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Abstract 

 A series of new quinoline and isoquinoline carboxamide based Ir(III) complexes based 

on the concept of strong electron donating ability of the anionic N-atom have been developed 

for hydrogenation of CO2 and dehydrogenation of formic acid (FADH) in water. The effect in 

catalytic activities with the series of complexes differing in the position of the quinoline ring 

as well as electron donating methoxy (-OMe) and hydroxy (-OH) functional groups has been 

investigated in detail. The complex 9 bearing the ligand 4-hydroxy-N-(4-hydroxyphenyl) 

quinoline-2-carboxamide was found to be the most efficient in CO2 hydrogenation with a TOF 

of 2040 h-1 at 50 °C and 1 MPa H2/CO2 (1:1) pressurized conditions. The active catalyst 9 

exhibited an initial TOF of 75 h-1 for CO2 hydrogenation even under ambient temperature and 

pressure in basic aqueous solution. In FADH, the complex 2 bearing the ligand N-phenyl 

isoquinoline-1-carboxamide had the highest catalytic activity with the initial TOF > 26000 h-1 

for 1 M formic acid (FA) solution (pH 1.7) at 60 °C and achieving initial TOF up to 115000 h-

1 for 8 M FA solution at 80 °C. 

Introduction 

 The exponential growth in the global population clubbed with modernization and 

higher standards of living over the last two decades have triggered a tremendous increase in 

the demand for energy. At present, most of the energy demand is met by the consumption of 

non-renewable fossil fuel reserves as a result of which a significant amount of CO2 and other 

greenhouse gases have been released into the environment. The presence of such gases over an 

optimal limit in the atmosphere leads to global warming which in turn has multiple adverse 

climatic effects. Thus, the continuously depleting fossil fuel reserves together with its adverse 

climatic implications calls for the need of alternate, clean and renewable energy source to fulfil 
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the demand of a modern and sustainable society.[1] Despite CO2 being a major greenhouse gas, 

it is also considered as an useful and renewable C1 source which can be utilized for the 

production of useful and fuel pertinent chemicals such as methanol, formic acid and methane.[2] 

The hydrogenation of CO2 with hydrogen to produce platform C1 chemicals provide an ideal 

option to address the problem of rising CO2 levels in the global atmosphere. Notably, CO2 

hydrogenation to formic acid (FA)/formate has received considerable attention recently owing 

to the application of CO2 as an energy vector for H2 storage.[2b, 2c, 3] The importance of FA also 

arises from the fact that it is considered as one of the prime C1 liquid organic hydrogen carriers 

(LOHCs) from which hydrogen can be released on demand under mild reaction conditions by 

employing a suitable catalyst.[2a, 4] Hydrogen is considered as a promising carbon free energy 

carrier for our sustainable future provided that we can overcome the limitations regarding its 

safe storage and transportation.[5] For this purpose, the efforts of the research community is 

extensively invested in designing active catalysts which can generate hydrogen from liquids 

such as FA due to convenience in their storage and transportation as compared to gaseous 

hydrogen.[4a-d] 
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Scheme 1. Literature known Cp*-Ir(III) catalysts for CO2 hydrogenation and formic acid 

dehydrogenation in water 

The direct hydrogenation of CO2 to FA in the gas phase, CO2(g) + H2(g) ⇌ HCOOH(l) 

is thermodynamically not favourable (ΔG° = 32.8 kJ/mol). However, the addition of a base or 

amine in aqueous phase makes the hydrogenation reaction CO2(aq) + H2(aq) + NH3(aq) ⇌ 

HCOO-(aq) + NH4
+(aq) energetically favourable (ΔG° = - 35.4 kJ/mol). Thus, basic reaction 

conditions are necessary for CO2 hydrogenation owing to the higher stability of the formate 

salt than that of FA.[6] Although some very efficient catalysts have been developed for CO2 

hydrogenation[7] and FADH reactions[8] separately over the last decade, efficient catalytic 

systems which can selectively hydrogenate CO2 to FA/formate and subsequently catalyze the 

