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Chapter 1  

 

Cooperative Ligands in Homogeneous Catalysis 

 

1.1 Introduction 

Chemistry plays a central role in supporting the development of human society. Food production, 

development of new medicines and oil refining to supply fuels are available to society thanks to 

modern chemical industry. Catalysis is at the heart of chemical production processes, and serves to 

provide economic, “green” and efficient pathways for otherwise highly energy-consuming, 

environmentally-hazardous or even inaccessible routes. The pursuit of new and more efficient 

catalysts has thus been a key focus of chemical research.1 It is especially urgent today to develop more 

efficient chemical processes based on new catalysis, as the whole world is facing predictable problems 

associated with rapid population growth, severe environmental pollution and depletion of fossil fuels. 

Homogeneous catalysis, an important branch of catalysis, generally involves uniform and well-defined 

chemical intermediates that are suitable for (mechanistic) studies with a variety of characterization 

techniques. It is well-known that organic ligands, which support homogeneous metal catalysts during 

the reactions, play a vital role in determining the activity and selectivity of the catalyst through their 

unique electronic and steric effects. Tremendous efforts have been put into the development of new 

metal catalysts by (rational) ligand design, conventionally through direct modification of their 

electronic and steric effects. In these man-made catalysts, the ligands mostly act as spectator ligands 

during catalytic processes and solely the metal interacts with the substrates. In contrast, ligands 

(cofactors) of metalloenzyme active sites of some natural enzymes2 such as Galactose Oxidase 

(GOase)3 and hydrogenases4 have been found to directly interact with the substrates, cooperating 

with the metals in substrate activation.5 The metal-ligand cooperativity/bifunctionality provides new 

reaction pathways for catalysis by reducing the entropic penalty associated with substrate 

preorganization or by avoiding unfavorable high-energy intermediates that require, for example, 

vacant coordination sites or oxidation state changes at the metal. The development of metal-ligand 

cooperative catalysts has been a hot topic in recent chemical research.6 

Numerous metal-ligand cooperative organometallic complexes have been developed in the past few 

decades for a variety of substrate activation and catalytic reactions, especially in (de)hydrogenation 

related reactions. In most cases, the cooperative organic ligands function as internal (Brønsted) bases 

in assistance to the metals acting as (Lewis) acids for Y–H bond activations (Y = H, O, N, C, S, …). 

Examples of metal-ligand cooperativity that extend beyond substrate activation via a Lewis acidic 

metal and Brønsted basic ligand site are far less common. Limited metal complexes bearing redox-

active ligands showing radical-type reactivity for H-atom abstraction are known.7 A much less-

developed cooperative ligand type is that which involves electrophilic activity for reversible storage of 

hydride (or nucleophiles).8 This is in contrast to the fact that nature usually uses regenerable organic 

hydride cofactors for unsaturated bond reductions, such as NADH/NADPH (dihydronicotinamide 

adenine dinucleotide (phosphate)).9 Other types of ligand-cooperativity involve simultaneous binding 
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of the substrate to a vacant metal site and to a hydrogen-bond donor or acceptor, which are less 

explored and will not be discussed in this introduction.10 

The aim of this chapter is to give an overview of metal-ligand-cooperativity in (de)hydrogenation-

related substrate activation and related catalysis, showing the most representative and outstanding 

examples. Previous studies of cooperative ligand behavior of sec-aminomethylpyridine-based 

rhodium/iridium complexes in this lab, which have been instrumental to develop a new ligand-

cooperativity concept in this thesis, will also be introduced. Other catalytic reactions involving carbon 

monoxide, i.e. catalytic ketene synthesis from carbenes and hydroformylation, for which the rhodium 

complexes based on the new ligand scaffold described in this thesis show interesting catalytic 

potential, are also briefly discussed. 

 

1.2 Ligand-cooperativity in bifunctional metal-ligand complexes for (de)hydrogenation-related 

substrate activation and catalysis 

In this section, the cooperative ligands are classified according to their reaction pattern in the 

cooperative substrate activation step, associated with the nature of the hydrogen element being 

either a proton (H+), hydrogen atom (H) or hydride (H–). In other words, (1) the ligand can act as an 

internal Brønsted base/acid to abstract or release H+ in the key cooperative substrate activation step, 

(2) the ligands can show radical reactivity to abstract/release H, and (3) the ligand can 

abstract/release a hydride (H–). Other type of ligand cooperativities and those not associated with 

(de)hydrogenation reactions will not be discussed here. 

1.2.1 Ligands functioning as an internal (Brønsted) base/acid 

This type of ligands has a basic/acidic site incorporated close to a (usually electrophilic) metal center, 

and the two sites cooperate in heterolytic splitting of Y–H bonds of the substrate. Often a basic ligand 

site accepts a proton from the (pre-coordinated) Y–H moiety and subsequently gets deprotonated by 

another intermediate or agent to restore the ligand basicity. These ligands are roughly divided into 

two sub-classes. In sub-class type I the ligands act as a proton-relay to assist reactions proceeding via 

outer-sphere mechanisms, while in sub-class type II the ligand-assisted proton relay facilitates 

reactions proceeding via inner-sphere mechanisms. 

1.2.1.1 Type I: Ligands acting as proton relay to facilitate reactions following outer-sphere 

mechanisms 

The most prominent examples in this field are the ruthenium diamine complexes 1 developed by 

Noyori and coworkers for asymmetric transfer hydrogenation (TH) of ketones and imines.11 Based on 

detailed structural analysis of the catalytic intermediates,11c kinetic studies11c and isotope labelling 

experiments11h and supported by DFT calculations,11g a mechanism involving Ru-amido cooperative 

interplay for substrate (de)hydrogenation was proposed (Figure 1). In a typical six-membered 

pericyclic transition state (TS) for ketone hydrogenation, a proton is transferred from the nitrogen 

atom of the ligand to the oxygen atom of the ketone, in concert with hydride transfer from the metal 

to the carbonyl carbon atom. The dehydrogenation of the hydrogen-donor, such as isopropanol11a and 

formic acid,11e proceeds via the opposite pathway in a similar manner. A diamine diphosphine (BINAP) 

Ru catalyst system 2 was developed by the same group for asymmetric hydrogenation of ketones, 
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showing extremely high TONs (up to 2.400.000), activity and enantioselectivity.12 The highly ordered 

transition states are believed to be the origin of the high enantioselectivities of these reactions. A 

characteristic aspect of this mechanism is that the carbonyl substrate does not interact directly with 

the metal center, but interacts in the second coordination sphere of the complex. This mechanism is 

defined as “outer-sphere”, different from classical aluminum mediated Meerwein–Ponndorf–Verley 

(MPV) reductions,13 where the carbonyl group is directly activated by coordinating to the metal, or 

normal “inner-sphere” mechanisms involving carbonyl group insertion into a metal-hydride bond.14  

 

Figure 1. Left: Catalytic cycle of TH of a ketone by isopropanol; right: Typical six-membered pericyclic transition 

state for TH of ketones mediated by Noyori-type transition metal-amido bifunctional complexes.  

 

Numerous other metal complexes applying cooperative ligand amine/amido interconversion for 

catalytic (de)hydrogenation-type reactions via outer-sphere mechanisms have been reported. Early 

examples are Shvo’s Ru complexes (3, Figure 2) which are versatile catalysts for multipurpose 

reactions,15 including TH of ketones with isopropanol. Under thermal conditions, the dimer dissociates 

into catalytically active monomeric species, in which the oxygen atom cooperatively acts as an internal 

base. A rhodium-amido complex (4, Figure 2) developed by Grützmacher and coworkers was found to 

be highly active in dehydrogenative coupling (DC) of primary alcohols with water, methanol and 

amines under relatively mild conditions (Scheme 1).16 Related catalytic methanol dehydrogenation 

into H2 and CO2 in the presence of water was reported with ruthenium complexes based on PNP 

amine/amido ligands (5, Figure 2).17 These catalysts are so powerful that the reaction occurs at 

relatively low temperatures (65–95 °C) with a TOF of 4,700 (per hour) and TONs exceeding 350,000. 

This reaction represents an important step forward in the development of the “methanol economy”.18 

The ruthenium and cobalt complexes based on the same ligand scaffold are also efficient catalysts for 

(de)hydrogenation-related reactions.19 Another interesting example involves formic acid 

dehydrogenation catalyzed by an iridium-bisMETAMORPhos complex, where the nitrogen atom on 

one ligand sidearm facilitates pre-assembly of the HCOOH substrate and functions also as a hydrogen-

bond acceptor to stabilize a six-membered-ring transition state for direct substrate-to-metal hydride 

transfer. The ligand cooperativity is crucial for the activity of the complexes.20 
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Recently some related iron complexes were disclosed by Jones, Schneider and coworkers to be 

excellent catalysts for acceptorless reversible dehydrogenation-hydrogenation of alcohols and 

ketones.21 Iron complexes (6 as an example) based on another amine/amido type PNNP-tetradentate 

ligand scaffold, developed by Morris and coworkers, showed remarkably high activity and 

enantioselectivity for asymmetric transfer hydrogenation of ketones and imines under mild conditions 

(Scheme 2).22 These catalytic reactions serve as nice examples to demonstrate that ligand 

development provides many opportunities to allow replacement of noble metals with earth-abundant 

base metals in important catalytic reactions. 

 

Figure 2. Structures of catalytically active derivatives of selected metal complexes featuring cooperative 

amine/amido-type ligands operating via outer-sphere reaction mechanisms. 

 

 

Scheme 1. Dehydrogenative coupling of alcohols with water, methanol and ammonia catalyzed by complex 4.  

 

 

Scheme 2. Asymmetric TH of ketones (top) and imines (bottom) catalyzed by complex 6.  
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1.2.1.2 Type II: Ligands as proton relay assisting reactions following inner-sphere mechanisms 

Amido and alkoxy-type ligands commonly appear as cooperative ligands in metal catalysts for 

(de)hydrogenation-related reactions. While many were proposed to be involved in outer-sphere 

mechanisms, few were suggested to function as cooperative ligands in reactions proceeding via 

stepwise inner-sphere mechanisms. In many other cases determining the mechanism unequivocally 

proved difficult, as often other mechanisms cannot be conceivably excluded.23 For example, lack of 

proof for persistent coordination-saturation of a species makes it difficult to distinguish outer-sphere 

from inner-sphere mechanisms. Similarly, the presence of functional groups with known cooperative 

patterns does not guarantee the involvement of the cooperative ligand moiety. As such, a number of 

catalysts with ligands bearing NH functionalities have been found to follow non-cooperative pathways 

with the amine groups either acting as spectator ligand,24 or being dissociated from the metal center 

during the reaction of the metal-hydride with substrates.25 More complicated cases are also possible, 

in which different mechanisms coexist and compete with each other, with each pathway exerting 

different effects (i.e. kinetics, (enantio)selectivity, activity) on the reaction. 

A rare example of a reaction involving reduction of ketones following an inner-sphere TH pathway 

but with direct ligand assistance was reported with a ruthenium-acetamido complex 7 (Scheme 3).26 

The complex was fully characterized, including an X-ray diffraction study of a single crystal of 7. 

Complex 7 is an efficient precatalyst for transfer hydrogenation of carbonyl compounds and imines 

with isopropanol at 80 °C. The catalytic reaction starts with dissociation of a PCy3 ligand from 7 to 

create a vacant site (which was indicated by inhibition of added phosphine ligand) for subsequent β-

hydride elimination of the alkoxide to form 7b. The measured inverse kinetic isotope effect (kOH/kOD = 

0.7) suggests that after the coordination replacement of acetone by the ketone substrate, fast but 

reversible proton transfer from the acetimidic acid ligand to the ketone carbonyl oxygen atom and 

rate-determining hydride migration occur sequentially to arrive at the bound reduced product in 

intermediate 7d. This special mechanism is reminiscent of enzyme-catalyzed hydride transfer  

 

 

Scheme 3. Catalytic cycle of TH of ketones with complex 7 following a cooperative inner-sphere mechanism. 
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reactions.27 A related modified Shvo-type complex 8 was able to efficiently catalyze racemization of 

chiral alcohols, which is compatible with an acylating enzyme for dynamic kinetic resolution.28 The  

amino cyclopentadienyl ligand bears a pendant amine group, which functions as a hydrogen-bond 

acceptor in its imine resonance form to bring the alcohol substrate close to the metal center. 

Subsequently, the ligand functions as an internal base to facilitate formation of a metal-alkoxide 

intermediate, which subsequently undergoes reversible hydride-transfer reactions. 

Another highly interesting cooperative ligand system was developed by the group of Milstein, which 

features the 2-(phosphinomethyl)pyridine moiety as the core fragment,29 and this ligand scaffold also 

attracted attention from several other research groups.30,31 The PNN pincer-type complexes are 

capable of catalyzing a variety of hydrogen atom-transfer reactions via reversible ligand methylene 

deprotonation and pyridine dearomatization as the key steps. Complex 9 is highly active and selective 

in catalyzing amide formation from alcohols and primary amines, with liberation of H2 (Scheme 4).28b 

This reaction provides an atom-economic and efficient alternative for traditional amide synthesis. A 

key step of the catalytic cycle (Scheme 5) involves deprotonation of the alcohol OH-group by the basic 

methine carbon atom of the dearomatized ligand of 9 to form an alkoxide intermediate 9a, with 

concomitant aromatization of the ligand pyridine ring. The hemi-labile amine side-arm subsequently 

dissociates to allow an inner-sphere β-hydride elimination step of the alkoxide moiety to produce a 

trans-dihydride intermediate 9b. Reassociation of the amine arm and H2 loss consisting of a methylene 

proton and a metal-hydride regenerates complex 9. The amide product is formed by dehydrogenation 

of the hemi-aminal generated from coupling of the amine and the aldehyde in a similar manner. The 

unique structural feature of these type of ligands endows corresponding transition metal complexes 

with high catalytic efficiency in related reactions, including base metal complexes.32 

 

 

Scheme 4. Amide synthesis from alcohols and amines catalyzed by complex 9. 

 

Scheme 5. Representative steps of alcohol dehydrogenation promoted by metal-ligand cooperativity of complex 

9. 
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1.2.2 Ligands showing radical-type reactivity for H-atom abstraction (HAT) 

Ligands are usually not directly involved in a redox process of “classical” transition metal complexes, 

and typically only oxidation states of the metal centers change. When a ligands is able to participate in 

the redox process, which is known as redox-active ligand,33 new activities of the metal complexes are 

to be expected. Besides those arising from the Lewis acidity change of the metal and “electron-

reservoir” effects offered by the ligand to the metal, a new radical-type reactivity directly endowed to 

the ligand by redox change of the ligand can also be envisioned, which provides another powerful tool 

for ligand cooperativity in substrate activation. Radical type reactivity of redox-active ligands is 

important in many enzymes, with Galactose Oxidase (GCase) being probably the most well-studied 

one.3 In a bio-inspired approach, the development of new catalysts with redox-active ligands is 

attracting more and more attention, and in the last few decades a number of such catalysts have been 

reported.7,33 

Wieghardt and Chaudhuri reported a CuII-thiophenol complex 10 (Scheme 6),7a which can catalyze 

oxidation of primary alcohols into aldehydes in similar manner as the enzyme GOase. In this system 

one aminophenoxyl ligand acts as an internal base for OH deprotonation, while the second equivalent, 

upon oxidation to its oxyl form, is capable of abstracting a α-hydrogen atom from the alcoholate 

ligand in 10a to form intermediate 10b. Rearrangement and oxidation to release H2O2 recovers 10. 

Interestingly, secondary alcohols were oxidized to α,β-diol products, which were proposed to arise 

from intermediate 10d, where two radicaloid-substrates undergo C-C coupling. 

 

 

Scheme 6.  Proposed mechanism for oxidation of alcohols by complex 10. 

 

A related system 11 reported by Grützmacher and coworkers uses iridium as the metal and an 

aminyl radical as the cooperative site.7b Deprotonation of complex 11 followed by one-electron 

oxidation with benzoquinone (BQ) gives formation of the active radical species 11b. Coordination of 

an alcoholate substrate to 11b affords 11c, after which intramolecular HAT from the alcoholate to the 

aminyl-radical ligand occurs to form ketyl-radical species 11d. Subsequently, intermolecular oxidation 
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by SQ·− produces the aldehyde product and regenerates 11. This step contrasts the intramolecular 

manner as found in the oxidation reaction catalyzed by the enzyme GOase, which was indicated by a 

much smaller observed KIE value as compared to that of GOase (kH/kD ≈ 2 for 11, vs 20 for GOase), 

highlighting an intimate metal-ligand cooperative interaction in the natural system.  

 

Scheme 7.  Proposed mechanism for catalytic oxidation of alcohols by complex 11. 

 

1.2.3 Cooperative ligands acting as a hydride shuttle 

In contrast to the prevalence of “proton-responsive” ligands, examples of organic ligands that can 

store or assist direct hydride transfer (or nucleophile transfer) in transition metal catalysis are rare. 

This is not too surprising, as the metals are usually more electrophilic than normal organic ligands and 

therefore preferentially interact with hydrides (or nucleophiles). However, this new cooperative ligand 

concept may actually be of importance by bringing about new patterns for substrate activation and 

consequently could contribute to the development of new chemical transformations. Artificial 

transition metal complexes incorporating such kind of cooperative hydride accepting/delivering 

ligands for catalysis were extremely scarce before the start of the research described in this thesis. 

The number of examples has grown considerably in the last 3–4 years. Current examples can be 

mainly divided into two groups, classified with respect to whether their ligands are incorporated in 

biomimetic hydride donor fragments or in more ‘conventional’ ligand sub-sets, such as boranes and 

imines.  

1.2.3.1 Hydride-shuttling ligands containing biomimetic hydride donors 

Nature frequently uses organic enzyme cofactors, such as NADH/NADPH,9 for unsaturated bond 

reduction, and early cooperative hydride-delivery ligands often involve biomimetic approaches using 

similar or identical moieties based on these well-known organic hydride donors (mostly NADH). In 

2005, Tanaka and coworkers reported ruthenium complex 13 incorporated with a NADH-mimicking 2-

(2-pyridyl)benzo[b]-1.5-naphthyridine (pbn) ligand that could catalytically reduce acetone by direct 

hydride and proton transfer from the ligand, with concomitant formation of the fully aromatized pbn 

ligand shown in 13b.34a The LUMO of complex 13b is mainly ligand based, and the ligand 
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rehydrogenation could be performed electrochemically in the presence of protons (and in later studies 

also photochemically and γ-ray radiolytically34b). This is the first report of a cooperative ligand that can 

directly deliver a hydride to an exogenous substrate.35 The working mode of the ligand is closely 

similar to the NAD+/NADH redox-couple.  

 

Scheme 8. Catalytic reduction of acetone with complex 13. 

 

In 2013, Colbran’s group reported rhodium complex 14 with a pyridine-2-imine ligand containing a 

Hantzsch ester (HE) group tethered to the imine nitrogen. Hantzsh esters are also widely-used NADH 

mimics.36 Complex 14 was applied successfully in efficient TH of imines with formic acid under mild 

conditions.37 In the proposed mechanism (Scheme 9), the reaction starts with β-hydride elimination of 

a coordinated formato ligand to form the rhodium hydride intermediate 14b, after which rapid 

hydride transfer from the metal to the HE group occurs to afford 14c, which was supported by UV-Vis 

spectroelectrochemical analysis. The HE-H moiety in 14c subsequently delivers the hydride to a metal-

bound imine substrate via TS-14c,d. Protonation of the resulting amido group and release of the 

amine product regenerates 14. This report represents an elegant example where the metal and the 

ligand cooperate in sequential hydride generation and substrate reduction processes. This group later 

on reported another catalytic imine TH rhodium catalyst incorporated with a benzo[d]imidazoline 

(BIH) moiety,38 which is among the most powerful organic hydride donors.39 A similar ligand 

cooperative pathway of the BIH group as in Scheme 9 was proposed for the reaction, and DFT 

calculations suggested that this pathway is more favorable than a classical imine reduction route 

directly mediated by a Rh-hydride species which was initially speculated to be also feasible. However, 

metal-to-ligand hydride transfer was not observed spectroscopically for the rhodium complex, but 

only for the catalytically inactive iridium complex.  

These biomimetic ligands are highly interesting and potentially efficient candidates for transition 

metal catalyst development. It should be noted that an important feature of these biomimetic ligands 

in the catalytic cycle is that the organic hydrides are indirectly generated, instead of being formed by 

direct hydride transfer from a substrate, and thus the design of this type of TM catalysts may require 

judicious  integration of the ligand incorporated with other functional groups or structural factors to 
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allow for efficient hydride generation and delivery. For example, the imine TH reaction shown in 

Scheme 9 is very sensitive to  structural alteration of the catalyst, as an isomer of 14 with the HE group 

being substituted at the meta-position to the imine on the phenyl ring showed extremely poor 

catalytic activity. The observation of metal-to-ligand hydride transfer for the iridium-BIH complex, but 

not for the rhodium complex suggests that this reaction-step is quite sensitive to the choice of the 

metal. 

 

Scheme 9. Proposed mechanism of catalytic TH of imines with complex 14. 

 

1.2.3.2 Hydride-shuttling ligands based on more conventional ligand-scaffolds 

For complexes allowing ligand-based hydride shuttling based on more conventional ligands, a 

representative example is the nickel(0)-borane complex 12 reported by the group of Peters in 2012. 

The complex was found to readily split H2 under mild conditions, producing the trans-borohydrido-

hydrido nickel(II) complex 12a (Scheme 10, Left).40a This is the first report of H–H -bond activation by 

a first-row transition metal complex and the first mononuclear nickel dihydride complex formed by 

“oxidative addition” of H2. DFT calculations show that the H–H cleavage is best described to occur via a 

rather uncommon pathway involving cooperation of the nickel center and the borane ligand, in which 

the boron interacts with the “hydride” and the nickel interacts with the “proton” (Scheme 10, right). 

This mechanism contrasts with classical “oxidative addition” followed by ligand rearrangement.40b,d 

The proposed cooperative mechanism is supported by electron population analysis of the molecular 

orbitals (MO) in the computed transition state for the H–H bond splitting step, which shows that 

charge transfer (CT) from the -bonding MO of H2 to the LUMO of the Ni–B moiety (0.683 e) is 

remarkably larger than that from the occupied 22 yx
d


orbital of the nickel center to the *-

antibonding MO of H2 (0.284 e). Complex 12 is also capable of activating Si–H bonds of silanes and 
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shows high catalytic activity for hydrogenation of alkenes and hydrosilylation of benzaldehydes.40c 

However, the activity of the complex towards Y–H activation is sensitive to ligand modification, as a 

drastic drop in activity was observed for a complex with the mesityl in 12 replaced by a phenyl group. 

The borohydride is proposed to add to the substrate via metal-mediated reductive elimination in the 

catalytic substrate reduction process, instead of a direct hydride transfer step. 

Imines ligands have also been reported to be hydride acceptors. Morris and coworkers showed that 

direct hydride transfer from isopropanol solvent to an imine side arm of the ligand is key in activating 

the precatalysts (analogues of 6).41 Even though these processes are usually reversible, this type of 

ligand behavior has never been reported as an active in-cycle catalytic function mode for TH-type 

catalysis, probably due to their (relatively) slow turnover in these systems..  

TM complexes with conventional hydride-relay ligands are thus far widely underdeveloped. Actually, 

conventional ligands have an advantage over biomimetic ligands for practical use as they are generally 

much easier to synthesize. Studies of current existing examples imply that improvement of the hydride 

donating activity of these ligands by rational design is a promising research field. 

 

 

Scheme 10. Left: H2 and silane Si–H activation by 12; Right: Rough representative electronic interaction for the 

uncommon H2 hetero-splitting mediated by 12. 

 

1.3 Ligand behavior of sec-pyridin-2-ylmethanamine-based rhodium/iridium complexes: biomimetic 

hydride relay? 

Transition metal complexes based on secondary pyridin-2-ylmethanamine (s-pma) ligand are applied 

in numerous catalytic reactions.42 The behavior of the ligand in these complexes is interesting, 

especially after deprotonation of the ligand. One of the most common subsequent transformations is 

oxidative formation of the corresponding imines with net loss of a hydride (or one proton and two 

electrons).43 These processes can generally be classified into two pathways (Scheme 11). In pathway I, 

a metal hydride intermediate is generated by β-hydride elimination from the alpha-position of the 

amido intermediate. In pathway II, double deprotonation is followed by electron transfer, but the 

pattern of hydride or electron loss depends strongly on the structure of the ligand, the metal and the 

oxidation method.44 
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Scheme 11. Two generalized proposed pathways for imine formation via metal-amido complexes (for Path II, 

only one of the sequential proton and electron loss routes is shown). 

 

Rhodium(cod) (cod = cycloocta-1,5-diene) complexes based on s-pma ligands have been shown to 

undergo spontaneous one-proton and two-electron loss upon the NH deprotonation to form hetero-

valent RhI(cod)(s-pma-imine)Rh–I(cod) complexes via a disproportionation process,45 with the s-pma 

ligand being oxidized to an imine (Scheme 12, the bpa complex 13 is shown as the example, bpa = 

bis(pyridin-2-ylmethyl)amine).45b The rhodium center has acted as the two-electron oxidizing agent 

(resulting in reduction of RhI to Rh–I) while one amido bpa ligand in 13a acts as the base. The fast 

oxidation process observed for the bpa-derived amido ligand in 13a may be related to a strong 

reducing ability of this ligand, which may be associated with a good hydride donating ability of this 

type of ligands when complexed to rhodium. This is further investigated in Chapter 3 of this Thesis. 

 

Scheme 12. Spontaneous oxidation of the bpa ligand of complex 13 to form imine complexes upon NH 

deprotonation. 

 

1.4 Catalytic ketene formation from carbenes 

Part of this Thesis deals with catalytic ketene formation (Chapter 5). Ketenes are very reactive 

molecules adapting a hetero-cumulene type structure and they are versatile intermediates for 

synthesis of a wide range of chemically important compounds, such as esters, amides, β-lactams, 

etcetera.46 Conventional methods for ketene synthesis include thermolysis of ketene dimers,47 Wolff 

rearrangement of -keto-diazo compounds48 or dehydrohalogenation of acyl halide precursors 
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(Scheme 13).49 These methods generally have limitations, such as a narrow substrate scope, strictly 

controlled conditions and generation of detrimental side-products.  

 

 

Scheme 13. Conventional methods for ketene synthesis. 

 

Ketene formation from metal-mediated carbonylation of carbenes is a reaction known for more than a 

hundred years,50 and is a promising and potentially mild alternative synthetic pathway to ketenes 

offering a wide substrate scope. However, most of the reported examples are stoichiometric reactions 

that generally require harsh reactions conditions, hampering productive ketene synthesis.51 A few 

catalytic examples have been reported recently using cobalt and palladium complexes as the catalysts, 

where ketenes are generated from diazo compounds as precursors for synthesis of esters, amides and 

β-lactams (Scheme 14).52 However, none of the current metal catalysts can promote ketene formation 

from carbene precursors while also catalyzing follow-up coupling reactions in an enantioselective 

manner, which is especially important for production of biologically and pharmaceutically relevant 

compounds.53 Development of a single metal catalyst that can perform these dual tasks (ketene 

formation and catalyzing the subsequent coupling step of the ketene with various nucleophiles or 

imines) is highly desirable, offering improved synthetic efficiency and simplified procedures. Progress 

in this field is described in Chapter 5 of this Thesis. 

 

Scheme 14. Amide, ester and β-lactam synthesis involving catalytic in situ ketene generation by carbonylation of 

diazo compounds and subsequent trapping of the ketene with a nucleophile or imine. 



Chapter 1. Cooperative Ligands in Homogeneous Catalysis 
 

14 
 

1.5 Rhodium-catalyzed hydroformylation 

The last chapter of this Thesis deals with rhodium catalyzed hydroformylation reactions (Chapter 6). 

Hydroformylation is an atom-economic reaction, with the addition of a hydrogen atom (“hydro”) and a 

formyl group across the C=C double bond of an olefin using syngas (a mixture of CO and H2) (Scheme 

15).54 It is the largest industrially-performed homogeneous catalytic reaction, with an annual 

worldwide production capacity of 6 megatonnes. The aldehyde products formed form this process are 

important intermediates for synthesis of various chemicals. While many transition metals (e.g. Pd, Ru, 

Ir)55 are known to catalyze hydroformylation, cobalt56 and rhodium57 catalysts are the most commonly 

used ones, with the latter generally being preferred as they tend to give higher selectivity and function 

under milder conditions.  

 

Scheme 15. General scheme of the catalytic hydroformylation of an alkene. 

 

The ligands supporting the metal catalysts for hydroformylation strongly influence the reaction 

outcome. Monodentate phosphine ligands were initially found to greatly improve catalytic activity and 

selectivity. Basic parameters, such as the “cone angle” 
58 and the χ-parameter59 for the measure of 

steric and electronic properties of the ligands have been developed to aid rational ligand design for 

catalyst development. Introduction of bidentate phosphorus ligands represents a breakthrough for 

this reaction, especially the hybrid bidentate ligands. Rhodium complexes based on this type of ligands 

show exceptionally high activity and selectivity for (asymmetric) hydroformylation catalysis.60 The high 

selectivities are believed to originate from the preference of these complexes to adopt certain 

coordination geometries (Figure 3), which are highly dependent on the steric and electronic features 

of the ligands. Bidentate ligands with bite angles of about 90˚ tend to favor the equatorial-apical (ea) 

coordination-mode, while ligands with natural bite angles of ~120° tend to favor the equatorial-

equatorial (ee) coordination-mode. The Xantphos ligand of van Leeuwen is an example of a wide bite 

angle ligand leading to ee coordinations, and ligands with such wide bite angles typically also tend to 

result in a higher linear/branched ratio of the aldehyde products obtained in the catalytic reactions.61 

 

 

Figure 3. Representative coordination modes of bidentate phosphorus ligands in a typical hydroformylation 

rhodium catalyst (only one stereoisomer for each mode is shown for a hybrid ligand). 
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Cooperative ligands,5 which promote reactions by directly participating in the reaction, are found in 

various applications of homogeneous catalysis, especially related to H2 splitting and transfer 

hydrogenation reactions. Introduction of metal-ligand cooperating catalyst systems to 

hydrofomylation is expected to offer new reaction patterns to classic hydroformylation mechanisms. 

However, these systems are rarely applied in hydroformylation catalysis. One example involves 

hydroformylation catalyzed by Rh complexes based on phosphinourea ligands.62 DFT studied 

suggested that a ligand-assisted reductive elimination step is lower in energy than the direct metal-

based elimination process.  Another example was reported with iridium/rhodium-PC(sp3)P complexes 

14/15 featuring an appended alkoxido ligand as a cooperating internal base for H2 splitting (Scheme 

16).63 In the proposed mechanism, the reaction starts with H2 splitting by 14 to form an iridium 

hydride species 14a, followed by alkene insertion to give an alkyl intermediate 14b. Subsequent CO 

coordination and insertion into the M-alkyl bond affords acyl species 14b, which undergoes 

intramolecular protonation by the appended alkoxyl group to form the aldehyde product with 

regeneration of 14. The ligand cooperativity in the catalysis was confirmed by isotope labelling 

experiments. These two catalysts showed moderate activity and linear-to-branched (l/b) 

regioselectivity, with alkene hydrogenation and isomerization as observable side-reactions for certain 

substrates or under certain conditions. Catalyst modifications are needed to improve the overall 

efficiency. Nonetheless, the idea to incorporate cooperative ligands in hydroformation catalysis seems 

a worthwhile effort, and Chapter 6 of this thesis builds on this idea. 

 

 

Scheme 16. Proposed mechanism for hydroformylation catalyzed by complexes 14 and 15 (only that of 14 is 

shown) involving metal-ligand cooperativity in H2 splitting. 
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 1.6 Outline of this thesis 

As is evident from the above introduction, cooperative ligand effects of transition metal complexes 

have a profound impact on the reaction outcome of catalytic reactions, and development of (new) 

cooperative metal-ligand systems is a hot topic in current catalysis research. Among the ligand 

cooperativities introduced, conventional ligands with hydride-accepting/delivering activities are thus 

far widely underexplored. The initial aim of the research described in this thesis was to develop such 

kind of metal-ligand cooperative systems for (de)hydrogenation related catalysis and beyond.  

In Chapter 2, the ligand behavior of N-methyl-1-(pyridin-2-yl)methanamine (pma)-based iridium and 

rhodium complexes upon deprotonation and oxidation was studied. NMR and X-ray single crystal 

structure determination were used to elucidate the unique geometric arrangement between the 

metal and the ligand. 

In Chapter 3, the catalytic activity of an iridium-pma complexes in a series of transfer 

hydrogenation–related reactions, such as α-alkylation of ketones with alcohols, was studied. An 

unusual mechanism involving ligand-assisted hydride transfer was proposed and examined both 

experimentally and computationally. 

In Chapter 4, the new ligand cooperativity of pma-type ligands revealed by the studies described in 

Chapter 2 and 3 was combined with the well-established “proton responsive” reactivity of 

2-(phosphinomethyl)pyridine type ligands to construct a new PNN ligand scaffold, which bears both a 

nucleophilic and an electrophilic arm. Rhodium carbonyl complexes bearing this ligand-type were 

prepared, and their ligand-centered reactivity was investigated focusing on the two complementary 

cooperative effects of the ligand. The unique “Janus-type” behavior of the new PNN ligand was 

demonstrated in reactions involving a sulfonamide as the substrate. 

In Chapter 5, the catalytic activity of a series of rhodium-PNN carbonyl complexes (related to those 

described in Chapter 4) was examined for the synthesis of ketenes and ketene imines from carbene 

precursors. The mechanism was further investigated with DFT calculations. 

In Chapter 6, the catalytic hydroformylation activity of some rhodium-PNN carbonyl complexes 

(related to those described in Chapter 4) was studied, again focusing on the potential cooperative 

effect of the new PNN ligand-type. The nature of a potential active species was studied with NMR and 

IR spectroscopy. 
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Chapter 2 

 

Redox-chemistry of Iminopyridyl Ligands in Rh(I)- and Ir(I)-

complexes 

 

 

 

 

Abstract 

Dehydrogenative oxidation of amines is an important process in metal-mediated catalysis, with the 

amines being either substrates or ligands. The behavior of the secondary pyridin-2-ylmethanamine 

(s-pma) ligands of the corresponding rhodium and iridium complexes upon NH-deprotonation varies, 

depending on a number of factors. In this chapter, the behavior of the Me-pma ligand (Me-pma = 

N-methyl-1-(pyridin-2-yl)methanamine) bound to [Rh(cod)]+ and [Ir(cod)]+ was studied. While the 

iridium amido complex could be obtained upon NH deprotonation, the rhodium complex 

instantaneously disproportionated into a free pma ligand and an unusual dinuclear complex, adopting 

a structure with two Rh(I) metal centers hosted by a dianionic (pma–2H)2– ligand, and with the ligand 

coordinating to Rh2 as an “aza-allyl” fragment. The study gives further proof for the effect of pyridine 

ligation on the previously observed charge-transfer from the ligand to the metal. 

 

 

 

 

 

 

 

 

 

Part of this chapter will be published: Redox-chemistry of iminopyridyl ligands in Rh(I)- and Ir(I)-

complexes, Z. Tang, C. Tejel, M. Lutz, J. I. van der Vlugt, B. de Bruin, Manuscript in preparation. 



Chapter 2. Redox-chemistry of Iminopyridyl Ligands in Rh(I)- and Ir(I)-complexes 
 

24 
 

2.1 Introduction 

Dehydrogenative oxidation of amines is an important process both in biological and chemical 

systems.1 Amine oxidases are widely found in bacteria, plants and animals, and are involved in a 

number of basic biological processes, such as lysyl oxidation in the cross-linking of collagen.2 Transition 

metal-promoted dehydrogenative amine oxidations are frequently used in synthetic chemistry to 

generate imines,3 nitriles4 and diazo compounds.5 These reactions involve multiple proton- and 

electron-transfer steps, but the mechanisms are still not fully understood at the molecular level. 

Metal-amido complexes are usually key intermediates in these transformations, irrespective of the 

pathway involved. For oxidation of a metal-bound amido group into the corresponding imine, two 

distinct pathways are generally proposed to be operational (Scheme 1). The first involves a metal-

hydride intermediate arising from β-H elimination, which can subsequently be transferred to a 

hydrogen acceptor6 or released in the form of dihydrogen (Path I);7 the second does not involve a 

metal-hydride intermediate but proceeds via (stepwise or concerted) deprotonation and oxidation 

steps (one proton and two electrons), reducing either the metal or an exogenous “oxidant”8 (Path II). 

Other mechanisms involving either direct ligand-to-(exogenous) substrate hydride-transfer9 or H-atom 

transfer10 are also reported.  

 

Scheme 1. Two generalized proposed pathways for imine formation via metal-amido complexes. 

 

Ligand based redox-activity11 adds to the complexity of the overall system and the mechanistic 

interpretation of amine to imine conversion, as the ligand can directly participate in the redox 

process.12 For example, one-electron oxidation of a rhodium amido complex [RhI(trop2N)(bipy)] (trop = 

5-H-dibenzo[a,d]cycloheptene-5-yl, bipy = 2,2’-bipyridyl) led to formation of a rhodium aminyl radical 

[RhI(trop2N•)(bipy)]OTf (OTf– = trifluoromethanesulfonate) instead of an expected rhodium(II) 

complex, as the oxidation occurs mainly at the amido ligand.12a Mono-deprotonation of a metal-bound 

amino group can also trigger formation of a ruthenium aminyl radical [RuII(•NH-L)(Bu2sq)] (NH2-L = 

bis(2-pyridylmethyl)-2-aminoethylamine, Bu2sq- = 3,5-di-tert-butylsemiquinonate) from its amido 

electro-isomer, which is able to catalyze the oxidation of alcohols into aldehydes.12c,d Two-electron 

oxidation of a metal-bound amido ligand is usually accompanied by proton loss from the α-position to 

the nitrogen, producing an imine complex (which is often more stable, in particular for late transition 

metals). Previous studies investigated the dehydrogenative oxidation of rhodium and iridium amino 

complexes derived from cationic ([RhI(bpa)(cod)]+ and [IrI(bpa)(cod)]+ (bpa = Py-CH2-NH-CH2-Py = 
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bis(pyridin-2-ylmethyl)amine, cod = 1,5-cyclooctadiene)).13,14 This has led to mixed-valent dirhodium 

[(cod)Rh–I(bpa–2H)0RhI(cod)] complex A, which was obtained by deprotonation of the mononuclear 

cationic amino-precursor [(bpa)RhI(cod)]+ with one molar equivalent of a base (bpa-2H = Py-CH2-N=CH-

Py). The reaction likely involves an unstable amido complex as intermediate. The overall reaction at 

the ditopic ligand of complex A consists of two deprotonations and a two-electron transfer process, 

leading to formation of the neutral Py-CH2-N=CH-Py imine ligand (bpa-2H) with formal reduction of 

one of the metal centers from rhodium(I) to rhodium(-I) (Scheme 2). The analogous dinuclear 

rhodium(norbornadiene) complex B,14a and a heterodinuclear rhodium-iridium complex C114b,c with 

similar electronic structures were also fully characterized. Interestingly, complex C1 [(cod)Rh–I(bpa–

2H)0IrI(cod)] was observed in thermodynamic equilibrium with isomer C2, which holds the formulation 

of [(cod)RhI(bpa–2H)–2IrI(cod)]. The key structural changes from C1 to C2 are decoordination of the 

pendant pyridine and two-electron reduction of the imine ligand by the Rh–I center. The 

(de)coordination of the pendant pyridine may be directly related to reversible metal-to-ligand charge-

transfer, as pyridine coordination is likely required to stabilize the reduced tetrahedral Rh–I center. 

 

Scheme 2. (a) Previous work on mixed-valent dinuclear rhodium complex A via cooperative double 

deprotonation and ligand-to-metal charge transfer; (b) Isomerization of complex C in the two extreme electronic 

forms C1 and C2, affected by temperature.  

 

In order to elucidate the subtleties involved in the coordination chemistry of such pyridyl-imine 

ligands involving two metal centers, we herein report on rhodium and iridium(cod) complexes based 

on the Me-pma ligand (Me-pma = N-methyl-1-(pyridin-2-yl)methanamine), an analogue to the bpa 

ligand that lacks the pendant pyridine. The aim of these studies was to investigate the effect of the 

Me-pma ligand on the dehydrogenative ligand oxidation process and to shed more light on the effect 

of pyridine ligation on the previously observed charge-transfer from the ligand to the metal (Scheme 

2b). 
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2.2 Results and Discussion 

Complexes 1a (Ir) and 1b (Rh) were prepared in good yields (87.1% and 81.3% yield, respectively) 

according to a previously reported procedure (Scheme 3)14b using [{M(cod)(μ-Cl)}]2 precursors (M = IrI 

or RhI), followed by precipitation of the complexes as PF6
– salts by adding NH4PF6. In the 1H NMR 

spectrum, the –NH signals of complexes 1a and 1b appear at 4.32 and 3.76 ppm, respectively. The 

methylene group in both complexes is observed as a well-defined doublet of doublet (AB system), 

implying inequivalence of the two protons. Similar asymmetry is observed for the cyclooctadiene 

protons. Single crystals of both complexes suitable for X-ray diffraction studies were obtained by 

layering pentane onto concentrated dichloromethane solutions. 

 

 

Scheme 3. Synthesis of complexes 1a and 1b. 

 

The crystal structures of 1a and 1b are isomorphous and the two metal centers consequently exhibit 

almost identical square planar geometries with the plane defined by the two nitrogen atoms of the 

Me-pma ligand and the two centroids of the C=C bonds coordinated to the metal. The atom N2 is 

pyramidal in both cases, with the lone pair coordinated to the metal and the methyl group pointing 

away from and almost perpendicular to the coordination planes of the metals (Ct1–Ct2–N2–C7 = 

98.10(16) and 99.46(11)° for 1a and 1b, respectively). The methylene moieties are also both distorted 

to the opposite side of the planes. The M–N and M–Ct bonds are slightly more contracted for the 

iridium complex 1a. 

