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Preface 

Current developments in Europe demonstrate that we live in a world that continues in pursuing war instead of peace, discrimination 

instead of tolerance, and economic interests instead of fair conditions for all. In this contest, climate change is not getting the 

attention it needs, and the necessary green transition seems, to date, very challenging. While fossil fuels still play a crucial role in 

the worldwide geopolitics, there is the need to provide new energy solutions that are beneficial for the environment and society. In 

response to the Ukrainian crisis, countries are proposing and adopting different strategies such as the reopening of dismissed and 

polluting carbon plants. Gladly, many European leaders pointed out the potential of renewable energy and hydrogen-related 

technologies as a solution to achieve energetic independence and move towards a more sustainable future. The question if it is too 

late to invert the trend remains unanswered; nevertheless, when looking at the many achievements of humankind, I am positive. It 

is for sure an interesting time to be alive, be active and participate in this transition. 

Renewable energy is already increasing its share of the total energy production, and it will become cheaper and more sustainable 

if the demand raises. This means that policies and incentives from government and industries should all work altogether pursuing 

the same objective and moving in the same direction, which is often not the case. The discontinuous nature of renewable energy, 

hence the necessity of efficiently storing it, are main challenges towards the achievement of an electrified society. In addition, only 

few countries can afford heavy investment in e.g. wind and solar farms that are still limited to relatively small areas.  

The hydrogen economy represents a sustainable and viable solution to mitigate climate change, and likely, it will be a crucial 

component of the coming green transition. In such a scenario, green hydrogen is produced on-demand using renewable energy by 

means of water electrolysis. Later, the chemical energy stored in hydrogen can be released in the form of heat and electricity using 

a fuel cell, with water as the only by-product. However, many hydrogen-related technologies are still accompanied with high costs 

and infrastructural challenges that are hindering a large-scale commercialization of e.g. fuel cell vehicles.  

Catalysis plays a fundamental role in the sustainment of society and our life style. The production of fuels, plastic, medicines, and 

every-day commodities relies on the extensive use of chemistry and catalysis. Hence, it is likely that new game changing solutions 

and innovation will come from this field. In this regard, homogeneous catalysis is witnessing a new renaissance, offering several 

advantages compared to established synthetic routes such as lower energetic costs and higher atom economy. This features are very 

attractive to industry, hence the great potential of this field of research. In this work, I will use homogeneous metal catalysts for 

hydrogenation and dehydrogenation reactions in the context of the hydrogen economy, hoping to provide new viable approaches 

and solutions for both energy storage and distribution technologies.   

This thesis is the result of the scientific work that I carried out during my PhD studies from January 2019 until March 2022. The 

work was conducted under the supervision of Assoc Prof Martin Nielsen, and co-supervision of Prof Anders Riisager at DTU 

Chemistry, Technical University of Denmark.  

 

Kgs. Lyngby, 31-03-2022  
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Abstract  

Hydrogen release from a Liquid Organic Hydrogen Carrier (LOHC), in synergy with CO2 capture and utilization (CCU) processes, 

are of extreme importance for the development of the new hydrogen economy, as well as the decrease of anthropogenic greenhouse 

emissions in the atmosphere. In this PhD dissertation, I will explore new and unprecedented reactivity modes based on the 

interaction between organometallic Ru-PNP catalysts dissolved in ionic liquids (ILs). The topics discussed in the thesis are highly 

attractive from both a societal and industrial point of view, varying from CCU to hydrogen technologies for transportation and 

renewable energy storage.  

Homogeneous transition metal pincer complexes of the type Ru-PNP are known to catalyze hydrogenation and dehydrogenation 

reactions of a variety of substrates at mild conditions, with high catalytic activity, selectivity and optimal atom efficiency. The main 

novelty behind this PhD project is represented by their use in combination with an ionic liquid (IL) as the only reaction additive. 

As such, I will demonstrate that a suitable combination of Ru-PNP catalyst dissolved in IL represents a powerful tool for relevant 

transformations within sustainable chemistry and catalysis, with hydrogenation and dehydrogenation processes that are at the core 

of this dissertation. Importantly, the use of ILs avoids the use of both volatile solvents and inorganic bases, maximizing the 

efficiency of such systems and allowing the obtainment of products without the presence of organic contaminants. 

In detail, Ru-PNP catalysts dissolved in ILs catalyze the hydrogenation of CO2 to the LOHC formic acid without the use of 

sacrificial CO2 trapping reagents and already at ambient conditions (1 bar, 25 ⁰C). The same Ru-PNP/IL mixtures are highly active 

towards formic acid dehydrogenation as well, offering the attractive possibility to perform efficient hydrogen release at 

temperatures that are compatible with automotive fuel cell applications (T<100 ⁰C). After optimization, the Ru-PNP/IL system 

resulted in the new state-of-the-art for this transformation, with turnover numbers as high as 18 million and a catalyst stability of 

four months under continuous flow conditions. In addition, the possibility to produce pressurized hydrogen (up to 50 bar) in a 

closed system has been demonstrated as well.  

Based on the results from the single steps of hydrogenation and dehydrogenation, I will discuss an example of a reversible system 

that stores energy in the form of formic acid, and later releases in the form of hydrogen that is ready to be used in a fuel cell. The 

stability of such system has been verified by carrying out cycles of hydrogenation and dehydrogenation with no observable loss in 

catalytic activity. 

Ultimately, the efficient dehydrogenation of the LOHC isopropanol has been demonstrated in the presence of Ru-PNP catalysts in 

IL phase. In this project, the Ru-PNP/IL system was successfully immobilized onto a support material using the Supported Ionic 

Liquid Phase (SILP) technology. As such, the so-obtained Ru-SILP catalyst showed promising activity in isopropanol 

dehydrogenation under fixed-bed reaction conditions, usually inaccessible for this type of homogenous species.  
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Resumé 

Som platform for udviklingen af en brint økonomi udgør samspillet mellem teknologier til at frigive H2 og teknologier til lagring, 

samt udnyttelse af CO2, refereret til som Carbon Capture and Utilization (CCU), en central rolle. I denne ph.d.-afhandling udforskes 

kemien som følge af ruthenium-baseret katalysatorer, såkaldte Ru PNP-komplekser, opløst i ioniske væsker, som demonstrerer 

reaktivitet uden fortilfælde i frigivelsen af brint fra såkaldte Liquid Organic Hydrogen Carrier (LOHC). De I denne afhandling 

omdiskuteret emner, er relevante i både et samfundsmæssigt, såvel som i et industrielt perspektiv; fra CCU til brint-baseret 

teknologier med henblik på dets transport og lagring af bæredygtig energi.  

De anvendte ruthenium-komplekser er kendt for, at udvise en høj katalytisk aktivitet og selektivitet i både hydrogenerings samt 

dehydrogenerings reaktioner af en bred vifte af stoffer. Disse to reaktioner er centrale til arbejdet udført i dette ph.d.-studium, hvor 

målsætningen har været, at finde den rigtige formulering af katalysatore og ioniske væsker, for at opnå gunstige 

reaktionsbetingelser. Specifikt har brugen af ioniske væsker medført, at de normalt anvendte opløsningsmidler og additiver 

fuldstændig kan udelades, resulterende i mere bæredygtige processer. 

Kombinationen af ioniske væsker med Ru PNP-komplekser katalyserer hydrogenerings reaktionen af CO2 til form syre, en LOHC, 

uden nødvendighed for først at fange CO2 med et andet reagens, som forløber under atmosfæriske betingelser. Endvidere udviser 

samme system, en høj aktivitet i frigivelsen af H2 ved forhøjet temperaturer relevante til transportsektoren i brændselsceller (T<100 

⁰C). Et andet resultat af dette ph.d.-studium er en katalysator formulering som udmærker sig som state-of-the-art i dehydrogenering 

af form syre; under et kontinuært-flow udviser systemet katalysator stabilitet over fire måneder, turnover number i størrelsesordnen 

af 18 106. Yderligere, er udviklingen af op til 50 bar af H2 i et lukket system demonstreret.  

Som følger af resultaterne fra både hydrogenerings og dehydrogenerings reaktionen, diskuteres et eksempel på form syres 

anvendelse i et reversibelt system. Specifikt, indledende energi oplagring af H2 som form syre, efterfulgt af H2 frigivelse, som 

direkte kan anvende i brændselsceller. Systemet er robust, bekræftet af intet målbart tab i katalytisk aktivitet over flere cyklusser 

af hydrogenering efterfulgt af dehydrogenering.  

Slutteligt, vises en effektiv frigivelse af H2 fra isopropanol, og dermed dets anvendelse som LOHC i tilstedeværelsen af Ru 

PNP-kompleks-ionisk væske kombinationen. Specifikt undersøges konsekvensen af en katalysator formulering immobiliseret på 

et støttemateriale, ved benyttelsen af Supported Ionic Liquid Phase (SILP) teknologi. Den opnået Ru-SILP formulering udviste 

lovende aktivitet i dehydrogenering af isopropanol under betingelser hvor lignende metal-komplekser er inaktive. 
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1.  Introduction 

This chapter introduces the concepts of hydrogen economy, carbon capture and utilization (CCU), homogeneous catalysis, ionic 

liquid (IL) as well as supported ionic liquid phase (SILP), which are at the core of the work carried out during my PhD studies. 

Finally, the chapter will outline the objectives, scientific contents and structure of the thesis.  

 

1.1 The hydrogen economy 

Climate change is one of the most challenging tasks that humanity must solve in the near future to ensure a sustainable future for 

the next generations [1,2]. The urgency of the problem calls for a rapid transition of our current energy system to a sustainable and 

climate-neutral one [3]. Since the industrial revolution, our society has relied on the extensive use of fossil fuels to satisfy the 

growing energy demand. As a consequence, the use of such high-carbon energy sources has caused severe emission of greenhouse 

gases in the atmosphere, namely carbon dioxide (CO2), methane (CH4), nitrous oxides (NOx), as well as several fluorinated gases. 

In 2018, a total of 55.3 GtCO2 associated with human activities were released in the atmosphere [4]. This has resulted in an increase 

of the average global temperature of about 1 ⁰C; as an example, we are measuring extraordinarily out-of-average temperatures in 

the polar areas more and more often. It is estimated that up to 31.7 billion dollars were used in 2018 to mitigate the effects caused 

by natural catastrophes, such as fires, storms, floods, and droughts [5]. The Paris agreement aims to limit this increase to 2 ⁰C by 

2100, ideally below 1.5 ⁰C. Food, water, health, ecosystem and infrastructures are the most affected sectors by the consequences 

of climate change. Therefore, even if it is estimated that fossil fuels could still provide energy for centuries to come, it is urgent to 

find sustainable alternatives that are benign for the environment. 

The hydrogen (H2) economy has been proposed as a solution to decrease anthropogenic greenhouse emission in the atmosphere, 

contributing to accomplishing a completely renewable energy system [6,7]. In the last few decades, hydrogen-based fuels 

experienced a new interest as potential group of green solutions of the future [8]. Nevertheless, the idea of transforming the chemical 

energy stored in hydrogen into electricity dates back to 1838, when Sir William Grove proposed the first example of a fuel cell 

(FC) able to produce power. More recently, hydrogen has been used to propel the first combustion engines, as well as balloons and 

airships during the last century. Remarkably, hydrogen was the fuel that allowed humanity to reach the moon in 1969.  

The demand for pure hydrogen has increased significantly in the last decades, from 28 million tonnes per year in 1970, up to >100 

million tonnes in 2018 [7]. The chemical industry already uses pure hydrogen in large amounts, for example in refineries and for 

the synthesis of ammonia (and fertilizers), taking up to 70 million tonnes per year. Other processes do not require prior purification 

of hydrogen from gaseous mixtures, for example in the steel industry or for the production of methanol, where the feedstock is the 

so-called synthesis gas (H2 + CO). Hydrogen is currently produced from coal or natural gas, hence contributing to the global CO2 

emissions; in particular, 6% and 2% of the total consumption of natural gas and coal is dedicated to hydrogen production, resulting 

in 830 million tonnes of carbon dioxide emitted per year. Hence, it is crucial that we develop new processes for efficient hydrogen 

production from low-carbon energy sources such as renewable electricity, biomass or nuclear. In a worldwide contest, solar energy 

contribution is expected to grow the most, while wind power will probably assess to a minor share of the total energy production [9]. 

It can be envisioned that both solar, wind, as well as nuclear energy will be extensively used to promote water electrolysis processes 

for the production of hydrogen, likely playing an important role in the development of a green energy supply chain. In this sense, 

advances in nuclear fusion technologies might lead to breakthroughs in energy production alternatives. 
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As depicted in Figure 3.1, the chemical energy stored in hydrogen (33.3 kWh/kg) can be transformed into electricity and heat using 

a fuel cell (FC), with water (from which hydrogen was produced) as the only by-product [10,11]. In detail, hydrogen is oxidized at 

the anode using oxygen coming from air; protons travel through the electrolyte solution towards the cathode, while electrons are 

collected in an external circuit. The nature of both the electrolyte, as well as the ions moving through it, affects the operative 

conditions of a FC and the type of feed. For example, the first FC built by Grove was composed by zinc and platinum electrodes 

on porcelain plates, and a solution of sulphuric acid as the electrolyte. Later in 1932, Bacon invented the alkaline FC, still one of 

the most widespread FC technology used e.g. in space applications, where the electrolyte is an aqueous solution of KOH. Typically, 

FCs operating at temperatures above 600 ⁰C (molten carbonates and solid oxide FCs) allow direct feed of hydrocarbons, e.g. 

methane, that undergo reforming producing hydrogen in the FC [12,13]. This approach can be used for e.g. stationary applications 

such as in factories, buildings and farms. On the contrary, low-temperature FCs such as alkaline, phosphoric acid, and proton 

exchange membrane (PEM), require an external source of pure hydrogen. Among all the alternatives, PEM-FCs are particularly 

interesting for automotive applications since they allow short start up times (1 second, up to 10 minutes for solid oxide FCs), low 

weight, contain non-corrosive membranes, and perform with high energy efficiency. In this case, a semipermeable fluorine-based 

polymeric membrane permits the moving of protons in one direction. 

 

Figure 1.1: Schematic representation of a PEM-FC. 

Figure 1.2 shows a schematic and simplified representation of a hydrogen-based energy system. As discussed before, green 

hydrogen can be obtained via water electrolysis using renewable energy such as wind, solar, geothermic, hydro or nuclear. 

Importantly, hydrogen would allow the storage of large amounts of electricity circumventing the issue of the imbalance between 

supply and demand. Later, hydrogen can be transported through pipelines until e.g. fueling stations, or it can be converted into 

electricity in a FC according to demand, and injected in the electric grid for the powering of houses, industries and farms. Ideally, 

also fueling stations would be equipped with small-size electrolyzers for the recharging of vehicles in cities and urbanized areas. 

However, there are still several challenges that prevent the implementation of hydrogen on a large scale. Firstly, the cost of green 

hydrogen from water electrolysis is not competitive yet with conventional energy sources based on fossil fuels. Moreover, the 

physio-chemical nature of elemental hydrogen results in a very low volumetric storage density at ambient conditions (3 Wh/L) [14]. 
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For this reason, established technologies for compressed and cryogenic hydrogen apply drastic conditions to increase the volumetric 

storage density of hydrogen (up to 700 bar and -253 °C, respectively), therefore requiring technically demanding and costly 

infrastructures that are simply too impractical. In addition, often the sources of renewable energy are far away from industrialized 

places (off-shore turbines, solar farms etc) rendering even more challenging its storage and transportation. In the next chapter, I 

will discuss alternatives for hydrogen storage and transportation.  

 

Figure 1.2: Schematic representation of the hydrogen economy.  

The report from the International Energy Agency (IEA) from 2019 stated that the cost of hydrogen could drop up to 30% due to 

the reduced costs of renewables, together with major investment in hydrogen technologies [7]. Recently, the European Union has 

issued a new strategy to build pipeline systems for efficiently transporting hydrogen across long distances [15,16]. The requirements 

for the infrastructures are similar to those required for transporting natural gas. Indeed, the blending of H2 with CH4 in existing 

natural gas pipelines has been demonstrated already [17]. It is expected that the production of energy will move from current areas 

(rich of fossil fuels) to places where renewable energy is highly available. For example, it is envisioned that Europe can import a 

large amount of energy from future solar farms in North Africa [18]. The same concept applies to places that can exploit the high 

presence of strong wind, e.g. northern countries or Australia. In this sense, Denmark has reached approximately 50% of the total 

energy production using wind power already in 2020. Concerning hydrogen distribution, there are eight operative hydrogen fueling 

stations in Denmark (estimated cost of 15 mil DKK, including water electrolysis plant), with less than 100 FC vehicles.  

Besides other uses in the chemical industry discussed above, one of the most attractive utilizations of hydrogen is represented by 

onboard automotive applications in FC vehicles. In fact, on-board hydrogen technologies represent a particularly promising concept 

that would provide a zero-emission mobility system. Today, only ≈12000 hydrogen cars are on the roads, a very small proportion 

of the more than 1 billion cars circulating globally (2 billion expected in 2050). The use of hydrogen has several advantages when 

compared to e.g. electric vehicles; for instance, FC vehicles are not limited by the size of the engine, being hydrogen continuously 

fed to the FC similar to a conventional combustion engine, meaning that FC vehicles can extend from small cars up to container 

ships and airplanes. On the contrary, large size battery-powered vehicles require an increase in size of the battery, with obvious 

drawbacks in terms of space requirement, weight and costs. However, the low operative temperature of PEM-FC requires the use 
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of a catalyst, and the high loading of precious metal required (40-50 g of platinum in each fuel, 41% of the total FC cost) is currently 

unsustainable for a worldwide commercialization of FC powered vehicles [19,20]. In this sense, the scientific community is trying 

to find cheaper alternatives for the construction of electrodes using e.g. N-doped transition metals catalysts [21] supported on  

graphene [22]. 

In summary, hydrogen technologies are still at their early stages, hence the urgency for novel and sustainable solutions. It has to 

be noticed that the scenario depicted in Figure 1.2 is only a part of the expected new global energy system. In fact, the hydrogen 

economy will not be the only solution to climate change. It is likely that a green transition will be possible with an optimized 

combination of new green and sustainable processes, each possessing a share in the future energy production.  

 

1.2 Liquid organic hydrogen carriers 

The desired green transition should provide sustainable economic development and viable solutions. Hence it is appropriate, when 

possible, to use existing infrastructures and facilities to reduce costs and accelerate the process. As introduced above, hydrogen 

storage and transportation still represent a challenge towards the large-scale implementation of hydrogen technologies; to overcome 

this issue, the concept of LOHC has been proposed [23,24]. The currently employed technologies (hydrogen compression and/or 

liquefaction) are accompanied with drawbacks in terms of practicality and scalability on a worldwide scale. In addition, on-board 

hydrogen storage (700 bar, 5.7 wt% of H2) is associated with energy loss due to compression, liquefaction and dispersion of H2. 

Researchers have tried to investigate the possibility to store interstitial hydrogen in different support materials [25]. This includes 

e.g. metal hydrides [26], metal organic frameworks (MOFs) [27] as well as specifically designed carbon nanomaterials [28].  

 

 

 

 

 

 

 

 

 

 

  

 

 

Table 1.1: Hydrogen weight percentage stored in some representative liquid organic hydrogen carriers (LOHCs). The molecules are 

shown in their H2-rich form. 

LOHC H2 wt% 

Formic Acid 4.4 

Isopropanol 3.3 

Methanol 12.6 

Ethanol 12 

Formaldehyde 6.6 

Glycerol 9.6 

Sugar Alcohols 8.9–9.3 

N-ethylcarbazole (NEC) 5.8 

Dibenzyltoluene (DBT) 6.2 

1,2-BN-cyclohexane  7.1 

BuPy 3.14 

MePHI 5.76 

Compressed H2 5.7 
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On the contrary, in a typical LOHC system hydrogen is chemically stored into a molecule that is liquid and safe to handle at ambient 

conditions, avoiding energetic costs associated with hydrogen compression [29–33]. Many types of LOHC candidates have been 

proposed, ranging from small molecules such as methanol [34,35], formic acid (FA) [36], ammonia [37], ammonia- and amine-

boranes [38], as well as aromatic compounds such as N-ethylcarbazole [39] or dibenzyltoluene (DBT) [40,41]. The latter are 

currently the most promising solutions due to their high hydrogen content, as well as their high stability towards cycles of 

hydrogenation and dehydrogenation under ambient conditions. Table 1.1 provides an overview of representative LOHCs and their 

hydrogen storage capacity. 

Several studies evaluated the use of LOHCs from an economical and practical point of view, assessing and promoting their potential 

as efficient energy carriers [42,43]. For example, the LOHC would allow moving and distributing hydrogen exploiting existing e.g. 

pipelines, tracks and cargo ships. In addition, the handling of hydrogen in form of liquids also builds on the public confidence in a 

global market and society that is already used to liquid fuels. Figure 1.3 represents an extract from Figure 1.2; in this scenario, 

hydrogen produced in the electrolyzer is stored and distributed as a LOHC until final use in a FC vehicle, where it is extruded from 

the liquid carrier by means of e.g. catalytic dehydrogenation reaction. Later, the discharged LOHC is reloaded at the filling station 

or at any place where green hydrogen is available at suitable cost, closing the LOHC storage cycle. Using this approach, the German 

company Hydrogenious is currently promoting the commercialization of LOHC technologies using toleuene-based molecules such 

as DBT (Table 1.1).  

 

Figure 1.3: Schematic representation of hydrogen production and distribution using a LOHC.  

 

While the LOHC technology is mature in most of the steps in the supply-chain, the main shortfall is that hydrogen can only be 

released from the LOHC at high temperatures (>250 ⁰C). This aspect is currently hindering the large commercialization of LOHC 

fuels for example in the automotive sector [32]. In fact, the on-board use of LOHCs requires that the hydrogen release step is 

performed at the operative temperature of the used FC, in order to maximize the overall efficiency of the engine. Being PEM-FC 

the state-of-the-art technology for automotive applications, this means that hydrogen release from the LOHC has to be realized at 

temperatures 80 ⁰C≤T≤120 ⁰C to ensure complete heat-integration [44]. Therefore, the development of efficient catalytic systems 

for the dehydrogenation of LOHCs at low temperature has the potential to play an important role in the implementation of LOHC 

technology on a large scale.  

In this thesis, my work focuses mostly on the use of the LOHCs formic acid (see Chapters 5 and 6), and the couple 

isopropanol/acetone (see Chapter 7). Imagining a mobile application, both isopropanol and FA can be considered very attractive 

LOHC systems if the required hydrogen release is achieved under heat-integrated conditions with the FC. While the high volatility 

of acetone might represent a challenge towards an effective LOHC recycling, in the case of FA the cycle would be closed by 

capturing the CO2 released in air, and recycling it into FA or other useful compounds, as described in the next section.  
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1.3 Carbon capture and utilization  

The level of CO2 in the atmosphere has increased dramatically due to the extensive use of fossil fuels to satisfy the global energy 

demand [45]. At the current rates of emissions, it is expected that the CO2 level in the atmosphere will exceed 600 ppm before the 

year 2050. In order to mitigate such effect, the scientific community is trying to develop new processes to counteract the CO2 

environmental impact and relative economic consequences. Carbon dioxide has the potential to become a viable, cheap, and safe 

building block for the synthesis of a wide range of industrially relevant platform molecules [46] and fuels [47]. Thus, carbon capture 

and utilization (CCU) technologies can reduce our dependence on petrochemicals substituting commonly used fossil-derived 

sources such as the toxic carbon monoxide (CO), methane (CH4) or coal [48,49]. Considering the huge scale and impact of the 

automotive sector on CO2 emissions in the atmosphere, the possibility to produce fuels directly from CO2 could dramatically help 

in mitigating climate change, therefore it has attracted a lot of interests from both academia and industry [50–52]. To date, up to 

110 MT per years of CO2 are currently used for the production of chemical commodities such as urea, carbonates, methanol and 

salicylic acid. From a practical and economic perspective, the proposed catalytic approaches using CO2 have to compete with 

established synthetic routes based on the more reactive carbon monoxide, obtained from reforming of natural gas resulting in the 

so-called synthesis gas (CO + H2). Direct carbon capture has been investigated using many strategies, both from the atmosphere as 

well as from industrially relevant gases mixtures such as biogas and flue gas [53,54]. Underground storage in geological formations 

or empty fossil reservoirs (natural gas) represent a temporary solution for the sequestration and storage of CO2 [55,56]. The use of 

amines is by far the most widespread approach towards CO2 capturing processes [57]; usual routes include the use of amine-based 

absorbents such as aqueous solutions of triethanolamine (TEA), diisopropanolamine (DIPA), or methyldiethanolamine (MDEA) 

[58]. However, these methods are usually accompanied by high energetic costs associated with CO2 compression/decompression, 

as well as amine regeneration.  

Due to the high stability of the molecule (ΔH⁰ = -400 kJ/mol), whatever transformation involving CO2 is extremely challenging 

from an energetic point of view. In this sense, catalysis can provide a solution to the problem of CO2 activation and promote its 

further transformation into valuable chemicals. Diverse catalytic methods have been used to perform CO2 reduction, including 

photochemistry [59], electrochemistry [60,61] as well as catalytic hydrogenation [45,62–65]. An attractive pathway for CO2 

utilization is represented by the (reversible) water gas shift reaction where CO2 can be converted into the more reactive CO that 

can later undergo further transformations (Scheme 1.1) [66]. 

 

Scheme 1.1: Reaction scheme for the water-gas shift reaction of CO2 to CO [66]. 

 

Among the possible products obtainable from CO2, LOHC molecules are highly attractive targets, as highlighted by the early works 

from Leitner [67] and Olah [68,69], for FA and methanol, respectively. The methanol economy proposed by Olah has the potential 

to greatly contribute to the future energy scenario, and many groups are investigating both the hydrogenation of CO2 to methanol 

[70,71], as well as the reverse steam reforming reaction to release the three equivalents of hydrogen stored [72]. For case of brevity, 

this solution will not be discussed in this thesis, but it is in close vicinity with the concepts expressed for the system CO2/FA.  
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The other hydrogenation pathway leads to the formation of FA (discovered already in 1670 as the poison produced by the red ant 

Formica rufa) [73]. The main demand of FA comes from the chemical (pharmaceutical, polymer) and textile industries, as well as 

from agriculture, with a total production of about 950.000 tonnes per year in 2018 [74]. Scheme 1.2 illustrates the current industrial 

method employed for the synthesis of FA, where the overall carbonylation of H2O proceeds promoted by methyl formate as the 

intermediate. It is possible to notice that CO, which is currently produced starting from fossil fuels, represents the carbon source 

for the production of FA. In addition, the downstream isolation of FA from H2O is energy demanding due to formation of an 

azeotrope mixture with water. Hence, the possibility to obtain FA directly from CO2 is highly attractive, also considering the 

toxicity of CO.  

’ 

Scheme 1.2: Reaction scheme for the industrial production of FA [73]. 

 

The hydrogenation to FA is an exothermic reaction (-31.5 KJ/mol, Scheme 1.3) but strongly restricted thermodynamically due to 

entropic limitations (two gaseous molecules combined to give one liquid product). This means that the higher temperatures usually 

required to overcome kinetic limitations are unfavorable for this transformation, rendering it even more challenging.  

 

Scheme 1.3: Reaction scheme for the hydrogenation of CO2 to FA. 

 

 

Scheme 1.4: Different strategies for CO2 capture and hydrogenation to formic acid or formate adducts. 
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Researchers have used many strategies to lower the thermodynamic barrier and perform the transformation at milder reaction 

conditions. This involves for example the use of inorganic bases that favor the precipitation of formate salts, or amines as CO2 

trapping reagent, shifting the equilibrium towards the formation of carbamate and formamide derivatives (Scheme 1.4) [57]. The 

solvent can also play an important role since it can favor higher yields via solvation of both substrate and the produced FA [75]. 

Other sustainable alternatives include FA production from biomass [74,76], eventually combined with further transformation of 

FA into syn gas followed by Fischer-Tropsch synthesis of hydrocarbons [77]. Importantly, FA decomposition can lead to the 

formation of CO and H2O, representing a potential intermediate to achieve water gas shift reactions avoiding the production of CO 

from fossil sources (Scheme 1.1). 

In Chapter 4, I will demonstrate the possibility to perform CO2 hydrogenation to FA at very mild conditions (25 ⁰C, 1 bar) with 

promising results for further optimization. The reaction is possible using a suitable combination of a transition metal catalyst and 

an ionic liquid, which will be introduced in the following sections. In addition, Chapters 4 provide a more extensive overview on 

state-of-the-art CO2 capture and valorization processes with releavnt examples based on the catalytic systems used in this study. 

 

1.4 Catalysis 

The chemical industry already relies on the extensive use of catalysis for the production of almost everything that surrounds us. In 

the last few decades, there has been a continuous need of developing new catalytic systems that are cheaper and more sustainable. 

According to the IUPAC definition, a catalyst is “a substance that increases the rate of a reaction without modifying the overall 

standard Gibbs energy change in the reaction” [78]. Hence, a catalyst allows the obtainment of the desired product but with lower 

activation energy thanks to the formation of one or more reaction intermediates. During the reaction, the catalyst is regenerated 

after every catalytic cycle allowing the use of small quantities of it. There are three main types of catalysis: heterogeneous, 

homogeneous and bio-catalysis. In the former, the catalyst and the substrates/products are present in different phases, usually 

gas/solid or liquid/solid. On the contrary, in homogeneous catalysis all the reactants are in the same liquid phase, similar to 

bio-catalysis that is performed in solution by microorganisms and enzymes.  

The presence of a transition metal that promotes catalytic transformations is common to both heterogeneous and homogeneous 

systems. When compared to heterogeneous routes, the main advantages of homogeneous catalysts are represented by milder 

reaction conditions and higher selectivity of the reactions. This translates to improved atom efficiency and E-factor, as well as 

lower costs associated with the process, highly attractive concepts for the chemical industry. At the same time, heterogeneous 

catalysts are more robust and practical, but less active and selective than homogeneous species, therefore requiring harsher reaction 

conditions in order to perform efficiently. In a typical homogeneous catalyst, a tunable scaffold of organic and/or inorganic ligands 

surrounds a transition metal. This means that is possible to perform targeted tuning of the steric and electronic properties around 

the metal selectively for each specific application. In addition, being all reagents in one phase, the direct observation (and sometimes 

the isolation) of reaction intermediates and catalyst-substrate adducts provides a deep understanding of the reaction mechanisms 

involved, usually difficult to achieve with biphasic heterogeneous systems.   

Many homogeneous processes are still associated with severe drawbacks such as catalyst stability over long times, as well as 

product separation hence recyclability of such systems. Nevertheless, homogeneous catalysis already contributes largely to the 

production of bulk chemicals and commodities. The Ziegler-Natta polymerization of terminal alkenes (with Ti and Zr homogeneous 

complexes) contributed greatly to the development of low-cost plastics such as (low- and high-density) polyethylene, 
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polypropylene, polybutene, and many other co-polymers. Other relevant examples of homogeneous processes are represented by 

the oxidation of ethylene to acetaldehyde using PdCl2 (Wacker process), the hydrogenation of olefins catalyzed by the Wilkinson´s 

catalyst Rh(PPh3)3Cl, as well as the hydroformylation of alkenes using cobalt pre-catalysts in the presence of phsosphine (Shell) 

or carbonyl (BASF-oxo) ligands. Other successful examples include metathesis, carbonylation, hydroformylation, as well as 

oxidation reactions. 

Typically, expensive and rare metals such as ruthenium, iridium, platinum, palladium and rhodium are at the core of the best 

performing homogeneous and heterogeneous systems reported in the literature. In the optic of a more sustainable production of 

chemicals, a sustainable transition towards the first-row metals is highly desirable due to their major abundance, reflected in reduced 

costs and environmental impact [79,80].   

 

1.4.1 Homogeneous pincer-type catalysis  

The careful choice of the ligand scaffold is of crucial importance for the control of both the activity and the selectivity of the 

resulting homogeneous catalyst. In fact, steric and electronic properties given by selected ligands can affect deeply the course of a 

reaction by influencing transition states and reaction intermediates. Typically, a pincer ligand consists of a coplanar chelating 

structure able to bind the metal center in a tridentate fashion [81]. The constricted geometry given by the rigidity of the ligand 

results in improved thermal stability of the resulting organometallic complex, avoiding e.g. leaching of the metal in solution [82,83]. 

In 1976, Moulton and Shaw reported the first example of a pincer ligand with a tBu2PCP structure [84]. Since then, a wide range 

of pincer ligands bearing different heteroatoms have been synthetized and fully characterized [85]. It has been showed that often 

the pincer structure offers the best solution in homogeneously catalyzed transformations due to an optimal compromise between 

activity, selectivity and stability of the catalysts. Based on their reported activity towards both hydrogenation and dehydrogenation 

reactions, this work discusses mainly the use of a selected sub-family of pincer complexes (Ru-PNP), as shown in Figure 1.4.  

 

Figure 1.4: Examples of Ru-PNP complexes used in this study.  

Two phosphorous arm donors and a central nitrogen bearing an amino proton surround a central ruthenium atom in the oxidation 

state 2+. Changing the substituents on the phosphorous arms can lead to differences in the catalytic activity based on the degree of 

electron density donation to the metal center. In addition, the steric properties of the pincer structure have an effect on e.g. solubility 

of the catalyst and favorable coordination of the substrate. Finally, two X-type ligands and a spectator ligand (CO) complete the 

octahedral coordination sphere of the catalyst. As discussed in Chapter 3, one of the key aspect using this family of catalysts is 

represented by their need of activation prior to substrate coordination. In the example shown in Figure 1.4, abstraction of the X 

ligand is required to start any catalytic transformation. Importantly, several Ru-PNP complexes are very robust and commercially 
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available at a relatively low price. In this study, I have performed minor modifications on the ligand scaffold, mostly focusing on 

the effect of the X and R groups (Figure 1.4) on the overall catalytic activity.  

Importantly, the pincer structure is often considered to be co-responsible of the resulting catalytic behavior of the organometallic 

species due to chemical interactions with the substrates [86,87]. This is the case for the Ru-PNP catalysts used in this study, where 

the amino proton on the PNP structure is often found co-responsible of the resulting catalytic behavior due to hydrogen bond 

interactions that stabilize reaction intermediates and favor substrate´s coordination to the metal. Hence, fine tuning of the tridentate 

ligand scaffold results in organometallic species able to catalyze a plethora of chemical transformation with high selectivity and 

chemical stability. In this sense, the review work in Appendix E provides a wide overview of the many different pincer structures 

that have been proposed in the past two decades, with high focus on hydrogenation and dehydrogenation reactions in the optic of 

the hydrogen economy [88]. 

Acceptorless alcohol dehydrogenation (AAD) is a highly attractive process in hydrogen-related technologies since it provides a 

green route for efficient hydrogen release from alcohols. In particular, isopropanol (iPrOH) has been used extensively as a model 

substrate to demonstrate the feasibility of such methods [89]. This is also because the dehydrogenation of secondary alcohols is 

easier than primary ones, due to higher stability of the resulting ketone compared to aldehydes. The first example of homogeneously 

catalyzed acceptorless dehydrogenation of alcohols is as old as 1967, when Charman showed isopropanol dehydrogenation using 

a rhodium chloride catalyst [90], later improved by the addition of tin [91]. Later, Robinson demonstrated the dehydrogenation of 

different alcohols under refluxing conditions using the ruthenium catalyst [Ru(OCOCF3)2(CO)(PPh3)2] [92]. Sugi in 1981 

reported the dehydrogenation of isopropanol mediated by light irradiation using the Wilkinson catalyst RhCl(PPh3)3 at room 

temperature [93]. In 1985, Shvo reported the formation of esters from primary alcohols using a ruthenium catalyst [94]. Relevant 

improvements to the field were provided by the works of Cole-Hamilton who reported ruthenium [95] and rhodium [96,97] catalysts 

for the dehydrogenation of different alcohols. In 1983, Saito showed that the addition of triphenylphosphine to a solution of 

[Rh2(OAc)4] unlocks catalytic activity towards isopropanol dehydrogenation [98].  

  

Scheme 1.5: Milstein´s first generation catalysts showing metal ligand cooperation based on aromatization-dearomatization of the pincer ligand. 
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Many reports will follow, including the use of light irradiation as promoter, but the field did not see particular improvements until 

the beginning of this century, when the groups of Milstein [99,100] and Beller [101] revolutionized the field using pincer-type 

homogeneous complexes and showing evidences of metal-ligand cooperation. Scheme 1.5 shows an example of the first generation 

catalysts developed by Milstein based on aromatization and dearomatization of a pyridine-based PNP ligand [102–105]. On the 

contrary, Beller started by testing the influence of several phosphine ligands on the activity of in-situ formed ruthenium catalysts, 

including the same family of PNP pincer discussed in this study. Later, selected configurations of Ru and PNP ligands were 

synthetized and successfully characterized including crystal structures [106,107]. The pincer catalysts developed by Beller belong 

to the so-called Noyori-type pincer scaffold [108]. This requires that the amino proton is in a syn configuration with respect to the 

hydride ligand, providing stabilization of the substrate via hydrogen bonding (Scheme 1.6).  

 

Scheme 1.6: Noyori-type reactivity of pincer complexes used in this study. 

 

Since these seminal works by the two authors, pincer-type catalysts have been widely reported to promote facile hydride transfer 

between substrates and hydrogen gas, avoiding the use of sacrificial Meerwein-Ponndorf-Verley reagents. Concerning the Ru-PNHP 

complexes used in this study, the outer sphere mechanism depicted in Scheme 1.7 is usually the main pathway invoked [108].  

 

 

 

 

 

 

 

 

  

Scheme 1.7: Schematic representation of acceptorless (de)hydrogenation reaction using metal pincer complexes. 

 

The first step of a hydrogenation reaction consists in a nucleophilic attack of the hydrido ligand to the substrate carbonyl group (I). 

In this conformation, the metal complex performs a concerted hydrogen transfer to the substrate involving both the amino proton 

and hydride ligand (II), resulting in the formation of the corresponding alcohol. The so-obtained amido complex can be considered 

the catalytic active specie for dehydrogenation reactions, where an alcohol can coordinate the metal complex via hydrogen bonding 
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and C-H --- M interaction (III). Finally, the carbonyl substrate leaves the complex (IV) that can either deliver pure hydrogen (in 

dehydrogenation reactions), or undergo another hydrogenation cycle. The described outer sphere mechanism presents some 

advantages compared to the inner sphere alternative. For example, it does not require prior activation of the substrate (e.g. 

deprotonation of alcohols) as well as the presence of two vacant sites on the metal center preferably cis to each other. Nevertheless, 

is has been demonstrated that both mechanisms involve the presence of the same mono- and di-hydride Ru-species as the main 

catalytically active species (see Chapter 3) [107]). Many mechanistic investigations have been trying to elucidate the mechanisms 

involved with this type of complexes and the non-innocence of pincer-type ligands [106,109–112].  

After the breakthrough reported by the groups of Milstein and Beller, pincer complexes have been successfully applied for a 

plethora of relevant chemical transformations. Important was the contributions from Gusev using both Ru-PNP for 

dehydrogenations [113], as well as Ru-SNS pincer catalysts for the hydrogenation of esters [114]. Leitner and Klankermayer have 

provided relevant contributions to the field highlighting the potential of carbon dioxide capture and utilization [115–118]. The same 

topic was investigated by Himeda and Fujita using iridium pincer complexes for the reversible hydrogen storage in FA and methanol 

[119–122]. Ru-PNP complexes used in this study were reported as active catalysts for efficient hydrogen release from aqueous 

ethanol [123], FA [124] and methanol [125]. In addition, Ru-PNP complexes catalyze ethanol transformation to ethyl acetate [126], 

hydrogen peroxide decomposition to O2 and H2O [127], ethanol upgrading to bio fuels [128–131], glycerol-to-lactic acid 

dehydrogenation [132,133], hydrogen evolution from biomass [134], as well as biomass valorization by means of transfer 

hydrogenation reactions [135–138]. Pincer complexes also promote formation of high-value products by dehydrogenative coupling 

of alcohols and amines, resulting in the formation of esters [139–143] and amides [144–148], respectively. Importantly, the group 

of Nishibayashi contributed reporting active pincer catalysts active towards nitrogen fixation to ammonia as a green alternative to 

the consuming Haber-Bosch process [149–152]. 

Promising are the results obtained with first row transition metal complexes, with the vision of a green transition towards the use 

of cheaper and more abundant metals. In particular, iron and manganese PNP complexes have been reported with moderate activity 

for both hydrogenation [153–155] and dehydrogenation reactions [156–161]. Beller demonstarted the use of a Mn-PNP catalyst 

for methanol reforming [162], as well as for the hydrogenation of carbon monoxide to methanol [163]. Hazari, Bernskoetter, 

Kirchner, Gonsalvi and co-workers investigated the use of iron and obtained promising results using Fe-PNP complexes in the 

presence of Lewis Acids as reaction additives [164]. The developed systems effectively catalyze methanol reforming [165], FA 

dehydrogenation [166–168], as well as CO2 hydrogenation to formate [169,170]. Importantly, in Chapter 5 I will show the 

promising activity of a Mn-PNP catalyst towards FA dehydrogenation at mild conditions.  

Chapters 4 and 5 will provide selected examples of state-of-the-art pincer complexes based on the specific applications discussed 

in each chapter. The main novelty behind my research project is represented by the combination of such Ru-PNP complexes and 

ionic liquids, a class of solvents with extremely interesting properties.  

 

 

 

https://en.wikipedia.org/wiki/Haber_process
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1.5 Ionic Liquids 

An ionic liquid (IL) is usually defined as a salt that is in the liquid state at temperatures <100 ⁰C [171]. Toward the design of 

sustainable chemical transformations, ILs have been proposed as a green alternative to common volatile organic solvents due to 

their unique properties. To mention some, chemical and thermal stability, recyclability, negligible vapor pressure under ambient 

conditions (hence no flammability), as well as tunable properties depending on the desired application. Therefore, they can be used 

for a wide range of applications [172,173], from catalysis [174–176], product separation [177], hydrogen storage (using 

borohydride ILs) [178,179], and biomass processing [180–184]. Along with their extraordinary properties as solvents, ILs have 

been reported as active co-catalysts, offering a wide spectrum of possible applications [29–32]. In fact, ILs can chemically interact 

with substrates and/or catalyst providing unique chemical properties to the resulting solution.  

 

Figure 1.5: Examples of cations and anions of commercially available ionic liquids.  

 

The most used and commercially available ILs are formed by imidazolium, ammonium and phosphonium cations in combination 

with common anions such as OTf, NTf2, halogens, acetate, PF6, BF4 etc. Figure 1.5 shows some examples of commonly used and 

commercially available ILs, some of them used in this study. It is possible to imagine that there are almost unlimited combination 

of cations and anions; in this sense, the possibility of synthetizing task-specific ILs for each desired application is highly attractive 

from a synthetic point of view. Typically, the anion is considered to be the component affecting chemical properties of the IL such 

as solvation and overall acidity/basicity of the solution [185,186]. The cation affects other physical parameters such as viscosity, 

melting point, or density of the IL. The melting point can be influenced by van der Waals interactions, size, charge distribution and 

symmetry of the ions, as well as hydrogen bonding involved [187]. As an example, bulky and asymmetric cations lead to a decrease 

in the melting point of the IL. The density of typically employed ionic liquids is usually higher than H2O, ranging from 1.1 to 1.6 

g/ml.  

One of the main properties when looking at solvents is their polarity. However, the definition of polarity has always been 

ambiguous, since it depends on the specific interaction between the solvent and each possible solute [188]. Generally, polarity is 

affected by multiple factors such as permanent and induced dipole interactions, Columbic interactions, hydrogen bonding, as well 
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as electron pairs interactions [189]. As a consequence, polarity can not be measured independently for a selected solvent, but only 

in relation with a solute, and excluding the interactions leading to chemical transformation of the latter. Many studies reported the 

measurement of the polarity of different ILs in order to find the most suitable solvent for each specific application [188,190]. 

However, often the used experimental methodologies differ from the standard procedures, resulting in different values that are 

sometimes difficult to correlate between each other. Generally, this is valid for the measurement of many chemical and physical 

properties of ILs (acidity, viscosity, density, volatility, as well as degradation pathways etc). The scientific community has achieved 

considerable advances towards a correct interpretation of the observed behaviour of IL mixtures. Nevertheless, a deeper 

understanding of the bonds involved between cation and anion, as well as IL and solute, still remain sometimes elusive due to the 

presence of multiple factors contributing to the overall properties of this fascinating class of solvents [191].  

In connection with CCU processes discussed in 1.3, the high solubility of CO2 in ILs has inspired many groups to carry out 

investigations on the use of ILs as CO2 capturing agents [192–197]. Moreover, ILs have been reported to promote photo- [198] and 

electrocatalytic reduction of CO2 [199]. The topic will be discussed more in depth in Chapter 4, with examples of reported 

procedures employing ILs for CO2 capture and valorization. 

In this thesis, I have explored the use of ILs as suitable solvents for hydrogenation and dehydrogenation reactions at mild conditions 

in the presence of Ru-PNP catalysts. Importantly, besides their use as reaction additives [200–202], organometallic (pincer) 

catalysts operating exclusively in IL phase are scarcely reported. Hence, I will show that the IL activates Ru-PNP catalysts and 

stabilizes catalytic active species under a wide range of reaction conditions and for different chemical transformations. As such, it 

is possible to avoid the use of sacrificial additives and solvents that are usually required for e.g. activation and stabilization of the 

catalyst, as well as stabilization of substrate and/or product in the catalytic phase. Importantly for the applications discussed in this 

work, one of the main advantages represented by the use of ILs is the possibility to obtain a clean flow of products without the 

contamination of volatile solvents. This is a particularly important aspect when considering hydrogen release from LOHC for 

automotive applications, where the employed PEM-FCs require a clean inlet of hydrogen.  

 

 

1.6 Supported Ionic Liquid Phase (SILP) 

The supported ionic liquid phase (SILP) technology represents an elegant solution to merge the advantages of homogeneous and 

heterogeneous catalysis, i.e. high selectivity and mild reaction conditions together with increased stability given by the support 

material [203]. The method was originally proposed in 2003 by Mehnert and Riisager for both hydrogenation [204] and 

hydroformylation reactions [205–208]. In detail, the procedure consists of immobilizing a homogeneous catalyst onto a support 

material (SiO2, Al2O3, TiO2, C…) using an IL as the homogeneous phase where the organometallic complex is dispersed. Figure 

1.6 provides a schematic representation of the SILP technology; the catalyst/IL mixture is deposited into the porous support 

material, therefore creating a thin layer of homogeneous active phase embedded within the pores and the channels of the support.  

There are various techniques for the preparation of SILP materials. The most widespread and reliable procedure is represented by 

incipient wet impregnation, where support, IL and catalyst are dissolved and stirred in a suitable solvent, which is later evaporated 

under reduced pressure [209]. Other possible modifications involve e.g. binding of the IL covalently to the support material, as 

well as changes in the morphology of the support such as powder, pellets, and monoliths. For example, the latter shapes are usually 

preferable in continuous flow fixed-bed reactors in order to avoid pressure drops in the catalyst bed. The three components of a 
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SILP material operate synergistically: catalyst and IL loading, percentage of pore filling (α), pore size, shape and superficial area 

of the support, are all features to be considered when preparing a SILP catalyst. Importantly from a sustainable point of view, the 

loadings of both catalyst and IL are minimized by the high dispersion within the mesoporous support, maximizing the efficiency 

of each component. This property can help overcoming mass transfer limitations that usually hamper conventional liquid−liquid 

biphasic processes. Moreover, the low volatility of ILs can facilitate the continuous product separation from the catalytic active 

phase, usually a severe drawback of traditional homogeneous systems. All of these unique features enable the use of SILP catalysts 

for e.g. under fixed-bed gas-phase reaction conditions (see Chapter 7), otherwise impossible with organometallic species. Similar 

concepts based on the use of ILs include supported ionic liquids (SILs), supported ionic liquid films (SILFs), solid catalysts with 

ILs (SCILs), solid catalysts with IL layer (SCILL), supported ionic liquid catalysis/catalysts (SILC/SILCAs) and supported IL 

nanoparticles (SILnPs) [210]. 

 

Figure 1.6: Representative scheme of the Supported Ionic Liquid Phase (SILP) technology. 

 

Despite the only 15 years of history, SILP catalysts have been applied successfully to a plethora of gas-phase transformations such 

as hydroformylation [205,211–214], (chiral) hydrogenation [215–219], Heck reaction [220], hydroamination [221], hydrosylilation 

[222], carbonylation [223,224], epoxidation [225], alkylation [226], water-gas shift [227–231] as well as for NH3 adsorption 

processes [232]. Haumann recently reviewed the potential of SILP materials towards future implementation in large-scale industrial 

processes, with hydroformylation, asymmetric hydrogenation and water gas shift reactions showing promising results for future 

optimization [233]. Importantly for the topics discussed in this thesis, and to the best of my knowledge, there are no examples in 

the literature reporting the use SILP materials for dehydrogenation reactions. In this sense, the only relevant contribution was 

provided by Haumann who reported the use of Ru-PNP catalysts immobilized on a support material for the low temperature 

reforming of methanol [234,235].  

In Chapter 7, a suitable combination of Ru-PNP catalyst and IL was successfully immobilized into a support material and applied 

for the gas-phase dehydrogenation of isopropanol at low temperature. In addition, I have carried out a preliminary experiment that 

demonstrates the activity of Ru-SILP catalysts for the low temperature dehydrogenation of FA as well (see Chapter 8).  
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1.7. Outlook and contents of the thesis 

In this thesis, I have explored the reactivity of homogeneous Ru-PNP catalysts in ILs towards hydrogenation and dehydrogenation 

reactions for energy storage and distribution processes. This includes dehydrogenation of LOHC molecules such as isopropanol 

and FA for hydrogen release at low temperature, as well as CO2 capture and hydrogenation to FA. As an expansion of the 

introduction provided in this chapter, the review work in Appendix E offers a wide overview of the many applications of pincer 

complexes within sustainable catalysis, often resulting in the best choice for homogeneously catalyzed processes. In addition, more 

detailed comparisons with state-of-the-art methods using homogenous catalysts will be provided in the next chapters for each 

application. Looking at the literature, it is also possible to notice that examples of Ru-PNP operating exclusively in ILs are 

extremely rare, highlighting the novelty of this PhD project.  

In particular, Chapter 2 describes the design and optimization of the different reaction set-ups that allowed me to produce a 

substantial part of the scientific data presented in this work. The fundamental studies shown in Chapter 3 represent the principles 

and the foundation of this PhD dissertation, demonstrating new activation and reactivity modes involving Ru-PNP catalysts and 

ILs. It has been demonstrated that a suitable IL can activate Ru-PNP catalysts, rendering them available to undergo hydrogenation 

and dehydrogenation reactions. Based on these findings, I have developed the catalytic applications described in the following 

chapters.  

Chapter 4 discloses the hydrogenation of CO2 to FA catalyzed by Ru-PNP/IL at mild conditions. The IL and the Ru-PNP catalyst 

act in synergy promoting formation of FA already at ambient conditions. Chapter 5 reports the remarkable activity of Ru-PNP/IL 

combinations for  the continuous flow FA dehydrogenation at temperatures compatible with FC applications. Therefore, Chapter 

6 describes a potential application of the Ru-PNP/IL for the reversible CO2 hydrogenation and FA dehydrogenation, envisioning 

its development as a potential device for efficient storage and distribution of green energy. Finally, the scientific work presented in 

Chapter 7 is a result of a collaborative effort with Friedrich-Alexander-Universität (FAU) where I performed my external stay in 

September 2020. In this project, I investigated the use of Ru-PNP complexes in ILs for the dehydrogenation of another LOHC 

candidate, isopropanol (iPrOH). In addition, the system Ru-PNP/IL was successfully immobilized onto a support material using 

the SILP technology, demonstrating the applicability of the system for fixed-bed reaction conditions.  

The confidentiality of the projects, combined with the possibility of patenting parts of the research output described herein 

prevented prior publication of scientific results. Appendices F-I contain papers that are currently in preparation and will be 

submitted to peer-reviewed journals after the publication of this thesis. In this regard, the preliminary studies showed in Chapter 3 

will be distributed between the articles based on the topic that is discussed in each work (CO2 hydrogenation, FA and iPrOH 

dehydrogenation). Similarly, the data obtained for both CO2 hydrogenation and FA dehydrogenation present obvious overlaps, 

resulting in multiple choices when it comes to publishing strategy. Moreover, considering the large amount of data and ongoing 

work in the Nielsen´s group, hopefully more publications will follow.   
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2.  Design and optimization of a reaction set-up for gas phase 

reactions 
 

This chapter describes the design, construction and optimization of the reaction set-up used in this study for dehydrogenation 

reactions. I would like to remark the extremely helpful contribution of Andreas Graff Pedersen from the DTU Chemistry workshop 

who helped in the assembling of the here described equipment.  

I have started by designing an allocated fume hood that allows carrying out batch reactions producing mixtures of different gases; 

as shown in Figure 2.1, it is possible to carry out up to three different reactions. After proper treatment of the downstream gases 

(condenser and/or cold trap, depending on reaction temperature and type of reaction), the flow is directed to a mass flow meter 

(MFM). The fume hood is equipped with four different MFMs, each measuring a different range of gas volumes, depending on the 

reaction scale used, hence gas flow produced. There is the possibility to insert more MFMs in line for example for higher flows of 

gases (up to 1000 mL/min) which will be done in the next future. Finally, the room has been equipped with H2 and CO sensor to 

comply with safety regulations.  

 

Figure 2.1: Schematic representation of the reaction set-up for batch reactions producing gases at DTU Chemistry.  

 

Figure 2.2 shows a real picture of the set-up just described. The fume hood is equipped with a Schlenk line that allows cleaning of 

the pipes, flushing of condensers and reaction flasks, possibility to conduct reactions under inert conditions, as well as degassing 

of feeding solutions when needed (A). Manometers at each reaction set-up allows measuring of the total pressure in the system in 

real time (B), while the MFMs measure the produced flow (C). Finally, it is possible to either vent the downstream in the fume 

hood or a gas-bag (D), or direct it to the GC for analysis and quantification of the gaseous products (E).  



18 

 

 

Figure 2.2: Reaction set-up for batch reactions producing gases at DTU Chemistry. 

 

Figure 2.3 (up) depicts a schematic representation of the reaction set-up I used to carry out continuous flow FA dehydrogenation 

reactions as described in Chapter 5. More in detail, Figure 2.3 (down) shows a real image of the same set-up, where two different 

syringe pumps (with a total of three syringes) were feeding FA to the reaction flask (A). A Findenser was connected to the reaction 

flask to ensure full FA condensation (Bp = 100.8 ⁰C) (B). In this example, the off-gases where simply connected to an oil bubbler 

for a visual observation of the produced flow. As described before, it is possible to direct the downstream flow to the MFM (D) 

and/or to the MicroGC. 
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To  
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Figure 2.3: Schematic representation (up) and real image (down) of the reaction set-up used for continuous flow FA dehydrogenation (see 

Chapter 5).  
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Figure 2.4 shows a picture of the set-up I have designed for gas phase reaction, which can be divided in three sections: upstream, 

reactor and downstream. In particular, four mass flow controllers (MFCs) control the desired volumetric flow of gases coming 

from the gas bottles (A), in this case H2, CO2 and CO (N2 and Ar are used as carriers and for flushing/cleaning of the pipes). 

Importantly, by changing the calibration parameters of the MFCs, it is possible to feed different gases to the system. Particle filters 

(B) prevent dust and other impurities to reach the MFM and enter the system. A manometer equipped with a safety valve (E) 

visualizes the total pressure of the system, while a VacPro controller (F) controls the gas flow in real time. After the MFC, one-way 

valves (C) allow flow in only one direction and minimize pressure drops and fluctuations due to the gas bottles. A closed 

compartment filled with glass pieces of different sizes ensures proper mixing of the chosen gases (D). Later, three valves direct the 

flow either to the reaction flask or vessel, or bypass the system for e.g. GC measurements (G). The downstream flow is connected 

again to the line (H), with possibility to pass the flow through a cold trap (I) before it enters the MFM (L). The latter measures both 

temperature and volume of the downstream flow, with acquisitions in the order of milliseconds. Finally, the flow is directed to the 

MicroGC for the precise quantification and full analysis of the gaseous reaction products (M). 

 

Figure 2.4: Set-up for continuous flow gas reactions optimized at DTU Chemistry. 
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Figure 2.5: Demonstrative set-up for continuous flow gas reactions using a SILP catalyst. 

 

Figure 2.5 depicts a demonstrative reaction set-up that I have used at DTU Chemistry to perform preliminary experiments using 

the prepared SILP catalysts discussed in Chapter 7. Argon gas from the Schlenk line (A) was bubbled through a degassed solution 

of anhydrous iPrOH in order to saturate the argon flow with iPrOH (B). Inside the aluminum oven (C), a quartz tube contains the 

SILP catalyst (2-3 cm reaction bed, 100-250 mg of SILP) that is exposed to the incoming flow of iPrOH/N2. The temperature of 

the oven is controlled by an electric system composed by thermocontroller, thermocouple, and relay (D). After the reaction oven, 

the downstream flow is cooled in a cold trap with dry ice (E), and passed through a Findenser (F) to ensure quantitative condensation 

of isopropanol/acetone. By adding a suitable NMR solvent in the cold trap, it was possible to observe traces of acetone in solution 

(see Chapter 7).    

Later, I have tested such system in the gas-phase set-up described in Figure 2.4. Figure 2.6 shows the overall installation, as well 

as details of the overall set-up. Importantly, this demonstrative set-up allowed me to observe H2 via MicroGC, assessing the 

feasibility of both FA and iPrOH dehydrogenation using the SILP technology (see Chapters 7-8). For example, based on the 

so-obtained preliminary results, I have been able to select targeted SILP materials to test in the pilot plant during the limited time 

available at FAU, therefore producing most of the results that compose Chapter 7. In detail, it is possible to observe the quartz tube 

(A) containing the SILP catalyst, resistance elements to heat the aluminum block to the desired temperature (B), as well as a 

thermocouple measuring the temperature of the oven (C). The lower picture shows the relay (D) and the thermocontroller ensuring 

constant temperature of the oven (E). As already described before, the downstream flow was directed towards the MFM and the 

MicroGC, usually after cooling in a cold trap. 
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Figure 2.6: Gas-phase reactor prototype at DTU Chemistry. 

 

Figure 2.7 shows the MicroGC that I have used to analyze the gas composition of the produced gases. The installation of the 

equipment was performed by an Agilent technician during the first months of my PhD studies. A system of valves controls the 

direction of the downstream flows (passed through cold trap, check-valves and particle filters), hence allowing performing multiple 

reactions at the same time in the two fume hoods showed before (A). In addition, there is the possibility to analyze gaseous samples 

that are collected in a gas tight bag, for examples for analysis of reactions in autoclaves. A GenieFilter (B) prevent possible 

condensated molecules to enter the MicroGC. The MicroGC is equipped with three different channels, each containing a different 

column and TCD detector (C). In detail, a PoraPLOT Q column allows for separation of hydrocarbons C1–C6, halocarbons, H2S, 

CO2 and SO2. In this study, such column was used to observe CO2, acetone and isopropanol. Then, two different Molsieve 5Å 
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columns permit the separation of H2, CO, N2, Ar, O2 and CH4. The two columns differ for the carrier gas that is used: in fact, argon 

is required in order to be able to separate hydrogen, whereas helium is used in the other two columns. The system is completed 

with traps located at the inlet of the carrier gases, preventing both O2 and moisture to affect the measurements (D). The system 

showed in Figure 2.7 will be soon upgraded with new equipment such as a new column to expand the range of substrate that is 

possible to analyze, as well as a sequencing valve that will allow running multiple reactions, and following GC analysis, in 

automation. 

 

 

 

Figure 2.7: MicroGC used for the analysis of the gas-phase samples showed in this study. 
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Figure 2.8: Different autoclaves used in this study for reaction under pressurized conditions. DTU Kemi´s garden in the background. 

 

Finally, Figure 2.8 shows the different autoclaves used for reactions under pressure that are discussed in Chapters 4-6. Autoclaves 

A and B were built by the workshop department here at DTU Chemistry, while autoclave C was purchased from Parr. The sizes of 

the reaction vessels are 2.5, 5, 22 mL for A, B and C, respectively. Autoclaves A and B were designed to resist pressures up to 40 

bar, while autoclave C can operate up to 200 bar and it was used in both CO2 hydrogenation and FA dehydrogenation scale-up 

experiments. All of them are equipped with a manometer, a safety valve and a thermocouple.  

The funding obtained from DTU Discovery Grant and Brødrene Hartmanns Fond will be used for further optimization of the 

above-described set-up. In particular, I have purchased a custom-made pump that will be used to control the exact amounts of either 

iPrOH or FA that is fed to the reactor. For example, this will be useful to avoid the use of syringe pumps (Figure 2.3) for long-term 

dehydrogenation reactions, as well as to perform precise calibration of iPrOH and acetone in the GC. In addition, the installation 

of a specifically designed vaporizer (resistant to FA) after the pump will allow conducting gas-phase reactions using e.g. SILP 

catalysts in the set-up described in Figure 2.6. In this sense, I have purchased heating bands, thermocouples, thermos-controllers 

and insulating tapes to ensure constant temperature of both upstream and downstream gases, preventing condensation before MFM 

and MicroGC measurements. Finally, the system will be upgraded with a new column for the MicroGC able to separate C1-C5 

hydrocarbons, of relevance for other projects that are ongoing in the Nielsen´s lab.  
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3. Reactivity of Ru-PNP complexes with ionic liquids 
 

3.1 Introduction 
 

As already mentioned in Chapter 1, the activation of Ru-PNP pre-catalysts is a fundamental step in order to achieve catalytic 

activity. Scheme 3.1 shows this activation step performed by a generic base able to extrude the axial –Cl ligand from the pre-

catalyst Ru-2 with consequent formation of the reactive amido complex Ru-4. Ru-1 instead, with two trans hydride ligands, is 

prone to deliver hydrogen readily. In fact, both species are considered key reaction intermediates in all of the catalytic 

hydrogenation and dehydrogenation transformations described in this work. Importantly, a similar activation pathway is required 

when using the Milstein´s family of complexes showed in Chapter 1.  

 

Scheme 3.1: Activation of the pre-catalyst Ru-2 and reactivity towards H2. 

 

This step is usually carried out with the addition of a sacrificial base in (over) stoichiometric amounts in the presence of a suitable 

organic solvent. Chapter 4 and 5 will show examples of state-of-the-art of PNP pincer catalysts for hydrogenation of CO2 to FA as 

well as FA dehydrogenation, respectively. Indeed, most of the reported procedures in the literature employ sacrificial additives 

(NaOH, K2CO3, KHCO3, EtONa etc.) in combination with an organic solvent (THF, DMF, DCM, 1,4-dioxane, diglyme) to promote 

catalyst activation and/or stabilization in solution. Despite the low price of conventional bases, the use of such additives is 

accompanied with decreased atom efficiency, as well as increased costs associated with materials and waste formation. These 

aspects, combined with the use of (sometimes toxic) organic solvents go against the main principles dictated by the green chemistry 

guidelines.  

As the core of this project, it was speculated that the IL can be a suitable solvent for the homogeneous catalyst, at the same time 

performing this crucial activation step required in the presence of Ru-PNP complexes. In detail, the basicity given by a suitable IL 

might promote abstraction of the axial ligand (-Cl in the case of Ru-MACHO and Ru-2) avoiding the use of sacrificial bases. In 

addition, depending on its bulkiness and coordination ability, the anion can directly coordinate the metal center leading to the 

formation of in-situ formed ruthenium species. Therefore, I will demonstrate that acetate and formate ILs effectively activate 

Ru-PNP catalysts resulting in the formation of Ru-OAc and Ru-OCHO complexes that are stable in solution, and that represent 

ideal resting states for the catalyst to undergo (de)hydrogenation reactions. As described in the following chapters, this feature 

allows performing different sustainable reactions without the use of sacrificial additives, but exclusively in the IL as the only 

solvent.  
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3.2 Results and discussion 

Figure 3.1 provides an overview of the catalysts and ILs that has been used in this chapter.  

 

 

Figure 3.1: Molecular structures of the Ru-PNP catalysts and ionic liquids investigated in this study. 

 

An overview of the basic reactivity of the Ru-PNP complexes reported from literature is provided in Scheme 3.2. Importantly, 

these reported procedures corroborate the experimental results presented in this thesis via e.g. NMR characterization of the Ru-PNP 

complexes. Crystal structures were reported for both Ru-3 [106] and Ru-5 [107], confirming the presence of hydrogen bonding 

involved between the carboxylate ligand and the amino proton of the PNP pincer (see 1.4.1). Nevertheless, both configurations of 

Ru-3 and Ru-5 (Figure 3.1 and Scheme 3.2) can be considered valid representations of the molecular structure, and they are likely 

to coexist in solution depending on the nature of the solvent. Catalysts Ru-1, Ru-2 and Ru-4 were synthetized according to reported 

procedures from the –Cl precursor Ru-2 as shown in Scheme 3.2. In order to confirm our hypothesis on the role of the IL anion in 

the activation of Ru-PNP catalysts, I have carried out 1H NMR studies of the generated Ru-H species in presence of different ILs. 
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Scheme 3.2: Reactivity of Ru-PNP complexes as reported in the literature. The same methods were used in this study for the preparation of Ru-1 

and Ru-4 [236] and Ru-3 [106]. 

 

Carboxylate ionic liquids 

I have started by monitoring the composition of the reaction mixture of Ru MACHO in presence of BMIM Ac. By means of 1H 

NMR analysis, it is possible to observe Ru-H signals associated with the different Ru species in solution. Typically, each Ru-H 

signal shows a clear triplet pattern due to coupling between the proton and the two phosphorous atoms on the PNP ligand. It is  

possible to notice that the main hydride peaks associated with Ru-MACHO at -13.87 and -15.15 ppm (Figure 3.2) are lost after 

addition of BMIM Ac (Figure 3.3). That is explained by the fact that the IL promotes rapid activation of the catalyst, with formation 

of the acetate complex Ru-MACHO-OAc as suggested by the Ru-H peak observed at -17.06 ppm in the hydride region. As visible 

in Figure 3.3, the addition of the IL makes the identification of other peaks associated with the catalyst impossible. Nevertheless, 

observing at the hydride region provides a useful tool to monitor the formation of different Ru species in solution. Thus, I will 

follow this method for most of the NMR characterization that will be discussed in this thesis.  
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Figure 3.2: 1H NMR spectrum of Ru-MACHO (CD3CN, 25 ⁰C, 400 MHz). It is possible to notice trans and cis isomers associated with not fully 

dissolved starting material. The 31P NMR spectrum is presented in Appendix A, Figure A.1. 

 

 

 

 

 

  

Figure 3.3: 1H NMR spectrum of Ru-MACHO in BMIM Ac (CD3CN, 25 ⁰C, 400 MHz). Note: MeOH is present as an impurity in the IL (from 

synthesis procedure). The 31P NMR spectrum is presented in Appendix A, Figure A.2. 
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Figure 3.4 shows in detail the hydride region of the 1H NMR spectrum of Ru-MACHO in CD3CN, staggered with the spectrum of 

a solution containing Ru-MACHO dissolved in BMIM Ac (and CD3CN). Coordination of d-acetonitrile to the ruthenium center 

explains the presence of multiple hydride peaks due to formation of cis and trans isomers; however, after addition of BMIM Ac, 

only one H-Ru-NCCD3 isomer is present at -14.52 ppm. In all the (CD3CN) spectra showed throughout the work, it has to be 

noticed that the relative intensities of the Ru-H signals associated with either CD3CN or the IL anion are the result of manual 

inconsistency in the preparation of the NMR samples. For example, often the IL mixture after catalytic (de)hydrogenation reactions 

is very foamy due to high concentrations of gases absorbed, making the preparation of samples with the same concentration 

difficult. In other cases (see Chapter 4), the reaction mixture is partly solidified due to high concentrations of CO2 chemisorbed in 

the IL phase. In addition, solubility of the Ru-PNP catalysts in both NMR solvents and ILs at room temperature is in some cases 

only partial.  

 
Figure 3.4: 1H NMR spectra of the hydride region for Ru-MACHO (down) and Ru-MACHO in BMIM Ac (up), CD3CN, 25 ⁰C, 400 MHz. In the 

spectrum below, it is possible to notice trans and cis isomers associated with not fully dissolved starting material. 

 

Ru-MACHO-BH shows similar behavior compared to Ru-MACHO in the presence of BMIM Ac, resulting in the quantitative 

formation of Ru-MACHO-OAc. In a benchmark experiment, I have investigated the reactivity of the mixture Ru-MACHO-BH 

and BMIM Ac towards iPrOH as a model substrate for dehydrogenation reactions. This was possible thanks to postdoc Maria 

Padilla, who helped in the design of the experiment, as well as Kasper Enemark-Rasmussen who analyzed the NMR samples that 

we provided. As such, I have dissolved 0.05 mmol of catalyst in 2 mL of BMIM Ac and added 0.3 mL of iPrOH gradually over 4 

hours while varying the temperature from 90 to 120 ⁰C. To our delight, we observed traces of acetone as a result of iPrOH 

dehydrogenation, as it will be discussed in Chapter 7. Importantly for this chapter, the analysis of the reaction mixture was 

performed by direct 1H NMR analysis of the IL phase, by insertion in the J Young NMR tube of a quartz inner capillary filled with 

d-acetonitrile as the reference (Figure 3.5). This was done in order to observe Ru species exclusively in the IL, at the same time 

avoiding competitive coordination of the solvent. Importantly, the addition of iPrOH leads to the formation of a second hydride 
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specie at -14.15 ppm, that could be associated with the formation of the complex Ru-MACHO-OiPr (Figure 3.5). This experiment 

has been crucial to demonstrate the suggested reactivity of such Ru-PNP/IL mixtures. Indeed, Ru-MACHO-BH will show 

remarkably high activity in different IL mixtures towards the dehydrogenation of both iPrOH (Chapter 7) and FA (Chapter 5). 

 

 

Figure 3.5: 1H NMR spectrum of Ru-MACHO-BH in the presence of BMIM Ac and iPrOH (CD3CN in inner capillary quartz tube to avoid 

mixing of IL and NMR solvent, 25 ⁰C, 600 MHz).  
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Figure 3.6: 1H NMR spectra of Ru-1, Ru-2 and Ru-3 (C6D6, 25 ⁰C, 400 MHz). 
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Figure 3.6 shows the 1H NMR spectra of the iPrPNP pincers Ru-1, Ru-2 and Ru-3 in C6D6 with the corresponding hydride signals 

reported from literature [106,236]. Hence, I have investigated their behavior in the presence of EMIM Ac. Similar to what observed 

for Ru-MACHO, mixing of Ru-1 and EMIM Ac results in the quantitative formation of the acetate complex Ru-3, as indicated 

by the hydride signal at -17.92 ppm (Figure 3.7).  

 

Figure 3.7: 1H NMR spectra of Ru-1 (up) and Ru-1 in the presence of EMIM Ac (down), C6D6, 25 ⁰C, 400 MHz. 

 

 

Figure 3.8: 1H NMR spectra of Ru-2 (down) and Ru-2 in the presence of EMIM Ac (up), C6D6, 25 ⁰C, 400 MHz. 
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Figure 3.9: 1H NMR spectra of Ru-1 (down) and Ru-2 in EMIM Ac (up), C6D6, 25 ⁰C, 400 MHz. 

 

 

 

 

Figure 3.10: 1H NMR spectra of Ru-1 (down) and Ru-2 in EMIM Ac (up), CD3CN, 25 ⁰C, 400 MHz. 
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Figure 3.11: 1H NMR spectra of Ru-3 in C6D6 (up) and CD3CN (down). Other peaks observed in d-acetonitrile can be explained by the presence 

of residual Ru-2 after synthesis of Ru-3, cis and trans H-Ru-NCCD3 isomers, as well as Ru-H2 species at -10.5 ppm. The two spectra belong to 

different batches of Ru-3 (25 ⁰C, 400 MHz). 

