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Abstract 

We report on new ruthenium complexes as catalysts for the efficient transformation of CO2 

into formic acid as a high-value chemical and fuel. Remarkably, these complexes catalyze the 

hydrogenation of CO2 selectively and without employing any base, which improves the 

sustainability of the process when compared the common base-assisted technologies. The 

molecular catalyst design relies on donor-flexible and synthetically versatile pyridylidene 

amide (PYA) ligands which allows the ligand architecture to be varied in a controlled manner 

to gain valuable insights for the improvement of catalyst performance. Modification of the 

ligand properties directly influence the catalytic process by shifting the turnover limiting step, 

the reaction mechanism and the stability upon the acidification of the reaction media and 

provide access to high-performance systems reaching turnover numbers of several thousands 

and turnover frequencies up to 350 h–1.  
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Introduction  

The transformation of carbon dioxide (CO2) into chemicals and fuels is a key challenge of the 

21st century and has gained a lot of interest in recent years.1-2 Indeed, the synthesis of 

commodity chemicals, such as (poly)carbonates, hydrocarbons, methanol, formic acid and 

specialty chemicals1 from CO2 is highly desirable, as  CO2 represents a cheap, and virtually 

infinite source of C1 building blocks.1-2 Except for the case of carbonates, CO2 has to be 

reduced to a lower oxidation state. As reduced and synthetically useful product, formic acid 

(FA) represents formally the easiest target, requiring one dihydrogen molecule to react with 

one molecule of CO2 to form FA and reducing formally the oxidation state of carbon from +IV 

to +II. Indeed the transformation of CO2 to FA using H2 via artificial photosynthesis has 

attracted high scientific and economic interest, also because CO2 reduction is environmentally 

much more benign compared to the current production of FA by formal water carbonylation3 

at a megaton capacity per year.4 Furthermore, FA has potential applications as a hydrogen 

storage vector.5-9  

The hydrogenation of CO2 is thermodynamically and kinetically challenging.2 Indeed, the 

hydrogenation of CO2 and H2 in the gas phase yielding FA in liquid phase is entropically highly 

unfavourable and renders the reaction endergonic.10-11 Most commonly the thermodynamic 

equilibrium is shifted to the product side by the addition of stoichiometric amounts of base. 

Under these conditions a plethora of noble metal catalyst formed by various types of ligands 

such as N-heterocyclic carbenes12-13, half sandwich,5, 14-16 pincers17-20 and phosphine21-25 

combined with a broad range of transition metals, including iron,26-29 nickel,30-31 copper and 

cobalt34-36 have shown to be remarkably active (TON >106).17 The key step in those processes 

is the formation of formate salts and adducts, which shifts the thermodynamic equilibrium to 

the product side. This increases the enthalpy and makes the reactions highly exothermic. 

Nevertheless, this energy has to be overcome during downstream processing to be able to 

utilize the formate salt synthesized in the presence of stoichiometric amounts of base. 

Currently, major strategies involve reactive distillation10, 37-38 or utilization of scCO2
39 as eluent 

phase to liberate formic acid from the reaction media, which is both economically and 



environmentally unattractive due to the energy involved as well as the huge quantities of waste 

produced.  

In a more sustainable fashion, the reaction can be carried out in pure solvents without the 

addition of base. In this regard DMSO has found increased attention.40-42 Here the basic 

properties of the solvent are exploited to stabilize the product by  hydrogen bonding41 and can 

be further enhanced by the addition of small amounts of water.40 Furthermore, water43-45 and 

ionic liquids (ILs)46-48 have demonstrated to facilitate the formation of FA from CO2 and H2. 

However, in most cases the catalytic turnover41-42 and concentrations of FA obtained43-45 are 

relatively modest, with TONs<1000. Very recently, we have reported that ionic liquids can 

efficiently mediate the hydrogenation of CO2 to formic acid by acting as a buffer.46-47 Indeed, 

in the presence of ILs the reaction can be carried out in less basic solvents including THF, 

MeCN and MeTHF,47 which are easier to separate than DMSO or water by stripping due to 

their relatively low boiling point. 

