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“Chemists do not usually stutter. It would be very awkward if they did, seeing that they 

have at times to get out such words as ‘methylethylamylophenylium’ ‘silyl-substituted 

silyliumylidene ion’.”  

adapted from Sir William Crookes (1832–1919) 
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Abstract 

The still-young research field of silyliumylidene ions – Si(II) cations with a lone pair of 

electrons, two vacant orbitals and a positive charge – has started to garner an 

increased interest from both academia and industry, with a number of reports over the 

last 15 years focused on their potential for single-site small molecule activation and 

transition metal-free catalysis.  

Importantly, due to the presence of a stereochemically active lone pair of electrons 

on the low-valent silicon center, they can also be employed as ligands in transition 

metal complexes like phosphines, carbenes or silylenes. Yet, compared to these 

commonly used ligand classes, their application in organometallic chemistry is still in 

its infancy. Understanding their reactivity with transition metals and their properties as 

ligands is of crucial importance, as the design of new and improved catalysts requires 

extensive knowledge about the coordination behavior of a variety of ligands. Notably, 

the extremely high inherent reactivity of silyliumylidene ions requires the coordination 

of up to two Lewis bases for their stabilization, which significantly reduces their π-

acceptor ability. 

Accordingly, this thesis describes the synthesis of novel NHC-stabilized 

silyliumylidene ions and their application as ligands in transition metal complexes. The 

first part of this dissertation focuses on the synthesis and isolation of the first silyl-

substituted Si(II) cations. The introduction of new substituents with different steric and 

electronic properties is important, as the features of the single silyliumylidene 

substituent can have a significant influence on their stability and reactivity. As an 

interesting follow-up chemistry, it was also shown that NHC-stabilized silyliumylidene 

ions can undergo facile NHC exchange reactions from weaker to stronger σ-donating 

carbenes. 

The second part of the thesis focuses solely on the coordination chemistry of NHC-

stabilized silyliumylidene ions. As proof of principle – that coordination chemistry is 

indeed a possibility – group 11 (Cu, Ag, Au) complexes were synthesized directly from 

aryl-substituted Si(II) cations through reaction with simple coinage metal salts. It was 

shown that their solid-state structures and their stability in solution depends on the 

steric demand of the silyliumylidene substituent: bulky groups lead to stable monomers 

whereas smaller groups form dimeric complexes with a significantly reduced stability. 
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In a follow-up publication, the ligand properties of NHC-stabilized silyliumylidene ions 

were investigated experimentally and theoretically with the synthesis and analysis of 

group 6 (Cr, Mo, W) and group 8 (Fe) transition metal carbonyl complexes and then 

compared to other common ligand classes. It could be shown that NHC-stabilized Si(II) 

cations can be classified as weak σ-donor ligands with negligible π-acceptor character. 

These investigations are followed by a final publication focused on the reactivity of 

various silyliumylidene ions with dimeric, chloro-bridged transition metal precursors: 

after the initial splitting of the dimeric complexes through coordination of the low-valent 

silicon moiety, an insertion reaction into the metal–chloride bond takes place with 

concomitant NHC-migration leading to chlorosilylene complexes with long Si–M bond 

distances. Reductive dechlorination of these complexes with either one or two 

equivalents of potassium graphite leads to an increase in the silicon–metal bond order, 

furnishing Si–M single and Si=M double bonds, respectively. 
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Zusammenfassung 

Das noch junge Forschungsfeld der Silyliumyliden-Ionen – Si(II) Kationen mit einem 

freien Elektronenpaar, zwei unbesetzten Orbitalen und einer positiven Ladung – erfreut 

sich einem steigenden Interesse, sowohl aus der Wissenschaft, als auch aus der 

Industrie. Über die letzten 15 Jahre erschien eine Reihe von Berichten die auf das 

Potential dieser hochreaktiven, niedervalenten Silicium-Kationen in der Aktivierung 

kleiner Moleküle und in der metallfreien Katalyse fokussiert waren.  

Aufgrund des vorhandenen stereochemisch aktiven freien Elektronenpaares am 

niedervalenten Siliciumzentrum, vergleichbar mit Phosphinen, Carbenen oder 

Silylenen, können Silyliumyliden-Ionen auch als Liganden in 

Übergangsmetallkomplexen eingesetzt werden. Im Vergleich zu diesen häufig 

verwendeten Ligandenklassen steht ihre Anwendung in der metallorganischen 

Chemie jedoch noch am Anfang. Das Verständnis ihrer Reaktivität mit 

Übergangsmetallen und ihrer Eigenschaften als Liganden ist von entscheidender 

Bedeutung, da das Design neuer und verbesserter Katalysatoren umfangreiche 

Kenntnisse über das Koordinationsverhalten einer Vielzahl an Liganden erfordert. 

Bedingt durch die hohe Reaktivität und Instabilität der Silyliumyliden-Ionen ist die 

Koordination von bis zu zwei Lewis-Basen an das Silicium-Zentrum für eine 

erfolgreiche Synthese nötig. Diese notwendige Stabilisierung verringert jedoch deren 

π-Akzeptoreigenschaften erheblich. 

Dementsprechend beschreibt diese Arbeit die Synthese von neuartigen NHC-

stabilisierten Silyliumyliden-Ionen und deren Anwendung als Liganden in 

Übergangsmetallkomplexen. Der erste Teil dieser Dissertation konzentriert sich auf die 

Synthese der ersten silyl-substituierten Si(II)-Kationen. Die Einführung von 

Substituenten mit unterschiedlichen sterischen und elektronischen Eigenschaften ist 

von Bedeutung, da die Charakteristiken des einzigen Silyliumyliden-Substituenten 

einen wesentlich Einfluss auf deren Reaktivität und Stabilität haben können. Als 

interessante Folgechemie konnte außerdem gezeigt werden, dass ein einfacher 

Austausch der koordinierten NHCs von schwächeren zu stärkeren Carbenen möglich 

ist. 

Der zweite Teil dieser Arbeit konzentriert sich ausschließlich auf die 

Koordinationschemie von NHC-stabilisierten Silyliumyliden-Ionen. Als „Proof of 

Principle“ – dass Koordinationschemie tatsächlich möglich ist – wurden Gruppe 11 
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Komplexe (Cu, Ag, Au) direkt aus der Reaktion von aryl-substituierten Si(II)-Kationen 

mit Münzmetallsalzen synthetisiert. Es konnte gezeigt werden, dass ihre Struktur im 

Festkörper und ihre Stabilität in Lösung direkt vom sterischen Anspruch des 

Silyliumyliden-Substituenten abhängt: große Gruppen führen zu stabilen Monomeren, 

während kleinere Reste deutlich instabilere dimere Komplexe bilden. 

In einer weiteren Publikation wurden die Ligandeneigenschaften von NHC-

stabilisierten Silyliumyliden-Ionen sowohl experimentell als auch theoretisch durch die 

Synthese von Gruppe 6 (Cr, Mo, W) und Gruppe 8 (Fe) Metallcarbonylkomplexen 

untersucht und anschließend mit gängigen Ligandenklassen verglichen. Es konnte 

gezeigt werden, dass diese Art von Silyliumyliden-Ionen am besten als schwache σ-

Donorliganden mit vernachlässigbarem π-Akzeptorcharakter beschrieben werden. 

Auf diese Untersuchungen folgt eine abschließende Publikation bezüglich der 

Reaktivität verschiedener Silyliumyliden-Ionen mit dimeren, chloro-verbrückten 

Übergangsmetallkomplexen: Nach einer Spaltung des Dimers induziert durch die 

Koordination des niedervalenten Siliciumzentrums an das Metall findet eine 

Insertionsreaktion in die Metall–Chlor Bindung mit gleichzeitiger NHC-Wanderung 

statt, die zu Chlorosilylen-Metallkomplexen mit langen Si–M Bindungslängen führt. 

Eine reduktive Dechlorierung dieser Komplexe mit einem oder zwei Äquivalenten 

Kaliumgraphit führt zu Si–M Einfachbindungen bzw. Si=M Doppelbindungen mit 

jeweils signifikant verkürzten Bindungslängen. 
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1. Introduction 

The concept of catalysis lies at the heart of the modern chemical industry as it closely 

combines important economic and ecological principals. Without a doubt, it is the most 

important cornerstone regarding environmental protection, which will only become 

increasingly important in the coming decades: through catalysis, it becomes possible 

to reduce waste and emissions and also use finite resources and energy much more 

efficiently.1 

Since the original introduction of the concept by Berzelius almost 200 years ago2, 

hetero- and homogeneous catalyst systems have been systematically investigated and 

developed and they are nowadays involved in the production of more than 85% of all 

manufactured goods.3-4 Hence, the importance of the large number of industrial scale 

catalytic processes for our society can hardly be overstated.5 

The high activity and robustness of the many different heterogeneous catalyst 

systems – which make up the large majority (>80%) of the catalysts used in the 

chemical industry4 – is responsible for the millions of tons of fuels, fabrics, fertilizers 

and pharmaceuticals produced each year.5 On the other hand, the milder reaction 

conditions (e.g. lower temperature and pressure) possible for homogeneous systems 

and their impressive stereo- and chemoselectivity allows for an unprecedented control 

over the outcome of a reaction. This makes them especially attractive for laboratory 

scale preparations and fundamentally useful in the complex syntheses of 

pharmaceuticals and fine chemicals.6 

Further development and improvement of these systems is of paramount 

importance for the future. However, almost all industrially relevant processes rely on 

the catalytic properties of transition metals, which bring the inherent downside of 

generally being rare, expensive, toxic and harmful to the environment. Therefore, over 

the past decades, the need for green and sustainable technologies and processes has 

been equally important. 

A concept that has been gaining more and more attention in recent years is the 

utilization of (low-valent) main group compounds as an alternative to transition 

metals.7-9 Due to their high abundance – for example, silicon and aluminum being the 

2nd and 3rd most abundant elements in the earth’s crust10 – they are significantly less 

costly and often non-toxic. However, this rather young research field is still in its infancy 
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and until sustainable, transition metal-free alternatives are developed and adjusted to 

industrial scale chemical processes, the preparation of new and improved transition 

metal catalysts is also of significant interest. One of the easiest ways to change the 

behavior of a catalyst (i.e. activity, selectivity and stability) is to change the ligation of 

the transition metal. In this context, given the close relationship of silicon and carbon 

in the periodic table, silylene ligands are highly promising alternatives to the commonly 

used carbenes (cf. chapter 2.2.2), which is why they are starting to gather more and 

more attention in recent years.11-14 

The directly associated class of silyliumylidene ions, also known as Si(II) cations, is 

a new research field, that can also be of interest for the development of novel, intriguing 

catalyst systems. However, fundamental work in regard to their coordination chemistry 

with transition metals and their properties as ligands is necessary first, as a deep 

understanding of ligand properties and their influence on transition metals is vital to 

designing better catalytic systems. 
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2. Low-coordinate Silicon Compounds 

The chemistry of low-coordinate and/or low-valent silicon compounds can be 

fundamentally different to that of related carbon compounds. These often incredibly 

reactive species have attracted much attention over the past several decades because 

of their interesting properties, reactivities and potential applications. Reported 

compounds include silylium ions [R3Si]+, silyl radicals [R3Si•], disilenes [R2Si=SiR2], 

disilynes [RSi≡SiR], silylenes [R2Si:], silenes [R2Si=CR2], silanones [R2Si=O], 

silyliumylidene ions [R–Si:]+, silylones [:Si:] and more, including a wealth of reported 

reactivities like the activation of small molecules and applications like transition metal-

free catalysis.7-8 In this chapter, the chemistry of silylium ions [R3Si]+ and silylenes 

[R2Si:] will be briefly discussed and a particular emphasis will be placed on the 

development of the field of silyliumylidene ions [R–Si:]+. Their syntheses, properties 

and reactivities will be discussed in detail. 

 

2.1 Silylium Ions 

 

Figure 1 Schematic representation of the cationic part of a silylium ion [R3Si]+. 

Silylium ions [R3Si]+ (Figure 1) are the direct heavier analogues of carbenium ions 

[R3C]+.15-16 As a three-coordinate silicon species with six valence electrons, a positive 

charge and a vacant p-orbital at the central Si(IV) atom, they are extraordinarily strong 

Lewis acids. 

In principle, it should be easier to isolate silylium ions compared to carbenium ions, 

as silicon is larger, more electropositive and shows higher polarizability than carbon.17 

While that is indeed the case in the gas phase, this does unfortunately not apply in the 

condensed phase due to the high electrophilicity of [R3Si]+. As a consequence, silicon 

cations strongly interact with most σ- and π-electron donors (e.g. nucleophiles, 

solvents and even arenes). In fact, it took a deliberate effort of over 100 years18 after 

the isolation of the first carbocation [(C6H5)3C]+ to isolate the first three-coordinate, 

solvent-free silylium ion [(Mes)3Si]+ (L-1, Figure 2).19-20 
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Consequently, it seems readily apparent that the approaches useful for the synthesis 

of carbenium ions are generally not suitable for the synthesis of the heavier 

analogues.16 Their successful isolation necessitates kinetic stabilization through bulky 

substituents and thermodynamic stabilization by electron-donating substituents, which 

reduce the electrophilicity of the silicon center. Furthermore, they also require non-

nucleophilic non-coordinating reaction conditions (i.e. solvents and anions). Frequently 

employed weakly coordinating anions (WCAs) are (per)fluorinated borate anions21 or 

carboranate anions.22 

Silylium ions are most commonly prepared from four-coordinate neutral silanes 

through electrophilic abstraction of one substituent, for example, abstraction of a 

hydride substituent (i.e. cleavage of a Si–H bond) with a tritylium salt, the protonation 

of Si–H bonds with Brookhart’s acid ([H(OEt2)2][B(ArF)4], forming H2) or the abstraction 

of alkyl groups with strong acids. Another approach to silylium ions is the abstraction 

of allylic substituents with an electrophile, which also allows for the synthesis of silylium 

ions with very bulky substituents.22-23 A number of free (although rare) as well as donor-

stabilized silylium ions (both inter- and intramolecularly stabilized) have been reported 

over the last decades (see Figure 2 for examples).16,20,23 Very recently, Oestreich et 

al. even reported a series of isolable hydrogen-substituted carboranate-stabilized 

silylium ions, including a derivative of the parent silylium ion [H3Si]+ through a 

protonolysis strategy with a carborane acid.22 

 

Figure 2 Examples for free silylium ions and through σ- and π-donors inter- and intramolecularly 
stabilized silylium ions (anions omitted).23 

Free silylium ions generally exhibit a characteristic 29Si NMR resonance at very low 

field (>200 ppm).23 For example, [(Mes)3Si]+ (L-1) shows a resonance at 225.5 ppm.19 

Upon interaction with donors such as anions or solvent molecules, a significant upfield 

shift can be observed. In the case of L-1, no coordination with benzene, toluene or p-

xylene takes place, however, upon addition of MeCN or Et3N, the expected shift to a 

higher field (37.0 and 47.1 ppm, respectively) occurs.  
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The increasing availability of isolable silylium ions has led to a growing interest 

regarding their reactivity as catalysts or reagents in synthetic organic chemistry 

(Scheme 1).20,23 Silicon-based Lewis acids can be efficient catalysts for cycloaddition 

reactions, for example, the toluene-stabilized silylium ion L-3 catalyzes the Diels-Alder 

cycloaddition of methylacrylate and 1,3-cyclohexadiene even at low temperatures.24 

Further applications of silylium ions include the hydro-defluorination of C(sp3)–F 

bonds25-26, hydrosilylation of C=X bonds27-29 or carbonyl-deoxygenation.30 Even the 

challenging cleavage of C(sp2)–F bonds has been reported.31-32 An application unique 

to this class of compounds is the silylium ion-catalyzed bis(silylation) of alkenes, where 

currently no alternative transition metal catalyst is known.33 Furthermore, a modern 

field of research is the introduction of chiral substituents on silylium ions for the 

development of new and improved protocols in asymmetric catalysis.34 

 

Scheme 1 Selected examples for applications of silylium ions (adapted from 23). 

