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free catalyst for acyl sonogashira reactions.12 This paper
represent an extensive discussion on heterogeneously catalysis of Pd metal for this reaction. This palladium catalyst
has been reported as the first recyclable catalyst in copper
free reaction. However, the main goal of our study was to
develop an active and selective catalyst that could be reused
in acyl Sonogashira reaction. In this work, we selected a silica based sulfur palladium complex for this coupling reaction.
3-Mercaptopropyltrimethoxysilane and palladium supported silica has received considerable attention in organic
synthesis for its availability, low cost, excellent heterogeneous nature, and ease of handling.13 It was effectively
used in various organic syntheses.13−17 Despite various coupling reactions and exceptional heterogeneity, till now
thiol containing palladium silica catalyst for ynones synthesis has not been reported. As a part of our continuous
efforts in the development of a recyclable catalyst for carbon–carbon bond-forming reactions, we report herein a
simple method for the coupling between various acyl
chlorides and terminal alkynes catalyzed by Pd-SH-SILICA for the formation of ynones. For example, three component and sequential one-pot fashion, two pyrazoles were
synthesized in high yields and illustrated the versatility of
this modified acyl Sonogashira reactions.
The synthesis of silica functionalized organothiol groups
was achieved by stirring with amorphous silica and excess
amount of (3-mercaptopropyl)-trimethoxysilane in toluene at 100 oC for 10 h. The loading ratio of silica was confirmed to be 0.99 mmol gm−1 of (3-mercaptopropyl)trimethoxysilane via both elemental analysis and weight
gain. Then the product thiol-functionalized amorphous
silica was stirred with palladium acetate in tetrahydrofuran (THF) solution until the orange color of the solution
was transferred to the silica gel to obtain the desired palladium catalyst, which was denoted as Pd-SH-SILICA

The acyl Sonogashira reaction between acyl chlorides
and terminal alkynes is one of the most useful method for
the preparation of ynones which are important intermediates to prepare versatile pharmaceutically and biologically active heterocyclic compounds such as pyrroles,1
pyrazoles,2 furans,3 furanones,4 isoxazoles,5 pyrimidines,6
quinolines,7 indolizidinones.8 Due to the bifunctionalitiy
and broad applicability of ynones an efficient, mild and
good heterogeneous catalyst for their preparation is highly
desirable. The most straightforward method for the preparation of ynones utilizes palladium catalyst for the coupling of terminal alkynes with an acid chloride. In this
case, variety of homogeneous catalysts has been employed.6,9
Homogeneous catalysis reactions are associated with many
problems such as toxicity, reuse etc. Besides, the use of a
copper co-catalyst in these coupling reactions facilitates
the homocoupling of alkynes, which causes another problem to separate the products from the reaction mixture.
Due to both environmental and economic issues, the attention
has been increased to immobilize the metal complexes
onto solid support materials to generate their heterogeneous forms. In order to successfully achieve this, a good
choice of the support materials is required along with a
good strategy for placing the active catalysts on the support materials. Among plenty of works on homogeneous
catalysts, a few numbers of studies have been reported to
heterogeneous catalyst. One such heterogeneous catalyst
reported by J.-Y. Chen et al. where nanosized MCM-41
anchored palladium bipyridyl complex and CuI have been
used for the coupling of acyl chlorides and terminal
alkynes.10 Likhar’s group reported that acyl chlorides
could be coupled with terminal alkynes in presence of 1
mol % Pd/C under reflux of toluene and the catalyst could
be reused for five cycles with a 15% leaching of Pd.11
Another example of polymer supported palladium nanoparticles has been reported more recently as the copper
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Scheme 1. Synthesis of the silica gel supported palladium catalyst.

(Scheme 1). Due to the higher uptake capacity of palladium acetate in mercaptopropyl silica gel, 0.40 mmol/gm
palladium loading was achieved easily.18,13 Inductively
coupled plasma (ICP) analysis also confirmed the palladium content. The structure of the catalyst can be found
elsewhere that Pd(II) species coordinate to two sulfur
ligands in the Pd-SH-SILICA catalysts.19,20 As it is mentioned in earlier reports that thiol-containing silica has
particularly high affinity to the palladium metal so it can
recapture at the end of the catalytic cycle easily and thus
ensure low Pd contamination of the reaction mixture and
products. In this case the reactions can occur likely in
homogeneous mixture following a “release and catch”
mechanism.19−23 As shown in Fig. 1, the SEM images of

