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Abstract: The [RuCl(dppe)2][OTf] (1) complex dehydrogenates formic acid under ambient conditions and 6 

results in the formation of trans-[Ru(η2-H2)Cl(dppe)2][OTf] (2) and trans-[Ru(η2-H2)H(dppe)2][OTf] (3) 7 

complexes. Addition of sodium formate to this reaction mixture increased the rate of formic acid 8 

dehydrogenation and complex 3 was obtained as the final product. Furthermore, complex 1 dehydrogenates 9 

formic acid catalytically in the presence of Hunig base.  After several catalytic cycles, quantitative amounts 10 

of H2 and CO2 were produced at 298 K. The proposed formate bound intermediates cis-[2-11 

Ru(HCO2)(dppe)2] were too unstable to be observable (or isolable), however, an analogous cis-[Ru(2-12 

CF3CO2)(dppe)2][OTf] complex (6) was synthesized and characterized. This complex also dehydrogenates 13 

formic acid and led to the formation of complex 3.  Based on NMR spectroscopic studies and other related 14 

chemical reactions, a plausible mechanism for formic acid dehydrogenation using complex 1 has been 15 

proposed. Moreover, 13C NMR spectral data on transfer hydrogenation of CO2 using complex 1 in presence 16 

of tert-butyl amine-borane (TBAB) as a secondary hydrogen source resulted in the amidation of CO2 to 17 

tert-butyl formamide. 18 

Introduction  19 

Water is considered as a cheap and abundant source of hydrogen, however,  release of hydrogen from water 20 

is not economically viable using currently available technologies.[1–4] In addition, hydrogen storage in the 21 

solid state using molecular hydrides such as ammonia-borane (H3N∙BH3, AB) is being investigated 22 

thoroughly from the standpoint of  hydrogen release under different conditions.[5,6] However, regeneration 23 

of AB from its dehydrogenated by-products, BNHx polymers is quite challenging. [5,6]  Liquid organic 24 

hydrides such as formic acid (FA) which could be obtained from biomass in large amounts, has been 25 

considered as an attractive choice  as hydrogen storage material[7–10]   for non-mobile applications where 26 

the low wt% hydrogen content is acceptable. Importantly, its dehydrogenation is highly favorable 27 

thermodynamically (∆Go = −33 kJ/mol ) and the free energy for its conversion to hydrogen (H2) and carbon 28 

dioxide (CO2) is quite low (∆Go = 4 kJ/mol) in aqueous phase.[11–14] Recent research interest in this small 29 

organic molecule resulted in the  development of numerous homogeneous dehydrogenation catalysts. [7–30 
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10][15–18][19][20][10,13,18,19,21–41][42] Many of these reported catalysts are Ru and Fe metal 1 

complexes which dehydrogenate formic acid/formate very efficiently.[10,17,18, 2 

19,21,24,26,27,30,33,34,36,38][43] For example, Beller and co-workers developed iron-based 3 

homogeneous catalyst which dehydrogenates HCO2H very efficiently under ambient conditions using eco-4 

friendly solvents without any base additives. They spectroscopically characterized formate bound 5 

complexes such as [Fe(2-HCO2)(PP3)]+ or [Fe(H)( 1-HCO2)(PP3)] as key intermediates in the catalytic 6 

cycle [PP3 = (P(CH2CH2PPh2)3][18]. Also, it was proposed the possibility of formic acid bound 7 

intermediate [(PP3)Fe(HCO2H)] formed when Fe(BF4)2·6H2O /PP3 was mixed with formic acid.[18][44] 8 

Furthermore, there have been several reports of mechanistic studies on active Ru-catalysts for efficient H2 9 

production from formic acid and the proposed formate bound ruthenium complexes [(HCO2)RuL] (L = 10 

phosphine, amine based ligands) as intermediates during catalysis.[26,33,36,38,45] Although there has 11 

been vast literature on formic acid dehydrogenation using molecular complexes as homogeneous 12 

catalysts,[7–10][15–18][19][20][10,13,18,19,21–41][42][43], it is imperative to characterize the key 13 

intermediates with intricate structural details such as its 2/1 binding modes to further understand the 14 

hydrogen elimination pathways from metal bound formic acid/formate. For examples, Gonsalvi and co-15 

workers reported intermediates such as formato, [Ru(3-triphos)(MeCN)(2-HCO2)] and diformato 16 

complex, [Ru(3-triphos)(1-HCO2)(2-HCO2)]  in the dehydrogenation of formic acid using Ru-17 

complexes ligated with triphos.[36]  In this context, further investigation of the mechanistic details of FA 18 

dehydrogenation would be beneficial for the development of finely tuned efficient catalytic systems of the 19 

next generation. Moreover, together with carbon dioxide conversion to formic acid, a sustainable cycle for 20 

hydrogen storage and release can be envisaged.[17][47] 21 

CO2 is a greenhouse gas, and its continuous  rise in concentration (from ~280 ppm of pre-industrial era 22 

to ~417 ppm in 2021), and venting ~35 GT per year into the atmosphere would lead to devastating effect 23 

of global warming.[48][49][50] Therefore, capture of CO2 and its recycling via CO2 activation and 24 

subsequent transformation into liquid fuels or useful C1 or C2 feedstock chemicals have become global 25 

research objectives for the past few decades.[11,12,14,47,51–56][57–66][67][68][69][70][46] The gas 26 

phase reaction of CO2 and H2 to HCO2H has a high positive ∆Go value (∆Go = +33 kJ/mol) because of an 27 

entropic contribution; however,  formation of formate is more favorable in aqueous ammonia solution (∆Go 28 