In order to improve the catalytic performance and to benefit from the clear advantages of base-

free FA synthesis, we designed ruthenium complexes containing an electronically flexible 

pyridylidene amide (PYA) ligand.49-51 These ligands stabilize different electronic configurations 

at the metal center through unique toggling between a limiting zwitterionic and neutral 

resonance structure (Scheme 1),52-54 which is key for efficient redox catalysis.55-57 Here, a set 

of neutral and cationic ruthenium complexes featuring PYA ligands are demonstrated to be 

efficient CO2 reduction catalysts and produce FA in the absence of a base. Kinetic analysis, 

electrochemistry and spectroscopic analyses offer valuable insights into the catalyst reactivity, 

stability and activity under buffering conditions and provide structure-activity relationships for 

the sustainable CO2 hydrogenation to formic acid.  

 

 



Scheme 1: Limiting resonance structures of PYA ligands featuring a zwitterionic amide (left) for 

stabilizing electron-poor (high-valent) metal centers, and the formally neutral limiting imine resonance 

form for stabilizing electron-rich (low-valent) metal centers (right); E may be a (non-)chelating functional 

group. 

 

Results and discussion 

Synthesis of the ruthenium complexes and evaluation of their catalytic activity in CO2 

reduction. Complexes 1–3 were synthesized by reaction of the known pyridinium salts L1–

L3 with [Ru(cym)Cl2]2 in the presence of NaOAc (Scheme 2).58 This protocol afforded the 

cationic complex 1 containing a para-PYA ligand stabilized by a chelating pyridylidene unit in 

61% yield, and the formally neutral complexes 2 and 3 in about 40% yield. These latter 

complexes were also prepared stepwise from the pyridinium salt by first deprotonating the 

pyridinium salt to form the free pyridylidene, followed by cycloruthenation. All complexes are 

air- and moisture-stable solids. Coordination of the PYA ligand site was indicated by the 

downfield shift of the PYA proton resonances (e.g. from = 9.25 (DMSO-d6) in L3 to 9.86 

(CDCl3) for H in complex 3), and the loss of one aromatic signal with concomitant 

desymmetrization of the remaining resonances established successful cyclometallation, see 

SI. Further evidence for the formation of complexes 1–3 was obtained from a single crystal X-

ray diffraction analysis, which confirmed the anticipated connectivity pattern (Scheme 2). 

Further details on data collection and refinement parameters are compiled in Tables S1. 

Crystallographic data for the structure have been deposited with the Cambridge 

Crystallographic Data Centre (CCDC) as supplementary publication number 19182143098. 

Complex 1 featuring a pyridylidene NHC ligand and a para-PYA ligand was cationic and 

featured an OTf– anion. Notably, the donor properties of the three chelates is reflected in the 

electron density at the ruthenium center, quantified by cyclic voltammetry and revealing a shift 

of the RuII/RuIII oxidation potential from E1/2 = +0.83 V (for complex 1 with a formally neutral 

pyridylidene–PYA chelate) to lower potential for complexes 2 and 3 with an anionic phenyl-

PYA chelating ligand (E1/2 = +0.52 and +0.46 V vs SCE, all values in MeNO2). This trend 



suggests stronger donor properties of the meta-PYA unit compared to the para-PYA analogue, 

in agreement with previous studies.56  

 

Scheme 2. A) Synthesis of complexes 1–3 and the solvent analogues 2-MeCN and 3-MeCN. B) X-ray 

structures of 1 and 3 (both 50% probability, OTf anion of 1 and all H atoms omitted for clarity) 

 

The neutral complexes 2 and 3 were readily transformed into their cationic species 2-MeCN 

and 3-MeCN, respectively, upon halide abstraction with AgOTf in MeCN (Scheme 2). 

