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ABSTRACT 

Considering the interest in processes related to hydrogen storage such as CO2 

hydrogenation and formic acid (FA) decomposition we have synthesized a set of Ir, Rh 

or Ru complexes to be tested as versatile precatalysts in the above-mentioned reactions. 

In relation with the formation of H2 from FA, the possible applicability of these 

complexes in the transfer hydrogenation (TH) of challenging substrates as quinoline 

derivatives using FA/formate as hydrogen donor, has also been addressed. Bearing in 

mind the importance of secondary coordination sphere interactions, N^N´ ligands 

containing NH2 groups, coordinated or not to the metal center, were used. The general 

formula of the new complexes are [(p-cymene)RuCl(N^N´)]X, X = Cl-, BF4
- and 

[Cp*MCl(N^N´)]Cl, M = Rh, Ir, where the N^N’ ligands are 8-aminoquinoline (HL1), 

6-pyridyl-2,4-diamine-1,3,5-triazine (L2) and 5-amino-1,10-phenanthroline (L3). Some 

complexes are not active or catalyze only one process. However, the complexes 

[Cp*MCl(HL1)]Cl with M = Rh, Ir are versatile catalysts that are active in 

hydrogenation of quinolines, FA decomposition and also in CO2 hydrogenation with the 

iridium derivative being more active and robust. The CO2 hydrogenation takes place in 

mild conditions using only 5 bar of pressure of each gas (CO2 and H2). The behavior of 
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some precatalysts in D2O and after the addition of 9 equiv of HCO2Na (pseudo-catalytic 

conditions) has been studied in detail and mechanisms for the FA decomposition and 

the hydrogenation of CO2 have been proposed. For the Ru, Ir or Rh complexes with 

ligand HL1, the amido species with the deprotonated ligand are observed. In the case of 

ruthenium, the formate complex is also detected. For the iridium derivative, both the 

amido intermediate and the hydrido species have been observed. This hydrido complex 

undergoes a process of partial umpolung D+↔ Ir−H. All in all, the results of this work 

reflect the active role of –NH2 in the transfer of both H+ and H– groups. 

INTRODUCTION 

Hydrogen-related catalytic processes are of current interest for the scientific 

community, not only due to their numerous practical applications1 but also for the 

intriguing characteristics of the transition metal hydrides and dihydrogen complexes.2 In 

this context, one motivating and current challenge related to sustainability is the CO2 

hydrogenation3,4 to one-carbon molecules such as formic acid4 (or formate)5 or 

methanol as an alternative to photo-6 and electrochemical7,8 CO2 reduction. The interest 

in formic acid in relation to CO2 conversion derives from the fact that it is the liquid 

product of CO2 hydrogenation that requires the lowest consumption of H2.9 Formic acid 

can be used as a feedstock in chemical reactions but it can also be employed in fuel 

cells.  

In addition to the above, hydrogen has been postulated as an alternative energy source 

for future generations due to its high gravimetric energy density and its environmental 

advantages (water is the only by-product).10 The manipulation, storage and transport of 

molecular hydrogen is dangerous and very inefficient. As a consequence, the 

development of hydrogen storage systems is highly desired.11,12 Formic acid (FA) is 

considered a leading system for hydrogen storage,4,11,13 because it combines a 

moderately high H2 content (4.38 wt %, 53 g·L–1) with a number of advantageous 

properties related to its safe transportation and manipulation.14,15 Interestingly, FA is a 

major product of biomass processing.13  

Different complexes of Ru, Rh, Ir and Fe, mainly with P- or N-donor ligands including 

half-sandwich derivatives and others that contain pincer ligands (usually of the PNP 

type), have been reported as precatalysts in the FA dehydrogenation.13,14,16–25,26 Catalytic 

hydrogenation of CO2 has been reported most frequently for ruthenium complexes but 
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iridium, rhodium, iron, cobalt, nickel, copper, manganese and molybdenum derivatives 

have also been described.4,5,14,27–32 The concept of TH of CO2 to formate was first 

proposed by Peris in 2010.33 High activities have been attained in the hydrogenation of 

bicarbonate with half-sandwich Rh, Ir or Ru with dihydroxy-phenanthroline ligands 

(proton-responsive ligands) although the use of high pressures is required (about 40 

bar).34,35 In general, harsh conditions of temperature and pressure are commonly 

required for such processes.14,32 Although examples with low temperatures have been 

reported (50−80 ºC), the use of 100−200 ºC is rather common and pressures clearly 

higher than 25-25 (CO2/H2) bar are generally used.  Systems that are active in both 

transformations have been reported36,37 and a detailed review about noble and non-noble 

metal based catalysts for both processes has been recently published.14  One again high 

pressures for the CO2 hydrogenation,35,37–41  high catalyst loadings42 and/or the use of 

organic solvents are usually needed.40,41,43 Fukuzumi et al. described a process that takes 

place at atmospheric pressure, although this requires a high catalyst concentration and 

provides a low TON (100).44 As a consequence, the development of new, facile, 

efficient and robust versatile catalysts for both processes that work in water, as a benign 

solvent, and under mild conditions is highly desirable. 

The metal-catalyzed generation of H2 from FA is closely related to the use of this acid 

(in a buffer with formate) as a hydrogen donor for transfer hydrogenation (TH) 

reactions in water.45–48 TH has been frequently used for the hydrogenation of carbonyl 

compounds46,49 and imines50 but the hydrogenation of heteroaromatics is more 

challenging.51 The selective hydrogenation51,52,53 of the pyridinic ring of quinolines 

leads to 1,2,3,4-tetrahydroquinolines, which are important synthetic intermediates for 

pharmaceuticals, agrochemicals and dyes.54,55 Examples of this hydrogenation with the 

FA/formate mixture in water with Ir, Rh and Ru complexes have appeared in the 

bibliography.56–58 Xiao59 reported the use of Ir complexes with low catalyst loadings 

and interesting mechanistic studies were also described. The handling of molecular 

hydrogen is less convenient and, with some exceptions,60 either high pressures61–67 or 

high temperatures68 are required. It is generally accepted that an ionic mechanism 

occurs that involves hydride transfer to a previously protonated form58,59,60 of the 

quinoline derivative. Moreover, a clear effect of the pH of the medium has been 

observed and acidic values (4.5−5) are needed for an optimal reduction. 
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The importance of secondary coordination sphere interactions on using multifunctional 

ligands69 has been documented in different fields including H2 production and CO2 

reduction.70 For example, in complexes with pincer ligands  the formation of a hydrogen 

bond with the ligand allows the insertion of CO2 into an Ir−H bond in a very active 

system71 and cases of ligand-assisted H2 activation have been reported.27,36 Long-range 

metal-ligand bifunctional catalysis involving FA-assisted proton hoping in a 

dehydrogenation process of this acid has also been described.72 

We describe here a series of half-sandwich Ru, Ir and Rh complexes with κ2-N,N'-

chelating ligands, which could function as bifunctional ligands that participate in the 

catalytic process. The ligands chosen (see Chart 1) contain one or more –NH2 groups 

that are able to form hydrogen bonds in all cases but would be arranged at different 

distances from the metal center. Interestingly, it was found that two Rh and Ir 

derivatives are versatile catalysts that are active in (i) CO2 hydrogenation, (ii) 

dehydrogenation of formic acid into H2 and CO2 and (iii) selective TH of quinolines 

with HCO2H/HCO2Na as the hydrogen source in water.  

