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Abstract 

Siliconoids have received tremendous attention due to the prominent role of silicon in 

technologies of the modern society. The presence of the partially unsubstituted 

cluster scaffold resembles silicon surface materials at molecular regimes. While 

siliconoids play important roles as presumed intermediates during chemical vapor 

deposition processes or in heterogeneous catalysis, the possibility to graft functional 

groups to the Si6 benzpolarene scaffold is a prerequisite for their incorporation as 

building blocks into extended systems. Main attention of this thesis is the introduction 

and transformation of functionalities in the periphery of Si6 siliconoids.  

Dichlorinated metallocenes of Group 4 are shown to be suitable reagents for the 

transfer of metals to the Si6 siliconoid. The electrophilic transfer of a chlorinated 

amidinato tetrylene to the Si6 siliconoid facilitates the coordination to transition metal 

fragments. As will be shown, depending on the nature of the substituents of the 

transition metal fragments, different and unprecedented structural motifs can be 

obtained. 

In context of the application of siliconoids in homogeneous catalysis, the reactivity of 

a silylene/siliconoid hybrid towards chalcogens and carbon monoxide was 

investigated resulting in unprecedented and unsaturated chalcogen-expanded 

heterosiliconoids as well as in the full cleavage of the C≡O triple bond under 

formation of an Si=C Enol ether bridge in the peripherie of the cluster scaffold. 

 



 

 

XI 
 

 



 

 

XII 
 

Zusammenfassung 

Silicoide erregten aufgrund der herausragenden Rolle von Silicium in den 

Technologien der modernen Gesellschaft eine enorme Aufmerksamkeit. Das 

Vorhandensein des teilweise unsubstituierten Clustergerüsts ähnelt 

Siliciumoberflächenmaterialien im molekularen Bereich. Während Silicoide als 

vermutete Zwischenprodukte bei chemischen Gasphasenabscheidungsprozessen 

oder bei der heterogenen Katalyse eine wichtige Rolle spielen, ist die Möglichkeit, 

funktionelle Gruppen auf das Si6 Benzpolarengerüst zu übertragen eine 

Voraussetzung für deren Einbau als Bausteine in erweiterte Systeme. Das 

Hauptaugenmerk dieser Arbeit liegt auf der Einführung und Transformation von 

Funktionalitäten in der Peripherie von Si6 Silicoiden. 

Es wurde gezeigt, dass dichlorierte Metallocene der Gruppe 4 geeignete Reagenzien 

für die Übertragung von Metallen auf das Si6 Siliciumgerüst sind. Der elektrophile 

Transfer eines chlorierten Amidinatotetrylens auf ein Si6 Silicoid erleichtert die 

Koordination an Übergangsmetallfragmente. Wie gezeigt werden wird, können 

unabhängig von der Art der Substituenten der Übergangsmetallfragmente 

unterschiedliche und beispiellose Strukturmotive erhalten werden. 

Im Zusammenhang mit der Anwendung von Silicoiden in der homogenen Katalyse 

wurde die Reaktivität eines Silylen/Silicoid Hybrids gegenüber Chalkogenen und 

Kohlenmonoxid untersucht, was zu beispiellosen, ungesättigten Chalkogen-

expandierten Heterosilicoiden, sowie zur vollständigen Spaltung der C≡O 

Dreifachbindung unter Bildung einer Si=C Enoletherbrücke in der Peripherie des 

Clustergerüsts führte. 
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Foreword 

After oxygen with 46.6% by weight, silicon, carbon’s heavier congener, is the second 

most prevalent element in the earth's crust with 27.7% by mass.1 Silicon mostly 

appears in the form of silicates or oxides in a wide variety of rocks such as quartz, 

feldspar or mica but in nature it is rarely found in its elemental form. In fact, silicon 

has been an essential element for humans since ancient times – a long time before 

the pure elemental form has been discovered by Lavoisier in 1787 which was later on 

characterized as silicon by Berzelius in 1824.2 Silicon-based materials have been 

used e. g. in form of obsidian as a cutting tool or simply as clay for pottery/ceramics3 

and concrete/cement4 for construction of houses, respectively. One popular extracted 

rock in local chalk areas such as Denmark or Belgium is flint, which as a 

representative silicon-containing mineral served namesake for the element. The latin 

word for flint/pebble ("silex") was fused with the ending -on by Thomas Thomson in 

1817 in order to highlight the chemical relationship to carbon and boron resulting in 

the now well-known element name “silicon”.5  

In addition to its role in naturally occurring silicon dioxide and silicates, which 

dominate the construction industry, elemental silicon is an important raw material for 

the polysiloxanes materials, colloquially known as "silicones". Silicones are find 

widespread application in daily-life products such as adhesives, sealants and 

lubricants.6 Elemental, high-purity silicon moved into focus due to its excellent 

semiconductor properties leading to its abundant role in modern electronics and the 

solar industries.7 The first silicon-based semiconductor device, a transistor, was 

patented in 1905 by Greenlead Whitthier Pickard8 but germanium remained the 

dominant material in this area for several decades. Even the discovery in 1940 of the 

photovoltaic effects and the pn barrier (today known as p-n junction) in silicon could 

not replace germanium as the main component in the semiconducting device 

industry. The situation changed with the development of efficient purification of 

metallurgical silicon in the 1950s. The Siemens process converts metallurgical silicon 

of about 99% purity (obtained by electrothermal reduction of quartzite, SiO2) into 

semiconductor-grade (99.9999% purity) by its conversion into liquid trichlorosilane, 

HSiCl3, subsequent purification by fractionate distillation and finally decomposition to 

elemental silicon. The production of ultrahigh-purity silicon in the floating zone 

process in 1954 and prompted the stepwise replacement of germanium by silicon in 
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the semiconductor industry.9 The selective control of silicon's electronic properties 

became possible by the incorporation of small quantities of either electron donors as 

e. g. phosphorous10,11 (n-type doping12) or electron acceptors as e. g. boron13 (p-type 

doping14).  

The omnipresence of silicon in semiconducting devices such as integrated circuits, 

solar cells and light emitting diodes led to the suggestion that the second half of the 

20th century should be referred to as the “silicon age”.15-17 The down-scaling of 

devices well below the sub-100-nm regime18 has led to revolutionary changes in 

economy, technology culture and thinking.19 With the anticipated further shrinkage of 

device dimensions, the control of the properties of materials  in the subnano-regime 

necessarily entails a more profound understanding of the behavior of silicon at the 

molecular level.20 The growth of metal and semi-metal clusters are by now 

established as key process of the deposition of zero- to two-dimensional 

nanostructures as well as bulk-materials.21 Cluster expansion methods provide a 

popular computational tool for the simulation of nanoparticle growth,22 which have to 

be accompanied by experimental data. The chemistry of stable unsaturated silicon 

clusters is the central topic of this PhD thesis. 
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Preface 

The virtually endless synthetic possibilities of carbon with its ability to form multiple 

bonds are fundamental in organic chemistry and of course in biological life forms. 

Silicon, the next heavier element in the Group 14, has not yet been investigated as 

intensely as carbon. The reason is undoubtedly the longlasting absence of stable 

compounds with Si=Si double bonds.23,24 In general, for the better part of the 20th 

century, any attempt to isolate compounds with double bonds between two heavier 

main group elements, leading to oligomers with single bonds exclusively.24-29 This led 

to the assumption that compounds with heavier multiple bonds were nonexistent.25 In 

1948, Pitzer disclosed on the basis of theoretical calculations that multiple bonds 

between heavier main group elements are weakened by the repulsive interactions of 

the inner electron shells.30 Mulliken amended Pitzer’s theory by the realization that 

these weak double bonds are less a consequence of weakened π-bonds rather than 

strengthened σ-bonds.31,32 Later in 1975, Jutzi brought forward the idea that bulky 

substituents as protecting groups could kinetically stabilize heavier unsaturated main 

group species and thus allow for the isolation of structures containing E=E π-bonds 

as well as their incorporation into extended π-systems.33  

Milestones of the chemistry of unsaturated main group species were published in 

rapid succession in 1981 with the first silene (Si=C) by Brook,34 the first disilene 

(Si=Si) by West35 and the first diphosphene (P=P) by Yoshifuji.36 On this basis, low-

valent main group chemistry in general37 and particular that of silicon38 flourished. 

These developments are manifest in the synthesis of numerous further examples, for 

instance, stable disilynes,39,40 the silicon analogues of alkynes. In contrast to carbon, 

low-valent main group compounds feature entirely different chemical and physical 

properties. Low-valent and unsaturated silicon compounds move increasingly into 

focus due to their potential as precursors in catalytic applications41-44 or in the 

activation of small molecules such as carbon monoxide45-47 as well as intermediates 

in deposition processes.48-52 The presence of functional groups is a prerequisite for 

the incorporation of the unsaturated moieties into extended systems such as 

polymers.53 Taking advantage of the reactivity of low-valent centers with substituted 

functional groups, novel and unprecedented structural motifs of heavier Group 14 

compounds can be targeted in a systematic and deliberate manner and thus fully 

awaken the potential of Group 14 chemistry in various applications.54 
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1 Introduction 

1.1 Stable N-heterocyclic Silylenes  

Disilenes55,38e and silylenes56 constitute the two most important classes of 

unsaturated silicon compounds. With their inherent surplus of electrons (due to the 

lower electronegativity of silicon) they show stronger σ-donating properties than the 

carbon analogues. After the report on the first stable silicon(II) species in 1986 by 

Jutzi et al.57 with the decamethylsilicocene, several stable silylenes have been 

developed.56 While West and Denk were able to isolate the first stable two-

coordinate, mainly donor-stabilized N-heterocyclic silylenes 1 and 2 in 1994,58 Kira’s 

silylene 4 represents the first two-coordinate silylene free of obvious electron donors 

and thus mainly stabilized by steric crowding.59 N-heterocyclic silylenes (NHSi) are 

the heavier analogues of N-heterocyclic carbenes (NHC) with nitrogen atoms and 

varying substituents in the backbone. The overlap of the nitrogen lone pairs with the 

vacant orbital of the silylene center allows the delocalization of the electrons across 

the N-heterocyclic ring. The chlorosilylene 5, reported in 2006 by Roesky et al.,60,61 

receives additional stabilization by the intramolecular coordination of a second 

nitrogen donor (Scheme 1). 

