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Abstract

:

Our planet urgently needs sustainable solutions to alleviate the anthropogenic global warming and climate change. Homogeneous catalysis has the potential to play a fundamental role in this process, providing novel, efficient, and at the same time eco-friendly routes for both chemicals and energy production. In particular, pincer-type ligation shows promising properties in terms of long-term stability and selectivity, as well as allowing for mild reaction conditions and low catalyst loading. Indeed, pincer complexes have been applied to a plethora of sustainable chemical processes, such as hydrogen release, CO2 capture and conversion, N2 fixation, and biomass valorization for the synthesis of high-value chemicals and fuels. In this work, we show the main advances of the last five years in the use of pincer transition metal complexes in key catalytic processes aiming for a more sustainable chemical and energy production.
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1. Introduction


During the last 15 years, organometallic pincer-type complexes have emerged as a highly promising group of catalysts for numerous processes within sustainable chemistry. They have been applied in energy production through hydrogen generation, dehydrogenative synthesis of high-value chemicals, as well as CO2 and N2 hydrogenations for carbon dioxide capture and recycling and a more sustainable ammonia production, respectively. As such, the use of this family of homogeneous catalysts enhances the sustainability of an incredible number of chemical processes. High catalytic activity at mild reaction conditions, low catalyst loading, combined with high selectivity and excellent atom efficiency are the general main advantages. Notably, all these aspects are crucial when considering the sustainability of chemical processes, as dictated by the green chemistry guidelines [1]. Unfortunately, catalyst deactivation and/or degradation are usually the main drawbacks of homogeneous catalysis, otherwise excellent systems in terms of activity, selectivity, and reaction conditions. The currently employed heterogeneous alternatives are more robust and with an established know-how on the processes, but they usually require high temperatures and hence are high-energy demanding. Pincer-type ligations provides increased robustness because of the stabilization of the tridentate coordination, resulting in homogeneous catalytic systems with increased chemical and thermal stability [2,3,4].



The ligand design of pincer complexes offers numerous possibilities as well as potential catalytic applications [5,6]. For example, the pincer arm can bear an array of different heteroatoms and functionalities. In addition to affording chemical stability, the pincer ligand can take active part of the catalytic cycle by providing a suitable coordination site for the substrate, weakening selected bonds (H-X bonds), or accepting/donating electrons and protons. Moreover, the cooperation between the central metal atom and the ligand is tunable based on the desired steric/electronic environment and catalytic application.



After the first family of PCP complexes was synthetized by Shaw in 1976 [7], numerous research groups have applied this concept for almost all types of homogeneously catalyzed chemical reactions. A myriad of novel complexes with different pincer arms have been synthetized and characterized, including a vast family of carbene pincers [8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23], PNP [24,25,26,27,28,29], PNN [30,31], POP [32], PCP [33,34,35,36,37,38], SNS [39,40], NCN [41], NSiN [42], CNC [43], CNN [44], NNN [45], as well as sulfur- [46,47,48], silicon- [49,50], selenium- [51,52], and boron-functionalized [53,54] pincer ligands. Indeed, this topic represents one of the most attractive areas in homogeneous catalysis [55,56,57,58,59,60,61,62,63]. Many of the most promising results in sustainable transformations have been achieved with second and third-row transition metals, such as Ru [40,64,65,66,67,68,69,70,71,72], Os [73,74,75,76], Ir [77,78,79,80,81], Rh [82,83], and Pd [84,85,86,87,88,89]. Nevertheless, the current trend in the scientific community is to identify cheaper alternatives based on earth-abundant metals such as Fe [90,91,92,93,94,95,96], Mn [97,98,99,100], Ni [101,102,103,104,105], V [106,107,108], and Co [109,110,111,112,113,114]. In particular, iron and manganese PNP pincer complexes show optimal performance in many relevant sustainable transformations in the optic of the hydrogen economy. Several excellent reviews cover this relevant transition toward first-row metals for a more sustainable chemical production [115,116,117,118,119,120,121,122,123,124].



More recently, the incorporation of pincer complexes into porous materials acting as supports has been investigated using the supported (ionic) liquid phase catalysis (SILP or SLP) [125,126]. The idea is to combine the excellent activity of homogeneous systems with the robustness given by the heterogeneous nature of the support. Important examples using pincer-type homogeneous catalysts can be found in aldehyde hydrogenation using Fe(II)-PNP complexes [127,128], and continuous-flow alkane dehydrogenation [129].



Furthermore, several groups have been exploring the use of pincer complexes for a wide series chemical transformations, further expanding the applicability of this family of catalysts. Representative examples include olefination [130,131,132], hydroamination [133,134,135], hydrocarboxylation [136], hydrovinylation [137], aminomethylation [138], dehydrogenation of alkanes [139,140,141,142,143,144], alkane metathetis [145], N-formylation of amines [146,147], C-alkylation of secondary alcohols [148,149], α-alkylation of ketones [150,151], and alkylation of amines [152,153,154,155,156] and anilines [157].



The deoxydehydration (DODH) of biomass-derived vicinal diols and polyols has also been explored by employing metal pincer complexes. The reaction proceeds in the presence of a sacrificial reducing agent and results in the formation of alkenes, relevant building blocks for the polymer industry. Some examples using pincer ligation are reported with vanadium [106,107], rhenium [158], as well as molybdenum pincer catalysts [159]. The field is relatively immature and further optimization is necessary. A comprehensive overview of the best catalytic systems for DODH reactions, including the aforementioned pincer complexes, is provided in the detailed reviews of Fristrup [160] and Monbaliu [161].



Remarkably, there are several reports in literature using pincer-type metal complexes as suitable catalysts for water splitting reactions. The process is key for the development of the hydrogen economy that requires green and sustainable hydrogen produced via solar or wind energy. Many groups explored various combinations of metals and pincer ligation [14,162,163]; in particular, several works report the use of Milstein Ru-PNP catalyst 3 for this transformation [164,165,166,167,168,169].



The purpose of this review is to show the very recent advances in pincer-type catalysis for sustainable chemistry. Research in this area centers on achieving zero-CO2 emissions and sustainable, eco-friendly chemistry and energy production. Literature is already rich with numerous excellent works reviewing pincer complex chemistry as well as its applications in homogeneous catalysis for sustainable reactions [170,171,172,173,174,175]. As such, in this review we will confine ourselves to discuss the recent progress in the use of pincer complexes as catalysts for sustainable chemistry. Moreover, we will mainly cover work from the second half of the previous decade, i.e., 2015–2020. Dehydrogenation of bio-resourced substrates, hydrogenation of CO2 and N2, processes for the synthesis of high-value chemicals with lowered waste and enhanced atom efficiency, as well as hydrogen storage systems, are the main areas of interest of this review.




2. Dehydrogenation Reactions


Acceptorless alcohol dehydrogenation (AAD) by homogeneous catalysis represents a powerful and sustainable route for synthetic purposes as well as for energy production/storage [176,177]. Mild reaction conditions, high selectivity, and excellent atom efficiency are the main advantages of the process. The sustainability of homogeneous catalytic AAD relies on the absence of any Meerwein-Ponndorf-Verley type sacrificial reagents, which traditionally promote the Oppenauer oxidation of the alcoholic moiety in transfer hydrogenation reactions. In addition, even when molecules that are more complex are formed, valuable hydrogen is often the only byproduct, which can be directly used in-house to provide energy to the process, perfectly in line with the idea of new integrated bio-refineries. These facets render AAD dramatically more atom- and energy efficient, respectively, compared to conventional synthetic procedures.



In the optics of abandoning fossil feedstock, the dehydrogenation of biomass-derived molecules is one of the explored alternatives. Formic acid, ethanol, glycerol, and carbohydrates already represent an accessible, sustainable source for the production of chemicals and fuels by acceptorless dehydrogenation. Importantly, they are abundant and easily obtainable from biomasses. Hence, this field holds great potential, and the transformation of these substrates into high-value chemicals or direct hydrogen release by homogeneous pincer catalysis is promising.



Pincer-type complexes have been extensively applied for AAD reactions with a plethora of bio-substrates, ranging from ethanol [178,179,180,181] to lignocellulose [182], as described in Section 2.1. The applied transition metal complexes generally show good performance in terms of stability and activity, with the advantage of carrying out selective reactions at mild conditions and low catalyst loading. Often, the pincer ligand plays an active part of the catalytic cycle (metal–ligand cooperativity), which seemingly is determinant for the catalyst’s stability as well as reactivity. The mechanistic details of AAD are beyond the scope of this review and can be found elsewhere [183,184,185,186,187,188,189,190,191,192,193,194,195]. The topic is of great importance and a deeper understanding of the reaction mechanisms is still necessary [196,197]. Nevertheless, some representative examples of catalytic cycles involving pincer ligand participation are provided throughout the review.



2.1. Early Works


The first example of AAD by homogeneous catalysis dates back to 1960s with the work by Charman, using rhodium chloride as catalyst [198]. In the mid-1970s, Robinson described the ruthenium complex [Ru(OCOCF3)2(CO)(PPh3)2] in combination with trifluoroacetic acid for the dehydrogenation of isopropanol, 1-butanol, ethanol, methanol, and glycerol [199,200,201,202]. Several improvements were achieved in the subsequent 20 years, using various type of homogeneous systems in combinations with a range of additives, including light irradiation.



In 2004, Milstein presented the first example of metal–ligand cooperating pincer ligands in AAD for synthetic purposes [203,204]. In a series of ruthenium(II)-based complexes, the PNP pincer bearing a pyridine moiety and various phosphine substituted side arms was found to be very active for the dehydrogenation of simple secondary alcohols. Some examples of the first generations of Milstein’s catalysts can be found in Scheme 1a. In most cases, there is a direct participation of the pincer ligands in the catalytic cycle. The pyridine moiety rearranges by aromatization-dearomatization [64,177,205,206,207,208,209], facilitating the coordination of the alcoholic substrate and the subsequent hydrogen release from the dihydride species, as depicted in the catalytic cycle in Scheme 1b. The involvement of the pincer moiety in the catalytic cycle has been investigated by many groups [210,211,212,213,214,215]. In 2015, Li reported computational mechanistic studies on several reactions using the Milstein PNP and PNN catalysts [216]. The authors recalculated rate-determining steps and investigated the aromatization-dearomatization equilibria. It was found that aromatic PNP and PNN ligands often provide the lowest activation energy for some steps, whereas for other steps, the aromatization–dearomatization process was not involved in the lowest energy pathway. Very recently, Gusev investigated the mechanism of AAD of alcohols, as well as ester hydrogenation, using catalyst 4, and identified the dihydrido complex 4-H (Scheme 1b) as the active species for both dehydrogenation and hydrogenation reactions [217].



Simultaneously, the Beller group started exploring the in situ influence of various phosphines and nitrogen containing ligands mixed with ruthenium catalyst precursors for the dehydrogenation of isopropanol [218]. For the first time, they demonstrated the possibility to generate hydrogen from this substrate at temperatures below 100 °C. A dramatic increase in activity was observed with addition of multidentate N-ligands, with particularly TMEDA being the most prominent promoter for catalytic activity. Remarkably, the catalyst was active over a period of up to 11 days. The authors applied the same system for ethanol dehydrogenation but no significant H2 formation was detected.



In a following work from 2011, Beller tested both known catalyst as well as the in situ formation of active species using combinations of Ru-precursors and N-containing pincer ligands. They showed that the ruthenium complex [RuH2(CO)(PPh3)3], in the presence of the iPrPNP ligand C shown in Scheme 2, was able to efficiently dehydrogenate isopropanol without the need of any additive [219].



The system showed in Scheme 2 represents the current state-of-the-art of homogeneous isopropanol acceptorless dehydrogenation. The reaction was performed for the first time at mild conditions (90 °C, refluxing isopropanol) and importantly, without additives. The in situ formed active catalyst 10-H (Scheme 3) resulted in a turnover frequency higher than 8000 h−1 using 4 ppm of catalyst.



Almost simultaneously, Gusev presented a range of ruthenium and osmium PNP and POP pincer catalysts for the transformation of alcohols into ketones, widening the applicability of metals to osmium for this type of transformation [73]. The iPrPNP-Ru-H2 active dihydrido catalyst 10-H formed in situ in the work of Beller, was synthetized and characterized starting from the chlorido precursor 10 (Scheme 3). NMR analysis revealed the equilibrium between the dihydrido species and the model substrate isopropanol, and isopropoxo complex 10b was isolated. Importantly, while the Os-POP catalysts 11 and 11-H (Figure 1) did not show significant catalytic activity, the Os-PNP complexes 12 and 12-H demonstrated good air, moisture, and thermal stability, together with outstanding versatility for dehydrogenation of primary alcohols for reactions of transfer hydrogenation, dehydrogenative coupling, and amine alkylation.



In 2013, Beller showed the efficient conversion of ethanol into ethyl acetate using Ru-MACHO, reported in 2012 to efficiently catalyze ester hydrogenation [220]. The reactions were performed at refluxing conditions and in the presence of NaOEt, necessary for the catalyst activation through Cl− elimination (Scheme 4) [180]. Furthermore, it was speculated whether the ethoxide plays an active role in driving the reaction further from the acetaldehyde intermediate to the ethyl acetate product. Under optimized conditions, the reaction afforded 77% yield in ethyl acetate (TON = 15,400) using 50 ppm of Ru-MACHO, 0.6% mol of NaOEt, at 90 °C, after 46 h. Curiously, in the screening of catalysts, the Ir-PNP catalyst (8 in Scheme 2) synthetized by Abdur-Rashid [79], as well as the Milstein PNP catalyst 4 [204], were found to be practically inactive for this transformation under the given reaction conditions.



The same year, Gusev reported the same transformation catalyzed by the Ru-PNN complex 13 in Figure 1. By applying 50 ppm of 13 in a refluxing solution of EtOH/NaOEt (1 mol%), it was possible to achieve 85% conversion after 40 h [179]. Also the same year, Gusev presented the osmium dimer 14 (Figure 1) as well [178]. This PNN osmium congener to the ruthenium complex 13 is particularly active in ethanol dehydrogenation into ethyl acetate. As such, the system affords 96% conversion of neat ethanol into ethyl acetate and 2 equivalents of hydrogen after 8 h at 78 °C, with toluene as solvent, 0.5 mol% of KtBuO, and a molar ratio of substrate to metal equal to 1000.



In 2014, Beller showed that it is feasible to generate hydrogen from ethanol/water mixtures as well as from industrial bio-ethanol obtained from fermentation processes, without prior removal of the water content (5%) [181]. Catalyst 10 was active using various water contents (EtOH/H2O [v/v] 9:1, 7.5:2.5, 5:5), producing only trace amounts of CO2 and CO (<10 ppm), of key importance for the direct use of hydrogen in fuel cells. Under optimized conditions, using 25 ppm of catalyst 10 (Scheme 3) and 8 M NaOH, the reaction resulted in TOF of 1707 h−1 and 1613 h−1 after 1 and 3 h, respectively. A long-term experiment was also carried out, affording 70% yield after 98 h at 88 °C, resulting in a TON as high as 80,000 and 7.8 L of hydrogen gas produced. Remarkably, the system showed comparable activity to the aqueous ethanol solution also when applying real fermented bio-ethanol (TOF = 1770 h−1 and 1686 h−1 after 1 and 3 h, respectively).



Since their seminal work, the Milstein group has continued exploring novel pincer complexes leading to a series of novel synthetic applications using the AAD methodology [205]. As previously mentioned, the sustainability effect of carrying out dehydrogenation reactions by AAD relies not only on the concomitant production of H2, but also on the absence of waste, and hence an excellent atom efficiency. The field is extensively growing, and pincer complexes are contributing to the main advances. Several groups have explored new routes for the syntheses of numerous new product types by means of AAD reactions. For example, starting from alcohols and amines, it is now possible to selectively obtain amides [221,222,223,224,225], imines [226,227,228], imides [229], polyamides [230], pyrroles [231,232,233,234,235], pyridines [236], pyrazines [237,238,239], pyrimidines [240], hydrazones [241], quinolines [242], or aldimines [243,244]. AAD of alcohols also provide access to clean, efficient routes to carboxylic acids [245,246,247,248], ketones or aldehydes [249,250,251], esters [252,253,254,255,256], acetals [257], alkenes [258], as well as lactones [259,260,261].



In most of the cited works, homogeneous pincer-type catalysis often provides milder reaction conditions, as well as enhanced atom efficiency compared to the classical synthetic routes. In addition, several of the cited works employ first-row metal complexes, further increasing the sustainability of the processes. The electronic configuration of the metal center, the design of the pincer ligand, together with specific reaction conditions favors the desired reaction mechanism leading to certain products. These possibilities demonstrate the synthetic versatility of AAD and the very high flexibility, selectivity, and activity of pincer catalysts. These complexes might even be considered a privileged family of catalysts [262,263,264,265,266].




2.2. Dehydrogenation Reactions for a Hydrogen Economy


There are many alternatives for continuous hydrogen release from liquid organic hydrogen carriers (LOHCs), such as methanol, formic acid, up to bigger aromatic molecules, and carbohydrates. The topic has been widely reviewed, offering comparison with established energy systems, applicability, and potential impact of LOHCs for the future of energy [267,268,269,270,271,272,273,274,275,276,277,278,279,280,281,282,283,284,285,286,287,288]. The H2 content stored in each of these molecules varies (Table 1), as well as the catalytic pathway involved in their dehydrogenation. In most cases, several reaction mechanisms are competing, each of them releasing different equivalents of hydrogen gas. Together with CO2 hydrogenation, this topic currently represents one of the more intense research areas within sustainable catalysis.



The dehydrogenation of alcohols in a hydrogen economy perspective has been well-reviewed in the last 10 years by many authors, providing a comprehensive overview of the many possibilities offered by homogeneous catalysis, including pincer-type catalysis [289,290,291,292,293]. The release of hydrogen from LOHCs has been proposed and achieved using different approaches, with either methanol, formic acid, or formaldehyde/water as hydrogen storage systems [294,295,296,297,298]. Methanol and formic acid represent nowadays the most studied technologies for efficient hydrogen release at low temperatures (vide infra), hence being promising candidates for acting as LOHCs in the transportation sector, where lower temperatures are required [299,300,301,302,303,304,305]. Hydrogen release from methanol, as well as from formic acid, should be envisioned as part of a wider concept including CO2 capture and recycling [306,307]. Green hydrogen produced via water electrolysis using e.g., wind- or solar energy can sustain the inverse process of CO2 hydrogenation to methanol, formic acid, or any favorable LOHC, closing an ideal CO2-free energy production cycle [308,309,310,311,312,313,314].



Polyols such as glycerol or carbohydrates might be considered as direct biomass-to-hydrogen suppliers, but their more complicated dehydrogenation pathways as well as lower hydrogen content currently render them unfavorable as hydrogen sources. In this light, Beller screened in 2015 a series of PNHP-Ru and -Ir complexes (Ru-MACHO, Ru-MACHO-BH, 5, 8, 10) for hydrogen production from several bio-substrates obtained from biomass [182]. Hydrogen evolution was observed from cellulose, fructose, glucose, lignocellulose, as well as from (used) cigarette filters (cellulose acetate). After optimization, it was possible to release hydrogen at temperatures at 120 °C using ppm amounts of catalyst 8 and stoichiometric amounts of NaOH in a one-pot protocol (Scheme 5). A remarkable TON of about 6000 after 3 h was obtained using 20 ppm of complex 8 in the conversion of cellulose resulting in a 1.00:1.09 mixture of H2/CO2.



The same group also proposed a Ru-catalyzed hydrogen production from glycerol accompanied by the selective synthesis of sodium lactate, the monomer for the synthesis of polylactic acid (Scheme 6) [315]. The screening involved the same family of catalysts used in the above-mentioned work. Using only 2.5 ppm of Ru-MACHO and 1.08 eq. of KOH (7.3 M), it was possible to obtain full conversion and 67% yield of sodium lactate.



Contemporarily, Hazari and Crabtree showed the same transformation applying the family of iron-PNP complexes showed in Scheme 7 [316]. The formate complex 16 showed the highest activity with 24% conversion and 81% selectivity toward sodium lactate. In addition, the authors proposed a transfer hydrogenation of acetophenone to 1-phenylethanol using complex 15. The yield increase with the amount of KOH vs. substrate, with a maximum of 90% yield after 20 h using 2.5 mol% of 15 and 10 eq. KOH/substrate in N-methyl-2-pyrrolidinone. As described later, both complexes 15 and 16 are efficient catalysts for methanol and formic acid dehydrogenations as well. Catalyst 17a, which is obtained after basic treatment of 15, was shown to be active in the dehydrogenation of primary alcohols such as 1-butanol to the corresponding esters [317], as well as highly selective urea synthesis by dehydrogenative coupling of methanol and amines, as reported by Hazari and Bernskoetter in 2018 [318].



