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A Low-coordinate Iridium Complex with a Donor-flexible O,N-Ligand 
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ABSTRACT: Formic acid is one of the most promising hydrogen carriers. Here, we report on a highly productive iridium-based catalyst for 
formic acid dehydrogenation, which is based on an underligated iridium(III) center containing a donor-flexible pyridylidene-amine ligand con-
taining a chelating phenolate. This complex reaches temperature-dependent turnover frequencies from 2,000 (40 °C) to 280,000 h–1 (100 °C) 
and up to 3 million turnover numbers, thus outperforming state-of-the-art systems. The high efficiency together with the remarkably low cost 
and easy accessibility of the complex (<100 $/g) are attractive features for industrial application. 
KEYWORDS: nitrogen ligands, donor flexibility, iridium, formic acid dehydrogenation, hydrogen production,.

Efforts to implement a hydrogen economy as alternative to fossil 
fuels are critically depending on methods to safely store and control-
lably release hydrogen.1–3 A promising approach to reach this goal 
relies on the use of liquid hydrogen carriers as energy vectors that are 
undergoing reversible hydrogenation and dehydrogenation cycles. 
Formic acid (HCOOH, FA) stands out as such a carrier as it is easy 
to handle, has a sufficiently high hydrogen content (4.4%), and a 
high energy density (1.77 kWh L–1).4 
The catalytic hydrogenation of CO2 to store hydrogen in FA is well 
established with homogeneous and heterogenous catalyst.5,6 Con-
comitantly, hydrogen release through FA dehydrogenation has 
gained much interest.7–10 After early work in the late 60s,11 ground-
breaking work by Beller, Dyson and Laurenczy in 200812,13 initiated 
a surge of investigations towards high performance catalysts.14 Cur-
rent benchmark systems include the iron complex I,15 which is based 
on an Earth-abundant iron (Fig. 1a). Iridium complex II14 and  ru-
thenium complex III reach higher turnover numbers (TON),16 
while built from precious metals.17 Further work confirmed the po-
tential of precious metals for high catalytic activity and stability,18–22 
which is attractive for long-term usage subject to proper catalyst re-
cycling. The implementation of such catalytic systems is, however, 
often hampered by the requirement of sophisticated and expensive 
ligands to impart high catalytic activity.23  
Here we demonstrate the benefit of a new class of readily accessible 
low-cost nitrogen-based ligands to develop dehydrogenation cata-
lysts with outstanding activity and stability. The ligand design is 
based on a phenoxy-substituted pyridylidene-amine (PYE). PYEs 
are an underexplored class of ligands24–26 with unique properties 
originating from their donor flexibility, represented by either a zwit-
terionic or a neutral quinoidal limiting resonance structure (A, B Fig. 
1b).24,25,27 This modularity allows this ligand class to toggle between 

a p-basic (A) and a p-acidic donor site (B), with obvious benefits to 
redox events, as demonstrated by outstanding performance of such 
systems in oxidation and reduction catalysis.26,28–30 Here we demon-
strate accessibility to an unusual underligated PYE iridium(III) 
complex and its extraordinary activity and cost efficiency in FA de-
hydrogenation. 
 

 

Figure 1. a) State-of-the-art homogeneous formic acid dehydrogena-
tion catalysts I–III; b) generic PYE ligand with limiting zwitterionic res-
onance structure A and neutral quinoidal resonance structure B. 

Ligand precursor 1 was prepared from commercially available and 
inexpensive 2-aminophenol and 2-chloromethylpyridinium iodide 
(Scheme 1). Iridium complexation with [IrCp*Cl2]2 followed by an-
ion metathesis with NaPF6 afforded complex 2 in excellent 97% yield 
as an air- and moisture-stable red solid. 1H NMR spectroscopy 
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showed a diagnostic upfield shift of the N–CH3 singlet (dH = 3.88) 
and disappearance of the OH and NH singlets at dH = 10.21 and 
9.99, respectively. 
 

 

Scheme 1. Synthesis of ligand precursor 1 and iridium complex 2 
(ORTEP at 50% probability, H atoms and PF6

– anion omitted for 
clarity). 