 
Scheme 1. Selected examples of monodentate N-heterocyclic silylenes.58-63 

1.1.1 Transition metal complexes of monodentate N-heterocyclic silylenes 

The excellent σ-donating properties of silylenes allow for their coordination to 

transition metal centers. In 1977, the first N-heterocyclic silylene metal complex 9 

was reported by Welz and Schmid.64 Treatment of 1,3-diaza-2-silacyclopentane 7 
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with Fe(CO)5 led to the thermolabile silylene-iron complex 9 through insertion of the 

iron center into the Si-H bond (Scheme 2). 
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Scheme 2. Synthesis of the first N-heterocyclic silylene complex 9 by Welz and Schmid in 1977.64 

Subsequently, numerous other silylenes56 as well as their corresponding transition 

metal complexes have been reported.65,66 These complexes can be seen as an 

interface between main group chemistry and the classical organometallic chemistry 

of transition metals. They are classified in four distinct types I-IV (Scheme 3). 

Silylenes of type I are the analogues of the classical Fischer or Schrock carbene 

transition metal complexes and are not stabilized by the coordination of an external 

base to the vacant p orbital at silicon. Examples for type I include 

[PtH(PCy3)2=Si(SEt)2]+[BPh4]− or [(CO)4Os=Si{SpTol}{Ru(η5-C5Me5)}] as reported by 

Tilley et al.67-69  

 

Scheme 3. Classification of four distinct silylene transition metal complexes I-IV. 

In contrast, type II represents the base-stabilized silylenes coordinated to transition 

metal fragments, e. g. [(CO)4Fe={Si(OtBu)2←D}] (with D = THF or HMPA) reported 

by Zybill et al.70 in 1987. While type III with n = 1 or 2 represent N-heterocyclic 

silylenes with bulky aromatic or aliphatic substituents (also including derivatives with 

unsaturated backbone), type IV describes N-heterocyclic halide or hydride complexes 

with n = 1, 2 or 3. Complexes of type III and IV are more recent from the historical 

perspective as they became accessible after the first isolated N-heterocyclic silylenes 
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(NHSi)  1 and 2 in 1994 by West and Denk.58 Several transition metal silylene 

complexes of type III and IV from Group 4 to Group 12 have been reported. Selected 

examples of monodentate silylene transition metal complexes 10-15 are depicted in 

Scheme 4.71-76 Notably, the tetrahedral Cu-complex 15 was prepared by Lappert et 

al.76 and represents the first example of an isolated and characterized Group 11 

NHSi transition metal complex. After more than a decade has passed, a few NHSi 

transition metal complexes Group 11 have been reported by Driess et al. with the first 

existing examples of heteroleptic amidinato stabilized Cu-complex77 and Stalke et al. 

with a pseudocubane Cu-complex using amidinato ligands.78 

 

Scheme 4. Selected examples of monodentate silylene transition metal complexes of Group 5 (10),71 
Group 6 (11),72 Group 8 (12),73 Group 9 (13)74, Group 10 (14)75 and Group 11 (15).76 

Depending on the pattern of residual ligands, silylene transition metal complexes of 

type LnM (n = 1-4) can be observed. Roesky and Stalke et al. reported on the 

synthesis of silylene-cobalt complexes 16 and 17 following a decarbonylation 

strategy in both cases.71 Treatment of the chlorinated amidinato silylene 5 with 

dicarbonylcyclopentadienyl cobalt(I) [CpCo(CO)2] resulted in complex 16. In a similar 

reaction, the reactivity of 5 was studied towards dicobalt octacarbonyl Co2(CO)8 and 

led to a bis(silylene) complex 17 which could be isolated as the salt trans-

[Co(5)2(CO)3]+[Co(CO)4] − (Scheme 5). 
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Scheme 5. Synthesis of Co-complexes 16 and 17 by Roesky and Stalke et al.71 

Silylene transition metal complexes of Group 4, 7 and 12 are rare and only reported 

for bis(silylene)-coordinated derivatives of type L2M (Scheme 6). The group of Driess 

reported the TiII complexes 18a-c as the only existing examples of Group 4 N-

heterocyclic silylene transition metal complexes.79  

 

Scheme 6. The only existing examples of N-heterocyclic bis(silylene) complexes of Group 4 (18a-c, R 
= Cl, CH3, H),79 Group 7 (19,20)80 and Group 12 (21-24). 
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With Mn and Re complexes 19 and 20, Roesky et al. prepared the so far sole 

examples of Group 7 NHSi complexes80 employing a decarbonylation procedure 

similar to that used for the preparation of NHSi vanadium complex 10. In 1998, 

Frenking and Boehme reported a theoretical study on the stability of Cu-, Ag- and Au-

NHSi complexes.81 While four examples of isolated Group 11 and 12 NHSi 

complexes have been reported, the Cu-complex 15 of Lappert et al.76 was the first 

crystallographically characterized complex followed by three amidinato Zn-complexes 

22-24 of Roesky et al. in 2014.82 The NHSi Hg-complex 21 of Apeloig et al.83 was 

found to be thermolabile and unstable at room temperature and could not be 

characterized by x-ray crystallography. 

1.1.2 Bidentate N-heterocyclic silylenes and transition metal complexes 

The electrophilic nature of the chlorosilylene 5 allows for the facile interconnection of 

two such entities. In this manner, bidentate N-heterocyclic silylenes, are readily 

accessible and can be classified in two categories: interconnected84-88 and spacer-

separated89-92 bis(silylenes). The interconnected bis(silylenes) contain two directly 

adjacent low-valent silicon atoms and are accessible by reductive coupling 

approaches. The spacer-separated bis(silylenes) consist of two low-valent silicon 

atoms separated by a polyatomic spacer, which is introduced by simple reaction of 

chlorosilylene precursors with appropriate dinucleophiles. In 2008, Robinson et al.84 

reported the synthesis and isolation of the first interconnected bis(silylenes) 26 and 

27 (Scheme 7). The first spacer-separated bis(silylene) 25 was reported by Lappert 

et al.89 in 2005. 

 

Scheme 7. The first spacer-separated bis(silylene) 25 by Lappert et al.89 and the first interconnected 
bis(silylenes) 26,27 by Robinson et al.84 (with L = C[N(2,6-iPr2-C6H3)CH]2). 
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The interconnected N-heterocyclic silylenes show a distinctly different reactivity from 

that of the isoelectronic disilynes: treatment of the first stable disilyne 28 of Sekiguchi 

et al.40 with two equivalents of phenylacetylene, for instance, resulted in the first 

stable 1,2-disilabenzene as a mixture of regioisomers 29a,b. The formation of the 

1,2-disilabenzene was supported by theoretical calculations: the formation of a 1,2-

disilacyclobutadiene-like intermediate as initial product was suggested which then 

undergoes a [2+4] cycloaddition with the second phenylacetylene molecule to form 

the final compound 29a,b preserving the Si–Si single bond.93 In contrast, reaction of 

interconnected bis(silylene) 30 with two equivalents of diphenylalkyne led to the 

cleavage of the Si(I)–Si(I) bond and the formation of a 1,4-disilabenzene 31 (Scheme 

8).94  

 

Scheme 8. Reaction of a disilyne 28 with phenylacetylene led to 1,2-disilabenzenes 29a,b (top, R = 
Siipr-[CH(SiMe3)2]2)93; 1,4-disilabenzene 31 obtained from reaction with interconnected bis(silylene) 30 
and two equivalents of diphenylalkyne94 (bottom). 

More recently, the groups of Driess and Hartwig isolated the first NHSi-based SiCSi 

pincer ligand in a collaborative effort.95 Based on these bidentate ligands, numerous 

complexes have been reported in addition to several examples with more than one 

unbridged monosilylene ligand of the type LnM (n = 1-4). The bis(N-heterocyclic 

silylene) Ni complex 3290 was followed by further examples with bidentate chelating 

silylenes such as 3391 , 3496 and 3597 (Scheme 9).  
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Scheme 9. Selected examples of chelating NHSi transition metal complexes. 

N-heterocyclic silylene metal complexes have been reported for a large variety of 

transition metals and with different substitution patterns at the N-heterocyclic 

backbone. While N-heterocyclic carbenes (NHCs) metal complexes are ubiquitously 

occurring as ligands in homogeneous catalysis,98-105 the related NHSi complexes 

have only recently been considered in this regard.106 

1.1.3 Application of NHSi complexes in homogeneous catalysis 

As the control of reactivity is of fundamental interest in all synthetic fields, the design 

of new catalysts is a pivotal aspect in organometallic chemistry. Silylenes are 

promising ligands for the construction of new catalysts and have already been shown 

to be as competitive ligands in homogenous catalysis106 (Scheme 10). In 2001, the 

first application of a simple N-heterocyclic silylene palladium complex in a 

homogenous metal-mediated Suzuki reaction of aryl boronic acids with bromoarenes 

was reported by Fürstner et al.107 followed by numerous novel and exciting synthetic 

transformations with silylene transition metal complexes as catalyst.  

An iridium pincer type NHSi complex of 38 of Driess et al. was successfully used in 

C–H borylation108,109 of arenes with pinacolborane (HBPin) and a related nickel pincer 

complex found application in Sonogashira110 cross coupling. Roesky and coworkers 
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found a palladium NHSi complex of 5 with good catalytic performance in the Heck75 

cross-coupling reactions of styrene and bromoacetophenone. Silylene transition 

metal complexes also showed competitive selectivity in numerous further reactions 

such as hydrosilylation of ketones111 and alkenes,112-114 reduction of organic 

amides,115 formation of C=C double bonds,115 hydrogenation of alkynes,117 

hydrogenation of olefins,118 Suzuki coupling reaction of aryl boronic acids107 and 

[2+2+2] cyclotrimerization of phenylacetylene.91 

 

Scheme 10. Selected examples of N-heterocyclic silylenes (NHSi) used as ligands in homogeneous 
catalysis. 

