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Abstract 

 

Abstract 

This thesis comprises the isolation and characterization of the NHC-stabilized tetryliumylidene 

compounds and their fascinating reactivity toward small molecules. This led to the synthesis of 

novel silicon and germanium carbonyls analogs, namely heavier silaacylium ion, silaaldehyde, and 

germaacylium ion. Further application of the germyliumylidene and germaacylium ion in catalytic 

functionalization of CO2 demonstrates their potential as alternatives to expensive transition 

metals. 

Kurzfassung 

Die vorliegende Doktorarbeit befasst sich mit der Synthese und Charakterisierung von NHC-

stabilisierten Tetryliumylidenen sowie deren Reaktivität gegenüber kleinen Molekülen. Es 

wurden neuartige Silizium- und Germanium-basierte Carbonyl-Analoga synthetisiert: 

Silaacylium-Ion, Silaaldehyd und Germaacylium-Ion. Untersuchungen zur Funktionalisierung von 

CO2 zeigten, dass das Germyliumyliden und das Germaacylium-Ion potenzielle Alternativen für 

hochpreisige Übergangsmetallkatalysatoren sind. 
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1. Introduction 

Carbon, silicon, germanium, tin, and lead make up the group 14 elements of the periodic table. 

Despite belonging to the same group, the chemistry of carbon differs markedly from that of its 

heavier congeners (E = Si-Pb).1-9 For example, CO2 exists as a gaseous monomer and possesses 

two C=O double bonds. In contrast, SiO2 is solid and consists of a polymeric σ-bonded Si-O 

network (e.g., quartz). In the same vein, CH4 is stable in air, but, SiH4 is flammable under the same 

conditions; furthermore, PbH4 is only stable below 10K in solid H2 or D2 matrices.6, 10 The 

differences between the properties of the group 14 elements can be mainly attributed to two 

significant factors, i) less effective s/p hybridization as the effective nuclear charge increase down 

the group, ii) distinct electronegativity differences between carbon and heavier elements (Figure 

1).2-7  

 

Figure 1: Electronegativity scale of the group 14 elements and general electronic features. 

The fundamental diversity between lighter and heavier elements has fascinated chemists to 

analyze the bonding and electronic properties of the heavier carbon homologs. The last few 

decades have witnessed a spectacular progress in low-valent heavier group 14 chemistry, (i. e. 
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compounds in low oxidation state and/ or sub-coordination numbers), including the isolation of 

elusive zero-valent, divalent, and trivalent analogs of carbon (Figure 2).2-7  

 

Figure 2: Selected example of low valent carbon species and heavier analogs (E = Si-Pb). 

Interestingly, some of these molecules have now shown small molecule activation, which was 

previously considered the domain of transition metal complexes.9, 11-13 For example, in a seminal 

study, Power et al. demonstrated activation of H2 with a digermene R-Ge≡Ge-R, (R = Tipp2-C6H3, 

Tipp = 2,4,6-iPr3C6H2).14 Analogously, tetrylenes [R2E:] and tetryliumylidenes [R-E:]+ are capable 

of activating a range of small molecules, including the activation of strong σ-bond containing 

species (e.g., H-H, N-H) 12, 15, 16 Notably, activation of the N-H bond in NH3 is challenging for 

transition metal complexes, with only a handful of examples reported.17-19 This is an important 

transformation as it is industrially relevant for catalytic hydroamination or C-N bond formation.17 

Thus, the question rises can heavier low valent group 14 compounds provide a catalytic 

alternative of expensive and rare transition metal complexes?  

 

Figure 3: Frontier orbitals involved in the activation of H2, a) transition metals, b) multiple bonds c) 

singlet main group compounds (e.g., tetrylenes). 
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Theoretical studies have revealed heavier low valent group 14 compounds with their vacant 

coordination sites, and a relatively modest HOMO-LUMO gap possesses transition metal like 

frontier molecular orbitals.9, 11-13 These energetically available orbitals are enabled oxidative 

addition reactions at low valent group 14 center (Figure 3).9, 11-13 However, reductive elimination 

from the resultant high-oxidation state compound is challenging, and is currently the limiting 

factor in their catalytic applications.4, 20-28 Thus, developing economy efficient low valent group 

14 compounds, which can be utilized in diverse catalysis, is one of the thriving areas of research 

in modern organometallic chemistry.  
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2. Tetrylenes [R2E:] 

Tetrylenes [R2E:] (E = Si-Pb) are heavier analogs of carbenes [R2C:].2, 29-31 Like carbenes, tetrylenes 

are neutral, possessing four valence electrons with two bonding and two non-bonding electrons. 

They can exist in either singlet ground state (a lone pair and one vacant ‘p’-orbital) or triplet 

ground state (two unpaired electrons). However, on descending the group, the singlet-triplet 

energy gap (ΔEST = ESinglet-ETriplet) increases due to high energy separation between the valence ‘s’- 

and ‘p’-orbitals (Figure 4).2, 32, 33 Thus, heavier tetrylenes prefer a singlet ground state (Figure 4a) 

and contain both Lewis acid (vacant orbital) and -base (lone pair) character. In contrast, having a 

low ΔEST value, carbenes are known to exist as both singlet and triplet ground states, depending 

on the substituent attached to the carbonic carbon.29, 33  

         

Figure 4: Electronic features of tetrylenes and carbenes. 

2.1. Isolation of tetrylenes 
Tetrylenes are electron-deficient species, and they have an affinity to dimerize and oligomerize. 

Suitable thermodynamic and/or kinetic protection is required to isolate compounds of the type, 

[R2E:] (Figure 5).2, 31 The thermodynamic stabilization strategy generally utilizes intra- or 

intermolecular electron donors, which partially fill electron deficiency of the empty ‘p’-orbital 

either by coordination or with mesomeric effect (Figure 5a).2, 31 The kinetic stabilization employs 

sterically demanding groups to shield the empty ‘p’-orbital from self-oligomerization or attack 

from external nucleophiles (Figure 5b).2, 31 A plethora of cyclic and acyclic tetrylenes have been 
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isolated supported by the widely used Cp* ligand {Cp* = (η5‐C5Me5)} or by inclusion of 

heteroatoms (e.g. S, O, N etc.) adjacent to E center together with suitable bulky ligands.2, 31 

Interestingly, use of intermolecular donor (e.g. NHC) or donor-acceptor combinations further 

allow taming of the highly reactive tetrylene, such as silicon dihalide [X2Si:, X = halogen],34, 35 

tetrylene hydrides [R(E)H]25 and parent tetrylenes [H2E:] (Figure 5c-d).6, 36 

 

 

Figure 5: Strategies to isolate tetrylenes via, a) inter or intra molecular, b) kinetic c) electron rich bulky 

donor and d) donor-acceptor based stabilization [D = donor, A = acceptor, R = substituent]. 

2.2. Tetrylenes in small molecule activation 
The chemistry of tetrylenes has gained significant attention in the last decades due to their 

application in small molecule activation,11, 12, 20, 37 catalysis,9, 25 and as ligands in transition metal 

chemistry.38 Unlike carbenes, heavier tetrylenes (R2E:, E = Si-Pb) are weak donors, due to 

increasing ‘s’-character on descending the group (so-called "inert pair effect") and also arouses 

less basicity than carbenes.2, 39 However, despite the less basic character [R2E:] compounds show 

novel reactivities due to their ambiphilic nature.11, 12, 20  

Owing to a lower HOMO-LUMO gap and transition metal like frontier molecular orbitals several 

tetrylenes shows single site small molecule activation.11, 12, 20 Typically for [R2E:], the HOMO 
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corresponds to the E-centered lone pair, whereas the LUMO is associated with a formally vacant 

orthogonal orbital of π- symmetry.2, 40 Lower HOMO-LUMO gaps lead to increased triplet 

character in the ground state and, therefore, yield higher reactivity. The factors which influence 

HOMO-LUMO gaps have been studied intensely and have revealed its dependency on R-E-R 

bond angles and the electronic nature of the substituent R (Figure 6).20, 40-42 

 

Figure 6: Steric and electronic effect on the ground state of tetrylene. 

Sterically demanding groups (R) result in a wider R-E-R bond angle. Obtuse R-E-R angles cause 

higher ‘p’-orbital character of the HOMO, which subsequently raises the HOMO energy level and 

thus decreases the HOMO-LUMO gap.40, 43 Thereby, an acyclic tetrylene could show higher 

reactivity towards a small-molecule compared to cyclic ones.43 In 2008, Power and coworkers 

reported the facile activation of H2 and NH3 with a sterically encumbered diaryl stannylene (Ar*-

Sn-Ar* J1, Ar* = 2,6-Dipp2-C6H3, Dipp = 2,6-iPr2-C6H3, C-Sn-C = 117.6°).44 Later, they reported 

facile cleavage of CO, H2, and NH3 with a bulky diaryl germylene (Ar*-Ge-Ar* J2, C-Ge-C = 

112.8°).45, 46 In a seminal study, Matsuo and Tamao reported the first example of a germanium 

analog of a ketone, namely germanone [Eind2GeO] J4 (Eind = 1,1,3,3,5,5,7,7-octaethyl-s-

hydrindacen-4-yl), via activation of N2O with a bulky germylene Eind2Ge J3.47 Few cyclic 

tetrylenes are also capable of activating small molecules. Activation of NH3 or H2S with a β-

diketiminato silylene [CH{(C=CH2)(CMe)Dipp2]Si J5 48 and NH3 by β-diketiminato germylene J6 

have also been reported.49  

Another strategy to minimize HOMO-LUMO gaps is via the inclusion of bulky σ-donor ligands (e.g. 

silyl and boryl based ligand systems) to the E center, which destabilizes the HOMO and increases 

the triplet character.50, 51 In 2012, Aldridge and Jones reported the ability of a boryl(amido) 
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silylene [{DippN(SiMe3)}{(NDippCH)2B}Si] J7 to activate the H-H bond.51 Further, density 

functional theory (DFT) calculations revealed a smaller singlet-triplet gap for the 

boryl(amido)silylene (103.9 kJ mol-1) compared to diamido silylene [(Me2N)2Si, 209.3 kJ mol-1).51 

Thus, it clearly indicates the substituent effect on the Si(II) center and its consequence in 

reactivity. Later, they have thoroughly studied the ligand effect on the HOMO-LUMO gap of 

germylenes J8-11 (Figure 7).50 The boryl substituted germylene J11 was found to be the most 

reactive and unstable, as it readily undergoes intramolecular C-H bond activation.50 

   

Figure 7: Electronic effect on the ground state of germylene. 