Single crystal X-ray diffraction analysis of complex 2 revealed an irid-
ium complex in an unusual two- rather than three-legged piano-stool 
geometry in the solid state (Scheme 1, Table S7).31 The underligated 
16e– configuration is also preserved in solution. Diffusion-ordered 
NMR spectroscopy (DOSY, Fig. S27) indicated a diffusion parame-
ter of 6.83 x 10–10 m2 s–1, which is commensurate with the theoretical 
value of the cation in solution (6.77 x 10–10 m2 s–1),32 and therefore in 
agreement with a monomeric complex. Moreover, no coordination 
of donor solvents such as MeCN or DMSO was observed. For exam-
ple, when complex 2 was dissolved in DMSO and precipitated with 
toluene, neither coordinated nor free DMSO was observed by 1H 
NMR measurements in CD2Cl2 or acetone-d6. Albeit underligated, 
the iridium(III) center of complex 2 is therefore highly stabilized 
without a further ligand or a formal 18e– configuration. 
Because of the availability of an open coordination site and the flex-
ible donor properties of the PYE-phenolate ligand, complex 2 was 
evaluated in FA dehydrogenation (Table 1). In the presence of 
equimolar amounts of FA and sodium formate in DMSO (Table 1 
entry 1), H2 and CO2 are produced exclusively without any detecta-
ble amounts of H2O or CO (Fig. S12). With 0.1 mol% pre-catalyst 
loading at 60 °C, FA dehydrogenation reaches 75% within 1 h with a 
turnover frequency TOF = 2000 h–1 (entry 1). The quantity of for-
mate as additive is critical for high catalytic performance, since either 
an increase or a decrease lowered the catalytic performance (TOF = 
1800 and 400 h–1 for 2 and 0.5 eq. formate, respectively, and 540 and 
250 turnover numbers, TON; entries 2, 3). This observation sug-
gests a delicate role of pH to ensure optimal catalytic activity, in line 
with related catalysts based on half-sandwich iridium com-
plexes.18,21,33 The alkali cation of the formate additive has a distinctly 
promotional effect on the catalytic activity along the series Li > Na > 
K with TOF values of 2,900, 2,000, and 1,300 h–1, respectively (en-
tries 1, 4 and 5), which may be rationalized by Lewis acid activation 
of the FA substrate.15,34 Even at a lower 0.01 mol% catalyst loading, 
60% conversion of FA was observed within 1 h with a TOF = 26,000 
h–1 (entry 6). Variation of the temperature directly impacts the 

catalytic activity (entries 7–9). At 80 °C, the TOF raises to 82,000 h–

1, and at 100 °C even to 280,000 h–1, providing an easy handle to tai-
lor the production and availability of H2. An Eyring plot of the rates 
at different temperatures yielded activation parameters DH‡ = 74 kJ 
mol–1 and DS‡ = –146 J K–1 mol–1 (Fig. S6). The highly negative en-
tropy factor suggests an associative step such as interaction of an in-
termediate with a molecule of FA  in the turnover-limiting step (vide 
infra).35  
 
Table 1. Catalytic FA dehydrogenation with complex 2.a 

 
Entry Additive   (mmol) T (°C) TON b TOF (h-1) c 
1 HCOONa  (1)   60   790     2,000 
2 HCOONa  (2)   60   650     1,800 
3 HCOONa (0.5)   60   440        400 
4 HCOOLi  (1)   60   810     2,900 
5 HCOOK (1)   60   640     1,300 
6 d HCOOLi (1)   60 6800   26,000 
7 d HCOOLi (1)   40 2400     2,000 
8 d HCOOLi (1)   80 8700   82,000 
9 d HCOOLi  (1) 100 9000 280,000 

a General conditions: complex 2 (1 µmol), HCOOH (1 mmol), additive, 
and DMSO (1 mL) heated to the indicated temperature; b TON measured 
by a gas flow meter see SI for details; c TOF measured at 25% conversion; 
d reduced loading of 2 (0.1 µmol). 
 
In all measurements, a gradual decrease in activity was observed, 
which was attributed to a change in pH upon consumption of the 
FA, but not the formate. This interpretation is supported by the 
change in initial catalytic activity when the relative amount of for-
mate was changed (cf entries 2–4 in Table 1). It is further reinforced 
by repetitive FA addition experiments, which revealed consistent 
TOFs around 22,000 h–1 when fresh FA batches are added every 30 
min (Fig. S9).  
To fully explore the robustness of the catalyst under turnover condi-
tions, FA was continuously added using an automatic syringe pump 
at approximately the same rate as it was consumed, which left the re-
action mixture at a constant FA/formate ratio and therefore con-
stant pH. Under these conditions, the catalytic rate was steady for 
>60 hours at 60 °C (22,000 h–1 TOF; Fig. 2). At 100 °C, FA dehy-
drogenation occurred at a persistent 260,000 h–1 for 8 h. After this 
time and 2.1 M turnovers, catalyst deactivation was observed. For 
high turnover, the best compromise between high activity and cata-
lyst robustness was 80 °C as reaction temperature. Under these con-
ditions, complex 2 is active for more than 35 h at a steady TOF = 
77,000 h–1 and reaches 3 million turnovers, thus outperforming the 
productivity of the most robust catalysts known to date. For exam-
ple, Milstein’s complex III requires, in the absence of any additives, 
50 days to reach 1.7 M turnovers,16 while Li’s complex I accom-
plishes 2.4 M turnovers in approximatively 14 h.14 Himeda reported 
an iridium complex that reaches 10 M, though at very low rate (35 
days).20 In a small scale-up experiment using 0.05 mol% complex 2 
and a continuous FA addition (3.7 mL min–1) continuously pro-
duced H2 at >0.6 mL s–1, achieving 57 L gas production and 
2,800,000 TONs in 13 h (Fig. S10). We note that under these con-
tinuous addition conditions, the quantity of formate additive is neg-
ligible relative to FA (1:300 ratio). 
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Figure 2. FA dehydrogenation under continuous addition conditions 
with complex 2 (0.01 mol%) in DMSO (1 mL) starting from a mixture 
of HCOOH (1 mmol) and HCOOLi (1 mmol) at 100 °C (green; addi-
tion at 971 µL h–1), 80 °C (blue; at 292 µL h–1) and 60 °C (red; at 81.5 
µL h–1). 