1.1.4 Reactivtiy of silylenes towards chalcogens 

Throughout the history of humankind, chalcogen-containing silicon materials have 

always been tremendously important in particular those based on silicon dioxide and 

silicates.119-122 Only in relatively recent times sub-valent materials such as the “silicon 

monoxide”123 have moved into focus. Silylenes provide the unique opportunity to 

stabilize low-valent or low-coordinate molecular chalcogenides. Oxidation of silylenes 

with chalcogens leads to various structural motifs predominantly depending on the 

steric shielding of the Si(II) center.124-128 Stable monomeric heavier silaketones with 

formal Si=E double bonds (E = chalcogen) require severe electronic stabilization or 
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extremely bulky substituents.126,129 In the absence of such measures, dimeric species 

with two chalcogen bridges between the silicon atoms are obtained.124,127,128 The 

group of P. W. Roesky investigated e. g. the oxidation of the amidinato silylene 39 

with heavier chalcogens resulting in the oxidized derivatives 40a-c (Scheme 11).129 

 

Scheme 11. Oxidation of amidinato silylene 39 with one equivalent of chalcogen (E = S, Se, Te) led to 
the silicon-chalcogen double bond compound 40a-c (with 39a: E = S, 39b: E = Se, 39c: E = Te).129 

The oxidation of the silicon atom in 40a-c resulted in a distorted tetrahedral 

coordination environment at the silicon centre. The upfield-shifted 29Si NMR signals 

in 40a-c compared to 39 confirmed the oxidation of the divalent Si(II) to a Si(IV) 

species. The bond length of Si–E in 40a-c is significantly shorter than Si–E single 

bonds suggesting a certain double bond character between the positively polarized 

silicon atom and the chalcogen atom with its partial negative charge. Bridgeing 

structural motifs were mostly observed for five-membered silylenes125 and only in one 

case for a four-membered128 NHSi. Tacke et al. reported the treatment a four-

membered amidinato silylene 41 with an equimolar amount of sulfur to result in the 

sulfur-bridged dimer 43 instead of the expected monomeric Si=S species as in the 

case of 40a. In contrast, reaction of 41 with one equivalent of the heavier chalcogens 

selenium and tellurium led to the formation of Si=Se and Si=Te species 42a,b as 

expected for four-membered cyclic silylenes (Scheme 12).128 

Scheme 12. Synthesis of the bridged sulfur-silicon compound 43 and the Si=E double bond 
compounds 42a,b (with 42a: E = Se, 42b: E = Te) from four-membered cyclic silylene 41.128
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1.2 Small molecule activation by low-valent silicon compounds 

The demand for new low-valent silicon compounds increased in the last decade due 

to their importance as precursors in chemical vapor deposition processes as well as 

increasing evidence for their potential in homogeneous catalysis.133-137 The activation 

of small molecules constitutes the first logical step towards a catalytic cycle although 

reversibility of key steps as well as sufficiently low kinetic barriers often constitute 

more formidable challenges. Especially the reduction of carbon monoxide is of 

fundamental interest due to the CO containing combustion products in large scale 

industrial processes. A prominent example is the Fischer-Tropsch process, which 

usually employs heterogeneous transition metal catalysts at elevated 

temperatures.138-141 Substantial investigations have thus been carried out to the 

cleavage of the extremely strong C≡O bond (1077.1 kJ mol-1)142 under milder and 

homogeneous conditions. While d- and f-block elements reductively couple CO,143 

the subsequent reduction step is almost unexplored. Early transition metal complexes 

that provide a highly reducing nature were also found to cleave the strong C≡O 

bond.144-147  

Low-valent main group45,145-155 compounds are an increasingly plausible alternative 

for transition-metal catalysts.156-163 Early attempts, however, resulted in the reductive 

coupling of CO but did not lead to cleavage of the C≡O bond as seen, for instance, in 

the reaction with potassium that results in various C–C coupling products.164 More 

recently, Braunschweig et al. reported the coupling of CO to a bis(boralactone) by an 

NHC stabilized B≡B bond under preservation of the CO linkages as single bonds.165 

In a similar manner, the reaction of a stable diarylgermylene with two equivalents of 

carbon monoxide as reported by Power et al. results in the formation of a C–C bond, 

but not in the complete cleavage of CO.148  

 

Scheme 13. Reductive coupling of carbon monoxide by disilenide 44.45 
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In 2015, Scheschkewitz et al. finally reported the complete reductive cleavage via 

reductive coupling of two CO fragments in a complex reaction with disilenide 44 to 

afford compound 45 featuring a bis(silyl) alkyne motif (Scheme 13).45 

While transient CO adducts have been characterized in the gas phase and cold 

matrices early on,166-169 the reaction of various silylenes with carbon monoxide was 

recently reported in independent contribution by the groups of Driess,46 

Aldridge/Jones47 and Schulz170. In 2019, the groups of Jones and Aldridge reported 

on the reductive coupling of carbon monoxide by an acyclic silylene in a collaborative 

work (Scheme 14).47  

 

Scheme 14. Reaction of the acyclic silylene 46 with CO and CO2 led to the reductive coupling of CO 
in 47 and the Brook-type migration of the Me3Si unit from nitrogen to oxygen in 48.170 

Treatment of 46 with excess of carbon monoxide CO resulted in the reductive 

coupling of CO, the tricyclic dimer 47 with completely cleaved Si–B bonds. The 

structural motif of 47 resembles that of a donor-stabilized bis(silene) reported by 

Scheschkewitz et al. which is readily accessible from the reaction of carbon 

monoxide with cyclotrisilene.147 In contrast, reaction of 46 with carbon dioxide CO2 

led to the formation of silaimine 48. While the Si–B bond was retained in 48, one 

oxygen atom was abstracted from CO2 followed by a Brook-type migration171 of the 

Me3Si unit from nitrogen to oxygen.170  

The same year, the group of Driess reported the transition metal-free hetero- and 

homocoupling of carbon monoxide by bidentate silylene ligands. Treatment of the N-

heterocyclic silylenes 49a,b at room temperature with one equivalent of CO led to the 

observation of a C=O vibration band in the IR at ν = 2069 cm−1, which was attributed 
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to the C=C=O ketene moiety of the final compounds 50a,b (Scheme 15). This 

structural motif was observed in case of all employed silylene ligands.46 

 

Scheme 15. Reaction of bidentate silylene ligands 49a,b with carbon monoxide CO.46 

The generation of a silylene intermediate and its in-situ reaction with small molecules 

such as carbon monoxide was described in 2020 by Schulz et al.170 The digallyl-

substituted dibromosilane 51 obtained by insertion of the β-diketiminato-stabilized 

gallium(I) species LGa (L = HC[C(Me)N(2,6-iPr2-C6H3)]2) undergoes reduction by one 

additional equivalent of LGa to the transient silylene [52], which was trapped as 

adduct 53 if generated under 1 atm of CO (Scheme 16). Kato and Baceiredo et al. 

had previously reported on the selective reduction of CO2 to CO by a disilyne 

bisphosphine adduct.86  

 

Scheme 16. Synthesis of the silylene carbonyl complex 53.170 

The activation of small molecules such as carbon monoxide by low-valent main group 

compounds is still less developed and only a few examples of low-valent silicon 

compounds are reported to date.45-47,145,147,161,166-170 
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1.3 Stable silicon cluster compounds 

Due to its semiconducting properties, silicon is the key component of electronic 

applications such as solar cells and microprocessors. In the light of still ongoing 

miniaturization of integrated circuits, the generation of thin silicon films remains a 

pivotal task. They are typically prepared by gas phase processes of silane precursors 

such as chemical vapor deposition (CVD). Although the structures of the amorphous 

bulk and surfaces are experimentally inaccessible, theoretical calculations by Zhang 

et al.172 provide hints to the formation of cluster-like structures by residual hydrogen, 

which give rise to defects in the crystal lattice. A direct correlation exists between the 

hydrogen content of amorphous silicon (a-Si) and thus the presence of small to 

medium-sized silicon clusters. A long-term goal of the systematic synthesis of stable 

silicon clusters is therefore the establishment of structure-property relationships. 

While the reduction of small, halogenated, low-valent precursors of heavier Group 14 

precursors led to the corresponding unsaturated Group 14 clusters in the case of 

elements heavier than silicon, similar precursors in case of silicon have only recently 

emerged.53 Although to date, numerous stable molecular silicon clusters have been 

reported, the targeted synthesis of unsaturated derivatives is still in its infancy. The 

available general approaches often rely on non-systematic or unselective methods 

thus leading to difficulties in terms of reproducibility and selectivity. The involved 

formation mechanisms remain obscure in most cases, but would be of tremendous 

use for the prediction of reactions and the improvement of synthetic routes. 

A large variety of synthetic protocols to prepare silicon cluster compounds emerged 

during the last 30 years. In general, silicon cluster compounds include saturated cage 

compounds, completely unsubstituted and negatively charged Zintl ions as well as 

neutral, partial unsubstituted clusters.  

1.3.1 Zintl Phases, Cage Compounds and Metalloid Clusters of Group 14 

Zintl Anions are polyanionic, deltahedral cluster compounds without any substituent 

and known since the first observation of an anionic Pb9 species 51d by Joanis173 

more than a century ago in 1891 (Scheme 17). The pioneering work of the namesake 

Eduard Zintl who employed potentiometric titration to determine the composition of 

these anionic species in solution,174-178 enlarged the emerging field giving first 
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systematic insights into the chemistry of these compounds. To date, Zintl clusters are 

still under investigation; in particular their extraction from solid state phases into polar 

solvents such as liquid ammonia has been a main goal in order to enable their 

derivatization in solution.  

 
Scheme 17. Structures of Group 14 Zintl Anions E9

4− 54a-d (a: E = Si, b: E = Ge, c: E = Sn, d: E = 
Pb). 

While soluble deltahedral Zintl Ions of the Group 14 of elements heavier than silicon 

have already been known as E9n− and E5n− (E = Ge, Sn, Pb), the isolation of the first 

silicon derivatives was reported by Sevov and Goicoechea as late as 2004.179 

Solutions of K12Si17 and Rb12Si17 in liquid ammonia resulted in crystallization of 

silicon Zintl ions as [Rb(crypt-2.2.2)]2Si5.4NH3 55 and [K(crypt-2.2.2)]3Si9.8NH3 56 as 

well as [Rb(crypt-2.2.2)]6Si9Si9.6.3NH3 56 upon addition of 2.2.2-crypt (Scheme 18). 