Recently, Milstein proposed a reversible and efficient liquid-organic hydrogen carrier using ethylene glycol (EG) [319]. The authors screened various Ru-PNP catalysts bearing different substituents in the N and P arms (Scheme 8). After optimization, catalyst 23a reached 97% conversion and 64% yield of H2. In addition, it was possible to hydrogenate the reaction mixture using the same catalyst and same reaction conditions, resulting in full conversion to ethylene glycol.



2.2.1. Methanol Dehydrogenation


The homogeneous dehydrogenation of methanol to H2 and CO2 in the optic of a methanol-based economy has been intensively studied over the past decade. The topic has been reviewed by Alberico and Nielsen in 2015 [320], by Prakash in 2018 [321], and very recently by Araya, Liso, Cui, and Knudsen Kær [322]. Importantly, methanol is currently produced from fossil fuels through syngas, hence a sustainable production from biomass or/and atmospheric CO2 is highly desirable (see Section 3.1.2). The aqueous reforming of methanol involves three consecutive steps yielding three molecule of hydrogen for each molecule of methanol (Scheme 9). The first step is the dehydrogenation of methanol to afford formaldehyde and the first equivalent of hydrogen. Then, formaldehyde reacts with water to form methanediol that can undergo a second dehydrogenation resulting in formic acid. The latter is further dehydrogenated to finally produce CO2 and the third molecule of hydrogen.



The reforming of methanol to produce hydrogen is currently carried out at elevated temperatures (>200 °C) and pressures (>25 bar) by means of heterogeneous catalysts such as Pt/ Al2O3, as well as the less expensive Cu/ZnO/Al2O3 [323,324,325,326,327,328]. As discussed below, pincer complexes allow the direct release of hydrogen gas from aqueous methanol at temperatures below 100 °C, with low catalyst loadings as well as promising stability properties.



In 2013, Beller showed that the two catalysts 10 and Ru-MACHO are able to efficiently dehydrogenate methanol in a one-pot synthesis toward CO2 (Scheme 10) [329]. The authors investigated the performance of the known Ru-PNP systems under different natures of the base, its concentration, the water content, and the reaction temperature. After optimization of the amount of base (8.0 M KOH), catalyst 10 showed the best performance affording a TOF = 2,668 h−1 in a 9:1 MeOH:H2O mixture, and a TOF of 4719 h−1 in neat CH3OH, at 91 °C and with 1.6 ppm catalyst loading. The system showed a turnover number of 350,000 after 23 days of continuous reaction. Merely <10 ppm of CO and CH4 were detected. Because of the highly alkaline nature of the reaction mixture, most of the CO2 initially produced is trapped as carbonate; hence, the authors performed an experiment with low base loading (0.1 M of NaOH in a 4:1MeOH/H2O). Indeed, CO2 was eventually released instead of being trapped, and the expected 3:1 H2/CO2 gas composition was observed, indicating a direct correlation between solution pH and the observed gas composition. The authors also proposed a catalytic cycle based on the observed species using in situ NMR experiments; all the catalytic steps were believed to follow a conventional outer-sphere mechanism.



Later, Grützmacher and Trincado reported the homogeneous transition metal complex [K(dme)2][Ru(H)(trop2dad)] for clean hydrogen release from methanol–water mixtures. Total of 0.5 mol% of the ruthenium catalyst at 90 °C achieved up to 80% methanol conversion [330]. In 2015, Yamaguchi demonstrated the low temperature (<100 °C) hydrogen release from methanol-water using an anionic iridium complex bearing a functional bipyridonate ligand [331].



Beller showed that also the iron-iPrPNP complex 15 is able to perform the same transformation in the presence of base [332]. Catalyst 15 dehydrogenated aqueous methanol (9:1 CH3OH/H2O) at 91 °C with turnover frequencies of 702 h−1 after 1 h (Scheme 11). CO levels < 10 ppm were detected. Lowering the catalyst loading from 4.2 μmol to 1 μmol resulted in a of TOF = 617 h1 and TON = 10,000 after 46 h. Remarkably, the system was active in neat methanol, as well as without addition of base, although the best performance was obtained in the presence of 8M KOH.



A year later, Milstein applied the Ru-PNN complex 24, known to be active in the AAD of alcohols to carboxylic acid salts and H2, for aqueous methanol dehydrogenation as well [333]. Catalyst 24 (Scheme 12) showed promising activity and could be effectively recycled, remaining stable for 1 month and reaching TON values of 29,000. 0.025 mol% of 24 produced an overall H2 yield of 80% starting from a 1:1 CH3OH/H2O mixture, in the presence of 2 equivalents KOH at 100 °C in toluene. Higher water loadings were detrimental for catalytic activity since the formation of a hydroxo complex inhibits the coordination of formic acid in the last reaction step. In order to gain insights on the reaction mechanism, the authors also performed experiments on formic acid dehydrogenation, accompanied by the isolation and characterization of the formic acid adduct by NMR and X-ray crystallography. When ∼2 equivalents of NEt3 were used in the absence of water, 0.09 mol% of catalyst 24 dehydrogenated formic acid with 98% yield of hydrogen at room temperature after 24 h.



In 2014, Beller proposed a base-free, bi-catalytic system formed by Ru-MACHO-BH and Ru(H2)(dppe)2 (dppe = 1,2-bis(diphenylphosphino)ethane) as shown in Scheme 13a [334]. The former catalyst is similar to Ru-MACHO but, importantly, can be activated by heat instead of by base within the reaction temperature window employed here. The authors screened several co-catalysts in order to improve the step of formic acid dehydrogenation. After optimization, Ru(H2)(dppe)2 was found to be the optimal option. The authors proposed a synergetic interaction between the two catalysts; indeed, the volume of gas produced by the bi-catalytic system was much bigger than the gas evolution observed with the single catalysts separately, which showed very little gas evolution. The optimized system gave a turnover number >4200 with very low catalyst loading (5 μmol of each catalyst) and only traces of CO impurity (<8 ppm), yielding 26% of hydrogen (based on water).



In 2015, Bernskoetter, Hazari, and Holthausen showed that not only strong basic conditions, but also Lewis acid additives enhance the performance of PNP-based complexes [336]. In this work, the authors screened the same family of catalysts showed in Scheme 7. Using 0.006 mol%, or 60 ppm, of the iron complex 16 in the presence of 10 mol% LiBF4 in refluxing ethyl acetate, it was possible to convert a 4:1 methanol/water mixture to 3:1 H2 and CO2 in 50% yield after 94 h. Increasing the catalyst loading to 0.01 mol% led to full conversion in 52 h. The system produced a turnover number of 51,000, the highest reported for earth-abundant metals (Scheme 14). The work also provides DFT calculations to explain the role of the Lewis acid additive, suggesting that the competitive lithium coordination promotes the rate of formate abstraction, thus resulting in a higher proportion of the catalytically active amido complex.



In 2016, Beller investigated the mechanism of aqueous methanol dehydrogenation using the state-of-the-art catalyst under highly alkaline conditions, complex 10, and compared with its N-Me congener 10-Me. The proposed catalytic cycle depicted in Scheme 15 was obtained combining experiments, isolation of key intermediates, NMR characterization, single crystal X-ray crystallography, and DFT calculations [337]. Contrarily to the previously invoked outer sphere mechanisms, the authors proposed an inner sphere pathway for the C-H cleavage step, promoted by base. The required amount of base is essential to increase the reaction rate; the authors noted an increase in the ratio of 10″/10′, indicating the “inner-sphere” C–H cleavage, via C–H coordination of the methoxide to the ruthenium center. The lower, but comparable, catalytic activity of 10-Me with its PNHP counterpart provides further experimental evidence to the role of the N-H moiety in PNP-catalyzed dehydrogenation reactions [193,338,339,340].



The same group carried out mechanistic studies on aqueous methanol dehydrogenation using well-defined manganese and rhenium catalysts, under both base-free as well as strongly basic conditions [341]. Fu used DFT calculations to propose a self-catalytic role of methanol in ruthenium PNP-catalyzed dehydrogenation [342]. Several authors have studied the process in depth, using inter alia, DFT calculations, NMR spectroscopy, or Raman-GC techniques [343,344,345].



In 2017, Beller proposed the structurally defined manganese complex 25 as an active catalyst for aqueous methanol dehydrogenation (Scheme 16) [346]. The optimized conditions resulted in 20,000 turnovers after 900 h at 92 °C, starting from a 9:1 CH3OH/H2O mixture in triglyme, with 8M KOH, and in the presence of 10 equivalents of the PNP ligand to the catalyst (2.1 μmol). Moreover, other organic carriers such as ethanol, paraformaldehyde, and formic acid were successfully dehydrogenated as well. Unlike the previous work by Bernskoetter, Hazari, and Holthausen [336], the presence of Lewis acid additives resulted in no observable improved catalytic activity.



The same group showed that, similar to the PNP complexes of ruthenium, iron, and manganese, also the iridium-PNP catalyst 8 is able to promote methanol dehydrogenation under mild conditions albeit with lower catalytic activity [347]. Complex 8 afforded a TON of 1900 after 60 h at 92 °C, showing promising stability over time. In this case too, highly basic conditions were required (8M KOH) for consistent catalytic activity starting from a 9:1 mixture of CH3OH/H2O.



In 2019, Beller improved the performance of Ru-PNP catalysts for methanol dehydrogenation using another bi-catalytic system formed by the catalysts 10/10-Me (Scheme 13b) [335]. Based on observations on the formic acid dehydrogenation step [348], the addition of catalyst 10-Me promotes the rate of hydrogen release from formic acid in the last step. The combination of the two catalysts together was 1.5 times more active than individually. Employing 8.56–9.62 μmol of 10 + 10-Me in a 9:1 MeOH:H2O mixture in triglyme, with 40 mmol KOH at 92.5 °C, afforded a clean 3:1 H2/CO2 mixture with TOF = 1063 h−1 and a TON = 3189 (calculated based on total amount of catalysts present) after 3 h. This work further shows that applying bi-catalytic systems in cascade reactions is a promising solution to improve the catalytic performance, taking advantage of synergetic effects between two active catalytic species.



The same year, Haumann explored the immobilization of the known ruthenium iPrPNP catalyst 10 for the continuous gas-phase steam reforming of methanol [349]. Using the supported liquid phase (SLP) technology, the authors investigated the activities of the prepared catalysts using an array of support materials. The best result in terms of activity and stability was achieved using pure KOH deposited onto alumina support. The system was stable for 70 h on stream and only trace amounts of CO were observed.




2.2.2. Formic Acid Dehydrogenation


The use of formic acid as hydrogen carrier and storage system has been widely investigated and reviewed in various works [299,300,350,351,352,353,354,355,356,357,358,359]. A variety of both heterogeneous and homogeneous catalytic systems have been applied for its decomposition, including the use of light irradiation [360,361,362,363,364,365,366,367,368,369,370,371,372,373,374,375,376,377,378,379,380,381].



In 2011, following previously reported works on iron-catalyzed formic acid dehydrogenation [382,383]. Beller reported the remarkable activity of an iron complex bearing the tetradentate tripodal ligand tris[(2-diphenylphosphino)ethyl]phosphine [P(CH2CH2PPh2)3 (PP3) [384]. The authors tested both the in situ formation of the active species, as well as various synthesized iron hydride complexes bearing the same PP3 ligand. The activity of the synthetized catalysts was found to be comparable with that of the in situ formed systems in the presence of 2 equivalents of PP3 ligand. After optimization, simply applying 5 mmol of Fe(BF4)2·6H2O and 2 equivalents of PP3 to a solution of formic acid in propylene carbonate, afforded a TOF of 9425 h−1 and a surprising TON of 92,000 at 80 °C.



Contemporarily, Milstein was also investigating the performance of iron pincer complexes based on the lutidine moiety, reporting suitable catalysts for the hydrogenation of ketones [385,386], as well as CO2 hydrogenation to formate [387]. In 2013, the group showed a series of iron pincer complexes as active catalysts for formic acid dehydrogenation (Scheme 17) [388]. The dihydrido complex trans-[Fe-(tBuPNP)(H)2(CO)] 26 showed the best performance, reaching TON values up to 100,000 at 40 °C in the presence of trialkylamines. 0.001 mol% of 26 in 1,4-dioxane, in the presence of 50 mol% NEt3, resulted in full conversion of formic acid after 10 days.



Inspired by the afore-mentioned works carried out by Beller and Milstein using first row transition metals, Schneider and Hazari showed in 2014 that the formate iron-PNP complex 16, combined with a suitable Lewis acid co-catalyst, is particularly active for formic acid dehydrogenation [389]. As such, employing 0.0001 mol%, or merely 1 ppm, of 16 in the presence of 10 mol% of LiBF4, a TOF of 196,728 h−1 was obtained after one hour and a remarkable TON of 983,642 after 9.5 h. As mentioned earlier, the role of the LA is supposed to facilitate the release of formate from the iron formate intermediate, a task usually carried out by basic additives. The reactions were performed at 80 °C in dioxane (Scheme 18). The gaseous products consisted in a 1:1 mixture of H2 and CO2 with CO concentration less than 0.5%. The activity of the system showed in this work (TON = 1,000,000) is the highest reported for non-precious transition metals.



In 2015, Prakash and Olah proposed a remarkable example of CO2-free energy storage and release based on the formate/bicarbonate couple, which act as both hydrogen carrier and CO2 storage system [390]. The authors showed a continuous cyclic system of either CO2 or bicarbonate hydrogenation to formate and subsequent hydrogen release from formate (Scheme 19). The catalyst screening involved the well-known and robust Ru-MACHO, Ru-MACHO-BH, and the N-methylated MePNP congener of Ru-MACHO. The system is amine-additive free and requires neither pH control nor change of solvent between the cycles; the same catalyst performs in both the hydrogenation and dehydrogenation steps. In a combined experiment, and by simply changing the reaction pressure, it was possible to obtain 90% conversion in both directions with a combined turnover number of 11,500 obtained after six full cycles of hydrogenation/dehydrogenation with Ru-MACHO-BH. The possibility of performing both transformation by only changing one parameter, such as pressure, is highly favorable for hydrogen-storage batteries. Importantly, the two N-H and N-Me PNP catalysts showed similar catalytic activities under the same reaction conditions and for both directions, with the N-Me PNP complex being the most active in the dehydrogenation of sodium formate, resulting in a TON of 1000 (TOF = 430 h−1 after 2 h) with 0.1 mol% catalyst loading in a 2:1 mixture H2O:1,4-dioxane as solvent. A TON of 5000 was achieved lowering the catalyst loading down to 0.01 mol%, albeit with only 50% yield in H2.



Continuing the exploration of iron pincer complexes, Gonsalvi and Kirchner proposed in 2016 a series of Fe-PNP complexes bearing the 2,6-diaminopyridine scaffold (Scheme 20) [391]. Using propylene carbonate (PC) as solvent and 100 mol% of NEt3 as base additive, led to full conversion of formic acid into H2 and CO2 at 80 °C. A TOF = 2635 h−1 after one hour and a turnover number of 10,000 after six hours were achieved using 0.01 mol% of catalyst 29-Me. Curiously, the authors explored the effect of Lewis acid additives as well. Contrarily to the results reported by Schneider and Hazari using Fe-PNP catalysts [389], this work showed that replacing the base with 10 mol% of LiBF4 resulted in no conversion of formic acid.



Also in 2016, Gonsalvi proposed a series of well-defined, in situ formed Ru(II) complexes of the linear tetraphosphine ligand meso-1,1,4,7,10,10-hexaphenyl-1,4,7,10-tetraphosphadecane (tetraphos-1, P4), as shown in Scheme 21a [392]. The system was active for formic acid dehydrogenation in both batch and continuous feed conditions, in the presence of an amine additive. The authors investigated the reaction mechanism using NMR experiments and DFT calculations. The trans-[Ru(H)2(meso-P4)] 32 was found to be the key intermediate in the proposed catalytic cycle, suggesting that formic acid activation occurs on only one of the hydrides of the octahedral specie (Scheme 21b).



The same year, Czaun, Olah, and Prakash investigated the in situ formation of active catalytic systems from mixtures of IrCl3xH2O and N-donor ligands in aqueous solution of formate at temperatures between 90 and 100 °C (Scheme 22) [393]. Among other tested mono- and bidentate ligands, there were the tridentate N,N,N′,N′,N″-pentamethyldiethylenetriamine (PMDETA), and the multidentate 1,3-bis(2′-pyridyl-imino)-isoindoline (IndH) and 1,4-di(2′-pyridyl)aminophthalazine (PAPH2). The catalytic system derived from IrCl3 and IndH in aqueous sodium formate showed the best results in terms of high selectivity and robustness for hydrogen generation. Furthermore, the system remained active under both high and moderate pressure conditions (3–50 bar), used to suppress the formation of CO impurity. Importantly from a practical perspective, neither the precursors (including IrCl3·H2O and IndH) nor the in situ formed species are air sensitive. The catalyst remains active for up to 20 days, and retains a similar activity even after one year when kept under H2/CO2 pressure. The authors also proposed a prototype of an integrated formic acid decomposition and hydrogen–air PEM fuel cell, demonstrating the feasibility of this approach for a continuous hydrogen production and its conversion into clean energy.



In 2017, Gelman explored a series of new bi-functional iridium-PC(sp3)P complexes for the dehydrogenation of formic acid at low temperature (Scheme 23) [394]. Catalyst 33a (cat/FA = 1:2000) reached a turnover number up to 5 × 105 and a TOF of 2 × 104 h−1 (3.8 × 105 and 1.2 × 104 h−1 with no additives) in 30 mol% sodium formate in DME and, importantly, under air. Three different pincer ligands with pendant groups of varying basicity were investigated: neutral –OH, basic -NH2 and acidic -COOH. While the complexes containing –OH and -COOH decomposed through liberation of H2 at rt < T < 60 °C, the complex bearing the NH2 group was found to be the most stable and active catalyst showing selective formic acid decomposition to hydrogen and carbon dioxide with no presence of carbon monoxide (by GC-TCD). Supported by experimental studies and quantum chemical calculations, hydrogen is released by protonolysis of the Ir-H bond and formation of a cationic species stabilized by the amine chelation from the amino group in the backbone. Regeneration of the active hydride catalyst is performed via an outer-sphere intramolecular β-H elimination of formic acid while concomitantly forming CO2.



Of the same family of bi-functional PCP complexes, Gelman demonstrated that the ruthenium catalyst 34 is active for the acceptorless dehydrogenative coupling of alcohols and amines [395], as well as the E-selective semihydrogenation of alkynes with formic acid [396].



In 2018, Esteruelas demonstrated hydrogen production from formic acid using a trihydridohydroxoosmium(IV)-POP catalyst [397]. The reactions were performed at temperatures between 25–45 °C, yielding turnover number values between 17 and 87 (calculated at 20% conversion). Catalyst 37 is obtained starting from the corresponding chloride complex following the route in Scheme 24. The authors also proposed the catalytic cycle shown in Scheme 24 based on kinetic analysis of the catalysis, isolation of the intermediates and kinetic analysis of their decomposition pathways, as well as DFT calculations on the rate-determining step. Complex 37a was fully isolated and characterized. The release of CO2 was found to occur through complex 37b, resulting in the formation of 37c which is protonated by formic acid to give the penthahydrido complex 37d in equilibrium with 37e. The liberation of H2 affords the unsaturated cationic complex 37f, which can coordinate a new formate anion.



Zheng and Huang reported a series of new PNP and PNN ruthenium complexes (Scheme 25) as suitable catalysts for formic acid dehydrogenation [398]. The pyridine moiety is dearomatized by deprotonation of one of the arms, leading to an imine functionality, responsible for the catalyst activation/formic acid deprotonation step. Interestingly, the prepared catalysts are both air and water stable. No CO gas is produced together with the CO2 and H2. As expected, the performance of the catalyst dramatically increases in the presence of a base such as NEt3. The system was shown to be active already at 50 °C, but the highest TON of 1,100,000 was obtained at 90 °C, using catalyst 38 in the presence of triethylenediamine as additive and DMSO as solvent. The same family of catalysts was reported to be active in several promising transformations, i.e., selective dehydrogenation (oxidation) of benzylamines into imines [399], hydrogenation of esters in the presence of water [400], as well as the electrocatalytic reduction of CO2 to CO and formic acid in aqueous solution with negligible formation of H2 [401]. In addition, a hydride nickel(I) counterpart of 38 was showed to be active for the cycloaddition of CO2 and epoxide affording carbonates [402].



With the purpose of increasing the long-term stability of homogeneous catalysis, Lai and Huang recently investigated the immobilization of catalyst 38 knitted into porous organic polymers [403]. The supported catalyst was found to be active for dehydrogenation of formic acid in both organic and aqueous media. The system showed excellent stability affording a turnover number of 145,300 after 50 cycles over a period of three months, using a 1:2500 ratio catalyst to formic acid (calculated by measuring the ruthenium content by ICP). A considerably lower TON (5600) was obtained using the homogeneous analog under the same reaction conditions, because of deactivation of the catalyst.