We also report on the detection and study of the possible intermediates in the catalytic 

processes and the behavior in D2O of the metal hydrides by analyzing the presence or 

absence of an umpolung process (i.e., reversal of polarity, transformation of D+ into 

M−D). An interchange between a hydrido and an amido iridium species derived from 

ligand HL1 was identified. The formation of HD or D2 with D2O as the only deuterium 

source has also been considered. The results reported here could open new ways for the 

design of improved catalytic systems.  
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Chart 1 

RESULTS AND DISCUSSION 

Synthesis of complexes 
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The structural formulae of the complexes reported in this work are provided in Scheme 

1. The cationic p-cymene complex [(η6-p-cym)RuCl(HL1)]Cl, I, was prepared by 

reacting the dimer [(η6-p-cym)Ru(µ-Cl)Cl]2 with 8-aminoquinoline (HL1) at room 

temperature. Treatment of complex I with NaBF4 afforded 1BF4. The change in the 

anion was performed in order to obtain a compound that could give rise to single 

crystals appropriate for an X-ray diffraction study. The neutral complex 2 was prepared 

adding KOH after the reaction of the dimer and the ligand. 

Pentamethylcyclopentadienyl (Cp*) cationic complexes of stoichiometry [(η5-

Cp*)M(N^N’)]Cl, 3 to 7, were prepared by treating the appropriate dichloro-bridged 

dimer [(η5-Cp*)M(µ-Cl)Cl]2 (M = Rh, Ir) with the corresponding ligand. Complex I has 

been reported by Türkmen et al. and Singh et al. independently73,74 but it was 

synthesized in this work for the sake of comparison in the catalytic tests.  
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Scheme 1. Synthesis and molecular structure with atomic numbering of the complexes 
described in this paper. Only one enantiomer is shown. 

 

Characterization by NMR spectroscopy 

The 1H NMR and 13C{1H}NMR spectra are consistent with the structural formulae 

depicted in Scheme 1. 2D NMR spectra and NOE effects were used to assign the 

resonances (see Figure S1 for the NOE effects in 2). The Ru(II) p-cymene complexes I, 

1BF4 and 2 showed patterns consistent with a C1 symmetry. 

The 2D NOESY spectrum registered for I exhibits exchange cross-peaks between the 

pairs H2-H6, H3-H5 and H8-H9, which evidences a dynamic process that allows 

interconversion between enantiomers RRu and SRu. 

The resonances of the –NH2 groups warrant further comment: (i) Complexes I, 3 and 4, 

with 8-aminoquinoline, display two resonances at very different chemical shifts (for 

instance, δ 11.72 and 4.61 ppm, 2JHH = 10.55 Hz for I) and these signals are attributed 

to inequivalent protons of this group. This observation is consistent with an N,N’ chelate 

coordination mode for HL1 and suggests that the –NH proton at lower field is involved 

in a hydrogen bonding interaction, possibly with the chloride ligand. Moreover, it was 

confirmed that these protons do not exchange with one another on the NMR time scale. 

In the case of 7, which contains ligand L3 where the amino group is not coordinated, a 

unique and broad resonance was observed for the –NH2 group. The NH group of 2 gives 

rise to a singlet at 8.17 ppm integrating for 1H. Besides, the neutral nature of this 

compound leads to a shifting to higher field of the resonances of the L1 ligand as 

compared to I.  

Solid-state characterization of 1BF4 

The molecular and crystal structure of complex 1BF4 was solved by X-ray diffraction. 

The crystallographic data and the distances and bond angles are gathered in the 

Supporting Information (Tables S1 and S2). An ORTEP of the cation is included in 

Figure 1. Both enantiomers (RRu and SRu) are present in the crystal. As I or the similar 

complex with benzene, previously described,74 1BF4 has a three-legged piano-stool 

structure formed by the η6-coordinated p-cymene ring, the (κ2-N,N') chelate HL1 and 

the chloride ligand. The 8-aminoquinoline ligand is essentially planar. The value of the 

bite angle is 78.70(9)°, similar to I.74 The bond lengths within the cationic Ru-centered 
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component are in the expected range75–78 and these include the Ru−Cp-cymene average 

distance of 2.19 Å. When compared with I the bonds involving the Ru atom are similar 

except the Ru−NH2 distance that is shorter for 1BF4 (2.128(2) and 2.134 for I).74 

Interestingly, the N−H bond distances are longer in 1BF4 (0.97 Å) than in I (0.91−0.92 

Å).74 The shortening of the Ru−NH2 distance implies a higher electron donation from 

the N atom increasing the positive charge of this atom and this causes a lengthening of 

the N−H distances.  

 

  

  

Figure 1. ORTEP of the cation in complex 1BF4. H atoms have been omitted for clarity. 
Ellipsoids are shown at the 30% probability level. Selected distances (Å): Ru1−Cl1 = 2.3984(8); 
Ru1−N1 = 2.100(2); Ru1−N2 = 2.128(2); Ru1−Caverage = 2.19; Ru1−Centroid(p-cym) = 1.43. 
Bite angle N1−Ru1−N2 = 78.70(9)°. 
 

The 3D structure is held together by a set of intermolecular interactions. The chloride 

ligand and the tetrafluoroborate anion connect three or four, respectively, cations 

through hydrogen bonds, including bifurcated and trifurcated bonds. The hydrogen 

atoms that participate in these bonds are not only those of the –NH2 group (interacting 

with the BF4
– anion or the chloride ligand) but also H−C(sp2) and H−C(sp3) atoms (see 

Table S3). A π−π interaction54 is also established between two cations and this involves 

the aromatic rings that bear the amino group (see Figure S2 and Table S4).  

