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Abstract 

The pursuit of sustainable and environmentally friendly processes in the chemical 

industry brought forward the concept of main group-mediated catalysis. Due to the 

low abundance and thus inherent high cost of transition metals, one of the primary 

objectives of interest is the replacement of the ubiquitous TM-containing catalysts 

in various industrial applications by greener alternatives based on main group 

elements. In this regard, the element silicon represents a remarkable candidate 

owing to its rich resources and general low toxicity. Literature reports have 

demonstrated a particular reminiscence of isolable, low-valent silicon compounds 

to transition metal complexes. Amongst them, some acyclic silylenes undergo a 

unique intramolecular insertion, giving silacycloheptatriene (“silepin”) moieties 

showing a reversibility between Si(II) and Si(IV). These findings open up new fields 

of research regarding potential metal-free catalysis, which illustrates the major 

focus of this doctoral thesis: Investigations of novel silepin species based on acyclic 

silylenes. 

The first step is to synthesize new silepin species due to limited reports in the 

literature. For this purpose, an imine ligand based on CycAAC is first synthesized and 

subsequently converted with potassium hypersilanide (KSiTMS3) to simultaneously 

introduce the silyl ligand and reduce the precursor to the respective silylene. The 

isolated product is observed to undergo intramolecular insertion, leading to a 

silepin structure, revealed with X-ray crystallography. The “CycAAC silepin” is able 

to oxidatively cleave a series of small molecules. Especially in the presence of 

ethylene, a migratory insertion is determined. DFT calculations showed enhanced 

stability compared to literature known silepins with a comparably larger HOMO-

LUMO gap, demonstrating the importance of substituent effect in such species.  

Furthermore, the stabilizing silyl ligand is varied in the next step from the previously 

applied hypersilyl (–SiTMS3) to bis(trimethylsilyl)triphenylsilyl silyl (–

SiTMS2SiPh3) group. Combined with either the DippNHC- or CycAAC-based imine 

ligand, two new silepins could be synthesized. Both silepin structures show an 

unusual intramolecular sp2C-H bond insertion at elevated temperatures supported 
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by SC-XRD analysis. Their electronic and steric properties were compared relatively 

to structurally similar compounds, which shed light on the impact of simple ligand 

modifications in silepins based on acyclic silylenes. 
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Zusammenfassung 

Das Streben nach nachhaltigen und umweltfreundlichen Prozessen in der 

chemischen Industrie hat das innovative Konzept der „Hauptgruppenelement-

basierten Katalyse“ hervorgebracht. Begründed durch das geringe natürliche 

Vorkommen und der damit verbundenen hohen Kosten von Übergangsmetallen 

(ÜM), ist dabei das primäre Ziel, ÜM-haltige Katalysatoren für verschiedene 

industrielle Anwendungen durch umweltfreundlichere, auf 

Hauptgruppenelementen basierende Alternativen zu ersetzen. 

In dieser Hinsicht ist das Element Silicium ein vielversprechender Kandidat, da 

enorme Mengen verfügbar sind und das Element gesundheitlich unbedenklich ist. 

Bisherige Forschung hat gezeigt, dass isolierbare, niedervalente 

Siliciumverbindungen, wie beispielsweise Disilene und Silylene, eine besondere 

Ähnlichkeit mit Übergangsmetallkomplexen aufweisen. Einige azyklische Silylene 

können zusätzlich eine einzigartige, intramolekulare Insertion durchführen, wobei 

sich ein Silacycloheptatrien („Silepin“) als Produkt bildet. Bemerkenswert ist, dass 

zwischen den jeweiligen Si(II) und Si(IV) Spezies ein reversibles chemisches 

Gleichgewicht herrscht. Diese Erkenntnisse eröffnen neue Forschungsfelder für eine 

potenziell metallfreie Katalyse, was den Schwerpunkt dieser Doktorarbeit darstellt: 

Die Untersuchung neuartiger Silepinspezies auf der Basis azyklischer Silylene. 

Der primäre Schritt besteht darin, neue Silepinspezies zu synthetisieren, da es nur 

wenige Beispiele in der Literatur gibt. Zu diesem Zweck wird zunächst ein 

Iminligand auf CycAAC-Basis synthetisiert und anschließend mit Kaliumhypersilanid 

(KSiTMS3) umgesetzt, um gleichzeitig den Silylliganden einzuführen und das Edukt 

zum entsprechenden azyklisches Silylen zu reduzieren. Bei dem isolierten Produkt 

wird eine intramolekulare Insertion beobachtet, die zur Bildung eines Silepins führt. 

Das sogenannte „CycAAC-Silepin“ ist in der Lage, eine Reihe von kleinen Molekülen 

oxidativ zu spalten. Hervorzuheben ist, dass in Gegenwart von Ethylen eine 

Insertion des aktivierten C2-Fragments festgestellt wurde. DFT-Berechnungen 

zeigen eine vergleichsweise große HOMO-LUMO-Lücke und damit eine erhöhte 
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Stabilität im Vergleich zu literaturbekannten Silepinen. Dies unterstreicht die 

Bedeutung des Substituenteneffekts in solchen Spezies. 

Darüber hinaus wird der stabilisierende Silylligand von der zuvor verwendeten 

Hypersilyl- (–SiTMS3) zur Bis(trimethylsilyl)triphenylsilyl-silylgruppe (–

SiTMS2SiPh3) modifiziert. In Kombination mit dem DippNHC- oder CycAAC-basierten 

Iminliganden konnten zwei neue Silepine synthetisiert werden. Beide 

Silepinstrukturen zeigen eine ungewöhnliche intramolekulare sp2C-H-

Bindungsinsertion bei erhöhten Temperaturen, was durch SC-XRD Analysen 

bestätigt wird. Ihre elektronischen und sterischen Eigenschaften werden mit 

strukturell ähnlichen Verbindungen verglichen, und die Auswirkungen einfacher 

Ligandenmodifikationen in Silepinen auf der Basis azyklischer Silylene näher 

betrachtet.  
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List of Abbreviations 

Ad adamantyl 

Bu butyl 

cAAC cyclic alkyl amino carbene 

Cp* pentamethylcyclopentadienyl 

Cy cyclohexyl 

Dipp 2,6-diisopropyl phenyl 

E Element 

e.g. latin exempli gratia:"for example" 

Et Ethyl 

et al. latin et alii: "and others" 

HOMO highest occupied molecular orbital 

hypersilyl tris(trimethylsilyl)silyl 

i iso 

L ligand 

LUMO lowest unoccupied molecular orbital 

Me methyl 

Mes 2,4,6-trimethylphenyl 

MG-Si metallurgical grade silicon 

NacNac β-diketiminato 

NHC N-heterocyclic carbene 

NHI N-heterocyclic imine 

Nu- nucleophile 

o ortho 

PGE platinum group metal 

Pr propyl 

r.t. room temperature 

SC-XRD single crystal X-ray diffractometry 

SG-Si solar grade silicon 

silepin sila-2,4,6-cycloheptatriene 

t tert 

Tb 2,4,6-tris[bis(trimethylsilyl)methyl]phenyl 

Tip 2,4,6-triisopropyl phenyl 

TM transition metal 

TMS trimethyl silyl 

ΔEs,t  singlet-triplet energy separation 
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1. Introduction 

To date, the synthesis of a vast variety of organic and industrial-relevant compounds 

via catalysis involving transition metals is well-established and constantly evolving. 