Notably, in 2005 Sevov and Goicoechea reported the isolation of a ligand-free 

deltahedral Si92− Zintl Anion.180 

 

Scheme 18. Synthesis of the first silicon Zintl Anions Si52− 55 and Si93− 56 from Zintl phases K12Si17 
and Rb12Si17 by Sevov and Goicoechea in 2004.179 

The multiple negative charges of Zintl Anions can be approximately equated with 

nucleophilic functionalities. According to a suggestion by Wiberg, the formal addition 

of substituents of type R+ to Zintl Anions could in principle compensate the negative 

charges to give straightforward access to completely neutral cluster compounds. In a 
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so-called “top-down” approach, the addition of substituents to the smallest Zintl 

Anions E44− 57a-d (Scheme 19) would plausibly result in anionic (n = 1-3) or neutral 

(n = 4) cage compounds.  

 

Scheme 19. Structures of selected Group 14 Zintl Anions. E4
4− 57a-d (a: E = Si, b: E = Ge, c: E = Sn, 

d: E = Pb). 

For elements of Group 14 heavier than silicon, the “top-down” approach to obtain the 

corresponding substituted clusters has already been reported181,182 in low yields and 

with a poor selectivity due to competing radical reactions. Nevertheless, the report on 

the partial compensation of the multiple negatively charged Zintl Anions serves as a 

proof-of-concept for chemical transformations to yield the corresponding anionic 

cluster compounds. The “top-down” approach in case of silicon remained elusive due 

to the strong reducing properties of the multiply charged Zintl Anions until the groups 

of Korber183 and Fässler184 independently reported on the protonation of [HSi9]3− 58 

and [H2{Si/Ge}9]2−
 59 in 2018.  

 
Scheme 20. The first protonated Zintl Anions [HSi9]3− 58, [H2{Si/Ge}9]2− 59 and [HSi4]3− 60 isolated 
from liquid ammonia by the groups of Korber183,185 and Fässler184. 

In addition, the group of Korber reported on the protonation of [HSi4]3− 60 185 

(Scheme 20) and Fässler et al. succeeded in the transfer of silyl substituents to 

Si94−.186 
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Doping with heavier Group 14 elements such as germanium and tin is expected to 

increase the photoluminescence quantum efficiencies of nanostructured materials of 

silicon. On a molecular scale, binary Zintl anions and metalloids containing 

germanium and tin are well established.185,187-190 In contrast, the isolation of the first 

binary Si–Ge cluster was reported by Fässler et al.189 only in 2011 followed by further 

examples of mixed Si–Ge Zintl clusters. The mixed Si–Ge clusters 56 and 57 of 

Fässler et al.184,187 show pronounced disorder of the germanium or silicon positions 

(Scheme 21).  

 

Scheme 21. Selected examples of mixed Zintl Anions 61187 and 62184 of the Group 14. 

Molecules with unusual structures are ideal benchmarks for the further development 

of existing and novel concepts of chemical bonding. Since Nagase et al. predicted 

the octasilacubane would be less strained than the corresponding carbon 

compound,191 its experimental realization gathered attention in the organosilicon 

chemistry community. In 1988, Matsumoto and Nagai192 reported the first successful 

so-called “bottom-up” approach of the neutral silicon cage compound Si8(SitBuMe2)8 

and the development of this new field enlarged rapidly.193 In a bottom-up approach, 

Wiberg et al. demonstrated the reduction of 63a-c to obtain the corresponding Group 

14 E4-tetrahedrons 64a-c.194,195 The reductive cleavage of one silyl substituent from 

the neutral tetrahedrane Si4R4 64c by Sekiguchi et al.196 finally led to the 

tetrahedranide Si4R3− 65c as shown in Scheme 22.  

 

Scheme 22. Synthesis of Group 14 E4-tetrahedrons 63a-c  (a: E = Si, X = Br, R = SitBu3; b: E = Ge X 
= Cl, R = SitBu3; c: E = Si, X = Br, R = CH(SiMe3)2MeSi) of Wiberg et al.194,195 followed by reductive 
cleavage to obtain the corresponding tetrahedranide 65c.196 
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Charge-neutral unsaturated clusters of Group 14 constitute a third essential class of 

cluster compounds,56,190-199 which are referred to as metalloid clusters according to 

the definition introduced by Schnöckel et al. for unsaturated Group 13 clusters.199 

According to Schnepf, metalloid clusters of Group 14 adhere to the general formula 

EnRm (n > m) resulting in average oxidation states between 0 and 1.200,201 In contrast, 

Scheschkewitz et al. proposed a slightly different definition where the presence of a 

three dimensionally silicon backbone with at least one unsubstituted silicon vertex in 

the formal oxidation state zero is sufficient to fulfill the definition of metalloid 

character.202 In addition, the corresponding silicon atom must exhibit a 

hemispheroidal environment203 in which all bonds point into one half of the 

coordination sphere (Scheme 23).  

 

Scheme 23. Schematic representation of hemispheroidal and (distorted) tetrahedral environments 
using the parameter φ to quantify the hemispheroidality.203 

Such a situation is encountered, for instance, in the propellane motif, which has 

intrigued theorists and experimentalists alike since 1972. The investigation of 

[1.1.1]propellane shows a non-classical structure with the bridgehead silicon atoms 

arranged in an umbrella-type hemispheroidal coordination environment. As the 

inverted σ-bond between the bridgehead atoms of [1.1.1]propellane 66 shows a 

considerable reactivity, biradical (66') or ionic contributions (66'') to the electronic 

ground state were proposed (Scheme 24). In this context, Shaik et al. introduced the 

concept of the “charge-shift bond”204,205 to describe the electronic structure of 66''. 

This bonding situation is indistinguishable from cluster bonding and the 

hemispheroidal geometry of the unsubstituted atoms is as such indispensable for 

metalloid structures and therefore a prerequisite for unsaturated cluster derivatives. 
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Scheme 24. The formal biradical 66' and ionic 66'' character of [1.1.1]propellane. 

The "bottom-up" synthesis of a metalloid cluster of the Group 14 was first reported by 

Wiberg et al. with the Sn8R6 cluster 68 which was prepared by a thermal induced 

isomerization of the corresponding cyclotristannene 67.206 The more unsaturated 

eight-vertex metalloid cluster Sn8R4 70 was obtained by Power et al. by reduction of 

[{Sn(η-Cl)(2,6-Mes-H3C6)}2] 69 with elemental potassium (Scheme 25).207 

Scheme 25. Synthesis of the first metalloids Sn8R6 68 by Wiberg et al. (left, R = SitBu3)206 and Sn8Ar4 

70 by Power et al.207 (right, Ar = 2,6-Mes-H3C6, Mes = 2,6-Me-H3C6). 

This pioneering work led to numerous metalloid cluster compounds of Group 14 

elements heavier than silicon201,208-215 and the work of Fässler184 and Korber184,185 can 

be regarded as a breakthrough top-down assembly of silicon-based metalloids build 

up from soluble Zintl phases.  

1.3.2 Zintl Silicide Transition Metal complexes 

Since the pioneering work of Haushalter and Pennington et al.217 regarding the 

isolation and characterization of a closo-Sn9Cr(CO)34− cluster in 1988, the new class 

of polyhedral clusters connected to transition metals has evolved considerably.  

Numerous further examples have been reported for Group 14 elements heavier than 

silicon.217-220 While transition metal complexes of the heavier Group 14 elements 

were already well established, the poor solubility of the MI12Si17 phases limited the 
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application of Zintl silicides as precursors for the corresponding transition metal 

complexes. Almost two decades later, Korber et al. finally succeeded in the isolation 

of the first transition metal complex of a silicide ion. Treatment of K6Rb6Si17 71 with 

[Ni(CO)2(PPh3)2] in liquid ammonia in the presence of 18-crown-6 results in two 

[Si9]4− clusters bridged by two Ni(CO)2 moieties, the endohedral [{Ni(CO)2}2(µ-Si9)2]8− 

complex 72 (Scheme 26).221 

As concerns the endohedral incorporation of transition metal centers into Zintl anions, 

so far only Group 14 elements heavier than silicon have been succesfully employed 

to yield metal-centered derivatives of type M@Enx−.222 These ligand free heteroatomic 

clusters are defined as intermetalloids, a combination of metalloids and elementoids 

with cluster compounds of at least two different (semi)metals at low oxidation states 

with structural similarities to intermetallic compounds. Intermetalloid clusters can 

occur as spherical cluster compounds with an encapsulated (late) transition-metal 

atom such as [Ni@Ge9]3−,223,224 [Cu@E9]3− (E = Sn, Pb),225 [M@Pb12]2− (M = Ni, Pd, 

Pt) or as nonspherical,226-228 larger endohedral clusters with more than one transition 

metal atom such as [Ni2@Sn17]4−,229 [Pt2@Sn17]4−,230 [Pd2@E18]4− (E = Ge, Sn)231-233 

and [Ni3@Ge18]4−.223  

 

Scheme 26. Synthesis of the first silicide transition metal complex 72 by Korber et al. in 2009.221 

In 2009, Fässler et al. reported the intriguing icosahedral Sn12 cluster anion with an 

encapsulated iridium center (Scheme 27).234 Accordingly, the reaction of [Sn9]4− 54c 

with [Ir(cod)Cl]2 in ethylenediamine in the presence of 18-crown-6 or (2.2.2)-cryptand 

afforded the iridium-capped cluster [Sn9Ir(cod)]3− 73 as the intermediate product 

(Scheme 27). Subsequent addition of triphenylphosphine (PPh3) or 1,2-

bis(diphenylphosphino)ethane (DPPE) to the ethylenediamine solution of 

[Sn9Ir(cod)]3− 73 and heating to 80 °C led to the formation of the [Ir@Sn12]3− anion 74, 

isolated as the [K(2,2,2-crypt)]3[Ir@Sn12] salt.234 
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Scheme 27. Synthesis of the intermetalloid clusters [Sn9Ir(C8H12)]3− 73 and [Ir@Sn12]3− 74 by Fässler 
et al.234  

Altough silicide transition metal complexes have been employed as extraordinarily 

electron-rich ligands towards transition metals, the residual negative charges in the 

transition metal derivatives of Zintl Ions and the resulting poor solubility limited their 

application, e.g. in homogeneous catalysis. As the presence of organic substitutents 

in siliconoids and their charge-neutrality ensure higher solubility, siliconoids may turn 

out to be the logical next step in the chemistry of intermetalloid clusters as they fulfill 

both conditions. With the possibility to graft functional groups to the Si6 scaffold, the 

introduction of silylenes in the peripherie of the cluster scaffold could be useful to 

facilitate the coordination of transition metals to the siliconoid scaffold. 

