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The preparation of three well-defined ruthenium complexes arising from phosphine-pyridon-e/-ate ligands is described. Solvent dependant Lewis acidic 

species formation was observed with these complexes. Selective formation of acetal or ester from primary alcohols was observed in the presence of these 

catalysts. Preliminary evaluation of these complexes in base free hydrogenation of carbon dioxide is also reported.

Introduction 

Catalytic hydrogen transfer processes ranging from hydrogenation and dehydrogenation represent an important research field 

strengthened by the recent applications related to biomass transformations, carbon dioxide valorization and liquid organic 

hydrogen carrier’s development. [1-3] Noticeable breakthroughs were obtained during the last decade on acceptorless ester 

formation from alcohols and more recently on base free CO2 hydrogenation, thanks to the use of metal-ligand cooperative 

catalytic systems based on pincer type or finely tuned ligands.[4-7] While formic acid production still requires the development of 

catalysts operating at milder reaction conditions and low pressure; in dehydrogenation, the access to tunable catalytic systems 

allowing the selective formation of selected dehydrogenated products by simple modification of the reaction conditions is of 

great interest. 2-Pyridone based ranging from bidentate to pincer -containing ligands have attracted interest of the researchers 

and found promising applications in hydrogen transfer processes such as dehydrogenation of alcohols, [8a,b,d,g] carbonyl 

reduction,[8c,f,h,i] β-alkylation of amines,[8e] formate production,[8k] ester[8l] and carboxylate formation from primary alcohol.[8k] In 

turn, phosphine-pyridon-e/-ate ligand are an interesting class of hybrid ligands. Among them, non-chelating 6-

(diphenylphosphino)-2-pyridon-e/-ate ligand, known as (PyphosH/Pyphos) has found wide applications for the preparation of 

metal-metal bonded polynuclear complexes.[9a] This latter, lately renamed 6-DPPon has also found wide applications in self 

assembling system for hydroformylation.[9b] Based on the previous findings of Brunner who demonstrated that chelating O-

alkylated phosphine-pyridones could undergo deprotection,[10] we reported the direct access to the corresponding phosphine-

pyridone for the catalytic hydrogenation of unfunctionalized ketones and for acetal formation from primary alcohols.[11]  

 Herein we report the preparation of new well-defined ruthenium complexes featuring proton responsive phosphine-pyridone 

ligands. Preliminary evaluation in tunable acceptorless dehydrogenation of primary alcohols is investigated for the production of 

acetals or esters as well as their evaluation in the base free hydrogenation of carbon dioxide. 

Results and discussion 

Synthesis and characterization of ruthenium(II) complexes 

 

Figure 1 Ligands L1-H, L2-H and L3-H used in this study. 

With our reported new ligands in hand (Figure 1), we investigated the access to the corresponding well-defined octahedral 

ruthenium complexes with RuCl2(PPh3)3 as common metallic precursor (Scheme 1). Among the five possible isomers, treatment 

of two equivalents of L1-H with one equivalent of RuCl2(PPh3)3 in chloroform solution resulted in the selective formation of the 

yellow Ru-1 in 60% isolated yield. Characterization by NMR spectroscopy and successful crystallization demonstrated the 

selective coordination of the tridentate ligand in a fac mode and selective formation of the cis (Cl, Cl) isomer. Hydrogen bonding 

interaction between the hydroxyl groups and the chloride atoms favoured the selective formation of this isomer, thus 

contrasting with the corresponding ruthenium analogue featuring a phosphine-picoline ligand. [12] The use of the tridentate 

ligand L2-H with the same metallic precursor afforded the corresponding yellow Ru-2 complex where the chloride atom in trans 

relationship with the phosphorus atom of L2-H, is interacting with the two hydroxyl groups of the ligand. Interestingly, NMR 



spectroscopy in CDCl3 demonstrated the formation of the neutral complex whereas the use of CD3OD highlighted the immediate 

formation of the resulting red cationic complex. This behaviour was confirmed with the use of the more basic tridentate ligand 

L3-H which led to the square planar pyramidal cationic 16 ē complex Ru-3 where the methanol molecule acts as proton relay. 