It is estimated that around 90% of the chemicals are obtained from catalytic 

processes of some kind.[1] Besides the significance in academia, transition metal 

(TM) catalysis has proven its value in the chemical industry: As one of the 12 green 

chemistry principles, the application of catalysis significantly reduces waste 

streams, cycle times, and volume requirements, thus simplifying the synthetic 

processes in chemical manufacturing.[2] Pivotal reaction processes thereby include 

metathesis, cross-coupling, asymmetric hydrogenation, and oxidation.[3] A complete 

catalytic cycle consists of oxidative addition, transmetallation, and subsequent 

reductive elimination alongside the backformation of the catalyst. Due to the 

additional d-orbitals of d-block elements and thus coordinative flexibility, transition 

metals possess variable oxidative states and are therefore able to engage in addition 

and elimination reactions of small molecules. Some of the most applied TM catalysts 

are based on platinum-group metals (PGE) and include platinum, palladium, 

rhodium, ruthenium, iridium, and osmium.[4] Besides their function as catalyst 

centers, PGEs found widespread applications in various fields, e.g., the electronic, 

jewelry, and medical industries. However, PGEs are among the most valuable 

naturally occurring elements due to their extremely low abundance, which is 

estimated to be 0.0004 ppm to 0.005 ppm and comprise less than 2 wt% of the 

earth’s crust.[5] The imbalance between the supply and demand of PGEs, therefore, 

contributes greatly to a high price volatility. Consequently, the search for more 

abundant alternatives to transition metals unfolded in the past, whereby heavier 

main group elements expressed outstanding properties and characteristics 

reminiscent of d-block metals when put in the right environment.  

1.1 Heavier Main Group Elements as Transition Metals 

The rising idea of utilizing heavier group elements as possible catalyst centers 

emerged in the first decade of the 21st century after successful isolations of 

seemingly unstable main group species. These new compounds highlighted the 
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fundamental differences between light and heavier p-block elements, which were 

hitherto presumed to be similar to each other in their electronics and properties. 

The spectrum of these species covered one or more unusual features at that time, 

e.g., multiple bonds between the same main group element (Al, Si, P and their 

congeners)[6], stable low valency, and thus the accessibility to open coordination 

sites[7,8] and, lastly, main group centers bearing unpaired electrons, some even found 

in singlet states.[9] Extensive studies on these elements and their derivatives were 

performed subsequently, and a common characteristic is shared between them: A 

small energy separation between the frontier orbitals. Thus, scientists often observe 

a reactivity of such species towards small molecules, e.g. dihydrogen, ammonia, and 

ethylene, which were only known for transition metal complexes during that 

time.[10] The electronic and bonding properties of novel low coordinated and/or low 

valent compounds are discussed and highlighted in the following chapters due to 

their substantial impact on the scientific field of main group chemistry. 

1.1.1 Main Group Multiple Bonds: The Beginning 

The difference in the core electronics between the first and second row in the 

periodic system is mainly shown in the covalent radii, e.g. 0.76 Å for C and 1.11 Å for 

Si, which majorly influences the coordination spaces around the particular element 

due to the increasement of size.[11] Early main group complexes such as [Al(OH2)6]3+, 

[SiF6]2- and PCl5 do not show transition metal-like behavior as in coordinational 

flexibility or reactivity towards small molecules in an oxidative/reductive manner, 

which are critical features for potential catalytic applications. Typical transition 

metal complexes additionally display a small energy separation between the 

frontier orbitals, thus possessing a small HOMO-LUMO gap (≤ 4 eV), that is, the 

energetic gap between the highest occupied molecular orbital and the lowest 

unoccupied molecular orbital. In the process of synthesizing main group curiosities 

bearing multiple bonds, scientists have progressively obtained species resembling 

transition metal complexes in their properties and behavior. The crucial aspect in 

the isolation of heavier main group multiple bonds is the application of large 

substituents in order to prevent the association of such compounds into oligo- or 

polymers due to the large radii of the heavier congeners. The beginning of the low 
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valent main group chemistry lays in the last quarter of the 20th century: While 

aiming for the heavier analogs of carbenes (:MR2, M = Ge, Sn, R = CH(TMS)2), which 

will be discussed in a later chapter, Lappert et al. obtained intensely colored product 

solutions. However, the respective products display a dimeric structure in the solid 

state, as shown in Figure 1.[12] 

 

Figure 1: Structure of heavier ethylene analogs, R = CH(TMS)2. 

X-ray structure analysis revealed that the E–E distances in L-1 (2.347 Å) and L-2 

(2.768 Å) do not have a double bond nature bonding and are just slightly shorter 

than regular single bonds between the elements, unlike their lighter congener, 

carbon. Thus, Lappert described the bonding properties in two ways: a) Two weak 

donor-acceptor bonds; b) One single bond with an electron pair sitting on either side 

resulting in two resonance structures as shown in Figure 2.  

 

Figure 2: Bonding properties described by Lappert, E = Ge, Sn, Pb. 

Subsequently, West et al. isolated the first ever room-temperature stable silicon 

analog of ethylene, the tetramesityldisilene (L-4), by photolysis of 2,2-bis(Mesityl) 

hexamethyl trisilane in hexane, which highlights a landmark in the field of low valent 

main group chemistry.[13] The structure can be determined as a quasi-planar double 

bond with a very short Si=Si bond, when compared to a Si–Si single bond (2.34 Å)[14], 

of roughly 2.16 Å. Lead analogs, e.g., L-3, were to follow at the end of the 90s. 
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Interestingly, in contrast to L-1 and L-2, L-3 is found to have a trans-bend structure 

with a very long Pb–Pb single bond of 4.129 Å, which can barely be considered a 

covalent bond.[15] Thus, with an increase in atom size from carbon to lead, the double 

bond character gradually decreases, resulting in two quasi-non-bonded, electron-

rich metal centers with one lone pair on each atom, respectively. Additionally, 

proceeding down group XIV, a geometrical distortion can be determined from the 

linear structure of a C=C double bond to the previously mentioned trans-bend Pb–

Pb single bond. An additional analysis of molecular orbitals in the heavier group XIV 

multiple bonded species can explain the observed alteration in geometry. Extensive 

studies revealed a symmetry-allowed mixing of an unoccupied non-bonding or anti-

bonding orbital with a bonding orbital, most likely the HOMO.[16] This results in the 

development of a non-bonding character of the bonding orbital, usually the π-

orbital, bearing a lone pair, which consequently leads to a second-order Jahn Teller 

effect, causing the change in the molecular shape.[17] Furthermore, the “inert 

electron pair effect” in heavy main group metal atoms, e.g., Pb, also contributes to 

the trans-bend structure: After hybridization of the s- and p-orbitals, the lone pair 

occupies an inert orbital in the ligand atmosphere. Though the lone pair itself might 

not be chemically active due to the high s character of the molecular orbital, it is 

undoubtedly stereo-chemically active under a variety of criteria. Factors favoring 

this behavior include the presence of small ligands and the low coordination number 

of the central atom.[18] In addition, the degree of orbital mixing is simultaneously 

inversely related to the HOMO-LUMO gap and is maximized in heavier group XIV 

elements, thus allowing a close approach (< 4 eV) of the orbitals reminiscent of 

transition metals in their characteristics. Similar considerations regarding the 

bonding properties and molecular shape can also analogously be made for 

neighboring group XIII and group XV elements. Overall, multiple bond characters 

containing conventional σ- and π-bonds are generally found in the lighter main 

group elements.[10] 
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1.1.2 Ge/Sn Multiple Bonds: Synthesis and Application as Molecular 

Catalyst 

Group XIV elements have been vastly studied by scientists in the past decades and 

are arguably the most investigated multiple bonds, mainly due to the ubiquity of 

their lighter carbon congener.[19] The isolation of heavier homologs and novel 

bonding motifs bearing Ge/Sn/Pb has been proven to be challenging. Lapperts 

isolation of digermenes and stannenes in 1976 displayed instability in solvents at 

ambient temperatures in great contrast to the extensively robust C=C double 

bond.[20] Ever since then, a broad spectrum of “authentic” multiple-bond compounds 

bearing germanium and tin centers have been isolated and characterized to date. 

The in-depth reactivity studies displayed their high potential in the field of catalysis. 