FADH reaction in aqueous medium are of great value in view of a reversible hydrogen storage 
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and release system with CO2.[9] In this regard, we had previously investigated the Cp*Ir 

catalysts A and B (Scheme 1) for efficient CO2 hydrogenation as well as FADH reactions in 

water.[8c, 10] The catalyst design concept was based on the fact that introduction of anionic ligand 

generated by the deprotonation of a hydroxyl group behave as a proton responsive moiety and 

improve the catalytic activity via strong electron donation to the metal. Complex A catalyzed 

CO2 hydrogenation to formate with an initial TOF of 650 h-1 under PH2/CO2 (1 MPa) at 50 °C,[10a] 

and FADH with initial TOF: 2400 h-1 (pH 1.7) at 60 °C.[8c] The catalytic activity of complex B 

in CO2 hydrogenation was found to be much higher than A, producing an initial TOF of 1650 

h-1 under analogous reaction conditions as A.[10a] This enhancement in the catalytic activity was 

supposed to be due to the exploitation of secondary coordination sphere effect in the catalyst 

design where the ortho-positioned hydroxyl group accelerates H2 heterolysis through proton 

relay with the assistance of a water molecule (pendant base effect). B was reported as the first 

molecular catalyst to catalyze the CO2 hydrogenation to formate under ambient reaction 

conditions (25 ℃, atmospheric pressure) with a TOF of 27 h-1.[11] Complex B catalyzed FADH 

with an initial TOF: 5440 h-1 (pH 3.5) at 60 °C.[10b]  Subsequently, we reported the tetrahydroxy 

bipyrimidine Cp*Ir complex C (Scheme 1) in 2012 which displayed much higher activity as 

compared to its dihydroxy analogues due to a combination of electron rich oxyanion group and 

pendant base effects. Catalyst C displayed a TOF of 4200 h-1 and 70 h-1 for CO2 hydrogenation 

to formate under PH2/CO2 (1 MPa) at 50 °C and PH2/CO2 (0.1 MPa) at 25 °C respectively. A TOF 

of 31600 h-1 for FADH (pH 3.5) at 60 °C was achieved with C.[12] In 2015, we explored the 

Cp*Ir complex D (Scheme 1) bearing a non aromatic bisimidazoline ligand and achieved a 

TOF of 1290 h-1 for CO2 hydrogenation under PH2/CO2 (1 MPa) at 50 °C.[13] Moreover, D was 

found to exhibit very high activity towards FADH and a TOF: 54700 h-1 was achieved at pH 

1.7.[14] Catalyst D was designed based on the concept that nonaromatic imidazoline moiety 

could enhance electron density on the N atom by localization. Subsequently, we reported the 

complex E (Scheme 1) based on pyridyl imidazoline moiety and achieved an initial TOF of 

2600 h-1 for CO2 hydrogenation to formate under PH2/CO2 (1 MPa) at 50 °C. Complex E could 

also catalyze the CO2 hydrogenation reaction at room temperature under atmospheric pressure 

with an initial TOF of 106 h-1. In FADH, a high activity of 56900 h-1 (pH 3.0) could be achieved 

with E. The high activity of catalyst E was attributed to a combination of proton responsive 

oxyanion groups and the presence of nonaromatic imidazoline moiety.[15]  

Based on previous reports with complexes bearing amide ligands,[16] we explored some 

Cp*Ir complexes based on amidate moiety for CO2 hydrogenation and FADH reactions in 
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water (F and G in Scheme 1) and achieved high catalytic activities.  Among several structurally 

similar catalysts explored, complex G outperformed others in CO2 hydrogenation to achieve a 

record TOF of 198 h-1 under ambient reaction conditions, due to strong electron donation by 

the amidate moiety in addition to the oxyanion effect. The same catalyst exhibited a TOF of 

3140 h-1 in CO2 hydrogenation under pressurized reaction conditions of 1 MPa PH2/CO2 at 50 ℃. 