 

As expected, Ru-2 also results in quantitative formation of Ru-3 (Figure 3.8), while the 1H NMR spectrum of Ru-3 in BMIM Ac 

does not show differences in the hydride region compared to the starting material in CD3CN (see Figure 3.16). Finally, Figures 3.9 

and 3.10 indubitably prove the proposed reactivity, with no visible differences observed between Ru-1 and Ru-2 once dissolved 

in EMIM Ac (see Appendix A, Figures A.3, A.4 and A.5, for 31P NMR spectra). As visible from the previous spectra, the use of 

d-benzene allows for the obtainment of cleaner spectra without the presence of hydride peaks associated with coordination of the 

solvent. Despite the visible advantages in the observation of Ru-H signals, the poor solubility of ILs in benzene makes the use of 

the latter unpractical for analysis of the reaction mixture after catalytic reactions. Therefore, d-acetonitrile has been used often as 

the NMR solvent due to complete solubility of both catalysts and ILs, reflected in high resolution of the obtained spectra, as well 

as absent overlapping with IL signals (which happens in e.g. CDCl3, D2O). It has to be noted that besides leading to the presence 

of more Ru-H species, the solvent does not affect the overall observed reactivity between Ru-PNP and ILs in solution.  

Considering the application discussed in the following sections, namely FA dehydrogenation and CO2 hydrogenation to FA, I have 

explored the possibility to use EMIM CHOO (Figure 3.1) as a suitable IL, being the formate anion a key intermediate in all of the 

above-mentioned transformations. The synthetic procedure used for the synthesis is depicted in Scheme 3.3. 

 

 

 Scheme 3.3: Reaction scheme for the synthesis of EMIM CHOO used in this study. 
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EMIM CHOO reacts with both Ru-1 and Ru-2 in similar fashion as EMIM Ac, resulting in the formation of the formate complex 

Ru-5 as shown by the Ru-H signal at -18.04 ppm in C6D6 (Figure 3.12) and -18.15 ppm in CD3CN (Figure 3.13). At least from a 

qualitative point of view, coordination of d-acetonitrile is more pronounced in the presence of EMIM CHOO compared to EMIM 

Ac (Figure 3.13). This is explained by the known higher reactivity, hence higher instability, of Ru-5 compared to Ru-3 [107,125]. 

 

 

Figure 3.12: 1H NMR spectra of Ru-2 (down) and Ru-2 in EMIM CHOO (up), C6D6, 25 ⁰C, 400 MHz. 

 

 

 

 

Figure 3.13: 1H NMR spectra of Ru-2 (down), and Ru-2 in EMIM CHOO (up). The experiments were performed at room temperature, hence 

poor solubility of Ru-2 resulting in the presence of a H-Ru-Cl signal (CD3CN, 25 ⁰C, 400 MHz).  
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Figures 3.14 and 3.15 show that Ru-3 (-17.92 ppm) is distinguishable from Ru-5 (-18.04 ppm), after mixing of either Ru-1 or 

Ru-2 with EMIM Ac and EMIM CHOO, respectively. Hence, I have mixed EMIM Ac and EMIM CHOO in a 1:1 molar ratio in 

the presence of Ru-2; the peak at -17.92 ppm associated with Ru-3 is the only hydride signal observed after both 1 and 24 hours, 

indicating that Ru-3 is more stable than Ru-5 (see Figures A.6, A.7 in Appendix A). When using EMIM CHOO, it is possible to 

notice the presence of a hydride signal at -9.91 ppm, indicating the presence of Ru-dihydride and/or Ru-dihydrogen species. Indeed, 

the Ru-PNP/EMIM CHOO mixture is highly active for FA dehydrogenation, as will be shown in Chapter 5.  

  

Figure 3.14: 1H NMR spectra of Ru-1 in EMIM CHOO and EMIM Ac (C6D6, 25 ⁰C, 400 MHz).  

 

Figure 3.15: 1H NMR spectra of Ru-2 in EMIM CHOO and EMIM Ac (C6D6, 25 ⁰C, 400 MHz).  
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Finally, Scheme 3.4 provides a schematic overview of the activation modes described so far using Ru-PNP complexes in the 

presence of Ac and CHOO ILs.  

 

Scheme 3.4: Overall representation of the reactivity between Ru-PNP and acetate/formate ILs described so far. The same is observed with PhPNP 

ligands. 

 

Sulphur-containing, non-coordinating anions 

In this section, I have tested the reactivity of Ru-PNP complexes towards other type of anions such as triflate (OTf) and bistriflimide 

(NTf2). In the presence of such anions, 1H NMR analysis shows no presence of newly formed Ru-H species. This shows that triflate 

and bistriflimide anions do not activate Ru-PNP catalyst by coordination to the metal center at room temperature, which happens 

with both formate and acetate anions. Differences in basicity, as well as size, of these ILs likely explain the observed behavior.  

To comprehend further the nature of the main resting species of the organometallic complexes in solution, I have mixed Ru-3 with 

BMIM Ac, BMMIM NTf2, Pyrr OTf as well as the model substrate for dehydrogenation reactions iPrOH. Figure 3.11 shows the 

1H NMR spectrum of Ru-3 in d-acetonitrile as reference for the spectra that will follow. When using BMIM Ac, the intensity of 

the signal associated with Ru-3 increases compared to those associated with CD3CN coordinated to Ru, in agreement with the 

observation from the previous section (Figure 3.16). On the other hand, it is clear that the catalyst is not affected by the presence 

of either BMMIM NTf2 or Pyrr OTf.  

 



38 

 

 

 

 

Figure 3.16: 1H NMR spectra of Ru-3 in different media: iPrOH, BMIM Ac, BMMIM NTf2 and Pyrr OTf (CD3CN, 25 ⁰C, 400 MHz). Only the 

IL anion is shown for simplicity. 

 

 

Figure 3.17: 1H NMR spectra of Ru-3 with the IL/iPrOH mixtures indicated (CD3CN, 25 ⁰C, 400 MHz).  
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Nevertheless, the addition of iPrOH to such solutions results in lower amount of Ru-3 is solution that can be explained by the 

competitive formation of Ru-OiPr species (Figure 3.17). This is an agreement with the observations from Figure 3.5 using 

Ru-MACHO-BH and iPrOH, where the ambiguity due to d-acetonitrile coordination was excluded experimentally. In addition, 

the peaks at -10.4 ppm are a clear evidence of the presence of hydride and dihydrogen species that might be involved in 

dehydrogenation reactions of isopropanol.  

To conclude, I have investigated the behavior of Ru-MACHO-BH in the presence of NTf2 ILs. Figure 3.18 shows the 1H NMR 

spectrum of Ru-MACHO-BH in d-dichloromethane as reference. No visible differences in the resulting mixtures were observed 

by varying the cation of the tested ILs (BMMIM, Pyrr, Piper, and P1444 NTf2). Figures 3.19 and 3.20 shows that the addition of 

both P1444 NTf2 as well as iPrOH results in the retention of the main Ru-H signals associated with the starting material. This is also 

reflected by the fact that the catalyst is not fully dissolved at room temperature, as indicated by a turbid appearance of the solution. 

As already understandable from what described in this chapter using the model substrate iPrOH, catalytic activity is still possible 

using such ILs. In fact, even if OTf and NTf2 are not active in abstracting -Cl and -OAc ligands, they still succeed in the stabilization 

of the active species in the presence of catalysts that are activated by external factors, e.g. temperature. This will be the case for e.g 

Ru-1, Ru-4 and Ru-MACHO-BH for both FA dehydrogenation (Chapters 5) as well as dehydrogenation of iPrOH (Chapter 7). 

 

Figure 3.18: 1H NMR spectrum of Ru-MACHO-BH (CD2Cl2, 25 ⁰C, 400 MHz).  
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Figure 3.19: 1H NMR spectrum of Ru-MACHO-BH with P1444 NTf2 (CD2Cl2, 25 ⁰C, 400 MHz).  

 

 

 

Figure 3.20: 1H NMR spectrum of Ru-MACHO-BH in P1444 NTf2 and iPrOH (CD2Cl2, 25 ⁰C, 400 MHz).  

CD2Cl2 

CD2Cl2 
iPrOH 

 

d 

 
b 

a 

H-Ru-HBH3 

 

H-Ru-HBH3 

 

d 

e 
b/c 

a 

 



3. Reactivity of Ru-PNP complexes with ionic liquids  

 

41 

 

3.3 Summary 

In this chapter, I have demonstrated that a suitable IL can promote the in-situ activation of Ru-PNP catalysts without the need of 

an external base. At the same time, the ionic liquid stabilizes the catalyst in solution thanks to the formation of stable Ru-acetate 

and Ru-formate complexes. Importantly, the reactivity observed with acetate and formate ILs is corroborated by the observation of 

the same complexes already in the literature. The novelty of the reactivity modes showed herein between Ru-PNP and ILs is one 

of the key aspects of this dissertation. Based on the exploratory work conducted in this chapter, it has been possible to set the 

foundation for the development of the catalytic applications that will be discussed in this thesis. For example, performing 

experiments with the model substrate iPrOH, I have observed traces of acetone in solution that led us towards the optimization 

process of iPrOH dehydrogenation under continuous flow (see Chapter 7). In this regard, more stoichiometric studies of different 

Ru-PNP catalysts and substrates in the presence of ILs can easily lead to new possible applications and further expand on the 

remarkable reactivity of these mixtures.  

The NMR characterization provided in this chapter is a clear evidence of the observed behavior of Ru-PNP in ILs. Some examples 

of 31P NMR analysis are provided in Appendix A and confirm the proposed reactivity. However, a detailed investigation on 

understanding phosphorous NMRs have not been carried out in this study. Considering the nature of PNP ligands, it is certain to 

imagine that targeted 1H, 13C, 31P, 15N as well as 2D-NMR analysis can provide useful information on coordination, orientation and 

space occupation of the IL around the Ru-PNP complex. In this regard, the method used in Figure 3.5 allows to investigate hydride 

species directly in IL without solvent´s perturbation, hence providing much more insight on the chemical bonds and reactions 

involved with Ru-PNP, ILs, and potential substrates. Moreover, temperature-profile NMR experiments could provide more 

information on the solubility and reactivity of these systems at different temperatures. Indeed, it is also possible to envision the in-

situ study of catalytic species also in operative conditions (different atmospheres, 25-100 ⁰C, 1-10 bar). 
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4. Carbon dioxide hydrogenation to formic acid catalyzed by 

Ru-PNP complexes in ionic liquids  

4.1 Introduction 

The use of carbon dioxide is expected to grow and replace common synthetic routes based on petrochemicals for the bulk synthesis 

of both chemicals and fuels [50]. Green hydrogen from renewable energy (solar, wind) will promote CCU processes connecting 

both the chemical and the energy sectors. In this regard, catalytic hydrogenation of CO2 is an atom-efficient, sustainable route for 

such transformation, as it does not produce stoichiometric waste as in the case of conventional reducing agents. As described in the 

review work in Appendix E, homogeneous catalysis has accomplished several achievements in the field of hydrogenation of CO2 

to either FA or methanol. However, the use of CO2 trapping agents in stoichiometric amounts still limits the possibilities offered 

by this approach. Scheme 4.1 shows examples of classic approaches for CO2 capture using hydroxide bases or amines. The trapped 

CO2 is stabilized by formation of carboxylates or carbamates that are later hydrogenated to e.g. formate adducts. This step usually 

requires harsh conditions in terms of both pressure and temperature, making such methods unsustainable. When using amines, the 

uncontrolled formation of different products can lead to degradation after consecutive cycles of utilization. In addition, regeneration 

of either the amine or the hydroxide trapping agent is associated with high energetic costs. Using this approach, solutions of 

bicarbonates or formates are reported to promote formate salts formation in the presence of ruthenium and iron catalysts [237–

241].  

 

Scheme 4.1: Known strategies for CO2 capture with hydroxides and amines. 

 

Several review works covered the topic of CO2 valorization catalyzed by organometallic pincer complexes, including photocatalytic 

[242] and electrocatalytic [243,244] CO2 reduction. Concerning catalytic hydrogenation, the Ir-PNP complex Ir-2 showed by 

Nozaki represents the state-of-the-art of CO2 to formate, with TON as high as 3500000 (Table 4.1, Entry 2) [245]. However, the 

system employs harsh conditions (200 ⁰C, 80 bar) and KOH to shift the equilibrium towards the formation of potassium formate. 

Using a similar approach, Hazari reported the use of the water soluble Ir-3 in aqueous solution for the production of HCOOK 

affording a TON = 348.000 (Table 4.1, Entry 3) at 185 ⁰C [246]. Entries 4 and 6 in Table 4.1 provide other examples of efficient 

iridium catalysts bearing a different ligand scaffold, hence not discussed in this thesis.  
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Important were the contributions from Milstein using the Fe-PNP analogue of Ru-6, Fe-1 (Scheme 4.2a) [154]. The catalyst 

afforded a TON = 788 and a TOF of 156 h-1 for the production of sodium formate in the presence of a 10:1 mixture of H2O/THF 

and 2 M NaOH at 25 ⁰C. Importantly, the same iron catalyst was also active for FA dehydrogenation [161]. Sanford used the 

Milstein´s catalyst Ru-6 to hydrogenate carbon dioxide to potassium formate, remarking the suggested 

aromatization/dearomatization pathway as the reaction mechanism involved when using this class of catalysts (Scheme 4.2b) [247]. 

The same catalyst was reported by Pidko to hydrogenate carbon dioxide to HCOOK in the presence of DBU (or NHex3) affording 

TOF >1000000 at 120 ⁰C (Scheme 4.2c) [248].  

 

Scheme 4.2: CO2 hydrogenation studies reported by Milstein (a) [154], Sanford (b) [247] and Pidko (c) [248].  

 

Returning to the Noyori-type PNP catalysts discussed in this study, Prakash proposed an interesting method involving capturing of 

CO2 and hydrogenation to formate salts, combined with a direct formate FC and with regeneration of the capturing hydroxide base 

(Scheme 4.3) [249]. The reaction proceeds in the presence of 50 bar of hydrogen, 2-methyltetrahydrofuran and KOH at 80 ⁰C, 

resulting in a TON = 2710 using Ru-7. The catalyst remained active for up to 6 cycles of hydrogenation and dehydrogenation.  

  

Scheme 4.3: CO2 hydrogenation promoted by hydroxides as proposed by Prakash [249]. 

 

The same author showed a method for CO2 capture promoted by amines, followed by hydrogenation to formate salts catalyzed by 

Ru-MACHO-BH [250]. Among the screened amines, tetramethylguanidine resulted in better performance, affording a TON = 

7375 after 5 consecutive hydrogenations in the presence of 50 bar of H2, in a mixture of  dioxane/H2O at 55 °C (Scheme 4.4).  
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Scheme 4.4: CO2 hydrogenation promoted by amines as proposed by Prakash [250]. 

 

Hazari and Schneider employed a PNP ctalyst Fe-2 (Table 4.1) for the production of formate affording a TON = 58990 at 80 ⁰C 

(Scheme 4.5) [169]. However, the catalyst was active only in the presence of 79600 equivalents of DBU, LiOTf as additive 

(DBU/LiOTf 5:1), 70 bar of CO2/H2 (1:1) and THF as the organic solvent.  

 

Scheme 4.5: Hazari and Schneider’s CO2 hydrogenation catalyzed by Fe-2 [169]. 

 

Beller used Ru-MACHO, previously reported as an active catalyst for hydrogenation of esters [251], for the hydrogenation of 

bicarbonate and CO2 to formate salts [252]. The method exploits the activity of this catalyst towards methanol reforming to produce 

the required hydrogen in situ. Using this approach, Ru-MACHO afforded a TON of 18000 (a) and 12000 (b) at 150 ⁰C (Scheme 

4.6).  

 

Scheme 4.6: Hydrogenation of carbonates and CO2 using Ru-MACHO reported by Beller [252]. 

 

Table 4.1 offers an overview of the most representative systems reported to be efficient in the hydrogenation of CO2 to FA. It is 

possible to notice how in most of the reported procedures there is at least one or two aspects that prevent a real utilization of such 

systems in real-life applications. This includes the use of volatile and/or toxic solvents, corrosive bases, harsh conditions of 

temperature and pressure, or inert conditions for the catalysts to operate. For completeness, Table 4.1 contains an example of 

heterogeneous catalyst composed by Pd nanoparticles supported on carbon is reported as well (Entry 9, Table 4.1) [253]. 

Interestingly, BMIM Ac was used in this study; the authors claim that the IL performs several roles: it captures and activates CO2, 

influences the Pd nanoparticles improving their activity, and stabilizes the generated FA, similarly to what discussed in this chapter.  
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Entry 
Corresponding 

authors 
Catalyst TON 

TOF  

(h-1) 

T (C)  

p (bar) 
Additives Comments 

1 Nielsena Ru-1 35.000 1.000 
80  

60 
EMIM Ac 

Ambient conditions 
low p/T 

Limited TOF 

2 Nozaki [245] Ir-2 3.500.000 150.000 
200 

80 

KOH 

THF 

State-of-the-art 
Inert conditions 

Poor stability 

Volatile solvent 

3 Hazari [246] Ir-3 348.000 14.500 
185 

55 

KOH 

H2O 
Inert conditions 

4 
Hull, Himeda, 

Fujita [254]  
Ir-5 79.000 54.000b 80 

50 

KHCO3 

H2O 

Inert conditions 

Volatile solvent 

5 Pidko [248] Ru-6 706.500 1.100.000b 
120 

40 

NHex3/DBU 

DMF 

Inert conditions 

Volatile solvent 

6 Himeda [255] Ir-4 7.850 650 
50 
10 

NaHCO3 
H2O 

Inert conditions 
Volatile solvent 

7 Sans [200] Ru-8 800.000 20.000b 120  

90 

BMMI Ac 

Dioxane/H2O 
Volatile solvent 

8 Hazari et al [169] Fe-2 59.000 2.500 
80 
70 

DBU 
THF 

First-row metal 

Low activity 

Volatile solvent 

9 Liu [253] 
Pd/C 
nano 

594 25 
40 
80 

BMIM Ac Heterogeneous 

a developed in this study. b initial TOF. 

Table 4.1: Relevant examples of reported active systems for CO2 hydrogenation to FA in comparison with the Ru-PNP/IL showed in this work. 

(i) stands for initial TOF.  

 

A different approach to promote hydrogenation of CO2 to FA under mild conditions is to use the solvation ability of a suitable 

solvent to shift the equilibrium towards the formation of FA solutions. In particular, mixtures of DMSO/ H2O have been reported 

to promote high concentrations of aqueous FA by lowering the entropic penalty in the Gibbs energy of the transformation. As an 

example, Laurenczy reported the hydeogenation of CO2 to FA in acidic media catalyzed by a Ru(II) complex bearing water soluble 

phosphine ligands [256]. In a solution of DMSO and H2O (10%), the hydrogenation proceeds without other additives affording a 
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TON = 475 and a concentration of 1.3 M of aqueous FA at 50 ⁰C. However, high pressure (100 bar, CO2:H2 1:1) and long times 

were necessary. Leitner and Bardow developed a method for CO2 hydrogenation to FA in a biphasic system with DMSO/n-heptane 

catalysed by a Rh complex [257]. The highest concentration achieved was 1.3 M FA at 60 ⁰C in the presence of 40:80 bar of 

CO2:H2.  Importantly, the formation of a DMSO/FA azeotrope mixture makes continuous separation of FA challenging. The authors 

tested various co-solvents, with acetic acid resulting in the best choice for FA separation due to lower energy demand.  

Ionic liquids can be used as a suitable alternative for CO2 capturing materials thanks to their non-volatility, structure-tunability, 

recyclability, and high CO2 uptake [258]. One of the first approaches reported for IL-promoted CO2 capture included the insertion 

of amine functionalities on either the cation or the anion of the IL [259–262] to produce carbamates. In another examples, ILs have 

been used in combination with amine blends to increase CO2 uptake and lower the regeneration temperature of such amine-based 

adsorbents [263,264]. When compared to other gases such as O2, N2 and H2, CO2 is soluble in many different ILs to a relatively 

large extent due to its acidic properties. Usually physisorption processes are involved in CO2 capture processes [265–268]. 

However, it was found that in the presence of more basic anions (carboxylates), chemisorption can occur due to interaction between 

the acidic CO2 and carbene species that are present in the IL solution [269–274]. Indeed, when considering imidazolium cations, 

the C2 position of the ring is often responsible of the reactivity of this type of molecules [275]. Following previous reports from 

Maginn [276] and Dai-Li [277], Rogers showed the chemisorption of CO2 using 1,3-dialkylimidazolium acetate ILs [278]. 

Supported by single-crystal X-ray analysis, the authors demonstrated the presence of carbene species able to bind CO2 selectively 

and reversibly (see section 4.2.1) [279]. This work by Rogers represents one of the starting point of the project discussed in this 

chapter; indeed, I have observed the same type of reactivity with the ILs used in this study (EMIM Ac, BMIM Ac, EMIM CHOO, 

Figure 4.3), and later demonstrated the ability of Ru-PNP to catalyze the efficient hydrogenation of the so-obtained IL-CO2 adducts 

to FA. Using a different approach, it is possible to obtain so-called superbasic ILs by combining N-based organobases with different 

anions [280]. As an example, Dai and Li achieved chemisorption of CO2 using a mixture of BMMIM NTf2 and DBU (Figure 4.1a) 

[281,282]; interestingly, this work present some overlapping with the work presented in this thesis, i.e. CO2 activation at the C2 

position of the imidazolium cation (see 4.2.1). Zhu reported the use of differently substituted DBU-based imidazole ILs that are 

able to trap reversibly up to 1 mol of CO2 per mole of IL (Figure 4.1b) [283]. The mechanism involves coordination of the activated 

CO2 to the imidazole anion via the nitrogen atom; the authors also showed that different electron donating and withdrawing groups 

on the anion have a direct effect on the resulting ability of the IL to trap CO2.  

Many studies reported the use of IL as reaction additives that promote CO2 hydrogenation reactions, especially due to their tunable 

basic properties. For example, Han employed a heterogeneous ruthenium catalyst immobilized on silica, which was dispersed in 

an IL (IL-1 in Figure 4.1c) aqueous solution affording a TOF= 103 h-1 at 60 °C [284]. Later on, the same author used the same 

catalyst but a different ionic liquid (IL-2) obtaining a TON = 1059 and TOF = 88 h-1 [285]. Leitner and co-workers reported the 

use of several ruthenium catalysts bearing the Triphos ligand (see Ru-11 in Figure 4.4) as active species for CO2 hydrogenation 

reactions [117]; in this regard, the same author used the precursor [Ru(cod)(methallyl)2] in the presence of tetrabutylphosphonium 

diphenyl(3-sulfonatophenyl)phosphine (P4444 TPPMS) and functionalized ILs as bases (IL-3, IL-4, IL-5 in Figure 4.1d) for the 

hydrogenation of CO2 to FA under flow conditions [202]. In addition, Leitner proposed a method for the continuous FA separation 

promoted by scCO2 in a biphasic system where the ruthenium catalyst is immobilized in the IL phase (see 4.2.3). Sans explored the 

buffering effect of different ILs in the presence of DMSO/H2O for FA production from CO2 and H2 [201]. The precursor Ru3(CO)12 

in the presence of IL-6 (Figure 4.1) afforded a TON=17,000 and a TOF = 100 h-1 at 70 °C and 30:40 bar of CO2:H2. Later, the 

same author employed the pincer complex Ru-8 (Table 4.1 Entry 7) under similar conditions using IL-7 (Figure 4.1), resulting in 

improved TON = 833800 and TOF=20600 h-1 with 15:45 bar of CO2:H2 at 120 ⁰C [200]. Sans also discussed the effect of catalyst 
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design on the efficiency of this transformation under buffering conditions [286]. It has to be noted that the concentration of FA 

achievable is usually limited to 1.5 M under the basic conditions described in these studies, similar to the acidic DMSO/H2O 

mixtures discussed above.  

 

Figure 4.1: Examples of functionlized ILs reported to assist CO2 capture (up) followed by hydrogenation to FA (down). 

In this work, I have explored the reactivity of ruthenium-PNP catalysts for the hydrogenation of CO2 to FA at mild conditions. I 

will show that the ionic liquid acts as both CO2 capturing agent as well as stabilizing solvent for the organometallic complex by 

interaction of the anion with the metal centre. The hydrogenation of CO2 proceeds already at 25 ⁰C and 1 bar under both autoclave 

and flow conditions leading up to 1.26 equivalents of FA compared to the IL. As a note for the reader, the notation FA has been 

used to express the product obtained after CO2 hydrogenation performed in Ru-PNP/IL mixtures throughout this chapter. This has 

been done for simplicity; however, it will be clear during the discussion that, at least when using acetate ILs, a more correct 

representation would be “hydrogenation of CO2 to formate” (see 4.2.3 and 4.2.4). 
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4.2 Results and discussion 
 

4.2.1 Reactivity of CO2 with ILs 

I have started by investigating the reactivity of EMIM Ac in the presence of CO2. In agreement with the studies reported by Rogers 

[279], EMIM Ac readily (and reversibly) traps CO2 by simple bubbling through the IL solution at room temperature, while more 

efficient CO2 trapping is performed under pressure and in shorter times. As visible in Figure 4.2, 1H NMR analysis shows splitting 

of the signals associated with the imidazolium cation, indicating the formation of EMIM-CO2. Also in accordance with Rogers, 

high concentrations of CO2 trapped result in the formation of a solid precipitate. Hence, I have performed studies on the CO2 

absorption capacity of EMIM Ac at different CO2 pressures and times. In detail, 1 mL of EMIM Ac was exposed to different CO2 

pressures (1, 5, 10, 15 bar) at different times (5 min, 1h, 2h, 3h, 6h, 18h). Table 4.2 shows an example of such method for 

experiments at 10 bar. After only 1 hour, the maximum concentration of CO2 in the IL is achieved (12 mol% of EMIM-CO2 in 

EMIM Ac, determined by 1H NMR). In fact, extending the time from 1 to 18 hours resulted in similar molar amounts of CO2 

absorbed (Entry 5, Table 4.2). Importantly, increasing the pressure from 1 to 15 bar did not produce better results in terms of molar 

CO2 uptake. The same behavior was observed performing the experiment in a bigger autoclave using 2 mL of EMIM Ac (5 mL 

volume, B in Figure 2.8). Once again, the IL absorbed up to 12 mol% of CO2 after 1 hour in the presence of 1-15 bar of CO2 

pressure applied. By measuring the volume of gas released, and quantifying the CO2 trapped in the IL by 1H NMR analysis, it was 

possible to derive calibration curves of the molar amount of CO2 corresponding to different pressures. The same calibration 

procedure was performed using CO2/H2 pressure as well as pure H2 in order to verify the validity of the method. As such, the 

so-calculated molar amounts of CO2 have been used to calculate the FA yield in some of the following experiments.  

Entry Time 

CO2 

releaseda 

(L) 

EMIM-CO2
b 

(mol%) 
Pend 

CO2 

trappedb 

(mmol) 

CO2 

releasedc 

(mmol) 

tot CO2 

(mmol) 

1 5 min 0,13 10 9 0.64 5.33 5.93 

2 1h 0,088 12 5 0.77 3.50 4.37 

3 2h 0,065 12 5 0.77 2.65 3.43 

4 3h 0,072 12 5 0.77 2.94 3.71 

5 18h 0,08 13 (s) 5 0.83 3.27 4.11 

The reaction were performed at room temperature after flushing the autoclave with N2. 
a Measured by 

volume displaced in a graduated cylinder. b Measured by NMR. c Measured with ideal gas law (PV = 
nRT).  

Table 4.2: Example of the method used for calibration of the autoclaves at different pressures of CO2. 

The mixture shown in Figure 4.2 is the result of a separate experiment, where EMIM Ac (2 mL) was loaded in a 5 mL size autoclave 

and exposed to 25 bar of CO2 for 45 min at room temperature. In this example, the CO2-adduct product is present at 35 mol% 

relatively to EMIM Ac. At least under the reaction conditions used in this study (pressure of CO2 max = 25 bar), this is the highest 

concentration of CO2 obtainable in EMIM Ac. BMIM Ac performs similarly to EMIM Ac, but with a lower tendency to accumulate 

CO2 under the reaction conditions used in this study. This can be explained by the bulkier butyl groups on the imidazolium ring 

that prevents easy CO2 coordination. However, this is just a qualitative observation based on the higher catalytic activity of EMIM 

Ac compared to BMIM Ac towards CO2 hydrogenation (see 4.2.2), but detailed comparison between the two ILs has not been 
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carried out in this sense. In addition, it would be interesting to conduct even more studies at different (higher) pressures, 

temperatures and IL volumes in order to find the optimal CO2 uptake possible depending on the reaction conditions used.  

 

 

Figure 4.2: 1H NMR (up) and 13C-NMR (down) spectra of EMIM Ac in the presence of 25 bar CO2 at room temperature for 45 minutes (CD3CN, 

25 oC, 400 MHz). 
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Figure 4.3: 1H (up) and 13C (down) NMR spectra of EMIM CHOO in the presence of 15 bar of CO2 at 50 ⁰C for 5 hours (CD3CN, 25 oC, 400 

MHz). 

 

Later, I have investigated the use of EMIM CHOO. The presence of CO2 trapped can be noticed already in the isolated IL after the 
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exposing EMIM CHOO to CO2 at room temperature. Indeed, EMIM CHOO traps CO2 as effectively as the acetate analogue 

affording EMIM-CO2, up to 42 mol% in the example provided in Figure 4.3. In this case, the experiment was carried out at 50 ⁰C 

to facilitate liquefaction of EMIM CHOO that is solid at room temperature. Similar to acetate ILs, the formation of carbene species 

able to bind CO2 is possible thanks to the stabilization provided by the formation of a FA/formate mixture.  

It is possible to observe a qualitative trend towards CO2 capture in the order EMIM CHOO > EMIM Ac > BMIM Ac, likely 

explained by the relatively different basicity of the three ILs, following the same order. This trend was particularly evident during 

my studies on FA dehydrogenation and CO2 hydrogenation, as it will be discussed in Chapters 4 and 5. In fact, it was during such 

studies that I have isolated the crystal structure in Scheme 4.8 that clearly indicates activation of CO2 at the C2 position of the 

imidazolium ring. The crystal data were compared with literature database, showing that the same crystal was isolated by Rogers 

while studying novel synthetic procedures with ILs [287]. The presence of water promoting the formation of EMIM HOCOO is 

explained by the hygroscopic properties of EMIM CHOO and its storage under ambient conditions, as well as water being present 

as an impurity in the EMIM methylcarbonate precursor used in the synthesis (Scheme 3.3). In this sense, the presence of the 

unassigned peak at 155 ppm in Figure 4.3 could be attributed to the presence of a bicarbonate specie like EMIM HOCOO. I would 

like to thank my colleague PhD student Mike S.B. Jørgensen for carrying out the X-ray diffraction experiments and for refining 

the crystal structure.  

 

Scheme 4.7: Reaction mechanism for CO2 activation performed by EMIM Ac and EMIM CHOO (adapted from [279]). 

 

 

 

 

 

 

 

 

Scheme 4.8: Reaction mechanism for the formation of  EMIM HOCOO proposed by Rogers [287]. 
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In summary, the mechanism involved for CO2 capture when using this type of carboxylate ILs is shown in Scheme 4.7 [279]. The 

first step consists in the deprotonation of the acidic proton at the C2 position of the imidazolium cation performed by the IL anion. 

Thus, the so-obtained carbene remains stable in solution due to formation of stable acetic acid/acetate (FA/formate) mixtures [279]. 

It is important that the corresponding carboxylic acids formed after protonation of the anion remain in solution avoiding degradation 

of the IL, hence providing a bulk reservoir of free carbene species in solution. Both acetic acid (bp = 118 ⁰C) and FA (bp = 100.8 

⁰C) fulfil this requirement due to their relatively low volatility.  

 

4.2.2 Optimization of catalytic CO2 hydrogenation to FA 

 

 

 

Figure 4.4: Structures and names of catalysts and ionic liquids tested in this chapter. 
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Encouraged by its high reactivity in the presence of CO2, I have explored the use of EMIM Ac in combination with a series of 

ruthenium catalysts for the hydrogenation of CO2 at room temperature. Figure 4.4 provides a full overview of the catalysts and ILs 

used in this chapter, while Table 4.3 summarizes the results from the catalyst screening. Based on the easiness of CO2 chemisorption 

performed by EMIM Ac, with consequent formation of the solid EMIM-CO2, I have used H2 in excess to promote EMIM-CO2 

hydrogenation that is likely the rate determining step in this reaction.  

 

Entry Catalyst TON 
TOF 

(h-1) 
FA yielda 

(%)  
FA/ILb  

(mol%) 

1 Ru-12 - - - <5 

2 Ru-11 - - - <5 

3 Ru-10 - - - <5 

4 Ru-MACHO - - - <5 

5  Ru-MACHO-BH - - - <5 

6 Ru-9 22 2 11 7 

7 Ru-7 66 4 36 22 

8 Ir-1 81 4 36 28 

9 Ru-3 109 6 61 36 

10 Ru-2 106 8 70 35 

11 Ru-1 198 10 >99 65 

12 Mn-1 - - - - 

Reactions reproducible within a 10% error; performed using autoclave A (Figure 2.8, 2.5 mL 

reaction vessel). a Calculated after calibration of CO2 at different pressures as described in 4.2.1. 
b Determined by 1H NMR. 

 
Table 4.3: Screening of catalysts for the hydrogenation of CO2 to FA. 

 

In light of their catalytic activity towards hydrogenation reactions, and not to limit the screening to only PHNP pincer ligands, I 

have evaluated other catalyst candidates including the Milstein´s complex Ru-10 [100], the Ru-Triphos Ru-11 [118], as well as 

the benchmark precursor Ru-12. However, none of them promoted visible formation of FA (Entries 1-3, Table 4.3). Also based on 

previous reports (see Table 4.1), I have tested the active iridium catalyst Ir-1 that showed moderate activity affording 36% yield 

in FA and a TON = 81 (Entry 8). However, besides this screening result, the use of iridium catalysts has not been investigated 

further in this work.  

Gladly, Ru-1 (0.02 mmol) afforded 99% conversion of CO2 and a TON of 198 at 25 ⁰C after 18 hours (Entry 11). The -Cl and -OAc 

analogues Ru-2 and Ru-3 showed comparable results, affording a TON of 106 and 109 respectively (Entries 9-10). This is in 

perfect agreement with the findings from Chapter 3; in fact, it has been demonstrated that both Ru-1 and Ru-2 result in the 

formation of Ru-3 once dissolved in EMIM Ac, thus explaining the similar catalytic behavior of the three iPrPNP catalysts towards 

CO2 hydrogenation. After the reaction is complete, 1 H NMR analysis shows the presence of the acetate specie Ru-3 as the main 

resting state in solution (Figure 4.5, see Figures B.1-B.4 in Appendix B for more NMR analysis of reaction mixtures after catalytic 

CO2 hydrogenation). The pCy-, tBu- and Ph-PNP catalysts showed poorer or absent productivity in comparison with the iPr-PNP 
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analogues under the same reaction conditions (Entries 4-7). The differences in solubility between Ru-PNP catalysts in EMIM Ac 

at room temperature likely explains the observed differences in catalytic activity between Ru-MACHO, Ru-2, Ru-7 and Ru-9. 

However, I have not carried out detailed solubility studies at different temperatures in order to validate this hypothesis. Finally, I 

have explored the use of Mn-1 that unfortunately proved to be inactive under these conditions, even at higher catalyst loadings.   

 

 

 

 

 

Figure 4.5: 1H NMR of the reaction mixture after catalytic CO2 hydrogenation to FA (CD3CN, 25 oC, 400 MHz). Reaction conditions: Ru-1 (0.02 

mmol), EMIM Ac (1 mL), CO2 (20bar), H2 (20 bar), rt, 18h. The two integrals shows the peaks that were used for quantifying the FA/IL ratio 

discussed throughout this chapter.  

 

Later, I have continued the screening process by testing different ILs in the presence of 0.02 mmol of Ru-2 and 10:20 bar of CO2:H2 

(Table 4.4, Figure 4.4 for the IL structures). BMIM Ac resulted in lower FA yields compared to EMIM Ac (Entries 6,7). In 

agreement with what described before in 4.2.1, EMIM CHOO traps CO2 as effectively as the acetate analogue affording a TON = 

130. Accordingly, 1H NMR analysis shows the presence of Ru-5 as the main specie in solution (see Figure B.4, Appendix B). An 

experiment with 15:15 bar of CO2:H2 and 0.045 mmol of Ru-2 led to the formation of a 1.2 mol% ratio of FA/EMIM CHOO 

(determined by 1H NMR, Figure 4.6). After the first hydrogenation step, the reaction mixture was washed with pentane (see 4.2.3), 

resulting in a decrease of FA lower than the initial EMIM:CHOO ratio in the IL (Figure 4.6). Then, a second cycle of hydrogenation 

in the presence of 15:15 bar CO2:H2 led to a new increase in FA amount (1.1 mol% FA/IL) after 18 h at 50 ⁰C (Figure 4.6). 

Encouraged by these results, I have carried out many experiments using EMIM CHOO as the only additive in the presence of either 

FA 
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Ru-2 or Ru-1. Unfortunately, it was not possible to increase the FA:IL molar ratio above 1.4 mol% nor obtain visible separation of 

FA from the reaction mixtures. This aspect will be discussed more in detail in the next section (see 4.2.3).  

 

Entry IL TON 
TOF 

(h-1) 
FA/ILa 

(mol%) 

1  EMIM TFA - - - 

2  EMIM OTf - - - 

3  BMMIM NTf2 - - - 

4  EMIM Et2PO4 - - - 

5  EMMIM Ac - - - 

6 BMIM Ac 60 4 20 

7  EMIM Ac 135 8 42 

8b EMIM CHOO 130 8 40 

9c EMIM CHOO 230 6 40 

Reactions reproducible within a 10% error; performed using autoclave A (Figure 2.8, 2.5 

mL reaction vessel). a Determined by 1H NMR. b EMIM CHOO (6.5 mmol), 50 ⁰C. c Ru-2 
(0.045 mmol), EMIM CHOO (13 mmol), 15:15 bar CO2:H2, 50 ⁰C; TON value after two 

runs, as described in Figure 4.6. 

Table 4.4: Screening of ionic liquids for CO2 hydrogenation to FA at room temperature. 

 

Figure 4.6: Representation of the method used in this study to follow FA production in EMIM CHOO (CDCl3, 25 oC, 400 MHz). Reaction 

conditions in Entry 9, Table 4.4. 
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It has to be noticed that the standard 1H NMR experiments used in this study for the analysis of the reaction mixtures has to be 

considered only partially quntitative. This is due to multiple reasons: for example, precise measuring of both H2 and CO2 pressure 

was limited by manual regulation of pressure valves that could lead to errors of 1-2 bar between each experiment. In addition, it is 

known that hydrogen species in (very) small molecules are generally associated with long relaxation times. The measured 1H 

spectra in this study have employed inter-scan delays of only 1-3 seconds, which is insufficient for a complete recovery of the 

equilibrium magnetization. Thus, averaging of the signals likely resulted in an underestimation of the true signal intensity. 

Nevertheless, specifically designed 1H and 13C experiments can certainly afford the desired quantification for example using longer 

acquisition times or adding an internal standard in solution prior catalytic hydrogenation. In this study, the quantification of FA in 

solution was achieved using the IL cation as the reference, as depicted in Figures 4.5 (with EMIM Ac) and Figure 4.6 (with EMIM 

CHOO).  

As part of her PhD project, my colleague Brenda Rabell is currently working on optimizing the synthesis procedures of many 

functionalized (carbene-promoter) ILs. In this sense, she has isolated EMMIM Ac, similar to EMIM Ac, but with a methyl group 

blocking the C2 position of the imidazolium cation (Figure 4.4). The absent reactivity of such IL can indubitably confirm the 

reaction mechanism proposed in this study, favored by the presence of carbene species able to activate CO2 that can later undergo 

Ru-promoted hydrogenation to FA (see 4.2.4). In this sense, Brenda carried out three experiments using EMMIM Ac, which as 

expected resulted in no visible FA formation (Entry 5, Table 4.4). However, these results have to be considered unreliable due to 

the presence of a slight excess of acetic acid from the synthesis procedure that was difficult to remove under vacuum conditions 

and that can affect the performance of the catalyst.  

Nevertheless, there are already strong indications that led to the catalytic cycle proposed in Scheme 4.12. For example, I have tested 

the presence of water in solution that should result in the full protonation of the C2 position, hence inhibiting carbene formation. 

As expected, the system showed no catalytic activity towards CO2 hydrogenation in both EMIM Ac and EMIM CHOO under the 

reaction conditions showed in Table 4.4 (+0.5 mL of H2O). Curiously, activity was observed after addition of a 10 vol% solution 

of H2O in DMSO (0.5 mL) to a mixture of Ru-2 (0.02 mmol) and EMIM Ac (2 mL) at 50 ⁰C, resulting in a TON = 191 and a FA/IL 

ratio of 30% after 18 hours. Under identical conditions, without the H2O/DMSO mixture, a TON = 395 and a FA/IL = 65 mol% 

was observed, confirming that basic conditions are favorable. As also described in the following chapters, the pH clearly has an 

effect on the resulting activity of the Ru-PNP/IL system in both hydrogenation of CO2 and dehydrogenation of FA. In this regard, 

the observed changes in the chemical shift of the peak associated with the C2 proton should indicate changes in the pH of the 

solution (and/or hydrogen bonding) due to the presence of produced FA.   

PhD student Brenda Rabell recently suggested to use Kamlet-Taft parameters to help explaining the observed differences in basicity 

of the ILs, reflected in different activity towards hydrogenation of CO2. The Kamlet Taft method allows to estimate a polarity scale 

by means of three different parameters: hydrogen bond acidity (α), hydrogen bond basicity (β), as well as dipolarity/polarizability 

effects (π*) [268–271]. In particular, the β parameter can be used to give an indication of the solvent’s ability to donate electron 

density and form hydrogen bonds with the solute, reflected in overall basicity of the IL [272,273]. Looking at reported β values 

from the literature, it is possible to obtain a qualitative trend of decreasing basicity in the order -Me2PO4 > -Ac ≈ -OCHO  > -MeSO4 

> -N(CN)2, > -OTf > -BF4 > -PF6 > -NTf2 [189]. More in specific, formate and acetate anions correspond to β ≈ 1, while NTf2- and 

OTf-based ILs usually show β ≈ 0-2-0.3. Hence, the considerable highest basicity of acetate and formate would explain the observed 

higher activity towards CO2 capture and hydrogenation, favoured by basic conditions. Based on reported β values from the series 

shown above, it is likely that further optimization should be oriented towards (substituted) carboxylate and phosphate derivatives. 

Curiously, alkylphosphate anions show similar or higher basicity (β ≈ 1-1.2) than the acetate and formate counterparts do [288]. 
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However, the tested EMIM Et2PO4 showed no visible activity under the reaction conditions tested in this study (Entry 4, Table 

4.4). As Rogers observed, the formation and stabilization of the carbene species favouring CO2 activation is the result of complex 

interactions between cation and anion, with formation of acetic acid/acetate mixtures when using EMIM Ac. In this sense, 

differences in basicity, bulkiness and electronic properties of Et2PO4 compared to Ac/CHOO might explain the observed behaviour 

(EMIM Et2PO4 will show remarkable activity and stability towards continuous flow FA dehydrogenation in the next chapter). It 

has to be noted that only a limited selection of ILs was tested in this study. Hence, these considerations should be considered purely 

qualitative and they do not attempt to provide a full explanation of the observed differences in catalytic activity towards CO2 

hydrogenation. Nevertheless, this interpretation based on Kamlet-Taft parameters has been used by Leitner when describing the 

differences in the reactivity of different ILs towards CO2 hydrogenation to FA [202]. In fact, the authors found a consistent increase 

in TON and TOF values in the order of NTf2 < OTf < CHOO, in complete agreement with the findings showed in this study. In this 

sense, PhD Brenda Rabell is carrying out more investigations in the Nielsen´s group by e.g. measuring Kamlet-Taft parameters of 

different functionalized ILs.  

Based on this initial screening of catalysts and reaction conditions, I have carried out further investigation on the reaction conditions 

using EMIM Ac. First, I have investigated the effect of catalyst´s concentration at room temperature. As expected, the yield of FA 

increases with increasing concentrations of Ru-2 in EMIM Ac, with quantitative CO2 conversion achieved at 0.085 M (Figure 4.7). 

Later, I have investigated the effect of time at different temperatures. Not surprisingly, longer times are required at room 

temperatures (Figure 4.8, left). This was confirmed in many separate experiments; for example, 0.02 mmol of Ru-2 in 1 mL EMIM 

Ac were loaded with 10:20 bar of CO2 and H2 respectively. After 1 hour, the FA/IL ratio was only 5 mol%. Reloading the autoclave 

10:20 bar for other 2 hours (3 in total) afforded 12 mol% FA/EMIM Ac. Finally, loading a third time resulted in 96 mol% FA/IL 

and a total turnover number of 295 but only after 72 hours. Higher catalytic activity is possible at 80 ⁰C, with 50% FA yield obtained 

after only 3 hours, corresponding to a FA/IL = 60 mol% and a TON = 1050 (Figure 4.8, right). As expected, reactions carried out 

at 50 ⁰C shows intermediate results. The beneficial effect of higher temperature was observed in an experiment using Ru-MACHO-

BH, which was found to be inactive at room temperature (Entry 5, Table 4.3): indeed, in a separate experiment at 120 ⁰C the catalyst 

afforded FA/IL = 50 mol% and a TON = 126 using 10:20 bar of CO2:H2 after 18 hours. This shows that the PhPNP catalysts 

Ru-MACHO and Ru-MACHO-BH probably need higher temperature to show relevant catalytic activity. Also in this case, the 

superior activity of the iPrPNP catalysts was confirmed by running an experiment using Ru-2 under identical conditions that resulted 

in 75 mol% FA/IL and a TON = 210.  
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Figure 4.7: Effect of catalyst concentration on the yield of FA. Reaction conditions: Ru-2, EMIM Ac (1 mL), 10:20 bar CO2:H2, 25 ⁰C, 18h. 
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Figure 4.8: Effect of time on the yield of FA. Reaction conditions: Ru-2 (0.02 mmol), EMIM Ac (1 mL), 10:20 bar CO2:H2, rt (left); Ru-1 (0.004 

mmol), EMIM Ac (1 mL), 15:15 bar CO2:H2, 80 ⁰C (right). 

 

Later, I have investigated the effect of the volume of IL (and catalyst concentration) on the resulting activity using the best catalyst 

Ru-1 with EMIM Ac. I have chosen 50 ⁰C as a compromise between higher catalytic activity compared to room temperature, but 

still preventing FA dehydrogenation that is favored at 80 ⁰C. In addition, 5:30 bar of CO2:H2 were used with the purpose to ensure 

full conversion of CO2. In a first experiment, I have fixed the catalyst loading at 4 μmol while increasing the volume of IL. Figure 

4.10 (left) shows how the FA/IL ratio decreases linearly with higher IL volume, with a maximum in FA production at 2 mL of 

EMIM Ac (0.002 M) after 6 hours at 50 ⁰C. The same behavior was observed for experiments of 3 hours under otherwise identical 

reaction conditions (Figure 4.10, right). In a separate experiment, I have increased the IL volume while keeping the catalyst 

concentration fixed at 0.002 M. Again, the same trend is observed, with maximum activity of the system at 2 mL of EMIM Ac 

(TON = 967, Figure 4.11). 

 

1 2 3 4 5

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

 TON

 FA/IL (mol%)

Volume (mL)

T
O

N

0

10

20

30

40

50

60

F
A

/I
L
 (

m
o
l%

)

 

1 2 3 4

50

100

150

200

250

300

350

400

450

500

 TON

 FA/IL (mol%)

Volume (mL)

T
O

N

0

5

10

15

20

25

30

F
A

/I
L
 (

m
o
l%

)

 
Figure 4.10: Reaction conditions: Ru-1 (0.004 mmol), EMIM Ac (1-5 mL), 5:30 bar CO2:H2, 50 ⁰C, 3h (right), 6h (left).  
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Figure 4.11: Effect of the volume of IL on FA production. Reaction conditions: Ru-1 in EMIM Ac (0.002 M), 5:30 bar CO2:H2, 50 ⁰C, 6h. 

 

The preliminary studies on CO2 absorption performed with EMIM Ac shows that maximum CO2 concentration in the IL is achieved 

after few minutes after the pressure is applied (see 4.2.1). This also indicates that likely the hydrogenation is the rate determining 

step of the reaction. Therefore, it is intuitive to assume that limited diffusion and low solubility of H2 in the IL (especially after 

formation of EMIM-CO2), as well as low solubility of the catalyst at room temperature likely explain the observed results. Figure 

4.9 provides an exhaustive representation of the effect of both temperature and catalyst concentration on the resulting activity of 

the Ru-PNP/IL system.  
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Figure 4.9: Reaction conditions: Ru-2, EMIM Ac (1 mL), 15:15 bar of CO2:H2, 6h. Dashed line: Ru-2, EMIM Ac (1 mL), 10:20 bar CO2:H2, rt, 

18h. 

 

It is possible to achieve higher FA/IL molar ratios at room temperature (and longer times) when compared to 50 ⁰C and 80 ⁰C. In 

contrast, lower catalyst loading is required at higher temperatures to observe catalytic activity; especially at 80 ⁰C, it is possible to 

notice that 0.002 M of catalyst in the are sufficient to produce 50% FA yield, while increasing the concentration does not bring any 

benefit to the reaction. This behavior can be explained by the reversible FA dehydrogenation that is favored at higher temperatures 

and high catalyst loadings (see Chapter 5). Nascimento and Alves performed computational studies on the thermodynamic of CO2 
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hydrogenation to FA and MeOH using the IL EMMIM NO2: similar to what described here, higher conversions were obtained at 

low temperatures (<30 ⁰C) independently from the pressure applied [289]. In addition, the use of hydrogen gas in excess was found 

to facilitate its diffusion in the IL at high concentrations of the CO2-EMMIM NO2 adduct, which become more favorable at higher 

temperatures, as described below. 

Additional optimization of reaction conditions using Ru-1 and EMIM Ac is described in Table 4.5 for experiments at room 

temperature. Based on the previous results on reaction parameters such as time, catalyst concentration and temperature, only 

experiments of 18 hours were performed in this screening. Confirming the observations showed so far, CO2 and H2 relative 

pressures play a major role (Entries 1-6, Table 4.5); it is beneficial to use H2 in excess to facilitate its diffusion within EMIM Ac, 

which tends to solidify when high amount of CO2 are trapped at room temperature. The stirring rate is also important to avoid 

accumulatinon of the solid EMIM-CO2 and facilitate H2 diffusion within the viscous IL phase. Confirming the trend, loading of 

the autoclave with 10:20 or 15:15 led to similar results in terms of FA/IL achieved (Entries 4-5) but higher EMIM-CO2 content in 

the IL when using 15:15 bar. Further increasing the pressure to 20:20 bar of CO2:H2 resulted in only 35 mol% FA/IL, with visible 

accumulation of unconverted EMIM-CO2 (Entry 6). Nevertheless, of great importance for an energy storage device, it is possible 

to reload the system by simply applying additional CO2:H2 pressure resulting in an over stoichiometric amount of FA/IL = 1.26 

after 3 different loadings. Finally, Entries 7 and 8 confirm the observations discussed above on the beneficial effect of both time 

and higher concentration for reactions at room temperature.  

 

Entry 
Cat. Loading             

(mmol) 
Conc 

(M) 

CO2/H2 

(bar) 

Time 

(h) 
TON 

TOF 

(h-1) 
FA/ILa 

(mol%)  

1  0.02 0.02 5:5 18 16 - 5 

2  0.02 0.02 5:10 18 26 - 8 

3  0.02 0.02 10:10 18 71 4 22 

4 0.02 0.02 10:20 18 198 10 75 

5 0.02 0.02 15:15 18 184 10 70 

6 0.02 0.02 20:20 54 

113 (18 h) 

358 (36 h) 
405 (54 h) 

7 

35 

111 
126 

7  0.04 0.04 10:20 18 141 8 92 

8  0.002 0.004 15:15 18 280 15 2 

Reactions reproducible within a 10% error. The reactions were performed using autoclave A (Figure 2.8, 

2.5 mL reaction vessel). a Determined by 1H NMR. 

Table 4.5: Screening of reaction conditions for the hydrogenation of CO2 at room temperature. 

 

Similarly, Table 4.6 summarizes the reactivity of Ru-1 at higher temperatures, also reflecting all the trends described so far. 

Increasing the temperature allows for lower catalyst loading, higher catalytic activity towards hydrogenation, as well as higher 

solubility of Ru-PNP, CO2 and H2 in the IL. As observed in the preliminary studies in 4.2.1, using a bigger autoclave results in 

improved catalyst activity due to higher molar amount of CO2:H2 available. This is reflected in Entries 4-7 for experiments at 50 

⁰C, and Entry 15 for a final scale-up experiment at 80 ⁰C. Thus, I have used the biggest autoclave available (C in Figure 2.8) 

employing 15 mL of EMIM Ac and 60 bar of CO2:H2 to facilitate gas-diffusion and mass transport within the IL phase. 0.002 mmol 

of Ru-1 afforded a TON of 18886, which raised up to 32411 when additional 60 bar of CO2:H2 were applied after 18h at 80 ⁰C 
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(Entry 12, Table 4.6). However, loading the autoclave a third time resulted in only a small increase in the FA/IL ratio (67 mol% to 

71 mol%), probably explained by the competing FA dehydrogenation at 80 ⁰C in the presence of high concentrations of FA in the 

IL. It is important to mention that all manipulations were performed at ambient conditions, indicating the high stability and 

robustness of the Ru-PNP complexes in the IL. 

 

Entry 
Cat. Loading             

(mmol) 
Conc 

(M) 

CO2/H2 

(bar) 

T 

(⁰C) 

Time 

(h) 
TON 

TOF 

(h-1) 
FA/ILa 

(mol%)  

1 0.004 0.002 10:20 50 6 903 150 28 

2 0.004 0.004 10:20 50 6 612 102 38 

3  0.004 0.002 15:15 50 18 1515 84 47 

4b 0.004 0.002 10:20 50 18 2354 131 73 

5b 0.004 0.0015 10:20 50 18 3241 180 67 

6b 0.004 0.001 10:20 50 18 3095 172 48 

7b 0.004 0.0075 10:20 50 18 1935 108 24 

8 0.004 0.004 15:15 80 1 258 258 16 

9  0.004 0.004 15:15 80 6 1052 175 65 

10 0.004 0.002 15:15 80 18 1935 107 60 

11 0.002 0.0004 15:15 80 18 3085 171 22 

12b 0.002 0,0001 30:30 80 36 32411 
1000 (18 h) 
900 (36 h) 

67 

Reactions reproducible within a 10% error a Determined by 1H NMR. b 22 mL reaction vessel (autoclave C, 

Figure 2.8); all the other experiments in autoclave B (5 mL reaction vessel).  

Table 4.6: Screening of reaction conditions for the hydrogenation of CO2 at 50 ⁰C and 80 ⁰C. 

 

Scheme 4.9 provides an overview of the methods used for CO2 hydrogenation to FA in one-pot reactions. Summarizing the results 

discussed above, it was possible to obtain turnover numbers in the order of 104 and turnover frequencies up to 103. It has been 

shown that the system is flexible under a wide range of operative conditions, from temperature (25-120 ⁰C), pressure (1-60 bar), as 

well as catalyst concentration in the IL. 

 

Scheme 4.9: Possible alternatives for CO2 transformation to FA in one pot. 



4. Carbon dioxide hydrogenation to formic acid catalyzed by Ru-PNP complexes in ionic liquids  

 

63 

 

In addition, I have carried out preliminary experiments using biogas as the source of CO2. As such, applying 0.02 mmol of Ru-2 

in 1 mL of EMIM Ac in the presence of biogas and H2 afforded a TON = 164 at 50 ⁰C after 18 hours using 10:20 bar of biogas:H2. 

In another experiment, using 15:15 bar, Ru-2 provided a TON = 176 and a FA/IL = 58 mol% under the same reaction conditions 

(Scheme 4.9b). The presence of CH4 does not affect the catalytic activity of Ru-PNP catalysts, as demonstrated by the presence of 

the expected Ru-3 in the reaction mixture, hence the possibility to perform another cycle.  

I have also tested the possibility to perform flow reactions in the presence of EMIM Ac. Bubbling directly a mixture of CO2:H2 

(1:5 volumetric ratio) at ambient conditions in a solution of EMIM Ac containing 0.07 mmol of Ru-1, it was possible to achieve 

14 mol% of FA/IL (TON = 15) after 96 h (Scheme 4.9c). Further attempts under flow conditions using EMIM CHOO will be 

discussed in the next section. 

Finally, I have examined the possibility to carry out CO2 capture and subsequent hydrogenation to FA in two different steps. 

Applying 25 bar of CO2 in the presence of 2 mL of EMIM Ac resulted in 34 mol% of CO2 trapped (with respect to the IL) after 45 

minutes (Figure 4.2). Later, the gas was released, and 0.02 mmol of Ru-2 and 25 bar of hydrogen were added, affording a TON = 

359 after 18h (Scheme 4.10a). The hydrogenation step was performed at 50⁰C to ensure fast liquefaction EMIM-CO2 hence full 

dissolution of the catalyst. In a similar fashion, it is possible to simply bubble CO2 in EMIM Ac for 48h at ambient conditions (1 

bar, 25 ⁰C), followed by addition of 0.02 mmol of Ru-2 and hydrogen pressure in autoclave (25 bar). In such way, the system 

afforded a TON of 156 and a FA/IL = 38 mol% at 50 ⁰C (Scheme 4.10b). Finally, bubbling of CO2 through 1.5 mL of EMIM Ac 

resulted in 10 mol% of CO2 trapped after 24 h. Addition of Ru-1 (0.02 mmol) and switching the atmosphere to hydrogen with a 

balloon at ambient conditions resulted in 12 mol% of FA/IL  and a TON = 58  after 96 h (Scheme 4.10c). As already showed by 

Rogers, bubbling is less effective than applying pressure, thus it is more convenient to perform CO2 capture under (low) pressures 

but faster. Importantly, once the catalysts were transferred from the glove box, all the following manipulations were performed 

under air conditions, again demonstrating the increased stability of Ru-PNP complexes in the presence of ILs. 

 

 

Scheme 4.10: Alternatives for CO2 capture and hydrogenation under different reaction conditions. 
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Attempts for one-pot hydrogenation of CO2 to methanol 

Ru-PNP complexes of the type used in this study are widely reported for the hydrogenation of CO2 to methanol (MeOH) in the 

presence of reaction promoters [290]. Relevant contributions were provided by the group of Prakash using Ru-MACHO-BH in 

combination with amine and hydroxide CO2 capturing agents as discussed in the introduction [291–296]. Hazari and Bernskoetter 

reported the use of Fe-PNP pincer complexes in the presence of Lewis acids to promote the formation of both FA [169] and 

methanol [297]. Cantat showed Ru-Triphos complexes similar to Ru-11 (Figure 4.4) invoking FA disproportionation to MeOH 

[298]. Following on previous studies using Ru-Triphos catalysts [118], Letner investigated the effect of Lewis Acids for the 

hydrogenation of CO2 to methanol in the presence of Mn-PNP catalysts (see Mn-1, Figure 4.4) and alcohols to promote formation 

of formate esters [299]. In this study, the role of Mn-OCHO intermediates in the reaction mechanism was investigated in depth, 

with observed formation of a carboxylate complex as a limiting resting state. Using either Ti(OiPr)4 or Sc(OiPr)3 as the Lewis acid, 

and MeOH/dioxane mixtures, the system afforded decent TON (<100). Byers and Tsung reported an interesting multicatalytic 

system that combines Ru-PNP complexes of the Milstein´s family with a metal-organic framework (MOF) catalyst for the cascade 

hydrogenation of CO2 to methanol [300]. In detail, the first Ru-PNP catalyst promotes hydrogenation of CO2 to FA, followed by 

esterification to formate esters catalyzed by the MOF material. Finally, a second Ru-PNP catalyzes the hydrogenation of formate 

esters to MeOH.  

As showed later in Scheme 4.14, after the initial hydrogenation of the CO2-adduct, it is possible to envision the selective formation 

of a formyl adduct that can undergo esterification reaction pathways in the presence of a suitable co-catalyst and/or reaction 

additive. This could lead to catalytic cascade reactions resulting in the formation of formaldehyde and ultimately MeOH. Hence, I 

have explored the possibility using Ru-MACHO-BH and Ru-2 in the presence of EMIM CHOO and suitable additives to promote 

formation of formate esters [301]. This included EtOH and MeOH as the alcohol sources, in combination with different Lewis 

Acids based on Li+, Zn2+, Sc3+ (Ac, CHOO, NTf2, OTf), as well as tert-butyl nitrile [302], to promote the formation of either methyl 

or ethyl formate. The first intuitive step was to increase the reaction temperature to 120 ⁰C and apply 1:3 (or higher) CO2:H2 

pressures. However, it was not possible to observe any visible MeOH formation, nor improve FA formation significantly. 

Nevertheless, traces of MeOH were observed in the hydrogenation of methy formate using Ru-2 and EMIM CHOO under 30 bar 

of H2 at room temperature; this clearly assesses the feasibility of such approach as long as the esterification reaction is promoted 

efficiently. Indeed, Ru-PNP complexes are known to be efficient catalysts for the hydrogenation of different esters to alcohols 

under the reaction conditions used in this study.  

I have carried out only ≈20 preliminary experiments in this regard, but it is indeed possible to imagine a successful catalytic 

hydrogenation to MeOH after a full screening and optimization of reaction conditions that I could not perform during my PhD 

studies. For example, the addition of a co-catalyst or a co-IL, as well as combinations of homogeneous and heterogeneous catalysts 

are promising solutions to maximize the efficiency of each step by working in synergy.  
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Effect of NEt3 on catalytic CO2 hydrogenation.to FA 

As it will be discussed in the next section, the use of amine is widely reported to assist FA formation, as well as to promote FA 

separation from the catalytic active phase. In addition, amine-functionalized ILs have been reported to increase the catalytic activity 

of many homogeneous systems (see Figure 4.1). In this sense, I have carried out few preliminary experiments to explore the effect 

of amines in the reaction mixture using NEt3 as a model additive. The results from the screening are listed in Table 4.7. 

It appears cleat that the addition of NEt3 leads to improved FA formation using both EMIM Ac (Entries 1-2) and EMIM CHOO 

(Entries 3-4) already at room temperature. In addition, it is likely that NEt3 facilitates diffusion of gases in the IL by decreasing the 

overall viscosity of the mixture (IL and NEt3 are miscible at the ratios used in Table 4.7). Experiments at 50 ⁰C confirmed the 

observed beneficial effect, especially in the presence of a IL/ NEt3 ratio of 2:1. Current investigations in the Nielsen´s group will 

further explore this possibility e.g. by varying the IL/NEt3 ratio, as well as trying the effect of other amines that are e.g. bulkier, 

branched, secondary, tertiary etc. Importantly, the use of amines might represent a solution for the isolation of FA from the IL 

mixtures that could not be achieved in this study (see 4.2.3). 

 

 

Entry 
IL 

(mL) 

IL:NEt3 

(mol) 

T 

(⁰C) 
TON 

TOF 

(h-1) 
FA/ILa 

(mol%) 

1 EMIM Ac - rt 135 8 42 

 EMIM Ac 2:1 rt 220 12 68 

2 EMIM CHOO - rt 130 8 40 

3 EMIM CHOO 2:1 rt 234 13 80 

4 EMIM Ac 1:1 50 258 14 80 

5 EMIM Ac 2:1 50 322 18 100 

6 EMIM CHOO 2:1 50 300 17 100 

7 EMIM CHOO 0.5:1 50 180 10 60 

8 EMIM CHOO 1:1 50 210 11 70 

Reactions reproducible within a 10% error. The reactions were performed using 

autoclave A (Figure 2.8, 2.5 mL reaction vessel).  a Determined by 1H NMR. 

 

Table 4.7: Screening of reaction conditions for the hydrogenation of CO2 to FA in the presence of NEt3. 
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4.2.3 Separation of FA from IL mixtures 

The continuous separation of the desired product from homogeneously catalyzed mixtures has been challenging since the infancy 

of this type of catalysis and continues to be one of the main drawbacks of otherwise excellent systems [303]. In the process of CO2 

hydrogenation to FA, it is essential to separate the product continuously. In this work, that is both for practical implementation of 

the system, as well as for possible deactivation of Ru-PNP catalysts in the presence of carboxylic acids or low pH of the solution 

[125]. Indeed, I have found that high concentrations of FA in mixtures containing Ru-PNP and ILs result in the deactivation of the 

catalysts (see Chapter 5).  

 

Figure 4.12: FA synthesis and separation promoted by amine-diol mixtures.  

 

Many approaches has been investigated, consisting of active homogeneous species in combination with functionalized supported 

ligands and dendrimers, soluble polymers, (supported) ILs, scCO2, biphasic systems or combinations of them [303]. Schaub and 

co-workers developed a method, later patented by BASF, for the synthesis of FA in the presence of H2Ru(PnBu3)4 as the catalyst, 

high boiling diols and trihexylamine (NHex3) as a promoter for FA formation [304,305]. The system operates under 30 bar of 

CO2:H2 in a 1:3 ratio and 50 ⁰C, reaching a final concentration of 8.7% in the diol phase (Figure 4.12). However, it is possible to 

imagine high energetic costs associated with FA separation and amine/diol recycling.  

As already mentioned in section 4.1, Leitner proposed a method for the continuous flow separation of FA promoted by the use of 

scCO2 as the mobile phase, and an amine-functionalized IL in which the catalyst is dissolved as the stationary catalytic phase [202]. 

Figure 4.13 depicts the concept; likely, solvation of FA in scCO2 is the driving force towards FA formation and separation from 

the IL mixture. The authors achieved moderate TON = 485 at 50 ⁰C and 200 bar of pressure after 190 hours under flow. However, 

the system requires high pressures and large amounts of scCO2, again resulting in high energetic costs associated with the process 

that only a much higher activity could justify.  
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Figure 4.13: Example of continuous flow hydrogenation of CO2 to FA using immobilized ILs and scCO2 as proposed by Leitner [202]. 

 

 

The same author also proposed a method for the aqueous phase production of FA from CO2 again involving the formation of amine-

FA adducts (Figure 4.14) [306]. The catalyst is the common precursor cis-[Ru(dppm)2Cl2] and the amines belong to the same class 

of compounds used for CO2 scrubbing. The biphasic system is composed of a hydrophobic phase for catalyst immobilization, and 

an aqueous phase promoting the continuous extraction of the produced FA. Other reported examples include the use of acetic acid 

to promote separation from DMSO/H2O mixtures [257], as well as longer alcohols such as 1-hexanol and 1-heptanol, reported by 

Albert to favor separation of FA from aqueous mixtures [307].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14: Continuous separation of amine-FA products favored by formation of a biphasic system. 

 

In this section, I have explored the possibility to extract FA from the IL mixtures used in this study after performing CO2 

hydrogenation under either autoclave or flow conditions. However, after several attempts, the isolation of observable amounts of 



68 

 

FA has not been successful. In a simple demonstrative experiment, I have added an excess of FA in EMIM Ac and applied vacuum 

afterwards. 1H NMR analysis shows that the acetate peak is completely replaced by formate, resulting in the formation of EMIM 

CHOO (Scheme 4.11). The same will be observed in Chapter 5, where after the long-term exposure of BMIM Ac to a continuous 

flow of FA over time, the resulting IL at the end was indeed BMIM CHOO. This is explained by the difference in basicity of the 

two anions, reflected in the pKa values of the corresponding carboxylic acids (pKa = 3.74 for FA, pKa = 4.7 for acetic acid). Hence, 

I further investigated the use of EMIM CHOO hypothesizing that the presence of the formate anion might favor the formation of 

free FA with possibility of continuous isolation of the product. As shown in Figure 4.6, 1H NMR analysis shows visible formation 

of FA as shown by the increased intensity of the signal associated with FA. Another confirmation is represented by the fact that 

EMIM CHOO (solid at rt and with CO2 absorbed) is always liquefied after catalytic hydrogenation of CO2, indicating over 

stoichiometric amounts of FA/IL. However, I have not succeeded in isolating FA from the cat/EMIM CHOO mixtures, nor 

increasing the final FA/IL molar ratio above ≈1.4.  

 

Scheme 4.11: Reaction scheme for the reaction between EMIM Ac and FA. 

 

 

Initially, I have tried to extract FA by washing the IL mixture obtained after catalytic hydrogenation using different solvents (acetic 

acid, toluene, benzene, hexane, pentane, diethyl ether). Other techniques used to try to isolate FA from ILs included distillation and 

vacuum distillation, as well as distillation with pentane using a Dean-Stark apparatus. It has to be noted that only relatively 

small-scale reactions were carried out in this study. For example, the calculated amount of FA produced in a benchmark experiment 

with 1-2 mL of IL is <0.1 mL, rendering very challenging its isolation using standard analytic techniques. Scaling up of the reaction 

by increasing the volume of IL results in lower FA yields, hence higher difficulties in achieving successful isolation. Moreover, in 

the case of the work presented here, the use of a solvent that does not dissolve the IL limited the available choices to a selected 

group of (apolar) solvents. After many unsuccessful attempts, Figure 4.12 shows the 1H NMR analysis of the pentane phase after 

washing of EMIM CHOO (see experiment described in Figure 4.6); indeed, it was possible to observe small amount of what is 

presumably FA at 8.18 ppm, accompanied by a decrease in the formate signal in the IL solution. It is important to mention that 

pentane and FA form an azeotrope mixture with Bp = 34.2 ⁰C. In a similar fashion, I have tried to add pentane in the autoclave prior 

to catalytic hydrogenation, but no observable FA was present in the pentane phase after cooling of the system.  

Encouraged by the result showed in Figure 4.15, I have investigated the possibility to promote FA separation under flow conditions. 

This was done by bubbling different mixtures of CO2:H2 through a solution of EMIM CHOO in the presence of either Ru-2 or 

Ru-1 at relatively high catalyst loading (0.02-0.1 mmol) and temperatures <50 ⁰C to prevent FA dehydrogenation. Unfortunately, 

it was not possible to observe traces of FA in the cold trap placed after the reaction. Hence, I have tried to chemically trap FA by 

bubbling the downstream flow through (deuterated) solutions of H2O, toluene, DMSO, and DMSO/H2O, either at room temperature 

or -78.5 ⁰C using dry ice, again with no success in the observation of FA. 
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Figure 4.15: Pentane phase after washing of the FA/IL solution after the catalytic hydrogenation cycle described in Figure 4.6 (CDCl3, 25 oC, 400 

MHz). 

 

Later, I have tried to bubble a saturated mixture of CO2/H2 with pentane through a solution of Ru-2 (0.04 mmol) and EMIM CHOO 

(0.01 mol) at 50 ⁰C. Bubbling of pentane results in the creation of a biphasic system where pentane is present on top of the IL based 

on the reaction temperature, hence pentane volatility. Again, no observable FA was detected in the pentane phase in both cases. 

Finally, I have bubbled the downstream flow (saturated with pentane) through a 2 M solution of NaOH in H2O, and analyzed the 

resulting mixture using D2O as the reference solvent. Indeed, it was possible to observe traces of FA at 8.18 ppm (Figure 4.13) 

 

 

Figure 4.16: Pentane phase bubbled through a 2M NaOH aqueous solution. Note: MeOH is present as an impurity in the IL (from synthesis 

procedure). 

