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Abstract

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 Hz
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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Abstract

The final manuscript focuses on the thermally induced, unprecedented and selective
isomerization of this stable iminodisilene to an A:Si=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.



Kurzfassung

Kurzfassung

Zu den wichtigsten Herausforderungen fir Wissenschaft und Industrie unserer Zeit
gehoren 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. Darlber
hinaus wurde die inharent hohe Reaktivitat dieser neuartigen Siliciumverbindungen zur
préazisen Aktivierung von industriell relevanten kleinen Molekilen, im Hinblick auf

maogliche Gbergangsmetallfreie katalytische Prozesse genutzt.

Zunachst wurde die molekulare Struktur eines Silyl-Radikals, das bereits als
Anodenmaterial in Batterien eingesetzt wurde, durch Einfihrung einer gréReren
Silylgruppe modifiziert. Das resultierende Siliciumradikal ist relativ luftstabil und
aufgrund seines hoch reversiblen Redoxverhaltens vielversprechend fiir mogliche

Batterieanwendungen.

Dartberhinaus 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 Hz und Ethen. Das Silylen wurde durch Isolierung von
basenstabilisierten (NHC und DMAP) Derivaten sowie durch DFT-Berechnungen

untersucht.

In einer Folgeverdffentlichung 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. Dartiber hinaus wurde die Fahigkeit
dieser Silylenkomplexe zur Aktivierung kleiner Molekille nach der Dissoziation des
Donors bei erhdhten Temperaturen nachgewiesen. Somit konnen diese Silylen-Basen
Addukte als isolierbare synthetische Aquivalente 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 hohere Stabilitat als die bisher bekannte Verbindung
zeigen. Durch einen stark vereinfachten Aufreinigungsprozess konnte fir eines der
neuen Iminodisilene eine hohe isolierbare Ausbeute erzielt werden. Die (E/Z)-
Isomerisierung dieser Verbindung wurde eingehend untersucht und es konnten
interessante Reaktivitaten, wie beispielsweise die Bildung eines Kkationischen

Radikals, oder die Aktivierung von P4 beobachtet werden.

Das abschliel3ende 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
Reaktivitat gegentber 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

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 215t century. Especially the finite supply of crude oil might become problematic.[*-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 COz2 contributes to a man-made climate change.®! 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.®! 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,! 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.® Further investigations, for example in regard
to other low-coordinate silyl species might lead to more effective, sustainable batteries.



1. Introduction

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.'®! 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.l”l 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).18 Akin to carbon, silicon in general adopts sp? 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 (Si2Hs) and chlorosilane (SiHsCl) 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.l®! 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 Si®*—H% bond
(Pauling electronegativity: Si = 1.9, C =2.55, H = 2.2).

Element abundance in the earth's crust

o)
44,5%\
%
XK
X XK
XIEER
RSRERE
RS
S
Rest Ny
N
2,27% 3 N
Al
,

1,84% Na

Mg 0,
2,27%  2,76% 6.2%

4,66%

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 SiOz like in quartz, sea sand or
pebble stone.l*® 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.



2. The Element Silicon

Eventually in 1824, J. J. Berzelius obtained amorphous elemental silicon from the

reduction of SiF4.[0

Although the output volume is declining since 2013, 6.7 million tons of silicon were
produced in 2018.1'Y 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.'9 Furthermore, it can be converted to
organochlorosilanes in the so called “Muiller-Rochow” process.'? 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.

(a) Si0, + 2C —— Si + 2CO  AH®=+690 kJ/mol
2000 °C
Quartz
[Cat.]
(b) nSi + 2nRCI ——— > R,SiCl, + R3SiCI + RSiCl; +
250 -320 °C

R=CH; Cat.=Cu
R = C6H5 Cat. = Ag

300 °C
(c) Si + 3HCI = HSiCly +H,

1100 °C

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
4



2. The Element Silicon

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.[0

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.!®

Among the most important applications of silicon are polysiloxanes.[*3! 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 Miller-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.'3! 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

5



2. The Element Silicon

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 MeSiCls or SiCls
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.[*  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.*2!

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
SiOz2, 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.l'> 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 (RsSi%), silylium ions (RsSi*) 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.l'6171 From this starting point on, a lot of persistent carbon
radicals'’-1°] and radical-based reactions were identified, for example biological
processes of cell damage.l? Furthermore, carbon radicals play an indispensable role
in industrial processes (e.g. low-density polyethylene production) or organic

transformations.[?1-22]

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.[?32% |n 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).124 A valuable tool for the characterization of these radicals
is electron paramagnetic resonance (EPR) spectroscopy.?®l 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 a->°Si nucleus can be observed. The
value of the hfcc provides information about the hybridization of the SOMO (whether it
is rather an s- or Tr-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(a-2°Si).[2¢l

@ Geometry around radical center Ru,,//@_
R ‘)Soi\R R/(S)I_R
Hybridization of SOMO
R=H,Cl,... R = SiR',...
[ - o

Figure 2: Connection between silyl radical geometry, hybridization of the SOMO and hyperfine
coupling constant a with a-2°Si 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 HsC' to the
pyramidal HsSn".[?"l Furthermore, it was shown that the degree of pyramidalization
rises from MesSi to ClsSi 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.[?8-2% 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.[39-321 Further, even more stable tri(silyl)-substituted silicon-centered radicals were
reported by the groups of Matsumoto and Kira.[®3-3% |n 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 a- and B-?°Si 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).13¢
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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.[?6:37]

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 ‘Bu2MeSi 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 1r-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.l®® 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 (B-silicon effect).

Scheme 2: Reactivity of silyl radical L2.
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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.[*% 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
‘Bu2MeSi groups. By oxidation of L5, the radical starting material L2 was regenerated,
which already indicated the reversibility of the underlying redox process.[*!l 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.[*? This reversible
nature of the redox-couple (silyl radical 2 silyl anion) was later confirmed by cyclic
voltammetric (CV) analysis for L2 and eventually exploited for battery applications (see
chapter 4.2).1543]

Examples of alkali metal-substituted silyl radicals were studied by EPR
spectroscopy!*4 and finally, compounds L6 were structurally characterized.!*5-46 Silyl
radicals L6 were obtained from reductive splitting of the tetra(silyl)disilene
(‘BuzMeSi)2Si=Si(‘Bu2Me)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.[*”] 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.[48-4

Besides these examples, there are also a number of NHC-,[% amidinato-,51 or
cyclic alkyl amino carbene- (CAAC)-stabilized?:5254 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.[®>-58] However, only one disilene radical cation
was isolated so far (see chapter 3.3.4).5% Although significant progress in the field of
silyl radicals was achieved since the pioneering work of Lappert!?829 and
Sekiguchi, 2638 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

11
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Simmons-Smith cyclopropanation.l®d Furthermore, especially stable N-heterocyclic
carbenes became indispensable as excellent o-electron donating ligands[®l for

transition metal®24 or main group element complexes. !

3.2.1 Electronic properties and concepts of silylene chemistry

Compared to carbenes, the electronic structure of silylenes in general differs
significantly (Figure 4).5¢! For two-coordinate carbon compounds like methylene (H2C:)
a triplet ground state is favored, hence the calculated corresponding singlet-triplet
energy gap (AEst=-14.0 kcal/mol) is negative. This means that H2C: displays

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

Group 14
Low
Triplet @
- H i, C I AEg 1 | singlet-triplet energy gap
SED '
H q
SI EHybrid energy of hybridization

Ge Stability of
. 0 e

_E D) Sn
H O high s-character Metallic
. Pb ‘ Character
E = Si, Ge, Sn, Pb
High

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: (AEsT) 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(Il): 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.[%°-76] Apparently,

12
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the angle a between the substituents (R-Si—-R) has a crucial influence on the
hybridization of the silicon center (Figure 5, adapted from Gaspar et al.).[’s] Small
angles lead to singlet ground state multiplicities, whereas widening of a increases the
p-character of the o-orbital. This lowers the c—p promotion energy, thus eventually
producing a triplet ground state.[®! 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:.[”*l 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.

p p
R

N .
Q(EQ%.@G [ S— o/"Si@c

widening of ol R

Figure 5: Effect of bond angle a 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°.[711 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!”"1 or in silyl group migration.[’8-8%1 Remarkably, Sekiguchi and
co-workers were able to generate triplet silylenes bearing two extremely sterically
demanding supersilyl groups (‘BusSi) or one supersilyl group and one alkali metal
substituent, by irradiation of a corresponding silirene with UV light.[’7:811 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,® 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.).[%] Electronegative, o-
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 (AEs ). On the other hand, these substituents can act as 1-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, ‘Bu2MeSi,...) ligands.
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Figure 6: Thermodynamic and kinetic stabilization of silylenes.
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A new, promising class of stabilizing substituents are the imidazolin-2-iminato ligands
or N-heterocyclic imines (NHIs).182831 As reflected in the resonance structures, NHIs

are excellent 1-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.

R R R

N . N o+ - N+ -
[ >=N-M <~ [ >=N=M <~ [\>—N=M

N N N

R R R

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.3 Therefore, the wide variety of NHC structures can be transferred
to NHiIs, 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 1-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 m-donors and bulky ligands, the stabilization of silylene moieties by
electron donation of an additional Lewis base (e.g. amine,[# NHC,% isonitrile)!®3! 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 1-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.[88 Although of course, no stable
silylene was obtained, typical silylene reactions, such as insertion into Si—-H bonds!®®]
or silacyclopropane (silirane) formation(®” 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:,[®8 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(ll) compound.’®! 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 1T-complex), it does not meet the definition of a
silylene because the silicon center is hyper-coordinate (n19).[°% Four years later, the
group of Karsch described a o-bonded, four-coordinate silylene species, which is
thermodynamically stabilized by intramolecular electron donation from P atoms of the
substituents.[®% 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, T-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 2°Si NMR spectrum.®2 Compound L10 is the
first representative of the class of N-heterocyclic silylenes (NHSis), which to this day
has been subject of extensive studies.[®193 In 1997, Tokitoh and Okazaki were the first
to employ Lewis bases (isonitriles) to stabilize the otherwise transient silylene fragment
of L11.18% 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 (tBusSi).Si:.1>%

The next landmark in silylene chemistry was the report of the dicarbon-substituted
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example L12 by the group of Kira.[?*l Again, the low-coordinate silicon center is part of
a five-membered ring and sterically protected by TMS groups adjacent to the a-carbon
atoms. Based on this compound, a plethora of characteristic silylene reactivity was

discovered and interesting novel compounds,®® for example a silanone (R2Si=0, a

heavier ketone analogue) were synthesized.°¢!
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Figure 8: Selected milestones in silylene chemistry.

The first acyclic silylene L13 was described by West.[®] As in the NHSis, the N-
substituents serve the purpose of stabilizing the silylene center by 1-electron donation.
In contrast to the cyclic NHSi L10, the 2°Si 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.°8 The bidentate B-ketiminato
ligand of L14 was also employed for the isolation of a number of other low-coordinate
main group compounds.? In the same year, a three-coordinate chloro silylene L15
with an amidinato ligand was reported.®¥ This first halosilylene complex is an ideal
precursor for novel silylene structures, because it allows facile conversion to
functionalized silylenes via salt metathesis reactions.[*®-192 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.l1% 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
HSICls with two equivalents of NHC by reductive dehydrochlorination. This result nicely
pointed out the suitability of carbenes for HCI elimination. Essentially at the same time,
the analogue bromo silylenel'%4 and later the iodo derivativel'°®! were reported by
Filippou and co-workers. Bishalosilylenes have since been employed as valuable
building blocks for interesting low-coordinate silicon species.!'% 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!207] and L18.1108] Sjlylene L17 was obtained from reduction of the
corresponding dibromosilane and shows a 2°Si 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.[19%-11% 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.'ll 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.?] 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).56]
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Generally speaking, bond insertion is a commonly observed reaction pattern of
silylenes.[37:61.93.95112] 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.
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Furthermore, intramolecular bond activation of ligand framework is oftentimes the
reason for silylene decomposition. The elusive bis(supersilyl)silylene (‘BusSi)2Si: for

example inserts into a C—H bond of a 'Bu group to the isomeric disiletane.l’"]

Another classical silylene reactivity, that was already observed by Skell and
Goldstein in 1964 is [1+2] cycloaddition with unsaturated compounds.’®” 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.!'® 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 L11.1117-118] 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)).l'] 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.l'9l Not only benzene derivatives
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3. Low-coordinate Silicon Compounds

were activated in this fashion, but also heterocyclic aromatic compounds, such as

pyridine*?Y or pyrazine.[116l

Scheme 4: Thermally (a) and photochemically (b) induced silepin formation by silylenes.
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Recently, our group presented an acyclic silylene L19, which reversibly undergoes

isomerization via silepin formation L19’ (Scheme 5).11221 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.

Vi
(TMS),Si

L19 L19'

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.®? 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 N20 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.*23l 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.[1%1 The acyclic bis(arylthio)silylene L18 with the larger HOMO-LUMO gap
in contrast showed no reactivity towards H2.['24 Nonetheless, to date, two further
examples of Hz addition to silylenes have been reported, including the silylene silepin
equilibrium mixture L19/L19°.1122125 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.[26-1351 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 sp? hybridization, forming 1r-bonding interactions (Figure 9, (a),
adapted from Weidenbruch).[*28.136] 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 1r-
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 tr-bonds, either with themselves or other
elements.[137-138] Thys, 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 Westl3®l 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, (¢)).'*-1431 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 ©. The extent of the donor-acceptor interaction and thereby the
angle © are strongly depending on the singlet-triplet gap of the involved tetrylenes
fragments: a small AEs induces planar dimetallenes.['?7.134 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.

Si=Si bond length d trans-bent angle ® twist angle ©
R
R - R IR R R
. Ay
A ===, SI==Si )@/\; :
/ \ . R {
K o o\ R R R

Figure 10: Key structural features of disilenes.
Besides trans-bending, twisting between the two SiR2 planes, described by the twist
angle T is another characteristic structural feature of disilenes (Figure 10). A large twist
angle correlates with a smaller -11* 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.['*4 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.*?8 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.[145-1461 Introduction of bulky, electropositive silyl
substituents (L23[*471 and L7)57 results in (almost) planar disilene structures.
Interestingly, the bulky ‘Bu2MeSi groups in L7 induce a large twist angle. In sharp
contrast, an increasing number of electronegative, T-donating substituents (such as
nitrogen) promotes trans-bending. Since there are no structurally characterized
disilenes bearing four nitrogen ligands, Kira, Miller and Apeloig calculated the
structure of (PrN)2Si=Si(NPr2) (L24).1481 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.[14°]

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

R R
N NR RN
=S\ (\ Si—s|

R R RN—g/_ 5i—NR
; . . i RN/ NR RN \NR
R = Mes 'PrsSi Bu2MeSi iPraN R = Bu
# L22[146] L23[147] L 71571 L 241148 L 250149]
d[A] 2.143 2.251(1) 2.2598(18) 2.472* 2.2890(14)
Avg. O [°] 13 10.2 5.9 42.6* 33.1
T[] 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).!*31
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('‘Bu)Si=Si('‘Bu)Mes and the tetra(aryl)disilene Mes(Dipp)Si=Si(Dipp)Mes from
the group of West.['?6] Tetra(silyl)disilene L7 was investigated by Sekiguchi and
Apeloig in this regard.[**%l 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.['8 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.

( a) Rotation around Si-Si axis
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/ \ / D / \
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Si=Si — Si: :Si - Si=Si
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( C) Disilene-silysilylene interconversion
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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 < ABSIi=SIiAB
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.'>3 Very recently however, this mechanism was

proposed for the (E/Z)-isomerization of a silene. 5]

Finally, there is a concerted dyotropic rearrangement.[*53 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=SiMes: (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 Mes:Si:, 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.

Mes ~ Mes PraSi,  SiPr ‘BuMeSi,  SiBuMe
/Si:Si\ /SI Sl /SI Sl
Mes Mes PrySi Sl’Pr3 Bu,MeSi Sl’BuZMe
L22 L23 L7
West Kira/Sakurai Sekiguchi
} } } } } }
1981 1993 1994 1999 2004 2017
f
Tbt, Mes (\ /w (\ BU‘N/\>
SIS Sl_Sl /& )\N
Mes Tbt RN \s| s./N N8
~ ~ /
ry ONRRNTEN By si—si ‘Bu
N (TMS)3Si “Si(TMS)s
L26 L25 L27
Okazaki/Tokitoh West Inoue/Rieger

Figure 11: Selected examples of disilenes.

West et al. continued their studies on disilenes and synthesized derivatives with alkyl
and amine substituents.[*%6-1571 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.'#”l 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.[*4?l Compound L25 resulted from
tetramerization of an NHSi and exhibits a large trans-bent angle of 33.1°, due to the 1r-
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 -donating N-heterocyclic imines.['%8 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!®®161 and disilenes with conjugated62-163] or
cumulated Si=Si double bonds.l'®4 Furthermore, there is a halogen-substituted
example, which was later converted to a disilyne, a compound containing a Si=Si triple
bond.1%1 These disilynes in turn, readily undergo 1,2-addition reactions, furnishing
again disilenes.[165-1671 Metal-substituted disilenes('63.168] 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=0,
N=0) generally react in the same fashion with disilenes, furnishing four-membered
heterocycles, which are otherwise difficult to synthesize.l*281 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.[*?6] To date,
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the only disilene to activate elemental Hz in a 1,2-addition reaction is the NHI-
substituted compound L27.12%81 Theoretical calculations revealed a concerted anti-

addition pathway for this reaction.

Scheme 7: Selected examples of disilene reactivities.
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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 N20, 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.[*7%-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).157:5%1 One-electron
reduction of the disilene by ‘BuLi 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.[®!
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Scheme 8: Reversible reduction and oxidation of tetra(silyl)disilene L7.
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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.['’5179 An additional demand for
batteries is further arising from the emphasis on electromobility in the face of finite
fossil fuels and climate change.l®! 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 lon 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.[*” In general, lithium ion batteries consist of two half cells, as depicted in
Figure 12.11771 Usually, transition metal oxides, which can intercalate lithium ions
without significant structural modifications (e.g. LiCoOz2, LiNio.sC00.1502, a-NaFeO3) are

employed as cathode materials.[17!

()
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Transition metal oxides Carbon (graphite)

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.['8%

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.['8%-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.
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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.l182] 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.[83l

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 2014.55! For the first time, heavier
group 14 radicals (('Bu2MeSi)sE’, 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!
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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.
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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.*3! 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.’! 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 (LiCs).[*76]

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
guestion 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.
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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.®! As
early as in the beginning of the 19t 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.l18-186] 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.['871 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 Hz. 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.l'8! 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] Sjlicon-based catalysis is considered particularly attractive, because
silicon and its derivatives are generally non-toxic and available in almost infinite

guantities.

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.!'8 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.[1°%1 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.
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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)).['% 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 COz2. 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.”5% 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.
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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.*%8 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.
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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 (‘BuzMeSi)2Si=Si(SitBuzMe)2 (L7)7 - or a rearrangement to the isomeric

disilene might take place.l79-80]

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, Oz, 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 t-donating NHI substituents and the silyl groups as o-
donors, might provide interesting addition products (for plausible structures see Figure
14).

0]
X X I P—
Lol C AN ./O\ R R I>i\ R
R ODR si-si AN ANk >siosic
R R R/R/ ‘R\R R (@) e
X =H,Cl, Br, |

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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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 (‘BusSi). 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.
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Isolation of a Relatively Air-Stable, Bulky Silyl-Substituted,

Neutral Silicon-Centered Radical

Richard Holzner,'? Alexander Kaushansky,™ Boris Tumanskii,’® Philipp Frisch,

Fabian Linsenmann,“ and Shigeyoshi Inoue*!®

Abstract: The bulky supersilyl-substituted (‘BusSi) silicon-cen-
tered radical 1 was synthesized and fully characterized by sin-
gle-crystal X-ray crystallography, cyclic voltammetry (CV), and
EPR spectroscopy. With its extremely sterically encumbered rad-
ical center, 1 is stable in the solid state in air for 16 hours with-
out showing signs of decomposition. Thus 1 is the most robust

trisilyl-substituted silyl radical to date and a promising candi-
date for application as electrode material in organic radical bat-
teries. Furthermore, it was found to be a strong dehalogenation
reagent and therefore might find application in organic synthe-
ses.

Introduction

For a long time, silyl radicals have been employed as active
species in various organic transformations, such as alkene hy-
drosilylation or halide abstraction reactions.'’ However, these
radicals are short lived intermediates and can only be gener-
ated in situ and observed by EPR spectroscopy. In the 1970s,
Lappert and co-workers prepared an alkyl-substituted, silicon
centered radical by the irradiation of a silane with UV light.?!
This species showed a half-life time of 10 minutes and was char-
acterized by EPR measurements. Nonetheless, several examples
of persistent’® and even isolable silicon centered radicals have
been reported.””! Sekiguchi and co-workers were able to isolate
and structurally characterize the first isolable silyl radical I (Fig-
ure 1) In this cyclotetrasilenyl radical, the spin density is
spread over three silicon centers. Shortly after their pioneering
work in this field, the neutral, three-coordinate silyl radical Il
without any m conjugation was also presented (Figure 1).°! This
molecule bears three bulky trialkylsilyl groups (‘Bu,MeSi), which
shield the reactive radical center and prevent decomposition
reactions, such as dimerization or hydrogen abstraction, though
it is air-sensitive. Trialkylsilyl groups have already been proven
to be ideal substituents for highly reactive main group com-
pounds. Because of the alkyl groups at the silicon atom, that
do not tend to migrate, are relatively inert and allow fine tuning
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of the steric demand, as well as the ¢-electron-donating effect
of the silicon, these groups are suitable for stabilization of elu-
sive species.”! Recent examples of these reactive compounds
stabilized by trialkylsilyl substituent from our group comprise
hydrosilylenes,®! silylene-transition metal complexes'® and
silanones.'® For the synthesis of Il, (‘Bu,MeSi),SiBr, is treated
with two equivalents of ‘Bu,MeSiNa and the in situ generated
silanide is subsequently oxidized with GeCl,-dioxane. Later, the
yield was improved via an alternate synthetic approach by
Apeloig and co-workers."" Furthermore, one silyl substituent
can be replaced by various aryl groups (compounds I11).0'%

Bu_,Bu ?i'BuzMe
% .
/Si\ /Si
i _Siq
BuMeSi—Si_ . JSi-SiBuMe  BUMeST R
by I R=SiBuMe
’lB M 2 2
SiBu;Me la R=Ph
' b R =4-BuCgH,
lllc R =4-PhCeHy
lld R =35-BuCgHy

Figure 1. Selected examples of isolated silyl radicals.

Besides the shown examples, there are various other stable
silyl radicals, including cyclic alkyl amino carbene- (CAAC),!™!
N-heterocyclic carbene- (NHC)!'" and amidinato-stabilized,'*!
as well as alkali metal-substituted'® compounds. However, in
the cases of the CAAC- and amidinato-stabilized radicals, the
spin density not only resides at the silicon center, but is also
delocalized over the neighboring C- and N-atoms, respec-
tively."*'5! Furthermore, structures with two or three radical
centers, linked by aryl groups!'”’ and silyl radicals deriving from
oxidation or reduction of Si-Si multiple bonds have been re-
ported.["® Most interestingly, Sekiguchi and co-workers demon-
strated the application of silyl radical Il in organic radical batter-
ies."”) They constructed an experimental, lithium-free cell with
Il as redox active anode material, which can be considered an

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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important milestone in the development of main group ele-
ment-based electric energy storage systems. Although this bat-
tery already showed remarkable cyclic stability, there is still
room for improvement. An important feature of the silyl radical
to be used as battery material is of course the stability. This can
be achieved by kinetic stabilization of the reactive center by
three bulky silyl substituents. Another crucial requirement is the
distance between the radical centers in the solid state. During
the charging process, the radical is reduced to the correspond-
ing silyl anion. Cations from the electrolyte intercalate into the
silyl framework for the charge balance. Therefore, it is important
for high charge- and discharge rates to have enough space
within the silicon scaffold, to enable a fast diffusion process.

Results and Discussion

Motivated by these reports, we set out to synthesize a more
stable silyl radical, that lends itself very well for battery applica-
tions and we succeeded in isolating compound 1 bearing a
bulky supersilyl ("BusSi) group (Scheme 1). This was achieved by
three different approaches (Scheme 1, A, B and C). In method A,
similar to Sekiguchi's synthetic route,®! the extremely sterically
demanding supersilyl group is introduced by reacting the corre-
sponding dibromosilane (‘Bu,MeSi),SiBr, with supersilylsodium
("BusSiNa-2THF). The resulting green suspension of in situ
formed silanide was poured on GeCl,-dioxane complex to un-
dergo a one-electron oxidation reaction, leading to the forma-
tion of 1. In method B, dichlorosilane, instead of germanium
dichloride, is employed to oxidize the intermediary formed
silanide. This avoids the formation of a Ge-containing by-prod-
uct, thus facilitating the crystallization and improving the yield
to 51 %. Method C is based on the improved approach.l'"
Treatment of (‘BusSi)SiHCI, with 3 equivalents of silanide
("Bu,MeSiLi) furnishes silyl radical 1 in 70 % yield, a much higher
yield, than provided by methods A and B. The use of the nonpo-
lar solvent hexane in method C is crucial for this reaction. Even
trace amounts of THF lead to the formation of (‘BusSi)-
("Bu,MeSi),SiLi and thereby lower the yield.

Method A Method B

Br, _Br

Br_ ,Br
Si i
Bu,MeSi” SiBu,Me

Si
Bu,MeSi” Si'Bu,Me

(Et,0) |1)2eq. 'BuSiNa-2THF (Et,0) | 1)2eq. BusSiNa-2THF
2) GeCl, dioxane 2) SiH,Cl,
y
2% Rk 51%

Si
'Bu,;MeSi” SiBuMe
1

70%
(hexane) |3 eq. '‘Bu,MeSiLi

'Bu,Si—SIHCI,
Method C
Scheme 1. Synthesis of silicon-centered radical 1 by method A, B, and C.

Compound 1 was obtained as yellow crystals and character-
ized by X-ray diffraction analysis and EPR spectroscopy.
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Single crystal X-ray diffraction (SC-XRD) analysis of radical 1
revealed a planar silicon center (sum of the bond angles 26 =
359.7°) (Figure 2). As in compound II, this structural motif is a
result of the steric repulsion of the bulky substituents, which
does not allow a pyramidal geometry that is typical for trisilyl-
substituted silyl radicals.?%!

b
HE Ty

Figure 2. Solid state structure of 1 with thermal ellipsoids drawn at the 50%
probability level. Hydrogen atoms are omitted for clarity and ‘Bu- and Me-
groups are simplified as wire frame (top left). Space-filling model of 1 (top
right, yellow: silicon, grey: carbon, white: hydrogen). Crystal packing diagram
of 1 (bottom, carbon and hydrogen atoms are omitted for clarity). Selected
bond lengths [A] and angles [°]: Si1-Si2 2.4533(6), Si1-Si3 2.4480(5), Si1-Si4
2.4834(6), Si4-Si1-Si3 118.61(2), Si4-Si1-Si2 128.95(2), Si2-Si1-Si3 112.16(2).

Furthermore, the high steric demand of the supersilyl group
is reflected by the longer distance of the Si1-Si4 bond
(2.4834(6) A) compared to the Si-Si bond lengths of the other
two silyl substituents (2.4533(6) A and 2.4480(5) A, respectively),
as well as by the narrowing of the Si2-Si1-Si3 angle (112.2°).
The space-filling model of 1 shows the strong shielding of the
radical center by its silyl substituents. With 8.806 A, the distance
between the radical centers in the crystal lattice is minimally
shorter than in compound 1 (9.08 A). This space is sufficient for
counterion diffusion at high rates and promising slightly higher
energy densities in the battery cell.

In the EPR spectrum of 1, a strong signal with a g value of
2.00541 is observable (Figure 3). This g value compares very
well to that of Sekiguchi's radical Il (2.0056)! and is within
the typical range for silicon-centered radicals bearing three silyl
substituents.>>¢21] Furthermore, satellite signals from the cou-
pling of the unpaired electron with the central ¢-?°Si nucleus
(hyperfine coupling constant hfcc a = 6.047 mT), as well as with
the three B-2Si nuclei (@ = 0.80 mT) are visible. Apparently, the
silicon nuclei of the ‘BusSi-group and the ‘Bu,MeSi-groups are
equivalent in the EPR spectrum since no further splitting pat-
tern can be observed. This observation is backed up by a simu-
lation, fitting the experimental data, using the Easyspin toolbox
for Matlab (Figure 3).122!

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. X-band EPR spectrum of silyl radical 1 recorded at room tempera-
ture in n-hexane; (black) experimental, (red) simulation.

Remarkably, silyl radical 1 shows high stability against air
and moisture: even after exposing the crystals to air for 16
hours, no sign of decomposition was observed. Within 4 days,
the crystal surface turned colorless, however, the characteristic
EPR signal of 1 was still detected. In solution, the degradation
process proceeds much faster. EPR experiments with an un-
capped tube showed decreasing of the initial signal intensity
to 16% after 5 hours (Figure 4). The structures of the decompo-
sition products were not clarified.

rel. Intensity

330 332
Field / mT

Figure 4. Kinetic studies on the degradation of silyl radical 1 in solution upon
exposure to air. EPR spectra were recorded with a starting concentration of
4x 107 m of 1 in n-hexane in an uncapped EPR tube at room temperature.

In regard to a battery application as anode material, the
redox behavior of 1 is of particular interest. Although a chemi-
cal reduction was not achieved, the electrochemical reduction
is possible. In the CV chart, a highly reversible reduction wave
with reduction and oxidation peaks at 1.40 V vs. Li/Li* and
1.50 V vs. Li/Li*, respectively can be observed (Figure 5). This
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reduction of 1 occurs at a slightly lower potential than of silyl
radical I, that was measured under the same conditions for
comparison (see Figure S5). Furthermore, we scanned to higher
potentials (Figure S6). An irreversible oxidation can be observed
at 3.5 Vvs. Li/Li*, suggesting the formation of a cationic species.

150

100

Current / pA

-50

-100 A

-150 4

12 14 16 18
Potential / V vs. Li/Li*

Figure 5. Cyclic voltammogram of 1 measured in a three-electrode setup
using a lithium metal reference electrode at scan rate of 100 mV/s (0.1 m
(nBusN)TFSI in THF at room temperature).

To gain further insight into the propensity of 1 towards halo-
gen abstraction reactions, it was treated with an excess amount
of chloroform (Scheme 2). The conversion proceeded in a selec-
tive fashion at room temperature within 2 minutes and pro-
vided the corresponding chlorosilane 2 in almost quantitative
yield. This high reaction rate is attributed to the concentration
of chlorine donating-molecules and presumably the radical na-
ture of the reaction mechanism.

cl
Si
CHCly BuMeSi” | “SiBuMe
Si‘Bug
2

Scheme 2. Halogenation of radical 1 to chlorosilane 2.

Conclusion

From three different synthetic procedures, we obtained silyl
radical 1 which bears two ‘Bu,MeSi-groups and one even more
sterically demanding supersilyl group. Because of this increased
kinetic stabilization, compound 1 in the crystalline state does
not decompose even being exposed to air for 16 hours and is
probably the most stable silicon-centered radical to date. This
feature makes it an ideal candidate for application as anode
material in organic radical batteries, as it facilitates the cell con-
struction process and most likely enhances the life time. Addi-
tional CV analysis showed the high reversibility of the reduction
process of 1, thus underlining the suitability for battery pur-
poses. Furthermore, we demonstrated the dehalogenation by
compound 1, which reacts readily to yield the corresponding

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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chlorinated derivative 2. Investigations of 1 with regard to fur-
ther reactivity and application in lithium-free batteries are cur-
rently on-going in our research group.
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Experimental Section
General Methods and Instrumentation

All reactions and manipulations were carried out under an atmos-
phere of argon 4.6 (= 99.996 %) by using standard Schlenk and
glovebox techniques. The glassware used was heat dried under
high vacuum prior to use. All solvents were refluxed over sodium/
benzophenone, freshly distilled under argon and deoxygenated
prior to use. Deuterated benzene (C4Dg) was obtained from Sigma-
Aldrich, dried over Na/K alloy, flask-to-flask condensed, deoxygen-
ated by three freeze-pump-thaw cycles and stored over 4 A molec-
ular sieves. All NMR samples were prepared under argon in J. Young
PTFE valve NMR tubes. The NMR spectra were recorded on a Bruker
DRX400 ('H: 400.13 MHz, '3C: 100.62 MHz, °Si: 79.49 MHz), or
AV500C ('H: 500.36 MHz, '*C: 125.83 MHz, *Si: 99.41 MHz) spec-
trometer at ambient temperature (300 K). The 'H, "*C{'H} and
295i{'H} NMR spectroscopic chemical shifts & are reported in ppm
relative to tetramethylsilane. 'H and "*C{'H} NMR spectra are cali-
brated against the residual proton and natural abundance carbon
resonances of the respective deuterated solvent as internal
standard: C;Dg: d('H) = 7.16 ppm and &('3C) = 128.1 ppm.**! The
following abbreviation is used to describe signal multiplicities:
s = singlet.

EPR spectra were recorded on a Bruker EMX-10/12 X-band (spec-
trometer frequency: 9.3 GHz) digital EPR spectrometer. The spectra
were recorded with a microwave power of 1.0 mW, 100 kHz mag-
netic field modulation of 0.5 G amplitude. Digital field resolution
was 2048 points per spectrum. Spectra processing and simulation
were performed with the Bruker WIN-EPR and SimFonia Software
and Easyspin toolbox for Matlab.

Melting points (m.p.) were determined in sealed glass capillaries
under inert gas by a Blichi M-565 melting point apparatus. Unless
otherwise stated, all commercially available chemicals were
purchased from abcr or Sigma-Aldrich and used without further
purification. The compounds (‘Bu,MeSi),SiBr,,'® Bu,MesSiLi, >
("Bu3Si)SiCloH, 2% ("Bu,MeSi);Si™®! and 'Bu,SiNa-2THF”! were pre-
pared according to literature procedures.

Silyl radical 1 Method A: Diethyl ether (4 mlL) was added to
("Bu;MeSi),SiBr; (350 mg, 696 umol, 1.0 eq.) and supersilylsodium
(638 mg, 1.74 mmol, 2.5 eq.) at room temperature, resulting in a
dark green suspension. After stirring for 2.5 h, this mixture was
poured on GeCly-dioxane complex (161 mg, 696 pmol, 1.0 eq.) and
stirred for 3 h. All volatiles were removed under reduced pressure
and silyl radical 1 was obtained by recrystallization from n-hexane
(161 mg, 297 pmol, 42% yield). Single crystals suitable for XRD were
obtained from a cooled (-34 °C) solution of 1 in n-hexane. EPR (n-
hexane, 286 K) g = 2.00541, a(*°Si,) = 6.047 mT, a(z"‘sir;) = 0.80 mT;
m.p. 149 °C. Anal. Calcd. [%)] for Si,Cy7Hg3: C, 66.45; H, 12.83. Found
[%]: C, 66.00; H 12.94.

Method B: Diethyl ether (3 mL) was added to (‘Bu,MeSi);SiBr;
(200 mg, 398 pmol, 1.0 eq) and supersilylsodium (365 mg,
995 umol, 2.5 eq.) at room temperature, resulting in a dark green
suspension. After stirring for 2.5 h, a solution of dichlorosilane in
toluene (37.4 %wt,, 144 mg, 398 pmol, 1.0 eq.) was added. The color
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changed to blue due to a minor formation of the disilene
("Bu,MeSi);Si=Si("Bu;MeSi),. After stirring for 2 h at room tempera-
ture, all volatiles were removed in vacuo and silyl radical 1 was
obtained by recrystallization from n-hexane (110 mg, 203 umol,
51% yield).

Method C: A solution of '‘Bu,MeSiLi (492 mg, 3.00 mmol, 3.00 eq.)
in hexane (3 mL) was added to a frozen (-196 °C) solution of
("Bu;Si)SiCl,H (299 mg, 1.00 mmol, 1.00 eq.) in hexane (5 mL). The
frozen mixture was warmed up to room temperature under rapid
stirring for 1 hour. After filtration and evaporation of all volatile
compounds under reduced pressure, silyl radical 1 was obtained by
recrystallization from n-hexane at 0 °C (380 mg, 700 umol, 70%
yield).

Chlorosilane 2: A solution of compound 1 (10.0 mg, 18.4 pmol,
1.0 eq) in benzene (0.5 mL) was treated with CDCl; (10.4 uL,
130 pmol, 7 eq.). Immediate decolourization occurred and chloro-
silane 2 was obtained after evaporation of solvent in vacuo as color-
less solid (10 mg, 94% yield).

TH NMR (500 MHz, C4Dg, 300 K): & = 1.14 (s, 36H, ('Bu;MeSi), 1.10
(s, 27H, ('BusSi)), 0.20 (s, 6H, (BuaMeSi)). *C'H} NMR (126 MHz,
CeDy 300 K): & = 299 ((Me,Q).50), 29.8 ((Me,C),MeSi), 24.4
((Me3C)55i), 22.5 ((MesC0),MeSi), -6.3 ((Me;C).MeSi). 29Si('H} NMR
(99 MHz, CsDs, 300 K): 389, 33.5, 6.3.

X-ray Crystallography

The X-ray intensity data of 1 was collected on an X-ray single crystal
diffractometer equipped with a CMOS detector (Bruker Photon-100),
a rotating anode (Bruker TXS) with MoK, radiation (i = 0.71073 A)
and a Helios mirror optic by using the APEX Ill software package.?®!
The measurements were performed on single crystals coated with
the perfluorinated ether Fomblin® Y. The crystal was fixed on the
top of a micro sampler, transferred to the diffractometer and frozen
under a stream of cold nitrogen. A matrix scan was used to deter-
mine the initial lattice parameters. Reflections were merged and
corrected for Lorenz and polarization effects, scan speed, and back-
ground using SAINT.2”) Absorption corrections, including odd and
even ordered spherical harmonics were performed using SAD-
ABS.1?7] Space group assignments were based upon systematic ab-
sences, E statistics, and successful refinement of the structures.
Structures were solved by direct methods with the aid of successive
difference Fourier maps, and were refined against all data using the
APEX |l software in conjunction with SHELXL-20141%8! and
SHELXLE.>® All H atoms were placed in calculated positions and
refined using a riding model, with methylene and aromatic C-H
distances of 0.99 and 0.95 A, respectively, and Uj,(H) = 1.2:U.4(C).
Full-matrix least-squares refinements were carried out by minimiz-
ing Aw(F,2-F )27 with SHELXL-97 weighting scheme.*® Neutral
atom scattering factors for all atoms and anomalous dispersion cor-
rections for the non-hydrogen atoms were taken from International
Tables for Crystallography.?'! The images of the crystal structures
were generated by Mercury.l*?!

CCDC 1899751 (for 1) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre.
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ABSTRACT: Silylenes have recently shown fascinating reactivity patterns, Equilibrium
which are normally observed almost exclusively for transition-metal s
complexes. In particular, very reactive representatives are considered to be L s SWS i
~s7 > ~siBu, (TMS),si~ S~ siBus

promising candidates, which may become powerful and economical
alternatives for catalytic applications in the future. Here, we present the
isolation of an equilibrium mixture consisting of a tetrasilyldisilene and its HH
isomeric bis(silyl)silylene, the first isolable silylene of this type. Preliminary ~wsysi~*~ssu,

investigations demonstrate the extreme inherent reactivity via facile small- 1 C:C
molecule activation even under very mild conditions. Thus, the oxidative EH ’—F ™S, SiBu
addition of challenging targets such as H, and NH; was achieved. In L o el et
addition, by synthesizing donor-stabilized bis(silyl)silylenes we gained :‘ B g " ;

further insights into the disilene—silylene rearrangement by 1,2-silyl NH
migrations. Thorough theoretical calculations support the observed

™S
3

v
(TMS)Si~ > ~SiBuy

share published articles.

Bond activation

ringguidelines for options on how to legitimate!

ia TU MUENCHEN on September 4, 2019 at 13

experimental results.

B INTRODUCTION

Low-valent silicon compounds have attracted considerable
attention and nowadays make an important contribution to
modern main group chemistry.' In particular, two-coordinate
silylenes (RR'Si:), the silicon analogues of carbenes (RR'C:),

vast majority of stable silylenes are embedded in cyclic
frameworks, including the well-established group of N-
heterocyclic silylenes (NHSis), the silicon version of N-
heterocyclic carbenes (NHCs).®

In contrast to their diverse counterparts, there are only
scarce examples of stable acyclic silylenes reported.® Their true
potential is revealed by silylenes bearing nucleophilic boryl
and/or electropositive silyl substituents, leading to wide RSiR’
angles and small HOMO—-LUMO gaps. Thus, these highly
reactive compounds are to a certain extent capable of
mimicking transition-metal complexes in the activation of
small molecules. Remarkably, acyclic silylenes can even
undergo the oxidative addition of enthalpically strong
molecules such as HJ.J"""S Very recently, the reductive
coupling of CO by an isolable aminoborylsilylene was also
reported.” Bis(silyl)silylenes with sterically demanding sub-
stituents are considered to be even more reactive species

<7 ACS Publications  © 2019 American Chemical Society
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because of their wider RSiR" angles, smaller HOMO-LUMO
gaps, and potential triplet ground state.’*”*° Lately, the
intrinsic nature of triplet ground state silylenes was
experimentally proven by in situ generated silylenes analyzed
by low-temperature glass matrix EPR studies;” however, typical
triplet silylene reactivity is still unexplored.l' Nevertheless, no

T lay an important role because of their ambiphilic nature

o3 play P ) 2 ) 3 EEaE D :

R which is reflected in a wide variety of reactivity patterns. isolable two-coordinate 'acydlc bis(silyl)silylene has be'en

=32 i : % reported so far. In situ generated, extremely reactive

£:9 Silylenes have a free 3p. orbital and a lone pair of electrons R.Si),Si < fisbl I bl )

é'é and, in contrast to carbenes, are almost exclusively in the ('l'j 1)29k specu.:js aff" Vc: o Zny asf stab ¢ tetra\{a ent
2 singlet ground state.” To ensure the isolation of silylenes, st ';0'} CO!T\P?UHXS. QEMECKas P’;‘; ucts o ;“ ;equenl intra:
=z sufficient kinetic and/or thermodynamic stabilization by anh mterr?nolecdu a:i' reac-tmfls. edAgAT“er hecc{mpoaﬂon
3 adjacent, tailormade substituents is essential. Therefore, a pathways include dimerization to disilenes (heavier alkene
3 ]

congeners), 1,2-silyl migration, and/or intramolecular C—H/
Si—Si bond activation affording disilenes or cyclic silanes
(Scheme 1).

Klinkhammer, for example, observed the formation of
hexakis(trimethylsilyl)cyclotrisilane 1 as the formal decom-
position product of bis(hypersilyl)silylene (((TMS);Si),Si:)
by treating HSiCl; with alkali metal hypersilanides (silyl
anions).” The experimentally evidenced triplet ground state
bis(supersilyl)silylene ((‘Bu;Si),Si:) undergoes an intramolec-
ular C—H activation reaction (occurring from the singlet
state™) even at very low temperatures, providing disiletane IL.”
Sekiguchi et al. pursued the isolation of the sterically crowded
bis(silyl)silylene ((‘Bu,MeSi),MeSi),Si:, but irreversible for-
mation of disilene III occurred via a 1,2-silyl migration.” To
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Scheme 1. Isomerization Reactions of Transient
Bis(silyl)silylenes I-III and Reported Examples of
Bis(silyl)silylene NHC Adducts IV-VI

SiR; = Si(TMS)3 S SiR; = SiMe(SiBuMe),
R3Si7" TSRy
SiRy = Si'Bu;,l
™S, TMS Ve
/SI Me'Bu,Si SII
- . P
TMS-/Si—\Sl‘—TMS BusSi—Si—Si—'Bu 87" siBu;Me
™S ™S ‘Bu (Me'Bu,Si);MeSi

=
» \rT\/

NN~ a
RSRIES R X
I g 3 TMS’S'\/Si’H Mes
3 - Si—Si., ™S’
i Sl Ry N'Re
R'BU,SI” “SiBUR R, R, Mes
IVa R = Me R' = Pr Va R, = Tipp, R, = Br, R'=Pr vi

IVbR = BuR' = Me Vb R; =R, = Mes, R'=Pr
Ve Ry =R; = Mes, R' = Me

TMS = SiMe;, Tipp = 2,4,6-Pr-CgH,, Mes = 2,4,6-Me;-CgH,

date, isolable bis(silyl)silylenes are accessible only with the aid
of additional o-donor molecules such as NHCs."" The first
examples of acyclic bis(silyl)silylene NHC adducts IV were
obtained by reductive debromination of the correspondin$
dibromosilanes with KCg in the presence of NHCs.'
Scheschkewitz et al. and the Lips group reported cyclic
derivatives V with a Siy scaffold via the reaction of NHC-SiBr,
with a disilenyllithium reagent and the coreduction of NHC:
SiCl, and Mes,SiCl, (Mes = 2,4,6-Me;-C4H,), respectively.'”
Very recently, Cowley and colleagues experimentally demon-
strated the disilene—silylsilylene equilibrium"* for the first time
by synthesizing and isolating NHC-stabilized bis(silyl)silylene
VI from the corresponding donor-supported disilene.'* Thus,
the quest for isolable, acyclic two-coordinate bis(silyl)silylenes
is ongoing.

Sterically demanding silyl groups are ideal candidates for the
stabilization of otherwise elusive species because they are
strong o-donors and provide kinetic stabilization; however,
they sometimes tend to migrate.I On the basis of the previous

results achieved with the hypersilyl- and supersilyl groups, we
envisioned a combination of both substituents as a promising
approach to gaining access to unprecedented low-coordinate
silicon compounds through controlled 1,2-silyl shifts. Herein,
we present the isolation of a novel tetrasilyldisilene displaying
bis(silyl)silylene reactivity.

B RESULTS AND DISCUSSION

Bis(silyl)silylene—Tetrasilyldisilene Interconversion.
The entry into this chemistry provided the isolation of the
silane ((TMS);Si)(‘Bu;Si)SiH, (1)."> Bromination of 1 in n-
pentane furnished the corresponding dibromosilane 2, which
was isolated as colorless crystals in high yield and fully
characterized (Scheme 2).

Subsequent reductive debromination of 2 with 2 equiv of
KCy at low temperatures resulted in a color change from
colorless to blood red with the concomitant formation of black
graphite. Multinuclear and 2D NMR analyses of the isolated
product suggested the formation of tetrasilyldisilene 3’, the
isomer of (hypersilyl)(supersilyl)silylene 3. The three-coor-
dinate silicon nuclei of 3’ resonate at § = 161.9 ppm (SiTMS,)
and & = 1324 ppm (Si(TMS)Si'Buy) in the *’Si NMR
spectrum, which is in line with the signals for disilene ITI (6=
158.9 and 103.8 ppm).” However, all attempts to crystallize the
reaction product have been unsuccessful so far. Calculations
performed at the MO06-2X/6-31+g(d,p) level of density
functional theory revealed a bent and twisted structure for
tetrasilyldisilene 3 (Figure 2)'® comparable to that for disilene
11’ The calculated *’Si NMR resonances at 6 = 162.5 and
140.5 ppm (gauge-independent atomic orbital (GIAO)/M06-
L/6-311++(2d,2p); solvent model based on density (SMD):
benzene)) are in good agreement with the experimental values.
(For details see the Supporting Information'®).

Variable-temperature (VT) UV—vis spectroscopy revealed
only two characteristic absorption bands at 4,,,, = 352 and 469
nm. The calculated transitions, by means of time-dependent
density functional theory (TD-DFT), at 335 and 467 nm are
assigned to the HOMO-1 — LUMO and HOMO — LUMO
transitions of disilene 3, respectively.

Keeping a product solution at room temperature results in a
rather slow decomposition and the selective formation of
disiletane 4. Nevertheless, full conversion was not observed

Scheme 2. Synthesis and Reactivity of Bis(silyl)silylene 3 and Its More Stable Isomer Tetrasilyldisilene 3’

Bry

Br

Si
(TMS);Si”> “SifBuy

(THF)
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until after 4 days. Monitoring the decomposition reaction by
NMR  spectroscopy revealed no signals other than those
assigned to 3" and 4. In addition, no signs of decomposition
were observed when a product solution was stored at —35 °C
in a glovebox for at least 1 year. Disiletane 4 was fully
characterized, and its molecular structure was unambiguously
confirmed by single-crystal X-ray diffraction (SC-XRD)
(Figure 1). As already shown in the case of 11,7 the formation

<

a L\/\

=

Figure 1. Molecular structures of 1 (top), 4 (bottom left), and §
(bottom right). Ellipsoids are set at 50% probability. Hydrogen atoms
are omitted for clarity, except for the respective Si—H nuclei of silane
1 and disiletane 4. Selected bond lengths (A) and angles (°): 1: Sil—
Si2 2.369(1), Si2—Si3 2.350(1); Sil—Si2—Si3 132.1(1). 4: Sil—Si2
2345(1), Sil=Cl 1957(2), C1-C2 1.572(2), Si2—C2 1.916(2),
Si2—Si3 2.346(1); C1-Sil—Si2 76.3(1), Sil—S$i2—C2 76.6(1), Sil—
C1-C2 97.3(1), C1-C2-8i2 99.7(1). 5: Sil—C1 1.885(2), Sil—C2
1.890(2), C1-C2 1.542(3), Sil=Si2 2.372(1), Sil=Si3 2.371(1);
Si1—C1-C2 66.1(1), C1-C2—Sil 65.7(1), C2—Sil—C1 48.2(1),
Si2—Sil—Si3 131.7(1).

of 4 quite likely originates from C—H bond activation of a tert-
butyl group of bis(silyl)silylene 3. Thus, the slow conversion of
3’ to 4 already indicates the existence of an equilibrium
between bis(silyl)silylene 3 and disilene 3" in solution. DFT
calculations concerning 3 revealed the silylene located 5.7
kcal/mol in energy above its disilene isomer 3" as well as its
triplet state 2.5 kcal/mol lower in energy (Si—Si:—Si bond
angles: 140.7° (triplet) and 116.2° (singlet)) (Figure 2).'
Several theoretical studies concerning possible triplet ground

state silylenes have been published in the last few decades. For
different bis(silyl)silylenes, however, deviating values for the
respective singlet—triplet energy gaps were found, depending
on the methods and basis sets used.””"** Clearly, the singlet
triplet gap of 3 with a value of 2.5 kcal/mol is not high enough
to readily take it for granted and judge the ground state
multiplicity of 3 at the moment.

Therefore, we intended to experimentally elucidate the
ground state multiplicity of bis(silyl)silylene isomer 3. Because
NMR spectroscopy provided no further insights (possible
resonances for the singlet silylene of 3 were not observed), we
used EPR spectroscopy (X-band: 9.267 GHz), the method of
choice for potential triplet ground state detection. However, all
EPR spectra obtained from a solution containing the
equilibrium mixture of 3/3’, measured in the temperature
range of 133—286 K, exhibited only a strong EPR signal at
around 331 mT (g = 2.0067), corresponding to a typical silyl
radical of still unknown structure. Sekiguchi et al. observed
similar species (at around 340 mT, g = 2.0055) when
measuring the in situ generated triplet silylenes.— Nonetheless,
under our measurement conditions, no analogous weak, broad
signal at around 800 mT, assignable to the triplet silylene of 3,
was observed. Thus, the combined results suggest the position
of the equilibrium being either almost entirely shifted to
disilene 3 or the decomposition to disiletane 4 being too rapid
and beyond the detection limit for both the singlet and triplet
ground state bis(silyl)silylene 3.

As further evidence for the equilibrium, we intended [2 + 1]
or [2 + 2] cycloaddition reactions with unsaturated organic
substrates under the formation of defined trapping products.
Whereas the reaction of 3/3" with phenylacetylene, dipheny-
lacetylene, and anthracene led to complicated mixtures of
products, exposure to ethylene resulted in the clean formation
of silirane § as the sole product, clearly indicating silylene
reactivity (Scheme 2). Interestingly, no [2 + 2] cycloaddition
reaction of tetrasilyldisilene 3" with ethylene was observed.
Silirane 5 was fully characterized, including its solid-state
structure (Figure 1). The ring silicon nucleus resonates at § =
—164.3 ppm in the *Si NMR spectrum and exhibits a large
Si—Si—Si bond angle of 131.7(1)° due to the sterically
congested electropositive silyl groups.

According to the ethylene addition selectivity, we pursued [2
+ 1] cycloaddition reactions of (E)/(Z) alkenes with respect to
the Skell rule to further investigate the ground state
multiplicity of bis(silyl)silylene 3. The Skell rule originates

Tetrasilyldisilene 3’
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Figure 2. Calculated structures of tetrasilyldisilene 3" and bis(silyl)silylene 3 (singlet/triplet state) with their corresponding frontier orbitals.
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from carbene chemistry and predicts the stereospecific olefin
addition of singlet carbenes. Triplet carbenes undergo a
nonstereospecific cycloaddition via a diradical intermediate,
allowing for facile rotation and a loss of initial stereochemistry.
In the case of silylenes, however, the situation might be more
comglicated, and a failure of the Skell rule cannot be ruled
out.” " Nonetheless, investigated singlet silylenes react
according to the rule, and intended cycloaddition reactions
of the transient triplet silylene (‘Bu,Si),Si: did not furnish any
corresponding silirane.”*”*"* This prompted us to investigate
the stereochemistry of olefin cycloaddition with the equili-
brium mixture of 3/3". Because of the different silyl groups,
not only two silirane isomers (cis and trans) but four different
stereoisomers can be formed (Scheme 3). Therefore, we

Scheme 3. Plausible Silirane Stereoisomers Formed Upon
[2 + 1] Cycloaddition Reaction of
(Hypersilyl) (supersilyl)silylene 3 with (E)- and (Z)-Alkenes

'[rMS
T"'1s\§i¢s'\5i'tsu3 = (rms)si S siBu

™S -
>
R

/:/ or R R (n-hexane)

R

Rys nsR Ri.« saR

\ 7 57
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(25,38)-silirane (2R.3R)-silirane

8a R=Me 8b R=Me
10a R=Et 10b R = Et
12aR=Ph 12b R =Ph

initially used the simplest isomers, (E)- and (Z)-2-butenes.
The exposure of 3/3" to (Z)-2-butene selectively afforded cis-
silirane 7. Compound 7 was sufficiently characterized by
multinuclear and 2D NMR spectroscopy, albeit not being able
to resolve its stereochemistry ((2S,3R)-silirane 7a or (2R,3S)-
silirane 7b). The observed *°Si NMR resonance at § = —131.7
ppm for the silirane silicon nucleus is shifted to slightly lower
field compared to those observed for reported cis-bis-
(trialkylsilyl)siliranes (6 = —154.5 to —159.1 ppm) and silirane
5915 On the other hand, the reaction of 3/3" with (E)-2-
butene furnished approximately a 50:50 mixture of cis-silirane
7 and trans-silirane 8. Again, the absolute configuration of 8
remains unclear, but the silirane silicon atom exhibits a similar
downfield shift in the *Si NMR spectrum (6 = —123.3 ppm)
in comparison to reported bis(trialkylsilyl)siliranes (&
—144.1 to —149.6 ppm) and 5.°'* The observed non-
stereospecificity most likely originates from (Z)-2-butene
contamination (~1.3%) because the purity of the utilized
alkenes is crucial to the silirane product ratio. This was already
recognized in the initially observed nonstereospecific cyclo-
additions of 2-butenes to dimesitylsilylene, in which gas
contamination of the respective other isomer led to misinter-
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pretations. *™'? Accordingly, the reaction of 3/3’ with an

approximately 50:50 mixture of both stereogenic alkenes
provided cis-silirane 7 as the sole product because of the higher
reactivity of the (Z)-isomer.

To gain deeper insight, we turned to sterically more
demanding alkenes with higher isomeric purity. However, the
utilization of 3-hexenes and stilbenes (1,2-diphenylethylenes)
led to significantly slower or even no (stilbene) cycloaddition
reactions with the concomitant formation of disiletane 4,
especially with the respective (E)-isomer. The most satisfying
result was obtained with (Z)-3-hexene, with *’Si NMR analysis
(6 = —133.2 ppm) indicating the selective formation of cis-
silirane 9. The reaction of 3/3" with (E)-3-hexene, on the
contrary, led to the formation of a mixture of products.
However, trans-silirane 10 was identified by 'H and *’Si NMR
(8 = —127.1 ppm; typical downfield shift compared to the cis
isomer) spectroscopy. Interestingly, no resonances for cis-
silirane 9 were observed. Therefore, we conclude that [2 + 1]
cycloaddition reactions of bis(silyl)silylene 3 with stereogenic
alkenes are most likely stereospecific.

