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1 Introduction 

 

1.1 Low-Valent Heavier Main Group Elements 

 

The life on earth depends on the element carbon (C), it is a versatile element that finds itself in 

everything from DNA to materials in everyday use. As carbon is extensively distributed in nature, it 

has been subject of intense research by scientists for more than 200 years and hence its properties are 

widely known. Not only in nature, that we come in contact with everyday life, the existence of low-

valent carbon plays a crucial role in interstellar space among Group 14 elements and is particularly 

important in astrochemistry.[1] In comparison to carbon, the chemistry of low-valent heavier group 14 

elements (Si, Ge, Sn, Ph) only began to be investigated in the last three decades of the twentieth century. 

Due to the close proximity between carbon and silicon in the periodic table, it could be predicted that 

they would have similar electronic properties. However, there are fundamental differences between the 

lighter (C) and heavier elements (Si, Ge, Sn), as the covalent radii increases by nearly 50% from C (0.77 

Å) to Si (1.11 Å) (Figure 1).[2-3] Due to the increased radii, the tendency to form hybridized orbitals 

vanishes for silicon atom. In addition, Group 14 represents the sole group which contains all three major 

classification of elements: non-metal, metalloid and metal (Figure 1). Since the beginning of the twenty-

first century, spectacular discoveries in heavier-main group chemistry have led to them being described 

as “transition-metal like”.[4-6] Stable low-valent derivatives of heavier main group elements have either 

open or quasi-open coordination sites, which classifies them as highly reactive species and thus they 

bear the ability to mimic transition metals. Regarding their chemical reactivity, this transition metal like 

nature has enabled the activation of small molecules under mild conditions and recent achievements 

have showcased their catalytic ability.[5, 7] 

 

 

Figure 1. Variation in covalent radii and metallic character upon descending group 14. 
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The key factor, enabling major breakthroughs in low-valent main group chemistry, has been 

due to smart ligand design. Sterically demanding ligand motifs provide kinetic stabilization, whilst use 

of electron donating groups provide electronic stabilization. Consideration of both of these features has 

allowed for the isolation of stable low coordinate and/or low oxidation state systems and subsequently 

investigations into their reactivity. The discovery of a variety of simple, easily prepared ligands, which 

meet the above criteria, has allowed for an increasing number of low-valent main group species. In 

addition, this has led to the discovery of room-temperature stable main group complexes with 

astonishing properties, reactivity and catalytic ability. Many of the heavier group 14 elements display 

high reactivity towards utilization of small molecules such as dihydrogen[8-10], CII and CIV oxides[11-13] 

or ethylene[14-15] which generally had been reported only for transition-metal species. These reports 

highlight main group elements compounds showcasing transition-metal like reactivity and open the 

door to a fruitful and also challenging area of main group catalysis as a replacement for precious and 

toxic transition metals.
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2 Carbenes 

 

Carbenes (general formula, R2C:) are electronically neutral species. The central carbon’s six-

electron valence shell is covalently bonded through two σ orbitals, with two remaining electrons as a 

non-bonding electron pair. These two non-bonding electrons can occupy the degenerate px and py 

orbitals in a linear carbene structure which includes sp-hybridization (Figure 2, left). Alternatively, they 

can distribute as spin-paired (singlet) or spin-non-paired (triplet) in a bent structure carbene with a sp2-

hybridized carbon atom (Figure 2, middle and right). Due to their incomplete electron octet, synthesis 

and isolation of free, uncoordinated carbenes have been synthetic targets since 1835.[16]  

 

 

Figure 2. Schematic representation of the different electronic configurations of carbenes (R2C:). 

 

A pioneering study was reported by Bertrand and co-workers in the late 1980s, on isolation of 

the first acyclic carbene S2.1 that is stabilized by phosphino and silyl substituents (Figure 3).[17] Shortly 

after, in 1991, Arduengo et al. reported the first “bottleable” carbene S2.2 (Figure 3) that is integrated 

into a nitrogen heterocycle, namely a N-heterocyclic carbene (NHC). This was achieved via 

deprotonation of 1,3-di-1-adamantylimidazolium chloride with sodium hydride in THF.[18] 

 

 

Figure 3. The first reported acyclic (phosphino)(silyl)carbene (S2.1, left) and first N-heterocyclic carbene (S2.2, right).
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2.1 N-Heterocyclic Carbenes (NHCs) 

 

After their discovery in 1991, room temperature isolable carbenes, in particular NHCs have 

played a key role in developing modern organometallic chemistry. Various contributions have been 

made by several research groups in the development of NHCs and as a result its applications are widely 

exploited.[19-23] NHCs have found application not only in homogeneous or organo-catalysis[24-25], but 

also in material science[26-28] and medicinal chemistry[29-30].  

One of the main applications of NHCs are their use as ligands for metal-based catalytic 

reactions. Since they are strong σ-donors and weak π-acceptors, NHCs are comparable to the ligand 

class of phosphanes. In fact, it was found that NHCs have various advantages over phosphanes, since 

they form particularly stronger metal-carbon σ-bonds than the corresponding phosphine complexes. 

Comparison of the NHC-stabilized second generation Grubbs` catalyst [(SIMes)(PCy3)RuCl2(CHPh)] 

versus the phosphane-stabilised first generation Grubbs` Catalyst [(PCy3)2RuCl2(CHPh)] shows the 

strong σ-donation ability and trans effect of the coordinated NHC.[31] This results in enhanced stability 

and catalytic activity in olefin metathesis.  

Although NHCs are mostly known as excellent ligands for metal-based catalysis, another major 

field of application is the use of nucleophilic carbenes as organocatalysts.[32] Metal-free catalyzed 

processes are attractive alternatives to classical metal-based reactions due to their economical low cost 

and reduced environmental impact. The application of NHCs in organocatalysis first started with 

benzoin-type reactions (benzoin condensations).[33-34] Since this initial reactivity several new types of 

NHC-based organocatalysis has developed rapidly, for example transesterification[35], ring opening 

polymerizations (ROPs)[36] and 1,2-addition reactions.[37] 

The main application of NHCs that has most relevance to this thesis is their use in low-valent 

main group element chemistry. NHCs have proven to be superior ligands in terms of stabilization of 

low-oxidation and/or low-coordinate main group elements compared to Lewis base ligands. Thanks to 

the their tunable steric and electronic properties, numerous remarkable achievements have been 

reported in the low-valent chemistry of group 13, 14 and 15, which are addressed in detail in the Chapter 

2.2.  
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2.2 NHCs in Low-Valent Main Group Chemistry 

 

Although the majority of scientific contributions focus on the coordination of NHCs to 

transition metals and their use in organocatalysis, in the last two decades, it was shown that NHCs can 

also efficiently stabilize low oxidation state Group 13, 14 and 15 elements. One of the main features of 

the NHCs, in low-valent main group chemistry, is the σ-donation of the NHC to a free σ-accepting 

orbital of the low valent p-block element.21 In addition to their high σ-donor ability, NHCs can be 

sterically flexible depending on the size of the “wingtip” substituents. Moreover, the electronic 

characteristic of NHCs can be tuned by altering the number of nitrogen atoms adjacent to carbene 

carbon atom in the heterocyclic structure, as well as ring size or ring constitution (Figure 4). For 

example, in 2005, Bertrand et al. reported a new type of carbene, by replacing one of the NR groups in 

the cyclic framework with a CR2 group, namely cyclic alkyl(amino) carbene (cAAC).[38-41] Due to 

presence of σ-donating CR2 group next to the carbene carbon instead of nitrogen, cAACs are stronger 

σ-donors as well as better π-acceptor ligands than classical NHCs. Furthermore, cAACs are also able 

to activate small molecules like H2, NH3 or CO due to the small HOMO−LUMO separation.[42] As an 

additional member of the carbene family, we can also count an isomeric NHC, namely, “abnormal” 

NHCs (aNHC) are better σ-donors and weaker π-acceptors than the classical isomer due to the reduced 

heteroatom stabilization.[43-46] Whilst “normal” NHCs can bind to the metal/element at the C(2) position 

(NC(2)N), aNHCs can bind through either C(4) or C(5) positions. 

 

 

Figure 4. Electronic properties of classical NHC, aNHC and cAAC ligands. 
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Pioneering work in stabilization ability of NHCs to low-valent group 14 elements was carried 

out by Robinson and co-workers in 2008.[47] This enabled the isolation of a stable silicon (0) species by 

the reduction of NHC-stabilized silicon tetrachloride. The obtained disilicon complex S2.6 (Figure 5) 

consists of two silicon atoms each exhibiting a non-bonding electron pair. In 2013, the group of Driess 

reported the synthesis of cyclic silylone S2.7 (Figure 5), this was made possible by usage of a bidentate 

NHC ligand in which the NHCs are connected via a methylene bridge.[48]. In the same year, Stalke, 

Roesky and Frenking et al. also described a cAAC stabilized biradicaloid silicon atom in the formal 

oxidation state of zero.[49] In addition to neutral low-valent main group compounds, NHCs have also 

led the way to accessing positively charged silicon (II) cations, namely silyliumylidene ions. The groups 

of Tokitoh, Sasamori and Matsuo as well as Inoue have described numerous examples of 

silyliumylidene ions S2.8 (Figure 5) with various ligands and NHCs on the cationic silicon atom.[50-54] 

A rare example of silicon (II) dication was reported by Filippou in which three IMe4 (1,3,4,5-

Tetramethylimidazol-2-ylidene) ligands are coordinated to the low-valent silicon center.[55] 

 

 

Figure 5. Selected examples of low-valent main group compounds stabilized by NHCs.