= −9.5 kJ/mol).[46] Thus, hydrogenation of CO2 in the gas phase at high temperature and pressure is energy 29 

intensive process, and hence it cannot be considered energetically and economically viable for large scale 30 

industrial applications for the production of C1 or C2 feedstock chemicals or fuels.  On the other hand, 31 

transfer hydrogenation is quite simple yet a very powerful method for the synthesis of various hydrogenated 32 
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compounds.[71–73][66,67,68–75, 76] Transfer hydrogenation of CO2 using secondary hydrogen carriers 1 

such as amine-boranes into FA (or its derivative, formamides) could be efficient strategies to surpass these 2 

bottlenecks. Though transfer hydrogenation is well studied, it has not been investigated thoroughly for CO2 3 

reduction. Recent studies by Stephan and co-workers on transfer hydrogenation of CO2 using amine-4 

boranes and frustrated Lewis pairs[85,86] have been inspiring to further investigate the intricate mechanistic 5 

details involved in these reactions.  6 

Previously,  Ru-complexes reported for catalytic FA dehydrogenation  were mostly six-coordinated and 7 

octahedral in geometry [26,33,36,38,45,46]; however, Pan et al. recently reported a highly active five 8 

coordinated Ru-complex bearing a dearomatized pyridine moiety and an imine arm.[87]  Herein, we present 9 

the mechanistic insights into FA dehydrogenation by an electrophilic, coordinatively unsaturated Ru-10 

complex, [RuCl(dppe)2][OTf] (1) (a pre-catalyst), having a distorted trigonal bypyramidal (tbp) geometry 11 

with chelating phosphine ligand (1,2-bis(diphenylphosphinoethane) (dppe)).[88]  Interestingly, despite  12 

being coordinatively unsaturated and electrophilic Ru-center, complex 1 dehydrogenated FA although  at a 13 

slow rate, yet  under ambient conditions and without any base. Thus, it not only offers further opportunities 14 

to explore the detailed kinetics but also to find the intricate details on formic acid/formate binding to 15 

Ru(dppe) fragment. For example, complex 1 reacts with silver trifuroacetate (AgCO2CF3) and results in the 16 

formation of cis-[Ru(2-CF3CO2)(dppe)2][OTf] (6) which is structurally similar to the in situ generated 17 

(proposed) catalyst cis-[Ru(2-HCO2)(dppe)2][OTf] formed  in the catalytic dehydrogenation of FA by 18 

complex 1 in presence of Hunig base (iPrNEt2). In addition, we briefly discuss the NMR spectroscopic 19 

studies on amidation of CO2 through transfer hydrogenation approach using tert-butyl amine-borane 20 

(tBuH2N∙BH3, TBAB, as hydrogen and amine source) and complex 1 as pre-catalyst. 21 

 22 

Results and discussion 23 

(i) Dehydrogenation of HCO2H using [RuCl(dppe)2][OTf] (1) and [Ru(2-CF3CO2)(dppe)2][OTf] (6) 24 

complexes 25 

(a) Dehydrogenation of HCO2H by complex 1 26 

Formic acid (FA), the smallest and the simplest of all carboxylic acids and a liquid under ambient conditions 27 

is considered as a very useful organic hydride, highly suitable as hydrogen storage material. By virtue of 28 

two distinct hydrogen atoms wherein one is relatively hydridic (−C−H) and other one protic (−O−H) in 29 

nature, it is possible to cleave it into its precursor molecules i.e., CO2 and H2 (∆Gᵒ  = −33 kJ/mol).[11–14] 30 

In addition, it has a low kinetic barrier (~4 kJ/mol) for its dehydrogenation under aqueous conditions.[11–31 
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14] It is an electron rich molecule and interacts strongly with highly electrophilic molecules; for example, 1 

HCO2H coordinates to Fe2+ in the Beller’s catalyst in which the metal ion is surrounded by four chelating 2 

phosphines (PP3 = P(CH2CH2PPh2)3) and undergoes hydrogen elimination.[18] Previously, we 3 

demonstrated that electrophilic, five-coordinated, 16-electron [RuCl(dppe)2][OTf] complex (1)  activates 4 

the B−H bond in ammonia-borane and related amine-boranes.[89] Complex 1 also undergoes nucleophilic 5 

attack of MeLi and leads to the formation of trans-[Ru(Me)(Cl)(dppe)2] complex.[90] Being a relatively 6 

mild nucleophile, HCO2H  reacts slowly with complex 1 and resulted in the formation of trans-[Ru(η2-7 