Formation of the solvent complex is accompanied by an upfield shift of the PYA H protons 

and a downfield shift of the PYA H protons in 2-MeCN compared to 2. These shifts are 

indicative for a larger relevance of the zwitterionic vs the charge-neutral limiting resonance 

form, in agreement with the lower electron density at the ruthenium center when bound to a 

MeCN ligand vs an anionic chloride. Interestingly, cyclic voltammetry does not suggest a 

change of the electronic configuration at the ruthenium center and the RuII/RuIII redox potential 

of 2-MeCN (E1/2 = 0.52 V vs SCE, MeNO2 solution) is identical to that of complex 2, suggesting 

a very efficient compensation of the lower donor properties of MeCN vs Cl– by the more 

zwitterionic PYA resonance form (see SI for further details).  

 

For an initial evaluation of these complexes in CO2 reduction catalysis, we chose DMSO:H2O 

(19:1 v/v%) as the solvent system in combination with 1-butyl-2,3-dimethylimidazolium acetate 

(BMMI.OAc) as an additive. Under these conditions, the ionic liquid, BMMI.OAc, acts as a 
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buffer during the formation of formic acid or the combination of IL and water may also catalyze 

the formation of carbonates.47, 59-61 Further stabilization of the product is imparted by solvent 

cluster formation by FA, water and DMSO.40-41 In the presence of H2 and CO2 (P(H2) = P(CO2) 

= 30 bar, T = 70°C), all PYA ruthenium complexes catalyze the formation of FA without the 

need of an external base (Table 1). 

 

Table 1 Screening of catalytic activity of complexes 1-3-MeCN in the base-free CO2 hydrogenation to 

formic acid (FA) a)  

 

 

entry [Ru] TON b) TOF / h–1  c) [FA] / M  b) 

1 1 4520±40 117±2.2 1.14±0.01 

2 2 2190±40 55±3.6 0.55±0.01 

3 3 1930±40 78±2.2 0.49±0.01 

4 2-MeCN 1950±40 122±2.3 0.49±0.01 

5 3-MeCN 1520±40 50±0.4 0.39±0.01 

a) Reaction condtions: 6 mL DMSO:water (5 v/v% water), 3.3 mmol BMMI.OAc, 1.52 µmol [Ru] at 70°C, 

PH2 = PCO2 = 30 bar; b) determined by 1H NMR spectroscopy after 72 h using BMMI.OAc as an internal 

standard, average of two independent runs; c) calculated by linear regression (see SI). 

Variation of the ligand scaffold had a pronounced impact on the catalytic activity of the 

ruthenium complexes. Complex 1 displays a significantly higher catalyst stability than 

complexes 2, 3, 2-MeCN according to the pertinent TON values, while 3-MeCN produced the 

least stable system. The 4520 TONs achieved with complex 1 (Table 1, entry 1) are amongst 

the highest previously reported catalyst performance under base-free conditions and the final 

FA concentration of 1.14 M is very close to the predicted thermodynamic limit of FA 

concentration of 1.2 M under the conditions assayed.40-41, 62 In contrast, complexes 2 and 3 

achieved much lower FA concentrations around 0.5 M (entries 2–5), suggesting that these 

CO2   +   H2                       HCOOH
cat. [Ru]



complexes have intrinsic catalytic limitations. While complex 1 is not the only cationic complex 

in this series, we note that this complex features a formally neutral pyridylidene–PYA ligand 

scaffold, whereas the other four complexes evaluated here contain a formally anionic phenyl-

PYA ligand.  

 

Complexes 1 and 2-MeCN reach an appreciable maximum turnover frequency (TOFmax) 

around 120 h–1 (entries 1,4). Interestingly, complex 2 achieved a significantly lower TOF value 

(TOFmax = 55 h–1) than 2-MeCN despite the same ligand scaffold. These complexes only differ 

in their ancillary ligand (Cl vs. MeCN). An inverse effect was observed for complexes 3 and 3-

MeCN (entries 3,5). Modification of the PYA unit from a para substituted system in 2 to the 

more electron-donating meta analogue (complex 3) increases the rate from 55 h-1 to 78 h-1, 

suggesting that electron donating effects are relevant for imparting higher catalytic activity. 

