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Abstract: Herein, we present (E )-selective transfer semihydrogenation of alkynes based on in situ 
generated iridium complex from [Ir(COD)Cl]2 and unsymmetrical ferrocene-based phosphine lig-
and in the presence of formic acid as a hydrogen donor. The catalytic system is distinguished by 
unprecedented chemoselectivity and exceptional stereoselectivity substantiated by the broad 
scope of tested substrates, including natural products derivatives. The uniform reaction conditions 
may be applied to various alkynes, owing to a lack of over-reduction. The intriguing difference in 
catalytic activity between unsymmetrical and symmetrical ferrocene-based ligands was attributed 
to divergent coordination and steric hindrance. The presented methodology constitutes a solution 
to the common limitations of the published catalytic systems. 
 
 
INTRODUCTION 

The hydrogenation of unsaturated C-C bonds plays a vital role in organic synthesis.1 Hither-

to, many methods of alkenes reduction were developed. Notwithstanding the above, functional 

group tolerance of this transformation was a primary concern.2,  In 2021, Norton et al. provided a 

solution to this issue by introducing the highly chemoselective rhodium-based catalytic system 

(Scheme 1a).3 Notably, easily reducible groups such as formyl, keto nitro, nitrile, or dithiane are 

tolerated, and this methodology was proven to be a perfect tool for late-stage hydrogenation of 

complex pharmaceuticals. 

 Alkenes are ubiquitous organic compounds of immense importance to the chemical4, phar-

maceutical5, 6, and perfume industries7. In comparison to olefins reduction, semihydrogenation of 

triple C-C bonds, which constitutes one of the methods of alkenes production, is undoubtedly 

more challenging. In addition to chemoselectivity, the efficacy of this process requires stereoselec-

tivity control and eradication of over-reduction. The first (Z )-selective system for alkyne semihy-

drogenation was developed by Lindlar and based on a heterogeneous palladium catalyst.8 Com-

plementary Birch reduction, using alkali metals in liquid ammonia, enabled the production of (E )-

alkenes.9-10 Nonetheless, the limitations of these well-known methods encouraged scientists to 



 

seek better solutions. Hitherto, catalytic systems for direct11 or transfer semihydrogenation12 of a 

triple C-C bond were invented. The former approach requires an application of gaseous hydrogen, 

often under high pressure maintained by sophisticated equipment, which might be inconvenient 

to the experimenter (Scheme 1b). Thus, various hydrogen donors were tested and utilized in al-

kyne (Z )-semireduction, namely: ammonia-borane13, silanes14, alcohols15, water16, or formic ac-

id17. In particular, the last one is a promising hydrogen storage medium of which dehydrogena-

tion leads to the evolution of nontoxic, gaseous carbon dioxide.18  

Transfer hydrogenation was also employed in the more demanding synthesis of (E )-alkenes. 

Nonetheless, the published methods were not devoid of various limitations (Scheme 1c). One of 

them is a lack of complete stereoselectivity control leading to a mixture of isomers and thus af-

fecting the yield and purification process of products.19-22 An illustration of this may be work by 

Sun et al. regarding iridium-based catalytic system using ethanol as a hydrogen donor.23 Another 

limitation is the over-reduction of the triple C-C bond resulting in the formation of undesired 

alkane. Huang et al. reported on a unique system based on an iridium pincer catalyst of which a 

color change may be used to detect an endpoint of the semihydrogenation process.24 Nonetheless, 

each reaction must be controlled to avoid subsequent over-reduction, which may be inconvenient 

to the experimenter. 

 

Scheme 1. Methods of unsaturated C-C bonds hydrogenation. 

Furthermore, the majority of published semihydrogenation methods suffer from insufficient 

chemoselectivity. In particular, easily reducible functional groups such as formyl25, keto20, 26, ni-

tro19-20, 22, 25, 27, 28-29, cyano30, or aryl halides21, 26 are not tolerated. In many cases, explicit infor-



 

mation concerning the compatibility of the above functional groups was not provided, which may 

obscure the actual efficiency of a given catalytic system.21, 23-24, 26, 28-29, 31-33  

Herein, we provide a solution to the above limitations introducing a highly chemo- and ste-

reoselective iridium-based protocol for transfer (E )-semihydrogenation of a triple C-C bond 

(Scheme 1d). In addition to a broad scope of alkynes bearing various functional groups, the wide 

applicability of our methodology was proven by the synthesis of natural products derivatives. 

