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1. Introduction 

“Catalysis” – a term once implemented by Berzelius in the early 19th century, has 

undoubtedly shaped the history of modern chemistry like no other. In industry, it was the 

development of catalysis that enabled the soaring rise of today’s multi-million ton scale 

chemical processes, that confronted the ever increasing demand of the constantly growing 

world population and ensured the continued existence of mankind.1 In the same way, but on a 

smaller scale, in terms of academic research, laboratory experiments commonly rely heavily 

on the use of suitable, highly effective catalysts. To quote the German chemist Alwin 

Mittasch, co-inventor of the world-famous Haber-Bosch process:  

“Chemistry without catalysis, would be a sword without a handle, a light without brilliance, a 

bell without sound.”2 

Alwin Mittasch (1869-1953) 

According to estimations, today nearly 85-90% of industrially relevant chemicals require 

catalysts in at least one stage of their manufacture.3 Hence, the current catalyst market size 

was valued at $28 Bn., approximately reaching $40 Bn. by 2022, and generating chemical 

products with a value that is a hundredfold higher.4 The supremacy still clearly belongs to 

heterogeneous systems, where catalyst and reactants are in different phases, but due to the 

superior chemo- and stereoselectivity, combined with frequently milder reaction conditions, 

there has been a steadily growing number of homogenously catalyzed processes. Presumably, 

the first industrially applied catalyst working in solution and containing organometallic 

intermediates is mercury(II) sulfate, which was used by the WACKER Chemie AG in the 

1920s for the production of acetaldehyde from acetylene. Nowadays, its use is receding. The 

more environmentally friendly “second WACKER process” uses a homogenous palladium(II) 

dichloride/water mixture and ethylene as feedstock instead. But in general, molecular 

catalysts are found in several industrially relevant processes such as the cobalt- or rhodium-

based “Oxo synthesis” of aldehydes from olefins and carbon monoxide, the rhodium-

catalyzed carbonylation of methanol which gives acetic acid (“Monsanto process”) or the 

widely applied catalytic hydrogenation or isomerization reactions of olefins (e.g. “Wilkinson 

hydrogenation” or “Shell’s higher olefins process”).5 All of the mentioned processes involve 

transition metal complexes as catalytically active species. In most cases, the metals used, such 
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as platinum, palladium or iridium, are rare and thus inherently expensive. Even the full 

recovery of the precious catalyst, like in the platinum-based addition curing of silicone 

elastomers (estimated loss of 5.6 t Pt/year)6, cannot always be guaranteed. Furthermore, the 

incomplete removal of toxic, heavy transition metal residues may pose a significant health 

threat, in particular in applications in the pharmaceutical sector.7 

As a consequence, recent years have brought forth a new concept that, in addition to the 

departure from limited fossil fuels and towards “greener” renewable resources, involves the 

pursuit of alternative catalyst solutions that provide comparable results but are less costly or 

toxic than transition metals. In this context, in the last decade main group compounds from 

nearly all groups of the periodic table have emerged as non-toxic, fairly abundant and 

efficient replacements of conventional d-block metals.7 One nearly forgotten element that 

humanity will most certainly not run out of in the near future, and whose compounds – if put 

into the right environment – exhibit a distinct metallic character, is silicon. 
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2. The Element Silicon and Organosilicon Compounds 

The ability to form strong single and multiple bonds with itself and many nonmetal elements 

of the periodic table – in particular hydrogen, oxygen and nitrogen – makes carbon the 

undisputed “carrier of life”. Carbon-based compounds are found everywhere, from simple 

hydrocarbons in fossil fuels and chemical products to complex polymeric structures in 

enzymes or nucleic acids – vital components of all living organisms. However, the 

importance of carbon to life and the richness of organic chemistry are in strong contrast to 

carbon’s actual abundance in the Earth’s crust with just about 0.18%. Its direct heavier 

congener of group 14, silicon, is far more abundant, accounting for approximately one quarter 

(27%) of the lithosphere, directly after the most relevant element oxygen (46%).8 Similarly to 

carbon, silicon is capable to form bonds with up to four partners, which raises the legitimate 

question why evolution has not preferred a silicon-based life form.9 Indeed, organosilicon 

compounds structurally resemble their lighter analogues, however, their chemical and 

physical properties differ massively. Silanes, for example, are much more reactive than their 

alkane counterparts, mainly due to the inverse polarization of the Siδ+–Hδ- bond and the lower 

Si–Si bond strength.10 Thus, the simplest compound, silane SiH4, combusts in air and reacts 

violently with halogens, totally opposed to the reactivity of methane. In addition, the larger 

atomic radius of silicon minimizes the effective mixing of s- and p-orbitals and reduces the 

preference of silicon to form multiple bonds,11 which has been a key requirement in terms of 

carbon to access the variety of known organic geometries. It is, therefore, fair to say that the 

lack of alleged structural diversity and the lower stability of organosilicon compounds clearly 

impede the use of silicon as hypothetical life source.12 

Nevertheless, the element silicon has found other ways into our daily lives. Due to its 

semiconducting properties, silicon is an inherent part of microchip, processor and transistor 

manufactures. Likewise, the solar cell industry depends heavily on purified silicon for the 

production of photovoltaic cells. As a result of its high affinity to oxygen, silicon does not 

occur elementarily, but only covalently bound as quartz or in siliceous minerals. Thus, the 

industrial preparation of silicon necessarily proceeds by reduction of these silicon-oxygen 

precursors with coke in an electric arc furnace at 1900 °C. Although this process is highly 

energy consuming (about 12.5-14 MWh/t)13, it nowadays accounts for roughly 7 million tons 

(2016)14 of crude silicon worldwide. Silicon’s oxophilic nature was also reflected in its long 
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overdue discovery in elemental form, in comparison to other much rarer elements. Initial 

efforts to prepare elemental silicon were made by Antoine Lavoisier in 1787, who mistakenly 

considered the semi-metal to be a compound. In 1811, Joseph-Louis Gay-Lussac and Louis 

Jaques Thénard succeeded in producing elemental, amorphous silicon by reacting silicon 

tetrafluoride with potassium. The big breakthrough was achieved in 1824 by Jöns Jakob 

Berzelius in Sweden, who used a similar method to react hexafluorosilicate with elemental 

potassium and recognized the elemental nature of silicon during purification. It is through his 

work that silicon owes its name, which is derived from the Latin word silex meaning 

"pebble". Today’s metallurgical grade silicon with a purity of 98-99% is directly used as 

alloying component and deoxidant in the steel industry or as starting material for the 

production of chlorosilanes. Applications in solar and semiconductor technologies, however, 

require significantly higher purities of silicon, reaching up to 99.99% or higher. To achieve 

this, the so called “Siemens process” is most commonly used. Here, the crude silicon is 

treated with hydrochloric acid to form trichlorosilane, which is purified by distillation and 

finally reduced with hydrogen to polycrystalline silicon. For monocrystalline semiconductor 

silicon (>99.99% purity) a second entrenched method is applied, the “Czochralski process”, in 

which a seed crystal is separated from impurities by pulling it under rotation from a 

polycrystalline silicon melt.12 

Akin to carbon, silicon compounds have shown a rich variety of industrial applications that 

are almost indispensable in this day and age. For instance, organofunctional silanes containing 

two reactive side groups are sold as coupling agents for composite and hybrid materials, while 

fumed silica, an amorphous SiO2 powder, is used as thixotropic thickener or reinforcing filler. 

By far the widest range of applications, however, are covered by the class of polysiloxanes.15 

Due to their excellent thermal and mechanical properties that are attributed to the flexible and 

highly stable Si–O chains, they are commonly used as flagship-fluids, -elastomers and -resins 

in applications in the construction, electronic and automotive industry. Furthermore, their 

outstanding biocompatibility and remarkable hydrophobic character make polysiloxanes 

convenient solutions for products in the medicine, cosmetic and textile sector.16 Fairly, this 

impact and diversity of applications has developed steadily over the years. Polysiloxanes, 

colloquially referred to as silicones, have originally already been discovered in the early part 

of the 20th century by the pioneering work of Frederic S. Kipping.17 In 1901, he targeted the 

isolation of silicon analogues of ketones containing a Si=O double bond, but due to the strong 

Siδ+−Oδ‑ polarization and a high tendency for head-to-tail polymerization,18 he ended up with 
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the unintentional discovery of polysiloxanes, which he accordingly, but misleadingly named 

“sili-cones”. As the following quote illustrates, the enormous potential of this compound class 

and, in general, the entire organosilicon chemistry remained initially unrecognized.19 

“We have considered all the known types of organic derivatives of silicon and we see how few 

are their number in comparison with the purely organic compounds. Since the few which are 

known are very limited in their reactions, the prospect of any immediate and important 

advance in this section of chemistry does not seem very hopeful.”19 

Organosilicon pioneer Frederic S. Kipping, 1934, Bakerian Lecture Royal Society 

And indeed, Kipping’s discovery had not been industrially meaningful until the 1940s, when 

the chemists R. Müller and E. Rochow independently found a way to prepare the silicone 

precursor Me2SiCl2 in a commercial process.20 The today well-established “Direct Synthesis” 

or “Müller-Rochow Process” converts silicon and alkyl halides such as methyl chloride to the 

corresponding organochlorosilanes. Subsequent hydrolysis results in linear and cyclic 

oligosiloxanes, which are further elongated by polycondensation or ring opening 

polymerization to form high-molecular polysiloxanes.12 Since its discovery, this process has 

met the ever-increasing demand for silicones, with today’s annual worldwide production 

estimated at several million tones21 and a market value of roughly $14 Bn. (2017)22 – numbers 

that will surely rise together with the not yet fully exploited potential of silicones. 

The silicon structures described so far are all four-coordinate, with the silicon atom occurring 

in the most stable oxidation state +IV. Another, still developing class are organosilicon 

compounds in lower oxidation states and with reduced coordination numbers. For a long time 

these were considered to be extremely unstable and synthetically challenging to isolate. 

Intensive research has changed this situation in recent years and established the chemistry of 

low-valent silicon compounds as emerging field of research that is still searching for 

industrial relevance.23 
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3. Low-Valent Silicon Chemistry: An Overview 

In knowing the multitude of potential oxidation states of d-block metals and their pivotal 

impact on reactivity and catalytic activity, chemists have been excited for decades to transfer 

this concept to main group chemistry and stabilize s- and p-block elements in non-classical 

oxidations states. Due to the fundamentally smaller number of valence electrons in contrast to 

transition metals, only a limited number of oxidation states are accessible for main group 

elements. Furthermore, compounds comprising these elements in such unpreferred electronic 

environments are basically highly reactive and tend to oligomerize or disproportionate to the 

respective element and compounds with the element in its most stable oxidation state. To 

access low-valent structures, sterically encumbered and often heteroatom-based ligands have 

proven themselves as effective protectors that hamper potential decomposition pathways. 

Regarding the element silicon, low-valent by definition implies all oxidation states that 

deviate from the most favorable and stable +IV, thus ranging from zero to +III. Historically, 

in particular the similarities and differences to compounds of the lighter homologue carbon 

have aroused the interest of main group chemists. The journey of stable low-valent silicon 

compounds began in 1981 with the groundbreaking isolation of the first disilene, a silicon 

analogue of ubiquitous alkenes, with both silicon atoms in the unusual oxidation state +II 

(Mes2Si=SiMes2; Mes = C6H2-2,4,6-Me3).
24 This pioneering work by West et al. not only 

helped to revolutionize the mindset of heavier group 14 multiple bonding, but has been the 

beginning of a success story that has lasted for over 35 years and brought forth a wide 

spectrum of different silicon compounds in low oxidation states. Nowadays with a vast 

number of isolable representatives, the disilene compound class has already accomplished the 

transition from once transient species to functional molecules utilizing the Si=Si motif as 

linking unit in organic synthesis25 or as prototype for silicon surfaces in material science26. 

Especially in the last two decades, a plethora of further low-valent silicon compounds with 

unique electronic properties have been made accessible that, prior to their isolation, had been 

widely considered as elusive and unstable.27 For instance, in 2004 Sekiguchi and coworkers 

reported the successful isolation of a compound containing a Si≡Si triple bond in analogy to 

the well-established class of alkynes.28 Later, with the help of external donors (N-heterocyclic 

carbenes (NHCs) or cyclic alkyl(amino)carbenes (cAACs)), the zero oxidation state of silicon 

was also attained in the form of “naked” Si=Si dimer by Robinson et al.29 or separately as 
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monomeric Si(0) complex in a silylone by Roesky et al.30. In addition, the class of 

silyliumylidenes RSi+ as ionic Si(II) species31 have as well joined the list of milestones that 

can be extended almost endlessly. The following chapter, however, shall limit its focus on the 

description of monomeric, divalent Si(II) species and their dimers. 

3.1 Silylenes and Disilenes: Characteristics and Properties 

Silylenes are mononuclear, divalent Si(II) compounds with the general molecular formula 

R2Si(II), where R- is a monodentate, σ- or π-coordinating ligand (homo- or heteroleptic) or 

R2
2- a bidendate chelating ligand. They owe their name to the much more investigated carbon 

analogues, carbenes, that until today have been applied as useful ligands in all parts of 

organometallic chemistry due to their excellent σ-donating properties.23a Despite the 

name-giving, silylenes, and in fact all heavier tetrylenes, differ distinctively in their electronic 

properties from their carbon congeners (Figure 1). 

