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The collaborative research directly addressed a problem of widespread and considerable importance — the development of catalysts for the selective oxidation of organic compounds with environmentally benign and quite cheap oxidants, such as aqueous H2O2 and tert-butyl hydroperoxide (TBHP). The development of clean catalytic methods for the production of functionalized epoxides, ketones and quinones via oxidation of the corresponding alkenes, alcohols and phenols is extremely important because these oxygenated derivatives are widely used as intermediates in fine organic synthesis. 


Titanium-containing catalysts, both heterogeneous (titanium-silicates) and homogeneous (Ti-polyoxometalates or POMs for short) are in the focus of the collaborative research between ISTM-CNR and the Boreskov Institute of Catalysis (BIC) because of their efficiency in liquid-phase selective oxidation of various organic compounds with hydroperoxides, both H2O2 and TBHP [1]. The main scientific goal of the collaborative research project is the development of novel highly active and selective Ti-catalysts using a rational, molecular engineering approach. 

During the previous visit of Dr. Kholdeeva to the Laboratory of Professor Psaro in May, 2006, some grafted titanium catalysts have been synthesized adapting the procedure developed by Maschmeyer et al. [2]. Their catalytic performance in oxidation of 2,3,6-trimethylphenol (TMP) to 2,3,5-trimethyl-p-benzoquinone (TMBQ, vitamin E precursor) using aqueous H2O2 has been studied at BIC during 2006-2007. A first joint paper on this matter has been published in Green Chemistry [3]. A further study has revealed a correlation between the surface concentration of Ti(IV) ions and the selectivity of TMBQ formation for a range of Ti,Si-catalysts, including the grafted ones [4]. The optimal Ti concentration seems to be in the range of 0.7-1.0 atom/nm2. A correlation between mesopore diameter and the TMP oxidation rate has been also found [4]. 

The main goal of the present visit was to verify these correlations and to study the effect of the nature of the support on the reaction rate and selectivity. To achieve this goal, a variety of samples with different titanium loading, textural properties and morphology has been prepared during the reporting period. Hydrothermally stable mesostructured silicates, specifically, MMM-2 developed at BIC and SBA-15, as well as various commercial silicas with different surface area, mesopore diameter and particles size were used as supports for grafting titanocene dichloride. The grafting procedure has been adopted in order to reach the necessary concentration of Ti on the surface. The catalysts prepared will be further characterized by different techniques, including elemental analysis, thermogravimetry (ISTM), DR-UV, IR, XANES and EXAFS (BIC), and their catalytic performances will be assessed in TMP oxidation with H2O2 (BIC). Based on the analysis of the results of the catalytic and spectroscopic studies we hope to identify the structure of the active Ti species responsible for the high selectivity of TMBQ formation (at the moment we suggest that it could be a dimeric species or a small cluster), to establish structure/activity/selectivity relationships for the grafted catalysts and, finally, to suggest an optimal catalyst for the TMBQ production. Possible routes of improving the stability of Ti,Si-catalysts to make them attractive for practical applications were discussed and suggested during the reporting period.  


During the first visit of Dr. Kholdeeva a comparison of the catalytic behaviour of the grafted Ti-catalysts prepared at ISTM and of the model catalysts, Ti-substituted polyoxometalates (Ti-POMs) synthesized at BIC was performed, and a crucial role of Lewis acidity for the activation of TBHP by Ti-catalysts with respect to a heterolytic oxygen transfer has been demonstrated. Yet, it has been found that Ti-POMs inhibit the formation of epoxides favouring the formation of ketones from unsaturated alcohols. Specifically, the natural terpenoid, carveol, yields carvone (this product is widely used in fine chemistry) with the selectivity as high as 96-98% in the presence of Ti-POM, while it produces selectively the corresponding epoxide over Ti/SiO2. The kinetic and spectroscopic studies on the carveol oxidation with TBHP in the presence of Ti-POMs performed at BIC has revealed that, in affect, Ti-POM reduces the reaction rate rather than increases it due to the formation of a dead-end titanium peroxo complex. During the reporting period it has been confirmed that the presence of Ti-POM strongly increases the selectivity of the formation of carvone compared to the blank experiment, the selectivity being increased with decreasing substrate/Ti-POM molar ratio. A conclusion has been made that high selectivity to carvone can not be achieved in the absence of Ti-POM. Optimization of the reaction conditions to attain a high yield of carvone has been completed. 


During the reporting period, the results accomplished in the two laboratories on the oxidation of TMP to TMBQ (Boreskov Institute) and carveol to carvone (both CNR-ISTM and BIC) with H2O2 and TBHP over heterogeneous titanium catalysts and homogeneous Ti-POMs were summarized and discussed. A draft of a full paper devoted to the TMP oxidation with H2O2 over grafted Ti-catalysts has been written. The paper will be submitted on December 1, 2007, to Catalysis Today, special issue from ISO symposium, EuropacatVIII. 
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