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INTRODUCTION

The conversion of carbon dioxide (CO2) to value-added liquid products (e.g. chemicals and fuels) is an important, sustainable strategy to reduce environmental CO2 concentrations that present potential negative long-term effects. The hydrogenation of CO2 to formic acid is a direct catalytic route to produce liquid products (1, 2). In recent reports, homogeneous iridium complex catalysts have been employed to produce formic acid with relatively high turnover numbers (TOF) (3, 4).  However, high temperature and pressure are required, where supercritical CO2 is often used. In addition, catalyst separation is often difficult with these soluble catalysts and can lead to energy intensive processes to separate the catalysts from the reaction media.  The immobilization of metal complexes with tunable, silica-tethered organic functional groups is an attractive strategy to combine the advantages of homogeneous and heterogeneous catalysis. Here we present a novel immobilized iridium catalyst with iminophosphine ligand functionalized mesoporous silica, SBA-15. It exhibits high activity for CO2 hydrogenation to formic acid in aqueous media under milder conditions (60°C, total pressure of 40 bar).
EXPERIMENTAL

The synthesis of SBA-15 and its modification with silane functional groups was performed similarly to reports in literature (5). The immobilization of an Ir complex with the tethered iminophosphine ligand on SBA-15 (3b, denoted as Ir-PN/SBA-15) is shown in Scheme 1. The materials were characterized by a battery of techniques, including FT-IR, FT-Raman, UV-Vis, ICP-OES, NMR, N2 physisorption, TGA, and XPS.  Hydrogenation of CO2 to formic acid was carried out in 50 ml autoclave reactor with water as a solvent, triethylamine as a base, and 40 bar of pressure (H2/CO2=1/1). The amount of formic acid was determined by 1H NMR spectroscopy (Varian 300MHz).  

Scheme 1.
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RESULTS

The materials were characterized by FTIR, FT-Raman, TGA, N2 physisorption, UV-Vis, ICP and XPS analyses prior to use as a catalyst.  The catalytic results are shown in Table 1. It is clear that without a catalyst, no activity was observed (Entry 1). However, the immobilized Ir complex with a simple, monodentate diphenylphosphine ligand shows a TOF of 35 h-1 (entry 4).  Using the iridium-tethered, bidentate iminophosphine catalyst (Scheme 1), the calculated TOF values were much higher (entries 5-9). At 60oC and 5 hours, a TOF of 459 h-1 was obtained, corresponding to turnover numbers of 2295. The activities increased with temperature, achieving a TOF of 1060 h-1 at 90oC. As control experiments, the IrCl3 precursor displayed very little activity even though it was completely soluble in the aqueous solution (Entry 2). Another control material (IrCl3/SBA-15) also showed no activity for this reaction. These results imply that the high activity of 3b is unlikely due to leached IrCl3 or its interaction with silica support.  The high activities are likely attributed to the strong electron donor and steric effects of the tethered iminophosphine ligand.  This catalyst was easily recycled and reused for subsequent experiments.  We are currently studying the catalyst stability, reaction mechanism, and catalyst leaching.
Table 1. CO2 Hydrogenation to formic acid 
	Entry
	Precatalyst
	Temp. (°C)
	Time 

(h)
	TON


	TOF

(h-1)

	1
	none
	60
	1
	0
	0

	2
	IrCl3.xH2O
	60
	1
	>0
	>0

	3
	IrCl3/SBA-15
	60
	1
	0
	0

	4
	 Ir-PPh2/SBA-15
	60
	1
	35
	35

	5
	Ir-PN/SBA-15
	60
	1
	878
	878

	6
	Ir-PN/SBA-15
	60
	2
	1300
	619

	7
	Ir-PN/SBA-15
	60
	5
	2295
	459

	8
	Ir-PN/SBA-15
	60
	20
	2788
	139

	9
	Ir-PN/SBA-15
	90
	1
	1060
	1060
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