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Zusammenfassung 

Vor dem Hintergrund der sehr speziellen Voraussetzungen für die verschiedenen Bereiche der 

homogenen Katalyse sind die sterischen und elektronischen Anforderungen an 

Übergangsmetallkomplexe immer größer geworden. Besonders die N-heterozyklischen 

Carbenliganden wurden stetig weiterentwickelt und modifiziert um den steigenden 

Ansprüchen gerecht zu werden. Eine der bedeutendsten Umsetzungen ist die 

Transferhydrierung mit Ruthenium-basierten NHC-Komplexen.  

Im Kontext dieser Arbeit liegt der Hauptfokus auf der Entwicklung mehrzähniger NHC 

Liganden. Die Einführung von drei- oder vierzähnigen, offenkettigen NHC Liganden, die über 

Alkylbrücken miteinander verbunden sind, kombiniert die Vorteile der Chelatisierung mit 

einem hohen Grad an koordinativer Variation. Die hier beschriebenen offenkettigen 

Ruthenium(II)-tetra-NHC Komplexe weisen sägebockartige oder äquatoriale Koordination auf. 

Neben der Länge der Alkylbrücken beeinflusst auch die Koordination von Nukleophilen die 

Koordinationsgeometrie. Beide Strukturmotive wurden auf ihre katalytische Aktivität in der 

Transferhydrierung getestet. Besonders der Komplex in Sägebock-Konformation weist eine 

bemerkenswert hohe Aktivität auf. Zusätzlich wurde ein weiterer offenkettiger Ruthenium(II) 

Komplex mit einem normalen imidazolbasierten und zwei abnormalen triazolbasierten 

Carbenen beschrieben. Der Komplex weist eine meridionale Koordination auf, wobei für das 

verwendete Modellsystem vielversprechende Ergebnisse in der Transferhydrierung erhalten 

wurden. 

Kohlenstoffdioxid wird in der Industrie derzeit nur sehr spärlich für die chemische Synthese 

verwendet. Demzufolge liegt in der konzeptionellen Studie besonderes Augenmerk auf der 

katalytischen Umsetzung von CO2 zu Acrylsäure und deren Derivaten. Besonders in Bezug 

auf Nachhaltigkeit ist die photokatalytische Aktivierung von CO2 von großem Interesse. 

Entsprechend wurden Vorstufen von Rhenium(I) Biphosphinin Komplexen synthetisiert, die 

möglicherweise als interessante Alternative zu bereits bestehenden Rhenium-basierten 

Systemen gesehen werden können.  

Außerdem werden supramolekulare Koordinationskäfige als selektive Transportsysteme für 

Krebsmedikamente im Zuge dieser Arbeit untersucht. Biologische Bildgebungsverfahren 

basierend auf Fluoreszenzmikroskopie werden beschrieben, um die Aufnahme der 

Metallkäfige mit dem eingelagerten Krebsmedikament Cisplatin in der Zelle zu verfolgen. 

Nachfolgend wurden verschiedene Konzepte zur Steigerung der Lumineszenz der Käfige 

untersucht. Ein Käfig mit außergewöhnlich hoher Quantenausbeute von 66% wurde 

beschrieben. 
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Abstract 

In the light of very specific requirements for the diverse applications in homogeneous 

catalysis, variation of steric and electronic characteristics of transition metal complexes 

become more sophisticated. In particular, N-heterocyclic carbene ligands have been 

extensively modified and tailored to increasingly delicate catalytic reactions. One of the most 

fundamental transformations, the transfer hydrogenation has become the center of attention 

especially for ruthenium-based NHC complexes.  

In the context of this work, the main focus is on the development of polydentate NHC ligands. 

The introduction of three or four NHC moieties connected by alkyl bridges combines the 

advantages of chelation with a high coordinative variability, due to acyclic ligand motifs. 

Open-chain ruthenium(II) tetra-NHC complexes are synthesized and show either sawhorse-

type or equatorial coordination. Besides the length of the alkyl linker, additional coordination 

of nucleophiles to the two remaining coordination sites influences the coordination geometry. 

Evaluation of both structural motifs in transfer hydrogenation revealed a remarkable activity 

of the ruthenium(II) tetra-NHC complex with sawhorse-type geometry. Another open-chain 

ruthenium(II) complex featuring a normal 2-imidazolylidene as well as two abnormal 1,2,3-

triazolylidene carbene moieties is synthesized. The complex with the meridional coordinated 

tri-NHC ligand shows promising results for the transfer hydrogenation of the employed model 

substrate. 

Carbon dioxide is currently only rarely used for chemical synthesis in industry. Consequently, 

attention is drawn to the catalytical transformation of CO2 to acrylic acid and its derivatives in 

a conceptual study. Photocatalytic activation of carbon dioxide is highly interesting in terms 

of sustainability. Herein, precursors for potentially active rhenium(I) biphosphinine 

photocatalysts are described with the aim to vary the chromophoric system of already 

established rhenium(I)-based systems. 

Furthermore, supramolecular coordination cages and their applicability as selective drug 

carriers for anticancer medication are examined in this work. Biological imaging using 

fluorescence microscopy of the uptake of the metallocages with the encapsulated drug 

cisplatin into the cells is attempted. Subsequently, rational approaches to highly luminescent 

cage compounds are discussed leading to an exceptionally high quantum yield of 66%. 
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1.1 Homogeneous Catalysis 

The chemical industry is one of the most international and competitive industries, which is 

also connected to a wide field of processing and manufacturing activities. Consequently, it 

supplies virtually all sectors of the economy and provides a significant contribution to net 

exports. In Figure 1, the scope of the world chemicals sales and trade flows by region is 

depicted. While Europe is still one of the largest contributors, world sales were largely driven 

by China in 2014.1 

 

 

Figure 1. Worldwide chemicals sales in 2014, which amount to a total of €3,232 billion. Noteworthy, 
Asia chemicals production outpaces other regions, even when global sales grew only 2.6% in 2014. 
Reprinted with permission from Cefic Chemdata International 2016. Copyright 2016 Cefic.  

 

Figure 2 illustrates the segments of the chemical industry in Europe in 2014.1 The three main 

sectors are base chemicals, specialty chemicals and consumer chemicals. Base chemicals 

are considered commodity goods and are manufactured at a high volume. Specialty 

chemicals are produced in smaller volumes and consist of a very heterogeneous product 

portfolio. Consumer chemicals are all products that are sold to the final customer and make 

up for only 12.6%. The development and production of chemical products on this scale is 

only possible with the use of catalysts.2 
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Figure 2. EU chemicals sales by sector (excluding pharmaceuticals) amounting to a total of €551 billion 
in 2014.1 Reprinted with permission from Cefic Chemdata International 2016. Copyright 2016 Cefic. 

 

Taking into account economical and ecological aspects, the use of catalysts is imperative, 

since catalysts reduce the energy demand and can alter the reaction pathways and products 

to higher selectivities. Undesired products are avoided and waste is minimized. 

Consequently, “greener” pathways in the synthesis of both bulk and fine chemicals are 

developed.2-5 Heterogeneous processes are still state-of-the-art for large scale chemical 

transformations in industry, taking up around 80% of all catalytic processes, due to easier 

separation of catalyst and product.2,4 Homogeneous systems amount to roughly 15%, and 

biocatalysts to the remaining 5%. However, during the last decades, homogeneous catalysis 

has grown significantly and the development of new transition metal complexes established 

homogeneous catalysis in various fields. Industrially applied homogeneous transition metal 

mediated catalysis includes hydrogenation, oxidation (e.g. hydrocarbons), polymerization, 

isomerization, metathesis, oligomerization, hydrosilylation and hydrocyanation among 

others.2,4 

The economic significance of hydrogenation and transformation reactions provides the 

rationale for the main focus of this work. In addition, to a close examination of transfer 

hydrogenation reactions, the concept of goal-oriented design will be explored with respect to 

the development of new catalyst structural motifs. Transformation of carbon dioxide and its 

utilization in synthetic chemistry will be investigated on a conceptual as well as a synthetic 

level. The third part will be focusing on the transition of homogeneous catalysts to novel 

applications of supramolecular systems. 
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1.2 N-heterocyclic Carbene Complexes and their Application in 

Transfer Hydrogenation Catalysis 

In this section, an extensive account of N-heterocyclic carbene chemistry will be presented, 

focusing on the early history of NHC ligands, synthetic advantages and challenges, complex 

formation, electronic as well as steric characteristics and recent developments in NHC 

chemistry. Coupled with reports on interesting applications in homogeneous catalysis, this 

will provide a contextual basis for the NHC based research presented in this work. 

1.2.1 Development of N-heterocyclic Carbene Ligands 

Ever since the first evidence of their existence, carbenes have played an important role in 

organometallic chemistry. Carbenes are rarely stable in the free state due to their 

thermodynamic as well as kinetic instability and resulting high reactivity.4,6 In general, the 

derived metal carbene complexes are divided in two groups, the Fischer7 (singlet carbene) 

and the Schrock8 (triplet carbene) type carbene complexes. In case of the Fischer type 

carbene, direct carbon to metal donation dominates and the carbon acts as a 2 e- lone-pair 

donor, resulting in preferred coordination to late transition metals in low oxidation states. 

