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Introduction

Heterogenization of homogeneous catalysts have been intensively pursued in many chemical processes including polymerization and asymmetric reactions. Heterogeneous catalysts have many advantages over homogeneous counterparts in liquid-phase reactions, including easy removal of catalysts from reaction mixtures and recycling of catalysts. Homogeneous catalytic systems, on the other hand, generally exhibit better activity and selectivity compared to heterogeneous systems. The heterogenized homogeneous catalysts are a compromise based on the combination of these two different systems. Recently, various mesoporous silicas with pore sizes ranging in 2 ~ 10 nm have been synthesized using self-assemblies of surfactants and block copolymers as templates [1]. They have been successfully applied as supports for many catalytically active metals and homogeneous catalysts [2]. The first heterogeneous Pauson-Khand catalyst and new chiral catalysts for asymmetric alkyl addition reaction were developed utilizing mesoporous materials as supports. 

Results and Discussion

1. The first Pauson-Khand catalysts based on metallic cobalt supported on mesoporous silica.

Cycloaddition of alkynes with alkenes and carbon monoxide by dicobalt octacarbonyl to cyclopentenones (known as Pauson-Khand reaction, PKR) has been recognized as one of the most important methodologies to synthesize cyclopentenone derivatives. Only recently the catalytic version of PKR’s were developed employing homogeneous metal carbonyls (e. g. Co2(CO)8). We developed the first heterogeneous catalyst for Pauson-Khand reactions. The catalyst system is metallic cobalt supported on mesoporous silica. Cobalt metal has been deposited on mesoporous silica supports, SBA-15 and MCM-41,5 by decomposing Co2(CO)8 in a refluxing toluene solution. The following intramolecular Pauson-Khand reaction of enyne has been investigated as a test reaction (equation 1).  
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  The cobalt supported on mesoporous SBA-15 silica (Co/SBA-15) is very active with a 95 % isolated yield, which is comparable to that of homogeneous Co2(CO)8. Heterogeneous catalysts often suffer extensive leaching of active metal species during reactions and eventually lose their catalytic activity. To our surprise, Co/SBA-15 catalysts maintained their high catalytic activity even after four recycling and reuse of the catalyst. Cobalt metal was also loaded onto SBA-15 using the conventional impregnation method. The catalytic activity of the impregnated catalyst was also very good. The catalytic performance of Co/SBA-15 and Co/MCM-41 is superior to that of Co/amorphous-silica. These catalysts are very active for various substrates for Pauson-Khand reactions [3]. 

2. New chiral heterogeneous catalysts based on mesoporous silica and their application to asymmetric diethylzinc addition to benzaldehyde.

  Optically active secondary alcohols are important intermediates for the construction of optically active natural products and biologically active compounds. Among various methods, addition of diorganozinc reagents to aldehydes in the presence of a catalytic amount of a chiral -aminoalcohol has been extensively studied. High enantioselectivity has been reported in the reactions employing a variety of amino alcohol ligands. However, in order for these reactions to be successfully exploited in large-scale applications, the chiral ligand has to be readily available or easily recycled. We wish to report on the new heterogeneous catalyst systems that utilize proline derivatives anchored on the mesoporous silicas. In connection with the low enantioselectivty, several issues need to be addressed: (1) employment of a more selective ligand, (2) suppressing undesired catalytic activity on the silica surface, (3) changing silica pore sizes, and (4) addition of extra metal reagent. Synthetic procedure including preparation of the ligand, immobilization onto silicas and capping with trimethylsilyl moiety is shown in the following Scheme. 

  We have investigated asymmetric addition of diethylzinc to benzaldehyde using these silica-based catalysts and the results are outlined in Table 1. For each silica catalyst, two different sets of reactions were run with 6 mol% of catalyst and either 3 equiv of diethylzinc to benzaldehyde (method A) or 7.2 mol% of n-BuLi followed by 3 equiv of diethylzinc (method B). To evaluate our catalyst systems against the parent homogeneous catalyst, compound 4 was prepared from 3 through etherification of the C(4)-OH with benzyl bromide. Reactions employing the homogeneous catalyst 4 provided products of 90% and 93% e.e.’s through method A and B, respectively (entries 1 and 2, Table 2). However, when the chiral catalysts anchored on amorphous silica were tested using method A, both 6a and 8a gave products of 16% and 37% e.e.’s (entries 4 and 5, respectively). When the reactions were carried out under method B conditions, slight improvements in the enantioselectivities were observed (entries 6 and 7). A noticeably higher enantioselectivity was observed in the reactions employing MCM-41-based catalyst (entries 8-11) and the best result was obtained with the catalysts based upon SBA-15 (entries 12-15). It is of particular note that catalysts based upon SBA-15 consistently gave higher enantioselectivity than that of MCM-41. In both MCM-41 and SBA-15 systems, TMS-capping as well as the employment of n-BuLi improved the enantioselectivity significantly. Product of the highest e.e. (75%) was obtained in the case where TMS-capped SBA-15 based catalyst was utilized after treatment with n-BuLi (entry 15). To test the catalytic activity of the silica without a chiral ligand, TMS-capped SBA-15 (7c) was used under otherwise the same reaction conditions, and 15% yield of the product was identified. It appears that, even with the TMS-capping, there remains some residual activity of the silica, resulting in the slippage of the enantioselectivity [4].
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	Ent.
	Cat.
	Methoda
	Ee(%)b
	Yield(%)c

	1
	4
	A
	90
	97

	2
	4
	B
	93
	87

	4
	6a
	A
	16
	89

	5
	8a
	A
	37
	78

	6
	6a
	B
	41
	69

	7
	8a
	B
	43
	74

	8
	6b
	A
	24
	79

	9
	8b
	A
	36
	77

	10
	6b
	B
	26
	84

	11
	8b
	B
	64
	96

	12
	6c
	A
	29
	95

	13
	8c
	A
	45
	96

	14
	6c
	B
	52
	97

	Ent.
	Cat.
	Methoda
	Ee(%)b
	Yield(%)c

	15
	8c
	B
	75
	98


a. All reaction was carried out with 6 mol % catalyst at 0 (C for 4h(entry 1~2) or 48h(entry 3~15). Method A: Et2Zn (3 equiv to benzaldehyde), Method B: n-BuLi (1.2 equiv to catalyst) –Et2Zn (3 equiv to benzaldehyde); b. Enantioselectivity was determined through chiral HPLC analysis using Chiralcel OD column; c. Yields were determined by GC. 
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