Overall, the outcome of the cycloaddition reactions with
stereogenic alkenes cannot yet reveal with certainty the ground
state multiplicity of bis(silyl)silylene 3 because even triplet
ground state silylenes could react via their singlet state.”""*'
Therefore, further examinations are essential and both a
reliable method for determining the ground state multiplicity
(besides EPR spectroscopy) and typical triplet silylene
reactivity have yet to be found.

Surprisingly, the disilene/silylene equilibrium mixture is also
capable of activating dihydrogen via oxidative addition. So far,
only a few examples of low-coordinate silicon compounds are
known to react similarly. This series consists of three acyclic
silylenes and one disilene with small HOMO—-LUMO gaps
(2.0-3.0 eV), which undergo fast reactions under relatively
mild conditions (from 2 h at 0 °C to up to 2 days at 50
°C).*4#20 Recently, Iwamoto et al. reported hydrogen
splitting reactions by boryldisilenes.”" Although no observable
sign of reaction was detectable at =80 °C (3 h), treating an n-
hexane solution of 3/3" at —40 °C with H, (1 bar) resulted in
a color change from blood red to pale yellow within 30 min.
The quantitative formation of silane 1 was detected by NMR
spectroscopy (Scheme 2). Again, no formation of the
respective disilene addition product was detected. The
molecular structure of 1 revealed a large Si—Si—Si bond
angle of 132.1(1)° comparable to that of silirane S, indicating a
large Si—Si:—Si bond angle for bis(silyl)silylene 3 (Figure 1).
Contrary to reported acyclic silylenes, which are able to
activate H,, singlet bis(silyl)silylene 3 exhibits a large
HOMO-LUMO gap of 4.18 eV (Figure 2). Because acyclic
silylenes with a comparable large HOMO—LUMO gap have
shown no reaction toward H," the extreme reactivity of
bis(silyl)silylene 3 is rather astonishing. Thus, we performed
additional calculations concerning the bimolecular reaction of
H, and singlet 3 and determined a very low effective barrier of
4.2 kcal/mol. The calculated barrier is signiﬁcantly lower than
that reported for Aldridge’s acyclic aminoborylsilylene (23.2
keal/mol),™ which therefore rationalizes the observed fast
reaction of bis(silyl)silylene 3. These results contrast with the
generally assumed connectivity of a low HOMO-LUMO gap
and the activation of dihydrogen for acyclic silylenes. Thus,
this correlation presumably does not account for acyclic
bis(silyl)silylenes. Additionally, this observation represents the
first example of dihydrogen activation by a bis(silyl)silylene
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and the fastest reaction of a low-coordinate silicon compound
toward H, to date.

DLPNO-CCSD(T)/cc-pVQZ single-point calculations
based on the PBEh-3c optimized structures of 3 revealed the
singlet state of 3 located 4.6 kcal/mol lower in energy than the
triplet, thus supporting the assumed reactivity toward H,.”*

Besides dihydrogen, the activation of ammonia via oxidative
addition is still a challenging target even for transition-metal
complexes.”” However, the rapid growth of main group
chemistry in recent decades has revealed various reactive
compounds capable of activating ammonia under mild
conditions.”* Among them are only a few silicon compounds,
all of which bear low-coordinate centers, represented by their
most prominent examples, silylenes“’l\ and disilenes.”® On the
basis of the results so far, we envisaged the reaction of 3/3’
with ammonia as a promising target. Indeed, a facile reaction
was observed even at —80 °C by treating an n-hexane solution
of 3/3" with an equimolar amount of NH; (0.4 M solution in
1,4-dioxane). The successful hydroamination reaction was
clearly evident by the immediate color change from blood red
to pale yellow. Multinuclear and 2D NMR spectroscopy
identified the major product formed as aminosilane 6, the
addition product derived from tetrasilyldisilene 3’. The
reaction is completely regiospecific, with the preferred
regioisomer bearing the amino group attached to the silicon
nucleus with the two TMS groups, presumably for steric
reasons. A similar observation was reported by Scheschkewitz
and colleagues.m' The Si—NH, atom resonates at 6 = —35.7
ppm in the *’Si NMR spectrum, which agrees well with those
observed for similar compounds (8 = —14.7 to —48.6 ppm)*°
and the theoretically calculated value (6 = —36.8 ppm). The
Si—H nucleus exhibits a high-field shift in the **Si NMR
spectrum at § = —119.9 ppm compared to the reported ones (&
—57.1 to —72.4 ppm) but is in good accordance with the
calculated shift (5 = —116.6 ppm). Performing the reaction at
elevated temperatures leads to less-selective product formation,
presumably also affording the respective regioisomer and the
adduct of bis(silyl)silylene 3. Besides proving the existence of
tetrasilyldisilene 3’, these results further strengthen the
assumption of an equilibrium between silylene 3 and disilene
3’. Further calculations to obtain a conclusive mechanistic
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picture concerning ammonia activation are under current
investigation.

In addition, very fast reactions of 3/3" with small molecules
0,, CO,, and P, were observed, but in all cases, nonselective
reactions occurred, leading to product mixtures. However,
these observations underline the high reactivity of the
equilibrium mixture containing bis(silyl)silylene 3 and
tetrasilyldisilene 3".

As previously investigated theoretically for ((H;Si)H,Si)-
(H)Si: and (H,Si)HSi=SiH,,'”" further verification of the
experimentally observed equilibrium was provided by DFT
calculations (Figure 3). Accordingly, disilene 3’ represents the
most stable isomer, with an effective barrier of 15.2 kcal/mol
for the TMS group migration affording bis(silyl)silylene 3.
Interestingly, another regioisomeric bis(silyl)silylene (TMS)-
((TMS),('Bu,Si)Si)Si: 3" is accessible via a second 1,2-silyl
shift with its formation connected to an effective barrier of 19.6
keal/mol. Thus, the isomerization reactions between bis(silyl)-
silylenes 3/3" and disilene 3’ via TMS group migrations
represent an equilibrium, with disilene 3’ as the kinetic
product. The decomposition of disilene 3'/silylene 3 proceeds
via C—H activation, connected to a substantially higher barrier
of 26.2 kcal/mol, affording thermodynamic product 4 in an
irreversible reaction.

Lewis Base-Stabilized Bis(silyl)silylenes. To gain deeper
insight into the disilene—silylene interconversion, we attemp-
ted to trap 3 and/or 3’ with additional Lewis bases such as
phosphines and NHCs. However, treating the equilibrium
mixture of 3/3" with PMe; and NHCs with varying steric
demand did not furnish a clean donor—acceptor product. The
resulting mixtures of products contained several donor-
stabilized species, presumably including both bis(silyl)silylene
and disilene adducts. Instead, the reductive debromination of 2
with KCg in the presence of 1,3-diisopropyl-4,5-dimethyl-
imidazolin-2-ylidene (I'Pr,Me,) selectively furnished NHC-
stabilized bis(silyl)silylene 13 in excellent yield (Scheme 4).
Interestingly, the formation of initially targeted bis(silyl)-
silylene NHC adduct 15 (Scheme 5) was not observed, but
two consecutive 1,2-silyl migrations from silylene 3 through
disilene 3’ to silylene 3"’ occurred and finally NHC-stabilized
regioisomeric silylene 13 was obtained. Presumably, 13 is
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Scheme 4. Synthesis and Interconversion of Novel Donor-
Stabilized Bis(silyl)silylenes
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formed as the preferred product as a result of less steric
congestion between I'Pr,Me, and silylene 3"’ compared to
silylene 3. The divalent silicon nucleus of 13 exhibits a
downfield-shifted resonance in the *°Si NMR spectrum (5 =
—104.7 ppm) relative to those observed for reported
bis(silyl)silylenes IV=VI (6 = —110.5 to —136.6 ppm). The
molecular structure of 13 was unambiguously confirmed by
SC-XRD analysis (Figure 4). The I'Pr,Me,-stabilized divalent
silicon center adopts a trigonal pyramidal geometry with the
sum of bond angles amounting to 340.9° (IVb, 344.3%; Va,
302.7°, Vb, 293.4°, Ve, 255.5% and VI, 317.3°). The low
degree of pyramidalization indicates less-pronounced s
character of the lone pair of electrons at the three-coordinate
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Figure 4. Molecular structures of 13 (left) and 14 (right). Ellipsoids
are set at 50% probability. Hydrogen atoms and solvent molecules are
omitted for clarity. Selected bond lengths (A) and angles (°): 13:
Sil1—Si2 2.360(1), Sil—Si3 2.437(1), Sil—C1 1.961(2); C1-Sil1-Si2
99.3(1), C1-Si1—Si3 115.6(1), Si2—Si1—Si3 126.0(1). 14: Sil1—Si2
2.433(1), Sil-Si3 2.420(1), Sil-N1 1.942(2); N1-Sil—Si2
104.5(1), N1-Si1—S8i3 98.1(1), Si2—Sil1—Si3 116.1(1).
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silicon atom. The Cyy;c—Si bond length is 1.961(2) A, which
is in the typical range for Cyyyc—Si bonds'*® but elongated in
comparison to IV=VI (1.933—1.960 A) and thus displaying a
weaker interaction between the NHC I'Pr,Me, and the silylene
moiety in complex 13.

In contrast, the utilization of weaker Lewis base 4-N,N-
dimethylaminopyridine (DMAP) afforded DMAP-coordinated
silylene 14 in 90% yield. In this case, regioisomeric
(hypersilyl) (supersilyl)silylene 3 was trapped as donor—
acceptor complex 14. The less-shielded three-coordinate
silicon atom shows a significant downfield shift in the *Si
NMR spectrum at § = 68.8 ppm. A similar trend was observed
for donor-stabilized ff-diketiminato silylenes (5 = —12.0 to 37.4
ppm)”” reported by Driess et al. However, that case is far less
pronounced because the respective donor-free silylene
resonates only at & = 88.4 ppm.”* The solid-state structure
(Figure 4) revealed a higher degree of pyramidalization around
the divalent silicon nucleus (sum of bond angles: 318.7°) and
therefore illustrates the increased s character of base-stabilized
silylene 14. The Npy,p—Si bond length of 1.942(2) A agrees
well with those observed for previously reported DMAP-
stabilized low-valent silicon complexes (d(y_g) = 1.85-2.01
A).7"* Surprisingly, the treatment of silylene 14 with an
equimolar amount of I'Pr,Me, does not afford corresponding
NHC-stabilized silylene 15 but, selectively again, provides
rearranged silylene NHC adduct 13. This observation for the
Lewis base exchange further indicates the presence of the
silylene—disilene—silylene equilibrium discussed above. In
addition, our results are an extension of the recent findings
regarding the disilene—silylene rearrangement, reported by
Cowley, Holthausen, and colleagues.“

To gain more profound knowledge concerning the
accessibility of all isomers in equilibrium, we investigated the
reactivity of silylene 13 with respect to Lewis base abstraction
and exchange. The reaction of 13 with 1 equiv of Lewis acid
BPh; provided disiletane 4 through NHC abstraction and the
concomitant formation of the NHC—borane adduct I'Pr,Me,-
BPh; (Scheme $). Full conversion, however, was observed only
after a reaction time of 1 week at ambient temperature.
Monitoring the reaction with 'H and »Si NMR spectroscopy
revealed the intermediary formation of tetrasilyldisilene 3'.
Therefore, NHC abstraction initially affords respective donor-
free silylene 3’" being in equilibrium with disilene 3’ and
silylene 3. As already mentioned, the irreversible decom-
position of the equilibrium mixture is kinetically limited but
thermodynamically preferred, thus accounting for the long
reaction times.

Silylene 13 is completely stable as a solid and in solution at
room temperature. However, heating a solution of 13 to 90 °C
results again in a double TMS migration and the formation of
initially targeted NHC-supported silylene 15 (Scheme S) in
58% yield (NMR). Additional DFT calculations revealed that
15 is slightly more stable than 13 with an effective activation
barrier of 30.0 kcal/mol for the interconversion, thus being in
line with the required elevated temperature and prolonged
reaction time for the isomerization. Nevertheless, silylene 15
could not be isolated in its pure form because of incomplete
conversion and concomitant decomposition via the formation
of disiletane 4 and free I'Pr,Me,. Neither prolonged heating (at
different temperatures) nor solvent change to benzene, n-
hexane, or THF affected the outcome of the reaction in favor
of silylene 15, thus further confirming the existence of the
equilibrium. Nonetheless, 15 was unambiguously characterized
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by a combination of multinuclear and 2D NMR studies,
supported by the results obtained from DFT calculations. The
»Si resonance of the three-coordinate Si nucleus is shifted to
higher field (§ = —120.6 ppm) compared to that for donor-
stabilized silylenes 13 and 14 and agrees well with its GIAO-
predicted chemical shift (§ = —127.2 ppm). In particular, the
huge difference from that observed for analogous DMAP-
stabilized silylene 14 emphasizes the stronger interaction
between bis(silyl)silylene 3 and the better o-donor molecule.

Furthermore, an even stronger donor—acceptor interaction
was shown by the successful exchange of I'Pr,Me, with the
stronger o-donating NHC, 1,3,4,5-tetramethylimidazolin-2-
ylidene (IMe,). IMe,-stabilized bis(silyl)silylene 16 was
sufficiently characterized by multinuclear NMR spectroscopy
(Scheme 5). The low-valent silicon nucleus exhibits a signal
observed at § = —117.1 ppm in the *’Si NMR spectrum. The
high-field-shifted resonance compared to that observed for 13
indicates a stronger interaction between NHC and bis(silyl)-
silylene 3. The theoretically determined resonance at & =
—115.2 ppm supports the formation of NHC adduct 16.
However, it was neither possible to remove free I'Pr,Me,, nor
to observe a rearrangement to the corresponding IMe,-
stabilized bis(silyl)silylene adduct of 3 because of an even
more facile decomposition reaction.

Additional DFT calculations also reflect the trend observed
for the o-donor—silylene interactions by **Si NMR spectros-
copy (details in Tables S9 and S11 in the Supporting
Information), and thus the gas-phase Gibbs free bond-
dissociation energy increases from 15.3 kcal/mol (14) to
16.3 keal/mol (15) to 22.0 keal/mol (13) and finally to 27.6
kcal/mol (16). These observations correlate well with the
increasing donor strength of the Lewis base used and also
confirm the inability to access ((TMS);Si)(‘Bu;Si)Si:(IMe,),
the regioisomeric product of 16. In addition to the higher gas-
phase Gibbs free bond-dissociation energy, the reduced steric
demand of IMe, makes 16 more susceptible for subsequent
reactions. This is evidenced by the slow decomposition of 16
in solution. In the case of NHC-stabilized silylene 13,
rearrangement to 15 is still the preferred pathway, although
decomposition and disiletane 4 formation occur during
heating. For DMAP-stabilized silylene 14, the isomerization
equilibrium finally providing 13 appears to be the only
accessible pathway subsequent to Lewis base dissociation.

NHC-Stabilized Silanoic Ester. Even though the oxygen-
ation of 3/3" led only to complicated mixtures with no isolable
products, we investigated the reaction of 13 toward various
oxidizing agents because the last decades have witnessed
significant attention in the synthesis of heavier analogues of
carbonyl compounds. However, in particular, the isolation of
organosilicon compounds bearing a Si=0 moiety is a rather
demanding task because of their extreme reactivity. The origin
of this reactivity lies in the kinetic and thermodynamic
instability of the weak Si=O z-bond attributed to the
unfavorable p,-orbital overlap of silicon and oxygen.”’ In
addition, the Pauling electronegativity difference between
silicon and oxygen (Ay(s-0) = 1.54) is much larger than
that between carbon and oxygen (Ay(c_o) = 0.89).*' Thus, the
zwitterionic, ylide-like Si**—O°" resonance form makes a large
contribution to the nature of the strongly polarized Si=O
double bond.** As a consequence, the $i=0O double bond is
prone to barrierless, rapid head-to-tail ollgomenzatxon
affording oligosiloxanes via Si—O o-bond formation.™ Desplte
this challenge, the Si=0 moiety could be tamed'*"** and a
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series of donor- and donor—acceptor-stabilized”
heavier carbonyl compounds have been reported. Even a few
examples of donor-free, three-coordinate silanones (silicon
analogues of ketones) have been isolated. 37 Nevertheless,
silanoic esters, the heavier congeners of carboxylate esters,
remain rather elusive compounds with scarcely any reported
example species.”

Because we rewntly reported the isolation of a stable silyl-
substituted silanone,” we assumed that 13, with two silyl
groups, was a promising precursor for gaining access to
silanone derivatives. However, the reaction of NHC-stabilized
silylene 13 toward Me;NO, CO,, and O, resulted in either no
reaction or the formation of a complicated mixture of products.
Interestingly, the exposure of an n-hexane solution of 13 to
N,O results in a color change from purple-red to pale red with
the concomitant formation of a white precipitate. After
workup, unique NHC-supported silanoic ester 17 was isolated
in 18% yield (Scheme 6). The exact mechanism of the

Scheme 6. Oxygenation of Silylene 13 Furnishing NHC-
Stabilized Silanoic Ester 17

b= an & "o /LNiY
S LBl N
j -80°C—-30°C,5h o/ 7/
_Si_,.-SifBuy (n-hexane) ™S L
MS.. .8 8% o~ S"~siBu,
™s  ‘TMs
17
13

formation of 17 is unclear but presumably includes the initial
generation of a silanone. Subsequent silyl migration, further
oxidation, and rearrangement might eventually lead to 17. In
2Si NMR, the Si==O silicon nucleus exhibits a resonance at §
—50.8 ppm, which exactly matches the GIAO-DFT value
and agrees with those reported for related species (8 = —49.1
to —=91.5 ppm).** The 'H NMR spectrum provided the most
intriguing spectroscopic feature of 17, an unusual broad
splitting of the NHC wingtip methine protons (AS = 2.68
ppm). The reason for this observation is presumably hydrogen
bonding of one isopropyl C—H proton to the oxygen atom of
the Si=O bond. The solid-state structure of 17 (Figure 5)
revealed a close O--H distance of 2.143 A, being much shorter
than the sum of the van der Waals radii of hydrogen and
oxygen (2.72 A) and thus supporting this assumption.’” The

; cv:
? o ’Pr\‘ N\J§/
-1 .ge N,
— 1.94 0.08 “ipr
ch MesSix. s.\
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/‘-'j: .

—1A34
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Figure 5. Molecular structure of 17 with ellipsoids set at 50%
probability (left) and the results of NBO analysis of 17 (right).
Hydrogen atoms, except for H9 involved in hydrogen bonding
(visualized by the dashed line), are omitted for clarity. Selected bond
lengths (A) and angles (°): Sil—O1 1.641(2), Si2—02 1.556(2),
Si2—01 1.655(3); Si2—Si3 2.415(1), Si2—C1 1.984(3); 02-Si2—-01
115.5(1), 02-8i2-C1 1069(1), O1-8i2—C1 101.2(1), 02-Si2—
Si3 111.7(1), O1-Si2—Si3 107.0(1), C1-Si2—Si3 114.3(1).
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experimentally determined Si=0 bond length of 1.556(2) A is
in the range observed for similar compounds (dg_o = 1.52—
1.59 A) and much shorter than the measured Si—O single
bonds (dg,_o = 1.641(2) and 1.655(3) A).* Interestingly, the
TMS—O0 o-bond is shorter than the Si2—O1 bond and the
Cuinc—Si bond is elongated compared to that observed for the
precursor, silylene NHC adduct 13 (dc_g = 1.961(2) A).

Characteristic Si==0 and Si—O=Si stretching vibrations at
7' = 1069 and 971 cm™’, respectively, were found in the IR
spectrum of 17. NHC-stabilized silanoic ester 17 is not a
particularly stable compound because decomposition to an
unidentified mixture of products was observed in solution at
temperatures higher than —30 °C. Possible multiple bonding
in four-coordinate silanoic esters and related thioesters has
already been investigated in detail by Driess, Apeloig, and co-
workers.”" Nevertheless, our entirely silyl-substituted silanoic
ester is the first example of its kind. Natural bond orbital
(NBO) analysis revealed strong polarization for both central
silicon oxygen bonds (details in the Supporting Information).
The Wiberg bond indices (WBIs) of the Si2—O1 (0.47) and
Si2—02 (0.91) bonds are relatively low, contradictory to the
short Si2—O02 bond observed in the solid state. Natural
resonance theory (NRT) revealed the zwitterionic formulation
as the major resonance structure (Table S15). However, NBO
analysis further features negative hyperconjugation of the lone
pairs of O2 into the ¢* orbitals of Si2—C1 and Si2—O1, thus
rationalizing the observed short S§i2—O2 bond as well as the
elongated O1-Si2 and Si2—C1 bonds (Figure S81). More-
over, both highly polarized Si—O bonds and the reduced
Cyne—Si interaction account for the limited thermal stability
of 17.

B CONCLUSIONS

We used the novel dibromosilane ((TMS);Si)(‘Bu;Si)SiBr,
(2) to gain access to the equilibrium mixture of tetrasilyldi-
silene 3" and the first example of an isolable bis(silyl)silylene 3.
The highly reactive nature of 3/3" was demonstrated by the
facile activation of small molecules under very mild conditions.
In particular, the fastest reactions discovered for a low-valent
silicon compound toward dihydrogen and ammonia via
oxidative addition were observed. These results further
demonstrate the potential of main group compounds as
transition-metal mimics and possible catalysts for the future. In
the course of our study, we further isolated unprecedented
donor-stabilized bis(silyl)silylenes 13 and 14 and revealed
deeper insights into the disilene—silylene rearrangement. In
addition, the first acyclic NHC-stabilized silanoic ester, 17, was
isolated. Currently, the synthesis of bis(silyl)silylene transition-
metal complexes to examine the inherent 6-donor strength and
further studies regarding the ground state multiplicity of 3 are
under active investigation in our laboratories.
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Introduction

Silylenes (R.Si:), the heavier congeners of carbenes (R,C:) have
attracted much attention in modern main group chemistry in
recent years.' The substituents R can either be monodentate, or
cyclic, bidentate ligands, as in the case of the extensively
studied class of N-heterocyclic silylenes (NHSis). In general,
silylenes possess a lone pair of electrons and an empty 3p,
orbital and can therefore display ambiphilic reaction behaviour
both as Lewis bases and Lewis acids. This particular reactivity
profile even enables the facile activation of small molecules.?
Thus, silylenes are considered to be promising candidates for
metal-free catalysis.> In contrast to carbenes, however, the
singlet ground state is energetically favoured for almost all re-
ported silylenes. The two sole exceptions are transient silylenes
bearing two bulky and strongly electropositive supersilyl
(“Bu;Si) substituents, or both supersilyl groups and alkali metal
substituents. However, these species were only generated and
analyzed in situ at temperatures below 15 K.* These reports
already underline the peculiarity of bis(silyl)silylenes. In fact, no
room temperature stable, two-coordinate derivative has been
isolated to date. In all synthetic attempts the extremely reactive
bis(silyl)silylene was not stable and either silyl migration* or
C-H bond activation occurred, even at low temperatures.* Very
recently, we presented a bis(silyl)silylene that undergoes
reversible isomerization to the corresponding tetra(silyl)dis-
ilene.* Although this compound is relatively stable, it eventually
decomposes via insertion of the silylene moiety into a C-H bond
of a substituent. A convenient method to stabilize silylenes is to
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which are even capable of single-site activation of H,. Additionally, a potassium-substituted silicon-
centered radical 2 is isolated from overreduction of (‘BusSi)»SiBr..

control their excessive electrophilicity by coordination of
a Lewis base, as already recognized by Tokitoh and co-workers
in 1997.° In fact, electron donation from N-heterocyclic car-
benes (NHCs) was the only way so far to isolate bis(silyl)sily-
lenes.” Sekiguchi et al. successfully employed this approach and
obtained the NHC-stabilized silylenes I (Fig. 1).* Lately, several
additional examples of acyclic bis(silyl)silylene NHC complexes
were reported by Cowley (II)° and by our group (III and IV).”
Besides those acyclic representatives, the groups of Schesch-
kewitz'® and Lips' synthesized NHC-stabilized silylenes with
the low-coordinate silicon center being embedded in a three-
membered silicon cycle. Although electron-donation of NHCs
to the vacant p-orbital of silylenes is an effective method to
allow isolation of these compounds, it brings the downside of
a significantly reduced reactivity. Accordingly, none of the

Dipp DMAP
Y= W

w-N_ N-gn ~gj
R R Si,
\.1./ A N\' d
; Di
S i
R3Si SiR'y v
RySi R3S R"

.
la 'BuSi  'BusSi Me ,'B“ omap |
Ib  'BuMeSi ‘BuMeSi iPr N

) P s, “oTf
I TMS  H(TMS)m-TenSi ipr N
lla TMS (TMS),(BusSi)Si  Pr Bu
Wb TMS  (TMS),(BusSi)Si Me Vi

IV (TMS);Si ‘BusSi Pr

TMS = Me;Si; DMAP = 4-N,N-dimethylaminopyridine,
m-Ter = 2,6-(2,4,6-Me3-CgH,),-CgH3; Dipp = 2,6-’Pr2-C5H3

Fig. 1 Acyclic NHC-stabilized bis(silylsilylenes -1V and low-coordi-
nate silicon DMAP complexes V and VI.
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examples listed is capable of activating small molecules such as
dihydrogen. Therefore, a weaker donor-acceptor interaction is
necessary to achieve a balance between reactivity and stability of
the respective bis(silyl)silylene compounds. 4-N,N-Dimethyla-
minopyridine (DMAP) is a much weaker Lewis base, compared
to NHCs and was already applied by the groups of Driess'* and
So* to isolate the low-coordinate silicon donor-acceptor
complexes V and VI. Thus, we envisioned DMAP to be a suitable
Lewis base, strong enough to stabilize elusive bis(silyl)silylenes,
yet weak enough to partially maintain their reactivity. Very
recently, we reported the first acyclic bis(silyl)silylene-DMAP
adduct 1a (¢f. Scheme 1).7

Herein, we extend this class of donor-stabilized, highly
reactive bis(silyl)silylenes. Decomposition pathways and reac-
tivity of these novel silylenes are presented and discussed in
detail. Additionally, we report the synthesis and characteriza-
tion of the potassium-substituted silyl radical 2.

Results and discussion
Synthesis of novel DMAP-silylene complexes 1 and radical 2

In an approach analogue to the synthesis of 1a, we obtained the
donor-stabilized bis(silyl)silylene 1b from the reductive debro-
mination of the corresponding dibromosilane with KCg in
presence of DMAP (Scheme 1). Silylene 1b was obtained as red-
brown crystals in excellent yield (92%) and fully characterized.
Neither the formation of any decomposition products, nor of
the disilene (‘Bu,MeSi),Si=Si(Si'‘Bu,Me), '* was observed
during the synthesis. Compared to compound 1a, the *’Si NMR
signal of the silylene Si atom in 1b is slightly upfield-shifted to
61.5 ppm (68.8 ppm in 1a). Single crystal X-ray diffraction (SC-
XRD) analysis revealed a Si:-N"™*" bond length in compound
1b of 1.937(5) A (Fig. 2). This value is essentially identical to that
in 1a (1.942(2) A)* and clearly within the range of previously
reported  low-coordinate  silicon-DMAP  donor-acceptor
complexes (1.84-2.01 A).>*2*15 The high degree of pyramidali-
zation around the silylene center in 1b (sum of bond angles ¢
= 318.1°) results from the stereo-chemically active electron lone
pair and also compares very well to 1a (26 = 318.7°).°
Additionally, the steric hindrance of the silylene center was
increased by introducing bulky hypersilyl groups ((TMS);Si),
resulting in complex 1¢. Compound 1¢, which is the first stable
bis(hypersilyl)silylene species, was identified by the character-
istic >’Si NMR signal of the low-coordinate silicon nucleus (72.5
ppm), similar to the resonances of 1a and 1b.> Remarkably, in

— 2KCq 3.5KCq
= DMAP 78°C ~rt,
\_\ rt,1h Br Br 16h
\. il
RySI“S SRy (THF) ST SR3 (THERoluene)
1a RSi=BuSi, R3Si= (TMS);Si  90% 2%,
1b R;Si = R'3Si = 'BuMeSi 92%
1c RsSi=RSi= (TMS)Si 71% (NMR)
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Fig.2 Molecular structures of silylene 1b (left) and silyl radical 2 (right)
with thermal ellipsoids drawn at the 30% probability level. Hydrogen
atoms are omitted for clarity. Selected bond lengths [A] and angles [°]:
1b: Si1-N1 1.937(5), Si1-Si2 2.390(3), Si1-Si3 2.378(3), Si2-Si1-Si3
123.1(1), Si2-Si1-N196.2(2), Si3-Si1-N198.8(2); 2: Si1-Si2 2.3936(14),
Si1-K1 3.315(2), K1-Si1-Si2 114.91(2), Si2-Si1-Si2* 130.19(3).

this case, the facile TMS-migrations were prevented by the
coordination of DMAP and the silylene could be stabilized
successfully. In sharp contrast, we were not able to isolate the
bis(hypersilyl)silylene moiety with NHCs. This result underlines
the difference in reactivity between NHCs and the weaker Lewis
base DMAP. Unfortunately, the reaction was accompanied by
the by-product formation of hexakis(trimethylsilyl)trisilirane (4)
and Si(TMS),, reflecting the high propensity of hypersilyl groups
towards TMS-group migrations.

Despite several attempts, we were not able to isolate the
DMAP-stabilized bis(supersilyl) silylene (‘Bu;Si),Si: < DMAP
with the same approach used for the syntheses of 1. Even at low
temperatures, the reduction of the corresponding dibromosi-
lane only afforded the decomposition product of the free sily-
lene (disiletane from C-H bond activation).** With an excess of
3.5 equivalents of KCy, however the potassium-substituted silyl
radical 2 was generated, even in the presence of DMAP. The
solid state structure of 2 was unambiguously determined by SC-
XRD analysis (Fig. 2). Silyl radical 2 exhibits a completely planar
geometry (sum of bond angles =6 = 360.0°) which is typical for
alkali metal-substituted silyl radicals.'® The Si-K bond distance
(3.315(2) A) is in the same range as observed in four-coordinate
potassium silanides, such as hypersilyl potassium (3.352(4) A).*
Thus compound 2 is clearly a contact ion pair in the solid state.
Unfortunately, 2 is extremely sensitive and decomposes in
toluene solution. Therefore, no satisfactory spectroscopic data
was obtained. After synthesis in absence of DMAP and

BusSi /Sl‘sﬂa% K" (crown ether)
K crown ether
) i
( I

°Si
BusSi” l\Sr'Bu:, toluene)
2 II< (crown ether)

1
BusSi” “SifBus

Scheme 1 Synthesis of DMAP-stabilized silylenes 1a—c and silyl radical 2.
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stabilization by crown ether (18-C-6) however, we were able to
obtain an EPR spectrum which contains a signal with a g value
of 2.0056 and a hyperfine coupling a(2->Si) = 2.92 mT (see ESI,
Fig. S71). Coupling with the B-*’Si nuclei was not observable.
This g value is in the same range, as it was reported for other
alkali metal-substituted silyl radicals.'*"” Furthermore, no
signal splitting from coupling of the unpaired electron with the
K nucleus was observed. Presumably, in solution, compound 2
in presence of crown ether exists as solvent-separated ion pair.
This observation is consistent with reports of a potassium
substituted silyl radical.*®

Thermally induced isomerization of 1

With the novel silylene complexes 1 in hand, we initially tested
their thermal stability. Silylene 1a isomerizes to the respective
disiletane VII via DMAP dissociation and subsequent C-H bond
activation at elevated temperatures (Scheme 2). The same
product, that was observed for the decomposition of the donor-
free disilene/silylene equilibrium mixture.” Surprisingly, upon
heating compound 1b to 65 °C, the silylene fragment inserts
into the pyridine ring of DMAP, generating azasilepin 3 by
dearomative ring expansion in quantitative yield. Silepin
formation via insertion of a silylene into an aromatic ring
system has previously been reported,' oftentimes either ther-
mally” or photochemically*® induced. After transformation
from 1b to 3 and thus increase of the coordination number, the
*%Si NMR signal of the central silicon atom is strongly upfield-
shifted to —28.1 ppm. This value is comparable to that of
a similar compound, reported by Tokitoh et al from the

/
. ™S TMS
- TMS-Si—Si~TMS
f [/
H:SI—SI\’BU \ 5N \sl/
; s i S
(TMS)3Si BU  By,Mesi” “SiBuMe TMS TMS
il 3
1a 1b 1c
(CeDs) (CeDs) (CgDs)
65°C, 16 h 65°C, 16 h 65°C, 16 h
— DMAP quant — DMAP
a  RsSi = BusSi, R3Si = (TMS),Si
b R3S = R;Si = Bu,MeSi 1ac
€ RsSi=R;Si= (TMS),Si
H, ~ (1bar) TMS-N3
(CeDe) (CaDe) e
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- LI " L
RsSI” SR, RySi7 SR} &
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Scheme 2 Thermally-induced decomposition of silylenes 1 and
synthesis of hydrosilanes 5, siliranes 6 and silaimines 7.
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reaction of a transient, in situ generated bis(aryl)silylene with
DMAP (—20.8 ppm).*' In comparison to 1b, the Si-N bond
distance in 3 is shortened by 10% to 1.750(1) A, indicating
a covalent bonding-type instead of the dative interaction in 1b.
This bond length is identical to that in Tokitoh's azasilepin.*'
Furthermore, the Si center adopts a tetrahedral coordination
sphere within the boat-shaped, seven-membered heterocyclic
ring (¢f Fig. 3). In sharp contrast to the related compounds 1a
and 1b however, the thermal decomposition of silylene 1¢ does
not proceed via C-H, or C-N bond activation, but in fact by silyl
migration. At 65 °C, 1c isomerizes under liberation of DMAP to
the cyclic silane 4, which was already observed from rear-
rangement of ((TMS);Si),Si: in the attempted synthesis of the
free silylene.*?

Small molecule activation by silylenes 1

Single-site activation of the enthalpically strong, apolar dihy-
drogen molecule remains a challenging task for low-coordinate
silicon compounds. So far, this was only achieved by few acyclic,
donor-free silylenes and a masked iminosilyl silylene.”***** In
fact, to date, there are no reports of H, activation by a silylene
base complex.

Although, the thermal decomposition reactions of 1a-c¢
strongly depend on the silyl substituents and proceed via three
different mechanisms, they are all based on the extreme reac-
tivity of the respective free silylene. Furthermore, the calculated
Gibbs free bond-dissociation energy of 1a (15.3 kecal mol '),?
which is lower than for the analogous, NHC-coordinated
(hypersilyl)(supersilyl)silylene IV* (16.3 keal mol ')* also
suggests a higher reactivity of the DMAP-silylene complexes,
compared to the NHC-stabilized bis(silyl)silylenes. Therefore,
we conceived compounds 1a-c to be easily accessible synthetic
equivalents for these unstable, elusive, donor-free bis(silyl)
silylenes and conducted a reactivity study towards activation of
small molecules. Indeed, all three DMAP-silylenes underwent
dihydrogen addition reactions upon heating to 65 °C,
furnishing the reported corresponding dihydrosilanes 5a-c¢ in

=53 /

y

Fig. 3 Molecular structures of azasilepin 3 (left) and silaimine 7a (right)
with thermal ellipsoids drawn at the 30% probability level. Hydrogen
atoms are omitted for clarity. Selected bond lengths [A] and angles [°]:
3: Si1-N1 1.750(1), Si1-C19 1.878(1), Si1-Si2 2.4144(6), Si2-Si1-Si3
113.74(2), Si2-Si1-N1 109.08(4), N1-Si1-C19 104.71(5); 7a: Si1-Si2
2.453(1), Si1-N1 1.928(2), Si1-N3 1.616(2), N3-Si7 1.660(2), Si2-Si1-
Si3 125.08(3), N1-Si1-N3 106.08(8), Si1-N3-Si7 177.1(1).
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quantitative yields. (Scheme 2).*** Remarkably, the oxidative
addition of dihydrogen to the DMAP-silylene complexes
proceeds in a selective fashion, without the formation of the
respective decomposition products. Free DMAP was simply
removed from the product by precipitation with one equivalent
of SiBr, and subsequent filtration. Notably, no reaction was
observed upon exposure of NHC-stabilized bis(silyl)silylenes Ia
and Ila to H,, even at elevated temperatures. This result
underlines the inherently high reactivity of bis(silyl)silylene-
DMAP complexes upon thermal dissociation of the stabilizing
donor. Presumably, the H, addition to the silylene fragments of
1 proceeds via a bimolecular reaction similar to that proposed
for the free silylene ("Bu,Si)((TMS),Si)Si:.”

Additional reactivity investigations were carried out with 1a
and 1b due to their easier accessibility, Silirane formation —
another classical silylene reactivity — was observed after treat-
ment of 1a and 1b with ethylene, yielding compounds 6. The
*%Si NMR shift of the central Si-atom in 6b (—174.5 ppm) is
similar to that of the earlier reported 6a (—164.3 ppm).*

Since the isolation of the first silaimine by Wiberg et al in
1985," a number of these heavier imine analogues have been
published. Besides donor free examples,” many silaimines
need additional stabilization by a coordinating Lewis base, such
as NHCs.” Interestingly, reaction of 1a and 1bwith trimethylsilyl
azide furnishes the DMAP-coordinated silaimines 7 under
liberation of gaseous N,. The *’Si NMR signals of the central Si
atoms in 7a and 7b were observed at —25.9 ppm and
—25.5 ppm, respectively. Compared to a silaimine-pyridine
adduet (3°'Si = —12.6 ppm),>* these resonances are slightly
upfield-shifted, presumably due to the electropositive silyl
groups. In the solid state, compound 7a displays a tetrahedral
coordination sphere around the silicon center. Silaimine 7a
contains three unique Si-N bonds, distinguishable by their
characteristic lengths: a short Si=N bond (1.616(2) A), a signif-
icantly longer Si7-N3 single bond to the TMS group (1.660(2) A)
and an even further elongated, dative Si-N"™*" band (1.928(2)
A]. The central Si=N distance is slightly longer, than in the
donor-free silaimines, from the groups of Wiberg and Kira
(1.57-1.59 AP*** and essentially identical to Klingebiel's
silaimine-pyridine adduct (1.611(2) A).>" Interestingly, the
geometry of the imino group is almost linear (# = 177.1(1)°). A
similar observation was reported by Kira et al. and attributed to
the electronic properties of the TMS group.”® Notably,
compound 7a slowly decomposes in solution under liberation
of DMAP and probably formation of the donor-free silaimine,
which decomposes further to a mixture of unidentified species.
Complex 7b instead is stable in solution.

Conclusions

In summary, we utilized our recently published method to
synthesize two novel DMAP-stabilized silylenes 1b and 1c.
Compound 1c is the first stable bis(hypersilyl)silylene complex,
which could be synthesized so far, Surprisingly, silyl radical 2
was obtained in a related fashion from the over-reduction of the
corresponding dibromosilane. The silylene complexes la-c
turned out to undergo facile oxidative addition with dihydrogen

This journal is ©® The Royal Society of Chemistry 2020
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and ethylene at relatively mild conditions. This remarkable
reactivity originates from the respective free silylenes, which are
generated /n situ from dissociation of complexes 1. Stabilization
of transient bis(silyl)silylenes with DMAP is the only method so
far to isolate these species and reactivate their extreme reactivity
upon dissociation. Therefore, complexes 1 can be considered
casily accessible, stable synthetic equivalents of otherwise
elusive bis(silyl)silylenes. Additionally, the unprecedented,
DMAP-coordinated silaimines 7 were isolated from the reac-
tions of the silylene complexes with trimethylsilyl azide.
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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 ‘Bu2MeSi groups on the other hand,
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simplified removal of the byproduct via sublimation. Interestingly, 2b shows (E/Z)-
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ABSTRACT: Iminodisilenes have shown intriguing reactivity, especially in the activation of small molecules such as Hz. Herein we
greatly enhanced their versatility by variation of the kinetically stabilizing silyl groups and thereby creating highly stable compounds
1 and 2 with indefinite lifetimes in solution. Disilene 2, which shows temperature-dependent (E/Z)-isomerization was thoroughly
investigated experimentally. The reaction products with Hz, oxygenation- and bromination reagents were isolated and analyzed.
Additionally, 2 was converted to the corresponding radical cation 8. Furthermore, a novel silaphosphide structure 9, based on the
tetrahedral P4 cage was synthesized and conclusions on iminodisilene reactivity, compared to tetraaryl and tetrasilyl disilenes, are

drawn,

INTRODUCTION

Without a doubt, the isolation of Mes2Si=SiMesz (1), the first dis-
ilene by West et al. in 1981 was one of the biggest milestones
in modern main group chemistry (Chart 1).! With that, the long
existing so called “double bond rule”Z was finally disproven and
a large field of research in low-valent silicon chemistry was
opened up. To date, a plethora of these heavier alkene ana-
logues have been reported.>? In strong contrast to alkenes, dis-
ilenes can adopt trans-bent geometries due to their electronic
structures. Since the silylene fragments are in a singlet ground
state, they have to rotate in relation to each other, in order to
form bonding interactions between the doubly-occupied s-type
orbitals and the vacant p-orbitals. This results in a trans-bent
angle © between the SiRz planes and the Si=Si axis. Further-
more, a twist of the two SiRz planes can occur, described by the
twistangle T, thereby allowing a large range of possible disilene
structures (for definition of ® and T, see Chart 1).5 This struc-
tural flexibility is an intriguing feature of disilenes and allows
for design of their geometry.

In the majority of reported disilenes, the highly reactive Si=Si
double bond is kinetically stabilized by sterically demanding
substituents, such as aryl or silyl groups. The choice of these
substituents has a profound impact on the structural configu-
ration (cf. Chart 1). Bulky silyl groups, for example lead to the
planar disilenes I1'® and III'!. With increased steric demand of
the silyl group, however, the twisted character becomes more
pronounced, thus minimizing the steric repulsion between the
substituents. On the other hand, an increasing number of m-do-
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nating substituents like nitrogen induces stronger trans-bend-
ing in disilenes. Since no example with four N-substituents is
known, Kira, Miiller and Apeloig demonstrated this effect by
calculating the structure of (‘PrzN)2Si=Si(NiPrz2)z (IV), which
features a large trans-bent angle of 42.6°.12 Nevertheless, a
number of N-substituted disilenes are structurally character-
ized. Compound V, which is in equilibrium with its monomeric
N-heterocyclic silylene (NHSi), also displays a strongly twisted
and trans-bent geometry around the Si=Si double bond.!? Fur-
ther examples comprise N(TMS)z containing structures,415
like the one deriving from Jutzi's silyliumylidene ion.1¢ Besides
that, Sekiguchi and co-workers presented diaza-disilabenzene
derivatives, generated from the reaction of their famous dis-
ilyne with silanitriles, bearing an iminodisilene moiety.!7-19 Re-
cently, our group employed the convenient approach from
Rivard et al. of introducing N-heterocyclic imines (NHIs) to sil-
icon centers,'? and prepared the first acycliciminodisilene V1,20
This compound has already shown interesting reactivity, how-
ever, its potential is strictly limited by its thermal instability, as
well as the low isolable yield, resulting from the difficult re-
moval of the byproduct (TMS)sSiBr.20-21 Therefore, we aimed at
synthesizing iminodisilenes with increased stability, combin-
ing bulky silyl groups and strong m-donating NHI ligands.
Herein, we extend this class of disilenes by two novel com-
pounds 1 and 2. Their surprisingly different structures are in-
vestigated and discussed in detail. Furthermore, an in-depth
reactivity study of the highly stable and easily accessible 2 is
presented. The focus lies not only on understanding of the
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Chart 1. Selected Examples of Disilenes I-VI with Key Structural Features

R R
Si=8i
R R
R = Mes PrySI ‘Bu,MeSi
# 22 1o 118
d(si=Si) [A] 21602 2251(1) 2.2598(18)
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*structure calculated

(\N\R RN
Si=—=S§;j 'Bu ‘Bu
BN B Ssi=hR (/\N' \N’\>
Sl=NR RN-SK
RN L MR reuN ‘N,&N\ /N)\N

Bu si=s{ Bu
(TMS)si”T Si(TMS),
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42.6 331 38.5

55.5 25.1 231

difference in reactivity between iminodisilenes and other com-
pounds containing Si=Si double bonds, but also on the conver-
sion to elusive compounds. In this regard, we took advantage
of the strong m-donating ability of the NHI ligand to stabilize the
cationic radical 8. Moreover, we present the activation of white
phosphorus by iminodisilene 2.

RESULTS AND DISCUSSION

Synthesis and properties of novel Iminiodisilenes. Recently,
our group presented the NHI-substituted disilene VI and
thereby introduced a new class of disilenes.2? Iminodisilene VI
undergoes facile activation reactions with hydrogen and am-
monia. In the latter case, a 1,2-addition of NHs to the Si=Si dou-
ble bond can be observed, or VI can react as the formal mono-
meric  silylene  resulting in  the formation  of
(TMSsSi)(I'BuN)SiH(NHz).2t The outcome of this reaction
strongly depends on the warm up rate of the reaction mixture.
Furthermore, the oxidation reactions with CO2, N20 and 02
have been reported. However, further investigations of imino-
disilene VI are limited, because it decomposes at room temper-
ature, especially in solution. Another drawback of VI is the rel-
atively low isolable yield resulting from the difficult separation
process of the byproduct (TMS)sSiBr, that is generated during
the synthesis and hampers the crystallization of V.20

Inspired by these promising initial results, we focused on im-
proving the disilene stability. Although the decomposition
pathway is unclear, it is conceivable that the hypersilyl group
((TMS)sSi) with its well-known tendency toward rearrange-
ment reactions is the reason for the low stability of VI.23-2¢ We
intended to replace the hypersilyl group by a supersilyl group
(‘BusSi), comparable in regard to the steric demand and o-do-
nating ability, with the additional benefit of being significantly
more inert because of the alkyl groups. The synthesis was con-
ducted in the same fashion as for VI, with supersilyl so-
dium(‘BusSiNa-2THF) instead of (TMS)3SiK (Scheme 1). Imme-
diately upon addition of the silanide solution, the reaction mix-
ture turned dark green. Iminodisilene 1 was separated from
the byproducts NaBr and ‘BusSiBr by filtration and subsequent
crystallization and was obtained as green crystals in a moder-
ate yield of 55%. Interestingly, treatment of I'BuNSiBr3 with su-
persilyl sodium in THF results in the formation of a dark purple
compound instead of 1. Unfortunately, this species is not stable
above -40 °Cand various trapping attempts were unsuccessful.
Apparently, the choice of the solvent seems to be crucial for the
synthesis of 1 and n-hexane turned out to work well. Indeed,
compound 1 is stable in the solid state and in benzene solution
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at ambient temperatures. However, it decomposes at elevated
temperatures (50 °C). Hence, with the aim to obtain an even
more stable iminodisilene, I'BuNSiBr; was treated with
tBuzMeSiNa to generate compound 2. This disilene turned out
to be completely stable in the solid state and dissolved in vari-
ous solvents, even at temperatures up to 90 °C. Because of this
remarkable thermal stability, the bromosilane byproduct
tBuzMeSiBr can easily be removed via sublimation, thus in-
creasing the isolable yield of 2 to 82% of a dark red solid. No-
tably, for the synthesis of 2, the best results were achieved in
THF. The configuration of 1 and 2 in the solid state was deter-
mined by single crystal X-ray diffraction (SC-XRD) analysis to
be 1-(E) and 2-(Z) (Figure 1).

Scheme 1. Synthesis of Iminodisilenes 1 and 2

2'Bu;SINa-2THF  j'gyN SifBuy
/Sizsi
(n-hexane) Bu,Si NI'Bu
rt,1h
55% 8
I'BuNSiBr; — I'BuN_ NiBu
Si=Si
' ./ gt
‘Bu,MeSi Si'Bu;Me
242
2 'Bu,MeSiNa
b
(THF)
rt,1h
2 IBuN  SiBuMe
Si=Si,
‘Bu;MeSi NI'Bu
246) =

In the 29Si NMR spectra, the central silicon atoms of 1 and 2-(Z)
resonate at 72.5 ppm and 67.4 ppm, respectively. These low-
field shifts are typical for disilenes (50 ppm - 157 ppm)5# and
the values compare well to that of iminodisilene VI
(72.0 ppm)?2° and tetraaryl disilene I (63.6 ppm).! Neither for
disilene 1, nor for 2, any signals of the monomeric silylene unit
were observed. Interestingly, the multinuclear NMR spectra of
compound 2 contain a second set of signals (29Si NMR
8§=71.4 ppm, for the low-coordinate Si center, Figure S8)
which clearly indicates the presence of the isomeric disilene
2-(E). Variable temperature NMR studies of 2 revealed a tem-
perature-dependent equilibrium between the (E/Z)-isomers in
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Figure 1. Molecular structures of iminodisilenes 1 (left) and
2-(Z) (right) with thermal ellipsoids drawn at the 50% proba-
bility level. Hydrogen atoms are omitted for clarity, ‘Bu- and
Me-groups are simplified as wireframes. Selected bond lengths
[A] and angles [°]: 1 8i1-8i1 2.2534(7), Si1-Si2 2.4142(6), Sil-
N1 1.682(1), N1-C1 1.285(2), N1-Si1-Si1 122.97(5), Si2-Si1-
Si1 124.52(3), $i2-Si1-N1 110.56(4) 2-(Z) Si1-Si2 2.2844(7),
Si1-Si3 2.3922(7), Si2-Si4 2.4001(7), Sil-N1 1.683(1), Si2-N4.
1.680(1), N1-C1 1.283(2), N4-C21 1.278(2), Si3-Sil-N1
104.35(5), Si4-Si2-N4 103.84(5), Si2-Si1-Si3 121.28(2), Si2-
Si1-N1119.25(5).

solution, ranging from 18% of 2-(E) at 25 °C to 24% of 2-(E) at
80 °C (Figure S12). Whereas the steric repulsion between the
extremely bulky supersilyl groups in 1 forces the molecule to
solely adopt (E)-configuration, the smaller tBuzMeSi groups in
2 allow for (E/Z)-isomerization. Besides the conformation,
crystal structure analysis shows further geometric differences
between compounds 1 and 2-(Z) (Figure 1). Despite several at-
tempts, no crystal structure of sufficient quality was obtained
for 2-(E). Nonetheless, the measured structure (Figure 513)
clearly proves the existence of the (E) isomer of 2. Key struc-
tural features of iminodisilenes 1 and 2 are presented in Table
1. Disilene 2-(Z) displays a highly trans-bent (©.=36.3°
02 = 34.7°) and slightly twisted structure (t = 25.5°), very sim-
ilar to that of VI (01 =37.9°, 02=39.0° 1 = 23.1°) (see Chart 1
for definition of trans-bent and twist angle). Because of the
lower steric demand of the ‘BuzMeSi group, compared to the
hypersilyl group ((TMS)s5i), the Si=Si bond length of 2-(Z)
(2.284 A) is shorter than in VI (2.312 A), indicating a stronger
double bond. In sharp contrast to 2-(Z) and VI, compound 1
features a completely different geometry. It is strongly twisted
(1=40.2°) and shows smaller trans-bent angles (01 =12.8°,
02 = 12.8°) with the substituents arranged in (E)-configuration.
This conformation minimizes the steric repulsion of the sub-
stituents and thus leads to a shortened Si=Sidistance (2.253 A),
compared to 2-(Z).

Table 1. Selected Structural Features and 2°Si NMR
Shifts of Iminodisilenes 1, 2 and VI2¢

twist

i=Si trans-bent isi=
4 d(Si=Si) angle © 8(29Sisi=s1)
] angles 0 [°] [ppm]
1 2.2534(7) 40.2 12.8,12.8 72.5
2-(Z) 2.2844(7) 255 36.3,34.7 67.4
Vi 2.3124(7) 231 37.9,39.0 72.0

Oxidation Reactions. Activation of dihydrogen remains a chal-
lenging task for low-valent silicon compounds. Thus, only few
examples of oxidative Hz addition are reported to date.2025-29
Iminodisilene VI is among these highly reactive species. There-
fore, we conceived, compounds 1 and 2 might also undergo hy-
drogenation reactions. As expected, the deep-red color of an n-
hexane solution of 2 vanished upon exposure to dihydrogen
(1 bar) within 2 hours and the anti-addition product 3 was
formed in high yield (Scheme 2). SC-XRD analysis of hy-
drosilane 3 unambiguously proves the anti-conformation of H1
and H2 (Figure 2). Furthermore, the Si-Si bond is elongated to
2.4102(7) A, which is within the range of Si-Si single bonds.?
Bath, the Si-Si bond length in 3, as well as the 2°Si NMR shifts
of the central Si atoms (-69.1 ppm) are in good agreement with
the values observed for the hydrogenation product of VI
(2.4142(7) A, -62.4 ppm).20 Presumably, this reaction pro-
ceeds via the same concerted addition mechanism, that was
calculated for the Hz activation by compound VI.29 Disilene 1 on
the other hand turned out not to react with dihydrogen. In or-
der to get a better understanding for the correlation of struc-
tural features and the ability to activate dihydrogen, we at-
tempted a similar reaction with highly twisted tetrasi-
lyldisilene IIL:! which however, showed no reaction with H: ei-
ther. Concluding from these observations, a twisted disilene
structure by itself is not enough to activate hydrogen. A trans-
bent geometry of some extent seems also to be necessary.
Therefore, and because of the lower stability and accessibility
of 1, compared to 2, further investigations were based on the
latter. In order to gain further insight into the chemical behav-
ior of 2, we reacted it with Oz, N20, as well as COz and compared
the outcome to the already reported reactivities of disilene
VIL.2! With molecular oxygen, disilene 2 reacts immediately,
even at -130 °C, furnishing exclusively dioxadisiletane 4. The
295i NMR signal of the central Si atoms, thatare now bridged by
two oxygen atoms, is strongly upfield shifted to -47.3 ppm.

Scheme 2. Reaction of Iminodisilene 2 with Hz, Oz, N20 and CO: to the Oxidation Products 3,4 and 5

5t
L
1'BUN NI'Bu H N,O L,
si-si’ —_ — eSS
A (toluene) (n-pentane) BuMeS] %SiBu.Me
BuMeSi" j H SiBuMe rt,2h 78°C, 20 min 2 e D
3 0% VBuN_ NI 7% (MR A
I =S a
BuMeSi©  SiBuMe
L U
IEluN_"s o, Mreu o2 2 o, .
i Si — L .
e +
! o il (n-pentane) (toluene)
Bu;MeSi Si'Bu,Me p
: 2 -130 °C, 10 min .78 °C, 10 min other products

4 83%
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Figure 2. Molecular structures of hydrosilane 3 (left) and sila-
none dimer 4 (right). Thermal ellipsoids are drawn at the 50%
probability level and hydrogen atoms omitted for clarity (ex-
cept H1 and H2 in 3). tBu- and Me-groups are simplified as
wireframes. Selected bond lengths [A] and angles [°]: 3 Si1-Si2
2.4184(6), Sil-H1 1.43(1), Si1-Si3 2.4085(6), Si1-N1 1.682(1),
Si2-H2 1.42(2), H1-Si1-Si3 101.1(6), N1-Sil-H1 113.9(6),
N1-Si1-Si2 111.91(4), Si2-Si1-Si3 120.40(2) 4 Si1-01
1.686(1), Si1-02 1.695(1), Si1-Si3 2.3897(6), Si1-N1 1.641(1),
N1-C11.274(2),Si2-011.698(1), Si2-02 1.691(1), Si3-Si1-01
119.63(4), Si3-Si1-02 114.96(4), Si3-Si1-N1 106.06(5), Si1-
01-Si291.77(5).

In the solid state, compound 4 displays cis-conformation of the
substituents which are arranged perpendicular to the central
Si202-plane (Figure 2). Again, this result is perfectly in line with
the reaction of VI and other disilenes with 0272131 For the re-
actions with N20 and CO, disilene 2 shows a different reactiv-
ity, compared to VI. Treatment of iminodisilene 2 with one at-
mosphere of N20 at room temperature leads to decomposition
to unidentified products. The same reaction conducted at
-80 °C, however, furnishes an initial mixture of the two prod-
ucts 4 (25%) and 5-c (75%), which were identified by compar-
ison of multinuclear and 2D NMR spectroscopic data with the
oxidation products of VI.2! In contrast to VI, the corresponding
disilaoxirane 5-c does not isomerize at room temperature.
Nonetheless, it can be selectively transformed into the trans-
isomer 5-t, by heating to 70 °C overnight. At ambient temper-
atures, 2 decomposes upon exposure to CO2. Even at low tem-
peratures (-80 °C), 2 shows no selective reactivity toward CO.
Dioxadisiletane 4 was observed to be the main product, but at
least two additional species occurred. Despite all efforts (vari-
ation of solvents and temperatures), these compounds could
not be isolated, or identified. Presumably, these are cycloaddi-
tion products of COz with the Si=Si double bond akin to that,
observed from the reaction of VI with carbon dioxide.?!

