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Abstract

:

In the quest for efficient and recyclable heterogeneous catalysts for Sonogashira coupling reactions, a PEG-OMe (Methoxy Polyene Glycol) - mediated method was developed to immobilize Pd/Cu bimetallic nanoparticles on activated carbon (AC). Catalytic experiments showed that Pd/Cu@AC prepared in a PEG-OMe 500 had the highest activity. The morphology and composition of the catalyst were determined, and the identified crystallized and heterometallic nanoparticles of Pd/Cu were essential for an efficient catalytic cycle. The Pd/Cu@AC catalyst was successfully used in Sonogashira reactions (21 examples) including with aryl bromides as the coupling partner in EtOH at 80–100 °C. The catalyst was recycled at least nine times.
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1. Introduction


The Csp–Csp2 cross-coupling reaction, also known as a Sonogashira reaction, has gained much attention because alkynes are important precursors of various pharmaceuticals, natural products, and organic materials [1,2,3]. Despite many attempts to develop a transition-metal-catalyzed Sonogashira coupling reaction using a single metal, such as Cu [4,5], Fe [6,7], Ni [8,9], and Au [10,11,12,13,14], most of today’s transition-metal-catalyzed cross-coupling chemistry still relies on a bimetallic catalyst system of Pd and Cu. In the putative catalytic cycle of a Sonogashira reaction, Pd and Cu are responsible for the oxidative addition of a C–X bond and the transmetalation of an activated triple bond, respectively [15,16]. The Pd/Cu bimetallic catalyst system has excellent redox properties, probably because of the electron-donating and -accepting characteristics of Cu and Pd, respectively [17,18]. The “Cu effect” represents an adjustment or modification of the catalytic ability in Pd-catalyzed Sonogashira coupling reactions [19,20,21]. Recently, several Pd/Cu bimetallic nanoparticles (NPs) were loaded on commercially available insoluble organic or inorganic supports as heterogeneous catalysts, and were successfully used in cross-coupling reactions and other chemical reactions [22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39]. Supported bimetallic NP catalysts with minimal or no leaching are necessary for both environmental protection and cost reduction. In other words, it is essential to develop solid-supported Pd/Cu bimetallic NP heterogeneous catalysts using easily available raw materials and simple procedures and with a high catalytic efficiency.



The chemical reductant and solvent of a catalyst system are essential factors to tune the morphology and catalytic activity of heterogeneous Pd catalysts. For a bimetallic Pd/Cu catalyst system, a strong reductant such as sodium borohydride (NaBH4) [34] is used to generate highly uniform Pd/Cu composites. Diverse milder reductants are also used to reduce metal salts, such as DMF [26,28], toluene [36], ethanol [27,28,29,30], and morpholine [35]. The solvent of a catalyst system interacts with the reactants, intermediates, and final products, thus significantly affecting the reaction results. The compatible properties of polyols, water, DMF, oleylamine (OAm), and benzene with common reactants make it possible to use them as solvents and structure modulators to synthesize metal NPs. Interestingly, amines such as DMF, OAm, and polyols can serve as both reductant and solvent [40,41,42].



Polymeric oxygenated solvents such as dioxane and ethylene glycol (EG) with oxygen and hydroxyl groups can reduce Pd/Cu precursors under thermal conditions [9m]. We hypothesized that the polymeric oxygenated solvent PEG-OMe can be used as both reductant and solvent to fabricate uniform Pd/Cu bimetallic catalysts. To the best of our knowledge, PEG-OMe-mediated fabrication of bimetallic Pd/Cu NPs impregnated on activated carbon (AC) and their heterogeneous catalytic activity in cross-coupling reactions have not been reported. Carbonaceous material such as AC is commercially available, inexpensive, has a large surface area, is stable, and separates easily, and therefore could be an excellent support. Here, we report the synthesis and characterization of a new class of heterogeneous Pd/Cu bimetallic NPs supported on AC. This catalyst showed efficient catalytic activity in Sonogashira cross-coupling reactions under mild reaction conditions, and had high recyclability.




2. Results and Discussion


The thermal solvolysis of transition-metal salts in reductive solvents led to the formation of the corresponding NPs. To finely control the composition of Pd/Cu NPs, organic solvents bearing multi-dentated oxygen donors were used to fabricate Pd/Cu@AC catalysts. As shown in Figure 1a, the XRD patterns of Pd and Cu were identified by comparing them with that of amorphous AC. Angles of 2θ at 40.1°, 46.59°, and 68.11° were assigned to Pd (111), (200), and (220) planes, respectively (JCPDS#5-681), and 2θ angles of 43.34°, 50.46°, and 73.99° correspond to Cu (111), (200), and (220) planes, respectively (JCPDS#4-836) (Figure 1b). The reductive solvents significantly affected the crystallization of deposited metallic NPs. In ethanol (Cat 1), only Pd0 deposited on the AC support. With the increase in the length of PEG chains such as PEG 300, PEG-OMe 350, and PEG-OMe 500, the loading of Cu0 increased accordingly. Interestingly, the crystallization of supported metallic NPs was also dependent on the PEGylated solvents. The results indicate that the coordination effect of metal ions with PEGylated solvents induced the aggregation and assembly of Pd0 and Cu0, perhaps because the coordination ability of the O atoms of the solvent helped to capture the metal ions. Cat 5 prepared in PEG-OMe 500 showed the highest crystallization of Pd/Cu NPs, with sharper and more intensive peaks than others.