FA 

FA MeOH 

H2O 

Pentane 

Pentane 
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When the reactions under flow conditions are carried out at T >40 ⁰C, a slow but constant decrease of the formate content in EMIM 

CHOO is observed, indicating no quantitative formation of FA from CO2, but instead a slow consumption of the anion over time. 

This was confirmed by increasing the temperature to >80 ⁰C, resulting in consequent degradation of the IL. This is in agreement 

with the high activity of this same system towards FA dehydrogenation, certainly making the isolation of FA from such IL even 

more challenging. Finally, I have noticed that if pentane is bubbled through EMIM CHOO for long times, it results in the 

degradation of EMIM CHOO and loss of any catalytic activity. Further 1H and 2D NMR investigations led to the conclusion that 

what observed in Figures 4.12 and 4.13 might be a product resulting from the degradation of EMIM CHOO into an unknown 

product that was not possible to identify from the obtained spectra.    

As discussed in Chapter III, the solidification of EMIM Ac at high CO2 concentrations is a factor that affects the diffusion of 

hydrogen in the IL phase, therefore easiness of hydrogenation performed by the Ru-PNP catalyst. Curiously, for all the reactions 

at room temperature it was necessary to set the temperature of the reaction plate to 25 ⁰C in order to avoid irreproducibility of the 

experiments between e.g. summer and winter due to variable formation of EMIM-CO2. In particular, when the temperature of the 

room was <20 ⁰C, the efficient hydrogenation of CO2 was prevented by fast formation of a solid mixture within the first minutes 

of reaction where the catalyst could not be dissolved. This represent an important aspect (drawback) towards possible practical 

applications of this technology.  Hence, I have investigated the possibility to use a co-IL to facilitate mass transport and gas diffusion 

through EMIM Ac. I have chosen BMMIM NTf2 because of its low viscosity and inertness towards carbene formation (the C2 

position is methylated) and coordination to the metal center.  

 

 

 

 

 

 

 

 

 

 

Table 4.8: Optimization of CO2 hydrogenation using mixtures of EMIM Ac and BMMIM NTf2. 

Entry Catalyst 

Cat. 

Loading             

(mmol) 

ILa                     

(mL) 

CO2          

(bar) 

H2           

(bar) 

T 

(⁰C) 

Time    

(h) 
TON 

TOF  

(h-1) 

FA/EMIM Acb 

(mol%) 

1c Ru-2 0.02 2 10 20 25 18 280 16 46 

2c Ru-2 0.02 1+1 10 20 25 18 207 12 68 

3 Ru-1 0,002 5 20 40 50 18 5160 287 32 

4 Ru-1 0,002 5+5 20 40 50 18 9997 555 62 

5 Ru-1 0,002 15 30 30 80 18 16477 915 34 

6 Ru-1 0,002 10+5 30 30 80 18 20962 1165 65 

Reactions reproducible within a 10% error. a EMIM Ac (+ BMMIM NTf2). 
b Determined by 1H NMR.  c 5 mL reaction 

vessel (autoclave B, Figure 2.8); all the other experiments in autoclave C (22 mL reaction vessel). 
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As shown clearly in Table 4.8, the use of BMMIM NTf2 is beneficial to achieve higher FA concentration in the IL mixture (Entries 

1-2, 3-4, 5-6). This can be explained by lower viscosity of the resulting mixture due to complete dissolution of EMIM-CO2, hence 

easier diffusion of both substrates and FA in solution. In addition, BMMIM NTf2 might have a positive impact on the stabilization 

of the produced FA by solvation effect. Similar to what described before, I have tried to isolate FA from the EMIM Ac (or EMIM 

CHOO) - BMMIM NTf2 mixtures by means of solvent extractions, bubbling of pentane and/or argon, as well as vacuum distillation, 

but with no success.  

In this section, I have carried out only preliminary extractions methods; however, due to the intrinsic basicity of the ILs used in 

this study, it is difficult to envision direct FA separation without the addition of a co-solvent or co-IL. As a qualitative note, the 

difficulties observed in the removal of FA from the IL mixture were observed also with MeOH, present as an impurity as it is the 

solvent for most of the synthesis procedures involving carboxylate ILs. In fact, neither high vacuum nor bubbling of argon for 1 

week through a solution of EMIM Ac changed the amount of MeOH present in the IL. In a similar fashion, during the synthesis of 

EMIM CHOO, it is necessary to apply high vacuum and 40-50 ⁰C in order to remove methanol or FA if added in over stoichiometric 

amounts compared to the EMIM methylcarbonate precursor (Scheme 3.3).  

In conclusion, the possibility of mixing two different ILs represents an interesting aspect that could e.g. improve the long-term 

stability of the Ru-PNP/IL system as well as promote FA separation from the catalytically active IL phase. For example, it is 

possible to envision the use of EMIM Ac (efficient in promoting CO2 capture) down to catalytic amounts, and use an optimized 

co-IL that favors continuous FA separation, at the same time avoiding the gradual loss of the volatile acetic acid (see Chapter 5). 

Further perspectives and possible optimization related to the separation of FA will be provided in the summary in section 4.3. 
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4.2.4 Mechanistic studies 
 

 

 

 

Figure 4.17: Labeling experiments with 2H (up) and 13C (down) using EMIM Ac (CD3CN, 25 oC, 600 MHz). Reaction conditions: Ru-2 (0.02 

mmol), EMIM Ac (1 mL), 5:15 bar of CO2:D2 (up), 1:15 bar of 13CO2:H2 (down), 50⁰C, 24h. The 13C is shown without 1H decoupling. See 

Appendix B for other labeled NMR spectra using EMIM Ac and EMIM CHOO. 
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I have investigated the mechanism of the reaction performing labeling experiments with both 2H and 13C NMR in the presence of 

EMIM Ac and Ru-2 (Figure 4.14). In detail, I have performed the experiments and later provided the NMR samples of the resulting 

reaction mixtures to Kasper Enemark-Rasmussen who gently performed the experiments at the NMR Center DTU. In a 

straightforward way, the resulting spectra confirm the proposed mechanism for CO2 activation via carbene, and subsequent hydride 

transfer from the catalyst to the trapped CO2 resulting in a mixture of FA/formate (Scheme 4.7). As shown in the 2H NMR spectrum 

in Figure 4.14, a formate peak is present at 8.60 ppm, together with another deuterium atom (9.55 ppm) that is exchanged at the C2 

position of the imidazole ring. Accordingly, the 13C spectrum shows the expected peak at 166 ppm accompanied by splitting of the 

signal due to coupling with a proton that confirms the presence of produced 13FA.  

I have performed similar experiments using EMIM CHOO (see Appendix B for other 2H and 13C NMR spectra). Similar to what 

observed with EMIM Ac, deuterium is exchanged at the carbene position of EMIM CHOO, with the other deuterium atom observed 

as a formate specie. Standard 1H NMR analysis shows the presence of Ru-5 after the reaction is complete (Figure B.6). The 13C 

NMR spectrum in the presence of EMIM CHOO also shows visible CO2 absorbed already at 1 bar, in agreement with what 

discussed in the beginning of this chapter. 

 

 

Scheme 4.12: Suggested mechanism for CO2 activation via carbene specie followed by Ru-PNP catalyzed hydrogenation to FA. ¨ 
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Based on these studies, the catalytic cycle in Scheme 4.12 has been proposed; CO2 activation is promoted by the IL (I), followed 

by outer sphere hydrogenation of the so-formed carboxylate performed by the Ru-PNP catalyst (II) and sequestration of the 

produced FA as a formate anion in equilibrium with acetic acid/acetate mixtures (III). As opposed with other methods for CO2 

activation (see 4.1), here the IL performs this step with high efficiency and does not require the presence of neither hydroxide bases 

nor amines. Scheme 4.13 shows a complete overview of the different species that are likely to be present in the presence of either 

EMIM Ac or EMIM CHOO under the conditions used in this study.  

 

Scheme 4.13: Overall representation of the main species in solution using Ru-PNP catalysts in the presence of imidazolium acetate and formate 

ionic liquid. R = CH3 (EMIM Ac), R = H (EMIM CHOO), X = H, Cl. OAc.  

 

Each component of the catalytic system (carbene IL and Ru-PNP) can be selectively tuned to favor higher selectivity in each of the 

proposed step. Likely, the hydrogenation step depicted in Scheme 4.14 is the key transformation that affects selectivity towards 

FA. The Ru-PNP catalyst provides hydrogen to the activated CO2 resulting in a tetrahedral intermediate that collapses to FA. 

However, it is also possible to imagine the formation of a formyl adduct that can be further hydrogenated to e.g. formaldehyde and 

eventually methanol. Hence, changing the substituents on the imidazolium cation will reflect in different acidity and electron 

donation ability of the carbene position, thus leading to different stabilization of the CO2 adduct and eventually different reaction 

pathways. Indeed, using this approach, it is possible to envision the possibility to further hydrogenate CO2 to high value products. 

Curiously, imidazolium carbene ligands are widely report to provide strong interactions in the presence of transition metals resulting 

in the formation of particularly stable species [308]. This was not observed in this work, but further investigations should consider 

this aspect. The type of reactivity described in this thesis is still at its early stages, hence further (computational and experimental) 

studies could be extremely useful to predict activation energies, reaction intermediates and promote a targeted optimization of both 

catalyst and IL components of this remarkably active system.  
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Scheme 4.14: Possible alternatives after initial hydrogenation of EMIM-CO2.  
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4.3 Summary 

Opposed to most of the reported methods where CO2 capture and hydrogenation are two different processes, here I have 

demonstrated the synergistic effect of Ru-PNP and IL performing both steps contemporarily at very mild reaction conditions. The 

IL plays a crucial role in activating the otherwise unreactive CO2 and stabilizing the catalytic active species through anion 

coordination to the metal center. In addition, the basic and polar environment (H bonds) of the IL likely plays a role in the 

stabilization of reaction intermediates and represents a driving force towards the formation of FA (formate) mixtures.  

The steric hindrance and electron-donating properties around the carbene position might lead to substantial differences in the 

easiness of CO2 coordination, as well as orientation of the resulting carbonyl adduct. In a similar way, such modifications might 

lead to major improvements in the catalytic activity in the more challenging hydrogenation step. In this regard, a small difference 

in activity towards CO2 hydrogenation has been observed in this study simply varying from EMIM to BMIM Ac. Interestingly, 

Holloczki and Nyulaszi proposed the formation of different EMIM-CO2 adducts where CO2 is coordinated at the C4 and C5 

positions of the imidazolium ring. The authors also suggested that such CO2 products can be obtained in the presence of carbene-less 

imidazolium cations as long as the necessary basicicty is provided by the IL [273]. Targeted synthesis of task-specific ILs can lead 

to substantial new insights on this type of catalysis, and current investigations in this sense are ongoing in the Nielsen´s group 

carried out by PhD student Brenda Rabell. For example, other types of substituents on the imidazolium ring (functionalized alkyl 

groups with –OH and/or NR3 groups) might lead to beneficial electronic perturbations that can affect both the efficiency of CO2 

trapping as well as the stereoselectivity of the hydrogenation reaction.  

Equally important is the fine-tuning of the organometallic pincer complex. This includes donor arms, backbone linker of the pincer, 

central donor atom, spectator ligand, as well as the axial ligands affecting the trans influence hence easiness of substrate/product 

coordination. All of these perturbations can dramatically change the overall steric and electronic properties of the metal complex, 

hence its tendency to readily deliver activated H2 to the captured CO2.  

Based on these results, it is also possible to envision direct CO2 capture from air after appropriate scaling up and optimization of 

the IL mixture. Not only air, CO2 can be obtained from other relevant industrial sources such as biogas and flue gas. The 

composition of biogas may vary according to the sources, but it typically involves a 40:60 volume ratio between CO2 and CH4. In 

this work, I have demonstrated the hydrogenation of a 1:1 mixture of CO2:CH4 resembling biogas that produced visible FA 

formation at mild conditions (Scheme 4.9). As a curiosity, these experiments were the last performed during my studies, to provide 

even more future perspective to an already exciting project.  

Separation of FA, as well as kinetic/thermodynamic limitations hindering higher FA concentrations represent the main challenges 

to be overcome. From the examples and discussion provided in 4.2.3, it is clear that amine, alcohols, and formation of biphasic 

systems represent viable solutions for the desired isolation of FA from the IL. The use of amines and/or amine-functionalized ILs 

seems a promising pathway; the preliminary experiments showed in Table 4.7 show that the addition of NEt3 is beneficial to achieve 

higher FA/IL ratios. From a qualitative point of view, NE3 is soluble in the IL, but it is possible to notice the formation of a biphasic 

system when NEt3 is present in larger amounts (>3:1 in volume) compared to either EMIM Ac or EMIM CHOO. The literature is 

already rich with studies on the solubility of both amine mixtures and ILs, and further investigations in this sense could provide a 

solution. Functionalization of (immobilized) ILs and use of branched or higher boiling amines are other viable approaches. In this 

sense, few examples of (reported) potential ILs were provided in Figure 4.1. In all of these cases, it has to be noticed that the 

separation of FA from either amine or alcoholic mixtures is always associated with energetic costs due to distillation of the so-
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obtained FA mixtures. This is why the use of a non-volatile IL can be particularly interesting for this type of transformation. In this 

regard, it is also possible to envision the use of a SILP catalyst to perform the task under either batch or gas-flow (pressurized) 

continuous flow conditions (see Chapters 7 and main conclusions).  

As already mentioned in Chapter 3, I would like to remark that I see great potential in NMR spectroscopy to be a very useful 

technique to investigate the reactivity of the Ru-PNP/IL system towards CO2 hydrogenation. For example, selected 1H and 13C 

NMR experiments under (labeled) CO2:H2 pressures and different temperatures could shed light on the molecular interactions and 

stereoselectivity involved between Ru-PNP, IL and substrates, guiding future optimization strategies. Furthermore, 1H NMR 

experiments could help assessing the acidity of the C2 proton of different substituted imidazolium ILs, hence their propensity 

towards carbene formation and stabilization of the CO2-adduct during catalytic hydrogenation.  
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5. Highly efficient formic acid dehydrogenation catalyzed by 

Ru-PNP complexes in ionic liquids 
 

5.1 Introduction 

The use of a Liquid Organic Hydrogen Carrier (LOHC) allows moving of renewable, high-density energy across long distances 

and in a safe manner. At the same time, LOHCs represent viable solutions for the storing of energy from discontinuous renewable 

sources such as solar and wind power. FA is considered a viable LOHC candidate as it is liquid and safe to handle at ambient 

conditions, avoiding energetic costs and safety issues associated with hydrogen compression [309]. It has a hydrogen capacity of 

4.4 wt%, corresponding to an energy density of 1.77 kW·h/L, higher than commercial 70 MPa hydrogen tanks (1.4 kW·h/L) [310]. 

This clearly indicates that FA may be suitable for automotive and mobile applications. When considering the state-of-the-art 

technology PEM-FCs, it is essential that hydrogen is released from the LOHC at temperatures <100 ⁰C to ensure full 

heat-integration [12]. In addition, the flow of hydrogen gas should be free of contaminants such as volatile solvents and carbon 

monoxide that could irreversibly damage the FC. Another approach is the electrocatalytic oxidation of FA used in direct formic 

acid fuel cells (DFAFCs) [311]. 

The literature is rich with examples of homogeneously catalyzed hydrogen evolution from FA, and many excellent review works 

provide an extensive overview [312–316]. It is also clear that homogeneous catalytic FA dehydrogenation is much more developed 

than CO2 hydrogenation. Importantly, many promising studies reported the use of first-row transition metals [160,161,317–321], 

albeit with the notorious lower activity and stability when compared to Ru and Ir catalysts. Table 5.1 shows examples of reported 

catalysts for FA dehydrogenation selected based on catalytic activity, stability and overall practicality of the method. Himeda 

showed an iridium Cp* complex (Ir-2) that afforded a TON = 10 million for the continuous flow dehydrogenation of  20 M of FA 

(aq) at 70 ⁰C [255]. Milstein recently reported a Ru-acridine pincer complex (Ru-13) that dehydrogenated neat FA affording a TON 

= 1.7 million [322]. The same work also addressed the possibility to produce hydrogen under pressure, with Ru-13 that afforded 

up to 100 bar of CO2:H2 in less than 1 hour. The best reported system for hydrogen evolution under pressurized conditions was 

reported by Kawanami in 2016 using Ir-3 [323]. The system produced up to 115 MPa, corresponding to >120 L of hydrogen 

released. Later, the same author further investigated the process exploring the influence of both solvents [324] and ligands [325]. 

As already discussed in the previous chapters, also in the case of FA dehydrogenation, many of the reported methods employ bases 

(amines, formates, DBU) to e.g. control the pH of the reaction, deprotonate FA, or avoid catalyst deactivation. The use of volatile 

and toxic organic solvents (THF, dioxane, DMF) is also widely reported and it goes against practical requirements of PEM-FCs. 

The possibility to release H2 from FA without the use of reaction additives allows full energy storage potential and the production 

of a clean H2 flow without the contamination of organic molecules vapors. Other studies reported the dehydrogenation of variously 

diluted aqueous FA mixtures. This not only lower the overall energy storage potential, but leads to the presence of vapor in the H2 

gas stream. Therefore, the possibility to dehydrogenate neat FA is of great industrial interest. At the same time, small amounts of 

H2O and other impurities should be tolerated by a candidate catalytic system for every-day applications. Finally, the possibility to 

produce pressurized hydrogen is a useful feature for industrial implementation in hydrogen storage and delivery. 

In this chapter, I have investigated the activity of Ru- and Mn-PNP complexes in the presence of different ILs for FA 

dehydrogenation in both batch and flow conditions. After optimization, the combination of Ru-MACHO-BH and BMIM Ac 
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resulted in the best result reported to date for continuous flow hydrogen release from FA under heat-integrated conditions for FC 

applications (Entry 1, Table 5.1). 

 

 

 

 

 

 

 

 

 

Table 5.1: Relevant examples of reported active systems for FA dehydrogenation in comparison with the Ru-PNP/IL system showed in this 

work. 

 

  

Entry 
Corresponding 

authors 
Catalyst TON 

TOF  

(h-1) 

T 

(⁰C) 
Additives Comments 

1 Nielsena Ru-MACHO-BH 15.000.000 8.000 (av) 95 
BMIM Ac 

(BMIM CHOO) 

State-of-the-art 

No vapors 

No inert precautions  

Batch and flow  

2 
Hull, Himeda, 

Fujita [254] 
Ir-1 308.000 158.000 (i) 80 NaOCHO/H2O Low pH 

3 Pidko [248] Ru-6 310.000 

93.000 

(257.000 

max with 

NEt3) 

90 DBU, DMF 

flexible, inert conditions 

additives and 

volatile/toxic solvent 

4 Himeda [255] Ir-2 10.000.000 13.000 (av) 70 H2O 

Degassed FA 

Flow conditions 

Volatile solvent 

5 Milstein [322] Ru-13 1.700.000 3.000 (max) 95 - 

Inert conditions 

Flow conditions 

pressurized FA 

6 Beller [326] Fe-4 92.000 9.500 85 PC Low activity 

7 
Hazari et al 

[166] 
Fe-3 983.642 196.728 80 

LiBF4 

dioxane 
Volatile solvent 

8 
Kawanami 

[323] 
Ir-6 320.000 

62.900  

(30 min) 
99 

H2O  

(4 M FA) 

Low pH 

pressurized FA 

a developed in this study 



5. Highly efficient formic acid dehydrogenation catalyzed by Ru-PNP complexes in ionic liquids 

 

81 

 

5.2 Results and Discussion 
 

5.2.1 Batch 

 

 

 

 

 

 

 

 

 

                                       

 

 

 

 

 

 

 

 
 

 

Table 5.2: Preliminary screening of catalysts and ionic liquids for FA dehydrogenation in high-pressure vials.  

 

Table 5.2 shows the initial screening of catalysts and ILs that was used to discard ILs that did not show any gas evolution. In fact, 

a clear indication towards possible IL candidates was visible already during this initial screening (Entries 1-10). In particular, the 

ILs that showed full conversion are able to activate Ru-MACHO and stabilize the mixture in the presence of the acidic FA. It 

appears that, similar to CO2 hydrogenation, ILs with basic properties are favorable for FA dehydrogenation as well. Clear hydrogen 

evolution was observed at temperatures >50 ⁰C in the presence of BMIM Ac, EMIM Ac, EMIM Et2PO4, Choline Ac, BMMIM 

NTf2 (but only with Ru-1 and Ru-3), as well as the DAF and DAF-H (Table 5.2).  

Entry Catalyst IL Conversion (%) 

1 

Ru-MACHO 

EMIM Ac Full conversion 

2 BMIM Ac Full conversion 

3 EMIM CHOO Full conversion 

4 BMMIM NTf2 <10% 

5 BMIM OTf <10% 

6 EMIM TFA <10% 

7 Choline Ac Full conversion 

8 EMIM Et2PO4 Full conversion 

9 BMIM C(CN)3 <10% 

10b EMIM N(CN)2 <10% 

11b EMIM EtSO4 <10% 

12 Ru-MACHO-BH BMIM Ac Full conversion 

13 Ru-3 BMIM Ac Full conversion 

14 Ru-2 BMIM Ac Full conversion 

15a Ru-MACHO BMIM Ac <10% 

16a Ru-MACHO-BH BMIM Ac <10% 

17a Ru-2 BMIM Ac <10% 

18 Ru-3 BMMIM NTf2 Full conversion 

19 Ru-1 BMMIM NTf2 Full conversion 

20c Ru-MACHO-BH DAF Full conversion 

21d Ru-MACHO DAF(H) Full conversion 

Reaction conditions when not specified: Cat loading (0.1 mol%), IL (0.5 mL), FA 

(6.6 mmol), 80⁰C, 3h. a Cat loading (0.05 mol%), FA (13.25 mmol). b IL (1 mL), FA 

(13.25 mmol). c Cat  loading (0.2 mol%), IL (2 mL), FA (23.25 mmol), ramp 25-80 

⁰C, 72h. d IL ( 1 mL), FA (26.5 mmol), 60 ⁰C, 24h. 
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Figure 5.1: Different ILs screened in this chapter for FA dehydrogenation. 

 

While DAF-H was purchased from Iolitec, DAF is obtained by simple mixing of 2-(dimethylamino)ethan-1-ol and FA in 

stoichiometric amounts followed by stirring at room temperature for 24 hours. Both DAF, DAF-H and Choline Ac (solid at rt) were 

found to be very active with visible hydrogen evolution observed already at T<50 ⁰C. However, the solutions of catalyst and such 

ILs appear very turbid at room temperature, with formation of a thick layer of foam when H2 and CO2 are released from the 

mixtures. In the case of DAF and DAF-H, increasing the temperature to >80 ⁰C led to visible degradation of the IL resulting in a 

sub-stoichiometric amount of formate compared to the ammonium cation (see Figure C.1 in Appendix C). Increasing the reaction 

time to 72 h resulted in the complete disappearance of the formate anion (Entry 20, Table 5.2). For these reasons, I have decided 

to exclude this family of ILs from further screening due to their instability, besides one example with Choline Ac provided in Table 

5.4. Nevertheless, Ru-MACHO-BH in DAF also showed the presence of a Ru-H signal associated with the presence of Ru-OCHO 

resting states (Figure C.1).  

Based on the results shown in Table 5.2, I have performed a further screening of catalysts using BMIM Ac as the only solvent. The 

gas evolution was measured via MFM and its composition analyzed with a MicroGC (see Chapter 2 for experimental details); 

Table 5.3 summarizes the so-obtained results. In the presence of BMIM Ac, all the screened catalysts reached full conversion 

within 2 hours (Entries 1-5, Table 5.3). Lowering the catalyst loading to 0.025 mol% led to a higher turnover number of 3780 

(Entry 6), while an increase of the initial FA loading resulted in deactivation of the catalyst (Entry 7). This shows that high FA 

concentrations in the mixture should be balanced with higher IL volumes, so to reduce the increasing acidity of the resulting mixture 

thanks to the buffering effect of the IL. After optimization in this sense, a TON of 12050 was obtained at 95⁰C after 18 hours with 

0.008 mol% of Ru-MACHO-BH in 3 mL of BMIM Ac (Entry 8). In a similar experiment, two aliquots of FA were added at 

different times resulting in an overall TON of 16750 (Entry 9). Importantly, the system is also active in the presence of an 89 wt% 

FA solution in H2O, reaching full conversion of FA after 3 hours (Entry 10). This is an important aspect, since water presence is 

usually difficult to avoid in large-scale operations. Of great importance towards more sustainable applications of such system, the 

manganese complex Mn-1 also showed moderate catalytic activity at higher catalyst loading, affording a TON = 351 and 77% FA 

conversion after 3 hours (Entry 12, Table 5.3). 

As depicted in Figure 5.2, after completeness of the reaction, it is possible to notice the presence of 15 mol% (relative to the IL) of 

CO2 being trapped in BMIM Ac, however to a lower extent than what observed with e.g. EMIM CHOO (Figure 5.3). Gladly, the 

presence of Ru-3 (with Ru-1 and EMIM Ac) and Ru-MACHO-OCHO (with Ru-MACHO-BH and EMIM CHOO respectively) 
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as the main species in solution after catalytic dehydrogenation is in agreement with previous findings on catalyst´s stabilization 

promoted by the IL (Chapter 3).  

 

Entry Catalyst TON 
TOF           

(h-1) 

Conversion                  

(%) 

1 Ru-MACHO 1000 500 >99  

2 Ru-2 1000 500 >99 

3 Ru-3 1000 500 >99 

4 Ru-1 1000 500 >99 

5 Ru-MACHO-BH 1000 500 >99 

6b Ru-MACHO-BH 3780 1260 >99 

7c Ru-MACHO-BH - - - 

8d Ru-MACHO-BH 12050 502 90 

9e Ru-MACHO-BH 16750 930 95 

10f Ru-MACHO-BH 610 200 >99 

11 Mn-1 219 73 26,5 

12g Mn-1 351 120 77 

a EMIM AC. b Ru-MACHO-BH (0.025 mol%). c Ru-MACHO-BH (0.006 mol%), 

FA (53 mmol). d Ru-MACHO-BH (3 μmol), BMIM Ac (3 mL), FA (39.8 mmol), 

95 ⁰C, 18h. e Ru-MACHO-BH (3 μmol), BMIM Ac (3 mL), FA (26.5x2 mmol), 

95 ⁰C, 18h (second addition of FA after 5h). f 89% FA in H2O (12.9 mmol). g Ru-

MACHO-BH (0.2 mol%). 

Table 5.3: Screening of catalysts for FA dehydrogenation in batch conditions.  

 

 

Figure 5.2: 1H NMR of the reaction mixture after catalytic dehydrogenation of FA; reaction conditions in entry 4, Table 5.3 (CD3CN, 25 oC, 400 

MHz).  

FA 
i 
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1,4-dioxane 
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b'/c' 
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Later, I have tested the influence of different ILs based on the preliminary screening showed in Table 5.2; the results are summarized 

in Table 5.4. As expected, no clear differences were observed between BMIM Ac and EMIM Ac (Entry 1). In the presence of 

BMMIM NTf2, Ru-MACHO-BH resulted in poor activity, in agreements with the findings from Chapter 3, where it has been 

demonstrated that NTf2 is not effective in activating Ru-PNP catalysts. The observed activity is likely explained by simple thermal 

activation of the catalyst at >80 ⁰C, with higher temperatures that would probably improve this result. In order to confirm this 

hypothesis, I have carried out reactions using BMMIM NTf2 in the presence of the more reactive precursors Ru-1 and Ru-3. Indeed, 

Ru-1 resulted in TOF = 333 h-1 after 3 hours, while Ru-3 afforded full conversion within 2 hours (TOF = 500 h-1) at 80 ⁰C (Entries 

3,4). This can be explained by the higher propensity of –OAc and –H to be activated by coordination of FA at high temperatures, 

while in this case the NTf2 IL has a more conventional role as a stabilizing solvent. However, I have excluded NTf2 and OTf ILs 

for further screening due to their lower basicity when compared to acetate and formate anions.  

Ru-MACHO-BH (0.1 mol%) in the presence of EMIM CHOO afforded full conversion of FA after 2 h (Entry 5, Table 5.4). As 

already observed for BMIM Ac (Table 5.3), doubling the initial loading of FA (26.5 mmol) resulted in slower rate of reaction, with 

a TOF= 100 h-1 after 18h (Entry 6, Table 5.4) at 80 ⁰C. Increasing of the temperature from 80 to 95 ⁰C led to full FA conversion 

after 5 hours (Entry 7); the addition of a second aliquot of FA resulted in an overall turnover number of 4000. EMIM Et2PO4 also 

proved to be a suitable solvent for this transformation, affording 99% conversion after 2 h using Ru-MACHO-BH under the same 

reaction conditions (Entry 8, Table 5.4). Increasing by two times the amount of FA with higher catalyst loading (0.16 mol%) 

resulted in complete FA consumption in only 1 hour (Entry 9). When compared to the formate analogues DAF and DAF-H, Choline 

Ac shows higher stability towards decomposition of the anion. Under the reaction conditions tested in Table 5.4, the system afforded 

75% conversion of FA and a TON = 730 (Entry 10). Importantly, no CO was detected by MicroGC under the reaction conditions 

used in this study (detection limit <100 ppm, Figure C.4). 

 

 

Entry Catalyst 
IL 

(mol) 
TON 

TOF           

(h-1) 

Conversion                  

(%) 

1 Ru-MACHO-BH EMIM Ac 1000 500 >99  

2 Ru-MACHO-BH BMMIM NTf2 600 200 60 

3  Ru-3 BMMIM NTf2 1000 500 >99  

4  Ru-1 BMMIM NTf2 1000 333 >99 

5  Ru-MACHO-BH EMIM CHOO 1000 500 >99 

6a  Ru-MACHO-BH EMIM CHOO 2000 110 >99 

7b Ru-MACHO-BH EMIM CHOO 4000 166 >99 

8  Ru-MACHO-BH EMIM Et2PO4 1000 500 >99  

9c Ru-MACHO-BH EMIM Et2PO4 615 615 >99 

10d Ru-MACHO-BH Choline Ac 730 245 75 

a Cat load 0.05 mol%, EMIM CHOO (6.5 mmol), FA 26.5 mmol, 18h. b Cat load 0.05 mol%, 

EMIM CHOO (6.5 mmol), FA (26.5x2 mmol), 95 ⁰C, 24h. c Cat load 0.16 mol%, FA 26.5 

mmol. d IL: 1.5 g. 

Table 5.4: Screening of catalysts and ionic liquids for FA dehydrogenation in batch conditions.  
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Figure 5.3: 1H NMR spectrum of the reaction mixture after FA dehydrogenation. Reaction conditions in Entry 5, Table 5.4 (CD3CN, 25 ⁰C, 400 

MHz).  

 

Figure 5.4: 1H NMR spectrum of the reaction mixture and M-hydride region after FA dehydrogenation. Reaction conditions in Entry 8, Table 5.4 

(CD3CN, 25 ⁰C, 400 MHz).  
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The 1H NMR analysis of the reaction mixture after FA dehydrogenation showed the presence of up to 35 mol% of CO2 trapped 

when using EMIM CHOO (Figure 5.3). The presence of hydride signals indicates the presence of catalytically active species, with 

the hydride peak at -17.2 associated with the Ru-MACHO-OCHO complex formed after coordination of the IL anion. Also in the 

case of EMIM Et2PO4, the 1H NMR spectrum shows the presence of resting Ru-species coordinated with d-acetonitrile (Figure 

5.4), confirming the stability of Ru-PNP catalysts also in the presence of non-coordinating anions. In addition, EMIM Et2PO4 does 

not show any evidence of chemisorbed CO2 that could lead to degradation of the system over time (see 5.2.2). 

 

Scheme 5.1: Reaction scheme for Ru-PNP catalyzed FA dehydrogenation proposed (and adapted) by Beller [327]. 

 

Regarding the reaction mechanism, I will only refer to previous mechanistic studies performed by the group of Beller using the 

same family of Ru-PNP catalysts shown herein [107,327]. Importantly, the authors investigated the difference in reactivity between 

N-Me vs N-H PNP complexes for both FA dehydrogenation [327] and methanol reforming [107] catalyzed by Ru-2 and its N-Me 

analogue. Interestingly in the case of FA dehydrogenation, the N-Me catalyst possesses comparable or even superior catalytic 

activity compared to the N-H analogue under all the reaction conditions tested in the study. This certainly opens questions on the 

reaction mechanism invoked for dehydrogenation reactions and the role of the amino-PNP proton. Scheme 5.1 illustrates the 

proposed cycle for reactions using the PHNP showed in this study. The authors proposed that the protonation of complex Ru-4 with 

consequent formation of Ru-1 is the rate determining step for this transformation. In addition, the formate complex Ru-5 and the 

dihydride complex Ru-1 were the only observable species in solution, in agreement with the findings from this study. The authors 

also found that the best performance of the system was obtained under acidic conditions. It is possible to imagine that each of the 
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catalytic active species shown in Scheme 5.1 benefit from the stabilizing effect given by the IL, especially in the presence of 

coordinating anions (Ac and CHOO). However, ILs represent such a different reaction media (triglyme was used by Beller for the 

studies described above) compared to normally used solvents that can lead to significant differences in reaction mechanism and 

activation energies involved. More insightful mechanistic studies on the reactivity between Ru-PNP complexes and ILs for FA 

dehydrogenation are beyond the scope of the experimental work described in this thesis.  

As shown in Figure 5.5, the gas evolution profile of a typical batch experiment appears very rapid as soon as the FA is added to 

the mixture of IL and catalyst, and slowly decreases until all FA is consumed. This observation is corroborated by simple eye 

inspection of the reaction mixture when adding FA, indicating the presence of high (initial) turnover frequencies. In addition, it is 

possible to add more FA with the gas evolution showing the same behavior (Figure 5.5, final TON = 2548). This clearly shows that 

the reaction is highly dependent on the rate at which FA is added, hence that high values of TON and TOF are obtainable by 

keeping the IL/FA ratio at an optimal level, while deactivation of the catalyst occurs at high FA concentrations in the IL. In addition, 

I have observed that a mixture containing Ru-MACHO and BMIM Ac was active after 4 weeks of simple storage at ambient 

conditions and retained the same catalytic activity when more FA was added after heating at 80⁰C. The same was observed for 

EMIM Et2PO4, with catalyst activity retained after storage under air for 2 months. Encouraged by these observations, I have 

evaluated the robustness and stability of the system under continuous FA feed, simulating possible applications such as in 

automotive FC technologies. 
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Figure 5.5: Gas evolution for FA dehydrogenation in batch. Reaction conditions: 0.013 mmol Ru-MACHO-BH (0.1 mol%), BMIM Ac (1 mL), 

FA (13.25 mmol), 80 ⁰C. Three more addition of FA of 0.25 mL each. 
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5.2.2 Continuous Flow 

I have tested the Ru-PNP/IL system for continuous FA dehydrogenation using a syringe pump for manual control of the FA feed 

(see Chapter 2, Figure 2.3 for experimental details). Increasing the temperature from 80 ⁰C to 95 ⁰C allows the use of higher FA 

rates, still being within the temperature range of a PEM-FC off-heat (Entries 1-2, Table 5.5). The iPrPNP catalysts showed lower 

stability towards high FA addition rates. Under the same reaction conditions, Ru-1 and Ru-2 reached a maximum TOF of 7288 h-1 

before visible accumulation of FA in the IL mixture that immediately ceased gas evolution (Entries 2,3, Table 5.5). On the contrary, 

Ru-MACHO and Ru-MACHO-BH could bear FA flows up to 10 mL/h, corresponding to a maximum turnover frequency of 

10600 h-1 (Entries 4-5, Table 5.5).  

 

Entry Catalyst 
Cat loading 

(mmol) 

TOFmax
a            

(h-1) 

1b Ru-MACHO-BH 0.027 4908 

2 Ru-1 0.020 7288  

3 Ru-2 0.020 7288  

4 Ru-MACHO 0.020 10800  

5 Ru-MACHO-BH 0.025 10600  

a measured at the last FA feed rate before visible FA  accumulation; starting 

rate at 2 mL/h FA b 80⁰C 

Table 5.5: Screening of Ru-PNP catalysts for the dehydrogenation of FA under continuous flow. 

 

Later, I have screened different ILs using Ru-MACHO-BH as the reference catalyst. Besides the above-described higher stability 

compared to iPrPNP, the choice was justified by the fact that Ru-MACHO would lead competitive -Cl coordination, likely resulting 

in lower turnover frequencies (for the same reason I have not tested common imidazolium halides ILs throughout this thesis). The 

results are summarized in Table 5.6. 

As expected from the findings under batch conditions, BMMIM NTf2, EMIM TFA and BMIM OTf were completely inactive under 

continuous flow conditions, leading to fast FA accumulation and no visible gas evolution (Entries 1-3, Table 5.6). On the contrary, 

EMIM CHOO afforded a maximum turnover frequency of 11990 h-1, corresponding to a FA rate of 9.5 mL/h at 95 ⁰C (entry 4, 

Table 5.6). 1H NMR analysis shows that the FA amount in solution remains constant going from 8 to 9.5 mL/h of FA added, 

indicating quantitative consumption (Figure 5.6). Increasing the flow of FA from 8 mL/h to 10 mL/h led to visible accumulation 

of unconverted FA followed by deactivation of the catalytic system. The same was observed setting the FA flow at high rates since 

the beginning (Entry 5, Table 5.6). In fact, a gradual ramp is required to reach the optimal conversion rate (e.g., 1 mL/h increase 

every 15/20 min approx.) and this was observed for all the Ru-PNP/IL mixtures tested in this study. Doubling the loading of EMIM 

CHOO to 0.026 mol (4 g) did not lead to improved catalytic activity (Entry 6, Table 5.6). Finally, also EMIM Et2PO4 proved to be 

a suitable solvent for continuous flow FA dehydrogenation (Entry 8, Table 5.6), affording the maximum turnover frequency 

achieved in this study. The use of such IL will be discussed later in this section. 
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Entry Ionic Liquid 
Ionic Liquid  

(mol) 

TOFmax
a          

(h-1) 

1 BMMIM NTf2 0.007 - 

2 EMIM TFA 0.013 - 

3 BMIM OTf 0.013 - 

4 EMIM CHOO 0.013 11990 

5b EMIM CHOO 0.013 - 

6 EMIM CHOO 0.026 10720 

7c EMIM Et2PO4 0.009 - 

8 EMIM Et2PO4 0.013 12620 

a measured at the last FA feed rate before visible FA accumulation; starting 

rate at 2 mL/h FA otherwise specified. b Start at 8 mL/h of FA. c Start at 5 

mL/h of FA. 

Table 5.6: Screening of ionic liquids for the dehydrogenation of FA under continuous flow. 

 

Figure 5.6: 1H NMR spectra of the reaction mixture at different FA addition rates (Entry 4, Table 5.6). The numbers indicate the relative amounts 

based on NMR integration using the IL as reference (CDCl3, 25 ⁰C, 400 MHz).  

 

When the system Ru-MACHO-BH/EMIM CHOO is left overnight at 95 ⁰C without any FA being added, it results in the formation 

of considerable amounts of EMIM-CO2, with CO2 that is trapped up to 60 mol% (Figure 5.7). If the reaction mixture is cooled to 

room temperature, off-white crystals precipitates in the reaction flask. Single-crystal X-ray diffraction analysis of such crystals led 

to the identification of the bicarbonate IL EMIM HOCOO structure showed in Chapter 4.2.1. Indeed, CO2 chemisorption is always 
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present under these conditions, with an observed propensity towards CO2 capture in the order EMIM CHOO > EMIM Ac > BMIM 

Ac. Stirring rate is also important based on the shape and the size of both magnet and reaction flask, as well as the volume of IL. 

That is due to formation of a dense layer of foam when FA is added at high rates, with consequent formation of high flows of 

CO2/H2 released (200-300 mL/min). For these reasons, I have always set the stirring rate at the maximum allowed value to allow 

higher turbulence hence easier gas release from the IL. 

 

 

Figure 5.7: 1H NMR spectrum of the reaction mixture left at 95 ⁰C overnight. Reaction condition in Entry 6, Table 5.6 (CD3CN, 25 ⁰C, 400 

MHz). The crystal structure of EMIM HOCOO showed in Scheme 4.8 was obtained in this experiment. 

 

Initially, I have chosen BMIM Ac for long-term dehydrogenation experiments under continuous flow. Lowering the catalyst 

concentration resulted in higher stability of the mixture reflected in the possibility to achieve higher turnover frequencies (Table 

5.7). This is likely attributed to the increased buffering effect given by the IL towards high FA concentration, resulting in improved 

stability over prolonged times. As shown in Figure 5.8, the gas evolution profile follows the changes in FA rate, confirming the 

initial hypothesis of optimizing the system under continuous flow conditions. 

 

Entry 
BMIM Ac 

(mL) 

Concentration 

(M) 
TON 

TOFmed 

(h-1) 

1 2 0.01 980.000 (9 days) 4.500 

2 3 0.007 2.171.653 (15 days) 6.030 

3 4 0.005 15.143.315 (79 days) 7.986 

Table 5.7: Optimization of FA dehydrogenation under flow conditions using Ru-MACHO-BH (0.02 mmol) at 95 ⁰C.  
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Figure 5.8: Gas evolution profile of continuous flow FA dehydrogenation. Reaction conditions: Ru-MACHO-BH (0.02 mmol), BMIM Ac (3 

mL), 95 ⁰C; turnover frequencies for each FA rate are expressed in red; final TON = 2.171.653 (Entry 2, Table 5.7). 

 

In a final long-term experiment (Entry 3, Table 5.7), I applied 0.02 mmol of Ru-MACHO-BH in BMIM Ac (4 mL) at 95 ⁰C. As 

such, it was possible to dehydrogenate up to 14.5 liters of FA (FA/IL > 3600 in volume) at an average rate of 8000 h-1, resulting in 

a turnover number of 18.1 million after 112 days (Figure 5.9).  
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Figure 5.9: Gas evolution profile of long-term continuous flow FA dehydrogenation. Reaction conditions: Ru-MACHO-BH (0.02 mmol), BMIM 

Ac (4 mL), 95 ⁰C (Entry 3, Table 5.7).  

 

The maximum FA addition rate was 8.4 mL/h, corresponding to a TOF = 10050 h-1 and a gas evolution fluctuating between 230-250 

mL/min. Figures C.2 and C.3 in Appendix C provide more examples of the measured gas flow at random days over the course of 

the almost four months of reaction. In addition, it was possible to stop the system, which was cooled at room temperature for 4 

days, and start it again by heating at 95 ⁰C and restoring the FA feed (second gray bar in the graph).  
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After 79 days, FA started to accumulate in the reaction flask with consequent decrease in the gas flow measured by the MFM (first 

gray bar in the graph, Figure 5.9). Hence, I have removed the excess of FA and restarted the reaction. However, it was not possible 

to achieve the same rate in activity, but only its 80%. Figure 5.10 (compared with Figure 5.8) clearly shows that the system could 

not tolerate the initial FA addition rate (8 mL/h, TOF = 10000 h-1). Nevertheless, the system remained stable at an average rate of 

7950 h-1 (FA rate of 6 mL/h – 160 mL/min gas flow) until day 112 when the reaction was stopped on purpose (Figure 5.9). Similar 

to batch conditions, no CO was detected in the various measurements over the 108 days (Figure C.7). Importantly, once the 

maximum flow tolerated by the system is determined, it is possible to change the FA feed between the allowed values as the user 

wants, hence controlling the amount of hydrogen that is released by the system (Figure S6). In addition, proper scaling up of the 

Ru-PNP/IL mixture allows to control the overall H2 output obtainable. This can be done by proper adjustment of the catalyst 

concentration in the IL, and overall size of the catalytic phase. Importantly, it was possible to restart the reaction by simply restoring 

the FA feed, both if the system is kept at 95 ⁰C or cooled to room temperature and heated again. All of these features are of extreme 

importance for practical application of the technology, e.g. for FC technologies.  
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Figure 5.10: Gas evolution after reactivation of the system (Figure 5.9, day 84).  

 

1H NMR analysis of the reaction mixture revealed that the acetate anion had been replaced quantitatively by formate over the 3 

months of reaction, resulting in the formation of the corresponding BMIM CHOO IL (Figure 5.11). Importantly, during the 

reactivation attempts (day 80), I have added 1 mL of BMIM Ac in order to decrease the viscosity of the solution and partially 

restore its basic properties. From the 1H NMR analysis performed at the end of the reaction (day 108), the newly-added acetate was 

quantitatively replaced by the formate anion as well, in agreement with what described in 4.2.3. Proton signals around 2.75-3.5 

ppm might indicate degradation of the IL and/or accumulation of impurities. Indeed, the integration was found to be unreliable for 

the main peaks associated with the initial BMIM structure. As visible from Figure 5.11, the reaction mixture appears as a dark-

brown, viscous liquid, very different than BMIM Ac before use.  
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Figure 5.11: 1H NMR spectrum (and picture) of the reaction mixture after the long-term experiment (day 105) in Figure 5.9 (CD3Cl, 25 oC, 400 

MHz).  

 

The feed of FA was changed during the course of the experiment, varying from commercial grade FA 96% that was distilled before 

utilization, to 98-100% FA (from Supelco) that was used without prior distillation. In addition, FA was kept under an argon 

atmosphere to avoid increasing level of moisture in the feed. However, it is likely that even low concentrations of impurities in the 

feed (at ppm levels) might lead to significant detrimental effects over such long reaction times. It has to be noted that no NMR 

samples were taken during the first 108 days of experiment in order not to perturbate the catalyst concentration in the IL. Further 

optimization should target to e.g. monitoring of the exact composition of FA, eventually adding selected impurities to investigate 

the effect of each of them on possible deactivation pathways, and continuous analysis of the reaction mixture by GC, NMR, or IR. 

For example, data from the suppliers of FA indicate the presence of both cations (K+, Ca2+, Al3+, Fe2+, Mg2+, Na+) as well as anions 

(C2O4
2-, Cl-, SO4

2-, SO3
2-) that can lead to deactivation of the system due to formation of inactive Ru species. In addition, the ILs 

were used without prior purification from e.g. water and halides that are present in <1% (from Iolitec). 

Later, I have explored the long-term stability of EMIM Et2PO4 hoping for a more stable reaction solvent. Similar to what described 

for the other ILs, starting the reaction with a high FA feed (5.5 mL/h) resulted in rapid deactivation of the system (Entry 7, Table 

5.6). Hence, I have increased the volume of IL and started another experiment with gradual ramp from 2 to 10 mL/h. Applying 

0.02 mmol of Ru-MACHO-BH in 3 mL of EMIM Et2PO4, the system afforded a TON of 684.000 after 5 days, with a maximum 

turnover frequency of 12620 h-1 (10 mL/h of FA) at 95 ⁰C (Entry 8, Table 5.6). At this point, I have tried to further increase the FA 

rate (from 10 to 12 mL/h) but it resulted in rapid accumulation of FA. 1H NMR analysis of the reaction mixture after accumulation 

of FA shows retained stability of the anion liquid, with stoichiometric amount of cation/anion after 5 days at 95 ⁰C (Figure 5.12).  
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Figure 5.12: 1H NMR spctrum of the reaction mixture after the continuous flow FA dehydrogenation shown in Entry 8, Table 5.6 (CDCl3, 25 ⁰C, 

400 MHz).  
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Figure 5.13: Gas flow evolution of continuous flow FA dehydrogenation at different FA rates; reaction conditions in Entry 8, Table 5.6.  
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In a final long-term experiment, I have increased the volume of EMIM Et2PO4 to 4 mL in order to increase the buffering properties 

of the mixture; Ru-MACHO-BH (0.02 mmol) afforded a TON = 3.600.000 after 29 days of reaction at 95 ⁰C, before FA started 

to accumulate in solution. I would like to express my gratitude to PhD student Brenda Rabell who has been of great help during 

these long-term experiments that required almost a daily control. As an example of her contribution, she measured the gas-flow 

profile at different FA addition rates depicted in Figure 5.13. 

As observed before in Chapter 4, it appears evident that the control of the pH is an aspect of extreme importance in such 

transformation. This is because the IL is crucial to buffer the solution and retain catalytic activity, reflected in higher stability of 

the mixture towards high FA addition rates. I was not able to perform precise analysis of the pH of IL solution due to lack of 

equipment. However, the observed experimental basicity reported in literature follows the order -Me2PO4 > -OAc ≈ CHOO-  >>  -

N(CN)2, > -OTf  > -NTf2 [189]. In this study, the highest activity in terms of turnover frequency observed was in the order -Et2PO4 

> -OAc ≈ CHOO-, clearly confirming the beneficial effect of basic ILs on the resulting reactivity of the mixture. In fact, EMIM 

Et2PO4 afforded the best TOF reported in this study for FA dehydrogenation (12620 h-1), slightly higher than what observed with 

EMIM Ac and EMIM CHOO. In addition, we noticed that when using EMIM Et2PO4, it is possible to perform larger variations in 

the FA addition rate without consequent deactivation of the catalyst (for example from 4 to 10 mL/h), which was not possible with 

EMIM CHOO and BMIM Ac.  

Based on these observations, it is possible to envision that an optimized mixture of one or more (functionalized) ILs might lead to 

substantial increase in the stability of the system described herein. As an example, the use of bulkier carboxylate anions should 

lead to increased stability of the solution due to the lower volatility of the corresponding carboxylic acids. In addition, the 

experiments with EMIM Et2PO4 shows that using phosphate-based anion it is possible to avoid competitive CO2 capture processes 

that result in increased viscosity and/or degradation of the solution. Also in this case, different functionalities on the phosphate 

anion might be beneficial to increase the stability of the solution. Again, it is clear that the basic properties of the IL mixture clearly 

affect the catalytic activity of Ru-PNP catalysts, with possibility to adjust the required acidic-basic properties based on the desired 

application. This represents another prove of the extraordinary potential given by the tunable properties of such a Ru-PNP/IL 

system.  
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5.2.3 Dehydrogenation of FA in a closed system  

In this section, I have investigated the possibility to produce pressurized H2 in closed systems using sealed autoclaves as described 

in Chapter 2. To my delight, simply applying 0.02 mmol (0.08 mol%) of Ru-MACHO-BH in the presence of EMIM CHOO at 80 

⁰C resulted in full conversion of FA and 35 bar of a 1:1 CO2:H2 pressure produced after only 2 hours, importantly with no CO 

detected (Entry 1, Table 5.8). Similar to continuous flow conditions, the reaction mixture solidifies after cooling at room 

temperature, with 14 mol% of CO2 trapped (Figure 5.14). Decreasing the catalyst loading to 0.05 mol% and 0.02 mol% resulted in 

35 and 20 bar of pressure produced after 18h respectively using a bigger autoclave (22 mL, Entries 2,3). Later, I have tried to mix 

Ru-MACHO-BH and Ru-2 in a 1:1 molar ratio (Entry 4) considering the higher activity of  iPrPNP towards CO2 hydrogenation. 

The addition of Ru-2 did not change the FA conversion nor the pressure produced, showing that the hydrogenation of CO2 does 

not compete with FA dehydrogenation under these conditions. Later, I have scaled up the reaction in order to produce higher H2 

pressures. Entries 5 and 6 in Table 5.8 show that if one wants to obtain high pressures, the increase in FA loading should be followed 

by an increase in the IL volume to balance the increasing acidity of the mixture, in agreement with the experiments under batch 

conditions. In addition, longer times allow the obtainment of higher CO2:H2 pressures, with a maximum of 125 bar at 90 ⁰C after 

72 h (Entry 7, Table 5.8). The use of BMIM Ac and EMIM Ac (Entries 8-12) leads to similar observations, in particular the need 

for the IL:FA volumetric ratio to be ≥1 or similar in order to stabilize the catalyst and prevent deactivation. Using BMIM Ac, it 

was possible to obtain up to 105 bar of H2/CO2 after 72 h (Entry 12).  

 

 

Entry 
Cat Load 

(mol%) 
IL 

IL 

(mol) 

FA 

(mmol) 

T         

(°C) 

Time          

(h) 

Pressure 

produced 

1a- FAD 64 0.08 EMIM CHOO      0.01 26.5 80 2 35 

2- FAD76 0.05 EMIM CHOO      0.01 39.7 80 18 35  

3 -FAD78 0.02 EMIM CHOO      0.01 79.5 80 18 20  

4b- FAD77 0.05 EMIM CHOO      0.01 39.7 80 18 35  

5- FAD85 0.01 EMIM CHOO      0.025 119.3 90 18 15  

6-FAD91 0.01 EMIM CHOO      0.07 159 90 72 65  

7- FAD97 0.02 EMIM CHOO      0.05 212 90 72 125 

8- FAD87 0.02 BMIM Ac 0.03 79.5 80 18 50 

9- FAD88 0.01 BMIM Ac 0.03 132.5 80 18 10 

10- FAD96 0.01 EMIM Ac 0.06 159 90 72 90 

11- FAD90 0.01 BMIM Ac 0.07 212 90 60 
15 (24h) 

15 (60h) 

12- FAD89 0.01 BMIM Ac 0.06 159 90 72 

35 (24 h) 

75 (48h) 

105c (72h)  

a 5 mL reaction vessel (autoclave B, Figure 2.8)  b Ru-MACHO-BH + Ru-2. c 85 bar when cooled to rt; other 

experiments did not show such a difference after cooling.  

Table 5.8: Optimization for the dehydrogenation of FA under pressurized conditions. 
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Figure 5.14: 1H NMR spectrum of the reaction mixture after FA dehydrogenation under pressure in Entry 1, Table 5.8 (CD3CN, 25 ⁰C, 400 

MHz).  

 

Unfortunately, MicroGC analysis revealed that long reaction times and high pressures lead to CO production (>100 ppm), 

indicating that water gas-shift reaction (or FA decomposition) might occur under these conditions (Figure C.9 for the GC report of 

Entry 7, Table 5.8). The same was observed in the presence of both BMIM Ac and EMIM CHOO. Nevertheless, reactions carried 

out at lower temperature (Entries 1-5, 8) show no visible CO formation (Figure C.8 for the MicroGC report), indicating the 

possibility of obtaining clean pressurized hydrogen without the contamination of CO under optimized conditions. In addition, based 

on the findings from continuous-flow FA dehydrogenation, it is possible to envision a system where FA is added at a rate that 

produces the desired pressure. Finally, 1H NMR analysis shows the presence of the usual Ru-H signals, therefore the possibility to 

repeat the operation (Figure 5.14). 

 

  

H-Ru-CHOO H-Ru-NCCD3 
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5.3 Summary 

In conclusion, I have demonstrated that the combination of Ru-PNP and ILs is an effective system for FA dehydrogenation under 

both batch and continuous flow conditions. The system shows extreme flexibility, stability and reversibility under a wide range of 

temperatures, pressures, times and catalyst loading. All of these features make the system a promising candidate for energy delivery 

technologies based on FA as the LOHC. Imidazolium acetate, formate and phosphate ILs are all suitable reaction media for this 

transformation, offering wide margins for further optimization. Importantly, using the IL as the only solvent provides a clean flow 

of CO2:H2 without the presence of volatile species.  

The most important result is the one presented in Figure 5.9, where I have showed the continuous and selective hydrogen release 

from FA at temperatures below 100 °C, and thus under conditions that enable transfer of off-heat from a PEM-FC. The combination 

of Ru-MACHO-BH and BMIM Ac afforded an overall turnover number of 18 million after 4 months under flow conditions, 

showing great potential for industrial application. It has to be noted that this result could have been much higher; in fact, the FA 

flow has been adjusted according to time and size of syringes available, for example slower during nights and weekends. 

Nevertheless, higher FA flows could lead to faster deactivation of the system; in this sense, further optimization and up-scale 

reactions are required to assess the robustness of the system for even longer times.  

The method presented in this work presents several advantages when compared to other reported procedures (see 5.1). For instance, 

it is possible to feed FA continuously from a separate compartment, as opposed to other methods were the catalyst is initially 

dispersed in large amounts of FA. Hence, it is possible to imagine a practical and small unit that simulates the operative conditions 

of e.g. a hydrogen vehicle, where the LOHC is fed to the FC based on the desired energy output. It is possible to pause and stop 

the system, feed commercial grade FA, and perform all the relevant manipulations without the need of inert or dry conditions. 

Importantly, the possibility of using neat FA allows the maximum gravimetric H2 content of the system, maximizing its energetic 

and volumetric properties in a reduced scale. All of these features make the Ru-PNP/IL system an ideal candidate for practical 

implementation within the transportation sector. 

Finally, I have demonstrated the possibility of producing pressurized H2 up to 100 bar. The formation of CO can be avoided by 

controlling reaction parameters such as temperature and pressure, as well as the concentration of FA in the IL or the presence of 

water in the reaction mixture. Once again, the basicity of the IL (and the resulting overall acidity of the solution after FA addition) 

could play an important role in the selectivity towards CO. Nevertheless, the presence of CO indicates possible water gas shift 

reaction pathways that deserve further investigation. Indeed, FA can be considered an interesting intermediate for the water gas 

shift reaction between CO2 and CO (currently produced from fossil feedstock, see section 1.3) 

In this study, Ru-MACHO-BH showed the best results in terms of both catalyst stability and activity. Nevertheless, despite the 

lower stability and activity showed by iPrPNP ligands compared to PhPNP catalysts, it can not be excluded that other Ru (and Ir) 

pincer ligands can be applied for this transformation. For example, N-heterocyclic carbene (NHC) pincer complexes are known for 

their remarkable stability due to the presence of strong Ru-NHC bonds and could be tested for such application. Importantly, in 

this work I have showed the promising activity of the manganese catalyst Mn-1. It is likely that in the case of Mn, higher catalyst 

loading are required to reach relevant activity, but the abundancy (reflected in the price) of Mn compared to Ru would mitigate 

such a requirement. Especially in the case of manganese, the modification of the ligand structure aiming for a better stability of the 

resulting complex is highly desirable.  
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To conclude, among all the possible applications of the Ru-PNP/IL system described in this study, the continuous flow FA 

dehydrogenation is certainly the most robust, displaying several encouraging openings for further optimization in terms of e.g. 

scaled-up studies, optimization of the IL mixture for higher stability over time, as well as use with other LOHC candidates.  
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6. A reversible energy storage system based on Ru-PNP complexes 

and ionic liquids  
 

6.1 Introduction  

Hydrogen economy and Power-to-X technologies will likely be main players in the coming green green transition, providing a 

solution for the discontinuous nature of renewable energy sources [328]. FA is the first CO2 hydrogenation product and a promising 

LOHC candidate for the long-term, safe and practical storage of renewable energy (4,4 wt% H2) [329,330]. It decomposes to a 1:1 

mixture of H2 and CO2 where hydrogen is converted into electricity, while the released CO2 is captured and converted back to FA, 

closing an ideal carbon-free energy cycle (Figure 6.1) [36,309,331–333]. As described in the previous chapters, homogeneously 

catalyzed hydrogenations and dehydrogenations are two of the main approaches for the reversible interconversion between CO2 

and the LOHC FA [331,334]. In the effort of developing efficient and stable systems, researchers have proposed different strategies 

for both CO2 valorization to FA [65,200,202,249,250,335,336], as well as FA dehydrogenation [166,245,255,322,326].  

 

Figure 6.1: Energy storage system based on CO2/FA. 

Nevertheless, there are only few examples of reversible systems reported in the literature that shows promising prospect for real 

usage [248,254]. For instance, Laurenczy reported the combination of Fe(II) precursors in combination with 

meta-trisulfonated-tris[2-(diphenyl-phosphino)-ethyl]phosphine (PP3TS) for the production of FA in aqueous solution [337]. The 

reaction proceeds with no additives and it is reversible towards hydrogen production. However, as already visible from other 

examples from Chapter 4.1, the system is limited by the maximum concentration of FA obtainable (0.5 M in this study). Pidko 

reported the reversible hydrogenation of CO2 to formate employing Ru-6 in DMF/DBU mixtures, demonstrating 10 cycles of H2 

storage-release by switching the temperature between 65 ⁰C and 90 ⁰C as well as the pressure between 5-40 bar and 1 bar (Entry 3, 

Table 6.1) [248]. Hull, Himeda and Fujita employed a dinuclear iridium catalyst (Ir-5) and sacrificial KHCO3 and H2SO4 to switch 

between CO2 hydrogenation and FA dehydrogenation [254]. The hydrogenation proceeded at 30 ⁰C under 1:1 CO2/H2 at 1 bar, and 

the dehydrogenation at 50 ⁰C (Entry 2, Table 6.1). Likewise, Himeda showed that a pyridyl-pyrazole Cp*-Ir catalyst Ir-4 

hydrogenates CO2 in presence of 1.0 M NaHCO3 (aq) under 10 bar of 1:1 CO2/H2 at 50 ⁰C, giving TON = 7850 and TOF = 164 h-1 

after 48 h [255]. Changing the reaction conditions to 4 M of FA (aq) and 70 ⁰C, the same catalyst dehydrogenates a continuous 
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flow of 20 M FA (aq) affording TON = 10 million after 35 days. However, it is unclear whether the source of FA is CO2 or the 

bicarbonate, and the authors did not demonstrate cycles of the reversible transformation.  

 

 

Entry 
Corresponding 

authors 
Catalyst TON 

TOF 
(h-1) 

T / p 
(HD) 

T 

(DH) 
Additives Comments 

1 Nielsena Ru-1 50.000 1.000 
25-80 

1-30 bar 
80-95 EMIM Ac 

flexible, no inert 

conditions, stable 

2 
Hull, Himeda, 

Fujita [254] 
Ir-5 79.000 54.000 

30 / 1  

(136h) 
50 

KHCO3 

H2O 

inert conditions, 
volatile solvent 

pH adjustments 

(H2SO4/KHCO3) 

3 Pidko  [248] Ru-6 - - 65 / 40 95 
DBU 

DMF 

flexible, inert 

conditions, 

volatile/toxic 
solvents 

4 Himedab [255] Ir-4 - - 50 / 10 70 
NaHCO3 

H2O 
only single steps 

a developed in this study 

Table 6.1: Overview of the most representative systems for the reversible conversion of CO2 and FA compared to the Ru-PNP/IL catalyst used in 

this study.  

 

 

As already described in the previous chapters, the reported systems usually require sacrificial additives (e.g. inorganic bases and 

solvents) to achieve satisfactory activity and stability, therefore lowering the overall volumetric/gravimetric energy storage 

potential of a hypothetic reversible system. In addition, such an energy system based on CO2/FA requires a clean flow of hydrogen 

gas released, without the presence of any volatile additives that would decrease the H2 storage capacity and potentially damage the 

FC. In this sense, the negligible vapor pressure and high chemical and thermal stability of ILs allow the obtainment of a clean flow 

of hydrogen without any organic contaminants that could damage a FC. Another important aspect for a viable energy system is the 

ability to operate reversibly under a wide range of pressures and temperatures. As described before, there are only few examples 

of catalytic systems that fulfill all of these features and are able to perform both steps of energy storage and release without the use 

of additional additives and by only changing one or two reaction parameters. As showed herein, the Ru-PNP/IL system possesses 

all the requirements for such application, despite some drawbacks that will be discussed in this chapter.  
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6.2 Results and discussion 

During the studies showed in Chapter 4, immediately I have observed the reversibility of the CO2 hydrogenation process: by simply 

applying heat (>60 ⁰C) in the presence of the catalyst, it was possible to release a 1:1 mixture of H2:CO2 from the Ru-PNP/IL 

mixture restoring the system that could undergo another cycle of hydrogenation. In addition, in Chapter 5 I have showed that FA 

dehydrogenation is favored at T>50 ⁰C in the presence of the same catalysts performing CO2 hydrogenation at low temperatures 

(Ru-1 and Ru-2). Hence, I have investigated the performance of the Ru-PNP/IL system for cycles of hydrogenation and 

dehydrogenation, imagining an energy device based on CO2/FA (Figure 6.1). Importantly, the use of an IL provides clean flow of 

gases in and out the system during both cycles of hydrogenation/dehydrogenation based on charging and discharge of FA. As 

shown in the previous chapters, the same concept can be applied to EMIM CHOO, active in both steps.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2: Cycles experiment of CO2 hydrogenation followed by hydrogen release. Reaction conditions: Ru-1 (0.004 mmol), Ru-2 (0.02 mmol), 

EMIM Ac (3 mL), 80⁰C, 18h each cycle. CO2 (10 bar), H2 (20 bar) for the hydrogenation, open autoclave for the dehydrogenation. 

 

In a first set of experiments, I have tested the possibility to keep the system at the same temperature of 80 ⁰C and control the 

selectivity between the two steps by changing the pressure (Figure 6.2). The amount of FA in the system was determined by 1H 

NMR relatively to the IL, similarly to what described in the previous chapters (Figure 6.4). In a straightforward way, by a simple 

pressure switch, it is possible to load the system applying CO2:H2 pressure (30 bar), resulting in the formation of FA as described 

in Chapter 4. Later, the system readily releases the stored hydrogen by keeping the autoclave open at 80 ⁰C. The results are shown 

in Figure 6.2 for both both Ru-1 and Ru-2. At a low catalyst loading of 0.004 mmol, Ru-1 resulted in an overall TON of 51761 

after 10 cycles with no indication of catalyst deactivation. The presence of Ru-H species confirm the retained activity of both 

catalysts after being exposed to cycles of hydrogenation and dehydrogenation. With both catalysts, it is possible to notice some 

degree of activation of the system during the first 4-5 cycles. However, it was not possible to explain the observed behavior, 
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considering that solubility of the catalyst should be complete at 80 ⁰C. However, H2 diffusion within the IL is much slower than 

that of CO2; it is possible that the IL slowly saturated with H2 during the first cycles and then stabilizes at its maximum productivity, 

at the same time favoring easier formation of Ru-1 under operative reaction conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3:  Cycles experiment of CO2 hydrogenation followed by hydrogen release. Reaction conditions: Ru-1 (0.07 mmol), Ru-2 (0.05 mmol), 

EMIM Ac (2 mL). CO2 (10 bar), H2 (20 bar), 18 h (72 h in the lighter bars), 25 ⁰C for the hydrogenation. Open autoclave, 95 ⁰C, 4 h for the 

dehydrogenation. 

 

In a similar fashion, I have demonstrated that is possible to perform the hydrogenation step at room temperature under 30 bar of 

1:2 CO2:H2, with hydrogen release favored by heating at 95 ⁰C (Figure 6.3). Based on the findings from Chapter 4, the catalyst 

loading was increased compared to the previous experiments where the hydrogenation step was carried out at 80 ⁰C. In addition, 

the dehydrogenation temperature was increased to 95 ⁰C to allow faster hydrogen discharge that was performed in 4 hours under 

these conditions. Both Ru-1 and Ru-2 catalyzed up to 12 cycles (13 for Ru-2) of HD/DH without observable loss of catalytic 

activity. As expected, the catalyst loading can be adjusted accordingly to the temperature chosen for the hydrogenation step. Higher 

catalyst loadings maximize the energy storage potential by preventing the presence of unconverted CO2 in the reaction mixture, 

and allow faster and complete hydrogen release, with a FA/IL ratio always < 5% after the DH step (Figure 6.4).  In the experiments 

in Figure 6.3, Ru-2 was used in lower catalyst loading compared to Ru-1, 0.05 and 0.07 mmol, respectively. When using Ru-2, it 

was possible to obtain loading of FA close to a 1:1 molar ratio compared to EMIM Ac under otherwise identical reaction conditions. 

Similar to the experiment at 80⁰C, it is possible to notice an activation profile during the first 4-5 cycles. This aspect has to be 

considered when observing at the results discussed in Chapter 4 after only one cycle of hydrogenation. For example, it could explain 

some problems of irreproducibility that I have observed during the experiments at room temperature. In this regard, the most 

representative results reported in this thesis were always reproduced at least two times. 
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Figure 6.4: 1H NMR spectra after hydrogenation and dehydrogenation cycles (CD3Cl, 25 ⁰C, 400 MHz).  

 

The lighter bars in Figure 6.3 indicate 72 hours experiments compared to the standard 18 hours for the hydrogenation step. In the 

experiment with Ru-2, the hydrogenation cycle performed over 72 hours at the second cycle leads to much higher FA loading, 

indicating that it is beneficial to run the first hydrogenation cycle for longer times. Importantly from a practical point of view, it is 

possible to perform the hydrogen release step by keeping the system closed, resulting in the production of pressurized hydrogen 

(up to 10 bar in a single dehydrogenation step in Figure 6.3, see 5.2.3). 

Figure 6.4 shows the 1H NMR analysis of the IL mixture performed at the ninth cycle of the experiment in Figure 6.3 using Ru-2. 

It is possible to notice the presence of a broad signal at 12.25 ppm after the hydrogenation step that disappears when FA is 

dehydrogenated. The peak at 12.25 ppm can indicate the presence of –OH carboxylic groups; hence, it can be attributed to the 
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presence of free FA. As described in Chapter 4, this can be the case when using EMIM CHOO, while EMIM Ac results in the 

formation of different species in solution, with acetic acid coexisting in combination with acetate and formate anions. Hence, this 

peak probably arises from such hydrogen bond interactions in the IL phase, still confirming the production of formate in solution. 

Accordingly, the peak associated with the carbene C2 proton on the imidazole ring shows large changes in chemical shift, probably 

explained by a change in acidity of the solution depending on the changing FA concentration (Figure 6.3).  

 

 

6.3 Summary 
 

In conclusion, I have demonstrated a new approach for a reversible, hydrogen-based battery device for the storage of energy in the 

form of FA. The system is robust, flexible and stable under a wide range of temperatures, pressures, and catalyst concentration in 

the IL. By simply changing either temperature or pressure, the same system catalyzes up to 13 cycles of hydrogenation and 

dehydrogenation without any observable loss in activity under ambient conditions. The extreme simplicity and stability of this 

formate-based hydrogen storage system demonstrate its viable implementation within hydrogen storage technologies. Indeed, the 

findings discussed in this chapter can be considered as a foundation for the optimization of a reversible system for the storage and 

delivery of green energy at low operative costs.  

Based on what has been described in this study, the system is currently limited by the amount of FA that is possible to accumulate 

in solution (≈1:1 molar ratio with respect to the IL). The same challenge is the most reported in the literature regarding FA 

production from CO2, and a viable solution still has to be provided. Only EMIM Ac was tested in this demonstrative study, but the 

use of higher (carboxylate) ILs seems to be highly possible based on the results that I have showed for both CO2 hydrogenation 

and FA dehydrogenation. In addition, the use of a co-IL might function as a stabilizer, and promote higher concentrations of FA in 

the hydrogenation step (see section 4.2.3).   

In Chapter 5, I have demonstrated that the hydrogen release step of this proposed system is definitely more robust, representing the 

new state-of-the-art for hydrogen release from FA at temperatures compatible with PEM-FC applications. Therefore, combining 

the Ru-PNP system showed in this work with future and more efficient catalysts for CO2 hydrogenation to FA, the likelihood of 

such a reversible energy system becomes considerable. In addition, I have demonstrated the possibility to perform the hydrogen 

release step under pressurized conditions according to the desired output. This feature makes the system showed here even more 

attractive for potential applications.  
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7. Continuous flow isopropanol dehydrogenation using a Ru-SILP 

catalyst 
 

7.1 Introduction 

Isopropanol offers a hydrogen capacity of 3.3 wt% and an energy storage density of 1.11 kWh/kg (or 0.87 kWh/L). Conventionally, 

it can be obtained from acetone by catalytic (transfer) hydrogenation step using both homogeneous and heterogeneous catalytic 

systems [338–340]. Direct iPrOH FCs represent a solution that does not require prior hydrogen release from the LOHC, and that 

does not emit CO2 as a consequence of the oxidation process [341,342]. In addition, the transfer hydrogenation of acetone has been 

proposed as a strategy to reduce the temperature required for the dehydrogenation of bigger LOHC molecules such as 

dibenzyltoluene (see Chapter 8) [343]. The other approach investigated in this study involves the catalytic iPrOH dehydrogenation 

at low temperatures to afford clean hydrogen that can be used in a PEM-FC after it is separated from the by-product acetone. 

