
 

 

TECHNISCHE UNIVERSITÄT MÜNCHEN 

WACKER Institut für Siliciumchemie 

Professur für Siliciumchemie 

 

Novel Silyl Radicals and Disilenes: Reactivity Studies 

and Evaluation for Battery Application 

 

Richard Holzner 

  

 

Vollständiger Abdruck der von der Fakultät für Chemie der Technischen Universität München 

zur Erlangung des akademischen Grades eines 

 

Doktors der Naturwissenschaften 

 

genehmigten Dissertation. 

 

 

Vorsitzender:    apl. Prof. Dr. Wolfgang Eisenreich 

Prüfer der Dissertation:  1. Prof. Dr. Shigeyoshi Inoue 

      2. Prof. Dr. Dr. h.c. Bernhard Rieger 

 

 

Die Dissertation wurde am 09.03.2020 bei der Technischen Universität München eingereicht 

und durch die Fakultät für Chemie am 13.04.2020 angenommen.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Diese Arbeit wurde in der Zeit von April 2016 bis Dezember 2019 im Rahmen der 

Professur für Siliciumchemie der Technischen Universität München unter Betreuung 

von Herrn Prof. Dr. Shigeyoshi Inoue durchgeführt. 



Acknowledgments 

I 

Acknowledgments 

Mein herzlichster Dank gilt Herrn Prof. Dr. Shigeyoshi Inoue, für die Aufnahme an 

seinen Lehrstuhl und das Vertrauen, das er mir entgegengebracht hat, mein 

Promotionsthema mit vielen Freiheiten bearbeiten zu können. Er steckte mich mit 

seiner Begeisterung für Siliciumchemie an und brachte mein Forschungsprojekt stets 

mit produktiven Anregungen und Diskussionen voran. 

 Darüber hinaus bedanke ich mich beim gesamten AK Inoue und bei meinen 

Forschungspraktikanten für die gute Zusammenarbeit. Hier will ich besonders die 

restlichen zwei Drittel der „drei von der Tanke“ hervorheben: Meine besten 

Laborkollegen und guten Freunde Dominik Reiter und Philipp Frisch, mit denen es 

selbst während den anstrengendsten Zeiten immer etwas zu Lachen gab. Danke 

außerdem an Franziska Hanusch für ihr Organisationstalent, nicht nur während der 

spannenden Konferenzreise nach Asien. 

 Weiterhin möchte ich meinen ehemaligen Masterarbeitsbetreuern Herrn Prof. Dr. 

Dr. h.c. Bernhard Rieger und Herrn Dr. Carsten Troll vom Lehrstuhl für 

Makromolekulare Chemie danken. Sie haben unsere, anfangs noch im Aufbau 

befindliche, Gruppe stets großzügig unterstützt und uns an ihrer Ausrüstung und 

Geräten teilhaben lassen. Außerdem bedanke ich mich bei den Makro-Mitgliedern des 

Silicium-Instituts, besonders bei Dr. Daniel Wendel für die angenehme 

Arbeitsatmosphäre. 

 Diese Arbeit wurde in Kooperation mit der WACKER Chemie AG durchgeführt. Daher 

danke ich allen Partnern von der Industieseite, besonders Herrn Dr. Richard Weidner, 

Herrn Dr. Thomas Renner, Frau Dr. Elke Fritz-Langhals, Herrn Dr. Jan Tillmann, sowie 

Herrn Dr. Niklas Wienkenhöver. Während der zahlreichen Treffen fand viel 

wissenschaftlicher Austausch statt, wobei oftmals neue Ideen entstanden. 

 Ein großes Dankeschön gebührt natürlich auch allen, die mich bei der Analytik 

unterstützt haben. Herr Dr. Alexander Pöthig, Herr Dr. Philipp Altmann und Philipp 

Frisch haben hervoragende Arbeit bei der Einkristall-Röntgendiffraktometrie gemacht 

und selbst die schlimmsten fehlgeordneten Kristalle nicht aufgegeben. Darüber hinaus 

danke ich Frau Dr. Oksana Storcheva (EPR Spektroskopie) und Ulrike Ammari 

(Elementaranalyse). Weiterhin bedanke ich mich bei Fabian Linsenmann für CV 

Messungen und den Grundkurs in Schwäbisch. 



Acknowledgments 

II 

 Neben all meinen wissenschaftlichen Unterstützern will ich mich auch ganz 

besonders bei meinen Eltern Lia und Gerhard, sowie meiner ganzen Familie 

bedanken. Ihr habt mir durch eure großzügige Unterstützung und euren Rückhalt erst 

mein umfangreiches Studium ermöglicht.  

 Zu guter Letzt: Vielen Dank liebe Verena, dass du mich über meine gesamte 

Promotion begleitet hast. Zusammen haben wir währendessen viele Höhen und Tiefen 

erlebt, aber du hast mich, wenn nötig, immer wieder aufgebaut. An dieser Stelle 

möchte ich dir nochmal sagen, wie wichtig mir deine Unterstützung während dieser 

ganzen Zeit war. 

 

 



List of Abbreviations 

III 

List of Abbreviations 

ΔES,T  singlet-triplet energy gap 

Θ   trans-bent angle 

τ   twist angle 

CV  cyclic voltammetry 

DCM  dichloromethane 

DFT  density functional theory 

Dipp  2,6-diiso-propylphenyl 

DMAP 4-N,N-dimethylamino-

pyridine 

DME  dimethoxyethane 

E   group 14 element 

e.g.  latin: exempli gratia:  

   "for example" 

EPR  electron paramagnetic  

   resonance 

et al.  latin: et alii: "and others" 

eV  electronvolt 

HBpin  pinacolborane 

HOMO highest occupied 

molecular orbital 

hypersilyl  (TMS)3Si 

IiPr2Me2 1,3-diisopropyl-4,5-

dimethyl-imidazolin-2-

ylidene 

IMe4 1,3,4,5-tetratmethyl-

imidazolin-2-ylidene 

in situ  latin: "on site" 

LiB  lithium ion battery 

LUMO lowest unoccupied 

molecular orbital 

Mes  2,4,6-trimethylphenyl 

NHC  N-heterocyclic carbene 

NHI  N-heterocyclic imine 

NHSi  N-heterocyclic silylene 

NMR nuclear magnetic 

resonance  

ORB  organic radical battery 

ppm  parts per million 

R   functional group 

SC-XRD single-crystal X-ray 

diffraction 

SOMO singly occupied molecular 

orbital 

supersilyl tBu3Si 

Tbt  2,4,6-(CH(TMS)2)3-C6H2 

THF  tetrahydrofuran 

TMS  trimethylsilyl 

Trityl  triphenylmethyl 

UV  ultra violet 

vide infra latin: “see below” 

vide supra latin: “see above” 

VT  variable temperature 

X  Halogen atom or related 

substituent

 



Abstract 

IV 

Abstract 

Among the most important challenges for academia and industry of our time are the 

rising demand for electric energy storage and the improvement of catalytic processes 

with respect to sustainability. Therefore, this thesis aimed at the synthesis and 

electrochemical evaluation of low-coordinate silicon compounds, especially silyl 

radicals and disilenes in regard to application in organic radical batteries. Furthermore, 

the inherently high reactivity of these novel silicon compounds was utilized for the 

precise activation of industrially relevant small molecules, with respect to possible 

transition metal-free catalytic processes. 

 In an initial publication, the molecular structure of a silyl radical which has already 

been employed as anode material in batteries, was modified by introduction of a bulkier 

silyl group. The resulting silicon-centered radical is relatively air stable and promising 

for battery application because of its highly reversible redox behavior.  

 Furthermore, the synthesis of a tetra(silyl)disilene was reported. Interestingly, this 

disilene forms an equilibrium mixture with the isomeric silylene, thus being the first 

isolable free bis(silyl)silylene. Although it is not stable at room temperature and 

therefore not applicable in batteries, the mixture showed striking reactivity towards H2 

and ethylene. The silylene was investigated by isolation of base-stabilized (NHC and 

DMAP) derivatives, as well as by DFT calculations. 

 In a follow-up publication, the concept of stabilization of bis(silyl)silylenes by the 

weak Lewis base DMAP was further explored. Novel structures, which underwent 

unique thermally induced isomerization reaction were obtained. In addition, the ability 

of these silylene complexes to activate small molecules upon dissociation of the donor 

at elevated temperatures was demonstrated. Thus, these silylene-base adducts can 

be considered isolable synthetic equivalents of otherwise elusive bis(silyl)silylenes. 

 Another major part of this thesis was the investigation of iminodisilenes. In this 

regard, two novel disilenes were synthesized, which show much higher stability than 

the previously reported example. Due to a greatly facilitated purification process, a high 

isolable yield was achieved for one of these new iminodisilenes. The (E/Z)-

isomerization of this compound was investigated thoroughly and interesting 

reactivities, such as formation of a cationic radical or activation of P4 were observed. 
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 The final manuscript focuses on the thermally induced, unprecedented and selective 

isomerization of this stable iminodisilene to an A2Si=SiB2-type disilene. With this 

unique disilene in hand, the reactivity towards carbon monoxide was explored. 

Resulting from an insertion of CO into the Si=Si double bond, a silene, containing a 

Si=C double bond was obtained. 
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Kurzfassung 

Zu den wichtigsten Herausforderungen für Wissenschaft und Industrie unserer Zeit 

gehören der steigende Bedarf an elektrischen Energiespeichern, sowie die 

Verbesserung katalytischer Prozesse im Hinblick auf ihre Nachhaltigkeit. Ziel dieser 

Arbeit war daher die Synthese und elektrochemische Bewertung von 

niedrigkoordinierten Siliciumverbindungen, insbesondere von Silylradikalen und 

Disilenen im Bezug auf ihre Anwendung in organischen Radikalbatterien. Darüber 

hinaus wurde die inhärent hohe Reaktivität dieser neuartigen Siliciumverbindungen zur 

präzisen Aktivierung von industriell relevanten kleinen Molekülen, im Hinblick auf 

mögliche übergangsmetallfreie katalytische Prozesse genutzt. 

 Zunächst wurde die molekulare Struktur eines Silyl-Radikals, das bereits als 

Anodenmaterial in Batterien eingesetzt wurde, durch Einführung einer größeren 

Silylgruppe modifiziert. Das resultierende Siliciumradikal ist relativ luftstabil und 

aufgrund seines hoch reversiblen Redoxverhaltens vielversprechend für mögliche 

Batterieanwendungen.  

 Darüberhinaus wurde ein Tetra(silyl)disilen synthetisiert, das mit dem isomeren 

Bis(silyl)silylen, dem ersten isolierbaren Vertreter dieser Klasse, ein 

Gleichgewichtsgemisch bildet. Obwohl es bei Raumtemperatur nicht stabil ist und 

somit nicht in Batterien eingesetzt werden kann, zeigte das Gemisch 

Additionsreaktionen mit H2 und Ethen. Das Silylen wurde durch Isolierung von 

basenstabilisierten (NHC und DMAP) Derivaten sowie durch DFT-Berechnungen 

untersucht. 

 In einer Folgeveröffentlichung wurde das Konzept der Stabilisierung von 

Bis(silyl)silylenen durch die schwache Lewis-Base DMAP weiter untersucht. Es 

wurden neuartige Strukturen erhalten, und ihre jeweils unterschiedlichen, thermisch 

induzierten Isomerisierungsreaktionen untersucht. Darüber hinaus wurde die Fähigkeit 

dieser Silylenkomplexe zur Aktivierung kleiner Moleküle nach der Dissoziation des 

Donors bei erhöhten Temperaturen nachgewiesen. Somit können diese Silylen-Basen 

Addukte als isolierbare synthetische Äquivalente von ansonsten instabilen 

Bis(silyl)silylenen betrachtet werden. 

 Ein weiterer wesentlicher Teil dieser Arbeit war die Untersuchung von 

Iminodisilenen. In diesem Zusammenhang wurden zwei neuartige Disilene 
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synthetisiert, die eine wesentlich höhere Stabilität als die bisher bekannte Verbindung 

zeigen. Durch einen stark vereinfachten Aufreinigungsprozess konnte für eines der 

neuen Iminodisilene eine hohe isolierbare Ausbeute erzielt werden. Die (E/Z)-

Isomerisierung dieser Verbindung wurde eingehend untersucht und es konnten 

interessante Reaktivitäten, wie beispielsweise die Bildung eines kationischen 

Radikals, oder die Aktivierung von P4 beobachtet werden. 

 Das abschließende Manuskript konzentriert sich auf die thermisch induzierte, bisher 

unbekannte und selektive Isomerisierung dieses stabilen Iminodisilens zu einem 

Disilen des A2Si=SiB2-Typs. Anhand dieses einzigartigen Disilens wurde die 

Reaktivität gegenüber Kohlenstoffmonoxid erforscht. Durch die Insertion von CO in die 

Si=Si-Doppelbindung wurde ein Silen mit einer Si=C Doppelbindung erhalten. 
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1. Introduction 

Dealing with limited resources, against the background of an ever-growing demand of 

energy and mobility is probably one of the biggest challenges, humanity has to face in 

the 21st century. Especially the finite supply of crude oil might become problematic.[1-2] 

This natural feedstock of hydrocarbons is the basic building block of modern 

economies. Chemical industry crucially requires crude oil as starting material for most 

commercially synthesized fine chemicals and plastics, as well as for the production of 

fuels for vehicles and homes. It is difficult to predict the point in time at which the natural 

oil resources will be exhausted, because new sources are discovered and the 

increasing price in combination with a more sophisticated oil production technology 

allows exploitation of non-conventional sources like oil sands. Nevertheless, this date 

will eventually come within the next decades. Furthermore, burning of fossil fuels 

through the resulting emission of CO2 contributes to a man-made climate change.[3] It 

is widely recognized, that this global warming will bring up problems, even long before 

the last drop of crude oil is consumed. 

 Therefore, it is the task of science together with industry to tackle this challenge and 

provide solutions which allow preservation of our current life standard and further 

growth under sustainable conditions. Two key technologies in this regard are the 

storage of electric energy and catalysis. Transportation produces 23% of today’s 

carbon dioxide emissions world-wide.[3] Hence, transition to electric mobility is required 

for a significant reduction of greenhouse gas emission. Moreover, in the course of 

transition from fossil fuels and nuclear energy to renewable sources, electric energy 

storage is imperative to compensate fluctuations from unsteady energy sources, such 

as wind- or solar-based power plants and guarantee a constant electrical energy 

supply. Although the current lithium ion battery technology has steadily been improved, 

it cannot meet the rising demand for energy storage alone. Since lithium is also a finite 

resource and its extraction process isn’t particularly environmentally friendly,[4] it is 

important to utilize more abundant elements for this purpose. Silicon-based organic 

radical batteries might be a useful addition to the current electric energy storage 

technology in this respect and could even replace metal-containing batteries in some 

fields. Neutral silyl radicals have already been successfully applied as anode materials 

in metal-free organic radical batteries.[5] Further investigations, for example in regard 

to other low-coordinate silyl species might lead to more effective, sustainable batteries. 
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Therefore, the focus of this work is on the synthesis of novel low-coordinate silicon 

compounds, such as radicals or disilenes and their electrochemical evaluation. 

 Of course, not only storage, but also conservation of energy and in this regard, 

catalysis will become more important. Effective catalysts significantly reduce the 

activation barrier of chemical reactions and thus, the required energy. The multimillion-

ton output of today’s chemical industry would be absolutely inconceivable without 

catalysis. However, these processes are mainly relying on costly and sometimes toxic 

transition metals.[6] In general, replacement of these metals by highly abundant main 

group elements would mean a great step towards a “greener”, more sustainable 

economy. A recent report demonstrated the catalytic activity of a cationic silicon 

compound in hydrosilylation of alkenes.[7] This silyliumylidene turned out to be as 

effective as the currently applied platinum-based catalysts and might therefore be soon 

implemented in the catalytic curing of polysiloxanes for the synthesis of silicone 

rubbers. Based on these promising results, the reactivity of the newly synthesized low-

coordinate silicon compounds will be tested towards small molecules as the second 

main aim of this thesis. Selective activation of relatively inert small molecules, such as 

H2 or CO is the key condition for a potential catalytic application of these species. The 

achieved results could probably pave the way for a further development of sustainable, 

non-toxic silicon compounds in catalysis. 
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2. The Element Silicon 

Whereas carbon is the undisputable “carrier of life” among the elements, its direct 

heavier congener silicon has a totally different character. Nevertheless, the 

semiconductor silicon is an essential part of modern life, applied in computer chips or 

silicone polymers. Right behind oxygen with 45.5%, silicon is the second most 

abundant element in the lithosphere with a proportion of more than a quarter (27.2%) 

(Figure 1).[8] Akin to carbon, silicon in general adopts sp3 hybridization and forms bonds 

to four substituents, resulting in a tetrahedral coordination sphere. Silanes for example, 

show similar physical properties, such as melting and boiling points than their lighter 

analogues alkanes. In regard to their chemical reactivities however, they differ 

drastically. Silane (SiH4), disilane (Si2H6) and chlorosilane (SiH3Cl) are highly 

pyrophoric and ignite immediately upon exposure to air. Methane and ethane on the 

other hand are relatively inert. Whereas dichloromethane is a common solvent, 

dichlorosilane hydrolyzes to a polymeric, potentially pyrophoric substance.[9] The 

reason for that is mainly the oxophilicity and the electropositive character of silicon, 

compared to carbon and hydrogen, which leads to an inversely polarized Siδ+–Hδ– bond 

(Pauling electronegativity: Si = 1.9, C = 2.55, H = 2.2).  

