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INTRODUCTION

Conventional homogeneously catalyzed processes produce vast amounts of waste upon the removal of catalyst from the reaction system. To overcome this limitation, studies on the development of new heterogeneous catalytic systems have been extensively carried out. Another way to achieve such a target can be represented by ‘one-pot’ reaction procedures. This means that a chemical conversion consisting of a number of sequential reactions are achieved by a single reaction step. Especially in the field of fine chemicals, most of the processes are still homogeneously catalyzed and thus the well-known drawbacks of such homogeneous catalysis may be overcome by applying above-mentioned methods.

Terpenes are widely distributed in nature and their epoxides often serve as starting materials for the synthesis of fragrances, flavors and therapeutically active substances. Among a number of terpene derivatives, (-pinene epoxide 2 is rearranged into campholenic aldehyde 3, an intermediate for the sandalwood fragrance santalol. Well-known active and selective homogeneous catalysts used for this reaction are ZnCl2 and ZnBr2, which are typical of Lewis acid catalysts. However, aqueous extraction of these catalysts from the reaction mixture results in a large quantity of zinc-contaminated water that is environmentally unacceptable, hence alternative heterogeneous catalysts must be sought.
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Therefore, if both epoxidative and Lewis acidic functions are present in a single solid catalyst, it may be possible to convert (-pinene via (-pinene oxide into campholenic aldehyde in one pot reaction (Scheme 1). In recent years, titanium-substituted molecular sieves are known to have Lewis acidic character, which was demonstrated by the epoxidation of alkenes and the Meerwein-Ponndorf-Verley reduction of 4-tert-butylcyclohexanone to the corresponding cis-alcohol [1]. Here the HMS material containing Ti4+ as an oxidation site and Lewis acid site is introduced to transform (-pinene to campholenic aldehyde in one pot.

EXPERIMENTAL
Ti-HMS sample was prepared following a recipe similar to that reported by Zhong et al [2]. First, a solution was prepared by mixing TEOS (Aldrich, 98% solution) and titanium (IV) butoxide (Aldrich, 99% solution) dissolved in ethanol. Then a second solution was prepared by mixing dodecylamine (DDA, Aldrich, 98%), distilled water, and HCl (35%). This solution was stirred vigorously and the first solution was slowly added over a period of ca. 30 min. The molar gel composition of the final reaction mixture was SiO2: 0.1 TiO2: 0.2 DDA: 9 EtOH: 0.02 HCl: 160 H2O. The substrate mixture was aged at room temperature under vigorous stirring for about 24 h to obtain crystalline product. The white solid was recovered by filtration, extracted with ethanol for 2 h, washed several times with distilled water, and dried at 373K in an oven. Subsequently, the as-synthesized products were calcined in air at 823 K for 5 h in order to remove the surfactant and organic compounds trapped within the framework.

Catalytic reactions were carried out in a round-bottomed flask under stirring and reflux at 343 K. In a typical reaction procedure, acetonitrile (30 ml) as a solvent, catalyst (100 mg), (-pinene (10 mmol), tert-butyl hydroperoxide (TBHP; 20 mmol) and m-xylene (100mg) as an internal standard were magnetically stirred. Liquid samples of this suspension were extracted at successive times with a filtering syringe and analyzed by FID in a HP5890 gas chromatography fitted with a HP INNOWAX (crosslinked polyethylene glycol, 60 m ( 0.32 mm ( 0.5(m) capillary column.

Self-supporting 15-mg catalyst wafers (diameter 13mm) were pretreated in-situ at 573 K in a glass cell fitted with KBr windows and high-vacuum stopcocks. Afterwards, the cell was evacuated to a pressure of approximately 10-3 Torr and cooled to room temperature in vacuum. Then, samples were exposed to pyridine at 20 Torr for 10 min. The spectra were recorded after evacuation to the base pressure under increasing mode of evacuation temperature from 323 K to 573K. Background spectrum was recorded in advance at the same temperature as the sample and subtracted from the sample spectrum. The spectra were recorded on a Nicolet Impact 410 Fourier-transform spectrometer with a resolution of 4 cm-1 and scan number of 100.
RESULTS AND DISCUSSIONS

The Lewis acidity of the sample was recognized by the adsorption of pyridine and IR spectroscopy. The bands at 1623, 1575, and 1455 cm-1 were observed, which can be assigned to pyridine associated with Lewis acid sites, as previously reported for Si-MCM-41 materials [3]. With thermal treatment from 313 K to 573 K, the peak intensity of pyridine coordinated to Lewis sites at 1462, 1488, and 1577 cm-1 decreased considerably; nevertheless, small amounts of Lewis bound pyridine still remained at 573 K. This suggests that Ti-HMS sample has relatively strong Lewis acidic sites.
The catalytic reaction of (-pinene was carried out over Ti-HMS catalysts with 70 wt% TBHP in water without purification treatment (Condition A) and the results obtained were presented in Table 1. In this case, various oxygenated products were observed in addition to (-pinene oxide and campholenic aldehyde. In general, the catalytic oxidative transformation of olefins proceeds by both nonradical and radical mechanisms. Large amounts of allylic oxidation products such as verbenol and verbenone were formed in the reaction mixture by the latter mechanism. These are compounds that have similar characters to cyclohexenol and cyclohexenone produced in the epoxidation of cyclohexene, which are formed by the radicals originated from the decomposition of peroxo titanium species obtained by reaction of H2O2 with the titanium sites of the catalyst. On the other hand, direct epoxidation proceeds in the absence of radicals and this produces (-pinene oxide observed in our results. According to our experimental result, the reaction gave more allylic oxidation 
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products than epoxides. This indicates that the radical-mediated reaction is dominant over the direct epoxidation.