In FADH, complex F bearing a N-phenyl picolinamidate ligand displayed a TOF of 20800 h-1 

for 1 M FA solution at 60 ℃.[17] Encouraged by the high catalytic activities achieved with the 

picolinamidate Cp*Ir(III) complexes,  herein, we report a series of quinoline and isoquinoline 

carboxamide based Cp*Ir complexes (1 –9) based on the concept that pKa (isoquinoline; 5.46) 

> pKa (pyridine; 5.17) > pKa (quinoline; 4.85). The design concept based on the difference in 

basicity of the ligands bound to the Cp*Ir led to distinct catalytic activities both in case of CO2 

hydrogenation and FADH reactions. In addition, the effect of electron donating methoxy (-

OMe) and hydroxy (-OH) functional groups in the quinoline ring and the Nphenyl group at the 

amide-N have also been investigated in detail. The structure-activity relationship could be 

elucidated by extensive pH and kinetic isotope effect (KIE) studies with selected catalysts.  
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Results and Discussion 

Synthesis and Characterization of the Ligands and Complexes 

Table 1. Chemical shift comparison of specified protons in the 

1H NMR spectra of complex 9 in (i) D2O and (ii) NaOD/D2O. 

Proton 1H NMR in D2O  

δ (ppm) 

1H NMR in NaOD/D2O 

δ (ppm) 

e 7.39  6.85  

g 6.92  6.53  

c 8.04  7.73  

b 7.77 7.46  

 

The ligands and complexes were synthesized by following the procedure described in the 

Supporting Information. The newly synthesized Cp*Ir complexes were characterized by 1H, 

13C NMR and mass spectrometry.  The 1H NMR spectra of complex 9 in D2O and NaOD/D2O 

was recorded at room temperature. It was observed that the proton e located adjacent to the 

carbon atom with the -OH group displayed the most significant upfield shift in the NMR spectra 

recorded in NaOD/D2O. It appeared as a singlet at δ = 6.85 ppm in NaOD/D2O as compared to 

δ = 7.39 ppm in D2O (Scheme 1, Table 1 and Figures S1 and S2). Additionally, the protons g 

adjacent to the -OH group in the Nphenyl ring also showed considerable upfield shift (d; δ = 

6.53 ppm) in NaOD/D2O as compared to the spectra in D2O (d; δ = 6.92 ppm). The protons c 

and b also appeared upfield in NaOD/D2O as compared to their respective chemical shifts in 

the NMR spectra recorded in D2O (Scheme 1 and Table 1). This suggest the formation of 

electron rich oxyanionic ligand (-O-) under basic conditions as indicated in our previous 

reports.[10a] 
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CO2 Hydrogenation 

 

Figure 1. Comparative catalytic activity of the complexes 1 – 9, F[17] and G[17] in CO2 

hydrogenation. Reaction Conditions: 1 M NaHCO3 solution (10 mL) with catalyst (0.2 μmol), 

P(H2/CO2) = 1.0 MPa (1/1), reaction time = 1 h, T = 50 ℃.  

The catalytic activity of the synthesized complexes (1 – 9) in CO2 hydrogenation was 

systematically investigated to gain insights into the structural and functional group effects of 

the quinoline carboxamide type ligands (Figure 1).  At an outset, 1 with N-phenylquinoline-2-

carboxamide ligand was examined for CO2 hydrogenation under pressurized reaction 

conditions (1.0 MPa H2/CO2 (1/1)), 50 ℃, 1 M NaHCO3. 1 exhibited a TOF of 390 h-1 under 

these reaction conditions. Next, we tested 2 with N-phenylisoquinoline-1-carboxamide  under 

analogous reaction conditions and achieved a TOF of 490 h-1 which shows the incremental 

effect in the catalytic activity with the more basic isoquinoline type structure as compared to 

quinoline. Interestingly, the complex 3 with N-phenylisoquinoline-3-carboxamide ligand 

displayed a TOF of 900 h-1 for CO2 hydrogenation which was much higher as compared to 1 

and 2 under analogous reaction conditions (Figure 1). Subsequently, the effect of hydroxy (-

OH) group in the para position of the phenyl group on the amide-N was investigated in detail. 

