Functionalized mesoporous materials containing Palladium and Rhodium as efficient catalysts for organic transformations
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Abstract
Novel functionalized mesoporous materials containing chelating donor sites are synthesized using different synthetic techniques.  Three primary synthetic strategies have been used to introduce the binding sites into the mesoporous matrices viz. surface functionalization, post-synthetic grafting and in situ functionalization. The donor sites thus introduced are capable of efficient binding of metals ions like Pd(II) and Rh(I). These materials were characterized for there nanostructure and metal binding sites by using PXRD, TEM and SEM, N2 adsorption/desorption, UV-vis, FT-IR and X-ray photoelectron spectroscopic tools. They are found to be highly efficient and recyclable in various industrially important organic conversions viz. Suzuki coupling, hydroformylation, Suzuki-Miyaura cross-coupling and Heck C-C bond formation reactions for the syntheses of a series of value added organics.
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Introduction

Heterogeneous catalysts have been attracted increasing interests of the researchers over the last few decades [1,2]. Although, generally, heterogeneous catalysis needs high temperature compared to homogeneous counterpart, it has several advantages like, easy separation of the catalysts from reactant(s) and product(s), through simple filtration from the reaction mixture, can be reused for several times without loss of appreciable amount catalyst activity in next cycles. Reuse of homogeneous catalysts with almost same activity is rarely known. For this reason, heterogeneous catalysts are on high demand for industrial applications. Metal-complex based homogeneous catalysts are being heterogenized by binding them into to organic or inorganic solid supports. The heterogenization of transition metal based catalysts onto different solid supports, e.g. silica [3], polymers [4] and mesoporous materials [5-10], activated carbon [11] pillared clays [12] zeolites [13] etc. are found to be successful. Among all the supports, silica has been exploited mostly. Silica supported heterogenized catalysts have been applied efficiently in many organic transformation e.g. epoxidation [14-16], alkane oxidation [17], hydrogenation [18], carbonylation [19], polymerization [20], C-C coupling reaction [21] and many others [22]. 
In this paper, we design the synthesis of heterogeneous catalysts based on functionalized mesoporous silica prepared through surface functonalization, post-synthetic grafting and in situ functionalization. In surface functionalization, we have activated/functionalized the surface of mesoporous silica by amine groups followed by its Schiff base condensation [23]. The Schiff base anchored mesoporous material is allowed to react with either Pd(II) or  Rh(I) ions to get covalently grafted Pd(II) or  Rh(I) catalyst respectively. The Pd(II) catalyst has been employed in C-C coupling reactions, whereas Rh(I) bound material has been used as the efficient catalyst in hydroformylation reaction. In post-synthetic grafting, we have performed functionalisation in the MCM-41 type mesoporous material by the anchoring of 3-aminopropyltriethoxysilane and then followed by the grafting with 2,6-diacetylpyridine (DAP) to give the heterogenized Schiff base.  This material was used in Suzuki–Miyaura cross-coupling reaction for the synthesis of biaryl organics [24]. In in-situ functionalization we have prepared a new organic–inorganic hybrid periodic mesoporous organosilica (PMO) material by designing an organosilane precursor prepared through Vilsmeier-Haack hydroformylation of phloroglucinol followed by its Schiff base condensation with 3-aminopropyl-trimethoxysilane. This precursor has been used for grafting Pd(II) on the surface of mesoporous material and the resulting material showed excellent catalytic activity in the Heck coupling reactions.
Experimental
Syntheses of Pd(II) and Rd(I) containing mesoporous silica prepared by surface functionalization.
