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A B S T R A C T

Phosphine-free ruthenium complexes containing a strongly donating 1,3-dimethyl-imidazolyl NHC ligand were 
tested for homogeneous catalytic CO2 hydrogenation to formate under various reaction conditions, both with and 
without the addition of trimethylamine N-oxide (TMANO) as a co-catalyst. Under optimized conditions (80 bar, 
100 ◦C), using N-methylpyrrolidone (NMP) as solvent and in the presence of TMANO, turnover numbers (TONs) 
exceeding 54,000 were achieved in single batch runs. Mechanistic studies by NMR spectroscopy and DFT cal
culations elucidate key steps and energies associated with the reaction pathway for the best performing catalyst, 
leading to a proposed mechanism.

1. Introduction

CO2 hydrogenation is a chemical process in which carbon dioxide 
(CO2) is converted into a series of C1 products, ranging from formic acid 
(HCOOH), formaldehyde (HCHO), methanol (CH3OH), methane (CH4) 
and hydrocarbons by reaction with hydrogen (H2) under pressure. This 
process is of significant interest in the context of sustainable chemistry 
and carbon capture and utilization (CCU) strategies, as it offers a way to 
use a greenhouse gas to produce valuable chemicals and fuels [1], 
contributing to circular economy while addressing the challenges of 
climate change [2]. Due to the high thermodynamic stability of CO2, 
these processes need to be carried out in the presence of suitable, active 
catalysts, whose design plays a crucial role in this process, as they 
enhance reaction rates and selectivity toward the desired products for a 
wide range of applications [3].

Homogeneous CO2 hydrogenation to produce formic acid (HCOOH) 
has been effectively accomplished using a range of transition metals 
combined with diverse ligand frameworks. The most significant ad
vancements, typically measured by metrics such as turnover numbers 

(TONs) and turnover frequencies (TOF, h⁻1), currently define the state- 
of-the-art for this process. The most active catalysts predominantly 
involve platinum group metals (PGMs) such as ruthenium (Ru), rhodium 
(Rh) and iridium (Ir), stabilized by ligands including organophosphines, 
bipyridines, cyclic diimines, and pincer-type PNP ligands. In 2014, 
Pidko and co-workers established the state-of-the-art for Ru-catalyzed 
CO2 hydrogenation to formate with the pincer-type complex [RuH(Cl) 
(CO)(PNP-tBu)] as catalyst [PNP-tBu = 2,6-Bis(di-tert-butylphosphino
methyl)pyridine], reaching TON = 200,000 and TOF = 1,100,000 h− 1 in 
the presence of 1,5-diazabicyclo(5.4.0)undec-7-ene (DBU) as base, N,N- 
dimethylformamide (DMF) as solvent, 60 bar H2/CO2 (3:1) and 120 ◦C 
[4]. Previously, Nozaki and coworkers demonstrated the efficient use of 
the isopropyl-substituted PNP-pincer iridium tris(hydride) complex [Ir 
(H)3(PNP)] [PNP = 2,6-bis((diisopropylphosphino)methyl)pyridine] as 
a catalyst for this process. Potassium formate was obtained with TONs 
up to 3,500,000 and TOFs of 150,000 h− 1, in the presence of KOH, 
tetrahydrofuran (THF) as solvent, 50 bar H2/CO2 (1:1), 200 ◦C [5]. More 
recently, precious metal-like performances were demonstrated using 
Earth-abundant metal-based homogeneous catalysts of Ni(II), Fe(II) and 
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Mn(I) stabilized either by tetradentate NP3 (for Ni) or tridentate pincer 
PNP ligands (for Fe and Mn) with TONs as high as 4,650,000, 60,000 
and 2,000,000, respectively [6]. These developments have been 
comprehensively reviewed in the literature [3c–3f,7]. In recent years, 
many research groups have focused on the use of pincer-type ligands 
containing phosphorus donor atoms, that have the advantage of being 
easily synthetically tuned, and can confer remarkable stability to the 
metal center due to their tridentate nature, binding exclusively in 
meridional coordination mode [8]. As phosphorus is nowadays consid
ered an endangered element, the design of active, phosphorus-free li
gands and complexes is highly desirable.