RESULTS 

Optimization of the reaction conditions. During the quest for alternatives to our previously de-

veloped catalytic system based on ruthenium complexes34, we discovered that [Ir(COD)Cl]2 in the 

presence of formic acid is capable of (E )-selective semihydrogenation of diphenylacetylene (Table 

1, entry 1). Nonetheless, a significant amount of the over-reduction product formed along with 

stilbene makes this method inefficient. 

 
 

Table 1.  Screening of Catalysts and Ligands. aConditions: 0.01 equiv. [Ir], 0.04 equiv. [L],  50 equiv. HCO2H, solvent, 80 °C. Isolated 

yields. bConversion and products distribution were determined by GC analysis. 

Another disadvantage is the production of metallic iridium, which is difficult to remove from the 

reaction vessel. Thus, other commercially available ruthenium complexes were tested (Figure 1). 

The use of [Ir(COD)OMe]2 gave similar results (Table 1, entry 2), while [Ir(COE)2Cl]2 led to a 

Entry Catalyst Ligand Conversion 
[%]b 

Z:E:A b 

1 [Ir(COD)Cl]
2
 — 100 0:82:17 

2 [Ir(COD)OMe]
2
 — 100 0:78:21 

3 [Ir(COE)
2
Cl]

2
 — 100 1:89:9 

4 [IrCp*Cl
2
]

2
 — 60 57:43:0 

5 [Ir(COD)Cl]
2
 dppm 4 — 

6 [Ir(COD)Cl]
2
 dppe 0 — 

7 [Ir(COD)Cl]
2
 dppp 1 — 

8 [Ir(COD)Cl]
2
 dppb 1 — 

9 [Ir(COD)Cl]
2
 dppn 1 — 

10 [Ir(COD)Cl]
2
 DPEphos 10 46:54:0 

11 [Ir(COD)Cl]
2
 xantphos 28 71:29:0 

12 [Ir(COD)Cl]
2
 rac-BINAP 1 — 

13 [Ir(COD)Cl]
2
 dppf 0 — 

14 [Ir(COD)Cl]
2
 dtbpf 35 81:18:2 

15 [Ir(COD)Cl]
2
 dippf 21 74:26:0 

16 [Ir(COD)Cl]
2
 dcypf 36 77:23:0 

17 [Ir(COD)Cl]
2
 tbppf 100 1:99:0 

18 [Ir(COD)OMe]
2
 tbppf 14 70:28:2 

19 [Ir(COE)
2
Cl]

2
 tbppf 100 0:99:0 

20 [IrCp*Cl
2
]

2
 tbppf 8 67:33:0 



 

slightly lower over-reduction. In the case of [IrCp*Cl2]2, the full conversion was not obtained. 

Hence, various bidentate phosphine ligands were employed in the model reaction (Figure 1). Ap-

plication of dppm and its homologs completely obstructed the semihydrogenation process (Table 

1, entries 5-8). A similar result was observed when dppn was used (Table 1, entry 9). Employment 

of DPEphos and xantphos provided somewhat higher conversions (Table 1, entries 10-11). In the 

case of rac-BINAP, the substrate was left almost intact (Table 1, entry 12). The aforementioned 

unsuccessful results led us to a screening of ferrocene-based phosphine ligands. The addition of 

dppf prevented the semihydrogenation reaction (Table 1, entry 13). In the case of other symmet-

rical ligands, including tbppf, dippf, and dcypf, a small amount of the substrate was consumed, 

providing mixtures of isomers (Table 1, entries 14-16). Surprisingly, the employment of unsym-

metrical tbppf gave a complete conversion and excellent selectivity without any trace of the over-

reduction product (Table 1, entry 17).  

 
Figure 1. Tested Iridium Complexes. 

 

When [Ir(COD)Cl]2 was replaced with [Ir(COD)OMe]2 or [IrCp*Cl2]2, only a tiny part of the sub-

strate was converted to products (Table 1, entries 18,20). Application of [Ir(COE)2Cl]2 gave similar 

results to [Ir(COD)Cl]2, which was used for further studies (Table 1, entry 19).  

 
Figure 2. Tested phosphine bidentate ligands. 