4 with N-(4-hydroxyphenyl)quinoline-2-carboxamide exhibited a TOF of 460 h-1 which was 

slightly higher as compared to 1. Similarly, 5 and 6 displayed TOFs of 580 h-1 and 1290 h-1 
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respectively in CO2 hydrogenation under analogous reaction conditions which shows the 

positive effect in catalytic activity exerted by the OH group in the para position of the phenyl 

group on the amide-N.  Next, the effect of the introduction of electron donating methoxy -OMe 

and OH group on the quinoline ring was investigated. The complex 7 with 5-methoxy-N-

phenylquinoline-2-carboxamide ligand displayed a TOF of 410 h-1 under pressurized reaction 

conditions which shows that the introduction of a methoxy group at the para position of the 

quinoline ring did not have a significant effect on the catalytic activity. In contrast, the 

introduction of a OH group at the same position in 8, afforded a catalytic activity more than 

two-fold higher as compared to 1 where a TOF of 930 h-1 was achieved under analogous 

reaction conditions. This result is in accordance with our previous reports where the 

introduction of OH groups have proved to be extremely beneficial in achieving high catalytic 

activity for CO2 hydrogenation to formate.[10a, 17] Next, to understand the effect of OH groups 

at the para position of both the quinoline ring and the phenyl group on the amide-N, we 

designed 9 with a 4-hydroxy-N-(4-hydroxyphenyl) quinoline-2-carboxamide ligand which 

exhibited a high TOF of 2040 h-1 for CO2 hydrogenation under 1 MPa H2/CO2 (1/1) pressurized 

conditions at 50 ℃ (Figure 1). Subsequently, the CO2 hydrogenation activity of 9 was studied 

under ambient reaction conditions (0.1 MPa H2/CO2 (1/1)), 25 ℃, 1 M NaHCO3 where an 

initial TOF of 75 h-1 was achieved with 9 (Figure S3). The time dependent CO2 hydrogenation 

with 9 under ambient reaction conditions revealed that the formate concentration was enhanced 

with increasing reaction time (Figure S3).  
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Formic Acid Dehydrogenation 

Table 2. Dehydrogenation of FA with catalysts 1 – 9[a] 

FA[b] FA/SF (9/1)[c] FA/SF (1/1)[d] 

Entry Catalyst Conv. 

(%)[e] 

TOF (h-1)[f] Conv. 

(%)[e] 

TOF (h-1)[f] Conv. 

(%)[e] 

TOF (h-

1)[f] 

1 1 99 9360 88 18960 20 5180 

2 2 99 26120 90 16010 30 4670 

3 3 99 13800 90 31530 49 14530 

4 4 99 18480 63 21430 10 4670 

5 5 99 19950 90  38190 45 7390 

6 6 99 13550 90 42130 42 19710 

7 7 99 11820 61 13055 21 7880 

8 8 99 8132 85 5900 20 3600 

9 9 99 10602 90 31990 50 16990 

[a] Reaction Conditions: Catalyst loading (1 μmol), T = 60 °C. [b] In a 1 M FA solution (pH 

1.7, 10 mL).[c] In a 1 M FA/SF (9/1) solution (pH 2.8, 10 mL).[d] In a 1 M FA/SF (1/1) 

solution (pH 3.75, 10 mL).[e] determined by HPLC. [f] TOF was calculated from average 

rate after initial 5 min. All numbers are average of two runs. 