Rest

2,27%

K

1,84% Na

2,27%
Mg

2,76%

Ca

4,66%

Fe

6,2%

Al

8,3%

Si

27,2%O

44,5%

Element abundance in the earth's crust

 

 

 

 

Figure 1: Left: abundance of the elements in the earth’s crust; right: depiction of metallurgical grade 
silicon chunks. 

Because of its high affinity towards oxygen, silicon never occurs in elemental form, but 

only oxidized as silicates with other elements or as SiO2 like in quartz, sea sand or 

pebble stone.[10] Even the name silicon derives from the Latin words silex or silicis, 

which translate to “flint” or “hard stone”. Despite its high abundance, the oxophilicity of 

silicon is the reason for its relatively late discovery compared to rarer elements. 
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Eventually in 1824, J. J. Berzelius obtained amorphous elemental silicon from the 

reduction of SiF4.[10] 

 Although the output volume is declining since 2013, 6.7 million tons of silicon were 

produced in 2018.[11] On the industrial scale, silicon production is realized by the 

reduction of quartz with carbon in an electric arc furnace at 2000 °C (Scheme 1, (a)). 

This highly energy consuming process provides metallurgical grade silicon with a purity 

of 98.5–99.7 wt.%, which is already sufficient for steel production, as alloying 

component or deoxidizing agent.[10] Furthermore, it can be converted to 

organochlorosilanes in the so called “Müller-Rochow” process.[12] This transformation, 

also known as “direct synthesis” provides chloromethylsilanes and chlorophenylsilanes 

from reaction of elemental silicon with methylchloride or phenylchloride, respectively 

in presence of a catalyst (Cu or Ag) (Scheme 1, (b)). The ratio of the resulting crude 

chlorosilane mixture is strongly depending on the process control. Usually, the desired 

dimethyldichlorosilane is formed in 80% yield. After distillative separation, these 

chlorosilanes are mainly polymerized to polysiloxanes (silicones) or used as starting 

materials in synthetic organosilicon chemistry.   

Scheme 1: (a) Synthesis of metallurgical grade silicon from reduction of quartz, (b) Direct synthesis of 
chlorosilanes, (c) Siemens process. 

 

For the production of solar cells and semiconductors however, an even higher purity 

than metallurgical grade is required. Usually, this purification is industrially realized by 

the again highly energy consuming “Siemens process” (Scheme 1, (c)). In this process, 

crude silicon is reacted with hydrogen chloride to trichlorosilane, which is then purified 

in various distillation steps. Subsequently this trichlorosilane is reduced with hydrogen 

on the surface of heated (1100 °C) silicon rods, providing purities above 99.99%. In 

the so called “Czochralski process”, the highest silicon purity, which is required for the 
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production of semiconductors for microelectronic applications can be achieved. Here, 

a silicon seed crystal is dipped into a 1420 °C hot silicon melt and pulled upwards 

under simultaneous rotation. This results in a large, cylindrical silicon single crystal. 

Dopant impurities, e.g. boron, aluminum, phosphorus or arsenic can be added in this 

process to determine the electronic properties of the resulting semiconductor material. 

In the next production step, these monocrystalline silicon cylinders are cut into 

“wafers”, which in turn are further processed to computer chips.[10]  

 Besides in integrated circuits and solar cells, the element silicon finds numerous 

technical applications today, mostly in the oxidation state Si(IV). Amorphous SiO2 

powder is employed as thickener, pigment for coating, or reinforcing filler for polymers, 

especially rubbers, for example in tires. Furthermore, it is a key component in high 

performance concrete. Zeolites, which are based on alumosilicates, find application in 

heterogeneous catalysis. In addition, silicon is the basis of glasses and high 

performance ceramics with excellent properties in regard to strength and hardness, 

even at high temperatures.[8]  

 Among the most important applications of silicon are polysiloxanes.[13] Historically, 

Kipping hydrolyzed silanes and obtained high-molecular linear and cyclic polymers, 

containing Si–O bonds. However, he mistook these sticky, colorless compounds as 

heavier analogues of ketones, which contain a Si=O double bond and therefore called 

them “silicoketones” or “silicones”. Thus, silicones is a misnomer for polysiloxanes, that 

persisted to this day, at least as a trivial name. Initially, polysiloxanes were considered 

useless. Kipping concluded his long-term work on this class of compounds that no 

applications are to be expected. Their immense potential was finally recognized in the 

1940s, with the development of the Müller-Rochow process, which allowed facile 

access to organochlorosilanes, the monomers of polysiloxanes. Polysiloxanes display 

properties, which cannot be achieved with carbon-based polymers. The large Si–O–Si 

angle of 143° in the polysiloxane chain is much wider than the usual tetrahedral angle 

(~110°) and therefore allows inversion through the linear form and rotations with only 

a small energy barrier.[13] This characteristic feature accounts for the high dynamic 

flexibility and the low glass transition temperature of polysiloxanes. Due to the strong 

Si–O bond, these polymers show also high thermal stability and hence are applicable 

in a large temperature range. Among silicones, polydimethylsiloxane is the most 

commonly used representative. On an industrial scale, polydimethylsiloxanes are 

synthesized by hydrolysis of dichlorodimethylsilane. The resulting linear or cyclic 
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oligosiloxanes can be converted to high-molecular polysiloxanes by subsequent 

polycondensation or ring opening polymerization. Lower molecular polysiloxanes, so 

called silicone oils, find applications as defoaming agents or for lubrication purposes. 

Depending on the addition of other functional monomers, such as MeSiCl3 or SiCl4 

during the production process, branched silicone resins, which are used as additives 

in coatings or as hydrophobic water repellants for concrete structures, can be 

obtained.[14] Another technically important application of polysiloxanes is the 

elastomeric form. For that purpose, monomers with polymerizable functional groups, 

which allow cross-linking are added. The elasticity of these silicone rubbers can be 

precisely tuned, through the monomer ratio.[13]  

 This brief overview on the achievable structures and the resulting applications of 

polysiloxanes demonstrates already the versatility and importance of these synthetic, 

silicon-based polymers. In summary, the element silicon became industrially relevant 

because of its natural abundance and its intriguing properties in the recent century and 

thus, we encounter it in many applications in our daily lives. However, silicon is mostly 

applied in elemental form Si(0) in semiconductors, or in the oxidation state Si(IV), in 

SiO2, silanes and polysiloxanes. Nonetheless, silicon in different oxidation states and 

coordination modes (see the following chapters), which was unconceivable for a long 

time, might also become attractive for industrial processes in the future. 
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3. Low-coordinate Silicon Compounds 

Akin to the lighter homologue carbon, most silicon compounds are present in a four-

coordinate, tetrahedral state. Lower-coordinated silicon species are electronically 

extremely unfavored and therefore highly reactive.[15] Thus, they show strong 

tendencies to undergo oligomerization or disproportionation reactions to restore the 

preferred four-coordinate state. Examples of low-coordinate silicon compounds 

comprise silyliumylidene ions (RSi+, one-coordinate), silylenes (R2Si:, two-coordinate) 

and silyl radicals (R3Si•), silylium ions (R3Si+) or disilenes (R2Si=SiR2, three-

coordinate). Only tailor-made ligands which either provide kinetic stabilization by 

sterically shielding of the reactive center, stabilizing electronic effects from 

heteroatoms, or a combination of both allow for isolation of these elusive species. 

Utilization of these strategies has led to isolation of numerous low-coordinate silicon 

compounds in the recent decades. Within this chapter, the milestones and most 

outstanding discoveries in the field of silyl radicals will be presented. Furthermore, 

silylenes will be discussed briefly. Finally, disilenes, the formal dimers of silylenes will 

be shown, and their bonding nature and reactivity will be pointed out with selected 

examples. 

3.1 Silyl Radicals 

The chemistry of carbon radicals (R3C•) has a long history and attracted much 

attention, both from academia and from industry. As early as 1900, Gomberg reported 

the persistent triphenylmethyl radical and demonstrated its radical character by the 

reaction with oxygen.[16-17] From this starting point on, a lot of persistent carbon 

radicals[17-19] and radical-based reactions were identified, for example biological 

processes of cell damage.[20] Furthermore, carbon radicals play an indispensable role 

in industrial processes (e.g. low-density polyethylene production) or organic 

transformations.[21-22]  

 In contrast to carbon radicals, the investigation of silyl radicals (R3Si•) is far less 

developed. Nevertheless, silyl radicals have also found application as active species 

in organic reactions, such as alkene hydrosilylation or halide abstraction.[23-25] In this 

cases, the silyl radicals were generated in situ. They are only short-lived intermediates 

and thus not isolable.  
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Akin to carbon radicals, silyl radicals bear three substituents and a singly occupied 

molecular orbital (SOMO).[24] A valuable tool for the characterization of these radicals 

is electron paramagnetic resonance (EPR) spectroscopy.[26] Besides the g value, 

which is slightly greater than 2 for silyl radicals, the hyperfine coupling constant (hfcc) 

a from coupling of the unpaired electron with the α-29Si nucleus can be observed. The 

value of the hfcc provides information about the hybridization of the SOMO (whether it 

is rather an s- or π-type orbital) and thereby on the geometry around the radical center. 

This connection is depicted in Figure 2. A higher degree of pyramidalization around 

the radical center leads to a larger contribution of the 3s-orbital to the SOMO and 

therefore an increasing value for a(α-29Si).[26] 

 

Figure 2: Connection between silyl radical geometry, hybridization of the SOMO and hyperfine 
coupling constant a with α-29Si nucleus. 

As early as 1966, parent group 14 radicals were investigated by means of matrix 

isolation. EPR studies of these transient species revealed, that the degree of 

pyramidalization is increasing, going down the group from the planar H3C• to the 

pyramidal H3Sn•.[27] Furthermore, it was shown that the degree of pyramidalization 

rises from Me3Si to Cl3Si by stepwise replacement of a methyl group by a chlorine 

atom. However, persistent silicon-centered radicals require bulkier substituents (kinetic 

stabilization) or delocalization of the spin density throughout the ligand system 

(thermodynamic stabilization). Therefore, they remained elusive.  

 The pioneering synthetic work in investigation of silyl radicals was done by Lappert 

et al. in the mid 1970s.[28-29] They irradiated a silane with UV light and obtained a silyl 

radical with a half-life of 10 minutes, which was characterized by EPR spectroscopy. 

Later, persistent polysilyl radicals were obtained from irradiation of polysilanes with UV 

light.[30-32] Further, even more stable tri(silyl)-substituted silicon-centered radicals were 

reported by the groups of Matsumoto and Kira.[33-35] In the EPR spectrum, these silyl 

substituted radicals generally display a large signal with additional satellite signals 
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deriving from coupling of the unpaired electron with α- and β-29Si nuclei. Structural 

characterization however was yet to be achieved. This task was eventually 

accomplished by Sekiguchi and co-workers in 2001 with the isolation of a 

cyclotetrasilenyl radical L1 (see Figure 3).[36] 

 

Figure 3: Milestones in silyl radical chemistry: structurally characterized examples by the group of 
Sekiguchi. 

Compound L1 was obtained from one-electron reduction of the corresponding silylium 

ion. The spin density is delocalized over three silicon centers, embedded in the four-

membered, planar ring. This result is consistent with density functional theory (DFT) 

calculations on the substituent effects in silyl radicals. Electropositive substituents, 

such as silyl groups or alkali metals are stabilizing silyl radicals. Furthermore, bulky 

silyl groups have been predicted to lead to planar geometries, whereas electronegative 

substituents, which bear a lone pair of electrons, induce pyramidalization.[26,37]  

 The next milestone, only one year later was the report of the neutral silyl radical L2, 

which adopts a completely trigonal planar geometry.[38] This compound was generated 

by one-electron oxidation of the in situ formed silyl anion by the GeCl2·dioxane 

complex. Apparently, the three tBu2MeSi groups are bulky enough to sterically protect 

the radical center from undergoing typical decomposition reactions, such as 

dimerization or hydrogen abstraction. In contrast to L1, radical L2 is completely lacking 

stabilization by conjugation with π-bonds. The reactivity of compound L2 was 

extensively studied and reaction patterns, characteristic for silyl radicals were identified 

(Scheme 2). With haloalkanes, radical L2 readily undergoes halogen abstraction 

reactions, resulting in the corresponding chloro- and bromosilanes L3.[38] One-electron 
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oxidation of L2 was also realized, by treatment with a trityl reagent.[39] The intermediary 

generated silylium ion however was only isolable as acetonitrile adduct. In 

dichloromethane, a non-coordinating solvent, a Wagner-Meerwein-type 

rearrangement took place, furnishing the isomeric silylium ion L4. The positive charge 

in this isomer is far better stabilized by silicon hyperconjugation (β-silicon effect).  

Scheme 2: Reactivity of silyl radical L2. 

 

Most interestingly, silyl radical L2 was reduced with an excess of lithium dispersion to 

the corresponding silyl anion L5 without greater change of the silyl structure.[40] In 

contrast to most four-coordinate alkali metal compounds of group 14 elements, which 

prefer a tetrahedral coordination sphere, all silicon atoms in compound L5 are still in 

plane. This unusual structure was ascribed to the steric repulsion between the three 

tBu2MeSi groups. By oxidation of L5, the radical starting material L2 was regenerated, 

which already indicated the reversibility of the underlying redox process.[41] A similar 

reaction behavior was reported by Apeloig and co-workers for a tri(silyl)silyl radical, 

deriving from oxidation of a hydrosilane by an organic peroxide.[42] This reversible 

nature of the redox-couple (silyl radical ⇄ silyl anion) was later confirmed by cyclic 

voltammetric (CV) analysis for L2 and eventually exploited for battery applications (see 

chapter 4.2).[5,43]  

 Examples of alkali metal-substituted silyl radicals were studied by EPR 

spectroscopy[44] and finally, compounds L6 were structurally characterized.[45-46] Silyl 

radicals L6 were obtained from reductive splitting of the tetra(silyl)disilene 

(tBu2MeSi)2Si=Si(tBu2Me)2 (L7) by alkali metal naphtalenide in presence of the 

respective crown ether. In the case of lithium, there is no contact between the metal 

and the silicon center. This compound can be described as silylene radical anion. With 

sodium and potassium however, the structure is strongly depending on the amount of 
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crown ether and the solvent. In the solid state, with one equivalent of the respective 

crown ether, the Na- and K-containing compounds display planar alkali metal-

substituted silyl radical structures. EPR spectroscopy revealed the nature of these 

radicals in solution: in toluene, coupling of the unpaired electron with the 3/2 spin nuclei 

(Na, K) was observable, clearly indicating contact ion pair character. In THF and 1,2-

dimethoxyethane (DME) the radicals form solvent-separated ion pairs, hence no 

coupling with the alkali metals was observed. 

 Furthermore, aryl-substituted silyl radicals, such as the structurally characterized L8 

were obtained from reduction of the corresponding iodosilanes.[47] Notably, only 

iodosilanes could be selectively reduced to silyl radicals, whereas reduction of 

bromosilanes resulted in a 1:1 mixture of starting material and the corresponding silyl 

potassium species. This was attributed to the ability of the iodosilanes to convert the 

silyl anion to the radical via one-electron oxidation. With this versatile approach, 

Sekiguchi et al. were able to synthesize a variety of aryl-functionalized silicon-centered 

radicals, comprising even di- or tri-radical species.[48-49] 

 Besides these examples, there are also a number of NHC-,[50] amidinato-,[51] or 

cyclic alkyl amino carbene- (CAAC)-stabilized[21,52-54] silyl radicals. However, in the 

latter cases, the spin density is strongly delocalized over the carbon and nitrogen 

atoms of the ligand frameworks. Further isolated silyl radicals derive from oxidation or 

reduction of Si–Si multiple bonds. Reduction of a disilyne (Si≡Si triple bond) or of 

disilenes afforded anionic silyl radicals.[55-58] However, only one disilene radical cation 

was isolated so far (see chapter 3.3.4).[59] Although significant progress in the field of 

silyl radicals was achieved since the pioneering work of Lappert[28-29] and 

Sekiguchi,[36,38] structurally characterized silyl radicals with electronegative 

substituents have yet to be described. 

 

3.2 Silylenes 

Among the class of low-coordinate silicon compounds, silylenes (R2Si:) are probably 

the most intensively investigated species. Silylenes bear either two monodentate 

substituents or one bidentate, cyclic ligand and a lone pair of electrons. Their name 

derives from the lighter homologues carbenes. Carbenes are highly reactive electron 

sextet species and play an important role in organic transformations, such as the 
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Simmons-Smith cyclopropanation.[60] Furthermore, especially stable N-heterocyclic 

carbenes became indispensable as excellent σ-electron donating ligands[61] for 

transition metal[62-64] or main group element complexes.[65] 

3.2.1 Electronic properties and concepts of silylene chemistry 

Compared to carbenes, the electronic structure of silylenes in general differs 

significantly (Figure 4).[66] For two-coordinate carbon compounds like methylene (H2C:) 

a triplet ground state is favored, hence the calculated corresponding singlet-triplet 

energy gap (ΔES,T = –14.0 kcal/mol) is negative. This means that H2C: displays 

biradical character with two electrons with parallel spin in two sp2-type orbitals. 