Catalytic transfer hydrogenation of quinolines 
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It was decided to study the catalytic activity of the complexes in the transfer 

hydrogenation (TH) of quinoline and methyl- and amino-substituted quinolines using 

HCO2H/HCO2Na as the hydrogen source in water. Based on literature reports59 and on 

our previous results on the TH of ketones with the same hydrogen source, we chose to 

perform all the tests at pH 4.5. 

2-Methylquinoline (IIa) was quantitatively reduced to 2-methyl-1,2,3,4-

tetrahydroquinoline, IIb, within 24 hours at room temperature using a 0.1 mol % 

loading of 3 or 4 (Table 1, entries 3 and 6). The same result was obtained on using a 

mixture of [Cp*IrCl2]2 and 8-aminoquinoline, HL1, (Table 1, entry 12). However, on 

using only the iridium dimer, [Cp*IrCl2]2, the yield decreased to 50% and activity was 

not observed with HL1 in the absence of any metallic center (entries 13 and 14). The 

performance of I, 6 and 7 was disappointing (< 1% yield after 24 h, entries 1, 10 and 

11) while the activity of 5 was only moderate (entry 9). Although the activity of the Ru 

dimer, [(p-cym)RuCl2]2, was low (entry 15), it was higher than that of the preformed 

complex I. As a control experiment, it was verified that the TH of IIa did not take place 

in the absence of any precatalyst (entry 16). 

Interestingly, the application of the aforementioned TH conditions to quinoline (IIIa) 

using 4 as the precatalyst led to the hydrogenation of the pyridinic ring along with the 

introduction of a formyl group on the nitrogen atom in a one-pot reaction (IIIb, scheme 

in Table 1). The product was obtained in moderate yield (Table 1, entry 17). The lower 

yield with respect to the hydrogenation of IIa could be related to a lower degree of 

protonation of IIIa (pKa(IIIa) = 4.94 and pKa(IIa) = 5.83). The reactivity of the formyl 

group introduced in IIIb opens new reaction pathways for 1,2,3,4-tetraquinoline 

derivatives. The formylation of 1,2,3,4-tetraquinolines with different reagents has been 

described previously,79–83 usually in conjunction with heterogeneous catalysts, but the 

two-step one-pot process starting from quinoline is usually non-selective84 and/or 

requires high temperatures (sometimes the reaction is also carried out under 

pressure).85–88 A case with selectivity towards one of the two hydrogenated products 

(formylated and non-formylated) thanks to pH changes with a silica-supported iridium 

catalyst has recently been reported (80 ºC).88 

Table 1. TH of 2-methylquinoline (IIa) and quinoline (IIIa) using different 
precatalysts.a 
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N R N
X

R
HCOOH/HCOONa

H2O, pH = 4.5
r.t., 24 h

cat (0.1 mol%)

R = Me,
 IIa R = Me, X = H, IIb

R = H, X =                  IIIb
O

H
R = H, IIIa

 

Entry Substrate Cat Time 
(h) 

Yield 
(%) 

TON 
(TOF, h–1 )[a] 

1 IIa  I 24 0  -- 
2 IIa  2 24 0 -- 
3 IIa  3 24 > 99  990 
4 IIa  3 3 8 80 
5 IIa  3 1 2 20 (20) 
6 IIa  4 24 > 99  990 
7 IIa  4 3 13 130 
8 IIa 4 1 6 60 (60) 
9 IIa  5 24 40  400 
10 IIa  6 24 1 10 
11 IIa  7 24 1  10 
12 IIa [Cp*IrCl2]2  +  

HL1 
24 > 99  990 

13 IIa [Cp*IrCl2]2 24 50  500 
14 IIa HL1 24 0 -- 
15 IIa [(p-cym)RuCl2]2 24 20  200 
16 IIa No 24 0  -- 
17 IIIa 4 24 33 333 

Reaction conditions: 0.1 mol % of catalyst (0.09 mol % in the case of 7). Substrate: 2.5 mmol. Reaction 
in water with HCO2H/HCO2Na (pH = 4.5) in 3 mL of H2O at r.t. [a] Calculated at 1h.  
 

Catalytic tests were also performed to hydrogenate 8-aminoquinoline (IVa) with 3−7. In 

these cases hydrogenation was observed in a very small extent (> 5%) under the 

conditions explored. However, the product corresponding to the formylation of the 

amino group was the main product (Table 2). The hydrogenation of IVa was attempted 

again using 4 as the precatalyst at a lower pH (3.2) in an effort to improve the 

protonation of 8-aminoquinoline. Although formylation was observed, the 

hydrogenation was not improved. It is noteworthy that 7, a precatalyst that is practically 

inactive in the hydrogenation of 2-methylquinoline (IIa), gave the best result in this 

process with a yield of 96%. When the activity of 4 or 7 is compared with that of 

mixtures of [Cp*IrCl2]2 and the corresponding ligands (HL1 or HL3, respectively), it is 

observed a decrease in the activity, especially in the case of 4 (compare entry 2 vs 3 and 

entry 7 vs 8). Moreover, it was verified that a precatalyst was necessary for the process 

to occur, thus reflecting the formylation catalytic activity of these complexes. The 
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generation of formamides by reaction with FA is a process that requires high 

temperatures and these are clearly higher than those required for the generation of 

acetamides, for example. In our examples, however, the process takes place at room 

temperature. The reported formylation of 8-aminoquinoline requires the use of toluene 

at reflux.89 Hydrogenation of 8-aminoquinoline has been reported but higher 

temperatures are required (toluene at reflux).90  

The three quinolines tested in the catalytic experiments are not soluble in the solutions 

in the catalytic conditions. Thus, the processes are biphasic in nature. 

Table 2. Results obtained in the TH of 8-aminoquinoline using different precatalysts.a 

N

NH2

N

N
H

HCOOH/HCOONa
H2O, pH = 4.5

r.t., 24 h

cat (0.1 mol%)

IVa

IVbH

O  

 
Entry Cat Time (h) Yield (%)  TON (TOF,h-1)[a] 

1 3 24 60 600 
2 4 24 74 740 

3 
[Cp*IrCl2]2   

24 37 370 
 +  HL1 

4 4 1 19 190 (190) 
5 5 24 42 422 
6 6 24 27 270 
7 7 24 96 961 

8 
[Cp*IrCl2]2   

24 72 620 
+ HL3 

9 7 1 33 330 (330) 
10 No 24 0 -- 

a Reaction conditions: 0.1 mol % of catalyst (0.09 mol % in the case of 7). Substrate: 2.5 mmol. Reaction 
in water with HCO2H/HCO2Na (pH = 4.5) in 3 mL of H2O at r. t. during 24 h. The amount of 
hydrogenated product was lower than 5%.  
[a] Calculated at 1h.  
 