Hydrogenation of the latter closes the LOHC cycle.  

Ru-PNP pincer catalysts have been widely reported for the efficient dehydrogenation of several LOHCs candidates such as 

methanol [125,165], FA [36,166,326], and importantly for this chapter, acceptorless dehydrogenation of alcohols [123,126]. Many 

excellent reviews cover the topic with focus on hydrogen production from alcoholic substrates, with isopropanol often used as a 

model substrate [89,313,344–346]. Regarding the use of homogeneous catalysis, Beller in 2012 reported the state-of-the-art system 

for homogeneously catalyzed dehydrogenation of iPrOH using Ru-1, which afforded a TOF = 2048 h-1 after 2 hours at 90 ⁰C 

without the use of basic additives (Scheme 7.1) [236]. 

 

Scheme 7.1: State-of-the-art homogeneous system for iPrOH dehydrogenation reported by Beller [236]. 

 

As described in Chapter 1.6, the SILP technology allows the obtainment of an active homogeneous catalytic system (with 

advantages in terms of activity and selectivity) that resembles a robust and convenient macroscopic heterogeneous material in the 

form of a powder (Figure 7.1). This means that SILP materials can potentially allow product separation from homogeneous phase 

reactions, and render homogeneous catalysts applicable for continuous flow gas-phase reactions, with hydroformylation being the 

most predominant example in the literature.   
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Figure 7.1: Schematic representation of the supported ionic liquid phase (SILP) technology with the catalyst (Ru-MACHO-BH) and IL (P1444 

NTf2) used in this study. 

 

Relevant examples of SILP technology that include the use of pincer complexes were reported by Haumann for the reforming of 

methanol using Ru-2 [234]. SILP materials were prepared using P1444 NTf2 (Figure 7.2) and P1444 MeOSO3 as the IL phase. 

Curiously, better performance of the system was obtained in the presence of KOH as the only coating material, in the so-called 

Supported Liquid Phase (SLP). The authors carried out extensive studies on SILP/SLP composition (loading of catalyst, base, and 

ionic liquid) as well as variation of operative parameters under fixed-bed conditions. In a follow-up work, the activity was improved 

by addition of the PNMeP analogue of Ru-2 as a co-catalyst, and CsOH instead of KOH as the coating material [235]. Kirchner and 

Hoffmann reported Fe-PNP complexes supported on a silica material using the SILP technology for the selective hydrogenation of 

substituted aldehydes to alcohols obtaining relatively high turnover frequencies (4000 h-1) [216]. The authors performed 

functionalization of the IL BMMIM NTf2 with silica groups, creating covalent bonding with the support in order to prevent leaching 

and favor product separation under autoclave conditions (Figure 7.2). Later, a similar approach was followed using a carbon 

material as the heterogeneous phase of the system [347]. It has to be noticed that the prepared SILP materials were used under 

batch conditions, whereas the main advantage of the SILP technology is represented by the possibility to perform gas-phase 

continuous flow reactions otherwise impossible with conventional homogeneous systems. Most of the reported SILP catalysts in 

the literature do not use such homogenous pincer-type catalysts as the Ru-PNP used in this study, hence they are not considered in 

this discussion. Nevertheless, the same concepts expressed in this work can be applied to SILP materials prepared with e.g. common 

metal precursors.  

 

 

 

 

Figure 7.2: Schematic representation of the Fe-SILP catalyst reported by Kirchner and Hoffmann for aldehyde hydrogenation [216].    

SILP catalyst 
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In this chapter, I have explored the reactivity of Ru-PNP catalysts in ILs applied to the dehydrogenation of the LOHC iPrOH under 

mild conditions and without the use of external additives. After optimization of the reaction in batch conditions, the system was 

transferred to the SILP technology resulting in a rare example of gas-phase iPrOH dehydrogenation using an organometallic 

catalyst. The system in Figure 7.1 showed stable hydrogen evolution with acetone as the only detectable by-product, and remained 

active for reaction times up to 100 hours. Following up on the studies performed by Haumann using Ru-2 for methanol reforming 

[234,235], I have demonstrated that Ru-PNP complexes can be effectively immobilized on a support material using the SILP 

technology, affording a macroscopic heterogeneous catalyst retaining its homogeneous features.  

 

7.2 Results and discussion 
 

7.2.1 Batch reactions 
 

 

 

Figure 7.3: Overview of the Ru-PNP catalysts and ILs used in this chapter. 

 

In the previous chapters, I have demonstrated that the anion of the IL plays a major role in the activation and stabilization of the 

Ru-PNP catalysts used in this thesis. Already in Chapter 2, I have shown the reactivity of Ru-PNP/IL mixtures towards the 

dehydrogenation of iPrOH. Based on the excellent activity showed in the previous chapters towards both CO2 hydrogenation and 

FA dehydrogenation, I have investigated in depth the use of BMIM Ac and Ru-MACHO hoping that the consequent formation of 

the more active Ru-MACHO-OAc (Figure 3.3) would lead to catalytic activity towards iPrOH dehydrogenation. In a benchmark 

experiment similar to what described in Figure 3.5, I have used Ru-MACHO (0.1 mmol), BMIM Ac (4 mL), and added iPrOH (9 

mmol) at 120 ⁰C over 2 hours. The subsequent distillation of the liquid mixture showed traces of acetone in solution (determined 

by 1 H NMR in CDCl3 and D2O, see Figures D.1 and D.2 in Appendix D), albeit with very low conversion (< 1%). Hence, I have 
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explored the use of reaction additives such as different bases (KtBuO, NaOH, KOH, Et3N) and Li+ salts (CHOO, Ac, NTf2, OTf, 

BF4) hoping to trigger catalytic activity. However, it was not possible to observe relevant amounts of acetone formed in solution. 

It appears evident that the reactivity is completely different from what observed for FA. In this case, the use of acetate ILs does not 

promote any significant iPrOH dehydrogenation (tested until 130 ⁰C). Likely, the formation of stable Ru-acetate species prevents 

any reactivity towards iPrOH dehydrogenation (see Chapter 3).  

Table 7.1 contains examples from the optimization process that clearly shows the observed differences in activity between CO2/FA 

and iPrOH. Indeed, catalyst Ru-1 is active in the presence of BMMIM NTf2, showing visible gas evolution and the presence of 

acetone in solution after 2 hours at 120 ⁰C, equal to 10% conversion of iPrOH and a TON of 105 (Entry 1, Table 7.1). On the 

contrary, Ru-1 in BMIM Ac resulted in only negligible conversion (Entry 2). In agreement with literature reports, it is possible to 

observe catalytic activity using Ru-2 if combined with an external base that promotes abstraction of the -Cl ligand; in addition, the 

use of a base probably leads to a higher degree of iPrOH deprotonation, resulting in easier coordination of the isopropoxide anion 

to the metal center (Entry 3, Table 7.1). However, it was a choice not to explore further the use of such reaction promoters in order 

to keep the system as additive-free as possible. Finally, the pre-activated amido complex Ru-4 afforded a TON = 150 after 1.5 

hours (Entry 4).  

Entry 
Catalyst 

(mol%a) 
Ionic liquid  

(mL) 
iPrOH 

(mmol) 

Time 

(h) 
T 

(⁰C) 
TON 

Conversionb 

(%) 

1    
Ru-1 

(0.10) 

BMMIM NTf2 

(1) 
5.2 1.5 90 105 10 

2 
Ru-1 
(0.20) 

BMIM Ac 
(1) 

5.2 2 90 / <5 

3c 
Ru-2 

(0.15) 

Pyrr NTf2 

(1) 
26 1 100 90 14 

4 
Ru-4 

(0.05) 

Piper NTf2 

(1) 
26 1.5 100 150 7 

Reactions reproducible within a 10% error. a mol% with respect to iPrOH. b Determined by 1H NMR. c With 

NaOEt (2 eq with respect to Ru-2). 

 

Table 7.1: Overview of the reactivity of Ru-PNP in ILs towards iPrOH dehydrogenation. 

 

Later, I have performed a screening of different Ru-PNP using BMMIM NTf2; the results are summarized in Table 7.2. Ru-3 did 

not produce any observable evolution of hydrogen (Entry 5), confirming the detrimental effect of the acetate anion already at 

catalytic amounts. In agreement with the observations so far, the -Cl catalysts Ru-MACHO and Ru-2 were found to be completely 

inactive under these reaction conditions (Entries 1,4). Ru-MACHO-BH showed 10% conversion and a TOF = 33 (Entry 2). Indeed, 

as opposed to the chlorido ligand in Ru-MACHO, the -HBH3 group can be removed by heating of the mixture at 90 ⁰C. Finally, 

Ru-1 (2 μmol) afforded 14% conversion of iPrOH and a TON of 91 after 2 hours at 90 ⁰C (Entry 3), while Ru-4 produced 15% 

conversion and a TON = 98 under the same conditions. Indeed, it is likely to imagine that both Ru-1 and Ru-4 result in the 

formation of the same species in the presence of IL/iPrOH/H2. Indeed, overlapping hydride signals at –9.45 ppm show the presence 

of catalytically active species after the reaction is completed for both Ru-1 (Figure 7.4) and Ru-4 (Figure 7.5). Ru-4 is a highly 

sensitive catalyst if exposed to air, but it remain stable in the presence of BMMIM NTf2, confirming the beneficial effect of the IL 

in stabilizing active species discussed in this text. However, due to the higher instability of Ru-4, I have continued the optimization 

using Ru-1 and the slightly less active but more robust, Ru-MACHO-BH.  
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Entry 
Catalyst 

 
TON 

TOF 

(h-1) 

Conversiona 

(%) 

1 Ru-MACHO - - <5 

2 Ru-MACHO-BH 65 33 10 

3 Ru-1 91 55 14 

4 Ru-2 - - <5 

5 Ru-3 - - <5 

6 Ru-4 98 42 15 

Reactions reproducible within a 10% error. a Determined by 1H NMR.  

Table 7.2: Screening of Ru-PNP catalysts for iPrOH dehydrogenation in BMMIM NTf2. 

 

 

 

Figure 7.4: 1H NMR spectrum of Ru-1 in BMMIM NTf2 after iPrOH dehydrogenation (CD3CN, 25 oC 400 MHz). Reaction conditions in Entry 

3, Table 7.2. 
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Figure 7.5: 1H NMR spectrum of Ru-4 in BMMIM NTf2 after iPrOH dehydrogenation (CD3CN, 25 oC 400 MHz). Reaction conditions in Entry 

6, Table 7.2. 

 

Table 7.3 summarizes the optimization of reaction conditions using different NTf2-based ILs. As a note, the choice of such ILs was 

justified by the lower viscosity of BMMIM NTf2 (1.42 g/cm³ at 25 °C) compared to the OTf analogue that has a melting point of 

40 ⁰C (from Iolitec). The opposite is valid for the non-methylated EMIM OTf and EMIM NTf2: in this case, the viscosity is higher 

for the NTf2 (1.52 g/cm³) than the OTf analogue (1.39 g/cm³). However, these ILs were excluded from the optimization due to 

visible changes in color after catalytic transformations, indicating degradation and/or the presence of carbene species, usually 

associated with darker shades of orange-brown of the resulting IL mixture. At least from a qualitative point of view, it is possible 

to observe a very similar behavior between NTf2 and OTf ILs. Based on these observations, it was a personal choice to continue 

the optimization using the more stable and practical BMMIM NTf2, at the same time exploring the use of different cations, as 

shown in Table 7.3.  

Varying the volumetric ratio of IL/iPrOH resulted in the same conversion of 10% (Entries 1-3, Table 7.3) indicating that the reaction 

reaches a thermodynamic plateau. This is also confirmed by the fact that longer reaction times does not lead to increased iPrOH 

consumption; in the experiment showed in Entry 4, Table 7.3, the same conversion (8%) was measured after 5, 10 and 20 minutes 

and did not improve after prolonged times. The higher catalyst loading used in this experiment might render the reverse acetone 

hydrogenation even more competitive. In addition, it is possible to notice that the gas evolution is visible only in the first minutes 

after iPrOH is added. I have decided to continue the optimization using an IL/iPrOH ratio of 0.5 that allows for higher turnover 

numbers (Entry 2), while higher IL/iPrOH ratios seem to decrease catalytic activity. Increasing the temperature from 90 to 120 ⁰C 

led to higher conversion (15%) and a TON = 85 (Entry 5). The IL cation seems to have a small influence on the catalytic activities; 

the saturated pyrrolidinium and piperidinium gave superior results compared to the imidazolium IL (Entries 2, 6, 7), in the order 

Piper >  Pyrr > BMMIM. Even under optimized conditions, it was not possible to increase the conversion of iPrOH above 25% 
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(Entry 8). Finally, decreasing the catalyst loading to 0.05 mol% provided the best TON = 380 (TOF = 190 h-1) at 100 ⁰C after 2 

hours using Piper NTf2 (Entry 9).  

 

Entry 
Catalyst 

(mol%a) 
Ionic liquid 

iPrOH 

(mmol) 

IL 

(mL) 

IL/iPrOH 

(v/v) 

Time 

(h) 
T 

(⁰C) 
TON 

Conversionb  

[%] 

1 Ru-1 

(0.20) 
BMMIM NTf2 13 1 1 1.5 90 60 10 

2 
Ru-1 
(0.10) 

BMMIM NTf2 26 1 0.5 1.5 90 114 11 

3 
Ru-1 

(0.35) 
BMMIM NTf2 13 2 2 1 90 25 10 

4 
Ru-1 

(1.20) 
BMMIM NTf2 1.3 0.5 5 0.3 90 6 8 

5 Ru-1 
(0.20) 

BMMIM NTf2 13 1 1 2 120 85 15 

6 
Ru-1 

(0.15) 
Pyrr NTf2 26 1 0.5 2 100 160 23 

7 
Ru-1 

(0.12) 
Piper NTf2 26 1 0.5 1 100 180 21 

8 
Ru-1 
(0.14) 

Piper NTf2 26 1 0.5 18 100 170 23 

9 
Ru-1 

(0.05) 
Piper NTf2 26 1 0.5 2 100 380 19 

10 
Ru-MACHO-BH 

(0.15) 
Pyrr NTf2 26 1 0.5 2 100 70 10 

11 
Ru-MACHO-BH 

(0.20) 
P1444 NTf2 26 1 0.5 2 110 68 13 

Reactions reproducible within a 10% error. a Mol% with respect to iPrOH. b Determined by 1NMR. 

Table 7.3: Optimization of iPrOH dehydrogenation under batch conditions.  

 

Ru-MACHO-BH was also active in the presence of Pyrr NTf2 and P1444 NTf2, affording a TON of 70 and 68, respectively, after 2 

hours (Entries 9 and 10). Also in this case, I have not carried out detailed stability studies but only observing at hydride signals in 

solution by NMR, it is possible to notice a higher stability of PhPNP ligands compared to iPrPNP analogues. Indeed, 

Ru-MACHO-BH will perform much better under flow conditions, while Ru-1 will show no visible catalytic activity. However, 

this is not surprising considering the observed higher stability of PhPNP over iPrPNP ligands throughout this whole dissertation.  

Overall, the batch experiments demonstrated that the system Ru-PNP/IL is active for iPrOH dehydrogenation at T<120 ⁰C, reaching 

equilibrium plateaus that was not possible to overcome. Therefore, I have transferred the most active combinations of Ru-PNP/ILs 

to the SILP technology for iPrOH dehydrogenation under continuous flow conditions. 
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7.2.2 Continuous flow  

In a preliminary experiment, I have prepared a SILP material using Ru-1 (Ru/SiO2 = 0.25 wt%), BMMIM NTf2 and the mesoporous 

silica 100 as the support material (see Appendix D for BET data). The SILP were tested in the demonstrative set-up showed in the 

experimental section (Figure 2.6). Gladly, low concentrations of H2 were observed via MicroGC, confirming iPrOH 

dehydrogenation occurring under flow conditions. A similar experiment was conducted using a SILP catalyst with 

Ru-MACHO-BH instead of Ru-1. Similarly, H2 (5-10 vol% in N2) was observed in the gas phase by MicroGC. The combination 

of both batch and flow experiments allowed me to prepare selected SILP materials to be tested in my external stay at FAU 

University in Erlangen. In detail, I have prepared a number of SILP materials using Ru-1 and Ru-MACHO-BH as the catalysts, 

Piper NTf2 as the IL, and screened different Ru/SiO2 wt% ratios using the mesoporous silica 100 and silica 60 (measured by BET 

analysis, see Appendix D). I have chosen the percentage of volumetric pore filling (α) to be consistently 20% for all the samples to 

avoid overfilling and saturation of the pores, as usually done for this type of materials [209]. Table 7.4 shows an overview of the 

so-prepared SILP catalysts. The percentage of pore filling was measured as follows: 

𝛼 =  

𝑚𝐼𝐿
𝜌𝐼𝐿

⁄

𝑚𝑆𝑖𝑂2
∗ 𝑃𝑜𝑟𝑒 𝑉𝑜𝑙𝑆𝑖𝑂2

                    (1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7.4: Screening of SILP catalysts for initial tests in fixed-bed reactor at FAU. The SILP catalysts were prepared by wet impregnation as 

described in chapter 7.3 using Piper NTf2 (α = 20%). The SILP catalysts that showed activity under continuous flow fixed-bed conditions are 

shown in red.  

 

The catalytic tests were carried out in a fixed-bed reactor equipped with a MicroGC for the analysis of the gaseous products (see 

section 7.3 for details and schematic representation of the reaction set-up). I would like to express my gratitude to PhD student 

Melanie Eßl for training and assistance while using the reactor set-up she designed and optimized during her PhD studies. She also 

carried out extremely useful experiments after I left Erlangen, providing even more insights for the work that is described here. In 

addition, she contributed with most of the plots that are shown in this section. Curiously, her project also dealt with the continuous 

flow of iPrOH, but catalyzed by heterogeneous catalysts at higher temperatures than those presented in this study.  

Catalyst 
silica 100 

Ru/SiO2 wt% 

silica 60 

Ru/SiO2 wt% 

Ru-1 

0,5 0,35 

1 0,1 

0,1 0,91 

Ru-MACHO-BH 

0,5 0,1 

1 0,87 

0,1 - 
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Figure 7.6: Thermodynamic equilibrium conversion vs temperature at different iPrOH dilutions in N2 (provided by FAU). 

 

Opposed to the previous findings in batch conditions, Ru-1 was inactive when exposed to a gaseous iPrOH feed (Table 7.4). 

Probably, the complex deactivates during the manipulations (placing of the SILP in the catalytic bed, flushing and heating up of 

the reactor) before the actual reaction starts. On the contrary, the SILP materials containing Ru-MACHO-BH (in Ru/SiO2 ratios 

>0.5 wt%) produced a stable flow of hydrogen, with the conversion of iPrOH that follows the temperature profile in the reactor, 

very close to the calculated equilibrium conversion during the initial times of reaction. In this regard, Figure 7.6 was provided by 

FAU and shows the different iPrOH conversions that is possible to obtain at different temperatures and iPrOH dilutions in N2. As 

will be described in this section, continuous flow reactions carried out with diluted iPrOH feed shows very poor hydrogen evolution, 

likely explained by too high dilution of iPrOH and too small size of the catalytic bed. Hence, I have used undiluted iPrOH for most 

of the following experiments. Figure 7.6 shows that the expectable conversion at the temperatures used in this study (90-130 ⁰C) is 

between 5-15%. 

Figure 7.7 shows the conversion profile of an experiment using a SILP catalyst containing Ru-MACHO-BH (1 wt% Ru/SiO2), 

Piper NTf2 (α=20% as for all the tested SILPs) and silica 100 as the support. The conversion varies from 3 to 15% according to the 

changes in temperature, with a selectivity >95% towards hydrogen and acetone and no quantifiable by-products. However, when 

the temperature was increased again, the conversion did not reach the initial values indicating some degree of deactivation of the 

SILP catalyst. The same material was reused in a second experiment after simple storage at ambient conditions exhibiting a 

substantial loss of activity, as shown in Figure 7.7c. A similar deactivation pattern was observed using a SILP catalyst with Ru/SiO2 

= 0.5% with otherwise identical composition (Figure D.3).  

Keeping the temperature stable at 110 ⁰C leads to a similar deactivation profile as the one observed in the temperature ramp 

experiments, in the presence of both silica 60 and silica 100 (Figure 7.8 for silica 60). It is clear that both supports are suitable for 

this transformation; however, I have decided to continue the screening using silica 100 that possesses bigger pore size and volume, 

which should allow easier gas diffusion through the catalyst phase, and lower degree of condensation and accumulation of iPrOH 

and/or impurities in the catalytic bed. In fact, this aspect can explain the higher degree of scattering of data points observed in the 

experiments with silica 60 due to easier clogging of the pores and/or local condensation of iPrOH.  
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Figure 7.7: Continuous flow iPrOH dehydrogenation; Ru-MACHO-BH/SiO2 (1 wt%), Piper NTf2 (α = 20%), silica 100. 

 

 

 

 

 

 

 

 

 

Figure 7.8: Continuous flow iPrOH dehydrogenation; Ru-MACHO-BH/SiO2 = 0.9 wt%, Piper NTf2 (α = 20%), silica 60. The red line highlights 

the deactivation profile observed in all the experiments. 
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Based on these initial testing, I have synthetized more SILP materials during my stay FAU, and screened different bistriflimide ILs 

varying the cation. In fact, such perturbations can influence parameters such as space occupation, wettability and viscosity of the 

IL phase in the SILP material. Hence, I have tested BMMIM NTf2, Pyrr NTf2 and P1444 NTf2; no clear influence of the cation on 

the catalytic activity was observed under experimental conditions (Figure D.4).  

Later, I have attempted to assess the robustness of the system by feeding a mixture of 25 vol% acetone in iPrOH with the purpose 

of simulating operative conditions where unconverted iPrOH is recycled with the presence of acetone in the feed (see Figure 8.4, 

Chapter 8). As expected, the SILP catalyst with Ru/SiO2 = 1 wt% and P1444 NTf2 resulted in poorer activity compared to a pure 

iPrOH feed; however, the system was still able to release hydrogen from iPrOH, with a stable conversion of 5-7% at 110-130 ⁰C 

over 18 hours of experiment (Figure D.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.9: Continuous flow iPrOH dehydrogenation. a) in the missing space the catalyst was exposed to 25% acetone in iPrOH. b) TOF 

measured at different temperatures over the 3 days of reaction. c) Experiment after 2 months. Ru-MACHO-BH/SiO2 = 0.9 wt%, P1444 NTf2 (α = 

20%), silica 100. 

 

In a following experiment, 4g of the SILP catalyst (Ru/SiO2 = 0.9 wt%, P1444 NTf2, silica 100) were diluted with 1g of silica 100 

to ensure maximum dispersion of the catalytic active phase. The SILP was exposed to changes in temperature and reaction 

conditions and the reactor stopped overnight for two times over 3 days (Figure 7.9). As shown in Figure 7.9b, it is possible to 

observe a consistent decrease in the turnover frequencies achieved by the catalyst over the 3 days, with a deactivation profile that 
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seems to be independent from the different temperatures and reaction conditions used. Nevertheless, in the first 20 h of reaction, 

the system shows high selectivity and conversion values that are very close to the calculated equilibrium (Figure D.6), affording a 

maximum turnover frequency of 70 h-1 at 120 ⁰C (Figure 7.9b). In Figure 7.9c, the same SILP catalyst was reused in a second 

experiment after 2 months of simple storage at ambient conditions. The system was stable for up to 40 h at 130 ⁰C, showing that 

catalytic activity is not fully lost. The TOF values were calculated as follows: 

𝑇𝑂𝐹 =
𝑋𝐼𝑃𝐴 ∗ �̇�𝑖PrOH

𝑛𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡

                   (2) 

 

In a final long-term experiment, a SILP catalyst containing Ru-MACHO-BH (Ru/SiO2 = 1%), P1444 NTf2 and silica 100 was 

exposed to changes in temperature, different dilutions of iPrOH in N2, as well as to a 25 vol% acetone/ iPrOH mixture as the feed 

(Figure 7.10). The iPrOH feed was diluted with N2 (80 vol% of iPrOH in N2) to prevent condensation and accumulation of iPrOH 

in the catalytic bed, a potential cause of the decreased activity. Also in this case, the deactivation profile (red line in Figure 7.10) 

seems to be independent of the different reaction conditions.  

Dilution of iPrOH with N2 did not lead to any observable effect on the catalytic activity and stability. In fact, when comparing two 

experiments using the same catalyst but different dilutions (40 and 80 vol% of iPrOH in N2), similar deactivation profiles occur. 

The same behavior was observed during acetone dilution (pink bar) and temperature variation (orange bar) experiments, with a 

consistent decrease in activity that is largely independent of the reaction conditions. Appendix D provides more data related to this 

experiments in terms of turnover frequency over the 100 hours of reaction (Figure D.7), acetone (Figure D.8) and iPrOH dilution 

(Figure D.9), as well as temperature effect. From basic kinetic calculations, it was possible to deduct that the reaction follows a 

first order kinetic profile, as shown in Figure 7.11. The calculated activation energy at 80 vol% of iPrOH in N2 was 53.45 KJ/mol.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.10: Continuous flow iPrOH dehydrogenation, long time experiment; Ru-MACHO-BH/SiO2 = 1 wt%, P1444 NTf2 (α = 20%), silica 100. 
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ln(𝑇𝑂𝐹) = ln(𝐶) + 𝑛 ∗ ln(𝑝𝐼𝑃𝐴)2                     (3) 

ln(𝑇𝑂𝐹) = ln(𝐶) − 
𝐸𝑎

𝑅𝑇
                   (4)                     

Figure 7.11: Kinetic calculations performed using data from the experiment described in Figure 7.10. Thanks to PhD student Melanie Eßl at FAU. 

 

All of the tested SILP materials (initially white) turned brown after catalytic tests in the reactor tube or if exposed in air for long 

times, indicating degradation of the IL and/or the catalyst. After extraction of the catalyst/IL phase from the exhaust SILP catalysts 

with DCM, 1NMR analysis shows the presence of iPrOH, acetone and H2O. These substances may well clog the pores of the porous 

support, resulting in decreased activity over time, even with possible formation of inactive ruthenium species (Figure 7.12).  

I have performed NMR studies in solution to elucidate the stability and possible deactivation explanations of the mixture 

Ru-MACHO-BH and P1444 NTf2. As discussed in Figures 3.18-3.20 in Chapter 3, the corresponding signals of Ru-MACHO-BH 

are still detectable after addition of both P1444 NTf2 and iPrOH. Therefore, I have conducted more NMR analysis after extracting 

the catalytic active phase from a freshly prepared SILP using dry DCM. Figure 7.13 shows the 1H NMR of the extracted Ru-SILP 

catalyst used under continuous flow conditions containing Ru-MACHO-BH and P1444 NTf2. It is possible to observe Ru-H signals 

indicating the presence of catalytically active species. The same is visible in Figure 7.14, where the 1H NMR spectrum of Ru-

MACHO-BH (down) is staggered with an extracted (not used) SILP material prepared with P1444 NTf2. Similar to the used SILP, 

the extracted phase shows the presence of hydride signals. At least from a qualitative point of view, degradation of the aromatic 

pincer structure might occur, as indicated by the presence of newly formed peaks at 7.1-7.3 ppm. 

It has to be noted that commercial grade iPrOH without prior purification was used as a feed, which can lead to accumulation of 

impurities, as well as H2O, over extended reaction times. In addition to mechanical stress causing leaching of the IL at high gas 

flows, probably not all the Ru-PNP catalyst is fully dispersed and homogenized in the IL phase. Indeed, the catalytic activity is not 

fully lost after 100 hours on stream, indicating that part of the homogeneous system is still active, as corroborated by the extracted 

IL phase containing Ru-H signals.  
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Figure 7.12: 1H NMR spectra of Piper NTf2 as reference (up) and the extracted SILP catalyst (down) after reaction in the fixed-bed reactor 

(CDCl3, 25 oC 400 MHz). Ru-MACHO-BH/SiO2 = 1 wt%, Piper NTf2 (α = 20%), silica 100. 
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Figure 7.13: 1H NMR analysis of the extract solution from a SILP sample used in the fixed-bed reactor. 

Ru-MACHO-BH/SiO2 = 1 wt%, P1444 NTf2 (α = 20%), silica 100 (d-DCM, 25 ⁰C, 400 MHz). 

 

 

Figure 7.14: 1H NMR of Ru-MACHO-BH in d-DCM (down) staggered with a solution of a fresh SILP catalyst that was extracted in d-DCM 

(up). Extracted SILP: Ru-MACHO-BH/SiO2 = 1 wt%, P1444 NTf2 (α = 20%), silica 100 (d-DCM, 25 ⁰C, 400 MHz).  
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Later, I have investigated the use of solid-state 29Si, 31P, and 13C NMR spectroscopy for the characterization of both fresh and spent 

SILP materials (reference 13C and 31P NMR spectra of the used  P1444 NTf2 are provided in Appendix D, Figure D.11). The 

experiments were possible thanks to the kind contribution of Kasper Enemark-Rasmussen who analyzed the SILP materials I 

provided, and helped me with the interpretation of the obtained spectra (see Appendix D for experimental details of the ssNMR 

analysis).  

The 29Si ssNMR spectra for the fresh and spent SILP samples appear very similar, showing that the overall silicate support structure 

remained intact after catalytic dehydrogenation (Figure 7.15). From a qualitative point of view, the 29Si spectrum for the used 

catalysts shows a slight reduced intensity around -100 to -105 ppm, indicating a lower amount of superficial Si-OH species. It has 

to be noted that storage of the used materials under ambient conditions might lead to accumulation of water over time. In fact, such 

experiments were conducted after many months after use of the SILPs in Germany.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.15: (a) 29Si ssNMR spectra of fresh SILP (red line) and used SILP (blue line). (b) 29Si NMR spectra of fresh SILP (purple line) and used 

SILPs (blue, red and black lines). Ru-MACHO-BH/SiO2 = 1 wt%, P1444 NTf2 (α = 20%), silica 100 for all the samples. 
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The 13C ssNMR spectrum for the used SILP sample shows the presence of more signals at 64-67 ppm and 24 ppm compared to the 

fresh SILP (Figure 7.16a). Both signals can be attributed to the presence of iPrOH trapped in the SILP catalyst after use, thus 

providing a plausible explanation for the observed (decreasing) activity over time due to clogging of the pores. This behavior 

appears even clearer from Figure 7.16b: the purple line indicates the fresh SILP as the reference, while the three lines below are 

the 13C spectra of used SILP in the reactor under different isopropanol dilution in nitrogen.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.16: (a) 13C ssNMR spectra of fresh SILP (red line) and used SILP (blue line). The presence of DCM can be explained by the synthesis 

procedure of SILP catalysts (see 7.3). (b) 13C NMR spectra of fresh SILP (purple line) and used SILP (blue, red and black lines) under different 

reaction conditions. Ru-MACHO-BH/SiO2 = 1 wt%, P1444 NTf2 (α = 20%), silica 100 for all the samples. 
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In particular, it is possible to notice that the sample represented by the blue line shows a lower degree of iPrOH accumulated. This 

is easily explained by the fact that this experiment was conducted for shorter times (24 h) using a 40% iPrOH in N2 feed solution, 

resulting in a lower propensity towards iPrOH condensation in the catalytic bed. However, as already described before, diluting 

the iPrOH is not beneficial in the long term; in fact, the red line represents another experiment, also using 40% iPrOH but for longer 

times (40 h). Finally, the black like shows the SILP catalyst used in the long-term experiment depicted in Figure 7.10, where besides 

iPrOH dilutions (green bar in Figure 7.10) the system was tested using 80% iPrOH in N2. Importantly, the signals at 120 ppm 

(NTf2), as well as the multiple signals at 0-30 ppm (P1444) indicate that no visible degradation occurred to the IL (as also observed 

in the NMR analysis in solution showed before).  

Finally, the 31P NMR spectra in Figure 7.17 for the fresh and spent SILPs contain similar signal intensities in the same chemical 

shift region (see Appendix D for 31P NMR spectrum of P1444 NTf2). From a qualitative point of view, the spent SILP results in a 

more broad and featureless spectrum. However, it is not possible to derive more detailed conclusion based on phosphorous NMR 

analysis being the the IL´s signals very intense and close to each other. 

 

 

 

 

 

 

 

 

 

 

Figure 7.17: 31P ssNMR spectra of fresh SILP (red line) and used SILP (blue line). Ru-MACHO-BH/SiO2 = 1 wt%, P1444 NTf2 (α = 20%), silica 

100. 

 

Very recently, in collaboration with postdoc Maria Padilla, we are exploring the possibility to perform attenuated-total-reflectance 

(ATR) Fourier Transform infrared (FTIR) studies thanks to the equipment gently provided by Prof René Wugt Larsen at DTU 

Chemistry. This is a particularly useful technique since it allows the observation of signals that are directly associated with the used 

catalysts, such as the –HBH3 and the CO ligands in the case of Ru-MACHO-BH. Future investigations in this sense could elucidate 

the nature of the interactions involved between catalyst, IL and support, as well as provide an explanation for possible deactivation 

pathways. 

BET analysis did not provide particularly useful information concerning possible deactivation causes. The differences in pore size 

and pore volumes between fresh and used SILPs is negligible and does not indicate a substantial clogging of the pores (see Table 

D.1, Appendix D). Similarly, TGA analysis shows a constant loss in weight when the SILP catalyst is kept at 120 ⁰C for 16 hours. 

The loss in weight is relatively small (0.15 mg) and does not explain the catalytic behavior (Figure D.14, Appendix D).  
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7.3 Experimental part 

Procedure for batch isopropanol dehydrogenation 

In a typical experiment, the desired amount of catalyst was scaled in a glove box and transferred in a dry two-neck flask. Later, the 

IL was added and the resulting mixture stirred while heating to the desired temperature until full catalyst dissolution. Finally, 

anhydrous iPrOH was added by means of a syringe in the reaction flask that was set under refluxing conditions with a gentle argon 

flow to facilitate hydrogen release from the IL. After the reaction was completed, the solution was cooled to room temperature and 

a sample was taken for NMR analysis for the quantification of the acetone produced.  

Preparation of SILP catalysts 

All manipulations were performed under Schlenk conditions. The silica precursor was calcined at 600⁰C overnight and stored in a 

glove box. The SILP catalysts were prepared by dissolving the desired amounts of catalyst (Ru/SiO2) in dry dichloromethane. 

Later, the ionic liquid was added and the mixture stirred for 10 minutes to allow full catalyst solubility. The support material is 

then added to the mixture under vigorous stirring for not more than 20 minutes, in order to avoid mechanical stress on the support 

material. Finally, the solvent is evaporated under vacuum and the SILP material is stored in a glove box until catalytic use.  

 

Continuous gas-phase reactor setup 

 

Figure 7.18: Schematic representation of the fixed-bed reactor used at FAU for continuous flow dehydrogenation of iPrOH using Ru-SILP 

catalysts. 

 

The continuous gas-phase iPrOH dehydrogenation experiments were conducted the fixed bed reactor set-up available at FAU, of 

which Figure 7.18 provides a schematic representation. The liquid substrate iPrOH was pumped by means of a Techlab HPLC 

pump and delivered to an Adrop vaporizer. N2 was used to flush the system during heating of the pipes/reactor or to dilute the 

iPrOH feed when needed. The temperature of the pipes was set at T>120 ⁰C (and T = 150⁰ in the downstream line) in order to avoid 

iPrOH condensation. However, it was possible to observe fluctuations in the amounts of acetone and iPrOH recorded by the 
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MicroGC, indicating possible creation of iPrOH droplets. A temperature gradient between the set temperature and the measured 

value was always ≈20-30 ⁰C, due to heat dissipation. A total of five thermocouples controlled the temperature in different parts of 

the reactor, in particular one in the upstream line, three in the reactor tube, and one in the downstream line. After the reactor, the 

gas steam was passed through a condenser and the vapor phase continuously analyzed by MicroGC to quantify the H2, acetone and 

iPrOH volumetric content in the gas phase. The reactor column consisted in a 50x3.3 cm glass tube filled with glass spheres to 

facilitate gas mixing. The SILP material was placed in the middle of the column between two glass-fiber disks, hence with tunable 

thickness of the resulting catalytic bed (2-4 cm i.e. 2-5 g of SILP). In some experiments, the prepared SILP materials were diluted 

with silica to increase the size of the catalytic bed and disperse the catalytically active phase on a larger support area.  

 

7.4 Summary 

In conclusion, I have demonstrated a rare example of gas-phase iPrOH dehydrogenation using a homogeneous organometallic 

complex at low temperatures (<120 ⁰C). Remarkably, the system operates very closely to the upper limit of equilibrium conversion 

dictated by the universal law of thermodynamics (approximately 8% conversion at 100 ⁰C). It was possible to start/pause the system, 

and the catalyst retained its activity when feeding iPrOH at different concentrations, as well as in the presence of the by-product 

acetone. These results are crucial for proving the application feasibility of such system since they model real-life conditions of 

hydrogen vehicles. Moreover, I have performed several analytic investigations on the used SILP materials that showed how the 

catalytic active species remains active after 2 months of simple storage at ambient conditions.  

It has been demonstrated that thermally activated Ru-PNP catalysts work under the reaction conditions used in this study. The 

resulting stability of such complexes under fixed-bed conditions due to the beneficial effect of the IL represents a promising starting 

point for further optimization. The observed differences between batch and flow conditions indicate a synergistic effect of Ru-PNP, 

IL and support material on the final catalytic performance of such mixtures. In fact, this preliminary study opens up for further 

optimization concerning every single component (catalyst, IL and support) of such SILP materials for dehydrogenation reactions 

at mild conditions. Changes in SILP composition (catalyst and IL loading, support nature and porosity), anchoring of the catalyst/IL 

to the support covalently (Figure 7.2), as well as modifications of the PNP pincer and/or addition of a co-catalyst, represent 

examples for future screening and optimization. Equally important is the in-depth study of reaction parameters such as gas velocity 

in the reactor, size of the catalytic bed, mass transport and gas diffusion phenomena within the SILP catalyst, and influence of 

temperature, pressure, iPrOH dilution etc. In fact, iPrOH condensation and accumulation in the SILP material is likely the main 

cause of the (partial) observed deactivation profile. Therefore, it is possible to imagine structural modifications of catalytic bed, 

reactor size and shape, as well as a more efficient heating system to ensure that the reaction is carried out exclusively in the gas 

phase.  

Usually, degradation of the homogeneous catalyst under operative conditions, as well as leaching of IL/cat outside of the support 

material are the main drawbacks involved when using SILP and other supported technologies. Indeed, they could both explain the 

deactivation profile observed in long-term experiments (together clogging of the pores due to condensation). Nevertheless, I would 

like to remark that the observed drop in activity in not complete. Longer time reactions might demonstrate that the catalytic activity 

is retained to a certain level, and eventually kept for longer reaction times than those used in this work. Promising indications in 

this sense are provided by the long-term experiment in Figure 7.10 as well as the recycle experiment after storage under air in 

Figure 7.8c. In this regard, I have attempted to provide an explanation to the observed deactivation of the Ru-SILP catalysts using 
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several techniques such as solution and solid state NMR, IR, TGA, and BET. Indeed, NMR spectroscopy clearly shows the presence 

of active Ru-H species after reactions under continuous flow conditions. Overall, the successful optimization of a SILP-catalyzed 

dehydrogenation of isopropanol (and other LOHCs) can be a key step towards the consolidation of the LOHC technology applied 

to the transportation sector. 
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8. Main Conclusions and perspectives 

In conclusion, I have demonstrated that the combination of Ru-PNP complexes and ILs represent a powerful tool to be used in 

relevant transformations within sustainable catalysis, particularly for hydrogenation and dehydrogenation reactions. In this 

dissertation, I have attempted to provide a full overview of the potential of such system, from fundamental studies of basic reactivity 

between Ru-PNP and ILs, up to concrete potential industrial applications. In addition, I have tried to provide an overview of the 

current employed methods with associated drawbacks and challenges, as well as future perspectives for hydrogen-related 

technologies. 

In Chapter 3, I have set the bases for the catalytic applications of the Ru-PNP/IL system described in the following chapters, 

showing how such a “simple” combination can lead to many possible catalytic processes. It has been hypothesized and later 

confirmed that the IL can act as a solvent and at the same time perform the activation step usually required in the presence of 

Ru-PNP complexes. Indeed, I have demonstrated the unprecedented activation of Ru-PNP pre-catalysts promoted by acetate and 

formate ILs. The IL provides the needed basic properties, and stabilizes ruthenium active species in solution resulting in catalytic 

systems with remarkable stability over time. For example, the system does not require inert precautions (manipulation and storage) 

and the ILs were used as provided from the vendor (Iolitec) without prior purification; these aspects clearly assess the applicability 

of such solution under real-life conditions.  

In Chapter 4, I have demonstrated a new approach for CO2 valorization to FA based on Ru-PNP pincer organometallic complexes 

in IL. The system promotes both carbene-assisted activation of CO2 as well as the hydrogenation of the CO2-adduct to FA already 

at ambient conditions (25 ⁰C, 1 bar). Importantly, CO2 capture and hydrogenation to FA from biogas mixtures has been showed as 

well, expanding the possibility for spin-off projects. Currently, low turnover frequencies and the impossibility to separate FA from 

the IL mixture represent the main drawbacks and challenges to be solved. I envision that the addition of a suitable co-IL can allow 

the desired FA separation, as well as increase the overall stability and efficiency of the system. For example, it is possible to imagine 

that the IL active for CO2 activation is present only at catalytic amounts in combination with the Ru-PNP catalyst, resulting in a 

real bi-catalytic system. Then, a co-IL would stabilize FA formation in solution, at the same time favoring its separation from the 

catalytic active phase. The work conducted in this thesis represents a starting point towards this direction. From the results shown 

in Chapter 4, it is clear that the CO2 activation is not the main challenge related to this process, and it easily performed by 

imidazolium carboxylate ILs. Hence, the method proposed here for CO2 can be exploited for further transformation involving 

carbon dioxide. For example, changing the hydrogenation catalyst (or adding a co-catalyst to the Ru-PNP) could lead to the 

formation of other valuable products such as the LOHC methanol.  

In Chapter 5, I have showed that the dehydrogenation of FA catalyzed by Ru-PNP/IL proceeds at temperatures compatible with 

low temperature PEM-FCs (T = 80-95 ⁰C) with turnover frequencies up to 104. The optimized system remained stable for up to 4 

months, achieving an overall TON of 18 million, the best result published to date in terms of both catalyst activity and stability 

over extended reaction times. Thanks to the IL, hydrogen is released with no contamination of vaporized solvents or bases. The 

system shows extreme flexibility, stability and reversibility under a wide range of temperatures, pressures, times and catalyst 

loading. These features make Ru-PNP/IL a promising candidate for hydrogen delivery technologies using the LOHC FA. Storage 

and manipulations were performed under ambient conditions, and the possibility to dehydrogenate neat FA maximizes the atom 

efficiency and hydrogen gravimetric content of the system. It is possible to pause and restart the device, which could potentially be 

positioned in a small compartment with FA that is added continuously from a separate container, representing the ideal conditions 

for practical implementation of the technology in e.g. a FC vehicle. Typically, the minimum amount of hydrogen release for an 
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adequate hydrogen-to-electricity conversion influences size and weight of such a device, which in turn affects its practical 

applicability. In this sense, the practical advantages of the Ru-PNP/IL system have been demonstrated in Chapter 5. Importantly, 

the production of pressurized hydrogen, of great importance for large-scale implementation of hydrogen technologies, has been 

proven as well.  

As a logical consequence of the findings from Chapter 4 and 5, in Chapter 6 I have described an example of reversible CO2 

hydrogenation and FA dehydrogenation performed by the same catalytic system without the addition of external sacrificial 

additives. Switching between the cycles is favored by changing either pressure or temperature, and Ru-PNP/IL performed up to 13 

cycles with retention of the catalytic activity and unchanged stability over time. The findings shown in this chapter represent a 

starting point towards the possible optimization of a practical device for the renewable storage and release of renewable energy.  

Finally, in Chapter 7 I have demonstrated that the Ru-PNP/IL system is also active for the dehydrogenation of isopropanol and can 

be trasferred into a heterogeneous-like catalytic system by means of the SILP technology. The deposition of the catalyst and the IL 

system into a porous supporting material provides high activity and selectivity at low temperatures, combined with improved 

chemical and mechanical stability, recyclability and easy handling. As such, the so-obtained Ru-SILP catalyst dehydrogenated 

iPrOH efficiently under fixed-bed reaction conditions, reaching conversion values close to the calculated thermodynamic 

equilibrium.  

The experimental work presented in Chapter 7 demonstrates that the Ru-PNP/IL system is a suitable candidate for continuous flow 

(de)hydrogenation reactions using the SILP technology. This means that also the Ru-PNP/IL combinations (and applications) 

described in Chapter 4, 5 and 6 could potentially be transferred to a SILP material with obvious advantages given by the possibility 

to perform continuous-flow processes. The SILP technology could provide a solution to the drawbacks encountered during the 

optimization of CO2 hydrogenation to FA; for example, immobilization of a suitable mixture of catalyst and IL into a support 

material could allow for continuous separation of FA from the catalytic active phase. In this regard, highly attractive is the 

possibility to functionalize ILs with e.g. silicates, and covalently bind them to the support, avoiding leaching and favoring product 

separation. The support might play a fundamental role; for example, materials with intrinsic basicity (alumina) might enhance the 

performance of the Ru-PNP catalysts towards both hydrogenation of CO2 and dehydrogenation of FA, where basic conditions are 

favorable. Moreover, heterogeneous catalysis is rich with many examples of functionalized silica, alumina, carbon, titania or zeolite 

materials. Hence, highly attractive is the possibility to use the SILP technology combining known and active heterogeneous 

materials (Cu-zeolites) with active homogeneous catalysts (Ru-PNP) to perform both hydrogenation and dehydrogenation reactions 

with great efficiency and mild reaction conditions.  

Overall, the organometallic Ru-PNP catalysts are responsible for the great selectivity under extremely mild reaction conditions 

reported in this work. Fine-tuning of the two components (catalyst and IL) can access a wide range of possible transformations, 

with hydrogenation and dehydrogenation that have been demonstrated in this study. Knowing the extraordinary flexibility in 

catalytic applications offered by organometallic pincer complexes (see Appendix E), it is possible to envision the applicability of 

Ru-PNP/IL using the SILP technology for many reactions that allows both reagents and products to run in the gas-phase. This 

includes e.g. dehydrogenation of FA, methanol and alohols at low temperature, hydrogenation of CO2 and CO to different products, 

(reverse) water gas shift, ethanol valorization to bio-fuels, etc. When it is not possible to vaporize the substrate, the Ru-PNP/IL can 

be used under batch conditions for e.g. selective valorization of biomass-derived compounds such as glycerol, furanics, and up to 

carbohydrates and cellulose/hemicellulose. Importantly, the activity of Ru- and Ir-PNP catalysts towards such substrates has been 

demonstrated already and currently investigated in the Nielsen´s group [348–351]. For example, proper tuning of the ILs properties 
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(especially in terms of acidity/basicity) can provide the one pot dissolution of biomass and further valorization to relevant 

monomers and building blocks [352,353]. Hence, the Ru-PNP would perform hydrogenation and/or transfer hydrogenation 

reactions of the so-obtained monomers producing highly attractive building blocks for the chemical industry. The unlimited 

possibilities given by task-specific synthesis of ILs make all of the proposed visions at least worth exploring. 

Obviously, the choice of the catalyst is not limited to the Ru-PNP complexes showed in this study. The literature is already rich 

with numerous examples of first row transition metal PNP catalysts being active for the same dehydrogenation and hydrogenation 

reactions described in this study [354,355]. In particular, iron (same group) is a promising candidate to substitute the expensive 

and rare ruthenium. The Fe-PNP catalysts reported by Hazari and co-workers possess the same ligand structure as the Ru-PNP 

catalysts showed here, showing remarkable activity in both hydrogenation of CO2 as well as FA/MeOH dehydrogenation. Mn-PNP 

complexes (Mn-1) also show promising results in the same transformations. In this perspective, the activity of Mn-1 for FA 

dehydrogenation in ILs has been demonstrated in Chapter 5, offering exciting premises for future optimization. Despite the lower 

activity and stability of iron and manganese compared to e.g. ruthenium and iridium, I envision the possibility to transfer the system 

Ru-PNP/IL showed in this work to first-row transition metal complexes. In this sense, the use of an IL has the potential to provide 

a solution to the limited stability showed by these metals.  

The attractiveness of the processes discussed in this thesis (and their possible industrial applications) has attracted interest from 

both the academic and business sectors. This was demonstrated by the funding received from DTU Discovery Grant (DKK 110.000) 

and Hartmann Fond (DKK 85.000). The money have been used for the purchase of equipment that will contribute greatly to the 

optimization of the reaction set-ups described in Chapter 2. Such installations will provide high quality and real-time data, and will 

certainly speed up the optimization process of the catalytic systems investigated in the Nielsen´s group.  

 

 

Figure 8.1: Possible implementation of the Ru-PNP/IL system in a FC vehicle using FA as the LOHC.  

 

Figures 8.1, 8.3 and 8.4 show schematic representations of potential industrial applications of the processes discussed in this thesis. 

In particulatr, Figure 8.1 describes a FC vehicle that uses FA as the LOHC fuel. Based on the results from Chapter 5, it is possible 

to imagine a compartment of the vehicle´s engine where H2 is extruded from the LOHC and delivered to the FC using the off-heat 

provided by the latter. The co-produced CO2 can be either released in air or separated from H2 and stored in a different compartment. 
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This can be done using e.g. a membrane, or an IL absorbent. Potentially, the product could be implemented in the transportation 

sectors, from small-size cars up to larger vehicles. 

Ideally, and the work discussed in this thesis confirms, it is possible to envision a system where the same (or slightly modified) 

Ru-PNP/IL system can perform both cycles, as depicted in Figure 8.1. Indeed, in Chapter 6 I have demonstrated the reversible 

HD/DH of CO2/FA, hence that the system is a suitable candidate for such an application. Importantly, the so-described unit can be 

envisioned with both liquid solutions as well as SILP configurations of Ru-PNP/IL. In this regard, I carried out a preliminary 

experiment with a SILP catalyst for the continuous flow gas-phase dehydrogenation of FA using the most active system described 

in Chapter 5 (Figure 8.2). The SILP material was prepared by wet impregnation depositing Ru-MACHO-BH (1 wt% Ru/SiO2) 

and BMIM Ac on SiO2 as described in the experimental part of Chapter 7. The experiment was carried out with the demonstrative 

set-up showed in Figure 2.5, by saturating a flow of nitrogen gas with FA, and pass the resulting mixture through the SILP catalyst 

at 120 ⁰C. To my delight, the system produced a 1:1 mixture of H2:CO2, assessing the feasibility of the such solution. In order to 

avoid condensation of FA in the catalytic bed, the reactor oven was set at 120 ⁰C. This can explain the presence of CO, in agreement 

with the findings from 5.2.3 (FA dehydrogenation in a closed system). Nevertheless, the results showed in Chapter 5 confirms that 

catalytic activity should be observed already at 80-95 ⁰C, which should avoid the formation of the unwanted CO.  
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Figure 8.2: Continuous flow gas-phase FA dehydrogenation using a Ru-SILP catalyst. The presence of H2O as a product is omitted. 

Ru-MACHO-BH/SiO2 = 1 wt%, BMIM Ac (α = 20%), silica 100. 

 

Figure 8.3 shows the same concept applied for a FC vehicle where the LOHC system is the couple iPrOH/acetone (see Chapter 7). 

As mentioned in Chapter 7, the couple iPrOH/acetone can be used to lower the dehydrogenation temperature of known LOHCs 

such as dibenzyltoluene (T = 200-300 ⁰C). Figure 8.4 shows an example of such application using a Ru-SILP as the one described 

in this thesis. In detail, DBT is passed through a flow of acetone in combination with a heterogeneous catalyst that promotes transfer 

hydrogenation reaction of acetone. The so formed iPrOH reaches the SILP catalyst where it is dehydrogenated providing H2 to the 

FC (H2 and acetone separation can be achieved using e.g. selective membranes). Acetone is then reloaded with H2 from fresh DBT 

closing the cycle. Thanks to the low operative temperature of the SILP catalyst, the whole compartment could be able to achieve 

H2 extrusion from DBT using the FC off-heat. However, the presence of acetone vapors in the H2 flow, long-term stability of the 
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SILP catalyst, overall efficiency of the system, as well as insufficient yields in both hydrogenation/dehydrogenation steps are likely 

the main challenges of this otherwise clever approach. 

 

 

Figure 8.3: Possible implementation of the Ru-PNP/IL system in a FC vehicle using iPrOH/acetone as the LOHC.  

 

 

 

 

Figure 8.4: Possible implementation of the Ru-PNP/IL system in a FC vehicle using DBT as the LOHC.  

 

To conclude, I hope I could convince the reader of the great potential that I see in the combination of pincer-type organometallic 

complexes and ionic liquids. I hope this work can contribute to the development of new and efficient catalytic systems aiming for 

a fast expansion of the hydrogen economy.     
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Appendix A – Supplementary information for Chapter 3 

 

General information 

Most chemicals were purchased from commercial suppliers and used without further purification unless otherwise stated. The ionic 

liquids were purchased from Iolitec. Ru-MACHO, Ru-MACHO-BH and Ru-2 were purchased from StremChemicals and stored 

in a glove box. Ru-1, Ru-4 and Ru-3 were synthetized modifying reported procedures starting from the precursor Ru-2 [106,236]. 

d-acetonitrile and d-benzene for NMR analysis where purchased from Fluorochem. All reactions dealing with air or 

moisture-sensitive compounds were performed using standard Schlenk techniques or in an argon-filled glovebox. The presented 

NMR spectra were measured on either a Bruker AVANCE III HD 400 MHz spectrometer, equipped with a 5 mm BBO Prodigy 

CryoProbe, a Bruker Avance II 400 MHz instrument equipped with a 5 mm BBFO RT probe, or a Bruker Avance III HD 600 MHz 

equipped with a 5 mm BBFO RT SmartProbe. NMR experiments were carried out at 25 ⁰C using standard pulse sequences from 

Bruker’s pulse sequence library and referenced on the solvent peak. 

Entry Solvent 1H 13C 

1 d-acetonitrile 1.94 
1.32 

118.26 

2 d-chloroform 7.26 77.16 

3 d-benzene 7.16 128.06 

4 d-dichloromethane 5.32 53.84 

5 D2O 4.79 - 

Table A.1: Reported chemical shifts of the NMR solvents used in this study as reference for the showed spectra [356].  

 

 

Synthesis of EMIM CHOO 

In a typical experiment, 100 g of EMIM MeOCO2 (30% wt in MeOH, 0.2 mol) were stirred vigorously in a round-bottom flask 

under ambient conditions and FA was added in stoichiometric amount dropwise (Scheme 3.3). After the evolution of CO2 gas 

ceased, the mixture was dried in a rotary evaporator to remove the excess of MeOH. Later, the ionic liquid was further dried under 

high vacuum at 50 ⁰C overnight until precipitation of white crystals of EMIM CHOO-.  
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Figure A.1: 31P NMR spectrum of Ru-MACHO. The presence of multiple peaks can be explained by the presence of undissolved and dissolved 

catalyst, as well as cis and trans H-Ru-NCCD3 isomers (CD3CN, 25 ⁰C, 400 MHz).  

 

 

Figure A.2: 31P NMR spectrum of Ru-MACHO in BMIM Ac (CD3CN, 25 ⁰C, 400 MHz). The presence of two peaks can be explained by the 

presence of H-Ru-NCCD3 and H-Ru-OAc species.   
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Figure A.3: 31P NMR spectrum of Ru-1 (C6D6, 25 ⁰C, 400 MHz).  

 

Figure A.4: 31P NMR spectra of Ru-1 (down) and Ru-1 in the presence of EMIM Ac (up), (C6D6, 25 ⁰C, 400 MHz).  
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Figure A.5: 31P NMR spectra of Ru-1, Ru-2 and Ru-3 in the presence of EMIM Ac (C6D6, 25 oC, 400 MHz). 

 

Figure A.6: 1H NMR spectra of Ru-2 in the presence of a 1:1 molar mixture of EMIM Ac and EMIM CHOO (C6D6, 25 oC, 400 MHz). 
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Figure A.7: 31P NMR spectrum of Ru-2 in the presence of a 1:1 molar mixture of EMIM Ac and EMIM CHOO (C6D6, 25 oC, 400 MHz). 
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Appendix B – Supplementary information for Chapter 4  

 

General information 

Most chemicals were purchased from commercial suppliers and used without further purification unless otherwise stated. The ionic 

liquids were purchased from Iolitec. Ru-MACHO, Ru-MACHO-BH, Ru-2, Ru-7, Ru-9, Ir-1, Ru-10 and Ru-12 were purchased 

from StremChemicals and stored in a glove box. Ru-1 [236], Ru-3 [106] Mn-1 [357] and Ru-11 [118] were synthetized according 

to reported procedures. d-acetonitrile and d-benzene for NMR analysis where purchased from Fluorochem. All reactions dealing 

with air or moisture-sensitive compounds were performed using standard Schlenk techniques or in an argon-filled glovebox. The 

presented NMR spectra were measured on either a Bruker AVANCE III HD 400 MHz spectrometer, equipped with a 5 mm BBO 

Prodigy CryoProbe, a Bruker Avance II 400 MHz instrument equipped with a 5 mm BBFO RT probe, or a Bruker Avance III HD 

600 MHz equipped with a 5 mm BBFO RT SmartProbe and and were referenced on the solvent peak. NMR experiments were 

carried out at 25 ⁰C using standard pulse sequences from Bruker’s pulse sequence library and referenced to the solvent peak. 

The recorded 2H FID’s were detected using the internal lock channel system. 1H and 13C chemical shifts are reported relative to 

TMS (νiso(1H) = 0.0 ppm and νiso(13C) = 0.0 ppm) using the residual 1H signal from the deuterated solvent as secondary reference. 

2H chemical shifts were referenced to the solvent signal. 

 

Procedure for the hydrogenation of CO2  

In a typical experiment, the autoclave vessel (see Figure 2.8) was loaded with the desired volume of the IL and the catalyst. The 

autoclave was flushed with CO2 three times to remove air before applying the desired pressure of CO2/H2 and the desired 

temperature under a stirring of 650-1300 rpm. The reaction was then cooled (when above room temperature), the remaining pressure 

released, and the reaction mixture was analyzed by 1H NMR using the IL as the reference for quantification of the produced FA 

(molar ratio by integration). When necessary, the gas contained in the autoclave was released in gas-tight bags that were connected 

to MicroGC for analysis of the gas mixture composition.  

 

Procedure for the analysis of crystal structure  

The crystal structure showed in Scheme 4.8 was analyzed as follows: the crystal was immersed in polybutene oil (Aldrich, > 90%) 

as a protection against air and moisture. A suitable crystal was collected with a MiTeGen cryo loop and mounted on a goniometer 

attached to a SuperNova Dual Source CCD-diffractometer. The crystal data were collected using Cu Kα radiation. The structure 

was solved using Olex2 and SHELXT, and refined using SHELXL refinement package using Least Squares minimization. I would 

like to express my gratitude to PhD student Mike S.B. Jørgensen for carrying out the measurement and refining of the structure. 
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Figure B.1: 1H NMR spectrum of Ru-1 in EMIM Ac after catalytic CO2 hydrogenation (C6D6, 25 oC, 400 MHz). 

 

Figure B.2: 1H NMR spectrum of Ru-1 in CD3CN (down) and Ru-1 after catalytic CO2 hydrogenation in EMIM Ac (up), (CD3CN, 25 oC, 400 

MHz). 
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Figure B.3: 1H NMR spectrum of Ru-1 (down) and Ru-2 (up) after catalytic CO2 hydrogenation in EMIM Ac (CD3CN, 25 oC, 400 MHz). 

 

 

Figure B.4: 1H NMR analysis of the reaction mixture after CO2 hydrogenation to FA in EMIM CHOO. Reaction conditions: Ru-2 (0.02 mmol), 

EMIM CHOO (0.0056 mmol), 10:20 bar CO2:H2, 50 ⁰C, 18 h. See Figure 4.3 for assignment of EMIM CHOO (CD3CN, 25 oC, 400 MHz). 
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Labeling experiment with EMIM Ac and 13CO2/H2 
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13C w. 1H decoupling 

 

13C without 1H decoupling. 

 

Figure B.5: Labeling experiment with 13CO2. Reaction conditions: Ru-2 (0.02 mmol), EMIM Ac (1 mL), 13CO2 (1 bar), H2 (15 bar), 50⁰C, 24h. 

See Figure 4.2 for the assignment of EMIM Ac (CD3CN, 25 oC, 600 MHz). 
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Labeling experiment with EMIM CHOO and  CO2/2H 

 

 

 

 

Figure B.6: 2D (up, CD3CN, 25 oC, 600 MHz) and 1H (down, CD3CN, 25 oC, 400 MHz) NMR spectra of the labeling experiment with deuterium 

and EMIM CHOO. Reaction conditions: Ru-2 (0.02 mmol), EMIM Ac (1 mL), 5:15 bar of CO2:D2, 50⁰C, 24h. 
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Labeling experiment with EMIM CHOO and  13CO2/H2 
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13C w. 1H decoupling 

 

13C without 1H decoupling. 

 

Figure B.7: Labeling experiment with 13CO2 (CD3CN, 25 oC, 600MHz). Reaction conditions: Ru-2 (0.02 mmol), EMIM CHOO (1 g), 13CO2 (1 

bar), H2 (15 bar), 50⁰C, 24h. See Figure 4.3 for the assignment of EMIM CHOO. 
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General information 

Most chemicals were purchased from commercial suppliers and used without further purification unless otherwise stated. The ionic 

liquids were purchased from Iolitec. Ru-MACHO, Ru-MACHO-BH and Ru-2 were purchased from StremChemicals and stored 

in a glove box. Ru-1 [236], Ru-3 [106] and Mn-1 [357] were synthetized according to reported procedures. FA 96% was obtained 

from Merck, while FA 89% and 98-100% were obtained from Supelco. Deuterated solvents where purchased from Merck. All 

reactions dealing with air or moisture-sensitive compounds were performed using standard Schlenk techniques or in an argon-filled 

glovebox. The NMR spectra were recorded on a Bruker Avance III 400 MHz spectrometer and referenced on the solvent peak.  

 

Procedure for the dehydrogenation of FA (batch) 

In a typical experiment, the catalyst was scaled in a two-necks flask inside the glove box. Later, the desired volume of ionic liquid 

was added and the mixture stirred at the chosen temperature until complete dissolution of the catalyst. Later, FA was added in the 

presence of a gentle flow of argon to facilitate hydrogen release. One sample for NMR analysis was taken after 30 min, 1h and 2h 

to monitor FA consumption. After 3h, the reaction mixture was cooled to room temperature and analyzed by 1H NMR using 

1,4-dioxane as the internal standard as follows [358]:  

𝑐𝑖

𝑐𝐼𝑆
=  

𝐴𝑟𝑒𝑎𝑖
1𝐻

𝑁𝑖
𝐻⁄

𝐴𝑟𝑒𝑎𝐼𝑆
1𝐻

𝑁𝐼𝑆
𝐻⁄

 

 

Procedure for the dehydrogenation of FA (flow) 

In a typical experiment, the catalyst was weighted in a glove box and transferred into a three-neck flask. Later, the desired volume 

of ionic liquid was added. The mixture was stirred at the chosen temperature until complete dissolution of the catalyst. The syringe 

pumps were loaded with a 60 mL PP syringe. The rate was slowly increased to assess the maximum TOF until visible FA 

accumulation was observed, determining the end of the reaction. The gas flow evolution was measured by means of a MFM and 

the gas composition analyzed via MicroGC analysis. See Chapter 2 for more details about the experimental set-up. In the long-

term experiments discussed in Chapter 5.2.2, the reaction was prepared as described before, setting the oil bath at 95⁰C and the 

stirring at 650 rpm. The flow was changed accordingly to the time available (for example slower during the weekends).  

 

Procedure for the dehydrogenation of FA (autoclave) 

In a typical experiment, the autoclave vessel was loaded with the desired volume of the ionic liquid, catalyst and IL. The autoclave 

was flushed with nitrogen three times in order to remove air and do not perturb the analysis of the reaction mixture by MicroGC. 

The reaction was then cooled to room temperature, the remaining pressure released, and the reaction mixture analyzed by 1H NMR. 

When necessary, the gas contained in the autoclave was released in gas-tight bags that were connected to MicroGC for analysis of 

the gas mixture composition.  
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Figure C.1: 1H NMR analysis of the reaction mixture after FA dehydrogenation using DAF. Reaction conditions: Ru-MACHO-BH (0.02 mmol), 

DAF (2 mL), FA (23.25 mmol), ramp 25-80 ⁰C, 0-72 h (up-down), Entry 20, Table 5.2. CDCl3, 25 oC, 400MHz). 
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Figure C.2: Gas flow evolution measured over the long-term experiment showed in Figure 5.9. Reaction conditions: Ru-MACHO-BH (0.02 

mmol), BMIM Ac (4 mL), 95 ⁰C. 
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Figure C.3: Gas flow evolution of continuous flow FA dehydrogenation (Entry 8, Table 5.6). Reaction conditions: Ru-MACHO-BH (0.02 

mmol), EMIM Et2PO4 (3 mL), 95 ⁰C. Note: the fluctuations are due to the inconstant dropping from the syringes, and passing of the flow through 

pipes of different sizes that can create local overpressures.  
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GC report of FA dehydrogenation under batch conditions 
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Figure C.4: MicroGC report of FA dehydrogenation under batch conditions (Entry 5, Table 5.3 in the main text). 
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GC reports of FA dehydrogenation under continuous flow (EMIM Et2PO4) 
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Figure C.5: GC report of FA dehydrogenation under continuous flow (Entry 8, Table 5.6). Note: the given value of H2O concentration by the 

instrument is due to no calibration. 
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GC reports of FA dehydrogenation under continuous flow (EMIM CHOOO) 
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Figure C.6: GC report of FA dehydrogenation under continuous flow (Entry 6, Table 5.6). Note: the given value of H2O concentration by the 

instrument is due to no calibration. 
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GC reports of FA dehydrogenation under continuous flow (BMIM Ac) 
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Figure C.7: MicroGC report of FA dehydrogenation under continuous flow (long-term experiment in Figure 5.9, day 58). 
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GC reports of FA dehydrogenation in a closed system 
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Figure C.8: GC report of FA dehydrogenation in a closed system without CO detected (Entry 1, Table 5.8). Note: the given value of H2O 

concentration by the instrument is due to no calibration. 
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Figure C.9: GC report of FA dehydrogenation in a closed system with CO detected (Entry 7, Table 5.8). Note: the given value of H2O 

concentration by the instrument is due to no calibration. 
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Appendix D – Supplementary information for Chapter 7 

General information 

Most chemicals were purchased from commercial suppliers and used without further purification unless otherwise stated. The ionic 

liquids were purchased from Iolitec. Ru-MACHO, Ru-MACHO-BH, Ru-2, were purchased from StremChemicals and stored in 

a glove box. Ru-1, Ru-4 and Ru-3 were synthetized modifying reported procedures starting from the precursor Ru-2 [106,236]. 

Deuterated solvents where purchased from Merck. All reactions dealing with air or moisture-sensitive compounds were performed 

using standard Schlenk techniques or in an argon-filled glovebox.  

The NMR spectra were recorded on a Bruker Avance III 400 MHz spectrometer and referenced on the solvent peak. Solid-state 

NMR spectra were measured on a Bruker Avance III HD 600 MHz spectrometer equipped with a broadband 4 mm CP/MAS probe. 

29Si and 31P spectra were measured with a 90⁰ excitation pulse, a spinning frequency of 6 kHz and interscan delay of 30 seconds. 

The 13C spectra were measured using a 1H-ramped Cross-polarization pulse sequence with a contact pulse of 2 ms, an interscan 

delay of 3 seconds and spinning frequency of 6 kHz. High-power 1H SPINAL64 decoupling was employed during acquisition (νRF 

= 100 kHz) for all spectra. Chemical shifts are reported relative to TMS for 13C and 29Si, and H3PO4 (85% in H2O) for 31P using 

the most deshielded 13C signal from adamantane as secondary reference shift (νiso = 38.48 ppm) and calculating the corresponding 

29Si and 31P chemical shifts from the IUPAC unified reference scale. 

All ex situ TEM studies for this work were performed on a FEI Tecnai T20 G2 microscope operated at 200 keV. A Micrometrics 

3Flex physisorption instrument was used to record the nitrogen adsorption-desorption isotherm at 77 K. The total surface area was 

determined by the BET method, the total pore volume is determined from a single-point read at 0.95 p/p0, the microporous volume 

is calculated from the t-plot and the pore-size distribution are calculated according to the BJH method. Prior to physisorption 

analysis, the samples were degassed at 200 °C in vacuum overnight. TGA analysis were carried out using a Mettler Toledo 

equipment. The SILP material was heated at a rate of 10 °C min/h in air until the desired temperature.  

 

Procedure for the dehydrogenation of iPrOH (batch) 

In a typical experiment, the catalyst was scaled in a two-necks flask inside the glove box. Later, the desired volume of ionic liquid 

was added and the mixture stirred at the chosen temperature until complete dissolution of the catalyst. Later, iPrOH was added in 

the presence of a gentle flow of argon to facilitate hydrogen release. After 3h, the reaction mixture was cooled to room temperature 

and analyzed by 1H NMR. 
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Figure D.1: 1H NMR spectrum of the distillate from iPrOH dehydrogenation (D2O, 25 oC, 400 MHz). 

 

 

Figure D.2: 1H NMR spectrum of the distillate from iPrOH dehydrogenation (CD3Cl, 25 oC, 400 MHz). 
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Figure D.3: 0.5 wt% Ru-MACHO-BH/SiO2, Piper NTf2 (α = 20%), silica 100. 
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Figure D.4: Screening of different NTf2-based ILs. Ru-MACHO-BH/SiO2 = 0.6 wt%, α = 20%, silica 100, undiluted iPrOH. 
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Figure D.5: Acetone – iPrOH: 25-75 vol%. Ru-MACHO-BH/SiO2 = 1 wt%, P1444 NTf2 (α = 20%), silica 100. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D.6: Ru-MACHO-BH/SiO2 = 0.9 wt%, P1444 NTf2 (α = 20%), silica 100, α = 20%, undiluted iPrOH. 
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Figure D.7: TOF and conversion trends of tong-term experiment in Figure 7.10. Ru-MACHO-BH/SiO2 = 1 wt%, P1444 NTf2 (α = 20%), silica 

100. 

 

 

Figure D.8: Long-term experiment in Figure 7.10 (acetone dilution). Ru-MACHO-BH/SiO2 = 1 wt%, P1444 NTf (α = 20%)2, silica 100. 
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Figure D.9: Long-term experiment in Figure 7.10 (iPrOH dilution). Ru-MACHO-BH/SiO2 = 1 wt%, P1444 NTf2 (α = 20%), silica 100. 
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Figure D.10: Long-term experiment in Figure 7.10 (temperature variations). Ru-MACHO-BH/SiO2 = 1 wt%, P1444 NTf2 (α = 20%), silica 100. 
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Figure D.11: 13C (up) and 31P (down) NMR spectra of P1444 NTf2 as reference for the solid state NMR studies in Figures 7.15 and 7.16. 
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Figure D.12: 1H (up) and 13C (down) NMR spectra of Piper NTf2 as reference for the solid state NMR studies. 
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Total Pore Volume 

(cm3/g) 

BET surface Area 

(m2/g) 

Pore size 

(Å) 

SILICA 100 1 305 131 

SILP23 0,51 131 137 

23 (136) 0,56 170 151 

23 (127) 0,53 154 141 

23 (133) 0,51 146 141 

Table D.1: BET analysis of support, fresh and used SILPs after use in the fixed-bed reactor under different reaction conditions. The SILP 

composition is the same for the three samples: Ru-MACHO-BH/SiO2 = 1 wt%, P1444 NTf2 (α = 20%), silica 100. 
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Figure D.13: (a) Fresh SILP. (b) SILP catalyst used in the long-term experiment in Figure 7.10. (c) Fresh SILP with pre-treatment at 60 ⁰C for 2 

hours to remove volatiles.    
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TEM analysis of SILP materials 

Purely for personal interest, I have tried to acquire TEM images of the SILP materials. In this sense, I would like to thank PhD 

student Dimitra Iltsiou for helping me in the acquisition and processing of the images. Similar to what described in the chapter for 

NMR and IR characterization, I have tried to compare images of the silica used as support material with new and used SILP. It was 

not possible to observe any visible differences, at least to the best of my knowledge, between the different samples. The obtained 

TEM images are showed below  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D.14: TEM images of the silica 100 used as support material for preparation of the SILP catalysts discussed in Chapter 7. 
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Figure D.15: TEM images of the SILP catalyst before use in the fixed-bed reactor (experiment in Figure 7.8).  



