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III 

III     KURZZUSAMMENFASSUNG 

Im Rahmen der vorliegenden Arbeit wurden mehrere neue Ruthenium-Pincer-Komplexe 

hergestellt und deren Eignung für verschiedene Modellreaktionen evaluiert. 

Durch die Reaktion von [Ru(CO)(Cl)H(PPh3)3] mit N,N’-Bis(diisopropylphosphino)-

benzoguanamin wurden Benzoguanamin-basierte PNP-Pincer-Komplexe synthetisiert. Hierbei 

entstand eine monomere und eine dimere Spezies. In Letzterer agiert der Pincer-Ligand 

überbrückend, wodurch er mit einem Phosphor- und einem Stickstoffatom an das erste und mit 

einem weiteren Phosphoratom an das zweite Metallzentrum koordiniert. Beide Komplexe 

konnten durch SC-XRD und NMR charakterisiert und in Modellreaktionen, namentlich der 

Ameisensäuredehydrierung, der CO2 Hydrierung, sowie der Reduktion ungesättigter 

organischer Moleküle, eingesetzt werden. Weiterhin wurde die Umwandlung zwischen der 

monomeren und dimeren Spezies untersucht. 

Durch die Reaktion von N,N-Bis(2-(diisopropylphosphanyl)ethyl)prop-2-yn-1-amin mit 

[Ru(CO)(Cl)H(PPh3)3] wurde eine neue Klasse der Pincer-Komplexe eingeführt, nämlich 

PNPC-Pincer-Komplexe. Mehrere Repräsentanten dieser Unterkategorie wurden synthetisiert 

und durch eine Kombination aus NMR und SC-XRD charakterisiert. Das katalytische Potential 

der Komplexe wurde in der Ameisensäuredehydrierung und in Transfer(de)hydrierungen 

untersucht. Mechanistische Untersuchungen zeigten zwei konkurrierende 

Reaktionsmechanismen auf. Im Ru-C Mechanismus wird Ameisensäure durch den Bruch der 

Ru-C Bindung aktiviert, während diese Bindung im Ru-H Mechanismus intakt bleibt. 

Schließlich wurden die im Rahmen dieser Arbeit synthetisierten Katalysatoren in der wässrigen 

Niedertemperatur-Methanolreformierung eingesetzt. Hierzu wurden standardisierte 

Reaktionsbedingungen definiert, welche eine industrielle Anwendbarkeit zum Ziel haben. 

Unter diesen Reaktionsbedingungen wurden die neu synthetisierten Katalysatoren getestet und 

mit etablierten Katalysatoren verglichen. Abschließend wurde die generelle industrielle 

Anwendbarkeit der Methanolreformierung vor dem Hintergrund der standardisierten 

Reaktionsbedingungen kritisch diskutiert. 

 



                                                                                                                                                    

 

IV 

IV     ABSTRACT 

Several new ruthenium pincer complexes were prepared and their suitability for various model 

reactions was evaluated. 

Benzoguanamine based PNP-pincer complexes were synthesized by the reaction of 

[Ru(CO)(Cl)H(PPh3)3] with ligand N,N’-bis(diisopropylphosphino)-benzoguanamine. A 

monomeric and a dimeric species were formed. In the latter, the pincer ligand acts as a bridging 

ligand, coordinating with one phosphorous and one nitrogen atom to the first metal center and 

with the second phosphorous atom to the second metal center. Both complexes were 

characterized by SC-XRD and NMR investigations. They were employed in different model 

reactions, namely the dehydrogenation of formic acid, the hydrogenation of CO2 and the 

dehydrogenation of unsaturated organic compounds. Furthermore, the interconversion between 

the monomeric and dimeric species was investigated. 

A new class of cyclometallated pincer complexes, namely PNPC ones, were synthesized by the 

reaction of N,N-bis(2-(diisopropylphosphaneyl)ethyl)prop-2-yn-1-amine with 

[Ru(CO)(Cl)H(PPh3)3]. Multiple representatives of this subclass were synthesized and 

characterized by a combination of NMR and SC-XRD. Their catalytic potential was 

investigated in formic acid dehydrogenation and transfer (de)hydrogenation reactions. 

Mechanistic investigations of the formic acid dehydrogenation reaction revealed two competing 

reaction mechanisms. In the Ru-C pathway, reaction proceeds via the Ru-C bond cleavage, 

while this bond stays intact in the Ru-H mechanism. 

These complexes were investigated in the low temperature methanol aqueous phase reforming 

(APR). For this purpose, standardized reaction conditions, focusing on the practical application 

of methanol APR, were defined. Herein synthesized as well as state-of-the-art complexes were 

tested under the proposed standard conditions. Having established practical reaction conditions, 

the general economic feasibility of methanol APR was discussed. 
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VI 

VI     ABBREVIATIONS 

The following abbreviations are used throughout the text: 
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change in Gibbs free energy 

aqueous phase reforming 
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gas chromatograph equipped with a flame 
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high resolution mass spectrometry 

kinetic isotope effect 

lethal dose, 50% 

low temperature polymer electrolyte membrane fuel 

cell 

molar 

N-heterocyclic carbene 

nuclear magnetic resonance (spectroscopy) 

parts per million 

single crystal x-ray diffraction 

set temperature 

tetra-n-butylammonium fluoride 

tris-[2-(diphenylphosphin)ethyl]phosphine 

tetrahydrofuran 

total correlation spectroscopy 

turnover frequency 

maximum observed turnover frequency 

turnover number 
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1 INTRODUCTION 

1.1 Catalysis 

In the last century, there has been a large increase in our standard of living.1, 2 This can be seen 

– among others – in the continuously increasing population on earth and the rising life 

expectancy at birth.3, 4 One key factor enabling these improvements is the constant development 

of new and optimization of existing catalytic methods.5, 6 For example, the invention of the 

Haber-Bosch process allowed the production of fertilizers applying nitrogen from air.6, 7 This, 

in turn greatly increased the available food supply and allowed for the growth of our 

population.8 Additionally, the development of appropriate catalysts, like Ziegler-Natta 

catalysts, enabled the synthesis of polymers, heavily impacting the materials used nowadays in 

daily life.6, 9 Furthermore, the evolution of catalytic methods paved the way for the synthesis of 

pharmaceuticals, enabling the treatment of illnesses and increasing the life expectancy.10-13 

Those methods include cross-coupling reactions,12 metathesis14-16 and (de)hydrogenation17-20 

reactions. In the past two decades so-called pincer complexes gained a lot of interest for the 

latter reactions.20-24 

Figure 1.  Publications about „catalysis“ per year found by SciFinder. 

As highlighted in Figure 1, research in catalysis is strongly growing since 1990, culminating in 

the incorporation of at least one catalytic step during the synthesis of over 80% of all products 

nowadays.25, 26 However, most of the chemical processes are based on fossil fuels, and with the 

increasing severity of climate change, new solutions for a green chemical industry based on 

renewables must be found.27, 28 In this transformation of the chemical industry, catalysis is 

expected to play a major role in enabling new and efficient reaction pathways and in turn may 

lead to the development of new and the improvement of existing chemical processes.26, 28 To 

achieve this goal, new catalysts must be developed.27 
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1.2 Hydrogen economy 

In this regard, one field of research is the transformation of our electrical power supply from 

fossil towards renewable energy sources.29-31 Currently, more than 50% of Germanys electricity 

is produced from renewable resources with wind and photovoltaic energy being the largest 

contributors (Figure 2).32 However, their production capacities heavily depend on weather 

conditions and therefore do not always coincide with demand.30, 31, 33 To solve this issue, energy 

storage solutions must be developed and implemented.30, 31, 33 One possibility is the 

transformation of electrical into chemical energy.30, 33, 34 This can, for example, be achieved by 

water electrolysis to hydrogen and oxygen gas.30, 33, 34 The reverse process, the energy release 

from these gases, can easily be achieved in a fuel cell.30, 35, 36 The energy carrier utilized in this 

example, hydrogen gas, is widely regarded as very promising due to its high gravimetric energy 

content of 120 MJ/kg.29, 34 

Figure 2.  Percentual contribution to electricity production in Germany between 2019 and 2023.32 

Scheme 1. Schematic representation of formic acid and methanol (de)hydrogenation. 

However, the storage of energy in form of hydrogen gas poses significant challenges. Due to 

its low volumetric energy density, its efficient storage requires high pressure or cryogenic 

equipment.29, 33, 37, 38 Additionally, hydrogen gas forms explosive mixtures with oxygen thus 

posing significant safety risks.29, 33, 37, 38 Therefore, the transformation of hydrogen gas into and 

its release from energy storage materials is being investigated (Scheme 1).27, 35-38 Some 

examples of such storage materials include, among others, ammonia, ammonia-boranes, 

decalin, methylcyclohexane, and perhydro-dibenzyltoluene.38-42 However, one of the most 

promising storage materials is methanol.40 With a hydrogen content of 12.6 wt% it shows 
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excellent storage capacity. Though, its synthesis and the release of hydrogen usually requires 

harsher conditions compared to another promising hydrogen storage material formic acid.27, 33, 

36 The potential of both those hydrogen storage materials will be highlighted in the following 

chapters. 

 

1.2.1 Methanol dehydrogenation 

Similar to the hydrogen economy, a methanol economy was proposed already in 1986 by 

Asinger and later on further developed by Olah, Prakash and Goeppert.43, 44 It encompasses the 

synthesis of methanol from renewable resources and its use as a feedstock in the chemical 

industry to replace oil and gas. Overlapping with the hydrogen economy, the use of methanol 

as an energy carrier is also proposed. 

For a successful application of methanol as an energy storage material, some prerequisites must 

be fulfilled in the methanol reformation process. Firstly, the produced gas must contain 

<10 ppm CO impurities, as they are vital for the efficient use of a low temperature polymer 

electrolyte membrane fuel cell (LT-PEMFC). 45 Furthermore, hydrogen production rate, 

catalyst and ligand price, as well as stability must be taken into account for an economically 

feasible process. The best chance to fulfill these requirements, lies in the low temperature 

(<100 °C) reformation, as higher reaction temperatures enable the increasing formation of CO. 

It can either be formed from the product gas mixture via reverse water gas shift reaction or by 

the decomposition of intermediately produced formic acid. The latter is less prevalent at low 

temperatures. Especially the requirements of low CO content and low reaction temperature are 

hard to achieve using heterogeneous catalysts.24, 37, 40 However, two publications stand out 

utilizing heterogeneous catalysts: 

In 2002, the first examples of aqueous phase reforming (APR) of methanol were shown by 

Dumesic and co-workers.46 Utilizing a Pt@γ-Al catalyst, a TOF of 420 h-1 could be achieved 

at 230 °C and 29 bar. However, the produced gas contained comparably high CO impurities 

(300 ppm). Secondly, Hu, Qu and co-workers used platinum on porous CeO2 nanorods for the 

steam reforming of methanol and could achieve a hydrogen production rate of 199 molH2
molPt

−1 

at 135 °C with CO impurities of 320 ppm.47 Even at 100 °C they could produce hydrogen gas 

with similar activities to homogeneous systems.  