Some cases have been reported of the dehydrogenation of 1,2,3,4-

tetrahydroquinolines.91,92 Catalytic tests were performed with 4 and 1,2,3,4-

tetrahydroquinoline (0.1 % mol and 1% mol) or with 2-methyl-1,2,3,4-

tetrahydroquinoline with the same precatalyst (0.1 % mol) at 80 °C in 2,2,2-

trifluoroethanol during 20 hours. However, the amounts of the dehydrogenated 

products, quinoline and 2-methylquinoline, were very small (yield < 1%).  
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Catalytic dehydrogenation of formic acid 

Complexes I and 3−7 were tested as potential catalysts for the dehydrogenation of a 

mixture of formic acid/sodium formate at 100 ºC and pH 4.5, using 0.04 mol % of the 

respective pre-catalysts. The gas formed was collected with a gas burette. It was verified 

that a certain amount of CO2 was present in the gas mixture on using a burette filled 

with water (as verified by bubbling the gas through CD3CN, signal at 125.5 ppm in the 
13C[1H} NMR spectrum). As a consequence, the burette was filled with aqueous NaOH 

solution (0.1 M). In this case, CO2 was not detected in the gas mixture collected. The 

amount of H2 generated by I and 5−7 was very small. However, 3 and 4 were active in 

this process (see Table 3). In the initial period of the reaction (5–10 minutes) 3 provided 

better performance than 4 (cf. entries 2 vs 9 and 3 vs 10) whereas after approximately 

21 minutes 4 provided a better TON value than 3 (entries 4 and 11) (see Figure S3).  

Table 3. Dehydrogenation of formic acid catalyzed by the indicated complexes.[a] 

Entry Cat time (min) V(H2), 
L[b] 

n(H2), mol TON  
(TOF, h–1)[c] 

1 I 120 0 0 -- 

2 3 5 0.290 1.18·10–2 641 

3 3 10 0.400 1.63·10–2 886 

4 3 21 0.490 2.00·10–2 1087 

5 3 50 0.640 2.61·10–2 1418 

6 3 60 0.690 2.87·10–2 1560  
(1560) 

7 3 120 0.855 3.56·10–2 1935 

8 3 180 0.950 3.88·10–2 2109 

9 4 5 0.200 8.16·10–3 443 

10 4 10 0.360 1.47·10–2 799 

11 4 21 0.685 2.80·10–2 1522 

12 4 50 1.160 4.74·10–2 2576 

13 4 60 1.250 5.20·10–2 2826 
(2826) 

14 4 120 1.345 5.60·10–2 3043 

15 4 200 1.400 5.72·10–2 3109 

16 5 120 0 0 -- 

17 6 120 0 0 -- 

18 7 120 0 0 -- 
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[a] The reaction was performed using a mixture of HCO2H/HCO2Na (0.05:0.105 mol) in 10 mL of H2O in 
the presence of the corresponding catalyst (1.84·10–5 mol, 0.04 mol %) at initial pH 4.5 and 100 ºC. [b] 

Yield of H2 gas collected in a gas burette filled with a 0.1M NaOH solution. [c] Calculated at 60 min. 

The most active systems reported until now include complex A of Chart 2 (31 µM, 90 

ºC, TON = 7165 x 103 after 7 hours, TOF(h-1) = 228 x 103),35 the Ru derivative 

[RuHCl(CO)(tBu2PCH2NC5H3CH2PtBu2)] (41 µM, 90 ºC, TON = 706.5 x 103 after 4,3 

h, TOF(h-1) = 256 x 103)43 and the Fe complex 

[FeH(HCO2)(CO)(iPr2P(CH2)2NH(CH2)2PiPr2)] (0.0001 mol% cat, 10 mol% LiBF4, 80 

ºC, TON = 983,642 in 9. 5 h, TOF(h-1) = 196,728).18  However, although complex A 

was used in aqueous solutions, the FA decomposition with the Ru and Fe complexes 

was carried out in organic solvents as DMF and dioxane, respectively. 

N N

N N

Ir

Cp*

OH2

O
--

O

O
--

O

Ir

Cp*

H2O

A  

Chart 2 

In the case of 4, further experiments were carried out to obtain information about the 

possible mechanism of the process: (i) the initial rates of decomposition of the mixture 

HCO2H/HCO2Na in catalytic experiments with H2O and D2O were compared and an 

isotopic effect of 1.41 was observed (r(H2O)/r(D2O) = 1.41, see Figures S4 and S5); (ii) 

analysis of the gas evolved in a catalytic process performed in D2O showed the presence 

of H2, HD and D2. 1H NMR spectroscopy allowed H2 and HD to be detected in a H2:HD 

ratio of 20:80 (see Figure S6). A 2D NMR spectrum allowed the detection of D2 but the 

amount of HD was not sufficiently high to be observed in this spectrum (see Figure S7). 

Thus, the three possible isotopomers of molecular hydrogen were detected in the 

following sequence of increasing concentration: H2 < HD << D2.  

As for 3, in the catalytic dehydrogenation experiment with the HCO2H/HCO2Na 

mixture in D2O, both H2 and HD were detected in a H2:HD ratio of 26:74 but in this 

case the formation of D2 was not observed.  

CO2 hydrogenation 
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Complexes I and 3−6 were tested as precatalysts in the hydrogenation of CO2 using 

pressures of 5 bar of H2 and 5 bar of CO2 in 0.1 M aqueous KOH at 80 ºC during 8 

hours. The results are gathered in Table 4. Potassium formate was only generated in the 

case of complexes I, 3 and 4. When the temperature and the time were reduced to 40 ºC 

and 3 hours, respectively, the potassium salt was not detected in the case of I and 3, but 

the number of moles were only slightly reduced in the case of 4, which was the most 

active precatalyst (see Figures S8−S10 and Table S5 for more information about the 

experimental procedure). 

Some very active systems previously described include iridium catalysts as 

[IrH3(iPr2PCH2NC5H3CH2PiPr2)] (200 ºC, 50 bar, 2 µM, 300 x 103 TON, 150 x 103 

TOF, h-1),28  complex A of Chart 2 (80 ºC, 50 bar, 2 µM, 79 x 103 TON, 53,8 x 103 TOF 

h-1)35 or the Ru derivative [RuHCl(CO)(tBu2PCH2NC5H3CH2PtBu2)] (120 ºC, 40 bar, 40 

µM, 1100 x 103 TOF h-1).43 However, this last catalytic process was performed in DMF. 

