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ABSTRACT: New Ir-IPr complexes featuring a variety of chelate ligands, some of them potentially able to establish hydrogen bond inter-

actions, were synthesized. These complexes proved to be efficient catalysts for the dehydrogenation of formic acid in DMF and H2O. The 

dehydrogenation rates were dependent on the nature of the ligands that accompany IPr in the coordination sphere of the metal. In fact, 

complexes that contain protic ligands, namely, [Ir(8-aminoquinoline)(H)2(IPr)(PPhMe2)]BF4 and [Ir(CH3CN)(2-

phenylimidazole)(H)(IPr)(PPhMe2)]BF4 show the best activities in H2O. The former, which presents an NH2 group bound to the Ir center, 

is the most active (in H2O) of the catalysts presented in this work, and can be recycled up to 10 times without an apparent loss of activity. 

This behavior can be attributed to the robust ligand system and its ability to stablish outer-sphere interactions. 

 

Catalysts based on the Ir-NHC (NHC = N-heterocyclic car-

bene) scaffold have seen great success in a wide variety of pro-

cesses. Among them, the hydrogenation and dehydrogenation 

of organic molecules have been particularly fruitful, plausibly 

due to the rich hydride chemistry of iridium complexes and the 

unique electronic and steric properties of NHCs ligands.1 Many 

remarkably active Ir-NHC catalysts have been reported for the 

dehydrogenation of alcohols;2-11 however, examples that deal 

with the dehydrogenation of formic acid (FA) are scarce.12-13 

Complexes A12 and B13 (Figure 1) are able to hydrogenate car-

bon dioxide and dehydrogenate formic acid in aqueous solu-

tions. Complexes A are especially efficient for the dehydro-

genation of aqueous sodium formate, reaching TOF values ca. 

15110 h–1 at 80 oC. Complexes B dehydrogenate aqueous for-

mic acid at 60 oC, showing TOF values up to 116 h–1. 

Figure 1. Previously reported Ir-NHC catalysts for formic acid de-

hydrogenation. 

The dehydrogenation of formic acid generates H2 and CO2 as 

the only reaction products. The latter can be hydrogenated back 

to formic acid,14-15 thus allowing the use carbon dioxide as a 

hydrogen carrier.16-17 The use of hydrogen as an energy vector 

has been proposed as a sustainable alternative to fossil fuels; 

however, several drawbacks, mainly related to storage, trans-

portation and safety issues, have hampered its development.16-

18 The use of hydrogen for fuel cell technology requires a virtu-

ally CO-free feed, which is difficult to obtain via methane re-

forming or the water gas shift reaction.19-20,12 The catalytic de-

hydrogenation of formic acid has been reported to generate fuel 

cell grade hydrogen, although small amounts of carbon monox-

ide (and H2O) may be generated by the undesired decarbonyla-

tion (dehydration) reaction.15 NHC ligands may exhibit desira-

ble qualities for the design of homogeneous catalysts for formic 

acid dehydrogenation, for example: i) the enhanced stability of 

the catalyst (owing to the strong M–C bond and the steric pro-

tection provided by fan-shaped N-substituents)21-29 would pre-

vent decomposition or even the formation of metallic by-prod-

ucts that might catalyze the dehydration of FA;30-31 ii) the high 

electron density at the metal center32 could facilitate H2 for-

mation via protonation of the hydride or metal center followed 

by reductive elimination—both the hydride and the metal center 

would become more nucleophilic in the presence of a strong σ-

donating ligand; iii) the β-hydride elimination step may be fa-

vored by electron-rich metal centers, which would facilitate the 

formation of CO2 from the formate ligand.33 

To the best of our knowledge Ir-IPr or Ir-IMes complexes 

(IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene, IMes 

= 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene) have not 

been used hitherto as FA dehydrogenation catalysts in spite of 

the many successful catalysts that feature these ligands.34-42 

Building on our previous research on the Ir-IPr scaffold,38 in 

this work we report on the activity of Ir-complexes that contain 

the IPr ligand (together with other additional ancillary ligands) 

as catalysts for formic acid dehydrogenation. The effect on the 

catalytic performance of the ligands that complete the coordi-

nation sphere of the Ir-IPr complexes was studied in order to 

identify reactivity patterns. Based on the tendency of Ir catalysts 

to trigger outer-sphere mechanisms,1,43-44 complexes containing 

ligands that may prompt these types of mechanisms were tested. 

The impact in the catalytic activity of these ligands was studied 

in N,N-dimethylformamide (DMF) and water, aprotic and pro-

tic solvents, respectively. In DMF, outer-sphere interactions 

(via hydrogen bond) would be established predominantly with 

FA. On the other hand, the use of H2O as solvent could play an 

important role in the reaction mechanism, owing to plausible 

strong ligand-solvent hydrogen bond interactions.32  

Complexes [Ir(AQ)(H)2(IPr)(PPhMe2)]BF4 (AQ = 8-amino-

quinoline) (1), [Ir(CH3CN)(Phim)(H)(IPr)(PPhMe2)]BF4 (Phim 

= 2-phenylimidazole) (2) and [Ir(HQ)(H)2(IPr)(PPhMe2)] (HQ 

= 8-hydroxyquinolinate) (3) were prepared in order to evaluate 

the influence of ligands potentially able to establish hydrogen 

bond interactions with the substrate or solvent, namely, 8-ami-

noquinoline, 2-phenylimidazole and 8-hydroxyquinolinate. 