 

These results clearly indicate that both the PYA-ligand and the ancillary ligand play an 

important role on the catalytic activity. In order to identify the effects determining the rate of 

catalytic conversion and stability, we investigated a series of parameters such as turnover 

limiting steps, effect of pressure, and activation energies for this base-free CO2 hydrogenation 

process. 

 

Analysis of turnover-limiting steps 

In a first approximation, hydrogenation of CO2 to FA can be divided into two steps. First CO2 

inserts into a metal hydride bond to yield a metal formate complex. In the second step H2 

reacts with this complex to release FA and regenerate the active hydride (Figure 1A). From 

this simplified mechanism three scenarios can arise: (i) either H2 activation is the turnover 

limiting step (TLS) and the rate is solely dependent on the partial pressure of H2, or (ii) CO2 

insertion is turnover limiting and thus the rate is dependent only on the partial CO2 pressure, 

or (iii) both steps display similar rates and a dependence on both CO2 and H2 pressure is 



observed. In order to probe the nature of the TLS, we therefore evaluated complexes 1, 2, and 

3 under varying partial pressures of CO2 and H2. 

 

 

Figure 1 Determination of the turnover limiting step (TLS) for complexes 1, 2 and 3. A) Schematic 

representation of a simplified mechanism of the hydrogenation of CO2 to FA, divided into two main 

steps, the insertion of CO2 (red) and H2 activation (blue). B)-D) catalytic activity of complexes 1–3 upon 

variation of the partial pressure Pi of either CO2 (red) or H2 (blue), whilst keeping the pressure of the 

other reactant constant at 30 bar. Reaction conditions:  T= 70°C, 6 mL DMSO:H2O (5 v/v% H2O),  3.3 

mmol BMMI.OAc. and 1.52 µmol of ruthenium complex. 

With complex 1, the catalytic activity is linearly dependent on the partial hydrogen pressure, 

whilst an increase in partial CO2 pressure led to a plateau around 150 h–1 when reaching 40 

bar CO2 pressure, clearly indicating that the TLS is associated with the H2 activation process 

(Figure 1B). The CO2 dependence of the rate at low partial pressure of CO2 has been attributed 

to the high solubility of H2 in CO2, which increases the effective concentration of H2 in the 



reaction media.63-64 A markedly different behavior was observed for complex 2, as the rate is 

essentially independent of the H2 pressure, yet directly correlates with changes in the partial 

CO2 pressure (Figure 1C), identifying CO2 insertion as the TLS. The pressure-dependence of 

the catalytic activity of complex 2 is about three times stronger than that of complex 1 (TOF 

ca. 5.9 h–1 ± 0.5 h–1 per bar CO2 for 2 vs 2.4 h–1 ± 0.2 h–1 per bar H2 for 1).   

Complex 3 showed a more complex behavior, with a linear dependence on both H2 and CO2 

insertion (Figure 1D), suggesting that both steps are energetically closely related. Such a 

models are supported by catalytic runs for which the total pressure was kept constant at 60 

bar, yet the partial pressures were varied (Figure 2). The rate is almost unaffected in this 

regime. The weakly positive dependence on H2 pressure points to H2 activation as the slightly 

more energetic and hence turnover-limiting step rather than CO2 insertion.  

 

Figure 2. Effect of gas composition on TOF for complex 3 by variation of gas composition at a constant 

total pressure (60 bar) with 1.52 µmol complex 3 and 3.3 mmol BMMI.OAc at 70°C in 6 mL DMSO:H2O 

(5 v/v% H2O). 