Bromination Reactions. Because of its high stability, disilene 2
is suitable for further exploration of iminodisilene reactivities
that were not possible with compound VI In contrast to the
halogenation of alkenes, there are only few examples for their
heavier congeners. Wiberg and co-workers treated
(‘BusSi)PhSi=SiPh(‘BusSi) with elemental chlorine and bro-
mine and obtained exclusively the corresponding syn-addition
product,®2 which is preferred according to calculations of Kira
et al.?3 Nevertheless, the group of Sekiguchi demonstrated se-
lective anti-halogenation of cyclic disilenes by CCls, PbCl2 and
1,2-dibromoethane.?*35 We now report the 1,2-bromination of
iminodisilene 2 by tetrabromosilane (Scheme 3). Obviously,
iminodisilenes 1 and 2 do not react with bulkier bromosilianes
like ‘BuzMeSiBr or ‘BusSiBr, since these are byproducts of the
respective syntheses. Nonetheless, addition of SiBrs to an n-
hexane solution of disilene 2 leads to rapid decolorization and
concomitant precipitation of compound 6 in excellent yield
(96%).
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Scheme 3. Synthesis of 1,2-Dibromosilane 6 and Bromo-
silane 7

SiBrg
(n-hexane) o Ren Ny oR
rt., 5min IDipp N - N
96%
17 R = 2,6-Pr,-CoHs
I'BuN NI'Bu
si—si’ Dipp-SiB Br
Si—si’ |Dipp-SiBr; I'BuN. _*
T U™ _— i
‘Bu,MeSi" gr B‘, SiBu,Me (toluene)  ‘Bu,MeSi’ Si'Bu,Me
6 r.t., 30 min
54% 7
2KCyq
(THF)
r.t., 10 min

quant.

Multinuclear NMR spectroscopy revealed the exclusive for-
mation of only one of two conceivable diastereomers, resulting
either from syn- or anti-addition to the Si=Si double bond. The
splitting of the 'H and !3C NMR signals for the ‘Bu-groups of 6
suggests an asymmetric product. In the 29Si NMR spectrum, the
central Si atoms are strongly upfield-shifted from 64.4 ppm to
-51.9 ppm, which compares very well to the shifts observed by
Sekiguchi et al. after bromination of a cyclic disilene (8=
-53.2 ppm).** It is important to note, that dibromosilane 6 can
quantitatively be reconverted to iminodisilene 2 by reductive
dehalogenation with 2 equivalents of potassium graphite in
THF. The solid state structure of 6 was determined by SC-XRD
analysis (Figure 3). Surprisingly, the central Si-Si bond is even
further elongated, compared to the hydrogenation product 3,
to 2.479(2) A, but still within the range of Si-Si single bonds.?¢

By
st

. M {
oo ¥ " -
w‘/"‘ . 7~ sa o~ / " \
@ - ab " ‘: L
S
6 /7

Figure 3. Molecular structures of dibromosilane 6 (left) and
bromosilane 7 (right). Thermal ellipsoids are drawn at the 50%
probability level and hydrogen atoms omitted for clarity. ‘Bu-
and Me-groups are simplified as wireframes. Selected bond
lengths [A] and angles [°]: 6 Si1-Sil 2.479(2), Si1-N1 1.658(3),
Si1-Brl 2.340(2), Si1-Si2 2.427(3), Br1-Si1-Si2 99.32(8),
Br1-Si1-N1 111.1(2), Bri1-Si1-Si1 100.14(8) 7 Si1-Brl
2.3555(5), Si1-Si2 2.4663(5), Si1-Si3 2.4637(6), Si1-N1
1.651(1), Br1-Si1-Si2 98.30(2), Br1-Si1-Si3 98.33(2), Bri-
Si1-N1106.53(5), Si2-Si1-Si3 123.75(2).

Presumably for the reason of minimized steric repulsion, the
bulky NHI and silyl substituents are arranged in trans-position.
Assuming, that only the main isomer 2-(Z) has reacted with
SiBrs, selective syn-addition occurred. However, the exact reac-
tion mechanism was not clarified. Recently, Filippou and co-
workers obtained the first NHC-stabilized bromo(silyl)silylene
from reaction of a disilene with an NHC-dibromosilylene ad-
duct.?” Inspired by these results, we performed an analogue re-
action, treating iminodisilene 2 with an equimolar amount of
IDipp-SiBrz (Scheme 3). The reaction proceeded within 30 min
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at ambient temperature, accompanied by decolorization and
formation of colorless precipitate. Instead of an NHC-
coordinated species, however, 1H NMR spectroscopy indicated
free IDipp and the selective formation of a compound with an
NHI to ‘BuzMeSi substituents ratio of 1:2. After precipitation of
the NHC, by exposure of the mixture to COz, as IDipp-COz ad-
duct, the soluble compound 7 was separated via filtration and
isolated in moderate yield (54%). In fact, crystal structure anal-
ysis of 7 revealed a tetrahedral coordination sphere around the
SilV center, bearing two silyl groups, one NHI substituent and
one bromine atom (Figure 3). Compared to the other bromina-
tion product 6, the 29Si NMR signal of the silicon center in 7 is
about 20 ppm down-field shifted to -35.6 ppm. Apparently, a
1,2-silyl migration of one ‘BuzMeSi group and a dissociation of
the Si=Si bond took place. Because of the insolubility of the con-
comitantly formed precipitate, we were not able to conclude
the fate of the missing SiNI‘Bu fragment. Therefore, the for-
mation mechanism of 7 could not be further elucidated.

Conversion to Radical Species. Although a plethora of disile-
nes, both cyclic and acyclic, with various substituents is
known,”-¢ only one example of a stable cationic radical deriving
from one-electron oxidation of disilene II has been reported to
date.?® Since our group has already shown, the potential of the
strongly m-donating NHI substituent for stabilization of elusive,
cationic silicon species,?® we conceived the bis-NHI substituted
disilene 2 to be the perfect precursor for such a radical cation.
The initially recorded cyclic voltammogram of 2 showed an ox-
idation wave, which occurred at lower potentials than required
for the oxidation of II, indicating the accessibility of a cationic
compound (Figure S15). Indeed, treatment of 2 with a trityl re-
agent resulted in the formation of the green, ionic species 8 in
66% yield (Scheme 4).

Scheme 4. One-Electron Oxidation of 2 to Radical Cation
8

[PhaCl[B(4-(SIPrs)-CeFa)l

(toluene) a
rt,1h [B(4~(SiPra)-CgFa)al
66% - ’
2 I'BuN_ L@ :N\ Bu
SiTsi

KCg ‘Bu,MeSi Si'BuzMe

(toluene) 8

r.t., 15 min

Compound 8, which is highly soluble in difluorobenzene and
slightly in toluene was identified by EPR spectroscopy and ele-
mental analysis. The large EPR signal clearly confirms the par-
amagnetic nature of 8 (Figure 4). Signal splitting from coupling
of the unpaired electron with different 14N nuclei indicates a
distribution of spin density over the imino ligands, comparable
to So’s observation from an amidinato-stabilized silyl radical.*®
Upon treatment of radical 8 with KCs, fast color change to deep
red occurred, originating from the formation of iminodisilene
2. This reversibility is in line with the reduction results of
Sekiguchi's tetrasilyldisilene radical cation.?® In order to en-
hance crystallization of 8, the trityl reagent with a TIPS- (/PrsSi)
functionalized borate BArs+ anion was synthesized*! and used
instead of the commercially available B(CsFs)4~. Unfortunately,
despite these efforts, we were not able to obtain a crystal struc-
ture of sufficient quality to discuss all structural features of 8
because of twinning and disorder. Nonetheless, the measured
crystal (Figure S34) reveals (E)-configuration of the substitu-
ents and
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Figure 4. X-band EPR spectrum of cation 8 in toluene
(2 % 103 m) at 286 K.

three-coordinate silicon centers without interaction with sol-
vent molecules or anions. In contrast to II**, twisting of the cen-
tral Si-Si bond is less pronounced.?®

Activation of P4 Since silaphosphines and silaphosphides are
essential starting materials for the synthesis of nanomateri-
als,*2-4? as well as for organophosphines,** it is of great interest
for silicon chemists, to provide access to these molecules.
West's early disilenes turned out to react with white phospho-
rus, furnishing compounds VII, in which the silicon centers are
bridged by two P atoms (Chart 2).45-%¢ To date, these are the
only examples of P4 activation by disilenes.?” Besides that,
three further Ps+ functionalizations by Si(II) species are re-
ported, all based on silylenes, Driess et al, successively treated
P4 with one and two equivalents of an N-heterocyclic silylene
to obtain the mono- and disubstituted P4 moieties VIIla and
VIIIb, respectively.*® Further examples comprise P4 activation
products like the Ps chain-containing IX, based on amidinato si-
lylenes from the group of Roesky*%-5% and compound X from
Rivardst and co-workers. Encouraged by the intriguing reactiv-
ity of iminodisilene 2, especially toward the non-polar dihydro-
gen molecule, we treated 2 with 1 equivalent of P4 (Scheme 5).
This reaction proceeded cleanly and straightforward at room
temperature, furnishing exclusively compound 9.

Chart 2. Activation Products of P4+ by Low-coordinate Si
Compounds

‘P Bu Bu
R APy R N, NTMS)  (TMSEN N
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The 31P NMR spectrum, containing three sets of signals, how-
ever, ruled out the possibility of a structure bridged by two P
atoms, as in West's VIL The unique functionalized Ps structure
of 9 was unambiguously determined by SC-XRD analysis
(Figure 5). Compound 9 displays two silyl centers, bridged by
the three P atoms of the Ps tetrahedron base. In the 3'P NMR
spectrum, the top P atom of the tetrahedron (P2) resonates at
-217.6 ppm and shows coupling with two chemically inequiv-
alent  Si  functionalized P atoms  (Ypp=157.9 Hz,
Yp.p = 129.0 Hz). This signal is strongly downfield-shifted com-
pared to the PPz atoms in Driess’ VIlla (-342.4 ppm,
-348.0 ppm)*¢ and Rivard's X (-316.2 ppm).5! The 295§ NMR
signals of the P-substituted silicon centers in 9 can be observed
at -52.2 ppm as multiplet due to coupling with the 4 P atoms.

Scheme 5. Activation of P+ by Iminodisilene 2

P

/\

Py ‘BuzMeS\\ yA _Si'BuzMe
2 — [ Sissp——pRusi
(toluene) I'BuN NI'Bu
rt, 18h
94%

This shift compares best to P4 activation product by tetraaryl
disilene VIlc (-49.8 ppm).*¢ In order to elucidate whether 2 re-
acts as disilene, or as silylene, the reaction was repeated with
differing amounts of white phosphorus. Addition of either ex-
cess (4 eq.) or 0.5 eq. still resulted in the selective formation of
9. In the latter case, the reaction stopped at 50% conversion.
Upon heating the sample mixtures to 70 °C, full decomposition
occurred. Since no possible silylene reaction products, such as
VIII - X were generated, we assume that the reaction proceeds
via insertion of the P4 cage into the Si=Si double bond of 2.

Sy ,/ P2 il
AN \ X
Q- A y ™
Y
b ™ W

Figure 5. Molecular structure of compound 9 with thermal el-
lipsoids drawn at the 50% probability level. Hydrogen atoms
are omitted for clarity, ‘Bu- and Me-groups are simplified as
wireframes. Selected bond lengths [A] and angles [°]: Si1-P1
2.2785(8), Si1-P3 2.2723(7), P1-P2 2.2937(7), P3-P2
2.2301(8), N1-Si1-Si3 109.32(4), P1-Si1-P3 94.22(2), P1-P2-
P394.95(2), Si1-P1-Si2 106.69(2).

CONCLUSIONS

In summary, we synthesized two new iminodisilenes 1 and 2,
of which especially 2 is easily accessible in good yield and
shows high thermal stability. The structural differences be-
tween 1 and 2 in the solid state as well as the (E/Z)-isomeriza-
tion of 2 in solution were investigated using VT-NMR and SC-
XRD analysis. With highly stable, but nonetheless reactive 2 in
hand, we were able to activate dihydrogen at ambient temper-
ature and investigate oxidation reactions with Oz, N20 and CO2.
Additionally, bromination products 6 and 7 were synthesized
from reactions of 2 with SiBrs and IDipp-SiBrz and fully charac-
terized. Furthermore, radical cation 8, which shows reversible
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redox behavior, was obtained. It is the second example of a dis-
ilene radical cation and underlines again the suitability of the
NHI substituent for stabilizing cationic silicon species. Further-
more, we isolated the unprecedented bissilyl-functionalized P4
cage 9 from the unique reaction of the Si=Si double bond of 2
with white phosphorus.
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ABSTRACT: The thermally induced rearrangement of imino-
disilene (I‘BuN)(‘BuzMeSi)Si=Si(Si‘tBuzMe)(NI‘Bu) produced
the highly polarized disilene 1 of the A2Si=SiB: type. Compound
1 was fully characterized and displays one positively charged
planar and one negatively charged pyramidal Si-center with a
twist angle of 46.9°. Interestingly, formation of 1 proceeds in
an irreversible fashion. In addition, a facile insertion of CO into
the Si=Si double bond of 1 was observed, furnishing silene 2.

Carbon monoxide is a common C1 building block in organic
transformations, for example in the Pauson-Khand reaction.!-
Furthermore, CO is employed as carbon feedstock in the indus-
trial Fischer-Tropsch process together with dihydrogen to pro-
duce liquid hydrocarbons.*> Because the C=0 triple bond in
carbon monoxide is one of the strongest bonds in chemistry®
(dissociation energy CO: 256.1 kcal/mol),” these reactions typ-
ically require transition-metal catalysis. Nevertheless, a num-
ber of CO activations by main group element compounds have
been reported to date. The reaction of CO with diboron hy-
dride® has been known for a long time and various other boron
compounds have been found to activate carbon monoxide as
well.#17 Other main group examples of CO activations comprise
magnesium, !¢ carbenes,!9-2! frustrated Lewis pairs (FLP)22-2+
and phosphinidenes.25-26 Very recently, the groups of Al-
dridge?” and Driess2%-29 observed reactions of their silylenes to-
wards CO and also Sekiguchi?® and Scheschkewitz3!-32 investi-
gated silicon compounds in this regard. Since the synthesis and
characterization of the first disilene by West et al. in 1981,3% a
plethora of these heavier alkene congeners has been reported
to date and their reactivity was studied extensively.?*+° Con-
sidering these efforts, the activation of carbon monoxide by dis-
ilenes has received only little attention so far. The only disilene-
CO addition product is the insoluble compound I (Chart 1), ob-
tained by Sekiguchi, Scheschkewitz and co-workers from a cy-
clic disilene.*! Additionally, insertion reactions of isocyanides
which are isoelectronic with CO into a Si=Si double bond of a
disilene were observed (compounds II)#2 Besides “classical”
disilenes, kinetically stabilized by bulky aryl or silyl substitu-
ents, there are also zwitterionic compounds with a rather da-
tive-type bonding interaction between the low-coordinate sili-
con centers. Usually, these highly polarized molecules need
electron donation from coordinated Lewis bases to stabilize
the positively charged fragment like in the disilene base adduct
III from Holthausen et al. Further examples were isolated from
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the reaction of a disilyne with 4-dimethylamino pyridine
(DMAP)# and from rearrangement of a silanone (IV).** Very
recently, compounds with interactions between the central Si
atoms similar to those in III, however, stabilized by N-hetero-
cyclic carbenes (NHCs) or a DMAP derivative instead of an
amine were published. Herein, we report the thermally in-
duced, irreversible isomerization of an ABSi=SiAB-type imino-
disilene V to a zwitterionic, donor-free AzSi=SiBz-type disilene
1. Additionally, the fascinating nature of 1 is underlined by the
activation of CO at ambient temperature, affording silene 2a.

Chart 1. a) Reaction Products of Disilenes with CO (I)
and Isonitriles (II). b) Selected Examples of Polarized
Disilene Base Adducts (III, IV)
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In our recent work, we presented iminodisilene V (Scheme 1),
which shows remarkable thermal stability. Within a tempera-
ture range up to 90 °C, reversible (E/Z)-isomerization but no
decomposition was observed. Heating of a toluene solution of
V over 100 °C, however, lead to an irreversible rearrangement
of the substituents, furnishing disilene 1 in good yield (75%)
after crystallization. Compound 1 was obtained as purple crys-
tals which are indefinitely stable in various solvents under in-
ert atmosphere. Compared to the starting material V, the
29Si NMR shifts of the central Siatoms in 1 are significantly up-
field shifted from 67.4 ppm (V-(Z)) to 30.4 ppm (=Si N2) and
-176.1 ppm (=Si Siz). These surprising shifts, which are not in
the typical range for disilenes (about 50 ppm - 157 ppm),343¢
indicate a highly polarized bonding situation for the central Si-
Si bond in compound 1, reflected in the zwitterionic Lewis
structure 1’ (cf. Chart 2).
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Scheme 1. Thermally Induced Isomerization of Disilene
V to Compound 1

N,’Bu ‘Bu\N

4 N

1'BuN (N\’KN N&L\/’P
/

& | { I'BuN\ le’BuzMe
Bu JSi=si o —QO . Si=s
Bu,MeSi “siBuMe (tolene) gy SiBu,Me
. 15°C,4d

75%

The positively polarized Si center is stabilized by the two adja-
cent, m-donating imino substituents (1”), whereas the nega-
tively charged Si center bears two bulky trialkylsilyl substitu-
ents. In the 29Si NMR spectrum, the signal for this negatively po-
larized Si atom can be observed at -176.1 ppm, which is in the
region of resonances of trisilyl-substituted silicon anions, such
as hypersilanide ((TMS)3SiK). In fact, the 29Si NMR shifts of 1
are comparable to the polar disilene base adduct III
(6 =43.7 ppm (Si**), -155.6 ppm (Si®))* and to the NHC-
stabilized, zwitterionic disilene IV, reported by our group
(6 =-35.2 ppm (Si®+), -174.6 ppm (Si®)).** In sharp contrast to
these examples, however, disilene 1 is stable without an addi-
tional external donor.

Chart 2. Plausible Lewis Structure Representations of 1.

®
. Y r .
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1 1 "

Although the molecular connectivity of 1 was unambiguously
determined by singe crystal X-ray diffraction (SC-XRD) analy-
sis, specific bonding parameters are difficult to discuss because
of twinning and disorder in the crystal (Figure 1). Upon isom-
erization, the Si=Si bond length seems to be shortened from
2.2844(7) A (V-(2)) to 2.219(4) A in 1. This value is signifi-
cantly smaller than in disilene base adducts III (2.324(2) A)
and IV (2.3297(7) A) and clearly suggests double bond charac-
ter between the central Si atoms. Disilene 1 is highly twisted
(46.9°) and displays different geometries at the two Si centers,
resulting from the asymmetric substitution pattern (for defini-
tion of twist- and trans-bent angle see Table 1). The bisimino
substituted Sil is almost planar (sum of bond angles
26 = 359.2°), whereas the Si2 center adopts a more pyramidal
coordination sphere. This pyramidalization at Si2, reflected
also by the trans-bent angle (0 = 40.3°), indicates the presence

Figure 1. Molecular structures of disilene 1 (left) and silene 2a
(right) with thermal ellipsoids drawn at the 30% probability
level. Hydrogen atoms are omitted for clarity, ‘Bu- and Me-
groups are simplified as wireframes. Selected bond lengths [A]
and angles [°]: 1 Si1-Si2 2.219(4), Si1-N1 1.659(4), Si1-N4
1.604(4), Si2-Si3 2.360(6), Si2-Si4 2.343(5), N1-Si1-N4
113.1(2), Si3-Si2-Si4 138.2(2), Si1-Si2-Si3 106.3(2), Si2-Si1-
N1115.4(2),2a
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Table 1. Selected Structural Features and 2°Si NMR
Shifts of Iminodisilenes I and 1

# O e 55 [ppm]
[A]
V-(Z) 22844(7) 255 363,347 67.4 (i =Si)
8.1 (=SiN 30.4 (=Si N
1 2219(4) 469 ( " ) ( ',f)
403 (=SiSi)  -176.1 (=SiSi)
R
“twist angle © REZSDE?: Strans-bent angle © J‘\Siésll"'R
R R oL

of a stereochemically active lone pair (cf. structures 1’ and 1”
in Chart 2), comparable to compound III. Rearrangement of
substituents in disilenes has already been observed for
tetraaryl-*7 and tetrasilyl-substituted*® examples. In contrast
to our results however, in these cases, only equilibria between
the ABSi=SiAB and A:Si=SiBz forms were observed and dyo-
tropic isomerization mechanisms were concluded.-%¢ With
the unique compound 1 in hand, we set out to explore the reac-
tivity toward carbon monoxide, since this is a rather undevel-
oped field of disilene chemistry. Indeed, 1 readily reacts with
CO, under mild conditions, selectively furnishing the Brook-
type?? silene 2a in quantitative yield (Scheme 2).

Scheme 2. Reaction of Disilenes 1 and VI to Silenes 2

1
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In the tH NMR spectrum of 2a, splitting of the tBu- and Me-sig-
nals of the silyl groups is observable, because of the reduced
symmetry compared to compound 1. The SizSi atom in 2a res-
onates at 10.1 ppm in the 29Si NMR spectrum. Since previously
reported silenes cover a wide range of 29Si NMR shifts
(~78.7 ppm to 144.2 ppm),=° this value is not very characteris-
tic. For comparison, Scheschkewitz et al. presented a cyclic si-
lene VII, wich also has an oxygen substituent adjacent to the
Csp2 center and displays a comparable 2°Si NMR shift of
17.5 ppm.5t In the 13C NMR spectrum of 2a, the Csp2 signal can
be observed at 231.1 ppm, which is within the typical range for
silenes®? and also compares well to VII (213.4 ppm).>! Notably,
both ‘BuzMeSi groups and the three-membered silaoxirane ring
are in-plane with the central Si=C atoms. The NHI substituents
are arranged perpendicular to this plane, thus minimizing ste-
ric repulsion between the ‘Bu-wingtips and the bulky silyl
groups. Presumably, the formation of 2a proceeds via coordi-
nation of carbon monoxide to the positively polarized Si atom
indisilene 1 (see Scheme S1). This kind of donor-acceptor tran-
sition state was also assumed for the formation of II,*? as well
as for the addition of isocyanides to Brook’s silene.52-53 Subse-
quently, a three-membered transition state (bis(sila)ketone) is
formed, that rearranges to silene 2a. In order to examine
whether a strongly polarized disilene structure like in 1 is nec-
essary to activate carbon monoxide in this fashion, we utilized
the previously reported and structurally related (via the
Si=Si(Si‘BuzMe)2 moiety) tetrasilyldisilene
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(tBuzMeSi).Si=Si(Si‘BuzMe)z (VI)5* (Scheme 2) in the same con-
version. In fact, VI turned out to react with carbon monoxide,
however, at a much lower rate than 1. Heating of the reaction
mixture to 80 °C for 5 days is required to achieve full conver-
sion to silene 2b. The slow formation of compound 2b which
also displays a cyclic silene structure, similar to 2a, also indi-
cates the presumed mechanism. Since the polarization in 1
greatly facilitates coordination of the Lewis-basic carbon mon-
oxide, formation of the initial donor-acceptor transition state
should take place significantly easier than with the non-polar
disilene VL

In summary, we isolated and fully characterized an
Az5i=8iB2-type imino-silyl disilene 1 from the thermally in-
duced rearrangement reaction of ABSi=SiAB-type disilene V.
Interestingly, compound 1 features a strongly polarized Si=Si
double bond. Nonetheless, it is stable without coordination of a
Lewis-base donor, because of the -donating effects of the NHI
substituents. In addition, we presented the facile activation of
carbon monoxide by disilene 1, resulting in the formation of the
stable silene 2a.
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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 200136 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!*®® and silyl radicals have

already been successfully applied in organic radical batteries.[

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 L7.157:5°

Scheme 15: Synthesis and structures of iminodisilenes 2a and 2b.
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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 Hz, N2O, CO2 and NHs.[*58:1921 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 I'BUuN-SiBrs 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 BusSiBr. Thus, the disilene
structure was further varied by introducing '‘BuzMeSi 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 (2)-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).

I’BuNﬁ NIBu tBuzMeSi\ SiBupMe
Si=si si=si
Bu,MeSi “SiBu,Me ‘Bu,MeSi “SitBu,Me

T T T T T T T T T T
05 1,0 15 2,0 25 3,0 35 1,0 15 2,0 25 3,0

EWE.\R corrected ! VLI EWE,\R corrected v

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
ABSIi=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=SiB:2 type

iminodisilene (I'BuN)2Si=Si(Si'‘BuzMe)2 (2c) upon heating to 115 °C for four days.
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Scheme 16: Synthesis and structure of iminodisilene 2c.
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2Si 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 ‘Bu-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’.
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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 (‘Bu2MeSi)sE’ [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.l> 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 la
adopts a completely planar geometry, typical for silyl radical with bulky, electropositive
substituents such as silyl groups. Furthermore, the distance of over 8.8 A 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 (‘BusSi)2SiBr2 with 3.5 equivalents KCs, 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 26 = 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.
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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 KCs 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 **N 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 (26 = 353.5°), in
contrast to the tri(silyl)silyl radicals L2 and 1a. This can be attributed to effect of the
electronegative NHI substituent.[?8l 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 3p:z-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 Kkinetic
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 ‘Bu-group at room

temperature, generating disiletane 7.

Scheme 21: Synthesis and reactivity of DMAP silylene complexes 9.
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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 I'iPraMe2, 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 Hz, CO, CO2z 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 Hz, N2O, Oz CO2 and NHs. 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-
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membered cyclic siloxane were obtained from oxidation of 2b with N20O and Oz,
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=SiB: type disilene 2c and the literature-reported,
symmetric disilene (‘BuzMeSi)2Si=Si(Si‘Bu2Me)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.
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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 Hz 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 Hz 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
(‘BuzMeSi)2Si=Si(Si'tBuzMe)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 kdnnen 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 200181 als Meilensteine der modernen Organosiliciumchemie angesehen werden.
Disilene haben interessante Reaktivitatsmuster gegenuber kleinen Molekllen
gezeigt!!38l und Silylradikale wurden bereits erfolgreich in organischen Radikalbatterien
eingesetzt.®] Das Ziel dieser Arbeit war es, diese hochreaktiven Klassen von
niedrigkoordinierten Silicium-Spezies zu erweitern, um ihre Stabilitat zu verbessern

und ihre Reaktivitdten und elektrochemischen Eigenschaften weiter zu untersuchen.

13.1 Disilene

Neben neutralen Siliciumradikalen konnten Disilene auch aufgrund ihres reversiblen
Redoxverhaltens fur organische Radikalbatterien geeignet sein. Eine entsprechende
Reaktivitat wurde bereits fur das Tetra(silyl)disilene L7 nachgewiesen.”5% Von
besonderem Interesse war natirlich auch die Klasse der N-heterocyclischen Imino-
substituierten Disilene, da der erste Vertreter L27 bereits interessante Reaktivitat bei
der Aktivierung kleiner Molekiile 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 I'BUN-SiBrz mit zwei Aquivalenten
Supersilanid) synthetisiert (Abbildung 17). Im Gegensatz zu L27 weist 2a aufgrund der
sterischen Abstol3ung 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
‘BusSiBr eingeschrankt. Daher wurde die Disilenstruktur durch die Einfihrung von
‘Bu2MeSi-Gruppen weiter variiert, was zur Isolierung von 2b fiihrte. Verbindung 2b ist
auch bei erhéhten Temperaturen bis 90 °C stabil. Deshalb kann das Nebenprodukt
leicht durch Sublimation entfernt werden, was die isolierbaren Ausbeute von 2b auf
82% erhoht. Verbindung 2b zeigt in der Kristallstruktur (Z2)-Konfiguration, wohingegen
in Losung ein temperaturabhéngiges Gleichgewicht zwischen (E)- und (2)-Isomeren

beobachtet wurde.
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Iminodisilene
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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 moégliche Batterieanwendungen wurden CV Untersuchungen
durchgefiihrt (Abbildung 18). Leider haben diese Studien gezeigt, dass nur eine
kationische Spezies zuganglich ist und dass eine reversible Reduktion mdglicherweise

nicht funktioniert.
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Abbildung 18: CV Analyse der Disilene 2b und L7.
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Tatsachlich wurde auch keine experimentelle Reduktion von 2b erreicht, was die
Maoglichkeit der Batterieanwendung dieser Iminodisilene vom ABSI=SIAB-Typ
ausschlief3t. Dennoch zeigte die Verbindung 2b interessante Reaktivitat gegentber
kleinen Molekulen und auch ein kationisches Radikal 4 war isolierbar (siehe unten).
Interessanterweise isomerisiert Verbindung 2b zu dem A2Si=SiB2-Typ Iminodisilen
(I'BuN)2Si=Si(Si‘Bu2Me)2 (2c) durch Erhitzen auf 115 °C uber vier Tage.

| Isomerisierung bei erhohter Temperatur |

N,’Bu tBu\N
4 )

I'BuN (

u N/&N N)\N\ BN SiBuMe

&
Bu JL» Si=S;i
r 7 st 115 °C, 4 d guN st
Bu,MeSi Si'Bu,Me ) I'BuN Si'Bu,Me
2b 2c

2.2844(7) 255 36.3, 34.7 67.4 (Si =Si)

8.1 (=Si Ny); 30.4 (=Si Ny);
- AZLIE) e 40.3 (=Si Si;)  -176.1 (=Si Siy)
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| Mogliche Lewis-Strukturen ausgepragter zwitterionischer Charakter

IBUN SiBuMe IBUN + - ItBuN\:r -
si=si -~ Si—SinsiBuMe < PITSlesitBu,Me
I'BuN Si'Bu,Me I'BuN Si'Bu,Me I'BuN SiBu,Me
2c 2c' 2c"

Abbildung 19: Synthese und Struktur von Iminodisilen 2c.

Sowohl 2°Si-NMR Spektroskopie als auch Einkristall Rontgenstrukturanalyse belegten
den zwitterionischen Charakter von 2c, der sich in einem positiv polarisierten N2Si-
Zentrum und einem negativen SizSi-Teil widerspiegelt (Abbildung 19). AufRerdem
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 fir
Batterieanwendungen geeignet zu sein (Abbildung 18). Verbindung L7 wurde durch
reduktive Debromierung des entsprechenden Dibromosilans und Dimerisierung des
intermediar erzeugten Silylens erhalten. Daher wurde ein neuartiges Dibromosilan 6
synthetisiert, das sowohl eine Supersilyl- als auch eine Hypersilylgruppe tragt. Die
Reduktion dieses Dibromsilans fihrte 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 ‘Bu-Gruppe), DFT-Berechnungen
und weitere Reaktivitatsstudien (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).

Disilen / Silylen Gleichgewicht

™S
Siy_..TMS
BuySi” S|

|
TMS
Br\ Br 2 KCq 3 Zersetzung
./
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HOMO-LUMO gap = 4.61 eV

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 Ubergangsmetallfreie organische
Radikalbatteriezellen, basierend auf inren neutralen, schwereren Gruppe 14 Radikalen
(‘BuzMeSi)sE’ [E = Si, Ge, Sn]. Diese Verbindungen schienen aufgrund der geringen
Reduktionspotenziale und ihres hochreversiblen Redoxverhaltens vielversprechende
Kandidaten fir Anodenmaterialien zu sein. Tatsachlich zeigten die experimentellen
Zellen eine bemerkenswerte zyklische Stabilitat (98% Kapazitat 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 héchste Kapazitat
und die schnellste Reaktionsgeschwindigkeit ermoglicht.[?! Basierend auf diesen
vielversprechenden Ergebnissen zielte diese Arbeit darauf ab, die neuartige

Energiespeichertechnologie auf molekularer Ebene zu verbessern. Tatséachlich wurde
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das Siliciumradikal 1a, das noch besser kinetisch stabilisiert ist als L2, Uber 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 la eine vollstandig planare Geometrie, die typisch fir
Silylradikale mit sterisch anspruchsvollen, elektropositiven Substituenten wie
Silylgruppen ist. Dariiber hinaus verspricht der Abstand von iiber 8,8 A zwischen den
Radikalzentren hohe Diffusionsraten bei Batterieprozessen. In Kombination mit der
vollstandigen Reversibilitat der Redoxreaktion konnte das Radikal la daher als
Anodenmaterial in langlebigen organischen Radikalbatterien Anwendung finden und
schnelle Lade-/Entladeraten ermdglichen. Vor allem aber macht die effektive sterische
Abschirmung des Radikalzentrums durch die extrem grof3e Supersilylgruppe die
Verbindung la relativ inert gegentiber Luft und Feuchtigkeit. Diese Eigenschaft kbnnte
den Bau von Batteriezellen erleichtern und somit zu einer weiteren Verbreitung dieser

nachhaltigen Technologie fuhren.
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Ein alternativer synthetischer Ansatz fur funktionalisierte Siliciumradikale kénnte die
Reaktion eines Alkalimetall-substituierten Silylradikals mit einem Elektrophil sein. Aus
der Uberreduktion von (‘BusSi)2SiBr2 mit 3,5 Aquivalenten KCg wurde das Kalium-
substituierte Radikal 8 erhalten (Abbildung 22). Trotz der extremen Empfindlichkeit von
8 gegeniber Luft und Feuchtigkeit, sowie der Tatsache, dass es sich in Toluollésung
zersetzt, konnte eine Kristallstruktur erhalten werden. Verbindung 8 weist eine
vollstandig planare Geometrie auf (Summe der Bindungswinkel 26 = 360.0°), typisch
fur Alkalimetall-substituierte Silylradikale. Dartiber 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,

0Q| R

BL Pr 3.5 KCq |

.

erfolglos.

Summe der
Bindungswinkel
6= 360.0°

Si
4 oIINa
BusSi SiBug Uberreduktion - J
Si2 @&

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 fur ein Disilenradikal-Kation (nach
L7**) und das erste mit Heteroatomsubstituenten. Bemerkenswert ist, dass die
Reduktion von 4 durch KCs wieder die Ausgangsverbindung 2b ergab. Die CV Analyse
zeigte, dass die Oxidation des Iminodisilens 2b bereits bei niedrigeren Potentialen
(etwa 1 V) stattfindet, als fur 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 4N Kernen der Iminogruppe hin. Dieses Ergebnis stellt
die Eignung des NHI-Substituenten zur effektiven Stabilisierung kationischer

Silylzentren heraus.

Neutrale Siliciumradikale mit Imino- und Silylsubstituenten koénnten fir

Batterieanwendungen von gréf3erer Bedeutung sein. Die gezielte Synthese durch Ein-
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Elektronen-Reduktion des entsprechenden Halogensilans lieferte jedoch nicht das
gewlnschte Radikal. Zufalligerweise flhrte 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 fur die Bildung blieb ungeklart. Dennoch ist es ein eindeutiger
Beweis daflr, dass diese Art von heteroatom-substituierten Silylradikalen stabil und
isolierbar sind. Es war sogar moglich, 1b strukturell durch Einkristall-
Rontgenstrukturanalyse zu charakterisieren. Die Verbindung 1b zeigt eine leicht
pyramidalisierte Geometrie (206 = 353.5°), im Gegensatz zu den Tri(silyl)silylradikalen
L2 und 1a. Dies ist auf den elektronegativen NHI-Substituenten zuriickzufiihren.?¢! 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

Wahrend 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 fir die
Ubergangsmetallfreie Katalyse, da inr ambiphiler Charakter eine einfache Aktivierung
kleiner Molekule ermoglicht. In den meisten Fallen ist die Koordination eines
Elektronendonors an das leere 3p:-Orbital von Silylenen notwendig, um ihre
Ubermafige Elektrophilie zu kontrollieren und eine Isolierung als Lewis-Baseaddukte
zu ermoglichen. 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 fiihrten zu Zersetzungsreaktionen, entweder

durch Aktivierung der C—H-Bindung von Substituenten, oder durch Silylmigration.[77-8%

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
mafigeschneiderten Kombination von Supersilyl- und Hypersilysubstituenten. Sie
bieten einerseits eine kinetische Stabilisierung (Supersilylgruppe), ermdglichen 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 '‘Bu-Gruppe und bildet dadurch

Disiletan 7.

Zum besseren Verstandnis der TMS-Gruppenwanderung wurde die Reduktion von
Dibromsilan 6 in Anwesenheit von Lewis-Basen durchgefiihrt. Interessanterweise
wurde mit I'Pr2Me2, ein TMS-substituiertes Silylen, isomer zu 3' erhalten. Mit der
schwacheren Lewis-Base DMAP hingegen konnte das Silylenfragment 3' als Donor-
Akzeptor-Komplex 9a stabilisiert werden (Abbildung 24). Verbindung 9a ist in Losung
bis zu 60 °C stabil. Oberhalb dieser Temperatur zerfallt es zu Disiletan 7 unter
Freisetzung von DMAP. Diese Beobachtung zeigte bereits die Eignung von DMAP flr
die Isolierung von sonst instabilen Bis(silyl)silylenen unter Erhalt ihrer einzigartigen
Reaktivitat. 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
vollig unterschiedlich ab: Bei 65 °C insertiert der Silylenteil von 9b in die aromatische
C—N-Bindung von DMAP und erzeugt Azasilepin 10. Beim Erwarmen 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 Uberreduktion des entsprechenden Dibromsilans filhrte jedoch zum
Bis(supersilyl)-substituierten Siliciumradikal 8 (siehe oben).
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Abbildung 24: Synthese und Reaktivitat der DMAP-Silylen Komplexe 9.
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13.4 Reaktivitat der niedervalenten Siliciumverbindungen

gegeniber kleinen Molekilen

Die Umwandlung von kleinen Molekilen wie H2, CO, CO2 und P4 zu hdherwertigen
Chemikalien wird im industriellen MaRstab meist durch Ubergangsmetallkatalyse
realisiert. Ein vielversprechender Weg, seltene, teure oder toxische Ubergangsmetalle
in diesen Prozessen zu ersetzen, konnte darin bestehen, ihr Verhalten mit
Hauptgruppenelementverbindungen nachzuahmen. Um dieses ehrgeizige Ziel zu
erreichen, sind hochreaktive Hauptgruppenverbindungen erforderlich, die selektiv
diese kleinen Molekile durch oxidative Addition aktivieren. Disilene und Silylene

gehoren 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 gefarbt (Abbildung 25). Die Iminodisilene 2
zeigen ebenfalls intensive Farben und sind daher im Hinblick auf die Aktivierung kleiner

Molekdle vielversprechend.

Abbildung 25: Disilene in Losung oder als Feststoff. Von links: L7, 2a, 2b und 2c.

Iminodisilen L27 zeigte bereits vor dieser Arbeit eine bemerkenswerte Reaktivitat
gegenuber Hz, N20, CO2 und NHs. Fur Disilen 2b wurde ein vergleichbares
Reaktionsverhalten beobachtet. Die Aktivierung von Wasserstoff zum 1,2-
Additionsprodukt wurde selbst bei Raumtemperatur beobachtet (Abbildung 26).
AulRerdem wurden ein Silaepoxid und ein viergliedriges cyclisches Siloxan durch
Oxidation von 2b mit N20O bzw. Oz erhalten. Interessanterweise fuhrte eine Aktivierung
von weil3em Phosphor zum Additionsprodukt 12. In 12 werden die beiden ehemaligen
niedrigkoordinierten Siliciumzentren durch drei P-Atome der Grundflache des Pa-

Tetraeders verbrickt. Zusatzlich wurden die Silene 5 synthetisiert, indem das Disilen
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2C und das bereits literaturbekannte, symmetrische Disilen
(‘BuzMeSi)2Si=Si(SitBuzMe)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 fur 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 Molekule
untersucht. Allerdings wurde lediglich mit Ammoniak das Disilen-1,2-Additionsprodukt

erhalten. Mit Hz und Ethylen wurde jeweils nur die Reaktion des Silylens 3' beobachtet.
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- PN
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i i I —
/ N/ Na N
si” 0" Vs 3]
C12 /ﬁ
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Si=Si | I I/C=Si s2 P
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L7 R=siBuMe 80°C 5d 15b R = Si'Bu,Me 77»
P Reaktionsgeschwindigkeit hdngt stark
Aktivierung von CO von der Disilenstruktur ab

Abbildung 26: Aktivierung kleiner Molekule durch Disilene.

13.4.2 Aktivierung durch Silylene

Silylen 3', das sich im Gleichgewicht mit Disilene 3 befindet, ist das erste isolierbare
Beispiel fur ein Bis(silyl)silylen und zeigte eine entsprechende Reaktivitat. Es insertiert
bereits bei —40 °C in die H-H-Bindung von Wasserstoff, was die bislang schnellste Hz-
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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 Reaktivitat von NHC-stabilisierten
Silylenen stark eingeschrankt. Daher wurde bislang keine Hz-Aktivierung durch einen
NHC-Silylenkomplex beobachtet. Aufgrund der im Vergleich zu NHCs geringeren
Lewis-Basizitdt von DMAP sind die entsprechenden DMAP-Komplexe wesentlich
reaktiver. Tatséachlich konnte nachgewiesen werden, dass die DMAP-Silylenkomplexe
9 nach der Dissoziation des Donors bei erhdhten Temperaturen
Bis(silyl)silylenreaktivitat zeigen (Abbildung 24). Dartberhinaus wurde Siliranbildung
beobachtet und die DMAP-stabilisierten Silaimine 13 wurden aus der Reaktion von 9a
und 9b mit Trimethylsilylazid gewonnen. Von daher konnen diese neuartigen
donorstabilisierten Silylene als leicht zugangliche synthetische Aquivalente fir

ansonsten nicht isolierbare Bis(silyl)silylene angesehen werden.

13.5 Ausblick

Iminodisilen 2b ist stabil in Losung bei Raumtemperatur und daher viel einfacher zu
Handhaben als L27. Trotzdem zeigt es vergleichbar ausgepragte Reaktivitat. In
Kombination mit der hohen isolierbaren Ausbeute ist es daher die perfekte
Testverbindung fiir weitere Reaktivitdtserforschung der Klasse der Iminodisilene.
Aufgrund ihrer Fahigkeit, kleine Molekule zu aktivieren, kénnte Verbindung 2b sogar
moglicherweise als Katalysator eingesetzt werden, z.B. zur Hydroborierung oder
Transferhydrierung geeigneter Substrate. Die Reaktivitdt des isomeren,
zwitterionischen Disilens 2c blieb unerforscht, mit Ausname der beobachteten CO
Addition. Die polarisierte Si=Si-Doppelbindung kénnte ideal fir die einfache
Aktivierung kleiner Molekile sein, mdglicherweise sogar in einem katalytischen
Kontext. Cv Analyse des literaturbekannten Tetra(silyl)disilens
(‘BuzMeSi)2Si=Si(Si'tBuzMe)2  (L7) bestatigte die reversible Reduktion zur
entsprechenden anionische Spezies. Daher sollte eine experimentelle Batteriezelle mit
L7 als Anodenmaterial konstruiert werden, um die Eignung von Disilenen fir

organische Radikalbatterien zu Gberprifen.

Im Hinblick auf Batterieanwendungen wurde ein relativ luftstabiles, tri(silyl)-
substituiertes Siliciumradikal 1a erhalten. Diese Verbesserung des bisher eingesetzten
Silylradikals L2 konnte 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 dafir, dass Siliciumradikale mit elektronegativen Liganden stabil und isolierbar
sein konnen. Es sollte nach einem passenden synthetischen Ansatz fir 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 unzugangliche
Bis(silyl)silylenstrukturen unter Beibehaltung ihrer einzigartigen Reaktivitat zu
isolieren. So kénnten diese DMAP-Silylenkomplexe mdglicherweise Anwendung in
chemischen Synthesen, als Synthone fur neuartige Organosiliciumverbindungen, wie
beispielsweise funktionalisierten Silylradikalen finden (Abbildung 27). Es ware
denkbar, dass diese Verbindungen mehrere Radikalzentren pro Molekul enthalten und

dadurch die Energiedichte einer organischen Radikalbatterie gesteigert werden kann.

/
—N
/ R
\_y R—I R/ KCg |
\ ------- /SI o077 } I\
DMAP  RaSi SiR'3 Bu;Si Si‘Bug
R3Si/S|\S|R3
9

Abbildung 27: Mdgliche Anwendung von DMAP-Silylenen 9 als Edukte fur Siliciumradikale.
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1. Experimental Section

1.1. General Methods and Instrumentation

All reactions and manipulations were carried out under an atmosphere of argon 4.6 (299.996%)
by using standard Schlenk and glovebox techniques. The glassware used was heat dried under
high vacuum prior to use. All solvents were refluxed over sodium/benzophenone, freshly distilled
under argon and deoxygenated prior to use. Deuterated benzene (CsDs) was obtained from
Sigma-Aldrich, dried over Na/K alloy, flask-to-flask condensed, deoxygenated by three freeze-
pump-thaw cycles and stored over 4 A molecular sieves. All NMR samples were prepared under
argon in J. Young PTFE valve NMR tubes. The NMR spectra were recorded on a Bruker DRX400
("H: 400.13 MHz, '*C: 100.62 MHz, 2°Si: 79.49 MHz), or AV500C ('H: 500.36 MHz, '*C: 125.83
MHz, 2°Si: 99.41 MHz) spectrometer at ambient temperature (300 K). The 'H, "*G{'H} and ®Si{'H}
NMR spectroscopic chemical shifts & are reported in ppm relative to tetramethylsilane. 'H and
8C{'H} NMR spectra are calibrated against the residual proton and natural abundance carbon
resonances of the respective deuterated solvent as internal standard: C¢Ds: & ("H) = 7.16 ppm and
0 ("°C) = 128.1 ppm.5'l The following abbreviation is used to describe signal multiplicities: s =
singlet.

EPR spectra were recorded on a Bruker EMX-10/12 X-band (spectrometer frequency: 9.3 GHz)
digital EPR spectrometer. The spectra were recorded with a microwave power of 1.0 mW, 100 kHz
magnetic field modulation of 0.5 G amplitude. Digital field resolution was 2048 points per
spectrum. Spectra processing and simulation were performed with the Bruker WIN-EPR and
SimFonia Software and Easyspin toolbox for Matlab.

Melting points (m.p.) were determined in sealed glass capillaries under inert gas by a Biichi M-
565 melting point apparatus. Unless otherwise stated, all commercially available chemicals were
purchased from abcr or Sigma-Aldrich and used without further purification. The compounds
(‘BuzMeSi)2SiBrz, 58 Bu,MeSiLi,5® (BusSi)SiClzH, !5 (‘Bu:MeSi):Si®@ and 'BusSiNa-2THFS5 were

prepared according to literature procedures.
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1.2. Silyl radical 1
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Figure S1: UV-Vis spectrum of compound 1 (3x10M in n-hexane) at room temperature.
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1.4. (‘BuzMeSi)('BusSi)SiCl (2)

ci
_Si,,
‘Bu,MeSi” | "SiBu,Me
Si'Bu,

2
Si4Ca7HgsCl

535.59 g/mol

—0.20

Figure S2: '"H NMR spectrum of (‘BuzMeSi)2('BusSi)SiCl (2) in CsDs at 300 K.
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Figure S3: '*C{'H} NMR spectrum of (‘BuzMeSi)2(BusSi)SiCl (2) in CsDs at 300 K(*CDCls).
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Figure S4: 22Si{'H} NMR spectrum of (BuzMeSi)z({Bu3Si)SiCI (2) in CsDs at 300 K.
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2. Cyclic Voltammetry (CV)

2.1 General Information

The CV measurements were performed in an Ar-filled glovebox (MBraun, oxygen and water
content < 0.1 ppm). The electrochemical three-electrode glass cell was custom made with a gold
(Alfa Aesar, 99.999% purity) working electrode (WE), a platinum (Advent, 99.99+% purity) counter
electrode (CE), and a lithium (99.9%, foil, Rockwood Lithium, 0.45 mm thickness) reference
electrode (RE). The electrolyte in the main and the CE compartment consisted of THF (Sigma-
Aldrich) and 0.1 M tetrabutylammonium bis(trifluoromethane)sulfonimide (TBATFSI). For the RE
compartment a solution of 0.1 M LiTFSI in THF was used. The cell compartments were separated
by porous glass frits. For the separation of the RE compartment a Vycor 7930 frit (Advanced Glass
& Ceramics, Holden, MA) was used in order to diminish the diffusion between the Li-ion containing
RE electrolyte and the electrolyte in the main compartment. The electrodes of the cell
compartments were connected via fused-in tungsten wires. Before the first CV was recorded, the
high frequency resistance (HFR) of the glass cell setup was measured via Electrochemical
Impedance Spectroscopy (EIS) and used for ohmic drop correction of the measured WE potential.
At the end of the CVs, about 10 mg of ferrocenium hexafluorophosphate (FcPFs, Sigma-Aldrich)
were added to the electrolyte in the main compartment in order to calibrate the potential of the Li
RE versus the Fc/Fc* couple. The CVs were recorded using a Biologic VMP3
potentiostat/galvanostat.
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2.2 CV Diagrams
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Figure S5: Cyclic voltammogram of 1 (blue, measured at a scan rate of 100 mV/s) and Il (black,
measured at a scan rate of 500 mV/s) measured in a three-electrode setup using a lithium metal reference
electrode (0.1 M (n-BusN)TFSI in THF at room temperature).
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Figure S6: Cyclic voltammogram of 1 measured in a three-electrode setup using a lithium metal reference
electrode at scan rate of 100 mV/s (0.1 M (n-BusN)TFSI in THF at room temperature).
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Figure S7: Cyclic voltammogram of 1 measured in a three-electrode setup using a lithium metal reference
electrode at various scan rates (0.1 M (n-BusN)TFSI in THF at room temperature).
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3. X-ray Crystallographic Data

3.1. General Information

The X-ray intensity data of 1 was collected on an X-ray single crystal diffractometer equipped with
a CMOS detector (Bruker Photon-100), a rotating anode (Bruker TXS) with MoKa radiation (A =
0.71073 A) and a Helios mirror optic by using the APEX Ill software package.l® The
measurements were performed on single crystals coated with the perfluorinated ether Fomblin®
Y. The crystal was fixed on the top of a micro sampler, transferred to the diffractometer and frozen
under a stream of cold nitrogen. A matrix scan was used to determine the initial lattice parameters.
Reflections were merged and corrected for Lorenz and polarization effects, scan speed, and
background using SAINT.IS71 Absorption corrections, including odd and even ordered spherical
harmonics were performed using SADABS.IS”! Space group assignments were based upon
systematic absences, E statistics, and successful refinement of the structures. Structures were
solved by direct methods with the aid of successive difference Fourier maps, and were refined
against all data using the APEX Ill software in conjunction with SHELXL-2014(5% and SHELXLE.(S9
All H atoms were placed in calculated positions and refined using a riding model, with methylene
and aromatic C—H distances of 0.99 and 0.95 A, respectively, and Uiso(H) = 1.2-Ueq(C). Full-matrix
least-squares refinements were carried out by minimizing Aw(F,>~F?)7 with SHELXL-97
weighting scheme.[5'% Neutral atom scattering factors for all atoms and anomalous dispersion
corrections for the non-hydrogen atoms were taken from International Tables for
Crystallography.5'"l The images of the crystal structures were generated by Mercury.5'? The
CCDC number CCDC-1899751 (1) contains the supplementary crystallographic data for the
structure. These data can be obtained free of charge from the Cambridge Crystallographic Data
Centre via https://www.ccdc.cam.ac.uk/structures/.
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3.2 Crystal Structure of 1

C14
cis c10

Si3

Figure S8: Molecular structure of 1 with ellipsoids set at 50% probability. Hydrogen atoms are omitted for
clarity. Selected bond lengths [A] and angles [°]:Si1-Si2 2.4533(6), Si1-Si3 2.4480(5), Si1-Si4 2.4834(6),
Si4-Si1-Si3 118.61(2), Si4-Si1-Si2 128.95(2), Si2-Si1-Si3 112.16(2).
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Table S1. Crystal data and structure refinement for compound 1.

Compound # 1
Chemical formula CaoHsoSia
Formula weight 524.21 g/mol
Temperature 115(2) K
Wavelength 0.71073 A
Crystal size 0.143 x 0.152 x 0.531 mm

Crystal habit
Crystal system
Space group
Unit cell dimensions

Volume
4
Density (calculated)
Absorption
coefficient
F(000)
Diffractometer
Radiation source
Theta range for data
collection

Index ranges

Reflections collected
Independent
reflections
Coverage of
independent
reflections
Absorption correction
Max. and min.
transmission
Refinement method
Refinement program
Function minimized
Data / restraints /
parameters
Goodness-of-fit on F2
Alomax

Final R indices

Weighting scheme

Largest diff. peak
and hole
R.M.S. deviation
from mean

clear yellow fragment
monoclinic
P121/n1
a=8.8055(4) A, a = 90°
b=18.8124(9) A, B = 93.457(2)°
¢ =20.7199(10) A, y = 90°
3426(1) A®
4

1.051 g/cm?®

0.190 mm-!

1220
Bruker D8 Venture
TXS rotating anode (Mo)

2.25 10 25.68°

-10<=h<=10, -22<=k<=22, -
25<=I<=25
79214

6508 [R(int) = 0.0276]

100.0%

Multi-Scan
0.7028 and 0.7465

Full-matrix least-squares on F2
SHELXL-2014/7 (Sheldrick, 2014)
z W(F02 - F02)2

6508 /0/330

1.092
0.002
5898 data; I>20(l): R1 = 0.0279,
wR2 = 0.0695
all data: R1 = 0.0321, wR2 = 0.0722
w=1/[0%(Fo?)+(0.0287P)2+1.8551P]
where P=(Fo2+2F:?)/3

0.242 and -0.265 eA?

0.049 eA

S11

129



15. Appendix

4. References

(S1]
(S2]

(S3]
(S4]
(S5]
(Se]
(S7]
(S8]
[S9]

[S10]
[S11]

[S12]

H. E. Gottlieb, V. Kotlyar, A. Nudelman, J. Org. Chem. 1997, 62, 7512-7515.

A. Sekiguchi, T. Fukawa, M. Nakamoto, V. Y. Lee, M. Ichinohe, J. Am. Chem. Soc. 2002,
124, 9865-9869.

D. Pinchuk, J. Mathew, A. Kaushansky, D. Bravo-Zhivotovskii, Y. Apeloig, Angew. Chem.
Int. Ed. 2016, 55, 10258-10262; Angew. Chem. 2016, 128, 10414-10418.

N. Wiberg, W. Niedermayer, H. N6th, J. Knizek, W. Ponikwar, K. Polborn, Z. Naturforsch.
55 b 2000, 389 - 405.

N. Wiberg, K. Amelunxen, H. W. Lerner, H. Schuster, H. Néth, I. Krossing, M. Schmidt-
Amelunxen, T. Seifert, J. Organomet. Chem. 1997, 542, 1-18.

APEX suite of crystallographic software, APEX 3 version 2015.5-2; Bruker AXS Inc.:
Madison, Wisconsin, USA, 2015.

SAINT, Version 7.56a and SADABS Version 2008/1; Bruker AXS Inc.: Madison,
Wisconsin, USA, 2008.

G. M. Sheldrick, SHELXL-2014, University of Gottingen, Géttingen, Germany, 2014.

C. B. Hubschle, G. M. Sheldrick, B. Dittrich, J. Appl. Cryst. 2011, 44, 1281-1284.

G. M. Sheldrick, SHELXL-97, University of Géttingen, Géttingen, Germany, 1998.

A. J. C. Wilson, International Tables for Crystallography, Volume C, Tables 6.1.1.4 (pp.
500-502), 4.2.6.8 (pp. 219-222), and 4.2.4.2 (pp. 193-199), Kluwer Academic Publishers:
Dordrecht, The Netherlands, 1992.

C. F. Macrae, |. J. Bruno, J. A. Chisholm, P. R. Edgington, P. McCabe, E. Pidcock, L.
Rodriguez-Monge, R. Taylor, J. van de Streek, P. A. Wood, J. Appl. Cryst. 2008, 41, 466-
470.

