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Low-coordinate silicon chemistry 1

1 Introduction

Among all elements of the periodic table, carbon, the “element of life”, takes an outstanding
importance. Its unique combination of versatility and controllability is the common basis of all
biological systems and driving force of the innumerable accomplishments of organic chemistry.
Its next heavier homologue is of literally fundamental importance: accounting for about 26 %
of the earth’s crusts mass, silicon is the second most abundant element after oxygen and usually
found in form of silicates and silica."”” Modern society utilizes these ubiquitous minerals with
wide-ranging applications. With a consumption of 28.6 gigatons in 2018, sand and gravel are
the world’s most commonly used resource after air and water and essential for building
construction e.g. as concrete, asphalt, glass or mortar.>* Elemental silicon has importance in
metallurgy and ultrapure, crystalline silicon is effectively employed as semiconductor materials
in microelectronics taking advantage of its diamond like network structure whereas applications
of polymeric silicones in everyday life include rubber, oils, grease or resins."” But when it comes

to molecular compounds, the unique versatility of carbon chemistry cannot be achieved.

Although chemical elements belonging to the same group of the Periodic Table often exhibit
similar properties and reactivities, the vastly different physical properties of carbon and silicon
and of famous simple compounds such as CO: and Si0: are commonly known. The reasoning
behind this discrepancy mostly lies in the anomalously lower electronegativity of silicon (C:
2.55, Si: 1.90; Pauling scale), its larger atomic radius (C: 77 pm, Si: 117 pm) and the substantial
difference in the size of the s- and p-valence orbitals (Figure 1) which, in turn, is responsible

for diminished propensity of silicon to form hybrid orbitals.!"+*

1'5'r0/A _—_—'
’— .- -~ "_ p orbitals
/‘— - R . .......................
1 | ’/ lllllllllllllllll ‘ |
PRI ° s orbitals
At
’_/
0.5
C Si Ge - _

Figure 1. Expected radii (A) of maximum radial density 1, of the respective s- and p-valence orbitals of group 14
elements. The values were taken from the literature.”

In a valence bond picture, a C=C double bond is formed between two sp* hybridised carbon
atoms by overlapping of the sp> hybrid orbitals (o bond) and 2p orbitals (m bond). The

reluctance of silicon to form these hybrid orbitals therefore hampers the formation of classical



2 Introduction

multiple bonds and was historically summarized in the empirical “multiple bond rule”, that
declared the formation of stable (np-p(n+1))® (n > 2) bonds between main group elements
beyond the second period impossible.© This rule was first debunked by Lappert in the 1970s by
isolation of the distannene (dsi).Sn=Sn(dsi). (dsi = CH(SiMe:).) which dissociates in solution
but features a weak Sn=Sn double bond in the solid state.”® Weak nonclassical attractive effects
between the substituents are nowadays known to play a vital role in the bonding of E-R. and
E:R: (vide infra, E = Sn or Pb, R = bulky substituent).®

1.1 Low-coordinate silicon chemistry

The earliest milestone of modern low-coordinate molecular silicon chemistry is the year
1981, which marks the isolation of the first thermally stable' silene (silaalkene)
(Me:S1):S1=C(0OSiMe:)Ad (Ad = 1-adamantyl) as well as the first disilene Mes.Si=SiMes. (Mes
= mesityl) each of them synthesized by photolysis reactions in the group of Brook and West,
respectively (Figure 2).10-12

MesSi. OSiMes M'V(Less\

Si=C Si=Siy,,
MesSi” Ad \'"Mes
Mes

Figure 2. The first isolable silene (left) and disilene (right) are kinetically stabilized by large substituents.t-

While silenes typically adopt the expected planar structure of alkenes, heavier ditetrylenes
usually feature a pyramidalization of the tetrel atoms that leads to trans-bending of the
substituents (from 0 = 15° for E = Si to 70° for E = Pb).ues1n.1s