Markedly, [(m-Ter)Ge{Si(SiMe3)3}] J10 (m-Ter = 2,6-Mes2(C6H3), Mes = 2,4,6-Me3C6H2) is stable at 

room temperature with a moderate HOMO-LUMO gap (134 kJ mol-1). Nevertheless, its reactive 

enough that it can active H2 and NH3.50 However, due to a large HOMO-LUMO gap m-

TerGe(NHDipp) J8 was found to be inert towards H2 and NH3.50 Recently, our group demonstrated 

isolation of acyclic NHI-silylsilylene J12 [NHI = N-heterocyclic imine, {(DippNCH)2N}, which 

inserted into the C=C bond of the aromatic ring of the NHI ligand leading to silepin formation J13 

at room temperature (Figure 8).52, 53 Surprisingly, J13 reverts back to the J12 at low temperatures  

 

Figure 8: Steric and electronic effect on the ground state of silylene. 
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(-78 °C).52 This reversible bond activation further allows the use of silepin J13 as a synthetic 

equivalent of silylene J12 in the activation of a range of small molecules (H2, NH3 and CO2).52 

Strikingly, oxidation of bulky silyl substituted NHI-silylene [(tBu3Si){(DippNCH)2N}Si] J14 with N2O, 

led to the long desired neutral three coordinate silanone [(tBu3Si){(DippNCH)2N}Si=O] J15.54 

Intriguingly, tin and lead homologs of carbon monoxide [{(RECH2)2C5H5N}E=O] (R = 

(C6H4)tBuCH2N2, E = Sn J18, Pb J19), was isolated from the reaction of corresponding bis-tetrylene 

{(RECH2)2C5H5N} (R= (C6H4)tBuCH2N2, E = Sn J16, Pb J17), and water.55 Reversible activation of C=C 

(alkene),56-58 P-P,59 Si-H60 and P-H60 bonds with tetrylenes has also been achieved in the last few 

years (Figure 9). 

 

Figure 9: Selected examples of reversible small molecule activation with tetrylenes. 

2.3. Catalytic application of tetrylenes 
Beyond the activation of the small molecules, few tetrylenes have shown catalytic activities.9, 25 

In 2014, Jones and co-workers demonstrated the catalytic hydroboration of aldehydes and 

ketones with an acyclic amido-hydrido germylene J24 and stannylene J25 compound (Figure 

10).21 Interestingly, J25 shows remarkable turn over frequency for this catalytic transformation, 
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and higher than known transition metal catalysts. The initial step involves in situ generation of 

E(II) [E = Ge or Sn] hydride complexes from the corresponding alkoxy E(II) complex (E = Ge or Sn) 

and HBpin, followed by hydrometallation of the carbonyl and release of the product (Figure 10). 

Later, the same group demonstrated the catalytic hydroboration of CO2 to a methanol equivalent 

employing the same catalysts (J24-25).23 

 

Figure 10: Catalytic hydroboration of ketones and aldehydes. 

Catalytic hydroboration of aldehydes has also been demonstrated by tetrylene-phosphorus FLP 

J26-28 and NHC-phosphinidenyl tetrylenes J29-30.61, 62 Khan et al. reported N-heterocyclic 

germylene J31 and stannylene J32 catalyzed hydroboration and cyanosilylation of aldehydes.27  

 

Figure 11: Tetrylene catalysts [Ar* = 2, 6-Tipp2-C6H3, Ar = 2,6-iPr2-C6H3 and PR2 = P(tBuN)2SiMe2]. 
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Nagendran et al. reported the utility of cyanogermylene J33 toward cyanosilylation of aldehyde.22 

Very recently, Kato and co-workers have demonstrated the catalytic hydrosilylation of CO2 with 

a N,P-heterocyclic germylene/BCF Lewis pair J34.24 
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3. Tetrylium ions [R3E]+ 

As a class of reactive intermediates, the chemistry of carbocations has been well established for 

more than a century.63 Based on their valency, carbocations are classified as carbenium ions 

[R3C]+ and carbonium ions [R5C]+.63, 64 Carbenium ions are three coordinate, trigonal planer, and 

possess three valence electrons with one vacant ‘p’-orbital and a cationic charge (Figure 12).63 

They generally appears as intermediates in SN1 reactions, and are often used as hydride 

abstraction reagents [e.g., trityl cation {(Ph3C)+(BF4)-}].63  

 

Figure 12: Carbenium and tetrylium ions (E = Si-Pb). 

In contrast to carbenium ions, it heavier analogs "tetrylium ions" [R3E]+, [E = Si-Pb] are highly 

reactive species (Figure 12).4, 7, 8 They are prone to react with any available nucleophiles, including 

inert solvents (e.g., arene) and even, counter anions. Thus, isolation of donor free [R3E]+ 

complexes in the condensed phase is a challenging task. The “bonafide” silylium 

[{Mes3Si}+{CB11Me5Br}-] K1,65 germylium [{(tBu2MeSi)3Ge}+{B(C6F5)4}-] K2,66 and stannylium 

[{(Tipp)3Sn}+{B(C6F5)4}- K3, Tipp = 2,4,3-iPr3-C6H2] ions were isolated almost a century after the 

first discovery of carbenium ions.67 Isolation of tetrylium ions requires suitable kinetic protection 

together with a non-coordinating counter anion and non-coordinating solvent.4, 8, 68  

 

3.1. Classification of tetrylium ions 
Tetrylium ions can be broadly categorized depending on the number of the organic substituent 

(R) attached to the E center, i.e., i) primary [H2RE]+, ii) secondary [HR2E]+, iii) tertiary [R3E]+, with 

the parent tetrylium ion [H3E]+ only bearing hydrogen atoms.4, 8 Tetrylium ions are highly 

electron-deficient species, and very often, they interact with donor and solvent. Thus, based on 

electronic stabilization they are further classified into the following groups (Figure 13). 
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i) Donor free: These are known as a "true tetrylium ions," the electropositive E center is 

protected by a bulky aryl or silyl group to prevent the interaction with solvent and 

counter anion (Figure 13, compound K1-3).65-67 

ii) σ-donor stabilized: This is the standard type and generated via the interaction of 

electron-deficient E center with the donor atom of a solvent molecule69, 70 K4-6 or 

halogen atom from weakly coordinated counter anion (WCA) K7.68, 71 Poor donors, such 

as the Si-H bond of hydro silane are also known to stabilize the electropositive E center 

by the end on Si-H-Si interaction, (Figure 13, compound K8).72  

iii) π-donor stabilized: These kinds of tetrylium ions are rare, and are supported by 

intermolecular interaction with aromatic π-bond (Figure 13, e.g., compound K9).71, 73 

iv) Transition metal-stabilized: Ferrocene stabilized tetrylium ions K10 are a unique 

example of this particular class and possess distinct electronic features. DFT calculations 

reveal a pair of three centered- two-electron bonds between two Cp ring, Fe and Si 

center, which is a crucial factor in the remarkable stability of this complex.74 

 

Figure 13: Classification of tetrylium ions. 
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3.2. Preparation of tetrylium ions 
Tetrylium ions generally are prepared by electrophilic substrate abstraction from a tetra-

coordinate E center.4, 8 Abstraction of the hydride from R3EH by a trityl cation [Ph3C+] furnishes 

the corresponding [R3E]+ ion (Figure 14a).4, 8, 75 A plethora of tetrylium ions have been 

synthesized utilizing this methodology.4, 8, 75 Other approaches that lead to tetrylium ions are 

dehydrogenative (Figure 14b) or dearylative proteolysis (Figure 14c).4, 8 Recently, Oestreich et al. 

reported the donor stabilized parent-silylium ion K13 in the condensed phase from the reaction 

of PhSiH3 and [C6H6H]+[Br6CB11H6]- (Figure 14c).76  

 

Figure 14: Diverse approaches to preparation of tetrylium ions (EI+ = Electrophile). 

The aforementioned procedures are limited to the synthesis of less sterically demanding 

tetrylium ions and often provide donor-stabilized cations. To overcome this obstacle, an allyl 

group abstraction trick was found as a fruitful approach (Figure 15a).65, 67 Utilizing this strategy, 

Lambert and Reed reported bonafide silylium cation K1.65 Similarly, Müller et al. reported the 

first example of donor free stannylium cation K3.67 Another modern approach to access the 

donor-free tetrylium cation was proposed by Sekiguchi et al., who have synthesized bonafide 

germylium [{(tBu2MeSi)3Ge}+{B(C6F5)4}-] K2 and stannylium cation [{(tBu2MeSi)3Sn}+{B(C6F5)4}-] 

K14 via oxidation of corresponding tetryl radical [(tBu2MeSi)3E, E = Ge, Sn] (Figure 15b).66  
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Figure 15: Unique approach to preparation of tetrylium ion (EI+ = electrophile). 