 

Figure 4: Frontier orbitals in tetrylenes and general trends of electronic properties of group 14 
elements. 

In sharp contrast, the value of the singlet-triplet splitting energy for H2Si: (ΔES,T) is 

16.7 kcal/mol and even further increasing, going down group 14 to 34.8 kcal/mol for 

H2Pb:. These calculations demonstrate that heavier tetrylenes clearly prefer the singlet 

ground state configuration with the electron lone pair located in a low-lying orbital with 

high s-character and an energetically higher, vacant p-orbital.  

 A similar trend is true for the energy of hybridization and the relative stability of the 

oxidation state E(II): s/p hybridization becomes more difficult for heavier group 14 

elements. The reason for this is the increasing energetic separation between the s- 

and p-orbitals with increasing nuclear charge, which results in the relativistic “inert s-

pair effect”. This means, only the p electrons take part in chemical bonding.[66-68]  

 Although the singlet electronic ground state is preferred for silylenes, theoretical 

calculations predict that a triplet silylene should also be accessible.[69-76] Apparently, 
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the angle α between the substituents (R–Si–R) has a crucial influence on the 

hybridization of the silicon center (Figure 5, adapted from Gaspar et al.).[76] Small 

angles lead to singlet ground state multiplicities, whereas widening of α increases the 

p-character of the σ-orbital. This lowers the σ→p promotion energy, thus eventually 

producing a triplet ground state.[76] The angle from which on the triplet ground state is 

energetically favored is called “crossover angle” and was first calculated by Gordon in 

1985 to be 129° for H2Si:.[75] However, deviating values, depending on the methods of 

theory were reported. The crossover angle in turn, is strongly depending on the 

electronegativity of the substituents. Gaspar, who investigated triplet state silylenes 

intensively, calculated the crossover angle of Me2Si: with 140° to be much larger than 

for H2Si: and attributed the striking difference on the differing electronegativity of 

carbon, compared to hydrogen.  

 

Figure 5: Effect of bond angle α on electronic ground state of silylenes. 

More electronegative substituents increase the crossover angle. With silyl substituents 

on the other hand, the crossover angle decreases even further to 120°.[71] Therefore, 

bulky, electropositive silyl groups were identified to be the most promising ligands for 

the generation of triplet ground state silylenes. However, to date, no stable, two-

coordinate bis(silyl)silylene could be isolated. All synthetic attempts failed because of 

the extreme reactivity of the created species and resulted either in C–H bond activation 

of the ligand framework[77] or in silyl group migration.[78-80] Remarkably, Sekiguchi and 

co-workers were able to generate triplet silylenes bearing two extremely sterically 

demanding supersilyl groups (tBu3Si) or one supersilyl group and one alkali metal 

substituent, by irradiation of a corresponding silirene with UV light.[77,81] Although they 

were able to prove the paramagnetic nature of these species by EPR spectroscopy in 

situ below 15 K, the silylenes immediately decomposed upon warming up. Therefore, 

the quest for stable bis(silyl)silylenes, which might even display triplet character is still 

ongoing. 

 Stabilization of two-coordinate silylenes is a challenging task that requires precise 

design of the substituents. Because of their electron lone pair and their vacant p-orbital, 
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singlet ground state silylenes are ambiphilic, which means they can react as Lewis 

acids and bases. Whereas the electron lone pair is considered rather inert, due to its 

high s-character,[66] the extreme electrophilicity of silylenes, resulting from the empty 

p-orbital however makes them vulnerable against nucleophiles, Therefore, one of two 

basic concepts of stabilization or a combination of both has to be applied in order to 

produce stable silylenes (Figure 6, adapted from Tokitoh et al.).[66] Electronegative, σ-

accepting substituents, that further possess lone pairs of electrons, such as oxygen, 

nitrogen, sulfur or phosphorus are ideal candidates for thermodynamic stabilization of 

silylenes. On the one hand, their inductive effect increases the s-character of the 

HOMO, thus promoting the singlet ground state and leading to a higher singlet-triplet 

energy gap (ΔES,T). On the other hand, these substituents can act as π-electron donors 

(mesomeric effect) to the vacant p-orbital (LUMO) and thereby reduce the extensive 

electrophilicity. The second basic concept for the generation of stable silylenes is the 

kinetic stabilization by sterically encumbered ligands. Like an umbrella, these bulky 

substituents protect the reactive, low-coordinate silicon center from nucleophilic 

attacks and prevent dimerization or oligomerization by steric repulsion. Since this 

concept works for the stabilization of all kinds of reactive species, a plethora of these 

bulky substituents with fine-tunable steric demand and various electronic properties 

has been developed. Prominent examples comprise alkyl based (trityl), aryl based 

(terphenyl, Dipp,…) and silyl based (supersilyl, hypersilyl, tBu2MeSi,…) ligands. 

 

Figure 6: Thermodynamic and kinetic stabilization of silylenes. 

A new, promising class of stabilizing substituents are the imidazolin-2-iminato ligands 

or N-heterocyclic imines (NHIs).[82-83] As reflected in the resonance structures, NHIs 

are excellent π-electron donors because of the electron lone pair at the exocyclic 
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nitrogen atom, which can readily be shared with the central atom (Figure 7). The 

resulting positive charge is further delocalized throughout the imidazoline scaffold. 

 

Figure 7: Selected resonance structures of an NHI-metal complex. 

Consequently, the contribution of the allenic resonance structures results in a 

shortening of the N–M bond and a widening of the C–N–M angle. NHIs are 

conveniently accessible from the Staudinger-type reaction of the respective NHC with 

trimethylsilyl azide.[83] Therefore, the wide variety of NHC structures can be transferred 

to NHIs, allowing a precisely tuned steric demand of the wingtips R. NHI-TMS can 

either be introduced to a main group center via TMS halide elimination, or it can be 

hydrolyzed in methanol to the corresponding N–H species. The free imine in turn can 

be deprotonated to a highly nucleophilic imidinato compound (NHI–Li). In general, 

these flexible methods of introduction, in combination with its strong π-donor ability, 

easy accessibility and the opportunity for adjusting of the steric bulk make NHIs 

valuable and versatile ligands, which have found considerable applications in modern 

main group chemistry.[82] 

 Besides of π-donors and bulky ligands, the stabilization of silylene moieties by 

electron donation of an additional Lewis base (e.g. amine,[84] NHC,[65] isonitrile)[85] to 

the vacant p-orbital is a viable approach for isolation of otherwise elusive species. This 

Lewis base coordination can either be intramolecular, or an external donor can be 

applied. Depending on the structure of the donor, additional steric protection for the 

silylene center is provided as well. Thus, this versatile concept of stabilization has 

become widely used throughout modern main group chemistry. However, the resulting 

stable silylenes are three-coordinate and their reactivity is oftentimes significantly 

hampered. 

 In summary, the ambiphilic, highly reactive silylene center (Si:) needs appropriate 

stabilization by the adjacent substituents to prevent oligomerization and decomposition 

reactions. Here, two basic concepts come into play. Thermodynamic stabilization can 

be provided by ligands, which posess electron lone pairs and thus lower the 

electrophilicity by effective π-electron-donation to the vacant pz-orbital. Bulky ligands 
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on the other hand, sterically shield the reactive center and prevent nucleophilic attacks 

and oligomerization reactions (kinetic stabilization).  

 

3.2.2 Landmarks in silylene chemistry 

Historically, silylenes were considered intensely reactive intermediates, which cannot 

be stable at room temperature. Initial studies were performed by Skell and Goldstein 

in 1964, generating dimethylsilylene by reduction of the corresponding dichlorosilane 

with sodium/potassium vapor at almost 300 °C.[86] Although of course, no stable 

silylene was obtained, typical silylene reactions, such as insertion into Si–H bonds[86] 

or silacyclopropane (silirane) formation[87] were identified. In the early 1980s, matrix 

isolation techniques in argon or hydrocarbons were utilized to investigate elusive 

silylene species, for example the parent silylene H2Si:,[88] spectroscopically. Yet, the 

synthetic breakthrough of an isolable silylene had not been achieved. 

 In 1986, Jutzi et al. synthesized decamethylsilicocene (L9), the first mononuclear 

Si(II) compound.[89] This compound and further selected milestones of isolated 

silylenes are depicted in Figure 8 and briefly discussed within this chapter. Although, 

L9 is unprecedented (first silicon π-complex), it does not meet the definition of a 

silylene because the silicon center is hyper-coordinate (η10).[90] Four years later, the 

group of Karsch described a σ-bonded, four-coordinate silylene species, which is 

thermodynamically stabilized by intramolecular electron donation from P atoms of the 

substituents.[91] The first “true” silylene, which meets the criteria of a two-coordinate Si 

center was reported by Denk and co-workers in 1994. In this compound L10 the low-

coordinate silylene center is stabilized by the adjacent, π-donating nitrogen atoms 

which are embedded in a cyclic framework. The resonance for the two-coordinate silyl 

center was observed at 78.3 ppm in the 29Si NMR spectrum.[92] Compound L10 is the 

first representative of the class of N-heterocyclic silylenes (NHSis), which to this day 

has been subject of extensive studies.[61,93] In 1997, Tokitoh and Okazaki were the first 

to employ Lewis bases (isonitriles) to stabilize the otherwise transient silylene fragment 

of L11.[85] Although L11 is not a true silylene, due to the three-coordinate Si center, it 

can be considered an important progress in this field of research. The approach of 

isolating elusive silylene species as Lewis acid base adducts found widespread 

application and was for example later used to stabilize a bis(silyl)silylene (tBu3Si)2Si:.[50] 

The next landmark in silylene chemistry was the report of the dicarbon-substituted 
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example L12 by the group of Kira.[94] Again, the low-coordinate silicon center is part of 

a five-membered ring and sterically protected by TMS groups adjacent to the α-carbon 

atoms. Based on this compound, a plethora of characteristic silylene reactivity was 

discovered and interesting novel compounds,[95] for example a silanone (R2Si=O, a 

heavier ketone analogue) were synthesized.[96]  

 

Figure 8: Selected milestones in silylene chemistry. 

The first acyclic silylene L13 was described by West.[97] As in the NHSis, the N-

substituents serve the purpose of stabilizing the silylene center by π-electron donation. 

In contrast to the cyclic NHSi L10, the 29Si NMR signal of L13 is strongly downfield-

shifted to 223.9 ppm. Eventually however, this compound decomposes at 

temperatures above –20 °C. Driess and colleagues extended the well-established 

class of NHSis by the cyclic, six-membered silylene L14.[98] The bidentate β-ketiminato 

ligand of L14 was also employed for the isolation of a number of other low-coordinate 

main group compounds.[99] In the same year, a three-coordinate chloro silylene L15 

with an amidinato ligand was reported.[84] This first halosilylene complex is an ideal 

precursor for novel silylene structures, because it allows facile conversion to 

functionalized silylenes via salt metathesis reactions.[99-102] The same is true for the 

next innovative silylene milestones L16. With the help of a bulky NHC, Roesky was 

able to isolate a monomeric SiCl2 unit.[103] These molecules were previously only 

observed in the gas phase and polymerize immediately to perchlorinated polysilane 
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(SiCl2)n. Interestingly, the synthesis of the chloro silylene was achieved by treating 

HSiCl3 with two equivalents of NHC by reductive dehydrochlorination. This result nicely 

pointed out the suitability of carbenes for HCl elimination. Essentially at the same time, 

the analogue bromo silylene[104] and later the iodo derivative[105] were reported by 

Filippou and co-workers. Bishalosilylenes have since been employed as valuable 

building blocks for interesting low-coordinate silicon species.[106] 2012 finally became 

the year of stable, two-coordinate, acyclic silylenes. Independently and simultaneously, 

Power’s group, as well as Jones, Aldridge and co-workers reported the synthesis of 

the silylenes L17[107] and L18.[108] Silylene L17 was obtained from reduction of the 

corresponding dibromosilane and shows a 29Si NMR signal at 285.5 ppm, whereas the 

silicon center of L18 resonates strongly downfield-shifted at 439.7 ppm. Strikingly, 

compound L17 also displays a significantly wider R–Si–R angle than L18 and thus a 

smaller HOMO-LUMO energy gap. Acyclic silylenes like L17 which combine small 

HOMO-LUMO gaps with structural flexibility, are able to mimic transition metal 

reactivity to some extent and are therefore considered promising candidates in regard 

of bond activation and main group catalysis.[109-110] These long sought after compounds 

promoted a deeper understanding of the nature of silylenes and opened up a 

completely new field of low-coordinate silicon chemistry. Of course, there are 

numerous other interesting silylenes aside from the presented examples, including 

bissilylene structures, which contain two silylene centers per molecule, either 

interconnected, or separated by a spacer.[111] To date, thorough investigation of 

silylenes over the last decades has provided a good understanding of this class of low-

coordinate silicon compounds in general. However, some puzzle parts are still missing, 

especially in respect to triplet ground state bis(silyl)silylenes and their particular 

reactivities. 

3.2.3 Reactivity of silylenes 

Owing to their electron deficient state of only six valence electrons, silylenes in general 

show intense reactivity. Their vacant p-orbital makes them strong electrophiles and 

their electron lone pair allows application in coordination chemistry, for example with 

transition metals.[37] In this chapter, selected, characteristic silylene reactivities, 

especially in regard to small molecule activation are shown and discussed briefly. 

 Silylenes tend to insert readily into Si–X bonds of halosilanes. This was 

demonstrated by the group of Kira with their cyclic dialkylsilylene L12 (Scheme 3).[66] 
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Generally speaking, bond insertion is a commonly observed reaction pattern of 

silylenes.[37,61,93,95,112] Examples comprise alkyl-halogen bonds, NH3, B–H and B–B 

bonds,[113-114] as well as O–H bonds of alcohols. Therefore, the latter have frequently 

been used to trap transient silylene species, furnishing the corresponding 

alkoxysilanes R2Si(OR’)H. 

Scheme 3: Selected examples of silylene reactivities. 

 

Furthermore, intramolecular bond activation of ligand framework is oftentimes the 

reason for silylene decomposition. The elusive bis(supersilyl)silylene (tBu3Si)2Si: for 

example inserts into a C–H bond of a tBu group to the isomeric disiletane.[77] 

 Another classical silylene reactivity, that was already observed by Skell and 

Goldstein in 1964 is [1+2] cycloaddition with unsaturated compounds.[87] In fact, 

silylenes readily undergo silirane or silacyclopropene (silirene) formation upon 

treatment with alkenes or alkynes, respectively. Siliranes in turn are useful synthons in 

organosilicon chemistry.[115]  

 Interestingly, silylenes are also able to insert into aromatic compounds, generating 

silaheptatrienes (silepins) by dearomative ring expansion.[116] Tokitoh and Okazaki 

observed activation of benzene in this fashion by the in situ generated bis(aryl)silylene, 

which was later stabilized as base adduct L11.[117-118] Apparently, the resulting silepin 

is so reactive in a subsequent [1+2] cycloaddition with another silylene molecule, that 

it could not be isolated, even with a great excess of benzene (Scheme 4 (a)).[117] In 

contrast to this thermally induced silepin formation, activation of silylene L12 into a 

singlet excited state by irradiation in presence of benzene resulted in the selective 

insertion into an aromatic C–C bond (Scheme 4 (b)).[119-120] Kira et al. observed this 

photochemically induced reaction also for 1,4-functionalized benzene derivatives, such 

as xylene, difluorobenzene or dimethoxybenzene.[119] Not only benzene derivatives 
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were activated in this fashion, but also heterocyclic aromatic compounds, such as 

pyridine[121] or pyrazine.[116] 

Scheme 4: Thermally (a) and photochemically (b) induced silepin formation by silylenes. 

 

Recently, our group presented an acyclic silylene L19, which reversibly undergoes 

isomerization via silepin formation L19’ (Scheme 5).[122] Therefore, to a certain extent, 

silepins, as well as siliranes can be considered as stable synthetic equivalents for free 

silylenes.  

Scheme 5: Oxidation of a silylene/silepin equilibrium to a silanone and subsequent rearrangement. 

 

Oxidation reactions of silylenes with chalcogens have been intensively studied in 

recent years. Kira’s cyclic silylene L12 selectively reacts with sulfur, selenium and 

tellurium to the stable corresponding silachalcogenones.[95] However, the synthesis of 

silanones, the formal monomers of silicones, which were a long term dream of silicon 

chemistry pioneer Frederic S. Kipping, turned out to be far more challenging. Because 

of the high difference in electronegativity, the Si=O double bond is extremely polarized 

and silanones therefore have a high propensity towards polymerization reactions. 

Nevertheless, several examples have been reported. The group of Driess oxidized a 

donor-stabilized (NHC or DMAP) derivative of their NHSi L14 with the oxygen transfer 

reagent N2O to the respective silanone species. The remarkably stable, three-

coordinate silanone L20 was obtained by our group by oxidation of silepin L19’, 
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underlining the partial silylene character of this compound.[123] Eventually, silanone L20 

undergoes rearrangement to the isomeric, acyclic, oxygen-substituted silylene L21. 

