of palladacycle complexes
	3.3 Typical procedure for the Heck reaction
	3.4 Characterization of cross-coupling products
	3.4.1 (E)-Ethyl 3-phenylacrylate (Table 4, entries 1, 2, 3)
	3.4.2 (E)-Ethyl 3-(4-methylphenyl)acrylate (Table 4, entries 4, 5, 6)
	3.4.3 (E)-Ethyl 3-(4-acetylphenyl)acrylate (Table 4, entries 7, 8)
	3.4.4 (E)-Ethyl 3-(4-formylphenyl)acrylate (Table 4, entries 9, 10)
	3.4.5 (E)-Ethyl 3-(4-nitrophenyl)acrylate (Table 4, entry 11)
	3.4.6 (E)-Ethyl 3-(thiophen-2-yl)acrylate (Table 4, entry 12)
	3.4.7 (E)-Ethyl 3-(naphthalen-1-yl)acrylate (Table 4, entry 13)


	4 Conclusion
	Acknowledgments
	Appendix A Supplementary material
	References