3.3. Catalytic application of tetrylium ions 
Among the tetrylium ions, silylium ions are a well-known catalyst for versatile application.4, 8 

Strong Lewis acidity of the silylium ions facilitate catalytic hydrodefluorination reactions, C-C 

cross-couplings and Diels-Alder reactions.4, 8, 77 

Catalytic hydrodefluorination of C(sp3)-F bond: In 2005, Ozerov and co-workers demonstrated 

the first silylium ion catalyzed hydrodefluorination of C(sp3)-F bond.78 The proposed mechanism 

follows two consecutive pathways (Figure 16). The initial step involves the silylium ion mediated 

fluoride abstraction of the C-F bond and generation of a carbocation. At the final step, the 

 

Figure 16: Schematic diagram of silylium ion catalyzed hydrodefluorination of C(sp3)-F bond. 

 carbocation abstracts the hydride from silane and forms a C-H bond with the regeneration of 

silylium ion. The overall process is thermodynamically driven, as Si-F bonds (≈159 kcal mol−1) are 



Tetrylium ions 

15 

 

more robust than C-F bonds (≈108 kcal mol−1), and C-H bonds (≈100 kcal mol−1) are more durable 

than Si-H bonds (≈ 90 kcal mol−1).4  

Catalytic C-H arylation: Silylium ion catalyzed C-C cross-coupling of aryl fluorides with arenes and 

alkanes have been reported.77, 79 Siegel et al. reported the silylium ion catalyzed intramolecular 

C-C coupling of fluroarenes.77 Recently, Nelson et al. demonstrated the intermolecular silylium 

ion catalyzed C-C coupling reaction (Figure 17).79 This C−H arylation is initiated via fluoride 

abstraction by [Me3Si]+, followed by C−H insertion reactions of the resulting phenyl cation. The 

β-silyl group in the fluoroarene substrate is key to this selective intermolecular transformation. 

On the one hand, the silyl group stabilizes the aryl cation intermediate and, on the other hand, 

serves as an internal silylium ion [Me3Si]+ precursor. 

                

Figure 17: Schematic diagram of silylium ion catalyzed C-H arylation. 

Recently catalytic hydrodefluorination of alkanes with a germylium ion [{Et3Ge}+{B(C6F5)4}-]80 K15 

and versatile catalytic hydrogenation (imine, ketones and aldehyde) by stannylium ion 

[{iPr3Sn}+OTf-] K16 have been reported.81  
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4. Tetryliumylidene ions [RE:]+ 

Tetryliumylidenes [R-E:]+ are mono coordinated E(II) cations, that possess a stereo chemically 

active lone pair and two vacant ‘p’-orbitals.7 Thereby, it combines the characteristics of highly 

electrophilic tetrylium cations (one empty ‘p’ orbital and cationic charge) and the Lewis 

ambiphilicity of tetrylenes (one empty ‘p’-orbital and one lone pair) (Figure 18), which can be 

used in a wide range of synthetic and catalytic applications.  

 

Figure 18: Electronic features of tetryliumylidenes. 

The unique electronic features enhance the reactivity of tetryliumylidenes in comparison to both 

tetrylium ions and tetrylenes. Thus, isolation of tetryliumylidenes in the condensed phase is a 

challenging task that requires precise ligand design (kinetic and thermodynamic stabilization), a 

non-coordinating counter anion, and a non-coordinating solvent.68 One-coordinate 

tetryliumylidene [R-E:]+ could have only been observed as short lived intermediates in the gas 

phase as well as in the solar spectrum,82, 83 neither kinetic stabilization nor electronic stabilization 

is found to be adequate to stabilize them in the condensed phase.84 To enable their isolation, 

donor stabilization from a Lewis base is mandatory to minimize the electrophilicity of E center 

via partially occupying the ‘p’-orbitals (Figure 19).7 Depending on the coordination, 

tetryliumylidenes are classified into three subclasses, i) two, ii) three and iii) poly coordinate or 

nido cluster types.  
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Figure 19: Two, three and poly coordinate tetryliumylidenes. 

4.1. Silyliumylidene ions [RSi:]+ 
The first example of silyliumylidene was introduced by the group of Jutzi, who succeeded the 

isolation of a nido cluster type silyliumylidene L1 [{(5-C5Me5)Si}+{B(C6F5)4
-}], via protonation of 

decamethylsilicocene {(5-C5Me5)2Si} with [(Me5C5H2)+{B(C6F5)4}-].85 The stability of L1 was  

 

Figure 20: Selected examples of silyliumylidene ions. 
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associated with the strong π-complexation with (5-C5Me5) ligand, which was markedly reflected 

by the upfield shift of the Si(II) atom (δ= -400.2 ppm) in the 29Si NMR spectrum. In 2006, Driess 

and co-workers demonstrated the first example of two coordinate N-heterocyclic silyliumylidene 

L2,86 synthesized through protonation of the ligand backbone of β-diketiminato silylene. 

Compound L2 is stabilized by 6π electron delocalization and intramolecular donation from the N-

atom of the sterically encumbered β-diketiminato ligand.86 Notably, in the 29Si NMR spectrum, 

compound L2 (δ = 40.5 ppm) exhibits a strong downfield shift in contrast to compound L1 (δ = -

400.2 ppm), indicating the deshielded Si(II) nuclei and more Lewis acidic character compared to 

L1.  

The application of NHCs in the stabilization of low valent main group centers has contributed to 

the renaissance era of main group chemistry.36 In this regard, the year 2009 is highly significant. 

This year Roesky et al. achieved the isolation of IDipp·SiCl2 from the simple reaction of two 

equivalents of the NHC·IDipp with HSiCl3.
34 Later, IDipp·SiCl2 was widely utilized as a raw Si(II) 

precursor in the synthesis of a range of low valent silicon compounds.34
 For example, via a ligand 

exchange method, reaction with a chelating ligand and IDipp·SiCl2, yielded a 

bis(iminophosphorane) and a bis-NHC ligand substituted chloro silyliumylidene complex, L3 and 

L4 respectively.87, 88 Subsequently, Filippou et al., found that the treatment of iPr2Me2 with 

IDipp·SiI2 resulted in the displacement of one iodide providing a different NHC substituted acyclic 

silyliumylidene L5 [(IDipp)(iPr2Me2)SiI]+I−.35 Later, the same group reported the electron rich 

transition metal substituted Si(II) cation L6, which showed a remarkable downfield NMR shift (δ= 

828.6) in the 29Si NMR spectrum.89 Besides these examples, other silyliumylidene complexes such 

as DMAP-stabilized amidinate silyliumylidene L7 and transition metal anchored [PhC(NtBu)2Si{M-

(PPh3)}2P(SiMe3)2] (M = Pd and Pt) L8 and quasi-mono-coordinate silyliumylidene compound L9 

have been reported (Figure 20).90-92 

Monoanionic bulky aryl ligands are sterically tunable by varying the wingtip substituents. 

Thereby, aryl ligands are widely used to stabilize the low valent group 14 molecules.3, 15, 93 In 

2014, with the combination of sterically encumbered aryl substituent and NHCs, the group of 

Tokitoh, Sasamori, Matsuo, as well as the Inoue group independently demonstrated access to 
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various tricoordinate NHC-stabilized aryl-silyliumylidene complexes (Figure 21).94, 95 Tokitoh et 

al., succeeded in the isolation of L10-12 via the treatment of corresponding bromo disilene with 

four equivalents of IMe4 (1,3,4,5-tetramethylimidazol-2-ylidene ) (Figure 21a).94 At a similar time, 

Inoue and co-workers contribution reported the facile access of L13 and L14, through the 

reaction of corresponding aryl silane (m-TerSiHCl2 and TippSiHCl2) with three equivalent of IMe4 

as the dehydrochlorination reagent.95 Strikingly, this is the first example where silyliumylidene  

  

Figure 21: Synthesis of NHC stabilized aryl substituted silyliumylidenes. 

was directly prepared from a Si(IV) precursor. Following an analogous strategy, bulky silyl-

substituted silyliumylidene complexes [{(tBu3Si)Si(IMe4)2}+Cl-], [{(tBu2MeSi)Si(IMe4)2}+Cl-] and 

[{(tBu2MeSi)Si(iPr2Me2)2}+Cl-] have been reported.96 Very recently, an important milestone was 
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achieved by So et al., where the IMe4 stabilized parent silyliumylidene [{H-Si(IMe4)2}+I-] was 

obtained from the reaction of [IDippSiI]2 and IMe4.97 Also, DFT calculations revealed that the 

initial step involved the generation of a highly reactive bis- IMe4 stabilized Si(I) radical cation 

intermediate, which subsequently abstracts the proton from solvent (toluene) to yield [{H-

Si(IMe4)2}+I-].97 

4.2. Reactivity of silyliumylidene ions 
Silyliumylidene undergoes salt-metathesis reactions with metal salts, due to the weakly 

coordinating counter anion. In this regard, L1 has revealed to be a very useful precursor to 

prepare functionalized low valent silicon compounds (Figure 22-23).98 Jutzi and co-workers 

achieved an asymmetric disilene E-[(η1-Me5C5){N(TMS)2}Si]2 L16 via the direct treatment of 

LiN(TMS)2with L1.85 Later they discovered that compound L16 was in dynamic equilibrium with 

the silylene (Me5C5)SiN(TMS)2 L15 in solution, due to the low energy barrier between L15 and 

