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Introduction: With the growing global concern over CO2 emissions, reducing CO2 output has become an urgent requirement. The iron production industry is among those with the highest CO2 emissions, primarily due to the use of coke as a reductant and the use of a heat source at approximately 2,000°C. To address this issue, various alternative reductants, including CO, H2, and lignite, have been explored. Building on these efforts, we recently reported a novel ironmaking system using oxalic acid (HOOC–COOH) as the reductant. Formate salts, hydrogenated forms of CO2, are promising precursors for oxalate salts; however, their behavior during dimerization remains poorly understood. Herein, we investigate the influence of group 1 and 2 metal cations on the base-promoted dehydrogenative coupling of formate to form oxalate.Methods: First, dehydrogenative coupling of sodium formate was executed by using various types of groups 1 and 2 metal carbonates. Second, the base was replaced from metal carbonates to metal hydroxides to check the reactivity. Finally, a countercation of sodium formate was replaced to various types of groups 1 and 2 metals. To elucidate the reaction mechanism, DFT calculation was executed.Results and discussion: Treatment of sodium formate with various bases (group 1 and 2 metal carbonates or hydroxides) revealed that group 1 metal hydroxides are more effective than metal carbonates for oxalate formation, with cesium hydroxide (CsOH) exhibiting high reactivity. Density functional theory (DFT) calculations suggest that this kinetic advantage arises not only from increased basicity but also from intermediate destabilization in the Na/Cs mixed-cation system. Additionally, both experimental and theoretical investigations reveal that oxalate yield is influenced by the thermodynamic stability of intermediates and products (oxalate salts), highlighting the crucial role of cations in the reaction.Keywords: formate anion, oxalate dianion, CO2, alkali metal cations, DFT calculation
1 INTRODUCTION
Oxalic acid (HOOC–COOH) is the simplest dicarboxylic acid (Riemenschneider and Tanifuji, 2011; Schuler et al., 2021a). It undergoes thermal decomposition to form CO2 and formic acid, and formic acid further decomposes into water and CO in the presence of an acid. Its conjugate base, the oxalate dianion, is a reducing agent that acts as a two-electron donor, which subsequently decomposes into two CO2 molecules (Gibson et al., 2016). Oxalic acid is found in many plants, and its excessive ingestion and prolonged exposure to the skin are potential safety concerns (Zuo et al., 2016). Oxalic acid is widely used as a chemical feedstock in various industries including dyeing (Lee et al., 1999) and as an extractant in metallurgy of lanthanides from its ores (Abrahama et al., 2014; Zhang et al., 2022). In contrast to these conventional uses, our research team has proposed a novel ironmaking process with oxalic acid as the reductant (Santawaja et al., 2020; Santawaja et al., 2022). In iron and steel industries, high CO2 emission is one of the most pressing problems against sustainability (IEA. 2020). Traditionally, iron (0) is produced by the reaction of iron oxide with coke [C(0)] to produce CO2 as a byproduct. In the method proposed by our team, oxalic acid is used as a reductant instead of coke. The reaction of iron oxide with oxalic acid results in the formation of iron (III) oxalate, which was photochemically and thermally reduced to iron (0) powder concomitantly with the degradation of oxalate dianion to CO2 (Parker and Hatchard, 1959; Dudeney and Tarasova, 1998; Ogi et al., 2015). The regeneration of oxalic acid from CO2 could lead to the development of a sustainable carbon-neutral ironmaking system.
