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1.1 Introduction 

Catalysis as used by mankind dates back to the dawn of civilization, when people started to 

produce alcohol from fermentation.1 Nowadays, catalysts are indispensable for society as they 

are applied in the majority of industrial processes to produce a variety of chemicals for e.g. 

pharmaceuticals, fuels and plastics. Catalysts affect chemical reactions in an efficient, 

economical and environmentally friendly way, as they can increase the rate at which a reaction 

proceeds, but can also selectively produce only one product, thereby preventing side reactions 

and the production of byproducts or waste. Catalysts do not change the thermodynamics (i.e. 

the outcome), but change the kinetics (which comes from the ancient Greek “movement”). 

 

In homogeneous catalysis, reactions occur in solution, and often consist of transition metals 

that are surrounded by ligands. The ligands, generally organic molecules, influence the 

properties of the metal center, and indirectly steer the activity and selectivity of the catalyst. 

Traditionally, ligands act merely as spectators rather than actors, and thus only modify the 

reactivity of the metal center by their steric properties and electronic donating/accepting 

abilities, but do not actively participate by undergoing bond making and breaking processes 

themselves. In biological systems, enzymes exploit protein-based ligands or other organic co-

factors in combination with earth-abundant metals for cooperative substrate activation.2 In 

the active site, these ligands often participate directly in a bond activation reaction and may 

undergo a reversible chemical transformation.3 In synthetic chemistry and especially 

catalysis, so-called cooperative ligands have gained a lot of interest over the past decade, by 

collaborating in a synergistic way with the metal to facilitate a chemical process. This concept 

of metal-ligand cooperation (MLC) is a rapidly expanding field of homogeneous catalysis and 

this chapter provides an overview of different types of cooperative ligands along with their 

corresponding metal complexes that have been influential for the systems discussed in this 

thesis. 

 

1.2 Cooperative vs. bifunctional vs. proton-responsive 

Nowadays, cooperative ligands go by many names as they are also called “reactive”, 

“bifunctional” or “non-innocent”. The additional groups they bear are able to change the 

properties of the ligand, but the assistance depends on their specific functionality, for which 

they can be divided into the following categories:4 

 

1. Proton-responsive ligands; capable of accepting or donating one or more protons. 

2. Hydrogen-bonding ligands; implying partial proton transfer or substrate orientation 

3. Electron-responsive ligands; capable of gaining or losing one or more electrons, also called 

redox-active. 

4. Photo-responsive ligands; capable of undergoing changes upon irradiation.  

5. Ligands that have molecular recognition. 
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In this thesis, the focus lies on proton-responsive ligands in combination with 2nd row late 

transition metals (Ru, Rh, Pd). The first example of such systems dates back to 1985, where a 

cyclopentadienone-ruthenium complex was applied in the hydrogenation of ketones (Scheme 

1).5,6 The hydrogenation of ketones is among one of the most widely studied reactions in 

chemistry and especially the catalytic hydrogenation is interesting as it is atom-efficient. Here, 

dihydrogen is activated through MLC by the Ru (η4-Ph4C4CO)(CO)2 complex, Shvo’s catalyst, 

which generates RuH(η5-Ph4C5OH)(CO)2. In this form, the proton and hydride can be 

transferred to the carbonyl of a ketone, forming the corresponding alcohol. The transition in 

this system is redox neutral, as the formal oxidation state of the ruthenium does not change, 

but it is rather the cyclopentadienone ligand that undergoes a charge switch from neutral to 

mono-anionic. 

 

 
Scheme 1. The first example of a cooperative ruthenium complex.5,6 

 

Notable breakthroughs in the asymmetric ketone hydrogenation were realized by Noyori and 

co-workers in 1995, using several cooperative Ru(II)-diamine complexes (Scheme 2).7-10 These 

catalysts also contain a nucleophilic hydride and an adjacent ligand-based electrophilic 

proton. The mechanism is promoted by a cyclic transition state, in which the proton and 

hydride transfer occurs simultaneously via an outer-sphere mechanism. Especially the 

BINAP/1,2-diamine complexes are extremely successful, as they show very high conversion 

rates and ee’s for the hydrogenation of ketones. Moreover, these robust catalysts promote the 

enantioselective reaction under base-free conditions.9,10 Once more, the transition is redox 

neutral, as the amine ligand switches between neutral and anionic. The ability to donate or 

accept protons without change of formal charge is one of the trademarks of metal-ligand 

cooperativity and this feature has quickly evolved since. 

 

Scheme 2. Ru-diamine complexes, especially with BINAP/1,2-diamine ligands, are excellent catalysts 

for the hydrogenation of ketones, for which the transition state goes via an outer-sphere mechanism. 
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1.3 Tridentate lutidine-based pincer ligands 

Among several other ligand structures that are actively involved in metal substrate 

interactions, lutidine-based pincer complexes are particularly interesting because of their 

versatility. Within a decade, the range of reactions facilitated by these systems has expanded 

very rapidly, and new applications are still being discovered. The concept of these cooperative 

pincer complexes is depicted in Scheme 3 and is based on an aromatization/dearomatization 

process of the neutral ligand scaffold. The ligand backbone is susceptible to selective 

deprotonation at the methylenic position, hereby inducing dearomatization of the pyridine 

ring. Upon dearomatization, the ligand undergoes a formal charge switch from neutral to 

monoanionic, and can be reprotonated by the addition of a substrate. This process occurs with 

no formal change in the metal oxidation state. The chemistry of three cooperative ligand 

systems, namely PNP, PNN and bipy-PNN pincers, with ruthenium, rhodium and palladium 

will be discussed in this paragraph (Scheme 3, box).11-13 Interesting derivatives based on 

aminopyridine building blocks have also been extensively probed with a large set of (late) 

transition metals, including Ru and Pd.14-17 Furthermore, these lutidinyl or picolinyl-derived 

ligands have also been investigated in combination with several other metals (e.g. Fe, Co, 

Ni).18-21 However, these explorations are beyond the scope of this thesis and will not be 

discussed. 

 

  
Scheme 3. Schematic representation of the cooperativity of pyridine-based pincer ligands via an 

aromatization/dearomatization process, and three types of pincers (box). 

 

1.3.1 PNP complexes 

The PNP ligand motif as derived from lutidine was first reported in 1971 by the group of 

Nelson22 and it took nearly 20 years before its cooperative characteristics were observed.23 

These proton-responsive ligands have long been overlooked and underappreciated as a tool 

for catalytic activity, as another 20 years would pass before these ligands would be truly 

recognized. Early studies on the application of these complexes focused on the ruthenium-

catalyzed acceptorless dehydrogenation of alcohols into ketones (Scheme 4), yet no remarks 

were made regarding the contribution of the ligand.24 The first reactivity was observed when 

complex 2 was deprotonated with a strong base (complex 3) and subsequently treated with 

H2, generating complex 4 (Scheme 5).25 
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Scheme 4. Acceptorless dehydrogenation by complex 1. 

 

 
Scheme 5. Ligand reactivity of complex 2. 

 

Not only dihydrogen can be heterolytically activated by dearomatized complex 3, but also O-

H,26,27 B-H,28 C-H29 and N-H30 bonds. The activation of N-H bonds is demonstrated for 

electron-poor anilines and the breaking of the N-H bonds seems to be reversible, as complex 

3 is still observed in the presence of an excess of amine. This suggests that the barrier for N-

H bond activation is low enough for the reaction to occur rapidly at room temperature and 

that product amines could be eliminated in potential catalytic cycles based on such systems. 

Moreover, the activation of ammonia is displayed through deuteration experiments. Although 

NH3 prefers to be coordinated rather than activated, DFT studies show that the barrier for 

exchange between the two formations is low and accessible at room temperature (Figure 1).  

 

 
Figure 1. Reprinted with permission,30 copyright 2010 American Chemical Society. Calculated free 

energies (∆G298, kcal/mol) for (I) the unbound starting materials and (II) coordinated and (III) NH-

activated amine complexes. 

 

The activation of O-H bonds is the first step in many reactions catalyzed by complex 3 (Scheme 

6). An efficient method is developed for the formation of imines, important compounds with 

a diverse reactivity, from alcohols and amines.27 This atom-efficient reaction occurs under 

neutral conditions with the liberation of molecular hydrogen as the only byproduct. A variety 



 

· 14 · 

of alcohols and amines can be applied and high turnovers can be achieved. Complex 3 is also 

highly active in the acceptorless dehydrogenative coupling of primary alcohols into aldehydes 

and esters, and secondary alcohols into their corresponding ketones. The dehydrogenative 

cyclization of diols to lactones is achieved as well.26  

 

 
Scheme 6. Possible products from the activation of R-OH bonds with complex 3. 

 

When the dehydrogenation of alcohols was probed at low temperatures, the resulting aldehyde 

was not found in solution, but it was coordinated to the catalyst instead.31 NMR experiments 

revealed a new mode of MLC, which involves a Ru-O bond and a C-C bond between the 

aldehyde and the ligand backbone. This binding process was found to be highly reversible and 

experiments with carbon dioxide displayed the same reactivity.32-34 The group of Pidko 

investigated the catalytic hydrogenation of CO2 in combination with this deprotonated system, 

but they discovered that pathways involving the ligand backbone are not contributing to the 

catalytic cycle. The product in which CO2 is activated by MLC is actually an inactive state that 

inhibits catalytic performance. However, the reversible hydrogenation of CO2 by this highly 

active system shows the highest TOFs up to date (1,1·106 h-1), producing formic acid under 

mild conditions. 

 

Another example of this versatile complex illustrates the facile addition of boranes to complex 

3, which resulted in the Lewis acidic boron atom to bind to the ligand, whereas the hydride 

coordinates to the ruthenium center.28 This demonstrates that not only protons can bind to 

the methylene spacer of the ligand backbone, but this feature will be discussed further on. 

 

The first Rh(I)PNP complexes were described in 2007,35,36 but the reactivity they displayed 

was not based on MLC. Cooperativity for such complexes was only displayed in the activation 

of H-H,37 arene C-H37,38 and aniline N-H39 bonds but no catalytic applications have been 

reported thus far. 

 

The PNP ligands are much more valuable in combination with palladium precursors. Although 

MLC is not exhibited in those systems, Pd(II)PNPPh 6 is a highly active catalyst for the 

intramolecular hydroamination of a range of aminoalkenes (Scheme 7).40-44 The reactions are 

performed at room temperature and the products were obtained in high yields and with high 

selectivity.  
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Scheme 7. Intramolecular hydroamination of aminoalkenes catalyzed by complex 6. 

 

A recent publication showed how the stereoselectivity could be controlled by using a P-

stereogenic pincer complex (Figure 2).45 Complex 7 was used in the asymmetric 

intramolecular hydroamination of amino-1,3-dienes, in which the desired products were 

obtained in high yields and with excellent regioselectivities, showing that chiral N-

heterocycles can be obtained from this process at room temperature. 

 

          
Figure 2. Complex 7 is highly active in the asymmetric hydroamination of amino-1,3-dienes.45 

 

The first example of reactive ligands in palladium PNP complexes was shown in 2009 by van 

der Vlugt et al.46 They coordinated the ligand via transmetalation of cationic AgPNP to 

different Pd precursors which afforded cationic Pd(II)PNPtBu complexes. Mono-

deprotonation of these species with NaN(SiMe3)2 provided their neutral analogues and the 

reactivity of these complexes was investigated in the Suzuki-Miyaura coupling of bromoarenes 

and phenylboronic acid pinacol ester. Besides mono-deprotonation, cationic Pd(II)PNP 

systems are also able to undergo double deprotonation, generating an anionic complex 

(Scheme 8).47  

 

An excess of MeLi to either 8 or 9 leads to the methylated anionic complex 10, which is easily 

and irreversibly reprotonated to the neutral species with only a trace of water or methanol 

(Scheme 10). Conversely, the neutral species can be reversible reprotonated to the cationic 

analogue. As metal hydride species are important reactive intermediates and also participate 

in numerous fundamental organometallic reactions, both the cationic (8), neutral (9) and 

anionic (11) Pd species were reacted with hydrido-compounds to generate the three metal-

hydride equivalents (12, 13 and 14).48  

 



 

· 16 · 

Scheme 8. Formation of cationic, neutral and anionic palladium hydride complexes. 

 

1.3.2 PNN complexes 

Complex 16 was prepared by the group of Milstein, as they were aiming to improve the 

catalytic activity of the dehydrogenation of alcohols.49 Beside the reactive methylene, this 

novel complex has an additional feature, i.e. the nitrogen donor is hemilabile, and this enables 

the ligand to create a vacant coordination site on the metal center if necessary (Scheme 9). 

The importance of this characteristic is demonstrated in the dehydrogenation of alcohols. 

Whereas complex 2iPr (i.e. iPr substituents on the P-donors of PNP ligand) gave only moderate 

yields (67.2%), complex 15 and 16 showed outstanding performance (99%). 

 

 
Scheme 9. Complex 15 has two cooperative characteristics: the ligand backbone is susceptible for 

deprotonation (left), and the NEt2 donor is hemilabile, which may create a vacant site for substrate 

coordination (right). 

 

Complex 16 (or 15 in the presence of base) is a very versatile catalyst, as it is able to efficiently 

catalyze a range of reactions. Not only can it catalyze the dehydrogenation of alcohols into 

ketones and esters,49-51 but also the reverse reaction, i.e. the hydrogenation of esters into 

alcohols (Scheme 10).25 Likewise, secondary alcohols can be acylated by using non-activated 

esters under neutral conditions,52 and organic carbonates, carbamates and formates are 

efficiently hydrogenated as well, indicating alternative routes to methanol based on CO2 and 

CO.53 
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Scheme 10. Complex 16 can catalyze both the dehydrogenation of alcohols and the hydrogenation of 

esters. 

 

Related to the formation of esters from alcohols is the formation of amides from alcohols and 

amines54 and the formation of cyclic dipeptides,55 which are both isolated in high yields using 

15. In case of the dipeptides, a method was developed using the dehydrogenative self-coupling 

of β-amino alcohols. Surprisingly, when the closely related PNP complex 2 was applied, 

pyrazines were selectively formed, showing ligand-controlled selectivity (Scheme 11).  

 

 
Scheme 11. Ligand-controlled selectivity shows different products were generated upon the usage of 

different though related catalysts. 

 

Regarding the ability of the ligand to participate in substrate activation reactions, not only 

protons can bind to the methylene spacer of the ligand backbone.56 Like complex 3, facile 

addition of boranes to complex 16 resulted in the Lewis acidic boron atom to bind to the 

ligand, whereas the hydride coordinated to the ruthenium center.28 The group of Sanford 

describes the cooperative activation of CO2 at 16 via C-C coupling with the ligand in 

combination with the formation of a Ru-O bond.57,58 As was seen for PNP complex 3, they 

observed that the C-C bond-forming event at the phosphine arm is reversible at room 

temperature, but formation of the C-C bond at the nitrogen arm is irreversible, signifying the 

kinetic and thermodynamic product, respectively (Scheme 12). Both isomers are catalytically 

competent for the hydrogenation of carbon dioxide to formate in the presence of base with 

TOF’s up to 2200 h-1.59 Formate is the anionic form of formic acid, which may provide an 

interesting storage-release system for the energy carrier H2.60 
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Scheme 12. Activation of CO2 to 16 forms both the kinetic and thermodynamic product.57 

 

Complex 16 was also reported as an efficient mediator for the sunlight-driven splitting of 

water into O2 and H2.61 Water was activated in a similar fashion as alcohols, which resulted in 

the reprotonation of the ligand backbone, generating complex 17 (Scheme 13).62 Thermal 

activation of a second water molecule leads to the formation of H2 and dihydroxo Ru species 

18. When N2O was used as O-atom transfer agent, complex 18 was formed even more rapidly 

and also more cleanly.  

 

 
Scheme 13. Activation of water or oxygen-atom transfer using complex 16 and subsequent photolysis 

of bis(hydroxo)ruthenium complex 18 to generate O2. 

 

Upon photolysis of complex 18, hydrogen peroxide was liberated in a reductive elimination 

step from the two hydroxo ligands, and rapid intramolecular proton transfer from a non-

detected intermediate regenerates complex 16. Labeling studies showed that the O-O bond 

remains intact via disproportionation of H2O2, generating light-induced oxygen. No 

comments were made regarding the potential role of the hemilabile ligand arm, which could 

lead to the hypothesis that other cooperative tridentate ligands systems could afford the same 

activity. 
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Complex 16 has also been applied by de Vries and co-workers as catalyst for the room 

temperature isomerization of alkenes.63 The isomerization process was found to be slow, but 

the rate increased when isopropanol was used as additive. The activity at low temperature is 

surprising, as most other catalysts operate at higher temperatures. Coordination of β-

substituted nitriles to 16 led to tautomerization of the methine proton from the P-arm to the 

N-arm of 16.64 The nitrile nitrogen coordinates to the Ru center, while the adjacent carbon 

binds to the N-side of ligand backbone (Scheme 14). Subsequent oxa-Michael addition of 

alcohols to the nitrile gave the product in good yield, with no external base required.  

 

Scheme 14. Intermolecular oxa-Michael additions to unsaturated nitriles via MLC.64 

 

Like the PNP ligand, only one system is known for the PNN ligand in combination with 

rhodium.39 For this complex 19 (and RhIPNPiPr as well) N-H activation of anilines is observed, 

which is accomplished via metal-ligand cooperation (Scheme 15). The obtained anilido 

complex can subsequently react with ancillary ligands such as PEt3 or CO to eliminate anilines 

and regenerate the dearomatized complex. However, no catalytic application has been 

discovered for this system yet. 

 

Scheme 15. Activation of anilines by metal-ligand cooperation. 
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1.3.3 Bipy-PNN complexes 

In 2010, the group of Milstein prepared a new reactive bipyridine-based PNN pincer. When 

coordinated to Ru(II) (Figure 3), it efficiently catalyzes the selective hydrogenation of amides 

to form amines and alcohols under mild pressure and neutral conditions.65  

 

 
Figure 3. Bipyridine-based PNN pincer complexes. 

 

Both complexes 20 and 21 exhibit remarkable catalytic activity in numerous hydrogenation 

reactions, such as the hydrogenation of organic carbonates, carbamates and formates into 

methanol,53 but also the hydrogenation of urea derivatives into amines and methanol,66 and 

the hydrogenation of biomass-derived cyclic di-esters into 1,2-diols.67 The scope of these 

Ru(II)-PNN complexes can be extended beyond hydrogenation reactions to e.g. the 

dehydrogenative cross-coupling between primary alcohols and secondary alcohols under 

neutral conditions.68 Also the formation of tertiary amides and dihydrogen by 

dehydrogenative coupling of primary alcohols with secondary amines69 and the coupling of 

nitriles and amines to form imines have been accomplished with this system.70 Complex 21 

was also found to be an efficient catalyst for the transformation of primary alcohols into 

carboxylates with catalyst loadings of only 0.2 mol% and water as the oxygen source.71 

 

The synthesis of N-heterocycles has attracted much attention, because of their prevalence in 

natural products and drugs. A protocol described by Milstein and co-workers enables an 

environmentally friendly, atom-economical and efficient condensation reaction that converts 

readily available starting materials under mild conditions. Complexes 20 and 21 are able to 

catalyze the direct synthesis of N-heterocycles via acceptorless dehydrogenative coupling of 

aminoalcohols and secondary alcohols,72,73 generating substituted pyridines, quinolines and 

pyrroles in high yields.  

 

The group of de Bruin74 was the first to coordinate this bipyridine PNN ligand to a rhodium 

precursor, generating complex 22 (Scheme 16). Upon reaction with sodium azide, complex 23 

is formed, from which the dearomatized open-shell nitride-bridged rhodium complex 24 

could be isolated, which exhibits predominant nitridyl radical character.  
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Scheme 16. A dearomatized open-shell nitride-bridged rhodium complex is formed from a 

(PNN)Rh(I)azide. 

 

1.4 Hydroxy-pyridine / Pyridone 

As was already shown by Shvo’s catalyst, ligands functionalized with hydroxyl groups have 

attracted significant interest for the design of versatile complexes. Lately, hydroxypyridines or 

pyridones have gained increasing attention because of their interesting properties and 

excellent coordination abilities. The equilibrium between the two tautomers has a significant 

influence on the electronic properties of the ligand, and thus the metal. Among the different 

hydroxypyridines, 2-hydroxypyridine is of particular interest.75 These ligands are well-known 

in coordination chemistry since the 1960s, but its cooperative nature was only revealed twenty 

years ago.76 Due to its close proximity to the metal center, the hydroxyl group can transfer 

protons via a proton-relay, which significantly may significantly aid the process of metal-

ligand bifunctional activation. 2-Hydroxypyridine was coordinated to an iridium precursor, 

generating complex 25 (Scheme 17). Upon the addition of strong acid HX (X = Cl, Br, I) 

halogen-hydride species 26 was formed, wherein the oxygen atom is protonated. This is 

followed by dissociation of the –OH from the metal, which allows the halide to coordinate. For 

26, two isomers are observed with the hydroxyl group hydrogen bonding to the halide and 

hydride, respectively. Addition of a weak base (NEt3) to either 26X or 26H quantitatively 

yields 25 within 1 minute. This suggests that the exchange of isomers also occurs almost 

instantaneously, as the dissociation of XNHEt3 only happens from 26X. 

 

 
Scheme 17. Hydrogen bonding of a hydroxy-pyridine to a metal-hydride or -halide. 

 

Hydroxy-pyridine ligands have a low tautomeric barrier for proton transfer and they can 

therefore be deprotonated relatively easily by a mild base. Furthermore, the hydroxyl group is 

in close proximity to the metal center, which may significantly aid the process of metal-ligand 

bifunctional activation, compared to the earlier discussed PNP/N systems. It is suggested that 

the combination of smooth proton transfer and the more accessible site will diminish the 
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necessity of high temperatures and high pressures. This is demonstrated by Kelson and 

Phengsy, who discovered that ruthenium complex 27 is an efficient transfer hydrogenation 

catalyst for ketones under basic conditions and with isopropanol or formate as H2-donor 

(Figure 4).77 A TOF of 780 h-1 was achieved and the complex also proved to be selective for 

ketones in the presence of alkene substrates. 

 

 
Figure 4. Complex 27 efficiently catalyzes the transfer hydrogenation of ketones. 

 

A bidentate bipyridine ligand with two hydroxyl groups at both 6-positions, 6,6’-dihydroxy-

2,2’-bipyridine, has been reported. Whereas bipyridine itself had already acquired a legendary 

status in both coordination chemistry and catalysis, this small adjustment was only reported 

in 2011 by two groups independently. In combination with rhodium (28, Scheme 18, left), its 

bifunctional behavior was demonstrated and the efficient carbonylation of methyl acetate was 

presented.78,79 When coordinated to a ruthenium precursor (29, Scheme 18, right), the 

transfer hydrogenation of selected ketones was reported in various media, including 

isopropanol, methanol and water.80 Analogous Ir, Rh and Ru-pianostool complexes have been 

efficiently used in the acceptorless alcohol dehydrogenation of benzyl alcohol81 and the 

aldehyde-water shift reaction, with high selectivities up to 95%.82 

 

 
Scheme 18. Formation of rhodium and ruthenium dihydroxy-bipyridine complexes. 

 

After these publications on hydroxy-substituted bipyridines, the number of metal complexes 

and applications of this system increased rapidly. Iridium complex 30 with a proton-

responsive bipyridine ligand was published (Figure 5, left), that is capable of converting 

hydrogen and carbon dioxide to formic acid. This system is energy-efficient and green because 

it operates near ambient conditions, uses water as a solvent, produces high-pressure, CO-free 

hydrogen, and uses pH to control hydrogen production or consumption.83 A TOF of 

228,000 h−1 at 90 °C was observed, and a TON of 308,000 at 80 °C. 
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Figure 5. Structure of binuclear complex 30 (left) and catalyst 31 (right).  

 

Quickly after complex 30 was published, Fujita and Himeda and co-workers designed iridium 

complex 31 (Figure 5, right), with the 6,6’-dihydroxy-2,2’-bipyridine ligand, which was 

successfully applied in the hydrogenation of CO2 in water as well.84 Since then, this complex 

has been shown to have a large variety of applications. Additional publications appeared on 

the hydrogenation of CO2 in water,85 but also on formic acid dehydrogenation in which CO-

free dihydrogen is produced with a TOF of 39,500 h-1.86,87 The cobalt analogue of complexes 

29 and 31, which is water-soluble as well, exhibits notable catalytic activity in the 

hydrogenation of CO2 to formate in aqueous bicarbonate media and at moderate 

temperature.88 Although the TOF and TON are not as high as for the iridium complexes, the 

activities are definitely promising for earth-abundant metal catalysts. 

 

Not only formic acid can be used as a hydrogen storage system, but also N-heterocycles. 

Iridium catalyst 31 was demonstrated to be highly active and selective in the 

perdehydrogenation of 2,6-dimethyldecahydro-1,5-naphthyridine and perhydrogenation of 

2,6-dimethyl-1,5-naphthyridine with release and uptake of five molecules of H2 (Scheme 19). 

Only a few systems are known that use a single metal catalyst for both the dehydrogenation 

and hydrogenation, and this system proved to be very efficient.89 

 

 
Scheme 19. Iridium complex 31 efficiently catalyzes both the perdehydrogenation and hydrogenation 

of naphthyridines. 

 

Conversion of complex 32 with NaOH in water generated anionic complex 33, which is highly 

soluble in water. The interconversion between complex 31, 32 and 33 is achieved by changing 

the pH value. When refluxing a mixture of methanol and water in the presence of 33, a mixed 

gas of dihydrogen and carbon dioxide was formed. Formation of the products turned out to be 
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dependent on the different species. Complex 33 forms H2, whereas CO2 formation can be 

described to 32. By keeping the pH at high levels, hydrogen production of 84% yield was 

obtained.90 

 

 

Scheme 20. pH-Dependent interconversion of iridium complexes 31, 32 and 33. 

 

A catalytic system was developed for the dehydrogenative oxidation of alcohols with the water-

soluble complex 31. This allowed the catalysis to be performed in aqueous media, under mild 

conditions. Primary alcohols were converted to aldehydes, whereas secondary alcohols could 

be converted into ketones, marking this as the first example of dehydrogenative oxidation of 

alcohols in aqueous media.91 This chemistry allows easy access to several glucocorticoid 

derivatives, which may be useful in studies of steroid metabolism or as possible 

chemotherapeutics and drug conjugates.92 Lactones can be produced from the 

dehydrogenative lactonization of diols, producing 2 equivalents of dihydrogen as byproduct93 

and the selective dehydrogenation of the biopolymer lignin was conducted as well, with 

dihydrogen being trapped by 1-decene.95 Furthermore, a new prototype for hydrogen storage 

was designed based on the interconversion between acetone and isopropanol. First, the 

dehydrogenation of isopropanol was conducted, affording acetone and dihydrogen. When a 

balloon of hydrogen gas was attached to the Schlenk flask, isopropanol was formed in 100% 

yield (Scheme 21).94  

 

 
Scheme 21. Reversible transformation between isopropanol and acetone in one Schlenk, via the 

dehydrogenation and hydrogenation, catalyzed by complex 31. 

 

Iridium catalyst 31 shows also high activity in water oxidation, in combination with pH 

switching.96,97 This framework offers insight into how hydrogen bonds and acid/base-sensitive 

groups can impact organometallic catalysis. These features and pH-dependent solubility 

properties can enable green chemistry applications based upon water oxidation, as the 

activities are the highest ever reported for iridium catalysts. 
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Sulfonamide derivatives display biological activities, and especially N-alkylsulfonamides are 

important as they are active as inhibitors for tuberculosis or as pro-drug for cancer therapy. 

The formation of N-alkylsulfonamides used to involve sulfonyl chlorides, which are highly 

toxic and cannot be stored for long. A new catalytic system based on complex 32 shows the N-

alkylation of poor nucleophilic sulfonamides with alcohols as alkylating agents. The catalysis 

is performed in water and the catalytic activity was found to be depending on the hydroxyl 

units of the ligand.98 The group of Li also reported the alkylation of ketones with primary 

alcohols using this iridium complex, generating -alkylated ketones. The reactions are 

conducted under mild conditions and in air. Besides -alkylation, this complex also exhibits 

high levels of catalytic activity for the α-methylation of ketones with methanol.99 Recently, 

they designed a new strategy for the synthesis of -alkylated ketones via a tandem acceptorless 

dehydrogenation/-alkylation from secondary and primary alcohols (Scheme 22). Compared 

to their previously reported methods, this approach includes complete selectivity for -

alkylated ketones and is performed under more environmentally benign conditions.100 

 

Scheme 22. -Alkylated ketones are synthesized via a tandem acceptorless dehydrogenation/-

alkylation from secondary and primary alcohols, catalyzed by 32.  

 

Recently, two related tridentate bifunctional ligands and ruthenium complexes thereof were 

presented.101 Both 6,6’-dihydroxy-terpyridine (34) and bis(2’-hydroxy-6’-

iminopyridyl)isoindoline (35) are rigid pincer-type ligands with two reactive sites and their 

tautomerism provides accessible proton donors or acceptors in the second coordination 

sphere of the metal center. Complex 34 (Figure 6) efficiently catalyzes the transfer 

hydrogenation of a variety of ketones in isopropanol and, moreover, the reduction of carbonyl 

groups was catalyzed in the presence of substituted olefins, showing high chemoselectivity. 

Complex 35 displays high activity in the hydroboration of aryl nitriles, producing 

diborylamines under mild conditions. The catalytic activity of this complex is one of the fastest 

reported for ketone hydroboration at room temperature (initial TOF = 1.2(3) s-1).102 
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Figure 6. Tridentate hydroxy-pyridine complexes 34 and 35 catalyze the transfer hydrogenation of 

ketones and the hydroboration of nitriles, respectively. 

 

1.5 Pyrazoles: -NH-based bifunctional catalysts 

Related to the hydroxy-pyridine/pyridone ligands are N-H acidic pyrazoles, as they exhibit a 

similar fashion of reversibly donating protons when part of a metal complex. They have been 

used as ligands for a while, and also their ability to be deprotonated has been well-known.103 

However, this feature was only applied for catalytic reactions in 2010. Coordination of an N-

H pyrazole to a transition metal brings the β-NH group in close proximity to the metal site, 

and it becomes even more acidic due to the coordination of the Lewis-acidic metal site to the 

pyrazole moiety (Scheme 23).104 Most reported structures reveal an extended hydrogen-

bonded network that involves the uncoordinated N-H group of the pyrazole, coordinated 

halides or solvent molecules.105 

 

 
Scheme 23. Interconversion between a pyrazolato and a pyrazole, with reversible protonation of the 

β-nitrogen. 

 

The group of Thiel was the first to prepare ruthenium complexes based on bidentate and 

tridentate N-H acidic pyrazole ligands, and apply them in catalytic studies (Figure 7).104 They 

demonstrate the formation of ruthenium complexes that bear both the acidic N-H and a 

ruthenium hydride, and prove the activity of these complexes in the hydrogenation and 

transfer hydrogenation of acetophenone.  

 

Figure 7. Three different Ru(II)pyrazole complexes use MLC in transfer hydrogenation. 
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A dinuclear ruthenium complex was described, with an analogous tridentate bis-

pyrazolylpyridine as reported by Thiel and co-workers. Complex 39 is the first bimetallic 

ruthenium complex that is crystallographically characterized, with one of the β-N atoms of the 

pyrazole arms being coordinated to the other ruthenium center, leaving only one cooperative 

site available (Figure 8). The transfer hydrogenation of a variety of ketones with isopropanol 

is catalyzed very efficiently, even with 0.02 mol% catalyst loading.106 In combination with 

ruthenium, the parent tridentate ligand and substituted pyrazoles demonstrated the ability of 

direct and stepwise double deprotonation. The substituted ligands generate monomeric 

complexes involved in hydrogen bonding. The parent ligand however, is bridged between two 

ruthenium centers. Reaction of complex 36tBu in reaction with O2 afforded a side-on 

coordinated peroxo ligand, whereas dinitrogen coordinates end-on.107 

 

        
Figure 8. Reprinted with permission,106 copyright 2011 American Chemical Society. A dinuclear 

ruthenium complex of bis-pyrazolepyridine. 

 

Kuwata and Ikariya reported the formation of iridium complex 40 and describe its well-

defined deprotonation-reprotonation process, and also in relation to its activity in the catalytic 

intramolecular hydroamination of aminoalkenes.108 The activated olefin undergoes 

nucleophilic attack of the amine, which is assisted by secondary interactions of the pyrazolato 

ligand. Subsequent proton transfer from the pyrazole ligand generates the cyclization product 

in nearly quantitative yield (Scheme 24). 
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Scheme 24. Intramolecular hydroamination via MLC of complex 40. 

 

The combination of first row transition metals with bis-pyrazole pyridine ligands have recently 

also been reported. Several iron, cobalt and manganese species were synthesized,109,110 of 

which a metal-ligand bifunctional iron complex is able to cleave the N-N bond of (substituted) 

hydrazines. This leads to facile reduction and oxidation of hydrazine, generating ammonia and 

dinitrogen (Scheme 25).111  

 

 
Scheme 25. Reduction and oxidation of hydrazine leads to NH3 and N2, respectively.  

 

Iron complex 41 and ruthenium complex 42 bearing a novel tridentate ligand with two 

different functionalities have been reported recently (Scheme 26).112 One side arm consists of 

a proton-responsive pyrazole, while the other contains the hemilabile diethylamine donor. 

However, when examined in the catalytic hydrogenation of acetophenone, the use of 42 leads 

to only 36% of product formation and complex 41 exhibited no catalytic activity at all (complex 

36 afforded a yield of 86%). Nonetheless, this unsymmetrical ligand is very fascinating and 

further work should find a suitable catalytic application. 
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Scheme 26. Unsymmetrical complexes 41 and 42 consist of both a proton-responsive pyrazole and an 

hemilabile diethylamine donor. 

 

1.6 Aim and outline of the thesis 

Cooperative systems have gained a lot of interest in the last decade. Such reactive complexes 

have proven their effectiveness in atom-economical activation reactions and they exhibit 

remarkable catalytic activity in a range of transformations and under mild conditions. In this 

thesis, the development of several bidentate and tridentate types of pyridine-based ligands is 

described. The coordination to mainly 2nd row late-transition metals is studied, along with the 

behavior of their bifunctional character and application in several catalytic transformations.  

 

In Chapter 2 the synthesis of a bidentate PN-ligand is described as well as its coordination 

to PdCl(Me)(cod) and [Rh(CO)2(-Cl)]2. The resulting complexes show ligand backbone 

reactivity relevant to N-H activation, which leads to novel Pd(II)- and Rh(I)-amido complexes 

and they are applied in the catalytic intramolecular hydroamination of aminoalkenes. The 

next two chapters discuss in detail novel tridentate PNN(O) ligands that feature two different 

reactive sites, i.e. a phosphinomethyl arm and a hydroxy-pyridine functionality. The acidity of 

the unequal donors is shown by reactions with bases of different strength and site-selective 

dearomatization can be achieved. In Chapter 3 the coordination to ruthenium is described. 

These complexes are explored in the cooperative dehydrogenation of formic acid, the 

dehydrogenative coupling of alcohols into esters and in the dehydrogenative coupling of 

alcohols and amines into amides. Chapter 4 shows the coordination of the PNN(O) ligands 

to different Rh(I) and Pd(II) precursors. The rhodium complexes are applied in the transfer 

hydrogenation of ketones, whereas the palladium analogues have been studied in the 

intramolecular hydroamination of aminoalkenes.  

Chapter 5 describes the formation of tridentate NNN ligands and their coordination 

chemistry with several 1st row (Fe and Co) and 2nd row (Ru, Pd) transition metals. The ligand 

can be doubly deprotonated, which is a rare feature. The ruthenium complex is studied in the 

transfer hydrogenation of ketones and the activity of the cobalt and palladium complexes is 

examined in the catalytic intramolecular hydroamination of both aminoalkenes and 

aminoalkynes. 
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Chapter 2 

 

Pd(II) and Rh(I) Complexes Featuring a Reactive Bidentate 

PN-Ligand for N-H Bond Activation Processes 

 
 

Abstract The first examples of reactivity at the backbone of a bidentate PN-ligand L1 relevant 

to N-H activation are described, leading to novel Pd(II) and Rh(I) amido complexes. 

Deprotonation of the PN-ligand backbone led to dearomatization of the pyridyl ring structure. 

The intermediates could be efficiently stabilized with neutral co-ligands or solvent molecules. 

Successful selective N-H bond cleavage of several amines resulted in facile formation of 

mononuclear metal-amido species that have been crystallographically characterized. 

Application of these bidentate complexes in the hydroamination of aminoalkenes is hampered 

by coordination of the substrate trans to the phosphorus atom of the ligand. 

 

 

*Part of this work has been published: S. Y. de Boer, Y. Gloaguen, J. N. H. Reek, M. Lutz and 

J. I. van der Vlugt*, Dalton Trans. 2012, 41, 11276-11283. 
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2.1 Introduction 

Bidentate compounds that contain both phosphorus and nitrogen donors have been 

extensively investigated as ligand auxiliaries in a variety of important catalytic 

transformations.1 Additional interest in such ligands with these hard-soft combinations comes 

from their potential hemilabile behavior and a plethora of structural and reactivity reports 

underlines their early popularity and importance.2 One of the best-known phosphorus-

nitrogen-based bidentate ligands is 2-(diphenylphosphino)pyridine (Scheme 1, left), which 

closely resembles the widely used triphenylphosphine. Although applied as both chelating and 

bridging ligand, the high rigidity and small bite angle of this ligand limit its applicability for 

many catalytic reactions.3 The addition of an extra methylene spacer in the backbone of the 

ligand increases the flexibility and this 2-(diphenylphosphinomethyl)pyridine (Scheme 1, 

right) has been intensively investigated over the past 50 years and has proven to be an efficient 

ligand in numerous oligomerization and polymerization reactions.4,5 

 

 
Scheme 1. 2-(diphenylphosphino)pyridine and 2-(diphenylphosphinomethyl)pyridine.  

 

Although the tridentate ligands based on lutidine, discussed in Chapter 1, have been studied 

quite extensively in the last decade for their potentially cooperative character, the related 

bidentate analogs like 2-(diphenylphosphinomethyl)pyridine have been largely overlooked. 

Furthermore, only very few reports on alkyl-substituted PN ligands have appeared.6 A paper 

published by van der Vlugt et al. shows the first example of a bidentate NPtBu scaffold that 

exhibits cooperativity through dearomatization behavior when coordinated to Cu(I). Facile C-

H bond activation was shown for phenylacetylene and this dimeric [CuBr(NPtBu)]2 catalyst has 

shown to be an active cooperative catalyst for the [2+3] polar cycloaddition of acetylenes and 

azides, for which the proposed catalytic cycle is shown in Figure 1. Next to the activation of C-

H bonds, functionalization of small molecules such as carbon dioxide, dihydrogen, dinitrogen, 

or ammonia has gained great interest over the past years.7 These molecules have strong 

covalent bonds that need to be broken in order to convert them in catalytic processes. 

Transition metal complexes can react with small molecules through insertion into an X-H 

bond, via oxidative addition. In this way, catalysis with H2, C-H, O-H, and N-H bonds 

(hydrogenation and hydroformylation, hydroarylation, hydroxylation and hydroamination, 

respectively) becomes accessible, which may lead to new routes for industrially interesting 

chemicals. Especially the activation of N-H bonds by transition metals (and main group 

compounds) is of huge interest these days, because it could lead to the development of new 

catalytic routes to functionalize e.g. alkenes with amines.8 
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Figure 1. Proposed catalytic cycle for the click-reaction of phenylacetylene and benzyl azide, catalyzed 

by 1 mol% of [CuBr(NPtBu)]2.6 

 

Connected to this research area is the potential use of ammonia as an interesting substrate for 

homogeneous catalysis.7 Ammonia, the most fundamental amine, is a very versatile building 

block for fine chemicals, polymers, and pharmaceuticals and therefore of great interest for 

both academic and industrial research. The activation of N-H bonds of ammonia is, however, 

very challenging. The use of ammonia is still very limited in homogeneously catalyzed 

processes and, to the best of our knowledge, none of these systems involve the actual metal-

based rupture of the N-H bond. Many metal-mediated processes with ammonia generate a 

complex where the amine is simply coordinated, and thus a Werner-type complex.9 Because 

the nitrogen atom binds via its lone pair and not via a -bond, the N-H bond splitting of 

ammonia is significantly suppressed and this represents one of the inherent limitations of this 

interesting and widely available building block. The activation of substituted amines is less 

difficult, as the N-H bond is more acidic due to the electron-withdrawing substituents. The 

development of complexes that may engage in efficient N-H activation and functionalization 

processes is therefore very relevant. One potential pathway for selective and productive N-H 

bond activation proceeds via a cooperative ligand-metal mechanism,10-12 and this may provide 

a viable strategy to generate metal-amido species in a controlled manner and facilitate 

intramolecular reactivity.13 Palladium amido species have recently been studied extensively to 

understand C-N bond formation via reductive elimination,14 but facile and general preparative 

methods to obtain these species are still relatively scarce. Rh-amido species have been 

reported in combination with unactivated olefins to generate imines15, the group of Turculet 

has shown the activation of N-H bonds by Rh(PSiP) complexes to form amido hydrido 

compounds16 and the group of Oro has shown the formation of rhodium amido complexes 

through N-H activation of ammonia.17 However, to the best of our knowledge no Pd-amido or 

Rh-amido species have been prepared to date using a reactive or cooperative ligand approach. 

 

As stated above, N-H bond activation may lead to the development of new catalytic routes 

where alkenes are functionalized with amines. Intramolecular hydroamination of 
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aminoalkenes by late transition metals provides a practical and atom-economical entry to 

heterocyclic nitrogen-containing compounds with a high functional group tolerance.10 Several 

PNP-pincer systems with rhodium and palladium have shown to be active in the 

intramolecular hydroamination of (un)activated aminoalkenes.18-20 Notably, a bifunctional 

activation mode might enable facile intra- rather than intermolecular hydroaddition 

pathways, which could ultimately enhance catalyst activity and selectivity. For the catalytic 

hydroamination of alkenes with late transition metals, mechanisms initiated by either olefin 

coordination or amine activation have been established.8 The group of Ikariya reported 

bifunctional pyrazole/pyrazolato iridium complexes that are active in the hydroamination and 

both mechanisms are discussed for the ring closure of aminoalkenes (Figure 2).13  

 

 
Figure 2. Possible mechanisms for cyclization of an aminoalkene catalyzed by pyrazolato complexes.10 

 

Path a, which occurs via activation of the olefin, involves a nucleophilic attack of the amine 

onto the coordinated olefin, assisted by the pyrazolato ligand that accepts the amine proton. 

Subsequent proton transfer from the pyrazolato in A leads to Ir-C bond cleavage and release 

of the product. Path b proceeds via initial activation of the N-H bond across the Ir-pyrazolato. 

The next step entails coordination of the olefin to the metal center, which requires additional 

processes such as Cp* ring slippage in this particular example, as the metal is coordinatively 

saturated.10 Although less plausible for this complex, this pathway should certainly not be 

rejected for other cooperative systems. Nonetheless, the cooperative bifunctional ligand in 

these complexes is deemed of essential importance in such hydroamination reactions. We 

therefore decided to explore metal-ligand bifunctional reactivity with late transition metals, 

with the focus on a bidentate PN-ligand, which can be considered as derived from the 

tridentate pincer PNP ligands that display cooperative behavior by deprotonation. It was 

hypothesized that the bidentate nature of the targeted PN system might allow for more 

structural versatility as well as steric accessibility and enhanced reactivity of the transition 

metal with incoming exogenous substrates such as amines. This chapter contains our results 

on cooperative N-H activation by Pd and Rh complexes with a bidentate PN analogue of these 
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lutidine-derived PNP ligands. Although extensively studied in the last decade,4,5 the potential 

cooperative character of these PN ligands and their application in specific bond activation 

processes has hardly been exploited to date, nor have such ligands been applied in 

hydroaddition reactions. 