 
The exceptionally high activity of complex 2 combined with the sim-
ple synthesis offers potential for industrial application. A cost and 
productivity analysis indicates that despite the involvement of irid-
ium as precious metal, complex 2 is economically more attractive 
than other state-of-the-art catalysts, even those based on Earth-
abundant iron, since these systems typically use expensive ligands for 
ensuing catalyst robustness (Table 2; S2–S5). In particular, the low 
costs for the preparation of the ligand precursor 1 (4.33 $ /g) keep 
the catalyst price relatively low (96.5 $ /g for 2, compared to about 
290 $ /g for Fe complex I and 700 $ /g for Ir complex II). Obviously, 
the costs of 2 are strongly influenced by the market price of iridium, 
which has been quite volatile due to its low production volume 
(7,300 kg in 2018) and highly limited Earth-abundance, an effect 
that may be partially mitigated by the availability of efficient precious 
metal recycling technologies.36 The low price of complex 2 together 
with its exquisite catalytic performance lead to attractively low costs 
for fuel production. For example, the preparation of 1000 L H2 is 
about 5 times cheaper than with the iron I (Table 2, S6).  
 
Table 2. Cost and normalized TON and TOF analysis of complex 2 
and state-of-the art catalyst for FA dehydrogenation a 

cat.    T cat price H2 production costs refc 

 (°C)    ($ /g) ($/1000 L) (h /1000 
L)  

2   80     96.5       0.90     0.51 this work 
2 100     96.5       1.3     0.15 this work 
I    80   287       5.3     0.21 14 
II    80   700     15.5     0.11 15 
III    95  1438     20   14 16 

a see Tables S2-S5 for price calculation details and Table S6 for H2 prodcu-
tion cost calculations.  
 
Mechanistic insights were obtained from kinetic experiments. Vari-
ation of catalyst concentrations (0.10–0.31 mol%) indicate a first or-
der rate-dependence in catalyst (Fig S8). Kinetic isotope 

experiments using either HCOOH, DCOOH, HCCOD, or 
DCOOD as substrate were performed with NEt3 as base rather than 
formate to avoid any scrambling. The rate markedly decreases with 
HCOOD compared to HCOOH (KIE = 3.7, Table S1), indicating 
either rate-limiting O–H bond cleavage or, more likely, protonation 
of the putative Ir–H intermediate, which is also supported by the 
strong pH-dependence of the reaction rate (vide supra). In contrast, 
using DCOOH gave only a small KIE = 1.43, suggesting a secondary 
effect of C–H bond cleavage. 
To trap the catalyst resting state, complex 2 was reacted with stoichi-
ometric lithium formate in DMSO–d6. NMR spectroscopy revealed 
the instantaneous formation of the iridium hydride complex 3, ra-
ther than any formate complex (Scheme 2). Complex 3 features up-
field shifted aromatic signals that indicate a three-legged piano-stool 
geometry of a neutral iridium(III) species, and a diagnostic hydride 
resonance at dH = –11.57 (Fig. S19). Attempts to isolate and crystal-
lize this hydride species have been precluded by its limited stability 
(t1/2 ~30 min, Fig. S21). Nonetheless, these data are pointing to the 
formation of a Ir–H intermediate and agree with protonation of this 
hydride species to form H2 as the turnover limiting step. This mech-
anistic scenario is in line with the observed KIEs, the highly negative 
activation entropy DS‡, and the delicate balance on pH. It indicates 
a behavior distinctly different from most other FA dehydrogenation 
catalysts, which generally feature the formate adduct as catalyst rest-
ing state and ensuing turnover-limiting b-hydrogen elimina-
tion.14,20,33  
 

Scheme 2. Formation of hydride complex 3 from complex 2 and for-
mate. 

In summary, we present a simple and remarkably inexpensive irid-
ium complex that is underligated. Key for stabilizing the unusual 
16e–iridium(III) configuration is the presence of a phenoxy-PYE lig-
and. The complex is extraordinarily efficient in catalytic FA dehydro-
genation and reaches TOFs of almost 300,000 h–1 and TONs up to 
3,000,000, corresponding to the production of some 100 L hydro-
gen per mg catalyst. Further optimization of this powerful catalyst is 
conceivable based on the steric and electronic modularity of both 
the phenoxy and the PYE ligand units. The mechanistic insights pre-
sented here with H2 formation as turnover-limiting step as well as the 
pH dependence of the catalytic process will provide valuable guid-
ance for such optimization. Moreover, the N,O-bidentate ligand sys-
tem may be attractive for a variety of other catalytic systems that ben-
efit from a low-coordinate metal environment. 
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