                           

Figure 1. Molecular structure (ORTEP at 50% level) of complex 1a (left) and 1b (right). Hydrogen atoms are 

removed for clarity, except for those on C6 and N2; red dots represent the centroids of the coordinated C=C 

bonds of the cod ligand. Selected bond lengths (Å) and angles (°), for 1a: Ir1–N1 2.0814(19) Ir1–N2 2.1044(19) 

Ir1–Ct1 2.0012(17) Ir1–Ct2 2.0083(15) N1–C1 1.353(3) N1–C5 1.353(3) C5–C6 1.502(3) C6–N2 1.495(3) C8–C9 
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1.410(3) C12–C13 1.412(3) N1–Ir1–Ct1 170.02(7) N2–Ir1–Ct2 176.57(7) N1–Ir1–N2 79.21(7) Ct1–Ir1–Ct2 87.57(7) 

Ir1–N2–C6 107.08(14) Ct1–Ct2–N2–C7 98.10(16). For 1b: Rh–N1 2.0965(12) Rh–N2 2.1147(13) Rh–Ct1 

2.0143(11) Rh–Ct2 2.0210(10) N1–C1 1.3497(19) N1–C5 1.3542(18) C5–C6 1.503(2) C6–N2 1.485(2) C8–C9 

1.397(2) C12–C13 1.392(2) N1–Rh–Ct1 169.86(4) N2–Rh–Ct2 176.36(5) N1–Rh–N2 79.29(5) Ct1–Rh–Ct2 87.89(4) 

M–N2–C6 106.40(9) Ct1–Ct2–N2–C7 99.46(11) 

 

Synthesis of iridium–amido complex 2a from mono-deprotonation of 1a. Addition of one equivalent 

of potassium tert-butoxide (KOtBu) to a THF solution of 1a led to a color change from yellow to deep-

red. Disappearance of the –NH signal, appearance of the methylene group as a singlet at 4.55 ppm and 

chemical shifts for the cod signals (Δδ 0.39-0.27 ppm upfield relative to 1a) in the 1H NMR spectrum 

support formation of the neutral iridium-amido complex 2a (Scheme 4).  

 

 

Scheme 4. Synthesis of complex 2a by mono-deprotonation with KotBu. 

 

The molecular structure of deprotonated complex 2a also reveals a square planar coordination 

geometry around iridium (Figure 2). In contrast to the neutral ligands in 1a and 1b, the anionic ligand 

of 2a nicely coordinates in the equatorial plane without remarkable distortion (∠Ir–N1–C5–C6 5.26; 

∠N1–C5–C6–N2 –1.18). The Ir-N2 bond in 2a is shortened from 2.1043(19) Å in 1a to 1.9730(13) Å, 

resulting from a stabilizing push-pull π-interaction. The nitrogen lone pair donates to the metal, which 

in turn back-donates to the trans-C=C bond of the cod-ligand. Hence, the C12=C13 bond of the cod 

ligand trans to the amido N atom is elongated to 1.427(2) Å compared to the corresponding bond in 

1a (1.412(4) Å), and is also longer than C8=C9 (1.412(2) Å), in agreement with enhanced π-back-

donation from the metal upon deprotonation of the secondary amine nitrogen.  

 
Figure 2. Molecular structure (ORTEP at 50% level) of 2a. Hydrogen atoms were removed for clarity, except on 

C6. Selected bond lengths (Å) and angles (°): Ir–N1 2.0901(12); Ir–N2 1.9730(13); Ir–Ct1 1.992; Ir–Ct2 1.994; N1–

C1 1.349(2); N1–C5 1.3493(19); C5–C6 1.490(2); C6–N2 1.436(2); N2–C7 1.449(2); C8–C9 1.412(4); C12–C13 
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1.427(2); N1–Ir–Ct1 172.62; N2–Ir–Ct2 175.91; N1–Ir–N2 79.78(5); Ct1–Ir–Ct2 87.43; Ir–N1–C5–C6 5.26; N1–C5–

C6–N2 –1.18. 

 

Synthesis of the bimetallic complex 3b involving cooperative ligand deprotonation. In sharp contrast 

with the mono-deprotonation of iridium complex 1a, treatment of the rhodium complex 1b in THF-d8 

with one molar equivalent of KOtBu did not produce the rhodium-amido complex 2b (Scheme 5). 

Instead, spontaneous double deprotonation was observed, despite using only one equivalent of the 

base. In the 1H NMR spectrum, half an equivalent of free Me-pma ligand was detected, and the 

pyridine signals of the remaining Me-pma ligand were remarkably shifted upfield to the region of 

6.71–5.84 ppm. The same chemical shift trend was observed for the cod signals (especially the vinylic 

protons), as compared to those in complex 1b, indicating the electron-rich nature of the new rhodium 

complex 3b. Integration of the peaks in the 1H NMR spectrum points to the presence of two cod 

ligands (thus suggestive of the presence of two rhodium centers) and one ligand derived from Me-

pma. However, signals corresponding to the NH or –CH2 moieties of the original Me-pma ligand were 

absent, and instead one sharp pseudo-triplet15 at 5.52 ppm (1H) was found that did not seem to 

correlate with other hydrogen nuclei in the 2D 1H COSY spectrum. The observed reactivity pattern 

resembles that of the previously reported reaction of complex [Rh(bpa)(cod)]PF6 with one equivalent 

of KOtBu, resulting in formation of complex A, and half an equivalent of free bpa ligand,14b which 

overall shows an interesting pathway of the dehydrogenative oxidation of a metal-bound amine into 

an imine with two electrons from the doubly-deprotonated amine moiety preserved intramolecularly 

in another fragment. 

 

Scheme 5. Synthesis of complex 3b by treating 1b with one equivalence of KOtBu. 

 

The new dinuclear species 3b, formulated as [(cod)Rh(Me-pma-2H)Rh(cod)], was assigned to contain 

the ‘doubly deprotonated’ Me-pma-2H ligand. As shown in Scheme 6, complex 3b was also efficiently 

synthesized by reacting the Me-pma ligand with one equivalent of [{(cod)Rh(μ-OMe)}]2 in diethyl ether 

(Et2O). In this case the bridging methoxy ligand in the precursor complex functions as an internal base. 

Recrystallization afforded 3b as dark brownish red solid in 61.7% yield.  
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Scheme 6. Synthesis of complex 3b from Me-pma and [{Rh(cod)(µ-OMe)}]2. 

 

Double deprotonation of the Me-pma ligand converts the CH2-NHMe moiety into a dianionic (CH-

NHMe)2− moiety. Subsequent two-electron oxidation of the (Me-pma-2H)2− would transform the 

ligand into a neutral (Me-pma-2H)0 ligand containing an imino C(H)=NMe moiety. In case of complexes 

A and B based on the bpa ligand imine formation, this conversion was observed in an intramolecular 

redox process wherein one of the metal ions acts as a two-electron oxidant, thus producing species 

that are best described as having a π-bound imine ligand coordinated to a tetrahedral rhodium(-I) or 

iridium(-I) ion, respectively. To determine if the same situation could arise in complex 3b, the spectral 

and structural parameters of this complex were carefully examined. The pyridine proton signals of 3b 

in C6D6 appear in the range between 6.57–5.66 ppm in the 1H NMR spectrum (Figure 3). The triplet 

signal at 5.16 ppm (J = 0.8 Hz) correlates with a doublet at 89.80 ppm (JC-H = 5.5 Hz) in the 1H-13C HSQC 

spectrum, and it is assigned to the ‘imine’ HC=N proton. Both the 1H (5.16 ppm) and 13C (89.8 ppm) 

signals of the imine moiety are markedly shifted downfield compared to those of complex A and B (1H: 

3.54 and 4.33 ppm, 13C: 76.9 and 81.88 ppm, respectively), pointing to a stronger “imine” character of 

the C=N bond in 3b and therefore a higher degree of electron-transfer from the deprotonated N2–C6 

moiety (see Table 2). However, oxidation of the dianionic (CH-NHMe)2− moiety to form a neutral 

C(H)=NMe imino moiety could occur either by electron-transfer from the ligand to the metal, with the 

RhI center as the formal oxidant as observed for A and B, or by electron-transfer to (delocalization 

into) the pyridine moiety, with the aromatic ring acting as the electron acceptor. The latter is 

proposed to be more likely for 3b, as the pyridine proton signals of 3b are markedly shifted upfield 

relative to complexes A and B (see shifts of HPy in Table 2). Furthermore, the absence of a pendant 

coordinating pyridine group in 3b should destabilize a hypothetical Rh-I center, as a tetrahedral 

geometry is no longer accessible. Three sharp signals in the region of 4.23–3.42 ppm (four H atoms) 

are assigned to the olefinic protons of [cod(1)] coordinated to Rh1 on the pma ligand plane. Signals at 

2.06–1.94 and 1.85–1.75 ppm are assigned to the allylic protons of this cod(1)-ligand, based on 2D 
1H13C–HSQC, 1H–COSY and 1H–NOESY spectra, which all indicate the absence of any symmetry in 

cod(1). In contrast, the olefinic protons of cod(2) above the Me-pma-2H ligand plane give rise to a very 

broad signal in the range of 4.98–3.76 ppm, while the corresponding carbon signals are not visible in 

the 13C NMR spectrum and the allylic proton signals show up as three sets of multiplets in a more 

narrow region of 2.26–1.79 ppm in the 1H NMR spectrum. The observed coalescence of the olefinic 

cod signals of cod(2) points to rotation of this ligand around the Rh2 center with an intermediate rate 

on the NMR timescale at room temperature. In fact, cod(2) rotation around Rh2 is slower than 

observed for complex A, but still faster than cod(1) rotation around Rh1. This may indicate some 

“tetrahedral character” for Rh2,14b,16 but the unsaturated nature of Rh2 (lacking an additional donor 

from a pendant pyridine such as in complexes A and C1) might also contribute to the rotational 

fluxionality of cod(2) being faster than cod(1).  



Chapter 2. Redox-chemistry of Iminopyridyl Ligands in Rh(I)- and Ir(I)-complexes 
 

30 
 

 

Figure 3. 
1
H NMR spectrum of complex 3b. 

 

Table 2. Selected NMR parameters of known A
14b

, B
14a

, C1
14c

, C2
14c

 compared to those for new species 3b, δ 

(ppm). 

 B A C1 C2 3b 

δHHC=N 3.54 4.33 4.84 (–100 °C) 5.62 5.16 

δCHC=N (JRhC) 76.9 (9) 82.2 (7) 91.9 (b) (–100 °C) 92.7 (5.1) 89.80 (5.5) 

δHPy1 6.95 6.80 / / 6.56 

δHPy3 6.56 6.58 / / 6.47 

δHPy4 6.41 6.20 / / 6.16 

δHPy2 5.65 5.78 / / 5.68 

 

Deep-red crystals of 3b suitable for X-ray diffraction studies were obtained from diethyl ether at –20 

ºC (Figure 3). The structure contains two Rh(cod) fragments and a ditopic doubly deprotonated Me-

pma ligand with the formula PyC(H)=NCH3. Atom Rh1 is clearly coordinated to the two Me-pma 

nitrogen atoms N1 and N2, which are in a near square planar geometry trans to the centroids Ct1 

(C8=C9) and Ct2 (C12=C13), respectively, and Rh1 should be in the (+I) oxidation state. The whole Me-

pma-2H ligand backbone also lies in the same coordination plane of Rh1. Atom Rh2 is indeed 

coordinated above the pma ligand plane with the second cod ligand attached. However, the geometry 

around Rh2 is more difficult to define, as it seems to interact with a part of the metalacycle consisting 

9 
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of atoms N2, C6, C5, N1 and Rh1, which is completely different from the situation in complexes A and 

B, while it shows a similar but not identical coordination as observed for complex C2. 

In complex 3b, The C6=N2 bond is shorter than in complex A (1.387(2) vs 1.415(4) Å), suggestive of 

stronger “imine” character in the former system, which is in agreement with the chemical shift 

differences of the HC=N signals in the 1H and 13C NMR spectra. The C5–C6 bond is also slightly shorter 

in 3b than in A (1.418(2) vs. 1.435(4) Å), perhaps indicating pseudo-double bond character. The 

distance between N1 and C5 is slightly longer in 3b than in A (1.385(2) vs 1.373(3) Å), and the pyridine 

shows a more distinctive C-C and C=C bond alteration (see Table 3). It is difficult to draw solid 

conclusions from the C6=N2 and C5–C6 bonds concerning the ligand oxidation states in 3b, A and C1, 

because π-coordination of the ligand to the Rh2 center has an intrinsic elongating effect on these 

bonds. Previous studies showed that (in contrast to the C6=N2 and C5–C6 bonds) the intra-ligand 

bond lengths within the pyridine ring are diagnostic for the ligand oxidation state of dinuclear π-

coordinated (reduced) α-imine-pyridine ligand-types like Me-pma-2H.14c As such, these bond lengths 

are quite similar to those in complex C2, in between those expected for the fully neutral and dianionic 

ligands, but closer to the dianionic form than to the neutral one. Hence, the pyridine bond distances in 

the molecular structure of in 3b are diagnostic for the presence of a (Me-pma-2H)2- ligand with a 

‘dearomatized’ pyridine ring, rather than a (Me pma-2H)0 ligand. The Rh1–N1 bond length is shorter in 

3b (2.0711(14) Å) than in A (2.094(3) Å), which is in agreement with a higher degree of charge transfer 

(delocalization) into the pyridine moiety. In agreement with increased π-donation from the pyridine 

nitrogen to Rh1, the C8-C9 distance of the olefinic double bond trans to N1 is elongated as a result of 

increased π-backdonation. The description of the coordination geometry around Rh2 in 3b is more 

complicated. The Rh2 center in 3b seems to have an interaction with the N2–C6–C5 moiety (bond 

distances of Rh2 with N2, C6 and C5 are 2.2247(16), 2.1354(18) and 2.4699(18) Å, respectively),17 and 

a weak interaction with Rh1, as indicated by the relatively short Rh1-Rh2 distance of 2.9148(2) Å, but 

not with the N1–C5 bond (Rh2–N1, 2.7996(16) Å). Thus, Rh2 is not η5-coordinated with the ‘aromatic 

rhodaazabutenyl’ moiety (related to a cyclopentadienyl ligand), but rather seems to be π-coordinated 

to the N2–C6–C5 ‘hetero-allyl’ moiety. Rh2 further has a weak metal-metal interaction with Rh1, as 

indicated by the relatively short Rh1-Rh2 distance of 2.9148 (2) Å. As such, one could describe the 

interactions with Rh2 as a η4-coordinated ‘rhodaazabutenyl’ ligand, analogous to a ‘slipped’ η4-

coordinated cyclopentadienyl ligand. This coordination mode is somewhat similar, but not identical to 

that observed for rhodium in [(cod)RhI(bpa–2H)–2IrI(cod)] complex C2. In that case the Rh2 is also 

assigned to be in the +I oxidation state and the bpa-2H ligand bears the negative charge. However, in 

C2 the Rh2 center is best described to coordinate to the ‘1,2-diyldiamide’ (N−C=C−N−) C5=C6 bond, 

maintaining only a partial interaction with the ‘imine’ N2=C6 bond. The Rh2 center in C2 and adopts 

an almost perfect square planar geometry, established by its interactions with Ir1, Ct3, Ct4 and Ct6. In 

contrast, the Rh2 center in complex 3b seems to interact with the entire N2–C6–C5 ‘aza-allyl’ moiety, 

and has even a slightly stronger interaction with the ‘imine’ N2=C6 bond than with the C5=C6 bond 

(distances between Rh and Ct5, Ct6 are 2.067 and 2.197 Å, respectively). Hence, the N2–C6–C5 is best 

viewed as an aza-allyl ligand bound to Rh2, with the distance between the aza-allyl centroid Ct7 and 

Rh2 being 2.034 Å, which is 0.023 Å shorter than the Rh2-Ct7 distance in complex C2 (2.057 Å).[18] In 

this description, the geometry around Rh2 (donor set Rh1, Ct3, Ct4 and Ct7) in 3b is distorted, and 

deviates more strongly from a perfect square planar geometry than C1 (torsion angles ∠Ct3–Ct4–Ct7–

Rh1 29.38º, ∠Rh1–Ct3–Ct4–Ct7 –17.51º), and the geometry of 3b is in fact somewhere in between a 

tetrahedral and square planar coordination geometry. The distorted geometry may well contribute to 

a lower cod rotation barrier, in agreement with the 1H NMR data showing that cod(2) shows fluxional 
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behavior due to rotation around Rh2, while cod(1) is frozen on the NMR time scale. This distorted 

geometry also corresponds with partial charge transfer from the ligand to Rh2. Yet, based on the 

combined observations, we conclude that Rh2 is best described being in the +I oxidation state, 

adopting a quite severely distorted square planar coordination geometry in its interactions with Rh1, 

cod(2) and the N2–C6–C5 aza-allyl moiety of the (Me-pma–2H)2– ligand.[19] 

 

            

 

Figure 3. Comparison of molecular structures (ORTEP at 50% level) of known A
[14b]

 (top left) and C2
[14c]

 (top right) 

with that of the new complex 3b (bottom). Hydrogen atoms were removed for clarity, except for those on C6 

and C7; Rh is depicted in green and Ir is depicted in orange, the red dots Ct1–Ct6 represent the centroids of the 

coordinated “double” bonds, the red dot Ct7 represents the centroid of the C5–C6–N2 moiety. 

 

Hence, in contrast to the observations for complex A, the structural parameters and NMR 

spectroscopic observations for 3b suggest limited electron-transfer from the doubly deprotonated 

(Me-pma-2H)2- ligand to Rh2. Instead electron delocalization into the pyridine moiety occurs with 

extensive ‘dearomatization’ of the pyridine moiety, which still leads to a substantial ‘imine’ character 

of the N2=C6 moiety. The reluctance of Rh2 to undergo formal reduction from rhodium(+I) to 
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rhodium(-I) in complex 3b is presumably due to the absence of an additional pyridine donor (which 

stabilizes the respective rhodium(-I) center, as a tetrahedral geometry similar to that observed in 

complex A is no longer accessible). The structure of 3b reveals a new coordination mode, namely a π-

coordinated (reduced) α-imine-pyridine ligand-type (Figure 6, III) with Rh2 coordinating in a η3-fashion 

to the “aza-allyl” moiety of the ligand in these bimetallic complexes. This is a complementary binding 

mode to the previously observed modes I (for complex A, B, C1) and II (for complex C2). The versatility 

of the Rh2 coordination mode reflects the rich interplay between the metal and ligand, and 

demonstrates a variety of electron transfer processes from the doubly deprotonated C6-N2 moiety, 

which results in a continuum for the diamide-to-picolylimine redox-chemistry. 

 

 

Figure 4. Three different geometric and electronic structures of the bimetallic Rh or Ir complexes featuring a 

doubly deprotonated ditopic picolyl-amine ligand. 

 

Synthesis of the bimetallic complex 3a. The iridium analogue of 3b, [Ir2(cod)2(bpa–2H)] (3a), was 

also synthesized and was isolated as a deep brownish-red solid. The complex was prepared by reacting 

[{Ir(cod)(µ-OMe)}]2 with two equivalents of the Me-pma ligand in Et2O in analogy to Scheme 4. 

Suitable crystals of 3a could not be obtained, and we therefore resorted to DFT calculations to 

elucidate the preferred geometry. We first validated our computational approach by comparing the 

DFT optimized geometry of 3b’ (bp86/def2–TZVPP level employing Grimme’s D3 dispersion 

corrections) with the structure of 3b determined by X-ray diffraction (see Table 4). Structure 3a’ was 

computed at the same level of theory to serve as model for 3a. The geometry of 3a’ is analogous to 

that of 3b, with the Ir1(cod) fragment coordinated to the pma ligand plane and the Ir2(cod) fragment 

seemingly interacting with the “metallacycle”consisting of the N2, C6, C5, N1 and Ir1. This is evident 

from the same small angle ∠M1–C6–M2 (66.82 and 68.88(4)º for 3a’ and 3b). Ir2 is again best 

described as an iridium(+I) center and there is once more substantial charge delocalization over the 

pyridine ring, as can be seen from the partial dearomatization of the ring indicated by the alternating 

bond C-C lengths. Complexes 3a’ and 3b/3b’ are very similar, except for the substantially longer N2=C6 

distance in 3a’, which indicates that the N2=C6 moiety has a somewhat smaller ‘imine’ character in 

3a’. As observed for Rh2 in 3b/3b’. Ir2 also interacts with the Me-pma-2H through the N2–C6–C5 “aza-

allyl” moiety. Atom Ir2 likely interacts slightly stronger with N2=C6 in 3a’ than in 3b’, given the slightly 

longer bond length for M2–C5 (Δ = 0.078 Å) and M2–N2 (Δ = 0.019 Å), and the larger C5–C6–M2 angle 

(Δ = 2.99°) and N2–C6–M2 (Δ = 1.27°). Overall, the geometric and electronic structure of 3a’ is similar 

to those of 3b/3b’.   
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Table 4. Selected bond lengths (Å) and angles (°) for complex 3b, and metric parameters for DFT optimized 

structures 3b’ and 3a’ at BP86/def2-TZVPP level with dispersion correction. 

 3b 3b’ 3a’  3b 3b’ 3a’ 

M1–N1 2.0711(14) 2.072 2.061 C5–C6 1.418(2) 1.432 1.432 

M1–N2 2.0340(14) 2.036 2.035 C6–N2 1.387(2) 1.386 1.405 

M1–Ct1 2.003 2.011 2.018 M2–N1 2.7996(16) 2.809 2.898 

M1–Ct2 2.002 2.004 2.008 M2–C5 2.4699(18) 2.465 2.543 

C8–C9 1.403(3) 1.418 1.429 M2–C6 2.1354(18) 2.138 2.155 

C12–C13 1.403(3) 1.422 1.435 M2–N2 2.2247(16) 2.322 2.341 

N1–C5 1.385(2) 1.395 1.398 M2–Ct3 2.026 2.021 2.002 

N1–C1 1.368(2) 1.361 1.365 M2–Ct4 2.000 2.001 1.990 

C1–C2 1.363(3) 1.378 1.375 M2–Ct5 2.067 2.122 2.138 

C2–C3 1.412(3) 1.416 1.419 M2–Ct6 2.197 2.194 2.245 

C3–C4 1.359(3) 1.375 1.374 M2–Ct7 2.034 2.065 2.107 

C4–C5 1.427(2) 1.421 1.421 C16–C17 1.392(3) 1.415 1.435 

M1–M2 2.9148(2) 2.858 2.840 C20–C21 1.397(3) 1.425 1.442 

N1–M1–Ct1 170.61 171.52 172.79 Ct1–M1–Ct2 87.77 87.71 87.18 

N2–M1–Ct2 175.65 175.00 175.33 M1–C6–M2 68.88(4) 67.59 66.82 

N1–M1–N2 79.73 80.48 80.50 Ct4–M2–M1 159.52 171.52 169.00 

Ct3–M2–Ct7 150.24 155.39 158.46 Ct3–M2–Ct4 87.88 88.77 88.26 

N2–C6–M2 75.00(10) 79.31 80.58 M1–M2–Ct7 55.68 56.33 56.35 

C5–C6–M2 85.56 84.88 87.87 
Ct3– Ct4–Ct7– 

M2 
29.38 3.47 –2.03 

 

 

2.3 Conclusions 

Rhodium and iridium(cod) complexes 1a and 1b based on Me-pma ligand were synthesized. Upon 

reaction with one equivalent KOtBu, 1a gives rise to quantitative formation of the neutral amido 

[Ir(Me-pma–H)(cod)] complex 2a, while 1b gives formation of a dinuclear rhodium complex 3b 

featuring a doubly deprotonated Me-pma-2H ditopic ligand. NMR spectroscopy and X-ray diffraction 

confirm that there is negligible ligand-to-metal charge transfer from the doubly deprotonated Me-

pma ligand to Rh2. The negative charge remains on the (Me-pma–2H)2– fragment, but substantial 

charge delocalization into the pyridine ring occurs leading to partial pyridine ‘dearomatization’. The 

geometry of the corresponding dinuclear iridium complex 3a is similar to that of 3b, according to DFT 

studies. The collected data support the previous assumption that coordination of an additional ligand 

donor to M2 is necessary to induce formal reduction of M2(+I) to M2(-I) via electron transfer of the 

dianionic π-coordinated ‘1,2-diyldiamide’ (N−Py-C=C-N−amido) moiety of the ligand to M2 to form a 



Chapter 2. Redox-chemistry of Iminopyridyl Ligands in Rh(I)- and Ir(I)-complexes 
 

35 
 

neutral imine (NPy-C-C=N−) ligand moiety, wherein the additional ligand donor is proposed to stabilize 

the corresponding reduced d10 M2(-I) ion in a tetrahedral geometry. The X-ray structure of 3b and the 

DFT optimized geometry of 3a further disclose a novel “aza-allyl” η3-coordination mode of the (Me-

pma–2H)2– ligand bound to M2. The observations described in this chapter, combined with the 

previously reported results, demonstrate a series of intermediate states of metal-bound picolyl-

amines after double deprotonation. The electron transfer process is sensitive to a number of factors, 

such as the nature of the sigma-bound metal (M1), the nature of the π-coordinated metal M2 acting 

as a potential “oxidant”, and the presence of or absence of an additional pendant coordinating ligand 

donor which can stabilize a tetrahedral M2(-I) ion. 

 

2.4 Experimental Section 

General: All the reactions were carried out under argon using standard Schlenk techniques. Metal 

precursors [{Rh(cod)(μ-Cl)}]2, [{Ir(cod)(μ-Cl)}]2, [{(Rh(cod)(μ-OMe)}]2 and [{Ir(cod)(μ-OMe)}]2, as well as 

complexes 1, 2b, and 3 were synthesized according to known procedures.14b The Me-pma ligand was 

obtained from Aldrich and used as received. The NMR spectroscopic measurements were recorded on 

a Bruker AV 400 spectrometer. Chemical shifts are reported and referenced to SiMe4, using the 

internal signal of deuterated solvent as reference. MS data. Elemental analyses were carried out by 

Kolbe Mikroanalytisches Labor (Mülheim a/d Ruhr, Germany). 

 

The ligand Me-pma (93.8 µL, 0.763 mmol, 2.05 eq.) was added to a 10 mL 

methanol solution of [{Ir(cod)(μ-OMe)}]2 (250.0 mg, 0.372 mmol, 1 eq.), 

followed by addition of NH4PF6 (121.3 mg, 0.744 mmol, 2 eq.). The solution 

was stirred for one hour and then concentrated to 5 mL under vacuum. The 

yellow precipitate was collected by filtration and washed with a small 

amount of cold methanol and dried in vacuo. Yield: 367.8 mg (87.1%). 1H 

NMR (400 MHz, CD2Cl2, ppm): δ 8.09–8.01 (m, 2H, Py), 7.74 (d, J = 7.9 Hz, 1H, Py), 7.49 (ddd, J = 7.4, 

5.7, 1.4 Hz, 1H, Py), 4.71–4.57 (m, 2H, Py–CH2N + cod–vinyl), 4.32 (b, NH), 4.16 (dd, J = 15.6.0, 5.6 Hz, 

1H, Py–CH2N), 4.34–3.98 (b, 3H, cod–vinyl), 2.67 (d, J = 5.9 Hz, 3H, CH3), 2.46–2.19 (m, 4H, cod–allyl), 

2.05–1.87 (m, 2H, cod–allyl), 1.87–1.59 (m, 2H, cod–allyl). 1H NMR (400 MHz, CD2Cl2, ppm):  δ 8.04 

(td, J = 7.7, 1.5 Hz, 1Hpy), 8.00 (d, J = 7.9 Hz, 1Hpy), 7.76 (d, J = 7.9 Hz, 1Hpy), 7.45 (t, J = 7.0 Hz, 1Hpy), 

4.94–4.85 (m, 1Hcod–vinyl), 4.47–3.93 (b, 1HNH+1Hcod–vinyl), 4.74 (dd, J = 15.8, 5.3 Hz, 1HPy–

CHHN),  4.13 (dd, J = 16.0, 6.5 Hz, 1HPy–CHHN), 4.04 (b, 2Hvinyl-cod), 2.69 (d, J = 5.9 Hz, 3HCH3), 

2.47–2.33 (m, 2Hcod–allyl), 2.33–2.20 (m, 2Hcod–allyl), 2.02–1.90 (m, 2Hcod–allyl), 1.80–1.61 (m, 

2Hcod–allyl). 13C{1H} NMR (100 MHz, CD2Cl2, ppm): δ 163.39 (CPy), 148.15 (CPy), 141.46 (CPy), 125.33 

(CPy), 123.23 (CPy), 70.69 (Ccod–vinyl), 69.05 (Ccod–vinyl), 68.36 (Ccod–vinyl), 67.72 (Ccod–vinyl), 62.10 (Py–CH2N), 

40.05 (CH3), 32.40 (Ccod–allyl), 31.22 (Ccod–allyl), 31.09 (Ccod–allyl), 30.09 (Ccod–allyl). (HR-MS (CSI, 243 K, 

DCM): m/z (M+, Calcd. m/z). Anal. Calcd. (Found) for C15H22F6IrN2P (Mw = 567.5 g/mol): C, 31.74 

(31.66); H, 3.91 (3.94); N, 4.94 (4.96). 
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The procedure is similar to that of 1a. Yield: 81.3%. 1H NMR (400 MHz, CD2Cl2, 

ppm): δ 7.94 (td, J = 7.7, 1.5 Hz, 1H, Py), 7.72 (dd, J = 5.7, 1.3 Hz, 1H, Py), 7.56 

(d, J = 7.9 Hz, 1.2, 1H, Py), 7.41 (ddd, J = 7.2, 5.6, 1.3 Hz, 1H, Py), 4.59–4.42 (m, 

2H, Py–CH2N + cod–vinyl), 4.39–4.18 (m, 3H, cod–vinyl),  3.99 (dd, J = 15.9, 5.9 

Hz, 1H, Py–CH2N), 3.82–3.70 (m, 1H, NH), 2.66–2.37 (m, 4H, cod–allyl), 2.51 

(d, J = 6.2 Hz, 3H, CH3), 2.17–1.87 (m, 4H, cod–allyl). 13C{1H} NMR (100 MHz, 

CD2Cl2, ppm): δ 161.60 (CPy), 147.88 (CPy), 140.59 (CPy), 124.78 (CPy), 123.35 (CPy), 85.03 (d, J = 12.4 Hz, 

Ccod–vinyl), 83.79 (d, J = 12.7 Hz, Ccod–vinyl), 83.69 (d, J = 6.2 Hz, Ccod–vinyl), 83.57 (d, J = 5.8 Hz, Ccod–vinyl), 

60.83 (Py–CH2N), 39.16 (CH3), 31.45 (Ccod–allyl), 30.57 (Ccod–allyl), 31.46 (Ccod–allyl), 29.79 (Ccod–allyl). HR-MS 

(CSI, 243 K, DCM): m/z (M+, Calcd. m/z). Anal. Calcd. (Found) for C15H22F6N2PRh (Mw = 478.2 g/mol): C, 

37.67 (37.08); H, 4.64 (4.63); N, 5.86 (5.72). 

 

 

Method I: Potassium tert-butoxide (KOtBu, 3.3 mg, 29.1 µmol, 1.1 eq.) was added to 

a 0.6 mL yellow THF-d8 solution of 1a (15.0 mg, 26.4 µmol, 1 eq.) in a Schlenk under 

stirring, which resulted in an immediately color change to deep-red. The solution 

was transferred to a sealed NMR tube and directly analyzed by NMR spectroscopy. 

Method II:  The ligand Me-pma (51.4 µL, 0.418 mmol, 1eq.) was added to a yellow 

suspension of [{Ir(cod)(μ-OMe)}]2 (278 mg, 0.418 mmol, 1eq.) in 14 mL diethyl 

ether, which resulted in a color change to deep-red. After stirring for 20 min, the solvent was 

concentrated to around 8 mL by evaporation under vacuum, layered with 15 mL pentane and stored 

at –4 °C overnight. The mother-liquor was decanted and the solid was washed with pentane and dried 

in vacuo. 1H NMR (400 MHz, THF-d8, ppm): δ 8.01 (d, J = 5.9 Hz, 1H, Py), 7.78 (dd, J = 7.8, 1.5 Hz, 1H, 

Py), 7.65 (d, J = 7.6 Hz, 1H, Py), 7.19 (ddd, J = 7.6, 6.2, 1.3 Hz, 1H, Py), 4.57 (s, 2H, Py–CH2N), 3.74–3.69 

(m, 2H, cod–vinyl), 2.93 (s, 3H, CH3), 2.71–2.65 (m, 2H, cod–vinyl),  2.26–2.12 (m, 4H, cod– allyl), 1.75–

.61 (m, 4H, cod–allyl). 13C{1H} NMR (100 MHz, CD2Cl2, ppm): δ 163.39 (CPy), 148.15 (CPy), 141.46 (CPy), 

125.33 (CPy), 123.23 (CPy), 70.69 (Ccod–vinyl), 69.05 (Ccod–vinyl), 68.36 (Ccod–vinyl), 67.72 (Ccod–vinyl), 62.10 (Py–

CH2N), 40.05 (CH3), 32.40 (Ccod–allyl), 31.22 (Ccod–allyl), 31.09 (Ccod–allyl), 30.09 (Ccod–allyl).   

 

The ligand Me-pma ligand (51.4 µL, 0.418 mmol, 1eq.) was added to a yellow 

suspension of [{(cod)Ir(μ-OMe)}]2 (278 mg, 0.418 mmol, 1eq.) in 14 mL diethyl 

ether, giving a deep-red color. After stirring for 20 min, the solvent was 

concentrated to around 8 mL by evaporation under vacuum, layered with 15 mL 

pentane and stored at –4 °C) overnight. The mother-liquor was decanted and the 

solid was washed with pentane and dried. 1H NMR (400 MHz, C6D6, ppm): δ 7.72 

(dt, J = 5.9, 1.1 Hz, 1H, Py), 6.66 (dd, J = 7.6, 1.5 Hz, 1H, Py), 6.61 (d, J = 7.4 Hz, 

1Hpy), 6.14 (tm, J = 7.5 Hz, 1H, Py), 4.34 (s, 2H), 4.18 (b, 2H, Py–CH2N), 3.62–3.52 

(m, 3H, cod–vinyl), 3.19 (s, 3H, CH3), 3.17 (s, 2H, cod–vinyl), 2.95 (b, 2H, cod– allyl), 

2.53 (b, 4H, cod–allyl), 2.21–2.08 (m, 4H, cod–allyl), 1.99 (d, J = 8.0 Hz, 4H, cod–

allyl), 1.41–1.28 (m, 4H, cod–allyl). 13C{1H} NMR (100 MHz, CD2Cl2, ppm): δ 163.39 
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(CPy), 148.15 (CPy), 141.46 (CPy), 125.33 (CPy), 123.23 (CPy), 70.69 (Ccod–vinyl), 69.05 (Ccod–vinyl), 68.36 (Ccod–

vinyl), 67.72 (Ccod–vinyl), 62.10 (Py–CH2N), 40.05 (CH3), 32.40 (Ccod–allyl), 31.22 (Ccod–allyl), 31.09 (Ccod–allyl), 

30.09 (Ccod–allyl). HR-MS (CSI, 243 K, DCM): m/z (M+, Calcd. m/z). 

 

The ligand Me-pma (63.4 µL, 0.516 mmol, 1eq.) was added to a suspension of 

[{Rh(cod)(μ-OMe)}]2 (250 mg, 0.615 mmol, 1 eq.) in 15 ml diethyl ether. The color 

changed to orange and then to deep-red. After stirring for 20 min, the solvent was 

concentrated to around 5 mL by evaporation under vacuum, layered with 10 mL 

pentane and stored in the fridge (–4 °C) overnight. The mother liquor was decanted 

and the solid was washed with pentane and dried under vacuum. Yield: 172.8 mg 

(61.7 %).  1H NMR (400 MHz, C6D6, ppm): δ 6.56 (dd, J = 6.5, 1.2 Hz, 1Hpy), 6.47 

(ddd, J = 8.9, 6.4, 1.4 Hz, 1Hpy), 6.16 (dt, J = 8.8, 1.2 Hz, 1Hpy), 5.68 (td, J = 6.4, 1.4 

Hz, 1Hpy), 5.16 (dd, J = 0.8, 0.8 Hz, 1H, PyCH=N), 4.98–3.76 (b, 5H, cod–vinyl), 4.27–

4.19 (m, 1H, cod–vinyl), 3.74–3.63 (m, 2H, cod–vinyl), 3.47–3.38 (m, 1H, cod–vinyl), 

2.78–2.66 (m, 1H, cod–allyl), 2.65–2.54 (m, 1H, cod–allyl), 2.58 (t, J = 1.1 Hz, 3H, CH3), 2.38–2.19 (m, 

5H, cod–allyl), 2.19–2.10 (m, 1H, cod–allyl), 2.05–1.92 (m, 4H, cod–allyl), 1.85–1.71 (m, 4H, cod–allyl). 
13C{1H} NMR (100 MHz, CD2Cl2, ppm): δ 141.99 (CPy), 130.93 (d, J = 1.6 Hz, CPy), 128.24 (CPy), 114.54 

(CPy), 108.03 (CPy), 89.78 (d, J = 5.5 Hz, Py–CH=N), 77.78 (d, J = 13.4 Hz, Ccod–vinyl), 75.80 (d, J = 12.8 Hz, 

Ccod–vinyl), 74.26 (d, J = 12.2 Hz, Ccod–vinyl), 72.06 (d, J = 12.5 Hz, Ccod–vinyl), 43.12 (d, J = 1.7 Hz, CH3), 33.58 

(Ccod–allyl), 32.06 (Ccod–allyl), 31.30 (Ccod–allyl), 30.14 (Ccod–allyl), 29.15 (Ccod–allyl). HRMS (CSI, 243 K, DCM): m/z 

541.0626 ((M–H)+, Calcd. m/z 541.0592). 

 

X-ray crystal structure determination of 1a 

[C15H22IrN2](PF6), Fw = 567.52, dark yellow block, 0.49  0.46  0.33 mm3, monoclinic, P21/c (no. 14), a 

= 6.4624(2), b = 15.9677(4), c = 17.1755(4) Å,  = 101.2505(10) °, V = 1738.28(8) Å3, Z = 4, Dx = 2.169 

g/cm3,  = 7.83 mm-1. 25066 Reflections were measured on a Bruker Kappa ApexII diffractometer with 

sealed tube and Triumph monochromator ( = 0.71073 Å) at a temperature of 150(2) K up to a 

resolution of (sin /)max = 0.65 Å-1. The intensities were integrated with the Saint software.20 

Multiscan absorption correction and scaling was performed with SADABS21 (correction range 0.26-

0.43). 4020 Reflections were unique (Rint = 0.020), of which 3895 were observed [I>2(I)]. The 

structure was solved with Direct Methods using SHELXS-97.22 Least-squares refinement was 

performed with SHELXL-9722 against F2 of all reflections. Non-hydrogen atoms were refined freely with 

anisotropic displacement parameters. All hydrogen atoms were located in difference Fourier maps. 

The N-H hydrogen atom and the four C-H hydrogen atoms at the coordinated double bonds were 

refined freely with isotropic displacement parameters. All other hydrogen atoms were refined with a 

riding model. 247 Parameters were refined with no restraints. R1/wR2 [I > 2(I)]: 0.0146 / 0.0338. 

R1/wR2 [all refl.]: 0.0154 / 0.0340. S = 1.160. Residual electron density between -0.74 and 0.88 e/Å3. 

Geometry calculations and checking for higher symmetry was performed with the PLATON program.23 

 

X-ray crystal structure determination of 1b 
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[C15H22N2Rh](PF6), Fw = 478.23, yellow-green block, 0.30  0.09  0.09 mm3, monoclinic, P21/c (no. 14), 

a = 6.5163(2), b = 16.0417(4), c = 17.1102(5) Å,  = 101.2918(10) °, V = 1753.95(9) Å3, Z = 4, Dx = 1.811 

g/cm3,  = 1.13 mm-1. 33645 Reflections were measured on a Bruker Kappa ApexII diffractometer with 

sealed tube and Triumph monochromator ( = 0.71073 Å) at a temperature of 150(2) K up to a 

resolution of (sin /)max = 0.65 Å-1. The intensities were integrated with the Saint software.20 

Multiscan absorption correction and scaling was performed with SADABS21 (correction range 0.67-

0.75). 4050 Reflections were unique (Rint = 0.018), of which 3772 were observed [I>2(I)]. The 

structure was solved with Direct Methods using SHELXS-97.22 Least-squares refinement was 

performed with SHELXL-9722 against F2 of all reflections. Non-hydrogen atoms were refined freely with 

anisotropic displacement parameters. All hydrogen atoms were located in difference Fourier maps. 

The N-H hydrogen atom and the four C-H hydrogen atoms at the coordinated double bonds were 

refined freely with isotropic displacement parameters. All other hydrogen atoms were refined with a 

riding model. 247 Parameters were refined with no restraints. R1/wR2 [I > 2(I)]: 0.0174 / 0.0436. 

R1/wR2 [all refl.]: 0.0194 / 0.0446. S = 1.041. Residual electron density between -0.34 and 0.66 e/Å3. 

Geometry calculations and checking for higher symmetry was performed with the PLATON program.23  

 

X-ray crystal structure determination of 2a 

C15H21IrN2, Fw = 421.54, red block, 0.21  0.17  0.16 mm3, monoclinic, P21/c (no. 14), a = 9.2085(3), b 

= 11.6486(3), c = 13.1155(4) Å,  = 109.281(1) °, V = 1327.93(7) Å3, Z = 4, Dx = 2.108 g/cm3,  = 10.04 

mm-1. 53739 Reflections were measured on a Bruker Kappa ApexII diffractometer with sealed tube 

and Triumph monochromator ( = 0.71073 Å) at a temperature of 150(2) K up to a resolution of (sin 

/)max = 0.65 Å-1. The intensities were integrated with the Eval15 software.24 Multiscan absorption 

correction and scaling was performed with SADABS21 (correction range 0.29-0.44). 5809 Reflections 

were unique (Rint = 0.025), of which 5267 were observed [I>2(I)]. The structure was solved with 

automated Patterson methods using DIRDIF-08.25 Least-squares refinement was performed with 

SHELXL-9722 against F2 of all reflections. Non-hydrogen atoms were refined freely with anisotropic 

displacement parameters. All hydrogen atoms were located in difference Fourier maps. The four C-H 

hydrogen atoms at the coordinated double bonds were refined freely with isotropic displacement 

parameters. All other hydrogen atoms were refined with a riding model. 180 Parameters were refined 

with no restraints. R1/wR2 [I > 2(I)]: 0.0128 / 0.0260. R1/wR2 [all refl.]: 0.0157 / 0.0265. S = 1.057. 