Lead, on the other hand, is overall observed to form “double” bonds with very long 

Pb–Pb distances comparable with single bonds, which will not be further discussed 

in this chapter. The preparation of stable digermenes (Ge=Ge double bond) usually 

follows one of the four general synthetic routes: a) Dimerization of germylenes; b) 

Reductive dehalogenation of 1,1-dihalogermanes; c) Photolysis of cyclotrigermanes; 

d) 1,2-addition or cycloaddition (CA) of digermynes. Similar synthesis methods can 

be applied to isolate stable distannenes: a) Dimerization of stannylenes: b) 

Photolysis of cyclotristannanes; c) Redistribution of ligands between homoleptic 

stannylenes (R2Sn:,  R’2Sn:) to heteroleptic stannylenes (RR’Sn:) and subsequent 

dimerization.[21] Dimetallynes are usually prepared analogously via reductive 

dehalogenation or consecutive dimerization.[19] 

 

Figure 3: Selected early examples of double bond species bearing Ge and Sn centers.[22–25] 

Sekiguchi et al. observed a highly twisted double bond between germanium (L-5) 

and tin center (L-6). Their synthesis route followed the reductive dehalogenation to 

isolate a digermene capable of maintaining its structural integrity even in solutions. 
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The straightforward reduction via potassium graphite with the respective 1,1-

dichlorogermane precursor yielded a highly twisted structure as shown in Figure 

3.[23,24] Distannenes were known for a long time for the unavoidable double bond 

breaking in solution despite being structurally characterized as double bonds in the 

crystalline state. In 2006, Sekiguchi and coworkers further applied the di-

tbutylmethyl silyl ligand to isolate the first ever stable distannene L-6 even in 

solvent via reduction of the 1,1-dichloro tin precursor.[22] A series of E=E (E = Ge, 

Sn) double bond species were since then isolated and characterized, whereby it is 

worthy of mentioning compound L-7 with an especially unusual molecular 

structure: Being completely planar, L-7 portrays the first structurally direct analog 

of a C=C double bond. As discussed before, the typical formation of a planar double 

bond consisting of two triplet carbenes is not found in tetrylenes. Instead, the 

bonding properties are rather described as a donor-acceptor interaction in 

distannenes, resulting in a weak Sn…Sn bond. Apeloig et al. conducted a thermolysis 

of tris(di-tert-butyl-hydridosilyl)stannane to obtain the respective stannylene as an 

intermediate, which subsequently dimerizes to L-7. However, the transient 

stannylene is trappable as MeNHC adduct or [1+4] cycloaddition product with 2,3-

dimethylbuta-1,3-diene exhibiting typical characteristics of stannylene species in 

their reactivity.[25]  

Heavier alkyne analogs were in simultaneous development as the alkene congeners 

and have been pivotal in emphasizing the potential of heavier main group elements 

as transition metal centers, whereby a series of prominent reactivities towards 

small molecules could be determined. In this regard, Power et al. reported the first 

H2 activation by a digermyne (L-8) readily at room temperature, yielding a mixture 

of digermenes and digermanes, which led to the conclusion that firstly, an addition 

of dihydrogen to other unsaturated group XIV compounds may also be possible and 

secondly, the addition might be reversible.[26] Indeed, the same group could observe 

a reversible coordination of H2 by distannyne L-9 in 2018, about a decade later, 

bearing the same structural motif as its germanium derivative.[27] Structure L-9 is 

found to be in equilibrium with L-9’ in the presence of dihydrogen. The calculated 
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equilibrium constant and the Gibbs free energy, however, strongly favor the Sn(II) 

hydride form L-9’. 

 

Scheme 1: Structure of digermyne and distannyne isolated by Power et al.[26,27] 

A few more examples of heavier ethylene analogs, such as L-10 and L-11, were to 

follow, showing interesting reactivities towards acetylene and alkyne derivates 

forming 1,2-digermabenzenes.[28] Additionally, digermyne L-11 is reported to act as 

a precatalyst in the cyclotrimerization of aryl-substituted acetylenes to the 

respective 1,2,4-triaryl benzenes.[29] The highlight of this reactivity not only lies in 

the C-C bond formation but also in the absolute regioselectivity of the aryl groups, 

which represents the importance of main group multiple bond compounds in the 

catalysis. 

 

Scheme 2: Reaction path of the digermyne catalyzed cyclotrimerization of arylacetylenes.[29] 
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1.1.3 Tetrylenes: An Overview   

Tetrylenes, being heavier analogs of carbenes, are low-valent, electron-deficient 

species with one lone pair and an empty p-orbital. They usually display En and En+2 

(e = element) oxidation states as a result of the inert pair effect. The preferred 

electronic ground state furthermore changes from triplet to singlet state proceeding 

down the group XIV (Figure 4). This phenomenon is mainly caused by the singlet-

triplet energy separations: While being negative for H2C(II) (estimated ΔEs,t = –14.0 

kcal/mol), the value increases descending down group XIV to 16.7 (for H2Si), 21.8 

(for H2Ge(II)), 24.8 (for H2Sn(II)), 34.8 (for H2Pb(II)) kcal/mol respectively, based 

on theoretical calculations.[7] Silylenes, e.g. the silicon congener of carbenes, thus has 

singlet as the preferred ground state whereby two electrons are in the sp2 orbital 

(lone pair orbital) while the energetically higher p-orbital remains vacant. The lone 

pair orbital additionally possesses an extensively high s character due to the 

increasing energy of hybridization from carbon to lead mainly coming from the 

higher effective nuclear charge and the lower tendency for s- and p-orbital overlap, 

which is, on the other hand, introduced by increasing energy separation and 

diverging spatial extension of both molecular orbitals. Worth mentioning is also the 

fact that the relative stability of the low-valent and low-coordinated species R2E: 

(R = alkyl/aryl) to their corresponding dimeric structure R2E=ER2 increases down 

the column and is maximized at Pb. 

 

 

Figure 4: Group XIV general electronic properties and representation of the frontier orbitals. 
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Though plumbylenes are supposed to be stable as such, some compounds are 

observed to be thermally unstable and undergo disproportionation reactions due to 

the lack of electronic or steric stabilization.[30] Even though the lone pair orbital 

stays extensively inert, resulting from its high s character, the vacant p-orbitals, as 

mentioned above, are highly reactive and are therefore assumed to introduce the 

high instability due to the unfulfilled octet rule. Thus, in order to prevent reactivities 

amongst themselves and towards other molecules, the stabilization of heavier low 

valent group XIV compounds is achieved in two major ways, respectively: the 

thermodynamic and the kinetic method.[7] Overall, the application of π-donating 

moieties, such as N, O, P, or Cp* containing ligands, is utilized in the thermodynamic 

stabilization of methallylenes. The lone pair of the hetero atom can donate electron 

density into the empty p-orbital, increasing the energy level of the LUMO by 

reducing its electrophilicity. Simultaneously, the σ-accepting properties of such 

ligands can withdraw electron density from the tetrylene center thus lowering its 

HOMO leading to a comparably larger HOMO-LUMO gap.[31]  

 

Figure 5: Schematic representation of thermodynamic stabilization of methallylenes by electron-donating 

ligands. 

The other crucial aspect is the usage of sterically bulky ligands in order to kinetically 

prevent the coordination of nucleophiles as well as dimerization or polymerization 

reactions of tetrylene centers. A vast variety of such ligands were developed in the 

progress and will be further discussed in upcoming highlighted methallylenes. 
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Figure 6: Schematic representation of kinetic stabilization of methallylenes by bulky ligands. 

Though tetrylene species theoretically have free coordination sites, and their 

electronic constitution does resemble transition metals, the application of such 

compounds as molecular catalysts has yet to achieve the variety of precious metals. 

Nonetheless, some interesting reactivities have been observed over the past two 

decades and should be highlighted. 