These observations confirm that the formation of Lewis acidic species shielded by the two protonated pyridone moieties and the 

concomitant assistance of an alcohol can easily occur from these complexes.[13,14c] For all the synthesized complexes described 

above, solid state structures support the aromatized structure of the pyridone moieties (Figure 2).  

 

Applications in catalytic dehydrogenation and hydrogenation 

With these well-defined complexes in hand, we next investigated their reactivity in dehydrogenation of primary alcohols (Table 

1). Reaction of benzyl alcohol 1a in the absence of base in THF resulted in the selective formation of the corresponding acetal 2a 

albeit in lower yields than with the previously described iridium complexes (entries 2-4).[11,13] Interestingly, in a basic 

environment created by the addition of sodium hydroxide, the selectivity was completely shifted from acetal to ester in 50% 

yield along with benzaldehyde (entry 5). Replacing THF by toluene led to complete conversion into benzyl benzoate 3a in 94% 

isolated yield (entry 7). To the best of our knowledge, there is only one precedent report in the literature accounting for the 

selective formation of acetal or ester by simple modification of the reaction conditions.[13] Under similar conditions, the use of 

Ru-1 lowered selectivity whereas the use of Ru-3 decreased the conversion (entries 6 and 8). Other hydroxide bases were also 

evaluated such as KOH and LiOH. However, the catalytic activities and selectivities were altered suggesting an effect on the metal 

cation on the reaction efficiency (entries 7, 11, 12).[8j] As expected, complete conversion towards the ester was also observed 

with the use of a catalytic amount of BnONa generated by the prior addition of sodium (entry 10). Under our optimal catalytic 

conditions, reaction scope was next examined with benzylic alcohols affording 63 to 94% isolated yield (Scheme 2). Notably, no 

side dehalogenation occurred with halogenated benzylic alcohols 1e and 1f. Aliphatic primary alcohols were selectively 

converted into the corresponding esters 3g-i in up to 85% isolated yields. The use of citronellol  

 

Scheme 1 Preparation of the well-defined Ru1-3 from RuCl2(PPh3)3. 

gave the bioester 3j without noticeable isomerized side products whereas undec-10-en-1-ol led to a mixture of isomerized esters 

(not presented). Under our optimal catalytic conditions, reaction of benzaldehyde 4a afforded the corresponding benzyl 

benzoate 3a in 100% yield according to a  

Table 1 Benzyl benzoate from benzyl alcohol 1a
a 

 

entry Cat. Solvent Base Conv. 
Ratio 

2a/3a/4a 

Yield of 

3a
b 

1a 
Ru-2 Toluene - 12 0:0:100 0 

2c 
Ru-1 THF - 71 92:0:8 0 

3c 
Ru-2 THF - 75 88:0:12 0 



4c 
Ru-3 THF - 56 96:0:4 0 

5 Ru-2 THF NaOH (10) 67 0:80:20 50 

6a 
Ru-1 Toluene NaOH (10) 94 0:50:50 43 

7a 
Ru-2 Toluene NaOH (10) 100 0:100:0 99(94) 

8a 
Ru-3 Toluene NaOH (10) 75 0:98:2 73 

9a 
Ru-2 Toluene tBuOK (10) 100 0:77:21 77 

10d 
Ru-2 Toluene BnONa (10) 100 0:100:0 99 

11a 
Ru-2 Toluene LiOH (10) 41 0:95:5 39 

12a 
Ru-2 Toluene KOH (10) 85 0:98:2 84 

aExperimental conditions: all reactions were performed under an inert atmosphere of 

argon and carried out with benzyl alcohol 1a (0.5 mmol), precatalyst (1 mol%) in a closed 

Schlenk tube in toluene (0.5 mL) at 150 °C for 16 h.b Conversions and GC yields were 

determined by GC analysis with dodecane (30 µL) as internal standard and the number in 

parenthesis corresponds to the isolated yield after purification by column 

chromatography. c Reaction carried out with 0.5 mL of THF at 170 °C for 24 h. d BnONa was 

generated by the addition of Na to benzyl alcohol 1a. 