 

2.2 Results and Discussion 

2.2.1 Synthesis of bidentate PN ligands 

Ligand L1, 2-(di-tert-butylphosphino)methyl-6-methyl-pyridine, was prepared following a 

modified literature procedure starting from 2,6-lutidine.6 In a one-pot two-step reaction, one 

of the methyl-groups of 2,6-lutidine is mono-lithiated, followed by phosphorylation with 

ClP(tBu)2 (Scheme 2, left). Ligand L1 was obtained as a white solid in an overall yield of 70% 

and the corresponding 31P NMR spectrum showed a singlet at δ 34.9 (C6D6). The unreacted 

flanking methyl-group acts as both a spectroscopic handle as well as a steric and electronic 

factor upon coordination to transition metals. Besides this pyridine-based ligand, we 

attempted to use pyrazine as nitrogen donor, as dearomatization of the pyrazine ring should 

give notable differences in the electronic structure compared to the parent pyridine system. It 

was also reasoned that the dearomatization of the pyrazine ring is easier than that of the 

pyridine ring and this could be an advantage for further reactivity. The synthesis of ligand L2, 

which should not be different from ligand L1, unfortunately did not lead to the desired product 

(Scheme 2, left). However, recently the group of Milstein published the synthesis of such 

pyrazine-derived PNP ligands using a slightly different approach, starting from 2,6-

bis(chloromethyl)pyrazine and di-tert-butylphosphine.21  

 

 
Scheme 2. Synthesis of ligands L1-3, according to a literature procedure6 (left) and the undesired 

byproduct in the synthesis of ligand L3 (right). 

 

As a comparison to ligand L1 and 2-(diphenylphosphinomethyl)pyridine which lacks the 

flanking Me-group, the synthesis of ligand L3, with the phosphorus atom bearing two phenyl 

rings, was attempted (Scheme 2, left). The synthesis, which was carried out in the same 

manner as L1, did not only yield the desired product L3, but also a species bearing two 

geminal phosphorus atoms on the same arm (Scheme 2, right, L3’). Although L3’ is a very 

interesting ligand itself for coordination chemistry, as shown by others22,23 and by preliminary 

data from our laboratory, this chapter will only feature coordination and reactivity studies 

with ligand L1. 

 

 

 



 

· 40 · 

2.2.2 Formation of Pd(II) and Rh(I) species with L1 

Reaction of bidentate PN ligand L1 with PdCl(Me)(cod) (cod = 1,5-cyclooctadiene) yielded a 

yellow solid that was fully characterized as Pd(Me)(Cl)(L1), complex 1 (Scheme 3, left). Single 

crystals suitable for X-ray structure determination were obtained via slow diffusion of hexane 

into a concentrated solution of dichloromethane, of which the molecular structure is depicted 

in Figure 3.  

 

Scheme 3: Synthesis of complex 1 and 2 from Pd(Me)(Cl)(cod) and [Rh(CO)2(-Cl]2, respectively. 

 

 
Figure 3. ORTEP plot (50% probability displacement ellipsoids) of complex 1, Pd(Me)(Cl)(L1). 

Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å), angles and torsion angles (°): 

Pd1-P1 2.2216(5); Pd1-N1 2.2474(16); Pd1–Cl1 2.3906(5); Pd1–C16 2.0679(18); P1–C7 1.834(2); C6–C7 

1.497(3); P1–Pd1–N1 82.80(4); P1-Pd1-Cl1 170.637(19); P1-Pd1-C16 93.22(6); N1-Pd1–C16 173.19(7); P1-

C7–C6–N1 26.3(2); Pd1–P1–C7–C6 -38.34(15); Pd1–N1–C6–C7 1.5(2). 

 

The palladium atom displays a slightly distorted square planar geometry, with angles P1-Pd1-

N1 and P1-Pd1-Cl1 of 82.80(4) and 170.637(19)°, respectively. The Pd1-P1 (2.2216(5) Å), Pd1-

N1 (2.2474(16) Å) and Pd1-C16 (2.0679(18) Å) bond lengths are all within the expected 

ranges.24 The methyl ligand is located cis to the phosphine donor (in agreement with the 

doublet observed in the 1H NMR spectrum at δ 1.04 (2JPH = 1.6 Hz)) and the pyridine is 

coordinated to the palladium center, as also confirmed by IR spectroscopy, showing bands at 

1572 and 1600 cm-1.25 

 

Also coordination of L1 with [Rh(CO)2(-Cl)]2 occurs in a straightforward manner, yielding a 

bright yellow powder that was fully characterized as RhCl(CO)(L1), complex 2 (Scheme 3, 

right). One of the CO ligands dissociates from the rhodium center to accommodate 

coordination of ligand L1 in a bidentate fashion. This species displays a doublet at δ 106.0 
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ppm in the 31P NMR spectrum with a coupling constant of 1JRhP = 162.9 Hz, and the IR 

spectrum contains bands at 1957 cm-1 (CO stretch) and 1601 and 1567 cm-1 (pyridyl stretch). 

The molecular ion peak of m/z 417.0498 (m/z calc. 417.0496) was observed by mass 

spectrometry (FAB). This is consistent with previously reported RhCl(CO)(PN) structures 

with other ligand constructs.26 

 

Next, we set out to prepare [Rh(L1)2]BF4, as similar complexes with picolyl-based PN ligands 

have been reported earlier by the groups of Pignolet and Breit.26,27 These homoleptic cationic 

complexes have been used in the catalytic decarbonylation of benzaldehyde and the anti-

Markovnikov addition of carboxylic acids to terminal alkynes. However, in both papers, no 

claims were made about the role of the (potentially) cooperative ligand in their proposed 

mechanisms. In theory, both PN ligands could be deprotonated, which offers two reactive sites 

in one complex and this could be an advantage in the activation of substrates. The synthesis 

of [Rh(L1)2]BF4 started with the generation of [Rh(THF)2(coe)2]BF4 in situ from [Rh(-

Cl)(coe)2]2 and AgBF4 in THF. Addition of two equivalents of L1 to [Rh(THF)2(coe)2]BF4 in 

THF resulted in a mixture of two species in a 1:1 ratio after work-up (a third unidentified 

species – doublet at δ 80.6 in 31P NMR spectroscopy – is removed in the work-up procedure 

(Figure 4)).  

 

Figure 4. 31P NMR spectrum of the initial attempt to synthesize [Rh(L1)2]BF4, which gave a mixture of 

complexes 3 and 4. 

 

Selective phosphorus-decoupling NMR experiments revealed that the doublet at 95.7 ppm 

corresponds to a highly symmetric species in the 1H NMR spectrum, with only one signal for 

the flanking methyl, the tert-butyl and the methylene protons. The signal at 59.8 ppm shows 

signs of second-order coupling. Mass spectrometry only showed a signal for cationic 

[Rh(L1)2]+, but it seems unlikely that this mixture is simply a combination of cis and trans 

isomers, as this is in disagreement with the complex NMR signals. Slow diffusion of pentane 

into a CH2Cl2 solution of this mixture resulted in two types of crystalline material, i.e. red and 
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colorless solids. The latter crystals proved suitable for X-ray structure determination, of which 

the molecular structure is shown in Figure 5.  

 

         
Figure 5. ORTEP plot (50% probability displacement ellipsoids) of complex 3, [Rh(L1)]2(BF4)2. 

Hydrogen atoms have been omitted for clarity, except for those of the methylene group. Left – front 

view; right – side view. Selected bond lengths (Å), angles and torsion angles (°): Rh1–Rh2 2.9271(2); 

Rh1–N2 2.1943(15); Rh2–N1 2.1874(15); Rh1–P1 2.3835(5); Rh2–P2 2.3707(5); Rh1–F4 2.883; Rh2–F7 

2.784; Rh1–Rh2–P2 88.74(1); Rh2–Rh1–P1 88.01(1); Rh1–Rh2–N1 95.08(4); Rh2–Rh1–N2 92.85(4); 

P1–Rh1–Rh2–P2 147.16; N1–Rh2–Rh1–N2 128.55; P1–Rh1–Rh2–N1 -40.07; P2–Rh2–Rh1–N2 -44.22. 

 

To our surprise, an unusual binuclear complex is observed, wherein both PN-ligands act as 

bridging ligand. Furthermore, the two rhodium atoms can only display slightly distorted 

square planar geometries when a Rh-Rh bond as well as weak interactions with fluorine atoms 

of the two BF4 counterions (one per Rh) are taken into consideration. The Rh-Rh distance of 

2.9271(2) Å also supports the existence of a true rhodium-rhodium bond. Complex 3 

corresponds to the two signals around 60 ppm in the 31P NMR spectrum. 31P NMR 

measurements recorded at different magnetic fields (121, 162, and 202 MHz) showed that the 

signal indeed has a very large coupling of 1JRhP = 635 Hz, with both phosphorus atoms being 

marginally different. Similar systems have been described with bond lengths and angles 

within the expected ranges.2,28 We attributed the formation of complex 3 to concentration 

effects, as the dimer should be formed easily at higher concentration. This interesting 

bimetallic complex might show very fascinating reactivity once both ligands are deprotonated 

with the metal-metal bond still intact. Therefore, we set out to selectively synthesize this 

complex as we were not able to separate it from the other species. Unfortunately, regardless 

of applied reaction conditions or the use of different batches of the Rh-precursor, reproduction 

of the formation of complex 3 proved unsuccessful and we therefore focused on the 

characterization of the [Rh(L1)2]BF4 complex. 

 

When the same reaction between [Rh(-Cl)(coe)2]2 and AgBF4 with subsequent addition of 

two equivalents of L1 was carried out in acetone, with intermediacy of the known cationic 

solvent-species [Rh(acetone)2(coe)2]BF4, a single species (complex 4) was obtained as an 

orange red solid, showing a doublet (1JRhP = 171.5 Hz) at 95.7 ppm in the 31P NMR spectrum. 
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Mass spectrometry showed a signal corresponding with the initially targeted cationic 

[Rh(L1)2]+ species. X-ray structure determination of red-colored single crystals obtained via 

slow diffusion of pentane into a concentrated solution of dichloromethane confirmed the 

presence of the homoleptic cis compound, of which the molecular structure is depicted in 

Figure 6.  

 

  
Figure 6. ORTEP plot (50% probability displacement ellipsoids) of complex 4, [Rh(L1)2]BF4. BF4 anion 

has been omitted for clarity. Hydrogen atoms have been omitted for clarity, except for those of the 

methylene group. Left – front view; right – side view. Selected bond lengths (Å) and angles (°): Rh1–P1 

2.2635(12); Rh1–P1’ 2.2635(12); Rh1–N1 2.1419(35); Rh1–N1’ 2.1419(35); N1–Rh1–P1 80.82(12); N1’–

Rh1–P1’ 80.82(11); N1–Rh1–N1’ 89.86(21); P1–Rh1–P1’ 114.30(6); N1–Rh1–P1’ 158.07(12); P1–Rh1–N1’ 

158.07(11). 

 

The rhodium atom displays a highly distorted square planar geometry, likely due to steric 

hindrance of the Me- and tBu-groups, but does however show C2 symmetry. Moreover, all 

bond lengths and angles are all within the expected ranges for similar complexes.27 

 

2.2.3 Ligand backbone reactivity of complexes 1 and 2 

In analogy to reported Pd chemistry with the structurally related 2,6-bis(di-tert-

butylphosphino)methylpyridine (PNP) ligand, the addition of a strong base to complex 1 is 

expected to result in deprotonation of the methylene spacer of the ligand backbone. Upon 

addition of one equivalent of KOtBu to palladium complex 1, a clean reaction at the ligand 

methylene CH2-spacer indeed occurred, generating a homogeneous red solution (Scheme 4). 

The relative instability of this intermediate compared to starting complex 1 precluded its full 

characterization. However, in situ measured spectroscopic data (δ(31P) 66.7 ppm and δ(1H) 

3.12 ppm (d, 2JPH = 8.8 Hz) for –CH spacer) provide support for dearomatization of the ligand 

backbone, in agreement with reported data for related PNP-based systems,29,30 with likely 

formation of a solvent-stabilized Pd(Me)(L1*)-species 1’THF (Scheme 4). The addition of HCl 

to this in situ formed species 1’THF resulted in the reprotonation of the ligand and coordination 

of the chloride to the palladium center, regaining complex 1. 
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Scheme 4. Preparative route from Pd(Me)(Cl)(L1*)-complex 1 to the in situ formed species 1’THF and 

1’py and stabilized deprotonated species 5a-b. 

 

The Pd species that was formed upon dearomatization of the ligand backbone could be 

stabilized by neutral co-ligands such as PMe3 and PPh3, which yielded dark-red solutions. The 
31P NMR spectrum of complex 5a (Figure 7, left, with PMe3) showed two doublets at δ 68.8 

and -23.2 for the PtBu2 and PMe3 donors, respectively, both with a 2JPP coupling constant of 

439 Hz, indicative of mutual trans disposition. The 1H NMR spectrum showed a doublet (2JPH 

= 7.6 Hz) at δ 3.37 for the –CH spacer and a doublet of doublets (3JP1H = 9.6 Hz; 3JP2H = 3.6 

Hz) at δ 0.56 for the Me-ligand at the Pd center (Figure 7, right). The formation of complex 

5a as Pd(Me)(L1*)(PMe3) was also confirmed by FAB-MS spectrometry, showing the 

molecular ion peak at m/z 448.1522 (m/z calc. 448.1522). 

 

 
Figure 7. (left) 31P NMR spectrum of complex 5a, two doublets at δ 68.8 (PtBu2) and -23.2 (PMe3), both 

with a coupling constant 2JPP of 439 Hz, indicative of mutual trans disposition. (right) 1H NMR spectrum 

of complex 5a, a doublet of doublets (3JP1H = 9.6 Hz; 3JP2H = 3.6 Hz) at δ 0.56 for the Me-ligand at the Pd 

center. 

 

The analogous complex 5b (with PPh3) provided similar NMR spectra, indicating that the 

triphenylphosphine also coordinates in a trans position of the phosphine group. In the 31P 

NMR spectrum, two doublets were observed at 72.9 and 18.3 ppm for the PtBu2 and PPh3, 

respectively, with a coupling constant 2JPP of 399 Hz. This coupling constant is significantly 

smaller than for complex 5a, which indicates that for trimethylphosphine there is a stronger 

interaction through the P-Pd-P bond than for PPh3. While all these reactions were carried out 

in THF, the solvent-stabilized deprotonated species 1’THF was not stable enough to be analyzed 

after isolation. However, when the deprotonation of complex 1 was carried out in pure 

pyridine, complex 1’py was stable enough to measure 1H and 31P NMR spectra. A sharp singlet 
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was observed in the 31P NMR spectrum at δ 69.5 ppm and in 1H NMR a signal was found for 

the –CH-spacer in -position. Although more stable than species 1’THF, complex 1’py was still 

not stable enough to measure 13C NMR spectroscopy or to conduct mass spectrometry. 

 

Rhodium complex 2 shows the same reactivity in backbone dearomatization as complex 1. 

When a stoichiometric amount of base was added to the rhodium complex, a bright red 

solution was obtained (Scheme 5). When carried out in THF, no attempts were made to isolate 

the deprotonated species, in contrast to the reaction done in pyridine. Like Pd species 1’py, 

this solvent-stabilized species 2’py had a sufficient long lifetime to obtain relevant NMR 

spectroscopic data. The pyridine ligand is not coordinated very strongly to the metal center, 

as multiple species were observed. The major species, however, is complex 2’py, and an upfield 

shift was observed in the 31P NMR spectrum. The expected reversible reactivity is shown by 

the addition of an equimolar amount of HCl to the in situ generated dearomatized species.  

 

 
Scheme 5. Preparative route from RhCO(Cl)(L1)-complex 2 to the in situ formed species 2’THF and 2’py 

and stabilized deprotonated species 6a-b. 

 

Stabilization of the deprotonated complex with phosphine donors again gave better insights 

into the identity of such species. Triphenylphosphine rapidly coordinated to the rhodium 

center, forming complex 6b. In the 31P NMR spectrum two doublets of doublets were found 

at 97.1 and 26.6 ppm for the PtBu2 and PPh3, respectively, with coupling constants of 2JPP = 

285 Hz and 1JRhP = 128 Hz. Whereas PMe3 coordination to the deprotonated palladium 

complex was rather straightforward, this proved not to be the case for the rhodium analogue. 

The result of this reaction showed a mixture of four products, which could unfortunately not 

be separated, yet could be identified as the following compounds (Figure 7). Both compounds 

6a and 6a’ give rise to a doublet of doublet in 31P NMR spectroscopy with large coupling 

constants, indicative of mutual trans disposition. Free ligand L1 is formed due to the 

formation of complex 6a’’, with the PN ligand substituted by the competitive and apparently 

more strongly coordinating PMe3. Changing the order of addition (i.e. first phosphine, then 

base) also did not lead to the clean formation of the desired product 6a, as formation of the 

latter three products was already observed after addition of PMe3 to complex 2. Especially the 

last two compounds show that the trimethylphosphine binds stronger to the rhodium center 

than ligand L1. Ligand L1 binds less strongly to the rhodium center, compared to palladium, 

and although not stable when isolated, both the deprotonated palladium and rhodium 

compounds show reactivity at the ligand backbone and can be reprotonated upon addition of 

an acidic substrate. 
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Figure 7. 31P NMR spectrum of the reaction of 2’THF and PMe3, which provided 6a and the undesired 

byproducts 6a’, 6a’’, and L1.  

 

2.2.4 Reactivity of complex 4 

For cationic homoleptic complex 4 we envisioned that the addition of base would lead to the 

formation of the neutral species 4’, with one of the ligand backbones deprotonated (Scheme 

6). One equivalent of KOtBu did not give full conversion, according to 31P NMR spectroscopy 

(vide infra), but upon addition of a second equivalent of KOtBu, the mixture turns black 

instantly. Upon reaction with the first equivalent of base, the phosphorus atoms are not 

equivalent anymore, as a very complex signal is shown in the 31P NMR spectrum (Figure 8). 

However, the 1H NMR spectrum clearly displays that both pyridine rings are still aromatic, as 

the usual downfield shift upon dearomatization is not observed. 

 

 
Scheme 6. Deprotonation of complex 4 does not lead to the neutral species 4’. 

 

Complex 4 is not completely square planar, and deprotonation likely inflicts a sterically 

undesirable flattening of one of the ligand fragments. Rather than abstracting a proton, the 

tert-butoxide might interact with or even coordinate to the metal center to generate a species 

with inequivalent phosphorus donors. 
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Figure 8. (top) 31P NMR spectrum of 4, as a reference to (bottom) the 31P NMR spectrum of the reaction 

of 4 with 2 equivalents of base.  

 

We reasoned that the formation of an octahedral Rh(III) species might favor the 

deprotonation of one of the ligand backbones, therefore one equivalent of iodine was added to 

complex 4 (7, Scheme 7). The 31P NMR spectrum of the reaction mixture showed a doublet 

(1JRhP = 136 Hz) at 159.5 ppm, corresponding to complex 7, and a singlet at 71.5 ppm, which 

belongs to an undesired phosphonium compound. The most likely structure for 7 is a cationic 

octahedral Rh(III) complex. Deprotonation of complex 7 with one equivalent of base however 

did not give the desired neutral species 7’ (Scheme 7). Given the bulky side-groups of the 

ligand, it is likely that deprotonation with the concomitant geometric rearrangement of the 

ligand around the rhodium center is inhibited. 

 

Scheme 7. Oxidation of Rh(I) (4) to Rh(III) (7), which does not undergo deprotonation upon treatment 

with KOtBu. 

 

2.2.4 Activation of amine N-H bonds 

Deprotonation of ligand L1 was shown to be reversible by addition of hydrochloric acid (vide 

supra). Other acidic substrates, such as amines, are considered to also facilitate this ligand-

rearomatization. Addition of one molar equivalent of H2NTf (trifluoromethanesulfonamide) 

to either the deprotonated complex 1’THF or the isolated PMe3-derivative 5a led to an 

immediate color change from red to yellow-brown (Scheme 8). The 31P NMR spectrum of the 

resultant brown solid 8a displayed one singlet at δ 75.2, and all expected signals in the 1H 

NMR spectrum. A doublet (2JPH = 10.0 Hz) at δ 3.80 is apparent in the 1H NMR spectrum for 

the reprotonated -CH2-spacer of the ligand backbone and a singlet for the NH moiety at δ 3.15. 

Two signals indicative of formation of the amido-species were distinctly observed by FAB-MS, 

at m/z 505.0529 [M–Me] and 372.1089 [M–NHTf]. The IR spectrum displayed two bands at 

ν 1600 and 1564 cm-1, suggestive of rearomatization of the pyridine moiety. 
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Scheme 8. Addition of trifluoromethanesulfonamide to either complex 1’THF or 5a gives full conversion 

to Pd-amido species 8a. 

 

Single crystals of complex 8a, suitable for X-ray structure determination, were grown by slow 

diffusion of pentane into a concentrated CH2Cl2 solution (Figure 9, left). The molecular 

structure reveals a slightly distorted square planar geometry around the palladium atom, with 

angles P-Pd-N1 and P-Pd-N2 of 82.28(9) and 170.03(10)°, respectively. There are marginal 

changes for complex 8a compared to complex 1 with respect to the Pd1-P1 (2.2232(10) Å) and 

Pd1-C16 (2.042(4) Å) bond lengths, but the Pd1-N1 (2.24749(16) bond is significantly shorter. 

The Pd1-N2 bond length of 2.108(3) Å is typical for a palladium-sulfonamido bond. 

Substitution of the halide co-ligand has occurred with retention of configuration around the 

palladium center, as the amide is coordinated trans to the phosphine donor. The aromaticity 

of the heterocycle is restored (C7) and the C6–C7 bond length of 1.500(6) Å is in the normal 

range for a C-C single bond. The solid state structure of this complex reveals intermolecular 

hydrogen bonding of two sulfonamide units to generate a dimeric conformation (Figure 9, 

right). 

      
Figure 9. (left) ORTEP plot (50% probability displacement ellipsoids) of complex 8a, hydrogen atoms 

have been omitted for clarity, except for those at C7 and N2. Selected bond lengths (Å), angles and 

torsion angles (°): Pd1-P1 2.2232(10); Pd1-N1 2.191(3); Pd1–N2 2.108(3); Pd1–C16 2.042(4); P1–C7 

1.850(4); C6–C7 1.500(6); N2-S1 1.540(4); P1–Pd1–N1 82.28(9); P1-Pd1-N2 170.03(10); N1-Pd1-C16 

175.92(15); P1–C7–C6–N1 -18.4(5); Pd1–P1–C7–C6 35.7(3); Pd1–N1–C6–C7 -10.9(4). (right) Dimeric 

H-bonded structure of complex 7a, with Pd---Pd [1-x, 1-y, 1-z] of 8.4216(6) Å. 
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In addition to trifluoromethanesulfonamide, several other primary amines were examined as 

well in combination with both complexes 1 and 2 (Scheme 9). Palladium complexes 8b and 

8c (with p-toluenesulfonamide (NHTs) and 2,3,4,5,6-pentafluoroaniline (HNArF5), 

respectively) could be prepared in a similar fashion, as indicated by the various analytical data. 

For both complexes, mass spectrometry showed indicative fragments of the complex, i.e. [M-

CH3]+ and [M-NHR]+ for both complexes 8a and 8b. Also rhodium complexes 9a and 9b 

were cleanly obtained with characteristic NMR signatures. Mass spectrometry again did not 

reveal the molecular ion peak, but the significant fragmentation of the activated complexes 

(both [M-CO]+ and [M-NHR]+).  

 

 
Scheme 9. Activation of different amines, forming complexes 8a-d / 9a-d. 

 

Complexes 1 and 2 were also exposed to ammonia gas. A setup was prepared in which the 

solvent-stabilized deprotonated species 1’THF or 2’THF was generated in situ and 1 atm of 

ammonia was subsequently bubbled through the solution for 45 minutes. When using 

rhodium complex 2’THF, an immediate color change was observed upon addition of the 

ammonia stream, but unfortunately the 31P NMR spectrum showed the formation of a mixture 

of products. The desired product 9d may be found but this could not be conclusively 

supported. For palladium complex 8d it is clear from both 1H and 31P NMR spectra that, 

although not pure, the Werner-type coordination complex was obtained rather than the 

activated species. This suggests pre-coordination of the substrate to the metal center, which 

could result in efficient N-H bond activation and subsequent proton transfer, as pre-

coordination of amines on transition metals often results in increased acidity of N-H bonds.11 

In the 31P NMR spectrum a small shift of 0.7 ppm was observed from the in situ generated 

deprotonated species (δ = 66.7) to the NH3 coordinated complex (δ = 67.4). An additional 

experiment was carried out in a J-Young NMR tube wherein species 1’THF was exposed to 4 

bars of ammonia pressure. Both the 1H and 31P NMR spectrum indicate that a very small 

amount of activated species 8d was formed, but the equilibrium lies far to the left-hand side 

of equation [1].31 This suggests that the potential substrate scope for subsequent (catalytic) 

transformations involving N-H activation using a bifunctional mechanism may be extended 

to non-activated amines as well. 
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Next to amine N-H activation we have also probed the activation of acetylenic C-H bonds with 

cooperative complexes 1 and 2. Applying the same procedure regarding the in situ formation 

of the deprotonated complex and subsequent addition of substrate led to the formation of 

complexes 10 and 11 (Scheme 10). The activation of the acetylene is slower than for the 

amines, as the color change was only observed over the course of several minutes. From the 
31P NMR spectrum of 10 it can be concluded that the acetylide, which is trans to the 

phosphorus donor, is not only a -donor like the activated amides but also a π-acceptor, as a 

shift of 13 ppm upfield was observed for complex 10 compared to complex 1. In the 1H NMR 

spectrum a doublet was present for the reconstituted CH2-arm of the backbone. Also, the IR 

spectrum displayed two bands at ν 1592 and 1571 cm-1, suggestive of rearomatization of the 

pyridine moiety, and a band at 2086 cm-1 for the C-C triple bond that is coordinated to the 

metal center. The 13C NMR spectrum also shows the two signals for the C-C triple bond 

coordinated to the metal at the expected chemical shifts.6 These combined spectroscopic and 

spectrometric data indicate that the acetylene is indeed activated and not side-on coordinated 

as a π-base. Although the rhodium analogue 11 was not obtained purely, spectroscopic data 

(31P: δ = 93.1 (d, 1JRhP= 111.2 Hz), 1H: δ = 3.63 (d, 2JPH = 7.8 Hz, 2H, CH2-backbone)) verify its 

partial formation via this route.  

 

 
Scheme 10. Formation of acetylide complexes 10 and 11 from precursors 1 and 2. 

 
2.2.5 Coordination studies relevant for hydroamination reactivity 

Either initial amine or alkene activation via coordination to the metal center is required for 

cyclization of an aminoalkene via metal-mediated hydroamination. We have probed both 

possibilities by means of the addition of an equimolar amount of a model aminoalkene 

substrate to the pre-activated Pd and Rh complexes 1’THF and 2’THF. In the case of the Pd-

species 1’THF the red solution slowly turned back to yellow over the course of 15 minutes, 

indicating activation of the N-H bond of the amine fragment of the aminoalkene (Scheme 11, 

left). 1H NMR spectroscopy clearly showed a clean, yet slightly broadened spectrum for 

complex 12, reminiscent of the analogous PdNHTf complex 8a. 31P NMR spectroscopy shows 

a signal with a chemical shift of δ 74.6, which is also comparable to complex 8a. A solution of 
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complex 12 in THF was heated to 75 °C inside a pressure tube to induce cyclization of the 

aminoalkene, but unfortunately no reaction occurred. 

 

Scheme 11. Formation of complexes 12 and 13; (left) activation of the aminoalkene on complex 1, 

(right) coordination of the alkene-end to the palladium center. 

 

Coordination of the alkene moiety to palladium was induced by reaction of complex 1 with 

AgSbF6 and subsequent addition of the aminoalkene (13, Scheme 11, right). A small downfield 

shift was observed in the 31P NMR spectrum at 83.1 ppm and the 1H NMR spectrum indicated 

coordination of the aminoalkene to the palladium center. During the 1H NMR experiment, 

isomerization of the aminoalkene double bond occurred, as evident from the 1H NMR 

spectrum (13’, Scheme 12). However, no change in the 31P NMR spectrum had occurred, 

implying the double bond was similarly coordinated to the palladium center. For the 

hydroamination reaction, starting from the isomerized internal alkene is in theory possible, 

but very difficult to accomplish in reality. 

 

 
Scheme 12. Isomerization of the double bond of the aminoalkene. 

 

2.2.6 Hydroamination of aminoalkenes 

The catalytic intramolecular hydroamination of several amine-functionalized aminoalkenes 

was investigated in the presence of complexes 1 and 2. All aminoalkenes are derivatives of 2,2-

diphenyl-4-pentenylamine, including triflic-, tosyl- and urea-functionalized amines (Scheme 

13).  

 
Scheme 13. The catalytic hydroamination was investigated for four aminoalkenes: 2,2-diphenyl-4-

pentylamine and three derivatives. 
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Catalytic reactions were performed in toluene at different temperatures in the presence of one 

equivalent of silver tetrafluoroborate (AgBF4) with respect to the metal species. Yields were 

determined by 1H NMR spectroscopy, see Table 1. Products a and b would correlate to the 

anti-Markovnikov and Markovnikov products, respectively, while iso is formed via double 

bond isomerization of the terminal alkene into the internal derivative. 

 

Table 1. The results of the catalytic intramolecular hydroamination reaction for different 

aminoalkenes catalyzed by complexes 1 and 2. 

 

 

Entry Substrate Catalyst T [°C] t [h] Yield [%] 

1 NH2 1 rt 17 SM 

2 NHTf 1 rt 18 SM 

3 NH2 1 50 18 11% iso 

4 NHTf 1 50 16 2% iso 

5 Urea 1 50 19 6% iso 

6 NHTs 1 80 18 100% iso 

7 NH2 1* 50 6 10% iso 

8 Urea 2 50 20 SM 

* 1 equiv. of KOtBu (to complex 1) was used instead of AgBF4. 

 

Entries 1 and 2 of Table 1 show that when the hydroamination is performed at room 

temperature, no reaction takes place for both the primary as well as the triflic-functionalized 

amine. When the reaction was carried out at 50 °C, partial isomerization of the alkene bond 

occurred for both the primary amine, the triflic-functionalized amine and the urea-derivative 

(entries 3 - 5), similar as observed for the stoichiometric reaction with complex 13’. When the 

catalysis was carried out at 80 °C, the isomerization product is cleanly generated (entry 6). 

Entry 7 shows that the addition of one equivalent of base rather than AgBF4 does not positively 

affect the outcome of the catalysis, as only isomerization was observed together with unreacted 

substrate. Hence, it can be concluded that the C-N bond formation mechanism most likely 

does not go via N-H bond activation, but rather via alkene coordination and subsequent atack 

of the amine. Lastly, in entry 8 the hydroamination of the urea-containing substrate was 

carried out by rhodium complex 2, but unfortunately only starting material was observed. As 

comparable [PdPNP]BF4 complexes are known to catalyze the hydroamination of 

aminoalkenes in high yields,19,20 it is somewhat surprising that complex 1 does not give similar 

results. A possible explanation is the fact that when the cationic PNP-pincer complex is 

formed, the position trans to the nitrogen atom of the pyridine becomes vacant. Upon 

formation of our cationic complexes from 1 and 2 however, the position trans to the 

phosphorus atom becomes vacant. Here, a completely different environment and electronic 

influence is created upon coordination of the alkene prior to the cyclization, leading to 

isomerization or no activity at all. 
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Beside the intramolecular hydroamination, also intermolecular hydroamination was 

attempted by performing experiments with complexes 8a and 9a in the presence of styrene 

in a pressure tube (Scheme 14). Unfortunately, only complex decomposition was observed 

with no formation of any product, which again might be attributed to the amide being 

coordinated trans to phosphorus vs. nitrogen, or the fact that the alkene has to coordinate 

rather than the amine (isolated cases of late transition metal amido complexes reacting with 

C=C bonds are known).32,33 

 

Scheme 14. Envisioned intermolecular hydroamination between the secondary tosyl amine and 

styrene. 

 

2.3 Conclusions 

In summary, we have shown the improved synthesis of the (electron-rich) di-tert-

butylphosphinopyridine framework L1 and its coordination as a reactive bidentate PN-ligand 

to Pd(CH3)(Cl)(cod), [Rh(CO)2(-Cl)]2, and [Rh(acetone)2(coe)2]BF4. Where complex 4 did 

not show the desired reactivity, deprotonation of complexes 1 and 2 with a strong base 

provided ligand-activated complexes 1’THF and 2’THF which could be efficiently stabilized by 

various additional phosphine ligands or solvent molecules. Using a dearomatization-

reprotonation strategy, the selective activation of N-H bonds resulted in the formation of 

Pd(II) or Rh(I) metal-amido species. The substrate scope of these complexes in N-H bond 

activation is limited to acidic amines, as ammonia showed only minor activation. However, 

this does suggest pre-coordination of the substrate to the metal center, resulting in activation 

of the N-H bond and subsequent proton transfer to the ligand backbone, indicating a metal-

ligand bifunctional pathway for this mechanism of N-H bond activation.11 Unfortunately, 

intra- and intermolecular hydroamination reactions with these complexes were unsuccessful, 

suggesting that coordination of the substrate trans to the phosphorus atom of the ligand is not 

a productive intermediate to acquire the desired reactivity. Therefore, different ligand systems 

will be investigated towards the intramolecular hydroamination in Chapters 4 and 5. 

 

2.4 Experimental Section 

General procedures 

Solvents were either distilled over suitable drying agents or dried using an MBraun SPS (Solvent 

Purification System). All experiments were carried out under an inert-gas atmosphere using standard 

Schlenk techniques. The chemicals used were commercially available and used without further 

purification, unless described otherwise. The 1H, 1H{31P}, 31P{1H} and 13C{1H} NMR spectra were recorded 
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at room temperature on a Bruker AV400 (at 400, 162, and 100 MHz, respectively) and on a Bruker 

DRX500 (at 500, 202, and 126 MHz, respectively) and calibrated to the residual proton and carbon signals 

of the solvent.34 High resolution mass spectra were recorded on a JEOL AccuTOF GC v 4g, JMS-T100GCV 

mass spectrometer (FD), on a JEOL AccuTOF LC, JMS-T100LP mass spectrometer (CSI) and on a JEOL 

JMS SX/SX102A four sector mass spectrometer; for FAB-MS 3-nitrobenzyl alcohol was used as a matrix. 

IR spectra were recorded with a Bruker Alpha-p FT-IR spectrometer operated in the ATR mode. 

Pd(CH3)(Cl)(1,5-cod) was synthesized according to a literature procedure.35,36 

 

Syntheses and characterization 

L1, 2-((di-tert-butylphosphino)methyl)-6-methylpyridine. Modification of a 

literature procedure.6 Freshly distilled 2,6-lutidine (3.0 mL, 25.8 mmol) was dissolved 

in diethyl ether (35 mL) and then cooled to 0 ºC, whereafter n-butyllithium (2.5M 

solution in hexanes) (10.4 mL, 26.0 mmol) was added dropwise. The yellow-orange 

solution was stirred for 1 hour at 0 ºC and then cooled to –78 ºC. Subsequently, di-tert-

butylchlorophosphine (5.0 mL, 26.0 mmol) was added and the mixture was stirred for an additional hour 

at -78 ºC. After this, the yellow reaction mixture was allowed to warm up to room temperature and stirred 

for 18 hours to give an orange suspension. The suspension was quenched with degassed water (40 mL) 

and extracted with diethyl ether (3 × 30 mL). The ether fractions were combined and dried over Na2SO4. 

Evaporation of the solvent gave a yellow-white oil. The remaining di-tert-butylchlorophosphine was 

removed via flash chromatography over basic alumina (10:1 hexane/ether), yielding the product as a white 

solid (4.59 g, 70.2%). 1H NMR (400 MHz, C6D6, ppm): δ 7.37 (d, JH = 8 Hz, 1H, pyH), 7.20 (t, JH = 7.6 Hz, 

1H, pyH), 6.68 (d, JH = 7.2 Hz, 1H, pyH), 3.21 (d, JPH = 2.4 Hz, 2H, CH2), 2.54 (s, 3H, CH3), 1.23 (d, JPH = 

10.8 Hz, 18H, tBu-H). 31P NMR (162 MHz, C6D6, ppm): δ 34.9 (s). 13C NMR (100 MHz, C6D6, ppm): δ 161.7 

(d, JPC = 14.4 Hz, pyC), 157.2 (s, pyC), 135.6 (s, pyCH), 120.6 (d, JPC = 9.6 Hz, pyCH), 119.3 (s, pyCH), 32.0 

(d, JPC = 25.3 Hz, CH2), 31.5 (d, JPC = 23.8 Hz, tBu-C), 29.5 (d, JPC = 13.7 Hz, tBu-CH3), 24.3 (s, CH3). HR-

MS (FAB) (C15H26NP): m/z calcd, 252.1881; found, 252.1884. IR (ATR, cm-1): 1592 (m), 1577 (m). 

 

Complex 1, Pd(Me)(Cl)(L1). Adaptation of a literature procedure.5 L1 (180.5 mg, 

0.72 mmol) and Pd(Me)(Cl)(1,5-cod) (190.4 mg, 0.72 mmol) were dissolved in 

dichloromethane (5 mL) and the mixture was stirred at room temperature for 18h. 

Then, the light-yellow solution was concentrated to approximately 0.5 mL and diethyl 

ether (10 mL) was added under vigorously stirring. The precipitate was collected by 

cannula-filtration and washed with diethyl ether (3 × 5 mL). The product was obtained as an off-white 

powder (277.8 mg, 94.8%). 1H NMR (400 MHz, CDCl3, ppm): δ 7.56 (t, JH = 8 Hz, 1H, pyH), 7.17 (d, JH = 

8 Hz, 1H, pyH), 7.09 (d, JH = 7.6 Hz, 1H, pyH), 3.51 (d, JPH = 10 Hz, 2H, CH2), 3.16 (s, 3H, CH3), 1.33 (d, 

JPH = 14 Hz, 18H, tBu-H), 1.04 (d, JPdH = 1.6 Hz, 3H, Pd-Me). 31P NMR (162 MHz, CDCl3, ppm): δ 72.8 (s). 

13C NMR (100 MHz, CDCl3, ppm): δ 162.5 (s, pyC), 158.2 d, JPC = 2.4 Hz, pyC), 137.8 (s, pyCH), 123.9 (s, 

pyCH), 119.9 (d, JPC = 7.5 Hz, pyCH), 35.6 (d, JPC = 16.6 Hz, tBu-C), 35.2 (d, JPC = 20.2 Hz, CH2), 29.4 (d, 

JPC = 4 Hz, tBu-CH3), 27.5 (s, CH3), -8.6 (s, Pd-Me). HR-MS (FAB) (C16H29ClNPPd): m/z calcd, 407.0761, 

372.1079 [M–Cl]; found, 372.1076 [M–Cl]. IR (ATR, cm-1): 1600 (m), 1572 (m). 

 

Complex 2, RhCl(CO)(L1). L1 (262.9 mg, 1.05 mmol) and [Rh(CO)2(-Cl)]2 were 

dissolved in dichloromethane (10 mL) and the mixture was stirred at room 

temperature for 2h. Then, the yellow solution was concentrated to approximately 1 mL 

and dietyl ether (15 mL) was added under vigorously stirring. The precipitate was 

collected by cannula-filtration and dried in vacuo. The product was obtained as a yellow powder (216.4 

mg, 99.2 %). 1H NMR (400 MHz, CD2Cl2, ppm): δ 7.64 (t, JH = 7.7 Hz, 1H), 7.28 (d, JH = 7.7 Hz, 1H), 7.14 

(d, JH = 7.7 Hz, 1H), 3.69 (d, JPH = 9.5 Hz, 2H), 3.13 (s, 3H), 1.33 (d, JPH = 14.1 Hz, 18H). 31P NMR (162 
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MHz, CD2Cl2, ppm): δ 106.0 (d, JRhP = 162.9 Hz). 13C NMR (101 MHz, CD2Cl2) δ 190.09 (dd, JRhC = 72.9, 

JPC = 14.7 Hz, CO), 163.28 (s, pyC) , 160.57 (dd, JRhC = 4.3, JPC = 1.8 Hz, pyC), 138.43 (s, pyCH) , 123.83 

(s, pyCH), 119.95 (d, JPC = 9.0 Hz, pyCH), 35.30 (dd, JPC = 20.4, JRhC = 2.5 Hz, tBu-C), 34.84 (d, JPC = 19.6 

Hz, CH2), 28.92 (d, JPC = 4.2 Hz, tBu-CH3), 27.68 (s, CH3). HR-MS (FD+) (C16H26ClNOPRh): m/z calcd, 

417.04956; found, 417.04984. IR (ATR, cm-1): 1957 (s), 1601 (m), 1567 (m). 

 

Complex 3, [Rh(L1)]2BF4. A mixture of [Rh(coe)2(-Cl)]2 (85.7 mg, 0.119 

mmol) and AgBF4 (46.5 mg, 0.239 mmol) was charged in a Schlenk wrapped 

with aluminum foil. 5 mL THF was added an the mixture was stirred for 30 

minutes. The filtered solution was added to L1 (120.0 mg, 0.479 mmol) and 

the solution was stirred for 2 hours before all volatiles were removed in 

vacuo. The product is obtained as an orange red solid. As this reaction 

resulted in a mixture and the two species could not be separated, this 

product was not isolated. 1H NMR (400 MHz, CD2Cl2, ppm) δ 7.94 (t, J = 7.8 Hz, 1H), 7.57 (d, J = 7.9 Hz, 

1H), 7.45 (d, J = 5.5 Hz, 2H), 3.79 (s, 2H), 2.85 (s, 3H), 1.40 (d, J = 14.8 Hz, 18H). 31P NMR (162 MHz, 

CD2Cl2, ppm) δ 61.8 (m), 57.9 (m). 19F NMR (282 MHz, CD2Cl2, ppm) δ -151.09.  

 

Complex 4, [Rh(L1)2]BF4. A mixture of [Rh(coe)2(-Cl)]2 (29.5 mg, 0.041 

mmol) and AgBF4 (16.0 mg, 0.082 mmol) was charged in a schlenk wrapped 

with aluminum foil. 2 mL acetone was added and the mixture was stirred for 30 

minutes. The filtered solution was added to L1 (41.3 mg, 0.164 mmol) and the 

solution was stirred for 2 hours before all volatiles were removed in vacuo. The 

product is obtained as an orange red solid. 1H NMR (500 MHz, CD2Cl2, ppm) δ 7.71 (t, JH = 7.7 Hz, 1H), 

7.45 (d, JH = 7.7 Hz, 1H), 7.01 (d, JH = 7.7 Hz, 1H), 4.13 (dd, JPH,H = 15.9, 3.8 Hz, 1H), 3.72 – 3.46 (m, 1H), 

1.68 (d, JPH = 12.3 Hz, 9H), 1.00 (d, JH = 12.9 Hz, 9H). 31P NMR (202 MHz, CD2Cl2, ppm) δ 95.7 (d, J = 

171.3 Hz). 13C NMR (126 MHz, CD2Cl2, ppm) δ 160.93 (d, J = 5.1 Hz), 137.98 , 123.47 , 120.20 (t, J = 4.3 

Hz), 38.20 – 37.77 (m), 35.41 (d, J = 1.7 Hz), 34.62 (td, J = 9.0, 4.1 Hz), 30.09 (dt, J = 27.5, 2.7 Hz), 24.62. 

HR-MS (CSI) (C30H52N2P2Rh): m/z calcd, 605.26607; found, 605.26634. IR (ATR, cm-1): 1602 (m), 1564 

(m). 

 

Complex 1’THF, Pd(Me)(L1*)(THF). Complex 1 (14.6 mg, 0.036 mmol) and KOtBu 

(4.0 mg, 0.036 mmol) were dissolved in 0.6 mL deuterated THF in a NMR tube and 

the red solution was shaken thoroughly. NMR was measured. 1H NMR (400 MHz, 

THF-d8) δ 6.17 (t, J = 7.5 Hz, 1H), 5.74 (d, J = 8.6 Hz, 1H), 5.06 (d, J = 6.5 Hz, 1H), 2.77 

(s, 1H), 2.59 (s, 3H), 1.26 (d, J = 12.4Hz, 18H), 0.24 (s, 3H). 31P NMR (162 MHz, THF-

d8) δ 66.7. 