 

Figure 1. General trends of electronic properties of group 14 elements and schematic representation of the 

frontier orbitals of tetrylenes. 

In general, group 14 elements possess four valence electrons and an electronic configuration 

of (ns)2(np)2. However, for divalent carbon species, as in methylene H2C(II), carbenes mainly 

favor a triplet ground state due to a negative singlet-triplet splitting (∆ES,T = –14 kcal/mol).32 

The resulting diradical has two unpaired electrons with parallel spin in two sets of orbitals. On 
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the contrary, as the singlet-triplet energy increases down group 14, silylenes and heavier 

tetrylenes generally possess a singlet ground state (e.g. H2Si(II); ∆ES,T = 16.7 kcal/mol).32 

Here the two electrons are located in the lower lying sp2-character orbital, while the 

energetically much higher p-orbital remains vacant. A strongly related value is the energy of 

hybridization (EHybrid) that rises as well as the group is descended. One reason explaining the 

low tendency of hybridization of heavier group 14 elements is the higher effective nuclear 

charge and the reduced overlap between s- and p-orbitals as a result of the increasing energy 

separation and diverging spatial extension of both orbitals. The filled sp2-type orbital in 

silylenes and heavier analogues therefore has a high s-character, while the ligand bonding 

orbitals instead have a high p-character. The latter is best demonstrated by the continuous 

decrease of the interligand angle of parent H2M(II) by going down group 14 (H2Si 92.7°, 

H2Ge(II) 91.5°, H2Sn(II) 91.1°, H2Pb(II) 90.5°). Again, the deviating, large bonding angle of 

methylene (H2C(II) 134°) reflects its triplet state and the convergence to an ideally linear 

sp-type (180°) geometry.32 Another apparent trend in group 14, following the former two, is 

the increase of stability of oxidation state +II upon descending the p-block, with the heaviest 

element lead even preferring the low oxidation state in its compounds (e.g. PbCl2). This 

phenomenon goes hand in hand with the already mentioned increase of EHybrid and the 

relativistic effect of the “inert pair”, which suggests that electrons in valence s-orbitals of 

heavier group 14 elements are more tightly bound to the nucleus due to the weak shielding of 

the intervening d-orbitals and therefore need more energy to be ionized than electrons in 

p-orbitals.33 This means that, especially for plumbylenes and stannylenes, the s-type lone pair 

and the +II oxidation state often remains unaffected. This preference toward oxidation state 

+II and the energetically facile alternation between the higher and the lower oxidation state 

may also be associated with an emerging metallic character of the tetrylene species, similar to 

the generally accepted trend of tetrel elements themselves. If, in principle for the lighter 

tetrylenes, the energy barrier between both states is reduced, then a fine interplay between 

oxidative addition and reductive elimination of substrates similar to transition metals could be 

achieved.34 The propensity of hybridization of carbon gave access to the omnipresent variety 

of multiple bonded hydrocarbon structures that have shaped main parts of organic chemistry. 

Regarding the valence bond theory of olefins, it is assumed that a complementary interaction 

of two triplet carbenes are responsible to form the common sp2-hybridized, planar C=C bond 

(Figure 2).35 For singlet heavier tetrylenes, the interatomic Pauli repulsion of the inner-shell 

electrons in combination with the repulsion of the filled lone pairs between both fragments 

prohibits such classical double bond formation.36 Therefore, until the mid-1970s there was the 
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tenacious belief, commonly referred to as “double bond rule”, that heavier group 14 elements 

with a principal quantum number greater than 2 cannot form multiple bonds.37 The isolation 

of several group 14 alkene analogues including the already mentioned seminal disilene1 by 

West et al. eventually disproved this hypothesis.38 In this context, an adapted bonding model 

by Carter-Goddard-Malrieu-Trinquier (CGMT) was developed, which rationalized the 

formation of ditetrelenes by electron donation from one sp2-type lone pair orbital into a vacant 

p-orbital of another molecule (and vice versa).39 This distortion then forms a double donor–

acceptor type bond with trans-pyramidalization at both tetrel centers. Accordingly, the extent 

of the interaction and the degree of trans-bending is largely dictated by the singlet-triplet 

energy of both tetrylene fragments.11 Thus, by following this approach a smaller ∆ES,T gives a 

more planar, while a larger ∆ES,T a more bent double bond.40 One way to influence this 

element-specific electronic parameter is the choice of ligands that shall be explained 

exemplarily with silylenes. 

 

Figure 2. Bonding models for the dimerization of singlet and triplet tetrylene fragments. 

Silylenes and all heavier tetrylenes are ambiphilic molecules – they possess both a vacant 

3p-orbital generating a highly Lewis acidic silicon center and at the same time a filled Lewis 

basic lone pair. In total, the six valence electron count deviates from the generally accepted 

“octet rule” and makes silylenes electron deficient species that rapidly undergo dimerization 

to form disilenes, or react with a variety of substrates typically in form of insertions into E-E 

(e.g. O–H, N–H, C–X, X = halogen) single bonds or cycloadditions with unsaturated 

molecules (e.g. C=C, C≡C, C=O).32 Due to a weak π-orbital overlap and a small 

HOMO-LUMO gap (≈ 3 eV),41 disilenes themselves exhibit a reactive Si=Si bond that is 

susceptible to oligomerization or polymerization reactions. Therefore, to isolate both 
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otherwise elusive species, the protection and stabilization of the low-valent silicon center is 

absolutely essential. One reliable method has been the utilization of heteroatom-based ligands 

that thermodynamically influence the electronic properties of the silylene center (Figure 3).32 

It is assumed that the introduction of electron-withdrawing substituents such as nitrogen, 

sulfur or phosphorus inductively stabilize the non-bonding orbital (HOMO) at the silicon 

center by increasing its s-character and lowering its energy, thereby favoring the singlet state. 

Furthermore, in terms of mesomeric stabilization, the lone pair of the π-donor ligand can 

donate electrons into the empty 3p-orbital (LUMO), leading to a reduction of the 

electrophilicity and a larger HOMO-LUMO gap (and a simultaneously higher ∆ES,T).36 

 

Figure 3. Thermodynamic stabilization of silylenes by π-donor and σ-acceptor ligands (e.g. E = NR2, SR, PR2) 

and illustration of kinetic shielding of the Si(II) center by sterically demanding substituents. 

In strong contrast, electropositive ligands such as silyl and boryl groups or alkali metals 

without any π-donor effect inductively decrease the orbital separation and promote the 

reactive triplet state.42 These species tend to instantly dimerize, but in literature first 

occurrences of silylenes ((t-Bu3Si)2Si(II) and (t-Bu3Si)MSi(II); M = Li, Na, K) in the triplet 

state were observed via EPR experiments in frozen hydrocarbon matrices.43 The second key 

stabilization method is the use of sterically bulky ligands that kinetically prevent dimerization 

or oligomerization and protect the electropositive Si(II) center from attacks by nucleophiles. 

For this purpose a huge number of different ligands (e.g. silyl, alkyl, aryl) with adjustable 

steric bulk have been developed over the years. However, it is noteworthy, that in principle, 

counteracting to the stabilization effect, an exaggerated steric encumbrance increases the 

repulsion of the ligands, which leads to a widening of the bonding angle and thereupon a 

favored triplet state.42, 44  
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3.2 Historic Milestones in Silylene Chemistry 

The last couple of decades have seen a burst of reported isolable silylenes with plenty of 

exotic structures in some cases even containing more than one silylene function 

(“bis(silylenes)” for example)45. However, the majority of these reports involve only three- or 

four-coordinate silylenes in which the imbalanced electrophilicity of the Si(II) center was 

additionally tamed by external donor molecules.46 This chapter will instead give a historic 

overview of important milestones and developments regarding the still limited number of 

original two-coordinate silylenes. 

 

Figure 4. Early stages and essential historic landmarks of silylene chemistry; only monomeric two-coordinate 

Si(II) compounds (except structures L-1 and L-6) are considered (X = Cl, Br, I, R = Ph, m-Tol). 

Apart from the discovery of the first disilene by West et al., 1981 was a year of success for 

the chemistry of main group and in particular low-valent silicon compounds. The origin of 

today’s flourishing silylene chemistry dates back to the 1960s and the pioneering studies by 

Goldstein and coworkers.47 In their experiments, the reduction of dimethyldichlorosilane at 

260 °C with sodium-potassium vapor in the presence of trimethylsilane gave 

pentamethyldisilane, whose formation was attributed to the insertion of a short-lived 

dimethylsilylene, Me2Si(II), species into the Si–H bond of the trapping reagent. In the 

following years, numerous photochemical and thermal experiments were performed in order 

to identify elusive silylene species. Until the 1980s, however, silylenes could only be isolated 

in hydrocarbon matrices or argon atmosphere, at temperatures of 77 K or lower. The first 

major breakthrough was achieved by Jutzi et al. in 1986 with the synthesis of the first 

monomeric Si(II) compound, decamethylsilicocene L-1, stable under ambient conditions 
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(Figure 4).48 The chemistry of this extraordinary compound has been extensively studied in 

recent years, but due to its hyper coordination (η10) and its resulting highly nucleophilic 

silicon site, L-1 cannot be, according to the definition, considered as a true silylene.49 

Therefore, with the discovery of the first stable N-heterocyclic carbene (NHC) by Arduengo 

et al. in 1991, silicon still remained as the only element of group 14 with no monomeric, room 

temperature stable divalent compound. In 1994, the group around West and Denk finally 

isolated silylene L-2, the first member of a nowadays large class of N-heterocyclic silylenes 

(NHSi).50 L-2 was prepared by reduction of the corresponding dichlorosilane with elemental 

potassium at elevated temperatures to yield a colorless, crystalline substance with surprising 

thermal stability up to 220 °C. As described in the previous chapter, the stabilization of the 

Si(II) species was achieved on an electronic level by two π-donating adjacent amino groups, 

which push electron density to the empty 3p-orbital of silicon, and by steric shielding with the 

help of two voluminous tert-butyl groups. Shortly after, the same group isolated the structural 

analogue of L-2 with a saturated backbone. In the following years, based on this common 

mode of stabilization, a handful of NHSis with congeneric five-membered ring systems and 

different wing-tips have been reported.45a, 51 Excitingly, in 1999 Kira et al. set a milestone 

with the isolation of carbocyclic bis(alkyl)silylene L-3. Hereby, they illustrated that silylenes 

did not necessarily need a π-donor ligand and can be stabilized solely by steric shielding of 

the central Si(II) with four large SiMe3 groups, although some electronic contribution of the 

conjugation of the C–Si σ-bonds and the Si3p-orbital was proposed.52 However, the silylene 

turned out to only be persistent up to 0 °C and decomposed above this temperature via an 

intramolecular 1,2-silyl migration to the corresponding cyclic silene (Si=C). Nevertheless, 

silylene L-3 possesses a highly electrophilic silicon site, which is directly reflected by a 

strongly downfield shifted 29Si NMR resonance at 567.4 ppm compared to those of classical, 

rather nucleophilic NHSis (δ = 78-199 ppm)32 and even approaches the calculated values of 

transient silylenes H2Si (771.8 ppm) and Me2Si (739.6 ppm). A few years later, in 2003, the 

group of West followed a new, quite challenging idea to stabilize a Si(II) moiety in a more 

flexible acyclic framework. Their reported acyclic bis(amino)silylene L-4 was formed by 

reduction of the respective dibromosilane (TMS2N)2SiBr2 with potassium graphite (KC8), but 

unfortunately it could not be characterized by X-ray analysis, presumably due to the lack of 

kinetic stabilization (persistent for approx. 12 h at –20 °C).53 In 2006, Driess and coworkers 

revitalized the class of NHSis, by isolation of an akin N-heterocyclic silylene L-5 imbedded 

in a conjugated six-membered heterofulvene ring.54 Interestingly, beside the standard Si(II) 

reaction site, compound 5 features an additional ambivalent reactivity with the exocyclic 
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methylene backbone prone to electrophilic attacks.55 A brand-new strategy was developed in 

2009, when Roesky et al. succeeded in synthesizing the NHC-stabilized dichlorosilylene L-6, 

which is accessible by reductive dehydrochlorination of HSiCl3 with two equivalents of 

NHC.56 Regarding the list of two-coordinate silylenes, this three-coordinate structure 

obviously falls out of line. This achievement, however, is still worth mentioning, as the 

general synthetic route dispensing the use of strong reducing agents, has become a viable 

method to access several more base-stabilized structures as implied at the beginning of this 

chapter. Moreover, silylene L-6 is the first direct Si(II) precursor for salt metathesis reactions 

and a model compound of transient dichlorosilylene, an extremely reactive intermediate in the 

industrial preparation of elemental silicon. In this context, it should be noted that, with a 

similar approach, the stable NHC-coordinated dibromo- and diiodosilylenes were isolated by 

the group of Filippou.57 

 

Figure 5. Recent milestones in the timeline of monomeric, two-coordinate silylenes (Ar = aryl, R = i-Pr, cHex, 

NHC = Ii-Pr2Me2). 

