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ABSTRACT : Formic acid could play an important role in the energy transition if robust catalysts 

for its efficient dehydrogenation are developed. Most importantly, additive-free protocols are 

sought to reduce the cost and simplify the dehydrogenation process. Ideally, the highest energy 

concentration requires the use of neat formic acid for which only a few catalysts, active under 

additive-free conditions, have been reported. We have prepared several new ruthenium and iridium 
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complexes incorporating dipyridylamine ligands with various electronic and steric properties. 

Among all these complexes, the air stable Ir8 bearing a bis-dimethylamino-substituted 

dipyridylamine ligand displayed the best performances in the dehydrogenation of aqueous 

solutions of formic acid in the absence of any additives. The same catalyst could also 

dehydrogenate neat formic acid with a TOF of 11373 h-1 at 80 °C. High H2/CO2 pressure, CO- free 

gas stream and catalyst latency enabling storage and further use of FA/catalyst premix have been 

achieved. Experimental and theoretical studies have highlighted the roles of dipyridylamine and 

SO4 ligand in the dehydrogenation process.  

INTRODUCTION 

The inevitable decline of fossil resources has already begun and intense researches are underway 

to find alternative ways to feed both the energy supply chain and the chemical industry. There are 

several options for the transition to sustainable energy sources, such as hydro- and geothermal 

energy. Solar and wind energy are also at the forefront of sustainable energy, but they suffer from 

a major problem related to their intermittent nature and the inability to store large quantities of 

electricity. Osmotic energy has also seen important developments in the recent time.1 Although its 

origins date back to the 1970s, hydrogen as an energy carrier has really taken off in the last 15 

years. In his early introduction on hydrogen economy in 1972, Bockris proposed that the electricity 

carrier for future generations should not be electrons but hydrogen.2 Indeed, hydrogen can be 

stored on large scale and used to generate electricity on demand using fuel-cells. Hydrogen, turns 

to be a versatile energy carrier, however, due to its dangerousness and gaseous nature, its storage 

and transportation suffers from some issues.3 Besides its utility in the energy sector, hydrogen also 

plays an important role in chemical reduction processes. These processes have been used for a 



 3 

long time in many industrial processes, but they will undoubtedly increase significantly in the near 

future due to the transition from low-oxidation state fossil resources to high-oxidation state 

renewable resources as raw materials for the chemical industry.4  

While the chemical industry's hydrogen supply chain is well established, the development of a 

hydrogen-based energy chain will certainly put the hydrogen sector under stress, creating the need 

for new hydrogen production, storage and transport routes. If water splitting5 using renewable 

energy seems to be the future direction for the production of “green hydrogen”,6 hydrogen storage 

and transportation is a complex issue to address due to the hazardous and gaseous nature of 

hydrogen.7 For these reasons, the storage of hydrogen in non-hazardous or low-hazard organic 

molecules has been attracting interest in the past two decades. 8  Among these liquid organic 

hydrogen (LOHC) carriers, formic acid is considered, for several reasons, as one of the realistic 

options for hydrogen storage.9  First, formic acid which is currently essentially produced from 

fossil resources could also be produced in more sustainable fashions in a carbon neutral process 

by CO2 hydrogenation using (captured) CO2 and (green) hydrogen. However, CO2 hydrogenation 

to formic acid is not at all a trivial reaction and other routes such as the transformation of 

lignocellulosic biomass are also in progress. 10  Secondly, formic acid can be used to deliver 

hydrogen on demand for energy production, and it can also be directly engaged in chemical 

reduction processes as a hydrogen donor. This versatility makes formic acid one of the key 

compounds to meet the challenges of the energy and chemical transition. Homogeneous 

organometallic catalysts have been reported for the dehydrogenation of formic acid as well as for 

its use as a hydrogen donor in reduction processes. In both domains, basic additives have been 

used in the vast majority of cases in order to ensure catalytic turnovers.11,12 The stability of catalysts 

in acidic conditions is also a major issue to consider. 
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Recently, we have synthesized versatile ruthenium and iridium catalysts based on N,N-chelating 

dipyridylamine ligand13 which are able to perform the base-free reduction of levulinic acid, a 

biosourced platform chemical precursor for a number of chemicals,14 into γ–valerolactone (GVL)15 

and N-heterocycles.16 The same catalysts also displayed high performances in the domain of Liquid 

Organic Hydrogen Carriers since some of them exhibited very high performances for the base- 

free dehydrogenation of aqueous solutions of formic acid and dehydrogenation of neat formic 

acid.17,18,19 In this article, we present our research on the synthesis of new iridium and ruthenium 

complexes with the aim of increasing the performance and elucidating the catalytic mechanism of 

the dehydrogenation of formic acid. Several new complexes featuring electron-rich ligands have 

been prepared and evaluated in the dehydrogenation of formic acid. In particular, a high TOF was 

obtained with an iridium catalyst in the dehydrogenation of aqueous and neat formic acid in the 

absence of any additive. Mechanistic investigations evidenced the crucial role of the SO4
2- anion 

in the dehydrogenation process. 