Schrock carbenes, however; are usually bound to early transition metals with high oxidation 

states, resulting in a formal double bond due to strong back-bonding.4 One of the most 

prominent class derived of Fischer-type carbenes are without doubt N-heterocyclic carbenes 

with countless reports within the last two decades.6,9-11 Just a couple of years after the first 

real metal carbene complex was reported by Fischer7,12 et al., Öfele13-14 and Wanzlick15 et al. 

independently described chromium and mercury transition metal complexes with 

N-heterocyclic carbene ligands (Figure 3).  

 

 

Figure 3. Early metal carbene complex I-1 described by Fischer et al.7 Öfele and Wanzlick et al. 
reported the first N-heterocyclic transition metal complexes I-2 and I-3 over half a century ago in 
1968.13,15  
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Following these initial reports, Lappert and coworkers described compounds derived from 

electron rich olefins, however, attempts to isolate a stable free N-heterocyclic carbene 

remained unsuccessful for two more decades.16-20  

In 1991, the common scientific perspective of carbene related chemistry drastically changed, 

when Arduengo and coworkers presented one of the first examples of stable free carbenes 

(Figure 4). Bulky adamantyl wingtip groups at the nitrogen atoms effectively shielded the 

reactive, electron deficient carbene carbon due to steric hindrance in addition to the electronic 

stabilization effect of the nitrogen donors in the imidazolylidene moiety. 

 

 

Figure 4. Arduengo’s stable crystalline N-heterocyclic carbene, the isolable 1,3-di-1-adamantyl-
imidazol-2-ylidene.21 

 

The tipping point that finally started the golden age of NHC complexes was initiated by the 

first catalytic application described by Hermann et al. in 1995.22 Consequently, this previously 

intangible intermediary, highly reactive species of NHCs rapidly transformed into a 

convenient, easily tunable spectator ligand class in organometallic chemistry and 

homogeneous catalysis.6,23-26 Following these discoveries, a third type of carbenes was 

introduced, the Wanzlick-Arduengo carbenes. This distinction was necessary, since NHC 

complexes are different from both extremes, the Fischer and the Schrock carbenes and their 

opposing reactivities.11 Contrary to the high reactivity towards Lewis bases (Fischer carbenes) 

or Lewis acids (Schrock carbenes), NHC transition metal complexes show generally a high 

stability and metal carbene bonds are exceptionally robust, often almost inert against 

moisture, heat and oxygen.11 Considering the electronic situation, these properties are due to 

a strong σ-donor and low π-backbonding ability, which are derived from their intrinsic 

stabilization caused by an N–C pπ-pπ bonding interaction of the nitrogen atoms next to the 

carbene carbon atom. Consequently, nucleophilic attack on the carbon is hindered since the 

p-orbital is already partially filled.11,27  

 

Although NHCs started out as phosphine mimics, the stability of the transition metal 

complexes of N-heterocyclic carbenes especially the low oxidation reactivity combined with 
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convenient synthetic protocols is often cited as one of the key advantages of these ligands 

versus their organophosphine counterparts.28 In addition, typically NHCs show stronger σ-

donor character than even the most donating phosphines PR3.4,29 The wingtip groups R 

influence the steric effect on NHCs, but due to the fan shape, compared to cone shaped PR3 

ligands, freely rotating NHC ligands are less bulky than phosphines and the largest effect on 

the Tolman electronic parameter (TEP) is caused by the nature of the ring (Figure 5).4,30-31 

 

 

Figure 5. Schematic fan shaped NHC and cone shaped phosphine metal complexes.6,32  

 

1.2.2 Synthetic Access Routes to NHC Metal Complexes 

Nowadays several pathways leading to the formation of N-heterocyclic carbene (transition) 

metal complexes exist. The great variation in not only the metal precursors, but also in the 

employed NHC ligands with a plethora of electronic and steric properties renders different 

approaches more useful than others for specific target structures. The most prominent 

synthetic routes are depicted in Scheme 1. 
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Scheme 1. Varying synthetic methods towards NHC complexes.33-34 

 

(a) Reaction of the free carbene with a suitable metal precursor21,35-38 

(b) Insertion of a coordinately unsaturated electrophilic metal center in enetetramines16-20 

(c) Deprotonation of azolium salts using metal precursors with basic ligands, acting as 

internal bases13,15,39-41 

(d) In situ deprotonation of azolium salts and reaction with metal precursors in an one-

pot reaction36,42-44 

(e) Transmetalation of silver NHC complexes45-47 

(f) Oxidative additions of suitable metal-precursors into C–X bonds (X = H, Hal, Me)48-51 

(g) Synthesis with protected NHCs for in situ carbene generation43,52-54 

(h) Template-controlled synthesis of protic NHC ligands55-59 
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Deprotonation of the NHC precursor is one of the most common routes to NHC metal 

complexes. Therefore, methods (a), (c), (d) and (e) are related as they all depend on the use 

of bases. The main advantage of preformed free NHCs is that they are directly used to replace 

labile ligands on a suitable metal complex precursor. The main disadvantage is their air and 

moisture sensitivity, which increases the synthetic effort. In case of method (c), in situ 

deprotonation is achieved by basic ligands coordinated to the metal precursors, for example 

acetates, hydrides or alkoxides. The most famous synthesis protocols using basic metal 

complexes were reported by Öfele and Wanzlick et al., who synthesized the first 

imidazolylidene metal complexes in 1968.13,15 Method (d) relies on in situ deprotonation by an 

external base added to a mixture of the NHC precursor and a metal precursor. Various bases 

with differing basicity have been successfully employed for the generation of NHC complexes. 

However, especially strong bases are known to facilitate side reactions in ligand or metal 

precursors with electrophilic or acidic functional groups. These observations triggered the 

search for a viable milder alternative, which was established by Wang and Lin in 1998.46 In 

this case, the azolium salt is deprotonated by Ag2O, which acts as both base and metal source 

(method (e)). The easily generated Ag-NHC complex is subsequently used as an effective 

transmetalation agent, due to a comparably labile silver-carbene bond. The huge number of 

easily accessible azolium salts in combination with a mild transmetalation reaction, which 

tolerates a wide range of functional groups, paved the way for highly functionalized NHC 

metal complexes.45 This prominent approach to synthesize transition metal NHC complexes 

is also employed in the context of this thesis.  

 

 

Scheme 2. Straightforward synthetic routes to functionalized imidazolium salts. Top: Multi-component 
reaction of glyoxal, primary amine and formaldehyde under acidic conditions. Bottom: 
Alkylation/arylation of the imidazolide anion using reactive alky-/aryl halides. 

 

Although various successful methods for the generation of NHC complexes have been 

described over the years, the availability of the corresponding suitable NHC precursors is 
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obviously still one of the controlling forces, which has been addressed in detail in several 

review articles.9,60-64 The most frequently applied ligand precursor subgroup are imidazolium 

salts, which are generally obtained using one of two routes:9,11,62 Either nucleophilic 

alkylation/arylation of the nitrogen in imidazoles,65 or multi-component reactions of primary 

amines, glyoxal and formaldehyde are used to obtain the azolium salts (Scheme 2).23,66-67 

Multi-component reactions are favored for bulky or functionalized substituents as well as for 

special modifications at the backbone atoms. 

 

1.2.3 Efficient Variation of Steric and Electronic Properties of NHC Precursors 

Improvement of the catalytic activity and stability of transition metal NHC complexes as well 

as expansion to other applications has always been a driving force in chemical research.64 

The key to success lies in understanding and subsequent tuning of their distinct properties. 

One of the early reported imidazole based air-stable, free NHCs is depicted in Figure 6 and 

general properties are discussed exemplarily.61,68-69 It has to be taken into account, that 

changes in the heteroatom from nitrogen to other atoms like phosphor, sulfur or oxygen or 

changes of the number or place of heteroatoms in the cycle have drastic effects on the 

electron density and the degree of carbene stabilization. These special cases have to be 

considered separately.  

 

 

Figure 6. General structural features of imidazole based free NHCs, detailing the effects of substitution 
on the stability and reactivity.11,61,68 Five-center six-electron (5c-6e) π-delocalization is known to be a 
stabilizing factor in unsaturated imidazol-2-ylidenes (ca. 20 kcal mol-1 compared to related imidazolin-
2-ylidenes).25 
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The steric demand of NHC ligands is strongly dependent on the N substituents. Therefore, no 

standard rule applies, and a quantification is additionally complicated by free rotation of the 

metal-carbene bond in monodentate complexes. In general, kinetic stabilization is achieved 

by bulky substituents, disfavoring dimerization reactions. In catalysis, however, steric bulk 

can be disadvantageous due to too crowded transition metal centers and subsequent 

decreased activity or even deactivation of the catalyst.  