 

2 Carbenes 

7 

 

NHCs ability to stabilize low coordinate compounds is not just exclusive to group 14 

compounds, they are also widely used to stabilize highly reactive group 13 elements in low oxidation 

states. In 2007, the group of Robinson reported the first bis-NHC-stabilized neutral diborene 

NHC→(H)B═B(H)←NHC (NHC = IDipp) upon reduction of NHC−BBr3 adduct with KC8.[56] 

Following this achievement, five years later, Braunschweig et al. reported a linear bis-NHC-stabilized 

diboryne S2.3 (Figure 5) via the reduction of a bis-NHC stabilized tetrabromodiborane with a one-

electron reducing agent.[57] In 2010, Jones and co-workers isolated the parent dialane S2.4 (Al2H4) as 

bis-NHC adduct through a hydrogen atom transfer from NHC-stabilized AlH3 (Figure 5).[58] Very 

recently, Inoue and co-workers succeeded in the isolation of the first neutral dialumene S2.5 (Figure 5). 

Complex S2.5 contains a formal aluminium double bond which is stabilized by employing both a NHC 

and sterically demanding di-tert-butyl(methyl)silyl (tBu2MeSi) group which can be used for the fixation 

and catalytic reduction of CO2.[59-60] 

One important example regarding the chemistry of NHC-adducts within group 15 elements was 

reported by Robinson in 2008, as this enabled the isolation of a bis-NHC stabilized diphosphorus 

compound S2.10 (Figure 5).[61] In 2017, Stalke and Roesky reported cAAC-supported phosphinidene 

S2.11 with hydride and halogen functionality (Figure 5).[62] As for nitrogen, this can be incorporated 

into the NHC ligand scaffold to create a new ligand class, namely N-heterocyclic Imine (NHI) S2.9 

(Figure 5) ligands. NHI ligands are strong electron donors due to the efficient delocalization of the 

cationic charge density over the heterocyclic ring system, hence a better choice than NHCs for 

thermodynamic stabilization of electron deficient compounds.[63] NHI systems have also proven as a 

successful ligand choice in isolating elusive main group species, such as a Al═Te double bond S2.12 

[64] and a three-coordinate silanone S2.13 (Figure 6).[65] 

 

 

Figure 6. Reported elusive examples in main group compounds with NHI ligands.  

 

Further numerous novel classes of low-valent compounds including functionalized low-valent 

silicon (II) compounds, with outstanding properties and reactivity have been isolated and investigated 

which will be described in detail in a separate chapter.
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3 Silylenes 

 

Silylenes R2Si(II), the heavier congeners of carbenes, are electronically neutral silicon 

compounds with a non-bonding electron pair at the divalent silicon center. Despite the close relationship 

in the periodic table, silylenes differ massively in their electronic properties from their lighter carbon 

congener. If you consider the calculated molecular structure and electronic configuration of the two 

divalent parent systems, methylene (H2C։) and silylene (H2Si:), methylene mainly favors the triplet 

ground state due to very low, indeed negative, singlet-triplet gap (ΔES, T = -14 kcal/mol). On the other 

hand, silylene (H2Si:) has a greater single-triplet gap (ΔES, T = 16.7 kcal/mol)[66] separation that results 

in a low tendency to form hybrid orbitals, hence favoring the singlet ground state (Figure 7).  

 

 

Figure 7. Molecular structure and electronic configuration of methylene (H2C:) and silylene (H2Si:). 

 

Due to the electron configuration of singlet silylenes, the pz orbital remains unoccupied which 

makes them susceptible to oligomerization. This results in the formation of disilenes which are still 

extremely reactive species. Thus, kinetic and/or thermodynamic stabilization is essential to isolate the 

low-valent silicon center in silylenes. Thermodynamic stabilization can be achieved by donation from 

the π-donor ligands to the empty p-orbital and kinetic stabilization by introducing sterically demanding 

ligands (Figure 8). 

 

Figure 8. Thermodynamic stabilization of silylenes by π-donor ligands (left) and kinetic stabilization by sterically encumbered 

ligand (right). 
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In 1964, the group of Goldstein reported a dimethylsilylene ((CH3)2Si:) in the gas phase as a 

short-lived intermediate upon reduction of dimethyldichlorosilane ((CH3)2SiCl2) with sodium-

potassium vapor at 260-280 ºC.[67] Over the subsequent two decades, silylenes were thought only to be 

stable under inert matrices at cryogenic temperatures.[68] In 1986, Jutzi et al. reported the first room 

temperature stable silicon(II) compound, decamethylsilicocene S3.1, from the reduction of the 

corresponding dihalide with alkali metal (Figure 9).[69] This report was a great breakthrough in the 

history low-valent silicon chemistry and has been the subject of recent research.[70-71] In 1990, Karsch 

et al. reported a four-coordinate stable bis-donor stabilized silylene S3.2 with a stereochemically active 

lone pair at the silicon center (Figure 9).[72] Although these compounds are counted as milestones in low 

valent silicon chemistry, they are not recognized as “true silylenes” due to the their high coordination 

numbers. 

 

 

Figure 9. First examples of room temperature isolable divalent Si(II) compounds 



 

3 Silylenes 

10 

 

3.1 N-Heterocyclic Silylene (NHSi) 

 

In 1991, Arduengo et al. reported the first NHC S2.2 (Figure 3) and led the way to the numerous 

applications not only in academic but also in industrial research. One year later, the first 

bis(amino)silylene (Me2Si(NtBu)2Si:) was reported by Veith upon photolysis of silicon diazide 

(Me2Si(NtBu)2Si(N3)2) in an argon matrix at cryogenic temperatures.[73] Unfortunately, this compound 

was only stable up to 77 K. Finally, in 1994, Denk and West successfully isolated the first room 

temperature stable divalent N-Heterocyclic Si(II) compound (NHSi) S3.3, also known as “West’s 

silylene”, from the reduction of the corresponding silicon(IV) dichloride precursor with elemental 

potassium (Figure 10).[74] Compound S3.3 is the first member of the divalent cyclic silicon(II) species, 

which is stabilized by two π-donating amino groups and kinetically supported by two sterically 

demanding tert-butyl groups (Figure 8). Subsequently, the same group also isolated a saturated analog 

via a similar reduction method.[75] This analog is more reactive than the unsaturated silylene, and as 

such it is distinctly less thermally stable. 

 

 

Figure 10. Selected examples of stable N-heterocyclic silylenes (NHSi). 

 

Following the isolation of the first NHSi, further examples were described through 

modifications of the ligand backbone or the amino substituents. For example, in 1995, Lappert and 

Gerhus reported a new silylene S3.4 that employed a benzo-fused backbone (Figure 10).[76] Also in 

2006, Driess and co-workers isolated the β-diketimidato-stabilized silylene S3.6 (Figure 10), this 

showed ambivalent reactivity towards nucleophiles due to its ylide-like electronic resonance 

structures.[77] Roesky, in 2006, reported the first stable chlorosilylene S4.1 (Figure 13) that is 

electronically stabilized by a chelating amidinato ligand.[78] Due to the relevance of this thesis, it will 

be separately discussed in detail in the Chapter 4.1. As a notable example, Kira et al. described a 

carbocyclic bis(alkyl)silylene S3.5 (Figure 10). Within this achievement, they showed that stable 

silylenes do not necessarily need π-donor ligands, which had been previously achieved through use of 

nitrogen substituents, and can therefore be stabilized only by steric protection.[79] Very recently, in 2016, 

the group of Iwamoto reported the synthesis of a novel cyclic(alkyl)(amino)silylene
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(cAASi) S3.7 (Figure 10) which is similar to established carbon derivative (cAACs).[80] Compound S3.7 

shows improved thermal stability in comparison to the prior bis(alkyl)silylenes, whilst maintaining 

similar observed reactivity. 

 

3.2 Acyclic Silylene 

 

Until 2012, stable two-coordinate silylenes were limited to compounds that exhibited the silicon 

atom as part of a rigid cyclic framework (i.e. NHSi) or high coordination number at silicon(II) center. 

Although room temperature stable heavier Group 14 tetrylenes ((SiMe3)2N)2E: (E = Ge, Sn) have been 

known since 1970s,[81-82] the stable acyclic silylene remained elusive. In 2003, West and Müller reported 

a semi-stable acyclic bis(bis(trimethylsilyl)aminosilylene (((SiMe3)2N)2Si:) which is stable at −20 ºC 

yet rapidly decomposes above 0 ºC.[83] Finally in 2012, the group of Power succeeded in generating an 

acyclic thiolate substituted silylene S3.8 (Figure 11).[84] Within the same issue, the groups of Aldridge 

and Jones reported the synthesis of a new acyclic silylene S3.9 (Figure 11) that bears one amino group 

and an electropositive σ-donating ligand.[8] The latter group also implemented a silyl group (Si(SiMe3)3) 

instead of a boryl ligand to be able to synthesize silyl-substituted acyclic silylene S3.10 (Figure 11).[85] 

Two years later, the same groups also reported a new-type isolable acyclic silylene S3.11 (Figure 11) 

that bears an extremely bulky boryl-amide ligand.[86] Thanks to the bulky peripheral substituents, all 

below compounds S3.8−11 (Figure 11) are kinetically stabilized and hence thermally robust. 