RESULTS AND DISCUSSION 

Catalyst syntheses 

A number of studies highlight the value of using electron-enriched metal complexes,20  showing a 

strong correlation between the activity and hydricity of the catalysts.21 Numerous examples also 

highlight the crucial role of H-bond networks in the mechanism of catalytic dehydrogenation of 

formic acid.22 Based on these considerations, 3 families of dipyridylamine ligands were developed, 

one with electron-donating substituents, one with H-bond donor groups in the close vicinity of the 

metal centre and the last one with both an electron-donating substituent and a H-bond donor group. 

Steric effects were also investigated by preparing dipyridylamine ligands substituted at the 6-
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position with methyl- and methoxy- substituents. The synthesis of all the dipyridylamine ligands 

was performed using Pd-catalyzed amination reactions as illustrated in Figure 1 for the synthesis 

of the 4,4’-(dimethylamino)-2,2’-dipyridylamine ligand L4 (see ESI for full details of ligand 

syntheses including previously reported L1 and L2-L3).  

 

Figure 1 Synthesis of the 4,4’-(dimethylamino)-2,2’-dipyridylamine ligand L4 

Previous studies with (Ru(dipyridylamine)(6-p-cymene))OSO3) catalyst Ru1 (Figure 2) revealed 

the modest performances of this complex in formic acid dehydrogenation.15 The synthesis of 

electron rich complexes was then performed using Cp* and dipyridylamine ligands functionalized 

by electron donating dimethylamino-group, which are among the more electron-donating neutral 

organic substituents. The new complexes Ru2-Ru5 were obtained as red powders in 81-87% yield 

(Figure 2).  
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Figure 2 Ruthenium catalysts synthesis. (Ru1 was previously reported15b) 

 

Similarly, the new cationic iridium complexes Ir2, Ir9, Ir10, Ir11 were prepared in good to 

excellent yields from [Cp*IrCl2]2 (Figure 3). Abstraction of the chloride ligand provided the new 

zwitterionic complexes Ir4, Ir5, Ir8, Ir12, Ir13, Ir14 also isolated in good to excellent yields. The 

zwitterionic nature of these complexes was assumed based on previous results15b and confirmed 

hereafter for Ir8. It is worth mentioning that these 18-electron complexes are air stable and can be 

stored for weeks on the benchtop without strict exclusion of air. 
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Figure 3 New iridium complexes (Ir1, Ir3, Ir6, and Ir7 were previously reported15b,17) 
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Several complexes could be crystallized and their molecular structure determined by X-Ray 

diffraction. In particular, the molecular structures of Ir2 and Ir8 bearing the bis-4,4’-

dimethylamino-dipyridylamine ligand were obtained, evidencing the zwitterionic nature of Ir8 in 

the solid state (Figure 4). 

 

  

Figure 4 Molecular structures of Ir2 (left) and Ir8 (right). Ellipsoids are shown at 30% 

probability. H atoms are omitted for clarity. 

 

Some structural parameters were gathered and compared between the already reported complexes 

Ir1, Ir3 and the new complexes Ir2, Ir8. As depicted in Table 1, no major structural variations 

could be denoted between these complexes. Therefore, any variation of the catalytic performances 

within these catalysts should be attributed to electronic rather than steric influence. Finally, it is 

worth noting the planar geometry of the dimethylamino-substituent in Ir8 (∑ bond angles around 

N4 & N5 = 360°) along with a short Car-N bond length (1.35 Å) while the bridging amine was 

nearly planar (∑ bond angles around N3 = 353°) with Car-N bond length of 1.40 Å).23 These 

structural properties reflect the conjugation of the nitrogen electron pair with the phenyl rings. 
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They are also an indication of the weak basicity of this amino ligand having in mind that these 

complexes will be used in acidic media.  