One of the most remarkable silylene reactivities is the single-site activation of the 

apolar, enthalpically strong dihydrogen molecule. This was achieved by the acyclic 

silylene L17.[108] The acyclic bis(arylthio)silylene L18 with the larger HOMO-LUMO gap 

in contrast showed no reactivity towards H2.[124] Nonetheless, to date, two further 

examples of H2 addition to silylenes have been reported, including the silylene silepin 

equilibrium mixture L19/L19’.[122,125] Donor-stabilized silylenes however, haven’t yet 

achieved this challenge. 

3.3 Disilenes 

Disilenes are the heavier analogues of alkenes. Until the pioneering work of West and 

co-workers in 1981, they remained elusive species. To date, a plethora of disilenes 

with various combinations of substituents and a resulting multitude of reactivities has 

been reported.[126-135] Within this chapter, the milestones in this field of research and 

the key features of disilenes will be pointed out briefly. 

3.3.1 Bonding situation in disilenes 

Unsaturated carbon compounds are ubiquitous in organic and biochemistry. Whether 

in hormones, fatty acids or monomers for commodity plastics, especially the alkene 

moiety can be found in every part of life. The reason behind the planar structure of the 

C=C double bond is the triplet multiplicity of the formal monomeric carbene fragments. 

They readily undergo sp2 hybridization, forming π-bonding interactions (Figure 9, (a), 

adapted from Weidenbruch).[128,136] As pointed out, heavier tetrylenes prefer the singlet 

ground state instead (vide supra). Here, the repulsive interactions between inner-shell 

electrons (Pauli repulsion) and the decreasing overlap of p-orbitals play a role. 

Together with the repulsion between the electron lone pairs, these effects prevent π-

bond formation as in alkenes (Figure 9, (b)). Based on these principles, the so-called 

“double bond rule” was widely accepted, stating that elements with a principal quantum 

number greater than 2 cannot form π-bonds, either with themselves or other 

elements.[137-138] Thus, the chemical community was flabbergasted as in the early 

1980s, this common hypothesis was finally disproven by the isolation of the first 

disilene L22 by the group of West[139] and the first silene (Si=C) by Brook and co-

workers.[140] 
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Figure 9: (a) Bonding model in alkenes; (b) Repulsion between singlet tetrylenes; (c) CGMT bonding 
model for heavier group 14 elements. 

Accordingly, a model which explains the bonding situation in these unprecedented 

compounds was developed by Carter, Goddard, Malrieu and Trinquier (CGMT) (Figure 

9, (c)).[141-143] In order to avoid repulsion between the electron lone pairs, the singlet 

tetrylene fragments have to rotate in relation to each other, forming bonding 

interactions between the doubly-occupied s-type orbitals and the vacant p-orbitals. 

This results in trans-bending between the SiR2 planes and the Si=Si axis, reflected by 

the trans-bent angle Θ. The extent of the donor-acceptor interaction and thereby the 

angle Θ are strongly depending on the singlet-triplet gap of the involved tetrylenes 

fragments: a small ΔES,T induces planar dimetallenes.[127,134] The influence of the 

ligands on the structure and thus the singlet-triplet energy gap of silylenes has already 

been discussed (see chapter 3.2.1). Accordingly, the choice of substituents is crucial 

for the degree of trans-bending in the corresponding disilenes. 

 

Figure 10: Key structural features of disilenes. 

Besides trans-bending, twisting between the two SiR2 planes, described by the twist 

angle τ is another characteristic structural feature of disilenes (Figure 10). A large twist 

angle correlates with a smaller π-π* energy separation because of the unfavored 

orbital overlap. Hence, the HOMO-LUMO gap becomes narrower upon twisting, 
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resulting in a red-shifted absorption signal for the longest wavelength in the UV-vis 

spectrum of the disilene.[144] In the case of carbon, there is only little variation between 

C=C double bond lengths, even in sterically crowded alkenes. For silicon, the values 

of Si=Si distances d vary more and the shortening from Si=Si double bonds compared 

to Si–Si single bonds is less pronounced.[128] The effects of the adjacent substituents 

on the geometrical features of disilenes are briefly illustrated by the examples in Table 

1. Tetra(aryl)disilene L22 features a short Si=Si bond length and moderate degrees of 

trans-bending and twisting.[145-146] Introduction of bulky, electropositive silyl 

substituents (L23[147] and L7)[57] results in (almost) planar disilene structures. 

Interestingly, the bulky tBu2MeSi groups in L7 induce a large twist angle. In sharp 

contrast, an increasing number of electronegative, π-donating substituents (such as 

nitrogen) promotes trans-bending. Since there are no structurally characterized 

disilenes bearing four nitrogen ligands, Kira, Müller and Apeloig calculated the 

structure of (iPrN)2Si=Si(NiPr2) (L24).[148] The authors concluded that disilene L24 

should adopt an extreme trans-bent angle of 42.6° and furthermore a highly twisted 

geometry. Compound L25, one of few isolated N-substituted disilenes also displays a 

large trans-bent angle, thus confirming this effect.[149]  

Table 1: Structural features of selected disilenes (*values calculated). 

 

 

 R = Mes iPr3Si tBu2MeSi iPr2N 

# L22[146] L23[147] L7[57] L24[148] L25[149] 

d [Å] 2.143 2.251(1) 2.2598(18) 2.472* 2.2890(14) 

Avg. Θ [°] 13 10.2 5.9 42.6* 33.1 

τ [°] 3 0 54.5 55.5* 25.1 

 

These studies impressively demonstrated the structural variability of disilenes and the 

possibilities to influence their structural parameters und thereby the chemical behavior 

by introduction of specifically designed substituents. 

3.3.2 Isomerization reactions of disilenes 

Whereas thermal (E/Z)-isomerization of alkenes takes place via rotation around the 

C=C bond, there are four mechanisms that should be taken into consideration for this 

kind of isomerization reaction in disilenes (Scheme 6, adapted from Kira).[131] 

Comparable to alkene (E/Z)-isomerization, there is the possibility of rotation around 
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the Si=Si axis (a). Examples of disilenes which undergo isomerization in this fashion 

are Mes(tBu)Si=Si(tBu)Mes and the tetra(aryl)disilene Mes(Dipp)Si=Si(Dipp)Mes from 

the group of West.[126] Tetra(silyl)disilene L7 was investigated by Sekiguchi and 

Apeloig in this regard.[150] EPR studies and theoretical calculations showed that rotation 

of the substituents of the already highly twisted disilene around the Si=Si bond at 

elevated temperatures, results in a triplet state diradical. Isomerization by thermally 

induced dissociation of a tetra(aryl)disilene L26 into the respective silylene fragments 

(b) has also been reported.[118] Okazaki et al. were even able to trap the resulting 

silylene with various reagents, including benzene, via silepin formation. Furthermore, 

the first silylene Lewis base adduct L11 was obtained from this reaction (vide supra). 

Scheme 6: Possible mechanism for (E/Z)-isomerization in disilenes. 

 

In contrast to the first two pathways, mechanisms (c) and (d) not only provide access 

to the (E/Z)-isomerization product, but also allow A2Si=SiB2 ↔ ABSi=SiAB 

transformation. Upon 1,2-migration of a substituent, a disilene can isomerize to the 

corresponding silylsilylene. From this state, the reaction to the starting material or 

rotation around the Si–Si single bond and subsequent substituent shift under formation 

of the (E/Z)-isomerization product can take place. However, also ligand scrambling to 

an isomeric disilene is possible. Kira and co-workers made no final conclusion, on 

whether the formal dyotropic isomerization of their tetra(silyl)disilene occurred via this 
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type of rearrangement reaction.[151] Very recently however, this mechanism was 

proposed for the (E/Z)-isomerization of a silene.[152] 

 Finally, there is a concerted dyotropic rearrangement.[153] This mechanism via a 1,3-

disilabicylcobutane-like transition state was proposed by West and colleagues for the 

isomerization of tetra(aryl)disilenes.[154-155]  

3.3.3 Historic milestones in disilene chemistry 

Without a doubt, the isolation of the first compound, containing a Si=Si double bond 

was a striking landmark in modern silicon chemistry. This pioneering work was 

accomplished by West, Fink and Michl. In 1981, they reported the synthesis of 

Mes2Si=SiMes2 (L22) and thereby finally disproved the long existing “double bond rule” 

(Figure 11). Irradiation of the silane Mes2Si(TMS)2 with UV light resulted in the 

intermediary formation of the silylene Mes2Si:, that ultimately undergoes dimerization, 

furnishing L22. Its discovery opened up an entirely new, flourishing field of silicon 

chemistry. The most prominent, structurally characterized disilene examples are 

shown and briefly discussed below. 

 

Figure 11: Selected examples of disilenes. 

West et al. continued their studies on disilenes and synthesized derivatives with alkyl 

and amine substituents.[156-157] Disilene L26 can thermally be cleaved into the 

corresponding silylene units and thus undergo (E/Z)-isomerization. Furthermore, this 

dissociation at elevated temperatures allowed exploration of bis(aryl)silylene 

chemistry. Only one year later, the first representative of the class of 

tetra(silyl)disilenes L23 was structurally characterized.[147] Due to the sterically 
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demanding, electropositive silyl groups, these compounds generally display a relatively 

planar geometry, compared to tetra(aryl)disilenes. In 1999, the first completely 

characterized N-substituted disilene was reported.[149] Compound L25 resulted from 

tetramerization of an NHSi and exhibits a large trans-bent angle of 33.1°, due to the π-

donating effect of the ligands. Another tetra(silyl)disilene L7 was presented in 2004.[57] 

This remarkable example from the group of Sekiguchi is relatively air stable because 

of the kinetic stabilization by the bulky silyl groups. Furthermore, it enabled the 

exploration of the redox chemistry of disilenes (vide infra). On a final note, our group 

recently reported the disilene L27 bearing sterically protecting hypersilyl groups and 

strongly π-donating N-heterocyclic imines.[158] This was the first multiply bonded silicon 

compound, able to activate dihydrogen, even at ambient temperature. 

 To date, numerous more of these heavier alkene congeners have been isolated. 

Among them are cyclic disilenes[159-161] and disilenes with conjugated[162-163] or 

cumulated Si=Si double bonds.[164] Furthermore, there is a halogen-substituted 

example, which was later converted to a disilyne, a compound containing a Si≡Si triple 

bond.[165] These disilynes in turn, readily undergo 1,2-addition reactions, furnishing 

again disilenes.[165-167] Metal-substituted disilenes[163,168] allow facile functionalization 

with electrophiles via salt metathesis. Scheschkewitz and co-workers successfully 

employed their Li-substituted disilene (disilenide) as precursor for a heavier benzene 

derivative.[169] 

3.3.4 Reactivity of disilenes 

With their unprecedented tetra(aryl)disilenes in hand, West and co-workers proceeded 

to thoroughly investigate their reactivities. The most characteristic examples are 

depicted in Scheme 7. Expectably, the double bond character of disilenes enables 

facile [2+2] cycloaddition reactions with alkenes and alkynes. However, not only 

unsaturated hydrocarbons, but also other multiply bonded compounds (e.g. C=N, C=O, 

N=O) generally react in the same fashion with disilenes, furnishing four-membered 

heterocycles, which are otherwise difficult to synthesize.[126] Not only [2+2], but also 

[3+2] cycloadditions with azides and [4+2] cycloadditions with conjugated dienes were 

observed. Disilenes are prone to react with halogens and polarized hydrogen 

containing compounds, such as alcohols, hydrogen halides or hydrosilanes to the 

respective 1,2-addition products. The corresponding dihydrosilane of disilenes can be 

obtained from the reduction with lithium aluminum hydride or tin hydride.[126] To date, 
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the only disilene to activate elemental H2 in a 1,2-addition reaction is the NHI-

substituted compound L27.[158] Theoretical calculations revealed a concerted anti-

addition pathway for this reaction. 

Scheme 7: Selected examples of disilene reactivities. 

 

With oxygen, disilenes initially undergo a [2+2] cycloaddition to a 1,2-dioxo-3,4-

disilacyclobutane intermediate, which rearranges to the isomeric cyclic disiloxane. 

Oxidation by N2O, which is a milder oxygen transfer reagent instead furnishes a 

silaepoxide. Similar [2+1] cycloaddition products were obtained from the oxidation of 

disilenes with elemental sulfur, selenium and tellurium. 

 Rather unexpected reactions were observed by West et al. from treatment of 

disilenes with white phosphorous. Selective formation of a butterfly-shaped structure 

of the two former low-coordinate silicon atoms, bridged by two phosphorous atoms 

took place upon cleavage of the Si=Si double bond.[170-171] Furthermore, disilenes were 

applied as ligands for transition metal complexes, for example with platinum, iron, or 

hafnium.[126,172-174] 

 Most interestingly however, especially in regard to potential battery applications is 

of course the reversible redox behavior of the tetra(silyl)disilene L7, which was 

impressively demonstrated by the group of Sekiguchi (Scheme 8).[57,59] One-electron 

reduction of the disilene by tBuLi afforded the corresponding radical anion, which can 

be reoxidized to the starting material. On the other hand, also the cationic radical was 

accessible by one-electron oxidation with a trityl reagent. Remarkably, the anionic and 

cationic radical were both structurally characterized, providing deeper insight into the 

bonding situation of disilenes. Notably, with 88°, the anionic radical is even stronger 

twisted than disilene L7. So far, only one additional example of a disilene radical anion 

has been reported.[58]  
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Scheme 8: Reversible reduction and oxidation of tetra(silyl)disilene L7. 

 

In summary, disilenes have shown an immense structural diversity. Due to their 

reactive Si=Si double bond moiety, they provide great synthetic potential as building 

blocks in organosilicon chemistry. Additionally, the reversible redox nature of 

tetra(silyl)disilenes might even be exploited for the purpose of electric energy storage. 
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4. Organic Radical Batteries 

Electrochemical energy storage is of utmost importance in the information era. 

Batteries with high energy density and long lifetimes are inevitable for portable devices, 

such as cellular phones and laptop computers.[175-179] An additional demand for 

batteries is further arising from the emphasis on electromobility in the face of finite 

fossil fuels and climate change.[3] Furthermore, energy storage will become an 

increasing issue with respect to the transition of current electricity generation to 

renewable sources, in order to grant a continuous power supply.  

4.1 Lithium Ion Batteries and Related Technology 

Currently, industry is mainly relying on the lithium ion battery (LiB). The origins of this 

technology are dating back to the 1970s and 80s and the pioneers in this field of energy 

storage were honored by the 2019 Nobel Prize for chemistry, which underlines the 

fundamental importance of lithium ion batteries. Since they were made commercially 

available in 1991 by the Sony Corporation, these batteries have found application in 

almost every aspect of daily life and their performance has continuously been 

improved.[179] In general, lithium ion batteries consist of two half cells, as depicted in 

Figure 12.[177] Usually, transition metal oxides, which can intercalate lithium ions 

without significant structural modifications (e.g. LiCoO2, LiNi0.8Co0.15O2, α-NaFeO2) are 

employed as cathode materials.[179]  

 

Figure 12: Principle of a lithium ion battery. 

During the charging process, lithium ions diffuse through the porous separator and are 

forced to intercalate between the graphite layers of the anode. Organic solvents, such 
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as ethylene carbonate, diethyl carbonate or DME are used as electrolytes. The 

battery’s energy density and capacity are mainly limited by the cathode.[180] 

 Furthermore, there have been toxicity and safety issues with the lithium transition 

metal oxide cathodes. Hence, the organic radical battery (ORB) was developed. This 

relatively new energy storage technology mostly relies on a conventional 

lithium/graphite anode and a cathode, which consists of stable organic radicals. 

Oftentimes nitroxyl radicals, such as 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) are 

applied (Scheme 9). They are adjacent to a polymer backbone to avoid dissolving in 

the electrolyte.[180-181] The nitroxide radical offers two redox couples. One is based on 

the reversible oxidation of the resonance-stabilized radical to the stable oxoammonium 

cation. 

Scheme 9: Nitroxide polymers as cathode material in the battery process. 

 

This process can be utilized in cathodes of ORBs. The second process is the one-

electron reduction of the radical to the aminoxyl anion. However, this reaction is rarely 

applied because of its lower reversibility.[182] Although, these batteries are transition 

metal-free and might provide higher energy densities, they still require lithium, which 

is also a finite resource. Furthermore, elemental lithium in the anode in combination 

with highly flammable organic solvents poses a serious safety threat in case of a 

breach of the battery cell. So far however, reports on fully organic-based batteries are 

scarce. The group of Nishide developed a battery, which is completely based on bipolar 

redox-active radical polymers.[183]  

4.2 Silicon-based ORB 

An even more visionary approach was presented from a cooperation of the group of 

Sekiguchi together with the R&D Labs. of Toyota in 2014.[5] For the first time, heavier 

group 14 radicals ((tBu2MeSi)3E•, E = Si, Ge, Sn) were utilized for the purpose of energy 

storage in a totally alkali- and transition metal-free battery cell with rapid 

charge/discharge properties. These radicals were previously electrochemically 
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investigated by cyclic voltammetry and showed highly reversible redox processes.[184] 

Furthermore, the reversible redox nature has already been demonstrated chemically 

for silyl radical L2.  Among these tetryl radicals, the silyl derivative L2 was concluded 

to be the most suitable, because it provides the largest capacity and the highest 

reaction rate. The general setup of this battery type is depicted in Figure 13.[5] 

 

Figure 13: Schematic representation of a silicon radical battery cell. 