Residual electron density between -0.88 and 0.73 e/Å3. Geometry calculations and checking for higher 

symmetry was performed with the PLATON program.25  

 

X-ray crystal structure determination of 3b 

C23H32N2Rh2, Fw = 542.33, red needle, 0.32  0.12  0.08 mm3, triclinic, P 1   (no. 2), a = 8.5096(3), b = 

10.4024(3), c = 12.9938(4) Å, α = 78.8723(11),  = 79.4202(11), γ = 66.3169(10) °, V = 1026.31(6) Å3, Z 

= 2, Dx = 1.755 g/cm3,  = 1.62 mm-1. 17837 Reflections were measured on a Bruker Kappa ApexII 

diffractometer with sealed tube and Triumph monochromator ( = 0.71073 Å) at a temperature of 

150(2) K up to a resolution of (sin /)max = 0.65 Å-1. The intensities were integrated with the Saint 

software.20 Multiscan absorption correction and scaling was performed with SADABS21 (correction 
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range 0.67-0.75). 4683 Reflections were unique (Rint = 0.015), of which 4343 were observed [I>2(I)]. 

The structure was solved with Direct Methods using SIR-97.26 Least-squares refinement was 

performed with SHELXL-9722 against F2 of all reflections. Non-hydrogen atoms were refined freely with 

anisotropic displacement parameters. All hydrogen atoms were located in difference Fourier maps. 

The four C-H hydrogen atoms at the coordinated double bonds were refined freely with isotropic 

displacement parameters. All other hydrogen atoms were refined with a riding model. 180 Parameters 

were refined with no restraints. R1/wR2 [I > 2(I)]: 0.0168 / 0.0419. R1/wR2 [all refl.]: 0.0188 / 0.0430. 

S = 1.026. Residual electron density between -0.51 and 0.79 e/Å3. Geometry calculations and checking 

for higher symmetry was performed with the PLATON program.23  

 

DFT Calculations 

The gas phase geometries of the complexes 3 and 4 were optimized with the Turbomole program 

package27 coupled to the PQS Baker optimizer28 via the BOpt package,29 at the spin-unrestricted ri-DFT 

level using the BP8630 functional and the resolution-of-identity (ri) method.31 The geometries of all 

stationary points were optimized at the def2-TZVP basis set level,32 both with and without Grimme’s 

dispersion corrections (disp3 version).33 

 

Appendix 

 

Figure 7. 
13

C NMR spectrum of 3b. 
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Figure 8. 
1
H-

13
C NMR spectrum of 3b. 

 

 

Figure 9. 
1
H

1
H-COSY NMR spectrum of 3b. 
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Figure 10. 
1
H

1
H-NOESY NMR spectrum of 3b. 
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Chapter 3 

 

Hydride Donor/Acceptor properties of the Ligand in Direct α-

Alkylation of Ketones with Alcohols Catalyzed by a Picolyl-

Amine Iridium Complex 

 

 
Abstract 

Transition metal (TM) complexes featuring ‘cooperative ligands’ to facilitate hydrogen 

transfer processes have been intensively studied and well developed. Ligands in such systems 

generally serve as a proton-relay site, while the hydride is typically received and delivered by 

the metal center. We have discovered a new cooperative ligand system that can act as an 

hydride donor/acceptor in transfer-hydrogenation type catalysis. The picolyl-amine based 

iridium complex 1A [Ir(cod)(Me-pma)]PF6 allows for catalytic hydride transfer reactions such 

as α-alkylation of ketones with alcohols and transfer hydrogenation. Experimental and DFT 

studies show that the reversible amine/imine interconversion of the Me-pma-1H/2H ligands is 

the key factor facilitating the hydride transfer process. 

 

 

 

 

 

 

 

 

 

 

Part of this chapter will be published: Hydride Donor/Acceptor properties of the Ligand in Direct α-
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3.1  Introduction  

Transition metal complexes bearing metal-ligand bifunctionalities for catalysis have been extensively 

explored in recent decades.1 The ligands cooperate directly in substrate binding or activation, rather 

than playing only spectator roles in these catalytic systems, thereby facilitating chemical processes 

that are less accessible otherwise. The cooperative character enables new reactivity with the metal 

complexes, can promote reactions using more environmentally benign reagents and conditions and 

also provides opportunities to replace noble metals with more abundant base metals. 2,3 

Most typical metal-ligand bifunctional catalysts involve ligands that participate in substrate 

activation/preorganization through secondary interactions (e.g, hydrogen bonding)4 or through a 

proton-transfer process.5 The most prominent examples in this field are the ruthenium diamine 

complexes developed by Noyori and coworkers for hydrogenation and transfer hydrogenation (TH) of 

carbonyl compounds.5a-c A related rhodium-amido complex developed by Grützmacher and coworkers 

was found to be highly reactive in dehydrogenative coupling of primary alcohols with water, methanol 

and amines as well as in catalytic hydrogen production from MeOH/H2O mixture.5g,h These systems are 

believed to operate via a concerted mechanism involving N-H proton and metal-hydride transfer.6 

Another highly interesting cooperative ligand system was developed by the groups of Milstein and 

others.7,8 These pincer-type complexes are capable of catalyzing a variety of hydrogen-transfer 

reactions via reversible ligand methylene deprotonation and pyridine dearomatization as key steps. As 

such, transition metal and related complexes with an ‘internal base’ have contributed a great deal to 

the success of cooperative (transfer) hydrogenation reactions. 

In most of these catalyst systems, the cooperative ligands typically function as an internal Brønsted 

acid/base proton-relay to allow efficient proton-transfer reactions. The metal typically acts as a 

hydride donor/acceptor. Systems in which the cooperative ligand functions as a “hydride donor” (i.e. 

operates in “reversed polarity mode”) are very scarce,9  and catalytic examples are extremely rare.9d,10 

This is remarkable, because natural systems frequently use organic molecules, such as NADH/NADPH, 

as hydride donors or even directly as catalysts for unsaturated bond reduction.10a,11 Actually, reported 

catalytic examples generally involve ligands with biomimetic moieties as the key fragments as hydride 

donors. However, the organic “hydride” species in these systems are indirectly regenerated, either 

with combined processes of protonation and electrochemical reduction,10b,c or via a metal-hydride 

intermediate.10d,e 

 

 

Figure 1. Cooperative ligand effects in substrate activation and catalysis. Left: Ligand acts as a proton relay. 

Right: Ligand acts as a hydride relay. 
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The cooperative ligand mode of action wherein the ligand facilitates hydride transfer is quite 

underdeveloped. The ligand in this case can be viewed as not only a proton-relay, but also as two-

electron-reservoir. Here, redox-active ligands such as pyridin-2-ylmethanimine, containing a hydride 

accepting imine moiety, can be expected to reveal interesting properties in catalytic hydride-transfer 

chemistry. Such behavior is reminiscent of those of enzymes, and may aid in lowering activation 

barriers.11 We therefore considered it worthwhile to explore the properties of  interrelated pyridin-2-

ylmethanimino and pyridin-2-ylmethanamine ligands as potential ”hydride-relay” cooperative ligands. 

This concept was explored in the context of developing new (late) transition metal (TM) complexes, 

applicable in substrate activation and catalysis. 

Transfer-hydrogenation (TH) is an important alternative to hydrogenation.12 A great number of TM 

catalysts have been developed for this reaction, and the cooperative ligand effect has been frequently 

employed in these systems to promote reactivity and selectivity.12b-d The related hydrogen auto-

transfer (HA) or borrowing-hydrogen (BH) methodology2a,b,13 has also been extensively studied, which 

provides an environmentally benign and atom-efficient alternative to a series of coupling reactions. 

For example, corresponding alcohols can be used instead of the halide reagents in the reaction of α-

alkylation of ketones (Figure 2).13b,14 As there is overlap in relevant elementary steps between the TH 

and HA mechanisms (also hydrogenation and dehydrogenation), we hereby refer to them all as ‘TH-

related reaction(s)’.   

 

 

Figure 2. α-alkylation of ketones with alcohols via HA. 

 

Inspired by the successful examples of TM complexes derived from picolyl-amine-type ligands6  and 

the prevalence of iridium-systems2a,b,15 to catalyze a wide range of TH-related reactions, we decided to 

study the catalytic reactivity and the corresponding mechanism of the iridium complex 1A, derived 

from the simple picolyl-amine ligand Me-pma (N-methyl-1-(pyridin-2-yl)methanamine), in the TH of 

ketones and in α-alkylation of ketones with alcohols (Figure 3). Based on our previous studies on the 

reducing behavior of picolyl-amine type ligands in various metal complexes16 and the inherent 

electrophilic nature of the resulting imine fragments, we envisioned a new cooperative action mode 

for the Me-pma ligand in the catalytic cycle (Figure 3), wherein the Me-pma ligand acts as a reversible 

hydride donor/acceptor. In this chapter, model studies and DFT calculations are discussed that 
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support the viability of the direct hydride transfer process between substrate and ligand via a pseudo-

Meerwein–Ponndorf–Verley(MPV)-type transition state. This conclusion calls attention to the versatile 

cooperative behavior of picolyl-amine type ligands in TH-related catalysis and suggests a new non-

enzyme-derived cooperative ligand scaffold, operating by assisting hydride rather than proton 

transfer. 

 

Figure 3. Left: The new cooperative action mode of  picolyl-amine type ligand in a TM complex facilitating 

reversible hydride transfer to a substrate. Right: Structure of complex 1A. 

 

3.2 Results and discussion 

3.2.1 Catalytic reactivity of Me-pma complex 1A. 

3.2.1.1 Transfer hydrogenation (TH) 

Iridium complex 1A featuring the Me-pma ligand was synthesized according to the procedure 

described in Chapter 2 of this thesis. Acetophenone and isopropanol were selected as benchmark 

substrates to test the catalytic activity of 1A for TH reactivity. Using 3 mol% of 1A and 5 mol% KOtBu in 

isopropanol, which acts as both the solvent and as hydrogen donor, 1-phenylethanol was obtained in 

97.5% yield (by NMR) at room temperature after 14 hours (Scheme 1). Control experiments suggest 

that both the catalyst and base are necessary for any catalysis to take place.  

 

             

Scheme 1. TH of acetophenone (1a) in isopropanol catalyzed by 1A. 

 

Because of the inherent mechanistic similarities between TH and HA (hydrogen autotransfer) 

processes, it is not uncommon to find that a catalyst that is active in one type of reaction likely is also 

a good system for the other type of process, which is termed ‘multi-tasking catalysis’.6d,e,g As 1A is 

found to be active in TH catalysis, we were curious to investigate the catalytic potential of this 

complex for HA reactions. Here we explore the catalytic activity of 1A in a series of different HA 

reactions, as described in the next sections. 
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3.2.1.2 C3-alkylation of indole with benzyl alcohol 

The catalytic C3-alkylation of indole with benzyl alcohol at 100 °C was studied using 1A, with toluene 

as the solvent and potassium hydroxide as the base (Scheme 2). Condition optimization by varying the 

substrate ratio and base amount gave a moderate yield of 76.3 % (by NMR) and an isolated yield of 

50.0 %. 

 

Scheme 2. C3-alkylation of indole 3 with benzylalcohol 2b catalyzed by 1A.  

 

3.2.1.3 N-alkylation of amines with benzyl alcohol 

N-alkylation of amines with alcohols is an important alternative to the conventional elementary 

process using halogenated agents for amine alkylation.2a,b,13d Complex 1A is also capable of catalyzing 

this reaction, using benzyl alcohol 2b as the alkylating agent for a series of amines in toluene at 130 °C 

for 16 hours. In this case, no external base was needed to perform the reactions, although the amine 

could fulfill this role. In fact, bases such as KOH and NaHCO3 led to drastic decrease in conversion. This 

might be due to the instability of complex 1A under basic conditions and at high temperatures.   

For pyrrolidine 5a, a moderate yield was obtained for the alkylated product 6a. For aniline, high yield 

of a combination of amine 6b and imine 7a products in a 1:1 ratio was obtained. In contrast, for 

benzylamine 5c, low yield was obtained and only the imine product was observed. The reluctance of 

7b to undergo further hydrogenation was attributed to the lower polarity of the imine double bond 

compared to the aromatic analogue 7a. Product 6a was solely obtained also because of the more 

polarized nature of the double bond of the intermediate iminium ion species. Complex 1A is only 

moderately active and moderately selective in the N-alkylation of amines with benzyl alcohol. 
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Scheme 3. N-alkylation of amine 5 with benzyl alcohol 2b catalyzed by 1A. 

 

3.2.1.4 α-Alkylation of ketones with alcohols 

α-Alkylation of ketones is a frequently used method in chemical synthesis and an HA protocol offers an 

atom-economic pathway for this reaction. Complex 1A is active for the α-benzylation of acetophenone 

1a using benzyl alcohol 2b. A moderate yield of the alkylated product 8ab was obtained after one hour 

in neat conditions and with 10 mol% KOH as base at 100 °C, with alcohol 9ab, the over-hydrogenated 

product, also obtained in considerable yield. The self-condensation and hydrogenated product 10a 

was observed as a minor side-product.  

We then set out to optimize the reaction conditions, mainly by screening for a suitable base (Table 1, 

entries 1-3), the amount of base (entries 4-7) and the substrate ratio (entries 8-10). While use of the 

stronger base KOtBu (relative to KOH) led to formation of more 10a, and in general, lower selectivity 

for 8ab, the weaker base K2CO3 gave low overall yields. Thus, KOH is superior to these two bases and 

was used for follow-up screenings. Using 1 mol% of KOH did not give any coupling product, and higher 

loading of the base gave lower selectivity of 8ab over 9ab (entry 7), so 10 mol% was selected as the 

optimal amount of base. Higher ratios of 1a/2b led to a higher selectivity towards 8ab (entries 6and 8), 

while lower ratios result in reversed selectivity in favor of the alcohol product 9ab (entries 9, 10), with 

an 8ab/9ab ratio of 1/22.3, and the TH product of 1a also increased correspondingly. This is 

reasonable, as increasing 1a would increase the concentration of the hydride-acceptor and increasing 

2b would increase the concentration of the hydride -donor compound. In some cases, NMR yields 

(calculated by integration against an internal standard) were determined to be higher than 100 %, and 

also some mass balance problems were encountered (for example in entry 1, the high ratio of the 

over-reduced product 9ab is not reasonable for a total yield of 96.0 %, as two equivalents of H2 are 

required to perform the reduction). These complications might be caused by poor solubility and 

uneven distribution of the internal standard in the reaction mixture (no solvent, very viscous), or due 

to partially loss of the internal standard (e.g. due to partial precipitation on the Schlenk glassware 

during the reaction, or caused by workup preparing the NMR samples from the reaction mixture). 
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Table 1. Condition optimization of α-alkylation of 1a with 2b 

entry Ratio 1a/2b   Base Time (h) Conversion
[a]

 Yield
[a, b]

 Ratio 8ab/9ab/10a 

1 1/1 10mol% KOH 1 98.5 96.0   49.7/17/1 

2 1/1 10mol% KO
t
Bu 1 95.9 94.2 7.9/3.5/1 

3 1/1 10mol% K2CO3 1 37.5  34.0  8ab/9ab=1.6/1, no 10a 

4 1/1 1mol% KOH 2 25.0  0  [c] 

5 1/1 5mol% KOH 2 98.3 98.1 18.3/5.2/1 

6 1/1 10mol% KOH 2 97.4 96.7 88.3/18.6/1 

7 1/1 30mol% KOH 2 97.3 91.5 159.3/71.3/1 

8 2/1 10mol% KOH 2 95.4 93.8 16.7/2.8/1 

9 2/1 10mol% KOH 4 100 97.9 25/1.5/1 

10 1/5 10mol% KOH 4 98.1 94.6 8ab/9ab/2a=1/22.3/6.1 

[a] Conversion and yield are based on integrals in the 
1
H NMR spectrum, using 1,3,5-trimethoxybenzene as the 

internal standard; 

[b] Values are the sum of 8ab, 9ab and 10a; 

[c] Only 1-phenylethanol 2a, and trace of benzaldehyde 1b. 

 

We next started to screen the substrate scope of the reaction (Table 2). Electronic changes on the 

aromatic fragment of the acetophenone substrate 1 were tolerated, with electron-withdrawing groups 

resulting in slightly lower selectivities towards the ketone product 8 (entries 2 and 3), in agreement 

with the higher electrophilic nature of the unsaturated ArC(O)CH=CHAr’ intermediate, which is prone 

to lead to over-hydrogenation. Introduction of sterics on the phenyl ring was also tolerated, giving 

good yield to the product (entry 4). Electronic variations on the alcohol were also tolerated, give good 

yields to the ketone product 8 (entries 5 and 6). Diol 2e was also used in a 1:2 ratio with 1a, giving the 

double-coupling ketone product 8ae in a very high yield of 94.2 % (entry 7). The secondary alcohol 1-

phenylethanol 3a was also successfully employed as alkylating agent, only requiring a longer reaction 

time but resulting in high yield of the α-alkylated ketone product 10a (entry 8). This is distinctively 

different from Ishii’s report using [{Ir(cod)(µ-Cl)}]2 for the same catalysis,14b which failed to catalyze the 

coupling between the substrates in entry 8. This difference indicates an essential role for the Me-pma 

ligand, as picolyl-amine type ligands have been reported to be specifically beneficial to enable 

reactions with bulky substrates.17 This reaction is interesting as it creates a pro-chiral carbon center, 

which might be enantioselectively constructed when using a chiral catalyst. Aliphatic ketone 1c and 
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especially aliphatic alcohol 2f were found to give lower yields for the reaction, which also differs from 

the Ishii system that catalyzes coupling of aliphatic substrates with good activities.14b
  This strongly 

indicates that the true active species is not simply Ir(cod)-based, but contains the Me-pma (derived) 

ligand.  

 

 

Table 2. α-Alkylation of ketones with alcohols catalyzed by 1A.
[a]

 

entry R R’, R’’ conversion yield
[b]

 Ratio 8/9 

1 Ph 1a R’=Ph, R’’=H 2b 100  97.9 (65)  8ab : 9ab =14.6 : 1  

2 4-Cl-Ph 1b R’= Ph, R’’=H 2b 100  89.0 (86)  8bb : 9bb =8.1 : 1    

3 4-MeO-Ph 1c R’= Ph, R’’=H 2b 100  92.6 (61)  8cb : 9cb =24.5 : 1  

4 2,4,6-trimethyl-phenyl 1d R’= Ph, R’’=H 2b 100  94.6 (46)  8db : 9db =17.6 : 1  

5 Ph 1a R’=4-Cl-Ph, R’’=H 2c 99.0 95.2  

6 Ph 1a R’=4-MeO-Ph, R’’=H 2d 100 (52)  

7
[c]

 Ph 1a R’=1,4-(HOCH2)2-Ph, 

R’’=H 2e 

97.6 94.2 (23)  

8
[d]

 Ph 1a R’=Ph,  R’’=Me 2a 96.2 (80.3)  

9 
iso

Pr 1c R’= Ph, R’’=H 2b 98.0 83 (35)  

10 Ph 1a R’= nonanyl, R’’=H 2f 85.5 53  

[a] reaction conditions: ketone 1 (2.0 mmol), alcohol 2 (2.0 mmol), KOH (10 mol%, 0.2 mmol), 1A (1 mol%, 
0.02mmol), at 100 °C for 4h.  

[b] yields of 4 (in %) were determined by 
1
H NMR using 1,3,5-trimethoxybenzene as an internal standard; 

isolated yields of the ketone product shown in parentheses. 

[c] 1 mmol of 1,4-phenylenedimethanol was used. 

[d] 30 mol% (0.6 mmol) KOH was used, reaction time = 18 h. 

 

3.2.2 Investigations into the catalytic mechanism of transfer hydrogenation. 

Two common pathways can be envisaged for the mechanism of the catalytic reaction promoted by 

complex 1A, with the metal center acting as mediator or Lewis acid (Figure 4, pathway I and II). For 

transfer-hydrogenation, pathway I involves a metal hydride intermediate that should be derived from 

a metal-bound alkoxide ligand via β-hydrogen elimination. This hydride is subsequently delivered to 

the second substrate in the reverse process through insertion of the C=O bond into the M-H bond. In 

pathway II, the metal assembles two substrates and activates the unsaturated one for direct hydride 

transfer via a MPV-type transition state. As we have studied the reducing behavior of secondary 
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picolyl-amine ligands in the coordination sphere of iridium and rhodium16 (and direct hydride transfer 

from the methylene arm to an exogenous substrate has been suggested before18), and taking into 

account the imine form of the ligand as an electrophilic fragment, we propose that sec-picolyl-amine 

type ligands can directly mediate the reversible hydride transfer of substrates (Figure 3, pathway III), 

and this mechanism has potential to compete with and even outperform the ‘conventional’ pathways I 

and II. We thus sought to collect experimental and computational evidence for this proposal. 

 

 

Figure 4. Representative modes of three envisioned pathways regarding hydride transfer between substrates 

mediated by the catalysts. 

  

3.2.2.1 Substrate reduction by the Me-pma-H ligand of complex 2A 

The reactivity of the methylene methylene group of secondary picolyl-amine ligands of rhodium and 

iridium complexes is highly dependent on the (de)protonated forms of the adjacent nitrogen.16 It has 

been demonstrated that deprotonation of the methylene group can be triggered in combination with 

two-electron loss from the CmethyleneN moiety upon deprotonation of the NH moiety. There appears 

to be a lower tendency for this simultaneous process to occur for iridium complexes compared to their 

rhodium analogues. The dependence of the methylene reactivity of the Me-pma ligand of 1A on the 

NH (de)protonated forms is further evidenced by the reaction of 1A and its amido derivative 2A with 

iodine (Figure 4). Addition of four equivalents of iodine to 1A in THF led to direct oxidation of Ir(I) to 

Ir(III), with an intact Me-pma ligand, as deduced from 1H NMR spectroscopy.   

In contrast, adding four equivalents of iodine to a THF solution of the amido complex 2A led to an 

instantaneous color change from deep-red via deep-blue to brownish-red with concomitant 

precipitation of a single species 5A. Instead, when only one equivalent of iodine was added, the blue 

solution remained stable. The corresponding 1H NMR spectrum of the solid after solvent removal 

showed no signal for the methylene protons, but instead a sharp doublet at 8.84 ppm with a small JHH 

coupling constant of 1.7 Hz was observed, assigned to the imine proton of 4A (small long-range 

coupling with one of the pyridine protons). The signals for the cod and pyridine protons are in similar 

regions as for complex 1A. The new species is formulated as iridium(I) complex 4A, with the Me-pma 

ligand oxidized to the imine derivative. The proposed structure of 4A was further supported by 

independent synthesis of this dark-blue complex using the Me-pma-2H imine ligand with the 

[{Ir(cod)(µ-Cl)}]2 precursor, followed by anion metathesis using NH4PF6.  

The net result of the reaction of 2A with one equivalent of iodine is loss of one hydride (or one 

proton and two electrons) from the Me-pma methylene position. This reaction shows the reducing 
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capability of the Me-pma-H ligand in amido complex 2A, indicating potential ligand participation in a 

substrate reduction process using 2A. The detailed mechanism for conversion of amido complex 2A 

into imino complex 4A (Scheme 4) is not fully elucidated. Oxidative addition of iodine to iridium 

followed by reductive elimination of HI (or an intramolecular deprotonation of CH by I-) could be a 

possible pathway, but direct hydride abstraction from the Me-pma-H ligand by iodine as the 

exogenous oxidant is also possible.18 

Species 5A was also synthesized by addition of excess iodine to a THF solution of 4A. The 1H NMR 

spectrum showed a remarkably low-field shifted vinylic doublet of doublet (J = 14.9, 3.9 Hz) cod signal 

at 6.03 ppm, indicating an iridium(III) center. Furthermore, a doublet at 8.90 ppm with a small long-

range (pyridine) JHH coupling constant of 1.7 Hz was observed, which was assigned to the imine HC=N 

signal. 

 

Scheme 4. The reaction sequence of 1A and its amido analogue 2A with iodine. 

 

Iodine is a relatively strong oxidant, and thus the aforementioned reaction perhaps does not directly 

reflect the reducing ability of the Me-pma-H ligand of 2A on milder oxidants such as carbonyl- and 

enone-containing substrates that are relevant for the catalytic reactions discussed here. We therefore 

performed reactions to examine the ligand-centered reduction behavior of 2A on a series of 

unsaturated substrates. Unexpectedly, no reduction of the corresponding substrates was observed 

when mixing complex 2A with acetone, acetophone, benzaldehyde or trans-chalcone (a proposed 

intermediate in the α-alkylation of acetophenone with benzyl alcohol) for two days at room 

temperature in CD2Cl2, C6D6, toluene-d8 or THF-d8. We thought that this could be due to the instability 

of the generated imino-alkoxide complexes and that protonation of the alkoxide ligand with 

generation of a fully hydrogenated substrate and the cationic imino complex might drive the reaction 

to completion. 
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Scheme 5. Reaction of 2A with trans-chalcone. 

 

Indeed, by adding a proton source such as isopropanol or methanol to a 1:1 mixture of complex 2A 

and trans-chalcone in THF, the α,β-hydrogenated product 1,3-diphenylpropan-1-one was obtained in 

80% yield after two hours at room temperature, accompanied by the deep brownish-red solution 

turning into a dark-purple suspension. However, the expected imino complex 3A’ was not observed in 

the 1H NMR spectrum, which might be due to low solubility of this complex in THF-d8. Other 

observable signals corresponded to starting complex 2A and a species possibly derived from 

protonation at the amido nitrogen of 2A, but not 1A, as indicated by a pseudo-AB doublet of doublets 

at 4.42 (J = 11.5, 5.4 Hz) and 3.41 (J = 12.8, 5.4 Hz) ppm (Figure 5). The peak at 9.92 ppm might 

correspond to a picolinaldehyde species derived from some hydrolysis of the imine ligand over the 

course of the reaction. This reaction was also found to be solvent-sensitive, as addition of methanol in 

CD2Cl2 only led to a complicated 1H NMR spectrum after 16 hours, indicating decomposition, with no 

sign of reduced organic product. Adding five equivalents of isopropanol to a 1:1 mixture of 2A and 

trans-chalcone in toluene-d8 gave around 30% reduced product in 5 hours, while in C6D6 40% yield was 

obtained only after two weeks. When acetophenone was used as the substrate in THF, addition of five 

equivalents of isopropanol led to 15% yield of 1-phenylethanol in 16 hours. Interestingly, cod ligand 

dissociation does not seem to occur to any significant amount under the applied reaction conditions. 

These data show that the amido complex 2A can reduce substrates in a TH-related catalytic reaction 

sequence under mild conditions, possibly through the Me-pma-H ligand-centered cooperative 

reactivity.  

The results obtained when approaching the TH from 1A or 2A are however not unequivocal, and 

therefore we decided to study the hydride-transfer reaction from the imine side, i.e. using complex 

4A. 
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Figure 5. 
1
H NMR spectrum of the reaction in Scheme 5 (5 eq. of MeOH added to 1:1 ratio of 2A and trans-

chalcone in THF-d8, 2 hours). 

 

3.2.2.2 Reduction of the Me-pma-2H ligand of complex 4A by the alcohol substrate 

To study the hydride-accepting ability of the Me-pma-2H ligand, imino complex 4A was synthesized by 

coordination of the Me-pma-2H ligand with [{Ir(cod)(µ-Cl)}]2 (2:1 ratio), followed by precipitation of 

the complex as PF6-salt by addition of NH4PF6. Interestingly, reduction of the imine-fragment in 4A to 

the corresponding amido form was readily achieved by using two equivalents of potassium 

isopropoxide (as THF-d8 suspension), giving 65% yield to the expected amido complex 2A in three 

hours.19 Isotope labelling was also performed using potassium isopropoxide-d7, in which case the 

monodeuterated version (at the methylene-spacer) of 2A was the major product. The CH2 counterpart 

(instead of CHD) was observed as a minor product, probably resulting from slow H/D scrambling in 

basic solutions. Again, no significant cod ligand dissociation occurs under the applied reaction 

conditions, which are very similar to the catalytic reaction conditions shown in Scheme 1. This reaction 

demonstrates that the substrate-to-ligand hydride transfer process is facile. This result, which is 

reminiscent of the work reported by Morris,[10g,h] lends further support to the cooperative capability of 

the Me-pma-2H ligand of complex 4A in facilitating hydride transfer.   

 

Scheme 6. Reduction of the Me-pma-2H ligand in 4A to Me-pma-H in 2A by direct hydride transfer from 

potassium isopropoxide.  
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The catalytic activity of 4A in TH was also tested, using the same condition as shown in Scheme 1. 

Only a slightly lower yield of 89.3% for 1-phenylethanol was obtained, demonstrating similar catalytic 

activity of 4A and 2A. This suggests a common intermediate in the catalytic mechanism. 

 

3.2.2.3 DFT studies of the mechanism of TH 

DFT calculations were performed to examine the mechanism of the TH of acetophenone with 

isopropanol and to elucidate a potential cooperative ligand effect of the amido complex 2A and imino 

complex 4A regarding ligand-substrate hydride transfer. 

In agreement with experimental data, the computed amido complex is more stable than the two 

alkoxide imine counterparts (–13.8 kcal/mol in S2 compared to 0 and –4.3 kcal/mol in S1 and S3), 

supporting the observation that ligand reduction by the alcoholate substrate is somewhat easier and 

thermodynamically favored over the opposite reaction. Imine formation from the amido complex is 

thermodynamically somewhat uphill, explaining why the imine species were not detected by NMR 

spectroscopy in the reactions described in Scheme 5. Hydride transfer from a coordinated 

isopropanoate to the imino carbon involves a barrier of only 10.0 kcal/mol, involving a pseudo-

Meerwein–Ponndorf–Verley (MPV) Type hydride transfer model. From this transition state, an 

exergonic process leads to the resting state S2 of the catalytic cycle (Figure 5). Subsequent hydride 

transfer from the ligand to acetophenone is uphill by 5.5 kcal/mol with a barrier of 19.3 kcal/mol, 

which is a viable process under the reaction conditions. Taking into account the known overestimation 

of the entropy penalty in translating the gas-phase calculations to solution data, which leads to an  

 

 

Figure 6. DFT (BP86/def2-TZVP, dispersion correction) calculated reaction profile of the TH reduction of 

acetophenone 1a with isopropanol via ligand-mediated hydride transfer. Free energy ( 
298G ) in kcal/mol. 
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exaggeration of the stability of the S2 state in the energy profile, the overall energy barrier of the 

reaction are in reality considerably lower than suggested by the gas-phase computational data (at 

least 2.5 kcal/mol lower if we only correct for the gas phase vs solution phase reference volumes), and 

hence very accessible under the applied reaction conditions. 

Overall, the pathway depicted in Figure 6 provides a viable alternative for TH compared to 

commonly accepted mechanisms such as those shown in Figure 4. In addition, the data are in good 

agreement with the stoichiometric reactions described in Scheme 5 and 6. 

Attempts to locate a minimum for S2 with a carbonyl of the substrate bound to iridium were 

unsuccessful. The suspected instability of such a carbonyl-bound intermediate might arise from a 

conflict of the 2z
d  orbital of the iridium and the approaching lone pair of the carbonyl oxygen from 

the apical position, although five-coordinate IrI species are of course known.20 In the two transition 

states TS1 and TS2, the Ir–O bond distances are relatively long (2.551 and 2.512 Å, respectively), 

around 0.3-0.4 Å longer than those in typical late transition-metal-mediated MPV transition states.21 

This is a remarkable feature of these unusually asymmetric transition state geometries, which are 

highly distorted compared to typical MPV-type transition states. The iridium center has a much 

stronger interaction with the nitrogen atom than with the carbonyl (TS2) or alcohol (TS1) oxygen 

atoms. The Ir-O interaction concerning the “carbonyl” moiety in the TS2 transition state is especially 

weak, resulting in a very asymmetric transition state (Figure 7). This is also reflected in the shorter C=O 

bond distance (1.302 Å) of the “carbonyl/alcoholate” moiety as compared to the “imine/amido” C-N 

bond (1.363 Å) in TS2, with the former being closer to a carbonyl and the latter being closer to an 

amido moiety. Hence the transition state TS2 is closer to the amido product than to the imine product, 

in qualitative agreement with the calculated thermodymamics. As a result, imine ligand reduction by 

the alcoholate is also computed to be faster than the reverse reaction (i.e. carbonyl reduction by the 

amido ligand). The unusual arrangements in the transition states originates from the fact that the 

iridium is locked in a five-membered ring consisting of the Me-pma ligand. This gives limited freedom 

to construct a transition state, as the only free element is the (carbonyl) substrate. The relatively weak 

Lewis acidity of the iridium for carbonyl group activation to undergo an MPV-type reduction is thus 

attributed to three factors: 1) the intrinsic low acidity of Ir(I) center; 2) the conflicting orbital  

 

 

Figure 7. Asymmetric transition state TS2 involving hydride transfer between the carbonyl/alcoholate and the 

imine/amido ligand.   
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arrangement ( 2z
d  of iridium and p of O); 3) the structural factor (long IrO distance). Based on this, 

we assume that when trans-chalcone 11 is used as the “oxidant” instead of acetophenone, which has 

an extended conjugation to accommodate a TS with a shorter IrO distance, the structural problem 

might be overcome. This assumption is in agreement with the experimental observation that trans-

chalcone 11 is more easily reduced than acetophenone by a stoichiometric amount of the neutral 

amido complex 2A.   

Despite the interesting match between the calculations and the stoichiometric reactions in Scheme 5 

and 6, we cannot exclude that besides the pathway depicted in Figure 6 other pathways such as those 

described in Figure 4 become accessible under prolonged catalytic conditions and/or at higher 

temperatures (e.g. after cod dissociation or imine hydrolysis). 

 

3.3 Conclusions  

We observed catalytic activity of the Me-pma ligand based iridium complex 1A in a series of TH-

related reactions. In the latter reactions of α-alkylation of ketones using alcohols as the alkylating 

agents, 1A shows high activity and good selectivity, with the selectivity towards the ketone and 

alcohol products switched by changing the substrate ratio.  

A new cooperative ligand reaction mode of sec-picolyl-amine ligands in the coordination sphere of 

iridium is proposed, with its amido/imine interconversion facilitating hydride transfer between 

substrate. Addition of protic solvent to a mixture of amido complex 2A and trans-chalcone resulted in 

facile reduction of the latter under mild conditions, indicating the viability of a ligand-to-substrate 

hydride transfer process. The Me-pma-2H ligand of the imine complex 4A undergoes facile reduction 

by potassium isopropoxide. 

DFT calculations were performed to examine the ligand-mediated hydride transfer mechanism in the 

TH of acetophenone with isopropanol. The DFT results confirmed that the amido form of the complex 

2A is the resting state of catalytic cycle, and that the overall barrier of the whole pathway is accessible 

under real catalytic conditions. The DFT calculations in combination with the experimental 

observations suggest that cooperative ligand-based hydride transfer can be a competent pathway for 

TH-related catalysis. Thus, sec-picolyl-amines can be used as a new cooperative ligand scaffold for 

direct hydride transfer. 

 

3.4 Experimental Section 

General: All the reactions were carried out under argon using standard Schlenk techniques.  

Complexes 4A was synthesized following the same procedure as used for synthesizing 1A (see Chapter 

2). The ligand precursor N-benzylidenemethanamine (Me-pma-2H) was synthesized from direct 

condensation of benzaldehyde and methylamine salt and the iridium precursor [Ir(COD)(-Cl)]2 was 

synthesized according to literature procedures.22 The other agents were obtained from Aldrich and 

used as received. The NMR spectroscopic measurements were recorded on Bruker AV 400 operating 

at 400 MHz  for 1H, and 100 MHz for 13C. Chemical shifts are reported and referenced to SiMe4, using 

the internal signal of deuterated solvent as reference. 
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Iodine (26.8 mg, 0.106 mmol) was added to a 1.5 ml THF solution of complex 1A 

(15.0 mg, 0.0264 mmol), the reaction was stirred for one hour and the solvent 

and volatiles were removed under vacuum. The dark brownish-red solid 

was obtained in 63% isolated yield. The complex slowly transformed into 

another unidentified species in solution. 1H NMR (d8-THF, 400 MHz) : δ 8.07 (td, 

J =7.7, 1.4 Hz, 1Hpy), 8.03 (d, J = 5.6 Hz, 1Hpy), 7.87 (d, J =7.9 Hz, 1Hpy), 7.56 (ddd, 

J =7.5, 6.2, 1.3 Hz, 1Hpy), 6.42 (brs, 1HNH), 6.34 (td, J = 8.6, 3.9 Hz, 1HCOD vinylic), 5.93 (t, J = 7.8 Hz, 1HCOD 

vinylic), 5.84 (td, J =8.5, 3.9 Hz, 1HCOD vinylic), 5.64 (t, J = 7.9 Hz, 1HCOD vinylic), 5.02 (dd, J = 17.1, 6.1 Hz, 

1HCHHN), 4.85 (dd, J = 16.7, 10.0 Hz, 1HCHHN), 3.61-3.36 (m, 4HCOD allylic), 2.98-2.80 (mm, 2HCOD allylic), 2.95 

(d, J = 5.4 Hz, 3HCH3), 2.53-2.40 (m, 2HCOD allylic). 
13C NMR (CD2Cl2, 100 MHz): δ 163.93 (Cpy1), 150.22 

(Cpy5), 142.33 (Cpy3), 127.34 (Cpy4), 123.42 (Cpy2), 92.49 (CCOD vinyl), 91.80 (CCOD vinyl), 90.99 (CCOD vinyl), 87.90 

(CCOD vinyl), 64.25 (PyCH2), 43.35 (CH3), 36.15 (CCOD allyl), 34.58 (CCOD allyl), 30.95 (CCOD allyl), 30.68 (CCOD allyl).  

 

 

Figure 8. 
1
H NMR of 3A. 
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Figure 9. 
1
H-NOESY spectrum of 3A.   

 

 

Figure 10. 
1
H

13
C-HSQC spectrum of 3A.   
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[{Ir(cod)(µ-Cl)}]2 precursor (275 mg, 0.409 mmol) was dissolved in MeOH (5 mL) 

before addition of the ligand N-(pyridin-2-ylmethylene)methanamine (104 mg, 

0.860 mmol, 2.1 equivalent) in MeOH (3  1 ml). After stirring for 1.5 hours, 

ammonium hexafluorophosphate (334 mg, 2.047 mmol, 5 equivalents) was 

added to the reaction mixture. After stirring for further 15 minutes, the solution 

was concentrated to approximately 6 mL. The formed precipitate was collected 

by filtration and then washed several times with small amounts of cold methanol. Volatiles were 

removed under vacuum to obtain the desired complex as a dark-colored solid in 83% yield. 1H NMR 

(CD2Cl2, 400 MHz): δ 8.84 (d, J = 1.6 Hz, 1HHC=N), 8.25 (td, J = 7.8, 1.5 Hz, 1Hpy), 8.10 (d, J = 7.6 Hz, 1Hpy), 

8.06 (d, J = 4.9 Hz, 1Hpy), 7.79 (ddd, J = 7.6, 5.4, 1.4 Hz, 1Hpy), 4.46 (s, 4HCOD vinylic), 3.58 (d, J = 1.6 Hz, 

3HCH3), 2.39-2.36 (m, 4HCOD allylic), 2.04-1.92 (m, 4HCOD allylic). 
13C NMR (CD2Cl2, 100 MHz): δ 175.5 (C=N), 

149.8 (Cpy), 143.0 (Cpy), 130.4 (Cpy), 128.6 (Cpy), 72.8 (CCOD vinylic), 46.2 (CH3), 32.1-31.8 (brs m, CCOD allylic). 

HR-MS (ESI) : calcd. for M+: 421.1250,  found : 421.1265. 

Independent synthesis from complex 3A: Complex 3A (30 mg, 0.0530 mmol), and 

sodium iodide (8.3 mg, 0.0557 mmol, 1.05 equivalent) were dissolved in CD2Cl2 

(1.5 mL). The mixture was stirred for 30 minutes and molecular iodine (14.1 mg, 

0.0557 mmol, 1.05 equivalent) was added. The reaction was stirred for 2 hours, 

resulting in a brownish-red solution and precipitate. The precipitate was isolated 

by filtration. This material is soluble in DMSO-d6. Both fractions were analyzed by 

NMR spectroscopy. 1H NMR (CD2Cl2, 400 MHz): δ 8.72 (d, J =1.6 Hz, 1HHC=N), 8.44 (dd, J = 7.8, 1.5 Hz, 

1Hpy), 8.23 (td, J =7.8, 1.2 Hz, 1Hpy), 8.16 (d, J =5.3 Hz, 1Hpy), 7.79 (ddd, J = 7.7, 5.7, 1.5 Hz, 1Hpy), 5.96-

5.78 (dm, 4HCOD vinylic), 3.77 (d, J =1.6 Hz, 3HCH3), 3.24-3.10 (m, 4HCOD allylic), 3.00-2.86 (m, 4HCOD allylic); 
1H 

NMR (d6-DMSO, 400 MHz) : δ 9.06 (d, J =1.8 Hz, 1HHC=N), 8.62 (d, J = 5.6 Hz, 1Hpy), 8.54 (dd, J =7.6, 1.3 

Hz, 1Hpy), 8.38 (td, J =7.7, 1.1 Hz, 1Hpy), 7.89 (ddd, J = 7.5, 5.6, 1.6 Hz, 1Hpy), 6.02 (brs s, 4HCOD vinylic), 

3.72 (d, J =1.6 Hz, 3HCH3), 3.45 (s, 4HCOD allylic), 2.96 (m, 4HCOD allylic). 
13C NMR (CD2Cl2, 100 MHz) : δ 175.28 

(PyHC=N), 157.73 (Cpy1), 150.33 (Cpy), 142.79 (Cpy), 132.01 (Cpy), 130.56 (Cpy), 90.63 (CCOD vinyl), 89.38 

(CCOD vinyl), 48.93 (CH3), 33.48 (CCOD allyl), 32.30 (CCOD allyl).  