The use of stoichiometric amounts of silylium ions can also be useful, for example in 

the Friedel-Crafts C–H silylation of aromatic compounds, which is generally more 

difficult to achieve than the corresponding Friedel-Crafts alkylation. This is due to the 

competing reverse reaction (proto-desilylation), which is significantly more facile in the 

case of silylium ions and necessitates the removal of the protons from the reaction 

mixture with proton scavengers (e.g. bases). 

With reliable methods for their synthesis and isolation becoming more and more 

available, silylium ions have continuously found an increasing number of applications 

in organic synthesis and catalysis. In the future, their incredibly high electrophilicity – 

which once prevented their isolation altogether – is sure to provide new and interesting 

reactivities and open up new catalytic pathways. 
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2.2 Silylenes 

 

Figure 3 Schematic representation of a silylene [R2Si:]. 

As the direct heavier congeners of carbenes, silylenes [R2Si:] (Figure 3) are two-

coordinate neutral Si(II) compounds with six valence electrons (two of them as the lone 

pair of electrons) and a vacant p-orbital on the low-valent silicon center.16  

Despite their close relationship in the periodic table, the properties of carbenes and 

the heavier tetrylenes can differ significantly (Figure 4): for example, while the parent 

carbene [H2C:] exhibits a triplet ground state (negative singlet-triplet gap ΔES-T), [H2E:] 

(E = Si, Ge, Sn, Pb) prefer the singlet ground state due to an increasing singlet-triplet 

gap for the heaver tetrylenes.16 This singlet ground state of silylenes is responsible for 

the presence of the vacant orbital on the silicon center (high Lewis acidity) as well as 

a lone pair of electrons (Lewis basicity), leading directly to their Lewis ambiphilicity. 

Additionally, as hybridization becomes more and more difficult for the heavier elements 

(due to an increasing separation of the s and p-orbitals with an increasing nuclear 

charge), the lone pair of electrons of the heavier tetrylenes exhibits an increased s-

character compared to the more pronounced p-character of the carbene lone pair. As 

a direct consequence of this “inert s-pair effect”35, the stability of the +II oxidation state 

also increases significantly with an increase of the principal quantum number.36-37 

 

Figure 4 Schematic representation of triplet carbenes and heavier singlet tetrylenes and general 
trends of the most important electronic properties of group 14 elements (adapted from 38).  
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While silylenes were initially considered as elusive species and highly reactive 

intermediates, nowadays they represent arguably one of the most important research 

aspects of modern (low-valent) main group chemistry with their versatile reactivity (e.g. 

due to their Lewis ambiphilicity) and numerous promising applications. They are 

regularly shown to be indispensable building blocks for organosilicon chemistry and 

their incredible potential in the metal-free activation of small molecules (and, by 

extension, in metal-free catalysis) is currently under heavy investigation – as are 

transition metal silylene complexes for the development of improved and novel 

transition metal-catalyzed conversions. 

To stabilize these species and allow them to be studied and utilized under ambient 

conditions, introduction of appropriate substituents is necessary. Similar to the 

concepts used for the isolation of silylium ions, either thermodynamic or kinetic 

stabilization (or a combination of both) is required.16 Over the past three decades, a 

large variety of bulky substituents with easily adjustable steric demand and strongly 

electron-donating systems have been developed, which has greatly increased the 

number of viable systems for the stabilization of highly reactive low-valent main group 

compounds. Furthermore, as silylenes can be highly electrophilic due to the presence 

of the empty p-orbital, additional stabilization can be achieved through inter- or 

intramolecular coordination of a Lewis base to the silicon center. This significantly 

reduces its electrophilicity, but also weakens the inherently high reactivity of the free 

silylenes at the same time. 

 

2.2.1 Milestones in Silylene Chemistry: Isolation and Reactivity 

Historically, silylenes have been postulated as transient intermediates and extensively 

studied via low-temperature matrix isolation studies, various trapping reactions and 

theoretical investigations.39 

The concepts of thermodynamic and kinetic stabilization as well as stabilization 

through Lewis bases have been successfully employed for the isolation of a plethora 

of silylenes. While most of the reported examples are three-coordinate compounds 

with external donor molecules36,40-41 such as NHCs42, even a handful of acyclic, two-

coordinate examples have been reported and studied extensively. The most important 

milestones in this field are briefly summed up below. 
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(i) Isolation of Silylenes 

The first major breakthrough in regards to isolable, room temperature stable Si(II) 

compounds was achieved by Jutzi and co-workers in 1986, with the isolation of 

decamethylsilicocene [Cp*2Si:]43 (L-6) (Figure 5). However, due to the hyper-

coordinate nature (η10) of the silicon center in L-6, it cannot be considered a true two-

coordinate silylene. Nevertheless, because of the η5-η3-η1 rearrangement processes44 

easily possible for the Cp* group, L-6 still shows the reactivity expected for a 

nucleophilic silylene.45 This discovery was soon followed by the isolation of L-7, an 

actual two-coordinate silylene and the first representative of the now well investigated 

class of N-heterocyclic silylenes (NHSis) – the heavier analogues of the well-known 

and widely utilized NHCs – by Denk and co-workers in 1994.46 

 

Figure 5 Selection of important milestones in the synthesis of silylene compounds. 

Just like in NHCs, the cyclic framework and the π-donating N-substituents can 

effectively stabilize the low-valent silicon center. Since then, a wealth of new cyclic 

silylenes have been synthesized, including a bis(alkyl)-substituted example47 and the 

6- and 4-membered NHSis L-948 and L-10.49 Importantly, the amidinate-stabilized 

three-coordinate silylene L-10 is also the first example of a compound with a Si(II)–Cl 

bond that is stable at room temperature. Thanks to the easy functionalizability of the 

chloride substituent, numerous derivatives of this silylene with a variety of substituents 

have been reported since the initial synthesis of L-10.50-51 

With the isolation of the NHC-stabilized dichlorosilylene L-11 in 2009 through the 

reductive elimination of HCl from HSiCl3 via NHCs (or reduction of NHC→SiCl4 with 

KC8), the chemistry of low-valent silicon finally caught up with that of the heavier group 

14 elements germanium, tin and lead, where comparable precursors were already 

known and readily available.52 The availability of an easily accessible Si(II) precursor 

for salt metathesis reactions paved the way for an abundance of novel low-valent 

silicon compounds.53 It is worth mentioning, that the NHC-stabilized dibromo- and 
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diiodo-silylene analogues have since also been prepared through reduction of the 

corresponding SiBr4 and SiI4 NHC adducts.54-55 

The acyclic silylene L-8 was synthesized in 2003 through the reductive 

debromination of the corresponding dibromosilane precursor.56 However, the 

compound is unstable under ambient conditions (as opposed to the germanium and 

tin analogues57-58) and decomposes quickly at temperatures higher than –20 °C. The 

breakthrough in the chemistry of stable, acyclic, two-coordinate silylenes came only 

very recently: in 2012, the groups of Power and Jones/Aldridge independently, at the 

same time, reported the isolation of silylenes L-1259 and L-1360, respectively. Over the 

past few years, this compound class has been extended with a handful of other 

examples.38 However, some representatives, e.g. the highly reactive bis(silyl)silylenes, 

still remain elusive with no room temperature stable examples reported so far.61 

 

(ii) Activation of Small Molecules 

Recent years have started to reveal the true possibilities of silylenes (especially that of 

acyclic, two-coordinate systems) in terms of reactivity, not just as synthons for 

organosilicon compounds50,62-63 and ligands in transition metal complexes12-14,39, but 

also as transition metal mimics in the activation of small molecules, with the potential 

to become genuine environmentally friendly alternatives to transition metal complexes 

in catalysis. The single-site activation of enthalpically strong molecules such as H2 

used to be a domain that was essentially entirely dominated by transition metal 

complexes, but since 2012, several silylenes have been reported that easily cleave the 

H–H bond (even under very mild conditions), most notably silylene L-1360, silepin L-

14B64 (as a masked variant of the acyclic silylene L-14A) (Scheme 2) and a masked 

bis(silyl)silylene.61 Furthermore, silylenes are also capable of facilely activating other 

challenging small molecules such as CO2
65, CO66-67, N2O65, ethylene68, white 

phosphorus (P4)69 and NH3.38,65,70-71 Even the reversible, temperature dependent 

insertion into a C=C double bond has been reported with the NHI-substituted silylene 

L-14A. Interestingly, at room temperature, L-14B also easily undergoes oxidative 

additions with CO2, N2O and ethylene (Scheme 2).64-65 

While a full catalytic cycle (i.e. involving oxidative addition and product formation 

followed by reductive elimination) with a silylene has not been found yet, the reported 
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reactivities are a promising starting point for further investigations regarding true 

catalytic applications of silylenes. 

 

Scheme 2 Temperature dependent, reversible insertion into a C=C double bond of a silylene and 
examples for silylene-based small molecule activation reactions with a masked silylene. 

 

(iii) Coordination Chemistry with Transition Metals 

In terms of transition metal complex chemistry, the close relationship of silicon with 

carbon and the isolation of the first carbene complexes by Fischer and Schrock 

inspired the early attempts in the coordination chemistry of silylenes.72 While silylene 

complexes have also been postulated as intermediates in transition metal-catalyzed 

organosilicon reactions73-74, the chemistry of isolable representatives started out with 

the synthesis of complexes with silylene moieties that would often not be stable under 

ambient conditions and therefore require the metal fragment for stabilization (e.g. 

L-1575 and L-1676, Figure 6). Early synthetic methodology involved abstraction of 

anionic groups (e.g. triflate, hydride) from silyl-substituted complexes, α-hydrogen 

migration or the generation of a transient silylene and subsequent trapping as a metal 

complex.72 Soon after, complexes were also synthesized directly from stable silylenes 

(e.g. L-17-L-19)77-79 and a variety of complexes have been reported since.39 

 

Figure 6 Examples for early silylene transition metal complexes (L-15 and L-16) and complexes of 
stable silylenes (L-17-L-19).  
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Unfortunately, this area of silylene chemistry has been largely overshadowed by the 

success of carbene transition metal complexes. However, with the incredible 

developments in the field of isolable silylenes, their coordination chemistry has also 

seen advances.39 In recent years, it has been shown that silylenes can be potent 

ligands for a variety of transformations and that they might have the potential to 

supersede carbene ligands in the near future.11-14 

 

2.2.2 Silylenes as Ligands: A Superior Alternative to Carbenes? 

One of the most important cornerstones of modern carbene chemistry are the class of 

N-heterocyclic carbenes (NHCs) and their ability to function as incredibly diverse 

ligands in transition metal chemistry. This versatility and the ability to stabilize highly 

reactive and otherwise elusive species has also found widespread success in main 

group chemistry as of late.42 Over the past decades, an absolutely staggering amount 

of NHC transition metal complexes has been isolated and a plethora of catalytic 

applications of these complexes have been reported.80-83 Similarly, Fischer and 

Schrock carbene complexes have shown to be impressive catalysts for a range of 

organic reactions.84-85 Most notably, they are efficient and versatile catalysts for a 

variety of olefin metathesis reactions (e.g. ring opening metathesis polymerization 

(ROMP) and ring closing metathesis (RCM)) and their incredible impact was 

recognized with the Nobel prize in chemistry in 2005.86  

Considering that modification of the ligation of the transition metal is one of the 

easiest ways to change catalytic behavior, combined with the ever-growing number of 

isolable free silylenes – which facilitates the synthesis of novel silylene transition metal 

complexes – and a wealth of isolated silylene complexes39,72,87, an interesting question 

arises: can silylenes as ligands compete with or even surpass carbenes 

in terms of complex stability, catalytic ability and versatility? 

A recent theoretical investigation sought to provide an answer to this question by 

comparing the most important ligand properties (i.e. σ-donor and π-acceptor ability, 

steric factors (e.g. buried volume88) and ligand-to-metal charge transfer) of model 

phosphines (PPh3 and PCy3) and NHCs (IDipp) with a large selection of synthetically 

available low-valent silicon compounds (for proton affinity as an indicator for σ-donor 

ability as a comparative example, see Figure 7).89 
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The authors concluded that some reported silylenes can indeed compete and 

sometimes even outperform carbenes regarding all important favorable ligand 

features. For example, donor-stabilized silylenes can offer incredibly strong σ-donating 

effects – combined with a small buried volume, these ligands can promote the oxidative 

addition step of the catalytic cycle. Conversely, strongly π-accepting low-valent silicon 

ligands with a large buried volume can speed up the reductive elimination step.89 

 

Figure 7 Calculated proton affinity (in kJ/mol) as a quantification of σ-donor ability for selected silylene 
examples; PPh3, PCy3 and IDipp are added for comparison (adapted from 89). 

Unfortunately, even though the number of isolable silylene complexes continues to 

grow, investigations into their catalytic potential are still lacking, especially compared 

to those of carbene complexes. Hence, direct real-world comparisons of carbenes and 

silylenes are difficult, as analogue complexes of carbenes and silylenes are scarce and 

comparable catalytic investigations even more so. But from the handful of reported 

catalytic applications, it is evident that silylene ligands in transition metal-catalyzed 

transformations have a large untapped potential. At the same time, this so far limited 

number of applications makes it also obvious that silylene complexes do not appear to 

generate the same interest and uptake that NHC complexes have enjoyed over the 

last several decades. 