The anode in this case consists of tri(silyl)-substituted silyl radical L2, coated on a 

stainless steel mesh. Graphite was also coated on steel and employed as cathode. 

Both half cells are separated by a porous polyethylene membrane and the ionic liquid 

P13TFSI serves as electrolyte. During the charge process, the silyl radicals are 

reduced to the corresponding anionic species (Scheme 10). Cations from the ionic 

liquid diffuse into the silyl scaffold for charge balance. At the same time, TFSI anions 

are intercalated into the graphite of the cathode. Upon discharge, the reversed 

processes take place. 

Scheme 10: Anode process in silyl radical batteries. 

 

Sekiguchi et al. achieved already remarkable cyclic stability with their experimental 

cells. After 100 charge/discharge cycles at an operating temperature of 28 °C, the 

battery still possessed 98% of the original capacity. Later, the carbon cathode was 
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replaced by hyper-valent sulfur and selenium radicals.[43] Deriving from the operating 

principle of the battery cells the requirements for the anode materials were defined: 

▪ Highly reversible redox behavior for long lifetimes and cyclic stability 

▪ Suitable reduction potential (determining the resulting battery charge) 

▪ Electrode material must be absolutely insoluble in the electrolyte to provide 

cyclic stability 

▪ Sufficient space between the charge centers (radical centers) to allow rapid 

counter ion diffusion into the crystal lattice 

▪ Structural change upon reduction/oxidation must be minimal to avoid cracking 

of the anode 

▪ Convenient accessibility, high purity 

▪ Stability, even at elevated temperatures 

▪ Preferably tolerance against various solvents and air to facilitate cell 

construction process 

Compared to lithium ion batteries, this silyl radical battery can operate at much higher 

charge/discharge rates, because the silyl radical exhibits a larger diffusion constant, 

than cathode active materials commonly used in LiBs.[5] Therefore, silyl radical 

batteries might be suitable for electric vehicles or power-grid applications. This 

advantage however, comes with the downside of lower energy density. Due to the 

sterically demanding substituents, which are necessary to stabilize the radical, silyl 

radical-based anodes provide fewer charges per volume than graphite/Li anodes, 

which can basically reach one charge per phenyl ring (LiC6).[176]  

 Nevertheless, the development of the silyl radical battery can be considered as 

progress towards safe and sustainable energy storage. The great advantage of this 

battery type is their completely metal free operation and they also provide the intriguing 

opportunity to employ silicon for the purpose of electric energy storage. Of course, the 

question arises: How can these energy storage devices be improved, regarding 

capacity and performance? Probably, a silyl radical with bulkier substituents could 

minimize structural change upon reduction even further and thus increase cyclic 

stability. This might also affect the distance between the radical centers and thus have 

an effect on charge/discharge rates. The battery voltage and therefore the energy 

density could be improved by anode materials with lower reduction potentials. This 

might be achieved by functionalization of the silyl radicals, or by utilization of a different 
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redox active material. In this context, disilenes could be promising candidates. At the 

example of tetra(silyl)disilene L7, it was already demonstrated, that these heavier 

alkenes can offer reversible redox couples. The reduction to the corresponding anionic 

radical could be employed for electric energy storage (Scheme 11). But also novel, 

heteroatom-substituted disilenes might be promising in regard to reversible redox 

chemistry, which has not been explored so far. Their potential for battery applications 

can be determined by electrochemical investigation, such as cyclic voltammetry.  

Scheme 11: Possible redox process of disilenes in batteries. 

 

Eventually however, the structural behavior of the coated anode material upon 

repeated reduction and oxidation processes has to be tested in experimental battery 

cells. 
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5.  Transition Metal-free Catalysis 

There is no doubt that the concept of catalysis is fundamental for modern chemistry, 

whether in laboratory scale, or for multi-million ton scale industrial processes.[6] As 

early as in the beginning of the 19th century, J. J. Berzelius, who also achieved the first 

isolation of elemental silicon (vide supra), coined the term “catalysis” to describe the 

acceleration of chemical reactions by substances which remain unchanged during 

these transformations. Today, it is estimated that more than 80% of all commercially 

produced chemicals require at least one catalytic step during their synthesis 

process.[185-186] The fundamental importance of catalysis is further reflected by a 

number of Nobel Prizes in this field of research, starting with Ostwald in 1909. 

Furthermore, Nobel Prizes were also awarded for the discovery of the Haber-Bosch 

process, the catalytic synthesis of ammonia from the elements and for the Ziegler-

Natta catalysis for olefin polymerization. The vast majority of catalysts applied in 

industrial processes are heterogeneous. Nevertheless, also homogeneous catalysts 

are utilized. A prominent example in this regard is the Pt(0)-based Karstedt’s catalyst, 

which highly effectively catalyzes hydrosilylation reactions and is therefore applied for 

the cross-linking of polysiloxanes.[187] This is not optimal, because the expensive 

catalyst remains in the polymer and cannot be recovered. 

 Most of the industrial relevant catalytic transformation rely on transition metals as 

active species. Due to their electronic structure with partially occupied valence d-

orbitals which are close in energy, these elements readily interact with small molecules, 

such as CO, ethylene or H2. Furthermore, transitions metals can adopt multiple 

oxidation states and therefore are ideal to undergo oxidative addition and subsequent 

reductive elimination of these substrates in a catalytic cycle.[188] On the downside 

however, these metals are often toxic or rare and thus expensive. This becomes 

especially problematic in cases where the catalyst cannot be recovered, as in the Pt-

based curing of polysiloxanes. Hence, the question arises, whether highly abundant, 

main group elements can mimic transition metal behavior and therefore be applied as 

catalysts.[110,188] Silicon-based catalysis is considered particularly attractive, because 

silicon and its derivatives are generally non-toxic and available in almost infinite 

quantities.  

 In this chapter, selected examples of main group element catalysis are briefly 

presented. With regard to silicon, the list of catalytic applications is rather short so far. 
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Silylium ions (R3Si+) have been employed in Lewis acid catalysis or for the purpose of 

C–F bond activation.[189] Notably, the pentamethylcyclopentadienyl silyliumylidene ion 

L28 from Jutzi and co-workers showed some intriguing catalytic activity (Scheme 12 

(a) and (b)). The precise transformation of ethyleneglycol ethers, such as DME to 1,4-

dioxane was observed in the presence of silyliumylidene L28.[190] A probably more 

industrially relevant catalytic application of this compound, the hydrosilylation of 

alkenes was reported recently. This catalytic reaction is key for the curing of 

polysiloxanes in the process of silicone rubber production. Remarkably, the catalytic 

activity of L28 is even comparable with the currently applied Pt-based catalysts and 

thus might offer a sustainable alternative to transition metal-catalysis in this field.  

Scheme 12: Examples of main group element catalysis: (a) Degradation of DME; (b) Hydrosilylation; 
(c) Hydroboration. 

 

Right behind silicon, aluminum is the third most abundant element in the earth’s crust 

and therefore also an attractive candidate to be integrated into catalytic processes. 

Very recently, the catalytic hydroboration of CO2 by a silyl-substituted aluminum 

compound was presented (Scheme 12 (c)).[191] The catalytically active species in this 

case is a six-membered heterocycle of two aluminum centers, bridged by a carbonate 

group and an oxygen atom, which is generated from the reaction of the Al=Al double 

bonded precursor with CO2. Similar heterocyclic rings were obtained from exposure of 

iminodisilene L27 to carbon dioxide. Thus, disilenes might not only be considered for 

battery applications, but also as possible molecular catalysts.  
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6. Scope of this Work 

As pointed out in the introduction, it is of significant importance to find sustainable 

electric energy storage systems in the course of the transition from fossil fuels to 

renewable energy sources. With the application of a neutral silyl radical in organic 

radical batteries, an intriguing way of employing the abundantly available element 

silicon in this process was presented. However, several further obstacles such as low 

energy density and difficult preparation processes have to be overcome for this 

technology to find widespread application. The challenges can be tackled both on the 

molecular level, as well as on the level of cell construction. Within this thesis, only the 

molecular design of possible anode materials will be addressed. In order to be suitable 

for battery application, silyl radicals have to meet several criteria: 

▪ Easy accessibility 

▪ Stability in solution (probably tolerance against air/moisture to some extent) 

▪ Ability to undergo reversible reduction/oxidation processes 

▪ Low reduction potential 

▪ Minimal steric change during redox processes 

▪ Enough distance between the radical centers in the solid state to allow for fast 

counter-ion diffusion during the battery process 

Prior to this work, only few structurally characterized, neutral silicon-centered radicals 

have been reported.[36,38,47-49] Therefore, one focus of this thesis lays on the synthesis 

of novel silyl radicals 1 (Scheme 13), which meet the above mentioned criteria. These 

radicals are supposed to be kinetically stabilized by bulky silyl groups, or even bear 

other functional groups, such as NHIs. Electrochemical investigations (cyclic 

voltammetry) should give information about, whether these compounds can be 

employed in organic radical batteries. Not only silyl radicals, but also a disilene (L7) 

has been reported to reversibly undergo a reduction reaction.[57,59] Thus, another goal 

of this work is to determine if disilenes can also be considered suitable candidates for 

anode materials. Therefore, literature reported as well as novel disilenes 2 and 3 

(Scheme 13) should be synthesized and evaluated electrochemically. 

 To obtain neutral silicon centered radicals, the approach of Sekiguchi and co-

workers for L2 (Approach 1, Scheme 14) should be reproduced and eventually 

modified with the goal of increasing the yield and the steric protection of the resulting 
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radicals. Approach 2 however, could directly afford functionalized radicals from the 

corresponding iodosilanes. 

Scheme 13: Synthetically targeted neutral silyl radicals 1 and disilenes 2 and 3 for reversible redox 
processes. 

 

In addition, the synthesis of various disilenes is planned. On the one hand, the novel 

class of iminodisilenes 2 should be complemented by new structures, following our 

established synthetic route via treating the tribromoiminosilane with two equivalents of 

a bulky silanide.[158] The focus will be put on the isolation of a more stable disilene, that 

allows for exploration of new reactivities, especially in regard to redox behavior.  

Scheme 14: Planned synthetic approaches for neutral silyl radicals 1, iminodisilenes 2 and 
tetrasilyldisilenes 3. 

 

 



6. Scope of this Work 

38 

On the other hand, tetra(silyl)disilenes 3 are synthetic targets of this thesis. Reduction 

of bis(silyl)-substituted dibromosilanes might lead to the intermediary formation of a 

bis(silyl)silylene. Depending on the steric demand of the silyl groups and their 

propensity towards silyl migration, this silylene could undergo dimerization - as in the 

case of (tBu2MeSi)2Si=Si(SitBu2Me)2 (L7)[57] - or a rearrangement to the isomeric 

disilene might take place.[79-80]  

 Besides investigation of their suitability for battery application, the inherent reactivity 

of these newly developed, low-coordinate silicon species is also of great interest. Thus, 

the second main focus of this thesis is on detailed studies in respect to small molecule 

activation. Classical examples are, of course, industrially relevant molecules such as 

dihydrogen, ethylene, O2, phosphorus, carbon dioxide and carbon monoxide. Silyl 

radicals are prone to abstract halogens and will be investigated in this regard. 

Especially the chemistry of iminodisilenes which display a unique electronic structure, 

resulting from the strongly π-donating NHI substituents and the silyl groups as σ-

donors, might provide interesting addition products (for plausible structures see Figure 

14).  

 

Figure 14: Expected products from small molecule activation by disilenes. 

With dihydrogen or halogens, disilenes might undergo 1,2-additions. The chemistry of 

disilenes towards CO is relatively underdeveloped, however formation of 

bis(sila)ketones is conceivable. From oxidation with oxygen transfer reagents or 

phosphorus, bridged structures, similar to previous reports might be obtained. 

However, entirely different reaction modes are possible, since iminodisilenes can also 

react as formal monomeric silylene units.  

 In summary, novel silyl radicals and disilenes should be synthesized, with the aim 

to improve organic radical battery technology. Furthermore, their behavior in oxidative 

addition reactions will be investigated. This might hopefully lead to new structures or 

even pave the way for possible, future, main-group element-based catalytic cycles. 
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7. Isolation of a Relatively Air-Stable, Bulky Silyl-

Substituted, Neutral Silicon-Centered Radical 

Title: Isolation of a Relatively Air-Stable, Bulky Silyl-Substituted, Neutral 

Silicon-Centered Radical 

Status: Article, published online June 5th, 2019 

Journal: European Journal of Inorganic Chemistry, 2019, 2977-2981. 

Publisher: WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim 

DOI: 10.1002/ejic.201900522 

Authors: Richard Holzner, Alexander Kaushansky, Boris Tumanskii, Philipp 

Frisch, Fabian Linsenmann, Shigeyoshi Inouea 

Reprinted with permission. © 2019 Wiley-VCH Verlag GmbH & Co. KGaA. 

Content: In regard to electrochemical energy storage systems, organic radical 

batteries containing silicon-based anodes can be considered a metal-free and thus 

sustainable option. However, a big drawback is their low energy density and the 

sensitivity of the silyl radical that complicates the manufacturing process. Addressing 

these problems, this contribution aims at providing a more stable silicon-centered 

radical, suitable for battery application.  

 Indeed, pursuing a modified, literature-reported approach, resulted in the isolation 

of a novel, neutral silyl radical bearing an extremely sterically demanding supersilyl 

group (tBu3Si). This unprecedented kinetic stabilization gives the silyl radical a 

remarkable stability: in the solid state, it shows no signs of decomposition, even after 

being exposed to air for 16 hours. Furthermore, SC-XRD analysis revealed a slightly 

shorter distance between the radical centers than in the silyl radical that was applied 

in the reported battery. The redox potential was determined to be similar to the reported 

silyl radical and the redox process turned out to be highly reversible. 

 In summary, the initially reported and battery applied silyl radical structure was 

enhanced in regard to stability towards air and moisture, which might facilitate the cell 

construction process. Furthermore, the shorter radical center distance promises higher 

energy density and the improved synthetic approach lowers the required expense and 

thus paves the way for an advanced, silicon-based organic radical battery. 

 
 

aR. Holzner planned and executed all experiments regarding synthetic methods A and B for the title 

compound, its reactivity and wrote the manuscript. A. Kaushanski and B. Tumanskii contributed 

synthetic method C and the EPR simulation. P. Frisch conducted the SC-XRD analysis and processed 

the respective data. F. Linsenmann performed the CV measurements. All work was done under the 

supervision of S. Inoue. 

https://doi.org/10.1002/ejic.201900522
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Title: Disilene−Silylene Interconversion: A Synthetically Accessible Acyclic 

Bis(silyl)silylene 

Status: Article, published online July 28th, 2019 

Journal: Journal of the American Chemical Society, 2019, 141, 13536-13546. 

Publisher: American Chemical Society 

DOI: 10.1021/jacs.9b05318 

Authors: Dominik Reiter, Richard Holzner, Amelie Porzelt, Philipp J. Altmann, 

Philipp Frisch, Shigeyoshi Inouea 

Reprinted with permission. © 2019 American Chemical Society 

Content: The well-known propensity of the hypersilyl group ((TMS)3Si) towards silyl 

migration reactions is exploited in this publication to synthesize a tetra(silyl)disilene. 

Unfortunately, this disilene is not stable in solution at ambient temperature and 

therefore not suitable for battery applications.  

 Interestingly however, the disilene displays an equilibrium with the isomeric silylene 

form, the first isolable bis(silyl)silylene so far. The extreme reactivity of this compound 

was investigated in detailed reactivity studies towards industrial relevant small 

molecules, such as dihydrogen, ammonia and ethylene. In fact, oxidative addition of 

H2 was observed, even at –40 °C. Theoretical calculations predicted the silylene to be 

in a triplet ground state. To determine the inherent ground state multiplicity, 

cycloaddition experiments with olefins regarding the Skell rule were performed. 

However, no conclusive results were obtained from this study. Additionally, 

intermediary formed silylenes were isolated as Lewis base adducts with NHCs and 

DMAP respectively. On a final note, an NHC-stabilized silylene was oxidized with N2O 

to an NHC-coordinated silaester complex. 

 In summary, the first acyclic bis(silyl)silylene was isolated and thoroughly 

investigated. Thereby, this contribution provides both theoretical and experimental 

insights into disilene-silylene rearrangement reactions. Furthermore, the suitability of 

this extremely reactive species for the facile activation of small molecules was 

demonstrated. 