1.1.4 Ge(II)- and Sn(II)-containing compounds as Molecular Catalysts: A 

Highlight 

As mentioned above, the application of group XIV elements as catalyst centers has 

been an emerging field in the main group chemistry. The narrow HOMO-LUMO gap 

enables reactivities of tetrylene centers found in the first step of catalytic cycles: 

Oxidative addition of dihydrogen, ethylene, or carbon dioxide. A wide variety of 

examples are reported in literature till today[32], whereby a few compounds could 

successfully convert the activated small molecules in a catalytical manner. 

Reversibility, thus, is the key feature in focus regarding catalytic activities of 

tetrylenes and will be highlighted in selected compounds in the next paragraph. 
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Figure 7: Structure of selected literature reported tetrylenes. 

Germylene L-12 is shown to activate P4 readily at room temperature. The release of 

the coordinated fragment takes place in the presence of UV light after only 30 

minutes.[33] The reversible activation of P4 is also reported for the heteroleptic 

stannylene L-13, which is isolated by treating the respective chloro-precursor with 

one equivalent of NaSi(tBu)3.[34] The release of the P4 fragment, similar to germylene 

L-12, is UV-induced. However, in contrast to L-12, a quantitative back-formation of 

L-13 could not be achieved. Nonetheless, this example illustrates the first reversible 

P-P bond activation by a low-valent tin compound. The efficient catalytic activity of 

a bulky, acyclic germylene (L-14) and stannylene (L-15) was demonstrated by Jones 

et al. Both two coordinated hydrido tetrylenes are able to perform efficient catalytic 

hydroboration of carbonyl compounds with HBpin (pin = pinacolato), whereby the 

tin-based catalyst solely requires a loading of 0.5 mol% to achieve turnover 

frequencies over 600 h-1 in some cases.[35] Furthermore, L-14 and L-15 can reduce 

molecular CO2 to “methanol equivalents” (MeOBR2).[36] Other versatile reactivities 

within both compounds are found with further investigations, including 

regioselective hydrometallations of cyclic and acyclic alkenes, as well as 

dimerization to the respective oxo-bridged species in the presence of molecular 

oxygen.[37] Additionally, a reversible hydrogermylation of cyclohexene could be 

determined with L-14. The mechanism most likely involves a β-hydride elimination 

of the coordinated cycloalkyl moiety regenerating cyclohexene and the hydrido-

germylene. Cyclic germylenes and stannylenes have also been reported to exhibit 
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activities as single-site catalysts. Khan et al. determined the catalytic properties of 

L-16 and L-17 about two decades later after their isolation and characterization.[38] 

The application of both compounds in the cyanosilylation and hydroboration of 

aldehydes transforms a broad spectrum of substrates to the respective products in 

a catalytical way.[39] However, the typical oxidative addition, usually found in 

catalytical cycles, to the tetrylene center is not included in the proposed mechanism. 

Instead, the nitrogen/oxygen atom of the TMSCN/HBpin coordinates to the low 

valent center to initiate the reaction. 

 

Scheme 3: Catalytic hydrosilylation of α-methylstyrene with triethylsilane in the presence of the Lewis super 
acid. 

Furthermore, Inoue et al. reported a germanium-centered Lewis superacid (L-18) in 

2024.[40] The structure showed a reverse temperature dependency: At -35 °C, L-18 

is able to catalytically hydrosilylate α-methylstyrene in the presence of triethyl 

silane with a conversion up to 98% at a catalyst loading of only 5 mol%. DFT 

calculations revealed the germylene species L-18’ as the active catalyst during the 

reaction (Scheme 3). 

 

Scheme 4: Catalytic cycle of the reduction of CO2 with compound L-19. 
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The aryl(imino) stannylene L-19 can activate CO2 and reduce it in the presence of 

HBpin (pin = pinacolato) in a catalytic way.[41] Simultaneously, the reaction offers a 

variety of specific products compared to conventional tetrylene-catalyzed CO2 

reductions. The mechanism involves the insertion of CO2 into the N-Sn bond, 

yielding a tin-carbamate moiety (Scheme 4) thus highlighting the first ligand-

assisted activation and catalytic conversion of carbon dioxide by an NHI-stabilized 

stannylene. Even though the reversibility of the oxidative addition and, thus, 

conversion of some small molecules are detected in certain tetrylene species, it 

remains a challenging aspect to tune the electronic and steric properties of such 

compounds. Additionally, in regard to potential large industrial applications, the 

toxicological aspects of Ge and Sn have to be considered. Even though germanium-

based compounds are considered rather low risk[42], organo-tin compounds are 

hazardous to human health[43]. Therefore, their lighter congener raised special 

interest due to its natural abundance and non-toxicity: the element silicon. 

1.2 The Element Silicon 

The pursuit to replace inherent scarce and thus expensive transition metal-based 

catalysts brought forward concepts of a silicon-mediated catalysis. Besides being the 

element of interest for main-group chemists, silicon has demonstrated its wide-

ranging and irreplaceable utility in the industry. The group XIV element silicon, 

discovered by Jöns Jacob Berzelius in 1824, is the second most abundant element in 

our earth’s crust, making up to 27.7% by mass, and comes in the form of oxides, as 

in sand, quartz, or flint, and silicates, as in granite and clay. Refining silicon is thus a 

process of great importance. Thereby, the manufacturing of hyper-pure silicon 

follows two different stages, beginning with the production of metallurgical grade 

silicon: In an electrode arc furnace, silica (SiO2), the dioxide form of silicon, reacts 

with carbon in the form of coal and charcoal at temperatures up to 2000 °C forming 

metallurgical grade silicon (MG-Si) with a purity of 98-99% and carbon dioxide. The 

impurities of roughly 1-2% mainly consist of carbon, alkali-earth (B and P of > 

50-100 ppm), and transition metals, the latter causing deep levels in band gaps. 

MG-Si is, therefore, not suitable for electronic and photovoltaic applications.[44] The 

process behind the manufacturing of MG-Si to polycrystalline silicon, also known as 
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solar grade silicon (SG-Si), mainly consists of two conventional routes: 1) Siemens 

process and 2) “Fluidized bed reactor” process by Union Carbide.[45] The obtained 

MG-Si is oxidized to trichlorsilane and tetrachlorsilane in the presence of hydrogen 

chloride, whereby only trichlorsilane is isolated and undergoes further deposition 

reaction with dihydrogen to form SG-Si (Scheme 5). The major difference between 

both processes is that the Siemens method operates under less harsh conditions with 

reduced efficiency compared to the procedure developed by Union Carbide. The 

obtained SG-Si can be further manufactured to monocrystalline silicon in the next 

step via the Czochralski method.[46] 

 

Scheme 5: Processing pathway of silica to solar grade silicon. 

Another industrial application of importance demonstrated the so-called “Müller-

Rochow” process providing methyl chlorosilanes (Scheme 6). Thereby, methyl 

chloride is added to powdered Si in the presence of a copper-based catalyst and 



Introduction 

27 

 

promoters, such as Zn, Sn, and P.[47] The process itself has a certain degree of 

complexity due to the large number of side products generated during the synthesis. 

A selective formation of the desired product, Me2SiCl2, can be extensively achieved 

by selecting suitable catalysts and promoters to reduce the amount of low-boiling 

(e.g. SiMe4, SiCl4) and high-boiling (e.g. Si2Me2Cl2) residues.[48] 

 

 

Scheme 6: Schematic depiction of the Müller Rochow process. 

Methyl chlorosilanes are the essential starting materials for the production of 

silicones (polysiloxanes). This class of high-performance polymers consists of an 

alternating Si-O backbone bearing a variety of side groups and comes in the forms 

of oil, grease, rubber, resin, etc.[49] The outstanding physical and chemical properties 

of these polymers include high durability, flexibility, and adhesion, as well as 

resistance to radiation, heat, and discharge, which quickly led to a vast application 

in the construction, electronic, medical, and transportation industries. 
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The non-toxic nature and high abundance make silicon one of the most useful 

elements to mankind with versatile applications in computers, microelectronics, 

glass production, cosmetic industries, and many areas of manufacturing.[50]  

Alongside its heavier congeners (Ge, Sn, Pb), the element silicon has thus raised 

special attention with the development of main group multiple bonds and low valent 

species. Chemists all over the world reported the transition metal-like behavior of 

such Si-containing compounds under mild conditions, which undoubtedly opens up 

new alternatives to transition metal catalysts. A wide variety of novel compounds 

have been isolated to date, bringing new insights into the depth of silicon chemistry, 

which will be further elaborated on in the next chapters. 