In 2009, the group of Driess successfully developed and implemented a remarkable 

carbon-based donor ligand in their aromatic ylide-stabilized silylene L-7.58 In contrast to 

related semi-stable carbocyclic silyene L-3, the increased electron density at the carbon 

center, due to the zwitterionic phosphonium ylidic R3P
+–C- character, provided the fragment 

with additional π-donor properties. In comparison to nitrogen containing ligands, the poorer 

σ-acceptor strength due to the smaller electronegativity of carbon and the experimentally 

determined moderate 29Si NMR shift of L-7 at 213.3 ppm, however, allow the conclusion, 
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that the electronic stabilization and, therefore, the reactivity of L-7 shall be classified in 

between the one of NHSis and carbocyclic silylene L-3. Shortly after, Kira et al. reported a 

third carbocyclic silylene L-8 by modifying the primal ligand system of L-3 with spirocyclic 

1,3-disilaindane functions (Figure 5).59 This sterical adjustment turned out to be essential to 

avoid the prior observed 1,3-silyl migration and stabilize the silylene at ambient conditions. 

Furthermore, it was impressively demonstrated that the flexible steric bulkiness of L-8 allows 

this compound to equilibrate in solution with its isolable dimer, the corresponding disilene, 

which is the first observation of such a dynamic equilibrium. 

So far, the Si(II) center of all reported compounds, with the exception of semi-stable 

bis(amino)silylene L-4, were stabilized by the inclusion in cyclic systems or by an increased 

coordination number. However, to truly understand the intrinsic nature of silylenes, the goal 

to stabilize an acyclic silylene has been desperately targeted for decades, until finally in 2012 

two different approaches solved this task (see structures L-9 to L-12). Based on the relevance 

of this milestone to this thesis, these results are separately addressed and discussed in detail in 

the following chapter. For the sake of completeness, recently, Iwamoto et al. reported a 

two-coordinate cyclic alkyl(amino)silylene L-13, in analogy to the well-known carbon 

derivatives (cAACs).60 By combining the electronic properties of both ligand systems, cAASi 

L-13 exhibits an improved thermal stability (two days at 150 °C) compared to 

bis(alkyl)silylenes L-3 and L-8, while still maintaining high levels of reactivity which is in 

accordance with, the generally, rather low-field shifted 29Si NMR signal (274.7 ppm). This 

silylene, for instance, readily undergoes cycloadditions with alkynes, Si–H insertions and 

even intermolecular benzylic C–H bond activations at elevated temperatures. Very recently, 

two more two-coordinate cyclic silylenes L-14 and L-15 were isolated by the groups of 

Baceiredo and Kato.61 Here, the established amino group was combined with another 

π-donating phosphonium or bora-ylide ligand, respectively. In spite of this second donor, the 

29Si NMR shifts of L-14 (R = i-Pr, 202.2 ppm) and L-15 (295.5 ppm) point to a similar 

electronic behavior as cAASi L-13 with just one π-donor. In terms of reactivity, and parallel 

to the results of this work, both structures have emerged as ideal precursors to fulfill 

“Kipping’s” long-term dream of isolation of room temperature stable, three-coordinate 

silanones containing Si=O double bonds.62 Despite all mentioned achievements, the structural 

diversity of two-coordinate silylenes is still very limited compared to the large family of 

carbenes and, without a doubt, this field needs further research to isolate silylene structures in 

novel, precisely designed chemical environments.  
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3.3 Acyclic Silylenes as Transition Metal Mimics 

In 2012, the groups of Jones and Aldridge63 and, separately but almost simultaneously, the 

group of Power64 set a landmark discovery with the isolation of two-coordinate acyclic 

silylenes stable at ambient temperatures (Figure 6). Thereby, they finally put an end to the 

long time belief that acyclic silylenes only exist as elusive, short-lived species observable in 

photolytic trapping experiments. To put it into historic context, these findings shall, of course, 

be seen as continuation of the initial work of West et al. and their reported semi-stable acyclic 

bis(bis(trimethylsilyl)amino)silylene L-4.53 One key advantage of acyclic silylene structures, 

in comparison to Si(II) centers integrated in a rigid cyclic framework, is their much larger 

flexibility that facilitates coordination and oxidative addition of substrates – an essential 

criterion for selective bond activation.65 Moreover, due to the more obtuse bonding angle at 

the silicon center in combination with energetically narrow frontier orbital separations (small 

HOMO-LUMO gap and ∆ES,T), it is generally believed that acyclic silylenes are promising 

candidates not only to give access to a silylene with a triplet ground state43 (ideal linear 

geometry), but to open the door to a potentially increased “transition metal-like” reactivity, 

creating new opportunities for small molecule activation and even main group catalysis. In 

this context, one goal that still remains a “holy grail” in low-valent silicon chemistry is the 

successful splitting of the C–H bond of methane.46a 

 

 L-9a L-10 L-11 L-12 

HOMO-LUMO [eV] 4.26 2.04 1.99 2.55 

∆ES,T [kJ/mol] - 103.9 103.7 158.3 

R–Si–R [°] 90.5 109.7 116.9 110.9 

29Si NMR [ppm] 285.5 439.7 438.2/467.4 204.6 

Figure 6. Structures of reported room temperature stable, two-coordinate acyclic silylenes L-9-12 and summary 

of HOMO-LUMO gaps, singlet-triplet energies (∆ES,T), bonding angles and 29Si NMR data of the central silicon 

atom of all reported compounds. 
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In Powers’ synthetic approach64, he and his group reported the successful reduction of the 

precursor Br2Si(S(m-terphenyl))2 with Jones’ reducing complex (Mg(I) dimer) to give acyclic 

bis(arylthiolato)silylene L-9a as colorless crystals in moderate yields 51%. The 29Si NMR 

shift of the central silicon atom at 285.5 ppm is low-field shifted in comparison to those of 

classical NHSis (δ = 78-199 ppm)32 or semi-stable acyclic bis(amino)silylene L-4 

(δ = 223.9 ppm)53, indicating less π-donation of the sulfur based ligands into the vacant 

Si3p-orbital. However, their structure proved to be surprisingly stable up to 146 °C, thereby 

reflecting not only sufficient kinetic stabilization, but also thermodynamic shielding by both 

flanking arylthiolato ligands. As mentioned before, the bonding angle at the Si(II) center is 

one decisive parameter to evaluate the electronics and reactivity of silylenes. The S–Si–S 

angle of L-9a is extremely acute (90.5°) and in fact comparable with cyclic NHSi L-2  

(N–Si–N 88.6°)66. Power and coworkers later isolated two analogous structures with more 

sterically demanding ligands L-9b (Ar = Dipp) and L-9c (Ar = Tipp).67 Contrary to the 

normal steric expectations that would presume a widening of the bond angle, both structures 

have even narrower interligand angles (L-9b 85.1°, L-9c 84.8°). In-depth DFT calculations 

and further experimental data of other group 14 tetrylenes indicated, that this phenomenon is 

best explained by increasing London dispersion effects between the C–H moieties of the 

bulky terphenyl substituents.67-68 The second parameter that is assumed to be strongly 

connected to the size of the bonding angle, but as well to the nature of ligand, is the HOMO-

LUMO gap and consequently the singlet-triplet gap (∆ES,T).69 For silylene L-9a, the 

determined acute angle in combination with the good σ-acceptor and moderate π-donor 

qualities of the sulfur ligand afforded a calculated HOMO-LUMO gap of 4.26 eV. Regarding 

selective small molecule activation, the splitting of highly apolar and inert dihydrogen is often 

considered as prime example for a pronounced reactivity of main group compounds 

mimicking typical reactions of transition metal complexes.70 Bis(thiolato)silylene L-9a, 

however, cannot activate H2 at ambient conditions, most likely as a result of the wider frontier 

orbital separation. Still, silylene L-9a has shown to cleave the more polar bond of MeI and 

excitingly both compounds L-9a and L-9b are capable to activate ethylene by forming a 

unique dissociation equilibrium with the respective silacyclopropane ring (silirane) L-16a and 

L-16b (Scheme 2).71 In terms of potential main group catalysis, this reversibility, where 

oxidative addition and reductive elimination alternate with each other, can be considered as 

foundation for a catalytic cycle. Power et al. could later demonstrate that, similarly, alkynes 

such as phenylacetylene and diphenylacetylene can quantitatively be bound in 

silacyclopropene (silirene) rings.72 
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In contrast to silylene L-9 by Power et al., the groups of Jones and Aldridge relied on the 

established π-donor strength of one amino group (DippNTMS) in their silylene design, but 

intentionally implemented an electropositive σ-donating boryl L-10 and later also a silyl 

ligand L-11 that effectively reduces the HOMO-LUMO gap and ∆ES,T as described in 

Chapter 3.1.63, 73 Such ligand combination ensures that, on the one hand, the Si(II) center is 

effectually stabilized, but on the other hand the original, untamed Lewis acidity of transient 

silylenes is largely preserved. This effect is best seen through the 29Si NMR shifts of L-10 

(439.7 ppm)63 and L-11 (two conformers, 438.2/467.4 ppm)73, which are extremely low-field 

shifted in comparison to those of Powers’s silylene L-9a (285.5 ppm)64 and even approach the 

one of cyclic bis(alkyl)silylene L-3 (567.4 ppm)52 without any π-donor stabilization. From a 

synthetic perspective, both compounds were prepared from a single-step, one-pot reaction of 

the aminotribromosilane DippNTMSSiBr3 with two equivalents of lithium boryl reagent or 

potassium hypersilanide, respectively (Scheme 1A). 

 

Scheme 1: A) Synthesis route of acyclic amino(boryl) L-10 and amino(silyl)silylene L-11. B) Proposed 

mechanism for the one-pot formation of both silylenes (R-M+ = (thf)2LiB(NDippCH)2 or (thf)2KSiTMS3). 

In this elegant route the alkali salts R-M+ act not only as reductants, but simultaneously as 

nucleophiles so that the anion is incorporated into the ligand framework. Jones and Aldridge 

et al. proposed a mechanism where initially a metal-halogen exchange on DippNTMSSiBr3 
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affords an intermediary bromosilylenoid and liberates the respective boryl- or silylbromide as 

side product (Scheme 1B). In the next step, the second equivalent of main group anion 

instantly attacks the silicon center in a salt metathesis to give another silylenoid species that 

finally eliminates the respective alkali bromide salt to yield acyclic silylenes L-10 and L-11. 

Both compounds were separated from inorganic residues by extraction and filtration with 

n-hexane, but due to the similar solubility as the boryl- or silylbromide co-product, pure 

isolation and up-scaling turned out to be quite challenging (yield: L-10 39% (only NMR scale 

≈ 20-30 mg, still 12% BrB(NDippCH)2 impurity); L-11 51% (≈ 60-70 mg scale, only traces 

of BrSiTMS3)).
73 In contrast to bisthiolato silylenes L-9, the crystal data of both silylenes 

feature a more obtuse interligand angle (L-10 N–Si–B 109.7°, L-11 N–Si–Si 116.9°), 

illustrating a much higher triplet silylene character that is directly manifested in a narrower 

HOMO-LUMO gap (around 2 eV) and ∆ES,T (approx. 100 kJ/mol). Still, both silylenes are 

thermally robust and stable as solids up to 130-140 °C for a short period of time. Excitingly, 

in solution (C6D6) and already at 50-80 °C, they slowly (several days) undergo a highly 

selective, intramolecular C–H bond activation with the ancillary ligand to form silacycles 

L-17 and L-18 – a reactivity pattern that is reminiscent of the well-investigated C–H bond 

activation by transition metal complexes.74 Furthermore, due to their precisely adjusted 

electronic properties,75 both compounds, as first silylenes, have been able to successfully 

activate dihydrogen under mild conditions (r.t. or even 0 °C, 1 bar, between 30 min to 

2.5 hours) to give the monosilanes L-19 and L-20.63, 73 

 

Scheme 2: First promising results of reactivity studies with room temperature stable acyclic silylenes L-9-12 

(R = B(NDippCH)2 or SiTMS3, R1 = m-terphenyl (Ar = Mes, Dipp), TBon = [B(NDippCH)2]NTMS). 
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Theoretical calculations were carried out in order to explain the mild addition of H2 to 

amino(boryl)silylene L-10. It has been shown that this activation is distinguished by a 

moderate energy barrier of 97.2 kJ/mol, that is much lower compared to those of computed 

bis(amino)silylenes (e.g. acyclic Si(NH2)2 190.0 kJ/mol or cyclic Si(NHCH)2) 

277.8 kJ/mol)73, 75, thus illustrating the necessity of a σ-donor ligand to selectively cleave 

strong, low polarity E–E bonds. From a mechanistic perspective, a transition state was located 

that represents a side-on approach of the H2 molecule perpendicular to the N–Si–B plane, 

with an electron donation from the σ-bond of H2 (HOMO) into the Si3p orbital (LUMO) of the 

highly electrophilic Si(II) center. Thereby, the conclusion was drawn that the H2 splitting by 

silylenes is distinguishable from the proposed nucleophilic approach of related acyclic and 

cyclic alkyl(amino)carbenes (aAAC and cAAC), proposed by Betrand et al.76. This rather 

resembles the classical behavior of transition metal complexes with a similar donation of 

electron density from the filled H2 frontier orbital into a vacant metal d-orbital.70a In total, 

both the C–H and H–H bond activation are, indeed, the first proofs of the promising 

“transition metal-like“ reactivity of acyclic silylenes that, paired with their potential to even 

achieve catalytic transformations, have been the stimulation for global on-going 

investigations77 and, in particular, the development of this thesis. 