Kuwata showed a series of ruthenium-NNN pincer complexes bearing protic (trifluoromethyl)pyrazole arms for formic acid dehydrogenation [404]. The complexes were synthetized and characterized, and the impact of the perturbations on the catalytic properties was examined. The authors demonstrated the increased Brønsted acidity given by the N-H groups by protonation–deprotonation experiments, whereas the high electron-withdrawing properties of the CF3 pendants was found to not affect the electron density around the metal center. The NNN pincer complexes 41 and 42 exhibited high catalytic activity; the reaction in the presence of KN(SiMe3)2 as additive afforded TONs of 3000 and 3700, respectively (Scheme 26). Importantly, using catalyst 42 the reaction proceeds even without the addition of base additives, resulting in the highest TON of 3700.



In 2018, Bernskoetter and Hazari proposed three well-defined, single crystal X-ray crystallographically characterized, PNMeP iron pre-catalysts containing isonitrile ligands, in the form of (iPrPNMeP)Fe(H)(HBH3)(C≡NR), as shown in Scheme 27 [405]. The catalysts are analogs of the previously showed PNP iron carbonyl complexes, already studied extensively in the literature. A first generation of isonitrile Fe-PNHP catalysts was reported a year before for the hydrogenation of CO2 to formate [406], albeit showing lower activity compared to the first generation iron carbonyl complexes. In this work, a second-generation PNMeP complexes has been investigated. The new isonitrile catalysts showed to be active in both CO2 hydrogenation and formate dehydrogenation, although with one-order magnitude inferior activity compared to the corresponding carbonyl complexes. The reaction using 0.1 mol% of 43c, 50 mol% NEt3 in 5 mL of dioxane at 80 °C resulted in a TON of merely 140 after 4 h.



Very recently, the group of Beller studied the effect of the methylation of the nitrogen atom of the PNP pincer, comparing the activities of the active complexes 10 and 10-Me for the dehydrogenation of formic acid [348]. This work follows a previously reported article by the same group, where the authors unraveled the mechanism of aqueous methanol dehydrogenation (see Section 2.2.1) [337]. The authors screened the two catalysts at various pH values; under all the tested conditions, complex 10-Me showed superior activity to 10. In a first screening in basic conditions (pH = 13), catalyst 10-Me was found to be approximately twice as active as its PNHP congener, with TOF(NMe) = 4251 h−1 and TOF(NH)=2099 h−1 after 1 h. The complexes showed similar activity at neutral pH, while the best activity for both systems was obtained in acidic conditions (pH = 4.5). Catalyst 10-Me resulted in TOF of 8981 h−1 superior to 10 (5263 h−1). In line with the increase in TOF values, the conversion after 3 h also increased: for catalyst 10, 69% at pH 13 vs 85% at pH 4.5, while catalyst 10-Me resulted in 82% at pH 13, and in almost full conversion under acidic conditions. After optimization, applying 0.01 mol% of 10-Me provided a TOF of 6492 h−1 after 1 h at 92 °C, with 20 mmol of KOH in a aqueous formic acid solution in triglyme. Extending the reaction time to 6 h resulted in full conversion and a TON = 26,388 after four consecutive additions of formic acid. The authors proposed two different catalytic cycles for the two catalysts (Scheme 28), concluding that in both cases the protonation of the complex resulting in the dihydrogen specie is the key step in formic acid dehydrogenation [337]. Curiously, the effect was different with the Mn-PNP 25, which showed decreased activity in the presence of the N-Me moiety, but still with increased activity in acidic conditions rather than basic ones.



In 2018, Beller reported that also the known ruthenium dihydride [RuH2(PPh3)4] is a suitable catalyst for the dehydrogenation of aqueous formic acid at low temperature (TOF up to 36,000 h−1 at 60 °C in THF) [407]. The catalyst was active for 120 days and it does not require basic additives.



The same group also proposed the cobalt catalyst precursor 44 shown in Scheme 29 for formic acid dehydrogenation in aqueous media and at mild conditions [408]. Reactions were performed at 60–80 °C in the presence of HCOOK. Since the catalytically active species are air-sensitive, the authors investigated the in situ activation of the pre-catalyst 44 in the presence of NaBEt3, resulting in the active hydrido complex 44-H (Scheme 29). Importantly, under optimized conditions, the benchmark Ru-MACHO resulted in scarce H2 evolution, whereas the manganese catalyst 25 showed no activity in aqueous conditions. The authors proposed an outer-sphere mechanistic cycle similar to the classic Ru-PNP catalyst, with the amine proton taking active part in the catalytic cycle. The authors concluded that the rate-determining step is the C-H activation resulting in CO2 release and formation of the amine complex. The work provides useful information for the development of non-noble metal catalysts for formic acid dehydrogenation.




2.2.3. Other Hydrogen Storage Systems


There are other potential solutions for hydrogen storage based on the LOHC technology, where pincer complexes have been applied as well. Some of these include ammonia-borane, amine-borane, hydrazine-borane, as well as pyrrolidine-based liquid organic hydrogen carriers [409,410,411,412,413,414,415,416,417,418]. The inverse hydrogenation process of the obtained products has also been explored [419,420,421,422,423]. Several metal catalysts have been investigated for the dehydrocoupling of these hydrogen reservoirs [424,425,426,427,428,429,430,431]; among these, pincer complexes have showed promising features and remarkable activity [432,433,434,435,436,437,438,439,440]. A comprehensive review on the main progresses in this field can be found in the work of Rossin and Peruzzini [441], whereas Schneider investigated the ruthenium-catalyzed amino-borane dehydrocoupling in 2013 [442]. Herein, we show representative examples of the more recent works from 2015 up to date involving the use of pincer-type catalysts.



In 2015, Schneider proposed the iron-PNP complex 17a for ammonia-borane dehydrocoupling at room temperature [443]. Ammonia-borane represents a promising hydrogen storage system, storing up to 19.5 wt% of H2 at ambient conditions [444]. The dehydrogenation proceeds via an aminoborane complex and results in 90% conversion to the linear polyaminoborane polymer (Scheme 30). Catalyst deactivation due to the presence of free BH3 can be prevented by addition of a simple amine, resulting in high TON up to 350 using 0.2 mol% of 17a and 0.8 mol% of NMe2Et. In 2009, the same author showed Ru-PNP catalysts similar to 17a, but where the CO ligand is exchanged with PMe3 groups, as active catalyst for the same transformation [445,446].



In 2016, Beweries compared new 3,5-disubstituted cyclometalated iridium(III)-hydrido complexes with the non-substituted counterparts in the dehydrogenation of hydrazine borane (Scheme 31) [447]. All catalysts were active, but when R = COOMe, the derived active species outperformed the other catalysts significantly, resulting in full conversion after 28 s (47-Cl) and 18 s (47-H) using 2 mol% catalyst loading. In addition, both catalysts 47-H and 47-Cl showed promising recyclability properties. The dehydrogenation products were characterized by solid state NMR and FT-IR spectroscopy, while DFT studies were performed using catalyst 45-H to rationalize the mechanism of hydrazine borane dehydrogenation. The reaction proceeds through coordination of hydrazine borane by either NH2 or H–BH2, coexisting in equilibrium; later, the dehydrogenation occurs resulting in a dihydrogen complex and liberation of H2B=NHNH2. Finally, the active specie 45-H is regenerated after H2 dissociation.



In 2015, Jensen performed kinetic studies on the iridium tBuPCP complex 48 for the dehydrogenation of several pyrrolidine based LOHCs, such as butyl pyrrolidine (BuPy), N-ethylcarbazole (NEC) and methyl perhydroindole (MePHI) (see Table 1) [448]. The authors investigated reaction kinetics in terms of dehydrogenation onset temperatures, activation energies, and frequency factor when catalyst 48 was used in the presence of NaOtBu as additive. The authors concluded that the steric constraints of these LOHCs, rather than the C-H activation at the metal center, represent the main issue preventing higher rates of reaction.



Continuing the exploration of iridium-based pincer complexes, Belkova investigated the mechanism of dimethylamine–borane (DMAB) dehydrogenation using the iridium(III)-PCP complex 49 in Figure 2 [449]. It is possible to use the hydridochlorido complex precursor as precatalyst, which is activated in situ resulting in the active specie 49-H, as was found for ammonia-borane dehydrogenation by Heinekey and Goldberg in 2006 [450].



In 2016, Esteruelas investigated the monohydride rhodium {xant(PiPr2)2} complex 50 for the dehydrocoupling of ammonia-borane, dimethylamine-borane, and a combined system with ammonia-borane dehydrogenation and cyclohexane hydrogenation, as shown in Scheme 32 [451]. Using 1 mol% of catalyst 50 in THF at 31 °C resulted in a TOF of 3150 h−1 (calculated at 50% conversion) using BH3NH3 and 1725 h−1 when employing BH3NHMe2. The system releases 1 equivalent of hydrogen via stepwise hydrogen transfer from the substrate to the catalyst, involving the formation of a five-coordinate dihydridorhodium(III) intermediate. Based on DFT calculations, the authors proposed a non-classical dihydrido route for the dehydrogenation step.



In 2017, Yamashita showed the novel iridium PBP pincer complex 51 in Scheme 33 for the dehydrogenation of dimethylamine–borane (DMAB) [452]. The catalyst is a modification of a previously reported Ir-PBP complex (52), active for transfer dehydrogenation of alkanes [453]. In this work, the PBP ligand is modified by changing the benzene ring of the benzodiazaborole with the aliphatic tetramethylethylene functionality, hence decreasing the Lewis acidity on the boron center. The active dihydrido species can be obtained from the chloride precursor after treatment with nBuLi at room temperature. The complexes were also characterized by NMR spectroscopy, high-resolution mass spectrometry (HRMS), as well as single-crystal X-ray diffraction analysis. Catalyst 51 catalyzes the dehydrogenation of Me2NH·BH3 to form the cyclic dimer and releasing 1 equivalent of hydrogen. A turnover frequency of 3400 h−1 was obtained, with 0.05 mol% of 51 in THF at 60 °C, with a final yield of 87% after 18 h (Scheme 33). Of the same family of PBP catalyst, Peters showed in 2013 that 2 mol% of the cobalt(I)-N2 complex 53 catalyzes the release of hydrogen from DMAB in 6 h and at room temperature, resulting in full conversion to the cyclic (Me2N−BH2)2 [437].



Using a different approach, Milstein proposed in 2016 a new hydrogen storage system based on the dehydrogenative coupling of ethylenediamine with ethanol, as depicted in Scheme 34 [454]. Complex 24 was able to perform the dehydrogenation step with a 0.1 mol% catalyst loading, 1.2 equivalents of KOtBu at 105 °C for 24 h resulting in full conversion. Remarkably, the same catalyst was applied for both hydrogenation and dehydrogenation steps; thus, employing 0.2 mol% of 24, 2.4 equivalents of KOtBu, 50 bar of H2 in dioxane at 115 °C, it was possible to fully hydrogenate N,N′-diacetylethylenediamine with 100% yield of ethylenediamine. This result expanded the concept of LOHC systems, paving the way for further optimization as well as applying combinations of amine-alcohol with even higher hydrogen capacity, such as ethylenediamine and methanol.



Indeed, very recently Milstein demonstrated the hydrogenation of ethylene urea to ethylenediamine and methanol and the reverse dehydrogenative coupling (Scheme 35) resulting in a mixture of ethylene urea, N-(2-aminoethyl)formamide and N,N′-(ethane-1,2-diyl)diformamide [319]. The system is rechargeable and has a high theoretic hydrogen capacity (6.52 wt%). Applying 1 mol% of the Ru-PNN catalyst 54, 2.2 mol% KOtBu in 1,4-dioxane at 150 °C for 24 h, it was possible to obtain high yields of dehydrogenated products and hydrogen released (>90%). The system was also able to perform the hydrogenation step under the same conditions; by simply applying 50 bar of hydrogen gas, the reaction afforded full conversion to a mixture of ethylenediamine and methanol.



After screening a range of amines, Prakash and Olah demonstrated the same concept using Ru-MACHO-BH and dimethylethylenediamine (5.3 wt% H2) which was successfully dehydrogenated in the presence of methanol resulting in a mixture of formamides [455]. The authors proposed a reversible hydrogen storage system in which both H2 “loading” and “unloading” can be performed by the same ruthenium pincer catalyst by a simple H2 pressure swing (Scheme 36). The explorative dehydrogenative reaction using benzylamine in the presence of 1 mol% of Ru-MACHO-BH in toluene resulted in 88% yield in N,N′-dibenzylurea after 24 h at 140 °C, whereas 99% yield was afforded in the inverse hydrogenation of N,N′-dibenzylurea under 60 bar of hydrogen. The authors then screened other Ru- and Fe-PNP catalysts. Complex 10 combined with dimethylethylenediamine (1:4 molar ratio with respect to MeOH) as substrate and 5 mol% K3PO4 as a basic additive afforded 90% yield hydrogen at 120 °C in toluene after 24 h. Importantly, the catalyst retained more than 80% of its catalytic activity after three cycles of reactions. The reverse hydrogenation was carried out using catalyst 10 under 40 or 60 bar of hydrogen resulting in 92% and 95% yield of amine, respectively. Curiously, the N-methylated congener of Ru-MACHO showed low activity, indicating the presence of an N-H assisted outer sphere mechanism. Ru-MACHO-BH was also reported by Hong to perform a ruthenium-catalyzed urea synthesis using methanol as the C1 source, with no additive, such as a base, oxidant, or hydrogen acceptor [456].






3. Hydrogenation Reactions


For case of brevity, the focus will be on processes involving carbon dioxide and dinitrogen as the main substrates of interests, as well as chemical transformations promoting the valorization of biomass-derived molecules. Nevertheless, pincer complexes have achieved remarkable results in the (transfer) hydrogenation of a wide series of substrates such as ketones [385,457,458,459,460,461,462], esters [40,179,220,386,400,463,464,465,466,467,468,469,470,471,472,473,474,475,476,477], aldehydes [478,479,480], amides [67,481,482,483,484,485], and imines [486,487].



Carbon dioxide is sadly known to be the main responsible for the anthropogenic climate change and global warming [488,489,490,491]. At the same time, CO2 represents an easily accessible C1 building block with the potential to replace the commonly used petrochemical carbon sources in a plethora of useful chemical transformations, dramatically increasing their intrinsic sustainability [492,493,494]. Several approaches have been investigated for its capture from the atmosphere, as well as from localized emission sources [495,496,497,498,499,500,501,502,503,504]. The desorbed CO2 is subsequently compressed and stored in underground rock formations or utilized in the direct synthesis of value-added products [505,506,507,508,509,510]. Indeed, the industry already uses several million tons of CO2 for the production of e.g., urea, salicylic acid, cyclic carbonates, and polypropylenecarbonate [511,512,513].



In the past decades, the catalytic hydrogenation of CO2 has gained attention as a powerful tool to store green hydrogen, thereby electrical energy, as introduced by the seminal works by Asinger [514], Leitner [515,516], Noyori [517], as well as Olah [301,518,519,520]. The process, combined with the aforementioned methanol/formic acid dehydrogenation reactions, has the potential to close the ideal cycle of CO2-free energy release and storage. Currently, both methanol and formic acid are industrially produced using fossil feedstock via carbon monoxide, which has lower kinetic and thermodynamic stability compared to CO2. The direct synthesis from CO2 is traditionally carried out at high temperatures and pressures with heterogeneous metal catalysts such as Cu/ZnO/Al2O3 [521,522,523,524]. Thus, the sustainability of the direct CO2-route is strictly dependent on the use of green hydrogen produced without contemporary CO2 release in the atmosphere, as well as catalytic systems operating efficiently under milder reaction conditions. A variety of homogeneous catalytic systems has been employed for the direct hydrogenation of CO2 into green fuels [213,214,517,525,526,527,528,529,530,531,532,533,534,535], including first-row metal complexes [536,537,538,539,540,541,542,543,544]. Pincer-type ligation shows again very encouraging features in terms of stability and mild reaction conditions, with promising possibility of further optimization. In addition, often the same catalyst is active in both directions of hydrogenation and dehydrogenation, expanding the applicability and robustness of this family of catalysts.



One of the most relevant and energy consuming industrial transformations is the conversion of N2 for the production of ammonia through the Haber-Bosch process, a synthesis that requires harsh conditions and, hence, high operative costs [545,546,547,548]. Ammonia is widely used in the global economy as a fertilizer feedstock, industrial and household chemical, as well as chemical precursor in many chemical transformations [549,550,551,552,553]. In addition, it has been considered a future fuel alternative as a hydrogen storage molecule [554,555,556]. The possibility to perform nitrogen fixation at mild reaction conditions and less energetic costs by means of homogeneous catalysis is of key importance for the future sustainable chemical production, and as discussed in Section 3.2, pincer complexes are protagonists in the development of the best performing homogeneous systems developed to date.



Finally, in Section 3.3 and Section 3.4, discuss the main advances in relevant sustainable transformations involving the use of bio-substrates which are already easily accessible from biomasses, representing useful building blocks for the bulk chemical production. In addition, pincer complexes achieved remarkable results also in transfer hydrogenation reactions involving the use of ethanol as the hydrogen source, as well as the upgrading of ethanol to butanol and other C4 molecules to be used as bio-fuel and fuel additives.



3.1. CO2 Hydrogenation


3.1.1. Early Works


The hydrogenation of carbon dioxide by means of homogeneous catalysis has grown extensively in the last decade. An overview of the best performing systems for CO2 hydrogenation up to 2010 can be found in the work of Beller [557], while in 2018 and 2019 Prakash reviewed the topic in depth including the use of pincer type complexes [558,559]. In this review, we will focus mostly in CO2 conversion to formic acid (and/or formate salts) as well as to methanol, both of them representing accessible green fuel and hydrogen carriers.



Up to 2010, the best performing catalytic system was represented by the iridium-PNP catalyst 9 (shown in Scheme 2), reported by Nozaki in 2009, which overcame previously reported Ru [560,561,562,563], Rh [564,565,566], and Ir [567] homogeneous systems. In the work by Nozaki, the reactions were carried out in aqueous KOH, resulting in potassium formate (HCOOK) as the product [568]. Thus, using the trihydridoiridium(III)-PNP complex 6 at 120 °C and 60 bar of 1:1 CO2/H2 in 1.0 M aqueous KOH it was possible to achieve excellent TON and TOF values of 3,500,000 and 150,000 h−1, respectively (Scheme 37).



The use of iridium pincer complexes was further explored by Hazari in 2011 [569]. The authors were able to isolate the air and moisture stable catalyst 8a, obtained from 8-H in the presence of CO2. Under optimized conditions, the system resulted in yields up to 70% in formate, with TON of 348,000 and TOF of 14,500 h−1 (Scheme 38).



In 2010, Beller and Laurenczy showed the hydrogenation of bicarbonates and carbon dioxide to formates, alkyl formats, and formamides catalyzed by the in situ formed system Fe(BF4)2·6H2O and the tetraphos ligand P(CH2CH2PPh2)3 (PP3) [570]. In the presence of 0.14 mol% of this catalyst at 80 °C with 60 bar of hydrogen, sodium formate was obtained in an excellent yield of 88% with TON of 630 after 20 h.



Encouraged by these findings on iron complexes, Milstein proposed the dihydrido Fe-PNP complex 26 for the low-pressure hydrogenation of carbon dioxide [387]. 0.1 mol% of catalyst 26 (catalyst 27 is formed during the reaction in the presence of CO2) in a 10:1 mixture H2O/THF, with 2M NaOH at room temperature, converted CO2 and H2 into sodium formate with a TON of 788, TOF of 156 h−1, and 39.4% yield (Scheme 39).



In 2011, Milstein and co-workers published the first example of hydrogenation of carbonates into alcohols and carbamates into alcohol and amines as an indirect route for the synthesis of methanol from CO2 [571]. 0.02 mol% of catalyst 24-H in THF, in the presence of 50 bar of H2, catalyzed the conversion of dimethyl carbonate into methanol with a TON of 4400, 89% conversion and 88% yield, at 110 °C and after 14 h. With 1 mol% of catalyst 24-H, in THF and with 10 bar of hydrogen, it was possible to convert N-benzyl carbamate into methanol and the corresponding amine with 97% yield, at 110 °C, after 48 h. Finally, the authors tested the hydrogenation of alkyl formates to methanol and the corresponding alcohol. A TON of 4700 and a yield of 94% was achieved applying 0.02 mol% of catalyst 24-H in THF, 50 bar of H2, at 110 °C, and after 14 h.