Switching to homogeneous catalysts, methanol dehydrogenation was first independently 

described by the groups of Beller and co-workers,48 as well as Trincado, Grützmacher, and co-

workers49 in 2013 (Figure 3). The former utilized a ruthenium pincer complex A. In a strong 

basic reaction solution (8 M KOH), a TOF of 4,700 h-1 with low CO concentration (<10 ppm) 

was achieved. The latter utilized a tetradentate ruthenium complex B and reached a TOF of 

54 h-1 with triethylamine as base. CO impurities were not detected; however, the detection limit 

of the used analytical method was not specified. In 2014 Beller and co-workers reported a 



Chapter 1: Introduction 

 

4 

bicatalytic, additive free system for methanol APR (Figure 3).50 One catalyst – Ru-MACHO-

BH E – showed excellent activity in the dehydrogenation of methanol to formic acid. A second 

catalyst – [Ru(dppe)2(H)2] (F) – was added for the efficient dehydrogenation of formic acid to 

CO2 resulting in a synergistic effect and a TOF of 94 h-1 with a high gas purity (<8 ppm CO). 

The same concept was used in 2019 for methanol APR in presence of base to improve Beller’s 

work from 2013 (Figure 3).51 By the addition of triglyme as a solvent, it was possible to lower 

the base concentration from 8 M to 0.33 M KOH. Due to the lower base concentration, a 

“working phase” could be observed with a TOF of 194 h-1. This state is characterized by the 

stable evolution of a 3:1 H2 to CO2 gas mixture. Similar to their earlier work, CO impurities 

were below 10 ppm. 

Figure 3.  Important ruthenium (blue), iron (green), iridium (orange), and manganese (purple) catalysts for 

methanol APR. For experimental details see appendix. Figure adapted from ref52. 

Moreover, Milstein and co-workers utilized a ruthenium PNN-pincer D complex achieving a 

TOF of 50 h-1 at 100 °C reaction temperature in 2014 (Figure 3).53 It was possible to recycle 

the reaction solution three times without loss of activity. The CO content was not reported. 

Further increase of the nitrogen content in the ligand let to the RuNNN catalyst described by 

Kumar and co-workers in 2023.29 However, this change only allowed incomplete reformation 
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of methanol. Formic acid was formed as a product with a yield of 81%. Similarly, methanol 

APR with a ruthenium NHC-complex yielded potassium formate.54 

Other ruthenium-based methanol APR systems include a salen complex H by de Bruin, Reek 

and co-workers (Figure 3).55 Here, a TOF of 55 h-1 was reached, while CO content remained 

below an unspecified detection limit. A different tetradentate ligand was employed by Qin, Zhu, 

Zheng and co-workers in 2023.56 At 120 °C reaction temperature, a TOF of 158 h-1 with low 

CO impurities (<10 ppm) was achieved. Milstein and co-workers also showed methanol APR 

at elevated temperatures (150 °C).57 The addition of 1-hexanethiol as an additive enabled the 

high TOF (643 h-1) with CO impurities below 20 ppm. Lastly, Qin, Chung, Zheng, and co-

workers demonstrated the ability of Grubbs-catalysts (N) to perform methanol APR 

(Figure 3).58 They reached a TOF of 158 h-1 with <10 ppm CO impurities. 

Besides these ruthenium systems, iridium-based complexes showed good results in methanol 

APR. Already in 2015, Fujita, Yamaguchi and co-workers reached a TOF of 70 h-1 with a 

bipyridyl based complex G (Figure 3).59 Notably, a TON of 10,500 could be reached. Two 

years later, Beller and co-workers improved the TOF to 326 h-1 by employing an iridium pincer 

complex I (Figure 3).60 By careful optimization of the ligand sphere L, Zhou and co-workers 

could reach a TOF of almost 500 h-1 (Figure 3).61 However, CO values were either not reported 

or below an unspecified detection limit for all these three publications. 

As highlighted previously, noble metal complexes show good activities in methanol 

dehydrogenation. Additionally to these systems, non-noble metal based complexes are known 

for methanol APR. In 2017, Beller and co-workers demonstrated the ability of manganese 

pincer complexes J to perform this reaction (Figure 3).62 A TON of 20,000 showed impressive 

stability of the complex, however CO impurities were not analyzed. Already in 2013, iron 

catalyzed methanol APR was reported for the first time (Figure 3).63 A TOF of 702 h-1 and TON 

of almost 10,000 could be reached with low CO impurities (<10 ppm). Further improvement of 

the reaction conditions by Bernskoetter, Hazari, Holthausen and co-workers led to an increase 

in stability to yield a TON of 51,000 (Figure 3).64 However, CO values increased to <0.1%. In 

this reaction system, a Lewis acid was employed to enhance the decarboxylation of the iron 

formate complex C-FA.  

To summarize, many molecularly defined complexes for methanol APR were developed. 

Catalysts mostly operated below 100 °C, fulfilling one prerequisite for successful application 

of the resulting hydrogen in a LT-PEMFC. However, in literature often the CO content was 

either not reported or found to be below an unspecified detection limit. Due to missing this 

critical information, the evaluation of those reaction systems towards application is severely 

hindered. 
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1.2.2 Formic acid dehydrogenation 

Another hydrogen storage medium considered for a hydrogen economy is formic acid.65-69 

Compared to methanol it possesses a lower energy density with a hydrogen content of 4.4 wt% 

(12.6 wt% for methanol, Table 1). However, its dehydrogenation is more exothermic (ΔG 

= -32.9 kJ/mol) and can therefore be achieved at milder reaction conditions compared to 

methanol (ΔG = 8.9 kJ/mol).66, 70 Consequently, significantly more catalytic systems have been 

developed for the dehydrogenation of formic acid, than for methanol. In Figure 4 the most 

important systems are highlighted, with a focus on pincer complexes. 

Table 1. Properties of formic acid and methanol.66 

 Methanol Formic acid 

Molecular formula CH3OH HCO2H 

Molecular mass 32.042 g/mol 46.026 g/mol 

Gravimetric hydrogen density 126 g/kg 44 g/kg 

Volumetric hydrogen density 99 g/L 52 g/L 

Density 0.79 g/m3 1.22 g/m3 

Boiling point 65 °C 101 °C 

Vapor pressure (20 °C) 130.3 hPa 42.0 hPa 

Explosion limits (upper – lower) 6 – 36 vol% 18 – 57 vol% 

Flash point 11 °C 48 °C 

Workplace exposure limit 200 mL/m3 5 mL/m3 

LD50 (oral, rat) 5.628 g/kg 1.100 g/kg 

First reports of formic acid decomposition date back by more than 100 years.71, 72 These early 

investigations utilized reaction temperatures well above 100 °C and various metals and metal 

oxides, as well as glass as catalyst. Starting from 1967, research mainly focused on catalysts 

based on noble metals, such as iridium,73, 74 palladium,75 platinum,76, 77 rhodium73, 78 and 

ruthenium.66, 79 Ligands consisted primarily of simple monodentate phosphines. During this 

time, best productivity and selectivity was achieved with iridium- and ruthenium-based 

catalysts. However, high reaction temperatures were generally required, and low stability was 

observed in most cases. 

In 1998, Puddephatt and co-workers laid the foundation for the dehydrogenation of formic acid 

with diphosphine-based ligands (Figure 4).80, 81 Their binuclear ruthenium complex achieved a 

TOF of 500 h-1 at room temperature, the highest activity up to that point. This catalytic system 

was further developed by Beller and co-workers (Figure 4).82-84 More specifically, the active 

catalyst was formed in situ from [Ru(Cl)2(benzene)]2 as the metal precursor and a phosphine 

ligand. Triphenylphosphine was found to yield the highest activity among the investigated 

monodentate phosphine ligands. 1,2-Bis(diphenylphosphino)ethane gave the best activity 
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overall, however a long induction period was observed. Investigations into the employed amine 

bases revealed that structurally similar bases typically yielded comparable activities. Among 

the investigated bases DBN (1,5-diazabicyclo(4.3.0)non-5-ene) gave the most promising 

results. Overall, a TOF of 459 h-1 over the first three hours of the reaction was reached at 40 °C 

reaction temperature. This reaction system was further optimized towards continuous flow.85, 

86 Here, a TON of 1,000,000 was achieved with stable gas evolution over 45 days. 

Figure 4.  Selected examples of early works on formic acid dehydrogenation. 

At the same time, Laurenczy and co-workers took a different approach towards formic acid 

dehydrogenation.87-89 They utilized a water-soluble complex prepared in situ from RuBr3∙xH2O 

or [Ru(H2O)6]
2+ and meta-trisulfonated triphenylphosphine (Figure 4). Already at room 

temperature formic acid dehydrogenation was observed. At 120 °C reaction temperature, a TOF 

of 460 h-1 was reached. Furthermore, a continuous flow system was developed with H2 

production rate of 290 mL/min. Besides the anionic phosphine ligand, cationic ones were 

employed by the same group (Figure 4).90 They achieved a TOF of 1950 h-1 at 120 °C and a 

TON of 10,000 over 30 catalytic cycles.  

Another important formic acid dehydrogenation system was developed by Fukuzumi and co-

workers between 2008 and 2010.91-93 Their best catalytic system consisted of a bimetallic 

ruthenium-iridium complex and achieved a TOF of 426 h-1 at room temperature in an aqueous 

solution (Figure 4). Investigations of the pH-influence revealed a high impact on the activity 

with a maximum at pH 3.8. A similar monometallic complex was developed by Himeda and 

co-workers (Figure 4).94, 95 They utilized functionalized bipyridyl ligands with iridium, 

ruthenium and rhodium as metal centers. Especially iridium complexes showed high activity 

(TOF: 14,000 h-1) at 90 °C. Besides the generation of H2-gas, the synthesis of HD and D2 was 

demonstrated in high purity (98%).96 Based on this research, a multitude of different diamino-

ligands were synthesized and applied later on by various research groups.67, 68 
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In 2011, Laurenczy, Ludwig, Beller and co-workers demonstrated the base-free 

dehydrogenation of formic acid amine mixtures utilizing an iron-based tetraphos catalyst 

(Figure 4).97 They reached a TOF of up to 9425 h-1 at 80 °C reaction temperature. Furthermore, 

in a continuous flow setup, a gas evolution rate of 326 mL/min could be reached without 

deactivation over 14 h and a total TON of almost 100,000. The tetraphos ligand was further 

employed in formic acid dehydrogenation with other metal centers, like ruthenium98 or 

platinum.99 Gonsalvi and co-workers synthesized linear versions of the tetraphos ligand.100 

However, they observed lower catalytic activity compared to the tripodal tetraphos ligand. 

Pincer complexes were employed in formic acid dehydrogenation for the first time in 2011 by 

Morokuma, Nozaki, and co-workers (Figure 5).101 Utilizing iridium as the metal center, a TOF 

of 120,000 h-1 was reached. However, TON remained low (200). The first ruthenium catalyzed 

system utilizing pincer ligands was developed by Pidko and co-workers in 2014 (Figure 5).102 

A system was developed for the reversible hydrogen storage and release in/from formic acid. 

They achieved a TON of 706,500 with a TOF of 256,000 h-1 in the dehydrogenation step. 

Overall, 10 hydrogen storage-release cycles were performed without loss of activity. At the 

same time, Plietker and co-workers investigated a PNNP-ruthenium complex in the reversible 

storage and release of hydrogen (Figure 5).103 In the dehydrogenation reaction, gas evolution 

rates around 1.5 L/h were achieved over 5 storage and release cycles. One year later, the Ru-

MACHO complex and its N-methylated version were investigated by Czaun, Prakash, Olah, 

and co-workers for sodium formate dehydrogenation (Figure 5).104 The methylated complex 

was shown to be more active. The same trend was observed by Beller and co-workers.105 

Mechanistic investigations revealed an inner sphere reaction mechanism.70, 104 Czaun, Prakash, 

Olah, and co-workers could reach TON of 5,000 with an initial TOF of 735 h-1.104  

In 2016, a ruthenium pincer complex with aminophosphine moieties was utilized by Zheng, 

Huang and co-workers (Figure 5).106 Overall, a TON of 1,100,000 was achieved with a TOF of 

7,333 h-1. By the variation of the reaction solvent from DMSO to DMF, TOF could be raised 

to 31,000 h-1, however a lower TON was reached. Das, Nielsen, and co-workers developed 

another reaction system for reversible hydrogen storage and release (Figure 5).107 They utilized 

ionic liquids as solvents and base. In the dehydrogenation of formic acid, the reaction system 

stayed active for 4 months, reaching a TON of 1.8 ∙ 107 with an average TOF of 11,000 h-1. 