In the Carter-Goddard—Malrieu—Trinquier (CGMT) model, the E=E double bonding is
essentially described as a double donor-acceptor interaction (or Lewis acid/base adduct
formation) between two ambiphilic tetrylenes {:ER., see page 6} in their electronic singlet
ground state due to the aforementioned insufficient hybridization of the heavier tetrel atoms
(Figure 3). The greater the hybridization (corresponding to a smaller energy difference between
the singlet- and triplet state AEs-), the less are the trans-bending and twisting deformations.
Moreover, the CGMT model correlates the trans-bending with E=E bond cleavage energy and
singlet-triplet energy gaps of the tetrylene fragments. Once the value of the bond cleavage
energy (total intrinsic interaction energy, BCE) is higher than the double of energy difference

©In this work, the term ,,stable* refers to compounds that can be isolated in abscence of air under an atmosphere
of protecting gas without thermal decomposition within a reasonable time. Most compounds described here
will readily react with traces of air, moisture and/or aggressive solvents such as CHCL.

> Transient disilenes were studied under matrix isolation conditions by Peddle since the early 1970s.u+
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between the singlet- and triplet states of the tetrylene framgents (BCE > 2'AEs+), no

trans-bending is expected.24

/s

dese||

! R
R g R
R 9\ 0 R,E—ER ~
DA
© ° @

side view

front view

Figure 3. Double donor-acceptor bonding model (left) and valence-bond description (middle) of heavy
ditetrylenes.'s2= The trans-bent angle 6 is measured between the E=E bond vector and the plane defined by the
substituents; the twisting angle (B) highly depends on the E=E distance, steric bulk and nonclassical interactions
between the individual substituents.” For example Mes.Si=SiMes.: d = 2.160 10\, 0 = 18° and B = 5°m
Mes.Ge=GeMes:: d = 2.2856(8)10%, 0 = 33° and = 3°.= For the electronic structure of tetrylenes, see also Figure

6 on page 6.

Another approach based on molecular orbital (MO) theory is the second order Jahn-Teller

effect (SOJT). Mixing bonding o- and m-orbitals (a, and b.) with the of symmetry related

antibinding counterparts, b, and bs, respectively, leads to an overall reduced energy and

symmetry reduction from Dx (planar E:R.) to Ca (trans-bent E:R.) (Figure 4). This model not

only rationalizes the trans-bending of the substituents but also correctly predicts the weakening

of the E-E o-bond, which is also observed experimentally for the tin- and lead homologues. s

R. R

o* (bgy) LY T
\ R.. “R Nl —
o) MR =
R. “R
s (b2U) R//g___&R +‘—‘~LT—‘\+
ORI RGN T 4

Figure 4. Second-order Jahn-Teller distortion in heavier ditetrylenes. 22!
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Presently, Wests Mes.Si=SiMes: is the first among plethora of derivatives which have been

reported so far (Figure 5).te>->n Stable disilenes are typically obtained by reductive coupling of

substituted halosilanes R.SiXs. (n = 1 or 2). They often readily react with oxidizing or reducing
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agents and can undergo both electrophilic and nucleophilic 1,2-additions or cycloaddition
reactions.'e>+7 A particularly fruitful subclass are nucleophilic disilenides (or metalladisilenes
R.Si=Si(M)R),> which were used as starting materials for substituted disilenes including
linked bis(disilenes) or in various transmetallation experiments.~ The most famous
Trip-Si=Si(Li)Trip (Trip = 2,4,6-triisopropylphenyl) was first mentioned as a reactive
intermediate by Weidenbruch in 1997 and isolated by Scheschkewitz in 2004 after reduction
of SiClLTrip- by lithium power.” Examples of highly reactive dimetalladisilenes
Ar(M)Si=Si(M)Ar coordinated by K+ or [Cu(PMe:)]- were recently synthesized in the Filippou
group“- and a magnesium derivative was obtained by Cui from SiBrs:(boryl),* but disilenides
can also be obtained in situ from silyl-substituted disilenes by silyl abstraction using KOtBu
under relatively mild conditions.* A counterpart are the electrophilic 1,2-dihalodisilenes. The
first silyl-substituted derivative was mentioned by Wiberg in 2004 and examples with large
aryl groups were later isolated by Tokitoh and Tamao.“# Monomerization of 1,2-
dibromodisilenes has been discussed in the literature“++ and they have been utilized as sources
for base-stabilized silylenes (SiR:(carbene))«ss1 or for the generation of silicon-transition
metal multiple bonds in silylidene (L.M=SiR.) and silylidyne (L.M=SiR) complexes by the
groups of Tokitoh and Filippou.#s>sss
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Figure 5. Selected examples of compounds containing Si=Si double bonds: a metalladisilene (A, Trip =