Complexes 4-8, likely unable to establish hydrogen bond inter-

actions, were designed so that their activity and stability could 

be related to the number and position of the available coordina-

tion sites (Figure 2). 



 

Figure 2. Depiction of Ir-NHC catalysts 1-8. 

Complexes 1 and 2 were prepared by addition of the corre-

sponding bidentate ligand to 5 in a CH2Cl2 solution. In the case 

of complex 3, 8-hydroxyquinoline does not react with 5 to af-

ford the expected cationic complex. Consequently, the neutral 

complex 3 was prepared by reaction with 8-hydroxyquinolinate. 

Complex 5 was obtained by reaction of 1 equiv of PPhMe2 with 

[Ir(CH3CN)3(H)2(IPr)]BF4 (4) in CH2Cl2. Complexes 6a, 7 and 

8 were previously reported by us,38 and 6b was synthesized by 

adding 1 equiv of bipy to a solution of [Ir(H)2(IPr)(py)3]BF4
38 

in CH2Cl2. Complex 4 was prepared by hydrogenation of 

[Ir(COD)(IPr)(OCMe2)]BF4
45 (COD = 1,5-cyclooctadiene) in 

acetone in the presence of excess acetonitrile. 

Initial catalytic studies aimed at exploring the activity of the 

iridium complexes described above using DMF as solvent, 

HCOONa as base (10 mol%) and 1 mol% of catalyst. The re-

sults presented in Table 1 show that, in DMF, catalysts 1-3 offer 

no significant advantage compared to their related counterparts 

4-8.  

Table 1. Ir-catalyzed dehydrogenation of FA in DMF.a  

Entry Cat. t (min)b TOFinitial (h–1)c 

1 mol% 0.1 mol% 1 mol% 0.1 mol% 

1 1 5.5 17 202 2092 

2 2 13 15 276 4441 

3 3 18 150 132 81 

4 4 80 120 737 138 

5 5 2 15 4323 7745 

6 6a 8 40 2452 982 

7 6b 11 N/R 876 - 

8 7 75 600 295 244 

9 8 8.5 150 645 3615 

aReaction conditions: HCOOH 0.5 mmol, 1 mol% Ir catalyst, 10 

mol% HCOONa. bTime to reach total conversion. cInitial TOFs 

were calculated at 1 min reaction time. 

The activity of complexes 1-8 seems to be related to the avail-

ability of coordination sites and the stability of the catalyst. 

Complex 5, which features two labile acetonitrile ligands in-

stead of a chelate, brings about the highest TOF values. Con-

versely, the related complex 4 is noticeably less active, proba-

bly because the PPhMe2 ligand trans to the NHC stabilizes the 

complex, offering a better activity-stability balance. In this line 

of thought, sturdy complex 6b, which features no labile ligands, 

is the least active catalyst of the series together with 7. In this 

regard, monohydride complex 8 is more active than 7, plausibly 

owing to the additional stabilization that the PPhMe2 ligand pro-

vides. It is noteworthy that the dihydride complex 6a is more 

active than 6b, i.e., when a py is trans to the NHC instead of a 

phosphane the catalytic activity improves, likely due to the easy 

generation of an accessible coordination site.  

The use of water as solvent for formic acid dehydrogenation 

reactions has important implications in fuel cell technology,46-

47 mainly due to the more straightforward recyclability of CO2 

in aqueous media.15 Moreover, the use of H2O as solvent for the 

dehydrogenation of formic acid has been proposed to trigger 

proton-relay mechanisms that lower the activation energy of the 

process.48-49 The potential of complexes 1-3 to promote this type 

of mechanism prompted us to study their catalytic activity in 

aqueous solutions. The highest activity obtained for catalysts 1-

8 using water as solvent was that observed for 1, which shows 

a TOF (1586 h–1) that virtually doubles the closest values pre-

sented in Table 2, obtained for 2 and 8 (774 and 880 h–1, respec-

tively).  

Table 2. Ir-catalyzed dehydrogenation of FA in H2O.a  

Entry Cat. t (min)b TOFinitial (h–1) d 

1 1 18 1586 

2 2 50 774 

3 3 120c  247 

4 4 N/R - 

5 5 90 555 

6 6a N/R - 

7 6b 120c 293 

8 7 120c 123 

9 8 120c  880 

aReaction conditions: HCOOH 0.5 mmol, 0.5 mol% Ir catalyst, 5 

mol% HCOONa. bTime to reach total conversion. cBelow total con-

version within 120 minutes. dInitial TOFs were calculated at 1 min 

reaction time. (N/R = no reaction). 