L16.99 The first aryl-substituted monomeric Si(II) species L17, was also prepared from L1.100  

 

Figure 22: Silyliumylidene L1 as a precursor to low valent silicon compounds (TMS = SiMe3). 
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Our group reported the bulky imino-substituted acyclic silylene L18 from the reaction of 

Li[NC{N(Dipp)CH}2] and L1.101  

However, the reactivity with Li[HC(CMeNDipp)2] and L1 did not afford the desired N-substituted 

silylene [(C5Me5){HC(CMeNDipp)}2]Si:, instead it undergoes further reaction to form a tricyclic 

Si(IV) constitutional isomer L19.102 The substitution reaction with the lithium disilenide [Tipp2Si

Si(Tipp)(Li{dme}2)] led to the first carbon-based substituent cyclotrisilene L20.103 The same group 

later utilized L1 as a stoichiometric source for the synthesis of the neutral silicon cluster L21.104 

Compound L1 was also utilized for the synthesis of a metal-substituted silylene.105 Interestingly, 

the reaction of L1 with Na[Fe(η5-C5Me5)(CO)2] gave rise to a ferrio-substituted silylene [Fe(η5-

C5Me5)(CO)2{Si(η3-C5Me5)}] L22, which was stable at low temperatures (-30 °C).105 However, 

under ambient conditions, L22 converted to product L23 via C-H bond activation of one of the 

Cp* methyl groups.105 

 

Figure 23: Salt metathesis reactivity of silyliumylidene L1. 
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Driess et al. demonstrated the easy access to a Si(0) complex (silylone) from silyliumylidene L4 

(Figure 24).88 The reduction of compound L4 in the presence of two equivalents of sodium 

naphthalenide (NaC10H8) yields the bis-NHC stabilized cyclic silylone L24.88 

 

Figure 24: Synthesis of silylone from silyliumylidene. 

So et al. demonstrated unique reactivities of a DMAP stabilized silyliumylidene complex L7 

(Figure 25): addition of L7 to a bis-silylene resulted in the formation of the first example of bis-

silylene substituted silylium cation L25.90 Further, reduction of L7 using K-selectride yielded the 

silyl- silylene complex L26. 

 

Figure 25: Reactivity of silyliumylidene L7. 
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4.3. Small molecule activation by silyliumylidenes 
The nucleophilicity of silyliumylidene was applied to activate various small molecules. The 

activation of elemental sulfur with L3 and L7 leads to the base stabilized silathionium complex 

[{(C5H3)PnBu3}2SiS]+Cl- L27 and [{CHPh(NCtBu)2}SiS]+OTf- L28, respectively.87, 90 While, Filippou's 

metal-substituted silyliumylidene [(η5‐C5Me5)(CO)3CrSi(SIDipp)]+[BArF
4]- L6 reacts with N2O to 

give the first example of three coordinate silanone [(η5‐C5Me5)(CO)3CrSiO]+[BArF
4]- L29.89  

Inoue et al., have employed their silyliumylidenes L13-14 in a variety of small-molecule activation 

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

such as CO2 and H2S (Figure 26).106 In 2014, Inoue and co-workers demonstrated terminal C-H 

bond activation of phenyl acetylene to yield L30 as the Z-isomer.95 Further fascinating reactivity 

of L13-14 with CO2 led to the silicon analog of the acylium ion [R-C=O]+ L31-32 and elimination of 

CO.107  

 

 

Figure 26: Reactivity of silyliumylidene L13 and L14 with small molecules. 
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Notably, L32 was only stable up to -30 °C, as, under ambient conditions, decomposition occurs 

due to decreased kinetic stabilization (m-Ter vs. Tipp).107 Interestingly, the reactivity of L13 with 

H2S led to the donor stabilized heavier sulfur analog of silaaldehyde [{m-TerSi(S)H}(IMe4)] L33.108  

 

4.4. Silyliumylidenes in catalysis 
In 2011, Jutzi et al. manifested the usability of silyliumylidene L1 as a catalyst for the degradation 

of oligoethers into dioxane and mono ethers (Figure 27).109 DFT calculations revealed that the 

O→Si dative bond in the DME·L1 complex is electrostatic. The subsequent enhancement of 

positive charge induces a rearrangement of the σ-bond and lone-pair electrons in the framework 

of the two DME molecules, which leads to the formation of dimethyl ether and diglyme. Then, 

the diglyme molecule degraded similarly to 1,4-dioxane and dimethyl ether, and the catalyst L1 

is regenerated. Compound L1 has also been utilized in the catalytic hydrosilylation of terminal 

alkenes and alkynes (Figure 28).110 The proposed mechanism proceeds through initial  

 

Figure 27: Silyliumylidene L1 catalyzed degradation of oligoethers into dioxane. 

coordination of the Si-H bond to the Lewis acidic Si center, followed by the insertion of 

alkene/alkyne and release of the product. This catalytic process was found to be useful for a 

range of alkene/alkynes, leading to the selective anti-Markovnikov product under ambient 

conditions with low catalyst loadings (0.1-0.001 mol %). In the same article, the authors described 

the L1 catalyzed Si/O coupling between hydrosilane and silyl ether (Piers-Rubinsztajn reaction), 
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which was hitherto only possible with B(C6F5)3. Notably, this reaction is significant for the 

production of industrially valuable metal-free elastomer and branched silicones.110 

 

Figure 28: Silyliumylidene L1 catalyzed hydrosilylation of the alkene. 

Recently, So and co-workers introduced [{H-Si(IMe4)2}+I-] as a catalyst for hydroboration of CO2, 

aldehydes, ketones, and pyridines.28 Ab initio calculations suggested that the hydroboration of 

CO2 proceeds via a Lewis base-catalyzed pathway, where the coordination of the silicon lone pair 

to CO2 facilitates the catalytic turnover. However, with the exception of aldehydes, reduction of 

ketones and pyridines require high catalyst loadings and temperatures to ensure complete 

conversion. 

 

4.5. Germyliumylidenes and stannyliumylidenes  
In contrast to silicon, germanium and tin are considerably stable at the +II oxidation state due to 

the larger energy gap between ‘s’- and ‘p’- orbitals. Therefore, isolation of germyliumylidenes 

and stannyliumylidenes is somewhat easier in the condensed phase. Typical synthetic routes 

involve dehalogenation of the germylenes and stannylenes, rendering the corresponding 

germyliumylidene and stannyliumylidene. It is of note that the chemistry of E(II) cations (E = Ge 

and Sn) were developed in parallel and often utilizing a similar ligand framework.  

The first example of a germyliumylidene [(5-C5Me5)Ge]+BF4
-] L34 and stannyliumylidene [(5-

C5Me5)Sn]+BF4
-] L35 was reported in the 1980s, almost two decades before the isolation of the 
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silyliumylidene L1 (Figure 29).111 Compound L34 and L35, were isolated via reacting the 

corresponding tetrylene [Cp2
*E, E= Ge and Sn] with HBF4.111 Later, Ge(II) L36 and Sn(II) cation of 

[2.2.2] paracyclophane L37 were reported.112 Notably, these compounds were embedded with 

threefold internal 6-coordination.112 However, in L34-37 the Lewis acidity of the E center was 

partially quenched by the coordination from halogen substituent of the WCA.  

 

Figure 29: Ge(II) and Sn(II) cations embedded within aromatic ring systems. 

In 1996, Reger reported a poly(pyrazole)borate substituted Ge(II) cation L38 with an iodide 

counter anion.113 The shortest Ge···I distance in this complex was found to be longer than the 

sum of the covalent radii, further supporting the lack of a covalent interaction between Ge and 

I. This investigation kick-started the use of monoanionic N-donor ligands in the field of 

tetryliumylidene chemistry.7 Later, several groups have stabilized low valent Ge(II) and Sn(II) 

centered cations by employing various monoanionic bulky N-donor ligands, such as 

aminotroponiminato L39-41,114, 115 β-diketiminato L42-43,116-119 chiral (1,1-bis[(4S)-4-phenyl-1,3-

oxazolin-2-yl]ethane) L44, L45 and L46-47.120-122 In 2012, Jones and Krossing sysnthesized quasi-

mono coordinate Ge(II) and Sn(II) cations using a bulky amido ligand L48-L49.123 Dehalogenation 

of the monomeric amido germanium and tin chloride by LiAl[OC(CF3)3]4 or AgAl[OC(CF3)3]4 led to 

the formation of the desired complex.123 Further, SC-XRD revealed a 2-interaction between the 

metal center and flanking arene moiety, which is diminished by the addition of a Lewis base 

(DMAP) L50-51.123 Very recently, pseudo-mono coordinated Ge(II) and Sn(II) cation L52-53 were 

stabilized by a bulky carbazolyl moiety.124 Besides these examples, mono and dicationic Ge(II) 

and Sn(II) cations stabilized by crown ether or cryptand ligand were reported (Figure 30).125-128  
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Figure 30: Monoanionic N-donor substituted Ge(II) and Sn(II) cations. 