Oxalic acid has been traditionally produced from non-CO2 carbon sources (Schuler et al., 2021b; Fenton and Steinwand, 1974). Meanwhile, the reductive coupling of CO2 to form oxalate dianions has been examined in electrochemical studies (Savéant, 2008) and extended to the fields of metal-complex-catalyzed electrochemistry (Becker et al., 1985; Kushi et al., 1994; Kushi et al., 1995; Evans et al., 1998; Angamuthu et al., 2010) and biochemistry (Pastero et al., 2019) (Figure 1). Kanan et al. reported that thermal coupling of CO2 to form > C2 fragments, including oxalate dianions, using alkali metal carbonates is a non-electrochemical or non-biochemical approach (Banerjee and Kanan, 2018). In this approach, formate anions were produced first, followed by carbonite (CO22–) species. This approach not only produced oxalic acid but also promoted C2 (and >C2) chemistry via the transformation of oxalate to other organic compounds such as glycolic acid (Schuler et al., 2021a; Watanabe et al., 2015).
[image: Figure 1]FIGURE 1 | Syntheses of oxalic acid from CO2, formic acid, or metal formats.
There have been limited reports on the production of >C2 compounds, apart from oxalic acid, that use CO2 as a direct feedstock (Banerjee and Kanan, 2018; Prieto, 2017). In contrast, C1 compounds produced via CO2 reduction have been studied extensively, some of which find industrial applications (Álvarez al., 2018). Therefore, it is reasonable to synthesize oxalic acid by coupling formic acid or its salt that are potentially available via the reduction of CO2. To form a carbon–carbon bond from two formate anions, one formyl H atom, which normally acts as a δ–H atom or hydride (H−), must be abstracted as a proton (H+). The resulting carbonite species (CO22–) binds to the other formyl anion to form the oxalate species following hydrogen abstraction from the hydridic C–H bond. This reaction mechanism has been proposed in several reports (Andresen, 1977; Górski and Kraśnicka, 1987; Górski and Kraśnicka, 1987). The reaction is carried out in the presence of a base, typically an alkali carbonate. However, excess CO2 is generated when carbonate salts are used. Other reagents such as sodium amide or sodium borohydride were also used. As a breakthrough, in 2016, Lakkaraju and Batista et al. reported the dehydrogenative coupling of sodium formate to obtain the oxalate salt in the presence of a catalytic amount of sodium hydride (NaH) (Lakkaraju et al., 2016). Schuler et al. extended their approach to various types of bases, and it was found that potassium hydride (KH) and lithium hydride (LiH) also showed high catalytic activity at lower reaction temperatures, similar to NaH (Schuler et al., 2021a; Schuler et al., 2021b).
Given their report, we focused on the behavior of cations in the feedstock formate and bases during the coupling reaction. In the report by Lakkaraju and Batista et al., the catalytic activities of sodium hydroxide (NaOH) and potassium hydroxide (KOH) were investigated. Their activity was lower than that of NaH. It should be noted that not only the difference in anions (i.e., hydroxide and hydride) but also the difference in metal cations (i.e., Na+ and K+) affected the oxalate yield (Lakkaraju et al., 2016). In the report by Schuler, KH showed the highest catalytic activity compared with those of NaH or LiH (Schuler et al., 2021a; Schuler et al., 2021b). Although the reactivity of the other alkali metals (i.e., Rb+ and Cs+) seems to have generated interest, only cesium carbonate was studied in the report. Moreover, the effects of several types of metal cation combinations on the substrate (formate), product (oxalates), and bases have not been investigated in parallel, although self-thermolysis of formate salts bearing group 1 and 2 metal cations has been reported (Górski and Kraśnicka, 1987; Shishido and Masuda, 1971).
Herein, we report the base-promoted dehydrogenative coupling of the formate salts bearing different metal cations to oxalates. First, the dehydrogenative coupling of sodium formate was performed using various metal carbonates or hydroxides as bases. Based on the screening, it was observed that heavier alkali hydroxides showed higher reactivity toward the dimerization. Using the information obtained from density functional theory (DFT) calculations, the theoretical explanation for the reaction mechanism, in particular, the role of metal cations has been elucidated. The Na+ in the formate salts were also replaced with the other group 1 and 2 metal cations and evaluated in a similar manner.