 

Complex 1’py, Pd(Me)(L1*)(py). To a solution of complex 1 (25.0 mg, 0.061 mmol) 

in 2 mL pyridine was added KOtBu (1M solution in THF) (61 L, 0.061 mmol) at room 

temperature. The mixture became bright red immediately and was stirred for thirty 

minutes. All volatiles were removed in vacuo and the product was obtained as a red 

solid. 1H NMR (400 MHz, CD2Cl2) δ 8.70 (d, JH = 5.2 Hz, 2H), 7.79 (t, JH = 7.7 Hz, 1H), 

7.40 (d, JH = 6.5 Hz, 2H), 6.40 (t, JH = 7.7 Hz, 1H), 6.05 (d, JH = 8.8 Hz, 1H), 5.16 (d, 

JH = 6.6 Hz, 1H), 3.00 (d, JPH = 2.5 Hz, 1H), 1.36 (d, JPH = 13.5 Hz, 18H), 1.36 (s, 3H), 0.23 (s, 3H). 31P 

NMR (162 MHz, CD2Cl2, ppm): δ 69.5 (s). Due to the rather short lifetime of this complex, mass 

spectrometry and 13C NMR spectroscopy could not be carried out. 
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Complex 2’py, Rh(CO)(L1*)py. To a solution of complex 2 (15.6 mg, 0.037 mmol) 

in 5 mL pyridine was added KHMDS (0.5M solution in toluene) (0.075 mL, 0.037 

mmol) at room temperature and the mixture, which became maroon immediately, was 

stirred for thirty minutes. Then, all volatiles were evaporated in vacuo. 1H NMR (400 

MHz, CD2Cl2) δ 8.66 (s, 2H), 7.75 (s, 1H), 7.35 (s, 2H), 6.31 (t, J = 7.6 Hz, 1H), 5.96 (d, 

J = 8.7 Hz, 1H), 5.07 (d, J = 6.4 Hz, 1H), 3.14 (d, J = 3.0 Hz, 1H), 1.39 (d, J = 13.6 Hz, 

22H). 31P NMR (162 MHz, CD2Cl2) δ 94.84 (d, J = 147.8 Hz). Due to the short lifetime of this complex, 

mass spectrometry and 13C NMR spectroscopy could not be carried out. 

 

Complex 5a, Pd(Me)(L1*)(PMe3). To a suspension of complex 1 (47.3 mg, 0.116 

mmol) in THF was added KOtBu (1M solution in THF) (0.12 mL, 0.116 mmol) at room 

temperature and the mixture, which became red immediately, was stirred for five 

minutes. Then, trimethylphosphine (1M solution in toluene) (0.12 mL, 0.116 mmol) 

was added and the color of the solution changed to dark-red. The reaction was left 

stirring for 2h before the solvent was removed in vacuo. The product was obtained as a red powder. 1H 

NMR (400 MHz, C6D6, ppm): δ 6.60 (ddd, JH = 8.8 Hz, JH = 6.4 Hz, JPH = 2.4 Hz, 1H, pyH), 6.26 (d, JH = 

8.8 Hz, 1H, pyH), 5.56 (d, JH = 6.4 Hz, 1H, pyH), 3.37 (d, JH = 7.6 Hz, 1H, CH), 2.09 (s, 3H, CH3), 1.42 (d, 

JPH = 13.2 Hz, 18H, tBu-H), 0.77 (d, JPH = 8.0 Hz, 9H, P(CH3)3), 0.56 (dd, JP1H = 3.6 Hz, JP2H = 9.6, 3H, 

Pd-CH3). 31P NMR (162 MHz, C6D6, ppm): δ 68.8 (d, 2JPP = 439 Hz, P1), -23.2 (d, 2JPP = 439 Hz, P2). 13C 

NMR (100 MHz, C6D6, ppm): δ 172.8 (d, JPC = 23.2 Hz, 1C, pyC), 154.2 (s, 1C, pyC), 132.9 (s, 1C, pyCH), 

111.9 (d, JPC = 19.3 Hz, 1C, pyCH), 102.4 (s, 1C, pyCH), 36.7 (d, JPC = 22.7 Hz, 2C, tBu-C), 32.3 (s, 1C, CH), 

29.4 (d, JPC = 6.7 Hz, 2C, tBu-CH3), 27.5 (s, 1C, CH3), 13.6 (d, JPC = 26.8 Hz, 3C, P(CH3)3), -13.3 (d, JPC = 

12.1 Hz, 1C, Pd-CH3). HR-MS (FAB) (C16H29ClNPPd): m/z calcd, 448.1522; found, 448.1522. 

 

Complex 5b, Pd(Me)(L1*)(PPh3). To a suspension of complex 1 (20.2 mg, 0.049 

mmol) in THF (2 mL) was added KOtBu (1M solution in THF) (49 L, 0.049 mmol) at 

room temperature and the obtained red solution was stirred for 5 minutes. Then, 

triphenylphosphine (12.8 mg, 0.049 mmol) was added and the mixture was stirred for 

15 minutes before all volatiles were removed in vacuo. The product was obtained as a 

red powder. 1H NMR (400 MHz, CD2Cl2) δ 7.51 (m, 15H), 6.36 (t, J = 7.6 Hz, 1H), 5.94 (d, J = 8.6 Hz, 1H), 

4.97 (d, J = 6.5 Hz, 1H), 3.10 (s, 1H), 1.65 (s, 3H), 1.31 (d, J = 13.0 Hz, 18H), 0.33 (s, 3H). 31P NMR (162 

MHz, CD2Cl2) δ 72.9 (d, J = 399 Hz), 18.3 (d, J = 399 Hz). Due to the short lifetime of this complex, mass 

spectrometry and 13C NMR spectroscopy could not be carried out. 

 

Complex 6b, Rh(CO)(L1*)(PPh3). To a suspension of complex 2 (21.1 mg, 0.051 

mmol) in THF (2 mL) was added KOtBu (1M solution in THF) (51 L, 0.051 mmol) at 

room temperature and the obtained red solution was stirred for 5 minutes. Then, 

triphenylphosphine (13.4 mg, 0.051 mmol) was added and the mixture was stirred for 

15 minutes before all volatiles were removed in vacuo. The product was obtained as a red powder. 1H NMR 

(400 MHz, CD2Cl2) δ 7.81 – 7.30 (m, 15H), 6.25 (s, 1H), 5.85 (d, J = 8.7 Hz, 1H), 4.85 (m, 1H), 3.17 (s, 

2H), 1.70 (s, 3H), 1.32 (d, JPH = 13.6 Hz, 18H). 31P NMR (162 MHz, CD2Cl2) δ 97.1 (dd, JPP = 285.3, 128.4 

Hz), 26.6 (dd, JPP = 285.3, 128.5 Hz). Due to the short lifetime of this complex, mass spectrometry and 13C 

NMR spectroscopy could not be carried out. 
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Complex 7, [Rh(L1)2I2]BF4. Complex 4 (17.6 mg, 0.025 mmol) and iodine 

(6.5 mg, 0.025 mmol) were dissolved in deuterated dichloromethane (0.5 mL) 

in an NMR tube. The color of the mixture turned to black immediately. 1H NMR 

(400 MHz, CD2Cl2, ppm) δ 7.73 (t, J = 7.7 Hz, 1H), 7.44 (d, J = 7.8 Hz, 1H), 7.38 

(d, J = 7.8 Hz, 1H), 3.42 (d, J = 12.3 Hz, 2H), 3.10 (s, 3H), 1.59 (d, J = 16.7 Hz, 

18H). 31P NMR (162 MHz, CD2Cl2, ppm) δ 159.5 (d, J = 136.2 Hz). 

 

Complex 8a, Pd(Me)(NHTf)(L1). To a suspension of complex 1 (63.8 mg, 0.16 

mmol) in THF (15 mL) was added KOtBu (1M solution in THF) (0.16 mL, 0.16 mmol) 

at room temperature and the mixture, which became dark red immediately, was stirred 

for five minutes. Then, trifluoromethanesulfonamide (23.3 mg, 0.16 mmol) was added 

and the color of the mixture changed to yellowish brown. The reaction was left stirring 

for 2h before the solvent was removed in vacuo. After addition of toluene (10 mL), the solution was filtered 

and evaporated. The product was obtained as a sand-brown powder (30.0 mg, 36.8%). 1H NMR (400 

MHz, (CD3)2CO, ppm): δ 7.75 (t, JH = 7.6 Hz, 1H, pyH), 7.44 (d, JH = 7.6 Hz, 1H, pyH), 7.23 (d, JH = 7.6 

Hz, 1H, pyH), 3.80 (d, JPH = 10.0 Hz, 2H, CH2), 2.99 (s, 3H, CH3), 2.23 (s, 1H, NH), 1.34 (d, JPH = 13.6 Hz, 

18H, tBu-H), 0.68 (d, JPH = 1.6 Hz, 3H, Pd-CH3). 31P NMR (162 MHz, (CD3)2CO, ppm): δ 75.2 (s). 13C NMR 

(100 MHz, (CD3)2CO, ppm): δ 161.2 (s, 1C, pyC), 159.1 (s, 1C, pyC), 138.1 (s, 1C, pyCH), 123.4 (s, 1C, pyCH), 

122.3 (q, JPC = 290.6 Hz, 1C, CF3), 120.5 (d, JPC = 10.4 Hz, 1C, pyCH), 35.1 (d, JPC = 23.9 Hz, 2C, tBu-C), 

34.5 (d, JPC = 29.5 Hz, 1C, CH2), 28.6 (d, JPC = 5.9 Hz, 6C, tBu-CH3), 26.0 (s, 1C, CH3), −10.7 (s, 1C, Pd-

CH3). HR-MS (FAB) (C17H30F3N2O2PPdS): m/z calcd, 520.0753, 505.0524 (M–NHTf), 372.1072 [M–Cl]; 

found, 505.0529 [M–NHTf], 372.1089 [M–Cl]. IR (ATR, cm-1): 1600 (m), 1564 (m). 

 

Complex 8b, Pd(Me)(NHTs)(L1). This product is synthesized in a similar fashion 

as complex 3, using complex 1 (69.4 mg, 0.17 mmol), KOtBu (1M solution in THF) (0.17 

mL, 0.17 mmol) and tosyl amine (29.2 mg, 0.17 mmol), and was obtained as a sand-

brown powder (78.3 mg, 84.8%). 1H NMR (400 MHz, (CD3)2CO, ppm): δ 7.72 (t, JH = 

7.6 Hz, 1H, pyH), 7.62 (d, JH = 8 Hz, 2H, TsH), 7.41 (d, JH = 9.2 Hz, 1H, pyH), 7.17 (d, 

JH = 7.2 Hz, 1H, pyH), 7.10 ((d, JH = 8 Hz, 2H, TsH), 3.69 (d, JPH = 9.6 Hz, 2H, CH2), 3.11 (s, 3H, CH3), 

2.31 (s, 3H, TsCH3), 2.23 (s, 1H, NH), 1.21 (d, JPH = 13.2 Hz, 18H, tBu-H), 0.36 (d, JPH = 2.4 Hz, 3H, Pd-

CH3). 31P NMR (162 MHz, (CD3)2CO, ppm): δ 73.5 (s). HR-MS (FAB) (C23H37N2O2PPdS): m/z calcd, 

542.1348, 527.1113 [M–Me], 372.1072 [M–NHTs]; found, 527.1121 [M–Me], 372.1075 [M–NHTs]. IR 

(ATR, cm-1): 1601 (m), 1576 (m). 

 

Complex 8c, Pd(Me)(NHArF5)(L1). To a suspension of complex 1 (44.4 mg, 

0.109 mmol) in THF was added KOtBu (1M solution in THF) (0.11 mL, 0.109 mmol) 

at room temperature and the mixture, which became red immediately, was stirred for 

five minutes. Then, pentafluoroaniline (H2NArF5) (20 mg, 0.109 mmol) and the 

reaction was left stirring for 0.5h before the solvent was removed in vacuo. The 

product was obtained as an orange powder. 1H NMR (400 MHz, C6D6, ppm): δ 6.74 (t, JH = 7.6 Hz, 1H, 

pyH), 6.32 (d, JH = 7.6 Hz, 1H, pyH), 6.28 (d, JH = 7.6 Hz, 1H, pyH), 3.04 (br s, 1H, NH), 2.84 (s, 3H, 

CH3), 2.77 (d, JPH = 9.6 Hz, 2H, CH2), 0.97 (d, JPH = 3.2 Hz, 3H, Pd-CH3), 0.89 (d, JPH = 13.2 Hz, 18H, 

tBu-H). 31P NMR (162 MHz, C6D6, ppm): δ 67.4 (s). 13C NMR (100 MHz, C6D6, ppm): δ 161.8 (s, 1C, pyC), 

158.9 (s, 1C, pyC), 140.4 (s, 2C, aniline-CF), 139.6 (s, 2C, aniline-CF), 138.0 (s, 1C, aniline-CF), 137.2 (s, 

1C, aniline-C), 136.9 (s, 1C, pyCH), 123.2 (s, 1C, pyCH), 119.5 (d, JPC = 7.4 Hz, 1C, pyCH), 34.2 (d, JPC = 

18.4 Hz, 1C, CH2), 33.9 (d, JPC = 15.7 Hz, 2C, tBu-C), 28.7 (d, JPC = 4.4 Hz, 6C, tBu-CH3), 24.9 (s, 1C, CH3), 

-9.1 (s, 1C, Pd-CH3). 19F NMR (282 MHz, C6D6, ppm): δ -166.8 (m), -169.7 (m), -190.2 (m). HR-MS (FAB) 
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(C22H30F5N2PPd): m/z calcd, 554.1102, 539.0875 [M–Me], 372.1072 [M–H2NArF5]; found, 539.0872 [M–

Me], 372.1403 [M– H2NArF5]. IR (ATR, cm-1): 1601 (m), 1573 (m). 

 

Complex 8d, Pd(Me)(NH3)(L1*) – Pd(Me)(NH2)(L1). In a 

J-Young NMR tube complex 1 (14.6 mg, 0.039 mmol) and KOtBu 

(4.01 mg, 0.039 mmol) were dissolved in 0.7 mL THF-d8 and the 

tube was shaken thoroughly until a red solution was obtained. 

The tube was pressurized with 4 bar of ammonia and the mixture 

was measured over time and at different temperatures. NH3: 1H NMR (500 MHz, THF-d8, ppm) δ 6.29 

(ddd, J = 8.6, 6.5, 2.1 Hz, 1H), 5.95 (d, J = 8.6 Hz, 1H), 5.21 (d, J = 6.4 Hz, 1H), 2.91 (d, J = 2.1 Hz, 1H), 

2.02 (s, 3H), 1.32 (d, J = 13.1 Hz, 18H), 0.43 (d, J = 3.3 Hz, 3H), 0.18 (d, J = 1.1 Hz, 3H). 31P NMR (202 

MHz, THF-d8, ppm): δ 66.7 (s). NH2: 1H NMR (500 MHz, THF-d8, ppm) δ 8.45 (d, J = 7.7 Hz, 1H), 7.26 

(t, J = 7.6 Hz, 1H), 6.88 (d, J = 7.4 Hz, 1H), 3.55 (d, J = 9.5 Hz, 2H), 2.43 (s, 3H), 1.30 (d, J = 13.1 Hz, 

18H), 0.88 (s, 3H), -0.63 (s, 2H). 31P NMR (202 MHz, THF-d8, ppm) δ 70.1. 

 

Complex 9a, Rh(CO)(L1)NHTf. To a solution of complex 2 (21.7 mg, 0.052 mmol) 

in 5 mL THF was added KHMDS (0.5M solution in toluene) (0.1 mL, 0.052 mmol) at 

room temperature and the mixture, which instantaneously became maroon-colored, 

was stirred for five minutes. Then, trifluoromethanesulfonamide (7.8 mg, 0.052 

mmol) was added and the color of the solution became light orange. The reaction was 

left stirring for 2h before the all volatiles were evaporated in vacuo. 1H NMR (400 MHz, CD2Cl2, ppm): δ 

7.69 (t, JH = 7.7 Hz, 1H), 7.31 (d, JH = 7.7 Hz, 1H), 7.18 (d, JH = 7.7 Hz, 1H), 3.69 (d, JPH = 9.4 Hz, 2H), 

2.96 (s, 3H), 2.16 (s, 1H), 1.32 (d, JPH = 14.1 Hz, 18H). 31P NMR (162 MHz, CD2Cl2, ppm): δ 105.9 (d, JRhP 

= 150.7 Hz). HR-MS (FD+) (C17H27F3N2O3PRhS): m/z calcd, 530.04871, 502.05380 [M–CO], 382.08070 

[M–NHTf]; found, 502.05765 [M–CO], 382.08864 [M–NHTf]. IR (ATR, cm-1): 1970 (s), 1602 (m), 1567 

(m). 

 

Complex 9b, Rh(CO)(L1)NHTs. To a solution of complex 2 (29.2 mg, 0.07 mmol) 

in 5 mL THF was added KHMDS (0.5M solution in toluene) (0.14 mL, 0.07 mmol) at 

room temperature and the mixture, which turned to a maroon color instantaneously, 

was stirred for five minutes. p-Toluenesulfonamide (12.0 mg, 0.07 mmol) was added 

and the color of the solution became brown. The reaction was left stirring for one hour 

before all volatiles were evaporated in vacuo. 1H NMR (400 MHz, CD2Cl2, ppm): δ 7.82 (d, JH = 7.8 Hz, 

1H), 7.76 (d, JH = 8.0 Hz, 1H), 7.65 (t, JH = 7.7 Hz, 1H), 7.38 (d, JH = 8.0 Hz, 1H), 7.27 (d, JH = 7.4 Hz, 1H), 

7.23 – 7.12 (m, 2H), 4.86 (s, 1H), 3.59 (d, JPH = 9.0 Hz, 2H), 3.00 (s, 3H), 2.38 (s, 3H), 1.23 (d, JPH = 13.8 

Hz, 18H). 31P NMR (162 MHz, CD2Cl2, ppm): δ 104.3 (d, JRhP = 142.6 Hz). HR-MS (FD+) 

(C23H34N2O3PRhS): m/z calcd, 552,10828, 524,11336 [M–CO], 382,08070 [M–NHTs]; found, 524.11645 

[M–CO], 382.09092 [M–NHTs]. IR (ATR, cm-1): 1963 (s), 1601 (m), 1568 (m). 

 

Complex 10, Pd(Me)(CCPh)(L1). To a suspension of complex 1 (12.7 mg, 0.0.31 

mmol) in THF was added KOtBu (1M solution in THF) (31 L, 0.031 mmol) at room 

temperature and the mixture, which became red immediately, was stirred for five 

minutes. Then, phenylacetylene (3.4 L, 0.031 mmol) and the reaction was left stirring 

for 0.5h before the solvent was removed in vacuo. The product was obtained as an 

orange powder. 1H NMR (400 MHz, CD2Cl2) δ 7.61 (t, JH = 7.7 Hz, 1H), 7.41 – 7.04 (m, 7H), 3.50 (d, JPH 

= 8.0 Hz, 2H), 3.27 (s, 3H), 1.32 (d, JPH = 13.0 Hz, 18H), 0.96 (d, JPH = 6.5 Hz, 3H). 31P NMR (162 MHz, 

CD2Cl2, ppm): δ 60.3 (s). 13C NMR (126 MHz, CD2Cl2, ppm) δ 162.1 (s, pyC), 158.6 (s, pyC), 137.9 (s, pyCH) 

, 131.4 (s, PhCH), 128.2 (s, PhCH), 127.5 (s, PhCH), 124.1 (s, PhC), 123.7 (pyCH), 120.2 (d, J = 7.6 Hz, 
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pyCH), 85.8 (s, Pd-C≡C), 79.40 (s, C≡C-Ph), 35.48 (d, J = 16.9 Hz, tBu-C), 35.11 (d, J = 20.8 Hz, CH2), 

29.16 (d, J = 4.0 Hz, tBu-CH3), 27.06 (s, CH3), -9.47 (s, Pd-Me). HR-MS (FD+) (C24H34NPPd): m/z calcd, 

473.1473; found, 473.1565. IR (ATR, cm-1): 2086 (m), 1592 (m), 1571 (m).  

 

Complex 11, Pd(Me)(CCPh)(L1). To a solution of complex 2 (10.5 mg, 0.025 

mmol) in THF was added KHMDS (0.5M solution in toluene) (50 L, 0.025 mmol) at 

room temperature and the mixture, which became red immediately, was stirred for five 

minutes. Then, phenylacetylene (2.8 L, 0.025 mmol) and the color of the solution 

changed slowly to brown. The reaction was left stirring for 0.5h before the solvent was removed in vacuo. 

The product was obtained as an brown solid. 1H NMR (400 MHz, CD2Cl2, ppm) δ 7.53 - 7.10 (m, 8H), 3.63 

(d, J = 7.8 Hz, 2H), 3.32 (s, 3H), 1.32 (d, J = 13.3 Hz, 18H). 31P NMR (162 MHz, CD2Cl2) δ 93.12 (d, JRhP = 

111.2 Hz). Due to the impurities in this complex, mass spectrometry and 13C NMR spectroscopy were not 

carried out. 

 

Complex 12, Pd(Me)(L1)NRTf. To a solution of complex 1 (15.0 mg, 0.037 

mmol) in 2 mL THF was added KOtBu (1M solution in THF) (3.7 L, 0.037 mmol) 

at room temperature and the mixture, which became red immediately, was stirred 

for five minutes. The aminoalkene (13.6 mg, 0.037 mmol) was added and over a 

period of 15 minutes, the color of the solution turned back to yellow. The reaction 

was left stirring for 30 more minutes and then all volatiles were evaporated in 

vacuo. 1H NMR (400 MHz, CD2Cl2) δ 7.65 (t, JH = 7.5 Hz, 1H), 7.42 – 6.95 (m, 12H), 5.73 – 5.42 (m, 1H), 

4.92 (m, 2H), 3.82 (s, 3H), 3.50 (d, JPH = 10.3 Hz, 2H), 3.07 (d, J = 6.1 Hz, 2H), 2.95 (s, 3H), 1.30 (d, JPH 

= 14.1 Hz, 18H), 0.90 (s, 3H). 31P NMR (162 MHz, CD2Cl2) δ 74.6. IR (ATR, cm-1): 1601 (m), 1574 (m).  

 

Complex 13, [Pd(Me)(L1) alkene]SbF6. A suspension of complex 1 

(19.0 mg, 0.047 mmol) and AgSbF6 (16.0 mg, 0.047 mmol) in 2 mL THF 

was stirred for 15 minutes in the dark before the aminoalkene (17,4 mg, 

0.047 mmol) was added. The suspension was stirred for another hour and 

filtered. The solution was evaporated and a light yellow solid was obtained. 

1H NMR (400 MHz, CD2Cl2, ppm): δ 7.89 – 7.73 (d, J = 8, 1H), 7.62 – 7.09 

(m, 12H), 5.50 (m, 1H), 5.10 (m, 2H), 4.56 (s, 1H), 4.00 (d, J = 6.0 Hz, 2H), 3.67 (d, J = 11.0 Hz, 2H), 3.02 

(d, J = 7.4 Hz, 2H), 2.65 (s, 3H), 1.37 (dd, J = 15.1, 1.9 Hz, 18H), 0.75 (s, 3H). 31P NMR (162 MHz, CD2Cl2, 

ppm): δ 83.1 (s). HR-MS (FD+) (C34H47F3N2O2PPdS): m/z calcd, 741.2095; found, 741.33186. 

 

Complex 13’, [Pd(Me)(L1)alkene]SbF6. 1H NMR (400 MHz, CD2Cl2) δ 7.79 

(t, JH = 7.7 Hz, 1H), 7.45 – 7.20 (m, 12H), 6.14 (d, JH = 15.7, 1H), 5.32 (m, 1H), 4.83 

(s, 1H), 4.10 (d, JH = 5.5 Hz, 2H), 3.67 (d, JH = 11 Hz, 2H), 2.66 (s, 3H), 1.83 (dd, J 

= 6.4, 1.7 Hz, 3H), 1.38 (d, J = 15.1 Hz, 18H), 0.75 (s, 3H). 31P NMR (162 MHz, 

CD2Cl2, ppm): δ 83.1 (s). 13C NMR (126 MHz, CD2Cl2) δ 159.35 (s), 158.02 (s), 

143.43 (s), 139.43 (s), 133.93 (s), 128.59 (s), 128.56 (s), 128.20 (s), 127.07 (s), 

124.38 (s), 121.32 (d, JCH = 8.4 Hz), 119.7 (q, JPC = 321.7 Hz), 53.16 (s), 51.53 (s), 

36.27 (d, JPC = 20.7 Hz), 35.01 (d, JPC = 24.1 Hz), 28.95 (d, JPC = 3.4 Hz), 25.39 (s), 18.04 (s), -6.86 (d, JPC 

= 2.2 Hz). HR-MS (FD+) (C34H47F3N2O2PPdS): m/z calcd, 741.2095; found, 741.33186. 

 

Hydroamination experiments 

Typically, either complex 1 or 2 (0.012 mmol) and AgBF4 (0.012 mmol) were dissolved in THF (2 mL) and 

stirred for 10 minutes. The aminoalkene (0.12 mmol) was added to the mixture and the reaction was 
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stirred at room temperature unless stated otherwise. Reaction times varied from 16 to 20 hours. The 

product composition was determined by NMR analysis. 

 

X-ray crystallography 

X-ray intensities were measured on a Bruker Kappa ApexII diffractometer with sealed tube and Triumph 

monochromator ( = 0.71073 Å) at a temperature of 150(2) K. Intensity data were integrated with the 

Saint software.37 Absorption correction and scaling was performed with SADABS or TWINABS.38 The 

structures were solved with Direct Methods using the program SHELXS-9739 and refined with SHELXL-

9739 against F2 of all reflections. Non-hydrogen atoms were refined with anisotropic displacement 

parameters. Hydrogen atoms were introduced in calculated positions (complex 1) or located in difference 

Fourier maps (complex 5a). C-H hydrogen atoms were refined with a riding model, N-H hydrogen atoms 

were refined freely with isotropic displacement parameters. Geometry calculations and checking for 

higher symmetry was performed with the PLATON program.40 

 

Details for complex 1. C16H29ClNPPd, Fw = 408.22, yellow block, 0.26 x 0.18 x 0.08 mm3, monoclinic, 

P21/n (no. 14), a = 10.0545(3), b = 15.8268(5), c = 11.3903(4) Å,  = 91.6010(10)º, V = 1811.84(10) Å3, Z 

= 4, Dx = 1.497 g/cm3,  = 1.25 mm-1. 49119 Reflections were measured up to (sin /)max = 0.65 Å-1. 4161 

Reflection were unique (Rint = 0.022), of which 3706 were observed [I>2(I)]. 189 Parameters were 

refined with no restraints. Minor disorder between chlorine and methyl has been ignored. R1/wR2 [I > 

2(I)]: 0.0206 / 0.0475. R1/wR2 [all refl.]: 0.0263 / 0.0508. S = 1.108. Residual electron density between 

-0.35 and 0.48 e/Å3. CCDC 861127. 

 

Details for complex 2. C17H30F3N2O2PPdS, Fw = 520.86, brown plate, 0.50 x 0.40 x 0.15 mm3, triclinic, 

P1 (no. 2), a = 9.8419(3), b = 10.8652(3), c = 11.6779(4) Å,  = 109.9870(15),  = 99.6665(15),  = 

101.8868(15)º, V = 1109.16(6) Å3, Z = 2, Dx = 1.560 g/cm3,  = 1.04 mm-1. The crystal was cracked into two 

fragments related by a rotation of 7.1º about an arbitrary axis. This was taken into account during the 

integration, which resulted in a file in HKLF5 format.41 36399 Reflections were measured up to (sin 

/)max = 0.65 Å-1. 5033 Reflections were unique (Rint = 0.050), of which 4207 were observed [I>2(I)]. 

257 Parameters were refined with no restraints. R1/wR2 [I > 2(I)]: 0.0432 / 0.1061. R1/wR2 [all refl.]: 

0.0579 / 0.1148. S = 1.067. Residual electron density between -1.03 and 1.74 e/Å3. CCDC 861128. 
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Chapter 3 

 

Ruthenium PNN(O) Complexes: Cooperative Reactivity and 

Application as Catalysts for Acceptorless Dehydrogenative 

Coupling Reactions 

 

 

 

 

Abstract The novel tridentate pincer ligand L1 is described, featuring two different proton-

responsive ligand reactive sites, i.e. a hydroxy-pyridine functionality and a phosphinomethyl 

side arm. This dual-mode reactive ligand is coordinated to Ru(II) to generate complex 1. Site-

selective deprotonation of the hydroxy-pyridine functionality was achieved using both mild 

(DBU) and strong bases (KOtBu or KHMDS), whereas the phosphinomethyl is only 

deprotonated by strong bases. DFT calculations suggest enhanced reactivity for this system 

over well-established PNN pincer complexes that do not contain the hydroxy-pyridine 

fragment. Application of this complex 1 in the dehydrogenation of formic acid resulted in poor 

turnover frequencies, however, clean and CO-free hydrogen was produced. Using a 

dearomatization-reprotonation strategy with complex 1 in the dehydrogenative coupling of 

alcohols resulted in high conversions of different esters. When used in the more challenging 

dehydrogenative coupling of alcohols and amines, the main product proved to be the ester, 

and not the amide.  
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3.1 Introduction 

Tridentate pincer ligands that feature a reactive site have gained a lot of interest during the 

past decade.1-3 Especially the well-known complexes with lutidine-based PNP and PNN 

systems as well as bipy-PNN based motifs (Figure 1) are of particular interest because of their 

ability to undergo facile and reversible deprotonation of the phosphinomethyl side arm, 

generating a formally dearomatized N-heterocycle.4  

 

 
Figure 1. Reactive PNP, PNN and bipy-PNN ligand systems.1-4 

 

Ruthenium complexes of these types of ligand are able to activate C-H,5 N-H6 and O-H7,8 

bonds, and catalyze a large variety of reactions. Examples are the acceptorless 

dehydrogenation of alcohols into ketones (PNP)8, the hydrogenation of amides into alcohols 

and amines9 and the reverse reaction, i.e. amide formation from alcohols and amines 

(PNN).7,10 The formation of esters is accomplished via homo-coupling of primary alcohols as 

well as by the cross-coupling of primary and secondary alcohols.11-13 In these catalytic 

reactions metal-ligand cooperativity is crucial, as reversible deprotonation of the 

phosphinomethyl arm is required during the catalytic cycle. The symmetrical PNP ligand can 

be deprotonated twice, similar as observed for structures b and c in Figure 2. These latter 

systems have both been applied in the catalytic transfer hydrogenation of ketones.14-16 Both 

the pyrazole and the hydroxypyridine fragment are more easily deprotonated than the 

methylene spacer in PNP systems, as they contain more acidic NH or OH groups at the  

position with respect to the metal. To date, ligands with two different acidic sites have rarely 

been explored.17-19 Incorporating two different reactive sites in one molecule may hold benefits 

as it may allow the (sequential) activation of two substrates of different basicity on one metal 

center, which can couple together subsequently, such as the cross-dehydrogenative coupling.  

 

 
Figure 2. Symmetrical cooperative pincer ligands with two identical reactive sites. 

 

An interesting example is the mono-anionic dearomatized Ru(II)PNN complex, prepared by 

double deprotonation of both the NH and benzylic CH position (Scheme 1). Combination of 

these two modes of MLC (Metal-Ligand Cooperation) in one complex, a dual-mode system, 

might lead to enhanced catalytic activity, due to the ability of the complex to “choose” the 
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pathway with the lowest activation energy.19 This complex proved to be an efficient catalyst 

for the acceptorless dehydrogenative coupling of alcohols into esters at 35 ºC, as well as the 

hydrogenation of esters to alcohols at room temperature and under 5 bar H2. 

 

 
Scheme 1. A dual-mode Ru(II)PNN system capable of catalysis under mild conditions.19 

 

In this chapter we introduce new ligands based on 6-(di-tert-butyl-phosphinomethyl)-6’-

hydroxy-2,2’-bipyridine, which feature two different reactive side arms. These ligands 

combine a PNN bipyridine and a hydroxypyridine functionality (Scheme 2). One side features 

a tautomeric hydroxypyridine – pyridonate moiety and the other side is characterized by a 

phosphinomethyl-pyridine, together forming a potentially tridentate ligand.  

 

Scheme 2. Envisioned ligand system with two reactive side arms. 

 

The reactivity of these ligands as well as the catalytic activity of their Ru(II) complexes will be 

reported. We expect enhanced activity for these complexes compared to their ‘parent’ 

counterparts, as the hydroxyl-function that can provide protons and/or pre-coordinate 

substrates via hydrogen bonding, is near the metal center. The low barriers between 2-

hydroxypyridine and 2-pyridone will likely diminish the necessity of high temperature, high 

pressures and strong bases. These complexes will be studied in the dehydrogenation of formic 

acid, in the acceptorless dehydrogenative coupling of alcohols into esters and the formation of 

amides from primary alcohols and primary and secondary amines. Both esters and amides are 

industrially important functional groups that appear in many useful products like polymers, 

plasticizers and pharmaceuticals. 
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3.2 Results and Discussion 

3.2.1 Synthesis of tridentate PNN(O) ligands 

Initially, we set out to make a small library of dual-mode tridentate ligands (ligands I-III, 

Figure 3). On the right side arm, they consist of an aminomethyl-pyridine or 

phosphinomethyl-pyridine. The left side arm contains a nitrogen-based ring structure with an 

OH or NH that can be deprotonated by weak bases. During the selected routes to afford I and 

II, we encountered problems regarding ring closure of the pyrazole and connection of the 

amine donor to the ligand. The synthesis of ligand III was rather straightforward, as it is quite 

comparable to the synthesis of bipyridine PNN ligands.9 Therefore, we focused on this ligand 

system, using tert-butyl as substituent on the phosphine arm. 

 

 
Figure 3. Intended library of dual-mode ligands. 

 

The synthesis of ligand III involved several synthetic steps. Intermediate A was synthesized 

according to a literature procedure,20 via a Stille coupling using 2-bromo-6-methoxypyridine 

and 2-methyl-6-(tributylstannyl)pyridine (Scheme 3). Subsequently, the mono-lithiation of 

the methyl-group was followed by phosphorylation to yield L1Me. In the last step, the removal 

of the methoxyl group was achieved by acid hydrolysis using concentrated HBr in acetic acid, 

which produced ligand L1 in 69% yield. 

 

Scheme 3. Synthetic route for the preparation of dual-mode ligand L1. 
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Characterization of L1 by NMR spectroscopy shows a singlet at δ 37.5 in 31P NMR spectrum, 

while the 1H NMR displays a broad singlet at 10.72 ppm and a doublet (2JPH = 3.2 Hz) at 3.11 

ppm, which correspond to the hydroxyl proton and –CH2P spacer, respectively. These spectral 

data are very similar to those of the well-known PNN ligand,9 suggesting negligible electronic 

influence of the hydroxyl group. The structure was furthermore confirmed by HR-MS, 

showing an m/z value of 330.18908 (calc. m/z 330.18618). 

 

The initially targeted synthesis of L1 consisted of five steps, of which the route is depicted in 

Scheme 4. At first, it was reasoned that the synthesized phosphine would not be able to survive 

the harsh conditions required to cleave the methoxy group and it was therefore decided to 

protect the hydroxyl group as the tert-butyldimethylsilyl (TBDMS) ether as illustrated in 

Scheme 4.21 After lithiation and phosphorylation of the pyridine arm, this TBDMS group could 

be cleaved very mildly by using tetrabutylammonium fluoride (TBAF), providing L1, in 

analogy to reported synthetic protocols to e.g. bis(2-hydroxypyridyl)pyridine.16 Interestingly, 

this synthetic route did not lead to the proposed ligand, but it provided ligand L2. This system 

also has two potentially active side arms, but now the methylene spacer is more sterically 

protected. 

 

Scheme 4. Initially targeted synthesis for the preparation of L1 led to formation of L2. 
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The ligand with the silyl moiety is very interesting as it allows to investigate the potential steric 

and electronic influences of this bulky group on both the ligand based proton-responsive 

reactivity and on the reactions occurring in the metal coordination sphere. D’ could be formed 

because an excess of ClSiMe2
tBu had to be used for the protection of C’. When an equimolar 

amount of chlorosilane was used compared to the bipyridine in the formation of C’, full 

conversion was never achieved. Removal of the remaining chlorosilane led to (partial) 

deprotection, recovering compound B’.  

 

Spectroscopic data of L2 indeed show that the TBDMS group has significant influence, as the 
31P NMR spectrum displays a downfield shift for the phosphine at δ 47.6 (relative to L1 at δ 

37.5). Also, the normally distinct doublet in 1H NMR that corresponds to the tert-butyl groups 

on the phosphine is now split into two doublets, indicating the inequivalence of the alkyl 

groups due to the addition chiral center. Furthermore, HR-MS data for the parent M+ ion (m/z 

of 445.28401; calc. m/z 445.2799) also confirmed the presence of L2. 

 

3.2.2 Coordination of L1 and L2 to ruthenium 

Reaction of L1 with RuCl(CO)(H)(PPh3)3 yielded an orange solid that was fully characterized 

and identified as RuCl(CO)(H)(L1), complex 1 (Scheme 5). 31P NMR displays a singlet at 105.0 

ppm and in the 1H NMR spectrum a doublet is found at δ -14.87 (2JPH = 24 Hz) for the hydride. 

Furthermore, the CO ligand absorbs at 1916 cm-1 in the IR region and HR-MS of m/z 461.0824 

[M-Cl] (calc. 461.0932 [M-Cl]) was in agreement with the proposed structure. When L2 was 

reacted with the Ru(II) precursor, a mixture of products was obtained, without any indication 

of the formation of the desired complex. Presumably the steric bulk of both the TBDMS group 

and the two tBu-groups hinders the formation of the desired structure.  

 

 
Scheme 5. Synthesis of complexes 1 and 2 from RuCl(CO)(H)(PPh3)3 and ligands L1 and B, 

respectively. 

 

As a reference ligand that allows to investigate the involvement of the hydroxypyridine arm 

during catalysis, we also prepared methoxy-ether complex 2 (Scheme 5) in a similar fashion 

as complex 1, from ligand L1Me and RuCl(CO)(H)(PPh3)3. For this complex, the 31P NMR 

spectrum shows a singlet at 105.9 ppm and a doublet at δ -14.93 (JPH = 24 Hz) in the 1H NMR 

spectrum for the hydride. All spectroscopic features are very similar to complex 1, but also to 

the known analogous Ru(II)PNN complex described by the group of Milstein.9 Single crystals 

of both complex 1 (slow diffusion of diethyl ether into a concentrated acetonitrile solution) 

and 2 (slow diffusion of pentane into a concentrated CH2Cl2 solution) were grown, which were 
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suitable for X-ray structure determination (Figure 4). The molecular structure of 1 reveals a 

distorted octahedral geometry around the ruthenium center, with the CO ligand trans to the 

central pyridine of the PNN system. The ligand is not completely planar, as the methylene 

bends out of the plane, which is common for this type of complexes. From this structure it 

became apparent that an acetonitrile molecule is coordinating to the metal center, in lieu of 

the chloride ligand which acts as a non-coordinating counter ion. Hence, it is named 1MeCN. A 

hydrogen bond interaction is observed between the hydroxyl moiety and the non-coordinating 

chloride atom which is at a distance of 2.153 Å. For complex 2, the molecular structure also 

reveals a distorted octahedral geometry, with again the methylene group bending out of plane. 

Here, the chloride atom is coordinated to the ruthenium. The fact that this ligands binds only 

weakly to the metal center, as confirmed in complex 1MeCN, is worthy knowledge for further 

reactivity as the chloride has to dissociate to create a vacant site for substrate binding. 

 

                    
Figure 4. (left) ORTEP plot (50% probability displacement ellipsoids) of complex 1MeCN, 

[Ru(CO)(H)(NCMe)(L1)]Cl. Hydrogen atoms have been omitted for clarity, except for those on C1, O1 

and Ru1. (right) ORTEP plot (50% probability displacement ellipsoids) of complex 2, 

RuCl(CO)(H)(L1Me). Hydrogen atoms have been omitted for clarity, except for those on C1 and Ru1. 

 

When comparing the two structures, it is seen that for both complexes a different enantiomer 

was characterized by X-ray crystallography (hydride pointing backwards vs. forward). 

Coordination of the ligands to the metal center resulted in an racemic mixture, which is not 

visible in the applied spectroscopic methods and will not inflict problems in subsequent 

reactivity. The asymmetric unit cell shows that the solid state also contains both enantiomers 

as a racemate. In Table 1, selected bond lengths (Å), angles and torsion angles (º) are 

presented for complexes 1MeCN and 2, as well as for the comparable RuCl(CO)(H)(PNN).9 All 

values are near-identical and IR spectroscopy also confirms the similarity, showing ν(CO) 

bands at 1916, 1902 and 1906 cm-1 for 1MeCN, 2, and RuCl(CO)(H)(PNN), respectively. In 

addition, complex 1 could be obtained as the neutral complex with the chloride ligand 

coordinated, when a work-up was performed without acetonitrile. 



 

· 70 · 

Table 1. Selected bond lengths (Å), angles and torsion angles (°) for complexes 1 and 2 and the 

analogous RuCl(CO)(H)PNN. 

       Complex 1MeCN Complex 2 RuCl(CO)(H)PNN9 

Ru1-P1 (Å) 2.2711(6) 2.2779(12) 2.2860(7) 

Ru1-N1 (Å) 2.0964(19) 2.0943(39) 2.086(2) 

Ru1-N2 (Å) 2.1598(18) 2.1740(40) 2.124(2) 

Ru1-C20a (Å) 1.8524(25) 1.8404(53) 1.861(3) 

Ru1-H1 (Å) 1.7125(309) 1.9415(447) 1.76(3) 

Ru1-Cl1b (Å) 2.1855(21) 2.5634(12) 2.5547(7) 

C20-O2a (Å) 1.1512(30) 1.1481(65) 1.126(3) 

P1-Ru1-N1 (°) 82.72(5) 83.21(11) 83.02(6) 

P1-Ru1-N2 (°) 157.27(7) 159.24(12) 159.65(6) 

N1-Ru1-N2 (°) 76.24(7) 76.31(16) 76.69(8) 

N1-Ru1-C20a (°) 171.49(9) 173.16(19) 173.3(1) 

H1-Ru1-Cl1b (°) 171.90(1.04) 172.13(1.30) 170.4(8) 

N2-C7-C6-N1 (°) -1.00 -0.58 -3.31(3) 

N1-C2-C1-P1 (°) 29.04 27.14 -25.61(3) 

a In complex 2, the corresponding bond lengths are between Ru1-C21 and C21-O2, and bond angle 

between N1-Ru1-C21. b In complex 1MeCN, the chloride ligand is replaced by an NCMe ligand, thus 

the bond length represents the Ru1-N3 bond and H1-Ru1-N3 bond angle.  

 

3.2.3 Deprotonation/dearomatization of complexes 1 and 2 

It was hypothesized that the hydroxy-pyridine moiety of the ligand would likely be 

deprotonated preferentially, and by weaker bases than the usual KOtBu or KHMDS that are 

used for the deprotonation of archetypical PNN pincer systems. However, addition of one 

equivalent of NEt3 (pKa value in DMSO: 9)22 to complex 1 did not provide the expected 

pyridone species, as concluded from 1H NMR spectral data. The hydroxyl-group is apparently 

not acidic enough to be deprotonated by such a weak base. However, the slightly stronger base 

DBU (1,8-diazabicyclo[5.4.0]undec-7-ene) (pKa value in DMSO: 12)22 was able to realize 

selective deprotonation of the hydroxy-pyridine, generating complex 1’ (Scheme 6) with an 

immediate color change from orange to brown-red. When one equivalent of KOtBu or KHMDS 

was added to complex 1, complex 1’ was also obtained, indicating that the hydroxy-pyridine 

can be selectively deprotonated, with no intramolecular proton-transfer from the methylene 

spacer to the pyridone unit detected.  