Table 1 selected bond lengths and bond angles for Ir2, Ir8, compare with Ir1, Ir3.a 

 Ir2 Ir1  Ir8 Ir3 

 

  

 

  

Ir1-Cl1 2.405 2.38 Ir1-O1 2.094 2.101 

Ir1-N1 2.089 2.094 Ir1-N1 2.090 2.104 

Ir1-N2 2.093 2.102 Ir1-N2 2.087 2.096 

Ir1- Cp* 

centroidb 
1.779 1.778 

Ir1- Cp* 

centroidb 

1.783 
1.786 

N1Ir1N2 83.22 83.96 N1Ir1N2 83.01 84.06 

Cl1Ir1N1 87.47 87.68 O1Ir1N1 80.39 79.63 

Cl1Ir1N2 88.03 87.59 O1Ir1N2 79.52 82.73 

C1N3C8 126.2 127.90 C1N3C8 125.5 125.1 

PyN3Pyc 152.1 153.55 PyN3Pyc 147.2 146.5 

aBond lengths (Å), angles (deg). bCtd = Cp* centroid. cAverage plane calculated from pyridine 

rings and N3. 

 

Complex Ir11 bearing a doubly-modified dpa ligand was also characterized by X-Ray diffraction 

(Figure 5). As for the previously described complexes, we did not observe any major changes in 

the main structural data (see ESI), except for a slight lengthening of the Ir-N bond of the pyridine 

ring bearing the hydroxyl group due to increased steric hindrance (2.136 in Ir11 vs 2.094 in Ir1). 



 10 

Most importantly, a hydrogen bond was observed between the chloro-ligand and the hydroxyl 

group with a bond length of 2.21 Å (O-H---Cl) (Figure 5). This observation validates our initial 

hypothesis which consisted in bringing an H-bond donor that could participate in an H-bond 

network in the immediate vicinity of the metal center. 

 

Figure 5 X-Ray molecular structure of Ir11. Ellipsoids are shown at 50% probability. 

 

Formic acid dehydrogenation 

Ideally, formic acid should be dehydrogenated under mild condition without the need for any 

additives in particular basic additives very often used for this transformation. Additives not only 

affect the cost and environmental impact of the process, but they can also lead to contamination of 

the gas stream, which will then need to be purified. In addition, it is very preferable to use highly 

concentrated formic acid solutions or, eventually, pure formic acid since dilution results in a 

decrease in volumetric energy content (1 L of pure FA stores 26.5 mole of H2 whereas 1 L of a 3 
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M solution of FA stores only 3 mole of H2). To date only very few catalysts have been reported to 

meet these very challenging experimental conditions.17,19 

All the complexes synthesized have been evaluated in the catalytic dehydrogenation of formic 

acid in the absence of any additives (Scheme 1).  

 

 

Scheme 1 Formic acid dehydrogenation 

Ruthenium complexes were first examined in water at 80 °C with a low catalyst loading of 0.01 

mol% and their performances compared to the previously reported (Ru(dipyridylamine)(6-p-

cymene))OSO3) Ru1.15b As depicted in Table 2, Ru4 and Ru5 displayed improved performance 

and highlighted the benefit resulting from the introduction of a second dimethylamino-substituent 

on the dipyridylamine ligand. Disappointingly the use of the more electron rich Cp* ligand did not 

induce a major benefit as Ru2 was only slightly more efficient than Ru1. Nevertheless, this matter 

of fact also questions the influence of the counter-ion, SO4
2- for Ru1 vs PF6

- for Ru2. Finally, 

another insight of these results concerns the crucial role of the bridging amine of the 

dipyridylamine ligand, as the tertiaryamine-bridged Ru3 was found to be poorly active for the 

dehydrogenation of FA. This information is crucial as it will be developed later. 
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Table 2 Dehydrogenation of formic acid with ruthenium complexesa 

Entry Catalyst TOF (h-1)b 

1 Ru1 338 

2 Ru2 388 

3 Ru3 92 

4 Ru4 614 

5 Ru5 799 

Conditions: aFA (4 mmol, 2 M), catalyst (0.01 mol%), H2O (2 mL), 80 °C. bbased on gas 

volume released and measured with a digital flowmeter at t = 10 min. All reactions were 

duplicated without significant variations (± 5%) 

 

Iridium catalysts were more thoroughly investigated as they are known to achieve higher 

performances than ruthenium catalysts. The same trend observed with ruthenium catalysts has 

emerged here. The electron donating group -NMe2 on the dpa ligand brought higher TOFs 