Additionally, 12 hydrogen storage and release cycles were performed.  

Iron pincer complexes were utilized for the first time in formic acid dehydrogenation by 

Milstein and co-workers in 2013 (Figure 5).108 At 40 °C reaction temperature, an activity of 

836 h-1 was achieved. In a long-term experiment, a TON of 100,000 could be reached over the 

course of 10 days. One year later, significant improvements were achieved by Hazari, 

Schneider, and co-workers (Figure 5).109 The addition of a Lewis acid significantly improved 

activity (TOF: 197,000 h-1) and stability (TON: 1,000,000 in 9.5 h) by assisting in the 

decarboxylation of the iron formate intermediate. Aminophosphine-based iron pincer 
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complexes were employed in formic acid dehydrogenation by Kirchner, Gonsalvi, and co-

workers (Figure 5).110 In this case, a TOF of 2,600 h-1 was reached. Additionally, it was 

reported, that the use of Lewis acids instead of base let to no conversion. 

Figure 5. Selected examples of pincer complexes utilized in formic acid dehydrogenation. 

Pioneering work on manganese pincer complexes for formic acid dehydrogenation was 

performed in 2016 by Boncella and Tondreau (Figure 5).111 They achieved a TON of 190. The 

reaction conditions were slightly improved by Beller and co-workers in 2017 (TON 283).62 By 

further optimization of the ligand, Tondreau and co-workers could improve the activity to 

8,500 h-1 (Figure 5).112 Notably, 50% conversion was reached in 2.5 min. In 2022, Sponholz, 

Junge, Beller, and co-workers developed a reversible hydrogen storage and release system on 

the basis of lysine and a manganese pincer complex (Figure 5).113 In the dehydrogenation 

reaction, a total TON of 670,000 was achieved over 10 catalytic cycles. 

Besides these common metals for dehydrogenation reactions, some exotic systems were 

developed. For example, in 2014 Berben and Myers developed an aluminium pincer complex 

for formic acid dehydrogenation (Figure 5).114 Initial activity was reported to be 5,200 h-1. 

However, TON remained comparatively low (2,200). In the same year, nickel pincer complexes 

were reported for formic acid dehydrogenation by Enthaler, Junge, and co-workers 

(Figure 5).115 A productivity of 626 turnovers could be realized. 
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1.3 Pincer complexes 

As evident from the examples presented in chapter 1.2, pincer complexes generally show high 

activities in various (de)hydrogenation reactions. Typically, pincer ligands are tridentate 

chelating ligands (Figure 6).21-24, 116 The three sites coordinating to the metal center can consist 

of atoms like N, C, P, S, Si, B, Se, As, or Si. Pincer-based ligands and complexes are usually 

named after the donor atoms, i.e. PNP-ligand stands for a ligand containing two phosphorous 

and one nitrogen atom in the indicated order. They are separated by a spacer typically 

comprising of an alkylic chain. However, it can contain functionalities like NR, O, CO, or CS 

groups. Additionally, pincer ligands can contain a (hetero)aromatic group in their backbone. 

Figure 6. General structure of pincer ligands.  

Among all these possible combinations, PNP-pincer complexes are one of the most commonly 

used ones, especially in dehydrogenation reactions (chapter 1.2).21-24, 116 Their first catalytic 

application was demonstrated 2001 by Hartwig and Kawatsura in the addition of amines to 

acrylic acid derivatives (Figure 7).117 In this case, the active species was formed in situ from 

the ligand and a palladium precursor. One year later Rieger and co-workers utilized the first 

cobalt pincer complex in ethylene polymerization (Figure 7).118 The complexes were more 

active by three orders of magnitude, than the corresponding NNN-pincer complexes. Further, 

iron pincer complexes were synthesized, however they were not applied in catalysis. 

McGuinness, Wasserscheid, and co-workers demonstrated the activity of chromium pincer 

complexes with an aliphatic backbone in the ethylene trimerization (Figure 7).119 Similarly to 

the polymerization of ethylene, NNN complexes were previously applied in the trimerization 

of -olefins.120 

In 2004, ruthenium and iridium PNP-pincer complexes were first applied (Figure 7).121, 122 

Abdur-Rashid and Goussev patented the use of iridium and ruthenium pincer complex in 

transfer hydrogenation reactions.121 At the same time, Milstein and co-workers investigated 

ruthenium pincer complexes in the dehydrogenation of alcohols.122 Interestingly, their 

investigations revealed the presence of an equilibrium between a monomeric and a nitrogen 

bridged dimeric species. One year later, Milstein and co-workers applied this dehydrogenation 

in the synthesis of esters from alcohols.123 This publication marks the first application of a 

ruthenium carbonyl PNP-pincer complex. 

Kirchner and co-workers synthesized and characterized a multitude of new molybdenum, iron, 

ruthenium, nickel, and palladium PNP-pincer complexes with diaminopyridine- and 

benzoguanamine-based ligand backbones (Figure 7).124 The synthesized palladium complexes 
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were employed in Suzuki-Miyaura cross coupling reactions124 and iron complexes in the 

synthesis of 3-hydroxyacrylates.125 Similar iron complexes with pyridine backbones were 

synthesized in 2011 by Milstein and co-workers (Figure 7).126 They were applied in the 

hydrogenation of ketones. In the same year, the famous Ru-MACHO complex was firstly 

reported by Kuriyama and co-workers (Figure 7).127 Applications include the hydrogenation of 

esters to alcohols. Notably, 2.2 t of methyl (R)-lactate could be reduced with this complex. 

Figure 7. Application of PNP-pincer complexes in catalysis. Colors symbolize the different ligand backbone 

structures. Figure adapted from ref128. 

In 2012 Jie, Li, and co-workers, as well as Hanson and co-workers reported cobalt PNP-pincer 

complexes for the polymerization of 1,3-butadiene, as well as the hydrogenation of C=C, C=O, 

and C=N double bonds respectively (Figure 7).129, 130 At the same time Huang and co-workers 

utilized diaminopyridine-based PNP-pincer complexes in the transfer hydrogenation of 

different ketones.131 In the next year, an iron pincer complex was utilized for the first time in 

the dehydrogenation of methanol (see chapter 1.2.1).63 Simultaneously, Kempe and Michlik 

applied the benzoguanamine ligand backbone for the first time in catalysis.132 Their iridium 

complex showed high activity in the synthesis of pyrroles from secondary alcohols and amino 

alcohols. Shortly after, the same group demonstrated the activity of the related cobalt complexes 

in the hydrogenation of C=O double bonds.133 

2016 marks the start of the investigation of manganese-based PNP-pincer complexes (Figure 7). 

First works were performed by the working groups of Beller,13 Milstein,134 Kirchner,135 and 

Kempe136 within the same year. They all reported manganese pincer complexes with different 

ligand backbones. Applications include the hydrogenation of ketones,13, 136 aldehydes,13, 136 

nitriles,13 as well as the synthesis of secondary amines135 and aldimines134, 135 from alcohols and 

imines. The triazine-based ligand backbone was further investigated by Kirchner and co-

workers.137 They demonstrated the ability of iron complexes to alkylate amines with alcohols. 

This type of ligand backbone can easily be modified at the triazine ring (Figure 7, R’). This 

allows for easy fine-tuning of electronic properties and thereby optimization of the catalyst for 

a given reaction. Lastly, Liang, Huang, and co-workers reported cobalt pincer complexes based 

on the diaminopyridine scaffold (Figure 7).138 They were employed in the hydrogenation of 

nitriles.  
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Figure 8. General synthesis of PCP-pincer complexes. 

Another interesting subclass are PCP-pincer ligands and their complexes. Typically, PCP-

pincer complexes are synthesized as highlighted in Figure 8. Coordination of the ligand 

proceeds via activation of the C-H bond of the ligand. Consequently, additional reactivity can 

be expected at this position. Indeed, Jia and co-workers observed the incorporation of 

phenylacetylene into the Ru-C bond back in 1996 (Figure 9).139, 140 

Figure 9. Ruthenium PCP-pincer complexes. Figure adapted from ref141.  

As highlighted in chapter 1.2.2, nickel PCP-complexes have been employed in the 

dehydrogenation of formic acid.115 Focusing on ruthenium PCP-complexes, Jia and co-workers 

first synthesized arylic PCP-pincer complexes (Figure 9).139, 140 They were later on employed 

by van Koten and co-workers in the transfer hydrogenation of ketones.142-144 In 2005, Hartwig 

and co-workers synthesized and characterized alkylic PCP-pincer complexes (Figure 9).145 

Applications include the hydroamination of vinylarenes145 and catalytic nucleophilic 

substitution reactions.146 Gelman and co-workers investigated PCP-pincer complexes based on 

the anthracene scaffold (Figure 9). They were applied in dehydrogenative coupling reactions 

and transfer hydrogenations.147-149 
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2 OBJECTIVES 

As highlighted in chapter 1, new catalysts are needed for the transformation of the chemical 

industry from fossil fuel-based feedstocks to renewable resources. Therefore, we set out to 

synthesize new catalysts and to evaluate those in various hydrogenation and dehydrogenation 

reactions. In this regard, especially methanol APR became of interest for its high potential as 

an energy carrier in the hydrogen economy. Consequently, one goal of this work is the 

evaluation of methanol APR in context of its industrial applicability. 

The first approach towards the synthesizing new catalysts is based on the guanamine backbone. 

As evident from chapter 1.3, ruthenium complexes bearing this ligand were previously not 

prepared. Based on their structural similarity to other ruthenium pincer complexes, a highly 

active catalyst should be formed. Therefore, these new complexes will be evaluated in various 

dehydrogenation and hydrogenation reactions.  

In the second approach, it is planned to immobilize ruthenium pincer complexes. In this way, 

the advantages of homogeneous (e.g. high activity) and heterogeneous (e.g. easy catalyst 

recovery) catalysts can be combined. To enable the immobilization, the introduction of an 

anchoring group to the ligand backbone is necessary. In this regard, it is planned to investigate 

the catalytic activity of these newly synthesized complexes.  
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3 RESULTS AND DISCUSSION 

3.1 Guanamine-Based Ruthenium Pincer Complexes 

As highlighted in the introduction, the evolution of the chemical industry towards progressively 

applying renewable resources necessitates new catalysts. As pincer complexes show great 

potential in various dehydrogenation and hydrogenation reactions, they became of interest for 

further evaluation. To the best of our knowledge ruthenium PNP-pincer complexes with a 

guanamine-based ligand backbone have not been synthesized before (see chapter 1.3 and 

Figure 7). Therefore, we set out to synthesize this subclass of PNP-pincer complexes and 

evaluate it in (de)hydrogenation reactions. 

 

3.1.1 Complex synthesis and characterization 

Ligand 1 was synthesized in a straightforward manner from benzoguanamine and 

chlorodiisopropylphosphine.132, 133 The complexation was performed with 

[Ru(CO)(Cl)H(PPh3)3] according to reported methods for similar complexes (Scheme 2).131 

However, the reaction was unselective and multiple products were formed. Separation by 

column chromatography yielded two products. Structural determination by NMR was difficult, 

however high-resolution mass spectrometry suggested the formation of a monomeric (2m) and 

dimeric (2d) species. Indeed, SC-XRD led to the assigned structures of 2m and 2d (Figure 10). 