Appendix D – Supplementary information for Chapter 7  

 

179 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D.16: TEM images of the SILP catalyst after use in the fixed-bed reactor (experiment in Figure 7.8).  
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Appendix E – Paper I 

This review paper was written at the Department of Chemistry at DTU in collaboration with postdoc Danielle Nielsen, and Assoc 

Prof Martin Nielsen. The work covers the main advances of pincer-type homogeneous catalysts in relevant catalytic transformations 

within sustainability during the period 2015-2020. It also provides an historical background on the main achievements of pincer 

chemistry in relevant sustainable reactions, with high focus on H2- and CO2-related processes. As an example, dehydrogenation of 

LOHC molecules such as methanol, FA, and ammonia-borane, CO2 hydrogenation to FA and methanol, N2 fixation, as well as 

valorization of biomass substrates. Of major interest for the reader, the parts on dehydrogenation of LOHCs and CO2 hydrogenation 

to FA are the key topics for the experimental work discussed in this thesis.  

Published: Catalysts 2020, 10, 773; doi:10.3390/catal10070773  
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the manuscript. 
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Abstract: Our planet urgently needs sustainable solutions to alleviate the anthropogenic global
warming and climate change. Homogeneous catalysis has the potential to play a fundamental role in
this process, providing novel, efficient, and at the same time eco-friendly routes for both chemicals
and energy production. In particular, pincer-type ligation shows promising properties in terms of
long-term stability and selectivity, as well as allowing for mild reaction conditions and low catalyst
loading. Indeed, pincer complexes have been applied to a plethora of sustainable chemical processes,
such as hydrogen release, CO2 capture and conversion, N2 fixation, and biomass valorization for the
synthesis of high-value chemicals and fuels. In this work, we show the main advances of the last five
years in the use of pincer transition metal complexes in key catalytic processes aiming for a more
sustainable chemical and energy production.

Keywords: pincer complexes; sustainability; biomass valorization; hydrogen; carbon dioxide
valorization; nitrogen fixation

1. Introduction

During the last 15 years, organometallic pincer-type complexes have emerged as a highly promising
group of catalysts for numerous processes within sustainable chemistry. They have been applied in
energy production through hydrogen generation, dehydrogenative synthesis of high-value chemicals,
as well as CO2 and N2 hydrogenations for carbon dioxide capture and recycling and a more sustainable
ammonia production, respectively. As such, the use of this family of homogeneous catalysts enhances
the sustainability of an incredible number of chemical processes. High catalytic activity at mild reaction
conditions, low catalyst loading, combined with high selectivity and excellent atom efficiency are the
general main advantages. Notably, all these aspects are crucial when considering the sustainability
of chemical processes, as dictated by the green chemistry guidelines [1]. Unfortunately, catalyst
deactivation and/or degradation are usually the main drawbacks of homogeneous catalysis, otherwise
excellent systems in terms of activity, selectivity, and reaction conditions. The currently employed
heterogeneous alternatives are more robust and with an established know-how on the processes, but
they usually require high temperatures and hence are high-energy demanding. Pincer-type ligations
provides increased robustness because of the stabilization of the tridentate coordination, resulting in
homogeneous catalytic systems with increased chemical and thermal stability [2–4].

The ligand design of pincer complexes offers numerous possibilities as well as potential catalytic
applications [5,6]. For example, the pincer arm can bear an array of different heteroatoms and
functionalities. In addition to affording chemical stability, the pincer ligand can take active part of the
catalytic cycle by providing a suitable coordination site for the substrate, weakening selected bonds
(H-X bonds), or accepting/donating electrons and protons. Moreover, the cooperation between the
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central metal atom and the ligand is tunable based on the desired steric/electronic environment and
catalytic application.

After the first family of PCP complexes was synthetized by Shaw in 1976 [7], numerous research
groups have applied this concept for almost all types of homogeneously catalyzed chemical reactions.
A myriad of novel complexes with different pincer arms have been synthetized and characterized,
including a vast family of carbene pincers [8–23], PNP [24–29], PNN [30,31], POP [32], PCP [33–38],
SNS [39,40], NCN [41], NSiN [42], CNC [43], CNN [44], NNN [45], as well as sulfur- [46–48],
silicon- [49,50], selenium- [51,52], and boron-functionalized [53,54] pincer ligands. Indeed, this topic
represents one of the most attractive areas in homogeneous catalysis [55–63]. Many of the most
promising results in sustainable transformations have been achieved with second and third-row
transition metals, such as Ru [40,64–72], Os [73–76], Ir [77–81], Rh [82,83], and Pd [84–89]. Nevertheless,
the current trend in the scientific community is to identify cheaper alternatives based on earth-abundant
metals such as Fe [90–96], Mn [97–100], Ni [101–105], V [106–108], and Co [109–114]. In particular,
iron and manganese PNP pincer complexes show optimal performance in many relevant sustainable
transformations in the optic of the hydrogen economy. Several excellent reviews cover this relevant
transition toward first-row metals for a more sustainable chemical production [115–124].

More recently, the incorporation of pincer complexes into porous materials acting as supports
has been investigated using the supported (ionic) liquid phase catalysis (SILP or SLP) [125,126].
The idea is to combine the excellent activity of homogeneous systems with the robustness given by the
heterogeneous nature of the support. Important examples using pincer-type homogeneous catalysts
can be found in aldehyde hydrogenation using Fe(II)-PNP complexes [127,128], and continuous-flow
alkane dehydrogenation [129].

Furthermore, several groups have been exploring the use of pincer complexes for a wide series
chemical transformations, further expanding the applicability of this family of catalysts. Representative
examples include olefination [130–132], hydroamination [133–135], hydrocarboxylation [136],
hydrovinylation [137], aminomethylation [138], dehydrogenation of alkanes [139–144], alkane
metathetis [145], N-formylation of amines [146,147], C-alkylation of secondary alcohols [148,149],
α-alkylation of ketones [150,151], and alkylation of amines [152–156] and anilines [157].

The deoxydehydration (DODH) of biomass-derived vicinal diols and polyols has also been
explored by employing metal pincer complexes. The reaction proceeds in the presence of a sacrificial
reducing agent and results in the formation of alkenes, relevant building blocks for the polymer
industry. Some examples using pincer ligation are reported with vanadium [106,107], rhenium [158],
as well as molybdenum pincer catalysts [159]. The field is relatively immature and further optimization
is necessary. A comprehensive overview of the best catalytic systems for DODH reactions, including
the aforementioned pincer complexes, is provided in the detailed reviews of Fristrup [160] and
Monbaliu [161].

Remarkably, there are several reports in literature using pincer-type metal complexes as suitable
catalysts for water splitting reactions. The process is key for the development of the hydrogen economy
that requires green and sustainable hydrogen produced via solar or wind energy. Many groups
explored various combinations of metals and pincer ligation [14,162,163]; in particular, several works
report the use of Milstein Ru-PNP catalyst 3 for this transformation [164–169].

The purpose of this review is to show the very recent advances in pincer-type catalysis for
sustainable chemistry. Research in this area centers on achieving zero-CO2 emissions and sustainable,
eco-friendly chemistry and energy production. Literature is already rich with numerous excellent
works reviewing pincer complex chemistry as well as its applications in homogeneous catalysis for
sustainable reactions [170–175]. As such, in this review we will confine ourselves to discuss the recent
progress in the use of pincer complexes as catalysts for sustainable chemistry. Moreover, we will
mainly cover work from the second half of the previous decade, i.e., 2015–2020. Dehydrogenation
of bio-resourced substrates, hydrogenation of CO2 and N2, processes for the synthesis of high-value
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chemicals with lowered waste and enhanced atom efficiency, as well as hydrogen storage systems,
are the main areas of interest of this review.

2. Dehydrogenation Reactions

Acceptorless alcohol dehydrogenation (AAD) by homogeneous catalysis represents a powerful
and sustainable route for synthetic purposes as well as for energy production/storage [176,177].
Mild reaction conditions, high selectivity, and excellent atom efficiency are the main advantages
of the process. The sustainability of homogeneous catalytic AAD relies on the absence of any
Meerwein-Ponndorf-Verley type sacrificial reagents, which traditionally promote the Oppenauer
oxidation of the alcoholic moiety in transfer hydrogenation reactions. In addition, even when molecules
that are more complex are formed, valuable hydrogen is often the only byproduct, which can be
directly used in-house to provide energy to the process, perfectly in line with the idea of new integrated
bio-refineries. These facets render AAD dramatically more atom- and energy efficient, respectively,
compared to conventional synthetic procedures.

In the optics of abandoning fossil feedstock, the dehydrogenation of biomass-derived molecules is
one of the explored alternatives. Formic acid, ethanol, glycerol, and carbohydrates already represent an
accessible, sustainable source for the production of chemicals and fuels by acceptorless dehydrogenation.
Importantly, they are abundant and easily obtainable from biomasses. Hence, this field holds great
potential, and the transformation of these substrates into high-value chemicals or direct hydrogen
release by homogeneous pincer catalysis is promising.

Pincer-type complexes have been extensively applied for AAD reactions with a plethora of
bio-substrates, ranging from ethanol [178–181] to lignocellulose [182], as described in Section 2.1.
The applied transition metal complexes generally show good performance in terms of stability and
activity, with the advantage of carrying out selective reactions at mild conditions and low catalyst
loading. Often, the pincer ligand plays an active part of the catalytic cycle (metal–ligand cooperativity),
which seemingly is determinant for the catalyst’s stability as well as reactivity. The mechanistic details
of AAD are beyond the scope of this review and can be found elsewhere [183–195]. The topic is of
great importance and a deeper understanding of the reaction mechanisms is still necessary [196,197].
Nevertheless, some representative examples of catalytic cycles involving pincer ligand participation
are provided throughout the review.

2.1. Early Works

The first example of AAD by homogeneous catalysis dates back to 1960s with the work by Charman,
using rhodium chloride as catalyst [198]. In the mid-1970s, Robinson described the ruthenium complex
[Ru(OCOCF3)2(CO)(PPh3)2] in combination with trifluoroacetic acid for the dehydrogenation of
isopropanol, 1-butanol, ethanol, methanol, and glycerol [199–202]. Several improvements were
achieved in the subsequent 20 years, using various type of homogeneous systems in combinations
with a range of additives, including light irradiation.

In 2004, Milstein presented the first example of metal–ligand cooperating pincer ligands in AAD
for synthetic purposes [203,204]. In a series of ruthenium(II)-based complexes, the PNP pincer bearing
a pyridine moiety and various phosphine substituted side arms was found to be very active for the
dehydrogenation of simple secondary alcohols. Some examples of the first generations of Milstein’s
catalysts can be found in Scheme 1a. In most cases, there is a direct participation of the pincer ligands in
the catalytic cycle. The pyridine moiety rearranges by aromatization-dearomatization [64,177,205–209],
facilitating the coordination of the alcoholic substrate and the subsequent hydrogen release from the
dihydride species, as depicted in the catalytic cycle in Scheme 1b. The involvement of the pincer
moiety in the catalytic cycle has been investigated by many groups [210–215]. In 2015, Li reported
computational mechanistic studies on several reactions using the Milstein PNP and PNN catalysts [216].
The authors recalculated rate-determining steps and investigated the aromatization-dearomatization
equilibria. It was found that aromatic PNP and PNN ligands often provide the lowest activation energy
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for some steps, whereas for other steps, the aromatization–dearomatization process was not involved
in the lowest energy pathway. Very recently, Gusev investigated the mechanism of AAD of alcohols,
as well as ester hydrogenation, using catalyst 4, and identified the dihydrido complex 4-H (Scheme 1b)
as the active species for both dehydrogenation and hydrogenation reactions [217].Catalysts 2020, 10, 773 4 of 115 
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based on aromatization/dearomatization of the pyridine moiety. 
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and nitrogen containing ligands mixed with ruthenium catalyst precursors for the dehydrogenation 
of isopropanol [218]. For the first time, they demonstrated the possibility to generate hydrogen from 
this substrate at temperatures below 100 °C. A dramatic increase in activity was observed with 
addition of multidentate N-ligands, with particularly TMEDA being the most prominent promoter 
for catalytic activity. Remarkably, the catalyst was active over a period of up to 11 days. The authors 
applied the same system for ethanol dehydrogenation but no significant H2 formation was detected. 

In a following work from 2011, Beller tested both known catalyst as well as the in situ formation 
of active species using combinations of Ru-precursors and N-containing pincer ligands. They showed 
that the ruthenium complex [RuH2(CO)(PPh3)3], in the presence of the iPrPNP ligand C shown in 
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Scheme 1. (a) Examples of Milstein’s first generation pincer catalysts [204]; (b) example of acceptorless
alcohol dehydrogenation (AAD) reaction mechanism using Milstein’s type PNN pincer complexes
based on aromatization/dearomatization of the pyridine moiety.

Simultaneously, the Beller group started exploring the in situ influence of various phosphines and
nitrogen containing ligands mixed with ruthenium catalyst precursors for the dehydrogenation of
isopropanol [218]. For the first time, they demonstrated the possibility to generate hydrogen from this
substrate at temperatures below 100 ◦C. A dramatic increase in activity was observed with addition of
multidentate N-ligands, with particularly TMEDA being the most prominent promoter for catalytic
activity. Remarkably, the catalyst was active over a period of up to 11 days. The authors applied the
same system for ethanol dehydrogenation but no significant H2 formation was detected.

In a following work from 2011, Beller tested both known catalyst as well as the in situ formation
of active species using combinations of Ru-precursors and N-containing pincer ligands. They showed
that the ruthenium complex [RuH2(CO)(PPh3)3], in the presence of the iPrPNP ligand C shown in
Scheme 2, was able to efficiently dehydrogenate isopropanol without the need of any additive [219].

The system showed in Scheme 2 represents the current state-of-the-art of homogeneous isopropanol
acceptorless dehydrogenation. The reaction was performed for the first time at mild conditions (90 ◦C,
refluxing isopropanol) and importantly, without additives. The in situ formed active catalyst 10-H
(Scheme 3) resulted in a turnover frequency higher than 8000 h−1 using 4 ppm of catalyst.

Almost simultaneously, Gusev presented a range of ruthenium and osmium PNP and POP pincer
catalysts for the transformation of alcohols into ketones, widening the applicability of metals to osmium
for this type of transformation [73]. The iPrPNP-Ru-H2 active dihydrido catalyst 10-H formed in
situ in the work of Beller, was synthetized and characterized starting from the chlorido precursor 10
(Scheme 3). NMR analysis revealed the equilibrium between the dihydrido species and the model
substrate isopropanol, and isopropoxo complex 10b was isolated. Importantly, while the Os-POP
catalysts 11 and 11-H (Figure 1) did not show significant catalytic activity, the Os-PNP complexes 12
and 12-H demonstrated good air, moisture, and thermal stability, together with outstanding versatility
for dehydrogenation of primary alcohols for reactions of transfer hydrogenation, dehydrogenative
coupling, and amine alkylation.
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In 2013, Beller showed the efficient conversion of ethanol into ethyl acetate using Ru-MACHO,
reported in 2012 to efficiently catalyze ester hydrogenation [220]. The reactions were performed at
refluxing conditions and in the presence of NaOEt, necessary for the catalyst activation through Cl−

elimination (Scheme 4) [180]. Furthermore, it was speculated whether the ethoxide plays an active
role in driving the reaction further from the acetaldehyde intermediate to the ethyl acetate product.
Under optimized conditions, the reaction afforded 77% yield in ethyl acetate (TON = 15,400) using
50 ppm of Ru-MACHO, 0.6% mol of NaOEt, at 90 ◦C, after 46 h. Curiously, in the screening of
catalysts, the Ir-PNP catalyst (8 in Scheme 2) synthetized by Abdur-Rashid [79], as well as the Milstein
PNP catalyst 4 [204], were found to be practically inactive for this transformation under the given
reaction conditions.
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mechanism by Beller [180].

The same year, Gusev reported the same transformation catalyzed by the Ru-PNN complex 13 in
Figure 1. By applying 50 ppm of 13 in a refluxing solution of EtOH/NaOEt (1 mol%), it was possible
to achieve 85% conversion after 40 h [179]. Also the same year, Gusev presented the osmium dimer
14 (Figure 1) as well [178]. This PNN osmium congener to the ruthenium complex 13 is particularly
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active in ethanol dehydrogenation into ethyl acetate. As such, the system affords 96% conversion of
neat ethanol into ethyl acetate and 2 equivalents of hydrogen after 8 h at 78 ◦C, with toluene as solvent,
0.5 mol% of KtBuO, and a molar ratio of substrate to metal equal to 1000.

In 2014, Beller showed that it is feasible to generate hydrogen from ethanol/water mixtures as
well as from industrial bio-ethanol obtained from fermentation processes, without prior removal of the
water content (5%) [181]. Catalyst 10 was active using various water contents (EtOH/H2O [v/v] 9:1,
7.5:2.5, 5:5), producing only trace amounts of CO2 and CO (<10 ppm), of key importance for the direct
use of hydrogen in fuel cells. Under optimized conditions, using 25 ppm of catalyst 10 (Scheme 3)
and 8 M NaOH, the reaction resulted in TOF of 1707 h−1 and 1613 h−1 after 1 and 3 h, respectively.
A long-term experiment was also carried out, affording 70% yield after 98 h at 88 ◦C, resulting in a TON
as high as 80,000 and 7.8 L of hydrogen gas produced. Remarkably, the system showed comparable
activity to the aqueous ethanol solution also when applying real fermented bio-ethanol (TOF = 1770 h−1

and 1686 h−1 after 1 and 3 h, respectively).
Since their seminal work, the Milstein group has continued exploring novel pincer complexes

leading to a series of novel synthetic applications using the AAD methodology [205]. As previously
mentioned, the sustainability effect of carrying out dehydrogenation reactions by AAD relies not only
on the concomitant production of H2, but also on the absence of waste, and hence an excellent atom
efficiency. The field is extensively growing, and pincer complexes are contributing to the main advances.
Several groups have explored new routes for the syntheses of numerous new product types by means of
AAD reactions. For example, starting from alcohols and amines, it is now possible to selectively obtain
amides [221–225], imines [226–228], imides [229], polyamides [230], pyrroles [231–235], pyridines [236],
pyrazines [237–239], pyrimidines [240], hydrazones [241], quinolines [242], or aldimines [243,244].
AAD of alcohols also provide access to clean, efficient routes to carboxylic acids [245–248], ketones or
aldehydes [249–251], esters [252–256], acetals [257], alkenes [258], as well as lactones [259–261].

In most of the cited works, homogeneous pincer-type catalysis often provides milder reaction
conditions, as well as enhanced atom efficiency compared to the classical synthetic routes. In addition,
several of the cited works employ first-row metal complexes, further increasing the sustainability of
the processes. The electronic configuration of the metal center, the design of the pincer ligand, together
with specific reaction conditions favors the desired reaction mechanism leading to certain products.
These possibilities demonstrate the synthetic versatility of AAD and the very high flexibility, selectivity,
and activity of pincer catalysts. These complexes might even be considered a privileged family of
catalysts [262–266].

2.2. Dehydrogenation Reactions for a Hydrogen Economy

There are many alternatives for continuous hydrogen release from liquid organic hydrogen
carriers (LOHCs), such as methanol, formic acid, up to bigger aromatic molecules, and carbohydrates.
The topic has been widely reviewed, offering comparison with established energy systems, applicability,
and potential impact of LOHCs for the future of energy [267–288]. The H2 content stored in each of
these molecules varies (Table 1), as well as the catalytic pathway involved in their dehydrogenation.
In most cases, several reaction mechanisms are competing, each of them releasing different equivalents
of hydrogen gas. Together with CO2 hydrogenation, this topic currently represents one of the more
intense research areas within sustainable catalysis.

The dehydrogenation of alcohols in a hydrogen economy perspective has been well-reviewed
in the last 10 years by many authors, providing a comprehensive overview of the many possibilities
offered by homogeneous catalysis, including pincer-type catalysis [289–293]. The release of hydrogen
from LOHCs has been proposed and achieved using different approaches, with either methanol,
formic acid, or formaldehyde/water as hydrogen storage systems [294–298]. Methanol and formic acid
represent nowadays the most studied technologies for efficient hydrogen release at low temperatures
(vide infra), hence being promising candidates for acting as LOHCs in the transportation sector, where
lower temperatures are required [299–305]. Hydrogen release from methanol, as well as from formic
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acid, should be envisioned as part of a wider concept including CO2 capture and recycling [306,307].
Green hydrogen produced via water electrolysis using e.g., wind- or solar energy can sustain the
inverse process of CO2 hydrogenation to methanol, formic acid, or any favorable LOHC, closing an
ideal CO2-free energy production cycle [308–314].

Table 1. Hydrogen weight percentage stored in some representative liquid organic hydrogen carriers
(LOHCs).

LOHC H2 wt%

Methanol 12.6
Formic Acid 4.4

Ethanol 12
Formaldehyde 6.6

Glycerol 9.6
Sugar Alcohols 8.9–9.3

N-ethylcarbazole (NEC) 5.8
Dibenzyltoluene (DBT) 6.2

1,2-BN-cyclohexane 7.1
BuPy 3.14

MePHI 5.76
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Polyols such as glycerol or carbohydrates might be considered as direct biomass-to-hydrogen
suppliers, but their more complicated dehydrogenation pathways as well as lower hydrogen content
currently render them unfavorable as hydrogen sources. In this light, Beller screened in 2015 a series
of PNHP-Ru and -Ir complexes (Ru-MACHO, Ru-MACHO-BH, 5, 8, 10) for hydrogen production
from several bio-substrates obtained from biomass [182]. Hydrogen evolution was observed from
cellulose, fructose, glucose, lignocellulose, as well as from (used) cigarette filters (cellulose acetate).
After optimization, it was possible to release hydrogen at temperatures at 120 ◦C using ppm amounts
of catalyst 8 and stoichiometric amounts of NaOH in a one-pot protocol (Scheme 5). A remarkable
TON of about 6000 after 3 h was obtained using 20 ppm of complex 8 in the conversion of cellulose
resulting in a 1.00:1.09 mixture of H2/CO2.
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The same group also proposed a Ru-catalyzed hydrogen production from glycerol accompanied
by the selective synthesis of sodium lactate, the monomer for the synthesis of polylactic acid
(Scheme 6) [315]. The screening involved the same family of catalysts used in the above-mentioned
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work. Using only 2.5 ppm of Ru-MACHO and 1.08 eq. of KOH (7.3 M), it was possible to obtain full
conversion and 67% yield of sodium lactate.
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Contemporarily, Hazari and Crabtree showed the same transformation applying the family of
iron-PNP complexes showed in Scheme 7 [316]. The formate complex 16 showed the highest activity
with 24% conversion and 81% selectivity toward sodium lactate. In addition, the authors proposed
a transfer hydrogenation of acetophenone to 1-phenylethanol using complex 15. The yield increase
with the amount of KOH vs. substrate, with a maximum of 90% yield after 20 h using 2.5 mol% of 15
and 10 eq. KOH/substrate in N-methyl-2-pyrrolidinone. As described later, both complexes 15 and 16
are efficient catalysts for methanol and formic acid dehydrogenations as well. Catalyst 17a, which
is obtained after basic treatment of 15, was shown to be active in the dehydrogenation of primary
alcohols such as 1-butanol to the corresponding esters [317], as well as highly selective urea synthesis
by dehydrogenative coupling of methanol and amines, as reported by Hazari and Bernskoetter in
2018 [318].
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Scheme 7. Screening of iron pincer complexes performed by Hazari and Crabtree for glycerol conversion
to lactic acid [316].

Recently, Milstein proposed a reversible and efficient liquid-organic hydrogen carrier using
ethylene glycol (EG) [319]. The authors screened various Ru-PNP catalysts bearing different substituents
in the N and P arms (Scheme 8). After optimization, catalyst 23a reached 97% conversion and 64%
yield of H2. In addition, it was possible to hydrogenate the reaction mixture using the same catalyst
and same reaction conditions, resulting in full conversion to ethylene glycol.
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2.2.1. Methanol Dehydrogenation

The homogeneous dehydrogenation of methanol to H2 and CO2 in the optic of a methanol-based
economy has been intensively studied over the past decade. The topic has been reviewed by Alberico
and Nielsen in 2015 [320], by Prakash in 2018 [321], and very recently by Araya, Liso, Cui, and Knudsen
Kær [322]. Importantly, methanol is currently produced from fossil fuels through syngas, hence a
sustainable production from biomass or/and atmospheric CO2 is highly desirable (see Section 3.1.2).
The aqueous reforming of methanol involves three consecutive steps yielding three molecule of
hydrogen for each molecule of methanol (Scheme 9). The first step is the dehydrogenation of methanol
to afford formaldehyde and the first equivalent of hydrogen. Then, formaldehyde reacts with water to
form methanediol that can undergo a second dehydrogenation resulting in formic acid. The latter is
further dehydrogenated to finally produce CO2 and the third molecule of hydrogen.
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The reforming of methanol to produce hydrogen is currently carried out at elevated temperatures
(>200 ◦C) and pressures (>25 bar) by means of heterogeneous catalysts such as Pt/ Al2O3, as well as the
less expensive Cu/ZnO/Al2O3 [323–328]. As discussed below, pincer complexes allow the direct release
of hydrogen gas from aqueous methanol at temperatures below 100 ◦C, with low catalyst loadings as
well as promising stability properties.
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In 2013, Beller showed that the two catalysts 10 and Ru-MACHO are able to efficiently
dehydrogenate methanol in a one-pot synthesis toward CO2 (Scheme 10) [329]. The authors investigated
the performance of the known Ru-PNP systems under different natures of the base, its concentration,
the water content, and the reaction temperature. After optimization of the amount of base (8.0 M KOH),
catalyst 10 showed the best performance affording a TOF = 2,668 h−1 in a 9:1 MeOH:H2O mixture, and
a TOF of 4719 h−1 in neat CH3OH, at 91 ◦C and with 1.6 ppm catalyst loading. The system showed a
turnover number of 350,000 after 23 days of continuous reaction. Merely <10 ppm of CO and CH4

were detected. Because of the highly alkaline nature of the reaction mixture, most of the CO2 initially
produced is trapped as carbonate; hence, the authors performed an experiment with low base loading
(0.1 M of NaOH in a 4:1MeOH/H2O). Indeed, CO2 was eventually released instead of being trapped,
and the expected 3:1 H2/CO2 gas composition was observed, indicating a direct correlation between
solution pH and the observed gas composition. The authors also proposed a catalytic cycle based on
the observed species using in situ NMR experiments; all the catalytic steps were believed to follow a
conventional outer-sphere mechanism.

Catalysts 2020, 10, 773 11 of 115 

 

investigated the performance of the known Ru-PNP systems under different natures of the base, its 
concentration, the water content, and the reaction temperature. After optimization of the amount of 
base (8.0 M KOH), catalyst 10 showed the best performance affording a TOF = 2,668 h−1 in a 9:1 
MeOH:H2O mixture, and a TOF of 4719 h−1 in neat CH3OH, at 91 °C and with 1.6 ppm catalyst loading. 
The system showed a turnover number of 350,000 after 23 days of continuous reaction. Merely <10 
ppm of CO and CH4 were detected. Because of the highly alkaline nature of the reaction mixture, 
most of the CO2 initially produced is trapped as carbonate; hence, the authors performed an 
experiment with low base loading (0.1 M of NaOH in a 4:1MeOH/H2O). Indeed, CO2 was eventually 
released instead of being trapped, and the expected 3:1 H2/CO2 gas composition was observed, 
indicating a direct correlation between solution pH and the observed gas composition. The authors 
also proposed a catalytic cycle based on the observed species using in situ NMR experiments; all the 
catalytic steps were believed to follow a conventional outer-sphere mechanism. 

 
Scheme 10. Ru-PNP catalyzed methanol dehydrogenation showed by Beller [329]. 

Later, Grützmacher and Trincado reported the homogeneous transition metal complex 
[K(dme)2][Ru(H)(trop2dad)] for clean hydrogen release from methanol–water mixtures. Total of 0.5 
mol% of the ruthenium catalyst at 90 °C achieved up to 80% methanol conversion [330]. In 2015, 
Yamaguchi demonstrated the low temperature (<100 °C) hydrogen release from methanol-water 
using an anionic iridium complex bearing a functional bipyridonate ligand [331]. 

Beller showed that also the iron-iPrPNP complex 15 is able to perform the same transformation in 
the presence of base [332]. Catalyst 15 dehydrogenated aqueous methanol (9:1 CH3OH/H2O) at 91 °C 
with turnover frequencies of 702 h−1 after 1 hour (Scheme 11). CO levels < 10 ppm were detected. 
Lowering the catalyst loading from 4.2 μmol to 1 μmol resulted in a of TOF = 617 h1 and TON = 10000 
after 46 h. Remarkably, the system was active in neat methanol, as well as without addition of base, 
although the best performance was obtained in the presence of 8M KOH.  

 
Scheme 11. Fe-PNP catalyzed methanol dehydrogenation showed by Beller [332]. 

A year later, Milstein applied the Ru-PNN complex 24, known to be active in the AAD of 
alcohols to carboxylic acid salts and H2, for aqueous methanol dehydrogenation as well [333]. 
Catalyst 24 (Scheme 12) showed promising activity and could be effectively recycled, remaining 
stable for 1 month and reaching TON values of 29000. 0.025 mol% of 24 produced an overall H2 yield 
of 80% starting from a 1:1 CH3OH/H2O mixture, in the presence of 2 equivalents KOH at 100 °C in 
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Scheme 10. Ru-PNP catalyzed methanol dehydrogenation showed by Beller [329].

Later, Grützmacher and Trincado reported the homogeneous transition metal complex
[K(dme)2][Ru(H)(trop2dad)] for clean hydrogen release from methanol–water mixtures. Total of
0.5 mol% of the ruthenium catalyst at 90 ◦C achieved up to 80% methanol conversion [330]. In 2015,
Yamaguchi demonstrated the low temperature (<100 ◦C) hydrogen release from methanol-water using
an anionic iridium complex bearing a functional bipyridonate ligand [331].

Beller showed that also the iron-iPrPNP complex 15 is able to perform the same transformation
in the presence of base [332]. Catalyst 15 dehydrogenated aqueous methanol (9:1 CH3OH/H2O) at
91 ◦C with turnover frequencies of 702 h−1 after 1 h (Scheme 11). CO levels < 10 ppm were detected.
Lowering the catalyst loading from 4.2 µmol to 1 µmol resulted in a of TOF = 617 h1 and TON = 10,000
after 46 h. Remarkably, the system was active in neat methanol, as well as without addition of base,
although the best performance was obtained in the presence of 8M KOH.
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A year later, Milstein applied the Ru-PNN complex 24, known to be active in the AAD of alcohols
to carboxylic acid salts and H2, for aqueous methanol dehydrogenation as well [333]. Catalyst 24
(Scheme 12) showed promising activity and could be effectively recycled, remaining stable for 1 month
and reaching TON values of 29,000. 0.025 mol% of 24 produced an overall H2 yield of 80% starting
from a 1:1 CH3OH/H2O mixture, in the presence of 2 equivalents KOH at 100 ◦C in toluene. Higher
water loadings were detrimental for catalytic activity since the formation of a hydroxo complex inhibits
the coordination of formic acid in the last reaction step. In order to gain insights on the reaction
mechanism, the authors also performed experiments on formic acid dehydrogenation, accompanied by
the isolation and characterization of the formic acid adduct by NMR and X-ray crystallography. When
∼2 equivalents of NEt3 were used in the absence of water, 0.09 mol% of catalyst 24 dehydrogenated
formic acid with 98% yield of hydrogen at room temperature after 24 h.
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In 2015, Bernskoetter, Hazari, and Holthausen showed that not only strong basic conditions, but 
also Lewis acid additives enhance the performance of PNP-based complexes [336]. In this work, the 
authors screened the same family of catalysts showed in Scheme 7. Using 0.006 mol%, or 60 ppm, of 
the iron complex 16 in the presence of 10 mol% LiBF4 in refluxing ethyl acetate, it was possible to 
convert a 4:1 methanol/water mixture to 3:1 H2 and CO2 in 50% yield after 94 h. Increasing the catalyst 
loading to 0.01 mol% led to full conversion in 52 h. The system produced a turnover number of 51000, 
the highest reported for earth-abundant metals (Scheme 14). The work also provides DFT calculations 

Scheme 12. Ru-PNP catalyzed methanol dehydrogenation showed by Milstein [333].

In 2014, Beller proposed a base-free, bi-catalytic system formed by Ru-MACHO-BH and
Ru(H2)(dppe)2 (dppe = 1,2-bis(diphenylphosphino)ethane) as shown in Scheme 13a [334]. The former
catalyst is similar to Ru-MACHO but, importantly, can be activated by heat instead of by base within
the reaction temperature window employed here. The authors screened several co-catalysts in order
to improve the step of formic acid dehydrogenation. After optimization, Ru(H2)(dppe)2 was found
to be the optimal option. The authors proposed a synergetic interaction between the two catalysts;
indeed, the volume of gas produced by the bi-catalytic system was much bigger than the gas evolution
observed with the single catalysts separately, which showed very little gas evolution. The optimized
system gave a turnover number >4200 with very low catalyst loading (5 µmol of each catalyst) and
only traces of CO impurity (<8 ppm), yielding 26% of hydrogen (based on water).
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In 2015, Bernskoetter, Hazari, and Holthausen showed that not only strong basic conditions,
but also Lewis acid additives enhance the performance of PNP-based complexes [336]. In this work,
the authors screened the same family of catalysts showed in Scheme 7. Using 0.006 mol%, or 60 ppm,
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of the iron complex 16 in the presence of 10 mol% LiBF4 in refluxing ethyl acetate, it was possible to
convert a 4:1 methanol/water mixture to 3:1 H2 and CO2 in 50% yield after 94 h. Increasing the catalyst
loading to 0.01 mol% led to full conversion in 52 h. The system produced a turnover number of 51,000,
the highest reported for earth-abundant metals (Scheme 14). The work also provides DFT calculations
to explain the role of the Lewis acid additive, suggesting that the competitive lithium coordination
promotes the rate of formate abstraction, thus resulting in a higher proportion of the catalytically active
amido complex.
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Scheme 14. Iron-catalyzed methanol reforming in the presence of Lewis acids proposed by Bernskoetter,
Hazari, and Holthausen [336].

In 2016, Beller investigated the mechanism of aqueous methanol dehydrogenation using the
state-of-the-art catalyst under highly alkaline conditions, complex 10, and compared with its N-Me
congener 10-Me. The proposed catalytic cycle depicted in Scheme 15 was obtained combining
experiments, isolation of key intermediates, NMR characterization, single crystal X-ray crystallography,
and DFT calculations [337]. Contrarily to the previously invoked outer sphere mechanisms, the authors
proposed an inner sphere pathway for the C-H cleavage step, promoted by base. The required amount
of base is essential to increase the reaction rate; the authors noted an increase in the ratio of 10”/10′,
indicating the “inner-sphere” C–H cleavage, via C–H coordination of the methoxide to the ruthenium
center. The lower, but comparable, catalytic activity of 10-Me with its PNHP counterpart provides
further experimental evidence to the role of the N-H moiety in PNP-catalyzed dehydrogenation
reactions [193,338–340].

The same group carried out mechanistic studies on aqueous methanol dehydrogenation using
well-defined manganese and rhenium catalysts, under both base-free as well as strongly basic
conditions [341]. Fu used DFT calculations to propose a self-catalytic role of methanol in ruthenium
PNP-catalyzed dehydrogenation [342]. Several authors have studied the process in depth, using inter
alia, DFT calculations, NMR spectroscopy, or Raman-GC techniques [343–345].

In 2017, Beller proposed the structurally defined manganese complex 25 as an active catalyst for
aqueous methanol dehydrogenation (Scheme 16) [346]. The optimized conditions resulted in 20,000
turnovers after 900 h at 92 ◦C, starting from a 9:1 CH3OH/H2O mixture in triglyme, with 8M KOH, and
in the presence of 10 equivalents of the PNP ligand to the catalyst (2.1 µmol). Moreover, other organic
carriers such as ethanol, paraformaldehyde, and formic acid were successfully dehydrogenated as
well. Unlike the previous work by Bernskoetter, Hazari, and Holthausen [336], the presence of Lewis
acid additives resulted in no observable improved catalytic activity.

The same group showed that, similar to the PNP complexes of ruthenium, iron, and manganese,
also the iridium-PNP catalyst 8 is able to promote methanol dehydrogenation under mild conditions
albeit with lower catalytic activity [347]. Complex 8 afforded a TON of 1900 after 60 h at 92 ◦C, showing
promising stability over time. In this case too, highly basic conditions were required (8M KOH) for
consistent catalytic activity starting from a 9:1 mixture of CH3OH/H2O.
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In 2019, Beller improved the performance of Ru-PNP catalysts for methanol dehydrogenation
using another bi-catalytic system formed by the catalysts 10/10-Me (Scheme 13b) [335]. Based on
observations on the formic acid dehydrogenation step [348], the addition of catalyst 10-Me promotes
the rate of hydrogen release from formic acid in the last step. The combination of the two catalysts
together was 1.5 times more active than individually. Employing 8.56–9.62 µmol of 10 + 10-Me in a 9:1
MeOH:H2O mixture in triglyme, with 40 mmol KOH at 92.5 ◦C, afforded a clean 3:1 H2/CO2 mixture
with TOF = 1063 h−1 and a TON = 3189 (calculated based on total amount of catalysts present) after
3 h. This work further shows that applying bi-catalytic systems in cascade reactions is a promising
solution to improve the catalytic performance, taking advantage of synergetic effects between two
active catalytic species.

The same year, Haumann explored the immobilization of the known ruthenium iPrPNP catalyst
10 for the continuous gas-phase steam reforming of methanol [349]. Using the supported liquid phase
(SLP) technology, the authors investigated the activities of the prepared catalysts using an array of
support materials. The best result in terms of activity and stability was achieved using pure KOH
deposited onto alumina support. The system was stable for 70 h on stream and only trace amounts of
CO were observed.

2.2.2. Formic Acid Dehydrogenation

The use of formic acid as hydrogen carrier and storage system has been widely investigated and
reviewed in various works [299,300,350–359]. A variety of both heterogeneous and homogeneous
catalytic systems have been applied for its decomposition, including the use of light irradiation [360–381].

In 2011, following previously reported works on iron-catalyzed formic acid dehydrogenation [382,383].
Beller reported the remarkable activity of an iron complex bearing the tetradentate tripodal ligand
tris[(2-diphenylphosphino)ethyl]phosphine [P(CH2CH2PPh2)3 (PP3) [384]. The authors tested both the in
situ formation of the active species, as well as various synthesized iron hydride complexes bearing the
same PP3 ligand. The activity of the synthetized catalysts was found to be comparable with that of the in
situ formed systems in the presence of 2 equivalents of PP3 ligand. After optimization, simply applying
5 mmol of Fe(BF4)2·6H2O and 2 equivalents of PP3 to a solution of formic acid in propylene carbonate,
afforded a TOF of 9425 h−1 and a surprising TON of 92,000 at 80 ◦C.

Contemporarily, Milstein was also investigating the performance of iron pincer complexes based
on the lutidine moiety, reporting suitable catalysts for the hydrogenation of ketones [385,386], as well
as CO2 hydrogenation to formate [387]. In 2013, the group showed a series of iron pincer complexes
as active catalysts for formic acid dehydrogenation (Scheme 17) [388]. The dihydrido complex
trans-[Fe-(tBuPNP)(H)2(CO)] 26 showed the best performance, reaching TON values up to 100,000 at
40 ◦C in the presence of trialkylamines. 0.001 mol% of 26 in 1,4-dioxane, in the presence of 50 mol%
NEt3, resulted in full conversion of formic acid after 10 days.
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Inspired by the afore-mentioned works carried out by Beller and Milstein using first row transition
metals, Schneider and Hazari showed in 2014 that the formate iron-PNP complex 16, combined with a
suitable Lewis acid co-catalyst, is particularly active for formic acid dehydrogenation [389]. As such,
employing 0.0001 mol%, or merely 1 ppm, of 16 in the presence of 10 mol% of LiBF4, a TOF of 196,728 h−1

was obtained after one hour and a remarkable TON of 983,642 after 9.5 h. As mentioned earlier, the role
of the LA is supposed to facilitate the release of formate from the iron formate intermediate, a task
usually carried out by basic additives. The reactions were performed at 80 ◦C in dioxane (Scheme 18).
The gaseous products consisted in a 1:1 mixture of H2 and CO2 with CO concentration less than
0.5%. The activity of the system showed in this work (TON = 1,000,000) is the highest reported for
non-precious transition metals.Catalysts 2020, 10, 773 16 of 115 
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In 2015, Prakash and Olah proposed a remarkable example of CO2-free energy storage and
release based on the formate/bicarbonate couple, which act as both hydrogen carrier and CO2

storage system [390]. The authors showed a continuous cyclic system of either CO2 or bicarbonate
hydrogenation to formate and subsequent hydrogen release from formate (Scheme 19). The catalyst
screening involved the well-known and robust Ru-MACHO, Ru-MACHO-BH, and the N-methylated
MePNP congener of Ru-MACHO. The system is amine-additive free and requires neither pH control
nor change of solvent between the cycles; the same catalyst performs in both the hydrogenation and
dehydrogenation steps. In a combined experiment, and by simply changing the reaction pressure,
it was possible to obtain 90% conversion in both directions with a combined turnover number of 11,500
obtained after six full cycles of hydrogenation/dehydrogenation with Ru-MACHO-BH. The possibility
of performing both transformation by only changing one parameter, such as pressure, is highly
favorable for hydrogen-storage batteries. Importantly, the two N-H and N-Me PNP catalysts showed
similar catalytic activities under the same reaction conditions and for both directions, with the N-Me
PNP complex being the most active in the dehydrogenation of sodium formate, resulting in a TON
of 1000 (TOF = 430 h−1 after 2 h) with 0.1 mol% catalyst loading in a 2:1 mixture H2O:1,4-dioxane as
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solvent. A TON of 5000 was achieved lowering the catalyst loading down to 0.01 mol%, albeit with
only 50% yield in H2.
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Continuing the exploration of iron pincer complexes, Gonsalvi and Kirchner proposed in 2016
a series of Fe-PNP complexes bearing the 2,6-diaminopyridine scaffold (Scheme 20) [391]. Using
propylene carbonate (PC) as solvent and 100 mol% of NEt3 as base additive, led to full conversion
of formic acid into H2 and CO2 at 80 ◦C. A TOF = 2635 h−1 after one hour and a turnover number
of 10,000 after six hours were achieved using 0.01 mol% of catalyst 29-Me. Curiously, the authors
explored the effect of Lewis acid additives as well. Contrarily to the results reported by Schneider and
Hazari using Fe-PNP catalysts [389], this work showed that replacing the base with 10 mol% of LiBF4

resulted in no conversion of formic acid.
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Also in 2016, Gonsalvi proposed a series of well-defined, in situ formed Ru(II) complexes of the
linear tetraphosphine ligand meso-1,1,4,7,10,10-hexaphenyl-1,4,7,10-tetraphosphadecane (tetraphos-1,
P4), as shown in Scheme 21a [392]. The system was active for formic acid dehydrogenation in both
batch and continuous feed conditions, in the presence of an amine additive. The authors investigated
the reaction mechanism using NMR experiments and DFT calculations. The trans-[Ru(H)2(meso-P4)]
32 was found to be the key intermediate in the proposed catalytic cycle, suggesting that formic acid
activation occurs on only one of the hydrides of the octahedral specie (Scheme 21b).
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mechanism [392].

The same year, Czaun, Olah, and Prakash investigated the in situ formation of active catalytic
systems from mixtures of IrCl3xH2O and N-donor ligands in aqueous solution of formate at
temperatures between 90 and 100 ◦C (Scheme 22) [393]. Among other tested mono- and bidentate
ligands, there were the tridentate N,N,N′,N′,N”-pentamethyldiethylenetriamine (PMDETA), and the
multidentate 1,3-bis(2′-pyridyl-imino)-isoindoline (IndH) and 1,4-di(2′-pyridyl)aminophthalazine
(PAPH2). The catalytic system derived from IrCl3 and IndH in aqueous sodium formate showed
the best results in terms of high selectivity and robustness for hydrogen generation. Furthermore,
the system remained active under both high and moderate pressure conditions (3–50 bar), used to
suppress the formation of CO impurity. Importantly from a practical perspective, neither the precursors
(including IrCl3·H2O and IndH) nor the in situ formed species are air sensitive. The catalyst remains
active for up to 20 days, and retains a similar activity even after one year when kept under H2/CO2

pressure. The authors also proposed a prototype of an integrated formic acid decomposition and
hydrogen–air PEM fuel cell, demonstrating the feasibility of this approach for a continuous hydrogen
production and its conversion into clean energy.
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In 2017, Gelman explored a series of new bi-functional iridium-PC(sp3)P complexes for the
dehydrogenation of formic acid at low temperature (Scheme 23) [394]. Catalyst 33a (cat/FA = 1:2000)
reached a turnover number up to 5 × 105 and a TOF of 2 × 104 h−1 (3.8 × 105 and 1.2 × 104 h−1 with
no additives) in 30 mol% sodium formate in DME and, importantly, under air. Three different pincer
ligands with pendant groups of varying basicity were investigated: neutral –OH, basic -NH2 and
acidic -COOH. While the complexes containing –OH and -COOH decomposed through liberation
of H2 at rt < T < 60 ◦C, the complex bearing the NH2 group was found to be the most stable and
active catalyst showing selective formic acid decomposition to hydrogen and carbon dioxide with no
presence of carbon monoxide (by GC-TCD). Supported by experimental studies and quantum chemical
calculations, hydrogen is released by protonolysis of the Ir-H bond and formation of a cationic species
stabilized by the amine chelation from the amino group in the backbone. Regeneration of the active
hydride catalyst is performed via an outer-sphere intramolecular β-H elimination of formic acid while
concomitantly forming CO2.Catalysts 2020, 10, 773 19 of 115 
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ligands [394].

Of the same family of bi-functional PCP complexes, Gelman demonstrated that the ruthenium
catalyst 34 is active for the acceptorless dehydrogenative coupling of alcohols and amines [395],
as well as the E-selective semihydrogenation of alkynes with formic acid [396].

In 2018, Esteruelas demonstrated hydrogen production from formic acid using a
trihydridohydroxoosmium(IV)-POP catalyst [397]. The reactions were performed at temperatures
between 25–45 ◦C, yielding turnover number values between 17 and 87 (calculated at 20% conversion).
Catalyst 37 is obtained starting from the corresponding chloride complex following the route in
Scheme 24. The authors also proposed the catalytic cycle shown in Scheme 24 based on kinetic
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analysis of the catalysis, isolation of the intermediates and kinetic analysis of their decomposition
pathways, as well as DFT calculations on the rate-determining step. Complex 37a was fully isolated and
characterized. The release of CO2 was found to occur through complex 37b, resulting in the formation
of 37c which is protonated by formic acid to give the penthahydrido complex 37d in equilibrium with
37e. The liberation of H2 affords the unsaturated cationic complex 37f, which can coordinate a new
formate anion.
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Zheng and Huang reported a series of new PNP and PNN ruthenium complexes (Scheme 25)
as suitable catalysts for formic acid dehydrogenation [398]. The pyridine moiety is dearomatized
by deprotonation of one of the arms, leading to an imine functionality, responsible for the catalyst
activation/formic acid deprotonation step. Interestingly, the prepared catalysts are both air and water
stable. No CO gas is produced together with the CO2 and H2. As expected, the performance of the
catalyst dramatically increases in the presence of a base such as NEt3. The system was shown to be
active already at 50 ◦C, but the highest TON of 1,100,000 was obtained at 90 ◦C, using catalyst 38 in the
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presence of triethylenediamine as additive and DMSO as solvent. The same family of catalysts was
reported to be active in several promising transformations, i.e., selective dehydrogenation (oxidation)
of benzylamines into imines [399], hydrogenation of esters in the presence of water [400], as well
as the electrocatalytic reduction of CO2 to CO and formic acid in aqueous solution with negligible
formation of H2 [401]. In addition, a hydride nickel(I) counterpart of 38 was showed to be active for
the cycloaddition of CO2 and epoxide affording carbonates [402].
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With the purpose of increasing the long-term stability of homogeneous catalysis, Lai and Huang
recently investigated the immobilization of catalyst 38 knitted into porous organic polymers [403].
The supported catalyst was found to be active for dehydrogenation of formic acid in both organic
and aqueous media. The system showed excellent stability affording a turnover number of 145,300
after 50 cycles over a period of three months, using a 1:2500 ratio catalyst to formic acid (calculated by
measuring the ruthenium content by ICP). A considerably lower TON (5600) was obtained using the
homogeneous analog under the same reaction conditions, because of deactivation of the catalyst.

Kuwata showed a series of ruthenium-NNN pincer complexes bearing protic
(trifluoromethyl)pyrazole arms for formic acid dehydrogenation [404]. The complexes were
synthetized and characterized, and the impact of the perturbations on the catalytic properties was
examined. The authors demonstrated the increased Brønsted acidity given by the N-H groups by
protonation–deprotonation experiments, whereas the high electron-withdrawing properties of the
CF3 pendants was found to not affect the electron density around the metal center. The NNN pincer
complexes 41 and 42 exhibited high catalytic activity; the reaction in the presence of KN(SiMe3)2 as
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additive afforded TONs of 3000 and 3700, respectively (Scheme 26). Importantly, using catalyst 42 the
reaction proceeds even without the addition of base additives, resulting in the highest TON of 3700.
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In 2018, Bernskoetter and Hazari proposed three well-defined, single crystal X-ray
crystallographically characterized, PNMeP iron pre-catalysts containing isonitrile ligands, in the
form of (iPrPNMeP)Fe(H)(HBH3)(C≡NR), as shown in Scheme 27 [405]. The catalysts are analogs of the
previously showed PNP iron carbonyl complexes, already studied extensively in the literature. A first
generation of isonitrile Fe-PNHP catalysts was reported a year before for the hydrogenation of CO2 to
formate [406], albeit showing lower activity compared to the first generation iron carbonyl complexes.
In this work, a second-generation PNMeP complexes has been investigated. The new isonitrile catalysts
showed to be active in both CO2 hydrogenation and formate dehydrogenation, although with one-order
magnitude inferior activity compared to the corresponding carbonyl complexes. The reaction using
0.1 mol% of 43c, 50 mol% NEt3 in 5 mL of dioxane at 80 ◦C resulted in a TON of merely 140 after 4 h.
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Very recently, the group of Beller studied the effect of the methylation of the nitrogen atom of the
PNP pincer, comparing the activities of the active complexes 10 and 10-Me for the dehydrogenation
of formic acid [348]. This work follows a previously reported article by the same group, where the
authors unraveled the mechanism of aqueous methanol dehydrogenation (see Section 2.2.1) [337].



Catalysts 2020, 10, 773 23 of 116

The authors screened the two catalysts at various pH values; under all the tested conditions, complex
10-Me showed superior activity to 10. In a first screening in basic conditions (pH = 13), catalyst 10-Me
was found to be approximately twice as active as its PNHP congener, with TOF(NMe) = 4251 h−1 and
TOF(NH)=2099 h−1 after 1 h. The complexes showed similar activity at neutral pH, while the best
activity for both systems was obtained in acidic conditions (pH = 4.5). Catalyst 10-Me resulted in TOF
of 8981 h−1 superior to 10 (5263 h−1). In line with the increase in TOF values, the conversion after 3 h
also increased: for catalyst 10, 69% at pH 13 vs 85% at pH 4.5, while catalyst 10-Me resulted in 82% at
pH 13, and in almost full conversion under acidic conditions. After optimization, applying 0.01 mol%
of 10-Me provided a TOF of 6492 h−1 after 1 h at 92 ◦C, with 20 mmol of KOH in a aqueous formic acid
solution in triglyme. Extending the reaction time to 6 h resulted in full conversion and a TON = 26,388
after four consecutive additions of formic acid. The authors proposed two different catalytic cycles for
the two catalysts (Scheme 28), concluding that in both cases the protonation of the complex resulting in
the dihydrogen specie is the key step in formic acid dehydrogenation [337]. Curiously, the effect was
different with the Mn-PNP 25, which showed decreased activity in the presence of the N-Me moiety,
but still with increased activity in acidic conditions rather than basic ones.
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In 2018, Beller reported that also the known ruthenium dihydride [RuH2(PPh3)4] is a suitable
catalyst for the dehydrogenation of aqueous formic acid at low temperature (TOF up to 36,000 h−1 at
60 ◦C in THF) [407]. The catalyst was active for 120 days and it does not require basic additives.

The same group also proposed the cobalt catalyst precursor 44 shown in Scheme 29 for formic
acid dehydrogenation in aqueous media and at mild conditions [408]. Reactions were performed at
60–80 ◦C in the presence of HCOOK. Since the catalytically active species are air-sensitive, the authors
investigated the in situ activation of the pre-catalyst 44 in the presence of NaBEt3, resulting in the
active hydrido complex 44-H (Scheme 29). Importantly, under optimized conditions, the benchmark
Ru-MACHO resulted in scarce H2 evolution, whereas the manganese catalyst 25 showed no activity
in aqueous conditions. The authors proposed an outer-sphere mechanistic cycle similar to the classic
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Ru-PNP catalyst, with the amine proton taking active part in the catalytic cycle. The authors concluded
that the rate-determining step is the C-H activation resulting in CO2 release and formation of the amine
complex. The work provides useful information for the development of non-noble metal catalysts for
formic acid dehydrogenation.
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2.2.3. Other Hydrogen Storage Systems

There are other potential solutions for hydrogen storage based on the LOHC technology, where
pincer complexes have been applied as well. Some of these include ammonia-borane, amine-borane,
hydrazine-borane, as well as pyrrolidine-based liquid organic hydrogen carriers [409–418]. The inverse
hydrogenation process of the obtained products has also been explored [419–423]. Several metal catalysts
have been investigated for the dehydrocoupling of these hydrogen reservoirs [424–431]; among these,
pincer complexes have showed promising features and remarkable activity [432–440]. A comprehensive
review on the main progresses in this field can be found in the work of Rossin and Peruzzini [441],
whereas Schneider investigated the ruthenium-catalyzed amino-borane dehydrocoupling in 2013 [442].
Herein, we show representative examples of the more recent works from 2015 up to date involving the
use of pincer-type catalysts.

In 2015, Schneider proposed the iron-PNP complex 17a for ammonia-borane dehydrocoupling at
room temperature [443]. Ammonia-borane represents a promising hydrogen storage system, storing
up to 19.5 wt% of H2 at ambient conditions [444]. The dehydrogenation proceeds via an aminoborane
complex and results in 90% conversion to the linear polyaminoborane polymer (Scheme 30). Catalyst
deactivation due to the presence of free BH3 can be prevented by addition of a simple amine, resulting
in high TON up to 350 using 0.2 mol% of 17a and 0.8 mol% of NMe2Et. In 2009, the same author
showed Ru-PNP catalysts similar to 17a, but where the CO ligand is exchanged with PMe3 groups, as
active catalyst for the same transformation [445,446].
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Continuing the exploration of iridium-based pincer complexes, Belkova investigated the 
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Scheme 30. Iron-catalyzed dehydrogenation of ammonia borane performed by Schneider [443,445].

In 2016, Beweries compared new 3,5-disubstituted cyclometalated iridium(III)-hydrido complexes
with the non-substituted counterparts in the dehydrogenation of hydrazine borane (Scheme 31) [447].
All catalysts were active, but when R = COOMe, the derived active species outperformed the other
catalysts significantly, resulting in full conversion after 28 s (47-Cl) and 18 s (47-H) using 2 mol%
catalyst loading. In addition, both catalysts 47-H and 47-Cl showed promising recyclability properties.
The dehydrogenation products were characterized by solid state NMR and FT-IR spectroscopy, while
DFT studies were performed using catalyst 45-H to rationalize the mechanism of hydrazine borane
dehydrogenation. The reaction proceeds through coordination of hydrazine borane by either NH2 or
H–BH2, coexisting in equilibrium; later, the dehydrogenation occurs resulting in a dihydrogen complex
and liberation of H2B=NHNH2. Finally, the active specie 45-H is regenerated after H2 dissociation.
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Scheme 31. Dehydrogenation of hydrazine-borane hydrogen storage system by Ir-PNP pincer
complexes reported by Beweries [447].

In 2015, Jensen performed kinetic studies on the iridium tBuPCP complex 48 for the
dehydrogenation of several pyrrolidine based LOHCs, such as butyl pyrrolidine (BuPy),
N-ethylcarbazole (NEC) and methyl perhydroindole (MePHI) (see Table 1) [448]. The authors
investigated reaction kinetics in terms of dehydrogenation onset temperatures, activation energies,
and frequency factor when catalyst 48 was used in the presence of NaOtBu as additive. The authors
concluded that the steric constraints of these LOHCs, rather than the C-H activation at the metal center,
represent the main issue preventing higher rates of reaction.

Continuing the exploration of iridium-based pincer complexes, Belkova investigated the
mechanism of dimethylamine–borane (DMAB) dehydrogenation using the iridium(III)-PCP complex
49 in Figure 2 [449]. It is possible to use the hydridochlorido complex precursor as precatalyst, which is
activated in situ resulting in the active specie 49-H, as was found for ammonia-borane dehydrogenation
by Heinekey and Goldberg in 2006 [450].

In 2016, Esteruelas investigated the monohydride rhodium {xant(PiPr2)2} complex 50 for
the dehydrocoupling of ammonia-borane, dimethylamine-borane, and a combined system with
ammonia-borane dehydrogenation and cyclohexane hydrogenation, as shown in Scheme 32 [451].
Using 1 mol% of catalyst 50 in THF at 31 ◦C resulted in a TOF of 3150 h−1 (calculated at 50% conversion)
using BH3NH3 and 1725 h−1 when employing BH3NHMe2. The system releases 1 equivalent of
hydrogen via stepwise hydrogen transfer from the substrate to the catalyst, involving the formation of a
five-coordinate dihydridorhodium(III) intermediate. Based on DFT calculations, the authors proposed
a non-classical dihydrido route for the dehydrogenation step.
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Figure 2. Iridium pincer catalysts investigated by Jensen for hydrogen release from pyrrolidine-based
LOHCs [448], as well as dimethylamine–borane dehydrogenation by Belkova [449].
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In 2017, Yamashita showed the novel iridium PBP pincer complex 51 in Scheme 33 for the
dehydrogenation of dimethylamine–borane (DMAB) [452]. The catalyst is a modification of a
previously reported Ir-PBP complex (52), active for transfer dehydrogenation of alkanes [453]. In this
work, the PBP ligand is modified by changing the benzene ring of the benzodiazaborole with the
aliphatic tetramethylethylene functionality, hence decreasing the Lewis acidity on the boron center.
The active dihydrido species can be obtained from the chloride precursor after treatment with nBuLi
at room temperature. The complexes were also characterized by NMR spectroscopy, high-resolution
mass spectrometry (HRMS), as well as single-crystal X-ray diffraction analysis. Catalyst 51 catalyzes
the dehydrogenation of Me2NH·BH3 to form the cyclic dimer and releasing 1 equivalent of hydrogen.
A turnover frequency of 3400 h−1 was obtained, with 0.05 mol% of 51 in THF at 60 ◦C, with a final
yield of 87% after 18 h (Scheme 33). Of the same family of PBP catalyst, Peters showed in 2013 that
2 mol% of the cobalt(I)-N2 complex 53 catalyzes the release of hydrogen from DMAB in 6 h and at
room temperature, resulting in full conversion to the cyclic (Me2N−BH2)2 [437].

Using a different approach, Milstein proposed in 2016 a new hydrogen storage system based on the
dehydrogenative coupling of ethylenediamine with ethanol, as depicted in Scheme 34 [454]. Complex
24 was able to perform the dehydrogenation step with a 0.1 mol% catalyst loading, 1.2 equivalents of
KOtBu at 105 ◦C for 24 h resulting in full conversion. Remarkably, the same catalyst was applied for both
hydrogenation and dehydrogenation steps; thus, employing 0.2 mol% of 24, 2.4 equivalents of KOtBu,
50 bar of H2 in dioxane at 115 ◦C, it was possible to fully hydrogenate N,N′-diacetylethylenediamine
with 100% yield of ethylenediamine. This result expanded the concept of LOHC systems, paving the
way for further optimization as well as applying combinations of amine-alcohol with even higher
hydrogen capacity, such as ethylenediamine and methanol.
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Scheme 34. Hydrogen storage system based on ethylenediamine with alcohol proposed by Milstein,
and its reversible (de)hydrogenation catalyzed by complex 24 [454].

Indeed, very recently Milstein demonstrated the hydrogenation of ethylene urea to
ethylenediamine and methanol and the reverse dehydrogenative coupling (Scheme 35) resulting in a
mixture of ethylene urea, N-(2-aminoethyl)formamide and N,N′-(ethane-1,2-diyl)diformamide [319].
The system is rechargeable and has a high theoretic hydrogen capacity (6.52 wt%). Applying 1 mol%
of the Ru-PNN catalyst 54, 2.2 mol% KOtBu in 1,4-dioxane at 150 ◦C for 24 h, it was possible to obtain
high yields of dehydrogenated products and hydrogen released (>90%). The system was also able to
perform the hydrogenation step under the same conditions; by simply applying 50 bar of hydrogen
gas, the reaction afforded full conversion to a mixture of ethylenediamine and methanol.

After screening a range of amines, Prakash and Olah demonstrated the same concept using
Ru-MACHO-BH and dimethylethylenediamine (5.3 wt% H2) which was successfully dehydrogenated
in the presence of methanol resulting in a mixture of formamides [455]. The authors proposed a
reversible hydrogen storage system in which both H2 “loading” and “unloading” can be performed
by the same ruthenium pincer catalyst by a simple H2 pressure swing (Scheme 36). The explorative
dehydrogenative reaction using benzylamine in the presence of 1 mol% of Ru-MACHO-BH in toluene
resulted in 88% yield in N,N′-dibenzylurea after 24 h at 140 ◦C, whereas 99% yield was afforded in the
inverse hydrogenation of N,N′-dibenzylurea under 60 bar of hydrogen. The authors then screened
other Ru- and Fe-PNP catalysts. Complex 10 combined with dimethylethylenediamine (1:4 molar ratio
with respect to MeOH) as substrate and 5 mol% K3PO4 as a basic additive afforded 90% yield hydrogen
at 120 ◦C in toluene after 24 h. Importantly, the catalyst retained more than 80% of its catalytic activity
after three cycles of reactions. The reverse hydrogenation was carried out using catalyst 10 under 40 or
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60 bar of hydrogen resulting in 92% and 95% yield of amine, respectively. Curiously, the N-methylated
congener of Ru-MACHO showed low activity, indicating the presence of an N-H assisted outer sphere
mechanism. Ru-MACHO-BH was also reported by Hong to perform a ruthenium-catalyzed urea
synthesis using methanol as the C1 source, with no additive, such as a base, oxidant, or hydrogen
acceptor [456].Catalysts 2020, 10, 773 27 of 115 
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3. Hydrogenation Reactions

For case of brevity, the focus will be on processes involving carbon dioxide and dinitrogen as
the main substrates of interests, as well as chemical transformations promoting the valorization of
biomass-derived molecules. Nevertheless, pincer complexes have achieved remarkable results
in the (transfer) hydrogenation of a wide series of substrates such as ketones [385,457–462],
esters [40,179,220,386,400,463–477], aldehydes [478–480], amides [67,481–485], and imines [486,487].

Carbon dioxide is sadly known to be the main responsible for the anthropogenic climate change
and global warming [488–491]. At the same time, CO2 represents an easily accessible C1 building
block with the potential to replace the commonly used petrochemical carbon sources in a plethora
of useful chemical transformations, dramatically increasing their intrinsic sustainability [492–494].
Several approaches have been investigated for its capture from the atmosphere, as well as from
localized emission sources [495–504]. The desorbed CO2 is subsequently compressed and stored in
underground rock formations or utilized in the direct synthesis of value-added products [505–510].
Indeed, the industry already uses several million tons of CO2 for the production of e.g., urea, salicylic
acid, cyclic carbonates, and polypropylenecarbonate [511–513].

In the past decades, the catalytic hydrogenation of CO2 has gained attention as a powerful
tool to store green hydrogen, thereby electrical energy, as introduced by the seminal works by
Asinger [514], Leitner [515,516], Noyori [517], as well as Olah [301,518–520]. The process, combined
with the aforementioned methanol/formic acid dehydrogenation reactions, has the potential to close
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the ideal cycle of CO2-free energy release and storage. Currently, both methanol and formic acid
are industrially produced using fossil feedstock via carbon monoxide, which has lower kinetic and
thermodynamic stability compared to CO2. The direct synthesis from CO2 is traditionally carried out at
high temperatures and pressures with heterogeneous metal catalysts such as Cu/ZnO/Al2O3 [521–524].
Thus, the sustainability of the direct CO2-route is strictly dependent on the use of green hydrogen
produced without contemporary CO2 release in the atmosphere, as well as catalytic systems operating
efficiently under milder reaction conditions. A variety of homogeneous catalytic systems has been
employed for the direct hydrogenation of CO2 into green fuels [213,214,517,525–535], including
first-row metal complexes [536–544]. Pincer-type ligation shows again very encouraging features in
terms of stability and mild reaction conditions, with promising possibility of further optimization.
In addition, often the same catalyst is active in both directions of hydrogenation and dehydrogenation,
expanding the applicability and robustness of this family of catalysts.

One of the most relevant and energy consuming industrial transformations is the conversion of
N2 for the production of ammonia through the Haber-Bosch process, a synthesis that requires harsh
conditions and, hence, high operative costs [545–548]. Ammonia is widely used in the global economy
as a fertilizer feedstock, industrial and household chemical, as well as chemical precursor in many
chemical transformations [549–553]. In addition, it has been considered a future fuel alternative as a
hydrogen storage molecule [554–556]. The possibility to perform nitrogen fixation at mild reaction
conditions and less energetic costs by means of homogeneous catalysis is of key importance for
the future sustainable chemical production, and as discussed in Section 3.2, pincer complexes are
protagonists in the development of the best performing homogeneous systems developed to date.

Finally, in Sections 3.3 and 3.4, discuss the main advances in relevant sustainable transformations
involving the use of bio-substrates which are already easily accessible from biomasses, representing
useful building blocks for the bulk chemical production. In addition, pincer complexes achieved
remarkable results also in transfer hydrogenation reactions involving the use of ethanol as the hydrogen
source, as well as the upgrading of ethanol to butanol and other C4 molecules to be used as bio-fuel
and fuel additives.

3.1. CO2 Hydrogenation

3.1.1. Early Works

The hydrogenation of carbon dioxide by means of homogeneous catalysis has grown extensively
in the last decade. An overview of the best performing systems for CO2 hydrogenation up to 2010
can be found in the work of Beller [557], while in 2018 and 2019 Prakash reviewed the topic in depth
including the use of pincer type complexes [558,559]. In this review, we will focus mostly in CO2

conversion to formic acid (and/or formate salts) as well as to methanol, both of them representing
accessible green fuel and hydrogen carriers.

Up to 2010, the best performing catalytic system was represented by the iridium-PNP catalyst 9
(shown in Scheme 2), reported by Nozaki in 2009, which overcame previously reported Ru [560–563],
Rh [564–566], and Ir [567] homogeneous systems. In the work by Nozaki, the reactions were carried
out in aqueous KOH, resulting in potassium formate (HCOOK) as the product [568]. Thus, using
the trihydridoiridium(III)-PNP complex 6 at 120 ◦C and 60 bar of 1:1 CO2/H2 in 1.0 M aqueous KOH
it was possible to achieve excellent TON and TOF values of 3,500,000 and 150,000 h−1, respectively
(Scheme 37).
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The use of iridium pincer complexes was further explored by Hazari in 2011 [569]. The authors
were able to isolate the air and moisture stable catalyst 8a, obtained from 8-H in the presence of CO2.
Under optimized conditions, the system resulted in yields up to 70% in formate, with TON of 348,000
and TOF of 14,500 h−1 (Scheme 38).
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In 2010, Beller and Laurenczy showed the hydrogenation of bicarbonates and carbon dioxide to
formates, alkyl formats, and formamides catalyzed by the in situ formed system Fe(BF4)2·6H2O and
the tetraphos ligand P(CH2CH2PPh2)3 (PP3) [570]. In the presence of 0.14 mol% of this catalyst at
80 ◦C with 60 bar of hydrogen, sodium formate was obtained in an excellent yield of 88% with TON of
630 after 20 h.

Encouraged by these findings on iron complexes, Milstein proposed the dihydrido Fe-PNP
complex 26 for the low-pressure hydrogenation of carbon dioxide [387]. 0.1 mol% of catalyst 26
(catalyst 27 is formed during the reaction in the presence of CO2) in a 10:1 mixture H2O/THF, with 2M
NaOH at room temperature, converted CO2 and H2 into sodium formate with a TON of 788, TOF of
156 h−1, and 39.4% yield (Scheme 39).
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Scheme 39. CO2 hydrogenation with catalyst 26 proposed by Milstein in 2011 [387].

In 2011, Milstein and co-workers published the first example of hydrogenation of carbonates into
alcohols and carbamates into alcohol and amines as an indirect route for the synthesis of methanol
from CO2 [571]. 0.02 mol% of catalyst 24-H in THF, in the presence of 50 bar of H2, catalyzed the
conversion of dimethyl carbonate into methanol with a TON of 4400, 89% conversion and 88% yield,
at 110 ◦C and after 14 h. With 1 mol% of catalyst 24-H, in THF and with 10 bar of hydrogen, it was
possible to convert N-benzyl carbamate into methanol and the corresponding amine with 97% yield, at
110 ◦C, after 48 h. Finally, the authors tested the hydrogenation of alkyl formates to methanol and the
corresponding alcohol. A TON of 4700 and a yield of 94% was achieved applying 0.02 mol% of catalyst
24-H in THF, 50 bar of H2, at 110 ◦C, and after 14 h.

The same year, Sanford proposed a cascade reaction mechanism for CO2 hydrogenation using the
Milstein catalyst 24-H in combination with other two homogeneous catalysts, i.e., (PMe3)4Ru-(Cl)(OAc)
and Sc(OTf)3 (Scheme 40) [572]. The first two steps consist in the hydrogenation of CO2 to formic acid,
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followed by esterification to generate a formate ester. Later, complex 24-H catalyzes the hydrogenation
of the ester to release methanol. In order to prevent the deactivation of catalyst 24-H by Sc(OTf)3,
the former was placed in the outer vessel of the Parr reactor where it promotes methyl formate
hydrogenation to methanol. The protocol was successfully demonstrated resulting in an overall TON
of 21 under optimized conditions.
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Catalyst 24-H was also employed by Milstein to demonstrate the hydrogenation of urea derivatives
(easily obtained from CO2 and amines) to amines and methanol [573]. Catalyst 24-H promotes the
double cleavage of the robust C-N bonds under mild, neutral conditions. 1,3-dimethylurea was used
as benchmark substrate to identify the optimized reaction conditions. 2 mol% of catalyst 24-H in THF,
heated at 110 ◦C and in the presence of 13.8 bar of hydrogen, afforded 96% conversion and 93% yield
in methanol after 72 h. With the optimized conditions, the authors screened a wide range of urea
derivatives that were converted in good to excellent yields.