At present, few examples of stable phosphorus-free, non-pincer-type 
complexes with easily dissociable ancillary ligands (e.g. CH3CN, Cl, Br) 
that allow gaseous substrates activation, have been used as catalysts for 
homogeneous CO2 hydrogenation and are summarized in Fig. 1. The 
well-known Knölker’s hydrogenation catalyst (Fe1) and a library of 
efficient, stable, phosphine-free, and easy-to-synthesize derivatives of 
type [Fe(CO)3(L)] (L = substituted diaminocyclopentadienone), were 
developed for CO2 hydrogenation [9]. CO2 hydrogenation in the pres
ence of Knölker’s complex was reported by Yang, Zhou, and coworkers. 
In the first step NaOH (3 mmol) was converted to sodium bicarbonate in 
the presence of CO2 (20 bar), then the Fe catalyst (0.003 mmol) was 
added to the solution and pressurized to 30 bar of hydrogen. Formate 
was obtained in 31% yield after 24 h, reaching a maximum TON of 307 
[10]. Poater, Renaud, and coworkers described modification of 
Knölker’s complex through subtle variations of the substituents on the 
aminocyclopentadienone ring (Fig. 1) [11]. Quantitative yields of 
formate and TONs up to 3343 were obtained with the complex bearing a 
N-aminoethylenemorpholine substituted ring (Fe2) after 20 h using 
triethanolamine (TEOA) as base, water as a solvent, 60 bar H2/CO2 (2/ 
1) total pressure, 100 ◦C. Interestingly, the authors showed that pre- 
catalyst activation was needed, and this was obtained by the addition 
of trimethylamine N-oxide (TMANO, 0.001 mmol, 0.02 mol%) to pro
mote CO ligand dissociation freeing a coordination site on the metal. 
Under the same reaction conditions, a cationic water-soluble derivative 
of the Knölker’s complex (Fe3) and its neutral analogue (Fe4) gave 
lower TONs of 875 and 97, respectively [11].

Among P-free ruthenium complexes (Fig. 2), Lv, Zhu, He, and co
workers demonstrated the capability of Shvo’s catalyst for the hydro
genation of CO2 to HCOOH [12]. Shvo’s catalyst complex (II in the rest 
of the study) is a metal–ligand cooperative (MLC) complex that, upon 
activation, generates a monomeric Ru–H species that is an extremely 
active hydrogenation catalyst [13]. It features both an acidic proton on 

the tetracyclopentadiene (CPD) ligand and a loosely bound carbonyl 
group on the ruthenium atom. The authors showed that in the presence 
of Shvo’s catalyst (0.025 mmol), H2/CO2 (1/1) 60 bar total pressure, N- 
methypyrrolidone (NMP) as solvent, 60 ◦C, 10 h, low TON = 4 was 
obtained. In the same study, it was shown that by adding LiCl as co- 
catalyst, CO2 hydrogenation to CO, rather than the kinetically favor
able formation of HCOOH, was achieved under mild conditions [12].

In the choice of suitable ancillary ligands to further improve Shvo- 
type complexes thermal stability and activity in catalysis, N-heterocy
clic carbenes (NHC), known for their strong σ-donating properties, can 
be of interest as they increase the electron density at the metal atom and 
promote effective hydride transfer during hydrogenation and dehydro
genation processes. Furthermore, the covalent bonds between NHCs and 
metals are typically very strong, resulting in complexes that are struc
turally stable and resistant to the harsh reaction conditions often 
required for CO2 hydrogenation [14]. For example, in 2010 Peris and 
coworkers demonstrated the use of bis(NHC) arene Ru complexes 
(Fig. 1, Ru1) in the reduction of carbon dioxide to formate, obtaining a 
rewarding TON = 23,000 with KOH, H2O, 40 bar H2/CO2 (1/1), 200 ◦C, 
75 h. The authors concluded that the high thermal stability of the 
complexes under reaction conditions was crucial to obtain high catalytic 
performances [15].