fresh sample and sample after the catalytic runs revealed
that the shape and surface morphologies of catalyst remain
almost same even after fourth catalytic cycle. It demonstrates that the particles of silica gel are performing with
good stability in the catalytic reaction.
The efficient heterogeneous acyl Sonogashira coupling
is still challenging. Moreover, the Pd catalysts under the
stringent conditions suffer from Pd agglomeration, Pd
leaching or structural damage of the supports. However,
we observed a complete reaction at very mild reaction
conditions. Various substrates were also examined with
excellent yields and the experimental results are summarized
in Table 1. The coupling reactions occurred smoothly at
room temperature and fixed by applying the particular catalyst amount without copper co-catalyst. The reaction of
benzoyl chloride with phenyl acetylene and base triethylamine was first examined using Pd-SH-SILICA catalyst at
room temperature in toluene. The desired corresponding
product was obtained in good yield (87%, entry 1, Table 1).
After the completion of this reaction, the catalyst was
recovered by simple filtration. The catalyst was rinsed
Table 1. Acyl Sonogashira reaction catalyzed by Pd-SH-SILICA

Entry

Acyl chloride

Product

Yielda (%)

1

87, 82b, 79c, 68d

2

90

3

92

4

97

5

91

6

86

Reaction conditions: Pd-SH-SILICA catalyst 45 mg, phenyl acetyFigure 1. Scanning electron microscope (SEM) images of silica
gel (a) produced Pd-SH-SILCA and (b) four times reused catalyst.

lene (1 mmol), acid chloride (1.2 mmol), triethylamine (1.2 mmol),
toluene (5 mL), aGC yields, bsecond catalytic run, cthird catalytic run,
d
fourth catalytic run.
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with acetone, water and again acetone and then dried at 50 oC
following a new reaction with fresh solvent and reactants
under the same reaction conditions. The silica material
showed very minor loss in activity after the first reuse, and
then the similar behavior persists in the next run. The catalyst is performing and maintaining its activity up to
fourth catalytic cycle. The substituted acyl chlorides are
observed to the corresponding products more efficiently.
The ortho or para-substituted acyl chlorides did not show
any difference on product yields. The reaction is tolerant
over a wide range of functional groups on the acyl chlorides (Table 1), all of them results in high yields. This
study shows the potential of this catalyst for practical synthetic application. Not only aryl acyl chlorides but also
heteroaryl acyl chloride with phenyl acetylene is observed
to produce high yield under the same reaction conditions.
In an effort to extend the range of potential organic synthesis, we illustrated three component pyrazole syntheses.
Because of their wide-spread use in fields of pharmacy,
synthetic and agro chemistry, a large variety of pyrazole
derivatives have received much attention.24 To date, the
synthesis of these compounds has been somewhat limited
by the available chemistry. By far the most common synthetic method for the preparation of substituted pyrazoles
involves cyclocondensation of an appropriate hydrazine,
which acts as a bidentate nucleophile, with other threecarbon units featuring two electrophilic carbons in a 1, 3relationship.25 Yet as shown earlier, an expedient, simple,
and general method for the synthesis of pyrazoles is still
being needed. Due to good activity of the Pd-SH-SILICA
catalyst in acyl Sonogashira reaction, we further extended
one-pot three component reactions. One-pot procedures
involving multiple catalytic events are very useful from
economical point of view26 and also will not affect to the
heterogeneous nature of the catalyst. Only one example
H.-L. Liu and co-workers have been reported for the construction of pyrazole derivatives including one-pot three
component fashion with acyl chlorides, alkynes and hydrazines.27 In this case, the catalyst CuI and PdCl2(PPh3)2 both
were needed to achieve the desire product. We select a little different reaction condition to perform almost similar
products avoiding CuI co-catalyst.
In the presence of hydrazine hydrate, the only product
was the corresponding pyrazole in good yields. As shown
in Scheme 2, the benzoyl chloride was firstly reacted with
phenyl acetylene at room temperature in presence of triethylamine in toluene for 15 h. Then 2 equivalent hydrazine hydrate (in methanol solution) was added and stirred
for an additional 2 h at 80 oC, which produce the pyrazole
2013, Vol. 57, No. 3
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Scheme 2. Pyrazole synthesis.