Scheme 2. Synthesis of ligand 1 and its complexation with [Ru(CO)(Cl)H(PPh3)3] to yield monomeric 2m and 

dimeric complex 2d. Scheme adapted from ref128. 

Crystals suitable for x-ray diffraction were grown from vapor diffusion of pentane into a 

saturated solution of the complexes in THF. In both complexes, the metal centers are 

coordinated by two phosphorous and one nitrogen atom of ligand 1, as well as a hydrido, chloro 

and carbonyl ligand. A distorted octahedral coordination environment is formed. In 2m, pincer 

ligand 1 coordinates meridionally to the metal center, as commonly observed for PNP-pincer 

complexes (Figure 10, left).123, 131-133, 136, 137, 150 In 2d, the pincer ligand acts as a bridging ligand, 

coordinating with one phosphorous and one nitrogen atom to the first metal center and with the 

second phosphorous atom to another metal center (Figure 10, right). To the best of our 

knowledge, this coordination of guanamine-based PNP-pincer ligands was not reported 

previously. 
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Figure 10. Molecular structure of 2m (left) and 2d (right). Displacement ellipsoids are drawn at 30% (2d) and 

50% (2m) probability at 110 K. Hydrogen atoms are omitted for clarity, except those on Ru and N. 

Phenyl and isopropyl groups are displayed as wire frames for better graphical representation. 

Disordered parts of 2d are shown only in one position. Figure adapted from ref128. 

In both complexes, the distortion of the octahedral coordination environment is most 

pronounced in the P-Ru-P angles (2m: P1-Ru1-P2: 160.03(3)°; 2d: P1-Ru1-P4: 162.867(19)°, 

P2-Ru2-P3: 162.76(2)°; expected: 180°). Furthermore, the triazine plane in 2d (mean deviation 

of the best plane: 0.06 and 0.07 Å) deviates significantly from the planarity observed in 2m 

(mean deviation of the best plane: 0.006 Å). Additionally, Ru and N atoms neighboring this 

plane deviate more strongly from it in 2d (distance to the plane: Ru1: 0.75, N1: 0.21, N5: 0.35, 

Ru2: 0.84, N6: 0.22, N10: 0.33 Å), than 2m (largest deviation for C4 (phenyl ring) from the 

plane: 0.06 Å). 

 

3.1.2 Dehydrogenation of formic acid 

Having both complexes in hand, their potential as catalysts was examined in several benchmark 

reactions. First, the dehydrogenation of formic acid was investigated. As highlighted in chapter 

1.2.2, several metal PNP-pincer complexes showed good activity in formic acid 

dehydrogenation. Therefore, the new complexes 2m and 2d were compared to these reaction 

systems for an initial evaluation (Table 2). For comparison especially the reaction systems 

published by Pidko and co-workers (2014),102 Zheng, Huang, and co-workers (2016),106 and 

Beller and co-workers (2019)105 are of interest due to their structural similarities but also 

differences to 2m and 2d. 

First, two sets of reaction conditions based on a strong base (KOH) published by Beller and co-

workers were investigated. Reaction conditions A are strongly basic. Here, dimeric complex 2d 

showed similar activities as complexes 3. Both were outperformed by complex 4. In the more 

acidic variation - conditions B - complexes 2d, 3 and 4 showed activites within the same order 

of magnitude. To our delight new complex 2m was significantly more active. Switching to 
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reaction conditions with an amine-base, the new complexes 2m and 2d were not able to reach 

the activities achieved with complex 5 in conditions C. However, with a different solvent and 

base (conditions D), complexes 2m and 2d showed the most promising results so far. Hence, 

these reaction conditions were further investigated. 

Table 2.  Initial screening of reaction conditions published in literature. Table adapted from ref128. 

Reaction conditions 
Literature New Complexes 

Catalyst TOF [h-1] Catalyst TOF [h-1] 

Conditions A105 
3 2,100105 

2d 2,700 
4 4,200105 

Conditions B105 
3 5,300105 2m 67,000 

4 9,000105 2d 3,600 

Conditinos C102 5 256,000102 
2m 98,000 

2d 42,000 

Conditinos D106 6 7,300106 
2m 354,000 

2d 128,000 

Reaction conditions: Tset = 92.5 °C, Conditions A: formic acid (1.2 mL), KOH (40 mmol), H2O (8.8 mL), triglyme 

(4 mL), catalyst (4.4 µmol); Conditions B: formic acid (1.9 mL), KOH (40 mmol), H2O 

(8.1 mL), triglyme (4 mL), catalyst (4.4 µmol); Conditions C: formic acid (2.22 to 15 mL/h), 

NHex3 (11.4 mL), DMF (23.6 mL), catalyst (1.42 µmol); Conditions D: formic acid (0.30 to 

4.6 mL/h), NEt3 (1.5 mL), DMSO (5 mL), catalyst (1.00 µmol).  

First, the maximum activity was determined in batch reactions. It was calculated from the gas 

evolution during set time intervals. Monomeric complex 2m reached a maximum activity of 

470,000 h-1 (Table 3, entry 1). Lower catalytic activity was observed for dimeric complex 2d 

(TOFmax: 54,000 h-1, Table 3, entry 2). Notably, activity could be improved when the reaction 

was continued by addition of more formic acid (TOFmax: 112,000 h-1). This is attributed to the 

poor solubility of 2d in DMSO during the first run. Pincer complex 3 showed the lowest activity 

among all tested complexes (TOFmax: 38,500 h-1, Table 3, entry 3). As expected, its methylated 

variant 4 is significantly more active with a TOFmax of 280,000 h-1 (Table 3, entry 4).105 

Furthermore it shows the highest activity among the tested known complexes (TOFmax: 

155,000 h-1 for 5 and 200,000 h-1 for 6, Table 3, entries 5 and 6). It is worth noting, that the 

activity of 6 was significantly improved in comparison to literature (200,000 h-1 to 7,333 h-1) 

due to changing from PtBu2 to PiPr2 groups. Overall, complex 2m showed the highest activity 

and consequently the shortest reaction time for full conversion among all tested complexes. 
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Table 3.  Comparison of ruthenium PNP-pincer complexes in formic acid dehydrogenation. Table adapted from 

ref128. 

Entry Catalyst Reaction time until full conversion [min] TOFmax [h-1] TON 

1 2m 3 470,000 23,000 

2 2d 
40 54,000 23,000 

16a) 112,000 23,000 

3 3 50 38,500 23,000 

4 4 6 280,000 23,000 

5 5 13 155,000 23,000 

6 6 9 200,000 23,000 

Reaction conditions: Formic acid (0.41 mL, 10.8 mmol), NEt3 (1.5 mL), DMSO (5 mL), catalyst (0.50 µmol Ru), 

Tset = 92.5 °C. Reactions were started by catalyst addition and repeated at least twice with a 

standard deviation of <10%. a) Data after continuation of the experiment by addition of 

formic acid (0.41 mL, 10.8 mmol). 

Table 4.  Continuous addition reactions. Table adapted from ref128. 

Entry Catalyst Reaction time [min] TOFmax [h-1] TON 

1 2m 62 350,000 240,000 

2 2d 150 130,000 250,000 

3 4 60 230,000 125,000 

4 5 80 185,000 175,000 

Reaction conditions: formic acid (4.6 - 13 mL/h), NEt3 (1.5 mL), DMSO (5 mL), catalyst (1.0 µmol Ru), Tset = 

92.5 °C. TOFmax was determined by variation of formic acid dosage rate. 

The most active complexes were examined more closely in reactions with continuous addition 

of formic acid. By a slow increase of the formic acid addition speed, the maximum activity was 

determined. Typically, a sharp drop of activity was observed, when the amount of formic acid 

inside the reactor surpassed the amount of base, i.e. the addition of new formic acid surpassed 

its consumption. Similar to the batch reactions, 2m was the most active complex with a TOFmax 
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of 350,000 h-1 (Table 4, entry 1) followed by 4 (TOFmax: 230,000 h-1, Table 4, entry 3). Dimeric 

complex 2d reached a maximum activity of 130,000 h-1 and 5 of 185,000 h-1 (Table 4, entries 

2 and 4). 

 

3.1.3 Hydrogenation of CO2 

Based on the promising results for formic acid dehydrogenation, we became interested in the 

reverse reaction, the hydrogenation of CO2. Combining both reactions would allow the 

reversible storage and release of hydrogen gas in the form of formic acid and demonstrate its 

applicability as an energy carrier. 

Table 5.  Ruthenium pincer complex catalyzed CO2 hydrogenation. Table adapted from ref128. 

Entry Catalyst Amount of Ru metal [µmol] TOF [h-1] Yield [mmol] 

1 2da) 2.00 0 0 

2 2da) 1.00 0 0 

3 2ma) 1.00 6,300 13 

4 5a) 1.00 4,600 9 

5 2db) 2.84 20,900 59 

6 2db) 1.40 27,200 38 

7 2mb) 1.42 7,300 21 

8 5b) 1.42 36,000102 102 

Reaction conditions: a) All reactions were done in a 300 mL stainless steel autoclave with 12 mL glass vials. NEt3 

(1.5 mL), DMSO (5 mL), H2 (20 bar), CO2 (20 bar), Tset = 65 °C, 2 h. Yields were determined 

by 1H NMR with DMF as internal standard. b) conditions analogous to ref102. All reactions 

were done in a 100 mL stainless steel autoclave. DBU (5.0 mL), DMF (30.0 mL), catalysts 

(1.42 μmol Ru unless noted otherwise), H2 (20 bar), CO2 (20 bar), Tset = 65 °C, 2 h. Yields 

were determined by 1H NMR with toluene as internal standard. All experiments were 

repeated at least once. 

First, the same reaction conditions as for formic acid dehydrogenation were employed. 

However, 2d was inactive and the activity of 2m and 5 remained comparatively low (TOF: 

6,300 h-1 for 2m and 4,600 h-1 for 5, Table 5, entries 1 to 4). Therefore, the optimized reaction 

conditions from Pidko and co-workers were further investigated.102 Interestingly, dimeric 

complex 2d outperformed its monomeric counterpart significantly (27,200 h-1 for 2d to 

7,300 h-1 for 2m, Table 5, entries 6 and 7). Additionally, it was shown, that an increase in metal 
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loading leads to the expected lower activity and higher yield (Table 5, entry 5). However, 

established catalyst 5 proved to be the most active for this reaction (TOF: 36,000 h-1, Table 5, 

entry 8).  

 

3.1.4 Hydrogenation of unsaturated organic compounds 

As 2m and 2d proved to be active hydrogenation catalysts, the reduction of different functional 

groups became of interest, too. More specifically, acetophenone, 4-phenylbenzonitrile, methyl 

benzoate and quinoline were chosen as benchmark substrates for ketones, nitriles, esters and 

heteroaromatic compounds. In the presence of base (KOtBu) all substrates could be reduced in 

good to excellent yields under reaction conditions typically found used for homogeneous 

ruthenium hydrogenation catalysis (64% to 98% yield, Scheme 3).116, 127, 151-153 In most cases 

monomeric catalyst 2m gave higher yields than the dimeric complex 2d (94% to 98% vs. 66% 

to 77%). Notably, hydrogenation of methyl benzoate yielded the same yield (64%) for both 

complexes. 