Nevertheless, several recent reports undoubtedly suggest that the use of silylenes 

as ligands in transition metal-catalyzed organic transformations can offer advantages 

compared to carbenes or phosphines.11-14,90 While the direct relationship of NHSis with 

NHCs makes them prime candidates for improving existing conversions, these 

publications also show that not only improved catalytic performance is a possibility. 
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Specifically designed silylene ligands can play an essential role in the catalytic cycle 

by enabling new reactions through cooperative effects.90-91 For example, Driess et al. 

reported the hydrosilylation of ketones catalyzed by a hydridosilylene iron complex 

where the NHSi ligand plays a key role, as the first step of the proposed catalytic cycle 

includes a silicon-iron hydride transfer.91 In the upcoming years, comprehensive 

studies on the feasibility of silylenes as ligands and reports on novel or improved 

catalytic applications are expected. 

 

2.3 Silyliumylidene Ions 

This chapter is intended as a comprehensive summary of the chemistry of silyliumylidene ions, including 

reported compounds and their reactivity. 

 

Figure 8 Schematic representation of a silyliumylidene ion [R–Si:]+. 

Silyliumylidene ions [R–Si:]+ (Figure 8) are one-coordinate Si(II) cations, with four 

valence electrons (two of them as the stereochemically active lone pair of electrons), 

two vacant degenerate p-orbitals and a positive charge located at the central silicon 

atom.18 Due to this unique electronic structure, they can be considered related to 

silylium ions (empty p-orbital and cationic charge) as well as silylenes (empty p-orbital 

and lone pair of electrons) (Figure 9).  

 

Figure 9 Formal combination of properties of silylenes (empty p-orbital, lone pair of electrons, Lewis 
ambiphilicity) and silylium ions (empty p-orbital, cationic charge, high electrophilicity) to 
silyliumylidene ions.  
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With that, they of course also combine the Lewis ambiphilic nature of silylenes and the 

high electrophilicity of silylium ions, which further means Si(II) cations can be highly 

useful in a wide range of synthetic and catalytic applications. Gaspar even theorized, 

that this exceptional combination of properties could result in an incredible synthetic 

potential of silyliumylidene ions (which he initially dubbed “supersilylenes”) in 

organosilicon chemistry, theoretically allowing the simultaneous formation of up to 

three new bonds in a single reaction (Scheme 3).92 Unfortunately, because of that, the 

challenges that make the isolation of silylium ions and silylenes so difficult are also 

combined in the case of Si(II) cations. 

 

Scheme 3 Schematic representation of the synthetic potential of silyliumylidene ions.92-93 

The smallest possible representative of the silyliumylidene class, which is also the 

smallest possible polyatomic silicon moiety, [H–Si]+, can only be observed 

experimentally under mass spectrometric conditions in the gas phase as a short-lived 

intermediate94 as well as spectroscopically in astrochemical processes.95-96 

In the condensed phase, no one-coordinate silyliumylidene ions have been isolated. 

This is quite easily understandable, as the single substituent of a Si(II) cation simply 

cannot provide the steric and electronic protection necessary to stabilize such reactive 

species. Therefore, the isolation of silyliumylidene ions in the condensed phase 

requires the same concepts presented for silylenes and silylium ions (vide supra): 

kinetic stabilization of the extremely electron deficient silicon center with a sterically 

demanding and protecting substituent is necessary, as is the thermodynamic 

stabilization provided by coordination of one or two Lewis bases (LB, Figure 10). While 

the isolation of silyliumylidene ions initially required the use of WCAs and non-

nucleophilic solvents, the use of relatively bulky substituents and NHCs as stabilizing 

Lewis bases also opened the door for simple halides as counter anions and the use of 

lower-priced solvents such as acetonitrile. Unfortunately, the bulky substituents and 

coordinated Lewis bases that are needed to tame the extreme inherent reactivity and 
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electrophilic nature of the [R–Si]+ moiety also influence and somewhat weaken its 

reactivity. For example, coordination of two Lewis bases to the silicon center – which 

is the most common method utilized for the stabilization of silyliumylidene ions (vide 

infra) – occupy both empty p-orbitals and thereby significantly reduce the π-acceptor 

ability of the silyliumylidene ion. 

 

Figure 10 Schematic representation of one-, two- and three-coordinate silyliumylidene ions.97 

These three-coordinate silyliumylidene ions generally exhibit a pyramidal structure. 

Comparable to silyl radicals98-100, electropositive substituents lead to an increase of the 

sum of the bond angles around the central silicon atom (i.e. a reduced 

pyramidalization, which corresponds to a reduced s-character of the silicon-centered 

lone pair), whereas electronegative substituents lead to an increased pyramidalization 

and with that an increased s-character.101-102 

The group of Müller computationally investigated the electronic properties of a series 

of one-coordinate silyliumylidene ions as well as the principal reactivity of 

silyliumylidene ions (e.g. σ-bond insertion and π-bond addition reactions).103 The 

calculations revealed a singlet ground state and the presence of a sp-type HOMO (i.e. 

the lone pair) and two low-lying degenerate p-type LUMOs (i.e. the empty p-orbitals). 

The singlet-triplet gaps (up to 450 kJ/mol) are predicted to be substantially higher than 

those of the related silylenes. Electronegative and/or π-donating substituents (e.g. 

NH2, OH, F) increase both the stability of the Si(II) cation as well as the singlet-triplet 

gap significantly due to the destabilization of the LUMO through the conjugation 

between the lone pair and the heteroatom. Conversely, electropositive substituents 

(e.g. SiH3, GeH3) lead to decreased singlet-triplet gaps.103 

The group further predicted that the m-terphenyl substituent should be very effective 

at stabilizing a silyliumylidene ion due to potential “through-space” interactions with the 

π-system of the flanking aryl groups (cf. silylium ion L-5, Figure 2).103 This concept was 

later put into practice with the thermally induced generation of the MesTer-substituted 

silyliumylidene ion from the corresponding 7-silanorbornadienyl cation L-20 

(Scheme 4).104 Immediate C–H activation of the solvent benzene leading to silylium 
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ion L-21 showcases the extremely high reactivity of this almost completely unstabilized 

species (meaning, without donor stabilization by Lewis bases). 

 

Scheme 4 Generation of the mono-substituted silyliumylidene ion [MesTer–Si:]+ from L-20 and its C–H 
activation of benzene (anions omitted).104 

Going down the periodic table, the heavier tetryliumylidene ions [R–E]+ (E = Ge, Sn, 

Pb) are generally easier to synthesize and isolate due to the increased stability of the 

+II oxidation state for the heavier elements (just like in the case of tetrylenes).37 It is 

therefore unsurprising, that examples of the heavier congeners appeared much earlier 

and more frequently in the literature37,44,105-110 (e.g. [Cp*Sn:]+ in 1979111 and [Cp*Ge:]+ 

in 1980112 vs. [Cp*Si:]+ in 2004113). Similarly, while the synthesis of [Cp*E:]+ (E = Ge, 

Sn) could be carried out with a simple protonation of [Cp*2E:] with HBF4
111-112, the 

synthesis of [Cp*Si:]+ required a more nuanced approach (vide infra).113 In the context 

of the C–H activation of benzene with the essentially unstabilized [MesTer–Si:]+ 

(Scheme 4)103, the isolation of the “quasi one-coordinate” plumbyliumylidene ion 

clearly demonstrates the much higher stability of the heavier analogues.114 

 

2.3.1 Isolable Silyliumylidene Ions – an Overview 

Generally, the synthesis and isolation of silyliumylidene ions involve multi-step 

approaches including the reduction of suitable Si(IV) species followed by isolation and 

purification of the Si(II) precursors and their subsequent conversion to the cationic 

species (Scheme 5). 

These work-intensive and difficult syntheses have generally limited their potential 

applications, however, in recent years a significant amount of progress has been made 

in a more facile approach to their targeted synthesis and isolation. Furthermore, 
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reactivity studies of these highly reactive species are starting to appear more frequently 

in the literature (see chapter 2.3.4). 

 

Scheme 5 Commonly used routes to isolable silyliumylidene ions. 

The vast majority of reported silyliumylidene ions are three-coordinate species with 

either an aryl or halide substituent on the central silicon moiety and utilize NHCs for 

their stabilization. Nevertheless, a handful of other two- and three-coordinate Si(II) 

cations have been reported throughout the last 15 years. Figure 11 gives an overview 

over the most important milestones in the isolation of silyliumylidenes: from the major 

breakthrough in 2004 with the isolation of a η5-Cp*-coordinated Si(II) cation and the 

synthesis of a two-coordinate silyliumylidene ion in 2006, to the first synthesis of an 

NHC-stabilized silyliumylidene ion in 2013 up to the isolation of the NHC-stabilized 

parent silyliumylidene ion in 2017 – the history of and progress in the field of 

silyliumylidene ion chemistry will be discussed in detail below. 

 

Figure 11 Most important milestones in the isolation of silyliumylidene cations (anions omitted). 

 

2.3.2 Donor-stabilized Silyliumylidene Ions (excluding NHCs) 

The first derivative of [H–Si:]+ was reported by Jutzi and co-workers in 2004.113 They 

were able to successfully isolate the cationic π-complex [(C5Me5)Si][B(C6F5)4] (L-22) 

(Figure 12) by taking advantage of silicon’s ability to form hyper-coordinate compounds 

as well as the stabilizing effects of the Cp* ligand via protonation of 
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decamethylsilicocene [Cp*2Si:] with the proton-transfer agent [Me5C5H2][B(C6F5)4]. 

Initial experiments with HBF4 as the proton source – an approach comparable to Jutzi’s 

earlier efforts for the isolation of the heavier analogues [Cp*Ge:]+ and [Cp*Sn:]+111-112 

– were unsuccessful and only led to decomposition products. In the 29Si NMR of L-22, 

an extreme high-field shift of –400.2 ppm could be observed, which is characteristic for 

π-complexes of divalent silicon (cf. –398.0 ppm for [(C5Me5)2Si:] (L-6)).115 

 

Figure 12 Literature reported silyliumylidene ions (excluding NHC-stabilized variants). 

While, technically, L-22 cannot be considered a true one-coordinate silyliumylidene ion 

due to the hyper-coordination of the Cp* ligand (cf. silylene L-6, Figure 5), it can be 

regarded as the “resting state” of the actual one-coordinate Si(II) cation [η1-Cp*Si:]+, 

and its reported reactivities support this assumption (vide infra). An updated, more 

convenient method for its preparation with higher yield was later reported by Filippou 

et al.: reaction of NHC→SiX2 (NHC = IDipp, SIDipp; X = Cl, Br) with two equivalents of 

KCp* yields [Cp*2Si:], which can then be protonated with Brookhart’s acid.116 Very 

recently, the WACKER Chemie AG disclosed a technical scale preparation method 

through hydride abstraction of [Cp*2Si:] with a tritylium salt, resulting in tetramethyl-

fulvene and L-22 in high yield.117 This approach is also suitable for the convenient 

introduction of a variety of different anions. A derivative of L-22 with C5
iPr5 instead of 

Cp* was also synthesized through protonation of the mixed silicocene 

[(C5Me5)(C5
iPr5)Si:].118 

In 2006, Driess et al. utilized a sterically demanding β-diketiminate ligand to isolate 

the two-coordinate Si(II) cation L-23, which is stabilized by 6π-electron delocalization 

into the β-diketiminate ligand.119 L-23 is formed via protonation of the ligand backbone 

of the corresponding zwitterionic N-heterocyclic silylene with Brookhart’s acid. It is 

important to note that L-23 was the first reported two-coordinate Si(II) cation and still 

remains one of only two reported silyliumylidene ions of this class (cf. complex L-33, 

Figure 14). The group further reported a silicon(II) cation stabilized by a 

bis(iminophosphorane) ligand via reaction of NHC→SiCl2 with the free ligand.120 Due 

to the three-coordinate silicon center in L-24, the 29Si NMR resonance is shifted 
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significantly upfield to –3.3 ppm compared to the +69.3 ppm observed for the two-

coordinate L-23. 

In 2013, So and co-workers split and oxidized an amidinate-stabilized Si(I) dimer 

through addition of N-TMS-dimethylamino-pyridinium triflate in the presence of 

additional DMAP and were able to isolate the amidinate-based DMAP-stabilized 

silyliumylidene triflate L-25.121 The 29Si NMR resonance (–82.3 ppm) is shifted upfield 

even further because of the three strong N-donor substituents/ligands. The high 

pyramidalization around the central silicon atom (sum of bond angles: 266.1°) is 

indicative of a high s-character of the silicon-centered lone pair. 

Since then, only silyliumylidene ions utilizing either one or two NHC moieties for the 

stabilization of the low-valent silicon center have been reported. 

 

2.3.3 NHC-stabilized Silyliumylidene Ions 

As NHCs are excellent donors, capable of stabilizing a wide variety of low-valent main 

group species42, it is unsurprising that the majority of reported silyliumylidene ions 

employ up to two NHC moieties for the kinetic and thermodynamic stabilization of the 

highly electrophilic silicon center. However, an important point regarding NHC-

stabilized silyliumylidene ions is the location of the positive charge and, consequently, 

their representation either as a donor-acceptor complex (Figure 13A) with the positive 

charge localized on the silicon center or as the zwitterionic form (Figure 13B) as a silyl-

anion with the positive charge distributed over the NHCs. Directly related to that, the 

use of arrows in regards to NHCs in main group compounds is a frequent point of 

contention in the literature as well.122-124  

 

Figure 13 Donor-acceptor (A) and zwitterionic (B) canonical structures of NHC-stabilized Si(II) 
cations (anions omitted). 

On the one hand, the zwitterionic form (which diminishes the cationic charge at the 

silicon center) can be justified from the relatively short Si–CNHC bond lengths and the 

relatively high-field 13C NMR resonance of the carbene carbon atom (~150–
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160 ppm).37,42,97 This resonance is closer to imidazolium salts (~130–140 ppm) than 

free carbenes (~200 ppm) and generally upfield shifted from metal NHC complexes. 

On the other hand, the pyramidal structure observed for NHC-stabilized silyliumylidene 

ions and the silicon-centered positive charge suggested by NBO analysis clearly 

support the depiction as the donor-acceptor complex.125 It is reasonable to assume 

that both resonance structures contribute to the overall electronic structure, however, 

for simplicity and consistency, NHC-stabilized silyliumylidene ions throughout this 

thesis are always depicted using arrows with the positive charge located at the central 

silicon atom. 

The first NHC-stabilized Si(II) cations L-26126 and L-2755 were reported by the 

groups of Driess and Filippou, respectively, at essentially the same time in 2013 

(Figure 14). For L-26, Driess et al. opted for the same approach they already utilized 

for the bis(iminophosphorane) silyliumylidene ion L-24. Compared to the 29Si NMR shift 

observed for L-24 (–3.3 ppm120), the bis(NHC)-stabilized compound exhibits a 

significantly high-field shifted silicon resonance of –58.4 ppm, which can be attributed 

to the strong electron donation of the bis(NHC) ligand.126 The chelating ligand forces a 

relatively pyramidalized geometry around the central silicon atom with a sum of bond 

angles of 282.1°.  