in 56% isolated yield. In the formation of pyrazoles, polar
solvent was needed whereas hydrazine hydrate was nonsoluble in toluene. For good solubility of hydrazine hydrate,
methanol solution was added in the system. Under the
same conditions, we carried out another example which
also produce the desired product in 62% isolated yield
(Scheme 2, R = 4-methoxy). Formation of pyrazole was
observed by TLC analysis during the reaction. Thereby, the
intermediate in the reaction mixture immediately reacts
with hydrazine by accelerating the rate in the one-pot system. Further studies would be necessary for understanding of the reaction mechanism. Since our method proved
successful with two examples of substituted pyrazoles, we
envisaged that other interesting class of molecules with
pharmacological activity might also be accessible.
It was described as copper free acyl Sonogashira reactions with silica based heterogeneous catalytic system and
performed three component pyrazole synthesis in good
yields. Although previously, one example was reported for
acyl sonogashira reactions with nanosized MCM-41 anchored
palladium bipyridyl complex to give good yields at 50 oC
temperature in which a variety of alkynes and acyl chlorides were converted but it involves with poisonous phosphine ligand and CuI.10 Another example was reported the
copper free catalytic acyl sonogashira reactions by palladium nanoparticles (PdNPs) embedded into a polymer
matrix, PPS [PPS = poly(1,4-phenylene sulfide)], at 50 oC
and high metal loading.12 However, Pd-SH-SILCA exhibited improved catalytic performance for copper free acyl
Sonogashira reactions under mild reaction conditions.
In conclusion, we have demonstrated an efficient and
eco-friendly procedure for the synthesis of ynones using
silica supported thiol-palladium complex as a recyclable
catalyst under copper free mild reaction conditions. The
material was synthesized by post grafting of 3-mercaptopropyltrimethoxysilane on amorphous silica and subsequently Pd(II) attached onto thiol groups. This synthetic
method has notable advantages because it involves easily
available, less costly and produces an easily recyclable
catalyst in high yields of the products. The mild reaction
conditions encouraged us to further extention for the devel-
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opment of novel multicomponent reactions. Thus we have
explained the three component synthesis of pyrazoles in
one-pot fasion with good yields. Specifically, this simple
procedure for the ynone sinthesis and this approach to
synthesize N-containing heterocycles may be valuable tool
in future.

EXPERIMENTAL SECTION
Preparation of Pd-SH-SILICA
A solution of 1 g silica in toluene (10 mL) was stirred
with excess (3-mercaptopropyl)-trimethoxysilane (500 mg)
at 100 oC for 10 h. The solution was filtered, and the residue was quickly washed with toluene and dichloromethane
and air-dried (theoretical SH loading 0.99 mmol gm−1).
Then the dried solid material SH-SILICA (200 mg) was
dispersed in a THF (2 mL) solution containing palladium
acetate (20 mg) and stirred at room temperature until disappearance of yellow color.20 The deep orange solid silica
was filtered and the residue was washed with dichloromethane.
The resulting solid material was dried in air (Pd loading
0.4 mmol gm−1). It was denoted as Pd-SH-SILICA.
Catalytic Acyl Sonogashira Reaction
In a typical acyl Sonogashira reaction, the catalyst, PdSH-SILICA (45 mg) was added in dry toluene (5 mL),
followed by alkynes (1 mmol), acyl chloride (1.2 mmol)
and triethylamine (1.2 mmol) in a small glass vial. The
resulting solution was stirred at room temperature for 15 h
and monitored by thin-layer chromatography (TLC). After
completion of the reaction, the product was monitored by
GC analysis. All of the products were known. As an example, 1H and 13C NMR of the compound (Table 1, entry 1)
were observed and compared with literature. So, the reaction mixture was filtered and the solvent was completely
evaporated under reduced pressure. The residue was extracted
with ethyl acetate and washed twice with water, and concentrated under reduced pressure. The residue was then
purified through column chromatography using the solvent ratio of hexane and ethyl acetate (10 : 1). 1, 3-diphenylprop-2-yn-1-one (table 1, entry 1)12 : 1H NMR (CDCl3,
400 MHz): δ 8.23 (dd, J = 7.7 Hz, 2H), 7.69 (dd, J = 7 Hz,
2H), 7.64 (m, 1H), 7.42−7.55 (m, 5H) ppm; 13C NMR (CDCl3,
100 MHz): δ 178.0, 137.0, 134.1, 133.0, 130.8, 129.6,
128.7, 120.1, 93.1, 86.8 ppm. Anal. Calcd for C15H10O: C,
87.38; H, 4.85; Found: C, 87.27; H, 4.92.
Synthesis of Pyrazoles
After 15 h, explanation as above, without filtration the