Parallel to this work, a fourth room temperature stable acyclic bis(amino)silylene L-12 was 

reported by Jones et al. (Figure 6).78 By isolating the silicon analogue of acyclic 

bis(amino)tetrylenes, their findings eventually completed the long search for such compounds 

that originated more than 40 years ago with the pioneering work of Lappert et al.79 (Ge, Sn, 

Pb in 1974) and later Alder et al.80 (C in 1996). In their silylene, Jones et al. implemented the 

boryl fragment, previously employed as independent substituent in L-10, into a novel amine 

ligand system (TBoN = [B(NDippCH)2]NTMS).78 As stated, the primal idea suggested that a 

potential N–B π-backbonding could reduce the degree of N–Si(II) electron donation and 

thereby enhance the electrophilicity of the silylene center. The crystal data, however, mostly 

excluded this hypothesis due to the presence of almost orthogonal, planar boryl fragments 

relative to the Si2NB least square planes. For the preparation of L-12 an elegant non-reductive 

pathway was chosen, in which the lithiated ligand Li[TBoN] was converted with Roesky’s 

NHC-stabilized Si(II) dichloride L-6 in a salt metathesis reaction. To separate the silylene 

species from liberated NHC (IPr), the reaction mixture was treated either with SiBr4 or CO2 

(surprisingly neither of which react with L-12), which led to the instant precipitation of 

poorly soluble [IPrSiBr3]Br or IPr∙CO2 adduct respectively, and gave bis(amino)silylene L-12 
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in 51% yield.78 The silylene is thermally stable (m.p. 152-160 °C) and shows no sign of 

decomposition in hydrocarbon solutions even at 60 °C. The 29Si NMR shift of L-12 at 

204.6 ppm is similar to the one of related bis(amino)silylene L-4 (223.9 ppm)53 and reflects 

the strong π-donation of both amino groups compared to bis(thiolato) silylene L-9a 

(285.5 ppm)64. The interligand N–Si–N angle (110.9°) turned out to be quite obtuse, similar to 

those of L-12 and L-11, but nevertheless much larger than the one of L-9a. Likewise, the 

respective calculated HOMO-LUMO gap (2.55 eV) and ∆ES,T (158.3 kJ/mol) of L-12 joins 

the trend, that a reactivity is expected in between the highly reactive class of silylene L-10 

and L-11 and the moderate one of L-9. This hypothesis was experimentally proven by the 

lack of reactivity of L-12 towards molecular hydrogen, similarly to L-9a. However, with 

ammonia a rarely known N–H bond activation by a silylene was discovered.81 Here, 

triaminosilane L-21 was isolated, which was presumed to be formed via a σ-bond metathesis 

of L-12 and NH3 to split off protonated TBoNH and give a new, transient bis(amino)silylene 

TBoN(NH2)Si(II), that subsequently oxidatively adds another NH3 molecule.78 The proposed 

σ-bond metathesis, that traditionally poses one elemental step in many lanthanide catalyzed 

transformations, re-emphasizes the huge potential of acyclic silylenes to mimic typical 

reactions of transition metals. A complete catalytic cycle will, hopefully, be enlightened in the 

near future. 
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3.4 N-Heterocyclic Iminato Ligand for Low-Valent Main 

Group Compounds 

The previous chapters illustrated the importance of bulky heteroatom (e.g. N, S, C=P) π-donor 

ligands to effectively compensate the electron-deficiency of sub-valent silicon compounds. As 

seen in the reported silylene structures (e.g. NHSi L-2 or bis(amino)silylene L-12), 

nitrogen-containing ligands such as amines R2N-Si(II) have successfully enforced their way 

into this field. However, the class of imidazolin-2-imines A, also denoted as N-heterocyclic 

imines (NHIs) (Scheme 3A), possess a potent electron pair on the exocyclic nitrogen atom as 

well, that can readily be shared with an electron-poor main group element. Beside this 

metalla-2-aza-allene character A’, the positive charge can further be delocalized in the 

imidazoline ring system, as seen in the metalimide form A’’. This additional electronic 

contribution may be regarded as key advantage of NHIs over amine ligands and is often 

associated with a short M–N bond length, an elongation of the C–Nimino distance and a 

widening of the C–N–M angle toward the ideal 180° of an allene-type structure. In addition to 

their excellent 2π- and even 4π-donor qualities, derivatization of the imidazoline wingtips 

enables the facile adjustment of the steric demand of NHIs; a key requirement to individually 

control the magnitude of kinetic stabilization.82 

 

Scheme 3. A) Selected resonance structures of a model NHI-metal (M = metal, R = alkyl, aryl) complex. B) 

General synthesis of imidazolin-2-imines including desilylation and deprotonation to the lithiated NHI ligand. 

Despite these promising characteristics, the utilization of N-heterocyclic imines as ligands in 

low-valent main group chemistry is still in its infancy. Nevertheless, enormous progress has 

been made in recent years to give rise to hope for a widespread application in this field.82a The 

NHI ligand system was first introduced by Kuhn and coworkers more than 20 years ago83, but 
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it took until the year 2004 and great efforts by Tamm et al. to establish a simple and high-

yielding method for the convenient bulk-scale synthesis of imidazolin-2-imines (Scheme 

3B).84 In general, the trimethylsilyl substituted ligand NHISiMe3, which can directly be used 

as transmetalation reagent, is prepared by a Staudinger-type reaction with Me3SiN3 under 

elimination of dinitrogen starting from the respective readily available and easy modifiable 

NHC.85 Furthermore, desilylation with methanol leads to the free, protonated ligand NHIH, 

which can simply be converted into its lithium salt NHILi using organolithium reagents 

(MeLi or n-BuLi).86 The exocyclic nitrogen atom in its anionic imido form is highly 

nucleophilic and eligible to undergo salt metathesis reactions with metal halides. Following 

this straight-forward pathway, a plethora of transition metal complexes using NHIs as 

ancillary ligands have been reported to date, that found diverse application in homogenous 

catalysis such as in olefin polymerization or alkyne metathesis.82b, 82c 

The breakthrough in main group chemistry, however, has been achieved just within the last 

decade, when Bertrand et al. utilized the potential of NHIs to stabilize highly reactive species 

such as a phosphorous-centered radical87, a radical cation88 or a phosphinonitrene89. Since 

then, the number of reported NHI-containing pnictogen compounds steadily increased90, but 

also for group 13 elements and the chemistry of boron and aluminum compounds91, NHIs 

helped to stabilize otherwise elusive species such as B=S92 or Al=Te93 double bonds. 

Regarding group 14, the area of NHI-stabilized low-valent heavier tetrel compounds has 

mainly been shaped in recent years by Inoue and coworkers.82a, 94 In this context, his group 

reported the synthesis of divalent, mixed amino-imino tetrylenes of germanium L-22a95 and 

tin L-22b96 (Figure 7) by selective deamination of the respective low-valent metal precursor 

(Me3Si)2N)2E(II) (E = Ge, Sn) with one equivalent of IPrNH (IPrN = 1,3-bis(2,6-diiso-

propylphenyl)imidazolin-2-iminato). Interestingly, treatment of both compounds with 

tris(pentafluorophenyl)borane (BCF) led to the respective cyclic germanium(II) L-23a and 

tin(II) monocations L-23b via Lewis acid mediated methyl group abstraction and 

ring-closing. The crystallographic and theoretical data suggested a distinct metallyliumylidene 

character with an intramolecular coordination of the Nimino atom to the cationic tetrel center. 

However, a delocalization of the positive charge across the adjacent imidazoline ring was 

discussed as well. Both isolated compounds thereby represent prime examples for the 

suitability of NHIs to effectively stabilize highly electrophilic cationic main group species. 

Inoue et al. showed further, that treatment of amino(imino)germylene L-22a with BF3∙OEt2 

afforded bis(imino)germylene-germyliumylidene L-24, possessing both a two-coordinate 
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germylene and a three-coordinate germyliumylidene moiety combined in a single molecule.97 

Here, DFT calculations indicated that the formation of L-24 proceeds via an intermediary 

four-membered fluorogermylene dimer, which rapidly loses a fluoride ligand to boron 

trifluoride to afford the monocation. Although the isolation of this intermediate was not 

reported, a similar bridged N2Sn(II) dimer L-25a was isolated in the reaction of the respective 

stannylene L-22b with azido trimethylsilane.96 Interestingly, the product was proven to be in 

equilibrium in solution with its monomeric stannylene form. In this connection, further 

substituted iminostannylene dimers with halide (R = Cl L-25b, Br L-25c) and 

cyclopentadienyl ligands L-25d have been made accessible.98 

 

Figure 7. Selected examples of reported NHI-stabilized group 14 compounds (Si, Ge and Sn).  

Moreover, Inoue et al. could prove that the structural motif of a four-membered bisimino ring 

system occurred, when IPrNLi was treated with 0.5 equivalents of Sn(II)Cl2∙(1,4-dioxane). 

This pathway did not lead to the expected bis(imino)stannylene IPrN2Sn(II) via salt 

metathesis, but formed a rarely found tin analogue of a carbenoid L-26a.99 The 

chlorostannylenoid has unique ambiphilic properties; it possesses both a nucleophilic 

character to oxidatively activate I2 or MeI, but also shows distinct electrophilicity to form for 

instance product L-26b with MeLi. Regarding the entity of reported structures, the general 

trend becomes clear, that especially compounds comprising two NHI ligands tend to form 

bridged dimers, yet also intermolecularly coordinated dimers of monoimino stabilized silyl 

cations L-27 and L-28 have been reported.100 These compounds are prepared similarly to 
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L-23a and L-23b by addition of BCF to IPrNSiMe3 or It-BuNSiMe3 (It-BuN = 1,3-bis(ditert-

butyl)imidazolin-2-iminato), respectively. For this reason, it is quite peculiar that Rivard and 

coworkers have been able to isolate a monomeric bis(imino)germylene L-22c by an 

alternative reductive route from IPr2NGeCl2 with sodium naphthalenide.101 This compound 

has a rather small singlet-triplet energy (191.6 kcal/mol) and therefore activates dihydrogen 

under ambient conditions, even if the resulting germane IPrN2GeH2 is labile and cleaves of 

protonated IPrNH ligand. His group also attempted the isolation of the respective 

bis(imino)silylene IPrN2Si(II) via an analogous reductive pathway from the dibromosilane 

IPrN2SiBr2 L-30. However, several reducing agents (elemental Na or K, Jones’ Mg(I) dimer) 

did not show any reactivity toward this promising precursor. Astonishingly, the authors could 

verify that, if KC8 was used instead, a rare NHI ligand activation by cleavage of the N–aryl 

bond and a transfer of the Dipp groups to the silicon center occurred (Scheme 4). This 

particular, obviously NHI-silicon specific, rearrangement was investigated by computational 

methods, which suggested that the undesired side-reaction is mainly triggered by 

over-reduction to Si(I) and Si(0) species.101 

 

Scheme 4. Reported NHI ligand activation of Si(IV) precursor L-30 under harsh reducing conditions with KC8. 

A similar problem under harsh reducing conditions with an NHI-containing Si(IV) halide 

precursor was identified in the synthesis of the only reported low-valent silicon compound 

IPrNCp*Si(II) L-29 exhibiting an NHI ligand, which was already isolated in 2012 by Inoue 

and coworkers.102 Here the synthetic pathway via reductive dehalogenation of the 

dibromosilane IPrNCp*SiBr2 with sodium naphthalenide or KC8 gave L-29 solely in low 

yields (less than 10%). If instead the more favorable salt metathesis route via the 

silyliumylidene cation [Cp*Si]+[B(C6F5)4]
- and IPrNLi was chosen, the yield increased 

significantly to 57%. Therefore it seems that new strategies are necessary to further access 

low-valent silicon compounds containing NHI ligands – a synthetic goal that has been tackled 

extensively as part of this thesis. 
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4. Main Group Catalysis: A Sustainable Alternative to 

Transition Metals 

The last decade has witnessed tremendous advances in the field of main group catalysis with 

nearly countless reports of catalytic applications that are clearly on the verge of industrial 

implementation. Though, most certainly, some isolated examples of main group compounds 

involved significantly in catalytic transformations have already been reported in the 20th 

century, the primal idea to use “greener” main group compounds only consisting of s- and 

p-block elements as cheap, less toxic and fairly abundant transition metal alternatives in 

catalysis, is still very young. This field has its origin in the hydrogenation experiments of 

Power et al., who was the first to recognize the strong similarities between the electronics of 

transition and main group metals. In 2005, he and his group demonstrated for the first time 

that a simple main group compound in form of digermyne L-31 willingly reacts with 

molecular hydrogen without the use of any catalyst, under mild conditions (25 °C, 1 bar), to 

form a mixture of mono-, di- and tri-hydrogenation products (Scheme 5).103 

 

Scheme 5. First examples of metal-free activations of hydrogen by a digermyne, acyclic and cyclic carbenes 

(aAACs and cAACs) and a bulky phosphino borane as Frustrated Lewis Pair (FLP). 