Scheme 3. Hydrogenation of functional groups utilizing guanamine-based ruthenium PNP-pincer complexes 2m 

and 2d. Scheme adapted from ref128. 
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3.1.5 Catalyst integrity under catalytic conditions 

As both complexes 2m and 2d typically exhibit different catalytic activity in the tested 

reactions, it can be assumed, that there is no interconversion between both species. To further 

prove the integrity of both species during catalysis, a solution of each complex was heated to 

115 °C for 18 h. Only 8% of 2d converted into 2m, whereas no interconversion was observed 

for the latter. In the presence of base (NEt3, 2 h, 90 °C), with both complexes no reaction took 

place. Consequently, both complexes can be assumed to be stable under the employed reaction 

conditions with the conversion of 2d to 2m only taking place at elevated reaction temperatures. 
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3.2 Ruthenium PNPC-Pincer Complexes – A New Class of Metal 

Pincer Complexes 

Based on our research groups long interest in the application of different pincer complexes in 

catalytic reactions,13, 48, 60, 63, 113, 153, 154 we envisioned their immobilization to improve 

reusability and economic viability (for an economic evaluation of pincer complexes in methanol 

dehydrogenation see chapter 3.3). Therefore, the introduction of suitable substituents on the 

nitrogen atom of the pincer ligand was investigated. This led to the serendipitous discovery of 

a new class of metal pincer complexes, namely Ru-PNPC-ones. 

 

3.2.1 Complex synthesis and characterization 

For the immobilization of pincer complexes, it was planned to connect the complex to an 

anchoring group on the support via a Sharpless-type click reaction. This concept was 

successfully applied by Lo and Copéret for NHC-based pincer complexes in 2019.155 

Consequently, an alkyne group had to be introduced in the ligand backbone. Hence, ligand 7 

was synthesized starting with the alkylation of bis-(2-chloroethyl)-ammonium chloride with 3-

(trimethylsilyl)-propargylbromide (Scheme 4). Subsequent phosphination yielded the protected 

ligand 7’ in 75%. After its deprotection, ligand 7 was synthesized in 78% yield. 

Scheme 4. Synthesis of ligand 7 and its protected variant 7’. Scheme adapted from ref141. 

Afterwards, the reaction of 7 with [Ru(CO)(Cl)H(PPh3)3] was investigated (Scheme 5). At 

60 °C reaction temperature, 6 d were needed to reach full conversion of the ligand. However, a 

product mixture was formed. With an increased reaction temperature (120 °C), full conversion 

could be achieved in 3 h. Additionally, better selectivity could be observed in 1H and 31P NMR 

leading to the isolation of a mixture of 8 and 10 in 15% yield via column chromatography. To 

improve selectivity and yield of the complex synthesis, n-butyl ammonium acetate was added. 

Further, the reaction time could be decreased to 36 h at 60 °C. Finally, yield could be increased 

to 66% in the reaction at 120 °C leading to the isolation of complexes 8 and 9 with a ratio of 

41:59. Computationally, a difference in Gibbs free energy of 0.96 kcal/mol was calculated, 

corresponding to a ratio of 17:83. It is worth noting, that the original target complex 11 could 

not be obtained via this route, as the synthesis led to the serendipitous discovery of PNPC-

pincer complexes. 
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Scheme 5. Synthesis of PNPC-complexes 8 to 10. Scheme adapted from ref141. 

Complexes 8 and 9 were characterized by a combination of NMR and SC-XRD. Crystals 

suitable for SC-XRD were obtained from a concentrated solution of the complex mixture in 

ethyl acetate yielding mixed crystals of both species. In both 8 and 9, a distorted octahedral 

coordination environment is formed around the metal center by two phosphorous, one carbon 

and one nitrogen atom of ligand 7, as well as a carbonyl and chlorido ligand. 

In complex 8 (Figure 11, left), the coordination of C19B to the metal center is indicated by its 

chemical shift (13C NMR: 160.0 ppm). Furthermore, the position of the double bond between 

C18B and C19B is evident from the characteristic shift of the adjacent atoms (1H NMR: 4.98 

(H18B) ppm; 13C NMR: 160.0 (C19B), 120.3 (C18B) ppm). The positioning of the double bond 

is in further agreement with the observed bond length between C18B and C19B (1.336(10) Å) 

as it is within range of a typical C(sp2)-C(sp2) double bond.156, 157 The assigned structure is 

further supported by the splitting pattern, as it indicates the presence of a CH and a CH3 group 

with a coupling constant of 2.0 Hz, being in line with a 4J coupling. 

 

Figure 11. Crystal structure of the mixed crystal of 8 (left, atoms with the suffix A are omitted) and 9 (right, 

atoms with the suffix B are omitted) Displacement ellipsoids are drawn at 30% probability at 110 K. 

Hydrogen atoms are omitted for clarity. Figure adapted from ref141. 
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In complex 9 (Figure 11, right), a double bond can be located between C18A and C19A due to 

the chemical shift of the adjacent atoms (1H NMR: 5.70 (H18A), 4.45 (H19A) ppm; 13C NMR: 

141.2 (C18A), 137.1 (C19A) ppm). Additional evidence can be found in the bond length of 

1.352(7) Å at this position. Based on these results in combination with the splitting pattern and 

DEPT measurements, a N–CH=CH–CH2 fragment was assigned. Subsequently, the 

coordination of C20A to the metal center can be found in the crystal structure. 

Complex 10 could only be characterized by NMR, as it was not possible to obtain crystals 

suitable for x-ray structural analysis. Opposite to complexes 8 and 9, the double bond was 

assigned between C19 and C20 by chemical shift of the corresponding atoms (1H NMR: 7.27 

(H20), 5.45 (H19) ppm; 13C NMR: 157.1 (C20), 124.5 (C19) ppm; For numbering of atoms see 

Scheme 5). Based on these data, coordination of C20 to the metal center is likely. Furthermore, 

the chemical shift of C18 (13C NMR: 64.5 ppm) and H18 (1H NMR: 2.69 ppm) suggests the 

presence of a NCH2 fragment. Based on these findings in combination with splitting patterns 

and coupling constants, structural elucidation could be realized.  

Scheme 6. Complexation of ligand 7’ to yield complexes 12-cis and 12-trans with a ratio of 19:81. The ratio of 

both isomers was determined by 1H NMR and assigned by NOESY measurements. Scheme adapted 

from ref141. 

In addition to these results, the complexation of ligand 7’ with [Ru(CO)(Cl)H(PPh3)3] was 

carried out (Scheme 6). Pincer complex 12 could be synthesized in 42% yield. Notably, the 

presence of the cis- and trans-isomers in an 19:81 ratio could be observed. Computationally, a 

similar ratio of 11:89 was determined (12-trans was computed to be more stable by 1.25 

kcal/mol than 12-cis). Moreover, the deprotection of 12 yielded an unknown main product, 

whose structural elucidation was not possible. 

Figure 12. Calculated Gibbs free energies of (ΔG, kcal/mol) of Ru-PNPC pincer complexes 8 to 11 and 13. 

Figure adapted from ref141. 

For further investigation of the stability of the complexes, DFT calculations were performed 

using B3PW91/TZVP for full structural optimization and energy calculations (Figure 12). It 

could be shown that coordination of the propylene arm by its partial reduction with the hydrido 
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ligand of the metal precursor is strongly exergonic by roughly -30 kcal/mol (Figure 12, 

difference between 11 and 10, 13). Successive isomerization of the formed double bond leads 

to complexes 8 and 9. It is worth noting, that exocyclic isomer 13 is significantly less stable, 

than its endocyclic counterparts and could therefore not be observed experimentally.  

Scheme 7. Synthesis of hydrido PNPC-complexes 14 and 15. Scheme adapted from ref141. 

To enable the use of the complexes in base free reactions, complexes 8 and 9 were transformed 

into the hydrido PNPC-complexes 14 and 15 utilizing NaBHEt3 (Scheme 7). The desired 

product was isolated in 33% yield while retaining the isomeric ratio of the educt complexes. 

 

3.2.2 Dehydrogenation of formic acid 

Having synthesized several new Ru-PNPC-pincer complexes, first their potential in formic acid 

dehydrogenation was investigated, as this reaction is of high interest for hydrogen storage 

technologies, as highlighted in chapter 1.2.2. More specifically, a mixture of complexes 14 and 

15 was employed, as they (i.e. complexes 8 and 9) could be synthesized in high yield. As it was 

not possible to purify the isomeric mixture and obtain the pure complex, the mixture of both 

isomers was used as catalyst. Previously, Beller and co-workers showed, that formic acid 

dehydrogenation is unaffected by the concentration of base below a concentration of 0.7 M.105 

Indeed, this effect could also be observed for the new PNPC-complexes, where similar activity 

was observed between complexes 14 + 15 and the base-activated complexes 8 + 9 (Table 6, 

entry 1 and 2, 14 + 15: TOF: 598 h-1, TON: 1610; 8 + 9: TOF: 540 h-1, TON: 1500).  

Furthermore, the new PNPC-pincer complexes 14 and 15 were compared to state-of-the-art 

metal PNP-pincer complexes. As base-free formic acid dehydrogenation was examined, the 

activated complexes 3-H and 4-H necessary for the reaction were prepared. As expected from 

literature, complex 4-H proved to be the most active among the PNP-pincer complexes (Table 

6, entries 3-5; 3-H: TOF: 378 ,4-H: TOF: 584, 16-BH: 415 h-1).105 To our delight, PNPC-pincer 

complexes 14 and 15 gave similar activity compared to the PNP-pincer complexes. 

Furthermore, it is worth noting, that activity was observed in additive free methanol 

dehydrogenation for PNPC-complexes 14 and 15. However, in this latter case reproducibility 

remained poor.  
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Table 6.  Additive free formic acid dehydrogenation utilizing ruthenium pincer complexes. Table adapted from 

ref141. 

Entry Catalyst TOF1h [h-1] TON3h CO content [ppm] 

1b) 8 + 9 540 1500 3 

2 14 + 15 598 1610 <1 

3 3-H 378 1040 4 

4 4-H 584 1730 2 

5 16-BH 415 1280 3 

Reaction conditions: a) formic acid (32 mmol, 1.2 mL), H2O (8.8 mL), triglyme (4 mL), catalyst (4.3 µmol), 

92.5 °C. Reactions were performed at least twice with a standard deviation <15%, except 

entry for 3. b) The complex was activated with 1.6 eq. of KOH prior to the reaction.  

 

3.2.3 Transfer (de)hydrogenation of organic compounds 

Scheme 8. Transfer dehydrogenation of 1-phenylethanol utilizing complexes 8 + 9 and 16. Scheme adapted from 

ref141. 

Reaction conditions: Substrate: 0.25 mmol; a, b, c: THF/acetone 1:1 (10 mL); d: THF (10 mL). Yields were 

determined by GC-FID analysis using hexadecane as internal standard. Catalyst 

concentration is reported as the amount of complex mixture employed. Equivalents refer to 

the substrate. 

Having observed good activity in dehydrogenation reactions, the potential of the new Ru-

PNPC-complexes in transfer dehydrogenation and transfer hydrogenation reactions was 

investigated. Starting with the dehydrogenation of 1-phenylethanol, 44% yield was reached 
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after 4.5 h (Scheme 8a). Comparing the PNPC-complexes 8 + 9 to the established Ru-MACHO 

complex (16), 98% yield was reached with the latter under the same reaction conditions 

(Scheme 8c). It was possible to increase yield with PNPC complexes 8 + 9 to 92% by raising 

the reaction time to 72 h (Scheme 8b). Finally, the necessity of a hydrogen acceptor was 

demonstrated, as a reaction without acetone in an open system led to low yield (Scheme 8d). It 

is worth noting, that aldol addition and condensation of acetone was the main source of side 

product formation (4-hydroxypentan-2-one and pent-3-en-2-one). 