 

Changing THF for MeCN or DMF resulted in much lower conversions (Table 2, entries 1-2), 

while the use of acetone deteriorated selectivity (Table 2, entry 3). In contrast, the application of 

DME provided exclusively (E )-stilbene as a product (Table 2, entry 4). Temperature decrease sig-

nificantly affected the conversion (Table 2, entries 5-6). It seems that the reaction needs to be car-



 

ried out at a higher temperature than 60 °C. Two times lower catalyst loading (0.5 mol%) was not 

sufficient to obtain the full conversion of the substrate (Table 2, entry 7), while the amount of 1.5 

mol% gave similar results to the initial conditions (Table 2, entry 8). Another intriguing phenom-

enon was the dependence of yield and stereoselectivity on ligand quantity. A higher amount of 

tbppf impedes the reaction (Table 2, entries 9-10), presumably due to excessive coordination to the 

metal center. While the loading of 3 mol% did not affect the ratio of the isomers (Table 2, entry 

11), a lower amount (2 mol%) led to the preponderance of (Z )-stilbene production (Table 1, entry 

12). Analogously, this trend was found in the case of [Ir(COE)2Cl]2 (Table 2, entries 13-14). Even 

lower ligand loadings favor (E )-isomer formation again, albeit with over-reduction (Table 2, en-

tries 15-16). In the case of symmetrical ligands, a quantity of 2 mol% results in higher conversion 

(Table 2, entries 17-18). Finally, a decrease in the quantity of formic acid revealed that the minimal 

amount of this hydrogen donor should be higher than 40 equivalents to enable complete substrate 

conversion (Table 2, entries 19-20).  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Table 2.  Screening of The Reaction Conditions. aConditions: 0.01 equiv. [Ir], 0.04 equiv. [L],  50 equiv. HCO2H, solvent, 80 °C. 
Isolated yields. bSolvent: MeCN. cSolvent: DMF. dSolvent: Acetone. eSolvent: DME. fTemp.: 60 °C. gTemp.: 40 °C. h0.005 equiv. [Ir]. 
i0.015 equiv. [Ir]. j0.08 equiv. [Ir]. k0.06 equiv. [L]. l0.03 equiv. [L]. m0.02 equiv. [L]. n0.015 equiv. [L]. o0.01 equiv. [L]. p40 equiv. 
HCO2H. q30 equiv. HCO2H. rConversion and products distribution were determined by GC analysis. 
 

Scope and limitations. Having in hand a fully optimized catalytic system, we tested a broad scope 

of different alkynes (Scheme 2). Diphenylacetylene and its derivatives were chosen to investigate 

the functional group tolerance. The presented methodology may be successfully applied towards 

Entry Catalyst Ligand Conversion 
[%]r 

Z:E:A r 

1b [Ir(COD)Cl]
2
 tbppf 0 — 

2c [Ir(COD)Cl]
2
 tbppf 37 30:70:0 

3d [Ir(COD)Cl]
2
 tbppf 95 29:71:0 

4e [Ir(COD)Cl]
2
 tbppf 100 0:100:0 

5f [Ir(COD)Cl]
2
 tbppf 59 7:92:0 

6g [Ir(COD)Cl]
2
 tbppf 20 33:67:0 

7h [Ir(COD)Cl]
2
 tbppf 79 5:95:0 

8i [Ir(COD)Cl]
2
 tbppf 100 0:100:0 

9j [Ir(COD)Cl]
2
 tbppf 8 71:29:0 

10k [Ir(COD)Cl]
2
 tbppf 19 58:42:0 

11l [Ir(COD)Cl]
2
 tbppf 91 2:98:0 

12m [Ir(COD)Cl]
2
 tbppf 71 77:22:0 

13l [Ir(COE)
2
Cl]

2
 tbppf 100 0:100:0 

14m [Ir(COE)
2
Cl]