The two last ones were also very active on FA decomposition. To the best of our 

knowledge, the lowest total pressure reported (10 bar, 50 µM), similar to our examples, 

is reported with complex A and gives rise to a TON value of 7200 but after 336 h (64 

TOF h-1). Thus, our results are outstanding because of the low pressure used (10 bar, 

5662 TON at 3 hours with 4). 

Table 4. Hydrogenation of CO2 catalyzed by the complexes indicated.[a] 

Entry Pre-
catalyst 

Time (h) T 
(ºC) 

HCO2K generated 
(mol) 

TON 

1 I 8 80 0.00139 5562 
2 I 3 40 nd -- 
3 3 8 80 0.00150 5991 
4 3 3 40 nd -- 
5 4 8 80 0.00151 6021 
6 4 3 40 0.00142 5662 
7 5 8 80 nd -- 
8 6 8 80 nd -- 

[a] Precatalyst = 50 µM. 5 mL of a 0.1M KOH solution in H2O. P(H2) = 5 bar, P(CO2) = 5 bar. 

 

From the different catalytic studies performed it is observed that apparently the NH2 group of 

HL1 exerts a positive effect as it has also been recently reported in other types of Ir complexes 

with this ligand.22 

Mechanistic studies. Characterization of catalytic intermediates 
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Some experiments were performed to get information about the possible catalytic 

intermediates in the FA decomposition process or to find out the role of the NH2 group 

of the HL1 ligand. The 1H NMR spectra in D2O at 25 ºC of complexes I, 3, 4 and 6 

were recorded and after that, the evolution with time under pseudo-catalytic conditions, 

i.e., in the presence of an excess of HCO2Na (1:9 molar ratio) in D2O was monitored. At 

the moderately alkaline pH (8.29) of these experiments we anticipated that the FA 

decomposition reaction could be slowed down and that catalytic intermediates could be 

detected. 

The spectra of 4 in neat D2O displayed two sets of signals for two products in an 

approximate 9:1 ratio. The major component is tentatively attributed to the chlorido-

precatalyst while the minor component is assigned as a new derivative (labeled as 4-C) 

(see Scheme 2 for the labeling of the intermediates). Several additional NMR 

experiments were carried out to establish the identity of 4-C: (i) Na2CO3 was added to 4 

in D2O and this resulted in the quantitative formation of 4-C (see Figure S11). (ii) DCl 

(1M in D2O, 50 µL) was added to 4-C and resonances with δ values consistent with 4 

emerged (see Figure S11). All of these results prove that the formation 4-C from 4 

involves a deprotonation process. However, in as much as species 4 and 4-C can be 

distinguished by NMR, we believe that the transformation of 4 into 4-C must involve a 

second process, such as aquation (Ir-Cl → Ir-OH2 exchange). Hence, we propose that 

the minor intermediate 4-C could well be formulated as two species in fast equilibrium: 

(i) the aqua-amido complex 4-C1 of formula [Cp*Ir(D2O)(L1)]+ (see Scheme 2) where 

the –ND2 group of HL1 has been converted into an amido group –ND and (ii) the 

corresponding hydroxo-amino complex, [Cp*Ir(OH)(HL1)]+ (labeled as 4-C2, see 

Scheme 2). From now on, we will use the symbol C when referring to the two species 

C1/C2 in equilibrium.  

In the first spectrum recorded after the addition of HCO2Na to the solution of 4 in D2O 

(see spectrum (b) in Figure 2 and S12) the signals attributed to 4 vanished and a sharp 

increase in the peaks assigned to 4-C was observed along with the appearance of 

resonances for a hydrido-derivative, Ir-H (4-F). The latter assignment was made on the 

basis of the signal observed at –9.78 ppm (see Figure 2). The formation of mono-

hydrides from the reaction of half-sandwich complexes of late-transition metals in the 

presence of HCO2Na is well-documented.93 Interestingly, during the first 48 hours a 

fluctuation was observed in the integration ratio between signals of 4-C and 4-F 
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together with a slow release of bubbles (presumably H2 + CO2). However, after this time 

the evolution of gas had stopped and the concentration of hydride 4-F had diminished 

considerably. This finding is consistent with the arrest of the catalytic decomposition of 

FA due to the expected increase in pH even though the HCO2Na had not been 

completely consumed. 

A comparative analysis of the integrals for the hydride resonance of 4-F and that for the 

signal at 8.95 ppm belonging to the same species reveals a partial deuteration of the 

Ir−H group and accordingly, the Ir–D group was detected by 2D NMR spectroscopy 

(resonance at – 9.71 ppm, see Figure S13).The variation of the Z value (see eq 1) is 

represented in Figure S14. The initial value of 0.72 decreased sharply in the first hour 

and then diminished more slowly up to five hours before a value between 0.3–0.4 was 

reached up to 25 hours. After 11 days the value of Z was 0.25.  

Z = Ir-H
Ir-H + Ir-D

(eq 1)
 

Ir-H = integral of the hydride resonance of 4-F in the 1H NMR spectrum 

Ir-H + Ir-D = integral of the resonance at 8.95 ppm of 4-F in the 1H NMR spectrum 

 



 16 
 

Ir

Cl
N

D
D

N

4

Ir

D2O
N

D

N
Ir

H
N

D
D

N

4-F4-C
 

Figure 2. Aromatic region (left) and hydride region (right) of 1H NMR spectra of: (a) Complex 
4 in D2O (7.5·10–3 mmol) at 25 ºC. The species 4 [Cp*IrCl(DL1)]+, coexist with a small amount 
of 4-C (C)  [Cp*Ir(D2O)(L1)]+. (b–j) Spectra corresponding to the evolution with time of the 
solution of ‘a’ after adding HCO2Na (6.5·10–2 mmol). 4-C and 4-F (F) [Cp*IrH(DL1)]+ coexist. 
Free formate is labelled as (♦). 

 

From the results described above it can be concluded that: (a) complex 4 can promote 

the catalytic release of CO2 and H2 even under adverse conditions (alkaline pH, 8.29); 

(b) the chloro-amino species 4 is only the precatalyst and it does not take part in the 

catalytic cycle; (c) the species 4-C and 4-F are active intermediates in this process and 

can be considered as resting states of the catalytic cycle; (d) the hydrido species 4-F 

undergoes partial deuteration, thus suggesting its participation in an umpolung process 

(vide infra). 