 

Figure 14 NHC-stabilized silyliumylidene ions L-26-L-33; Eind = 1,1,3,3,5,5,7,7-octaethyl-s-
hydrindacen-4-yl; EMind = 1,1,7,7-tetraethyl-3,3,5,5-tetramethyl-s-hydrindacen-4-yl; Tbb = 
2,6-(CH(TMS)2)2-4-tBu-C6H2. 

L-27 could be isolated from the reaction of the NHC-stabilized diiodosilylene 

IDipp→SiI2 with IiPr2Me2, which led to the displacement of one iodide substituent. A 

fascinating feature of this silyliumylidene ion is the presence of a doublet at –55.3 ppm 
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(JSi–H = 10.4 Hz) in the 29Si NMR, which stems from the “through-space” coupling of 

the silicon center with one methine proton of the iso-propyl wingtip due to their close 

spatial proximity, which can also be observed in the solid-state structure 

(dSi···H = 2.57 Å).55 Interestingly, addition of the smaller NHC IMe4 to IDipp→SiI2 leads 

to the formation of the unprecedented silicon(II) dication [Si(IMe4)3]2+ through a 

carbene substitution reaction instead of a silyliumylidene ion.55 The mixed CAAC/NHC 

iodo-silyliumylidene iodide L-28 was synthesized via the same route from the 

CAAC→SiI2 precursor.127 

In 2014, Inoue et al. reported the facile access to NHC-stabilized aryl-substituted 

silyliumylidene ions through abstraction of HCl from easily accessible Si(IV) 

dichlorosilane precursors.125 Addition of three equivalents of NHC to suitable 

precursors leads to the formation of the desired silyliumylidene chlorides L-29 with 

concomitant formation of one equivalent of imidazolium chloride (Scheme 6). The 

advantages of this route are that it completely avoids the need for the highly reactive 

Si(II) precursors and the silyliumylidene ion can be synthesized in a simple one-pot 

reaction. Furthermore, it is anticipated that this synthetic route can be employed to 

access silyliumylidene ions with different substituents and other NHCs. 

 

Scheme 6 Synthesis of aryl-silyliumylidene ions L-29. 

Initially, the isolable yield was limited to ~50% as the work-up procedure involved the 

separation of large crystals of L-29 from fine imidazolium chloride powder via hexane 

suspension. However, the yield was later improved to 66% through an amended 

procedure.128 

The same method was later used by Sasamori, Tokitoh and co-workers for the 

isolation of silyliumylidene bromide L-30b from the corresponding dibromosilane.129 

Interestingly, these aryl-substituted silyliumylidene ions L-30 are also accessible 

through splitting of various arylbromodisilenes by addition of 4 equivalents of NHC. 

(e.g. the disilene (Eind)BrSi=SiBr(Eind) with IMe4 leads to L-30b).129-130 Distinctive for 

bis(NHC)-stabilized silyliumylidene ions, the 29Si NMR shifts can be observed in the 

high-field region between –50 and –80 ppm (cf. Table 1). 
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An important milestone was achieved by So et al. in 2017 with the isolation of the NHC-

stabilized parent silyliumylidene ion L-32. Upon homoleptic Si–Si bond cleavage of the 

NHC-stabilized iodosilicon(I) dimer [IDippISi:]2 with four equivalents of IMe4, they were 

able to isolate [H–Si(IMe4)2]I via intermediate formation of a silicon(I) radical, which 

abstracts H· from the solvent toluene.131 The 29Si NMR exhibits a doublet at 

–77.9 ppm (1JSi–H = 283 Hz) and the Si–H moiety can be observed at 9.73 ppm in the 

1H NMR. The sum of bond angles around the central silicon atom (292.2°) is 

significantly smaller (which equals an increased pyramidalization and therefore a 

higher s-character of the lone pair) than in the case of the aryl-substituted 

silyliumylidene ions L-29-L-31 (cf. Table 1), but nevertheless indicates the presence of 

a stereochemically active lone pair. 

Table 1 Comparison of 29Si NMR shifts and sum of bond angles around the central silicon atom of 
reported silyliumylidene ions (left: excluding NHCs, right: including NHCs). 

# 29Si NMR [ppm] Si [°]   # 29Si NMR [ppm] Si [°] 

L-22 –400.2 ×   L-26 –58.4 282.1 

L-23 +69.3 ×   L-27 –55.3 301.4 

L-24 –3.3 286.6   L-28 –51.5 322.9 

L-25 –82.3 266.1   L-29a –68.8 310.2 

     L-29b –69.5 313.0 

     L-30a –60.8 × 

     L-30b –63.3 × 

     L-30c –70.9 314.7 

     L-31a –75.9 327.0 

     L-31b –59.6 327.3 

     L-32 –77.9 292.2 

     L-33 +828.6 × 

 

The cationic compound L-33 with a transition metal-bound silicon moiety can be 

considered a silyliumylidene ion with a transition metal substituent, as NBO and NRT 

calculations indicated the presence of a lone pair and a positive charge at the silicon 

center.132 The complex, which was synthesized through addition of CO gas to a 

chromium silylidyne complex, represents one of only two known two-coordinate 

silyliumylidene ions (cf. L-23, Figure 12). The compound is also notable for exhibiting 

the most downfield shifted 29Si NMR resonance (+828.6 ppm) reported to date, which 

clearly indicates the difference in the electronic structures and also illustrates the 

significant difference the silyliumylidene substituent can make. 
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Nevertheless, even with all of the advances made over the past 15 years in the field of 

silyliumylidene chemistry, the notoriously difficult synthetic target of a genuinely one-

coordinate Si(II) cation as an actual derivative of [H–Si:]+ remains elusive. 

 

2.3.4 Reactivity of Silyliumylidene Ions 

In general, reactivity studies of silyliumylidene ions are quite limited (especially 

compared to silylenes), as their restricted availability and their generally demanding 

synthesis makes related follow-up chemistry more difficult. Nonetheless, as this 

chapter will highlight, Si(II) cations can offer a variety of intriguing reactivities, from 

acting as synthons for highly reactive, novel low-valent silicon species such as 

silylones or donor-free silylenes to small molecule activation reactions, transition metal 

coordination chemistry and even catalytic applications (Figure 15). 

 

Figure 15 General overview over the fields of applications of silyliumylidene ions [R–Si:]+. 

 

(i) Synthons for Novel (Low-valent) Silicon Compounds 

It is of course unsurprising that the most expansive reactivity investigations reported 

so far center around the first isolated silyliumylidene ion L-22. In addition to its 

impressive stabilizing effects allowing the isolation of L-22, the Cp* substituent also 

has the added benefit of coordinative flexibility (i.e. the possibility of a hapticity shift 

from η5 to η1), giving L-22 a range of possible applications. Jutzi himself has previously 

comprehensively reviewed the reported reactivities of [Cp*Si:]+ in 2014.133 

Nevertheless, an outline is given in Scheme 7 which will be briefly discussed below. 



2. Low-coordinate Silicon Compounds 

24 

A large part of the reported reactivities focus on the synthesis of novel acyclic silylenes 

via reaction of L-22 with suitable precursors that generally incorporate a small cation 

(e.g. Li+, Na+) to remove the counter anion of L-22 via salt metathesis. Jutzi and co-

workers reported multiple new sandwich complexes L-34 related to 

decamethylsilicocene, which were synthesized by reaction of L-22 with different 

lithiated Cp-derivatives like Li(C5
iPr5).118 Similarly, utilization of a lithiated bulky aryl134, 

imino135 or amino group136
 furnished the corresponding Cp*-substituted aryl-, imino- 

and amino- silylenes L-35, L-36 and L-37, respectively. Interestingly, while the amino-

substituted complex L-37 exhibits a monomeric structure with a π-bonded Cp* 

substituent in solution, dimerization to a trans-disilene with a σ-bonded Cp* substituent 

can be observed in the solid state.136 Furthermore, the metallo-substituted silylene 

L-38 could be obtained after addition of Na[Fe(CO)2Cp*].137 

 

Scheme 7 Selected reported reactivities of [Cp*Si:]+ (anion omitted). 

Jutzi and Scheschkewitz et al. also described a novel route to cyclotrisilene L-39 via 

addition of the lithium-disilenide Li(TippSi=SiTipp2).138 Addition of 2 equivalents of this 

reagent leads to the formation of the hexasilabenzene isomer L-40.139-140 The concept 

of utilizing [Cp*Si:]+ and [Cp*2Si:] as a stoichiometric source of silicon was further used 

by Scheschkewitz and co-workers to isolate several silicon-based clusters.141 
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Remarkably, reaction of L-22 with the lithium salt of the ß-diketiminate ligand 

(LiNacnac) leads to the tricyclic Si(IV) compound L-41 through cleavage of the ligand 

framework and multiple rearrangement reactions.142 

Driess et al. showed in 2013 that Si(II) cations can offer a remarkably simple access 

route to silylones. Reductive dehalogenation of their bis(NHC)-stabilized 

silyliumylidene ion L-26 with sodium naphthalenide led to the silylone (“sila-dicarbene”) 

L-42 (Scheme 8).126 

 

Scheme 8 Conversion of silyliumylidene L-26 to silylone L-42. 

So and co-workers were also able to demonstrate the nucleophilic and electrophilic 

character of the DMAP-stabilized silyliumylidene L-25 through unique reactivities: 

addition of the amidinate Si(I)-dimer143 (the precursor of Si(II) cation L-25) resulted in 

the formation of L-43, which is the first example of a silylium cation with low-valent 

silicon substituents. Reduction of L-25 using K-selectride yielded the silylsilylene L-44 

(Scheme 9).121 

 

Scheme 9 Unique reactivity of DMAP-stabilized silyliumylidene L-25.  
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(ii) Small Molecule Activation 

The activation of (relatively) inert small molecules is one of the most important fields of 

modern main group chemistry, especially in the context of transition metal-free 

catalysis. Silyliumylidene ions have been employed in a variety of activation reactions, 

ranging from chalcogens, to C–H bonds in terminal alkynes and small gaseous 

molecules such as N2O, CO2 and H2S, which is a testament to the high reactivity of 

even three-coordinate Si(II) cations. 

Inoue and co-workers reported multiple diverse and interesting reactivities of their 

NHC-stabilized silyliumylidene ions L-29, which were recently reviewed in a personal 

account.97 Initially, the reactivity towards phenylacetylene was investigated: addition of 

three equivalents of phenylacetylene to L-29a results in the formation of alkenyl-

dialkynyl-silane L-45 (Scheme 10) via multiple C–H bond activations.125 The observed 

formation of the (Z)-isomer as the sole product was explained using DFT calculations, 

where formation of the (E)-isomer could be excluded due to high activation barriers. 

Furthermore, it was shown that activation of CO2 using L-29 is also possible.144 

Utilization of the bulky m-terphenyl group (L-29a) allowed the isolation of sila-acylium 

ion L-46a, the silicon analogue of an acylium ion. Using the smaller Tipp substituent 

(L-29b) lead to the same activation product, although the compound decomposes 

above –30 °C because of the reduced steric protection, presumably undergoing 

polymerization.  

 

Scheme 10 Reported small molecule activation reactions of silyliumylidene ion L-29a. 

Using N2O as the oxidation agent leads to the same product. The related heavier 

homologues L-46b-d of sila-acylium ion L-46a could also be isolated via reaction of 

L-29a with S8, Se and Te.145 For these compounds, unique chalcogen exchange 
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reactions could be observed, going from Te → Se → S, which corresponds well with 

the calculated Si=E bond dissociation energies. Further examples of sulfur activation 

were reported by Driess and co-workers as well as So et al., furnishing the expected 

sila-thionium compounds.120-121 

Recently, Inoue et al. also reported the activation of S–H bonds in H2S.128 Reaction 

of the silyliumylidene ion with hydrogen sulfide furnished thio-sila-aldehyde L-47 with 

concomitant formation of imidazolium chloride. Detailed computational studies 

elucidated the mechanism of formation, which commences with a proton transfer from 

H2S to L-29a, followed by an attack of the SH– moiety on the silicon center. 

Furthermore, sila-aldehyde L-48 as the lighter congener of L-47 could also be 

isolated by reaction of L-29a with water (Scheme 11). However, as opposed to the 

sulfur-containing compound, L-48 requires the presence of a Lewis acid (e.g. GaCl3) 

for donor-acceptor stabilization.146 In the absence of a Lewis acid, only formation of 

spiro-siloxane L-50 could be observed. The sila-aldehyde was then further 

functionalized to sila-aroyl-chloride L-49 through chlorination with additional GaCl3 and 

hydrolysis of this heavier acid chloride in the presence of free NHC (leading to L-52) 

was also presented. Moreover, convenient conversion to phosphasilene L-51 using 

P(TMS)3 was achieved as well. 

 

Scheme 11 Conversion of L-29a to sila-aldehyde L-48 and follow-up chemistry. 

Filippou and co-workers also demonstrated the use of N2O as oxidation agent with the 

isolation of a metalla-sila-acylium ion from the metalla-silyliumylidene ion L-33.132 They 

further reported that, due to the small HOMO-LUMO gap of the metalla-silyliumylidene 

ion, activation of H2, NH3, H2O and HCl is also possible, but no further details were 

disclosed. 
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(iii) Catalytic Applications 

Due to their unique electronic structure, silyliumylidene ions are promising transition 

metal-free alternatives for catalytic applications. Especially Si(II) cations with a formal 

coordination number of two or less have the potential to supersede transition metal 

complexes in various organic transformations. Accordingly, silyliumylidene ions are 

one of the few low-valent main group compounds with multiple reported catalytic 

reactivities that even include applications that can be relevant on an industrial scale.  

The first report of a catalytic activity of a silyliumylidene ion was published in 2011, 

when Jutzi and co-workers discovered the facile degradation of oligoethers (e.g. 

dimethoxyethane) to dioxane and dimethylether (Scheme 12A) in the presence of 

catalytic amounts of L-22 without any decomposition of the Si(II) cation.147  

 

Scheme 12 Catalytic conversion of oligoethers to 1,4-dioxane and dimethylether by L-22 (A) and 
suggested mechanism for the conversion (B) (anions omitted). 

The free coordination sites at silicon – available due to the open coordination sphere 

of L-22 – were deemed essential for the catalytic activity, with calculations showing 

multiple weak and non-rigid Si–O interactions between the silicon cation and two DME 

molecules being responsible for the rearrangement reactions (Scheme 12B). Similarly, 

degradation of cyclic ethers (e.g. 12-crown-4) lead to the formation of 1,4-dioxane 

without byproducts. While catalytic activity is rather low at room temperature (15 days 

for full conversion with 7 mol% catalyst), the observed reactivity clearly serves as a 

proof of concept for catalytic applications of a Si(II) cation. 