Some of us described the synthesis of Shvo’s complex derivatives 
bearing different substituents on the cyclopentadienone ring and NHC 
ancillary ligands [16] and its compelling catalytic activity in hydrogen- 
borrowing reactions [17]. For the reasons described above, we thus 
investigated the activity of ruthenium-NHC complexes in catalytic hy
drogenation of CO2. Namely, in this study we present results on the use 
of a small library of phosphine-free ruthenium(0) complexes containing 
the strongly donating 1,3-dimethylimidazolyl ligand (Fig. 2, complexes I 
and IV) and their NHC-free precursors (Fig. 2, complexes II, III and V) as 
catalysts for the selective hydrogenation of CO2 to formate in the pres
ence of 1,8-diazabicycloundec-7-ene DBU as base. Additionally, two 
iron analogue complexes (Fig. 2, complexes VI and VII) were tested 
under the reaction conditions used with Ru complexes. The results of the 
catalytic tests, including the screening of complexes (I–VII), the reaction 
conditions and the study of the effect of TMANO as co-catalyst, are 
presented herein together with mechanistic details obtained by com
bined experimental (NMR) and computational (DFT) approaches for the 
best performing catalyst.

Fig. 1. Examples of P-free complexes tested as catalysts for CO2 hydrogenation.
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2. Results and discussion

2.1. Catalytic tests

Complex [(η4-PhOMe2Ph2C4CO)(CO)2Ru]2 (III) was synthesized 
from Ru3(CO)12 and 3,4-bis(4-methoxyphenyl)-2,5-diphenylcyclopenta- 
2,4-dienone [16], whereas V was obtained from of the reaction of 
Ru3(CO)12 and tetracyclone [17], both according to previously 
described methods. Complexes III and V served as precursors for the 
previously described Ru(NHC) complexes I and IV, which were obtained 
through a two-step synthetic method. Step 1 involved obtaining the 
appropriate silver complex from 1,3-dimethylimidazolium iodide and 
Ag2O, and in step 2, the corresponding ruthenium dimer was added to 
produce complexes I [16] and IV (see Experimental Section). Shvo and 
coworkers reported the reaction of tetraphenylcyclopentadienone with 
Ru3(CO)12, resulting in the mono-metallic tris-carbonyl derivative [Ru 
(Ph4C4CO)(CO)3]. Subsequent reaction of this tris(carbonyl) complex in 
a hydrogen donor solvent (e.g. methanol), affords Shvo’s catalyst shown 
in Fig. 2 [13b,18]. Iron complexes VI and VII have been prepared 
following literature procedures [19]. CO2 hydrogenation tests (Scheme 
1) were initially carried out in the presence of I under previously re
ported conditions [20], i.e. using DBU as the base (1000 equiv.), H2/CO2 
(1/1) 60 bar total pressure, 80 ◦C, 24 h.

In the initial screening of reaction parameters, the choice of the 
optimal solvent was evaluated. Using dry THF as the solvent and a DBU 
to catalyst ratio of 1/1000, formate was obtained with a yield of 50% 
(Table 1, entry 1) relative to DBU, resulting in a corresponding TON =
503. Addition of water to THF (1/10) caused a significant decrease in 
activity, yielding only 8% of formate (Table 1, entry 3). The use of NMP, 
a solvent of choice for other catalytic processes involving Shvo’s 
complex-type catalysts [12], gave higher activity (Table 1, entry 2, yield 
84%, TON = 847) and was thus selected for the remainder of the study. 
The influence of temperature on the reaction was then examined. 
Increasing the temperature from 80 ◦C to 100 ◦C led to an improvement 
in reaction efficiency. At a DBU to catalyst ratio of 1/2000, TON 
increased to 2010, with a substantial increase in yield to ≥ 99% (Table 1, 
entry 4). Conversely, a ratio of 1/5000 resulted in TON = 4486 (Table 1, 
entry 5). When the I/DBU ratio was changed to 1/10,000, formate was 
obtained with a yield of 43% and TON = 4314 (Table 1, entry 6). 
Changing the base from DBU to NEt3 and increasing the temperature 
from 100 ◦C to 120 ◦C resulted in lower TON values (Table 1, entries 7 

Fig. 2. Phosphine-free complexes tested in this study.