S12

130



15. Appendix

15.2 Supporting Information Chapter 8

Supporting Information

Disilene-Silylene Interconversion: A Synthetically Accessible Acyclic

Bis(silyl)silylene

Dominik Reiter,” Richard Holzner,! Amelie Porzelt,” Philipp J. Altmann, Philipp Frisch, and
Shigeyoshi Inoue”

Table of Contents

L. Experimental SECTION ... ....cooiiiiiiii ettt S2
1.1 General Methods and INStUMENTATION .........covviiiiiiioiceee s s2
1.2 Synthesis of ((TMS)3S1)STH2CT (18).....iiiiiiiiiiiii s S3
1.3 Synthesis of (TMS)aSHBUsSI)STH2 (1) v S5
1.4 Synthesis of ((TMS)3SIBU3SI)SIBI2 (2).v i S7
1.5 Synthesis and reactivity of bis(silyl)silylene 3/tetrasilyldisilene 3*..............c.ocoooiieirinnnn. S9
1.6 Synthesis of diSTIEANE d........occoioviiiiiici e S13
1.7 Synthesis of ((TMS)3SI)('BuzSi)Si(CH2CH2) (5).vvvveviiirieeceee s S18
1.8 [2+1] cycloaddition reactions of 3/3* with (E)-/(Z£)-alkenes.............coooeeeeeieierceeeeeeas S20
1.9 Synthesis of aminOSIIaNe 6............cooooi oo S35
1.10 Synthesis of (TMS)((TMS)2('BusSi)S)Si(I'PraMe2) (13) .o S37
1.11 Synthesis and reactivity of ((TMS)3Si)('BusSi)Si(DMAP) (14) ..o S41
1.12 Synthesis of ((TMS)3Si)(‘BuzSi)Si(I'PraMen) (15) ..o S44
1.13 Synthesis of (TMS)((TMS)2('BuzS1)S1)S1(IMe4) (16).......coooiieeieeeeeeeeeeeeeeeeeens S47
1.14 Synthesis of (TMSO)("'BuzSi)Si=O(I'PraMe2) (17) oo S49

2. X-ray Crystallographic Data..........cooooeie oo e S52

3. DFT Caleulations . ....cooveiieeieeee ittt et et S67

(1 SO T RS S S91

131



15. Appendix

1. Experimental Section

1.1 General Methods and Instrumentation

All manipulations were carried out under exclusion of H0 and O; under an atmosphere of argon
4.6 (299.996%; Westfalen AG) using standard Schlenk techniques or in a LABstar glovebox from
MBraun Inertgas-Svsteme GmbH with H20 and Oz levels below 0.5 ppm. The glassware used was
heat dried under fine vacuum prior to use with Triboflon I grease (mixture of
polytetrafluoroethylene (PTFE) and perfluoropolyether (PFPE)) from Freudenberg & Co. KG as
sealant. All solvents were refluxed over sodium/benzophenone, freshly distilled under argon and
deoxygenated before use. The deuterated solvents benzene (CsDe), THF (THF-ds) and toluene
(toluene-dy) were obtained from Sigma-Aldrich Chemie GmbH, dried over Na/K alloy, flask-to-
flask condensed, deoxygenated by three freeze-pump-thaw cycles and stored over 3 A molecular
sieves in the glovebox. All NMR samples were prepared under argon inJ. Young PTFE valve NMR
tubes. The NMR spectra were recorded on Bruker AV400US (‘H: 400.13 MHz) AV500 (‘H:
500.13 MHz) or AV500C (*H: 500.36 MHz, 1*C: 125.83 MHz, *’Si: 99.41 MHz) spectrometers at
ambient temperature (300 K). Low temperature NMR spectra were recorded on a Bruker DRX400)
('H: 400.13 MHz, *C: 100.62 MHz, *°Si: 79.49 MHz) spectrometer. The 'H, *C {'H} and *Si{'H}
NMR spectroscopic chemical shifts & are reported in ppm relative to tetramethylsilane. '"H and
BC{'H} NMR spectra are calibrated against the residual proton and natural abundance carbon
resonances of the respective deuterated solvent as internal standard (CeDs: 8('H) = 7.16 ppm and
8(*Cy=128.1ppm, THF-ds: &('H)=173ppm and &('*C)=254ppm, toluene-d:
3('"H) =2.09 ppm and &("3C)=20.4 ppm).5" The following abbreviations are used to describe
signal multiplicities: s = singlet, d = doublet, dd = doublet of doublets, dq = doublet of quartets,
t = triplet, sept = septet, m = multiplet, br = broad. Some NMR spectra include resonances for
silicone grease (CsDg: 8('H) = 0.29 ppm, 8('*C) = 1.4 ppm and 8(>’Si) =—-21.8 ppm) derived from
B. Braun Melsungen AG Sterican® cannulas. EPR spectra were recorded on a Jeol jes-Fa200 esr
spectrometer with a spectrometer frequency of 9.267 GHz (X-band). Quantitative elemental
analyses (EA) were carried out using a EURO EA (HEKAtech) instrument equipped with a CHNS
combustion analyzer at the Laboratory for Microanalysis at the TUM Catalysis Research Center.
IR spectra were recorded on a Perkin Elmer FT-IR spectrometer (diamond ATR, Spectrum Two)
in a range of 400—4000 ¢cm™ at room temperature inside an argon-filled glovebox. The intensities
of the IR bands are abbreviated as following: s = strong, m = medium, w = weak. The UV-Vis

spectrum was taken on a Varian, Inc. Cary 50 spectrophotometer with a Schlenk quartz cuvette.
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Melting Points (m.p.) were determined in sealed glass capillaries under inert gas by a Biichi M-565
melting point apparatus. Unless otherwise stated, all commercially available chemicals were
purchased from abcr GmbH, Sigma-Aldrich Chemie GmbH or Tokyo Chemical Industry Co., Ltd.
and used without further purification. Dinitrogen monoxide (N2O) 5.0 (>99.999%), ethylene 3.5
(299.95%) and hydrogen 5.0 (>99.999%) were purchased from Westfalen AG and used as received.
(E)-2-butene and (Z)-2-butene (technical grade, estimated purity between 2.0 (=99%) and 3.5
(>299.5%) with lower isomeric purity) were obtained from GHC Gerling, Holz & Co. Handels
GmbH and degassed by three freeze-pump-thaw cycles to remove ethylene contamination. The
compounds  tris(trimethylsilyl)silyl potassium (KSi(TMS)3)I%,  tri(tert-butyl)silyl ~sodium
(NaSi'Bus(THF),)'S3!  1,3,4,5-tetramethylimidazol-2-ylidene (IMes) and 1,3-diisopropyl-4,5-
dimethylimidazol-2-ylidene (I'Pr.-Me>)!>*! were prepared as described in the corresponding
references. Potassium graphite (KCg) was synthesized following a literature reported procedure
upon heating a 1:8 mixture of potassium and graphite in a thick-walled, PTFE-capped

pressurizeable Schlenk flask to 500 °C until a homogenous bronze powder was obtained.!’
1.2 Synthesis of ((TMS)3Si)SiH2Cl (18)

HOH A solution of dichlorosilane in toluene (38.9 wt%, 7.63 g, 75.5 mmol, 2.5 eq.)
(TMS)3Si/Si\CI was diluted with toluene (200 mL) and cooled to —78 °C. Solvent-free
CQH::CISiS KSi(TMS)3 (8.66 g, 30.2 mmol, 1.0 eq.) in toluene (400 mL) was slowly added
313.21 g/mol over a period of 7 hours. Subsequently, the reaction mixture was stirred for
16 hours and thereby gradually warmed to room temperature. KCI was separated from the mixture
by filtration and the solvent removed in vacuo. The crude product, containing ~3% of the di-
substituted compound bis|tris(trimethylsilyl)silyl]silane (((TMS)3Si)2SiH>)’°l, was purified by
sublimation (90 °C / 5.0 x 10~ mbar) providing 18 as a colorless, waxy solid (8.51 g, 27.2 mmol,
90%).
m.p.: 207-208 °C.
'H NMR (500 MHz, CsDs, 300 K):  [ppm] = 5.21 (s, 2H, SiH), 0.24 (s, 27H, TMS).
BC{'H} NMR (126 MHz, CsDs, 300 K): § [ppm] = 2.1 (ZMS).
BSi{'H} NMR (99 MHz, C¢Ds, 300 K): & [ppm] = -9.1 (IMS), —17.0 (SiH:Cl), —133.2
(Si(TMS)3).
Anal. Caled. [%] for CoH29ClSis: C, 34.51; H, 9.33. Found [%]: C, 33.95; H, 9.34.
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Figure S1. '"H NMR spectrum of ((TMS$);S)SiHzCl (18) in CsDs at 300 K.
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Figure 82, “C{'H} NMR spectrum of ((TMS);Si)SiH2Cl (18) in C¢D at 300 K.
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Figure S3. 2Si{'H} NMR spectrum of ((TMS);Si)SiH>Cl (18) in C¢Ds at 300 K.

1.3 Synthesis of ((TMS)3Si)(‘BusSi)SiH:z (1)

H H A solution of NaSi'Bus(THF) (7.98 g, 21.8 mmol, 1.0 eq.) in THF (45 mL)
(TMS)3Si/Si\Si’Bu3 was slowly added to a solution of 18 (6.82 g, 21.8 mmol, 1.0 eq.) in THF
1 ) (60 mL) at =78 °C. The reaction mixture was warmed to room temperature

470; 1125;/8,:0| and subsequently stirred for one hour. The solvent was removed in vacuo and

the residue extracted with n-pentane (60 mL). NaCl was separated from the mixture by filtration
and the solvent removed under high vacuum, yielding 1 as a colorless solid (10.2 g, 21.3 mmol,
98%). The product was of sufficient purity and used in following reactions without further
purification. Block-shaped crystals, suitable for single-crystal X-ray diffraction (SC-XRD)
analysis, were obtained by storing a saturated n-hexane solution of 1 at —35 ° C overnight.

m.p.: 163-164 °C.

'H NMR (500 MHz, CsDs, 300 K): 5 [ppm] = 3.39 (s, 2H, SiH>), 1.23 (s, 27H, C(CH3)3), 0.36 (s,
27H, TMS).

BC{'H} NMR (126 MHz, CsDs, 300 K): 5 [ppm] = 31.8 (C(CH3)3), 23.8 (C(CH3)3), 2.9 (TMS).
¥Si{'H} NMR (99 MHz, CsDs, 300 K): & [ppm] = 21.2 (Si'Buz), —8.6 (IMS), —114.1 (SiH>),
—132.9 (Si(TMS);).
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Anal. Caled. [%] for C21Hs6Sis: C, 52.86; H, 11.83. Found [%]: C, 52.73; H, 11.89.

] T 2
q 3 g
TH NMR (500 MHz, CgDg, 300 K) !
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Figure S4. 'H NMR spectrum of ((TMS);Si)(‘Bu;S1)SiH: (1) in CqDg at 300 K.
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Figure S5. '*C{'H} NMR spectrum of ((TMS):Si)(‘BusSi)SiH= (1) in CsDs at 300 K.
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295j{'H} NMR (99 MHz, C¢Ds, 300 K)
H H
|/
_Sic
(TMS),Si SiBu, |
1

—21.16
8.63

—-114.10)
132.90|

Figure S6. *’Si{'H} NMR spectrum of ((TMS)3Si)(‘BusSi)SiHa (1) in CsDj at 300 K.

1.4 Synthesis of ((TMS)3Si)(‘BusSi)SiBr2 (2)

Br, Br To a cooled (0 °C) solution of 1 (9.86 g, 20.7 mmol, 1.0 eq.) in n-pentane
(TMS)gSi/Si\Si'Bu:, (100 mL) was added bromine (2.12 mL, 6.61 g, 41.3 mmol, 2.0 eq.) dropwise
2 via a syringe. Subsequently, the reaction mixture was warmed to room
C21H543rzsi6 . N . "
634.98 g/mol temperature and stirred for 15 minutes. All volatiles were removed in vacuo.

Recrystallization of the residue from n-hexane afforded colorless crystals of 2 (11.2 g, 17.7 mmol,
86%). The molecular structure of 2 could not be obtained via X-ray crystallography, since all
suitable crystals revealed highly disordered structures or crystal twinning.

m.p.: 186-187 °C.

'H NMR (500 MHz, CsDs, 300 K): 5 [ppm] = 1.35 (s, 27H, C(CHs)3), 0.45 (s, 27H, TMS).
BC{'H} NMR (126 MHz, CsDs, 300 K): 5 [ppm] = 32.3 (C(CH3)3), 26.1 (C(CH3)3), 4.4 (TMS).
®Si{'H} NMR (99 MHz, CsDs, 300 K): § [ppm] = 27.9 (Si'Bus), 16.3 (SiBr2), —7.2 (IMS), -88.5
(Si(TMS)3).

Anal. Caled. [%] for C21Hs4Br2Sie: C, 39.72; H, 8.57; Br, 25.17. Found [%]: C, 39.55; H, 8.67;
Br, 25.40.
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Figure S7. '"H NMR spectrum of ((TMS);Si)(‘BusSi)SiBr2 (2) in C¢Dg at 300 K.
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Figure S8. "C{'H} NMR spectrum of ((TMS);Si)('BusSi)SiBr2 (2) in CsDg at 300 K.
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Br\ Br
Si.
(TMS)3Si”" ~Si'Buy
2

295i{"H} NMR (99 MHz, CgDg, 300 K)

27.87
—16.33

—-7.20

— -88.53|

Figure S9. >Si{'H} NMR spectrum of ((TMS);Si)('‘Bu;Si)SiBr2 (2) in C¢Dg at 300 K.

1.5 Synthesis and reactivity of bis(silyl)silylene 3/tetrasilyldisilene 3’

(TMS),S1~ >~ sifBu,
3

TMS

T™MS

TMS

|
S.\ o]
\§i// "~siBu,

3

C21 H543I6

475.15 g/mol
cryostat. Subsequently, the solvent was removed in vacuo and the residue extracted with precooled

Precooled THF (35 mL, —78 °C) was added to a
mixture of 2 (3.00 g, 4.72 mmol, 1.0 eq.) and
KCs (1.28 g, 9.45 mmol, 2.0 eq.) at =78 °C. The
reaction mixture was stirred for 16 hours and

thereby gradually warmed to —15°C using a

n-pentane (3 x 15 mL, =78 °C) at =78 °C. Graphite and KBr were separated from the mixture by

filtration. Removal of the solvent in vacuo at —15 °C furnished the equilibrium mixture of

bis(silyl)silylene 3 and tetrasilyldisilene 3’ as a blood red waxy solid (2.15 g, 4.52 mmol, 96%).

3/3’ is stable as a solid and in solution at —35 °C for at least 1 year, however slowly decomposes in

solution at room temperature to disiletane 4 (vide infra). By using variable temperature (VT) NMR

and UV-Vis spectroscopic studies, only tetrasilyldisilene 3’ and disiletane 4 were detected.

Performed EPR spectroscopy, to possibly observe the triplet ground state of bis(silyl)silylene 3,

revealed solely a strong signal around 331 mT (g = 2.0067), corresponding to a typical silyl radical
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of unknown structure. Sekiguchi et al. observed comparable EPR signals in the measurement of in
situ generated triplet silylenes.[7)

"H NMR (400 MHz, toluene-ds, 258 K): & [ppm] = 1.31 (s, 27H, C(CH3)3), 0.59 (s, 9H, TMS),
0.51 (s, 9H, TMS), 0.46 (s, 9H, TMS).

B3C{'H} NMR (101 MHz, toluene-ds, 258 K): & [ppm] = 32.4 (C(CHs)3), 24.3 (C(CHa)s), 5.8
(TMS), 4.1 (TMS), 3.5 (TMS).

PSi{'H} NMR (79 MHz, toluene-ds, 258 K): 5 [ppm] = 161.3 (SiTMSz), 131.3 (S{(TMS)Si'Bus),
31.1 (8i'Bus), —6.3 (IMS), 6.7 (IMS), 7.0 (IMS).

BSi{'H} NMR (99 MHz, CsDs, 300 K): & [ppm] = 161.9 (SiTMS>), 132.4 (Si(TMS)Si'Bus), 31.7
(8i'Bus), —6.8 (IMS), =7.7 (IMS).

Anal. Caled. [%] for C21Hs4Sis: C, 53.08; H, 11.46. Found [%]: C, 52.25; H, 11.54.

UV-Vis (n-hexane, 273 K): Amax [nm] = 352 (theo.: 335; HOMO-1—LUMO), 469 (theo.: 467;
HOMO—LUMO).

—= %
L
- 1
1 | 1A
H NMR (400 MHz, toluene-ds, 258 K)
™S
TMS . _ ~Si_,
~8i7 7' siBuy
™S
3
toluene-dy toluene-dy | | “ |
| J V" \u " 1
ML - S .'{M; —
8 rug
~ =]
.................................. R
.0 9.5 9.0 85 8.0 7.5 7.0 £.5 60 5.5 5.0 4.5 4.0 3.5 30 2.5 2.0 1.5 1.0 05 0.0 0.5 1.0 1.5

Figure S10. 'H NMR spectrum of bis(silyl)silylene 3/tetrasilyldisilene 3" in toluene-ds at 258 K.
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Figure S11. *C{'H} NMR spectrum of bis(silyl)silylene 3/tetrasilyldisilene 3’ in toluene-ds at 258 K.

] ] P
= = 2 ER3
g B A ey
| | Sk

295i{"H} NMR (79 MHz, toluene-dy 258 K)

TS
TMS“‘Si//SI“Si’Bus
™S
"
B s 3
8 LIS
‘ [
|
‘
i
I i
Il J|| A
A

190 180 170 160 150 140 130 120 110 100 90 8D 7D 60 50 40 30 20 10 0 40 20 30

Figure S12. ¥Si{'H} NMR spectrum of bis(silyl)silylene 3/tetrasilyldisilene 3* in toluene-ds at 258 K. Spectrometer

related artefacts are marked with asterisks *.
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| g=2.0067
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Figure S13. EPR spectrum of bis(silyl)silylene 3/tetrasilyldisilene 3° in »-pentane at 258 K measured with a

spectrometer frequency of 9.267 GHz (X-band). The detected signal originates from a silyl radical with unknow

structure.
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352 2

Absorption

T T T T T T T T T T
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Figure S14. UV-Vis spectrum of bis(silyl)silylene 3/tetrasilyldisilene 3* in n-hexane (¢ =3.0 x 10 M). The two
characteristic disilene absorption bands at m.x = 352 and 469 nm are presumably based on the HOMO-1—LUMO

(theo.: 335 nm) and HOMO—LUMO (theo.: 467 nm) transitions.

S12

142



15. Appendix

Reduction of bis(silyl)silylene 3/tetrasilyldisilene 3’

O Utilization of excessive amounts of KCg for the reductive debromination of
0o ((TMS)3S1)(‘BusSi)SiBra (2) led to formation of a mixture of products,

25, : i) . . o - .
CO K\ FiBus presumably also including radical species. Comparable results were obtained
Si

7N
TMS-Si—Si-TMS
T™S TMS  equivalents of KCs. The only product identified so far was the novel cyclic

by reduction of bis(silyl)silylene 3/tetrasilyldisilene 3> with different

L ) potassium silanide 19 by SC-XRD analysis (vide infra). However, selective
CazH7gKO,Sig
759.76 g/mol formation and further characterization was not possible.

Oxidative addition of H: to bis(silyl)silylene 3/tetrasilyldisilene 3’ providing 1

A solution of 3/3” (50 mg, 105 umol) in n-hexane (5 mL) was frozen in liquid nitrogen, degassed
and warmed to —40 °C. Subsequently, the solution was exposed to H> (1 bar) under vigorous
stirring. The observed color change from blood red to colorless within 30 min indicated successful
dihydrogen activation. All volatiles were removed in vacuo and '"H NMR spectroscopy revealed
quantitative conversion of 3/3” to ((TMS)3Si)('‘BuzSi)SiHa (1).

Note: At least within 3 hours, no sign of reaction was observed at —80 °C, however, dihydrogen

activation could still work at temperatures below —40 °C.

1.6 Synthesis of disiletane 4

The 1,3-disilacyclobutane 4 was obtained by two different methods, either

by slow decomposition of bis(silyl)silylene 3/tetrasilyldisilene 3 in
(TMS),3Si—Si—Si—Bu . 3 gas
[ solution (Method A) or by NHC abstraction from the NHC-stabilized

H By
4 bis(silyl)silylene 13 (vide infra) (Method B). The long reaction time for the
C21Hs4Sie formation of 4 originates from the thermal stability of the equilibrium
475.17 g/mol

mixture of 3/3°, which isomerizes to bis(silyl)silylene 3 and subsequently
undergoes a C—H activation finally affording disiletane 4. The even longer reaction time observed
for Method B results from the NHC abstraction and the additional isomerization step from the
corresponding donor-free silylene 3*” of 13 to 3/3’.
Method A:
A solution of 3/3* (150 mg, 316 umol) in n-hexane (5 mL) was stirred for 4 days at room
temperature. The observed color change from blood red to colorless indicated complete conversion.
S13
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Subsequently, the solution was concentrated and stored at —35 °C furnishing 4 as colorless crystals
(112 mg, 236 umol, 75%), which were suitable for SC-XRD analysis. A comparable long reaction
time was observed in benzene, THF or toluene.

Method B:

To a mixture of 13 (100 mg, 153 pmol, 1.0 eq.) and BPhs (36.9 mg, 153 pmol, 1.0 eq.) was added
toluene (3 mL). The reaction mixture was stirred for 7 days, whereby the color of the solution
changed from purple-red to colorless. The solvent was removed in vacuo. Treatment of the residue
with n-hexane resulted in the formation of a colorless precipitate (byproduct carbene-borane adduct
I'Pr-Me>-BPh3!*%)) which was removed by filtration. Cooling the concentrated filtrate to —35 °C for
several days afforded colorless crystals of 4 (53.1 mg, 112 pumol, 73%).

m.p.: 141-142 °C.

"H NMR (500 MHz, CsDs, 300 K): & [ppm] = 4.37 (dd, °J= 7.8 Hz. 3J = 5.9 Hz, 1H. SiH), 1.45
(s, 3H, C(CH3)2), 1.36 (s, 3H, C(CHs)2), 1.33-1.30 (m, 2H, CH>), 1.29 (s, 9H, C(CHs)3), 1.23 (s,
9H, C(CH:)3), 0.34 (s, 27H, TMS).

BC{H} NMR (126 MHz, CsDs, 300 K): & [ppm]| = 37.4 (C(CHs)2), 31.9 (C(CHs)), 31.9
(C(CH3)2), 31.5 (C(CH3)3), 31.0 (C(CH3)3), 29.5 (CH2), 23.6 (C(CHas)3), 22.9 (C(CHs)3), 2.8
(IMS).

PSi{!'H} NMR (99 MHz, CsDs, 300 K): 5 [ppm] = 35.6 (Si'Buz), 9.2 (TMS), -60.4 (SiH), —133.8
(SI(TMS)3).

Anal. Caled. [%] for C21HssSie: C, 53.08; H, 11.46. Found [%]: C, 53.11; H, [ 1.55.
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Figure S15. "H NMR spectrum of disiletane 4 in CsDs at 300 K.
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Figure $16. “C{'H} NMR spectrum of disiletane 4 in CsDj at 300 K.
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Figure $17. 2°Si{'H! NMR spectrum of disiletane 4 in CsDs at 300 K.
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Figure S18. 'H/’Si HMBC NMR spectrum of disiletane 4 in CgDg at 300 K.
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Byproduet NHC-borane adduct I'PrMez-BPhs (Method B):

i
BPhj
I'Pr,Me, BPhg

CagH35BN;
422.42 g/mol

'H NMR (400 MHz, CsDs, 300 K): 5 [ppm] = 7.68 (d, >J= 7.0 Hz, 6H, Co.H), 7.32 (t,°J=7.5 Hz,
6H, Caed), 7.19 (d,*J = 7.3 Hz, 3H, CacH), 5.04 (sept,*J = 7.1 Hz, 2H, NCH(CH3)2), 1.52 (s, 6H,
CCHs), 0.70 (d,J = 7.0 Hz, 12H, NCH(CH;)>).

The spectroscopic data match those previously reported.[5*!
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Figure S$19. "H NMR spectrum of the byproduct NHC-borane adduct I'Pr:Mez BPhs in CsDs at 300 K.
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1.7 Synthesis of ((TMS)3Si)(‘BusSi)Si(CH2CHz) (5)

N7 A solution of 3/3° (150 mg, 316 umol) in #-hexane (5 mL) was frozen in

S
(TMS)5Si SifBug liquid nitrogen, degassed and warmed to —80 °C. Subsequently, the solution

5 . . . .
CpsHesSic was exposed to ethylene (1 bar) under vigorous stirring. The reaction mixture
503.23 g/mol was warmed to ambient temperature, whereby the color changed from blood

red to pale yellow. The solvent was removed in vacuo and the residue recrystallized from a
saturated Et2O solution at =35 °C. Silirane 5 was obtained as colorless crystals (127 mg, 252 mmol,
80%), which were suitable for single-crystal X-ray diffraction analysis.

m.p.: 142-143 °C (gas formation, sticky colorless oil).

'H NMR (500 MHz, CsDs, 300 K): & [ppm] = 1.21 (s, 27H, C(CH3)3), 0.96-0.93 (m, 2H,
CH>CH>), 0.78-0.75 (m, 2H, CH.CH>), 0.37 (s, 27TH, TMS).

BC{IH} NMR (126 MHz, CsDs, 300 K): 3 [ppm] = 32.4 (C(CH:3)3), 24.9 (C(CHa)s), 4.1 (TMS),
1.2 (CHCH>).

YGi{'H} NMR (99 MHz, CeDs, 300 K): 3 [ppm] = 20.2 (5/'Bus), —8.3 (TMS), —113.7 (S{ TMS)3),
—164.3 (SiCH.CHy).

Anal. Caled. [%] for C23HssSis: C, 54.90; H, 11.62. Found [%]: C, 54.73; H, 11.39.

H NMR (500 MHz, CgDg, 300 K)
7
Sy

(TMS);Si Si'Bug
5

Figure $20. '"H NMR spectrum of ((TMS);Si)(’'BusSi)Si(CH>CH2>) (5) in C¢Dg at 300 K.
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Figure S21. *C{'H} NMR spectrum of ((TMS);Si)(‘Bu3Si)Si(CH2CH>) (5) in CsDs at 300 K.
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Figure $22.%Si{'H}! NMR spectrum of ((TMS)3Si)(‘BuzSi)Si(CH2CH>) (5) in CsDs at 300 K.
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1.8 [2+1] cycloaddition reactions of 3/3" with (E)-/(Z)-alkenes
General information:

As observed previously, the purity of stereogenic alkenes investigated for [2+1] cycloaddition
reactions with silylenes is decisive for the resulting silirane product ratio.’*! However, high purity
alkenes, especially with respect to contamination with other stereoisomers, are often difficult to
obtain due to their similar physical data and thus associated separation issues. For our studies we
purchased (E)-2-butene and (Z)-2-butene (technical grade, estimated purity between 2.0 (=99%)
and 3.5 (299.5%) with lower isomeric purity) from GHC Gerling, Holz & Co. Handels GmbH. The
corresponding approximate amounts of contamination with the other stereoisomers were
determined via 'H and '*C NMR (1 bar in 0.5 mL CeDs; vide infia): (E)-2-butene (~1.3% (Z)-2-
butene) and (Z)-2-butene (~0.7% (F)-2-butene). Utilized (£)-3-hexene (>99.0%) and (£)-3-hexene
(>97.0%) were obtained from Tokyo Chemical Industry Co., Ltd. and dried over 4 A molecular

sieves.
Spectroscopic data for (E)-2-butene:
_/ 'H NMR (500 MHz, CéDs, 300 K): & [ppm] = 5.43-5.33 (m, 2H, CH), 1.57-1.56

(m, 6H, CH3).
C4H
56.11 gimol “C{'H} NMR (126 MHz, CeDs, 300 K): & [ppm] = 126.1 (CH), 18.1 (CHy).
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H NMR (500 MHz, C¢Ds, 300 K)
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Figure S23.'H NMR spectrum of (£)-2-butene in CsDg at 300 K. The respective resonances of the (Z)-2-butene

7.5

contamination are marked with asterisks * and 1°C satellites with Sat.
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Figure S24.C{'H} NMR spectrum of (£)-2-butene in CsDs at 300 K. The respective resonances of the (Z)-2-butene

contamination are marked with asterisks *.
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Spectroscopic data for (Z)-2-butene:

C4Hg
56.11 g/mol

(m, 6H, CHs).

BC{'H} NMR (126 MHz, CsDs, 300 K): 5 [ppm] = 124.8 (CH), 12.5 (CH3).

"H NMR (500 MHz, C¢Ds, 300 K): & [ppm] = 5.52-5.44 (m, 2H, CH), 1.52-1.50

"H NMR (500 MHz, CgDg, 300 K)

N/

* ‘ l
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Figure S25. 'H NMR spectrum of (Z)-2-butene in C¢Ds at 300 K. The respective resonances of the (£)-2-butene

contamination are marked with asterisks * and *C satellites with Sat.
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Figure $26."°C {'H} NMR spectrum of (Z)-2-butene in CsDs at 300 K. The respective resonances of the (E)-2-butene

contamination are marked with asterisks *.

Reaction with (Z)-2-butene: synthesis of cis-silirane 7

s R

(28,3R)-silirane
7a

¥
(TMS)Si” > ™ Si'Bus

‘, \
e RS

N7

¥
(TMS),Si~ ™ SifBu,

(2R,3S)-silirane
7b

Ca5He2Sis
531.28 g/mol

A solution of 3/3° (150 mg, 316 umol) in »n-
hexane (5mL) was frozen in liquid nitrogen,
degassed and warmed to —30 °C. Subsequently,
the solution was exposed to (Z)-2-butene (1 bar)
under vigorous stirring. The reaction mixture was

warmed to ambient temperature, whereby the

color changed from blood red to pale yellow. Removal of all volatiles in vacueo turnished cis-

silirane 7 as an off-white solid (168 mg, 316 umol, quantitative yield).

'H NMR (500 MHz, CsDs, 300 K): & [ppm] = 1.57 (d, */=2.3 Hz, 3H, CHCH3), 1.56 (d,
3J=2.3 Hz 3H, CHCHs), 1.34-1.31 (m, 2H, CHCH3), 1.26 (s, 27H, C(CH3)3), 0.39 (s, 27H, TMS).
BC{'H} NMR (101 MHz, CsDs, 300 K): & [ppm] = 32.9 (C(CH3s)), 24.3 (C(CHs)), 17.7
(CHCH3), 13.7 (CHCH3), 4.5 (TMS).
BSi{!H} NMR (79 MHz, CsDs, 300 K): 5 [ppm] = 27.3 (5i'Bus), 8.4 (TMS), —100.5 (Si(TMS)3),
—131.7 (central Si).
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Figure S27. '"H NMR spectrum of cis-silirane 7 in C¢Ds at 300 K.
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Figure S28. “C{'H} NMR spectrum of cis-silirane 7 in CsDg at 300 K.
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Figure §29.2°Si{'H} NMR spectrum of cis-silirane 7 in CsDj at 300 K.
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Figure $30. '"H/*’Si HMBC NMR spectrum of cis-silirane 7 in CsDs at 300 K.
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Reaction with (E)-2-butene: synthesis of frans-silirane 8 (& cis-silirane 7)

N s T P A solution 0f 3/3° (150 mg, 316 umol) in n-hexane
(TMS)3Si’Si\Si’Bu3 or (TMS)3Si/Si\Si'Bu3
(2S,3S)-silirane (2R,3R)-silirane

8a 8b exposed to (E)-2-butene (1 bar) under vigorous

(5 mL) was frozen in liquid nitrogen, degassed and

warmed to —30 °C. Subsequently, the solution was

C25He2Sig stirring. The reaction mixture was warmed to
531.28 g/mol .
ambient temperature, whereby the color changed
from blood red to pale yellow. Removal of all volatiles in vacuo provided a ~50:50 mixture of

trans-silirane 8 and cis-silirane 7 as an off-white oil (168 mg, 316 umol, quantitative yield).

NMR characterization of frans-silirane 8:

'H NMR (500 MHz, CeDs, 300 K): & [ppm] = 1.68 (d, J=6.9 Hz, 3H, CHCH:), 1.60 (d,
3J=6.9 Hz, 3H, CHCHs), 1.24 (s, 27H, C(CHs)3), 1.05 (dq, *J=12.1 Hz, 3J=6.9 Hz, 1H,
CHCH3), 0.79 (dq, *J = 12.1 Hz,*J = 6.9 Hz, 1H, CHCHj3), 0.40 (s, 27H, TMS).

BC{'H} NMR (101 MHz, CsDs, 300 K): & [ppm] = 33.0 (C(CHs)3), 24.5 (C(CHs)3), 23.8
(CHCHs), 20.5 (CHCH3), 19.7 (CHCH3), 18.3 (CHCH3), 5.0 (IMS).

BSi{'H} NMR (79 MHz, CsDs, 300 K): & [ppm] = 25.2 (Si'Bus), -8.5 (IMS), -109.2 (Si(TMS)3),
—123.3 (central Si).
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Figure S31.'H NMR spectrum of rrans-silirane 8 and 7 in CgDg at 300 K. The respective resonances of cis-silirane 7

are marked with asterisks * and residual n-hexane with an S.
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Figure §32, “C{'H} NMR spectrum of #rans-silirane 8 and 7 in CsDs at 300 K. The respective resonances of cis-

silirane 7 are marked with asterisks * and residual n-hexane with an S.
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Figure S33. 2Si{'H} NMR spectrum of trans-silirane 8 and 7 in CsDy at 300 K. The respective resonances of cis-

silirane 7 are marked with asterisks *.
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Figure S34, "H/Si HMBC NMR spectrum of frans-silirane 8 and 7 in CsDs at 300 K.
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Reaction with an approx. 50/50 mixture of (E)-2-butene and (£)-2-butene:

Two thick-walled, PTFE-capped pressurizeable Schlenk flasks were evacuated and subsequently
filled with (£)-2-butene and (Z)-2-butene, respectively (1 bar each). Both gases were transferred
via vacuum to another thick-walled, PTFE-capped pressurizeable, cooled (—30 °C) Schlenk flask.
The liquefied gases were vigorously stirred and vacuum transferred to a cooled (=30 °C) J. Young
PTFE valve NMR tube containing frozen C¢Ds (0.5 mL). The thus prepared gas mixture was
analyzed by 'H and '*C NMR spectroscopy (vide infra).

In a second experiment, the prepared gas mixture was vacuum transferred to a cooled (=30 °C) J.
Young PTFE valve NMR tube containing a solution of 3/3* (10.0 mg, 21.0 umol) in n-hexane
(0.5 mL). Subsequently, the reaction mixture was warmed to ambient temperature under shaking,
whereby the color changed from blood red to pale yellow. All volatiles were removed in vacuo and
the resulting off-white solid dissolved in CsDs. NMR spectroscopy revealed quantitative formation
of cis-silirane 7.

According to this result, the non-stereospecific addition of 3/3° to (£)-2-butene (formation of both
trans-silirane 8 and cis-silirane 7) presumably stems from the (Z)-2-butene contamination, since
the reactivity of the (Z)-isomer is expected to be significantly higher. Similar conclusions were
already drawn during the reinvestigation of [2+1] cycloaddition reactions of dimesitylsilylene to
stereogenic alkenes.[>°! In addition, it was assumed that smaller alkene substituents lead to a higher
preference of the respective (Z)-isomer by sterically demanding silylenes. Therefore, further
experiments with (£)/(Z)-3-hexene and (E)/(Z)-stilbene (1,2-diphenylethylene) were performed to
prove the contamination assumption as a potential source for the loss of stereochemistry (vide

infra).
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Figure $35. '"H NMR spectrum of an approx. 50/50 mixture of (£)-2-butene and (Z)-2-butene in CsDj at 300 K.
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Figure $36.'*C{'H} NMR spectrum of an approx. 50/50 mixture of (£)-2-butene and (Z)-2-butene in C¢Ds at 300 K.
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Reaction with (Z)-3-hexene: synthesis of cis-silirane 9

S R

(TMS)5Si~ >~ SifBug

(28,3R)-silirane
9a

/’l,_R 5N
%
(TMS)351”" ~SiBug

(2R,3S)-silirane
9b

To a cooled (=30 °C) solution of 3/3* (30.0 mg,
63.1 umol, 1.0eq.) in n-hexane (1 mL) was
added (Z)-3-hexene (5.31 mg,

1.0 eq.) under vigorous stirring. Subsequently,

63.1 umol,

Co7HgsSis
559.34 g/mol

the reaction mixture was warmed to ambient

temperature, whereby the color changed from

blood red to pale yellow. Removal of all volatiles in vacuo furnished cis-silirane 9 as an off-white

solid (35.1 mg, 63.1 umol, quantitative yield).
'H NMR (500 MHz, CsDs, 300 K): & [ppm] = 1.92-1.86 (m, 4H, CH>CH3), 1.26 (s, 27H,
C(CH3)3), 0.40 (s, 27H, TMS). The resonances for the CHCH> and CH>CH3 protons could not be

clearly assigned due to overlapping signals.

BGiH} NMR (99 MHz, CsDs, 300 K): & [ppm] = 27.3 (S¢Bus), —8.6 (IMS), —100.3 (Si(TMS)3),

—133.2 (central Si).
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Figure $37. 'H NMR spectrum of cis-silirane 9 in CsDs at 300 K. Residual n-hexane is marked with an S.
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Figure $39. 'H°Si HMBC NMR spectrum of cis-silirane 9 in CsDs at 300 K.
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Reaction with (E)-3-hexene: synthesis of frans-silirane 10

[
(TMS)3Si~

10a

S5 NN

SsiBuy (TMS)sSi~ > ™~ Si'Bug
(25,3S)-silirane

R R

(2R,3R)-silirane
10b

To a cooled (=30 °C) solution of 3/3” (30.0 mg,
63.1 umol, 1.0eq.) in n-hexane (1 mL) was
added (E)-3-hexene (5.31 mg, 63.1 pmol,

1.0 eq.) under vigorous stirring. Subsequently,

Ca7HesSis
559.34 g/mol

the reaction mixture was warmed to ambient

temperature, whereby the color changed from

blood red to pale yellow. Removal of all volatiles in vacuo provided a mixture of trans-silirane 10,

disiletane 4 and other impurities as an off-white oil.

NMR characterization of trans-silirane 10:

TH NMR (500 MHz, CeDs, 300 K): & [ppm] = 1.27 (s, 27H, C(CHs)3), 0.41 (s, 27H, TMS). The
resonances for the CHCH2, CH>CHs and CH2CH; protons could not be clearly assigned due to

overlapping

signals.

BSi{'H} NMR (99 MHz, CsDs, 300 K): 3 [ppm] = 26.2 (Si'Bus), -8.4 (TMS), —108.5 (Si(TMS);3),
—127.1 (central Si).
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Figure S40. 'H NMR spectrum of trans-silirane 10 and 4 in CsDs at 300 K. The respective resonances of disiletane 4

are marked with asterisks *.

— -108.53]
127.10}

—26.19
—-8.35

295i{"H} NMR (99 MHz, C4Dj, 300 K)
CEERC N SR R
Sy Sica
(TMS);Si Si'Bug % (TMS);Si Si'Bu;

(2S,3S)-silirane (2R,3R)-silirane
10a 10b

—-8.35

50 60 20 B0 90 100 -110 -120 -130 -140 o150 160 -170 -18D -190 200

180 120 160 150 140 330 120 110 100 90 80 20 60 S0 40 30 20 10 0 0 20 -30 40

Figure S41. Si{'H} NMR spectrum of rrans-silirane 10 and 4 in C¢Ds at 300 K. The respective resonances of

disiletane 4 are marked with asterisks *.
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Reaction with (E)-stilbene and (Z)-stilbene:

Exposure of 3/3” to (£)-stilbene and (£)-stilbene resulted in no reaction but disiletane 4 formation,

presumably due to steric reasons.
1.9 Synthesis of aminosilane 6

™S 'T' To a cooled (—80 °C) solution ot 3/3” (375 mg, 789 pumol, 1.0 eq.) in #-hexane
TMS=Si—Si~7is (60 mL) was added a 0.4 M NHs solution in 1.4-dioxane (1.97 mL, 13.4 mg,

HyN SitBu . - . . .
2 ® 789 umol, 1.0 eq.) under vigorous stirring. An immediate color change from
6
Ca4Hs7NSig blood red to pale yellow with concomitant precipitation (1,4-dioxane) was
492.20 g/mol

observed. Stirring was continued at —80 °C for one hour and subsequently the
solution was warmed to ambient temperature. All volatiles were removed in vacuo, providing crude
aminosilane 6 as an orange oil. Multinuclear and 2D NMR analysis clearly revealed 6 as the major
product. However, all further purification attempts via crystallization, distillation or washing were
unsuccessful so far.

'H NMR (500 MHz, CsDs, 300 K): & [ppm] = 3.08 (s, 1H, Siff), 1.24 (s, 27H, C(CH5)3), 0.37 (s,
OH, TMS), 0.32 (s, 18H, TMS), —0.17 (br s, 2H, SiNH>).

BC{'H} NMR (126 MHz, CsDs, 300 K): 5 [ppm] = 32.1 (C(CH3)3), 23.6 (C(CH3)3), 4.6 (TMS),
1.2 (IMS), 0.5 (IMS).

¥Si{'H} NMR (99 MHz, CeDs, 300 K): § [ppm] = 29.6 (Si'Bus), —11.5 (TMS), —12.2 (TMS), -
12.9 (IMS), -35.7 (SiNHz), —119.9 (SiH).
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Figure S42. '"H NMR spectrum of aminosilane 6 in C¢Ds at 300 K. Residual 1,4-dioxane is marked with an S.
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Figure $43.'*C{'H} NMR spectrum of aminosilane 6 in CsDs at 300 K. Residual 1,4-dioxane is marked with an S.
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Figure S44.%°Si{'H} NMR spectrum of aminosilane 6 in CsDs at 300 K.
1.10 Synthesis of (TMS)((TMS)2('BusSi)Si)Si(I'Pr2Mez) (13)
THF (60 mL) was added to a mixture of 2 (3.00 g, 4.72 mmol, 1.0 eq.),

YH\( I'Pr-Me: (852 mg, 4.72 mmol, 1.0 eq.) and KCs (1.28 g, 9.45 mmol, 2.0 eq.)
N
1' at ambient temperature. After stirring the reaction mixture for 1 h, the solvent

TMS/..Si\Si/SirBua was removed in vacuo and the residue was extracted with toluene

™S TMS (3 x 20 mL). Graphite and KBr were separated from the mixture by filtration
13

Ca2H74N2Sig ) ) )

655.47 g/mol red solid (3.01 g, 4.59 mmol, 97%). Crystals suitable for SC-XRD analysis

and the solvent was removed under high vacuum to furnish 13 as a purple-

were obtained by cooling a concentrated THF solution of 13 to —35 °C for several days. The NHC-
stabilized bis(silyl)silylene 13 is completely stable as a solid and in solution at room temperature,
but partially isomerizes to ((TMS):Si)(‘BusSi)Si(I'ProMez) (15) (vide infra) at elevated
temperatures.

m.p.: 160-161 °C (decomposition; color change from purple-red to orange).

"H NMR (500 MHz, CsDs, 300 K): & [ppm] = 6.58 (sept, >J = 7.1 Hz, 2H, NCH(CH3),), 1.57 (s,
6H, CCH3), 1.42 (s, 27H, C(CHs)3), 1.28 (d, 3J = 7.1 Hz, 6H, NCH(CH;3)2), 1.24 (d, 3J=7.1 Hz,
6H, NCH(CHs)2), 0.63 (s, 18H, TMS), 0.37 (s, 9H, ITMS).
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BC{1H} NMR (126 MHz, CsDs, 300 K): 8 [ppm] = 171.9 (carbene C), 126.5 (CCH3), 53.3
(NCH(CH:),), 33.7 (C(CHz)s), 25.0 (C(CH3)s), 22.5 (NCH(CHz)), 22.2 (NCH(CH:),), 10.5
(CCH3), 7.2 (IMS), 6.3 (TMS).

BSi{IH} NMR (99 MHz, CsDe, 300 K): & [ppm] = 29.4 (SiBus), ~9.1 (TMS). —11.9 (TMS), —104.7
(silylene Si), —117.4 (Si(TMS)).

IR (solid): ¥ [cm™'] = 2949 (m), 2884 (m), 2851 (m), 1632 (w), 1477 (w), 1352 (m), 1238 (m),
1103 (w), 1014 (w), 828 (s), 749 (m), 673 (m), 618 (m), 492 (m).

Anal. Caled. [%] for C32H74N2Sis: C, 58.64; H, 11.38; N, 4.27. Found [%]: C, 58.41; H, 11.49;
N, 4.36.
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Figure S45. 'H NMR spectrum of (TMS)((TMS)2("BusSi)Si)Si(I'Pr-Me:) (13) in CsDs at 300 K.
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Figure $46. “C{'H} NMR spectrum of (TMS)((TMS)2('Bu3Si)Si)Si(I'Pr2Me>) (13) in CsDs at 300 K.
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Figure $47. *Si{'H} NMR spectrum of (TMS)((TMS)2('BusSi)Si)Si(I'Pr-Mez) (13) in CeDg at 300 K.
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Figure S48. 'H/*°Si HMBC NMR spectrum of (TMS)((TMS)2('BusSi)Si)Si(I'Pr-Me:) (13) in C¢Dg at 300 K.
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Figure S49. Solid-state FT-IR spectrum of (TMS)((TMS)(‘BusSi)Si)Si(I'PraMes) (13).
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1.11 Synthesis and reactivity of ((TMS)3Si)(‘BusSi)Si(DMAP) (14)

~NT THF (10 mL) was added to a mixture of 2 (200 mg, 315 umol, 1.0 eq.),
ﬁ\j DMAP (38.5mg, 315 umol) and KCg (85.2mg, 630 umol, 1.0 eq.) at
| N7 ambient temperature. After stirring the reaction mixture for 1 h, the solvent

I was removed in vacuo and the residue extracted with toluene (3 x 3 mL).
(TMS)asi/Si‘Si‘Bu3 Graphite and KBr were separated from the mixture by filtration and the
14 solvent was removed under high vacuum to furnish 14 as a red-brown solid
5057?2?2/2:13 (170 mg, 285 pmol, 90%). Crystals suitable for SC-XRD analysis were
obtained by cooling a concentrated THF solution to —35 °C for several days.
m.p.: 59-60 °C (decomposition; color change from red-brown to black)
TH NMR (500 MHz, CsDs, 300 K): 8 [ppm] =8.79 (d,*J= 7.1 Hz. 2H, 0-Comarf), 5.62 (brs, 2H,
m-CpmaprH), 1.72 (s, 6H, N(CH5)2), 1.47 (s, 27H, C(CHx)s), 0.51 (s, 27H, TMS).
BC{'H} NMR (126 MHz, CsDs, 300 K): 8 [ppm]| = 154.7 (p-Comar), 105.3 (m-Comar), 38.1
(N(CHs3)2), 33.2 (C(CH3)3), 25.5 (C(CH3)3), 4.9 (I'MS). Due to a presumable overlap with the
solvent signal, the resonance for the o-Cpmap nuclei was not directly observed.
PSi{'H} NMR (99 MHz, CsDs, 300 K): 5 [ppm] = 68.8 (silvlene Si), 20.4 (Si'Bus), -9.3 (TMS),
~121.6 (Si(TMS)3).
Anal. Caled. [%] for CzsHesN2Sis: C, 56.30; H, 10.80; N, 4.69. Found [%]: C, 55.98; H, 10.77;

N, 4.40.
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Figure S50. '"H NMR spectrum of ((TMS):Si)('BusSi)Si(DMAP) (14) in CDg at 300 K. Residual toluene is labeled
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Figure $53. 'H/°Si HMBC NMR spectrum of ((TMS);Si)(‘BusSi)Si(DMAP) (14) in CsDs at 300 K.
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Lewis base exchange reaction: synthesis of (TMS)((TMS)2(‘BusSi)Si)Si(I'Pr2Mez) (13)
A J. Young PTFE valve NMR tube was filled with a solution of 14 (20.0 mg, 33.5 pmol, 1.0 eq.)
and I'Pr-Mez (6.04 mg, 33.5 nmol, 1.0 eq.) in C¢Ds (0.5 mL). Monitoring of the reaction mixture

by "HNMR spectroscopy revealed quantitative conversion of 14 to the NHC-stabilized
bis(silyl)silylene 13 with concomitant release of DMAP after 4 days.

1.12 Synthesis of ((TMS)sSi)(‘BusSi)Si(I'Pr2Mez) (15)
A solution of 13 (500 mg, 763 pumol) in toluene (10 mL) was heated to 90 °C

Yz\z/ﬁ\( for 48 h. Subsequently, the solvent was removed in vacuio. Multinuclear and
l 2D NMR spectroscopic analysis of the residue revealed the NHC-stabilized

(TMS)SSi/s|\Si,Bu3 bis(silyl)silylene 15 as the major product (58%). In addition to remaining

15 starting material 13 (16%), the simultaneous formation of disiletane 4 (13%)
C32H74N2Sig and free I'PraMe: (13%) was detected. Neither prolonged heating (at different
655.47 g/mol

temperatures), nor solvent change to THF, benzene or n-hexane affected the
outcome of the reaction in favour of 15. Therefore, the isomerization is presumably an equilibrium
reaction, with initial NHC dissociation ultimately competing with re-coordination providing 15 or
NHC release and disiletane 4 formation. DFT calculations support this assumption (vide infra).
Nevertheless, all attempts to purify the residue and isolate 15 via crystallization, washing, or
sublimation were unsuccessful so far.
TH NMR (500 MHz, CsDs, 300 K): & [ppm] = 6.70 (sept, *J = 7.0 Hz, 2H, NCH(CH;)2), 1.59 (s,
6H, CCH3), 1.41 (s, 27H, C(CH3)3), 0.45 (s, 27H, TMS). The resonances for the NCH(CH3)z2)
protons could not be clearly assigned due to overlapping signals.
BC{H} NMR (126 MHz, CsDs, 300 K): & [ppm] = 171.9 (carbene C), 127.1 (CCH3), 53.4
(NCH(CHs)), 33.8 (C(CHs)s3), 25.7 (C(CHs)3), 23.0 (NCH(CH3)), 22.2 (NCH(CHs)»), 10.4
(CCHs), 6.0 (ZMS).
PSi{'H} NMR (99 MHz, CsDs, 300 K): 5 [ppm] =31.2 (5i'Bus), —9.9 (TMS), —115.2 (S{(TMS)3),
—120.6 (silvlene Si).
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Figure S54. '"H NMR spectrum of ((TMS);Si)('BusSi)Si(I'Pr.Mez) (15) in CsDs at 300 K. Significant resonances for
the side products (TMS)((TMS)2('BusS1)S1)Si(I'Pr-Mez) (13), disiletane 4 and I'PraMe: are labeled accordingly.
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Figure $55. "C{'H} NMR spectrum of ((TMS):;Si)('BusSi)Si(I'Pr-Me2) (15) in C¢Ds at 300 K. Here, only the
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2%5i{"H} NMR (99 MHz, CsDg, 300 K)
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Figure $56. *Si{'H} spectrum of ((TMS)3Si)(‘BusSi)Si(I'Pr.Me>) (15) in C4Dg at 300 K. The resonances for the side
products (TMS)((TMS)2('BusSi)Si)Si(I'PraMez) (13) and disiletane 4 are labeled accordingly.
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Figure $57. 'H”°Si HMBC NMR spectrum of ((TMS):Si)('BuzSi)Si(I'Pr-Me:) (15) in CsDg at 300 K. Here, only the

correlations for 15 are assigned.
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1.13 Synthesis of (TMS)((TMS)2('BusSi)Si)Si(IMes) (16)

H Toluene (10 mL) was added to a mixture of 13 (300 mg, 458 umol, 1.0 eq.)
,N;N___ and IMey (56.8 g, 458 umol, 1.0 eq.) at ambient temperature. After stirring
I the reaction mixture for 2 days, the solvent was removed in vacuo.

TMS/'-Si\Si/Si’Buz Multinuclear and 2D NMR spectroscopic analysis of the residue revealed

™S TMS  formation of the NHC-stabilized bis(silyl)silylene 16 and I'Pr-Me..

16 . . .
) Nevertheless, all attempts to purify the residue and isolate 16 via
C2gHgsN2Sig P punty
599.36 g/mol crystallization, washing, or sublimation were unsuccessful so far. NHC adduct

16 even slowly decomposes in solution to an unidentified product mixture.

'H NMR (500 MHz, CsDe, 300 K): 8 [ppm] = 3.68 (s, 6H, NC{f3), 1.43 (s, 27H, C(CHs)3), 1.31
(s, 6H, CCL), 0.53 (s, 18H, TMS), 0.39 (s, 9H, TMS).

BC{'H} NMR (126 MHz, CsDs, 300 K): & [ppm] = 172.1 (carbene C), 125.4 (CCH3), 36.8
(NCH3), 33.3 (C(CHs)3), 25.1 (C(CHa)3), 8.6 (CCH3), 6.3 (IMS), 5.9 (IMS).

BSi{'H} NMR (99 MHz, CsDs, 300 K): 8 [ppm] = 30.6 (Si'Bus), —9.2 (IMS), -11.4 (ITMS),-117.1
(silviene Si), —118.9 (Si(TMS)2).
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Figure S58. 'H NMR spectrum of (TMS)((TMS)('BusSi)Si)Si(IMes) (16) in CsDs at 300 K. Residual solvents (S;

toluene and Et;O from a crystallization attempt) and I'Pr.Me; are labeled accordingly.
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Figure S59. "C{'H} NMR spectrum of (TMS)((TMS)('BusSi)Si)Si(IMes) (16) in CgDs at 300 K. Here, only the

resonances for 16 are assigned.
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Figure $60. Si {'H} NMR spectrum of (TMS)((TMS)2('Bu;Si)Si)Si(IMey) (16) in CeDj at 300 K.
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Figure S61. 'H/*°Si HMBC NMR spectrum of (TMS)((TMS)2('BusSi)Si)Si(IMes) (16) in CsDs at 300 K.
1.14 Synthesis of (TMSO)(‘BusSi)Si=O(I'Pr2Mez) (17)

A solution of 13 (300 mg, 458 pmol) in n-hexane (15 mL) was frozen in
)\N)Y liquid nitrogen and degassed. The solution was warmed to —80 °C and
0o / 7/ exposed to N>O (1 bar) under vigorous stirring. Subsequently, the reaction

TMS., .-Six mixture was allowed to warm to —30 °C over a period of 5 h, whereby the

o} Si'Bug
17 color changed from purple-red to pale red and a fine white precipitate
Ca6HseN20,Si3 formed. The solid was immediately separated via filtration, washed with
513.00 g/mol

cold n-hexane and dried in vacuo to provide the NHC-stabilized silanoic
silylester 17 as a colorless powder (41.5 mg, 80.9 umol, 18%). Suitable crystals for SC-XRD
analysis were obtained by slow diffusion of n-hexane into a saturated THF solution at —35 °C for
several days. The NHC-stabilized silanoic silylester 17 decomposes in solution at temperatures
higher than —30 °C to an unidentified mixture of products. Thus, NMR characterization was
performed at =30 °C. The observed unusual broad splitting of the NHC wingtip methine protons
(A8 =2.68 ppm) in the "H NMR spectrum might originate from hydrogen bonding of one isopropyl
C—H proton to the oxygen atom of the Si=O bond. This assumption is supported by the solid-state

549

179



15. Appendix

structure of 17 (vide infra), which revealed a close O---H distance of 2.143 A, being much shorter
than the sum of the van der Waals radii of hydrogen and oxygen (2.72 A).

m.p.: 97 °C (decomposition, color change from colorless to red).

'H NMR (400 MHz, THF-ds, 243 K): 5 [ppm] = 8.23 (sept, >/ = 7.0 Hz, 1H, NCH(CH3)2), 5.55
(sept,>J = 6.9 Hz, |H, NCH(CH3),), 2.35 (s, 3H, CCH3), 2.33 (s, 3H, CCH3), 1.55(d, *J = 6.9 Hz,
3H, NCH(CH:)). 1.51 (d, °J= 6.5 Hz, 3H, NCH(CH:)2), 1.43 (d, °J = 6.4 Hz, 3H, NCH(CHs)2),
139 (d, 3J = 7.2 Hz, 3H, NCH(C)2), 1.22 (s, 27H, C(CH5)3), 0.12 (s, 9H, OTMS).

BC{H} NMR (101 MHz, THF-ds, 243 K): 5 [ppm] = 156.8 (carbene C), 129.1 (CCH3), 127.0
(CCHs), 51.6 (NCH(CHs)2), 50.2 (NCH(CHs)), 32.5 (C(CHs);), 24.6 (C(CHs)s), 23.4
(NCH(CHs)2), 23.2 (NCH(CHs)2), 21.8 (NCH(CHs)2), 20.6 (NCH(CHs)2), 11.0 (CCHs), 10.7
(CCHs), 3.3 (TMS).

BSi{'H} NMR (79 MHz, THF-ds, 243 K): § [ppm] = 6.6 (5/'Bus), -3.4 (TMS), -50.8 (5i=0).

IR (solid): ¥ [cm™] =2957 (w), 2847 (m), 1626 (w), 1469 (w), 1371 (m), 1244 (m), 1069 (m)
(si=0), 971 (s) (Vsi-0), 840 (s), 755 (m), 598 (w), 453 (m), 428 (m).