The cone angle model established by Tolman in 1977 for phosphine ligands has also been 

applied for early carbene ligands (see chapter 1.2.1, Figure 5).31 Especially development of 

more complex NHC ligands, e.g. polydentate NHCs, have rendered the TEP unprecise, if not 

useless.32 Hence, Nolan, Cavallo and coworkers developed the ‘percent buried volume’ 

method (%Vbur), a model to quantify the steric bulk as a function of one parameter, the sphere 

radii (Figure 7).27,32,64,70-72 

 

 

Figure 7. Schematic representation of the ‘percent buried volume’ model %Vbur developed by Nolan, 
Cavallo and coworkers.32,72 

 

A great advantage of the buried volume model is that information of different structure 

determination methods can be utilized. Typically, X-ray or quantum chemically calculated 

data are used for the determinations, which can be derived from transition metal complexes, 

free NHCs or azolium salts. For this reason, Cavallo and coworkers devised an easy to use 

web application, in order to calculate %Vbur values for different organometallic ligands, not 

limited to phosphines or NHCs.27,72 In an extensive study Nolan and coworkers compared the 

Tolman model with the newly established buried volume model, utilizing countless X-ray 

structures of phosphine complexes as well as NHC complexes.32 A correlation between the 

Tolman cone angle θ and the percent buried volume %Vbur was reported for phosphine 

complexes. Concerning the steric hindrance of the NHC ligands, an additional dependence 

on the environment of the metal center was established. Consequently, high structural 

flexibility of NHC ligands does not allow an easy general rule to predict steric hindrance. The 

metal center as well as the ligand field have to be taken into account. 
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Besides steric influence of the employed N-substituents, wingtip functionalization also allows 

for the introduction of chirality in the metal NHC complexes.73-79 One of the first strategies to 

induce chirality was based on N substitution with chiral groups. Other routes to chirality are 

stereogenic centers in the N-heterocycle, planar or axial chirality. Chiral metal NHC 

complexes are of particular interest for the growing field of asymmetric catalysis.75,77-78 

Steric protection and electronic influence of the wingtip groups, however, turned out to be 

not exclusively responsible for the stabilization of the free NHC as it was assumed after initial 

reports by Arduengo in 1991.21 Especially the electronic influence of the wingtip groups turned 

out to be relatively minor.80-81 Reports on free NHCs with sterically less demanding wingtip 

groups,36 triggered theoretical studies on the topic of electronic stabilization of free NHCs.82-

84 Early-on N-heterocyclic carbenes were defined as a third class of carbenes, owing to their 

nucleophilic character and singlet state (Figure 8).11 Hermann et al. and Heinemann et al. 

correlated the stability of free NHCs with their corresponding singlet-triplet gap, which was 

calculated to be of at least 65 kcal mol-1 for stable NHCs.25,83 Accordingly, dimerization 

reactions of free NHCs were attributed to a small singlet-triplet gap, with an accessible 

excited triplet state at ambient conditions. 

 

 

Figure 8. Electronic interactions in NHCs. (a) Graphical representation of an imidazole based NHC. 
σC – σN electron withdrawal from the carbene carbon to nitrogen (thin arrows) and πN – πC back donation 

of the N lone pairs to the carbene carbon (thick arrows). (b) Graphical representation of σ-bonding from 

the singlet carbene carbon lone pair to the metal orbital (thick arrow) and seldomly reported πM – πC 
back-donation from the metal d-orbital to the carbene carbon (thick arrow).11,27,61,83 

 

Accordingly, the stability of NHCs is rather influenced by electronic than steric factors.11,27,83 

Saturated carbenes have a smaller singlet-triplet gap of around 20 kcal mol-1 compared to 

unsaturated carbenes, since 5c-6e π delocalization is no longer available.25 Otherwise, the 

electronic stabilization is rather comparable, which also holds true for triazolium and 

tetrazolium based NHCs.11 

Another factor influencing the electronic properties is the choice of heteroatom. Thiazole-85-86 

and oxazole-derived carbenes86 have been reported as well as five-membered P-heterocyclic 
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carbenes,87-89 with different orbital interactions and geometries (Figure 9).24-25,33,64 It has to be 

noted however, that oxazolylidene has not been isolated so far and has only been reported in 

quantum chemical calculations,86 and as ligand coordinated to a metal center, employing 

template synthesis.90-92  

 

 

Figure 9. Generic representation of five-membered heterocycles with varied heteroatoms. Not all of 
these are stable as free carbenes, in some cases, the carbenes were only reported as ligands in metal 
carbene complexes.25,33,64 

 

Substitution on the backbone of the NHC additionally influences the electronic situation 

(Figure 6). The introduction of strong σ electron-withdrawing chlorine substituents allowed the 

isolation of the first air stable free imidazolium salt based carbene by Arduengo.68 Substitution 

of the backbone with chloro-, cyano- or nitro-groups results in weaker σ-donor strength of 

the NHC due to the electron withdrawing effect, which in addition leads to a reduced ligands’ 

basicity.93-94 A similar electron withdrawing effect is observed for benzimidazol-2-ylidene 

NHCs.95 

Backbone substitution was not only used to influence the electronic situation in the NHC 

ligand, but due to increasing environmental awareness among other things, considerable 

efforts have also been undertaken to enhance the metal NHC complex solubility in water.81,96-

99 One of the most frequently reported routes is the introduction of alkyl chains functionalized 

with terminal polar substituents like sulfonate, carbonate or ammonium groups to the 

backbone of the NHC ligand.98 Besides the enhanced water solubility, backbone modification 

also allows for immobilization on solid supports.100-104 Especially, recycling of known catalysts 

becomes accessible through immobilization on solid supports like polymers or silica, since 

the activity usually does not change upon immobilization. 

 

1.2.4 Advances to Abnormal Coordination Modes 

With increasing use of a large number of azolium salts as NHC precursors, various transition 

metals were investigated in their ability to coordinate highly functionalized NHC ligands. 

Imidazol-2-ylidene-based NHCs belong without doubt to one of the most prominent NHC 
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subgroups, as has been mentioned earlier. The constant search for new ways to tailor the 

electronic and steric properties of NHCs finally led to the discovery of abnormal N-

heterocyclic carbenes (aNHC).34,105-110 Abnormal carbenes, also called mesoionic carbenes 

(MICs), since there is no resonance form with all-neutral formal charges, were first reported 

by Crabtree et al.111 The terminus remote N-heterocyclic carbenes (rNHC) was introduced 

implying attachment of the metal nonadjacent to any heteroatom.34,112 The most common 

abnormal carbenes are shown in Figure 10, with imidazole-4-ylidene and triazole-4-ylidene 

being classified as MICs and pyrazol-4-ylidene as rNHC.  

 

 

Figure 10. Generic representation of N-heterocyclic metal complexes featuring abnormal/mesoionic 
and remote NHC ligands.  

 

The most prominent advantage of abnormal carbenes is their enhanced σ-donor character 

compared to their normal or Arduengo-type N-heterocyclic carbene counterparts.105-107,110 

This feature is attributed to a decreased heteroatom stabilization with the nitrogen in a more 

remote position and the lowered inductive electron withdrawing effect.107-108 The resulting 

zwitterionic resonance structure corresponds to a formally anionic ligand bonding and is 

assumed to be one of the factors responsible for the strong σ-donor character. Especially 

catalytic applications, which require high electron density at the metal center, benefit the most 

from these distinctly different properties. Oxidative addition sequences are easier accessible 

using highly basic metal centers.105,107 Therefore first applications in cross-coupling113 (Suzuki-

Miyaura, Heck–Mizoroki) or (transfer) hydrogenation reactions114-115 were investigated in more 

detail utilizing metal aNHC complexes based on imidazolylidene. 

In order to ensure an abnormal binding mode, two main strategies have been reported for 

imidazolylidene ligands. On the one hand, the backbone C(4) position has to be activated and 

on the other hand, the generally more active/acidic C(2) position has to be deactivated in the 

imidazolium salt based precursor.107 For example, the activation of the C(4) position is 

achieved via halogenation of C(4) and subsequent oxidative addition of the resulting 

imidazolium salts to metal centers. Blocking of the acidic C(2) position by substitution with 
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alkyl or aryl groups has been reported by Crabtree116 and Lassaletta117 for example and 

resulted in abnormal coordination of the imidazolylidene to the metal precursor. 

Pyrazol-4-ylidene palladium complexes have originally been described by Huynh et al., using 

oxidative addition protocols.118-120 Compared to imidazol-2-ylidene and even abnormal 

imidazol-4-ylidene ligands, pyrazol-4-ylidene show an increased σ-donor ability, which 

renders them especially interesting for catalytic applications like cross-coupling 

reactions.105,120-122 Bertrand et al. have also prepared free pyrazol-4-ylidene carbenes.122-123 

Triazolylidenes have rapidly gained attention as a versatile subclass of abnormal N-

heterocyclic carbene ligands after their first report by Albrecht et al. in 2008.124 The most 

widely used synthetic strategy to prepare the triazole precursors is through a regioselective 

dipolar [2+3] copper(I) catalyzed ‘click’ cycloaddition of alkynes and azides (CuACC, Huisgen 

cycloaddition, Scheme 3a).125-128 The established ‘click’ protocols have been shown to be 

highly regio- and chemoselective and tolerant to various functional groups, in addition to 

proceeding in good to excellent yields.109,129-135  

 

 

Scheme 3. a) Schematic copper(I) catalyzed dipolar [2+3] ‘click’ cycloaddition of a functionalized azide 
and alkyne (CuACC) to initially form the triazole. Subsequent N-alkylation of the triazole yields the 1,3,4-
substituted triazolium salt (R3 = alkyl). b) Schematic synthesis route of aryl-substituted triazolium salts 
by cycloaddition of 1,3-diaryl-2-azoniaallene salts and alkynes. 

