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Abstract: In this work, the reaction mechanism for the conversion of CO, and H; to methanol
has been researched by density functional theory (DFT). The production of methanol from
CO; and Hj is catalyzed by a univocal bifunctional pincer-type complex trans-RuH,(CO)(dpa)
(dpa = bis-(2-diphenylphosphinoethyl)amine). The reaction mechanism includes three continuous
catalytic processes: (1) CO; is converted to formic acid; (2) formic acid is converted to formaldehyde
and water; (3) formaldehyde is converted to methanol. By computing the catalytic processes, we have
shown that the rate-limiting step in the whole process is the direct cleavage of Hy. The calculated
largest free energy barrier is 21.6 kcal/mol. However, with the help of water, the free energy barrier
can be lowered to 12.7 kcal/mol, which suggests viability of trans-RuH,(CO)(dpa) as a catalyst for
the direct conversion of CO, and Hj to methanol.

Keywords: CO, hydrogenation; formic acid; formaldehyde; methanol; trans-RuH,(CO)(dpa);
density functional theory

1. Introduction

Methanol is a commonly used chemical [1,2], with annual production of around 70 million tons.
It is commonly used to synthesize various chemical products. For example, methanol as a fuel is
expected to alleviate the fossil energy crisis. Methanol can also be used as hydrogen storage material,
as it contains 12.6 wt % hydrogen [3]. Commercially, methanol is generally synthesized from syngas
using heterogeneous catalysts under high temperatures (200-300 °C) and pressures (5-10 MPa) [4].
The process requires that a certain amount of CO, be mixed with the syngas to improve the methanol
production. Later, the synthesis of methanol from H, and CO, was studied. It is generally accepted
that, due to the use of fossil fuels, the concentration of CO, has been increased by nearly 100 ppm since
modern industrialization [5,6]. The increased atmospheric CO; is responsible for the global warming
and other climate change related issues. The capture and sequestration of CO; [7,8] consumes lots
of energy and resources. The conversion of CO; into commonly used chemicals and fuels [9-11] is
an attractive strategy, which accords with sustainable development strategies. Methanol, as one of the
main products [12-15] of CO, hydrogenation reactions, has attracted considerable research focus.

In recent years, CO; hydrogenation to methanol is the focus of much research in academia
and industry. Generally, the process of CO, hydrogenation to methanol is conducted under
heterogeneous [16] or homogeneous catalysts (see Table 1) [17]. Heterogeneous catalysts are mainly
metals and metallic oxides, which have been used for catalytic carbon dioxide hydrogenation for
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decades. However, for heterogeneous catalysts, hydrogenation reactions are mostly operated at
relatively high pressures (>2.5 Mpa) and temperatures (>200 °C) [18-22]. The productivity and
selectivity of methanol are limited, because the synthesis of methanol is an excessively exothermic
reaction [23]. Compared with heterogeneous catalytic reactions, methanol may be synthesized from
CO; with homogeneous catalysts at lower temperatures and pressures, thus increasing yield and
selectivity. As for the recyclability and homogeneous catalyst separation form the reaction mixture,
experiments have shown that the catalyst is supported on a relatively separated carrier, thus solving
the problems. Loading the metal complex catalyst onto an easily separated carrier will hopefully solve
the problem of homogeneous catalytic hydrogenation. Therefore, efficient homogeneous catalysts are
preferred for CO, to methanol synthesis.

Table 1. The comparison of catalysts for CO, to methanol hydrogenation reaction.

