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Fig.1 The catalytic process of CO, hydrogenation to formic acid

(Rea— Int2: CO, insertion; Int2—> Pro: H, activation)
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Fig.2 The energy diagram of CO, hydrogenation to formic acid
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catalyzed by PNP-Ru including the binding processes of CO, and
H,(the shown values are Gibbs free energy in kJ/mol, calculation
method: B3LYP/LANL2DZ/6-311+G"; energy barrier for CO,

insertion and H, activation are 30.5 and 76.1 kJ/mol respectively)
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Fig.3 The optimized structures of the reactant, transition states,
and intermediates in the CO, hydrogenation to formic acid
catalyzed by PNP-Ru including the binding processes of CO, and

H,(The shown values are bond length in nm, calculation method:

B3LYP/LANL2DZ/6-311+G")
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Fig.4 The structures of Fe-based catalysts
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Fig.5 The energy diagram of CO, hydrogenation to formic acid
catalyzed by PNP1-Fe including the binding processes of CO, and
H,(The shown values are Gibbs free energy in kJ/mol, calculation

method: B3LYP/LANL2DZ/6-311+G"; energy barrier for CO,

insertion and H, activation are 55.2 and 99.9 kJ/mol respectively)
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Fig.6 The optimized structures of transition states in the CO,
hydrogenation to formic acid catalyzed by PNP1-Fe including
the binding processes of CO, and H,(The shown values are bond
length in nm, calculation method: B3LYP/LANL2DZ/6-311+G")
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Table 1 The energy barriers of rate-determining step in the presence of different catalysts

Catalysts Energy barriers/ (kJ *mol™) Catalysts Energy barriers/ (kJ *mol™)
PNP-Ru 76.1 PNP1-Fe 99.9
PNP2-Fe 88.5 PNP3-Fe 107.6
PNP4-Fe 126.4 PNP5-Fe 109.8
PNP6-Fe 89.5 PNP7-Fe 91.2
PNP8-Fe 96.6 PNP9-Fe 95.4
PNP10-Fe 115.2 PPP1-Fe 85.6
PPP2-Fe 87.6
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Fig.9 The optimized structures of the reactant, transition states,
and intermediates in the CO, hydrogenation to formic acid
catalyzed by PPP2-Fe including the binding processes of CO,

and H,(The shown values are bond length in nm, calculation

method: B3LYP/LANL2DZ/6-311+G")
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Theoretical Calculation on the CO, Hydrogenation to Formic Acid and
Design More Effective Iron Based Catalyst for this Process

LIU Cong', HU Xing-bang™
( 1. Shandong GuoBang Pharmaceutical Co., Ltd., Weifang 261108, China;, 2. School of Chemistry and Chemical
Engineering, Nanjing University, Nanjing 210023, China )

Abstract: CO, hydrogenation is full of challenge because both H, and CO, are activated at the same time. This
reaction also has 100% atomic economy. Most of the reported catalysts for CO, hydrogenation are based on noble
metal. To find out more effective iron based catalysts for the CO, hydrogenation to formic acid, totally, the reaction
processes catalyzed by 12 different PNP-Fe (PNP=2,6-bis(di-tert-butylphosphinomethyl)pyridine) compounds were
investigated. The theoretic calculation resulis revealed that the CO, hydrogenation included two steps: H, activation
and CO, inserting into the metal-hydride bond. The H, activation is the rate-determining step. It was found that P
atom substitution on the pyridine ring could obviously reduce the H, activation barrier. Based on these findings, an
effective Fe catalyst was designed, whose H, activation barrier was only 85.6 kJ/mol, being comparable to the data of
precious metal catalyst. The H, activation barriers range from 85.6 to 126.4 kJ/mol for different Fe-based catalysts
investigated here, indicating that the modification of ligand has great influence on the catalytic reactivity for the CO,
hydrogenation.

Key words: CO,; hydrogenation; formic acid; theoretical calculation; iron catalyst