 

In case of unstable aryl or alkyl azides, protocols to generate the azides in situ have been 

reported and the reactions are carried out in one-pot synthesis without prior isolation of the 

azides. The corresponding triazolium salts, which are suitable precursors for triazolylidenes, 

are formed via selective N-functionalization (Scheme 3a). It has to be noted however, that 

arylation at the N3 position does not proceed via the same route as alkylation. It has rather 

been accomplished by cycloaddition of 1,3-diaryl-2-azoniaallene salts and alkynes (Scheme 



1 Introduction 

 

Page | 15  

3b).136 Besides the special case of arylation of the N3 position, Kühn, Herrmann and 

coworkers recently reported the synthesis of ‘normal’ 1,2,3-triazolylidene transition metal 

complexes.137-139 However, the vast majority of triazolylidene ligands reported to date are 

based on the CuACC reaction, due to the large scope and easy accessibility of highly 

functionalized alkynes and azides. 

Several synthetic methods towards metal triazolylidene complexes have been established 

mostly derived from previously reported procedures for metal imidazolylidene complexes (see 

chapter 1.2.2, Scheme 1).34,105,107,109 One of the most commonly employed protocols is the 

transmetalation from silver triazolylidene complexes.140 It is noteworthy, that the silver carbene 

complexes are generally prepared in situ and subsequently treated with a suitable metal 

precursor. Only a few examples of stable silver triazolylidene complexes are known.141-143 In 

situ formation of the silver carbene is usually proven by NMR spectroscopy and the 

characteristic disappearance of the triazolium proton. As mentioned before, the 

transmetalation protocol is based on Ag2O acting as metal source as well as base. Therefore, 

base-mediated proton abstraction has been successfully investigated as metalation method 

as well.144-145 A distinction between proton abstraction (free triazolylidene as transient 

intermediate) and C–H activation (in situ generated [M(base)] intermediate) was attempted, 

but could not be resolved completely so far. Other well-known methods to obtain metal 

triazolylidene complexes include direct metalation (C–H bond activation)124,146 and 

coordination of the free carbene.147-148 

 

Figure 11. Generic representation of increasing σ-donor strength of phosphine and N-heterocyclic 

carbene ligands coordinated to transition metal centers.110,132,149-151  

 

The donor properties of triazolylidene ligands have been investigated and compared to the 

different subclasses of NHCs (Figure 11).105,109-110,132 Various strategies have been employed 

to evaluate donor strength of NHCs, for example, computational studies on pKa values and 

energy decomposition analyses among others.86,149,152-153 The most widely used method, 

however, is the investigation of CO stretching frequencies of carbonyl transition metal 
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complexes using IR spectroscopy.105,109-110 According to various reports, including 

correlations between CO stretching frequencies and TEP analyses, the imidazol-2-ylidenes 

are weaker donors compared to 1,2,3-triazolylidenes, whereas imidazol-4-ylidenes show 

higher donor strength (Figure 11).105,109,116,144,148,154 It has to be noted, however, that CO 

stretching can be influenced by other factors, like stereoelectronic properties.155 Therefore, 

care has to be taken during data interpretation. Other methods to determine and compare the 

donor strengths are X-ray photoelectron spectroscopy (XPS),114,156 which is based on the 

evaluation of enhanced electron density on the metal center, and NMR spectroscopy of 

palladium complexes, investigating the trans influence of isostructural dicarbene 

complexes.146,150,157 

No dimerization reactions of abnormal carbenes have been reported so far, which might be 

due to electrostatic repulsion caused by the anionic character of the carbenic centers.105,132,147-

148,158 This feature allows for sterically less strained carbenes, which is also interesting with 

regard to catalytic applications and more accessible metal-carbon bonds. 

1,2,3-Triazoles derived from CuACC, which are usually prepared as precursors for 

triazolylidenes in NHC chemistry, have also been used as ligands in coordination 

chemistry.132,159-160 Especially N3-coordination was investigated in detail. In order to evaluate 

the interaction of the triazole ligand with a metal center, electrostatic interactions as well σ- 

and π-donation have to be considered. Triazoles as neutral nitrogen donors show strong σ-

and π-interactions with transition metal ions with partially filled d-orbitals.132,161 Therefore, the 

coordinative bond has a significant covalent character.132,152,161-162 Accordingly, pyridine was 

identified to be a stronger π-acceptor than triazole, whereas imidazole shows the strongest 

π-donor abilities of the three systems, which is also in accordance with the corresponding σ-

lone pair energies (imidazole > pyridine > 1H-1,2,3-triazole).132  

 

1.2.5 Polydentate N-heterocyclic Carbenes  

Following the increasing success of monodentate NHCs in catalysis, the concept of chelation, 

which has been applied to organometallic chemistry for decades, moved into the focus of 

NHC based research.29,56,163-169 One of the main advantages of chelating ligands is among 

others enhanced stability of transition metal complexes even under harsh conditions.56,163-

164,167 In addition, stabilization of free coordination sites, introduction of hemilability or 

stabilization against reductive eliminations have been reported.11 Consequently, a myriad of 

functionalized multidentate NHC ligands has emerged, taking advantage of the well-

established wingtip substitution protocols.11,165,168-169 Chelating moieties include C-donors like 
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phenyl anions, N-donors like amines or pyridines, O-donors like carboxylates or alkoxides or 

P-donors like phosphines and many others.  

Therefore, also a wide set of complexes with bis-, tris-, and tetra-NHCs, acting as 

bischelating, pincer, tripodal, or bridging ligands, have been reported.29-30,47,167,170-182 Some of 

them have even been mentioned in combination with chiral motifs to allow the synthesis of 

asymmetric catalysts. In addition, a few mixed normal/abnormal bis-NHCs have been 

prepared.183-185 This approach seems especially interesting regarding the electronic and steric 

tailoring of transition metal complexes for applications in catalysis. The focus in this thesis 

will be mainly on tri- and tetradentate NHC ligands and their impact in transfer hydrogenation 

reactions. In Figure 12 a generic overview over possible ligand motifs is given. 

 

 

Figure 12. Generic overview of possible alkyl bridged acyclic and macrocyclic polydentate NHC 
ligands. NHC = (abnormal) N-heterocyclic carbene, L = linker (sometimes acting as donor functionality).  

 

Chelating ligands with multiple carbene moieties, linked by alkyl bridges, rarely display 

fluxional or hemilabile behavior, due to the strong metal carbene interactions.164,166-167 
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However, there have been a few studies on the fluxionality/ hemilability of polydentate NHC 

transition metal complexes with labile donor substituents.186-188  

It has to be noted, that tris- and tetra-NHCs are less abundant than bis-NHCs, due to 

generally more complicated synthesis routes and purification issues.167 During the last years, 

reports on poly-NHC ligands have increased significantly originating from new synthetic 

strategies like template based synthesis or formation of polyimidazolium salt precursors.58,189-

192 The unique coordination modes of new tetra-NHC ligand systems and their applicability as 

spectator ligands in catalysis has been investigated in detail.193-199 As illustrated in Figure 12 

various macrocyclic and acyclic ligand motifs are known and each motif has different 

advantages and limitations. Depending on the employed linker between the NHC moieties, 

mononuclear macrocyclic systems have been reported to bind metal ions with coordination 

numbers of four or higher, however, polynuclear metal NHC complexes have been described 

to also show lower coordination numbers (ligand motifs derived from I-11, I-12 and I-13, 

Figure 12).57,189,195,198-214 Owing to a rather rigid macrocyclic structure, the resulting transition 

metal NHC complexes generally show an equatorial coordination of the ligand. However, two 

exceptions are known. In these cases, the steric demand of the macrocyclic ligand system 

allows for a tetrahedral coordination to cobalt or a trigonal prismatic geometry for iron.195,215 

Another interesting macrocyclic NHC motif was established using classical pyrazole-bridged 

di-NHC ligands and dimerizing them to macrocyclic tetra-NHC analogs to afford dinuclear 

nickel(II) complexes.216  

The first acyclic tetra-NHC transition metal complexes were generated from rigid arene based 

tetra-NHC ligand moieties and therefore limited to metallosupramolecular architectures 

(ligand motifs derived from I-10, Figure 12).217-221 Hahn et al. also reported a similar 

macrocyclic structure using an arene based tri-NHC ligand.222 In order to overcome these 

coordinative restrictions, acyclic silver tetra-NHC complexes with alkyl linkers of variable 

lengths were presented as highly useful transmetalation agents by Kühn et al. (ligand motifs 

derived from I-16, Figure 12).223 Subsequently, octahedral mononuclear iron(II) complexes 

displaying both equatorial or sawhorse-type geometries were isolated and hinted at the great 

potential of this new ligand motif (Figure 13; ligand motifs derived from I-16, Figure 12).224-225 
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Figure 13. Schematic representation of acyclic alkyl-bridged tetra-NHC ligands with variable 
coordination modes (left: sawhorse-type coordination, right: equatorial coordination). M = transition 
metal; L = neutral coordinating ligand, e.g. solvent molecule; X = counter ion; n = number of 
bridging -CH2-; m = charge of the complex. 

 

Variation in the lengths of the alkyl bridges and the choice of the remaining ligands 

coordinating to the transition metal potentially influences the coordination mode of acyclic 

multi-NHC ligands. Additional variation in number of chelating NHC moieties leads to differing 

electronic situations at the metal center. Consequently, multi-NHC ligands and the resulting 

transition metal complexes seem to be an interesting field for future research and catalytic 

applications. 