In 2011, Leitner performed computational studies on 38 different rhodium pincer alkyl complexes
with varied steric and electronic environment for the CO2 association and insertion into the metal–carbon
bond, resulting in the corresponding carboxylate species [574]. Several of the tested catalysts showed
insertion barriers with energies that encourage their use within an effective catalytic cycle. The authors
pointed out three main features that facilitate CO2 insertion: (a) the anionic complexes were more
reactive than neutral congeners. (b) The activity decreased based on the central donor atom of the
pincer arm in the order of C− ≈ B− > Si− > N > carbene > O. (c) Higher basicity is typically associated
with higher reactivity, with the side arm of the pincer that can further tune the electronics around the
metal center.

The same author proposed a novel protocol for the direct synthesis of free carboxylic acids
via hydrocarboxylation using CO2 as a C1 building block and simple non-activated olefins [575].
The reactions were carried out in acetic acid using 1:10 [{RhCl(CO)2}2] and PPh3 in the presence of
60 bar of CO2, 10 bar of H2, CH3I as a promotor, and p-TsOH·H2O as acid additive. With cyclohexene
as a substrate, the reaction afforded full conversion and 92% yield in the carboxylic acid, with only
5% of cyclohexane as the co-product, after 16 h at 180 ◦C. With optimized conditions, the authors
scoped various substrates and it was possible to obtain the corresponding carboxylic acids in good
to excellent yields, with only minor amounts of the hydrogenated olefin. After evaporation of the
solvent, the authors isolated and characterized the complex [CH3PPh3][RhI4(CO)(PPh3)] using X-ray
crystallographic analysis.



Catalysts 2020, 10, 773 32 of 116

In 2012, Klankermayer and Leitner demonstrated the homogeneous hydrogenation of carbon
dioxide to methanol using a catalytic system based on the tripodal PPP Triphos ligand showed in
Figure 3 [576]. Both the combination of the precursor Ru(acac)3 and the Triphos ligand, as well as
catalyst 55 were active in the hydrogenation of both CO2 and formate esters. In particular, 25 µmol
of catalyst 55, with 1 equivalent of HNTf2, at 60:20 bar of CO2:H2 in THF/EtOH, afforded a TON of
221 after 24 h. Mechanistic studies indicate the active species 57 and 58 as key intermediate in this
transformation, with enhanced activity in the presence of weakly coordinating anions [577].
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In 2015, Leitner employed catalyst 55 for the hydrogenation of CO2 into methanol without the need
of an alcohol additive [578]. Catalysts 55 and 56 were used as pre-catalysts leading to the formation
of the active specie 57 under the reaction conditions. Applying only 6.3 µmol of 55, 1 equivalents of
HNTf2, 20:60 bar of CO2:H2 in THF, afforded the best TON of 442 at 140 ◦C after 24 h.

The same group also showed the direct methylation of primary and secondary amines catalyzed
by the PPP complex [Ru(Triphos)(tmm)] 55 without the use of reducing agents [579]. The authors found
the optimized conditions for the methylation of N-methyl aniline, and extended the scope to a wide
range of substituted aromatic amines as well as primary anilines. Quantitative yields were obtained for
the conversion of N-methyl aniline into dimethylaniline by applying 2.5 mol% of [Ru(triphos)(tmm)],
5 mol% of HNTf2, 20:60 bar of CO2:H2 in THF at 150 ◦C.

Meyer and Brookhart proposed the iridium PCP pincer catalyst for the electrocatalytic conversion
of CO2 to formate [580]. The reactions were carried out in acetonitrile with 5% of water. Water
promotes the reaction with CO2 with consequent formation of the cationic specie 59b coordinated
with a formate anion. The electrochemical observations suggest that the catalyst resides largely as 59a
in the electrocatalytic steady state, whereas 59 is the reactive specie (Scheme 41). In 2016, Ahlquist
performed computational studies on the electrochemical CO2 hydrogenation catalyzed by the iridium
complex 59, identifying the in situ reduced cationic iridium(I)-H complex as the active specie for the
transformation [581].
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Scheme 41. CO2 insertion to the Ir-PCP catalyst 59 showed by Meyer and Brookhart [580].

Müller investigated the insertion of CO2 into metal–phenoxide bonds using homogeneous
cobalt and zinc catalysts typically used in the copolymerization of epoxides and CO2 and shown in
Figure 4 [582]. The authors followed the mechanism of insertion resulting in the carbonate species by
means of in situ ATR-IR spectroscopy. It was noted that, despite the differences in the two species,
the neighboring donor groups of the pincer arm (NO2 in the case of 60, amides in the case of 61) allow
the carbonates to remain attached to the ligand sphere, enhancing the nucleophilicity of CO2, hence
favoring the easy transfer to other organic substrates, such as epoxides.
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In 2013, Milstein synthetized and characterized a series of novel pyridine-based Ni-PNP complexes
with the aim of investigating the aromatization/dearomatization equilibria prompted by double
protonation-deprotonation of the pincer arm [583]. Complex 64 can be readily prepared starting from
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NiCl2·6H2O and the PNPR ligand in a cascade reaction as depicted in Scheme 42. Complex 64, where
the negative charge is delocalized in the pincer moiety, was characterized by single-crystal X-ray
diffraction studies. In the presence of CO2, it undergoes electrophilic attack resulting in the anionic
specie 64a, observed by NMR spectroscopy.
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Goldman performed DFT studies on the hydrogenation of dimethyl carbonate to methanol
using the Milstein-type PNN catalyst 4 [215]. The work provided new insights on the mechanism
for the C-OMe bond cleavage. The authors proposed an ion-pair-mediated metathesis pathway
in which the formed alkoxide C–H bond binds to the ruthenium atom. By simple reorientation
of the dimethoxymethanoxide anion formed upon transfer of a hydride to dimethyl carbonate,
the methoxy group of the [OCH(OMe)2]− anion is in a close proximity to the metal, allowing the
C–OMe bond cleavage.

3.1.2. CO2 Hydrogenation to Methanol

Himeda and Laurenczy reported in 2016 the iridium complex [(Cp*)Ir(dhbp)(OH2)][SO4] (dhbp
= 4,4′-dihydroxy-2,2′-bipyridine), already showed for bicarbonate hydrogenation to formate and
formic acid dehydrogenation [584], for the production of methanol from CO2 at room temperature as
well [585]. The catalyst was active for both CO2 hydrogenation to formic acid in acidic media, without
additives, as well as formic acid disproportionation into methanol, achieving 98% conversion and 96%
selectivity after 72 h. Formic acid was obtained by pressurization of a solution of the catalyst with
20 bar CO2 and 50 bar H2 at ambient temperature. Methanol was observed by only increasing the
temperature, whereas the addition of an optimized sulfuric acid concentration resulted in the enhanced
activity of the system. No carbon monoxide was observed, indicating that decarbonylation of formic
acid did not occur.

In 2015, Sanford proposed a ruthenium-catalyzed hydrogenation of CO2 to methanol with
dimethylamine as capturing agent [586]. The reduction proceeds in basic conditions through the in
situ formation of dimethylammonium dimethylcarbamate (DMC) as a key intermediate (Scheme 43).
Ru-MACHO-BH (0.03 mol%) was used as catalyst, in the presence of 2.5:50 bar of CO2/H2, and
0.25 mmol of K3PO4. The reaction afforded a TON of 550 in methanol and an overall 82% conversion
of CO2 to methanol and a mixture of dimethylformamide and dimethylammonium formate, which
raises to 96% total conversion when applying 0.1 mol% of catalyst loading. The work represented a
step forward toward the integrated CO2 capture and direct conversion to methanol.
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The same year, Milstein developed an innovative methodology for indirect CO2 hydrogenation
by means of prior capture by amino alcohols at low pressure followed by the hydrogenation of the
generated oxazolidinone to form MeOH (Scheme 44) [587]. Moreover, this approach is inspired by the
CO2 capture industry that uses amino alcohols to capture CO2 from waste streams [588]. The work
provides new possibilities for the use of oxazolidinone, which can be useful for the production of a
liquid fuel such as MeOH. Three Ru-NNP complexes (3, 24, and 54) were tested for this transformation,
with complex 24 being the most active catalyst. The authors screened both 2-(methylamino)ethanol
and valinol for the first step of CO2 capture; valinol was chosen considering its ability to capture CO2

more selectively under only 1 bar of CO2. Employing Cs2CO3 (10 mol%), DMSO as solvent, and at
150 ◦C under 1 bar of CO2, for 24 h afforded the oxazolidinone in >90% yield. The product is not
purified or isolated and the leftover CO2 is simply removed under vacuum. Then, the subsequent
hydrogenation of the formed oxazolidinone was performed with 24 (2.5 mol%) and KOtBu (25 mol%)
under 60 bar of H2, at 135 ◦C, for 72 h, producing MeOH and the amino alcohol precursor in 37%
and 62% yields, respectively. Remarkably, the process allows direct CO2 capture with consequent
MeOH formation, avoiding the energy-demanding steps of CO2 regeneration from capture products
and subsequent pressurization.
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Scheme 44. Milstein’s CO2 capture/hydrogenation to MeOH using amino alcohol [587].

The year after, Olah and Prakash reported an efficient catalytic system for the one-pot CO2 capture
and conversion to methanol, using polyamine and Ru-MACHO-BH (Scheme 45a) [589]. The first
step of CO2 capture was achieved by bubbling synthetic air (400 ppm of CO2 in N2/O2 80/20) in an
aqueous solution of pentaethylenehexamine (PEHA) for 64 h. Ru-MACHO-BH (20 µmol) was applied
in the presence of 50 bar of H2 in triglyme, and 6% of the captured CO2 (5.4 mmol) was converted
into methanol after 55 h in 79% yield (determined by NMR). The authors confirmed the robustness
of the method by recycling the catalyst over five consecutive runs of 5 h without significant loss of
activity; only 20 µmol of catalyst afforded an overall TON of 2150 at 145 ◦C under 75 bar pressure of a
1:9 mixture of CO2:H2.
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Scheme 45. CO2-capture and direct conversion to methanol using Ru-MACHO-BH as showed by
Olah (a) and Prakash (b) [589,590]

In 2018, Prakash showed another system for the integrative CO2 capture (trapped in the form
of carbamate and bicarbonate salts) followed by hydrogenation to methanol, using a biphasic
2-methyltetrahydrofuran (2-MTHF)/water solvent system, as shown in Scheme 45b [590]. The authors
screened known PNP catalysts (Ru-MACHO, Ru-MACHO-BH, 10, the Mn-PNP 25, as well as the
iron-PNP congener of 15 where HBH3 is substituted with Br). Again, the commercially available
Ru-MACHO-BH was found to be the most active, in combination with PEHA. After 11 mmol of CO2

was trapped in 0.79 g of PEHA, the system afforded 95% yield of methanol by applying 50 µmol of
catalyst in 2-MTHF at 70 bar H2 at 145 ◦C for 72 h (TON = 208). Importantly, the biphasic solvent system
allows recycling the catalyst, as well as the amine; after the reaction, the amine stays in the bottom
aqueous solution, whereas the catalyst remains in the top organic layer. After extracting the methanol,
both the amine and catalyst could be reused for three consecutive runs, retaining 90% of the activity in
methanol production.

The year after, another approach was proposed by the same author, using amines immobilized
onto a solid-silica support as CO2 capturing agent for the hydrogenation to methanol [591].
The covalently bonded solid-supported amines (SSAs) showed good recyclability properties for
CO2 absorption/desorption, as well as easy separation from the reaction media by simple filtration.
The catalyst could be also effectively recycled by vacuum evaporation of the solvent and methanol.
One more time, Ru-MACHO-BH performed best among the screened Ru- and Mn-PNP catalysts,
albeit with lower yields and turnovers compared with the previous reported results. 40 µmol of the
catalyst under the reaction conditions in Scheme 46, afforded a yield of ≈5% in methanol after 2 cycles,
with a TON of 90 in the first hydrogenation reaction.

Recently, Prakash also investigated the mechanism of ruthenium PNP-catalyzed amine-assisted
hydrogenation of CO2 to methanol [592]. As shown before, Ru-MACHO and Ru-MACHO-BH are
the best catalysts for the transformation, with (di/poly)amines acting as effective reusable additives.
In this work, TONs up to 1050 were achieved using PEHA, 10 mmol of Ru-MACHO-BH3 as catalyst,
K3PO4 as base, in triglyme, under CO2/3H2 (75 bar), and at 145 ◦C for 40 h. A long-term reaction
was carried out using Ru-MACHO-BH3 and PEHA and the catalyst was active for >10 days and
TON of 9900 was achieved. The authors also provided mechanistic insight by means of NMR and
ATR-IR spectroscopy techniques, as well as single-crystal X-ray diffraction analysis. The proposed
catalytic cycle for methanol production through formamide is depicted in Scheme 47; the authors
showed a deactivation pathway that leads to the formation of a dicarbonyl complex of Ru-MACHO.
Under reaction conditions, in the presence of H2, the resting state is converted back to the active specie
by CO dissociation and it was found to selectively catalyze the hydrogenation of the in situ formed
formamides resulting in high methanol yields.
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Scheme 47. Proposed catalytic cycle for amine-assisted CO2 hydrogenation to methanol showed by 
Prakash [592]. 

The Mn-PNP pincer complex 25 was employed by Prakash for the hydrogenation of CO2 to 
methanol in a sequential two-step approach [595]. The first step involves the N-formylation of an 
amine resulting in the corresponding formamide, which is further hydrogenated to methanol 
regenerating the initial amine. The first step was carried out by applying a 1:1 pressure of CO2:H2 (60 
bar), at 110 °C, for 24 h, in the presence of THF as solvent and K3PO4 as base. In the second step, the 
1:1 gas mixture was replaced with 80 bar H2 pressure, at 80 °C, for 36 h. After optimization, the 
authors proposed a scale up of the process using 0.1 mol% of catalyst 25 combined with benzylamine 
as trapping agent; the first reduction step afforded 84% yield in formamide, corresponding to a TON 
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In the last five years, several groups performed studies on the mechanism of CO2 hydrogenation
involving pincer-type catalysis. Pathak studied the base-free CO2 hydrogenation employing a series of
aliphatic Mn-PNP complexes using density functional theory (DFT) calculations [593]. The results
suggested that the aliphatic amido PNP complex promotes the heterolytic H2 cleavage and a proton
transfer mechanism, contrarily to other CO2 hydrogenation pathways promoted by base. Pincer ligands
containing σ-donor and π-acceptor functionalities were investigated to explore the steric and electronic
effects on the rate-determining step. It was found that both σ-donor, as well as π-acceptor ligands
have a pronounced effect on the catalytic activity; in particular, the authors concluded that σ-donor
ligands induce hydride transfer mechanism, while π-acceptor ligands promote the heterolytic H2

cleavage. The same author reported theoretical studies using DFT and microkinetic modelling to study
the mechanism of Mn-PNP-catalyzed CO2 hydrogenation to methanol in the presence of morpholine
as a co-catalyst via formamide intermediate [594]. The amidation step increases the overall rate of the
reaction, while the N-formylmorpholine hydrogenation step could follow two different competitive
pathways, both of them showing similar reaction energy barriers for the hydrogenation step.

The Mn-PNP pincer complex 25 was employed by Prakash for the hydrogenation of CO2 to
methanol in a sequential two-step approach [595]. The first step involves the N-formylation of an amine
resulting in the corresponding formamide, which is further hydrogenated to methanol regenerating
the initial amine. The first step was carried out by applying a 1:1 pressure of CO2:H2 (60 bar), at 110 ◦C,
for 24 h, in the presence of THF as solvent and K3PO4 as base. In the second step, the 1:1 gas mixture
was replaced with 80 bar H2 pressure, at 80 ◦C, for 36 h. After optimization, the authors proposed a
scale up of the process using 0.1 mol% of catalyst 25 combined with benzylamine as trapping agent;
the first reduction step afforded 84% yield in formamide, corresponding to a TON of 840. Later,
the hydrogenation step was performed under 85 bar of hydrogen, affording 71% yield in methanol
with a TON of 36 (Scheme 48).

Catalysts 2020, 10, 773 38 of 115 

 

of 840. Later, the hydrogenation step was performed under 85 bar of hydrogen, affording 71% yield 
in methanol with a TON of 36 (Scheme 48).  

 
Scheme 48. CO2 hydrogenation to methanol promoted by the Mn-PNP complex 25 reported by 
Prakash [595]. 

Based on a different approach, Prakash proposed this year the first example of hydroxide-based 
CO2 capture from air, followed by hydrogenation to methanol [596]. CO2 was successfully captured 
in ethylene glycol in the presence of hydroxide bases (NaOH or KOH) simply by stirring at room 
temperature for 3 h. The obtained bicarbonate and formate salts were later hydrogenated to methanol 
with high yields in an integrated one-pot system, as depicted in Scheme 49. Under optimized 
conditions, 0.5 mol% of Ru-MACHO-BH hydrogenated the bicarbonate species to methanol at 140 
°C under 70 bar of H2, resulting in 100% yield of methanol after 20 h, with TON of 200. The formed 
methanol can be easily separated by distillation, with contemporary hydroxide base regeneration. 
Finally, the authors proposed a one-pot method for direct CO2 capture from ambient air and direct 
methanol production; the system afforded 100% yield of MeOH after 72 h with the reaction conditions 
shown in Scheme 49. Considering the surprising capture efficacy as well as stability of the hydroxide 
bases, the authors postulated that the hydroxide-based system might be superior to the alternative 
amine routes for a scalable process. 

 
Scheme 49. Hydroxide-based CO2 capture and subsequent hydrogenation proposed by Prakash [596]. 

In 2017, Beller reported an efficient cobalt catalyst for the production of methanol from CO2 [597]. 
The authors started their investigation based on the Co(BF4)2/Triphos catalyst proposed by de Bruin for 
the hydrogenation of esters and carboxylic acids [598]. In this work, the active catalytic specie is formed 
in situ from either [Co(acac)3], Co(OAc)2·4H2O, or Co(BF4)2·6H2O, in the presence of the Triphos ligand 
and HNTf2. It was found that a 1:3 relationship between [Co]/[HNTf2] and two equivalents of Triphos 
with respect to cobalt, afforded the highest activity. The highest TON of 31 was obtained using 
[Co(acac)3] as the metal precursor, with the reaction conditions shown in Scheme 50a. The system was 
later optimized in 2019 [599]; the previous reported results could be improved by either using 
modified Triphos ligands, as well as by replacing Co(acac)2 with Co(NTf2)2. After screening of a range 
of ligands and additives, the authors proposed a new system that is additive free and notably, active 
below 100 °C (Scheme 50b).  

Scheme 48. CO2 hydrogenation to methanol promoted by the Mn-PNP complex 25 reported by
Prakash [595].

Based on a different approach, Prakash proposed this year the first example of hydroxide-based
CO2 capture from air, followed by hydrogenation to methanol [596]. CO2 was successfully captured
in ethylene glycol in the presence of hydroxide bases (NaOH or KOH) simply by stirring at room
temperature for 3 h. The obtained bicarbonate and formate salts were later hydrogenated to methanol
with high yields in an integrated one-pot system, as depicted in Scheme 49. Under optimized conditions,
0.5 mol% of Ru-MACHO-BH hydrogenated the bicarbonate species to methanol at 140 ◦C under 70 bar
of H2, resulting in 100% yield of methanol after 20 h, with TON of 200. The formed methanol can be
easily separated by distillation, with contemporary hydroxide base regeneration. Finally, the authors
proposed a one-pot method for direct CO2 capture from ambient air and direct methanol production;
the system afforded 100% yield of MeOH after 72 h with the reaction conditions shown in Scheme 49.
Considering the surprising capture efficacy as well as stability of the hydroxide bases, the authors
postulated that the hydroxide-based system might be superior to the alternative amine routes for a
scalable process.
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Scheme 49. Hydroxide-based CO2 capture and subsequent hydrogenation proposed by Prakash [596].

In 2017, Beller reported an efficient cobalt catalyst for the production of methanol from CO2 [597].
The authors started their investigation based on the Co(BF4)2/Triphos catalyst proposed by de Bruin for
the hydrogenation of esters and carboxylic acids [598]. In this work, the active catalytic specie is formed
in situ from either [Co(acac)3], Co(OAc)2·4H2O, or Co(BF4)2·6H2O, in the presence of the Triphos
ligand and HNTf2. It was found that a 1:3 relationship between [Co]/[HNTf2] and two equivalents of
Triphos with respect to cobalt, afforded the highest activity. The highest TON of 31 was obtained using
[Co(acac)3] as the metal precursor, with the reaction conditions shown in Scheme 50a. The system
was later optimized in 2019 [599]; the previous reported results could be improved by either using
modified Triphos ligands, as well as by replacing Co(acac)2 with Co(NTf2)2. After screening of a range
of ligands and additives, the authors proposed a new system that is additive free and notably, active
below 100 ◦C (Scheme 50b).Catalysts 2020, 10, 773 39 of 115 
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Scheme 50. In situ formed Co-PPP catalysts for carbon dioxide hydrogenation developed by Beller [597,599]:
(a) First generation systems formed by various Co precursor and Triphos ligand, and (b) second generation
using Co(NTf2)2 in combination with Triphos.

In 2017, Klankermayer demonstrated the efficient conversion of carbon dioxide to dialkoxymethane
ethers catalyzed by a combination of Co(BF4)2, the Triphos ligand and HNTf2 as a co-catalyst. The system
was optimized for both the transformation of CO2 to dimethoxymethane (DMM), as well as for the
hydrogenation of CO2 to alkoxy formates (AF) and dialkoxymethane ethers (DAM) in the presence of
selected alcohols [600].

In 2018, Milstein showed the hydrogenation of organic carbonates to methanol and alcohols
catalyzed by a manganese PNP complex [601]. The catalyst precursor 65 is activated in situ by catalytic
amount of base, while the active amido form performs also in the absence of base. The authors
demonstrated the efficient hydrogenation of a wide range of symmetrical and unsymmetrical acyclic
carbonates and cyclic carbonates, which was possible to convert to methanol and two equivalents of
the corresponding alcohols in high to excellent yields (62–99%), as shown in Scheme 51. In addition,
the hydrogenation of poly(propylene carbonate) was also investigated as a route for the treatment of
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waste plastics. Under the same reaction conditions, catalyst 65 afforded methanol and propylenediol
in 59% and 68% yields, respectively, with propylene carbonate as a by-product.
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The same transformation was reported by Cavallo, El-Sepelgy and Rueping using the PNN
manganese pincer complex 66 [602]. Several cyclic organic carbonates were successfully hydrogenated
to methanol and valuable polyols under the reaction conditions shown in Scheme 52.Catalysts 2020, 10, 773 40 of 115 
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Scheme 52. Manganese-PNN complex 66 catalyzes the hydrogenation of organic carbonates to methanol
and polyols as showed by Cavallo, El-Sepelgy, and Rueping [602].

In 2016, Zhang, Chen, and Guan explored the use of bis(phosphinite) pincer ligated Pd thiolate
complexes for the hydrogenation of CO2 [603]. Catecholborane was used to trap CO2 at room
temperature with 1 bar of CO2, using catalyst 67 (Scheme 53). A TOF of 1789 h−1 and a TON of 445 were
achieved with this method, being one of the most active systems to date reported for the homogeneous
catalytic reduction of CO2 to methanol or its derivative under mild reaction conditions.

Leitner reported the manganese pincer complex 68 for the reduction of CO2 and other carbonyl
groups using pinacolborane [604]. The system operates using reasonable low catalyst loadings and
under solvent-less conditions. The best result was achieved using 0.036 mol% of catalyst 68 and
NaOtBu at 100 ◦C resulting in 96% yield and a TON of 883 after 14 h (Scheme 54). In addition, several
cyclic and linear carbonates could be quantitatively converted into the corresponding boronate esters
and protected methanol in yields exceeding 95%.
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Scheme 54. Leitner’s hydroboration of CO2 using the manganese complex 68 as catalyst [604]. 

Another method for the capture of CO2 is its reduction in the presence of silanes, with the 
formation of strong Si-O bonds as the driving force promoting the transformation. The 
hydrosilylation of CO2 has gained much attention in the past decades, with several homogeneous 
systems reported to catalyze the conversion of carbon dioxide to silyl formates [605–607], as well as 
to the methoxysilyl derivatives [608–610]. With regard to pincer complexes, important results were 
achieved in 2010 by Chirik with a Co-PNP complex [611], as well as by Guan using a Ni-PCP catalyst 
[612].  

Gonsalvi and Kirchner showed the Mn(I)-PNP complex 63 as an active catalyst for the selective 
and efficient reduction of CO2 to MeOH in the presence of hydrosilanes [613]. The reaction was 
performed applying 0.014 mmol of the catalyst (10 mol% catalyst to CO2 and 2 mol% catalyst to Si−H 
bonds) under mild conditions (80 °C, 1 bar CO2), in the presence of 5 equivalents of PhSiH3 and DMSO 
as solvent (Scheme 55). It was possible to achieve 99% yield of methanol, in the form of Si(OMe) 
derivatives, after 6 h. 
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Scheme 54. Leitner’s hydroboration of CO2 using the manganese complex 68 as catalyst [604].

Another method for the capture of CO2 is its reduction in the presence of silanes, with the
formation of strong Si-O bonds as the driving force promoting the transformation. The hydrosilylation
of CO2 has gained much attention in the past decades, with several homogeneous systems reported to
catalyze the conversion of carbon dioxide to silyl formates [605–607], as well as to the methoxysilyl
derivatives [608–610]. With regard to pincer complexes, important results were achieved in 2010 by
Chirik with a Co-PNP complex [611], as well as by Guan using a Ni-PCP catalyst [612].

Gonsalvi and Kirchner showed the Mn(I)-PNP complex 63 as an active catalyst for the selective
and efficient reduction of CO2 to MeOH in the presence of hydrosilanes [613]. The reaction was
performed applying 0.014 mmol of the catalyst (10 mol% catalyst to CO2 and 2 mol% catalyst to Si–H
bonds) under mild conditions (80 ◦C, 1 bar CO2), in the presence of 5 equivalents of PhSiH3 and DMSO
as solvent (Scheme 55). It was possible to achieve 99% yield of methanol, in the form of Si(OMe)
derivatives, after 6 h.
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Scheme 55. Hydrosilylation of CO2 to methoxisilyl derivatives catalyzed by the Mn-PNP 68 reported
by Gonsalvi and Kirchner [613].

Abu-Omar developed a method for carbon dioxide reduction into silyl-protected methanol in the
presence of an oxo-rhenium PNN pincer complex (Scheme 56) [614]. The reaction employs catalyst 70
(4.5 mol%) with Me2PhSiH and CO2 (7 bar), in DCM, at 25 ◦C to promote the addition of Si-H to Re=O
bond affording a complex capable of reducing CO2 into a silyl formate (95% yield). After 24 h, the silyl
formate was reduced to silyl methanol with 53% yield.Catalysts 2020, 10, 773 42 of 115 
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catalyzed by Ru-MACHO-BH [616]. Both catalysts show promising robustness and tolerance to CO. 
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Scheme 56. Abu-Omar’s CO2 reduction to silyl-protected methanol catalyzed by the oxo-rhenium
PNN pincer complex 70 [614].

In 2019, Beller and Checinski reported the manganese pincer complex 25 as suitable catalyst
also for carbon monoxide hydrogenation to methanol at mild conditions, in the presence of either
pyrroles, indoles, or carbazoles as promoter [615]. The reaction performed at 150 ◦C for 18 h under
1 bar of CO and 40 bar of H2, using 5 µmol of catalyst 25, 0.75 mmol of K3PO4 as base, and benzene
as solvent. This resulted in the formation of methanol with high selectivity and turnover numbers
up to 3170. Simultaneously, Prakash reported the same transformation proceeding via formamide
catalyzed by Ru-MACHO-BH [616]. Both catalysts show promising robustness and tolerance to CO.
Similarities and differences between the two proposed catalytic systems for CO hydrogenation can be
found in Scheme 57; it is possible to observe how the method proposed by Beller is superior in terms of
hydrogen pressure, catalyst loading, as well as reaction time.
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In 2018, Schneider proposed a reverse water-gas-shift reaction (WGS) promoted by a nickel pincer
complex at ambient reaction conditions [617]. The authors proposed a novel mechanism for CO2

activation, opposed to the kinetically favored insertion into the catalyst M-H bonds providing formates
(Scheme 58a). Under photochemical conditions, the selective formation of the metallacarboxylate was
observed [618], consisting in the first step of the proposed WGS, followed by water elimination, CO
release, and heterolytic H2 activation to restore the active hydride specie (Scheme 58b).
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The iridium-based complexes 72 and 73 reported by Milstein (Figure 5) showed good activity
for the reversible activation of CO2 [619]. Complex 72 is dearomatized at room temperature and
reacts with CO2 in THF or benzene affording two isomers, one where the hydride is trans to the
bonded oxygen from CO2, and a second isomer where the hydride is trans to the pincer ligand.
On the contrary, complex 73 reacts with CO2 at room temperature in the presence of THF, affording
only one isomer. The reaction is highly solvent dependent. Under similar conditions, using benzene as
solvent, the authors observed a mixture of unidentified products. However, the addition of CO2 to a
pre-heated benzene solution containing 73 at 80 ◦C resulted in full conversion.Catalysts 2020, 10, 773 44 of 115 
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A reversible 1,3 addition of CO2 to the benzylic position was also showed by the studies revealing 
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metallocycle complex 77a, both of them are reversibly formed and do not participate in the formation 
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Figure 5. Iridium-based complexes 72 and 73 synthetized by Milstein [619].

The same group showed a stoichiometric CO2 reductive cleavage to CO and water promoted
by a mixture of the two complexes 74 and 75 via metal-ligand cooperation (Scheme 59) [620]. It was
suggested that a proton is transferred from the ligand to the activated CO2 resulting in its cleavage.
A reversible 1,3 addition of CO2 to the benzylic position was also showed by the studies revealing that
complex 77 is the kinetic product. Together with the observed, rare example of di-CO2 metallocycle
complex 77a, both of them are reversibly formed and do not participate in the formation of 76.
The reaction of 74 and 75 with CO results in the formation of dihydrogen and 76.
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Milstein also reported that the Rh(I)-PNP pincer complex 78 promotes the splitting of CO2 leading
to the Rh(I) carbonyl complex 78a that by UV irradiation activates a C-H bond in benzene, followed by
the protonation of the benzoyl complex 78b resulting in a benzaldehyde molecule (Scheme 60) [621].

The reactivity between a square-planar Co(II)-hydrido-PNP complex and small molecules such as
CO2 and CO was investigated by Tonzetich in 2018 [622]. Complex 79 demonstrated a facile migratory
insertion of CO2 producing the formate complex 79b. The complex was also reacted with nitric oxide,
providing the first example of cobalt nitrosyl-hydride complex (Scheme 61).
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3.1.3. CO2 Hydrogenation to Formate Salts

Several groups explored the homogeneous hydrogenation of CO2 to give basic formate salts, which
can be later acidified to provide formic acid. Various combination of ruthenium complexes bearing
phosphine ligands were found to be active in this transformation [623–625]. Important milestones
were achieved by Jessop, with Ru-P(Me3)3 catalysts [560,562], Zhang with Ru-P(Ph3)3 species [626],
Leitner with the meta-trisulfonated triphenylphosphine ligand (TPPMS) [627], as well as Beller, using
[RuCl2(benzene)]2 in combination with the phosphorous ligand bis(diphenylphosphino)methane
(DPPM) [628]. In addition, the hydrogenation of bicarbonates (used as CO2-trapping agents) as an
indirect route to provide formates has also been investigated by many groups [629–631]. Important
advances in this regard have been achieved by Beller and Laurenczy using again [RuCl2(benzene)]2

and DPPM [632,633], resulting in a formate yield of 61%, and a TON = 2,793 after 20 h at 100 ◦C in the
presence of 50 bar of hydrogen and 35 bar of CO2 in a sodium bicarbonate solution.

In 2012, the same group showed that not only ruthenium, but also iron and cobalt catalysts
are highly active for the hydrogenation of bicarbonates to give formates. In the presence of
an iron(II)-fluoro-tris(2-(diphenylphosphino)phenyl)phosphino]tetrafluoroborate complex, obtained
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in situ from Fe(BF4)2·6H2O and tris(2-(diarylphosphino)aryl)phosphine, the hydrogenation of
bicarbonates afforded TON > 7500 and TOF > 750, with 77% yield of sodium formate under 60 bar of
hydrogen in methanol at 100 ◦C [634]. The hydrogenation of CO2 to formic acid in the presence of
methanol and amines was also investigated, resulting in a mixture of formic acid and methyl formate,
albeit with only 15% of carbon dioxide conversion.

Using the same approach, the hydrogenation of bicarbonate and carbon dioxide was also
demonstrated using an in situ formed cobalt complex [635]. By simply applying 0.028 mol of
Co(BF4)2·6H2O, in the presence of 1 equivalent of the Tetraphos ligand PP3 (P(CH2CH2PPh2)3), under
1:1 60 bar of H2/CO2 at 80 ◦C, it was possible to obtain 94% yield of sodium formate, with a TON of 645
after 20 h.

Regarding the use of pincer complexes, Beller employed in 2014 Ru-MACHO as the catalyst for
the combined methanol dehydrogenation and bicarbonate hydrogenation, as well as for the synthesis
of potassium formate from carbon dioxide, potassium hydroxide, and methanol [636]. In the first
transformation, the reaction afforded excellent TON (>18,000), TOF (>1300 h−1), as well as yield (92%
of potassium formate), as shown in Scheme 62. Under the same reaction conditions, with 5 bar of
carbon dioxide, the reaction afforded a formate yield of 77%, with a TON of 12308.
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Scheme 62. Ru-MACHO-catalyzed hydrogenation of bicarbonate and CO2 to formate showed by
Beller [636].

Sanford showed in 2013 that the Milstein PNN catalyst 3 efficiently catalyze the hydrogenation
of CO2 to formate in the presence of potassium carbonate as base (Scheme 63a) [637]. In addition,
the authors performed stoichiometric studies of various organometallic intermediates, showing that
the reaction proceeds with a classic ligand-based aromatization/dearomatization pathway. The year
after, Pidko showed that another Milstein catalyst, the PNP-pincer 26, is able to perform the same
transformation [638]. With the reaction conditions shown in Scheme 63b, the hydrogenation of CO2

proceeds in the presence of DBU as base, showing activity already at 65 ◦C and a TOF of 1,100,000 h−1

at 120 ◦C (Scheme 63b). Importantly for an energetic cycle point of view, catalyst 26 is very active in the
reverse formic acid dehydrogenation as well, affording high turnover numbers (1063000) in DMF/NEt3.

In 2014, Hazari and Schneider demonstrated Fe-PNP complexes as catalysts with a Lewis
acid as co-catalyst for the dehydrogenation of formic acid (see Section 2.2.2) [389]. One year
later, the hydrogenation of CO2 catalyzed by the same system was demonstrated by Hazari and
Bernskoetter [639]. The catalytic activities of both Fe-PNHP and Fe-PNMeP complexes were investigated
in the study. Both of them demonstrated better results in the presence of co-catalytic amounts of
a Lewis acid. The reactions were carried out under 70 bar of CO2/H2 (1:1), 79,600 equivalents of
DBU to the catalyst, LiOTf as additive (DBU/LiOTf 5:1), THF as solvent, and at 80 ◦C for 24 h. After
optimization, 0.3 µmol of catalysts 15-Me afforded the best turnover number of 58,990 and 74% yield
(Scheme 64). Quantitative yields were afforded when increasing the catalyst loading to 0.78 µmol.
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Scheme 64. Hazari and Schneider’s CO2 hydrogenation catalyzed by 15-Me [639].

In catalytic systems containing a secondary amine ligand, studies via NMR analysis suggested
that the key role of the Lewis acid is the weakening of the stability of the hydrogen bond between N-H
and Fe-O2CH moieties in 15c (Scheme 65).
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On the other hand, in the presence of tertiary amine ligand systems, the authors showed that
(iPrPNMeP)Fe(H)CO(BH4) is activated by DBU to produce the complex (iPrPNMeP)Fe(H)2CO which
rapidly captures CO2 (Scheme 66). Here, the role of the Lewis acid consists in promoting the dihydrogen
substitution on the formate complex, generating a transient cationic iron(II) dihydrogen intermediate.
DBU deprotonates the dihydrogen complex resulting in the regeneration of (iPrPNMeP)Fe(H)2CO.
The proposed pathway is believed to improve the reaction rate resulting in turnover frequencies as high
as 20,000 h−1. In addition, the authors reported kinetic studies on the influence of solvent and Lewis
acid on the insertion of CO2 metal hydrides. Small and highly charged Lewis acids such as Li+ provide
stabilization of the incipient negative charge on the carboxylate group, hence of the rate-determining
step, as long as it is not sequestrated by the solvent via O−···LA+ interactions.Catalysts 2020, 10, 773 48 of 115 

 

 
Scheme 66. Proposed pathway for catalytic CO2 hydrogenation using (iPrPNMeP)Fe(H)CO(BH4) 
reported by Hazari and Schneider [639]. 

In 2016, a comprehensive overview of the state-of-the-art for CO2 hydrogenation, as well as 
formic acid/methanol dehydrogenation using first-row metal complexes, was published by 
Bernskoetter and Hazari [640]. The authors provide comparisons between selected iron and cobalt 
pincers with known Ru-PNP catalysts, and investigate the role of Lewis acid additives in the 
improvement of these promising base metal catalysts. 

The same year, Bernskoetter showed the synthesis, as well as crystallographic characterization, of 
cobalt(I)-PNP complexes derived from the pincer ligand Me-N[CH2CH2(PiPr2]2 [641]. The new 
complexes showed in this work performed better than previously reported PMeNP cobalt pincer 
catalysts for the hydrogenation of CO2 to formate. When 0.3 μmol of complex [(iPrPNP)Co(CO)2]+ 80 was 
paired with 3.2 mmol of the Lewis acidic additive LiOTf, 2.4 mmol of DBU as the base, under 70 bar of 
1:1 CO2/H2 at 45 °C, a TON near 30,000 and a TOF of 5700 h−1 were afforded after 16 h (Scheme 67). 

Bernskoetter further investigated the influence of various bifunctional PNP pincer ligands 
within the same class of low-valent cobalt complexes [642]. Cobalt(I) precatalysts containing tertiary 
amine ligand showed better activity, as well as improved stability, than those bearing the secondary 
amine pincer ligand. In this report, the reactions were performed using the same conditions, as shown 
in Scheme 67. Catalyst 80 achieved a TON of 29,000, while catalyst 81 and 82 achieved TONs of 24,000 
and 450, respectively. 

 
Scheme 67. Co-PNP complexes tested by Bernskoetter for CO2 hydrogenation to formate with Lewis 
acid additives [641,642]. 

Scheme 66. Proposed pathway for catalytic CO2 hydrogenation using (iPrPNMeP)Fe(H)CO(BH4)
reported by Hazari and Schneider [639].

In 2016, a comprehensive overview of the state-of-the-art for CO2 hydrogenation, as well as formic
acid/methanol dehydrogenation using first-row metal complexes, was published by Bernskoetter
and Hazari [640]. The authors provide comparisons between selected iron and cobalt pincers with
known Ru-PNP catalysts, and investigate the role of Lewis acid additives in the improvement of these
promising base metal catalysts.

The same year, Bernskoetter showed the synthesis, as well as crystallographic characterization,
of cobalt(I)-PNP complexes derived from the pincer ligand Me-N[CH2CH2(PiPr2]2 [641]. The new
complexes showed in this work performed better than previously reported PMeNP cobalt pincer
catalysts for the hydrogenation of CO2 to formate. When 0.3 µmol of complex [(iPrPNP)Co(CO)2]+ 80
was paired with 3.2 mmol of the Lewis acidic additive LiOTf, 2.4 mmol of DBU as the base, under
70 bar of 1:1 CO2/H2 at 45 ◦C, a TON near 30,000 and a TOF of 5700 h−1 were afforded after 16 h
(Scheme 67).

Bernskoetter further investigated the influence of various bifunctional PNP pincer ligands within
the same class of low-valent cobalt complexes [642]. Cobalt(I) precatalysts containing tertiary amine
ligand showed better activity, as well as improved stability, than those bearing the secondary amine
pincer ligand. In this report, the reactions were performed using the same conditions, as shown in
Scheme 67. Catalyst 80 achieved a TON of 29,000, while catalyst 81 and 82 achieved TONs of 24,000
and 450, respectively.
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Later, Milstein developed Fe-PNP complexes based on the pyrazine backbone (PNzP) [643]. In a
similar fashion as the pyridine congener, the PNzP ligand promotes the metal-ligand cooperation by
aromatization/dearomatization of the pyrazine ring. Under basic conditions, complex 83 (0.1 mol%)
catalyzes the hydrogenation of CO2 (3.3 bar) to formate salts at low H2 pressure (6.3 bar) and temperature
(55 ◦C) (Scheme 68a). However, only moderate TON values (up to 388) were obtained. The authors
proposed a catalytic cycle for the reaction based on observations obtained with NMR spectroscopy
as well as X-ray diffraction. At first, one of the pincer arms is deprotonated to generate a stable
dearomatized compound. The so-formed complex reacts with CO2 and H2 to afford compounds 83a and
83-H, respectively. 83a reacts with H2 by formal substitution of CO2, leading to compound 83-H. CO2 is
inserted to 83-H into the hydride-iron bond generating the formate complex 83b. In the presence of
base, 83b produces the dearomatized complex that reacts with H2 regenerating the cycle (Scheme 68b).

Gonsalvi and Kirchner reported Fe(II)-hydrido carbonyl complexes supported by PNP ligands
with N-H or N-Me spacers as catalysts for CO2 and NaHCO3 hydrogenation to sodium formate in protic
solvents and in the presence of base [644]. Studies showed that catalyst 29 can work as a bifunctional
catalyst in which the N-H spacer promotes metal-ligand cooperation. In contrary, the N-Me spacer of
complex 29-Me prevents that possibility. Moreover, the authors speculate that the presence of a labile
bromide as well as the strongly σ-basic H and π-acidic CO ligands might be ideal for catalytic CO2

hydrogenation reactions. The hydrogenation of NaHCO3 was catalyzed by 29 (0.05 and 0.005 mol%)
under 90 bar of H2 at 80 ◦C, and after 24 h of reaction TONs of 1964 (98% yield) and 4560 (23% yield)
were achieved, respectively. The use of THF inhibited the reaction suggesting that the use of protic
solvents stabilizes the reaction intermediates through hydrogen bonding. The hydrogenation of CO2

catalyzed by 0.08 mol% of 29 under 80 bar pressure at 80 ◦C in H2O/THF proceeded in basic conditions
(12.5 mmol NaOH) and resulted in TONs up to 1220 with 98% of yield. The use of NaOH in H2O/THF
in this reaction was fundamental since changing to other bases and solvents resulted in no activity or
low conversions. Applying 0.01 mol% of 29-Me, DBU as base and EtOH as solvent at 80 ◦C, the reaction
afforded 98% yield in sodium formate, corresponding to a TON of 9840. With lower catalyst loading
(0.005 mol% of 29-Me) a TON of 10,275 was achieved, albeit with only 21% yield of formate.
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Later, Milstein developed Fe-PNP complexes based on the pyrazine backbone (PNzP) [643]. In 
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Prakash explored a green and direct procedure for CO2 capture and its transformation to formate
using known Ru- and Fe-PNP pincer complexes without the need of an excess of base [645]. Superbases,
such as tetramethylguanidine (TMG), as additives showed the best results for the combined CO2

capture (15.6 mmol) followed by hydrogenation in aqueous media using 2 µmol of Ru-MACHO-BH
and 50 bar of H2 at 55 ◦C for 20 h in dioxane/water (Scheme 69). It was found that other substrates,
such as bicarbonate/carbonates and carbamates, could be converted into formate as well. The catalyst
recyclability showed a TON for formate of 7375 in five consecutives hydrogenation steps of 5 h each,
by reusing the same organic layer containing the catalyst and with no decrease of the catalytic activity
(formate yield = 95%).
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Based on the same approach using hydroxides shown in Section 3.1.2 for the production of
methanol, Prakash proposed in 2018 a neutral CO2 capture and hydrogenation to formate cycle at
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low temperatures, with contemporary regeneration of the hydroxide base [646]. Among the screened
bases, NaOH, KOH, and CsOH performed best, with the formation of HCOOK being the fastest and
completed within 30 min. After the capture of 13.6 mmol of CO2, the reaction afforded a TON of 2710
and TOF of 5420 h−1 using KOH, catalyst 6, 2-MTHF as the organic solvent, H2 (50 bar), and at 80 ◦C
(Scheme 70). The obtained formate solution was directly used without any purification in a formate
fuel cell, producing electricity with consequent base regeneration, providing a carbon-neutral energy
production cycle. The biphasic H2O/2-MTHF system has again a positive impact on the recycling of
the catalyst and the hydroxide base; catalyst 6 retained similar catalytic activity even after five cycles,
affording over 90% formate yield in each cycle.
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The same year, Treigerman showed a hydrogen storage system based on aqueous sodium
bicarbonate and the ruthenium PNP catalyst Ru-MACHO (Scheme 71) [647]. The hydrogen charge is
performed under mild reaction conditions (70 ◦C and 20 bar H2) in isopropanol/water to afford sodium
formate, which can be subsequently decomposed to release hydrogen and recycled sodium bicarbonate.
Ru-MACHO shows again promising recyclability properties, retaining its activity through numerous
cycles of the hydrogenations. Simply adding sodium bicarbonate and heating to 70 ◦C, a TON > 610
was measured in each cycle.
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In 2017, Peng and Zhang reported the syntheses and characterizations of [RuCl(L1)MeCN)2]Cl
84 and [RuCl(L2)MeCN)2]Cl 85 (Figure 6) as suitable catalysts for the hydrogenation of CO2 and
bicarbonates to formate salts [648]. Complex 84 (0.1 mol%) showed a good activity and achieved 34%
yield (based on NaOH) with a TON of 407 under 30 bar of H2 and 15 bar of CO2, using 60 mmol of
NaOH and THF/H2O (1:1) at 130 ◦C for 24 h. The investigations for the hydrogenation of sodium
bicarbonate to sodium formate using 86 (0.05 mol%) showed yield of 77% and TON of 1530 under
30 bar of H2, using THF/H2O (1:1) at 130 ◦C for 24 h.

Kirchner and Gonsalvi reported in 2017 the use of Mn(I) pincer complexes for CO2 hydrogenation
to formate [649]. In this example, the hydride Mn(I) catalyst [Mn(iPrPNPNH)(H)(CO)2] 69 was employed
and showed higher stability and activity than its Fe(II) analogue. Thus, using 10 µmol of catalyst 69,
at 80 ◦C, for 24 h, and 80 bar total pressure (1:1 H2/CO2) in THF/H2O, and in the presence of DBU as
base and LiOTf as the co-catalyst, TONs up to 10,000 and yield up to >99% were achieved (Scheme 72).
Decreasing the catalyst loading to 0.002 mol%, resulted in TONs up to 30,000. Importantly, the system
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is active already at room temperature, and remains active for up to 48 h (TON = 26,600) with an average
TOF of approximately 550 h−1 indicating a constant rate of reaction.
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As discussed before (see Section 2.2.2), Bernskoetter and Hazari reported the synthesis of various
iron-PNP complexes with ancillary isonitrile ligands and demonstrated their activity through formic
acid dehydrogenation [405], as well as CO2 hydrogenation to formate salts [406]. The reaction using
0.3 µmol of the catalyst 43a (containing the isonitrile group C≡NR, with R = 2,6-dimethylphenyl),
DBU as base, LiOTf as co-catalyst (7.5:1 DBU/LiOTf), THF, at 80 ◦C for 24 h achieved a TON of 613.
The second-generation isonitrile catalysts, with the methylated amino arm of the PNP pincer, showed
better performance, with catalyst 43c resulting in TON of 5300 under the same reaction conditions
(Scheme 73).
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In 2019, Jagirdar showed the iridium trihydride complex [IrH3(PNHP)] 87 (Scheme 74) as an
active catalyst for the hydrogenation of CO2 to formate [650]. The reaction was carried out in aqueous
1 M KOH solution, with 0.2 mol% of 87, at 14 bar of H2 and CO2 (1:1). A TON of 144 was afforded at
100 ◦C for 14 h or 25 ◦C for 19 h. The highest TOF of 47 h−1 was obtained at 80 ◦C.
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Recently, Copéret demonstrated the synthesis of an immobilized lutidine-derived pincer type
N-heterocyclic carbene ruthenium on a highly ordered silica-based material [651]. Complex 88 was
used as catalyst for CO2 hydrogenation into the corresponding formic acid-base adduct affording a
TON of 18,000 in 24 h (Scheme 75). It was demonstrated that the method improves the stability of the
catalyst compared to the homogeneous analogue, which afforded a TON of 9250 after 24 h under the
same reaction conditions.Catalysts 2020, 10, 773 53 of 115 
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3.2. Nitrogen Fixation

The homogeneously catalyzed production of ammonia has remained challenging for a long time,
and relatively unexplored; in this regard, Minteer, Janik, Renner, and Greenlee recently reviewed the
reduction of dinitrogen into ammonia by means of both heterogeneous and homogeneous catalysis [652].
Homogeneous pincer-type catalysis offers the possibility to perform nitrogen fixation under mild
reaction conditions albeit significant further improvements are required to reach acceptable industrial
relevance. Already in 2007, Leitner explored the potential of pincer complexes of Fe, Ru, and Os as active
species for the production of ammonia from N2 and H2 [653]. Tuczek [654], Nishibayashi [655–658],
Fryzuk [659], and many other authors have reviewed this topic in depth [660–667], with pincer-type
ligation being widely employed in the proposed methods.

Back in 1965, the first dinitrogen complex was synthetized by Allen and Senoff [668]; since this
report, many studies have focused on the synthesis of novel transition metal dinitrogen complexes and
their reactivity with dinitrogen with the purpose of finding alternative approaches for a greener nitrogen
fixation process. Several homogeneous systems have been explored for this transformation [669–678],
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inspired by the biological nitrogen fixation performed by the active Fe/Mo site of nitrogenase [679,680].
In addition, various works have covered the photochemical activation of molecular nitrogen [681–688].

Only in 2003, Schrock developed the first homogeneously catalyzed production of ammonia
using transition metal-nitrogen complexes [689,690]. Eight equivalents of ammonia per catalyst were
produced when dinitrogen reacted with a reductant and a proton source at room temperature under 1 bar
of N2 and in the presence of the molybdenum-dinitrogen complex 89 bearing a triamide-monoamine
tetradentate ligand (Scheme 76). The mechanism of the reaction was elucidated through isolation of
key intermediates; however, they were unsuccessful in improving the catalytic activity of the system.Catalysts 2020, 10, 773 54 of 115 
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In 2011, Nishibayashi showed the molybdenum PNP pincer complex 90 for the second example of
catalytic production of ammonia from dinitrogen at ambient conditions [691]. By applying 0.01 mmol
of catalyst 90, 216 equivalents of [LutH]OTf as the proton source, and 288 equivalents of cobaltocene as
electrons donor, it was possible to obtain 23 equivalents of ammonia (12 per molybdenum atom) at room
temperature (Scheme 77). The mechanistic cycle was elucidated in 2014 in collaboration with Yoshizawa
and shown in Scheme 78 [692]. It was shown that the complex maintains a dinuclear character in solution
as opposed to the hypothesis that dinitrogen bridges dissociate to the corresponding mononuclear
complexes; in case of PNP pincer ligation, the dinuclear specie catalyzes the protonation of the terminal
dinitrogen, which is the first step of the catalytic cycle.

In a following paper from 2014, Nishibayashi demonstrated that the catalytic activity can be
almost doubled with the introduction of electron-donating groups such as methyl and methoxy groups
onto the pyridine ring of the PNP pincer ligand [693]. A shown in Scheme 77, catalyst 91 afforded up
to 52 equivalents of ammonia, with 360 equivalents of CoCp and 480 equivalents of [LutH]OTf under
1 bar N2 at room temperature after 20 h.

The same group later reported the synthesis of other molybdenum-dinitrogen complexes bearing
different redox-active substituent on the PNP pincer ligand, with the aim of promoting the reduction
step of the transformation [694,695]. The catalysts were then tested for the synthesis of ammonia
from molecular dinitrogen. The reactions were performed under 1 bar of N2 with 0.01 mmol of
catalyst, toluene as solvent, at room temperature, for 20 h, and with 288 equivalents of [LuH]OTf and
216 equivalents of CoCp2. The complexes containing ferrocene as a redox-active moiety in the pyridine
ring of the PNP ligand showed higher activity for ammonia production, up to 45 equivalents using
catalyst 92 (Scheme 77). Electrochemical and theoretical studies showed that the interaction between
the Fe atom of the ferrocene moiety and the Mo atom of the catalyst might be fundamental to achieve
high catalytic activities.
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and Nishibayashi [692].

In 2017, Schneider reviewed in depth the mechanism of N2 bond activation catalyzed by mid to
late transition metal complexes [696]. The same author reported the molybdenum complex 93 and
demonstrated the nitrogen activation following the procedure shown in Scheme 79 [697]. The reaction
proceeds by reduction of 93 and formation of the diatomic species 93a, which later undergoes
protonation in Brønsted acid conditions, resulting in the formation of two corresponding nitrides
(93b) and formal dinitrogen cleavage. The authors investigated the mechanism of the reaction in
depth by means of DFT calculations, NMR spectroscopy, cyclic voltammetry, MO theory, as well as



Catalysts 2020, 10, 773 56 of 116

X-ray diffraction analysis in order to elucidate the unexpected protonation step as the driving force to
nitrogen splitting.Catalysts 2020, 10, 773 56 of 115 
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activation, up to the final splitting step. The reaction proceeds through formation of the dinuclear 
species 94a, which undergoes N-N bond cleavage resulting in two rhenium nitrido complexes. A 
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Scheme 79. Molybdenum complex proposed by Schneider for catalytic N2 splitting [697].

In 2018, the same author performed a systematic investigation on the mechanism of both chemical
and electrochemical N2 splitting, using the rhenium system reported in 2014 [698], and shown in
Scheme 80, as an archetypal pincer halide precursor for N2 cleavage [699]. By means of electrochemical
data and computational studies, the authors elucidated the rhenium-catalyzed N2 activation, up to
the final splitting step. The reaction proceeds through formation of the dinuclear species 94a, which
undergoes N-N bond cleavage resulting in two rhenium nitrido complexes. A comproportionation
between ReI/ReIII states was found to be the driving force of the electrochemical splitting, while a RuII

specie represents the binding state of nitrogen and at the same time cause of the main deactivation
pathways. In another work, Schneider reported an innovative approach for the synthesis of acetonitrile
using dinitrogen and ethyl triflate catalyzed by complex 94 [700]. The authors demonstrated the
feasibility of the catalytic cycle by means of 15N-labeled samples with consequent production of
15N-labeled acetonitrile, accompanied with efficient recovery of the rhenium catalyst. The work offers
new insights on the possibility of forming C-N triple bonds after N2 splitting, expanding the possible
applications derived from N2 splitting to organic transformations.
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With the purpose of increasing the stability of the first generation Mo-PNP catalyst, Nishibayashi
showed new dinitrogen-bridged PPP pincer catalysts for nitrogen fixation [701]. The authors tested
new alternatives for the pincer moiety after noticing how the deactivation of the catalyst in the
previous reported works was mainly due to the dissociation of the PNP ligand, observed in solution at
completed reaction. Using the Mo-PPP catalyst 95, it was possible to increase the ammonia production
up to 126 equivalents, with the reaction conditions showed in Scheme 81. This result represents an
improvement with respect to the first Nishibayashi catalyst 90 with five times higher activity.
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In 2017, the same author reported remarkable activities toward nitrogen fixation by
new molybdenum complexes bearing NHC-based PCP-pincer ligands [702]. Both catalysts 96 and 97
resulted in improved catalytic activity; the reaction afforded 200 and 230 equivalents of ammonia using
96 and 97, respectively. The yield of ammonia was 48% with 97 and 42% with 96, with yields in H2

of 18% and 14% (based on CoCp*), respectively (Scheme 82). The authors postulated that the higher
performance of 97 is given by an increased back donating ability of the molybdenum centers in the
presence of two methyl groups to the benzimidazol-2-ylidene skeleton of the PCP ligand, resulting in
enhanced activation of the terminal dinitrogen ligands compared to the previously shown complexes.
In addition, the authors performed stability tests in order to compare the first generation Mo-PNP
complex 90 with the new PCP ligand synthetized in this study. In this report, the PCP ligand was not
observed in solution after the reaction, indicating a higher resistance to dissociation, and the residual
presence of the active species. Indeed, after the first 47 equivalents of NH3 produced, with complex 96 it
was possible to feed the reaction adding more CoCp* and [LuH]OTf resulting in further 69 equivalents
of ammonia produced after two extra hours. Encouraged by these findings, the authors reported the
synthesis of the PCP ligand on larger scale, as well as its consequent complexation with rhodium,
nickel, and iridium accompanied by X-ray crystal structure analysis of the obtained complexes [703].

Nishibayashi also showed novel synthesis procedures for the preparation of
new molybdenum(V)-nitride complexes as suitable catalysts for nitrogen fixation [704]. In this report,
the reaction was performed under ambient reaction temperatures, using toluene as solvent, 0.020 mmol
of the catalyst, [LuH]OTf (0.96 mmol) as proton source, and CoCp2 (0.72 mmol) as reductant. The use
of 98 and 99 afforded the best results among the prepared catalysts, yielding 6.8 and 7.1 equivalents of
NH3, respectively (Scheme 83).
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Scheme 83. Catalytic reduction of dinitrogen into ammonia by molybdenum-nitride complexes
reported by Nishibayashi [704].

Nishibayashi suggested that in the homogeneous catalytic systems based on the molybdenum
complexes showed previously, the bimetallic structure facilitates the dinitrogen conversion into
ammonia in comparison to the corresponding monometallic complexes, because of the through-bond
interactions between the two metal centers [692]. Tian investigated the chain-like extended models
of Nishibayashi’s catalyst by computational studies [705]. The effect of the dimension and the
types of bridging ligands on the catalytic activities over nitrogen fixation were examined in the
study. Polynuclear chains bearing four ([Mo]4) increased the catalytic activity when compared to
the mono and bimetallic species, and carbide showed to be a more effective bridging ligand than N2

regarding electronic charges dispersion between metal atoms, hence favoring the resulting catalytic
cycle. The authors concluded that catalytic systems for the conversion of N2 into NH3 become more
efficient with the extension of the polynuclear chain up to a proper size, combined with a suitable
bridging ligand to facilitate charge dispersion between the metal centers.
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Inspired by the naturally occurring nitrogen fixation by nitrogenase, Peters investigated in 2013
the ammonia fixation by synthetizing an iron model complex able to produce 7 equivalents of ammonia
per catalyst [706]. In 2017 and 2018, an improved catalytic activity was reported by Peters; following
the same approach, using the P3

BFe catalyst 100 showed in Scheme 84 it was possible to achieve NH3

efficiently and with high turnover numbers [707,708]. The reactions were performed using CoCp2

(54 equivalents) as reductant and [Ph2NH2]OTf (108 equivalents) as the acid, in Et2O as solvent,
at −78 ◦C, and for 3 h yielding up to 72% (for e− delivery) and 13 equivalents of NH3 per Fe site.
In another experiment, with increased amount of additives, it was possible to achieve a TON of 84 after
two further additions of fresh reductant and acid after cooling the mixture to −196 ◦C (Scheme 84).
Freeze-quench Mössbauer spectroscopy under reaction conditions offered insights on the rate of the
key step, as well as the formation of a borohydrido-hydrido complex as a resting state. In addition,
the prospect of a proton-coupled electron transfer (PCET) under catalytic conditions was further
supported by theoretical and experimental studies, demonstrating plausible explanations for the
increased efficiency observed.

Catalysts 2020, 10, 773 59 of 115 

 

authors concluded that catalytic systems for the conversion of N2 into NH3 become more efficient 
with the extension of the polynuclear chain up to a proper size, combined with a suitable bridging 
ligand to facilitate charge dispersion between the metal centers.  

Inspired by the naturally occurring nitrogen fixation by nitrogenase, Peters investigated in 2013 
the ammonia fixation by synthetizing an iron model complex able to produce 7 equivalents of 
ammonia per catalyst [706]. In 2017 and 2018, an improved catalytic activity was reported by Peters; 
following the same approach, using the P3BFe catalyst 100 showed in Scheme 84 it was possible to 
achieve NH3 efficiently and with high turnover numbers [707,708]. The reactions were performed 
using CoCp2 (54 equivalents) as reductant and [Ph2NH2]OTf (108 equivalents) as the acid, in Et2O as 
solvent, at −78 °C, and for 3 h yielding up to 72% (for e− delivery) and 13 equivalents of NH3 per Fe 
site. In another experiment, with increased amount of additives, it was possible to achieve a TON of 
84 after two further additions of fresh reductant and acid after cooling the mixture to −196 °C (Scheme 
84). Freeze-quench Mössbauer spectroscopy under reaction conditions offered insights on the rate of 
the key step, as well as the formation of a borohydrido-hydrido complex as a resting state. In addition, 
the prospect of a proton-coupled electron transfer (PCET) under catalytic conditions was further 
supported by theoretical and experimental studies, demonstrating plausible explanations for the 
increased efficiency observed. 

N2 + + 6 e-6 H+

1 bar

322 equiv
(x 3) 162 equiv

(x 3)

2 NH3

84 equiv
(tot of 3 additions)

Et2O
-78 °C, 3 h

100

H
N

Co

OTf

Fe

B

P PiPr2iPr2
PiPr2

 
Scheme 84. Iron-catalyzed ammonia production developed by Peters using catalyst 100 [707]. 

In 2017, Nishibayashi reported the highest catalytic activity for nitrogen fixation using a 
molybdenum-iodide complex bearing a PNP pincer ligand [709]. The reaction performed under 
ambient reaction conditions, using 1 bar of N2, 0.48 mmol of [Ph2NH2]OTf as proton source, in 
toluene, and using CoCp*2 (0.36 mmol) as reductant and 0.001 mmol of Mo catalysts for 20 h afforded 
up to 830 equivalents of NH3 (415 equivalents of ammonia per Mo), as showed in Scheme 85. The 
generation of a dinitrogen-bridged di-molybdenum-iodide complex in the reaction is responsible for 
the higher activity due the direct cleavage of the nitrogen triple bond of the bridging ligand in the 
core (Scheme 85). Curiously, when a stoichiometric amount of iodine was added to the dinitrogen-
bridged molybdenum complex 90, the catalyst showed high catalytic activity, comparable to that of 
complex 101 and nitride complex 101b. It was demonstrated that the ammonia is produced by the 
mononuclear nitride complex 101b, thus encouraging further studies that resulted in the formulation 
of the new catalytic cycle depicted in Scheme 86 [709].  

Scheme 84. Iron-catalyzed ammonia production developed by Peters using catalyst 100 [707].

In 2017, Nishibayashi reported the highest catalytic activity for nitrogen fixation using
a molybdenum-iodide complex bearing a PNP pincer ligand [709]. The reaction performed under
ambient reaction conditions, using 1 bar of N2, 0.48 mmol of [Ph2NH2]OTf as proton source, in toluene,
and using CoCp*2 (0.36 mmol) as reductant and 0.001 mmol of Mo catalysts for 20 h afforded up to
830 equivalents of NH3 (415 equivalents of ammonia per Mo), as showed in Scheme 85. The generation
of a dinitrogen-bridged di-molybdenum-iodide complex in the reaction is responsible for the higher
activity due the direct cleavage of the nitrogen triple bond of the bridging ligand in the core (Scheme 85).
Curiously, when a stoichiometric amount of iodine was added to the dinitrogen-bridged molybdenum
complex 90, the catalyst showed high catalytic activity, comparable to that of complex 101 and nitride
complex 101b. It was demonstrated that the ammonia is produced by the mononuclear nitride complex
101b, thus encouraging further studies that resulted in the formulation of the new catalytic cycle
depicted in Scheme 86 [709].
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In 2019, Nishibayashi showed the synthesis of new molybdenum triiodide complexes bearing
various substituents on the pyridine moiety of the PNP pincer ligand [710]. It was found that the
catalytic activity toward nitrogen fixation increases with the introduction of Ph and Fc groups at
the 4-position of the pyridine ring because of the electron withdrawing- and redox properties of
the so-formed ligands. This observation is in contrast with the experimental results obtained with
the afore-mentioned di-nuclear molybdenum species [693]. The work also confirms the preference
of molybdenum systems for iodide ligands, performing better than the bromide or chloride congeners.
The catalytic activity of the two selected complexes is shown in Scheme 87.Catalysts 2020, 10, 773 62 of 115 
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Scheme 87. Molybdenum triiodide complexes bearing various substituted PNP pincer ligands reported
by Nishibayashi [710].

Peters also continued his studies on the topic and reported in 2017 an improved catalytic ammonia
production employing new ruthenium and osmium complexes [711]. While the ruthenium catalysts
tested in the study were found to be poorly active (4.3 equivalents of ammonia produced), using
osmium catalyst 104 for the reaction afforded up to 120 equivalents of ammonia with high loadings of
CoCp*2 and [HNPh2]OTf as reductant and proton source, respectively (Scheme 88). In 2015, Peters
explored the same transformation using a cobalt congener of catalyst 104, which performed scarcely in
ammonia production resulting in only 2.4 equivalents of NH3 [712].
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After the preliminary works by Peters, Nishibayashi explored the reactivity of iron metal complexes
for nitrogen fixation as well, reporting the synthesis of Fe, Mo, and Cr azaferrocene-based PNP-type
pincer ligands [695]. In 2017, Nishibayashi proposed iron–dinitrogen complexes bearing an anionic
PNP pincer ligand for the catalytic nitrogen fixation producing ammonia and hydrazine [713]. 1 atm
of molecular dinitrogen, KC8 (40 equivalents) as reductant, [H(OEt2)2]BarF

4 (38 equivalents) as proton
source, 0.010 mmol of catalyst, Et2O or THF as solvent, and at −78 ◦C for 1 h were used as conditions
for the conversion to ammonia and hydrazine up to 14.3 equivalents and 1.8 equivalents respectively.
The best result was obtained using catalyst 105 (Scheme 89). Later, the authors succeeded in improving
the catalytic activity of this family of catalysts by proposing a new complex bearing the anionic
methyl-substituted pyrrole-bases PNP ligand [714]. As shown in Scheme 89, catalyst 106 afforded
22.7 equivalents of ammonia per catalyst under the same reaction conditions.
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In addition to iron, Nishibayashi also showed the first successful example of cobalt-catalyzed
nitrogen fixation [715]. Catalyst 107 showed catalytic activity similar to its iron congener, affording
15.9 equivalents of ammonia under the same reaction conditions (Scheme 89). Interestingly, when
a cobalt catalyst bearing a PBP ligand was employed in the transformation, only 0.4 equivalents of
ammonia were produced, indicating a relevant contribution of the PNP ligand to the catalytic activity.

In 2018, Nishibayashi designed and prepared novel vanadium complexes containing anionic
pyrrole-based PNP pincer complex and aryloxy ligands, and tested them in the direct conversion
of molecular dinitrogen into ammonia and hydrazine [716]. The reaction was performed using
200 equivalents of KC8 as reductant, 184 equivalents of [H(OEt2)2]BArF

4 as proton source, Et2O as
solvent, at −78 ◦C for 1 h. The reaction afforded up to 14 equivalents of ammonia and 2 equivalents of
hydrazine when a mixture of catalyst 108 was employed (Scheme 90). Remarkably, this work represents
the first example of vanadium-catalyzed nitrogen fixation, a step toward the understanding of the
reaction mechanism involving the FeV nitrogenase active site. In addition, the authors synthetized the
dinitrogen-bridged version of 108, which afforded 4.6 equivalents of NH3 per vanadium.

Contemporarily, the same author also explored the synthesis of novel dinitrogen-bridged species,
reporting a new class of dinitrogen-bridged di-titanium and di-zirconium complexes with anionic
pyrrole-based PNP pincer complexes for the conversion of dinitrogen into ammonia and hydrazine [717].
The best result was achieved using a mixture of catalyst 109, with 40 equivalents of KC8 as reductant,
38 equivalents of [H(OEt2)2][BArF4] as proton source, Et2O as solvent, and at −78 ◦C for 1 h yielding
up to 1.3 equivalents of ammonia and 0.31 equivalents of hydrazine (Scheme 91). Under the same
reaction conditions, catalyst 110 afforded 1 equivalent of ammonia, with no hydrazine.



Catalysts 2020, 10, 773 63 of 116

Catalysts 2020, 10, 773 63 of 115 

 

h were used as conditions for the conversion to ammonia and hydrazine up to 14.3 equivalents and 
1.8 equivalents respectively. The best result was obtained using catalyst 105 (Scheme 89). Later, the 
authors succeeded in improving the catalytic activity of this family of catalysts by proposing a new 
complex bearing the anionic methyl-substituted pyrrole-bases PNP ligand [714]. As shown in Scheme 
89, catalyst 106 afforded 22.7 equivalents of ammonia per catalyst under the same reaction conditions.  

 
Scheme 89. Nitrogen fixation catalyzed by iron- and cobalt-PNP complexes by Nishibayashi [713–715]. 

In addition to iron, Nishibayashi also showed the first successful example of cobalt-catalyzed 
nitrogen fixation [715]. Catalyst 107 showed catalytic activity similar to its iron congener, affording 
15.9 equivalents of ammonia under the same reaction conditions (Scheme 89). Interestingly, when a 
cobalt catalyst bearing a PBP ligand was employed in the transformation, only 0.4 equivalents of 
ammonia were produced, indicating a relevant contribution of the PNP ligand to the catalytic activity.  

In 2018, Nishibayashi designed and prepared novel vanadium complexes containing anionic 
pyrrole-based PNP pincer complex and aryloxy ligands, and tested them in the direct conversion of 
molecular dinitrogen into ammonia and hydrazine [716]. The reaction was performed using 200 
equivalents of KC8 as reductant, 184 equivalents of [H(OEt2)2]BArF4 as proton source, Et2O as solvent, 
at −78 °C for 1 h. The reaction afforded up to 14 equivalents of ammonia and 2 equivalents of 
hydrazine when a mixture of catalyst 108 was employed (Scheme 90). Remarkably, this work 
represents the first example of vanadium-catalyzed nitrogen fixation, a step toward the 
understanding of the reaction mechanism involving the FeV nitrogenase active site. In addition, the 
authors synthetized the dinitrogen-bridged version of 108, which afforded 4.6 equivalents of NH3 per 
vanadium. 

 
Scheme 90. Vanadium PNP complex for dinitrogen conversion into ammonia and hydrazine reported 
by Nishibayashi [716]. 

Scheme 90. Vanadium PNP complex for dinitrogen conversion into ammonia and hydrazine reported
by Nishibayashi [716].

Catalysts 2020, 10, 773 64 of 115 

 

Contemporarily, the same author also explored the synthesis of novel dinitrogen-bridged 
species, reporting a new class of dinitrogen-bridged di-titanium and di-zirconium complexes with 
anionic pyrrole-based PNP pincer complexes for the conversion of dinitrogen into ammonia and 
hydrazine [717]. The best result was achieved using a mixture of catalyst 109, with 40 equivalents of 
KC8 as reductant, 38 equivalents of [H(OEt2)2][BArF4] as proton source, Et2O as solvent, and at −78 °C 
for 1 hour yielding up to 1.3 equivalents of ammonia and 0.31 equivalents of hydrazine (Scheme 91). 
Under the same reaction conditions, catalyst 110 afforded 1 equivalent of ammonia, with no hydrazine.  