The mesoporous organosilica containing phenyl group is prepared following the method developed by Bhaumik and Tatsumi [25]. In a typical reaction 3.58 g cetylpyridinium chloride (Loba Chemie) and 1.2 g Brij-35 (C12H25-(OC2H4)23-OH, Loba Chemie) was dissolved in an acidic aqueous solution of tartaric acid (E-Merck, 0.6 g in 70 g H2O). To it a mixture of 6.25 g tetraethylorthosilicate (Sigma-Aldrich) and 1.99 g phenyl trimethoxy silane (Sigma-Aldrich) is added and the pH is maintained at ca. 10.5 by adding tetramethylammonium hydroxide (Sigma-Aldrich). The mixture is stirred for 24 h at 298 K, treated hydrothermally at 348 K for 72 h, filtered, dried and extracted with acid-ethanol to get phenyl functionalized mesoporous silica. The corresponding p-nitro material is prepared by stirring 5 g of the above material in a mixture of 20 ml acetic anhydride, 2 ml nitric acid (70%) and 4 ml glacial acetic acid for 30 min at 278 K and 24 h at 373 K, respectively [26]. The nitro-compound is reduced to the corresponding aminehydrochloride by stirring 5 g of p-nitro material in a mixture of 20 ml acetic acid, 5 g SnCl2 and 6 ml concentrated HCl for 72 h at 373 K which on repeated treatment with 0.01(M) Na2CO3 solution produced the free amine. A suspension of 3 g  of this p-amino material in 30 ml dry toluene with excess of C6H5CHO is refluxed for 72 h at 403 K under dry nitrogen using Dean–Stark apparatus to obtain the Schiff base anchored mesoporous material. 
The Rh(I) complex (1) is prepared [27] by bubbling CO continuously through a deep red mixture of 0.2 g RhCl3.3H2O (Sigma-Aldrich) and 1.0 g mesoporous Schiff base ligand in 10 ml dry, deoxygenated DMF under refluxing condition for 12 h. To obtain the mesoporous material Pd(II) anchored ortho-metalated complex [28] (2) a suspension of 1 g dried mesoporous Schiff base ligand is refluxed in 15 ml acetic acid solution containing 0.75 g Pd(OAc)2 (Sigma-Aldrich) for 24 h at 393 K,. 
Synthesis of Pd(II) on N3-type Schiff base containing mesoporous silica by post-synthetic grafting.  
The mesoporous silica is prepared by dissolving 2.96 g cetyltrimethylammonium bromide (Loba Chemie) and 1.5 g Brij-35 in an aqueous solution of tartaric acid (0.78 g in 60 g H2O) [29]. To it 3.5 g tetraethyl orthosilicate is added under stirring and the pH is maintained at ca. 11.0 using tetramethylammonium hydroxide. The resulting mixture is aged overnight under stirring at room temperature, treated hydrothermally at 353 K for 72 h and the solid product is filtered, washed several times with water and dried. The resulting powder is calcined in the flow of air at 723 K for 8 h to remove all the organic surfactants. 1 g of this mesoporous silica is functionalized with 3-aminopropyl triethoxy silane (3-APTES) by stirring 1.8 g of 3-APTES in chloroform at room temperature for 12 h under N2 atmosphere. This 3-APTES functionalized silica is refluxed with a 20 ml methanolic solution of 2,6-diacetylpyridine (DAP, 4.08 g) for 6 h at 333 K to obtain a pale yellow solid. To prepare the Pd(II)-MCM-41 catalyst, designated as 3, a methanolic solution of 0.024 g PdCl2 is added to a suspension of the above pale yellow solid in 30 ml methanol and stirred under reflux for 10 h. 

Synthesis of Pd(II)-grafted PMO by in situ functionalization technique
In a typical experimental procedure, 1.0 g phloroglucinol dissolved in dioxane, is reacted with 1.75 g DMF, 3.67 gm phosphorous oxychloride and stirred for several hours until a viscous yellow solid is formed, which is then hydrolyzed and extracted with ethyl acetate to produce diformyl phloroglucinol. Synthesis of organosilane precursor is carried out by condensing 1.0 g diformyl phloroglucinol with 2.38 g 3-aminopropyltriethoxy silane in dry ethanol under N2 atmosphere. Evaporation of the solvent produced a dark red viscous solid. The mesoporous organosilica is obtained by hydrolyzing the Schiff base adduct in basic medium (pH~10-12) in presence of cationic template cetyl pyridinium chloride, followed by hydrothermal treatment at 358 K for 3 days. Repeated ethanol-HCl extraction of the as-synthesized material gives the mesoporous material containing imine and –OH functional groups, which are useful for stabilizing metal ions. The Pd(II)-grafted PMO catalyst 4, is prepared by refluxing the extracted material with Pd(OAc)2 in glacial acetic acid under N2 atmosphere for 12-14 h. 
Characterization techniques