 

 

Figure 2. Comparative catalytic activity of the complexes 1 – 9, F[17] and G[17] in formic acid 

dehydrogenation. Reaction conditions: 1 M FA solution (pH 1.7, 10 mL), catalyst (1 µmol), T 

= 60 °C, initial TOFs (5 min) . 
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The results of FADH with 1 – 9 at three different pH conditions: pH 1.7 (1 M FA), pH 

2.8 (FA/SF (9/1)) and pH 3.75 (FA/SF (1/1)) are summarized in Table 2. An initial TOF of 9360 

h-1 was achieved with 1 which increased to 18960 h-1 when a (FA/SF (9/1)); pH 2.8) solution 

was used. The TOF drastically decreased to 5180 h-1 with 1 for the (FA/SF (1/1); pH 3.75) 

solution where very less conversion of formic acid was observed under this reaction condition  

(entry 1). Next, 2 exhibited almost 3-fold higher catalytic activity for 1 M FADH (pH 1.7) as 

compared to 1. A high TOF of 26120 h-1 in FADH was achieved with 2 at 60 °C which puts it 

among the highly active molecular catalysts reported for FADH (Figure 2). Notably, only the 

Cp*Ir catalysts reported by Li et al. are reported to exhibit a higher catalytic activity than 2 

under analogous reaction conditions.[8h, 8l] The GC analysis of the released gas mixture revealed 

an equimolar ratio of H2:CO2 with no CO contamination (detection limit: 10 ppm) (Figure S4). 

Interestingly, the TOF of 2 decreased to 16010 h-1 with (FA/SF (9/1); pH 2.8) solution and 

further deteriorated to 4670 h-1 with (FA/SF (1/1); pH 3.75) solution (entry 2). The structural 

analogue 3 displayed a TOF of 13800 h-1 for FADH at pH 1.7 but was greatly influenced by 

slight increase in the pH, where, a TOF of 31530 h-1 was achieved with (FA/SF (9/1); pH 2.8) 

solution. At pH 3.75, 3 exhibited a TOF of 14530 h-1 and much higher conversion of formic 

acid was found as compared to 1 and 2 under this reaction condition (entry 3). Thus, a 

systematic study of 1, 2 and 3 in FADH at different pH revealed a distinct structure activity 

behaviour of the quinoline/isoquinoline carboxamide coordinated Cp*Ir complexes. Moreover, 

it is worthy to note that the catalytic activity of the complexes 1, 2 and F[17] in FADH follow 

the order 1< F< 2 which is in accordance with the pKa trend (isoquinoline) > (pyridine) > 

quinoline) with the Nphenyl moiety remaining same for all the cases. Subsequently, to check 

the effect of an electron donating OH group in the para position of the N-phenyl ring, we 

investigated the complexes 4, 5 and 6 for FADH. 4 displayed a TOF of 18480 h-1 at pH 1.7 

which was 2-fold higher as compared to 1 under analogous reaction conditions. The TOF with 

4 increased slightly to 21430 h-1 at pH 2.8 and deteriorated to 4670 h-1 at pH 3.75 following 

the same trend as 1 (entry 4). 5 did not exhibit an incremental catalytic activity as compared to 

2 at pH 1.7 but displayed a much higher TOF of 38190 h-1 at pH 2.8 (entry 5). 6 exhibited a 

TOF of 13550 h-1 at pH 1.7 and a slight increase in pH to 2.8 influenced its catalytic activity 

significantly, where, a TOF of 42130 h-1 was achieved (entry 6). This trend was similar to that 

observed in case of 3 but a even higher TOF could be achieved with 6 at pH 2.8. A TOF of 

19710 h-1 was observed with 6 even at higher pH with 1 M (FA/SF (1/1)) solution. Subsequently, 

we checked the effect of the introduction of electron donating -OMe and -OH groups at the 
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para position of the quinoline ring. 7 exhibited a TOF of 11820 h-1 with 1 M FA solution (pH 

