
C

A

w
r
©

K

1

a
b
s
T
n
T
m
h
p
t
a
h
t
h
i
w
t
u
t
Y

1
d

Journal of Molecular Catalysis A: Chemical 272 (2007) 293–297

opper-free Sonogashira coupling reaction catalyzed by MCM-41-supported
thioether palladium(0) complex in water under aerobic conditions

Mingzhong Cai a,∗, Qiuhua Xu a,b, Junchao Sha a

a Department of Chemistry, Jiangxi Normal University, Nanchang 330022, China
b School of Environmental and Chemical Engineering, Nanchang Institute of Aeronautical Technology, Nanchang 330063, China

Received 10 February 2007; received in revised form 21 March 2007; accepted 21 March 2007
Available online 27 March 2007

bstract
The MCM-41-supported thioether palladium(0) complex is a highly active catalyst for the copper-free Sonogashira coupling of aryl iodides
ith terminal alkynes in water at room temperature under aerobic conditions. This phosphine-free heterogeneous palladium catalyst can be easily

ecovered from the products and reused many times without loss of activity.
2007 Elsevier B.V. All rights reserved.

l iod

p
[

S
g
a
m
p
u
d
u
b
o
l
c
t
h
d
i
T

eywords: Supported palladium catalyst; MCM-41; Sonogashira coupling; Ary

. Introduction

The Sonogashira coupling reaction of terminal alkynes with
ryl or vinyl halides provides a powerful tool for carbon–carbon
ond formation, which has been widely applied to diverse areas
uch as natural product synthesis and material science [1–3].
he reaction generally proceeds in the presence of a homoge-
eous palladium catalyst such as Pd(PPh3)4 and a cocatalyst.
he most widely employed cocatalysts are copper salts, which
ediates homocoupling of terminal alkynes and might result in

igh copper contamination of the product [4]. The homocou-
ling of terminal alkynes as a side reaction is problematic when
he terminal alkynes are difficult to obtain. The other cocat-
lysts such as zinc, tin, boron, aluminum, Ag2O, and AgOTf
ave also proven to be efficient, but additional steps are needed
o make these agents [5–8]. Recently, significant progress
as been made in the Sonogashira reaction to give dimin-
shed homocoupling [9–11]. Many of the coupling reactions
ere performed without copper salts [12–15], which provides

he opportunity to develop the Sonogashira coupling reaction

nder aerobic conditions, because the copper-mediated oxida-
ive homocoupling of alkynes is prevented [4]. Very recently,
ang et al. reported the first copper-free Sonogashira cou-
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ling reaction with PdCl2 in water under aerobic conditions
16].

While these examples contributed to the improvement of the
onogashira coupling reaction, they remained based on homo-
eneous palladium complex catalyst, which make the separation
nd the recovery of the catalysts tedious if not impossible and
ight result in unacceptable palladium contamination of the

roducts. A way to overcome these difficulties would be the
se of a heterogeneous palladium catalyst. Although a great
eal of effort has been made to carry out the coupling reaction
sing immobilized palladium catalysts [17–24], what seems to
e lacking is the efficiency of the catalytic systems. It is obvi-
us that the heterogeneous catalytic systems exhibit generally
ower activity than the homogeneous ones and the activity of the
atalysts decreases gradually in the recycled systems because
he palladium leaches away from their supports. Besides, the
eterogeneous palladium-catalyzed Sonogashira reactions need
egassed organic solvents and have to be carried out under an
nert atmosphere, copper salts are usually used as cocatalyst.
his is particularly inconvenient when the reactions are car-

ied out in multiple vessels for library generation. Therefore,
he development of a convenient method is an important objec-
ive in this effort. Taking these into consideration, we decided

o concentrate on developing a novel supported palladium cata-
yst which is highly active and stable. Our goal was that it still
e effective in the absence of copper salts as a cocatalyst and
an be recycled many times in water as solvent under aerobic

mailto:caimingz@tom.com
dx.doi.org/10.1016/j.molcata.2007.03.055
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onditions. In this paper, we develop a mild protocol for the
opper-free Sonogashira coupling of aryl iodides with terminal
lkynes in water under aerobic conditions with the MCM-41-
upported thioether palladium(0) complex [MCM-41-S-Pd(0)]
s catalyst.