H2)(Cl)(dppe)2][OTf] (2) which showed the characteristic peaks −12.1 ppm for the coordinated dihydrogen 8 

and 50.2 ppm for dppe ligand in the 1H and 31P{1H} NMR spectra, respectively (Scheme 1, Figures 1a-b). 9 

[88][89] This ascertained that dehydrogenation of HCO2H  occurs and the evolved hydrogen gas is trapped 10 

by complex 1.  The reaction was very apparent by a prominent color change from dark red to orange-red 11 

and then to pale yellow. Signals for the dissolved H2 and CO2 were observed in the 1H and 13C NMR spectra, 12 

respectively (Figure S1). A peak at 59.3 ppm in the 31P{1H} NMR spectrum (Figures 1b) appeared along 13 

with complex 2 which slowly disappeared with time; and this signal could be attributed to a formic acid 14 

adduct of complex 1 i.e., trans-[Ru(HCO2H)Cl(dppe)2][OTf] (*) (Figure 1b and see proposed mechanism). 15 

Although it is known that formate could bind better than formic acid, previous reports also suggested the 16 

proposed formic acid bound metal complexes as intermediates.[18][29][44] However, in our studies, 17 

possibility of intermediacy of a formato complex  such as trans-[Ru(1-HCO2)Cl(dppe)2][OTf] cannot be 18 

ruled out; but  upon decarboxylation it would produce  trans-[Ru(H)Cl(dppe)2] complex (4) and not  19 

complex 2. Thus, based on our NMR spectroscopic observation of formation of complex 2 from complex 20 

1 and formic acid reaction (Scheme 1), we propose the intermediate trans-[Ru(HCO2H)Cl(dppe)2][OTf] 21 

(*)  as a very likely precursor for  complex 2. It took nearly 30 min for the quantitative conversion of 22 

complex 1 into 2 (Figures 1a-b). Though the concentration of 2 was low initially, it increased up to its 23 

maximum within 1 h. 24 

Scheme 1. Reaction of complex 1 with formic acid. Note: Complex 1 is unreactive towards O2, N2 and H2O 25 

[88] 26 

 27 

In addition to complex 2, we also observed the gradual formation of trans-[Ru(η2-H2)(H)(dppe)2][OTf] (3) 28 

complex[89][91] as a minor product (Scheme 1, Figures 1a-b, 1H and 31P{1H} NMR stack plots). Complex 29 
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3 showed distinct signals at −4.6 ppm (broad singlet) for the bound H2 ligand (Ru-(H2)), −10.5 ppm (quintet, 1 

2JHP ~20 Hz) for Ru-H in the 1H NMR and 68.8 ppm (singlet) for dppe ligand in the 31P{1H} NMR spectrum 2 

(Scheme 1, Figures 1a-b ).  3 

 4 

 5 

Figure 1. Partial (a) 1H NMR, (b) 31P{1H} NMR spectral stack plots with time showing formation of 6 

complexes 2 and 3 in the reaction of complex 1 (#) with formic acid at 298 K in CD2Cl2, * = trans-7 

[Ru(HCO2H)Cl(dppe)2][OTf], FA = Formic acid 8 

Stirring the reaction mixture for over two days did not result in further conversion of complex 2 to 3. 9 

However, adding sodium formate to the reaction mixture resulted in the complete conversion of 2 to 3 after 10 

1h of its addition (Scheme 2 and Figures 2a-b). Though it is not clear as to how the formate anion could 11 

help in this transformation, it is plausible that sodium formate  traps the proton of complex 2 (because it is 12 

acidic, pKa ~6)[88]) with concomitant formation of NaCl. The resulting five-coordinate, highly reactive, 13 

unobserved [RuH(dppe)2][OTf] (I*)[89] species reacts with the dissolved hydrogen gas in the  solution 14 
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leading to the formation of complex 3 (Scheme 2) [89][91]. We demonstrated this transformation at low 1 

temperature earlier using NMR spectroscopy.[89] 2 

 Scheme 2 3 

 4 

 5 

 6 
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Figure 2. (a) 1H and (b) 31P{1H} NMR spectral stack plots with time (SF = sodium formate, HB = Hunig 1 

Base) showing formation of complexes 2, 3 and 4 in the reaction of complex 1 with HCO2H (FA) at 298 K 2 

in CD2Cl2, * = trans-[Ru(η1-HCO2H)Cl(dppe)2][OTf] 3 

When Hunig base was added to the reaction mixture, dehydrogenation was noted with concomitant 4 

formation of trans-[Ru(H)(Cl)(dppe)2] complex (4) which shows a quintet at −18.9 ppm (2JHP ~ 20 Hz) and 5 

62.0 ppm in the 1H and 31P{1H} NMR spectra, respectively (Scheme 2, Figures 2a-b).[88][89]  6 