 

 

aD. Reiter and R. Holzner planned and executed all experiments and co-wrote the manuscript. A. Porzelt 

performed the DFT calculations. P. J. Altmann and P. Frisch conducted all SC-XRD measurements and 

processed the resulting data. All work was performed under the supervision of S. Inoue. 

https://doi.org/10.1021/jacs.9b05318


8. Disilene-Silylene Interconversion: A Synthetically Accessible Acyclic Bis(silyl)silylene 

46 

 



8. Disilene-Silylene Interconversion: A Synthetically Accessible Acyclic Bis(silyl)silylene 

47 

 



8. Disilene-Silylene Interconversion: A Synthetically Accessible Acyclic Bis(silyl)silylene 

48 

 



8. Disilene-Silylene Interconversion: A Synthetically Accessible Acyclic Bis(silyl)silylene 

49 

 



8. Disilene-Silylene Interconversion: A Synthetically Accessible Acyclic Bis(silyl)silylene 

50 

 



8. Disilene-Silylene Interconversion: A Synthetically Accessible Acyclic Bis(silyl)silylene 

51 

 



8. Disilene-Silylene Interconversion: A Synthetically Accessible Acyclic Bis(silyl)silylene 

52 

 



8. Disilene-Silylene Interconversion: A Synthetically Accessible Acyclic Bis(silyl)silylene 

53 

 



8. Disilene-Silylene Interconversion: A Synthetically Accessible Acyclic Bis(silyl)silylene 

54 

 



8. Disilene-Silylene Interconversion: A Synthetically Accessible Acyclic Bis(silyl)silylene 

55 

 



8. Disilene-Silylene Interconversion: A Synthetically Accessible Acyclic Bis(silyl)silylene 

56 

 

 



9. DMAP-stabilized bis(silyl)silylenes as versatile synthons for organosilicon compounds 

57 

9. DMAP-stabilized bis(silyl)silylenes as versatile 

synthons for organosilicon compounds 

Title: DMAP-stabilized bis(silyl)silylenes as versatile synthons for 

organosilicon compounds 

Status: Article, published online January 21st, 2020 

Journal: RSC Advances, 2020, 10, 3402-3406. 

Publisher: Royal Society of Chemistry 

DOI: 10.1039/C9RA10628F 

Authors: Richard Holzner, Dominik Reiter, Philipp Frisch, Shigeyoshi Inouea 

Reprinted with permission. © 2020 The Royal Society of Chemistry 

Content: Electron donation of Lewis bases, such as NHCs to the vacant p-orbital of 

silylenes is oftentimes the only possibility to control their electrophilicity and to isolate 

these transient species. However, the reactivity of the resulting donor-acceptor 

adducts is significantly reduced. 

 DMAP, a weaker Lewis base, compared to NHCs was utilized in this publication to 

stabilize different bis(silyl)silylenes. Among these complexes was the first isolated 

bis(hypersilyl)silylene derivative. The weaker donor-acceptor interaction allowed for 

facile dissociation of DMAP at elevated temperatures, providing the extremely reactive 

free silylenes. Interestingly, all three silylene complexes showed distinctly different, 

thermally induced decomposition reactions: C–H bond activation, dearomative ring 

expansion of DMAP by the silylene fragment to an azasilepin and rearrangement in 

combination with TMS migrations were observed. Furthermore, the silylene complexes 

underwent H2 and ethylene addition upon elevated temperatures, furnishing the 

corresponding dihydrosilanes and siliranes. DMAP-coordinated silaimines were 

obtained from the reactions with trimethylsilyl azide. Remarkably, over-reduction of 

(tBu3Si)2SiBr2 provided the corresponding K-substituted silyl radical.  

 In summary, novel, stable DMAP-bis(silyl)silylene complexes were synthesized and 

their thermal isomerization behavior was investigated. The weakly-coordinating DMAP 

allowed dissociation upon heating. Therefore, these complexes can be considered 

convenient synthetic equivalents for elusive bis(silyl)silylene species. In fact, the first 

single-site dihydrogen activation by donor-stabilized silylenes was achieved. The K-

substituted silyl radical might allow access to functionalized silyl radicals via salt 

metathesis. 

 
 

aR. Holzner and D. Reiter planned and executed all experiments and co-wrote the manuscript. P. Frisch 

conducted all SC-XRD measurements and processed the resulting data. All work was performed under 

the supervision of S. Inoue. 

https://doi.org/10.1039/C9RA10628F
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Title: Iminodisilenes: Striking Reactivity in Small Molecule Activation 

Status: Draft (Article) 

Authors: Richard Holzner, Philipp Frisch, Daniel Wendel, Shigeyoshi Inouea 

Content: Hypersilyl-substituted iminosilyldisilene L27 has already shown interesting 

reactivity towards small molecules, such as dihydrogen, CO2, NH3 and N2O. However, 

further investigation of this novel class of disilenes is difficult due to the instability of 

L27 in solution at room temperature and the moderate achievable yield. 

 Hence, the disilene structure was modified by introducing different silyl groups. The 

extremely bulky supersilyl group forced the resulting iminodisilene 2a to adopt (E)-

configuration, in contrast to L27. Introduction of tBu2MeSi groups on the other hand, 

provided the completely stable 2b, which can be isolated in high yields, because of the 

simplified removal of the byproduct via sublimation. Interestingly, 2b shows (E/Z)-

isomerization to a temperature-dependent equilibrium mixture which was monitored by 

VT NMR spectroscopy. Initial reactivity studies towards H2 and oxygen transfer 

reagents confirmed the similarity to L27. Furthermore, the corresponding cationic 

radical of 2b was obtained by one-electron oxidation. EPR spectroscopy revealed 

coupling of the unpaired electron with the 14N nuclei of the NHI ligand. On a final note, 

this manuscript outlines the unique activation of white phosphorus by iminodisilene 2b. 

In the resulting unprecedented product, the base of the P4 tetrahedron is substituted 

by the former low-coordinate silicon centers. 

 In total, this contribution provides two novel iminodisilenes 2, of which 2b is easily 

accessible and highly stable, even at elevated temperatures. Based on this compound, 

the second example of a disilene radical cation and the activation of P4 were achieved. 

The disilenes and their addition products were thoroughly characterized. Furthermore, 

the stable nature of 2b will allow further reactivity investigations of iminodisilenes, 

possibly even in regard to transition metal-free catalysis. 

 Notably, this is not the final version of the draft. In order to shed light on the 

isomerization mechanism and to gain further insight into the electronic structure and 

the observed reactivity of iminodisilene 2b, DFT calculations are currently ongoing. 

These additional results will be incorporated and discussed in the final manuscript. 

 

aR. Holzner planned and executed all experiments and wrote the manuscript. P. Frisch conducted all 

SC-XRD measurements and processed the resulting data. D. Wendel obtained single crystals from 

compound 2a. All work was performed under the supervision of S. Inoue. 
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Title: Formation of a Silene through CO Activation by a Polarized 

Iminodisilene 

Status: Draft (Communication) 

Authors: Richard Holzner, Philipp Frisch, Shigeyoshi Inouea 

Content: Despite numerous examples of disilenes with various substituents, reports 

on reactivities towards carbon monoxide are scarce. Therefore, investigations in this 

regard were conducted with the previously presented stable iminodisilene 2b. 

 Although 2b immediately reacts with CO, the reaction does not proceed in a 

selective fashion. Nevertheless, the neutral, NHI-substituted silyl radical 1b was 

obtained from these reactions and fully characterized. The formation of 1b proofs, that 

these heteroatom-substituted silyl radicals can be stable and isolated, yet the 

reproducibility of this reaction is limited and the provided yield is poor. Most 

interestingly, iminodisilene 2b selectively and irreversibly undergoes isomerization to 

the corresponding A2Si=SiB2 type disilene 2c upon heating to 115 °C for a prolonged 

time. Both, 29Si NMR spectroscopy and SC-XRD analysis demonstrated the highly 

zwitterionic nature of 2c with the positive charge stabilized by the two adjacent NHI 

ligands and the negatively polarized =SiSi2 center. This unprecedented disilene 2c in 

turn shows facile activation of carbon monoxide at ambient temperature, resulting in 

the formation of silene 15a via insertion of CO into the Si=Si double bond. A similar 

product was obtained from the reaction of the tetra(silyl)disilene L7 with CO, however 

this activation requires elevated temperatures, presumably because of the non-polar 

nature of the disilene. 

 In summary, the thermally induced isomerization of iminodisilene 2b was 

investigated and the resulting polarized disilene 2c was characterized thoroughly. 

Furthermore, this manuscript outlined the synthetic approach to silenes through the 

activation of CO by disilenes.  

 By now, this draft is still in preparation. The so far unique isomerization of 2b to 

disilene 2c is currently under investigation by DFT calculations to clarify the underlying 

mechanism. Furthermore, crystal structure analysis is ongoing. Additional results will 

be included in the final version of the manuscript. 

 

 
 

aR. Holzner planned and executed all experiments and wrote the manuscript. P. Frisch conducted all 

SC-XRD measurements and processed the resulting data. All work was performed under the 

supervision of S. Inoue. 
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12. Summary and Outlook 

The isolation and structural characterization of the first disilene L22 by West et al. in 

1985[139,145] and of the first silyl radical L1 by Sekiguchi in 2001[36] can be considered 

to be among the most important milestones in modern main group chemistry. Ever 

since, these low-coordinate silicon species have been thoroughly investigated and 

reactivities and applications have been identified. Disilenes have demonstrated 

interesting reactivity patterns towards small molecules[133] and silyl radicals have 

already been successfully applied in organic radical batteries.[5] 

The goal of this thesis was to extend these highly reactive classes of low-coordinate 

silicon species, to enhance their stability and to further explore their reactivities and 

electrochemical properties. 

12.1 Disilenes 

Besides neutral silicon-centered radicals, disilenes might also be suitable anode 

materials for organic radical batteries because of their reversible redox behavior which 

has been demonstrated for tetra(silyl)disilene L7.[57,59]  

Scheme 15: Synthesis and structures of iminodisilenes 2a and 2b. 

#
d(Si=Si) 

[Å]

twist angle 

τ [°]

trans-bent

angle Θ [°]

δ(29SiSi=Si) 

[ppm]

2a 2.2534(7) 40.2 12.8, 12.8 72.5

2b-(Z) 2.2844(7) 25.5 36.3, 34.7 67.4

L27 2.3124(7) 23.1 37.9, 39.0 72.0

 

Of special interest was of course also the class of N-heterocyclic imino-substituted 

disilenes, since the first representative L27 already showed interesting reactivity in the 
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activation of small molecules, such as H2, N2O, CO2 and NH3.[158,192] However, L27 is 

not stable at room temperature and its redox chemistry remained unexplored. Driven 

by these promising results, a novel iminodisilene 2a was synthesized by the 

established approach of treating ItBuN–SiBr3 with two equivalents of supersilanide 

(Scheme 15). In contrast to L27, 2a adopts (E)-configuration in the solid state, because 

of the steric repulsion of the extremely bulky supersilyl groups. Although 2a is 

completely stable at ambient temperature, its yield is limited by the difficult separation 

process from the concomitantly generated byproduct tBu3SiBr. Thus, the disilene 

structure was further varied by introducing tBu2MeSi groups, resulting in the formation 

of 2b. Compound 2b is stable, even at elevated temperatures up to 90 °C. Therefore, 

the byproduct can easily be removed by sublimation, increasing the isolable yield of 

2b to 82%. In the solid state, 2b, exhibits (Z)-configuration whereas in solution, a 

temperature-dependent equilibrium between (E)- and (Z)-isomers was observed. The 

kinetic of this isomerization was monitored by VT NMR spectroscopy. With the initial 

motive of battery application in mind, CV investigations were conducted (Figure 15).  
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Figure 15: CV analysis of disilenes 2b and L7. 

Unfortunately, these studies showed that only a cationic species is accessible and that 

reversible reduction might not work. In fact, no experimental reduction of 2b was 

achieved either, thus excluding the possibility of battery application of these 

ABSi=SiAB-type iminodisilenes. Nonetheless, compound 2b showed interesting 

reactivity towards small molecules and also a cationic radical 4 was isolable (vide 

infra). Most interestingly however, compound 2b isomerizes to the A2Si=SiB2 type 

iminodisilene (ItBuN)2Si=Si(SitBu2Me)2 (2c) upon heating to 115 °C for four days.  



12. Summary and Outlook 

78 

Scheme 16: Synthesis and structure of iminodisilene 2c. 

#
d(Si=Si) 

[Å]

twist angle 

τ [°]

trans-bent 

angles Θ [°]
δ29Si [ppm]

2b-(E) 2.2844(7) 25.5 36.3, 34.7 67.4 (Si =Si)

2c 2.219(4) 46.9
8.1 (=Si N2); 

40.3 (=Si Si2)

30.4 (=Si N2);

-176.1 (=Si Si2)

 

29Si NMR spectroscopy and single crystal XRD analysis revealed the strong 

zwitterionic character of 2c with a positively polarized N2Si-center and a negative Si2Si-

moiety (Scheme 16). Although a facile activation of CO by compound 2c to silene 5a 

was demonstrated (see chapter 12.4.1), the electrochemistry of 2c has yet to be 

investigated. 

 Based on the CV results with 2b, tetra(silyl)disilenes seemed to be more suitable 

for battery applications (Figure 15). Compound L7 was synthesized by reductive 

debromination of the corresponding dibromosilane and dimerization of the intermediary 

formed silylene. Accordingly, a novel dibromosilane 6, bearing both, a supersilyl and a 

hypersilyl group was synthesized. Reduction of this dibromosilane however, did not 

afford the dimerization product, but instead tetra(silyl)disilene 3 after TMS migration 

(Scheme 17). Unfortunately, 3 decomposes at room temperature, thus disqualifying 

this compound as anode material. Nevertheless, the decomposition product disiletane 

7 (formed via C–H bond activation of a tBu-group), as well DFT calculations and further 

reactivity studies (vide infra) revealed an equilibrium between tetra(silyl)disilene 3 and 

the isomeric bis(silyl)silylene 3’ which was successfully stabilized as Lewis base 

adduct (see chapter 12.3).  
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Scheme 17: Synthesis and decomposition of disilene / silylene equilibrium mixture 3/3’. 

 

12.2 Silyl radicals 

In 2014, the group of Sekiguchi together with the Toyota R&D Labs. constructed alkali- 

and transition metal-free organic radical battery cells, based on their neutral, heavier 

group 14 radicals (tBu2MeSi)3E• [E = Si, Ge, Sn]. These compounds seemed to be 

promising candidates as anode materials because of the low reduction potentials and 

their highly reversible redox behavior. Indeed, the experimental cells showed 

remarkable cyclic stability (98% capacity after 100 cycles) with high charge and 

discharge rates. Among the applied group 14 radicals, the silyl compound L2 was 

considered to be the most suitable because it provided the highest capacity and the 

fastest reaction rate.[5] Based on these promising results, this thesis aimed at improving 

this novel energy storage technology on the molecular level. In fact, silyl radical 1a, 

which is even more kinetically stabilized than L2, was obtained from three different 

approaches in a good yield of 70% (Scheme 18). In the solid state, compound 1a 

adopts a completely planar geometry, typical for silyl radical with bulky, electropositive 

substituents such as silyl groups. Furthermore, the distance of over 8.8 Å between the 

radical centers promises high diffusion rates in battery processes. In combination with 

the complete reversibility of the redox reaction, radical 1a might find application as 

anode material in long living organic radical batteries and allow for fast charge / 

discharge rates. 
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Scheme 18: Synthesis and properties of silicon-centered radical 1a. 
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Most interestingly however, the effective steric shielding of the radical center by the 

extremely bulky supersilyl group makes compound 1a relatively inert towards air and 

moisture. This feature might facilitate battery cell construction and thus lead to a wider 

spread of this sustainable technology. 

 An alternative synthetic approach for functionalized silicon-centered radicals could 

be the reaction of an alkali metal-substituted silyl radical with an electrophile via salt 

metathesis. From over-reduction of (tBu3Si)2SiBr2 with 3.5 equivalents KC8, the 

potassium-substituted radical 8 was obtained (Scheme 19). Despite the extreme 

sensitivity of 8 towards air and moisture and the fact that it decomposes in toluene 

solution, a crystal structure was obtained. Compound 8 displays a completely planar 

geometry (sum of bond angles Σθ = 360.0°), typical for alkali metal-substituted silyl 

radicals. Furthermore, the Si–K distance, which is comparable to hypersilyl potassium, 

demonstrates the contact ion pair character of compound 8 in the solid state. 
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Unfortunately, attempts to introduce the silyl radical moiety of 8 to electrophiles, in 

order to produce functionalized silicon radicals, remained unsuccessful so far. 

Scheme 19: Synthesis and structure of potassium-substituted silyl radical 8. 

 

Prior to this thesis, no silyl radical with electronegative substituents, as for example 

nitrogen, has been structurally characterized. By one-electron oxidation of 

iminodisilene 2b the cationic radical 4 was obtained (Scheme 20). It is the second 

reported example of a disilene radical cation (after L7•+), the first with heteroatom 

substituents. Remarkably, reduction of 4 with KC8 furnished the starting material 2b. 

CV analysis showed, that the oxidation of the iminodisilene 2b takes place at lower 

potentials (about 1 V), than required for tetra(silyl)disilene L7. Splitting of the EPR 

signal of 4 indicated coupling of the unpaired electron with the 14N nuclei of the imino 

group. This result underlined the suitability of the NHI substituent to effectively stabilize 

cationic silyl centers.  