The isolation of halogen-substituted germyliumylidenes and stannyliumylidenes have received 

attention.7 They can be easily functionalized by salt metathesis and also serve as a precursor for 

the synthesis of other low valent Ge and Sn compounds.7 This can be accomplished using the 

ancillary ligands, such as NHC or neutral bidentate N-ligands.7 Analogous to the synthesis of L3 
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and L4,87, 88 the reaction of GeCl2·dioxane with imidophosphorane and bis-NHC gave rise to 

compound L58 and L59.129, 130 Fascinatingly, reduction of L59 in the presence of sodium 

naphthalenide led to the first example of a Ge(0) complex (germylone).130 Very recently, the 

group of Driess reported the parent germyliumylidene L60, which is stabilized by a borate 

 

Figure 31: Ge(II) and Sn(II) cations stabilized by neutral ligands. 

spacer based bis-NHC system.131 Compound L60 showed intriguing reactivity with the trityl cation 

[(Ph3C)+{B(C6F5)4
-}], via deprotonation, it led to the unprecedented [HGe:+→Ge:2+] complex 

L61.131 Roesky, Stalke et al. demonstrated the isolation of L62 and L63 through an autoionization 

method.132 The direct reaction of the Schiff base 2,6-diacetylpyridinebis-(2,6-diisopropylanil) 

with the corresponding dihalides (GeCl2·dioxane and SnCl2) led to the desired cationic 

complexes.132 Similarly, compounds L64 and L65 were reported by the group of Jambor.133 It has 

to be noted that complexes L58-65 are either three or four coordinate. The two coordinate 

neutral monoanionic [L→GeCl]+ species was unknown until the report of the Alcarazo et al., who 

demonstrated the two‐coordinate [GeCl]+ cation, which is stabilized by simultaneous σ- and π-

donation from a monodentate carbodiphosphorane ligand L66.134 However, [L→SnCl]+ are not 

stable species in the monomeric form and therefore L67 is isolated as a dimer.134 
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Another modern approach to stabilize extremely electrophilic Ge(II) and Sn(II) cations involve 

electronic stabilization. In this approach, instead of a bulkier organic ligand, an electron-rich 

coordinatively unsaturated transition metal fragment was employed for the synthesis of L68 and 

L69 (Figure 32).135, 136 

 

Figure 32: Ge(II) and Sn(II) cations stabilized by transition metals [BArCl
4 = B(3,5-Cl2-C6H3)4]. 

Examples of aryl-substituted Sn(II) cations are limited and Ge(II) cations were unknown prior to 

the example demonstrated by our group (chapter 8).7 Wesemann and co-workers reported mono 

NHC coordinated Sn(II)cations L70-71 (Figure 33) .137 Hydride abstraction from [Ar-SnH(NHC)] 

(Ar= m-Ter, Tipp2-C6H3), with B(C6F5)3 or {(Ph3C)+(Me3NB12C12)-} afforded the desired complexes 

L70-71.  
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Figure 33: Sterically demanding aryl substituted Sn(II) cations. 

Interestingly the addition of one equivalent of IMe4 to L70a led to the bis NHC stabilized 

stannyliumylidene L72.137 Alternatively, bis-NHC stabilized stannyliumylidene L73 can be 

achieved through NHC mediated Sn-Sn cleavage.137 However, compounds L70-73 are only 

characterized by NMR spectroscopy, as SC-XRD of the molecular structures of these compounds 

are yet to be reported. A Lewis base free arene stabilized Sn(II) cation [{Tipp2-

C6H3Sn(C6H6)}+{Al{OC(CF3)3}4
-] L74 was reported via dehydrogenation of stannylium cation 

[(Tipp2-C6H3SnH2)+[Al{OC(CF3)3}4]]-.138 

 

4.6. Small molecule activation by germyliumylidenes and 

stannyliumylidenes 
Activation of small molecules with Sn(II) cations are yet to be reported, and there are limited 

examples of small molecule activation with Ge(II) cations.129, 136, 139, 140 Driess et al., demonstrated 

the first germyliumylidene mediated small molecule activation. The reactivity of L58 with 

elemental sulfur leads to the germathionium complex L75 (Figure 34).129 
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Figure 34: Activation of small molecules with L58. 

Shortly after, the group of Tobita reported activation of homo and heteroatomic σ-bonds.136 The 

small HOMO-LUMO gap (2.78 eV) of L68 enabled the insertion of the germanium center into H-

H bond at 60 °C. Compound L68 also activated Si-H and B-H bonds yielding insertion products L76 

(Figure 35). Intriguingly, the insertion reactions with hydrosilane and hydroborane were found to 

be reversible at elevated temperatures.136 

 

Figure 35: Activation of small molecules with L68. 

In 2015, Aldridge and co-workers reported an alkyl substituted acyclic two coordinate germanium 

cation L77.139 Lack of π‐donor stabilization in this molecule leads to a small HOMO-LUMO gap 

(1.94 eV) and facilitates versatile oxidative reaction chemistry including C‐Cl bond insertion and 
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[2+1] cycloaddition with L78 (Figure 36a).139 Interestingly, the reaction of L77 with TMSN3 and 

TMSCHN2 allows for the synthesis of (L79a and L79b), the first examples of heavier group 14 

element cations containing M=E multiple bonds (E=C, N).139 Recently, the same group have 

reported cyclic NHC-germyliumylidene L81-82 mediated N-H bond activation (Figure 36b).140 

 

Figure 36: Activation of small molecules with L77, L81 and L82. 
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4.7. Catalytic application of germyliumylidenes and stannyliumylidenes 
Despite the unique electronic features and reactivities of germyliumylidenes and 

stannyliumylidenes, their catalytic application is limited.141, 142 Recently, Rivard and co-workers 

demonstrated the catalytic reduction of ketones with an NHC stabilized siloxygermyliumylidene 

complex L85 (Figure 37).141 However, this required long reaction times and high catalyst loadings 

(10 mol%).  

 

Figure 37: Germyliumylidene L85 catalyzed hydroboration of ketone. 

Nagendran et al. reported the N-heterocyclic germyliumylidene L86 catalyzed hydroboration of 

aldehydes and ketones with a broad substrate scope and low catalyst loading (Figure 38).142 It 

was proposed that the catalysis proceeds through a cascade reaction via the formation of a Ge(II)  

 

Figure 38: Germyliumylidene L86 catalyzed hydroboration of ketones and aldehydes. 
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hydride complex, which is considered to be the active catalyst in this cycle (Figure 38). The 

germanium center, in this case, acts as a Lewis acidic center, with the initial step involving the 

coordination of the carbonyl to the Ge(II) center followed by hydrogermylation and regeneration 

of catalyst via hydroboration of the alkoxy-germylium cation intermediate. 

Chien and Rausch reported the [{(5-C5Me5)Sn}+(BC6F5)4
-] L87, a derivative of stannyliumylidene 

[{(5-C5Me5)Sn}+(BF4)-]. Compound L87 was further utilized as an effective co-catalyst in the 

Ziegler–Natta polymerization of ethylene and propylene.143 

4.8. Plumbyliumylidenes 
Low coordinated Pb(II) cations [R-Pb:]+, so-called plumbyliumylidenes are rare.7 The first 

plumbyliumylidene [{(C5H5)Pb}+(BF4)-] L88 and [{(Me5C5)Pb}+(BF4)-] L89 were reported by Jutzi et 

al., by adopting the similar strategy to the synthesis of L34-35.111, 144 Compounds L88-89 show an 

extremely upfield shift in their 207Pb NMR spectrum L88 (δ = −5041 ppm) and L89 (δ = −4961 

ppm), due to the strong 5-coordination of the Cp and Cp* ring to the Pb(II) center. In an elegant 

study, Power et al. demonstrated bulky terphenyl substituted quasi-mono-coordinate 

plumbyliumylidene [{{Tipp2(C6H3)Pb}PhMe}+{(BC6F5)3Me}-] L90.145  

  

Figure 39: Pb(II) cations. 
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Compound L90 was synthesized via Lewis acid-mediated B(C6F5)3 methyl abstraction from {Tipp2-

(C6H3)PbMe}.145 Interestingly, the treatment of L90 with pyridine led to the bis-pyridine stabilized 

Pb(II) cation L91. Later an N-heterocyclic plumbyliumylidene L92 and (Cy3P)2Pt anchored dimeric 

plumbyliumylidene complex [{(Cy3P)2Pt(Pb)Cl}+{AlCl4}-]2 L93 was isolated.119, 135 However, the 

reactivity and application of plumbyliumylidenes are yet to be reported.  
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5. Scope of this work 

The last decades have witnessed landmark achievements in heavier low valent group 14 

chemistry, including their transition metal mimetic behavior towards small molecules.2-7 This is a 

crucial step towards the development of a new transition metal-free sustainable catalysts. 

Among the heavier low valent group 14 compounds, tetryliumylidenes possess striking electronic 

features due to an active lone pair and vacant ‘p’-orbitals. The chemistry of tetryliumylidene is 

still in its infancy,7 particularly their reactivity towards small molecules, which is relatively 

unexplored.9, 11, 12, 25, 146 Thus, development of tetryliumylidene complexes and their applications 

in small molecules activation, with the ultimate goal being catalysis, is highly desirable. 