Having demonstrated good catalytic activity in the transfer dehydrogenation, the transfer 

hydrogenation of unsaturated organic compounds was investigated. More specifically ketones, 

alkanes and alkynes were examined utilizing reaction conditions established in literature 

(Scheme 9).142-144, 158, 159 In the transfer hydrogenation of ketones (acetophenone and 

cyclohexanone) both substrates could be reduced in quantitative yield within 4 h utilizing 16 or 

PNPC-pincer complexes 8 + 9 (Scheme 9a, 9b). When comparing both complexes at shorter 

reaction times (15 min), PNPC-complexes 8 + 9 were outperformed by 16. 

Scheme 9. Transfer hydrogenation of unsaturated organic compounds utilizing complexes 8 + 9. Scheme adapted 

from ref141. 

Reaction conditions: a, b: Substrate: 0.25 mmol, iPrOH (10 mL); c: Substrate: 0.25 mmol, MeOH (2 mL); d: 

Substrate: 0.25 mmol, MeOH/H2O 2:1 (2 mL). Yields were determined by GC-FID analysis 

using hexadecane as internal standard. Catalyst concentration is reported as the amount of 

complex mixture employed. Equivalents refer to the substrate. 

Having observed activity in the dehydrogenation of methanol (see chapter 3.2.2) its use as the 

hydrogen source was investigated in the transfer hydrogenation of alkenes and alkynes. In the 

transfer hydrogenation of diphenylacetylene semi-hydrogenation of the triple bond to stilbene 

was observed in 95 % yield within 48 h (Scheme 9c). The remaining 5% were attributed to the 

fully reduced product. The catalyst slightly favored the formation of the (Z) isomer over the (E) 

isomer (E/Z = 1/1.4). Jagadeesh, Balaraman, and co-workers utilized Ru-MACHO 16 for the 

same reaction and observed invers selectivity with an E/Z ratio of 100/1.158 Additionally, higher 

side-product formation i.e. over reduction was observed in their case (10% compared to 5%). 
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To further highlight the improved chemoselectivity, the reduction of stilbene was attempted 

utilizing the optimized reaction conditions by Jagadeesh, Balaraman, and co-workers.158 Here, 

only 3% of the fully reduced product was found with complex 8 + 9 (Scheme 9d). Furthermore, 

the transfer hydrogenation of diazobenzene and methyl benzoate were attempted 

unsuccessfully. 

 

3.2.4 Mechanistic investigations 

As the complexes 14 and 15 (and complexes 8 and 9) proved to be active catalysts in various 

transfer hydrogenation and dehydrogenation reactions, the elucidation of the reaction 

mechanism came to our attention. Especially the stability of the characteristic Ru-C bond is of 

interest. Focusing on formic acid dehydrogenation, a reaction via an inner sphere mechanism 

can be expected, as it was postulated for related Ru-PNP complexes.70 Based on this 

mechanism, two reaction pathways are possible, which were investigated by DFT calculations 

for complexes 14 and 15 (Figure 13 and 14): First, coordination of formic acid proceeds via 

Ru-C bond cleavage, a formal metathesis between the Ru-C bond of the complex and the O-H 

bond of formic acid, resulting in the formation of complexes 14A and 15A (Ru-C route, 

cleavage of Ru-C bond). Subsequent CO2 release leads to the formation of dihydrido complexes 

14B and 15B. In the second route, a formal acid base reaction between the metal hydride and 

formic acid leads to the release of hydrogen gas and the formation of formate complexes 14C 

and 15C whilst keeping the Ru-C bond intact (Ru-H route, Ru-C bond stays intact). Reaction 

is followed by the release of CO2 to reform complexes 14 and 15. It is worth noting that 

complexes 14 and 15 are isoenergetic thereby enabling direct comparison of their activity. 
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Figure 13. Formic acid dehydrogenation with complex 14 showing Ru-H (left) and Ru-C (right) route. Gibbs 

free energies are given in kcal/mol. Figure adapted from ref141. 

For complex 14, initial reaction with formic acid is energetically more favoured via the Ru-C 

route (-12.20 kcal/mol) than the Ru-H route (-5.54 kcal/mol, Figure 13). Consequently, 

breaking of the Ru-C bond is thermodynamically more favored than of the Ru-H bond by 

6.66 kcal/mol. In the Ru-C route, CO2 elimination proceeds via CH-activation and 

TS(14A/14B) with a Gibbs free energy barrier of 12.10 kcal/mol. It is exergonic by 

0.87 kcal/mol. Subsequent hydrogen release by a reaction of 14B with one equivalent formic 

acid and regeneration of 14A is exergonic by 9.81 kcal/mol. In the Ru-H route CO2 elimination 

proceeds via C-H activation and TS(14C/14). It has a Gibbs free energy barrier of 

12.54 kcal/mol and is exergonic by 5.14 kcal/mol. Additionally, complex 14 is regenerated. 

Comparing both routes, they have close Gibbs free energy barriers (12.10 and 12.54 kcal/mol). 

However, due to the higher stability of 14A compared to 14C, Ru-C route should be more 

favored based on the Curtin-Hammett principle.  

Similar to complex 14, for complex 15 the initial reaction with formic acid is 

thermodynamically more favored via Ru-C route, than Ru-H route (-7.65 kcal/mol vs. -

4.52 kcal/mol). CO2 release and C-H activation via TS(15A/15B) is slightly exergonic by 

1.01 kcal/mol in the Ru-C pathway with a Gibbs free energy barrier of 11.63 kcal/mol. 

Subsequent reaction with one equivalent of formic acid and H2 release is exergonic by 

9.67 kcal/mol, leading to the reformation of 15A. In the Ru-H route CH-activation and CO2 

release is thermodynamically favorable by 6.16 kcal/mol. The energy barrier of TS(15C/15) is 

with 10.70 kcal/mol smaller, than in the Ru-C route (TS(15A/15B): 11.63 kcal/mol).  
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Figure 14. Formic acid dehydrogenation with complex 15 showing Ru-H (left) and Ru-C (right) route. Gibbs 

free energies are given in kcal/mol. Figure adapted from ref141. 

To summarize, in both complexes 14 and 15, Gibbs free energy barriers of the transition states 

of both routes remain close (12.10 vs. 12.54 kcal/mol and 11.63 vs. 10.70 kcal/mol). However, 

considering the stability of the formate complexes 14A, 14C, 15A, and 15C reaction via the 

Ru-C route should be thermodynamically more favorable. In addition, the kinetic isotope effect 

(KIE) for deuterated formic acid (DCOOD) was determined to be 3.05 for 14 and 3.57 for 15 

in the Ru-C route. 

Experimental investigations were carried out to prove, weather formic acid dehydrogenation 

proceeds via Ru-C or Ru-H route. In a first reaction, the mixture of complexes 14 and 15 was 

reacted with stoichiometric amounts of formic acid and monitored at different reaction times 

by NMR. Overall, 5 main products were observed, whose concentration changed with ongoing 

reaction time. After 6 h, mainly one product was formed, which was assigned to 15C due to the 

presence of one formate signal (1H NMR: 9.02 (s) ppm), the absence of a hydride signal and 

the chemical shift of the phosphorous atoms, as well as the propene-arm (1H NMR: 5.66 (dt, 

J = 5.1, 3.3 Hz), 4.39 (dt, J = 4.8, 2.3 Hz) ppm; 31P NMR: 60.09 ppm). Furthermore, the 

observed characteristic signals are similar to those of the related formate complex 4-FA.70  

After 5 d at RT, the amount of 15C decreased to 44%. Furthermore, the observation of four 

other species became possible. Characteristic signals were assigned to hydrido formate 

complexes (1H NMR: 9.27 (s), 9.24 (s), 9.19 (s), 9.17 (s), -16.84 (t, J = 18.6 Hz), -16.90 (t, J = 

18.2 Hz), -16.99 (t, J = 18.7 Hz), -17.17 (t, J = 18.8 Hz) ppm; 31P NMR: 71.84, 71.14, 69.61, 

69.37 ppm), showing similarities to 4-FA. Consequently, the structures of 14A, 15A and their 
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corresponding cis isomers were assigned (referring to the orientation of the propylic arm and 

the hydrido ligand).  

Scheme 10. Transfer hydrogenation of unsaturated organic compounds utilizing complexes 8 + 9. Scheme adapted 

from ref141. 

In a second experiment, catalysis was performed in the presence of deuterated formic acid 

(DCOOD, Scheme 10). As the PNPC-ligand stays intact in the Ru-H pathway, no incorporation 

of deuterium into the ligand backbone is expected. Further, the formation of a Ru-D or Ru-

OOCD complex is likely. In the Ru-C pathway, the Ru-C bond is broken and consequently, the 

incorporation of deuterium into the ligand backbone is expected. Furthermore, a 

[Ru(D)2(CO)(PNP)] or [RuD(OOCD)(CO)(PNP)] species should be formed. After reaction at 

65 °C for 3 d in a pressure tube, the reaction solution was analyzed by NMR. Similar to the 

reaction with stoichiometric amounts of formic acid, formate and hydride signals were found 

(2H NMR: 8.43 (s, br), -17.19 (s, br) ppm). In combination with the 31P NMR spectrum (31P 

NMR: 71.59, 69.69 ppm), the formation of hydrido formate complexes is indicated. 

Furthermore, signals in the alkylic region were observed (2H NMR: 3.60 (s, br), 2.79 (s, br), 

1.76 (s, br), 1.55 (s, br), 1.28 (s, br), 0.75 (s, br) ppm) and in combination with TOCSY and 

2D-measurements assigned to propylic groups. Consequently, the formation of 17 and 18 is 

likely. 

Based on these results, the initial formation of 14C and 15C upon addition of formic acid should 

be kinetically controlled and the subsequent formation of other products (Ru-H vs. Ru-C route) 

thermodynamically controlled. Thus, in the beginning of the reaction, catalysis mainly proceeds 

via Ru-H route. With ongoing reaction time, the concentration of 14A and 15A increases and 

the Ru-C pathway should become dominating.  
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3.3 A Critical Evaluation of Methanol APR 

3.3.1 Development of standardized reaction conditions 

As methanol is a promising energy carrier, we became interested in investigating its reformation 

to hydrogen gas as part of the hydrogen economy. Additionally, as highlighted in chapter 1.2.1, 

ruthenium and iron pincer complexes were among the most active ones in this reaction. 

Therefore, we became interested in evaluating the previously introduced Ru-PNPC- and Ru-

guanamine-based PNP-pincer complexes in methanol APR. For an improved evaluation of new 

catalysts in this reaction, standardized reaction conditions will be developed and evaluated. 

Additionally, methanol reformation is critically investigated towards its potential as an energy 

storage medium on an industrial scale. 

Scientific literature revealed a high impact of different reaction conditions, including additives, 

on the catalytic activity (see chapter 1.2.1). To develop standardized reaction conditions, 

reported examples were evaluated based on two main criteria: 1) Catalysts should show good 

activities under the respective reaction conditions, and 2) should allow for the generation of 

significant amounts of hydrogen gas in a quickly reached and stable working phase. 