Heterogeneous Catalysts Homogeneous Catalysts
Catalysts Metal /Metallic oxide Metal complex
Temperature 200-300 °C Most are below 200 °C
Catalytic activity Relatively low Much higher than Heterogeneous

In 2011, Sanford reported the hydrogenation of CO, to CH30H via three cascade catalysts [24].
However, in that catalytic reaction, only a low turnover number was achieved. Later on, Leitner and
co-workers utilized a Ru-triphos (trimethylenemethane) complex for a CO; to methanol hydrogenation
reaction [25]. The reaction mechanism of carbon dioxide reduction to methanol by Ru-triphos
complex was investigated by Haunschild in 2015. In this research, the catalytic cycle can be split into
three main sections [26]. However, the catalyst Ru-triphos contains air-sensitive phosphine ligands.
Hence, the design of high-efficiency and phosphine-free metal catalysts used for the hydrogenation of
CO, to CH30OH is highly desirable.

Recently, a bifunctional catalyst RuHCI(CO)(dpa) with polydentate chelating ligands bearing N-H
functionalities (dpa = bis-(2-diphenylphosphinoethyl)amine) was synthesized by Kuriyama [27], and has
been used for the catalytic hydrogenation of esters [28]. Since then, many selective hydrogenation reactions
with RuHCI(CO)(dpa) have been reported. Subsequently, Ding et al. reported the RuHCI(CO)(dpa) catalytic
hydrogenation of cyclic carbonates from readily-available CO, and epoxides, showing an excellent catalytic
efficiency for methanol and corresponding diols [29]. Ikariya et al. reported the selective hydrogenation of
fluorinated esters with RuHCI(CO)(dpa) or trans-RuH;(CO)(dpa) under mild conditions [30]. Their study
demonstrates a good yield for fluorinated alcohols and hemiacetals. In addition, they also found
that RuHCI(CO)(dpa) can be easily converted to the more effective catalyst trans-RuH,(CO)(dpa) with
simple treatments.

Inspired by the aforementioned studies, in this work we seek a theoretical understanding of
the hydrogenation reaction mechanism when using the catalyst trans-RuH,(CO)(dpa) for CO; to
methanol conversion. As shown in Figure 1, the reaction mechanism includes three continuous
catalytic processes.

H,/-H,0 H,
; ———> (HCOOH ——> HCOH ———> CH,OH
Catalyst Catalyst Catalyst

Figure 1. The three continuous catalytic processes of CO, hydrogenation to methanol.
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2. Results and Discussion

2.1. Hydrogenation of Carbon Dioxide

The calculated catalytic process for the reduction of CO, to HCOOH is shown in Scheme 1.
The free energy profile of the first catalytic process is shown in Figure 2. The optimized structures of
transition state TS2/3 and key intermediate 4 are displayed in Figure 3.
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Scheme 1. Predicted catalytic process for the hydrogenation of CO; to formic acid. Benzene on P atoms
are omitted for clarity.
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Figure 2. Calculated relative free energies in the catalytic process for the hydrogenation of CO; to
formic acid.

TS2/3 4

Figure 3. Optimized structures of TS2/3 (359i cm~!) and 4. The unit of bond lengths is expressed in
angstrom (A). (Green balls: Ru; pink: P; red: O; blue: N; grey: C; white: H).

The optimized structure of activated catalyst 1 (trans-RuH,(CO)(dpa)) (Figure 4) is a six-
coordinated trans-dihydride ruthenium diphosphine complex bearing N-H functionalities with
carbonyls ligands. The bond lengths of Ru-H1, Ru-H2, and N-H3 in catalyst 1 are 1.699 A, 1.681 A,
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and 1.023 A, respectively. The distances between the Ru and the two P atoms is, in both cases, 2.351 A.
The distance between the Ru and N atoms is 2.245 A.

", \\\\\Pth
/‘ Ru'é

PPh, \CO
H2

Figure 4. trans-RuH,(CO)(dpa).