 

 

Figure 11. Selected examples of room temperature stable acyclic silylenes. 

 

Acyclic silylenes are thought to be more promising candidates in terms of reactivity towards 

small molecule activation and/or oxidative addition reactions than NHSi’s due to their coordinative 

flexibility rather than the rigid cyclic framework. In fact, boryl(amino) silylene S3.9 can active 

dihydrogen even at 0 ºC.[8] Similarly, the silyl coordinated silylene S3.10 (Figure 11) can also split 
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dihydrogen at room temperature to give corresponding dihydrosilane. Very recently, the same group 

reported the reductive coupling of CO and CO2 with S3.9 (Figure 11).[87] Inoue and Rieger reported a 

very reactive acyclic iminosilylsilylene that reversibly inserts into an aromatic C═C double bond to 

form silacycloheptatriene (silepin).[88] This silepin can be used as a synthetic equivalent to acyclic 

silylene. Indeed, treatment of silepin with N2O successfully furnished the first examples of isolable 

acyclic, neutral and three-coordinate silanone, which has enhanced stability in both solution and solid 

state, due to the π-donating NHI ligand and σ-donating silyl groups.[65] 

 

3.3 Base Stabilized Silylene 

 

The first NHC-adduct of an acyclic bis(silyl)silylene S3.12 was reported by Sekiguchi in 2012 

by reductive dehalogenation of (tBu3Si)2SiBr2 in the presence of IMe4 (Figure 12).[89] This compound 

gained particular interest among the silicon chemistry community, since compound S3.12 is a rare 

example of silyl-substituted silylenes. Recently, Cowley and co-workers isolated a NHC-stabilized 

bis(silyl)silylene S3.13 (Figure 12) from a donor-supported disilene.[90] Not only NHCs, but also milder 

Lewis bases like DMAP can also support reactive acyclic silylenes S3.14 (Figure 12) as very recently 

demonstrated by the Inoue group.[91] 

 

 

Figure 12. Selected examples of NHC-stabilized acyclic silyl-substituted silylenes.  

 

In addition to acyclic silylenes, Robinson and co-workers reported NHC-stabilized bis-

silylenechloride (NHC:(Cl)Si−Si(Cl):NHC) upon reduction of a NHC adduct of SiCl4 in hexane.[47] In 

recent years, NHCs have contributed greatly towards allowing access to a large number of novel low-

valent silicon(II) complexes especially in terms of functionalized silylenes, which will be discussed in 

details in following Chapter 4. 
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4 Functionalized Stable Silicon(II) Compounds 

 

Over the past 30 years, NHSi ligands have been studied extensively in terms of their synthesis, 

reactivity and applications in transition-metal like catalysis. A handful of reviews based on the 

reactivities of bare silylenes have been reported so far[75, 92-95], however, in contrast much less is known 

about substituted/functionalized silylenes. In particular, α-substituted three-coordinate silylenes, in 

which an additional reactive site is gained due to labile substituents, are expected to have distinct 

reactivity compared to two-coordinate silylenes.  

 

4.1 Silicon(II) Halides 

 

Among functionalized silylene compounds, chloro-substituted silylenes are the most developed 

class due to the presence of a labile Si-Cl bond. These compounds are prone to undergo salt metathesis 

type reactions and hence indispensable building blocks for synthetic organosilicon chemistry. The first 

stable monomeric chlorosilylene S4.1 (Figure 13) was reported by Roesky and co-workers in 2006, via 

reduction of amidinato trichlorosilane with finely divided potassium at room temperature in a 10% 

yield.[78] The following chemistry of this particular chlorosilylene was limited due to its low yield, yet 

the same group reported an improved synthesis four years later from the direct reaction of amidinato 

dichlorohydrosilane with bis-trimethyl silyl lithium amide (LiN(TMS)2), this increased the isolated 

yield to 90%.[96] Compound S4.1 is kinetically stabilized by sterically hindered amidinato ligand and 

displays a trigonal pyramidal geometry suggesting the presence of an active lone pair at the silicon 

center. 

 

 

Figure 13. Two alternative synthetic approaches for amidinato chlorosilylene S4.1.  
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Since the successful isolation of the first chlorosilylene (S4.1, Figure 13), numerous reactivity 

investigations have been carried out. Treatment of S4.1 with biphenyl alkyne at room temperature 

successfully formed silicon-containing cyclic compound 1,2-disilacyclobutene S4.2 via oxidative 

addition (Figure 14). This can be further fluorinated upon using trimethyltin fluoride to form fluoro-

substituted disilacyclobutene.[96] Upon introduction of a less hindered alkyne (methylphosphaalkyne) 

formation of a five –membered cyclic cation was observed, which consists of silicon, carbon and 

phosphorus centers.[97] In 2011, Roesky and co-workers showed that compound S4.1 can activate P4 to 

form a zwitterionic amidinato ligand stabilized Si2P2 four membered unit S4.5 (Figure 14).[98] 

Interestingly, in the same year, Inoue and Driess reported the isolation of same Si2P2-

cycloheterobutadine S4.5 that is derived from the reaction of phosphasilene S4.3 with 

dichlorotriphenylphosphorane Ph3PCl2.[99] Treatment of compound S4.1 with N2O at room temperature 

furnished the six-membered Si3O3 ring S4.4, whilst treatment with benzophenone afforded a 

monosilaoxirane type complex (Figure 14).  

 

 

Figure 14. Selected reactivities of amidinato chlorosilylene S4.1. 

 

In 2010, Baceiredo and Kato reported a phosphine−stabilized chlorosilylene S4.6 that shows 

delightful reactivity, enabling the isolation of a variety of novel silicon containing compounds (Figure 

15).[100] The reaction of chlorosilylene with lithiated phosphinodiazomethane affords 

phosphino(silyl)diazomethane, this allowed for access to the first isolable phosphine-stabilized silyne 

(Si≡C) complex upon photolysis.[100] The obtained compound S4.7 is stable up to −30 ºC and has a very



 

4 Functionalized Stable Silicon(II) Compounds 

15 

 

 short silicon-carbon bond that compares well with theoretical predictions for silicon-carbon triple 

bonds. By using the same synthetic analogy, they also considered to obtain a silylene-substituted azide 

as a potential precursor for silanitrile (Si≡N) species. Unfortunately, reaction of chlorosilylene S4.6 

with sodium azide did not yield the corresponding azide yet it formed 1,3-diaza-2,4-disilacyclobutadine 

S4.8 (Figure 15) with an exceptionally short but non-bonded Si∙∙∙Si distance, which lies in the range for 

that of a Si═Si double bond.[101] This Si2N2 four-membered unit can be considered as the dimeric form 

of the desired silanitrile. Recently, the same group also reported the formation of a donor-stabilized 

silavinylidene phosphorene S4.9 upon treatment of chlorosilylene with P,S-bis-ylide which results in a 

remarkably high electron density on the carbon center (Figure 15). Hence, compound S4.9 can also be 

considered as a silylene/phosphine supported C(0) center.[102]  

 

 

Figure 15. Selected reactivity of a phosphine-stabilized chlorosilylene S4.6.  

 

Recently, Driess and co-workers described the isolation of a β-diketiminato chlorosilylene 

S4.10 (Figure 16) via the use of a bulky NHC as a dehydrochlorination reagent.[103] In the same year, 

Aldridge and co-workers reported a substituted β-ketiminato ligand stabilized chlorosilylene S4.11, 

(nacnac)DippSiCl ((nacnac)Dipp = HC(Me2N)C(Dipp)N)2)) that is mildly oxidized with N2O at room 

temperature to form a sila-acyl chloride S4.12 (Figure 16) without the presence of a stabilizing Lewis 

acid.[104] Furthermore, nucleophilic substitution of the Si(O)Cl unit with either K[HBEt3] or KOtBu 

successfully furnishes a sila-aldehyde S4.13 (borane-stabilized) and a sila-ester S4.14, respectively 

(Figure 16).[104] 
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Figure 16. Formation of sila-acyl chloride, sila-aldehyde and sila-ester compounds from β-ketiminato chlorosilylene S4.11. 

 

In addition to intramolecular Lewis-donor stabilized chlorosilylenes, external Lewis-bases, 

more precisely NHCs can be also used to support such functionalized silylenes. The first example of a 

NHC-adduct of chlorosilylene was reported by Filippou et al. in 2010.[105] Whilst one of the two 

equivalents of NHC selectively dehydrochlorinate the arylchlorosilanes SiArHCl2 (Ar = C6H3-2,6-

Mes2; C6H3-2,6-Trip2), the other equivalent externally stabilizes the chlorosilylene S4.15 (Figure 17). 