1.2.1 Si-Si Multiple Bond: Synthesis and Reactivity 

Ever since the first room-temperature stable disilene[13] and silaethene[51], being 

separately reported in the same year, silicon-containing multiple bonds have 

received special attention regarding the diverse aspects of their synthesis, bonding 

characteristics, spectroscopic properties, and reactivity.[52] As discussed in an 

earlier part, theoretical and practical studies accumulated distinctions between low-

coordinated Si-containing compounds and their carbon congeners in their bonding, 

structure, and resulting chemistry. A series of novel thermally stable homo- and 

heteronuclear silicon compounds containing double or triple bonds were isolated 

and elucidated to date[53], whereby this chapter will be focusing majorly on the 

disilene and disilynes. The general synthesis route towards both species is similar 

to their heavier congeners (Ge, Sn), including one of these ways: a) Reduction of 1,2-

dihalodisilanes; b) Dimerization of silylenes; c) Metathesis reaction involving 

lithium disilenide or dilithiosilane. All novel synthetic strategies allowed the 

isolation and characterization of various Si-Si multiple bonds showing to activate 

small molecules in an oxidative manner, including dihydrogen, ammonia, oxygen, 

carbon dioxide, and carbon monoxide, which are all industry-relevant building 

blocks.  
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Figure 8: Structure of selected isolated disilenes. Tip = 2,4,6-triisopropyl phenyl. 

The isolation of L-20, a diiminodisilyldisilene, follows a synthesis route featuring a 

reduction and subsequent substitution of the respective tBuNHI-SiBr3 precursor 

with potassium hypersilanide (KSiTMS3). L-20 displays a highly twisted structure 

with a bonding character of an extensively weakened double donor-acceptor bond. 

Its unique electronic and structural properties allow an anti-addition of dihydrogen 

under ambient temperatures within minutes, demonstrating the first example of an 

H2 activation by a Si-containing multiple bond.[54] Furthermore, in the presence of 

ammonia, two different products could be selectively achieved by thermodynamic 

control, respectively: The trans-1,2-adduct and the aminosilane as the formal 

silylene addition product. DFT studies suggest a mechanism similar to the H2 

addition. A few other examples of disilenes activating NH3 have since been reported 

and elaborated.[55] L-20 is also shown to form various silacycles with O2, CO2, and 

N2O.[56]  

Due to the limited thermal stability of L-20 and its inefficient synthesis, attempts to 

isolate more stable derivates were further pursued. Herein, L-21 and L-22 were 

reported in 2021 in a detailed study of such disilenes.[57] It is assumed that the 

hypersilyl group might be causing thermal decomposition due to its tendency to 

undergo rearrangement.[58] Thus, the hypersilyl substituent is modified to tri(tert 

butyl)silyl (–SitBu3) group. The syntheses were carried out analogously to L-20 in 

the preparation and yielded the respective E isomer as the sole product. L-21 is 
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observed to be stable as a solid and in benzene at room temperature, unlike the 

previously mentioned L-20. Despite the increased stability, L-21 still undergoes 

unselective decomposition at temperatures above 50 °C. Subsequently, another 

ligand modification attempt was made by replacing one tert-butyl group of the silyl 

ligand in L-21 with a methyl group. The synthesis of the respective disilene L-22 led 

to a mixture of E and Z isomers with the equilibrium shifted to the Z isomer, which 

displayed high stability as solid and in benzene up to 90 °C and undergoes 

irreversible rearrangement at 100 °C to L-22’ (Scheme 7). 

 

Scheme 7: Rearrangement of L-22 above 100 degrees Celsius. 

Reactivity-wise, L-22 expresses typical behavior for low-coordinated Si compounds. 

In the presence of diphenylacetylene, L-22 forms the respective silirene as the 

product of a [1+2] cycloaddition. Moreover, L-22 can also selectively activate 

dihydrogen in an anti-addition type of way. The versatility in the reactivity of L-22 

also involved one-electron oxidation to the respective radical cation, the activation 

of P4 and oxidation by molecular oxygen and nitrous oxide demonstrates that the 

choice of suitable ligands in the stabilization can simultaneously also lead to new, 

advancing reactivities of disilenes. 

Iwamoto et al. reported the first “push and pull” disilene L-23 bearing amino and 

boryl-containing structural motifs.[59] The isolation of L-23 starts with the reduction 

of a cyclic alkyl amino silylene (cAASi) and TipSiCl3 (Tip = 2,4,6-triisopropyl phenyl) 

in the presence of KC8 and subsequent addition of B-chloro-9-

borabicyclo[3.3.1]nonane. The Si=Si double bond shows interactions with both 

substituents in the spectroscopic analyses. Additionally, L-23 cleaves the strong 

bond of dihydrogen, forming the corresponding trihydridosilane and hydroborane. 

The addition of other small molecules onto Si=Si bonds, e.g., CO or the previously 

mentioned CO2 and N2O, are also described in the literature, whereby a series of 
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diverse products are characterized bearing bridged oxygen atom(s) between both 

Si centers.[60]  

 

Scheme 8: Cycloaddition of disilynes and alkynes forming 1,2-disilabenzenes. 

When combined with their lighter carbon congener (alkenes or alkynes), [2+2] 

cycloaddition and subsequent rearrangement are often reported in Si-containing 

multiple bonds, whereby the latter, multi-step reactivity is found in disilynes.[61,62] 

Regarding this matter, disilynes L-24 and L-25 were reported to react with 

acetylene derivate to 1,2-disilabenzene L-24’ and L-25’ as one of two regioisomers 

representing a new route to synthesize disilabenzenes.[61,63]  

Cui et al. isolated the disilyne L-26 by the reduction of N-heterocyclic boryl (NHB) 

ligand stabilized tribromosilane in the presence of elemental lithium in diethyl ether. 

An interesting, simultaneous benzylic C–H bond insertion of one silicon atom and a 

silirane formation of the other silicon atom with the C=C double bond of one single 

toluene molecule is found. This type of cycloaddition of toluene has not been 

reported so far, highlighting the unusual electronic and steric properties of the NHB-

stabilized disilyne. The high reactivity of disilyne L-26 is moreover demonstrated in 

its capability to cleave the strong and non-polar bond of dihydrogen forming the 

respective disilene L-26’.[64]  

 

Scheme 9: Reactivity of disilyne L-26 towards small molecules. 
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In addition, L-26 displays a double coordination of two carbon monoxide molecules 

forming a unique 1,2-dicarbonyl-disilane moiety in L-26’’.[65] Subsequent DFT 

calculations could reveal noticeable backbonding from the lone pairs sitting in the 

empty p-orbitals of the silicon atom to the π*-orbitals of the CO molecule. Moreover, 

the respective “activated” CO molecules can be released in the presence of 

water/methanol or iodomethane. Not only is the coordination of CO resulting in a 

CO complex a scarce finding among low coordinated silicon-containing compounds, 

which will be further discussed in the next chapter, but the demonstrated 

backbonding in L-26’’ by DFT and SC-XRD analyses also illustrates distinct 

resemblances to classic transition metal CO complexes. 

1.2.2 Isolation and Reactivity of Silylenes 

Silylenes are neutral, low-valent, and low-coordinated silicon-containing 

compounds with the silicon center in the oxidative state of +II. Due to their intrinsic 

unsaturated nature, silylenes are usually unstable intermediates that decompose 

when exposed to air and ambient temperatures. However, contemporary and 

innovative synthesis routes involving previously mentioned stabilization methods 

for tetrylenes could be applied to successfully isolate cyclic and acyclic silylenes. 