1.7) which was slightly higher as compared to 1. The catalytic activity of 7 was not significantly 

influenced by increasing the pH of the reaction solution to 2.8 (entry 7). Introduction of a OH 

group in the quinoline ring 8,  did not have a positive effect in the catalytic activity for FADH 

(entry 8). 9 with OH groups both at the para position of the quinoline ring and the phenyl group 

on amide-N displayed a TOF of 31990 h-1 with 1 M (FA/SF (9/1); pH 2.8) solution and 16990 

h-1 with 1 M (FA/SF (1/1); pH 3.75) solution, where, almost full conversion of formic acid was 

achieved under these reaction conditions (entry 9).  

 

Figure 3. Effect of pH on dehydrogenation of FA at 60 ℃ using (a) 1 (0.1 mM, black square), 

2 (0.1 mM, red circle) and 3 (0.1 mM, blue triangle), (b) 5 (0.1 mM, black square) and 6 (0.1 

mM, red circle). The pH of the solutions were varied by using solutions of different FA/SF 

ratios. All reaction volumes were 10 mL. TOFs were calculated from average rates after the 

initial 5 min. 

Subsequently, we examined the detailed pH-dependence of the catalytic activities of 1, 

2 and 3 (Figure 3a and Table S2). From figure 3a, it is evident that 1 and 2 exhibited maximum 

TOF of 22890 h-1 and 36450 h-1 respectively at pH 2.0 where as for 3, the maximum TOF value 

of 31536 h-1 was observed at pH 2.8. The catalytic activity of 2 was very sensitive to changes 

in pH as the TOF declined sharply with a small increase in pH from 2.0 to 2.8. The TOFs 

achieved with 3 above pH 2.5 were much higher as compared to 1 and 2. We also investigated 

the pH-dependence of the active catalysts 5 and 6 (Figure 3b). 5 exhibited a maximum TOF of 

42870 h-1 at pH 2.5 where as in the case of 6, the maximum TOF of 43855 h-1 was observed at 

a shifted pH of 3.0. The temperature dependent catalytic activity of the most active catalyst 2 
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(1 M FA; pH 1.7) was studied in the range of 50 ℃ to 65 ℃ (Figure S5a). From the temperature 

dependent TOFs, it is evident that the catalytic activity of 2 was enhanced with the increase in 

temperature and an activation energy of 65.9 kJ/mol was calculated from the Arrhenius plot 

(Figure S5b). Subsequently, we studied the effect of FA concentration on the catalytic activity 

of 2 (Figure S6 and Table S3). The catalytic activity was enhanced with the increase in FA 

concentration from 1 M to 6 M and a high TOF of 49446 h-1 was achieved with 6 M FA solution 

at 60 ℃. Complete conversion of FA was observed with solutions up to 4 M, while for 6 M FA 

solution, 91 % conversion was observed with 2. 2 exhibited a high initial TOF of 114457 h-1 

for 8 M FADH at 80 ℃ without any additive, but only 65 % conversion of FA was found under 

this reaction condition. A TON of 100000 could be achieved with 2 (1 µmol) in the 

dehydrogenation of FA (2M, 50 mL) at 60 ℃ (Figure S7) 

 

Table 3. Experimental Deuterium Kinetic Isotope Effects (KIEs) for FADH by 

catalysts 1, 2 and 3[a] 

Substrate/Solvent 1 2 3 

 TOF/h-1 KIE TOF/h-1 KIE TOF/h-1 KIE 

HCOOH/H2O[b] 8620  23036  12193  

HCOOH/D2O[c] 4310 2 10223 2.25 7018 1.74 

DCOOD/H2O[d] 5050 1.71 9482 2.43 3693 3.30 

DCOOD/D2O[e] 2950 2.92 3942 5.84 2094 5.82 

[a] Reaction Conditions: Catalyst (1 µmol), temperature (60 ℃), initial TOFs (10 min) 

[b] 1 M HCOOH/H2O (10 mL), [c] 1 M HCOOH/D2O (10 mL), [d] 1 M DCOOD/H2O 

(10 mL), [e]1 M DCOOD/D2O (10 mL). 