Bis-NHC-stabilized bulky aryl-substituted tetryliumylidenes, of general formula [Ar-E(NHC)2]+X- 

(Ar = aryl group, X = counter anion), represents the most suitable candidates for fulfilling the 

desired electronic features to enable versatile small molecule activation (Figure 40).106 First of 

all, aryl ligands are sterically tunable by varying the wingtip substituents. Therefore, the stability  

 

 

Figure 40: Tunable features of bis NHC-stabilized aryl-tetryliumylidenes. 

and reactivity of tetryliumylidenes can be easily tuned by changing the substituents on the aryl 

group. Secondly, owing to the persuasive electron donation from the adjacent NHC(s), E centers 

are strong σ-donors (highly nucleophilic) and poor π-acceptors. Thus, [Ar-E(NHC)2]+X-] 

compounds are prone to oxidative addition towards small molecules. Additionally, the 

coordinated NHCs are labile, and depending on reaction conditions, set free the occupied ‘p’-
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orbital on the E center. This provides an additional reactive site, and in turn increases the 

reactivity of the compounds. Interestingly, the solubility of these complexes is also adjustable by 

simple counter anion exchange reactions (e.g., Cl or I with bulky WCAs (e.g., BArF
4).68 

Considering the chemical abundance of the silicon in the earth's crust, the molecular chemistry 

of silicon is always a center of attraction for main group research.147-149 In this context, isolation 

of new silicon-based multiple bond complexes and their possible application in catalysis or 

material science has gained tremendous attention.149 The reactivity of silyliumylidenes towards 

small molecules has led to unusual silicon-main group multiple bond complexes.7, 106 At the start 

of this thesis, there were only two reported reactivities of [{m-TerSi(IMe4)2}+Cl-] L13 with small 

molecules (PhCCH and CO2).95, 107 The reactivity of [{m-TerSi(IMe4)2}+Cl-] L13 with CO2 led to the 

formation of silaacylium ion [{m-TerSiO(IMe4)2}+Cl-] L31. However, heavier silaacylium ions [{m-

TerSi(E)(IMe4)2}+Cl-] (E = S, Se and Te), could not be isolated because of the lack of heavier silaacyl 

halide precursor R-Si(E)X (E = S, Se and Te; X = F, Cl, Br and I ). Heavier silaacylium has only been 

theoretically predicted and isolation of this short lived species in the condensed phase is 

challenging.150 Further their inherent reactivity can also be useful to use as a potential chalcogen 

transfer reagent. Thus, our initial goal subjected the reactivity of [{m-TerSi(IMe4)2}+Cl-] L13 with  

 

Figure 41: Isolation of heavier silaacylium ion and chalcogen transfer reaction (R = organic 

substrate like alkene or alkyne). 
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chalcogens to synthesize the heavier silaacylium ions [{m-TerSi(E)(IMe4)2}+Cl-] (E = S, Se and Te, 

Figure 41). Furthermore, chalcogen transfer from [{m-TerSi(E)(IMe4)2}+Cl-] to organic compounds 

or other metal centers will be the ultimate goal of this project, as this should allow for 

regeneration of [{m-TerSi(IMe4)2}+Cl-].  

Activation of H2O with low valent Si(II) complexes is highly interesting, as could provide a route 

to the formation of an elusive silaformyl compound which contains a monomeric (H)Si=O 

motif.151, 152 Donor-acceptor stable silaformamide {RNSi(O)H} and silaacylhalide {ClSi(O)H} was 

reported via reaction of corresponding silylene with H2O·B(C6F5)3 adduct.151, 152 However, 

silaaldehyde {R-Si(O)H}, one of the most sought after species in silacarbonyl chemistry, was not 

demonstrated before. This a challenging target as absence of suitable stabilization to the Si=O 

bond results in head to tail dimerization due to the inherent zwitterionic nature of Si+-O-.  

 

Figure 42: Isolation and functionalization of a silaaldehyde. 

Typically, isolation of silanones species (R2Si=O) was realized using sterically demanding ligands 

also with suitable electronic stabilization.5 Hence, it may not be erroneous to contemplate that 

isolation of silaaldehyde is more challenging than silanone, due to the lack of steric protection (R 
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vs H).5 Additionally, due to low steric bulk and subsequent inherent reactivity of silaaldehydes, 

they are easily functionalizable, which possibly gives rise to a diverse range of silacarbonyl or 

silicon-heteroatomic multiple bond species (Figure 42). We presumed reactivity of 

silyliumylidene [{m-TerSi(IMe4)2}+Cl-] with H2O will provide access to the hitherto unknown NHC 

stabilized silaaldehyde. The reactivity of silyliumylidene with H2O in absence or presence of Lewis 

acid (e.g. B(C6F5)3, GaCl3 and ZnCl2) will be performed to isolate the donor or donor-acceptor 

stable silaaldehyde, respectively. Further, functionalization of the silaaldehyde complex to other 

silacarbonyls (silaacylhalide, silaester and silanoic acid), or phosphasilene will also be targeted. 

  

Silicon compounds with +IV oxidation state are highly stable. Thus, it makes traditional redox-

based catalysis very challenging due to the difficulties associated with reductive elimination and, 

therefore, release of the functionalized substrate. One potential method to overcome this 

obstacle is to utilize a metal center that is stable in both high and low oxidation states. In this 

regard, germanium presents itself as a suitable candidate. In recent years, the transition metal 

like reactivity of germanium has been shown, providing the first examples of low-valent main 

group dihydrogen activation and multiple bond catalysis.14, 26 With the latter example possible 

due to the ability of germanium to switch between its +II and +IV oxidation states.26 Thereby, we 

envisaged that NHC-stabilized aryl germyliumylidene [{ArGe(NHC)2}+Cl-] would be a suitable 

precursor for both activation of small molecules and further catalytic use (Figure 43).  

Electrophilic Ge(II) catalyzed hydroboration and cyanosilylation of carbonyls are known.21-23, 27, 61, 

142 However, low valent nucleophilic Ge(II) has never been utilized for the same purposes. In fact, 

prior to this thesis, only one example of catalytic conversion of CO2 with a germylene/B(C6F5)3 

FLP compound was reported.24 The germanium center in [{Ar-Ge(NHC)2}+X-] is nucleophilic and, 

therefore, exploring the catalytic activity of germyliumylidenes in organic transformations is a 

main goal of this thesis. 
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Figure 43: NHC-stabilized aryl-germyliumylidene and its possible applications (R = Me, Pr, iPr). 

Neutral germanones (R2Ge=O) are reported.47, 153-156 However, a cationic germanium oxide, so-

called germaacylium ion [R-Ge=O]+, is an elusive species only observed in high pressure and 

Fourier transformation mass spectrometry.157 One potential approach to obtain a germaacylium 

ion [{Ar-GeO(NHC)2}+X-] is via the oxygenation of the germyliumylidene [{Ar-Ge(NHC)2}+X-] with 

various oxygen transfer reagents (e.g., N2O, pyridine-N-oxide etc.). With the desired compound 

in hand, reactivity studies will be undertaken to assess its classical acylium ion [R-CO]+ like 

behavior (Figure 44). For example, if the germaacylium ion [Ar-GeO]+ can be used to synthesize 

the heavier germaacylium analogs [{Ar-GeS(NHC)2}+X-] or [{Ar-GeSe(NHC)2}+X-], respectively, by 

chalcogenation of the Ge=O bond with Lawesson’s reagent (MeOPhPS2)2 or Woollin’s reagent 

(PhPSe2)2.158, 159 Furthermore, the transition metal oxide like reactivity of the germaacylium ion 

will be investigated, such as oxide transfer reactions to an organic substrate (e.g., PPh3, R-NC, 

NHC etc.).160, 161  

 

Figure 44: NHC-stabilized aryl-germaacylium compound and its possible reactivity (R = Me, Pr, 

iPr, R = Alkyl or Aryl, LR = Lawesson’s reagent, WR = Woollin’s reagent). 
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Additionally, transition metal oxide mediated reversible activation of CO2 is known,162, 163 this 

concept has been utilized to enable transition metal oxide catalyzed CO2 reduction.164, 165 DFT 

studies revealed the strong charge density at oxygen is important in this catalysis as it leads to 

the formation of a hypercoordinate silicate. This is vital in enabling turnover, as reduction of CO2 

occurs at the activated Si-H bond.164 However, such catalytic reactivity with group 14 metal 

oxides is currently unknown. Considering the inherent polarized nature of the Ge+-O- bond and 

stability of germanium at multiple oxidation states, we envisioned that the cationic germaacylium 

ion [{Ar-GeO(NHC)2}+X-] might show similar catalytic activity with CO2 like transition metal oxides.  

Overall, this thesis focuses on the isolation of the novel tetryliumylidene compounds and their 

potential application towards small molecule activation and catalysis. 
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6. Chalcogen-atom transfer and exchange reactions of 

NHC-stabilized heavier silaacylium ions 

Title:  Chalcogen-atom transfer and exchange reactions of NHC-stabilized heavier 

silaacylium ions 

Status         Communication, published online October 27, 2017 

Journal       Dalton Trans., 2017, 46, 16014–16018 

Publisher   Royal Society of Chemistry 

DOI            10.1039/c7dt03998k 

Authors     Debotra Sarkar, Daniel Wendel, Syed Usman Ahmad, Tibor Szilvási, Alexander 

Pöthig and, Shigeyoshi Inoue 

Reprinted with permission. © 2017 The Royal Society of Chemistry  

Content     Fridel-Craft acylation is one of the essential tools to introduce the acyl group to an 

organic moiety. This reaction proceeds through the intermediacy of an acylium ion [R-CO]+, which 

is typically generated in situ by the treatment of acyl halide [R-CO(Cl)] with Lewis acids (BF3, AlCl3, 

and ZnCl2 etc.). The heavier analogs of acylium ion ([R-CE]+, E = S, Se and Te ) appear as highly 

reactive species and are unstable in the condensed phase. Akin to the carbon compounds, its 

silicon analog, so-called heavier silaacylium ions [R-SiE]+, are also highly reactive and is still 

unprecedented. This could be attributed to the lack of a suitable silaacyl halide precursor [R-

SiE(Cl)], along with the significant electronegativity difference between Si and E in addition to the 

poor π-overlap between silicon and heavier chalcogens. 