Their diverse bonding nature, structure, and physical properties enabled unique 

reactivities toward small molecules reminiscent of transition metal complexes. 

 

Figure 9: Structure of the first silylene by Jutzi et al. and diverse cyclic silylenes. 

The first isolable silylene L-27 by Jutzi et al. was achieved by the reduction of the 

respective dibromo precursor with potassium anthracene in the late 20th century.[66] 

Diverse cyclic silylenes (Figure 9) were to follow subsequently, whereby various 

ligands were applied to effectively stabilize the silylene atom. Among them, π-

donation of adjacent hetero atom (L-28, L-29, L-30), sterical stabilization of 



Introduction 

33 

 

bidentate ligands (L-30), or a combination of both (L-31) are proven to be 

advantageous.[67] Acyclic dicoordinated silylenes (Figure 10), on the other hand, 

were first discovered after the first decade of the 21st century. 

 

Figure 10: Structure of selected acyclic, dicoordinated silylenes. 

The synthesis of the acyclic, heteroleptic silylene L-32 followed the substitution and 

reduction of the respective tribromo silicon precursor in the presence of two 

equivalents of the lithium boryl species in order to simultaneously introduce the 

boryl ligand and to reduce the Si(IV) to Si(II).[68] The structure of the homoleptic 

silylene L-33, on the other hand, is obtained by the reduction of the dibromo 

precursor with Jones’s complex (IMesMg)2 after the introduction of both sulfur 

ligands in two separate steps.[69] For the sterically more demanding version (L-34), 

the dibromo precursor is reduced in the presence of Mg with catalytical amount of 

anthracene.[70] Subsequently, the strategic application of KSiTMS3, an anionic 

reagent with sufficient nucleophilicity, strong reducing properties, and great sterical 

bulkiness, could enable a one-pot synthesis of silyl silylene L-35.[71] Inoue et al. 

utilized an N-heterocyclic imine (NHI) for the first time in the stabilization of an 

acyclic silylene (L-36) with several mesomeric structures, among them a 

zwitterionic silylene amide species, highlighting the multiple bond characteristics 
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between the nitrogen and the silicon atom.[72] Altering the NHC moiety of the NHI 

ligand to a sterically less demanding phosphine group in silylene L-37 resulted in a 

transient acyclic silylene, which can only be trapped in the presence of cyclohexene 

as a silirane species.[73] Addition of two methyl groups to the NHC backbone of the 

imine ligand in combination with the application of the hypersilyl group (–SiTMS3) 

yielded silylene L-38, which is of particular importance and will be discussed more 

in detail in the next chapter. The structurally similar vinyl silylsilylene L-39 by 

Rivard et al. expresses extended thermal stability while possessing a high reactivity 

towards small molecules.[74] 

Following the synthesis of diverse silylenes, their reactivity towards small 

molecules was extensively investigated, and their reminiscence of PGE complexes 

was quickly discovered: Due to their amphiphilic nature, silylenes can engage in 

small molecule activation in an oxidative manner, thus expressing a series of 

interesting behavior towards σ- and π-bonds. Thereby, acyclic silylenes are 

especially regarded as promising species as “greener” alternatives of transition 

metal-based catalysts due to their oxidative flexibility, small HOMO-LUMO gap, and 

open coordination site. As an example, silyl silylene L-32 is capable of oxidatively 

cleaving the strong and nonpolar σ-bond of dihydrogen (Scheme 10) giving 

dihydrosilane L-32’. A likewise reactivity is also found in the structurally similar 

silylene L-35 bearing the hypersilyl instead of the boryl ligand with a narrow HOMO-

LUMO gap of ~ 2 eV. 
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Scheme 10: Oxidative addition of dihydrogen to acyclic silylenes. 

Moreover, bis(silyl)silylene L-40, which is in equilibrium with its tetrasilyldisilene 

isomer, is also reported to activate dihydrogen in an oxidative addition.[75] Other 

diverse reactivities are additionally found within these low valent species: Besides 

cleaving H2 bond, it is reported that benzylic C–H bond insertion can be achieved, 

illustrating an interesting approach to simultaneously build a Si–C and a Si–H bond. 

The formation of Si–Hbenzylic by an acyclic silylene was first reported by Okazaki et 

al. in 1993.[76] The process follows an intramolecular insertion of the silylene atom 

in intermediate L-41 after thermolysis of the corresponding cis or trans disilene, 

forming the benzosilacyclobutane species L-41’. 
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Scheme 11: Intramolecular insertion of the silylene atom of the intermediate into a C-H bond. Tb = 2,4,6-

tris[bis(TMS)methyl]phenyl. 

Similar intramolecular insertions are also reported for acyclic silylenes L-32, L-35, 

and L-38 with their respective hydrosilane product L-32’’, L-35’’, and L-38’’.  

 

Figure 11: Structure of the respective intramolecular insertion product. 

Intermolecular insertion into C–H bonds, on the other hand, is not reported to date. 

However, vinyl silylsilylene L-42 is able to cleave and thus activate the primary C–

H bond in CNtBu3, forming a silicon carbonitrile bond (Si–CN) and a Si–H bond.[74]  

 

Scheme 12: Addition of tertbutyl isonitrile to acyclic silylene L-42. 
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The reactivity of acyclic silylenes towards unsaturated compounds has also been 

reported extensively to date. The main mechanism is assumed to involve a 

concerted cycloaddition step involving the n and vacant 3pπ orbitals of the silylene 

and the π and π* orbitals of the substrate. In the presence of C–C multiple bonds, the 

respective silirane or silirene is formed. Regarding cycloadditions with ethylene, 

different types of activation of the C=C double bond are reported in the literature: 

Reversible (Scheme 13, route 1)) and irreversible activation (Scheme 13, route 2)), 

the latter occasionally combined with migratory insertion of the ethylene fragment. 

 

Scheme 13: Different types of π-bond activation by acyclic silylenes. 

Among all acyclic silylenes, solely compound L-33 and L-34 can reversibly 

coordinate ethylene, which can be arguably considered as a type of “side-on 

complexation” by a silylene center reminiscent of transition metals.[77] Simple, 

irreversible addition of ethylene without followed-up insertion is, e.g., reported for 

the already mentioned compound L-40. Migratory insertion after forming the 

respective silirane species was first found in silylsilylene L-35. Thereby, the silirane 

structure forms readily at room temperature. When elevating the reaction 

temperature to 60 °C, the “coordinated” ethylene fragment is inserted into the Si–Si 

bond of the silyl ligand, and one more fragment of ethylene can be activated by the 

silylene atom, which was tracked with deuterated ethylene (C2D4) in an NMR 
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spectroscopic experiment.[78] A likewise reactivity is also reported for silirane L-37 

by Inoue and Rieger et al., whereby the cyclohexyl ring is released during the process. 

Despite the coordination of a second ethylene fragment, follow-up migratory 

insertions are not observed in silylene species. Cycloaddition of acetylene and 

derivates to silylene L-34 and L-35 forms the respective silirene functionality and 

is, so far, an irreversible process.  

A key reactivity of silylenes to point out is their behavior towards the C1 building 

block, carbon monoxide (CO), illustrating a currently evolving finding especially 

reminiscent of d-block metals. Ever since the discovery of PtCl2(CO)2 in 1868, 

transition metal carbonyl complexes have captured widespread interest not only in 

academia but also in the industry.[79] These species found wide-ranging applications 

across industrial processes and organic syntheses due to their conveniences 

compared to pure, highly toxic CO gas.[80] The sole drawbacks are the non-abundant 

and thus expensive transition metals, and their complexes also cause harm to the 

environment, owing to their toxicity. The question of sustainability has to be greatly 

considered in chemical research. As a result, special attention was attracted by the 

silylene-carbonyl complex of the readily mentioned silylated acyclic silylene L-40 

and homoleptic, Ga-coordinated L-43.  