2
 tbppf 88 50:50:0 

15n [Ir(COD)Cl]
2
 tbppf 100 58:39:2 

16o [Ir(COD)Cl]
2
 tbppf 100 28:66:6 

17m [Ir(COD)Cl]
2
 dppf 26 84:16:0 

18m [Ir(COD)Cl]
2
 dtbpf 88 87:11:2 

19p [Ir(COD)Cl]
2
 tbppf 98 0:99:0 

20q [Ir(COD)Cl]
2
 tbppf 90 2:98:0 



 

both electron-withdrawing and electron-donating substituents. Simple tolane was transformed 

into (E )-stilbene ((E )-2a) in excellent yield and stereoselectivity. Similar results were obtained in 

the case of compounds bearing methyl groups in para- ((E )-2b) and meta- ((E )-2c) positions to the 

double C-C bond. In contrast, the synthesis of the ortho- derivative ((E )-2d) demanded higher 

temperature and DME use, probably due to sterical hindrance. The substrate containing bulky 

tert-butyl group was smoothly transformed into the corresponding alkene ((E )-2e). Halogenated 

compounds bearing fluoro-, chloro-, bromo- and even labile iodo- group ((E )-2f-i) were obtained 

in excellent yields and stereoselectivity.  

 
Scheme 2. Substrate Scope and Functional Groups Tolerance of The Title Reaction. aGeneral Conditions: 0.01 equiv. [Ir(COD)Cl]2, 
0.04 equiv. tbppf,  50 equiv. HCO2H, THF, 80 °C. Isolated yields. Products distribution was determined by GC or NMR analysis. bGC 
yield. cDME, 100 °C. d3h. e0.02 equiv. [Ir(COD)Cl]2, 0.08 equiv. tbppf. 

 

Notably, the protodehalogenation process was not observed whatsoever. Analogous results were 



 

observed for alkynes containing trifluoromethyl-, trifluoromethoxy- or pentafluorobenzene- 

group ((E )-2j-l). Semihydrogenation of substrates bearing methoxy- groups afforded the corre-

sponding alkenes in very good yields and stereoselectivities ((E )-2m-n). Phenol derivative ((E )-2o) 

was produced effectively without an esterification reaction of the hydroxyl group. Furthermore, 

the described methodology was also compatible with various ester compounds, including acetate, 

carbonate, carbamate, and benzoate derivatives ((E )-2p-s). Similarly, stilbene with a carboxyl 

group was obtained in excellent yield and stereoselectivity ((E )-2t). Observation of the paramount 

importance to the chemoselectivity of the investigated catalytic system was the lack of reduction 

of sensitive aldehyde and ketone compounds ((E )-2u-v). The former demanded a shorter reaction 

time (3 h) while the latter remained unaffected even after 24 h. Both benzonitrile ((E )-2w) and 

acetonitrile ((E )-2x) derivatives were obtained successfully, and no reduction of the cyano group 

was observed in contrast to our previous system. Notably, the labile nitro groups of nitrobenzene 

((E )-2y) and nitroethane ((E )-2z) based compounds were tolerated under the catalytic conditions. 

Apart from this, this methodology may be propitiously applied to problematic moieties bearing 

trimethylsilyl ((E )-2aa) or pinacolborane ((E )-2ab) groups. Nitrogen-containing compounds such 

as amides ((E )-2ac) and amines ((E )-2ad) were obtained in very good yields and stereoselectivities. 

Similar results were observed for products containing sulfur of different oxidation states, namely: 

sulfide ((E )-2ae), sulfoxide ((E )-2af), sulfone ((E )-2ag), and sulfonate ((E )-2ah).  

 

Scheme 3. Natural Products Derivatives Synthesis. aGeneral Conditions: 0.01 equiv. [Ir(COD)Cl]2, 0.04 equiv. tbppf, 50 equiv. 
HCO2H, THF, 80 °C. Isolated yields. Products distribution was determined by GC or NMR analysis. bGC yield. c0.015 equiv. 
[Ir(COD)Cl]2, 0.06 equiv. tbppf. 
 

In the case of the last three examples, no reduction of functional groups was found. Despite po-

tential problems with coordination to the metal center of sulfur and nitrogen, compounds bearing 

thiophene ((E )-2ai) and pyridine ((E )-2aj) moieties were tolerated. The catalytic system was also 

applicable to derivatives of bicyclics such as naphthalene ((E )-2ak-l), dihydrobenzofurane ((E )-



 

2am), benzodioxole ((E )-2an), benzofurane ((E )-2ao), benzothiophene ((E )-2ap), and indole ((E )-

2aq). Excellent results were obtained in the case of bicyclic ketone- ((E )-2ar), lactone- ((E )-2as), or 

biphenyl-based compounds ((E )-2at). Our methodology may be applied to other types of alkynes, 

including aryl-alkyl ((E )-2au) and terminal ones.  