2 MATERIALS AND METHODS
2.1 Experimental section
2.1.1 General procedure
Groups 1 and 2 metal formates, metal carbonates, metal hydroxides, and conc. HCl(aq) were purchased from Wako Pure Chemical Industries, Nacalai Tesque, Kanto Chemical, or Sigma-Aldrich. DSC measurements were performed using NETZSCH DSC 204 F1 Phoenix. Details of the reactor used for the coupling reaction are described in Supplementary Figure S1. The yield of oxalic acid was determined by HPLC analysis on a SHIMADZU HPLC unit (Prominent series), including the following instruments: a pump, a PDA detector, a column oven, and the Bio-Rad Aminex 87H column.
2.1.2 DSC measurement
Metal formate (5 mg) and metal carbonate or metal hydroxide (0.3 equivalents per mol) were set on a platinum pan. Under a flow of N2 gas (100 mL/min), DSC measurement for the mixture was performed at a temperature range of 30°C to 460 °C at a heating rate of 5 or 30°C/min. All the results are summarized in Supplementary Figures 2–5.
2.1.3 Synthesis of oxalic acid from metal formates
Metal formate (45.0 mmol) and the base (metal carbonate or metal hydroxide, 15.0 mmol) were added to a 15-mm ϕ glass insert and set to the reactor with a thermometer (drawn details are in Supplementary Figure S1). Under a flow of N2 gas (300 mL/min), the mixture was heated at 360°C for 1 h. After cooling, the resulting solid was dissolved in H2O, and conc. HCl(aq) was added until pH = 1. The water was removed under reduced pressure, and the white solid obtained was analyzed by HPLC to determine the yield of oxalic acid (mobile phase; 5 mM H2SO4, flow rate; 0.6 mL/min, Rt = 7.2 min, λ = 210 nm for oxalic acid.).
2.2 Computational methods
2.2.1 DFT calculations
All calculations were performed using the Gaussian 16 rev. C program to search for all intermediates and transition structures on potential energy surfaces (Frisch et al., 2016). For optimization, the B3LYP-D functional was selected (Frisch et al., 2016; Grimme, 2006). We also employed the SDD (Stuttgart/Dresden pseudopotentials) (Andrae et al., 1990) and 6-31G** basis sets (Gordon, 1980; Hariharan and Pople, 1974; Hariharan and Pople, 1973; Hehre et al., 1972; Ditchfield et al., 1971) for group 1 metal atoms (Li, Na, K, Rb, and Cs) and the other atoms, respectively [BS1]. All stationary-point structures were found to have an appropriate number of imaginary frequencies. An appropriate connection between a reactant and a product was confirmed by the intrinsic reaction coordinate (IRC) (Fukui, 1970; Fukui, 1981; Gonzalez and Schlegel, 1990) and quasi-IRC (qIRC) calculations. In the quasi-IRC calculation, the geometry of a transition state was first shifted by perturbing the geometries very slightly along the reaction coordinate and then released for equilibrium optimization. To determine the energy profile of the proposed reaction scheme, we performed single-point energy calculations at the optimized geometries using the SDD (Stuttgart/Dresden pseudopotentials) and 6-311++G** (Krishnan et al., 1980; McLean and Chandler, 1980; Clark et al., 1983) basis sets for group 1 metal atoms (Li, Na, K, Rb, and Cs) and the other atoms, respectively. The solvent effects of the molten salt (ε = 26.0) were evaluated using the polarizable continuum model (PCM) (Miertuš et al., 1981) [BS2]. Energy profiles of the calculated reaction pathways are presented as Gibbs free energy changes (ΔG) involving thermal corrections at 298.15 K. All the optimized structures (ball-and-stick models) and optimized geometries in the XYZ file format are summarized in Supplementary Tables 1–11.