. Experimental

All chemicals were reagent grade and used as purchased. IR
pectra were determined on a Perkin-Elmer 683 instrument. 1H
MR spectra were recorded on a Bruker AC-P400 (400 MHz)

pectrometer with TMS as an internal standard in CDCl3 as
olvent. 13C NMR spectra were recorded on a Bruker AC-P400
100 MHz) spectrometer with TMS as an internal standard
n CDCl3 as solvent. Microanalyses were measured using a
anaco MT-3 CHN microelemental analyzer. X-ray powder
iffraction (XRD) was obtained on Damx-rA (Rigaka). X-ray
hotoelectron spectra (XPS) were recorded on XSAM 800
Kratos). The MCM-41-supported thioether palladium(0)
omplex [MCM-41-S-Pd(0)] was prepared as previously
escribed [25], the sulfur and palladium content was 0.72 and
.35 mmol/g, respectively.

.1. General procedure for the Sonogashira coupling
eaction

Aryl iodide (1.0 mmol), MCM-41-S-Pd(0) (14 mg,
.005 mmol Pd), piperidine (8.0 mmol), and H2O (1.2 ml)
ere added to a flask under aerobic conditions, and the resulting
ixture was stirred at 50 ◦C for 15 min, then cooled to 25 ◦C.
o this suspension was added terminal alkyne (1.5 mmol),
nd the reaction mixture was stirred at 25 ◦C for 12–24 h. The
ixture was dissolved in Et2O (40 ml). The MCM-41-S-Pd(0)
atalyst was separated from the mixture by filtration, washed
ith distilled water (2× 10 ml), EtOH (3× 10 ml) and Et2O

2× 10 ml) and reused in the next run. The ethereal solution
as washed with water (2× 10 ml) and dried over MgSO4.

s
w
t
s

Scheme 1. Preparation of th
sis A: Chemical 272 (2007) 293–297

he solvent was removed under vacuum, and the residue was
urified by flash chromatography on silica gel to give the
esired product. The isolated products were analyzed by IR, 1H
MR, and 13C NMR and compared with authentic samples.

. Results and discussion

Recent developments on the mesoporous material MCM-
1 provided a new possible candidate for a solid support for
mmobilization of homogeneous catalysts [26]. MCM-41 has

regular pore diameter of ca. 50 Å and a specific surface
rea >700 m2 g−1 [27]. Its large pore size allows passage of
arge molecules such as organic reactants and metal complexes
hrough the pores to reach to the surface of the channel [28–30].
o date, a few palladium complexes on functionalized MCM-
1 support have been prepared and successfully used in organic
eactions [31–34]. Very recently, we have reported the synthesis
f the first MCM-41-supported thioether palladium(0) complex
MCM-41-S-Pd(0)] and its catalytic behavior in Heck reaction
25]. It was found that the MCM-41-S-Pd(0) complex is highly
ctive and stereoselective catalyst for Heck arylation reaction
f olefins with aryl iodides and bromides. The MCM-41-
upported thioether palladium(0) complex [MCM-41-S-Pd(0)]
an be conveniently prepared from 3-(2-cyanoethylsulfanyl)
ropyltriethoxysilane via immobilization on MCM-41, followed
y reacting with palladium chloride in acetone, and then the
eduction with hydrazine hydrate in ethanol according to our
revious procedure (Scheme 1).

Since “water” is the most safe and easily available solvent,
umerous attempts have been made in utilizing it in organic
eactions [35,36]. While the development of catalytic systems
n water has been confronted with many difficulties, the MCM-
1-S-Pd(0) complex will be a key to developing an efficient

ystem in water owing to its amphiphilicity. To realize our goal,
e screened a variety of coupling conditions and were pleased

o find that the Sonogashira coupling reaction proceeded very
moothly using MCM-41-S-Pd(0) in water in the presence of

e MCM-41-S-Pd(0).
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Table 1
Effect of base, amount of the catalyst, and temperature on Sonogashira coupling reaction of phenylacetylene with iodobenzenea