Powder X-ray diffraction (PXRD) patterns of the materials are recorded on a Bruker D8 Advance diffractometer using Ni-filtered Cu K( (( = 0.15406 nm) radiation. TEM images are recorded in a Jeol JEM 2010 transmission electron microscope operated at an accelerated voltage of 200 kV. Atomic absorption spectroscopic (AAS) studies have been carried out in a Shimadzu AA-6300 atomic absorption spectrophotometer. Nitrogen sorption isotherms are obtained using a Bel Japan Inc. Belsorp-HP at 77 K. 1H and 13C NMR experiments (liquid state) are carried out on a Bruker DPX-300 NMR spectrometer. 13C and 29Si solid state MAS NMR measurements are performed on a Bruker Avance 500 MHz NMR spectrometer. The chemical shifts for 29Si spectra are referenced to TMS at 0 ppm. All products of the catalytic reactions were identified by using a capillary column GC (Agilent 4890 and Varian 3400), GC-MS (Agilent QP-5050), and 1H and 13C NMR spectroscopy using a Bruker DPX-300 MHz NMR. 
Catalytic procedure
Hydroformylation: 0.02 g of catalyst 1, 0.75 mmol of 1-hexene and 10 ml of dried DMF are taken into a 100 ml stainless steel autoclave with inlet and outlet and equipped with a Teflon liner and a stirring bar. It is flushed thrice with CO gas, pressurized to 25 bar and H2 gas is introduced into it up to a total pressure of 50 bar. The reactor is placed at 343 K for 8 h and after completion of the reaction, the autoclave is cooled to room temperature, excess CO/H2 is released and the catalyst is separated by filtration. 

Suzuki coupling: 5.0 mmol of substrate is dissolved into a solution of 10 ml DMF containing 6.0 mmol phenylboronic acid. To it, 7.5 mmol of potassium carbonate is added and the temperature is raised to 373 K. The reaction is initiated immediately after the addition of 0.05 g of catalyst, 2. The progress of the reaction is monitored by thin layer chromatography of the reaction products. 
Suzuki-Miyaura cross-coupling reaction: 1mmol arylhalide, 1.5 mmol phenylboronic acid, 0.018 g catalyst 3 and 3 mmol KF are taken in a round bottomed flask. The flask is evacuated and flushed with argon and 3.5 ml of DMF is added to the reaction mixture. It is stirred at 373 K for the specified time and cooled to room temperature, filtered and washed with ether and water. The crude material is purified by flash chromatography using petroleum ether or acetone/petroleum ether as eluant.

Heck C-C coupling: 1 mmol organic halide, 1 mmol olefin, 0.05 g catalyst, 4 and 5 ml triethanolamine are taken in a two-necked round-bottom flask under N2 atmosphere. The mixture is refluxed at 373 K for ca. 12-14 h, cooled to room-temperature and filtered immediately, to separate the catalyst from the residual mixture. The filtrate is diluted with 15 ml diethyl ether and extracted with ethyl acetate. The combined organic layers are washed with water and brine, dried with MgSO4 and concentrated to obtain the product which is finally purified by re-crystallization in ethylacetate-hexane mixture.
Results and Discussion
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	        The low angle PXRD patterns obtained for the various intermediates in the synthesis of Rd-loaded catalyst, 1 as a representative case is shown in Figure 1. The as-synthesized and extracted samples of phenyl silica (Figure 1a and b, respectively) show four intense peaks which corresponding to a 2D-hexagonal mesophase in the samples. The Schiff base ligand anchored mesoporous material, (Figure 1c) also showed one intense and two weakly intense peaks indicating that the ordering is retained after organic modification. 