 

 
Scheme 6. Deprotonation of complex 1 to complex 1’ by both weak and strong bases. 
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Conversion of 1 to 1’ results in a small shift in the 31P NMR spectrum, to 102.5 ppm (δ = 2.5 

ppm). A larger shift was expected for the pyridone tautomer, as the trans pyridine formally 

becomes anionic, which therefore led us to the assumption that the complex is more akin to 

the pyridonate structure depicted in Scheme 7 (right), than to the neutral pyridone isomer 

(left). In the 1H NMR spectrum the hydride is found at δ -19.4 (JPH = 24 Hz) and the two 

doublet of doublets at 3.94 and 3.42 ppm support the methylene spacer is not deprotonated. 

 

 
Scheme 7. The equilibrium of complex 1’ lies more to the pyridonate (right) instead of the assumed 

(pyridone) left species. 

 

When one equivalent of DBU was combined with complex 2, no reaction took place, indicating 

that this relative weak base is only capable of deprotonating the hydroxy-pyridine arm of 

complex 1 (Scheme 8). Addition of the stronger bases KOtBu or KHMDS did result in 

deprotonation of the methylene arm of complex 2, which produced complex 2’. An immediate 

change of color was observed from orange to dark-green. The 31P NMR spectrum shows a 

singlet at 95.2 ppm, and in the 1H NMR spectrum, a signal for the methine proton arose at δ 

3.36 ppm and a doublet (JPH = 26.1 Hz) was observed at δ -21.3 for the hydride. These values 

are similar to the analogous RuPNN complex.9 

 

 
Scheme 8. Deprotonation of complex 2 does not occur in the presence of DBU. However, when treated 

with the stronger bases KOtBu or KHMDS, complex 2’ was obtained. 

 

3.2.4 Catalytic activity of 1 in the dehydrogenation of HCOOH 

Hydrogen is potentially one of the major energy carriers for the future and formic acid has 

been demonstrated to provide an interesting storage-release system for the reversible storage 

of dihydrogen.23-25 Ruthenium pincer complexes that are analogous to complex 1 have been 

shown to be efficient catalysts for the reversible protonation of CO2 to formic acid.26,27 As 

complex 1 is more easily deprotonated compared to many known complexes bearing proton-

responsive ligands, we hypothesized that this could lead to enhanced catalytic activity in 

formic acid decomposition. Indeed, complex 1 was found to be a competent catalyst for the 

dehydrogenation of HCOOH, in the presence of only a small amount of base required to pre-
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activate the system. When only one equivalent of formic acid was added to the in situ 

generated complex 1’, a slight color change was observed from brown-red to orange-red, 

concomitant with the evolution of small bubbles of gas from the solution. Most likely, the 

bubbles represent both CO2 and H2, as 1’ is observed in the 31P NMR spectrum (together with 

decomposition products).  

 

Scheme 9. Complex 1 in the stoichiometric dehydrogenation of HCOOH. 

 

When a catalytic amount of 10 mol% catalyst (in the presence of the same molar amount of 

base) was applied, the reaction progress could be monitored volumetrically (see the 

Experimental Section for a schematic representation of the set-up). With dioxane as solvent 

at 75 ºC, dehydrogenation curves were obtained as depicted in Figure 5.  

 

 

Figure 5. Formic acid dehydrogenation measured in volume produced gas (H2 + CO2) for three 

reactions in the presence of 10 mol% of complex 1’. 

 

The curves for this triplo-experiment are nearly linear and with a very similar slope, leading 

to turnover frequencies of 35, 33 and 29 h-1, for run 1, 2 and 3, respectively. The catalyst shows 

little sign of decomposition when all the formic acid has been converted, as these 3 runs were 

performed consecutively by directly adding new substrate after one run had finished. The 

produced gas was analyzed by a gas GC (Figure 6), which indicated that hydrogen and carbon 

dioxide are the only formed products. Carbon monoxide was not detected at all (detection 

limit = 10 ppm), meaning that clean dihydrogen can be formed under these conditions. 
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Figure 6. GC analysis of the formed products from the dehydrogenation of formic acid by complex 1. 

Left: detection of carbon dioxide; right: detection of dihydrogen. 

 

Based on these data, the following mechanism is proposed for the cooperative 

dehydrogenation of formic acid with complex 1 (Scheme 10). Initially, HCOOH coordinates to 

deprotonated species 1’. The protic hydrogen of formic acid binds via a hydrogen-bond to the 

ligand pyridonato group, which induces activation of the O-H, while the C=O fragment 

coordinates to the Ru center via the neutral oxygen. Different mechanisms are known for the 

dehydrogenation of formic acid,28 one of which involves -H elimination. As there is likely no 

available vacant site on the metal (dissociation of a reprotonated pyridone group by Ru-N 

bond breaking is deemed less favorable but cannot be ruled out on the basis of these data), 

this route is deemed not preferred. Therefore, a rearrangement is necessary that involves a 

rotation around the O-H bond, to generate a species in which the formate hydrogen (HCOO-) 

atom coordinates to the ruthenium, concomitant with proton-transfer to the pyridonato 

oxygen. This direct hydride-transfer or ligand-assisted direct hydride-transfer generates the 

release of carbon dioxide, which is accompanied by the formation of complex 1HH. 

 

Scheme 10. Proposed mechanism for the cooperative dehydrogenation of formic acid with complex 1’. 
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In the final step the deprotonated species 1’ is regenerated, concomitant with the release of 

H2. Additional investigations should provide detailed information about the rate determining 

step, but because this system did not show the desired activity, these experiments were not 

executed. 

 

3.2.5 Acceptorless dehydrogenative coupling of alcohols 

Ruthenium pincer complexes have previously been successfully applied in the bifunctional 

activation of O-H bonds, a feature that can subsequently be used in dehydrogenative coupling 

reactions, e.g. to generate esters from alcohols with release of H2. Complex 1 was explored as 

catalyst for this reaction, and benzyl alcohol was chosen as substrate. Addition of one 

equivalent of benzyl alcohol to the in situ generated complex 1’ formed complex 3 (Scheme 

11). Analysis of this yellow solution by NMR spectroscopy showed a singlet at δ 104.5 in the 
31P NMR spectrum and the 1H NMR spectrum contained a triplet at -16.28 ppm for the hydride 

and a doublet at 3.35 ppm for the –OCH2Ph. These combined observations in the NMR spectra 

and the color change are indicative for the formation of the alkoxyl complex. Similar spectral 

features have been observed for the activation of benzyl alcohol with a ruthenium PNP 

complex.29 

 

 
Scheme 11. Deprotonation and in situ addition of benzyl alcohol to complex 1 generates complex 3, in 

which the O-H bond of the substrate is activated over the metal-ligand system.  

 

The application of both complexes 1 and 2 in the acceptorless catalytic dehydrogenative 

coupling of alcohols to esters was therefore initially studied using benzyl alcohol as substrate, 

following the procedure as described by Milstein and co-workers.11 We anticipated that this 

ligand scaffold may outperform the known PNP/N systems in these type of conversions, as the 

reactive pyridone C=O is closer to the metal center and the proton transfer process may be 

more facile. When complex 1 was used under the applied conditions (Table 2, entry 1), 90% 

conversion into the benzyl benzoate was obtained in 15 hours, without any formation of the 

aldehyde. When compared to the known RuH(CO)(Cl)(PNN) complex (entry 2), 1 seems 

slightly more active, as the PNN complex only reached 95% conversion after 24 hours. Entry 

3 shows the result when the protected complex 2 is used, which resembles the known PNN 

complex because they both lack the hydroxyl functionality, but still contain a reactive 

methylene spacer. After 16 hours only 52% of the benzyl alcohol was converted into the 

product, which shows that it is less active then both the parent complex 1 as well as the known 

PNN complex. The importance of the generated vacant site on the metal center after 

deprotonation is presented in entry 4. Complex 1MeCN, obtained after work-up in acetonitrile, 
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contains a bound acetonitrile ligand (as is also deduced from the crystal structure, Figure 4), 

and this ligand appears to inhibit substrate coordination. Consequently, no conversion of the 

benzyl benzoate was observed. Comparison of the results in entry 1 and 5 shows that lowering 

the temperature to 70 ºC with complex 1 leads to 73% product after 28 hours, indicating that 

the dehydrogenative coupling also proceeds at reduced temperatures. However, entry 6 shows 

that the coupling of the alcohol does not succeed at room temperature for complex 1. 

Additionally, although complex 1 is also deprotonated smoothly by the weaker base DBU, no 

conversion was obtained after 20 hours at 117 ºC when this was used as base (entry 7). Alkali 

metals like potassium (from KOtBu) may interact with the deprotonated and (partially) 

negatively charged pyridonate O-, which could change the reactivity. It is this combination of 

complex and base that shows the best reactivity for this substrate (comparison of entry 1 and 

7) and there may thus be a beneficial effect of the alkali metal counterion. Therefore, we also 

explored the combination of both a weak base and a potassium cation (entry 8). DBU and 

KPF6 were applied on catalyst 1, but even under these circumstances only 3% of the ester was 

obtained. We believe a strong ion pair is formed between the pyridonate and the DBU salt, 

which is also observed for the proton-responsive METAMORPhos systems.30 This inhibits any 

further reactivity, leading to poor conversions. The combination of a base of equal strength (to 

DBU) and KPF6 should give a decisive answer about this topic. 

 

Table 2. Dehydrogenative coupling of benzyl alcohol to benzyl benzoate catalyzed by 

complexes 1 and 2. 

  

 

Entry Catalyst Base T [°C] t [h] Conv. [%] Yield [%]b 

1 1 KOtBu 117 15 90 90 

2 RuPNN11 KOH 115 24 95 95 

3 2 KOtBu 117 16 52 52 

4 1MeCN
a KOtBu 117 17 0 0 

5 1 KOtBu 70 28 74 73 

6 1 KOtBu rt 16 0 0 

7 1 DBU 117 20 0 0 

8 1 DBUc 117 17 5 3 

Conditions: 1 mmol benzyl alcohol, 1 mol% catalyst, 1 mol% base, indicated temperature and 

reaction time in toluene (2 mL). Conversion and yield were determined by 1H NMR 

spectroscopy and GC analysis with p-xylene as internal standard. a MeCN is coordinated, like 

in Figure 4. b a trace amount of aldehyde is still presented in some reactions. c A combination 

of DBU/KPF6 (ratio 1:1) was used. 

 

Beside benzyl alcohol we also studied the dehydrogenative coupling of the aliphatic alcohol 1-

butanol to form butyl butyrate, which is considered more challenging (the reactivity of 

alcohols toward dehydrogenation typically decreases in the order: aromatic secondary alcohol 
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> aliphatic secondary alcohol > benzyl alcohol > aliphatic primary alcohol, as a result of kinetic 

and thermodynamic reasons). Table 3 shows the results of the dehydrogenative homo-

coupling of butanol, catalyzed by complexes 1 and 2.  

 

Table 3. Dehydrogenative coupling of butanol to butyl butyrate catalyzed by complexes 

1 and 2. 

  

 

Entry Catalyst Base T [°C] t [h] Conv. [%] Yield [%] 

1 1 KOtBu 117 15 100 100 

2 2 KOtBu 117 15 100 100 

3 RuPNN11 KOH 117 72 92.5 91.5 

4 1 KOtBu 70 17 2 2 

5 2 KOtBu 70 17 64 64 

Conditions: 1 mmol butanol, 1 mol% catalyst, 1 mol% base, indicated temperature and 

reaction time in toluene (2 mL). Conversion and yield were determined by 1H NMR 

spectroscopy and GC analysis with p-xylene as internal standard. 

 

Surprisingly, both complexes 1 and 2 gave full conversion of butanol to butyl butyrate after 15 

hours at 117 ºC (entry 1 and 2), thus outperforming the reaction with benzyl alcohol, which 

was supposed to be the easier substrate. Additionally, the known RuH(CO)(Cl)(PNN) complex 

(entry 3) produces almost full conversion (92%) of the ester only after 72 hours under the 

same conditions. For this PNN complex the conversion was indeed lower when 1-butanol was 

used compared to the more reactive benzyl alcohol. Lowering the temperature to 70 ºC leads 

to an expected reduced conversion when complex 2 is used as catalyst (yield of 64% (entry 5). 

Remarkably, for complex 1 only 2% of the butyl butyrate was detected (entry 4), showing that 

more elevated temperatures are required when this catalyst is used for the conversion of this 

aliphatic substrate. We currently cannot explain the observed higher activity for butanol vs. 

benzyl alcohol. It might be that steric hindrance of the phenyl group of the corresponding 

bound alkoxide is more pronounced relative to the aliphatic chain of butanolate but this 

should be confirmed by further experiments. 

 

Based on the above data and the well-known reactivity of the PNP and PNN pincer complexes, 

we propose a plausible catalytic cycle for the dehydrogenative coupling of alcohols by complex 

1, as depicted in Scheme 12. Such mechanisms are known for the homo-coupling of alcohols 

by RuPNP and RuPNN complexes that utilize the reactive methylene spacer of the ligand 

backbone during the catalytic cycle. Here, the hydroxy-pyridine is proposed to be involved in 

the mechanism. Initially, activation of the alcohol O-H bond results in ligand side-arm 

rearomatization, to form the coordinatively saturated alkoxide complex 3. In the following 

step 1HH is formed, presumably via dissociation of the reprotonated pyridone group by Ru-N 

bond breaking, which is accompanied by the formation of the aldehyde. Elimination of 
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dihydrogen then regenerates complex 1’. The formed aldehyde can react with free alcohol in 

solution to form the hemi-acetal, which (upon reaction with complex 1’) leads to aromatized 

complex 3’. Dehydrogenation via -H elimination eliminates the ester and generates the trans 

dihydride complex 1HH. A second equivalent of dihydrogen is then liberated to regenerate 

complex 1’, which completes the catalytic cycle. Alternatively, inner-sphere formation of the 

hemiacetal by coupling of the bound alkoxide with alcohol from solution may proceed as well. 

 

 
Scheme 12. Proposed catalytic cycle for the dehydrogenative coupling of alcohols to esters using 

complex 1.  

 

3.2.6 Formation of amides from coupling of alcohols and amines 

To further expand the application of complex 1 in dehydrogenative coupling reactions, the 

formation of amides (or imines, depending on the mechanism) between benzyl alcohol and 

benzyl amine was studied, which is typically more challenging than the homo-coupling of 

alcohols. The procedure followed is described by Milstein and co-workers,13 and the results 
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are displayed in Table 4. When complex 1 was used in combination with benzyl alcohol and 

benzyl amine, 26% conversion was obtained, but the main product was benzyl benzoate (entry 

1). Conversely, when complex 2 was used as catalyst, only 3% conversion was observed after 

17 hours, of which 72% was the corresponding amide (entry 2). Entry 3 shows the known active 

Ru(PNN) complex, that needs only 12 hours for 91% conversion, of which the main product is 

the desired amide. When the primary benzyl amine was replaced by the secondary methyl-

benzylamine, the same trend was observed. Entry 4 shows that complex 1 was quite unable to 

react with the amine, as 94% of the formed products turned out to be the ester. For complex 

2, only 6% conversion was obtained, of which the ratio between the amide and ester was nearly 

equal (entry 5). The difference between the different reactive sites of the complexes is clearly 

demonstrated. Complex 2, which resembles active Ru(PNN) catalysts, is able to convert these 

substrates into the amide, although in very poor yields. Complex 1, proposedly utilizing the 

hydroxyl functionality, demonstrated poor ability in the alcohol—amide heterocoupling, as 

ester formation was predominant. It could be that the pyridonato/pyridone unit interacts 

more favorably with alcohols, leading to pre-organization of alcohol and alkoxide complex, 

which might enhance homo-coupling to form esters. 

 

Table 4. Dehydrogenative coupling of benzyl alcohol and benzyl amine to N-benzyl benzoate 

catalyzed by complexes 1 and 2. 

   

 

Entry Catalyst Base R T [°C] t [h] Conv. [%] Selectivity 

1 1 KOtBu H 117 40 26 62 (E) 

2 2 KOtBu H 117 17 3 72 (A) 

3 RuPNN13 KOtBu H 120 12 91 86 (A) 

4 1 KOtBu Me 117 40 78 94 (E) 

5 2 KOtBu Me 117 17 6 51 (A) 

Conditions: 1 mmol alcohol, 1 mmol amine, 1 mol% catalyst, 1 mol% base, indicated temperature 

and reaction time in toluene (2 mL). Conversion and yield were determined by 1H NMR 

spectroscopy and GC analysis with p-xylene as internal standard. A = amide, E = ester. 

 

3.2.7 Computational investigations into dihydrogen formation 

As can be seen in the above proposed catalytic cycles, the central complex formed is 1HH, 

concomitant with the release of CO2 (formic acid dehydrogenation) or aldehyde/ester 

(dehydrogenative coupling of alcohols). To support these proposed mechanisms, DFT 

calculations (BP86, def2-TZVP, disp3) were performed and the obtained energy profile is 

displayed in Figure 7. Both the hydroxy-pyridine/pyridone feature and the phosphinomethyl 

arm are included, to support the hypothesis that the former is the more accessible. The 

aromatized trans dihydride complex 1HH was used as reference point (0.0 kcal mol-1). Starting 

from this complex, transition state TS’ (H2 formation over the pyridone) is 5.0 kcal mol-1 
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higher in free energy, while the barrier for TS’’ (H2 formation over the phosphinomethyl) is 

22.5 kcal mol-1. However, proton shuttling via tBuOH, obtained from protonation of KOtBu, is 

most likely involved, which could lower the barrier significantly.31 Indeed, the barrier of 

TS’PS’ is lowered by 2.7 kcal mol-1, but still lies 14.8 kcal mol-1 higher in energy than TS’. 

Subsequent formation of intermediate Int’ is exergonic by 5.0 kcal mol-1, and is therefore 

thermoneutral compared to 1HH. Species Int’’ lies slightly uphill in energy by 4.7 kcal mol-1. 

Liberation of dihydrogen is found to be exergonic for both complexes, by roughly 4 kcal mol-

1. Overall, the formation of dihydrogen is exergonic by -4.1 kcal mol-1 for 1’ and slightly 

endergonic by 0.9 kcal mol-1 for 1’’, demonstrating that the pathway is both kinetically and 

thermodynamically favored via the hydroxy-pyridine species. 

 

 
Figure 7. Potential energy diagram (DFT, BP86, def2-TZVP, disp3) for the formation of 1’, 1’’ and 

dihydrogen from 1HH; Gº
273K is in kcal mol-1, with complex 1HH taken as reference point. One hydride 

ligand and the CO ligand were omitted for clarity in the depiction of TS’, TS’’, TS’PS’, Int’ and Int’’. 

 

To assess the generality and to confirm the results obtained with the BP86 functional, we also 

performed calculations with the TPSS and B3LYP functionals, although without dispersion 

corrections. The calculated energies can be found in Table 5. 
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Table 5. Calculations in kcal mol-1. The TPSS and B3LYP 

functional are not corrected by disp3. 

 BP86 TPSS B3LYP 

1’ -4,1 -6,7 -9,8 

1’’ 0,9 -2,0 -4,9 

Int’ 0,0 -2,0 -2,1 

Int’’ 4,7 4,6 4,7 

TS’ 5,0 6,2 7,7 

TS’’ 22,5 24,4 28,1 

 

These calculations confirm our hypothesis that this bipy-PNN ligand scaffold benefits from 

the hydroxy-pyridine / pyridonate functionality as a more accessible cooperative site, as is also 

demonstrated by the dehydrogenation of formic acid and dehydrogenative coupling of 

alcohols. The reason for the poor catalytic activity in some catalytic transformations remains 

unknown. However, de performed calculations only concern the step of dihydrogen formation, 

whereas other, not-calculated, steps could be the challenging part of these conversions. 

Furthermore, competing, non-productive pathways could also be active, that do not lead to 

the desired products. 

 

3.3 Conclusions 

Novel bipyridine PNN(O) pincer ligands L1, L2 and L1Me were prepared,EW bearing two 

different cooperative sites. Coordination of L1 and L1Me to ruthenium has led to 

Ru(Cl)(CO)(H)(L) complexes 1 and 2, respectively, which were crystallographically 

characterized. Deprotonation of complex 1, which was expected to react with weak bases, 

could indeed be carried out using DBU, KHMDS and KOtBu, whereas complex 2 was only 

deprotonated by the stronger bases KHMDS and KOtBu. Application of complex 1 in the 

dehydrogenation of formic acid resulted in rather poor turnover frequencies of 30 h-1, but did 

produce clean, CO-free dihydrogen. It also showed to be a robust catalyst, as it did not 

decompose after several runs. Using the dearomatization-reprotonation strategy of complex 1 

in the dehydrogenative coupling of alcohols into esters, resulted in 90% conversion for benzyl 

alcohol and full conversion for 1-butanol. The more challenging dehydrogenative coupling of 

benzyl alcohol and benzyl amine into benzyl benzamide led to small amounts of amide, as the 

main product proved to be the ester. In spite of the performed calculations, which indicate 

that this ligand system should have enhanced reactivity compared to the parent pincers, the 

reason why the catalytic activity is not higher, especially in the formic acid dehydrogenation, 

remains unknown. However, the calculations we have performed only concern the step that 

involves the formation of dihydrogen. Whereas the results indicate that this step is indeed 

lower in activation energy, it implies that another step of the catalytic cycle is higher in energy, 

or that a competing, non-productive pathway is active. For example, coordination of the 

substrate or activation of the O-H bond could be challenging steps, but those stages have not 

been calculated.  
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3.4 Experimental Section 

General procedures 

Solvents were either distilled over suitable drying agents or dried using an MBraun SPS (Solvent 

Purification System). All experiments were carried out under an inert gas atmosphere using standard 

Schlenk techniques. All chemicals were commercially available and used without further purification, 

unless described otherwise. The 1H, 1H{31P}, 31P{1H} and 13C{1H} NMR spectra were recorded at room 

temperature on a Bruker AV400 (at 400, 162, and 100 MHz, respectively) and on a Bruker DRX500 (at 

500, 202, and 126 MHz, respectively) and calibrated to the residual proton and carbon signals of the 

solvent.32 High resolution mass spectra were recorded on a JEOL AccuTOF GC v 4g, JMS-T100GCV mass 

spectrometer (FD) and on a JEOL AccuTOF LC, JMS-T100LP mass spectrometer (CSI). IR spectra were 

recorded with a Bruker Alpha-p FT-IR spectrometer operated in the ATR mode. GC analysis for esters 

and amides was performed on a Thermo Scientific Trace GC Ultra equipped with a Restek RTX-200 

column (30 m x 0.25 mm x 0.5 m). Temperature program: Initial temperature 50 ºC, hold for 4 min, 

heat to 130 ºC with 30 ºC/min, hold for 2 min, heat to 250 ºC with 50 ºC/min, hold for 9 min. Inlet 

temperature 200 ºC, split ratio of 60, 1 mL/min carrier flow, FID temperature 250 ºC. 

 

Syntheses and characterization 

2-methyl-6-(tributylstannyl)pyridine. This synthesis was based on a literature 

procedure.33 2-Bromo-6-methylpyridine (7.56 g, 43.9 mmol) was dissolved in THF 

(20 mL) and cooled to -78 °C. A 2.5M solution of n-BuLi in hexanes (17.6 mL, 43.9 

mmol) was added over the course of 20 minutes and stirred for 3 more hours at -78°C. Tributyltin chloride 

(14.3 g, 43.9 mmol) was added, and the mixture was allowed to warm up to room temperature overnight. 

The reaction was quenched with saturated NH4Cl solution (40 mL) and extracted with ethyl acetate (3  

100 mL). The combined organic layers were washed with water and brine (both 50 mL), dried over Na2SO4 

and concentrated in vacuo to give a yellow oil (16.58 g, quantitative). 1H NMR (300 MHz, chloroform-d, 

ppm): δ 7.39 (t, JH = 7.5 Hz, 1H, pyH), 7.20 (d, JH = 7.5 Hz, 1H, pyH), 6.98 (dd, JH = 7.9, 1.1 Hz, 1H, pyH), 

2.57 (s, 3H, Me), 1.64 – 1.54 (m, 6H, SnBu), 1.36 (h, JH = 7.2 Hz, 6H, SnBu), 1.18 – 1.07 (m, 6H, SnBu), 

0.91 (t, JH = 7.3 Hz, 9H, SnBu). 13C NMR (75 MHz, chloroform-d, ppm): δ 173.04 (s, 1C, pyC), 158.57 (s, 

1C, pyC), 133.23 (s, 1C, pyCH), 129.33 (s, 1C, pyCH), 121.45 (s, 1C, pyCH), 29.13 (s, 3C, CH2), 27.37 (s, 3C, 

CH2), 24.93 (s, 1C, Me), 13.72 (s, 3C, CH3), 9.85 (s, 3C, CH2). HRMS (FD+) (C18H33NSn): m/z: calc 

383.16380 (M)+, found: 383.17925 [M]+. 

 

Compound A, 6-methoxy-6’-methyl-2,2’-bipyridine. This synthesis was based 

on a literature procedure.33 2-Methoxy-6-bromopyridine (8.2 g, 43.4 mmol), 

Pd(PPh3)4 (0.5 g, 0.434 mmol), LiCl (3.8 g, 96.8 mmol) and 2-methyl-6-

(tributylstannyl)pyridine (16.58 g, 43.4 mmol) were dissolved in toluene (50 mL) and 

stirred at reflux overnight. The solution was cooled down to room temperature and 

the organic layer was extracted thrice with a 6M HCl solution (3  50 mL). The combined aqueous layers 

were neutralized with a saturated solution of NH4OH and then extracted with DCM (3  75 mL). The 

organic layer was washed with water and brine (both 50 mL), dried over Na2SO4 and finally concentrated 

in vacuo to yield a yellow oil (8.68 g, quantitative). 1H NMR (300 MHz, chloroform-d, ppm): δ 8.22 (d, 

JH = 7.9 Hz, 1H, pyH), 8.06 (dd, JH = 7.4, 0.8 Hz, 1H, pyH), 7.71 (td, JH = 7.9, 1.8 Hz, 1H, pyH), 7.23 – 7.14 

(m, 2H, pyH), 6.78 (dd, JH = 8.2, 0.8 Hz, 1H, pyH), 4.07 (s, 3H, OMe), 2.65 (s, 3H, Me). 13C NMR (75 

MHz, chloroform-d, ppm): δ 163.41 (s, 1C, pyC), 157.56 (s, 1C, pyC), 155.36 (s, 1C, pyC), 153.73 (s, 1C, pyC), 

139.14(s, 1C, pyCH), 136.71 (s, 1C, pyCH), 122.94 (s, 1C, pyCH), 117.84 (s, 1C, pyCH), 113.66 (s, 1C, pyCH), 
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110.80 (s, 1C, pyCH), 52.95(s, 1C, OMe), 24.54 (s, 1C, Me). HRMS (FD+) (C12H12N2O): m/z: calc 

200.09496 (M)+, found: 200.09396 [M]+. 

 

Ligand L1Me. 6-methoxy-6'-methyl-2,2'-bipyridine (1 g, 4.99 mmol) was 

dissolved in diethyl ether (20 mL) and then cooled to -78 °C. n-BuLi (2.5M 

solution in hexanes) (2 mL, 5.01 mmol) was added over the course of 20 minutes 

and the reaction was stirred for an additional hour at -78 °C. ClPtBu2 (0.902 g, 

5 m mol) was added and the reaction mixture was allowed to warm up to room 

temperature overnight. The mixture was stirred for an additional 6 days and its progress was checked by 

31P NMR every day. Degassed water (20 mL) was added and the diethyl ether layer was poured over a fritt 

packed with Na2SO4. The aqueous layer was extracted three more times with diethyl ether (3  20 mL). 

These diethyl ether layers were also poured over Na2SO4 and combined together. The solvent was 

evaporated in vacuo to yield a white powder, which was washed twice in pentane (4 and 2 mL). 1H NMR 

(300 MHz, acetone-d6, ppm): δ 8.23 (d, JH = 7.9 Hz, 1H, pyH), 8.12 (d, JH = 7.4 Hz, 1H, pyH), 7.80 (td, JH 

= 7.8, 4.3 Hz, 2H, pyH), 7.44 (d, JH = 7.8 Hz, 1H, pyH), 6.81 (d, JH = 8.2 Hz, 1H, pyH), 4.03 (s, 3H, 

methoxy), 3.16 (d, JPH = 2.7 Hz, 2H, CH2). 1.19 (d, JPH = 10.7 Hz, 18H, PtBu2). 31P NMR (121 MHz, acetone-

d6, ppm): δ 36.4. 13C NMR (75 MHz, CD3CN, ppm): δ 163.58 (s, 1C, pyC), 161.94 (d, JPC = 14.4 Hz, 1C, pyC), 

154.56 (s, 1C, pyC), 153.76(s, 1C, pyC), 139.65(s, 1C, pyCH), 136.89 (s, 1C, pyCH), 123.90 (d, Jch = 7.4 Hz, 

1C, pyCH), 123.21 (s, 1C, pyCH), 113.32 (s, 1C, pyCH), 110.70 (s, 1C, pyCH), 52.75 (s, 1C, OMe), 31.55 (d, J 

= 25.5 Hz, 1C, CH2), 31.50 (d, J = 23.2 Hz, 2C, PtBu2), 29.07 (d, J = 13.7 Hz, 6C, PtBu2). HRMS (FD+) 

(C20H29N2OP): m/z: calc 344.2017 (M)+, found: 344.19566 [M]+. 

 

Ligand L1. This synthesis is a modified literature procedure.34 Ligand L1Me 

(1.055 g, 3.065 mmol) was dissolved in 33% HBr in glacial acetic acid (25 mL) 

and stirred at reflux overnight. The reflux cooler was connected to a gas trap 

filled with NaOH (1M). The solution was cooled to room temperature, and 

neutralized with a degassed saturated aqueous solution of NaHCO3. The mixture 

was extracted with dichloromethane (3  20 mL). The DCM layers were poured over Na2SO4 and 

evaporated in vacuo to yield a dark red oil, which was washed with a degassed saturated solution of 

NaHSO3. The product was obtained as a purple solid (1.012 g, 69%). 1H NMR (300 MHz, CD2Cl2, ppm): δ 

11.01 (s, 1H, OH), 7.76 (t, JH = 7.9 Hz, 1H, pyH), 7.68 (d, JH = 7.8 Hz, 1H, pyH), 7.56 (d, JH = 7.9 Hz, 2H, 

pyH), 6.92 (d, JH = 6.9 Hz, 1H, pyH), 6.63 (d, JH = 8.8 Hz, 1H, pyH), 3.18 (d, JPH = 3.2 Hz, 2H, CH2), 1.20 

(d, JPH = 11.0 Hz, 18H, PtBu2). 31P NMR (121 MHz, CD2Cl2, ppm): δ 37.5. 13C NMR (75 MHz, CD3CN, ppm): 

δ 162.69 (d, JPC = 14.5 Hz, 1C, pyC), 147.07 (s, 1C, pyC), 146.58 (s, 1C, pyC), 142.51 (s, 1C, pyC), 142.12 (s, 

1C, pyCH), 137.76 (s, 1C, pyCH), 126.59 (s, 1C, pyCH), 125.21 (d, JCH = 8.3 Hz, 1C, pyCH), 120.39 (s, 1C, 

pyCH), 104.27 (s, 1C, pyCH), 31.62 (d, JPC = 22.2 Hz, 1C, CH2), 30.92 (d, JPC = 24.3 Hz, 2C, PtBu2), 28.98 

(d, JPC = 13.6 Hz, 6C, PtBu2). HR-MS (FD+) (C19H27N2OP): m/z calcd, 330.18610; found, 330.18908. 

 

Compound B’. Compound A (9.3 g, 43.4 mmol) was dissolved in 33% HBr in glacial 

acetic acid (30 mL) and stirred at reflux overnight. The reflux cooler was connected 

to a gas trap filled with 1M NaOH. The solution was cooled down to room 

temperature, and neutralized with a saturated aqueous solution of NaHCO3. The 

mixture was extracted with DCM (3  70 mL) and the combined organic layers were 

washed with water and brine (both 50 mL). The solution was dried over Na2SO4 and concentrated in vacuo 

to yield a dark red oil (4.35 g, 54%). 1H NMR (300 MHz, chloroform-d, ppm): δ 11.37 (s, 1H, OH), 7.72 (t, 

J = 7.7 Hz, 1H, pyH), 7.64 (d, J = 7.8 Hz, 1H, pyH), 7.53 (dd, J = 9.1, 7.0 Hz, 1H, pyH), 7.23 (d, J = 7.5 Hz, 

1H, pyH), 6.85 (dd, J = 7.0, 0.9 Hz, 1H, pyH), 6.67 (dd, J = 9.1, 0.9 Hz, 1H, pyH), 2.62 (s, 3H, methyl). 13C 

NMR (75 MHz, chloroform-d, ppm): δ 163.35 (s, 1C, pyC), 158.55 (s, 1C, pyC), 146.96 (s, 1C, pyC), 142.15 



Chapter 3 

· 83 · 

(s, 1C, pyC), 141.06 (s, 1C, pyCH), 137.55 (s, 1C, pyCH), 124.30 (s, 1C, pyCH), 121.43 (s, 1C, pyCH), 116.79 

(s, 1C, pyCH), 103.27 (s, 1C, pyCH), 24.23 (s, 1C, CH3). 

 

Compound C’. This synthesis is carried out by using a modified literature 

procedure.34 A mixture of compound B’ (1.58 g, 8.5 mmol), DMAP (0.104 g, 0.85 

mmol), imidazole (1.45 g, 21.3 mmol), and tert-butyldimethylsilyl chloride (1.28 g, 

8.5 mmol) was dissolved in DMF (20 mL) and stirred overnight at room 

temperature. The reaction mixture was poured into 80 mL of distilled water and 

then washed with diethyl ether (3  50 mL). The ether layers were combined, washed with water (50 mL) 

and brine (50 mL) and dried over Na2SO4. All volatiles were removed in vacuo. The obtained yellow oil 

was poured over a silica plug and washed with diethyl ether to afford 6-((tert-butyldimethylsilyl)oxy)-6’-

methyl-2,2’-bipyridine in 72% (1.83 g) yield as a pale yellow oil that crystallized over time. 1H NMR (400 

MHz, CDCl3, ppm): δ 8.11 (d, J = 7.8 Hz, 1H), 8.05 (d, J = 7.5 Hz, 1H), 7.70 (t, J = 7.8 Hz, 2H), 7.15 (d, J 

= 7.6 Hz, 1H), 6.72 (d, J = 8.0 Hz, 1H), 2.64 (s, 3H), 1.03 (s, 9H), 0.43 (s, 6H). 

 

Compound D’. This product is prepared via a modified literature 

procedure.34 LDA was prepared by dissolving diisopropylamine (2.56 mL, 

18.3 mmol) in 50 mL dry THF under argon atmosphere and the flask was 

placed in an ice bath. To this mixture, n-BuLi was added while stirring. 

After 15 minutes, a solution of compound C’ (1.83 g, 6.1 mmol) in 20 mL 

THF was added to the LDA solution at 0 0C. After stirring for 3 hours at 0 0C, ditert-butylphosphine 

chloride (1.16 mL, 6.1 mmol) was added slowly and the mixture was allowed to warm up to room 

temperature overnight. The mixture was diluted with 50 mL diethyl ether and washed with three portions 

of degassed water. The organic layer was dried over Na2SO4 and all volatiles were removed in vacuo. The 

crude solid was directly used in the synthesis of L2. 

 

Ligand L2. This product is prepared via a modified literature 

procedure.34 Compound D’ was dissolved in 50 mL THF. 

Tetrabutylammonium fluoride trihydride (1.59 g, 6.1 mmol) was added 

and the solution was stirred overnight at room temperature. The reaction 

mixture was diluted with 50 mL diethyl ether and washed with three 

portions of degassed water. The organic layer was dried over Na2SO4 and all volatiles were removed in 

vacuo. The solid residue was suspended in hexane. The suspension was poured over a silica plug and was 

rinsed with additional hexane. The product was flushed off with dichloromethane and it was then 

concentrated under reduced pressure. Ligand L2 was obtained in 19% yield as a white powder. 1H NMR 

(300 MHz, chloroform-d, ppm): δ 10.35 (s, 1H), 7.68 – 7.54 (m, 2H), 7.47 (dd, J = 9.2, 6.9 Hz, 1H), 7.36 

(dd, J = 7.1, 1.4 Hz, 1H), 6.84 – 6.71 (m, 1H), 6.64 (dd, J = 9.1, 0.9 Hz, 1H), 3.10 (d, J = 3.1 Hz, 1H), 1.28 

(d, J = 10.7 Hz, 9H), 1.17 (d, J = 11.8 Hz, 9H), 0.72 (s, 9H), 0.33 (s, 3H), 0.31 (d, J = 2.0 Hz, 3H). 31P NMR 

(162 MHz, chloroform-d, ppm): δ 47.6. 13C NMR (75 MHz, chloroform-d, ppm): δ 164.11 (s), 162.62 (s), 

146.59 (s), 141.92 (s), 140.46 (s), 136.91 (s), 127.34 (s), 121.97 (s), 116.15 (s), 102.74 (s), 35.23 (d, J = 33.1 

Hz), 33.70 (d, J = 31.6 Hz), 31.57 (d, J = 8.8 Hz), 31.38 (d, J = 9.5 Hz), 30.52 (s), 27.37 (s), 18.89 (d, J = 

5.8 Hz), -3.03 (d, J = 14.7 Hz), -4.27 (d, J = 1.4 Hz). HRMS (CSI+) (C25H41N2OPSi): m/z calcd, 445.28040; 

found, 445.28401. 
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Complex 1, Ru(Cl)(CO)(H)(L1). RuCl(CO)(H)(PPh3)3 (342.7 mg, 0.36 

mmol) and L1 (118.8 mg, 0.36 mmol) were dissolved in 10 mL THF. The solution 

was heated to 50 0C and stirred overnight. The reddish-orange mixture was 

allowed to cool down to room temperature and was filtered. The solid was 

washed with cold Et2O (3  5 mL) and an orange solid was obtained (120.1 mg, 

67%). 1H NMR (500 MHz, acetonitrile-d3, ppm): δ 13.23 (s, 1H), 8.08 (d, J = 8.1 Hz, 1H), 7.99 (t, J = 7.9 

Hz, 1H), 7.88 (t, J = 7.9 Hz, 1H), 7.69 (d, J = 7.8 Hz, 1H), 7.54 (d, J = 7.2 Hz, 1H), 7.29 (d, J = 7.5 Hz, 1H), 

3.85 (dd, J = 17.3, 11.2 Hz, 1H), 3.71 (dd, J = 17.6, 7.9 Hz, 1H), 1.44 (d, J = 13.6 Hz, 9H), 1.23 (d, J = 13.6 

Hz, 9H), -2.16 (s, 3H), -14.87 (d, J = 24.1 Hz, 1H). 31P NMR (202 MHz, acetonitrile-d3, ppm): δ 105.0 (s). 

13C NMR (126 MHz, acetonitrile-d3, ppm): δ 210.07 (d, J = 11.7 Hz), 162.1 (d, J = 3.6 Hz), 154.6 (s), 139.7 

(d, J = 3.5 Hz), 133.8 (s), 133.6 (s), 133.4 (s), 129.8 (s), 127.9 (s), 123.4 (d, J = 8.6 Hz), 119.8 (s), 36.6 (d, J 

= 17.7 Hz), 36.3 (d, J = 24.9 Hz), 28.8 (d, J = 3.7 Hz), 27.6 (d, J = 3.0 Hz). HR-MS (CSI+) 

(C20H28ClN2O2PClRu): m/z calcd, 496.06204, 461.0932 [M-Cl]; found, 461.0824 [M-Cl]. IR (ATR, cm-1): 

1995 (m), 1916 (s), 1598 (m), 1566 (m). 

 

Complex 2, Ru(Cl)(CO)(H)(L1Me). This complex was synthesized in the 

same manner as complex 1 from L1Me (115.2 mg, 0.334 mmol) and 

RuCl(CO)(H)(PPh3)3 (318.2 mg, 0.334 mmol), and was obtained as an orange 

red powder (155.0 mg, 91 %). 1H NMR (400 MHz, acetonitrile-d3, ppm): δ 8.17 

(d, J = 8.1 Hz, 1H), 8.12 (t, J = 8.1 Hz, 1H), 8.04 (t, J = 8.1 Hz, 1H), 7.94 (d, J = 

7.8 Hz, 1H), 7.63 (d, J = 7.6 Hz, 1H), 7.25 (d, J = 8.6 Hz, 1H), 4.16 (s, 3H), 3.87 

(dd, J = 17.4, 11.3 Hz, 1H), 3.73 (dd, J = 17.3, 7.9 Hz, 1H), 1.42 (d, J = 13.7 Hz, 9H), 1.22 (d, J = 13.7 Hz, 

9H), -14.93 (d, J = 24.3 Hz, 1H). 31P NMR (162 MHz, acetonitrile-d3, ppm): δ 105.9 (s). 13C NMR (126 

MHz, CD2Cl2, ppm): δ 208.71 (d, J = 15.5 Hz), 164.83 (s), 161.75 (s), 155.52 (d, J = 32.3 Hz), 139.51 (s), 

136.98 (s), 128.84 (s), 122.64 (d, J = 9.0 Hz), 119.68 (s), 115.21 (s), 107.53 (s), 56.81 (s), 37.53 – 37.13 (m), 

36.33 (d, J = 24.7 Hz), 29.79 (d, J = 4.3 Hz), 28.74 (d, J = 3.4 Hz). HR-MS (CSI+) (C21H30ClN2O2PRu): 

m/z calcd, 510.07769, 475.10884 [M-Cl]; found, 475.11294 [M-Cl]. IR (ATR, cm-1): 2000 (m), 1901 (s), 

1596 (m), 1569 (m).  

 

Complex 1’, Ru(CO)(H)(L1*). In an NMR tube, complex 1 (5.5 mg, 0.011 

mmol) and KOtBu (1.2 mg, 0.011 mmol) were charged in 0.7 mL THF-d8, and 

the tube was shaken thoroughly. A red solution was obtained immediately and 

NMR was measured. 1H NMR (500 MHz, THF-d8, ppm): δ 7.70 (br s, 1H), 7.50 

(br s, 1H), 7.22 (d, J = 7.4 Hz, 1H), 7.16 (d, J = 7.4 Hz, 1H), 6.54 (d, J = 7.8 Hz, 

1H), 6.46 (d, J = 6.8 Hz, 1H), 3.94 (dd, J = 15.3, 8.0 Hz, 1H), 3.42 (dd, J = 14.3, 7.0 Hz, 1H), 1.80 (d, J = 

13.1 Hz, 9H), 1.67 (d, J = 13.1 Hz, 9H), -19.37 (d, J = 23.7 Hz, 1H). 31P NMR (202 MHz, THF-d8): δ 102.5 

(s).  

 

Complex 2’, Ru(CO)(H)(L1Me*). In an NMR tube, complex 2 (10.0 mg, 

0.02 mmol) and KOtBu (2.2 mg, 0.02 mmol) were charged in 0.7 mL THF-d8, 

and the tube was shaken thoroughly. A black green mixture was obtained 

immediately and NMR was measured. 1H NMR (500 MHz, THF-d8, ppm): δ 

7.80 (t, J = 8.0 Hz, 1H), 7.40 (d, J = 8.1 Hz, 1H), 7.26 (d, J = 8.0 Hz, 1H), 6.28 

(d, J = 8.8 Hz, 1H), 6.24 (d, J = 8.3 Hz, 1H), 6.06 (d, J = 6.8 Hz, 1H), 3.36 (s, 1H), 1.31 (d, J = 12.4 Hz, 

18H), -21.32 (d, J = 26.1 Hz, 1H). 31P NMR (202 MHz, THF-d8, ppm): δ 95.2 (s). 13C NMR (126 MHz, THF-

d8, ppm): δ 206.81 (d, J = 17.2 Hz), 168.81 (d, J = 18.3 Hz), 160.81 (s), 140.05 (s), 138.76 (s), 135.03 (s), 

128.85 (s), 127.80 (d, J = 7.9 Hz), 116.75 (d, J = 17.2 Hz), 113.94 (s), 99.91 (s), 65.62 (d, J = 50.6 Hz), 36.01 

(d, J = 24.5 Hz), 29.86 (d, J = 4.3 Hz).  
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Complex 3, Ru(CO)(H)(L1)(OBz). In an NMR tube, complex 1 (11.2 mg, 

0.023 mmol) and KOtBu (2.5 mg, 0.023 mmol) were charged in 0.7 mL toluene-

d8, the tube was shaken thoroughly and cooled to -32 ºC. To the brown red 

solution was added benzyl alcohol (2.5 L, 0.023 mmol) and the solution turned 

yellow immediately. NMR was measured. 1H NMR (400 MHz, toluene-d8, ppm): 

δ 8.20 (br s, 1H), 7.58 – 6.83 (m, 6H), 6.76 (d, J = 11.5 Hz, 1H), 6.69 (br s, 1H), 6.57 (br s, 1H), 6.42 (d, J 

= 8.6 Hz, 1H), 6.09 (br s, 1H), 3.54 (br s, 2H), 3.35 (d, J = 10.6 Hz, 2H), 1.23 (d, J = 13.6 Hz, 18H), -16.28 

(t, J = 21.0 Hz, 1H). 31P NMR (162 MHz, toluene-d8, ppm): δ 104.5 (s). 