Entry Base Temperature (◦C) MCM-41-S-Pd(0) (mol%) Time (h) Yield (%)b

1 Et3N 25 0.5 24 82
2 Pyridine 25 0.5 24 75
3 BuNH2 25 0.5 20 85
4 Pyrrolidine 25 0.5 18 89
5 Piperidine 25 0.5 18 92
6 Piperidine 50 0.5 18 87
7 Piperidine 80 0.5 18 82
8 Piperidine 25 0.3 24 90
9 Piperidine 25 0.1 32 87

10 Piperidine 25 0.8 13 91
1 1
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tions of different phenyl iodides with a range of terminal alkynes
were repeated five times using the same batch of supported cat-
alyst. The experimental results are summarized in Table 3. As
shown in Table 3, the average yield of 3a, 3o, and 3j in con-

Table 2
Copper-free Sonogashira reactions of terminal alkynes with aryl iodides cat-
alyzed by MCM-41-S-Pd(0) in watera

Entry Ar R1 Time (h) Product Yield (%)b

1 Ph Ph 18 3a 92
2 4-CH3C6H4 Ph 18 3b 90
3 4-ClC6H4 Ph 12 3c 92
4 4-O2NC6H4 Ph 12 3d 93
5 3-O2NC6H4 Ph 12 3e 91
6 4-CH3COC6H4 Ph 12 3f 90
7 2-CF3C6H4 Ph 12 3g 92
8 3-CNC6H4 Ph 12 3h 93
9 Ph Me3Si 18 3i 90

10 4-CH3OC6H4 Me3Si 24 3j 89
11 4-ClC6H4 Me3Si 12 3k 91
12 Ph CH3OCH2 18 3l 89
1 Piperidine 25

a All reactions were performed using 1.0 mmol of iodobenzene, 1.5 mmol of
b Isolated yield based on the iodobenzene used.

iperidine under aerobic conditions without copper salts. We
hen investigated the effect of various reaction parameters (base,
he amount of palladium catalyst, temperature) on the outcome
f the coupling reaction with phenylacetylene and iodobenzene
s the substrates (Table 1). It was found that among the bases
sed [Et3N, pyridine, BuNH2, pyrrolidine, and piperidine],
iperidine proved to be the most efficient. Among the amounts
f MCM-41-S-Pd(0) tested [0.1, 0.3, 0.5, 0.8, and 1.0 mol%], the
se of 0.5 mol% MCM-41-S-Pd(0) was the best choice. Increas-
ng the amount of palladium catalyst could shorten the reaction
ime, but did not increase the yield of 1,2-diphenylacetylene. For
he temperatures evaluated [25,50, and 80 ◦C], 25 ◦C gave the
est result. Taken together, excellent result was obtained when
he reaction was carried out with 0.5 mol% MCM-41-S-Pd(0)
n water at 25 ◦C in the presence of piperidine as base under
erobic conditions.

To examine the scope for this coupling reaction, a variety
f terminal alkynes were coupled with different phenyl iodides
Scheme 2). The experimental results are summarized in Table 2.
s shown in Table 2, the Sonogashira coupling reactions of aryl

odides with a variety of terminal alkynes proceeded smoothly at
5 ◦C in water under aerobic conditions giving the correspond-
ng coupling products in high yields. However, the coupling
eaction of phenyl iodide with a hydrophilic terminal alkyne
as very slow under the same conditions, only trace of coupling
roduct was obtained after 24 h of reaction time (entry 20). So,
he hydrophobic property of the coupling products is important
o this Sonogashira reaction in water. The coupling reactions of
eteroaryl iodides such as 3-iodopyridine and 2-iodothiophene
ith terminal alkynes could also proceed smoothly under the
ame conditions affording the corresponding coupling products
n good yields after 24 h of reaction time (entries 21, 22). The
ptimized catalyst system is quite general and tolerant of a range

cheme 2. Sonogashira coupling reaction catalyzed by MCM-41-S-Pd(0).