The WACKER Chemie AG has also taken notice of the catalytic potential of 

silyliumylidene ions: very recently, the company reported the utilization of Jutzi’s 
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silyliumylidene ion L-22 as a catalyst in technically relevant organosilicon reactions: in 

the transition metal-free hydrosilylation of olefins (Scheme 13A) and the Piers-

Rubinsztajn (PR) reaction (Scheme 13B).117 L-22 efficiently catalyzes the 

hydrosilylation of C=C double bonds, with terminal olefins showing higher reaction 

rates. It was even possible to achieve full conversion with a catalyst loading as low as 

0.0013 mol% with a turnover number (TON) of ~80000, which is in the range of the 

commonly employed platinum-based catalysts. As L-22 is still active even after full 

consumption of the starting materials, recovery of the catalyst and reuse in further 

hydrosilylation reactions is a possibility. The potential recycling of the catalyst makes 

this especially attractive for industrial applications. 

 

Scheme 13 Catalytic hydrosilylation of olefins (A) and Piers-Rubinsztajn reaction (B) using L-22 as 
the catalyst and suggested mechanism of the hydrosilylation (C) (anions omitted). 

Hydrosilylation of double bonds attached to silicon is more difficult due to a competing 

redistribution reaction between the Si-bound H and the Si-bound vinyl group taking 

place. Similarly, hydrosilylation of C≡C bonds is more limited in its application, giving 

a mixture of hydrosilylation and dehydrogenative silylation products. Once again, the 

open coordination sphere of L-22 was found to be crucial for the catalytic activity, with 

the presumed mechanism involving “activation” of the silane Si–H bond (Scheme 13C). 

L-22 is also able to efficiently catalyze the PR reaction between Si–OR and Si–H 

groups (0.1 mol% catalyst at 60 °C), giving siloxanes without significant catalyst 

deactivation. Importantly, addition of alkoxysilanes to a hydrosilylation mixture inhibits 



2. Low-coordinate Silicon Compounds 

30 

the catalytic activity through coordination of the oxygen to the silicon center. However, 

this inhibition is fully reversible, as heating to 60 °C leads to consumption of the 

coordinated alkoxysilane through the PR reaction, allowing the hydrosilylation to 

continue uninhibited. 

Also very recently, So and co-workers reported hydroboration reactions of a variety 

of substrates (e.g. carbonyl compounds and pyridine derivatives) with the NHC-

stabilized parent silyliumylidene ion L-32, including the catalytic reduction of CO2 

(Scheme 14).148 Hydroboration of aliphatic aldehydes as well as aromatic aldehyde 

substrates, including derivatives with electron-donating and electron-withdrawing 

substituents is possible at a high rate at room temperature. On the other hand, ketones 

and pyridine-based substrates require temperatures of up to 90 °C. While higher 

catalyst loadings are necessary (10 mol%) in comparison to the aforementioned 

hydrosilylation catalysis, it is nevertheless equal parts surprising and impressive that 

catalytic reactions – especially the reduction of CO2 – can also be carried out with an 

NHC-stabilized low-valent silicon compound.  

 

Scheme 14 Catalytic hydroboration of CO2, carbonyl compounds and pyridine derivatives by L-32. 

The mechanism of the aldehyde/ketone hydroboration is presumed to proceed via 

activation of the substrate with the silyliumylidene ion lone pair, followed by addition of 

the B–H bond to the C=O functional group with elimination of the catalyst. 

These reported examples strikingly demonstrate the potential of silyliumylidene ions 

to serve as efficient and versatile catalysts in organic transformations. The industrially 

relevant hydrosilylation with Jutzi’s silyliumylidene ion stands out as one of the most 

promising catalytic applications of a low-valent main group compound to date and even 

the three-coordinate silyliumylidene ion L-32 with two NHC moieties attached to the 

silicon center shows promising activity in a catalytic transformation. As the 

investigation of catalytic activity of silyliumylidene ions is still in its infancy, further 

interesting developments over the next years are expected. 
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(iv) Transition Metal Coordination Chemistry 

As discussed in chapter 2.2.2 of this thesis, silylenes have an extraordinary potential 

in transition metal coordination chemistry. With their relationship to silylenes – i.e. the 

presence of a lone pair on the central silicon atom – the same can also apply to 

silyliumylidene ions. For example, a (formally) one-coordinate silyliumylidene ion could 

be used to form a Si≡M triple bond – a notoriously difficult synthetic target – in a single 

reaction step. The low-coordinate nature of Si(II) cations would also potentially allow 

further functionalization of silyliumylidene transition metal complexes to isolate hitherto 

unobtainable silylene and silyl-substituted complexes. Furthermore, due to their ionic 

nature, facile salt metathesis reactions with anionic transition metal complexes (i.e. 

using the precipitation of a salt as the driving force of the reaction) can be employed. 

Additionally, silicon-coordinated NHC moieties can be of interest for transition metal 

coordination chemistry, as the migration of NHCs to the metal center could allow for 

the synthesis of novel, interesting complexes. However, just like the area of 

silyliumylidene ions compared to silylenes, the coordination chemistry of Si(II) cations 

is far less developed than the field of silylene ligands. In fact, only a handful of (formal) 

silyliumylidene complexes have been reported in the literature and no studies 

regarding the properties of silyliumylidene ions as ligands have been carried out. 

The first example was reported in 2013 by Inoue et al.: rearrangement reactions of 

zwitterionic phosphasilene L-53 in the presence of group 10 d10 transition metal 

phosphine complexes (Pd(PPh3)4 or (η2-C2H4)Pt(PPh3)2) give the formal 

silyliumylidene phosphide complexes L-54 (Scheme 15A).149 Interestingly, such a 

rearrangement does not take place with Ni(COD)2, forming a bis(silylene)nickel 

complex instead.  

 

Scheme 15 Synthesis of formal silyliumylidene ion complexes L-54 from phosphasilene L-53 (A) 
and schematic representation of the bonding situation in L-54b (B). 

According to molecular orbital calculations, the bonding situation is best described as 

an interaction between the lone pair orbital of the silyliumylidene moiety and the lone 

pair orbital of the phosphide with the empty d-orbitals of the metal (Scheme 15B). NBO 
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charge analysis revealed a positive charge on the silicon atom (+0.974) and a negative 

charge on the phosphorus atom (–0.715), also indicating the silyliumylidene-type 

character of the silicon moiety. In the 29Si NMR the central silicon atom resonates at 

187.8 ppm and 234.5 ppm for Pd and Pt, respectively, which is a considerable 

downfield shift to comparable silylene or silyl bis(palladium) and bis(platinum) 

complexes. 

One year later, So and co-workers described the synthesis of tungsten and rhodium 

complexes directly from a stable silyliumylidene ion (Scheme 16).150 Addition of 

[Rh(COD)Cl]2 or W(CO)5(THF) to the amidinate-substituted DMAP-stabilized Si(II) 

cation L-25121 results in the formation of complexes L-55 and L-56, respectively.150 In 

the case of W(CO)5THF, the monomeric complex is formed via displacement of the 

coordinated THF moiety by the silyliumylidene ion. Unexpectedly, for [Rh(COD)Cl]2, 

one cyclooctadiene ligand in the transition metal dimer is replaced by two 

silyliumylidene ligands instead of the expected cleavage of the dimer. 

 

Scheme 16 Synthesis of Rh and W complexes L-55 and L-56 from L-25. 

SC-XRD analysis of complex L-56 revealed a Si(II)–W bond length of 2.497(1) Å, 

which is in the range of typical Si–W bonds (2.388–2.708 Å).150 Unfortunately, crystal 

quality of the rhodium complex was not sufficient enough for a detailed structural 

analysis. 29Si NMR (40.5 ppm (L-55) and 51.6 ppm (L-56)) shifts exhibit an expected 

downfield shift compared to L-25 (–82.3 ppm). Regrettably, IR spectra and σ-donor/π-

acceptor strength of L-56 were not discussed. 

Very recently, Filippou et al. reported the silylidyne molybdenum complex L-57 

synthesized from Jutzi’s [Cp*Si][B(C6F5)4] (L-22) via a salt metathesis reaction with a 

sodium metallate precursor (Scheme 17).116 The PMe3 ligand on the metal was 

introduced to offer a more easily displaceable ligand than CO to promote the formation 

of a multiple-bonded complex. 29Si NMR data revealed a strong downfield shift from 

–400.2 ppm in L-22 to –272.4 ppm in L-57. SC-XRD analysis of L-57 showed a short 
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Mo–Si bond length of 2.309(1) Å, which is considerably shorter than Mo–Si single 

bonds (~2.56 Å) and is at the short end of Mo=Si double bonds (2.287–2.387 Å), which 

confirms a significant multiple bond character between Si and Mo. Interestingly, the 

Cp*-ring in L-57 is coordinated to silicon in a η3-fashion. Charge analysis via natural 

resonance theory (NRT) revealed a high positive charge located at the silicon center 

(+1.13), which is even higher than that found in the starting material L-22 (+0.89). 

Hence, the complex can also be described as a silyliumylidene complex with a very 

short metal–silicon bond. 

 

Scheme 17 Synthesis of silylidyne complex L-57 from L-22. 

These reported examples already demonstrate the potential of silyliumylidene ions as 

ligands in transition metal complexes. It is understandable, however, that much like 

any reactivity investigations of Si(II) cations, the field of silyliumylidene ion coordination 

chemistry is still in its infancy, especially given how young the field of silyliumylidene 

ions itself still is. Add that to the fact that syntheses and isolation of these cations are 

often laborious and difficult procedures, the small number of reported coordination 

compounds as well as the limited knowledge about their properties is not surprising. 
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3. Scope of this Work 

The past 15 years have shown silyliumylidene ions to be highly interesting low-valent 

silicon species worth investigating, with a breadth of possible applications, from 

stoichiometric activation of small molecules to acting as metal-free catalysts in organic 

transformations. However, as pointed out in the introduction, silyliumylidenes are still 

in their infancy regarding the investigation of their properties and applications, 

especially concerning their possible coordination chemistry with transition metals. In 

fact, prior to this thesis, only a single report detailed a transition metal complex 

synthesized directly from a silyliumylidene ion.150 However, no further studies on the 

properties of the ligand were disclosed. Hence, the primary goal of this thesis was the 

investigation of the possible coordination chemistry of NHC-stabilized silyliumylidene 

ions and to achieve a fundamental understanding of their properties as ligands. 

Furthermore, the overwhelming majority of reported Si(II) cations feature either an 

aryl or halide substituent. Keeping in mind that the electronic and steric properties of 

the sole substituent in silyliumylidene ions has a profound influence on the properties 

and reactivity of the low-valent silicon center, another focus of this work was to 

introduce other substituents on the central silicon moiety.  

Therefore, the work in this thesis can be divided into two parts: first, the isolation of 

novel NHC-stabilized silyliumylidene ions with different substituents (i), followed by 

investigation of the possible coordination chemistry of these Si(II) cations with a variety 

of transition metals (ii), including investigation of the properties and reactivities of the 

obtained complexes. 

 

(i) Increasing the Variety of Available Substituents on Si(II) Cations 

The initial goal was to expand the previously reported, convenient silyliumylidene ion 

synthesis method (i.e. utilization of NHCs for the abstraction of HCl from an easily 

accessible Si(IV) dichlorosilane precursor125) (Scheme 18, for details cf. chapter 2.3.1) 

to other substituents with different steric and electronic properties in order to increase 

the available range of substituents on NHC-stabilized silyliumylidene ions. Obviously, 

dichlorosilane (R–SiCl2H) derivatives of the selected substituents needed to be easily 

accessible to be able to increase the scope of this synthesis route. With that in mind, 

we selected three promising substituent classes, based on their excellent electron-
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donating properties and their easily tunable steric demand: silyl groups, N-

heterocyclic imines (NHIs) and the related N-heterocyclic carbene-

phosphinidenes (NHCPs). Additionally, aryl groups with low steric demand to allow 

facile reaction with bulky substrates as well as sterically demanding transition metal 

complexes were also considered. 

 

Scheme 18 Schematic representation of the synthesis of silyliumylidene ions through abstraction of 
HCl from dichlorosilane precursors with NHCs and promising substituents for the 
isolation of novel NHC-stabilized Si(II) cations. 

Furthermore, as the desired silyliumylidene ion and the imidazolium salt [NHC·HCl] 

byproduct are formed in a 1:1 ratio during the synthesis and their separation is difficult, 

the work-up of the reaction was deemed to be an essential target for further 

improvements. 

 

(ii) Utilization of Literature Known and Novel NHC-stabilized Si(II) Cations 

as Ligands in Transition Metal Complexes and Investigation of Their 

Properties 

With the presence of a stereochemically active lone pair on the silicon center, 

silyliumylidene ions can act as ligands in transition metal complexes. Even though a 

number of Si(II) cations have been reported in recent years, the corresponding 

transition metal coordination chemistry is still very much in its infancy. However, this is 

understandable, considering that silyliumylidene ion chemistry itself is still a very young 

field and that transition metal complexes incorporating a positively charged silicon-

based ligand are an incredibly challenging synthetic target. The general low stability 

and simultaneous often extremely high reactivity of Si(II) cations with multiple reactive 

sites makes predictions about their general behavior with transition metals difficult. 



3. Scope of this Work 

36 

Furthermore, reactivity investigations are also made difficult with the limitations of 

usable solvents, as generally polar, coordinating solvents are needed for 

homogeneous reactions, which bring their own challenges in transition metal 

chemistry. Additionally, chlorinated solvents often lead to decomposition. 

NHC-stabilized silyliumylidene ions [R–Si(NHC)2]X offer three distinct reactive sites 

that can possibly be taken advantage of regarding coordination chemistry with 

transition metals (Figure 16).151 

 

Figure 16 Potential reactive sites of an NHC-stabilized silyliumylidene ion (adapted from 151). 

Each reactive site can be specifically targeted through the choice of a complementing 

transition metal precursor: 

▪ Silicon-centered Lone Pair 

Due to the presence of the stereochemically active lone pair on the silicon center, 

the silyliumylidene ion can act as a σ-donor. Using either labile ligands (e.g. 

solvent molecules, ethylene, …) on the transition metal, dimeric metal precursors 

that can be easily cleaved or simple metal salts can facilitate the coordination. 

▪ Counter Anion 

Reaction with an anionic transition metal complex with a counter cation and 

using a salt metathesis reaction with precipitation of a simple salt as the driving 

force of the reaction can be a simple access route to transition metal complexes. 

Additionally, anion exchange reactions can increase the spectrum of available 

silyliumylidene ions with potentially different reactivities and solubilities. 

▪ Coordinated NHCs 

It is conceivable, that the coordinated NHC moieties can potentially migrate to a 

transition metal. Furthermore, the anion of the silyliumylidene and a hydride 

substituent of a transition metal complex can be used in conjunction with the 

NHC moiety to form and precipitate an imidazolium salt and with that free up an 

additional coordination site on the silicon center. Access to Si–M multiple bonds 

is also a possibility with this route.
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4. NHC-stabilized Silyl-substituted Silyliumylidene Ions 

Title:  “NHC-stabilized silyl-substituted silyliumylidene ions”152 

Status: Communication; published online: June 18, 2019. 