2,4,6-triisopropylphenyl),??! a cyclotrisilene (B) and its spirocyclic congener (C, R=Si(tBu)Me.)," a trisilaallene
(D), 1,2-dihalodisilenes (E; X = Cl,» Br, [w; R = silyl or aryl), an aromatic cyclotrisilenylium ion (F, R =
SiMe(tBu)., anion = B{2,3,5,6-F.,CH}.),* an aromatic dismutational isomer of hexasilabenzene (G, R =
2,4,6-triisopropylphenyl),st and a dimetalladisilene (H, Eind = 1,1,3,3,5,5,7,7-octa-ethyl-s-hydrindacen-4-

yl)‘mm

The first spectroscopic characterization of a compound with a Si=Si triple bond was achieved

by Wiberg and coworkers in 2002 but the group of Sekiguchi was the first to isolate a stable
disilyne (R-Si=Si-R) after reduction of a tetrabromodisilane in 2004 (Scheme 1).» Other

methods for the synthesis of disilynes are reduction of 1,2-halodisilenes, oxidation of disilene

dianions or synproportionation of a mixture. !

Br\ Br

SI SI
Br

silyl”

Scheme 1. Synthesis of the first isolable disilyne by Sekiguchi. silyl =

_silyl

4 KCq
THF

—4 KBr,
-32C

silyl-Si

Si(iPr)dsi.; dsi =

—gj—silyl

CH(SiMez)z.'f’z‘
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Silylenes (:SiR.) are the formal dissociation products of disilenes: molecular, neutral,
divalent and two-coordinated congeners of carbenes with six valence electrons. In contrast to
carbenes, silylenes generally adopt an electronic singlet ground state’ (see Figure 7 on page 7)
due to the larger relative size difference of the valence orbitals of silicon which decreases the
electron-electron repulsion of the electron lone pair.**" This electronic structure directly
explains the ambiphilic nature of silylenes: they can act as strong electrophiles (Lewis acids)

due to the unoccupied p-orbital or as nucleophiles (Lewis bases) via their free electron lone

pair.©
)S\iMe:;
tBu
e Rl | P I
) A \ M. .
Si Si: [ sic || 85  _#O
N«PMe, N R 0 R O
Y tBu
SiMe3
Jutzi Karsch Denk singlet triplet
1986 1990 1994 silylene silylene

Figure 6. Selected monomeric Si(II) compounds (left); schematic orbital depiction of singlet- and triplet silylenes
as well as m-donation in NHSis (right). Formal charges are omitted for simplicity.

The first isolable monomeric molecular Si(II) compounds are Jutzi’s decamethylsilicocene
(SiCp*,, Cp* = 1,2,3,4,5-pentamethylcyclopentadienyl) and Karsch’s spirocyclic
bis(diphosphino) silicon(II) compound Si{n>-(Me:P).C(SiMe:) }., which were published in 1986
and 1990, respectively.”” However, both exhibit hypercorodinated Si atoms and are hence not
considered silylenes. Only after the pioneering invention of N-heterocyclic carbenes (NHCs)
by Arduengo in 1991, an analogous stable N-heterocyclic silylene (NHS1) was synthesized
by Denk and West only three years later (Figure 6).7 Parallel to the rise of the omnipresent
NHCs in molecular chemistry,”s the chemistry of NHSis has flourished since the 1990s.
They’ve found some application as ligands in catalysis and their reactivity has been recently
covered in several review articles.®7= Akin to the aforementioned monomeric Si(Il)
compounds, their electrophilicity is reduced by the combination of electronic G-accepting and
n-donating properties of the adjacent N-atoms which greatly increases their stability (Figure 6,
right). These “tamed” silylenes can often still react ambiphilic but are mostly considered as
nucleophiles. Thermodynamic stabilization was refined over the years and popular motifs are

depicted in Figure 7. Especially the use of 1,3-diketimine (nacnac-type) ligands (B)® by Driess