 

 
 

Scheme 4. Reaction Profile for 1a Semihydrogenation. aConditions: 0.01 equiv. [Ir(COD)Cl]2, 0.04 equiv. tbppf, 50 
equiv. HCO2H, THF, 80 °C. Conversion and products distribution were determined by GC analysis. 
 

Dodec-1-yne gave a somewhat lower yield due to the production of regio-isomers ((E )-2av), while 

the phenylacetylene derivative demanded higher catalyst loading ((E )-2aw). Finally, 1,3-diyne was 

transformed to the corresponding diene ((E )-2ax) in good yield and stereoselectivity under cata-

lytic conditions. 

 

 
 

Scheme 5. Reaction Profile for (Z )-2a Isomerization. aConditions: 0.01 equiv. [Ir(COD)Cl]2, 0.04 equiv. tbppf, 50 equiv. 
HCO2H, THF, 80 °C. Conversion and products distribution were determined by GC analysis. 
 

The broad scope of the catalytic system was enriched with examples of natural products deriv-

atives to evince its exceptional applicability (Scheme 3). Methylated stilbenoids – pinosylvin ((E )-

2ba) and resveratrol ((E )-2bb) were efficiently synthesized in the semihydrogenation process. Sim-



 

ilarly, this reaction yielded (E )-alkenes derived from terpenes – menthol ((E )-2bc) and myrthenol 

((E )-2bd). Eventually, higher molecular weight compounds, based on cholesterol ((E )-2be) or α-

tocopherol ((E )-2bf) skeleton, were obtained in high yields and stereoselectivity. Notably, the 

double C-C bonds of myrthenol and cholesterol moieties remained unaffected during the reaction, 

which constitutes another proof of unprecedented chemoselectivity of the investigated system.  

 

Mechanistic studies. The first step towards understanding the nature of the semihydrogenation 

process was an analysis of the model reaction mixture in time. The prepared mole fraction versus 

time profile revealed that (Z )-stilbene is produced in a small amount which decreases in time 

(Scheme 4). Furthermore, the negligible over-reduction product amount is invariable during the 

whole reaction. The former observation posed a question of whether (E )-stilbene was produced 

directly by semihydrogenation of diphenylacetylene or by the isomerization of (Z )-stilbene. The 

latter reaction was carried out and monitored in time to provide another profile which indicated a 

swift conversion of (Z )- to (E )-stilbene within two hours (Scheme 5). Similarly, the corresponding 

over-reduction product was not observed even if the reaction was prolonged. Presumably, the (E )-

isomer is formed in the sequence (Z )-semihydrogenation-isomerization, which is consistent with 

the literature.  

 
  

Scheme 6. Mechanistic experiments. 
 

The role of formic acid as a hydrogen donor was proven by an experiment with DCO2D yeild-

ing dideuterated (E )-stilbene ((E )-2a-d2 ) (Scheme 6a). Another evidence was delivered by the 

same model reaction performed in the absence of HCO2H, which did not produce the desired al-

kene (Scheme 6b). Replacing formic acid with gaseous hydrogen was ineffective in terms of the 

semihydrogenation process (Scheme 6c). This indicates transfer- rather than direct hydrogenation 

despite the presence of hydrogen in the model reaction, which is evolved in the decomposition of 

HCO2H. Expectedly, the reaction does not occur without the iridium precursor, which forms the 

catalytically active species (Scheme 6d). The semihydrogenation process of the model substrate 



 

was not affected by the addition of a mercury drop, which indicates the homogeneity of the cata-

lytic system (Scheme 6e). An equimolar mixture of (Z )- and (E )-stilbene is transformed exclusive-

ly to the (E )-isomer under the catalytic conditions (Scheme 6f), which suggests that isomerization 

is favored over the over-reduction process. 

   
  

Scheme 7. Iridium complexes synthesis. 
 

Subsequently, attempts were made to determine the active iridium species in the semihydro-

genation process. Firstly, iridium complexes were generated and used without isolation in the 

model reaction (SI page S9). Depending on the ratio of [Ir(COD)Cl]2 to tbppf ligand, different iso-

mers of the product were obtained. A proportion of 1:2 led to the formation of (Z )-stilbene as a 

major product, while a ratio of 1:4 gave exclusively (E )-stilbene. This intriguing observation indi-

cates that ligand loading may be used to control the stereoselectivity of the semihydrogenation. 