 

Interestingly, a change in the TLS as observed for complexes 1 and 2 has not been reported 

for Ru(II) complexes, even though computational studies have predicted that the activation for 

CO2 and H2 are energetically close for Ru(II)-catalysts.65 Calculations on the thermodynamics 

of the hydrogenation process do not identify any one step to be particularly facile, and 



therefore the insertion of CO2 may be endergonic or exergonic.66-67 However, a change in 

TLS has been reported upon changing the active metal center. With complexes of Co and Ir, 

CO2 insertion is rate limiting whilst for Ru and Fe the H2 activation is generally considered as 

the limiting step. 43-44, 65, 68 

 

Table 2 Optimized catalytic performance of complexes 1–3 a)  

Entry [Ru] PH2:PCO2 / bar TON  b) TOFmax / h-1  b) [FA] / M  b) 

1 1 60:30 4520±40 188±8 1.15±0.01 

2 2 30:50 2010±40 186±15 0.51±0.01 

3 3 60:30 1930±40 130±5 0.49±0.01 

4 3 30:50 1930±40 115±5 0.49±0.01 

5 2-MeCN 30:50 1950±40 340±60 c) 0.49±0.01 

a) Reaction conditions: 6 mL DMSO:water (5 v/v% water) 1.52 µmol [Ru], 3.3 mmol BMMI.OAc at 70°C; 

b) determined by 1H NMR spectroscopy after 72 h using BMMI.OAc as an internal standard, average of 

two runs; c) Determined as maximum TOF calculating the variation of FA concentration as a function of 

time. 

Identification of the TLS for each complex allows for tailoring the reaction conditions to 

enhance the catalytic performance of each complex. Under optimized conditions, i.e. in the 

presence of an excess of the turnover-limiting component, significantly higher TOFmax up to 

340±60 h–1 are accessible (Table 2), even though the TON does not significantly change 

compared to the original conditions studied (cf Table 1). This observation indicates that the 

catalytically active species remain unchanged, even though considerably differing reaction 

conditions are applied.  

The variable catalytic activity and the distinct turnover-limiting steps provide evidence that the 

nature of the ligand plays a significant role in the hydrogenation of CO2 to FA. Even relatively 

small modifications in the PYA ligand architecture lead to significant changes in the TLS. For 

example, with 1 containing a chelating pyridylidene unit with the PYA donor, the TLS is 



associated with H2 activation, whilst substitution of this formally neutral carbene with an anionic 

phenyl chelating group as in complexes 2 and 2-MeCN switches the TLS to CO2 insertion. 

With 3, both these steps are energetically close. Furthermore, the differences of complexes 2 

and 3 indicate that the TLS is partially defined by the electron density at the metal center, as 

the meta-PYA unit induces a higher electron density at the metal center compared to the para-

PYA analogue (see CVs Figure S7 in SI). 

Modulation of the ancillary ligand in complex 2 from Cl to MeCN led to a more marked 

dependence of the catalytic activity on the pressure of CO2 (Figure 3, (TOF ca. 9.0 h–1 per 

bar CO2). The stronger dependence is relevant because the TLS for both complexes is the 

insertion of CO2. An increase of the partial CO2 pressure up to 50 bar therefore leads to an 

outstanding TOFmax = 340 h–1 for complex 2-MeCN. This complex is therefore the most active 

one of the series investigated here, and also one of the best reported to date for the base-free 

hydrogenation of CO2 to FA. Higher rates are only observed under significantly higher 

pressures40 or temperatures,, and only at very early stages, i.e. at very low concentrations of 

FA.69 

 

Figure 3. Comparison of catalytic activity of 2 (dotted) and 2-MeCN (solid) upon A) variation of partial 

CO2 pressures (red) (P(H2) = 30 bar); and B) upon variation of the partial H2 pressures (blue) (P(CO2) 

= 30 bar); General conditions: 1.52 µmol [Ru], 6 mL DMSO:H2O (5 v/v% H2O), 3.3 mmol BMMI.OAc, 

70°C. 