> The singlet ground state can be destabilized by large, electropositive silyl substituents to decrease AEsr. A first
candidate of a triplet silylene, Si{Si(iPr):}., was discussed in 2001 based on its reactivity but rejected by
theory.*s Two years later, Sekiguchi et. al. described the direct characterization of the triplet-silylene
Si{Si(tBu):}. by electron spin resonance (ESR) spectroscopy below 80 K.« But until today, no stable derivative
is known to literature.”
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since 2006 as well as the discovery of a chlorosilylene Si(Cl){N.(tBu).CPh} stabilized by a
benzamidinate ligand (C)®# by Roesky in the same year gave access to a plethora of

functionalized silylenes that found application as ligands or in small molecule activation.

R R R R R
AN N\ @ N\ @ N\ G? N ’R' N
[e)si: L @)si: Ph—<(@Si" ®)Si.o Si:
L N\ N\ ITI \R' P\,
R R R {0 R R
A B c D E

Figure 7. General formulae of classical divalent N-heterocyclic silylenes (A" and B*) as well as three-coordinated
amidinato-silylenes (C#'), N,P-phosphonium-silylenes (D) and cyclic alkyl(amino)silylenes (E®*").

In this context, it should be noted that formally neutral donating groups such as the
aforementioned nacnac- and benzamidinato-substituents or external Lewis bases are often
depicted in the donor-acceptor notation using arrows (base—SiR.) instead of zwitterionic Lewis
formulae (‘base—SiR:"). Both notations can be of equal value when it comes to conceptual
presentation, but the classical Lewis formulae are used in this work following the
recommendations by Krossing and Schnepf. =

The heavier acyclic di(amino)tetrylenes E(NR:). (E = Ge, Sn, Pb; R = alkyl, aryl, silyl) have
already been established by the groups of Lappert and Harris in the 1970s.®" But in sharp
contrast, the isolation of acyclic silylenes is very challenging due to their tendency to dimerize
or undergo insertion reactions, which is caused by their smaller HOMO/LUMO and
singlet/triplet energy gaps when compared to their cyclic congeners.”” The Kira group was able
to observe the di(amino)silylene Si{N(iPr).}. by UV- and NMR spectroscopy at room
temperature in 1998 and the larger derivative Si{N(SiMe:).}. was found to undergo rapid
decomposition above 0°C by West and Miiller in 2003.* Only in 2012, the groups of Power
and Aldridge independently succeeded in the isolation of the first stable, acyclic silylenes after
reduction of bromosilanes with [Mg(nacnac)]. or an excess of the substitution agent
LiB{N(Dipp)CH}., respectively (Figure 8).* Within the last decade, another handful of
acyclic silylenes has been published®s and their capabilities of small molecule activation have

recently been covered in a review paper.!*
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Figure 8. The first stable acyclic silylenes.

Another major breakthrough was undoubtedly achieved by Robinson and coworkers who
where the first to stabilize low-valent silicon by NHC ligands upon reduction of the chlorosilane
adduct SiCl(IDipp) (IDipp = :C{N(Dipp)CH}., Dipp = 2,6-diisopropylphenyl) with potassium
graphite (KCs).t-+The spectacular disilicon(0) compound Si-(IDipp): (I, Figure 16) combines
the Si=Si m-bond of disilenes with features of silylenes: two-coordinated Si atoms in the
singlet-state and free electron pairs.

,\@N-Dlpp l\TT:DJ\N-Dipp ,\@N—Dlpp
Dipp” o Dipp” | o X Dipp” |
Si=Si’ ISi—Si. @sn;))((
° L, Dip X" © \_ Dipp
Dlpp-N\/@;ﬁN Dlpp-N\@%N
I Robinson 2008 (X = Cl) Roesky 2009 (X = Cl)
Robinson 2008 Filippou 2015 (X = Br, |) Filippou 2009 (X = Br)

Filippou 2013 (X = )

Figure 9. The first NHC-stabilized examples of base-stabilized disilicon(0)," disilicon(I)=m and silicon
dihalides~ each coordinated by the bulky NHC IDipp.