Scheme 1. General scheme and standard conditions for CO2 hydrogenation 
tests in the presence of catalysts I-VII and DBU.

Table 1 
Selected catalytic results for CO2 hydrogenation to formate in the presence of 
catalyst I.

Entry cat/DBU Solvent pH2/pCO2 

(bar)
Temp. 
[◦C]

TON[a] Yield[b] 

(%)

1 1/1000 THF 30/30 80 503 50
2 1/1000 NMP 30/30 80 847 84
3 1/1000 THF/H2O 30/30 80 84 8
4 1/2000 NMP 30/30 100 2010 ≥99
5 1/5000 NMP 30/30 100 4486 89
6 1/10000 NMP 30/30 100 4314 43
7[c] 1/10000 NMP 30/30 100 338 3
8 1/10000 NMP 30/30 120 3534 35
9 1/10000 NMP 40/40 100 5091 51
10 1/10000 NMP 60/20 100 6796 68

Reaction conditions: catalyst I, 1–10 μmol; DBU, 10 mmol; Solvent, 5.5 mL; 24 h. 
[a]TON = (mmol formate)/(mmol catalyst). [b]Yield = [(mmol formate)/(mmol 
DBU)] x 100. The amount of formate was calculated from the integration of the 
corresponding 1H NMR signal in D2O against an internal standard (DMF). [c]NEt3 
as a base. All experiments were repeated at least twice to check for reproduc
ibility, average error ca. 6%.

Table 2 
Selected catalytic results for CO2 hydrogenation to formate in the presence of 
catalyst I and TMANO.

Entry cat/DBU cat/TMANO[c] pH2/pCO2 

(bar)
TON[a] Yield[b] 

(%)

1 1/10000 − 40/40 5091 51
2 1/10000 − 60/20 6796 68
3 1/10000 1/100[d] 30/30 9428 94
4 1/10000 1/100 60/20 10,052 ≥99
5 1/20000 1/100 60/20 14,446 72
6 1/20000 1/50 60/20 11,211 56
7 1/20000 1/12.5 60/20 9493 47
8[e] 1/20000 1/100 60/20 20,104 ≥99
9 1/50000 1/100 60/20 15,451 31
10 1/50000 1/25 60/20 10,073 21
11[e] 1/50000 1/100 60/20 46,698 93
12[e] 1/50000 1/25 60/20 18,702 37
13[e] 1/100000 1/100 60/20 54,442 54
14[e] 1/200000 1/100 60/20 33,319 17

Reaction conditions: catalyst I, 0.05–1 μmol; DBU, 10 mmol; TMANO, 5–100 
μmol; NMP, 5.5 mL; 100 ◦C; 24 h. [a]TON = (mmol formate)/(mmol catalyst). 
[b]Yield = [(mmol formate)/(mmol DBU)] x 100. The amount of formate was 
calculated from the integration of the corresponding 1H NMR signal in D2O 
against an internal standard (DMF). [c] TMANO in EtOH. [d]solid. [e]72 h. All 
experiments were repeated at least twice to check for reproducibility, average 
error ca. 6%.
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and 8, respectively). Next, the effect of increasing the gas mixture total 
pressure from 60 to 80 bar was tested, which led to a slight improvement 
in TON, increasing from 4314 to 5091 (Table 1, entry 9). The partial 
pressure ratio between H2 and CO2 was then modified from 30/30 to 60/ 
20, resulting in a formate yield of 68% (Table 1, entry 10).