Anal. Caled. [%] for C26Hs6N20:2Si3: C, 60.87; H, 11.00; N, 5.46. Found [%]: C, 60.04; H, 10.92;
N, 5.36.
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Figure S62. 'H NMR spectrum of (TMSO)('BusSi)Si=0(I'Pr;Me;) (17) in THF-ds at 243 K.
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Figure S64. ’Si{'H} NMR spectrum of (TMSO)('Bu;Si)Si=O(I'Pr.Me:) (17) in THF-ds at 243 K.
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Figure S65. Solid-state FT-IR spectrum of (TMSO)('Bu:Si)Si=O(I'Pr:2Mez) (17).
2. X-ray Crystallographic Data
General Information

The X-ray intensity data of 1, 5, 17 and 19 were collected on an X-ray single crystal diffractometer
equipped with a CMOS detector (Bruker Photon-100), an IMS microsource with MoK radiation
(A =0.71073 A) and a Helios mirror optic by using the APEX 11T software package.'S'”! The X-ray
intensity data of 2, 13 and 14 were collected on an X-ray single crystal diffractometer equipped
with a CMOS detector (Bruker Photon-100), a rotating anode (Bruker TXS) with MoK« radiation
(A =0.71073 A) and a Helios mirror optic by using the APEX 11l software package.5'"! The
measurements were performed on single crystals coated with the perfluorinated ether Fomblin® Y.
The crystals were fixed on the top of a microsampler, transferred to the diffractometer and frozen
under a stream of cold nitrogen. A matrix scan was used to determine the initial lattice parameters.
Reflections were merged and corrected for Lorenz and polarization effects, scan speed, and
background using SAINT.5!'! Absorption corrections, including odd and even ordered spherical
harmonics were performed using SADABS.S'!l Space group assignments were based upon
systematic absences, E statistics, and successful refinement of the structures. Structures were
solved by direct methods with the aid of successive difference Fourier maps, and were refined

against all data using the APEX III software in conjunction with SHELXL-20145" and
§52
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SHELXLE.['3] All H atoms were placed in calculated positions and refined using a riding model,
with methylene and aromatic C-H distances of 0.99 and 0.95 A, respectively, and
Uiso(H) = 1.2:Ueq(C). Full-matrix least-squares refinements were carried out by minimizing
AW(Fo>~F2)? with SHELXL-9715!4! weighting scheme. Neutral atom scattering factors for all atoms
and anomalous dispersion corrections for the non-hydrogen atoms were taken from International
Tables for Crystallography.[>'! The images of the crystal structures were generated by
Mercury.!S'®l The CCDC numbers CCDC-1915626 (1), CCDC-1915627 (4), CCDC-1915631 (5),
CCDC-1915629 (13), CCDC-1915628 (14), CCDC-1915630 (17) and CCDC-1915625 (19)
contain the supplementary crystallographic data for the structures. These data can be obtained free
of charge from the Cambridge Crystallographic Data Centre via

https://www.ccde.cam.ac.uk/structures/.

Single Crystal X-ray Structure Determinations

cla Q c13

Figure S66. Molecular structure of 1 with ellipsoids set at 50% probability. Hydrogen atoms are omitted for clarity,
except for the Si—H nuclei. Selected bond lengths [A] and angles [°]: Sil-Si2 2.369(1), Si2-Si3 2.350(1), Si3-Si4
2.364(1), Si3-Si5 2.356(1), Si3-Si6 2.351(1); Sil-Si2-Si3 132.1(1), Si2-Si3-Si4 99.0(1), Si2-Si3-Si5 113.6(1), Si2—
Si3-Si6 118.9(1), Si4-Si3-Si5 106.3(1), Si4-Si3-Si6 108.2(1), Si5-Si3-Si6 109.5(1).
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Table S1. Crystal data and structure refinement for compound 1.

Chemical formula
Formula weight
Temperature
Wavelength
Crystal size
Crystal habit
Crystal system
Space group

Unit cell dimensions

Volume
z
Density (calculated)
Absorption coefficient
F(000)
Diffractometer
Radiation source
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Coverage of independent reflections
Absorption correction
Max. and min. transmission
Refinement method
Refinement program

Function minimized

C21Hs6Si6
477.19 g/mol
100(2) K
0.71073 A
0.231 x 0.278 % 0.384 mm
clear colourless fragment

orthorhombic

P212121
a=9.4966(3) A o =90°
b=13.7852(5) A B =90°
¢=24.016509) A y=90°

3144.06(19) A*
4
1.008 g/cm?
0.272 mm’
1064

Bruker D8 Venture Duo IMS
IMS microsource, Mo
2.25 10 25.02°
—11<=h<=11, -16<=k<=16, -28<=1<=28
72550
5546 [R(int) = 0.0601]
99.9%
Multi-Scan
0.9400 and 0.9030
Full-matrix least-squares on F?
SHELXL-2014/7 (Sheldrick, 2014)
T w(Fo?2 — F2)?

Data / restraints / parameters 5546/0/271
Goodness-of-fit on F? 1.046
A/Gmax 0.001
Final R indices 5293 data; I>20(I) R1=10.0236, wR2 = 0.0572
all data R1=10.0259, wR2 = 0.0581
Weighting scheme w = 1/[c*(F,%) + (0.0328P)> + 0.5764P]

Largest diff. peak and hole

R.M.S. deviation from mean

where P = (F,>+ 2F.%)/3
0.266 and —0.188 eA™*
0.036 eA™

S54

184



15. Appendix

Sit Yy
Si2
-
H1
(o]
c2 c3
C4

Figure S67. Molecular structure of 4 with ellipsoids set at 50% probability. Hydrogen atoms are omitted for clarity,
except for the Si-H nucleus. Selected bond lengths [A] and angles [°]: Sil-Si2 2.345(1), Sil-C1 1.957(2), C1-C2
1.572(2), 8i2-C2 1.916(2), Si2-Si3 2.346(1); C1-Sil1-8i2 76.3(1), Si1-8i2-C2 76.6(1), Sil-C1-C2 97.3(1), C1-C2~-
$i299.7(1).
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Table S2. Crystal data and structure refinement for compound 4.

Chemical formula
Formula weight
Temperature
Wavelength
Crystal size
Crystal habit
Crystal system
Space group

Unit cell dimensions

Volume
z
Density (calculated)
Absorption coefficient
F(000)
Diffractometer
Radiation source
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Coverage of independent reflections
Absorption correction
Max. and min. transmission
Refinement method
Refinement program

Function minimized

C21Hs4Si6
475.17 g/mol
100(2) K
0.71073 A
0.116 x 0.157 x 0.166 mm
clear colourless fragment
monoclinic
P12l/n1
a=12.4962(10) A a=90°
b=14.8445(10) A B =108.895(3)°
c=17.5284(14) A ¥=90°
3076.3(4) A}
4
1.026 g/cm?
0.278 mm’
1056
Bruker D8 Venture
TXS rotating anode, Mo
2.42 10 25.03°
—14<=h<=14, -17<=k<=17, -20<=1<=20
55818
5430 [R(int) = 0.0490]
99.9%
Multi-Scan
0.9690 and 0.9550
Full-matrix least-squares on F?
SHELXL-2014/7 (Sheldrick, 2014)
T w(Fo?2 — F2)?

Data / restraints / parameters 5430/0/265
Goodness-of-fit on F? 1.037
A/Gmax 0.001
Final R indices 4777 data; I>20(I) R1=0.0282, wR2 = 0.0661
all data R1=10.0348, wR2 = 0.0692
Weighting scheme w = 1/[6*(Fo%) + (0.0267P)> + 2.0069P]

Largest diff. peak and hole

R.M.S. deviation from mean

where P = (F,>+ 2F.%)/3
0.732 and —0.272 eA?
0.043 A"
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c21
c22

Figure S68. Molecular structure of 5 with ellipsoids set at 50% probability. Hydrogen atoms are omitted for clarity.
Selected bond lengths [A] and angles [°]: Sil—C1 1.885(2), Si1-C2 1.890(2), C1-C2 1.542(3), Sil-Si2 2.372(1), Sil-
Si3 2.371(1): Sil-C1-C2 66.1(1), C1-C2-Sil 65.7(1), C2-Sil-C1 48.2(1).
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Table S3. Crystal data and structure refinement for compound 5.

Chemical formula
Formula weight
Temperature
Wavelength
Crystal size
Crystal habit
Crystal system
Space group

Unit cell dimensions

Volume
z
Density (calculated)
Absorption coefficient
F(000)
Diffractometer
Radiation source
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Coverage of independent reflections
Absorption correction
Max. and min. transmission
Refinement method
Refinement program

Function minimized

Ca3HssSis
503.23 g/mol
100(2) K
0.71073 A
0.108 x 0.204 x 0.288 mm
clear colourless fragment
orthorhombic
Fdd2
a=31.226(4) A a=90°
b=33.796(4) A B=90°
c=12.2692(14) A ¥=90°
12948(3) A*
16
1.033 g/cm?
0.267 mm’
4480
Bruker D8 Venture Duo IMS
IMS microsource, Mo
2.41 t0 25.35°
—37<=h<=37, -40<=k<=40, —14<=l<=14
40402
5919 [R(int) = 0.0269]
99.9%
Multi-Scan
0.9720 and 0.9370
Full-matrix least-squares on F?
SHELXL-2014/7 (Sheldrick, 2014)
T w(Fo?2 — F2)?

Data / restraints / parameters 5919/1/280
Goodness-of-fit on F? 1.072
A/Gmax 0.002
Final R indices 5870 data; I>2o(I) R1=0.0180, wR2 = 0.0484
all data R1=0.0182, wR2 =0.0485
Weighting scheme w = 1/[c*(Fo%) + (0.0283P)> + 6.4105P]

Largest diff. peak and hole

R.M.S. deviation from mean

where P = (F,>+ 2F.%)/3
0.226 and —0.135 eA™*
0.035eA"
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Figure S69. Molecular structure of 13 with ellipsoids set at 50% probability. Hydrogen atoms are omitted for clarity.
Selected bond lengths [A] and angles [°]: Si1-Si2 2.360(1), Sil-Si3 2.437(1), Sil—C1 1.961(2); C1-Si1-Si2 99.3(1),
C1-Sil-Si3 115.6(1), Si2-Sil-Si3 126.0(1).
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Table S4. Crystal data and structure refinement for compound 13.

Chemical formula C32H7aN2Sis
Formula weight 655.47 g/mol
Temperature 100(2) K
Wavelength 0.71073 A
Crystal size 0.096 x 0.139 x 0.162 mm
Crystal habit purple-red fragment
Crystal system triclinic
Space group P-1
Unit cell dimensions a=11.3385(4) A o =90.739(2)°
b=12.1541(4) A B=97.371(2)°
c=16.6351(6) A y=116.9890(10)°
Volume 2019.35(12) A*
z 2
Density (calculated) 1.078 g/cm?
Absorption coefficient 0.229 mm’
F(000) 728
Diffractometer Bruker D8 Venture
Radiation source TXS rotating anode, Mo
Theta range for data collection 2.22 t0 25.03°
Index ranges —-13<=h<=13, -14<=k<=14, -19<=I<=19
Reflections collected 43501
Independent reflections 7143 [R(int) = 0.0466]
Coverage of independent reflections 99.9%
Absorption correction Multi-Scan
Max. and min. transmission 0.9780 and 0.9640
Refinement method Full-matrix least-squares on F?
Refinement program SHELXL-2014/7 (Sheldrick, 2014)
Function minimized T w(Fo?2 — F2)?
Data / restraints / parameters 7143/0/ 385
Goodness-of-fit on F? 1.044
A/Gmax 0.001
Final R indices 6168 data; 1>20(1) R1=0.0306, wR2 =0.0678
all data R1=10.0393, wR2 =0.0711
Weighting scheme w = 1/[c*(F.%) + (0.0220P)> + 1.3289P]
where P = (F,>+ 2F.%)/3
Largest diff. peak and hole 0.328 and -0.271 eA™?
R.M.S. deviation from mean 0.045 eA
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Figure S70. Molecular structure of 14 with ellipsoids set at 50% probability. Hydrogen atoms and solvent molecules
are omitted for clarity. Selected bond lengths [A] and angles [°]: Sil—Si2 2.433(1), Sil-Si3 2.420(1), Sil-N1 1.942(2):
N1-Sil-Si2 104.5(1), N1-Sil-Si3 98.1(1), Si2—-Si1-Si3 116.1(1).
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Table S5. Crystal data and structure refinement for compound 14.

Chemical formula
Formula weight
Temperature
Wavelength
Crystal size
Crystal habit
Crystal system
Space group

Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Diffractometer
Radiation source
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Coverage of independent reflections
Absorption correction
Max. and min. transmission
Refinement method
Refinement program
Function minimized
Data / restraints / parameters
Goodness-of-fit on F?
A/Gmax

Final R indices

Weighting scheme

Largest diff. peak and hole

R.M.S. deviation from mean

CasHesN2Sis
597.34 g/mol
100(2) K
0.71073 A
0.188 x 0.261 % 0.306 mm
clear orange-red fragment
triclinic
P -1
a=11.8830(19) A
b=12.9036(19) A
c=15.496(3) A
2108.6(6) A*
2

o= 94.596(6)°
B =105.116(5)°
v=110.563(5)°

1.054 g/cm?
0.222 mm’
740
Bruker D8 Venture
TXS rotating anode, Mo
2.30 to 25.66°
—14<=h<=14, —-15<=k<=15, —-18<=I<=18
82436
7972 [R(int) = 0.0755]
99.6%
Multi-Scan
0.9590 and 0.9340
Full-matrix least-squares on F?
SHELXL-2014/7 (Sheldrick, 2014)
T w(Fo?2 — F2)?
7972 /180 /436
1.038
0.005
7075 data; I>20(I) R1=0.0358, wR2 = 0.0920
all data R1=0.0407, wR2 = 0.0950
w = 1/[6*(Fs*) + (0.0391P)*+ 1.4350P]
where P = (F,>+ 2F.%)/3
0.335 and —0.380 eA?
0.051 eA™
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- 7/ c13

Ci12 Sit

N1

C3

Figure S71. Molecular structure of 17 with ellipsoids set at 50% probability. Hydrogen atoms, except for H? involved
in hydrogen bonding (visualized by the dashed line), are omitted for clarity. Selected bond lengths [A] and angles [°]:
Sil-01 1.641(2), Si2—02 1.556(2), Si2—01 1.655(3), Si2—Si3 2.415(1), Si2—C1 1.984(3); 02-Si2-01 115.5(1), 02—
Si2—C1 106.9(1), O1-Si2-C1 101.2(1), 02-8i2-Si3 111.7(1), O1-Si2-Si3 107.0(1), C1-Si2-Si3 114.3(1).

563

193



15. Appendix

Table S6. Crystal data and structure refinement for compound 17.

Chemical formula
Formula weight
Temperature
Wavelength
Crystal size
Crystal habit
Crystal system
Space group

Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Diffractometer
Radiation source
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Coverage of independent reflections
Absorption correction
Max. and min. transmission
Refinement method
Refinement program
Function minimized
Data / restraints / parameters

Goodness-of-fit on F?

Ca6Hs6N20:Si3
513.00 g/mol
100(2) K
0.71073 A
0.334 x 0.458 x 0.527 mm
clear pale brown fragment
orthorhombic
Pna2l
a=17.0644(9) A a=90°
b=10.4534(6) A B=90°
c=18.0274(9) A ¥=90°
3215.7(3) A}
4
1.060 g/cm?
0.170 mm™’
1136
Bruker D8 Venture Duo IMS
IMS microsource, Mo

2.25 to 25.02°

—20<=h<=20, —12<=k<=12, -21<=1<=20

90131
5615 [R(int) = 0.0660]
100.0%
Multi-Scan
0.9450 and 0.9160
Full-matrix least-squares on F?
SHELXL-2014/7 (Sheldrick, 2014)
T w(Fo?2 — F2)?
5615/1/317
1.085

Final R indices 5362 data; [>20(I) R1=0.0352, wR2 = 0.0860
all data R1=0.0376, wR2 = 0.0877
Weighting scheme w = 1/[c*(F,%) + (0.0388P) + 2.1487P]
where P = (F,2+ 2F.%)/3
0.404 and —0.222 A

0.048 eA?

Largest diff. peak and hole

R.M.S. deviation from mean

S64

194



15. Appendix

Figure §72. Molecular structure of 19 with ellipsoids set at 50% probability. Hydrogen atoms are omitted for clarity.
Selected bond lengths [A] and angles [°]: K1-Sil 3.465(1), Sil-Si2 2.364(1), Sil-Si3 2.364(1), Sil-Si4 2.378(1),
Si2-Si3 2.358(1), Si2-S8i5 2.357(1), Si2-Si6 2.348(1), Si3-Si7 2.342(1), Si3-Si8 2.367(1); Si2-Sil-Si3 59.8(1), Si2—
Sil-8i4 123.6(1), Si2-Sil-K1 116.4(1), Si3-Si1-8i4 122.3(1), Si3-Sil-K1 115.6(1), Si4-Sil-K1 110.7(1).
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Table S7. Crystal data and structure refinement for compound 19.

Chemical formula
Formula weight
Temperature
Wavelength
Crystal size
Crystal habit
Crystal system
Space group

Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Diffractometer
Radiation source
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Coverage of independent reflections
Absorption correction
Max. and min. transmission
Refinement method
Refinement program
Function minimized
Data / restraints / parameters
Goodness-of-fit on F?

Final R indices

Weighting scheme

Largest diff. peak and hole

R.M.S. deviation from mean

C32H79KO:Sig
759.76 g/mol
100(2) K
0.71073 A
0.217 x 0.286 % 0.293 mm
clear colourless fragment
monoclinic
P21l/n
a=14.4278(13) A a=90°
b=21.935(2) A
c=14.7814(14) A ¥=90°
4677.1(7) A3
4
1.079 g/cm?
0.343 mm’
1672
Bruker D8 Venture Duo IMS

B =91.076(3)°

IMS microsource, Mo
2.20 t0 25.03°
—17<=h<=17, -26<=k<=26, -17<=I<=17
184640
8263 [R(int) = 0.0510]
99.9%
Multi-Scan
0.9290 and 0.9060
Full-matrix least-squares on F?
SHELXL-2014/7 (Sheldrick, 2014)
T w(Fo?2 — F2)?
8263 /0 /409
1.039
7411 data; I>20(I) R1=10.0242, wR2 = 0.0552
all data R1=10.0296, wR2 = 0.0575
w = 1/[6*(Fo%) + (0.0236P) + 2.5040P]
where P = (F,2+ 2F.%)/3
0.284 and —0.200 eA?
0.039 eA?
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3. DFT Calculations

General Information

Geometry optimizations and harmonic frequency calculations were performed using
Gaussian093"7] employing the M06-2X/6-3 1+G(d,p)'*'®! level of density functional theory. The
SMD polarizable continuum model was used to account for solvent effects of benzene.S'”) The
“ultrafine” grid option was used for numerical integrations.'*"! Stationary points are characterized
as minima by analysis of computed Hessians. The connectivity between minima and transition
states was validated by IRC calculations!>?! or displacing the geometry along the transition mode,
followed by unconstrained optimization. For improved energies, single point calculations were
conducted at the SMD-M06-2X/6-31 1+G(d,p)I5*?! level of theory; wave functions used for bonding
analysis were obtained at the M06-2X/6-3114++G(2d,2p) level.5**) Natural Bond Orbital (NBO)
and Natural Resonance Theory (NRT) analyses were performed using the NBO 6.0 program/>**!,
interfaced with Gaussian(09'5**, NMR chemical shift values were calculated using the Gauge-
Independent Atomic Orbital (GIAO) method implemented in Gaussian09 and the M06-L5%
functional along with the 6-311G(2d.p) basis set and the SMD solvent model for the structures
obtained at the M06-2X/6-31+G(d,p) level of theory. ?Si{'H} NMR spectroscopic chemical shifts
& are reported in ppm relative to tetramethylsilane (3(**Si(SiMes)) = 0 ppm). Pictures of molecular

structures were generated with the ChemCraft’>**!, Cylview!S*” or GaussView!>*! programs.
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Comparison of calculated and experimental structures

Table S8. Comparison of selected bond lengths [A] and angles [°] for the computed and experimental structures of 4,
5, 13, 14 and 17. Geometries are calculated at the M06-2X/6-31+G(d.p) level of theory. Experimental data are taken
from SC-XRD analyses.

Compound bond/angle exp. cale. A(calc.-exp.)

4 Si1-Si2 2.345(1) 235 0.01
Sil-C1 1.957(2) 1.96 0.00

C1-C2 1.572(2) 1.57 0.00

Si2—-C2 1.916(2) 1.93 0.01

Si2-Si3 2.346(1) 2.34 0.01

C1-Si1-Si2 76.3(1) 76.5 0.20

Si1-8i2-C2 76.6(1) 76.3 0.30

Sil-C1-C2 97.3(1) 97.3 0.00

Cl1-C2-Si2 99.7(1) 99.8 0.10

5 Sil-C1 1.885(2) 1.89 0.01
Sil-C2 1.890(2) 1.90 0.01

Cl1-C2 1.542(3) 1.53 0.01

Sil-Si2 2.372(1) 2.36 0.01

Si1-Si3 2.371(1) 2.36 0.01

Sil-C1-C2 66.1(1) 66.3 0.20

C1-C2-Sil 65.7(1) 66.1 0.40

C2-Sil-C1 48.2(1) 47.5 0.70

13 Sil-Si2 2.360(1) 2.36 0.00
Sil1-Si3 2.437(1) 242 0.02

Sil-C1 1.961(2) 1.99 0.03

C1-Sil-Si2 99.3(1) 99.1 0.20

C1-Sil-Si3 115.6(1) 112.6 3.00
Si2-Sil-Si3 126.0(1) 125.4 0.60

14 Si1-Si2 2.433(1) 243 0.00
Si1-Si3 2.420(1) 242 0.00

Sil-N1 1.942(2) 1.99 0.05

NI1-Sil-Si2 104.5(1) 101.8 2.70

NI-Sil-Si3 98.1(1) 93.3 4.80

Si2-Sil-Si3 116.1(1) 116.0 0.10

17 Si1-01 1.641(2) 1.68 0.04
Si2-02 1.556(2) 1.57 0.01

Si2-01 1.655(3) 1.68 0.03

Si2-Si3 2.415(1) 2.39 0.02

Si2—Cl 1.984(3) 2.01 0.02

02-Si2-01 115.5(1) 115.7 0.20

02-Si2—C1 106.9(1) 105.1 1.80

01-Si2—C1 101.2(1) 99.7 1.50

02-Si2-Si3 11L.7(1) 114.4 2,70

01-Si2-Si3 107.0(1) 107.4 0.40

C1-S8i2-Si3 114.3(1) 113.8 0.50
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Calculated ¥Si{'H} NMR Resonances

Table S9. Comparison of experimental and calculated NMR chemical shifts.

Compound Si Exp. 8(*Si) [ppm]  Calc. 8(*’Si) [ppm] AS [ppm]

3 SiTMS; 161.9 162.5 0.6
Si(TMS)Si'Bus 132.4 140.5 8.1

Si'Bus 31.7 224 93

™S -6.8 -6.3 0.5

TMS -7.7 &) 0.5
4 Si'Bus 35.6 218 13.8
TMS 92 ~102 1.0

SiH -60.4 -59.8 0.6

Si(TMS); -133.8 -143.9 10.1
5 Si'Bus 20.2 7.4 12.8
TMS 483 94 1.1

Si(TMS); ~113.7 ~124.8 1.1

SiCH>CH» -164.3 -162.1 22

6 Si'Bus 29.6 232 6.4
IMms -11.5 -11.0 0.5

™S -12.2 -13.9 1.7

™S -12.9 -14.5 1.6

SiNH» -35.7 -36.8 0.9

SiH -119.9 —-116.6 33
13 Si'Bus 294 18.2 11.2
IMS -9.1 -11.6 2.5

TMS ~11.9 ~12.6 0.7

silylene Si -104.7 -109.6 49
Si(TMS), -117.4 -128.8 11.4

14 silylene Si 68.8 75.0 6.2
Si'Bus 20.4 9.7 10.7

IMS -93 -95 0.2

Si(TMS); ~121.6 ~126.9 53

15 Si'Bus 312 23.5 7.7
1ms -9.9 -9.3 0.6

Si(TMS); -115.2 -117.5 2.3

silylene Si -120.6 -127.4 6.8

16 Si'Bus 30.6 22.1 8.5
TMS 92 9.6 0.4

TMS ~114 ~10.5 0.9

silylene Si -117.1 -115.2 1.8
Si(TMS)2 ~118.9 -132.7 13.8

17 Si'Bus 6.6 8.0 1.4
™S -3.4 -10.6 7.2

Si=0 -50.8 -50.8 0.0
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Tetrasilyldisilene 3’: Calculated structure, comparison and NMR shifts

A huge number of stable disilenes has already been reported up to date!>*?), but to the best of our
knowledge none of the type ABSi=SiA> (A,B = different silyl groups) is known. The calculated
structure of 3’ has Si=Si bond length of 2.18 A, located on the lower limit for silyl-substituted
disilenes: d(si-siy = 2.19-2.26 A5 It further exhibits a bent and twisted structure (Figure S73).
Reported disilenes have shown to have either a bent or a twisted geometry, with the distortion mode
being mainly determined by the size and shape of the silyl substituents. There are only two
examples with both distortions reported: (£)-[('BuzMeSi)MeSi](‘BuzMeSi)Si=SiMe(SiMe'Buy)
and (Z)-(I'BuN)(TMS;Si)Si=Si(SiTMS;)(I'BuN).53!l With regard to a comparable huge difference
in the steric demand of the silyl groups in 3°, we assume the calculated structure to be reasonable.
The calculated NMR shifts are in good agreement with other tetrasilyl-substituted disilenes!*"! as
well as with the measured experimental values (Table S9). The splitting of the NMR signals
between the two sp? hybridized Si atoms is only slightly higher than in known A,Si=SiB> disilenes
(A,B = different silylgroups).'>*! For completion, relaxed potential energy scans of the dihedral
angle revealed 3 as the global minimum with several other local minima located at least

2.5 kcal/mol higher in energy in addition to non-matching NMR shifts.
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8 ="1.7°/9.4% 1= 35.7°

25 \ T
\“/Si=Si"f-j-(’ Si=si< %

J

HOMO (-5.97 eV) LUMO (-1.36 eV)

&

HOMO-1 (-7.58 eV) HOMO-2 (-7.90 eV)

Figure S73. Caluclated molecular structure of tetrasilyldisilene 3’ with its frontier orbitals and their corresponding

energy values; frans-bent angle 0 and twist angle 7.
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Table S10. Calculated transitions and UV-Vis absorption bands using TD-DFT (time-dependent-DFT).

Wavelength [nm] MO contributions Transition f
467.3 HOMO—LUMO n—m* 0.1109
3349 HOMO-1—LUMO o(silyl)—m* 0.0571
3329 HOMO-2—LUMO o(silyl)—n* 0.0030

Contribution
95.7%
86.5%
90.5%

Bis(silyl)silylenes 3/3°’: calculated structures

The donor-free silylene 3 has a singlet-triplet energy gap AEs-t of 2.5 kcal/mol, higher than the

value calculated for silylene 3”° (0.6 kcal/mol). This is also reflected in an increase of the

Si-Si:—Si bond angle at the silylene center. Only the most stable conformer is reported in each case.
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Bis(silyl)silylene 3 (singlet) Bis(silyl)silylene 3 (triplet)

&

J

LUMO (-2.00 eV) SOMO

9

&)
9
J 9

HOMO (-6.18 eV) SOMO

Figure S74. Caluclated molecular structures of bis(silyl)silylenes 3 with their corresponding frontier orbitals.
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Bis(silyl)silylene 3** (singlet)

J‘)‘ S

LUMO (-1.97 ¢V)

HOMO (-6.25 eV)

Bis(silyl)silylene 3 (triplet)

o
"

SOMO

2

«

3°

SOMO

Figure S75. Caluclated molecular structures of bis(silyl)silylenes 3** with their corresponding frontier orbitals.
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Mechanism for the interconversion between the silylenes 3 and 3”°, disilene 3’ and the C-H

activation product (disiletane 4) at 298 K

Based on recent reports on reactions of silyl-substituted silylenes occurring on the singlet potential
energy surface!>?], only pathways occurring from the singlet silylenes have been investigated. As
shown in Figure S68, rearrangement of 3° (the most stable isomer) to 3 is accompanied with a
barrier of 15.2 kcal/mol to yield 3 located 5.7 kcal/mol higher in energy. The effective barrier for
the migration of the second TMS group to give 3** is slightly higher with 19.6 kcal/mol. Thus, all
isomerization reactions can be described as reactions in equilibrium with 3* being the kinetic
product. Decomposition of 3 via C-H activation, providing the thermodynamic product 4,
possesses an effective barrier of 26.2 keal/mol, thus being in line with the experimentally observed
reaction time of 4 days at r.t. for full conversion to 4. Accordingly, we have proven the intermediacy

of disilene 3” as the kinetic product, which gives access to the very reactive bis(silyl)silyene 3.

AEg ;=25 AE =06
ST ™S ™S ™S i
5 ™S, IMS_ % ™S4 _Si. SiBu;
(TMS):S~ " ~SiBugy — TMS,S'—S'\ T s siBug T S UsiBuy T TMS™ 7SI
s SiBug - ™S ™S TS
5.7 TS(3-3") 3 TS(3'-3") 3
15.2 0.0 19.6 11.6

1

HH
H-
. I !
(TMS)3Si~ SII-fBu
'Bu
TS(3-4)
26.2

1

(TMS)asi—E“:i—Sli—fBu
H 'Bu

4
-26.8

Figure §76. Computed pathway for the silylene-disilene-silylene interconversion at 298 K; the Gibbs Free energies

AGagg and the singlet-triplet energy gap ALs 1 are reported in kcal/mol.
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Mechanism for the interconversion between the silylenes 3 and 3°*, disilene 3’ and the C-H

activation product (disiletane 4) at 133 K

In addition to the computed pathway for the silylene-disilene-silylene interconversion at 298 K, we
calculated the same at 133 K, since we also performed EPR spectroscopy at this temperature. Here,

we obtained comparable results with only slightly different energy values and effective barriers.

AEg =22 AEs 1=05
- ™S, M8 ™S ™S, (M8 S _sis
i — “gleb| — TMS.___Si - s Si_ -Si'Bug
(TMS);si” > ~siBug SEs T 7 VsiBuy T S sibuy T ™MSTSE
Hi
3 ™S Si'Bu, ™8 ™S ™S TMS
61 TS(3-3) 3 TS(3-3") 3
14.2 0.0 7.8 10.6
HH
}:L
_Si_
(TMS),Si S,'”Bu
Bu
TS(3-4)

25.9

1

(TMS)gSi—S‘i—Sli—’BU
H By

4
—26.7

Figure §77. Computed pathway for the silylene-disilene-silylene interconversion at 133 K; the Gibbs Free energies
A(r133 and the singlet-triplet energy gap AFs 1 are reported in keal/mol.

Bond dissociation energies for all Lewis base-stabilized silylenes

Table S11. Calculated bond dissociation energies for all plausible donor-stabilized bis(silyl)silylenes.

Compound AGros [keal/mol]*  D°(0) [keal/mol]*  AGros™° [keal/mol]  AG29s"** [keal/mol]

15 (3-1'PrMe2) 16.3 44.6 0.0 0.0
13 (3" 1Pr:2Mez) 22.0 47.4 0.3 0.3
3-IMey 225 47.6 0.0 6.2

16 (37°-1Mes) 27.6 50.7 0.9 -5.4
14 (3-DMAP) 15.3 335 0.0 1.0
3"-DMAP 17.4 33.1 38 49

* all dissociation energies are referenced to the singlet ground state of the corresponding donor-free silylene;
AGao™ relative energy between the respective two isomeric Lewis base-stabilized silylenes:
AGaee™ relative energy between all donor-stabilized silylenes, referenced to 15.
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Rearrangement of I'Pr:Me:-stabilized bis(silyl)silylene 13
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Figure S78. Computed pathway for the interconversion of the I'Pr.Mez-stabilized silylenes 13 and 15 at 298 K.
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Figure S79. Computed pathway for the dihydrogen activation by singlet bis(silyl)silylene 3.
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Calculated IR Stretching Frequencies

Table S12. Selected experimentally determined and theoretically calculated IR frequencies.

Compound Mode Exp. ¥ [em™] Cale. 7 [em™]
17 Si=0 sym. stretch 1069 1118
Si-O-Si asym. strefch 971 948

Bonding analysis of the NHC-stabilized silanoic ester 17

There had been a lot of discussion in the community recently, concerning the formulation of Lewis
structures with dative bonds or with a zwitterionic representation.[S**] We know that this is also the
case for 17, but for consistency, all structural representations in this report are given with dative
Cnhe—Si bonds. Possible multiple bonding in four-coordinate silanoic esters and related thioesters
has already been discussed in detail by Driess, Apeloig and co-workers in a combined theoretical
and solid state NMR study.'>**! In contrast to their study, our silanoic ester 17 bears solely silyl
substituents and one coordinating NHC. Thus, the NHC-stabilized silanoic ester 17 is prone for a

more detailed investigation of its bonding situation.

Table S13. Selected results of the NBO analysis of the NHC -stabilized silanoic ester 17.

NBO analysis (NLMOs)*!
il pol. hybr. WBI
o 49% (Si?) sp!T(si?) 0.85
S-S 51% (Si%) sp> (i)
. 16% (Si%) sp>73(Si?) 0.91
Si=-0° 84% (0?) sp'(0?)
oo 12% (Si?) sp*(SIR) 047
Si*-0 88% (O)) sp' 0"
o 19% (Si%) sp*o(Si?) 0.54
SIC 81% (C) sp!H(C!)

Comparison to calculated less sterically encumbered silanoic ester derivatives

We calculated a collection of model systems with (E-H) and without (A-D) coordination of a
stabilizing NHC as well as varying the number and position of silyl substituents. All model systems,
as well as 17, contain highly polarized Si—O bonds, whereas the WBIs of the Si*~0? bond within
the series A-D and E-H show only minor dependency on the substituents. Nevertheless, within A-

D a less pronounced polarization of the Si’~0? bond upon R® bearing a silyl group can be identified,
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clearly evident by decrease of the difference of NPA charges Aq(Si*0?). Furthermore, silyl groups
at R! clearly increase the polarization of the Si>~O' bond. Coordination of a NHC in E-H decreases
the WBI of both Si—O bonds as expected, however polarizations of the Si>~O? bond remain
unchanged and only slightly reduced for Si>~O'. Comparison of model A to its NHC-stabilized
congener E revealed quite similar polarization (Aq(Si’0?) and Aq(Si*0")) for both Si—O bonds

upon NHC coordination.

e ok

1
02 e 2 2 \_—
. 2/ >/ 1 Oy 7/
TS s i< 1 i2 1 i2
01 Si Si3tBu3 R\O1/S|\R3 R\o1/S|\R3
17 A-D E-H

Figure S80. NHC-stabilized silanoic ester 17 and investigated simple donor-free and NHC-supported derivatives.

Table S14. Calculated structural parameters for the comparison of 17 with the smaller model systems A-H.

Compound R'/R? q(Si*) q(0* q(0') Aq(Si*0* Aq(Si*O') WBI(Si’0%*)  WBI(Si*0")

17 TMS/SiBus  1.79 -136 -1.34 3.15 3.13 0.91 0.47
A SiH3/SiH; 1.83  -1.17 -1.28 3.00 3.11 1.30 0.61
B CH3/CH3 219 -1.19 -0.94 3.38 3:13 1.27 0.65
C CH5/SiH3 1.81  -1.18 -0.94 2.99 275 1.28 0.65
D SiH3/CH; 221 -118 =127 3.39 3.48 1.29 0.62
E SiH3/SiH; 1.74  -128 -1.29 3.02 3.03 1.04 0.52
F CH3/CHs 209 -130 -0.95 3.39 3.04 1.04 0.53
G CH3/SiH; 1.74 -129 -0.96 3.03 2.70 1.04 0.54
H SiH3/CH3 209 -129 -1.28 3.38 3.37 1.04 0.52

The same situation is also present in our silanoic ester 17, although both WBIs are further decreased
to 0.47 and 0.91 for the two Si—O bonds. Aiming on an explanation for the differences in the Si-O
bond lengths for 17, we used NBO analysis. Accordingly, the natural localized molecular orbitals
(NLMOs, Figure S71), corresponding to the 6(Si*=Si%), 6(Si>~0"), 6(Si>~0?) and 6(Si>~C") bonds,
as well as three NLMOs, representing the electron lone pairs at O, are consistent with the
zwitterionic representation as the major resonance structure within NRT analysis (Table S15). This
analysis further revealed negative hyperconjugation of the lone pairs at O into the 6*(Si*>~C') and
6*(Si>~0'). Both antibonding orbitals are partly populated (Si>~C': 0.12 ¢, Si>~O*: 0.13 ¢) with
decreased occupancy of the LP(O%) NBOs (1.83 e, 1.87 ¢). These results clearly rationalize the
results found within SC-XRD structure: a short Si>~O? bond length, being in the range of a Si=0
double bond, and an elongated Si>~O' bond, located on the upper end of reported Si—O single
S79
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bonds, together with an elongated Cnuc—Si bond. All in all, the bonding situation of our silanoic
ester can be summarized as following: 17 possesses a zwitterionic representation with two highly
polarized Si-O bonds and additional weakened Si>-O' and Si>~C' ¢ bonds by negative
hyperconjugation. Thus, it is not astonishing that 17 possesses only limited thermal stability and is

prone for the occurrence of side reactions.

I :
PF:NJ%/ IPr\N/g‘/
Lewis structure = ) N =N

(') \iPr —?/j \’-Pr

Table S15. Results of NRT analysis of 17.

TMS. __Si_ i
o~ S'~siBu, TMS. Sis gy,

Resonance weight 31.9% 31.0%
a) b)

/Pr TMS

N* O
:[ H—SiusiBu,

N \

\ O_

'Pr

17 LP(O?) LP(O?) LP(0O?)
0(Si2—CNHC) o(Si>-02) o(Si>-01) o(Si>-Si%)

Figure S81. Results of the bonding analysis of 17. (a) Dominant Lewis resonance structure according to NRT analysis;

(b) NLMOs representing the electron lone pairs at O? and the Cxuc—Si?, Si*~0', Si*~0?, Si>-Si* bonds.
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Calculated energies at the M06-2X/6-311+G(d,p)(SMD: benzene) level of theory

Table S16. DFT-derived energies for the respective analyzed compounds.

Structure

1
TS(3-1)
3 (singlet)
3 (triplet)
TS(3-4)
TS(3-3%)
3
TS(3%-3")
3" (singlet)
3" (triplet)
4
5
6
13
14
15
16
3""-DMAP
3*"-IMey
17
IMey
I'Pr:Me:
DMAP

E(SCF) [H/particle|

-2570.803718
-2570.722088
-2568.908465
-2568.912373
-2568.875705
-2568.893194
-2568.917479
-2568.886242
-2568.899001
-2568.899965
-2568.960237
-2047.494162
-2625.496807
-3109.279400
-2951.000770
-3109.279819
-2952.175198
-2950.9946069
-2952.176611
-2152.162045
-383.232221
-540.345382
-382.067974

Cartesian coordinates (x,y,z) for the optimized structures

1

Si 2.56893 -0.01769 0.12410

H

0.41078 1.34809 2.00641

Si 0.46790 0.09189 1.19642

H

047762 -1.00674 2.20927

Si-1.64474 0.00353 0.14058
S1-2.96190 -0.69425 1.97177
Si-2.33456 2.18854 -0.40498

Si
C
C
H
H
H
C
H
H
H
C
H
H
H
C
¢
H
H
H
C
H
H

-2.24383 -1.39956 -1.66160

3.88807 0.61779 140737
3.84731 2.15068 153688
4.18092 2.65781 0.62737
4.52399 245855 2.34593
2.84573 2.51638 1.79079
3.59509 0.06101 281404
3.60077 -1.02958 2.85714
262642 0.40810 3.19044
436435 0.42223 3.51085
5.31895 0.21802 1.00420
5.58712 0.58147 0.00669
5.46923 -0.86504 1.01735
6.03431 0.65345 1.71614
2.82679 -1.89863 -0.31289
3.21719 -2.72588 0.92518
3.24386 -3.78898 0.64812
248875 -2.61812 1.73630
420570 -2.46887 1.31387
3.90974 -2.11037 -1.38502
3.63719 -1.66638 -2.34676
4.05452 -3.18680 -1.55340

TS(3-1)

Si-2.55727 0.00360 0.14027

H

Si
H

Si
Si
Si
Si

TIZIONIIINOIITOETIITIAOTIZONN

-0.48522 -1.49944 118760
-0.43396 0.18045 1.20696
-0.38356 -1.16962 2.07720
1.67450 -0.01175 0.12703
3.05226 0.17605 2.03741
227617 -2.01908 -0.94146
231223 1.77550-1.26713
-3.74763 -0.94601 1.36517
-3.58954 -2.47173 1.23671
-3.93719 -2.84928 0.27140
-4.19449 -2.95994 2.01306
-2.55256 -2.79893 1.37798
-3.45520 -0.60231 2.83862
-3.49876 0.46750 3.04998
-2.46919 -0.95774 3.15345
-4.20121 -1.09867 347507
2464 -0.61078 1.08067
-5.50953 -0.80958 0.04287
-5.46379 043296 1.30134
-5.86570 -1.23181 1.72217
-3.04026 1.89266 -0.00482
-3.37910 2.48103 1.37649
-3.52529 3.56550 1.27720
-2.56895 2.32290 2.09738
-4.29950 2.06920 1.79796
-4.23695 2.14251 -0.93978
-4.00790 1.89068 -1.97948
-4.50255 3.20869 -0.91609

S81
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St
Si

3 (singlet)

2.47938 -0.05132 0.09767
0.42074 -1.10324 0.75962

Si-1.55478 -0.04566 0.06096

Si
Si
Si

AXZIODN DI IONISDIAOINIODIIION

-2.94912 -0.24307 1.96382
-2.21260 1.95823 -1.00816
-2.22928 -1 89831 -1.26928

2.80727 0.97019 1.73859
391811 2.02178 1.57850
4.86827 1.57014 1.27499
4.08636 2.52666 254080
3.66680 2.79437 0.84744
1.50688 1.67707 2.17466
0.72580 0.95142 245366
108530 2.33434 141048
1.69824 2.28305 3.07162
3.20643 0.05285 2.90944
4.17877 -0.42243 2.75740
246764 -0.73611 3.09200
3.27870 0.65516 3.82602
3.78726 -1 48657 -0.12196
3.54971 -2.64083 0.87102
4.33900 -3.39389 0.73635
2.58862 -3.13518 0.69764
3.57117-2.32661 1.91621
5.23231 -0.98724 0.06139
5.47906 -0.15296 -0.60206
5.93268 -1.80447 -0.16282
543018 -0.66758 1.08887
3.67223 210859 -1.52525
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4.87650 -1.69270 -1.08418
1.50020 -2.49977 -0.81532
1.07871 -1.96253 -1.66734
0.74441 -2.51163 -0.01977
1.66094 -3.54222 -1.12549
2.48652 1.11557 -1.45242
3.86445 1.41022 -2.06717
440817 0.49722 -2.33019
4.49843 1.99735 -1.39607
3.73772 1.99566 -2.98872
1.80404 2.45165 -1.10464
2.35080 3.04341 -0.36878
0.79059 2.28883 -0.71966
1.70954 3.06095 -2.01505
1.59770 0.46275 -2.52194
1.45840 1.16011 -3.36086
0.60318 0.23049 -2.12329
2.02367 -0.45714 -2.93282
-2.28318 -2.29230 2.72458
-2.11694 -3.06359 1.96558
-2.99927 -2.68595 3.45531
-1.33459 -2.11873 3.23985
-2.91432 0.65105 3.30175
-1.88313 0.89522 3.57877
-3.43652 0.31164 4.20362
-3.39822 1.57202 2.96009
-4.76964 -1.02121 1.51374
-5.23563 -0.16703 1.01323
-5.33764 -1.22908 2.42818
-4.86323 -1.89461 0.85972
-4.21063 2.35238 -0.20472
-4.52686 3.35282 -0.52263
-4.51059 2.22495 0.84080
-4.75679 1.61880 -0.80538
-1.55008 3.46726 0.74660
-0.46335 3.52642 0.63770
-1.76536 3.22880 1.79361
-1.96696 4.45812 0.53176
-1.91338 2.59740-2.20533
-0.85270 2.44476 -2.42819
-2.15932 3.64276 -2.42478
-2.49300 1.96826 -2.88972
-4.01931 -0.90369 -2.10588
-4.04281 0.08593 -2.57486
-4.68745 -0.88451 -1.24087
-4.42177 -1.62240 -2.82966
-1.29383 -1.24480 -3.29145
-0.29276 -1.68120 -3.26238
-1.20372 -0.20245 -3.61383
-1.86930 -1.78234 -4.05504
-2.26347 -3.21734 -1.14216
-2.59449 -3.83794 -1.98287
-2.95906 -3.38028 -0.31211
H -1.27514 -3.56881 -0.83076

jeofie sl @ Rasfie rfieci{@Rarfiasfa vl @ Hesfle ofie sl @ e offe ofic N @ Wuofl« o= - N @ Be i obe s @ e ol o<l @ e e e s @ B o e o« SN @ e ol e ofic oR @ e offc off < »{ @ Wip W= ==« o @ = o]

3 (triplet)

Si-2.58012 0.03072 0.12361
Si-0.35244 0.19389 0.86002
Si 1.81936 0.02655 0.06243
Si 3.00954 -0.39703 2.04603
Si 2.19524 -1.75010 -1.42446
Si 2.54285 2.09079 -0.78935
C -3.32436 -1.54936 0.99225
C 4.68500 -1.94715 0.38996
H -5.41488 -1.13234 0.42299
H -5.10416 -2.78708 0.96140
H -4.59616 -2.27738 -0.64910
C -2.37554 -2.75787 0.87797
H -1.41511-2.56685 1.37044
-2.17082 -3.04746 -0.15484
-2.83683 -3.62240 1.37526
-3.52201 -1.30199 2.49822
-4.29036 -0.55255 2.70571
-2.59122 -0.98787 2.98626
-3.84337 -2.23776 2.97585

jaofie === @R -]

-5.12578 1.57679 -0.64379
-1.84781 2.71193 -0.53385
-1.53173 240348 -1.53102
-0.97813 2.65087 0.13397
-2.12897 3.77280 -0.59008
-2.50568 -0.85739 -1.60783
-3.90468 -1.14938 -2.17933
-4.53819 -0.25898 -2.22942
-4.43567 -1.90839 -1.59697
-3.80434 -1.53961 -3.20191
-1.72508 -2.17999 -1.54926
-2.16652 -2.91890 -0.87740
-0.69563 -2.00470 -1.22760
-1.68923 -2.62665 -2.55340
-1.74291 0.03170 -2.60342
-1.59294 -0.51729 -3.54431
-0.75046 0.29949 -2.21995
-2.27791 0.95322 -2.84994
2.42004 1.53865 3.18517
2.30695 2.49249 2.65970
3.12852 1.68635 4.00862
1.44682 1.27552 3.60902
3.00288 -1.45861 2.99428
1.97342 -1.74299 3.23973
3.55459 -1.36119 3.93632
3.45388 -2.27755 2.42440
4.86053 0.57172 1.63564
5.29677 -0.13412 0.92246
545178 0.52988 2.55794
496197 1.58113 1.22276
4.15319 -2.24828 -0.81751
4.44994 -3.14599 -1.37266
4.47292 -2.37816 0.22166
4.69978 -1.39738 -1.23564
1.49928 -3.51511 -0.07999
0.40762 -3.53041 -0.14417
1.77566 -3.52833 0.98018
1.87548 -4.43906 -0.53439
1.83993 -2.00079 -2.78401
0.79045 -1.75463 -2.96900
2.04443 -2.97976 -3.23276
2.45493 -1.26013 -3.30741
4.05882 1.39680 -1.89665
4.04713 0.55571 -2.59830
4.75907 1.15772-1.09184
4.44512 2.27074 -2.43452
1.27351 2.03904 -2.82513
0.27541 2.42810 -2.61027
1.16443 1.11310 -3.39951
1.78814 2.76986 -3.46057
2.36842 3.39243 -0.28851
2.63319 4.22508 -0.95012
3.12069 3.34206 0.50580
1.40392 3.62223 0.17591

fasfle ot @ Rerfle offe N @ Harfieofie W @ Reoffe st sl @B ofie e -l @ We e e -l @ o sffa e ol @ e offc ot e sl @ Be sffe sffa s W@ Yool ofie 2@ Be=fooRe >N @ Raofeofe >N @ N @ B v off= =N N

TS(3-4)

Si 2.60661 0.10179 0.02442
H 0.65283 227272 -0.33511
Si 0.48122 0.98013 0.48466
Si-1.63815 0.06589 0.06817
Si-2.19516 -0.87035 2.15395
Si-3.02153 1.96233 -0.15868
Si-2.26504 -1.42351 -1.64901
2.74949 1.53711 -1.28107
1.24875 1.64671 -1.60108
0.83827 0.83782 -2.20454
0.96385 2.60244 -2.06234
3.19102 2.88627 -0.68588
2.59184 3.18355 0.17906
3.07446 3.66452 -1.45383
4.24256 2.88072 -0.38587
3.60399 1.29464 -2.53233
4.66632 1.24243 -2.26349
348152 2.12690 -3.23952
3.35030 0.37383 -3.06012

582

EITTONIEITOEINTZONO

212

3.96736 -1.41966 -2.32074
2.65391 -2.45879 -1.73694
4.33537 -2.98250 -1.58842
2.42645 1.08725 -1.48022
3.81433 1.49185 -2.00356
4.38502 0.63699 -2.37642
441739 1.99235 -1.23859
3.69702 2.19342 -2.84173
1.63777 2.36559 -1.16848
2.14041 3.01886 -0.45023
0.64821 2.11880 -0.77358
1.49474 2.94638 -2.09153
1.65158 0.37898 -2.60673
1.58959 1.04140 -3.48262
0.62535 0.15488 -2.29203
H 2.11459 -0.55397 -2.93508
C -2.29183 -1.53901 3.17110
H -2.12853 -2.50562 2.68522
H -3.00878 -1.67751 3.98896
H -1.33548 -1.22687 3.60389
C -2.99476 1.42016 2.86982
H -1.98552 1.76146 3.12495
H -3.56423 1.32313 3.80146
H -3.47147 220005 2.26713
C -4.73158 -0.70596 1.52031
H -5.17259 -0.00783 0.80297
H -5.34586 -0.69008 2.42846
H -4.79544 -1.71211 1.09437
C -1.70329 2.03876 -2.82773
H -220471 2.88546-3.31077
H -1.99436 1.12723 -3.36125
H -0.62520 2.16843 -2.94994
C -4.10732 2.01173 -0.95493
-4.45378 2.87986 -1.52853
-4.47422 212535 0.07034
-4.56816 1.11753 -1.38418
-1.64298 3.52568 -0.10748
-1.76638 3.42641 097568
-2.26537 4.36564 -0.43820
-0.60056 3.78494 -0.30725
-3.84763 -1.52991 -2.17571
-3.74968 -0.67329 -2.85040
-4.66232 -1.32188 -1.47497
-4.13140 -2.40155 -2.77739
-0.91686 -2.30331 -2.57414
H 0.05670 -2.52340 -2.11778
H -0.77368 -1.47478 -3.27531
H -1.22040 -3.18559 -3.14968
C -2.47492 -3.44739 -0.21379
H -2.77660 -4.28212 -0.85759
H -3.25249 -3.31079 0.54371
H -1.55071 -3.72727 0.30146

INONITZONTDTONT I T

ONDIODIITNOI T

TS(3-3)

Si-0.24192 -1.07655 0.69185
Si 1.19206 -2.05129 -1.22810
Si 1.55670 0.15262 0.22067
Si 3.40794 -0.70999 1.41593
C 394858 0.71567 2.54653
H 4.75952 0.37242 3.19995
H 4.30805 1.59263 2.00104
H 3.11765 1.03201 3.18668
C 489361 -1.21790 0.35574
H 5.69099 -1.59459 1.00711
H 4.65243 -2.00342 -0.36612
H 529302 -0.36471 -0.20040
C 2.89048 -2.11611 2.56545
H 224781 -2.85534 2.08314
H 3.77824 -2.62560 2.95804
H 233110-1.70277 3.41102
Si 2.32264 2.17914 -0.78708
C 420121 2.12455-1.01891
H 449337 1.34401 -1.72880
H 452187 3.08736 -1.43510
H 4.75123 1.96531 -0.08820
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-3.42130 1.67570 0.75261
-2.96200 2.03587 2.17933
-3.49122 2.94186 2.50595
-1.88852 2.25448 221202
-3.16665 1.25361 291272
-4.95829 1.57634 0.75228
-5.36308 1.30288 -0.22738
-5.38562 2.55171 1.02371
-5.32493 (.84983 148325
-3.01907 2.86820-0.13379
-3.41561 2.79547 -1.14989
-1.92955 2.98058 -0.19397
-3.42030 3.79155 0.30603
-2.61812-0.11618 -1.82077
-4.00907 0.20066 -2.40011
-4.30047 1.24176 -2.23622
-4.79293 -0.43916 -1.98195
-3.99505 0.03555 -3.48664
-2.22940 -1.53298 -2.27562
-2.96859 -2.28678 -1.99218
-1.25620 -1.83766 -1.87451
-2.15179 -1.54919 -3.37197
-1.59199 0.83691 -2.45823
-1.62070 0.72521 -3.55188
-0.57254 0.60405 -2.13049
-1.77995 1.88819 -2.23028
2.31506 0.65581 3.45362
230221 1.71995 3.19719
2.91991 0.52873 4.35879
1.28695 0.35617 3.68598
2.82243 -2.21654 2.52569
1.76349 -2.49347 2.58392
3.27593 -2.40162 3.50602
3.30704 -2.87868 1.80065
4.84666 0.00013 1.82424
5.27868 -0.55154 0.98278
5.40485 -0.26904 2.72815
5.00180 1.06868 1.64132
1.67425 -1.29892 -3.18511
1.92392 -2.11488 -3.87307
2.19683 -0.39898 -3.52777
0.59880 -1.11162 -3.26002
4.05145 -2.12405 -1.43725
427672 -2.90512 -2.17246
4.38985 -2.47853 -0.45779
4.63899 -1.23680 -1.69569
1.27832 -3.29975 -0.85425
1.60752 -3.59912 0.14611
1.47081 -4.13277 -1.53997
0.19700 -3.13881 -0.80858
4.23586 1.87542 -1.60802
4.16223 1.23548 -2.49420
4.96070 1.42185-0.92420
4.63216 2.84577 -1.92806
1.34595 2.81008 -2.06062
0.36769 3.00208 -1.60679
1.19652 2.13908 -2.91291
1.73632 3.76140 -2.44023
2.67921 3.32183 0.63899
2.94781 431590 0.26412
3.43984 3.01832 1.36569
1.72177 3.40507 1.16642

3

1-0.08770 0.64733 0.13933
i 0.05441 2.94401 0.72126
i 1.89926-0.25231 0.11257
i 3.70451 0.97158 -0.76992

4.63637 -0.26330 -1.86929
543926 0.26401 -2.39860
5.09198 -1.08246 -1.30568
3.96886 -0.69765 -2.62089
4.95031 1.65459 0.47695
5.77891 2.13404 -0.05724
451187 2.38741 1.15789

3.90841 0.19420 145624
3.62960 1.40407 2.36461
2.63528 1.34810 2.82006
3.69813 2.35586 1.83375
437193 1.42514 3.17446
5.32327 0.33897 0.86455
6.05844 0.40705 1.67876
5.42510 1.24403 0.25771
5.60432 -0.51454 0.24018
3.88215-1.05158 2.35600
4.19538 -1.95741 1.82949
2.88782 -1.22812 2.78331
4.57733 -0.90608 3.19428
2.51644 -1.65826 -0.78307
1.63310 -1.64709 -2.03883
1.51283 -2.67522 -2.40996
2.04378 -1.05468 -2.85986
0.63565 -1.26637 -1.80069
3.90220 -2.20444 -1.16265
4.53312-2.37927 -0.28614
4.44028 -1.52923 -1.83806
3.78943 -3.16830 -1.67856
1.82858 -2.63135 0.19284
1.74549 -3.62202 -0.27713
0.81203 -2.29289 0.42728
2.36538 -2.76058 1.13427
C -0.86676 -2.08504 2.73884
H -1.11528 -2.45847 3.73903
H 0.11685 -1.60407 2.79476
-0.78167 -2.94641 2.06806
-2.32178 0.50540 3.44594
-2.50230 0.07624 4.43822
-3.14235 1.19528 3.22377
-1.39581 1.08893 3.49000
-3.84345 -1.79692 2.08633
-3.79323 -2.65276 1.40468
-4.65908 -1.14647 1.75422
-4.09760 -2.17690 3.08256
-2.36422 342325 0.84188
-2.19502 3.15221 1.88857
-3.08690 424711 0.81073
-1.41227 3.78403 0.44099
-4.78414 1.60235 0.43457
-5.22457 0.73925 -0.07337
-5.42343 247187 0.24193
-4.80523 1.40629 1.51175
-3.09805 2.48782 -1.97704
-2.09285 2.65286 -2.38072
-3.66074 3.42284 -2.07886
-3.58953 1.73182 -2.59822
-4.16001 -1.42917 -1.70458
-4.49868 -2.19582 -2.41166
-4.55245 -0.46569 -2.04625
-4.60396 -1.64968 -0.72895
-1.69653 -0.89021 -3.37578
-1.92099 0.16669 -3.55212
-2.23967 -1.47635 -4.12661
-0.62752 -1.04252 -3.54457
-1.71557 -3.20030 -1.30258
-2.09403 -3.53805 -0.33134
-0.62773 -3.30790 -1.29410
-2.11803 -3.87118 -2.07046