But for the Rh-loaded sample, 1 (Figure 1d) only one intense peak is obtained suggesting that the rigorous process of Rh-loading decreases the ordering to some extent. Similar results are obtained on Pd-loading in sample 2. However, for catalysts 3 and 4 PXRD patterns suggested the presence of all four peaks (100, 110, 200 and 210) corresponding to the 2D-hexagonal ordered mesoporous structure after Pd-loadings. The PXRD patterns for the intermediates obtained during synthesis of catalyst 3 and 4 are also highly ordered corresponding to 2D-hexagonal mesophase. Further, the wide-angle XRD patterns of all the samples are devoid of any peak indicating the absence of Rh/Pd in metallic state in these materials.
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The TEM images observed for the materials are in good agreement with the PXRD results. All the samples show a honey-comb like 2D-hexagonal array of pores (Figure 2) and the ordered structure remains almost intact throughout all the reaction steps. The hexagonal ordering of pores is further confirmed from the FFT pattern shown in the inset of Figure 2. Metal loading in each of the catalysts are evaluated through AAS (Table 1). The metal loading for catalyst 4 is relatively high than other catalysts. This could be due to the presence of phenolic–OH as well as imine binding sites in the framework of 4.
Table 1. Physico-chemical properties of Pd and Rh-containing catalysts
	Sample

name
	Metal 

loaded
	Metal loading

Weight (%) 
	BET Surface Area of Support 

(m2g-1)
	Pore Width

(nm)
	Pore Volume

(cc g-1)
	BET Surface Area

(m2g-1)
	Pore Width

(nm)
	Pore Volume

(cc g-1)

	1
	Rh(I)
	1.04
	827
	2.0, 5.5
	0.49
	685
	1.65, 4.9
	0.44

	2
	Pd(II)
	0.92
	805
	2.0, 5.6
	0.48
	662
	2.0, 5.6
	0.43

	3
	Pd(II)
	0.70
	952
	4.0
	0.79
	154
	2.4
	0.14

	4
	Pd(II)
	7.40
	478
	2.8
	0.37
	373
	3.4
	0.33


[image: image4.jpg]


[image: image5.jpg]


N2 sorption analyses for all the materials are carried out to estimate their surface area and pore sizes. All the samples followed a typical type IV isotherm, characteristic of the mesopores [30] and the BET surface area of the silica-based supports and the catalysts are given in Table 1. In all the cases, after loading of the metals there is a substantial decrease in surface area and pore volume, which implies that the complexes are bound mostly within the inner surface of the pores [31]. The pore widths of the samples estimated by using NLDFT method are also given in Table 1. In all the cases the peak pore sizes resemble nicely with the pore diameter estimated from the respective TEM image analysis. The isotherms for catalyst 4 are shown in Figure 3 along with its pore size distribution (inset), as a representative case. 
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	29Si MAS NMR experiments provide useful information about the chemical environment around the Si nuclei in the hybrid frameworks. 29Si MAS NMR spectra of 4, shown in Figure 4.  29Si chemical shifts suggested the presence of diimine fragment inside the pore walls of the PMO 4 with downfield chemical shifts for the T2 ((OH)2(OSi)Si-R–Si(Osi)2(OH)) and T1 ((OH)2(Osi)Si-R–Si(Osi)(OH)2) species in the framework [32].


Catalysis

Hydroformylation of 1-hexene using Rh-catalyst 1 produced a mixture of branched and linear aldehydes. With the increase in temperature first the yield of aldehydes increases and then decreases. The selectivity of n-heptanal is highest (78%) when temperature is 343 K. A total pressure of 50 bar with 1:1 H2/CO ratio led to the best conversion of 1-hexene. As seen from Table-2, n-heptanal and 2-methyl hexanal were the major products. Small amount of hydrogenated product, n-hexane was also produced.
Table 2. Hydroformylation of 1-hexene over catalyst 1.
	Entry
	Temperature (K)
	Pressure (bar)
	CO/H2

ratio
	Conversion (%)
	Selectivity (%)

	
	