Since then, several more hydrogen activations mediated by main group compounds have 

followed.104 One outstanding example is the single-site activation of hydrogen by acyclic and 

cyclic carbenes (aAAC L-32 and cAAC L-33) reported in 2007 by Bertrand and coworkers76 

– a groundbreaking result which paved the way for further hydrogenations by heavier 
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tetrylenes (Si, Ge and Sn), following piece by piece in the years after.63, 73, 77, 105 The real 

breakthrough towards catalysis was already achieved one year earlier, in 2006, by the group 

of Stephan, who presented a temperature-dependent reversible splitting of hydrogen by the 

sterically encumbered phosphino-borane L-34.106 This simple concept using the unquenched 

reactivity of sterically restricted Lewis Pairs laid the foundation for the rapidly expanding 

field of Frustrated Lewis Pairs (FLPs). FLPs today encompass plenty of diverse structural 

motifs, as well as known applications, arising from the almost endless combination of bulky 

Lewis acids (e.g. boranes, borocations or alanes) and Lewis bases (e.g. phosphines, amines or 

carbenes).107 Beside the stoichiometric activation of small molecules (e.g. CO2, SO2, N2O or 

ethylene), also in terms of catalysis, FLPs have emerged as effective metal-free hydrogenation 

catalysts for imines108, ketones109, alkynes110 and many other double bond containing 

substrates107, in some examples even in asymmetric fashion111. But beyond hydrogenation, a 

vast multitude of catalytic reactions, as for instance the highly challenging FLP-catalyzed 

transformations of CO2 to CH4
112 or the conjugate-addition polymerizations mediated by 

FLPs113 as initiating example of polymer catalysis, have been reported until today.107 As these 

applications represent only a glimpse of the actual potential of FLPs, this field will surely 

grow in the future to one of the most important areas of modern chemistry, and fairly, it is 

already the indisputable signboard of main group catalysis. Right next to FLPs, and currently 

receiving more and more attention, are main group complexes consisting of group 2 metal 

ions, such as magnesium(II), calcium(II) or strontium(II), that due to their large ionic radii 

and their intrinsic electropositive nature, have appeared as effective Lewis acid catalysts in 

the selective formation of C–C, C–H and C–N bonds.7, 114 

In terms of the here relevant group 14 elements, the most prominent classic-oxidation state 

example is presumably the Sn(IV) catalyst, dibutyltin dilaurate, used for the room temperature 

vulcanization of silicones, but as well silylium cations R3Si+ as highly Lewis acidic species115 

and recently even neutral tetra- and penta-coordinate organosilanes as hydrosilylation/-

boration or cyanosilylation catalysts116 have forced their way into this field. With the same 

goal in mind, in the last decade the development started to build single-site catalysts of 

p-block elements in non-classical oxidation states that benefit from additional coordination 

sites and higher redox flexibility. The results of catalysis initiated by sub-valent group 14 

compounds shall be briefly discussed here. 
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4.1 Low-Valent Heavier Group 14 Compounds as Molecular 

Catalysts 

Though heavier tetrylenes, by possessing a filled lone pair and an empty p-orbital as potential 

coordination sites, resemble the ideal electronic constitution of transition metal complexes, 

the field of sub-valent heavier group 14 compounds as homogeneous catalysts is still in its 

infancy. Within the last decade, a few catalytic examples have been reported, but all of these 

studies were strongly restricted to the easier redox prospects germanium(II) and tin(II). The 

transfer of knowledge to the environmentally more benign, but highly challenging, element 

silicon and the implementation of a Si(II) complex in an effective catalytic cycle is still under 

ongoing investigation.70b 

As so often in catalysis, the discovery of catalytic activity of compounds results from initial 

stoichiometric studies towards small molecules. Admittedly, the reactivity of heavier 

tetrylenes has been intensively investigated over the years. The first hint, that a tetrylene 

mediated catalytic transformation may be feasible, was given by Roesky et al. in 2010 

(Scheme 6).117 

 

Scheme 6. First pioneering experiments of CO2 reduction to formic acid and methanol equivalents mediated by 

germanium(II) hydride complexes. 

In their experiments towards main group metal-mediated CO2 reduction, they used a 

three-coordinate germanium(II) hydride complex L-35 that formed the respective Ge(II) 

formate L-36 under CO2 atmosphere. In a second, separately conducted step this compound 
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then reacted with LiH2N∙BH3 to give lithium formate along with the regeneration of L-35. 

Although within this study the catalytic cycle could not be enlightened, it was further 

demonstrated that if instead ammonia borane (H3N∙BH3) was used as hydrogen source, 

methanol, a valuable C1 building block, was accessible upon aqueous work-up.117 Later, 

Driess and coworkers investigated the mechanistic details of the methanol formation using a 

related germanium(II) formate system L-37 and alane Me3N∙AlH3 as hydride source. They 

were able to elucidate a three-step hydrogenation process to form an alane-substituted 

methanol derivative that, upon hydrolysis with deuterated water, yielded CH3OD.118 Inspired 

by these results, Nagendran et al. reported in 2014 a full catalytic example with a similar 

germylene system (Scheme 7, left).119 In their study, they could demonstrate that the 

conversion of aminotroponiminato-stabilized Ge(II) cyanide complex L-38 with different 

aldehydes led to the clean formation of the isolable germylene alkoxides, that upon addition 

of TMSCN instantly underwent σ-bond metathesis to formally cyanosilylate the carbonyl 

compounds and regenerate germylene L-38. Hence, a quantitative cyanosilylation of the 

tested substrates was obtained with catalyst loadings of 1 mol% of germanium(II) catalyst. 

 

Scheme 7. Ge(II)-mediated cyanosilylation of carbonyl compounds and conversion of DME to 1,4-dioxane 

catalyzed by ionic Si(II) compound L-39. 

Until now, the only example of a low-valent silicon compound as homogenous catalyst has 

been found by Jutzi et al. in 2011 (Scheme 7, right).120 During reactivity studies of 

half-sandwich pentamethylcyclopentadienyl silicon(II) cation L-39,31 he and his team 

astonishingly found out, that this compound catalytically converts 1,2-dimethoxyethane 

(DME) to 1,4-dioxane and dimethyl ether. The underlying mechanism, studied by ab inito 

calculations, proposed an electrostatic interaction of two molecules of DME with the highly 
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positively charged silicon center of the silylium ylidene cation. These dative Si–O contacts 

then induce a rearrangement of the σ-bond and the lone-pair electrons in the ether framework 

to eventually free one molecule of dimethyl ether and 1,4-dioxane, respectively, and 

regenerate the catalyst. It has been reported that, for this specific reaction, high conversions 

were obtained even with low catalyst loadings of 0.5 mol%, and, in general, this controlled 

ether degradation process turned out to be transferable to a series of 

oligo(ethyleneglycol)diethers.121 

Within low-valent group 14 catalysis, the yet most impressive example has been achieved by 

Jones et al. in 2014.122 They illustrated that the catalytic hydroboration of ketones, a standard 

transition metal catalyzed procedure to prepare protected alcohols, can also be initiated by 

well-defined, low-valent germanium or tin hydrides. Their developed two-coordinate acyclic 

hydrido germylene or stannylene complexes L-40 have shown to be effective single-site 

catalysts for the hydroboration of several unactivated aldehydes and ketones, even if applied 

at low catalyst loadings (0.05 mol %), reaching turnover frequencies (TOF) of up to 13300 h-1 

– a value that clearly rivals those of classic transition metal catalysts for such reactions 

(Scheme 8). 

 

Scheme 8. Hydroboration of carbonyl compounds (including mechanistic details) and reduction of CO2 to 

methanol equivalents catalyzed by two-coordinate Ge(II) and Sn(II) hydride complexes L-40. 
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In terms of the underlying mechanism, it was proposed that the catalytic cycle is initiated by a 

σ-bond metathesis step of the respective carbonyl compound with the M(II)–H bond of the 

tetrylene, leading to an alkoxy substituted germylene or stannylene intermediate L-41, 

respectively. The mild borane reagent HBpin (pin = pinacolo), as a result of the oxophilicity 

of boron, could then split the M–O bond, again in a four-membered transition state, to release 

the borate ester as product and reproduce the hydridotetrylene L-40. As continuation of the 

mentioned pioneering work of Roesky et al., most recently, both Ge(II) and Sn(II) catalysts 

L-40 were also found to be applicable in the hydroboration of CO2 to methanol equivalents, 

using either HBpin or HBcat (cat = catecholato) as hydrogen source. In this regard, the Sn(II) 

hydride derivative of L-40 has been the most active non-transition metal catalyst for such 

reactions reported to date with TOF values of 1188 h-1, nearly approaching the activity of a 

competing palladium thiolate system (TOF 1780 h-1) as most effective transition metal 

complex.123 

In summary, the latest two achievements by Jones et al. point out that monomeric, low-valent 

compounds of group 14 (Ge, Sn) are not only applicable as single-site catalysts in organic 

transformations, but they even achieve comparable efficiencies to transition metal-based 

systems. In order to approach the next step and test similar conversions with more economical 

silicon(II) congeners, first the accessibility and diversity of these structures has to be 

expanded greatly. 
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5. Scope of This Work 

Recent years have established main group catalysis as a flourishing field with a multitude of 

remarkable catalytic applications, but the involvement of silicon-containing compounds 

clearly lags behind. As pointed out in the introduction, two-coordinate acyclic silylenes, due 

to their close frontier orbitals separation and their vacant coordination sites, are considered as 

the most promising Si(II) structures to mimic transition metals in small molecule activation or 

even catalytic processes. Yet, prior to the outset of this thesis, the number of accessible 

two-coordinate acyclic silylenes, with only three reported representatives (L-9-11), has been 

very limited, never mind their chemistry that despite the early results mentioned in 

Chapter 3.3 has hardly been explored. This work therefore aimed to close the gap and expand 

the chemistry of this novel compound class. The primary focus was the activation of small 

molecules, especially of industrially relevant targets, such as carbon dioxide, olefines or 

ammonia. Particular attention was paid to the investigation of the activated products for 

potential reversibility – a fundamental part of catalysis (Figure 8). 

 

Figure 8. Small molecule activation of potential substrates by a two-coordinate acyclic silylene; Representation 

of a conventional catalytic cycle and its most common elemental steps. 
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More precisely, the question arose, if the activation proceeds in all cases via oxidative 

addition of substrates to the Si(II) center, or if instead further fundamental steps of a catalytic 

cycle, like simple coordination-dissociation of substrates or more preferably insertion 

reactions could be detected. In particular, the quest for a σ-bond metathesis or a reductive 

elimination at a silicon center to formally regenerate the silylene species was pursued. If 

successful, this would give the first proof for a viable catalytic system based on the 

Si(II)/Si(IV) redox couple.  

To achieve this ambitious task, the initial build-up of knowledge and expertise on this, for our 

group completely foreign, field was absolutely essential. Therefore as an entry point, we set 

the goal to reproduce the synthesis of one two-coordinate acyclic silylene, namely Jones’ 

amino(silyl)silylene L-11 (for synthetic details see Chapter 3.3), and intensively investigate 

its reactivity with different substrates. Most notably, the behavior towards olefines was of 

great interest since, at that time, the remarkable ethylene dissociation equilibrium with related 

bis(thiolato)silylene L-9 had already been reported, and for us a similar reactivity seemed 

plausible. 

 

Scheme 9. Initial test structure L-11 and planned synthesis route to new, acyclic imino(silyl)-silylene 1 

or -disilene 2 including potential activation products. 

With the gained knowledge in hand, we would, afterwards, shift the focus of our work to the 

synthesis of an independent system. In our silylene concept, we envisioned the NHI ligand as 

excellent π-donor to thermodynamically stabilize the Si(II) moiety in combination with a 

counteracting σ-donating silyl group (e.g. hypersilyl (SiTMS3)), that maintains the small 

frontier orbitals separation necessary for the activation of more challenging molecules. 

Inspired by Jones’s one-pot synthesis, we targeted the respective iminotribromosilane with 

different substituents at the imino and the silyl group (Scheme 9). Following the procedure 
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described in Chapter 3.3, the monomeric acyclic imino(silyl)silylene 1 could be obtained by 

the reduction with two equivalents of a respective bulky silanide. Depending on the sterical 

encumbrance of the NHI and the silyl ligand the formation of an imino(silyl)disilene 2 was 

also considered, an option that seemed particularly beneficial since nitrogen-substituted 

disilenes are generally quite rare.124 This prompted us to investigate, if the combination of 

such contrasting ligands, one favoring a planar (silyl), the other a trans-bent (NHI) type Si=Si 

geometry, may lead to unusual electronic properties and new insights into multiple bonding of 

silicon or even give access to yet unknown modes of reactivity. 