 

 

 

Fig. 2 X-ray structure of Ru1-3. Selected bond lengths, interatomic distances (Å) and angles (°), Ru-1.CH2Cl2:  Ru1-N1 2.170(3); Ru1-N2 2.146(3); Ru1-P1 
2.2423(9); Ru1-P2 2.252(1); Ru1-Cl1 2.499(1); Ru1-Cl2 25329(9); O2-Cl1 2.887; O1-Cl2 2.968; Cl2-Ru1-Cl2 85.15(3); P1-Ru1-P2 95.62(4); N1-Ru1-
N2 177.0(1). Ru-2.CHCl3 : Ru1-N1 2.160(2); Ru1-N11 2.232(2); Ru1-P1 2.2024(6); Ru1-P2 2.3230(6); Ru1-Cl1 2.5499(6); Ru1-Cl2 2.4126(6); O3-Cl1 
2.941; O13-Cl1 2.960; N1-Ru1-N11 90.35(6); P2-Ru1-Cl2 92.94(2); Cl1-Ru1-P1 171.44(2). Ru-3.MeOH Ru1-N1 2.107(2); Ru1-N2 2.094(2); Ru1-P1 



2.3334(7); Ru1-P2 2.1786(9); Ru1-Cl1 2.3946(7); N2-Ru1-N1 91.36(8); P1-Ru1-Cl1 90.28(2). CCDC 1453001, 1428110, 1515990 contain the supplementary 
crystallographic data for Ru-1, Ru-2, Ru-3. 

Tishchenko reaction (Scheme 3).[14] Moreover, equimolar reaction of octan-1-ol 1g with benzaldehyde 4a led to the formation of 

the four possible esters with a statistical distribution.[5d,15] During the treatment of benzyl benzoate 3a with octan-1-ol 1g the 

four expected esters were observed along with the major formation of 3l with a 50% yield indicating that transesterification also 

occurred.[16] Having established that Ru-2 allowed the formation of ester from primary alcohol or aldehyde in the presence of 

hydroxide base, we focused our attention on its reactivity. Treatment of Ru-2 in a MeOH/CH3CN mixture in the presence of two 

equivalent of potassium hydroxide afforded the Ru-4 complex (Scheme 4). Among the possible tautomers, solid state structure 

and  
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Scheme 2 Preparation of various esters from aliphatic and benzylic alcohols 

NMR analyses tend to suggest the formation of the hydroxo complex (C136-O138 = 1.30(2)Å) (Figure 3).[8h] Interestingly, 
evaluation of Ru-4 in dehydrogenation of benzyl alcohol 1a under optimized reaction conditions (Table 1 entry 7) led to an active 
dehydrogenation catalyst with 53% yield of 3a suggesting that the simple introduction of the acetonitrile 

 
Scheme 3 Competitive experiments 

ligand has a profound impact on the conversion. Taken into account the structure of Ru-4 and the effect of the metallic cation, 

these results tend to support the formation of an active 



 

Scheme 4 Reactivity of Ru-2 in the presence of hydroxide base. 

anionic ruthenium species.[17] Keeping in mind previous reports on dehydrogenation, acetalization[11,13] and Tishchenko 

reaction,[14] possible mechanisms are depicted in Figure 4. On the basis of the results obtained during this study, under neutral 

conditions, it involves an outer sphere nucleophilic attack on a coordinated hemiacetal in C arising from the transient formation 

of the Lewis acidic ruthenium  

 
Fig. 3 X-ray structure of Ru4.0.5 CH2Cl2 Selected bond lengths, interatomic distances (Å) and angles (°): Ru2-N127 2.23(1); Ru2-N137 2.17(1); Ru2-P11 
2.217(3); Ru2-P12 2.307(3); Ru2-N111 2.01(1); O138-O101 2.538; O128-O101 2.524; C126-O128 1.26(1); C136-O138 1.30(2). CCDC 1468966 contains the 
supplementary crystallographic data for Ru-4 

species E for acetal formation[13] followed presumably with the formation of a ruthenium monohydride species B/B’.[11]
 Due to 

the low concentration of aldehyde during these reactions and basic conditions leading to easy formation of the pyridone 

rutheniuem species K, in the case of the ester formation, an inner sphere mechanism involving a coordinated aldehyde and an 

alkoxide is more likely. However, at this stage of this research, the activation of the aldehyde intermediate by the protonated 

pyridone ring rather than the metallic center via an outer sphere process cannot totally be ruled out.[14c] Keeping in mind the 

recent reports on base free hydrogenation of carbon dioxide with well-defined ruthenium and iridium complexes containing PTA 