1
1
1
1
1
1
1
2
2
2

8

.0 10 89

lacetylene, and 8.0 mmol of base in 1.2 ml of H2O under aerobic conditions.

f functionalities. For the electron-deficient phenyl iodides, the
oupling reactions were completed within 12 h, and the oth-
rs required slightly longer reaction times. In all reactions only
.5 mol% of MCM-41-S-Pd(0) based on the aryl iodides was
sed, the molar turnover numbers are larger than those in the cor-
esponding coupling reaction catalyzed by other heterogeneous
atalysts reported [17–24].

This MCM-41-supported thioether palladium(0) catalyst can
e easily recovered by simple filtration. In an attempt to show
hat the MCM-41-S-Pd(0) can be recycled, the coupling reac-
3 4-ClC6H4 CH3OCH2 12 3m 90
4 Ph n-C4H9 18 3n 93
5 4-O2NC6H4 n-C4H9 12 3o 95
6 3-CNC6H4 n-C4H9 12 3p 93
7 2-CF3C6H4 n-C4H9 12 3q 92
8 Ph 4-CH3OC6H4 20 3r 88
9 4-CH3C6H4 4-BrC6H4 18 3s 91
0 Ph HOCH2 24 3t Trace
1 3-Pyridyl Ph 24 3u 81
2 2-Thienyl n-C4H9 24 3v 78

a All reactions were performed using 1.0 mmol of 1, 1.5 mmol of 2, and
.0 mmol of piperidine in 1.2 ml of H2O under aerobic conditions.
b Isolated yield based on 1 used.
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Table 3
Sonogashira reactions of aryl iodides with terminal alkynes catalyzed by recy-
cled catalysta

Entry Ar R1 Product Catalyst cycle Yield (%)b

1 Ph Ph 3a 1st 92
2 Ph Ph 3a 2nd 91
3 Ph Ph 3a 3rd 92
4 Ph Ph 3a 4th 90
5 Ph Ph 3a 5th 90
6 4-O2NC6H4 n-C4H9 3o 1st 95
7 4-O2NC6H4 n-C4H9 3o 2nd 95
8 4-O2NC6H4 n-C4H9 3o 3rd 93
9 4-O2NC6H4 n-C4H9 3o 4th 94

10 4-O2NC6H4 n-C4H9 3o 5th 93
11 4-CH3OC6H4 Me3Si 3j 1st 89
12 4-CH3OC6H4 Me3Si 3j 2nd 88
13 4-CH3OC6H4 Me3Si 3j 3rd 87
14 4-CH3OC6H4 Me3Si 3j 4th 86
15 4-CH3OC6H4 Me3Si 3j 5th 86

a All reactions were performed using 5.0 mmol of aryl iodide, 7.5 mmol of
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erminal alkyne, 0.025 mmol of MCM-41-S-Pd(0), and 40.0 mmol of piperidine
n 6.0 ml of H2O under aerobic conditions.

b Isolated yield based on aryl iodide used.

ecutive reactions promoted by the 1st through the 5th recycled
atalyst was 91%, 94%, and 87%, respectively. The XPS data
or the used catalyst after the fifth cycle and the fresh catalyst
re listed in Table 4. It can be seen that the binding energies of
d3d5/2, S2p, N1s, Si2p, and O1s of the used MCM-41-S-Pd(0)
fter the fifth cycle are similar to those of the fresh MCM-
1-S-Pd(0). Small angle X-ray powder diffraction of the used
CM-41-S-Pd(0) gave peaks similar to those of the fresh one.

he intensity of the (1 0 0), (1 1 0) and (2 0 0) reflections was
ound to be almost same in the used MCM-41-S-Pd(0) after
he fifth cycle and in the fresh MCM-41-S-Pd(0). These results
ndicate that the MCM-41-S-Pd(0) complex has high stability
nd excellent reusability. A further objective of our studies was
o determine whether the catalysis was due to the MCM-41-S-
d(0) complex or to a homogeneous palladium complex that
omes off the support during the reaction and then returns to
he support at the end. To test this, we focused on the coupling
eaction of phenylacetylene with iodobenzene. We filtered off
he MCM-41-S-Pd(0) complex after 2 h of reaction time and
llowed the filtrate to react further. We found that, after this fil-
ration, no further reaction was observed and the absence of Pd in
he filtrate was determined by AAS. The palladium content of the
atalyst was found to be almost same in the fresh catalyst and in