(Ir8>Ir7>Ir3, Table 3 entries 2, 6, 7). The highest activity ever obtained with an Ir-dipyridylamine 

catalyst was thus achieved with Ir8 (20441 h-1). This catalyst led to full conversion of FA in 35 

min (TON 10000). The iridium chloride Ir2 was not very active for this reaction although the two 

dimethylamino-groups improved somehow the activity (Table 3, entry 1) when compared to Ir1 

bearing an unsubstituted dpa ligand (Ir1, TOF = 3047 h-1). Steric hindrance at the iridium center 

also influences the performance of the catalysts. Catalyst Ir4 with methyl substituents at the 6,6’-

positions was the least active of all the catalysts prepared and displayed poorer performances than 

the unsubstituted catalyst Ir3. Interestingly, the -OMe group at the 6,6’ positions of the catalyst 

Ir5 achieved an excellent TOF of 13064 h-1. This result can be the result of the lower steric 

hindrance and greater electron-donating effect of –OMe vs –Me. The potential involvement of the 

–OMe groups as acceptors of proton for H-bonds may also be considered.24   The deleterious effect 
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of a tertiary amine-bridged dpa ligand was here again evidenced with the poor activity displayed 

by Ir6 (Table 3, entry 5) as well as the poor reactivity of iridium chloride catalyst observed upon 

comparing the activity of Ir2 and Ir8 (Table 3, entries 1 and 7). 

Table 3 Dehydrogenation of formic acid with iridium complexesa 

Entry Cat  TOF (h-1)b Time to full conversion 

(TON = 10000) 

1 Ir2 7439 n.d. 

2 Ir3 8705 140 min 

3 Ir4 2121 n.d. 

4 Ir5 13064 n.d. 

5 Ir6 3382 n.d. 

6 Ir7 11680  90 min 

7 Ir8 20441 35 min 

Conditions: aFA (4 mmol), catalyst (0.01 mol%), H2O (2 mL), 80 °C. bbased on gas volume 

released and measured with a digital flowmeter at t = 10 min. All reactions were duplicated 

without significant variations (± 5%). n.d. = not determined 

 

The performances of the hydroxy-functionalized complexes Ir12-Ir14 were evaluated under 

identical conditions. As depicted in Table 4, all three catalysts displayed high activity but they did 

not reach the performances of Ir8. Comparison of Ir13 (TOF 6301 h-1) with Ir3 (TOF 8705 h-1)  

did not evidence an influence of the hydroxyl substituent. Albeit the di-hydroxy-substituted Ir12 

displayed a higher activity (TOF 9900 h-1) than Ir3 (TOF 8705 h-1) bearing a non-substituted dpa 

ligand, comparison with the di-methoxy-substituted Ir5 (TOF 13064 h-1) clearly demonstrate that 

this improvement is unlikely due to H-bond contribution. 
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Only in the case of Ir14 the introduction of a hydroxyl substituent brought an improvement when 

compared the hydroxyl-free Ir7, with a TOF of 13064 h-1 vs 11680 h-1. Catalyst Ir14 led to full 

conversion of FA (TON = 10000) after 70 minutes. The benefit of this mixed electron-

donating/Hydroxy-substitution was already evidenced with an iridium-bipyridine catalyst in the 

reduction of HMF.25 

Table 4 Dehydrogenation of formic acid with hydroxyl-containing iridium complexesa 

Entry Cat (mol%) TOF (h-1)b 

1 Ir12 9990 

2 Ir13 6301 

3 Ir14 13064 

Conditions: aFA (4 mmol), catalyst (0.01 mol%), H2O (2 mL), 80 °C. bbased on gas volume 

released and measured with a digital flowmeter at t = 10 min. All reactions were duplicated 

without significant variations (± 5%). 

 

Following the thorough study of the structure/activity relationship of the numerous ruthenium and 

iridium complexes, some important conclusions could be drawn. In particular, the poor 

performances of Ir-chloride catalysts and of those bearing a N-benzyl-bridged dipyridylamine 

ligand was evidenced, corroborating previous observations.15 Disappointingly, the hydroxyl-

substituted dipyridylamine ligand brought only slight improvement that cannot be unambiguously 

attributed to the hydrogen-bond donor. This study identified the catalyst equipped with the most 

electron-donating dipyridylamine ligand Ir8 as the most active catalyst. 

Further studies were therefore undertaken with this catalyst, begining with the study of its 

stability under repeated additions of formic acid. This study was performed using the conditions 

depicted here above (FA (4 mmol), catalyst (0.01 mol%), H2O (2 mL), 80 °C) and assessing the 

increase in reaction time required at each run to achieve full conversion of formic acid. As depicted 

in Figure 6, the second run led to identical performances than the first one (TOF~20500 h-1, full 
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conversion of FA in 38 minutes) but subsequent cycles evidenced a slow decomposition of the 

catalyst leading to a TOF of 16557 min-1 (at 10 min.) and a full conversion of FA after 48 minutes 

for the 6th cycle. It is worth noting that, despite a slow erosion of performance, the results achieved 

in the 6th run still outperform those of the other iridium catalysts described earlier. 