(1,3,5-triaza-7-phosphaadamantane), ACRIPHOS (4,5-bis(diphenylphosphino)acridine), azole or pyridone based ligands, we 

investigated the activity of our complexes in the additive-free hydrogenation of carbon dioxide.[2b,7] Taking advantage of the 

recent contributions of Laurenczy and coworkers highlighting the beneficial influence of solvent such as dmso acting as hydrogen 

bond acceptor toward formic acid production, we next evaluated the catalytic activities of Ru-1, Ru-2 and Ru-3 under these 

experimental conditions. Well-defined complexes Ru-2 and Ru-3 featuring tridentate phosphine-pyridone ligands were found to 

be active in the hydrogenation of carbon dioxide at 50 °C leading to a formic acid concentration up to 0.07 mol.L-1 (Table 2, 

entries 2 and 3). Astonishingly, under similar reaction conditions, hydrogenation in the presence of the complex Ru-1 led to a 

fourfold more active catalytic system affording around 0.2 M [HCO2H] at only 10 bar of CO2 (entry 1). The reaction temperature 

was found to be crucial and under similar pressure, temperature below or above 50 °C altered the catalytic activity (entry 1 

compared to 5, 9 and 10).[7a]  

 



 
Fig. 4 Proposed pathways accounting on acetal and ester formation. 

Increasing the hydrogen pressure had a minimal incidence on the result whereas increasing the pressure of carbon dioxide 

provided better catalytic activity to reach a 205 TON (entry 7 

Table 2 Base free CO2 hydrogenationa 

 

entry Cat. pCO2/ pH2 t [h] T (°C) TON [HCO2H] 

1 
Ru-1 10/50 16 50 115-131 0.19-0.22 M 

2 
Ru-2 10/50 16 50 33-40 0.05-0.07 M 

3 
Ru-3 10/50 16 50 31 0.06 M 

4 
Ru-1 10/60 72 50 355-370 0.57-0.60 M 

5 Ru-1 10/50 16 30 65 0.11 M 

6 
Ru-1 10/70 16 50 137 0.23 M 

7 
Ru-1 20/50 16 50 205 0.34 M 

8 
Ru-1 30/40 16 50 170 0.30 M 

9 Ru-1 10/50 16 70 80 0.13 M 

10 
Ru-1 10/50 16 100 55 0.08 M 

aExperimental conditions: all reactions were performed in a stainless 20 mL reactor under 

the indicated pressure of CO2 and H2. TON were determined by 1H NMR in the presence 

of internal standard (100 µL). 

compared to 6 and 1). Finally, up to 0.6 mol.L-1 of formic acid could be achieved after 72h reaction time (entry 4) thus competing 
with the best reported results which usually require high pressure and longer reaction times.[7,18] 



Conclusions 

In conclusion, we have reported the synthesis of three new well-defined ruthenium complexes featuring proton responsive 
phosphine-pyridone ligands. Solvent dependent formation of the neutral and cationic complexes was demonstrated. Selective 
formation of acetal or ester was observed by simple modification of the reaction conditions. Competitive experiments 
highlighted the catalytic activity of such system in dehydrogenation of primary alcohols and Tishchenko reactions. Whereas 
tridentate ligands afforded better results in dehydrogenation, an opposite trend was observed in the seminal base and additive-
free hydrogenation of carbon dioxide leading up to 0.6 M formic acid concentration in dimethyl sulfoxide. 
 