3 RESULTS
We report the formation of sodium oxalate via thermolysis of sodium formate at 360 °C in the presence of Na2CO3, followed by quenching with conc. HCl(aq). However, 2.0 equivalents of the base was required to quantitatively obtain oxalic acid (Andersen, 1977), and the base was decomposed into CO2 during quenching. Therefore, the relationship between the amount of Na2CO3 and oxalate yield was investigated before screening for the base. As shown in Table 1, quantitative formation of oxalic acid is observed when more than 0.5 equivalents of Na2CO3 (entries 1–4) is used, which are not helpful to compare the effects of the base. When the amount of the base was reduced to 0.3 equivalents, the yield decreased to 59% (entry 5), in which the moderate yield at the initial reaction condition enables both improved and less efficient outcomes to be observed by changing the bases. The oxalic acid could not be obtained in the absence of a base at 360 °C but at 410 °C (entries 6,7), which is in good correspondence with a previous report about self-dimerization of sodium formate without bases at the range 390°C–400 °C (Schuler et al., 2021a). The relatively low yield of oxalic acid (40%) is possibly due to the competitive reaction of its thermal degradation. No oxalic acid was produced in the absence of sodium formate (entry 8).
TABLE 1 | Reaction of sodium formate with different equivalents of sodium carbonatea.
[image: Table 1]To evaluate the appropriate combination of base and metal formate, the amount of base for the coupling of metal formate was fixed at 0.3 equivalents. Before starting the experiments, differential scanning calorimetric (DSC) measurements of these mixtures were obtained. Some combinations showed large peaks at approximately 300°C–400 °C, which confirmed the exothermic coupling reaction (see Supplementary Figure S2). Table 2 shows the coupling of sodium formate with 0.3 equivalents of metal carbonates (group 1 and 2 metals). Li2CO3 weakly promoted the dehydrogenative coupling of sodium formate and gave a 14% yield of oxalic acid (entry 1). The other group 1 carbonate salts (i.e., K2CO3, Rb2CO3, and Cs2CO3) showed no reactivity (entries 3–5). Although MgCO3 and CaCO3 were inactive, some group 2 carbonate salts, such as SrCO3 and BaCO3, showed mild reactivity, resulting in a 40% and 50% yield of oxalic acid, respectively (entries 6–8, 11). An increase in the reaction temperature with use of SrCO3 and BaCO3 as bases reduced the yield, which was due to the thermal degradation of the generated oxalate salts (entries 8–13) (Górski and Kraśnicka, 1987; Shishido and Masuda, 1971). A unique reactivity was observed in the strontium and barium salts; however, the yields were less than those with Na2CO3.
TABLE 2 | Reaction of sodium formate with different group 1 and 2 metal carbonates.a.
[image: Table 2]Next, the reactivities of group 1 and 2 metal hydroxide salts were investigated. The results are shown in Table 3. When NaOH was used as a base, 71% oxalic acid yield was obtained, which was higher than that obtained using Na2CO3 (entry 2). Not only NaOH but all the group 1 metal hydroxides also showed moderate or good reactivities (entries 3–5). Among group 2 metal hydroxides, however, only Mg(OH)2 showed good reactivity (entry 6), although it cannot be ignored that 0.6 equivalents of hydroxyl anions was generated from 0.3 equivalents of Mg(OH)2, in which additional –OH may affect the outcome.
TABLE 3 | Reaction of sodium formate with different group 1 and 2 metal hydroxides.a.
[image: Table 3]Further analysis revealed that lowering the reaction temperature improved the oxalic acid yield. In the present study, the reaction at 340 °C using CsOH gave the highest yield of oxalic acid (82%, entry 16). Using NaOH, oxalic acid was obtained at the lowest reaction temperature, 280 °C, without a decrease in the yield (entries 10–15). These trends could be rationalized by the thermal degradation of the resulting oxalate anions at higher temperatures (Górski and Kraśnicka, 1987; Shishido and Masuda, 1971).