It is well-known that Brønsted and/or Lewis acid sites present in the catalysts subsequently rearrange (-pinene oxide into various isomerized products such as pinanediol, trans-carveol, trans-sobrerol, campholenic aldehyde and its isomeric aldehyde. Of these rearranged products, only pinanediol and campholenic aldehyde were observed under the present reaction conditions over Ti-HMS catalyst. Taking into account the formation of campholenic aldehyde, one can speculate that Lewis acid sites are present in Ti-substituted mesoporous molecular sieves. These sites were examined by FT-IR adsorption experiments of pyridine. From this information, one may expect that there is a possibility of one-pot synthesis of campholenic aldehyde from (-pinene over Ti-HMS material.

To suppress the formation of byproducts by the radical mechanism in the epoxidation of (-pinene, it is required to remove other oxygen sources in reaction system except for the oxidant. As a donor of oxygen, one can think of water contained in the oxidant and molecular oxygen existing within the reaction flask. First, H2O will compete with the reactant and adsorb preferentially compared to hydrophobic olefins due to the hydrophilic character of Ti-substituted mesoporous molecular sieves. Hence, these materials are not active in the epoxidation of olefins. In the second place, molecular oxygen existing within the reaction flask can cause autoxidation of olefins in catalytic systems. More recently, a brief report was made about the role of molecular oxygen in the epoxidation of cyclohexene over Ti/SiO2 catalysts [4]. According to the report, the total amount of products formed is approximately three times larger than that obtained in the absence of O2. Therefore, one can expect that the radical mechanism will be initiated by oxygen under the present conditions.

After TBHP was dried by MgSO4 prior to use, the oxyfunctionalization of (-pinene was carried out over Ti-HMS catalyst at 343 K under nitrogen atmosphere (Condition B) and the results were presented in Table 1. Catalytic properties were improved in all respects. By removing water and molecular oxygen simultaneously, the conversion of olefin increased slightly and only two products, its epoxide and isomerized aldehyde, were observed. From these results, it is evident that the catalyst with hydrophilic character of the surface leads to an easy access of reactants by removing water and the radical-mediated reactions are suppressed by the removal of oxygen. Concerning the TBHP conversion and selectivity, the former increased more than twofold but the latter decreased considerably, when compared to the values obtained without purification treatment. This indicates that the oxidant is efficiently utilized in the oxidative transformation of (-pinene by removing H2O and O2, and thus radical mechanism is inhibited under this condition. Consequently, the one-pot procedure for the transformation of (-pinene into campholenic aldehyde was accomplished successfully.

In summary, radical-mediated reactions were suppressed in the conversion of (-pinene with the application of purification treatment and thus we were able to synthesize campholenic aldehyde in a single step over Ti-HMS catalyst by removing water and molecular oxygen simultaneously. Consequently, the removal of other oxygen sources that may lead to allylic oxidation is essential for the one-step conversion of (-pinene into campholenic aldehyde.

Table 1. Ti-HMS catalyzed reaction of (-pinene with TBHP. Reaction conditions: (-pinene (10 mmol), TBHP (20 mmol), 0.1 g catalyst, acetonitrile (30ml), internal standard (100 mg), 70 ℃, 5 hr.

	
	Condition Aa
	Condition Bb

	Conversion of (-Pinene (%)
	6.0
	6.7

	Selectivity (%)
	
	

	(-Pinene oxide
	6.5
	13.1

	Campholenic aldehyde
	20.5
	73.9

	Isomeric aldehyde
	2.0
	13.1

	1,2-pinanediol
	6.8
	0

	Verbenol
	8.7
	0

	Verbenone
	43.4
	0

	TBHP
	
	

	Conversiona (%)
	2.4
	6.0

	Selectivityb (%)
	129.9
	59.5


a TBHP was not dried by MgSO4 and the experiment was conducted under air atmosphere. 

b TBHP was dried by MgSO4 and the experiment was conducted under N2 atmosphere.

c TBHP conversion = (the number of moles of tert-butanol formed)/(the number of moles of TBHP introduced)(100

d TBHP selectivity = (the number of moles of the converted (-pinene) to (the number of moles of the converted TBHP)(100
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Figure 1. FT-IR spectra of Ti-HMS upon adsorption of pyridine (curves 1, 323K). Curves 1 to 11 correspond to increasing temperature to 573 K with equal increment of 25 K. The last spectra were obtained by evacuating the sample at 573 K for 30min.
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