 

 

Figure 6 : Consecutive reuse of Ir8 (Initial load of Ir8. FA reloaded after full conversion in the 

previous run) 

We next investigated the performance under various concentration conditions (Figure 7). With 

concentrations ranging from 2 M to 8 M, TOFs higher than 17213 h-1 (in 8 M) were reached, with 

a maximum TOF of 21205 h-1 obtained for a concentration of 3 M. At this concentration a TON 

of 474000 corresponding to the release of 9.2 L of gas was reached upon repeated addition of FA 

over 52 h. A lower concentration (1 M) caused the activity to drop to 13156 h-1.  Most importantly, 

the reaction in neat formic acid (26,5 M) proceeded with a TOF of 11373 h-1. Although this result 

is less favorable than those found in water, it nevertheless shows that a base-free dehydrogenation 

of neat formic acid, a method with great potential for producing hydrogen, is feasible. Those results 
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are almost two times higher than those previously obtained with Ir717 evidencing again the 

influence of the electron donating property of the ligand. These results make Ir8 one of the most 

active catalysts for the dehydrogenation of pure formic acid under base-free conditions. Milstein 

recently reported a maximum TOF of 3067 h-1 at 95 °C for the base-free dehydrogenation of neat 

formic acid with a ruthenium catalyst19a while Gelman reported a TOF of 11760 h-1 at 70 °C for 

the same reaction using an iridium pincer-complex.19b It should also be mentioned that the 

dimethylamino-substituted bipyridine iridium catalyst recently reported by Himeda was not active 

for the dehydrogenation of neat formic acid.26 

 

 

Figure 7 Influence of the concentration on the activity of the base-free dehydrogenation of FA.  

 

The influence of the pH on the reaction outcome was further investigated. Before going into the 

details of this study, it is important to discuss the stability of Ir8 under acidic conditions since Ir8 
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incorporates amino-groups in the dpa ligand. As discussed above, the X-ray structure of Ir8 

revealed planar or nearly planar amino-groups indicating the delocalization of the nitrogen lone 

pair on the pi-system, hence suggesting a very weak basic character of these amino groups. To 

further confirm this prediction, Ir8 was mixed with various amounts of acetic acid (1-10 equiv., 

pKa 4.78) in dmso-d6 at different temperatures (r.t. to 80 °C) for different times (5 minutes to 1 h). 

The evolution of these solutions was followed by 1H NMR and, as anticipated, none of the 

conditions tested showed any decomposition or evolution of Ir8 (See ESI). A pH-dependence 

study on the initial TOFs was then conducted using mixtures of formic acid and sodium formate 

in varying proportions (Table 5). The results showed that the highest TOF of 28678 h-1 was 

achieved at pH = 3.2 (Table 5, entry 2). In contrast, catalytic activity was almost inhibited at neutral 

pH of 7.4 where a low TOF value of 1291 h-1 was obtained. These results are similar to those 

obtained with other iridium complexes bearing bipyridine or bis-N-heterocyclic ligands for which 

the best TOFs were obtained at pH 3.5-4 (i.e. ~ pKa of formic acid). They also confirm that acidic 

media is required and that formate improves the catalyst activity to a limited extend. In fact, TOFs 

at pH 1.8 (no base) and 3.8 (pHpKa) are quite similar (Table 5, entries 1&3). Given the cost of 

bases27 and the associated waste management, as well as the problem of potential contamination 

of the generated gas stream, we believe that base-free conditions are highly preferable. 

Table 5 Dehydrogenation of formic acid with iridium complexes at different pHa 

Entry Cat (mol%) FA/HCOONa pHb TOF (h-1)c 

1 Ir8  4: 0 1.8 20441 

2 Ir8  3: 1 3.2 28678 

3 Ir8  2: 2 3.8 21824 

4 Ir8  1: 3 4.4 12141 

6 Ir8  0: 4 7.4 1291 

Conditions: aFA (4 mmol), catalyst (0.01 mol%), H2O: 2 ml, 80 °C. b pH values were 

measured with a pH meter. cbased on gas volume released and measured with a digital 

flowmeter at t = 10 min. All reactions were duplicated without significant variations (± 5%) 
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The temperature dependency of the catalytic activity was examined over a temperature range from 