 
Figure 11. 

13
C-APT spectrum of 5A. 
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Figure 12. 
1
H

13
C-HSQC spectrum of 5A. 

 

1H NMR (CDCl3, 400 MHz): δ 7.90 (bs, 1HNH), 7.56 (d, J = 7.6 Hz, 1H), 7.37 (d, J = 8.2 Hz, 

1H), 7.357.28 (m, 4H), 7.277.19 (m, 2H), 7.12 (td, J = 7.0, 1.1 Hz, 1H), 4.15 (s, 2H). 13C 

NMR (CDCl3, 100 MHz): δ 141.33, 136.53, 128.80, 128.44, 127.56, 125.99, 122.46, 

122.14, 119.46, 119.26, 115.89, 111.19, 31.71. 

 

1H NMR (CDCl3, 400 MHz): δ 7.90 (d, J = 8.6 Hz, 2H), 7.43 (d, J = 8.6 Hz, 2H), 

7.337.18 (m, 5H), 3.27 (d, J = 8.5, 6.9 Hz, 2H), 3.06 (d, J = 8.5, 6.9 Hz, 2H). 13C 

NMR (CDCl3, 100 MHz): δ 191.96, 141.12, 139.52, 135.21, 129.51, 128.96, 

128.63, 128.48, 126.28, 40.47, 30.10. 

 

1H NMR (CDCl3, 400 MHz): δ 7.95 (d, J = 8.9 Hz, 2H), 7.337.18 (m, 5H), 6.92 (d, 

J = 9.0 Hz, 2H), 3.25 (d, J = 8.7, 6.8 Hz, 2H), 3.06 (d, J = 8.7, 6.8 Hz, 2H). 13C 

NMR (CDCl3, 100 MHz): δ 197.76, 163.44, 141.48, 130.30, 129.94, 128.51, 

128.44, 126.09, 113.73, 55.45, 40.09, 30.32. 

  

1H NMR (CDCl3, 400 MHz): δ 7.317.17 (m, 5H), 6.82 (s, 2H), 3.103.01 (m, 4H), 

2.27 (s, 3H), 2.12 (s, 6H). 13C NMR (CDCl3, 100 MHz): δ 209.87, 141.08, 138.51, 

132.70, 128.64, 128.61, 126.28, 46.49, 29.65, 21.18, 19.18. 
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1H NMR (CDCl3, 400 MHz): δ 7.97 (ddt, J = 8.1, 3.3, 1.5 Hz, 2H), 7.56 (td, J = 7.2, 

1.4 Hz, 1H), 7.46 (td, J = 7.2, 1.1 Hz, 2H), 7.19 (dt, J = 8.0, 2.3 Hz, 2H), 6.87 (dt, J 

= 8.6, 2.1 Hz, 2H), 3.27 (td, J = 8.2, 2.1 Hz, 2H), 3.03 (d, J = 7.6, 2.7 Hz, 2H). 13C 

NMR (CDCl3, 100 MHz): δ 199.25, 157.96, 136.85, 133.26, 132.99, 129.33, 

128.56, 128.00, 113.90, 55.18, 40.63, 29.23.  

 

1H NMR (CDCl3, 400 MHz): δ 7.96 (dd, J = 8.4, 1.4 Hz, 4H), 7.56 (td, J = 7.4, 

1.3 Hz, 2H), 7.46 (tm, J = 7.5 Hz, 4H), 7.20 (s, 4H), 3.323.28 (m, 4H), 

3.073.03 (m, 4H). 13C NMR (CDCl3, 100 MHz): δ 199.36, 139.17, 136.94, 

133.17, 128.71, 128.69, 128.14, 40.59, 29.80. 

 

1H NMR (CDCl3, 400 MHz): δ 7.987.91 (m, 2H), 7.617.54 (m, 1 H), 7.537.44 

(m, 2H), 7.347.27 (m, 4H), 7.247.18 (m, 1H), 3.583.48 (m, 1H), 3.33 (dd, J = 

16.5, 5.7 Hz, 1H), 3.21 (dd, J = 16.5, 8.3 Hz, 1H). 13C NMR (CDCl3, 100 MHz): δ 

199.13, 146.65, 137.27, 133.06, 128.65, 128.62, 128.15, 126.95, 126.37, 47.11, 

 35.66, 21.98. 

 

DFT calculation 

All DFT calculations were performed using the Turbomole package,23 coupled to the PQS Baker 

optimizer24 via the BOpt package25 at the ri-DFT26/BP8627 level. The def2-TZVP basis set28 was used for 

all atoms and a small grid (m4). The minima (no imaginary frequencies) were characterized by 

calculating the Hessian matrix. 
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Chapter 4 

 

Dynamic Ligand Reactivity in a Rhodium Pincer Complex 

 

 

Abstract: Ligand cooperativity provides (transition) metal complexes with new reactivities in substrate 

activation and catalytic reactions, but usually the ligand acts as an internal (Brønsted) base, while the 

metal acts as a (Lewis) acid. In this Chapter we describe the synthesis and stepwise activation of a new 

phosphane-pyridine-amide ligand PNNH2 in combination with RhI. The ligand is susceptible to stepwise 

proton- and hydride loss from the nitrogen arm (imine formation) and deprotonation at the 

pyridylphosphine arm (dearomatization), giving rise to amine complex 1, amido species 2, imine 

complex 3 and dearomatized compound 4. Complex 4 bears a dual-mode cooperative PNN’ ligand 

containing both a (nucleophilic) basic methine fragment and a reactive (electrophilic) imine moiety. 

The basic ligand arm enables substrate deprotonation while the imine ligand arm enables reversible 

‘storage’ of the activated (nucleophilic) form of a sulfonamide substrate at the ligand. In combination 

with metal-based reactivity, this allows for the mono-alkylation of o-toluenesulfonamide with 

iodomethane. Compounds 1, 3 and 4 are structurally characterized. We also report the first 

structurally characterized example of an aminal in the coordination sphere of rhodium, complex 5, 

[Rh(CO)(PNN’’)], formed by sequential N-H activation of sulfonamide by the dearomatized ligand PNN’ 

and follow-up nucleophilic attack of anionic sulfonamide onto the imine fragment. 

 

 

 

 

 

 

 

 

 

 

This chapter has been published as : Z. Tang, E. Otten, J. N. H. Reek, J. I. van der Vlugt, B. de 

Bruin, Chem. Eur. J. 2015, 21, 1268312693. Selected as ‘Hot paper’, Front cover. 
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4.1 Introduction 

Pincer type transition metal complexes have been extensively studied and applied in a wide range of 

bond activation and catalytic reactions, due to their high stability and synthetic versatility.1 Recently, 

the introduction of metal-ligand bifunctional substrate activation2 has further boosted applications of 

pincer metal complexes and have opened up new opportunities for catalyst design. Cooperative 

ligands assist the metal center in bond-breaking and bond-making processes by directly participating 

in substrate activation or product formation.2a This cooperative effect provides the metal complexes 

with new reactivities to promote reactions using more environment-benign reagents and conditions3 

and also provides opportunities to replace noble metals with more abundant base metals.4 Various 

ligand designs, both pincers and otherwise, have been proven efficient for metal-ligand bifunctional 

substrate activation and cooperative catalysis.5 Among them, proton-responsive donor-appended 

picolyl- and lutidyl-based systems have attracted much attention due to the broad substrate scope.6,7,8 

A common feature of most reported cooperative ligand concepts is the function of an internal 

(Brønsted) base, which reversibly accepts protons from substrates, while the metal functions as a 

(Lewis) acid. 

Examples of metal-ligand cooperativity that extends beyond substrate activation via a Lewis acidic 

metal and Brønsted basic ligand site are rare. Most of those are limited to substrate activation by 

simultaneous binding of the substrate to a vacant (transition) metal site and to a H-bond donor or 

acceptor,9 with a borane ligand as a hydride mediator,10 or radical-type activation with transition 

metal complexes bearing redox-active ligands.11 To the best of our knowledge, using a reactive Schiff 

base functionality in the ligand framework to reversibly ‘store’ an activated substrate in the periphery 

of the active (transition) metal site in order to enable subsequent coupling with another substrate is 

thus far not reported using cooperative catalysis.12 This approach of cooperative substrate activation is 

demonstrated for the selective mono-methylation of sulfonamides using a RhI(PNN) system (Figure 1), 

designed to encompass both nucleophilic and electrophilic reactivity in the ligand framework. We 

describe a series of stoichiometric reactions that form a hypothetical catalytic cycle when combined. 

Some unwanted side-reactions prevent true catalytic turnover in one-pot reactions, but the described 

approach may be able to accelerate other catalytic reactions.  

 

Figure 1. The concept of sequential proton-nucleophile reactivity combined within one dual-mode reactive 

pincer scaffold. 
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We argued that ligands that contain both a Brønsted basic site and an imine functionality might 

enable new modes of cooperative substrate activation processes. Therefore, a new PNN ligand 

platform that offers several reactive sites was designed. It is known that sec-aminomethylpyridine 

ligands (s-AMP), when bound in their amido form to a transition metal, have a tendency to lose a 

hydride (or the overall equivalent of one proton and two electrons) from the methylene group, 

resulting in oxidation to the imine form,13,14 which is then electrophilic and thus susceptible to 

coupling with a nucleophile. This feature could provide an opportunity for ligand-assisted sequential 

proton and nucleophile transfer chemistry when combined with PMP-derived dearomatization 

reactivity (PMP = phosphinomethylpyridine; Figure 1). We herein describe the coordination chemistry 

of such a hybrid PNN-ligand to RhI and demonstrate the multiple activation and monoalkylation of a 

primary sulfonamide as a test-case for this new concept. 

 

4.2 Results and Discussion 

4.2.1 Synthesis of amine-complex 1, [Rh(CO)(PNNH3)]PF6.  

PNN ligand PNNH3 was prepared using a modified literature procedure (Scheme 1),15 involving 

sequential phosphorylation and amination of 2,6-bis(chloromethyl)pyridine with di-tert-

butylphosphine borane and 2,6-di-iso-propylaniline, respectively. The product ligand PNNH3 was 

obtained as a white solid in an overall yield of 43% by refluxing a diethylamine solution of the resulting 

product PNNH3·BH3, followed by facile work-up. 

 

Scheme 1. Synthetic route to ligand PNN
H3

.  

 

The reaction of two equivalents of ligand PNNH3 (in MeOH) with [Rh(CO)2Cl]2 (in MeOH) resulted in 

immediate formation of a deep brownish-red solution. Addition of KPF6 or NH4PF6 followed by partial 

evaporation and filtration afforded the cationic carbonyl complex [Rh(CO)(PNNH3]PF6 (1) (Scheme 2). 

The complex exhibits a sharp doublet at 96.4 ppm (JRh-P 155.8 Hz) in the 31P NMR spectrum. The signals 

for the two isopropyl C-H protons appear as broad multiplets at 4.50 and 3.24 ppm in the 1H NMR 

spectrum, indicating a stable coordination mode of the pyramidal tertiary amine donor to rhodium 

and hindered rotation of the diisopropylphenyl group around the CN bond. 



Chapter 4. Dynamic Ligand Reactivity in a Rhodium Pincer Complex 
 

72 
 

 

Scheme 2. Synthesis of amine complex 1. 

 

4.2.2 Synthesis of the amido derivative 2, [Rh(CO)(PNNH2)], imine-complex 3, [Rh(CO)(PNNH)]+ and 

its dearomatized derivative 4, Rh(CO)(PNN’).   

Addition of one equivalent of potassium tert-butoxide (KOtBu) to a C6D6 suspension of 1 led to a 

doublet at 88.1 ppm ( = 8.3) in the 31P NMR spectrum, with a remarkably smaller JRh-P of 129.7 Hz 

(J = 26.1) compared to that of complex 1, in agreement with the presence of a stronger donor trans 

to P.16 The 1H NMR spectrum showed no –NH signal, which supports formulation of this complex as 

the neutral amido complex Rh(CO)(PNNH2) (2) (Scheme 2). Complex 2 is not stable at room 

temperature, and transforms into other species, vide infra. Stirring a mixture of in situ formed amido-

complex 2 (generated by deprotonation of 1 using 1 eq. KOtBu) and sodium bicarbonate (NaHCO3) in 

THF overnight led to unexpected formation of a major brown product (3) and a minor dark blue 

product (4) after work-up (Scheme 3). The brown species shows a doublet (96.3 ppm ( 0.1); JRh-P 

149.3 Hz (J = 6.5)) in the 31P NMR spectrum and a doublet of doublets at 8.39 ppm (CH=N) in the 1H 

NMR spectrum, which correlates with a peak at 168.87 ppm in the 13C NMR spectrum according to 2D 
1H-31C HSQC spectroscopy. These data indicated formation of the imine complex 3, [Rh(CO)(PNNH)]+. 

One possible pathway involves deprotonation of complex 1 by KOtBu to form amido complex 2, 

followed by hydride transfer from the amidomethylene arm of 2 to the proton of NaHCO3. In the 

presence of KPF6 (generated in the first deprotonation step of 1 with KOtBu) this would yield the PF6 

salt of imine complex 3, with H2 and insoluble KNaCO3 as side products. An alternative, albeit very 

similar mechanism leading to formation of complex 3 involves spontaneous loss of H2 from complex 2 

to form complex 4 (vide infra), followed by protonation of 4 to produce complex 3 (see Scheme 3). In 

this case, amphoteric NaHCO3 (possibly combined with some adventitious water) would act as the 

proton donor in the last step (4 + KPF6 + NaHCO3  3 + KNaCO3). In agreement with both possible 

mechanisms, H2 was detected by GC taking a sample from the headspace after reaction. An 

unidentified intermediate species in the reaction of 2 to 3 or 4 in the reaction with NaHCO3 in THF is 

detectable by NMR spectroscopy (see also Scheme A1, Figure A1, and Figure A2 in the appendix), but 

this species was not isolated or further characterized. When 13C-labeled NaH13CO3 was used, no 

formate was detected using 13C-NMR spectroscopy, thus excluding carbonate as a hydride acceptor.17  

Addition of a second equivalent of KOtBu to imine species 3 in THF instantaneously led to a drastic 

color change from brown to dark-blue. The 31P NMR spectrum indicated complete conversion to a 

single species, exhibiting a doublet at 89.2 ppm (JRh-P = 156.3 Hz), while the pyridine protons are 

shifted markedly upfield (5.37–6.35 ppm) in the corresponding 1H NMR spectrum, thus pointing to 

‘dearomatization’. The CO stretch of 4 appears at 1950 cm-1 in the IR spectrum ( = 46 cm-1 
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compared to 1). These observations are consistent with formulation of this complex as the 

dearomatized imine complex 4, Rh(CO)(PNN’), featuring a formal amido nitrogen trans to CO. The 

imine C–H appears as a doublet of doublets at 7.01 ppm, with long-range couplings to rhodium (3JRh-H 

2.8 Hz) and phosphorus (4JP-H = 4.6 Hz). The doublet at 5.34 ppm (2JP-H = 2.9 Hz) is assigned to the 

methine proton (C=CH-P).  

Interestingly, complex 4 was also obtained by simply storing a C6D6 solution of the amido complex 2 

at room temperature, while dihydrogen (H2) was detected as a byproduct both with 1H NMR 

spectroscopy (solution phase) and gas chromatography (GC) (head-space above the solution). This 

reaction involves formal loss of a hydride from the amido methylene arm and a proton from the 

phosphane methylene arm of same ligand to generate H2 through either a concerted inter- or 

intramolecular process. The spontaneous loss of H2 is unusual and this observation nicely 

demonstrates the complementary reactivity of the two arms and the synergy between these 

electronically distinct moieties. Complex 4 could also be synthesized simply by stirring a CH2Cl2 

solution of 1 overnight in the presence of excess sodium hydroxide (NaOH). 

 

Scheme 3. Formation of imine ligand complex 3 from amido ligand complex 2 with NaHCO3 and subsequent 

deprotonation to give dearomatized complex 4 in THF and spontaneous H2-loss from 2 to form 4 in benzene. 

 

The corresponding X-ray structures for 3 and 4 are depicted in Figure 2, together with the structure of 

complex 1. Yellow single crystals for complex 1 were obtained by slow diffusion of pentane into a 

concentrated solution of 1 in dichloromethane. Brownish-red colored crystals of 3 were obtained from 
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slow diffusion of diethyl ether into a concentrated solution of 3 in dichloromethane. X-ray structure 

determination provided the structures depicted in Figure 2. Both complexes adopt a nearly perfect 

square planar geometry around Rh, with the plane defined by the atoms P1, N1 and N2. The N2C1 

bond in 3 is markedly shorter than in 1 (1.496(4) Å in 1 vs. 1.284(3) Å in 3), indicating genuine imine 

double bond character in 3. Dark-colored single crystals of 4 were obtained from a concentrated 

pentane solution of 4 at 78 °C. The square planar geometry around rhodium is maintained in the 

conversion of 3 to 4. The short C6–C7 and C1–N2 bond lengths indicate double bond character for these 

bonds in 4. 

      

Figure 2. ORTEP plots (50% probability ellipsoids) of cationic amine complex 1, imine complex 3 and 

dearomatized neutral derivative 4. Disorder, counter-ions, lattice solvent and hydrogen atoms are omitted for 

clarity, except for those located on C1 and C7. 

 

The short Rh1–N1 bond length of 2.0264(14) Å and the alternating CC bond lengths in the 

heterocycle (not shown) are consistent with dearomatization of the pyridine fragment. The Rh1N2 

and Rh1P1 bond lengths vary only marginally between the cationic amine and imine species and the 

dearomatized neutral imine derivative. The N2Rh1P1 and N2Rh1P1 angles also do not differ 

substantially, showing the structural integrity of the overall tridentate scaffold upon multiple proton-

transfer reaction steps. The methylene groups are located above and below the RhPNN plane in 1, 

whereas complexes 3 and 4 display a virtually flat extended structure, indicative of significant -

conjugation. Selected bond lengths and angles for the three complexes are compared in Table 1. 
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Table 1. Selected bond lengths (Å) and angles (ᴼ) for complexes 1, 3 and 4. 

 1 3 4  1 3 4 

Rh1–N1 2.057(2) 2.0427(18) 2.0264(14) P1–Rh1–N1 84.64(7) 83.96(6) 82.89(4) 

Rh1–N2 2.156(3) 2.0885(19) 2.1191(14) P1–Rh1–N2 162.84(7) 161.55(5) 160.46(4) 

Rh1P1 2.2337(8) 2.2395(7) 2.2641(5) Rh1–N2–C1 111.42(18) 115.13(15) 113.65(12) 

Rh1C16 1.829(3) 1.829(3) 1.8198(19) Rh1–P1–C7 100.62(10) 101.11(8) 100.84(6) 

N2C1 1.496(4) 1.284(3) 1.389(2) N1–Rh1–C28 179.11(13) 179.26(10) 178.90(7) 

C6C7 1.496(4) 1.498(4) 1.367(2) Rh1–C28–O1 178.8(3) 178.8(2) 178.36(16) 

C28O1 1.143(3) 1.151(3) 1.157(2) P1–Rh1–N1 84.64(7) 83.96(6) 82.89(4) 

 

To obtain further insight in the electronic structure of the dearomatized imine-ligand complex 4, we 

switched to DFT calculations (BP86/def2-TZVP) (Figure 3). The highest occupied molecular orbital 

(HOMO) is found to reside predominantly on the electron-rich methine carbon of the phosphine arm, 

in accord with calculations on other dearomatized pincer complexes,6,8,18,19 with a minor contribution 

from the dearomatized pyridine. The corresponding lowest unoccupied molecular orbital (LUMO) is 

also found to be predominantly ligand-based, residing mainly on the electron-deficient imine 

fragment. The combination of both a ligand-based HOMO, relevant for reactivity toward electrophiles, 

and a ligand-based LUMO (susceptible for attack by nucleophiles) is highly unusual, and shows that the 

complex is likely to display ligand-based reactivity in reactions with both electrophilic and nucleophilic 

substrates. The LUMO of 3 is also localized mainly at the imine fragment, with a similar shape as that 

of 4, which means the imine functionality of 4 is maintained for nucleophilic addition after the first 

electrophilic addition (e.g. protonation of the methine). The reactivity of such ‘Janus-like’ ligands is ill-

explored but potentially interesting in the context of e.g. cascade catalysis. 

 

         

Figure 3. DFT calculated (BP86/def2-TZVP) frontier orbitals for imine-complex 4 (dearomatized) and 3 

(aromatized) (left: HOMO of 4; middle: LUMO of 4; right: LUMO of 3). 

 

4.2.3 Reactivity of 4 towards a weakly nucleophilic amine base.  
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Complex 4 was found to be inert toward H2, benzyl alcohol or aniline under mild conditions, which is 

attributed to the rigid nature of the ligand backbone, in particular the imine fragment. It seems that 

the extended conjugated π-system of the PNN’ ligand in 4 does not have the required flexibility to 

accommodate a favorable transition state for proton transfer from a metal bound substrate to the 

electron-rich methine arm. Reprotonation of the phosphine arm (the HOMO) with stronger protic 

acids such as HCl, formic acid or benzoic acid is feasible, generating derivatives of 3. However, in case 

of formic acid as substrate for example, further reaction involving hydride transfer from a metal-

bound or outer-sphere formate to the imine fragment (the LUMO) to generate an analogue of 2 was 

not observed. This indicates that the corresponding amido-form of the ligand (PNN’H2) is 

thermodynamically unstable with respect to the neutral imine-ligand form (PNN’).13 

Interestingly and in stark contrast with the other substrates tested, complex 4 reacted almost 

instantaneously with one molar equivalent of o-toluenesulfonamide (oTsNH2) in CD2Cl2, as indicated 

by a color change from deep-blue to light-yellow (Scheme 4). Spectroscopic data showed that the 

reaction involved both reactive ligand arms of the complex, leading to both protonation of the 

electron-rich methine arm attached to the P-donor and nucleophilic attack of the deprotonated 

sulfonamide to the electrophilic imine functionality.20 This reactivity is quite remarkable, as 

sulfonamides are poorly nucleophilic[21] and should thus not be able to attack the imine functionality 

of 4 in a direct ‘outher-sphere’ mechanism. The IR spectrum showed a CO-stretch at 1983 cm-1, 

suggestive of rearomatization of the pyridine ring. Notably, the 31P NMR spectrum showed clean 

conversion to a single species, represented by a doublet at 94.2 ppm with a coupling constant JRh-P of 

149.3 Hz. Likewise, 1H NMR and 13C NMR spectroscopy revealed clean conversion of 4 to 5. HR-MS 

spectrometry (m/z = 724.2250 for [M − H+]) indicates the incorporation of the sulfonamide substrate 

as well as preservation of the original diisopropylanilidyl fragment. These combined data support 

formulation of this species as the neutral aminal complex 5 (Scheme 4). 

 

Scheme 4. Reversible reaction of o-toluenesulfonamide with complex 4 to generate aminal complex 5 

[Rh(CO)(PNN’’)]. 

 

An unexpected rearrangement of the donor atoms has occurred to generate this addition product, 

with the sulfonamido nitrogen donor coordinated to Rh, while the original imine-donor is transformed 

into a non-coordinated aniline moiety. The aniline NH moiety resonates at 3.75 ppm in the 1H NMR 

spectrum (see also Figure A3), and gives rise to a sharp doublet (3JHH = 10.3 Hz). The relatively large 3JHH 

coupling constant corresponds to an antiperiplanar configuration of the NH and the tertiary PyCH 

protons, in agreement with the x-ray structure. Amines typically give rise to broad featureless signals 
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as a result of rapid exchange with other amines or e.g. water. The fact that the aniline NH moiety is 

present as a sharp doublet suggests that it is in a rigid configuration and does not undergo rapid 

proton exchange with exogenous proton donors (e.g. water). Initially we took this as an indication for 

H-bonding between the NH moiety and one of the sulfonyl oxygen atoms, but spectroscopic 

investigations are inconclusive about the existence of such a H-bond. NMR spectroscopy did confirm 

that the NH moiety adopts a preferred configuration in solution. Detailed analysis of the 1H, 1H-COSY, 
1H-NOESY, and 1H13C-HSQC spectra of the complex showed that the NH moiety has stronger NOE 

contacts with only one of the two isopropyl moieties. The structure of 5, [Rh(CO)(PNN’)], was further 

corroborated by X-ray structure determination of single crystals grown from dichloromethane and 

diethyl ether. The X-ray structure (Figure 4) indeed shows a highly congested aminal in the 

coordination sphere of a square planar RhI center, but no hydrogen-bond interaction is observed 

between the NH moiety and the sulfonyl oxygen atoms. The NH and the tertiary PyCH hydrogen 

atoms are oriented in an antiperiplanar configuration, with the NH moiety pointing toward one of the 

isopropyl groups, in accordance with the NMR data. Apparently the conformation of the NH moiety 

observed in the solid state is also the preferred orientation in solution, and in contrast to our initial 

assumptions this might not be caused by H-bonding but seems rather a result of the steric congestion 

around the NH moiety (as revealed by the x-ray structure), thus leading to slow proton exchange at 

the amine nitrogen atom on the NMR time scale. To the best of our knowledge, this is the first report 

of a structurally characterized aminal in the coordination sphere of rhodium. Furthermore, this 

reaction constitutes the breaking of two NH bonds and the formation of one CH, one CN and a 

novel NH bond. 

The reaction likely proceeds via initial proton transfer from the activated sulfonamide to the 

nucleophilic methine of the phosphine arm, resulting in rearomatization of the pyridine ring. This may 

occur in either an outer-sphere manner (bimolecular process) or via pre-coordination of the 

sulfonamide to Rh (unimolecular process). The resulting (rhodium) sulfonamido intermediate can then 

undergo addition to the electrophilic imine carbon, with a subsequent 1,3-proton shift to generate the 

observed aminal. The latter (intermolecular) process involving pre-coordination of the sulfonamide 

process seems most likely. 

In dynamic combinatorial chemistry,22 imine formation is often reversible in the presence of water. 

In analogy, aminal 5 is highly sensitive to the type of solvent used. Upon switching from CD2Cl2 to 

dioxane or THF-d8 (Scheme 4) and under mild heating, complex 5 reverts to 4, as monitored by 31P 

NMR spectroscopy (Scheme A2, Figure A4). In addition, HR-MS spectra of complex 5 measured in 

positive ion mode showed only m/z = 555.2033, corresponding to complex 4 plus a proton (Calcd. m/z 

= 555.2006) (Figure A5). The conversion of 5 to 4 in THF and dioxane is most likely a result of the 

different solubility of 5 (poorly soluble) and the mixture of 4 and oTsNH2 (well soluble) in these 

solvents. Adventitious H2O might also play a role. Note that organic aminals are typically unstable with 

respect to their precursors, and hence isolation of complex 5 is highly unusual. 
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Figure 4. ORTEP plot (50% probability ellipsoids) of aminal complex 5. Lattice solvent (CH2Cl2) and hydrogen 

atoms removed for clarity, except for H1 and H2, belonging to the aminal fragment. Selected bond lengths (Å) 

and angles (): Rh1N1 2.057(2); Rh1–N3 2.083(2); Rh1–P1 2.2251(8); Rh1C16 1.821(3); P1–C7 1.857(3); C6–C7 

1.499(4); N3–C1 1.460(3); N2–C1 1.482(3); C1–C2 1.520(3); Rh1–C16 1.155(4); C16–O1 1.155(4); N3–Rh1–P1 162.93(6); 

P1–Rh1–N1 84.43(6); N1–Rh1–C16 176.37(10); Rh1–C16–O1 177.7(2); Rh1–N3–C1 114.28(15); Rh1-P1-C7 100.85(10). 

 

The reversible making and breaking of the aminal C-N bond under mild conditions suggests that this 

complex has potential in productive CN bond functionalization protocols, using the cooperative 

ligand system in concert with metal-based activity. Hence, as proof-of-concept, the coupling of 

sulfonamides with iodomethane (MeI) was investigated (Scheme 5). Selective mono-alkylation of 

sulfonamides (and amines in general) under mild conditions, minimizing the generation of undesirable 

waste, is still a challenging task in organic synthesis.23 Heating an equimolar mixture of MeI and 5 in 

CD2Cl2 at 60 °C for 30 min resulted in the formation of complex 3’, an analogue of complex 3 but with 

iodine as the counter-ion, and the N-methylsulfonamide product (N,2-dimethylbenzene sulfonamide, 

oTsNHMe) in 21% and 11% yield, respectively (according to 1H NMR spectroscopy). Continued heating 

for 22 hours increased the yield of these two species to 79 % and 51%, respectively, based on 1H NMR 

integration (see also Scheme A3, Figure A6). The formation of  complex 3’ and oTsNHMe was 

confirmed by independent synthesis of the two species and comparing the NMR spectra. The organic 

oTsNHMe product is presumably generated by consecutive oxidative addition of MeI, forming 

intermediate 6, and reductive CN bond formation at RhI (see Scheme 5). Addition of base (KOtBu) 

regenerates the dearomatized complex 4, which should be susceptible to renewed attack by 

sulfonamide and thereby close the hypothetical catalytic cycle (Scheme 5). This sequence is composed 

of the following steps: (1) Ligand-aided splitting of the N–H bond of sulfonamide by 4, with the 

electrophilic and the nucleophilic part residing on the P and N arm of the ligand, respectively. (2) 

Oxidative addition of MeI to generate a RhIII complex (either five- or six-coordinated). (3) Reductive C-

N bond formation to generate imine-complex 3’ and the N-methylated sulfonamide product. (4) 

Deprotonation of complex 3’ to regenerate the starting complex 4. 
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Scheme 5. Hypothetical cycle composed of stoichiometric steps (one turnover) involving mono-methylation of o-

TsNH2 with MeI mediated by 4. 

 

As such, the combined reactions closes a catalytic cycle for mono-alkylation of sulfonamides with 

MeI, which proceeds via the discrete and well characterized intermediates 3’, 4 and 5. Attempts to 

detect the proposed RhIII intermediate 6 by in situ 31P NMR spectroscopy were not successful, and only 

complexes 5 and 3’ were observed. This is probably due to the transient nature of 6 on the NMR time-

scale due to rapid reductive elimination of oTsNHMe to yield complex 3’. Direct coupling of MeI with 

the sulfonamide nitrogen without forming a RhIII intermediate cannot be completely excluded, but 

seems unlikely. Any direct coupling would be expected to occur on the aniline nitrogen of the aminal, 

which should be more nucleophilic than the sulfonamide nitrogen (which is involved in delocalization 

to the sulfonyl moiety). No reaction was observed between oTsNH2 and MeI in the absence of 

complex 5 under the same conditions, or in the presence of Na2CO3, thus showing that the reaction is 

mediated by the Rh-complex. This sequence represents, to our best knowledge, the first example of 

such unique new metal-ligand cooperativity for productive substrate functionalization, although some 

recent cooperative substrate functionalisation strategies and reversible directing group strategies bear 

some similarities with this concept.12b,c,24 We anticipate that the reaction sequence shown in Scheme 5 

can be extended to other ‘electrophile-nucleophile’ combinations, and further (catalytic) coupling 

reactions with additional substrates might be realized based on this dual-mode ligand cooperativity. 
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4.2.4 Elucidation of side-reactions.  

The reaction shown in Scheme 5 is composed of individual stoichiometric steps. A catalytic reaction 

involving multiple turnovers is prevented by competing side-reactions. To shed more light on the 

catalyst deactivation pathways, we decided to explore the formation of side-products (in particular 

deactivated rhodium complexes) under (pseudo-) catalytic conditions. Quite remarkably, and contrary 

to previous observations on the reactivity of carbon electrophiles with dearomatized pincer 

ligands,18,25 the addition of MeI to 4 did not result in ligand-based C-C coupling at the methine moiety 

adjacent to the phosphine donor. The inertness of the PNN’– fragment is attributed to the electron–

withdrawing effect of the imine moiety, which decreases the overall nucleophilicity of the ligand 

framework (decrease of the HOMO relative to e.g. a dearomatized PNP-ligand). MeI also does not 

oxidatively add to the RhI center of 4, which may be explained by a stabilizing push–pull effect (π-

donation from the dearomatized pyridine nitrogen lone pair to a Rh d-orbital (push) is balanced by π-

back donation from Rh to the π*-orbital at CO (pull)). Addition of N-methyl-phenylsulfonamide to 4 

under the same conditions as for the coupling reaction of 5 and MeI did not result in any addition 

product. Therefore, neither MeI nor the mono-alkylated sulfonamide product interfere with the 

envisioned catalyst. Hence, neither product inhibition nor inhibition by unwanted reactions with the 

MeI substrate seems to cause any problems in the envisioned catalytic reaction. However, the aminal 

fragment in complex 5 appears susceptible to hydrolysis in wet solvent over the course of several 

days. Under these conditions, release of free aniline was detected, and NMR spectroscopy further 

pointed to formation of complex 8, which results from attack of hydroxide to the imine moiety of the 

proposed imine intermediate 7, which is formed after expulsion of aniline (Scheme 6).  

The –CH(OH) proton appears as a sharp doublet at 4.30 ppm (3JH-H = 2.5 Hz), while the –CH(OH) 

proton shows up at 6.12 ppm as a doublet-of doublet (3JH-H = 2.4 Hz, 4JP-H = 2.0 Hz), when measured in 

CD2Cl2. Upon addition of MeOH-d4, the –OH signal disappeared. Besides 8, also another side product, 9 

was detected that potentially hinders catalytic turnover. Like 8, this species also seems to be derived 

from intermediate 7 (again formed by aniline elimination from the aminal moiety of 5). Complex 9 is 

formed more rapidly in the presence of an excess sulfonamide, and bears two sulfonamide fragments 

(Scheme 6). Hence, complex 9 was also identified as the major ‘resting state’ (±80%) in a (pseudo) 

catalytic test-reaction using five molar equivalents of the sulfonamide substrate. Interestingly, m/z 

values corresponding to complex 7(M+) as the major peaks were always observed in the ESI-MS 

spectra of 8 or 9 in positive ion mode, while 8 or 9 were not detected. This may suggest reversible 

sulfonamide addition to the imine arm of the ligand of 7. The reactive sulfonimine carbon of the 

proposed intermediate 7 is likely more susceptible to nucleophilic attack than the aniline-based imine 

carbon of 3, which is stable in aqueous conditions. The most likely pathways for conversion of complex 

5 into 8 and 9 are shown in Scheme 6, but alternative mechanisms cannot be excluded. 
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Scheme 6. Transformation of complex 5 into 8 and 9, upon reaction with water and excess sulfonamide, 

respectively. 

 

4.3 Conclusions 

We have reported the synthesis of a unique (phosphane)(amine)pyridine ligand PNNH3 and its versatile 

coordination chemistry with RhI. This includes selective, stepwise transformations from the neutral 

PNNH3 amine ligand in complex 1, to the anionic PNNH2 amido ligand in complex 2, the neutral PNNH’ 

imine ligand in complex 3 and the anionic ‘dearomatized’ imine ligand PNNH’ in complex 4. The ligand 

is capable of selective dual-mode reactivity and is susceptible to both electrophilic and nucleophilic 

attack. The X-ray structures of 1, 3, and 4 show subtle but significant differences between these 

species. DFT calculations show that both the HOMO and LUMO of 4 are ligand-based, which is rather 

unique. This complex readily activates both N-H bonds of o-toluenesulfonamide in dichloromethane, 

resulting in selective C-N bond formation to generate the unique aminal complex 5, which was also 

structurally characterized. The addition reaction is found to be reversible by switching to a more polar 

solvent. MeI is successfully used as an electrophile to couple with the activated sulfonamide, 

selectively generating the N-methylsulfonamide. This proof-of-concept coupling reaction 

demonstrates the viability of a new type of metal-ligand cooperativity mechanism involving two 

electronically distinctly different ligand arms to activate both N-H bonds of the sulfonamide substrate. 

Although the overall reaction is inhibited when using an excess of the substrate due to the occurrence 

of side-reactions, dual-mode ligand reactivity in general may be a viable approach for catalysis. 

 

4.4 Experimental Section 

General methods. All reactions were carried out under an argon atmosphere using standard Schlenk 

techniques or in a glovebox unless noted otherwise. With exception of the compounds given below, all 

reagents were purchased from commercial suppliers and used without further purification. 2-
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(Chloromethyl)-6-((di-tert-butylphosphino)-methyl)pyridine·BH3 was synthesized according to a 

reported procedure.15 Sodium (o-tolylsulfonyl)amide was synthesized by reacting 2-methyl-

benzenesulfonamide with a stoichiometric amount of sodium methoxide in methanol solution. THF, 

dioxane, pentane, and diethyl ether were distilled from sodium benzophenone ketyl under nitrogen. 

CH2Cl2, and methanol were distilled from CaH2 under nitrogen. NMR spectra (1H, 31P{1H} and 13C{1H}) 

were measured on a Bruker AMX 400 spectrometer at 25 °C unless noted otherwise. IR spectra were 

recorded with a Nicolet Nexus FT-IR spectrometer. HR-MS data were obtained using a time-of-flight 

JEOL AccuTOF LC-plus mass spectrometer (JMS-T100LP). 

 

Ligand PNNH3·BH3: An acetonitrile solution (50 mL) of 2-(chloromethyl)-6-((di-tert-

butylphosphino)methyl)pyridine·BH3 (500.0 mg, 1.669 mmol, 1 eq.), 2, 6-diiso-propylaniline (0.330 ml, 

1.752 mmol, 1.05 eq.), potassium iodide (27.7 mg, 0.167 mmol, 0.1 eq.) and potassium carbonate 

(1153 mg, 8.345 mmol, 5.0 eq.) was refluxed for 20 hours. All volatiles were removed under vacuum, 

30 ml dichoromethane was added and the solution was washed with brine and dried with sodium 

sulfate. The pure product was obtained after silica column chromatography (hexane/ethylacetate) as a 

white solid in 47% yield (345.4 mg). 1H NMR (400 MHz, CD2Cl2, ppm) : δ 7.60 (t, J = 7.7 Hz, 1Hpy4), 7.51 

(d, J = 7.7 Hz, 1HPy), 7.16-7.06 (m, 1HPy + 3HAr), 4.11-4.10 (br m, 2HPy-CH2N+1HNH), 3.43-3.36 (m, 2HPh-

C(CH3)2H+2HPy-CH2P), 1.30 (d, J = 12.6 Hz,18HC(CH3)3,), 1.25 (d, J = 6.9 Hz, 12HCH(CH3)2), 0.85-0.02 (bm, 3HBH3). 
31P{1H} NMR (161 MHz, CD2Cl2, ppm): δ 47.13(m). 13C NMR (100 MHz, CD2Cl2, ppm): δ 155.59 (d, J = 2.4 

Hz, Cpy6), 155.47 (d, J = 0.5 Hz, Cpy2), 140.3 (s, CAr1), 137.08 (s, Cpy4), 132.59 (s, 2CAr2,6), 125.44 (d, J = 2.2 

Hz, Cpy5), 122.90 (s, 2CAr3,5), 120.99 (d, J = 2.0 Hz, Cpy3), 118.67 (s, CAr4), 46.87 (s, PyCH2N), 32.98 (d, J = 

25.2 Hz, PyCH2P), 29.33 (d, J = 23.1 Hz, 2PC(CH3)3), 28.28 (d, J = 23.1 Hz, 4PC(CH3)3), 28.26 (s, 

2ArCH(CH3)2), 22.59 (s, 4ArCH(CH3)2). HRMS (FD, DCM): m/z 440.3496 (M+, Calcd. m/z 440.3492). 

 

Ligand PNNH3:  PNNH3·BH3 (400mg, 0.908 mmol) was dissolved in 8 mL of freeze-pump-thaw degassed 

diethylamine. All the volatiles were removed under vacuum after reflux for 20 hours. 10 mL diethyl 

ether was added and 10 mL degassed water was used to wash the ether solution quickly for 5 times. 

The ether solution was dried over sodium sulfate and the solids were filtered off. All volatiles were 

removed under vacuum and the ligand was obtained as a white solid in 92% yield (352.5 mg). 1H NMR 

(400 MHz, CD2Cl2, ppm) : δ 7.55 (t, J = 7.7 Hz, 1Hpy4), 7.30 (d, J = 7.8 Hz, 1Hpy3), 7.11-7.09 (m, 1Hpy5 + 

1HAr4), 7.04-7.01 (m, 2HAr3,5), 4.41 (br, 1HNH), 4.09 (s, 2HPy-CH2N), 3.43 (sept., J = 6.9 Hz, 2HPh-C(CH3)2H), 3.08 

(d, J = 3.1 Hz, 2HPy-CH2P), 1.23 (d, J = 7.7 Hz, 12HCH(CH3)2), 1.17 (d, J = 10.9 Hz,18HC(CH3)3,). 
31P{1H} NMR 

(161 MHz, CD2Cl2, ppm): δ 35.61. 13C{1H} NMR (100 MHz, CD2Cl2, ppm): δ 162.26 (d, J = 14.4 Hz, CPy2), 

157.72 (s, CPy6), 144.39 (s, CAr1), 143.05 (s, 2CAr2,6), 136.72 (s, CPy4), 123.88 (s, CAr4), 123.81 (s, 2CAr3,5), 

122.56 (d, J = 8.5 Hz, CPy3), 118.82 (s, Cpy5), 56.71 (Py-CH2N), 32.13 (d, J = 23.0 Hz, Py-CH2P), 30.1-29.93 

(s, 2PC(CH3)3), 29.87 (d, J = 23.0 Hz, 4PC(CH3)3), 28.02 (s, 2ArCH(CH3)2), 24.42 (s, 4ArCH(CH3)2). HRMS 

(FD, DCM): m/z 426.3167 (M+, Calcd. m/z 426.3164). 