In the beginning, one CO, molecule approaches to the hydrogen in catalyst 1, so the Ru-H bond
is gradually stretched; thus complex 2 is formed. The bond length of Ru-H is 1.693 A; the bond angle
of CO, is 177.8°, which is slightly bended; the formation of complex 2 is 4.6 kcal/mol free energy
uphill. Then, the CO; molecule in complex 2 takes the hydride from the Ru metal center through the
transition state TS2/3 with a 9.3 kcal/mol free energy barrier. Therefore, the formate anion complex 3
is formed with a 4.0 kcal/mol free energy. Next, the complex 4 is formed with a 1.070 A N-H bond.
Complex 4 is 2.8 kcal/mol more uphill than complex 3. Next, a molecular formic acid is released from
complex 4. Thus, the unsaturated complex 5 is formed with a 14.2 kcal/mol free energy.

2.2. Hydrogenation of Formic Acid

The calculated catalytic process for the reduction of formic acid to formaldehyde and water is
shown in Scheme 2. The free energy profile of the second catalytic process is shown in Figure 5.
Figure 6 displays the optimized structures of transition states TS1/6, TS6/7, TS8/9, and TS10/11.

OH OH H H
? oM /‘3’\°<H o/\c,: " p:.-\c.: H
W, it A W o Koo _ o .
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Scheme 2. Predicted catalytic process for the hydrogenation of formic acid to formaldehyde and water.
Benzene on P atoms are omitted for clarity.
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Figure 5. Calculated relative free energies in the catalytic process for the hydrogenation of formic acid
to formaldehyde and water.
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Similarly, in this process, a formic acid molecule firstly approaches catalyst 1; then the formic
acid complex 6 is formed through transition state TS1/6 with a free energy barrier of 15.3 kcal /mol.
In complex 6, the Ru-H bond is stretched to 1.858 A, and the C-H bond is 1.272 A. Then, complex 7 is
formed through a 16.8 kcal/mol transition state TS6/7. In complex 7, the carbon atom and oxygen
atom respectively take the hydride and the proton on the nitrogen side arm of the PNP ligands.
Next, the complex 8 is formed with the hydroxyl addition to the Ru center. Then, the nitrogen side arm
of the PNP ligands gets the proton through transition state TS8/9. Next, the C-O bond of CH,OHO™
splits, and an 11.4 kcal/mol complex 9 is formed. Then, a formaldehyde molecule is released from
complex 9, so a hydroxyl complex 10 is therefore formed, where the Ru-O bond is 2.173 A. Complex 11
is formed through an 11.8 kcal/mol transition state TS10/11, with one water molecule formed and
released from complex 11. This process produces the unsaturated complex 5.

TS8/9 TS10/11

Figure 6. Optimized structures of TS1/6(432i cm 1), TS6/7(644i cm~1), TS8/9 (83%i cm~!), TS10/11
(1008i cm™1). The unit of bond lengths is expressed in angstrom (A). (Green balls: Ru; pink: P; red: O;
blue: N; grey: C; white: H).

2.3. Hydrogenation of Formaldehyde

The calculated catalytic process for the reduction of formaldehyde to methanol is shown in
Scheme 3. The free energy profile of the third catalytic process is shown in Figure 7. The structures of
transition state TS12/13 and key intermediate 13 optimized are displayed in Figure 8.

“,O:QHZ P__c|:|2
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Scheme 3. Predicted catalytic process for the hydrogenation of formaldehyde to methanol. Benzene on
P atoms are omitted for clarity.
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Figure 7. Free energy profile for the hydrogenation of formaldehyde to methanol.

TS12/13 13

Figure 8. Optimized structures of TS12/13 (735 i cm~1) and 13. The unit of bond lengths is expressed
in angstrom (A). (Green balls: Ru; pink: P; red: O; blue: N; grey: C; white: H).

Similarly, the unsaturated carbonyl carbon in formaldehyde attacks the hydride on the Ru center.
Meanwhile, the oxygen atom in the formaldehyde approaches the proton on the nitrogen side arm of
the PNP ligands, to form complex 12, where the bond length of Ru-H is stretched to 1.924 A. The bond
length of N-H is stretched to 1.111 A. Next, the hydride and the proton on the nitrogen side arm of
the PNP ligands transfers to the formaldehyde for the formation of methanol through transition state
TS12/13 with 0.6 kcal/mol free energy downhill. Therefore, a methanol molecule is released from the
Ru complex 13 and forms an unsaturated complex 5.