Based on Tables 2 and 3, there is potential that the use of similar cations could affect the reactivity. A screening for formate salt cations was then performed. However, as summarized in Table 4, except for the combination of potassium formate and KOH, which had a 40% yield (entry 6), most metal formates could not be dimerized in the presence of carbonate or hydroxide salts having the same metal cations. These results indicate that similar cations do not always promote homocoupling. Entries 13 and 14 show possible cation exchange between formate salts and bases. When cesium formate was treated with NaOH, 65% oxalic acid was obtained, which was similar to that obtained from the combination of sodium formate and CsOH, as shown in Table 3.
TABLE 4 | Reaction of metal formates with metal hydroxides.a.
[image: Table 4]4 DISCUSSION
The experimental results of base-promoted dehydrogenative couplings to form oxalate anions are summarized as follows: (1) sodium cations are appropriate when using carbonate salts as the base. Strontium and barium were relatively efficacious. (2) All group 1 metal hydroxides were better bases than metal carbonates, of which CsOH showed the highest reactivity. With the use of highly reactive bases such as NaOH and CsOH, the reaction temperature can be lowered down to 280 °C, enabling suppression of the thermal decomposition of the products. (3) The unification of metal cations between the formate salts and bases was not effective to improve the yield of oxalic acid. (4) A cation exchange between the formate salts and bases may occur during the reaction.
One of the biggest differences between metal carbonates/hydroxides/hydrides is the basicity. The strength of the basicity increases in the order of CO32– < OH− < H− (Lew, 2009), which explains the high yield of oxalic acid when using MOHs than when using carbonate salts. Although the result using CsOH could not reach those observed in the previous report using NaH in both catalytic amount (2 wt%, ca. 5.7 mol% toward sodium formate) and yield (99%) (Lakkaraju et al., 2016), or the combination of potassium formate and NaH or KH in the reaction temperature (below 200 °C) (Schuler et al., 2021b), metal hydroxides could be chosen as efficient bases for dimerization without further care of air (no need to use a glovebox). Notably, metal hydroxides also show a hygroscopic property, so usage of a glovebox may improve our results further.
It should be noted that not only the kind of anions but cations also affect the yield of oxalate salts. In addition to the results reported previously, with use of NaOH and KOH (Lakkaraju et al., 2016; Schuler et al., 2021a; Schuler et al., 2021b), the reactivities of LiOH, RbOH, and CsOH were reinvestigated, and it was revealed that heavier bases also worked as a good base for oxalate formation. It is well known that alkali metal hydroxides dissociate completely in solution to form M+ and OH−, and the basicity of group 1 metal hydroxides is nearly similar in a dilute solution. However, in a concentrated solution or a molten salt state, the strength of the basicity increases in the order of LiOH < NaOH < KOH < RbOH < CsOH due to the increase in the ionic radius of metal cations (Kennedy, 1938).
To acquire mechanistic insights and to compare the activation energy barriers between several bases, a computational study was performed. To simplify the discussion, the reactions using group 1 metal hydroxides were selected for the study. The group 1 metal carbonate salts or group 2 metal hydroxides/carbonates were not considered for the computational study because multivalent ions (CO32– or M2+) have the potential for multiple coordination styles to generate several reaction routes (see below).
Lakkaraju and Batista et al. proposed a reaction mechanism for the metal hydride-catalyzed dehydrogenative coupling of sodium formate (Lakkaraju et al., 2016), which consists of three main steps: (step 1) deprotonation of the formyl proton of the formate anion to form carbonite species, (step 2) C–C bond formation between (formally) dianionic carbonite and formate species stabilized by metal cations to form hydrooxalate species, and (step 3) dehydridation of hydrooxalate trianion to form metal hydride and oxalate species. In the previous study that used NaH as the catalyst, H2 was generated as a by-product in step 1 (Lakkaraju et al., 2016). In the present work, H2O is assumed to be obtained from metal hydroxide in step 1. Water then reacted with the metal hydride formed in step 3 to concomitantly regenerate the metal hydroxide and produce H2. In the absence of water, MOH may promote the reaction quantitatively, not catalytically, and the resulting MH could behave as a catalyst. In the gaseous outlet stream, detection of water was observed during the reaction by using GC, so there seems to be a low possibility of the regeneration of MOH species. On the other hand, if the 0.3 equivalent of MOH was fully consumed as the base, 60% of oxalate salt could be theoretically formed, while up to 82% of oxalic acid was experimentally obtained. Therefore, we cannot ignore three possibilities (case 1, MOH as stoichiometric; case 2, MOH as catalytic; and case 3, MOH as the first cycle and then MH after the second cycle). In this paper, the pathway using MOH was calculated to consider the complementarity with Lakkaraju and Batista’s report (Lakkaraju et al., 2016). The overall reaction scheme in the case of MOH is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Proposed reaction scheme for the dehydrogenative dimerization of formate anions to oxalate (Lakkaraju et al., 2016).