The same year, Sanford proposed a cascade reaction mechanism for CO2 hydrogenation using the Milstein catalyst 24-H in combination with other two homogeneous catalysts, i.e., (PMe3)4Ru-(Cl)(OAc) and Sc(OTf)3 (Scheme 40) [572]. The first two steps consist in the hydrogenation of CO2 to formic acid, followed by esterification to generate a formate ester. Later, complex 24-H catalyzes the hydrogenation of the ester to release methanol. In order to prevent the deactivation of catalyst 24-H by Sc(OTf)3, the former was placed in the outer vessel of the Parr reactor where it promotes methyl formate hydrogenation to methanol. The protocol was successfully demonstrated resulting in an overall TON of 21 under optimized conditions.



Catalyst 24-H was also employed by Milstein to demonstrate the hydrogenation of urea derivatives (easily obtained from CO2 and amines) to amines and methanol [573]. Catalyst 24-H promotes the double cleavage of the robust C-N bonds under mild, neutral conditions. 1,3-dimethylurea was used as benchmark substrate to identify the optimized reaction conditions. 2 mol% of catalyst 24-H in THF, heated at 110 °C and in the presence of 13.8 bar of hydrogen, afforded 96% conversion and 93% yield in methanol after 72 h. With the optimized conditions, the authors screened a wide range of urea derivatives that were converted in good to excellent yields.



In 2011, Leitner performed computational studies on 38 different rhodium pincer alkyl complexes with varied steric and electronic environment for the CO2 association and insertion into the metal–carbon bond, resulting in the corresponding carboxylate species [574]. Several of the tested catalysts showed insertion barriers with energies that encourage their use within an effective catalytic cycle. The authors pointed out three main features that facilitate CO2 insertion: (a) the anionic complexes were more reactive than neutral congeners. (b) The activity decreased based on the central donor atom of the pincer arm in the order of C− ≈ B− > Si− > N > carbene > O. (c) Higher basicity is typically associated with higher reactivity, with the side arm of the pincer that can further tune the electronics around the metal center.



The same author proposed a novel protocol for the direct synthesis of free carboxylic acids via hydrocarboxylation using CO2 as a C1 building block and simple non-activated olefins [575]. The reactions were carried out in acetic acid using 1:10 [{RhCl(CO)2}2] and PPh3 in the presence of 60 bar of CO2, 10 bar of H2, CH3I as a promotor, and p-TsOH·H2O as acid additive. With cyclohexene as a substrate, the reaction afforded full conversion and 92% yield in the carboxylic acid, with only 5% of cyclohexane as the co-product, after 16 h at 180 °C. With optimized conditions, the authors scoped various substrates and it was possible to obtain the corresponding carboxylic acids in good to excellent yields, with only minor amounts of the hydrogenated olefin. After evaporation of the solvent, the authors isolated and characterized the complex [CH3PPh3][RhI4(CO)(PPh3)] using X-ray crystallographic analysis.



In 2012, Klankermayer and Leitner demonstrated the homogeneous hydrogenation of carbon dioxide to methanol using a catalytic system based on the tripodal PPP Triphos ligand showed in Figure 3 [576]. Both the combination of the precursor Ru(acac)3 and the Triphos ligand, as well as catalyst 55 were active in the hydrogenation of both CO2 and formate esters. In particular, 25 μmol of catalyst 55, with 1 equivalent of HNTf2, at 60:20 bar of CO2:H2 in THF/EtOH, afforded a TON of 221 after 24 h. Mechanistic studies indicate the active species 57 and 58 as key intermediate in this transformation, with enhanced activity in the presence of weakly coordinating anions [577].



In 2015, Leitner employed catalyst 55 for the hydrogenation of CO2 into methanol without the need of an alcohol additive [578]. Catalysts 55 and 56 were used as pre-catalysts leading to the formation of the active specie 57 under the reaction conditions. Applying only 6.3 μmol of 55, 1 equivalents of HNTf2, 20:60 bar of CO2:H2 in THF, afforded the best TON of 442 at 140 °C after 24 h.



The same group also showed the direct methylation of primary and secondary amines catalyzed by the PPP complex [Ru(Triphos)(tmm)] 55 without the use of reducing agents [579]. The authors found the optimized conditions for the methylation of N-methyl aniline, and extended the scope to a wide range of substituted aromatic amines as well as primary anilines. Quantitative yields were obtained for the conversion of N-methyl aniline into dimethylaniline by applying 2.5 mol% of [Ru(triphos)(tmm)], 5 mol% of HNTf2, 20:60 bar of CO2:H2 in THF at 150 °C.



Meyer and Brookhart proposed the iridium PCP pincer catalyst for the electrocatalytic conversion of CO2 to formate [580]. The reactions were carried out in acetonitrile with 5% of water. Water promotes the reaction with CO2 with consequent formation of the cationic specie 59b coordinated with a formate anion. The electrochemical observations suggest that the catalyst resides largely as 59a in the electrocatalytic steady state, whereas 59 is the reactive specie (Scheme 41). In 2016, Ahlquist performed computational studies on the electrochemical CO2 hydrogenation catalyzed by the iridium complex 59, identifying the in situ reduced cationic iridium(I)-H complex as the active specie for the transformation [581].



Müller investigated the insertion of CO2 into metal–phenoxide bonds using homogeneous cobalt and zinc catalysts typically used in the copolymerization of epoxides and CO2 and shown in Figure 4 [582]. The authors followed the mechanism of insertion resulting in the carbonate species by means of in situ ATR-IR spectroscopy. It was noted that, despite the differences in the two species, the neighboring donor groups of the pincer arm (NO2 in the case of 60, amides in the case of 61) allow the carbonates to remain attached to the ligand sphere, enhancing the nucleophilicity of CO2, hence favoring the easy transfer to other organic substrates, such as epoxides.



In 2013, Milstein synthetized and characterized a series of novel pyridine-based Ni-PNP complexes with the aim of investigating the aromatization/dearomatization equilibria prompted by double protonation-deprotonation of the pincer arm [583]. Complex 64 can be readily prepared starting from NiCl2·6H2O and the PNPR ligand in a cascade reaction as depicted in Scheme 42. Complex 64, where the negative charge is delocalized in the pincer moiety, was characterized by single-crystal X-ray diffraction studies. In the presence of CO2, it undergoes electrophilic attack resulting in the anionic specie 64a, observed by NMR spectroscopy.



Goldman performed DFT studies on the hydrogenation of dimethyl carbonate to methanol using the Milstein-type PNN catalyst 4 [215]. The work provided new insights on the mechanism for the C-OMe bond cleavage. The authors proposed an ion-pair-mediated metathesis pathway in which the formed alkoxide C–H bond binds to the ruthenium atom. By simple reorientation of the dimethoxymethanoxide anion formed upon transfer of a hydride to dimethyl carbonate, the methoxy group of the [OCH(OMe)2]− anion is in a close proximity to the metal, allowing the C–OMe bond cleavage.




3.1.2. CO2 Hydrogenation to Methanol


Himeda and Laurenczy reported in 2016 the iridium complex [(Cp*)Ir(dhbp)(OH2)][SO4] (dhbp = 4,4′-dihydroxy-2,2′-bipyridine), already showed for bicarbonate hydrogenation to formate and formic acid dehydrogenation [584], for the production of methanol from CO2 at room temperature as well [585]. The catalyst was active for both CO2 hydrogenation to formic acid in acidic media, without additives, as well as formic acid disproportionation into methanol, achieving 98% conversion and 96% selectivity after 72 h. Formic acid was obtained by pressurization of a solution of the catalyst with 20 bar CO2 and 50 bar H2 at ambient temperature. Methanol was observed by only increasing the temperature, whereas the addition of an optimized sulfuric acid concentration resulted in the enhanced activity of the system. No carbon monoxide was observed, indicating that decarbonylation of formic acid did not occur.



In 2015, Sanford proposed a ruthenium-catalyzed hydrogenation of CO2 to methanol with dimethylamine as capturing agent [586]. The reduction proceeds in basic conditions through the in situ formation of dimethylammonium dimethylcarbamate (DMC) as a key intermediate (Scheme 43). Ru-MACHO-BH (0.03 mol%) was used as catalyst, in the presence of 2.5:50 bar of CO2/H2, and 0.25 mmol of K3PO4. The reaction afforded a TON of 550 in methanol and an overall 82% conversion of CO2 to methanol and a mixture of dimethylformamide and dimethylammonium formate, which raises to 96% total conversion when applying 0.1 mol% of catalyst loading. The work represented a step forward toward the integrated CO2 capture and direct conversion to methanol.



The same year, Milstein developed an innovative methodology for indirect CO2 hydrogenation by means of prior capture by amino alcohols at low pressure followed by the hydrogenation of the generated oxazolidinone to form MeOH (Scheme 44) [587]. Moreover, this approach is inspired by the CO2 capture industry that uses amino alcohols to capture CO2 from waste streams [588]. The work provides new possibilities for the use of oxazolidinone, which can be useful for the production of a liquid fuel such as MeOH. Three Ru-NNP complexes (3, 24, and 54) were tested for this transformation, with complex 24 being the most active catalyst. The authors screened both 2-(methylamino)ethanol and valinol for the first step of CO2 capture; valinol was chosen considering its ability to capture CO2 more selectively under only 1 bar of CO2. Employing Cs2CO3 (10 mol%), DMSO as solvent, and at 150 °C under 1 bar of CO2, for 24 h afforded the oxazolidinone in >90% yield. The product is not purified or isolated and the leftover CO2 is simply removed under vacuum. Then, the subsequent hydrogenation of the formed oxazolidinone was performed with 24 (2.5 mol%) and KOtBu (25 mol%) under 60 bar of H2, at 135 °C, for 72 h, producing MeOH and the amino alcohol precursor in 37% and 62% yields, respectively. Remarkably, the process allows direct CO2 capture with consequent MeOH formation, avoiding the energy-demanding steps of CO2 regeneration from capture products and subsequent pressurization.



The year after, Olah and Prakash reported an efficient catalytic system for the one-pot CO2 capture and conversion to methanol, using polyamine and Ru-MACHO-BH (Scheme 45a) [589]. The first step of CO2 capture was achieved by bubbling synthetic air (400 ppm of CO2 in N2/O2 80/20) in an aqueous solution of pentaethylenehexamine (PEHA) for 64 h. Ru-MACHO-BH (20 μmol) was applied in the presence of 50 bar of H2 in triglyme, and 6% of the captured CO2 (5.4 mmol) was converted into methanol after 55 h in 79% yield (determined by NMR). The authors confirmed the robustness of the method by recycling the catalyst over five consecutive runs of 5 h without significant loss of activity; only 20 μmol of catalyst afforded an overall TON of 2150 at 145 °C under 75 bar pressure of a 1:9 mixture of CO2:H2.



In 2018, Prakash showed another system for the integrative CO2 capture (trapped in the form of carbamate and bicarbonate salts) followed by hydrogenation to methanol, using a biphasic 2-methyltetrahydrofuran (2-MTHF)/water solvent system, as shown in Scheme 45b [590]. The authors screened known PNP catalysts (Ru-MACHO, Ru-MACHO-BH, 10, the Mn-PNP 25, as well as the iron-PNP congener of 15 where HBH3 is substituted with Br). Again, the commercially available Ru-MACHO-BH was found to be the most active, in combination with PEHA. After 11 mmol of CO2 was trapped in 0.79 g of PEHA, the system afforded 95% yield of methanol by applying 50 μmol of catalyst in 2-MTHF at 70 bar H2 at 145 °C for 72 h (TON = 208). Importantly, the biphasic solvent system allows recycling the catalyst, as well as the amine; after the reaction, the amine stays in the bottom aqueous solution, whereas the catalyst remains in the top organic layer. After extracting the methanol, both the amine and catalyst could be reused for three consecutive runs, retaining 90% of the activity in methanol production.



The year after, another approach was proposed by the same author, using amines immobilized onto a solid-silica support as CO2 capturing agent for the hydrogenation to methanol [591]. The covalently bonded solid-supported amines (SSAs) showed good recyclability properties for CO2 absorption/desorption, as well as easy separation from the reaction media by simple filtration. The catalyst could be also effectively recycled by vacuum evaporation of the solvent and methanol. One more time, Ru-MACHO-BH performed best among the screened Ru- and Mn-PNP catalysts, albeit with lower yields and turnovers compared with the previous reported results. 40 μmol of the catalyst under the reaction conditions in Scheme 46, afforded a yield of ≈5% in methanol after 2 cycles, with a TON of 90 in the first hydrogenation reaction.



Recently, Prakash also investigated the mechanism of ruthenium PNP-catalyzed amine-assisted hydrogenation of CO2 to methanol [592]. As shown before, Ru-MACHO and Ru-MACHO-BH are the best catalysts for the transformation, with (di/poly)amines acting as effective reusable additives. In this work, TONs up to 1050 were achieved using PEHA, 10 mmol of Ru-MACHO-BH3 as catalyst, K3PO4 as base, in triglyme, under CO2/3H2 (75 bar), and at 145 °C for 40 h. A long-term reaction was carried out using Ru-MACHO-BH3 and PEHA and the catalyst was active for >10 days and TON of 9900 was achieved. The authors also provided mechanistic insight by means of NMR and ATR-IR spectroscopy techniques, as well as single-crystal X-ray diffraction analysis. The proposed catalytic cycle for methanol production through formamide is depicted in Scheme 47; the authors showed a deactivation pathway that leads to the formation of a dicarbonyl complex of Ru-MACHO. Under reaction conditions, in the presence of H2, the resting state is converted back to the active specie by CO dissociation and it was found to selectively catalyze the hydrogenation of the in situ formed formamides resulting in high methanol yields.



In the last five years, several groups performed studies on the mechanism of CO2 hydrogenation involving pincer-type catalysis. Pathak studied the base-free CO2 hydrogenation employing a series of aliphatic Mn-PNP complexes using density functional theory (DFT) calculations [593]. The results suggested that the aliphatic amido PNP complex promotes the heterolytic H2 cleavage and a proton transfer mechanism, contrarily to other CO2 hydrogenation pathways promoted by base. Pincer ligands containing σ-donor and π-acceptor functionalities were investigated to explore the steric and electronic effects on the rate-determining step. It was found that both σ-donor, as well as π-acceptor ligands have a pronounced effect on the catalytic activity; in particular, the authors concluded that σ-donor ligands induce hydride transfer mechanism, while π-acceptor ligands promote the heterolytic H2 cleavage. The same author reported theoretical studies using DFT and microkinetic modelling to study the mechanism of Mn-PNP-catalyzed CO2 hydrogenation to methanol in the presence of morpholine as a co-catalyst via formamide intermediate [594]. The amidation step increases the overall rate of the reaction, while the N-formylmorpholine hydrogenation step could follow two different competitive pathways, both of them showing similar reaction energy barriers for the hydrogenation step.



The Mn-PNP pincer complex 25 was employed by Prakash for the hydrogenation of CO2 to methanol in a sequential two-step approach [595]. The first step involves the N-formylation of an amine resulting in the corresponding formamide, which is further hydrogenated to methanol regenerating the initial amine. The first step was carried out by applying a 1:1 pressure of CO2:H2 (60 bar), at 110 °C, for 24 h, in the presence of THF as solvent and K3PO4 as base. In the second step, the 1:1 gas mixture was replaced with 80 bar H2 pressure, at 80 °C, for 36 h. After optimization, the authors proposed a scale up of the process using 0.1 mol% of catalyst 25 combined with benzylamine as trapping agent; the first reduction step afforded 84% yield in formamide, corresponding to a TON of 840. Later, the hydrogenation step was performed under 85 bar of hydrogen, affording 71% yield in methanol with a TON of 36 (Scheme 48).



Based on a different approach, Prakash proposed this year the first example of hydroxide-based CO2 capture from air, followed by hydrogenation to methanol [596]. CO2 was successfully captured in ethylene glycol in the presence of hydroxide bases (NaOH or KOH) simply by stirring at room temperature for 3 h. The obtained bicarbonate and formate salts were later hydrogenated to methanol with high yields in an integrated one-pot system, as depicted in Scheme 49. Under optimized conditions, 0.5 mol% of Ru-MACHO-BH hydrogenated the bicarbonate species to methanol at 140 °C under 70 bar of H2, resulting in 100% yield of methanol after 20 h, with TON of 200. The formed methanol can be easily separated by distillation, with contemporary hydroxide base regeneration. Finally, the authors proposed a one-pot method for direct CO2 capture from ambient air and direct methanol production; the system afforded 100% yield of MeOH after 72 h with the reaction conditions shown in Scheme 49. Considering the surprising capture efficacy as well as stability of the hydroxide bases, the authors postulated that the hydroxide-based system might be superior to the alternative amine routes for a scalable process.



In 2017, Beller reported an efficient cobalt catalyst for the production of methanol from CO2 [597]. The authors started their investigation based on the Co(BF4)2/Triphos catalyst proposed by de Bruin for the hydrogenation of esters and carboxylic acids [598]. In this work, the active catalytic specie is formed in situ from either [Co(acac)3], Co(OAc)2·4H2O, or Co(BF4)2·6H2O, in the presence of the Triphos ligand and HNTf2. It was found that a 1:3 relationship between [Co]/[HNTf2] and two equivalents of Triphos with respect to cobalt, afforded the highest activity. The highest TON of 31 was obtained using [Co(acac)3] as the metal precursor, with the reaction conditions shown in Scheme 50a. The system was later optimized in 2019 [599]; the previous reported results could be improved by either using modified Triphos ligands, as well as by replacing Co(acac)2 with Co(NTf2)2. After screening of a range of ligands and additives, the authors proposed a new system that is additive free and notably, active below 100 °C (Scheme 50b).



In 2017, Klankermayer demonstrated the efficient conversion of carbon dioxide to dialkoxymethane ethers catalyzed by a combination of Co(BF4)2, the Triphos ligand and HNTf2 as a co-catalyst. The system was optimized for both the transformation of CO2 to dimethoxymethane (DMM), as well as for the hydrogenation of CO2 to alkoxy formates (AF) and dialkoxymethane ethers (DAM) in the presence of selected alcohols [600].



In 2018, Milstein showed the hydrogenation of organic carbonates to methanol and alcohols catalyzed by a manganese PNP complex [601]. The catalyst precursor 65 is activated in situ by catalytic amount of base, while the active amido form performs also in the absence of base. The authors demonstrated the efficient hydrogenation of a wide range of symmetrical and unsymmetrical acyclic carbonates and cyclic carbonates, which was possible to convert to methanol and two equivalents of the corresponding alcohols in high to excellent yields (62–99%), as shown in Scheme 51. In addition, the hydrogenation of poly(propylene carbonate) was also investigated as a route for the treatment of waste plastics. Under the same reaction conditions, catalyst 65 afforded methanol and propylenediol in 59% and 68% yields, respectively, with propylene carbonate as a by-product.



The same transformation was reported by Cavallo, El-Sepelgy and Rueping using the PNN manganese pincer complex 66 [602]. Several cyclic organic carbonates were successfully hydrogenated to methanol and valuable polyols under the reaction conditions shown in Scheme 52.



In 2016, Zhang, Chen, and Guan explored the use of bis(phosphinite) pincer ligated Pd thiolate complexes for the hydrogenation of CO2 [603]. Catecholborane was used to trap CO2 at room temperature with 1 bar of CO2, using catalyst 67 (Scheme 53). A TOF of 1789 h−1 and a TON of 445 were achieved with this method, being one of the most active systems to date reported for the homogeneous catalytic reduction of CO2 to methanol or its derivative under mild reaction conditions.



Leitner reported the manganese pincer complex 68 for the reduction of CO2 and other carbonyl groups using pinacolborane [604]. The system operates using reasonable low catalyst loadings and under solvent-less conditions. The best result was achieved using 0.036 mol% of catalyst 68 and NaOtBu at 100 °C resulting in 96% yield and a TON of 883 after 14 h (Scheme 54). In addition, several cyclic and linear carbonates could be quantitatively converted into the corresponding boronate esters and protected methanol in yields exceeding 95%.



Another method for the capture of CO2 is its reduction in the presence of silanes, with the formation of strong Si-O bonds as the driving force promoting the transformation. The hydrosilylation of CO2 has gained much attention in the past decades, with several homogeneous systems reported to catalyze the conversion of carbon dioxide to silyl formates [605,606,607], as well as to the methoxysilyl derivatives [608,609,610]. With regard to pincer complexes, important results were achieved in 2010 by Chirik with a Co-PNP complex [611], as well as by Guan using a Ni-PCP catalyst [612].



Gonsalvi and Kirchner showed the Mn(I)-PNP complex 63 as an active catalyst for the selective and efficient reduction of CO2 to MeOH in the presence of hydrosilanes [613]. The reaction was performed applying 0.014 mmol of the catalyst (10 mol% catalyst to CO2 and 2 mol% catalyst to Si–H bonds) under mild conditions (80 °C, 1 bar CO2), in the presence of 5 equivalents of PhSiH3 and DMSO as solvent (Scheme 55). It was possible to achieve 99% yield of methanol, in the form of Si(OMe) derivatives, after 6 h.