1.3.3 Stable unsaturated Silicon Clusters (Siliconoids) 

The general understanding and the possibility to manipulate silicon surfaces moved 

elemental silicon into focus to improve the capabilities of silicon-based technologies. 

The pronounced chemical activity of the silicon surfaces is based on the unsaturated 

silicon vertices, which formally are radical sites, but are referred to as “dangling” 

bonds" by surface scientists.235 The decrease of the particles size entails the 

increase of the surface-to-volume ratio as a comparatively large number of atoms in 

small particles are surface atoms. The contribution of the surface to the bulk 

properties thus becomes continuously more significant as the size decreases. In 

addition, the decreasing size leads to a situation progressively approaching the 

molecular state with discrete energy terms instead of electronic band structures, a 

phenomenon called "quantum confinement".236,237 The bonding electrons of surface 
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atoms of spherical particles point into one half of a sphere constituting a 

hemispheroidal coordination environment.203 The lack of suitable analytical 

techniques and the low stability of the native surfaces towards air is still challenging 

the characterization of nanoparticles. The synthesis of stable unsaturated silicon 

clusters has therefore attracted considerable interest not only due to the presumed 

intermediacy in gas phase deposition processes but also as suitable model systems 

for the unsubstituted vertices of silicon surfaces and silicon nanoparticles. 

According to Schnepf’s definition of the term metalloid,200 the first metalloid silicon 

cluster was reported by Kira in 2000.238 The reduction of R3Si-SiBr2Cl 75 by 

potassium graphite led to the spiropentadiene 76 in only 3.5 % yield and a 

cyclotrisilene 77 as side product (Scheme 28).  

 

Scheme 28. Synthesis of spiropentadiene 76 after reduction of the halogenated precursor R3Si-
SiBr2Cl 75 with potassium graphite by Kira et al.238 and a cyclotrisilene 77 as side product with R = 
tBuMe2Si. 

The bonding in spiropentadiene 76 is electron-precise and the spiro-silicon atom 

exhibits a distorted tetrahedron coordination instead of the hemispheroidal 

coordination environment found at bulk and nano surfaces of silicon. In order to 

account for this deficiency in Schnöckel's definition,198 the term siliconoid was 

introduced by Scheschkewitz et al. for neutral metalloid silicon clusters containing 

one or more unsubstituted silicon vertices in a hemispheroidal coordination 

environment and hence featuring a "dangling bond".201 

The first siliconoid was reported in 2005 by Scheschkewitz.239 Treatment of disilenide 

44 with 0.25 equivalents tetrachlorosilane SiCl4 led to the formation of a five-

membered siliconoid 78 with one “naked” silicon atom in the vertex with a 

hemispheroidality parameter φ = +0.1915 Å and Weidenbruch’s tetrasilabutadiene240 

79 as a side product, systematically formed by oxidation of 44 (Scheme 29). The 

formation of tetrasilabutadiene 79 in this reaction suggests that 44 acts both as a 

nucleophile and reducing agent.  
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Scheme 29. Synthesis of the first siliconoid Si5Tip6 78 by Scheschkewitz in 2005 (with R = Tip = 2,4,6-
iPr3-H2C6).239 

In the same year, a second siliconoid was published by Veith and Wiberg et al.241 

With the complete reductive dehalogenation of a pentaiodotetrasilabutane derivative 

80 with NaSitBu3, an eight-membered siliconoid 81 of the type Si8R6 with two naked 

silicon atoms was isolated and characterized (Scheme 30). While the bond length 

between the unsubstituted vertices was determined to be remarkably short with 2.29 

Å, the hemispheroidal environment of the unsubstituted vertices results in φ values of 

0.0984 Å and +0.1233 Å. 

 

Scheme 30. Synthesis of Wiberg’s eight-membered siliconoid Si8R6 81 (R = SitBu3).241 

Reduction of dimesityldichlorosilane 82 (mesityl = 2,4,6-Me3C6H2) and 

hexachlorodisilane 83 in a ratio of 3:1 with 12 equivalents of Li/naphthalene (Scheme 

31) led to a persilapropellane 84, which was reported by Breher in 2010.242 While the 

presence of organic substituents in siliconoids ensures higher solubility, the 

electronic properties of silicon-based Zintl Ions are retained in the wide dispersion of 
29Si NMR chemical shifts. The 29Si NMR of persilapropellane 84 shows the signal of 

the naked silicon vertices at unusual high field (δ = −273.2 ppm) while the other 

signals are found in the typical range of tetracoordinate silicon atoms (δ = 25.5 ppm). 
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In addition, hemispheroidal environments were observed for the naked bridgehead 

silicon atoms with two distinct φ values of +1.3227 Å and + 1.3134 Å. Due to the long 

distance between the bridgehead silicon atoms and based on theoretical 

calculations, a diradicalic character was suggested as in case of [1.1.1]propellane 66' 

(Scheme 24).  

 

Scheme 31. Synthesis of Breher’s pentasilapropellane 84 (R = Mes = 2,4,6-Me3-H2C6).242 

With the calculated bond strengths of ~174 kJ mol−1 the bond between the 

bridgehead silicon atoms was found to be considerably weaker than Si–Si single 

bonds (306-332 kJ mol−1).242 The question of whether the path between the 

bridgehead atoms of propellane-like structures constitutes a direct chemical bond, 

however, remains an open question and has been the topic of theoretical and 

experimental investigations (vide infra, Scheme 33). Reactivity studies of the bridged 

propellane 84 were performed to shed some light on the nature of the bonding 

situation between the bridgehead silicon atoms. While the pentasilapropellane 84 

was treated with H2O, PhOH, PhSH and Me3SNH, closed-shell reactivity was 

observed with the addition over the bridgehead silicon atoms in 85.  

 
Scheme 32. Reactivity studies of 84: closed shell reactivity led to addition of R’ = 85a: OH, 85b: OPh, 
85c: SPh, 85d: SnMe3 over the bridgehead atoms in 85a-d; biradical-type reactivity was observed in 
case of treatment with 9,10-dihydroantracene resulting in 86 (R = Mes = 2,4,6-Me3-H2C6).242 
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In contrast, treatment of 84 with 9,10-dihydroantracene led to the dehydrogenated 

adduct, a prototypical example of biradical-type reactivity (Scheme 32).242 These 

experimental studies supports the electronic ambiguous character of the bridgehead 

atoms in propellane-like structures. 

As Scheschkewitz showed already with the report on the first stable siliconoid 78,239 

disilenes can be used as a building block for unsaturated stable silicon clusters. 

Following reports on stable sila- and 1,2-disilabenzenes with planar Hückel-aromatic 

structures,93,243 Scheschkewitz et al. reported a tricyclic isomer of hexasilabenzene 

88 in 2010 (Scheme 33).244 Treatment of disilenide 44 with an excess of 

tetrachlorosilane led to 1,1,2-trichlorocyclotrisilane 87. The reductive dehalogenation 

of 87 with three equivalents of lithium/naphthalene resulted in dimerization and thus 

in the formation of the six-membered siliconoid 88 with two hemispheroidally 

coordinated vertices as shown by the φ value of +1.1151 Å (Scheme 33).244 The 

intensely green crystals as well as the wide distribution of signals in the 29Si NMR 

spectrum (SiTip: δ = 124.6, SiTip2: δ = −84.8, Si: δ = −89.3 ppm) are not in line with 

an electron precise, saturated system. The structure was thus discussed as a sila-

aromatic compound with six delocalized electrons across a central rhomboid Si4-ring 

with two SiR2 vertices pointing up and downwards with respect to the Si4-plane.  

Scheme 33. Synthesis of 1,1,2-cyclotrisilane 87 followed by reduction with three equivalents of 
Li/C10H8 to obtain the dismutational hexasilabenzene isomer 88.244

 

Since experimental charge density investigations as well as nucleus-independent 

chemical shift calculations indicate an important degree of aromaticity in 88,245 the 

term “dismutational” was introduced by Scheschkewitz and Rzepa for the novel type 

of aromaticity in siliconoid 88.244 In contrast to conventional Hückel aromatic systems, 

the electronic structure of the dismutational hexasilabenzene isomer 88 can be 

described by the cyclic delocalization of two π, two σ and two non-bonding electrons 

as represented by the two degenerate resonance structures 88' and 88'' (Scheme 
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34). A hybrid resonance structure between 88' and 88'' is considered as the best 

description of the electronic structure. The triplet state 88''' was found to be by 24.1 

kcal−1mol−1 higher in Gibbs energy than the singlet. The resonance structure 88''' of 

the dismutational hexasilabenzene 88 shows topological similarities to the singlet 

diradicals of the Niecke-type.246 In contrast to the uniform oxidation state of +1 in 

hexasilabenzenes, the dismutational hexasilabenzene isomer 88 shows formal 

oxidation states of +2 (SiTip2), +1 (SiTip) and 0 (naked Si). The long distance (2.7287 

Å) between the unsubstituted silicon atoms indicated the absence of direct bonding, 

which was further supported by experimental and computational electron density 

studies resulting in a (pseudo)-tricoordination sphere and thus in the strong 

hemispheroidality of the unsubstituted vertices.245  

 

Scheme 34. Resonance structures of dismutational hexasilabenzene isomer 88 (88': R = Tip = 2,4,6-
triisopropylphenyl; 88'': R = Dip = 2,6-diisopropylphenyl; 88''': R = Dip = 2,6-diisopropylphenyl).244 

In a collaborative work, Scheschkewitz and Jutzi et al. investigated an alternative 

synthetic route to obtain the dismutational hexasilabenzene isomer: treatment of 

disilenide 44 with Jutzi’s Cp*Si+ cation 89 as a silicon source247 initially afforded the 

cyclotrisilene 90. Cleavage of the Cp* ligand in a one electron reduction led to 

dimerization of the presumably occurring transient cyclotrisilenyl radical resulting in 

the dismutational hexasilabenzene isomer 88 (Scheme 35).248,249 

 

Scheme 35. Synthesis of dismutational hexasilabenzene isomer 88 by reaction of disilenide 44 with 
Cp*Si+ cation 89.248,249 
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While the dismuational hexasilabenzene isomer 88 exhibits a high, unusual thermal 

stability, Scheschkewitz et al. reported its rearrangement to a bridged propellane 

structure 91 (Scheme 36) at temperatures above 250 °C or by irradiation.250 

According to theoretical calculations the bridged propellane structure 91 represents 

the first stable derivative of the presumed global minimum on the Si6H6 potential 

energy surface. Thus, the global minimum isomer 91 constitutes the energetic 

analogue of benzene in case of silicon. Notably, the wide distribution in 29Si NMR 

chemical shifts is still retained in the bridged propellane 91 (SiTip2: δ = 174.6, SiTip2: 

δ = 14.8, SiTip2: δ = −7.5 SiTip, Si: δ = −274.2 ppm). Both isomers 88 and 91 

therefore carry all the hallmarks of siliconoids and accordingly were classified as 

such later on.202 

 

Scheme 36. Isomerization of the Si6-scaffold of the dismutational hexasilabenzene isomer 88 to the 
global minimum isomer 91.250 

The distance between the unsubstituted bridgehead silicon atoms is elongated 

(2.7076 Å) as already observed in the bridged propellane 84 and the dismutational 

hexasilabenzene isomer 88. The bridgehead silicon atoms feature a hemispheroidal 

environment with a φ value of +1.3535 Å.250 Reactivity studies showed the 

unsubstituted bridgehead silicon atoms to be highly reactive: simple treatment of 91 

with bromine or iodine resulted in the dihalogenated derivatives 92a,b (Scheme 37).  