Scheme 91. Dinitrogen-bridged di-titanium and di-zirconium complexes bearing pyrrole-based 
anionic PNP pincer ligands synthetized by Nishibayashi [717]. 

Improved results using a di-titanium species have been achieved by Liddle using catalyst 111 [718]. 
After screening reaction conditions and additives, the reaction afforded up to 9 equivalents of 
ammonia per titanium atom using [Cy3PH]I as proton source and KC8 as reductant, notably with 
higher selectivity and only traces of hydrazine as the co-product (Scheme 92). 

 
Scheme 92. Di-titanium catalyst 111 reported by Liddle for nitrogen fixation [718]. 

Nishibayashi also showed an example of nitrogen fixation using a proton source obtained in situ 
by means of a ruthenium-catalyzed oxidation of water promoted by a photosensitizer (Scheme 93) [719]. 
In the proposed method, the oxidation of water occurs using Na2S2O8 as a sacrificial oxidizing agent, 
a suitable ruthenium catalyst for water oxidation (112) and Ru(bpy)3(OTf)2 bpy=2,2’-bipyridine) as 
the photosensitizer. After 2 h of irradiation of visible light at room temperature, the reaction afforded 
99% conversion into O2. 2,6-Lutidine and sodium trifluoromethanesulfonate (NaOTf) were added to 
the reaction in order to obtain [LutH]+ to be used in the following step; CoCp2 was used as the 
reducing agent to promote the conversion of dinitrogen gas into in the presence of catalyst 90 (0.005 
mmol) under ambient reaction conditions, resulting in a total of 6 equivalents of ammonia released. 
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PNP pincer ligands synthetized by Nishibayashi [717].

Improved results using a di-titanium species have been achieved by Liddle using catalyst 111 [718].
After screening reaction conditions and additives, the reaction afforded up to 9 equivalents of ammonia
per titanium atom using [Cy3PH]I as proton source and KC8 as reductant, notably with higher
selectivity and only traces of hydrazine as the co-product (Scheme 92).
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Nishibayashi also showed an example of nitrogen fixation using a proton source obtained in situ
by means of a ruthenium-catalyzed oxidation of water promoted by a photosensitizer (Scheme 93) [719].
In the proposed method, the oxidation of water occurs using Na2S2O8 as a sacrificial oxidizing agent,
a suitable ruthenium catalyst for water oxidation (112) and Ru(bpy)3(OTf)2 bpy=2,2′-bipyridine) as the
photosensitizer. After 2 h of irradiation of visible light at room temperature, the reaction afforded 99%
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conversion into O2. 2,6-Lutidine and sodium trifluoromethanesulfonate (NaOTf) were added to the
reaction in order to obtain [LutH]+ to be used in the following step; CoCp2 was used as the reducing
agent to promote the conversion of dinitrogen gas into in the presence of catalyst 90 (0.005 mmol)
under ambient reaction conditions, resulting in a total of 6 equivalents of ammonia released.Catalysts 2020, 10, 773 65 of 115 
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Scheme 93. Nishibayashi’s catalytic reduction of dinitrogen into ammonia using an in situ proton
source and catalyzed by the molybdenum complex 90 [719].

Nishibayashi reported the synthesis of a range of iron-methyl complexes containing anionic
carbazole PNP ligands [720]. Bulkier substituents such as adamantyl groups at the phosphorus atoms
showed better catalytic activity toward nitrogen fixation. The reaction using catalyst 113, 1 bar of
N2, 80 equivalents of KC8 as reductant, 76 equivalents of [H(OEt2)2]BAr4

F as proton source, in Et2O,
at −78 ◦C afforded up to 4.8 equivalents of fixed nitrogen as a mixture of ammonia and hydrazine after
1 h (Scheme 94).
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In 2017, Schrock reported the synthesis and the catalytic activity of the [Ar2N3]Mo(OtBu) complex
114 as catalyst for the reduction of dinitrogen to ammonia [721]. The reactions were performed in a
mixture of 114 in diethyl ether as solvent, 108 equivalents of CoCp*2 as reductant, 120 equivalents of
[Ph2NH]OTf as proton source, at temperatures between−78 ◦C and 22 ◦C, achieving up to 10 equivalents
of NH3 per Mo atom, as depicted in Scheme 95. The authors were not able to demonstrate whereas the
tBu group remain intact during the catalytic cycle, or if it is transformed into an OH or an oxo ligand
after protonation from [Ph2NH]OTf.
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coordination of a new molecule of hydrazine.  
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[722]. 
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iridium pincer complexes 117a and 117b to investigate their reactivity toward the activation of 
dinitrogen [723]. The stretching frequencies of N2 in the complexes 117a and 117b showed little 
activation of the dinitrogen ligand. Later, by means of NMR spectroscopy and cyclic voltammetry, 
the authors tested the reactivity of the prepared catalysts, however with no positive results in terms 
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reduction of dinitrogen, results in the formation of cationic metal-hydrides that lose N2 preventing 
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Scheme 95. Dinitrogen conversion into ammonia catalyzed by the Mo-NNN complex 114 showed by
Schrock [721].

Szymczak studied the incorporation of two 9-borabicyclo[3.3.1]-nonyl substituents within the
secondary coordination sphere of the Fe(II)-NNN pincer complex 115 [722]. The inserted groups act
as a Lewis acidic site and allow the coordination of one or two equivalents of hydrazine, as well as
stabilization of Fe-NH2 intermediates (116 in Figure 7). Later, by addition of [HNEt3][Cl], a specie with
two molecules of ammonia bound to the boron groups was isolated and characterized by single-crystal
diffraction studies. Finally, the release of ammonia is achieved with contemporary coordination of a
new molecule of hydrazine.

Holland and Mayer studied the protonation, and subsequent reduction of the ruthenium and iridium
pincer complexes 117a and 117b to investigate their reactivity toward the activation of dinitrogen [723].
The stretching frequencies of N2 in the complexes 117a and 117b showed little activation of the dinitrogen
ligand. Later, by means of NMR spectroscopy and cyclic voltammetry, the authors tested the reactivity
of the prepared catalysts, however with no positive results in terms of catalytic ammonia production.
The protonation, which is a fundamental step in the electrochemical reduction of dinitrogen, results in the
formation of cationic metal-hydrides that lose N2 preventing any further functionalization. Reduction of
the metal-hydride with CoCp2* also results in fast disproportionation to Ir(II) species, preventing any
nitrogen coordination at room temperature (Scheme 96).
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N2 through the formation of dinitrogen-bridged species based on the classic Nishibayashi Mo-PNP 
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36 equivalents of CrCp2* afforded poor catalytic activity with most of the tested catalyst candidates. 
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Scheme 96. Ruthenium and iridium PCP pincer complexes tested by Holland and Mayer and reactivity
of complex 117b in the presence of proton source and reducing agents [723].

Tuczek reported in 2018 new molybdenum complexes bearing a PN3P pincer ligand with various
substituents on both metal center and pincer arms [724]. The authors investigated the reactivity with
N2 through the formation of dinitrogen-bridged species based on the classic Nishibayashi Mo-PNP
catalysts showed before. It was found that the nature of the substituents has a strong influence
on the reactivity toward dinitrogen; the reaction performed with 48 equivalents of [LutH]OTf and
36 equivalents of CrCp2* afforded poor catalytic activity with most of the tested catalyst candidates.
Only when 0.01 mmol of complex 118 were applied, it was possible to achieve 3.12 equivalents of
ammonia per catalyst (Scheme 97).Catalysts 2020, 10, 773 68 of 115 
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Similar to the previously showed species, catalyst 119 can be obtained starting from a chlorido 
precursor through formation of a dinitrogen-bridged specie, followed by nitrogen splitting and 
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Dinitrogen can be also reduced and trapped into in the form of silylamines, from which ammonia
can be easily released after hydrolysis. Preliminary studies on the topic date back to 1972 with the
work of Shiina [725], and later Hidai in 1989 [726]. Many other reports explored the transformation up
to recent days using molybdenum [727], iron [728,729], vanadium [730], titanium [731,732], as well as
cobalt homogeneous catalysts [733–737]. A comprehensive review from Nishibayashi recently covered
the catalytic silylation of dinitrogen into silylamines as precursors for ammonia production [738].

With regard to the most recent publications involving pincer ligation, Mézailles reported in 2016
the Mo-PPP complex 119 for the reduction of ammonia to silylamines in the presence of silanes [739].
Similar to the previously showed species, catalyst 119 can be obtained starting from a chlorido precursor
through formation of a dinitrogen-bridged specie, followed by nitrogen splitting and formation of the
nitrido species. Catalyst 119 is then able to react with the bis-silane under mild reaction conditions,
resulting in high yields of the corresponding amine (Scheme 98). However, the authors could not
achieve the final reduction step from Mo(II) to Mo(I) to regenerate the dinitrogen-bridged specie from
119d, required to finish a catalytic cycle.
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In 2017, Nishibayashi designed and prepared iron and cobalt-dinitrogen complexes containing a
PSiP ligand, and tested them as catalysts for the transformation of dinitrogen gas into silylamine [740].
1 bar of molecular dinitrogen, 600 equivalents of Na as reductant, MeSiCl (600 equivalents) as silylating
reagent in THF at room temperature for 40 h yielded up to 41 equivalents of NH3 when employing
0.020 mmol of catalyst 120c (Scheme 99).
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3.3. Valorization of Biomass-Derived Compounds

Catalytic hydrogenation is a powerful tool for the valorization of biomass-derived compounds
into valuable fuels and bulk chemicals for the industry, such as monomers for polymer production,
bio-fuels, and additives [741–750]. Among the others, levulinic acid (LA) and γ-valerolactone (GVL)
can be readily obtained from biomass by acid treatment of sugar monomers, such as glucose, fructose,
and sucrose, representing versatile platform molecules for the bulk industry [751–759], as highlighted
by Horvath in 2008 [760]. The use of pincer complexes for this type of transformations is relatively
new, but again showing promising performances and allowing the useful hydrogenation of esters,
carboxylic acids and aldehydes at mild reaction conditions [761,762].

Various groups reported the use of ruthenium precursors in the presence of different ligands
for the hydrogenation of biogenic acids to useful building blocks [763–767]. However, most of the
reports use high temperatures (>200 ◦C) and strong acidic conditions to achieve acceptable yields.
Important results using Ru/Triphos combinations were achieved by Leitner [577,768–771], as well
as by Beller [772–774] for the hydrogenation of several bio substrates. Milstein employed catalyst
24-H for the efficient hydrogenation of cyclic di-esters, e.g., biomass-derived glycolide and lactide,
to 1,2-diols [775].

The hydrogenation of levulinic acid has been reported by Leitner and Klankermayer [768],
Fu [776], and Fischmeister [777], using iridium complexes, as well as by Garcia, who reported the
precatalyst [(dtbpe)PdCl2] (dtbpe = 1,2-(bis-di-tert-butylphosphino)ethane) to efficiently catalyze LA
hydrogenation, as well as formic acid dehydrogenation to CO2 and H2 [778].

In 2015, Singh showed the conversion of several biomass-derived substrates, such as furfural,
5-hydroxymethylfurfural (HMF), and 5-methylfurfural (5-MF), into levulinic acid and diketones,
1-hydroxyhexane-2,5-dione (1-HHD), 3-hydroxyhexane-2,5-dione (3-HHD), and hexane-2,5-dione
(2,5-HD) [779]. The reaction proceeds in the presence of formic acid and it is highly dependent on the
choice of the ligand, as well as formic acid concentration, reaction temperature and time. The authors
screened different Ru(II)-arene catalysts bearing ethylenediamine-based bidentate ligands. Applying
5 mol% of the catalyst, in water at 100 ◦C, various substrates were quantitatively converted into the
corresponding ring-opened products.

With regard to pincer complexes, in 2012 Zhou used the trihydride iridium complex 121 for the
hydrogenation of levulinic acid to γ-valerolactone (Scheme 100) [780]. In this sense, Chen used in
2015 density functional theory (DFT) calculations to investigate the mechanism of this transformation
catalyzed by Ir-PNP complexes [781].Catalysts 2020, 10, 773 70 of 115 
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Scheme 100. Iridium-catalyzed hydrogenation of levulinic acid to γ-valerolactone proposed by
Zhou [780].

Long and Miller reported the efficient conversion of levulinic acid to either 1,4-pentandiol (PDO)
or 2-methyltetrahydrofuran (2-MTHF) using ruthenium complexes bearing a modified Triphos ligand
with a nitrogen central atom (Scheme 101) [782]. Catalyst 123 performed best in both transformations,



Catalysts 2020, 10, 773 69 of 116

affording quantitative yields in PDO and 2-MTHF. The active species was formed in situ with 0.5 mol%
of [Ru(acac)3] as the metal precursor, 1.0 mol% of N-Triphos, under 65 bar of hydrogen, with no
solvent at 150 ◦C for 25 h. The reaction with these conditions afforded 99% yield of PDO (with 1% of
γ-valerolactone). When 5 mol% of HN(Tf2) was added as additive, and THF as solvent, the selectivity
of the reaction changed dramatically, resulting in 87% yield in 2-MTHF and 10% in γ-valerolactone.
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Scheme 101. Hydrogenation of levulinic acid into 1,4-pentandiol (PDO) and 2-methyltetrahydrofuran
(2-MTHF) showed by Long and Miller [782].

The year after, Deng and Palkovits showed the same transformations using Ru precursors and
a modified version of N-Triphos, where an ethylene linker was substituted in one of the arms [783].
The reactions were performed in THF, with 1.5 equivalents of the novel ligand, 70 bar H2, 160 ◦C, for
18 h. The selectivity was found to be highly dependent on the ruthenium precursor used (0.2 mol% Ru
loading); when using [Ru(acac)3] as in the previous study by Miller, the reaction afforded 33% yield of
GVL and 66% yield of PDO. Surprisingly, both [Ru(acac)3] and RuH2(PPh3)4 produced 99% and 95%
yield in GVL respectively, when no ligand was added to the reaction mixture, while in the presence of
the ethylated N-Triphos ligand, RuH2(PPh3)4 afforded 98% yield in PDO. With different combination
of a Ru precursor and the new ligand, the authors successfully hydrogenated a series of biogenic acids;
among other substrates, fumaric-, succinic-, itaconic-, and maleic acid were converted in high yields
into the corresponding lactones at 170 ◦C and 70 bar H2 in 48 h.

In 2015, Schlaf showed the synthesis of various ruthenium pincer complexes in the form
of ([(40-Ph-terpy)(bipy)Ru(L)](OTf)n and [(40-Ph-terpy)(quS)Ru(L)](OTf)n (n = 0 or 1 depending
on the charge of L, L = labile ligand, e.g., H2O, CH3CN or OTf, bipy = 2,20-bipyridine, quS =

quinoline-8-thiolate)) [784]. The authors tested the prepared complexes for the hydrogenation of the
biomass derived substrates 2,5-DMF (2,5-dimethylfuran), obtainable from 5-hydroxymethylfurfural,
and 2,5-hexanedione, the hydrolysis product of 2,5-dimethylfuran. The reactions were carried out in
aqueous acidic medium and temperature between 175 and 225 ◦C, using complex 126 as the catalyst.
It was possible to afford yields of hydrogenated products up to 97% (using 2,5-hexanedione) and
66% using 2,5-DMF. The yield in 2,5-hexanediol was 82% and 78% starting from 2,5-hexanedione and
2,5-dimethylfuran, respectively (Scheme 102).
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hydrogenation of MCP into valuable chemicals, Ru-MACHO-BH afforded full conversion of MCP 
into 3-Methyl-1,2-cyclopentanediol, which was isolated in 96% yield as a mixture of diastereomers 
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Scheme 102. Water and high temperature stable hydrogenation pincer catalyst for biomass-derived
substrates developed by Schlaf [784].

In 2018, de Vries reported a method for the transformation of HMF into
2-hydroxy-3-methylcyclopent-2-enone (MCP) using Ir and Ru complexes as catalysts [785]. The strategy
involved the intramolecular aldol condensation of 1-hydroxyhexane-2,5-dione (HHD), as depicted in
Scheme 99. The only pincer complex tested in this transformation was Ru-MACHO-BH, which afforded
93% of conversion of HMF with 0.5 mol% catalyst loading, 10 bar of H2 in water at 120 ◦C, however
with only 5% yield of 1-hydroxyhexane-2,5-dione. On the contrary, when the authors explored the
hydrogenation of MCP into valuable chemicals, Ru-MACHO-BH afforded full conversion of MCP into
3-Methyl-1,2-cyclopentanediol, which was isolated in 96% yield as a mixture of diastereomers after 16 h
(Scheme 103). Recently, de Vries has reviewed the state-of-the-art of relevant sustainable transformations
of 5-hydroxymethylfurfural involving 1-hydroxyhexane-2,5-dione as a key intermediate [786].

Catalysts 2020, 10, 773 71 of 115 

 

combination of a Ru precursor and the new ligand, the authors successfully hydrogenated a series of 
biogenic acids; among other substrates, fumaric-, succinic-, itaconic-, and maleic acid were converted 
in high yields into the corresponding lactones at 170 °C and 70 bar H2 in 48 h.  

In 2015, Schlaf showed the synthesis of various ruthenium pincer complexes in the form of 
([(40-Ph-terpy)(bipy)Ru(L)](OTf)n and [(40-Ph-terpy)(quS)Ru(L)](OTf)n (n = 0 or 1 depending on the 
charge of L, L = labile ligand, e.g. H2O, CH3CN or OTf, bipy = 2,20-bipyridine, quS = quinoline-8-
thiolate)) [784]. The authors tested the prepared complexes for the hydrogenation of the biomass 
derived substrates 2,5-DMF (2,5-dimethylfuran), obtainable from 5-hydroxymethylfurfural, and 
2,5-hexanedione, the hydrolysis product of 2,5-dimethylfuran. The reactions were carried out in 
aqueous acidic medium and temperature between 175 and 225 °C, using complex 126 as the catalyst. 
It was possible to afford yields of hydrogenated products up to 97% (using 2,5-hexanedione) and 66% 
using 2,5-DMF. The yield in 2,5-hexanediol was 82% and 78% starting from 2,5-hexanedione and 
2,5-dimethylfuran, respectively (Scheme 102).  

 
Scheme 102. Water and high temperature stable hydrogenation pincer catalyst for biomass-derived 
substrates developed by Schlaf [784]. 

In 2018, de Vries reported a method for the transformation of HMF into 2-hydroxy-3-
methylcyclopent-2-enone (MCP) using Ir and Ru complexes as catalysts [785]. The strategy involved 
the intramolecular aldol condensation of 1-hydroxyhexane-2,5-dione (HHD), as depicted in Scheme 
99. The only pincer complex tested in this transformation was Ru-MACHO-BH, which afforded 93% 
of conversion of HMF with 0.5 mol% catalyst loading, 10 bar of H2 in water at 120 °C, however with 
only 5% yield of 1-hydroxyhexane-2,5-dione. On the contrary, when the authors explored the 
hydrogenation of MCP into valuable chemicals, Ru-MACHO-BH afforded full conversion of MCP 
into 3-Methyl-1,2-cyclopentanediol, which was isolated in 96% yield as a mixture of diastereomers 
after 16 hour (Scheme 103). Recently, de Vries has reviewed the state-of-the-art of relevant sustainable 
transformations of 5-hydroxymethylfurfural involving 1-hydroxyhexane-2,5-dione as a key 
intermediate [786].  

 
Scheme 103. Conversion of HMF to higher-value products showed by de Vries [785]. 

The same author also reported that the Ru-NNS complex 127 showed in Scheme 104 catalyzes 
the selective hydrogenation of methyl levulinate into γ-valerolactone [787]. The reaction was 

Scheme 103. Conversion of HMF to higher-value products showed by de Vries [785].

The same author also reported that the Ru-NNS complex 127 showed in Scheme 104 catalyzes the
selective hydrogenation of methyl levulinate into γ-valerolactone [787]. The reaction was performed in
methanol, with 0.25 mol% of 127, 2.5 mol% of KOtBu, under 50 bar of H2 at 80 ◦C, affording 77% yield
after 2 h (Scheme 104). In the same work, the authors explored the hydrogenation of a wide series of
saturated- as well as α,β-unsaturated esters. It was possible to hydrogenate γ-valerolactone affording
the ring-opened product 1,4-pentanediol in 92% yield using 0.25 mol% of catalyst 127, 2.5 mol% of
KOtBu, under 60 bar of hydrogen, at 80 ◦C after 2 h.

In 2019, Song showed the hydrogenation of levulinic acid and methyl levulinate into
γ-valerolactone catalyzed by the iron pincer complex 29 [788]. High TON and TOF up to respectively
23,000 and 1917 h−1 could be achieved for the hydrogenation of levulinic acid. The best results were
obtained using 0.002 mol% of catalyst 29 in the presence of methanol as solvent, 1 equivalent of
KOH, under 100 bar, at 100 ◦C for 12 h (Scheme 105). The use of H2O as solvent was also possible
and afforded TON of 22,500 and TOF of 1875 h−1. When methyl levulinate was used under similar
conditions, γ-valerolactone was obtained with TON up to 22,000 and TOF of 1833 h−1. With higher
catalyst loading (10 mol%) it was possible to afford 91% and 81% yield in GVL from levulinic acid and
methyl levulinate respectively. The authors also explored the dehydration of several carbohydrates to
afford LA, which was subsequently converted into GVL in high yields.



Catalysts 2020, 10, 773 71 of 116

Catalysts 2020, 10, 773 72 of 115 

 

performed in methanol, with 0.25 mol% of 127, 2.5 mol% of KOtBu, under 50 bar of H2 at 80 °C, 
affording 77% yield after 2 h (Scheme 104). In the same work, the authors explored the hydrogenation 
of a wide series of saturated- as well as α,β-unsaturated esters. It was possible to hydrogenate γ-
valerolactone affording the ring-opened product 1,4-pentanediol in 92% yield using 0.25 mol% of 
catalyst 127, 2.5 mol% of KOtBu, under 60 bar of hydrogen, at 80 °C after 2 h. 

 
Scheme 104. Hydrogenation of methyl levulinate catalyzed by Ru-SNN catalyst 127 showed by de 
Vries [787]. 

In 2019, Song showed the hydrogenation of levulinic acid and methyl levulinate into 
γ-valerolactone catalyzed by the iron pincer complex 29 [788]. High TON and TOF up to respectively 
23,000 and 1917 h−1 could be achieved for the hydrogenation of levulinic acid. The best results were 
obtained using 0.002 mol% of catalyst 29 in the presence of methanol as solvent, 1 equivalent of KOH, 
under 100 bar, at 100 °C for 12 h (Scheme 105). The use of H2O as solvent was also possible and 
afforded TON of 22,500 and TOF of 1875 h−1. When methyl levulinate was used under similar 
conditions, γ-valerolactone was obtained with TON up to 22,000 and TOF of 1833 h−1. With higher 
catalyst loading (10 mol%) it was possible to afford 91% and 81% yield in GVL from levulinic acid 
and methyl levulinate respectively. The authors also explored the dehydration of several 
carbohydrates to afford LA, which was subsequently converted into GVL in high yields.  

 
Scheme 105. Hydrogenation of levulinic acid and methyl levulinate into γ-valerolactone showed by 
Song [788]. 

Recently, our group in collaboration with Paixão have demonstrated the efficient hydrogenation 
of alkyl levulinates to γ-valerolactone catalyzed by either ruthenium or iridium PNP catalysts, in the 
presence of small amount of base additive, and at low temperature and H2 pressure [789]. Both 
catalysts Ru-MACHO and 8 (Scheme 2) were found to be active in the conversion of both methyl as 
well as ethyl levulinate into γ-valerolactone, without the need of solvent and also in large scale 
reactions. The hydrogenation of ethyl levulinate was carried out using 0.01 mol% of catalyst at 60 °C 
and under 20 bar of hydrogen. Turnover numbers of 7400 and 9300 were obtained using Ru-MACHO 
and 8, respectively (Scheme 106). In addition, a scale-up experiment was performed with a 
combination of mild reaction conditions and low catalyst loading; whereas Ru-MACHO was found 

Scheme 104. Hydrogenation of methyl levulinate catalyzed by Ru-SNN catalyst 127 showed by de
Vries [787].

Catalysts 2020, 10, 773 72 of 115 

 

performed in methanol, with 0.25 mol% of 127, 2.5 mol% of KOtBu, under 50 bar of H2 at 80 °C, 
affording 77% yield after 2 h (Scheme 104). In the same work, the authors explored the hydrogenation 
of a wide series of saturated- as well as α,β-unsaturated esters. It was possible to hydrogenate γ-
valerolactone affording the ring-opened product 1,4-pentanediol in 92% yield using 0.25 mol% of 
catalyst 127, 2.5 mol% of KOtBu, under 60 bar of hydrogen, at 80 °C after 2 h. 

 
Scheme 104. Hydrogenation of methyl levulinate catalyzed by Ru-SNN catalyst 127 showed by de 
Vries [787]. 

In 2019, Song showed the hydrogenation of levulinic acid and methyl levulinate into 
γ-valerolactone catalyzed by the iron pincer complex 29 [788]. High TON and TOF up to respectively 
23,000 and 1917 h−1 could be achieved for the hydrogenation of levulinic acid. The best results were 
obtained using 0.002 mol% of catalyst 29 in the presence of methanol as solvent, 1 equivalent of KOH, 
under 100 bar, at 100 °C for 12 h (Scheme 105). The use of H2O as solvent was also possible and 
afforded TON of 22,500 and TOF of 1875 h−1. When methyl levulinate was used under similar 
conditions, γ-valerolactone was obtained with TON up to 22,000 and TOF of 1833 h−1. With higher 
catalyst loading (10 mol%) it was possible to afford 91% and 81% yield in GVL from levulinic acid 
and methyl levulinate respectively. The authors also explored the dehydration of several 
carbohydrates to afford LA, which was subsequently converted into GVL in high yields.  

 
Scheme 105. Hydrogenation of levulinic acid and methyl levulinate into γ-valerolactone showed by 
Song [788]. 

Recently, our group in collaboration with Paixão have demonstrated the efficient hydrogenation 
of alkyl levulinates to γ-valerolactone catalyzed by either ruthenium or iridium PNP catalysts, in the 
presence of small amount of base additive, and at low temperature and H2 pressure [789]. Both 
catalysts Ru-MACHO and 8 (Scheme 2) were found to be active in the conversion of both methyl as 
well as ethyl levulinate into γ-valerolactone, without the need of solvent and also in large scale 
reactions. The hydrogenation of ethyl levulinate was carried out using 0.01 mol% of catalyst at 60 °C 
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Scheme 105. Hydrogenation of levulinic acid and methyl levulinate into γ-valerolactone showed by
Song [788].

Recently, our group in collaboration with Paixão have demonstrated the efficient hydrogenation
of alkyl levulinates to γ-valerolactone catalyzed by either ruthenium or iridium PNP catalysts,
in the presence of small amount of base additive, and at low temperature and H2 pressure [789]. Both
catalysts Ru-MACHO and 8 (Scheme 2) were found to be active in the conversion of both methyl
as well as ethyl levulinate into γ-valerolactone, without the need of solvent and also in large scale
reactions. The hydrogenation of ethyl levulinate was carried out using 0.01 mol% of catalyst at 60 ◦C
and under 20 bar of hydrogen. Turnover numbers of 7400 and 9300 were obtained using Ru-MACHO
and 8, respectively (Scheme 106). In addition, a scale-up experiment was performed with a combination
of mild reaction conditions and low catalyst loading; whereas Ru-MACHO was found to be practically
inactive under the same reaction conditions, 0.050 mol% (500 ppm) of 8 led to full conversion after
72 h at 25 ◦C (TON = 2000) using ethanol as alcohol additive. Full conversion was also obtained for
methyl levulinate under the same conditions, but with methanol as the alcoholic additive. Finally,
a recycling experiments was performed using 0.5 mol% of Ru-MACHO; four consecutive additions of
ethyl levulinate every 20 h showed full conversion in each run without detectable deactivation of the
catalyst. Catalyst 8 was found to be inactive under the recycling conditions.
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3.4. Transfer Hydrogenation

Transfer hydrogenation reactions represent an elegant, sustainable strategy for the obtainment
of molecules of higher complexity. The process does not require stoichiometric amount of additives
and thus does not necessarily produce waste. In this transformation, hydrogen is inserted onto
a molecule from an organic hydrogen source without the presence of hazardous H2 gas. The hydrogen
donors are usually easily accessible and inexpensive, such as isopropanol, methanol, formic acid,
and ethanol, of which particularly the latter two are readily obtainable from renewable sources.
Possibilities and applications offered by homogeneous transfer hydrogenation have been reviewed
recently by Kempe [790], Corma-Sabater [791], as well as Kayaki [792], while Morris investigated
the mechanism of transfer hydrogenation catalyzed by iron-group hydrides [793]. Milstein [56,64],
as well as Noyori [794–797], provided fundamental milestones, dramatically expanding the scope of
substrates for transfer hydrogenation and coupling reactions using homogeneous catalysis, including
pincer complexes. In 2008, Grützmacher reported the first efficient transfer hydrogenation with
ethanol as the hydrogen source [798]. By applying an air-sensitive rhodium complex bearing a
bis(5-H-dibenzocyclohepten-5-yl)amine ligand, they could reach 98% conversion of different ketones
at mild temperatures. Since then, several reports have covered the topic [799–805], using also
isopropanol [806], formic acid [807], as well as glycerol [808] as the hydrogen sources. Metal pincer
complexes have appeared as suitable catalysts for this type of transformations as well [116,809–813].

With regard to the past five years, Khaskin explored in 2016 the use of the Gusev SNS catalyst,
known for the hydrogenation of esters [40], for an unprecedented metathesis pathway coupled
with transfer hydrogenation in the presence of ethanol [814]. The authors explored the reaction of
ethyl hexanoate in the presence of Ru-MACHO, which afforded a statistical equilibrium of products
confirming the metathesis pathway. Later, the authors screened the Gusev complexes 13 and 128,
with 128 being the most efficient in producing metathesis products, with 99% selectivity after 16 h at
80 ◦C in toluene, using 0.02 mol% of catalyst loading and 5 mol% KOtBu. The scope was extended
to alkyl, aryl, and mixed alkyl-aryl esters that were all efficiently scrambled using 0.2 mol% catalyst
loading. Finally, with optimized conditions, the authors explored the selective transfer hydrogenation
of ethyl hexanoate using ethanol as hydrogen source; by increasing the catalyst loading to 1 mol%, in
the presence of 20 equivalents of ethanol, it was possible to afford 89% yield in hexanol (Scheme 107).Catalysts 2020, 10, 773 74 of 115 
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Thiel showed in 2018 an environmentally benign method for the hydrogenation of ketones,
aldehydes and imines using ethanol as the hydrogen source, in combination with the ruthenium(II)
pincer complex 129 in Figure 8 [815]. The catalyst is stable against moisture and oxygen, and allowed a
wide scope of substrates; with 0.1 mol% as the catalyst loading, with 7.5 mol% KOH, in EtOH, it was
possible to convert several phenyl ketones and aldehydes into the corresponding alcohols with >99%
yields after 45 min, in some cases already after 15 min, at 40 ◦C. It was found that a rapid removal of
acetic aldehyde under a constant N2 flow is fundamental to push the equilibrium for high conversions.
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However, it was not possible to hydrogenate olefins and heteroaromatic compounds with neither
ethanol nor isopropanol as the hydrogen donors.
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Figure 8. Ruthenium and iridium pincer catalysts reported by Thiel [815] and Huang [816] to catalyze
transfer hydrogenations in the presence of ethanol.

The same year, Huang reported the transfer hydrogenation of alkenes catalyzed by the iridium-NCP
pincer complex 130 containing a rigid benzoquinoline backbone in the presence of ethanol [816].
The authors explored the conversion of a wide range of substrates, from substituted alkyl alkenes
and aryl alkenes, to electron-rich/deficient olefins, O- and N-heteroarenes, as well as internal alkynes.
The optimization was performed using cyclooctene and 1-octene as substrates; applying 1 mol%
catalyst loading, yields >99% were achieved of the hydrogenated products, with 2.2 mol% of NaOtBu
in ethanol, at 30 ◦C after 12 h. The rapid conversion of acetaldehyde, formed as the first EtOH
dehydrogenation product, into ethyl acetate eliminates the possibility of catalyst poisoning by the
iridium-mediated decarbonylation of the aldehyde.

In 2019, de Vries employed the iron-PNP catalyst 15 for the transfer hydrogenation of esters using
ethanol as the hydrogen source [817]. The authors were able to hydrogenate more than 20 different
substrates in good to excellent yields, including aromatic- and aliphatic esters and lactones. The initial
screening was performed using methyl benzoate as the substrate, 5 mol% of 15 at 100 ◦C; after 24 h,
88% yield of benzyl alcohol was obtained. The authors also explored the use of different hydrogen
sources, with isopropanol and butanol resulting in high conversion but lower selectivity in the desired
product, whereas MeOH was found to poison the system. The optimized conditions were 5 mol%
of catalyst, 96 equivalents of ethanol, at 100 ◦C for 24 h; with this protocol, the authors carried out
the transfer hydrogenation of a series of relevant substrates, e.g., the bio-derived methyl oleate and
α-Angelica lactone. In addition, methyl levulinate was successfully converted into 1,4-pentanediol
(PDO) in a single step. Remarkably, the system is also active for the depolymerization of polyester
to the diols, expanding the applicability of this protocol to the recycling of plastics as well. Notably,
the same transformation for polyesters reduction was reported in 2013 by Robertson using Milstein’s
catalyst 4 [818].

Ethanol Upgrading

One of the most appealing processes in sustainable chemistry is the upgrading of (bio)-ethanol into
useful fuels and fuel additives [819–821]. The Guerbet reaction is a process enabling the formation of C-C
bonds starting from simple alcohols. In this transformation, the alcoholic substrate is dehydrogenated
to form an aldehyde, which undergoes aldol condensation before the product is finally hydrogenated
resulting in a higher alcohol (Scheme 108) [822]. Ethanol is currently produced from crops and used
as fuel [823–825], albeit with only 70% of the energy density stored in gasoline. On the contrary,
butanol presents several advantages, e.g., it has an energy density closer to that of gasoline (90%),
is non-corrosive, immiscible with water and can be blended with gasoline at concentrations up to
16% [826–828]. Butanol is currently produced by bacterial fermentation of starch and sugars in the
A.B.E. process [829], producing a mixture of acetone, butanol, and ethanol, while poor selectivity,
separation issues, as well as low conversion and yield usually affect the Guerbet pathway [830].
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Scheme 108. Guerbet reaction.

The upgrading of ethanol results in 1-butanol and other C4/C6 products and isomers. Most of them
are considered valuable bio-fuel, fuel additives, or monomers for bio-polymers. The reaction presents
some drawbacks especially regarding the selectivity. N-butanol can undergo dehydrogenation reactions
resulting in even higher alcohols and other side products. In addition, the high loading of base required,
often promotes competitive reactions resulting in the formation of inactive carbonates. Research has
focused on catalyst design as well as reaction conditions optimization to achieve acceptable yields and
selectivity of 1-butanol.

In 2016, Milstein reported a very efficient ruthenium pincer complex catalyst for ethanol
upgrading [831]. The reaction performed using 0.02 mol% of catalyst 131 in Scheme 109, EtONa
(4 mol%), at 150 ◦C for 16 h produced the highest conversion of ethanol (66.9%) affording up to 38.4%
yield in butanol. Lowering of the catalyst loading to 0.001 mol% afforded the record TON of 18,209
with 14.6% yield and 86% selectivity. Mechanistic studies and isolation of reaction intermediates led
to the conclusion that the active species is the dearomatized complex 131a, which is formed after
activation by base. The major deactivation pathway is believed to occur through reaction of the formed
water with ethanol and base, resulting in the formation of inactive NaOAc. In addition, the authors
also explored the possibility to produce longer chain alcohols from ethanol; with a base loading of
20 mol%, it was possible to produce higher alcohols reaching a record conversion of 73.4%, with 37.6%
selectivity to C6 and C8 alcohols.Catalysts 2020, 10, 773 76 of 115 
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reaction conditions showed in Scheme 111a, Ru-MACHO afforded 13.3% conversion and 12.4% 
selectivity in 1-butanol. The best result was obtained employing [RuCl2(η6-p-cymene)]2 and the 
bidentate ligand 2-(diphenylphosphino)ethylamine, with 90% selectivity and 31% conversion. 
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1,1-bis(diphenylphosphino)methane as ligand, with 200 mol% of base loading (NaOMe), 0.1 mol% of 

Scheme 109. Ru-PNP catalyst for ethanol upgrading developed by Milstein [831].

The same year, Szymczak proposed an air-stable Ru-NNN catalyst for the upgrading of ethanol to
1-butanol [832]. The catalyst is a modification of a previously reported catalyst (132 in Scheme 110)
found to be active in the reversible transformation between ketones and alcohols via hydrogenation
and acceptorless dehydrogenation reactions [833]. The authors also carried out mechanistic studies
supported by kinetic and isotopic labeling studies, proposing an inner-sphere mechanism with a β-H
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elimination as the turnover-limiting step in the dehydrogenation of alcohols using catalyst 132 [834].
In this report, catalyst 133 was used for the catalytic upgrading of ethanol achieving 37% yield of
1-butanol with 78% selectivity after 2 h at 150 ◦C. The addition of 0.4 mol% of PPh3 prevents phosphine
dissociation, as well as the competitive EtOH decarbonylation pathway. After optimization, the catalyst
133 resulted in a TON of 530 and a TOF of 265 h−1 with the reaction conditions shown in Scheme 110.
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Scheme 110. Ru-NNN complexes synthetized by Szymczak and ethanol upgrading using catalyst
133 [832,833].

In 2015, Wass showed the catalytic upgrading of ethanol using different ruthenium precursors in
combination with various ligands, as well as the PNP complex Ru-MACHO [835]. With the reaction
conditions showed in Scheme 111a, Ru-MACHO afforded 13.3% conversion and 12.4% selectivity in
1-butanol. The best result was obtained employing [RuCl2(η6-p-cymene)]2 and the bidentate ligand
2-(diphenylphosphino)ethylamine, with 90% selectivity and 31% conversion.

In another work, high selectivity toward isobutanol was obtained using different combinations
of ruthenium precursors and PP and PN bidentate ligands [836]. The catalyst bearing the
1,1-bis(diphenylphosphino)methane as ligand, with 200 mol% of base loading (NaOMe), 0.1 mol% of
methanol, at 180 ◦C, afforded 75% conversion of ethanol with 99% selectivity to isobutanol and only
traces of n-propanol and n-butanol.
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In 2017, the same author tested the catalyst precursors trans-[RuCl2(dppm)2], [RuCl2(dppea)2],
as well as Ru-MACHO for the upgrading of ethanol to isobutanol [837]. The pre-catalyst
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trans-[RuCl2(dppm)2] was shown to be the most active in the presence of water, yielding 36%
of isobutanol, at 78% selectivity from an aqueous ethanol/methanol mixture with water concentrations
typical of that of a crude fermentation broth. In addition, the catalyst allows to perform the reaction
using hydroxide instead of alkoxide bases. The use of H2O/NaOH with Ru-MACHO led to deactivation
of the catalytic system and formation of carbonate and formate salts. However, in the presence of
NaOMe and without water, Ru-MACHO afforded 44% yield in isobutanol with 89% selectivity under
the reaction conditions shown in Scheme 111b. The superior activity of trans-[RuCl2(dppm)2] is
explained by the superior water tolerance compared to the other PN and PNP complexes tested in
the work.

The same year, Liu showed the first example, and state-of-the-art, of ethanol upgrading into
1-butanol using a homogeneous non-noble-metal catalyst [838]. The manganese pincer complex 25
resulted in the extraordinary TON of 114,120 and TOF of 3078 h−1 with 92% selectivity and 9.8% yield
of 1-butanol at 160 ◦C for 168 h (Scheme 112). Increasing the catalyst loading to 0.02 mol% under
the same reaction conditions resulted in 14.5% yield in 1-butanol with 82% selectivity and a TON
of 1031. The group also performed mechanistic studies using controlled experiments with reaction
intermediates, NMR spectroscopy and single crystal X-Ray crystallography to investigate the role of the
N-H/N-Me moiety of the PNP pincer ligand. The proposed catalytic cycle is depicted in Scheme 112.Catalysts 2020, 10, 773 78 of 115 
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In 2018, Jones screened several Mn-PNP complexes of the same family as catalysts for the
Guerbet reaction [839]. The chosen Mn-Br(CO)2-PNP complexes bearing different substituents on
the phosphorous atoms were all found to catalyze the transformation, with catalyst 25 performing
best; N-butanol could be obtained in 31% yield using 0.5 mol% of 25, NaOEt, at 150 ◦C for 48 h. High
loading of the base (25 mol%) was required to maintain the catalytic activity. The water formed during
the reaction promotes the major deactivation pathways.

4. Conclusions

In conclusion, we covered the main advances of the last five years in relevant sustainable chemical
transformations catalyzed by pincer complexes. Dehydrogenation and hydrogenation reactions,
together with valorization of biomass-derived compounds are the main processes where sustainability
is predominant. In particular, efficient and continuous hydrogen release from LOHCs, as wells as
CO2 capture and hydrogenation are the main areas of interest in a hydrogen economy perspective,
with methanol, formic acid, and its derivatives as the most studied alternatives. Homogeneous N2

hydrogenation provides a clean, atom-efficient route for the synthesis of ammonia. Pincer complexes
also catalyze the upgrading of ethanol into bio-fuels and the hydrogenation of biomass-derived
compounds into high-value molecules.

Low catalyst loading, high selectivity, and mild reaction conditions are the main advantages of
pincer-type catalysis. The applied pincer complexes show outstanding performance and promising
potential for optimization. The long-term stability of the developed catalytic systems, as well as the
use of expensive, rare metals are the main drawbacks that need optimization. More robust, possibly
air- and moisture-stable catalysts are highly desirable to extend the lifetime and practical applicability
of these otherwise promising catalysts. Remarkably, cheap and abundant first-row transition metals
show very promising activity, potentially further increasing the sustainability of this versatile family of
catalytic systems.

Pincer complexes have showed great reliability and flexibility for a plethora of sustainable chemical
processes. Ligand design and the expanding use of first-row metals offer numerous possibilities
for further optimization. Many groups are working extensively on the topic to find efficient, novel
chemical and energy production routes and provide the society with sustainable solutions.
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Appendix F – Paper II 

This work will disclose the use of pincer complexes and ionic liquid for the reversible hydrogenation of CO2 and the 

dehydrogenation of FA at mild conditions. In detail, in this paper I will show the best results presented in this thesis for both CO2 

hydrogenation (Chapter 4) as well as FA dehydrogenation (Chapter 5). In addition, the possibility to apply such systems for the 

reversible storage of energy (Chapter 6) will be highlighted as well. The work presented in this paper was conducted at DTU 

Chemistry in collaboration with PhD student Brenda Rabell, postdoc Rosa Padilla, and Assoc Prof Martin Nielsen.  

 

Paper in preparation. 
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Abstract 

Hydrogen is considered an ideal energy carrier that can help to tackle climate change and substitute fossil fuels for the future energy 

demand. Green hydrogen from renewable energy will promote CO2 capturing and utilization (CCU) processes connecting both the 

chemical and the energy sectors. Here, we demonstrate high catalytic activity of Ru-PNP catalysts in ionic liquid (IL) for the 

hydrogenation of CO2 to formic acid (FA) and the reverse dehydrogenation of FA under very mild conditions without the use of 

additives. The hydrogenation of CO2 proceeds already at 25 ⁰C under a flow of CO2/H2 at 1 bar leading to 14 mol% FA/IL. Simply 

increasing the pressure to 40 bar of 1:1 CO2/H2 provides up to 1.26 equivalents of FA to IL. Thermally induced FA dehydrogenation 

occurs at <100 ⁰C in otherwise identical reaction conditions as for the CO2 hydrogenation resulting in turnover frequencies (TOF) 

up to approximately 12.000 h-1.  

Applying a continuous feed of FA to 4 mL of the IL 1-butyl-3-methylimidazolium acetate (BMIM Ac) containing 0.021 mmol of 

Ru-MACHO-BH at 95 ⁰C leads to a highly stable production of pure CO2 and H2 with no observable CO (100 ppm detection limit). 

Thus, the reaction afforded an overall turnover number (TON) of 18 million after 4 months under heat-integrated conditions for 

fuel cells application. Finally, it was possible to perform at least 12 cycles of hydrogenation/dehydrogenation with retention of the 

catalytic activity by simply changing pressure and/or temperature. Overall, we demonstrate a novel and remarkably efficient 

approach for a CO2/FA-based energy system with high practicality and flexibility as well as stability over prolonged times. 

 

Introduction  

Society needs new and green energy solutions to satisfy the growing energy demands. Hydrogen economy and Power-to-X 

technologies will likely be main players in this green transition. Carbon capture and utilization (CCU) can reduce our dependence 

on petrochemicals providing a useful building block for the synthesis of a wide range of industrially relevant chemicals [45,46] 

and fuels [47], such as energy carriers as described by Leitner [67] and Olah [68,69]. Formic acid (FA) is the first product of CO2 

hydrogenation and a candidate as a Liquid Organic Hydrogen Carrier (LOHC) for the long-term, safe and practical energy storage 

(4,4 wt% H2) [329,330]. It decomposes to a 1:1 mixture of H2 and CO2 where hydrogen is converted into electricity, while the 

released CO2 is captured and converted back to FA, closing an ideal carbon-free energy cycle [36,309,331–333].  

Homogeneous organometallic hydrogenation and dehydrogenation are two of the main approaches to the reversible interconversion 

between CO2 and FA [331,334]. Recently, we reviewed the main advances in the use of homogeneous pincer complexes for these 

type of relevant sustainable transformations [88]. In the effort of developing efficient and stable systems, researchers have proposed 

different strategies for both CO2 valorization to FA [65,200,202,249,250,335,336], as well as FA dehydrogenation 

[166,245,255,322,326]. Conventionally, all the reported systems require sacrificial additives (e.g. inorganic bases and solvents) to 

achieve satisfactory activity and stability, at the same time lowering the overall atom efficiency and volumetric/gravimetric energy 

storage potential. 

There are only few examples of reversible systems reported in the literature [248,254]. For instance, Pidko reported the reversible 

hydrogenation of CO2 to formate employing a Milstein Ru-PNP catalyst in DMF/DBU mixtures, demonstrating 10 cycles of H2 

storage-release by only switching the temperature between 65 ⁰C and 90 ⁰C as well as the pressure between 5-40 bar and 1 bar 

[248]. Hull, Himeda and Fujita employed a dinuclear iridium catalyst and sacrificial KHCO3 and H2SO4 to switch between CO2 

hydrogenation and FA dehydrogenation [254]. The hydrogenation proceeded at 30 ⁰C under 1:1 CO2/H2 at 1 bar, and the 

dehydrogenation at 50 ⁰C. Likewise, Himeda showed that a pyridyl-pyrazole Cp*-Ir catalyst hydrogenates CO2 in presence of 1.0 

M NaHCO3 (aq) under 10 bar of 1:1 CO2/H2 at 50 ⁰C, giving TON = 7850 and TOF = 164 h-1 after 48 h [255]. Changing the 
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reaction conditions to 4 M of FA (aq) and 70 ⁰C, the same catalyst dehydrogenates a continuous flow of 20 M FA (aq) affording 

TON = 10 million after 35 days. However, it is unclear whether the source of formic acid is CO2 or the bicarbonate, and the authors 

did not demonstrate cycles of reversible transformation.  

Ionic liquids are a wide family of compounds existing purely in the ionic form. Their non-volatility, structure-tunability, and high 

CO2 uptake capacity render ionic liquids (ILs) an useful media for carbon dioxide capture [192–194,258]. In 2011, Rogers showed 

the chemisorption of carbon dioxide using 1,3-dialkylimidazolium acetate ionic liquids, opposed to the physisorption usually 

involved with ionic liquid-mediated CO2 capture [279]. Supported by single-crystal X-ray analysis, the authors demonstrated the 

presence of carbene species able to bind CO2 selectively and reversibly. However, besides the use of ILs as reaction additives [200–

202], organometallic catalysts operating exclusively in ionic liquid media are scarcely reported. 

An energy system based on CO2/FA requires a clean flow of hydrogen gas released, without the presence of any vaporized solvents 

and volatile additives that would decrease the H2 storage capacity and potentially damage the fuel cell. The negligible vapor 

pressure and high chemical and thermal stability of ILs allow the obtainment of a clean flow of hydrogen without any organic 

contaminants that could damage a fuel cell. Another important aspect for a viable energy system is the ability to operate reversibly 

under a wide range of pressures and temperatures. As described before, there are only few examples of catalytic systems that fulfill 

all of these features and are able to perform both steps of energy storage and release without the use of additional additives and by 

only changing one reaction parameter. 

In this study, we investigate the reactivity of ruthenium-PNP pincer complexes in ionic liquid media for the hydrogenation of CO2 

into formic acid and the reverse formic acid dehydrogenation reaction for hydrogen release under mild reaction conditions (Scheme 

1). We sought to develop a catalytic additive free reaction employing only the ionic liquid as solvent. We hypothesized that the 

ionic liquid anion can perform the pre-catalyst activation step usually required for the activation of Ru-PNP pincer pre-catalysts. 

Indeed, we demonstrate the unprecedented activation of Ru-PNP complexes promoted by the IL anion, as well as the efficiently 

catalyzed formic acid dehydrogenation without the use of bases. Furthermore, carbene species on imidazolium cation of the ionic 

liquid functions could act as a CO2 capturing agent avoiding the use of other CO2-trapping agents. Indeed, the hydrogenation of 

CO2 proceeds already at room temperature, and release of hydrogen from formic acid is possible at temperatures compatible with 

PEM fuel cell application. By simply changing either temperature or pressure, the same system catalyzes up to 12 cycles of 

hydrogenation/dehydrogenation without any observable loss in activity under ambient conditions. The combination of Ru-PNP and 

IL is robust, flexible and stable under a wide range of temperatures, pressures, and catalyst concentration in the ionic liquid. The 

extreme simplicity and stability of this formate-based hydrogen storage system demonstrate its viable implementation within 

hydrogen energy technologies.  

 

CO2 hydrogenation  

In agreement with Rogers´s findings [279], EMIM Ac readily traps CO2 by simple bubbling through the IL solution at room 

temperature, while faster and more efficient CO2 trapping is performed under pressure and in shorter times (Figure S2). Initially, 

we explored the reactivity of a series of ruthenium catalysts for the hydrogenation of CO2 at mild conditions using 1-ethyl-2-

methylimidazolium acetate (EMIM Ac) as the only reaction medium (Table S1).  

To our delight, the catalyst Ru-1 (0.02 mmol) afforded 99% conversion of CO2 and a TON of 198 at 25 ⁰C after 18 hours (Table 

S1, Entry 11). The –Cl and –OAc analogues Ru-2 and Ru-3 showed comparable results, affording a TON of 70 and 61 respectively 

(Entries 9-10, Table S1). On the contrary, the pCy-, tBu- and Ph-PNP congeners showed poorer or absent productivity in comparison 

with the iPr-PNP analogues under the same reaction conditions. The higher solubility of the iPr-PNP ligands in EMIM Ac at room 

temperature could explain the observed catalytic activity. In light of their catalytic activity, other viable catalysts including the 

ruthenium triphenylphosphine precursor Ru-6, the Milstein´s catalyst Ru-7 and the Triphos complex Ru-8 where evaluated. 

However, none of them promoted visible formation of FA. The iridium catalyst Ir-1 also showed moderate catalytic activity 

affording a TON = 81. In order to demostrate that EMIM Ac effectively activates the pre-catalysts by interaction of the acetate 

anion with the metal center, we followed the reaction by 1H-NMR. Thus, the 1H NMR spectrum showed the hydride peak associated 

with the acetate complex at -17.93 ppm, likely the main resting state in the presence of EMIM Ac (Figures S3-S5). After the 

reaction is complete, 1NMR analysis showed the presence of the acetate specie as the main resting state (Figure S6-S9). In the 

initial screening in Table S1, Ru-2 and Ru-3 afforded similar results, comparable with Ru-1; indeed, once Ru-2 is activated by 
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EMIM Ac, it results in the formation of the same acetate complex Ru-3 (Figure S10), explaining the similar catalytic behavior of 

the three iPr-PNP catalysts. 

 

Entry 
Cat. Loading             

(mmol) 
Conc 

(M) 

CO2/H2 

(bar) 

T 

[⁰C] 

Time 

[h] 
TON 

TOF 

[h-1] 
Formate/ILa 

(%)  

1 0.02 0.02 5:5 rt 18 16 - 5 

2 0.02 0.02 5:10 rt 18 26 - 8 

3 0.02 0.02 10:10 rt 18 71 4 22 

4 0.02 0.02 10:20 rt 18 198 10 75 

5 0.02 0.02 15:15 rt 18 184 10 70 

6 0.02 0.02 20:20 rt 54 

113 (18 h) 

358 (36 h) 

405 (54 h) 

7 

35 

111 

126 

7  0.04 0.04 10:20 rt 18 141 8 92 

8 0.002 0.004 15:15 rt 18 280 15 2 

9  0.02 0.02 10:20 rt 6 92 15 30 

10  0.004 0.002 15:15 50 18 1515 84 47 

11 0.004 0.004 15:15 80 1 258 258 16 

12 0.004 0.004 15:15 80 6 1052 175 65 

13 0.004 0.002 15:15 80 18 1935 107 60 

14  0.002 0.0004 15:15 80 18 3085 171 22 

15 0.002 0,0001 30:30 80 36 32411 
1000 (18 h) 

900 (36 h) 
67 

a Reactions reproducible within a 10% error. 

                Table 1: Screening of reaction conditions for the hydrogenation of CO2 at mild conditions using Ru-1 and EMIM Ac. 

 

The optimization of reaction conditions using Ru-1 and EMIM Ac is described in the Table 1. CO2 and H2 relative pressures play 

a major role if the reaction is carried out at room temperature (Entries 1-6). It is beneficial to use hydrogen gas in excess to facilitate 

its diffusion within the viscous IL phase, which solidifies when high amount of CO2 are trapped at room temperature. The stirring 

rate is also important to avoid formation of the solid product after CO2 chemisorption (EMIM-CO2, Figure S2). Loading the 

autoclave with 10:20 or 15:15 lead to similar results (entries 4,5). Further increasing the pressure to 20:20 bar of CO2:H2 resulted 

in only 35% FA/IL, with visible formation of EMIM-CO2 (Entry 6). Nevertheless, of great importance for an energy storage device, 

it is possible to reload the system by simply applying additional CO2:H2 pressure resulting in an over-stoichiometric amount of 

FA/IL = 1.26. Increasing the catalyst loading to 0.04 mmol led to a 1:1 mixture FA/IL (Entry 7), whereas lowering it to 4 μmol 

resulted in only 2% FA/IL and a TON = 280 (5 mL EMIM Ac, Entry 8). As expected, shorter times lead to lower formate production 

(Entry 9). To identify the optimal reaction conditions, we examined the activity of the catalysts Ru-1 at different temperatures. For 

example, increasing the temperature to 50⁰C and 80⁰C led to an improvement of the catalytic activity with possibility to decrease 

the catalyst loading, the reaction time, and use 1:1 CO2:H2 pressures (Entries 10-14). This is likely explained by the easiest gas 

diffusion of CO2/H2 within the IL phase, together with higher catalyst solubility at higher temperatures. In addition, under these 

conditions, the formation of the solid product due to CO2 chemisorption from EMIM-CO2 is prevented. Later, we scaled-up the 

reaction using 15 mL of EMIM Ac and 60 bar of CO2:H2 to facilitate gas-diffusion and mass transport within the IL phase. Applying 

0.002 mmol of Ru-1 results in a TON of 18886, which raises up to 32411 when additional 60 bar of CO2:H2 are applied after 18h 

at 80 ⁰C (Entry 15). Loading the autoclave a third time resulted in only a small increase in the formate/IL ratio (67% to 71%), 

probably explained by the competing formic acid dehydrogenation at 80 ⁰C in the presence of high concentrations of formic acid 
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in the IL. Importantly, all manipulations were performed at ambient conditions, indicating the high stability and robustness of the 

Ru-PNP complexes in ionic liquid system. Applying 25 bar of CO2 in an autoclave in the presence of EMIM Ac resulted in 34 

mol% of CO2 trapped to the IL after 45 minutes. Later, the gas was released down to 5 bar, and 0.02 mmol of Ru-2 and 25 bar of 

hydrogen were added, affording a TON = 359 after 18h at 50⁰C (to liquefy the trapped CO2) (Scheme 2a). In a similar fashion, 

bubbling of CO2 in EMIM Ac for 48h at ambient conditions, followed by addition of 0.02 mmol of Ru-2 and hydrogen pressure in 

autoclave (25 bar), resulted in a TON of 156 and a Formate/IL = 38% at 50 ⁰C (Scheme 2b). Direct bubbling of CO2 in 1.5 mL of 

EMIM Ac at room temperature resulted in 10 mol% of CO2 trapped after 24 h. Addition of Ru-1 (0.02 mmol) and switching the 

atmosphere to hydrogen with a balloon at ambient conditions resulted in 12 mol% of FA/IL (TON = 60)  after 96 h (Scheme 2c). 

Finally, we show the possibility of bubbling directly a mixture of CO2:H2 at ambient conditions in a solution of EMIM Ac 

containing 0.07 mmol of Ru-1: using a 1:5 flow of CO2:H2 it was possible to achieve 14 mol% of FA/IL (TON = 15) after 96 h.  

 

 

Scheme 2: Alternatives for CO2 capture and hydrogenation under different reaction conditions. 

 

 

Scheme 3: Suggested mechanism for CO2 activation via carbene specie followed by Ru-PNP catalyzed hydrogenation to formic acid.  
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We investigated the mechanism of the reaction performing labeling experiments with both 2H and 13C NMR in the presence of 

EMIM Ac and Ru-2 (Figures S11 and S12). NMR analysis confirms the proposed mechanism for CO2 activation via carbene, and 

subsequent hydride transfer from the catalyst to the trapped CO2 resulting in a mixture of formic acid/formate (Scheme 3). As 

shown in the 2H-NMR spectrum in Figure S2, a formate peak is present at 8.60 ppm, together with another deuterium atom (9.55 

ppm) that is exchanged at the C2 position of the imidazole ring. Hence, we propose the catalytic cycle in Scheme 3, with CO2 

activation promoted by the IL, and following hydrogenation performed by the catalyst with consequent formation of formic acid 

and restoring of the carbene specie.   

 

Formic Acid dehydrogenation  

After the catalytic studies for CO2 hydrogenation, we decided to explore the reverse formic acid dehydrogenation at temperatures 

below 100 ⁰C. Based on the findings from CO2 hydrogenation, we decided to use BMIM Ac as the ionic liquid of choice to avoid 

high content of CO2 trapped that could affect the hydrogen release from the reaction mixture. We performed a screening of Ru-PNP 

catalysts at 80⁰C in batch conditions, measuring the gas evolution via a mass flow meter and analyzing the gas composition with a 

MicroGC (Table 2). 

 

Entry Catalyst TON 
TOF           

(h-1) 

Conversion                  

(%) 

1 Ru-MACHO 1000 500 >99  

2 Ru-2 1000 500 >99 

3 Ru-3 1000 500 >99 

4 Ru-1 1000 500 >99 

5 Ru-MACHO-BH 1000 500 >99 

6a Ru-MACHO-BH 1000 500 >99 

7b Ru-MACHO-BH 3780 1260 >99 

8c Ru-MACHO-BH - - - 

9d Ru-MACHO-BH 12050 502 90 

10e Ru-MACHO-BH 16750 930 95 

a EMIM AC. 
b Ru-MACHO-BH (0.025 mol%). 
c Ru-MACHO-BH (0.006 mol%), FA (53 mmol). 
d Ru-MACHO-BH (3 μmol), BMIM Ac (3 mL), FA (39.8 mmol), 95 ⁰C, 18h. 
e Ru-MACHO-BH (3 μmol), BMIM Ac (3 mL), FA (26.5x2 mmol), 95 ⁰C, 18h 
(second addition of FA after 5h). 

Table 2: Optimization of FA dehydrogenation in batch conditions.  

 

In the presence of BMIM Ac, all the screened catalysts reached full conversion within 2 hours (Entries 1-5). No clear difference 

was observed between BMIM Ac and EMIM Ac (Entry 6). As depicted in Figure S13, after completeness of the reaction, it is 

possible to notice the presence of CO2 being trapped in the IL mixture, as well as the Ru-1-CHOO specie (vide supra). Lowering 

the catalyst loading to 0.025 mol% led to higher turnover number (3780, Entry 7), whereas increasing the initial loading of formic 

acid results in deactivation of the catalyst (Entry 8). This shows that higher FA loadings need to be balanced with increased IL 

volume in order to balance the increased acidity of the mixture. In fact, a TON of 12050 was obtained at 95⁰C after 18 hours with 

0.008 mol% of Ru-MACHO-BH in 3 mL of BMIM Ac (Entry 9). In a similar experiment, two aliquots of FA were added at 

different times resulting in an overall TON of 16750 (Entry 10). No CO was detected by Micro-GC under the reaction conditions 

used (Figure S18). 

As shown in Figure 1, the gas evolution profile of a typical batch experiment appears very rapid as soon as the formic acid is added 

to the mixture of ionic liquid and catalyst, and slowly decreases until all formic acid is consumed. In addition, it is possible to add 
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more formic acid with the gas evolution showing the same behavior (Figure 1, final TON = 2548). This clearly shows that the 

reaction is highly dependent on the rate at which formic acid is added, indicating that high turnover numbers and frequencies are 

possible keeping the IL/FA ratio at an optimal level, while deactivation of the catalyst occurs at high FA concentrations. In addition, 

we gladly observed that a mixture containing Ru-MACHO and BMIM Ac was active after 4 weeks of simple storage at ambient 

conditions and retained the same catalytic activity when more formic acid was added after heating at 80⁰C. These findings inspired 

us to evaluate the robustness and stability of our catalytic systems for continuous formic acid feed, simulating an application such 

as automotive fuel cell technologies (see Formic Acid dehydrogenation – Continuous flow).   
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Figure 1: Gas evolution for formic acid dehydrogenation in batch. Reaction conditions: 0.013 mmol Ru-MACHO-BH (0.1 mol%), BMIM Ac (1 
mL), FA (13.25 mmol), 80 ⁰C. Three more addition of FA of 0.25 mL each. 

 

 

CO2 hydrogenation / FA dehydrogenation cycles  

During our studies CO2 hydrogenation, we observed the reversibility of the process: by simply applying heat (>60⁰C), it was 

possible to release a 1:1 mixture of H2:CO2 restoring the system that could undergo another cycle of hydrogenation. In addition, 

we showed that formic acid dehydrogenation is favored at T > 50 ⁰C in the presence of the same catalyst performing CO2 

hydrogenation at low temperature (Ru-1 and Ru-2).  

Based on these findings, we tested the stability of our system performing cycles of hydrogenation/dehydrogenation using Ru-1 

(See Figure S15 for Ru-2). In a straightforward way, by a simple pressure switch, it is possible to load the system (hypothetic 

energy device) applying CO2:H2 pressure, and readily release hydrogen by keeping the reaction vessel at 80 ⁰C (Figure S14). At a 

low catalyst loading of 0.004 mmol, Ru-1 resulted in an overall TON of 51761 after 10 cycles with no indication of catalyst 

deactivation (Figure 2, right). By controlling either pressure, temperature or catalyst loading, it is possible to shift the equilibrium 

towards either the hydrogenation or the dehydrogenation, confirming the remarkable flexibility and stability of the system in 

operating at different reaction conditions.  

In a similar fashion, it is possible to perform the hydrogenation step at room temperature under 30 bar of 1:2 CO2:H2, with hydrogen 

release favored by heating at T>80 ⁰C (Figure 2). Catalyst loading can be adjusted accordingly to the temperature chosen for the 

hydrogenation step (higher at low T). Both Ru-1 and Ru-2 catalyzed up to 12 cycles of HD/DH without observable loss of catalytic 

activity. Ru-2 performed better than Ru-1 under these conditions and with lower catalyst loading, as shown in Figure S14. 

Importantly from a practical point of view, it is possible to perform the hydrogen release step by keeping the system closed, resulting 

in the production of pressurized hydrogen (up to 10 bar in a single dehydrogenation step).  

 



190 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Cycles experiment of CO2 hydrogenation followed by hydrogen release. Left: Ru-1 (0.07 mmol), EMIM Ac (2 mL), 10:20 bar CO2:H2, 

18 h for the hydrogenation (72 h in lighter bars), open autoclave (4 h) for the dehydrogenation. Right: Ru-1 (0.004 mmol), EMIM Ac (3 mL), 

10:20 bar CO2:H2, 18 h for the hydrogenation, open autoclave (18 h) for the dehydrogenation. 

 

 

Formic Acid dehydrogenation – Continuous flow 

We optimized our system for FA dehydrogenation by feeding FA continuously using a syringe pump, as depicted in Figure S1. 

Increasing the temperature from 80 ⁰C to 95 ⁰C allows the use of higher FA rates, still being within the temperature range of a 

PEMFC off-heat (Entry 1, Table S2). The i-Pr-PNP catalysts showed inferior stability towards high formic acid concentrations. 

Under the same reaction conditions, Ru-1 and Ru-2 reached a maximum TOF of 7288 h-1 before visible accumulation of FA in the 

mixture (Entries 2,3, Table S2). Ru-MACHO and Ru-MACHO-BH could bear a formic acid flow up to 10 mL/h, corresponding 

to a maximum turnover frequency of 10600 h-1 (Entries 4-5, Table S2). Lowering the catalyst concentration from 0.01 to 0.005 M, 

resulted in higher stability with retention of the catalytic activity of the catalyst, prof of the stabilizing effect of the ionic liquid 

towards the acidity of formic acid for prolonged times (Table S3). As shown in Figure 3, the gas evolution profile follows the 

changes in formic acid rate, confirming our hypothesis.  
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Figure 3: Gas evolution profile of continuous flow formic acid dehydrogenation. Reaction conditions: Ru-MACHO-BH (0.02 mmol), BMIM Ac 

(3 mL), 95 ⁰C; final TON = 2.171.653. 
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To demonstrate the longevity of our catalytic system, the reaction was extended for several days. Therefore, applying 0.02 mmol 

of Ru-MACHO-BH in BMIM Ac at 95 ⁰C, it was possible to dehydrogenate up to 14.5 liters of formic acid (FA/IL > 3600) at an 

average rate of 8000 h-1, resulting in a turnover number of 18.1 million after 112 days (Figure 4, S16). After 79 days, we noticed 

accumulation of formic acid in the reaction flask with consequent decrease in the gas flow (first gray bar in the graph). We removed 

the excess of formic acid and restarted the reaction. It was not possible to achieve the same rate in activity, but only its 80% (see 

Figure S16e). Afterwards, the system remained stable at an average rate of 7950 h-1 (FA rate of 6 mL/h – 160 mL/min gas flow) 

until day 112 when the reaction was stopped (Figure S16). It was possible to stop the system, which was cooled at room temperature 

for 4 days before heating up again to 95 ⁰C and restoring the formic acid feed (second gray bar in the graph). 1H-NMR analysis 

revealed that the acetate anion was completely replaced by formate over the 3 months of reaction, resulting in the formation of the 

corresponding BMIM CHOO IL (Figure S17). Similarly to batch conditions, no CO was detected by various measurements over 

the 108 days (Figure S19).  

Overall, this result exceeds previously reported catalytic systems in terms of both activity and stability over time. Importantly, as 

opposed to classical batch set-ups where formic acid is added initially, here we demonstrated a practical and small unit that 

simulates the conditions of for example a hydrogen vehicle. Also important on a practical perspective, all the manipulations were 

performed with no precautions under ambient conditions, using commercial grade FA without prior purification. The possibility of 

using neat formic acid allows the maximum gravimetric H2 content of the system, maximizing its energetic and volumetric 

properties in a reduced scale.  
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Figure 4: Gas evolution profile of long-term continuous flow formic acid dehydrogenation.  

Reaction conditions: Ru-MACHO-BH (0.02 mmol), BMIM Ac (4 mL), 95 ⁰C.  

 

Conclusions 

In this work, we demonstrated a new approach for a CO2-neutral energy system based on Ru-PNP pincer organometallic complexes 

in ionic liquid as the only reaction media. The system shows high activity and stability towards the hydrogenation of CO2 already 

at ambient conditions (25 ⁰C, 1 bar). The dehydrogenation of formic acid proceeds at temperatures compatible with PEM fuel cell 

application (T = 80-95 ⁰C) with turnover frequencies up to 104. The optimized system remained stable for up to 4 months, achieving 

an overall TON of 18 million, the best result published to date in terms of both catalyst activity and stability over extended reaction 

times. Hydrogen is released with no contamination of vaporized solvents or bases, and no detectable CO in the gas stream. The 

system catalyzes up to 10 cycles of hydrogenation/dehydrogenation with retention of the catalytic activity and stability over time. 

Switching between the cycles is favored by simply changing either pressure or temperature conditions.     
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The system show extreme flexibility, stability and reversibility under a wide range of temperatures, pressures, times and catalyst 

loading. All of these features make the system a promising candidate for energy storage technologies based on H2-formic acid. The 

system presents several practical advantages such as storage and manipulations performed under ambient conditions, as well as the 

possibility to dehydrogenate neat formic acid maximizing the atom efficiency and hydrogen gravimetric content of the system. It 

is possible to pause and stop the system, which could potentially be positioned in a small compartment with formic acid that is 

added continuously from a separate container: this represent the ideal condition for practical implementation of the technology for 

low-temperature hydrogen release compatible with fuel cell technologies within the automotive sector. 
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1. General Information  

The ionic liquids were purchased from Iolitec. Ru-MACHO, Ru-MACHO-BH, Ru-2, Ru-4 and Ru-5 were purchased from 

StremChemicals and stored in a glove box. Ru-1 [236] and Ru-3 [106] were synthetized modifying reported procedures starting 

from the precursor Ru-2. Formic acid (89%, 96% and 98-100%) was obtained from Merck. Deuterated acetonitrile for NMR 

analysis from Fluorochem. The NMR spectra were recorded on a Bruker Avance III 400 or 600 MHz spectrometer and were 

referenced on the solvent peak. 

 

2. Procedure for the hydrogenation of CO2  

In a typical experiment, the autoclave vessel was loaded with the desired volume of the ionic liquid and the catalyst. The autoclave 

was flushed with CO2 three times to remove air before applying the desired pressure of CO2/H2 and the desired temperature under 

stirring at 800 rpm. The reaction was then cooled (when above room temperature), the remaining pressure released, and the reaction 

mixture was analyzed by 1H-NMR using the ionic liquid as the reference.  

 

3. Procedure for the cycle experiments 

The first hydrogenation step was performed as described in the previous section for CO2 hydrogenation. The reaction was then 

cooled to room temperature and the gas released carefully. A sample for 1H-NMR was taken before loading the autoclave again at 

80⁰C for the dehydrogenation step. Similarly, after the dehydrogenation the autoclave was cooled to room temperature in order to 

take a sample for NMR analysis. 

 

4. Procedure for the dehydrogenation of formic acid (batch) 

In a typical experiment, the catalyst was scaled in a two-necks flask inside the glove box. Later, the desired volume of ionic liquid 

is added. The mixture was stirred at the chosen temperature until complete dissolution of the catalyst and formic acid is added with 

a gentle flow of argon to facilitate hydrogen release. One sample for NMR analysis was taken after 2h. After 3h, the reaction 

mixture was cooled to room temperature and analyzed by 1H-NMR using 1,4-dioxane as internal standard.  