One of the breathtaking compounds derived from S4.15, was the first isolable transition metal-silylyne 

complex (Si≡M) which will be described in detail in Chapter 5. One year later, Cui and co-workers 

described a new donor-stabilized aminochlorosilylene S4.16 RClSi:←NHC (R = 2,6-

iPr2(C6H3)(SiMe3)N) via the same method. Compound S4.16 can be used as a reagent enabling 

stereoselective bis-silylation of terminal alkynes containing electron withdrawing groups (EWG) to 

afford compound S4.18 (Figure 17).[106-107] Treatment of S4.16 with various enolizable ketones afforded 

silicon bis-enolates, whilst use of SiCl4 yielded different reactions products depending on the reaction 

conditions.[108-109] For example, under ambient temperature in Et2O it formed a rare example of a NHC-

stabilized silaimine, whereas in hot toluene it transformed to a dimer of dichlorosilaimine (ArN═SiCl2) 

that consists of a planar Si2N2 central ring. In 2012, Rivard group synthesized amidochlorosilylene 

S4.17 (Figure 17) by treating NHC-SiCl2 adduct with Li[NHDipp].[110] The reaction of compound S4.17 

with a hydride source (LiBH4) afforded a Si(II) hydride (borane substituted) complex S4.19 (Figure 

17). The same group also reported the heavier congeners (Ge, Sn) via the same synthetic approach. In 

2016, Müller group reported another synthetic approach to reproduce Filippou`s arylchlorosilylene 

S4.15 that involves NHC-induced fragmentation of 7-chloro-7-silanorbornadiene with IMe4.[111] 

Although obtained chlorosilylene was proven to be same compound spectroscopically, it decomposed 

due to the reaction conditions.  
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Figure 17. Selected reactivity products of NHC-stabilized chlorosilylenes.  

 

In addition to monochlorosilylene, dihalosilylenes (SiX2, X = Cl, Br, I) are an important class 

of compounds due to their roles in industrial applications such as in microelectronic devices as well as 

purification of silicon, the so-called Siemens process.[112] Earlier attempts by Schenk, Schmeisser, 

Margrave and others to isolate dihalide silylenes at room temperature resulted in mostly polymeric 

species (SiX2)n.[113-115] In several reports, it was noted that SiX2 can be generated in gas phase yet it is 

stable only at very low temperatures.[116-118] Finally, the first room temperature stable dichlorosilylene 

S4.20-Cl was reported with NHC stabilization by the group of Roesky et al. in 2009.[119] In fact, they 

have reported two synthetic procedures for the desired IDipp→SiCl2 (Figure 18). In a similar fashion to 

the monochlorosilylenes, dehydrohalogenation of trichlorosilane (HSiCl3) with two equivalents of NHC 

directly yielded the NHC-stabilized dichlorosilylene in 79% yield. 

Another multistep synthetic approach was also described within the same report. It is also 

obtainable via formation of NHC-stabilized SiCl4 followed by concomitant reduction of the adduct 

IDipp→SiCl4 with two equivalents of KC8. The 29Si NMR shift of this dichlorosilylene (ẟ = 19.06) is 

line with those for monochlorosilylenes.[78, 103, 105, 110-111, 120-121] Similarly, disproportionation of Si2Cl6 

also results in both the base-stabilized SiCl2 and SiCl4 complexes.[122] The compound IDipp→SiCl2 can 

be converted the novel dichlorosilaimine upon treatment with RN3 which is then further reduced to yield 

a dimeric silaisonitrile (RNSi:)2.[123] Within the same issue, Filippou`s group reported the analogous 

IDipp→SiBr2 S4.20-Br via reduction of the ionic complex [IDipp→SiBr3]Br with potassium 

graphite.[124] Four years later, Filippou also reported diiodosilylene S4.20-I utilizing the same method 
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(Figure 18).[55] Aside from usage of NHCs as a HCl scavenger to obtain dihalosilylenes, halogenation 

of the Si=Si double bond of base-stabilized Si(0) compounds with 1,2-dihaloethanes (1,2-C2H4X2, X = 

Cl, Br, I) has proven to be an efficient method to access dihalosilylenes. Indeed, in 2015, Filippou and 

co-workers reported the synthesis of a series of complexes S4.20-X (X = Cl, Br, I) (Figure 18) via 

comproportionation of (IDipp)2Si2. These can be further used as precursors for NHC-stabilized silazines 

and silaimines.[125-126]  

 

 

Figure 18. Different synthetic approaches to obtain NHC-stabilized dihalosilylenes (NHC→SiX2). 

 

Other than NHC ligands, different bases such as cAACs can be also used to support these 

reactive dihalosilylenes externally. Although, attempts to prepare cAAC→SiCl2 resulted in 

polymorphic structures for Roesky`s group,[127-128] So and co-workers were able to isolate a stable 

cAAC→SiI2 upon reduction of cAAC→SiI4 with two equivalents of KC8 in toluene.[129] It is important 

to note that, formation of desired compound is solvent dependent and no product formation was 

observed when THF was used instead of toluene. 
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4.2 Silicon (II) Hydrides 

 

Hydrosilylenes, with the generic name as H2Si:, are silicon(II) compounds that exhibit 

minimum one α-substituted hydrogen. These species have only been studied either at very high 

temperatures or in an argon matrix at cryogenic temperatures, due to the highly reactive silicon center 

with an unoccupied p-orbital and an active lone pair. In addition to that, the lability of the terminal Si-

H bond, which is negatively polarized towards hydrogen (Siẟ+−Hẟ−), makes such elusive species even 

more reactive in comparison to the tetravalent silicon(IV) hydrides. Hydrosilylenes are important 

intermediates in the industrial manufacturing process for amorphous silicon and silicon films via the 

pyrolysis of silane (SiH4).[130-131] These hydrosilylenes become valuable synthetic targets due to their 

great potential in synthetic chemistry such as hydrosilylation reactions. So far, several room 

temperature-stable silicon(II) hydrides are reported, the majority were synthesized via donor-acceptor 

stabilization.  

 

 

Figure 19. Selected examples for isolated silylene(II) hydrides that adopt donor-acceptor (push-pull) stabilization.  

 

In 2011, the group of Robinson succeeded to isolate the parent silylene S4.21 (H2Si:) unit by 

“push-pull” stabilization, employing NHC and boranes for the respective push-pull unit (Figure 19). 

This was achieved by the borane-induced Si-Si bond cleavage of the NHC-adduct of disilicon 

(NHC→Si═Si←NHC, NHC = IDipp).[132] One year later, the group of Rivard introduced an alternative 

route to access parent silylenes via the reaction of NHC-stabilized dichlorosilylene complex 

(IDippSiCl2) with LiAlH4 to afford the NHC-stabilized silicon(II) dihydride-borane S4.22 adduct 

(Figure 19).[133] Interestingly, this complex reacts with W(CO)5∙THF to yield a dihydride-tungsten 

complex (IDipp∙SiH2∙W(CO)5) via a silylene group transfer mechanism (Figure 19). Furthermore, the 
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same group reported the synthesis of a silicon(II) amidohydride adduct via chloride/hydride metathesis 

reaction of the corresponding amido chloro silylene with LiBH4.[110]  

The first mononuclear stable Lewis acid-base stabilized Si(II) hydride S4.23 (Figure 19) was 

reported by Roesky and Stalke via the reaction of the corresponding silicon(II) chloride S4.1 (Figure 

13) with borane THF adduct (BH3∙THF) in 2011.[134] With the help of the stabilizing chelating amidinato 

ligands, the obtained Lewis acid-base stabilized monochlorosilylene was converted to 

monohydridosilylene S4.23 with hydrogenating agent potassium K-selectride (K[(s-Bu)3]BH). One 

year later, by employing the same chlorosilylene as precursor, Driess and Inoue succeeded in isolating 

the first example of a bis(hydrido)silylene complex which is also stabilized by means of a push-pull 

methodology. The reaction of titanium complex [Cp2Ti(PMe3)2] with two equivalents of chlorosilylene 

resulted in the formation of the bis(chlorosilylene)titanium complex that is subsequently converted into 

the bis-silylenehydride complex upon treatment with Li(HBEt)3.[135] This report also demonstrates that 

not only Lewis acids, but also transition metal fragments, can be also used as protecting groups in order 

to stabilize Si(II) hydride complexes. Similarly, the reaction of the Fe(0) complex [(dmpe)2Fe(PMe3)] 

(dmpe = 1,2-bis(dimethylphosphino)ethane) with chlorosilylene yielded the new chlorosilylene-iron 

complex, which can be further converted to the corresponding hydridosilylene-iron complex with 

Li(HBEt)3 via halide-hydride exchange.[136]  

In addition to the amidinate ligand class, the β-ketiminate ligand stabilized silylene hydride 

S4.24 (Figure 19) was also reported. Driess et al. reported the formation of Ni(CO)3 coordinated NHSi. 