The reactions shown in Table 3, i.e., dehydrogenative coupling of formate anions assisted by group 1 metal hydroxides (LiOH, NaOH, KOH, RbOH, and CsOH), were calculated, some of which have already been reported (Lakkaraju et al., 2016). All calculation data are given in Supplementary Tables 1–11.
The total Gibbs free energy of the free formate salt and metal hydroxide was set to 0 kcal/mol. The mixture of sodium formate and metal hydroxide was stabilized by aggregation to form A1NaM2. As shown in Table 5, there are three types of isomers for A1NaM2: κ2-formate anion on the Na atom (A1aNaM2), κ2-formate anion on the M2 atom (A1cNaM2), and µ-κ1:κ1-formate on both Na and M2 atoms (A1bNaM2) with bridged hydroxide anions. Each isomer was formed exergonically from the free formate salt and a metal hydroxide. When M2 = Na, A1aNaNa and A1cNaNa were same, and the Gibbs free energy (−4.1 kcal/mol) was higher than that of the bridging formate, A1bNaNa (−5.9 kcal/mol). However, the heavier cations, namely, K, Rb, and Cs, did not produce µ-κ1:κ1-formate species as optimized structures to converge into A1cNaM2, which was not energetically preferred compared to the normal adduct, A1aNaM2. This may be due to the instability that occurs because of the difference between two cations with different atomic radii. With sodium formate and LiOH, only A1bNaLi was formed, and it exhibited lower relative Gibbs free energy (−12.1 kcal/mol).
TABLE 5 | Relative Gibbs free energy (ΔG [kcal/mol]) for the adduct of sodium formate with various metal hydroxidesa.
[image: Table 5]Next, the activation energy barrier for step 1 was estimated computationally. Since A1NaM2 was just a resting state, M2OH was needed to move next to the H atom of the formate salt. Deprotonation (note: not dehydridation) of the formic H atom by the hydroxyl group occurred via the transition state TSA1/A2NaM2 (see detailed structures in Supplementary Table 2), and the resulting carbonite species was stabilized with the assistance of M2 to form A2NaM2. Table 6 shows the activation energy barriers for step 1 (energy gap between TSA1/A2NaM2 and A1NaM2) for different metal hydroxides. Compared with NaOH (ΔG‡step1 = 36.6 kcal/mol), those for KOH, RbOH, and CsOH exhibited relatively small ΔG‡step1 (ca 30 kcal/mol). This behavior could be attributed to not only the stabilization of transition states due to the increase in the basicity but also the destabilization of the starting species, A1NaM2, as explained above. The thermodynamic stabilities of the resulting carbonite species are similar (ΔG = 33.3–34.5 kcal/mol, see Supplementary Table 1 in SI) regardless of the metal hydroxide used. For LiOH, the structure of the corresponding transition state TSA1/A2NaLi could not converge either due to its weak basicity or the strong affinity between Li and O (see below). The relative Gibbs energies of the carbonite species (M1 = Na, M2 = Li) were estimated to be 29.9 kcal/mol by the comparison of ΔG (sodium formate and LiOH) and ΔG (sodium lithium carbonite and water), as shown in Supplementary Table 2.