Journal: Dalton Transactions 2019, 48, 10403–10406. 

Publisher: Royal Society of Chemistry 

DOI:  10.1039/C9DT02010A 

Authors: Philipp Frisch and Shigeyoshi Inouea 

Reproduced by permission of The Royal Society of Chemistry. © 2019 The Royal Society of Chemistry. 

Content: So far, the available substituent range on silyliumylidene ions remains 

very limited, with the overwhelming majority of Si(II) cations featuring either aryl or 

halide substituents. However, as the choice of substituent can have a profound impact 

on the electronic situation of the central silicon atom, it is desirable to increase the 

variety of possible substituents in these highly reactive species. Different substituents 

can markedly influence the reactivity and stability of the low-valent silicon species itself 

and also that of any possible reaction products. Importantly, isolation of silyliumylidene 

ions with a broader range of substituents has been generally hampered by the lack of 

availability of a suitable synthetic approach. 

This publication outlines the synthesis and isolation of the first silyl-substituted 

silyliumylidene ions through a convenient one-pot synthesis directly from a Si(IV) 

precursor. Before that, this previously reported synthesis route was limited to aryl-

based substituents on the central silicon atom. Addition of three equivalents of free 

NHC (NHC = IMe4, IEt2Me2) to a solution of a dichlorosilane precursor R–SiCl2H (R = 
tBu3Si, tBu2MeSi) results in rapid formation of the desired silyliumylidene ions [R–

Si(NHC)2]Cl and concomitant formation of imidazolium chloride [NHC·HCl]. Separation 

of the product and byproduct can be achieved through simple extraction with a mixture 

of toluene and acetonitrile. 

Introduction of the highly electropositive silyl-based substituents results in a reduced 

pyramidalization around the central silicon atom and with that a reduced s-character of 

the silicon-centered lone pair. Additionally, the stronger σ-donating properties of the 

silyl substituent compared to aryl-based substituents are reflected in a significant 

upfield shift in the 29Si NMR. Furthermore, the facile exchange reaction of the 

coordinated IEt2Me2 moieties to the more σ-electron donating NHCs IMe4 could be 

demonstrated. The kinetics of the reaction were analyzed via reaction progress 

monitoring through 1H NMR, which revealed an associative SN2-type mechanism. 

 

 

aP. Frisch planned and executed all experiments, conducted the SC-XRD measurements including 

processing of the data and wrote the manuscript. All work was performed under the supervision of S. 

Inoue.  

https://pubs.rsc.org/en/content/articlelanding/2019/dt/c9dt02010a
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5. Coinage Metal Complexes of NHC-stabilized 

Silyliumylidene Ions 

Title:  “Coinage metal complexes of NHC-stabilized silyliumylidene ions”153 

Status: Communication; published online: October 18, 2018. 

Journal: Chemical Communications 2018, 54, 13658–13661. 

Publisher: Royal Society of Chemistry 

DOI:  10.1039/C8CC07754A 

Authors: Philipp Frisch and Shigeyoshi Inouea 

Reproduced by permission of The Royal Society of Chemistry. © 2018 The Royal Society of Chemistry. 

Content: In recent years, silyliumylidene ions [R–Si:]+ have shown to be intriguing 

low-valent silicon species with a unique electronic structure: they combine the 

properties of silylenes [R2Si:] – a lone pair of electrons and an empty p-orbital – with 

those of silylium ions [R3Si]+ – a positive charge and an empty p-orbital – into a single 

silicon center. Because of the presence of this stereochemically active lone pair on the 

silicon center, Si(II) cations can act as ligands in transition metal complexes just like 

silylenes or carbenes. 

This publication describes the synthesis of the first coinage metal complexes of a 

silyliumylidene ion through addition of simple metal salt precursors (CuCl, AgOTf, 

(Me2S)AuCl) directly to NHC-stabilized silyliumylidene ions [R–Si(IMe4)2]Cl (R = m-

terphenyl, Tipp) and constitutes the entry of our group into the coordination chemistry 

of Si(II) cations. Isolation of these complexes can be seen as a proof of concept that 

NHC-stabilized silyliumylidene ions can in fact act as ligands in transition metal 

complexes. 

Coordination of the silyliumylidene ion to the group 11 metal is readily apparent by 

the rapid decolorization of the initially bright orange solution and a significant downfield 

shift of the 29Si NMR resonance that gets progressively stronger with increasing atomic 

number of the transition metal. The complexes show a monomeric structure in the solid 

state with a four-coordinate silicon center that still carries both NHC ligands and Si–M 

bond lengths in the expected range. A reduction in steric bulk of the aryl substituent 

(from m-terphenyl to Tipp) on the silyliumylidene ion leads to a dimerization of the 

complexes via the M–Cl bonds. Additionally, the complexes with the smaller 

substituents show significantly lower stability in solution, rapidly decomposing at room 

temperature to unidentified silicon species and transition metal bis(NHC) complexes. 

 

 

aP. Frisch planned and executed all experiments, conducted the SC-XRD measurements including 

processing of the data and wrote the manuscript. All work was performed under the supervision of S. 

Inoue.  

https://pubs.rsc.org/en/content/articlelanding/2018/cc/c8cc07754a
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6. Transition Metal Carbonyl Complexes of an NHC-

stabilized Silyliumylidene Ion 

Title: “Transition Metal Carbonyl Complexes of an N-Heterocyclic Carbene 

Stabilized Silyliumylidene Ion”154 

Status: Article; published online: October 22, 2019. 

Journal: Inorganic Chemistry 2019, 58, 14931–14937. 

Publisher: American Chemical Society 

DOI:  10.1021/acs.inorgchem.9b02772 

Authors: Philipp Frisch, Tibor Szilvási, Amelie Porzelt and Shigeyoshi Inouea 

Reprinted with permission from the American Chemical Society. © 2019 American Chemical Society. 

Content: The properties of ligands in transition metal complexes like σ-donor and 

π-acceptor strength can significantly influence the stability and reactivity of complexes, 

including their catalytic activity. It is therefore of crucial importance to understand the 

properties of novel ligand systems and their influence on the transition metal itself and 

its coordination sphere. Not much is known about the properties of Si(II) cations as 

ligands, as no studies into their σ-donor/π-acceptor ability have been carried out so 

far. A common method for the study of ligand properties is the investigation of the IR 

carbonyl stretching frequencies of the respective carbonyl transition metal complexes. 

This publication outlines the synthesis of several novel transition metal carbonyl 

complexes incorporating a silyliumylidene ligand, including the first Fe, Cr and Mo 

complexes of a Si(II) cation. It constitutes a logical continuation of our previous work 

on silyliumylidene transition metal complexes. However, contrary to our previous 

publication on coinage metal complexes, the bulky m-terphenyl substituent did not 

react with the transition metal precursors, whereas utilization of the Tipp substituent 

allowed us to isolate a series of stable group 6 and group 8 carbonyl complexes. 

Coordination of the silyliumylidene ion to the transition metal is once again apparent 

by a significant downfield shift of the 29Si NMR resonance and the solid-state structures 

revealed long Si–M bond lengths. A combination of experimentally determined IR 

stretching frequencies of the carbonyl ligands on the transition metal together with DFT 

calculations give insight into the relative donor/acceptor strength of the Si(II) cation, 

which revealed weak σ-donor as well as negligible π-acceptor properties. Furthermore, 

comparisons to common ligand classes like NHCs and other low-valent silicon ligands 

are drawn. 

 
 

aP. Frisch planned and executed all experiments involving transition metal carbonyl complexes, 

conducted the SC-XRD measurements including processing of the data and wrote the manuscript. T. 

Szilvási carried out the computational studies. A. Porzelt provided the synthetic protocol for the anion 

exchange reactions. All work was performed under the supervision of S. Inoue.  

https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b02772
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7. Facile Access to Dative, Single and Double Silicon–

Metal Bonds Through M–Cl Insertion Reactions of 

Base-stabilized Si(II) Cations 

Title: “Facile Access to Dative, Single and Double Silicon–Metal Bonds 

Through M–Cl Insertion Reactions of Base-stabilized Si(II) Cations”155 

Status: Article; published online: February 19, 2020. 

Journal: Chemistry – A European Journal 2020, 26, 6271–6278. 

Publisher: Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

DOI:  10.1002/chem.202000866 

Authors: Philipp Frisch, Tibor Szilvási and Shigeyoshi Inouea 

Reproduced with permission from the Wiley-VCH Verlag. © 2020 Wiley-VCH Verlag GmbH & Co. KGaA. 

Content: Dimeric, halide-bridged metal precursors are often used in metalorganic 

chemistry as convenient starting materials for a variety of complexes. They can easily 

dissociate into monomers and therefore can offer an essentially free coordination site 

for the reaction with additional ligands. With the presence of multiple halides, they also 

have the potential for further functionalization and follow-up chemistry. 

This publication outlines the synthesis of a variety of NHC-stabilized chlorosilylene 

metal complexes through reaction of NHC-stabilized Si(II) cations with chloro-bridged 

dimeric transition metal precursors. The mechanism of formation was investigated in-

depth by theoretical means: the initial coordination of the silyliumylidene ion with 

concomitant cleavage of the metal dimer is followed by a rapid insertion into the M–Cl 

bond with simultaneous migration of a silicon-bound NHC to the metal. The mechanism 

could also be verified experimentally with NMR and SC-XRD characterization of the 

initially formed silyliumylidene complex. 

Due to the presence of three chlorides in the complexes, they were presumed to be 

ideal starting materials for further functionalization. Initial reduction with one equivalent 

of potassium graphite leads to an unexpected outcome: the NHC coordinated to silicon 

dissociates with simultaneous migration of the metal-bound chloride substituent to the 

silicon center. SC-XRD analysis revealed a substantial decrease in the Si–M bond 

length. Further reductive dechlorination of the di(chloro)silyl ruthenium complex with 

additional KC8 furnishes an unstabilized chlorosilylene transition metal complex. The 

solid-state structure once again showed a significant decrease in the Si=Ru bond 

distance, suggesting a double bond character. However, it remains to be seen whether 

an isolation of a Si≡M triple bond can also be realized with this system, either through 

further reductive dechlorination or through salt metathesis chloride abstraction. 

 

aP. Frisch planned and executed all experiments, conducted the SC-XRD measurements including 

processing of the data and wrote the manuscript. T. Szilvási carried out the computational studies. All 

work was performed under the supervision of S. Inoue.  

https://doi.org/10.1002/chem.202000866
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8. Summary and Outlook 

Since Jutzi’s seminal work on the pentamethylcyclopentadiene silicon(II) cation L-22 

in 2004113, the field of silyliumylidene ions has been expanding ever since and these 

highly reactive species have been garnering increasing interest in both academia and 

industry. As detailed in chapter 2.3.4 of this thesis, not just the stoichiometric activation 

of a variety of small molecules has been reported, but also transition metal-free 

catalytic applications, the use of silyliumylidene ions as synthons for novel low-valent 

silicon compounds and coordination chemistry with transition metals. 

In 2014, our group reported the novel aryl-substituted NHC-stabilized silyliumylidene 

ions L-29, isolated through a convenient one-pot procedure from readily available aryl-

dichlorosilane precursors through abstraction of HCl with free NHCs.125 Motivated by 

the interesting chemistry reported on the activation of phenylacetylene125 and CO2
144 

with L-29 as well as the first report of a transition metal coordination complex 

synthesized directly from a silyliumylidene ion from So et al.150 with their DMAP-

stabilized silyliumylidene ion L-25121, this thesis sought to expand the scope of 

transition metal coordination chemistry with Si(II) cations as ligands. 

Furthermore, as the sole substituent of a silyliumylidene ion can have a pronounced 

impact on their reactivity and stability including the coordination behavior, the isolation 

of novel silyliumylidene ions with different substituents was also targeted and the 

previously reported dichlorosilane-based one-pot procedure chosen as the synthetic 

approach. 

 

8.1 Novel NHC-stabilized Silyliumylidene Ions 

To isolate the first silyl-substituted silyliumylidene ions, a variety of literature known 

silyl-dichlorosilanes were synthesized and then reacted with three equivalents of NHCs 

(Figure 17A).152 Addition of free NHCs to the dichlorosilane precursors leads to a rapid 

precipitation of a 1:1 mixture of imidazolium chloride and silyliumylidene chlorides 1-3. 

While the reaction is essentially quantitative, removal of the imidazolium chloride 

byproduct reduces the isolable yield to ~55-65%. Separation of the low-valent silicon 

species and the imidazolium salt was conveniently achieved through extraction with a 

mixture of acetonitrile and toluene. This procedure can also be applied to other 

silyliumylidene ions synthesized via the same route. Adapting to the different 
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solubilities of various combinations of imidazolium salt and Si(II) cation as well as the 

stability in different solvents is easily possible by varying the polar solvent and the 

solvent mixture ratio. 

Whereas the bulky tBu3Si substituent does not allow isolation of silyliumylidene ions 

with NHCs larger than IMe4, replacement of the tBu3Si moiety with tBu2MeSi makes 

the isolation of the IEt2Me2 coordinated Si(II) cation 2b possible. In comparison to the 

previously utilized aryl substituents, introduction of these silyl groups leads to a strong 

upfield shift in the observed 29Si NMR resonance due the stronger σ-electron donating 

properties of the silyl moieties and a decreased pyramidalization around the central 

silicon atom. 

Moreover, implementation of the mesityl group as a substituent with a relatively 

small steric demand was also achieved. As 3 is not stable in acetonitrile solution, 

separation of the IMe4·HCl byproduct was achieved by using pyridine as the solvent. 
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Figure 17 Synthesis of novel NHC-stabilized silyliumylidene ions 1-3 and SC-XRD structures of 1 and 
2a (A); NHC exchange reaction of silyliumylidene 2b with plot of the relative concentrations 
of 2b, 2int and 2a over time (B). 

Interestingly, it is easily possible to exchange the coordinated IEt2Me2 moieties in 2b 

with the smaller, stronger Lewis base IMe4. The reaction progress can be conveniently 

monitored via 1H NMR analysis, which also allows investigation of the reaction kinetics: 
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the exchange reactions follow the 2nd order rate law, which indicates an associative 

SN2-type mechanism. Exchange of IMe4 with IEt2Me2 cannot be achieved due to the 

increased σ-donor strength of IMe4. 

 

8.2 Coordination Chemistry of NHC-stabilized Silyliumylidene Ions 

With a variety of different silyliumylidene ions in hand, the field of coordination 

chemistry with Si(II) cations as ligands was tackled. The transition metals, that could 

be successfully utilized for the synthesis of a variety of different NHC-stabilized 

silyliumylidene complexes are indicated in Figure 18. 

 

Figure 18 Successfully employed transition metals in the coordination chemistry with NHC-stabilized 
silyliumylidene ions during this thesis. 

It was possible to isolate and fully characterize a range of complexes with transition 

metals from groups 6, 8, 9 and 11. A more detailed summary of the obtained results is 

given below. 