Hunig base is a highly reactive proton sponge which traps the available protons in the reaction mixture 7 

instantaneously and forms [HNiPr2Et]Cl (or [HNiPr2Et]OTf or [HNiPr2Et][HCO2]); then [HNiPr2Et]Cl 8 

would serve as a source of Cl– and reacts with complex 3 leading to the formation of  [Ru(H)(Cl)(dppe)2] 9 

complex (4). As mentioned earlier, complex 1 reacts with HCO2H slowly, however, in a controlled 10 

experiment when 10 L of Hunig base (iPr2NEt, HB), was added to the reaction mixture (after ~4 h of 11 

HCO2H addition), mild bubbling was observed, which is indicative of dehydrogenation of formate. The 12 

rate of bubbling gradually slowed down as the formate concentration dropped down. We recorded the NMR 13 

spectral data immediately upon HB addition and the 1H and 31P{1H} NMR spectra showed complexes 3 14 

and 4 and a small amount of cis-[RuH2(dppe)2] (5) which was previously reported by Grubbs. (Scheme 3, 15 

Figures 3a-b).[92] 16 

 17 

Scheme 3 18 

 19 

 Although we do not know how complex 5 is forming, however, based on the NMR spectroscopic studies 20 

(Figures 3a-b), it is proposed that complex 3 could be the likely precursor which undergoes deprotonation 21 

in presence of Hunig base leading to the formation of complex 5. Moreover, other possible route for the 22 

formation of complex 5 such as oxidative addition of H2 on the [Ru(dppe)2] species, cannot be ruled out 23 
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completely. Further addition of excess HCO2H to the reaction mixture resulted in its dehydrogenation and 1 

exclusive formation of complex 3 was noted (Scheme 3, Figures 3a-b). The 13C NMR spectrum evidenced 2 

complete dehydrogenation of HCO2H which was apparent from the disappearance of the characteristic 3 

signal of HCO2H upon addition of Hunig base; the evolved H2 and CO2 gases were detected by 1H and 13C 4 

NMR spectra, respectively (See SI). 5 

 6 

 7 

 8 

Figure 3. (a) 1H and (b) 31P{1H} NMR spectral stack plots with time (and HB or FA additions) showing 9 

complexes 2, 3, 4 and 5 in the reaction of complex 1 with HCO2H at 298 K in CD2Cl2, * = trans-10 

[Ru(HCO2H)Cl(dppe)2][OTf], FA = Formic acid, HB = Hunig base 11 

Once gas evolution ceased, subsequent addition of more HCO2H and Hunig base to the reaction mixture 12 

resulted in the re-initiation of gas evolution. Therefore, the reaction was tested for four consecutive runs 13 

using formic acid-Hunig base salt and each run resulted in gas evolution, indicating catalytic 14 

dehydrogenation of HCO2H by the ruthenium complex. We propose that the pre-catalyst complex 1 15 

generates a highly reactive and active catalyst in situ which is tentatively assigned as a formate bound cis-16 

[Ru(2-HCO2)(dppe)2][OTf] complex (vide infra in proposed mechanism). Furthermore, heating the 17 

reaction mixture to 60 ˚C led to vigorous bubbling indicative of rapid dehydrogenation of formic acid.  18 
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The highly reactive cis-[(2-HCO2)Ru(dppe)2][OTf] proposed catalyst participates in the catalytic 1 

dehydrogenation of formic acid only in the presence of Hunig base. After the complete dehydrogenation of 2 

HCO2H by the proposed catalyst cis-[Ru(2-HCO2)(dppe)2][OTf], exclusive formation of complex 3 (in 3 

presence of excess FA) or 4 (in presence of excess HB) as final products were observed in the 1H and 4 

31P{1H} NMR spectra (Figures 3a-b and vide infra proposed mechanism).  The proposed active catalyst 5 

was not observed under the reaction conditions due to its instability, since it could undergo -hydride 6 

elimination and decarboxylation, and other possible side reactions such as replacement of the bound 7 

formate by H2 or Cl−.  8 

To obtain further insight into the mechanism, it is crucial to obtain evidence for the formate bound 9 

intermediate. It should be noted that in presence of excess HB, formic acid exists as diisopropyl ethyl 10 

ammonium formate anion, [HNiPr2Et][HCO2], a nucleophile. This species is prone to 11 

dehydrogenation/decarboxylation. It could react with complex 1 or complex 2 and result in the formation 12 

of the proposed active catalyst (vide infra proposed mechanism). However, when complex 1 was reacted 13 

with formic acid and Hunig base salt (obtained from formic acid and Hunig base in 1:1 ratio), it resulted in 14 

an instantaneous color change from dark red to yellow and exclusive formation of complex 4 as noted in 15 

the 1H and 31P{1H} NMR spectra (Scheme 4, see SI for spectra). [88][89] This indicates that complex 1 16 

undergoes nucleophilic attack of formate anion leading to the formation of trans-[Ru(HCO2)(Cl)(dppe)2] 17 

as an intermediate. This species undergoes subsequent decarboxylation with a concerted hydride migration 18 