 

[Rh(CO)(PNNH3)]PF6 (1): A 4 mL methanol solution of PNNH3 ligand (313.0 mg, 0.734 mmol, 2.05 eq.) 

was added to a 6 ml methanol solution of [Rh(CO)2(-Cl)]2 (139.1 mg, 0.358 mmol, 1 eq.), followed by 

addition of NH4PF6 (466.7 mg, 2.863 mmol, 8 eq.). The solution was stirred for one hour and the 
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concentrated to 5 mL by evacuation. The brownish-yellow precipitate was collected by filtration and 

washed with a small amount of cold methanol and dried in vacuo. Yield: 413.8 mg (82.3 %). 1H NMR 

(400 MHz, CD2Cl2, 225.1K, ppm) : δ 7.96 (td, J = 9.0, 0.9 Hz, 1Hpy4), 7.63 (d, J = 7.9 Hz, 1Hpy3), 7.38 (d, J = 

7.9 Hz, 1Hpy5), 7.33-7.20 (bm, 3Haniline3,4,5), 6.7 (bm, 1HNH), 4.93-4.83 (bd, J = 16.6 Hz, 1HPy-CHHN), 4.62 

(dd, 17.3, 9.9 Hz, 1HPy-CHHN), 4.56-4.45 (br m, 1HPh-C(CH3)2H), 3.78 (d, J = 9.4 Hz, 2HPy-CH2P), 3.30-3.19 (br m, 

1HPh-C(CH3)2H), 1.59-1.23 (m, 18HC(CH3)3, 12HCH(CH3)2). 
31P{1H} NMR (161 MHz, CD2Cl2, ppm): δ 96.4 (d, 1JRh-P 

= 155.8 Hz). 13C{1H} NMR (100 MHz, CD2Cl2, 225.1K, ppm): δ 191.01 (dd, J = 73.4, 17.2 Hz, CO), 161.67 

(t, J = 4.0 Hz, CPy2), 160.24 (s, CPy6), 140.85 (s, Caniline1), 140.54 (s, CPy4), 138.12 (s, Caniline2 or 6), 127.16 (s, 

2Caniline3,5), 126.29 (s, Caniline6 or 2), 123.28 (s, Caniline4), 122.20 (d, J = 10.8 Hz, CPy3), 119.52 (s, CPy5), 62.59 

(s, PyCH2N), 35.90 (d, J = 21.8 Hz, PyCH2P), 35.34 (dd, J = 22.9, 2.3 Hz, PC(CH3)3), 28.98-28.22 (m, 

ArCH(CH3)2, PC(CH3)3), 25.22 (s, ArCH(CH3)2), 24.7822 (s, ArCH(CH3)2), 24.2522 (s, ArCH(CH3)2), 22.2522 

(s, ArCH(CH3)2). IR (νCO, CD2Cl2) = 1996 cm−1. HRMS (ESI, 243 K, DCM): m/z 557.2161 (M+, Calcd. m/z 

557.2168). Elemental analysis (%) calcd for C28H43F6N2OP2Rh.2H2O: C 45.54, H 6.41, N 3.79; found : C 

45.85, H 6.22, N 3.79.  

 

[Rh(CO)(PNNH2)] (2): Method I: To a 1.5 mL THF solution of 1 (10.0 mg, 0.0179 mmol, 1 eq.) was added 

a THF solution of potassium tert-butoxide (1 M in THF, 0.0179 mL, 1 eq.). The solution was stirred for 5 

minutes and the solids were filtered off. The solvent was removed under vacuum. Complex 2 was 

obtained as a mixture with two other species; Method II: To a 0.3 ml C6D6 suspension of 1 (5.0 mg, 

0.0071 mmol, 1 eq.) was slowly added a 0.2 mL C6D6 solution of potassium bis(trimethylsilyl)amide 

(KHMDS, 1.4 mg, 0.0073 mmol, 1.02 eq.). The mixture was stirred for 5 minutes and the insoluble 

solids were filtered off and the filtrate was directly transferred to a NMR tube which was sealed 

afterwards. 1H NMR (400 MHz, C6D6, ppm): δ 7.39-7.36 (m, 1Haniline3,5), 7.28 (dd, J = 8.3, 6.9 Hz, 

1Haniline4), 6.69 (t, J = 7.7 Hz, 1Hpy4), 6.44 (d, J = 7.9 Hz, 1Hpy3), 6.35 (d, J = 7.7 Hz, 1Hpy5), 5.29 (s, 2HPy-

CH2N), 4.61 (sept, 6.8 Hz, 2HPh-C(CH3)2H), 2.91 (d, 2HPy-CH2P), 1.71 (d, J = 6.8 Hz, 6HCH(CH3)2), 1.50 (d, J = 7.0 Hz, 

6HCH(CH3)2), 1.10 (d, J = 13.4 Hz, 18HC(CH3)3). 
31P{1H} NMR (161 MHz, C6D6, ppm): δ 88.1 (d, 1JRh-P = 129.7 

Hz).  HRMS (ESI, 243 K, C6D6): m/z 557.2176 (M + H+) (Calcd. m/z 557.2163). *Due to its inherent 

instability, no reliable 13C{1H} NMR data were obtained for complex 2. Attempts to record IR spectra of 

complex 2 in C6D6 in a solution KBr cell led to detection of a CO stretch frequency of 1954 cm−1 in 

several IR measurements, thus indicating fast formation of 4 from 2 in the KBr IR cell. The observation 

is in agreement with the observed H2 loss from complex 2 to form complex 4 revealed by 1H NMR. In 

the KBr IR cell the transformation seems to be accelerated somehow. However, there is also a 

possibility that complex 2 and 4 have (nearly) identical overlapping CO stretch frequencies. The two 

complexes have νCO of 1954.7 (2) and 1953.4 (4) cm-1 according to DFT calculations at the BP86/def2-

TZVP level. 

 

[Rh(CO)(PNNH)]PF6 (3): To a 3 mL THF solution of 1 (40.0 mg, 0.0570 mmol, 1 eq.) and sodium 

bicarbonate (NaHCO3, 23.9 mg, 0.285 mmol, 5 eq.) was added a THF solution of potassium tert-

butoxide (tBuOK 1M in THF, 0.0570 mL, 1 eq.). The solution was stirred overnight, and 3 was obtained 

as a mixture with 4. The solvent was removed under vacuum. The solids were first washed with 2 mL 

pentane five times and 2 mL of dichloromethane (DCM) was added. The solids were filtered off. The 

DCM solvent was removed under vacuum. Complex 3 was obtained as a brownish-red solid in 36% 

yield (14.4 mg). Crystals suitable for X-ray diffraction were obtained by top-layering a DCM solution of 
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3 with diethyl ether. 1H NMR (400 MHz, CD2Cl2, ppm): δ 8.39 (dd, J = 5.3, 2.8 Hz, 1HPyCH=N), 8.21 (t, J = 

7.8 Hz, 1HPy4), 8.02 (d, J = 8.1 Hz, 1HPy3), 7.97 (d, J = 7.8 Hz, 1HPy5), 7.36 (dd, J = 8.9, 6.4 Hz, 1Haniline4), 

7.32-7.21 (m, 2Haniline3,5), 3.91 (d, J = 9.1 Hz, 2HPyCH2P), 3.36 (sept., J = 6.7 Hz, 2HCH(CH3)2), 1.39 (d, J = 15.1 

Hz, 18HC(CH3)3), 1.36 (d, J = 6.8 Hz, 6HCH(CH3)2), 1.23 (d, J = 6.9 Hz, 6HCH(CH3)2). 
31P{1H} NMR (161 MHz, 

CD2Cl2, ppm): δ 96.30 (d, 1JRh-P = 149.3 Hz). 13C{1H} NMR (100 MHz, CD2Cl2, ppm): δ 190.97 (dd, J = 73.9, 

16.6 Hz, CO), 168.87 (d, 2.4 Hz, CPyCH=N), 165.29 (t, J = 4.3 Hz, CPy2), 153.75 (d, J = 2.2 Hz, CPy6), 147.01 (s, 

Caniline1), 141.89 (s, CPy4), 138.92 (s, 2Caniline2,6), 128.60 (s, Caniline4), 128.06 (d, J = 10.6 Hz, Cpy3), 126.94 (s, 

Cpy5), 124.32 (s, 2Caniline3,5), 37.38 (d, J = 22.1 Hz, CPyCH-P), 36.56 (dd, J = 20.6, 1.8 Hz, P(CH3)3), 29.36 (d, J 

= 4.5 Hz, P(CH3)2), 28.95 (s, CH(CH3)2), 24.12 (s, CH(CH3)2), 22.97 (s, CH(CH3)2). IR (νCO, CD2Cl2) = 2003 

cm−1. HRMS (ESI, 243 K, CD2Cl2): m/z 555.2035 (M+, Calcd. m/z 555.2012). Elemental analysis (%) calcd 

for C28H41F6N2OP2Rh: C 48.01, H 5.90, N 4.00; found : C 48.69, H 5.81, N 4.31. 

 

[Rh(CO)(PNN)] (4): Complex 4 was obtained by adding THF solution of potassium tert-butoxide to the 

reaction mixture used to synthesize complex 3, until 3 was fully converted to 4 as monitored by 31P 

NMR. The mixture after solvent evaporation was extracted with 2 ml pentane for three times. The 

solvent of the combined pentane solution was removed under vacuum and a dark blue solid was 

obtained in 94% yield (29.8 mg). Dark-blue colored crystals suitable for X-ray diffraction were obtained 

by storing a concentrated pentane solution of 4 at -78 
C. 1H NMR (400 MHz, C6D6, ppm): δ 7.07 (m, 

3HAr3,4,5), 6.89 (dd, J = 4.6, 2.8 Hz, 1HPyCH=N), 6.22 (d, J = 9.2 Hz, 1HPy3), 6.01 (ddd, J = 8.9, 6.4, 1.9 Hz, 

1HPy4), 5.26 (d, J = 6.3 Hz, 1HPy5), 3.66 (sept., J = 6.8 Hz, 2HC(CH3)2H), 3.44 (s, 1HPyCH-P), 1.47 (d, J = 6.8 Hz, 

6HCH(CH3)2), 1.42 (d, J = 13.8 Hz, 18HC(CH3)3), 1.07 (d, J = 6.9 Hz, 6HCH(CH3)2). 31P{1H} NMR (161 MHz, C6D6, 

ppm): δ 89.21 (d, 1JRh-P = 156.4 Hz). 13C{1H} NMR (100 MHz, C6D6, ppm): δ 195.35 (dd, J = 70.7, 15.4, 

CO), 168.58 (d, J = 1.4 Hz, HC=N), 167.85 (dd, J = 16.6, 3.8 Hz, Cpy2), 154.69 (s, Cpy6), 148.57 (s, CAr1), 

139.38 (s, 2Caniline2,6),  131.14 (s, Cpy4), 127.10 (s, Caniline4), 123.64 (s, 2Caniline3,5), 122.75 (d, J = 18.9 Hz, 

Cpy3), 108.99 (s, Cpy5), 68.98 (d, J = 53.2 Hz, Py=CH-P), 36.25 (dd, J = 26.2, 1.5 Hz, C(CH3)3), 29.73 (d, J = 

5.0 Hz, C(CH3)3), 28.41 (s, CH(CH3)2), 24.21 (s, CH(CH3)2), 23.22 (s, CH(CH3)2). IR (νCO) = 1950(CD2Cl2), 

1954(C6D6) cm−1. HRMS (CSI, 243 K, C6D6): m/z 555.2033 (M+H+, Calcd. m/z 555.2006). Elemental 

analysis (%) calcd for C28H40N2OPRh.H2O: C 58.74, H 7.39, N 4.89 ; found : C 59.01, H 8.13, N 4.61.  

 

[Rh(CO)(PNN’] (5): 0.5 mL CD2Cl2 was added to a vial containing complex 4 (5.0 mg, 9.0 μmol, 1 eq.) 

and o-toluenesulfonamide (1.5 mg, 9.0 μmol, 1 eq.), and the solution was stirred for 5 minutes. The 

solution was used directly for spectroscopic measurements. Yellow crystals suitable for X-ray 

diffraction were obtained by storing a CD2Cl2/diethyl ether solution of 5 at -20 C. 1H NMR (400 MHz, 

CD2Cl2, ppm): δ 8.16 (dd, J = 7.8, 1.6 Hz, 1HTs6), 7.40 (td, J = 7.8 1.0 Hz, 1HPy4), 7.28 (d, J = 7.4 1.5 Hz, 

1HPy3), 7.23 (td, J = 7.8, 1.6 Hz, 1HTs4), 7.16 (t, J = 7.5 Hz, 1HTs5), 7.10 (d, J = 7.4 Hz, 1HTs3), 7.01-6.95 (m, 

3Haniline3,4,5), 6.29 (d, J =7.7 Hz, 1HPy5), 5.83 (dd, J = 10.5, 3.1 Hz, 1HPyCHN), 3.75 (d, J = 10.4 Hz, 1HNH), 3.55 

(d, J = 8.9 Hz, 2HPyCH2P), 3.03 (sept. J = 7.0 Hz, 2HCH(CH3)2), 2.66 (s, 3HTs-CH3), 1.40 (d, J = 14.3 Hz, 9HP(CH3)2), 

1.34 (d, J = 14.2 Hz, 9HP(CH3)2), 1.13 (d, J = 6.8 Hz, 9H CH(CH3)2), 0.87(d, J = 6.7 Hz, 9H CH(CH3)2). ). 
31P{1H} 

NMR (161 MHz, CD2Cl2, ppm): δ 94.24 (d, 1JRh-P = 149.3 Hz). 13C{1H} NMR (100 MHz, CD2Cl2, ppm): δ 

193.63 (dd, J = 73.6, 17.8 Hz, CO), 165.08 (s, CPy6), 161.91 (dd, J = 5.8, 3.3 Hz, , CPy2), 143.85 (s, Cquant-Ar), 

143.11 (s, Cquant-Ar), 138.57 (s, Cquant-Ar), 137.94 (s, CPy4), 136.65 (s, Cquant-Ar), 131.63 (s, CTs3), 130.29 (s, 

CTs4), 128.81 (s, CTs6), 125.11 (s, CTs5), 124.24 (s, Caniline4), 123.36 (s, Caniline3,5), 121.05 (d, J = 10.7 Hz, CPy5), 

118.69 (s, CPy3), 82.72 (s, PyCHN), 36.01 (dd, J = 20.2, 4.5 Hz, PyCH2P), 35.21 (dd, J = 22.0, 1.7 Hz, 
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PC(CH3)3), 28.74 (dd, J = 10.3, 4.8 Hz, PC(CH3)3), 27.51 (s, ArCH(CH3)2), 24.19 (s, ArCH(CH3)2), 23.35 (bs, 

ArCH(CH3)2), 21.44 (s, CH3 Ts-Me).  IR (νCO, CD2Cl2) = 1983 cm−1. HRMS (ESI, negative ion mode, 243 K, 

CD2Cl2): m/z 724.2250 (M − H+) (Calcd. m/z 724.2209); HRMS (ESI, positive ion mode, 243 K, CD2Cl2): 

m/z 555.2033 (M+H+, Calcd. m/z 555.2006).  

[Rh(CO)(OH_PNNH1)] (8): A wet THF solution of complex 5 (6.5 mg, 0.0179 mmol, 1 eq.) in an NMR 

tube was left standing for two weeks, whereafter a light yellow precipitate had formed. The solution 

was decanted and the yellow solid was washed four times with small amounts of THF and then dried 

under vacuum. 1H NMR (400 MHz, CD2Cl2, ppm): δ 8.21 (dd, J = 7.9, 1.3 Hz, 1HTs6), 7.76 (t, J = 7.8 Hz, 

1HPy4), 7.40 (d, J = 7.8 Hz, 1HPy3), 7.34-7.31 (m, 1HPy5+1HTs4), 7.25-7.18 (m, 1HTs5+1HTs3), 6.12 (m, 

1HPyCHN), 4.29 (d, J = 2.5 Hz, 1HOH), 3.56  (dd, J = 9.2, 5.2 Hz, 2HPyCH2P), 3.03 (sept. J = 7.0 Hz, 2HCH(CH3)2), 

2.87 (s, 3HTs-CH3), 1.36 (d, J = 14.3 Hz, 9HP(CH3)2), 1.36 (d, J = 14.2 Hz, 9HP(CH3)2). 
31P{1H} NMR (161 MHz, 

CD2Cl2, ppm): δ 94.36 (d, 1JRh-P = 151.1 Hz). 13C{1H} NMR (100 MHz, CD2Cl2, ppm): δ 193.69 (d, J = 73.7, 

18.5 Hz, CO), 166.30 (d, J = 1.0 Hz, CPy6), 161.25 (dd, J = 5.9, 3.0 Hz, CPy2), 142,36 (s, CAr1), 139.54 (s, 

CPy4), 137.69 (s, CAr2), 132.48(s, CAr5), 131.00 (s, CAr4), 128.97 (s, CAr6), 125.45 (s, CAr3), 121.92 (d, J = 10.4 

Hz, CPy3), 121.64(s, CPy5), 90.15 (s, PyCH(OH)NTs), 36.56 (d, J = 20.0 Hz, PyCH2P), 36.03 (td, J = 18.9, 1.7 

Hz, PC(CH3)3), 29.25 (d, J = 4.8 Hz, 2PC(CH3)3), 21.97 (s, CTs-CH3). IR (νCO, CD2Cl2 + (trace) MeOD-d4) = 

1984 cm−1. HRMS (ESI, negative ion mode, 243 K, CD2Cl2+ (trace) MeOH-d4): m/z 565.0811 (M − H+, 

Calcd. m/z 565.0803); HRMS (ESI, positive ion mode, 243 K, CD2Cl2): m/z 549.0909 (complex 7 (M+), 

Calcd. m/z 549.0848). 

[Rh(CO)(oTs_oTs_PNNH1)] (9): 0.5 mL CD2Cl2 was added to a vial containing complex 4 (5.0 mg, 9.0 

μmol, 1 eq.) and o-toluenesulfonamide (3.9 mg, 22.5 μmol, 2.5 eq.), and the solution was transferred 

to a sealed NMR tube. The solution was heated at 50 C for six hours. 1H NMR (400 MHz, CD2Cl2, ppm): 

δ 8.04 (dd, J = 8.2, 1.4 Hz, 1HTs(1)6), 7.85 (d, J = 7.9 Hz, 1HTs(2)6), 7.68 (t, J = 7.8 Hz, 1HPy4), , 7.51-7.47 

(1HTs(1)4), 7.49-7.45 (1HPy3), 7.36-7.34 (1HPy5), 7.32-7.28 (m, 2HTs(1)3,5), 7.24 (td, J = 7.3, 1.5 Hz, 1HTs(2)4), 

7.11-7.06 (m, 2HTs(2)3,5), 6.03 (bs, 1HPyCHN), 5.77 (bs, 1HNH), 3.52 (d, J = 9.1 Hz, 2HPyCH2P), 2.66 (s, 3HTs(1)-

CH3), 2.56 (s, 3HTs(2)-CH3), 1.37 (d, J = 14.3 Hz, 9HP(CH3)3), 1.26 (d, J = 14.4 Hz, 9HP(CH3)3). 
31P{1H} NMR (161 

MHz, CD2Cl2, ppm): δ 94.11 (d, 1JRh-P = 151.3 Hz). 13C{1H} NMR (100 MHz, CD2Cl2, ppm): δ 193.31 (dd, J 

= 73.9, 18.1 Hz, CO), 165.26 (s, CPy6), 161.52 (dd, J = 73.9, 18.1 Hz, CPy2), 143.06 (s, CAr), 140.11 (s, CAr), 

139.23 (s, CAr), 137.84, (s, CAr), 132.80 (s, CAr), 132.56 (s, CAr), 132.21 (s, CAr), 130.84 (s, CAr), 129.99 (s, 

CTs(1)6), 128.91 (s, CTs(2)6), 126.03 (s, CAr), 125.44 (s, CAr), 121.70 (d, J = 10.8 Hz, CPy3), 121.53 (s, CPy5), 

78.83  (s, PyCHN), 36.56 (d, J = 20.1 Hz, PyCH2P), 36.09 (d, J = 19.7 Hz, PC(CH3)3), 35.76 (dd, J = 21.9, 1.8 

Hz, PC(CH3)3), 29.21-19.14 (m, 2PC(CH3)3), 21.40 (s, CTs2-CH3), 20.78  (s, CTs1-CH3).  IR (νCO, CD2Cl2) = 1985 

cm−1. HRMS (ESI, negative, 243 K, CD2Cl2): m/z 718.1452 (M − H+) (Calcd. m/z 718.1051); ); HRMS (ESI, 

positive ion mode, 243 K, CD2Cl2): m/z 549.0747 (complex 7 (M+), Calcd. m/z 549.0848). 

[Rh(CO)(PNNH)]I (3’): 2.0 µL of 55% hydriodic acid (HI, 0.0146 mmol, 2 eq.) was added to a 0.5 mL 

CD2Cl2 solution of complex 4 (4.0 mg, 0.0072 mmol, 1 eq.) in a NMR tube. 1H NMR (400 MHz, CD2Cl2, 

ppm): δ 8.60 (dd, J = 5.4, 2.7 Hz, 1HPyCH=N), 8.32-8.30 (m, 1HPy4 + 1HPy3), 8.20-8.19 (m, 1HPy5), 7.37-7.28 

(m, 3HAr3,4,5), 4.13 (dd, J = 8.9, 2.1 Hz, 2HPyCH2P), 3.37 (sept., J = 6.8 Hz, 2HCH(CH3)2), 1.41 (d, J = 15.0 Hz, 

18HC(CH3)3), 1.36 (d, J = 6.8 Hz, 6HCH(CH3)2), 1.23 (d, J = 6.9 Hz, 6HCH(CH3)2). 
31P{1H} NMR (161 MHz, CD2Cl2, 

ppm): δ 96.72 (d, 1JRh-P = 149.2 Hz). 13C{1H} NMR (100 MHz, CD2Cl2, ppm): δ 168.87 (d, 2.4 Hz, CPyCH=N), 

165.29 (t, J = 4.3 Hz, CPy2), 153.75 (d, J = 2.2 Hz, CPy6), 147.01 (s, Caniline1), 141.89 (s, CPy4), 138.92 (s, 

2Caniline2,6), 128.60 (s, Caniline4), 128.06 (d, J = 10.6 Hz, Cpy3), 126.94 (s, Cpy5), 124.32 (s, 2Caniline3,5), 37.38 

(d, J = 22.1 Hz, CPyCH-P), 36.56 (dd, J = 20.6, 1.8 Hz, P(CH3)3), 29.36 (d, J = 4.5 Hz, P(CH3) 2), 28.95 (s, 
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CH(CH3)2), 24.12 (s, CH(CH3)2), 22.97 (s, CH(CH3)2). IR(νCO, CD2Cl2) = 2003 cm−1. HRMS (ESI, 243 K, DCM): 

m/z 555.2094 (Calcd. m/z 555.2012). *The CO carbon resonance signal was not observable in 13C NMR 

spectra, but this complex is only used to confirm the expected product formation in the coupling 

reaction. The other peaks in 13C NMR are identical to those of complex 3. 

 

N,2-dimethylbenzene sulfonamide (oTsNHMe): To a 4 mL MeOH solution of sodium (o-

tolylsulfonyl)amide (53.3 mg, 0.276 mmol, 1 eq.) was added 20.6 µl of iodomethane (MeI, 0.331 

mmol, 1.2 eq.), the solution was stirred for 16 hours. The volatiles were removed by rota-evaporation. 

CD2Cl2 was directly added to dissolve out the product. After filtration, the filtrate was taken for NMR 

and HRMS measurements. oTsNH2 and oTsNMe2 were found as impurities in 15% and 27%. 1H NMR 

(400 MHz, CD2Cl2, ppm): δ 7.92 (dd, J = 8.3, 1.5 Hz, 1HAr6), 7.49 (td, J = 7.5, 1.5 Hz, 1HAr4), 7.36-7.32 (m, 

2HAr3,5), 2.62 (s, 3HArCH3), 2.59 (s, 3HNCH3). 
13C{1H} NMR (100 MHz, CD2Cl2, ppm): δ 137.44 (s, CAr1), 

137.19 (s, CAr2), 133.14 (s, CAr4), 132.96 (s, CAr3), 130.04 (s, CAr6), 126.51 (s, CAr5), 29.31 (s, CNCH3), 20.42 

(s, CArCH3). HRMS (FD, DCM): m/z 185.0522 (M+, Calcd. m/z 184.0510). 

 

X-ray Crystallography. X-ray intensities were measured on either a Bruker Venture D8 (complex 4) or 

on a Bruker D8 Quest Eco diffractometer equipped with a Triumph monochromator ( = 0.71073 Å). 

Diffraction data were collected at 150(2) K using a CMOS Photon 50 detector (complexes 1, 3 and 5) or 

at 100(2) K using a CMOS Photon 100 detector (complex 4). Intensity data were integrated with Bruker 

APEX2 (complex 4) or the Bruker APEX software (complexes 1, 3 and 5).[26] Absorption correction and 

scaling was performed with SADABS.[27] The structures were solved using direct methods with SHELXS-

97 (complex 4) or SHELXL-13[28] (complexes 1, 3 and 5). Least-squares refinement was performed with 

SHELXL-2014 (complex 4) or SHELXL-2013[28] (complexes 1, 3 and 5) against F2 of all reflections. Non-

hydrogen atoms were refined with anisotropic displacement parameters. Heteroatom bound 

hydrogen atoms were refined freely with an isotropic displacement parameter. All other hydrogen 

atoms were included at calculated positions using a riding model. Geometry calculations and checking 

for higher symmetry was performed with the PLATON program.[29] Crystallographic data can be 

obtained from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 

Crystallographic details for 1: C28H43N2OP2Rh, Fw = 702.49, yellow-golden rectangles, 

0.574×0.118×0.113 mm3, monoclinic, P21/n, a = 11.6022(4), b = 13.8309(5), c = 21.1322(9) Å, β = 

94.828(2)o, V = 3379.0(2) Å3, Z = 4, Dx = 1.381 g/cm3,  = 0.656 mm-1. 28807 Reflections were 

measured up to a resolution of 2(sin /)max = 1.26 Å-1. 5947 Reflections were unique (Rint = 0.0600), of 

which 4606 were observed [I>2(I)]. 459 Parameters were refined with 307 restraints. R1/wR2 [I > 

2(I)]: 0.0340 / 0.0708. R1/wR2 [all refl.]: 0.0553 / 0.0782. S = 1.030. CCDC 1048612. 

Crystallographic details for 3: C28H41N2OP2Rh PF6, Fw = 700.48, red-brown block, 0.3×0.2×0.1 mm3, 

triclinic, P-1, a = 8.6285(4), b = 12.1541(5), c = 16.6555(7) Å,  = 69.373(2), β = 76.414(2),  = 

78.091(2)o, V = 1574.24(12) Å3, Z = 2, Dx = 1.407 g/cm3,  = 0.704 mm-1. 45078 Reflections were 

measured up to a resolution of 2(sin /)max = 1.37 Å-1. 5696 Reflections were unique (Rint = 0.0541), of 

which 4971 were observed [I>2(I)]. 444 Parameters were refined with no restraints. R1/wR2 [I > 

2(I)]: 0.0267 / 0.0579. R1/wR2 [all refl.]: 0.0357 / 0.0615. S = 1.109. CCDC 1048613. 

http://www.ccdc.cam.ac.uk/data_request/cif
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Crystallographic details for 4: C28H40N2OPRh, Fw = 554.50, dark green block, 0.38 x 0.38 x 0.12 mm, 

monoclinic, P21/c, a = 15.1902(6), b = 10.4618(4), c = 17.4934(6) Å, β = 96.1846(18) o, V = 2763.82(18) 

Å3, Z = 4, Dx = 1.333 g/cm3,  = 0.697 mm-1. 32777 Reflections were measured up to a resolution of 

2(sin /)max = 1.31 Å-1. 6546 Reflections were unique (Rint = 0.0269), of which 5768 were observed 

[I>2(I)]. 308 Parameters were refined with no restraints. R1/wR2 [I > 2(I)]: 0.0256 / 0.0598. R1/wR2 

[all refl.]: 0.0324 / 0.0598. S = 1.061. CCDC 1049097. 

Crystallographic details for 5: C35H49N3O3PRhS CH2Cl2, Fw = 810.63, yellow block, 0.4×0.2×0.1 mm3, 

monoclinic, P21/n, a = 11.2583(4), b = 13.6561(5), c = 25.5029(10) Å, β = 102.5430(18)o, V = 3827.4(2) 

Å3, Z = 4, Dx = 1.407 g/cm3,  = 0.720 mm-1. 26791 Reflections were measured up to a resolution of 

2(sin /)max = 1.67 Å-1. 6749 Reflections were unique (Rint = 0.0398), of which 5946 were observed 

[I>2(I)]. 438 Parameters were refined with no restraints. R1/wR2 [I > 2(I)]: 0.0295 / 0.0767. R1/wR2 

[all refl.]: 0.0359 / 0.0875. S = 1.108. CCDC 1048614. 

 

DFT calculations.  

The gas phase geometries of the complexes 3 and 4 were optimized with the Turbomole program 

package30 coupled to the PQS Baker optimizer31 via the BOpt package32 at the ri-DFT33/BP8634 level. 

We used the def2-TZVP basis set35 for all atoms and a small grid (m4). The minima (no imaginary 

frequencies) were characterized by calculating the Hessian matrix. The Cartesian coordinates of the 

optimized geometries are supplied as a separated zip file (.pdb and .xyz format). Orbital plots were 

generated using the program VMD 1.9.1.36 
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Appendix 

 
Scheme A1. The reaction from complex 2 to complexes 3 and 4. 

 

 

 

 
Figure A1. 

1
H NMR spectrum of the unidentified species in a reaction mixture with complex 2 in THF-d8. The 

reaction was run with a concentration of 0.0316 mmol/mL of complex 1, after heating at 60 °C for 14 hours using 
5 eq. of NaH

13
CO3 in a sealed NMR tube. The red dot represents the unidentified species and the blue triangles 

represent complex 2. 
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Figure A2. 

31
P NMR spectrum of the unidentified species in a reaction mixture with complex 2 in THF-d8. The 

reaction was run with a concentration of 0.0316 mmol/mL of complex 1, after heating at 60 °C for 14 hours using 
5 eq. of NaH

13
CO3 in a sealed NMR tube. The red dot represents the unidentified species and the blue triangle 

represents complex 2 (for the unidentified species, JRhP = 141.2 Hz). 

 

 

 

Figure A3. 
1
H NMR of [Rh(CO)(oTs_PNN

H2
)] (5) in CD2Cl2. 
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Scheme A2. The reversibility of 2-methylbenzenesulfonamide addition to complex 4, by switching solvents. 

 

 

Figure A4.  Stacked plots of the 
31

P NMR spectra monitoring the transformation reaction mixture of complex 4 
and oTsNH2 after different treatments in different solvents described in Scheme 8.  
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Figure A5.  HR-MS (ESI) spectra recorded for complex 5 in positive ion mode (upper) and negative ion mode 
(bottom).  

 

 

 

Scheme A3. Reaction of complex 5 with MeI to yield complex 3’ and oTsNHMe,
*
 which occurred predominantly. 

*
Complex 5 was synthesized in situ by reacting complex 4 (6.3 mg, 0.117 mmol) with oTsNH2 (1.9 mg, 0.117 

mmol) in 0.52 ml CD2Cl2 (non-dried) in a seal NMR tube, the heating was performed by dipping the NMR tube 

into an oil bath at 60
 ᴼ
C for 0.5 cm depth. 

1
H and 

31
P{

1
H} NMR were used to monitor the reaction in each course. 
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Figure A6. Stacked plots of 
1
H NMR spectra following the reaction mixture of complex 5 and MeI after different 

time of heating at 60 
 ᴼ
C (in presence of a small quantities of water and oTsNH2). Green square ( ) for complex 3’, 

red dot ( ) for oTsNHMe) 
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Chapter 5 

 

Versatile Rhodium-PNN Complexes in Catalytic Ketene and 

Ketene Imine Synthesis 

 

 

Abstract  

Ketene synthesis from catalytic carbonylation of carbenes is an interesting alternative to traditional 

synthetic protocols, offering milder conditions to diversified products. Analogous catalytic ketene 

imine production from carbenes and isocyanides is also a promising reaction. However, both methods 

are far underdeveloped. Rhodium carbonyl complexes B and E, based on (6-(phosphinomethyl)pyridin-

2-yl)methan-sec-amine type PNN ligand scaffolds, showed good catalytic activities towards ketene and 

ketene imine production with ethyl diazoacetate (EDA, 1) or sodium 2-benzylidene-1-tosylhydrazin-1-

ide (5) as the carbene precursors, as demonstrated by in-situ amide/imidamide and β-lactam 

synthesis. DFT calculations suggest that diazo activation is the rate-determining step and that the 

ligand NH-deprotonated complex is more active. The ketene formation step likely proceeds via an 

outer-sphere CO insertion mechanism. Subsequent stepwise and concerted [2+2] cyclization 

mechanisms have comparable barriers. The complexes are the first rhodium catalysts reported for 

catalytic ketene/ketene imine production from carbenoids. The higher affinity of rhodium for binding 

ketene or ketene imine intermediates as compared to other reported metal catalysts (i.e. Pd, Co) may 

provide opportunities for future enantioselective reactions when using chiral ligands. 

 

 

 

 

 

 

 

 

Part of this chapter will be published: Versatile Rhodium-PNN Complexes in Catalytic Ketene and Ketene Imine 

Synthesis, Z. Tang, S. Mandal, N. Paul, J. I. van der Vlugt, B. de Bruin, Manuscript in preparation. 
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5.1 Introduction 

Ketenes are molecules adapting a “heteroallenic” structure. They are highly reactive and very useful 

synthons in chemical synthesis.1 Ketenes can be used as intermediates to synthesize a wide range of 

compounds that are of importance in pharmaceuticals and fine chemicals, such as esters, amides, 

β-lactons or β-lactams.2 Ketene imines, the isoelectronic nitrogen analogues, are also reactive and 

versatile intermediates that tend to undergo analogous coupling reactions to give relevant nitrogen-

containing compounds.2b,3  

Ketenes are conventionally synthesized by thermolysis,4 Wolff rearrangement5 or 

dehydrohalogenation of acyl halide precusors.6 These methods generally have limitations, such as 

narrow substrate scope, strictly controlled conditions and generation of detrimental side products. 

Ketene imines are generally synthesized from ketenes via an aza-Wittig reaction,7 various 

rearrangement reactions8 or azide-alkyne coupling.9 These methods also have similar issues of 

substrate scope and reaction conditions.  

Ketene chemistry has a close connection with carbenes.10 Carbonylation of carbenes to give ketene 

formation was reported in 1912,11 and the reactivity to undergo carbonylation has remained a 

characteristic feature of carbenes. A number of early or late transition metal complexes have been 

reported to mediate carbonylation of carbenes to form k etenes.10,12 This strategy to construct ketenes 

should allow a wider substrate scope, as a wide variety of diazo-compounds and their precursors are 

easily accessible. Possibly also milder reaction conditions should be achievable. However, most 

reported reactions occur in strictly stoichiometric fashion and usually require high CO pressure and/or 

high reaction temperatures.  

The catalytic version of ketene synthesis from carbonylation of carbenes has been largely 

underdeveloped.13,14 Quite recently, Pd2(dba)3
14f and [Co(Por)]14g catalysts were developed by the 

group of Wang and in our own group for this purpose. Ketenes were generated with these catalysts in 

decent yields under relatively mild conditions (1-20 bar of CO, 50-60 °C), and in situ converted for the 

synthesis of a wide range of esters, amides and β-lactams (Scheme 1). Diazo compounds are the most 

common precursor used for metal carbene generation.14 N-tosylhydrazone compounds15 were also 

generally used as diazo alternatives in these systems, which are able to generate diazo-based 

compounds in situ upon heating. Compared to common diazo compounds, N-tosylhydrazones are 

generally more stable, easier to store and handle and they can be easily prepared by simple 

condensation of carbonyl compounds and hydrazines.  

  

Scheme 1. Amide, ester and β-lactam synthesis from catalytic in situ ketene generation by carbonylation of diazo 

compounds.
14 

 

While stereo-control in the coupling reactions of ketene is highly desirable,1,16 none of the transition 

metal catalysts reported so far is able to both catalyze ketene formation from carbene precursors and 

promote the following coupling reactions in an enantioselective or diastereoselective manner (e.g. 
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when several chiral Co(porphyrin) complexes were used as catalysts, no ee was detected14g). This is 

attributed to low affinity of the metal complex to bind the ketene intermediate, which as a result 

undergoes coupling reactions after its release from the metal center. 

A single molecular catalyst that is active for catalytic ketene formation from carbenes and can induce 

stereoselectivity in the coupling reactions would be highly desirable. The aim of the studies described 

herein is to develop new rhodium catalysts for catalytic ketene and ketene imine formation. These 

studies are relevant for future development of enantioselective catalysis, even though most of the 

investigations in the present chapter make use of achiral complexes. In contrast to cobalt complexes 

used in earlier studies in our group,14g rhodium is expected to interact much more strongly with the 

ketene and ketene imine intermediates and may thus provide opportunities for future 

enantioselective reactions when using chiral analogues of the ligands studied in this chapter. The main 

goals of the investigations presented here are: (I) To show that PNN-rhodium complexes are viable 

carbene-transfer catalysts in ketene and ketene imine synthesis, and (II) to investigate 

computationally whether the overall catalytic reactions most likely proceed via rhodium-coordinated 

ketenoid intermediates that undergo attack by external nucleophiles in the coordination sphere of 

rhodium (the latter being obviously relevant for future development of enantioselective strategies 

with chiral analogs of the complexes studied herein). 

Our consideration on catalyst development for this purpose was to use the rhodium-PNN scaffold 

developed earlier in our lab (described in Chapter 4 of this Thesis), as rhodium has been recognized as 

one of the most active metals to catalyze the carbonylation of carbenes to form ketenes, and rhodium 

should have a relatively high affinity to bind the ketene intermediates (of importance for future 

chirality-transfer). In addition, the PNN ligand is a versatile scaffold with both the amine and the 

phosphine available to install chiral auxiliaries in future studies. The rigidity of the pincer ligand is also 

expected to provide stability to the metal complex in the reaction. Furthermore, derivatives of the 

complexes upon -NH deprotonation are accessible, offering easy modification and diversity in the 

number of complexes to screen for catalytic activity.  

 

Figure 1. The envisioned catalytic cycle of ketene formation and subsequent coupling reaction mediated by 

Rh-PNN complexes (only inner-sphere CO insertion pathway depicted). 
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In the envisioned working model, the diazo compound (ethyl diazoacetate (EDA) is taken as an 

example in Figure 1) first coordinates to the Rh center and then converts to the metallocarbene 

intermediate II via N2 loss. Subsequent CO insertion into the metallocarbene (via either an inner- or 

outer-sphere mechanism; the inner-sphere mechanism being shown in Figure 1) then results in 

formation of the metal-ketene species III. Follow-up reactions, such as nucleophilic coupling or [2+2] 

ketene-imine cyclization can occur in the coordination sphere of the metal. If the PNN ligand bears 

chiral substituents, enantioselective coupling may be envisioned. After the coupling, release of the 

product and (possible) coordination of exogenous CO would close the catalytic cycle. 

In principle, ketene imines can also be prepared in a similar manner by using isocyanides in place of 

CO.3 While stoichiometric versions of this reaction have been reported, mostly with NHC carbenes,17 

catalytic versions from diazo compounds have never been reported, to the best of our knowledge. We 

therefore considered it worthwhile to develop a protocol for catalytic metal-mediated ketene imine 

synthesis, and these studies are included in this chapter as well.  

 

5.2 Results and discussion 

5.2.1 Synthesis of the PNN ligands.  

The PNN ligands a and b, which involve phenyl substituents at phosphorus, were synthesized via 

pathway I (Scheme 2), a modification from a previously reported procedure.18 Synthesis of a and b 

were initiated by condensation of 6-methylpicolinaldehyde with the corresponding amines, followed 

by imine reduction to the amines. The isolated amines were treated with two equivalents of n-butyl 

lithium (nBuLi) in diethyl ether (Et2O) at 78 °C, with subsequent cannulation of this reaction mixture 

to a Et2O solution of Ph2PCl at 78 °C and acidic work-up to afford the PNN ligands a and b in 15-20% 

overall yields.  

 

Scheme 2. Synthetic pathway I for the synthesis of ligands a and b. 

 

The PNN ligands c-e, which involve alkyl substituents at phosphorus, were synthesized via pathway II 

(Scheme 3) by a modified literature procedure.19 Borane was used as protecting group for the 

alkylphosphine intermediates to allow purification processes to be performed under aerobic 

conditions. Subsequent installation of the phosphine arm and the nitrogen arm on 2,6-

bis(chloromethyl)pyridine followed by borane removal afforded the pincer ligands c, d and e in 34-

44% overall yields. 
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Scheme 3. Synthetic pathway II for the synthesis of ligands c-e. 

 

5.2.2 Synthesis of the PNN rhodium carbonyl complexes. 

The targeted PNN rhodium carbonyl complexes were obtained by reaction of {[Rh(CO)2(-Cl]2} with 

two equivalents of the respective PNN ligands in methanol, followed by salt metathesis using 

NH4PF6.
20 Five complexes were synthesized and subsequently tested as catalysts. Complexes A and B 

both have a phenyl-substituted phosphine arm, only differing in the substituent on the nitrogen arm 

(methyl for A and phenyl for B). Complex C and D both have bulky 2,6-isopropylphenyl substituents on 

the nitrogen arm. They differ in the substituents at phosphorus atom (isopropyl for C and tert-butyl for 

D). Complex E is an analogue of complex D with a phenyl substituent on the nitrogen arm.  

 

 

Scheme 4. Synthesis of Rh-PNN CO complexes A-E. 