 

General procedure for formic acid dehydrogenation experiments 

To a Schlenk equipped with a condenser and containing a magnetic stirrer, 10 mol% of complex 1 and 10 

mol% of KOtBu, 1 mL of dioxane was added. The reaction mixture was heated to 75 ºC and stirred for 10 

minutes. Formic acid was added (10 L) and the evolved gas was collected via the experimental set-up 

depicted in Scheme 13. Evolved gases were analyzed with a G·A·S Compact GC (Rt-MSieve 5A 20 m x 0.32 

mm + Rt-Q-bond 2 m x 0.32 mm). The amounts of mol converted were determined from the volumes of 

gas collected using equation 1a and 1b. 

 

 

Scheme 13. Schematic representation of experimental set-up utilized in the catalytic dehydrogenation 

of formic acid. 

 

𝑉𝐻2 =  
𝑅𝑇

𝑝
+ 𝑏 −  

𝑎

𝑅𝑇
= 24.49 

𝐿

𝑚𝑜𝑙
                    [1a] 

 

R = 8.3145 m3 Pa·mol-1·K-1 

T = 298.15 K 

p = 101325 Pa 

b = 26.7·10-6 m3·mol-1 

a = 2.49·10-10 Pa·m3·mol-2 

 

𝑉𝐶𝑂2 =  
𝑅𝑇

𝑝
+ 𝑏 −  

𝑎

𝑅𝑇
= 24.42 

𝐿

𝑚𝑜𝑙
                   [1b] 

 

R = 8.3145 m3 Pa·mol-1·K-1 

T = 298.15 K 

p = 101325 Pa 

b = 42.7·10-6 m3·mol-1 

a = 36.5·10-10 Pa·m3·mol-2 
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General procedure for catalytic alcohol dehydrogenative esterification 

To a Schlenk containing a magnetic stirrer, 1 mol% of catalyst, and 1 mol% of base were added the distilled 

alcohol (1 mmol) as substrate, 10 L p-xylene as internal standard, and 2 mL toluene. The mixture was 

stirred at 117 ºC in an open system, unless stated otherwise. Aliquots were taken from the mixture during 

the reaction, which were subsequently filtered over a plug of silica and analyzed by GC and 1H NMR 

spectroscopy. 

 

General procedure for synthesis of amides from alcohols and amines 

To a Schlenk containing a magnetic stirrer, 1 mol% of catalyst, and 1 mol% of base were added the distilled 

alcohol (1 mmol) and amine (1 mmol) as substrate, 10 L p-xylene as internal standard, and 2 mL toluene. 

The mixture was stirred at 117 ºC in an open system, unless stated otherwise. Aliquots were taken from 

the mixture during the reaction, which were subsequently filtered over a plug of silica and analyzed by GC 

and 1H NMR spectroscopy. 

 

X-ray crystallography 

X-ray intensities were measured on a Bruker D8 Quest Eco diffractometer equipped with a Triumph 

monochromator ( = 0.71073 Å) and a CMOS Photon 50 detector at a temperature of 150(2) K. Intensity 

data were integrated with the Bruker APEX2 software.35 Absorption correction and scaling was performed 

with SADABS.36 The structures were solved with the program SHELXL.35 Least-squares refinement was 

performed with SHELXL-201337 against F2 of all reflections. Non-hydrogen atoms were refined with 

anisotropic displacement parameters. The H atoms were placed at calculated positions using the 

instructions AFIX 13, AFIX 43 or AFIX 137 with isotropic displacement parameters having values 1.2 or 

1.5 times Ueq of the attached C atoms. N-H hydrogen atoms were refined freely with isotropic 

displacement parameters.  

 

Computational details 

Geometry optimizations were carried out with the Turbomole program package38, coupled to the PQS 

Baker optimizer39 via the BOpt package.40 We used the BP86 functional41,42 in combination with the def2-

TZVP basis set.43,44 Grimme’s dispersion corrections (version 3, disp3) were used to include Van der Waals 

interactions.45 For both the TPSS46,47 and B3LYP41,48 functional, geometry optimizations were carried out, 

but without the inclusion of dispersion corrections. All minima (no imaginary frequencies) and transition 

states (one imaginary frequency) were characterized by calculating the Hessian matrix. ZPE and gas-

phase thermal corrections (273 K) were calculated from these analyses. 
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Chapter 4 

 

The Reactivity of Rh(I) and Pd(II) Complexes with  

Multi-Site Cooperative PNN(O) Pincer Ligands 

 

 

 

Abstract The coordination chemistry of tridentate ‘pincer’ ligands L1 and L2, featuring two 

different sites of reactivity in the side arms, with different Rh(I) and Pd(II) precursors is 

described, as well as the ensuing reactivity and potential catalytic activity of the resulting 

complexes. Site-selective deprotonation of the 2-hydroxypyridine functionality was achieved 

using mild base (e.g. NEt3), whilst the use of stronger bases (e.g. KOtBu) resulted in 

deprotonation of the phosphine arm as well. For the rhodium complexes, oxidative addition 

of iodine resulted in the formation of Rh(III)-species and the bifunctional addition reaction of 

MeI demonstrated the versatile chemistry of ligands L1 and L2. Application of the Rh 

complexes in the transfer hydrogenation reaction of acetophenone resulted in the discovery 

of one active complex, that produced the corresponding alcohol in 89% yield. The novel 

palladium complexes proved inactive in the intramolecular hydroamination of N-substituted 

aminoalkenes, which may be attributed to steric hindrance of the large tert-butyl substituents 

at phosphorus.  
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4.1 Introduction 

Tridentate pincer ligands with a PNP or PNN motif are well-known nowadays,1-3 but these 

systems typically contain only one cooperative site, or occasionally two identical ones. Ligands 

with two different reactive side arms (dual-mode reactivity) are much rarer. A dual-mode 

Ru(PNN) system is known to effectively catalyze the acceptorless dehydrogenative coupling of 

alcohols to esters and the hydrogenation of esters (Scheme 1, a).4 We have investigated the 

coordination chemistry of PNN(O) ligands L1 and L2 to Ru(II) and the resulting reactivity of 

these species (see Chapter 3 and Scheme 1b). Herein, we discuss the coordination chemistry 

of these dual-mode ligands with several monovalent rhodium and divalent palladium 

precursors, as well as the reactivity and potential catalytic activity of the ensuing species. 

 

 
Scheme 1. a) Dual-mode Ru(PNN) as discussed by Milstein et al.4 b) Dual-mode Ru(PNN(O)) as 

detailed in Chapter 3. 

 

Only a limited number of systems is known where PNN pincer ligands are coordinated to 

rhodium(I). Hemilabile ligand classes have been investigated, in which the N-sidearm donor 

readily dissociates or is displaced by an incoming nucleophile (Scheme 2, a – c).5,6 Complex c 

is active in the activation of amine N-H bonds, in which metal-ligand cooperation plays a 

crucial role.7 

 

 
Scheme 2. a) Three classes of hemilabile ligands, in which the N-sidearm is flexible and able to 

dissociate (when required).5-7  

 

Another example of a cooperative Rh(I)PNN complex has been applied in the photochemical 

activation of an azide to form a nitridyl radical (Scheme 3), but to date, no chemical reactivity 

or catalytic applications with this type of complexes has been reported.8 
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Scheme 3. Photolysis of a Rh(PNN)-azide complex furnished a nitridyl radical-bridged {Rh(N ●)Rh} 

complex.8 

 

The last example defines a dual-mode ligand, with two different cooperative sites, which is 

capable of formation of an imine and subsequent deprotonation to give the dearomatized 

complex (Scheme 4).9 This system is able to accommodate the reversible formation of an 

aminal C-N bond under mild conditions by the incorporation of o-toluenesulfonamide. 

Furthermore, the selective mono-alkylation of sulfonamides under mild conditions, which is 

still a challenging task in organic synthesis, was demonstrated with this Rh(PNN) system. 

 

Scheme 4. A dual-mode PNN ligand that shows the formation of an imine and subsequent 

deprotonation to the dearomatized complex.9 

 

Rh(I) complexes of tridentate PNN(O) ligands will be discussed in this chapter to elaborate on 

Rh(I) dual-mode complexes. Furthermore, their application in the transfer hydrogenation of 

ketones will be explored, as such systems have not been investigated to date. It is envisioned 

that this reaction might benefit from the more accessible cooperative site (for proton shuttling 

or substrate-preorganization) within this scaffold compared to previous cooperative pincer 

systems. 

 

Palladium pincer complexes have been reported since 1985,10-16 where the ligand skeleton 

typically contains either a PCP or PNP framework. PNN Ligands in combination with a Pd(II) 

precursor are rare. In fact, only two examples are known.17,18 Activation of both N-H bonds of 

aniline by a PNF-type pincer complex results in incorporation of the anilide into the metal-

ligand bond, thereby generating a PNN ligand (Scheme 5).17 
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Scheme 5. Double activation of aniline and incorporation of the anilide into the metal-ligand bond to 

make a PNN ligand.17 

 

The other example demonstrates the formation of several bidentate and tridentate ligands, 

amongst them a PNN framework.18 In combination with various nickel(II) and palladium(II) 

complexes, the catalytic cyclization of 1,5-hexadiene has been explored, but the PdPNN system 

is quite inactive under the applied conditions. Pd(PNP) systems based on lutidinyl-

diphosphine scaffolds have previously been applied in the intramolecular hydroamination of 

substituted aminoalkenes.19-25 In Chapter 2, the Pd(II)PN complexes proved inactive in the 

hydroamination, which is hypothesized to be related to the formation of a vacant site (for 

substrate binding) trans to the phosphorus donor, whereas the Pd(PNP) systems feature a 

potential vacant site trans to a pyridine nitrogen. The tridentate PNN(O) ligands explored in 

this chapter are very similar to these PNP systems, but exhibit a more accessible cooperative 

site. Therefore, the Pd(II) complexes were selected for investigation in the intramolecular 

hydroamination reaction, as we believe they have an advantage over the known systems. 

 

4.2 Results and Discussion 

4.2.1 Formation of Rh(I) species with ligands L1 and L2 

In Chapter 3, we reported that ligands L1 (R = H) and L2 (R = TBDMS) coordinate to a 

ruthenium precursor in a strictly tridentate fashion. When coordinated to various rhodium 

precursors however, these ligands afforded several different interesting species (Scheme 6). 

When L1 and L2 were reacted with [Rh(CO)2(-Cl)]2, cationic complexes 1 and 2 were formed, 

respectively, with a chloride atom as a non-coordinating counterion. This was ascertained by 
31P and 1H NMR and IR spectroscopy. The 31P NMR spectrum of both species displays a 

doublet at δ 95.2 (1JRhP = 154 Hz) and 115.1 (1JRhP =152 Hz), respectively, and these values are 

similar to previously reported rhodium(I) PNN structures.8 The IR spectra for both complexes 

displayed a clear band for the CO-stretch, while the 1H NMR data supports coordination of the 

pyridyl side arm, with a resonance of thy hydroxyl proton at 14.3 and 13.5 ppm, respectively. 

Upon coordination of L1 and L2 to Rh(acac)(CO)2 (acac = acetylacetonate), complexes 3 and 

4 are obtained, respectively. The acac ligand acts as internal base to deprotonate the 

hydroxypyridine fragment, generating the overall neutral derivative of 1 and 2. This is 

observed clearly in 1H NMR, where the broad signal for the OH-moiety disappears. The signals 

in 31P NMR are shifted slightly upfield compared to complexes 1 and 2 (δ 92.1 (1JRhP = 148 Hz 

and δ 112.64 (1JRhP = 145 Hz)). The relatively small Δδ (2 ppm) and ΔJ (±6-8 Hz) between 1 – 

3 or 2 – 4 indicates that the charge in the N-N(O) fragment is likely not very localized at the 

pyridone nitrogen atom, but rather at the pyridonate oxygen.26 When the neutral complexes 
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3 and 4 were treated with 1 equivalent of hydrochloric acid, the cationic complexes could be 

cleanly generated. 

 

Scheme 6. Coordination of L1 and L2 to precursors [Rh(CO)2(-Cl)]2 and Rh(acac)(CO)2, gives rise to 

the formation of complexes 1 and 2, and 3 and 4, respectively. The interconnection between those 

complexes was shown by treatment with either HCl or base. Coordination of L1 to [Rh(-Cl)(coe)2]2 

afforded complex 5. 

 

Coordination of L1 to precursor [Rh(-Cl)(coe)2]2 afforded neutral complex 5, which was 

obtained as a black crystalline powder. The 31P NMR spectrum displays a doublet (1JRhP = 189 

Hz) at δ 81.7. When complex 5 was subsequently treated with TlPF6, complex 6 could be 

obtained, which is solvent stabilized by an acetone molecule (Scheme 7). Alternatively, [Rh(-

Cl)(coe)2]2 was first treated with AgBF4 in acetone and then reacted with L1, forming cationic 

complex 6 as well, as deduced from NMR spectroscopy. These species are only slightly 

different and display a doublet (1JRhP ≈ 175 Hz) around 86 ppm in the 31P NMR spectrum and 

a singlet for the coordinated acetone molecule in the 1H NMR spectrum. 

 

Scheme 7. Reaction of complex 5 with TlPF6 afforded the acetone-stabilized complex 6. Alternatively, 

complex 6 could also be formed from coordination of L1 to the in situ generated [Rh(acetone)2(coe)2]BF4. 
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4.2.2 Ligand backbone reactivity of rhodium complexes 1 – 5  

In analogy to structurally related PNP ligands,3,27 the addition of a (strong) base to these 

rhodium complexes is expected to result in the deprotonation of the ligand backbone. 

However, the pyridone moiety is likely to be deprotonated first, as was already shown by the 

formation of complexes 3 and 4, and is therefore most likely to be also deprotonated by a 

relatively weak base such as triethylamine (pKa values in DMSO: acac – 13.3, KHMDS – 30, 

KOtBu – 29.4, Et3N – 9).28 

The interconnection between cationic rhodium complexes 1,2 and neutral complexes 3,4 is 

already shown by the addition of HCl to the neutral species. The reverse reaction, addition of 

one equivalent of NEt3 to complexes 1 and 2 cleanly yielded complexes 3 and 4, respectively 

(Scheme 8). With such a weak base, selective deprotonation of the hydroxyl-group was 

observed, with the benzylic position remaining intact. The difference in chemical shift in the 
31P NMR spectrum between the neutral and cationic species is only 2 ppm, showing that the 

non-coordinating chloride atom has only very little influence, but enough to observe a change 

in the 1H NMR spectrum. 

 

To investigate whether simultaneous (or step-wise) deprotonation of both reactive arms of 

these ligands could be achieved whilst being coordinated to rhodium, we resorted to in situ 

NMR experiments.7 An initial preparative scale reaction of 3 with one equivalent of base did 

not result in an isolable compound, which is likely due to the highly reactive (and thus 

intrinsically unstable) character of the anticipated anionic species. Upon mixing complex 3 

and one equivalent of solid KOtBu in CD2Cl2, an immediate color change from red to purple 

was apparent, with full conversion of 3 into a new species 7. The 31P NMR spectrum of this 

compound displays a signal at 84 ppm (Δδ -8 ppm with 3; JRhP = 150 Hz). In the 1H NMR 

spectrum, a signal for the methine proton is observed at 3.11 ppm, demonstrating that the 

double deprotonated species 7 is accessible in solution.  

 

Scheme 8. Deprotonation of complexes 1,2 leads to complexes 3,4, which in turn can be deprotonated 

to the highly reactive species 7,8. 

 

As expected, complex 2 reacted with NEt3 to form species 4. However, deprotonation of the 

silyl-substituted methylene position might introduce significant strain to the ligand backbone, 

as the silyl group and the phosphine would be forced to be co-planar. Nonetheless, when solid 

KOtBu was added to complex 4, NMR spectroscopy suggests that deprotonation of this 

hindered –CH position to generate complex 7 is feasible, although not in quantitative yield. 
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The 31P NMR spectrum shows a signal at δ 107.6 (Δδ -5 ppm) and disappearance of the 

methylene-CH was observed in the 1H NMR spectrum. Moreover, the tert-butyl substituents 

at phosphorus and the methyl-groups on silicon, which were all inequivalent in complex 4, 

appear as two signals in complex 8. 

 

Deprotonation of complex 5 was not as straightforward as for the CO-complexes, as the 

addition of NEt3 did not induce any reaction. The close proximity of the hydroxyl moiety and 

the chlorido ligand likely results in the formation of a hydrogen bond (Scheme 9), which is 

supported by the chemical shift difference of the hydroxyl proton in the two complexes (1: δ = 

14.30, 5: δ = 13.65). However, KOtBu was strong enough to invoke the deprotonation, 

affording complex 9. 31P NMR displays a doublet at δ 86.0 (1JRhP = 175 Hz, Δδ 4.3 ppm). In 

the 1H NMR spectrum, the signal for the –OH disappeared and at 1.55 ppm a singlet arose for 

the coordinated acetonitrile.  

 

 
Scheme 9. Deprotonation of complex 5 with KOtBu gives rise to deprotonated complex 9. 

 

4.2.3 Oxidative addition reactions on Rh(I) complexes 

In many processes catalyzed by rhodium complexes, the rhodium center is oxidized from 

Rh(I) to Rh(III). Rhodium(III) complexes bearing proton-responsive/reactive ligands are 

relatively scarce and only a few examples of Rh(III) complexes with PNP ligands are reported 

to date.29-31 In the case of the complexes we have studied, experiments were performed to 

generate Rh(III) species from the corresponding Rh(I) complexes of L1 or L2. Table 1 shows 

the results of the oxidative addition reactions with molecular iodine and methyl iodide (see , 

based on 31P NMR and IR spectroscopic data and comparison with the relevant Rh(I) 

counterparts. 
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Table 1. Relevant chemical shifts in 31P NMR and CO stretches from IR data for Rh(I) and Rh(III) 

complexes 1 – 4 and 10 – 17. 

 “Rh + L” Addition of I2 Addition of MeI 

                                                                                           

 
 

             1 

δ31P: 94.9 ppm 
1JRhP = 154 Hz 

CO = 1974 cm-1 

δ31P: 89.5 ppm 
1JRhP = 102 Hz 

CO = 2097 cm-1 

– 

                                        

           2 

δ31P: 114.6 ppm 
1JRhP = 152 Hz 

CO = 1976 cm-1 

δ31P: 115.1 ppm 
1JRhP = 100 Hz 

CO = 2089 cm-1 

– 

                                                              

     

              3 

δ31P: 92.1 ppm 
1JRhP = 148 Hz 

CO = 1973 cm-1 

δ31P: 93.1 ppm 
1JRhP = 100 Hz 

CO = 2084 cm-1 

δ31P: 96.6 ppm 
1JRhP = 157 Hz 

CO = 1982 cm-1 

                  

     4 

δ31P: 112.6 ppm 
1JRhP = 145 Hz 

CO = 1975 cm-1 

δ31P: 102.8 ppm 
1JRhP = 102 Hz 

CO = 2093 cm-1 

δ31P: 115.7 ppm 
1JRhP = 155 Hz 

CO = 1990 cm-1 

 

Scheme 10. The oxidative addition of I2 to complexes 1 – 4 results in the formation of Rh(III) diiodide 

species. 

 

Addition of iodine to cationic complexes 1 and 2 resulted in the formation of octahedral 

Rh(III) species (Scheme 10). Complexes 10 and 11 display only a small change in the 31P NMR 

resonance, but the Rh-P coupling constant decreased distinctively to around 100 Hz. Also the 

frequency of the CO absorption band shifted 100 cm-1 to higher wavenumbers, indicating the 

formation of Rh(III).26,32 X-ray structure determination of single crystals, obtained via slow 

diffusion of pentane into a concentrated solution of dichloromethane, resulted in the 

molecular structure depicted in Figure 1 for complex 11. The rhodium atom displays a slightly 

distorted octahedral geometry, with both iodido atoms coordinated in mutual trans 

disposition. Apparently, the presence of the dimethyl-tert-butylsilyl group does not inhibit 

axial coordination of the large iodide ligand. However, the I1-Rh1-I2 angle is rather obtuse at 

160.05(8)º, as a result of steric interference with both the bulky silyl moiety and the tert-butyl 
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groups of the phosphine arm. The bond lengths are significantly elongated relative to a 

comparable RhI(PNN)(CO) complex, as a result of the coordination of the iodo ligands.8 All 

bond lengths and angles are within the expected ranges when compared to a similar 

RhIII(PNC)(CO)(I)2 complex.26 

 

 

Figure 1. Left: ORTEP plot (50% probability displacement ellipsoids) of complex 11, 

[Rh(I)2(CO)(L1)]Cl. Hydrogen atoms have been omitted for clarity, except for those on C1 and O1. Right: 

selected bond lengths, angles and torsion angles. 

 

When one equivalent of iodine was reacted with neutral complexes 3 and 4 (Scheme 10) the 

same reactivity was observed as with their cationic counterparts. For complex 13 a larger shift 

was observed in the 31P NMR spectrum, but again the very characteristic Rh-P coupling 

constant of approximately 100 Hz was determined for both 12 and 13, confirming the 

formation of octahedral rhodium(III) for both complexes. Moreover, the absorption band for 

the CO ligand appears at approx. 100 cm-1 higher wavenumbers in the IR spectrum compared 

to their neutral Rh(I) complexes. All di-iodido-species were also characterized by mass 

spectrometry, showing the [M+] fragment. 

 

The reaction of methyl iodide with the various rhodium(I) complexes showed different results 

compared to the reaction with molecular iodine (Scheme 11). Upon addition of one equivalent 

of MeI to either complex 1 or 2, no reaction (oxidative addition or otherwise) took place, as 

presumably this mechanism is different from I2. Moreover, for methyl iodide the rhodium has 

to be nucleophilic enough to perform the attack, and this complex is cationic. Complexes 3 

and 4 did react in a straightforward manner, but instead of oxidative addition of MeI to the 

rhodium center, the methyl electrophile reacted with the nucleophilic oxygen atom of the 

pyridone fragment of the ligand, forming complexes 16 and 17 with methyl ether fragments, 

as deduced from the NMR spectral features. The 31P NMR spectra display doublets at 96.6 

 

Bond length (Å) 

Rh1-P1 2.3393(51) 

Rh1-N1 2.0060(128) 

Rh1-N2 2.1242(133) 

Rh1-C12 1.8853(209) 

Rh1-I1 2.6893(21) 

Rh1-I2 2.6848(19) 

  

Bond angle (°) 

P1-Rh1-N1 82.23(41) 

P1-Rh1-N2 161.27(42) 

P1-Rh1-C12 96.60(61) 

N1-Rh1-N2 79.52(56) 

N1-Rh-C12 177.99(75) 

N2-Rh1-C12 101.76(72) 

P1-Rh1-I1 99.95(13) 

I1-Rh1-I2 160.05(8) 
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ppm (16) and 115.7 ppm (17) with coupling constants (1JRhP = 157 Hz and 1JRhP = 155 Hz, 

respectively) that are consistent with Rh(I) species. Moreover, in both 1H NMR spectra, a new 

singlet was observed at δ 4.1 ppm for the formed pyridinylmethylether (MeO-Py) fragment. 

The formation of both complexes has been verified by mass spectrometry as well. These 

observations imply that upon reaction with methyl iodide the ligand, rather than the metal 

center, undergoes a formal oxidation state change regenerating a neutral ligand framework 

and a cationic rhodium(I) center. The geometry around the rhodium likely remains square 

planar, with the iodide acting as a non-coordinating counter-ion. The surprising reactivity in 

this reaction is a very nice example of metal-ligand reactivity, demonstrating that not only 

protons can bind to the pyridone. 

 

Scheme 11. The addition of MeI to complexes 1 – 4 does not result in the formation of Rh(III) species. 

Complexes 14 and 15 were not observed and 16 and 17 show metal-ligand reactivity. 

 

Independent synthesis of the chloride analogue of this latter complex was achieved via 

reaction of ligand L1Me (see Chapter 3), the methyl-protected version of L1, with [Rh(CO)2(-

Cl)]2 provided complex 18 (Scheme 12). Deprotonation of the benzylic position by addition of 

one equivalent of potassium tert-butoxide to 18 resulted in clean formation of 19, 

demonstrating that this acidic methylene spacer is still available for reactivity. 

 

 

Scheme 12. Formation of complex 18 from ligand L1Me and [Rh(CO)2(-Cl)]2. One equivalent of 

KOtBu provides complex 19, in which the benzylic position is still available for reactivity. 

 

Oxidative addition of iodine to complex 5 (Scheme 13) resulted in the formation of two species, 

according to 31P NMR spectroscopy. Two doublets arose at 80.7 ppm (J = 119 Hz) and 75.1 

ppm (J = 114 Hz), both displaying a distinctively smaller coupling constant than complex 5. 

Most likely species 20 and 20’ have formed, where the iodido ligands both coordinate at the 

axial positions (20), or one in axial and one in equatorial position (20’). A reaction of RhCl3 

and L1 at reflux (toluene) did not provide the trichlorido-complex 20’’. 
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Scheme 13. Formation of complex 20 from complex 5 and one equivalent of iodine. 

 

4.2.4 Catalytic Transfer Hydrogenation 

In order to illustrate the catalytic properties of the square planar Rh(I) complexes, and to 

judge if the pyridone group may participate in metal-ligand bifunctional substrate activation, 

these systems were studied in the transfer hydrogenation of acetophenone using 2-propanol 

(iPrOH) as both hydrogen donor and solvent. Acetophenone was chosen as benchmark 

substrate and the conversion was determined by GC analysis with p-xylene as internal 

standard. In most circumstances, a base was used to activate the hydrogen source. Table 2 

shows the results of the catalysis. 

 

Table 2. The results of the catalytic transfer hydrogenation of 

acetophenone in the presence of 2-propanol as hydrogen source. 

   

 

Entry Catalyst Base t (h) Conv [%] 

1 3 - 18 0 

2 3 Et3N 17 0 

3 1 Et3N 17 0 

4 1 KHMDS 18 0 

5 2 Et3N 17 0 

6 2 KHMDS 18 0 

7 4 - 18 0 

8 5 Et3N 18 0 

9 5 KOtBu 18 0 

10 6 Et3N 18 0 

11 6 KOtBu 18 89 

 Conditions: 1.0 mmol acetophenone, 1 mol% catalyst, 10 mol% base. The 

 conversion was determined by GC analysis with p-xylene as internal standard. 

 

Entries 1 – 7, consisting of catalysts that contain a CO ligand, do not show any reactivity 

towards the transfer hydrogenation, regardless of the base that is used for activation of the 

isopropanol. Most likely the carbon monoxide is preventing substrate coordination to the 

rhodium center. Entry 8 - 10, featuring a system lacking a coordinated CO ligand coordinated 

to the rhodium center, proved inactive with both triethylamine and KOtBu as base. No 
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plausible reason was found for this inreactivity, as a vacant site is created upon deprotonation 

of the system. Fortunately, entry 11 shows that complex 6, in the presence of potassium tert-

butoxide, was able to facilitate this transformation, although not extremely efficient. In 18 

hours 89% conversion was reached, whereas other complexes are known to efficiently catalyze 

this reaction within 2 minutes, at room temperature. It is promising to observe that the 

PNN(O) ligand framework is not completely inactive in the hydrogenation, however, clear 

evidence for the involvement of the pyridonate (or the phosphine-pyridine arm) in e.g. 

isopropanol activation has not been obtained from these experiments. The low activity of 6 

toward the benchmark substrate acetophenone may relate to inefficient overlap of the metal 

and ligand-based orbitals with the incoming proton-hydride pair of the H2 donor. Further 

studies with different types of H2 surrogates could help to elucidate the limitation of this 

metal-PNN(O) ligand bifunctional design. 

 

4.2.5 Formation of Pd(II) species with L1 and L2 

Little is yet known about the coordination of reactive PNN ligands to Pd(II) precursors18. In 

Chapter 2, reactive PN ligands were unable to induce intramolecular hydroamination of 

aminoalkenes, presumably due to the trans disposition of the substrate and the P-donor at 

Pd(II). Therefore, it is interesting to study the coordination, reactivity and catalytic properties 

of the PNN(O) complexes for the same reaction, given the anticipated cis orientation in the 

corresponding Pd-complexes. 

Reaction of these tridentate ligands L1 or L2 with PdCl2(MeCN)2 smoothly yielded a yellow 

(complex [21]Cl) or dark-yellow solid (complex [22]Cl), respectively (Scheme 14). NMR 

spectroscopic analysis displayed a singlet in the 31P spectrum at δ 90.5 for [21]Cl and at δ 

105.3 for [22]Cl. The 1H NMR spectrum shows the hydroxyl proton at 11.1 ppm for both 

complexes, which indicates that the ligands coordinate in a neutral fashion. HR-MS analysis 

showed the fragmentation pattern for [M-H]+ at m/z 469.05693 (calc. m/z 469.05889) and 

m/z 586.13545 (calc. m/z 586.14480) for 21 and 22, respectively.  

 

 
Scheme 14. Formation of complexes [21]Cl and [22]Cl from coordination of L1 and L2 to 

PdCl2(MeCN)2. 

 

Single crystals of complex [22]Cl, suitable for X-ray structure determination, were grown by 

slow diffusion of pentane into a concentrated CH2Cl2 solution (Figure 2). The molecular 

structure reveals a slightly distorted square planar geometry around the palladium atom, with 

angles P1-Pd1-N1, P1-Pd1-N2, N1-Pd1-N2 of 82.71(10), 162.35(11) and 79.78(14)°, 
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respectively. From the structure it became apparent that the counter ion is partly PdCl4
2-, 

rather than a single chloride atom. The ligand coordinates in a neutral tridentate fashion and 

the tert-butyl group of the silyl moiety is located above the palladium center at a distance of 

4.304 Å. All bond lengths and angles are within the expected ranges.33,34 

 

Figure 2. Left: ORTEP plot (50% probability displacement ellipsoids) of complex [22]Cl. Lattice 

solvent (CHCl3), the counter ion and hydrogen atoms have been omitted for clarity, except for those on 

C7 and O1. Right: selected bond lengths, angles and torsion angles. 

 

In order to change the solubility properties and increase the reactivity, the counterion was 

exchanged for a PF6 anion. Treatment of [21]Cl or [22]Cl with one equivalent of KPF6 or 

NH4PF6 yielded [21]PF6 and [22]PF6, respectively (Scheme 15, left). As there is nearly no 

change in surroundings of the metal center, only a very small upfield shift is observed by 31P 

NMR spectroscopy. In order to create a vacant site at the metal center and thereby increase 

the reactivity, the coordinated chloride ligand needs to be exchanged. When two equivalents 

of AgPF6 were used, the fourth coordination site at Pd was filled by an acetonitrile molecule 

(Scheme 15, right). This led to downfield shifts in the 31P NMR spectrum for both [21](PF6)2 

and [22](PF6)2 compared to their chloride analogues. Both complexes with two non-

coordinating counterions could also be obtained via the reaction of L1 or L2 with precursor 

[Pd(MeCN)4](BF4)2, [21](BF4)2 and [22](BF4)2, which show the same spectral features as 

the PF6 analogues. For complexes [21]PF6 and [21](PF6)2, single crystals suitable for X-ray 

structure determination were obtained via slow diffusion of diethyl ether into a concentrated 

solution of acetonitrile. The molecular structures are depicted in Figure 3. 

 

         

Bond length (Å) 

Pd1-P1 2.2458(11) 

Pd1-N1 1.9891(35) 

Pd1-N2 2.1374(36) 

Pd1-Cl1 2.3134(11) 

  

Bond angle (°) 

P1-Pd1-N1 82.71(10) 

P1-Pd1-N2 162.35(11) 

N1-Pd1-N2 79.78(14) 

  

Torsion angle (°) 

Pd1–P1–C1–C2 -38.50 

Pd1–N1–C2–C1 -17.06 

Pd1–N1–C6–C7 18.38 

Pd1–N2–C7–C6 7.92 
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Scheme 15. Exchange of the chloride counterion (left) and both chloride atoms (right). 

 

For both complexes [21]PF6 and [21](PF6)2, the palladium atom displays a slightly distorted 

square planar geometry, with angles P1-Pd1-N1, P1-Pd1-N2 and N1-Pd1-N2 of 85.66(7), 

166.14(8) and 80.66(10)° ([21]PF6) and 85.17(22), 164.82(18) and 81.40(27)° ([21](PF6)2), 

respectively. The Pd1–P1, Pd1–N1 and Pd1–N2 bond lengths are all within the expected ranges 

and show near-identical values to [22]Cl.33,34 In both complexes, the C10-O1 bond length is 

clearly a single bond (1.3157 and 1.2993 Å) and C13 contains two hydrogen atoms, showing 

the neutral fashion in which the ligand coordinates. 

 

                       
Figure 3. (left) ORTEP plot (50% probability displacement ellipsoids) of complex [21]PF6. Hydrogen 

atoms have been omitted for clarity, except for those on C13 and O1. Selected bond lengths (Å), angles 

and torsion angles (°): Pd1-P1 2.2390(8); Pd1-N1 1.9976(23); Pd1–N2 2.1420(25); Pd1–Cl1 2.3061(9); 

P1–Pd1–N1 85.66(7); P1-Pd1-N2 166.14(8); N1-Pd1-N2 80.66(10); Pd1–P1–C13–C3 -9.98; Pd1–N1–C3–

C13 -7.70; Pd1–N1–C1–C2 -0.10; Pd1–N2–C2–C1 3.54. (right) ORTEP plot (50% probability 

displacement ellipsoids) of complex [21](PF6)2. Hydrogen atoms have been omitted for clarity, except 

for those on C13 and O1. PF6 anions have been omitted for clarity. Selected bond lengths (Å), angles and 

torsion angles (°): Pd1-P1 2.2301(22); Pd1-N1 19708(65); Pd1-N2 2.1176(63); Pd1-N3 1.9911(72); P1-Pd1-

N1 85.17(22); P1-Pd1-N2 164.82(18); N1-Pd1-N2 81.40(27). Pd1–P1–C13–C3 -23.11; Pd1–N1–C3–C13 -

8.16; Pd1–N1–C1–C2 1.20; Pd1–N2–C2–C1 -1.83. 
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4.2.6 Ligand backbone reactivity of complexes 21 and 22  

Upon addition of one equivalent of NEt3 to palladium complex 21, a homogeneous beige 

solution was generated (Scheme 16). NMR spectroscopy revealed that the hydroxyl-pyridine 

moiety of complex 21 undergoes facile deprotonation with this weak base, as supported by the 

disappearance of the hydroxyl proton in the 1H NMR spectrum of complex 23. Moreover, the 

upfield shift to δ 74.7 in the 31P NMR spectrum also provides support for dearomatization of 

the pyridone. When one equivalent of the stronger KHMDS or KOtBu was used to induce 

mono-deprotonation of 21, a mixture of species was obtained, likely related to competitive 

deprotonation occurring at the pyridone and at the phosphine ligand arm. However, addition 

of two equivalents of KHMDS to complex 21 generated a purple solution and a strong upfield 

shifted 31P NMR signal at δ 69.5. In the 1H NMR spectrum, the signal for the methine hydrogen 

appeared at δ 3.68 and a resonance for the coordinated acetonitrile was found at 1.06 ppm. 

Unfortunately, this complex 25 proved too instable to store even as a solid, similar as observed 

for the doubly deprotonated rhodium complexes. 

 

Scheme 16. Deprotonation of complex 1 leads to the formation of complex 7 (left) or complex 8 (right). 

 

Deprotonation of complex 22 under various conditions (one or two equivalents of different 

bases; Et3N, KOtBu, and KHMDS) unfortunately led to decomposition or formation of 

multiple species. This is in contrast to rhodium complexes 2 and 4, which cleanly undergo 

deprotonation and reprotonation of the pyridone arm. Therefore, we decided to exclude this 

complex from investigation in the intramolecular hydroamination. 

 

4.2.7 Hydroamination of aminoalkenes 

The PN system described in Chapter 2, with an exchangeable halide trans to phosphorus, did 

not generate active catalysts for the intramolecular hydroamination of aminoalkenes. In the 

current PNN(O) system, there is a possible vacant site trans to a pyridine nitrogen (and thus 

cis to phosphorus), which may lead to different reactivity upon exchanging the halide for a 

non-coordinating anion to create a vacant site for coordination of a C=C bond or potentially 

an amine or amide moiety. Several Pd-pincer complexes have been reported as active catalysts 

for the intramolecular hydroamination of N-substituted aminoalkenes.20,21,23,25 Palladium 

complexes 20 and 21 were examined in the catalytic hydroamination of (substituted) 

aminoalkenes derived from 2,2-diphenyl-4-pentenylamine (Scheme 17). The urea-

functionalized aminoalkene is related to the known Cbz- or Ac-protected amine analogues, 
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but can undergo an additional cyclization step to form a bicyclic structure. Catalytic reactions 

were carried out in different solvents and at different temperatures (Table 3). Conversion and 

products were identified by 1H NMR spectroscopy. Products a and b would correlate to the 

anti-Markovnikov and Markovnikov products, respectively, while iso refers to double bond 

isomerization of the terminal alkene into the 2-isomer. 

 

 
Scheme 17. Substrates investigated in the Pd-mediated intramolecular hydroamination. 

 

Table 3. The results of the intramolecular hydroamination reaction for different aminoalkenes using 

complexes [20]Cl and [20](BF4)2. 

   

 

Entry Substrate Catalyst additive solvent T [°C] t [h] Yield [%] 

1 NH2 [21]Cl 
2 equiv. 

AgBF4 
toluene rt 18 SM 

2 NH2 [21]Cl 
2 equiv. 

AgBF4 
toluene  50 18  13% iso 

3 NH2 [21]Cl 
2 equiv. 

Et3N 
toluene 50 18 SM 

4 NH2 [21]Cl 
2 equiv. 

KOtBu 
toluene 50 18 SM 

5 Urea [21]Cl 
2 equiv. 

AgBF4 
dcm rt 16 SM 

6 NH2 [21](BF4)2 - toluene 80 18 50% iso 

7 NH2 [21](BF4)2 
2 equiv. 

Et3N 
toluene 80 18 14% iso 

8 NHTf [21](BF4)2 - toluene rt 17 SM 

9 NHTf [21](BF4)2 - toluene 50 17 SM 

10 NH2 [21](BF4)2 - MeCN rt 18 SM 

11 NH2 [21](BF4)2 - MeCN 50 18 SM 

12 NH2 [21](BF4)2 
2 equiv. 

Et3N 
MeCN 50 17 SM 

 

Entries 1 – 5 of Table 3 contain the results of the hydroamination when catalyzed by complex 

[21]Cl. In entries 1,2 and 5, two equivalents of silver tetrafluoroborate (AgBF4) are added with 

respect to the metal species, in order to create a vacant site on the metal center. At room 

temperature, no reaction takes place for both the primary and urea-functionalized amines, as 

only starting material was observed. When the reaction was carried out at 50 ºC, isomerization 
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of the alkene double bond occurred. Instead of chloride abstraction by a silver salt, two 

equivalents of base (NEt3 or KOtBu) were added in entry 3 and 4, to investigate the metal-

ligand cooperativity of the complex in this reaction, but no conversion was obtained. Also 

complex [21](BF4)2, that has no coordinating anions and a potentially labile acetonitrile co-

ligand, was evaluated as catalyst for this reaction (entries 6 – 9) but only isomerization 

product could be observed at elevated temperatures for the parent aminoalkene. Addition of 

base did not positively affect the performance, nor did changing the solvent to improve the 

outcome(entries 10 – 12).  

 

As comparable [Pd(Cl)(PNPPh)]BF4 complexes are known to catalyze the intramolecular 

hydroamination of N-substituted aminoalkenes in high yields,20-22 we synthesized the bulkier 

tBu-substituted version PNPtBu as a reference (Scheme 18).34 

 

 
Scheme 18. Synthesis of reference complex 27. 

 

Furthermore, we synthesized complexes 28 and 29 from ligand B’ (see Chapter 3). These 

complexes contain the hydroxyl-pyridine/pyridone functionality on the complexes but lack 

the bulky phosphine side arm (Scheme 19).  

 

 
Scheme 19. Synthesis of complexes 28 and 29. 

 

Table 4 presents the results of the hydroamination when using these reference catalysts. Pd-

complex 27 (entries 1 and 2) turned out to be completely inactive toward the parent 

aminoalkene, while the diphenylphosphine analogue (or a P-stereogenic (tert-

butyl)methylphosphine derivative) was reported to be active at room temperature, smoothly 

converting Fmoc-substituted aminoalkenes. One likely reason for this difference in reactivity 

might be related to the extended steric hindrance induced by the di-tert-butylphosphine side 

arms in both PNPtBu and PNN(O), although electronic effects related to the activation of the 

N-H group of the substrate may also play a substantial role.  

To our surprise, 28 and 29, bearing bidentate NN-ligands, also proved inactive in the 

cyclization reaction, as only isomerization of the double bond is observed (entries 3 – 6). We 

were wondering whether the isomerization is thermally induced or requires a palladium 

source. Entry 7 shows that 48% of the aminoalkene was converted to the isomerization 
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product when [Pd(MeCN)4](BF4)2 was applied in the absence of ligand. When compared to 

the results of Table 3, it can be concluded that the PNN(O) ligand actually suppresses 

isomerization, as mostly starting aminoalkene was observed under these conditions. In entry 

8 the aminoalkene was heated to 80 ºC to exclude thermally induced isomerization. After 17 

hours only starting material was observed. 

 

Table 4. The results of the catalytic intramolecular hydroamination reaction for different 

aminoalkenes catalyzed by several different complexes. 

   

 

Entry Substrate Catalyst 
additiv

e 

Solven

t 
T [°C] t [h] 

Yield 

[%] 

1 NH2 27 - toluene rt 17 SM 

2 NH2 27 - toluene 80 17 3% iso 

3 NH2 28 - toluene 50 17 18% iso 

4 NH2 28 
2 equiv. 

Et3N 
toluene 50 17 14% iso 

5 NH2 29 
1 equiv. 

AgBF4 
toluene  50 17 2% iso 

6 NH2 29 
2 equiv. 

AgBF4 
toluene 50 17 6% iso 

7 NH2 
Pd pre-

cursor* 
- toluene 80 18 48% iso 

8 NH2 - - toluene 80 17 SM 

* [Pd(MeCN)4](BF4)2 was used for comparison. 

 

Since the inactive [20](BF4)2 and [20]Cl bear the steric di-tert-butyl substituents at 

phosphorus, we wanted to verify the probability of this ligand in combination with the cyclized 

product both being coordinated to the rhodium center. DFT Calculations (BP86, def2-TZVP, 

disp3) show that the ligand has to undergo significant geometric change to tolerate the 

coordination of the hydroamination product (Figure 4). Therefore, ligands L1 and L2 should 

be investigated with phenyl substituents at phosphorus, as related PNPPh proved active for 

amide-protected aminoalkene cyclization. 
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Figure 4. (left) Front view of the computed (DFT, BP86, def2-TZVP, disp3) structure of the coordination 

of the hydroamination product to complex 20. (right) Top view of the molecular structure, showing the 

out-of-plane bending of the ligand.  