Abu-Omar developed a method for carbon dioxide reduction into silyl-protected methanol in the presence of an oxo-rhenium PNN pincer complex (Scheme 56) [614]. The reaction employs catalyst 70 (4.5 mol%) with Me2PhSiH and CO2 (7 bar), in DCM, at 25 °C to promote the addition of Si-H to Re=O bond affording a complex capable of reducing CO2 into a silyl formate (95% yield). After 24 h, the silyl formate was reduced to silyl methanol with 53% yield.



In 2019, Beller and Checinski reported the manganese pincer complex 25 as suitable catalyst also for carbon monoxide hydrogenation to methanol at mild conditions, in the presence of either pyrroles, indoles, or carbazoles as promoter [615]. The reaction performed at 150 °C for 18 h under 1 bar of CO and 40 bar of H2, using 5 μmol of catalyst 25, 0.75 mmol of K3PO4 as base, and benzene as solvent. This resulted in the formation of methanol with high selectivity and turnover numbers up to 3170. Simultaneously, Prakash reported the same transformation proceeding via formamide catalyzed by Ru-MACHO-BH [616]. Both catalysts show promising robustness and tolerance to CO. Similarities and differences between the two proposed catalytic systems for CO hydrogenation can be found in Scheme 57; it is possible to observe how the method proposed by Beller is superior in terms of hydrogen pressure, catalyst loading, as well as reaction time.



In 2018, Schneider proposed a reverse water-gas-shift reaction (WGS) promoted by a nickel pincer complex at ambient reaction conditions [617]. The authors proposed a novel mechanism for CO2 activation, opposed to the kinetically favored insertion into the catalyst M-H bonds providing formates (Scheme 58a). Under photochemical conditions, the selective formation of the metallacarboxylate was observed [618], consisting in the first step of the proposed WGS, followed by water elimination, CO release, and heterolytic H2 activation to restore the active hydride specie (Scheme 58b).



The iridium-based complexes 72 and 73 reported by Milstein (Figure 5) showed good activity for the reversible activation of CO2 [619]. Complex 72 is dearomatized at room temperature and reacts with CO2 in THF or benzene affording two isomers, one where the hydride is trans to the bonded oxygen from CO2, and a second isomer where the hydride is trans to the pincer ligand. On the contrary, complex 73 reacts with CO2 at room temperature in the presence of THF, affording only one isomer. The reaction is highly solvent dependent. Under similar conditions, using benzene as solvent, the authors observed a mixture of unidentified products. However, the addition of CO2 to a pre-heated benzene solution containing 73 at 80 °C resulted in full conversion.



The same group showed a stoichiometric CO2 reductive cleavage to CO and water promoted by a mixture of the two complexes 74 and 75 via metal-ligand cooperation (Scheme 59) [620]. It was suggested that a proton is transferred from the ligand to the activated CO2 resulting in its cleavage. A reversible 1,3 addition of CO2 to the benzylic position was also showed by the studies revealing that complex 77 is the kinetic product. Together with the observed, rare example of di-CO2 metallocycle complex 77a, both of them are reversibly formed and do not participate in the formation of 76. The reaction of 74 and 75 with CO results in the formation of dihydrogen and 76.



Milstein also reported that the Rh(I)-PNP pincer complex 78 promotes the splitting of CO2 leading to the Rh(I) carbonyl complex 78a that by UV irradiation activates a C-H bond in benzene, followed by the protonation of the benzoyl complex 78b resulting in a benzaldehyde molecule (Scheme 60) [621].



The reactivity between a square-planar Co(II)-hydrido-PNP complex and small molecules such as CO2 and CO was investigated by Tonzetich in 2018 [622]. Complex 79 demonstrated a facile migratory insertion of CO2 producing the formate complex 79b. The complex was also reacted with nitric oxide, providing the first example of cobalt nitrosyl-hydride complex (Scheme 61).




3.1.3. CO2 Hydrogenation to Formate Salts


Several groups explored the homogeneous hydrogenation of CO2 to give basic formate salts, which can be later acidified to provide formic acid. Various combination of ruthenium complexes bearing phosphine ligands were found to be active in this transformation [623,624,625]. Important milestones were achieved by Jessop, with Ru-P(Me3)3 catalysts [560,562], Zhang with Ru-P(Ph3)3 species [626], Leitner with the meta-trisulfonated triphenylphosphine ligand (TPPMS) [627], as well as Beller, using [RuCl2(benzene)]2 in combination with the phosphorous ligand bis(diphenylphosphino)methane (DPPM) [628]. In addition, the hydrogenation of bicarbonates (used as CO2-trapping agents) as an indirect route to provide formates has also been investigated by many groups [629,630,631]. Important advances in this regard have been achieved by Beller and Laurenczy using again [RuCl2(benzene)]2 and DPPM [632,633], resulting in a formate yield of 61%, and a TON = 2,793 after 20 h at 100 °C in the presence of 50 bar of hydrogen and 35 bar of CO2 in a sodium bicarbonate solution.



In 2012, the same group showed that not only ruthenium, but also iron and cobalt catalysts are highly active for the hydrogenation of bicarbonates to give formates. In the presence of an iron(II)-fluoro-tris(2-(diphenylphosphino)phenyl)phosphino]tetrafluoroborate complex, obtained in situ from Fe(BF4)2·6H2O and tris(2-(diarylphosphino)aryl)phosphine, the hydrogenation of bicarbonates afforded TON > 7500 and TOF > 750, with 77% yield of sodium formate under 60 bar of hydrogen in methanol at 100 °C [634]. The hydrogenation of CO2 to formic acid in the presence of methanol and amines was also investigated, resulting in a mixture of formic acid and methyl formate, albeit with only 15% of carbon dioxide conversion.



Using the same approach, the hydrogenation of bicarbonate and carbon dioxide was also demonstrated using an in situ formed cobalt complex [635]. By simply applying 0.028 mol of Co(BF4)2·6H2O, in the presence of 1 equivalent of the Tetraphos ligand PP3 (P(CH2CH2PPh2)3), under 1:1 60 bar of H2/CO2 at 80 °C, it was possible to obtain 94% yield of sodium formate, with a TON of 645 after 20 h.



Regarding the use of pincer complexes, Beller employed in 2014 Ru-MACHO as the catalyst for the combined methanol dehydrogenation and bicarbonate hydrogenation, as well as for the synthesis of potassium formate from carbon dioxide, potassium hydroxide, and methanol [636]. In the first transformation, the reaction afforded excellent TON (>18,000), TOF (>1300 h−1), as well as yield (92% of potassium formate), as shown in Scheme 62. Under the same reaction conditions, with 5 bar of carbon dioxide, the reaction afforded a formate yield of 77%, with a TON of 12,308.



Sanford showed in 2013 that the Milstein PNN catalyst 3 efficiently catalyze the hydrogenation of CO2 to formate in the presence of potassium carbonate as base (Scheme 63a) [637]. In addition, the authors performed stoichiometric studies of various organometallic intermediates, showing that the reaction proceeds with a classic ligand-based aromatization/dearomatization pathway. The year after, Pidko showed that another Milstein catalyst, the PNP-pincer 26, is able to perform the same transformation [638]. With the reaction conditions shown in Scheme 63b, the hydrogenation of CO2 proceeds in the presence of DBU as base, showing activity already at 65 °C and a TOF of 1,100,000 h−1 at 120 °C (Scheme 63b). Importantly for an energetic cycle point of view, catalyst 26 is very active in the reverse formic acid dehydrogenation as well, affording high turnover numbers (1063000) in DMF/NEt3.



In 2014, Hazari and Schneider demonstrated Fe-PNP complexes as catalysts with a Lewis acid as co-catalyst for the dehydrogenation of formic acid (see Section 2.2.2) [389]. One year later, the hydrogenation of CO2 catalyzed by the same system was demonstrated by Hazari and Bernskoetter [639]. The catalytic activities of both Fe-PNHP and Fe-PNMeP complexes were investigated in the study. Both of them demonstrated better results in the presence of co-catalytic amounts of a Lewis acid. The reactions were carried out under 70 bar of CO2/H2 (1:1), 79,600 equivalents of DBU to the catalyst, LiOTf as additive (DBU/LiOTf 5:1), THF as solvent, and at 80 °C for 24 h. After optimization, 0.3 μmol of catalysts 15-Me afforded the best turnover number of 58,990 and 74% yield (Scheme 64). Quantitative yields were afforded when increasing the catalyst loading to 0.78 μmol.



In catalytic systems containing a secondary amine ligand, studies via NMR analysis suggested that the key role of the Lewis acid is the weakening of the stability of the hydrogen bond between N-H and Fe-O2CH moieties in 15c (Scheme 65).



On the other hand, in the presence of tertiary amine ligand systems, the authors showed that (iPrPNMeP)Fe(H)CO(BH4) is activated by DBU to produce the complex (iPrPNMeP)Fe(H)2CO which rapidly captures CO2 (Scheme 66). Here, the role of the Lewis acid consists in promoting the dihydrogen substitution on the formate complex, generating a transient cationic iron(II) dihydrogen intermediate. DBU deprotonates the dihydrogen complex resulting in the regeneration of (iPrPNMeP)Fe(H)2CO. The proposed pathway is believed to improve the reaction rate resulting in turnover frequencies as high as 20,000 h−1. In addition, the authors reported kinetic studies on the influence of solvent and Lewis acid on the insertion of CO2 metal hydrides. Small and highly charged Lewis acids such as Li+ provide stabilization of the incipient negative charge on the carboxylate group, hence of the rate-determining step, as long as it is not sequestrated by the solvent via O−···LA+ interactions.



In 2016, a comprehensive overview of the state-of-the-art for CO2 hydrogenation, as well as formic acid/methanol dehydrogenation using first-row metal complexes, was published by Bernskoetter and Hazari [640]. The authors provide comparisons between selected iron and cobalt pincers with known Ru-PNP catalysts, and investigate the role of Lewis acid additives in the improvement of these promising base metal catalysts.



The same year, Bernskoetter showed the synthesis, as well as crystallographic characterization, of cobalt(I)-PNP complexes derived from the pincer ligand Me-N[CH2CH2(PiPr2]2 [641]. The new complexes showed in this work performed better than previously reported PMeNP cobalt pincer catalysts for the hydrogenation of CO2 to formate. When 0.3 μmol of complex [(iPrPNP)Co(CO)2]+ 80 was paired with 3.2 mmol of the Lewis acidic additive LiOTf, 2.4 mmol of DBU as the base, under 70 bar of 1:1 CO2/H2 at 45 °C, a TON near 30,000 and a TOF of 5700 h−1 were afforded after 16 h (Scheme 67).



Bernskoetter further investigated the influence of various bifunctional PNP pincer ligands within the same class of low-valent cobalt complexes [642]. Cobalt(I) precatalysts containing tertiary amine ligand showed better activity, as well as improved stability, than those bearing the secondary amine pincer ligand. In this report, the reactions were performed using the same conditions, as shown in Scheme 67. Catalyst 80 achieved a TON of 29,000, while catalyst 81 and 82 achieved TONs of 24,000 and 450, respectively.



Later, Milstein developed Fe-PNP complexes based on the pyrazine backbone (PNzP) [643]. In a similar fashion as the pyridine congener, the PNzP ligand promotes the metal-ligand cooperation by aromatization/dearomatization of the pyrazine ring. Under basic conditions, complex 83 (0.1 mol%) catalyzes the hydrogenation of CO2 (3.3 bar) to formate salts at low H2 pressure (6.3 bar) and temperature (55 °C) (Scheme 68a). However, only moderate TON values (up to 388) were obtained. The authors proposed a catalytic cycle for the reaction based on observations obtained with NMR spectroscopy as well as X-ray diffraction. At first, one of the pincer arms is deprotonated to generate a stable dearomatized compound. The so-formed complex reacts with CO2 and H2 to afford compounds 83a and 83-H, respectively. 83a reacts with H2 by formal substitution of CO2, leading to compound 83-H. CO2 is inserted to 83-H into the hydride-iron bond generating the formate complex 83b. In the presence of base, 83b produces the dearomatized complex that reacts with H2 regenerating the cycle (Scheme 68b).



Gonsalvi and Kirchner reported Fe(II)-hydrido carbonyl complexes supported by PNP ligands with N-H or N-Me spacers as catalysts for CO2 and NaHCO3 hydrogenation to sodium formate in protic solvents and in the presence of base [644]. Studies showed that catalyst 29 can work as a bifunctional catalyst in which the N-H spacer promotes metal-ligand cooperation. In contrary, the N-Me spacer of complex 29-Me prevents that possibility. Moreover, the authors speculate that the presence of a labile bromide as well as the strongly σ-basic H and π-acidic CO ligands might be ideal for catalytic CO2 hydrogenation reactions. The hydrogenation of NaHCO3 was catalyzed by 29 (0.05 and 0.005 mol%) under 90 bar of H2 at 80 °C, and after 24 h of reaction TONs of 1964 (98% yield) and 4560 (23% yield) were achieved, respectively. The use of THF inhibited the reaction suggesting that the use of protic solvents stabilizes the reaction intermediates through hydrogen bonding. The hydrogenation of CO2 catalyzed by 0.08 mol% of 29 under 80 bar pressure at 80 °C in H2O/THF proceeded in basic conditions (12.5 mmol NaOH) and resulted in TONs up to 1220 with 98% of yield. The use of NaOH in H2O/THF in this reaction was fundamental since changing to other bases and solvents resulted in no activity or low conversions. Applying 0.01 mol% of 29-Me, DBU as base and EtOH as solvent at 80 °C, the reaction afforded 98% yield in sodium formate, corresponding to a TON of 9840. With lower catalyst loading (0.005 mol% of 29-Me) a TON of 10,275 was achieved, albeit with only 21% yield of formate.



Prakash explored a green and direct procedure for CO2 capture and its transformation to formate using known Ru- and Fe-PNP pincer complexes without the need of an excess of base [645]. Superbases, such as tetramethylguanidine (TMG), as additives showed the best results for the combined CO2 capture (15.6 mmol) followed by hydrogenation in aqueous media using 2 μmol of Ru-MACHO-BH and 50 bar of H2 at 55 °C for 20 h in dioxane/water (Scheme 69). It was found that other substrates, such as bicarbonate/carbonates and carbamates, could be converted into formate as well. The catalyst recyclability showed a TON for formate of 7375 in five consecutives hydrogenation steps of 5 h each, by reusing the same organic layer containing the catalyst and with no decrease of the catalytic activity (formate yield = 95%).



Based on the same approach using hydroxides shown in Section 3.1.2 for the production of methanol, Prakash proposed in 2018 a neutral CO2 capture and hydrogenation to formate cycle at low temperatures, with contemporary regeneration of the hydroxide base [646]. Among the screened bases, NaOH, KOH, and CsOH performed best, with the formation of HCOOK being the fastest and completed within 30 min. After the capture of 13.6 mmol of CO2, the reaction afforded a TON of 2710 and TOF of 5420 h−1 using KOH, catalyst 6, 2-MTHF as the organic solvent, H2 (50 bar), and at 80 °C (Scheme 70). The obtained formate solution was directly used without any purification in a formate fuel cell, producing electricity with consequent base regeneration, providing a carbon-neutral energy production cycle. The biphasic H2O/2-MTHF system has again a positive impact on the recycling of the catalyst and the hydroxide base; catalyst 6 retained similar catalytic activity even after five cycles, affording over 90% formate yield in each cycle.



The same year, Treigerman showed a hydrogen storage system based on aqueous sodium bicarbonate and the ruthenium PNP catalyst Ru-MACHO (Scheme 71) [647]. The hydrogen charge is performed under mild reaction conditions (70 °C and 20 bar H2) in isopropanol/water to afford sodium formate, which can be subsequently decomposed to release hydrogen and recycled sodium bicarbonate. Ru-MACHO shows again promising recyclability properties, retaining its activity through numerous cycles of the hydrogenations. Simply adding sodium bicarbonate and heating to 70 °C, a TON > 610 was measured in each cycle.



In 2017, Peng and Zhang reported the syntheses and characterizations of [RuCl(L1)MeCN)2]Cl 84 and [RuCl(L2)MeCN)2]Cl 85 (Figure 6) as suitable catalysts for the hydrogenation of CO2 and bicarbonates to formate salts [648]. Complex 84 (0.1 mol%) showed a good activity and achieved 34% yield (based on NaOH) with a TON of 407 under 30 bar of H2 and 15 bar of CO2, using 60 mmol of NaOH and THF/H2O (1:1) at 130 °C for 24 h. The investigations for the hydrogenation of sodium bicarbonate to sodium formate using 86 (0.05 mol%) showed yield of 77% and TON of 1530 under 30 bar of H2, using THF/H2O (1:1) at 130 °C for 24 h.



Kirchner and Gonsalvi reported in 2017 the use of Mn(I) pincer complexes for CO2 hydrogenation to formate [649]. In this example, the hydride Mn(I) catalyst [Mn(iPrPNPNH)(H)(CO)2] 69 was employed and showed higher stability and activity than its Fe(II) analogue. Thus, using 10 μmol of catalyst 69, at 80 °C, for 24 h, and 80 bar total pressure (1:1 H2/CO2) in THF/H2O, and in the presence of DBU as base and LiOTf as the co-catalyst, TONs up to 10,000 and yield up to >99% were achieved (Scheme 72). Decreasing the catalyst loading to 0.002 mol%, resulted in TONs up to 30,000. Importantly, the system is active already at room temperature, and remains active for up to 48 h (TON = 26,600) with an average TOF of approximately 550 h−1 indicating a constant rate of reaction.



As discussed before (see Section 2.2.2), Bernskoetter and Hazari reported the synthesis of various iron-PNP complexes with ancillary isonitrile ligands and demonstrated their activity through formic acid dehydrogenation [405], as well as CO2 hydrogenation to formate salts [406]. The reaction using 0.3 μmol of the catalyst 43a (containing the isonitrile group C≡NR, with R = 2,6-dimethylphenyl), DBU as base, LiOTf as co-catalyst (7.5:1 DBU/LiOTf), THF, at 80 °C for 24 h achieved a TON of 613. The second-generation isonitrile catalysts, with the methylated amino arm of the PNP pincer, showed better performance, with catalyst 43c resulting in TON of 5300 under the same reaction conditions (Scheme 73).



In 2019, Jagirdar showed the iridium trihydride complex [IrH3(PNHP)] 87 (Scheme 74) as an active catalyst for the hydrogenation of CO2 to formate [650]. The reaction was carried out in aqueous 1 M KOH solution, with 0.2 mol% of 87, at 14 bar of H2 and CO2 (1:1). A TON of 144 was afforded at 100 °C for 14 h or 25 °C for 19 h. The highest TOF of 47 h−1 was obtained at 80 °C.



Recently, Copéret demonstrated the synthesis of an immobilized lutidine-derived pincer type N-heterocyclic carbene ruthenium on a highly ordered silica-based material [651]. Complex 88 was used as catalyst for CO2 hydrogenation into the corresponding formic acid-base adduct affording a TON of 18,000 in 24 h (Scheme 75). It was demonstrated that the method improves the stability of the catalyst compared to the homogeneous analogue, which afforded a TON of 9250 after 24 h under the same reaction conditions.





3.2. Nitrogen Fixation


The homogeneously catalyzed production of ammonia has remained challenging for a long time, and relatively unexplored; in this regard, Minteer, Janik, Renner, and Greenlee recently reviewed the reduction of dinitrogen into ammonia by means of both heterogeneous and homogeneous catalysis [652]. Homogeneous pincer-type catalysis offers the possibility to perform nitrogen fixation under mild reaction conditions albeit significant further improvements are required to reach acceptable industrial relevance. Already in 2007, Leitner explored the potential of pincer complexes of Fe, Ru, and Os as active species for the production of ammonia from N2 and H2 [653]. Tuczek [654], Nishibayashi [655,656,657,658], Fryzuk [659], and many other authors have reviewed this topic in depth [660,661,662,663,664,665,666,667], with pincer-type ligation being widely employed in the proposed methods.



Back in 1965, the first dinitrogen complex was synthetized by Allen and Senoff [668]; since this report, many studies have focused on the synthesis of novel transition metal dinitrogen complexes and their reactivity with dinitrogen with the purpose of finding alternative approaches for a greener nitrogen fixation process. Several homogeneous systems have been explored for this transformation [669,670,671,672,673,674,675,676,677,678], inspired by the biological nitrogen fixation performed by the active Fe/Mo site of nitrogenase [679,680]. In addition, various works have covered the photochemical activation of molecular nitrogen [681,682,683,684,685,686,687,688].



Only in 2003, Schrock developed the first homogeneously catalyzed production of ammonia using transition metal-nitrogen complexes [689,690]. Eight equivalents of ammonia per catalyst were produced when dinitrogen reacted with a reductant and a proton source at room temperature under 1 bar of N2 and in the presence of the molybdenum-dinitrogen complex 89 bearing a triamide-monoamine tetradentate ligand (Scheme 76). The mechanism of the reaction was elucidated through isolation of key intermediates; however, they were unsuccessful in improving the catalytic activity of the system.