60 to 100 °C in aqueous solutions of FA (3 M), (Table 6). Of note, it was shown that the catalyst 

was still active at a temperature as low as 60 °C and at 90 °C with a catalyst loading of 10 ppm 

resulting in a TOF of 39274 h-1. However, in the latter case, full conversion of formic acid could 

not be reached as the gas flow stopped after 3 h corresponding to a TON of 84453 (Table 6, entry 

5, TON th. = 100000). The highest TOF values were found at 100 °C, and remarkably, a TOF of 

66639 h-1 was recorded for the base-free dehydrogenation of FA at this temperature using a very 

low catalyst loading of 0.005 mol% (50 ppm, Table 6, entry 6). This is a 75% improvement with 

regard to Ir7 for which a TOF of 38236 h-1 was obtained under identical conditions. From those 

results, we could calculate an experimental activation energy of 18.5 kcal.mol-1 (see details in ESI). 

 

 

Table 6 Dehydrogenation of formic acid with Ir8 at different temperature a 

Entry Cat (mol%) Temp. TOF (h-1)b 

1 Ir8 (0.01) 60 4119 

2 Ir8 (0.01) 70 12295 

3 Ir8 (0.01) 80 21516 

4 Ir8 (0.01) 90 35700 

5 Ir8 (0.001) 90 39274 

6 Ir8 (0.005) 100 66639 

Conditions: a FA (4 mmol), catalyst (mol%), H2O (1.3 mL), 5 min.  bbased on 

gas volume released and measured with a digital mass flowmeter. All reactions 

were duplicated without significant variations (± 5%) 

 

 Fuel cells generate electricity using hydrogen as fuel releasing water as the sole effluent. 

For proper operation and longevity of the fuel cell, the purity of the gas feed must be good enough 

and free of contaminants, in particular CO which can be generated by FA dehydration. Indeed, the 
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CO content of gas stream must be very low as even minute quantities of carbon monoxide can 

poison the platinum electrodes that are key to driving the fuel cell.28 Hence the gas flow generated 

by formic acid dehydrogenation must be free of CO or containing less than 10 ppm of CO. In order 

to improve previous experimental setup and procedure in which measurements were acquired only 

at the very beginning of a dehydrogenation process, the flowmeter was connected to a gas 

chromatography apparatus equipped with a catharometer detector. With this setup, CO levels could 

be monitored all along the dehydrogenation, i.e., up to high and full conversions. It is indeed a 

rather usual feature in catalysis to have very selective transformation at low conversion with further 

selectivity erosion at higher conversions. With this device, the CO content of the gas stream from 

the dehydrogenation at 80 °C of a 3 M formic acid solution was monitored at 1 min, 15 min and 

30 min. Satisfactorily, CO was not detected in any of these measurements, ensuring that the CO 

level in the gas stream was below the detection limit of the analysis, i.e. below 1 ppm. Similarly, 

no CO could be detected for the dehydrogenation of neat formic acid (see ESI). 

Although generation of high pressure of H2
29 may have an interest in some domains, fuel cells 

generally require moderate hydrogen pressure.30 The possibility to generate moderate pressure of 

hydrogen by dehydrogenation of FA with Ir8 was investigated by performing the dehydrogenation 

in a high pressure reactor. For this purpose, a 3 M solution of formic acid and Ir8 was heated at 

80 °C in a Parr reactor. A pressure of 60 bar, sufficient to feed a fuel-cell, was generated within 1 

h and did not further evolve suggesting that equilibrium was reached.  

Formic acid being foreseen as a hydrogen reservoir, the question of hydrogen release in remote 

locations must be considered. In particular, for mobile application, the end-user should be able to 

generate hydrogen in the simplest possible way without proceeding to any complex manipulation 

or FA/catalyst mixing. Premixing FA and catalyst would constitute an attractive option requiring 
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a long-term catalyst stability in the presence of FA. Catalysts exhibiting this property are often 

referred as latent or dormant catalysts. They are of particular interest in polymer chemistry.31 

Several studies on this type of catalyst have also been reported in olefin metathesis.32 To evaluate 

the latent character of Ir8, a stock solution of this complex (0.01 mol%) in 1.5 mL of FA was 

prepared and stored at ± 4 °C. An aliquot was removed after two days and diluted with water to a 

FA concentration of 3 M. This solution was submitted to the dehydrogenation procedure at 80 °C 

resulting in a TOF of 20594 h-1. This procedure was repeated after 10 days leading to a TOF of 

20133 h-1. It is remarkable that in both cases, only a small TOF drop was observed when compared 

to the TOF of 21025 h-1 recorded under standard conditions. This outcome shows that the catalyst 

Ir8 is very stable in pure formic acid at moderately low temperature and therefore suitable for 

premixing with FA before being transported and used. 