Experimental section 

Synthesis of the complex Ru-1 

A 25 mL Schlenk tube with magnetic stirrer was charged with the ligand L1-H (100 mg, 0.34 mmol) in degassed chloroform (5 mL) under 
argon atmosphere. After 5 minutes of stirring, [RuCl2(PPh3)3] (163 mg, 0.17 mmol) was added to the solution. The resulting clear red 
solution was allowed stir at room temperature under an inert atmosphere for 6 hours. The completion of the reaction was confirmed by 
the disappearance of the peak at -11 ppm in 31P NMR. Then solvent was evaporated to minimum volume (~1 mL) under vacuum. 
Subsequent addition of diethyl ether (4 mL) furnished bright yellow coloured solid. Washing the above solid with diethyl ether (3*4 mL) 
afforded the desired complex with 60% yield (77mg, 0.10 mmol). Recrystallization of the complex by slow diffusion of diethylether in 
methanol furnished crystals suitable for X-ray diffraction studies. 1H NMR (400 MHz, CD2Cl2): δ 12.33 (s, 2H), 7.69 (t, J = 7.8 Hz, 2H), 7.32-
7.29 (m, 3H), 7.19 (t, J = 7.2 Hz, 4H), 7.15-7.11 (m, 4H), 7.03-6.99 (m, 4H), 6.80 (q, J = 7.3 Hz, 5H), 6.49 (t, J = 8.5 Hz, 4H), 4.53-4.46 (m, 2H), 
3.89-3.82 (m, 2H); 31P {1H} NMR (162 MHz, CD2Cl2): δ 57.52; 13C {1H} NMR (101 MHz, CD2Cl2): δ 170.6 (quat-C), 161.3 (quat-C), 140.0 (CH), 
135.9 (quat-C), 135.5 (quat-C), 134.6 (quat-C), 134.2 (quat-C), 132.4 (t, JP-C = 4.3 Hz, CH), 130.8 (t, JP-C = 4.3 Hz, CH), 130.0 (CH), 129.7 (CH), 
128.8 (t, JP-C = 4.7 Hz, CH), 128.1 (t, JP-C = 4.8 Hz, CH), 114.5 (t, JP-C = 5.3 Hz, CH), 111.1 (CH), 44.6 (d, JP-C = 18.2 Hz, CH2), 44.4 (d, JP-C = 18.2 Hz, 
CH2); HRMS(ESI-TOF): calc’d for C36H32N2O2P2Cl2Ru [M]+ 758.0354; found 758.0358. Anal. Calcd for C36H32N2O2P2Cl2Ru.CH2Cl2: C, 52.69; H, 
4.06; N, 3.32. Found: C, 52.99; H, 4.07; N, 3.30. 