The STEM-EDS mapping images (Figure 2) of Pd and Cu show that Pd and Cu homogeneously dispersed on the surface of AC support, respectively. The high-resolution TEM (HRTEM) images of Pd/Cu@AC show that the metallic NPs aggregated on the Cu network after the ultrasonic dispersion of the catalyst (Figure 3A). The particle-size distribution analysis (Figure 3B) indicates that the average diameter of these particles was ~9.3 nm. Three types of lattice with a void image (Figure 3C) correspond to the pure Pd (111) (0.2265 nm), Pd (200) (0.1945 nm), and Cu (111) (0.2088 nm) planes. These results indicate the coexistence of Pd and Cu NPs on the surface of AC, and slight variations of d-spacing might result from the heterometallic interaction between Pd and Cu.



XPS measurements for the surface composition of Pd/Cu@AC revealed the valence state of metal NPs. Figure 4 shows the XPS spectra of Pd 3d and Cu 2p in Pd/Cu@AC. The splitting pattern of Pd 3d showed two triple peaks around 332 to 348 eV, corresponding to the Pd 3d5/2 and Pd 3d3/2, respectively. The two lower binding energies at 335.4 and 340.7 eV were related to metallic Pd0, whereas the other two sets of peaks at 336.06 eV, 341.36 eV, and at 337.36 eV, 342.89 eV, were related to two types of Pd oxidant [43]. In Figure 3B, the binding energy of Cu 2p3/2 peak was observed at 932.08 eV, and the Cu 2p1/2 peak centered at 952.01 eV was attributed to Cu0 or Cu+. The shoulder observed on Cu 2p peak can be assigned to CuO. However, probably because of a small amount of CuO, the satellite peaks of CuO at 940–945 eV were not observed [44].



The activity of Pd/Cu@AC catalysts was evaluated for Sonogashira coupling. Initially, 4-iodotoluene and phenylacetylene were selected for the model reaction to test the activity of Cat 1–Cat 5. As shown in Table 1, Cat 1 prepared using EtOH provided an 87% yield, whereas Cat 2 provided less yield (80%) even though an XRD peak for Cu was clearly observed in Figure 1. This indicates that Pd had a major influence on the bimetallic catalysts of Sonogashira cross-coupling reactions. Furthermore, the activity of catalysts produced by polymeric solvents was better than other catalysts. The activities of solvothermally prepared monometallic catalysts, Pd@AC and Cu@AC (both produced in PEG-OMe 500), were also evaluated. They afforded products in 50% and 61% yields, respectively, much less than Pd/Cu@AC (up to 98% yield). The controlled experiments with mixtures of Pd@Ac and Cu@Ac as catalysts afforded a 67% yield, showing the superior activity of heterometallic catalysts. These results clearly indicate that the cooperative catalysis of Pd and Cu was essential to achieve a significant improvement in catalytic Csp2–Csp coupling reactions. The best result was obtained in the presence of Cat 5, 2 equiv of K2CO3, and 5 mol% of PPh3 in EtOH and N2 atmosphere at 80 °C for 12 h. Therefore, PEG-OMe 500 is an ideal solvent for the preparation of active Pd/Cu@AC catalysts, providing the highest crystallization of both Pd and Cu.



To investigate the scope and limitations of Pd/Cu@AC catalyst, the Sonogashira coupling reactions of various aryl iodides/bromides and phenyl/aliphatic acetylenes catalyzed by Cat 5 were studied under the optimized reaction conditions, and the results are shown in Table 2.



The cross-couplings of aliphatic or aryl alkynes with aryl iodides afforded products in reasonable yields (Table 2, entries 1–14). Both the electron-rich and -deficient aryl iodides afforded products in moderate-to-excellent yields (Table 2, entries 1–6). The aryl iodides bearing electro-donating groups such as –Ome (methoxy), -Me (methyl) and –COMe (O=CCH3) afforded satisfactory yields (Table 2, entries 1–4). The highest yields were provided by 1-iodonaphthalene and 2-iodothiophene, with 92% and 99% yields, respectively. On the other hand, phenylalkynes bearing electron-donating/withdrawing groups provided good results (Table 2, entries 9–14). Aliphatic acetylenes were also successfully coupled to 4-iodoanisole, with yields higher than 60%. The 1-Hexyne provided a 96% yield; the 1-heptyne and 1-octyne provided 84–66% yields (Table 2, entries 15–17).