he used catalyst after the fifth cycle by elemental analyses. This
learly rules out the possibility of leaching of palladium from the
CM-41 support. The result is important from a practical point

able 4
PS data for the used catalyst after the fifth cycle and the fresh catalysta

ample Pd3d5/2 S2p N1s Si2p O1s

CM-41-S-Pd(0) (used) 336.6 164.4 400.4 103.3 533.0
CM-41-S-Pd(0) (fresh) 336.7 164.3 400.5 103.2 532.9

a The binding energies are referenced to C1s (284.6 eV) and the energy differ-
nces were determined with an accuracy of ±0.2 eV.

[

[

[
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[
[
[
[
[
[
[

sis A: Chemical 272 (2007) 293–297

f view. Although a number of Sonogashira coupling reactions
hat were carried out in aqueous media were reported previously
ith CuI as a cocatalyst [37–42], this copper-free Sonogashira

eaction in aqueous media has some attractive advantages such
s its insensitivity to air, its production of only trace amounts of
omocoupling products of terminal alkynes, easy recovery and
euse of the palladium catalyst.

. Conclusion

We have developed a mild copper-free heterogeneous Sono-
ashira coupling reaction of aryl iodides with terminal alkynes
n water using piperidine as base under aerobic conditions. The
dvantages of our heterogeneous catalytic system over others
re: (1) the preparation of the phosphine-free heterogeneous
CM-41-S-Pd(0) catalyst is rather simple and convenient from

ommercially available and cheap reagents, (2) the reaction con-
itions are very mild, i.e., only 0.5 mol% palladium catalyst,
oom temperature, water as the solvent, air atmosphere and
ithout CuI, (3) excellent performance and reusability of the

atalyst. Current work in our laboratory is focused on extending
he synthetic scope.

cknowledgement

Project 20462002 was supported by the National Natural
cience Foundation of China.

eferences

[1] K. Sonogashira, Y. Tohda, N. Hagihara, Tetrahedron Lett. (1975) 4467.
[2] K. Sonogashira, in: B.M. Trost, I. Fleming (Eds.), Comprehensive Organic

Synthesis, vol. 3, Pergamon Press, Oxford, 1991, pp. 521–549, Chapter 2.4
and references herein.

[3] M. Erdelyi, A. Gogoll, J. Org. Chem. 66 (2001) 4165.
[4] P. Siemsen, R.C. Livingston, F. Diederich, Angew. Chem. Int. Ed. 39 (2000)

2632.
[5] R.R. Tykwinski, Angew. Chem. Int. Ed. 42 (2003) 1566.
[6] E. Negishi, L. Anastasia, Chem. Rev. 103 (2003) 1979.
[7] A. Mori, J. Kawashima, T. Shimada, M. Suguro, K. Hirabayashi, Y. Nishi-

hara, Org. Lett. 2 (2000) 2935.
[8] Y. Liao, R. Fathi, Z. Yang, Org. Lett. 5 (2003) 909.
[9] Q. Liu, D.J. Burton, Tetrahedron Lett. 38 (1997) 4371.
10] Y. Liao, R. Fathi, M. Reitman, Y. Zhang, Z. Yang, Tetrahedron Lett. 42

(2001) 1815.
11] A. Elangovan, Y.-H. Wang, T.-I. Ho, Org. Lett. 5 (2003) 1841.
12] W.A. Herrmann, P.W. Bohm Volker, Eur. J. Org. Chem. 22 (2000) 3679.
13] T. Fukuyama, M. Shinmen, S. Nishitani, M. Sato, I. Ryu, Org. Lett. 4 (2002)

1691.
14] Y. Ma, C. Song, W. Jiang, Q. Wu, Y. Wang, X. Liu, M.B. Andrus, Org.