 

The KIE studies conducted with the catalysts 1, 2 and 3 revealed a very interesting trend for 

the structure activity relationship among them (Table 3). For 1, HCOOH in D2O was found to 

be more influential than DCOOD in H2O indicating that the proton assisted hydrogen release 

might be the rate determining step (RDS) in the catalytic cycle of FADH. Interestingly, for 2 

and 3, DCOOD in H2O was found to be more influential than HCOOH in D2O indicating that 

the decarboxylation step might be the RDS in the catalytic cycle. For 1 and 2, the difference in 

KIE values of HCOOH in D2O and DCOOD in H2O were close which explains the similar 

behaviour of their pH-dependent catalytic activities while in the case of 3, the KIE value of 

DCOOD in H2O was significantly higher than HCOOH in D2O explaining the higher catalytic 

activities displayed by 3 at a slightly higher pH as compared to 1 and 2. Based on our findings, 

the plausible reaction pathway for dehydrogenation of FA over the studied catalytic system 
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may involve the following sequential steps: (a) Ir-formato species is formed by replacement of 

H2O with formate in the solution, (b) decarboxylation of the Ir-formato intermediate results in 

the generation of Ir-H species, and (c) finally, hydrogen is released from the Ir-H to regenerate 

the original Ir-aqua complex. For CO2 hydrogenation, (a) Ir-H species is generated in H2 

atmosphere, (b) insertion of CO2 into the Ir-H leads to the formation of Ir-formato species and 

(c) finally the formate is released into the solution to regenerate the Ir-aqua complex and 

complete the catalytic cycle (Scheme 2).  

 

Scheme 2. A plausible reaction mechanism for CO2 hydrogenation (outside circle) and FADH 

reactions (inside circle) with representative complex 1. 

Conclusions 

In summary, a series of quinoline/isoquinoline carboxamidate based Cp*Ir complexes were 

synthesized and explored for CO2 hydrogenation as well as FADH reactions in water. The effect 

of structure of the quinoline/isoquinoline ring as well as electron donating methoxy and 

hydroxy functional groups on the catalytic activities in CO2 hydrogenation and FADH was 

extensively investigated by performing the reactions at different pH and KIE experiments. The 

catalyst 9 was the most efficient in CO2 hydrogenation and displayed a TOF of 2040 h-1 and 75 

h-1 for CO2 hydrogenation to formate under PH2/CO2 (1 MPa) at 50 °C and PH2/CO2 (0.1 MPa) at 

25 °C respectively. The formation of the oxyanion ligand (O -) under basic reaction conditions 
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was attributed to the high catalytic activity of 9. In FADH, complex 2 was found to display the 

highest catalytic activity of 26120 h-1 for 1 M FA solution (pH 1.7) at 60 ℃. The observed 

catalytic activities among Cp*Ir complexes 1, 2 and F in FADH is found to be in accordance 

with the pka values of quinoline, pyridine and isoquinoline structures The isoquinoline 

structure with higher pKa value as compared to quinoline was more beneficial for FADH most 

likely due to higher electron donation to the Ir center. Moreover, the presence of an electron 

donating OH group in the para position of the N-phenyl ring (4, 5 and 6) had significant 

influence on the catalytic activities for FADH at different pH values. KIE studies indicated that 

the proton assisted hydrogen release step is the RDS in FADH with 1, while the decarboxylation 

step could be the RDS with 3. We hope that our present findings related to the structure activity 

relationship of Cp*Ir amidate complexes in CO2 hydrogenation and FADH reactions will pave 

the way for the development of more active and robust molecular catalysts for reversible 

hydrogen storage/release application in the near future. 
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