In respect to small molecule activation with potential acyclic imino(silyl)silylene 1, several 

peculiar products were targeted (Scheme 9 bottom). Among them have, of course, been 

silirane or silirene rings from the reaction of silylenes with olefines or alkynes, respectively, 

with the intended goal in mind to depart stoichiometric conversions and approach reversible 

dissociation equilibria. The activation of hydrogen, ammonia or even the yet unsolved C–H 

activation of methane would be tested in the same fashion with the newly developed system. 

Furthermore, we were convinced that acyclic silylenes are predestinated precursors for the 

isolation of a three-coordinate silanone containing a Si=O double bond, an eagerly awaited 

species that after more than 100 years of silicone chemistry still lacks of experimental proof. 

In this connection, a monomeric four-coordinate silicon carbonate complex, a formal [2+2] 

cycloaddition product of the silanone with CO2, may be obtainable as well. Interestingly, so 

far all reported attempts to isolate such a compound led to the formation of dimers or larger 

rings structures.125 In addition, acyclic silylenes could be the key for the isolation of a silicon 

analogue of a ketene (Si=C=O) resulting from yet unprecedented reaction of a silylene with 

carbon monoxide. In the same way, the activation of molecular oxygen has been of great 

interest, because it may lead to the formation of a strained three-membered dioxasilirane ring, 

an ideal molecule to transfer oxygen to other organic molecules under regeneration of the 

former Si(II) species. To conclude, as discoveries of catalytic activity of main group 

compounds often grow from initial stoichiometric reactivity studies, the results of these 

activation experiments shall eventually facilitate the evaluation of the catalytic potential of 

this special compound class and ideally trigger further investigations towards silylene-based 

metal-free catalysis. 
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chemistry. The reaction of Jones’ acyclic amino(silyl)silylene toward ethylene was 

investigated with the ulterior motive to achieve an olefin polymerization to poly(ethylene). In 

contrast to the mentioned reports of Power’s bis(thiolato)silylene, no direct dissociation 

equilibrium between the free silylene and the respective silirane ring was detectable. Instead, 

in ethylene atmosphere under ambient conditions a full stoichiometric conversion to the 

silirane was observed. However, at elevated temperatures (60 °C, 1 bar) the system performed 

a remarkable migratory insertion of the coordinated ethylene of the silirane ring into the Si–Si 

bond of the hypersilyl ligand. The subsequently formed Si(II) center of the intermediary 

alkyl(amino)silylene was then instantly trapped by a second ethylene molecule of the reaction 

solution. This proposed mechanism was verified by separate reactivity studies with deuterated 

ethylene (C2D4). By taking a closer look into the mechanistic details, it became noticeable that 

our reaction largely resembles the well-known mechanism of the Ziegler-Natta 

polymerization of olefins. Our study revealed, however, that in strong contrast to classic 

group IV polymerization catalysis, the modified silirane ring cannot undergo a second or even 

more ethylene insertions to extend the alkyl chain, most likely due to the formation of a stable 

Si–C bond. Nevertheless, this work visualized the general possibility of insertion reactions 

into labile ligand bonds of acyclic silylenes, an important step towards catalytic 

transformations. 
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Title: “Twist of a Silicon–Silicon Double Bond: Selective Anti-Addition of Hydrogen 

to an Iminodisilene” 

Status:  Communication, published online June 22, 2017 

Journal: Journal of the American Chemical Society, 2017, 139 (27), 9156–9159. 

Publisher: American Chemical Society 

DOI:  10.1021/jacs.7b05335 

Authors: Daniel Wendel, Tibor Szilvási, Christian Jandl, Shigeyoshi Inoue, Bernhard 

Riegera 

Content: The electronic structure and the chemistry of disilenes, the dimers of silylenes, is 

well-understood and it is not without reason that they belong to the most investigated 

low-valent silicon compounds with a plethora of reported compounds. Yet, in comparison to 

their lighter homologues, alkenes, where this transformation is omnipresent, one of the most 

fundamental reactions – a hydrogenation of a Si=Si bond remained unknown. This 

contribution finally contributes to this matter and describes the isolation of a 

(Z)-imino(silyl)disilene possessing unique electronic and structural properties. In greater 

detail, the disilene features a highly trans-bent and twisted geometry and the longest Si=Si 

double bond reported to date which, according to DFT calculations, is best described as very 

weak double donor–acceptor bond. The remarkable properties of this product were used to 

achieve the first demonstration of hydrogen activation by a multiply bonded silicon 

compound under ambient conditions (1 bar, r.t.). Excitingly, in-depth studies revealed further 

that in strong contrast to the hydrogenation of alkenes, which without exception proceed via 

syn-addition to the respective cis-product, for the silicon analogue exclusively the 

trans-isomer was formed. The observed odd stereospecificity was rationalized 

mechanistically by a facilitated concerted anti-addition of H2 due to the twisted geometry of 

the disilene – a mechanistic pathway that is hardly imaginable for C=C bonds and once again 

illustrates the immense differences in reactivity between carbon and silicon counterparts. 
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Title: “From Si(II) to Si(IV) and Back: Reversible Intramolecular Carbon–Carbon 

Bond Activation by an Acyclic Iminosilylene” 

Status:  Communication, published online June 6, 2017 

Journal: Journal of the American Chemical Society, 2017, 139 (24), 8134–8137. 

Publisher: American Chemical Society 

DOI:  10.1021/jacs.7b05136 

Authors: Daniel Wendel, Amelie Porzelt, Fabian A. D. Herz, Debotra Sarkar, Christian 

Jandl, Shigeyoshi Inoue, Bernhard Riegera 

Content: The reports of room temperature stable two-coordinate acyclic silylenes are still 

limited to very few examples. Likewise, the N-heterocyclic imino ligand (NHI), despite its 

excellent π-donor properties, has not yet fully accomplished the transition from 

implementations in low-valent germanium and tin compounds to respective silicon congeners. 

By picking up both points, this contribution, which represents the main task of this thesis, 

aimed to establish a new, independent acyclic silylene utilizing the NHI ligand and testing its 

reactivity towards small molecules. In the planned synthesis route, indeed, an extremely 

reactive acyclic imino(silyl)silylene was identified at –78 °C using (LT) UV-vis and NMR 

techniques. However, above this temperature, the silylene rapidly underwent an 

intramolecular insertion into a C=C bond of its aromatic ligand framework to form a 

silacycloheptatriene ring (silepin). As confirmed by X-ray analysis, the newly formed Si–C 

bonds of the silepin were quite labile and facilitated the reductive elimination back to Si(II) in 

combination with the driving force of rearomatization. This idea was verified by (HT) 

UV−vis experiments, additional DFT calculations and isolation of a silylene−borane adduct 

upon addition of BCF. The concept of reversibility was further tested by directly using silepin 

as a “masked” silylene in the activation of small molecules. Here, the targeted first 

monomeric, four-coordinate silicon carbonate complex was isolated and fully characterized in 

the reaction with carbon dioxide. In addition, the activation of ethylene and molecular 

hydrogen was demonstrated under mild conditions. In total, our work gives the first proof that 

beside the established oxidative addition of a silylene species, the essential concept of a facile 

reductive elimination from Si(IV) back to Si(II) is in fact viable – a result that may soon open 

the door to the ultimate goal of silylene-based metal-free catalysis. 
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the theoretical analyses, F. A. D. Herz and D. Sarkar contributed with fruitful mental input. C. Jandl conducted 

all SC XRD-measurements and managed the processing of the respective data. All work was performed under 

the supervision of B. Rieger and S. Inoue.  



8. From Si(II) to Si(IV) and Back: Reversible Intramolecular Carbon–Carbon Bond Activation by an Acyclic 

Iminosilylene 

46 

 

 



8. From Si(II) to Si(IV) and Back: Reversible Intramolecular Carbon–Carbon Bond Activation by an Acyclic 

Iminosilylene 

47 

 

 



8. From Si(II) to Si(IV) and Back: Reversible Intramolecular Carbon–Carbon Bond Activation by an Acyclic 

Iminosilylene 

48 

 

 



8. From Si(II) to Si(IV) and Back: Reversible Intramolecular Carbon–Carbon Bond Activation by an Acyclic 

Iminosilylene 

49 

 

 



9. Silicon and Oxygen’s Bond of Affection: An Acyclic Three-Coordinate Silanone and Its Transformation to an 

Iminosiloxysilylene 

50 

 

9. Silicon and Oxygen’s Bond of Affection: An Acyclic 

Three-Coordinate Silanone and Its Transformation 

to an Iminosiloxysilylene 

Title: “Silicon and Oxygen’s Bond of Affection: An Acyclic Three-Coordinate 

Silanone and Its Transformation to an Iminosiloxysilylene” 
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Authors: Daniel Wendel, Dominik Reiter, Amelie Porzelt, Philipp J. Altmann, 

Shigeyoshi Inoue, Bernhard Riegera 

Content: This publication should be seen as a continuation of the silepin project and focuses 

on the isolation of a room temperature stable, three-coordinate acyclic silanone, an elusive 

species that, since the days of organosilicon pioneer Frederic S. Kipping, has fascinated many 

generations of silicon chemists. In this study, we report on the isolation and full 

characterization of the first examples of neutral, three-coordinate acyclic imino(silyl)silanones 

with indefinite stability as solids and lifetimes in solution of up to 2 days. Extensive DFT 

calculations provided insights into the Si=O bonding and revealed the π-donating NHI and 

σ-donating silyl groups as important factors for their enhanced stability. Additionally, first 

reactivity studies of the silanones toward CO2 and methanol were conducted and different 

isomerization pathways depending on the silyl substitution pattern were found. For the 

hypersilyl substituted silanone, a 1,3-silyl migration formed an intermediary disilene, which 

was trapped as a rare NHC-disilene adduct. For the more stable supersilyl substituted 

silanone, a selective transformation to the first reported room temperature stable, 

two-coordinate acyclic N,O-silylene exhibiting a fascinating siloxy ligand was observed. In 

summary, this article brings researchers a little closer to the fulfillment of Kipping’s original 

dream of isolable bis(alkyl)silanones and, by isolation of an novel imino(siloxy)silylene, 

provides new insights and perspectives regarding the synthesis and stabilization modes of 

two-coordinate acyclic silylenes. 
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Content: Based on the previous findings and the trans-hydrogenation of 

(Z)-imino(silyl)disilene (depicted in Chapter 7), we continued our reactivity study focusing on 

the activation of ammonia and the behavior of the disilene towards various oxygen-atom 

transfer agents (O2, N2O and CO2). The underlying motivation and the obtained results shall 

briefly be presented in this manuscript draft.  
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11. Summary and Outlook 

In 2012, the groups of Jones and Aldridge and separately, the team of P. P. Power discovered 

the first representatives of room temperature stable, two-coordinate acyclic silylenes (L9-10, 

see Chapter 3.3) – divalent silicon compounds that prior to this seminal work have been 

considered as absolutely elusive.63-64 Driven by these extraordinary findings, this thesis 

sought to expand the number of accessible silylene structures and especially explore their 

reactivity to better estimate their potential as silicon-based main group catalysts. Initially, 

with the ulterior motive of a silylene-catalyzed olefin polymerization in mind, the reactivity of 

literature known amino(silyl)silylene L-11, toward ethylene was examined. Different from the 

dynamic dissociation equilibrium of related bis(thiolato)silylene L-9 with ethylene (see 

Chapter 3.3), in our study, only the quantitative conversion of L-11 to silirane 3 was observed 

(Scheme 10). 

 

Scheme 10. Reaction pathway of Jones’ amino(silyl)silylene L-11 with ethylene to afford siliranes 4a and 4b; 

Proposed mechanism and comparison to the conventional Ziegler-Natta catalysis. 

It was further shown that heating of the reaction solution in ethylene atmosphere to 60 °C 

triggered the formation of modified silirane 4a, comprising a second ethylene molecule. Here, 

NMR experiments with C2D4 indicated a migratory insertion pathway of the coordinated 

ethylene into the Si–Si bond of the ligand framework and subsequent trapping of the 
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intermediary Si(II) species with deuterated ethylene (silirane 4b). At first glance, this process 

seemed reminiscent of the traditional mechanism of the Ziegler-Natta catalysis, however, no 

second or further insertion steps to extend the alkyl chain were detectable in follow-up 

experiments, presumably due to the formation of a stable Si–C bond. In total, this study 

exemplified the general possibility of olefin insertions into labile Si(II)-ligand bonds. 

However, in order to approach the goal of olefin polymerization via the described pathway, 

aside from finding a solution for the explicit weakening of the intermediary silicon-carbon 

bond, a chain elimination step has yet to be found. 

In addition, the preparation of novel, acyclic sub-valent silicon compounds possessing NHI 

ligands, preferably silylenes, has been tackled intensively. Following the initial synthesis plan 

via the respective iminotribromosilane (see Chapter 5), the unique (Z)-imino(silyl)disilene 2 

was isolated as a rare example of a nitrogen-substituted disilene, with a highly trans-bent and 

twisted geometry, including the longest Si=Si bond reported to date (Scheme 11). 