In 2011, Nishibayashi showed the molybdenum PNP pincer complex 90 for the second example of catalytic production of ammonia from dinitrogen at ambient conditions [691]. By applying 0.01 mmol of catalyst 90, 216 equivalents of [LutH]OTf as the proton source, and 288 equivalents of cobaltocene as electrons donor, it was possible to obtain 23 equivalents of ammonia (12 per molybdenum atom) at room temperature (Scheme 77). The mechanistic cycle was elucidated in 2014 in collaboration with Yoshizawa and shown in Scheme 78 [692]. It was shown that the complex maintains a dinuclear character in solution as opposed to the hypothesis that dinitrogen bridges dissociate to the corresponding mononuclear complexes; in case of PNP pincer ligation, the dinuclear specie catalyzes the protonation of the terminal dinitrogen, which is the first step of the catalytic cycle.



In a following paper from 2014, Nishibayashi demonstrated that the catalytic activity can be almost doubled with the introduction of electron-donating groups such as methyl and methoxy groups onto the pyridine ring of the PNP pincer ligand [693]. A shown in Scheme 77, catalyst 91 afforded up to 52 equivalents of ammonia, with 360 equivalents of CoCp and 480 equivalents of [LutH]OTf under 1 bar N2 at room temperature after 20 h.



The same group later reported the synthesis of other molybdenum-dinitrogen complexes bearing different redox-active substituent on the PNP pincer ligand, with the aim of promoting the reduction step of the transformation [694,695]. The catalysts were then tested for the synthesis of ammonia from molecular dinitrogen. The reactions were performed under 1 bar of N2 with 0.01 mmol of catalyst, toluene as solvent, at room temperature, for 20 h, and with 288 equivalents of [LuH]OTf and 216 equivalents of CoCp2. The complexes containing ferrocene as a redox-active moiety in the pyridine ring of the PNP ligand showed higher activity for ammonia production, up to 45 equivalents using catalyst 92 (Scheme 77). Electrochemical and theoretical studies showed that the interaction between the Fe atom of the ferrocene moiety and the Mo atom of the catalyst might be fundamental to achieve high catalytic activities.



In 2017, Schneider reviewed in depth the mechanism of N2 bond activation catalyzed by mid to late transition metal complexes [696]. The same author reported the molybdenum complex 93 and demonstrated the nitrogen activation following the procedure shown in Scheme 79 [697]. The reaction proceeds by reduction of 93 and formation of the diatomic species 93a, which later undergoes protonation in Brønsted acid conditions, resulting in the formation of two corresponding nitrides (93b) and formal dinitrogen cleavage. The authors investigated the mechanism of the reaction in depth by means of DFT calculations, NMR spectroscopy, cyclic voltammetry, MO theory, as well as X-ray diffraction analysis in order to elucidate the unexpected protonation step as the driving force to nitrogen splitting.



In 2018, the same author performed a systematic investigation on the mechanism of both chemical and electrochemical N2 splitting, using the rhenium system reported in 2014 [698], and shown in Scheme 80, as an archetypal pincer halide precursor for N2 cleavage [699]. By means of electrochemical data and computational studies, the authors elucidated the rhenium-catalyzed N2 activation, up to the final splitting step. The reaction proceeds through formation of the dinuclear species 94a, which undergoes N-N bond cleavage resulting in two rhenium nitrido complexes. A comproportionation between ReI/ReIII states was found to be the driving force of the electrochemical splitting, while a RuII specie represents the binding state of nitrogen and at the same time cause of the main deactivation pathways. In another work, Schneider reported an innovative approach for the synthesis of acetonitrile using dinitrogen and ethyl triflate catalyzed by complex 94 [700]. The authors demonstrated the feasibility of the catalytic cycle by means of 15N-labeled samples with consequent production of 15N-labeled acetonitrile, accompanied with efficient recovery of the rhenium catalyst. The work offers new insights on the possibility of forming C-N triple bonds after N2 splitting, expanding the possible applications derived from N2 splitting to organic transformations.



With the purpose of increasing the stability of the first generation Mo-PNP catalyst, Nishibayashi showed new dinitrogen-bridged PPP pincer catalysts for nitrogen fixation [701]. The authors tested new alternatives for the pincer moiety after noticing how the deactivation of the catalyst in the previous reported works was mainly due to the dissociation of the PNP ligand, observed in solution at completed reaction. Using the Mo-PPP catalyst 95, it was possible to increase the ammonia production up to 126 equivalents, with the reaction conditions showed in Scheme 81. This result represents an improvement with respect to the first Nishibayashi catalyst 90 with five times higher activity.



In 2017, the same author reported remarkable activities toward nitrogen fixation by new molybdenum complexes bearing NHC-based PCP-pincer ligands [702]. Both catalysts 96 and 97 resulted in improved catalytic activity; the reaction afforded 200 and 230 equivalents of ammonia using 96 and 97, respectively. The yield of ammonia was 48% with 97 and 42% with 96, with yields in H2 of 18% and 14% (based on CoCp*), respectively (Scheme 82). The authors postulated that the higher performance of 97 is given by an increased back donating ability of the molybdenum centers in the presence of two methyl groups to the benzimidazol-2-ylidene skeleton of the PCP ligand, resulting in enhanced activation of the terminal dinitrogen ligands compared to the previously shown complexes. In addition, the authors performed stability tests in order to compare the first generation Mo-PNP complex 90 with the new PCP ligand synthetized in this study. In this report, the PCP ligand was not observed in solution after the reaction, indicating a higher resistance to dissociation, and the residual presence of the active species. Indeed, after the first 47 equivalents of NH3 produced, with complex 96 it was possible to feed the reaction adding more CoCp* and [LuH]OTf resulting in further 69 equivalents of ammonia produced after two extra hours. Encouraged by these findings, the authors reported the synthesis of the PCP ligand on larger scale, as well as its consequent complexation with rhodium, nickel, and iridium accompanied by X-ray crystal structure analysis of the obtained complexes [703].



Nishibayashi also showed novel synthesis procedures for the preparation of new molybdenum(V)-nitride complexes as suitable catalysts for nitrogen fixation [704]. In this report, the reaction was performed under ambient reaction temperatures, using toluene as solvent, 0.020 mmol of the catalyst, [LuH]OTf (0.96 mmol) as proton source, and CoCp2 (0.72 mmol) as reductant. The use of 98 and 99 afforded the best results among the prepared catalysts, yielding 6.8 and 7.1 equivalents of NH3, respectively (Scheme 83).



Nishibayashi suggested that in the homogeneous catalytic systems based on the molybdenum complexes showed previously, the bimetallic structure facilitates the dinitrogen conversion into ammonia in comparison to the corresponding monometallic complexes, because of the through-bond interactions between the two metal centers [692]. Tian investigated the chain-like extended models of Nishibayashi’s catalyst by computational studies [705]. The effect of the dimension and the types of bridging ligands on the catalytic activities over nitrogen fixation were examined in the study. Polynuclear chains bearing four ([Mo]4) increased the catalytic activity when compared to the mono and bimetallic species, and carbide showed to be a more effective bridging ligand than N2 regarding electronic charges dispersion between metal atoms, hence favoring the resulting catalytic cycle. The authors concluded that catalytic systems for the conversion of N2 into NH3 become more efficient with the extension of the polynuclear chain up to a proper size, combined with a suitable bridging ligand to facilitate charge dispersion between the metal centers.



Inspired by the naturally occurring nitrogen fixation by nitrogenase, Peters investigated in 2013 the ammonia fixation by synthetizing an iron model complex able to produce 7 equivalents of ammonia per catalyst [706]. In 2017 and 2018, an improved catalytic activity was reported by Peters; following the same approach, using the P3BFe catalyst 100 showed in Scheme 84 it was possible to achieve NH3 efficiently and with high turnover numbers [707,708]. The reactions were performed using CoCp2 (54 equivalents) as reductant and [Ph2NH2]OTf (108 equivalents) as the acid, in Et2O as solvent, at −78 °C, and for 3 h yielding up to 72% (for e− delivery) and 13 equivalents of NH3 per Fe site. In another experiment, with increased amount of additives, it was possible to achieve a TON of 84 after two further additions of fresh reductant and acid after cooling the mixture to −196 °C (Scheme 84). Freeze-quench Mössbauer spectroscopy under reaction conditions offered insights on the rate of the key step, as well as the formation of a borohydrido-hydrido complex as a resting state. In addition, the prospect of a proton-coupled electron transfer (PCET) under catalytic conditions was further supported by theoretical and experimental studies, demonstrating plausible explanations for the increased efficiency observed.



In 2017, Nishibayashi reported the highest catalytic activity for nitrogen fixation using a molybdenum-iodide complex bearing a PNP pincer ligand [709]. The reaction performed under ambient reaction conditions, using 1 bar of N2, 0.48 mmol of [Ph2NH2]OTf as proton source, in toluene, and using CoCp*2 (0.36 mmol) as reductant and 0.001 mmol of Mo catalysts for 20 h afforded up to 830 equivalents of NH3 (415 equivalents of ammonia per Mo), as showed in Scheme 85. The generation of a dinitrogen-bridged di-molybdenum-iodide complex in the reaction is responsible for the higher activity due the direct cleavage of the nitrogen triple bond of the bridging ligand in the core (Scheme 85). Curiously, when a stoichiometric amount of iodine was added to the dinitrogen-bridged molybdenum complex 90, the catalyst showed high catalytic activity, comparable to that of complex 101 and nitride complex 101b. It was demonstrated that the ammonia is produced by the mononuclear nitride complex 101b, thus encouraging further studies that resulted in the formulation of the new catalytic cycle depicted in Scheme 86 [709].



In 2019, Nishibayashi showed the synthesis of new molybdenum triiodide complexes bearing various substituents on the pyridine moiety of the PNP pincer ligand [710]. It was found that the catalytic activity toward nitrogen fixation increases with the introduction of Ph and Fc groups at the 4-position of the pyridine ring because of the electron withdrawing- and redox properties of the so-formed ligands. This observation is in contrast with the experimental results obtained with the afore-mentioned di-nuclear molybdenum species [693]. The work also confirms the preference of molybdenum systems for iodide ligands, performing better than the bromide or chloride congeners. The catalytic activity of the two selected complexes is shown in Scheme 87.



Peters also continued his studies on the topic and reported in 2017 an improved catalytic ammonia production employing new ruthenium and osmium complexes [711]. While the ruthenium catalysts tested in the study were found to be poorly active (4.3 equivalents of ammonia produced), using osmium catalyst 104 for the reaction afforded up to 120 equivalents of ammonia with high loadings of CoCp*2 and [HNPh2]OTf as reductant and proton source, respectively (Scheme 88). In 2015, Peters explored the same transformation using a cobalt congener of catalyst 104, which performed scarcely in ammonia production resulting in only 2.4 equivalents of NH3 [712].



After the preliminary works by Peters, Nishibayashi explored the reactivity of iron metal complexes for nitrogen fixation as well, reporting the synthesis of Fe, Mo, and Cr azaferrocene-based PNP-type pincer ligands [695]. In 2017, Nishibayashi proposed iron–dinitrogen complexes bearing an anionic PNP pincer ligand for the catalytic nitrogen fixation producing ammonia and hydrazine [713]. 1 atm of molecular dinitrogen, KC8 (40 equivalents) as reductant, [H(OEt2)2]BarF4 (38 equivalents) as proton source, 0.010 mmol of catalyst, Et2O or THF as solvent, and at −78 °C for 1 h were used as conditions for the conversion to ammonia and hydrazine up to 14.3 equivalents and 1.8 equivalents respectively. The best result was obtained using catalyst 105 (Scheme 89). Later, the authors succeeded in improving the catalytic activity of this family of catalysts by proposing a new complex bearing the anionic methyl-substituted pyrrole-bases PNP ligand [714]. As shown in Scheme 89, catalyst 106 afforded 22.7 equivalents of ammonia per catalyst under the same reaction conditions.



In addition to iron, Nishibayashi also showed the first successful example of cobalt-catalyzed nitrogen fixation [715]. Catalyst 107 showed catalytic activity similar to its iron congener, affording 15.9 equivalents of ammonia under the same reaction conditions (Scheme 89). Interestingly, when a cobalt catalyst bearing a PBP ligand was employed in the transformation, only 0.4 equivalents of ammonia were produced, indicating a relevant contribution of the PNP ligand to the catalytic activity.



In 2018, Nishibayashi designed and prepared novel vanadium complexes containing anionic pyrrole-based PNP pincer complex and aryloxy ligands, and tested them in the direct conversion of molecular dinitrogen into ammonia and hydrazine [716]. The reaction was performed using 200 equivalents of KC8 as reductant, 184 equivalents of [H(OEt2)2]BArF4 as proton source, Et2O as solvent, at −78 °C for 1 h. The reaction afforded up to 14 equivalents of ammonia and 2 equivalents of hydrazine when a mixture of catalyst 108 was employed (Scheme 90). Remarkably, this work represents the first example of vanadium-catalyzed nitrogen fixation, a step toward the understanding of the reaction mechanism involving the FeV nitrogenase active site. In addition, the authors synthetized the dinitrogen-bridged version of 108, which afforded 4.6 equivalents of NH3 per vanadium.



Contemporarily, the same author also explored the synthesis of novel dinitrogen-bridged species, reporting a new class of dinitrogen-bridged di-titanium and di-zirconium complexes with anionic pyrrole-based PNP pincer complexes for the conversion of dinitrogen into ammonia and hydrazine [717]. The best result was achieved using a mixture of catalyst 109, with 40 equivalents of KC8 as reductant, 38 equivalents of [H(OEt2)2][BArF4] as proton source, Et2O as solvent, and at −78 °C for 1 h yielding up to 1.3 equivalents of ammonia and 0.31 equivalents of hydrazine (Scheme 91). Under the same reaction conditions, catalyst 110 afforded 1 equivalent of ammonia, with no hydrazine.



Improved results using a di-titanium species have been achieved by Liddle using catalyst 111 [718]. After screening reaction conditions and additives, the reaction afforded up to 9 equivalents of ammonia per titanium atom using [Cy3PH]I as proton source and KC8 as reductant, notably with higher selectivity and only traces of hydrazine as the co-product (Scheme 92).



Nishibayashi also showed an example of nitrogen fixation using a proton source obtained in situ by means of a ruthenium-catalyzed oxidation of water promoted by a photosensitizer (Scheme 93) [719]. In the proposed method, the oxidation of water occurs using Na2S2O8 as a sacrificial oxidizing agent, a suitable ruthenium catalyst for water oxidation (112) and Ru(bpy)3(OTf)2 bpy=2,2′-bipyridine) as the photosensitizer. After 2 h of irradiation of visible light at room temperature, the reaction afforded 99% conversion into O2. 2,6-Lutidine and sodium trifluoromethanesulfonate (NaOTf) were added to the reaction in order to obtain [LutH]+ to be used in the following step; CoCp2 was used as the reducing agent to promote the conversion of dinitrogen gas into in the presence of catalyst 90 (0.005 mmol) under ambient reaction conditions, resulting in a total of 6 equivalents of ammonia released.



Nishibayashi reported the synthesis of a range of iron-methyl complexes containing anionic carbazole PNP ligands [720]. Bulkier substituents such as adamantyl groups at the phosphorus atoms showed better catalytic activity toward nitrogen fixation. The reaction using catalyst 113, 1 bar of N2, 80 equivalents of KC8 as reductant, 76 equivalents of [H(OEt2)2]BAr4F as proton source, in Et2O, at −78 °C afforded up to 4.8 equivalents of fixed nitrogen as a mixture of ammonia and hydrazine after 1 h (Scheme 94).



In 2017, Schrock reported the synthesis and the catalytic activity of the [Ar2N3]Mo(OtBu) complex 114 as catalyst for the reduction of dinitrogen to ammonia [721]. The reactions were performed in a mixture of 114 in diethyl ether as solvent, 108 equivalents of CoCp*2 as reductant, 120 equivalents of [Ph2NH]OTf as proton source, at temperatures between −78 °C and 22 °C, achieving up to 10 equivalents of NH3 per Mo atom, as depicted in Scheme 95. The authors were not able to demonstrate whereas the tBu group remain intact during the catalytic cycle, or if it is transformed into an OH or an oxo ligand after protonation from [Ph2NH]OTf.



Szymczak studied the incorporation of two 9-borabicyclo[3.3.1]-nonyl substituents within the secondary coordination sphere of the Fe(II)-NNN pincer complex 115 [722]. The inserted groups act as a Lewis acidic site and allow the coordination of one or two equivalents of hydrazine, as well as stabilization of Fe-NH2 intermediates (116 in Figure 7). Later, by addition of [HNEt3][Cl], a specie with two molecules of ammonia bound to the boron groups was isolated and characterized by single-crystal diffraction studies. Finally, the release of ammonia is achieved with contemporary coordination of a new molecule of hydrazine.



Holland and Mayer studied the protonation, and subsequent reduction of the ruthenium and iridium pincer complexes 117a and 117b to investigate their reactivity toward the activation of dinitrogen [723]. The stretching frequencies of N2 in the complexes 117a and 117b showed little activation of the dinitrogen ligand. Later, by means of NMR spectroscopy and cyclic voltammetry, the authors tested the reactivity of the prepared catalysts, however with no positive results in terms of catalytic ammonia production. The protonation, which is a fundamental step in the electrochemical reduction of dinitrogen, results in the formation of cationic metal-hydrides that lose N2 preventing any further functionalization. Reduction of the metal-hydride with CoCp2* also results in fast disproportionation to Ir(II) species, preventing any nitrogen coordination at room temperature (Scheme 96).



Tuczek reported in 2018 new molybdenum complexes bearing a PN3P pincer ligand with various substituents on both metal center and pincer arms [724]. The authors investigated the reactivity with N2 through the formation of dinitrogen-bridged species based on the classic Nishibayashi Mo-PNP catalysts showed before. It was found that the nature of the substituents has a strong influence on the reactivity toward dinitrogen; the reaction performed with 48 equivalents of [LutH]OTf and 36 equivalents of CrCp2* afforded poor catalytic activity with most of the tested catalyst candidates. Only when 0.01 mmol of complex 118 were applied, it was possible to achieve 3.12 equivalents of ammonia per catalyst (Scheme 97).



Dinitrogen can be also reduced and trapped into in the form of silylamines, from which ammonia can be easily released after hydrolysis. Preliminary studies on the topic date back to 1972 with the work of Shiina [725], and later Hidai in 1989 [726]. Many other reports explored the transformation up to recent days using molybdenum [727], iron [728,729], vanadium [730], titanium [731,732], as well as cobalt homogeneous catalysts [733,734,735,736,737]. A comprehensive review from Nishibayashi recently covered the catalytic silylation of dinitrogen into silylamines as precursors for ammonia production [738].



With regard to the most recent publications involving pincer ligation, Mézailles reported in 2016 the Mo-PPP complex 119 for the reduction of ammonia to silylamines in the presence of silanes [739]. Similar to the previously showed species, catalyst 119 can be obtained starting from a chlorido precursor through formation of a dinitrogen-bridged specie, followed by nitrogen splitting and formation of the nitrido species. Catalyst 119 is then able to react with the bis-silane under mild reaction conditions, resulting in high yields of the corresponding amine (Scheme 98). However, the authors could not achieve the final reduction step from Mo(II) to Mo(I) to regenerate the dinitrogen-bridged specie from 119d, required to finish a catalytic cycle.



In 2017, Nishibayashi designed and prepared iron and cobalt-dinitrogen complexes containing a PSiP ligand, and tested them as catalysts for the transformation of dinitrogen gas into silylamine [740]. 1 bar of molecular dinitrogen, 600 equivalents of Na as reductant, MeSiCl (600 equivalents) as silylating reagent in THF at room temperature for 40 h yielded up to 41 equivalents of NH3 when employing 0.020 mmol of catalyst 120c (Scheme 99).




3.3. Valorization of Biomass-Derived Compounds


Catalytic hydrogenation is a powerful tool for the valorization of biomass-derived compounds into valuable fuels and bulk chemicals for the industry, such as monomers for polymer production, bio-fuels, and additives [741,742,743,744,745,746,747,748,749,750]. Among the others, levulinic acid (LA) and γ-valerolactone (GVL) can be readily obtained from biomass by acid treatment of sugar monomers, such as glucose, fructose, and sucrose, representing versatile platform molecules for the bulk industry [751,752,753,754,755,756,757,758,759], as highlighted by Horvath in 2008 [760]. The use of pincer complexes for this type of transformations is relatively new, but again showing promising performances and allowing the useful hydrogenation of esters, carboxylic acids and aldehydes at mild reaction conditions [761,762].