In addition, the synthetic strategy itself was quickly amended by the community. Soon
Roesky and Filippou independently reported on the isolation of base-stabilized dihalosilylenes
SiX-(IDipp) obtained by dehydrohalogenation of SiHCI: using two equivalents of the NHC, that
also reacts as a Brgnsted base in this case, or reductive dehalogenation of SiBr«(IDipp) and
Sil.(IDipp) with two equivalents of KC;, respectively.i> The SiX:(NHC) derivatives are

bottleable base-adducts of dihalosilylenes. They have proven to be powerful synthons in

+  The first Silylene-NHC adduct with a very weak Si-C bond (BDE = 13 kJ'mol-) was reported by Lappert in
1999.0n By that time, Robinson and coworkers had already reported on the isolation of EMe:(NHC) (E = Al
Ga; NHC = :C{N(Pr)CH}.), the first examples of main group elements stabilized by an NHC, in 1996/ as
well as (IDipp)HB=BH(IDipp) in 2007, which is the first compound with a B=B double bond. In the
following years, multiple mono- and diatomic “allotropes” stabilized by two NHC- or cAAC ligands were
published.r
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academic research leading to numerous novel products, some of which have been depicted in

Figure 10.
CR - ilyl ilyl si
\ SIDipp S —sima S . N .
Oc.\\\Cr:Si\ ISI SI S\I TnpAr—N\ /N—ArTrlp
oc’ Br silyl silyl Si
Filippou 2011 Sekiguchi 2011 Roesky 2011
A B Cc
Cp* 1
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Figure 10. Selected compounds obtained from NHC-stabilized di(halo)silylenes. The first bromosilylidene
complex (A, SIDipp = :C{N(Dipp)CH.}.), a trisilaallene (B, silyl = SiMetBu.), a dimer of silaisonitrile (C, Ar™» =
2,6-Trip.-CH;), a cAAC-stabilized silylone (D, cAAC = :C(CH.)(CMe.).N(Dipp)), a metallasilanone (E, anion =
[B{C:H:-3,5-(CF:).}:]), an acyclic di(amino)silylene (F, NRR’ = N(SiMe:)boryl, boryl = B{N(Dipp)CH}.), a
complex with a planar, four-coordinated Si atom (G, [Mo] = Tp’Mo(CO),, Tp’ = «*-N,N’,N"-hydridotris(3,5-
dimethylpyrazolyl)borate, R/R> = Me/Me, H/SiMe., H/Ph), a Si(0)-isocyanide complex (H, Ar =
2,6-dimesitylphenyl) and a P-heterocyclic silylene (PHSi) (J, Ar* = Mes* or Eind). Formal charges are omitted
for simplicity.