 

Scheme 11. General overview of structural and electronic properties of (Z)-imino(silyl)disilene 2 and its resultant 

reactivity. 
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DFT calculations indicated that this highly reactive bond is best described as double donor–

acceptor bond between two silylene fragments. This special bonding was further utilized to 

demonstrate the first hydrogen activation by a multiply bonded silicon compound under 

ambient conditions. The obtained experimental and theoretical data revealed that, in strong 

contrast to alkenes, disilene 2 was hydrogenated in trans-fashion to 1,2-disilane 5a, in 

agreement with a located concerted anti-addition pathway that was favored due to the 

strongly bent and twisted Si=Si structure. Consistently, the same trans-stereospecificity was 

detectable in the activation of ammonia to give 1,2-hydroamination product 5b. Though here, 

additionally, the splitting of the Si=Si bond and the formation of the corresponding 

1,1-addition product 6 was observed as a result of the interaction of the LUMO of 2 with the 

nitrogen lone pair of NH3. It could be verified, that the product selectivity was controlled by 

precisely adjusting the temperature of the hydroamination process, giving mainly 5b under 

kinetic reaction control (–78 °C, 16 h) and 6 under thermodynamic reaction control (–78 °C, 

only 10 min then r.t.) conditions. As a result of the extremely elongated Si=Si bond, no 

π-complex or a three-membered metallacycle were obtained in the reaction with the Lewis 

acid BCF. Instead, the monomeric silylene-BCF adduct 7 with a pronounced sila-aza-allene 

character was isolated exclusively and fully characterized. Moreover, to gain a deeper insight 

into the ambiguous reactivity of 2, its exceptional bonding situation was tested in the 

activation of oxygen-containing substrates. Dependent on the oxygenation agents (O2, N2O 

and CO2), several new silacycles 8-10 with different ring sizes have been isolated. According 

to theoretical calculations, all of them were formed as derived products of the direct 

oxygenation of the Si=Si bond of 2, thereby excluding any involvement of an intermediary 

silylene species. The most promising building block seems to be the three-membered 

trans-disilaoxirane ring 9, a rare silicon analogue of an epoxide, whose ring-strain and labile 

Si–Si bond may further be used to activate substrates. In this context, the X-ray data of the 

five-membered silacycle 10, the formal product of 9 with CO2, revealed extremely elongated 

Si–C and Si–O bonds to the loosely bound CO2 molecule, which may create the possibility to 

perform manipulation reactions at the activated carbonyl center. In summary, as a result of the 

counteracting influences of silyl and NHI ligands, the isolated imino(silyl)disilene 2 exhibits 

exceptional structural and electronic properties that were used to access prior unknown 

reactivities of disilenes. As a next step towards catalysis, the search for reversibility and 

potential transfer of the activated substrates to organic molecules has to be intensified. 
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Following this outcome, the primary goal of the isolation of a two-coordinate acyclic silylene 

was pursued by increasing the sterical hindrance of the NHI wingtips that would lead to a 

higher repulsion between both Si centers, and eventually, a monomeric structure. Indeed, by 

replacement of t-Bu with Dipp groups an acyclic imino(silyl)silylene 1a’ was detected, but 

only at low temperatures (–78 °C) in in situ UV-vis and 29Si NMR experiments. 

Astonishingly, it was demonstrated that above this temperature the Si(II) center of the 

transient silylene 1a’ quantitatively inserted into the C=C bond of the aromatic ligand 

framework to form silacycloheptatriene (silepin) 1a (Scheme 12). 

 

Scheme 12. Summary of imino(silyl)silepin 1a as “masked” silylene in the activation of small molecules. 

According to initial DFT calculations, this facile transformation was likely attributed to a 

strong interaction of the highly Lewis acidic silylene 3p-orbital with the electron rich π-bond 

of the proximate phenyl ring, which largely antagonizes the opposing energy-releasing effect 

of rearomatization during the reverse process. Accordingly, both species were determined to 

be energetically very narrow (17.3 kJ/mol), which suggested a thermally accessible 

interconversion. This hypothesis was experimentally verified by detection of silylene 1a’ in 

additional (HT) UV-vis experiments. In particular the intrinsic Si(II) nature of silepin 1a was 

visualized in the isolation of the silylene-borane adduct 11 upon addition of BCF. The 

unprecedented propensity to undergo facile, intramolecular reductive elimination was further 

utilized in the investigation of silepin 1a as a direct “masked” silylene in the activation of 

small molecules. Exposure of the formal Si(IV) compound 1a to challenging substrates, such 

as hydrogen or ethylene, still gave the respective silicon hydride 12 or silirane 13 under mild 

conditions. Interestingly, carbon dioxide, a notorious target for reactive main group 
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compounds, was also stoichiometrically reduced to carbon monoxide with the formation of 

the first monomeric, four-coordinate silicon carbonate complex 14. As the formation of this 

compound was presumed to follow a [2+2] cycloaddition of an intermediary transient 

silanone with a second CO2 molecule, the focus thereupon shifted to the isolation of such 

hitherto elusive species. 

As expected, a slightly adapted procedure and a simple change of the oxygenation agent from 

CO2 to N2O did the trick and the first precedents of fully neutral, three-coordinate acyclic 

imino(silyl)silanones 15 were obtained as “bottle-able” white powders with indefinite stability 

as solids and lifetimes in solution of up to 2 days (Scheme 13). 

 

Scheme 13. Formation of imino(silyl)silanones 15 and results of their isomerization and reactivity pathways. 

Crystal data analysis of 15b revealed the presence of an extremely short Si=O bond 

(1.537(3) Å), which, together with the important stabilization effects of the adjacent NHI and 

silyl ligands were investigated by in-depth DFT calculations. In particular the mixing of the 

nonbonding orbital of the exocyclic nitrogen atom with the Si=O π-bond (HOMO-10) and the 

significant σ-donation and hyperconjugation of the silyl group (LUMO+4) were identified as 

principal stabilization effects of, the otherwise, highly polarized Si=O moiety. In terms of 

reactivity, the already mentioned CO2 activation by the silepin was repeated separately as 

final proof of the silanone intermediate in this pathway. Moreover, the high reactivity of 

silanones 15 was tested towards methanol, which instantly gave the respective silanol 16, in 
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analogy to the established reaction of ketones with alcohols to hemiketals. Since our long-run 

objective has been the permanent stabilization of silanones, we were further interested in a 

detailed investigation of the occurring isomerization processes. For silanone 15a with a 

hypersilyl ligand, it was found that an intermediary disilene formed through a 1,3-silyl 

migration. This intermediate was successfully trapped with IMe4 as a rare example of an 

NHC-stabilized disilene 17, possessing a highly zwitterionic Si=Si bond. For silanone 15b, 

the second example of an easy change in the oxidation state of Si(IV) to less stable Si(II) was 

achieved. Due to the oxophilic nature of silicon and the intrinsic tendency of silicon to form 

stable σ-bonds with oxygen, a selective rearrangement of 15b to two-coordinate acyclic 

N,O-silylene 18 was discovered. As the first precedent of a siloxy stabilized silylene, this 

compound is of high interest to provide new insights and perspectives regarding the synthesis, 

stabilization and reactivity of acyclic two-coordinate silylenes. Due to its oxo-ligand and the 

structural analogy to the amino(alkoxy)germylene and stannylene derivatives L-41, used in 

the catalytic hydroboration of carbonyl compounds (see Chapter 4.1), finding a similar σ-

bond metathesis step of 18 with boranes may pave the way for silylene-based catalysis. 

In conclusion, this thesis has succeeded in the implementation of NHI ligands into several 

novel low-valent silicon compounds with fascinating electronic and structural features, that 

were not only thoroughly analyzed from both experimental and theoretical point of view, but 

instantly utilized to demonstrate prior unprecedented reactivities. Strikingly, within this work 

the first hydrogenation of multiply bonded silicon compounds was discovered. In addition, a 

new concept using silepins as direct silylene equivalents in the activation of small molecules 

was developed. Here, as first proof for a viable catalysis based on the Si(II)/Si(IV) redox 

couple, the elemental step of an mild, intramolecular reductive elimination at a silicon center 

was presented. Separately, with the first reported examples of room temperature stable 

three-coordinate, neutral, acyclic silanones, the eagerly-awaited dream of Kipping of isolable 

silicon analogues of ketones was basically fulfilled, now creating the opportunity to explore 

the still unknown chemistry of silacarbonyl compounds. Finally, with the extension of the list 

of accessible two-coordinate acyclic silylenes, the foundation for further investigations of the 

catalytic potential of this compound class was laid, which will hopefully soon lead to the 

expected step-change in main group catalysis. 
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12. Zusammenfassung und Ausblick 

Im Jahr 2012 entdeckten die Forschungsgruppen um Prof. Jones und Prof. Aldridge und 

unabhängig davon das Team von Prof. Power die ersten Vertreter von 

raumtemperaturstabilen, zweifach koordinierten, acyclischen Silylenen (L9-10, siehe 

Kapitel 3.3) – divalente Siliciumverbindungen, die vor diesen bahnbrechenden Arbeiten als 

absolut instabil und schwer isolierbar galten.63-64 Von diesen außergewöhnlichen Ergebnissen 

inspiriert, sollte diese Arbeit versuchen, die Zahl zugänglicher Silylen-Strukturen zu 

erweitern. Dabei lag der Fokus insbesondere auf der Untersuchung ihrer Reaktivität, um ihr 

Potenzial als silicium-basierte Hauptgruppenkatalysatoren besser bewerten zu können. 

Zunächst wurde mit dem Hintergedanken einer silylen-katalysierten Olefinpolymerisation die 

Reaktivität des literaturbekannten Amino(silyl)silylens L-11 gegenüber Ethylen analysiert. Im 

Unterschied zum dynamischen Dissoziationsgleichgewicht des Bis(thiolato)silylens L-9 mit 

Ethylen (siehe Kapitel 3.3) wurde in dieser Studie lediglich die quantitative Umsetzung von 

Silylen L-11 zu Siliran 3 beobachtet (Schema 14). 

 

Schema 14. Reaktionspfad des von Jones et al. entwickelten Amino(silyl)silylens L-11 mit Ethylen zu den 

Siliranen 4a und 4b; Postulierter Mechanismus und direkter Vergleich mit dem konventionellen Mechanismus 

der Ziegler-Natta Katalyse. 
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Es wurde jedoch gezeigt, dass das Erhitzen der Reaktionslösung auf 60 °C in 

Ethylen-Atmosphäre die Bildung des modifizierten Silirans 4a, welches ein zweites 

Ethylen-Molekül aufweist, auslöst. Hier zeigten weiterführende NMR-Experimente mit C2D4, 

dass der Mechanismus einer „Migratory Insertion“ des koordinierten Ethylens in die Si–Si 

Bindung des Ligandengerüsts folgt und anschließend die intermediäre Si(II)-Spezies zur 

Bildung von Siliran 4b mit deuteriertem Ethylen aus der Lösung abgefangen wird. Auf den 

ersten Blick scheint dieser Prozess an den traditionellen Mechanismus der 

Ziegler-Natta-Katalyse zu erinnern, jedoch wurde in Folgeexperimenten, vermutlich durch die 

Bildung einer äußerst stabilen Si–C Bindung, keine zweite Insertion oder sogar mehrere 

konsekutive Insertionsschritte zur Verlängerung der Alkylkette nachgewiesen. Dennoch 

konnte in dieser Studie exemplarisch die generelle Möglichkeit von Olefin-Insertionen in 

labile Si(II)-Liganden Bindungen aufgezeigt werden. Um trotz dessen dem Ziel einer 

Olefinpolymerisation über den beschriebenen Reaktionsweg näher zu kommen, muss, neben 

der Suche nach einer Lösung für die explizite Schwächung der intermediären 

Silicium-Kohlenstoff Bindung, auch über eine Möglichkeit für einen bislang noch fehlenden 

Ketteneliminierungsschritt nachgedacht werden. 