 

1.2.6 Transfer Hydrogenation Catalysis 

Catalytic hydrogenation reactions are among the most important chemical transformations 

and are employed in food technology during the solidification of fatty acids as well as in the 

petrochemical industry for hydrocracking of heavy residues into diesel.5,226 However, 

asymmetric hydrogenation is also a key step in drug synthesis used for treatment of 

Parkinson’s disease.227 In general, these transformations are achieved either by direct 

hydrogenation using gaseous H2 under pressure or by transfer hydrogenation (TH), where the 

hydrogen is provided by an alternative hydrogen source, like 2-propanol or formic acid 

(Scheme 4). 

 

 

Scheme 4. Transition metal catalyzed transfer hydrogenation reaction using 2-propanol as hydrogen 
donor. 
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The first transfer hydrogenation reaction using palladium black was reported by Knoevenagel 

in 1903.228 Following this initial discovery, over the years different types of TH reactions were 

developed. Subsequently these reactions were divided into different types: 

Meerwein−Ponndorf−Verley (MPV) reductions, late transition metal-catalyzed reactions, 

thermal, base-catalyzed, enzyme-catalyzed, organocatalytic and uncatalytic processes. The 

increased interest in TH can mainly be attributed to the following distinct advantages. No 

elaborate experimental setups are necessary and the use of pressurized H2 gas is avoided. 

Another advantage are the readily accessible and inexpensive hydrogen donors. In addition, 

the resulting side products are recyclable and the employed catalysts are comparably easy 

to come by and rather robust.75,226,229-236  

Especially transition metal catalysts have received significant attention as an essential branch 

of TH starting as early as the 1960s.237-239 To date a plethora of homogeneous transition metal 

catalysts for TH have been developed and the most effective systems turned out to be 

ruthenium-, iridium or rhodium-based.226,230,232,235-236 Two mechanistic pathways for the 

homogeneous transition metal catalyzed transfer hydrogenation have been proposed and are 

widely accepted, the hydridic route also called “inner-sphere” mechanism and the dihydride 

mechanism (“outer-sphere” mechanism) (Scheme 5).229,235,240-241 

 

 

Scheme 5. Proposed mechanisms for transition metal catalyzed transfer hydrogenation reactions. Left: 
“inner-sphere” mechanism; right: “outer-sphere” mechanism.229,235,240-241 

 

The “inner-sphere” mechanism is most commonly observed for transition metal catalyzed TH 

reactions.229,240 In this case, the catalytically active species is a metal hydride and the 

hydrogen donor and the hydrogen acceptor interact separately with the metal in different 

steps of the catalytic cycle. After initial deprotonation of the hydrogen donor (e.g. 2-propanol) 
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by a base the reaction proceeds via an alkoxy complex (I).240 β-H-elimination leads to the 

metal hydride species (II). Subsequently, acetone is released, while the substrate is 

coordinated to the catalytic species (III). In the fourth step, a metal alkoxide is formed, via 

ketone insertion into the M–H bond (IV). The reduced substrate is cleaved off and 2-propanol 

is coordinated to form the active species (I). The “outer-sphere” mechanism was proposed 

by Noyori et al. and is observed for ruthenium complexes featuring a chelating ligand with an 

amino group (Ru-NR2 fragment).235  

Ruthenium-based NHC complexes feature a wide range of oxidation states and coordination 

geometries,23,33,60,73,77,98,226,234,242 and have therefore been the subject of numerous catalytic 

studies for metathesis,61,103,243-245 isomerization,246-251 and polymerization reactions252-257 

besides the already discussed hydrogenation reactions.29,61,226,258-262 However, ruthenium-

based catalysts are by far the most widely used ones to mediate TH. One of the most active 

TH catalysts to date was described by Baratta and Kühn et al. in 2011, a Ru-based complex 

featuring abnormally coordinated NHC ligands.260 In order to take advantage of the chelating 

properties of tri- and tetra-NHC ligands without the coordinative limitations of macrocyclic 

systems, acyclic tri- and tetra-azolium salts are an interesting starting point for the synthesis 

of highly active ruthenium TH catalysts. The ability of Ru(II) to octahedral ligand coordination 

allows interesting structural motifs for acyclic chelating ligands like tri- and tetra-NHCs, which 

will be addressed in this thesis. 
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1.3 Transition Metal Mediated Transformation of Carbon Dioxide 

In this section, a short introduction to the transformation of carbon dioxide will be given, 

focusing on the advantages and challenges. 

A growing world population leads to an ever increasing energy demand.263-267 The efficient 

utilization of carbon dioxide as an alternative C1 feedstock is a permanent subject in science 

and industry, in order to meet the challenges and requirements of the future. Great efforts are 

put into the development of new storage and recycling possibilities.268-270 Already established 

synthetic protocols for the industrial production of bulk chemicals like cyclic carbonates, urea, 

salicylic acid, polypropylene carbonate are relaying on the advantages of carbon dioxide as 

non-toxic, abundant and cheap resource.265 However, the synthesis of alternative high value 

products is as much a goal of catalysis as the elucidation of new energy efficient pathways 

for already established basis chemicals.  

Consequently, the activation and transformation of carbon dioxide in solution have been 

studied extensively during the last decades and several approaches through the assistance 

of homogeneous catalysis and transition metal complexes have been investigated.263-264,271-277 

In general there are three steps for the transformation of carbon dioxide using transition metal 

complexes, first the coordination to the metal center, second the reaction with a neighboring 

ligand and third the release of the product with regeneration of the employed catalyst. Several 

different approaches have been reported over the years.  

(a) insertion of CO2 into M–C σ-bonds leading to the formation of carboxylate species 

(b) insertion of CO2 into M–H bonds leading to formic acid 

(c) insertion of CO2 into M–O bonds leading to the synthesis of carbonate species 

(d) coupling of CO2 with olefins at transition metal centers leading to acrylic acid and 

derivatives thereof 

(e) photocatalytic activation of CO2 using transition metal complexes 

The focus in this work will be on the conceptual discussion of the coupling of CO2 with ethene 

(d) and synthetic approaches to the photocatalytic activation of CO2 (e) using rhenium(I) 

phosphinine complexes. 
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1.4 From Homogeneous Catalysis to Novel Applications in 

Supramolecular Chemistry 

Metal-based three dimensional capsules with nanocavities have attracted significant interest 

over the last decades. Especially metal-organic frameworks (MOFs) and supramolecular 

coordination complexes (SCCs) have been reported in this context, due to their applicability 

in catalysis.278-284 More important than catalytic applications, however, are molecular 

recognition and drug delivery, enabled through encapsulation of guest molecules into the 

cavities. In particular, SCCs show discrete two and three dimensional molecular entities with 

defined shapes and sizes.278-283,285 Encapsulation of guest molecules can be stabilized by 

Coulomb or van der Waals interactions. Hydrogen bonding, ion-pairing, metal-metal 

interactions and steric interdependencies additionally influence the encapsulation of guest 

molecules.  

Cage-like structures are of particular interest and can be obtained via coordination-driven 

self-assembly resulting in complexes of the type MxLy (M = transition metal, L = ligand, x = 

number of transition metals, y = number of ligands). For example, M2L4 cage compounds 

feature a highly symmetric structure and a wide range of transition metals has successfully 

been applied for the self-assembly reactions resulting in distinct properties and applications. 

Additional functionalization of the ligand framework leads to highly efficient tuning of their 

chemical properties. In Figure 14, a generic representation of M2L4 cage compounds with exo- 

and endo-functionalization is depicted. Exo-functionalization allows for tuning of solubility 

and photophysical properties of the cage, whereas endo-functionalization aims at influencing 

the host-guest interaction.286-289 

 

 

Figure 14. Generic representation of M2L4 cage compounds with exo- (left) and endo-functionalization 
(right).279 
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Highly luminescent cage compounds are of great interest for chemosensing,290-291 material 

science292-293 or biological imaging.285,294 Despite some reports on fluorescent coordination 

complexes,292,295-298 the majority of these SCCs show hardly any emissive behavior.299-301 In 

particular palladium-based M2L4 cage compounds, which are known to adopt a convenient 

square-planar coordination with defined cavities, rarely show luminescence due to the 

quenching effect of the heavy metal ions.288,302-304 

Biological imaging of supramolecular metallocages is gaining increased attention regarding 

the investigation of the cages as selective drug delivery vehicles. Crowley et al. reported the 

encapsulation of the highly effective anticancer drug cisplatin into a Pd2L4 cage (Figure 

15).289,305 The cisplatin molecules are stabilized by hydrogen bonding and Pt-Pt interactions. 

Hence, several biological studies have been conducted using various SCCs as drug delivery 

vehicles,306-312 but also as anticancer drugs themselves.305,313-317 

 

 

Figure 15. Supramolecular metallocage Pd2L4 encapsulating two cisplatin molecules reported by 
Crowley et al.289 
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Functionalized N-heterocyclic carbene ligands have proven to be an exceptionally useful 

ligand class in transition metal mediated homogeneous catalysis. Especially, ruthenium based 

polydentate NHC complexes are the subject of this thesis. 

Recent reports on macrocyclic tetra-NHC complexes with limited coordination modes, led to 

increased interest in the development of poly-NHC ligands with higher coordinative flexibility. 