 

5.2.3 Catalytic results 

5.2.3.1 Amide synthesis via catalytic ketene formation. 

5.2.3.1.1 EDA as the carbene precusor. 

The catalytic activities of the Rh-PNN complexes A-E21 and of three NN-bidentate rhodium complexes 

F-H (Figure 2; synthesis described in chapter 2) have been tested as catalyst precursors for activity in 

catalytic ketene formation by carbonylation of carbenes (Table 1). Ethyl diazoacetate (EDA) was used 

as the carbene precursor, with toluene as the solvent at 60 °C under 20 bar of CO, and 4-nitro-aniline 

2a was used as the nucleophile to trap the ketene intermediate (Scheme 5). The reaction typically 

produced mixtures containing ethyl 3-((4-nitrophenyl)amino)-3-oxopropanoate (3a) and ethyl (4-
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nitrophenyl)glycinate (4) (see Scheme 5), with 3a being the desired product resulting from the ketene 

intermediate III and 4 being an undesired side product from the direct reaction between 4-nitro-

aniline 2a and carbene intermediate II (see also Figure 1, for labeling of the intermediates II and III).  

For complex A, poor selectivities with moderate or low yields to the desired amide product 3a were 

obtained, either in the absence or presence of K2CO3 (entries 1,2, Table 1). In contrast, the 

phenylphosphine complex B with phenyl substituents on the amine nitrogen gave much better results, 

both in terms of yield and selectivity to 3a in the presence of the base (entries 4, 5, the small 

selectivity difference might originate from overlap of signals used for integration in the 1H NMR 

spectra), while the amine 4 was obtained as the major product in the absence of the base. The 

nucleophilic coupling with the ketene appears to be accelerated to a larger extent than the side-

reaction under these basic conditions. This suggests that amine deprotonation of B to form the neutral 

amido complex B’ is beneficial for the selectivity. One might hypothesize that for the neutral amido 

complex B’ the carbene intermediate II is less prone to external attack by the aniline 2a, due to 

increased π-back donation to the carbene p-orbital (as a result of increased electron density) as 

compared to the cationic amine complex B, while CO migration or external CO attack to the carbene 

moiety to form the ketene might be facilitated by the increased nucleophilicity of the carbene ligand 

(taking advantage of the electron-accepting properties of CO). Control experiments showed that 

complex A was inert towards deprotonation by K2CO3, while B was readily deprotonated by K2CO3 in 

THF,22 consistent with the assumption that a neutral amido intermediate is the active species.  

The poor performance of complexes C and D is probably related to steric shielding by the bulky side-

groups in these ligands, while the less bulky complex E (in its deprotonated form E’) gave almost full 

conversion and a very high selectivity (3a/4 ratio > 50) to 3a (entry 8) in 16 hours. Deprotonated 

complex E’ clearly outperforms all other catalysts screened in this study in terms of activity and 

selectivity. The two NN-bidentate rhodium-amino complexes F and G also show good activities, 

leading to 98% conversion in 38 hours, but with a clearly lower selectivity to 3a as compared to 

complex E. The imine complex H gave much lower yield and poor selectivity to 3a. Complexes B and 

(in particular) E/E’ are thus determined to be supreme catalysts for ketene generation with EDA as the 

substrate.  

 

 

Scheme 5. Amide synthesis via in situ generated ketene with EDA as the carbene precursor.  
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Table 1. Rhodium catalyst screening for synthesis of amide 3a from 1 and 2a. 

Entry Catalyst 
 2 eq. 
K2CO3 

3a+4 
Yield (%) 

3a/4 ratio remarks 

1 A × 50 0.4  

2 A √ 26 0.2  

3 B × 100 0.4 38 h 

4 B √ 100 7.4 38 h 

5 B √ 94 9.7  

6 C √ 12 0.6  

7 D √ 14 0.4  

8 E √ 100 > 50  

9 F √ 98 4.0 38 h 

10 G √ 98 1.8 38 h 

11 H √ 52 0.7 38 h 

 

 

Figure 2. Rhodium complexes F-G containing NN-bidentate ligands used in the catalytic reactions shown in 
Scheme 5.

23
  

 

5.2.3.1.2 Sodium N-tosyl hydrazone salt 5 as the carbene precusor 

Interestingly, the product selectivity with respect to ketene formation versus direct attack of the 

carbenoid intermediate by the aniline substrate not only depends on the applied catalyst, but also on 

the carbene precursor used, and with carbene precursor 5 (see Table 2) the selectivity of catalyst B’ 

can actually exceed that of E’. When using N-tosylhydrazone salt 5 (sodium 2-benzylidene-1-

tosylhydrazin-1-ide), a precursor of (diazomethyl)benzene, different catalytic activities and 

selectivities for the formation of amide product 6a (entries 1 and 5, Table 2) were obtained, affording 

both a higher yield and selectivity with complex B’ as compared to E’. Interestingly, for these reactions 

an imine side product 7a was obtained as the side product instead of the expected amine side product 

4 formed when using EDA as the carbene source (Scheme 6). Formation of this imine side product 7a 

was confirmed by mass spectrometry and 1H NMR spectroscopy, and this compound is probably 

obtained by direct coupling between the metallocarbene intermediate II and the aniline nucleophile, 

followed by a parallel dehydrogenation process. However, no dehydrogenation or transfer 

hydrogenation (by isopropanol) of benzylamine was observed when using B’ or E’ as the catalysts 

under similar conditions, indicating a fast dehydrogenation process of a metal-bound amine/amido 

intermediate following the undesired C-N coupling.  

Surprisingly, irreproducibility of yields was found for different batches of substrate 5. For some 

batches of 5 (denoted as “batches 1”) rather high yields were obtained at mild reaction temperatures, 

while for other batches of 5 (denoted as “batches 2”) only poor yields (generally < 35%) were obtained 
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under similar conditions (i.e. runs at 55 °C for 20 hours; see entry 2). In these cases, significant 

amounts of the starting compound 5 were detected in the reaction mixture by 1H NMR spectroscopy, 

indicating that decomposition of 5 to form the diazo species was the origin of the irreproducibility 

(even though the reported decomposition temperature of 5 is in the range 0f 40-50 °C).15 The slow 

thermolysis of some batches of 5 as compared to others leading to the required diazo compound at 

mild temperatures (i.e. 55 oC) is most likely related to morphology differences between different 

batches of the poorly soluble solid material, which is strongly correlated to the preparative procedure 

and results in thermal stability differences.24 Thus, 80 °C was required for these batches of 5 to get a 

moderate yield of the product (entries 3 and 4, Table 2). 

 

Table 2. Catalytic activities of complexes B and E for synthesis of amide 6a from 5 and 2a. 

 

Entry Catalyst 
6a+7a 

Yield (%) 
6a/7a ratio remarks 

1 B 63 9.1  
2* B 31 50  
3* B 79 12.5 80 °C 

4* B 50 5.9 
80 °C, 1 bar CO, 1,2-diphenylethane 

as a side product 
5 E 58 6.7  

*Batches 2 of 5. 

 

5.2.3.2 β-lactam synthesis via catalytic ketene formation.  

β-lactams are medicinally important structures and versatile building blocks for other valuable 

compounds.25 A number of methods are available to synthesize these compounds, with [2+2] 

Staudinger ketene-imine cyclization being among the most extensively used and studied protocols.26 

Recently, novel synthetic protocols were developed that enhanced the synthetic applicability of 

Staudinger-type β-lactam synthesis. These methods make use of in situ generated ketenes, prepared 

by catalytic carbonylation of diazo-derived carbenes in one-pot synthetic protocols to prepare the 

respective β-lactams.14 This was shown to be a useful alternative to more traditional β-lactam 

synthesis. The next step in this field is to develop enantioselective versions of these reactions. 

However, this is not so trivial, as the ketene intermediates seem to have a low affinity for the catalysts 

applied thus far. As a first step in this direction we decided to focus on the development of new 

catalysts that are expected to have a higher affinity for the ketene intermediate. Hence we studied the 

PNN-rhodium complexes A-H as catalysts for this reaction. Rhodium should have a much higher 

affinity for unsaturated substrates such as ketenes, and hence can be expected to follow different 

catalytic pathways than the previously reported catalysts. Furthermore, even though we initially 
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focused (primarily) on achiral complexes, the applied PNN and NN ligands provide a versatile scaffold 

with both the amine and the phosphine available to install chiral auxiliaries in follow-up studies.  

Using similar conditions as the recently reported literature,14g,f we tested the catalytic activity of a 

series of rhodium complexes (A-H) in the reaction using N-benzylidenemethanamine 8a as the imine 

substrate (Scheme 7, Table 3). 

Surprisingly, when EDA was used as the substrate, the complexes B or E, identified as supreme 

catalysts in catalytic ketene synthesis for amide formation, gave generally no formation or less than 

5% yield to the expected β-lactam product 9, either in the presence or absence of K2CO3, with no 

identifiable side products and in many cases unreacted EDA detected after the reaction. The exact 

reason behind this behavior is not clear, as EDA can be used in catalytic ketene formation as 

demonstrated by the reactions described in Table 1. Nonetheless, EDA and imine 8a are poor coupling 

partners in catalytic formation of β-lactams when using catalyst B or E. In contrast, when three NN-

bidentate rhodium(cod) complexes were used as catalysts in the absence of a base, several products 

were detected by GC-MS or 1H NMR spectroscopy, with the major species ascribed to six-membered 

tetrahydropyrimidin-4(1H)-one 1027 and some minor species ascribed to three-membered aziridine 

1128  and five-membered trans-imidazolidine 12,29 along with other unidentified species. The desired 

β-lactam was only observed in less than 5% yield for the complex G. Furthermore, the exact outcome 

of these reactions is not always the same, with varying yields of 12 and in some cases unreacted EDA 

detected after the reaction, indicating that catalyst decomposition is very facile under the applied 

reaction conditions. The Rh complexes tested are thus not compatible with the carbene precursor EDA 

for the corresponding β-lactam synthesis under the currently applied conditions. 

 

Table 3. Reaction between CO, 1 and 8a catalyzed by NN-bidentate rhodium(cod) complexes.
a
 

 

Entry Catalyst 9 10 11 12 remarks 

1 F Trace <5% <5% >50% Many other side products 

2
b
 G <5% <10% <5% >50% Other side products 

3 H Trace Trace Trace >50% Many other side products 
a
 No exact yields were reported due to signal overlap interfering with integration in the 

1
H NMR spectra; 

trans/cis-Configurations of 9, 10 and 11 were not determined, while those of trans-isomers of 12 were 

detected as by 
1
H NMR,  

b
 no e.e. measured for the products, and one enantiomer of 12 is shown in the 

scheme. 
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In marked contrast to the results obtained with EDA, using the N-tosylhydrazone salt 5 as the carbene 

precursor led to more selective reactions, producing the β-lactam product 13a (Scheme 8, Table 4). In 

the series of Rh-PNN complexes A-C and E, complex B gave the highest yield of the desired β-lactam 

product 13a (67.7%), while E (which was one of the best performing catalysts for the reactions 

described in Table 1) gave a moderate yield of 33.0%. Complex A gave no formation of β-lactam, while 

complex C led to low yield and 23.1% of the (free) phenyl ketene, according to 1H NMR spectroscopy. 

Lower yields of 13a and 15.8-18.4 % of (free) ketene were found for the NN and NNN complexes G, H, 

J and K (Figure 3). The {[Rh(CO)2(-Cl]2} dimer also gave moderate yields, even with a loading of 5 

mol% (per dimer, i.e. 10 mol% Rh). It should be noted that 5 is also a relative strong base, hence the 

corresponding Rh complexes are expected to exist in their NH-deprotonated neutral amido(-derived) 

forms in the catalytic reaction, even in the absence of an additional base. In all cases, the trans-

configured β-lactam was the predominant isomer, while the cis-isomer was either not detected or 

present as a minor product (product assignment followed assignments presented in literature14f,). The 

trans-cis stereoselectivity has been as a less-understood and controversial topic in the Staudinger 

reaction.30 Previous studies have shown that the stereoselectivity may be related to isomerization of 

the imine or zwitterionic intermediate, and is determined by many factors such as solvent and 

temperature, but most importantly the substituents of both the ketene and the imine. As higher 

trans/cis ratios of the product 13a were generally observed with the rhodium catalyst system here 

than those of non-catalyzed systems28c and those with Pd14f and Co14g systems under similar or 

identical conditions, we speculate that the cyclization process is also metal-catalyzed.31 As such, this is 

a promising observation, stimulating further research in the development of enantioselective 

reactions. Metal-involvement in the [2+2] ketene-imine cyclization has been suggested for ketenes 

generated from carbonylation of Fischer carbene.32  

 

Table 4. Rhodium catalyst screening for β-lactam 13a synthesis from 5 and 8a. 

 

Entry Catalyst Yield of 13a (%) Yield of 14 (%) 

1 A 0  

2 B 67.7  

3 C 7.2 23.1 

4 E 33.0  

5 G 20.9 18.4 

6 H 39.0 16.8 

7* I 33.3  

8* J 7.6 16.3 

9* K 8.7 15.8 

*5 mol% of [Rh]. 
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Figure 3. Other rhodium complexes studied in the catalytic reactions shown in Table 4.
33

 

 

Solvent screening for reactions studied in the presence of 50 mol% of K2CO3 (in subsequent studies 

additional base actually proved to be unnecessary as reagent 5 is basic enough by itself) showed that 

the yield for 13a is higher in dichloroethane than in toluene (Table 5, entry 1 and 2), while in the more 

polar solvent acetonitrile a lower yield and formation of stilbene and some other side-products were 

observed (entry 3). When no additional base was used, almost full conversion to 13a was observed. A 

yield of 71.0% was obtained even with a CO pressure as low as 5 bar (entry 5). Different batches of 5 

again required us to use different temperatures to convert the tosyl hydrazone salt 5 into the required 

diazo compound (entries 4, 6 and 7). Imines 8 with different para-substituents on the phenyl ring has 

an effect on the yields of the products 13 obtained, but in all cases moderate to excellent activities for 

coupling with the in situ generated ketene was observed. Imines with electron-withdrawing para-

substituents 8b and 8c as well as imine 8e with the electron-donating methoxy group gave moderate 

to good yields (entries 2, 3 and 5, Table 5). The use of the electron-deficient imines 8b and 8c also led 

to somewhat lower trans/cis selectivities (entries 2 and 3, Table 5). A bit surprisingly, the imine with 

moderately donating and “electronically neutral” para-substituents 8a and 8d led to both high yields 

and high selectivities (entries 1 and 4). The detailed mechanism behind the substrate-reactivity 

difference and product-diasteroselectivity difference was not investigated in these studies, but will be 

investigated in follow-up studies.  

Table 5. Reaction conditions optimization for β-lactam 13a synthesis from 5 and 8a. 

 

Entry Solvent Base (mol%) CO pressure (Bar) 13a Yield (%) Remarks 

1 DCE K2CO3(50) 20 75.8  

2 Toluene K2CO3(50) 20 64.1  

3 MeCN K2CO3(50) 20 16.5 14.6 % stilbene and 
other side-products 

4 DCE / 20 97.3  

5 DCE / 5 71.0  

6* DCE / 20 34.1  

7* DCE / 20 81.8 80 °C 

*Batches 2 of 5. 

Table 6. Imine substrate screening for β-lactam 13 synthesis from 5 and 8. 
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Entry R 13 Yield (%) trans:cis ratio 

1 (8a) H (13a) 81.8 > 99 

2 (8b) NO2 (13b) 55.2 92.6 

3 (8c) Cl (13c) 72.0 98.0 

4 (8d) Me (13d) 94.6 > 99 

5 (8e) OMe (13e) 77.0 > 99 

 

5.2.3.3 Catalytic ketene imine synthesis from carbene precursor 5 and isocyanide. 

Ketene imines, the nitrogen analogues of ketenes, represent an important class of reactive species and 

useful synthetic intermediates, which are able to undergo nucleophilic coupling or cyclization 

reactions for the production of various pharmaceutically valuable molecules, e.g. substituted 

isoquinolines and pyridines.2b,3 Typical synthetic methods involving ketene imines include aza-Wittig 

type reaction from ketene,3f elimination,3g various rearrangement3h and azide-alkyne coupling 

reactions,3i which generally suffer from limitations, such as narrow substrate scope and strict 

conditions.3d,e  As the rhodium complex B showed good catalytic activities in mediating ketene 

formation via carbonylation of carbenes, we were interested to extend the synthetic concept to 

catalytic ketene imine synthesis from carbenes and isocyanides, which are isoelectronic to CO. As this 

reaction has thus far only been studied in stoichiometric conversions, development of a catalytically 

productive method should be practically useful, potentially providing a promising substrate scope and 

an alternative mild condition route to traditional ketene imine synthesis. 

While EDA turned out to be an unsuitable carbene precursor for the reaction (no ketene imine was 

observed after a series of reaction optimizations with and without K2CO3), the hydrazone salt 5 in 

combination with tert-butyl isocyanide 15 gave 50.7% yield of the phenyl ketene imine 16, catalyzed 

by complex B at 55 °C overnight. Excess 15 is beneficial to give higher yield of the product (entries 1 

and 2, Table 7). To the best of our knowledge, this is the first example of catalytic synthesis of any 

ketene imine from a carbene precursor and an isocyanide.  

However, we again encountered (see also section 5.2.3.1.2 and 5.2.3.2) some issues with 

reproducibility regarding the use of different batches of tosyl hydrazone salt 5, requiring higher 

reaction temperatures (80 °C) for batches 2. This also led to lower yields (36%) of 16 as compared to 

experiments performed at lower temperatures (55 °C) with batches 1 (51%). We assumed that the 

solvent might also play an important role by (partially) solvating the salt. We thus tried dioxane and 

chlorobenzene and their combinations with toluene. As a result, we found that using a 4:1 ratio of 

toluene:dioxane improved the ketene imine yield to 71.4% (entry 6, Table 7; using the less reactive 

batches 2 of tosyl hydrazone salt 5). 
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Table 7. Reaction condition optimization for catalytic ketene imine 16 synthesis from 15 and batches 2 of  5. 

 

Entry Solvent Yield Remarks 

1* Toluene 9.5 % 5:15 = 1 : 1, 55 °C 

2* Toluene 50.7 % 55 °C 

3 Toluene 35.8 %  

4 Dioxane 57.2 %  

5 Ph-Cl 61.6 %  

6 Toluene/Dioxane (4/1) 71.4 %  

7 Toluene/Ph-Cl (3/2) 70.4 %  

* Batch 1 of 5. 

 

We next performed a one-pot synthesis of acetimidamide 17 by adding an amine nucleophile to the 

in situ generated ketene imine (Scheme 6), which led to 30.0% yield of the desired product 16 along 

with 64.3% of the intermediate ketene imine 16, despite a reaction time of 44 hours. This possibly 

relates to the lower electrophilicity of ketene imines, or serves as an indication that the coupling 

reaction is also catalyzed by the metal complex, which is possibly stopped/slowed down as the catalyst 

gradually deactivates over the course of the reaction. Addition of two equivalents of K2CO3 was 

expected to accelerate the coupling process. However, while the ketene imine 15 was not observed 

after 18 hours, the acetimidamide 17 was obtained only in 25.1% yield, and the imine product 7b was 

obtained as the major side product in 49.8% yield, originating from direct coupling of the Fischer 

carbene with the nucleophile and subsequent dehydrogenation. Further optimizations by varying the 

base, solvent and ratio of agents might result in selectivity improvements, but this was not attempted. 

As it appears right now, the PNP-Rh catalysts like B might be a bit too sensitive to allow high 

conversions of 16 to 17 when combined with one-pot synthesis of 16 with the same catalyst. 
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Scheme 6. Acetimidamide 17 synthesis via catalytic ketene imine formation from 5 and 15. 

 

5.2.4 Mechanistic studies 
 
5.2.4.1 DFT calculations on ketene formation and subsequent β-lactam formation 

 
DFT-D3 calculations at the BP86/def2-TZVP level were performed in order to examine the possible 

mechanisms of catalytic ketene formation, as well as the follow-up ring-closure steps between the 

ketene intermediate and the imine substrate. Grimme’s version 3 dispersion corrections (disp3) were 

applied in order to include dispersion forces. One of the main questions regarding the mechanism for 

ketene formation by carbonylation of the metallocarbene intermediate is whether the carbonyl ligand 

that is initially coordinated as a ligand also acts as the substrate (inner-sphere). The ketene-imine 

[2+2] cyclization step can also differ with respect to whether the imine coordinates to the metal 

center prior to reaction or not. Hence, four possible pathways were studied with DFT methods: A 

completely inner-sphere pathway PII in which both ketene formation and ring-closure of the ketene 

with the imine proceed via internal attack; A completely outer-sphere pathway POO in which both 

steps involve external attack of substrates to coordinated carbene and ketene intermediates; and 

mixed pathways PIO and POI  in which either the first or the second step involves internal attack, 

respectively, with the other step involving external attack. In the applied labeling the first I/O subscript 

denotes inner- or outer-sphere pathway for CO insertion step, while the second subscript denotes an 

inner- or outer-sphere pathway for ketene-imine coupling (see Figure 4). 

The catalytically active Rh-PNN species may be present either in their neutral NH-deprotonated 

amido form, or in their cationic non-deprotonated amine form. Both possibilities were investigated 

computationally. The pathways and species involving cationic Rh-complexes with neutral PNNH amine 

ligands are denoted with an NH label (NHP pathway), while the pathways and species involving neutral 

amido complexes with anionic (N-deprotonated) PNN ligands are labeled with an N label (NP 

pathway), see Figure 4. A truncated ligand model of the Rh(PNN)(CO) complexes was used in all cases 

to limit computational costs, with all the substituents at nitrogen and phosphorus being replaced by 

methyl groups. Methyl diazo acetate (MDA) was used as the model diazo-compound. 

Metallocarbene generation from decomposition of the diazo species starts with coordination of 

MDA to the square planar Rh(PNN)(CO) complex at the apical position (INT0INT1). This step is 

endergonic for both the cationic species and the neutral species, but for the MDA adduct of the  
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Figure 4. DFT calculated pathways for β-lactam formation via catalytic generation of ketene from carbene. Free 

energies (G°298K) in kcal/mol. DFT-D3 calculations performed with Turbomole 6.5 at the BP86/def2-TZVP level 

employing Grimme’s version 3 dispersion corrections (disp3). All energies (also those of the transition states) are 

reported relative to species INT0. Pathways  are favored, lower energy routes; Pathways  are disfavored, 

higher energy routes. 
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cationic amine form is stabilized by -7.7 kcal/mol with respect to the neutral amido form. In contrast, 

and somewhat unexpectedly, subsequent N2 elimination from the MDA adducts to give the five-

coordinated metallocarbene species INT2 has a lower barrier (Gǂ = +21.7 kcal/mol) for the neutral 

amido complex as compared to the cationic amine complex (Gǂ = +29.0 kcal/mol), despite the 

weaker Rh-MDA interaction in the precursor complex (transition states TS1-2; see Figure 4). The lower 

activation barrier of the diazo decomposition for the neutral amido complex is presumably due to the 

more electron-rich nature of the metal center of the neutral complex relative to the cationic amine 

complex, which stabilizes the carbene complex due to enhanced metal-to-carbene -back donation. 

Several subsequent steps considered in the DFT calculations provide pathways to beta-lactam 

formation, of which several have lower total barriers than TS1-2 (see Figure 3 and descriptions below), 

implying that diazo activation must be the overall rate limiting step of the catalytic cycle. This is in 

agreement with the experimental studies, showing that the use of basic conditions (either by using 

K2CO3 or using basic tosyl hydrazone salts as substrates) is beneficial. 

Two isomeric forms of the carbene species INT2 with respect to the position of the carbene ligand (in 

basal (b) and apical (a) positions) were considered (Figure 5). For both the neutral amido and the 

cationic amine species, the carbene species INT2b having the carbene in the basal position are 

significantlly more stable than the carbene species INT2a having the carbene moiety in the apical 

position. Subsequent steps are considered to proceed from the lowest energy intermediate INT2b. 

 

         

Figure 5. DFT optimized structure of, Left: 
NH

INT2
b
, Right: 

NH
INT2

a
. 

 

5.2.4.1.1 Ketene formation: Inner-sphere versus outer-sphere CO insertion 

Once the metallocarbene intermediate INT2 is formed, several divergent reaction pathways become 

possible. Ketene formation can proceed by internal or external attack of CO at the carbenoid carbon 

atom, producing ketene adduct INT3 or INT8, respectively. The outer-sphere reaction pathways have 

slightly lower barriers for both the cationic amine complexes as well as for the neutral amido species. 

However, the barriers for these competing pathways are very similar. Since the applied empirical 

dispersion corrections might be somewhat overestimated34 and at the same time the computed 

entropy effect of the two processes are widely different with one process being intramolecular and 

the other being intermolecular (for which computed entropy factors are overestimated), a reliable 
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distinction between these inner-sphere and outer-sphere pathways can probably not be made on the 

basis of DFT. Therefore we consider both pathways viable. 

Inner-sphere ketene formation: The barriers for internal attack of CO to form the ketene species INT3 

(structure of HINT3 shown in Figure 6) was calculated to be +12.9 and +13.5 kcal/mol for the amido 

and the amino form, respectively. The INT3 intermediates were calculated to be more stable when 

adopting a Rh-2-CCketene coordination fashion relative to 2-COketene or 1-Oketene modes (+3.9 and 

+34.1 kcal/mol higher for the amido and +4.9 and +21.4 kcal/mol higher for the amino species, 

respectively), see Figure 5. The ketene deviates from the coordination plane, with the Cβ trans to the 

pyridine (for the amido INT3, NPy–Rh–Cβ = 166.0°, NPy–Rh–Cα = 126.9°). The bonding situation is 

best described as a rhoda-aza-cyclopropane structure with a formal RhIII oxidation state, indicated by 

the bond lengths in the metallacyclic fragment (for example, Cα–Cβ bond lengths are 1.450 and 1.432 Å 

for the amido and amino form, respectively, showing single bond character). The coordination 

preference for 2-CCketene over 2-COketene fashion is expected according to the HSAB theory,35 as the 

ketene C=C is a softer “acid” than the C=O unit.36 The amido ketene species is 6.7 kcal/mol more stable 

than the amine derivative, in agreement with enhanced metal-to-ligand back-donation in the former.  

 

Figure 6. DFT optimized structure of 
N
INT3. 

 

Outer-sphere ketene formation: External attack of CO to the carbene moiety of INT2 leads to 

formation of ketene adduct INT8. This species is quite similar to ketene adduct INT3, but contains an 

additional carbonyl ligand. The rhodium center in INT8 was calculated to adopt a distorted trigonal 

bipyramidal coordination geometry (structure of HINT8 shown in Figure 7), with CO, the pyridine and 

the ketene occupying the equatorial positions. The metal is best described as a Rh(III) center in a 

rhoda-aza-cyclopropane structure, similar to that in INT3. 

 

Figure 7. DFT optimized structure of 
N
INT8. 
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Two other isomeric forms were calculated to be slightly higher in energy, one being the Rh-2-COketene 

pattern (+0.4 kcal/mol for the amido form) and the other having the CO coordinated trans to the 

pyridine and the ketene loosely bound at the axial position (+3.4 kcal for the amido form), suggesting 

possible ketene slippage and partial dissociation from the metal. 

External attack of CO to the carbene moiety of INT2 to form ketene adduct INT8 is a process with a 

somewhat lower barrier (+8.5 and +11.7 kcal/mol for the amido and the amine forms, respectively) 

than the inner-sphere pathway to form INT3. Regarding the overestimation of the entropy penalty, 

these barriers may in reality be even lower. On the other hand the empirical dispersion effects in the 

approach of the CO ligand may be overestimated, and considering the rather small relative energy 

differences concerning these barriers, this makes it rather difficult to judge if the route via TS2-3 or via 

TS2-8 is the preferred pathway. Hence, we consider both pathways viable. 

Relevance of ketene intermediates INT3 and INT8: The outer-sphere pathway leading to INT8 is 

clearly more exothermic than the inner-sphere reaction producing INT3. In addition, formation of 

intermediate INT8 by simple coordination of an additional carbonyl ligand to INT3 is likely to occur 

under the applied experimental reaction conditions (CO pressure). Hence, formation of INT8 is 

expected, both for the inner-sphere and for the outer sphere pathways, and the equilibrium between 

these two species should lay strongly on the side of INT8. In that perspective, follow-up reactivity with 

the imine substrate could perhaps be expected to proceed preferably from the lower energy ketene 

intermediate INT8 rather than from INT3. Nonetheless, we also considered the pathways from INT3 

relevant for beta-lactam formation, as this intermediate is less “saturated” and gives access to other 

substrate adducts and hence different pathway with potentially lower barriers. 

5.2.4.1.2 Follow-up reactivity of the ketene intermediates INT3 and INT8 with the imine substrate 

From the neutral and cationic INT3 and INT8 ketene intermediates the possible pathways for beta-

lactam formation further diverges, and four different routes (partly interconnected by possible CO 

coordination/dissociation) were considered relevant for the formal imine [2+2] cyclization with the 

metal-bound ketene: The PII and PIO pathways each proceed from ketene intermediate INT3 and 

concern inner-sphere and outer-sphere pathways for coupling of the imine reagent with the 

coordinated ketene ligand, respectively. In the pathways PII the imine first coordinates to the metal 

before it couples to the ketene C=C bond, whereas in the PIO pathway the imine directly attacks the 

coordinated ketene ligand as an external nucleophile. The POO and POI pathways each proceed from 

ketene intermediate INT8, and describe similar inner-sphere and outer-sphere pathways for coupling 

of the imine with the ketene ligand of INT8. These latter pathways are thus influenced by the presence 

of an additional CO ligand bound to rhodium. A short description of pathways PII, PIO, POI and POO 

follows below (arranged from top to bottom in Figure 4). 

Pathway PII: Coordination of the imine substrate to INT3 is slightly exergonic for both the cationic 

amine complex and the neutral amido species, producing intermediates INT4. For the neutral amido 

form of the imine-coordinated intermediate INT4 the ketene coordinates as an acetyl ligand with a 1-

Cα coordination pattern, while in the cationic amine form of INT4 the Rh-2-CCketene-coordination 

pattern is maintained. Intramolecular ring-closure via TS4-5 involving C-C bond formation converts 

INT4 into the five-membered metallocyclic intermediates INT5, which produce the beta-lactam 

product after successive reductive cyclization (TS5-0). For both the cationic amine and the neutral 

amido species, the TS4-5 (N: +14.2 kcal/mol ; NH: +12.3 kcal/mol) and TS5-0 (N: +15.4 kcal/mol ; NH: 
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+12.6 kcal/mol) free energy barriers are very accessible, but the barriers for the cationic amine species 

are slightly lower than those of the neutral amido derivatives. In both cases the barriers for this 

pathway are much lower than the total barrier of the rate limiting diazo activation (N: +21.7 kcal/mol; 

NH: +29.0 kcal/mol). Release of the product and association of CO regenerates the starting state INT0, 

closing the catalytic cycle.  

Pathway PIO: Direct attack of the imine nitrogen atom at the ketene moiety of INT3 leads to 

formation of INT6. A marked difference between the amido and amino species is found for outer-

sphere imine attack on the metal-bound ketene (INT3TS3-6INT6). While this process is virtually 

barrierless (Gǂ = +0.6 kcal/mol) and exergonic (G° = -1.0 kcal/mol) for the cationic amine species, 

the barrier is significant (Gǂ = +14.2 kcal/mol) and the process is endergonic (G° = +13.9 kcal/mol) 

for the neutral amido species. This difference likely originates from different back-donation from the 

rhodium center to the ketene C=C bond, which reduces the electrophilicity of the moiety. However, 

while interesting this difference is probably irrelevant as the subsequent ring closure steps 

(INT6INT7TS7-0INT0 + -lactam) proceed with exceedingly high overall barriers in both cases 

(N: INT3TS7-0, Gǂ = +40.8 kcal/mol; NH: INT6TS7-0, Gǂ = +32.6 kcal/mol). Ring-closure to form 

the beta-lactam product requires C-N bond-rotation (which is slightly endergonic) to form INT7 before 

transition state TS7-0 becomes accessible. The following TS7-0 transition state has a very high energy 

for both the neutral and the cationic species, which is the main reason for the above mentioned high 

overall barriers along this pathway (barriers from INT7TS7-0, N: +26.7 kcal/mol; NH: 30.4 kcal/mol).  

Pathway POO: The outer-sphere ketene-imine cyclization was calculated to occur in a concerted [2+2] 

step, directly at the coordinated ketene moiety of INT8 contrasting all other pathways involving 

stepwise couplings. This concerted reaction step (INT8TS8-0INT0 + -lactam) directly produces 

the β-lactam product with regeneration of the starting complex INT0. It has a very low barrier for the 

cationic amine species along this pathway (Gǂ = +3.1 kcal/mol), while it has significant but 

nonetheless very accessible barrier for the neutral amido species (Gǂ = 15.2 kcal/mol. Considering 

that the rate limiting diazo activation step TS1-2 has a lower energy for the deprotonated form of the 

catalyst, the barrier for the neutral amido species seems however most relevant in this POO pathway. 

In any case, this reaction pathway seems to be a very viable route for catalytic beta-lactam product 

formation, especially considering the relative stability of intermediate INT8 as compared to INT3. 

Pathway POI: Contrasting the PII pathway, imine coordination to the INT8 intermediate to form 

intermediate INT9 is endergonic, both for the cationic amine species and (even more so) for the 

neutral amido species (NH: +5.4 kcal/mol; N: +12.9 kcal/mol). In the intermediates INT9, both the 

neutral amido and cationic amine species converged to a structure with the ketene coordinating in an 

acetyl form, in contrast to INT4 where a 2-CCketene coordination pattern is found for the ketene. The 

follow-up coupling reactions are quite similar to those in pathway PII, as the ketene-imine cyclization 

takes place in stepwise processes. Both coupling steps involve moderately uphill transition states 

(INT9TS9-10: N: +12.4 kcal/mol; NH: +15.0 kcal/mol and INT10TS10-0: N: +11.5 kcal/mol; NH: 

+14.7 kcal/mol). However, since formation of INT9 from INT8 is endergonic, the TS9-10 transition 

states represent rather high overall barriers from intermediate INT8 (INT8TS9-10: N: Gǂ = +25.3 

kcal/mol; NH: Gǂ = +19.6 kcal/mol). While these are accessible, they are much higher than the barrier 

from INT8 to TS8-0, thus making pathway POI much less likely than pathway POO. 

5.2.4.1.3 Brief summary of the DFT calculations 
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The combined DFT calculations can be summarized as follows: The activation of the diazo compound 

to form the carbene intermediate INT2 appears to be the rate limiting step of the reaction, and this 

step is faster upon amine deprotonation of the PNNH ligand of the catalyst. Hence (in agreement with 

the experimental observations), it seems that the reactions preferably take place with the catalyst in 

its amine deprotonated form. As such, in the remaining discussion below the energetic barriers listed 

are limited to those concerning the most relevant neutral amido species.  

From INT2, the saturated and unsaturated ketene intermediates INT8 and INT3 can be formed, with 

INT8 calculated to be lower in energy. From INT3 pathway PII is the lowest barrier route to β-lactam 

formation, while for INT8 the lowest barrier route is the POO pathway (Gǂ =+15.2 kcal/mol). 

Considering the higher stability of INT8, the overall barriers along the PII pathway are somewhat 

higher than along the POO pathway (Gǂ =+22.0 kcal/mol versus +15.2 kcal/mol). However, 

overestimated dispersion corrections could play a role in favoring the POO pathway over the PII 

pathway, and hence both pathways remain viable routes to β-lactam formation. The PIO and POI 

pathways can be safely excluded based on their relatively overall energy barriers as compared to the 

PII and POO pathways, respectively. 

 

5.2.4.2 Stoichiometric reactions in an attempt to show formation of ketenes by internal CO attack. 

In order to get experimental information for ketene formation, we first tried to look at the possibility 

for internal CO insertion into a carbene to form the ketene product. When two equivalents of EDA (1) 

were added to a CD2Cl2 solution of complex B at room temperature, no reaction except for 

dimerization of the diazo-evolved carbenoid was observed in an overnight experiment (two isomers of 

diethyl fumarate give two sharp singlets at 6.2 and 6.8 ppm, respectively). When two equivalents of N-

tosyl hydrazone salt 5 were added to complex B in C6D6, complex B was immediately deprotonated, 

accompanied with a color change from yellow to purple-red. Heating the solution to 55 °C for 1 hour 

did not produce any phenylketene. In another reaction, one equivalent of DBU was added to 

deprotonate the NH of the PNN ligand of the complex B prior to the addition of the N-tosyl hydrazone 

salt 5, to avoid generation of the organic N-tosyl hydrazone precursor which would interfere in the 1H 

NMR spectrum. Heating the reaction mixture to 55 °C for five hours gave rise to a singlet at 4.88 ppm 

in the 1H NMR spectrum, which indeed indicates formation of the ketene species. Other signals are 

slightly broadened and hence not clear. In the 31P NMR spectrum, one doublet at 49.85 ppm with a 

small JRhP coupling constant of 137.8 Hz suggested that the PNN ligand is probably in the amido form.37 

This result indicates that inner-sphere CO insertion is indeed a viable possibility under the applied 

reaction conditions to form the ketene fragment, but whether or not this process is truly involved in 

the catalytic routes is less clear.  

 

5.3 Conclusions  

In summary, we have synthesized a series of rhodium complexes featuring new secondary amine 

containing PNN ligands. Complex B and E showed good activity in catalytic ketene synthesis from 

carbonylation of carbenes. Amides and β-lactams can be synthesized in a one-pot fashion with 

intermediacy of the in situ generated ketenes. For the first time, ketene imines have been synthesized 

in a catalytic fashion by reaction of carbenes and isocyanides.  
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From DFT computational studies it can be concluded that the rate determining step is the diazo 

activation step to generate the metallocarbene species, with the neutral amido form of the complex 

being more reactive in enhancing this step than the cationic amine from. This is in agreement with the 

experimental studies, showing that the use of basic conditions (either by using K2CO3 or using basic 

tosyl hydrazone salts as substrates) is beneficial. Outer-sphere CO insertion is computed to be slightly 

more favored than the inner-sphere mechanism. Follow-up coupling mechanisms are similar in 

energy. Preliminary experimental studies show that inner sphere CO insertion to form ketene is also 

possible, but whether or not this process is truly involved in the catalytic routes is less clear. Additional 

spectrometric and kinetic studies are needed to unveil further details about the mechanism of these 

reactions. 

 

5.4 Experimental details  

General methods. All reactions were carried out under an argon atmosphere using standard Schlenk 

techniques or in a glovebox unless noted otherwise. With exception of the compounds given below, all 

reagents were purchased from commercial suppliers and used without further purification. N-methyl-

1-(6-methylpyridin-2-yl)methanamine (for synthesis of a)38 and N-((6-methylpyridin-2-

yl)methyl)aniline (for synthesis of b)39 were synthesized from 6-methylpicolinaldehyde according to 

literature procedures. 2-(Chloromethyl)-6-((di-tert-butylphosphino)-methyl)pyridine·BH3 (for synthesis 

of d) and 2-(chloromethyl)-6-((diisopropylphosphino)methyl)pyridine·BH3 (for synthesis of c and e) 

were synthesized from 2,6-bis(chloromethyl)pyridine according to a reported procedure.40 (R)-1-

phenyl-N-(pyridin-2-ylmethyl)ethanamine (ligand g for complex G)41 and 2,6-diisopropyl-N-(pyridin-2-

ylmethylene)aniline (ligand h for complex H)42 were synthesized from picolinaldehyde according to 

literature procedures. Complexes D,21 F,24 J34 and K20 were synthesized according to literature 

procedures or from homo-made storage. THF, dioxane, pentane, and diethyl ether were distilled from 

sodium benzophenone ketyl under nitrogen. CH2Cl2 and methanol were distilled from CaH2 under 

nitrogen. N-tosylhydrazone sodium salts were synthesized according to published procedures.15,43 6-

Methylpicolinaldehyde and 2,6-bis(chloromethyl)pyridine were purchased from TCI Europe. 

Picolinaldehyde and ethyl diazoacetate (EDA) were purchased from Aldrich (up to 15% 

dichloromethane, actual content determined by NMR). NMR spectra (1H, 31P{1H} and 13C{1H}) were 

measured on a Bruker AMX 400 spectrometer at 25 °C, unless noted otherwise. IR spectra were 

recorded on a Nicolet Nexus FT-IR spectrometer. HR-MS were obtained using a time-of-flight JEOL 

AccuTOF LC-plus mass spectrometer (JMS-T100LP). 

 

 N-methyl-1-(6-methylpyridin-2-yl)methanamine (680.0 mg, 4.99 mmol) was 

dissolved in diethyl ether (Et2O; 30 mL) and cooled to –78 °C. nBuLi (1.6 M in hexane, 

6.30 mL, 10.08 mmol) was dropwise added slowly under stirring. The reaction was 

stirred at –78 °C for 30 minutes and subsequently allowed to rise slowly to 0 °C, at 

which temperature the mixture was stirred for 3 hours. In parallel, 

chlorodiphenylphosphine (1.79 mL, 9.99 mmol) was dissolved in Et2O (30 mL) and 

was cooled to –78 °C. The former reaction mixture was cooled again to –78 °C and cannulated slowly 

to the latter solution. The reaction mixture was allowed to warm slowly to room temperature and 

stirred overnight. To quench the reaction, a 1 M HCl deoxygenated aqueous solution (40 mL) was 
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added and the the reaction mixture was stirred for 2 hours. Sodium carbonate (Na2CO3) was added 

slowly until a pH of approx. 8. The aqueous solution was extracted with Et2O (3  40 mL). The Et2O 

extracts were combined and dried over Na2SO4. The solid was filtered off and the Et2O solvent 

removed in vacuo. A light-yellow oily product was obtained after purification by column 

chromatography under argon (eluents: hexane, then DCM). Yield: 267.0 mg (16.7 %). 1H NMR (400 

MHz, C6D6, ppm):  δ 7.52–7.44 (m, 4HPh), 7.10–7.02 (m, 6HPh), 6.98 (td, J = 7.7, 2.5 Hz, 1Hpy), 6.83 (d, J = 

7.1 Hz, 1Hpy), 6.69 (d, J = 7.7 Hz, 1HPy), 3.71 (s, 2HPy-CH2N), 3.60 (d, J = 2.1 Hz, 2HPy-CH2N). 31P{1H} NMR 

(161 MHz, C6D6, ppm): δ –10.84 (s). 13C{1H} NMR (100 MHz, C6D6, ppm): δ 160.07 (s, CPy), 158.03 (d, J = 

7.9 Hz, CPy), 139.49 (s, Cquat-Ph), 139.33 (s, Cquat-Ph), 136.24 (s, CPy), 133.42 (d, J = 19.1 Hz, 2CPh), 128.73 (s, 

CPh), 128.60 (d, J = 6.5 Hz, 2CPh), 121.64 (d, J = 6.1 Hz, CPy), 119.42 (d, J = 2.3 Hz, CPy), 57.38 (s, PyCH2N), 

39.06 (d, J = 17.3 Hz, PyCH2P), 36.09 (s, CH3). HRMS (ESI, 243 K, DCM): m/z 641.2975 (2M+H+, Calcd. 

m/z 641.2957). Ligand a was detected as a (H-bonded) dimer (M)2H
+. 