(after formyl C−H bond cleavage) resulting in the formation of complex 4 with a trans geometry (we cannot 19 

rule out the possibility of other pathways which are shown in the SI). This reaction was found to be too 20 

rapid that the formate bound intermediate could not be observed.   21 

Scheme 4. Reaction of complex with formic acid and Hunig base (FAHB) salt at 298 K 22 

 23 

It is to be noted in this reaction that complex 4 was formed exclusively instead of complexes 2 and 3 24 

which is very likely because the proton from formic acid is no more available since it is already trapped 25 

by the proton sponge (Hunig base). To further support our proposal of in situ generation of catalyst (see 26 

proposed mechanism in Scheme 5), a similar reaction of complex 1 with another carboxylate anion, silver 27 

trifluroacetate was carried out independently (Scheme 6); this reaction resulted in an instantaneous color 28 

change from dark red to yellow accompanied by the formation of white precipitate. The 1H, 31P{1H} and 29 
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19F NMR spectral data evidenced the formation of a cis-[Ru(2-CF3CO2)(dppe)2][OTf] complex (6) 1 

(Scheme 6, Figure S5 & S6 for NMR spectral data). The 31P{1H} NMR spectral features corroborate with 2 

a previous literature report[93] and suggest a cis geometry for the complex 6. These observations support 3 

our proposal for the in-situ formation of the plausible formate bound catalyst cis-[Ru(2-4 

HCO2)(dppe)2][OTf] because it has the same chelating carboxylate anion as a functional group and hence 5 

exhibits same coordination mode as that of formate anion. 6 

Scheme 5. Proposed mechanism of formic acid dehydrogenation by complex 1 7 

 8 

Scheme 6 9 
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 1 

(b) Dehydrogenation of HCO2H by cis-[Ru(2-CF3CO2)(dppe)2][OTf] complex (6) 2 

Although complex 6 is quite stable thermodynamically, due to lack of hydrogen atoms on the carboxylate 3 

group of coordinated trifluroacetate, yet the ligand is very labile in nature. Its weakly coordinative property 4 

could be attributed to the electron withdrawing nature of CF3 group and resonance stabilized carboxylate 5 

anion. Addition of formic acid (~10 L) to complex 6 at 298 K resulted in exclusive formation of complex 6 

3 within 40 min (Scheme 7, see SI for NMR spectra). It is interesting to note that this reaction takes place 7 

in the absence of any added base. This observation provided some insights into the mechanism of formation 8 

of complex 3 from the Ru-formate intermediate. 9 

Scheme 7 10 

 11 

As formate anion is a better donor than trifluroacetate ligand, it replaces the weakly coordinated 12 

trifluroacetate which gets eliminated as trifluroacetic acid (Scheme 8). Furthermore, the possibility of 13 

reverse reaction taking place could be considered, since trifluroacetic acid is more acidic than formic acid. 14 

These two reactions could lead to a dynamic equilibrium however, spectral data do not support any such 15 

equilibrium process. Thus, it could be envisaged that the replacement of trifluroacetate ligand by formic 16 

acid/formate could occur rapidly precluding the observation of protonation of formate by trifluroacetic acid.  17 

The 31P{1H} NMR spectral stack plot with time showed complete conversion of complex 6 into an 18 

intermediate upon addition of formic acid which showed a singlet at 57.0 ppm (see SI) suggesting a trans 19 

geometry, and tentatively assigned as trans-[Ru(1-HCO2)(HCO2H)(dppe)2][OTf] (I1) (Scheme 8). A 20 

similar singlet peak was noted at 59.3 ppm in the 31P{1H} NMR spectrum in the dehydrogenation of formic 21 

acid by complex 1 along with complex 2 which was ascribed to a similar species with tentative structure 22 

trans-[Ru(HCO2H)Cl(dppe)2][OTf] (I) as mentioned earlier (Scheme 5).  One of the plausible pathways 23 

for dehydrogenation of formic acid by complex 6 is the formation of intermediate I1 with concomitant 24 
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CF3CO2H elimination (Scheme 8, step i). This could further undergo decarboxylation from the bound 1 

formate first with formation of an intermediate species (unobserved), trans-[Ru(H)(HCO2H)(dppe)2][OTf] 2 

(I2) (Scheme 8, step ii). The intermediate I2 could result in the formation of complex 3 upon decarboxylation 3 

(Scheme 8, step iii). Although the dehydrogenation/decarboxylation steps ii and iii could occur either in a 4 

stepwise or concerted manner, it could be possible that another pathway involving a competition between 5 

formate and formic acid for decarboxylation might exist, which cannot be ruled out (see SI, Scheme S2). 6 

Scheme 8. Proposed mechanism for dehydrogenation of HCO2H by complex 6 7 
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(c) Measurement of evolved H2 and CO2 gases from dehydrogenation of HCO2H by 9 