TITTDOIDIDODNIDIIZIOOIIIQOITNIAODNIIITON

TN OINIOININIONIIONIITIaND oD IoOnnmorn

TS(3°-3"")

Si -0.20080 -0.25697 -0.11440
Si -1.00502 -2.25855 -1.15555
Si-1.63794 1.05039 1.00004
Si-1.40162 195361 -1.37017
C -0.80219 3.74459 -1.23316
H -1.19565 4.28088 -2.10645
H -1.19360 4.21905 -0.32902
H 028383 3.85474 -1.23585
C 326918 2.08423 -1.68419
H -3.41248 2.56852 -2.65852
H -3.78675 1.12210 -1.70393

583

213

C 1.93741 3.58921 0.41675
2.39469 4.51473 0.04704
0.86361 3.76516 0.52708
2.34928 3.38587 1.41099
1.64280 2.57392 -2.50411
2.02925 1.86304 -3.24152
0.55379 2.57662 -2.56528
2.00278 3.57113 -2.78676
-0.24374 -2.74724 -2.25189
H -0.80180 -1.97330 -2.78314
H 0.21299 -3.40673 -3.00196
-0.93685 -3.34318 -1.65229
2.08525 -3.57766 -0.56097
1.40974 -4.15900 0.07396
2.36571 -4.19623 -1.42291
2.99125-3.36770 0.00894
2.29802 -1.24703 -2.55785
1.75148 -0.44528 -3.06607
323163 -0.83311 -2.16384
2.55108 -2.00770 -3.30728
-2.32113 0.05534 0.20231
-3.67983 -1.33359 -0.06158
-2.36356 1.34768 -1.25858
-2.59078 0.94511 1.93619
-3.77382 1.93103 1.91501
-3.94033 2.31737 2.93089
-3.58150 2.79472 1.27219
-4.70718 1.46776 1.58372
C -1.33873 1.72575 2.38836
H -0.99177 245725 1.65518
H -1.57461 227101 3.31320
H -0.50040 1.05740 2.60961
C -2.85866 -0.08967 3.04634
-2.06050 -0.83843 3.11348
-2.90310 0.42851 4.01463
-3.80753 -0.61568 2.91737
-3.78684 1.79279 -1.64109
-4.32951 2.22208 -0.79326
-3.72713 2.56743 -2.41929
-4.38938 0.97633 -2.04628
-1.57703 2.60839 -0.87150
-2.06561 3.18041 -0.07850
-0.56477 2.36007 -0.53833
-1.49110 327181 -1.74440
-1.68217 0.76163 -2.50782
-2.20398 -0.11594 -2.89824
-1.66480 1.51597 -3.30820
-0.64342 0.47539 -2.29881
-3.33565 -2.59697 0.75132
-4.14484 -3.33208 0.63633
-2.41133 -3.06458 0.39551
-3.21174 -2.40567 1.81986
-3.75086 -1.78299 -1.53197
H -4.12914 -1.00347 -2.19782
H -2.78041 -2.11276 -1.90947
-4.43834 -2.63696 -1.61152
C -5.09431 -0.87355 0.33746
H -5.18806 -0.68427 1.40980
H -5.40507 0.03186 -0.19390
H -5.81458 -1.66501 0.08556

(@o=1= cfani a2t ashlos]

IDNTIOONOVNIITTONITIOT

ONZIZOTNITAZNINITOIITITZIOINTT

jas]

3" (singlet)

Si 0.24862 0.57217 -0.03316
Si 1.18092 1.09319 2.09349
Si 1.67620 -0.56867 -1.54414
Si 0.46931 2.60670 -1.26761
C -0.26896 2.72524 -3.00706
H -0.00488 3.71941 -3.38907
H 0.18071 1.98413 -3.67566
H -1.35400 2.62160 -3.06063
C 2.32722 2.84452 -1.59658
H 246990 3.75248 -2.19506
H 292657 2.94116 -0.69051
H 273360 2.01237 -2.18975
C -0.16650 4.07249 -0.25590
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5.36581 0.84072 1.07977
3.09422 2.30601 -1.96608
2.62370 1.81710-2.82556
2.36102 2.99293 -1.53863
3.94254 2.89574 -2.33315
2.63668 -2.42325 0.64743
431273 -2.13370 1.48480
4.20059 -1.49497 2.36726
4.72506 -3.09459 1.81470
5.04567 -1.66618 0.82144
2.89527 -3.56954 -0.83134
1.95242 -3.80486 -1.33256
3.56896 -3.11988 -1.56671
3.34373 -4.50999 -0.49048
1.56246 -3.27689 1.94466
1.34300 -2.59890 2.77545
0.61649 -3.64283 1.54104
2.11219 -4.13693 2.34511
-0.43993 4.16826 -0.63587
-1.51637 4.14952 -0.83212
-0.17606 5.18107 -0.30936
0.07767 3.96977 -1.57952
1.80692 3.36720 1.29595
2.54267 3.39944 0.49145
1.77748 4.36168 1.75770
2.15103 2.65288 2.05057
-0.98937 3.32947 2.25705
-2.06677 3.21488 2.12510
-0.68156 2.70598 3.10242
-0.79549 437523 2.52582
-2.20021 -0.43239 -0.17257
-3.28349 0.89551 -1.11408
-2.93362 -0.87358 1.57770
-1.97226 -2.02004 -1.28274
-3.22953 -2.91046 -1.27991
-3.08138 -3.74112 -1.98414
-3.41758 -3.35223 -0.29697
H -4.13321 -2.37738 -1.58814
C -0.79515 -2.87773 -0.79879
H -0.94261 -3.26127 0.21071
H -0.67708 -3.74353 -1.46631
H 0.14207 -2.31257 -0.82508
C -1.65495 -1.63936 -2.73993
H -0.79105 -0.96813 -2.80862
H -1.41031 -2.55231 -3.30014
H -2.50219 -1.17034 -3.24615
C -4.44928 -1.14041 1.53955
-4.72245 -1.92709 0.82977
-4.78540 -1.46439 2.53450
-5.02054 -0.24313 1.28370
-2.23770 -2.12012 2.15170
-2.49399 -3.03398 1.60862
-1.14624 -2.01146 2.15518
-2.55708 -2.26240 3.19327
-2.67067 0.26122 2.58290
-3.12542 1.20889 2.28805
-3.09227 -0.01581 3.55918
-1.59709 0.43019 2.72326
-2.48995 1.56837-2.25158
-3.11196 235211 -2.70711
-1.57505 2.04785 -1.89035
-2.20631 0.87470 -3.04396
-3.71242 2.02058 -0.15807
-4.40016 1.67596 0.61896
-2.85375 2.49052 0.33056
-4.23071 2.80338 -0.72943
-4.56227 0.29176 -1.72350
-4.34466 -0.41206 -2.53142
-5.18123 -0.22351 -0.98229
-5.17042 1.09932 -2.15489

ZZOOOARENINONINENONIIONNTONINoOInmnoOonnnnon

ITZOINIOININIONITON T IOTN I X

3** (triplet)

Si 2.11636 0.42605 -0.87163
Si 3.95248 -0.94775 -0.38431
Si-0.04350 0.85544 -0.08735

-3.73574 270948 -0.91738
-0.64889 1.30697 -2.99712
0.44384 1.34514 -2.99544
-0.95312 0.28664 -3.24235
-1.00356 1.96532 -3.80092
-3.76634 0.00553 1.26514
-4.66018 -1.24006 0.14693
-4.08179 -2.14307 -0.05984
-5.57740 -1.53913 0.66955
-4.95773 -0.79748 -0.80874
-5.02233 1.40152 1.53822
-4.60415 220297 2.15547
-5.35260 1.83909 0.59094
-5.90836 1.00579 2.04890
-3.52655 -0.82392 2.96004
-2.78219 -1.62651 2.93704
-3.19856 -0.09052 3.70455
-4.47547 -1.25074 3.30545
0.05529 -3.39781 -2.24107
0.69090 -4.07171 -1.66165
-0.64743 -4.01696 -2.81259
0.68439 -2.86346 -2.95887
-2.43609 -1.76175 -2.29383
-2.06533 -1.61585 -3.31351
-3.17488 -2.57087 -2.32420
-2.94704 -0.85066 -1.97743
-1.61147 -3.32693 0.28569
-0.76058 -3.80053 0.78678
-2.16583 -2.75242 1.03251
-2.26532 -4.12304 -0.08998
2.15063 0.08675 0.32757
3.17612 -0.85012 -1.04121
2.30325 -0.79453 2.06780
2.65998 1.95999 0.42621
4.01619 2.15384 1.13154
4.29990 3.21389 1.07068
3.96605 1.89642 2.19336
4.82406 1.57229 0.67852
1.61989 2.80552 1.18138
1.51941 2.52084 2.22980
1.92930 3.86034 1.15279
0.62598 2.74173 0.73549
2.77709 2.54668 -0.99201
1.87397 2.37344 -1.58716
292184 3.63382-0.92318
3.62845 2.14147 -1.54497
3.76231 -1.15823 2.40272
4.42569 -0.28843 2.37470
3.80529 -1.56916 3.42109
4.17477 -1.91625 1.73228
1.78091 0.11056 3.19807
242791 0.97472 3.37051
0.76408 0.47198 3.00686
1.75795 -0.46719 4.13242
1.45296 -2.07960 2.12194
1.70039 -2.80138 1.33941
1.61150 -2.57690 3.08896
0.38044 -1.85440 2.05736
2.63013 -0.51457 -2.44145
3.17373 -1.10097 -3.19559
1.56764 -0.76711 -2.53345
2.74598 0.53985 -2.70246
3.03596 -2.37095 -0.86671
3.55332-2.74199 0.02116
1.99033 -2.67680 -0.80262
347211 -2.88050 -1.73743
4.67988 -0.52223 -1.01596
4.88814 0.51841 -1.27760
5.13415 -0.72392 -0.04045
5.19678 -1.15075 -1.75467

IO IO N I IO I I IO I I IO N NN I AN IQI I IONNO I I IO I IO I IO IION I TIAIIIORIIIInOR

4
Si -2.61188 -0.07367 -0.07455
H -0.37107 -2.29044 -0.46696
Si -0.44030 -0.80124 -0.58293

S84

214

H -1.24117 3.98708 -0.06263
H 0.34388 4.14763 0.70960
H 0.00746 5.00647 -0.80268
Si 3.64330 -1.47499 -0.51781
4.68208 -0.66471 0.84246
4.12297 -0.44688 1.75499
5.49404 -1.35691 1.09751
5.14077 0.26488 0.49090
4.82895 -1.74561 -1.97153
435139 -2.32913 -2.76481
5.15112-0.79393 -2.40754
5.72461 -2.28377 -1.63984
3.10870 -3.19583 0.09463
2.66481 -3.15370 1.09366
2.38722-3.67874 -0.57378
3.99561 -3.83851 0.14521
0.16604 2.18946 3.26624
-0.73486 1.71251 3.65866
0.81268 2.43859 4.11692
-0.13045 3.13032 2.79151
2.76042 2.10611 1.82054
251185 3.13841 1.55108
3.32789 2.13593 2.75861
3.41142 1.69547 1.04652
1.64440 -0.46493 3.07057
0.76988 -0.92561 3.54001
2.12510 -1.22435 2.44697
2.34400 -0.18868 3.86859
-1.87360 -0.58616 -0.05016
-2.92206 0.11136 1.44155
-1.46558 -2.48261 0.19982
-2.79006 -0.28651 -1.74010
-3.95300 -1.26830 -1.97614
-4.48459 -0.97996 -2.89403
-3.60400 -2.29508 -2.11829
-4.68309 -1.26869 -1.16128
-1.82073 -0.41286 -2.92828
-1.42083 -1.42179 -3.04709
-2.35087 -0.15727 -3.85695
-0.96965 0.26431 -2.83832
-3.36910 1.13975 -1.77338
-2.62988 1.89697 -1.49053
-3.70727 1.37118 -2.79311
-4.23329 1.25157-1.11320
-2.69907 -3.30013 0.63019
-3.53331 -3.20428 -0.07092
-2.42938 -4.36450 0.67693
-3.05915 -3.01668 1.62268
-0.92802 -3.11113 -1.09628
-1.68627 -3.17993 -1.88023
-0.07436 -2.55807 -1.51487
-0.57834 -4.13137 -0.88645
-0.36876 -2.67785 1.25928
-0.66171 -2.32718 2.25060
-0.12705 -3.74683 1.34486
0.55432 -2.15702 0.98069
-2.83717 1.64912 1.49376
-3.32950 2.01070 2.40772
-1.80271 2.00508 1.51838
-3.33414 2.12568 0.64633
-2.36904 -0.42028 2.77554
-2.56453 -1.48735 2.90994
-1.29134 -0.26149 2.87307
-2.85603 0.10707 3.60790
-4.41025 -0.27851 1.37566
-4.92281 0.17768 0.52473
-4.55971 -1.36108 1.31945
H -491611 0.07601 2.28490

mmommmonmmonnon@EOENDEmeD oD OOEDEO OOV M O ORI o mm o mimonmmo

5

Si -0.47225 -1.05292 -0.02451
C -0.39963 -2.75728 0.79492
H 053107 -3.04492 1.27958
H -1.27226-3.13929 1.32025
Si-2.58063 0.01757 -0.04846
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Si-0.64512 2.58123 -1.62010
Si 040137 2.04571 1.93410
Si-1.39803 -1.12671 0.03955
5.39723 -0.14811 -1.30068
5.56418 0.87615 -0.95352
5.21072 -0.11352 -2.37849
631561 -0.72198 -1.13154
3.76962 -2.72059 -1.01363
4.73470 -3.23168 -0.91304
3.47976 -2.74565 -2.06858
3.02865 -3.28825 -0.44309
4.36272 -1.00481 1.45815
4.58284 -0.00472 1.84437
5.25095 -1.62970 1.61047
3.54493 -1.42992 2.04834
-1.31025 2.08188 -3.32136
-2.28029 1.58045 -3.30402
-0.60182 1.44297 -3.85714
-1.42385 3.00789 -3.89872
0.90917 3.57804 -2.04497
0.61028 4.49015 -2.57581
1.55030 2.99468 -2.71570
1.50853 3.86492 -1.17931
-1.92312 3.73610 -0.83145
-1.58232 4.12805 0.13222
-2.88232 3.23241 -0.67122
-2.10077 4.58948 -1.49614
1.35508 3.62256 1.49726
1.63675 4.12251 2.43162
0.76075 4.32749 0.90815
2.27369 3.39678 0.94477
1.53441 1.10464 3.12441
1.83968 1.79725 3.91797
2.44129 0.75908 2.61737
1.05774 0.24233 3.59826
-1.11307 2.61058 2.92429
-0.75997 3.26710 3.72869
-1.65451 1.78049 3.38597
-1.82360 3.17884 231644
-3.25365 -0.54168 0.20530
-3.78301 -0.01033 -1.13736
-4.78988 0.40429 -0.98917
-3.86028 -0.78371 -1.90575
-3.15319 0.79685 -1.52649
-3.36363 0.63126 1.19514
-3.07772 0.35967 2.21269
-4.40473 0.98242 122967
-2.74340 1.48083 0.88866
-4.19809 -1.65873 0.68446
-3.96727 -1.98610 1.70211
-4.17738 -2.53849 0.03489
-5.23030 -1.28094 0.69381
-0.82238 -2.11637 1.61787
0.71539 -2.15011 1.69705
113611 -1.14250 1.76917
1.17676 -2.64088 0.83658
1.02373 -2.70058 2.59795
-1.31391 -1.43540 290688
-0.84552 -1.92074 3.77483
-2.39668 -1.51689 3.03582
-1.04693 -0.37431 2.94288
-1.34048 -3.56639 1.63597
-1.04102 -4.04526 2.57899
-0.92662 -4.16897 0.82347
-2.43174 -3.62214 1.57365
-1.13024 -2.18793 -1.57707
0.20629 -2.94917 -1.55475
1.05566 -2.27452 -1.40908
0.34997 -3.44589 -2.52477
0.24632 -3.72586 -0.78635
-1.07708 -1.28072 -2.81773
-1.97282 -0.66988 -2.94320
-0.97118 -1.90169 -3.71848
-0.21134 -0.60972 -2.78047
-2.25265 -3.22300 -1.78091
-2.36398 -3.89762 -0.92611
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Si 170161 -0.07065 0.01609
Si 199579 -0.77619 2.23650
Si 3.15503 -1.35906 -1.31590
Si 2.32920 2.17776 -0.25675
-2.70862 -0.50083 -1.98968
-1.18276 -0.34233 -2.30578
-0.93050 0.69723 -2.54338
-0.87057 -0.95894 -3.15947
-3.06219 -1.97500 -2.25567
-2.39875 -2.66775 -1.72931
-2.94778 -2.17311 -3.33070
-4.09433 -2.21950 -1.98745
-3.61527 0.35663 -2.87888
-4.67245 0.19619 -2.63232
-3.47630 0.08242 -3.93417
-3.41361 1.42682-2.79010
-3.84102 -1.05530 1.05096
-3.41359 -2.53167 1.12204
-2.41103 -2.63799 1.55218
-3.41154 -3.01817 0.14419
-4.11384 -3.08413 1.76392
-5.26221 -0.96824 0.46411
-5.95666 -1.54611 1.09030
-5.31875 -1.37562 -0.54929
-5.63112 0.06216 0.43023
-3.88885 -0.53169 2.49473
-4.29838 0.48053 2.55830
-2.90134 -0.53323 2.96974
-4.54134 -1.18408 3.09155
-2.61082 1.83047 0.27896
-1.72471 2.56927 -0.73610
-1.66900 3.63377 -0.46576
-2.09700 251168 -1.76175
-0.70158 2.17728 -0.72317
-4.02482 243000 0.22984
-4.66762 2.03108 1.02092
-4.51691 2.24279 -0.73153
-3.97375 3.51895 0.37041
-1.98197 2.10200 1.65786
-1.91322 3.18743 1.82072
-0.96482 1.69543 1.71243
-2.55542 1.68387 2.48673
0.56446 -0.20156 3.33019
0.67761 -0.60336 4.34367
-0.39606 -0.54913 2.93255
0.52199 0.89013 3.40184
2.03371 -2.66681 2.28173
2.10947 -3.02078 3.31618
2.88642 -3.06906 1.72534
1.12065 -3.08662 1.84552
3.60866 -0.10221 2.95817
3.58338 0.99092 3.02426
4.47255 -0.38432 2.34762
3.76436 -0.49552 3.96919
2.42049 -3.07175 -1.62934
2.16396 -3.58220 -0.69560
3.14094 -3.69347 -2.17328
1.50796 -3.00283 -2.23080
4.83727 -1.57065 -0.47362
5.29306 -0.60583 -0.22954
5.52273 -2.11152 -1.13624
4.74776 -2.14475 0.45455
3.42113 -0.52826 -2.99529
246423 -0.33496 -3.49238
4.01640 -1.17755 -3.64744
3.95073 0.42511 -2.89864
4.21688 2.22362 -0.10488
456702 3.26197 -0.13460
4.69633 1.68665 -0.93007
4.56144 1.77704 0.83350
1.88779 2.86616 -1.96226
0.80859 2.95635 -2.11359
2.28744 2.23010 -2.75794
232706 3.86416 -2.07627
C 1.62038 3.30783 1.08301
H 1.82974 291651 2.08466
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C -0.41925-2.81143 -0.73071
H -131159-3.21472 -1.20189
H 048983 -3.15528 -1.21703
C -2.76356 0.70630 -1.86295
Si 1.67039 -0.05737 0.02288
C -1.39985 1.20573 -2.37712
H -1.52625 1.66671 -3.36717
H -0.69298 0.37485 -2.49232
H -0.93639 194819 -1.72388
Si 3.05283 -1.66849 -1.02375
Si 236046 0.17935 2.26402
C -3.18925 -0.40776 -2.83648
H -4.20555 -0.76683 -2.65564
H -2.50582 -1.26416 -2.79486
H -3.16115 -0.01546 -3.86262
C -3.78061 1.85573 -1.96998
H -4.77263 1.57098 -1.60547
H -3.88935 2.15192 -3.02279
H -3.46219 2.74390 -1.41620
Si 226416 1.94885 -1.08805
C -4.02146 -1.21947 0.39603
C -5.39004 -0.62312 0.01220
H -5.56110 0.36308 0.45426
H -6.18627 -1.28838 0.37475
-5.51459 -0.53229 -1.07034
-3.88028 -2.57986 -0.31226
-4.78174 -3.17716 -0.11623
-3.03064 -3.14749 0.07624
-3.76968 -2.50012 -1.39539
-4.05129 -1.52523 1.90437
-4.33731 -0.65613 2.50235
-3.08632 -1.89216 2.27140
-4.79801 -2.30857 2.09452
-2.45038 1.43481 1.28245
-1.84341 0.89387 2.59113
-1.71734 1.72388 330113
-0.85284 0.45581 242271
-2.46082 0.13747 3.07767
-3.79500 2.10643 1.60922
-4.49193 1.42264 2.10213
-4.28958 2.50926 0.71950
-3.62379 2.94544 2.29826
-1.48031 251733 0.78781
-1.85172 3.05689 -0.08817
-0.50102 2.09374 0.53716
-1.31861 3.25977 1.58303
3.15257 -3.25968 0.00116
3.47099 -3.04958 1.02817
3.89751 -3.92762 -0.44736
220311 -3.79989 0.04628
4.23964 -0.00949 2.40074
4.77430 0.72123 1.78672
4.55900 -1.01078 2.09226
4.54858 0.13293 3.44294
1.90250 1.89558 2.92093
0.83035 2.09778 2.83513
2.43582 2.67843 2.37088
2.18009 1.98164 3.97785
1.59570 -1.14849 3.37193
1.86608 -0.95821 4.41704
1.97733 -2.13916 3.10177
0.50476 -1.18368 3.29742
4.84064 -1.07531 -1.22966
4.91348 -0.22990 -1.92086
5.43039 -1.89883 -1.65003
5.29931 -0.78401 -0.27975
2.40757 -2.06304 -2.76753
1.35183 -1.80399 -2.89249
2.52081 -3.13113 -2.98590
298094 -1.50924 -3.51776
2.32561 1.67878 -2.95868
1.34914 1.39379 -3.36238
3.03993 0.89261 -3.22311
2.64261 2.60276 -3.45596
1.29833 3.54345 -0.75381
0.31095 3.57407 -1.21954
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15. Appendix

H -2.01577 -3.84126 -2.65810
H -3.22270 -2.75564 -1.97025

6

Si-0.18427 0.49074 0.60395
Si 0.17194 2.83076 0.68409
Si 1.79778 -0.39555 -0.39409
Si 3.79438 0.87781-0.52817
-0.04746 0.07549 2.03964
1.40847 -0.91697 -2.04937
1.11048 -0.19806 -2.70128
2.09516 -1.50689 -2.50893
4.80622 -0.09589 -1.80938
5.84802 0.24472 -1.80551
4.80548 -1.17605 -1.63475
4.40192 0.08006 -2.81221
4.73819 0.93813 1.12498
5.08646 1.95714 1.32499
4.12763 0.62480 1.97815
5.61514 0.28415 1.08711
3.74929 2.63822 -1.22605
3.28581 2.67365 -2.21694
3.22871 3.34753 -0.57785
4.78671 2.97775 -1.33502
2.47107 -2.37504 0.74466
4.33290 -2.49172 1.08767
4.64225 -1.79288 1.86963
4.54180 -3.50603 1.44921
4.95966 -2.31878 0.20900
2.04349 -3.85343 -0.36084
1.05099 -3.78056 -0.81295
2.77594 -3.92560 -1.17336
2.09567 -4.78509 0.21402
1.68544 -2.50552 2.46188
2.01980 -1.66702 3.08323
0.59351 -2.49791 2.45658
2.02176 -3.43127 2.94326
0.45209 3.51229 -1.06233
-0.50509 3.67558 -1.56873
0.97295 4.47556 -1.01387
1.05067 2.84043 -1.68442
1.71008 3.05829 1.76862
2.53210 2.38337 1.52071
2.08204 4.08737 1.69619
1.43756 2.87351 281361
-1.11585 396015 1.49346
-2.05262 4.03488 0.93578
-1.34973 3.65290 2.51676
-0.67658 4.96446 1.53958
-2.33180-0.33121 -0.10284
-2.84016 0.70015 -1.67292
-3.52217 0.00613 1.41142
-2.26904 -2.23725 -0.50424
-3.66371 -2.88955 -0.50179
-3.56304 -3.94503 -0.79122
-4.13957 -2.86985 0.48188
-4.34668 -2.41969 -1.21708
C -1.39041 -2.94791 0.53688
H -1.75453 -2.84483 1.56134
H -1.33820 -4.02238 0.30863
H -0.36924 -2.55851 0.50144
C -1.62318 -2.52433 -1.87146
H -0.62337 -2.08629 -1.95795
H -1.52299 -3.61353 -1.98860
-2.23407 -2.17212 -2.70757
-5.00704 -0.03657 1.00534
-5.29181 -0.98052 0.53209
-5.63136 0.08363 1.90204
-5.26950 0.77521 0.32053
-3.30314 -1.01629 2.54163
H -3.60876 -2.02854 2.26691
H -2.25705 -1.04838 2.86760
H -3.90761 -0.72039 3.41032
C -3.24297 1.38433 2.03383
H -3.35848 2.20623 1.32521
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H 0.53767 3.42863 0.98815
H 2.07936 4.30047 1.00797

13

1]

i 1.10519 0.14246 1.12423
i 1.37654 -1.79212 2.45020
2.62986 -0.11464 -0.12275
-0.93422 0.78782 -0.01560
-0.29365 1.99669 -1.96362
-1.30228 2.60708 1.51559
-2.88886 -0.61552 -0.30585
297818 -1.07561 -1.02196
3.71256 0.71341 -0.05874
4.26137 -0.85925 -1.50609
4.72642 0.26574 -0.88800
2.14724 -2.26278 -1.30710
1.19219 -2.03012 -0.82664
2.73609 -3.51070 -0.65068
291095 -3.35385 0.41494
3.67847 -3.80874 -1.11760
2.03082 -4.33924 -0.76649
1.91287 -2.47242 -2.80081
1.60861 -1.54647 -3.29476
1.10740 -3.20008 -2.92336
2.79428 -2 87181 -3.30605
4.95208 -1.67090 -2.55518
4.53609 -1.47906 -3.54843
4.89555 -2.74321 -2.36397
6.00800 -1.39886 -2.58246
6.06175 0.91915 -1.04614
6.00865 1.82197 -1.66034
6.75071 0.22472 -1.52850
6.49290 1.19057 -0.08047
3.78989 1.90405 0.82096
2.74379 2.08768 1.07940
4.52051 1.56207 2.11403
5.53434 1.19402 1.92612
3.96374 0.79913 2.66348
4.59025 2.45785 2.73821
4.35425 3.14324 0.12388
3.96829 4.02602 0.64209
4.03218 3.20506 -0.91841
5.44496 3.19069 0.16609
3.28025 -1.95828 2.63423
3.62302-1.31315 3.45019
3.84973 -1.68582 1.73782
3.54607 -2.98830 2.90056
0.72209 -3.57180 2.18583
1.30152 -4.23434 2.84163
0.80150 -3.95436 1.16653
-0.32596 -3.65386 2.48925
0.77193 -1.36432 4.19884
1.22288 -0.42650 4.53931
1.06330 -2.16031 4.89514
-0.31549 -1.25377 4.25230
-0.16690 1.09373 -3.63029
-1.11827 0.73724 -4.03059
0.51688 0.24192 -3.57462
0.25291 1.80843 -4.34940
1.46746 2.66564 -1.73440
1.64461 3.48135 -2.44663
2.19724 1.87404 -1.94072
1.65138 3.04459 -0.72692
-1.41348 3.49583 -2.28554
-1.53866 4.11930 -1.39475
-2.40856 3.20225 -2.63412
-0.95597 4.11458 -3.06708
0.10232 3.87445 1.32595
-0.03969 4.65165 2.08663
0.10416 4.36302 0.34621
1.07883 3.41150 1.49413
-1.23313 2.04680 3.32789
-1.12610 2.94003 3.95552
-0.37042 1.39922 3.51554
H -2.13962 1.52338 3.64708
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H 1.89083 436433 -1.17644
H 1.17937 3.73562 031717
C 4.01528 2.36825 -0.48896
H 441686 3.17545 -1.11342
H 471043 1.52730 -0.53610
H 3.99338 2.73197 0.54418

14

Si -0.37732 -0.40628 -1.18161
N 1.50459 -0.79129 -0.64954
C -3.16486 -2.31376 -1.20631
Si-1.58611-2.17831 -0.04416
N 5.54426-1.49442 0.17861
-2.79235 -2.88347 -2.58758
-3.66860 -2.81813 -3.24843
-2.50211 -3.93688 -2.54503
-1.98108 -2.31541 -3.05604
-0.39051 1.74944 -0.09233
-3.73870 -0.90856 -1.46138
-4.56248 -0.97165 -2.18726
-2.99159 -0.22334 -1.88409
-4.13982 -0.46179 -0.55199
Si-2.28698 3.03263 -0.68344
C -4.30349 -3.17573 -0.63249
H -5.12074 -3.23281 -1.36641
H -4.72499 -2.74925 0.28231
H -3.99085 -4.20029 -0.41172
Si 0.06316 2.43450 2.13937
C -0.56213 -3.85489 -0.14965
Si 1.33359 2.80799 -1.33490
C 0.23494 -3.94739 -1.46438
-0.38290 -3.82594 -2.35569
0.71967 -4.93328 -1.52458
1.02764 -3.19649 -1.50399
6.46096 -1.81773 -0.90239
6.15930 -2.73891 -1.41325
7.45695 -1.96785 -0.48936
6.51067 -1.00614 -1.63753
1.99083 -0.71136 0.60490
1.27083 -0.45248 1.37047
3.30841 -0.94043 0.92919
3.60311-0.84570 1.96623
4.23530 -1.27489 -0.08889
3.71385-1.35691 -1.40392
4.34014 -1.60063 -2.25139
2.37717 -1.10875 -1.62695
1.95207 -1.16305 -2.62527
3.04392 2.47133 -0.57220
3.32878 1.42071 -0.69174
3.08174 2.71047 0.49599
3.80018 3.08150 -1.08091
118115 4.69387 -1.48921
2.05904 5.06814 -2.03004
1.13725 5.20331 -0.52280
0.29337 4.97598 -2.06475
-1.46211 -5.10209 -0.06735
-2.10968 -5.20063 -0.94241
H -2.09671 -5.10925 0.82342
H -0.83075 -6.00232 -0.02996
C 047081 -3.96341 0.98620
H 1.07964 -4.86703 0.83496
H 0.00622 -4.04911 1.97215
H 1.15700 -3.10967 1.00545
C -2.14723 -1.86161 1.80775
C -3.21612-0.75674 1.85492
H -2.89181 0.14315 1.31634
H -3.39826 -0.46824 2.90090
H -4.17536 -1.07825 1.44090
C -0.96246 -1.32141 2.62387
H -0.10476 -2.00052 2.65176
H -1.27450 -1.13844 3.66335
H -0.63468 -0.36414 2.20734
C -2.70871 -3.09885 2.52879
H -3.54852-3.55146 1.99346
H -3.07228 -2.80692 3.52509
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15. Appendix

H -3.94810 1.55960 285871
H -2.23272 1.43723 245356
C -1.64512 0.78158 -2.64163
H -1.92837 1.37182 -3.52476
H -0.78974 1.28678 -2.17566
H -1.31078 -0.19953 -2.98611
C -3.20481 2.14652-1.30173
H -4.13001 2.21213 -0.72237
H -241035 2.63403 -0.72819
H -335181 2.73183 -2.22055
C -4.03925 0.09557 -2.42479
H -3.81907 -0.89228 -2.83684
H -4.92522 0.00468 -1.78858
H -4.30610 0.74775 -3.26845

15

Si 167558 1.98198 0.06229
Si 0.34632 0.11555-0.73843
Si -1.94902 -0.06990 -0.12454
Si-2.51620 -2.14518 -1.15790
Si-3.12278 0.20229 1.95491
Si-3.10835 1.41039 -1.58763
C 3.56432 146357 027663
441203 2.57761 092077
431064 3.53818 040961
5.47347 229189 0.87745
4.16438 2.72884 197507
3.75673 0.19926 1.13583
341939 -0.70255 0.61797
3.23561 0.25260 2.09409
482831 0.06882 134808
418672 1.15361 -1.09516
432855 2.05329 -1.69935
3.57463 0.45408 -1.67450
5.17804 0.69678 -0.95372
1.53756 3.24822 -1 44077
1.65854 2.56514 -2.81821
1.54143 3.32848 -3.60146
088801 1.80317 -2.96503
262811 2.08610 -2.97409
256970 4.39065 -1.41207
259150 4.92832 -0.46049
231988 5.12079 -2.19566
358305 4.03465 -1.62134
0.13487 3.87906 -1.40030
002424 4.60076 -0.58598
-0.64935 3.12118 -1.28980
-0.06092 441645 -2.33977
1.05532 2.86833 1.71130
1.58403 4.29855 1.92398
1.19030 499531 1.17873
2.67509 436114 1.90252
1.25326 4.66176 290826
1.47878 2.02887 2.92850
255855 2.05005 3.10085
1.17557 0.98256 2.82091
0.99418 242019 3.83493
048033 2.94772 1.74887
-0.80762 329960 273843
-0.93858 1.97074 1.57275
-0.87889 3.64366 1.00895
-2.37038 -1.96749 -3.04273
-3.19461 -1.37737 -3.45514
2241052 -2.96319 -3.50147
-1.43379 -1.48460 -3.33635
-1.42529 -3.64297 -0.70156
-0.35310 -3.42869 -0.67495
-1.59093 -4.41881 -1.45981
H -1.70873 -4.06858 0.26613
C -4.28184 -2.75939 -0.82610
H -4.37873 -3.17847 0.17964
H -4.51267 -3.55586 -1.54438
H -5.03491 -1.97471 -0.94019
C -425101 1.72512 190399
H -4.81230 1.76732 2.84568
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-2.86384 3.69012 139237
-2.73146 4.50877 2.11084
-3.78593 3.16749 1.65759
-3.00308 4.13717 0.40367
-4.29081 0.30177 -1.31861
-3.93378 0.39304 -2.81109
-4.67841 1.01931 -3.32266
-3.93484 -0.58079 -3.30795
-2.95498 0.85821 -2.96656
-4.45106 1.74900 -0.82812
-4.80992 1.80869 0.20024
-5.18185 2.27302 -1.46142
-3.50860 230120 -0.88437
-5.66162 -0.39084 -1.20932
-6.05733 -0.36956 -0.19046
-5.63737 -1.43366 -1.53875
-0.38461 0.13858 -1.84676
-3.53492 -1.06789 148144
-2.34067 -1.32942 241316
-1.70851 -0.44177 2.51925
-1.70535 -2.14569 2.06607
-2.70536 -1.59378 341711
-4.32253 0.09539 2.10735
-4.52229 -0.13197 3.16433
-5.28892 0.26102 1.62395
-3.76110 1.03390 2.07734
-4.44247 -2.31095 1.50513
-4 82160 -2.46222 2.52603
-3.90710 -3.22173 1.22336
-5.30980 -2.21214 0.84510
-2.32553 -2.22513 -1.25775
-1.45390 -3.10177 -0.34563
-0.65863 -2.51758 0.12858
-0.98014 -3.89810 -0.94249
-2.02404 -3.59426 0.44752
-1.43801 -1.83819 -2.44991
-1.94944 -1.21588 -3.18514
-1.10903 -2.75042 -2.96833
-0.54522 -1.29516 -2.11952
-3.48610 -3.08265 -1.78966
-4.18991 -3.37497 -1.00506
-3.08141 -4.00594 -2.22965
-4.05035 -2.57296 -2.57601

16

1-1.36567 0.56683 1.19160
1-1.73036 2.89403 1.09407

-2.85039 0.08767 -0.01025

i 0.58221 -0.62661 0.39959
1-0.25957 -2.59158 -0.64706

1.03529 -1, 46165 2.61090
2.52098 0.37075 -0.66688
-3.08080 0.28565 -1.33284
-3.97059 -0.54321 0.42885
-4.30735 022797 -1.72195
-4.87250 -0.75591 -0.60034
-2.24021 1.06901 -2.22132
-1.32716 131864 -1.68487
-4.79091 -0.15530 -3.13015
-4.11954 -0.69196 -3.80836
-4.86369 0.88051 -3.47620
-5.78073 -0.60673 -3.21062
-6.16908 -1.46125 -0.39391
-6.01195 -2.48913 -0.05131
-6.72697 -1.50035 -1.33057
-6.78956 -0.94857 0.34744
-4.22775 -0.98811 1.79177
-3.35734-0.72954 2.39718
-3.63621 298167 1.16040
-4.03696 232219 1.93837
-4.08612 2.68677 0.20375
-3.96259 4.00452 1.38192
-1.25886 4.15597 -0.25716
-1.80385 508374 -0.04180
-1.52749 383863 -1.26967
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-1.95022 -3.87276 2.67801
6.03694 -1.36341 1.54063
5.54413 -2.07756 220971
587451 -0.34982 1.92462
7.10630 -1.56724 1.55143
-3.94406 2.45817 0.03291
-4.68716 3.24143 -0.16086
-3.89325 2.30434 1.11581
-4.30327 1.53655-0.42788
-2.43975 3.06856 -2.57034
-2.44259 205681 -2.98956
-1.60325 3.61306 -3.02168
-3.36816 3.56925 -2 86870
-2.14496 4.82489 -0.07313
-1.21095 5.31365 -0.35880
-2.23981 4.87709 1.01712
-2.97438 540019 -0.50269
-1.40876 242955 321118
-2.26483 3.08715 2.78654
-1.26181 2.79620 4.21706
-1.93142 1.42935 330589
0.71454 421817 213098
1.69392 4.28558 1.64540
0.83118 4.55774 3.16751
0.03741 4.90959 1.62292
1.40835 1.48774 3.10211
1.12541 0.46519 3.37192
1.59274 2.03285 4.03586
2.35183 1.45826 2.54556
1.40779 2.17665 -3.11973
043495 225783 -3.61434
H 170287 1.12495 -3.16945
H 2.13744 276807 -3.68643

IO INCIZAIIINIIINOICTIANAIIIN IS IONT

3-DMAP

Si-0.83138 1.65282 1.03042
Si-1.05285 3.41088 -0.54796
Si 0.85960 -0.06326 0.81931
Si-0.22082 -1.85468 1.96583
Si 219680 0.85549 258128
Si 2.10810 -0.68956 -1.15831
-3.85071 -0.35293 -1.23760
-4.57546 -0.24777 1.05155
-2.79223 405211 -0.10486
-2.88394 4.24109 0.96933
-3.56667 3.32754 -0.38608
-3.00247 4.98642 -0.63881
-1.09365 3.34465 -2.45571
-1.45189 432228 -2.80194
-1.78395 2.58871 -2.84627
-0.11284 3 17308 -2.90668
C 0.18040 4.77987 -0.10178
H 0.14892 4.99917 0.97048
H -0.07398 5.69849 -0.64338
H 120900 4.50945 -0.36255
-1.42444 -2 89825 0.92576
-0.94175 -3.47744 0.13455
-2.20066 -2.27460 0.46439
-1.92236 -3.60202 1.60447
-1.31298 -1.18973 3.38607
-0.94736 -1.56813 4.34689
-2.34006 -1.55133 3.25638
-1.33204 -0.09910 3.44538
0.97421 -3.07595 2.79524
1.67587 -2.55314 3.45554
1.55746 -3.66899 2.08569
0.38929 -3.76784 3.41365
1.20416 0.86349 4.19557
1.80407 1.37970 4.95513
100156 -0.14799 4.56212
0.25501 1.39468 4.08601
2.61812 2.67359 2.23462
3.00173 3.12587 3.15705
1.72732 323814 193498
3.37882 2.79921 145817

TIZIINITIITITONNN
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H -4.97336 1.69342 1.08308
-3.67304 2.65018 1.81376
-4.29547 -1.24934 230494
-4.79500 -1.07641 3.26598
-3.78832 -2.21788 2.35652
-5.06800 -1.31564 1.53249
-2.07918 0.47257 3.53786
-0.99862 0.39058 3.40347
-2.38435-0.23372 4.31829
-2.27140 1.48330 391364
-4.86303 0.74389 -1.89144
-5.38755 0.52921 -0.95349
-4.86036 -0.17222 -2.48970
-5.44466 1.49758 -2.43577
-3.35107 3.19130-0.95002
-2.64660 3.48333 -0.16837
-4.36180 3.32615 -0.55359
-3.22163 3.88497 -1.78930
-2.27930 1.58722-3.28209
-2.97932 2.09489 -3.95782
-1.99991 0.63159 -3.72876
-1.37484 219855 -3.21576
1.21776 -1.50631 -0.02061
1.18146 -2.14637 1.17856
2.01261 -2.28830 -0.80907
2.45648 -3.40123 -0.11265
1.93160 -3.31235 1.14405
2.28088 -2.01708 -2.23990
1.95197 -0.98224 -2.37242
041861 -1.65626 2.33942
0.12658 -0.64805 2.03338
2.14595 -4.24347 2.29408
1.22127 -4.45902 2.83103
2.53741 -5.19190 1.92385
2.86866 -3.84071 3.00956
3.35815 -4.46164 -0.65764
3.34887 -5.32232 0.01222
3.03625 -4.80809 -1.64139
439144 -4.11375 -0.74023
3.76522 -2.11507 -2.59538
4.07411 -3.13694 -2.82714
3.94858 -1.50711 -3.48592
439681 -1.72709 -1.79104
1.39158 -2.89108 -3.11785
0.33968 -2.70443 -2.88894
1.56595 -2.64582 -4.16958
1.59490 -3.95706 -2.97656
1.26316 -1.56523 3.61103
0.77107 -0.87598 4.30405
1.35149 -2.52804 4.11902
2.26489 -1.18002 3.40284
-0.84765 -2.48182 2.54684
-1.36684 -2.13633 3.44437
-1.51759 -2.37030 1.69237
-0.62521 -3.54550 2.66943

IO N NN O N IO NI IO N I mON NI ONO QNN ZZOINIION N IONIIZAONINON DO n

3 IMes

Si-2.31866 -1.05271 0.01871
Si-0.37642 0.10575 -0.83920
Si 1.81044 -0.37362 -0.02410
Si 3.04726 1.43252-0.94156
Si 2.68830 -0.87365 2.14389
Si 2.50520 -2.15485 -1.43077
-3.84294 0.17586 0.23522
-5.06068 -0.51684 0.87888
-5.34311 -1.44108 0.36856
-5.92542 0.16159 0.83403
-4.89470 -0.75237 1.93360
-3.51689 1.41835 1.09142
-2.94540 2.15652 0.52288
-2.95987 1.19242 2.00450
-4.45710 1.90532 1.38849
-4.29727 0.71176 -1.13389
-4.76795 -0.06106 -1.74731
H -3.46132 1.13215 -1.70501

TODMEmmOEDITOO

OO INOnmnoInIIonE@ooDnnoODSNonn ool oONdNolnIoomn ononn@oNdmondnonmtonnIonmEmor

]

-0.19077 4.39294 -0.25210
-1.08489 3.64456 2.71081
-1.47518 3.09159 3.57102
-1.39854 4.69146 2.79919
0.00854 3.61491 2.76324
-0.60193 -2.53750 -2.51689
0.28447 -2.39250 -3.13893
-1.32467 -1.74966 -2.76104
-1.05698 -3.49743 -2.79167
-1.96965 -3.05892 0.05526
-2.07257 -4.15082 0.05037
-2.75854 -2.64619 -0.58541
-2.13371 -2.70622 1.07527
0.86432 -4.09477 -0.36015
1.07913 -4.24213 0.70378
1.81968 -4.01195 -0.88697
0.35596 -4.99464 -0.72706
-0.40072 -2.58776 3.14042
-0.22645 -2.88988 4.18020
-0.46944 -3.49782 2.53512
-1.35724 -2.05925 3.09563
1.08924 -0.06977 3.90078
1.03381 -0.52880 4.89553
0.23476 0.60674 3.79504
2.00969 0.51994 3.85784
2.56632 -2.53501 2.96840
2.46373 -2.88836 4.00203
3.51256 -1.99306 2.89923
2.63369 -3.41589 2.32277
3.84352 -0.99340 -1.12662
3.38784 -1.78438 -2.36508
4.04668 -2.65341 -2.50292
3.44096 -1.19128 -3.28176
2.36438 -2.16222 -2.26041
3.99566 -2.01472 0.00984
4.40839 -1.57366 0.91834
4.67863 -2.81722 -0.30500
3.03875 -2.47659 0.26873
5.23609 -0.41130 -1.43041
5.69452 0.04632 -0.54943
5.21872 0.33793 -2.22722
5.90339 -1.22250 -1.75614
3.24829 1.64292 0.62763
2.11398 2.39843 1.34588
1.45875 1.71899 1.90185
1.48537 297918 0.66554
2.54778 3.09944 2.07424
4.04076 0.90573 1.72126
4.29960 1.61357 2.52164
4.97715 0.48337 1.34676
3.46204 0.09697 2.17637
4.19404 2.68181 -0.00174
4.63580 3.29786 0.79458
3.67457 3.36191 -0.68211
5.01868 2.21816 -0.55241
1.95691 1.30027 -2.29182
1.14728 2.54259 -1.89374
037730 2.30324 -1.15431
0.64912 2.96708 -2.77877
1.77406 3.33257 -1.47030
1.02218 0.40709 -3.12356
1.54777 -0.41709 -3.60893
0.55043 1.00570 -3.91799
0.22797 -0.02584 -2.51094
3.10756 1.75283 -3.20660
3.83841 2.38051 -2.68894
2.69569 2.34451 -4.03737
3.64159 0.90707 -3.64913
-2.76125 1.98855 -2.50520
-1.99555 0.49488 -3.11786
-5.11231 -0.47891 2.18255
-4.38732 -2.06957 1.80048

17
0.01326 3.38173 -0.89553
588

218

I IO RO Z Z I NI NN O N I I OII IO I T OON I IOINTONNEIOOZIIIONNIOIN TN ITO

ONEmNOEDONNZZO

381971 0.00183 3.08294
4.19844 0.53729 3.96252
4.60147 0.02245 232073
3.66146 -1.04128 3.37492
3.14155-2.31337 -0.82622
2.21328 -3.54067 -0.82540
2.76872 -4.41661 -0.46092
1.84496 -3.78524 -1.82538
1.34748 -3.40495 -0.16792
3.80386 -2.26026 0.55958
4.55671 -1.47370 0.63518
4.30614 -3.21696 0.76479
3.07018 -2.09458 1.35371
4.24369 -2.56162 -1.87133
5.02669 -1.79899 -1.83528
3.85608 -2.59711 -2.89385
4.72566 -3.52896 -1.66785
3.28373 0.81309 -1.59396
2.55066 2.15382 -1.40350
2.15971 2.26291 -0.38730
1.71357 2.28472 -2.09188
3.25280 2.98258 -1.57780
4.49047 0.84287 -0.64047
5.06432 1.76495 -0.81068
5.17267 0.00304 -0.79762
4.18285 0.84037 0.40896
3.83395 0.76763 -3.03088
4.54821 1.59185-3.17049
3.04986 0.89328 -3.78245
4.36390 -0.16479 -3.24907
0.84766 -1.00043 -2.62301
0.27276 0.35033 -3.07264
-0.05764 0.95091 -2.21959
-0.59058 0.18948 -3.73733
0.99642 0.94925 -3.63244
-0.34136 -1.84882 -2.14360
-0.06534 -2.88496 -1.93912
-1.11976 -1.86690 -2.92250
-0.79088 -1.44352 -1.23254
1.45442 -1.69368 -3.85483
232375 -1.16250 -4.25292
0.70000 -1.73487 -4.65449
1.75623 -2.72390 -3.64534
-4.83862 -0.67288 -0.27316
-3.40104 0.41308 1.33879
-2.70614 0.30718 -0.85217
-3.96110 -0.62050 -2.28011
-1.94128 0.55262 -1.57915
-3.18019 0.75664 2.34390
-5.27454 -0.42650 1.85738
-2.45292 0.68185 0.41887
-5.97004 -1.34103 -0.60188
-6.19118 -1.76085 -1.97623
-7.13961 -2.29206 -2.03600
-6.23636 -0.89937 -2.65224
-5.39696 -2.43503 -2.31615
-6.95454 -1.64618 0.42325
-7.35197 -0.73088 0.87650
-7.78167 -2.18960 -0.03036
-6.52286 -2.27203 1.21258

IMey

-0.00001 1.56948 -0.00008
-1.05666 0.70877 -0.00007
1.05666 0.70879 -0.00004
-0.67982 -0.63285 -0.00001
0.67984 -0.63285 -0.00002
-2.43479 1.15630 0.00015
-2.42088 2.24530 -0.00106
-1.66694 -1.75075 -0.00013
-2.31176 -1.71953 -0.88499
-2.31316 -1.71843 0.88367
-1.14952 -2.71231 0.00089
1.66695 -1.75075 0.00015

H 231324 -1.71842 -0.88360
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-5.04003 1.50995 -0.98590
-2.69404 -2.29871 -1.46131
-2.54942 -1.64270 -2.84989
-2.78978 -2.39124 -3.61894
-1.53147 -1.28628 -3.02594
-3.22394 -0.79560 -2.99740
-4.09094 -2.94496 -1.41576
-4.32189 -3.41126 -0.45462
-4.15141 -3.72932 -2.18419
-4.88168 -2.22133 -1.63799
-1.64410 -3.42421 -1.41842
-1.80314 -4.11649 -0.58693
-0.62375 -3.02736 -1.34122
-1.69401 -4.01274 -2.34586
-2.07974 -2.08097 1.68394
-3.10859 -3.20597 1.90130
-3.01161 -4.00118 1.15732
-4.14206 -2.84944 1.88266
-2.93714 -3.66501 2.88611
-2.16896 -1.14010 2.89809
-3.17489 -0.73888 3.04690
-1.47850 -0.29481 2.81434
-1.90074 -1.69304 3.81011
-0.68531 -2.72934 1.72885
-0.50719 -3.16067 2.72549
0.10671 -2.00097 1.53193
-0.57990 -3.53789 1.00287
2.80084 1.49656 -2.82017
3.32037 0.67269 -3.32059
3.21056 2.43665 -3.20940
1.73978 1.43635 -3.08541
2.52563 3.14914 -0.30398
1.55174 3.45804 -0.69747
3.26921 3.88179 -0.64112
2.48684 3.19908 0.79022
4.92294 1.37336 -0.64569
5.18239 1.77210 0.33901
5.40880 2.00437 -1.40017
5.34483 0.36839 -0.72619
3.13914 -2.70993 2.25193
3.55017-2.92359 3.24584
3.89814 -2.97803 1.50987
2.26980 -3.35638 2.09451
4.28759 0.08879 2.47677
4.65622 -0.16039 3.47919
4.12786 1.17225 2.43565
5.07016 -0.16297 1.75490
1.59799 -0.53321 3.66596
0.58016 -0.92136 3.57463
1.54523 0.53169 3.91336
2.06753 -1.03871 4.51862
4.38397 -2.11104 -1.70018
493410 -2.08931 -0.75249
4.68709 -1.23738 -2.28670
4.69457 -3.00816 -2.24887
2.11100 -3.90132 -0.79057
1.18671 -3.95182 -0.20947
2.92018 -4.28798 -0.16483
2.00102 -4.57127 -1.65189
1.69589 -2.02048 -3.13800
220745 -2.70166 -3.82954
1.74039 -1.00769 -3.54605
0.64061 -2.30733 -3.09743
-0.62748 1.94687 -0.23820
-0.40163 2.57669 0.94084
-1.05989 2.93873 -1.06526
-1.11759 4.15771 -0.40759
-0.69171 3.92716 0.86599
-1.38434 2.79684 -2 47882
-1.17846 1.76421 -2.76854
0.07546 1.93411 2.14826
0.09021 0.86059 1.97077
-0.49916 4.84752 2.02160
0.54359 4.84249 2.35593
-0.75544 5.86861 1.73588
-1.12994 4.56547 2.87044

Si-0.10969 0.40665 -0.69858
Si-1.99122 -0.75625 0.20818
0 -0.09999 1.95071 -0.02691
0O -0.00092 0.34465 -2.26106
2.29900 0.02142 1.13046
2.51876 -1.01409 -0.75158
1.65738 -0.26379 -0.02610
3.57397 -0.52140 1.12712
3.71190 -1.17688 -0.06439
1.69702 0.85877 2.18885
0.64407 0.90154 1.91855
1.80901 0.23788 3.58100
2.78353 0.41778 4.04046
1.62007 -0.83884 3.56222
1.05318 0.70099 4.22183
2.24426 228068 2.13446
2.12233 2.68986 1.13035
330119 2.32224 2.41485
1.68122 2.90794 2.83228
4.55997 -0.40547 2.24395
4.63736 0.61828 2.61600
5.54769 -0.70142 1.88761
4.30079 -1.05512 3.08472
4.89657 -1.94045 -0.56198
5.10949 -1.71922 -1.60922
4.75614 -3.02033 -0.46350
5.77685 -1.66287 0.01993
2.20311 -1.55980 -2.09984
1.12658 -1.41914 -2.20127
2.84460 -0.69782 -3.18051
243578 0.31237 -3.11588
2.58210-1.10533 -4.16094
3.93628 -0.67169 -3.10049
2.53437 -3.04706 -2.21791
2.25082 -3.59724 -1.31554
3.58884 -3.23486 -2.43281
1.95472 -3.45427 -3.05073
1.66656 3.43810 -1.78412
1.81113 4.39386 -2.29936
1.67815 2.63551 -2.52935
2.51322 3.28987 -1.10486
-0.13169 4.75607 0.37768
-0.15724 573718 -0.10834
0.70552 4.75190 1.08283
-1.05726 4.64029 0.95237
-1.36405 3.51858 -2.15456
-2.35219 3.43722 -1.68929
-1.26076 2.71135 -2.88653
-1.31526 4.48023 -2.67763
-1.42228 -2.49944 0.89037
-0.74343 -2.33529 2.26009
0.07183 -1.60247 2.21153
-0.30469 -3.29478 2.57159
-1.43724 -2.02228 3.04498
-0.35613 -3.12815 -0.02764
-0.66713 -3.21314 -1.07103
-0.11632 -4.13981 0.33280
0.57227 -2.55016 0.00099
-2.57494 -3.50629 1.04208
-3.39069 -3.12258 1.66192
-2.20018 -4.42391 1.51904
-2.99597 -3.79364 0.07446
-2.86034 0.29121 1.61574
-1.84740 0.88033 2.61659
-1.21838 1.63166 2.12755
-1.20644 0.12512 3.08112
-2.39553 1.38364 3.42646
-3.58238 1.50682 1.00608
-3.95487 2.14760 1.81843
-4.44322 1.22413 0.39530
-2.90379 2.11151 0.39263
-3.89404 -0.52743 2.41002
-4.42950 0.13695 3.10376
-3.42584 -1.31157 3.01312
-4.64147 -1.00091 1.76639
C -3.17630 -0.96617 -1.32986
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1.14953 -2.71231 -0.00096
231171 -1.71957 0.88505
2.43477 1.15632 -0.00004
2.42086 2.24531 0.00012
-2.96030 0.80043 0.89160
-2.96118 0.79838 -0.88994
2.96075 0.79929 0.89067
2.96070 0.79956 -0.89088

jaofi=fiare sfia =@ R rifer]

I'Pr:Me:

0.00002 -1.23722 -0.32495
1.06479 -0.40314 -0.16304
-1.06478 -0.40314 -0.16324
0.68163 0.91113 0.10850
-0.68168 091114 0.10827
2.42663 -0.94655 -0.20393
227099 -1.95910 -0.58512
3.02439 -1.05210 1.19835
2.35951 -1.62855 1.84644
3.17900 -0.06692 1.64869
3.99463 -1.55626 1.15404
3.33721 -0.20100 -1.17853
2.83105 -0.04209 -2.13475
4.23545 -0.79808 -1.36027
3.66113 0.76643 -0.78623
1.61154 2.06769 0.29230
2.05181 2.39358 -0.65566
2.42988 1.83461 0.97820
1.06627 2.91582 0.71146
-1.61162 2.06769 0.29187
-2.05284 2.39261 -0.65597
-1.06603 2.91633 0.70958
-2.42925 1.83515 0.97882
-2.42661 -0.94662 -0.20390
-2.27102 -1.95916 -0.58513
-3.02400 -1.05217 1.19852
-3.17850 -0.06697 1.64886
-2.35896 -1.62864 1.84642
-3.99427 -1.55632 1.15447
-3.33752-0.20107 -1.17817
-4.23550 -0.79848 -1.36011
-2.83149 -0.04152 -2.13434
-3.66191 0.76603 -0.78541

IITOIIINIONIIONIEIZNOAONTIONTITNOIONNZZO

DMAP

-1.95018 -1.12991 0.01301
-0.56378 -1.19658 -0.02258
0.18286 0.00001 -0.05137
-0.56379 1.19660 -0.02239
-1.95019 1.12990 0.01318
-2.66335 -0.00001 0.02958
-2.52346 -2.05434 0.03259
-0.08365 -2.16685 -0.02668
-0.08368 2.16688 -0.02626
-2.52348 2.05433 0.03294
1.55377 -0.00001 -0.10669
226982 1.25150 0.04183
1.99555 1.95367 -0.75240
2.07179 1.72990 1.01149
3.33969 1.06008 -0.03769
2.26981 -1.25150 0.04216
3.33970 -1.06012 -0.03722
2.07159 -1.72964 1.01189
1.99569 -1.95389 -0.75193

INTODNODENOZNITITIZZOONO0O0O

A

Si-2.49638 -0.42362 0.00007
Si 0.42252 0.52760 -0.00005
Si 2.41838 -0.67989 0.00005
O -0.81526 -0.53474 -0.00026
O 0.26856 2.04481 0.00003
H -2.93650 0.29138 -1.21352
H -2.93601 0.29073 121423
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C -1.55780 5.41110-1.08327
H -1.56535 6.23658 -0.37018
H -0.88631 568142 -1.90444
H -2.56793 5.30923 -1.49184
H -2.43844 3.03103 -2.64701
H -0.75911 3.47627 -3.06401
H -0.59042 2.16451 298490
H 1.09075 227204 238013

B

Si -0.44944 0.20942 0.00000
O 086077 -0.76051 -0.00000
0 -0.39056 1.73278 0.00000
C -1.93582 -0.88862 -0.00000
H -1.92178 -1.53491 0.88153
H -2.84699 -0.29023 -0.00020
H -1.92156 -1.53519 -0.88132
C 220117 -0.26199 0.00000
H 221356 0.83121 0.00001
H 270758 -0.63866 0.89060
H 270757 -0.63864 -0.89061

E

Si 2.66457 -1.75975 0.55812
Si 0.85262 0.29644 -0.60324
Si 1.02862 2.61624 -0.30417
1. 71286 -0.39501 0.66773
1.02505 -0.31340 -2.02310
-1.49965 0.04627 1.25325
-2.00596 -0.52190 -0.75772
-0.98448 -0.09657 0.01271
-2.83592 -0.28399 1.26228
-3.15416 -0.64401 -0.00885
-0.76253 0.51632 242600
0.30268 0.36897 2.25051
-1.93008 -0.83121 -2.19187
-0.88495 -0.73977 -2.50335
-2.28881 -1.85070 -2.34440
-2.56443 -0.12850 -2.73641
-3.43252-0.2423]1 2.15985
-0.97425 1.57332 2.59748
-1.07391 -0.07123 3.29076
3.81096 -1.55184 -0.34968
186772 -2.92388 0.10633
3.16518 -2.02939 1.92657
0.64988 3.03015 1.07885
240584 3.10977 -0.55067
0.10358 3.32063 -1.22407
-4.08382 -0.98160 -0.43910

I TZNZTITZITIITZOZIONANNNZZ0O0

H

Si 2.67069 -0.32480 -1 46306
Si 0.91372 0.49166 0.77062
1.80793 -0.65717 -0.07992
114996 1.98472 0.40970
-1.42968 -1.22195 -0.00331
-1.83067 0.86136 -0.34266
-0.88796 0.01054 0.10930
-2.70560 -1.14648 -0.51557
-2.95700 017135 -0.73066
C -0.76872 -2 46530 0.38781
H 031001 -2.31662 0.33464
C -1.69559 232116 -0.43346
H -0.66280 2.57886 -0.17134
H -1.92078 2.62511 -1.45705
H -2.40379 278396 0.25658
H -3.30985 -2.02296 -0.68852
H -1.06547 -2.74240 1.40164
H -1.06343 -3.25057 -0.30945
H 3381714 0.56944 -1.20364
H 1.79159 0.27223 -2 49818
H 317251 -1.62498 -1.96984
H -3.82432 0.67205 -1.13103

ANOZZo0

-2.60075 -2.01512 -2.29984
-3.2236] -2.03825 -3.20540
-2.60523 -3.02625 -1 88156
-1.58306 -1.74807 -2.60803
-4.60238 -1.39734 -0.94509
=3.13118 -0.62240 038185
-4.62615 -2.31854 -0.35392
-5.18192 -1.58012 -1.86145
-3.26529 0.34203 -2.14245
-3.65668 1.18337 -1.56654
-3.94859 0.18430 -2.98985
-2.28457 0.61301 -2.54453

TIITOZITDTOITITN

C

4]

-0.05998 0.42979 -0.00554
-1.08280 -0.84303 -0.00632
-0.48967 1.89453 0.00307
-2.50918 -0.72290 000521
-2.81440 0.32659 0.02337
-2.90105 -1.20787 -0.89059
-2.88832 -1.23540 0.89109
2.10528 -0.43759 0.00158
221064 -1 45098 -1.06969
3.05405 0.67045 -0.22286
233977 -1.06812 1.31888

DITZTZwIITZITIONOC

F

1.30750 0.42869 037914
1.97886 -0.75963 -0.60523
148966 1.92393 -0.00490
-1.21464 -1.19497 0.07278
-1.61156 0.90917 -0.09636
-0.61902 001814 0.10363
-2.56972 -1.06710 -0.13656
-2.81878 0.26425 -0.24438
-0.52738 -2.47044 0.26730
0.52172 -2.34173 -0.00251
-1.45200 2.36773 -0.15794
-0.37767 2.58669 -0.13493
-1.90057 2.72532 -1.08635
-1.96278 281474 0.69728
-3.22631 -1.92055 -0.19834
H -0.61608 -2.78530 1.30941
H -0.98733 -3.21659 -0.38208
H -3.73671 0.80231 -0.42105
1.64245 -0.21250 2.10537
270132 -0.06603 2.34044
105608 0.34023 284547
1.42406 -1.28065 2.20848
2.09018 -0.50536 -1.99441
2.43805 0.51579 -2.18052
2.80202 -1.21792 -2.41915
H 1.11993 -0.64018 -2.49606

IETZNTIONNAZZOOw

DIIEZOITITO

590

220

H -3.00431 -1.80834 -0.00019
H 243906 -1.53011 1.20999
H 243950 -1.53007 -1.20992
H 3.54863 0.26861 0.00023

D

Si-2.12513 -0.11918 -0.00009
Si 0.88946 0.20200 -0.00005
0 -0.51718 -0.62054 0.00032
O 098526 1.72223 0.00006
H -238411 0.69418 -1.20394
H -2.39402 0.66084 122353
H -2.94034 -1.34848 -0.02014
C 2.27296 -1.02313 -0.00012
H 219873 -1.66862 -0.87942
H 3.23376 -0.50841 -0.00360
H 220291 -1.66375 0.88309

G

-1.15233 0.54403 0.05872
-1.70628 -0.52367 1.23381
-1.18230 2.07716 031757
1.29041 -1.23247 0.03460
1.81722 0.84372 -0.14485
0.76439 0.01261 0.00052
2.66023 -1.18373 -0.09277
299174 0.12924 -0.20520
0.52414 -2.47304 0.15465
-0.45660 -2.23654 0.56782
1.75022 2.30880 -0.22455
0.71240 2.60825 -0.04157
241208 2.72683 0.53576
207924 262251 -121712
3.27066 -2.07293 -0.08495
041592 -2.93727 -0.82749
1.05642 -3.14691 0.82762
3.95003 061250 -0.31272
-1.52076 -0.18777 2.60043
-1.78257 0.85841 278658
-2.16086 -0.83773 3.20173
-0.47486 -0.34658 2.90274
-2.00133 -0.36278 -1.92871
-3.47055 -0.19920 -2.04970
-1.36207 028813 -3.10353
H -1.70245 -1.82032 -2.04292
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C 090929 -0.10964 2.54328
H 1.89601 0.07149 298138
H 0.17518 044300 3.13736
H 0.69900 -1.18067 2.63094
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1. Experimental Section

1.1. General Methods and Instrumentation

All manipulations were carried out under exclusion of water and oxygen under an atmosphere of
argon 4.6 (299.996%) using standard Schlenk and glovebox techniques. The glassware used was
heat dried under fine vacuum prior to use. All solvents were refluxed over sodium/benzophenone,
freshly distilled under argon and deoxygenated prior to use. PTFE-based grease ( Triboflon /Il from
Freudenberg & Co. KG) was used as sealant. Deuterated benzene (CsDs) was obtained from
Sigma-Aldrich, dried over Na/K alloy, flask-to-flask condensed, deoxygenated by three freeze-
pump-thaw cycles and stored over 3 A molecular sieves in a glovebox. All NMR samples were
prepared under argon in J. Young PTFE valve NMR tubes. The NMR spectra were recorded on a
Bruker DRX400 ('H: 400.13 MHz, *C: 100.62 MHz, 2°Si: 79.49 MHz), AV500 ('H: 500.13 MHz) or
AV500C ('H: 500.36 MHz, ™C: 125.83 MHz, #°Si: 99.41 MHz) spectrometer at ambient
temperature (300 K), unless otherwise stated. The 'H, "*C{'H} and 2°Si{'"H} NMR spectroscopic
chemical shifts & are reported in ppm relative to tetramethylisilane. 'H and "*C{'"H} NMR spectra
are calibrated against the residual proton and natural abundance carbon resonances of the
respective deuterated solvent as internal standard (Ce¢Ds: O('H)=7.16 ppm and
0(**C) = 128.1 ppm).5"1 The following abbreviations are used to describe signal multiplicities:
s = singlet, d = doublet, dd = doublet of doublets, m = multiplet, br = broad. In some NMR spectra,
signals from silicone oil (CsDe: &('H) = 0.29 ppm, d(**C) = 1.4 ppm and 5(*°Si) = -21.8 ppm),
originating from the cannulas used (B. Braun Melsungen AG Sterican®), can be observed. EPR
spectra were recorded on a Jeol jes-Fa200 esr spectrometer with a spectrometer frequency of
9.267 GHz (X-band). Quantitative elemental analyses (EA) were measured with a EURO EA
(HEKAtech) instrument equipped with a CHNS combustion analyzer at the Laboratory for
Microanalysis at the TUM Catalysis Research Center. Melting Points (m.p.) were determined in
sealed glass capillaries under inert gas by a Bichi M-565 melting point apparatus. Unless
otherwise stated, all commercially available chemicals were purchased from abcr GmbH or Sigma-
Aldrich and used without further purification. Hydrogen (Hz) 5.0 (299.999%) and ethylene 3.5
(299.95%) were purchased from Westfalen AG and used as received. The compounds
((TMS)3Si)2SiBr2,182 (‘BuMeSi)2SiBr», 183 (‘BuzSi),SiBr2t% and ((TMS)3Si)(‘Bu3sSi)Si<—DMAP (1a)is%!
were prepared as described in the corresponding references. Potassium graphite (KCs) was
synthesized following a literature reported procedure upon heating a 1:8 mixture of potassium and
graphite in a thick-walled, PTFE-capped pressurize-able Schlenk flask to 500 °C until a

homogenous bronze powder was obtained.!S¢!
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1.2. ('‘BuzMeSi);Si:—DMAP (1b)

7N/ THF (10 mL) was added to a mixture of (‘Bu.MeSi):SiBr. (300 mg,

— 597 ymol, 1.0 eq.), KCs (169 mg, 1.25mmol, 2.1 eq.) and DMAP

\ r\{ (72.9 mg, 597 ymol, 1.0 eq.) at ambient temperature. After stirring for

\ . 3 hours, the solvent was removed under reduced pressure and the

’BuzMeSi/Si‘Si‘BuzMe residue was extracted with toluene (3 x 2mL) to remove KBr and

1b graphite. The solvent was evaporated in vacuo and compound 1b was

) obtained as red-brown, crystalline solid (233 mg, 551 umol, 92%).
SizCasHs2N2

Crystals suitable for SC-XRD analysis were obtained from a cooled
(-35 °C) toluene solution of 1b.

464.96 g/mol

m.p. = 140 °C (decomposition; color change from red-brown to black)

'H NMR (500 MHz, CeDs, 300 K): & [ppm] = 8.66 (d, 3J=7.5 Hz, 2H, 0-CPMA"H) 542 (d,
3J = 7.5 Hz, 2H, m-COVA"H), 1.76 (s, 6H, N(CHs)2), 1.41 (s, 36H, C(CHs)s), 0.42 (s, BH, Si(CHx)).
13C{'H} NMR (126 MHz, CeDe, 300 K): & [ppm] = 154.3 (p-COMA?), 153.0 (0-CPVAP), 105.2 (m-
COMA?) 38.1 (N(CHz)z), 31.2 (C(CHa)s), 22.9 (C(CHa)a), -3.7 (Si(CHa)).

2Si{'H} NMR (99 MHz, CsDs, 300 K): & [ppm] = 61.5 (Si:), 11.8 (SiBu.Me).

Note: The chemical shifts of DMAP-stabilized silylenes 1 and silaimines 7 are dependent on the
concentration of the NMR sample.

EA: SisCzsHsNz  Calculated [%]: C (64.58), H (11.27), N (6.03)
Experimental [%]:  C (64.34), H (11.33), N (5.98)
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Fig. $3: 29Si NMR spectrum (99 MHz) of compound 1b in CsDs at 300 K.
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Fig. S4: 'H/2°Si HMBC NMR spectrum of compound 1b in CsDs at 300 K.

228




15. Appendix

1.3. Bis(hypersilyl)silylene DMAP complex (1c)

7N/ THF (10 mL) was added to a mixture of ((TMS);Si).SiBr. (300 mg,
— 439 ymol, 1.0eq.), KCs (125mg, 922 pmol, 2.1 eq.) and DMAP

\ N/ (563.7 mg, 439 ymol, 1.0 eq.) at ambient temperature. After stirring for

\ . 3 hours, the solvent was removed under reduced pressure and the

Si i i
(TMS)sSi” “Si(TMS)s residue was extracted with toluene (3 x 2 mL) to remove KBr and

1c graphite. The solvent was evaporated in vacuo and compound 1¢ was
SiBCZ5H64N2

645.57 g/mol

obtained as dark-brown solid.

Note: During the synthesis of 1c, the concomitant formation of
hexakis(trimethylsilyl)trisilirane (4) and Si(TMS)s was observed. Therefore, no sample of 1¢ with

sufficient purity for elemental analysis was obtained and the yield was not determined.

'H NMR (500 MHz, CeDs, 300 K): & [ppm] = 8.65 (d, 3J=7.1 Hz, 2H, 0-CPM"H), 567 (d,
3J = 6.6 Hz, 2H, m-CPMAPH) 1.73 (s, BH, N(CHs)z), 0.48 (s, 54H, Si(CHa)).
28i{'H}( NMR (99 MHz, C4Ds, 300 K): 5 [ppm] = 72.5 (Si:), -9.7 (Si(CHa)s), -121.8 (Si(TMS)s).

66

2
v

[
5.68
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173
0.48

<

H NMR {500 MHz, CoDy, 300 K}
N
& »
\.
si
(TMS)SI7 SITMS);
1c
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. H : H
8 b H H

0 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 05 1.0 -5 -

Fig. $5: '"H NMR spectrum (500 MHz) of compound 1c¢ in CsDs at 300 K. Signals labeled with * and # belong
to Si(TMS)4 and hexakis(trimethylsilyl)trisilirane (4), respectively.
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t E
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Fig. S6: 2°Si NMR spectrum (99 MHz) of compound 1c in CsDs at 300 K. Signals labeled with * belong to

hexakis(trimethylsilyl)trisilirane (4).
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1.4. Silyl Radical 2

°Si
BuySi~  SilBug
2
Si3CagH7oK

650.33 g/mol

Precooled THF (10 mL, -78 °C) was added to a mixture of (‘BusSi).SiBr2
(100 mg, 170 ymol, 1.0 eq.) and KCs (92.2 mg, 682 pmol, 3.5eq.). The
reaction mixture was allowed to warm to room temperature over 16 hours and
the solvent was subsequently removed under reduced pressure.
Concomitantly formed KBr and graphite were separated by extracting the
residue with toluene (3 x 4 mL). Evaporation of the solvent in vacuo and
subsequent washing of the residue with n-hexane (3 x 2 mL) afforded
compound 2 as orange-brown solid (54.1 mg, 88.5 umol, 52%). Crystals

suitable for SC-XRD analysis were obtained from a cooled (-35 °C) solution of 2 in toluene.

m.p. = 60 °C (decomposition; color change to dark red)

EPR (toluene, 286 K) g = 2.0056, a(a-?°Si) = 2.92 mT

Note: Compound 2 is completely NMR silent. Elemental analysis was not matching, presumably

because an unquantifiable amount of coordinating toluene was removed during drying compound

2 in fine vacuum. Due to its extreme air and moisture sensitivity and the fact, that it is not stable

in toluene, no satisfactory spectroscopic data of 2 was obtained before addition of crown ether

(18-C-6). With crown ether however, one signal in the EPR spectrum was observed (Fig. S7).

Hyperfine coupling with the B-°Si nuclei was not visible.

g =2.0057
a(a-2Si) = 2.92 mT
| |
| / |
et /\\\_//“’_/‘/ \ ’,/‘/\’/'-A——v
31’%0 3;2 334

Field / mT

Fig. S7: X-band EPR spectrum of compound 2 + crown ether (18-C-6) in toluene (1x10-m, 286 K).
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1.5. Azasilepin 3

_N/ A solution of DMAP-stabilized silylene 1b (36.0 mg, 85.1 ymol) in
— benzene (2 mL) was heated to 65 °C for 16 h. The color changed from
\ KJ deep-brown to yellow. Evaporation of the solvent, afforded compound 3
‘BuzMeSi/Si;Si’BuzMe as yellow solid (36.0 mg, 85.1 pmol, quant.). Crystals suitable for SC-
3 XRD analysis were obtained from a cooled (-35 °C) solution of 3 in n-
SizCasHsoN, hexane.
464.96 g/mol

H NMR (500 MHz, CsDs, 300 K): & [ppm] = 8.34 (d, J = 4.7 Hz, 1H, NCH), 6.27 (dd, ®J = 15.5 Hz,
4J = 2.5 Hz, 1H, SICHCH), 6.01 (d, ®J = 15.5 Hz, 1H, SiCH), 4.68 (dd, ®J = 4.7 Hz, *J = 2.5 Hz, 1H,
NCHCH), 2.27 (s, 6H, N(CHs)2), 1.29 (s, 18H, C(CHs)s), 1.19 (s, 18H, C(CHs)s), 0.37 (s, 6H,
Si(CHb)).

13C{'H} NMR (126 MHz, CsDe, 300 K): 5 [ppm] = 165.4 (SINCH), 156.2 (CNMez), 138.2 (NCHCH),
137.4 (SICHCH), 105.8 (SICHCH), 40.3 (N(CHs)s), 30.4 (Si(C(CHs)s), 30.1 (Si(C(CHa)s), 22.5
(Si(C(CHa)s), 21.6 (Si(C(CHs)s), -4.9 (Si(CHs)).

28i{'H} NMR (99 MHz, C¢Ds, 300 K): 5 [ppm] = 2.0 (SiBu,Me), -28.1 (SIN).

EA: SisCxsHs:N, Calculated [%]: C (64.58), H (11.27), N (6.03)
Experimental [%]:  C (64.62), H (11.47), N (5.99)

10
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Fig. $8: '"H NMR spectrum (500 MHz) of compound 3 in CsDs at 300 K.
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Fig. S9: 13C NMR spectrum (126 MHz) of compound 3 in CsDs at 300 K.
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Fig. $10: 2Si NMR spectrum (99 MHz) of compound 3 in CsDs at 300 K.
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Fig. $11: 'H/2°Si HMBC NMR spectrum of compound 3 in CsDs at 300 K.
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Fig. $12:

THI'IC HSQC NMR (GyDs. 300 K)
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TH/C HSQC NMR spectrum of compound 3 in CsDs at 300 K.
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1.6. Hexakis(trimethylsilyl)trisilirane (4)

™S ™S A toluene solution of crude silylene 1¢ (50 mg) was heated to 65 °C for
TMS“Si\_/Si“TMS 16 hours. After cooling down to ambient temperature, liberated DMAP was

Si T . .
™S TMS separated by precipitation with SiBrs (26.9 mg, 77.5 umol, 1.0 eq.) and
4 subsequent filtration. The resulting solution was concentrated under reduced
) pressure and compound 4 was obtained by crystallization at -35°C as
SigC1gHs4 )
colorless solid (30.1 mg).
523.40 g/mol

Note: Compound 4 has already been reported by Klinkhammer et al. from the attempted synthesis
of the free silylene ((TMS)aSi):Si:.[5 Therefore, we did not analyze it further. DMAP forms an
unidentified adduct with SiBrs which is insoluble in common organic solvents. Thus, this adduct
was not further analyzed.

H NMR (500 MHz, C4Ds, 300 K):  [ppm] = 0.43 (s, 54H, Si(CHa)s).
13C{'H} NMR (126 MHz, C4Ds, 300 K): 5 [ppm] = 4.7 (Si(CHa)s).
2Si{H} NMR (99 MHz, CsDs, 300 K): 5 [ppm] = -6.5 (Si(CHa)s), -168.6 (Si(TMS)z).

H NMIR (500 M, GyDy. 300 K)

—0.43

e ws
HS-S—STws

sl
s s
4

Fig. $13: '"H NMR spectrum (500 MHz) of compound 4 in CsDs at 300 K.
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T3 NMR (126 MHz. GoDp, 300 K)

™ TMs
TS5 Si-Tws

s
e s
.

4.65

4D 230 220 210 200 150 180 170 160 150 140 130 120 110 100 90 80 70 60 50

40

Fig. $14: '*C NMR spectrum (126 MHz) of compound 4 in CeDs at 300 K.

— 651

25/ NMR (38 MHz. GgDs. 300 K)

™S THs
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S
s TMS
.

— -168.56/

140

160
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Fig. S$15: 2°Si NMR spectrum (99 MHz) of compound 4 in CsDs at 300 K.
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1.7. Hydrosilanes 5a-c

W h In a pressurizable Schlenk flask, a solution of the respective

5 DMAP-stabilized silylenes 1a-¢ (100 umol, 1.0 eq.) in toluene
S,

RS SiR's (5 mL) was frozen in liquid nitrogen, degassed and exposed to

5a R = SiBug, R' = Si(TMS);

5b R =R'=Si(TMS); R B
5¢ R =R'=Si'BuMe heated to 65°C for 2 hours. Decolorization indicated full

dihydrogen (1 bar). The reaction mixture was subsequently

conversion. Concomitantly formed free DMAP was separated by
precipitation with SiBr4 (100 pmol, 1.0 eq.) and filtration. The solvent was removed under reduced
pressure to afford hydrosilanes 5 as colorless solids in quantitative yields. Compounds 5a-c were
identified by comparison of NMR spectral data with corresponding literature reports (5a,% 5b,[5%
5¢l59),

16
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1.8. Siliranes 6
7 The synthesis of siliranes 6 was conducted by a similar procedure
R S'/Si“S'R' than than that for hydrosilanes 5 (vide supra). Instead of Hy, the
3ol 1IR3
DMAP-silyl I 1 1 hyl
6a R = SiBu,, R = Si(TMS)3 silylene complexes 1a and 1b were exposed to ethylene
6b R = R' = Si'Bu,Me (1 bar). The compounds 6 were obtained as colorless solids.

Silirane 6a was identified by comparison of NMR spectral data with literature reports.[s®

Compound 6b was identified by multinuclear NMR spectroscopy.

6b

H NMR (500 MHz, CsDs, 300 K): & [ppm] = 1.10 (s, 36H, C(CHs)s), 0.81 (s, 4H, CH,), 0.10 (s,
BH, Si(CHs)).

13C NMR (126 MHz, CsDs, 300 K): & [ppm] = 29.9 (C(CHa)s), 21.8 (C(CHa)s), -0.7 (CHa), -6.3
(SiCH3)

28i{'H} NMR (99 MHz, CsDs, 300 K): & [ppm] = 11.2 (S/Bu:Me), -174.5 (SiCH.).

17
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1.9. Silaimine 7a

—N Trimethylsilyl azide (11.6 mg, 100 ymol, 1.0 eq.) was added to a

/
NN N/TMS

N (2 mL) at ambient temperature. Decolorization from dark-brown to

solution of silylene 1a (60.0 mg, 100 ymol, 1.0 eq.) in benzene

fBuasi/Sl\Si(TMS)a yellow and concomitant N> evolution was observed. After stirring

7a the mixture for 1 hour, evaporation of the solvent under reduced
Si;CaqHaNs pressure afforded compound 7a as vyellow solid (53.8 mg,
684.54 g/mol 78.6 ymol, 78%). Crystals suitable for SC-XRD analysis were

obtained from a cooled (-35 °C) n-hexane solution of 7a.
Note: Compound 7a decomposes is solution under liberation of DMAP. Presumably, the donor-
free silaimine is formed that decomposes further to an unidentified mixture of products.

H NMR (500 MHz, C¢Ds, 300 K): & [ppm] = 9.42 (br. s, 1H, 0-CP"**H), 8.50 (br. s, 1H, 0-COVAPH),
6.06 (d, *J = 6.9 Hz, 2H, m-CP""H), 1.83 (s, 6H, N(CHs)2), 1.41 (s, 27H, Si(C(CHs)3)), 0.69 (s, 9H,
NSI(CHs)s), 0.47 (s, 27H, Si(Si(CHs)s)a).

13C NMR (126 MHz, CsDs, 300 K): & [ppm] = 155.9 (p-COAP), 150.6 (0-COMAP), 106.9 (m-COMAP),
38.3 (N(CHa)2), 33.3 (C(CHa)s), 25.1 (C(CHa)s), 7.7 (NSi(CHs), 5.3 (Si(Si(CHa)s).

®Si{'H} NMR (99 MHz, CeDs, 300K): & [ppm] = 2.0 (SiBus), 9.4 (Si(SMes)s), -25.1
(N(SiMes), -25.9 (Si=N), -121.3 (Si(SiMes)s).

18
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1.10. Silaimine 7b

/ Analog to the synthesis of 7a (vide supra) silylene 1b (25 mg,
—N = 53.8 umol, 1.0 eq.) was treated with trimethylsilyl azide (6.19 mg,
X ri| N~ TMS 53.8 pmol, 1.0 eq.) to afford silaimine 7b as yellow, crystalline solid
NG (28.4 mg, 51.4 mmol, 96%).
Bu,MeSi” “Si'Bu,Me
7b
SisCzgHg1N3
552.16 g/mol

H NMR (500 MHz, CeDs, 300 K): & [ppm] = 8.82-8.81 (m, 2H, 0-C°¥*PH), 5.79 (d, 3J = 7.3 Hz,
2H, m-CPVAPH), 1.80 (s, BH, N(CHs)z), 1.34 (s, 18H, C(CHa)s), 1.16 (s, 18H, C(CHs)s), 0.72 (s, 9H,
Si(CHa)s), 0.42 (s, 6H, Si(CHs)).

13C{'H} NMR (126 MHz, CeDs, 300 K): & [ppm] = 155.8 (p-COMAP), 145.7 (0-COMAP), 106.3 (m-
CPVMA?) 38.3 (N(CHa)), 31.1 (C(CHa)s), 31.1 (C(CHa)s), 22.5 (C(CHs)s), 22.3 (C(CHa)s), -4.5
(Si(CHa)).

2Sji{'H} NMR (99 MHz, CsDs, 300 K): & [ppm] = -8.8 (SiBu,Me), -24.9 (SiMes), -25.5 (Si=N).

8.82
8.81

<La.
<

5.80

5.79
—1.80
134
116
—o072
—0.42

4 NMR (500 Mz, Gy, 300 K)

B "}.:=\
L s
4
BuMesi” " 8BuMe
i

0 95 90 85 80 75 © 65 60 55 50 4 40 35 30 2 20 15 10 05 00 05 10 -5 o

Fig. S16: '"H NMR spectrum (500 MHz) of compound 7b in CeDs at 300 K.
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3G NMR (126 MHz, 404, 300 1)
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Fig. $17: '*C NMR spectrum (126 MHz) of compound 7b in CeDs at 300 K.
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Fig. $18: 2°Si NMR spectrum (99 MHz) of compound 7b in CsDs at 300 K.
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"H™Si HMBC NMR {CgDg, 300 K)
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Fig. $19:
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2. X-ray Crystallographic Data

2.1. General Information

The X-ray intensity data of 2 were collected on an X-ray single crystal diffractometer equipped
with a CMOS detector (Bruker Photon-100), a rotating anode (Bruker TXS) with MoKa radiation
(A=0.71073 A) and a Helios mirror optic by using the APEX IIl software package.!®® The X-ray
intensity data of 1b and 7a were collected on an X-ray single crystal diffractometer equipped with
a CMOS detector (Bruker Photon-100), an IMS microsource with MoKa radiation (A = 0.71073 A)
and a Helios mirror optic by using the APEX Il software package.®® The X-ray intensity data of 3
was collected on an X-ray single crystal diffractometer equipped with a CCD detector (Apex I/
CCD), a fine-focus sealed tube with MoKa radiation (A=0.71073A) and a Triumph
monochromator by using the APEX Il/lll software package.!®® The measurements were performed
on single crystals coated with the perfluorinated ether Fomblin® Y. The crystal was fixed on the
top of a micro sampler, transferred to the diffractometer and frozen under a stream of cold nitrogen.
A matrix scan was used to determine the initial lattice parameters. Reflections were merged and
corrected for Lorenz and polarization effects, scan speed, and background using SAINT.IS9
Absorption corrections, including odd and even ordered spherical harmonics were performed
using SADABS 159 Space group assignments were based upon systematic absences, E statistics,
and successful refinement of the structures. Structures were solved by direct methods with the aid
of successive difference Fourier maps, and were refined against all data using the APEX /Il
software in conjunction with SHELXL-20145'% and SHELXLE.S' All H atoms were placed in
calculated positions and refined using a riding model, with methylene and aromatic C—H distances
of 0.99 and 0.95 A, respectively, and Uiso(H) = 1.2:Ueq(C). Full-matrix least-squares refinements
were carried out by minimizing Aw(F,?~Fc?)1% with SHELXL-97 weighting scheme.!$'? Neutral
atom scattering factors for all atoms and anomalous dispersion corrections for the non-hydrogen
atoms were taken from International Tables for Crystallography.[5'¥ The images of the crystal
structures were generated by Mercury.S'*) The CCDC numbers CCDC-1967942 (1b), CCDC-
1967943 (2), CCDC-1967944 (3) and CCDC-1967945 (7a) contain the supplementary
crystallographic data for the structures. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via https://www.ccdc.cam.ac.uk/structures/.
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2.2 SC-XRD structures

Fig. $20: SC-XRD structure of silylene 1b with thermal ellipsoids drawn at the 30% probability level.
Hydrogen atoms are omitted for clarity, ‘Bu- and Me-groups are simplified as wireframes. Selected bond
lengths [A] and angles [°]: Si1-N1 1.937(5), Si1-Si2 2.390(3), Si1-Si3 2.378(3), Si2-Si1-Si3 123.1(1), Si2—

Si1-N1 96.2(2), Si3-Si1-N1 98.8(2).
; K1 | ;
SHX)(

si2*

Fig. S21: SC-XRD structure of silyl radical 2 with thermal ellipsoids drawn at the 30% probability
level. Hydrogen atoms are omitted for clarity, ‘Bu-groups and toluene molecules are simplified as
wireframes. Selected bond lengths [A] and angles [°]: Si1-Si2 2.3936(14), Si1-K1 3.315(2), K1-
Si1-Si2 114.91(2), Si2-Si1-Si2* 130.19(3).
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) 5
\
Sit N1
T~ si2

~

\

Fig. S22: SC-XRD structure of azasilepin 3 with thermal ellipsoids drawn at the 30% probability level.
Hydrogen atoms are omitted for clarity, ‘Bu- and Me-groups are simplified as wireframes. Selected bond
lengths [A] and angles [°]: Si1-N1 1.750(1), Si1-C19 1.878(1), Si1-Si2 2.4144(6), Si2-Si1-Si3 113.74(2),
Si2-Si1-N1 109.08(4), N1-Si1-C19 104.71(5).

N2
TN
Ny Pa

/]

Fig. $23: SC-XRD structure of silaimine 7a with thermal ellipsoids drawn at the 30% probability level.
Hydrogen atoms are omitted for clarity, ‘Bu- and Me-groups are simplified as wireframes. Selected bond
lengths [A] and angles [°]: Si1-Si2 2.453(1), Si1-N1 1.928(2), Si1-N3 1.616(2), N3-Si7 1.660(2), Si2—-Si1—
Si3 125.08(3), N1-Si1-N3 106.08(8), Si1-N3-Si7 177.1(1).
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2.3 Crystal data and structural refinement parameters

Table $1: Crystal data and structural refinement parameters for compounds 1, 3, 4 and 7a.

Compound # 1b 2 3 Ta
ccoc# 1967942 197543 1967944, 1967945
Chemical formula CasHsaNzSi CaeHrokSia CasHsaNzSls CarHirsNaSiz
Formula weight 464.95 650.31 454.96 684,55
Temperature 100(2) K 100(2) K 100(2) K 1002) K
Wavelength 0.71073 A 071073 A 071073 A 0.71073 A
Crystal size 0.209 = 0.235 = 0.373 mm 0.176 x 0,299 x 0.302 mm 0.268 = 0.342 = 0.398 mm 0.059 = 0.153 » 0.213 mm
Crystal habit clear dark red-brown fragment clear yellow fragment clear yellow fragment clear yellow fragment
Crystal system monoclinic manoclinic orthorhombic triclinic
Space group ED) C20c Pbca P

Unit cell dimensions.

Volume
z

Density (calculated)
Absorption coefficient
F(000)
Diffractometer
Radiation source
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Coverage of independent
reflections
Absorption correction
Refinement method
Refinement program
Function minimized
Data / restraints / parameters.
Goodness-of-fit on F2

Final R indices
Weighting scheme

Largest diff. peak and hole
R.M.S. deviation from mean

a=28.128(4) A o =90°
b=15312(2) A A = 110.180(4)°
©=14.6773(19) A, y = 90°
5933.4(14) A
8

1.041 glom®
0.174 mmy
2064
Bruker DB Venlure Duo IMS
IMS microsource, Mo
18410 25.35°
-33e=h<=33, -18<=ke=18, -17<=le=17
36869

6
5424 [R(int) = 0.0913]
99.8%

Multi-Scan
Full-matrix least-squares on F?
SHELXL-2017/1 (Sheldrick, 2017)
ZwFs - FF
5424 /87328
1172
4238 data; 1>20(1)
R1=01217, wR2 = 0.2651
all data: R1 = 0.1445, wR2 = 0.2780
WO (F2)+108.1245P]
where P=(F,*+2F.2)/3
0560 and -0.742 8A”
0.104 eA?

a=20678(7T) A, a=90°
b= 12877(5) A, f = 120.067(10)°
c=17.566(10) A, y = 90"
4048(3) A*
4

1.067 giom®
0243 min!
1436
Bruker D8 Venture
TXS rotating anode, Mo
22810 25.68°

-25e=he=05, -15¢=k<=15, 21<=le=20

3797 [R(int) = 0.0742]
98.6%

Multi-Scan
Full-matrix least-squares on F*
SHELXL-2016/8 (Sheldrick, 2016)
Twif - Ff
37970/ 202
1.040
3472 data; 1=20(1),
R = 0.0305, wR2 = 0.0855
all data: R1 = 0.0341, WR2 = 0.0886
W0 (Fp (0.047TP 42 4242P)
where P=(F.2+2F.2)13
0.263 and -0.218 8A”
0.040 eA”

a=119770(13) A, a= 90°
b=16.9418(17) A, a = 90°
c=286313) A, 0
5809.6(11) A

8

1.063 glom®
0178 mm’'
2064
Bruker DB Kappa Apex ||
fine-focus sealed tube, Mo
22010 26.37"
Ad<=he=14, 21<=ke=21, -35<=1<=35
188411
5331 [R(int) = 0.0304]
99.8%

Multi-Scan
Full-matrix least-squares on F*
SHELXL-2016/6 (Sheldrick, 2016)
EwiFe - Ff
5831/0/ 287
1.045
5356 data; 1>20(1).
R1= 00289, wR2 = 0.0771
all data: RY = 0.0334, wR2 = 0.0802
w=A/[o(F2)4{0.0388P P+ 3.2781P]
where P=(F.7+2F.2)3
0.366 and -0.261 84
0.042 A

a=11515(3) A a=97 728{17)"

b=11.940(3) A, A = 92 B44(18)°
©=16.100(7) A, y = 104.175(19)"
2119(2) A*
2
1.073 glom?®
0248 "

756
Bruker D8 Venture Dua IMS
IMS microsource, Mo
20310 25.35°
A3<=he=13, -14<=ke=14, -18<=1<=19

7757 [R(int) = 0.0458)
99.9%

Multi-Scan
Full-matrix least-squares on F*
SHELXL-2016/6 (Sheldrick, 2016)
Ew(F? - FAPR
TI5710/393
1123
7180 data; 1>20(1)
R1=0.0402, wR2 = 0.0982
all data: R1 = 0.0438, wR2 = 0.1016
W= G FoA+{(D.0445P P41 T142P)
where P=(F.242F.2)/3
0634 and -0.258 eA~
0.058 eA?
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1. Experimental Section

1.1. General Methods and Instrumentation

All manipulations were carried out under exclusion of water and oxygen under an atmosphere of
argon 4.6 (299.996%) using standard Schlenk and glovebox techniques. The glassware used was
heat dried under high vacuum prior to use. All solvents were refluxed over sodium/benzophenone,
freshly distilled under argon and deoxygenated prior to use. PTFE-based grease (Triboflon /Il from
Freudenberg & Co. KG) was used as sealant. Deuterated benzene (CsDs), toluene (Tol-ds) and
THF (THF-ds) were obtained from Sigma-Aldrich, dried over Na/K alloy, flask-to-flask condensed,
deoxygenated by three freeze-pump-thaw cycles and stored over 4 A molecular sieves in a
glovebox. All NMR samples were prepared under argon in J. Young PTFE valve NMR tubes. The
NMR spectra were recorded on a Bruker DRX400 ('H: 400.13 MHz, *C: 100.62 MHz, *Si:
79.49 MHz), AV500 ('H: 500.13 MHz) or AV500C ('H: 500.36 MHz, ®*C: 125.83 MHz, #Si:
99.41 MHz) spectrometer at ambient temperature (300 K), unless otherwise stated. The 'H,
BC{'H} and #Si{'H} NMR spectroscopic chemical shifts & are reported in ppm relative to
tetramethylsilane. 'H and "*C{'"H} NMR spectra are calibrated against the residual proton and
natural abundance carbon resonances of the respective deuterated solvent as internal standard
(CeDs:  O('H)=7.16 ppm and &("°C)=128.1ppm, Tol-ds: &('H)=2.08 ppm and
0(°C) =20.4 ppm), THF-ds: B('H)=1.73ppm and O(*C)=25.4ppm).5" The following
abbreviations are used to describe signal multiplicities: s = singlet, d = doublet, dd = doublet of
doublets, dt = doublet of triplets, t = triplet, sept = septet, m = multiplet, br = broad. In some NMR
spectra, signals from silicone grease (CeDs: O('H)=0.29 ppm, &("*C)=1.4 ppm and
5(?°Si) = -21.8 ppm), originating from the cannulas used (B. Braun Melsungen AG Sterican®), can
be observed. UV/VIS spectra were recorded on a Varian, Inc. Cary 50 spectrophotometer with a
Schlenk quartz cuvette. EPR spectra were recorded on a Jeol jes-Fa200 esr spectrometer with a
spectrometer frequency of 9.267 GHz (X-band). Quantitative elemental analyses (EA) were
measured with a EURO EA (HEKAtech) instrument equipped with a CHNS combustion analyzer
at the Laboratory for Microanalysis at the TUM Catalysis Research Center. Melting Points (m.p.)
were determined in sealed glass capillaries under inert gas by a Bichi M-565 melting point
apparatus. Unless otherwise stated, all commercially available chemicals were purchased from
abcr GmbH or Sigma-Aldrich and used without further purification. Hydrogen (Hz2) 5.0 (299.999%),
oxygen (O2) 5.0 (299.999%), carbon dioxide (CO2) 5.0 (299.999%), dinitrogen monoxide (N2O)
5.0 (299.999%) and carbon monoxide (CO) 4.7 (299.997%) were purchased from Westfalen AG
and used as received. The compounds bis(tert-butyl)imidazolin-2-iminotribromosilane
('BUNSIBr:)®3,  supersilyl sodium (‘BusSiNa-2THF)®®  bis(tert-butyl)methylsilyl  sodium
(‘BuMeSiNa)i®¥ and the functionalized trityl (fluoroaryl)borate [PhsC][B(4-('PraSi)-CeF4)s]®° were
prepared as described in the corresponding references. Potassium graphite (KCg) was
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synthesized following a literature reported procedure upon heating a 1:8 mixture of potassium and
graphite in a thick-walled, PTFE-capped pressurize-able Schlenk flask to 500 °C until a
homogenous bronze powder was obtained. 5!

The cyclic voltammetry (CV) measurements were performed in an Ar-filled glovebox (MBraun,
oxygen and water content < 0.1 ppm). The electrochemical three-electrode glass cell was custom
made with a gold (Alfa Aesar, 99.999% purity) working electrode (WE), a platinum (Advent,
99.99+% purity) counter electrode (CE), and a lithium (99.9%, foil, Rockwood Lithium, 0.45 mm
thickness) reference electrode (RE). The electrolyte in the main and the CE compartment
consisted of THF (Sigma-Aldrich) and 01 M tetrabutylammonium
bis(trifluoromethane)sulfonimide (TBATFSI). For the RE compartment a solution of 0.1 M LiTFSI
in THF was used. The cell compartments were separated by porous glass frits. For the separation
of the RE compartment a Vycor 7930 frit (Advanced Glass & Ceramics, Holden, MA) was used in
order to diminish the diffusion between the Li-ion containing RE electrolyte and the electrolyte in
the main compartment. The electrodes of the cell compartments were connected via fused-in
tungsten wires. Before the first CV was recorded, the high frequency resistance (HFR) of the glass
cell setup was measured via Electrochemical Impedance Spectroscopy (EIS) and used for ohmic
drop correction of the measured WE potential. At the end of the CVs, about 10 mg of ferrocenium
hexafluorophosphate (FcPFs, Sigma-Aldrich) were added to the electrolyte in the main
compartment in order to calibrate the potential of the Li RE versus the Fc/Fc* couple. The CVs

were recorded using a Biologic VMP3 potentiostat/galvanostat.
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1.3. Iminodisilene I'BuN(‘Bu:MeSi)Si=Si(Si'Bu:Me)NI'Bu (1)

A solution of BusSiNa-2THF (833 mg, 2.27 mmol, 2.10 eq.) in

{BUN >[,N/_\N\§ n-hexane (10mL) was added to a suspension of I'BuNSiBrs
Lr (500 mg, 1.08 mmol, 1.00 eq.) in n-hexane (5 mL). The color
~ changed to dark green. After filtration, compound 1 was obtained

IBUN SiBy by crystallization from toluene at =35 °C (251 mg, 297 pmol, 55%
3
\Si:si/ yield). These crystals were also suitable for SC-XRD analysis.

4 ; T
BusSi NIBu m.p.: 161 °C (decomposition, color change to brown).

]
'H NMR (500 MHz, CeDs, 300 K): & [ppm] = 6.08 (s, 4H, CH-N),

SisCagHaaNe 1.58 — 1.50 (m*, 90H, 'Bu).

843.64 g/mol * The signal of ‘BuN overlaps with the signal of ‘BusSi
H NMR (500 MHz, THF-ds, 300 K): & [ppm] = 6.46 (s, 4H, CH-N), 1.61 (s, 36H, N'Bu), 1.26 (s,
54H, 'BusSi).

13C{'H} NMR (126 MHz, THF-ds, 193 K): 5 [ppm] = 145.7 (C=N), 110.5 (CH-N), 57.2 (NC(CHs)3),
31.3 (Si(C(CHa)s)3), 31.1 (NC(CHa)a), 21.7 (Si(C(CHa)a)s).
2gi{'H} NMR (99 MHz, THF-ds, 193 K): & [ppm] = 74.3 (Si=Si), 23.1 (BusSi).

Note: Compound 1 is only slightly soluble in n-hexane, benzene and toluene, however, it shows
good solubility in THF. No additional sets of signals for the (Z)-isomer were observed in the
multinuclear NMR spectra of compound 1. Similar to reports for disilenes Ill and VI the signal
intensities in the 2°Si NMR spectrum of 1 at room temperature are very weak, presumably due to
the biradical character of these disilenes.[527] Therefore, the *C and 2°Si NMR spectra of 1 were
recorded at —80 °C.

EA: SisCiHszNs  Calculated [%]: C (65.49), H (11.23), N (9.96)
Experimental [%]:  C (65.02), H (11.14), N (9.59)

S5

253



15. Appendix

"H NMR (500 MHz, C¢Dg. 300 K)
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Figure S$1: '"H NMR spectrum (500 MHz) of compound 1 in CsDs at 300 K. Signal labeled with * belongs to
silicone grease.
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Figure S2: '"H NMR spectrum (400 MHz) of compound 1 in THF-ds at 300 K.
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Figure S3: '3C NMR spectrum (100 MHz) of compound 1 in THF-ds at 193 K. Signal labeled with * belongs
to residual toluene.

— 74.34]
—23.11)

295i NMR (80 MHz, THF-dg, 193 K)
N/:\N
o 1 SR
N
X

I'BuN_ /Si'BUg
Si=Si_
BusSi NI'Bu

1

130 120 110 100 90 80 70 60 S0 40 30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -1i

Figure S4: 2°Si NMR spectrum (80 MHz) of compound 1 in THF-ds at 193 K.
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Absorption
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Figure S5: UV/VIS spectrum of green disilene 1 in n-hexane (2.5%x10 M), measured at room temperature
(Amax = 410 nm; 610 nm).

Similar to the observations for compound VI, the UV/VIS spectrum of 1 contains two peaks. The
peaks of disilene VI were assigned by theoretical calculations to be the HOMO—LUMO+1
transition (435 nm) and the TT—1* transition (518 nm).’?! Presumably, the absorption maximum
of 1 at the lower wavelength of 410 nm also derives from the HOMO—LUMO+1 transition and the

second peak (610 nm) can be assigned to the T—1* transition.
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1.2 Iminodisilene I'BuN(‘Bu:MeSi)Si=Si(Si'Bu:Me)NIBu (2)

=\ A solution of Bu:MeSiNa (684 mg, 3.79 mmol, 2.15eq.) in THF

I'BUN %/N\H/N\é (15 mL) was added dropwise to a solution of I'BUNSIBrs (815 mg,
N 1.76 mmol, 1.00 eq.) in THF (20 mL) at room temperature. An

X immediate color change to deep red was observed. After stirring the

I'BuN_  NIBu mixture for 1 h, the solvent was removed under reduced pressure and
Si=Si

, . .

'Bu,MeSi vLSi‘BuzMe the residue extracted with toluene (3 x 4 mL). The solvent was

evaporated in vacuo and the byproduct ‘Bu:MeSiBr was removed by

2
sublimation in high vacuum (70 °C, 2 x 10 mbar). Compound 2 was
SisCaoHazNe obtained as crystalline deep red solid (550 mg, 724 umol, 82%) and
759.48 g/mol is stable at ambient and elevated (90 °C) temperatures in solid state

and in solution (benzene, toluene, n-hexane, THF). Single crystals suitable for XRD analysis were
obtained from cooling a concentrated solution of 2 in n-hexane to —35 °C. In solution, temperature-
dependent (E/Z)-isomerization of 2 with 2-(Z) as major species can be observed.

m.p.: 211 °C (decomposition, color change to brown).

2-(2):

H NMR (500 MHz, C¢Ds, 300 K): 3 [ppm] = 6.04 (s, 4H, CH-N), 1.47 (s, 36H, '‘BusMeSi), 1.43 (s,
36H, N'Bu), 0.52 (s, 6H, 'BusMeSi).

13C{'H} NMR (126 MHz, CsDs, 300 K): 5 [ppm] = 144.1 (C=N), 107.9 (CH-N), 54.9 (NC(CH)3),
31.2 (Si(C(CHa)s)2(CHa)), 29.6 (NC(CHs)s), 21.2 (Si(C(CHa)2)2(CHs)), =3.9 (Si(C(CHs)s)2(CHs)).
28j{'H} NMR (99 MHz, CsDs, 300 K): & [ppm] = 67.4 (Si=Si), 20.4 (Bu:MeSi).

2-(E):

H NMR (500 MHz, CsDs, 300 K): 3 [ppm] = 6.11 (s, 4H, CH-N), 1.59 (s, 36H, ‘Bu:MeSi), 1.46 (s,
36H, N'Bu), 0.18 (s, 6H, ‘BuaMeSi).

13C{'H} NMR (126 MHz, CeDs, 300 K): & [ppm] = 144.8 (C=N), 108.6 (CH-N), 55.8 (NC(CHa)s),
31.1 (Si(C(CHs)s)2(CHa)), 29.9 (NC(CHs)s), 21.9 (Si(C(CHs)s)2(CHs)), 7.0 (Si(C(CHs)s)2(CHs)).
2Si{'H} NMR (99 MHz, C¢Ds, 300 K): 5 [ppm] = 71.4 (Si=Si), 7.9 (Bu:MeSi).

EA: SisCuHeNs  Calculated [%]: C (63.26), H (10.88), N (11.07)
Experimental [%]:  C (63.08), H (10.97), N (10.79)
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Figure S6: "H NMR spectrum (500 MHz) of compound 2-(Z) in CeDs at 300 K.
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to 2-(E).
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Figure S7: "*C{'H} spectrum (126 MHz) of compound 2-(Z) in CeDs at 300 K. Signals labeled with * belong
to 2-(E).
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Figure S8: 2°Si{'"H} NMR spectrum (99 MHz) of compound 2-(Z) in C¢Ds at 300 K. Signals labeled with *
belong to 2-(E).
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Figure S9: 'H NMR spectrum (500 MHz) of compound 2-(E) in CsDs at 300 K. Signals labeled with * belong
to 2-(2).
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TH/?Si HMBC NMR ( CgDg, 300 K)
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Figure $10: 'H/2°Si HMBC NMR spectrum of disilene 2 in CsDs at 300 K.
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Figure S11: 'H NMR kinetic studies of (E/Z)-isomerization of 2 in solution at room temperature.

Note: Crystals of 2 (5 mg) were dissolved in C¢Ds and the isomerization process was monitored
by 'H NMR spectroscopy. Since 8 minutes after dissolving the crystals, almost no (E)-isomer is
observable, we assume that 2 adopts solely (Z)-configuration in the solid state. Equilibrium is
reached at room temperature after 3.5 hours with a ration of (E):(Z) = 18:82. The concentration of
2, as well as exposure to visible light have no influence on the kinetic of this isomerization reaction.
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(E)isomer / (Z)-isomer

240 min

210 min
H NMR spectrum of 2

120 min

30 min
Backbone signal of N-
heterocyclic imino substituent

8 min /

Figure S12: '"H NMR kinetic studies of (E/Z)-isomerization of 2 after heating to 80 °C in soluticn at room
temperature.

Note: A solution of 2 in CeDs was heated to 80 °C for 6 hours. Subsequently, the (E/Z)-
isomerization process was monitored at room temperature by 'H NMR spectroscopy. The initially
(after 8 min) observed ratio (E):(Z) = 24:76 changed within 3.5 hours to (E):(Z) = 18:82, the same
value, which was previously observed from isomerization of crystalline 2 at room temperature.
This process can be repeated in cycles and is fully reversible. No decomposition products were
observed.

Figure $13: Solid state structure of 2-(E).

Note: This solid state structure was surprisingly obtained from an reactivity test of 2 and contains
a minor, unknown, co-crystalized compound. Therefore, no satisfactory structure was obtained
and structural parameters cannot be discussed. Nonetheless, this structure is an unambiguous

evidence for the existence of the (E)-isomer of 2.
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Absorption
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Figure S14: UV/VIS spectrum of red disilene 2 in n-hexane (2.5x10- M), measured at room temperature
(Amax = 420 nm; 515 nm).

Similar to the observations for compound VI, the UV/VIS spectrum of 2 contains two peaks. The
peaks of disilene VI were assigned by theoretical calculations to be the HOMO—LUMO+1
transition (435 nm) and the TT—T* transition (518 nm).[52 Presumably, the absorption maximum
of 2 at the lower wavelength of 420 nm also derives from the HOMO—LUMO+1 transition and the

second peak (515 nm) can be assigned to the T—1* transition.
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Figure S15: Cyclic voltammograms displaying the oxidaton waves of 2 (left) and
(‘Bu2MeSi)2Si=Si(Si‘BuzMe): (ll) (right, top) and the reduction wave of Il (right, bottom), measured in multiple

cycles in a three-electrode setup using a lithium metal reference electrode (0.1 M (n-BusN)TFSI in THF at
room temperature).

Note: Since the only disilene radical cation reported so far derives from one-electron oxidation of
Il, we measured the cyclic voltammograms of Il and iminodisilene 2 under the same conditions for
comparison. Apparently, the oxidation of 2 occurs at lower potentials than required for the

oxidation of Il (~1 V vs. Li/Li*). This result already indicates the accessibility of a cationic species,
from oxidation of 2.
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1.4 'BuN(Bu,MeSi)HSi-SiH(Si'Bu:Me)NI'Bu (3)

I’BuN\ NI‘Bu A toluene (8 mL) solution of disilene 1 (60.0 mg, 79.0 ymol, 1.00 eq.)

S:i‘Si: in a pressurizable Schlenk flask was degassed (freeze-pump-thaw)

BuMeSi” i H SiBuMe 54 subsequently exposed to hydrogen gas (1bar) at room

3 temperature. Complete decolorization occurred within 2 hours. After
SisCaoHgaNeg concentrating the solution under reduced pressure, silane 3 was
761.49 g/mol obtained by crystallization at —35 °C as colorless crystals (47.6 mg,

62.5 ymol, 79% yield). These crystals were also suitable for SC-XRD analysis.
m.p.: 195 °C (decomposition).

H NMR (500 MHz, CeDe, 300 K): & [ppm] = 6.53 (s, 2H, SiH), 6.05 (d, 2H, 3J = 3.3 Hz, CH-N),
6.03 (d, 2H, 3J=3.3 Hz, CH-N),1.49 (s, 18H, ‘BuN), 1.45 (s, 18H, ‘Bu;MeSi), 1.37 (s, 18H,
tBuzMeSi), 1.36 (s, 18H, ‘BuN), 0.42 (s, 6H, ‘BuzMeSi).

13C{'H} NMR (126 MHz, CsDs, 300 K): 5 [ppm] = 141.7 (C=N), 107.5 (CH-N), 107.2 (CH-N), 55.0
(NC(CHa)s), 54.4 (NC(CHa)s), 31.0 (Si(C(CHa)s)2(CHa)), 30.1 (Si(C(CHs)s)2(CHa)), 29.9
(NC(CHa)s), 29.5 (NC(CHa)s), 21.6 (Si(C(CHa)s)2(CHa)), 21.5 (Si(C(CHs)s)o(CHa)), —4.8
(Si(C(CHa)s)2(CH3)).

2Si{'H} NMR (99 MHz, C¢sDs, 195 K): & [ppm] = 6.1 (‘Bu:MeSi), —69.1 (SiH).