 

 Similar procedure as for the synthesis of a was followed, starting from N-((6-

methylpyridin-2-yl)methyl)aniline (641.0 mg, 3.23 mmol). Species b was obtained as 

light-yellow sticky oil. Yield: 243.6 mg (19.7 %). 1H NMR (400 MHz, C6D6, ppm):  δ 7.47 

(td, J = 7.3, 1.8 Hz, 4HPh), 7.19–7.13 (m, 2HPh), 6.90 (t, J = 7.7 Hz, 1HPh), 6.76 (tt, J = 

7.5, 1.2 Hz, 1Hpy), 6.67 (d, J = 7.6 Hz, 1HPy), 6.60 (d, J = 7.9 Hz, 1HPy), 6.60 (d, J = 7.9 Hz, 

1HPy), 6.54–6.50 (m, 2HPh), 4.46 (br s, 1HNH), 4.10 (d, J = 4.7 Hz, 2HPy-CH2P), 3.59 (s, 2HPy-

CH2N). 31P{1H} NMR (161 MHz, C6D6, ppm): δ –11.02 (s). 

 

 A solution of ligand a (76.5 mg, 0.240 mmol) in methanol (2 mL) was added 

to a solution of [Rh(CO)2(-Cl)]2 (46.6 mg, 0.120 mmol) in methanol (3 mL), 

followed by addition of NH4PF6 (78.2 mg, 0.480 mmol). The solution was 

stirred for one hour and the concentrated to ±3 mL under vacuum. The 

brownish-yellow precipitate was collected by filtration and washed with a 

small amount of cold methanol and dried in vacuo. Complex A was obtained 

as a (micro)crystalline material by storing a concentrated MeOH/H2O solution 

of A at 0 oC. Yield: 103.2 mg (72.1 %). 1H NMR (400 MHz, CD2Cl2, ppm): δ 7.92 (td, J = 7.9;  1.1 Hz, 

1Hpy4), 7.74–7.66 (m, 3HPh+1Hpy3), 7.60–7.48 (m, 7HPh), 7.44 (d, J = 7.9 Hz, 1Hpy5), 4.79 (dd, J = 16.5; 2.4 

Hz, 2HPy-CH2P), 4.39–4.24 (m, 2HPy-CH2N), 4.32 (s, 1HNH), 3.09 (br s, 3HMe); 
1H NMR (400 MHz, MeOD-d4, 

ppm): δ 8.00 (t, J = 7.9 Hz, 1Hpy4), 7.82–7.71 (m, 3HPh+1Hpy3), 7.66 (d, J = 8.1 Hz, 1Hpy5), 7.61–7.49 (m, 

7HPh), 6.25 (bm, 1HNH), 4.71 (dd, J = 16.7; 5.8 Hz, 1HPy-CHHN), 4.53 (dd, J = 11.7; 7.1 Hz, 2HPy-CH2P), 4.39 

(dd, 16.8, 6.5 Hz, 1HPy-CHHN), 3.02 (m, 3HMe). 
31P{1H} NMR (161 MHz,CD2Cl2, ppm): δ 52.87 (d, 1JRh-P = 

152.3 Hz, major), 52.66 (d, 1JRh-P = 152.6 Hz, minor); 31P{1H} NMR (161 MHz, MeOD-d4, ppm): δ 52.55 

(d, 1JRh-P = 150.2 Hz). 13C{1H} NMR (100 MHz, MeOD-d4, ppm): δ 192.22 (dd, J = 73.4; 18.0 Hz, CO), 

163.85 (d, J = 2.1 Hz, CPy2), 161.94 (d, J = 3.1 Hz, CPy6), 161.86 (s, Cquat-Ph), 142.00 (s, CPy4), 133.76 (ddd, J 

= 12.5; 7.3; 0.9 Hz, CPy3), 132.73 (d, J = 2.6 Hz, 2CPh), 130.38 (d, J = 2.7 Hz, CPh), 130.27 (d, J = 2.6 Hz, 

CPh), 123.25 (d, J = 12.7 Hz, CPy5), 121.13 (s, CPh), 62.99 (d, J = 2.1 Hz, PyCH2N), 45.24 (d, J = 30.9 Hz, 

PyCH2P), 43.18 (s, CH3). IR (CD2Cl2, cm-1): CO 2002.5 cm−1. HRMS (ESI, 243 K, DCM): m/z 451.0435 (M+, 

Calcd. m/z 451.0441).  
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 A similar procedure as for synthesis of A was performed with ligand b 

(230.0 mg, 0.601 mmol). B was obtained as a light yellow powder. Complex 

B was obtained as a (micro)crystalline material by top-layering a 

concentrated DCM solution of B with Et2O. Yield: 270.2 mg (68.3 %). 1H NMR 

(400 MHz, CD2Cl2, ppm): δ 7.97 (td, J = 7.9; 1.1 Hz, 1Hpy4), 7.75–7.63 (m, 

3HPh+1Hpy3), 7.60–7.46 (d, J = 7.9 Hz, 7HPh+1Hpy5), 7.44–7.39 (m, 2HPh), 7.37–

7.33 (m, 2HPh), 7.28–7.23 (m, 1HPh)  6.71 (br d, J = 5.5 Hz, 1HNH), 5.16 (dd, J = 

16.9; 6.2 Hz, 1HPy-CHHN), 4.83 (dd, J = 16.9; 5.8 Hz, 1HPy-CHHN), 4.36 (d, J = 11.7 

Hz, 2HPy-CH2P). 31P{1H} NMR (161 MHz, CD2Cl2, ppm): δ 53.48 (d,   1JRh-P = 160.0 

Hz). 13C{1H} NMR (100 MHz, CD2Cl2, ppm): δ 162.50 (d, J = 4.0 Hz, CPy), 160.38 (s, CPh), 160.33 (d, J = 2.1 

Hz,  CPy), 147.15 (s, CPh), 141.19 (s, CPy), 132.99 (dd, J = 13.0; 2.6 Hz,CPy), 132.25 (d, J = 1.8 Hz, 2CPh), 

130.29 (s, CPh), 129.70 (d, J = 10.8 Hz, CPy), 126.59 (s, CPh), 120.89 (s, CPh), 120.31 (s, CPh), 62.69 (d, J = 

1.5 Hz, PyCH2N), 45.51 (d, J = 30.6 Hz, PyCH2P); the carbon resonance signal of CO was not resolved. IR 

(CD2Cl2, cm-1): νCO 2007.1 cm−1. HRMS (ESI, 243 K, DCM): m/z 513.0581 (M+, Calcd. m/z 513.0598). 

 

 A similar procedure as for synthesis of A was performed with ligand c (230.0 

mg, 0.601 mmol). C was obtained as a light-yellow powder.  1H NMR (400 

MHz, CD2Cl2, ppm): δ 7.97 (td, J = 8.0; 0.8 Hz, 1Hpy4), 7.63 (d, J = 7.9 Hz, 

1Hpy3), 7.39 (d, J = 7.9 Hz, 1Hpy5), 7.34-7.28 (m, 2HPh3,5), 7.22 (dd, J = 7.0; 2.3 

Hz, 1HPh4) 6.53 (br, 1HNH), 4.87 (m, 1HPy-CHHN), 4.60 (dd, J = 17.4; 10.0 Hz, 1HPy-

CHHN), 4.47 (sep, J = 6.8 Hz, 1HPh-CaH(CH3)2, NOE correlation with NH), 3.75 (qd, J 

= 18.6;10.1 Hz, 2HPy-CH2P), 3.23 (sep, J = 6.7 Hz, 1HPh-CH(CH3)2), 2.27 (sep, J = 6.9 

Hz, 2HPCH(CH3)2), 1.46 (d, J = 6.5 Hz, 3HPh-CaH(CH3)2), 1.44 (d, J = 6.5 Hz, 3HPh-

CbH(CH3)2), 1.39 (d, J = 6.8 Hz, 3HPh-CbH(CH3)2), 1.36 (d, J = 7.2 Hz, 2HPCH(CH3)2), 1.33 (d, J = 6.9 Hz, 3HPh-

CaH(CH3)2), 1.32 (d, J = 6.4 Hz, 2HPCH(CH3)2), 1.30 (d, J = 6.0 Hz, 2HPCH(CH3)2), 1.28–1.23 (m, 4HPCH(CH3)2), 1.21 

(d, J = 6.9 Hz, 2HPCH(CH3)2). 
31P{1H} NMR (161 MHz, CD2Cl2, ppm): δ 84.79 (d, 1JRh-P = 152.0 Hz). 13C{1H} 

NMR (100 MHz, CD2Cl2, ppm): δ 189.93 (dd, J = 73.1; 19.1 Hz, CO), 161.79 (d, J = 5.2 Hz, CPy2), 160.93 

(s, CPy6), 141.89 (s, CPh1), 141.46 (d, J = 1.4 Hz,  CPh2 or 6), 141.02 (s, CPy4),  136.86 (s, CPh6 or 2), 138.12 (s, 

Caniline2 or 6), 127.89 (s, CPh3 or 5), 126.80 (s, CPh5 or 3), 124.11 (s, CPh4), 123.02 (d, J = 11.4 Hz, CPy3), 120.14 (s, 

CPy5), 63.46 (s, PyCH2N), 35.97 (d, J = 24.8 Hz, PyCH2P), 29.67 (s, PCaH(CH3)2), 28.93 (s, PCbH(CH3)2), 

26.40 (d, J = 1.9 Hz, CH3), 26.40 (d, J = 1.9 Hz, PCH(CH3)2), 26.11 (d, J = 1.3 Hz, PCH(CH3)2), 25.80 (d, J = 

2.1 Hz, PCH(CH3)2), 25.50 (d, J = 2.5 Hz, PCH(CH3)2), 25.49 (d, J = 8.2 Hz, PCH(CH3)2), 24.61 (s, 

ArCH(CH3)2), 23.22 (s, ArCH(CH3)2), 19.11 (d, J = 2.5 Hz, PCH(CH3)2), 18.93 (d, J = 3.4 Hz, PCH(CH3)2), 

18.48 (s, ArCH(CH3)2), 17.67 (d, J = 3.4 Hz, PCH(CH3)2). IR (CD2Cl2, cm-1) νCO 1999.1 cm−1. HRMS (ESI, 243 

K, DCM): m/z 529.1947 (M+, Calcd. m/z 529.1850). 

 A similar procedure as for synthesis of A was performed with ligand e (230.0 

mg, 0.601 mmol). E was obtained as a light yellow powder. Complex E was 

obtained as a (micro)crystalline material by top-layering a concentrated DCM 

solution of E with Et2O. 1H NMR (400 MHz, CD2Cl2, ppm) : δ 7.92 (td, J = 7.9, 

0.9 Hz, 1Hpy4), 7.54 (d, J = 7.9 Hz, 1Hpy3), 7.42 (d, J = 7.9 Hz, 1Hpy5), 7.39–7.34 

(m, 2HPh), 7.29–7.25 (m, 2HPh), 7.20 (td, J = 7.2, 1.2 Hz, 1HPh), 7.10 (bm, 1HNH), 

5.12 (dd, J = 17.1, 6.3 Hz, 1HPy-CHHN), 4.71 (dd, J = 17.1, 5.1 Hz, 1HPy-CHHN), 3.65 

(dd, J = 10.0, 4.2 Hz, 2HPy-CH2P), 2.27–2.12 (m, 2HP-CH(CH3)2), 1.30 (d, J = 7.1 Hz, 
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2HP-CH(CH3)2), 1.22 (d, J = 7.1 Hz, 2HP-CH(CH3)2), 1.21 (d, J = 7.0 Hz, 2HP-CH(CH3)2), 1.30 (d, J = 7.1 Hz, 2HP-

CH(CH3)2). 
31P{1H} NMR (161 MHz, CD2Cl2, ppm): δ 83.81 (d, 1JRh-P = 152.8 Hz). 13C{1H} NMR (100 MHz, 

CD2Cl2, ppm): δ 189.97 (dd, J = 73.2, 18.6 Hz, CO), 162.35 (d, J = 2.0 Hz, CPy2),  161.47 (t, J = 4.2 Hz, CPy6), 

147.15 (d, J = 1.7 Hz, CPh1), 140.00 (s, CPy4), 130.17 (s, 2CPh2,6), 126.35 (s, CPh4), 122.58 (d, J = 11.3 Hz, 

CPy3), 120.75 (s, 2CPh3,5), 119.95 (s, CPy5), 62.41 (d, J = 1.8 Hz, PyCH2N), 35.94 (d, J = 24.5 Hz, PyCH2P), 

26.02 (dd, J = 29.5, 2.0 Hz, PCH(CH3)2), 18.12 (d, J = 13.6 Hz, PCH(CH3)2). IR (CD2Cl2, cm-1) νCO 1998.6 

cm−1. HRMS (ESI, 243 K, DCM): m/z 445.0941 (M+, Calcd. m/z 445.0911). 

 A similar procedure as for synthesis of A was performed with ligand g 

(230.0 mg, 0.601 mmol). Complex G was obtained as a (micro)crystalline 

material by storing a concentrated MeOH solution of G at 0 oC. 1H NMR 

(400 MHz, CD2Cl2, ppm): δ 7.86 (t, J = 7.7 Hz, 1HPy), 7.58 (d, J = 5.7 Hz,  

2HPh), 7.54–7.45 (b, 1HPh), 7.45–7.22 (m, 2 HPy+3HPh ), 4.74 (b s, 1HPy-CHHN), 

4.52 (b s, 1Hcod-vinyl), 4.39–4.21 (m, 1HPy-CHHN), 4.06 (b s, 2Hcod-vinyl), 3.96 (b s, 

1Hcod-vinyl), 3.82 (b s, 1HNH), 3.65 (b s, 1HPhCHMe), 2.51 (b s, 4Hcod-allyl), 2.00 (b 

s, 4Hcod-allyl), 1.62 (b s, 3HMe); (CD3CN, ppm): δ 7.89 (td, J = 7.8; 1.6 Hz, 1HPy), 7.64 (d, J = 5.6 Hz, 1HPy), 

7.56–7.52 (m, 2HPh), 7.49 (d, J = 7.9 Hz, 1HPy), 7.38–7.26 (m, 1HPy+3HPh), 7.20 (td, J = 7.2; 1.2 Hz, 1HPh), 

4.30 (br s, 4Hcod-vinyl), 4.14 (br s, 1HNH) 4.14–3.92 (br, 2HPy-CH2N), 3.82–3.74 (m, 1HPh-CHMe), 2.52–2.40 (m, 

2Hcod-allyl), 2.35–2.22 (br, 2Hcod-allyl), 2.00–1.93 (m, 2Hcod-allyl), 1.88–1.76 (br, 2Hcod-allyl), 1.61 (d, J = 6.9 Hz, 

3HMe). 
13C{1H} NMR (100 MHz, CD2Cl2, ppm): δ 162.09–161.03 (m, CPy), 147.74 (s, CPy), 140.74 (s, CPh), 

140.89–140.56 (m, CPh), 139.26–138.84 (m, CPh), 129.51 (s, CPh), 128.14 (s, CPh), 124.72 (s, CPy), 123.35 

(s, CPy), 87.86 (s, Ccod-vinyl), 87.86 (s, Ccod-vinyl), 83.18 (s, 2Ccod-vinyl), 78.38 (s, Ccod-vinyl), 62.36 (s), 61.14 (s), 

57.04 (s), 31.56–28.65 (m, 4Ccod-vinyl), 21.37–21.00 (m), 19.39 (s). HRMS (ESI, 243 K, DCM): m/z 

423.1321 (M+, Calcd. m/z 423.1308). 

 

A similar procedure as for synthesis of A was performed with ligand h (230.0 

mg, 0.601 mmol). H was obtained as a dark-purple fine powder. 1H NMR 

(400 MHz, CD2Cl2, ppm) : δ 8.26 (td, J = 7.8; 1.5 Hz, 1Hpy), 8.21 (d, J = 2.6 Hz, 

1HPyCH=N), 8.10 (dd, J = 7.8, 1.3 Hz, 1Hpy), 7.98 (d, J = 5.1 Hz, 1Hpy), 7.87 (ddd, 

J = 7.9, 5.4, 1.4 Hz, 1Hpy), 7.37–7.32 (m, 1HPh), 7.29–7.24 (m, 2HPh), 4.76 (br 

s, 2Hcod-vinyl), 3.67 (br s, 2Hcod-vinyl), 3.24 (hept J = 6.8, 2HArCH(CH3)2), 2.61–2.38 

(br, 2Hcod-allyl), 2.19–1.92 (br, 2Hcod-allyl), 1.43 (d, J = 6.8 Hz, 3HMe), 1.13 (d, J = 

6.8 Hz, 3HMe). 
13C{1H} NMR (100 MHz, CD2Cl2, ppm): δ 171.57 (s, PyC=N), 154.26 (s, CPy),  150.34 (s, 

CPy), 142.22 (s, CPy), 141.26 (s, CPh), 139.85 (s, CPh), 130.91 (s, CPy), 129.35 (d, J = 24.0 Hz, CPy), 124.44 (s, 

CPh), 88.77–88.44 (m, Ccod-vinyl), 87.97–87.66 (m, Ccod-vinyl), 30.90–30.57 (m, Ccod-allyl), 30.52–30.10 (m, 

Ccod-allyl), 28.93 (s, PhCH(CH3)2), 25.72 (s, PCH(CH3)2), 22.34 (s, PCH(CH3)2). HRMS (ESI, 243 K, DCM): m/z 

477.1766 (M+, Calcd. m/z 477.1777). 

 

In-situ Ketene Synthesis from Carbene Carbonylation for Coupling: In a typical carbonylation 

experiment a stainless steel autoclave (150 mL) suitable for seven reaction vessels (equipped with 

teflon mini stirring bars) was used for performing parallel reactions. Each vial was charged with 

carbene precursor (EDA 1 or N-tosylhydrazone sodium salt 5, 0.15 mmol), amine nucleophile (0.30 

mmol), rhodium catalyst (0.0075 mmol), internal standard 1,3,5-trimethoxybenzene (0.015 mmol) and 
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solvent (3 mL). Before starting the catalytic reactions, the charged autoclave was purged (5 x) with 20 

bar of CO and then pressurized to the desired pressure. The autoclave was heated in an oil-bath with 

the vials being stirred overnight. After the reaction time, the autoclave was cooled to 0 °C and vented 

to 1 atm. Around 1.5 mL of each reaction mixture was taken out, the solvent was removed via rotary 

evaporation, the residue was dissolved in CDCl3 or CH2Cl2 (and filtered when necessary) for 1H NMR 

and GC-MS analysis, respectively. The conversion and yield for each reaction were calculated based on 

the integration of 1H NMR signals of corresponding species relative to that of the internal standard. 

Product assignment followed assignments presented in literature.14f  

Ketene Imine Synthesis from Carbene and Isocyanide: A 25 mL Schlenk vessel was charged with N-

tosylhydrazone sodium salt 5 (0.15 mmol), rhodium catalyst (0.0075 mmol), internal standard 1,3,5-

trimethoxybenzene (0.015 mmol), toluene (5 mL) and tert-butyl isocyanide (0.75 mmol). The Schlenk 

vessel was then sealed and heated in an oil-bath overnight. After the reaction time, around 2.5 mL 

reaction mixture was taken out, the solvent was removed via rotary evaporation, the residue was 

dissolved in CDCl3 or CH2Cl2 and filtered for 1H NMR and GC-MS analysis, respectively. The conversion 

and yield for each reaction were calculated based on the integration of 1H NMR signals of 

corresponding species relative to that of the internal standard. 

 

DFT calculations 

Geometry optimizations were carried out with the Turbomole program package44 coupled to the PQS 

Baker optimizer45 via the BOpt package,46 at the spin-unrestricted ri-DFT level using the BP8647 

functional and the resolution-of-identity (ri) method.48 The geometries of all stationary points were 

optimized at the def2-TZVP basis set level,49 both with and without Grimme’s dispersion corrections 

(disp3 version).50 The identity of the transition states was confirmed by following the imaginary 

frequency in both directions (IRC). All minima (no imaginary frequencies) and transition states (one 

imaginary frequency) were characterized by calculating the Hessian matrix. ZPE and gas-phase thermal 

corrections (entropy and enthalpy, 298 K, 1 bar) from these analyses were calculated. The relative 

(free) energies obtained from these calculations are reported in Figure 4. 
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Hydroformylation of alkenes using a Rh(PNN) pincer complex 

 

 

 

 

Abstract 

Hydroformylation of styrene was efficiently catalyzed with pincer rhodium-PNN complexes. Use of 

base is necessary to obtain decent yields and high regioselectivity. An active species was observed by 

NMR spectroscopy, which showed high catalytic activity and regioselectivity for hydroformylation of 

styrene even at room temperatune. High pressure NMR studies indicated that the ligand in both 

species had undergone dearomatization. HP FT-IR analysis combined with DFT calculations suggested 

that the active species adapts a structure with three carbonyl ligands and an 2-P,N-coordinated PNN 

ligand. A mechanism involving metal-ligand cooperativity in H2 activation was proposed. 
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6.1 Introduction 

Hydroformylation, also known as the ‘oxo reaction’, is the addition of a hydrogen (“hydro”) and a 

formyl group across the C=C double bond of an olefins using syngas (a mixture of CO and H2) (Scheme 

1).1 Hydroformylation is the largest industrially performed homogeneous reaction, converting readily 

available inexpensive feedstocks into aldehydes, which serve as versatile intermediates for the 

synthesis of a wide range of chemical products.2 For example, one of the most important commercial 

hydroformylation processes produces n-butyraldehyde with an annual production of over 3 million 

tons as a precursor for the plasticizer3 bis(2-ethylhexyl) phthalate (DEHP), used in the production of 

polyvinyl chloride (PVC), (Scheme 2). Safer alternatives of DEHP are also synthesized with aldehydes 

derived from hydroformylation of long-chain alkenes. 

 

Scheme 1. General scheme of the catalytic hydroformylation of an alkene. 

 

Scheme 2. Scheme for the production of DEHP, starting with hydroformylation of n-propene. 

 

Rhodium4 and cobalt5 complexes are the most frequently used for hydroformylation, although other 

metals (e.g. Pd, Ru, Ir)6 have also been reported as active catalysts. Rhodium complexes are generally 

more active and give more selective reactions than cobalt, and addition of monophosphine ligands 

was initially found to greatly improve both the catalytic reactivity and selectivity. Basic parameters 

were developed for the measure of steric and electronic properties of the ligands, such as the “cone 

angle” (θ)7 and the χ-parameter,8 to aid “rational ligand design” for catalyst development. The 

introduction of bidentate phosphorus ligands was a breakthrough in the field,9 as these generally give 

the most active and selective catalysts in hydroformylation so far. Accordingly, the “natural bite angle” 

(βn)10 was introduced as a parameter to estimate the steric properties of the ligands. The electronic 

effects of a bidentate ligand on the coordination geometry and the catalytic performance of a metal 

complex are difficult to determine, partly because of the complexity of the system, with several 

coordination isomers of the metal complex often coexisting (Figure 1). However, the importance of 

incorporating two electronically different binding sites11 in a bidentate ligand was demonstrated by 

the excellent performance of a series of hybrid bidentate phosphorus ligand-based rhodium 
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complexes in (asymmetric) hydrofomylation reactions,12 such as those based on phosphine-

phosphite13 and phosphine-phosphoramidite14 ligands. The electronic difference between the two 

donors, along with the steric factors (i.e. cone angles, bite angles), determine the coordination mode 

preference of the catalyst, which is believed to be directly related to the catalytic reactivity and 

selectivity of the catalyst.  

 

Figure 1. Representative coordination modes of bidentate phosphorus ligands in a typical hydroformylation 

rhodium catalyst (only one stereoisomer for each mode is shown for a hybrid ligand). 

 

Cooperative ligands,15 which promote reactions by directly participating in the reaction, are found in 

various applications of homogeneous catalysis, especially related to H2 splitting and transfer 

hydrogenation reactions. Typical cooperative ligands act as internal (Brønsted) bases (with the metal 

acting as a (Lewis) acid) to promote substrate activation (e.g., heterolytic activation of H2). Amido16 

and dearomatized pyridylmethylphosphine type ligands17,18 are particularly well-studied in this 

context. The pre-installed metal-ligand bifunctionality is assumed to provide more entropically 

beneficial pathways for substrate activation, as intermolecular organization of a base close to the 

coordination sphere of the metal is avoided. 

We hypothesized that the well-defined carbonyl rhodium complexes based on (6-

(phosphinomethyl)pyridine-2-yl)methan-secondary-amine type PNN ligand scaffolds19 (Chapters 3 and 

4) might be good candidates for Rh-catalyzed hydroformylation. These PNN ligands and their 

deprotonated derivatives contain basic amido and methine groups that are potentially useful in 

cooperative H2 activation (Figure 2).20 Such cooperative reactivity could by-pass activation solely by 

the metal center and thus could provide other catalytic pathways for hydroformylation. These robust 

hybrid PNN ligands are expected to enforce either P,N,N-tridentate21 or P,Npy-bidentate22 coordination 

modes (in case of hemilabile coordination of the flanking secondary amine), which may provide 

opportunities to look at their relevance for catalytic turnover. It should be realized that P-

monodentate modes of the ligands are also a possibility upon complete displacement of the N-donors 

by the -acceptor CO.  

 

Figure 2. Potential cooperative sites for H2 activation on the deprotonated PNN ligands. 
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6.2 Results and discussions 

6.2.1 Catalytic activity of Rh-PNN complexes in hydroformylation 

Catalytic activities of five Rh-PNN carbonyl complexes A-E (Figure 3) in hydroformylation (HF) were 

tested using styrene as the benchmark substrate under 20 bar of syngas (molar ratio of CO/H2 = 1/1) 

at 50 °C (Scheme 3, Table 1). The HF reactions gave clean formation of a mixture of the branched and 

linear aldehyde, with no hydrogenated or other side-products observed. Styrenes are interesting 

substrates that generally favor the formation of branched aldehydes. The regioselectivity is typically 

suggested to arise from a Rh-(3-benzyl) intermediate stabilized by electron donation from the 

benzene ring. Complex A, which bears phenyl groups at both the nitrogen and phosphorus side-arms 

on the ligand, gave 99% yield to the aldehyde products, with a b/l ratio of 10.1 (entry 1). The two 

complexes B and C, with isopropyl-substituted phosphine ligands, showed comparably high catalytic 

activities but slightly lower regioselectivities to the branched products (entries 2 and 3). The similar 

catalytic performance of the two complexes suggests a common active species derived from 

dissociation of the amine arms. Complex D, a more bulky analogue of C with tert-butyl groups on the 

phosphorus donor, gave a lower yield of 55%, but a higher b/l ratio of 13.3 (entry 4). Normal (ligand-

free) Rh(acac)(CO)2 showed good activity but with a low b/l ratio (entries 6), while addition of five 

equiv. of PPh3 gave a b/l ratio of 10.1, similar to those catalyzed by the Rh-PNN complexes,  indicating 

that the true active species derived from the Rh-PNN complexes contain some phosphine ligand and 

are not simply ‘ligand-free’ carbonyl complexes. The dearomatized imino complex E, in contrast to all 

other complexes, showed almost no catalytic activity. Species E may be relatively inert to reactions 

that induce structural alterations due to steric and electronic effects (e.g. causing difficulties to 

dissociate one of the ligand arms). The push-pull effect (π-donation from the pyridine lone pair to a Rh 

d-orbital (push) is balanced by π-back donation from Rh to the π*-orbital at CO) may also stabilize this 

species in a non-reactive square planar geometry with difficulties to form the required hydride 

complex. Addition of one equivalent of (1S)-(+)-10-camphorsulfonic acid to complex E to form a 

sulfonamido-PNN rhodium complex bearing a chiral substituent near the metal center via chemistry 

detailed in Chapter 4,19 gave the same low yield to aldehyde and no enantioselectivity was detected. 

Hence, ligand sterics are proposed to be the major cause for the low overall activity of E.  

 

 

Figure 3. Rh-PNN complexes studied in hydroformylation. 
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Table 1. Catalytic results of Rh-catalyzed hydroformylation of styrene. 

 

Entry Catalyst 
Additives 

(mol%) 
Yield (%) b/l ratio 

1 A K2CO3 (20) 99 10,1 

2 B K2CO3 (20) 99 8,1 

3 C K2CO3 (20) 98 8,1 

4 D K2CO3 (20) 55 13,3 

5 E K2CO3 (20) 1 / 

6 Rh(acac)(CO)2 K2CO3 (20) 98 3,0 

7 Rh(acac)(CO)2 Ph3P (5) 99 10.1 

8 E 
(1S)-(+)-10-

Camphorsulfonic 
acid (1) 

1 / 

 

The addition of base (K2CO3) was required to obtain both high yield and selectivity to the aldehyde 

products, as only 32% yield and a b/l ratio of 3.8 were obtained in the absence of a base (entries 1-3 in 

Table 2 and entry 1 in Table 1). Addition of one equivalent of a strong base (KOtBu) led to a slightly 

lower yield of 86%, but with almost sole formation of the branched product (b/I ratio = 99.0; Table 2, 

entry 4). The drastic improvement of the regioselectivity of this reaction suggests an enriched 

concentration of a “more selective” catalytic intermediate,23 which is possibly slightly less active than 

other less or non-selective intermediates. When 2.5 equivalents of KOtBu was added, almost full 

conversion to the aldehyde products was observed with still high regioselectivity, albeit lower than 

that with one equivalent of KOtBu (entry 5). This might indicate a concentration difference of the 

catalytic intermediate (or different rates for its formation) when using different amounts of KOtBu. 

Formation of a doubly deprotonated species is also possible in the presence of two equiv of base 

(Chapter 4). Performance of complex B in the presence of one equivalent of KOtBu was very similar to 

that of A, yielding solely the branched aldehyde, while complex D showed poor activity, likely due 

(partly) to generation of catalytically inactive species (entries 6 and 7). 

 

As complex A showed considerably good activity and selectivity in catalyzing branched aldehyde 

formation from styrene,24 we were interested to look at its performance in the hydroformylation of 1-

octene, which typically favors formation of the linear aldehyde. The same conditions as for styrene led 

to selective formation of the aldehyde products in high yields, but with b/l ratios of around 0.6-0.7, 

similar to those catalyzed by simple monophosphine-coordinated rhodium complexes.  
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Table 2. The influence of base on Rh-catalyzed hydroformylation of styrene with Rh-PNN complexes. 

Entry Catalyst Base (mol%) Yield (%) b/l ratio 

1 A / 32 3.8 

2 A K2CO3 (5) 95 10.1 

3 A K2CO3 (50) 100 10.1 

4 A KOtBu (1) 86 99.0 

5 A KOtBu (2.5) 99 32.3 

6 B KOtBu (1) 84 only branched 

7 D KOtBu (1) 1 / 

 

 

Table 3. Hydroformylation of 1-octene catalyzed by complex A. 

 

Entry Base (mol%) Yield (%) b/l ratio 

1 K2CO3 (20) 99 0,6 

2 KOtBu (1) 97 0,7 

3 KOtBu (2.5) 98 0,6 

 

 

6.2.2 Mechanistic considerations 

6.2.2.1 Identifying a potential active species 1 

The favorable catalytic performance of complex A in hydroformylation of styrene motivated us to get 

insight in the potential active species. We firstly attempted to monitor the catalytic reaction using in 

situ high pressure NMR spectroscopy. The reaction was performed using four equivalents of styrene to 

complex A in the presence of five equivalents of K2CO3 in CD2Cl2 under 5 bar of syngas in a high 

pressure NMR tube (Scheme 1). After 3.5 hours of heating at 50 °C, only a small amount of (branched) 

aldehyde could be detected, together with partial ligand oxidation (Figure 4). Prolonged heating for 

another 2.5 hours led to 48.1% yield of aldehyde(s) with a b/l ratio of 7.3. After 8 hours, the yield 

increased to 64.9% with a b/l ratio of 8.3. Full conversion to the aldehyde product with a b/l ratio of 

9.1 was observed after 24 hours of reaction. The observed induction period indicates that complex A 

needs to undergo some transformation to generate the (more) active catalyst species 1. The 

increasing b/l  ratio over time also suggests that this active species accumulates during the reaction. 
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Hence, both the reaction rate and the b/l ratio increase over time, suggesting that the more active 

species is also the more selective one. 

 

Scheme 1. Reaction scheme used for in situ high pressure NMR spectroscopic study. 

 

Figure 3. Stacked 
1
H NMR spectra following the reaction in Scheme 1 in time.  

6.2.2.2 The structure of the active species 1 

6.2.2.2.1 HP-NMR spectroscopic studies 

Concomitant with the accelerated aldehyde formation over time, the signals for the starting complex 

A drastically diminished in both the 1H and 31P NMR spectra in the timeframe between 3.5 h and 6 h of 

reaction. However, no other obvious signals corresponding to a Rh-PNN species were detected, 

although insufficient data recording or inherent broadening of the signals resulting from fluxional 

ligand coordination and exchange of the corresponding species might influence this observation. No 

hydride signal was detected between 0 and 35 ppm in the 1H NMR spectrum. It is possible that a fast 

hydride exchange between the metal and an elelctrophilic (e.g. imine) moiety of the ligand on the 

1.5 h 

3.5 h 

8.0 h 

6.0 h 

24 h 

styrene 
Complex A 

linear 

branched 

 

b 

 l 

Oxid. ligand 
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NMR time scale might interfere with observation of the hydride signal. The 31P NMR spectrum showed 

a minor doublet at 23.86 ppm (1JRhP = 155.2 Hz) after 8 hours of reaction, along with other weaker 

signals in the range of 1922 ppm. After 24 hours, the former signal, which had increased in intensity, 

could be identified either as a second-order AA’XX’-type system (1JRhP = 136.1 Hz, 3JPP = 17.2 Hz, vide 

infra), or as two overlapping doublets at 23.86 (1JRhP = 153.0 Hz) and 23.85 ppm (1JRhP = 118.6 Hz). 

Furthermore, signals corresponding to the oxidized PNN ligand and trace amounts of catalyst 

precursor A were present. We attribute the signal(s) at approx. 23.86 ppm to a new species 1. 

Interestingly, when the syngas pressure was released (concomitant with addition of another four 

equivalents of styrene), the intensity of the complex signal at ~ 23.86 ppm decreased and a new 

doublet appeared at 21.25 ppm (1JRhP = 148.6 Hz), which was assigned to species 2. Repressurizing the 

NMR tube with 5 bar of syngas led to disappearance of this new species 2 and regeneration of the 

initial complex signal for species 1. When a control experiment was carried out without addition of 

styrene, both species 1 and 2 were observed after 18 hours with a 2/1 ratio of 0.59 based on 

integration of the 31P NMR signals, while another doublet assigned to species 3 at 31.51 ppm (1JRhP = 

132.1 Hz) was also observable, with a 3/1 ratio of 0.32 (Figure 5). The observation of 1 in this reaction 

excludes that 1 is an alkyl or acyl species. After storing the reaction solution at room temperature for 7 

hours, the signal of 3 disappeared and a 2/1 ratio of 0.37 was observed. This means that 3 was 

completely transformed into 1, and that 2 also partially transformed into 1 (2/(1+3) = 0.45 before the 

7-hour reaction), albeit at a slower rate. The nature of species 3 is presently not clear.   

Species 1 proved catalytically active without an obvious induction period, as 35.0% conversion of the 

second batch of styrene was observed after 30 minutes at 50 °C (Table 4). The reaction even 

proceeded at room temperature, with the yield increasing steadily to 92.3% after 17 hours. 

Correspondingly, a b/l ratio of 10.5 was obtained, which is similar to data obtained with A and K2CO3 

(see Table 2), supporting the assumption that the more active catalyst is also more selective.  

 

Figure 4. Stacked 
31

P NMR spectra following the reaction in Scheme 1 in time.  
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Figure 5. Stacked 
31

P NMR spectra of the control experiment to that in Scheme 1 (without addition of styrene). 

Upper: soon after 18 hours of heating; bottom: 7 hours at room temperature. 

 

Table 4. Hydroformylation of styrene catalyzed by the reaction residue of Scheme 1 containing species 1. 

 

Time Yield (%) Total b/l ratio 

30 min 35.0 9.4 

1 h 52.4 9.3 

5 h
a
 81.9 10.0 

18 h
b
 92.3 10.5 

*
 The last 4

a
/17

b
 hours of reaction at room temp. (25 °C). 

 

In the 1H NMR spectrum, overlapping signals of different species and some signal broadening 

interfere with structural elucidation of species 1. A 2D 1H31P-HSQC spectrum showed that a doublet at 

3.91 ppm with a JPH = 8.0 Hz correlates with the 31P signal at 23.86 ppm, which points to proton(s) of 

the methylene group of the P arm of the PNN ligand. The upfield shift and smaller coupling constant of 

this signal relative to that of complex A (4.35 ppm; 2JPH = 11.7 Hz) as well as the upfield shift in the 31P 

NMR spectrum are common features of a dearomatized metal-bound PNN* ligand formed upon 

deprotonation of the methylene group of the P arm.17a,19,25 Although coordination modes of the 

complexes are expected to change in the presence of CO, extra coordination of CO or ligand donor 

Species 1 

Species 2 Species 3 

After 7 hours storing at r.t.  

After 18 hours of heating 
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displacement with CO should generally result in a downfield shift of the 31P NMR signal. Hence, we 

postulate that the PNN ligand remains coordinated as either a tridentate (3-P,N,N) or bidentate 

donor (2-P,NPy) under syngas conditions. Consequently, it is not unreasonable to assume that 

“species 1” might consist of a mixture of bis- and/or tris-carbonyl complexes [RhI(CO)2(PNN*)] or 

[RhI(CO)3(PNN*)] (Figure 6), which would also explain the complex pattern at 23.86 ppm. A 

dearomatized imine ligand scaffold is proposed based on our previous studies on the ligand behavior 

of analogous Rh-PNN complexes (Chapter 4). Mono-carbonyl structures seem less likely given the 

presence of excess CO as well as the “CO-rich” nature of the species suggested by the reversible 

conversion between species 1 and 2 affected by syngas pressure change.   

 

Figure 6. Proposed monomeric formulations for species 1, corresponding to the complex 
31

P NMR signal at 23.86 

ppm (“eP, aN” denotes that P coordinates at an axial position and N coordinates at an equatorial position in a 

trigonal bipyrimidal geometry). 

 

 If the signal is considered to correspond to an AA’XX’ system, species 1 could also be formulated as a 

dimeric Rh0 species ([Rh0(µ-CO)(CO)n(2-P,N-PNN)]2 or [Rh0(µ-CO)(CO)n(1-P-PNN)]2) containing either 

a 2-P,N bidentate (1a; n=1) or 1-P monodentate (1b; n=2) coordination mode of the PNN ligand, 

based on a comparison of the chemical shift, coupling constants and pattern of the signal in the 31P 

NMR spectrum with related systems in literature (the experimental and simulated spectra of an 

analog of 1b are shown in Figure 5).22 If this would be the correct interpretation of the NMR data, the 

exact coordination mode of the PNN ligand (e.g. ee or ea) would still not be clear at this stage. 

Furthermore, as mentioned above the presence of a mixture of two mononuclear species can as yet 

not be excluded, based on the available NMR data.  

Dimeric Rh0 species have been reported to form at high rhodium concentration and low hydrogen 

pressure.1a Although the conditions applied with our ligand system meet these general criteria to 

some extent, no structural evidence for the existence of a dimeric species with our system has been 

obtained so far. 
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Figure 7. An AA’XX’ system in (a) Experimental and (b) simulated 
31

P NMR spectra of the complex [Rh
0
(µ-

CO)(CO)2(P-PN)]2.
22

 

 

6.2.2.2.2 HP IR spectroscopic studies 

In order to get further insight into the structure of species 1, in situ high-pressure IR spectroscopy was 

used to monitor the evolvement of rhodium carbonyl complex. The same pressure and temperature (5 

bar syngas and 50 °C) as for the HP NMR studies were used, while the concentration of A was a bit 

lower (1.5 versus 20 mmol/mL) and the reaction was performed under stirring. After injection of a 

small amount of DCM solution of complex A into the chamber, the autoclave was heated to 50 °C and 

the IR spectra were recorded following the reaction in time. Unfortunately strong interference fringe 

was observed for currently unknown reasons,26 which caused difficulties in the interpretation of the 

spectra (Figure 6).  

At the start, however, a band of complex A at 2006 cm–1 was observed along with two shoulders at 

2021 and 1992 cm–1 in the CO stretch region (Figure 8). Upon heating, the band at 2021 cm–1 

broadened and decreased in intensity and the one at 1992 cm–1 concomitantly increased. This change 

was more obvious for the first five hours. No induction time was observed for the transition, 

contrasting with the NMR experiment, which might be due to the lower concentration of complex A, 

stirring and more efficient heating in the IR experiment, thus implying that complex A is transformed 

faster into other species. Bands corresponding to Rh0 structures with bridging carbonyl groups could 

not be observed, but could be masked as a strong background band and aldehyde CO absortion bands 

appeared at the position between 1680–1800 cm–1 interfering with possible signals in this region. 