Consequently, in the first section acyclic tetraimidazolium salts are chosen as precursors for 

the synthesis of ruthenium(II) tetra-NHC complexes (Figure 16). Particularly interesting is the 

influence of the alkyl chain length on the coordination geometry of the tetra-NHC ligand. In 

addition, ligand exchange experiments are conducted to examine the coordinative behavior 

of the open-chain tetra-NHC. The resulting ruthenium(II) complexes are especially interesting 

for applications like transfer hydrogenation reactions and their activity is tested using the 

model substrate acetophenone. 

 

 

Figure 16. Tetraimidazolium salts as suitable precursors for ruthenium(II) tetra-NHC complexes. 

 

In order to utilize the increased σ-donor strength of abnormal carbenes compared to normal 

carbenes, an innovative ligand motif based on 2-imidazolylidene and 1,2,3-triazolylidene 

moieties is developed. A mixed imidazolium/triazolium salt is applied as precursor in the 

synthesis of a ruthenium(II) tri-NHC complex (Figure 17). In order to evaluate potential 

beneficial catalyst properties, the tri-NHC complex is applied in transfer hydrogenation 

catalysis using the model substrate acetophenone. 

 

 

Figure 17. Mixed imidazolium/triazolium salt as precursor for a ruthenium(II) tri-NHC complex. 
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The transformation of carbon dioxide to useful basis or fine chemicals using homogeneous 

transition metal complexes will be of commercial relevance in the future. Herein, recent 

advances in the transformation of CO2 to acrylic acid and acrylates are examined in detail. In 

addition, precursors for potentially active rhenium(I) biphosphinine photocatalysts are 

developed. Structural and theoretical investigations on their chemical properties are 

conducted. 

Finally, supramolecular coordination cages are investigated, regarding their potential 

applicability as selective drug carriers for anticancer medication. Special attention is on the 

synthesis and characterization of these compounds and the possibility to encapsulate 

anticancer drugs like cisplatin. In order to evaluate the metallocage compounds with regard 

to cell interaction, biological imaging is also topic of this thesis. Therefore, rational approaches 

to luminescent metallocages are evaluated and discussed. 
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The individual contributions of M. Hollering to each of the following publications have been 

collected in Table A1 (Appendix).  
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3.1 Controlling Coordination Geometries: Ru−Carbene Complexes 

with Tetra-NHC Ligands 

MANUELA HOLLERING, DANIEL T. WEISS, MARIO J. BITZER, CHRISTIAN JANDL, AND FRITZ E. 

KÜHN 

INORGANIC CHEMISTRY 2016, 55, 6010-6017. 

 

Open-chain multidentate NHC ligands allow various coordination modes to transition metals, 

especially when compared to rigid macrocyclic systems. Herein, the first Ru(II) tetra-NHC 

complexes derived from flexible acyclic tetraimidazolium salts are described, displaying either 

sawhorse-type (1) or equatorial (2) coordination of the ligand (Scheme 6).  

 

 

Scheme 6. Microwave-assisted synthesis of ruthenium(II) tetra-NHC complexes 1 and 2. (i) Microwave, 
Ag2O, [RuCl2(p-cymene)]2, 100 °C, 1 h, 100 W in acetonitrile. 

 

The coordination geometry turned out to be strongly dependent on the length of the alkyl 

linker as well as the steric and electronic properties of the two other ligands. The longer 

propylene bridge in complex 2 enabled equatorial coordination with weakly coordinating 

acetonitrile ligands in trans-position (Figure 18). 
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Figure 18. ORTEP style representation of the equatorial coordinated cationic complex fragment 2 with 
ellipsoids shown at a 50% probability level. Hydrogen atoms and PF6

- counter ions are omitted for 
clarity. The complete tetra-NHC ligand is disordered (indicated by thin bonds) and therefore no bond 
lengths or angles are discussed in detail. 

 

Upon addition of trimethylphosphine in excess, the sawhorse-type complex 1 is converted to 

its equatorially coordinated derivative 3, replacing the acetonitrile ligands (Figure 19, left). 

Remarkably, the sawhorse-type coordination can be preserved, when the acetonitrile ligands 

in 1 are substituted by tert-BuNC to yield 4 (Figure 19, right). 

Complexes 1 and 2 were applied as catalyst precursors in the catalytic transfer hydrogenation 

of acetophenone at a catalyst loading of 0.1 mol% and in particular the sawhorse-type 

coordinated system 1 exhibits remarkable activity with turnover frequencies of more than 

100 000 h−1 (98% conversion after 1 min). 

 

 

Figure 19. ORTEP style representation of the cationic complex fragments 3 (left) and 4 (right) with 
ellipsoids shown at a 50% probability level. Hydrogen atoms and PF6

- counter ions are omitted for 
clarity. Selected bond lengths [Å] and angles [°] for complex fragment 3: Ru1–C2, 2.113(3); Ru1–C6, 
2.034(3); Ru1–P1, 2.3612(5); C2–Ru1–C6, 87.95(12); C2–Ru1–C6a, 170.0(1); C2–Ru1–P1, 85.09(8); C6–
Ru1–P1, 88.16(6); P1–Ru1–P1a, 172.45(3). In complex fragment 4 the tetra-NHC ligand is disordered 
(indicated by thin bonds). Therefore, no bond lengths and angles are discussed.  
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3.2 Bonding and Catalytic Application of Ruthenium N-Heterocyclic 

Carbene Complexes Featuring Triazole, Triazolylidene and 

Imidazolylidene Ligands 

MANUELA HOLLERING, MARTIN ALBRECHT, AND FRITZ E. KÜHN 

ORGANOMETALLICS 2016, 35, 2980-2986. 

 

Abnormal carbene systems have gained significant importance over the last years due to their 

distinctly different donor properties. Therefore, the combination of imidazolylidene and 

triazolylidene carbenes is an interesting addition to known NHC pincer ligands with regard to 

structural and catalytic versatility. Herein, the first examples of Ru(II) NHC complexes bearing 

chelating mixed normal/abnormal NHC ligands are presented (Scheme 7). 

 

 

Scheme 7. (a) Synthesis of two Ru(II) monocarbene complexes 5 and 6 with an 2-imidazolylidene 
skeleton and 1,2,3-triazoles acting as neutral nitrogen donors. (i) One-pot synthesis using Ag2O, 
[RuCl2(p-cymene)]2, r.t., 72 h, KOTf in dichloromethane; (ii) AgOTf, 50 °C, overnight in acetonitrile. (b) 
Microwave-assisted synthesis of Ru(II) tri-NHC complex 7. (iii) Microwave, Ag2O, [RuCl2(p-cymene)]2, 
100 °C, 1 h, 100 W in acetonitrile. 

 

Two monocarbene complexes were isolated and characterized with either one (5) or two (6) 

triazole moieties acting as neutral nitrogen donors (Figure 20). Both complexes exhibit a 

classical three-legged piano stool geometry. VT-NMR studies at elevated temperatures reveal 

no decoordination of the triazole moieties, however, p-cymene displacement is observed for 

both complexes at 130 °C.  
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Figure 20. ORTEP style representations of the cationic complex fragments of 5 (left) and 6 (right) with 
thermal ellipsoids shown at a 50% probability level. Hydrogen atoms and counter ions (PF6

- for 5 and 
2xOTf- for 6) are omitted for clarity. The coordinated p-cymene and the mesityl wingtip groups are 
displayed as wireframe for transparency. 

 

The tridentate Ru(II) NHC complex featuring a normal 2-imidazolylidene and two abnormal 

1,2,3-triazolylidene moieties is obtained via a microwave-assisted one-pot reaction and the 

ligand is coordinated in a meridional fashion (Figure 21).  

Complexes 5, 6 and 7 were applied as catalyst precursors in the catalytic transfer 

hydrogenation of the model substrate acetophenone at a catalyst loading of 0.5 mol%. 

Complex 6 with both triazole moieties coordinated to the ruthenium center exhibits the 

highest (initial) turnover frequency of 1 100 h−1, but slows down after a conversion of 60%. Of 

the three complexes only complex 7 (TOF2min = 580 h−1) reaches full conversion (98% after 80 

min) and is accordingly a more robust TH catalyst precursor than 5 and 6. 

 

 

Figure 21. ORTEP style representation of the cationic complex fragment of 7 with thermal ellipsoids 
shown at a 50% probability level. Hydrogen atoms and OTf- counter ions are omitted for clarity. 
Selected bond lengths [Å] and angles [°]: Ru1−C11, 2.096(4); Ru1−C16, 2.015(5); Ru1−C19, 2.091(4); 
C11−Ru1−C16, 85.3(2); C11−Ru1−C19, 170.1(2); C11−Ru1−N9, 95.5(2); C11−Ru1−N10, 92.5(2).  
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3.3 Transition metal mediated coupling of carbon dioxide and 

ethene to acrylic acid/acrylates 

MANUELA HOLLERING,# BARNALI DUTTA,# AND FRITZ E. KÜHN 

# M. Hollering and B. Dutta contributed equally to this work. 

COORDINATION CHEMISTRY REVIEWS 2016, 309, 51-67. 