Synthesis of Ru-2 

A 25 mL Schlenk tube with magnetic stirrer was charged with the ligand L2-H (100 mg, 0.31 mmol) in degassed chloroform (5 mL) under 
argon atmosphere. After 5 minutes of stirring, [RuCl2(PPh3)3] (297 mg, 0.31 mmol) was added to the solution. The colour of the solution 
changed from dark brown to opaque pale yellow after 10 minutes of vigorous stirring. The resulting solution was allowed stir at room 
temperature under an inert atmosphere for 2 hours. The completion of the reaction was confirmed by the disappearance of the peak at -
14 ppm in 31P NMR. Then solvent was removed by cannulation. Washing the yellow solid with diethyl ether (3×4 mL) afforded the desired 
complex with 85% yield (200 mg, 0.26 mmol). Recrystallization of the complex by slow diffusion of pentane in chloroform furnished crystals 
suitable for X-ray diffraction studies. The complex becomes cationic when dissolved in methanol. 1H NMR (400 MHz, CDCl3): δ 12.24 (s, 1H), 
11.9 (s, 1H), 7.68-7.58 (m, 6H), 7.47-7.05 (m, 11H), 6.95-6.92 (m, 5H), 6.66-6.57 (m, 3H), 6.09 (d, J = 8.1 Hz, 1H), 4.02 (dd, J1 = 16.8 Hz, J2 = 
11.6 Hz, 1H), 3.63-3.57 (m, 2H), 3.29 (dd, J1 = 16.8 Hz, J2 = 12.5 Hz, 1H); 31P {1H} NMR (162 MHz, CDCl3): δ 68.0 (d, J = 35.9 Hz), 44.9 (d, J = 
36.0 Hz); 1H NMR (400 MHz, CD3OD): δ 7.74-7.66 (m, 3H), 7.45 (t, J = 7.6 Hz, 1H), 7.38-7.33 (m, 6H), 7.29-7.25 (m, 5H), 7.21-7.12 (m, 8H), 
6.78 (d, J = 7.5 Hz, 1H), 6.72 (d, J = 8.3 Hz, 1H), 6.02 (d, J = 8.3 Hz, 1H), 4.23 (dd, J1 = 17.7 Hz, J2 = 11.4 Hz, 1H), 3.95-3.87 (m, 2H), 3.70 (dd, J1 
= 18.9 Hz, J2 = 13.6 Hz, 1H); 31P {1H} NMR (162 MHz, CD3OD): δ 98.6 (br), 45.3 (d, J = 33.8 Hz); 13C {1H} NMR (101 MHz, CD3OD): δ 167.4 
(quat-C), 166.6 (quat-C), 160.0 (quat-C), 157.3 (quat-C), 141.6 (CH), 139.2 (CH), 134.9 (d, JP-C = 10.3 Hz, CH), 134.5 (quat-C), 134.1 (quat-C), 
132.6 (CH), 132.4 (CH), 130.8 (d, JP-C = 2.4 Hz, CH), 130.3 (d, JP-C = 11.6 Hz, CH), 128.9 (d, JP-C = 9.6 Hz, CH), 116.1 (d, JP-C = 11.6 Hz, CH), 115.8 
(d, JP-C = 12.6 Hz, CH), 109.6 (CH), 108.2 (CH), 47.1 (d, JP-C = 31.9 Hz, CH2), 40.6 (d, JP-C = 34.0 Hz, CH2); HRMS(ESI-TOF): calc’d for 
C36H32N2O2P2Cl2Ru [M]+ 758.0354; found 758.0356. Anal. Calcd for C36H32N2O2P2Cl2Ru.H2O: C, 55.68; H, 4.41; N, 3.61. Found: C, 55.47; H, 
4.37; N, 3.54. 

Synthesis of Ru-3 

A 25 mL Schlenk tube with magnetic stirrer was charged with the ligand L3-H (50 mg, 0.16 mmol) in degassed chloroform (3 mL) under 
argon atmosphere. After 5 minutes of stirring, [RuCl2(PPh3)3] (158 mg, 0.16 mmol) was added to the solution. The resulting clear red 
solution was allowed stir at room temperature under an inert atmosphere for 2 hours. The completion of the reaction was confirmed by 
the disappearance of the peak at 6 ppm in 31P NMR. Then solvent was evaporated to minimum volume (~1 mL) under vacuum. Subsequent 
addition of diethyl ether (4 mL) furnished brick red coloured solids. Washing the above solid with diethyl ether (3×4 mL) afforded the 
desired complex with 88% yield (103 mg, 0.14 mmol). Recrystallization of the complex by slow diffusion of diethyl ether in methanol 
furnished crystals suitable for X-ray diffraction studies. 1H NMR (400 MHz, CD3OD): δ 7.90 (br, 3H), 7.67 (t, J = 7.9 Hz, 1H), 7.31 (br, 9H), 
7.18 (d, J = 7.4 Hz, 2H), 7.09 (t, J = 7.9 Hz, 2H), 6.74 (d, J = 7.4 Hz, 1H), 6.66 (d, J = 8.2 Hz, 1H), 5.82 (d, J = 8.2 Hz, 1H), 4.09 (dd, J1 = 17.6 Hz, 
J2 = 9.1 Hz, 1H), 3.76-3.61 (m, 2H), 3.43-3.31 (m, 1H), 1.09 (d, J = 16.2 Hz, 9H); 31P {1H} NMR (162 MHz, CD3OD): δ 118.4 (d, J = 30.6 Hz), 38.7 
(d, J = 30.4 Hz); 13C {1H} NMR (101 MHz, CD3OD): δ 167.0 (quat-C), 166.4 (d, JP-C = 1.2 Hz, quat-C), 160.7 (quat-C), 158.0 (d, JP-C = 1.2 Hz, 
quat-C), 141.5 (CH), 139.0 (CH), 135.8 (br, quat-C), 131.0 (br, CH), 129.0 (d, JP-C = 9.4 Hz, CH), 116.0 (d, JP-C = 11.4 Hz, CH), 115.5 (d, JP-C = 
11.2 Hz, CH), 109.2 (CH), 107.9 (CH), 41.8 (d, JP-C = 28.8 Hz, CH2), 39.8 (d, JP-C = 26.2 Hz, CH2), 33.2 (d, JP-C = 32.7 Hz, quat-C), 26.4 (d, JP-C = 2.7 
Hz, CH3); HRMS(ESI-TOF): calc’d for C34H35N2O2P2ClNaRu+[M-H+Na]+ 725.0798; found 725.0801. Anal. Calcd for C34H36N2O2P2Cl2Ru: C, 55.29; 
H, 4.91; N, 3.79. Found: C, 54.50; H, 4.99; N, 3.80. 