 

8.2.1 Coinage Metal Complexes – Monomeric vs. Dimeric Structures 

In an initial experiment, the m-terphenyl-substituted silyliumylidene ion L-29a was 

reacted with the simple coinage metal salts CuCl, AgOTf and (Me2S)AuCl 

(Figure 19A).153 Addition of these salts to an acetonitrile solution of L-29a led to the 

rapid decolorization of the initially bright orange solution. After recrystallization, the full 

series of the first coinage metal complexes 4a, 5a and 6a of a silyliumylidene ion could 

be isolated in high yield. 29Si NMR analysis of the complexes revealed the expected 

downfield shifts in comparison to the free Si(II) cation. In this context, the most 

interesting feature is the observation of two doublets in the 29Si NMR of the silver 

complex 5a due to the coupling with the 107Ag and 109Ag nuclei. 



8. Summary and Outlook 

69 

In the case of the sterically demanding MesTer substituent on L-29a, the formed 

complexes 4a, 5a and 6a are indefinitely stable in solution and display a monomeric 

structure in the solid state. Reducing the steric bulk of the silyliumylidene substituent 

to the Tipp group results in a dimerization along the M–Cl bond (complexes 4b, 5b and 

6b) and a significantly decreased stability in solution. Upon decomposition, NHC 

migration to the transition metal takes place, furnishing bis(NHC) metal complexes 

(Figure 19B). The resulting silicon species could not be identified. 

 

Figure 19 Synthesis of the first coinage metal complexes 4-6 of a silyliumylidene ion with the SC-
XRD structures of the monomeric and dimeric Ag complexes (A); NHC migration reaction 
observed for the dimeric Au complex 6b (B). 

 

8.2.2 Transition Metal Carbonyl Complexes and Ligand Properties 

Since no investigations of the properties of silyliumylidene ions as ligands had been 

reported and transition metal carbonyl complexes are exceptionally useful in the 

determination of σ-donor and/or π-acceptor properties of ligands, we decided to 
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approach this research field as a continuation of our previous efforts on silyliumylidene 

coordination chemistry. 

Reaction of the Tipp-substituted silyliumylidene ion L-29b-OTf with group 6 carbonyl 

THF complexes (M(CO)5(THF), M = Cr, Mo, W) resulted in the clean formation of the 

metal carbonyl complexes 7-9 (Figure 20), which includes the first Cr and Mo 

complexes of a Si(II) cation.154 

 

Figure 20 Silyliumylidene anion exchange, synthesis of transition metal carbonyl complexes 7-10 and 
SC-XRD structures of complexes 8 and 10. 

Importantly, introduction of a triflate anion via an anion exchange reaction is necessary, 

as the chloride anion in L-29b readily reacts with M(CO)5(THF) to form [M(CO)5Cl]–. 

The analogous MesTer-substituted complexes could not be obtained due to the 

increased steric hindrance of the larger aryl substituent. Furthermore, it was possible 

to isolate the first iron complex of a silyliumylidene ion by reaction of L-29b-OTf with 

Fe2(CO)9. Utilization of the more reactive iron carbonyl dimer is necessary, as no 

reaction takes place upon addition of Fe(CO)5. SC-XRD analysis of the complexes 

revealed surprisingly long Si–M bonds and IR analysis together with theoretical 

investigations gave insight into the donor/acceptor properties of the silyliumylidene 

ligand, which showed L-29b to be a weak σ-donor ligand (presumably due to the 

positive charge located on the silicon atom) with negligible π-acceptor ability (because 

of the presence of 2 NHCs on the silicon center). 
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8.2.3 Insertion into M–Cl Bonds and Access to Si–M Multiple Bonds 

Dimeric, chloro-bridged transition metal complexes are well known and often employed 

precursors in transition metal carbene complex chemistry. As these conveniently 

accessible dimers can easily dissociate, they can essentially offer a “free” coordination 

site that facilitates coordination of a new ligand. Moreover, the presence of multiple 

halides allows the use of transmetallation reactions with, for example, Ag and Li 

compounds in addition to having the potential for further functionalization via the halide 

substituents. 

Hence, we were interested in exploring the coordination chemistry of silyliumylidene 

ions with these versatile dimers. Reaction of either silyl-based (R = tBu3Si and 

tBu2MeSi) or aryl-based (R = Tipp) silyliumylidene ions with [RuCl2(p-cymene)]2 or 

[RhCl2(Cp*)]2 leads to highly asymmetric chlorosilylene complexes 11-15 through 

coordination of the silyliumylidene ion to the transition metal accompanied by splitting 

of the dimer, followed by insertion of the coordinated silyliumylidene ion into the metal–

chloride bond and migration of a silicon bound NHC to the transition metal 

(Figure 21A).155 

The mechanism of the coordination/insertion/migration reaction was investigated 

theoretically (Figure 21B) and also verified experimentally with the isolation of the 

silyliumylidene ion complexes 16 and 17 (R = Mes), which represent the first step of 

the reaction mechanism before the insertion. Reaction of a silyliumylidene triflate 

(instead of chloride) with the same transition metal precursors led to the identical 

complexes with OTf– as the counter anion, providing further evidence for the insertion 

and rearrangement reaction mechanism and excluding the potential involvement of a 

chlorosilylene in the coordination reaction. 

Presumably, increasing the steric bulk of the silyliumylidene substituent favors the 

insertion reaction to decrease the steric congestion around the silicon center. The 

mesityl substituent in 3 is small enough to allow isolation of the silyliumylidene 

complexes 16-17, whereas the slightly larger Tipp substituent in L-29b forces the rapid 

insertion/migration reaction. Further increase of the steric bulk with the m-terphenyl 

substituent prevents the initial coordination altogether, which explains why no insertion 

reaction can take place in this case. Unfortunately, the low thermal stability of the 

mesityl substituted complexes prevented the isolation of the corresponding 

chlorosilylene complexes through prolonged reaction time or heating. 
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Figure 21 Coordination/insertion behavior of various silyliumylidene ions with dimeric [MCl2(Aryl)]2 
complexes and crystal structures of silyliumylidene complex 17 and chlorosilylene complex 
11 (A); Calculated mechanism of the coordination and insertion reaction (B). 

The presence of three chlorides in the obtained complexes makes them ideal starting 

points for further functionalization. Reduction of the tBu3Si-substituted ruthenium and 

rhodium complexes 12 and 14 with one equivalent of KC8 led to the expected removal 
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of the chloride counter anion with a surprising rearrangement reaction: the chloride 

bound to the transition metal migrates to the silicon center with concomitant 

dissociation of the silicon-bound NHC, resulting in di(chloro)silyl-substituted complexes 

18 and 19 (Figure 22). In both cases, a color change (12→18: orange→green; 14→19: 

orange-red→black) can be observed. SC-XRD analysis of these complexes revealed 

substantially shortened Si–M bond lengths in comparison to the chlorosilylene 

complexes 12 and 14. Further reduction of complex 18 with an additional equivalent of 

KC8 gave the unstabilized chlorosilylene complex 20. Once again, SC-XRD analysis 

revealed a significantly shorter Si–M bond distance, indicating a double bond 

character. An intense color change (18→20: green→red) can be observed as well. 

 

Figure 22 Reduction of chlorosilylene complexes 12 and 14 to silyl-substituted complexes 18 and 19 
and further reduction of 18 to the Si=Ru double bond 20. 

 

8.3 Outlook 

This thesis has succeeded in significantly expanding the scope of the field of 

coordination chemistry with silyliumylidene ions as ligands. It was possible to 

synthesize, isolate and fully characterize the first transition metal complexes of NHC-

stabilized silyliumylidene ions. The coinage metal complexes 4-6 can be regarded as 

a proof of principle, that NHC-stabilized Si(II) cations can indeed act as ligands in 
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complex chemistry. Building on this, experimental and theoretical analysis of transition 

metal carbonyl complexes 7-10 gave insight into the σ-donor and π-acceptor 

properties of NHC-stabilized silyliumylidene ions. Moreover, interesting reactivity 

patterns could be observed, for example the migration of the silicon-bound NHCs to a 

transition metal (Figure 19B, complex 6b), or the insertion of the low-valent silicon 

moiety into the M–Cl bonds of a coordinated transition metal fragment, resulting in 

chlorosilylene complexes 11-15 (Figure 21). Nevertheless, further investigations into 

the influence of the silyliumylidene substituent on their coordination behavior would 

allow for a better understanding of the possible coordination chemistry. 

While it was already shown that the obtained chlorosilylene complexes can offer a 

relatively simple access route to Si=M double bonds through reductive dehalogenation, 

further investigations are required as to whether they are also useful precursors for 

Si≡M triple bonds. Conceivable approaches include either the further reductive 

dehalogenation of the Si=M chlorosilylene complexes, or formation of a cationic 

complex through abstraction of a chloride and exchange with a suitable weakly 

coordinating anion. Additional functionalization of the chloride substituents is also a 

possibility, which could give access to a series of otherwise unobtainable, asymmetric 

silylene complexes. 

However, the most important follow-up chemistry of the isolated complexes is their 

application as catalysts in organic transformations. For example, iron-catalyzed 

hydroboration reactions, ruthenium-catalyzed transfer hydrogenations or gold-

catalyzed hydroamination reactions could be attractive targets for silyliumylidene 

complexes. In this context, isolation of nickel and palladium complexes could also open 

up even more potential catalytic applications. 
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9. Zusammenfassung und Ausblick 

Seit Jutzis bahnbrechender Arbeit über das Pentamethylcyclopentadien-Silicum(II)-

Kation L-22 in 2004113 hat sich das Forschungsfeld der Silyliumyliden-Ionen stetig 

erweitert und das Interesse von Wissenschaft und Industrie an diesen hochreaktiven 

Verbindungen nimmt kontinuierlich zu. Wie in Kapitel 2.3.4 dieser Dissertation 

detailliert dargelegt, wurde nicht nur über die stöchiometrische Aktivierung einer 

Vielzahl an kleinen Molekülen berichtet, sondern auch metallfreie katalytische 

Anwendungen. Ebenso wurde die Verwendung von Silyliumyliden-Ionen als Synthone 

für neuartige niedervalente Siliciumverbindungen beschrieben und die 

Koordinationschemie mit Übergangsmetallen untersucht. 

Im Jahr 2014 berichtete unsere Gruppe über die Synthese von neuartigen, NHC-

stabilisierten Silyliumyliden-Ionen L-29 mit sterisch anspruchsvollen Aryl-Resten, die 

in einer einfachen „one-pot“-Reaktion aus leicht verfügbaren Aryl-Dichlorsilanen durch 

Abstraktion von HCl mit Hilfe von freien NHCs dargestellt wurden.125 Motiviert durch 

die spannende und vielversprechende Chemie von L-29, die die Aktivierung von 

Phenylacetylen125 und CO2
144 aufzeigte, sowie die erste Publikation von So et al. über 

Übergangsmetall-Koordinationskomplexe150, die direkt aus einem Silyliumyliden-Ion 

synthetisiert wurden, zielte diese Arbeit darauf ab, das Forschungsgebiet der 

Übergangsmetall-Koordinationschemie mit Si(II)-Kationen als Liganden signifikant zu 

erweitern. 

Da der alleinige Substituent eines Silyliumyliden-Ions einen ausgeprägten Einfluss 

auf dessen Stabilität und Reaktivität (einschließlich des Koordinationsverhaltens) 

haben kann, wurde auch die Isolation neuartiger Silyliumyliden-Ionen mit 

unterschiedlichen Substituenten angestrebt, wobei das zuvor erwähnte Dichlorsilan-

basierte „one-pot“-Verfahren als synthetischer Zugang gewählt wurde. 

 

9.1 Neuartige NHC-stabilisierte Silyliumyliden-Ionen 

Um die ersten silyl-substituierten Silyliumyliden-Ionen zu isolieren, wurden mehrere 

literaturbekannte Silyl-dichlorsilane synthetisiert und anschließend mit je drei 

Äquivalenten NHC umgesetzt (Abbildung 23A).152 Die Zugabe von freien NHCs zu den 

Dichlorsilanen führt zu einer schnellen Bildung einer 1:1-Mischung aus 

Imidazoliumchlorid und den gewünschten Silyliumyliden-Chloriden 1-3. Obwohl die 
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Reaktionen im Wesentlichen quantitativ verlaufen, reduziert sich die isolierbare 

Ausbeute auf ~55-65% durch die Abtrennung des Nebenproduktes. Die Trennung der 

niedervalenten Siliciumspezies und des Imiazoliumsalzes kann bequem durch 

Extraktion mit einer Mischung aus Toluol und Acetonitril erfolgen. Dieses Vorgehen 

kann auch auf andere Silyliumyliden-Ionen angewendet werden, die mit der gleichen 

Vorschrift synthetisiert wurden. Eine Anpassung an die unterschiedlichen Löslichkeiten 

verschiedener Kombinationen von Imidazoliumsalzen und Si(II)-Kationen, sowie die 

Stabilität in verschiedenen Lösungsmitteln kann problemlos durch eine Variation des 

polaren Lösungsmittels und des Lösungsmittelverhältnisses erreicht werden. 
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Abbildung 23 Synthese der NHC-stabilisierten Silyliumyliden-Ionen 1-3 mit Kristallstrukturen von 
1 und 2a (A); NHC Austauschreaktion von Silyliumyliden 2b mit zugehörigem Plot 
der relativen Konzentrationen von 2b, 2int und 2a aufgetragen gegen die Zeit (B). 

Um Silyliumyliden-Ionen mit größeren NHCs als IMe4 zu isolieren, muss die sterisch 

anspruchsvolle tBu3Si-Gruppe durch kleinere Silylreste wie beispielsweise tBu2MeSi 

ersetzt werden. Die kleinere Silylgruppe ermöglicht problemlos die Synthese des 

IEt2Me2-koordinierten Si(II)-Kations 2b. 

Im Vergleich zu den bisher verwendeten Aryl-Substituenten wird aufgrund der 

stärkeren elektronenschiebenden Eigenschaften der Silylgruppen eine starke 

Hochfeldverschiebung der 29Si-NMR-Resonanz und eine verminderte 

Pyramidalisierung um das zentrale Siliciumatom beobachtet. 
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Darüber hinaus war es möglich ein Silyliumyliden-Ion mit dem sterisch wenig 

anspruchsvollen Substituenten Mesityl zu isolieren. Da 3 allerdings in Acetonitril nur 

eine geringe Stabilität aufweist, wurde die Abtrennung des Imiazoliumsalz-

Nebenproduktes mit Pyridin als Lösungsmittel durchgeführt. 