EA: Si:CioHsNs Calculated [%]: C (63.09), H (11.12), N (11.04)
Experimental [%]:  C (62.69), H (11.22), N (10.62)
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Figure S16: '"H NMR spectrum (500 MHz) of compound 3 in CeéDs at 300 K.
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Figure S17: '3C{'H} spectrum (126 MHz) of compound 3 in CsDs at 300 K.
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Figure S18: °Si{'"H} NMR spectrum (99 MHz) of compound 3 in CsDs at 300 K.
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1.4. Dioxadisiletane 4

f NI'B
IBuN, o NIBu
SCS
BuMesi* O TsiBu,Me
4
Si4CapHg2NgO2

791.48 g/mol

In a pressurizeable Schlenk flask, a solution of disilene 2 (70.0 mg,
92.2 pmol) in n-pentane (10 mL) was cooled to —130 °C and exposed
to oxygen (1.2 bar) under stirring. The deep red color rapidly
vanished and the solution was allowed to warm to room temperature.
After evaporation of all volatiles in vacuo, compound 4 was obtained
from recrystallization of the residue in n-hexane at -35°C as

colorless crystals (61.4 mg, 76.3 umol, 83%).

m.p.: 266 °C

H NMR (500 MHz, CsDe, 300 K): & [ppm] = 5.98 (s, 4H, CH-N), 1.48 (s, 36H, N'Bu), 1.44 (s, 36H,
'BusMeSi), 0.53 (s, 6H, BusMeSi).

13C{'H} NMR (126 MHz, CsDs, 300 K): & [ppm] = 140.1 (C=N), 108.0 (CH-N), 55.7 (NC(CHa)s),
30.8 (Si(C(CHa)s)2(CHa)), 29.9 (NC(CHa)s), 21.1 (Si(C(CHa)a)2(CHa)), =3.6 (Si(C(CHa)a)2(CHa)).
295i{'H} NMR (99 MHz, CsDs, 195 K): 5 [ppm] = -0.2 (Bu:MeSi), —47.3 (SiO).

EA: Si4CaoHazBraNs

Calculated [%]: C (60.70), H (10.44), N (10.62)
Experimental [%]:  C (59.66), H (10.44), N (10.18)

I'BuN_ o NIBu
i 8
BuMeSi’ O VsiBuMe
4

H NMR (500 MHz, C¢Dy, 300 K)
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Figure $19: "H NMR spectrum (500 MHz) of compound 4 in CeDs at 300 K.
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Figure $20: '*C NMR spectrum (126 MHz) of compound 4 in CsDs at 300 K.
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Figure $21: 2°Si NMR spectrum (99 MHz) of compound 4 in CsDe at 300 K.
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1.4. Disilaoxirane 5-t

0 An n-pentane (8 mL) solution of 2 (70.0mg, 92.2pumol) in a

./ N .
I'BuN"'SI—S1SiBuMe  pressurizeable Schlenk flask was cooled to —78 °C and exposed to

) H b
BuzMeSi NIBu N20 (1 bar) under stirring. The red solution turned yellow and was

5.t _ . .
allowed to warm to ambient temperature after 20 minutes. All volatiles
SigCagHgoNgO . .
4-aneze were removed under reduced pressure and the yellow solid residue
775.48 g/mol

was purified by recrystallization from n-hexane to give yellow crystals
(57.3 mg). Multinuclear NMR spectroscopy revealed the composition of this crystals to be 25% 4
and 75% 5-c (77% yield). Various separation attempts were unsuccessful. Heating of a sample of

5-c in CsDs to 70 °C for 16 hours lead to quantitative isomerization to 5-t.

Note: Neither the crystals of 5-¢, nor that of 5-t were suitable for SC-XRD analysis due to co-
crystallization with compound 4. Compounds 5 were identified by comparison of multinuclear NMR

spectroscopic data with literature reported disilaoxiranes. Sl
5-c:

"H NMR (500 MHz, C¢Ds, 300 K): 3 [ppm] =6.02 (d, ®J = 3.2 Hz, 2H, CH-N), 6.00 (d, *J = 3.2 Hz,
2H, CH-N), 1.48 (s, 18H, NBu), 1.47 (s, 18H, N'Bu), 1.43 (s, 18H, 'Bu;MeSi), 1.41 (s, 18H,
‘BuMeSi), 0.50 (s, 6H, BuzMeSi).

5-t

H NMR (500 MHz, CsDs, 300 K): 3 [ppm] = 6.08 (d, J = 3.2 Hz, 2H, CH-N), 6.06j (d, 3J = 3.2 Hz,
2H, CH-N), 1.48 (s, 18H, N'Bu), 1.47 (s, 18H, N'Bu), 1.43 (s, 18H, ‘Bu:MeSi), 1.41 (s, 18H,
‘BuMeSi), 0.50 (s, 6H, BuMeSi).

13C{'H} NMR (126 MHz, CeDs, 300 K): 5 [ppm] = 143.1 (C=N), 108.4 (CH-N), 108.3 (CH-N), 55.9
(NC(CHa)s), 55.3 (NC(CHa)s), 30.9 (Si(C(CHa)a)a(CHa)), 30.7 (Si(C(CHa)a)o(CHa)), 29.5
(NC(CHa)s), 22.1 (Si(C(CHa)s)2(CHs)), 21.9 (Si(C(CHs)s)2(CHs)), —6.4 (Si(C(CHa)s)2(CHa)).
298i{'"H} NMR (99 MHz, C+Ds, 195 K): & [ppm] = 5.3 (‘Bu:MeSi), —48.8 (SiO).
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Figure S22: '"H NMR spectrum (500 MHz) of compound 5-¢ in CsDs at 300 K. Signals labeled with * and #
belong to compounds 5-¢ (*) and 4 (¥).

Note: The signals at 1.48 ppm and 1.47 ppm are overlapping. Thus, no separate integration was

possible.
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Figure $23: 'H NMR spectrum (500 MHz) of compound 5-c in CsDs at 300 K. Signals labeled with *belong
to compound 4.
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Figure S24: '*C NMR spectrum (126 MHz) of compound 5-t in CsDs at 300 K. Unlabeled signals belong to
compound 4.
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Figure S$25: 2°Si NMR spectrum (99 MHz) of compound 5-t in CsDs at 300 K. Signals labelded with * belong
to compound 4.

8§23

271



15. Appendix

L.

il JU

TH/2*Si HMBC NMR { C4Dg, 300 K)
/o\
8i—8ing
1BuN SISt sitBu;Me

‘Bu,MeSi NI'Bu
5-t

oy b

N F-20

— s wasdesgy s L0
— , 1
{145,524 (1385.26% 10

Figure $26: 'H/2°Si HMBC NMR spectrum of mixture of compounds 5-f and 4 in CeDs at 300 K.
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1.4 'BuN(‘Bu,MeSi)BrSi-SiBr(‘Bu,MeSi) I'BuN (6)

I'BuUN NI'Bu A solution of SiBrs (22.9 mg, 65.8 pmol, 1.00 eq.) in n-hexane (2 mL)

t /\S_'“?'/ ‘ was added dropwise to a solution of iminodisilene 2 (50.0 mg,
BuoMeSi" g Br SiBuMe ggg pumol, 1.00 eq.) in n-hexane at ambient temperature. Full
6 decolorization occurred and a colorless precipitate was formed. This
SiyCaoHg2BroNg precipitate was separated, washed with n-hexane (3 x 1 mL) and
919.29 g/mol dried under high vacuum to afford 1,2-dibromosilane 6 as colorless
solid (58.1 mg, 63.2 umol, 96%). Compound 6 is almost insoluble in

n-hexane and only poorly soluble in benzene, toluene or THF. Crystals, suitable for SC XRD

analysis were grown from a saturated solution of 6 in THF / toluene (1:1) at —35 °C.
m.p.: 185 °C (decomposition, color change to brown).

H NMR (500 MHz, C¢Ds, 300 K): & [ppm] = 6.09 (d, J = 3.3 Hz, 2H, CH-N), 6.01 (d, %/ = 3.3 Hz,
2H, CH-N), 1.64 (s, 36H, N'Bu), 1.43 (s, 18H, 'BuMeSi), 1.40 (s, 18H, 'BuMeSi), 0.67 (s, 6H,
‘BuMeSi).

13C{'H} NMR (126 MHz, CsDs, 300 K): 5 [ppm] = 142.8 (C=N), 109.5 (CH-N), 109.3 (CH-N), 57.7
(NC(CHa)s), 56.5k (NC(CHa)s), 31.9 (Si(C(CHs)s)o(CHs)), 31.6 (Si(C(CHa)s)o(CHs)), 31.2
(NC(CHa)s), 30.9 (NC(CHs)s), 24.3 (Si(C(CHs)s)2(CHs)), 22.1 (Si(C(CHa)s)(CHa)), —3.5
(Si(C(CHa)s)2(CH3)).

2Si{'"H} NMR (99 MHz, CsDs, 195 K): & [ppm] = 5.5 (‘Bu.MeSi), —51.9 (SiBr).

EA:  Si:CaoHs:BrNe Calculated [%]: C (52.26), H (8.99), N (9.14)
Experimental [%]:  C (51.50), H (9.24), N (8.77)

S25

273



15. Appendix

3353 ] &
N I |
"H NMR (500 MHz, CgDg, 300 K)
I'BuN ’N\'Bu
3-8,
BusMeSi" gr E',. ‘si'BuzMe
[}
|
| ” ._,‘|-4 )
" F A |
EH FEH g
9r 9’0 5‘5 S‘VU 7’ 6'5 E‘U 5r ‘a 4‘ 4’0 3'5 ‘D £ 2‘0 IIS IIVD l; Drﬂ ‘C‘l 71‘0 ;5
Figure $27: "H NMR spectrum (500 MHz) of compound 6 in CsDs at 300 K.
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Figure $28: '*C{'H} spectrum (126 MHz) of compound 6 in CsDs at 300 K.
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Figure $30: 'H/2°Si HMBC NMR spectrum of compound 6 in CsDs at 300 K.
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1.4 'BuN(‘Bu,MeSi).SiBr (7)

I'BUN_ Br Compound 2 (25.0 mg, 32.9 ymol, 1.00 eq.) was dissolved in toluene
i (0.2 mL) and a solution of IDipp-SiBrz (19.0 mg, 32.9 ymol, 1.00 eq.) in
tolueneue (0.4 mL) was added at ambient temperature. Within 30 minutes

e
‘Bu,MeSi”  Si‘Bu,Me

7
. of stirring, complete decolorization to a cloudy mixture was observable.
SIangHezNaBr
Free NHC was removed by precipitation with CO2 and subsequent
617.00 g/mol

filtration. After evaporation of the solvent under reduced pressure,
compound 7 was afforded as colorless solid (11.0 mg, 17.8 pmol, 54%). Crystals suitable for SC

XRD analysis were obtained from cooling a concentrated toluene solution to =35 °C.

m.p.: 169 °C (decomposition, color change to orange).

TH NMR (500 MHz, CeDs¢, 300 K): & [ppm] = 6.04 (d, *J = 3.3 Hz, 1H, CH-N), 5.90 (d, 3J = 3.3 Hz,
1H, CH-N), 1.58 (s, 9H, N'Bu), 1.40 (s, 18H, 'Bu:MeSi), 1.39 (s, 9H, N'Bu), 1.34 (s, 18H, ‘Bu-MeSi),
0.53 (s, 6H, 'BuMeSi).

3C{'"H} NMR (126 MHz, C¢Ds, 300 K): & [ppm] = 142.8 (C=N), 110.0 (CH-N), 108.8 (CH-N), 56.9
(NC(CHa)3), 56.5 (NC(CHs)s), 31.3 (Si(C(CHs)s)2(CHa)), 31.2 (Si(C(CHs)s)2(CHz)), 31.0
(NC(CHs3)3), 30.3 (NC(CHs)3), 23.5 (Si(C(CHaz)3)2(CH3)), (Si(C(CHa)z)2(CHa)), -2.9
(Si(C(CH3)a)2(CHa)).

28i{'H} NMR (99 MHz, CqDs, 300 K): 5 [ppm] = 1.7 (‘BuzMeSi), —35.6 ((‘BuzMeSi)2l'BUNSIBr).
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Figure S31: "H NMR spectrum (500 MHz) of compound 7 in CeDe at 300 K.
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Figure $32: '3C{'H} spectrum (126 MHz) of compound 7 in CeDs at 300 K.
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Figure $33: 2°Si{'"H} NMR spectrum (99 MHz) of compound 7 in CsDs at 300 K.
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1.4. Radical Cation of I'BuN('Bu:MeSi)Si=Si(Si'Bu:Me)NI’‘Bu 8

To a mixture of iminodisilene 2 (39.0 mg, 51.4 pmol, 1.00 eq.)

]
[B(4-(Pr3Si)}-CeF4)al o ) o
and the functionalized trityl (fluoroaryl)borate [PhsC][B(4-('PrsSi)-

|f|3uN\ @ /SifBUZMe CeF4)4] (75.8 mg, 51.4 ymol, 1.00 eq.) toluene (4 mL) was added
Si=Si_ at room temperature. The reaction mixture turned dark green and

'BuyMeSi NIBu ) )
a phase separation to a lower oily green layer and a top brown
8 layer was observed. After evaporation of all volatile compounds
SigC100H166NeBF 16 in vacuo, the oily residue was washed with n-hexane (5 x 3 mL)
1991.12 g/mol to give radical cation 8 as extremely air and moisture sensitive

green powder (67.0 mg, 33.4 uymol, 66% vyield). Crystals almost suitable for SC-XRD analysis were

obtained from diffusion of n-hexane into a difluorobenzene solution of 8 at ambient temperature.

Note: The TIPS-functionalized borate anion was only used, in order to facilitate crystallization.

Utilization of the commercially available B(CsFs)s anion also provides the disilene radical cation.

EA: SisCioHiesBF1sNs  Calculated [%]: C (60.30), H (8.40), N (4.22)
Experimental [%]:  C (59.15), H (7.93), N (3.57)

Note: Because of the extreme sensitivity of 8, no better matching elemental analysis was obtained.
The carbon value however was reproducibly low, presumably due to the formation of
incombustible silicon carbides.

—

N
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@
/T
3 2 ) / %
% ;
9) 3

Figure S$34: Solid state structure of compound 8.
Note: Because of twinning and disorder, no satisfactory structure was obtained. Therefore,

structural parameters cannot be discussed. Nonetheless, this structure is an unambiguous

evidence for the existence of 8.
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Figure S35: UV/VIS spectrum of disilene radical cation 8 in 1,2-difluorobenzene, measured at room

temperature.
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1.4. Compound 9

P Under exclusion of light, white phosphorus (4.89 mg,
tBuzMESi\Siﬂ‘b&ﬁMSi’SifBuzme 39.5 ymol, 1.00 eq.) was added to a solution of disilene 2
'BuN” “NI'Bu (30.0 mg, 39.5 umol, 1.00 eq.) in toluene (2 mL) at room

9 temperature. The dark red color completely vanished

Si4CaoHa2NgP4 within 18 hours stirring to give a slightly cloudy, pale

883.37 g/mol yellow mixture. After filtration and evaporation of the

solvent, compound 9 was obtained as colorless crystalline solid (32.9 mg, 37.2 umol, 94%).
Crystals suitable for SC-XRD analysis were obtained from a cooled (—35 °C) solution of 9 in a

toluene / n-hexane (1:1) mixture.

m.p.: 218 °C (decomposition, color change to yellow).

H NMR (500 MHz, C¢Ds, 300 K): 5 [ppm] = 5.86 (d, ®J = 3.2 Hz, 2H, CH-N), 5.78 (d, *J = 3.2 Hz,
2H, CH-N), 1.65 (s, 18H, 'BuzMeSi), 1.61 (s, 18H, 'BuzMeSi), 1.35 (s, 18H, N'Bu), 1.29 (s, 18H,
N‘Bu), 0.73 (s, 6H, ‘Bu:MeSi).

13C{'H} NMR (100 MHz, C¢Ds, 300 K): 5 [ppm] = 140.7 (C=N), 108.8 (CH-N), 108.1 (CH-N), 55.9
(NC(CHs)s), 55.2 (NC(CHa)s), 31.8 (Si(C(CHa)s)2(CHa)), 31.6 (Si(C(CHs)a)2(CHs)), 30.6
(NC(CHs)s), 30.3 (NC(CHa)s), 23.0 (Si(C(CHa)a)2(CHa)), 23.0 (Si(C(CHa)a)a(CHa)), —1.7
(Si(C(CHa)s)2(CHs)).

28i{1H} NMR (99 MHz, C¢Ds, 300 K): & [ppm] = 11.9 (s, Bu;MeSi), —52.2 (m, SiP,).

3P{'H} NMR (162 MHz, CsDs, 300 K): 5 [ppm] = 106.6 (dt, 'Jrp = 126.9 Hz, %Jpr = 8.5 Hz, 1P,
PSiy), —44.0 (dd, 'Jer=158.1 Hz, 2Jpr = 8.9 Hz, 2P, PSiP;), —217.6 (dt, 'Jrs = 157.9 Hz,
"Jpp = 129.0 Hz, 1P, PP3).

EA:  SisCiaHzoNePs Calculated [%]: C (54.39), H (9.36), N (9.51)
Experimental [%]:  C (54.14), H (9.25), N (9.35)
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Figure $36: '"H NMR spectrum (500 MHz) of compound 9 in Ce¢Ds at 300 K. The signal labeled with * belongs
to silicone grease.
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Figure S37: '3C{'H} spectrum (126 MHz) of compound 9 in CsDs at 300 K. The signal labeled with * belongs
to silicone grease.
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Figure S38: 2°Si{"H} NMR spectrum (99 MHz) of compound 9 in CsDs at 300 K. The signal labeled with *
belongs to silicone grease.
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Figure S$39: 3'P{'H} spectrum (162 MHz) of compound 9 in CsDs at 300 K.
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Figure S$40: 'H/2°Si HMBC NMR spectrum of compound 9 in CeDs at 300 K.
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2. X-ray Crystallographic Data

2.1. General Information

The X-ray intensity data of 4 and 7 were collected on an X-ray single crystal diffractometer
equipped with a CMOS detector (Bruker Photon-100), a rotating anode (Bruker TXS) with MoKa
radiation (A = 0.71073 A) and a Helios mirror optic by using the APEX Il software package. ¥ The
X-ray intensity data of 1, 2-(2), 3, 6 and 9 were collected on an X-ray single crystal diffractometer
equipped with a CMOS detector (Bruker Photon-100), an IMS microsource with MoKa radiation
(A=0.71073 A) and a Helios mirror optic by using the APEX Il software package.[s¥ The
measurements were performed on single crystals coated with the perfluorinated ether Fomblin®
Y. The crystal was fixed on the top of a micro sampler, transferred to the diffractometer and frozen
under a stream of cold nitrogen. A matrix scan was used to determine the initial lattice parameters.
Reflections were merged and corrected for Lorenz and polarization effects, scan speed, and
background using SAINT.[8'° Absorption corrections, including odd and even ordered spherical
harmonics were performed using SADABS.5'% Space group assignments were based upon
systematic absences, E statistics, and successful refinement of the structures. Structures were
solved by direct methods with the aid of successive difference Fourier maps, and were refined
against all data using the APEX Il software in conjunction with SHELXL-2014®'1 and
SHELXLE.'S'2 All H atoms (except Si—H) were placed in calculated positions and refined using a
riding model, with methylene and aromatic C—H distances of 0.99 and 0.95 A, respectively, and
Uiso(H) = 1.2-Ueq(C). H atoms bound to Si atoms could be located in the difference Fourier maps
and were allowed to refine freely. Full-matrix least-squares refinements were carried out by
minimizing Aw(Fo>—F )89 with SHELXL-97 weighting scheme.5'3 Neutral atom scattering factors
for all atoms and anomalous dispersion corrections for the non-hydrogen atoms were taken from
International Tables for Crystallography.[5'¥ The images of the crystal structures were generated
by Mercury.S'® The CCDC numbers - contain the supplementary crystallographic data for the
structures. These data can be obtained free of charge from the Cambridge Crystallographic Data
Centre via https://www.ccdc.cam.ac.uk/structures/.
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2.2 SC-XRD structures

Si2

N1

Figure S41: SC-XRD structure of disilene 1 with thermal ellipsoids drawn at the 50% probability level.
Hydrogen atoms are omitted for clarity, ‘Bu- and Me-groups are simplified as wireframes. Selected bond
lengths [A] and angles [°]: Si1-Si1* 2.2534(7), Si1-Si2 2.4142(6), Si1-N1 1.682(1), N1-C1 1.285(2), N1-
Si1-Si1* 122.97(5), Si2-Si1-Si1* 124.52(3), Si2—Si1-N1 110.56(4).

C1
c21

N1
N4

Sit o Si2

Si3 & o
Si4

Figure S42: SC-XRD structure of disilene 2-(Z) with thermal ellipsoids drawn at the 50% probability level.
Hydrogen atoms are omitted for clarity, ‘Bu- and Me-groups are simplified as wireframes. Selected bond
lengths [A] and angles [°]: Si1-Si2 2.2844(7), Si1-Si3 2.3922(7), Si2-Si4 2.4001(7), Si1-N1 1.683(1), Si2—
N4 1.680(1), N1-C1 1.283(2), N4—C21 1.278(2), Si3-Si1-N1 104.35(5), Si4—Si2—N4 103.84(5), Si2-Si1—
Si3 121.28(2), Si2—Si1-N1 119.25(5).
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si2

Figure S43: SC-XRD structure of hydrosilane 3 with thermal ellipsoids drawn at the 50% probability level.
Hydrogen atoms are omitted for clarity, ‘Bu- and Me-groups are simplified as wireframes. Selected bond
lengths [A] and angles [°]:Si1-Si2 2.4184(6), Si1-H1 1.43(1), Si1-Si3 2.4085(6), Si1-N1 1.682(1), Si2—H2
1.42(2), H1-Si1-Si3 101.1(6), N1-Si1-H1 113.9(6), N1-Si1-Si2 111.91(4), Si2-Si1-Si3 120.40(2).

Figure S44: SC-XRD structure of compound 4 with thermal ellipsoids drawn at the 50% probability level.
Hydrogen atoms are omitted for clarity, ‘Bu- and Me-groups are simplified as wireframes. Selected bond
lengths [A] and angles [°]: Si1-O1 1.686(1), Si1-02 1.695(1), Si1-Si3 2.3897(6), Si1-N1 1.641(1), N1-C1
1.274(2), Si2-01 1.698(1), Si2-02 1.691(1), Si3-Si1-01 119.63(4), Si3-Si1-02 114.96(4), Si3-Si1-N1
106.06(5), Si1-01-Si2 91.77(5).
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Figure S45: SC-XRD structure of compound 6 with thermal ellipsoids drawn at the 50% probability level.
Side view (left), front view (right). Hydrogen atoms are omitted for clarity, ‘Bu- and Me-groups are simplified
as wireframes. Selected bond lengths [A] and angles [°]: Si1-Si1* 2.479(2), Si1-N1 1.658(3), Si1-Br1
2.340(2), Si1-Si2 2.427(3), Br1-Si1-Si2 99.32(8), Br1-Si1-N1 111.1(2), Br1-Si1-Si1* 100.14(8).

Si2

Br1

N1

7 ci

Figure S46: SC-XRD structure of compound 7 with thermal ellipsoids drawn at the 50% probability level.
Hydrogen atoms are omitted for clarity, ‘Bu- and Me-groups are simplified as wireframes. Selected bond
lengths [A] and angles [°]: Si1-Br1 2.3555(5), Si1-Si2 2.4663(5), Si1-Si3 2.4637(6), Si1-N1 1.651(1), Br1—
Si1-Si2 98.30(2), Br1-Si1-Si3 98.33(2), Br1—-Si1-N1 106.53(5), Si2-Si1-Si3 123.75(2).
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P2
P4 P3
Si4
' P1
Si2
N4 N1
Ci
Cci12

Figure S47: SC-XRD structure of compound 9 with thermal ellipsoids drawn at the 50% probability level.
Hydrogen atoms are omitted for clarity, ‘Bu- and Me-groups are simplified as wireframes. Selected bond
lengths [A] and angles [°]: Si1-P1 2.2785(8), Si1-P3 2.2723(7), P1-P2 2.2937(7), P3-P2 2.2301(8), N1-
Si1-Si3 109.32(4), P1-Si1-P3 94.22(2), P1-P2-P3 94.95(2), Si1-P1-Si2 106.69(2).
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2.3 Crystal data and structural refinement parameters

Table S1: Crystal data and structural refinement parameters for compounds 1, 2-(2), 3 and 4.

Compound # 1 242) 3 3
ccoc# - - - -
Chemical formula SiCasHaNg SuuCaoHeNo SuCaoHaNg SisCacHzzNeO2
Formula weight 84362 759.47 761.49 791.47
Temperature 100(2) K 100(2) K 100(2) K 100(2) K
Wavelength 0.71073 A 071073 A 071073 A 071073 A
Crystal size 0.155 x 0.182 = 0.186 mm 0.185 x 0.228 = 0.254 mm 0.266 = 0.333 x 0.487 mm 0.169 x 0.201 x 0.294 mm
Crystal habit clear dark green fragment lear red fragment clear colourless fragment clear colourless fragment
Crystal system Monoclinic triclinic triclinic triclinic
Space group c12e1 P-1 P-1 P-1

Unit cell dimensions

Volume

z
Density (calculated)
Absorption coefficient
F(000)
Diffractometer
Radiation source
Theta range for data collection

Index ranges

Reflections collected
Independent reflections
Coverage of independent
reflections
Absorption correction
Max. and min. transmission
Refinement method
Refinement program
Function minimized
Data/ restraints / parameters
Goodness-of-fit on F?

Weighting scheme

Largest diff. peak and hole
R.M.S. deviation from mean

a=215194(19)A, , a=90°
b=10.3978(9) A, B = 91.383(3)°
©=23.024(2) A, y = 90°
5150.2(8) A*
8

1.088 glom®
0.151 mm*
1872
Bruker D8 Venture Duo IMS
IMS microsource, Mo
217102602°

79283
5073 [R(int) = 0.0311]
100.0%

Multi-scan
09770 and 0.9720
Full-matrix least-squares on F?
SHELXL-2014/7 (Sheldrick, 2014)
Sw(Fe - Ff
5073/0/268
1.061
0.001
4598 data; 1>20(1)
R1=0.0342, WR2 = 0.0834
all data:

R1=0.0388, wR2 = 0.0860
w=1/[0°(Fo?)+(0.0348P)+7.2742P]
where P=(F,*+2F.2)3
0.456 and -0.374 eA™
0,044 eA?

a=104102(19) A, a = 81.153(7)°
2363(2) A, B = 76.718(7)°
©=21.101(4) A, y = 65.519(7)"
2400.2(8) A*
2

1.051 glom®
0.156 mm
840
Bruker D8 Venture Duo IMS
IMS microsource, Mo
2211025.35°
2

55819
8777 [R(int) = 0.0309]
99.9%

Multi-Scan
09610 and 0.9720
Full-matrix least-squares on F?
SHELXL-2016/6 (Shekdrick, 2016)
EwFe - Ff
8777101477
1,040
0001
7672 data, 1>20(1)
R1=0.0333, wR2 = 0.0820
all data:

R1=0.0403, wR2 = 0.0861
W=1/[0%(F)+(0.0379P*+1.3913P)]
where P=(F.2+2F 23
0615 and -0.295 eA*
0.047 eA™

2=10.6636(5) A, a = 80.983(2)°
b=12.0948(6) A, B = 83.783(2)°
©=210683(11) A, y = 65412(2)°
2437.5(2) A°
2

1,038 glom®
0153 mm"
844
Bruker D8 Venture Duo IMS
IMS microsource, Mo
19610 25.35°

8902 [R(int) = 0.0274]
9.7%

Mult-Scan
09600 and 0.9410
Full-matrix least-squares on F?
SHELXL-2016/6 (Sheldrick, 2016)
T wiFe - Ff
8902/0/485
1046
0.001
8372 data; 1>20(1)
R1=0.0281, wR2 = 0.0694
all data:

R1=0.0302, WR2 = 0.0714
w=1/[0(Fc?)+(0.0260Py+1.2312P)
where P=(F,2+2F.2)3
0.305 and -0.200 eA”

0.034 eA*

a=11.8823(10) A, a = 103.907(3)"
b=125801(10) A, B = 97.451(3)°
©=17.6952(13) A, y = 108.909(3)°
2366.1(3) A*
2
1.111 giem®
0.163 mm™'
872
Bruker D8 Venture
TXS rotating anode. Mo
2331025.68°

8998 [R(int) = 0.0373]
99.9%

Multi-Scan
0.9730 and 0.9610
Full-matrix least-squares on F2
SHELXL-2016/6 (Sheldrick. 2016)
I w(Fe? - FAP
8998 / 204/ 690
1.040
0046
8093 data; 1>20(()
R1=00320, wR2 = 0.0811
all data
R1=00368, wR2 = 00843
W=A0%(F?)+(0.0376P)+1.5234P)
where P=(F242F.2)3
0457 and -0.314 eA”
0045 eA®

S41

Table S2: Crystal data and structural refinement parameters for compounds 6, 7, and 9.

Compound # 0 7 ]
ceoc# -
Chemical formula SlaCarkuzBraNe ShCzHeBIN SuCagHazNoPs
Formula weight 459.65 616.99 883.35
Temperature 100(2) K 100(2) K 1002) K
Wavelength 071073 A 071073 A 071073 A
Crystal size 0.072 = 0.072 = 0.144 mm 0.074 = 0.034 = 0,163 mm 0.256 = 0.319 = 0.339 mm
Crystal habit elear colourless fragment ciear colourless fragment clear colourless fragment
Crystal system triclinic WMonoclinic Triclinie
Space group P-1 P121in1 P

Unit cell dimensions

Volume
z

Density (calculated)
Absorption coefficient

F(000)
Diffractometer
Radiation source

Theta range for data

collection

Index ranges.

Reflections collected
Independent reflections
Cowerage of independent

reflections.

Absorption correction
Max. and min. transmission
Refinement method
Refinement program
Function minimized
Data | restraints ! parameters
Goodness-of-fit on F2

Alamax
Final R indices

Weighting scheme

argest diff. peak and hole
R.M.S. deviation from mean

a = 10.0850(5) A, a = 64.783(2)°

b = 11.8820(6) A, = 74.656(2)°

©=12.0847(8) A, y = 69.356(2)"
1212.73(11) AY

2
1.259 glem®
1.803 mm*
480
Bruker D& Venture Duo IMS
IMS microsaurce, Mo

2.44 10 25.68°

43348
4818 [Riint) = 0.0594]
99.9%

Multi-Sean
0.8780 and 0.8560
Full-matrix least-squares on F*
SHELXL-2016/6 (Sheldrick. 2016)
I wiFa® - FiP
4618/ 174/ 442

1237
0.018
4034 data; I>2o(1)
R1=00637, wR2 = 0.1353
all data:

R1=00733, wR2 = 0.1390
wWEU(F?)+5.1304P]
where P=(F.+2F.7 )13
1.293 and -0.844 eA”
0.081 eA?

a=159826(9) A, a = 90°
b=127552(7) A, B = 97.970(3)°
©=17.0812(10) A, y = 80°
3444.5(3) AY

a
1.180 glem?
1.319 mm™*
1336
Bruker DB Venture
TXS rotating anode, Mo

20010 25,68°

4911
6550 [R(int) = 0.0530]

100.0%

Muiti-scan
0.8070 and 08620
Full-matrix least-squares on F
SHELXL-201616 (Sheldrick, 2016)
TwiFa - FEP
65500345
1,032
0.002
5719 data; |>20(1):
=0.0225, wR2 = 0.0511
all data:
R1=0.0300, wR2 = 0.0538
w=1/[0%(Fe?)+(0.0222PF+1.9334P]
where P=(F.7+2F )3
0.304 and -0.262 eA?
0.047 eh®

a=10.0360(17) A, a = 90.316(6)°
b=11430(2) A, B = 100.375(6)°
= 24.720(4) A,y = 115.781(5)°

2500.4(8) A?

2
1173 glem?
0281 mm”
960
Bruker D8 Venture Duo IMS
IMS micrasource, Mo

22810 25 68°

~12e=h==12
-13<=ke=13
-30<=1<=30

69988
9439 [R(int) = 0.0232)
99.6%

Multi-Scan
09320 and 09110
Full-matrix least-squares on F*

SHELXL-2016/6 (Sheldrick. 2016)

Ew(F? - F2Y
8439101513
1030
0.002

8839 data; 1>20(1): R1 = 0.0245, wR2 = 0.0609

alldata: R1 = 0,0267, wR2 = 00626
w=[0*(Fa?)+(0.0251P):+1.4676P]

where P=(F:2+2F2§3
0.335 and -0.266 eA™
0.038 eA?

542
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1. Experimental Section

1.1. General Methods and Instrumentation

All manipulations were carried out under exclusion of water and oxygen under an atmosphere of
argon 4.6 (299.996%) using standard Schlenk and glovebox techniques. The glassware used was
heat dried under high vacuum prior to use. All solvents were refluxed over sodium/benzophenone,
freshly distilled under argon and deoxygenated prior to use. PTFE-based grease (Triboflon /Il from
Freudenberg & Co. KG) was used as sealant. Deuterated benzene (CsDs) was obtained from
Sigma-Aldrich, dried over Na/K alloy, flask-to-flask condensed, deoxygenated by three freeze-
pump-thaw cycles and stored over 4 A molecular sieves in a glovebox. All NMR samples were
prepared under argon in J. Young PTFE valve NMR tubes. The nuclear magnetic resonance
spectra (NMR) were recorded on a Bruker DRX400 ('H: 400.13 MHz, *C: 100.62 MHz, #*Si:
79.49 MHz), AV500 ('H: 500.13 MHz) or AV500C ('H: 500.36 MHz, ®*C: 125.83 MHz, #Si:
99.41 MHz) spectrometer at ambient temperature (300 K), unless otherwise stated. The 'H,
BC{'H} and #Si{'H} NMR spectroscopic chemical shifts & are reported in ppm relative to
tetramethylsilane. 'H and "*C{'"H} NMR spectra are calibrated against the residual proton and
natural abundance carbon resonances of the respective deuterated solvent as internal standard
(CeéDe:  O('H)=7.16 ppm and &(°C)=128.1ppm, Tol-ds: &('H)=2.08 ppm and
0(°C) =20.4 ppm), THF-ds: B('H)=1.73ppm and O(*C)=25.4ppm).5" The following
abbreviations are used to describe signal multiplicities: s = singlet, d = doublet, dd = doublet of
doublets, dt = doublet of triplets, t = triplet, sept = septet, m = multiplet, br = broad. In some NMR
spectra, signals from silicone grease (CeDs: O('H)=0.29 ppm, &("*C)=1.4 ppm and
5(?°Si) = -21.8 ppm), originating from the cannulas used (B. Braun Melsungen AG Sterican®), can
be observed. UV/VIS spectra were recorded on a Varian, Inc. Cary 50 spectrophotometer with a
Schlenk quartz cuvette. EPR spectra were recorded on a Jeol jes-Fa200 esr spectrometer with a
spectrometer frequency of 9.267 GHz (X-band). Quantitative elemental analyses (EA) were
measured with a EURO EA (HEKAtech) instrument equipped with a CHNS combustion analyzer
at the Laboratory for Microanalysis at the TUM Catalysis Research Center. Melting Points (m.p.)
were determined in sealed glass capillaries under inert gas by a Bichi M-565 melting point
apparatus. Unless otherwise stated, all commercially available chemicals were purchased from
abcr GmbH or Sigma-Aldrich and used without further purification. Carbon monoxide (CO) 4.7
(299.997%) was purchased from Westfalen AG and used as received. The compounds
I'BUN(‘Bu2MeSi)Si=Si(Si'‘Bu-Me)NI'Bu and (‘Bu.MeSi).Si=Si(SiBu-Me)*? were prepared as
described in the corresponding references.
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1.3. ('BuN).Si=Si(Si'Bu.Me): (1)

=\ A solution of disilene I'BuN('Bu:MeSi)Si=Si(Si'Bu.Me)NI'Bu (V)
I'BUN %N\H/N\é (100 mg, 132umol) in toluene (5 mL) was heated in a pressurizable
\<N Schlenk flask to 115 °C for 4 days. After filtration, the solution was

concentrated in vacuo and cooled to —35 °C for crystallization.

I'BuN Si‘Bu,Me
si=si’

I'BuN’ SsitBu,Me  These crystals were also suitable for SC-XRD analysis.

Compound 1 was obtained as purple crystals (75.4 mg, 75% yield).

1

aiiE A Note: The crystals are only slightly soluble in n-hexane, however they
14C40Mg2Ng

show good solubility in toluene and benzene. Although the crystals
759.48 g/mol ; 2

are purple, the resulting solution is deep red.

m.p.: 65 °C (decomposition, color change to black).

H NMR (500 MHz, C¢Ds, 300 K): & [ppm] = 6.00 (s, 4H, CH-N), 1.54 (s, 36H, ‘BuN), 1.50 (s, 36H,
'BuMeSi), 0.36 (s, 6H, ‘BusMeSi).

13C{'H} NMR (126 MHz, CsDs, 300 K): & [ppm] = 139.2 (C=N), 108.3 (CH-N), 55.9 (NC(CHs)s),
31.4 (Si(C(CHa)s)2(CHs)), 29.5 (NC(CHs)s), 22.6 (Si(C(CHa)s)2(CHs)), =3.0 (Si(C(CHs)s)2(CHs)).
28i{'H} NMR (99 MHz, CsDs, 300 K): 3 [ppm] = 30.4 (=SiN>), 23.0 (‘BuMeSi), —176.1 (=SiSi,).

EA: SisCsoHs2Ne  Calculated:  C (63.26), H (10.88), N (11.07)
Experimental: C (63.12), H (10.93), N (11.05)

Figure S1: Depiction of iminodisilene 1 in solid state (left) and in benzene solution (right).
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Figure S2: '"H NMR spectrum (500 MHz) of compound 1 in CsDs at 300 K. Signal labeled with * belongs to
silicone grease.

3¢ NMR (126 MHz, C¢Dg, 300 K) o ~
2 i g 158 g
a 2 ] naR o
| | Ir) |

=\
I'BuN [ %’NIN%
hs

I'BuN, Si'BuMe
\ /

.
I'BuN “siBu;Me
1

J J\J 1

40 230 20 MO 200 190 180 170 160 IS0 140 130 120 (110,100 90 80 70 60 50 40
1 (ppm

Figure S$3: '*C NMR spectrum (126 MHz) of compound 1 in CeDs at 300 K. Signal labeled with * belongs
to silicone grease.
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Figure S4: 2°Si NMR spectrum (99 MHz) of compound 1 in CsDs at 300 K.
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Figure $5:"H/2°Si HMBC NMR spectrum of compound 1 in CsDs at 300 K.
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Figure S 6: UV/VIS spectrum of disilene 1 in toluene (2.5%10-3 M), measured at room temperature
(Amax = 490 nm).

S7

297



15. Appendix

1.3. Silene 2a

I'BUN A solution of disilene 1 (40.0 mg, 52.2 ymol) in toluene (4 mL) in a
'fBUN*«_o',i‘ - SiBuzMe  pressurizable Schienk flask was degassed in one freeze-pump-thaw
6’C_SI\Si:Bu2Me cycle. After exposure to carbon monoxide (1.3 bar) at room

2a temperature, the red color vanished within 1 hour to give a clear,

Si colorless solution. All volatiles were removed in vacuo and compound
i4C41Hg2NsO

787.49 g/mol 2a was obtained as colorless solid (41.4 mg, 52.2 ymol, quant.).
Crystals, suitable for SC-XRD analysis were obtained from a cooled

(=35 °C) n-hexane solution of 2a.

m.p.: 88 °C (decomposition, color change to red).

H NMR (500 MHz, CeDs, 300 K): 5 [ppm] = 5.99 (s, 4H, CH-N), 1.55 (s, 36H, ‘BuN), 1.41 (s, 18H,
'BuMeSi), 1.34 (s, 18H, ‘BuzMeSi), 0.52 (s, 3H, BuMeSi), 0.42 (s, 3H, ‘BuMeSi).

3C{'H} NMR (126 MHz, CsDs, 300 K): 5 [ppm] = 231.4 (CO), 139.6 (C=N), 107.5 (CH-N), 55.1
(NC(CHa)s), 30.4 (Si(C(CHa)s)2(CH3)), 30.3 (Si(C(CHs)s)2(CHz)), 28.9 (NC(CHs)s), 22.0
(Si(C(CH3)3)2(CHs3)), 21.3 (Si(C(CHa)3)2(CHa)), —4.8 (Si(C(CHa3)3)2(CH3)), —4.8 (Si(C(CHa)a)2(CHa)).
28i{"H} NMR (99 MHz, CsDs, 300 K): & [ppm] = 16.8 (‘BuzMeSi), 13.9 (‘BuzMeSi), 10.1 (C=SiSi),
—116.6 (SiN2).
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Figure S7: 'H NMR spectrum (500 MHz) of compound 2a in CsDs at 300 K.
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Figure S8: °C NMR spectrum (126 MHz) of compound 2a in CsDe at 300 K.
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Figure S$9: 2°Si NMR spectrum (99 MHz) of compound 2a in CsDs at 300 K.
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Figure $10: 'H/?*Si HMBC NMR spectrum of silene 2a in CeDs at 300 K.
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Scheme S1: Proposed mechanism for the Formation of silene 2a from the activation of CO by disilene 1.
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1.4 Silene 2b
. A solution of disilene (‘Bu.MeSi).Si=Si(Si'BuMe). (VI) (200 mg,
IBUEEZQST?‘SSL éi’BuzMe 333 pmol) in toluene (10 mL) in a pressurizable Schlenk flask was
¢ Yhe=si exposed to carbon monoxide (1.3 bar). Upon heating the mixture
© Si'BuMe o 80 °C for 5 days, the deep blue color vanished slowly to give a
2b pale yellow, slightly cloudy solution. After filtration and evaporation
SigCa7Hg4O of all volatiles under reduced pressure and recrystallization from
713.59 g/mol n-hexane, compound 2b was obtained as yellow, crystalline solid

(242 mg, 316 umol, 95% vyield). Single crystals of 2b can be obtained from a cooled (-35 °C)
solution in toluene or n-hexane, however, the crystal quality was too poor for SC-XRD analysis

because of twinning and disorder.

m.p.: 237 °C

H NMR (500 MHz, CsDe, 300 K): & [ppm] = 1.32 (s, 18H, Bu:MeSi**), 1.26 (s, 18H, 'Bu;MeSi*4),
1.16 (s, 18H, ‘Bu:MeSi®®), 1.15 (s, 18H, 'Bu;MeSi®), 0.54 (s, 3H, Bu:MeSi**), 0.40 (s, 3H,
BusMeSi**), 0.32 (s, 3H, ‘BuMeSi®®).

13C{'H} NMR (126 MHz, CsDs, 300 K): & [ppm] = 197.1 (CO), 30.5 (Si(C(CHa)s)2(CHs)), 30.4
(Si(C(CHa)3)2(CHa)), 30.2 (Si(C(CHs)a)2(CHa)), 29.8 (Si(C(CHs)s)2(CHa)), 22.6 (Si(C(CHa)a)2(CHs)),
224 (Si(C(CHs)s)a(CHa)), 217  (Si(C(CHa)a)2(CHa)), 214  (Si(C(CHa3)s)o(CHs)), —4.5
(Si(C(CHs)a)2(CHa)), —4.6 (Si(C(CHa)s)2(CHa)), =5.7 (Si(C(CHa)s)2(CHs)).

23i{'H} NMR (99 MHz, CsDs, 300 K): & [ppm] = 19.1 (Si ¥*), 14.6 (Si ), 14.1 (Si 2), 9.2 (Si 5),
—50.0 (Si ).

EA: SisCix7Hz4O  Calculated: C (62.28), H (11.87), N (-)
Experimental: C (61.10), H (11.94), N (-)

Note: The carbon value was reproducibly low, presumably due to the formation of incombustible
silicon carbides.
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Figure S11: "H NMR spectrum (500 MHz) of compound 2b in CsDs at 300 K.
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Figure S$12: '3C NMR spectrum (126 MHz) of compound 2b in CsDs at 300 K.
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Figure S$13: 2°Si NMR spectrum (99 MHz) of compound 2b in CeDs at 300 K.
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Figure S14: 'H/2°Si HMBC NMR spectrum of silene 2b in CsDs at 300 K.
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1.5 Reaction of disilene V with CO (Silyl Radical $1)

ITII'Bu

~Si
Bu,MeSi” SilBuMe

S1
SizCagHgaN3
537.09 g/mol

Disilene I'BUN('Bu:MeSi)Si=Si(SiBuMe)NI'Bu (V) (100 mg, 132 pmol,
1.00 eq.) was dissolved in toluene (5mL) and degassed in a
pressurizeable Schlenk flask. The mixture was exposed to carbon
monoxide (1 bar) at —40 °C. Within 30 minutes, the mixture turned

orange and slightly cloudy. All volatiles were removed in vacuo and the

residue was extracted with n-hexane (3 x 1 mL). The resulting solution was concentrated under

reduced pressure and cooled to —35 °C. Compound §1 was obtained as orange crystals (6.00 mg,

11.2 mmol, 8% vyield). These crystals were also suitable for SC-XRD analysis.

EA:  SisCagHe2Na

Calculated [%]: C (64.85), H (11.64), N (7.82)
Experimental [%]:  C (62.46), H (11.64), N (7.88)

Note: The carbon value was reproducibly low, presumably due to the formation of incombustible

silicon carbides.
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Figure S$15: X-band EPR spectrum of $1 in n-hexane ((2 x 103 M) at 286 K.
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Figure S16: SC-XRD structure of the silyl radical $1, with thermal ellipsoids drawn at the 50% probability
level. Hydrogen atoms are omitted for clarity, ‘Bu- and Me-groups are simplified as wireframes. Selected
bond lengths [A] and angles [°]: Si1-Si2 2.3843(7), Si1-Si3 2.3790(8), Si1-N1 1.676(2), N1-C1 1.280(3),
Si2-Si1-Si3 132.98(3), Si3-Si1-N1 108.91(7), N1-Si1-Si2 111.62(7).

Note: Compound S$1 was obtained in a poor yield and the synthesis was not perfectly reproducible.
Nonetheless, it was fully characterized by EPR spectroscopy, SC XRD analysis and elemental
analysis. The EPR spectrum of S1 displays a strong signal and two satellite signals with a
hyperfine coupling constant (hfcc) of a(a-2°Si) = 7.16 mT, deriving from coupling of the unpaired
electron with the central a-?°Si nucleus (Figure S15). This a-?°Si coupling constant is larger than
in a silyl radical bearing three ‘Bu,MeSi substituents (a(a-?°Si) = 5.80 mT) and thus indicates a
higher s-character.!®®l Furthermore, signal splitting, presumably from the contribution of the '“N
nuclei of the NHI substituent (a(™Nexooyclic g(14Nendocyeic)y and the B-2°Si nuclei (a(B-*Si) is
observable. In the solid state, silyl radical S1 exhibits a three-coordinate silicon center with a sum
of bond angles of £6 = 353.5° (Figure S16), which is slightly more pyramidal than Sekiguchi’s
planar silyl radical (‘Bu,MeSi)sSi*, and thus perfectly in line with the larger observed a-2°Si hfcc in
the EPR spectrum.[®% The reasons for this higher degree of pyramidalization are of sterical and
electronic nature. On the one hand, the lower steric demand of the NHI ligand, compared to the
bulky silyl groups, which is reflected in the wide Si2—Si1-Si3 angle of 133.0° does not force the
silicon center to adopt a planar geometry. On the other hand, calculations predict, that
electronegative substituents, which possess lone-pair electrons, such as nitrogen increase the
pyramidalization of silyl radicals.!$
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Although the presented synthesis of $1 is not a suitable approach for the preparation of larger
amounts of silyl radicals, it is a definite prove for the accessibility and stability of neutral, NHI-
substituted silyl radicals.
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2. X-ray Crystallographic Data

2.1. General Information

The X-ray intensity data of 1 and 2a were collected on an X-ray single crystal diffractometer
equipped with a CMOS detector (Bruker Photon-100), a rotating anode (Bruker TXS) with MoKa
radiation (A = 0.71073 A) and a Helios mirror optic by using the APEX Il software package. % The
measurements were performed on single crystals coated with the perfluorinated ether Fomblin®
Y. The crystal was fixed on the top of a micro sampler, transferred to the diffractometer and frozen
under a stream of cold nitrogen. A matrix scan was used to determine the initial lattice parameters.
Reflections were merged and corrected for Lorenz and polarization effects, scan speed, and
background using SAINT.IS% Absorption corrections, including odd and even ordered spherical
harmonics were performed using SADABS.56 Space group assignments were based upon
systematic absences, E statistics, and successful refinement of the structures. Structures were
solved by direct methods with the aid of successive difference Fourier maps, and were refined
against all data using the APEX I/l software in conjunction with SHELXL-20145" and SHELXLE 'S8
All H atoms were placed in calculated positions and refined using a riding model, with methylene
and aromatic C—H distances of 0.99 and 0.95 A, respectively, and Uiso(H) = 1.2-Ueq(C). Full-matrix
least-squares refinements were carried out by minimizing Aw(Fo>—Fc2)!%® with SHELXL-97
weighting scheme.[®% Neutral atom scattering factors for all atoms and anomalous dispersion
corrections for the non-hydrogen atoms were taken from International Tables for
Crystallography.'% The images of the crystal structures were generated by Mercury.®' The
CCDC numbers - contain the supplementary crystallographic data for the structures. These data
can be obtained free of charge from the Cambridge Crystallographic Data Centre via
https://www.ccdc.cam.ac.uk/structures/.
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2.2 SC-XRD structures

N1
si2 ™
P Si4
it
- " sia\

Figure S17: SC-XRD structure of disilene 1 with thermal ellipsoids drawn at the 30% probability level.
Hydrogen atoms are omitted for clarity, ‘Bu- and Me-groups are simplified as wireframes. Selected bond
lengths [A] and angles [°]:Si1-Si2 2.219(4), Si1-N1 1.659(4), Si1-N4 1.604(4), Si2-Si3 2.360(6), Si2—Si4
2.343(5), N1-Si1-N4 113.1(2), Si3-Si2-Si4 138.2(2), Si1-Si2-Si3 106.3(2), Si2—Si1-N1 115.4(2).

Figure $18: SC-XRD structure of the silyl radical §1, with thermal ellipsoids drawn at the 50% probability
level. Hydrogen atoms are omitted for clarity, ‘Bu- and Me-groups are simplified as wireframes. Selected
bond lengths [A] and angles [°]: Si1-Si2 2.3843(7), Si1-Si3 2.3790(8), Si1-N1 1.676(2), N1-C1 1.280(3),
Si2-5i1-Si3 132.98(3), Si3—Si1-N1 108.91(7), N1-Si1-5i2 111.62(7).

S19

309



15. Appendix

3. References

[$1]

[S2]

(53]

[S4]

(S5]

[Se]

[57]
(s8]

[S9]
(S10]

[S11]

G. R. Fulmer, A. J. M. Miller, N. H. Sherden, H. E. Gottlieb, A. Nudelman, B. M. Stoltz, J. E. Bercaw,
K. I. Goldberg, NMR Chemical Shifts of Trace Impurities: Common Laboratory Solvents, Organics,
and Gases in Deuterated Solvents Relevant to the Organometallic Chemist. Organometallics, 2010,
29, 2176-2179.

A. Sekiguchi, S. Inoue, M. Ichinohe, Y. Arai, Isolable Anion Radical of Blue Disilene
(‘Bu=MeSi)2Si=Si(SiMe'Buz)2 Formed upon One-Electron Reduction:  Synthesis and
Characterization. J. Am. Chem. Soc., 2004, 126, 9626-9629.

A. Sekiguchi, T. Fukawa, M. Nakamoto, V. Y. Lee, M. Ichinohe, Isolable Silyl and Germyl Radicals
Lacking Conjugation with m-Bonds: Synthesis, Characterization, and Reactivity. J. Am. Chem. Soc.,
2002, 124, 9865-9869.

B. Tumanskii, M. Karni, Y. Apeloig, Encyclopedia of Radicals in Chemistry, Biology and Materials,
2012.

APEX suite of crystallographic software, APEX 3 version 2015.5-2; Bruker AXS Inc.: Madison,
Wisconsin, USA, 2015.

SAINT, Version 7.56a and SADABS Version 2008/1; Bruker AXS Inc.: Madison, Wisconsin, USA,
2008.

G. M. Sheldrick, SHELXL-2014, University of Géttingen, Gottingen, Germany, 2014.

C. B. Hubschle, G. M. Sheldrick, B. Dittrich, ShelXle: a Qt graphical user interface for SHELXL. J.
Appl. Cryst., 2011, 44, 1281-1284.

G. M. Sheldrick, SHELXL-97, University of Gottingen, Géttingen, Germany, 1998.

A. J. C. Wilson, International Tables for Crystallography, Volume C, Tables 6.1.1.4 (pp. 500-502),
4.2.6.8 (pp. 219-222), and 4.2.4.2 (pp. 193-199), Kluwer Academic Publishers: Dordrecht, The
Netherlands, 1992.

C. F. Macrae, |. J. Bruno, J. A. Chisholm, P. R. Edgington, P. McCabe, E. Pidcock, L. Rodriguez-
Monge, R. Taylor, J. van de Streek, P. A. Wood, Mercury CSD 2.0 - new features for the visualization
and investigation of crystal structures. J. Appl. Cryst., 2008, 41, 466-470.

S20

310



15. Appendix

15.6 Licenses for Copyrighted Content

15.6.1 License for Chapter 7: “Isolation of a Relatively Air-stable, Bulky Silyl-

substituted, Neutral Silicon-centered Radical”

Dear Mr. Holzner,

We hereby grant permission for the requested use expected that due credit is
given to the original source.

If material appears within our work with credit to another source, authorisation from that source must
be obtained.

Credit must include the following components:

- Journals: Author(s) Name(s): Title of the Article. Name of the Journal. Publication year. Volume.
Page(s). Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

If you also wish to publish your thesis in electronic format, you may use the article according to the
Copyright transfer agreement:

3. Final Published Version.

Wiley-VCH hereby licenses back to the Contributor the following rights with respect to the final
published version of the Contribution:

a.[.]

b. Re-use in other publications. The right to re-use the final Contribution or parts thereof for any
publication authored or edited by the Contributor (excluding journal articles) where such re-used
material constitutes less than half of the total material in such publication. In such case, any
modifications should be accurately noted.

Kind regards

Bettina Loycke
Senior Rights Manager
Rights & Licenses

Wiley-VCH Verlag GmbH & Co. KGaA
Boschstrale 12

69469 Weinheim

Germany

www.wiley-vch.de

T +(49) 6201 606-280

F +(49) 6201 606-332
rightsDE@wiley.com

WILEY

Journal: European Journal of Inorganic Chemistry

Authors: R. Holzner, A. Kaushansky, B. Tumanskii, P. Frisch, F.
Linsenmann, S. Inoue

Volume Number: 25
Year of Publication: 2019

Title: Isolation of a Relatively Air-stable, Bulky Silyl-substituted, Neutral
Silicon-centered Radical

Pages: 2977-2981

DOI: 10.1002/ejic.201900522

311



15. Appendix

15.6.2 License for Chapter 8: “Disilene-Silylene Interconversion: A Synthetically
Accessible Acyclic Bis(silyl)silylene”

Disilene-Silylene Interconversion: A Synthetically Accessible Acyclic Bis(silyl)silylene

ACS Publicatior

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE

312



15. Appendix

15.6.3 License for Chapter 9: “DMAP-stabilized bis(silyl)silylenes as versatile
synthons for organosilicon compounds”

Dear Richard

The Royal Society of Chemistry (RSC) hereby grants permission for the use of your paper(s) specified
below in the printed and microfilm version of your thesis. You may also make available the PDF
version of your paper(s) that the RSC sent to the corresponding author(s) of your paper(s) upon
publication of the paper(s) in the following ways: in your thesis via any website that your university
may have for the deposition of theses, via your university’s Intranet or via your own personal

website. We are however unable to grant you permission to include the PDF version of the paper(s)
on its own in your institutional repository. The Royal Society of Chemistry is a signatory to the STM
Guidelines on Permissions (available on request).

Please note that if the material specified below or any part of it appears with credit or
acknowledgement to a third party then you must also secure permission from that third party before
reproducing that material.

Please ensure that the thesis includes the correct acknowledgement (see http://rsc.li/permissions for
details) and a link is included to the paper on the Royal Society of Chemistry's website.

Please also ensure that your co-authors are aware that you are including the paper in your thesis.
Regards

Gill Cockhead
Contracts & Copyright Executive

Gill Cockhead

Contracts & Copyright Executive
Royal Society of Chemistry,
Thomas Graham House,
Science Park, Milton Road,
Cambridge, CB4 OWF, UK

Tel +44 (0) 1223 432134

Journal: RSC Advances
Authors: R. Holzner, D. Reiter, P. Frisch, S. Inoue

Volume Number: 10

Year of Publication: 2020

Title: DMAP-stabilized bis(silyl)silylenes as versatile synthons for
organosilicon compounds

Pages: 3402-3406

DOI: 10.1039/CO9RA10628F

313