 

Scheme 14: Formation of CO complexes by acyclic silylenes. L = NacNac. 

The metal-free silicon-carbonyl complexes L-40’’ and L-43’ were reported 

independently from each other in 2020 and flag two landmark compounds in the 
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low-valent silicon chemistry. Structure L-40, being in equilibrium with its disilene 

form as mentioned previously, can coordinate CO and release it quantitatively in the 

presence of 2,6-dimethyl phenyl isocyanide, the stronger σ-donor compared to CO, 

forming a silylene-isocyanide species.[81] The exchange of valence isoelectronic 

ligands is typically found in d-block metal complexes, highlighting the transition-

metal mimicry of L-40’’.[82] Compound L-43’ shows similar ligand exchange and 

additional H2 bond cleavage, amongst other reactivities, demonstrating the 

versatility of silylene-carbonyl complexes.[83]   

The past decades have brought forward novel low-valent silicon species stabilized 

by a variety of ligands, which express groundbreaking reactivities towards small 

molecules, amongst them important building blocks in synthetic chemistry. 

However, the reversibility of the oxidative addition still remains a big challenge for 

silicon-containing compounds in general. While germanium and tin are considered 

more promising candidates in mimicking transition metal catalysts due to their 

increased tendencies to form oxidative states of +II, they come with their own 

disadvantages, such as the toxicity of the organo tin compounds. Nonetheless, 

reversibility was detected in silylenes to a certain degree, which will be highlighted 

in the next chapter. 

1.2.3 “Silepins” – Novel Structures of Acyclic Silylenes 

Silacyclo-2,4,6-heptatrienes (i.e., “Silepins”) are conventionally 7-membered, 

unsaturated, organic ring molecules bearing one Si atom and are the heavier analogs 

of cyclo-1,3,5-heptatrienes (Figure 12).  
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Figure 12: Structure of different silepin species. 

Silepins have been elusive for a long time in the first half of the 20th century until the 

accessibility to modern synthetic methods. To date, there have been a few silepin 

species isolated[84], amongst them novel structures based on acyclic silylenes. Rieger 

and Inoue et al. demonstrated this new type of silepins in 2017: The unique species 

displays a Si(II) and Si(IV) interaction. After adding two equivalents of potassium 

hypersilanide to DippNHC-SiBr3, the respective green acyclic silylene L-49’ formed as 

expected, whereby the color quickly changed to yellow at room temperature. SC-

XRD analysis revealed a silacycloheptatriene moiety (L-49) resulting from the 

intramolecular insertion of the silylene atom into its aromatic framework.[85] They 

further demonstrated the silylene-like behavior of this new species: L-49 can 

oxidatively cleave dihydrogen, carbon dioxide, and ethylene and thus acts as a 

“masked” silylene. In 2019, Cui et al. reported the ring-expansion products L-47 and 

L-48 obtained via salt metathesis of the corresponding lithium precursor, 

illustrating a distinct different synthesis approach.[86]  
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Scheme 15: Structure of different isolated silepins and their reactivity towards N2O. 

Subsequent research regarding this new type of silicon-containing compound was 

conducted by Rieger and Inoue et al. (Scheme 15): The silyl ligand attached to the 

central silicon atom in L-49 were modified to –Si(tBu)3 (L-50) and –Si(TMS)2Si(iPr)3 

(L-51). Comparing the formed, three coordinated silanone products (Si=O) of L-49 

and L-50 after exposure to N2O, the species bearing the tri-tert-butyl silyl group (L-

50’’) expressed a prolonged half-life time of 24 hours, while the structural analog 

bearing the hypersilyl group (L-49’’) has a half-life time of 7 h.[87] Silepin L-51 

quickly rearranges to the respective oxygen-bridged cyclo disiloxane with two 

equivalents of N2O. The transient silanone L-51’’ is proposed to be the first 

intermediate in the rearrangement.[88] The drastic differences between the silanone 

structures are solely created by the silyl ligand modification: The seemingly minor 

changes influence the electronic and steric properties of the silylene atom and, 

therefore, its reactivity. The substituent effect also shows in the equilibrium of the 

“open” silylene and the “closed” silepin form: L-49 and L-50 stay as silepins at 

ambient temperatures while L-51 displays a r.t. observable interconversion 

between both forms. Furthermore, adding two methyl groups to the NHC backbone 

in L-50 while simultaneously keeping the tri-tert-butyl silyl ligand as it is, the 
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respective silylene center in readily mentioned L-38 does not display any 

intramolecular insertions and stays in the “open” form.  

The interplay between Si(II) and Si(IV) in silepins based on acyclic silylenes opens 

up new fields of research regarding catalytic applications of silicon-containing 

compounds. The reversibility of the oxidative states of the silicon center illustrates 

a great potential for a backformation of the silepin after the transfer of activated 

small molecules to a receiving substrate. Regarding this, reactivity studies 

mentioned above have outlined the application of different ligands in order to tune 

the electronic and steric properties of the silylene atom in silepins, which may favor 

a potential backformation. It is readily shown that the applied imine- and silyl 

ligands have a significant impact on the reactivity of the resulting silylene atom, 

which has not been extensively investigated for silepins yet. This work is therefore 

dedicated to gaining insight into the substitution effect and resulting reactivity of 

these silicon species called silepins and the pursuit of a silicon-mediated catalysis. 

 

  



Scope of This Work 

43 

 

2. Scope of This Work 

To date, low valent main group chemistry delivered a series of novel compounds 

bearing Ge, Sn, and Pb centers showing intriguing properties amongst them species 

capable of full catalytic cycles. Even though groundbreaking chemistry was detected 

in low valent and low coordinated silicon to some extent, a full catalytic cycle 

remains a scarce finding. Silylenes, reminiscent of transition metal complexes in 

their reactivity and properties, have been widely investigated by scientists in the 

past decades. When put in the right environment, the silylene atom is capable of 

undergoing oxidative addition towards small molecules and thus “activating” them, 

similar to transition metal centers. The extensive research brought forward a 

unique silicon-containing species, the so-called “silepins”. Being the intramolecular 

insertion product of the respective “open” silylene structure, the “closed” silepin 

form acts like a masked silylene reactivity-wise. As reported in the literature, the 

equilibrium between both forms is so far largely influenced by silyl ligand 

variations.  

Therefore, the major aim of this work is to synthesize new silepin species based on 

acyclic silylenes. To achieve this challenge, the selection of the respective ligands is 

a crucial step: The substituent has to simultaneously stabilize the low-valent silicon 

center and allow a silepin formation. The readily applied NHI, being an excellent 

π-donating ligand in general, can also be applied in this case to thermodynamically 

stabilize the silylene center. In the first task of this work, the DippNHC moiety in the 

NHI will be modified to a CycAAC (Figure 13). Cyclic alkyl amino carbenes have 

improved π-accepting and σ-donating properties compared to conventional NHCs 

and are thus widely applied in the stabilization of main group and transition metal 

complexes ever since their isolation. Additionally, cAACs possess a Dipp group in 

their base structure, which is fundamental for the aimed intramolecular insertion 

and subsequent silepin formation. The cyclohexyl group in CycAAC, moreover, can 

act as a “flexible” bulk in the final product, allowing new steric features around the 
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silicon center. The hypersilyl ligand (–SiTMS3) is kept the same for easier 

comparison of the formed silepins to literature. 

Figure 13: Aimed structure of the new silepin and subsequent investigations. 

After the isolation, the new silepin structure should be subsequently investigated 

regarding its reactivity towards small molecules. Further comparison to literature-

known compounds should conclude the effects of the imine ligand modification.  