Complex 2-MeCN showed only small rate increases from 122 h–1 to 150 h–1 when the partial 

H2 pressure was increased from 30 to 60 bar (Figure 3B), while complex 2 is completely 

insensitive to higher H2 pressure (cf Figure 1C). The increasing rate at higher H2 pressures 

with 2-MeCN may be due to an increased concentration of reactant, favourable formation of 

the active hydride or alternatively a consequence of the higher overall physical pressure. In 

order to distinguish these effects, complexes 2 and 2-MeCN were investigated at higher 

pressure entailed by Ar as an inert gas.  

 

Table 3 Effect of pressure on catalytic performance of 2 and 2-MeCN a) 

Entry Complex T / °C Ar / bar  [FA] / M TON TOF / h-1 V‡ / M-1  b) 

1 2 90 50 0.175 ± 0.01 695 ± 42 34.5 ± 3 ≥ 0 

2 2 90 - 0.195 ± 0.01 749 ± 42 37.5 ± 3 - 

3 2-MeCN 80 50 0.185 ± 0.01 695 ± 42 37.5 ± 3 < 0 

4 2-MeCN 80 - 0.14 ± 0.01 564 ± 42 31 ± 3 - 

a) Reaction conditions: PCO2 = 20 bar, PH2 = 10 bar, 6 mL DMSO:water (5 v/v% water), 3.3 mmol 

BMMI.OAc, 1.52 µmol [Ru], 20 h, average of 2 runs; b) sign of V‡ estimated from TOF between 

catalytic runs with and without Ar.  

 

The addition of 50 bar of argon to the catalytic system based on complex 2 did not lead to any 

significant change in rate of catalytic CO2 hydrogenation (Table 3, entry 1 vs 2). In contrast, a 

20% increase of the TOF was observed when 2-MeCN was used as the catalyst precursor 

(entry 3 vs 4).  The increased rate noted for 2-MeCN indicates a negative volume of activation 

according to Eq. 1 in the SI. 

This negative value of V‡ suggests an associative process for 2-MeCN in the TLS, while the 

TLS for the hydrogenation with complex 2 is volume-neutral. Two predominant mechanisms 

for the CO2 insertion have been discussed which depend on the nucleophilicity and sterics 

around the metal center. Hence, strong nucleophiles such as metal amines, and metal 



hydrides with low steric demand generally proceed through a so-called inner sphere 

mechanism, involving coordination of CO2 to the metal center and simultaneous hydride 

transfer to the CO2 in a concerted, associative fashion.70-71 With most metal hydrides and other 

weaker nucleophiles, an outer sphere mechanism is prevalent, consisting of an initial hydride 

transfer to CO2 and formation of a zwitterionic intermediate comprised of a positively charged 

metal center and a formate anion. In a second step this zwitterionic intermediate rearranges 

to the formate complex (cf. Figure 1A).70-71 According to this model, the negative volume of 

activation implies a concerted associative TLS for the 2-MeCN-catalyzed process, whilst with 

2 the outer sphere mechanism with no significant volume change is dominant. Moreover, these 

data suggest that the ruthenium-hydride intermediate derived from 2-MeCN has a lower steric 

demand or is a stronger nucleophile than the one derived from 2. It has been shown that the 

inner sphere mechanism proceeds faster than the outer sphere mechanism,71 in agreement 

with the twice higher rate of CO2 hydrogenation observed with 2-MeCN compared to 2 (340 

vs 186 h–1,cf Table 2).  

 

Ligand electronic effects on catalytic activity 

The catalytic implications of varying electronic effects of the different PYA ligand scaffolds in 

complexes 1–3 has been quantified by determining the activation energy for CO2 

hydrogenation with each complex. An Arrhenius plot from rate measurements in the 60–90 °C 

temperature range is linear (Figure 3) and provides the activation energies (Ea) and pre-

exponential factors (ln A) for the complexes (Table 4). To further probe the electronic flexibility 

of the PYA ligand, the activation energy for complex 2 was also determined in THF as a less 

polar solvent than DMSO. Lower polarity solvents were previously shown to favour  the neutral 

PYA resonance structure more than the zwitterionic one (cf. Scheme 1),52-54 which is also 

reflected in the higher RuII/RuIII oxidation potential of complex 2 in THF than in polar solvents 

(E1/2 = +0.63 V vs +0.52 V in MeNO2 as proxy for DMSO). Activation energies in THF as the 

main solvent were measured in the presence of 1-decyl-2,3-dimethylimidazolium acetate 

(C10MMI.OAc) rather than BMMI.OAc as IL media. 