2.4. The Regeneration of the Catalyst

The calculated catalytic process for the regeneration of the catalyst is shown in Scheme 4. The free
energy profile of the regeneration of the catalyst is shown in Figure 9. The structures of transition
states TS14/1 and TS15/16 optimized are displayed in Figure 10.

Firstly, one Hy molecule is added to the vacant position in complex 5, and thus, a dihydride
complex 14 with a Ru---Hj bond of 1.859 A is formed. The H, cleavage for the regeneration of
catalyst 1 can be from two paths: one is the direct cleavage of H, through the transition state TS14/1
(14 U+2192 TS14/1) with a 21.6 kcal/mol free energy barrier; the other is that the H; cleavage is
assisted by water. So, one molecule of water is added to complex 14; then, complex 15 is formed,
which is lower than complex 14 by 3.2 kcal/mol. With the help of water, the N ligands receive
protons from water and the dissociative hydroxyl gets the split hydrogen proton through the H-O-H
bond for the regeneration of water. Thus, complex 16 is formed through transition state TS15/16
(15 U+2192 TS15/16) with a 12.7 kcal/mol free energy barrier. One molecule of water is eventually
released from complex 16, and then the original catalyst is formed.
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Scheme 4. Predicted catalytic process for the regeneration of the catalyst. Benzene on P atoms are
omitted for clarity.
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Figure 9. Free energy profile for the regeneration of the catalyst.

TS14/1 TS15/16

Figure 10. Optimized structures of TS14/1 (1151i cm~1) and TS15/16 (806i cm™—1). The unit of bond
lengths is expressed in angstrom (A). (Green balls: Ru; pink: P; red: O; blue: N; grey: C; white: H).

3. Computational Methods

All the computations achieved were carried out using the Gaussian 09 program [31]. Geometries
involved in this work are optimized at the B3LYP level of density functional theory [32,33].
The Stuttgart-Dresden basis set-relativistic effective core potential (RECP) and the Dunning cc-pVDZ
basis set [34] are employed respectively for Ru, and P, O, C, N, H atoms for geometry optimizations and



Catalysts 2018, 8, 244 8 of 10

frequency calculations. Considering the solvation effect of tetrahydrofuran (THF), the calculation was
performed with the polarizable continuum model (PCM) [35]. Stationary points have been confirmed
as minimum or transition states from vibrational frequency calculations. To determine the initial
configuration of transition states, we performed potential energy surface (PES) scans. All the transition
states calculated were validated using intrinsic reaction coordinate (IRC) calculations. The calculated
absolute free energies of all the species and cartesian coordinates for the optimized geometries of all
the species are given in Supplementary Materials.

4. Conclusions

In conclusion, the hydrogenation of CO, to methanol by the pincer complex trans-RuH,(CO)(dpa)
was investigated by the density functional theory. By computing the cascade catalytic processes,
we found that the NH moiety of the ligands is fairly important in the whole catalytic process. In each
catalytic process, the NH moiety of the ligands assisted the Ru metal center to complete the catalytic
reaction. The results demonstrate that the rate-limiting step in the whole catalytic process is the direct
cleavage of Hy with a free energy barrier of 21.6 kcal/mol. Nevertheless, with water-assist, the free
energy can lower to 12.7 kcal/mol. Such a barrier shows that trans-RuH,(CO)(dpa) is an efficient
catalyst for the conversion of CO, and H; to methanol. The results also provide a foundation for us
to design more efficient catalysts. We believe that the new high-efficiency catalysts will be designed
using this method.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4344/8/6/244/s1,
Table S1: Calculated Gibbs free energies at 298.15 K and 1 atm of all the species, Table S2: Cartesian coordinates
for the optimized geometries of all the species.
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