Darüber hinaus wurde der Darstellung von neuen, acyclischen niedervalenten 

Siliciumverbindungen, vorzugsweise Silylenen, die durch NHI-Liganden stabilisiert werden, 

intensiv nachgegangen. Gemäß dem ursprünglichen Syntheseplan, ausgehend vom 

entsprechenden Iminotribromsilan (siehe Kapitel 5), wurde das außergewöhnliche 

(Z)-Imino(silyl)disilen 2 als seltenes Beispiel eines Stickstoff-substituierten Disilens isoliert, 

welches eine stark trans-gewinkelte und verdrillte Doppelbindungsgeometrie mit der bisher 

längsten Si=Si Bindung aufweist (Schema 15). DFT-Rechnungen zeigten, dass diese 

hochreaktive Bindung am besten als doppelte Donor-Akzeptor Bindung zwischen zwei 

Silylen-Fragmenten beschrieben werden sollte. Diese spezielle Bindungssituation wurde 

genutzt, um die erste Wasserstoffaktivierung durch eine mehrfach gebundene 

Siliciumverbindung, die interessanterweise bereits unter Normalbedingungen abläuft, zu 

demonstrieren. Hierbei belegten die erhaltenen experimentellen und theoretischen Daten, dass 

Disilen 2, im starken Gegensatz zu Alkenen, im Sinne einer trans-Addition zum 1,2-Disilan 

5a hydriert wurde. Erstaunlicherweise konnte ein direkter, konzertierter anti-Additionsweg 

gefunden werden, der aufgrund der stark pyramidalisierten und verdrillten Si=Si Bindung 

begünstigt wurde. Die gleiche trans-Stereospezifität wurde folglich auch bei der Aktivierung 

von Ammoniak zum entsprechenden 1,2-Hydroaminierungsprodukt 5b nachgewiesen. Durch 
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die zusätzliche Wechselwirkung des LUMO von 2 mit dem freien Stickstoffelektronenpaar 

von NH3, wurde hier außerdem eine Spaltung der Si=Si Bindung und die Bildung des 

entsprechenden 1,1-Additionsproduktes 6 beobachtet. 

 

Schema 15. Überblick über die strukturellen und elektronischen Eigenschaften des (Z)-Imino(silyl)disilens 2 und 

die daraus resultierende Reaktivität. 

Des Weitern konnte bestätigt werden, dass die Kontrolle der Produktselektivität durch präzise 

Einstellung der Temperatur während der Hydroaminierungsreaktion möglich ist, wobei 

hauptsächlich 5b unter kinetischer Reaktionskontrolle (–78 °C, 16 h) und 6 unter 

thermodynamischer Reaktionskontrolle (lediglich 10 min bei –78 °C, dann Auftauen auf 

Raumtemperatur) gebildet wurde. Ferner wurde aufgrund der verlängerten Si=Si Bindung 

auch kein π-Komplex oder ein potentieller dreigliedriger Metalla-Zyklus bei der Reaktion mit 

der Lewis-Säure BCF beobachtet. Stattdessen wurde ausschließlich ein monomeres 

Silylen-BCF Addukt 7 mit ausgeprägtem Sila-aza-allen-Charakter isoliert und vollständig 

charakterisiert. Um einen tieferen Einblick in die ambivalente Reaktivität von 2 zu erhalten, 

wurde außerdem diese außergewöhnliche Bindungssituation in der Aktivierung von 

sauerstoffhaltigen Substraten getestet. In Abhängigkeit von unterschiedlichen 
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Sauerstoff-Donoren (O2, N2O und CO2) wurden hier mehrere neue Sila-Zyklen 8-10 mit 

unterschiedlichen Ringgrößen isoliert. Nach theoretischen Berechnungen wurden allesamt als 

Folgeprodukte der direkten Oxygenierung der Si=Si Bindung von 2 gebildet, wodurch 

jegliche Beteiligung einer intermediären Silylen-Spezies ausgeschlossen wurde. Ein 

vielversprechender Baustein scheint dabei der dreigliedrige trans-Disilaoxiran-Ring 9 zu sein. 

Hierbei handelt es sich um ein seltenes Silicium-Analogon eines Epoxids, dessen 

Ringspannung und schwache Si–Si Bindung zur weiteren Aktivierung von Substraten genutzt 

werden kann. In diesem Zusammenhang zeigten die X-Ray Daten des fünfgliedrigen 

Sila-Zyklus 10, des formalen Produkts von 9 mit CO2, extrem lange Si–C und Si–O 

Bindungen mit dativem Charakter zum CO2-Molekül, wodurch die Möglichkeit geschaffen 

wird, in Zukunft Manipulationsreaktionen am aktivierten Carbonyl-C-Atom durchzuführen. 

In Summe, weist das isolierte Imino(silyl)disilen 2 aufgrund der elektronisch 

entgegenwirkenden Einflüsse der Silyl- und NHI-Liganden außergewöhnliche strukturelle 

und elektronische Eigenschaften auf, die für neuartige, bislang für Disilene unbekannte 

Reaktivitäten ausgenutzt wurden. Als nächsten Schritt in Richtung Katalyse muss nun die 

Suche nach reversiblen Reaktionen und potentiellen Übertragungen der aktivierten Substrate 

auf organische Moleküle intensiviert werden.  

 

Schema 16. Übersicht der Untersuchungen des Imino(silyl)silepins 1a als “maskiertes” Silylen für die 

Aktivierung kleiner Moleküle. 

Nach dieser Feststellung wurde das primäre Ziel der Isolierung eines zweifach koordinierten, 

acyclischen Silylens angestrebt. Hierbei sollte durch Erhöhung des sterischen Anspruchs der 

NHI-„Wingtips“ eine größere Abstoßung zwischen den beiden Si-Zentren erzielt werden, die 
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schließlich zu einer monomeren Struktur führen sollten. Tatsächlich wurde durch Ersetzen 

von tert-Butyl durch voluminösere Dipp-Gruppen ein acyclisches Imino(silyl)silylen 1a‘ 

nachgewiesen, jedoch lediglich in in situ UV/Vis und 29Si-NMR Experimenten bei niedrigen 

Temperaturen (–78 °C). Erstaunlicherweise wurde oberhalb dieses Temperaturbereichs 

festgestellt, dass das Si(II)-Zentrum des transienten Silylens 1a‘ quantitativ in die C=C 

Bindung des angrenzenden aromatischen Ligandengerüsts insertiert und sich der 

Silacycloheptatrien (Silepin) 1a ausbildet (Schema 16). Ersten DFT-Rechnungen zufolge 

beruht diese begünstigte Transformation sehr wahrscheinlich auf einer starken 

Wechselwirkung des Lewis-aciden 3p-Orbitals des Silylens mit der elektronenreichen 

π-Bindung des benachbarten Phenylrings, die sogar den entgegenwirkenden Energie 

freisetzenden Prozess der Rearomatisierung überwindet. Dementsprechend liegen beide 

Spezies energetisch sehr eng zusammen (17.3 kJ/mol) – eine Energiedifferenz die auf eine 

thermisch zugängliche Umwandlung hindeutete. Diese Hypothese wurde experimentell durch 

den Nachweis von Silylen 1a‘ in weiterführenden (HT) UV-vis Experimenten verifiziert. 

Insbesondere wurde der intrinsische Si(II)-Charakter des Silepins 1a bei der Isolierung des 

Silylen-Boran Addukts 11 nach Zugabe von BCF veranschaulicht. Die Tendenz dieser 

Verbindung zur intramolekularen reduktiven Eliminierung wurde zudem bei der 

Untersuchung von Silepin 1a als "maskiertes" Silylen in der Aktivierung kleiner Moleküle 

deutlich. Selbst anspruchsvolle Substrate, wie Wasserstoff oder Ethylen, wurden von der 

formalen Si(IV)-Verbindung 1a aktiviert und bildeten das entsprechende Hydridosilan 12 

oder den Siliran-Ring 13 bereits unter milden Bedingungen. Interessanterweise wurde auch 

Kohlenstoffdioxid, ein offenkundiges Ziel für reaktive Hauptgruppenverbindungen, unter 

Darstellung des ersten monomeren, vierfach-koordinierten Siliciumcarbonat-Komplexes 14 

stöchiometrisch zu Kohlenstoffmonoxid reduziert. Die Bildung dieser Verbindung wurde der 

[2+2]-Cycloaddition eines intermediären, transienten Silanons mit einem zweiten 

CO2-Molekül zugeschrieben. Daraufhin wurde der Fokus auf die Isolierung einer solchen 

bislang vollkommen unzugänglichen Spezies gerichtet. 

Wie vermutet, gelang durch eine leicht angepasste Synthesevorschrift und dem Wechsel des 

Oxygenierungsmittels von CO2 zu N2O die erste Darstellung komplett neutraler, 

dreifach-koordinierter, acyclischer Imino(silyl)silanone 15. Diese wurden als abfüllbare, 

weiße Pulver isoliert und zeigten unbegrenzte Stabilität in fester Form und eine Lebensdauer 

in Lösung von bis zu 2 Tagen (Schema 17). Die Einkristallstrukturanalyse von 15b offenbarte 

eine extrem kurze Si=O Doppelbindung (1.537(3) Å), die zusammen mit den wichtigen 
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Stabilisierungseffekten der benachbarten NHI- und Silyl-Liganden durch ausführliche 

DFT-Rechnungen untersucht wurden. Insbesondere der Überlapp des nichtbindenden Orbitals 

des exocyclischen Stickstoffatoms mit der Si=O π-Bindung (HOMO-10) sowie die 

signifikante σ-Donorwirkung und Hyperkonjugation der Silyl-Gruppe (LUMO+4) wurden als 

Hauptstabilisierungseffekte der ansonsten stark polarisierten Si=O Einheit identifiziert. 

Hinsichtlich ersten Reaktivitätsstudien wurde die bereits erwähnte CO2-Aktivierung durch das 

Silepin, hier separat als finaler Beweis des Silanon-Intermediats, wiederholt. 

 

Schema 17. Darstellung der Imino(silyl)silanone 15 und erste Ergebnisse der Isomerisierungsreaktionen und 

Reaktivitätsstudien. 

Darüber hinaus wurde die außergewöhnliche Reaktivität der Silanone 15 gegenüber Methanol 

getestet, die in Analogie zur etablierten Reaktion von Ketonen mit Alkoholen zu Halbketalen 

die entsprechende Silanole 16 ergab. Aufgrund unseres langfristigen Ziels – der dauerhaften 

Stabilisierung von Silanonen – waren wir ferner an einer detaillierten Untersuchung der 

auftretenden Isomerisierungsvorgänge interessiert. Für das Silanon 15a mit einem 

Hypersilyl-Liganden wurde in Lösung ein intermediäres Disilen detektiert, das sich durch 

eine 1,3-Silylwanderung gebildet hat. Dieses Zwischenprodukt wurde erfolgreich mit IMe4 als 

seltenes Beispiel eines NHC-stabilisierten Disilens 17 mit einer stark zwitterionischen Si=Si 

Bindung abgefangen. Für das Silanon 15b wurde hingegen, neben den Resultaten des 

Silepins, das zweite Beispiel eines begünstigten Wechsels der Oxidationsstufe von Si(IV) zur 

deutlich weniger präferierten Oxidationsstufe Si(II) gefunden. Hier wurde aufgrund der 
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Oxophilie von Silicium und seiner intrinsischen Neigung stabile σ-Bindungen mit Sauerstoff 

zu bilden, eine selektive Umlagerung zum zweifach-koordinierten, acyclischen N,O-Silylen 

18 entdeckt. Um neue Einblicke und Perspektiven hinsichtlich der Synthese, Stabilisierung 

und Reaktivität von derartigen Silylenen zu erhalten, ist diese Verbindung als erster 

Präzedenzfall eines siloxy-stabilisierten Silylens von großem Interesse. Aufgrund des 

Oxo-Liganden und der Strukturverwandtschaft zu den Amino(alkoxy)germylen 

und -stannylenderivaten L-41 – die bereits erfolgreich als Katalysatoren bei der 

Hydroborierung von Carbonylverbindungen getestet wurden (siehe Kapitel 4.1) – könnte das 

Auffinden einer analogen σ-Bindungsmetathese von 18 mit Boranen, den Weg für eine 

silylen-basierte Katalyse ebnen. 

Zusammenfassend ist es in dieser Dissertation gelungen NHI-Liganden in mehrere neuartige 

niedervalente Siliciumverbindungen mit faszinierenden elektronischen und strukturellen 

Eigenschaften zu integrieren. Diese wurden nicht nur experimentell und theoretisch gründlich 

analysiert, sondern auch direkt eingesetzt, um bislang unbekannte Reaktivitäten zu 

ermöglichen. Bemerkenswerterweise wurde in dieser Arbeit die erste Hydrierung einer 

mehrfach gebundenen Siliciumverbindung entdeckt. Darüber hinaus konnte ein neues 

Konzept entwickelt werden, das Silepine als direkte Silylen-Äquivalente bei der Aktivierung 

kleiner Moleküle einsetzt. Als erster Beweis für eine potentielle Katalyse auf Basis des 

Si(II)/Si(IV) Redoxpaares wurde hier der elementare Schritt einer milden, intramolekularen 

reduktiven Eliminierung an einem Silicium-Zentrum präsentiert. Mit den ersten bekannten 

Beispielen für raumtemperaturstabile, dreifach-koordinierte, neutrale und acylische Silanone 

ging zudem der lang ersehnte Traum von F. S. Kipping von isolierbaren Silicium-Analoga 

von Ketonen in Erfüllung. Diese Errungenschaft bietet nun natürlich die Möglichkeit die noch 

unberührte Chemie von Sila-Carbonylverbindungen zu erforschen. Abschließend wurde mit 

der Erweiterung der Liste zugänglicher zweifach-koordinierter, acyclischer Silylene das 

Fundament für weitere Untersuchungen des katalytischen Potentials dieser Verbindungsklasse 

gelegt. Diese führen hoffentlich schon bald zu dem erwarteten Durchbruch in der 

Hauptgruppen-Katalyse. 
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