Herein, we report the facile access to a heavier silaacylium ion [{m-Ter(SiE)(NHC)2}Cl, 2 (E = S), 3 

(E = Se), 4 (E = Te) ] via the reaction of silyliumylidene {m-Ter(Si)(NHC)2}Cl} (1) with elemental 

chalcogens. Strikingly, 1 is regenerated through the treatment of 2-4 with AuI. This demonstrates 

a unique approach to recover the Si(II) precursor from the Si(IV) chalcogenide. Furthermore, 

chalcogen scrambling reaction 4 →3 → 2 could also be achieved, which is in line with Si-E bond 

energies. 
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7. The quest for stable silaaldehydes: synthesis and 

reactivity of a masked silacarbonyl 

Title:          The quest for stable silaaldehydes: synthesis and reactivity of a masked 

silacarbonyl 

Status         Communication, published November 16, 2018  

Journal       Chem. Eur.J.2019, 25,1198 –1202 
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Reprinted with permission. © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, 

Weinheim 

Content     Aldehydes [R-(C=O)H] are one of the most important functionalities among the 

carbonyls. It is commonly utilized as a precursor for the synthesis of other carbonyl compounds, 

and carbon-carbon or carbon-hetero atomic multiple bond species. Thus, the chemistry of 

aldehydes is well studied. In contrast, the chemistry of the silicon analogs of aldehydes, so-called 

silaaldehydes [R-(Si=O)H] is relatively unexplored. This could be attributed to the large difference 

in electronegativities combined with the poor π overlap between silicon and oxygen, which 

renders the Si-O bond strongly polarized (Si+-O-) and weak. Thus, in the absence of suitable 

steric protection, they undergo “head-to-tail” oligomerization/polymerization. This process is 

even more facile for silaaldehydes than silanones (R2(Si=O)), due to decreased steric protection. 

Therefore, isolation of silaaldehyde in the condensed phase presents a formidable synthetic 

challenge. In this study, we report the isolation and reactivity of donor-acceptor stabilized 

silaaldehyde [{(m-Ter(H)SiO)(GaCl3)}(NHC)] 4, (NHC = IMe4). Compound 4 was prepared by the 

hydrolysis of NHC-stabilized silyliumylidene [{m-TerSi(NHC)2}Cl] 1, in the presence of a Lewis acid 

(GaCl3). The subsequent transformation of 4 to the corresponding silacarboxylate 
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[{m-Ter(SiO)(OGaCl2)}(NHC)]2 7, silaacyl chloride [{(m-Ter(Cl)SiO)(GaCl3)}(NHC)] 9, phosphasilene 

[{(m-Ter(H)SiPTMS)}(NHC)] 10, unveil its true potential as a synthon in silacarbonyl chemistry.  
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Title:          N-heterocyclic carbene-stabilized germa-acylium ion: reactivity and utility in 

catalytic CO2 functionalizations 

Status         Article, published on August 10, 2020 
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Publisher    American Chemical Society 

Authors     Debotra Sarkar, Catherine Weetman, Sayan Dutta, Emeric Schubert, Christian 
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Content     Catalytic conversion of CO2 into value-added product (e.g. methanol) has been 

gaining considerable attention in the last decade owing to the high global energy demand and 

subsequent rising CO2 emissions. Nevertheless, these transformations are highly challenging and 

often require high temperatures and pressures due to the strong C-O bond strength in CO2 (552 

kJ mol-1). Recently transition metal oxides have shown significant catalytic activity in this regard. 

DFT studies suggest that high charge density at the oxygen atom due to the zwitterionic nature 

of the metal-oxo bond, is plays a pivotal role in catalytic turnover. However, despite the 

extremely polarized E-O bond (E = Si-Ge), such application with group 14 molecular oxides are 

unknown. 

In this study, we report the first example of heavier germanium analogue of an acylium ion, [{m-

TerGe(O)(NHC)2}X] 3, (X = Cl or BArF
4, NHC = IMe4). Compound 3 was obtained through oxidation 

of germyliumylidene [{m-TerGe(NHC)2}X] 2 with N2O. Treatment of 3 with Ph3SiOH led to the first 

solely donor-stabilized germanium ester [{m-TerGe(O)(OSiPh3)}(NHC)] 4. Fascinating reactivity of  

3 with Lawesson's [LR = (CH3OPhPS2)2] and Wollins reagents [WR = (PhPSe2)2], reagent gave rise 

to the corresponding heavier analogs [{m-TerGe(S)(NHC)2}X] 5 and [{m-TerGe(Se)(NHC)2}X] 6. 

These reactivities demonstrate the carbonyl like behavior of compound 3. Further, the polarized 
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terminal [GeO] bond in the germa-acylium ion 3 was utilized to activate CO2 and silane. 

Interestingly the reactivity of 3 with CO2 was found to be reversible, thus mimicking the behavior 

of transition metal oxides. Additionally, its transition metal like nature is demonstrated as it was 

found to be an active catalyst in both CO2 hydrosilylation and reductive N-functionalization of 

amines using CO2 as the C1 source. Mechanistic studies were performed both experimentally and 

computationally, which revealed the reaction proceeds via a NHC-siloxygermylene 

[{RGe(OSiHPh2)}(NHC)] 8. 
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investigations. Dr. Christian Jandl conducted all SC-XRD measurements and processed the 

resulting data. All the work was performed under the supervision of Prof. Shigeyoshi 
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9. Germyliumylidene: a versatile low valent group 14 
catalyst  

Title:          Germyliumylidene: a versatile low valent group 14 catalyst  

Status         Article, (Draft)  

Authors     Debotra Sarkar, Catherine Weetman, Sayan Dutta, Emeric Schubert, Debasis 

Koley, and Shigeyoshi Inoue 

Content     Transition metal mimetic reactivity of low valent group 14 elements has attracted 

significant interest in recent decades. In particular, the development and application of main 

group-based catalysts as an alternative to the costly transition metals are the “Holy Grail” for 

modern main group chemistry. However, their catalytic application is limited due to challenges 

in reductive elimination from the resultant high-oxidation state complex. In this regard, low 

valent germanium compounds can provide new impetus to main group catalysis, as they are 

stable in both higher (+IV) and low oxidation states (+II). Few examples of neutral germylene 

mediated catalysis are known. However, their catalytic performance is low and unselective, thus 

limiting their catalytic use. 

Bis NHC-stabilized germyliumylidene [{m-TerGe(NHC)2}X] 1, (X = Cl or BArF), has a unique 

electronic nature. In comparison to traditional germylene or germylium ions, it is a stronger Lewis 

base and possesses weak π-accepting character due to the strong donation from NHCs. Inspired 

by this electronic feature, we have utilized germyliumylidene 1 in the catalytic reduction of CO2 

with amines and silane, under mild conditions. Furthermore, the versatility of 1 is explored in the 

catalyzed hydroboration and cyanosilylation of carbonyls. 
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Schubert during his Internship). Debotra Sarkar and Dr. Catherine Weetman co-wrote the 
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analyses. All the work was performed under the supervision of Prof. Shigeyoshi Inoue. 
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10. Summary and outlook 

This Ph.D. dissertation started with the initial goal to explore the reactivity of the silyliumylidene 

[{m-TerSi(IMe4)2}+Cl-] 1, previously reported by our group. Besides the already reported reactivity 

of 1 towards CO2 and PhCCH our target was to systematically investigate the reactivity of the 1 

towards other small molecules such as chalcogen and H2O. Fortunately, the reactivity of the 1 

towards elemental chalcogen gave rise to the elusive heavier silaacylium cation, while the 

reactivity of 1 with H2O led to the long sought-after molecule silaaldehyde. Also, the isolation, 

reactivity, and catalytic application of germyliumylidene [{m-TerGe(IMe4)2}+Cl-] 11 put insight 

into the low valent group 14 chemistry. Striking reactivity of germyliumylidene 11 towards N2O 

led to the solely donor stabilized germaacylium ion, which shows fascinating reactivity towards 

catalytic utilization of CO2. A detailed summary is given below. 

Heavier silaacylium ion 

The reactivity of [{m-TerSi(IMe4)2}+Cl-] with chalcogens led to the solely donor stabilized heavier 

silaacylium compounds [{m-Ter(SiE)(IMe4)2}+Cl-] (E= S 2, Se 3 and Te 4) (Figure 45). Compounds 

2-4 are isolated in good yields (compound 2 = 85%, 3 = 56%, 4 = 87%). Further, DFT calculations 

revealed the zwitterionic nature of the Si-E bond. 

Thus, heavier silaacylium can be demonstrated by two resonance canonical forms A and B (Figure 

45), where canonical form B is dominant due to the strong donation from the NHCs. Further 

fascinating reactivity of 2-4 with AuI led to the regeneration of the tetryliumylidene 1. Notably, 

this represents the first example of chalcogen transfer via low valent Si(II) compound to the 

coinage metal compound (AuI). Interestingly, sila-chalcogen scrambling was demonstrated, 

which was in line with the energy of silicon-chalcogen bond {4 (90.8 kcal mol-1)→ 3 (62.7 kcal mol-

1)→ 2 (47.5 kcal mol-1)} (Figure 46). 
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Figure 45: Isolation and reactivity of heavier silaacylium ions. 

 

 

 

Figure 46: Chalcogen-scrambling reaction of heavier silaacylium ions. 
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The reactivities, as mentioned above, encouraged us to use silyliumylidene 1 as a potential 

chalcogen transfer catalyst. It is to be noted that catalytic chalcogen transfer from elemental 

chalcogen to an organic substrate is rare.166 For example, there is only a handful of transition 

metal-mediated catalytic chalcogen transfers to unsaturated C-C bonds known.167 Unfortunately, 

no catalytic or stoichiometric chalcogen transfer from 2-4 towards alkenes or alkynes was 

observed. Whilst the potential for this chemistry is clear, small modifications to the ligand design 

maybe enable catalytic activity and is something to consider in the future. 