 

4.3 Conclusions 

We have shown the synthesis of several different Rh(I) and Pd(II) complexes based on 

PNN(O) ligands L1 and L2 featuring two different proton-responsive ligand reactive sites, i.e. 

a hydroxy-pyridine functionality and a phosphinomethyl side arm. Depending on the rhodium 

precursor, spontaneous deprotonation of the pyridone side arm to generate an anionic ligand 

or dissociation of the halide from the precursor material was observed. Complexes 1 and 2 

proved susceptible to (further) deprotonation (dearomatization) upon reaction with weak 

(NEt3) or strong base (KOtBu). Oxidative addition of molecular iodine to these complexes 

gives rise to the formation of Rh(III) complexes. Addition of iodomethane to complexes 3 and 

4 displays the reactive nature of the ligand, as the methyl moiety reacts with the pyridone to 

form the methoxy derivative. Application of these rhodium complexes in the transfer 

hydrogenation of acetophenone using 2-propanol as hydrogen donor proved the inreactivity 

of most complexes. Only cationic complex 6 was able to produce the corresponding alcohol in 

89% yield, although we envisioned these novel complexes to have a benefit from their 

hydroxyl-functional group as cooperative site compared to analogous pincer systems. The 

synthesized palladium complexes 21 and 22 were studied in the catalytic intramolecular 

hydroamination of (N-substituted) aminoalkenes, but no cyclization reaction was observed 

(isomerization of the starting material was commonly detected). The proposed advantage of 

the additional pyridone site over known systems failed to give the desired reactivity. One 

plausible reason might be steric hindrance induced by the tert-butyl groups on the phosphorus 

donor, preventing coordination of the substrate double bond and/or proton-transfer from the 

amino moiety. An alternative explanation is the low reactivity of the studied substrates, as 

these specific aminoalkenes have not been reported for Pd-mediated intramolecular 

hydroamination. The latter explanation is supported by the lack of reactivity of reference 

complexes 28 and 29 in the conversion of these substrates. Ligands L1 and L2 should be 
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investigated with phenyl substituents at phosphorus, as a related PNPPh proved active for 

amide-protected aminoalkene cyclization. 

 

4.4 Experimental Section 

General procedures 

Solvents were either distilled over suitable drying agents or dried using an MBraun SPS (Solvent 

Purification System). All experiments were carried out under an inert gas atmosphere using standard 

Schlenk techniques. All chemicals were commercially available and used without further purification, 

unless described otherwise. The 1H, 1H{31P}, 31P{1H} and 13C{1H} NMR spectra were recorded at room 

temperature on a Bruker AV400 (at 400, 162, and 100 MHz, respectively) and on a Bruker DRX500 (at 

500, 202, and 126 MHz, respectively) and calibrated to the residual proton and carbon signals of the 

solvent.35 High resolution mass spectra were recorded on a JEOL AccuTOF GC v 4g, JMS-T100GCV mass 

spectrometer (FD) and on a JEOL AccuTOF LC, JMS-T100LP mass spectrometer (CSI). IR spectra were 

recorded with a Bruker Alpha-p FT-IR spectrometer operated in the ATR mode. 

 

Syntheses and characterization 

Complex 1, [Rh(CO)(L1)]Cl. A solution of L1 (25.4 mg, 0.077 mmol) in 3 mL 

MeCN was added to a solution of [Rh(CO)2(-Cl)]2 (12.8 mg, 0.038 mmol) in 

acetonitrile (2 mL) and stirred for 3 hours. All volatiles were evaporated to leave 

an orange solid. 1H NMR (300 MHz, acetonitrile-d3, ppm): δ 14.30 (br s, 1H, 

OH), 8.07 (s, 2H, pyH), 7.89 – 7.66 (m, 4H, pyH), 3.90 (d, J = 9.6 Hz, 2H, CH2), 

1.39 (d, J = 14.4 Hz, 18H, PtBu2). 31P NMR (121 MHz, acetonitrile-d3, ppm): δ 94.93 (d, J = 154.1 Hz). 13C 

NMR (126 MHz, methylene chloride-d2, ppm): δ 181.87 (d, J = 71.5 Hz), 162.6 (s), 157.9 (d, J = 25.0 Hz), 

153.7 (s), 147.0 (s), 140.8 (s), 140.1 (s), 137.4 (s), 123.1 (s), 119.6 (s), 116.8 (s), 36.2 (dd, J = 64.1, 21.0 Hz), 

29.0 (d, J = 4.6 Hz), 26.5 (s). HRMS (FD+) (C20H26ClN2O2PRh): m/z: calcd, 460.07869, found, 

460.07274. IR (ATR, cm-1): 1974 (s), 1598 (m), 1567 (m).  

 

Complex 2, [Rh(CO)(L2)]Cl. [Rh(CO)2(-Cl)]2 (94 mg, 0.282 mmol) 

was added to a solution of L2 (251 mg, 0.565 mmol) in acetonitrile (10 

mL) and stirred overnight at room temperature. Evaporation of all 

volatiles yielded an orange powder (251.7 mg, 73%). 1H NMR (300 MHz, 

acetonitrile-d3, ppm): δ 13.50 (br s, 1H, OH), 7.98-7.91 (m, 3H, pyH), 

7.82-7.79 (m, 1H, pyH), 7.69-7.63 (m, 2H, pyH), 3.95 (d, J = 12.9 Hz, 1H, CH), 1.62 (d, J = 15.0 Hz, 9H, 

PtBu), 1.21 (d, J = 13.6 Hz, 9H, PtBu), 0.72 (s, 9H, SitBu), 0.51 (s, 3H, SiMe), 0.40 (s, 3H, SiMe). 31P NMR 

(121 MHz, acetonitrile-d3, ppm): δ 114.58 (d, J = 152.3 Hz). 13C NMR (75 MHz, methylene chloride-d2, 

ppm): δ 193.27 (d, J = 74.4 Hz, 1C, CO), 166.35 (s, 1C, PyC), 165.32 (s, 1C, PyC), 156.92 (s, 1C, PyC), 153.21 

(s, 1C, PyC), 140.55 (s, 1C, PyCH), 139.21 (s, 1C, PyCH), 125.01 (d, J = 10.5 Hz, 1C, PyCH), 118.66 (s, 1C, 

PyCH), 116.06 (s, 1C, PyCH), 113.55 (s, 1C, PyCH), 44.45 (s, 1C, CH), 41.30 (d, J = 17.4 Hz, 1C, PC(CH3)3), 

34.74 (d, J = 18.2 Hz, 1C, PC(CH3)3), 31.34 (d, J = 3.9 Hz, 3C, PC(CH3)3), 31.97 (d, J = 3 Hz, 3C, PC(CH3)3, 

28.47 (s, 1C, SiC(CH3)3), 20.09 (s, 3C, SiC(CH3)3), 1.38 (s 1C, SiMe), 0.09 (s 1C, SiMe). HRMS (FD+) 

(C26H40ClN2O2PRhSi): m/z: calcd, 574.16517; found, 574.17465. IR (MeCN, cm-1): 1976 (s). 
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Complex 3, Rh(CO)(L1*). A solution of L2 (131.5 mg, 0.398 mmol) in 5 mL 

dichloromethane was added to a solution of Rh(acac)(CO)2 (102.8 mg, 0.398 

mmol) in dichloromethane (5 mL) and stirred for 3 hours. Concentration and 

addition of pentane (20 mL) afforded a dark-brown precipitation which was 

filtered and dried in vacuo (105.3 mg, 57%). 1H NMR (400 MHz, CD2Cl2, ppm): 

δ 7.80 (t, J = 7.9 Hz, 1H), 7.67 (d, J = 8.3 Hz, 1H), 7.40 (d, J = 7.5 Hz, 1H), 7.28 (t, J = 7.8 Hz, 1H), 6.68 

(d, J = 6.7 Hz, 1H), 6.58 (d, J = 8.5 Hz, 1H), 3.60 (d, J = 8.8 Hz, 2H), 1.42 (d, J = 14.2 Hz, 18H). 31P NMR 

(162 MHz, CD2Cl2, ppm): δ 92.1 (d, J = 147.7 Hz). 13C NMR (126 MHz, CD2Cl2, ppm): δ 194.1 (dd, J = 73.9, 

18.1 Hz, CO), 168.2 (s), 162.0 (s), 160.6 (s), 153.7 (s), 138.9 (s), 137.1 (s), 121.2 (s), 118.7 (s), 105.3 (s), 36.3 

(d, 1JPC = 19.3 Hz), 35.6 (d, 1JPC = 20.2 Hz), 29.0 (d, 1JPC = 5.1 Hz). HRMS (CSI+) (C20H27N2O2PRh): m/z 

calcd, 461.08652; found, 461.08489. IR (ATR, cm-1): 1965 (s), 1614 (m), 1599 (m), 1562 (m). 

 

 Complex 4, Rh(CO)(L2*). Rh(acac)(CO)2 (146 mg, 0.567 mmol) was 

added to a solution of L2 (252 mg, 0.567 mmol) in acetonitrile (10 mL) 

and stirred overnight at room temperature. Concentration and addition 

of pentane (20 mL) afforded an orange precipitation which was filtered 

and dried in vacuo (271.5 mg, 76%). 1H NMR (300 MHz, acetonitrile-d3, 

ppm): δ 7.80 (t, J = 8.0 Hz, 1H, pyH), 7.72 (d, J = 7.9 Hz, 1H, pyH), 7.48 (d, J = 7.8 Hz, 1H, pyH), 7.29 

(dd, J = 8.8, 6.9 Hz, 1H, pyH), 6.74 (d, J = 7.0 Hz, 1H, pyH), 6.39 (d, J = 8.7 Hz, 1H, pyH), 3.81 (d, J = 

12.3 Hz, 1H, CH), 1.58 (d, J = 14.6 Hz, 9H, PtBu), 1.18 (d, J = 13.1 Hz, 9H, PtBu), 0.72 (s, 9H, SitBu), 0.48 

(s, 3H, SiMe), 0.37 (s, 3H, SiMe). 31P NMR (121 MHz, acetonitrile-d3, ppm): δ 112.64 (d, J = 145.4 Hz). 13C 

NMR (75 MHz, methylene chloride-d2, ppm): δ 195.31 (d, J = 74.8 Hz, 1C, CO), 168.10 (s, 1C, PyC), 165.47 

(d, J = 8.0 Hz, 1C, PyC), 160.25 (s, 1C, PyC), 153.46 (s, 1C, PyC), 137.96 (s, 1C, PyCH), 136.64 (s, 1C, PyCH), 

122.91 (d, J = 10.4 Hz, 1C, PyCH), 121.08 (s, 1C, PyCH), 117.50 (s, 1C, PyCH), 104.41 (s, 1C, PyCH), 43.94 

(s, 1C, CH), 40.67 (d, J = 16.4 Hz, 1C, PC(CH3)3, 34.37 (d, J = 18.7 Hz, 1C, PC(CH3)3), 31.48 (d, J = 5.5 Hz, 

3C, PC(CH3)3), 30.84 (d, J = 4.2 Hz, 3C, PC(CH3)3), 28.45 (s, 1C, SiC(CH3)3), 20.00 (s, 3C, SiC(CH3)3), 1.31 

(s 1C, SiMe), 0.31 (s, 1C, SiMe). HRMS (FD+) (C26H40N2O2PRhSi): m/z: calcd, 574.16517; found, 

574.16744. IR (MeCN): ν(CO) 1975 cm-1. 

 

Complex 5, Rh(Cl)(L1). A solution of L1 (44.4 mg, 0.134 mmol) in 5 mL THF 

was added to a solution of [Rh(-Cl)(coe)2]2 (48.2 mg, 0.067 mmol) in 5 mL. 

The mixture, which became black immediately, was stirred overnight at room 

temperature. Then, all volatiles were evaporated and the product was obtained 

as a black crystalline solid (62.8 mg, quantitative yield). 1H NMR (400 MHz, 

benzene-d6, ppm): δ 13.65 (s, 1H), 7.15 (t, J = 7.8 Hz, 1H), 6.96 (t, J = 7.9 Hz, 1H), 6.80 (d, J = 8.3 Hz, 

1H), 6.70 (d, J = 7.6 Hz, 1H), 6.65 (d, J = 8.1 Hz, 1H), 6.54 (d, J = 7.6 Hz, 1H), 2.62 (d, J = 9.0 Hz, 2H), 

1.08 (d, J = 14.8 Hz, 18H). 31P NMR (162 MHz, benzene-d6, ppm): δ 81.7 (d, J = 189 Hz). 13C NMR (126 

MHz, benzene-d6, ppm): δ 169.7 (s), F.3 (d, J = 1.7 Hz), 138.0 (s), 127.3 (s), 121.9 (d, J = 10.4 Hz), 119.7 

(s), 114.6 (d, J = 2.7 Hz), 111.4 (s), 36.5 (d, J = 18.7 Hz), 34.9 (d, J = 15.4 Hz), 29.2 (d, J = 5.0 Hz). HRMS 

(CSI-) (C19H27ClN2OPRh): m/z calcd, 467.0526; found, 467.0515. IR (ATR, cm-1): 1600 (m), 1564 (m). 

 

Complex [6]BF4, [Rh(acetone)(L1)]BF4. The first step was synthesized 

according to a literature procedure.36 [Rh(-Cl)(coe)2]2 (20.9 mg, 0.029 mmol) 

and AgBF4 (11.4 mg, 0.058 mmol) are dissolved in 15 mL acetone and stirred for 

1,5 hour at 0 ºC, while protected from light. The mixture is warmed up to room 

temperature and stirred for another hour. Then, the mixture was filtered and 

concentrated to 5 mL. L1 (19.2 mg, 0.058 mmol) in 5 mL acetone was added to 

this solution and stirred for 2 hours at room temperature, before all volatiles 
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were evaporated in vacuo. A dark-red to brown crystalline powder is obtained (26.2 mg, 78.2%). 1H NMR 

(400 MHz, methylene chloride-d2, ppm): δ 8.17 (s, 1H), 8.04 (s, 1H), 7.85 (s, 1H), 7.71 (d, J = 7.8 Hz, 1H), 

7.58 (s, 1H), 7.44 (d, J = 7.6 Hz, 1H), 3.29 (d, J = 9.2 Hz, 2H), 2.40 (s, 6H), 1.43 (d, J = 13.3 Hz, 18H). 31P 

NMR (162 MHz, methylene chloride-d2, ppm): δ 86.80 (d, J = 180.9 Hz). Complex [6]PF6, 

[Rh(acetone)(L1)]PF6. TlPF6 (34.5 mg, 0.099 mmol) in 3 mL acetone was added to complex 5 (46.3 

mg, 0.099 mmol) in 10 mL acetone, and the mixture was stirred for 2 hours at room temperature before 

it was filtered and concentrated in vacuo. 1H NMR (500 MHz, acetonitrile-d3, ppm): δ 7.95 – 7.83 (m, 

3H), 7.60 (s, 1H), 7.54 (s, 1H), 7.04 (s, 1H), 3.49 (s, 2H), 2.16 (s, 6H), 1.40 (d, J = 14.7 Hz, 18H). 31P NMR 

(202 MHz, acetonitrile-d3, ppm): δ 85.1 (d, J = 172 Hz), -144.6 (hept, J = 706.5 Hz, PF6). HRMS (CSI+) 

(C22H33N2O2PRh): m/z calcd, 491.1335; found, 491.1135. IR (ATR, cm-1): 1694 (s), 1601 (m), 1567 (m). 

 

Complex 7, [Rh(CO)(L1**)]K. Complex 3 (8.2 mg, 0.018 mmol) and solid 

KOtBu (2.0 mg, 0.018 mmol) were dissolved in 0.5 mL THF-d8 in an NMR tube. 

An instant color change from red to purple was observed. As this complex 

turned out not to be stable under vacuum, it was characterized only by in situ 

NMR and IR. 1H NMR (400 MHz, THF-d8) δ 7.00 (s, 1H), 6.49 (s, 1H), 6.19 (br 

s, 2H), 5.94 (s, 1H), 5.60 (s, 1H), 3.11 (s, 1H), 1.35 (d, J = 13.1 Hz, 18H). 31P NMR (162 MHz, THF-d8) δ 

83.8 (d, J = 150.7 Hz). IR (ATR, cm-1): 1970 (s), 1614 (m), 1593 (m). 

 

Complex 8, [Rh(CO)(L2**)]K. Complex 4 (19.1 mg, 0.033 mmol) and 

solid KOtBu (3.7 mg, 0.033 mmol) were dissolved in 0.7 mL THF-d8 in an 

NMR tube. An instant color change from red to brown was observed. As 

this complex turned out not to be stable under vacuum, it was 

characterized only by in situ NMR and IR. 1H NMR (400 MHz, THF-d8, 

ppm): δ 7.04 (t, J = 7.8 Hz, 1H), 6.57 (t, J = 7.81 Hz, 1H), 6.48 (m, 2H), 6.18 (d, J = 8.5 Hz, 1H), 6.10 (d, 

J = 7.0 Hz, 1H), 1.52 (d, J = 13.3 Hz, 18H), 1.09 (s, 9H), 0.37 (s, 6H). 31P NMR (162 MHz, THF-d8, ppm): 

δ 107.6 (d, J = 153.4 Hz). IR (ATR, cm-1): 1977 (s), 1615 (m), 1601 (m). 

 

Complex 9, Rh(L1*)(NCMe). Complex 5 (10.1 mg, 0.022 mmol) and KOtBu 

(2.4 mg, 0.022 mmol) are dissolved in 1 mL THF and stirred for 1 hour. 1 mL 

acetonitrile was added, the mixture was filtered and the filtrate was evaporated 

in vacuo. 1H NMR (400 MHz, benzene-d6, ppm): δ 7.24 – 7.13 (m, 2H), 6.93 (d, 

J = 7.0 Hz, 2H), 6.47 (d, J = 6.5 Hz, 2H), 2.67 (d, J = 8.7 Hz, 2H), 1.55 (s, 3H), 

1.36 (d, J = 12.8 Hz, 18H). 31P NMR (162 MHz, benzene-d6, ppm): δ 86.0 (d, J = 175 Hz).  

 

Complex 10, [Rh(I)2(CO)(L1)]Cl. Complex 1 (22.7 mg, 0.046 mmol) and I2 

(11.6 mg, 0.046 mmol) were dissolved in dichloromethane (1 mL). An 

immediate colour change was observed to brown-red. 1H NMR (500 MHz, 

methylene chloride-d2, ppm): δ 11.68 (s, 1H), 8.22 (s, 1H), 7.86 (s, 1H), 7.77 (d, 

J = 7.9 Hz, 1H), 7.74 (s, 1H), 7.11 (s, 1H), 6.76 (s, 1H), 3.72 (d, J = 10.1 Hz, 2H), 

1.39 (d, J = 14.2 Hz, 18H). 31P NMR (202 MHz, methylene chloride-d2, ppm): δ 89.5 (d, J = 102.1 Hz). 13C 

NMR (126 MHz, methylene chloride-d2, ppm): δ 190.19 (d, J = 29.5 Hz), 174.05 (s), 161.40 (d, J = 22.1 

Hz), 157.24 (s), 154.28 (s), 152.64 (s), 142.15 (s), 141.85 (d, J = 6.6 Hz), 126.89 (s), 122.78 (s), 118.77 (s), 

36.45 (d, J = 57.3 Hz), 30.62 (s), 26.44 (d, J = 13.9 Hz). HRMS (CSI+) (C20H27ClI2N2O2PRh): m/z calc. 

714.8955 [M]+, 622.9598 [M+Cl-I]+; found 714.8902 [M]+, 622.9425 [M+Cl-I]+. IR (ATR, cm-1): 2097 (s), 

1598 (m), 1565 (m).  
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Complex 11, [Rh(I)2(CO)(L2)]Cl. Complex 2 (19.3 mg, 0.032 mmol) 

and I2 (8.0 mg, 0.032 mmol) were dissolved in dichloromethane (1 mL). 

An immediate colour change was observed to bright-red. 1H NMR (500 

MHz, methylene chloride-d2, ppm): δ 14.20 (s, 1H, OH), 8.22 (dd, J = 

36.4, 7.7 Hz, 2H, pyH), 8.04 – 7.57 (m, 4H, pyH), 4.16 (d, J = 14.7 Hz, 1H, 

CH), 1.81 (d, J = 15.3 Hz, 18H, PtBu2), 1.21 (s, 12H, SitBuMe), 0.99 (s, 6H, SiMe). 31P NMR (202 MHz, 

methylene chloride-d2, ppm): δ 115.1 (d, J = 98 Hz). 13C NMR (126 MHz, methylene chloride-d2, ppm): δ 

180.91 (dd, J = 52.5, 12.8 Hz), 167.51 (s), 165.10 (s), 157.42 (s), 153.53 (s), 141.41 (s), 139.97 (s), 125.04 (s), 

124.74 (d, J = 12.1 Hz), 120.74 (s), 115.81 (s), 43.57 (s), 41.11 (d, J = 11.4 Hz), 34.68 (s), 28.74 (s), 21.31 (s), 

2.52 (s). HRMS (CSI+) (C26H41ClI2N2O2PRhSi): m/z calcd, 828.98193; found, 828.98219. IR (ATR, cm-1): 

2089 (s), 1596 (m), 1561 (m). 

 

Complex 12, Rh(I)2(CO)(L2*). Complex 3 (9.8 mg, 0.021 mmol) and I2 (5.4 

mg, 0.021 mmol) were dissolved in dichloromethane (1 mL) and stirred for six 

hours. An immediate colour change from orange to dark-red was observed. 

Addition of 10 mL diethyl ether afforded a brown-red precipitate that was 

isolated by filtration and subsequently dried in vacuo. 1H NMR (400 MHz, 

methylene chloride-d2, ppm): δ 8.31 – 8.14 (m, 3H), 7.91 (s, 1H), 7.91 (s, 1H), 7.74 (s, 1H), 4.38 (d, J = 11.0 

Hz, 2H), 1.72 (d, J = 15.3 Hz, 18H). 31P NMR (121 MHz, methylene chloride-d2, ppm): δ 93.1 (d, JRhP = 

100.0 Hz). 13C NMR (126 MHz, methylene chloride-d2, ppm): δ 190.55 (d, J = 29.5 Hz), 174.41 (s), 161.76 

(d, J = 22.1 Hz), 157.60 (s), 154.64 (s), 153.00 (s), 142.51 (s), 142.21 (d, J = 6.6 Hz), 127.25 (s), 123.14 (s), 

119.13 (s), 36.81 (d, J = 57.3 Hz), 30.98 (s), 26.80 (d, J = 14.0 Hz). HRMS (CSI+) (C20H27I2N2O2PRh): m/z 

calcd, 714.89545; found, 714.89410. IR (ATR, cm-1): 2084 (s), 1597 (m), 1566 (m). 

 

Complex 13, Rh(I)2(CO)(L2*). Complex 4 (17.2 mg, 0.03 mmol) and 

I2 (7.7 mg, 0.03 mmol) were dissolved in dichloromethane (1 mL) and 

stirred for 2 hours. An immediate colour change from orange to dark red 

was observed. Addition of 10 mL diethyl ether afforded a brown-red 

precipitate that was isolated by filtration and subsequently dried in 

vacuo. (24.6 mg, quantitative yield). 1H NMR (300 MHz, methylene chloride-d2, ppm): δ 7.97 – 7.75 (m, 

2H, pyH), 7.58 (d, J = 7.8 Hz, 1H, pyH), 7.40 (s, 1H, pyH), 7.01 (s, 1H, pyH), 6.55 (s, 1H, pyH), 4.11 (d, J 

= 14.5 Hz, 1H, CH), 1.78 (d, J = 15.2 Hz, 18H, PtBu2), 1.19 (s, 9H, SitBu), 0.98 (s, 3H, SiMe), 0.12 (s, 3H, 

SiMe). 31P NMR (121 MHz, methylene chloride-d2, ppm): δ 102.8 (d, JRhP = 101.6 Hz). 13C NMR (126 MHz, 

Methylene chloride-d2, ppm): δ 181.32 (dd, J = 53.0, 11.0 Hz), 167.22 (s), 166.40 (s), 153.13 (s), 144.72 (s), 

138.51 (s), 137.26 (s), 123.20 (s), 118.96 (s), 118.60 (s), 107.95 (s), 42.80 (s), 40.07 (s), 34.59 (s), 28.75 (s), 

21.16 (s), 2.65 (s), 0.77 (s). HRMS (CSI+) (C26H40I2N2O2PRhSi): m/z calcd, 828.98193; found, 828.98219. 

IR (ATR, cm-1): 2093 (s), 1599 (m), 1566 (m). 

 

Complex 16, [Rh(CO)(L1-Me)]I. Iodomethane (33.5 L, 0.538 mmol) was 

slowly added to a solution of complex 3 (24.8 mg, 0.054 mmol) in methylene 

chloride (1 mL) and the mixture was stirred overnight at room temperature. 

Diethyl ether (10 mL) was added, yielding a dark-red precipitate that was 

filtered off and dried in vacuo. 1H NMR (400 MHz, methylene chloride-d2, 

ppm): δ 15.55 (s, 1H), 8.32 (s, 1H), 8.26 – 8.17 (m, 2H), 7.95 – 7.88 (m, 2H), 7.22 (d, J = 7.6 Hz, 1H), 4.15 

(s, 3H), 3.97 (d, J = 9.6 Hz, 1H), 3.89 (d, J = 9.4 Hz, 1H), 1.46 (d, J = 14.5 Hz, 18H). 31P NMR (162 MHz, 

methylene chloride-d2, ppm): δ 96.62 (d, 1JRhP = 157 Hz). 13C NMR (126 MHz, methylene chloride-d2, 

ppm): δ 192.46 (dd, J = 72.7, 18.2 Hz), 163.63 (s), 163.07 (s), 156.10 (s), 155.44 (s), 143.59 (s), 141.21 (s), 

124.86 (d, J = 10.7 Hz), 121.72 (s), 116.86 (s), 109.46 (s), 56.77 (s), 36.55 (d, J = 21.7 Hz), 36.11 (dd, J = 
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21.8, 2.0 Hz), 29.00 (d, J = 4.3 Hz). HRMS (CSI+) (C21H29IN2O2PRh): m/z calcd, 475.1022; found, 

475.0839. IR (ATR, cm-1): 1982 (s), 1597 (m), 1566 (m). 

 

Complex 17, [Rh(CO)(L2-Me)]I. Iodomethane (20.9 L, 0.34 mmol) 

was slowly added to a solution of complex 4 (19.3 mg, 0.034 mmol) in 

methylene chloride (1 mL) and the mixture was stirred overnight at room 

temperature. Diethyl ether (10 mL) was added to yield an orange 

precipitate, which was filtered, dried in vacuo and obtained in 

quantitative yield (23.6 mg, 100%). 1H NMR (500 MHz, methylene chloride-d2, ppm): δ 8.25 (t, J = 8.0 

Hz, 2H), 8.11 (t, J = 8.0 Hz, 1H), 8.03 (d, J = 7.7 Hz, 1H), 7.84 (d, J = 8.1 Hz, 1H), 7.25 (d, J = 8.5 Hz, 1H), 

4.16 (s, 3H), 3.96 (d, J = 12.8 Hz, 1H), 1.61 (d, J = 14.2 Hz, 9H), 1.22 (d, J = 13.1 Hz, 9H), 0.76 (s, 9H), 

0.49 (d, J = 5.1 Hz, 6H). 31P NMR (202 MHz, methylene chloride-d2, ppm): δ 115.8 (d, J = 155 Hz). 13C 

NMR (126 MHz, methylene chloride-d2, ppm): δ 193.44 (dd, J = 74.4, 16.6 Hz, CO), 166.73 (s), 163.86 (s), 

155.54 (s), 154.71 (s), 143.26 (s), 140.09 (s), 126.41 (d, J = 10.5 Hz), 120.32 (s), 116.47 (s), 109.48 (s), 56.94 

(s, 1C, OCH3), 41.72 (d, J = 18.0 Hz), 34.85 (dd, J = 19.0, 2.4 Hz), 31.18 (d, J = 4.0 Hz), 28.59 (s), 20.20 

(s), 1.47 (s), 0.07 (d, J = 2.8 Hz). HRMS (CSI+) (C27H43IN2O2PRhSi): m/z calcd, 589.18864; found, 

589.19237. IR (DCM): ν(CO) 1990 cm-1. 

 

 Complex 18, [Rh(CO)(B)]Cl. Pre-ligand B (36.4 mg, 0.106 mmol) in 

acetonitrile (5 mL) was added to a solution of (Rh(-Cl)(CO)2)2 (17.6 mg, 0.053 

mmol) in acetonitrile (5 mL) and stirred for 3 hours. 1H NMR (300 MHz, 

acetonitrile-d3, ppm): δ 8.27 – 8.14 (m, 1H, pyH), 7.92 (d, J = 7.7 Hz, 1H, pyH), 

7.78 (m, 2H, pyH), 7.32 (d, J = 8.6 Hz, 1H, pyH), 6.82 (dd, J = 8.2, 3.5 Hz, 1H, 

pyH), 4.03 (s, 3H, methoxy), 3.93 (d, J = 9.6 Hz, 2H, CH2), 1.42 (d, J = 14.6 Hz, 18H, PtBu2). 31P NMR (121 

MHz, acetonitrile-d3, ppm): δ 96.44 (d, J = 155.6 Hz). 13C NMR (75 MHz, methylene chloride-d2, ppm): δ 

192.58 (d, J = 72.7 Hz, 1C, CO), 163.63 (s, 1C, PyC), 163.08 (s, 1C, PyC), 156.10 (s, 1C, PyC), 155.44 (s, 1C, 

PyC), 143.59 (s, 1C, PyCH), 141.22 (s, 1C, PyCH), 124.87 (d, J = 10.5 Hz, 1C, PyCH), 121.72(s, 1C, PyCH), 

116.86 (s, 1C, PyCH), 109.45 (s, 1C, PyCH), 56.77 (s, 1C, OCH3), 36.55 (d, J = 21.8 Hz, 2C, P(C(CH3)3)2), 

36.11 (d, J = 22.0 Hz, CH2), 29.13 – 28.85 (m, P(C(CH3)3)2). HRMS (FD+) (C20H26ClN2O2PRh): m/z: calcd, 

475.10217; found, 475.10411. IR (ATR, cm-1): 1973 (s), 1595 (m), 1570 (m). 

 

Complex 19, Rh(CO)(B*). Complex 18 (7.6 mg, 0.015 mmol) was dissolved 

in 0.7 mL DCM-d2 and KOtBu (1.7 mg, 0.015 mmol) was added. The green black 

mixture was shaken thoroughly and NMR spectra were recorded in situ. 1H 

NMR (400 MHz, methylene chloride-d2, ppm): δ 7.80 (t, J = 8.1 Hz, 1H), 7.25 

(d, J = 7.9 Hz, 1H), 6.80 (d, J = 8.3 Hz, 1H), 6.42 (ddd, J = 9.0, 6.8, 2.1 Hz, 1H), 

6.20 (d, J = 9.0 Hz, 1H), 5.89 (d, J = 6.8 Hz, 1H), 4.03 (s, 3H), 3.75 – 3.26 (m, 1H), 1.41 (d, J = 13.7 Hz, 

18H). 31P NMR (162 MHz, methylene chloride-d2, ppm): δ 88.69 (d, J = 160.0 Hz). IR (ATR, cm-1): 1985 

(s), 1600 (m), 1574 (m). 

 

Complex 20, Rh(Cl)2(I)(L1). Complex 5 (10.1 mg, 0.022 mmol) and 

molecular iodine (5.5 mg, 0.022 mmol) were dissolved in 0.7 mL benzene-d6, 

and NMR was measured in situ. 1H NMR (400 MHz, methylene chloride-d2, 

ppm): δ 11.67 (s, 1H), 11.45 (s, 1H), 8.13 – 7.85 (m, 5H), 7.81 – 7.65 (m, 3H), 7.62 

(d, J = 7.7 Hz, 2H), 7.12 (t, J = 8.2 Hz, 2H), 4.13 (d, J = 11.0 Hz, 2H), 4.01 (d, J 

= 11.8 Hz, 2H), 1.72 (d, J = 14.2 Hz, 18H), 1.54 (d, J = 14.0 Hz, 18H). 31P NMR (162 MHz, methylene 

chloride-d2, ppm): δ 80.5 (d, J = 118 Hz), 75.0 (d, J = 115.0 Hz). 
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Complex [21]Cl, [Pd(Cl)(L1)]Cl. Pd(MeCN)2Cl2 (68.2 mg, 0.263 mmol) was 

suspended in 5 mL MeCN, L1 (86.9 mg, 0.263 mmol) in 5 mL MeCN was added 

and the reaction was stirred overnight at room temperature. The suspension 

was filtered and the residue was dissolved in DCM. Diethyl ether was added 

under vigorous stirring, which led to precipitation of the product as a yellow 

powder. 1H NMR (400 MHz, DMSO-d6, ppm): δ 11.13 (s, 1H), 8.50 (d, J = 8.0 Hz, 1H), 8.35 (t, J = 8.5 Hz, 

1H), 8.21 (t, J = 8.0 Hz, 1H), 8.13 (d, J = 7.5 Hz, 1H), 7.84 (d, J = 7.6 Hz, 1H), 7.21 (d, J = 8.5 Hz, 1H), 4.36 

(d, J = 11.2 Hz, 2H), 1.49 (d, J = 15.9 Hz, 18H). 13C NMR (75 MHz, DMSO-d6, ppm): δ 165.87 (s), 163.39 

(s), 156.02 (s), 152.94 (s), 143.72 (s), 141.85 (s), 124.64 (d, J = 11.9 Hz), 122.11 (s), 116.30 (s), 37.54 (d, J = 

18.6 Hz), 36.04 (d, J = 26.8 Hz), 35.85 – 35.58 (m), 27.90 (d, J = 2.1 Hz), 1.18 (s). 31P NMR (162 MHz, 

DMSO-d6, ppm): δ 90.9 (s). HR-MS (FD+) (C19H27ClN2OPPd): m/z calcd, 469.05899 [M-H]+; found, 

469.05693 [M-H]+. IR (ATR, cm-1): 1617 (m), 1598 (m), 1569 (m). 

 

Complex [22]Cl, [Pd(Cl)(L2)]Cl. A solution of L2 (202 mg, 0.45 

mmol) in acetonitrile (10 mL) was added to a solution of PdCl2(MeCN)2 

(117.8 mg, 0.45 mmol) in acetonitrile (10 mL) and the mixture was stirred 

overnight. The suspension was filtered and dried in vacuo to yield an 

dark-yellow powder (109 mg, 48%). 1H NMR (400 MHz, acetone-d6, 

ppm): δ = 11.17 (s, 1H, OH), 8.72 (s, 1H, pyH), 8.36 (s, 1H, pyH), 8.29 (t, J = 8.2 Hz, 1H, pyH), 7.99 – 7.79 

(m, 1H, pyH), 7.60 (dd, J = 15.2, 7.8 Hz, 1H, pyH), 7.21 (d, J = 8.5 Hz, 1H, pyH), 5.30 (d, J = 15.7 Hz, 1H, 

CH), 1.83 (d, J = 16.3 Hz, 9H, PtBu), 1.47 (d, J = 15.2 Hz, 9H, PtBu), 0.85 (s, 9H, SitBu), 0.75 (s, 6H, SiMe2). 

31P NMR (162 MHz, acetone-d6, ppm): δ = 105.33 (s). 13C NMR (75 MHz, DMSO-d6, ppm): δ 166.18 (s, 1C, 

pyC), 165.27 (s, 1C, pyC), 156.41 (s, 1C, pyC), 152.78 (d, J = 2.3 Hz, 1C, pyC), 144.23 (s, 1C, pyCH), 141.83 

(s, 1C, pyCH), 126.54 (d, J = 12.1 Hz, 1C, pyCH), 122.18 (s, 1C, pyCH), 116.80 (m, 2C, pyCH), 44.61 (d, J = 

6.7 Hz, 1C, CH), 38.00 (d, J = 18.6 Hz, 1C, PC(CH3)3), 37.20 (d, J = 17.2 Hz, 1C, PC(CH3)3), 30.31 (d, J = 

2.0 Hz, 3C, PC(CH3)3), 28.85 (s, 3C, SitBu), 28.36 (d, J = 2.0 Hz, 3C, PC(CH3)3), 20.47 (s, 1C, SitBu), 2.30 

(s, 1C, SiMe), -0.80 (s, 1C, SiMe). HRMS (CSI+) (C25H41Cl2PN2OPdSi): m/z: calcd, 584.13775 [M-H]+; 

found, 584.14899 [M-H]+. IR (ATR, cm-1): 1621 (m), 1597 (m), 1570 (m). 

 

Complex [21]PF6, [Pd(Cl)(L1)]PF6. Complex [21]Cl (8 mg, 0.015 mmol) 

and KPF6 (3 mg, 0.015 mmol) were dissolved in MeCN (4 mL) and stirred for 45 

minutes. The yellow solution is filtered and concentrated in vacuo. 1H NMR 

(300 MHz, CD2Cl2, ppm): δ 11.08 (s, 1H), 8.36 (t, J = 8.0 Hz, 1H), 8.20 (dd, J = 

18.6, 7.9 Hz, 2H), 8.02 (t, J = 8.0 Hz, 1H), 7.81 (d, J = 7.6 Hz, 1H), 7.05 (d, J = 

8.5 Hz, 1H), 4.10 (d, J = 10.9 Hz, 2H), 1.57 (d, J = 16.2 Hz, 18H). 31P NMR (121 MHz, CD2Cl2, ppm): δ 

90.03 (s), -144.48 (hept, J = 1423, 712 Hz). 

 

Complex [21](PF6)2, [Pd(MeCN)(L1)](PF6)2. Complex [21]Cl (51 mg, 

0.1 mmol) and AgPF6 were charged into a schlenk wrapped with aluminum 

foil and dissolved in 5 mL MeCN. The reaction was stirred overnight at room 

temperature and then all volatiles were evaporated. The residue was dissolved 

in 5 mL dichloromethane, filtered and the solvent was evaporated. The 

complex is obtained as a white solid (71 mg, 92%). 1H NMR (400 MHz, CD2Cl2, ppm): δ 9.32 (s, 1H), 8.30 

(td, J = 8.0, 1.2 Hz, 1H), 8.19 – 8.10 (m, 2H), 7.98 (d, J = 8.3 Hz, 1H), 7.81 (d, J = 7.7 Hz, 1H), 7.33 (d, J 

= 8.8 Hz, 1H), 4.13 (d, J = 11.1 Hz, 2H), 2.65 (s, 3H, MeCN), 1.60 (d, J = 16.7 Hz, 18H). 31P NMR (162 

MHz, CD2Cl2, ppm): δ 99.54 (s), -144.48 (hept, J = 712 Hz). Complex [21](BF4)2, 

[Pd(MeCN)(L1)](BF4)2. Alternatively, L1 (43.4 mg, 0.131 mmol) dissolved in 10 mL MeCN was added 

to [Pd(MeCN)4](BF4)2 (58.4 mg, 0.131 mmol) in 10 mL acetonitrile and the solution was stirred for 4 
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hours. The mixture was concentrated to 2 mL and 10 mL diethyl ether was added to precipitate the 

product as a yellow crystalline powder. 1H NMR (400 MHz, methylene chloride-d2, ppm): δ 13.30 (s, 1H), 

8.28 (d, J = 8.0 Hz, 1H), 8.16 (d, J = 7.9 Hz, 1H), 8.02 (d, J = 7.7 Hz, 1H), 7.96 (t, J = 7.9 Hz, 1H), 7.72 (d, 

J = 7.6 Hz, 1H), 7.53 (d, J = 8.0 Hz, 1H), 4.29 (d, J = 11.2 Hz, 2H), 1.61 (d, J = 16.7 Hz, 18H). 31P NMR (162 

MHz, methylene chloride-d2, ppm): δ 99.7 (s). 

 

Complex [22]PF6, [Pd(Cl)(L2)]PF6. Complex [22]Cl (10 mg, 0.02 

mmol) was dissolved in 1 mL MeCN and a solution of AgPF6 (5 mg, 0.02 

mmol) in acetonitrile (1 mL) was added. This mixture was stirred for 2 

hours and protected from light. Filtration and drying afforded an orange 

precipitate. Alternative procedure: NH4PF6 (5.2 mg, 0.031 mmol) was 

added to a solution of complex [22]Cl (19 mg, 0.031 mmol) in benzene (2 mL) and stirred for 3 hours, 

yielding a yellow solution with an orange precipitate. The latter was isolated by filtration and subsequent 

drying. 1H NMR (400 MHz, MeCN-d3, ppm): δ 11.00 (s, 1H, OH), 8.16-7.12 (m, 6H, pyH), 3.90 (d, JPH = 

15.6 Hz, 1H, CH), 1.75 (d, JPH = 16.4, 9H, PtBu), 1.34 (d, JPH = 15.3 Hz, 9H, PtBu), 0.80 (s, 9H, SitBu), 0.58 

(s, 3H, SiMe), 0.46 (s, 3H, SiMe). 31P NMR (162 MHz, MeCN-d3, ppm): δ 103.84 (s, Pd-P), -144.63 (hept, 

J = 706.5 Hz, PF6).  

 

Complex [22](PF6)2, [Pd(MeCN)(L2)](PF6)2. A solution of complex 

[22]Cl (10 mg, 0.02 mmol) in acetonitrile (1 mL) was heated to 50°C and 

then a solution of AgPF6 (10 mg, 0.04 mmol) in acetonitrile (1 mL) was 

added. This was stirred overnight at 50°C. 1H NMR (400 MHz, MeCN-d3, 

ppm): δ 11.00 (s, 1H, OH), 8.19-7.11 (m, 6H, pyH), 3.88 (d, J = 15.6 Hz, 

1H, CH), 1.73 (d, J = 16.4 Hz, 9H, PtBu), 1.32 (d, J = 15.3 Hz, 9H, PtBu), 0.80 (s, 9H, SitBu), 0.58 (s, 3H, 

SiMe), 0.46 (s, 3H, SiMe). 31P NMR (162 MHz, MeCN-d3, ppm): δ 111.02 (s, PtBu2), -144.63 (hept, J = 

706.5 Hz, PF6).  

 

Complex 23, Pd(Cl)(L1*). To a solution of complex 21 (14 mg, 0.027 mmol) 

in 4 mL THF was added KHMDS (0.054 mL, 0.027 mmol) (0.5M solution in 

toluene). The solution, which immediately turned beige, was stirred for 45 

minutes, where after all volatiles were removed in vacuo. 1H NMR (300 MHz, 

CD2Cl2, ppm): δ 7.88 (t, J = 7.8 Hz, 1H), 7.74 (d, J = 8.2 Hz, 1H), 7.46 (d, J = 7.6 

Hz, 1H), 7.25 – 7.14 (m, 1H), 6.65 (d, J = 6.6 Hz, 1H), 6.44 (d, J = 9.0 Hz, 1H), 3.61 (d, J = 10.6 Hz, 2H), 

1.51 (d, J = 15.2 Hz, 18H). 31P NMR (121 MHz, CD2Cl2, ppm): δ 74.65 (s). IR (ATR, cm-1): 1601 (m), 1570 

(m). 

 

Complex 25, Pd(MeCN)(L1**). To a solution of complex 21 (12 mg, 0.024 

mmol) in 4 mL THF was added KHMDS (0.096 mL, 0.048 mmol) (0.5M 

solution in toluene). The solution, which immediately turned purple, was stirred 

for 45 minutes, where after all volatiles were removed in vacuo. 1H NMR (300 

MHz, CD2Cl2, ppm): δ 7.92 – 7.77 (m, 1H), 7.71 (t, J = 7.6 Hz, 1H), 7.45 – 7.27 

(m, 2H), 7.27 – 7.12 (m, 1H), 6.77 (d, J = 6.1 Hz, 1H), 6.63 (d, J = 6.6 Hz, 1H), 6.50 (d, J = 9.1 Hz, 0.5H), 

6.43 (d, J = 8.6 Hz, 0.5H), 3.68 (s, 1H), 3.56 (d, J = 10.5 Hz, 1H), 3.48 (d, J = 9.8 Hz, 1H), 1.51 (d, J = 15.0 

Hz, 18H). 31P NMR (121 MHz, CD2Cl2, ppm): δ 74.14 (s, unreacted 10), 69.50 (s). 
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General procedure for intramolecular hydroamination 

Typically, the relevant Pd complex (0.01 mmol) and the additives (0.02 mmol) were dissolved in the 

desired solvent (2 mL) and stirred for 10 minutes. The aminoalkene substrate (0.1 mmol) was added to 

the mixture and the reaction was stirred at room temperature, unless stated otherwise. Reaction times 

varied from 16 to 20 hours. The yields of the products were determined by NMR analysis. 