Reaction of [Ir(COD)Cl]2 with 2 equiv. of tbppf resulted in the formation of the complex 

Ir(COD)(tbppf)Cl (Scheme 7a). Unexpectedly, obtained X-ray analysis revealed that only diphenyl 

phosphine moiety of the bidentate ligand is coordinated to the metal center (Scheme 7b) what is 

consistent with 31P NMR analysis of the free ligand and the complex (SI page 10). Surprisingly, 

when the amount of ligand was increased to 4 equiv., the same complex was produced, and the 

rest of the tbbpf remained unreacted (Scheme 7c) (SI page 10). Presumably, the ligand excess is 

needed in further stages of production of the catalytically active species. Finally, NMR analysis of 

the complexes produced in the reaction between [Ir(COD)Cl]2 and symmetrical ligand in ratio 1:2 

was carried out. The use of dppf led to the formation of a complex having only one signal in 31P 

NMR, suggesting coordination of both phosphines (SI page 10-11). On the contrary, a spectrum of 

the complex synthesized from dtbpf exhibits two signals, indicating single coordination (SI page 

12). The above observations may explain differences in catalytic activities between complexes 

bearing unsymmetrical and symmetrical ferrocene-based ligands. Presumably, double coordina-

tion of dppf impedes coordination of triple C-C bond to the metal center (Table 2, entry 17), while 

bulky dtbpf ligand favors (Z )-semihydrogenation (Table 2, entry 18) similarly to tbppf (Table 2, 

entry 12). A higher ratio of [Ir(COD)Cl]2 to dtbpf increases steric hindrance and thus obstructs the 

reaction (Table 1, entry 14) in comparison to tbppf (Table 1, entry 17).  



 

 

The previous experiments and the studied literature24, 28 allowed us to propose a plausible 

mechanism (Scheme 8). Firstly, the reaction between the precatalyst and formic acid results in the 

formation of iridium hydride, which participates in three cycles. The ‘Cycle A’ concerning (Z )-

semihydrogenation embraces metal center coordination to the triple C-C bond, hydrometallation, 

and production of  (Z )-alkene, which is isomerized in the ‘Cycle B’ via the addition of iridium 

hydride. The necessity of using an excess of formic acid (Table 2) is elucidated by its decomposi-

tion in a dehydrogenation reaction (Cycle C ).  

 
Scheme 8.  Proposed Mechanism. 

 

 

CONCLUSION 

In summary, a novel iridium-catalyzed (E )-selective system for alkyne semihydrogenation 

was developed. The catalyst is produced in situ from commercially available [Ir(COD)Cl]2 and 

unsymmetrical ferrocene-based phosphine ligand (tbppf) in the presence of formic acid, which 

plays the role of a hydrogen donor. Interestingly, an application of symmetrical ligands fails to 

provide semihydrogenation products, which was the observation of paramount importance to the 

catalytic activity. Furthermore, stereoselectivity depends on ligand loading, which may be altered 

to obtain the (Z )-isomer. The presented method is distinguished by unprecedented chemoselectiv-

ity and excellent stereoselectivity. The broad scope of tested substrates proved that reducible or 

problematic functionalities such as halogens, ketones, aldehydes, nitro, nitriles, esters, sulfides, 

sulfoxides, sulfones, sulfonates, trimethylsilyl, pinacolborane, and heterocycles are tolerated un-

der the reductive conditions. The methodology is not limited to aryl-aryl alkynes but may be ap-

plied to other types of substrates (aryl-alkyl, terminal, and diynes). The catalytic system may be 

propitiously applied to synthesis natural products derivatives, even those containing unsaturated 

C-C bonds. Notably, there is no need to control semihydrogenation in the time since the over-



 

reduction process is negligible even if the reaction is prolonged. Another potential application of 

this protocol is the efficient isomerization of (Z )-alkenes into (E )-isomers. The intriguing differ-

ence of catalytic activity between unsymmetrical and symmetrical ferrocene-based ligands was 

ascribed to divergent coordination and steric hindrance. The mechanistic studies allowed us to 

propose a plausible mechanism embracing the formation of iridium hydride, which participates in 

three catalytic cycles: (Z )-semihydrogenation, isomerization, and dehydrogenation of formic acid. 

The presented methodology constitutes a solution to the limitations of the existing catalytic sys-

tems and  
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