The reaction of the silylene-nickel complex with hydrogen chloride (HCl) afforded the chlorosilylene-

nickel complex quantitatively, followed by an exchange of the chloride by hydride with Li(HBEt)3 to 

afford desired isolable silicon(II) hydride-nickel complex S4.24.[137] The afforded hydrosilylene 

complex was also accessible through treatment with a hydrogen source, like ammonia-borane, with the 

NHSi-nickel complex. In the same report, it was shown that compound S4.24 is suitable as a 

hydrosilylation agent for diaryl-substituted alkynes. A second example of a hydridosilylene with β-

diketiminate ligand was obtained by the reaction of NHSi with the iridium hydride complex 

[Cp*IrH4].[138] This resulted in the formation of the first silyl-iridium complex via oxidative addition 

into the iridium-hydrogen bond followed by rearrangement to hydridosilylene in 24 hours at room 

temperature. 

In contrast to various examples of donor-acceptor stabilized silicon(II) hydrides, the isolation 

of an acceptor free system remained elusive until 2011. The group of Kato and Baceiredo successfully 

synthesized the first acceptor free phosphine-stabilized silylene(II) hydride S4.25 (Figure 20) by 

reductive dehalogenation of the corresponding dichlorosilane derivative with elemental magnesium.[139]   
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The reaction of acceptor free silylene(II) hydride with olefins (cyclopentene) afforded the cyclopentane-

substituted silicon(II) complex which represents the first example of hydrosilylation in the absence of 

a supporting catalyst. 

 

 

Figure 20. Reported acceptor-free silylene(II) hydrides.  

 

In 2013, Inoue and co-workers reported a novel acceptor free NHC-stabilized silyl-silylene 

hydride S4.26 (Figure 20) by reductive dehydrohalogenation of a supersilyl-substituted 

dihydrochlorosilane (tBu3SiSiH2Cl).[140]  

 

 

Figure 21. Selected reactivities of NHC-stabilized silyl-substituted silylene (II) hydride. 
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Interestingly, treatment of NHC-silylene hydride with half an equivalent of Ni(COD)2, results 

in the two NHC-ligands, that were formerly attached to the Si(II) center, being transferred to the Ni 

center, furnishing the first example of a dihydrosilene Ni(0) complex S4.27 (Figure 21). Compound 

S4.26 undergoes [2+2+1] cycloaddition reactions with phenyl acetylene and diphenyl acetylene to form 

1-alkenyl-1-alkynylsilane and 2,3,4,5-tetraphenyl-1-(tri-tBu-silyl)-1H-silole, respectively.[141] 

Furthermore, treatment of silylene (II) hydride with excess CO2 affords the cyclotrisiloxane S4.28 in 

82% yield (Figure 21).[142] Recently, the same group also presented the novel iron and tungsten carbonyl 

complexes S4.29 (Figure 21) that exhibit exceptionally long silicon-metal bond lengths due to the 

zwitterionic resonance structures.[143] In 2016, Müller group described a new synthetic approach to 

access Lewis base stabilized hydridosilylenes. This described the formation of NHC supported aryl-

substituted silylene (II) hydride via NHC-induced fragmentation of silanorbornadiene derivatives which 

forms hydrosilylene iron complex upon treatment with diironnanocarbonyl (Fe2(CO)9).[111]
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5 Silicon-Transition Metal Multiple Bonds 

 

Multiple bonds between transition metals and main-group elements have gained considerable 

attention, since their discovery in 1964.[144-145] The first transition metal carbene complex 

[(CO)5W═CMe(OMe)] was reported by E. O. Fischer followed by R. R. Schrock with the isolation of 

(tBuCH2)3Ta═CH(tBu) in 1974. Since these seminal discoveries, numerous examples of transition 

metal carbene complexes have been reported. In terms of their application, these complexes have been 

widely utilized in alkene metathesis and cross coupling reactions.[146] The most far-reaching reactivity 

of metal-carbene complexes is their contributions to the olefin metathesis reactions, which resulted in 

a Nobel Prize in chemistry in 2005.[31] Olefin metathesis is one of the versatile methods in the synthesis 

of new carbon-carbon bonds in not only organic and polymer chemistry but also in pharmaceutical 

manufacturing.[147] Grubbs` catalysts are chosen widely in industrial applications[148-151] for olefin cross-

metathesis (CM), ring-opening metathesis polymerization (ROMP), ring-closing metathesis (RCM) and 

acyclic diene metathesis (ADMET) reactions due to its functional group tolerance, stereoselectivity and 

catalyst longevity.[152-153] 

 

 

Figure 22. Schematic representation of the orbital interactions in TM-Silylene and a donor-stabilized TM-Silylene Complexes 

according to Dewar-Chatt-Duncanson model. 

 

Among group 14 elements, many attempts have focused on the ability to isolate silicon analogs 

of transition metal−carbene multiply bonded complexes, due to the close proximity of carbon and 

silicon in the periodic table. Transition metal-silylene complexes (LTM═SiR2) can be described as 

complexes displaying planar geometries, with the TM−Si bond displaying double bond character. The 

bonding situation can be illustrated by Dewar-Chatt-Duncanson model similar to metal-carbene 

complexes (Figure 22).[154] A σ-bond occurs between the lone pair of the silicon center and empty orbital 

of the transition metal. A π-bond forms via back donation from a filled d-orbital of the metal to the 

empty p-orbital of the silicon. Due to the higher electrophilicity of silicon center compared to the carbon 
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analogue in TM═E (E = p-block) complexes, silylene complexes can also be donor stabilized via 

coordination of Lewis bases. This results in elongation of the bond between silicon and metal. Transition 

metal-silylene complexes are sought to be observed as reactive intermediates or in the gas phase in 

molecular beam experiments. Although they were synthetic targets since the 1960s, earlier attempts did 

not provide successful results. Thus, further supporting the justification that these complexes are very 

reactive compared to lighter carbene complexes. 

The first isolated transition metal-silylene complexes were donor-stabilized, reported by the 

two independent groups of G. Müller (S5.1) and D. Tilley (S5.2) in 1987 (Figure 23).[155-156] These 

complexes have a considerably long metal-silicon bond and distorted tetrahedral geometry and hence 

feature silyl complexes. In addition to base-stabilized silylene complexes, several base-free metal-

silylene complexes with different substituents at silicon were discovered.  

 

 

Figure 23. First examples of donor-stabilized transition metal-silylene complexes. 

 

The first base-free silylene complex S5.3 ([Cp*(PMe3)2Ru═Si(SR)2][BPh4] (R = Et, −C6H3-4-

Me)) was isolated by abstraction of an anionic group (OTf−) from [Cp*(PMe3)2Ru−Si(SR)2OTf] (A, 

Figure 24).[157] Abstraction of an anionic group produces a cationic silylene complex and is a reliable 

procedure to generate silylene complexes. Alternatively, other general synthetic approaches have 

developed these either involve coordination of a free silylene (S5.4, B, Figure 24)[158] or α-substituent 

(mostly hydrogen) migration (S5.5, C, Figure 24).[159] 

Metal-silylene complexes that are mentioned above can be classified as Fischer-type with the 

bond highly polarized in a Mẟ−═Siẟ+ manner. Since compounds S5.1-5 have highly electrophilic silicon 

and nucleophilic metals, they are thought to be more reactive than the metal-carbene complexes in 

particular towards nucleophiles.[160] Moreover, metal-silylene complexes are intriguing to investigate 

due to their possible roles in metal-catalyzed transformations (i.e. dehydrogenative coupling of 

hydrosilanes, scrambling of substituents in silanes).[161-165] Indeed, Glaser and Tilley reported that the 

cationic ruthenium-hydrosilylene complex is catalytically active in hydrosilylation of alkenes.[166] TM-
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silylene complexes have now been accessible for more than three decades and the chemistry of various 

silylene complexes including stoichiometric and catalytic transformation reactions have made a steady 

progress.[167-175] 

 

 

Figure 24. Synthetic routes for base-free silylene complexes by (A) substituent abstraction, (B) coordination of a free silylene 

to a TM, (C) α-Hydrogen migration. 

 

Although most of the metal-silylene complexes are Fischer-type, a limited number of Schrock-

type metal-silylenes were also described. In 2006, the group of Sekiguchi reported the first Schrock-

type Hafnium−silylene complex S5.6 (Figure 25) via the coupling reaction of 1,1-dilithiosilane 

(Si(Li)2(tBu2MeSi)2) with (ƞ-C5H4Et)2HfCl2. The obtained 16-electron hafnium-silylene complex is 

thermally instable and rapidly decomposed at 0 ºC, yet could be isolated as 18-electron hafnium-silylene 

phosphine complex S5.6-PMe3 upon addition of PMe3 to the hafnium center (Figure 25).[176] Later in 

2013, the same group isolated the new Schrock type titanium-silylene complex with bicyclic silylene 

ligand S5.7 and explored it´s reactivity towards simple unsaturated substrates.[177-178] Compound S5.7 

undergoes [2+2] cycloaddition with terminal alkynes to afford silatitanacyclobutenes S5.8 as [2+2] 

cycloaddition products (Figure 25). Due to the use of an early transition metal and electropositive silyl 

substituent at the silylene center, the bond in compound S5.6 is polarized in an opposite manner as 

Mẟ+═Siẟ−. Therefore, complexes S5.6−7 undergo nucleophilic attack at the silicon atom instead of the 

transition metal as would be expected from classical Schrock-type TM complexes of main group 

elements.  
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Figure 25. Schrock-type transition metal-silylene complexes and [2+2] cycloaddition reaction of titanium-silylene complex 

S5.7. 