[RuCl(dppe)2][OTf] complex (1) 10 

Complex 1 reacts with formic acid (HCO2H, 20 L, 0.52 mmol) slowly and subsequently 11 

dehydrogenates/decarboxylates it which was quite evident from the formation of complex 2 and also from 12 

the spectroscopically detected dissolved H2 and CO2 in the reaction mixture (Figure S1). The measurement 13 

of evolved H2 and CO2 gases in this reaction yielded very low quantity (~1.4 mL) even after ~30 min 14 

(Figure 4, black square curve).  When Hunig base (100 L, 0.6 mmol) was added, rapid dehydrogenation 15 

of HCO2H was noted. In the presence of Hunig base, dehydrogenation/decarboxylation of formic acid 16 

proceeded nearly to completion within ~30 min and quantitative amount (~24 mL) of gas was evolved 17 

(Figure 4, red circle curve). 18 
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 1 

Figure 4. Plot of volume (mL) of H2 + CO2 vs time (min) for catalytic dehydrogenation of formic acid (FA) 2 

in presence of Hunig base (HB) by precatalyst 1 in CH2Cl2 at 298 K 3 

 4 

Subsequently, four consecutive runs of dehydrogenation/decarboxylation were performed by adding formic 5 

acid-Hunig base salt and each run yielded quantitative amount (24-29 mL) of H2 + CO2 gas (Figure 4). The 6 

average of all four runs plotted in the same graph (Figure 4, pink triangle curve), gave a balanced saturation 7 

curve (Figure S3) which prompted us to conclude that complete dehydrogenation/decarboxylation of formic 8 

acid (20 L, 0.52 mmol) had taken place. Within ~30 min, the reaction was complete and thus, the overall 9 

turnover number (TON) and turnover frequency (TOF) for this reaction after four consecutive runs were 10 

calculated to be 416 and 832 h-1, respectively. We also noted that increasing the temperature and amount 11 

of formic acid led to vigorous dehydrogenation/decarboxylation.  12 

It should be noted that these measurements were carried out using dried and degassed dichloromethane. 13 

However, when the catalyst was exposed to air and dichloromethane was not degassed, its decomposition 14 

took place after the second run. The pale yellow colored solution changed to green-yellow slowly and 15 

finally to dark green solution after several runs. Nevertheless, the dark green solution was found to 16 

dehydrogenate/decarboxylate formic acid catalytically and the 1H and 31P{1H} spectral data suggest that 17 

dppe ligand got oxidized to dppeO and it is accompanied (see Figure S8 & S9) by the formation of an 18 

unidentified Ru(dppe) fragment.19 

(d) Amidation of CO2 using tert-butyl amine-borane (tBuH2N∙BH3, TBAB) using [RuCl(dppe)2][OTf] 20 

complex (1) 21 

In a pressure stable NMR tube, a reaction of sodium borohydride (NaBH4) with formic acid (HCO2H) in 22 

presence of complex 1 at 298 K resulted in the formation of methyl formate (Scheme 9). Formation of 23 
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methyl formate ester was confirmed by 13C NMR spectrum (Figure S11). Since the reaction proceeded 1 

slowly (~12 h), it prompted us to use a soluble primary amine-borane such as tert-butyl amine-borane 2 

(tBuH2N∙BH3, TBAB) as a reducing agent instead of the sparingly soluble NaBH4. Considering the 3 

solubility and reducing property of TBAB, it was tested for the reduction of formic acid using complex 1 4 

in a pressure stable NMR tube at (Scheme 9). This reaction yielded N-tert-butyl formamide and other 5 

carbonyl intermediates (unidentified) signals were noted in the 13C NMR spectrum (Figure S12). 6 

Scheme 9. Reduction and amidation of formic acid 7 

 8 

 9 

Therefore, similar to formic acid transformation to N-tert-butyl formamide by TBAB, transfer 10 

hydrogenation of CO2 was also carried out using TBAB and complex 1 under ambient conditions. 11 

Interestingly, this reaction resulted in the formation of N-tert-butyl formamide which was characterized by 12 

13C NMR spectroscopy (Scheme 10, Figure 5).  In addition to signals due to unidentified species, peaks for 13 

formyl hydrogen atoms of N-tert-butyl formamide isomers at 7.3 and 8.0 ppm were noted in the 1H NMR 14 

spectrum. The 1H and 31P{1H} NMR spectra also showed signals for complexes trans-[Ru(2-15 

H2)H(dppe)2][OTf] (3) and trans-[RuHCl(dppe)2][OTf] (4) (Figure S13).  16 

Scheme 10. CO2 amidation through transfer hydrogenation using complex 1 and tBuH2N·BH3 17 

 18 

 19 

Note: Transfer hydrogenation of CO2 to N-tert-butyl formamide was also brought about by the pre-catalyst 20 