Early reactivity studies include the reactions with diazoalkanes and azides leading to
coordination products (NHC)SiX>(N.CR.), zwitterionic dichlorosilaimines (NHC)SiX-(NR) and
Roeskys dimer of a silaisonitrile (C)."'>"" The group of Sekiguchi reported on the formation of
a trisilaallene (B) after salt metathesis with Li.Si(silyl). and subsequent thermal isomerization
to a cyclotrisilene"s whereas Filippou and coworkers later used their bromosilylidene complex
(A) as a precursor for the synthesis of the first metalla(silanone) (E) after halide abstraction,
carbonylation of the resulting cationic silylidyne complex and oxidation."> In 2012, Rivard
obtained so-called push-pull-complexes of the parent silylene in the form of (IDipp)SiH:(LA)
(LA = W(CO)s or BH:) after chloride/hydride exchange with LiAlH.™ whereas NHC
substitution in favor of chelating bis(NHC)s or cyclic alkyl(amino)carbenes (cCAACs) lead the
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groups of Roesky und Driess to the isolation of Silylones, neutral monosilicon(0) Si(carbene)-
compounds (D) in 2013.122121 At the same time, Filippou and coworkers explored the substitution
of halides by small NHCs such as IMe., leading to the dication [Si(IMe.).(IDipp)]L.m4
Substitution with a phosphanide and subsequent elimination of Me:SiCl led to an
NHC-stabilized phosphasileneylidene (IDipp)Si=PMes* in 2015 and one year later," Aldridge
reported on the isolation of a base-free acyclic di(amino)silylene (F), that was obtained from a
non-stoichiometric redox reaction with LiTBoN (TBoN = N(SiMe:)boryl, boryl =
B{N(Dipp)CH}.).t=12 The SiX(NHC) compounds were also pivotal as starting materials for
more effective synthetic routes to Jutzi’s SiCp*. or fused derivatives,"” and are generally
utilized as easily accessible source for Si(Il) in e.g. cAAC chemistry to access SiX:(cAAC). or
Si:Xo(cAAC): (n=1,2).2 Very recently, substitution reactions led to the isolation of a
planar, tetracoordinated silicon compounds (G) as well as a Si(0)-isocyanide complex
(SIDipp)Si=C=NAr"+ (H, SIDipp = “saturated IDipp” = :C{N(Dipp)CH.}., Arvs = 2,6-
dimesitylphenyl) and a P-heterocyclic silylene (PHS1)."*-* But more importantly for this work,
an NHC-stabilized disilavinylidene (E)-(SIDipp)Si=Si(Br)Tbb (1, Tbb = 2,6-dsi--4-tBu-C:H.,
dsi = CH(SiMe:).) was isolated by Dr. P. Ghana from the Filippou group in 2015.0%
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1.2 General structure and objective of this work

The fascinating chemistry of low-coordinate silicon has flourished in recent years. Progress
in the synthesis of Si-based compounds in unprecedented bonding modes has attracted much
attention, culminating in the isolation of the NHC-stabilized disilavinylidene
(E)-(SIDipp)Si=Si(Br)Tbb in 2015.m The experimental work presented in this thesis was
performed in the timespan between 2016 and 2021and covers two major parts:

e Inpart I the versatile reactivity of (E)-(SIDipp)Si=Si(Br)Tbb is explored in a detailed
reactivity study. The NHC-stabilized disilavinylidene features four reactive sites (the
NHC, the Si(0) electron lone pair, the Si-Br bond and the Si=Si n-bond) of which the
latter two will be paid special attention. The discussion part will also pick up some
of the research findings from the preceding master thesis whose completion is now

aspired.

e In part II synthetic access to acyclic silylenes with oxygen-based substituents is
aimed for. Potential synthetic routes include the reduction of Si(IV) precursors and
the substitution of existing base-stabilized halosilylenes. At the beginning of the
experimental work presented in this thesis, only very rare examples of cyclic,
amidinato-substituted oxysilylenes and not a single compound with a 2-coordinated
silicon with a Si-O bond were known, but intermediate progress in the literature is

taken into account.

Difficulties lie within the extreme sensitivity of most low-coordinate Si-based compounds
towards air- and moisture as well as their generally high reactivity that can often lead to
unselective reactions and complicates the prediction of reaction outcomes. Isolable reaction
products should be fully characterized by analytical methods (typically NMR spectroscopy,
elemental analysis, melting point and XRD) whereas instable species should be appropriately
characterized by spectroscopic methods. Depending on the respective compounds, additional
characterization methods like IR-, Raman- and UV-vis spectroscopy as well as DFT
calculations are also to be performed.
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2 PartlI: Disilavinylidene Chemistry

2.1 Introduction

Vinylidenes (:C=CR.) are transient, unsaturated carbenes and readily tautomerize to the
respective alkynes (RC=CR). Yet of all things, their instability is likely their most utilized trait
with the Fritsch-Buttenberg-Wiechell rearrangement'» being a key step in both the
Corey-Fuchs-reaction™ and the Seyferth—Gilbert homologation.™ And while vinylidenes can
only be isolated in frozen argon matrices, their stable transition metal complexes [L.M=C=CR:],
containing an electrophilic a-carbon and nucleophilic B-carbon atom, have been extensively
studied in a variety of stoichiometric and catalytic transformations./-1+