 Neutral silicon radicals with imino and silyl substituents might be of great 

significance for battery applications. Targeted synthesis via one-electron reduction of 

the corresponding halosilane did not afford the desired radical. Serendipitously 

however, decomposition of disilene 2b in presence of CO afforded the NHI-substituted 

silyl radical 1b. The synthesis of 1b was not perfectly reproducible, provided only poor 

yield and the mechanism for the formation remains unclear. Nevertheless, it is an 

unambiguous evidence, that these kinds of heteroatom-substituted silyl radicals are 

stable and isolable. In fact, 1b was even structurally characterized by SC-XRD 

analysis. Compound 1b adopts a slightly pyramidalized geometry (Σθ = 353.5°), in 

contrast to the tri(silyl)silyl radicals L2 and 1a. This can be attributed to effect of the 

electronegative NHI substituent.[26] However, the electrochemical properties of imino-

substituted silyl radicals have yet to be determined. 
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Scheme 20: Formation and properties of silyl radicals 4 and 1b. 
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12.3 Silylenes 

During the studies of silyl radicals and disilenes, also a number of silylenes were 

obtained in the course of this work. Although, these low-coordinate silicon species are 

not particularly promising in regard to organic radical batteries, they are considered to 

be potential candidates for transition metal-free catalysis, because their ambiphilic 

character enables facile small molecule activation. For the most part, electron donation 

to the empty 3pz-orbital of silylenes is necessary to control their excessive 

electrophilicity and allow isolation as Lewis base adducts. Therefore, reports on donor-

free silylenes are scarce. Prior to this thesis, no isolable, room temperature-stable 

bis(silyl)silylenes were known. All synthetic attempts resulted in decomposition 

reactions, either via C–H bond activation or silyl migration.[77-80]  

 By reduction of dibromosilane 6 however, an equilibrium mixture consisting of 

tetra(silyl)disilene 3 (vide supra) and the isomeric bis(silyl)silylene 3’ was obtained 

(Scheme 17). This unique behavior results from the tailor-made combination of 

supersilyl and hypersilyl substituents. On the one hand, they provide kinetic 

stabilization (supersilyl group) but on the other hand also allow for facile TMS group 

migration (hypersilyl group). Because of this tautomerism, silylene 3’ is indefinitely 

stable at –35 °C and thus the only isolable bis(silyl)silylene derivative to date. However, 
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the silylene moiety of 3’ eventually inserts into a C–H bond of a tBu-group at room 

temperature, generating disiletane 7.  

Scheme 21: Synthesis and reactivity of DMAP silylene complexes 9. 

 

To gain further insight into the TMS group shifts, the reduction of 6 was conducted in 

the presence of Lewis bases. Interestingly, with the NHC IiPr2Me2, a TMS-substituted 

silylene, isomeric to 3’ was obtained. With the weaker Lewis base DMAP instead, the 

silylene fragment 3’ was stabilized as donor-acceptor complex 9a (Scheme 21). 

Compound 9a is stable in solution up to 60 °C. Above this temperature it decomposes 

to disiletane 7 under liberation of DMAP. This observation already indicated the 

suitability of DMAP-stabilization for the isolation of otherwise elusive bis(silyl)silylenes 

under conservation of their unique reactivity. Driven by these initial results, two 

additional DMAP-bis(silyl)silylene complexes 9b and 9c were synthesized 

analogously. In contrast to 9a, 9b and 9c undergo completely different thermally 

induced isomerization reactions. At 65 °C the silylene moiety of 9b inserts into the      
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C–N bond of DMAP under dearomative ring expansion, generating azasilepin 10. Upon 

heating to 65 °C, compound 9c, the first stable bis(hypersilyl)silylene derivative, 

rearranges to the cyclic silane 11 under liberation of DMAP. The attempted synthesis 

of DMAP-stabilized bis(supersilyl)silylene was unsuccessful and afforded only the C–

H bond activation product, that was observed from decomposition of the free silylene. 

Over-reduction of the corresponding dibromosilane however, furnished the 

bis(supersilyl)-substituted silicon radical 8 (vide supra). 

12.4 Reactivities of Low-coordinate Silicon Compounds Towards 

Small Molecules 

Conversion of small molecules such as H2, CO, CO2 and P4 to value added products 

is a task that is realized on industrial scale by transition metal catalysis. A promising 

way to substitute precious, expensive or toxic transition metals in these processes 

might be to mimic their behavior with main group element compounds. In order to 

achieve this ambitious goal, highly reactive main group species, which selectively 

undergo oxidative addition with these small molecules are required. Disilenes and 

silylenes are among those promising considered compounds. 

12.4.1 Activation by disilenes 

In general, disilenes display intense colors because of their inherently small HOMO-

LUMO gaps (Figure 16). Iminodisilenes 2 are no exception to this trend and thus 

promising with respect to small molecule activation.  

        

Figure 16: Depiction of disilenes in solution, or in solid state. From left: L7, 2a, 2b and 2c. 

Previous to this work, iminodisilene L27 has already demonstrated remarkable 

reactivity towards H2, N2O, O2 CO2 and NH3. Disilene 2b showed comparable reaction 

behavior. Facile activation of dihydrogen to the 1,2-addition product was observed 

even at ambient temperature (Scheme 22). Besides that, a silaepoxide and a four-



12. Summary and Outlook 

85 

membered cyclic siloxane were obtained from oxidation of 2b with N2O and O2, 

respectively. Most interestingly however, white phosphorus was activated in a unique 

fashion, furnishing compound 12. In 12, the two former low-coordinate silicon centers 

are bridged by three P atoms of the P4 tetrahedron. Additionally, silenes 5 were 

synthesized by exposing the A2Si=SiB2 type disilene 2c and the literature-reported, 

symmetric disilene (tBu2MeSi)2Si=Si(SitBu2Me)2 (L7) to carbon monoxide. Notably, 

iminodisilene 2c reacts within minutes at room temperature, whereas L7 requires 

heating to 80 °C for 4 days. Presumably, the highly polarized character of 2c is the 

reason for this significant difference in reaction rates. 

Scheme 22: Small molecule activation by disilenes. 

 

The equilibrium mixture of tetra(silyl)disilene 3 and the isomeric bis(silyl)silylene 3’ was 

also investigated in regard of small molecule activation. However, only with ammonia, 

the disilene 1,2-addition product was obtained. In the cases of H2 and ethylene, 

exclusively reaction of the silylene 3’ was observed. 
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12.4.2 Activation by silylenes 

Silylene 3’ which is in equilibrium with disilene 3 is the first isolable example of a 

bis(silyl)silylene and showed according reactivity. It inserts into the H–H bond in 

dihydrogen, even at –40 °C, thus representing the fastest H2 activation by silicon 

compounds to date. It was further shown, that upon exposure of 3/3’ to ethylene 

selective silirane formation takes place. 

 In sharp contrast to donor-free examples, the reactivity of NHC-stabilized silylenes 

is strictly limited. Hence, no H2 activation by an NHC-silylene complex has been 

reported. Due to the lower Lewis basicity of DMAP, compared to NHCs, the respective 

complexes are far more reactive. In fact, it was demonstrated that DMAP silylene 

complexes 9 show bis(silyl)silylene reactivity upon dissociation of the donor at elevated 

temperatures (Scheme 21). Also, silirane formation was observed and DMAP-

stabilized silaimines 13 were obtained from the reaction of 9a and 9b with trimethylsilyl 

azide. Therefore, these novel donor-stabilized silylenes can be considered easily 

accessible synthetic equivalents for otherwise elusive bis(silyl)silylenes. 

12.5 Outlook 

Disilene 2b is completely stable in solution, even at elevated temperatures and thus 

easier to handle than L27. Nevertheless, it shows comparably strong reactivity, which 

in combination with the high isolable yield make it the perfect test compound for further 

reactivity exploration of the class of iminodisilenes. Because of its ability to activate 

small molecules, compound 2b might even be applicable as catalyst for example for 

hydroboration or transfer hydrogenation of suitable substrates. The isomeric, 

zwitterionic disilene 2c is absolutely unprecedented and its reactivity except towards 

carbon monoxide remains unexplored. With the polarized Si=Si double bond, this 

compound might be ideal for facile small molecule activation, probably even in a 

catalytic context. The CV analysis of the literature-reported tetra(silyl)disilene 

(tBu2MeSi)2Si=Si(SitBu2Me)2 (L7) confirmed the reversible reduction to the anionic 

species. Therefore, an experimental battery cell, containing L7 as anode material 

should be constructed to verify the suitability of disilenes for organic radical batteries.  

 Intended for battery applications, a relatively air-stable, tri(silyl)-substituted silicon-

centered radical 1a was obtained. This modification of the current state-of-the-art might 

facilitate organic radical battery cell construction and contribute to the further 
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development of this technology. The isolation and characterization of the NHI-

substituted silyl radical 1b is an unambiguous evidence for the accessibility of silicon 

radical species bearing electronegative ligands. A straight-forward synthetic approach 

should be looked for, in order to further investigate the properties of this class of 

compounds, especially in regard to electrochemistry. 

 It was demonstrated, that silylene stabilization by the Lewis base DMAP is a suitable 

way to isolate otherwise elusive bis(silyl)silylene structures under retention of their 

unique reactivity. Thus, these DMAP-silylene complexes can probably find application 

in chemical syntheses, as synthons for novel organosilicon compounds, for example 

functionalized silyl radicals (Scheme 23). Probably, these compounds could contain 

multiple radical centers in one molecule, thus increasing the energy density of a radical 

battery.  

Scheme 23: Possible utilization of DMAP-silylenes 9 as precursors for silyl radicals. 
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13. Zusammenfassung und Ausblick 

Zweifellos können die Isolierung und strukturelle Charakterisierung des ersten Disilens 

L22 durch West et al. in 1985,[139,145] sowie des ersten Silylradikals L2 durch Sekiguchi 

in 2001[36] als Meilensteine der modernen Organosiliciumchemie angesehen werden. 

Disilene haben interessante Reaktivitätsmuster gegenüber kleinen Molekülen 

gezeigt[133] und Silylradikale wurden bereits erfolgreich in organischen Radikalbatterien 

eingesetzt.[5] Das Ziel dieser Arbeit war es, diese hochreaktiven Klassen von 

niedrigkoordinierten Silicium-Spezies zu erweitern, um ihre Stabilität zu verbessern 

und ihre Reaktivitäten und elektrochemischen Eigenschaften weiter zu untersuchen. 

13.1 Disilene 

Neben neutralen Siliciumradikalen könnten Disilene auch aufgrund ihres reversiblen 

Redoxverhaltens für organische Radikalbatterien geeignet sein. Eine entsprechende 

Reaktivität wurde bereits für das Tetra(silyl)disilene L7 nachgewiesen.[57,59] Von 

besonderem Interesse war natürlich auch die Klasse der N-heterocyclischen Imino-

substituierten Disilene, da der erste Vertreter L27 bereits interessante Reaktivität bei 

der Aktivierung kleiner Moleküle wie H2, O2, CO2 und Ammoniak zeigte.[158,192] 

Verbindung L27 ist jedoch bei Raumtemperatur nicht stabil und seine Redoxchemie 

wurde bisher nicht erforscht.  

 Aufgrund dieser vielversprechenden Ergebnisse wurde ein neuartiges Iminodisilen 

2a durch den etablierten Ansatz (Reaktion von ItBuN–SiBr3 mit zwei Äquivalenten 

Supersilanid) synthetisiert (Abbildung 17). Im Gegensatz zu L27 weist 2a aufgrund der 

sterischen Abstoßung zwischen den Supersilylgruppen im Kristall (E)-Konfiguration 

auf. Obwohl 2a bei Raumtemperatur absolut stabil ist, ist seine Verwendung durch den 

schwierigen Abtrennprozess von dem gleichzeitig entstehenden Nebenprodukt 

tBu3SiBr eingeschränkt. Daher wurde die Disilenstruktur durch die Einführung von 

tBu2MeSi-Gruppen weiter variiert, was zur Isolierung von 2b führte. Verbindung 2b ist 

auch bei erhöhten Temperaturen bis 90 °C stabil. Deshalb kann das Nebenprodukt 

leicht durch Sublimation entfernt werden, was die isolierbaren Ausbeute von 2b auf 

82% erhöht. Verbindung 2b zeigt in der Kristallstruktur (Z)-Konfiguration, wohingegen 

in Lösung ein temperaturabhängiges Gleichgewicht zwischen (E)- und (Z)-Isomeren 

beobachtet wurde.  
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#
d(Si=Si) 

[Å]

twist 

Winkel τ [°]

trans-bent

Winkel Θ [°]

δ(29SiSi=Si) 

[ppm]

2a 2.2534(7) 40.2 12.8, 12.8 72.5

2b-(Z) 2.2844(7) 25.5 36.3, 34.7 67.4

L27 2.3124(7) 23.1 37.9, 39.0 72.0

 

Abbildung 17: Synthese und Strukturen der Iminodisilene 2a und 2b. 

Die Kinetik dieser Isomerisierung wurde mit Hilfe von VT NMR Spektroskopie verfolgt. 

Im Hinblick auf mögliche Batterieanwendungen wurden CV Untersuchungen 

durchgeführt (Abbildung 18). Leider haben diese Studien gezeigt, dass nur eine 

kationische Spezies zugänglich ist und dass eine reversible Reduktion möglicherweise 

nicht funktioniert. 
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Abbildung 18: CV Analyse der Disilene 2b und L7. 
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Tatsächlich wurde auch keine experimentelle Reduktion von 2b erreicht, was die 

Möglichkeit der Batterieanwendung dieser Iminodisilene vom ABSi=SiAB-Typ 

ausschließt. Dennoch zeigte die Verbindung 2b interessante Reaktivität gegenüber 

kleinen Molekülen und auch ein kationisches Radikal 4 war isolierbar (siehe unten). 

Interessanterweise isomerisiert Verbindung 2b zu dem A2Si=SiB2-Typ Iminodisilen 

(ItBuN)2Si=Si(SitBu2Me)2 (2c) durch Erhitzen auf 115 °C über vier Tage. 

#
d(Si=Si) 

[Å]

twist 

Winkel τ [°]

trans-bent 

Winkel Θ [°]
δ29Si [ppm]

2b-(E) 2.2844(7) 25.5 36.3, 34.7 67.4 (Si =Si)

2c 2.219(4) 46.9
8.1 (=Si N2); 

40.3 (=Si Si2)

30.4 (=Si N2);

-176.1 (=Si Si2)

 

Abbildung 19: Synthese und Struktur von Iminodisilen 2c. 

Sowohl 29Si-NMR Spektroskopie als auch Einkristall Röntgenstrukturanalyse belegten 

den zwitterionischen Charakter von 2c, der sich in einem positiv polarisierten N2Si-

Zentrum und einem negativen Si2Si-Teil widerspiegelt (Abbildung 19). Außerdem 

konnte eine Aktivierung von CO durch Verbindung 2c zum Silen 5a nachgewiesen 

werden (siehe unten). Das elektrochemische Verhalten von 2c wurde jedoch noch 

nicht untersucht. 

 Basierend auf den CV-Ergebnissen mit 2b schienen Tetra(silyl)disilene besser für 

Batterieanwendungen geeignet zu sein (Abbildung 18). Verbindung L7 wurde durch 

reduktive Debromierung des entsprechenden Dibromosilans und Dimerisierung des 

intermediär erzeugten Silylens erhalten. Daher wurde ein neuartiges Dibromosilan 6 

synthetisiert, das sowohl eine Supersilyl- als auch eine Hypersilylgruppe trägt. Die 

Reduktion dieses Dibromsilans führte jedoch nicht zum Dimerisierungsprodukt, 

sondern stattdessen wurde Tetra(silyl)disilene 3 durch TMS-Migration gebildet 

(Abbildung 20). Leider zersetzt sich Verbindung 3 bei Raumtemperatur, wodurch sie 
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als Anodenmaterial ausscheidet. Dennoch zeigten das Zersetzungsprodukt Disiletan 

7 (gebildet durch C–H-Bindungsaktivierung einer tBu-Gruppe), DFT-Berechnungen 

und weitere Reaktivitätsstudien (siehe unten) ein Gleichgewicht zwischen 

Tetra(silyl)disilene 3 und dem isomeren Bis(silyl)silylen 3', das als Lewis-Basenaddukt 

erfolgreich stabilisiert wurde (siehe Kapitel 13.3).  

 

Abbildung 20: Synthese und Zersetzung der Disilen / Silylen Gleichgewichtsmischung 3/3’. 

13.2 Silylradikale 

Im Jahr 2014 konstruierte die Gruppe von Sekiguchi zusammen mit den Forschungs- 

und Entwicklungslabors von Toyota Alkali- und Übergangsmetallfreie organische 

Radikalbatteriezellen, basierend auf ihren neutralen, schwereren Gruppe 14 Radikalen 

(tBu2MeSi)3E• [E = Si, Ge, Sn]. Diese Verbindungen schienen aufgrund der geringen 

Reduktionspotenziale und ihres hochreversiblen Redoxverhaltens vielversprechende 

Kandidaten für Anodenmaterialien zu sein. Tatsächlich zeigten die experimentellen 

Zellen eine bemerkenswerte zyklische Stabilität (98% Kapazität nach 100 Zyklen) bei 

hohen Lade- und Entladeraten. Unter den getesteten Radikalen der Gruppe 14 erwies 

sich die Silylverbindung L2 als die am besten geeignete, da sie die höchste Kapazität 

und die schnellste Reaktionsgeschwindigkeit ermöglicht.[5] Basierend auf diesen 

vielversprechenden Ergebnissen zielte diese Arbeit darauf ab, die neuartige 

Energiespeichertechnologie auf molekularer Ebene zu verbessern. Tatsächlich wurde 
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das Siliciumradikal 1a, das noch besser kinetisch stabilisiert ist als L2, über drei 

verschiedenen Routen mit einer guten Ausbeute von 70% gewonnen (Abbildung 21).  
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Abbildung 21: Synthese und Eigenschaften von Siliciumradikal 1a. 