Next, the effect of trimethylamine N-oxide (TMANO) was tested. 
TMANO is a well-known CO scavenger in organometallic synthesis that 
works as an oxygen transfer reagent capable of converting coordinated 
carbon monoxide (CO) to labile CO2 [21]. In catalytic runs with 
TMANO, an increase in activity was observed compared to the corre
sponding additive-free runs (Table 2, entries 1–4) [22]. However, due to 
the poor solubility of TMANO in NMP, it was decided to dissolve the 
desired amount in a minimum amount of ethanol and add the resulting 
solution to the catalytic mixture before starting the runs. In this way, 
TON values from 9428 to 10,052 (Table 2, entries 3 and 4, respectively) 
could be obtained. The effects of various TMANO to catalyst ratios on 
the reaction efficiency were then examined, using a DBU to catalyst ratio 
of 1/2000. Among the Ru/TMANO tested ratios of 1/100, 1/50 and 1/ 
12.5 (Table 2, entries 5–7), the best results were observed with the ratios 
of 1/100 (Table 2, entry 5). Increasing the reaction time from 24 to 72 h, 
using a I/DBU ratio of 1/20,000 and a I to TMANO ratio of 1/100, 
resulted in a yield of ≥ 99% in formate (Table 2, entry 8). A DBU to 
catalyst ratio of 1/50,000 yielded formate with a maximum TON of 
15,451 and a yield of 31% (Table 2, entry 9) in the presence of 0.02 

mmol of TMANO (1/100), whereas a lower yield of 21% (TON = 10,073, 
Table 2, entry 10) was recorded with TMAO (1/25). The latter runs were 
repeated changing only the experiment duration (72 h), observing a 
significant increase in TON to 46,698 and 18,702, respectively (Table 2, 
entries 11 and 12). In addition, tests were performed using I/DBU ratios 
of 1/100,000 and 1/200,000, respectively. The reactions were carried 
out for 72 h, yielding TON values of 54,442 and 33,319 (Table 2, entries 
13 and 14).

Proof-of-concept experiments were then run to evaluate catalyst 
recyclability, using the conditions applied for entry 4 in Table 2 (i. e. I/ 
DBU = 1/10,000, I/TMANO = 1/100, CO2/H2 = 1/3, 80 bar total 
pressure, NMP, 100 ◦C, 24 h). After the first run, giving > 99% formate 
yield for a TON of 10,052, the autoclave was cooled to 10 ◦C, then the 
gas pressure was carefully released and replaced by nitrogen. A new 
aliquot of DBU (100% of the amount used in run 1) was added through 
the inlet port, without opening the autoclave, that was then re- 
pressurized with 80 bar CO2/H2 (1/3) and heated to 100 ◦C for 24 h 
(run 2). At the end of the reaction, formate was obtained in ≥ 99% yield 
(TON = 10,052). The two following runs were carried out as for run 2, 
giving the same results in yields and TONs. The fifth run yielded only 
12% of formate (TON = 1166). Consequently, an overall TON = 41,374 
was obtained after five consecutive runs under these conditions (Fig. 3). 
These experiments clearly demonstrate the possibility to efficiently 
recycle catalyst I for at least 4 consecutive runs at low catalyst loadings, 

Fig. 3. TONs for catalyst recycling experiment using I under optimized conditions (cat/DBU = 1/10,000, cat/TMANO = 1/100, CO2/H2 = 1/3, 80 bar total pressure, 
NMP, 100 ◦C, 24 h).

Table 3 
Selected catalytic results for CO2 hydrogenation to formate in the presence of complexes I-VII.

Entry Complex cat/DBU cat/TMANO[c] pH2/pCO2 

(bar)
TON[a] Yield[b] 

(%)

1 I 1/5000 − 30/30 4486 89
2 I 1/10000 1/100 60/20 10,052 ≥99
3 II 1/5000 − 30/30 5654 57
4 II 1/10000 1/100 60/20 1721 8
5 III 1/5000 − 30/30 3653 73
6 III 1/10000 1/100 60/20 4563 45
7 IV 1/5000 − 30/30 5026 ≥99
8 IV 1/10000 1/100 60/20 10,052 ≥99
9[d] IV 1/100000 1/100 60/20 56,582 56
10 V 1/5000 − 30/30 3291 66
11 V 1/10000 1/100 60/20 2226 22
12 VI 1/5000 − 30/30 154 3
13 VI 1/10000 1/100 60/20 125 1
14 VII 1/5000 − 30/30 39 ≥1
15 VII 1/10000 1/100 60/20 52 ≥1