 

This review article is directed at experts in the field of transition metal mediated transformation 

of carbon dioxide to acrylic acid and derivatives thereof. Depleting fossil fuels and other fossil 

carbon sources, an increasing human population and a growing interest in environmental 

issues, has affected the search for regenerative alternative energy sources during the last 

years. In this comprehensive review article the recent developments regarding the formation 

of acrylates and acrylic acid, starting from carbon dioxide are surveyed. The focus lies on 

synthetic insights on the one hand and on current findings in theoretical studies on the other 

hand. 

Especially homogeneous catalysis in solution is known to be an attractive alternative to 

heterogeneous procedures and utilizes carbon dioxide as cheap and abundant starting 

material. Consequently, the synthesis of acrylates has been studied employing various 

transition metal complexes. The three main steps of this hypothetical catalytic cycle are 

depicted in Scheme 8 and are oxidative coupling of the substrates (CO2 and ethene) to form 

a metallalactone, followed by β-hydride elimination forming a hydridoacrylate, and afterwards 

reductive elimination of the acrylate to regenerate the M(0) species. 

 

 

Scheme 8. Outline of the hypothetical catalytic cycle of the formation of acrylic acid, starting from 
carbon dioxide and ethene. 
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Ni–, Mo/W– and Pd–mediated pathways face different obstacles, due to their distinct 

chemical properties. For group VI transition metal centers, oxidative coupling as well as β-

hydride elimination takes place at ambient conditions, easily forming Mo/W-acrylate 

complexes. However, reductive removal of the acrylate is hindered due to the strong 

oxophilicity of the metal centers. For Ni systems, high gas pressures and temperatures are 

reported to be necessary with the rate limiting step being the β-hydride elimination step and 

transformation to the acrylate. However, lower oxophilicity is proposed to easier facilitate 

acrylate removal compared to group VI metals. The first reported closed catalytic applications 

using nickel and palladium complexes described the advantages of different bases for 

deprotonation of the metallalactone to avoid side reactions with carbon dioxide. This review 

provides an overview on concepts and current methodologies for the employment of various 

transition metal complexes, giving a perspective view on mechanistic studies. 
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3.4 [Re(CO)3Cl(C5H4ClP)2] and [Re(CO)2Cl(C5H4ClP)3]: synthesis and 

characterization of two novel rhenium(I) phosphinine complexes 

MANUELA HOLLERING, RICHARD O. REITHMEIER, SIMON MEISTER, EBERHARDT HERDTWECK, 

FRITZ E. KÜHN,* AND BERNHARD RIEGER* 

RSC ADVANCES 2016, 6, 14134-14139. 

 

Various coordination modes of phosphinines and their derivatives to numerous transition 

metals as well as their application in homogeneous catalysis have been reported. Herein, the 

synthesis of two novel rhenium(I) phosphinine complexes [Re(CO)3Cl(η1-C5H4ClP)2] (8) and 

[Re(CO)2Cl(η1-C5H4ClP)3] (9) was described and the molecular structures were determined by 

single crystal X-ray diffraction (Scheme 9, left).  

 

 

Scheme 9. Left: Synthesis of rhenium(I) complexes 8 and 9 (represented in an ORTEP style plot with 
ellipsoids shown at 50% probability). Right: Graphical representation of frontier molecular orbitals of 8 
and 9 as determined by a computational study on the B3LYP/6-31+G** level of theory. 

 

In compound 8 the two coordinated phosphinine ligands are arranged in cis position. 

Consequently, only one set of resonances is observed for the phosphinine ligand motif at 

room temperature in 1H, 13C and 31P spectra of 8 in solution. A VT-31P-NMR study revealed 

significant broadening of the singlet at elevated temperatures, while a sharp singlet is 

obtained at lower temperatures. The three η1-coordinated phosphinines in compound 9 are 

arranged in a meridional structural motif, resulting in two phosphinines in trans position. In 

solution, two sets of signals are observed in 1H, 13C and 31P spectra of 9. A combined analysis 

of NMR and IR spectroscopic data and single crystal X-ray data reveals both σ-donor and π-
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acceptor properties of the phosphinine ligand. In Scheme 9 (right) calculated frontier orbitals 

of complex 8 and 9 are depicted. The corresponding HOMO–LUMO gap of complex 8 (ΔE = 

3.98 eV) is slightly bigger than for complex 9 (ΔE = 3.82 eV). According to NBO analysis, the 

general trend of increased metal-to-ligand back-bonding is due to step-wise removal of 

carbonyl ligands and addition of phosphinine ligands. 

Accordingly, complexes 8 and 9 are interesting precursors for the synthesis of rhenium(I) 

biphosphinine systems, which might be a promising alternative to established rhenium(I) 

bipyridine systems for the photocatalytic activation of carbon dioxide. 
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3.5 Evaluation of New Palladium Cages as Potential Delivery 

Systems for the Anticancer Drug Cisplatin 

ANDREA SCHMIDT, VIVIANA MOLANO, MANUELA HOLLERING, ALEXANDER PÖTHIG, ANGELA 

CASINI, AND FRITZ E. KÜHN 

CHEMISTRY – A EUROPEAN JOURNAL 2016, 22, 2253–2256. 

 

Metal-mediated self-assembled supramolecular coordination complexes (SCCs) have been 

shown to possess a wealth of remarkable physical-chemical properties. Especially host-guest 

interactions make them suitable for the growing field of molecular recognition and 

encapsulation of a wide range of guest molecules. This report endeavors to exploit the unique 

characteristics of a new series of cage compounds of the type Pd2L4 (L = ligand) and 

subsequent encapsulation of the anticancer drug cisplatin (Scheme 10).  

 

 

Scheme 10. Exemplary synthesis of Pd(II) cages 10 and 11 using bidentate ligands and a Pd(II) 
precursor via self-assembly. (i) [Pd(NCCH3)4](BF4)2, r.t., 1 h, in DMSO. 

 

Consequently, the antiproliferative effects of the described cages and their combination with 

cisplatin were examined in vitro in cancer cell lines. Fluorescence microscopy was used to 

monitor the uptake of the cages into the cells. However, only very low fluorescence quantum 

yields are obtained for the cage compounds due to the quenching effect of palladium. 

Interestingly, the hydroxymethyl-functionalized Pd(II) cage 10 with encapsulated cisplatin 

exhibited an improved cytotoxic effect against human ovarian cancer cells compared to free 

cisplatin (Figure 22).  
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Figure 22. Molecular structure of the cationic cage 10 encapsulating two cisplatin molecules. Ellipsoids 
are shown at 50% probability. Hydrogen atoms, BF4

- counterions, and solvent molecules are omitted 
for clarity. Selected hydrogen bond lengths [Å]: N–H···N 2.057/2.9314(1), Cl···H–C 2.550/3.3705(1), N–
H···Cl 2.666/3.3605(1). Due to an inversion center in the center of the cavity, only half of the cage and 
one cisplatin molecule are present in the asymmetric unit. Symmetry code: 1/2–x, 1/2–y, 1–z. 

 

In addition, the toxicity of Pd2L4 cages was evaluated ex vivo in healthy rat-liver tissues using 

the precision cut-tissue slices technology, exhibiting scarce effects on liver viability. It is 

noteworthy, that some of the described cage compounds turned out to be cytotoxic in human 

cancer cell lines, which make them suitable anticancer agents by themselves. In view of these 

results, the potential of self-assembled Pd2L4 cages for biological applications is emphasized. 

 

 

Figure 23. ORTEP style representation of the cationic cage 11 with ellipsoids shown at 50% probability. 
Hydrogen atoms, BF4

- counterions and solvent molecules are omitted for clarity. Selected bond lengths 
[Å] and angles [°]: Pd1–N1 2.0186(19), Pd1–N2 2.0259(19), Pd1···Pd1a 11.7429(7), C37···C37a 
10.7536(6), O1···O1a 18.130(1), N1–Pd1–N2 90.22(7), N2–Pd1–N3 90.24.  
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3.6 Supramolecular exo-functionalized palladium cages: 

fluorescent properties and biological activity 

ANDREA SCHMIDT, MANUELA HOLLERING, MARKUS DREES, ANGELA CASINI, AND  

FRITZ E. KÜHN 

DALTON TRANSACTIONS 2016, 45, 8556-8565. 

 

In this article exo-functionalized self-assembled Pd2L4 cage compounds with attached 

fluorophore moieties were investigated, in order to enable the visualization of the uptake and 

distribution of the cages in cells by fluorescence microscopy. The structural motif of these 

type of Pd2L4 cages is depicted in Figure 24. 

 

 

Figure 24. Schematic structure of Pd2L4 cage compounds 12, 13 and 14 with attached fluorophore 
moieties. 

 

In vitro tests in human lung and ovarian cancer cell lines revealed a higher cytotoxic effect for 

the reported cages than for cisplatin. However, fluorescence was significantly lower than 

expected especially when taking the introduction of fluorophore moieties into account. 

Contrary to previously observed quenching effects upon cage formation, even the 

fluorophore-based ligands display fluorescence quantum yields below 1%. In order to gain 

new insights into the quenching effect of palladium, time-dependent density functional theory 

(TD-DFT) calculations were executed.  
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Figure 25. ORTEP style representation of the cationic cage 13 with ellipsoids shown at the 50% 
probability level. Hydrogen atoms, BF4

- counterions and solvent molecules are omitted for clarity. 
Selected bond lengths [Å] and angles [°]: Pd1–N1 2.013(3), Pd1–N2 2.031(3), Pd1···Pd1a 11.9308(6), 
N7···N7a 10.5029(6), N1–Pd1–N2 88.54(12), N2–Pd1–N3 92.45(12). 