The influence of silyl ligand variation, on the other hand, is further researched in the 

second task of the thesis. The original hypersilyl (–SiTMS3) is swapped to a sterically 

demanding bistrimethylsilyl-triphenylsilyl silyl group (–SiTMS2SiPh3) bearing 

aromatic moieties, which should additionally change the overall electronic 

properties of the stabilizing silyl ligand. The desired ligand, KSiTMS2SiPh3, should 

be isolated with literature-known procedures and applied in combination with 

either DippNHC- or CycAAC-based imine ligand to effectively stabilize the resulting 

silylene product. Upon successful syntheses and intramolecular insertions, all newly 

obtained silepins should be compared relatively to each other regarding their 

chemical and physical properties in order to draw conclusions on the substituent 

effects in such molecules. 
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3. Isolation of a New Silepin with an Imine Ligand 

Based on Cyclic Alkyl Amino Carbene 
 

Titel:  “Isolation of a New Silepin with an Imine Ligand Based on Cyclic Alkyl 

Amino Carbene” 

Status:  Research Article, first published online October 20th, 2023 

Journal:  European Journal of Inorganic Chemistry 
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DOI:   10.1002/ejic.202300568 
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Content: After the isolation of the first silepin based on acyclic silylene, as 

mentioned in the upper part of this work, further investigations of these novel 

compounds were carried out due to their interplay between the “open” Si(II) form 

(silylene) and their “closed” Si(IV) form (silepin). We isolated a new silepin with an 

imine ligand based on a cyclohexyl cyclic alkyl amino carbene (CycAAC) instead of 

the previously applied diisopropylphenyl N-heterocyclic carbene (DippNHC). The 

new species showed an enhanced stability in its “closed” silepin conformation, 

which, however, is able to open up to its “open” silylene form in the presence of a 

suitable small molecule as its counterpart. Thus, the oxidative addition of CO2, 

silanes, and olefins was observed. Moreover, DFT studies showed that the HOMO-

LUMO gap of the respective silylene form is greater than its predecessor bearing the 

imine ligand containing DippNHC, demonstrating the importance of substituents in 

these types of species. Single crystal XRD could furthermore prove the successful 

isolation of all new compounds.  
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4. Isolation and Reactivity of Silepins with a 

Sterically Demanding Silyl Ligand 
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Content: The synthesis and characterization of silepins based on acyclic 

silylenes has led to the realization that substituent effect in such molecules is of 

great importance. In this work, we further investigated the impact of ligand 

modifications with the isolation of two new silepins with a modified silyl ligand 

going from –SiTMS3 (hypersilyl group) to –SiTMS2SiPh3 

(bis(trimethylsilyl)triphenylsilyl silyl group). Besides forming the readily known 

and well-investigated silacycloheptatriene structure at room temperature, we found 

an intramolecular C–Hsp2 bond cleavage of the triphenyl silyl group by the silylene 

atom at elevated temperatures in both new silepins. Additionally, we isolated 

iron(0)carbonyl complexes of known and new silepins in order to further 

understand the impact of the silyl ligand variation. Subsequent FT-IR measurements 

of the complexes could shed light on their electronic properties relative to each 

other and thus give insight into the substituent effect in such compounds. 
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5. Summary and Outlook 

Low valent main-group compounds have so far outlined diverse catalytic 

applications and can be considered potential candidates to replace transition metal-

based catalysts. Amongst all novel structures, organosilicon compounds attracted 

the major focus of research due to their high abundance and non-toxic nature. 

Silylenes, being a class of low valent and low coordinate silicon-containing 

structures, were first discovered by Jutzi in 1986, marking a milestone in modern 

main-group chemistry. Genuine, non-transient acyclic silylenes, on the other hand, 

were to follow about 20 years later and opened up new pathways to possibly 

substitute transition metal (TM) centers in catalysis: Due to the oxidative flexibility, 

small HOMO-LUMO gap and open coordination site, acyclic silylenes were quickly 

regarded as greener alternatives to TMs. During extensive research, a new species 

based on acyclic silylenes was reported a few years ago: Silepins based on acyclic 

silylenes, which show an interplay between both oxidative states (+II, +IV) of the 

silicon center. This unique observation motivates further investigations of silepins 

regarding the substituent effect and its potential application as a molecular catalyst.  

As shown in Scheme 16, a new silepin structure (1) is prepared and isolated in the 

first step. The literature unknown imine ligand bearing a CycAAC moiety, derived 

from the originally applied NHI containing the DippNHC group, was synthesized 

analogously to reported procedures. Subsequently, two equivalents of KSiTMS3 are 

added to achieve a substitution and a reduction simultaneously. This step also 

introduces the second ligand to effectively stabilize the resulting silylene atom. After 

successful intramolecular insertion, CycAAC silepin (1) is formed. It acts, as expected, 

as a “masked” silylene and can engage in small molecule activations. However, in 

contrast to its directly structurally related silepin L-49, 1 is not able to cleave the 

strong non-polar bond of dihydrogen, suggesting an enhanced stability of 1 in its 

silepin form. Regarding this matter, DFT calculations have revealed a HOMO-LUMO 

gap of 3.188 eV, being on the larger side of literature-reported values for acyclic 

silylenes. Moreover, the experimentally determined melting point of 1 of 122 °C is 

also well above that of L-49 (99.2 °C). This study shows that the modification from 
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a DippNHC to a CycAAC moiety led to a notable change in the stability and, thus, 

reactivity of the resulting silepin and demonstrated the impact of substituent effect 

in these unique species. 

 

Scheme 16: Isolation of CycAAC silepin (1) and its reactivity towards small molecules. 

After the above-mentioned imine ligand modification, it is beneficial to investigate 

silyl ligand variation due to scarce reports in the literature. Therefore, the respective 

potassium silanide is changed from KSiTMS3 to KSiTMS2SiPh3, swapping one 

trimethyl silyl with a triphenyl silyl group, the latter possessing altered electronic 

and steric properties. Combined with either NHI (DippNHC- or CycAAC-based) as the 

second ligand, two new silepins (7,8) could be obtained following literature-

reported procedures. However, the side product of the reaction, BrSiTMS2SiPh3, 

cannot be removed from the main compounds 7 and 8 after various unsuccessful 

attempts. Upon elevating the temperatures to 90 °C, silepins 7 and 8 show a unique 

intramolecular insertion into the ortho C–H bond of the triphenyl silyl moiety 

forming 7’ and 8’, which is determined as the thermodynamically more stable 
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product of the silepin synthesis. Interestingly, this phenomenon is not observed for 

other silepins based on acyclic silylenes, e.g., their direct structural analogs L-49 and 

1. It is assumed that the silyl ligand modification from –SiTMS3 to –SiTMS2SiPh3 

enabled this new reactivity due to the steric proximity of the aromatic groups 

bearing o-hydrogen. 

Scheme 17: Isolated silepins with modified silyl ligand and their reactivity. 

In order to gain further insight into the influence of both imine and silyl ligand 

variations, iron(0)carbonyl complexes of the silepins shown in Scheme 17 is 

synthesized. SC-XRD analyses revealed adduct formations in structures 9-12. 

Subsequent FT-IR measurements showed a shift in the CO vibration bands: While 

complexes bearing the identical silyl ligand (9,10 and 11,12) express very similar 

values in comparison, the measured wavenumbers go higher from compound 9 to 

11 and 10 to 12, respectively. This observation suggests that the silylene atom in 

complexes 11 and 12 possesses a comparably reduced σ-donation and increased π-

acceptance, thus leading to the higher wavenumbers.  
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In summary, this doctoral thesis pursued the major goal of further investigating 

novel silepin structures based on acyclic silylenes. Different ligand modifications 

shed light on the impact of substituents resulting in altered chemical and physical 

properties in silepins, which led to new interesting reactivities. Furthermore, the 

equilibrium between Si(II) and Si(IV), being a crucial aspect for potential catalysis, 

is heavily influenced by both the imine and the silyl ligand, as shown in reported 

reactivity studies opening up new possibilities and opportunities of a metal-free, 

silicon mediated catalysis. 
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6.1 Supporting Information for Chapter 3 
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