mother solution was kept at 80 oC and added hydrazine
hydrate (2 mmol in 1 mL methanol) solution. The reaction mixture was stirred for additional 2 h. After cooling to
room temperature, the solvent was removed under reduced
pressure and then the reaction mixture was diluted with
water (5 mL) and extracted with dichloromethane (2×5 mL).
The organic layer was dried over anhydrous sodium sulfate and concentrated under reduced pressure. The crude
products were purified by silica gel column chromatography (hexane/ethyl acetate, 4:1) to afford the pure pyrazoles. Both compound were characterized by spectral data
and compared with literature. 3, 5-Diphenyl-1H-pyrazole
(Scheme 1, R = H, 56% yield):28,29 1H NMR (CDCl3, 400
MHz) δ 7.74 (d, J = 7.6 Hz, 4H) 7.34–7.45 (m, 6H), 6.85
(s, 1H) ppm; 13C NMR (CDCl3, 100 MHz): δ 148.8, 132.3,
128.8, 128.2, 125.7, 100.1 ppm. Anal. Calcd for C15H12N2:
C, 81.82; N, 12.73; H, 5.45; Found: C, 81.61; N, 12.82; H,
5.50. 3-Phenyl-5-(4-methoxyphenyl)-1H-pyrazole (Scheme
1, R=OMe, 62% yield):28 1H NMR (CDCl3, 400 MHz) δ
7.80 (d, 2H), 7.73 (d, J = 8.8 Hz, 2H), 7.40 (m, 3 H), 7.00
(d, J = 8.8 Hz, 2H), 6.90 (s, 1 H), 3.84 (s, 3 H) ppm; 13C
NMR (CDCl3): δ 148.9, 148.1, 159.8, 131.5, 128.7, 127.9,
126.9, 125.6, 123.6, 114.1, 99.5, 55.5 ppm. Anal. Calcd
for C16H14N2O: C, 76.80; N, 11.20; H, 5.60; Found: C,
76.75; N, 10.87; H, 5.82.

Catalyst Recycling
After the completion of a reaction, the mixture was centrifuged and toluene solution was decanted. The solids were
washed with acetone, water and again acetone, isolated by
centrifugation between washes, then dried at 50 oC and used
for next run.
Acknowledgments. This work was supported by a National
Research Foundation of Korea Grant funded by the Korean
Government (2013024372).

REFERENCES
1. (a) Utimoto, K.; Miwa, H.; Nozaki, H. Tetrahedron Lett.
1981, 22, 4277−4278. (b) Kel'in, A. V.; Sromek, A. W.;
Gevorgyan, V. J. Am. Chem. Soc. 2001, 123, 2074−2075.
2. (a) Grotjahn, D. B.; Van, S.; Combs, D.; Lev, D. A.; Schneider,
C.; Rideout, M.; Meyer, C.; Hernandez, G.; Mejorado, L.
J. Org. Chem. 2002, 67, 9200−9209. (b) Cabarrocas, G.;
Ventura, M.; Maestro, M.; Mahia, J.; Villalgordo, J. M.
Tetrahedron: Asymmetry 2000, 11, 2483−2493. (c) Wang,
X.; Tan, J.; Zhang, L. Org. Lett. 2000, 2, 3107−3109.
3. (a) Jeevanandam, A.; Narkunan, K.; Ling, Y.-C. J. Org.
Chem. 2001, 66, 6014−6020. (b) Kel'in, A. V.; Gevorgyan,
Journal of the Korean Chemical Society