 

General procedure for catalytic transfer hydrogenation 

To a Schlenk containing a magnetic stirrer, 1 mol% of catalyst, and 10 mol% of base were added distilled 

acetophenone (1 mmol) as substrate, 10 L p-xylene as internal standard, and 2 mL isopropanol. The 

mixture was stirred at 75 ºC. Aliquots were taken from the mixture during the reaction, which were 

subsequently filtered over a plug of silica and analyzed by GC. 

 

X-ray crystallography 

X-ray intensities were measured on a Bruker D8 Quest Eco diffractometer equipped with a Triumph 

monochromator ( = 0.71073 Å) and a CMOS Photon 50 detector at a temperature of 150(2) K. Intensity 

data were integrated with the Bruker APEX2 software.37 Absorption correction and scaling was performed 

with SADABS.38 The structures were solved with the program SHELXL.37 Least-squares refinement was 

performed with SHELXL-201339 against F2 of all reflections. Non-hydrogen atoms were refined with 

anisotropic displacement parameters. The H atoms were placed at calculated positions using the 

instructions AFIX 13, AFIX 43 or AFIX 137 with isotropic displacement parameters having values 1.2 or 

1.5 times Ueq of the attached C atoms. N-H hydrogen atoms were refined freely with isotropic 

displacement parameters.  
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Chapter 5 

 

Complexes based on Tridentate NNN Pincer Ligands: 

Reactivity and Application in Catalysis 

 

 

 

 

Abstract The coordination chemistry and reactivity of tridentate bis(pyrazolyl)pyridine 

ligands is described with various late transition metals. Coordination to iron(II) and cobalt(II) 

precursors occurs smoothly, but subsequent deprotonation of the pyrazolyl-NH moieties leads 

to disproportionation with formation of homoleptic complexes, or self-assembled hexanuclear 

structures, rather than well-defined isolable heteroleptic mononuclear compounds. The 

Pd(II)-bis(pyrazolyl)pyridine complexes can be doubly deprotonated, and are stabilized by 

different co-ligands. Moreover, a Pd(IV) species was generated using molecular iodine. 

Application of the Co(II) and Pd(II) complexes in the intramolecular hydroamination of N-

substituted aminoalkenes resulted in the discovery of a single combination of an active 

complex and reactive aminoalkene. When these complexes were applied in the intramolecular 

hydroamination of aminoalkynes, formation of the N-heterocyclic dihydro-pyrrole product 

was obtained in all cases. This denotes the second report of Co(II) mediated hydroamination. 
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5.1 Introduction 

Metal-ligand cooperative bifunctional catalysts have proven to be attractive candidates for the 

efficient, selective and atom-economical conversion of a variety of substrates.1,2 Within the 

last fifteen years, pyrazole and pyridone ligand systems have gained a lot of interest.3,4 

Pyrazoles bear a Brønsted acidic -NH group and these systems undergo a relatively facile 

reversible proton transfer (Scheme 1). Due to the close proximity and directionality (in the 

equatorial plane) of their reactive sites to the metal center and the reversible deprotonation 

by mild bases, this may significantly aid the process of metal-ligand bifunctional activation, 

especially when compared to earlier discussed PNP/N systems. It is envisioned that the 

combination of smooth proton transfer and the more accessible site will likely abate the need 

for high temperatures and high pressures. Indeed, these systems have shown to be highly 

efficient in catalytic transformations.3,4 

 

 
Scheme 1. Tautomerization between a pyrazolato and a pyrazole with reversible protonation of the β-

nitrogen.  

 

Pyrazole ligands have been known for a while, and so is their ability to be deprotonated, even 

when coordinated to a metal.5 However, the benefit of this feature was only applied in catalysis 

in 2010. Bidentate and tridentate pyrazole ligands were coordinated to ruthenium precursors 

and their activity in the hydrogenation and transfer hydrogenation of acetophenone has been 

reported (Figure 1).6 The ruthenium complexes contain both a hydride and a pyrazole with an 

acidic N-H group, which is important for their specific reactivity. 

 

Figure 1. Three different Ru(II)pyrazole complexes which are active in transfer hydrogenation. 

 

Ikariya and Kuwata reported the formation of an iridium complex and described the well-

defined ligand-based deprotonation-reprotonation process, and its involvement in the 

catalytic intramolecular hydroamination of aminoalkenes (Scheme 2).7 The activated olefin 

undergoes nucleophilic attack of the amine, which is assisted by secondary interactions of the 

pyrazolato ligand. Subsequent proton transfer from the pyrazole ligand generates the 

cyclization product in nearly quantitative yield. 
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Scheme 2. Intramolecular hydroamination via MLC of an Ir-pyrazole complex. 

 

Most attention has been given to (substituted) 2,6-bis-(pyrazol-3-yl)pyridine ligands, as these 

systems have two proton-responsive pyrazole arms. When coordinated to ruthenium, 

dinuclear complexes were formed that are active in the transfer hydrogenation of ketones,8 

whereas a double-deprotonated monomeric complex facilitates the side-on coordination of O2 

and end-on coordination of N2.9 The combination of this ligand with first-row transition 

metals has been explored to some extent for iron, cobalt and manganese.10,11 The FeII(NNN) 

complex is able to cleave the N-N bond of (substituted) hydrazines, which leads to facile 

reduction and oxidation of hydrazine, generating ammonia and dinitrogen (Scheme 3).12 

However, these tridentate ligands remain underexplored to date regarding catalytic 

conversions. 

 

 
Scheme 3. Reduction and oxidation of hydrazine leads to NH3 and N2, respectively.  

 

In this chapter we will discuss the coordination chemistry, ligand-based reactivity and 

catalytic applications of tridentate bis(pyrazolyl)pyridine NNN ligands when coordinated to 

different metals, with an initial focus on first-row transition metals. As these complexes 

undergo an easier proton transfer and also have the reactive site in closer proximity to the 

metal compared to PNP, we envision enhanced reactivity for the NNN complexes in catalytic 

applications. Therefore, different metal-ligand combinations (Fe, Co, Ru, and Pd) have been 
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utilized and compared. The Pd(II) and Co(II) complexes were selected for investigation in the 

intramolecular hydroamination reaction of both aminoalkenes and aminoalkynes. 

 

5.2 Results and Discussion 

5.2.1 Ligand synthesis 

Bis(pyrazolyl)pyridine NNN-ligands (L1 and L2), which should both be capable of reversible 

proton transfer from the protic sidearms, have been synthesized according to literature 

procedures (Figure 2).  

 

 
Figure 2. Specific tridentate bis(pyrazolyl)pyridine ligands explored throughout this chapter. 

 

The 2-step syntheses of the bis(pyrazolyl)pyridine ligands L1 and L2 were straightforward,9,13 

starting from either the diethyl 2,6-pyridinecarboxylate (for L2) or 2,6-diacetyl pyridine (for 

L1) with a final ring-closure using hydrazine monohydrate (Scheme 4). The tridentate ligands 

were obtained in 82% (L1) and 74% (L2) isolated yield and are characterized by NMR 

spectroscopy and mass spectrometry. In these ligands, the 6 π-electron pyrazole is susceptible 

to deprotonation of the NH. The difference between these two ligands is the tert-butyl group 

on the 5-position of the pyrazole rings for L2, which renders the ligand more electron-rich, 

induces some steric bulk, and enhances the ligand solubility compared to the ‘parent’ ligand 

L1. 

 

Scheme 4. Synthesis of bis(pyrazolyl)pyridine ligands L1 and L2. 

 

To distinguish between ligand-assisted cooperativity and metal-based catalysis in later 

studies, the NH fragments of the protic pyrazolyl side arms of L2 were methylated.14 L2 was 

reacted with sodium hydride and methyl iodide in refluxing DMF over two days to obtain 
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ligand L2Me in 83% isolated yield (Scheme 5). The structure of L2Me was established using 

spectroscopic studies, which shows selective methylation on the outer nitrogen atom. 

 

 
Scheme 5. Methylation of NH of the pyrazolyl groups, providing ligand L2Me. 

 

5.2.2 Coordination and reactivity studies with iron 

Coordination of L1 and L2 to FeCl2 afforded complexes 1 and 2, respectively, which were 

characterized by NMR spectroscopy and mass spectrometry (Scheme 6). The 1H NMR spectra 

obtained indicate the formation of diamagnetic species in both cases, but during overnight 

acquisition of the 13C NMR spectra, coordination of a molecule of DMSO (NMR solvent) likely 

occurred, generating NMR-silent octahedral paramagnetic species. Mass spectrometry proved 

more conclusive with respect to the molecular composition of these species, supporting the 

formation of FeCl2(L) in both cases. Addition of two equivalents of silver hexafluorophosphate 

to both complexes in MeCN solution generated bright-yellow paramagnetic complexes [1]PF6 

and [2]PF6 bearing three acetonitrile ligands. Determination of the magnetic susceptibility 

by means of the Evans method in acetonitrile at 25 °C, with dichloromethane as standard, 

yielded a µeff value of 5.76 µB for [2]PF6, which indicates a high-spin (S = 2) Fe(II) complex.  

 

 
Scheme 6. Formation of paramagnetic complexes [1]PF6 and [2]PF6. 

 

Mass spectrometry (m/z calcd. 701.3491; found 701.3424) unveiled that in solution not only 

these tris-acetonitrile complexes were formed, but also the corresponding paramagnetic 

dicationic homoleptic iron complexes that bear two bis(pyrazolyl)pyridine ligands. The 

formation of these species is expected to involve disproportionation, with co-generation of 

‘ligand-less’ Fe(II) salts. Single crystal X-ray diffraction confirmed the formulation of complex 

3 (for L1) as [Fe(L1)2](PF6)2 (Figure 3). 
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Figure 3. ORTEP plot (50% probability displacement ellipsoids) for 3, obtained by X-ray diffraction. 

The two PF6 counterions and hydrogen atoms are omitted for clarity. Selected approximate bond lengths 

(Å) and angles (°): Fe1-N1 2.0851; Fe1-N21 2.1313; Fe1-N23 2.1559; Fe1-N4 2.0850; Fe1-N2 2.1344; Fe1-

N9 2.1315. N1-Fe1-N21 75.55; N1-Fe1-N23 74.71; N4-Fe1-N2 75.11; N4-Fe1-N9 75.49; N1-Fe1-N4 173.52; 

N21-Fe1-N23 150.24; N2-Fe1-N9 150.51.  

 

A slightly distorted octahedral geometry around the iron center is found. Such homoleptic iron 

complexes with bis(pyrazolyl)pyridine ligands are known and Mössbauer and SQUID studies 

have shown that these species can undergo temperature-induced low-spin/high-spin 

transitions.15,16 However, these coordinatively saturated complexes are not expected to exhibit 

the envisioned metal-ligand-bifunctional reactivity, due to the coordinatively saturated nature 

of the Fe center. Hence, we studied the halide abstraction to form complexes [1]PF6 and 

[2]PF6 in the presence of stabilizing co-ligands. Reaction with base under 5 bars of CO 

pressure provided a mixture of compounds, but IR spectroscopy did not indicate coordination 

of carbon monoxide to the iron center. In the presence of two equivalents of 

trimethylphosphine, species [1]PF6 and [2]PF6 converted into 4 and 5. Complex 5, which is 

already described as the bis(triflate) species,12 was characterized by a singlet in 31P NMR at δ 

17.3 ppm and a broad singlet for the pyrazole NH protons at δ 11.86 in the 1H NMR spectrum. 

Slow diffusion of pentane into a concentrated solution of dichloromethane afforded orange-

red single crystals that were suitable for X-ray structure determination. The molecular 

structure is depicted in Scheme 7. An octahedral geometry around the iron center is revealed, 

with the two trimethylphosphine ligands coordinated in the axial positions, with identical 

metric parameters as for the reported triflate analogue.12 

 

   
Scheme 7. Synthesis of complex 5, of which the ORTEP plot (50% probability displacement ellipsoids) 

is obtained by X-ray diffraction. The PF6 counterions and hydrogen atoms (except for the -NH’s) are 

omitted for clarity. 
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Deprotonation of either complex 1 or 2, to probe the reactivity of these cooperative ligands, 

using one equivalent of base (either NaOAc, KOtBu, or KHMDS), led to a color change from 

dark-yellow to a brown solution. Upon addition of a second equivalent of base, purple 

mixtures were obtained. When a solution of hydrochloric acid or tetrafluoroboric acid (one or 

two molar equivalents) was added to these purple, presumably doubly deprotonated species, 

the reaction mixtures reverted to brown and subsequently yellow, indicating a clean and 

reversible proton transfer (Scheme 8). The same trend is observed with dicationic complexes 

[1]PF6 and [2]PF6. This process was also probed via UV-Vis spectroscopy, as depicted in 

Figure 4. Complex 2 exhibits a band at 314 nm (blue line), which disappeared upon addition 

of one molar equivalent of base (yellow line). When one equivalent of acid was subsequently 

added, this absorption band reappeared (green line), confirming the reversible deprotonation. 

However, consecutive addition of two equivalents of base and acid did not lead to regeneration 

of the original UV-Vis spectrum, indicating the formation of other species, presumably the 

homoleptic complexes. 

 

Scheme 8. The reversible proton transfer explored with complexes 1, [1]PF6, 2 and [2]PF6, which 

show different colors for the different states in which they can be found. 

 

 
Figure 4. UV-Vis spectrum of the deprotonation and reprotonation of complex 2. 

 

Unfortunately, both the mono- and bis-deprotonated species were only accessible in solution, 

as isolation led to intractable mixtures. In situ stabilization of the doubly-deprotonated 

species with two equivalents of trimethylphosphine resulted in the formation of dark-red 

complexes 6 and 7 (Scheme 9). Both complexes displayed a singlet at δ 19.2 in the 31P NMR 

spectrum and the coordinated acetonitrile ligand was clearly detected in the 1H NMR spectrum 
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at 1.07 ppm. However, when complex 5 was subjected to deprotonation, a mixture of products 

was obtained after work-up, but no signals related to complex 7 were detected 

spectroscopically, although in situ monitoring of this reaction via NMR spectroscopy did 

provide indication for its formation. 

 

 
Scheme 9. Formation of doubly-deprotonated stabilized species 6 and 7. 

 

As catalysts, we envisioned the iron complexes could show their potential in catalytic reactions 

like hydrogenation and transfer hydrogenation of ketones, provided that the corresponding 

iron-hydride could be accessible.17 Therefore, starting from complex 4, we made different 

attempts to generate complex 8 (Scheme 10). Addition of LiBEt3H and NaBH4 did not show 

the formation of a hydride species but rather decomposition of the complex, as dissociation of 

trimethylphosphine was observed. When NaH was used as hydride source, the 31P NMR 

spectrum also displayed the signal for free trimethylphosphine. In addition, a doublet (JPH = 

60 Hz) at 21.3 ppm was detected, along with a signal at -10.89 ppm in the 1H NMR spectrum. 

However, this species was not stable enough for isolation. 

 

Scheme 10. Formation of hydrido complex 8, via the reaction with different hydride sources. 

 

When 2 equivalents of KOtBu and a balloon of hydrogen gas were applied to complex 4, the 

color of the solution changed from dark orange to deep-red (deprotonated species) and 

subsequently back to dark orange. In agreement with the anticipated formation of a hydride 

containing species, the obtained 1H NMR spectrum displayed a signal at δ -10.53 ppm again. 

Slow addition of diethyl ether to the concentrated methanol solution afforded crystals, which 

were suitable for X-ray structure determination (Figure 5). However, the centrosymmetric 

molecular structure was not the desired species, but a surprisingly large hexanuclear 

structure, that involves six iron(III) centers and four ligands. Its full formula reads 

[Fe6(L1)4(µ3-O)2(µ-OMe)4(OH)2], with bridging methoxy and oxo-ligands. Four iron atoms 

(Fe2 and Fe3) display a pseudo-octahedral geometry and are coordinated to ligand L1 in the 

usual tridentate fashion. Furthermore, these metals are also linked to four µ-OMe groups. The 

iron centers on the outside (Fe1) display a perfect octahedral geometry and are coordinated to 
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the pyrazolato nitrogen atoms of all four ligands L1. All three different iron atoms are 

coordinated to a µ3-oxo fragment and the Fe1 centers are furthermore occupied by a hydroxyl 

group, generating an overall neutral hexanuclear structure. The targeted formation of a very 

similar structure (Fe6(L1)4(µ3-O)2(µ-OMe)3(µ-OH)Cl2) was described by Plaul et al. in high 

yield.18 As the reactivity of these ligands in combination with iron was more challenging than 

expected, we decided to focus on cobalt systems. 

 

       

Figure 5. Left: ORTEP plot (50% probability displacement ellipsoids) of complex 8, obtained by X-ray 

diffraction. Only two out of four ligands and four out of six iron atoms of the hexamer are highlighted, 

and all hydrogen atoms have been omitted for clarity. Approximate bond lengths (Å): Fe1-N4 2.103; 

Fe1-N7 2.124; Fe1-N11 2.111; Fe1-N12 2.117; Fe2-N5 2.179; Fe2-N8 2.210; Fe2-N16 2.060; Fe2-O2 1.997; 

Fe2-O4 1.963; Fe3-N1 2.061; Fe3-N6 2.163; Fe3-N13 2.213; Fe3-O2 1.983; Fe3-O4 1.963; O99-Fe1 1.929; 

O99-Fe2 1.991; O99-Fe3 2.012. Right: Part of the structural motif of complex 8. 

 

5.2.3 Coordination and reactivity of Co(NNN) complexes 

Cobalt complex 9 was synthesized according to a reported literature procedure by Ikariya and 

coworkers,11 which involved a reaction of CoCl2∙6H2O and L2 in ethanol (Scheme 11). Pentane 

was added slowly to the concentrated reaction mixture and this afforded blue crystalline 

needles, which were suitable for X-ray structure determination (Figure 6). This complex was 

also characterized by mass spectrometry (m/z calcd. 417.1130; found 417.1128 [M-Cl]). The 

magnetic susceptibility was estimated by the Evans method, as this species is paramagnetic. 

In DMSO at 25 °C, with dichloromethane as standard, a µeff value of 3.51 µB was observed, 

which is consistent with a high spin Co(II) (S = 3/2) complex.  
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Scheme 11. Formation of complex 9. 

 

 
Figure 6. ORTEP plot (50% probability displacement ellipsoids) of complex 9. Hydrogen atoms have 

been omitted for clarity, except for the NH and OH groups. Selected bond lengths (Å) and angles (°): 

Co1-Cl1 2.302(1); Co1-Cl2 2.302(1); Co1-N2 2.166(3); Co1-N3 2.073(3); Co1-N4 2.172(3); N1-N2 

1.3491(1); N4-N5 1.3425(4); O1---N1H 1.91(2); O1H---Cl1 2.36(3); O2---N5H 1.94(3); O2H---Cl2 2.38(4). 

Cl1-Co1-Cl2 106.62(4); Cl1-Co1-N3 136.20(7); Cl2-Co1-N3 117.14(7); N2-Co1-N3 75.2(1); N4-Co1-N3 

75.4(1); N2-Co1-N4 150.4(1). 

 

The molecular structure reveals a distorted trigonal bipyramidal geometry (τ = 0.73) around 

the cobalt atom and a crystallographically imposed C2 axis was found that passes through Co1, 

N3 and C10. The angles of the equatorial plane (N3-Cl1-Cl2) are totaling 360º, but not 120º 

each. The two chloride atoms are bent more towards each other with an angle of 106.6(2)º for 

Cl1-Co1-Cl2. The angles of the chloride atoms to N3 of the pyridine are 117.14(7)º and 

136.20(7)º for Cl1-Co1-N3 and Cl2-Co1-N3, respectively. The axial positions are occupied by 

the pyrazolyl groups. The angle of the axial plane totals 150.4(1)º for N2-Co1-N4; this 

distortion is due to the rigid structure of the flat pincer ligand. When the structure of this 

complex is compared to the related complex CoCl2(L1),19 it was found that all bond lengths 

and angles are similar, expect for the angles in the equatorial plane. All the angles found in 

this structure are approximately 120º, whereas in 9 the chloride atoms are in closer proximity 

of each other. Similarly, the Co-N and Co-Cl bond lengths in 9 are all shorter than those found 

in the analogous MnCl2(L2) complex,20 which is consistent with cobalt being more 

electronegative and larger. When compared to a related octahedral Co(L2)(OTf)2(MeCN) 

complex, it was found that the bond lengths and angles of 9 are all in the same range. The 

angles inside the pyrazolyl rings assure the structural comparison between pyrazolyl and the 

pyrazolato analogue.21 The N1-N2-C7 angle is rather small (105.27(3)º) compared to the larger 

N2-N1-C5 angle (111.93(2)º), which is consistent with the coordination of the pyrazolyl rings 

as neutral donors, still bearing the proton on N1. This is further confirmed by the presence of 
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a hydrogen bonding network between 9 and two molecules of ethanol. The oxygen O1 of the 

alcohol binds to the N1H of the pyrazole (1.91(2) Å) and the O1H binds to Cl1 (2.36(3) Å). 

Analogous Co(II)PNP complexes are well-known22 and their reduction to Co(I) species leads 

to diamagnetic complexes that can be further converted into a Co(I)-hydride (Scheme 12). 

Application of such complexes can be found in the hydrogenation of ketones or carbon 

dioxide,23-25 similar to comparable iridium catalysts. 

 

 

Scheme 12. Reduction of a CoCl2(PNP) complex to Co(I)Cl and Co(I)H species.22 

 

Reduction of complex 9 with 1 or 2 equivalents of NaBEt3H did not lead to the desired species 

10 and 11 (Scheme 13). 1H NMR measurements showed that a mixture of both paramagnetic 

and diamagnetic species is present, which were unfortunately inseparable. An attempt to 

separate these complexes via crystallization resulted in the molecular structure as depicted in 

Figure 7. The molecular structure of 12 reveals an octahedral geometry around the cobalt ion 

that is coordinated to two bis(pyrazolyl)pyridine ligands. Only one out of four of the pyrazole 

rings contains a proton, which is also shown in the bond length of Co1-N21. As this pyrazole 

nitrogen atom coordinates as a neutral donor, and the other as anionic donor, the cobalt has 

been oxidized to Co(III). This species may have formed via elimination of H2 from the hydride 

of sodium triethylborohydride and a proton of the ligand. Whereas the plan was to reduce the 

metal, it is actually oxidized into a semi-homoleptic structure. Homoleptic complexes are not 

uncommon for first-row transition metals as was already shown in the paragraph about 

iron,15,16 but subsequent reactivity is hindered as this system lacks vacant sites. 

 

 
Scheme 13. Reduction of complex 9 into complexes 10 and 11 was not successful. 
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Figure 7. ORTEP plot (50% probability displacement ellipsoids) of complex 12. Hydrogen atoms have 

been omitted for clarity, except for the one on N11. Selected bond lengths (Å) and angles (°): Co1-N21 

1.9618(16); Co1-N31 1.8857(16); Co1-N41 1.9002(15); Co1-N22 1.9285(16); Co1-N32 1.8878(16); Co1-

N42 1.9228(16); N11-N21 1.3463(21); N41-N51 1.3415(22); N12-N22 1.3480(21); N42-N52 1.3514(21). 

N21-Co1-N31 80.22(7); N41-Co1-N31 81.59(7); N21-Co1-N41 161.81(7); N22-Co1-N32 81.40(7); N42-

Co1-N32 81.45(7); N22-Co1-N42 162.84(7). 

 

This system does, however, show that double deprotonation of the ligand is successful when 

coordinated to cobalt and this is observed when complex 9 is exposed to base. Two equivalents 

of KOtBu to the turquoise solution resulted in the formation of an azure solution of 13, which 

could be converted into 9 again by the addition of 2 equivalents of HCl (Scheme 14 and Figure 

8). Deprotonated cobalt species will be applied in catalysis (Paragraph 5.2.6). 

 

 

Scheme 14. Smooth reversible proton transfer with cobalt complex 9. 
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Figure 8. UV-Vis spectrum of the deprotonation and reprotonation of complex 9. 

 

5.2.4 Coordination and reactivity with ruthenium 

Because the coordination chemistry of ligands L1 and L2 with iron and cobalt with respect to 

deprotonation and dehalogenation did not provide much controlled reactivity (except for the 

direct deprotonation of CoCl2(L2), we decided to move to some second-row analogues. 

Coordination of L2 to RuCl(CO)(H)(PPh3)3 was envisioned to be analogous to what has been 

reported for PNP and PNN pincer complexes.1 However, the NMR spectra demonstrated that 

a mixture of species was formed, which were identified by mass spectrometry (Figure 9). 

Complex 14 is the desired neutral species in which L2 is coordinated in the expected tridentate 

fashion, together with the hydrido, chloride and carbonyl co-ligands (m/z calcd. 454.1181; 

found 454.1184 [M-Cl]). The other complex 15 appeared to be the cationic analogue in which 

the bis(pyrazolyl)pyridine coordinates as a bidentate ligand via the pyridine and one of the 

pyrazole arms. The additional ligands are the hydride, carbonyl and two triphenylphosphine 

moieties, with the chloride ligand acting as non-coordinating counter ion (m/z calcd. 

978.3004; found 978.3104). The group of Thiel attempted to synthesize a similar complex 14 

with a nBu-substituted L2, but also reported the formation of a mixture of complexes.6 

 

 
Figure 9. Complexes 9 and 10 that could not be separated from each other. 
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Therefore, we synthesized complex 16 from L2 and precursor RuCl2(PPh3)3 via a procedure 

reported by Ikariya and co-workers (Figure 10, left).9 They have described the ability of mono 

and double deprotonation of this complex, alongside the coordination of O2 and N2, but any 

further investigation in the reactivity of this complex remains unknown to date. To access a 

Ru-H species, complex 16 was deprotonated by two equivalents of base and subsequently 

exposed to hydrogen gas. However, the obtained green mixture did not show the formation of 

hydride species 17 according to 1H NMR spectroscopy, but several unidentified species were 

formed instead. We therefore decided not to focus on hydride species but explore the reactivity 

of complex 16.  

 

  
Figure 10. Cationic complex 16 (left) and hypothesized neutral mono-deprotonated hydrido complex 

17 (right). 

 

Because Ru-pincer complexes are known to activate N-H bonds via metal-ligand 

cooperation,26 we chose to explore complex 16 in this reaction (Scheme 15). Addition of 2 

equivalents of base to 16 and in situ addition of an acidic amine resulted in the formation of 

several species, which makes it unclear whether one of the desired species (18, 19 or 20) is 

formed at all. According to 31P NMR, free triphenylphosphine is formed during all three 

reactions, showing a high degree of decomposition of the complex. 

 

Scheme 15. Activation of N-H bonds on complex 16 was unsuccessful for all three amines. 

 

Besides the activation of N-H bonds, the activity of this complex was also studied in the 

transfer hydrogenation of acetophenone using 2-propanol (iPrOH) as both hydrogen donor 

and solvent. To study if the reaction goes via ligand-assisted catalysis, complex 16Me with 

methyl-protected pyrazole arms was synthesized and used for comparison. We assumed the 

coordination of this ligand would be similar as in complex 16, but unfortunately this complex 

was not obtained in pure form. Mass spectrometry and NMR spectroscopy suggested the 

complex was the main product in the mixture (m/z calcd. 1012.2978; found 1012.2993), 

therefore the mixture was used in the transfer hydrogenation reaction. Acetophenone was 

chosen as benchmark substrate and the conversion was determined by GC analysis with p-

xylene as internal standard. Table 1 shows the results of the catalysis. Indeed, complex 16 
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shows 95% conversion for acetophenone into 1-phenylethanol,6 whereas complex 16Me, 

which has no proton-responsive sites, shows no conversion at all. This suggests the active role 

of the ligand in this catalytic reaction. However, in comparison to Noyori’s ruthenium catalyst, 

it is less active as this catalyst requires only half the amount of catalyst to achieve the same 

conversion.27 Complex 16 is certainly active, but not as fast as known systems. 

 

Table 1. Results of the catalytic transfer hydrogenation of 

acetophenone in the presence of 2-propanol as hydrogen 

source. 

   

 

Entry Catalyst Base t (h) Conv [%] 

1 16 KOtBu 16 95 

2 16Me KOtBu 14 0 

3a Noyori KOH 15 95 

Conditions: 1.0 mmol acetophenone, 1 mol% catalyst, 10 mol% 

base. The conversion was determined by GC analysis with p-

xylene as internal standard. a 0.5mol% catalyst was used in this 

reaction. 

 

5.2.5 Coordination and reactivity with palladium 

The coordination of L2 to PdCl2(MeCN)2 occurred smoothly at room temperature to produce 

the cationic complex 21 as a yellow solid in quantitative yield. This complex, which was fully 

characterized by NMR and IR spectroscopy and mass spectrometry, could be reacted with 

both 1 and 2 equivalents of TlPF6 to replace the chloride anion and chloride ligand, 

respectively (Scheme 16, complexes 22 and 23). Subtle differences were observed in the 1H 

NMR spectrum for the different complexes, especially for complex 23 to which an acetonitrile 

ligand is now coordinated. 

 

 
Scheme 16. Chloride abstraction from complex 21 leads to the formation of PF6-complexes 22 and 23.  
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Deprotonation of these complexes with 2 equivalents of KHMDS and in situ addition of 2 

equivalents of HCl regenerates complex 21, displaying the metal-ligand cooperativity. In situ 

addition of trimethylphosphine to the doubly deprotonated species resulted in the formation 

of complex 24, of which single crystals suitable for X-ray structure determination were 

obtained via slow diffusion of diethyl ether into a concentrated solution of acetonitrile. 

Furthermore, complex 24 was fully characterized, showing the molecular ion peak in HR-MS 

(m/z 504.15084 (calcd); 504.15478 (found)) and a singlet in the 31P NMR spectrum at δ -4.6 

ppm. The molecular structure of 24 is depicted in Figure 11 and reveals a slightly distorted 

square planar geometry around the palladium center with a crystallographically imposed C2 

axis that passes through P1, Pd1, N1 and C10. The angles and bond lengths are slightly larger 

than those in the cobalt complexes. 

 

    
Figure 11. ORTEP plot (50% probability displacement ellipsoids) of complex 24. Hydrogen atoms have 

been omitted for clarity. Selected bond lengths (Å) and angles (°): Pd1-N1 2.0086(24); Pd1-N2 

2.0051(25); Pd1-N4 2.0161(24) Pd1-P1 2.2505(9). N1-Pd1-N2 79.22(10); N1-Pd1-N4 79.59(10); P1-Pd1-

N2 99.63(8); P1-Pd1-N4 101.48(7). 

 

The smooth reversible proton transfer is evident from the addition of 2 equivalents of HCl to 

complex 24, which exclusively generates complex 25 (Scheme 17). This dicationic complex 

displays a small shift downfield to 0.86 ppm in the 31P NMR spectrum and shows the 

protonation of both pyrazole rings as indicated by the N-H signals in the 1H NMR spectrum at 

11.54 ppm. Moreover, this complex 25 could also be obtained from the addition of 1 equivalent 

of PMe3 to complex 21, illustrating that the chloride ligand is only weakly coordinated to the 

palladium center. 
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Scheme 17. Deprotonation (and in situ addition of PMe3) of complex 21 leads to complex 24 that can 

be protonated to generate complex 25. This complex can also be synthesized by the addition of PMe3 to 

a solution of 21. 

 

Next, we examined the coordination of other ligands than PMe3 for the stabilization of the 

doubly deprotonated species. Tri-isopropylphosphine proved to be too steric for coordination, 

but pyridine appeared to be a suitable ligand. This is, however, only when pyridine was applied 

as the solvent and not when one or more equivalents were added to a reaction mixture. The 
1H NMR spectrum of 26 shows the downfield shift of the ortho-hydrogen atoms of the 

coordinated pyridine, as a doublet (J = 4.9 Hz) at 10.25 ppm (Figure 12, ortho-hydrogens of 

free pyridine are found at δ 8.61 ppm). The structure was furthermore confirmed by HR-MS, 

showing an m/z value of 506.13903 (calc. m/z 506.14103). 

 

 

 

 

 

 

 

Figure 12. 1H NMR spectrum of complex 26. 

 

Slow addition of pentane onto a concentrated dichloromethane solution of complex 26 

resulted in single crystals which were suitable for X-ray structure determination. The 

molecular structure of 26 is depicted in Figure 13 and reveals a slightly distorted square planar 

geometry around the palladium center with a crystallographically imposed C2 axis that passes 

through C6, N3, Pd1, N6 and C22. The angles and bond lengths are all comparable to those in 
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complex 24. Moreover, this structure is in agreement with the 1H NMR spectrum, as the 

pyridine ligand and the deprotonated tridentate ligand lie in one plane, verifying the 

interaction between the ortho-hydrogens of the pyridine and the nitrogen atoms of the 

pyrazole moiety.  

 

 
Figure 13. ORTEP plot (50% probability displacement ellipsoids) of complex 26. Hydrogen atoms have 

been omitted for clarity, except for H20 and H24. Selected bond lengths (Å) and angles (°): Pd1-N1 

2.030(5); Pd1-N3 1.980(9); Pd1-N4 2.001(5); Pd1-N6 2.040(1). N1-Pd1-N3 79.88(3); N3-Pd1-N4 

80.00(3); N1-Pd1-N4 159.85(2); N1-Pd1-N6 99.89(4); N4-Pd1-N6 100.19(4). 

 

Most catalytic cycles that involve palladium go through a Pd(0)/Pd(II) cycle, and Pd(IV) 

intermediates are not very common, although several examples appeared in recent years.28 

Several Pd(IV) complexes have been isolated and characterized, and understanding the 

behavior of Pd(IV) complexes could lead to the development of novel reactions involving such 

species. Starting from complex 24, we studied the possible formation of a Pd(IV) species with 

this ligand system. Addition of 1 (or 2) equivalents of methyl triflate resulted in a mixture of 

undefined products, and addition of iodomethane displayed only the formation of oxidized 

trimethylphosphine, besides the starting materials. Also (diacetoxyiodo)benzene, which is 

commonly used for the oxidation of palladium(II) species, does not give the desired 

palladium(IV) compound. However, addition of molecular iodine (Scheme 18) led to a clear 

color change from yellow to dark red, concomitant with a large shift in 31P NMR from -4.6 to 

37.4 ppm. The structure of complex 27 was furthermore confirmed by HR-MS, showing an 

m/z value of 630.0450 (calc. m/z 630.0475) [M-I]. Although further investigations regarding 

mechanistics and catalysis should be performed, we have shown the possible formation of 

Pd(IV) species of complexes based on a bis(pyrazolyl)pyridine ligand system. 

 

Scheme 18. Formation of Pd(IV) complex 27 via the oxidative addition of I2 on complex 24. 
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5.2.6 Intramolecular hydroamination 

In Chapters 2 and 4 we examined various complexes as catalyst in the intramolecular 

hydroamination of aminoalkenes. Unfortunately, none of these complexes was able to 

accomplish the ring closure, as only isomerization of the alkene double bond occurred. Since 

a pyrazole-iridium catalyst is known for its bifunctional behavior in this catalytic reaction,7 we 

selected several of the cobalt and palladium complexes reported in this Chapter as potential 

catalyst for the hydroamination reaction, of which the results are displayed in Table 2. 

Palladium complexes have been known for a while as hydroamination catalyst and recently a 

study has been reported on a Co(II) complex,29 although the precise mode of action for this 

catalyst system has not been established and various additives are required. All aminoalkenes 

are derivatives of 2,2-diphenyl-4-pentenylamine, including triflic-, tosyl- and CBz-

functionalized amines and the yields are determined by 1H NMR spectroscopy. Products a and 

b would correlate to the anti-Markovnikov and Markovnikov products, respectively, while iso 

is formed via double bond isomerization of the terminal alkene into the internal derivative. 

 

Entries 1 – 5 show the results for the parent aminoalkene. When complex 21 is used as catalyst 

in the presence of AgBF4 and with toluene as solvent, full conversion into the isomerization 

product is observed (entry 1). Complex 23 shows no reactivity at all, which can be explained 

by the coordinated acetonitrile ligand. Apparently, its strong coordination prevents substrate 

binding or activation (entry 2). The same observation is made when 2 equivalents of base are 

added to either complex in dichloromethane, as the palladium complexes do not show any 

activity when deprotonated (entries 3 and 4). In entry 5, also cobalt complex 9 shows no 

conversion when pre-treated with 2 equivalents of base. The more acidic triflic-functionalized 

aminoalkene does not show formation to either of the desired products. Palladium complex 

21, in the presence of AgBF4, shows 38% conversion to the isomerization product, whereas 2 

equivalents of base at 70 ºC apparently led to an inactive complex (entries 6 and 7). Entries 8 

– 15 show the outcome of the catalysis done with the tosyl-functionalized aminoalkene as 

substrate. Under different conditions, the applied palladium and cobalt complexes are inactive 

(entries 11 – 15), except for complex 21 in the presence of AgBF4. Entries 8 – 10 show almost 

full conversion to the isomerization product in both toluene and dichloromethane. A possible 

explanation for this inactivity could lie in the initial amine activation prior to the cyclization 

event, or the inhibition of proton-transfer from the amino moiety to the coordinated double 

bond of the substrate. Therefore, we probed stoichiometric reactions of palladium complex 

and aminoalkene. Reaction of complex 21 in combination with 2 equivalents of KOtBu and 

CBz-functionalized aminoalkene did not result in activation of the amine N-H bond. This 

cannot be related to the substituent on the amine, as Table 2 shows that none of the 

aminoalkenes reacts with the deprotonated complexes. Therefore, initial amine activation can 

be excluded as pathway of cyclization. When complex 21 in the presence of AgBF4 is reacted 

with the tosyl-functionalized aminoalkene, we do not find evidence of the coordinated alkene 

species, as the 1H NMR spectrum does not show a shift of the alkene signals. However, some 

isomerization has already occurred, indicating the alkene must have been coordinated 

initially.  
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Table 2. The results of the intramolecular hydroamination reaction for different aminoalkenes 

using cobalt complexes 9 and 9Me, and palladium complexes 21 and 23. 

    

 

Entry R Catalyst additive solvent T [°C] t [h] Yield [%] 

1 H 21 2 equiv. AgBF4 toluene rt 15 100% iso 

2 H 23 - toluene  50 14  SM 

3 H 23 2 equiv. KHMDS dcm rt 15 SM 

4 H 21 2 equiv. KOtBu dcm rt 16 SM 

5 H 9 2 equiv. KOtBu dcm rt 14 SM 

6 Tf 21 2 equiv. AgBF4 toluene  70 16 38% iso 

7 Tf 21 2 equiv. KHMDS toluene 70 15 SM 

8 Ts 21 2 equiv. AgBF4 toluene rt 14 70% iso 

9 Ts 21 2 equiv. AgBF4 toluene 50 14 100% iso 

10 Ts 21 2 equiv. AgBF4 dcm rt 17 95% iso 

11 Ts 21 2 equiv. KOtBu dcm rt 17 SM 

12 Ts 21 2 equiv. KOtBu toluene 50 16 SM 

13 Ts 23 - toluene 50 14 SM 

14 Ts 9 2 equiv. AgBF4 toluene  50 14 SM 

15 Ts 9 2 equiv. KOtBu toluene  50 15 SM 

16 CBz 21 2 equiv. AgBF4 toluene  50 14 13% iso 

17 CBz 21 2 equiv. KOtBu dcm rt 16 SM 

18 CBz 21 2 equiv. AgBF4 dcm rt 14 

32% b 

68% iso  

19 CBz 21 2 equiv. AgBF4 dcm 40 14 

58% b 

42% iso 

 

The reason why the cyclization does not occur might be related to the functional group on the 

amine. Whereas the parent aminoalkene and triflic- and tosyl-functionalized aminoalkenes 

only show (partial) isomerization, the CBz-functionalized amine (a carbamate) shows 

formation of product b (entries 16 – 19). In toluene with AgBF4, a small amount of 

isomerization product is formed when complex 21 is applied as catalyst, and in 

dichloromethane with base only starting material was obtained. However, when a mixture of 

21 and AgBF4 was applied in dichloromethane, 32% of product b was formed along with 

byproduct iso (entry 18). Moreover, when the temperature was increased to 40 ºC, the major 

product turned out to be b, in 58% yield (entry 19). Whereas this is still a rather moderate 

yield, cyclization of the aminoalkene is able to occur when this palladium complex is applied 

as catalyst. 
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Beside the intramolecular hydroamination of aminoalkenes, the metal-catalyzed 

hydroamination of aminoalkynes is also considered as a potent way of synthesizing nitrogen-

containing heterocycles.30 Palladium complexes have been known as hydroamination catalyst 

for both alkenes and alkynes. We therefore examined the palladium complexes as well as the 

cobalt complexes as catalysts for this cyclization reaction. The results are presented in Table 

3. When applying Pd-complex 21 with AgBF4 in toluene at 50 ºC, full conversion into the five-

membered heterocycle was obtained (entry 1). To our delight, at lower temperature and in the 

presence of base, also full conversion was obtained when complex 21 was used as catalyst 

(entry 2). Moreover, when the temperature was increased, full conversion was obtained in 

only 3,5 hours (entry 5).  

 

Table 3. The results of the intramolecular hydroamination reaction for this aminoalkyne. 

   

 

Entry Catalyst additive solvent T [°C] t [h] Yield [%] 

1 21 2 equiv. AgBF4 toluene 50 15 100% b 

2 21 2 equiv. KOtBu dcm rt 17 100% b 

3 21 2 equiv. KOtBu dcm 40 3,5 100% b 

4 9 2 equiv. AgBF4 toluene 50 19 100% b 

5 9Me 2 equiv. AgBF4 toluene 50 19 100% b 

6 9 2 equiv. KOtBu dcm rt 46a 37% b 

7 9 2 equiv. KOtBu dcmb rt 46a 55% b 

8 9 2 equiv. KOtBu dcm 40 23a 100% b 

a aliquots were taken during the reaction and measured, this time indicates the last measurement. 

b this reaction is carried out in half of the usual volume, to create a more concentrated solution. 

 

Both cobalt complexes 9 and 9Me, the protected-ligand analogue, show full conversion in the 

presence of AgBF4 in toluene at 50 ºC (entries 4 and 5). Since the palladium complex 

facilitated full conversion of the aminoalkyne in only 3,5 hours, we were curious about the 

required time of cobalt complex 9. Entries 6 – 8 of Table 3 correlate with the plot in Figure 

14. A reaction using 9 in the presence of base in dichloromethane at room temperature 

resulted in a slow conversion of the aminoalkyne, as only 37% of the heterocycle was obtained 

after nearly 2 days. Using higher concentration of the reagents did increase the product yield 

by a factor of 1.5, although 40 hours were still required for conversion of half the amount of 

the substrate. When the temperature was increased to 40 ºC, 71% of product b was already 

obtained after 7 hours and after 23 hours its full conversion was achieved. Both cobalt complex 

9 and palladium complex 21 show their value in this catalytic hydroamination, where slightly 

elevated temperatures are required for a fast conversion of aminoalkyne into methyl-

dihydropyrrole. 
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Figure 14. Conversion of aminoalkyne over time, catalyzed by Co complex 9 under different conditions. 

 

5.3 Conclusions 

The coordination chemistry, (ligand-induced) reactivity and catalytic applications of 

tridentate bis(pyrazolyl)pyridine ligands are underexplored when compared to closely 

resembling PNP pincer systems. We herein described the versatile chemistry of these NNN-

ligands with iron, cobalt, ruthenium, and palladium precursors. Formation of penta-

coordinated iron complexes 1 and 2 occurs smoothly, but subsequent deprotonation of the 

pyrazolyl moieties produces not only the desired deprotonated complexes. Formation of 

homoleptic species and even hexanuclear structures is also observed as well. The synthesized 

cobalt complex 9 is stable under deprotonation conditions, however, reduction to Co(I) led to 

a similar (semi)-homoleptic complex as was also observed with iron. Ruthenium complex 16 

was able to perform well in the transfer hydrogenation of acetophenone. Its proton-responsive 

sites aid the metal during the catalysis, as the protected complex 16Me was not able to convert 

the acetophenone, proving the metal-ligand cooperation. Palladium complex 21 can be doubly 

deprotonated and is stabilized by different co-ligands such as PMe3 and pyridine. 