 

5. Procedure for the dehydrogenation of formic acid (flow) 

In a typical experiment, the catalyst was weighted in a three-neck flask inside the glovebox. Later, the desired volume of ionic 

liquid is added. The mixture was stirred at the chosen temperature until complete dissolution of the catalyst. The syringe pump was 

loaded with a 60 mL PP syringe. The rate was slowly increased to assess the maximum TOF until visible formic acid accumulation 

was observed, determining the end of the reaction. The gas flow evolution was measured by means of a MFM and the gas 

composition analyzed via MicroGC analysis. 

In the final long-term experiment, the reaction was prepared as described before, at 95⁰C with 320 rpm stirring velocity. The flow 

was changed accordingly to the time available (for example slower during the weekends). The maximum rate of formic acid was 

8.4 mL/h, corresponding to a TOF = 10.050 h-1 and a gas evolution fluctuating between 230-250 mL/min.  
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Figure S1: Schematic representation of the reaction set-up for continuous flow formic acid dehydrogenation.  
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Complete screening of catalysts for the hydrogenation of CO2 to formic acid 

 

 

 

Entry Catalyst TON 
TOF 

(h-1) 
Formate Yield  (a) 

(%)  
Formate/IL 

(%) 

1 LP247 Ru-6 - - - <5 

2 Ru-7 - - - <5 

3 Ru-8 - - - <5 

4 LP212 Ru-MACHO - - - <5 

5  LP213 Ru-MACHO-BH - - - <5 

6 LP153 Ru-4 22 2 11 7 

7 LP152 Ru-5 66 4 36 22 

8 LP040-B (b) Ir-1 81 4 36 28 

9 LP066 Ru-3 109 6 61 36 

10 LP036-B Ru-2 106 8 70 35 

11 LP062 Ru-1 198 10 >99 65 

 

Table S1: Screening of catalysts for the hydrogenation of CO2 to FA. 
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Reactivity of EMIM Ac with CO2 

 

 

 

  

 

 

 

Figure S2: 1H-NMR (up) and 13C-NMR (down) spectra of EMIM Ac in the presence of CO2 (CD3CN, 25 oC, 400 MHz). 
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Reactivity of Ru-1 with EMIM Ac  

 

 

 

 

 

Figure S3: 1H (up) and 31P (down) NMR spectra of Ru-1 (C6D6, 25 oC, 400 MHz). 
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Figure S4: 1H-NMR spectrum of Ru-1 (down) and Ru-1 in the presence of EMIM Ac (up) (C6D6, 25 oC, 400 MHz). 

 

Figure S5: 31P spectrum of Ru-1 (down) and Ru-1 in the presence of EMIM Ac (up) (C6D6, 25 oC, 400 MHz). 
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Reaction mixture after completeness of the hydrogenation reaction 

 

 

 

 

Figure S6: 1H spectrum of Ru-1 in EMIM Ac after catalytic CO2 hydrogenation (C6D6, 25 oC, 400 MHz). 

 

Figure S7: 1H spectrum of Ru-1 in EMIM Ac (down) and Ru-1 after catalytic CO2 hydrogenation in EMIM Ac (up) (C6D6, 25 oC, 400 MHz). 
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Figure S8: 1NMR of the reaction mixture after catalytic CO2 hydrogenation to FA. Reaction conditions: Ru-1 (0.02 mmol), EMIM Ac (1 mL), 

CO2 (20bar), H2 (20 bar), rt, 18h (CD3CN, 25 oC, 400 MHz). (See Figure S2 for IL assignment). 

 

FA 

IL IL 

IL 

IL 

IL 

IL 

H-Ru-OAc H-Ru-CD3CN 



202 

 

 

Figure S9: 1H spectrum of Ru-1 in CD3CN (down) and Ru-1 after catalytic CO2 hydrogenation in EMIM Ac (up) in CD3CN (25 oC, 400 MHz). 

 

Figure S10: 1H spectrum of Ru-1 (down) and Ru-2 (up) after catalytic CO2 hydrogenation in EMIM Ac (CD3CN, 25 oC, 400 MHz). 
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Labeling experiment with D2  

 

2H  

 

Figure S11: Labeling experiment with deuterium (CD3CN, 25 oC, 400 MHz). Reaction conditions: Ru-2 (0.02 mmol), EMIM Ac (1 mL), CO2 (5 

bar), D2 (15 bar), 50⁰C, 18h. 
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Labeling experiment with 13CO2  
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13C w. 1H decoupling 

 

13C without 1H decoupling. 

 

Figure S12: Labeling experiment with 13CO2 (CD3CN, 25 oC, 400 MHz). Reaction conditions: Ru-2 (0.02 mmol), EMIM Ac (1 mL), 13CO2 (1 

bar), H2 (15 bar), 50⁰C, 24h. (See Figure S2 for IL assignment). 
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Reaction mixture after completeness of the dehydrogenation reaction (batch) 

 

 

 

Figure S13: 1NMR of the reaction mixture after catalytic dehydrogenation of FA (CD3CN, 25 oC, 400 MHz). Reaction conditions in entry 4, 

Table 2. It is possible to notice the presence of CO2 trapped. 
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1NMR analysis of cycle experiments 

Dehydrogenation 

 

Hydrogenation 

 

Figure S14: Reaction conditions: Ru-1 (0.004 mmol), EMIM Ac (3 mL), 80⁰C, 18h. CO2 (10 bar), H2 (20 bar) for the hydrogenation. See Figure 

S2 for IL assignment. (CD3Cl, 25 oC, 400 MHz). 
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Cycles experiments with Ru-2 
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Figure S15: Cycles experiment of CO2 hydrogenation followed by hydrogen release. Up: Ru-2 (0.05 mmol), EMIM Ac (2 mL), 10:20 bar 

CO2:H2, 18 h for the hydrogenation (72 h in the lighter bars), open autoclave (4 h) for the dehydrogenation. Down: Ru-2 (0.02 mmol), EMIM Ac 

(3 mL), 10:20 bar CO2:H2, 18 h for the hydrogenation, open autoclave (18 h) for the dehydrogenation. 
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Continuous-flow formic acid dehydrogenation: screening of catalysts 

 

 

Entry Catalyst 
Cat load 

(mmol) 

TOF max            

(h-1) 

1  FAD44 Ru-MACHO-BH 0.027 4908 

2  FAD52 Ru-1 0.020 7288  

3  FAD57 Ru-2 0.020 7288  

4  FAD55 Ru-MACHO 0.020 10800  

5 FAD68 Ru-MACHO-BH 0.025 10600  

* FAD 44: 80⁰C 

 
Table S2: Screening of catalysts for the dehydrogenation of formic acid under continuous flow. 

 

 

 

Continuous-flow formic acid dehydrogenation: long-term experiments 

 

 

 

Entry 
BMIM Ac 

(mL) 

Concentration  

(M) 
TON 

TOFmed  

(h-1) 

FAD75 2 0.01 980.000 (9 days) 4.500 

FAD84 3 0.007 2.171.653 (15 days) 6.030 

FAD86 4 0.005 15.143.315 (79 days) 7.986 

 

Table S3: Optimization of FA dehydrogenation under flow conditions.  
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Figure S16: Gas flow evolution measured over the long-term experiment showed in Figure 4. The red numbers in Figures e and f indicate the 

turnover frequency (h-1). 

 

1NMR analysis of long-term continuous flow formic acid dehydrogenation 

 

 

 

 

 

 

Figure S17: 1H NMR of the reaction mixture of the long-term experiment in Figure 4 (day 105). (CD3Cl, 25 oC, 400 MHz). 
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GC report of FA dehydrogenation under batch conditions 
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Figure S18: Micro-GC report of FA dehydrogenation under batch conditions (Entry 5, Table 2 in the main text). 
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GCreport of continuous flow FA dehydrogenation (day 58) 
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Figure S19: Micro-GC report of FA dehydrogenation under continuous flow (experiment in Figure 4 in the main text). 

.  
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Appendix G – Paper III 

Based on the findings showed in Chapter 5, this work will discuss the reactivity of Ru-PNP catalysts in ILs different from 

imidazolium acetate species (discussed in Paper II). The remarkably promising results obtained with both EMIM CHOO and EMIM 

Et2PO4, together with the optimization of H2 prduction under pressure will represent the highlights of this paper, representing a 

perfect follow-up of Paper II. The experimental and intellectual work was conducted at DTU Chemistry in collaboration with PhD 

student Brenda Rabell, postdoc Rosa Padilla, and Assoc Prof Martin Nielsen.  

 

Paper in preparation. 
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Abstract 

The use of a Liquid Organic Hydrogen Carrier (LOHC) allows moving of renewable high-density energy across long distances. 

Formic acid (FA) is considered a viable LOHC candidate with 4.4 wt% of hydrogen storage capacity. We recently reported on the 

reversible CO2 hydrogenation/FA dehydrogenation under mild conditions. Herein, we investigate more in detail the 

dehydrogenation of FA for continuous hydrogen release at temperatures compatible with proton exchange membrane fuel cell 

technologies. The combination of a Ru-PNP catalyst and an ionic liquid perform FA dehydrogenation at T<100 ⁰C without the 

presence of an additive. In addition, we demonstrate the possibility of producing high-pressure hydrogen up to 100 bar. This feature 

is scarcely reported in literature, but represent a main aspect towards a possible implementation of FA within the hydrogen 

economy.    

 

Introduction  

The urgency of the climate change problem calls for a rapid transition of our current energy systems to a sustainable and climate-

neutral one [3]. The green transition should provide sustainable economic development and viable solutions. Hence it is appropriate, 

when possible, to use existing infrastructures and facilities. Hydrogen-based fuels are potentially a group of main green solutions 

of the future [8]. Green H2 can be obtained from water electrolysis, and is characterized by an exceptionally high gravimetric energy 

density (33.3 kWh/kg). Established technologies for compressed and cryogenic hydrogen apply drastic conditions (up to 700 bar 

and -253°C, respectively) to increase the volumetric storage density of hydrogen, requiring technically demanding and costly 

infrastructures. Hence, storage and transportation, together with the high production cost of green hydrogen are hindering the fast 

development of hydrogen technologies [14].  

LOHC fuels are a viable solution for the storage and transportation of renewable energy [23,24,359]. While hydrogen handling in 

form of liquids allows for using the existing fuel infrastructure, it also builds on the public confidence in dealing with liquid energy 

carriers. LOHCs offer the possibility to store energy by chemically binding hydrogen onto a liquid molecule, avoiding energetic 

costs associated with hydrogen compression and/or liquefaction. This possibility of storing energy in formic acid is of great 

importance considering the discontinuous nature of renewable sources such as solar and wind energy. 

Among the future potential and technical applications of LOHC-bound hydrogen, the on-board hydrogen generation for a fuel cell 

vehicle is a particularly promising concept to enable future zero-emission mobility technologies. Such systems work most 

effectively if the loss heat of the fuel cell (FC) is directly used to drive the endothermal hydrogen release from the LOHC, a concept 

that requires the FC temperature to exceed the dehydrogenation temperature.  

Formic acid (FA) has been widely proposed as a viable Liquid Organic Hydrogen Carrier (LOHC) [309]. Currently, it is produced 

from CO and methanol derived from fossil feedstock. The possibility to use green hydrogen for the direct CO2 capture from air and 

conversion to FA by means of a catalyzed hydrogenation reaction, represents an ideal CO2-free energy cycle [360]. FA production 

from biomass has also been demonstrated [74,76], together with its further transformation into syn-gas followed by Fischer-Tropsch 

synthesis of hydrocarbons [77]. FA is liquid and safe to handle at ambient conditions, avoiding energetic costs and safety issues 

associated with hydrogen compression. It has a hydrogen capacity of 4.4 wt%, but due to its high density of 1.22 g/cm3, it possesses 

a volumetric capacity of 53 g H2/L. This corresponds to an energy density of 1.77 kW·h/L, higher than commercial 70 MPa 

hydrogen tanks (1.4 kW·h/L) [310], indicating that FA may be suitable for automotive and mobile applications.  
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When considering the state-of-the-art technology for proton-exchange membrane fuel cell (PEM-FC), it is essential that hydrogen 

is released from the LOHC at temperatures <100 ⁰C to ensure full heat-integration [12]. In addition, the flow of hydrogen gas 

should be free of contaminants such as volatile solvents and carbon monoxide that could hamper the functionality of the fuel cell.  

 

The literature is rich with examples of homogeneously catalyzed FA decomposition [312–316]. Some studies reported the use of 

first-row transition metals [317][160][161][318][319]; however, these complexes usually exhibit lower activity and stability when 

compared to more established catalysts based on ruthenium and iridium. Many of the reported results employ bases (amines, 

formates, DBU) to control the pH of the reaction and avoid catalyst degradation. The use of volatile organic solvents is also widely 

reported (THF, dioxane, DMF). Himeda showed an iridium Cp* complex (Ir-2) that afforded a TON = 10 million for the continuous 

flow dehydrogenation of  20 M of FA (aq) at 70 ⁰C [255]. Milstein recently reported a Ru-acridine pincer complex (Ru-5) that 

dehydrogenates neat formic acid affording a TON = 1.7 million [322]. The same work also addressed the possibility to produce 

hydrogen under pressure. Ru-5 afforded up to 100 bar in less than 1 h. The best reported system for hydrogen evolution under 

pressurized conditions was reported by Kawanami in 2016 using Ir-3 [323]. The system produced up to 115 MPa, corresponding 

to >120 L of hydrogen released. Later, the same author further investigated the process exploring the influence of both solvents 

[324] and ligands [325]. 

The possibility to release hydrogen from FA without the use of reaction additives allow full energy storage potential and the 

production of a clean H2 flow without the contamination of organic molecules vapors. Other studies reported the dehydrogenation 

of variously diluted aqueous FA mixtures; this aspect lowers the overall energy storage potential, and can lead to the presence of 

vapor in the hydrogen gas stream. Hence, the possibility to dehydrogenate neat formic acid is of great industrial interest. At the 

same time, small amounts of water and other impurities should be tolerated by a candidate catalytic system for every-day 

applications. In addition, the possibility to produce pressurized hydrogen is a useful feature for industrial implementation due to 

the possibility of storing hydrogen when is not needed. 

Herein, we demonstrate a continuous, selective hydrogen release from the LOHC candidate FA at temperatures below 100 °C and 

thus under conditions that enable a heat transfer of waste heat from a PEM-FC to the hydrogen release unit. The reaction is catalyzed 

by organometallic ruthenium-PNP complexes in ionic liquid. The ionic liquid allows the obtainment of a clean flow of hydrogen 

gas without the presence of volatile contaminants. In addition, we demonstrate the possibility of producing high-pressure hydrogen 

in a closed system, an important feature for practical implementation of the technology.  

 

Results and Discussion 

Batch 

We started our investigation by screening ionic liquids bearing different anions with basic and coordinating properties in the 

presence of the pre-catalyst Ru-MACHO. We demonstrated that suitable ILs can activate the pre-catalyst with in-situ formation 

of the catalytic active species without the addition of any basic additives (Table S2). Moreover, the anion is the key component for 

the chemical properties of the ionic liquid [185], i.e. contemporarily acting as a ligand for the catalyst as well as a buffer to balance 

the acidity of formic acid. Poor or absent gas evolution was observed at room temperature, together with scarce solubility of the 

catalysts. Clear hydrogen evolution was observed at temperatures >50 ⁰C in the presence of BMIM Ac, EMIM Ac, EMIM Et2PO4, 

Choline Ac and BMMIM NTf2, as well as the ammonium formate ILs DAF and DAF(H) that afforded full conversion of FA (Table 

S2). The hydroxi-ammonium ILs DAF and Choline Ac were found to be very active with visible hydrogen evolution observed 

already at T<50 ⁰C. However, the solution of catalyst and ILs appears turbid, with formation of a thick layer of foam. In the case 

of DAF and DAF(H), increasing the temperature to >80 ⁰C leads to visible degradation of the IL resulting in sub-stoichiometric 

amount of formate compared to the ammonium cation. Increasing the reaction time resulted in the complete disappearance of the 

formate anion after 72 h. Hence, we excluded this family of ILs from further screening due to their instability.  

Table 1 shows the screening of catalysts and reaction conditions with selected ionic liquids. For instance, Ru-1 resulted in TOF = 

333 h-1 after 3 hours, while Ru-3 afforded full conversion within 2h (TOF = 500 h-1), in presence of the bis(fluorosulfonyl)imide 

IL (BMMIM NTf2) at 80 oC. Our observations indicated that –H and –OAc catalysts are active species for FA dehydrogenation 

and are stabilized by the presence of a non-coordinating ionic liquid at low formic acid concentration (Table 1, Entries 1 and 2).  
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Likewise, EMIM Et2PO4 also proved to be a suitable solvent for this transformation, affording 99% conversion after 2h using Ru-

MACHO-BH as catalyst under the same reaction conditions (Entry 3). Increasing by two times the amount of the FA with catalyst 

loading of 0.16 mol% achieved complete FA consumption in only 1 hour (Table 1, Entry 4). Importantly, the mixture containing 

Ru-MACHO-BH and EMIM Et2PO4 was still active after X days storaged at ambient conditions, confirming the remarkable 

stability of Ru-PNP catalysts in ILs.  

 

 

Entry Catalyst IL TON 
TOF           

(h-1) 

Conversion                  

(%) 

1  FAD 38 Ru-3 BMMIM NTf2 1000 500 >99  

2  FAD 39 Ru-1 BMMIM NTf2 1000 333 >99 

3  FAD32 Ru-MACHO-BH EMIM Et2PO4 1000 500 >99  

4a FAD41 Ru-MACHO-BH EMIM Et2PO4 615 615 >99 

5  FAD37 Ru-MACHO-BH EMIM CHOO 1000 500 >99 

6b FAD 98  Ru-MACHO-BH EMIM CHOO 2000 110 >99 

7c FAD 98 hT  Ru-MACHO-BH EMIM CHOO 4000 166 >99 

a Cat load 0.16 mol%, FA 26.5 mmol.  
b Cat load 0.05 mol%, FA 26.5 mmol, 18h. 
c Cat load 0.05 mol%, FA (26.5x2 mmol), 95 ⁰C, 24h. 

Table 1: Screening of catalysts and ionic liquids for FA dehydrogenation in batch conditions.  

 

In addition, EMIM CHOO afforded full conversion of FA after 2 h in the presence of 0.1 mol% of Ru-MACHO-BH (Table 1, 

Entry 5). Subsequent investigations were focused on the effect of the concentration of FA. As for the other ILs, doubling the initial 

loading of FA (26.5 mmol) resulted in slower rate of reaction with a TOF= 100 h-1 after 18h (Table 1, Entry 6) at 80 ⁰C. Thus, it 

appears that applying higher temperature leads to improvement in the catalytic activity and better results were obtained at 95 ⁰C. 

Full FA conversion (99%) was achieved after 5 hours, followed by the addition of a second aliquot of FA, resulting in an overall 

turnover number of 4000 (Entry 7).  

Interestingly, the 1H NMR analysis of the reaction mixture after FA dehydrogenation showed the presence of CO2 trapped in the 

IL when using EMIM CHOO. The presence of hydride signals indicates the presence of catalytically active species, with the hydride 

peak at -17.2 associated with the Ru-formate complex formed by coordination of the IL anion (Figure S1). EMIM Et2PO4 does not 

show any evidence of chemisorbed CO2, confirming our previous findings showing that this IL is inactive towards CO2 

hydrogenation to FA. Also in this case, the presence of hydride signals corroborates the stability of Ru-species in IL (Figure S2).  

 

 

 



Appendix G – Paper III 

 

219 

 

Continuous Flow 

In our previous work, we demonstrated that BMIM Ac is a suitable reaction medium for continuous flow FA dehydrogenation in 

the presence of Ru-MACHO-BH, with a turnover number exceeding 15 million and a catalyst stability of over 4 months. In a 

long-term experiment with BMIM Ac, the acetate anion was quantitatively replaced by formate with consequent formation of the 

corresponding imidazolium formate IL. Hence, we further investigated the use of EMIM CHOO, as well as EMIM Et2PO4, for the 

continuous flow dehydrogenation of FA using Ru-MACHO-BH (Table S3).  

1H NMR analysis showed that the FA amount in solution remains constant going from 8 to 9.5 mL/h of FA feeding rate, indicating 

quantitative consumption of the FA that is added to the reaction flask (Figure S3). The maximum turnover frequency observed was 

11990 h-1, corresponding to a FA rate of 9.5 mL/h at 95 ⁰C (Entry 3, Table S3). Increasing the flow of FA from 8 mL/h to 10 mL/h 

led to no visible gas evolution and accumulation of unconverted FA, resulting in the deactivation of the catalytic system. The same 

behavior is observed if the FA flow is set directly at 8 mL/h since the beginning (Entry 4, Table S3). Presumably, a gradual ramp 

is required to reach the optimal conversion rate (e.g., 1 mL/h increase every 15/20 min approx.).  

Doubling the IL loading to 0.026 mol (4 g) did not lead to improved catalytic activity (Entry 5, Table S3). When the system is left 

overnight at 95 ⁰C without any formic acid being added, it results in the formation of a carboxylate ionic liquid, where CO2 is 

trapped up to 60 mol% (Figure S4). If the reaction mixture is cooled to room temperature, off-white crystals precipitate in the 

reaction flask. Single-crystal X-ray diffraction shows the formation of a carboxylate specie observed by Rogers in a previous report 

[287], indicating high concentrations of CO2 captured (See Appendix B). Importantly, it is possible to restart the reaction by simply 

restoring the FA feed with proper ramp, both if the system is kept at 95 ⁰C or cooled to room temperature and heated again. The 

long-term stability of EMIM CHOO as the reaction solvent for continuous flow FA dehydrogenation was demonstrated in our 

previous work. 

Later, we investigated the use of EMIM Et2PO4. Similarly, starting the reaction with a high FA feed (5.5 mL/h) resulted in rapid 

deactivation of the system (Entry 6, Table S3). Hence, we increased the volume of IL and started another experiment with gradual 

ramp from 2 to 10 mL/h. Applying 0.02 mmol of Ru-MACHO-BH in 3 mL of EMIM Et2PO4, the system afforded a TON of 

684.000 after 5 days, with a maximum turnover frequency of 12620 h-1 at 95 ⁰C (Entry 7, Table S3). At this point, we tried to 

further increase the FA rate (from 10 to 12 mL/h) but it resulted in rapid accumulation of FA. 1H NMR analysis of the reaction 

mixture after accumulation of FA shows retained stability of the anion liquid, with stoichiometric amount of cation/anion after 5 

days at 95 ⁰C (Figure S5). Importantly, once the maximum flow that the system can tolerate is demonstrated, it is possible to change 

the FA feed between the allowed values as the user wants, hence controlling the amount of hydrogen that is released by the system 

(Figure S6). This can be also done by simply adjusting the catalyst concentration in the IL and the scale of the “catalytic bed”. This 

feature is of extreme importance for practical application of the technology, i.e. in the automotive sector. 
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Figure 1: Gas flow evolution of continuous flow FA dehydrogenation (Entry 8, Table S3). 
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Dehydrogenation in a closed system 

We investigated the possibility to produce hydrogen pressure under closed conditions using a sealed autoclave to monitor the gas 

evolution. To our delight, applying 0.02 mmol (0.08 mol%) of Ru-MACHO-BH in the presence of EMIM CHOO at 80 ⁰C resulted 

in full conversion of FA and 35 bar of pressure produced after 2 hours (Entry 1, Table 2). Similar to continuous flow conditions, 

the reaction mixture solidified after cooling to room temperature, with 14 mol% of CO2 trapped as a carboxylate (Figure S7) that 

can be removed by simply heating the IL/cat mixture. 1H NMR analysis shows the presence of hydride signals, indicating the 

presence of catalytically active species and possibility to repeat the operation.  

Decreasing the catalyst loading to 0.05 mol% and 0.02 mol% and increasing the size of the autoclave (22 mL reaction vessel) 

resulted in 35 and 20 bar of pressure produced after 18h respectively (Entry 2,3). We demonstrated that Ru-2 is an active catalyst 

for CO2 hydrogenation to FA (Chapter 3). Hence, we tried to mix Ru-MACHO-BH and Ru-2 in a 1:1 molar ratio (Entry 4). The 

addition of Ru-2 did not change the FA conversion nor the pressure produced, showing that at high temperatures the hydrogenation 

of CO2 does not compete with FA dehydrogenation. We scaled up the reaction in order to produce higher hydrogen pressures. 

Entries 5 and 6 show that if one want to obtain high pressures, the increase in formic acid loading should be followed by an increase 

in the ionic liquid content to balance the increasing acidity of the mixture. In addition, longer times allow the obtainment of higher 

H2 pressures. This corroborates our findings from the batch reactions, where high concentrations of FA results in formic acid 

deactivation. The maximum pressure produced using EMIM CHOO was 125 bar at 90 ⁰C after 72 h (Entry 7).  

Later, we investigated the use of BMIM Ac and EMIM Ac (Entries 8-12). Similarly to EMIM CHOO, the volume ratio of IL and 

FA should be similar in order to stabilize the catalyst and prevent deactivation. After optimization, it was possible to obtain up to 

105 bar of H2/CO2 after 72 h (Entry 12).  

 

Entry 
Cat Load 

(mol%) 
IL 

IL 

(mol) 

FA 

(mmol) 

T         

(°C) 

Time          

(h) 

Pressure 

produced 

1a- FAD 64 0.08 EMIM CHOO      0.01 26.5 80 2 35 

2- FAD76 0.05 EMIM CHOO      0.01 39.7 80 18 35  

3 -FAD78 0.02 EMIM CHOO      0.01 79.5 80 18 20  

4b- FAD77 0.05 EMIM CHOO      0.01 39.7 80 18 35  

5- FAD85 0.01 EMIM CHOO      0.025 119.3 90 18 15  

6-FAD91 0.01 EMIM CHOO      0.07 159 90 72 65  

7- FAD97 0.02 EMIM CHOO      0.05 212 90 72 125 

8- FAD87 0.02 BMIM Ac 0.03 79.5 80 18 50 

9- FAD88 0.01 BMIM Ac 0.03 132.5 80 18 10 

10- FAD96 0.01 EMIM Ac 0.06 159 90 72 90 

11- FAD90 0.01 BMIM Ac 0.07 212 90 60 
15 (24h) 

15 (60h) 

12- FAD89 0.01 BMIM Ac 0.06 159 90 72 

35 (24 h) 

75 (48h) 

105c (72h)  

a 12 mL reaction vessel  
b Ru-MACHO-BH + Ru-2  
c 85 bar when cooled to rt 

Table 2: Optimization for the dehydrogenation of formic acid under pressure. 
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MicroGC analysis revealed that long reaction times and high pressures lead to CO production (>100 ppm), indicating that water 

gas-shift reaction might occur under these conditions (Figure S12). This occurs in the presence of both BMIM Ac and EMIM 

CHOO. Nevertheless, based on our findings from continuous-flow FA dehydrogenation, it is possible to envision a system where 

FA is added at a rate that produces the desired pressure. Importantly, reactions carried out at lower temperature and pressure (Entries 

1-5) show no visible CO formation (Figure S11), indicating the possibility of obtaining clean pressurized hydrogen without the 

contamination of CO under optimized conditions.  

 

Conclusions 

In conclusion, we demonstrated that the combination of Ru-PNP and ionic liquids is an effective system for continuous hydrogen 

release from formic acid. The system presented in this work presents several advantages: (a) the Ru-PNP/IL couple shows great 

flexibility under a wide range of reaction conditions, catalyst loading, temperature and pressure. (b) There is the possibility to feed 

formic acid continuously from a separate compartment, as opposed to other methods were the catalyst is dispersed in large amounts 

of FA. (c) The system is stable under ambient conditions, does not require inert atmosphere, and it can tolerate the addition of 

commercial grade formic acid without prior purification. (d) It is possible to produce pressurized hydrogen without the 

contamination of CO (< 100 ppm) if the total pressure does not exceed 50 bar. Indeed, all these characteristics are valuable for fuel 

cell technology using FA as LOHC. 
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1. General Information 

The ionic liquids tested in this work were purchased from Iolitec. Ru-MACHO, Ru-MACHO-BH and Ru-2 were purchased from 

StremChemicals and stored in a glove box. Ru-1 and Ru-3 were synthetized following reported procedures [106,125]. Formic acid 

(89%, 96% and 98-100%) and NMR solvents were purchased from known vendors (Merck, Supelco, Fluorochem). The 1H, 31P, 

and 13C NMR spectra were recorded on a Bruker Avance III 400 or 600 MHz spectrometer and were referenced on the solvent 

peak. 

 

2. Synthesis of EMIM CHOO 

In a typical experiment, 100 g of EMIM MeOCO2 (30% wt in MeOH) was stirred vigorously in a round-bottom flask under ambient 

conditions and formic acid was added in stoichiometric amount dropwise. After the evolution of CO2 gas has ceased, the mixture 

was dried in a rotary evaporator to remove the excess of MeOH. Later, the ionic liquid was further dried under high vacuum at 50 

⁰C overnight until precipitation of white crystals of EMIM CHOO-.  

 

 

Scheme S1: Reaction scheme for the synthesis of EMIM CHOO. 

 

3. Procedure for the dehydrogenation of formic acid (batch) 

In a typical experiment, the catalyst was scaled in a two-necks flask inside the glove box. Later, the desired volume of ionic liquid 

is added. The mixture was stirred at the chosen temperature until complete dissolution of the catalyst and formic acid is added with 

a gentle flow of argon to facilitate hydrogen release. One sample for NMR analysis was taken after 2h. After 3h, the reaction 

mixture was cooled to room temperature and analyzed by 1H-NMR using 1,4-dioxane as internal standard.  

 

4. Procedure for the dehydrogenation of formic acid (flow) 

In a typical experiment, the catalyst was weighted in a three-neck flask inside the glovebox. Later, the desired volume of ionic 

liquid is added. The mixture was stirred at the chosen temperature until complete dissolution of the catalyst. The syringe pump was 

loaded with a 60 mL PP syringe. The rate was slowly increased to assess the maximum TOF until visible formic acid accumulation 

was observed, determining the end of the reaction. 
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Preliminary screening in high-pressure vials for formic acid dehydrogenation 

 

 

 

 

 

 

 

 

                                       

 

 

 

 

 

 

 

 

 

 

Table S2: Preliminary screening of catalysts (see main text for structures) and ionic liquids for FA dehydrogenation in high pressure vials.  

 

Entry Catalyst IL Conversion (%) 

1 

Ru-MACHO 

EMIM Ac Full conversion 

2 BMIM Ac Full conversion 

3 BMMIM NTf2 <10% 

4 BMIM OTf <10% 

5 EMIM TFA <10% 

6 Choline Ac Full conversion 

7 EMIM Et2PO4 Full conversion 

8 BMIM C(CN)3 <10% 

9b EMIM N(CN)2 <10% 

10b EMIM EtSO4 <10% 

11 Ru-MACHO-BH BMIM Ac Full conversion 

12 Ru-3 BMIM Ac Full conversion 

13 Ru-2 BMIM Ac Full conversion 

14a Ru-MACHO BMIM Ac <10% 

15a Ru-MACHO-BH BMIM Ac <10% 

16a Ru-2 BMIM Ac <10% 

17 Ru-3 BMMIM NTf2 Full conversion 

18 Ru-1 BMMIM NTf2 Full conversion 

19c Ru-MACHO-BH DAF Full conversion 

20d Ru-MACHO DAF(H) Full conversion 

Reaction conditions when not specified: Cat loading (0.1 mol%), IL (0.5 mL), FA (6.6 mmol), 

80⁰C, 3h. 
a Cat loading (0.05 mol%), FA (13.25 mmol). 
b IL (1 mL), FA (13.25 mmol). 
c Cat  loading (0.2 mol%), IL (2 mL), FA (23.25 mmol), ramp 25-80 ⁰C, 72h. 
d IL ( 1 mL), FA (26.5 mmol), 60 ⁰C, 24h. 
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1H NMR analysis of the reaction mixture after FA dehydrogenation under batch conditions (EMIM CHOO) 

 

 

 

 

 

 

 

Figure S1: 1H NMR spectrum of the reaction mixture and M-hydride region after FA dehydrogenation (Entry 4, Table 1). 
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1H NMR analysis of the reaction mixture after FA dehydrogenation under batch conditions (EMIM Et2PO4) 

 

 

 

 

 

 

 

Figure S2: 1H NMR spectrum of the reaction mixture and M-hydride region after FA dehydrogenation (Entry 3, Table 1). 
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Entry Ionic Liquid 
Ionic Liquid 

(mol) 

TOF max a          

(h-1) 

1 EMIM CHOO 0.013 11990 

2 EMIM CHOO 0.013 - 

3 EMIM CHOO 0.026 10720 

4 EMIM Et2PO4 0.009 - 

5 EMIM Et2PO4 0.013 12620 

6 (on going) EMIM Et2PO4 0.017 12620 

a measured at the last FA flow before visible accumulation.  

 

Table S3: Optimization for the dehydrogenation of formic acid under continuous flow. 

 

 

1H NMR analysis of the reaction mixture during continuous flow FA dehydrogenation 

 

Figure S3: 1H NMR spectrum of the reaction mixture at different FA addition rates (entry 1, Table 2 in the main text). The numbers indicate the 

relative amounts based on NMR integration. See Figure S1 for EMIM CHOO assignment.  
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1H NMR analysis of the reaction mixture after continuous flow FA dehydrogenation (EMIM CHOO) 

 

Figure S4: 1H NMR spectrum of the reaction mixture left at 95 ⁰C overnight (entry 3, Table S3 in the main text). 

1H NMR analysis of the reaction mixture after continuous flow FA dehydrogenation (EMIM Et2PO4)

 

Figure S5: 1H NMR spctrum of the reaction mixture after completeness of FA dehydrogenation (entry 7, Table S3). 
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Gas evolution of FA dehydrogenation under continuous flow 
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Figure S6: Gas flow evolution of continuous flow FA dehydrogenation. Reaction conditions: Ru-MACHO-BH (0.02 mmol), EMIM Et2PO4 (3 

mL), 95 ⁰C (Entry 7, Table S3). Note: the fluctuations are due to the inconstant dropping from the syringes, and passing of the flow through pipes 

of different sizes that can create local overpressures.  
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1H NMR analysis of FA dehydrogenation in a closed system 

 

 

Figure S7: 1H NMR spectrum of the reaction mixture and M-hydride region after hydrogen evolution under pressure (Entry 1, Table 2 in the 

main text). See Figure S1 for the assignment of EMIM CHOO.  
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GC report of FA dehydrogenation under continuous flow 
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Figure S8: GC report of FA dehydrogenation under continuous flow (Entry 7, Table S3). Note: the given value of water concentration by the 

instrument is due to no calibration. 
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Figure S9: GC report of FA dehydrogenation under continuous flow (Entry 5, Table S3). Note: the given value of water concentration by the 

instrument is due to no calibration. 
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GC report of FA dehydrogenation in a closed system 
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Figure S10: GC report of FA dehydrogenation in a closed system without CO detected (Entry 1, Table 3 in the main text – with EMIM CHOO). 

Note: the given value of water concentration by the instrument is due to no calibration. 
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Figure S11: GC report of FA dehydrogenation in a closed system with CO detected (Entry 7, Table 3 in the main text – with EMIM CHOO). 

Note: the given value of water concentration by the instrument is due to no calibration. 
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Appendix H – Paper IV 

This work was conducted in collaboration with our partners at Friedrich-Alexander-Universität (FAU) Erlangen-Nürnberg where 

I spent my period of external stay in September 2020. Most of the experimental work was performed at DTU Chemistry in 

collaboration with postdoc Rosa Padilla and Assoc Prof Martin Nielsen. This included the preliminary batch experiments and 

demonstration of the principles, the characterization of SILP materials using NMR, BET, and TGA techniquesn and writing of the 

draft here proposed. During my stay at FAU, under the supervision of Doc. Marco Haumann, I was able to evaluate the catalytic 

activity of my SILP catalysts using the pilot-plant reactor available at FAU, of which PhD student Melanie Eßl was responsible. 

Melanie contributed greatly with daily help in the use of the reactor, as well as with data processing and analysis, hence providing 

the plots showed in the papers regarding gas-flow reactions. 

 

Paper in preparation. 
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Low-temperature continuous flow isopropanol dehydrogenation using a 

Ru-SILP catalyst 
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Department of Chemistry, Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark; 

* Correspondence: marnie@kemi.dtu.dk; Tel.: +45-24651045 

 

Abstract 

The development of efficient catalytic systems for low temperature dehydrogenation reactions will play an important role in the 

implementation of the hydrogen economy on a large scale. Herein, we disclose the reactivity of Ru-PNP catalysts in ionic liquid 

for the dehydrogenation of the hydrogen carrier isopropanol (iPrOH) under mild conditions without the use of external additives. 

We also show the immobilization of a Ru-PNP catalyst using the supported ionic liquid phase (SILP) technology, and demonstrate 

its catalytic activity for the dehydrogenation of iPrOH under gas-phase continuous flow conditions in a fixed-bed reactor. The 

system is highly stable for up to 100 hours and approaches thermodynamic equilibrium below 120 ⁰C. 

 

Introduction 

The large-scale production of green hydrogen is developing rapidly in terms of both size and capacity [7]. For instance, the 

European Union has issued a hydrogen strategy to build a new pipeline system for efficiently transporting the hydrogen in long 

distances [15,16]. The requirements for the infrastructure are similar to those required for transporting natural gas. In fact, the 

blending of H2 with CH4 in existing gas pipelines has demonstrated [17]. However, hydrogen storage and transportation, as well 

as its utilization as an energy carrier still represent a challenge. To overcome this issue, the use of a liquid organic hydrogen carrier 

(LOHC) represents a promising solution for the storage and local distribution of hydrogen in a safe manner, avoiding safety issues 

and energetic costs associated with hydrogen compression and liquefaction, providing a fuel with high energy density [8,24,30–

32]. Then, hydrogen is released from the LOHC on the site of application using a catalytic dehydrogenation catalyst (e.g. a PEM 

fuel cell driven vehicle fed by H2-lean LOHC and reloaded at the local recharging green hydrogen plant). Several studies describes 

the potential of LOHC as suitable hydrogen carriers from an economical and practical point of view [42,43]. Many types of LOHC 

candidates have been proposed, ranging from small molecules such as methanol [34], formic acid [36], ammonia [37], 

ammonia/amine-boranes [38], as well as aromatic compounds such as N-ethylcarbazole [39] or dibenzyltoluene [40].  

The high temperatures required for the hydrogen release step still represents a big challenge towards the implementation of the 

LOHC technology on a large scale [361]. In the automotive sector, hydrogen release from the LOHC has to be performed at 

temperatures 80 ⁰C≤T≤120 ⁰C to ensure heat-integration with proton-exchange membrane fuel cells (PEMFC) [44]. Higher 

temperatures are possible for stationary applications, where heavier and bigger types of fuel cells can operate at higher temperatures 

providing high-energy outputs (solid oxide fuel cells) [11,13].  

The couple iPrOH /acetone has been proposed as a viable LOHC system though transfer hydrogenation [341]. In fact, iPrOH offers 

a hydrogen capacity of 3.3 mass% and an energy storage density of 1,11 kWh/kg (or 0.87 kWh/L). Conventionally, this secondary 

alcohol can be obtained from acetone by catalytic hydrogenation step using both homogeneous and heterogeneous catalytic systems 

[338,339], or directly by electrochemical water splitting [340]. Direct isopropanol fuel cells represent a solution that does not 

require prior hydrogen release from the LOHC emitting no CO2 in the oxidation process [342]. Likewise, iPrOH dehydrogenation 

to afford hydrogen and simultaneous acetone formation serves as another viable option, since only pure hydrogen is admitted to 

the fuel cell. However, state-of-the-art catalysts for this transformation operates at temperature that are too high for PEMFC 

utilization. In addition, the transfer hydrogenation of acetone has been proposed  as a strategy to reduce the temperature required 

for the dehydrogenation of bigger LOHC molecules such as dibenzyltoluene [343].  

Organometallic transition metal complexes have been widely reported for the dehydrogenation of several LOHCs candidates at 

very mild conditions [313]. In particular, ruthenium PNP pincer catalysts are a class of very stable, active and selective catalysts 

for a wide range of (de)hydrogenation reactions [88,345]. Beller reported the state-of-the-art system for homogeneously catalyzed 

dehydrogenation of iPrOH using the ruthenium organometallic complex Ru-1 (Figure 2) affording a TOF = 2048 h-1 after 2 hours 
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at 90 ⁰C [236]. Significant examples of Ru-PNP complexes have been well recognized for the acceptorless dehydrogenation of a 

plethora of  LOHC candidates such as methanol [125,165], formic acid [36,166,326], and alcohols [89,123,126,344].  

Toward the design of sustainable chemicals for energy applications, ionic liquids (ILs) are proposed to replace organic solvents as 

alternative reaction medium for homogeneous catalysis, hence avoiding the presence of volatile species in the produced hydrogen 

flow. By definition these materials are salts and stable liquids at temperatures <100 ⁰C [171]. Along with their extraordinary 

properties ILs have been reported as active co-catalysts, offering a wide spectrum of possible applications [175,204]. For example, 

the supported ionic liquid phase (SILP) technology is a solution to merge the advantages of both homogeneous and heterogeneous 

catalysis, i.e. high selectivity and mild reaction conditions together with increased stability given by the support material (Figure 

1). Importantly, from a sustainable point of view the amount of both catalyst and IL is minimized by the high dispersion within the 

mesoporous support. The SILP catalyst allows continuous product separation from the catalytic active phase, usually a challenge 

in traditional homogeneous catalysis, enabling the use of fixed-bed reactors [359].  

SILP materials have been successfully applied to a series of transformations such as hydroformylation [212–214], water-gas shift 

[228,230], alkylations [226], hydrosilylation [222], NH3 adsorption [232]. Kirchner and Hoffmann reported Fe-PNP complexes 

supported on a silica material using the SILP technology for the selective hydrogenation of aldehydes to alcohols [216,347]. 

Recently, Haumann explored the immobilization of a Ru-PNP catalyst on an alumina support material for methanol reforming 

[234], later improved by the addition of a co-catalyst of the same Ru-PNP family compounds [235]. 

 

 

 

 

 

 

 

 

 

 

Figure 1: Schematic representation of the supported ionic liquid phase (SILP) technology with the catalyst and ionic liquid (IL) used in this study.  

 

Herein, we explore the reactivity of Ru-PNP catalysts in ILs applied to the dehydrogenation of the LOHC iPrOH under mild 

conditions. We show that the IL activates the pre-catalyst without the need of a base and stabilize catalytic after species in solution. 

Hydrogen release is possible from Ru-PNP/IL mixtures under batch conditions at temperatures <100 ⁰C. Hence, we show the first 

example of gas-phase iPrOH dehydrogenation using an organometallic ruthenium catalyst supported on a silica support material. 

The system shows stable hydrogen evolution with acetone as the only by-product, and remains active for reaction times up to 100 

hours. Following up on previous studies by Haumann, we demonstrate that Ru-PNP complexes can be effectively supported and 

immobilized using the SILP technology, affording a macroscopic heterogeneous catalyst retaining its homogeneous features. 

 

 

 

 

 

SILP catalyst 



242 

 

Results and discussion 

Preliminary screening 

We commenced our studies with a preliminary screening of catalysts under batch conditions to find the most promising catalytic 

systems before implementing it to the the SILP technology. In order to do so, imidazolium ion based ILS containing various anions 

were tested as reaction media. We hypothesized that the anion of the IL plays a major role in the activation of the pre-catalyst Ru-

MACHO (Figure 2) forming the activated species normally produced by an (in)organic base in the presence of a solvent via 

elimination of the [Ru-PNP] amino proton or abstraction of [RuCl] chlorido ligand. The resulting amido monohydride complexes 

(such as Ru-4 in Figure 2) are commonly proposed as the active species for dehydrogenation of alcohols. We speculated that a 

suitable IL containing a sufficiently basic anion could perform this step, whereby the IL acts both as solvent and as catalyst activator. 

Indeed, conversion of iPrOH to acetone were observed in the preliminary experiments with Pyrr OTf, BMIM OTf, EMIM OTf, 

BMMIM NTf2, EMIM MeSO4 in the presence of Ru-MACHO at 120 ⁰C.  

 

 

Figure 2: Overview of the Ru-PNP catalysts and ionic liquids used in this study. 

In order to confirm our hypothesis on the role of the IL, we carried 1H NMR studies of the generated Ru-H species in presence of 

the corresponding IL. For this purpose, we monitored the composition of the reaction mixture of Ru MACHO in presence of BMIM 

Ac. The IL promoted the fast activation step on the precatalyst, forming the acetate complex as suggested for the Ru-H peak 

observed at -18 ppm in the hydride region (Figures S1-S6). On the other hand, in presence of triflate (OTf) and bistriflimide ( NTf2) 

anions, no hydride peaks were observed. To comprehend the nature of the main resting species of the organometallic complex in 

solution, we synthetized the acetate complex Ru-3 (Figure 2) and mixed it with iPrOH and ionic liquid (BMIM Ac, BMMIM NTf2 

or Pyrr OTf). The hydride peaks associated with Ru-3 did not change in the presence of either iPrOH or the three different ionic 

liquids (Figures S7-S8). When using BMIM Ac, the intensity of the peak at -18 ppm increased compared to those at -14 ppm 

(associated with CD3CN coordinated to Ru) indicating a major amount of Ru-acetate species in solution (Figure S8). With BMMIM 

NTf2 and Pyrr OTf, the addition of iPrOH to the solution of catalyst/IL results in the disappearance of the acetate hydride peak, 

with an increase of the other peaks at -14.7 ppm (Figure S9, S10). This indicates that reactivity is possible using these anions, 

whereas an excess of acetate seems to block further reactivity towards iPrOH due to formation of stable Ru-acetate resting species.  

We performed qualitative stability studies of selected ILs by keeping the temperature stable at 120 ⁰C for 3 days. A change of color 

toward darker shades was observed for all the samples except for BMMIM NTf2 and less harsh for Pyrr OTf. On the contrary, 

imidazolium ionic liquids turned dark orange or brown. The cause for the change of color can be attributed to the presence of free 

carbene species formed by deprotonation of the imidazole ring performed by the IL anion. Moreover, it is known that carbene 

functionalities can coordinate transition metal complexes with consequent formation of inactive species.  
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Isopropanol dehydrogenation – Batch reactions 

A benchmark experiment with Ru-MACHO (0.1 mmol) and BMIM Ac (4 mL) dehydrogenated iPrOH (9 mmol) at 120 ⁰C after 2 

hours. The subsequent distillation of the liquid mixture showed traces of acetone at X ppm observed by 1 H NMR (CDCl3 and 

D2O), albeit with very low conversion of iPrOH (< 1%) (Figure S11, S12). Further screening with BMIM Ac and Ru-MACHO in 

presence of additives (e.g, Li+ salts, NaOH, Et3N, F3COOH, CH3COOH) did not have a beneficial effect on the catalytic activity. 

Later, we explored the catalytic activity of different Ru-PNP catalysts (Figure 2), including the state-of-the-art complex Ru-1 for 

iPrOH dehydrogenation using BMMIM NTf2 as the ionic liquid of choice.  

 

Entry 
Catalyst 

(mol%a) 
TON 

TOF 

[h-1] 

Conversionb 

[%] 

1 Ru-MACHO - - <5 

2 Ru-MACHO-BH 65 33 10 

3 Ru-1 110 55 15 

4 Ru-2 - - <5 

5 Ru-3 - - <5 

6 Ru-4 84 42 13 

Table 1: Screening of Ru-PNP complexes for iPrOH dehydrogenation. Reactions reproducible within a 10% error. a Mol% with respect to 

iPrOH. b Determined by 1NMR. 

 

Treatment of Ru-MACHO with the ionic liquid under suitable reaction conditions did not result in any observable catalytic activity. 

Interestingly, Ru-MACHO-BH showed 10% conversion and a TOF = 33. As opposed to the chlorido ligand in Ru- MACHO, the 

HBH3 group can be removed by simple heating with no induction period observed explaining this result. When comparing the 

influence of the phosphorus substituent, we observed that low catalyst loading of Ru-1 (2 μmol) in 0.25 mL of BMMIM NTf2 

afforded 15% conversion of iPrOH and a TON of 110 after 2 hours at 90 ⁰C under refluxing conditions (Table 1, Entry 3). Notably, 

the congener catalyst Ru-2 was found to be completely inactive under similar reaction conditions (Table1, Entries 1,4). Ru-3 did 

not produce any observable evolution of hydrogen with BMMIM NTf2 (Entry 5), confirming the detrimental effect of the acetate 

anion already at catalytic amounts. Using the pre-activated catalyst Ru-4 resulted in 13% conversion and TON = 84 (Entry 6). Two 

overlapping hydride signals at –9 ppm show the presence of catalytically active species after the reaction is completed for both Ru-

1 and Ru-6 (Figures S13, S14). 

 

For the next step of the study, we screened different ionic liquids and reaction conditions. The results are summarized in Table S1. 

In the presence of BMIM Ac, Ru-1 becomes completely inactive showing no detectable conversion (Entry 1, Table S1), and 

resulting in the presence of the same acetato species previously discussed (vide supra). We noticed that the hydrido chloride system 

Ru-2 combined with a base (NaOEt) lead to the active species otherwise not formed in presence of the IL (Entry 2, Table S1). 

Longer reaction times does not lead to increased conversion, indicating that the reversible hydrogenation of acetone occurs at the 

same rate under this reaction conditions once an equilibrium is reached (Entry 3, Table S1). In a separate experiment with higher 

catalyst loading, the same conversion (8%) was measured after 5, 10 and 20 minutes (Entry 4, Table S1). Scaling up of the reaction 

resulted in 10% conversion and a TON of 105 (Entry 5, Table S1). Ru-4 (0.05 mol%) afforded a TON = 150 (Entry 6, Table S1). 

Comparable values of conversions as the one showed in Table 1 were obtained for both Ru-1 and Ru-4 in a closed system (pressure 

vials) under the same reaction conditions. 

Based on these results, we optimized the system using Ru-1. As showed in Table 2, varying the volumetric ratio of IL/iPrOH 

resulted in the same conversion of 10% (Entries 1-3) indicating that the reaction reaches a thermodynamic plateau. Hence, we 

continued the optimization using a IL/iPrOH ration of 0.5 which allows for higher turnover numbers. Increasing the temperature 
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to 120 ⁰C led to higher conversion (15%) and a TON = 85 (Entry 4). The ionic liquid cation seems to have an influence on the 

catalytic activities; the saturated pyrrolidinium and piperidinium gave superior results compared to the imidazolium IL (Entries 2, 

5, 6), in the order PIPER >  Pyrr > BMMIM. As observed in the initial screening, increasing the reaction time to 18 hours did not 

produce better results (Entry 7). Finally, decreasing the catalyst loading to 0.05 mol% provided the best TON = 380 (TOF = 190 

h-1) at 100 ⁰C after 2 hours using PIPER NTf2 (Entry 8). Ru-MACHO-BH was also active in the presence of Pyrr NTf2 and P1444 

NTf2, affording a TON of 70 and 68, respectively, after 2 hours (Entries 9 and 10).  

 

 

 

 

Entry 
Catalyst 

(mol%a) 

Ionic liquid 

(mL) 

IL/iPrOH 

(v/v) 

Time 

[h] 

T 

[⁰C] 
TON 

Conversionb  

[%] 

1d Ru-1 
(0.20) 

BMMIM  

NTf2 
1 1.5 90 60 10 

2 
Ru-1 

(0.10) 
BMMIM  

NTf2 
0.5 1.5 90 114 11 

3cd 
Ru-1 

(0.35) 

BMMIM 

 NTf2 
2 1 90 25 10 

4d Ru-1 

(0.20) 

BMMIM 

 NTf2 
1 2 120 85 15 

5 
Ru-1 

(0.15) 
Pyrr  
NTf2 

0.5 2 100 160 23 

6 
Ru-1 

(0.12) 

PIPER  

NTf2 
0.5 1 100 180 21 

7 
Ru-1 

(0.14) 

PIPER  

NTf2 
0.5 18 100 170 23 

8 
Ru-1 

(0.05) 
PIPER  
NTf2 

0.5 2 100 380 19 

9 
Ru-MACHO-BH 

(0.15) 

Pyrr  

NTf2 
0.5 2 100 70 10 

10 
Ru-MACHO-BH 

(0.20) 

P1444  

NTf2 
0.5 2 110 68 13 

 

Table 2: Optimization of iPrOH dehydrogenation in batch conditions using Ru-1 and Ru-MACHO-BH. Reactions reproducible within a 10% 

error. a Mol% with respect to iPrOH. b Determined by 1NMR. c 2 mL IL. d 13 mmol iPrOH. 

 

In summary, batch experiments demonstrated that the system Ru-PNP/IL is active for iPrOH dehydrogenation under mild 

conditions, reaching equilibrium plateaus at reaction temperatures compatible with PEMFC technologies. We therefore next used 

homogeneously dissolved transition metal complex (Ru-PNP/IL) using the SILP technology for iPrOH dehydrogenation under 

continuous flow conditions. 
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Isopropanol dehydrogenation - Continuous flow  

Based on the findings from the batch experiments, we started our investigation by preparing a number of SILP materials using 

Ru-1 or Ru-MACHO-BH as catalyst and PIPER NTf2 as IL. We screened different Ru/SiO2 wt% ratios and the mesoporous silica 

100 and silica 60, differing for pore size and volume (measured by BET analysis). We chose the percentage of volumetric pore 

filling (α) to be consistently 20% for all the samples to avoid overfilling and saturation of the pores.  

The catalytic tests were carried out in a fixed-bed reactor equipped with a MicroGC for the analysis of the gaseous products (Scheme 

1). Opposed to the findings in batch conditions, Ru-1 was inactive when exposed to a gaseous iPrOH feed (Table S2). Apparently, 

it seems that the complex deactivates during the manipulations before reaction start. On the contrary, the SILP materials containing 

Ru-MACHO-BH in Ru/SiO2 > 0.5 wt% produced a stable flow of hydrogen, with the conversion of iPrOH that follows the 

temperature profile in the reactor, very close to the calculated equilibrium conversion during the initial times of reaction (Figure 

S15). Both silica supports were suitable for this transformation; we decided to continue the screening using silica 100 that possesses 

bigger pore size and volume, which should allow easier gas diffusion and lower degree of condensation and accumulation of iPrOH 

and/or impurities in the catalytic bed.  

Figure 3 shows the conversion profile of a SILP catalyst containing 1% Ru/SiO2 of Ru-MACHO-BH, PIPER NTf2 and silica 100 

as the support material. The iPrOH feed was set at 30 g/h without dilution with inert gas. The conversion varies from 3-15% 

according to the changes in temperature, with a selectivity >95 % towards hydrogen and acetone. However, when the temperature 

was increased again, the conversion does not reach the initial values indicating some degree of deactivation of the SILP catalyst. 

The same SILP material was reused in a second experiment and exhibited a substantial loss of activity, as shown in Figure 3c.  

 

 

 

 

 

 

 

 

 

       

 

 

 

 

 

Figure 3: SILP catalyst: Ru/SiO2 (1 wt%), α=20% of PIPER NTf2 and silica 100. 

 

A similar deactivation pattern was observed using a SILP catalyst with Ru/SiO2 = 0.5% with otherwise identical composition 

(Figure S16). Keeping the temperature stable at 110 ⁰C leads to a similar deactivation profile as the one observed in the temperature 

ramp experiments, in the presence of both silica 60 and silica 100 (Figure S17).  
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We also screened different bistriflimide ionic liquids varying the cation, possibly influencing parameters such as wettability and 

viscosity. We tested imidazolium-, pyrrolidinium-, and phosphonium-based ionic liquids; however, no clear influence of the cation 

on the catalytic activity was observed under experimental conditions (Figure S18). 

We tried to assess the robustness of the system by feeding 30 g/h of a mixture of 25 vol% acetone in iPrOH with the purpose of 

simulating operative conditions where unconverted iPrOH is recycled with the presence of acetone in the feed. The SILP catalyst 

with Ru/SiO2 = 1 wt% and P1444 NTf2 resulted in poorer activity compared to a pure iPrOH feed; however, the system was still able 

to release hydrogen from iPrOH, with a stable conversion of 5-7% at 110-130 ⁰C over 18 hours of experiment (Figure S19).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: a) in the missing space the catalyst was exposed to 25% acetone in IPA. b) TOF. c) experiment after 4 months of storage. 

 

In a following experiment, 4g of the SILP catalyst (Ru/SiO2 = 0.9 wt%, P1444 NTf2, silica 100) was diluted with 1g of calcined 

silica 100 to ensure maximum dispersion of the catalytic active phase. The SILP was exposed to changes in temperature and reaction 

conditions and the reactor stopped overnight for two times over 3 days (Figure 4). As shown in Figure 4b, it is possible to observe 

a consistent decrease in the turnover frequencies achieved by the catalyst over the 3 days, with a deactivation profile that seems to 

be independent from the different temperatures and reaction conditions used. Nevertheless, in the first 20 h of reaction, the system 

shows high selectivity and conversion values that are very close to the calculated equilibrium (Figure S20), affording a maximum 

turnover frequency of 70 h-1 at 120 ⁰C (Figure 4b) from 30 g/h of undiluted IPA. In Figure 4c, the same SILP catalyst was reused 

in a second experiment after 4 months of simple storage at ambient conditions. The system was stable for up to 40 h at 130 ⁰C, 

showing that catalytic activity is not fully lost. 

In a final long-term experiment, a SILP catalyst containing Ru-MACHO-BH (Ru/SiO2 = 1%), P1444 NTf2 and silica 100 was 

exposed to changes in temperature, different dilutions of iPrOH in N2, as well as to a 25 vol% acetone/ iPrOH mixture as the feed 

(Figure 5, Figure S21). The iPrOH feed was diluted with N2 (80 vol% of iPrOH in N2, 30 g/h iPrOH - 46 ml/min N2) to prevent 
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condensation and accumulation of iPrOH in the catalytic bed, a potential cause of the decreased activity. The deactivation profile 

(red line in Figure 5) seems to be independent of the different reaction conditions. Dilution of iPrOH with N2 did not lead to any 

observable effect on the catalytic activity and stability (Figure S22). In fact, when comparing two experiments using the same 

catalyst but different dilutions (40 and 80 vol% of iPrOH in N2), similar deactivation profiles occur. The same behavior was 

observed during the acetone dilution and the temperature variations, with a consistent decrease in activity that is largely independent 

of the reaction conditions (Figure S23 and S24). The reaction follows a first order kinetic profile, as shown in Figure S25. The 

calculated activation energy was 53.45 KJ/mol.  

 

 

 

 

 

 

 

 

 

 

Figure 5: a) Long time experiment; Ru/SiO2 = 1 wt%, P1444 NTf2, silica 100. 

All of the tested SILP materials (initially white) turned brown after catalytic tests in the reactor tube or if exposed in air for long 

times, indicating degradation of the IL and/or the catalyst. After extraction of the catalyst/IL phase from the exhaust SILP catalysts 

with DCM, 1NMR analysis shows the presence of iPrOH, acetone and water. These substances may well clog the pores of the 

porous support, resulting in decreased activity over time, even with possible formation of inactive ruthenium species (Figure S26, 

S27).  

We performed NMR studies in solution to elucidate the stability and possible deactivation explanations of the mixture 

Ru-MACHO-BH and P1444 NTf2. As shown in Figure S28-30, the corresponding signals of Ru-MACHO-BH are still detectable 

after addition of both P1444 NTf2 and iPrOH. However, bubbling argon through a solution of Ru-MACHO-BH in P1444 NTf2 

resulted in the disappearance of the hydride signals and a visible degradation of the aromatic part of the catalyst (Figure S31). We 

conducted more NMR analysis after extracting the catalytic active phase from a freshly prepared SILP with dry DCM. Figure S32 

shows the 1NMR of Ru-MACHO-BH staggered with a solution of the extracted, freshly prepared, SILP catalyst containing Ru-

MACHO-BH and P1444 NTf2. Again, the main peaks identifying the catalyst were conserved. Finally, Figure S33 shows the 

extracted solution from a SILP material tested in the fixed bad reactor. It is possible to notice some degree of degradation in the 

aromatic region but the presence of hydride signals indicates the presence of catalytically active Ru species.  

It has to be noted that commercial grade iPrOH without prior purification was used as a feed, which can lead to accumulation of 

impurities as well as water over extended reaction times. In addition to mechanical stress causing movement of the ionic liquid at 

high gas flows, probably not all the Ru-PNP catalyst is fully dispersed and homogenized in the IL phase. Indeed, the catalytic 

activity is not fully lost after 100 hours on stream, indicating that part of the homogeneous system is still active, as corroborated 

by the extracted liquid phase containing metal-hydride signals.  
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Conclusions 

In summary, we demonstrated the first example of gas-phase iPrOH dehydrogenation using a homogeneous organometallic 

complex. Differences between the batch and continuous flow conditions show a synergistic effect of Ru-PNP, IL and support 

material on the final catalytic performance and stability. This preliminary study open up for further optimization in every single 

aspect concerning the optimization of a SILP material for dehydrogenation reactions at mild conditions. Changing support, pore´s 

filling percentage, anchoring the ionic liquid to the support covalently, optimization of the Ru-PNP catalyst. Longer time 

experiments can assess if the catalyst completely deactivates. 

 

Experimental 

Catalyst preparation 

Ru-MACHO-BH, Ru-MACHO, and Ru-2 were purchased from StremChemicals and stored in a glove box. Ru-1, Ru-3, and Ru-

6 were synthetized according to reported procedures [125].  

Procedure for batch isopropanol dehydrogenation 

In a typical experiment, the desired amount of catalyst was scaled in a glove box and transferred in a dry flask. Later, the ionic 

liquid was added and the resulting mixture stirred while heating to the desired temperature until full catalyst solubility. Finally, 

anhydrous iPrOH was added by means of a syringe in the reaction flask that was set under refluxing conditions with a gentle argon 

flow to facilitate hydrogen release from the solution. After the reaction was completed, the solution was cooled to room temperature 

and a sample was taken for NMR analysis for the quantification of the acetone produced.  

Preparation of SILP catalysts 

All manipulations were performed under Schlenk conditions. The silica precursor was calcined at 600⁰C overnight and stored in a 

glove box. The SILP catalysts were prepared by dissolving the desired amounts of catalyst (Ru/SiO2) in dry dichloromethane. 

Later, the ionic liquid was added and the mixture stirred for 10 minutes to allow full catalyst solubility. The support material is 

then added to the mixture under vigorous stirring for not more than 20 minutes, in order to avoid mechanical stress on the support 

material. Finally, the solvent is evaporated under vacuum and the SILP material is stored in a glove box until catalytic use. The 

percentage of pore filling was measured as follows: 

𝛼 =  

𝑚𝐼𝐿
𝜌𝐼𝐿

⁄

𝑚𝑆𝑢𝑝𝑝𝑜𝑟𝑡 ∗ 𝑃𝑜𝑟𝑒 𝑉𝑜𝑙𝑆𝑢𝑝𝑝𝑜𝑟𝑡
 

 

Continuous gas-phase reactor setup 

 

Scheme 1: Schematic representation of the fixed-bed reactor used in this study for continuous flow dehydrogenation of iPrOH using Ru-SILP 

catalysts. 
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Low-temperature continuous flow isopropanol dehydrogenation using a Ru-SILP catalyst 
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Department of Chemistry, Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark; 
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Figure S1. 1H NMR spectrum of Ru-MACHO (CD3CN, 25 oC 400 MHz). 

 

 

Figure S2. 31P NMR spectrum of Ru-MACHO (CD3CN, 25 oC, 400 MHz). 
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Figure S3. 1H NMR spectrum of Ru-MACHO in BMIM Ac (CD3CN, 25 oC 400 MHz). Note: MeOH is present as an impurity in the IL (from 

synthesis procedure). 

 

 

 

Figure S4. 31P NMR spectrum of Ru-MACHO in BMIM Ac (CD3CN, 25 oC 400 MHz). 
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Figure S5. 1H NMR spectrum of Ru-MACHO-OAc species generated in presence of BMIM Ac (CD3CN, 25 oC 400 MHz). Note: MeOH is 

present as an impurity in the IL (from synthesis procedure). 

  

 

Figure S6. 1H NMR spectrum of M-hydride region for Ru-MACHO (down) and Ru-MACHO in BMIM Ac (up) (CD3CN, 25 oC 400 MHz).   
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.  

 

Figure S7. 1 H NMR (up) and 31P NMR (down) spectra of Ru-3 (CD3CN, 25 oC 400 MHz). 
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Figure S8. 1H NMR spectra of Ru-3 in different media: iPrOH, BMIM Ac, BMMIM NTf2 and Pyrr OTf (CD3CN, 25 oC 400 MHz).

 

Figure S9: 1H NMR spectrum of Ru-3 in BMMIM NTf2 and iPrOH (CD3CN). 

+ iPrOH 
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Figure S10: 1H NMR spectrum of Ru-3 in Pyrr OTf and iPrOH (CD3CN). 

 

 

Figure S11: 1H-NMR spectrum of the distillate from iPrOH dehydrogenation (D2O). 
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Figure S12: 1H-NMR spectrum of the distillate from iPrOH dehydrogenation (CD3Cl). 

 

 

Figure S13. 1H NMR spectrum of Ru-1 in BMMIM NTf2 after iPrOH dehydrogenation (Table S1, entry 3) (CD3CN, 25 oC 400 MHz). 
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Figure S14. 1H NMR spectrum of Ru-4 in BMMIM NTf2 after iPrOH dehydrogenation (Table S1, entry 6) (CD3CN, 25 oC 400 MHz). 

 

 

 

Entry 
Catalyst 

(mol%a) 
Ionic liquid  

(mL) 
iPrOH 

[mmol] 

Time 

[h] 
T 

[⁰C] 
TON 

Conversionb 

[%] 

1 
Ru-1 

(0.20) 
BMIM Ac (1) 5.2 2 90 / <5 

2c     
Ru-2 

(0.15) 
Pyrr NTf2 (1) 26 1 100 90 14 

3 
Ru-1 

(0.15) 
BMMIM NTf2 (1) 6.5 18 90 60 8 

4    
Ru-1 

(1.20) 
BMMIM NTf2 (0.5) 1.3 0.3 90 6 8 

5     
Ru-1 

(0.10) 
BMMIM NTf2 (1) 5.2 1.5 90 105 10 

6  
Ru-4 

(0.05) 
PIPER NTf2 (1) 26 1.5 100 150 7 

Reactions reproducible within a 10% error. a Mol% with respect to iPrOH. b Determined by 1NMR. c With NaOEt 

(2 eq with respect to Ru-2). 

 

Table S1. Screening of reaction conditions for iPrOH dehydrogenation. 
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Catalyst 
Silica 100 

Ru/SiO2 wt% 

Silica 60 

Ru/SiO2 wt% 

Ru-H 

0,5 0,35 

1 0,1 

0,1 0,91 

Ru-MACHO-BH 

0,5 0,1 

1 0,87 

0,1 - 

Table S2. Screening of SILP materials for initial tests in fixed-bed reactor. In bold the SILP catalysts that showed activity under continuous flow 

fixed-bed conditions. 

 

 

 

 

Figure S15. Thermodynamic equilibrium conversion vs temperature at different isopropanol dilution in nitrogen.   
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Figure S16. 0.5 wt% Ru/SiO2, PIPER NTf2, silica 100, α = 20% 

 

 

 

 

 

 

 

 

Figure S17. (a) Ru/SiO2 = 0.87 wt%, PIPER NTf2, silica 60, α = 20%; (b) Ru/SiO2 = 0.87 wt%, Pyrr NTf2, silica 100, α = 20%; undiluted IPA for 

both. 
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Figure S18. Screening of different cations. Ru/SiO2 = 0.6 wt%, α = 20%, Silica 100, undiluted IPA. 
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Figure S19. Acetone - isopropanol 25-75 vol%. Ru/SiO2 = 1 wt%, P1444 NTf2, silica 100, α = 20%. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S20. Ru/SiO2 = 0.9 wt%, P1444 NTf2, Silica 100, α = 20%, undiluted IPA. 
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Figure S21. Long-term experiment, nitrogen flow dilution. Ru/SiO2 = 1 wt%, P1444 NTf2, silica 100, α = 20%. 

 

  

 

 

 

 

 

 

 

 

  

Figure S22. Long-term experiment, nitrogen flow dilution. Ru/SiO2 = 1 wt%, P1444 NTf2, silica 100, α = 20%. 
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Figure S23. Long-term experiment: acetone dilution. Ru/SiO2 = 1 wt%, P1444 NTf2, silica 100, α = 20%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S24. Long-term experiment: temperature variations. Ru/SiO2 = 1 wt%, P1444 NTf2, silica 100, α = 20%. 
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Figure S25: Kinetic calculations.  
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Figure S26. 1H NMR spectrum of PIPER NTf2 (CDCl3, 25 oC 400 MHz). 

 

 

Figure S27. 1H-NMR spectrum of extracted SILP after reaction in the fixed-bed reactor (CDCl3, 25 oC 400 MHz).  
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Figure S28. 1H-NMR spectrum of Ru-MACHO-BH (CD2Cl2, 25 oC 400 MHz). 

 

 

 

Figure S29. 1H NMR spectrum of Ru-MACHO-BH with P1444 NTf2 (CD2Cl2, 25 oC 400 MHz).  
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Figure S30: 1H NMR spectrum of Ru-MACHO-BH in P1444 NTf2 and iPrOH (d-DCM). 

 

 

 

Figure S31. 1H NMR spectrum of Ru-MACHO-BH in P1444 NTf2 after bubbling of argon for 72h (CD2Cl2, 25 oC 400 MHz).   
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Figure S32. 1H NMR plot of Ru-MACHO-BH (down) staggered with a solution of the extracted/prepared SILP catalyst, containing Ru-

MACHO-BH and P1444 NTf2 (up). Extracted SILP: Ru/SiO2 = 1 wt%, P1444 NTf2, silica 100, α = 20%. 

 

 

 

Figure S33. 1H NMR analysis of the extract solution from a SILP sample used in the fixed-bed reactor.  

Ru/SiO2 = 1 %, P1444 NTf2, silica 100, α = 20%. 
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Appendix I – Paper V 

This work represents a follow-up paper that will follow publication of Paper II. While the main results showed in this thesis for 

CO2 hydrogenation will be discussed in the former, this publication will cover most of the optimization methods and complete 

screening of catalysts, ILs and reaction conditions showed in Chapter 4. In addition, this work can potentially be expanded with 

addition of more experimental results. For example, more investigations can lead to fast optimization in the use of biogas as a CO2 

source, further expanding the applicability of the Ru-PNP/IL system. In addition, PhD student Brenda Rabell is currently carrying 

out studies on synthesis of functionalized ILs, as well as the possibility to promote FA formation and separation in the presence of 

amine additives. As such, I am not providing the draft since the status of this article is the most developing among the planned 

publications; only an example of abstract is showed. 

 

Paper in preparation. 

 

 

Reactivity of Ru-PNP complexes in ionic liquids for the hydrogenation of 

carbon dioxide to formic acid  

L.Piccirilli, B. Rabell, R. Padilla, A. Riisager, M. Nielsen* 

Department of Chemistry, Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark; 

* Correspondence: marnie@kemi.dtu.dk; Tel.: +45-24651045 

 

Abstract 

Carbon dioxide is expected to replace common fossil fuels for the bulk synthesis of chemicals and fuels. Among the possible 

hydrogenation products, formic acid is a particularly desirable target compound thanks to its hydrogen storing properties. Herein, 

we explore the reactivity of active ruthenium catalysts for the hydrogenation of CO2 to formic acid in ionic liquids. The ionic liquid 

captures CO2 already at room temperature, while a Ru-PNP complex performs efficient hydride transfer to the trapped carboxylate 

resulting in the formation of formic acid. The addition of a co-ionic liquid (BMMIM NTf2) leads to higher reactivity and avoids 

the formation of solid products due to CO2 chemisorption. The use of amine additives increases the rate of formic acid production 

and facilitates gas diffusion within the ionic liquid phase. Remarkably, the system is highly active towards the hydrogenation of 

CO2 using biogas as the carbon source. 
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