A e .
H L -SI=Si”
y :Si=Si
s \S'/H "
H .H FSITol
'\\\i oo
.Si—Si..
0 kJ/mol 33 kJ/mol 49 kJ/mol 68 kJ/mol

Scheme 2. Calculated (CCSD(T)) respective energies of different Si-H. isomers (linear HSi=SiH is not a minimum
structure). The values were taken from the literature. i+

In sharp contrast to carbon chemistry, the parent disilavinylidene isomer (:Si=SiH.) was
predicted to be more stable than the trans-bent disilyne (HSi=SiH, Scheme 2) and was
detected in the gas phase by the groups of Kaiser and Stanton after reaction of ground-state
atomic silicon with SiH.."#' Substituents have a considerable impact on the energetic order of
the Si:R. minimum structures. For example, in case of Si:Me., the disilavinylidene :Si=SiMe:
was predicted by theory to be the minimum structure followed by the disilyne MeSi=SiMe.
Unsurprisingly, increasing steric congestion in Si:R. favors the disilyne over the

disilavinylidene isomer.u -5

Nevertheless it were disilynes that attracted considerable interest in theoretical and
experimental chemistry's's with a handful of stable derivatives known since the isolation of
the first stable derivative in 2004 by the group of Sekiguchi.“#esise1sn OQnly within the last
decade, several remarkable examples of heavier base-stabilized vinylidenes could be isolated
(Figure 11): Scheschkewitz etal. reported mixed NHC-stabilized silagermenylidenes
(NHC)Ge=SiRR’ (IlI-R; NHC = [iPr-Me:; R = Tip; R’ = Tip, SiClTip., NMe:),'s*'« the group
of Aldridge succeeded in the isolation of a base free-digermavinylidene (VI) in 2016, and

recently Wesemann et al. proceeded with a phosphane-stabilized digermavinylidene (V) as well
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as with its germasilenylidene (IV) derivative.'= Apart from these congeners, disilavinylidenes
remain an academic rarity with only two examples reported in the literature: One was published

by the group of Iwamoto in 2021 (II), and the other one by our group back in 2015 (1).13+1e4

Dipp* _Br oN‘< AT LN
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N .
\;/Pr,B\N/d'pp
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Figure 11. Isolable base-stabilized vinylidene analogues of the heavier Group 14 elements (Dsi = CH(SiMe:)., Ar’
= CH:-3,5-tBu:-4-OMe; Tip = CH--2,4,6-iPr»; R = Tip, SiCIR: or Si(NMes)R:; Ar* = CH:-2,6-Tip.).

In this context, it should be mentioned that a derivative stabilized by a cyclic
alkyl(amino)carbene (cAAC) was recently prepared by F. Gstrein in the Filippou group.
(cAAC)Si=Si(Br)Tbb is currently under investigation and its reactivity will soon be discussed
as part of his dissertation.'' Accordingly, reactivity studies of the heavier vinylidene
compounds are scarce. In their 2016 paper, Aldridge and coworkers described the addition of a
small NHC to VI yielding an NHC-stabilized di(boryl)digermyne as well as 2-electron
reduction to a digermene dianion using KCs (Scheme 3). Additionally, hydrogenation of VI was
shown to afford a 1,2-diboryldigermane. The migration of one boryl substituent to the second
Ge atom in either reaction highlights the fragility of the vinylidene moiety and the importance
of the electronic stabilization of the Ge(0) atom by the ipso-carbon atoms of the Dipp groups
in VLues
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Scheme 3. Reactivity of Aldridge’s digermavinylidene VI. Reduction was achieved by excess KCs; oxidation by
[szFe] [BAI"‘Q] or [Pth] [B(C5F5)4] Arr = 3,5-(CF1)2-C5H3; NHC = IiPr-Me. = C{N(lPr)CMe}z