Reaction conditions: catalyst, 1–2 μmol; DBU, 10 mmol; TMANO, 0.1–0.2 mmol; NMP, 5.5 mL; 100 ◦C; 24 h. [a]TON = (mmol formate)/(mmol catalyst). [b]Yield =
[(mmol formate)/(mmol DBU)] x 100. The amount of formate was calculated from the integration of the corresponding 1H NMR signal in D2O against an internal 
standard (DMF). [c] TMANO in EtOH. [d]72 h. All experiments were repeated at least twice to check for reproducibility, average error ca. 6%.
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in the presence of TMANO as co-catalyst.
Next, the effect of substituent group variations on the cyclo

pentadienone ring was tested. Shvo’s bimetallic catalyst II and the 
dimeric precursor of I (i. e. complex III) were tested for comparison with 
I (Table 3, entries 3–6). The yields of formate (57% with II, entry 3; 73% 
with III, entry 5, respectively) were lower compared to 89% obtained 
with I (Table 3, entry 1) in the absence of TMANO at a cat/DBU ratio of 
1/5000. In the presence of TMANO at a cat/DBU ratio of 1/10,000, the 
yields were 8% and 45%, (Table 3, entries 2 and 4, respectively), instead 
of ≥ 99% observed with I (Table 3, entry 6). Next, complex IV, analogue 
of complex I containing − Ph substituents instead of − C4H6OMe on the 
cyclopentadienone ring, was also tested under the reaction conditions 
described above. Using IV/DBU ratios of 1/5000 and 1/10,000, formate 
was obtained in nearly quantitative yields (Table 3, entries 7 and 8). At 
lower ratio IV/DBU = 1/100,000, in a 72 h run, a TON value of 56,582 
(Table 3, entry 9) was obtained. On the other hand, when complex V, i.e. 
the NHC-free dimeric precursor of IV was used, lower formate yields 
were observed both with and without the addition of TMANO (Table 3, 
entries 10 and 11), confirming that the presence of the NHC ligand has a 
greater impact on the catalytic performance compared to the type of 
substituents on the cyclopentadienone ring. Two iron analogue com
plexes VI and VII were tested under the reaction conditions applied for 
the Ru catalysts. Low formate yields were observed with these com
plexes (Table 3, entries 12–15), probably due to their lower thermal 

stability under the applied reaction conditions (100 ◦C, 24 h) compared 
to the Ru counterparts.

2.2. Mechanistic studies

In order to elucidate key aspects of the reaction mechanism such as 
the activation of pre-catalyst and the evolution of ruthenium species, 1H 
NMR experiments on stoichiometric reactions involving I (named 1 from 
here onwards) were initially carried out. Complex 1 (10 mg) was dis
solved in THF-d8 (500 µL) and TMANO (100 equiv. to 1) was added to 
the solution. The formation of trimethylamine (TMA) was observed at 
2.13 ppm (Fig. S36), confirming that pre-catalyst activation occurs to 
give the putative complex [Ru(η4-PhOMe2Ph2C4CO)(CO)(NHC)(X)] (2, 
X  = solvent, null). The CO released from the metal coordination sphere 
is converted to CO2 by reaction with TMANO, that in turn is reduced to 
TMA. Next, another experiment was carried out to try to underpin the 
activation of dihydrogen by 1 with possible formation of [Ru(η4-PhO
Me2Ph2C4CO)(CO)(NHC)(η2-H2)] (2-H2) or [RuH(η4-PhOMe2Ph2C4CO) 
(CO)(NHC)]- (3). To a screw-cap NMR tube containing a solution of 1 
(10 mg), TMANO (100 equiv.), DBU (100 equiv.) in THF-d8 (500 µL), 
placed in an ice bath to avoid solvent evaporation, H2 gas (1 bar) was 
bubbled through for 10 min. The tube was shaken and let to warm to 
room temperature, then heated to 60 ◦C for 15 min in an oil bath. After 
this time, the 1H NMR spectrum (Fig. S37) showed a new singlet in the 

Scheme 2. Proposed catalytic mechanisms for CO2 hydrogenation in the presence of 1.
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negative chemical shift range at − 14.55 ppm, in the region typically 
expected for Ru-hydrido species. These NMR experiments confirm that 
pre-catalyst activation with TMANO is required to generate a coordi
nation vacancy on Ru that is then readily available for heterolytic 
hydrogen splitting to give 3 in the presence of base. Attempts to inde
pendently synthesize and isolate complex 3 under various reaction 
conditions failed, due to the limited stability of this species in solution, 
hampering any workup.