Additionally, catalysts should operate at low temperatures (<100 °C) and with high selectivity 

(<10 ppm CO impurities). Based on these criteria, two different reaction conditions were 

chosen as a potential standard: 

1.:  Basic additives (Beller and co-workers): MeOH (9 mL), H2O (1 mL), triglyme (20 mL), 

KOH (10 mmol), catalyst (0.015 mol%, 8.5 µmol), Tset = 92.5 °C.51 

2.:  Lewis acidic additives (Bernskoetter, Hazari, Holthausen, and co-workers): MeOH 

(160 µL), H2O (18 µL), EtOAc (10 mL), LiBF4 (0.1 mmol), catalyst (0.01 mol%, 

0.1 µmol), Tset = 80 °C.64 

In the work by Bernskoetter, Hazari, Holthausen, and co-workers high stability (TON: 

51,000 h-1) was quickly reached during a stable working phase. Basic additives on the other 

hand showed a high activity during a quickly reached working phase whilst retaining high 

stability (TON: 10,000; TOF: 190 h-1). These latter reaction conditions will be highlighted first 

in the following chapter. 

 

3.3.2 Basic additives 

Proper evaluation of (strongly) basic additives requires a closer look on the underlying 

reactions. Generally, high reaction temperatures and ambient pressure are beneficial for 

methanol APR (most literature systems operate between 80 and 100 °C). Without additives, 

these reaction temperatures can’t be reached, as the internal reaction temperature is limited by 

the boiling point of methanol (65 °C).51 The reaction temperature can be increased by the 
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addition of a strong base.48, 51, 55, 58, 63 For example, in an 8 M KOH solution, internal reaction 

temperature increased to 88.5 °C.51 Another way to achieve the same result is the introduction 

of a high boiling solvent in addition to lower amounts of a strong base as additive.51 

Evaluation of the effect of a strong base (for simplicity KOH in the following example) on 

catalysis requires a closer look at the underlying reactions. In the beginning of the reaction, 

KOH consumes the produced CO2 and is thereby converted to carbonate (equation 1). Thus, a 

strong base is converted in a weaker one and the pH-value drops. This process is called initiation 

phase and ends when all base is consumed (Figure 15). It is characterized by a high reaction 

rate and the evolution of pure hydrogen gas. As it consumes base, the process is not sustainable. 

 CH3OH + H2O + KOH → 3 H2 + KHCO3 (1) 

 CH3OH + H2O → 3 H2 + CO2 (2) 

After the initiation phase, the working phase starts. As there is no more strong base being 

consumed, a stable pH is reached and a mixture of H2 and CO2 is produced (equation 2). 

Consequently, a stable reaction with lower activity, than in the working phase is reached 

(Figure 15). 

Figure 15. Exemplary ruthenium catalyzed methanol APR showing different reaction phases. Scheme adapted 

from ref52. 

As low base concentrations are beneficial for quickly reaching the working phase, the addition 

of a high boiling solvent is necessary to reach high reaction temperatures. Therefore, the 

reaction conditions developed by Beller and co-workers in 2019 were chosen for further 

evaluation as a potential standard among all other base-mediated literature examples.51 

Having defined standardized reaction conditions, their suitability was first investigated using 

different ruthenium pincer complexes (Table 7). To validate our results, two literature known 

complexes were investigated first. Indeed, with a working phase TOF of 143 h-1 for 3 and 

168 h-1 for 4, comparable results to literature were obtained (Table 7, entries 1 and 2).51 It is 
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worth noting, that an increase in CO impurities was observed (53 and 19 ppm, respectively). 

Similarly, with most other catalysts, a CO content between 10 and 90 ppm was detected.  

Table 7.  Ruthenium catalyzed methanol APR utilizing basic reaction conditions.a) Table adapted from ref52. 

Entry Catalyst 
Initiation 

time [h] 

Initiation phase 

TOF [h-1] 

Working phase 

TOF [h-1] 

Gas evolution 

rate [mL/h] 

CO content 

[ppm] 

1 3 1.8 917 144 42 57 

2 4 3.0 547 168 48 24 

3 8 + 9b) 3.5 519 153 43 50 

4 19b) 4 dc) 16 – – 65 

5 16 2.7 597 153 44 58 

6 20 5.0 339 122 33 <10 

7 6 18 h 84 0 0 563 

8 2mb) 8 d 9 2 0.43 86 

9 2db) 31 dc) 5 – – 31 

10 21 30 dc) 4 – – 578 

Reaction conditions: a) MeOH (9.00 mL), H2O (1.00 mL), triglyme (20.0 mL), KOH (10.0 mmol), catalyst (8.32 

to 8.99 µmol), Tset = 92.5 °C. TOF was calculated as an average over the whole initiation or 

working phase. Gas evolution rate was calculated as an average over the whole working 

phase. Working phase started after 340 mL gas evolution. b) For these complexes, methanol 

APR was not extensively demonstrated prior to this work.  c) Estimated initiation time. 

As evident from these reproduction experiments, nitrogen substitution can have a significant 

effect on activity. Therefore, other substituents were investigated. Starting with the PNPC-

pincer complexes 8 + 9, similar activity to complex 4 was observed (working phase TOF: 

153 h-1, Table 7, entry 3). The same trend could be observed for formic acid dehydrogenation 

(see chapter 3.2.2). When switching to a phenyl substituent (complex 19), low catalytic activity 

was observed during initiation phase (TOF: 16 h-1) even though the catalyst is known to be 

highly active in formic acid dehydrogenation (Table 7, entry 4).160 Due to the long estimated 

initiation time, no working phase was recorded. 
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Next, a commonly used pincer complex, namely Ru-MACHO 16, was investigated (Table 7, 

entry 5). With a high working phase activity of 597 h-1 it is among the most active catalysts for 

methanol APR. Based on these promising results from complexes 3, 4, 8 + 9, and 16, next 

variations in the ligand backbone were investigated. With a pyridyl group in the backbone 

(complex 20), an increase in initiation time to 5 h was observed (Table 7, entry 6). Catalytic 

activity during working phase was at 122 h-1. When additionally introducing aminophosphine 

moieties to the ligand (complex 6), initiation time further increased to 18 h (Table 7, entry 7). 

However, all activity was lost in the working phase. Furthermore, it is worth noting, that CO 

impurities increased over the course of the reaction (10 ppm at 6 h to 563 ppm at 7 d). This 

increase corresponds to the loss of the CO ligand from the catalyst, rendering it inactive. Newly 

introduced guanamine based pincer complexes 2m and 2d (see chapter 3.1) showed long 

initiation time (8 d and 31 d, respectively, Table 7, entries 8 and 9). 2m further showed low 

activity during working phase (TOF: 2 h-1). Lastly, an acridine based pincer complex 21, 

recently employed by Milstein and co-workers in methanol APR, was investigated.57 In their 

case reaction was carried out at 150 °C with thiol additives. However, at 90 °C catalytic activity 

remained low (initiation phase TOF: 4 h-1), rendering the observation of the working phase 

impossible (Table 7, entry 10). In addition, with 578 ppm, high CO impurities were detected. 

Table 8.  Metal catalyzed methanol APR utilizing basic reaction conditions.a) Table adapted from ref52. 

Entry Catalyst 
Initiation 

time [h] 

Initiation phase 

TOF [h-1] 

Working phase 

TOF [h-1] 

Gas evolution 

rate [mL/h] 

CO content 

[ppm] 

1 22 – – – – – 

2 23b) – – – – – 

3 24-BH 8.7 h 183 44 12 48 

4 25b) 17 hc) 92 – – 112 

5 26d) 5.4 d 17 3 0.75 60 

Reaction conditions: a) MeOH (9.00 mL), H2O (1.00 mL), triglyme (20.0 mL), KOH (10.0 mmol), catalyst (8.41 

to 8.99 µmol), Tset = 92.5 °C, 6 h. TOF was calculated as an average over the whole initiation 

or working phase. Gas evolution rate was calculated as an average over the whole working 

phase. Working phase started after 340 mL gas evolution. b) For these complexes, methanol 

APR was not investigated prior to this work. c) Estimated initiation time. d) Working phase 

started after 450 mL gas evolution. 

As highlighted in chapter 1.2.1 other metal complexes showed promising results in methanol 

APR. Therefore, iridium, manganese, and iron pincer complexes were further investigated 

under the proposed standardized reaction conditions (Table 8). First, manganese pincer 
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complexes 22 and 23 were examined (Table 8, entries 1 and 2). Despite being successfully 

applied previously,62 they proved to be inactive under these reaction conditions. Iron pincer 

complex 24-BH yielded better results (Table 8, entry 3). During the initiation phase a TOF of 

183 h-1 was reached. Compared to previous results with similar employed base concentrations, 

this marks a significant improvement (0.5 M KOH, TOF: 10.3 h-1).63 Due to this enhancement, 

it was possible to record the working phase for the first time in base mediated iron catalyzed 

methanol APR with a TOF of 44 h-1. Besides this iron complex, its N-methylated variation 25 

was investigated, as it is known to be active in formic acid dehydrogenation161 despite iron 

pincer complexes typically following an outer sphere reaction mechanism (Table 8, entry 4).64, 

154, 162-165 In this case, initiation phase activity was recorded (TOF: 92 h-1). However, it remained 

lower by about 50% than for complex 24-BH.  

Besides these iron and manganese complexes, iridium pincer 26 was examined under the 

proposed standardized conditions (Table 8, entry 5). In the initiation phase, a strong increase in 

activity was observed. However, this phase of high activity was not stable and reaction rate 

slowly decreased. Iridium catalysts are known for their pH-sensitivity. As the pH-value is 

changing throughout the initiation phase, this “high activity phase” can be attributed to the pH-

value where catalyst 26 works optimally. As one of the main criteria for the working phase is a 

high stability, the start of the working phase was chosen to be after the production of 450 mL 

of gas. Within this phase 26 was active with a TOF of 3 h-1. Furthermore, due to the formation 

of CO impurities (60 ppm), the formation of the inactive iridium carbonyl complex is likely.60 

 

3.3.3 Lewis acidic additives 

Having investigated the first proposed standard reaction conditions, we switched our focus to 

the second set of reaction conditions using Lewis acidic co-catalysts. Bernskoetter, Hazari, 

Holthausen, and co-workers established the following reaction conditions in their work about 

the iron-catalyzed methanol APR:64 

MeOH (160 µL), H2O (18 µL), EtOAc (10 mL), LiBF4 (0.1 mmol), catalyst (0.01 mol%, 

0.1 µmol), Tset = 80 °C. 

Utilizing these optimized reaction conditions, they achieved a high TON of 51,000 with iron 

PNP-pincer complex 24-FA (Table 9, entry 1). Switching to the related complex 24-BH, no gas 

evolution was observed after 18 h (Table 9, entry 2). Furthermore, activating the complex with 

base prior to the reaction led to no improvement (Table 9, entry 3). Therefore, reaction 

conditions were altered stepwise towards the basic reaction conditions described in the previous 

chapter (Table 9, entries 4-6). During these reactions, gas evolution cold only be observed in 

presence of base. The same result was obtained for ruthenium and iridium complexes 3 and 26 

(Table 9, entries 7 to 14). They also proved to be inactive when only Lewis acidic additives 

were employed and showed activity as soon as base was introduced to the reaction system. 
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Notably, in all cases productivity was higher when only base and no Lewis acid were employed 

(280 mL to 304 mL for iron, 429 mL to 523 mL for ruthenium and 43 mL to 82 mL for iridium). 

Kirchner, Gonsalvi, and co-workers observed the same result with Lewis acidic additives.110 

Table 9.  Investigation of Lewis acidic additives.a) Table adapted from ref52. 