 

Unlike metal-silylene complexes,[160, 179-180] the chemistry of metal-silylyne complexes 

featuring a triple bond between silicon and a transition metal center (Si≡M) is relatively unexplored, 

due to the lack of suitable Si(II) precursors. A notable silylyne complex 

[Cp*(dmpe)(H)MoSiMes][B(C6F5)4] (dmpe = PMe2CH2CH2PMe2) was reported by Mork and Tilley in 

2003 upon subsequent chloride abstraction from chlorosilylene Cp*(dmpe)(H)Mo═SiClMes with 

Li[B(C6F5)4].[181] Although this complex has very short Mo−Si bond length of 2.219(2) Å and down-

field shifted resonance in the 29Si NMR spectrum at ẟ = 289 ppm, it was not considered a “true” metal-

silylyne complex, due to the presence of an agostic hydrogen interaction between the transition metal 

and silicon center. 

Later in 2010, a genuine Mo≡Si triple bonded complex S5.9 (Figure 26) was successfully 

isolated by the group of Filippou from the base-stabilized silicon(II) halide.[182] The treatment of 

NHC−SiCl(R) (R = C6H3-2,6-Trip2) with lithium metallate (Li[CpMo(CO)3] furnished the NHC-

stabilized metal-silylene complex upon salt metathesis. Subsequent abstraction of the NHC via the 

Lewis acidic borane (B(p-Tol)3) affords the neutral molybdenum-silylyne complex S5.9 

Cp(CO)2Mo≡Si(C6H3-2,6-Trip2) with the bond length between silicon and molybdenum being 

2.2241(7) Å (A, Figure 26).[182] In addition to the base-stabilized Si(II) halides, half an equivalent of 

dihalodisilenes can be used as a halosilylene synthetic equivalent as recently described by Filippou in 

the synthesis of [(κ3-tmps)(CO)2Nb≡Si(Tbb)] (Tbb = C6H2-2,6-[CH(SiMe3)2]2-4-tBu).[183-184] A cationic 

silylyne complex was reported by Tilley as having an Os≡Si triple bond S5.10 which was formed by 

hydride abstraction with the strong Lewis acid B(C6F5)4 from the hydrosilylene complex 

[Cp*(iPr3P)(H)Os═Si(H)Trip] (B, Figure 26).[185] A similar synthetic route to obtain a triple bond 

between silicon and transition metal was reported by Tobita and co-workers via dehydrogenation from 
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a metal-silylene complex containing a (H)W═Si(H) moiety. They reported the synthesis of a neutral 

Cp*(CO)2W≡SiTsi (Tsi = C(SiMe3)3) via the stepwise proton and hydride abstraction utilizing Lewis 

bases (NHC) and Lewis acids (B(C6F5)3), respectively.[186] Using the same methodology, it was found 

that the dimeric structure of [Cp*(CO)2W≡Si(Eind)]2 (S5.13, Figure 27) is in equilibrium with its 

monomer.[187] Very recently, a new synthetic approach to access metal-silylyne S5.11 complexes was 

reported by Filippou. In contrast to previous routes which used silicon halides or hydride/halogen 

abstraction from the corresponding metal-silylene complexes, this new method involves the direct 

transfer of a silyliumylidene ion to form the metal-silylyne complexes (C, Figure 26).[70]  

 

 

Figure 26. Selected synthetic approaches for novel transition metal-silylyne complexes. (A), starting from base-stabilized 

Si(II) halides via salt metathesis; (B), starting from silicon (IV) hydrides via abstraction of hydride group from hydro-silylene 

complex; (C), starting from silyliumyliedene ions. 
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The most important reactivity of TM≡C complexes is their reactivity with various unsaturated 

organic substrates and the ability to undergo metathesis reactions, as represented by olefin and alkyne 

metathesis. Although many reviews are well documented regarding the stoichiometric and catalytic 

reactions of metal-carbyne complexes,[188-189] the chemistry of heavier analogues (M≡Si) is still in its 

infancy. 

 

 

Figure 27. Reactions of silylyne (TM≡Si) towards alkyne to form thermally stable metallocycle (S5.12) and towards 

aldehyde to lead to metathesis-like fragmentation (S5.15).   

 

 In 2013, Tilley and co-workers reported the formation of metallosilacyclobutadiene S5.12 

(Figure 27)  via the [2+2] cycloaddition reaction between compound S5.10 and an alkyne 

(PhC≡CPh).[185] In a general metathesis reaction, formation of four-membered metallocycle is proposed 

to be the key intermediate. However, in the case of Tilley the obtained product is thermally stable and 

further conversion could not be obtained. Very recently, the Hashimoto and Tobita groups introduced 

the reactions of a tungsten silylyne complex with aldehydes and their metathesis like fragmentation.[190] 

According to their report, treatment of a half equivalent of compound S5.13 with pivalaldehyde 

undergoes a [2+2] cycloaddition reaction to yield the four-membered W−Si−O−C metallocycle S5.14 

(Figure 27). This is then further converted to a carbyne complex S5.15 and 1,3-cyclodisiloxane S5.16 

upon gentle heating (Figure 27). In addition to the reactivity of metal-silylyne complexes towards 

unsaturated organic complexes, a handful of examples have shown reactions towards nucleophiles[191], 

bond activations mediated by electron-transfer[191] and carbonylation reactions[192]. Since their 

discovery, the synthesis and chemistry of transition metal-silylyne complexes is one of the exciting yet 

challenging research fields over the last two decades.[193]  
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In addition to TM-Silicon multiple bonded systems, bimetallic complexes with bridging silicon 

units are considered to be an important class in organo-transition metal chemistry since they are alleged 

key intermediates in various transition-metal catalyzed transformations[194-196] like dehydrocoupling of 

hydrosilanes and the metathesis of olefins.[197-198] Hybrid clusters including group 14 elements with 

M2C2 core are well known after the first discovery in the bonding ability of acetylenes across metal-

metal triple bonds to form quasi-tetrahedral compounds.[199-201] After that various M(μ-C2R2)M 

dimetallatetrahedrane complexes were reported not only with acetylenes but also with alkynes that are 

known as catalytically active in the polymerization of alkynes[202-211] and in hydroboration reactions.[212] 

Among the heavier analogues, many M2Si2 dimeric binuclear complexes with various transition-metals 

(M = Ti, W, Co, Rh, Ni, etc.) were reported including their catalytic activities since 1900s.[197, 213-234] In 

1988, the group of Young reported a Pt2Si2 complex S5.17 (Figure 28) which is a potential key 

intermediate in the platinum-catalyzed dehydrocoupling of hydrosilanes. Later in 2000, Mol and co-

workers suggested that the W2Si2 cluster S5.18 (Figure 28) can act as a catalyst precursor for terminal 

olefin metathesis under irradiation.[197-198] Thus far reported complexes with M2Si2 core bearing a planar, 

diamond-shaped or butterfly type environment, but neutral bimetallic tetrahedral structures remain 

elusive. 

 

 

Figure 28. Selected examples of reported planar clusters with M2Si2 core.
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6 Motivation of This Work 

 

As highlighted in the introduction, unlike the rich field of organic chemistry, relating to the 

carbon-based systems, the chemistry of heavier main group elements like silicon remains under studied 

despite silicon being more abundant within the Earth’s crust. Undoubtedly, the last two decades have 

witnessed remarkable achievements in new strategies for synthesis and application of low-valent 

heavier main group species. Sterically demanding ligand design is one of the key factors for isolating 

these reactive species. In respect to smart ligand choice, electropositive and sterically demanding silyl 

substituents (R3Si−) have become principal ligands in organosilicon chemistry, since they have enabled 

access to seminal examples in main group chemistry. For instance, it was reported that the σ-donating 

silyl group is one of the key factors for the enhanced stability of the first neutral acyclic three-coordinate 

silanone S2.13 (Figure 6).[65] Furthermore, silyl groups have also proven effective ligands across the p-

block, as highlighted by the isolation of the first neutral dialumene S2.5 (Figure 5).[59] 

Among low-valent main group species, functionalized silylenes, particularly chlorosilylenes 

are an intriguing class of compounds. Due to the presence of a labile Si−Cl bond, as well as their empty 

lone pair, chlorosilylenes are ideal candidates for building blocks towards novel organosilicon 

compounds, as shown in Chapter 4.1. So far various ligands have been utilized to support the reactive 

chlorosilylenes via differing kinetic and thermodynamic stabilization strategies, [78, 100, 103, 110, 120] yet 

chlorosilylenes bearing silyl-substituents are the still missing pieces. This work aims to close this gap 

to uncover the combined effect of chloro- and silyl-substitution onto the central silicon atom. With this 

ligand combination, a good understanding to further versatile silylene reactivity and an access to variety 

of low-valent functionalized silylenes are anticipated (Figure 29).  

 

 

Figure 29. Aims of this thesis: Synthesis of silyl(chloro)silylenes and examination of its reactivity according to the potential 

reactive sites. 
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To achieve this challenging task, in addition to the silyl-ligand, further stabilization will be 

sought via NHCs as they bring easily tunable steric and electronic properties. With the targeted class of 

compound in hand, it is investigated concerning its reactivity towards a variety of Lewis acids and 

bases, which will be discussed in Chapter 8. It is moreover an ideal candidate giving access to novel 

silicon-transition metal multiple bonded species, discussed in Chapter 9. 