Density functional theory (DFT) calculations were then carried out to 
gain further insights into the reaction and propose a catalytic mecha
nism (Scheme 2 and Supporting Information). DFT results confirmed 
that the activation of 1 occurs via a decarbonylative oxidation played by 
TMANO to give 2. This step requires overcoming a free energy activation 
barrier (ΔG*) of 25.9 kcal/mol (TS1) and it is driven by an exergonic 
release of TMA and CO2 (ΔG = -46.7 kcal/mol). The overall activation 
barrier comprises the endergonic formation of the adduct between 1 and 
TMANO, i.e. 1@TMANO, which requires 10.7 kcal/mol, in line with 
experimental data (See Table 2). Since species 2 features a vacant co
ordination site on the ruthenium center, we computationally verified the 
thermodynamic stability of several 2-ligand species, to evaluate the 
presence of stable complexes. Calculations showed that TMA (2-TMA, 
ΔG = -47.7 kcal/mol) and DBU (2-DBU, ΔG = -48.0 kcal/mol) stabilize 
the catalyst more than NMP (2-NMP, ΔG = -38.5 kcal/mol) or formate 
(2-HCOO–, ΔG = -44.3 kcal/mol). Notably, 2 can also bind molecular 
hydrogen leading to 2-H2, with a ΔG = -39.5 kcal/mol, showing that H2 
coordination is thermodynamically competitive with other ligands 
binding. Then, two alternative pathways may follow for dihydrogen 
activation in 2-H2. The energetically preferred reductive pathway in
volves a DBU-assisted heterolytic cleavage of H2 (black pathway in 
Scheme 2). This route proceeds via TS2 (ΔG*= 8.5 kcal/mol) and yields 
the anionic intermediate 3 (ΔG = -45.0 kcal/mol), which exists in an 
acid-base equilibrium with its protonated form 4 (ΔG = -46.6 kcal/mol). 
Alternative to this pathway, a non-DBU-mediated dihydrogen splitting 
(TS4) might happen to form 4, but this would require a much higher 
activation energy, i.e. ΔG*= 28.4 kcal/mol (blue pathway in Scheme 2). 
Next, the hydride complexes 3 and 4 can reduce CO2 to either HCOO– or 
HCOOH, respectively. These reduction steps feature similar activation 
barriers, i.e. with ΔG* of 14.1 (TS3) and 15.1 (TS5) kcal/mol with 3 and 

4, respectively. The characterization of formate as thermodynamically 
favored product is in line with the experimental findings. Thus, 
considering the computed free energies surfaces of the catalytic cycles 
(Fig. 4), the CO2 hydrogenation to formate catalyzed by 1 would pref
erentially occur via DBU-assisted heterolytic cleavage of molecular 
hydrogen. In summary, DFT calculations disclosed that the highest 
barrier in the mechanism is that related to the pre-activation of 1, 
whereas rate-determining-step of the catalytic cycle is the insertion of 
CO2 into the Ru-H bond. A key role is played by DBU in assisting the 
splitting of metal-coordinated molecular hydrogen.

3. Conclusions

In summary, the present study showed that phosphine-free ruthe
nium complexes supported by a strongly donating 1,3-dimethyl-imida
zolyl ligand were able to bring about the efficient and selective 
hydrogenation of CO2 to formate in the presence of a DBU as base and 
TMANO as co-catalyst, reaching TONs over 54,000 in single batch runs, 
at a catalyst loading as low as 0.001 mol%. Catalyst recycling experi
ments showed that the catalytic mixture containing I could be reused for 
up to 4 consecutive runs by simple re-pressurization, without significant 
losses in activity, giving an overall TON = 41,374. Control experiments 
showed that the presence of NHC has a more profound effect for catal
ysis than the variation of substituents on the cyclopentadienone ring. 
Finally, mechanistic experiments confirmed the proposed effect of 
TMANO in the pre-activation step. DFT calculations disclosed that the 
highest barrier of the entire process is the activation of the catalyst via 
the CO elimination by TMANO, and disclosed the pivotal role played by 
DBU in assisting the hydrogen splitting step.