After 20 hours, the two major observable bands were positioned at 2007 and 1992 cm–1. Since 

complex A is assumed to be consumed more rapidly in the in situ IR experiment than in the in situ 

NMR experiment, the band at 2007 cm–1 was assigned to a new species, and both bands were 

tentatively ascribed to species 1, suggestive of a (mononuclear) bis- or tris-carbonyl complex (e.g. 

species I-IV shown in Figure 6).  
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Figure 8. Stacked FT-IR spectra monitoring the hydrofornylation reaction in time under 5 bar of syngas. 

 

In a control HP FT-IR experiment, where no alkene subtrate was added, slightly more distinctive 

signals were observed (Figure 9), even though interference fringe was still present.26 A short induction 

time was observed. After one hour of heating, two bands at 2042 and 1994 cm–1 could be observed 

(the band at 1991 cm–1 is actually a shoulder of the band at 1994 cm–1 arising from the background 

dip), and later two other bands at 2025 and 1978 cm–1 also appeared. The first two bands quickly 

arose in the first four hours, while the second two bands appeared slowly but steadily over time. The 

band at 2006 cm–1 diminished sharply in the first few fours. This band along with the first two signals 

(with the signal at 1994 cm–1 corresponding to 1992 cm–1 in Figure 8) might be assigned to species 1. 

Considering the observed coexistence of species 2 in the HP NMR spectra, the second set of two bands 

were assigned to species 2. Thus, species 1 and 2 were postulated to be tricarbonyl and dicarbonyl 

complexes, respectively. The slow steady inrcease of species 2 might result from CO pressure decrease 

in the autoclave along the time, which shifts the equilibrium in favor of 2. 
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Table 5. Experimentally observed IR frequencies assigned to tris-carbonyl species 1 and bis-carbonyl species 2.  

 assignment as IR frequencies 

Species 1 tris-carbonyl complex 1994, 2006, 2042 cm
-1

 

Species 2 bis-carbonyl complex 1978, 2025 cm
-1

 

 

The net pressure drop in the autoclave during the measurement without substrate present was 

directly reflected by the pressure manometer, associated with a band at 1713 cm-1 increasing over 

time. This region is generally characteristic of the CO stretch of aliphatic aldehydes, ketones or esters. 

The intensity of this band increased drastically when the temperature of the autoclave was lowered to 

room temperature, suggesting the volatile nature of the compounds. In the corresponding 1H NMR 

spectrum (Figure 12), a sharp singlet at 10.05 ppm and two signals at around 1.29 and 0.88 ppm with a 

terminal “ethyl” pattern were observed (see Figure A1 in the appendix). An aliphatic aldehyde was 

thus proposed to be formed via hydroformylation of an alkene generated via a Fischer-Tropsch 

process,27 although the details are not clear at the moment.  

  

 

Figure 9. Stacked FT-IR spectra monitoring the control experiment (without alkene) in time under 5 bar of 

syngas. 
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6.2.2.2.3 DFT calculations 

DFT calclulations of possible structures for species 1 with the dearomatized-PNN ligand coordination 

were performed to provide more detailed understanding. The BP86/def2-TZVP level has been found 

to be highly reliable to give simulated CO stretch frequencies close to experimental values for similar 

Rh-PNN carbonyl systems19 (mean squared error for five complexes  = 3.14 cm–1, without using a 

scale factor), which was thus also used here. All the structures were studied with the PNN ligand in its 

dearomatized imine form, using non-truncated models. Structures with formulas [Rh
I
(CO)3(

2
-eP,aN-

PNN*)
-1

] (I) and [Rh
I
(CO)3(

2
-aP,eN-PNN*)

-1
]  (II) were optimized for comparison with the experimental IR 

frequencies of species 1. The conformational isomers denoted as a, b, c differ mainly in orientations of 

the phenyl substituents. Different isomers of I and II were calculated to be close in energy.28 Of all 

these isomers, the computed IR frequencies for geometry IIb are closest to the experimental data of 

species 1 (Table 6). Structures with formulas [Rh
I
(CO)2(

3
-P,N,N-PNN*)

-1
] (III) and [Rh

I
(CO)2(

2
-P,N-PNN*)

-1
] 

(IV) were calculated for species 2. Geometry I, involving a 3-P,N-N-tridentate coordination mode of 

the PNN-ligand in the bis-carbonyl complex shows too low CO stretching wavenumbers compared to 

the experimentally observed signals and is therefore excluded. Two isomers of II, involving a 2-P,N-

bidentate coordination mode of the PNN-ligand in the bis-carbonyl complex in a square planar 

geometry, gave reasonable wavenumber values compared to the experimental data, with IVb showing 

most resemblance (Table 6). Thus, the Geometry of tris-carbonyl species 1 was assigned as IIb, and 

that of bis-carbonyl species 2 as IVb, with the optimized structures shown in Figure 10.  

 

Table 6. General CO values of the four envisioned formulas and corresponding conformational isomers 

calculated at the BP86/def2-TZVP level.  

For species 1 

I [Rh
I
(CO)3(

2
-eP,aN-PNN*)

-1
]  II  [Rh

I
(CO)3(

2
-aP,eN-PNN*)

-1
]  

a. 1983, 2002, 2054  cm
–1

 a. 1981, 2002, 2059 cm
–1

 

b. 1986, 1995, 2049  cm
–1

 b. 1991, 2009, 2062 cm
–1

 

c. 1988, 2000, 2054  cm
–1

 c. 1996, 2005, 2061 cm
–1

 

 

For species 2 

III [Rh
I
(CO)2(

3
-P,N,N-PNN*)

-1
]  IV [Rh

I
(CO)2(

2
-P,N-PNN*)

-1
] 

1956, 1977 cm
–1

 
a. 1988, 2040 cm

–1
 

b. 1985, 2037 cm
–1
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Figure 10. DFT optimized structures of: Left: tris-carbonyl [Rh
I
(CO)3(

2
-aP,eN-PNN*)

-1
] species 1 in geometry IIb; 

Right: bis-carbonyl [Rh
I
(CO)2(

2
-P,N-PNN*)

-1
] species 2 in geometry IVb. Distance unit is in angstrom (Å), angle 

unit is in degree (°). 

 

6.2.2.2.4 Proposed catalytic cycle 

A catalytic cycle based on the above experimental data involving the proposedly detected species 1 

and 2 is proposed in this section, using a model with the phosphorus occupying the axial position and 

the pyridine nitrogen occupying the equatorial position based on the DFT IR property calculations 

described in section 6.2.2.2.3 (Figure 11). The catalytic reaction starts with CO release from species 1 

to form species 2 with a vacant site for H2 coordination. Subsequently, the dearomatized ligand 

cooperatively acts as internal base for H2 splitting to generate hydride species 3. This dihydrogen 

activation process should benefit from the 2-P,N-bidentate fashion of the ligand as the rigid imine 

arm is removed from the coordination plane, which might otherwise result in a highly-strained 

transition state for the intramolecular deprotonation of coordinated H2. The stiffness of the ligand 

backbone is suggested to be a major reason for the inertness of the similar 3-P,N,N-tridentate 

dearomatized imine PNN ligand-based rhodium carbonyl complex E towards H2 activation (Chapter 4). 

This type of cooperative H2 activation is unknown in hydroformylation catalysis. 

Styrene insertion takes place after CO release to afford a π-allyl intermediate 4, in equilibrium with a 

branched alkyl species 5. This is the regio-determining step. The ability of the complex to stabilize the 

π-allyl resonance structure is assumed to be the major origin of the high regioselectivity towards the 

branched product. Migratory insertion of internal CO followed by external CO coordination (or direct 

insertion of external CO) gives the acyl species 6, which after protonation by the ligand generates the 

branched aldehyde product and regenerates the active catalyst 3. A similar catalytic process involving 

species in a square planar geometry is also possible, and cannot be excluded based on the available 

experimental data.  
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Figure 11. Proposed mechanism for the Rh-PNN catalyzed hydroformylation of styrene, featuring ligand 
cooperativity in H2 splitting.  
 

6.3 Conclusion 

Rh-PNN carbonyl complexes A and B showed good activity in the catalytic hydroformylation of 

styrene, leading to high regioselectivities to the branched aldehyde product. The presence of a base is 

critical for achieving good catalytic performance. Also the type and amount of base has a large 

influence on the activity and selectivity of the catalyst. Very high selectivities towards the branched 

aldehyde product (b/l ratio > 99) were obtained when combining catalyst A or B with 1 eq. of KOtBu as 

the base. When using K2CO3 as the base the aldehyde yields were somewhat higher, while the b/l 

selectivities are still high (~10) but lower than those obtained when using KOtBu as the base. The high 

b/l ratios obtained when using K2CO3 as the base are similar to those obtained with monophosphane 

coordinated catalysts reported in literature (reported b/l ratios ~10), and higher than observed in 

hydroformylation with “ligand-less” rhodium complexes. An induction period of 3.5 hours was 

observed under the chosen conditions (50 °C, five bar of syngas, in a HP NMR tube). One or more 

catalytically active intermediate(s) 1 was/were spectroscopically observed, showing the unusual 

coordination chemistry of the PNN ligand scaffold. Species 1 is even able to catalyze styrene 

hydroformylation at room temperature with high regioselectivity. The reaction rate and 

regioselectivity enabled by the species 1 are in good agreement with catalytic experiments of 

precursor complexes when combined with K2CO3, thus supporting the hypothesis that 1 is the true 

active intermediate in the catalytic system. The active species formed in the presence of KOtBu 

remains elusive thus far. 

HP NMR spectroscopy suggested that species 1 exists in a monomeric RhI form hosted by a pyridine-

dearomatized PNN ligand or in a dimeric Rh0 form with a P,N-bidentate ligand. HP FT-IR spectroscopy 

and DFT calculations suggested that species 1 is a mononuclear [RhI(CO)3(
2-P,N-PNN*)-1] species, 

probably adapting a trigonal bipyrimidal geometry with the phosphorus and the pyridine nitrogen 

occupying the axial and a equatorial position, respectively, in which the dearomatized PNN ligand 

coordinates in a bidentate fashion. A mechanism was proposed based on the structure of species 1, in 

which the cooperative ligand assists in the H2 activation step. Further in situ HP NMR and IR studies 
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under more controlled conditions are needed to get more structural information on species 1, which 

will help to elucidate the more detailed catalytic mechanism, as well as to unravel the reasons behind 

the remarkable differences in regioselectivities observed when using KOtBu as the base instead of 

K2CO3. 

 

6.4 Experimental details 

All reactions were carried out under an argon atmosphere using standard Schlenk techniques or in a 

glovebox unless noted otherwise. With exception of the Rh-PNN compounds, all reagents were 

purchased from commercial suppliers and used without further purification. Toluene was distilled 

from sodium/benzophenone ketyl under nitrogen. Dichloromethane (DCM) was distilled from CaH2 

under nitrogen. CD2Cl2 was dried over molecular sieves (3 Å) and degassed by three freeze-pump-thaw 

cycles. If not stated otherwise, syngas refers to a 1:1 mixture of H2 and CO, and the pressure refers to 

the sum pressure of both. NMR spectra (1H, 31P{1H} and 13C{1H}) were measured on a Bruker AMX 400 

spectrometer at 25 °C unless noted otherwise. IR spectra were recorded with a Nicolet Nexus FT-IR 

spectrometer.  

Hydroformylation Catalysis: Hydroformylation experiments were carried out in a stainless-steel 

autoclave suitable for seven reaction vessels (equipped with Teflon mini stirring bars) for performing 

parallel reactions. Each vial was charged with the alkene substrate (0.187 mmol), Rh-PNN carbonyl 

complex (1.87 µmol), (Base, K2CO3 or KOtBu),  decane (0.0187 mmol) and distilled toluene (3 mL). Each 

vial was then capped with a septum cap, which was then punctured with a needle (25 G  5/8 ’’), which 

was left in the cap throughout the catalysis. The autoclave was sealed and purged (5  10 bar) with 

syngas, then pressurized to 20 bar, and autoclave was heated in an oil bath to 50 °C with the vials 

being stirred for 16 h. The autoclave was then vented to 1 atm and aliquots of each reaction were 

diluted with CH2Cl2 for GC analysis. 

 

High-pressure NMR (HP NMR) studies: A high pressure NMR tube was charged with complex A (0.01 

mmol), K2CO3 (0.05 mmol) and dichloromethane (0.5 mL, dried over 3 Å molecular sieves) in glove box. 

Styrene (0.04 mmol) was subsequently added under Ar. The NMR tube was purged with (5  10 bar) 

with syngas and then pressurized to 5 bar. The reaction was monitored by 1H and 31P NMR 

spectroscopy firstly at room temperature (25 °C) and then at 50 °C (with half height of the solution 

dipping in the oil bath), following the reaction in time. 

 

High-pressure Infrared (HP IR) studies: The experiment was performed in a stainless steel (SS 316) 50 

mL autoclave equipped with IRTRAN windows (ZnS, transparent up to 700 cm–1, 10 mm i.d., optical 

path length 0.4 mm), a mechanical stirrer, and a temperature controller. The chamber was charged 

with K2CO3 (0.225 mmol) and sealed, followed by purging with argon. A 20 mL dichloromethane 

solution of styrene (0.12 mmol) was injected into the chamber through the inlet under Ar. The 

autoclave was purged (5  10 bar) with syngas (H2/CO = 1:1) and then pressurized to 5 bar. The 

autoclave was positioned in the FT-IR spectrometer and heated to 50 °C; after full equilibration, a 

background spectrum was collected. The autoclave was then let to cool down to 28 °C, and the 
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pressure was released, followed by quick injection of a DCM solution (0.6 ml) of complex A (0.03 

mmol) into the chamber. The autoclave was purged (5  10 bar) again with syngas, and pressurized to 

5 bar. The autoclave was positioned into the FT-IR spectrometer and heated to 50 °C, and a series of 

spectra were collected following the reaction in time. 

 

DFT calculations 

The gas phase geometries of the complexes 3 and 4 were optimized with the Turbomole program 

package29 coupled to the PQS Baker optimizer30 via the BOpt package31 at the ri-DFT32/BP8633 level. 

We used the def2-TZVP basis set34 for all atoms and a small grid (m4). The minima (no imaginary 

frequencies) were characterized by calculating the Hessian matrix. 

 

Appendix  

 

Figure A. 
1
H NMR of the control experiment (without alkene substrate). 
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Summary 

 

Chemical production helps to sustain the modern society by providing people with energy, medicine 

and materials. Catalysis plays a central role in chemical processes,  as it serves to provide cost-

efficient, “green” and selective pathways for otherwise highly energy-consuming, environmentally-

hazardous or even inaccessible routes. Hence, catalyst development is one of the main aims of 

modern chemical research. In the branch of homogeneous catalysis, the development of new catalytic 

systems strongly relies on the design and synthesis of new organic ligands used to steer the reactivity 

of transition metal complexes. In conventional organometallic catalysts, ligands usually act as 

spectators during the reaction, exerting effects mainly by their electronic and steric properties, with 

the metal center solely interacting with the substrates and mediating the reactions. Bifunctional 

mechanisms in enzymes, catalysts in nature, that rely on more cooperative and active participation of 

the organic framework around the metal ion, have inspired chemists to develop new types of ligands 

that can facilitate chemical processes by directly participating in substrate activation processes, in 

synergy with the function of the (transition) metal. The cooperative effects of these ligands provide 

new patterns for catalysis that help to establish more cost-effective and efficient pathways for the 

synthesis of chemical products. While cooperative ligands functioning as internal (Brønsted) 

bases/acids in the reactions have been extensively applied and studied and ligands showing radical-

type reactivity are currently actively explored in catalysis research by several research groups, ligands 

that are able to directly assist in hydride (nucleophile group) transfer in substrate activation have 

remained quite underdeveloped, and only recently attracted attention of chemists. Representative 

examples of the three types of cooperative ligands in (dehydrogenation)-related catalytic reactions are 

described in Chapter 1. As the development of cooperative ligands capable of facilitating hydride 

transfer processes could potentially have a profound impact on catalysis, the initial aim of the 

research described in this thesis was to develop rhodium and iridium complexes containing such 

cooperative ligand systems and to study their application in (de)hydrogenation-related catalysis. 

Secondary picolylamine-type ligands coordinated to rhodium and iridium have been described to 

convert rather easily to the corresponding “electrophilic” imine ligand initiated by NH deprotonation. 

This indicates a quite strong reducing capability of these ligands, presumably associated with their 

“hydride donating” ability. This was the starting point of the studies described in this Thesis. 

In Chapter 2 the preparation of iridium and rhodium complexes 1 and 2 (Figure 1) based on the N-

methyl-1-(pyridin-2-yl)methanamine (Me-pma) ligand and their chemistry upon NH deprotonation of 

the ligand are presented. While the iridium amido complex 1a could be obtained upon treatment with 

one equivalent of base, the rhodium complex 2a is probably highly unstable and instantaneously 

disproportionated into a free pma ligand and dinuclear complex 2b. Multinuclear NMR spectroscopy 

and X-ray single crystal structure determination revealed that 2b adopts a structure with two Rh(I) 

metal centers hosted by a dianionic (pma–2H)2– ligand, and with the ligand coordinating to Rh2 as an 

“aza-allyl” fragment (Figure 1). In contrast to previously reported examples, two-electron transfer 

from the (pma–H)– ligand to rhodium(I) along with a second deprotonation step was not observed for 

this system. Instead, substantial delocalization of the “excess” electrons over the “aza-allyl” fragment 

and the pyridine ring occurs. The inability of this system to form a rhodium(-I) complex is proposed to 

result from the lack of an extra coordinating site on the ligand to stabilize the reduced metal in a 
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preferred tetrahedral coordination geometry. This study, in combination with previous results from 

our group, provides useful details about the electron transfer chemistry of these pycolyl-amine-type 

ligands, not only showing the reducing ability of NH-deprotonted pma ligands but also their versatile 

nature and the subtle dependency of ligand-to-metal electron transfer on a number of factors.   

 

 

Figure 1. Transformations of 1a and 1b upon NH deprotonation. 

 

In Chapter 3, catalytic activity of the iridium complex 1(synthesis described in Chapter 2) in a series 

of transfer hydrogenation (TH) related reactions was studied, which showed high activity for especially 

α-alkylation of ketones with alcohols via a hydrogen auto-transfer process (Scheme 1), while the 

rhodium complex 2 showed no activity. A mechanism involving the Me-pma ligand assisting in hydride 

transfer between substrates via pseudo-Meerwein–Ponndorf–Verley (MPV) type transition states was 

proposed (Figure 2) and examined with experimental model studies and DFT calculations. Labelling 

experiments indicated that hydride transfer from the substrate (isopropanol) to the corresponding 

imine ligand can readily occur under mild conditions, and the reverse process was indirectly proven by 

substrate (acetophenone and trans-chalcone) reduction by complex 1a in the presence of a protic 

reagent. DFT calculations reveal that the TH reaction pathway can proceed via “reversible hydride-

storage” at the imine ligand, and the corresponding substrate-to-ligand and ligand-to-substrate 

hydride transfer steps both proceed with moderate barriers (Figure 2). This new ligand cooperative 

pathway can be competitive with other mechanisms proposed in earlier studies (e.g. traditional inner-

sphere TH mechanisms).  

                                                 

Scheme 1. α-alkylation of ketones with alcohols catalyzed by 1.      Figure 2. Proposed pseudo-MPV transition 

state. 
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In Chapter 4, the preparation of a new PNN ligand is described, which is derived from a unique 

combination of the well-known “proton responsive” 2-(phosphinomethyl)pyridine structure with the 

pma type ligand fragment studied in Chapter 2 and 3. This PNN pincer ligand was further used to 

prepare the corresponding rhodium carbonyl complex 3. Complex 3 is able to undergo sequential 

deprotonation and “hydride-loss” (or proton loss combined with two-electron oxidation) to form 

complex 4, which bears a very interesting ligand structure incorporating both a nucleophilic phosphine 

arm and an electrophilic imine arm (Figure 3). Complex 4 shows interesting “Janus-type” ligand 

reactivity in the splitting of sulfonamide substrate oTsNH2, leading to formation of a (fully 

characterized) rare hemi-aminal complex 5, where the proton and the sulfonamido group are each 

stored at one of the two arms of ligand. Notably, the sulfonamide N atom replaced the aniline atom as 

the coordinating donor bound to rhodium (Scheme 2). Further reaction of complex 5 with 

iodomethane (believed to occur on the metal center via oxidative addition) leads to formation of the 

methylated sulfonamine oTsNHMe and imine complex 7. Subsequent deprotonation of complex 7 

regenerates compex 4.  

                 

Figure 3. Synthesis of complex 4 from complex 3 via sequential deprotonation and “hydride-loss”. The figure on 

the right shows the HOMO (solid surface) and LUMO (wireframe) of complex 4. 

 

Scheme 2. Hypothetical catalytic cycle composed of stoichiometric steps (one turnover) involving mono-

methylation of o-TsNH2 with MeI mediated by complex 4. 
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In Chapter 5, the activity of a series of PNN rhodium carbonyl complexes (based on similar PNN 

scaffolds as those described in Chapter 4) in catalytic synthesis of ketenes and ketene imines from 

carbene precursors is described. The purpose of using rhodium-based catalysts for these reactions is 

to develop a catalyst that can both catalyze ketene formation from carbene precursors and mediate 

the following coupling reactions, as this might eventually allow the development of enantioselective 

protocols in follow-up studies. Rhodium is expected to have a higher affinity to bind ketenes 

compared to the reported catalysts for this reaction, and is thus expected to give rise to inner-sphere 

coupling reactions between the in situ formed ketene and the nucleophile/imine. In the catalytic 

reactions described in Chapter 5, ketenes were generated in situ by carbonylation of a diazo 

compound or a sodium N-tosyl hydrazone salt as the carbene precursor, mediated by the PNN 

rhodium carbonyl complexes 8 and 9 under basic conditions (Scheme 3). Trapping of the thus formed 

ketenes with an amine or imine in one-pot reactions leds to formation of amides and β-lactams, 

respectively, in moderate to high yields. A similar reaction using an isocyanide instead of carbon 

monoxide led to formation of a ketene imine, providing the first catalytic example for the synthesis of 

ketene imines from a carbene precursors (Scheme 4). The ketene formation and the subsequent [2+2] 

Staudinger reaction steps were evaluated with DFT, showing that diazo activation to form the 

metallocarbene species is the rate-determining-step, with the neutral amido form of the complex 

being more active than the cationic amine form, in agreement with experimental observations. Outer-

sphere CO insertion is computed to be slightly favored over the inner-sphere mechanism, but follow-

up coupling mechanisms are very similar in energy for both pathways.  

 

Scheme 3. Amide and β-lactam synthesis from in situ generated ketenes generated by Rh-mediated 

carbonylation of carbene precursors using the PNN rhodium carbonyl complexes 8 and 9. 

 

 

Scheme 4. Catalytic ketene imine synthesis by coupling of a carbene precursor and an isocyanide 

catalyzed by PNN rhodium carbonyl complex 8. 

 

In Chapter 6, catalytic studies of a series of PNN rhodium carbonyl complexes in the 

hydroformylation of styrene and 1-octene is presented. Complexes 8 and 9 (see also Chapter 5) show 
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good activity and regioselectivity (branched over linear; b/l) in the hydroformylation of styrene. The 

presence of a base is critical for achieving good catalytic performance. Very high selectivity of the 

branched aldehyde product (b/l ratio > 99) was obtained with 1 eq. of KOtBu as the base. When K2CO3 

was used as the base, the aldehyde yields were somewhat higher, while the selectivity is still high but 

lower than obtained with KOtBu as the base. A catalytically active intermediate 10 was 

spectroscopically observed using 8 as the precatalyst, which is even able to catalyze the reaction at 

room temperature with high regioselectivity, showing the unusual coordination chemistry of the PNN 

ligand scaffold. High pressure NMR spectroscopy suggested that species 10 exists in a monomeric RhI 

form hosted by a pyridine-dearomatized PNN ligand or in a dimeric Rh0 form with a P,N-bidentate 

ligand. High pressure FT-IR spectroscopy and DFT calculations suggested that species 10 is a 

mononuclear [RhI(CO)3(
2-P,N-PNN*)-1] species, probably adopting a trigonal bipyramidal coordination 

geometry with the phosphorus donor and the pyridine nitrogen donor occupying an axial and an 

equatorial position, respectively. A mechanism was proposed based on the structure of species 10, in 

which the cooperative ligand assists in the H2 activation step (Scheme 5). 

 

Scheme 5. Proposed mechanism for the PNN-Rh catalyzed hydroformylation of styrene, featuring 

ligand cooperativity in the H2 splitting step. 

 

Overall this Thesis shows that cooperative ligands provide versatile reactivity platforms, thus 

stimulating follow-up research. The unusual ligand assisted hydride transfer mechanism proposed in 

Chapter 3 for transfer hydrogenation and hydrogen auto-transfer-type substrate activation processes 

mediated by pma Rh/Ir complexes is noteworthy in this perspective, and application of related 

complexes with similar ligand structures might well lead to unexplored new reactivity patterns in 

organic synthesis. Also the unusual “Janus-type” PNN-ligands described in Chapter 4 provide 

interesting possibilities. The combination of an electrophilic and a nucleophilic ligand arm in one 

cooperative ligand was shown to provide a versatile ligand-based reactivity platform for the activation 

of a sulfonamide substrate, and the cooperative ligand allowed reversible “storage” of the activated 

substrate in the ligand backbone to enable a subsequent metal-based substrate activation proces. A 

pseudo-catalytic reaction was achieved based on integration of the multiple processes involved, 

thereby demonstrating that similar dual-mode ligand reactivity patterns in general may be a viable 
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approach in organometallic catalysis. The catalytic activity of similar Rh-PNN complexes in ketene and 

ketene imine synthesis from carbenes, as well as in styrene hydroformylation, further underlines the 

versatility of the PNN-Rh platform in homogeneous catalysis. We therefore believe that further 

mechanistic studies and ligand modifications will lead to further improvements of catalytic efficiencies 

and development of new catalytic reactions. 
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Samenvatting 

 

Onze huidige levensstandaard wordt voor een belangrijk deel in stand gehouden door de chemie, die 

ons energie, medicijnen en allerlei materialen verschaft. Katalyse speelt een hoofdrol in chemische 

processen, omdat het kosteneffectieve, ‘groene’ en selectieve paden kan verschaffen als alternatief 

voor energie-intensieve, milieuonvriendelijke of zelfs ontoegankelijke methodes. In de tak van 

homogene katalyse hangt de ontwikkeling van nieuwe katalysatoren sterk af van het ontwerp en de 

synthese van nieuwe organische liganden, die gebruikt worden om de reactiviteit te sturen van 

complexen van overgangsmetalen. In conventionele homogene katalyse hebben liganden meestal een 

passieve rol, waarbij ze slechts een indirect effect op het metaal uitoefenen door middel van hun 

elektronische en sterische eigenschappen, terwijl alleen het metaal een interactie vertoont met het 

substraat en zodoende de reactie stuurt. Enzymen, de katalysatoren van de natuur, maken veelvuldig 

gebruik van coöperatieve en actieve deelname van het organische raamwerk rond het metaalion. De 

bifunctionele mechanismen die hieraan ten grondslag liggen hebben chemici geïnspireerd om nieuwe 

ligand-types te ontwikkelen die chemische processen kunnen vergemakkelijken door direct deel te 

nemen aan het activeren van het substraat. in synergie met de functie van het (overgangs)metaal. De 

coöperatieve effecten van deze liganden bieden nieuwe methodes voor katalyse, die helpen om 

kosteneffectieve en efficiënte paden te ontwikkelen voor de synthese van allerlei belangrijke 

chemische producten. Coöperatieve liganden die functioneren als interne (Brønsted) basen/zuren zijn 

uitvoerig bestudeerd in diverse reacties en liganden die radicaal-reactiviteit vertonen worden 

momenteel veel onderzocht door verschillende onderzoeksgroepen voor toepassingen in de katalyse. 

Liganden die in staat zijn om direct deel te nemen aan de overdracht van een hydride (een nucleofiele 

groep) tijdens het activeren van een substraat zijn echter onderontwikkeld en dit soort reacties heeft 

nog maar zeer recent de aandacht getrokken van chemici. Representatieve voorbeelden van de drie 

types van coöperatieve liganden in (dehydrogenering-gerelateerde) katalytische reacties zijn 

beschreven in Hoofdstuk 1. Aangezien de ontwikkeling van coöperatieve liganden die in staat zijn om 

hydride overdracht te faciliteren van groot belang kan zijn voor katalyse, was het eerste doel van het 

onderzoek zoals beschreven in dit proefschrift om rhodium en iridium complexen met zulke liganden 

te ontwikkelen en hun toepassing te onderzoeken in katalyse gerelateerd aan 

(de)hydrogeneringsreacties. Als tweede is aangetoond dat picolylamine liganden, indien 

gecoördineerd aan rhodium en iridium, gemakkelijk omgezet kunnen worden in een overeenkomstig 

“electrofiel” imine ligand, geïnitieerd door NH deprotonering. Dit wijst op de sterk reducerende 

capaciteit van deze liganden, vermoedelijk gerelateerd aan hun “hydride donerende” vermogen. Dit 

was het startpunt van het onderzoek zoals beschreven in dit proefschrift. 

In Hoofdstuk 2 is de synthese van de rhodium en iridium complexen 1 en 2 (Figuur 1) gebaseerd op 

het N-methyl-1-(pyridin-2-yl)methanamine (Me-pma) ligand beschreven, alsmede hun reactiviteit 

geïnduceerd door deprotonering van het NH fragment van het ligand. Het iridium amido complex 1a 

kan verkregen worden door middel van het toevoegen van één equivalent base, maar het rhodium 

complex 2a is zeer instabiel, met directe disproportionering naar het vrije pma ligand en het 

dinucleaire complex 2b als gevolg. Multinucleaire NMR spectroscopie en een Röntgen-

kristalstructuurbepaling hebben laten zien dat 2b een structuur aanneemt waarbij twee Rh(I)-centra 

gebonden zijn aan een di-anionisch (pma-2H)2- ligand en waarbij het ligand coördineert aan Rh2 als 
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een “aza-allyl” fragment (Figuur 1). Twee-elektron overdracht van het (pma-H)- ligand naar rhodium(I), 

samen met een tweede deprotonering is niet waargenomen in dit systeem, in tegenstelling tot eerder 

gepubliceerde voorbeelden. In plaats daarvan is er sprake van een significante delokalisatie van de 

“overmaat” aan elektronen binnen het “aza-allyl” fragment en de pyridine ring. Een mogelijke 

verklaring dat dit systeem geen rhodium(-I) complex vormt is het gebrek aan een extra ligand-donor, 

met als gevolg dat het gereduceerde metaal niet gestabiliseerd kan worden in een voor rhodium(-I) 

stabiele tetrahedrale geometrie. Dit onderzoek, in combinatie met eerdere resultaten uit onze groep, 

verschaft bruikbare details over de chemie van de elektronoverdracht van deze picolyl-amine type 

liganden. Zowel de reducerende capaciteit van de NH-gedeprotoneerde pma liganden alsook de 

diverse subtiele factoren die een invloed hebben op de mate van ligand-naar-metaal 

elektronoverdracht tonen de veelzijdigheid van deze verbindingen aan.  

 

Figuur 1. Transformaties van 1a en 1b na NH deprotonering. 

 

In Hoofdstuk 3 is de katalytische activiteit van iridium complex 1 (synthese gerapporteerd in 

Hoofdstuk 2) in diverse reacties gerelateerd aan ‘transfer-hydrogenation’ (TH) beschreven. Dit 

systeem vertoonde een hoge activiteit in de α-alkylering van ketonen met alkoholen. Deze reactie 

verloopt via een waterstof ‘auto-transfer’ proces (Schema 1). Het rhodium complex 2 liet geen 

activiteit zien. Er is een mechanisme voorgesteld op basis van experimentele resultaten en DFT 

berekeningen, waarbij het Me-pma ligand helpt bij de overdracht van een hydride tussen substraten 

via een pseudo-Meerwein-Ponndorf-Verley (MPV) type overgangstoestand (Figuur 2). 

Labelingsexperimenten wezen erop dat de hydride-overdracht van het substraat (isopropanol) naar 

het corresponderende imine ligand gemakkelijk verloopt onder milde omstandigheden. Het 

omgekeerde proces is indirect bewezen door reductie van het substraat (acetophenon en trans-

chalcon) door complex 1a in aanwezigheid van een protisch reagens. DFT berekeningen laten zien dat 

het pad van de TH reactie kan plaatsvinden via ‘omkeerbare hydride-opslag’ op het imine ligand en dat 

de bijbehorende substraat-naar-ligand en ligand-naar-substraat hydride-overdrachtsprocessen beide 

plaats kunnen vinden met zeer toegankelijke barrières (Figuur 2). Dit nieuwe ligand-coöperatieve pad 

kan competitief zijn met andere mechanismes uit eerdere onderzoeken (bijv. traditionele ‘inner-

sphere’ TH mechanismen).  
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Schema 1. α-alkylering van ketonen met alcoholen gekatalyseerd door 1.      Figuur 2. Voorgestelde pseudo-MPV 

overgangstoestand. 

 

In Hoofdstuk 4 is het maken van een nieuw PNN ligand beschreven. Dit ligand is een unieke 

combinatie van de bekende ‘proton-responsieve’ 2-(phosphinomethyl)pyridine structuur en het pma-

type ligand zoals onderzocht in Hoofdstukken 2 en 3. Dit nieuwe PNN ‘pincer-type’ ligand werd verder 

gebruikt om het corresponderende rhodium carbonyl complex 3 te maken. Complex 3 is in staat om 

achtereenvolgens deprotonering en ‘hydride-verlies’ (of verlies van een proton gecombineerd met 

twee-elektron oxidatie) te ondergaan om complex 4 te vormen. Dit complex bevat een zeer 

interessante ligandstructuur met zowel een nucleofiele phosphine arm en een elektrofiele imine arm 

(Figuur 3). Complex 4 laat ‘Janus-type’ ligand-reactiviteit zien bij het splitsen van het sulfonamide 

substraat oTsNH2, wat leidt tot de vorming van een (volledig gekarakteriseerd) zeldzaam hemi-aminaal 

complex 5, waarbij het proton en de sulfonamido groep elk opgeslagen zijn op één van de twee armen 

van het ligand. Opmerkelijk is dat het N-atoom van het sulfonamide het aniline N-atoom vervangt als 

de coördinerende donor gebonden aan het rhodium (Schema 2). Verdere reactie van complex 5 met 

joodmethaan (er wordt aangenomen dat dit plaatsvindt op het metaal via oxidatieve additie) leidt tot 

de vorming van het gemethyleerde sulfonamide oTsNHMe en imine complex 7. Verdere 

deprotonering van complex 7 regenereert complex 4. 

 

                 

Figuur 3. Synthese van complex 4 vanuit complex 3 via achtereenvolgens deprotonering en ‘hydride-verlies’. De 

figuur rechts laat de HOMO (vast oppervlak) en LUMO (draadframe) van complex 4 zien. 



Samenvatting 
 

158 
 

 

Schema 2. Hypothetische katalytische cyclus bestaande uit stoichiometrische stappen (één omloop) resulterend 

in mono-methylering van o-TsNH2 met MeI, gestuurd door complex 4. 

 

In Hoodstuk 5 is de activiteit van een serie PNN rhodium carbonyl complexen (gebaseerd op 

soortgelijke PNN constructies zoals beschreven in Hoofdstuk 4) in de katalytische synthese van 

ketenen en keteen imines vanuit carbeen precursors beschreven. Het doel van het gebruik van 

rhodium katalysatoren voor deze reacties is om een katalysator te ontwikkelen die zowel 

keteenvorming als ook de daaropvolgende koppelingsreacties kan katalyseren. Dit zou uiteindelijk tot 

de ontwikkeling van enantioselectieve protocollen kunnen leiden in vervolgonderzoek. Er wordt 

verwacht dat rhodium een hogere affiniteit heeft om ketenen te binden dan andere beschreven 

katalysatoren voor deze reactie, wat ’inner-sphere’ koppelingsreacties tussen het in situ gevormde 

keteen en het nucleofiel/imine mogelijk maakt. In de katalytische reacties beschreven in Hoofdstuk 5 

werden ketenen in situ gegenereerd door carbonylering van een diazo verbinding of een natrium 

N-tosyl hydrazon zout als de carbeen precursor, gekatalyseerd door de PNN rhodium carbonyl 

complexen 8 en 9 onder basische omstandigheden (Schema 3). Invangen van de gevormde ketenen 

met een amine of imine in éénpotsreacties leidt tot de vorming van respectievelijk amides en β-lactam 

verbindingen in goede tot hoge opbrengsten. Een soortgelijke reactie waarbij een isocyanide gebruikt 

wordt in plaats van koolstofmonoxide leidt tot de vorming van een keteen imine. Dit verschaft het 

eerste katalytische voorbeeld van de synthese van keteen imines vanuit carbeen precursors (Schema 

4). De keteenvorming en daaropvolgende [2+2] Staudinger reactie werden ook onderzocht met DFT. 

Hieruit kwam naar voren dat diazo activering om zo het metallocarbeen te vormen de 

snelheidsbepalende stap is. Verder bleek dat de neutrale amido vorm van het complex actiever was 

dan de kationische amine vorm, in overeenstemming met experimentele waarnemingen. ‘Outer-

sphere’ CO insertie heeft de voorkeur over een ‘inner-sphere’ mechanisme volgens de berekeningen, 

maar verdere koppelingsmechanismen zijn vrijwel gelijk in energie voor beide paden. 
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Schema 3. Amide en β-lactam synthese vanuit in situ gevormde ketenen gegenereerd door Rh-gekatalyseerde 

carbonylering van carbeen precursors, gebruikmakend van PNN rhodium carbonyl complexen 8 en 9. 

 

 

Schema 4. Katalytische keteen imine synthese door middel van koppeling van een carbeen precursor en een 

isocyanide gekatalyseerd door PNN rhodium carbonyl complex 8. 

 

In Hoofdstuk 6 is de katalytische activiteit van een serie PNN rhodium carbonyl complexen in de 

hydroformylering van styreen en 1-octeen beschreven. Complexen 8 en 9 (zie ook Hoofdstuk 5) 

vertonen een goede activiteit en regioselectiviteit (vertakt boven lineair; b/l) in de hydroformylering 

van styreen. De aanwezigheid van een base is cruciaal om de katalysator goed te laten werken. Er 

werd een zeer hoge selectiviteit van het vertakte aldehyde product (b:l ratio > 99) behaald met één 

equivalent KOtBu als base. Wanneer K2CO3 gebruikt werd als base was de aldehyde opbrengst wat 

hoger, maar werd een wat lagere selectiviteit waargenomen dan wanneer KOtBu gebruikt werd als 

base (maar de selectiviteit bleef nog steeds vrij hoog). Een katalytisch actief intermediair 10 werd 

spectroscopisch waargenomen wanneer 8 gebruikt werd als prekatalysator. Dit intermediair bleek 

zelfs in staat om de reactie te katalyseren bij kamertemperatuur met hoge regioselectiviteit. Dit is 

opmerkelijk en waarschijnlijk alleen mogelijk door de ongebruikelijke coördinatiechemie van het PNN 

ligand. Op basis van hoge druk NMR spectroscopie kan geconcludeerd worden dat deeltje 10 ofwel 

een mononucleair RhI complex met een pyridine-gedearomatiseerd PNN ligand betreft, of een 

dinucleair Rh0 complex met een P,N-bidentaat ligand. Hoge druk FT-IR spectroscopie en DFT 

berekeningen suggereren dat deeltje 10 een mononucleair [RhI(CO)3(
2-P,N-PNN*)-1] deeltje is, dat 

waarschijnlijk een trigonaal bipyramidale coördinatiegeometrie aanneemt waarbij de fosfordonor en 

de pyridine stikstofdonor respectievelijk een axiale en equatoriale positie bezetten. Er is een 

mechanisme voorgesteld op basis van de structuur van deeltje 10, waarbij het coöperatieve ligand 

assisteert in de H2 activeringsstap (Schema 5). 
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Schema 5. Voorgesteld mechanisme van de PNN-Rh gekatalyseerde hydroformylering van styreen, 

met ligand coöperativiteit in de H2 splitsingsstap. 

 

De resultaten beschreven in dit proefschrift laten duidelijk zien dat coöperatieve liganden een zeer 

veelzijdige reactiviteit vertonen, en dit stimuleert vervolgonderzoek. Het ongebruikelijke ligand-

geassisteerde hydride transfer mechanisme, zoals voorgesteld in Hoofdstuk 3 voor transfer 

hydrogenering en waterstof auto-transfer-type substraat-activeringsprocessen gestuurd door pma 

Rh/Ir complexen, is opmerkelijk in dit perspectief. Toepassing van gerelateerde complexen met 

soortgelijke ligandstructuren zou zeker kunnen leiden tot nog niet eerder bestudeerde nieuwe 

reactiviteit in de organische synthese. Ook verschaffen de ongebruikelijke ‘Janus-type’ PNN-liganden 

zoals beschreven in Hoofdstuk 4 zeer interessante mogelijkheden. De combinatie van een nucleofiel 

en een electrofiel ligand-fragment in één coöperatief ligand verschaft een veelzijdig ligand-gebaseerd 

reactiviteitsplatform voor de activering van sulfonamides. Ook kan er reversibele ‘opslag’ van het 

geactiveerde substraat op het ligand plaatsvinden, zodat daaropvolgende activering van een ander 

substraat op het metaal kan plaatsvinden. Integratie van de verschillende betrokken processen tot een 

pseudo-katalytische reactie bleek mogelijk. In het algemeen kunnen soortgelijke duale ligand-

reactiviteitspatronen wellicht gebruikt worden om verschillende katalytische processen rendabeler te 

maken. De katalytische activiteit van soortgelijke Rh-PNN complexen in keteen en keteen imine 

synthese vanuit carbenen, alsmede in styreen hydroformylering, onderstreept verder de veelzijdigheid 

van het nieuwe PNN-Rh platform in de homogene katalyse. Daarom geloven we sterk dat uitgebreider 

mechanistisch onderzoek en nadere modificaties van het ligand kunnen leiden tot verdere 

verbeteringen van de katalytische efficiëntie van deze systemen, alsmede tot de ontwikkeling van 

geheel nieuwe katalytische processen. 
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