The mechanism proposed for the decomposition of HCO2Na in the presence of 4 is 

outlined in Scheme 2. The process consists of two consecutive activation steps and a 

catalytic cycle in which only the species 4-C and 4-F have been detected 

experimentally. We theorize that in the presence of formate the activation steps are 

shifted towards the production of 4-C1 from 4. Then, the cycle starts with an 

equilibrium between 4-C1 and 4-C2. In step b, 4-C2 undergoes a substitution reaction 

to give the formate complex, 4-E. This step must be rate-determining in agreement with 

the observation of 4-C. Complex 4-E rapidly evolves to the hydride derivative 4-F. 

Indeed, the absence of signals for the species 4-E in this 1H NMR study indicates that 

step c is not rate limiting. This fact is in accordance with the isotopic effect observed 

when using D2O instead of H2O always in the presence of HCO2H. The species 4-F 

undergoes an [Ir]−H ↔ [Ir]−D exchange by an umpolung process (reversal of polarity, 

in this case D+ from water D(δ+)-OD is transformed into Ir−D(δ-)).The occurrence of 

the umpolung process is deduced both from the reduced integral area of the Ir−H 

resonance and from the formation of D2 in the catalytic process. The umpolung process 



 17 
 

may take place, as observed in other examples93–95 by reaction of D+ with the Ir−H 

group and formation of [Cp*Ir(HD)(HL1)]2+ (4-G) provided that step d is slower than 

step f. In this part of Scheme 2, deuterium atoms, D, are shown in brackets to reflect the 

possible incorporation of deuterium in the cycle. Next, it is postulated that an internal 

deuterium transfer process slowly converts 4-F into the undetected intermediate 4-H 

(step d). Finally, the cycle is closed through the fast release of H2 (step e) and the 

regeneration of 4-C1.  

In order to obtain more information to support our proposal, the effect of the addition of 

HCl (HCl:4 ratio of 2) to the sample after 11 days, which contained mainly 4-C and 6% 

of 4-F with Z = 0.25, was analyzed. The release of gas was observed and after 5 hours 

61% of 4-F was present and the Z value was 0.13. These facts indicate, as proposed, 

that the acidic medium favors the formation of 4-F from 4-C because the rate limiting 

step b is promoted by a decrease in the OD– concentration and this allows the catalytic 

cycle to restart. Moreover, this situation also favors the deuteration of the Ir−H group 

thanks to the promotion of step f. Four days after the addition of the acid the major 

product was 4-C and the percentage of 4-F was 12%. At this point, the amount of 

formate had been markedly reduced to an HCO2
-:(4-C+4-F) ratio of 0.2. The value of Z 

at this point was 0.06 and this shows a high degree of deuteration.    
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Scheme 2. Cycle proposed for the evolution of a solution of 4 with HCO2Na in D2O.  

 

Considering all the information discussed above, we propose that the catalytic 

hydrogenation of CO2 (P(CO2) = P(H2) = 5 bar) in the presence of 4 at basic pH must 

proceed by a pathway opposite to that depicted in Scheme 2 (i.e., in an anti-clockwise 

sense). Thus, we believe that 4-C1 is able to coordinate a molecule of H2 to give 

intermediate 4-H, which in turn can heterolytically activate this molecule to give 4-F. 

CO2 is then inserted into the Ir–H bond to produce 4-E, so that in the next step the anion 

formate is eliminated to generate 4-C2, which is in equilibrium with 4-C1. However, 

for the dehydrogenation of the mixture HCO2H/HCO2
–, which has been studied at acidic 

pH, some species need to be reformulated (see Scheme S1). In particular, we 

hypothesize that the species 4-C1/4-C2 are not favored at acidic pH, so instead we 

propose that the first active species in the corresponding catalytic cycle must be the 
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aqua-amino intermediate 4-J ([Cp*Ir(DL1)(D2O)]2+). This species can be transformed 

into intermediates 4-E, 4-F and 4-H under the experimental conditions to generate 

concurrently the gas mixture of CO2 and H2. It is worth noting that the 4-C1/4-F couple 

(the same will apply for 3 and I, see below) could be considered as the dehydrogenated 

and hydrogenated forms, respectively, of a pair of species in a Noyori-type 

mechanism.96 

As for 3, the 1H NMR in D2O also revealed the coexistence of 3 and 3-C (9:1 ratio, the 

similar nature of 3-C and 4-C was verified with experiments as those performed with 4-

C, Figure S15) and after the addition of 9 equivalents of HCO2Na the transformation of 

3 into 3-C takes place, with 3-C being the only species after 72 hours (see Figure S16). 

In this case neither the formate complex nor the hydrido-derivative were detected by 

NMR, which suggests that the release of both CO2 and H2 are fast and that 3-C is the 

catalyst resting state in the HCO2
– decomposition. In addition, the inability of 3 to 

produce D2 in this reaction indicates that an umpolung process is not operating (3-G is 

not formed). The ability of Ir-Cp* complexes with bpy ligands to promote H/D 

umpolung processes in contrast to the inability of the analogous Rh derivatives have 

been reported previously.95 Apart from the above, the cycles proposed for the FA 

dehydrogenation and hydrogenation of CO2 for complex 3-A must be similar to those 

depicted in Scheme 2 and Scheme S1, respectively. 

The Ru complex I in D2O is in equilibrium with the aqua-amino derivative, [(p-

cym)Ru(HL1)(D2O)]2+, I-J. (Figure S17) After the addition of HCO2Na the signals for 

the latter species disappeared, the intensity of the resonances of I decreased and two 

new sets of signals were observed: the formato complex (I-E with a coordinated 

formate ligand) and the aqua-amido complex (I-C, its nature was also verified with 

reactions similar to those used with 4-C) (see Figure S18). The presence of the formato 

complex shows that in this case its transformation into the hydrido derivative is not a 

fast process. Evidence for the hydrido complex was not found and this is consistent with 

a fast transformation of the hydrido species into the aqua-amido derivative I-C. 

In the case of 6, with ligand L2, the D2O solution only contained the initial compound  

and the addition of an excess of HCO2Na initially gave rise to a mixture of three 

species, namely, 6, the formate-intermediate (6-E) and the hydrido species (6-F). This 

mixture evolved slowly to produce the hydrido-derivative as the only species after 24 

hours (see Figure S19) and this exhibited remarkable stability – unlike the analogous 
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species with ligand HL1. This difference can be explained as being the result of the 

position of the –NH2 group in the hydrido-intermediates. In the hydrido species 4-F 

(and probably in 3-F and I-F), the coordinated –NH2 group exhibits exacerbated acidity 

together with close proximity to the hydride group, in such a way that one H+ (or D+) is 

easily transferred to the hydride group to form H2 (or HD). In other words, the ligand 8-

aminoquinoline assists the metals efficiently in the HCO2H dehydrogenation in a metal-

ligand bifunctional catalysis. The fact that 6 is not active in the HCO2H 

dehydrogenation regardless of the pH implies that protons are not transferred efficiently 

to the hydride group of species 6-F even in the presence of HCO2H under catalytic 

conditions. We also noted that for 6-F the intensity of the hydride signal is not reduced 

with time with respect to other signals of the compound, thus indicating that the Ir−H ↔ 

Ir−D exchange does not take place. 