4. Experimental Section

4.1. General procedure for carbon dioxide catalytic hydrogenation

In a typical experiment, the catalytic mixture containing solvent, 
catalyst, base and additive (if any) was prepared in a Schlenk tube under 
nitrogen. It was subsequently injected into a 40 mL magnetically stirred 
teflon-lined stainless steel autoclave built at CNR-ICCOM, kept under a 

Fig. 4. Calculated free energy profile for CO2 hydrogenation catalyzed by 1.
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nitrogen atmosphere. Then, the autoclave was pressurized with a H2/ 
CO2 gas mixture at the desired pressure, placed into an oil bath pre- 
heated to the target temperature and stirred at 500 rpm for the set re
action time. After the run, the autoclave was cooled to below 10 ◦C using 
an ice bath. The pressure was gently released, and the reaction mixture 
was transferred into a round bottom flask. The autoclave beaker was 
thoroughly rinsed with H2O and the washings were added to the rest of 
the mixture. The volume of the mixture was then gently reduced by 
using a rotary evaporator at room temperature until a homogeneous 
mixture was obtained. DMF (300 mL) was added to the mixture as in
ternal standard and the formate content was determined by integrating 
the corresponding 1H NMR signal vs. DMF. D2O (ca. 0.7 mL) was added 
as deuterated solvent. All tests were repeated at least twice to ensure 
reproducibility (average error ca. 6%).

4.2. Synthesis of complex IV

Complex IV was synthesized by reacting 300 mg (1 equiv.) of com
plex III with 155 mg (2.4 equiv.) of silver oxide (Ag2O) and 156 mg (2 
equiv.) of 1,3-dimethylimidazolium iodide. The reaction was carried out 
in a 100 mL two-necked flask under an inert atmosphere (N2), using 15 
mL of dichloromethane as the solvent. The mixture was stirred at room 
temperature for 1 h and the reaction progress was monitored by FT-IR 
spectroscopy. The crude product was then filtered through a Gooch 
crucible with Celite to remove the byproduct (AgI). After concentration 
under vacuum, the resulting product was purified by column chroma
tography on alumina, using a dichloromethane/ethyl acetate mixture 
(100:0 to 0:100) as the eluent. Complex IV was obtained as a yellow 
solid obtained with a 56% yield. The complex is stable to air, moisture, 
in solution of organic solvents and in the presence of water. Charac
terization data: 1H NMR (599.7 MHz, CDCl3): δ 7.79 (m, 4H, CHaryl), 
7.17–7.04(m, 10H, CHaryl), 6.76 (s, 2H, CHNHC), 6.65 (m, 4H, CHaryl), 
3.09 (s, 6H, − NCH3). 13C NMR (150.8 MHz, CDCl3, g-HSQC, g-HMBC): δ 
202.47 (CO), 172.72 (Ccarbene), 169.33 (C=O, Cp), 135.43 (Cqaryl), 
133.62 (CHaryl), 129.16 (CHaryl), 127.43 (CHaryl), 125.27 (Cqaryl), 
124.90 (CHaryl), 123.62 (CHNHC), 112.93 (CHaryl), 103.85 (C2,5, Cp), 
78.46 (C3,4, Cp), 38.23 (–NCH3). IR (CH2Cl2, cm− 1): 2005, 1946 (νCO); 
1587 cm− 1 (νC=O); ESI-MS (m/z) (+): 639 [M + H]+; 662 [M + Na]+. 
Anal. Calcd (%) for C36O3N2H28Ru: C, 67.81; H, 4.43 Found: C, 67.78; H, 
4.38.
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