Silica gel-Supported Palladium Catalyst for the Acyl Sonogashira Reaction

V. J. Org. Chem. 2002, 67, 95−98.
4. (a) Arzoumanian, H.; Jean, M.; Nuel, D.; Cabrera, A.;
Gutierrez, J. L. G.; Rosas, N. Organometallics 1995, 14,
5438−5441. (b) Van den Hoven, B. G.; El Ali, B.; Alper,
H. J. Org. Chem. 2000, 65, 4131−4137. (c) Lellek, V.; Hansen,
H.-J. Helv. Chim. Acta 2001, 84, 3548−3580.
5. (a) Waldo, J. P.; Larock, R. C. Org. Lett. 2005, 7, 5203.
(b) Hojo, M.; Tomita, K.; Hosomi, A. Tetrahedron Lett.
1993, 34, 485−488.
6. (a) Karpov, A. S.; Muller, T. J. J. Org. Lett. 2003, 5,
3451−3454. (b) Bagley, M. C.; Hughes, D. D.; Taylor, P.
H. Synlett 2003, 259−261. (c) Karpov A. S.; Muller T. J.
J. Synthesis 2003, 2815 (d) D’Souza, D.M.; Muller, T. J.
J. Nat. Protoc. 2008, 3, 1660.
7. (a) Arcadi, A.; Marinelli, F.; Rossi, E. Tetrahedron 1999,
55, 13233−13250. (b) Bagley, M. C.; Hughes, D. D.; Lloyd,
R.; Powers, V. E. C. Tetrahedron Lett. 2001, 42, 6585.
8. Dieter, R. K.; Lu, K. J. Org. Chem. 2002, 67, 847−855.
9. (a) Chen, L.; Li, C.-J. Org. Lett. 2004, 6, 3151. (b) Cox,
R. J.; Ritson, D. J.; Dane, T. A.; Berge, J.; Charmant, J.
P. H.; Kantacha, A. Chem. Commun. 2005, 1037. (c)
Ahmed, M. S. M.; Mori, A. Org. Lett. 2003, 5, 3057. (d)
Fusano, A.; Fukuyama, T.; Nishitani, S.; Inouye, T.; Ryu,
I. Org. Lett. 2010, 12, 2410.
10. Chen, J.-Y.; Lin, T.-C.; Chen, S.-C.; Chen, A.-J.; Mou,
C.-Y.; Tsai, F.-Y. Tetrahedron 2009, 65, 10134–10141.
11. Likhar, P. R.; Subhas, M. S.; Roy, M.; Roy, S.; Kantam,
M. L. Helv. Chim. Acta 2008, 91, 259.
12. Santra, S.; Dhara, K.; Ranjan, P.; Bera, P.; Dash, J.; Mandal, S. K. Green Chem. 2011, 13, 3238−3247.
13. Crudden, C. M.; Sateesh, M.; Lewis, R.; J. Am. Chem.
Soc. 2005, 127, 10045−10050.
14. Shimizu, K.-I.; Koizumi, S.; Hatamachi, T.; Yoshida, H.;
Komai S.; Kodama, T.; Kitayama, Y. J. Catal. 2004, 228,
141–151.

2013, Vol. 57, No. 3

415

15. Cai, M.; Xu, Q.; Wang, P. J. Mol. Catal. A: Chem. 2006,
250, 199–202.
16. Zhao, H.; Zheng, G.; Hao, W.; Cai, M. Appl. Organomet.
Chem. 2010, 24, 92–98.
17. Hagiwara, H.; Nakamura, T.; Hoshi, T.; Suzuki, T. Green
Chem. 2011, 13, 1133–1137.
18. Ho, T.-L. Hard and Soft Acids and Bases Principle in
Organic Chemistry; Academic Press: New York, 1977.
19. Webb, J. D.; MacQuarrie, S.; McEleney, K.; Crudden, C.
M. J. Catal. 2007, 252, 97–109.
20. Hankari, S. E.; Kadib, A. E.; Finiels, A.; Bouhaouss, A.;
Moreau, J. J. E.; Crudden, C. M.; Brunel, D.; Hesemann,
P. Chem. Eur. J. 2011, 17, 8984–8994.
21. Richardson, J. M.; Jones, C. W. J. Catal. 2007, 251, 80–93.
22. Zhao, F. Y.; Shirai, M.; Ikushima, Y.; Arai, M. J. Mol.
Catal. A: Chem. 2002, 180, 211–219.
23. MacQuarrie, S.; Horton, J. H.; Barnes, J.; McEleney, K.;
Loock, H. P.; Crudden, C. M. Angew. Chem. Int. Ed.
2008, 47, 3279–3282.
24. (a) Gandhale, D. N.; Patil, A. S.; Awate, B. G.; Naik, L. M.
Pesticides 1982, 16, 27. (b) Elguero, J.; Goya, P.; Jagerovic,
N.; Silva, A. M. S. Targets in Heterocyclic Systems Chemistry and Properties 2002, 6, 52.
25. Fustero, S.; Simon-Fuentes, A.; Sanz-Cervera, J. F. Organic
Preparations and Procedures International 2009, 41,
253–290.
26. Wasilke, J.-C.; Obrey, S. J.; Baker, R. T.; Bazan, G. C.
Chem. Rev. 2005, 105, 1001−1020.
27. Liu, H.-L.; Jiang, H.-F.; Zhang, M.; Yao, W.-J.; Zhu, Q.H.; Tang, Z. Tetrahedron Lett. 2008, 49, 3805–3809.
28. Bhat, B. A.; Puri, S. C.; Qurishi, M. A.; Dhar, K. L.;
Qazi, G. N. Synth. Commun. 2005, 35, 1135–1142.
29. Varinder, K.; Aggarwal; Vicente, J. D.; Bonnert, R. V. J.
Org. Chem. 2003, 68, 5381−5383.