[RuCl2(PPh3)3] in presence of TBAB as secondary hydrogen carrier (Figure S14) 21 

 22 
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 1 

Figure 5.  13C NMR spectrum of the reaction mixture for transfer hydrogenation of CO2 using TBAB in 2 

presence of complex 1 in CH2Cl2 at 298 K showing N-tert-butyl formamide (*).  3 

Although several reports on mechanistic studies of CO2 reduction in presence of amines/phosphines are 4 

available in the literature[94][59][95][96][97][52]; reports on transfer hydrogenation of CO2 using amine-5 

boranes are scarce. [85,86] Sanford et al. reported hydrogenation of CO2 to methanol at 50 bar of H2 and 6 

155 oC in THF using Ru-catalysts in presence of an amine.[94] 7 

Previously, we reported on the rapid dehydrogenation of ammonia-borane (H3N∙BH3) and related amine-8 

borane (Me2HN∙BH3) by [RuCl(dppe)2][OTf] complex (1).[89] In these reactions no dissolved NH3 and 9 

Me2NH were detected, however, we indeed observed the formation of Ru-amine complexes upon B−N 10 

bond cleavage.[89] Similarly, complex 1 was also found to be quite reactive towards TBAB and resulted 11 

in rapid dehydrogenation along with formation of complexes 2, 3, and 4. More importantly, this reaction 12 

showed concomitant elimination of free amine (tBuNH2) upon B−N bond cleavage (Figure S10) which 13 

facilitates the hydrogenation of CO2 into formate and then subsequent amidation to formamide in presence 14 

of Ru-complexes 2, 3, and 4  at relatively low pressure of CO2 (5-10 bar) and 298 K. 15 

Based on previous reports of carbon dioxide reduction in presence of amines[94][59][95][96][97][52] and 16 

our NMR spectroscopic studies, we propose two plausible pathways (i) through carbamate (path A) and (ii) 17 

through formic acid or formate (path B) for the transfer hydrogenation and subsequent amidation of CO2 18 

(Scheme 11). From our spectral data analysis, path B would be more likely, however, path A cannot be 19 

ruled out.  Further investigations to elucidate a detailed mechanism are in progress. 20 

 21 

Scheme 11. Proposed mechanism for amidation of CO2 using TBAB in presence of complex 1 22 
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 1 

 2 

 3 

Conclusions 4 

 In this article, we showed that the five-coordinated and electrophilic [RuCl(dppe)2][OTf] (1) complex is 5 

moderately reactive towards formic acid and slowly dehydrogenated it under ambient conditions resulting 6 

in the formation of trans-[Ru(2-H2)Cl(dppe)2][OTf] (2) (major) and trans-[Ru(2-H2)H(dppe)2][OTf] (3) 7 

(minor). Addition of Hunig base to the reaction mixture resulted in the catalytic dehydrogenation of formic 8 

acid and produced quantitative amount of H2 and CO2 along with complex 4. Also, we found that the cis-9 

[Ru(2-CF3CO2)(dppe)2][OTf] (6) complex readily dehydrogenated formic acid leading to complex 3. 10 

Further, we demonstrated the transfer hydrogenation and subsequent amidation of CO2 by complex 1 in 11 

presence of tert-butyl amine-borane. Based on NMR spectroscopic studies, control experiments and 12 

previous reports, plausible mechanisms for formic acid dehydrogenation and CO2 amidation have been 13 

proposed. These initial mechanistic insights into mechanism obtained for Ru-complex catalyzed formic 14 

acid dehydrogenation and carbon dioxide amidation offer opportunities to further investigate their detailed 15 

kinetics and thermodynamics aspects in different solvents using isotopically labelled (DCO2H) which 16 

would lead us to design better performance catalysts. 17 

 18 

Experimental Section 19 

General procedures  20 
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All manipulations were carried out under a dry and oxygen-free N2 atmosphere using standard Schlenk and 1 

inert-atmosphere techniques unless otherwise specified. Reagent-grade solvents (hexanes, petroleum ether, 2 

tetrahydrofuran (THF), diethyl ether) were dried and distilled under N2 atmosphere from Na–benzophenone 3 

just before use. Dichloromethane was first dried and distilled over P2O5 and then dried and distilled over 4 

CaH2. Methanol was dried and distilled using MgI2, whereas acetone was dried and distilled over K2CO3. 5 

Dichloromethane-d2 (CD2Cl2) was purchased from Cambridge Isotopes Ltd. USA and distilled over CaH2 6 

before use. [RuCl(dppe)2][OTf] (1) was prepared using the reported method[98] and [Ru(2-7 

CF3CO2)(dppe)2][OTf] (6) was synthesized using complex 1 and silver trifluroacetate (AgCO2CF3, 8 

purchased from Sigma-Aldrich). Formic acid (HCO2H, FA) and tert-butyl amine-borane (tBuH2N∙BH3, 9 

TBAB) were purchased from Sigma-Aldrich and used as received. NaBH4 and Hunig base (HB) were 10 

purchased from S.D. Fine Chemicals Pvt. Ltd., India and CO2 (99.95%) from Bhuruka Gas Pvt. Ltd., India. 11 