 

CONCLUSIONS 

Two versatile precatalysts have been synthesized, namely [Cp*MCl(HL1)]Cl (HL1 = 8-

aminoquinoline; M = Rh, 3; Ir, 4), and these are active in three processes that involve 

the concerted transfer of hydrides and protons, i.e., CO2 hydrogenation, formic acid 

dehydrogenation and transfer hydrogenation of 2-methylquinoline under mild 

conditions. The iridium complex 4 is more active than its relative with rhodium, 3. The 

CO2 hydrogenation takes place at a very low total pressure of 10 bar. The reaction of 

complexes 3 and 4 and the ruthenium derivative [(p-cym)RuCl(HL1)]Cl with HCO2Na 

in D2O leads to the formation of the hydrido species where the NH2 group must be 

sufficiently acidic to react with the hydride. This reaction liberates XY (X = H, D) and 

the species evolves to the amido derivative, which is detected in all cases. This 

evolution is only slow enough for the hydrido species to be detected in the Ir case. A 

pH-dependent umpolung process takes place in the iridium hydrido complex, with D+ 

being transformed into Ir−D. This process also leads to the formation of D2 as the major 

component of the gas in the catalytic formic acid dehydrogenation process. When the 

reaction with HCO2Na is performed with the complex [Cp*IrCl(L2)]Cl (L2 = 6-pyridyl-

2,4-diamine,1,3,5-triazine) the final product is the hydrido species and gas release was 

not observed – a finding in agreement with the lack of activity in the FA 

dehydrogenation. Both of these facts may be related to the absence of a coordinating 

−NH2 group that could assist in the transfer of a proton to the Ir−H group. Thus, we can 
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conclude that the ligand 8-aminoquinoline assists the metals efficiently in the HCO2H 

dehydrogenation and the coordination of the NH2 group to the metal center imparts 

specific properties to the complexes, a fact that may be used in the future design of new 

catalytic species.  

 

EXPERIMENTAL PART 

General methods and starting materials 

The starting materials RuCl3·xH2O, RhCl3·xH2O and IrCl3·xH2O were purchased from 

Johnson Matthey and used as received. The starting dimers [RuCl(µ-Cl)(p-cym)]2,97 

[RhCl(µ-Cl)(Cp*)]2 and [IrCl(µ-Cl)(Cp*)]2 (p-cym = p-cymene, Cp* = 

pentamethylcyclopentadienyl)98,99 were prepared according to literature procedures. The 

ligands 8-aminoquinoline (L1), 6-pyridyl-2,4-diamine-1,3,5-triazine (L2) and 5-

aminophenanthroline (L3) were purchased from Sigma-Aldrich and were used without 

further purification. Deuterated solvents (CDCl3, CD3OD and D2O) were obtained from 

Euriso-top. 

Synthesis method and complex characterization  

All synthetic manipulations were carried out under an atmosphere of dry, oxygen-free 

nitrogen using standard Schlenk techniques. The solvents were dried and distilled under 

a nitrogen atmosphere before use. Elemental analyses were performed with a Thermo 

Fisher Scientific EA Flash 2000 Elemental Microanalyzer. The analytical data for the 

new compounds were obtained from crystalline samples when possible. IR spectra were 

recorded on a Jasco FT/IR-4200 spectrophotometer (4000–400 cm–1 range) with a 

Single Reflection ATR Measuring Attachment. HR ESI(+) mass spectra (position of the 

peaks in Da) were recorded with an Agilent LC-MS system (1260 Infinity LC / 6545 Q-

TOF MS spectrometer) using DCM as the sample solvent and (0.1%) aqueous 

HCO2H/MeOH as the mobile phase and with an autospec spectrometer. NMR samples 

were prepared under a nitrogen atmosphere by dissolving the appropriate amount of 

compound in 0.5 mL of the respective oxygen-free deuterated solvent and the spectra 

were recorded at 298 K on a Varian Unity Inova-400 (399.94 MHz for 1H; 376 MHz for 
19F; 100.6 MHz for 13C). Typically, 1H NMR spectra were acquired with 32 scans into 

32 k data points over a spectral width of 16 ppm. 1H and 13C{1H} chemical shifts were 

internally referenced to TMS via the residual 1H and 13C signals of CDCl3 (δ = 7.26 
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ppm and δ = 77.16 ppm), whereas for the 1H NMR spectra recorded in D2O, 1,4-

dioxane (3.75 ppm) was used as internal reference according to the values reported by 

Fulmer et al.100 Chemical shift values (δ) are reported in ppm and coupling constants (J) 

in Hertz. 2D NMR spectra such as 1H-1H gCOSY, 1H-1H NOESY, 1H-13C gHSQC and 
1H-13C gHMBC were recorded using standard pulse sequences. The probe temperature 

(±1 K) was controlled by a standard unit calibrated with methanol as a reference. All 

NMR data processing was carried out using MestReNova version 10.0.2. For the molar 

conductimetry measurements, the ΛM values are given in S·cm2·mol−1 and were 

obtained at room temperature for 10−3 M solutions of the corresponding complexes in 

CH3CN, using a CRISON 522 conductimeter equipped with a CRISON 5292 platinum 

conductivity cell. 

X-ray crystallography 

A summary of crystal data collection and refinement parameters for 1BF4 (CCDC 

number 1858461) are given in Table S1. A single crystal of 1BF4 was mounted on a 

glass fiber and transferred to a Bruker X8 APEX II CCD diffractometer equipped with a 

graphite monochromated MoKα radiation source (λ = 0.71073 Å). Data were integrated 

using SAINT101 and an absorption correction was performed with the program 

SADABS.102 The software package WINGX103,104 was used for space group 

determination, structure solution and refinement by full-matrix least-squares methods 

based on F2. All non-hydrogen atoms were refined with anisotropic thermal parameters 

and hydrogen atoms were placed using a ‘riding model’ and included in the refinement 

at calculated positions. 

Synthesis and characterization of the new complexes  

See Supporting Information. 