The above-mentioned procedure was ineffective for less-active aryl bromides. Considering the effect of ligands, six phosphine ligands were selected (Table S1). Notably, Cat 5 successfully catalyzed the cross-coupling of aryl bromides and phenyl acetylene using X-Phos as the ligand at 100 °C for 24 h, affording moderate-to-excellent yields (Table 2, entries 18–21).



Reusability of catalysts is essential for developing heterogeneous catalysts. In this regard, a recycling test was performed for the Pd/Cu@AC catalyst. The catalyst was easily separated by the centrifugation of the reaction mixture. The isolated yields were measured for nine cycles. After eight cycles, the catalyst maintained 99% yields. In the 9th catalytic experiment, the recycled catalyst provided 87% yield. These results clearly indicate the sustainability of the bimetallic catalyst. The Pd and Cu concentrations in the solution were analyzed during each cycle by ICP-MS (Figure 5). The catalyst leached 0.5–1.3 ppm of Pd for each cycle, while the Cu leaching was faster. During the first experiment, the Cu concentration was 30 ppm, and sharply decreased to <8 ppm in the next three cycles. After 9th recycle experiment, the SEM image of recycled Pd/Cu@AC was obtained and compared with fresh catalyst. An obvious aggregation was shown, and it probably led to the yield-decreasing in the 9th recycle and subsequent inactivation.



The control experiments using 0.5 ppm Pd and 1 ppm Cu afforded less than 41% yields. However, the Pd and Cu concentrations did not clearly change in the 9th recycle with yield decline, ruling out the possibility that the leached Pd and Cu were the catalytic species. These results showed that the supported bimetallic Pd/Cu NPs were responsible for the catalytic activity.




3. Materials and Methods


3.1. Preparation of Catalysts


Bimetallic Pd/Cu@AC catalysts were prepared as follows: typically, Pd(II) acetate (Pd(OAc)2: 63.3 mg, 0.28 mmol), Cu(II) nitrate trihydrate (Cu(NO3)2•3H2O: 68.1 mg, 0.28 mmol), and AC (1 g) were dispersed in 30 mL of different solvents: EtOH (Cat 1), EG (Cat 2), PEG 300 (Cat 3), PEG-OMe 350 (Cat 4), and PEG-OMe 500 (Cat 5). Then, the mixture was heated in a Teflon-lined stainless-steel autoclave at 170 °C for 24 h. The catalyst was separated by decantation, washed with EtOH (30 mL, 5 times), and dried at 50 °C in an electrothermostatic blast oven.




3.2. General Procedure for Sonogashira Reactions


In a Schlenk tube, K2CO3 (1.0 mmol, 2 equiv), catalyst (3 mol% Pd), and ligand (5 mol% PPh3 or X-Phos) were added under N2 atmosphere. EtOH (5 mL) was transferred using a cannula. After adding the terminal alkyne (0.6 mmol, 1.2 equiv) and aryl halide (0.5 mmol, 1 equiv), the resulting mixture was stirred under N2 atmosphere at 80 °C for 12 h, or at 100 °C for 24 h. The products were isolated via flash chromatography with a selected eluent, such as Hexane: dichloromethane. For instance, after the reaction finished, the solid silica-gel was added into reaction mixture. The solvent was removed under vacuum. The solid residue was loaded on the column filled with a silica gel of 200 mesh. A fraction of the product band was collected. The pure product was contained after the eluent was removed. The pure product was characterized by 1HNMR and 13NMR [26].




3.3. Recycling Experiments


After each catalytic reaction, the catalyst was separated by centrifugation and filtration, washed with H2O (3 mL) and EtOH (9 mL, 3 times), and dried at 50 °C for further recycling experiments. The catalytic experiments using the recycled catalysts were carried out under the same conditions as those of general procedure for the Sonogashira reactions.