Entry Catalyst 
Catalyst amount 

[µmol] 
Solvent Additives 

Gas evolution 

[mL] 

164 24-FA 0.10 EtOAc 10 mol% LiBF4 98b) 

2 24-BH 0.10 EtOAc 10 mol% LiBF4 0 

3 24-BH 0.10 EtOAc 
10 mol% LiBF4 

0.1 mol% KOH 
0 

4 24-BH 8.39 to 8.49 Triglyme 10 mol% LiBF4 0 

5 24-BH 8.44 to 8.74 Triglyme 
10 mol% LiBF4, 

18 mol% KOH 
280 

6 24-BH 8.52 to 8.74 Triglyme 18 mol% KOH 304 

7 3 0.10 EtOAc 10 mol% LiBF4 0 

8 3 8.49 to 8.66 Triglyme 10 mol% LiBF4 0 

9 3 8.60 to 8.71 Triglyme 
10 mol% LiBF4, 

18 mol% KOH 
429 

10 3 8.85 to 8.90 Triglyme 18 mol% KOH 523 

11 26 0.10 EtOAc 10 mol% LiBF4 0 

12c) 26 4.25 to 4.47 Triglyme 10 mol% LiBF4 0 

13c) 26 4.26 Triglyme 
10 mol% LiBF4, 

18 mol% KOH 
43 

14c), 60 26 4.18 Triglyme 18 mol% KOH 82 

Reaction conditions: a) Reaction conditions with EtOAc as solvent: MeOH (160 µL), H2O (18 µL), EtOAc 

(10.0 mL), LiBF4 (10 mol%, 0.1 mmol), catalyst (0.01 mol%), Tset = 80 °C. The gas evolution 

after 18 h is recorded. Reaction conditions with triglyme as solvent: MeOH (9.00 mL), H2O 

(1.00 mL), triglyme (20.0 mL), KOH (18 mol%, 10 mmol), LiBF4 (10 mol%, 5.55 mmol), 

catalyst (8.39 to 8.90 µmol), Tset = 92.5 °C. The gas evolution after 6 h is recorded. Reactions 

without base were performed with the activated catalysts [Ru(PNHPiPr)(CO)(H)2] and 

[Ir(PNHPiPr)(H)3]. b) The gas evolution after 52 h is recorded. c) Reaction conditions: MeOH 

(9.00 mL), H2O (1.00 mL), KOH (5.00 mmol), LiBF4 (5.00 mmol), catalyst (4.18 to 4.47 

µmol), Tset = 94 °C. The gas evolution after 3 h is recorded. 
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To summarize, experimental results indicate a detrimental effect of Lewis acids on the catalytic 

activity in most cases. Therefore, low general applicability and poor suitability of the Lewis 

acidic reaction conditions can be determined. 

 

3.3.4 Economic considerations 

Having established and evaluated reaction conditions suitable for potential industrial 

applications, the viability of the best catalytic systems is economically examined. Currently, 

fossil fuel-based hydrogen gas is priced around 2 $/kg. For the competitive production of 

hydrogen gas from methanol, a catalyst cost of 5% of the product price is assumed, a value 

typically found in industrial applications. Accordingly, a catalyst must be priced at less than 2.0 

∙ 10-4 $/molH2 produced. With this figure, the target productivity (TON) in dependence of the 

catalyst price can be calculated (Figure 16).  

Figure 16. Catalyst productivity (TON) in dependence of its cost for methanol APR (blue). The red dot marks 

cost and TON for the commercially available so far best catalyst 3 under basic reaction conditions. 

For a catalyst to be commercially viable, it has to be above the blue line. Figure adapted from ref52. 

Examining the best commercially available catalyst 3 (priced at 405 $/g or 190,000 $/mol), a 

TON of 109 must be reached, for commercial viability. Considering the current activity, a 

lifetime of 750 years would need to be reached! As such timeframes are unrealistic, catalysts 

would need to be improved by at least three orders of magnitude in terms of activity and/or 

cost. To achieve such increases, completely new catalysts need to be developed whilst keeping 

these realistic requirements in mind. Furthermore, it is important to consider the cost of both 

metal and ligand, as they are for complexes like 3 nearly equally high. Therefore, switching 

from ruthenium PNP to iron PNP complexes does not significantly reduce catalyst costs. 
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4 CONCLUSION AND OUTLOOK 

To summarize, multiple new ruthenium pincer complexes were synthesized and fully 

characterized by NMR spectroscopy and SC-XRD. More specifically, guanamine-based pincer 

complexes were synthesized. Interestingly, a monomeric 2m and dimeric species 2d were 

formed. It was only possible to convert 2d into 2m under harsh conditions. Thus, a good 

stability can be assumed during catalysis. Both complexes were examined in six different test 

reactions: the dehydrogenation of formic acid, hydrogenation of CO2, and the reduction of four 

organic unsaturated compounds. In general, good to excellent yields and activities were 

obtained in all reactions with 2m typically slightly outperforming 2d. Notably, 2m even 

outperformed established pincer complexes in the dehydrogenation of formic acid.  

Besides these guanamine-based pincer complexes, a new subclass of pincer complexes, namely 

PNPC-pincer complexes, was introduced. They are characterized by the coordination of two 

phosphorous, one nitrogen and one carbon atom of the pincer ligand to the metal center. The 

catalytic activity of these complexes was investigated in base the free formic acid 

dehydrogenation and in the transfer (de)hydrogenation of organic molecules. Within these 

reactions, similar catalytic activity to state-of-the-art pincer complexes was observed. 

Mechanistic investigations revealed two competing reaction pathways. In the first, the Ru-C 

mechanism, the Ru-C bond is cleaved by a formal metathesis with the O-H bond of formic acid. 

In the second, the Ru-H mechanism, the Ru-C bond stays intact, and formic acid activation 

proceeds via an acid base reaction with the ruthenium hydride. Experimental results indicated 

the Ru-H mechanism to be dominant in the beginning of the reaction, while the Ru-C 

mechanism slowly takes over with ongoing reaction time. 

These newly synthesized and state-of-the-art complexes were further employed in methanol 

APR. For this purpose, two sets of standardized reaction conditions were proposed whilst 

keeping industrial application in mind. The first reaction conditions focus on base mediated 

methanol APR. The most active complexes under these reaction conditions are 3, 4, 8 + 9, 16, 

20, and 24-BH. The second standardized reaction conditions are based on Lewis acidic co-

catalysts. Here, a low general applicability to other complexes was observed, rendering these 

reaction conditions unsuitable as a standard. 

Lastly, evaluations of the economic viability of methanol APR revealed a striking need for new 

cheap and highly active catalysts, as state-of-the-art systems proved not to be economically 

viable. Within this work we demonstrated the synthesis of highly active catalysts. However, as 

they are based on expensive noble metals and ligands, their economic viability in methanol 

APR most likely remains low. Therefore, we would like to encourage all researchers working 

on this topic to specifically explore combinations of abundant metals and cheap ligands whilst 

keeping an economically viable process in mind. 
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6 APPENDIX 

6.1 Literature overview over methanol APR 

Table adapted from ref52. 

Author, year Catalyst Solvent Additives 
T in 

°C 

CO 

impurities 

TON; 

TOF 

Beller48 2013a) A – 8 M KOH 95 <10 ppm 
350,000; 

4,700 h-1 

Trincado, Grützmacher49 

2013b) 
B Toluene 10 mol% NEt3 90 

No detection 

limit 

540; 

54 h-1 

Milstein53 2014a) D Toluene 8.3 M KOH 100 
No detection 

limit 

2,900; 

50 h-1 

Beller50 2014b) E + F Triglyme – 93.5 <8 ppm 
4,200; 

94 h-1 

de Bruin, Reek55 2016a) H Dioxane 8 M KOH 82 
No detection 

limit 

– ; 

55 h-1 

Beller51 2019b) A + K Triglyme 0.33 M KOH 92.5 <10 ppm 
13,400; 

194 h-1 
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A Triglyme 0.33 M KOH 92.5 <10 ppm 
– ; 

142 h-1 

K Triglyme 0.33 M KOH 92.5 <10 ppm 
– ; 

168 h-1 

Milstein57 2021b) M – 
0,625 mM  

1–Hexanethiol 
150 20 ppm 

130,000; 

643 h-1 

Qin, Chung, Zheng58 2022a) N – 8 M KOH 97 <1 ppm 
11,400; 

158 h-1 

Qin, Zhu, Zheng56 2023a) O Triglyme 8 M KOH 120 <10 ppm 
12,600; 

158 h-1 

Kumar29 2023c) P – 1.5 eq. KOtBu 100 – 
81% 

yield 

Qin, Yu, Zheng54 2024c) Q – 8 M KOH 94 – 
14,500; 

89 h-1 

Beller63 2013a) C-BH 

– 8 M KOH 91 <10 ppm 
10,000; 

702 h-1 

– 4 M KOH 79 <10 ppm 
177; 

59 h-1 

– 0.5 M KOH 72 <10 ppm 
25; 

10.3 h-1 

Bernskoetter, Hazari, 

Holthausen64 2015b) 
C-FA EtOAc 10 mol% LiBF4 77 <0.1% 

51,000; 

542 h-1 

Beller62 2017a) J Triglyme 
8 M KOH, 10 eq. 

ligand 
92 Not reported 

20,000; 

14 h-1 

Fujita, Yamaguchi59 2015b) G – 0.44 M NaOH  65 Not reported 
10,500; 

70 h-1 

Beller60 2017b) I – 0,5 M KOH 70 Not reported 
1,400; 

326 h-1 

Zhou61 2020b) L – 1.58 mM Na2CO3 89 
No detection 

limit 

235 

491h-1 

a) Initiation phase TON/TOF. b) Working phase TON/TOF. c) No full dehydrogenation of methanol was 

performed. The reaction product was formic acid or potassium formate.  
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6.2.1 Synthesis of Guanamine-Based Ruthenium Pincer Complexes and 

Their Application in Catalytic (De)hydrogenation Reactions 
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https://pubs.acs.org/doi/10.1021/acs.organomet.3c00523.  

 

Author contributions: 

In this manuscript, I synthesized all ligands and complexes. Their analytical characterization 

was carried out together with A. S. I carried out all dehydrogenation reactions and investigations 

into the catalyst stability. The manuscript was prepared, edited and peer reviewed by all authors. 

My overall contribution to this work accounts to approximately 60%.  

 

 

 

 

 

 

 

 

Signature of the student Signature of the supervisor 

(Hendrik Kempf) (Prof. Matthias Beller) 

  



Appendix 49 



Appendix 50 



Appendix 51 



Appendix 52 



Appendix 53 



Appendix 54 



Appendix 55 



Appendix 56 

 

  



Appendix 57 

6.2.2 Synthesis of Ru-PNPC Pincer Complexes and Applications in 

Catalytic Hydrogenation and Dehydrogenation Reactions 

 

Hendrik A. Kempf, Germán López Robledo, Anke Spannenberg, Kathrin Junge, Haijun Jiao, 

Henrik Junge and Matthias Beller 

ChemCatChem 2024, e202401481 

DOI: 10.1002/cctc.202401481 

 

Copyright © 2024 The Authors. ChemCatChem published by Wiley-VCH GmbH. This 

publication is licensed under CC-BY 4.0 and can therefore be reprinted without further 

permission. The manuscript, supporting information and further licence information can be 

found under https://doi.org/10.1002/cctc.202401481.  

 

Author contributions: 

In this manuscript, I synthesized all ligands and complexes. Their analytical characterization 

was carried out by me, except for SC-XRD. I performed all dehydrogenation reactions, as well 

as experimental mechanistic investigations. The manuscript was prepared, edited and peer 

reviewed by all authors. My overall contribution to this work accounts to approximately 60%.  
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6.2.3 Comparison of Low Temperature Methanol Aqueous Phase 

Reforming Catalysts - Definition of Standardized Reaction 

Conditions and Considerations toward Applications 

 

Hendrik A. Kempf, Henrik Junge and Matthias Beller 

ACS Catal 2024, 14, 18116-18123 

DOI: 10.1021/acscatal.4c05489 
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