Furthermore, a Pd(IV)-species was generated via the oxidative addition of I2. Application of 

the Pd complexes in the intramolecular hydroamination reaction of a CBz-functionalized 

aminoalkene resulted in a yield of 58%. Unfortunately, the other functionalized substrates did 

not react. Whether this system is limited to carbamate-functionalized aminoalkenes, should 

be investigated in more detail. When both the Co and Pd complexes were applied in the 

intramolecular hydroamination of aminoalkynes, formation of the dihydro-pyrrole was 

obtained in all cases. Whereas we envisioned the ligands in these complexes to undergo an 

easier deprotonation/reprotonation process than the PNP systems, we discovered that they 

also coordinate and behave in a different way. Especially in the complexes of the first row TMs, 

the coordinated acetonitrile ligands are rapidly displaced by ligands L1 or L2, which makes 

its ensuing chemistry more difficult. However, it has been shown that these complexes can 

benefit to some extent from their accessible bifunctional site in catalytic reactions and despite 

its difficult nature, pyrazole-pyridine systems are interesting ligands. Whereas the above 
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discussed systems are all rather rigid, inducing severe strain into a complex, more flexible 

ligands could provide a complex with more freedom, hereby improving its reactivity towards 

the envisioned theories. 

 

5.4 Experimental Section 

General procedures 

Solvents were either distilled over suitable drying agents or dried using an MBraun SPS (Solvent 

Purification System). All experiments were carried out under an inert gas atmosphere using standard 

Schlenk techniques. All chemicals were commercially available and used without further purification, 

unless described otherwise. The 1H, 1H{31P}, 31P{1H} and 13C{1H} NMR spectra were recorded at room 

temperature on a Bruker AV400 (at 400, 162, and 100 MHz, respectively) and on a Bruker DRX500 (at 

500, 202, and 126 MHz, respectively) and calibrated to the residual proton and carbon signals of the 

solvent.31 High resolution mass spectra were recorded on a JEOL AccuTOF GC v 4g, JMS-T100GCV mass 

spectrometer (FD) and on a JEOL AccuTOF LC, JMS-T100LP mass spectrometer (CSI). IR spectra were 

recorded with a Bruker Alpha-p FT-IR spectrometer operated in the ATR mode. 

 

Syntheses and characterization 

Ligand L1. This ligand was prepared according to a reported procedure,13 

starting from 2,6-diacetylpyridine (0.83 g, 5.08 mmol) and obtained as an off-

white powder (82%). 1H NMR (400 MHz, DMSO-d6, ppm): δ 13.51 (br s, 1H), 

13.05 (br s, 1H), 7.86 – 7.63 (m, 5H), 6.97 (s, 2H). HR-MS (FAB+) (C11H9N5): m/z 

calcd. 212.0936; found 212.0934. 

 

Ligand L2. This ligand was synthesized according to a reported 

procedure,9 starting from diethyl 2,6-pyridinecarboxylate (3.00 g, 

13.44 mmol) and obtained as a white crystalline powder (74%). 1H 

NMR (400 MHz, CDCl3, ppm): δ 7.72 (t, 3JHH = 7.5 Hz, 1H), 7.60 (d, 

3JHH = 6.7 Hz, 2H), 6.64 (s, 2H), 1.39 (s, 18H). HR-MS (CSI+) 

(C19H25N5): m/z calcd. 324.2188; found 324.2162. 

 

Ligand L2Me. This ligand was synthesized according to a reported 

procedure, starting from L2 (221.7 mg, 0.685 mmol),14 and obtained 

as a grey powder (83%). 1H NMR (400 MHz, CDCl3, ppm): δ 7.79 

(m, 3H), 6.79 (s, 2H), 4.01 (s, 6H), 1.45 (s, 18H). HR-MS (CSI+) 

(C21H29N5): m/z calcd. 352.2501; found 352.2502. 

 

Complex 1, FeCl2(L1). Anhydrous FeCl2 (1.63 g, 7.7 mmol) was dissolved in 60 

mL acetonitrile and L1 (0.98 g, 7.7 mmol) in 30 mL acetonitrile was added. The 

solution was stirred at room temperature for 20 hours before all volatiles were 

evaporated. A dark yellow powder was obtained in quantitative yield. 1H NMR 

(400 MHz, DMSO-d6, ppm): δ 13.53 (br s, 1H), 13.06 (br s, 1H), 7.94 – 7.62 (m, 

5H), 7.02 (s, 2H). HR-MS (FAB) (C11H9Cl2FeN5): m/z calcd. 336.9585; found 336.9586. IR (ATR cm-1): 

1609 (m), 1568 (m). 
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Complex 2, FeCl2(L2). Anhydrous FeCl2 (185.0 mg, 1.46 mmol) 

was dissolved in 40 mL acetonitrile and L2 (472.1 mg, 1.46 mmol) 

in 20 mL acetonitrile was added. This mixture was stirred for 20 

hours at room temperature before all volatiles were evaporated. A 

dark yellow powder is obtained in quantitative yield. 1H NMR (400 

MHz, DMSO-d6, ppm): δ 13.04 (s, 1H), 12.75 (s, 1H), 7.82 (s, 2H), 7.66 (d, J = 9.1 Hz, 1H), 6.99 (s, 1H), 

6.82 (s, 1H,), 1.31 (s, 18H). HRMS (CSI+) (C19H25Cl2FeN5): m/z calcd. 449.0837; found 449.0851. IR (ATR 

cm-1): 1613 (m), 1578 (m).  

 

Complex 9, CoCl2(L2). This complex was synthesized according 

to a literature procedure,11 starting from L2 (210.1 mg, 0.65 mmol) 

and obtained as blue crystalline needles (67%). eff = 3.51 B. HR-

MS (CSI+) (C19H25ClCoN5): m/z calcd. 417.1130; found 417.1128 [M-

Cl]. IR (ATR cm-1): 1612 (m), 1573 (m). 

 

Complex 9Me, CoCl2(L2Me). This complex was synthesized 

according to a literature procedure,11 starting from L2Me (245.1 

mg, 0.697 mmol) and obtained as turquoise crystalline needles 

(61%). eff = 4.27 B. HR-MS (CSI+) (C21H29ClCoN5): m/z calcd. 

445.1444; found 445.1508 [M-Cl]. IR (ATR, cm-1): 1609 (m), 1574 

(m). 

 

Complex 16, [RuCl(PPh3)3(L2)]Cl. This complex was 

synthesized according to a literature procedure,9 starting from L2 

(51.8 mg, 0.16 mmol) and obtained as an orange powder (75%). 1H 

NMR (400 MHz, chloroform-d, ppm): δ 10.83 (s, 2H), 7.48 (t, J = 

7.8 Hz, 1H), 7.41 – 7.02 (m, 32H), 6.42 (d, J = 1.9 Hz, 2H), 1.22 (s, 

18H). 31P NMR (162 MHz, chloroform-d, ppm). δ 24.2 (s). HR-MS (CSI+) (C55H55ClN5P2Ru): m/z calcd. 

984.2676; found 984.2599. IR (ATR, cm-1): 1608 (m), 1556 (m). 

 

Complex 21, [PdCl(L2)]Cl. Ligand L2 (210.8 mg, 0.652 mmol) 

and PdCl2(MeCN)2 (169.1 mg, 0.652 mmol) were dissolved in 20 mL 

anhydrous acetonitrile, producing a dark-yellow solution that was 

stirred for 20 hours at room temperature. Subsequently, all volatiles 

were evaporated and a dark-yellow solid was obtained (71%). 1H 

NMR (400 MHz, acetonitrile-d3, ppm): δ 12.20 (br s, 2H), 8.26 (t, J = 8.0 Hz, 1H), 7.84 (d, J = 8.0 Hz, 

2H), 6.99 (s, 2H), 1.43 (s, 18H). 13C NMR (100 MHz, acetonitrile-d3, ppm): δ 159.2 (s), 153.7 (s), 150.08 

(s), 143.3 (s), 120.5 (s), 103.2 (s), 31.9 (s), 29.9 (s). HR-MS (CSI+) (C19H25ClN5Pd): m/z calcd. 464.0838; 

found 464.0890. IR (ATR, cm-1): 1611 (m), 1569 (m). 

 

Complex 22, [PdCl(NCMe)(L2)](PF6). Complex 21 (15.0 mg, 

0.03 mmol) and TlPF6 (10.4 mg, 0.03 mmol) were dissolved in 5 

mL anhydrous acetonitrile, producing a dark-yellow solution that 

was stirred for 20 hours at room temperature. Subsequently, the 

mixture was filtered and all volatiles were evaporated to produce a 

dark-yellow solid in quantitative yield.  1H NMR (400 MHz, acetonitrile-d3, ppm): δ 12.13 (s, 2H), 8.25 (t, 

J = 8.0 Hz, 1H), 7.81 (d, J = 8.0 Hz, 2H), 6.97 (d, J = 1.9 Hz, 2H), 1.43 (s, 18H). 31P NMR (162 MHz, 
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acetonitrile-d3, ppm): δ -144.6 (hept, J = 707 Hz). HR-MS (CSI+) (C19H25ClN5Pd): m/z calcd. 464.0838; 

found 464.0868. IR (ATR, cm-1): 1614 (m), 1578 (m).  

 

Complex 23, [Pd(NCMe)(L2)](PF6)2. Complex 21 (17.9 mg, 

0.036 mmol) and TlPF6 (24.9 mg, 0.071 mmol) were dissolved in 5 

mL anhydrous acetonitrile, producing a dark-yellow solution that 

was stirred for 20 hours at room temperature. Subsequently, the 

mixture was filtered and all volatiles were evaporated to produce a 

dark-yellow solid in quantitative yield. 1H NMR (400 MHz, acetonitrile-d3, ppm): δ 12.06 (s, 2H), 8.36 (t, 

J = 8.0 Hz, 1H), 7.88 (d, J = 8.0 Hz, 2H), 7.07 (d, J = 1.9 Hz, 2H), 1.46 (s, 18H), (1.42 (s, 3H). 31P NMR 

(162 MHz, acetonitrile-d3) δ -146.8 (hept, J = 707 Hz). 13C NMR (126 MHz, acetonitrile-d3, ppm): δ 159.8 

(s), 153.6 (s), 150.7 (s), 145.0 (s), 121.4 (s), 103.8 (s), 32.1 (s), 28.9 (s). HR-MS (CSI+) (C21H28ClN6Pd): m/z 

calcd. 429.11448; found 429.10269 [M-MeCN] IR (ATR, cm-1): 1616 (m), 1560 (m).  

 

Complex 24, Pd(PMe3)(L2**). Complex 21 (97.3 mg, 0.194 

mmol) was dissolved in 10 mL acetonitrile and KHMDS (0.5M in 

toluene) (0.78 mL, 0.389 mmol) was added. PMe3 (22 L, 0.2 

mmol) was added and the yellow mixture was stirred for 2 hours. 

The mixture was filtered and all volatiles were evaporated to yield 

a yellow powder (65%). 1H NMR (400 MHz, acetonitrile-d3, ppm): δ 7.82 (t, J = 7.9 Hz, 1H), 7.23 (dd, J = 

7.9, 1.7 Hz, 2H), 6.53 (s, 2H), 1.83 (d, J = 12.2 Hz, 9H), 1.32 (s, 18H). 31P NMR (162 MHz, acetonitrile-d3, 

ppm): δ -4.6 (s). 13C NMR (100 MHz, acetonitrile-d3, ppm): δ 153.0 (s), 151.4 (s), 141.6 (s), 113.2 (s), 100.1 

(s), 99.9 (s), 31.9 (s), 30.3 (s), 12.6 (d, J = 32.5 Hz). HR-MS (CSI+) (C22H32N5Pd): m/z calcd. 504.14387; 

found 504.14520. IR (ATR, cm-1): 1597 (m), 1562 (m). 

 

Complex 25, [Pd(PMe3)(L2)]Cl2. Complex 21 (103.7 mg, 0.21 

mmol) was dissolved in 10 mL acetonitrile and PMe3 (23.6 L, 0.22 

mmol) was added. The yellow solution was stirred for 3 hours before 

all volatiles were evaporated. Alternatively, complex 24 (12.1 mg, 

0.024 mmol) was dissolved in 1 mL acetonitrile and HCl (1.0M 

solution in diethyl ether) ( 24 L, 0.024 mmol) was added. The solution was stirred for 1 hour before all 

volatiles were evaporated. 1H NMR (400 MHz, acetonitrile-d3, ppm): δ 11.54 (s, 2H), 8.08 (t, J = 7.9 Hz, 

1H), 7.91 (d, J = 7.8 Hz, 1H), 7.82 (d, J = 7.8 Hz, 1H), 6.83 (d, J = 10.2 Hz, 2H), 1.73 (d, J = 11.7 Hz, 9H), 

1.09 (s, 18H). 31P NMR (162 MHz, acetonitrile-d3, ppm): δ 0.86 (s). HR-MS (CSI+) (C22H34N5Pd): m/z 

calcd. 504.15084; found 504.15478. IR (ATR, cm-1): 1597 (m), 1572 (m). 

 

Complex 26, Pd(pyridine)(L2**). Complex 21 (20.9 mg, 0.04 

mmol) and KHMDS (16 mg, 0.08 mmol) were dissolved in 2 mL 

pyridine. The solution, which turned bright yellow, was stirred for 3 

hours before filtration and evaporation. 1H NMR (400 MHz, methylene 

chloride-d2, ppm): δ 10.26 (d, J = 5.6 Hz, 2H), 8.03 (t, J = 7.5 Hz, 1H), 

7.75 (t, J = 7.9 Hz, 1H), 7.61 (t, J = 6.9 Hz, 2H), 7.15 (d, J = 7.8 Hz, 2H), 

6.56 (s, 2H), 1.42 (s, 18H). 13C NMR (101 MHz, methylene chloride-d2, 

ppm): δ 160.6 (s), 153.2 (s), 152.4 (s), 150.8 (s), 140.5 (s), 138.5 (s), 124.9 (s), 112.6 (s), 100.0 (s), 32.23 

(s), 30.6 (s). HR-MS (CSI+) (C24H28N6Pd): m/z calcd. 506.14103; found 506.13903. IR (ATR, cm-1): 1603 

(m), 1561 (m). 
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Complex 27, Pd(PMe3)(I)2(L2**). Complex 24 (16.8 mg, 0.04 

mmol) and iodine (9.0 mg, 0.04 mmol) were dissolved in 1 mL 

deuterated acetonitrile. Within an hour, the yellow solution turned 

dark-red. 1H NMR (400 MHz, acetonitrile-d3, ppm): δ 7.90 (t, J = 

7.9 Hz, 1H), 7.37 (d, J = 8.0 Hz, 1H), 6.83 (br s, 1H), 1.81 (d, J = 12.3 

Hz, 9H), 1.32 (s, 18H). 31P NMR (162 MHz, acetonitrile-d3, ppm): δ 

37.4 (s). 13C NMR (126 MHz, acetonitrile-d3, ppm): δ 160.0 (s), 159.2 (s), 155.1 (s), 143.4 (s), 120.8 (s), 

103.8 (s), 32.0 (s), 28.9 (d, J = 8.4 Hz), 15.1 (d, J = 72.6 Hz). HR-MS (CSI+) (C22H32IN5PPd): m/z calcd. 

630.0475; found 630.0450 [M-I]. IR (ATR, cm-1): 1605 (m), 1563 (m). 

 

General procedure for catalytic transfer hydrogenation 

To a Schlenk containing a magnetic stirrer, 1 mol% of catalyst, and 10 mol% of base were added distilled 

acetophenone (1 mmol) as substrate, 10 µL p-xylene as internal standard, and 2 mL isopropanol. The 

mixture was stirred at 75 ºC. Aliquots were taken from the mixture during the reaction, which were 

subsequently filtered over a plug of silica and analyzed by GC. 

 

General procedure for intramolecular hydroamination 

Typically, the relevant Pd or Co complex (0.01 mmol) and the additives (0.02 mmol) were dissolved in 

the desired solvent (2 mL) and stirred for 10 minutes. The aminoalkene substrate (0.1 mmol) was added 

to the mixture and the reaction was stirred at room temperature, unless stated otherwise. Reaction times 

varied from 16 to 20 hours. The yields of the products were determined by NMR analysis. 

 

X-ray crystallography 

X-ray intensities were measured on a Bruker D8 Quest Eco diffractometer equipped with a Triumph 

monochromator ( = 0.71073 Å) and a CMOS Photon 50 detector at a temperature of 150(2) K. Intensity 

data were integrated with the Bruker APEX2 software.32 Absorption correction and scaling was performed 

with SADABS.33 The structures were solved with the program SHELXL.32 Least-squares refinement was 

performed with SHELXL-201334 against F2 of all reflections. Non-hydrogen atoms were refined with 

anisotropic displacement parameters. The H atoms were placed at calculated positions using the 

instructions AFIX 13, AFIX 43 or AFIX 137 with isotropic displacement parameters having values 1.2 or 

1.5 times Ueq of the attached C atoms. N-H hydrogen atoms were refined freely with isotropic 

displacement parameters.  
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5.6 Appendix 

The original idea for this research was the comparison between tridentate NNN ligands based on pyrazoles 

and hydroxy-pyridines (Scheme 19). They both have a similar tautomerization for proton transfer, have 

their reactive sites in close proximity to the metal center and also direct in the equatorial plane.  

 

Scheme 19. Tautomerization between a pyrazolato and a pyrazole (left) and a pyridone and a 

hydroxy-pyridine (right), with reversible protonation of the β-nitrogen.  

 

Although the synthesis of ligand L3 is reported, we could not synthesize the targeted product.35 Starting 

from the 6,6’-dibromo-terpyridine, a palladium(II)-catalyzed coupling with sodium tert-

butoxide was performed and should afford the 6,6’-di-tert-butoxy-terpyridine, from where 

hydrolysis of the tert-butoxide groups is carried out to obtain the final 6,6’-dihydroxy-

terpyridine ligand. Although several attempts were carried out, not once was the desired 

intermediate obtained.  

 

The tert-butoxide, which is a very strong base, cannot attack the 2-position of the pyridine 

since it is a very poor nucleophile. Therefore, the bromide will not be replaced, leaving only 

starting material left (Scheme 20, left). An alternative route was tested where the 6,6’-

dibromo-terpyridine was reacted with n-butyl lithium, followed by in situ borylation and 

subsequent hydrolysis.36 Unfortunately, this did not give the desired product either. A possible 

explanation is the fact that in this synthesis the aromatic ring that is attacked is a pyridine, 

where mostly phenyl rings are reported for this type of reactions (Scheme 20, right). 

Scheme 20. a) Attack of the tert-butoxide on the pyridine is very unlikely, since it is a very poor 

nucleophile. b) Alternative synthesis to 6,6’-dihydroxy-terpyridine, where the bromides are substituted 

by boranes, followed by hydrolysis. 
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Because this ligand was still valued as worthy, it was reasoned we could synthesize this via a 

multicomponent reaction. In 2012, the group of Orru described the synthesis of 

benzo[α]quinolizines via the four-component reaction of 3,4-dihydro-pyridin-2-ones.37 We 

envisioned the synthesis of the 6,6’-dihydroxypyridine should be straightforward, although 

two ring closing events had to occur in this situation to form both hydroxyl-pyridine side-arms 

of L3, compared to the single heterocycle formation that was reported. Starting from diethyl 

methyl phosphonate a, methyl isocyanoacetate b, benzaldehyde c and half an equivalent of 

2,6-pyridinedinitrile d, the isocyanide-containing 3,4-dihydropyridin-2-one L3NC should 

have been synthesized easily (Scheme 21). 

 

Scheme 21. Retro synthesis of 2,6-pyridine-(3,4-dihydropyridin-2-one) L3NC from diethyl methyl 

phosphonate a, methyl isocyanoacetate b, benzaldehyde c and half an equivalent of 2,6-

pyridinedinitrile d. 

 

Unfortunately, it appeared very difficult to form a pyridone on both sides of the central 

pyridine ring. From 1H and 13C NMR spectra and 1H-13C HMQC correlation we concluded that 

the desired product was not obtained but that the formed species was compound L4NC, which 

we considered as an intermediate that could lead to a very interesting ligand (Scheme 22). 

Deprotonation with an excess of NaH should provide the corresponding 2-pyridone via facile 

elimination of the isocyano group, but ligand L4 was not obtained. 

  

 
Scheme 22. Ligand L4NC was the product obtained from the multicomponent reaction. Deprotonation 

with an excess of NaH to obtain ligand L4 was unfortunately unsuccessful. 
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Summary 

Proton-Responsive Pyridine-based Ligands 

Synthesis, Coordination Chemistry and Catalysis 

 

 

Catalysts are indispensable for society as they are applied in the majority of industrial 

processes to produce e.g. pharmaceuticals, fuels and plastics. Catalysts can increase the rate 

at which a reaction proceeds, but can also selectively produce only one product, thereby 

preventing side reactions and the production of side products or waste, resulting in more 

efficient, atom-economical and environmentally benign processes. In homogeneous catalysis, 

the catalyst often consists of a transition metal that is surrounded by ligands. Traditionally, 

ligands act merely as spectators rather than actors, and thus only modify the reactivity of the 

metal center by their steric properties and electronic donating/accepting abilities, but they do 

not actively participate in bond making and breaking processes. In biological systems, 

enzymes exploit protein-based ligands or other organic co-factors in combination with earth-

abundant metals for cooperative substrate activation. In the active site, these ligands often 

participate directly in bond activation processes and may undergo a reversible chemical 

transformation. In synthetic chemistry and especially catalysis, reactive ligands may be 

envisioned to operate in a synergistic way with the metal to facilitate a chemical process. This 

concept of metal-ligand cooperation (MLC) has gained a lot of interest over the past decade 

and is currently a rapidly expanding field of homogeneous catalysis. 

 

The research described in this thesis is focused on the development of new metal complexes 

bearing different proton-responsive ligand systems. More specifically, several bidentate and 

tridentate types of pyridine-based ligands are described, which exhibit a cooperative character 

in their own specific way. The coordination to mainly 2nd row late-transition metals (Ru, Rh, 

and Pd) is studied, along with the behavior of their bifunctional character and application in 

several catalytic transformations. Chapter 1 provides an overview of different types of 

reported cooperative ligands based on phosphinomethylpyridines, pyridones and pyrazoles 

(Figure 1), along with their corresponding metal complexes. These systems have been 

influential for the research described in this thesis and are therefore reviewed in detail, along 

with the aims for the thesis itself. 

 

 

Figure 1. General structure of a phosphinomethylpyridine, pyridone and pyrazole ligand, coordinated 

to a metal center. 

 

 



 

· 148 · 

In Chapter 2 a bidentate reactive phosphinomethylpyridine is described as well as its 

coordination to Pd(CH3)(Cl)(cod), [Rh(CO)2(-Cl)]2, and [Rh(acetone)2(coe)2]BF4. Tridentate 

PNP pincer analogues are known, but the use of a bidentate ligand allows for an additional 

vacant site at the metal center that could be utilized for further reactivity. Deprotonation of 

the resulting complexes with a strong base provided the ligand-activated complexes that could 

be efficiently stabilized by coordination of various additional phosphine ligands or solvent 

molecules (Scheme 1). Backbone reactivity is shown in N-H activation, as amines can be 

activated using the dearomatization-rearomatization strategy of this ligand. This resulted in 

the formation of novel Pd(II)- and Rh(I)-amido species.  

 

 
Scheme 1. Deprotonation of these complexes results in stabilized dearomatized complexes that can 

undergo activation of N-H bonds via MLC. 

 

Application of these bidentate complexes in the catalytic intra- and intermolecular 

hydroamination of aminoalkenes, which we envisioned to have a benefit over their tridentate 

analogous, was unfortunately unsuccessful, suggesting that coordination of a substrate trans 

to the phosphorus atom of the ligand is not a productive intermediate to acquire the desired 

reactivity. 

 

Chapters 3 and 4 describe the synthesis and coordination properties of novel tridentate 

PNN(O) ligands that feature two different reactive sites, i.e. a phosphinomethyl arm and a 

hydroxy-pyridine functionality (Figure 2). The acidity of the unequal reactive sites is shown 

by bases of different strength, which lead to site-selective dearomatization. These systems 

could benefit from their more accessible cooperative site compared to analogous PNP pincer 

systems. 

 

 
Figure 2. General structure of the ligands discussed in Chapters 3 and 4. 

 

In Chapter 3 the synthesis of the ligands is described, as well as their coordination to 

ruthenium. As expected, selective deprotonation of RuL1, having both a hydroxyl and a 

benzylic acidic proton, occurs with both weak and strong bases, whereas RuL3, the O-methyl 
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protected variant of L1, was only deprotonated by the stronger bases. Application of RuL1 in 

the dehydrogenation of formic acid resulted in rather poor turnover frequencies, but did 

produce clean, CO-free dihydrogen. It also turned out to be a robust catalyst, as it did not 

decompose after several reactions. Using RuL1 in the dehydrogenative coupling of alcohols 

into esters, resulted in 90% conversion for benzyl alcohol and full conversion for 1-butanol 

(Scheme 2). The more challenging dehydrogenative coupling of benzyl alcohol and benzyl 

amine into benzyl benzamide led only to small amounts of amide, as the main product proved 

to be the ester. 

 

 
Scheme 2. Application of ruthenium complex RuL1 in the dehydrogenation of formic acid (left) and 

dehydrogenative coupling of alcohols into esters (right). 

 

Calculations indicate that this ligand system should have enhanced reactivity compared to the 

parent pincers, which is not observed experimentally. The reason why the catalytic activity is 

not higher, especially in the formic acid dehydrogenation, remains unknown. The calculations 

we have performed only concern the step that involves the formation of dihydrogen. Whereas 

the results indicate that this step is indeed lower in activation energy, it implies that another 

step of the catalytic cycle is higher in energy, or a competing, non-productive pathway is active. 

For example, coordination of the substrate or activation of the O-H bond could be challenging 

steps, but those stages have not been calculated.   

 

Chapter 4 describes the coordination of these PNN(O) ligands to different Rh(I) and Pd(II) 

precursors. Depending on the rhodium precursor, spontaneous deprotonation of the pyridone 

side arm to generate an anionic ligand or dissociation of the halide from the precursor material 

was observed. Additionally, these complexes proved susceptible to (further) deprotonation 

(dearomatization) upon reaction with both weak or strong bases, even generating the 

formation of an anionic doubly deprotonated species. Oxidative addition of molecular iodine 

to these complexes gives rise to the formation of Rh(III) complexes. Addition of iodomethane 

illustrates the reactive nature of the ligand, as the methyl moiety reacts with the pyridone to 

form the methoxy derivative (Scheme 3). We envisioned these novel complexes to have a 

benefit from their hydroxyl-functional group as cooperative site compared to analogous pincer 

systems. However, application of these rhodium complexes in the transfer hydrogenation of 

acetophenone (with 2-propanol as hydrogen donor) demonstrated moderate activity for only 

some of the complexes. 
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The palladium complexes were studied in the catalytic intramolecular hydroamination of (N-

substituted) aminoalkenes, but unfortunately no cyclization was observed (isomerization of 

the starting material was commonly detected). The envisioned advantage of the additional 

pyridone site over known systems failed to give the desired reactivity. One plausible reason 

might be steric hindrance induced by the tert-butyl groups on the phosphorus donor, 

preventing coordination of the substrate double bond and/or proton-transfer from the amino 

moiety.  

 

 
Scheme 3. Deprotonation of the rhodium complex leads to the doubly deprotonated species (left), 

oxidative addition of I2 generates a Rh(III) complex (bottom) and addition of iodomethane forms the 

methoxyl derivative of the ligand (right). 

 

In Chapter 5 we discuss the formation of tridentate NNN ligands and their coordination 

chemistry with several 1st row (Fe, Co) and 2nd row (Ru, Pd) transition metals. This ligand 

structure can be doubly deprotonated, and also possesses a relatively facile reversible process 

of proton transfer compared to the previously discussed phosphinomethylpyridines. Due to 

the close proximity of its reactive sites to a given metal center and the relatively easily 

deprotonation by mild bases, this may significantly aid the process of metal-ligand 

bifunctional activation. 

 

Coordination of the ligands to Fe(II)Cl2 smoothly leads to the five-coordinated iron 

complexes, but subsequent deprotonation of the pyrazolyl moieties produces a mixture of 

products, including the desired deprotonated complexes. Formation of homoleptic species 

and even hexanuclear structures is also observed. The latter ones are thermodynamically more 

stable than the deprotonated complex (Scheme 4). 
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Scheme 4. Deprotonation of the iron complexes leads to undesired byproducts. 

 

When coordinated to ruthenium, this ligand showed activity in the transfer hydrogenation of 

acetophenone. The analogous complex with protected cooperative sites was not able to convert 

acetophenone, demonstrating the assistance of its proton-responsive sites during the 

catalysis.  

 

The palladium complex can be doubly deprotonated and is stabilized by different co-ligands 

such as PMe3 and pyridine (Scheme 5). Furthermore, a rare Pd(IV) species can be obtained 

via the oxidative addition of I2. A trigonal bipyramidal cobalt(II) complex shows to be stable 

under deprotonation conditions. Reduction to Co(I) led to a disproportionation and formation 

of similar homoleptic complex as was observed for iron. 

 

 
Scheme 5. Stabilization of the deprotonated complex by trimethylphosphine or pyridine. 

 

Application of the Pd complexes in the intramolecular hydroamination reaction of a CBz-

functionalized aminoalkene resulted in a yield of 58%. Unfortunately, other functionalized 

aminoalkene substrates failed to cyclize. When both the Co and Pd complexes were applied in 

the intramolecular hydroamination of aminoalkynes, formation of the dihydro-pyrrole was 

obtained under all circumstances. 

 

With the research described in this thesis we have demonstrated the coordination chemistry 

of several different proton-responsive ligands to mainly 2nd row late-transition metals. These 

complexes can benefit to some extent from their accessible bifunctional site in catalytic 
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reactions, but the resulting discoveries have not led to the anticipated reactivity and catalytic 

activity. Whereas the above discussed systems are all rather rigid, inducing severe strain into 

a complex, more flexible ligands could provide a complex with more freedom, hereby 

improving its reactivity towards the envisioned theories. 
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Samenvatting 

Reactieve Liganden gebaseerd op Pyridine 

Synthese, Coördinatiechemie en Katalyse 

 

 

Katalysatoren zijn onmisbaar voor de samenleving, aangezien deze materialen worden 

toegepast in veel industriële processen om o.a. geneesmiddelen, brandstoffen en kunststoffen 

te produceren. Katalysatoren kunnen de snelheid van een reactie verhogen, maar kunnen ook 

selectief de vorming van één product stimuleren, waarbij nevenreacties en de vorming van 

bijproducten of afvalstoffen worden verhinderd. Dit leidt tot processen die efficiënter, 

milieuvriendelijk en meer atoom-economisch zijn. In het vakgebied homogene katalyse 

bestaat een katalysator uit een overgangsmetaal dat omringd is door liganden. Van oudsher 

gedragen liganden zich meer als toeschouwer dan als speler, waarbij zij alleen de reactiviteit 

van het metaal beïnvloeden middels hun sterische en elektronische eigenschappen, maar niet 

actief deelnemen aan het maken en breken van bindingen. In biologische systemen maken 

enzymen gebruik van eiwitten, opgebouwd uit aminozuur-sequenties, die als liganden 

fungeren, eventueel in combinatie met kleine organische co-factoren. De natuur gebruikt ook 

bijna uitsluitend veel-voorkomende metalen, die in samenwerking met de eiwit-ligandschil 

coöperatieve substraat activering tot stand brengen. Hierbij doen de liganden dus actief mee 

aan de activering van bindingen en kunnen zij een reversibele chemische transformatie 

ondergaan. In synthetische chemie en met name de katalyse wordt van reactieve liganden 

verwacht dat zij op synergistische wijze kunnen samenwerken met het metaal atoom om zo 

chemisch proces te realiseren. Dit concept van metaal-ligand coöperatie (MLC) heeft de 

afgelopen tien jaar veel belangstelling gekregen en is momenteel een snel groeiend gebied 

binnen de homogene katalyse. 

 

Het in dit proefschrift beschreven onderzoek is gericht op de ontwikkeling van nieuwe metaal 

complexen waaraan verschillende reactieve ligand systemen zijn gecoördineerd. De ligand 

reactiviteit heeft betrekking op de mogelijkheid om reversibel protonen af te staan. In het 

bijzonder worden verschillende tweetandige en drietandige typen van op pyridine-gebaseerde 

liganden beschreven, die allen op hun eigen wijze over een coöperatief karakter beschikken. 

De coördinatie met voornamelijk 2e rij late overgangsmetalen (Ru, Rh, Pd) is bestudeerd, 

samen met het gedrag van hun bifunctionele karakter en de toepassing in verschillende 

katalytische transformaties. Hoofdstuk 1 geeft een overzicht van verschillende typen 

gepubliceerde coöperatieve liganden die gebaseerd zijn op (fosfinomethyl)pyridine structuren 

alsmede gefuncionaliseerde pyridonen en pyrazolen (Figuur 1), samen met hun 

respectievelijke coördinatiechemie met betrekking tot overgangsmetalen. Deze systemen zijn 

van invloed geweest op het in dit proefschrift beschreven onderzoek en worden daarom in 

detail besproken, samen met de doelstellingen van het proefschrift zelf. 
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Figuur 1. Algemene structuur van een (fosfinomethyl)pyridine, pyridone en pyrazool ligand, in 

coördinatie met een metaal atoom.  

 

In Hoofdstuk 2 wordt een tweetandig reactief (fosfinomethyl)pyridine ligand beschreven, 

evenals de coördinatie met Pd(CH3)(Cl)(cod), [Rh(CO)2(-Cl)]2 en [Rh(aceton)2(coe)2]BF4. 

Drietandige PNP (‘tang’ ligand) analogen zijn bekend, maar het gebruik van een tweetandig 

ligand creëert een additionele ‘vacante’ plaats op het metaalcentrum die kan worden gebruikt 

voor reactiviteit ten behoeve van substraat activering. Deprotonering van de gevormde 

complexen met een sterke base vindt selectief plaats op de reactieve liganden; de hierdoor 

gevormde complexen met geactiveerde liganden kunnen efficiënt worden gestabiliseerd door 

diverse fosfine liganden of oplosmiddelmoleculen (Schema 1). Reversibele reactiviteit van de 

ruggengraat van het ligand is aangetoond via de activering van N-H bindingen, waarbij amines 

kunnen worden geactiveerd via de dearomatisering-rearomatisering strategie van het ligand. 

Dit resulteerde in het ontstaan van nieuwe Pd(II)- en Rh(I)-amido moleculen. 

 

 
Schema 1. Deprotonering van deze complexen resulteert in gestabiliseerde gedearomatiseerde 

complexen die activering van N-H bindingen kunnen ondergaan via MLC. 

 

Toepassing van deze tweetandige complexen in de katalytische intra- en intermoleculaire 

hydroaminering van aminoalkenen was helaas niet succesvol. Het bedachte voordeel dat deze 

systemen hebben ten opzichte van hun drietandige analogen bleek niet werkzaam, wat 

suggereert dat coördinatie van een substraat trans ten opzicht van het fosforatoom van het 

ligand geen productief intermediair oplevert om de gewenste reactiviteit te verkrijgen. 

 

Hoofdstukken 3 en 4 beschrijven de synthese en coördinatie-eigenschappen van nieuwe 

drietandige PNN(O) liganden die twee verschillende reactieve functionaliteiten hebben, d.w.z. 

een fosfinomethyl arm en een hydroxy-pyridine (Figuur 2). Dergelijke ambivalente reactieve 

liganden zijn momenteel onderbelicht op het gebied van coöperatieve katalyse. De zuurgraad 

van de ongelijke reactieve plaatsen kan worden aangetoond met basen van verschillende 

sterktes, wat tot selectieve dearomatisering leidt. Deze systemen zouden kunnen profiteren 

van hun  meer toegankelijke coöperatieve functionaliteit ten opzichte van analoge PNP tang-

systemen. 
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Figuur 2. Algemene structuur van de liganden die besproken worden in Hoofdstukken 3 en 4. 

 

In Hoofdstuk 3 wordt de synthese van de liganden beschreven, evenals de coördinatie aan 

ruthenium. Selectieve deprotonering van RuL1 (dat zowel over een hydroxyl alsook een 

benzylisch proton beschikt) vindt plaats met zowel zwakke als sterke basen. RuL3 

daarentegen, de O-methyl beschermde variant van L1, is alleen te deprotoneren met de 

sterkere basen. Toepassing van RuL1 in de dehydrogenering van mierenzuur resulteerde in 

matige activiteit, maar produceerde wel schoon, CO-vrij waterstof. Ook bleek het een robuuste 

katalysator, aangezien het niet uit elkaar viel na verschillende opeenvolgende reacties. 

Gebruik van RuL1 als katalysator in de dehydrogenatieve koppeling van alcoholen tot esters 

resulteerde in 90% conversie voor benzylalcohol en volledige omzetting voor 1-butanol 

(Schema 2). De meer uitdagende dehydrogenatieve koppeling van benzylalcohol en 

benzylamine tot benzyl benzamide leidde slechts tot kleine hoeveelheden amide, aangezien 

het hoofdproduct de ester bleek te zijn. 

 

 
Schema 2. Toepassing van ruthenium complex RuL1 in de dehydrogenering van mierenzuur (links) en 

de dehydrogenatieve koppeling van alcoholen tot esters (rechts). 

 

Berekeningen geven aan dat dit ligand systeem verbeterde reactiviteit zou moeten laten zien 

in vergelijking met de bekende tang-systemen, maar dit is niet experimenteel waargenomen. 

De reden waarom de katalytische activiteit niet hoger is, met name in de dehydrogenering van 

mierenzuur, is onbekend. De uitgevoerde berekeningen hebben alleen betrekking op de stap 

waarin waterstof wordt gevormd. De resultaten geven aan dat deze stap inderdaad lager ligt 

in activerings-energie, maar dit impliceert ook dat een andere stap van de katalytische cyclus 

hoger ligt in energie, of dat een concurrerende, niet-productieve route actief is. Coördinatie 

van het substraat of activering van de O-H binding zouden bijvoorbeeld uitdagende stappen 

kunnen zijn, maar deze zijn niet berekend. 

 

Hoofdstuk 4 beschrijft de coördinatie van dezelfde PNN(O) liganden met verschillende 

Rh(I) en Pd(II) uitgangsstoffen. Afhankelijk van het gekozen rhodium-houdende 

startmateriaal vindt spontane deprotonering van de pyridon zijarm plaats waarbij een 
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anionisch ligand wordt gemaakt, of wordt dissociatie van de halide van de precursor 

waargenomen. Bovendien bleken deze complexen gevoelig voor (verdere) deprotonering 

(dearomatisering) in reactie met zowel zwakke als sterke basen, waarbij zelfs een anionisch 

dubbel-gedeprotoneerd complex kon worden gevormd. Oxidatieve additie van jood aan deze 

complexen leidt tot de vorming van Rh(III) complexen. Toevoeging van methyljodide 

illustreert de reactieve aard van het ligand, waarbij de methyl groep reageert met de pyridon 

tot het methoxy-derivaat (Schema 3). Waar we voorzagen dat deze nieuwe complexen zouden 

kunnen profiteren van hun hydroxyl groep als coöperatieve functionaliteit in vergelijking met 

analoge tang systemen, bleek dat de toepassing van deze rhodium complexen in de 

hydrogenering van acetofenon met 2-propanol als waterstofdonor maar matige activiteit 

toonde voor slechts enkele complexen. 

De palladium complexen werden bestudeerd in de katalytische intramoleculaire 

hydroaminering van (N-gesubstitueerde) aminoalkenen, maar helaas werd cyclisering niet 

waargenomen (over het algemeen werd isomerisatie van het uitgangsmateriaal gevonden).  

Het beoogde voordeel van de additionele pyridon ten opzichte van de bekende systemen gaf 

niet de gewenste reactiviteit. Een aannemelijke reden kan sterische hinder van de tert-butyl 

groepen aan het fosfor atoom zijn, waardoor coördinatie van de dubbele binding van het 

substraat en/of proton overdracht van de aminogroep wordt verhinderd. 

 

 
Schema 3. Deprotonering van het rhodium complex leidt tot het dubbel gedeprotoneerde complex 

(links), oxidatieve additie van I2 vormt een Rh(III) complex (onder) en toevoeging van methyljodide 

geeft het methoxy derivaat van het ligand (rechts). 

 

In Hoofdstuk 5 bespreken we de vorming van drietandige NNN liganden en hun coördinatie 

met verschillende 1e rij (Fe, Co) en 2e rij (Ru, Pd) overgangsmetalen. Deze ligand structuur 

kan dubbel gedeprotoneerd worden en heeft bovendien een relatief gemakkelijk omkeerbaar 

proces van proton overdracht in vergelijking met de eerder besproken (fosfinomethyl)pyridine 

structuren. Vanwege de nabijheid van de reactieve groepen tot het metaal atoom en de 

eenvoudige deprotonering door milde basen zou het proces van metaal-ligand bifunctionele 

activering mogelijk aanzienlijk vergemakkelijkt kunnen worden. 
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Coördinatie van de liganden aan Fe(II)Cl2 leidt tot vijf-gecoördineerde ijzercomplexen, maar 

deprotonering van de pyrazool groepen resulteert in een mengsel van producten, waaronder 

het gewenste product. De vorming van homoleptische complexen en zelfs hexanucleaire 

structuren wordt ook waargenomen. Deze laatste complexen zijn thermodynamisch stabieler 

dan het gedeprotoneerde complex (Schema 4). 

 

 
Schema 4. Deprotonering van de ijzer complexen leidt tot ongewenste bijproducten. 

 

Als het ligand wordt gecoördineerd aan ruthenium, vertoond dit complex activiteit in de 

hydrogenering van acetofenon. Het aanverwante complex waarbij de coöperatieve groepen 

zijn beschermd kon acetofenon niet omzetten, wat de assistentie van de ligand reactiviteit 

tijdens de katalyse ondersteunt. 

 

Het palladium complex kan dubbel worden gedeprotoneerd, waarbij het wordt gestabiliseerd 

door verschillende co-liganden zoals PMe3 en pyridine (Schema 5). Verder kan een Pd(IV) 

complex worden verkregen door oxidatieve additie van I2. Een trigonaal bipyramidaal 

kobalt(II) complex toont zich stabiel onder deprotonerings omstandigheden. Reductie tot 

Co(I) leidde tot disproportionering en vorming van soortelijke homoleptische complexen als 

werd waargenomen voor ijzer. 

 

 
Schema 5. Stabilisatie van het gedeprotoneerde palladium complex door trimethylfosfine of pyridine. 

 

Toepassing van de Pd complexen in de intramoleculaire hydroaminering reactie van een CBz-

gefunctionaliseerd aminoalkeen resulteerde in een opbrengst van 58%. Voor de aminoalkenen 
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met andere beschermgroepen vond de ringsluiting helaas niet plaats. Zowel de Co als Pd 

complexen werden gebruikt als katalysator in de intramoleculaire hydroaminering van 

aminoalkynen, waarbij het dihydro-pyrrool onder alle omstandigheden werd gevormd. 

 

Met het in dit proefschrift beschreven onderzoek is de coördinatiechemie van verschillende 

‘reactieve’ liganden aangetoond, in combinatie met vooral 2e rij late overgangsmetalen. In 

katalytische reacties kunnen deze complexen tot op zekere hoogte profiteren van hun 

toegankelijke bifunctionele groep, maar de gevonden ontdekkingen hebben niet geleid tot de 

beoogde reactiviteit en katalytische activiteit. Waar de hierboven besproken systemen allen 

rigide structuren zijn, waarbij er zware spanning op het complex komt te staan, kunnen 

flexibelere liganden een metaalcomplex meer vrijheid geven, waardoor de reactiviteit vergroot 

zou kunnen worden omtrent de beoogde theorieën.   
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