 



Synthesis of Ru-4 

A 25 mL Schlenk tube with magnetic stirrer was charged with the complex Ru-1 (50 mg, 0.066 mmol) in a mixture of methanol (1 mL) and 
acetonitrile (4 mL) under argon atmosphere. After 5 minutes of stirring, KOH (8 mg, 0.14 mmol) was added to the solution. The resulting 
clear yellow solution was allowed stir at room temperature under an inert atmosphere for 6 hours. Then solvent was removed under 
vacuum. Solubilizing the complex with dichloromethane and cannula filtration after removed the insoluble KCl. Removal of solvent from 
the filtrate afforded the desired faint yellow complex with 75% yield (37mg, 0.05 mmol). Recrystallization of the complex by slow diffusion 
of pentane in dichloromethane furnished crystals suitable for X-ray diffraction studies. 1H NMR (400 MHz, CD2Cl2): δ 12.22 (br, 2H), 7.53-
7.50 (m, 1H), 7.42-7.38 (m, 2H), 7.30-7.23 (m, 5H), 7.17-7.05 (m, 13H), 6.99-6.95 (m, 1H), 6.13-6.06 (m, 3H), 5.83 (d, J = 8.5 Hz, 1H), 3.46-
3.23 (m, 3H), 2.75 (dd, J1 = 15.8 Hz, J2 = 8.8 Hz, 1H), 2.02 (s, 3H); 31P {1H} NMR (162 MHz, CD2Cl2): δ 67.08 (d, J = 28.5 Hz), 48.95 (d, J = 29.2 
Hz); HRMS(ESI-TOF): calc’d for C38H34N3O2P2Ru [M+H+H2O]+ 728.1164; found 728.1172. 

General procedure for the dehydrogenation 

A clean and dry Schlenk tube (5mL) was charged with complex Ru-2 (0.005 mmol, 1 mol%) in degassed toluene (0.5 mL). NaOH (0.05 mmol, 
10 mol%) was added to this opaque yellow solution. After stirring for 5 minutes, the appropriate alcohol (0.5 mmol) was mixed. This 
reaction mixture was stirred in a preheated oil bath at 150 °C. The reaction was monitored by TLC and GC. After the completion of the 
reaction, the reaction mixture was cooled to room temperature and solvent was evaporated. The crude reaction mixture was purified by 
silica gel column chromatography using petroleum ether and ethyl acetate mixture as eluent to get the desired ester. 

General procedure for the formic acid generation 

Degassed dimethyl sulfoxide (4 mL) and Ru-1 (5 mg, 6.59 µmol) were added in a 20 mL autoclave. The reactor was sealed, applied vacuum, 
then filled with argon (ten cycles) and then ended with vacuum. Carbon dioxide was introduced at 10 bar and the mixture was stirred at 
this pressure for 5 minutes. Then, molecular hydrogen was introduced under stirring at an initial pressure of 20 bar and slowly increased to 
reach a total pressure of 60 bar (pH2 ~ 50 bar). The resulting mixture was then stirred at 50 °C for 16h. After, the autoclave was cooled 
down to room temperature. Then the unreacted hydrogen and CO2 were carefully released. Addition of 100 µL of dimethylformamide 
followed by stirring for three minutes and analysis by 1H NMR (within 30 mins) allowed the determination of the turnover number and 
formic acid concentration. 
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