 

Scheme 37. Dihalogenation 92a,b of the bridgehead silicon atoms of the global minimum isomer.250 
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Compared to the global minimum isomer, the longest wavelength absorption bands 

of 92a,b in the UV-vis show only a slight shift. Unexpectedly, the distance between 

the now substituted bridgehead silicon atoms in 92a,b atoms undergoes a merely 

slight shortening compared to that in the global minimum isomer 91.250 In contrast, an 

excess of iodine to the global minimum isomer 91 led to the contraction of the cluster 

scaffold resulting in the highly functionalized 1,2,3,4-tetraaryl-substituted 

cyclopentasilane 93.202 Furthermore, a core-expanded siliconoid Si11 94 was 

observed as a side product during the thermal isomerization of the dismutational 

hexasilabenzene isomer 88 to the global minimum isomer 91 (Scheme 38).202 With 

the Si11 cluster 94, the first example of a siliconoid cluster core expansion in the 

condensed phase was reported together with the highest number of silicon atoms in 

the cluster scaffold of a siliconoid. In contrast to the situation in the propellane motif 

91, the two unsubstituted silicon atoms in 94 are staggered. 

Scheme 38. Synthesis of tetraaryl-substituted cyclopentasilane 93 (left) and the thermally or 
photolytically induced Si11 cluster 94 isolated as byproduct in the thermal rearrangement of 88 to the 
bridged propellane 91 (right) with R = Tip = 2,4,6-triisopropylphenyl.202 

Exploring the reactivity of the dismutational hexasilabenzene 88 towards BiCl3 

resulted in the 1,2-dichloro isomer 95 as main product, which resembles the 

structural motif of the global minimum isomer albeit with the formerly unsubstituted 

vertices being adjacent to one another. The twofold chlorinated species 96 and the 

dichlorinated product across the unsubstituted silicon atoms 92c were isolated as 

side products (Scheme 39).202 
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Scheme 39. Reaction of dismutational hexasilabenzene 88 with BiCl3 leading to Si6 chlorinated 
derivatives 95, 96, 92c (R = Tip = 2,4,6-triisopropylphenyl).202 

Inspired by the dismutational hexasilabenzene isomer 88, Scheschkewitz et al. 

investigated the synthesis of mixed Group 14 siliconoids in 2014.198 The formal 

replacement of silicon atoms in the dismutational isomer 88 by germanium and tin 

atoms was realized by reduction of the corresponding suitable precursors. The 

reaction of disilenide 44 with GeCl2.dioxane or SnCl2.dioxane resulted in the 

plausible, yet unobserved intermediates disilenyl chloro tetrylenes 97a,b. Further 

reduction with lithium/naphthalene led in case of germanium to the dismutational 

digermatetrasila benzene 98a which unlike 88 rearranges already at ambient 

temperature to the corresponding bridged propellane structure 99a. In contrast, the 

dismutational distannatetrasilabenzene isomer 98[b] could not be observed after the 

reduction of 97b with lithium/naphthalene and was only suggested as transient 

intermediate. The bridged propellane structure of Sn2Si4R6 99b was isolated as a 

stable compound continuing the stability trend observed in case of germanium 

(Scheme 40).198 

 

Scheme 40. Synthesis of partially germanium- and tin substituted siliconoids 98a, 99a,b reported by 
Scheschkewitz et al. in 2014.198 

The pivotal role of unsaturated silicon cluster compounds in silicon-based materials 

led to a rapid growth in the field of siliconoids and a variety of examples have been 

prepared in the meantime by the groups of Fässler,186 Iwamoto,251 Kyushin252,253 and 

Lips254,255. Further development in the field of unsaturated silicon clusters, however, 
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were strongly limited by the absence of possibilities to graft functional groups to 

siliconoids. As the cleavage of aryl256,257 or silyl196,258 groups from electron-precies 

unsaturated silicon species via reduction was already known, a logical step after the 

isolation of the dismutational hexasilabenzene isomer 88 was the reduction of 88 with 

three equivalents of lithium/naphthalene. Indeed an anionic Si6Tip5− siliconoid 100 

was isolated in good yields (Scheme 41).  

 

Scheme 41. Synthesis of the first anionic siliconoid Si6Tip5
− 100. Reduction of 88 with 2 equivalents of 

lithium/naphthalene (left). Reduction of a cyclotrisilene 87 with 8 equivalents of lithium/naphthalene 
(right).53 

The two unsubstituted silicon atoms are retained as confirmed by the characteristic 
29Si NMR shifts.53 The synthesis of 100 and its further functionalization with suitable 

electrophiles (Scheme 42) closed the gap between neutral unsaturated silicon 

clusters the completely unsubstituted silicon-based Zintl Anions. Reaction of the 

anionic siliconoid 100 with electrophiles such as borane dimethyl sulfide complex, 

pivaloyl chloride, silicon tetrachloride and bis(dimethylamino)chlorophosphane indeed 

led to the corresponding borate-, carbonyl-, silyl- and phosphanyl-functionalized 

siliconoids 101a-d. Without exception, these functionalizations leave the 

unsubstituted bridgehead silicon atoms untouched.53 

 

Scheme 42. Synthesis of functionalized siliconoids 101a-e with substituents: a = BH3, b = C(O)tBu, c = 
SiCl3, d = P(NMe2)2.53 

More recently, Scheschkewitz et al. investigated the atomically precise cluster 

expansion of siliconoids.259 Treatment of the anionic siliconoid 100 with Jutzi’s 

decamethylsilicocene57 Cp*2Si as electrophilic silicon source led to the core-
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expanded Si7Tip5Cp* siliconoid 102. Reduction of the Si7 siliconoid with 

lithium/naphthalene resulted in the cleavage of the Cp* group and thus the formation 

of an anionic Si7 siliconoid 103. Further addition of Jutzi’s Cp*Si to the novel anionic 

Si7 siliconoid 103 again expands the cluster core to an eight-membered siliconoid 

Si8Tip5Cp*, which was characterized as the hydrolyzed adduct 105 (Scheme 43).  

 

Scheme 43. Atomically precise cluster expansion of an anionic Si6Tip5
− siliconoid 100 with 

decamethylsilicocene SiCp* and further reduction with lithium/naphthalene leads to cluster-core 
expanded siliconoids 102, 103 and 105.259 

The systematic transformation and stepwise expansion of the silicon scaffold offers 

with the possibility of a stepwise increase of the unsubstituted silicon atoms in the 

scaffold. As the synthetic procedure allows the regeneration of the anionic 

functionality by alternating addition of decamethylsilicocene and the reducing 

reagent, a “living nanoparticle” synthesis might be possible in the future. The “living” 

nanoparticle synthesis may be expected in a one-pot reaction with alternating 

addition of decamethylsilicocene and lithium/naphthalene as reducing reagent 

leading to siliconoids of the type SinR5 with an ever-growing number of unsubstituted 

silicon atoms while maintaining the number of organic substituents. The incorporation 

of hetero atoms such as boron and phosphorous is likewise conceivable with the 

exchange of SiCp* as silicon source to a hetero atom source.  
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According to theoretical studies, the doping of silicon clusters with phosphorous has 

a significant effect on the optoelectronic properties.260-263 In this light, Scheschkewitz 

et al. investigated the synthesis of p- and n-doped molecular siliconoids. In contrast 

to the aforementioned synthesis with the anionic Si6Li 100 as starting point, a highly 

reactive dianionic siliconoid 106 was employed, which was obtained by reductive 

cleavage of the SiTip2 bridge adjacent to the unsubstituted vertices of the global 

minimum isomer 91 with four equivalents lithium/naphthalene (Scheme 44).264 

 

Scheme 44. Synthesis of dianionic siliconoid 106 via reduction of global minimum isomer 91 with 4 
equivalents of lithium/naphthalene.264 

The crystal structure of 106 could be resolved as the dimeric structure in the solid 

state. Treatment of dianionic siliconoid 106 with two equivalents of Me3SiCl led to the 

expected neutral Si5 cluster 107 with two trimethylsilyl substituents. More 

interestingly, the reactions of dianionic siliconoid 106 with one equivalent of dichloro-

N,N-diisopropylaminoborane or -phosphane resulted in restoring of a six-atomic 

scaffold with the incorporation of a heteroatom instead of the SiR2 bridge and thus 

leading to the first boron- and phosphorous-doped siliconoids 108 and 109 (Scheme 

45).264 

 

Scheme 45. Synthesis of bis(trimethylsilyl)-substituted Si5 siliconoid 107 and boron- and phosphorous 
doped siliconoids 108 and 109 (R = Tip = 2,4,6-triisopropylphenyl).264 
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Doping of siliconoids with heteroatoms also offers new opportunities regarding the 

formation mechanism of siliconoid structures. The atomically precise cluster 

expansion of Scheschkewitz et al.,259 for instance, can be considered as a model 

pathway for reductive elimination – oxidative addition pathways in the gas phase. As 

another example, the rearrangement of a Si4Ge2 scaffold to the dismutational isomer 

of 1,4-digermatetrasilabenzene 98a (Scheme 40) shows the occupation of both 

unsubstituted positions by germanium.198 In contrast, in the corresponding lithiated 

species Si4Ge2Li 110 one germanium atom is located at either unsubstituted vertex 

and the second one exclusively at the anionic position (Scheme 46).54 

 

Scheme 46. Synthesis of anionic heterosiliconoid Si4Ge2Li 110 (Tip = 2,4,6-triisopropylphenyl).54 

The formation of the germanium-doped anionic heterosiliconoid 110 gives some 

insight to the complex multi-step rearrangement properties of the cluster backbone. 