Im Kristall zeigt die Verbindung 1a eine vollständig planare Geometrie, die typisch für 

Silylradikale mit sterisch anspruchsvollen, elektropositiven Substituenten wie 

Silylgruppen ist. Darüber hinaus verspricht der Abstand von über 8,8 Å zwischen den 

Radikalzentren hohe Diffusionsraten bei Batterieprozessen. In Kombination mit der 

vollständigen Reversibilität der Redoxreaktion könnte das Radikal 1a daher als 

Anodenmaterial in langlebigen organischen Radikalbatterien Anwendung finden und 

schnelle Lade-/Entladeraten ermöglichen. Vor allem aber macht die effektive sterische 

Abschirmung des Radikalzentrums durch die extrem große Supersilylgruppe die 

Verbindung 1a relativ inert gegenüber Luft und Feuchtigkeit. Diese Eigenschaft könnte 

den Bau von Batteriezellen erleichtern und somit zu einer weiteren Verbreitung dieser 

nachhaltigen Technologie führen. 



13. Zusammenfassung und Ausblick 

93 

Ein alternativer synthetischer Ansatz für funktionalisierte Siliciumradikale könnte die 

Reaktion eines Alkalimetall-substituierten Silylradikals mit einem Elektrophil sein. Aus 

der Überreduktion von (tBu3Si)2SiBr2 mit 3,5 Äquivalenten KC8 wurde das Kalium-

substituierte Radikal 8 erhalten (Abbildung 22). Trotz der extremen Empfindlichkeit von 

8 gegenüber Luft und Feuchtigkeit, sowie der Tatsache, dass es sich in Toluollösung 

zersetzt, konnte eine Kristallstruktur erhalten werden. Verbindung 8 weist eine 

vollständig planare Geometrie auf (Summe der Bindungswinkel Σθ = 360.0°), typisch 

für Alkalimetall-substituierte Silylradikale. Darüber hinaus zeigt der Si–K-Abstand, der 

mit Hypersilylkalium vergleichbar ist, den “contact-ion-pair” Charakter von Verbindung 

8 im festen Zustand. Leider blieben die bisherigen Versuche, das Silylradikalfragment 

von 8 mit Elektrophilen zu koppeln, um funktionalisierte Siliciumradikale zu erhalten, 

erfolglos. 

 

Abbildung 22: Synthese und Struktur von Siliciumradikal 8. 

Im Vorfeld dieser Arbeit wurde noch kein Silylradikal mit elektronegativen 

Substituenten, wie beispielsweise Stickstoff, strukturell charakterisiert. Durch Ein-

Elektronen-Oxidation von Iminodisilen 2b wurde das kationische Radikal 4 erhalten 

(Abbildung 23). Es ist das zweite bekannte Beispiel für ein Disilenradikal-Kation (nach 

L7•+) und das erste mit Heteroatomsubstituenten. Bemerkenswert ist, dass die 

Reduktion von 4 durch KC8 wieder die Ausgangsverbindung 2b ergab. Die CV Analyse 

zeigte, dass die Oxidation des Iminodisilens 2b bereits bei niedrigeren Potentialen 

(etwa 1 V) stattfindet, als für die Oxidation von Tetra(silyl)disilen L7 erforderlich ist. Die 

Aufspaltung des EPR Signals von Verbindung 4 weist auf eine Kopplung des 

ungepaarten Elektrons mit den 14N Kernen der Iminogruppe hin. Dieses Ergebnis stellt 

die Eignung des NHI-Substituenten zur effektiven Stabilisierung kationischer 

Silylzentren heraus.  

 Neutrale Siliciumradikale mit Imino- und Silylsubstituenten könnten für 

Batterieanwendungen von größerer Bedeutung sein. Die gezielte Synthese durch Ein-
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Elektronen-Reduktion des entsprechenden Halogensilans lieferte jedoch nicht das 

gewünschte Radikal. Zufälligerweise führte die Zersetzung von Disilen 2b in 

Gegenwart von CO jedoch zum NHI-substituierten Silylradikal 1b (Abbildung 23). Die 

Synthese von 1b war nicht perfekt reproduzierbar, lieferte nur geringe Ausbeute und 

der Mechanismus für die Bildung blieb ungeklärt. Dennoch ist es ein eindeutiger 

Beweis dafür, dass diese Art von heteroatom-substituierten Silylradikalen stabil und 

isolierbar sind. Es war sogar möglich, 1b strukturell durch Einkristall-

Röntgenstrukturanalyse zu charakterisieren. Die Verbindung 1b zeigt eine leicht 

pyramidalisierte Geometrie (Σθ = 353.5°), im Gegensatz zu den Tri(silyl)silylradikalen 

L2 und 1a. Dies ist auf den elektronegativen NHI-Substituenten zurückzuführen.[26] Die 

elektrochemischen Eigenschaften von iminosubstituierten Silylradikalen wurden 

jedoch noch nicht erforscht. 
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Abbildung 23: Herstellung und Charakterisierung der Siliciumradikale 1b und 4. 
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13.3 Silylene 

Während der Untersuchung von Silylradikalen und Disilenen konnten im Rahmen 

dieser Arbeit auch eine Reihe von Silylenen synthetisiert werden. Obwohl diese 

niedervalenten Siliciumverbindungen in Bezug auf organische Radikalbatterien noch 

nie eingesetzt wurden, gelten sie als vielversprechende Kandidaten für die 

übergangsmetallfreie Katalyse, da ihr ambiphiler Charakter eine einfache Aktivierung 

kleiner Moleküle ermöglicht. In den meisten Fällen ist die Koordination eines 

Elektronendonors an das leere 3pz-Orbital von Silylenen notwendig, um ihre 

übermäßige Elektrophilie zu kontrollieren und eine Isolierung als Lewis-Baseaddukte 

zu ermöglichen. Daher gibt es bis jetzt nur wenige Beispiele von donorfreien Silylenen. 

Vor dieser Arbeit waren keine isolierbaren, raumtemperaturstabilen Bis(silyl)silylene 

bekannt. Alle synthetischen Versuche führten zu Zersetzungsreaktionen, entweder 

durch Aktivierung der C–H-Bindung von Substituenten, oder durch Silylmigration.[77-80] 

 Durch Reduktion von Dibromsilan 6 konnte ein Gleichgewichtsgemisch aus 

Tetra(silyl)disilen 3 und dem isomeren Bis(silyl)silylen 3' erhalten werden (Abbildung 

20). Dieses einzigartige Isomerisierungsverhalten resultiert aus der 

maßgeschneiderten Kombination von Supersilyl- und Hypersilysubstituenten. Sie 

bieten einerseits eine kinetische Stabilisierung (Supersilylgruppe), ermöglichen aber 

andererseits auch eine einfache Migration von TMS-Gruppen (Hypersilylgruppe). 

Aufgrund dieser Tautomerie ist Silylen 3' bei –35 °C unbegrenzt stabil und damit das 

bisher einzige isolierbare Bis(silyl)silylenderivat. Das Silylenzentrum von 3' insertiert 

jedoch bei Raumtemperatur in die C–H-Bindung einer tBu-Gruppe und bildet dadurch 

Disiletan 7. 

 Zum besseren Verständnis der TMS-Gruppenwanderung wurde die Reduktion von 

Dibromsilan 6 in Anwesenheit von Lewis-Basen durchgeführt. Interessanterweise 

wurde mit IiPr2Me2, ein TMS-substituiertes Silylen, isomer zu 3' erhalten. Mit der 

schwächeren Lewis-Base DMAP hingegen konnte das Silylenfragment 3' als Donor-

Akzeptor-Komplex 9a stabilisiert werden (Abbildung 24). Verbindung 9a ist in Lösung 

bis zu 60 °C stabil. Oberhalb dieser Temperatur zerfällt es zu Disiletan 7 unter 

Freisetzung von DMAP. Diese Beobachtung zeigte bereits die Eignung von DMAP für 

die Isolierung von sonst instabilen Bis(silyl)silylenen unter Erhalt ihrer einzigartigen 

Reaktivität. Aufgrund dieser ersten Ergebnisse wurden zwei weitere DMAP-

Bis(silyl)silylen-Komplexe 9b und 9c auf analoge Weise synthetisiert. Im Gegensatz 
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zu 9a, verlaufen die thermisch induzierten Isomerisierungsreaktionen von 9b und 9c 

völlig unterschiedlich ab: Bei 65 °C insertiert der Silylenteil von 9b in die aromatische 

C–N-Bindung von DMAP und erzeugt Azasilepin 10. Beim Erwärmen von Verbindung 

9c auf 65 °C lagert dieses erste stabile Bis(hypersilyl)silylenderivat, unter Freisetzung 

von DMAP zum cyclische Silan 11 um. Die versuchte Synthese des DMAP-

stabilisierten Bis(supersilyl)silylens war hingegen erfolglos und lieferte nur das C–H-

Bindungsaktivierungsprodukt, das auch beim Zerfall des freien Silylens beobachtet 

wurde. Eine Überreduktion des entsprechenden Dibromsilans führte jedoch zum 

Bis(supersilyl)-substituierten Siliciumradikal 8 (siehe oben). 

 

Abbildung 24: Synthese und Reaktivität der DMAP-Silylen Komplexe 9. 
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13.4 Reaktivität der niedervalenten Siliciumverbindungen 

gegenüber kleinen Molekülen 

Die Umwandlung von kleinen Molekülen wie H2, CO, CO2 und P4 zu höherwertigen 

Chemikalien wird im industriellen Maßstab meist durch Übergangsmetallkatalyse 

realisiert. Ein vielversprechender Weg, seltene, teure oder toxische Übergangsmetalle 

in diesen Prozessen zu ersetzen, könnte darin bestehen, ihr Verhalten mit 

Hauptgruppenelementverbindungen nachzuahmen. Um dieses ehrgeizige Ziel zu 

erreichen, sind hochreaktive Hauptgruppenverbindungen erforderlich, die selektiv 

diese kleinen Moleküle durch oxidative Addition aktivieren. Disilene und Silylene 

gehören dabei zu den vielversprechendsten Verbindungen. 

13.4.1 Aktivierung durch Disilene 

Im Allgemeinen sind Disilene aufgrund ihres geringen energetischen Unterschieds 

zwischen HOMO und LUMO intensiv gefärbt (Abbildung 25). Die Iminodisilene 2 

zeigen ebenfalls intensive Farben und sind daher im Hinblick auf die Aktivierung kleiner 

Moleküle vielversprechend. 

        

Abbildung 25: Disilene in Lösung oder als Feststoff. Von links: L7, 2a, 2b und 2c. 

Iminodisilen L27 zeigte bereits vor dieser Arbeit eine bemerkenswerte Reaktivität 

gegenüber H2, N2O, CO2 und NH3. Für Disilen 2b wurde ein vergleichbares 

Reaktionsverhalten beobachtet. Die Aktivierung von Wasserstoff zum 1,2-

Additionsprodukt wurde selbst bei Raumtemperatur beobachtet (Abbildung 26). 

Außerdem wurden ein Silaepoxid und ein viergliedriges cyclisches Siloxan durch 

Oxidation von 2b mit N2O bzw. O2 erhalten. Interessanterweise führte eine Aktivierung 

von weißem Phosphor zum Additionsprodukt 12. In 12 werden die beiden ehemaligen 

niedrigkoordinierten Siliciumzentren durch drei P-Atome der Grundfläche des P4-

Tetraeders verbrückt. Zusätzlich wurden die Silene 5 synthetisiert, indem das Disilen 
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2c und das bereits literaturbekannte, symmetrische Disilen 

(tBu2MeSi)2Si=Si(SitBu2Me)2 (L7) mit Kohlenstoffmonoxid umgesetzt wurden. 

Iminodisilen 2c reagiert innerhalb von Minuten bei Raumtemperatur, wohingegen L7 

vier Tage lang auf 80 °C erhitzt werden muss. Anscheinend ist der stark polarisierte 

Charakter von 2c der Grund für diesen signifikanten Unterschied in der 

Reaktionsgeschwindigkeit. 

 Das Gleichgewichtsgemisch von Tetra(silyl)disilen 3 und dem isomeren 

Bis(silyl)silylen 3' wurde ebenfalls im Hinblick auf die Aktivierung kleiner Moleküle 

untersucht. Allerdings wurde lediglich mit Ammoniak das Disilen-1,2-Additionsprodukt 

erhalten. Mit H2 und Ethylen wurde jeweils nur die Reaktion des Silylens 3' beobachtet. 

 

Abbildung 26: Aktivierung kleiner Moleküle durch Disilene. 

13.4.2 Aktivierung durch Silylene 

Silylen 3', das sich im Gleichgewicht mit Disilene 3 befindet, ist das erste isolierbare 

Beispiel für ein Bis(silyl)silylen und zeigte eine entsprechende Reaktivität. Es insertiert 

bereits bei –40 °C in die H–H-Bindung von Wasserstoff, was die bislang schnellste H2-
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Aktivierung durch Siliciumverbindungen darstellt. Weiterhin wurde gezeigt, dass bei 

der Reaktion von 3/3' mit Ethylen selektiv die Bildung von Siliranen stattfindet. 

Im Gegensatz zu donorfreien Silylenen ist die Reaktivität von NHC-stabilisierten 

Silylenen stark eingeschränkt. Daher wurde bislang keine H2-Aktivierung durch einen 

NHC-Silylenkomplex beobachtet. Aufgrund der im Vergleich zu NHCs geringeren 

Lewis-Basizität von DMAP sind die entsprechenden DMAP-Komplexe wesentlich 

reaktiver. Tatsächlich konnte nachgewiesen werden, dass die DMAP-Silylenkomplexe 

9 nach der Dissoziation des Donors bei erhöhten Temperaturen 

Bis(silyl)silylenreaktivität zeigen (Abbildung 24). Darüberhinaus wurde Siliranbildung 

beobachtet und die DMAP-stabilisierten Silaimine 13 wurden aus der Reaktion von 9a 

und 9b mit Trimethylsilylazid gewonnen. Von daher können diese neuartigen 

donorstabilisierten Silylene als leicht zugängliche synthetische Äquivalente für 

ansonsten nicht isolierbare Bis(silyl)silylene angesehen werden. 

13.5 Ausblick 

Iminodisilen 2b ist stabil in Lösung bei Raumtemperatur und daher viel einfacher zu 

Handhaben als L27. Trotzdem zeigt es vergleichbar ausgeprägte Reaktivität. In 

Kombination mit der hohen isolierbaren Ausbeute ist es daher die perfekte 

Testverbindung für weitere Reaktivitätserforschung der Klasse der Iminodisilene. 

Aufgrund ihrer Fähigkeit, kleine Moleküle zu aktivieren, könnte Verbindung 2b sogar 

möglicherweise als Katalysator eingesetzt werden, z.B. zur Hydroborierung oder 

Transferhydrierung geeigneter Substrate. Die Reaktivität des isomeren, 

zwitterionischen Disilens 2c blieb unerforscht, mit Ausname der beobachteten CO 

Addition. Die polarisierte Si=Si-Doppelbindung könnte ideal für die einfache 

Aktivierung kleiner Moleküle sein, möglicherweise sogar in einem katalytischen 

Kontext. CV Analyse des literaturbekannten Tetra(silyl)disilens 

(tBu2MeSi)2Si=Si(SitBu2Me)2 (L7) bestätigte die reversible Reduktion zur 

entsprechenden anionische Spezies. Daher sollte eine experimentelle Batteriezelle mit 

L7 als Anodenmaterial konstruiert werden, um die Eignung von Disilenen für 

organische Radikalbatterien zu überprüfen. 

 Im Hinblick auf Batterieanwendungen wurde ein relativ luftstabiles, tri(silyl)-

substituiertes Siliciumradikal 1a erhalten. Diese Verbesserung des bisher eingesetzten 

Silylradikals L2 könnte die Konstruktion von organischen Radikalbatteriezellen 

erleichtern und zur weiteren Verbreitung dieser Technologie beitragen. Die Isolierung 
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und Charakterisierung des NHI-substituierten Silylradikals 1b ist ein eindeutiger 

Beweis dafür, dass Siliciumradikale mit elektronegativen Liganden stabil und isolierbar 

sein können. Es sollte nach einem passenden synthetischen Ansatz für diese Radikale 

gesucht werden, um die Eigenschaften dieser Verbindungsklasse, insbesondere im 

Bezug auf die Elektrochemie, weiter zu untersuchen. 

 Es konnte weiterhin gezeigt werden, dass die Stabilisierung von Silylenen durch die 

Lewis-Base-DMAP eine geeignete Methode ist, um ansonsten unzugängliche 

Bis(silyl)silylenstrukturen unter Beibehaltung ihrer einzigartigen Reaktivität zu 

isolieren. So könnten diese DMAP-Silylenkomplexe möglicherweise Anwendung in 

chemischen Synthesen, als Synthone für neuartige Organosiliciumverbindungen, wie 

beispielsweise funktionalisierten Silylradikalen finden (Abbildung 27). Es wäre 

denkbar, dass diese Verbindungen mehrere Radikalzentren pro Molekül enthalten und 

dadurch die Energiedichte einer organischen Radikalbatterie gesteigert werden kann. 

 

Abbildung 27: Mögliche Anwendung von DMAP-Silylenen 9 als Edukte für Siliciumradikale. 
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