Recently, Wesemann demonstrated the synthetic potential of V and IV as Si(0) or Ge(0)
atom transfer reagents: simple addition of 1,4-diazabutadienes cleaves the E=E bond, affording
the known N-heterocyclic silylene or -germylene, respectively.ts< Conversely, the behavior
of Scheschkewitz’s derivatives has been explored to a certain extent (see Scheme 4 on page
16). Compounds III-R have been shown to undergo various reactions including cycloadditions
of an alkyne to the Ge=Si bond, " addition of isonitriles,"® coordination to transition metals via
the lone pair of the dicoordinated Ge atom" or the Ge=Si m-bond and reactions with
nucleophiles.vss-01-7 Yet almost all reactions have been performed using the
chlorosilyl-substituted derivative III-SiTip.Cl, which not only offers a Si-Cl bond that is
involved in almost every reaction, but was also shown to lie in an equilibrium with an
NHC-stabilized disilacyclogermeneylidene. It is hence not clear, if the unquestionably rich
chemistry of III-SiTip.Cl provides insight in the “true” properties of silagermeneylidenes, or if

the key steps involve mere disilacyclogermeneylidene- and chlorosilane reactivity in this case.
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Scheme 4. Reactivity of Scheschkewitz’s NHC-stabilized silagermenylidene III-SiTip,Cl./s.e-17
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By contrast, reactivity studies of NHC-stabilized disilavinylidenes have not been reported
yet, with the only exception being the oxidation of Iwamotos II with N.O in presence of B(CsFs)s
yielding (NHC){(F;Cs):BO}Si(u2-O)SiR., a silicon analog of an acetolactone."s*

The NHC-stabilized disilavinylidene 1 can be seen as a hybrid of the NHC-stabilized
disilicon(0) compounds (NHC)Si=Si(NHC)!os and the 1,2-dibromodisilenes
(E)-R(Br)Si=Si(Br)Resz#4 with multiple reactive sites: the NHC or the bromine atom can be
substituted while the Si=Si m-bond is an objective for addition of polar substrates and
cyclization reactions and has potential for metal coordination like the electron lone pair at the
2-coordinated Si atom. Displaying both nucleophilic and electrophilic character, an auspicious
synthetic chemistry is expected. Owing to the versatility of 1, initial experiments performed by
Dr. P. Ghana were diversified but quickly proved to be challenging due to their low
selectivity."” Promising results were obtained from attempts to abstract the bromide atom,
leading to a mixed Ag- and AgBr-complex with coordination via both the Si=Si n-bond and the
free electron lone pair that was identified by X-ray diffraction (XRD) analysis of single crystals
grown from a mixture (for details see Scheme 21 on page 66). Likewise, a C,H-activated
compound was characterized by XRD after reduction with elemental lithium and Ghana
observed a mostly selective reaction with tBuLi, that was eventually followed in the master

thesis in direct preparation of this work.

In the context of that thesis, multiple compounds could be obtained in a variety of reactions
summarized in Scheme 5 on page 18. The reactions include NHC replacement, activation of
the Si=Si m-bond by formal 1,2-addition of ZnBr. or HOC(Me)CH. (from acetone) and
coordination to CuBr. The aforementioned reaction with tBuLi was found to give a substitution
product, where the Br is replaced with a benzyl group (CH-Ph) after activation of the toluene
solvent. Due to time limitations as well as renovations of the universities analytical department
in 2015, some of those compounds could not be fully characterized and will again be addressed
in this work. Additional insights as well as quantum-chemical calculations performed by Dr. G.
Schnakenburg and J. Rump from the Filippou group will thus be included in the following.
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Scheme 5. Results of the preparatory master thesis preceding to this work. IMe. = :C{NMeCMe}..

In this work, compound 1 was synthesized by two different methods following established
literature procedures, both of which are based on the NHC-stabilized dibromosilylene
SiBr:(SIDipp). First, SiBr: was made from elemental silicon,"” treated with free SIDipp"™ in
petrol ether and finally reduced to SiBr(SIDipp) using 2.4 equiv. of potassium graphite in
benzene overnight." By this route, approximately 15 g of extremely air sensitive SiBr:(SIDipp)
can be made at once. For the Tbb substituent (Tbb = 2,6-dsi-4-tBu-C:H:; dsi = CH(SiMe:).),
TbbBr was synthesized in ~40 g scales (60 — 65 % overall yield) in three steps from
4-tertbutyl-meta-xylene following internal group protocols that mostly follow the pu