Moreover, the only reported NHC-stabilized monohydride and silyl-substituted functionalized 

silylene S4.26 (Figure 20) with be further surveyed concerning its potential to build up silicon-boron 

bonds. Initial reactivity investigations with S4.26 highlighted its coordination chemistry with regards 

to transition metal[140, 143] and functional organic groups such as carbonyls and alkynes[141-142]. Usage of 

this particular silylene to achieve silicon−boron bonds is rather uncommon despite of numerous studies 

on silylene-derived silicon-element bond formation. Known silicon coordinated borane moieties bear 

“acceptor stabilization” as shown for the compounds S4.21−23 (Figure 19) or those compounds are 

even not accessible, as silylenes were often found to be prone to insertion of the silicon atom into the 

boron-heteroatom bond. Thus, we envisaged the use of silylene hydride as ideally suited as a reaction 

partner with electrophilic boron sources, enabling the build-up of silicon-boron bond, which is 

discussed in Chapter 7. 
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Title: Reactivity of an NHC-stabilized pyramidal hydrosilylene with electrophilic boron 

sources 

  

Status: Research Article, published online April 3, 2019 

 

Journal: Dalton Transactions, 2019, 48, 5756-5765. 

 

Publisher: Royal Society of Chemistry 

 

DOI: 10.1039/C9DT00608G  

 

Authors: Gizem Dübek, Daniel Franz, Carsten Eisenhut, Philipp J. Altmann and Shigeyoshi 

Inoue*  

 

 

Content: Silylenes with an active lone pair on the Si(II) atom have been frequently used as electron-

pair donors towards boron-centered electrophiles. In this report, we investigated the reactivity of 

silylene hydride towards various types of boron-centered electrophiles that are commonly encountered 

in molecular chemistry. Reaction of silylene hydride with BX3 (X = H, F, Cl, Br) lead in most cases to 

formation of the Lewis acid-base adducts of silylene hydride (R3SiSi(H)→BX3). Depending on the 

Lewis acidity of BX3 an equilibrium to the auto-ionized products [R3SiSi(H)BX2]−[BX4]+ (X = F, Cl) 

was found. Interestingly, treatment of Si(H) with ammonia borane (H3N∙BH3) led to formation of a 

NHC adduct of R3SiSiH2NHBH2. This was formed through the dehydrogenation of H3N∙BH3 yielding 

H2NBH2, followed by silylene insertion into the N−H bond concomitant with the migration of NHC 

from the Si center to the B atom. Accordingly, a similar adduct formation (R3SiSi(H)→B(Ar)) was also 

observed in the case of the organoboranes (BPh3 or BPh2Br). As a major result of this study, the stability 

of the silylene adduct correlates to the relative Lewis acidity of the borane sources and resembles with 

the stability of the corresponding dimethylsulphide (dms) complexes of boranes. 

G. Dübek, D. Franz, C. Eisenhut, P. J. Altmann, S. Inoue, Dalton Trans. 2019, 48, 5756-5765. 

Reproduced by permission of the Royal Society of Chemistry. 

                                                           
* G. Dübek and D. Franz planned all experiments and co-wrote the manuscript. G. Dübek conducted 

70% and C. Eisenhut contributed with 30% of the experimental work including analysis. P. Altmann 

conducted all SC XRD measurements and managed the processing of the respective data. All work was 

performed under the supervision of S. Inoue. 
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Title: NHC-Stabilized Silyl-Substituted Chlorosilylene  

 

Status: Communication, published online November 11, 2019 

 

Journal: Inorganic Chemistry, 2019, 58, 23, 15700-15704. 

 

Publisher: American Chemical Society  

 

DOI: 10.1021/acs.inorgchem.9b02670 

 

Authors: Gizem Dübek, Franziska Hanusch and Shigeyoshi Inoue* 

 
 

Content: After the isolation of the first amidinato ligand stabilized monochlorosilylene by Roesky in 

2006, several donor-stabilized silylenes with chloride functionality were reported. These subsequent 

reports utilized different ligands including phosphine, β-diketiminato, aryl or amino substituents yet 

silyl-substituted chlorosilylene remained missing. Silyl-groups are one of the excellent substituents in 

main group chemistry due to their tunable steric demand and high σ-donation properties. Therefore, we 

aimed to synthesize and isolate a novel monochlorosilylene that bears a silyl-substituent. This was 

achieved via the selective dehydrochlorination of a silyl-based Si(IV) precursor to afford the first NHC-

stabilized (silyl)chlorosilylene. In addition, the reactivity of the title compound was explored and found 

to react through three distinct active sites. Firstly, (silyl)chlorosilylene can coordinate the iron carbonyl 

via its ylidenic site at the silicon center to form an iron chlorosilylene complex, with a relatively long 

Si−Fe bond length. Secondly, the title compound undergoes chloride/hydride metathesis to yield a 

stable NHC-silylene hydride borane adduct upon treatment with LiBH4 which corroborates the Si−Cl 

functionality. Furthermore, due to the dative bond between the NHC and silicon atom, chlorosilylene 

can transform to a silyliumyliedene ion upon treatment with excess less sterically demanding NHCs 

through ligand exchange reaction. 

Reprinted with the permission from G. Dübek, F. Hanusch, S. Inoue, Inorg. Chem. 2019, 58, 15700-

15704. Copyright 2019 American Chemical Society. 

                                                           
* G. Dübek planned and executed all experiments including analysis and wrote the manuscript. F. 

Hanusch conducted all SC XRD measurements and managed the processing of the respective data. All 

work was performed under the supervision of S. Inoue. 
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Title: An Air-stable Heterobimetallic Si2M2 Tetrahedral Cluster 

 

Status: Research Article, published online January 14, 2020 

 

Journal: Angewandte Chemie International Edition, 2020, 59, 5823-5829. 

 

Publisher: John Wiley & Sons, Inc. 

 

DOI: 10.1002/anie.201916116 and 10.1002/ange.201916116 

 

Authors: Gizem Dübek, Franziska Hanusch, Dominik Munz and Shigeyoshi Inoue* 

 

Content:  After the successful isolation of the first (silyl)silylene chloride, and the discovery that it 

contained a labile Si-Cl bond, it was hypothesized that this complex would be an ideal precursor for the 

formation of transition metal-silylene complexes. In this report, we demonstrated the synthesis and 

isolation of new NHC-stabilized transition-metal silylene (M = Mo, W) complexes which contain a 

metal-silicon double bond. In the next step, elimination of the coordinated NHC ligand from TM-

silylene complexes was examined via addition of different Lewis acids. Treatment with strong Lewis 

acids such as B(C6F5)3 or AlCl3 led to the reversible coordination of the Lewis acid to one of the 

carbonyl ligands on metal center. The use of a milder Lewis acid like BPh3, however, successfully 

removes the NHC from the TM-silylene complexes. Surprisingly, this affords the first examples of 

heterobimetallic tetrahedral Si2M2 clusters which were found to be air- and moisture stable and show 

no reaction with methanol even after prolonged heating at 70 ºC. Computational investigations revealed 

the formation of tetrahedral cluster is based on the dimerization of the intermediate metal-silylyne 

(M≡Si) complex. This indicates that the steric bulk of the silyl-substituents on silylyne intermediate 

prevents the formation of planar four-membered ring and allows only tetrahedral structure due to 

perpendicular arrangement of the two silylyne groups.

                                                           
* G. Dübek planned and executed all experiments including analysis and wrote the manuscript. F. 

Hanusch conducted all SC XRD measurements and managed the processing of the respective data. D. 

Munz designed and performed the theoretical analyses and contributed to manuscript. All work was 

performed under the supervision of S. Inoue. 
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10 Summary and Outlook 

 

This PhD project was started with initial focus to continuative reactivity studies of the 

(silyl)hydrosilylene S4.26 (Figure 20), previously reported by our group.[140] Beside the already reported 

reactivity of compound S4.26 towards transition metals[143] and unsaturated organic small molecules, 

[141-142, 235] our target was the systematic investigation of the reactivity of S4.26 towards different Lewis 

acidic borane sources.  

The treatment of NHC-stabilized (silyl)silylene hydride S4.26 with BR3 (R = H, Ph) or 

H3N→BH3 leads to formation of the silylene-hydride-borane complex S10.1 or the product S10.3 due 

to ammonia borane dehydrogenation, with concomitant insertion of the silicon (II) atom into an N-H 

bond (Figure 30). 

 

 

Figure 30. Reactivity of NHC-stabilized (silyl)silylene hydride (S4.26) towards electrophilic borane sources (e.g. hydro-, 

halo-, organo-boranes). 