 

Figure 4 Arrhenius plot of 2 in DMSO:water with 3.3 mmol BMMI.OAc (blue), and in THF:water with 3.3 

mmol C10MMI.OAc (red) using 8 µmol catalyst and PCO2 = PH2 = 20 bar. 

Complex 2 in polar and apolar media and complex 3 showed a direct correlation between the 

activation energy and the energy donation ability of the ligands. When compared to the para-

PYA ligand system in complex 2 (Ea = 86 kJ mol–1; Table 4, entry 2), the meta-PYA ligand of 

complex 3 is stronger donating, which is also shown by the 60 mV easier RuII/III oxidation. This 

increased electron density lowers the activation energy by 15 kJ mol–1 (entry 3). In contrast, 

the larger contribution of the neutral resonance structure of the para-PYA ligand in THF lowers 

the electron density at ruthenium (110 mV higher oxidation potential) which also imparts a 10 

kJ mol–1 higher activation energy compared to the same complex in more polar DMSO solvent 

(entry 4). This observation suggests a relationship between the hydricity of the critical 

ruthenium hydride intermediate and the catalytic activity, as established previously for a wide 

range of catalysts. The hydricity has been shown to directly correlate with the electron density 

at the metal center, hence allowing to estimate the hydride transfer capability of metal 

complexes and to compare it to the hydride donor-ability of formate/formic acid.30, 34-36, 66, 72-77 

In general, higher hydride transfer capabilities lead to higher catalytic activities in the 

hydrogenation of CO2. A relationship in between the oxidation potential and the catalytic 

activity has been established previously with other Ru-catalysts in the hydrogenation of CO2 

under basic conditions.78 



 

Table 4 Comparison of the redox potential, Arrhenius activation parameters a) 

Entry Complex Solvent Ionic liquid ∆Ea / 

kJ mol-1 

lnA E1/2 / V 

1 1 DMSO:water  BMMI.OAc 62 ± 4.2 18 ± 1.5 0.83 

2 2 DMSO:water BMMI.OAc 86 ± 5.1 24 ± 1.8 0.52 

3 3 DMSO:water BMMI.OAc 71 ± 4.5 19 ± 1.6 0.46 

4 2 THF:water C10MMI.OAc 96 ± 3.1 30 ± 1.1 0.63 

a) Reaction conditions:  6 mL solvent with 5 v/v% H2O, 3.3 mmol IL and P(H2) = P(CO2) = 20 bar and 8 µmol catalyst. 

While complex 2 and 3 follow the expected trend, complex 1 shows a distinct behavior and 

features the lowest activation energy (Ea = 62 kJ mol–1) despite having the lowest electron 

density at ruthenium according to cyclic voltammetry (entry 1). Furthermore, complex 1 

generated a much higher concentration of FA and TONs were much higher than those of 

complexes 2 and 3. These data indicate fundamental differences in the active species derived 

from 1 compared to those of 2 and 3, suggesting a distinct reaction mechanism for complex 

1. This difference has been attributed to a beneficial effect of the overall neutral carbene donor 

ligand pyridylidene–PYA donor ligand in complex 1, which imparts higher robustness of the 

catalytically active species than the anionic phenyl-PYA chelates in complexes 2 and 3. 