Having demonstrated the high stability of the catalyst in FA, we have also evaluated its 

recyclability using the generated pressure as a probe (3 M in H2O, Figure 8). After a first run 

delivering 60 bar of pressure, the reactor was gently depressurized and reloaded with fresh FA. 

Upon heating at 80 °C the pressure reached 60 bar within 1.5 h. The next recycling showed a 

decrease of the activity as lower pressure of 55 bar and 50 bar were reached within 2 h and 3 h, 

respectively. Albeit not sufficient to envision of multiple reuse of the catalyst, these results confirm 

the very high stability of the catalyst under acidic conditions.  
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Figure 8 Catalyst reuse  

  

Reaction mechanism 

Several studies on the mechanism of HCOOH dehydrogenation by transition-metal catalysts 

have been reported.22 While many mechanisms share common features, they may differ, for 

example, in the use of base additives. In all cases, metal-hydrides complexes are key species in the 

mechanism.  These metal-hydrides are obtained by β-hydride elimination or direct hydride-transfer 

involving a formate species formed in the presence of a base such as triethylamine or using formic 

acid/sodium formate mixtures. In the absence of base, the formation of the metal hydride species 

involves the deprotonation of formic acid by the catalyst ligand or alternatively by a preformed 

metal-hydride species.19,22 With these considerations in mind, we initiated the investigation of the 

reaction mechanism both experimentally and theoretically using DFT calculations. First, we 

looked at the synthesis and characterization of a potential Ir-hydride intermediate. For this purpose, 

a mixture or Ir8 and 10 equiv. of FA in DMSO-d6 was heated at 80 °C for 10 minutes and then 

analyzed by 1H NMR. This NMR revealed the clean formation of a metal hydride complex 

observed as a singlet at -10.33 ppm (see ESI). The NMR data are in agreement with the structure 
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depicted in scheme 2. Unfortunately, we could not isolate this hydride species for further 

characterization. Incidentally, this result is further evidence of the stability of Ir8 under acidic 

conditions. 

 

 

Scheme 2 Formation of Iridium hydride species 

 

Kinetic Isotope Effect experiments were carried out using deuterated formic acid and/or 

deuterated water in order to identify the rate determining step of the reaction. As depicted in Table 

7, the rate of dehydrogenation of formic acid was only slightly impacted in D2O. To the contrary, 

the rate of dehydrogenation of deuterated formic aid in H2O showed a significant KIE of 3.3 which 

was further increased in D2O. These results indicate that cleaving a bond to deuterium is involved 

in the rate-determining step of the reaction. This could either be the cleavage of the C-D bond in 

formic acid to generate the Ir-D species or the cleavage of this Ir-D species to release HD or D2.  

KIE experiments in neat formic acid were also performed and demonstrated that under this 

solvent-free condition, nor the CH or OH group of FA are involved in or before the rate 

determining step (Table 7, entries 5,6).  
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Table 7 Kinetic isotope effect (KIE) in the dehydrogenation of formic acid with Ir8a 

Entry Source Solvent TOF (h-1)b KIE 

1 HCOOH H2O 20686 - (reference) 

2 HCOOH D2O 12326 1.7 

3 DCOOD H2O 6270 3.3 

4 DCOOD D2O 5010 4.1 

5 HCOOH -- 11127  

6 DCOOD -- 7469 1.5 

Conditions: a FA (4 mmol), catalyst (mol%), H2O (1.3 mL), 5 min. b based on gas volume 

released. 

 

DFT calculations were undertaken to investigate the reaction energy profile. Several key results 

were considered to establish a working hypothesis. First, having established that the dpa ligand is 

not intrinsically basic, we have hypothesized that SO4
2-, albeit very poorly basic could play the role 

of a base to deprotonate coordinated formic acid. We made this assumption previously,15b and 

interestingly, Li and coworkers confirmed this hypothesis by DFT when studying several iridium 

catalyst including ours in the hydrogenation of levulinic acid into -valerolactone.33 Secondly, the 

importance of the bridging N-H moiety in the dpa ligand was considered to establish H-bonding 

interactions. An energetic profile of the reaction is presented in Figure 9(a) (for full details of DFT 

calculation, see ESI). Starting from the zwitterionic complex Ir8 in water, the first step consists in 

the substitution of OSO3 anion by a molecule of water. Of note the SO4 anion may remain bonded 

to the iridium complexes by H-bonding with water or with the bridging N-H of the ligand (Int2 

and Int2’). Deprotonation of formic acid by SO4
2- then leads to the formation of the formate 

intermediates Int3 and Int3’ of similar energy. The formation of an iridium-hydride complex 

through a TS involving a ß-hydride elimination could not be located in contrast to a direct hydride 
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abstraction in TS1 leading to Int5 and Int5’ with release of CO2. Note that a pathway involving a 

concerted formic acid deprotonation with direct-hydride abstraction was not found favorable (see 