In general, the synthetic strategies to access unsaturated siliconoids can be 

summarized in three categories: application of heavier vinyl anions analogues such 

as the disilenide precursors, the reductive coupling of halogenated precursors in 

different ratios and the recently disclosed approach of the partial substitution of Zintl 

silicide anions. 
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2 Aims and Scope 

The central focus of this thesis is the synthesis of functionalized unsaturated silicon 

clusters and the examination of their reactivity towards small molecules and transition 

metals. Residual functionalities at the cluster core played a major role in these 

endeavors. 

Recently, the Scheschkewitz group reported the synthesis of an anionic siliconoid 

100 by reduction of 88 with an excess of lithium/naphthalene.53 According to 

preliminary studies, the anionic site allowed for the functionalization of the cluster 

scaffold with suitable electrophiles. Consequently, one task of this PhD project was 

the functionalization of anionic siliconoid 100 with further functional groups. In terms 

of the further elaboration of synthetic protocols, an efficient and progressively 

substitution of all aryl substituents might be conceivable to control the reactivity and 

to realize embedding of siliconoids into extended systems. Therefore, reduction of 

the global minimum isomer 91 is going to be studied. In order to explore the 

nucleophilic transfer of the new anionic siliconoid, its reaction with several 

electrophiles was going to be investigated in this project (Scheme 47). 

Scheme 47. Synthesis of the dianionic siliconoid 106 and the proposed reaction of 91 with two 
equivalents of Li/C10H8 and its further proposed functionalization with various electrophiles. 

The rapidly increasing number of functionalized Si6 benzpolarenes required the 

distinction of the different vertices which was accounted for by the introduction of a 

novel nomenclature. The characteristic bonding situation of each silicon vertex of the 

benzpolarene scaffold is thus reflected in the selection of the prefixes for the 

bridgehead silicon atoms 1 and 3, the mono-substituted vertices 4 and 6, the 

characteristically deshielded SiTip2 bridge in 2-position and SiTp2 in position 5 

(Scheme 48). 
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Scheme 48. Schematic representation of the silicon vertices in the propellane bridged Si6 cluster. 

Furthermore, functionalization of siliconoids with transition metals is of particular 

interest as the electron-rich siliconoids are expected to be powerful σ-donating 

ligands for application in homogeneous catalysis. While the coordination behavior of 

siliconoids is virtually unexplored, Zintl Anions of Group 14 elements have already 

been applied as transition metal ligands. Their application in homogeneous catalysis, 

however, is limited due to the poor solubility of the multiple negatively charged 

anions. As the anionic siliconoid 100 is a useful reagent to transfer functionalities to 

the Si6 benzpolarene scaffold,53 one major target of this work was the investigation of 

its suitability for the grafting of the Si6 framework to transition metals. Therefore, the 

reaction of 100 with dichlorinated metallocenes was going to be investigated in order 

to achieve the isolation of novel metallocene substituted siliconoids (Scheme 49). 

 

Scheme 49. Proposed reactivity of anionic siliconoid 100 towards dichlorinated metallocenes (M = Zr, 
Hf; R = Tip = 2,4,6-triisopropylphenyl). 

As described in the introduction in chapter 1.1.1 and 1.1.2, N-heterocyclic silylenes 

are useful ligands in the coordination to transition metals. Dative coordination of 

charge-neutral siliconoids to metals is to date unknown, but should in principle be 

possible with the help of a pending auxiliary silylene ligand. As the recently reported 

reaction of anionic siliconoids with Jutzi's silicocene led to cluster-core expansion,260 

the synthesis of a siliconoid/silylene hybrid with intact silylene functionality would be 

an attractive goal. 
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In this work the chlorinated amidinato silylene 5 was going to be employed as a 

precursor under the assumption that the electron deficiency of the Si(II) center is 

sufficiently tamed by the adjacent nitrogen donors to introduce the silylene 

functionality in a simple salt elimination reaction to the Si6 benzpolarene scaffold. 

Subsequently, the coordination behavior of the envisaged tetrylene functionalized 

siliconoids towards transition metals should be investigated in order to evaluate the 

donor properties of the tetrylene/siliconoid hybrids (Scheme 50).  

 

Scheme 50. Proposed reactivity of anionic siliconoid 100 towards chlorinated amidinato tetrylenes (E 
= Si, Ge, Sn). 

Catalytic benchmark reactions were finally going to be included to demonstrate the 

suitability as ligands in a homogeneous catalytic setting. 

Although Si–Si single bonds are well-known to oxidatively add chalcogens under mild 

conditions,265-270 those hetero silicon clusters are rare270-275 and exclusively reported 

for saturated silicon clusters. As treatment of saturated silicon clusters with 

chalcogens resulted in cluster core expansions,254,266,273-276 a similar strategy could 

be envisaged for the unsaturated siliconoids. Therefore, the reactivity of chalcogens 

towards a silylene/siliconoid hybrid was going to be studied in this project in order to 

achieve the isolation of the first chalcogen-doped heterosiliconoids (Scheme 51).  

 

Scheme 51. Proposed reaction of a silylene/siliconoid hybrid with chalcogens.  
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4 Summary, Conclusion and Outlook 

During the last decade, the study of unsaturated silicon clusters as well their 

functionalization with different functional groups has moved into focus. Especially 

functionalization of the cluster scaffold is of continuous interest with a view to the 

incorporation of such low-valent systems into extended systems.  

The rapidly increasing number of functionalized Si6 benzpolarenes required the 

distinction of the different vertices. Inspired by the ortho, meta and para 

nomenclature for disubstituted benzene, short prefixes for the characteristic bonding 

situation of each silicon vertex of the Si6 benzpolarene scaffold have been introduced 

(Scheme 52). The corresponding latin words served as inspirations for the creation of 

the prefixes “nudo” (lat. nudus) for the unsubstituted silicon atoms 1 and 3, “ligato” 

(lat. ligatus) for the mono Tip-substituted vertices 4 and 6, “remoto” (lat. remotus) for 

the remote bridge in 5-position and “privo” (lat. privus) for the characteristically 

deshielded silicon atom in position 2.  

 

Scheme 52. Schematic representation of the proposed prefixes for Si6 benzpolarenes. 

Reaction of the anionic Si6 siliconoid 100 with electrophiles provides access to 

several new Si6 siliconoids 101a-f. In the first part of this thesis, the nucleophilic 

transfer of the ligato-anionic moiety to benzoylchloride (e) and trimethylchlorosilane 

(f) has been demonstrated (Scheme 53). The structures have been determined by x-

ray crystallography and show the uncompromised Si6 benzpolarene framework.  

 

Scheme 53. Synthesis of benzoyl- and trimethylsilyl-substituted siliconoids 101e,f and recently 
functionalized siliconoids 101a-d.53 Reagents: (a) SiCl4, (b) BH3

.SMe2, (c) tBuCOCl, (d) ClP(NMe2)2, 
(e) Me3SiCl, (f) PhCOCl. 101a: E = SiCl3, 101b: E = BH3⁻, 101c: E = tBuCO, 101d: E = P(NMe2)2, 
101e: E = Me3Si, 101f: E = COPh. 
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As expected, the distance between the bridgehead silicon atoms are longer than a 

typical Si–Si single bond but comparable with those reported for functionalized ligato-

siliconoids.53 The characteristic wide distribution of NMR chemical shifts is retained in 

the 29Si NMR spectra of 101e,f.  

As reduction of hexasilabenzene 88 selectively yields the ligato-anionic moiety, the 

reduction of the global minimum isomer 91 was investigated by Yannic Heider from 

our group (equal contribution author in publication 3.1). While treatment of 91 with 

four equivalents of lithium/naphthalene led to the dianionic species 106, reduction 

with two equivalents lithium/naphthalene results in the uniform conversion into the 

privo-lithiated siliconoid 11. The 29Si NMR reveals a similar chemical shift distribution 

as in ligato-lithiated siliconoid 100 but with distinctly different values leading to the 

suggestion that the lithiation had taken place in another position of the benzpolarene 

framework. The strongly deshielded signal at 267.9 ppm is significantly broadened 

due to the coupling to the quadrupolar 7Li nucleus and shows coupling to one Tip unit 

in a 2D NMR spectrum. The structure of 111 has been finally confirmed by x-ray 

crystallography, showing the lithium functionality at the privo-position. In order to 

proof the nucleophilic transfer of 111, treatment with several electrophiles such as 

Me3SiCl, PhCOCl, tBuCOCl, ClP(NMe)2, SiCl4 and BH3.SMe2 was investigated. The 

corresponding privo-functionalized siliconoids 112a-f were obtained and 

characterized by multi nuclear NMR spectroscopy (Scheme 54). The structures of 

112b, 112c and 112e were determined by x-ray crystallography and exhibit slightly 

longer distances between the bridgehead silicon atoms than the ligato-lithiated 

siliconoids 101e,f.  

 

Scheme 54. Synthesis of privo-lithiated siliconoid 111 by reduction with 2 equivalents of Li/C10H8 and 
its further functionalization with suitable electrophiles. Reagents: (a) SiCl4, (b) BH3

.SMe2, (c) tBuCOCl, 
(d) ClP(NMe2)2, (e) Me3SiCl, (f) PhCOCl. 112a: E = SiCl3, 112b: E = BH3⁻, 112c: E = tBuCO, 112d: E = 
P(NMe2)2, 112e: E = Me3Si, 112f: E = COPh. 
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During these investigations, the relationship of the privo atom chemical shift and the 

Hammett parameter was drawn separately for privo- and ligato-functionalized 

siliconoids 101a-f and 112a-f showing linear relationships in both cases. While the 

stronger deshielding of the privo vertex in the 29Si NMR is the result of electron 

withdrawing substituents, electron donating groups have exactly the opposite effect 

resulting in more shielded signals. In case of privo-substituted siliconoids 112a-f, 

stronger linear dependency as in case of ligato 101a-f was observed due to the 

stronger influence as the substituents are directly attached to the privo silicon atom. 