 

As a result, TD-single point calculations were performed on the ligands. It turned out, that the 

low fluorescence of the ligands with the fluorophore moieties is attributed to two main factors. 

On the one hand, the probability of the HOMO-LUMO excitation is extremely low for some of 

the ligands. On the other hand, energy differences between the highest excited state and the 

non-relaxed ground state reveal no emission in the visible region, but rather an emission in 

the IR region (2000 nm) (Figure 26). A change of the linker between the bipyridyl ligands and 

the fluorescent tags might be an interesting possibility to avoid the predicted torsion of the 

amide bond angle in the excited state. 

 

 

Figure 26. Calculated geometry of the ground state of the ligand of cage 12 (left) and the optimized 
first excited state after light absorption (right). Disruption of the chromophoric system leads to high 
energy differences and an emission wavelength outside the visible region.  
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3.7 Self-assembly of highly luminescent heteronuclear coordination 

cages 

ANDREA SCHMIDT, MANUELA HOLLERING, JIAYING HAN, ANGELA CASINI, AND  

FRITZ E. KÜHN 

DALTON TRANSACTIONS 2016, 45, 12297-12300. 

 

In this communication exo-functionalized self-assembled Pd2L4 cage compounds with 

attached Ru(II) pyridine complexes are reported (Figure 27). Incorporation of luminescent 

functional groups like anthracene, naphthalene or ruthenium pyridine complexes into the 

ligand framework have been reported before, but did not enhance the emissive properties as 

desired. Based on previous findings regarding the quenching of luminescence in Pd2L4 cages, 

a rational approach to highly luminescent metallosupramolecular coordination cages is 

presented.  

 

 

Figure 27. Schematic structure of exo-functionalized Pd2L4 cage compounds 15 and 16 with attached 
Ru(II) pyridine complexes.  

 

In order to evaluate the influence of separation of the luminescent tag from the emissive 

ligand, two cage compounds are synthesized (Figure 27). Cage 15 with a ruthenium 

terpyridine ligand system and no spacer is compared to cage 16 with a ruthenium bipyridine 

ligand system and an ethyl bridge spacer. The molecular structure of the ligand of cage 15 

was determined using single crystal X-ray diffraction and is depicted in Figure 28. 
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Figure 28. ORTEP style representation of the cationic ligand of cage 15 with ellipsoids shown at the 
50% probability level. Hydrogen atoms, PF6

- counterions and solvent molecules are omitted for clarity. 
Selected bond lengths [Å]:Ru1–N1 2.0729(2), Ru1–N2 1.9796(2), Ru1–N3 2.0683(1), Ru1–N4 2.0690(1), 
Ru1–N5 1.9694(2), Ru1–N6 2.0703(2), C31–N7 1.3631(1). 

 

A calculated geometry optimized structure of cage 16 using a semi-empirical method (PM6) 

is shown in Figure 29. UV/Vis, excitation and emission spectroscopy was carried out on the 

ligands and the cage compounds. One of the highest reported quantum yields so far of 66% 

was achieved for the palladium cage 16 with a spacer in the ligand system, whereas the other 

one with no spacer did not exhibit any luminescence at all. The presented results support the 

assumption that the insertion of a spacer prevents quenching effects and leads to 

exceptionally high quantum yields and therefore highly emissive cage compounds, rendering 

it a promising strategy for future considerations.  

 

 

Figure 29. Molecular modeling of cage 16 using semi-empirical methods (PM6). 
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The first part of this work addresses the synthesis and characterization as well as the 

application of polydentate NHC complexes of ruthenium.  

Flexible acyclic tetraimidazolium salts were employed as precursors for ruthenium(II) tetra-

NHC complexes. Depending on the length of the alkyl bridges, the sawhorse-type geometry 

or the equatorial coordination of the acyclic tetra-NHC was favored. Ligand exchange 

experiments with stronger donors than acetonitrile led to differing coordination geometries. 

DFT calculations also suggest, that sawhorse-orientation is only observed when the energetic 

difference between both geometries is rather small. Previously reported iron(II) complexes 

featuring the same ligands showed fluxional behavior, which was not observed for the heavier 

ruthenium homologs.224 Figure 30 shows the generic representation of a tetra-NHC based 

ruthenium(II) complex with sawhorse type geometry. Complex 1 (L = MeCN, R = methyl, n = 

1, X = PF6
-) turned out to be among the most active transfer hydrogenation precatalysts 

reported so far, achieving TOFs up to 110 000 h-1.  

 

 

Figure 30. Ruthenium(II) tetra-NHC complex presented in this work (Complex 1: L = MeCN, R = methyl, 
n = 1, X = PF6

-) and possibilities for modifications and subsequent catalyst improvement. 

 

Future work in this field should focus on a wider substrate screening and even lower catalyst 

loadings, in order to better understand the limitations of the precatalyst 1. However, 

modifications of this ligand motif might offer even greater potential for additional research on 

ruthenium(II) tetra-NHC based transfer hydrogenation precatalysts. Especially wingtip 

substitution might favor the sawhorse type geometry, which turned out to be beneficial for 

transfer hydrogenation reactions. Accordingly, sawhorse type geometry might be feasible 

even with elongated alkyl bridges. Variation of the labile ligand L might influence the initial 

turnover frequency additionally.  

Following these promising results, the combination of imidazolylidene and triazolylidene 

carbenes was carried out, since abnormal NHCs are well known for their increased σ-donor 

properties. Ruthenium(II) tri-NHC complexes were chosen for their additional variability in 
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coordination modes and choice of non-carbene ligands compared to tetra-NHC complexes. 

A mixed methylene bridged azolium salt with one imidazolium and two attached triazolium 

moieties was prepared and used as precursor in a microwave-assisted one-pot reaction to 

yield the normal/abnormal Ru(II) tri-NHC in meridional coordination. Complex 7 achieved an 

initial TOF of 580 h-1 when applied as transfer hydrogenation precatalyst of acetophenone in 

2-propanol. Although the catalytic activity does not reach the highest reported reactivity for 

ruthenium based transfer hydrogenation precatalysts it still provides a platform for further 

investigation of this motif. In addition two chelating monocarbene Ru(II) complexes were 

obtained when the triazole moieties were not alkylated at the N3 position. In this case, the 

triazole acted as a neutral nitrogen donor and either one or both coordinated to the ruthenium 

center. The coordination turned out to be rather stable even at elevated temperatures and no 

hemilabile behavior was observed.  

Screening of a wider substrate scope would be interesting in the future. Until now, only the 

model substrate acetophenone was tested, however, especially fluorinated substrates might 

benefit from the increased σ-donor strength of the abnormal carbene moieties in complex 7. 

Additional wingtip group modification would allow for specific tailoring of the steric demand 

and accessibility of the precatalyst.  

In the second part of this work the focus is on the transformation of carbon dioxide using 

transition metal complexes. Besides the conceptual approach and presentation of the first 

catalytic transformations of carbon dioxide and ethene to acrylates, the synthesis and 

characterization of promising precursors for rhenium(I) biphosphinine complexes was 

reported. As an alternative to established rhenium(I) bipyridine systems for the photocatalytic 

activation of carbon dioxide, rhenium(I) biphosphinine complexes might be obtained using 

the described rhenium(I)-phosphinine complexes. Future work in this field should examine 

coupling reactions in the coordination sphere of a disubstituted rhenium(I) phosphinine 

complex. Especially coupling via a halogen to lithium exchange, subsequently followed by 

C-C bond formation with a suitable coupling reagent could be a promising option. 

Furthermore, a series of exo-functionalized Pd2L4 cage compounds was synthesized via self-

assembly. Noteworthy, we were able to demonstrate the encapsulation of the anticancer drug 

cisplatin using NMR spectroscopy and single-crystal X-ray diffraction. In addition, biological 

studies were carried out, proving an increased cytotoxic effect for one of the host guest 

systems, compared to the cage and cisplatin on their own. Ex vivo experiments with healthy 

rat liver tissue, displayed very limited toxicity of the same cage. In order to improve biological 

imaging via fluorescence microscopy a rational approach to highly luminescent cage 

compounds was reported. Consequently, exo-functionalized Pd2L4 cage compounds with 
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attached fluorophore moieties were investigated. TD-DFT calculations revealed a torsion of 

the amide bond angle of the ligand in the excited state, which resulted in quenching of the 

fluorescence of the ligands. This was due to a low probability of the HOMO-LUMO excitation 

among other things. Additional in vitro tests showed a higher cytotoxic effect of the cage 

compounds than cisplatin. In order to overcome the predicted torsion of the amide bond, a 

spacer was inserted to separate the emissive ligand from the ruthenium pyridine based 

luminescent tag in a subsequent study. It was indeed possible to synthesize a highly emissive 

cage compound with an ethyl bridge as spacer, while the cage without spacer showed no 

luminescence.  

These findings pave the way for rational modifications to yield highly luminescent exo-

functionalized Pd2L4 cage compounds. Taking advantage of the luminescent properties of the 

resulting metallocages, their accumulation can be investigated in various cells using 

fluorescence microscopy. The ability to use biological imaging allows for the elucidation of 

drug uptake, distribution and release mechanisms in the cell lines in future studies.  
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