Various groups reported the use of ruthenium precursors in the presence of different ligands for the hydrogenation of biogenic acids to useful building blocks [763,764,765,766,767]. However, most of the reports use high temperatures (>200 °C) and strong acidic conditions to achieve acceptable yields. Important results using Ru/Triphos combinations were achieved by Leitner [577,768,769,770,771], as well as by Beller [772,773,774] for the hydrogenation of several bio substrates. Milstein employed catalyst 24-H for the efficient hydrogenation of cyclic di-esters, e.g., biomass-derived glycolide and lactide, to 1,2-diols [775].



The hydrogenation of levulinic acid has been reported by Leitner and Klankermayer [768], Fu [776], and Fischmeister [777], using iridium complexes, as well as by Garcia, who reported the precatalyst [(dtbpe)PdCl2] (dtbpe = 1,2-(bis-di-tert-butylphosphino)ethane) to efficiently catalyze LA hydrogenation, as well as formic acid dehydrogenation to CO2 and H2 [778].



In 2015, Singh showed the conversion of several biomass-derived substrates, such as furfural, 5-hydroxymethylfurfural (HMF), and 5-methylfurfural (5-MF), into levulinic acid and diketones, 1-hydroxyhexane-2,5-dione (1-HHD), 3-hydroxyhexane-2,5-dione (3-HHD), and hexane-2,5-dione (2,5-HD) [779]. The reaction proceeds in the presence of formic acid and it is highly dependent on the choice of the ligand, as well as formic acid concentration, reaction temperature and time. The authors screened different Ru(II)-arene catalysts bearing ethylenediamine-based bidentate ligands. Applying 5 mol% of the catalyst, in water at 100 °C, various substrates were quantitatively converted into the corresponding ring-opened products.



With regard to pincer complexes, in 2012 Zhou used the trihydride iridium complex 121 for the hydrogenation of levulinic acid to γ-valerolactone (Scheme 100) [780]. In this sense, Chen used in 2015 density functional theory (DFT) calculations to investigate the mechanism of this transformation catalyzed by Ir-PNP complexes [781].



Long and Miller reported the efficient conversion of levulinic acid to either 1,4-pentandiol (PDO) or 2-methyltetrahydrofuran (2-MTHF) using ruthenium complexes bearing a modified Triphos ligand with a nitrogen central atom (Scheme 101) [782]. Catalyst 123 performed best in both transformations, affording quantitative yields in PDO and 2-MTHF. The active species was formed in situ with 0.5 mol% of [Ru(acac)3] as the metal precursor, 1.0 mol% of N-Triphos, under 65 bar of hydrogen, with no solvent at 150 °C for 25 h. The reaction with these conditions afforded 99% yield of PDO (with 1% of γ-valerolactone). When 5 mol% of HN(Tf2) was added as additive, and THF as solvent, the selectivity of the reaction changed dramatically, resulting in 87% yield in 2-MTHF and 10% in γ-valerolactone.



The year after, Deng and Palkovits showed the same transformations using Ru precursors and a modified version of N-Triphos, where an ethylene linker was substituted in one of the arms [783]. The reactions were performed in THF, with 1.5 equivalents of the novel ligand, 70 bar H2, 160 °C, for 18 h. The selectivity was found to be highly dependent on the ruthenium precursor used (0.2 mol% Ru loading); when using [Ru(acac)3] as in the previous study by Miller, the reaction afforded 33% yield of GVL and 66% yield of PDO. Surprisingly, both [Ru(acac)3] and RuH2(PPh3)4 produced 99% and 95% yield in GVL respectively, when no ligand was added to the reaction mixture, while in the presence of the ethylated N-Triphos ligand, RuH2(PPh3)4 afforded 98% yield in PDO. With different combination of a Ru precursor and the new ligand, the authors successfully hydrogenated a series of biogenic acids; among other substrates, fumaric-, succinic-, itaconic-, and maleic acid were converted in high yields into the corresponding lactones at 170 °C and 70 bar H2 in 48 h.



In 2015, Schlaf showed the synthesis of various ruthenium pincer complexes in the form of ([(40-Ph-terpy)(bipy)Ru(L)](OTf)n and [(40-Ph-terpy)(quS)Ru(L)](OTf)n (n = 0 or 1 depending on the charge of L, L = labile ligand, e.g., H2O, CH3CN or OTf, bipy = 2,20-bipyridine, quS = quinoline-8-thiolate)) [784]. The authors tested the prepared complexes for the hydrogenation of the biomass derived substrates 2,5-DMF (2,5-dimethylfuran), obtainable from 5-hydroxymethylfurfural, and 2,5-hexanedione, the hydrolysis product of 2,5-dimethylfuran. The reactions were carried out in aqueous acidic medium and temperature between 175 and 225 °C, using complex 126 as the catalyst. It was possible to afford yields of hydrogenated products up to 97% (using 2,5-hexanedione) and 66% using 2,5-DMF. The yield in 2,5-hexanediol was 82% and 78% starting from 2,5-hexanedione and 2,5-dimethylfuran, respectively (Scheme 102).



In 2018, de Vries reported a method for the transformation of HMF into 2-hydroxy-3-methylcyclopent-2-enone (MCP) using Ir and Ru complexes as catalysts [785]. The strategy involved the intramolecular aldol condensation of 1-hydroxyhexane-2,5-dione (HHD), as depicted in Scheme 99. The only pincer complex tested in this transformation was Ru-MACHO-BH, which afforded 93% of conversion of HMF with 0.5 mol% catalyst loading, 10 bar of H2 in water at 120 °C, however with only 5% yield of 1-hydroxyhexane-2,5-dione. On the contrary, when the authors explored the hydrogenation of MCP into valuable chemicals, Ru-MACHO-BH afforded full conversion of MCP into 3-Methyl-1,2-cyclopentanediol, which was isolated in 96% yield as a mixture of diastereomers after 16 h (Scheme 103). Recently, de Vries has reviewed the state-of-the-art of relevant sustainable transformations of 5-hydroxymethylfurfural involving 1-hydroxyhexane-2,5-dione as a key intermediate [786].



The same author also reported that the Ru-NNS complex 127 showed in Scheme 104 catalyzes the selective hydrogenation of methyl levulinate into γ-valerolactone [787]. The reaction was performed in methanol, with 0.25 mol% of 127, 2.5 mol% of KOtBu, under 50 bar of H2 at 80 °C, affording 77% yield after 2 h (Scheme 104). In the same work, the authors explored the hydrogenation of a wide series of saturated- as well as α,β-unsaturated esters. It was possible to hydrogenate γ-valerolactone affording the ring-opened product 1,4-pentanediol in 92% yield using 0.25 mol% of catalyst 127, 2.5 mol% of KOtBu, under 60 bar of hydrogen, at 80 °C after 2 h.



In 2019, Song showed the hydrogenation of levulinic acid and methyl levulinate into γ-valerolactone catalyzed by the iron pincer complex 29 [788]. High TON and TOF up to respectively 23,000 and 1917 h−1 could be achieved for the hydrogenation of levulinic acid. The best results were obtained using 0.002 mol% of catalyst 29 in the presence of methanol as solvent, 1 equivalent of KOH, under 100 bar, at 100 °C for 12 h (Scheme 105). The use of H2O as solvent was also possible and afforded TON of 22,500 and TOF of 1875 h−1. When methyl levulinate was used under similar conditions, γ-valerolactone was obtained with TON up to 22,000 and TOF of 1833 h−1. With higher catalyst loading (10 mol%) it was possible to afford 91% and 81% yield in GVL from levulinic acid and methyl levulinate respectively. The authors also explored the dehydration of several carbohydrates to afford LA, which was subsequently converted into GVL in high yields.



Recently, our group in collaboration with Paixão have demonstrated the efficient hydrogenation of alkyl levulinates to γ-valerolactone catalyzed by either ruthenium or iridium PNP catalysts, in the presence of small amount of base additive, and at low temperature and H2 pressure [789]. Both catalysts Ru-MACHO and 8 (Scheme 2) were found to be active in the conversion of both methyl as well as ethyl levulinate into γ-valerolactone, without the need of solvent and also in large scale reactions. The hydrogenation of ethyl levulinate was carried out using 0.01 mol% of catalyst at 60 °C and under 20 bar of hydrogen. Turnover numbers of 7400 and 9300 were obtained using Ru-MACHO and 8, respectively (Scheme 106). In addition, a scale-up experiment was performed with a combination of mild reaction conditions and low catalyst loading; whereas Ru-MACHO was found to be practically inactive under the same reaction conditions, 0.050 mol% (500 ppm) of 8 led to full conversion after 72 h at 25 °C (TON = 2000) using ethanol as alcohol additive. Full conversion was also obtained for methyl levulinate under the same conditions, but with methanol as the alcoholic additive. Finally, a recycling experiments was performed using 0.5 mol% of Ru-MACHO; four consecutive additions of ethyl levulinate every 20 h showed full conversion in each run without detectable deactivation of the catalyst. Catalyst 8 was found to be inactive under the recycling conditions.




3.4. Transfer Hydrogenation


Transfer hydrogenation reactions represent an elegant, sustainable strategy for the obtainment of molecules of higher complexity. The process does not require stoichiometric amount of additives and thus does not necessarily produce waste. In this transformation, hydrogen is inserted onto a molecule from an organic hydrogen source without the presence of hazardous H2 gas. The hydrogen donors are usually easily accessible and inexpensive, such as isopropanol, methanol, formic acid, and ethanol, of which particularly the latter two are readily obtainable from renewable sources. Possibilities and applications offered by homogeneous transfer hydrogenation have been reviewed recently by Kempe [790], Corma-Sabater [791], as well as Kayaki [792], while Morris investigated the mechanism of transfer hydrogenation catalyzed by iron-group hydrides [793]. Milstein [56,64], as well as Noyori [794,795,796,797], provided fundamental milestones, dramatically expanding the scope of substrates for transfer hydrogenation and coupling reactions using homogeneous catalysis, including pincer complexes. In 2008, Grützmacher reported the first efficient transfer hydrogenation with ethanol as the hydrogen source [798]. By applying an air-sensitive rhodium complex bearing a bis(5-H-dibenzocyclohepten-5-yl)amine ligand, they could reach 98% conversion of different ketones at mild temperatures. Since then, several reports have covered the topic [799,800,801,802,803,804,805], using also isopropanol [806], formic acid [807], as well as glycerol [808] as the hydrogen sources. Metal pincer complexes have appeared as suitable catalysts for this type of transformations as well [116,809,810,811,812,813].



With regard to the past five years, Khaskin explored in 2016 the use of the Gusev SNS catalyst, known for the hydrogenation of esters [40], for an unprecedented metathesis pathway coupled with transfer hydrogenation in the presence of ethanol [814]. The authors explored the reaction of ethyl hexanoate in the presence of Ru-MACHO, which afforded a statistical equilibrium of products confirming the metathesis pathway. Later, the authors screened the Gusev complexes 13 and 128, with 128 being the most efficient in producing metathesis products, with 99% selectivity after 16 h at 80 °C in toluene, using 0.02 mol% of catalyst loading and 5 mol% KOtBu. The scope was extended to alkyl, aryl, and mixed alkyl-aryl esters that were all efficiently scrambled using 0.2 mol% catalyst loading. Finally, with optimized conditions, the authors explored the selective transfer hydrogenation of ethyl hexanoate using ethanol as hydrogen source; by increasing the catalyst loading to 1 mol%, in the presence of 20 equivalents of ethanol, it was possible to afford 89% yield in hexanol (Scheme 107).



Thiel showed in 2018 an environmentally benign method for the hydrogenation of ketones, aldehydes and imines using ethanol as the hydrogen source, in combination with the ruthenium(II) pincer complex 129 in Figure 8 [815]. The catalyst is stable against moisture and oxygen, and allowed a wide scope of substrates; with 0.1 mol% as the catalyst loading, with 7.5 mol% KOH, in EtOH, it was possible to convert several phenyl ketones and aldehydes into the corresponding alcohols with >99% yields after 45 min, in some cases already after 15 min, at 40 °C. It was found that a rapid removal of acetic aldehyde under a constant N2 flow is fundamental to push the equilibrium for high conversions. However, it was not possible to hydrogenate olefins and heteroaromatic compounds with neither ethanol nor isopropanol as the hydrogen donors.



The same year, Huang reported the transfer hydrogenation of alkenes catalyzed by the iridium-NCP pincer complex 130 containing a rigid benzoquinoline backbone in the presence of ethanol [816]. The authors explored the conversion of a wide range of substrates, from substituted alkyl alkenes and aryl alkenes, to electron-rich/deficient olefins, O- and N-heteroarenes, as well as internal alkynes. The optimization was performed using cyclooctene and 1-octene as substrates; applying 1 mol% catalyst loading, yields >99% were achieved of the hydrogenated products, with 2.2 mol% of NaOtBu in ethanol, at 30 °C after 12 h. The rapid conversion of acetaldehyde, formed as the first EtOH dehydrogenation product, into ethyl acetate eliminates the possibility of catalyst poisoning by the iridium-mediated decarbonylation of the aldehyde.



In 2019, de Vries employed the iron-PNP catalyst 15 for the transfer hydrogenation of esters using ethanol as the hydrogen source [817]. The authors were able to hydrogenate more than 20 different substrates in good to excellent yields, including aromatic- and aliphatic esters and lactones. The initial screening was performed using methyl benzoate as the substrate, 5 mol% of 15 at 100 °C; after 24 h, 88% yield of benzyl alcohol was obtained. The authors also explored the use of different hydrogen sources, with isopropanol and butanol resulting in high conversion but lower selectivity in the desired product, whereas MeOH was found to poison the system. The optimized conditions were 5 mol% of catalyst, 96 equivalents of ethanol, at 100 °C for 24 h; with this protocol, the authors carried out the transfer hydrogenation of a series of relevant substrates, e.g., the bio-derived methyl oleate and α-Angelica lactone. In addition, methyl levulinate was successfully converted into 1,4-pentanediol (PDO) in a single step. Remarkably, the system is also active for the depolymerization of polyester to the diols, expanding the applicability of this protocol to the recycling of plastics as well. Notably, the same transformation for polyesters reduction was reported in 2013 by Robertson using Milstein’s catalyst 4 [818].



Ethanol Upgrading


One of the most appealing processes in sustainable chemistry is the upgrading of (bio)-ethanol into useful fuels and fuel additives [819,820,821]. The Guerbet reaction is a process enabling the formation of C-C bonds starting from simple alcohols. In this transformation, the alcoholic substrate is dehydrogenated to form an aldehyde, which undergoes aldol condensation before the product is finally hydrogenated resulting in a higher alcohol (Scheme 108) [822]. Ethanol is currently produced from crops and used as fuel [823,824,825], albeit with only 70% of the energy density stored in gasoline. On the contrary, butanol presents several advantages, e.g., it has an energy density closer to that of gasoline (90%), is non-corrosive, immiscible with water and can be blended with gasoline at concentrations up to 16% [826,827,828]. Butanol is currently produced by bacterial fermentation of starch and sugars in the A.B.E. process [829], producing a mixture of acetone, butanol, and ethanol, while poor selectivity, separation issues, as well as low conversion and yield usually affect the Guerbet pathway [830].



The upgrading of ethanol results in 1-butanol and other C4/C6 products and isomers. Most of them are considered valuable bio-fuel, fuel additives, or monomers for bio-polymers. The reaction presents some drawbacks especially regarding the selectivity. N-butanol can undergo dehydrogenation reactions resulting in even higher alcohols and other side products. In addition, the high loading of base required, often promotes competitive reactions resulting in the formation of inactive carbonates. Research has focused on catalyst design as well as reaction conditions optimization to achieve acceptable yields and selectivity of 1-butanol.



In 2016, Milstein reported a very efficient ruthenium pincer complex catalyst for ethanol upgrading [831]. The reaction performed using 0.02 mol% of catalyst 131 in Scheme 109, EtONa (4 mol%), at 150 °C for 16 h produced the highest conversion of ethanol (66.9%) affording up to 38.4% yield in butanol. Lowering of the catalyst loading to 0.001 mol% afforded the record TON of 18,209 with 14.6% yield and 86% selectivity. Mechanistic studies and isolation of reaction intermediates led to the conclusion that the active species is the dearomatized complex 131a, which is formed after activation by base. The major deactivation pathway is believed to occur through reaction of the formed water with ethanol and base, resulting in the formation of inactive NaOAc. In addition, the authors also explored the possibility to produce longer chain alcohols from ethanol; with a base loading of 20 mol%, it was possible to produce higher alcohols reaching a record conversion of 73.4%, with 37.6% selectivity to C6 and C8 alcohols.



The same year, Szymczak proposed an air-stable Ru-NNN catalyst for the upgrading of ethanol to 1-butanol [832]. The catalyst is a modification of a previously reported catalyst (132 in Scheme 110) found to be active in the reversible transformation between ketones and alcohols via hydrogenation and acceptorless dehydrogenation reactions [833]. The authors also carried out mechanistic studies supported by kinetic and isotopic labeling studies, proposing an inner-sphere mechanism with a β-H elimination as the turnover-limiting step in the dehydrogenation of alcohols using catalyst 132 [834]. In this report, catalyst 133 was used for the catalytic upgrading of ethanol achieving 37% yield of 1-butanol with 78% selectivity after 2 h at 150 °C. The addition of 0.4 mol% of PPh3 prevents phosphine dissociation, as well as the competitive EtOH decarbonylation pathway. After optimization, the catalyst 133 resulted in a TON of 530 and a TOF of 265 h−1 with the reaction conditions shown in Scheme 110.



In 2015, Wass showed the catalytic upgrading of ethanol using different ruthenium precursors in combination with various ligands, as well as the PNP complex Ru-MACHO [835]. With the reaction conditions showed in Scheme 111a, Ru-MACHO afforded 13.3% conversion and 12.4% selectivity in 1-butanol. The best result was obtained employing [RuCl2(η6-p-cymene)]2 and the bidentate ligand 2-(diphenylphosphino)ethylamine, with 90% selectivity and 31% conversion.



In another work, high selectivity toward isobutanol was obtained using different combinations of ruthenium precursors and PP and PN bidentate ligands [836]. The catalyst bearing the 1,1-bis(diphenylphosphino)methane as ligand, with 200 mol% of base loading (NaOMe), 0.1 mol% of methanol, at 180 °C, afforded 75% conversion of ethanol with 99% selectivity to isobutanol and only traces of n-propanol and n-butanol.



In 2017, the same author tested the catalyst precursors trans-[RuCl2(dppm)2], [RuCl2(dppea)2], as well as Ru-MACHO for the upgrading of ethanol to isobutanol [837]. The pre-catalyst trans-[RuCl2(dppm)2] was shown to be the most active in the presence of water, yielding 36% of isobutanol, at 78% selectivity from an aqueous ethanol/methanol mixture with water concentrations typical of that of a crude fermentation broth. In addition, the catalyst allows to perform the reaction using hydroxide instead of alkoxide bases. The use of H2O/NaOH with Ru-MACHO led to deactivation of the catalytic system and formation of carbonate and formate salts. However, in the presence of NaOMe and without water, Ru-MACHO afforded 44% yield in isobutanol with 89% selectivity under the reaction conditions shown in Scheme 111b. The superior activity of trans-[RuCl2(dppm)2] is explained by the superior water tolerance compared to the other PN and PNP complexes tested in the work.



The same year, Liu showed the first example, and state-of-the-art, of ethanol upgrading into 1-butanol using a homogeneous non-noble-metal catalyst [838]. The manganese pincer complex 25 resulted in the extraordinary TON of 114,120 and TOF of 3078 h−1 with 92% selectivity and 9.8% yield of 1-butanol at 160 °C for 168 h (Scheme 112). Increasing the catalyst loading to 0.02 mol% under the same reaction conditions resulted in 14.5% yield in 1-butanol with 82% selectivity and a TON of 1031. The group also performed mechanistic studies using controlled experiments with reaction intermediates, NMR spectroscopy and single crystal X-Ray crystallography to investigate the role of the N-H/N-Me moiety of the PNP pincer ligand. The proposed catalytic cycle is depicted in Scheme 112.



In 2018, Jones screened several Mn-PNP complexes of the same family as catalysts for the Guerbet reaction [839]. The chosen Mn-Br(CO)2-PNP complexes bearing different substituents on the phosphorous atoms were all found to catalyze the transformation, with catalyst 25 performing best; N-butanol could be obtained in 31% yield using 0.5 mol% of 25, NaOEt, at 150 °C for 48 h. High loading of the base (25 mol%) was required to maintain the catalytic activity. The water formed during the reaction promotes the major deactivation pathways.






4. Conclusions


In conclusion, we covered the main advances of the last five years in relevant sustainable chemical transformations catalyzed by pincer complexes. Dehydrogenation and hydrogenation reactions, together with valorization of biomass-derived compounds are the main processes where sustainability is predominant. In particular, efficient and continuous hydrogen release from LOHCs, as wells as CO2 capture and hydrogenation are the main areas of interest in a hydrogen economy perspective, with methanol, formic acid, and its derivatives as the most studied alternatives. Homogeneous N2 hydrogenation provides a clean, atom-efficient route for the synthesis of ammonia. Pincer complexes also catalyze the upgrading of ethanol into bio-fuels and the hydrogenation of biomass-derived compounds into high-value molecules.