ESI). It is also noteworthy that Int5’’ not involving HSO4
- was found 5.6 kcal.mol-1 higher than 

Int5’ (Figure 9, (a)-1). The two intermediates Int5 and Int5’ then release H2 through TS2 or TS2’ 

involving water or formic acid as hydrogen shuttles, respectively. Calculations showed that the 

formic acid-assisted hydrogen release pathway (8.8 kcal.mol-1 for TS2’) is preferred to the water-

assisted hydrogen release (15.0 kcal.mol-1 for TS2). Overall, this theoretical study allows to draw 

remarkable characteristics of the mechanism which corroborate experimental observations. In 

particular, the role of the bridging N-H in establishing H-bonding is evidenced along with the role 

of the SO4 anion. This theoretical study identifies the hydride formation as the rate determining 

step with an activation energy of 18.5 kcal.mol-1 which fits perfectly well with the experimental 

value of 18.5 kcal.mol-1 (vide supra). An Eyring analysis of the experimental results reported here 

above revealed activation parameters of H‡ = 18.2 kcal.mol-1 and S‡ = -33 cal.mol-1.K-1 (see 

ESI). This negative entropy of activation is consistent with an associative pathway leading to TS1 

either from Int3 as well as Int3’ since numerous attempts to calculate TS1 always located the 

HSO4
- anion in the close vicinity of the dpa ligand.  Having identified the rate determining step 

with Ir8, we have looked as this same TS with Ir3 which is not equipped with a strong electron-

donating dipyridylamine ligand. In line with the experimental results, a higher activation energy 

of 21.4 kcal.mol-1 was calculated (see ESI). The overall catalytic cycle is depicted in Figure9(b). 
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Figure 9 (a) DFT calculated energy profile for the dehydrogenation of formic acid in water by 

Ir8 at 353 K . Relative free energy (kcal.mol-1), (M06L, def2TZVP, SMD solvent model with 

water) 
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CONCLUSION  

We have synthesized numerous new ruthenium and iridium complexes incorporating electron-

donating ligands in their coordination sphere. From all these complexes, the iridium complex Ir8 

bearing a bis-dimethylamino-substituted dipyridylamine ligand was found the most efficient for 

the dehydrogenation of formic acid without requirement of base additives. Contrary to many 

catalysts reported so far, Ir8 is an air-stable complex than can be used in water without strict 

exlusion of air.  The study was conducted at 80 °C in water media (3 M FA, TOF = 21516 h-1), but 

the catalyst was also active at lower temperature down to 60 °C.  The highest TOF of 66639 h-1 

was achieved at 100 °C with a catalyst loading of 50 ppm (0.005 mol%). Notably, Ir8 could also 

perform the dehydrogenation of neat formic acid achieving one of the highest TOF obtained 

without any additives (11373 h-1). Beside the catalytic performances, the catalyst was shown to be 

selective as carbon monoxide could not be detected in the gas stream from the beginning to the 

end of the dehydrogenation of a 3 M solution of formic acid. In addition, when implemented in a 

closed system, a pressure of 60 bar could be easily reached. Experimental and theoretical 

mechanistic investigations highlighted the key role of the SO4 anion as well as the bridging -NH- 

of the dipyridylamine ligand in a mechanism where H-bonding and proton-shutteling are involved. 

Of note, DFT calculations show that the rate determining step of the reaction is the formation of 

an iridium hydride species. Hence, if the strategy of electron enrichment of the metal center turned 

to be successful, it is not due to the increase of hydricity of the metal-hydride species. Last but not 

least we have demonstrated the very high stability of the catalyst in acidic media. Thanks to this, 

it is possible to store a premix of formic acid and catalyst at moderately low temperature ( + 4-5 

°C) for a couple of day before proceeding to dehydrogenation which occurs with almost no 
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decrease of performance. We believe that this characteristic could be very useful for the 

development of hydrogen mobility. 

Supporting Information.  

Experimental details for ligand and complexes syntheses and characterization. Experimental 

details formic acid dehydrogenation; Theoretical calculation details.   
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