Despite the relatively high TOF value reported for 8, the con-

version barely surpasses 80% after 120 min, which is plausibly 

due to catalyst deactivation throughout the reaction. Complexes 

1 and 2, which bear protic ligands, are the only ones that out-

perform 5 in H2O (the most active catalyst in DMF); leading the 

three of them to total conversion before 120 min (18, 50 and 90 

min, respectively). In contrast, complex 3, in principle capable 

of interacting by hydrogen bonding via the oxygen atom, brings 

about moderate activities (Figure 3). The modest performance 

of 3, compared to 1 and 2, may be attributed to the dissociation 

of the ligand upon protonation of the alkoxo moiety. This pos-

tulation agrees with the fact that addition of hydroxyquinoline 

to 5 leads to an unstable complex that decomposes upon isola-

tion. 



 

 

Figure 3. Reaction profiles for the Ir-catalyzed dehydrogenation of 

FA in H2O. 

The remarkable activity of 1 may be ascribed to the presence 

of an -NH2 moiety in the proximity of the metal center. The 

ability of ligands that feature dangling or coordinated -NH2 

groups to enhance the activity of FA dehydrogenation via outer-

sphere interactions has been already proposed in the litera-

ture.48,50-52 On these grounds, a plausible reaction mechanism 

would entail the H2O-assisted protonation of a hydride ligand, 

analogously to the pathway proposed by Kayaki et al. (Figure 

4).50 Subsequent H2 elimination would open a coordination site 

for the formate in this otherwise robust coordinatively saturated 

complex. Outer-sphere interactions ligand-FA may be dis-

carded based on the results obtained in DMF (Table 1). 

 

Figure 4. Proposed transition state for the water-assisted formation 

of H2 from catalyst 1. 

The reaction conditions, temperature and sodium formate 

loading, were optimized in order to compare the activity of 1 

with that of literature examples. The performance of 1 improves 

with increasing amounts of HCOONa, the TOF values being 

3172 h–1, 4415 h–1, 7596 h–1 and 9591 h–1 for 5, 30, 50 and 100 

mol%, respectively (SI). Regarding the temperature, an increase 

to 90 ºC does not result in a significant variation of the activity. 

However, a noticeably lower TOF value (2160 h–1) was ob-

served at 60 ºC. It is noteworthy that under optimized conditions 

the formation of carbon monoxide was below the detection limit 

of the infrared spectrum (3 ppm) (SI).16  

The highest TOF values hitherto reported for the dehydro-

genation of formic acid in water are 487500 h–1, for catalyst [Ir-

ClCp*(2,2’-bi-2-imidazoline)]Cl47 and 228000 h−1, for the bi-

nuclear Ir catalyst reported by Fujita and Himeda.53 Remarka-

bly, both catalyst feature protic ligands, specifically, a proton-

responsive ligand in the case of the latter. The literature exam-

ples that follow in activity the two outstanding catalysts men-

tioned above also present protic ligands, except for the Ir-NHC-

phosphine catalyst reported by Joó et al. (A).12 Namely, 

[IrCp*(H2O)(DHBP)]2+ (DHBP = 4,4’-dihydroxy-2,2’-bipyri-

dine)54 gives rise to a TOF value of 14000 in pure H2O, while 

[IrClCp*(L)] complexes (L = diphenylethylenediamine deriva-

tives) lead to TOFs of 499048 and 1111050 h−1 in H2O/DME mix-

tures. The TOF value of 9591 h–1 described for 1 is, therefore, 

among the highest hitherto reported for FA dehydrogenation in 

pure water. 

Recycling experiments in H2O were performed with the in-

tention of exploring the practical applicability of 1 (Figure 5). 

To our delight, the high stability of 1 preserves its catalytic ac-

tivity intact throughout at least 10 recycling experiments. In 

contrast, catalysts 2 and 5 show an evident loss of activity in the 

second cycle (SI). The remarkable stability/recyclability of 1 

may be explained on the grounds of the reaction mechanism. 

The fact that there is no need for direct interaction between for-

mic acid and metal center, together with the robust ligand sys-

tem, which only opens a vacant coordination site after H2 elim-

ination for formate coordination and subsequent hydride ab-

straction.55 

 

Figure 5. Recycling experiments performed with catalyst 1 (0.5 

mol%) and HCOONa (50 mol%) at 80 ºC. 

In summary, Ir-IPr complexes bearing protic chelate ligands 

give rise to noticeably better activities in H2O than their related 

aprotic counterparts, which contrasts sharply with their behav-

ior in DMF. In particular, complex 1, which features an NH2 

moiety adjacent to the metal center, is the most active of the 

catalysts presented in this work. This strongly suggests that a 

proton-relay mechanism must take place when H2O is used as 

solvent. Moreover, the high stability of this catalyst permits its 

reuse without an apparent loss of activity. Conversely, com-

plexes 2 and 5 show a manifest activity depletion upon reuse.  
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