Procedure for the catalytic transfer hydrogenation experiments 

Substrate (2.5 mmol) and catalyst (2.5∙10–3 mmol) were placed in a carousel reaction 

tube. An aqueous solution of HCO2H/HCO2Na (3 mL, 14.0 mmol of HCO2H and 29.4 

mmol of HCO2Na in 2.8 mL of H2O, pH 4.5) was added and the mixture was stirred at 

30 ºC during 24 h. The reaction mixture was quenched with saturated aqueous sodium 

bicarbonate. The aqueous layer was extracted with ethyl acetate (3 × 10 mL) and the 

combined organic layers were washed with brine (20 mL). The organic layer was 



 23 
 

collected and dried over anhydrous sodium sulfate. Filtration, followed by evaporation 

of the solvent under reduced pressure, gave the crude reaction mixture. 

Procedure for the catalytic dehydrogenation of HCO2H 

A stock solution of HCO2H/HCO2Na was prepared by dissolving HCO2Na (71.41 g) in 

19 mL of concentrated formic acid (97%) and diluting to 100 mL with distilled water. 

A round-bottomed glass vessel fitted with a side arm was degassed three times and 

placed under an N2 atmosphere. The HCO2H/HCO2Na stock solution (10 mL, pH 4.5) 

was added. The vessel was connected to a water-cooled condenser and this in turn to a 

gas collection burette (i.e., the standard water displacement apparatus to determine the 

volume of generated gas). The burette was charged with 0.1M aqueous NaOH. The 

mixture was heated to the boiling point with stirring and allowed to reflux until pressure 

equilibration (i.e., until water displacement stopped in the burette). The burette was 

completely filled again with the NaOH solution and the pre-catalyst (1.84·10–2 mmol) 

was added to the vessel under N2 flux. Volumes of collected gas were recorded 

periodically. The catalytic activity was calculated from the volume of displaced NaOH 

solution assuming that CO2 is completely dissolved in this solution and that all the gas 

collected is H2. The presence of H2 in the collected gas was confirmed by recording a 
1H NMR spectrum of this gas dissolved in CD3CN and the absence of CO2 was verified 

by recording a 13C{1H} NMR spectrum.  

Procedure to detect the gases in the catalytic dehydrogenation of HCO2H with 4  

In a 10 mL Schlenk flask, previously purged with nitrogen, complex 4 (5.3 mg, 9.31·10–

3 mmol) was added to 5 mL of the HCO2H/HCO2Na stock solution. The mixture was 

heated under reflux for 1 h and the evolved gas was simultaneously bubbled through 

solutions of toluene-d8 and toluene-H8 in different NMR tubes. The presence of H2 and 

HD in the evolved gas was confirmed by recording a 1H NMR spectrum of the toluene-

d8 solution (20:80 ratio). In the same way, the presence of D2 was confirmed in the 

toluene-H8 solution. 

Procedure to detect the gases in the catalytic dehydrogenation of HCO2H with 3  

This was carried out in a similar way to that performed with 4. In this case, 4.4 mg 

(8.99·10–3 mmol) of 3 were used. The presence of H2 and HD in the evolved gas was 

confirmed by recording a 1H NMR spectrum of this gas dissolved in toluene-d8. The 
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proportion observed was 74% HD and 26% H2. However, the presence of HD and D2 

was not observed in toluene-H8. 

Procedure for the catalytic hydrogenation of CO2 

In a dry flask, solutions of KOH (0.1 M) and the corresponding pre-catalysts (50 µM) in 

5 mL of H2O were placed in a stainless steel autoclave. The autoclave was purged with 

CO2 for 5 min. After 10 min of stabilization at the desired temperature, 10 bar of 

H2/CO2 (1/1) gas were introduced and the reaction was started with stirring (1500 rpm). 

The stirring was stopped after 3 or 8 h and the pressurized gas was released. An aliquot 

of 0.5 mL was taken from the resulting solutions, to which dioxane was added as a 

reference (0.0125 mol). The formate concentration was determined by 1H NMR 

spectroscopy (after a previous calibration, See SI). 

Procedures for the characterization of catalytic intermediates by NMR 

1. Reactivity of pre-catalysts with HCO2Na 

In a dry NMR tube previously purged with nitrogen, a solution of the corresponding 

pre-catalyst (7.5·10–3 mmol) in D2O (0.5 mL) was introduced. A 1H NMR spectrum was 

recorded and then an excess of HCO2Na was added (4.4 mg, 6.5·10–2 mmol). The 

evolution of the reaction with time was monitored by 1H NMR spectroscopy.  

In the case of 4, one spectrum was registered each 10 min. Dioxane (1 µL, 0.011 mmol) 

was added as internal reference. The 2D NMR spectrum was recorded after 48 hours. 

2. Reactivity of pre-catalysts with DCl 

In a dry NMR tube previously purged with nitrogen, a solution of the corresponding 

pre-catalyst (7.5·10–3 mmol) in D2O (0.5 mL) was introduced. A 1H NMR spectrum was 

recorded and then a solution of DCl was added (1M in D2O, 50 µL). The evolution of 

the reaction with time was monitored by 1H NMR spectroscopy. 

3. Reactivity of the pre-catalysts with Na2CO3 

In a dry NMR tube previously purged with nitrogen, a solution of 3, 4 or I (7.5·10–3 

mmol) in D2O (0.5 mL) was introduced. A 1H NMR spectrum was recorded and then 

Na2CO3 (1 mg, 9.5·10–3 mmol) was added. The evolution of the reaction with time was 

monitored by 1H NMR spectoscopy. 
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SUPPORTING INFORMATION AVAILABLE 

X-ray crystallographic file in CIF format. Tables and Figures with information of the 

molecular and crystalline structure. Experimental part concerning the synthesis of the 

new complexes. Figures, schemes and tables of the catalytic experiments and 

mechanistic studies. This material is available free of charge via the internet at 

http://pubs.acs.org. 
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The synthesis of several Ru(II), Rh(III) and Ir(III) half-sandwich complexes with diverse N^N 

ligands bearing -NH2 groups in different positions is described. These complexes have tested as 

versatile catalysts in processes involving the concerted transference of protons and hydrides 

(formic acid decomposition, hydrogenation of CO2 at low pressure and TH of quinolines). The 

results obtained confirmed that when -NH2 group is involved in the coordination to the metal 

center, the catalyst are more efficient. 
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	Figure 1. ORTEP of the cation in complex 1BF4. H atoms have been omitted for clarity. Ellipsoids are shown at the 30% probability level. Selected distances (Å): Ru1(Cl1 = 2.3984(8); Ru1(N1 = 2.100(2); Ru1(N2 = 2.128(2); Ru1(Caverage = 2.19; Ru1(Centro...