TABLE 6 | Activation energy barriers (ΔG‡ [kcal/mol]) for steps 1–3 described in Figure 2.a
[image: Table 6]The resulting H2O molecule in A2NaM2 is replaced with the other sodium formate to form A3NaM2. In A3NaM2, a C–C bond is formed to generate A4NaM2 (step 2). Although the energy barrier for step 2 exhibits a marginal trend (Li > Na > K > Rb, Cs), as shown in Table 6, these differences are relatively small compared to those for step 1. A4NaM2 bears a hydrooxalate trianion that interacts with two Na cations and one M2 cation. The dehydridation of hydrooxalate H atom by the M2 cation produced an adduct, A5NaM2, composed of oxalate species and a metal hydride species (step 3). The remaining hydride is located between the M2 atom and the Na atom bearing one carboxylate group. Unlike for steps 1 and 2, ΔG‡ for step 3 increases in the order Li < Na < K < Rb < Cs due to the increase in the stability of A4NaM2 bearing heavier cations (right column in Table 6). The energy differences for step 3 for all M2 cations were lower.
There are two possible oxalate salt/metal hydride combinations. One is sodium oxalate, where both cations are Na atoms, and M2 hydride (A7NaM2). The other is an oxalate salt containing one Na and M2 atom and NaH (A6NaM2). According to the proposed mechanism, A6NaM2 is first produced and is then isomerized to A7NaM2. For K, Rb, and Cs, A7NaM2 is thermally stable compared to A6NaM2, which is reasonable for regenerating M2OH by hydration and completing the catalytic cycle (see details in the Supplementary Tables 1–11). Unlike the other four heavy metals of group 1, A6NaLi is energetically more favorable than A7NaLi, which results in its degradation into NaOH and [LiNa][oxalate] salt. Although the generation of NaOH seems stoichiometrically unreasonable for the proposed LiOH reaction scheme, these calculations, including a high activation energy barrier for step 1, imply that it is NaOH and not LiOH that is the active species, which does not contradict the moderate yield of oxalic acid (entry 1, Table 3).
Furthermore, a computational study was carried out to investigate the effects of alkali cations in formate salts on the coupling reaction. Here, the thermal stability of the resulting metal oxalates depended on the cation of the metal formates (M1), whereas the same product, sodium oxalate, was obtained using sodium formate regardless of the base (except for LiOH). A comparison of the Gibbs free energies, as shown in Table 7, reveals that the coupling reactions for K, Rb, and Cs formates are highly endergonic (ΔG ≈ 10 kcal/mol) compared to that for sodium (ΔG = 5.5 kcal/mol). In addition, most of the intermediates formed via the reaction of K, Rb, and Cs formates were less stable than those formed via Na formate by 5–10 kcal/mol (Table 7). Although the activation energy barriers for step 1 showed the same tendency as that in Table 3 (exact values are in the Supplementary Tables 1–11), sodium formate gave the best yields due to thermodynamic reasons rather than kinetics.
TABLE 7 | Relative Gibbs free energy (ΔG [kcal/mol]) for intermediate species described in Figure 2.a
[image: Table 7]Except Li, these results clearly support several points and trends that are listed below: (1) independent of the type of the metal cation, step 1, i.e., the generation of the carbonite species, is the rate-determining step, and its activation energy barrier decreases in the order NaOH > KOH > RbOH > CsOH. This supports the experimental results, which indicate that CsOH and RbOH improved oxalic acid yield compared to NaOH. (2) Although steps 2 and 3 show some trend (ΔG‡ decreases for step 2 and increases for step 3 from LiOH to CsOH, respectively), the differences are too small to affect the reaction rate. (3) The relative Gibbs free energies for the dimerization of formate salts bearing group 1 metal cations to form their corresponding metal oxalates increased in the order of Na < K < Rb < Cs, which agrees with the experimental results presented in Table 4.