4. Conclusions


A facile PEG-OMe-mediated solvothermal method was developed to fabricate highly crystallized Pd/Cu NP catalysts. Pd/Cu@AC (Cat 5) was prepared by supporting Pd/Cu based bimetallic NPs on AC using PEG-OMe 500. Cat 5 showed the best activity and recyclability in Sonogashira cross-coupling reactions. The catalyst was compatible with diverse aryl iodides and bromides, with moderate-excellent yields, and could be recycled at least nine times. The recyclability was consistent with the low-ppm leaching of supported metallic compositions. The AC-supported catalysts have several advantages, such as their recyclability, easy operation, and environmental friendliness, over conventional Pd catalysts. The Pd/Cu@AC catalysts may find applications in various other C-C coupling reactions.
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Figure 1. (a) XRD patterns of activated carbon (AC) and Pd/Cu@AC catalysts prepared using different solvents: (Cat 1) EtOH, (Cat 2) ethylene glycol (EG), (Cat 3) PEG 300, (Cat 4) PEG-OMe 350, and (Cat 5) PEG-OMe 500. (*) Diffraction of Pd in Pd/Cu@AC and (◆) diffraction of Cu in Pd/Cu@AC; (b) XRD patterns of AC and Cat 5 PEG-OMe 500. 
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Figure 2. (A) STEM images and STEM-EDS mapping images of (B) Pd/Cu, (C) Pd, and (D) Cu of the as-prepared Pd/Cu@AC. 
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Figure 3. (A) TEM image of Pd/Cu@AC; (B) particle-size distribution evaluated from (A); (C) high-resolution TEM (HRTEM) image of a part of (B). 
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Figure 4. Core–shell XPS spectra of (A) Pd 3d and (B) Cu 2p. 
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Figure 5. Recycling experiments using Pd/Cu@AC in the cross-coupling reaction between 4-iodotoluene and phenylacetylene, and the ICP-MS results of Pd/Cu leaching in the solution of 1–9 cycles. The yields were determined by 1H-NMR. 
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Table 1. Pd/Cu@AC catalyzed cross-coupling of 4-iodotoluene and phenylacetylene.
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	Entry
	Catalysts
	Isolated Yield [%]





	1
	Cat 1
	87



	2
	Cat 2
	80



	3
	Cat 3
	83



	4
	Cat 4
	89



	5
	Cat 5
	98



	6
	Pd@AC
	50



	7
	Cu@AC
	61



	8
	Pd@AC+Cu@AC
	67







1Condition: 4-iodotoluene (0.5 mmol), phenylacetylene (0.6 mmol), catalysts (Pd, 3 mol%), K2CO3 (1.0 mmol), EtOH (5 mL), PPh3 (5.0 mol%), 12 h, 80 °C, N2 atmosphere.
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Table 2. Sonogashira cross-coupling of aryl halides and terminal alkynes catalyzed by Pd/Cu@AC.
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Entry

	
Ar-X

	
R

	
Yield [%]c

	
Entry

	
Ar-X

	
R

	
Yield [%]c




	
1

	
 [image: Catalysts 10 00192 i002]

	
C6H5

	
97

	
12

	
 [image: Catalysts 10 00192 i003]

	
3-ClC6H4

	
77




	
2

	
 [image: Catalysts 10 00192 i004]

	
C6H5

	
96

	
13

	
 [image: Catalysts 10 00192 i005]

	
4-ClC6H4

	
84




	
3

	
 [image: Catalysts 10 00192 i006]

	
C6H5

	
90

	
14

	
 [image: Catalysts 10 00192 i007]

	
4-BrC6H4

	
65




	
4

	
 [image: Catalysts 10 00192 i008]

	
C6H5

	
90

	
15

	
 [image: Catalysts 10 00192 i009]

	
n-C6H13

	
66




	
5

	
 [image: Catalysts 10 00192 i010]

	
C6H5

	
96

	
16

	
 [image: Catalysts 10 00192 i011]

	
n-C5H11

	
84




	
6

	
 [image: Catalysts 10 00192 i012]

	
C6H5

	
91

	
17

	
 [image: Catalysts 10 00192 i013]

	
n-C4H9

	
96




	
7

	
 [image: Catalysts 10 00192 i014]

	
C6H5

	
92

	
18b

	
 [image: Catalysts 10 00192 i015]

	
C6H5

	
94




	
8

	
 [image: Catalysts 10 00192 i016]

	
C6H5

	
99

	
19b

	
 [image: Catalysts 10 00192 i017]

	
C6H5

	
65




	
9

	
 [image: Catalysts 10 00192 i018]

	
4-C2H5C6H4

	
95

	
20b

	
 [image: Catalysts 10 00192 i019]

	
C6H5

	
46




	
10

	
 [image: Catalysts 10 00192 i020]

	
3-MeC6H4

	
64

	
21b

	
 [image: Catalysts 10 00192 i021]

	
C6H5

	
51




	
11

	
 [image: Catalysts 10 00192 i022]

	
4-MeC6H4

	
97

	
Conditions: Ar-X (0.5 mmol), RC≡CH (0.6 mmol), Cat 5 (53 mg, Pd 3 mol%), K2CO3 (2 equiv), PPh3 (5 mol%), EtOH (5 mL), 80 °C, 12 h, N2 atmosphere. b X-Phos (5 mol%), 100 °C, 24 h. c Isolated yields.
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