Moreover, this neutral ligand entails less electron density at the ruthenium center of complex 

1 compared to that of 2 and 3 (Figure 4B), which implies a less nucleophilic metal hydride for 

the catalysts derived from 1. Accordingly, the catalytic hydride intermediate is more resistant 

to protonation and formation of the inactive ruthenium dihydrogen complex (Figure 4A). This 

catalyst passivation through protonation is particularly relevant for highly nucleophilic metal 

hydride species as well as in the high turnover regime, where larger quantities of FA product 

impart increasingly more acidic conditions. Hence, the higher resistance to acidification of the 

hydride originating from complex 1 results in higher TON and FA concentrations compared to 

the performance of complexes 2 and 3 (Figure 4B).  



The gas uptake kinetics for complexes 1–3 supported this hypothesis. An exponential decay, 

which fits very well with first order kinetics was observed for complex 1, while the uptake curve 

with complexes 2 and 3 strongly deviate from an exponential fit (Figure 4C). This indicates 

that complexes 2 and 3 are deactivated before they reach the thermodynamic equilibrium. It 

is well established that one major deactivation path during the hydrogenation of CO2 to FA 

involves the protonation of the active hydride species,40 though with complexes 2 and 3, 

deactivation may also involve protonation of the phenyl ligand due to the increased acidity, 

and subsequent ligand dissociation. Irrespective of the exact deactivation mechanism for 

those complexes, the results obtained here indicate that complex 1 represent an attractive 

lead complex to develop new high-turnover catalysts for the hydrogenation of CO2 to FA under 

base-free conditions. 

 

 

Figure 4. A) Correlation between hydricity and catalyst robustness against acidification of the crucial ruthenium hydride 

intermediate. B) Correlation between redox potentials E1/2 (Ru(II)/Ru(III)) values of complexes 1-3 in MeNO2 as proxy for 

DMSO and the corresponding TON of the corresponding catalysts (Experimental conditions can be found in table 1). (C) Gas 

uptake kinetics for complexes 1-3, solid lines represent experimental data obtained at PH2 = PCO2 = 20 bar in 6 mL DMSO:H2O 
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and 3.3 mmol BMMI.OAc with 8 µmol catalyst and dahed lines the best fit to an exponential decay function. Complex 1 shows 

a different behavior as gas uptake, fits an exponential decay, but not complexes 2 and 3.  

Conclusions 

The base-free catalytic hydrogenation of CO2 to form FA has a number of technical 

advantages and represents a more sustainable approach compared to the established base-

assisted procedures. Direct hydrogenation has inherently a very high atom economy and 

therefore represents a sustainable alternative to generate chemicals and fuels from CO2. 

Specific variation of the ligands bound to the catalytically active ruthenium center provided 

relevant insights into the mechanism of the reaction and the factors that influence the catalyst 

performance in terms of TON and TOF. Fine-tuning of the electron density at the metal center 

is key for catalyst efficiency, with a dual effect observed: high-electron density facilitates CO2 

bonding and increases TOF, even though it also enhances the hydricity of the critical 

ruthenium hydride intermediate, which favours catalyst protonation due to the increasing 

acidity of the medium due to the formation of FA. Hence, while high electron density at the 

metal is beneficial for TOF optimization, low electron density favours the hydride-dihydrogen 

equilibrium to the catalytically active hydride side, thus enabling high TON values. This 

ambivalence of electron density emphasizes the relevance of fine-tuning the electronic 

configuration of the metal center. Moreover, the type of chelating PYA ligand has a direct 

influence on the nature of the TLS and depending on the set of ligands, either H2 addition or 

CO2 insertion have been observed as limiting step. Likewise, the ancillary ligand (Cl– vs 

MeCN) modulates the mechanism of CO2 insertion from inner to outer sphere.  

Most interestingly, the catalyst precursor comprised of a formally neutral pyridylidene-PYA 

ligand showed unique activity. Specifically, the hydricity is markedly reduced and the 

catalytically active ruthenium hydride species stabilized, which prevents protonation even in 

the acidic product solution. As a consequence, these complex features results in high turnover 



frequency and also a two-fold increase in TON compared to the other complexes, hence 

representing an attractive lead for further catalyst development. 
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