The 29Si NMR shifts of the nudo silicon vertices show no apparent correlation to the 

Hammett parameters. With the present report, we shed some light on the 

fundamental understanding of siliconoids and provide synthetic approaches which 

might gain a more comprehensive insight on the complex multi-step construction of 

the cluster backbone. 

Due to the lack of the covalent or dative coordination of neutral siliconoids to 

transition metals, the synthesis of the first examples of siliconoids bearing acovalently 

attached transition metal functionality has been investigated in this project. 

Nucleophilic transfer of the ligato-anionic Si6 moiety to Cp2MCl2 (M = Zr, Hf) resulted 

in the isolation of the first transition-metal-substituted neutral siliconoids 113a,b 

(Scheme 55). In contrast, reaction with the corresponding titanocene dichloride led to 

an inseparable mixture of products due to presumed competing redox reactions. The 

structures have been characterized by x-ray crystallography confirming the integrity 

of the benzpolarene scaffold. The 29Si NMR spectrum revealed the diagnostic wide 

dispersion of NMR chemical shifts as discussed for the previous ligato-functionalized 

siliconoids 101a-f. 

 

Scheme 55. Synthesis of the first transition-metal-substituted neutral siliconoids 113a,b (a: M = Zr, b: 
M = Hf). 
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The covalent silicon-metal bond in 113a,b was found to be extremely unstable as 

even smallest traces of water lead to partially hydrolysis of 113a, indicating the 

progressive appearance of a characteristic Si–H resonance at 4.103 ppm in the 1H 

NMR spectrum. As grafting of later transition metals to siliconoids have remained 

elusive so far, we resorted to the dative coordination of charge-neutral siliconoids to 

transition metal centers. This was achieved by prior introduction of a tetrylene side 

arm, which have frequently been applied in the coordination to transition metals due 

to their excellent σ-donating properties. The chlorinated amidinato tetrylenes of type 

PhC(NtBu)2ECl (E = Si, Ge, Sn) are known to react in a nucleophilic substitution 

reaction and thus have been treated with the ligato-lithiated siliconoid 100 resulting in 

uniform conversion to the tetrylene-substituted siliconoids 114a-c (Scheme 56). The 

wide dispersion in the 29Si NMR spectrum suggested to the preservation of the 

cluster framework which was finally confirmed by x-ray crystallography of 114a-c. 

Notably, in the 29Si and 119Sn NMR spectra of 114b and 114c, the occurrence of two 

sets of signals were observed suggesting rotational isomers in solution which could 

be confirmed by VT-NMR studies and measurements of 29Si and 119Sn solid state 

NMR spectra.   

 

Scheme 56. Synthesis of the tetrylene-functionalized Si6 siliconoids 114a-c and their corresponding 
Fe(CO)4 complexes 115a-c (a: E = Si, b: E = Ge, c: E = Sn). 

The suitability of 114a-c as neutral ligands in the coordination to transition metals 

was shown in the synthesis of the corresponding Fe(CO)4 complexes 115a-c 

(Scheme 56). The constitution of the first siliconoid Fe(CO)4 complexes 115a-c was 

confirmed by x-ray crystallography and 29Si NMR spectroscopy. While the six signals 

of the Si6 framework occur with the diagnostic wide dispersion, the additional signal 
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of the silylene side-arm in 115a shows a drastically downfield-shifted signals at 110.0 

ppm compared to that in 114a (48.0 ppm). In addition, the 119Sn NMR of 115c at 

456.3 ppm is also strongly downfield-shifted signal compared to that in 114c. With 

the present work on the first transition metal-substituted siliconoids 113a,b we 

disclosed a missing synthon in the emerging field of siliconoids. Furthermore, the 

stable siliconoid/tetrylene hybrids allow for the coordination to transition metals which 

was shown as proof-of-concept with the Fe-complexes 105a-c. Cleavage of one 

carbonyl group of Fe-complexes 105a-c might be considered as a logical next step in 

order to convert the Fe-complexes 105a-c in more reactive species with regard to 

their application in a catalytic cycle. 

Treatment of the tetrylene-functionalized siliconoids 114a-c with [Ir(cod)Cl]2 resulted 

in the contraction of the Si6 cluster framework accompanied by a transfer of a 

chlorine to the former privo-vertex and of its extrusion to an exohedral chlorosilyl 

group resembling the structural motif of chlorosilyltricyclo[2.1.0.02,5]pentasilane.198 

The obtained tetrylene-Si6 iridium complexes 116a-c were finally confirmed by x-ray 

crystallography. The 29Si NMR spectra of 116a-c show a much narrower distribution 

of the chemical shifts due to the loss of the spherical aromaticity and the concomitant 

magnetically induced cluster current.  

 

Scheme 57. Synthesis of tetrylene-Si6 iridium complexes 116a-c from the tetrylene functionalized Si6 
siliconoids 114a-c with [Ir(cod)Cl]2 (a: E = Si, b: E = Ge, c: E = Sn). 

Treatment of 114a-c with the corresponding [Rh(cod)Cl]2 led in all cases to 

inseparable and complicated mixture of products due to a presumably complicated 

sequence of oxidative addition and reductive elimination reactions. Only from the 

product mixture of 114b a few crystals could be obtained showing the same structural 

motif as observed in 116a-c. Treatment of 114a-c with [Rh(CO)2Cl]2 finally led in 

case of 114a to the uniform conversion to the unprecedented Si7 rhodium complex 
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117  and inseparable mixture of products for 114b,c (Scheme 58). Structure 117 

could be analyzed by x-ray crystallography and exhibits an unprecedented 

pentacoordination of the Rh centre, which is fully incorporated into the cluster core in 

contrast to the iridium complexes 116a-c.  

Monitoring of the initial product 117 via 1H NMR spectroscopy shows the 

rearrangement to a second product 118 with a restored benzpolarene framework. 

According to an x-ray diffraction study, the structure of 118 exhibits a covalently 

attached rhodium atom in the ligato-position (Scheme 58). Mechanistic 

considerations for the formation of 116a-c and 117 through oxidative addition 

followed by reductive elimination have been proposed based on the structurally 

characterized products. Notably, while conversion of 117 to 118 was observed in 

solution, crystalline samples of 117 require the addition of 10 mol% of 114a and 

additional 0.4 equivalents of [Rh(CO)2Cl]2 to result in uniform conversion to 118. 

 

Scheme 58. Synthesis of Si7 rhodium complexes 117 and 118 from silylene-functionalized Si6 
siliconoid 114a. 

A second central aspect of this project was the investigation to apply siliconoids in a 

catalytic cycle. With respect to the establishment of N-heterocyclic silylenes in 

catalysis, we focused on the silylene-functionalized siliconoid 114a and the thus 

obtained Group 9 transition metal complexes 116a, 117 and 118. The Group 9 

metallasiliconoids 116a, 117 and 118 were thus employed as catalysts in the 

isomerization of terminal alkenes to 2-alkenes showing especially in case of 116a 
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competitive results concerning conversion and reaction rates. The Group 9 metal 

complexes represent the first siliconoids with the endohedral incorporation of 

transition metals. With the isomerization of 117 and 118 the complete reconstruction 

of the benzpolarene scaffold and the principal possibility of a temporary change of 

the coordination mode have been shown. As all isolated Group 9 transition metal 

complexes show catalytic activity with competitive selectivity in the isomerization of 

alkenes to 2-alkenes, a possible approach in the future might be the increase of 

conversion rates using effective co-catalysts. In order to achieve a more 

comprehensive insight on the catalytic cycle, isolation of the catalyst-substrate 

complex might be considered.  

The reaction of the silylene-functionalized siliconoid 114a with chalcogens such as 

sulfur, selenium and tellurium lead to the first chalcogen-expanded unsaturated 

silicon clusters 119a-c. The structures 119a-c are characterized by x-ray 

crystallography confirming the incorporation of two additional vertices to the cluster 

scaffold: the chalcogen and a pentacoordinate silicon atom (Scheme 59). As N-

heterocyclic silylenes are known to easily undergo oxidation in the reaction with 

chalcogens, we presumed the formation of an initial Si=E double bond which then 

results in the expansion of the cluster core due to its electrophilicity. The mechanistic 

considerations have been supported by the optimization of the electronic structures 

of the proposed intermediates at the BP86-D3(BJ)/def2-SVP level of theory. 

 

Scheme 59. Synthesis of chalcogen-expanded Si7 heterosiliconoids 119a-c (119a: E = S, 119b: E = 
Se, 119c: E = Te). 

The reaction of a neutral silylene-functionalized siliconoid 114a with chalcogens 

expands the cluster core to incorporate a chalcogen atom and leaves the 

unsubstituted vertices untouched. The mechanistic scenario based on theoretical 

calculations may serve as inspiration for the further development of alternative 

synthetic approaches in the field of chalcogen-silicon based materials. 
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Scheme 60. Synthesis of the privo-ligato silanolether-bridged siliconoid 120. 

When the sililyene/siliconoid hybrid 114a was treated with carbon monoxide in the 

presence of 10 mol% of Ni(cod)2, the full reductive cleavage of the C≡O triple bond is 

observed. The structure 120 was confirmed by x-ray diffraction confirming the 

integrity of the benzpolarene scaffold with a peripheral connection of the privo- and 

ligato-positions by a Si=C enol ether bridge (Scheme 60). We proposed a reaction 

mechanism stating that formation of an initial 114a→Ni(CO)3 complex is the starting 

point based on the experimental observation that the reaction requires 10 mol% of 

Ni(cod)2. The mechanistic considerations have been supported by the optimization of 

the electronic structures of all proposed intermediates at the BP86-D3(BJ)/def2-SVP 

level of theory. The persistence of the hexasilabenzpolarene scaffold during the full 

cleavage of the C≡O triple bond and the reorganization in the periphery of the cluster 

scaffold strongly supports the privileged role of the benzpolarene structural motif. 

This observation may add further support for its use as a functional ligand in 

homogeneous catalytic processes. 
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