Finally, the discussion will be with regard to the exceptions in the computational trends. For the LiOH/sodium formate combination, the transition state estimation for step 1 failed. For the NaOH/cesium formate system, all prospective intermediates, including transition states, could not be computationally converged. These failures imply that the proposed configuration has extremely high energy potential to proceed, resulting in the convergence of the other stable structures. However, both mixtures produced oxalic acid in moderate yields (41% and 65%, respectively). These discrepancies between experimental and theoretical results imply that the reaction mechanism depicted in Figure 2 may not describe these two reaction systems and that cation exchange between metal formates and metal hydroxides may occur during the reaction, which easily proceeds via the “bridged” A1bM1M2 resting state. The NaOH/cesium formate system behaves as a CsOH/sodium formate system, generating similar amounts of the desired product (74%, as shown in Table 3, entry 5). There are several reports on the cation exchange of Na and Cs in the presence of formate anion to form a complicated crystal structure (Alcock et al., 2006). Although these configurations might be very fluid in molten salt, which does not always form a complicated structure like the crystal, these reports support our proposed hypothesis. We recalculated the reaction route for the NaOH/lithium formate system, assuming cation exchange, and found an activation energy barrier. However, the activation barrier was as high as 40.5 kcal/mol, which implied that reactions without lithium salts (i.e., only the NaOH/sodium formate system worked after Li/Na cation exchange) could not be ignored (Table 6).
As described above, computational studies for only a combination of group 1 metal salts were executed, while those for group 2 were not. Tables 2, 3 suggest that SrCO3, BaCO3, and Mg(OH)2 are efficient bases for the synthesis of oxalate salts. Therefore, it is worth considering their reaction mechanisms. If Mg(OH)2 is applied as base to the reaction scheme drawn in Figure 2; thus, the role of an additional hydroxy group in Mg(OH)2 needs to be investigated. There are many possibilities of interaction of this hydroxy group, such as whether it activates the same formyl anion, another formyl anion, or stabilizes some intermediates, or remains inert. Furthermore, versatile discussions will be needed when these pathways are extended to SrCO3 or BaCO3, which consist of multivalent ions (M2+ and CO32–).
In addition to group 1 and 2 metals, more optimized cation combinations can be employed, including organocations, lanthanides, actinides, and transition metals such as Cu, Zn, Fe, and Al. In particular, one of the ideal goals is to replace group 1 and 2 metal cations in formate salts with iron atoms. If iron formate is dehydrogenatively coupled under similar reaction conditions, the resulting iron oxalate can be utilized directly for the ironmaking system described in the Introduction. For such a system, the need to add acid (conc. HCl(aq)) for the conversion of oxalate salt into oxalic acid will be eliminated, leading to zero emission of metal waste (MCl, etc.). Concomitant with the development of procedures for the formation of iron formate from CO2, H2, and iron oxides, a new carbon-cycling ironmaking system could be realized. Studies investigating the thermal degradation of iron formate to iron oxides have been reported (Morando et al., 1987; Viertelhaus et al., 2005). Therefore, a multifaceted discussion is required to determine the most suitable cation for the reaction in terms of stability, reactivity, price, abundance, and safety.
5 CONCLUSION
To summarize, the effect of metal cations during the base-promoted dehydrogenative coupling of formate salts to oxalates was discussed both experimentally and theoretically. Experimentally, it was revealed that metal hydroxides were effective bases for the coupling reaction, compared to carbonate salts, and CsOH showed high activity. Theoretically, DFT calculations suggested that heavier metal hydroxides such as CsOH caused not only stabilization of the transition state (due to stronger basicity) but also destabilization of the initial structure (due to different cations) in the rate-determining step (i.e., the deprotonation of formyl H atom for the formation of carbonite species), leading to the decrease in activation energy barriers. Further attempts to study various cation combinations to realize a carbon-cycling ironmaking system are ongoing.
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