Lett. 5 (2003) 3317.
15] A. Soheili, J. Albaneze-Walker, J.A. Murry, P.G. Dormer, D.L. Hughes,

Org. Lett. 5 (2003) 4191.
16] B. Liang, M. Dai, J. Chen, Z. Yang, J. Org. Chem. 70 (2005) 391.
17] Y. Uozumi, Y. Kobayashi, Heterocycles 29 (2003) 1255.
18] M.P. Leese, J.M.J. Williams, Synlett (1999) 1645.
19] D.E. Bergbreiter, Y.-S. Liu, Tetrahedron Lett. 38 (1997) 7843.

20] C.-A. Lin, F.-T. Luo, Tetrahedron Lett. 44 (2003) 7565.
21] L. Djakovitch, P. Rollet, Tetrahedron Lett. 45 (2004) 1367.
22] E. Tyrrell, A. Al-Saardi, J. Millet, Synlett (2005) 487.
23] E. Gonthier, R. Breinbauer, Synlett (2003) 1049.
24] Z. Novak, A. Szabo, J. Repasi, A. Kotschy, J. Org. Chem. 68 (2003) 3327.



ataly

[
[

[

[

[
[
[

[

[

[

[
[
[
[
[

M. Cai et al. / Journal of Molecular C

25] M. Cai, Q. Xu, J. Jiang, J. Mol. Catal. A: Chem. 260 (2006) 190.
26] C.T. Kresge, M.E. Leonowicz, W.J. Roth, J.C. Vartuli, J.S. Beck, Nature

359 (1992) 710.
27] J.S. Beck, J.C. Vartuli, W.J. Roth, M.E. Leonowicz, C.T. Kresge, K.D.

Schmitt, C.T.-W. Chu, D.H. Olson, E.W. Sheppard, S.B. McCullen, J.B.
Higgins, J.L. Schlenker, J. Am. Chem. Soc. 114 (1992) 10834.

28] W. Zhou, J.M. Thomas, D.S. Shephard, B.F.G. Johnson, D. Ozkaya, T.
Maschmeyer, R.G. Bell, Q. Ge, Science 280 (1998) 705.

29] T. Maschmeyer, F. Rey, G. Sankar, J.M. Thomas, Nature 378 (1995) 159.

30] C.-J. Liu, S.-G. Li, W.-Q. Pang, C.-M. Che, Chem. Commun. (1997) 65.
31] J.M. Zhou, R.X. Zhou, L.Y. Mo, S.F. Zhao, X.M. Zheng, J. Mol. Catal. A:

Chem. 178 (2002) 289.
32] P.C. Mehnert, D.W. Weaver, J.Y. Ying, J. Am. Chem. Soc. 120 (1998)

12289.

[
[

[

sis A: Chemical 272 (2007) 293–297 297

33] H. Yang, G. Zhang, X. Hong, Y. Zhu, J. Mol. Catal. A: Chem. 210 (2004)
143.

34] K. Mukhopadhyay, B.R. Sarkar, R.V. Chaudhari, J. Am. Chem. Soc. 124
(2002) 9692.

35] C.-J. Li, Chem. Rev. 93 (1993) 2023.
36] N.E. Leadbeater, M. Marco, Org. Lett. 4 (2002) 2973.
37] H. Dibowski, F.P. Schmidtchen, Angew. Chem. Int. Ed. 37 (1998) 476.
38] U. Radhakrishnan, P.J. Stang, Org. Lett. 3 (2001) 859.
39] M.P. Lopez-Deber, L. Castedo, J.R. Granjia, Org. Lett. 3 (2001) 2823.

40] N.A. Bumagin, V.V. Bykov, I.P. Beletskaya, Zh. Org. Khim. 31 (1995) 385.
41] E.V. Luzikova, N.A. Bumagin, I.P. Beletskaya, Russ. Chem. Bull. 42 (1993)

595.
42] L.I. Sukhomlinova, E.V. Luzikova, T.P. Tolstaya, N.A. Bumagin, I.P. Belet-

skaya, Russ. Chem. Bull. 44 (1995) 769.


	Copper-free Sonogashira coupling reaction catalyzed by MCM-41-supported thioether palladium(0) complex in water under aerobic conditions
	Introduction
	Experimental
	General procedure for the Sonogashira coupling reaction

	Results and discussion
	Conclusion
	Acknowledgement
	References