The 1H, 31P{1H}, 13C and 19F NMR spectral data were obtained using an Avance Bruker 400 MHz 12 

spectrometer. The 1H and 13C NMR spectra were referenced using the residual proton signal and 13C signal 13 

of CD2Cl2, respectively. Whenever CH2Cl2 was used for the reactions, appropriate quantity of CD2Cl2 was 14 

added to the sample to obtain the NMR spectra. The 31P{1H} NMR spectra were recorded relative to 85% 15 

H3PO4(aqueous solution) as an external standard and 19F NMR spectral signals were referenced using 16 

CFCl3. 17 

(i) Dehydrogenation of formic acid by [RuCl(dppe)2][OTf] complex (1)  18 

In a 5 mm pressure stable NMR tube, complex 1 (~11 mg, 0.01 mmol) was dissolved in 0.5 mL of dry and 19 

distilled CD2Cl2. HCO2H (10 L, ~0.26 mmol) was added to it and immediately capped with a septum. It 20 

was shaken for nearly 10-15 min. During this time, solution turned from dark red to orange and then finally 21 

to pale yellow. No gas evolution was noted. The 1H and 31P{1H} NMR spectra were recorded with time 22 

which showed intermediates en route to the final products trans-[Ru(2-H2)Cl(dppe)2][OTf] (2) and trans-23 

[Ru(2-H2)H(dppe)2][OTf] (3). Same reaction was carried out in presence of excess non-nucleophilic base 24 

(proton sponge), Hunig base (iPr2NEt, HB, 50-100 L, ~0.3-0.6 mmol), and in this case continuous gas (H2 25 

+ CO2) evolution was observed even after five runs of HCO2H dehydrogenation at 298 K accompanied by 26 

formation of trans-[RuHCl(dppe)2] complex (4) as final product. 27 

(ii) Measurement of evolved H2 and CO2 gases from catalytic dehydrogenation of formic acid by 28 

complex 1 29 

To a two neck Schlenk round bottomed flask was attached a gas burette (filled with water); the flask was 30 

charged with complex 1 (~6 mg, 0.005 mmol) and dissolved in 2.0 mL of dichloromethane. HCO2H (~20 31 

L, ~0.52 mmol) was added to it through a septum using a syringe. It was stirred continuously and 32 
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prominent color changes from dark red to orange and then finally to pale yellow were noted. Gas evolution 1 

was apparent in the form of downward displacement of water in the burette with time. The rate of gas 2 

evolution was very slow initially, however, addition of Hunig base (100 L, 0.60 mmol) led to vigorous 3 

gas bubbling. The volume of gas evolved was measured for four consecutive runs using formic acid-Hunig 4 

base (FAHB) salt [FA (~20 L, ~0.52 mmol) and HB (~100 L, ~0.60 mmol)] in dichloromethane at room 5 

temperature.  6 

Note: Catalytic dehydrogenation was observed only in presence of Hunig base. 7 

(iii) Synthesis of cis-[Ru(2-CF3CO2)(dppe)2][OTf] (6) complex and its reaction with HCO2H  8 

In a 5 mm NMR tube, complex 1 (~11 mg, 0.01 mmol) and silver trifluroacetate (~2.5 mg, ~0.01 mmol) 9 

were dissolved in 0.5 mL of CD2Cl2.  It was shaken for ~5 min, the color turned from dark red to yellow 10 

accompanied by precipitation of a white residue at the bottom of the NMR tube. The 1H, 31P{1H}, and 19F 11 

NMR spectra (Figures S5 & S6) were recorded which revealed the formation of cis-[Ru(2-12 

CF3CO2)(dppe)2][OTf] (6). Complex 6 was reacted with formic acid (10 L, 0.26 mmol) in CH2Cl2 which 13 

resulted in a color change from intense yellow to pale yellow. The 1H, and 31P{1H} NMR spectral data 14 

showed dehydrogenation of formic acid along with formation of trans-[Ru(2-H2)H(dppe)2][OTf] (3) 15 

complex (see SI for details).  16 

(iv) Amidation of CO2 using [RuCl(dppe)2][OTf] complex (1) in presence of tBuH2N∙BH3 17 

In a pressure stable NMR tube, complex 1 (~11 mg, 0.01 mmol) and tBuH2N∙BH3 (~10 mg, 0.11 mmol) 18 

were dissolved in 0.5 mL of CH2Cl2 at 298 K. Vigorous gas evolution was observed and the NMR tube was 19 

immediately capped. Then, 5-10 bar of CO2 was pressurized using a high-pressure Swagelok set up and 20 

stirred overnight. The 1H, 31P{1H}, and 13CNMR spectra were recorded which showed N-tert-butyl 21 

formamide and trans-[Ru(2-H2)H(dppe)2][OTf] (3) and trans-[Ru(H)(Cl)(dppe)2][OTf] complexes (4). 22 
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