 

Different to the BH3-Adduct S10.1, the organoborane (BPh3) adduct S10.2 (Figure 30) is 

converted back to the free silylene upon treatment with excess IMe4 with IMe4→BPh3 obtained as side 

product. The reaction of silylene hydride S4.26 with haloboranes (Et2O→BF3, BCl3, BBr3) resulted in 

the formation of Lewis acid-base adducts S10.4−6 which slowly equilibrated to the auto-ionization 

products S10.5-X, (X = F, Cl). The ratio of S10.5-X significantly depends on the atomic number of the 

halide. We conclude that the formation of auto-ionized products decreases with the rising atomic 

number of the halide. Hence, the stability of afforded Lewis acid-base adducts increases in the order Br 

> Cl > F. Although, the conversion of silylenes with haloboranes mostly occurs via insertion of the 

silicon atom into a boron-halide, with the hydrosilylene S4.26 it successfully furnished the Lewis acid-
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base adducts. Moreover, upon increasing stability of the counter anion [BX4]−, the system is more prone 

to auto-ionization. Accordingly, the treatment of S4.26 with a mixed system BPh2Br afforded the 

compound S10.7 (Figure 30) as reminiscent of the related conversions described above.  

 

 

Figure 31. Reactivity products of NHC-stabilized (silyl)chlorosilylene S10.8 via its corresponding active sites; (i) through 

active lone pair (S10.9), (ii) through labile Si−Cl bond (S10.10, S10.13), (iii) through its dative bond with NHC (S10.11, 

S10.12).  

 

In an effort to expand the chemistry of functionalized low-valent silylenes, particular attention 

was paid to synthesis and isolation of silyl-substituted chlorosilylenes. As a major goal of this thesis, 

the aim was to exchange the hydride in S4.26 and add a halide functionality to the (silyl)silylene, to 

afterwards take advantage of the silicon-halide bond being more labile than a silicon-hydride bond. 

Moreover, silyl-substituted halosilylenes had remained elusive due to the lack of suitable synthetic 

methods. Since (silyl)halosilylene, particularly chlorosilylene, would be prone to salt metathesis 

reactions, it should be an excellent precursor for the access of novel organosilicon compounds. The 

reaction of silyl-based Si(IV) precursor (tBu3SiSiHCl2) with two equivalents of IEt2Me2 in toluene at 

−50 ºC successfully gave access to the silicon(II) monochloride NHC adduct S10.8 (Figure 31) in 

excellent yields (92%) with a trigonal pyramidal geometry with the sum of bond angles at the silicon 

center being 309.25º. In the 29Si NMR spectrum of S10.8, the signal corresponding to the terminal 

Si(II)−Cl appears at 18.3 ppm, that is downfield shifted to that of the NHC-stabilized arylchlorosilylenes 

S4.15[105], due to the presence of an electropositive silyl substituent. Since compound S10.8 has three 

potential active reactive sites, we investigated the reactivity of each of those active sites. Compound 

S10.8 reacts readily with Fe2(CO)9 through its active lone pair to afford the corresponding silylene 

chloride-iron complex S10.9 (Figure 31) with relatively long Si−Fe bond length due to the electron-
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donating bulky silyl substituents. Treatment of (silyl)chlorosilylene S10.8 with LiBH4 leads to the 

formation of stable silylene hydride borane adduct S10.10 (Figure 31) via Cl/H exchange, which is iso-

structural to S10.1 (Figure 30). Moreover, chlorosilylene S10.8 underwent a ligand exchange reaction 

with the less sterically demanding, but more σ-electron donating IMe4 ligand, resulting the formation 

of an asymmetric NHC-silyliumyliedene ion S10.11 which is confirmed by hetero-nuclear NMR 

analysis. Although compound S10.11 found to be stable over time according to NMR experiments, it 

converted into more stable symmetric silyliumylidene ion S10.12 (Figure 31). 

We then continued by using the lability of Si−Cl bond stepwise to allow for accessibility to Si-

M multiple bonds. As a starting point, salt metathesis reaction of (silyl)chlorosilylene (S10.8) towards 

transition metallates was investigated. Treatment of compound S10.8 with Cp(CO)2PMe3Li (M = Mo, 

W) in hot toluene smoothly affords the NHC-stabilized M═Si complexes S10.13 (Figure 31) as dark 

green solids in good yields (M = Mo, 82%, M = W, 78%). The 29Si NMR spectrum of compounds 

S10.13 have characteristic resonances (S10.13-Mo,  = 279 ppm; S10.13-W,  = 230 ppm) similar to 

the reported transition metal-silylene complexes S5.1-7. Following this outcome, we studied whether 

or not NHC exchange is possible from compound S10.13 with the smaller and more nucleophilic IMe4. 

Treatment of compound S10.13-W with excess IMe4 resulted in a fast and quantitative exchange with 

the formerly coordinated IEt2Me2 by IMe4 to afford the compound S10.14 (Figure 32). As expected, the 

structural parameters were very similar with S10.13-W. With the ability of ligand exchange proven in 

compounds S10.13, we tackled the next level to access increased bonding between silicon and the metal 

centers: abstraction of the NHC. As such, we introduced various Lewis acids in order to abstract the 

NHC as a Lewis acid-base adduct. The reaction of S10.13-W with strong Lewis acids like B(C6F5)3 or 

more oxophilic AlCl3 resulted in an immediate reaction to afford a peculiar Lewis-acid carbonyl adduct 

S10.15A-B (Figure 32) as confirmed by the single crystal X-ray crystallography. Interestingly, the 

addition of a coordinating solvent (i.e. THF) to the dark red solutions of S10.15 spontaneously resulted 

in the regeneration of the initial starting material S10.13.  

Thus clearly paving the way of milder Lewis acids, like triphenyl borane (BPh3), being 

necessary in order to abstract the NHC from the TM-silylene complexes S10.13. Heating a toluene 

solution of S10.13 to 90 ºC with one equivalent of BPh3 yielded the desired NHC abstraction to afforded 

the air- and moisture-stable heterobimetallic tetrahedral complexes S10.16 (Figure 32). The 29Si NMR 

signals of the skeletal silicon atoms shifted strongly to the high field region (S10.16-Mo,  = 4 ppm; 

S10.16-W,  = −63 ppm) which corroborates strongly with the silyl characters change in hybridization 

from sp2 to sp3. Moreover, such an upfield shift is also characteristic for the ring C atoms of 

tetrahedranes.[236] According to DFT calculations, silicon and tungsten atoms in compound S10.16-W 

possesses two different yet quite covalent σ-interactions. In addition, a σ-bond between the two skeletal 

silicon atom as well as a considerable bonding interaction between the two tungsten atoms was found. 
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Overall, the DFT calculations confirm consequently a tetrahedral structure with strong and covalent 

interactions between all silicon and tungsten atoms in compound S10.16. 

 

 

Figure 32. NHC exchange/abstraction products of TM-silylene complexes (S10.13) to afford compounds S10.14-16. 

 

In order to understand the peculiar Si−Si dimerization for the formation of tetrahedral clusters, 

the reaction mechanism was modelled. The restricted DFT calculations suggest that compound S10.16 

forms via subsequent dimerization of linear transient TM-silylyne complex (Si≡M) (ΔG = +1.7 kcal 

mol–1). Most importantly, the transition state reveals that the steric bulk associated with the supersilyl 

group on the silicon atom and Cp ligands on the metal center allows only for a perpendicular 

arrangement of the two silylyne complexes and hence determines the formation of tetrahedral cluster 

instead of a four-membered ring, as would be expected by simplifying polarity considerations. 

Future reactivity investigations of chlorosilylene, compound S10.8 should build on the work 

highlighted within this thesis. In particular, towards accessing different anionic complexes through salt 

metathesis as it has been shown to be possible through the formation of S10.10 and S10.13. For 

example, adapting a similar synthetic approach as for compound S4.7 (Figure 15), treatment of 

compound S10.8 with anionic diazo compound could give access to the formation of a silicon-carbon 

bond and subsequent elimination of N2 and NHC may afford donor-free silynes (Si≡C), which is a long-

sought target compound in silicon chemistry. An alternative approach would involve the NHC exchange 

reaction of S10.8 with isocyanide (R−N≡C) which might yield a isocyanide stabilized chlorosilylene, 

that can be further reduced by alkali metals to afford triple bond between silicon and carbon. 

This thesis also gives insight from a different perspective, as it was shown by DFT that the 

formation of the intermediate TM-silylyne complex is actually isoergic (ΔG = +1.7 kcal mol–1) with 

TM-silylene complex S10.13. This finding suggests that the employed tBu3Si substituent is not 
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sterically demanding enough to kinetically stabilize a silicon metal triple bond, hence subsequently 

dimerization occurs to yield tetrahedral heterobimetallic clusters S10.16. Moreover, this also implies 

that with increased steric bulk on either the silicon center and/or on metal center, first silyl-substituted 

TM-silylyne complex could be obtained. With this compound in hand, further investigated in terms of 

sila-alkyne type metathesis, akin to TM-carbyne complexes, would be great interest. 

In conclusion, this doctoral work extends the scope of low-valent group 14 element chemistry 

especially in regard to low-valent functionalized silylene compounds. The work within this thesis has 

succeeded in the synthesis of first example of silyl-substituted chlorosilylene S10.8 and formation of 

several novel low-valent silicon compounds S10.9-15 via its three different reactive sites. With this 

achievement, the one of the missing spot for the class of functionalized low-valent silylenes was 

fulfilled. Strikingly, within this work the first neutral heterobimetallic tetrahedral cluster S10.16 with 

Si2M2 core was discovered and thoroughly characterized from an experimental and theoretical point of 

view. 
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