	
	
	
	n-heptanal
	2-methyl hexanal
	Hexane

	1.
	343
	50
	1:1
	78
	78
	18
	4

	2.
	343
	40
	1:1
	59
	76
	14
	10

	3.
	343
	60
	1:1
	72
	78
	18
	4

	4.
	343
	50
	0.5:1
	34
	53
	21
	26

	5.
	343
	50
	2:1
	65
	70
	21
	9


The catalytic activity of Pd-catalyst 2 is studied for the liquid phase Suzuki coupling reaction over various electron-withdrawing and electron-donating aryl halides (Table 3). Reactions are carried out both at high temperature (373 K) and at room temperature (298 K). As seen from the table that higher temperature (373 K) is necessary to obtain high yield of the coupling product and good catalytic efficiency. 
Table 3. Suzuki coupling reactions catalyzed by 2.
	Entry
	R
	X
	Time (h)
	Yield (%)
	Entry
	R
	X
	Time (h)
	Yield (%)

	1.
	H
	I
	6.0
	93
	4.
	H
	Br
	8.0
	90

	2.
	4-CH3
	I
	7.0
	90
	5.
	4-COCH3
	Br
	6.0
	94

	3.
	3-NO2
	I
	4.0
	96
	6.
	4-CH3
	Br
	9.0
	88


The activity of catalyst 3 has been assessed for the Suzuki-Miyaura coupling reaction of organoboron compounds with a range of substituted aryl bromides as substrates (Table 4). Both electron withdrawing (entries 1-5) and electron-donating (entries 6-10) groups showed excellent yields. 

Table 4. Suzuki-Miyaura coupling reactions over catalyst 3.
	Entry
	R
	Time (h)
	Yield (%)
	Entry
	R
	Time (h)
	Yield (%)

	1.
	4-NO2
	3.5
	95
	6.
	3-OCH3
	8.0
	90

	2.
	3-NO2
	3.5
	92
	7.
	4-OCH3
	8.0
	98

	3.
	4-CHO
	4.0
	95
	8.
	2-CH3
	5.0
	90

	4.
	2-CHO
	4.0
	95
	9.
	3-CH3
	4.5
	90

	5.
	4-COCH3
	3.5
	98
	10.
	4-CH3
	4.5
	95


In Table 5 the results for Heck reaction of aryl halides with aromatic (styrene) and aliphatic (acrylic acid) olefins in the presence of catalyst 4 have been given. The results indicate excellent catalytic activity for the C-C coupling of aryl halides with styrenes (entries 1-5) and acrylic acids (entries 6-10). 
Table 5. Heck C-C coupling reactions over catalyst 4.
	Entry
	R
	X
	Time (h)
	Yield (%)
	Entry
	R
	X
	Time (h)
	Yield (%)

	1.
	H
	I
	10
	85
	6.
	H
	I
	10
	80

	2.
	4-OCH3
	I
	12
	80
	7.
	4-OCH3
	I
	12
	75

	3.
	4-NO2
	I
	10
	80
	8.
	4-NO2
	I
	10
	85

	4.
	H
	Br
	14
	75
	9.
	H
	Br
	12
	75

	5.
	-CHO
	4-Br
	12
	75
	10.
	4-CH3
	I
	12
	75


Further all the catalysts used herein are recycled for at least four times and in all the cases the catalysts showed consistent catalytic behavior without any significant decrease in its catalytic activity. 

Conclusions

A series of functionalized mesoporous materials grafted with Pd/Rh have been synthesized through surface functionalization, post-synthetic grafting and in situ functionalization. These materials are found to be  highly efficient and recyclable catalysts in various industrially important organic conversions viz. Suzuki coupling, hydroformylation of alkene, Suzuki-Miyaura cross-coupling and Heck C-C coupling reactions for the synthesis of value added organics. 
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Figure 2. HRTEM image of material 3


 FFT pattern is shown in the inset








Figure 1. Low angle PXRD pattern of sample 1 at various stages of synthesis 





Figure 3. Nitrogen adsorption/desorption isotherms of 4. Inset: Pore size distribution








Figure 5. 29Si MAS NMR spectrum of  4
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