Low catalyst loading, high selectivity, and mild reaction conditions are the main advantages of pincer-type catalysis. The applied pincer complexes show outstanding performance and promising potential for optimization. The long-term stability of the developed catalytic systems, as well as the use of expensive, rare metals are the main drawbacks that need optimization. More robust, possibly air- and moisture-stable catalysts are highly desirable to extend the lifetime and practical applicability of these otherwise promising catalysts. Remarkably, cheap and abundant first-row transition metals show very promising activity, potentially further increasing the sustainability of this versatile family of catalytic systems.



Pincer complexes have showed great reliability and flexibility for a plethora of sustainable chemical processes. Ligand design and the expanding use of first-row metals offer numerous possibilities for further optimization. Many groups are working extensively on the topic to find efficient, novel chemical and energy production routes and provide the society with sustainable solutions.
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Scheme 1. (a) Examples of Milstein’s first generation pincer catalysts [204]; (b) example of acceptorless alcohol dehydrogenation (AAD) reaction mechanism using Milstein’s type PNN pincer complexes based on aromatization/dearomatization of the pyridine moiety. 
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Scheme 2. (a) Pincer complexes screened by Beller in 2011; (b) low temperature isopropanol dehydrogenation; (c) proposed outer-sphere mechanism [219]. 
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Scheme 3. Ru-iPrPNP catalysts synthetized and characterized by Gusev and equilibrium between 10-H and 10 [73]. 
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Figure 1. Representative examples of ruthenium and osmium pincer catalysts reported by Gusev [73,178,179]. 
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Scheme 4. Ethanol transformation to ethyl acetate using Ru-MACHO and proposed reaction mechanism by Beller [180]. 
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Scheme 5. Conversion of cellulose and other biomass-derived substrates using catalyst 8 in a one-pot protocol proposed by Beller [182]. 
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Scheme 6. Beller’s glycerol dehydrogenation to lactic acid [315]. 
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Scheme 7. Screening of iron pincer complexes performed by Hazari and Crabtree for glycerol conversion to lactic acid [316]. 
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Scheme 8. Hydrogen storage system based on ethylene glycol proposed by Milstein [319]. 
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Scheme 9. Reaction pathway of aqueous methanol reforming. 
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Scheme 10. Ru-PNP catalyzed methanol dehydrogenation showed by Beller [329]. 
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Scheme 11. Fe-PNP catalyzed methanol dehydrogenation showed by Beller [332]. 
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Scheme 12. Ru-PNP catalyzed methanol dehydrogenation showed by Milstein [333]. 
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Scheme 13. Beller’s bi-catalytic systems for methanol dehydrogenation catalyzed by Ru-PNP complexes [334,335]. (a) Ru-MACHO-BH + Ru(H2)(dppe)2 (2014) and (b) 10 + 10-Me (2019). 
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Scheme 14. Iron-catalyzed methanol reforming in the presence of Lewis acids proposed by Bernskoetter, Hazari, and Holthausen [336]. 
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Scheme 15. Proposed inner-sphere catalytic cycle for aqueous methanol dehydrogenation by Beller [337]. 
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Scheme 16. Manganese-catalyzed methanol reforming and proposed catalytic cycle proposed by the group of Beller [346]. 
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Scheme 17. PNP pincer catalysts screened by Milstein for low-temperature formic acid dehydrogenation [388]. 
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Scheme 18. Schneider and Hazari’s Lewis acid assisted formic acid dehydrogenation with the Fe-PNP catalyst 16 [389]. 
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Scheme 19. Reversible formic acid hydrogen release and capture performed by Prakash and Olah using Ru-PNP catalysts [390]. 
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Scheme 20. Iron-PNP catalysts for low-temperature hydrogen release from formic acid reported by Gonsalvi and Kirchner [391]. 
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Scheme 21. (a) Gonsalvi’s ruthenium complexes trans-[RuCl2(meso-P4)] (30), trans-[Ru(H)Cl(meso-P4)] (31 and 31′) and trans-[Ru(H)2(meso-P4)] (32) studied by Gonsalvi; (b) proposed reaction mechanism [392]. 
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Scheme 22. Screening of ligands and in situ formation of iridium pincer ligands by Prakash [393]. 
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Scheme 23. Iridium-PCP complexes explored by Gelman bearing different outer-sphere pendant ligands [394]. 
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Scheme 24. Synthesis of trihydrido osmium-POP catalysts prepared by Esteruelas as well as their proposed catalytic cycle for formic acid decomposition to H2 and CO2 [397]. 
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Scheme 25. New PNP complexes studied by Huang and proposed plausible mechanism for hydrogen release from formic acid [398]. 
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Scheme 26. Novel Ru-NNN catalysts reported by Kuwata for formic acid dehydrogenation [404]. 
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Scheme 27. Isonitrile Fe-PNRP complexes synthetized by Bernskoetter and Hazari [405]. 
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Scheme 28. PNMeP vs. PNHP pincer complexes and proposed catalytic cycle for formic acid dehydrogenation proposed by Beller [348]. 
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Scheme 29. Novel cobalt-PNP pincer complex for low-temperature formic acid dehydrogenation proposed by Beller [408]. 






Scheme 29. Novel cobalt-PNP pincer complex for low-temperature formic acid dehydrogenation proposed by Beller [408].
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Scheme 30. Iron-catalyzed dehydrogenation of ammonia borane performed by Schneider [443,445]. 






Scheme 30. Iron-catalyzed dehydrogenation of ammonia borane performed by Schneider [443,445].



[image: Catalysts 10 00773 sch030]







[image: Catalysts 10 00773 sch031 550] 





Scheme 31. Dehydrogenation of hydrazine-borane hydrogen storage system by Ir-PNP pincer complexes reported by Beweries [447]. 
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Figure 2. Iridium pincer catalysts investigated by Jensen for hydrogen release from pyrrolidine-based LOHCs [448], as well as dimethylamine–borane dehydrogenation by Belkova [449]. 
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Scheme 32. Rhodium-POP catalyst for the dehydrogenation of ammonia-borane and dimethylamine-borane by Esteruelas [451]. 
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Scheme 33. Yamashita’s PBP-Ir and Co- catalysts for hydrogen release from dimethylamine–borane (DMAB) hydrogen storage system [452]. 
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Scheme 34. Hydrogen storage system based on ethylenediamine with alcohol proposed by Milstein, and its reversible (de)hydrogenation catalyzed by complex 24 [454]. 
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Scheme 35. Reversible hydrogen storage system formed by the couple ethylenediamine and methanol catalyzed by the Ru-PNN complex 53, as showed by Milstein [319]. 
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Scheme 36. Dehydrogenation of dimethylethylenediamine hydrogen storage system by Ru-MACHO-BH reported by Prakash and Olah [455]. 
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Scheme 37. CO2 hydrogenation with Ir-PNP catalyst reported by Nozaki in 2009 [568]. 






Scheme 37. CO2 hydrogenation with Ir-PNP catalyst reported by Nozaki in 2009 [568].
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Scheme 38. CO2 hydrogenation with Ir-PNP catalyst proposed by Hazari [569]. 






Scheme 38. CO2 hydrogenation with Ir-PNP catalyst proposed by Hazari [569].
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Scheme 39. CO2 hydrogenation with catalyst 26 proposed by Milstein in 2011 [387]. 
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Scheme 40. Cascade reactions promoting CO2 hydrogenation to methanol using catalyst 24-H in combination with (PMe3)4Ru-(Cl)(OAc) and Sc(OTf)3 as showed by Sanford [572]. 
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Figure 3. Ruthenium catalysts 55 and 56 based on the triphos ligand, and active formate species 57 and 58 (S = solvent or substrate) [576,577,578,579]. 
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Scheme 41. CO2 insertion to the Ir-PCP catalyst 59 showed by Meyer and Brookhart [580]. 
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Figure 4. Cobalt and zinc pincer complexes reported to activate carbon dioxide by Müller [582]. 
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Scheme 42. Synthesis and CO2 coordination of the Ni-PNP catalyst 64 proposed by Milstein [583]. 
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Scheme 43. CO2 capture and conversion to MeOH proposed by Sanford [586]. 
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Scheme 44. Milstein’s CO2 capture/hydrogenation to MeOH using amino alcohol [587]. 
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Scheme 45. CO2-capture and direct conversion to methanol using Ru-MACHO-BH as showed by Olah (a) and Prakash (b) [589,590] 
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Scheme 46. CO2 hydrogenation to methanol using Ru-MACHO-BH and silica-supported amines as capturing agents proposed by Prakash [591]. 
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Scheme 47. Proposed catalytic cycle for amine-assisted CO2 hydrogenation to methanol showed by Prakash [592]. 
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Scheme 48. CO2 hydrogenation to methanol promoted by the Mn-PNP complex 25 reported by Prakash [595]. 
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[image: Catalysts 10 00773 sch048]







[image: Catalysts 10 00773 sch049 550] 





Scheme 49. Hydroxide-based CO2 capture and subsequent hydrogenation proposed by Prakash [596]. 
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Scheme 50. In situ formed Co-PPP catalysts for carbon dioxide hydrogenation developed by Beller [597,599]: (a) First generation systems formed by various Co precursor and Triphos ligand, and (b) second generation using Co(NTf2)2 in combination with Triphos. 
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Scheme 51. Hydrogenation of carbonates to methanol and alcohols proposed by Milstein [601]. 
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Scheme 52. Manganese-PNN complex 66 catalyzes the hydrogenation of organic carbonates to methanol and polyols as showed by Cavallo, El-Sepelgy, and Rueping [602]. 
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Scheme 53. Catalytic reduction of CO2 to CH3OBcat catalyzed by PCP pincer ligated Pd thiolate complexes reported by Zhang, Chen, and Guan [603]. 
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Scheme 54. Leitner’s hydroboration of CO2 using the manganese complex 68 as catalyst [604]. 
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Scheme 55. Hydrosilylation of CO2 to methoxisilyl derivatives catalyzed by the Mn-PNP 68 reported by Gonsalvi and Kirchner [613]. 
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Scheme 56. Abu-Omar’s CO2 reduction to silyl-protected methanol catalyzed by the oxo-rhenium PNN pincer complex 70 [614]. 
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Scheme 57. CO hydrogenation to methanol proposed by (a) Prakash and (b) Beller [615,616]. 
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Scheme 58. Water-gas-shift (WGS) reaction of CO2 to CO and water with a nickel PNP pincer complex proposed by Schneider [617]: (a) Reactivity of 71 with CO2 and (b) proposed mechanism. 
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Figure 5. Iridium-based complexes 72 and 73 synthetized by Milstein [619]. 
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Scheme 59. Reactivity of 74 and 75 with CO2 showed by Milstein [620]. 
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Scheme 60. CO2 cleavage and photocarbonylation of benzene reported by Milstein [621]. 
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Scheme 61. Square planar Co(II)-hydrido-PNP complex 79 and its reactivity with small molecules showed by Tonzetich in 2018 [622]. 
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Scheme 62. Ru-MACHO-catalyzed hydrogenation of bicarbonate and CO2 to formate showed by Beller [636]. 
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Scheme 63. Hydrogenation of CO2 to formate using Milstein’s catalysts 3 (a) and 26 (b) as reported by Sanford [637] and Pidko [638]. 
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Scheme 64. Hazari and Schneider’s CO2 hydrogenation catalyzed by 15-Me [639]. 
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[image: Catalysts 10 00773 sch064]







[image: Catalysts 10 00773 sch065 550] 





Scheme 65. Proposed mechanism for (RPNP)Fe(H)COLi+ catalyzed CO2 hydrogenation and activation of HCO2-1a by Li+ and DBU as showed by Hazari and Schneider [639]. 
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Scheme 66. Proposed pathway for catalytic CO2 hydrogenation using (iPrPNMeP)Fe(H)CO(BH4) reported by Hazari and Schneider [639]. 
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Scheme 67. Co-PNP complexes tested by Bernskoetter for CO2 hydrogenation to formate with Lewis acid additives [641,642]. 






Scheme 67. Co-PNP complexes tested by Bernskoetter for CO2 hydrogenation to formate with Lewis acid additives [641,642].
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Scheme 68. (a) Hydrogenation of CO2 catalyzed by 83 and (b) the proposed mechanism for hydrogenation of CO2 reported by Milstein [643]. 
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Scheme 69. CO2 capture and hydrogenation to formate catalyzed by Ru-MACHO-BH reported by Prakash [645]. 
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Scheme 70. Capture and hydrogenation of CO2 combined with a direct formate fuel cell by Prakash [646]. 
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Scheme 71. Hydrogenation of sodium bicarbonate to sodium formate catalyzed by Ru-MACHO reported by Treigerman [647]. 






Scheme 71. Hydrogenation of sodium bicarbonate to sodium formate catalyzed by Ru-MACHO reported by Treigerman [647].
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Figure 6. Ru-NNN pincer complexes synthetized and characterized by Peng and Zhang [648]. 
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Scheme 72. CO2 hydrogenation to formate catalyzed by Mn complex 69 reported by Kirchner and Gonsalvi [649]. 
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Scheme 73. CO2 hydrogenation catalyzed by Fe-PNP isonitrile complexes proposed by Bernskoetter and Hazari [405,406]. 
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Scheme 74. Ir-PNP catalyst 87 reported by Jagirdar for CO2 hydrogenation to formate. 






Scheme 74. Ir-PNP catalyst 87 reported by Jagirdar for CO2 hydrogenation to formate.
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Scheme 75. Catalyst 88 immobilized on silica material for the hydrogenation of carbon dioxide to formate salts showed by Copéret [651]. 
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Scheme 76. First example of homogeneous ammonia production by Schrock [690]. 
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Scheme 77. Molybdenum-catalyzed ammonia production developed by Nishibayashi [691,693,694,695]. 






Scheme 77. Molybdenum-catalyzed ammonia production developed by Nishibayashi [691,693,694,695].
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Scheme 78. Catalytic cycle for the dinitrogen-bridged catalyst 90 proposed by the groups of Yoshizawa and Nishibayashi [692]. 
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Scheme 79. Molybdenum complex proposed by Schneider for catalytic N2 splitting [697]. 
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[image: Catalysts 10 00773 sch079]







[image: Catalysts 10 00773 sch080 550] 





Scheme 80. First example of rhenium-catalyzed ammonia production developed by Schneider [699]. 
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Scheme 81. Mo-PPP dinitrogen complex 95 developed by Nishibayashi [701]. 
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Scheme 82. Mo-PCP dinitrogen-bridged catalysts developed by Nishibayashi [702]. 






Scheme 82. Mo-PCP dinitrogen-bridged catalysts developed by Nishibayashi [702].
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Scheme 83. Catalytic reduction of dinitrogen into ammonia by molybdenum-nitride complexes reported by Nishibayashi [704]. 






Scheme 83. Catalytic reduction of dinitrogen into ammonia by molybdenum-nitride complexes reported by Nishibayashi [704].
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Scheme 84. Iron-catalyzed ammonia production developed by Peters using catalyst 100 [707]. 






Scheme 84. Iron-catalyzed ammonia production developed by Peters using catalyst 100 [707].
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Scheme 85. Molybdenum-iodide complex 101 and conversion to 101b by generation of the dinitrogen-bridged specie 101a showed by Nishibayashi [709]. 






Scheme 85. Molybdenum-iodide complex 101 and conversion to 101b by generation of the dinitrogen-bridged specie 101a showed by Nishibayashi [709].
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Scheme 86. Proposed catalytic cycle using the nitride complex 101 reported by Nishibayashi [709]. 
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Scheme 87. Molybdenum triiodide complexes bearing various substituted PNP pincer ligands reported by Nishibayashi [710]. 
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Scheme 88. Osmium-catalyzed nitrogen fixation developed by Peters [711]. 






Scheme 88. Osmium-catalyzed nitrogen fixation developed by Peters [711].
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Scheme 89. Nitrogen fixation catalyzed by iron- and cobalt-PNP complexes by Nishibayashi [713,714,715]. 
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Scheme 90. Vanadium PNP complex for dinitrogen conversion into ammonia and hydrazine reported by Nishibayashi [716]. 
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Scheme 91. Dinitrogen-bridged di-titanium and di-zirconium complexes bearing pyrrole-based anionic PNP pincer ligands synthetized by Nishibayashi [717]. 






Scheme 91. Dinitrogen-bridged di-titanium and di-zirconium complexes bearing pyrrole-based anionic PNP pincer ligands synthetized by Nishibayashi [717].
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Scheme 92. Di-titanium catalyst 111 reported by Liddle for nitrogen fixation [718]. 






Scheme 92. Di-titanium catalyst 111 reported by Liddle for nitrogen fixation [718].
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Scheme 93. Nishibayashi’s catalytic reduction of dinitrogen into ammonia using an in situ proton source and catalyzed by the molybdenum complex 90 [719]. 
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Scheme 94. Nitrogen fixation catalyzed by the iron PNP complex 113 proposed by Nishibayashi [720]. 
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Scheme 95. Dinitrogen conversion into ammonia catalyzed by the Mo-NNN complex 114 showed by Schrock [721]. 






Scheme 95. Dinitrogen conversion into ammonia catalyzed by the Mo-NNN complex 114 showed by Schrock [721].
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Figure 7. Szymczak’s Fe(II)-NNN pincer complex 115 coordinates one to two equivalents of hydrazine [722]. 






Figure 7. Szymczak’s Fe(II)-NNN pincer complex 115 coordinates one to two equivalents of hydrazine [722].
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Scheme 96. Ruthenium and iridium PCP pincer complexes tested by Holland and Mayer and reactivity of complex 117b in the presence of proton source and reducing agents [723]. 
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Scheme 97. Catalytic ammonia production catalyzed by complex 118 as showed by Tuczek [724]. 
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Scheme 98. Catalytic silylation of dinitrogen to silylamine proposed by Mézailles [739]. 
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Scheme 99. Cobalt-catalyzed silylation of N2 reported by Nishibayashi [740]. 
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Scheme 100. Iridium-catalyzed hydrogenation of levulinic acid to γ-valerolactone proposed by Zhou [780]. 
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Scheme 101. Hydrogenation of levulinic acid into 1,4-pentandiol (PDO) and 2-methyltetrahydrofuran (2-MTHF) showed by Long and Miller [782]. 
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Scheme 102. Water and high temperature stable hydrogenation pincer catalyst for biomass-derived substrates developed by Schlaf [784]. 
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Scheme 103. Conversion of HMF to higher-value products showed by de Vries [785]. 
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Scheme 104. Hydrogenation of methyl levulinate catalyzed by Ru-SNN catalyst 127 showed by de Vries [787]. 
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Scheme 105. Hydrogenation of levulinic acid and methyl levulinate into γ-valerolactone showed by Song [788]. 
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Scheme 106. Catalytic hydrogenation of ethyl levulinate to γ-valerolactone catalyzed by Ru- and Ir-PNP complexes at mild reaction conditions showed by Paixão and Nielsen [789]. 
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Scheme 107. Transfer hydrogenation of esters proposed by Khaskin in 2016 [814]. 
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Figure 8. Ruthenium and iridium pincer catalysts reported by Thiel [815] and Huang [816] to catalyze transfer hydrogenations in the presence of ethanol. 
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Scheme 108. Guerbet reaction. 
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Scheme 109. Ru-PNP catalyst for ethanol upgrading developed by Milstein [831]. 
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Scheme 110. Ru-NNN complexes synthetized by Szymczak and ethanol upgrading using catalyst 133 [832,833]. 
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Scheme 111. Ethanol upgrading to (a) 1-butanol and (b) to isobutanol proposed by Wass [835,837]. 






Scheme 111. Ethanol upgrading to (a) 1-butanol and (b) to isobutanol proposed by Wass [835,837].
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Scheme 112. Proposed catalytic cycle of complex 25 for the Guerbet reaction of ethanol to butanol proposed by Liu [838]. 
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Table 1. Hydrogen weight percentage stored in some representative liquid organic hydrogen carriers (LOHCs).






Table 1. Hydrogen weight percentage stored in some representative liquid organic hydrogen carriers (LOHCs).





	
LOHC

	
H2 wt%






	
Methanol

	
12.6




	
Formic Acid

	
4.4




	
Ethanol

	
12




	
Formaldehyde

	
6.6




	
Glycerol

	
9.6




	
Sugar Alcohols

	
8.9–9.3




	
N-ethylcarbazole (NEC)

	
5.8




	
Dibenzyltoluene (DBT)

	
6.2




	
1,2-BN-cyclohexane

	
7.1




	
BuPy

	
3.14




	
MePHI

	
5.76
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