Interessanterweise ist es leicht möglich die koordinierten NHCs in 2b mit der 

kleineren, stärkeren Lewis Base IMe4 auszutauschen (Abbildung 23B). Der 

Reaktionsfortschritt kann bequem über 1H-NMR Analyse verfolgt werden, was 

ebenfalls eine Untersuchung der Reaktionskinetik ermöglicht: die 

Austauschreaktionen folgen dem Geschwindigkeitsgesetz 2. Ordnung, was auf einen 

assoziativen SN2-artigen Mechanismus hindeutet. Der umgekehrte Austausch von 

IMe4 durch IEt2Me2 ist aufgrund der höheren σ-Donorstärke von IMe4 nicht möglich. 

 

9.2 Koordinationschemie von NHC-stabilisierten Silyliumylidenen 

Anschließend wurde die Möglichkeit der Übergangsmetall-Koordinationschemie mit 

Silyliumyliden-Ionen als Liganden genauer untersucht. Die Übergangsmetalle, von 

denen erfolgreich Komplexe mit NHC-stabilisierten Si(II)-Kationen als Liganden 

erhalten werden konnten, sind in Abbildung 24 dargestellt. 

 

Abbildung 24 Im Laufe dieser Arbeit erfolgreich eingesetzte Übergangsmetalle in der 
Koordinationschemie mit NHC-stabilisierten Silyliumyliden-Ionen. 

Es war möglich eine Reihe von Komplexen mit Übergangsmetallen der Gruppen 6, 8, 

9 und 11 zu isolieren und vollständig zu charakterisieren. Eine detailliertere 

Zusammenfassung der erzielten Ergebnisse ist im Anschluss aufgeführt. 
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9.2.1 Münzmetallkomplexe – Monomere vs. Dimere Komplexe 

Als Ausgangsexperiment wurde das m-terphenyl-substituierte Si(II)-Kation L-29a mit 

den einfachen Münzmetallverbindungen CuCl, AgOTf und (Me2S)AuCl umgesetzt 

(Abbildung 25A).153 Die Zugabe der Metallverbindungen zu einer orangefarbenen 

Acetonitrillösung von L-29a führte zu einer raschen Entfärbung. Nach Umkristallisation 

konnte die gesamte Reihe 4a, 5a und 6a der ersten Münzmetallkomplexe eines 

Silyliumyliden-Ions in hoher Ausbeute isoliert werden. Eine 29Si-NMR-Analyse der 

Komplexe ergab die erwartete Tieffeldverschiebung im Vergleich zum freien 

Silyliumyliden-Ion. Das interessanteste Merkmal sind die zwei Dubletts, die im 29Si-

NMR-Spektrum des Silberkomplexes 5a aufgrund der Kopplung des Siliciumzentrums 

mit den 107Ag- und 109Ag-Kernen beobachtet wurden. 

 

Abbildung 25 Synthese der ersten Münzmetallkomplexe 4-6 eines Silyliumyliden-Ions und 
Einkristallstrukturen der monomeren und dimeren Silberkomplexe (A); NHC 
Wanderung, die bei dem dimeren Goldkomplex 6b beobachtet werden konnte (B). 

Während sich im Falle des sterisch anspruchsvollen MesTer-Substituenten in Lösung 

die stabilen Komplexe 4a, 5a und 6a bilden, die in der Kristallstruktur eine monomere 
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Struktur zeigen, führt eine Reduzierung des sterischen Anspruchs des Substituenten 

zur Bildung der dimeren Komplexe 4b, 5b und 6b. Diese weisen in Lösung eine 

deutlich reduzierte Stabilität auf. Bei der Zersetzung der dimeren Komplexe findet eine 

NHC-Wanderung zum Übergangsmetall statt, was zu einer Bildung von Bis(NHC)-

Metallkomplexen führt (Abbildung 25B). Die in dieser Reaktion gebildeten 

Siliciumverbindungen konnten nicht isoliert und eindeutig charakterisiert werden. 

 

9.2.2 Übergangsmetallcarbonylkomplexe und Ligandeneigenschaften 

Da bisher keine Untersuchungen der Eigenschaften von Silyliumyliden-Ionen als 

Liganden veröffentlicht wurden und Übergangsmetallcarbonylkomplexe sich zur 

Bestimmung der σ-Donor- bzw. π-Akzeptor-Eigenschaften eines Liganden 

außerordentlich gut eignen, haben wir beschlossen, dieses Forschungsfeld als direkte 

Fortsetzung unserer bisherigen Bemühungen anzugehen. 

Die Reaktion des Tipp-substituierten Silyliumyliden-Ions L-29b-OTf mit den 

Carbonyl-THF-Komplexen der Gruppe 6 Metalle (M(CO)5(THF), M = Cr, Mo, W) führte 

zu einer direkten Bildung der Metallcarbonylkomplexe 7-9, wobei es sich hierbei um 

die ersten synthetisierten Chrom- und Molybdän-Komplexe eines Si(II)-Kations 

handelt (Abbildung 26).154 

 

Abbildung 26 Anionenaustausch des Silyliumyliden-Ions L-29b, Synthese der Übergangsmetall-
carbonylkomplexe 7-10 und Einkristallstrukturen der Komplexe 8 und 10.  
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Der Austausch des Chlorid-Anions durch ein Triflat-Anion muss erfolgen, da das 

Chlorid-Anion in L-29b direkt mit M(CO)5(THF) zu [M(CO)5Cl]– reagiert. Die analogen 

MesTer-substituierten Komplexe konnten aufgrund des großen sterischen Anspruchs 

des größeren Aryl-Substituenten nicht erhalten werden. 

Darüber hinaus war es möglich, den ersten Eisenkomplex eines Silyliumyliden-Ions 

durch Reaktion von L-29b-OTf mit Fe2(CO)9 zu isolieren. Der Einsatz des im Vergleich 

zum Monomer Fe(CO)5 reaktiveren Eisencarbonyl-Dimers ist notwendig, da mit dem 

Monomer keine Reaktion stattfindet. Die Einkristallstrukturanalyse der Komplexe 

zeigte überraschend lange Silicium–Metall-Bindungen. IR-Analyse kombiniert mit 

theoretischen Untersuchungen gaben Einblicke in die Donor-/Akzeptor-Eigenschaften 

des Silyliumyliden-Liganden L-29b, der sich am besten als schwacher σ-Donor-Ligand 

(vermutlich aufgrund der positiven Ladung am Siliciumatom) mit vernachlässigbarer π-

Akzeptorfähigkeit (aufgrund der zwei koordinierten NHCs) beschreiben lässt. 

 

9.2.3 Insertion in M–Cl Bindungen und Zugang zu Si–M Mehrfachbindungen 

Dimere, chloro-verbrückte Übergangsmetallkomplexe werden häufig als 

Ausgangsverbindungen in der Übergangsmetallcarbenkomplex-Chemie verwendet. 

Da diese Verbindungen in Gegenwart von zusätzlichen Liganden leicht in Monomere 

dissoziieren können, stellen sie Vorläuferverbindungen mit einer leicht zugänglichen, 

effektiv freien Koordinationsstelle dar, die die Koordination neuer Liganden signifikant 

vereinfacht. Darüber hinaus ermöglichen die Chlorid-Substituenten den Einsatz von 

Transmetallierungsreaktionen mit beispielsweise Silber- oder Lithium-Verbindungen. 

Ebenso ist das Potential für weitere Funktionalisierungsreaktionen groß. Aufgrund 

dieser Eigenschaften waren wir daran interessiert, die Koordinationschemie von 

Silyliumylidenen mit diesen flexiblen Komplexen zu untersuchen. 

Die Reaktion von Silyl-basierten (R = tBu3Si and tBu2MeSi) oder Aryl-basierten (R = 

Tipp) Silyliumylidenen mit [RuCl2(p-cymene)]2 oder [RhCl2(Cp*)]2 führt zu den hoch-

asymmetrischen NHC-stabilisierten Chlorosilylenkomplexen 11-15. Deren Bildung 

erfolgt durch Koordination des Silyliumyliden-Ions an das Übergangsmetallzentrum 

(unter Spaltung des Dimers), mit anschließender Insertion des niedervalenten 

Siliciums in die Metall–Chlor-Bindung und gleichzeitiger Wanderung eines NHCs vom 

Silicium-Liganden auf das Metallzentrum (Abbildung 27A).155 
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Abbildung 27 Koordinations-/Insertionsverhalten von verschiedenen Silyliumyliden-Ionen mit den 
dimeren Komplexen [MCl2(Aryl)]2, Kristallstrukturen des Silyliumyliden-Komplexes 
17 und des Chlorosilylen-Komplexes 11 (A); Berechneter Mechanismus der 
Koordinations- und Insertionsreaktion (B). 

Der Mechanismus der Koordinations-/Insertions-/Migrationsreaktion wurde sowohl 

theoretisch untersucht (Abbildung 27B), als auch experimentell mit der Isolierung der 
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Komplexe 16 und 17 (R = Mesityl) belegt, die den ersten Schritt des 

Reaktionsmechanismus vor der Insertionsreaktion repräsentieren. Einen weiteren 

Beweis für den Insertions-/Umlagerungsmechanismus liefert die Reaktion eines 

Silyliumyliden-Triflats (anstelle von Chlorid) mit den gleichen Übergangsmetall-

Ausgangsverbindungen, wobei die entsprechenden Komplexe mit Triflat als Gegenion 

erhalten wurden. Dies schließt ebenso eine mögliche Beteiligung eines Chlorosilylens 

an der Koordinationsreaktion aus. 

Vermutlich begünstigt ein größerer sterischer Anspruch des Silyliumyliden-

Substituenten die Insertionsreaktion, um die sterische Überlastung um das 

Siliciumzentrum herum zu reduzieren. Der Mesityl-Substituent in 3 ist scheinbar klein 

genug, um die Isolierung der Silyliumyliden-Komplexe zu ermöglichen, wohingegen 

der Tipp-Substituent in L-29b eine schnelle Insertions-/Migrationsreaktion erzwingt. 

Ein noch größerer sterischer Anspruch des Restes, sprich MesTer als Substituent in 

L-29a, verhindert die gesamte Koordination komplett, weshalb in diesem Falle 

überhaupt keine Reaktion beobachtet werden kann. Leider verhindert die geringe 

thermische Stabilität der Mesityl-substituierten Komplexe die Isolierung der 

entsprechenden Chlorosilylen-Komplexe durch eine verlängerte Reaktionszeit oder 

höhere Reaktionstemperaturen. 

Die drei Chloride in den erhaltenen Komplexen machen sie zu idealen 

Ausgangspunkten für weitere Funktionalisierungsreaktionen. Die Reduktion der 

tBu3Si-substituierten Ruthenium- oder Rhodiumkomplexe 12 und 14 mit einem 

Äquivalent KC8 führte zu der erwarteten Abstraktion des Chlorid-Gegenions mit einer 

überraschenden Umlagerungsreaktion: das an das Übergangsmetall gebundene 

Chlorid wandert an den Siliciumliganden unter gleichzeitiger Dissoziation des Silicium-

gebundenen NHCs, was zu den di(chloro)silyl-substituierten Komplexen 18 und 19 

führt (Abbildung 28). Eine Einkristallstrukturanalyse der Komplexe ergab im Vergleich 

zu den Chlorosilylenkomplexen 12 und 14 deutlich verkürzte Si–M-Bindungen. 

Während der Reaktion tritt außerdem eine eindeutig erkennbare Farbänderung 

(12→18: orange→grün; 14→19: orange-rot→schwarz) auf. Eine Folgereduktion von 

Komplex 18 mit einem weiteren Äquivalent KC8 ergab den unstabilisierten 

Chlorosilylenkomplex 20. Wie bereits bei der ersten Reduktion tritt hier eine deutliche 

Verkürzung der Si–M-Bindungslänge auf, was auf den Doppelbindungscharakter des 

Komplexes hindeutet. Ebenso kann auch hier eine Farbänderung beobachtet werden 

(18→20: grün→rot). 
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Abbildung 28 Reduktion der Chlorosilylenkomplexe 12 und 14 zu silyl-substituierten Komplexen 
18 und 19 und weitere Reduktion von 18 zu der Si=Ru Doppelbindung 20. 

 

9.3 Ausblick 

Im Rahmen dieser Dissertation ist es gelungen, den Umfang des Forschungsfeldes 

der Koordinationschemie von Silyliumyliden-Ionen signifikant zu erweitern. Es war 

möglich die ersten Übergangsmetallkomplexe von NHC-stabilisierten Silyliumyliden-

Ionen zu isolieren und vollständig zu charakterisieren. Die berichteten 

Münzmetallkomplexe 4-6 können als „Proof of Concept“ angesehen werden, dass 

NHC-stabilisierte Si(II)-Kationen tatsächlich als Liganden in der Komplexchemie 

agieren können. Darauf aufbauend gab die experimentelle und theoretische Analyse 

von Übergangsmetallcarbonylkomplexen 7-10 Einblick in die σ-Donor- und π-

Akzeptoreigenschaften von NHC-stabilisierten Silyliumyliden-Ionen. Darüber hinaus 

konnten interessante Reaktivitätsmuster beobachtet werden, z.B. die Migration der 

Silicium-gebundenen NHCs zu einem Übergangsmetall (Abbildung 25B, Komplex 6b), 

oder die Insertion des niedervalenten Silicium-Zentrums in eine Metall–Chlor-Bindung 

eines koordinierten Übergangsmetallfragments (Abbildung 27, Komplexe 11-15). 

Dennoch würden weitere Untersuchungen bezüglich des Einflusses der Silyliumyliden-

Substituenten bessere Rückschlüsse auf ihr Koordinationsverhalten ermöglichen. 
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Während bereits gezeigt werden konnte, dass die erhaltenen Chlorosilylen-Komplexe 

einen relativ einfachen Zugang zu Si=M-Doppelbindungen durch reduktive 

Dehalogenierung bieten können, sind weitere Untersuchungen erforderlich, ob sie 

auch für die Synthese von Si≡M-Dreifachbindungen geeignet sind. Denkbar wäre hier 

beispielweise eine weitere reduktive Dehalogenierung der Si=M-Komplexe, oder die 

Bildung eines kationischen Komplexes durch Abstraktion des verbleibenden Chlorids 

und der Austausch mit einem geeigneten schwach-koordinierenden Anion. Eine 

zusätzliche Funktionialisierung der Chloridsubstituenten wäre ebenfalls möglich, die 

so den Zugang zu einer Reihe von sonst unzugänglichen, asymmetrischen 

Silylenkomplexen ermöglichen könnte. 

Die wichtigste Folgechemie der isolierten Komplexe ist jedoch ihre Anwendung als 

Katalysatoren in organischen Reaktionen. Beispielsweise könnten eisenkatalysierte 

Hydroborierungsreaktionen, rutheniumkatalysierte Transferhydrierungen oder 

goldkatalysierte Hydroaminierungsreaktionen attraktive Ziele für Silyliumyliden-

Komplexe sein. In diesem Zusammenhang könnte auch die Isolierung von Nickel- und 

Palladiumkomplexen noch mehr potentielle katalytische Anwendungen eröffnen. 
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