 

Silaaldehyde 

Compounds containing Si-O double bonds are long-sought-after species within the class of 

organosilicon compounds.5 A number of kinetically and thermodynamically stabilized silanones 

(R2Si=O) have been reported. However, due to the lack of steric protection isolation of 

silaaldehydes {R-Si(O)H} in the condensed phase is challenging. Inspired by the reactivity of the 1 

towards small molecules (e.g., PhCCH, CO2, H2S, and chalcogens),95, 107, 108, 168, we treated 

compound 1 with H2O in an attempt to isolate a silaaldehyde [{m-Ter(H)SiO}(IMe4)].  

 

Figure 47: Isolation of silaaldehyde. 

However, in the absence of a Lewis acid reaction of 1 with H2O yielded the polysiloxane complex 

5, which is a combination of four silaaldehyde {m-Ter(H)SiO} and one SiO2 moiety (Figure 47). 

Encouraged by this result, we utilized a Lewis Acid to prevent the oligomerization of the 

silaaldehyde. Indeed the reactivity of 1 with H2O in the presence of GaCl3 leads to the desired 
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silaaldehyde complex [[{m-Ter(H)SiO}(GaCl3)](IMe4)] 6 (Figure 47). However, the use of other 

Lewis acids such as B(C6H5)3, ZnCl2 etc., did not provide the corresponding silaaldehyde 

complexes. Despite being masked by GaCl3, compound 6 shows analogous reactivity to classical 

aldehyde compounds R-CO(H) (Figure 48). The reaction with the masked silaaldehyde 6 and GaCl3 

leads to the silaacyl halide complex [[{m-Ter(Cl)SiO}(GaCl3)](IMe4)] 7. Further, hydrolysis of 6 with 

IMe4 gives rise to the corresponding silanoic acid [[{m-Ter(OH)SiO)}(GaCl3)](IMe4)] 8 (unstable), 

which further dimerizes to the corresponding sila-carboxylate ester 9. Intriguingly, Phospha-

Peterson type reactivity of the silaaldehyde 6 and P(TMS)3 enabled access to the phosphasilene 

compound [{m-Ter(H)Si(PTMS)}(IMe4)] 10. Moreover, the functionalization of 6 gives rise to a 

novel platform to gain access to otherwise elusive compounds.  Thus, showing the relationship to 

classical carbonyl chemistry.  

 

Figure 48: Diverse reactivity of silaaldehyde. 

Analogous to the synthesis of [{m-Ter(H)Si(PTMS)}(IMe4)] 10, the reactivity of 6 with heavier 

E’(TMS)3 (E’ = As-Sb) reagents could provide access to the heavier analogs of 10 containing Si=E’ 

bonds). Heavy Si=E bonds are rare and could be utilized as ligands to functionalize low valent 

group 14 complexes and activation of small molecules.  
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Germyliumylidene and germaacylium ion 

The germanium analog of the acylium ion, so-called germaacylium [R-GeO]+ ion are transient 

species.157 We envisioned an NHC stabilized bulky aryl germyliumylidene [{Ar-Ge(NHC)2}+X-] 

might be a suitable precursor to isolate the corresponding germaacylium [{Ar-GeO(NHC)2}+X-]. 

Thus, we synthesized germyliumylidene [{m-TerGe(IMe4)2}+Cl-] 11 by treatment of m-TerGeCl 

with two equivalents of IMe4. Germyliumylidene 11 possesses high nucleophilicity due to the 

coordination of two adjacent NHCs. Nucleophilic Ge(II) complexes are prone to oxidative 

 

Figure 49: Isolation and reactivity of germaacylium ion. 

addition. Indeed, the reactivity of germyliumylidene with N2O led to the desired germaacylium 

ion, compound [{m- TerGeO(IMe4)2}+Cl-] 12 (Figure 49). Intriguingly reaction of 12 with Ph3SiOH 

gave rise to the solely donor stabilized germaester [{m-TerGeO(OSiPh3)}(IMe4)] 13. Treatment of 

12 with Lawesson's reagent (CH3OPhPS2)2 and Wollin’s reagents (PhPSe2)2 provides the 

corresponding heavier silaacylium analogous [{m-TerGeE(IMe4)2}+Cl-] (E= S 14 or Se 15) (Figure 

49). These reactivities indicated classical carbonyl type behavior of 12. Further fascinating 

reactivity was observed as the regeneration of 11 was possible via the treatment of 12 with 

MecAAC (1-(2,6-diisopropylphenyl)-3,3,5,5-tetramethylpyrrolidine-2-ylidene). Facile oxide 
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transfer from 12 to MecAAC shows a similarity between 12 and transition metal oxides. Further, 

this transition metal oxide type behavior of 12 was explored towards CO2 functionalization, 

where reversible complexation of CO2 across Ge=O bond was observed. This encouraged us to 

utilize 12 as precatalyst in CO2 hydrosilylation and in N-methylation of amines (Figure 50). A 

combined theoretical and experimental study revealed that an NHC-stabilized siloxy-germylene 

[{m-TerGe(OSiHPh2)}(IMe4)] 16 is the active species in this catalytic cycle. Moreover, our study 

demonstrated that transition metal-oxo mimetic reactivity of a heavier group 14 oxide, whilst 

also showing similar reactivity to that of the classical carbonyl. 

 

Figure 50: Schematic diagram of reductive functionalization of CO2 with 16 (R’ = Ph2SiH). 

Further reactivity studies of 12 could also provide new insights by enabling access to new species.  

For example, similar to the synthesis of 13, the reactivity of 12 with pyrrole (C4H4NH), Ph3SiSH or 

H2O may lead to elusive germaamide [{m-TerGe(O)(NC4H4)}(IMe4)], germathioester [{m-

TerGe(O)(SSiPh3)}(IMe4)] or germanoic acid [{m-TerGe(O)OH}(IMe4)] species, respectively. 

Additionally, the oxide transfer reactions of 12 could be employed in a catalytic regime. For 

example, catalytic synthesis of isocyanate (R-NC=O) from isonitrile (R-NC) could be possible in 

the presence of N2O and using 11 as a catalyst.  
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Catalytic application of germyliumylidene 

Low valent Ge(II) compounds have shown interesting catalytic activity in diverse catalytic 

applications (e.g., cyanosilylation or hydroboration of ketones and aldehydes).21-23, 27, 61, 62, 141, 142 

In those catalytic cycles, the electrophilicity of the germanium plays a prominent role. However, 

a nucleophilic Ge(II) center never has been utilized for such purposes. Inspired by the unique 

electronic feature of the germyliumylidene [{m-TerGe(IMe4)2}+Cl-] 11, we utilized 11 in diverse 

organic transformations, including the first example of a germyliumylidene catalyzed reductive 

functionalization of CO2 (hydrosilylation and N-methylation of amines using CO2 as C1 source). 

Intriguingly, other organic transformations such as catalytic cyanosilylation and hydroboration of 

ketones and aldehydes was also achieved under ambient conditions. Notably, with the catalytic 

efficiencies, 11 is the most active germanium catalyst presently available for such organic 

transformations.  

 

Figure 51: Catalytic application of germyliumylidene [{m-TerGe(IMe4)2}+Cl-] 11. 
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Whilst the versatile catalytic ability of germyliumylidene 11 was shown further reductive 

functionalization of CO2 could also be envisaged, with RS-CH3 or R2P-CH3 likely possible if carried 

out in the presence of silane and RSH or R2PH. Additionally, as reported with the lighter 

silyliumylidenes, the stereo chemically active lone pair of germanium in 11 could also be utilized 

for the coordination chemistry of transition metal complexes. The strong σ-donation ability of 

compound 11 could enhance the electron density to the transition metal center and enhance the 

reactivity at each metal center. 

In conclusion, this thesis succeeded in the isolation, reactivity, and catalytic application of NHC- 

stabilized novel tetryliumylidene ions. The intriguing reactivity of silyliumylidene [{m-

TerSi(IMe4)2}+Cl-] 1 towards small molecules (chalcogen, CS2, and H2O) led to the various 

unprecedented main group compounds such as heavier silaacylium cations 2-4 or donor-acceptor 

stable silaaldehyde complex 6. Interestingly, the latter has served a precursor for several stable 

silacarbonyl complexes (7-9), and phosphasilene 10, demonstrated the similarities with its lighter 

congeners. Further, the facile access of the NHC-stabilized aryl germyliumylidene [{m-

TerGe(IMe4)2}+Cl-] 11 has been achieved. Exploiting the Lewis basicity of [{m-TerGe(IMe4)2}+Cl-], 

we have utilized 11 as a catalyst in various numerous organic transformations, including the 

catalytic functionalization of CO2. 

Interestingly the fascinating reactivity of 11 with N2O gave rise to a solely donor stabilized 

germaacylium ion 12. Both classical carbonyl as well as transition metal oxide behavior of the 

germaacylium has been demonstrated. Most impressively, the reversible activation of CO2 by 12 

and its application in reductive functionalization of the CO2 put new impetus in the field to the 

catalytic utilization of group 14 molecular oxides. Moreover, tetryliumylidenes have shown 

themselves to be a promising alternative to transition metals due to their unique electronic 

feature and versatile application towards the activation of small molecules and catalysis. 

Nevertheless, lots more to discover, this thesis has provided an excellent base to explore this 

chemistry further.  
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germaacylium ion and further chronological based on online publication in the corresponding 

journal. The supporting information of (chapter 6-8), are not included in this thesis. Data are 
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